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Summary

Attachment of bacteria to plant cells is one of the ear-
liest steps in many plant-bacterium interactions. This
review covers the current knowledge on one of the
best-studied examples of bacterium-plant attach-
ment, namely the molecular mechanism by which
Rhizobium bacteria adhere to plant roots. Despite dif-
ferences in several studies with regard to growth con-
ditions of bacteria and plants and to methods used
for measuring attachment, an overall consensus can
be drawn from the available data. Rhizobial attach-
ment to plant root hairs appears to be a two-step pro-
cess. A bacterial Ca^^-binding protein, designated as
rhicadhesin, is involved in direct attachment of bacte-
ria to the surface of the root hair cell. Besides this
step, there is another step which results mainly in
accumulation and anchoring of the bacteria to the
surface of the root hair. This leads to so-called firm
attachment. Depending on the growth conditions of
the bacteria, the latter step is mediated by plant
lectins and/or by bacterial appendages such as cellu-
lose fibrils and fimbriae. The possible role of these
adhesins in root nodule formation is discussed.

Introduction

Under conditions of nitrogen limitation (Brady)rhizobium
bacteria form symbiotic rod nodules on leguminous as
well as on a few non-leguminous plants. In these nodules
the bacteria, in the form of bacteroids, convert atmo-
spheric nitrogen into ammonia, which is used by the plant
as a nitrogen source. Nodulation is a host plant-specific
process: of the various species and biovars of (Brady)rhi-
zobium usually only one is able to nodulate a particular
set of plants and to fix nitrogen efficiently, e.g., Rhizobium
leguminosarum biovar viciae nodulates pea, lentil, and
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common vetch, but not clover or bean, whereas R. legu-
minosarum bv. trifolii nodulates only clover.

Nodulation presumably starts with chemotaxis of rhizo-
bia towards one or more root exudate components. Once
the bacteria are close to the root, they attach to the tips of
root hairs {Dazzo efa/., 1984; Smit era/., 1986) at which
site they are optimally exposed to flavonoids exuded by
the root, which are inducers cf rhizobial nod {nodulation)
genes (Peters etai, 1986; Redmond etai, 1986; Wijffel-
man et ai, 1986). Among the products of these nod
genes are various enzymes which are involved in the syn-
thesis of a set of secreted lipo-oligosaccharides (Lerouge
etai, 1990; Spaink etai. 1991). These signal molecules
induce a variety of processes in the host plant such as
root hair deformation, root hair curling, division of cortical
cells, secretion of additional nod gene inducers (Van
Brussel et ai, 1990) and initiation of infection thread for-
mation (Fig. 1; for reviews see Fisher and Long, 1992,
and Kijne, 1992).

For many rhizobia, primary target sites for infection are
young growing root hairs. It is generally assumed, but not
proven, that attachment of rhizobia to the root hair surface
is an essential step in tight curling of legume root hairs
prior to root infection (Fig. 1).

The lectin recognition hypothesis

Initially, it was hypothesized that host specificity in the
(Brady)rhizobium-\egume symbiosis is a consequence of
specific binding of the homologous rhizobial partner tc the
root hair cell surface of the host plant. The molecular
basis for the recognition mechanism was proposed to be
binding of a host plant lectin to the bacterial surface
(Bohlool and Schmidt, 1974; Dazzo and Hubbell, 1975).
This lectin recognition hypothesis was tested by examin-
ing lectin binding and attachment ability of nodulating or
non-nodulating rhizobial strains in the absence or pres-
ence of lectin-haptenic monosaccharides (Dazzo 1981).
Host-specific lectin-mediated attachment of R. legumi-
nosarum bv. trifolii to clover root hair tips was reported,
and appeared to be dependent on the presence of the
Sym(biosis) piasmid (Dazzo and Hubbell. 1975;
Zurkowski, 1980; Dazzo. 1981; Dazzo etai, 1984). How-
ever, a low level of non-host-specific attachment was also
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Fig. 1. Steps in the infection process of Rhizobium bacteria- Molecules
possibly involved in the various steps are indicated. The order in which
the various steps are drawn is not necessarily the order in the nodulation
process.

reported, which could not be prevented by addition of
lectin haptens. Host-specific attachment as well as lectin
binding appeared to be dependent on the growth phase of
the bacteria (Dazzo and Brill, 1979; Mort and Bauer,
1980). Data supporting the lectin-recognition hypothesis
were also reported for other (Brady)rhizobium-\egume
combinations (Kato etai, 1980; Stacey etai, 1980).

