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  Abstract   Attachment of bacteria to plant surfaces is a necessary prelude to 
the interaction, either pathological or mutualistic, that follows. For symbiotic 
nitrogen fixation to occur and, in particular, for nodules to develop for housing 
the nitrogen-fixing bacteria in the legume –  Rhizobium  mutualism, attachment of 
rhizobia to roots is critical. Nodules form on some legume roots as a consequence 
of Nod factor perception but if the rhizobia do not attach, they remain uninfected 
because attachment is needed for infection-thread formation. Numerous stud-
ies have shown that rhizobial cell surface components are required for optimal 
root attachment and colonization. These components include  polysaccharides 
such as exopolysaccharides, lipopolysaccharides, cyclic  β -1,2-glucans, 
and cellulose fibrils; and also proteins, including flagellae, pili, rhicadhesin, 
and a bacterial lectin known as B j 38. Loss of function of genes encoding exo-, 
capsular- , and lipopolysacchrides as well as cyclic  β -1,2-glucan often result in 
diminished root attachment and poorly infected nodules. However, no mutant 
phenotypes have been described for the loss of function of either rhicadhesin 
or bacterial lectin because genes encoding these traits have not yet been identi-
fied.  Rhizobium leguminosarum  mutants defective in cellulose fibril production 
still induce nitrogen-fixing nodule formation, and moreover, not all rhizobia 
synthesize cellulose fibrils, strongly suggesting that fibrils are not universally 
required for attachment to plant roots. On the plant side, very little is known 
about the factors required for rhizobial attachment. Carbohydrate-binding pro-
teins, particularly lectins, have been implicated, but few other plant proteins 
have been described. This review describes what is known about the genes and 
proteins that are involved in attachment and colonization of rhizobia on legumes. 
We focus not only on attachment to root hairs and epidermal cells, but also on  
ex planta  adherence. To that end, we consider rhizobial attachment to the root 
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surface as well as to abiotic surfaces as a biofilm, i.e., a structured community 
of bacteria adherent to a surface and to each other, and surrounded by exopolymer. 
We also examine the effects of cell surface mutations on biofilm development in other 
bacteria with the goal of establishing commonalities with nitrogen-fixing rhizobia.    

  1 Introduction  

 Although roots are normally covered with numerous microbes, surprisingly little 
attention has been paid to them by most biologists other than microbial ecologists. 
In part, this is because rhizospheric interactions are not only very heterogeneous, 
but also difficult to study in a soil-based system. The classic studies by Foster et al. 
 (1983)  on the ultrastructure of the soil – root interphase illustrate the complexities of 
the rhizosphere environment. This tour-de-force, electron microscopic analysis 
shows an amalgam of root cells, bacteria, fungal cells, virus particles, polysaccha-
rides, and soil (Fig.  1 ). Technical improvements, such as the use of reporter genes, 

  Fig. 1      Ultrastructure of the clover rhizosphere ( × 25,000).  BD Bdellovibrio  parasitizing various rhizo-
sphere microbes,  BV  bacteriophages,  C  capsule,  CW  cell wall,  M  mucigel,  PB  phosphate bodies in soil 
microbes,  PP  polyphosphate granules (reprinted with permission, from Foster and Rovira (1978))       
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Microbial Encounters of a Symbiotic Kind 3

fluorescent antibodies, fluorescence in situ hybridization as well as confocal scan-
ning laser microscopy, have greatly aided our investigation of the rhizosphere (see 
references in Wagner et al.  2003) . Moreover, metagenomic analyses of rhizosphere 
organisms are beginning to uncover the incredible diversity that exists underground 
(Erkel et al.  2006 ; Gros et al.  2006) .  

 To learn the identity of the factors important for attachment to a plant surface, 
which is a necessary prelude to the commensal, pathological, or mutualistic plant –
 microbe interactions that follow, requires a less global view than that of metagen-
omes. Studies of single species, their biochemistry, and genetics have greatly 
helped in the identification of genes and gene products needed for bacterial adher-
ence to biotic and abiotic surfaces. However, much of the research so far has 
focused on clinically relevant or polluting microbes because of their bearing on 
disease and biofouling. Attachment to plant surfaces has been investigated much 
less often, but is just as important for a successful interaction as those encounters 
that result in illness or pollution. For example, nitrogen-fixing root nodules will not 
develop without rhizobia attaching to and colonizing the root surface. (For more on 
nodule development, see Limpens and Bisseling 2008 ). Although a completely 
attachment-minus (Att − ) rhizobial mutant has not been described, numerous 
mutants affected in attachment to the root surface have been isolated; most infect 
nodules poorly. Thus, attachment to the root surface is a critical stage for the initia-
tion of infection threads for proper nodule formation and subsequent nitrogen fixa-
tion. Two recent reviews address bacterial attachment to plant and other surfaces 
(Danhorn and Fuqua  2007 ; Rodr í guez-Navarro et al.  2007) . 