In contrast to these data, several studies did not
demonstrate specific lectin-mediated binding of homolo-
gous rhizobia to legume root hairs (Badenoch-Jones et
ai, 1985; Mills and Bauer, 1985; Smit etai, 1986, 1987;
Vesper and Bauer, 1986; Vesper et al., 1987). Heterolo-
gous rhizobia were found to adhere equally well to host
and non-host plant surfaces in comparison with homolo-
gous rhizobia. Moreover, absence of the Sym plasmid did
not affect rhizobial attachment behaviour (Smit et ai,
1986).

Bacterial growth conditions

Studying the moiecuiar mechanism of rhizobial attach-
ment to pea root hairs, Smit et ai, (1986; 1987; 1989b)
and Kijne et ai, (1988) found that bacterial growth condi-
tions, and especially nutrient limitations, strongly affect
the charactenstics of attachment. Three components
were identified as being important in attachment of R.

leguminosarum bv. viciae to pea root hair tips: (I) a pro-
teinaceous bacterial adhesin, called rhicadhesin, (ii) bac-
terial cellulose fibrils, and (iii) pea lectin (see below).

Carbon limitation of R. leguminosarum bv. vioiae
results in a non-host-specific attachment mechanism in
which neither host plant lectins nor Sym plasmid-localized
nod genes are involved (Fig. 2; Smit etai, 1986; 1987).
However, manganese limitation as well as other limita-
tions (e.g., limitations for oxygen and nitrogen) appear to
result in faster attachment, in which, among other compo-
nents, host root lectin appears to be involved (Kijne et ai,
1988). Of major biological significance was the observa-
tion that manganese-limited rhizobia are infective in con-
trast to carbon-limited cells (Kijne et ai, 1988). Tfiis
demonstrates the profound influence of bacterial growth
conditions not only on rhizobial attachment but also on
infeotivity. These data and the fact that various research
groups use different culture and assay conditions offer an
explanation for the seemingly conflicting data on the
involvement of plant lectin in attachment (see above). In
addition, it has been well established that culture age
affects the expression of leotin receptors on the rhizobial
cell surface (Dazzo and Brill, 1979; Mort and Bauer,
1980). Therefore, lectin may be involved in attachment of
rhizobia but only under specific growth conditions.

It would be interesting to learn to what extent nutrient
limitation is a prerequisite for attachment and nodulation
under field conditions. The root nodule symbiosis oan be
considered as a survival meohanism by which the bacte-
ria avoid nutrient limitation. In view cf the composition of

Fig. 2. Scanning electron micrograph of R. leguminosarum bv. viciae
bacteria attached to a root hair of garden pea [Pisum sativum L.). This
attachment is a two step process in which direct attachment of bacteria to
the plant cell surface is mediated by rhicadhesin. a bacterial Ca^*-binding
adhesin. Subseqtjently, rhizobia aggregate on already attached bacteria
through bactenal cellulose fibrils, and depending on the growth condi-
tions, plant lectin. Bar. 2 |am.
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plant root exudates (Upton etai. 1987), carbon is proba-
biy not a growth-limiting nutrient in the rhi2osphere. Thus,
lectin-enhanced accumulation might be a normal feature
of the (Brady)rhizobium-\egume association under natu-
ral conditions.

Rhicadhesin and calcium

Growth of rhizobia under low Ca^* conditions strongly
reduces the initial direct attachment of rhizobia to pea root
hair surfaces, suggesting the involvement of a Ca^*-
dependent adhesin (Smit et ai, 1987). Although growth
under low Ca^* conditions affects a number of cell surface
characteristics — e.g., lack of assembly of flagella and
the O-antigenic part of the lipopolysacoharides (LPS) —
these effects are not responsible for the attachment-
minus phenotype (Smit etai, 1989a; 1991). It appeared
that under low Ca^" conditions a Ca^*-dependent adhesin
was released from the bacteria! surface into the growth
medium (Smit et ai. 1991). This rhizobial adhesin was
designated rhicadhesin.

Rhicadhesin can be isolated from the surface of R.
leguminosarum bv. viciae, and has been purified using its
ability to inhibit attachment of rhizobia. Attachment of both
carbon- and manganese-limited R. leguminosarum bac-
teria to the surface of pea root hairs can be inhibited by
rhicadhesin (Smit et ai, 1989a,b). Rhicadhesin is heat-
labile and sensitive to protease treatment, it has an iso-
electric point of 5.1 and a molecular mass of about 14000
daltons. Furthermore, it was characterized as a Ca^*-
binding protein (Smit et ai, 1989b). Calcium ions were
found to be essential for the ability of purified rhicadhesin
to inhibit attachment of R. leguminosarum bv. viciae cells
to pea root hair tips. Calcium ions are not involved in bind-
ing of rhicadhesin to the plant surface, but appeared to be
involved in anohonng of the adhesin to the bacterial cell
surface (Smit et ai, 1991). A model explaining the
involvement of Câ "̂  ions in the' activity of rhicadhesin is
shown in Fig. 3.

Rhioadhesin was purified from a number of rhizobial
strains as well as from Agrobaeterium tumefaciens. Rhi-
cadhesin-mediated attachment is common among all
genera of the family of Rhizobiaceae, including Bradyrhi-
zobium and Agrobacterium, and is also found for Azo-
tomonas spp. Rhicadhesin activity is not associated with
bacterial species tested that represent a number of other
genera, e.g., Pseudomonas putida and Eseheriehia eoli
(Smit et ai. 1989b). its expression is independent from
the rhizobial Sym plasmid or a tumour-inducing plasmid
of Agrobacterium. Rhicadhesin-mediated binding of Rhi-
zobiaceae cells to root surfaces was not only found with
pea, but also with ail other tested plants, including mono-
cotyledonous species (Smit et ai, 1989b). Therefore it
appears that this mechanism is a common attachment

Fig. 3. A model representing the involvement of Ca^* in activity of fhicad-
hesin by mediating anchoring of rhicadhesin to the rhizobial cell surface,
1, Rhizobium bacterium; 2, Ca^*-ion; 3. rhicadhesin molecule: 4. putative
plant receptor; and 5. plant root hair tip (with permission from Smit et ai.
1991).

Step in Rhizobiaceae-plant interactions. The identity of
the putative plant receptor remains to be determined.
Based on the results described above, the receptor is
likeiy to be a common plant surface component.

Despite much research, Rhizobium mutants lacking rhi-
cadhesin have not yet been reported. Such mutants will
be essential to answer the question whether rhicadhesin-
mediated attachment is indeed a prerequisite for nodula-
tion. However, analogies with the Agrobaeterium situation
suggest that rhicadhesin might indeed be essential for
nodulation ability of Rhizobium bacteria. This approach
might enable us to overcome our difficulties in isolation of
rhicadhesin mutants in Rhizobium. Agrobacterium and
Rhizobium bacteria show strong chromosomal homology.
For instance, the introduction of a Ti plasmid into Rhizo-
bium generally results in tumorigenic Rhizobium strains,
and the presence of Sym plasmids confers upon
Agrobaeterium strains the ability to nodulate certain legu-
minous piants (Hooykaas et ai, 1981; Kondorosi ef ai,
1982; Hirsch et ai. 1985). Chromosomal virulence
mutants of Agrobaeterium tumefaeiens have been iso-
lated, which are impaired in a number of characteristics,
including attachment ability to plant cells (Douglas et ai.
1982; 1985). The so-called ehvB mutants are the best
characterized mutants. Various studies indicated that at
least two characteristics of these mutants are linked to the
attachment- and virulence-minus phenotype of these
mutants, namely synthesis of [i1,2-glucan and of active
rhicadhesin (Bradley era/., 1984; Zorrequieta e/a/., 1985;
Smit 1988). Of significant importance was the observation
that both attachment ability and virulence of A. tumefa-
ciens ehvB mutants can be restored by treatment of ehvB
mutants with purified rhicadhesin. Rhicadhesin purified
from either wild-type A. tumefaeiens bacteria or R. legu-
minosarum bv. viciae bacteria can restore the ehvB
mutants (Smit 1988; Lugtenberg etai, 1989). Further-
more, addition of fii ,2-glucan did not restore the ehvB
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Rhtcadhesin