 A two-step system of  “ docking ”  and  “ locking ”  is characteristic of all bacteria 
that adhere to surfaces (Dunne  2002) . Docking is considered to be reversible 
whereas locking is generally thought of as irreversible. Docking can also be thought 
of as nonspecific binding whereas locking is species-specific. Attachment follows 
a similar two-step process for Rhizobiaceae and many other symbiotic bacteria 
(Matthysse et al.  1981 ; Dazzo et al.  1984 ; Smit et al.  1992) . Interestingly, most of 
the components important for rhizobial docking that have been studied are of bacterial 
origin. Little is known about the corresponding receptors in the plant that recognize 
the bacterial docking and locking factors. Only two plant factors, i.e., lectins, plant 
proteins that bind carbohydrates, and a potential receptor for rhicadhesin, have 
been studied. 

 This review describes what is known about the genes and proteins that are 
involved in the attachment and colonization of roots by symbiotic microbes, focus-
ing not only on adherence to root hairs and epidermal cells, but also on  ex planta  
adhesion. To that end, we consider the attachment of rhizobia to the root surface to 
be a biofilm, i.e.,  “ a structured community of bacteria enclosed in a self-produced 
polymeric matrix and adherent to an inert or living surface ”  (Costerton et al.  1995)  
(Fig.  2 ). Most important, the bacteria in a biofilm also attach to each other. The 
genes involved in the various stages of biofilm formation have been uncovered 
mainly based on the study of mutants, particularly of model systems such as 
 Escherichia coli ,  Pseudomonas aeruginosa , and  Staphylococcus epidermidis.  For 
example, flagella are needed for the initial stages of attachment, but pili are required 
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for microcolony formation. Microcolony formation paves the way for a mature 
biofilm architecture consisting of towers, mushrooms, mounds, or streamers (Fig.  2 ). 
However, in addition to the well-studied mushroom-type biofilms of  P. aeruginosa  
and other model bacteria, additional types of biofilm architecture develop, some of 
which are independent of flagella. Microcolonies may be established by clonal 
propagation, with type IV pili mediating bacterial migration by using twitching 
motility to extend the microcolonies to form a continuous or ridgelike biofilm (Fig.  3 ). 

  Fig. 2      Generalized diagram of the main stages in biofilm formation. Planktonic, free-swimming 
bacteria are signaled by environmental cues to attach to a surface. Irreversible attachment follows, 
and the cells establish a monolayer. Later, microcolonies form on the surface. The mature biofilm 
develops a distinctive architecture comprising mushrooms, towers, ridges, or streamers. 
Exopolymer covers the biofilm cells, but cells can detach and become planktonic (reprinted with 
permission, from Fujishige et al.  (2006c) )       

  Fig. 3      Generalized diagram of the stages of a flat or ridgelike biofilm whereby microcolony 
formation is mediated by clonal growth. Bacteria migrate via twitching behavior due to the pres-
ence of type IV pili (modified from Klausen et al.  (2003) )       . See also Fig. 4
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Microbial Encounters of a Symbiotic Kind 5

These differences in biofilm architecture appear to depend both on cultural conditions, 
such as carbon source, as well as on strain differences (Klausen et al.  2003) . Where 
data are available, we will compare the rhizobial genes critical for attaching to the 
root surface with those that are important for biofilm formation in other bacteria.    

  2 Docking Components  

 Often, bacteria will attach or not attach to a surface based solely on the variabilities 
of the surface, such as its texture, composition, or whether it is hydrophobic or 
hydrophilic. These factors will not be discussed in this review, but many parameters, 
including temperature, pH, electrostatic and hydrophobic interactions, nutrient 
status, and culture age, condition biofilm formation and attachment to roots 
(Carpentier and Cerf  1993 ; Albareda et al.  2006 ; Rinaudi et al.  2006) . 

 For different strains of  R. leguminosarum , the docking step appears to be medi-
ated by rhicadhesin and lectins, whereas the locking step is mediated by cellulose 
fibrils (Smit et al.  1987 ,  1992) . For other rhizobia, additional factors come into 
play. These will be described. 

   2.1 Rhicadhesin  

 Rhicadhesin is a calcium-binding protein of 14 – 16 kDa (depending on the method 
of analysis; Smit et al.  1989)  that when purified, inhibits attachment to pea roots of 
not only  R. leguminosarum  strain RBL5523, the strain from which it was originally 
isolated, but also other Rhizobiaceae, including  Agrobacterium tumefaciens , 
 A. rhizogenes ,  Bradyrhizobium japonicum , and  Phyllobacterium  spp., suggesting 
that rhicadhesin is common in this bacterial family. A  Bradyrhizobium  calcium-dependent, 
bacterial surface protein of 14 kDa, assumed to be rhicadhesin, mediates this 
strain’s attachment to peanut, a legume that shows a  “ crack-entry ”  rather than infec-
tion-thread mode of rhizobial incursion (Dardanelli et al.  2003) . Thus, rhicadhesin-
mediated attachment is involved in both forms of rhizobial entry into roots. 
Rhicadhesin is also involved in the attachment of rhizobia to wheat and other 
non-legume root hairs (Smit et al.  1989) , pointing to rhicadhesin’s role in non-specific 
or docking attachment rather than in the second, more specific, locking stage. 