Fig. 4. A detaiied model for attachment of R. legu-
minosarum bv viciae cells tc pea root hair tips.
Step 1 attachment is mediated by rhicadhesin and
leads to the attachment of single rhizobial ceils to
the surface of the root hair tip The mechanism of
step 2 attachment depends on the growth condi-
tions of the rhizobia and results in the formation of
aggregates of bacteria on the tip of the root hair.
In the case of carbon-limited bacteria, rhizobial
cellulose fibrils are involved m the second step of
attachment, whereas in the case of manganese-
iimited rhizobia, host plant lectins are also
involved. In the latter case, the aggregates are
formed within a shorter period of time. Lectin-
mediated accumulation is correlated with optimai
root infection, as indicated by the open arrow
(with permission from Smit etal.. 1989b).

mutants (Cangelosi etai, 1990). The possible relation-
ship between 1J1,2-glucan synthesis and presence of
active rhicadhesin has still to be studied. These results
strongly support the hypothesis that rhicadhesin plays an
essential role in attachment and virulence of A. tumefa-
eiens bacteria. Van Veen efa/. (1987) found that A tume-
faciens ehvB mutants harbouring a Sym plasmid were not
able to nodulate host plants, in contrast to wild-type
agrobacteria harbouring the same Sym plasmid. In view
of the strong homology between Agrobaeterium and Rhi-
zobium, it is tempting to suggest that rhicadhesin also
plays an essential role in nodulation.

Is lectjn-mediated attachment essential for
successful nodulation?

As mentioned above, pea lectin (PsI) accelerates accu-
mulation of manganese-limited R. leguminosarum bv.
viciae cells at pea root hair tips (Fig. 4). Under those con-
ditions, the rfiizobia are more infective (Kijne et ai, 1988).
Lectin molecules secreted by the root probably bind to
extracellular polysaccharides (EPS) and LPS of Rhizo-
bium (for a review see Kijne, 1992). This binding was
found to be host plant-specific (Dazzo et ai, 1984) or non-
specific (Van der Schaal et ai, 1983) depending on the
sugar-binding characteristics of the lectin. The contradic-
tions in the involvement of Sym piasmid-encoded nod
genes in (ectin-mediated attachment of rhizobia {see
above), might aiso be expiained by differences in sugar-
binding specificity of the piant lectins. Thus far, no rhizo-
biai mutants which are significantiy affected in iectin-bind-
ing, but not in production of lipo-oiigosaccharides, have
been isolated. Characterization of attachment and

nodulation behaviour of such mutants might reveai which
bacteriai components are essentiai for these phenomena.

Aithcugh involvement of iectin in attachment of rhizobia
to (host) plant root hairs has been demonstrated, its pri-
mary roie in noduiation seems to reside in a step foilowing
attachment, i.e. initiation of infection thread formation
(Fig. 1). This hypothesis extends and relativizes the ear-
lier proposai that iectin is primariiy invoived in bac-
terium-root hair adhesion. However, it is consistent with
the resuits described above and with the work of Haiver-
son and Stacey (1985; 1986) and Diaz et al. (1989).
Haiverson and Stacey showed that a noduiation-defective
mutant of Bradyrhizobium japonieum, capable of normai
root hair attachment and curiing, could be restored to nor-
mal noduiation by pretreatment with soybean iectin. The
implication here is that some step in the infection process
subsequent to attachment and root hair curiing is affected
by tectin. Diaz etai (1989) investigated the possibie roie
of pea iectin in the determination of host-specific nodula-
tion. R. leguminosarum bv. viciae, the normal symbiont of
pea, can attach to ciover root hairs and induce root hair
curiing, but infection threads are not formed (Yao and Vin-
cent, 1976; Smit et ai, 1986). Diaz et al. (1989) con-
structed transgenic ciover roots harbouring the pea iectin
gene and found that these roots couid be noduiated by R.
leguminosarum bv. viciae.

in conciusicn, these resuits cieariy point to the invoive-
ment of lectin in a noduiation step subsequent to attach-
ment, most \\We\y initiation of the infection thread. With
respect to the correiation between lectin-acceierated
attachment and infectivity (Kijne etai, 1988), it shouid be
noted that the carbon-limited, non-infective, rhizobia were
aiso affected in there abiiity to cause root hair deformation
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Fig. 5. Electron micrographs of fibriliated R. legu-
minosarum bv. viciae cells, (A| Single cellulose
fibril and a sinusoidal flagellum. (B) Several fibrils
within a bacterial aggregate. Cells were nega-
tively stained with phosphotungstic acid solution.
Bar, 200 nm (with permission (rom Smit etai.
1987).

(Hac). This latter is possibiy due tc inabiiity of these ceils
to produce the proper signai molecuies (Spaink et ai.
1991). Therefore, aithough iectin is invoived in attach-
ment, its principle roie in the noduiation process appears
to be in a step foilowing attachment.

Role of fimbriae and cellulose fibrils in firm
attachment

In Rhizobium-\egume interactions, as in aimost ali bac-
terium-piant studies pubiished, attachment was found to
be a two-step process with an initiai binding phase and
firm adherence, and accumuiation at the attachment site
(Matthysse, 1983; Michieis etai, 1991; Smit and Stacey,
1990). Rhicadhesin mediates the initial, direct binding of
(brady)rhizobia to piant root hairs. Fibrilious appendages
of (brady)rhizobia appear to be invoived in firm attach-
ment ieading to bacteriai aggregation and anchoring of
bacteria to the piant ceii surface. For R. leguminosarum
bv. viciae it was shown that the initiai, rhicadhesin-medi-
ated attachment step is required before fibril- and iectin-
mediated attachment can occur, whereas this is not stud-
ied in detail in aii systems (Fig. 4). Therefore, it cannot be
excluded that more than one'attachment mechanism
occurs at the same time.

Extraceiiuiar fibriis of R. leguminosarum mediate
aggregation of bacteria at root hair tips (cap formation;
see Figs 2 and 5). These fibriis were purified and chemi-
caily characterized as ceiiuiose fibriis. Fibril-overproduc-
ing mutants show greatly increased cap-forming ability,
whereas fibril-negative mutants lost this ability compieteiy
(Smit etai, 1986; 1987). Both types of mutants showed
normai noduiation properties, indicating that both ceiiu-
iose fibrils and fibrii-mediated cap formation are not a pre-
requisite for successfui noduiation under laboratory con-
ditions (Smit et ai. 1987). The sait-sensitivity of
attachment as described for R. leguminosarum bv. viciae
(Smit et ai. 1986) was found to be based on the fibrii-
mediated step. The initiai, rhicadhesin-mediated binding
was not affected by the presence of NaCi (S. Swart and

G. Smit, unpublished results). This indicates that ionic
interactions piay a roie in the ceiiuiose fibrii-mediated
aggregation.