 In an attempt to find the gene encoding rhicadhesin, Ausmees et al.  (2001)  uncovered 
four  Rhizobium -adhering proteins (Rap) in  Rhizobium leguminosarum  bv.  trifolii  
strain R200 by using phage-display cloning techniques. Although these were all 
secreted calcium-binding proteins, RapA1and the other three were larger (24 kDa) 
than rhicadhesin and not found in  Rhizobium  species other than  R. leguminosarum  
biovars and  R. etli . Thus, up to now, a gene for a 14-kDa rhicadhesin protein has not 
been discovered, making it difficult to assess the exact role of this protein in the first 
phase of attachment. Also, without a gene or protein sequence, it is difficult to determine 
whether rhicadhesin is present in bacteria other than the Rhizobiaceae. 
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 A legume rhicadhesin receptor had been postulated based on its ability to sup-
press rhicadhesin activity (Swart et al.  1994) . A cell wall component from pea roots 
was purified and found to be glycosylated. It was estimated to be about 32 kDa 
when glycosylated and has an isoelectric point of about 6.4. However, only the 
N-terminal region was sequenced, and no homology was observed to any other 
proteins other than a germin (Matthysse and Kijne  1998) . Germins are common to 
a wide range of plants and are expressed in all parts of the plant. A signal peptide, 
a  β -barrel structure, and one or two N-glycosylation sites at a constant position 
characterize them. Germin-like proteins (GLPs), but not germins, have an Arg-Gly-Asp 
(RGD) tripeptide or related KGD/KDE peptides (Bernier and Berna  2001) . 
An RGD hexapeptide, as well as vitronectin, an extracellular matrix protein in ani-
mal cells with an RGD motif, suppressed rhicadhesin-mediated attachment of both 
rhizobia and agrobacteria to root hairs (Swart et al.  1994) , suggesting that an RGD-
containing protein functions as a receptor. Recently, a GLP sharing sequence simi-
larity in its N-terminus with the comparable region in the putative receptor for 
rhicadhesin has been identified from pea. GLP mRNA is expressed in nodules in 
the expanding cells adjacent to the nodule meristem and to a lesser extent in the 
nodule epidermis (Gucciardo et al.  2007) , locations where a rhicadhesin receptor 
might not be expected. The newly identified GLP has superoxide dismutase activ-
ity, which is resistant to high temperatures among other stresses, suggesting that 
this GLP may be involved as a target for protein cross-linking. Some germins and 
GLPs become insoluble in response to stress (Bernier and Berna  2001) . Nevertheless, 
GLP may be a rhicadhesin receptor because these proteins are associated with the 
plant extracellular matrix and they have the tripeptide RGD, which is found in animal 
adhesion proteins. More work is needed to validate this hypothesis.  

   2.2 Flagella  

 Flagella have been proposed to be a docking step for biofilm formation for a number 
of bacteria (O’Toole and Kolter  1998a ; Pratt and Kolter  1998 ; Klausen et al.  2003) . 
For example, mutating  flgH  genes in  Caulobacter crescentus  result in biofilms that 
are thick, homogenous monolayers (Entcheva-Dimitrov and Spormann  2004) . 
Moreover, the transition from microcolonies to the large mushroom-shapes that 
characterize the mature biofilm in  Caulobacter  is impaired in the  flgH  mutants. 

 Flagella have also been proposed as the docking step for  Azospirillum  attach-
ment to plant roots (Michiels et al.  1991 ; Vande Broek and Vanderleyden  1995) , 
although flagella are best known for transporting microbes across distances. For 
example, when a legume seed is planted, the seed coat and in some cases the roots 
exude flavonoids and related molecules that attract rhizobia, which are believed to 
move by flagellar action, towards the legume root. However, it is unclear exactly 
how far rhizobia actually move in the soil environment because motility is dependent 
on soil matric potential and composition among other factors. For  Sinorhizobium 
meliloti  grown under axenic conditions, Fla −  mutants are delayed in forming nodules, 
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but normal nitrogen-fixing nodules develop (Finan et al.  1995 ; Fujishige et al. 
 2006a) . However, under field conditions, it is likely that motility mutants are at a 
competitive disadvantage when compared to wild-type, motile  S. meliloti  (Ames 
and Bergman  1981 ; Fujishige et al.  2006a) . Similarly,  S. meliloti  Fla −  mutants show 
a more than 50% reduction in biofilm formation when compared with that in the 
wild-type strain (Fujishige et al.  2006a) . Hence, both the biofilm and nodulation 
phenotypes are likely to be a consequence of impaired motility as well as the 
reduced docking exhibited by the  S. meliloti fliP  and  flgH  mutants.  

   2.3 Lectin-Mediated Attachment  

 The only bacterial lectin studied in detail so far is BJ38, which is organized in a 
tuftlike mass to one pole of  B. japonicum  cells. This bacterial lectin is important for 
adherence to other bradyrhizobia, resulting in the formation of  “ star ” -like clusters 
(Loh et al.  1993) . Soybean agglutinin (a plant lectin) binds to the opposite pole that 
BJ38 binds to, suggesting that soybean agglutinin or soybean lectin is not related 
to bacterium-to-bacterium attachment, and must bind to a cell surface molecule 
other than the bacterial lectin BJ38. However, the details of how this bacterial lectin 
functions in attachment have not been elucidated because no specific gene(s) has 
been identified, although two non-BJ38-producing bacteria were described. The 
mutants showed a decreased ability to bind to young emergent root hairs and to 
nodulate soybean (Ho et al.  1994) . 

 Plant lectins have been implicated in the  Rhizobium  – legume symbiosis ever 
since a strong correlation between rhizobial cross-inoculation groups and the host 
legume lectin was noted (see references in Hirsch  1999) . Experiments whereby 
lectins have been transferred from one legume to another, such as the transfer of 
genes encoding soybean lectin to  Lotus corniculatus  (van Rhijn et al.  1998)  and pea 
lectint tansferred to clover (D í az et al.  1989)  or to soybean and alfalfa (van Rhijn 
et al.  2001) , demonstrated that the  “ wrong ”  rhizobia could nodulate the transgenic 
plants, but only if the rhizobia were producing the Nod factor appropriate to the 
 “ new ”  host. To explain these results, we proposed that the cognate lectin facilitated 
attachment of rhizobia to the root surface, thereby increasing Nod factor concentra-
tion above the threshold required for nodulation (van Rhijn et al.  2001) . Binding 
sites for lectins have been detected in exopolysaccharide (EPS) and lipopolysac-
charide (LPS; Mort and Bauer  1980) , and we presented data showing that 
Exo -  mutants were not as efficient as wild-type rhizobia in attaching to transgenic 
lectin plants (van Rhijn et al.  1998 ,  2001) . However, others have argued that EPSs 
are not ligands for lectins (Laus et al.  2006) . 

 Laus et al.  (2006)  reported the isolation and partial characterization of a  
R. leguminosarum  glucose – mannose polysaccharide containing minor amounts of 
galactose and rhamnose. The  Rhizobium  strain studied in this investigation was origi-
nally isolated from a clover nodule and thus has the  R .  leguminosarum  bv.  trifolii  
chromosome. However, its endogenous pSym was replaced by the symbiotic plasmid 
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pRl1JI from  R .  leguminosarum  bv.  viciae  so that it produces a Nod factor recognized 
by pea and vetch. Pea lectin and vetch seed lectin are both glucomannan-binding 
lectins, and show high affinity for this newly described bacterial polysaccharide. 
Moreover, pea lectin was shown to localize to one pole of the rhizobial cell, thereby 
pinpointing the location of this novel polysaccharide. Nevertheless, mutant rhizobia 
that do not produce the glucomannan polysaccharide are impaired in root attachment 
and infection only under slightly acidic conditions (pH 5.2) (Laus et al.  2006) . 

 As for rhicadhesin, chromosomal genes encode glucomannan polysaccharide 
production in  R. leguminosarum  (Laus et al.  2006) . Thus, we expected that rhizo-
bial strains deleted of pSym would show the same biofilming activity as does the 
wild-type parent if these components are primarily responsible for attachment. 
We tested RlvB151, a symbiotic plasmid-minus derivative of  R. leguminosarum  bv. 
 viciae  (Brewin et al.  1983)  in a biofilm assay and found that the pSym -  strain estab-
lished biofilms poorly when compared with wild-type (Fujishige et al.  2006b) . This 
result indicates that genes encoding either glucomannan or rhicadhesin are proba-
bly not needed for biofilm formation under the conditions studied. A similar result 
was observed for wild-type  S. meliloti  strain 2011 and its pSymA-cured (SmA818; 
Oresnik et al.  2000)  derivative (Fujishige et al.  2006b) . Thus, one can infer from 
these experiments that genes borne on symbiotic plasmids are important for attachment 
to surfaces. This result also indicates that chromosomal gene products such as 
glucomannan or rhicadhesin cannot substitute for the pSym gene products required 
for normal biofilm formation by  R. leguminosarum  bv.  viciae.    