For B. japonicum, bacteriai fimbriae were reported to
mediate firm attachment to soybean roots (Vesper and
Bauer, 1986; Vesper et ai, 1987). This type of binding is
specificaily inhibited in the presence of gaiactose, sug-
gesting the presence of a fimbriae-associated iectin en
the bacterial ceii surface. Recentiy, Ho etal. (1990a,b)
isoiated a 38 kDa iactcse/gaiactose-binding protein from
8. japonicum, designated Bj38 which is invoived in
attachment of 6. japonicum bacteria to soybean ceiis.
These authors consider it likeiy that this protein is associ-
ated with bradyrhizobiai fimbriae, aithough its iocaiization
at the bacteriai surface has not been demonstrated
directiy. Similar to mutants defective in production of fim-
briae, mutants not producing Bj38 show reduced firm
attachment abiiity. However, both types of mutants are
stiii abie to attach and to noduiate (Vesper and Bhu-
vaneswari, 1988; S.-C. iHo, personai communication),
indicating that firm attachment is not essentiai for infec-
tion of soybean.

These observations indicate that the initial, weak
attachment step is essentiai in root infection ieading to
noduie formation, whereas the fibrii-, fimbriae-mediated
attachment step is not essentiai for successfui noduiation,
at ieast not under iaboratory conditions.

Final remarks and conclusions

From the available data it can be concluded that, (i)
homologous as weli as heteroiogous (brady)rhizobia are
abie to attach to (host) piant root hairs, (ii) the presence of
a Sym piasmid is not a prerequisite for non-host-specific
attachment, (iii) more than one mechanism of attachment
occurs in (Brady)rhizobium-p\an\ root hair associations,
and (iv) under certain conditions host plant lectins
enhance attachment of (homologous) rhizobia at root hair
tips.

Attachment of (brady)rhizobia to piant roots appeared
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weak attachment

firm attachment interactions

colonization

Fig. 6. Relationships between weak and firm attachment, and the devei-
opment of colonization of. and intimate interactions with the host plant.
The solid arrow represents interactions which are reported to exist and
the dashed arrow indicates possible relations as hypothesized in Ihe text.

to be a two-step process (Fig. 4). In the case of ft legumi-
nosarum, rhicadhesin mediates the first step in the
attachment. Bacteriai ceiiuiose fibriis and binding of the
plant's iectin are invoived in the second step cf attach-
ment leading to bacteriai aggregation and anchoring of
bacteria to the piant ceil surface. Involvement of one or
more of these components is dependent on growth condi-
tions of the bacteria. As described above, the firm attach-
ment step is not essentiai for noduiation under laboratory
conditions. This appears to be true for involvement of
either ceiiuiose fibriis {R. leguminosarum) and proteina-
ceous fimbriae (S. japonicum). interestingiy, such a two-
step attachment mechanism is found in many bac-
terium-piant interactions, and in aii cases there is
evidence that the fibrii-mediated step is not essential for
the estabiishment of bacteriai-plant interactions (for a
review see Smit and Stacey, 1990). Why then is the iatter
step prevaient in bacterium-plant attachment? This ques-
tion becomes even more obvious in view of the observa-
tion that R. leguminosarum bacteria form ceiiuiose fibriis
even under carbon-iimiting conditions (Smit et ai, 1986).

A number cf studies have shown that adhesion to piant
ceiis is positiveiy correiated with non-specific adhesion to
abiotic surfaces (e.g.. Vesper and Bauer, 1986; Smit et
ai. 1987). Bacteriai appendages, such as fimbriae and
ceiiuiose fibriis, affect the physico-chemical properties
(hydrophobicity) of the bacteriai ceii surface, and thereby
might contribute to this type of non-specific adhesion
(Vesper etai, 1987; G. Smit, unpubiished resuits). More-
over, fibriiious appendages are invoived in bacteriai
aggregation (Smit et ai, 1987). Although present data do
not support a major roie for fibril-mediated adhesion in the
estabiishment of an intimate interaction between bacteria
and piants, bacteriai fibriis might be important under natu-
rai conditions by enabiing the bacteria to coionize a bene-
ficiai environment (Fig. 6). Despite the agricuiturai impor-
tance of seed inocuiation with (brady)rhizobia, hardly
anything is known about the colonization ability of the
bacteria in relation to attachment ability. For other rhi-
zobacteria, e.g., plant-growth-promoting Pseudomonas