  3 Locking Components  

 After reaching a surface, bacteria undergo a period of reversible attachment, but this 
quickly changes to irreversible attachment once the bacteria stop being motile. Again, 
there is an overlap between those components needed for locking to a root and those 
for biofilm formation. Both polysaccharides and proteins are involved in the irreversible 
steps of biofilm formation in a number of plant – microbe interactions. 

   3.1 Polysaccharides  

 Several investigators have reported that polysaccharides on the rhizobial cell sur-
face are absolutely required for optimal root attachment and colonization. Some of 
these cell surface components include EPS and capsular polysaccharide (Becker 
and P ü hler  1998) , LPS (Kannenberg et al.  1998) , cyclic  β -1,2-glucans (Dylan et al. 
 1990) , and cellulose fibrils (Smit et al.  1987) . Why so much diversity is required is 
unclear, but a redundancy of binding components may ensure that a sufficient population 
of rhizobia becomes firmly attached to the root so that the subsequent stages of 
nodule initiation are initiated. 
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Microbial Encounters of a Symbiotic Kind 9

  3.1.1 Exopolysaccharide 

 Two EPSs are produced by  S. meliloti : EPSI, a succinoglycan, and EPSII, a galac-
toglucan-repeating unit modified with acetyl and pyruvyl residues. The sequenced 
 S. meliloti  strain, Rm1021, does not synthesize EPSII, but is symbiotically com-
petent. However,  S. meliloti  Exo −  cells in the Rm1021 background lack EPSI (and 
EPSII), and thus do not enter the nodule properly. For example, the  S. meliloti 
exoY  ( exoY  encodes a galatosyl-1-P-transferase that carries out the first step of 
synthesis; Reuber and Walker  1993)  mutant in the Rm1021 background is 
impaired in the formation of infection threads, resulting in nodules that are free 
of rhizobial cells (Finan et al.  1985 ; Leigh et al.  1985) . Alfalfa nodules induced 
by  exoY  mutant  S. meliloti  fail to form persistent nodule meristems, and remain 
small, round, and ineffective (Yang et al.  1992) . Exopolysaccharide is very 
important for biofilm formation in many bacteria and loss-of-function mutants 
generally show impaired biofilm formation (Yildiz and Schoolnik  1999 ; Danese 
et al.  2000 ; Whiteley et al.  2001 ; Matsukawa and Greenberg  2004) . Similarly, 
the  S. meliloti exoY  loss-of-function mutant shows reduced biofilm formation; the 
bacteria never make the transition from the microcolony stage to a mature three-
dimensional biofilm (Fujishige et al.  2006a) . 

 Two gain-of-function  exo  mutants,  exoS  and  exoR , have been described in 
 S. meliloti ; the  exoR  and  exoS-chvI  system regulates EPSI synthesis (Cheng and 
Walker  1998 ; Wells et al.  2007) . The  exoS  mutant elicits the formation of normal 
nitrogen-fixing nodules on alfalfa whereas the  exoR  mutant induces a mixture of 
ineffective and effective nodules (Cheng and Walker  1998) . We found that 
 S. meliloti exoS  mutants develop more extensive biofilms, although the cells are 
more loosely attached to each other in the biofilm than are wild-type cells (Fujishige 
et al.  2006a) . The  S. meliloti exoR  mutants also produce larger biofilms than do the 
wild-type cells, but because they do not remain attached after handling, we found 
the measurements of the amount of biofilm formation to be extremely variable 
(Fujishige  2005) . Nevertheless, Wells et al.  (2007)  were able to show that  exoR  and 
 exoS  mutants exhibited increased biofilm formation when compared with wild-type 
rhizobia, thereby confirming our unpublished results and also those of Fujishige 
et al.  (2006a)  with regard to  exoS S. meliloti . 

  R. leguminosarum  bv.  viciae  mutants ( prsD  and  prsE ) defective in the secretion 
of the EPS glycanases PlyA and PlyB make biofilms that are not only delayed in 
timing, compared with wild-type, but also are arrested in their development (Russo 
et al.  2006) . The EPS produced by these mutants is longer than the wild-type EPS 
because the PlyA and PlyB glycanases normally cleave EPS into shorter lengths. 
Although  prsE  mutants have no nodulation phenotype,  prsD  mutants elicit nodules 
that do not fix nitrogen. Completely EPS −  mutants ( pssA  and other  pss  genes) show 
minimal biofilm formation. These mutants are also defective for root infection; 
empty nodules result. Interestingly, Russo et al.  (2006)  found that the  R .  leguminosarum  
bv.  viciae  Raps ( Rhizobium -adhering proteins) RapA1, RapA2, and RapC are 
secreted by the PrsD-PrsE type I secretion system and are likely to be important for 
biofilm formation.  
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  3.1.2 Lipopolysaccharide 

 Lipopolysaccharides are a major component of the bacterial outer envelope 
(Campbell et al.  2002) . They are involved in the later stages of infection of the root 
by rhizobia, being responsible for continual infection. In the  S. meliloti -alfalfa 
symbiosis,  lps  mutants produce approximately half the number of fully extended 
infection threads as the wild-type strain, but the rhizobia are still able to enter into 
the nodule cells. However, once the bacteria are released from the infection thread 
into the infection droplet, the  lps  mutants cannot sustain the infection, and the nod-
ule usually becomes ineffective. Nodule cells often contain bacteroids with unusual 
cell morphologies (Campbell et al.  2002) . 