spp., there is evidence that firm adhesion and accumuia-
tion of the bacteria is positively correiated with coioniza-
tion abiiity (Anderson ef ai, 1988: Bashan et ai, 1991;
James et ai. 1985; Renato de Freitas and Germida,
1990). in the case of A. tumefaciens, which is cioseiy
reiated to Rhizobium, ceiiuiose fibriis enable a tight
anchoring of the bacteria to piant celis which might be
beneficiai under certain conditions, e.g., fiushing of
attachment sites by water (Matthysse, 1983). These data
point to a roie of the fibrii-mediated, 'firm' attachment step
under naturai conditions. More research, e.g., analysis of
the colonization ability of fibrii-negative mutants, is obvi-
ousiy required to test this hypothesis.

The finding that rhicadhesin-mediated attachment is
restricted tc members of the family of the Rhizobiaceae,
but is observed with ait piants tested, might offer possibiii-
ties for improvement of the coionization abiiity of other
plant-growth-promoting rhizobacteria, such as P. putida.
introduction of the structurai gene(s) for rhicadhesin into
piant-growth-promoting rhizobacteria might improve their
abiiity to attach to and to coionize a piant's surface.

in order to put geneticai and biochemicai data on rhizo-
biai attachment and infectivity into its proper perspective,
future research shouid focus on characterization of rhizo-
bial growth conditions at, on and in the iegume root hair.
Moreover, rhizobiai mutants affected in rhicadhesin syn-
thesis and in iectin-binding shouid be isolated and ana-
iysed with respect to attachment and noduiation. With
regard to the plant ceiis, the putative receptor moiecuies
for rhicadhesin await characterization. Improvement of
our knowledge of attachment and attachment-related
phenomena is not oniy necessary for the understanding
of the moiecuiar mechanism of noduiation, but wiii aiso
offer exciting possibiiities for improvement of piant-benefi-
ciai bacteriai strains and their interaction with piant roots.

Acknowledgements

We thank G. Lamers for exceiient teci^nicai assistance with the
use of the scanning electron microscope, and Dr K. Recourt for
Figure 1. The work referenced from our laboratory was in part
supported by the Netheriands Foundation of Biologicai
Research with financial aid from tiie Netheriands Organization
for Scientific Research.

References

Anderson, A.J. ef al. (1988) AppI Fnviron Microbiol 54:
375-380.

Badenoch-Jones, J. ef al. (1985) AppI Environ Microbiol 49:
1511-1520.

Bashan, Y. et ai (1991) J Gen Microbiol•\37:187-196.
Bohiooi, B.B.. and Schmidt, EL. (1974) Science 185: 269-271.
Bradiey, D.E. etal. (1984) Can J Microbiot 30: 676~e8^.
Cangeiosi, G.A. etai (1990) Jfiacre/-/o/172: 2172-2174.



Attachment of Rh\zob\um bacteria to plant roots 2903

Dazzo, F.B. {t 981) JSupramol Struct Cell Biochem ^G•. 29-4^.
DazzQ, F.B,, and Briti, W.J, (1979) Jeacferio/137:1362-1373.
Dazzo, F.B. et ai (1984) AppI Environ Microbiol 48:

1140-1150.
Dazzo, F.B., and Hubbeii, D. H. (1975) AppI Microbiol 30:

1018-1033.
Diaz. C.L. etai (1989) Nature (London) 338: 579-581.
Dougias, C.J. etai (1982) JSac/eno/152:1265-1275.
Dougias, C.J. etai (1985) JSac/eno/161: 850-860.
Fisher. R.F. and Long. S.R. (1992) Nature357: 655-660.
Haiverson. L.J., and Stacey, G. (1985) Plant Physiol 77:

621-625.
Haiverson. L.J., and Stacey. G. (1986) AppI Environ Microbiol

51:753-760.
Hirsch, A.M. etai (1985) JBac/eno/161: 223-230.
Ho, S-C, etal. 0990a) J CeltBionn: 1631-1638.
Ho, S-C. et ai (1990b) J Cell Biol 111:1639-1643.
Hooykaas. P.J.J. etai {^98^) Nature (London) 29^:35^-353.
James, Jr., D.W. ef ai (1985) AppI Environ Microbiol 50:

392-397.
Kato G. ef a/. (1980) Agric Biol Chem 44: 2843-2855.
Kijne, J.W. et ai (1988) J Bacteriol MO: 2994-3000.
Kijne, J.W. (1992) in Biological Nitrogen Fixation. Stacey, G. ef

ai (eds). New York: Chapman and Hail, pp. 349-398.
Kondorosi, A. etai (1982) Mol Gen Genef188: 433-439.
Lerouge, P, efa/. (1990) A/afure ('/.ondon; 344: 781-784.
Lipton, D.S. etai (1987) Plant PhysiolS5: 315-317.
Lugtenberg, B.J.J. ef ai (1989) in Molecular Signals in

Microbe-plant Symbiotic and Pathogenic Systems, NATO
ASI Series, Vol H36, Lugtenberg, B.J.J. (ed.). Beriin:
SpnngerVeriag. pp. 129-136.

Matthysse, A.G. (1983) JSacferio/154: 906-915.
Michieis, K.W. etal. {^99^) J Gen Microbion37: 2241-2246.
Miiis, K.M., and Bauer, W.D. (1985) J Cell Sci Suppl 2:

333-345.
Mort, A.J., and Bauer. W.D. (1980) Plant Physio!GS: 158-163.
Peters, N.K. etai (1986) Sc/ence233: 917-980.

Redmond, J.W. etai (1986) Wafure (Landon)323: 632-635.
Renato de Freitas, J., and J.J. Germida. (1990) AppI Microbiol

Bioteohnol33: 589-595.
Smit, G. (1988) Adhesins from Rhizobiaceae and their role in

plant-bacterium interactions. Ph.D. Thesis. Leiden Univer-
sity, The Netheriands.

Smit. G., and Stacey. G. (1990) in Microbiai Cell Surface
Hydrophobicity. Doyle, R., and Rosenberg. M. (eds,). Wash-
ington D.C: ASM Pubiications, pp. 179-210.

Smit, G. etai (1986) JSac/erio/168: 821-827.
Smit, G. etal. {t 987) J Bacteriol 169: 4294^301.
Smit, G. etai (1989a) JSacfeno/171: 569-572.
Smit, G. ef ai (1989b) J Bacteriol 171: 4054^062.
Smit. G. etai (:99:) Arch /W/crob/o/155: 278-283.
Spaink, H. P. etal. {A99:) Nature (London)35^: 125-130.
Stacey, G. etal. (1980) Plant PhysiolB6: 609-614.
Van Brussei, A.A.N. etal. (1990) JSacfer/o/172: 5394-5401.
Van der Schaai, i.A.M. ef al. (1983) in Lectins. Biology. Bio-

Chemistry, Clinical Biochemistry. Voi. 3. Bag-Hansen, T. C ,
and Spengler, G.A. (eds). Beriin: W. de Gruyter. pp.
531-538.

Van Veen, R.J.M.. etai (1987) Plant Mol Biol8:105-108.
Vesper, S.J., and Bauer, W.D. (1986) AppI Environ Microbioi.

52:134-141.
Vesper, S.J. and Bhuvaneswari, T. V. (1988) Arch Microbiol

150: 15-19.
Vesper, S.J. ef al. (1987) AppI Environ Microbiol 53:

1959-1961.
Wijffeiman, C, ef ai (1986) in Recognition in Microbe-plant

Symbiotic and Pathogenic Interactions. NATO Asi Series
V0I.H4. Lugtenberg, B. (ed.). Berlin: Springer-Verlag, pp.
123-135.

Yao, P.Y.,and J.M. Vincent. (1976). Plant Soil 45:1-16.
Zorrequieta. A. ef ai (1985) Arch Biochem Biophys 238:

368-372.
Zurkowski, W. (1980) Microbios27: 27-32.