 Few studies have examined the root attachment phenotype of rhizobial  lps  
mutants. Using the microtiter plate assay, we examined two  S. meliloti lps  mutants 
defective in two parts of the LPS structure for their effects on biofilm formation. 
The  lpsB  mutant is lacking  glycosyltransferase I, which is responsible for the 
biosynthesis of the LPS core (Campbell et al.  2002) , and the  bacA  mutant is defec-
tive in the distribution of fatty acids on the lipid-A component of LPS (Ferguson 
et al.  2002) . Mutation of  lpsB  resulted in a slight reduction of biofilm formation, 
whereas mutation of  bacA  resulted in biofilms that were reduced by roughly half 
when compared with that in the wild-type (Fujishige  2005) . Microscopic examina-
tion did not show profound differences in the biofilm structures of the  lps  mutant. 
However, in the  bacA  mutant, microcolonies and towers occurred less frequently 
and were reduced in size.  

  3.1.3 Cellulose Fibrils 

 Cellulose fibrils are part of the locking step for  R. leguminosarum  RBL5523 and 
 Agrobacterium tumefaciens  attachment (Matthysse and Kijne  1998) . However, 
cellulose fibrils are not universally present in symbiotic rhizobia and interestingly, 
not all strains of  R. leguminosarum  produce detectable cellulose (Russo et al. 
 2006)  .  Furthermore, the  R. leguminosarum  RBL5523 cellulose fibril mutant elicits 
effective nodule formation, demonstrating that the lack of a component for the 
locking step has minimal effect on nodulation (Smit et al.  1987 ; Ausmees et al. 
 1999 ; Laus et al. 2005). For  A. tumefaciens , cellulose fibrils bind the bacteria 
tightly to the plant surface as well as to each other. Mutants deficient in synthesizing 
these fibrils did not bind as strongly to plant cell walls and were reduced in colonizing 
roots grown in quartz sand (Matthysse and McMahan  1998) . On the other hand, 
cellulose overproduction increased the ability of  A. tumefaciens  to bind to and 
establish biofilms on roots (Matthysse et al.  2005) . Indeed, cellulose has been 
described as being involved in several bacterial biofilms such as those of  Acetobacter 
xylinum  (Cannon and Anderson  1991) . However,  A. tumefaciens  cellulose overpro-
duction did not result in better root surface colonization, perhaps because of the 
slower growth rate of these bacteria (Matthysse et al.  2005) .  

0000777907.INDD   Sec10:100000777907.INDD   Sec10:10 6/30/2008   12:44:53 PM6/30/2008   12:44:53 PM
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  3.1.4 Cyclic  β -1,2-Glucans 

 Cyclic  β -1,2-glucans are periplasmic space components of  g ram-negative bacteria 
and are important for microbe – host interactions, whether that interaction be patho-
genic (Matthysse et al.  2005 ; Roset et al.  2004)  or symbiotic (Breedveld and Miller 
 1994) . The exact mechanism whereby cyclic  β -1,2-glucans function in attachment 
is unknown in part because mutants show highly pleiotropic phenotypes, and do not 
always disrupt an interaction with the plant host. For example, for nodulation, it has 
been suggested that these hydrated polysaccharides increase turgor pressure within 
the infection thread; this pressure could be required to drive the infection thread 
growth (Nagpal et al.  1992) . 

 The genes that encode cyclic  β -1,2-glucans in  S. meliloti  are  ndvA  and  ndvB . 
 ndvB  encodes a cytoplasmic membrane protein that synthesizes cyclic  β -glucan 
from UDP-glucose whereas  ndvA  encodes an ATP-binding transport protein that is 
responsible for the secretion of cyclic  β -glucans to the extracellular space. 
Comparable genes exist in  A. tumefaciens . The phenotype resulting from mutating 
either  chvA  or  chvB  in  A. tumefaciens  (Douglas et al.  1982)  or  ndvA  or  ndvB  in  
S. meliloti  (Dylan et al.  1990)  is poor attachment to plant cells. The  chvA  and  chvB  
mutants also formed reduced biofilms when compared with the wild-type  A. tume-
faciens  on roots (Matthysse et al.  2005) . Perhaps not surprisingly, the  A. tumefaciens 
chvB  mutant defect was partially complemented by overproduction of cellulose 
(Matthysse et al.  2005) . Although a 41% reduction  in biofilm formation, compared 
with that in wild-type  S. meliloti , in microtiter plate wells was observed for  ndvB  
mutants, we saw no change in the level of biofilm formation, using the same assay 
for  S. meliloti ndvA  mutants (Fujishige  2005) . Previous work showed that mutations 
in  ndvA  result in increased EPSI production (Breedveld and Miller  1994) . An 
increase in EPSI may compensate for the loss of  ndvA , or alternatively, cyclic  β -glucan 
may be secreted through a completely different transporter than NdvA.   

   3.2 Proteins  

 Few proteins have been implicated in the locking stage of rhizobial attachment. 
It seems logical that pili of various types are involved in the locking steps for the 
 Rhizobium  – legume symbiosis, not only because of their importance for adherence 
to animal cells and environmental surfaces, but also because of their involvement 
in biofilm formation. 

  3.2.1 Pili/Fimbriae 

 Pili are important for adherence to animal cells and are also critical for biofilm for-
mation, particularly the early stages. Whereas flagellae are important for transport 
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of microbes across a distance to a surface where they reversibly attach, pili are 
believed to be involved in the irreversible attachment of the bacteria to a surface and 
also for the characteristic architecture of the mature biofilm. Pratt and Kolter  (1998)  
found that  E. coli  biofilm formation required flagella for the early stages of biofilm 
establishment and type I pili for irreversible attachment. Type IV pili, which are 
important for  “ twitching ”  behavior, are also required for biofilm formation in 
 P. aeruginosa  because  pilB ,  pilC , and  pilY1  mutants, all of which lack type IV pili, 
do not establish microcolonies (O’Toole and Kolter  1998b) . 

 For plant-associated interactions, very few investigations have been pursued 
regarding the role of pili in surface interactions either with biotic or abiotic sur-
faces.  Xylella fastidiosa  cells, which are nonflagellated, establish biofilms in the 
xylem cells of their host by using type IV pili for migrating within the plant while 
type I pili are important for cell-to-cell aggregation in biofilm formation (Li et al. 
 2007) . Type IV pili have been shown to be important for adhesion of  Azoarcus  sp. 
to plant root and fungal surfaces (D ö rr et al.  1998) . 

 There are very few reports in the literature that describe pili/fimbriae in 
 Rhizobium . One of the exceptions is the account of Vesper and Bauer  (1986) , who 
proposed that pili mediate the locking step between  Bradyrhizobium japonicum  and 
its soybean host. Piliated cells were found to bind to roots and plastic plates pro-
portionally to their numbers, and an antipilus antibody made to pili from soybean-
nodulating rhizobia blocked both attachment and nodulation without affecting 
bacterial viability. Pilus-minus mutants were also defective in adhesion (Vesper and 
Bauer  1986 ; Vesper et al.  1987) . However, further research on pili was not pursued, 
and the antipilus antibody was lost (W.D. Bauer, personal communication ). 

 We revisited this issue by mutagenizing  pilA  in  S. meliloti  (M.R. Lum and A.M. 
Hirsch, unpublished results). PilA makes up the pilin subunit of the pilus. The mutants 
were defective in twitching behavior and much less competitive for nodulation. On the 
other hand, preliminary results suggested that biofilm formation was not reduced when 
compared with wild-type  S. meliloti , although differences were observed in biofilm 
architecture (M.R. Lum and A.M. Hirsch, unpublished results). However, a second 
copy of  pilA  exists in the  S. meliloti  genome. Studies are in progress to elucidate the 
role of the  pilA  genes by making a double knock-out mutant.   

   3.3 Additional Components Involved in Attachment  

 A number of bacteria use glucosamine oligomers and polymers to adhere to each 
other in biofilm matrices (Leriche et al.  2000) . An excellent example is polysac-
charide intercellular adhesin (PIA) in  Staphylococcus aureus  and  S. epidermidis , 
two soil-inhabiting bacteria that cause nosocomial infections in humans. PIA, also 
called  “ slime, ”  is a polymer of at least 130  β -1,6- N -acetylglucosamine (GlcNAc) 
residues, some of which are deacylated (G ö tz  2002) . In the biofilm, PIA acts as an 
intercellular adhesin, linking the bacterial cells together in the biofilm. Interestingly, 
several of the  ica  genes that encode proteins giving rise to PIA show sequence similarity 
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to  Rhizobium nod  genes (Heilmann et al.  1996 ; G ö tz  2002) . Mutations in  ica  genes 
yield a biofilm-minus phenotype. 

  Caulobacter crescentus  is an aquatic bacterium characterized by two distinct 
cell types: a swarmer cell with pili and a polar flagellum; and a stalked cell, which 
has a holdfast at the distal end. The holdfast facilitates cell-to-cell adherence 
(rosette formation) as well as adhesion in a biofilm. Mutations in genes in holdfast 
synthesis adhere poorly and form loosely attached microcolonies (Entcheva-
Dimitrov and Spormann  2004) . Lectin-binding assays indicate that the adhesive tip 
of the holdfast contains GlcNAc residues (Merker and Smit  1988 ; Ong et al.  1990) , 
which are most likely to be  β -1,4-linked because chitinase and lysozyme treatment 
disrupts the rosettes (Merker and Smit  1988) . Proteins and uronic acids also make 
up the holdfast polysaccharide. These components form a dense gel, which has 
been modeled as an elastic leaf spring, with the GlcNAc oligomers playing a 
significant role in elasticity (Li et al.  2005) . 

 We found that GlcNAc oligomers (i.e. Core Nod factor) also promote cell adhesion 
in  S. meliloti  biofilms (Fujishige et al.  2008) . Mutations in common  nod  genes 
( nodD1ABC ), but not in the host-specific  nod  genes, result in biofilms that remain 
a monolayer and do not transition into a three-dimensional structure. Moreover, 
common  nod  gene mutants do not attach as well to the roots of their legume host, 
indicating that root colonization is also affected. Exactly how the Core Nod factor 
(product of the common  nod  genes) functions in  S. meliloti  biofilm formation is 
unknown. There are at least two mechanisms, which are not mutually exclusive. 
(1) Nod +  bacteria are more hydrophobic than Nod -  rhizobial cells, allowing them to 
attach to each other and to roots and other surfaces. (2) Core Nod factor functions 
as a  “ glue ”  similar to the GlcNAc oligomers of  Caulobacter  or  Staphylococcus  
(Fujishige et al.  2008) . Deciphering the mechanism of Core Nod factor in biofilm 
formation is a goal for future research.   

  4 Concluding Remarks  

 We have approached this review by examining the genes that are involved in attachment, 
not only to roots, but also to abiotic surfaces via biofilm formation. The parallels 
between biofilm formation and rhizobial infection are numerous. Ramey et al. 
 (2004)  suggested that infection threads are actually biofilms, and we concur with 
this proposal. The study of biofilms has the potential to unlock many mysteries of 
infection because they are much simpler to study than the symbiotic root. 

 Considering the importance of attachment for the initiation of the nitrogen-
fixing symbiosis between legumes and rhizobia, it is surprising how little we know 
of the factors involved from the plant’s perspective. Our lack of knowledge con-
trasts with the studies of attachment of mammalian-associated bacteria, where 
adherence is a precursor to infection and disease. Numerous receptors, such as 
pilin-binding proteins, and components of the extracellular matrix such as vitronec-
tin and fibronectin have been shown to bind bacterial components. Although a plant 
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 rhicadhesin receptor, which may be analogous to vitronectin, has been uncovered, 
so far no protein has been definitively identified that specifically binds to rhicad-
hesin. Plant lectins have been shown to be involved in attachment, and evidence 
exists for their binding to various polysaccharides on the rhizobial surface. The 
exact component is still under debate. With evidence now showing that the  nod  
genes have a second function, i.e., holding a biofilm together (Fujishige et al. 
 2008) , as well as the fact that receptors for signaling Nod factors have been 
described (Limpens et al.  2003 ; Madsen et al.  2003 ; Radutoiu et al.  2003) , the ques-
tion can be asked whether the Nod factor receptors are also important for rhizobial 
attachment. This could be a rich area for future study.  

  5 Method: Growing Rhizobia in Microtiter Plate Wells  

 Many of the experiments described herein utilize various methods for growing 
rhizobia in biofilms. One of the most useful is the microtiter plate procedure. We 
adapted a method published by O’Toole et al.  (1999)  that facilitates a rapid, high 
through-put, and quantitative approach to analyzing biofilms. Microtiter plates hav-
ing either 96 or 20 wells of either poly(vinyl chloride) (PVC) plastic or polystyrene 
have been used successfully in our laboratory for diverse species of a- and  β -rhizobia, 
including  S. meliloti ,  R. leguminosarum  bv.  viciae  (Fujishige et al.  2006a) , 
 Rhizobium  NGR234, and  Burkholderia tuberum  (A. Maghsoodpour and A.M. 
Hirsch, unpublished results). Although we routinely use PVC plates with U-bottom 
wells, plates with flat-bottomed wells are very useful for visualizing the timing of 
biofilm development under phase contrast or fluorescence optics of an inverted 
microscope. The timing of incubation in the microtiter plate wells varies depending 
on the experimental question. We frequently analyze and compare the early stages 
of biofilm development (<24 h or 24 – 48 h), but others and we have utilized longer 
times for certain experiments (Fujishige et al.  2006a ; Russo et al.  2006) . O’Toole 
et al.  (1999)  reported that  P. aeruginosa  grown for extended times in PVC plates 
start to detach; this possibility must be assessed for each bacterial species studied. 

 Liquid cultures for biofilm analysis are grown in TY or modified Rhizobium 
defined medium (RDM) to OD 

600
  of 1.5 – 2.0. The cells are then diluted in modified 

RDM (Fujishige et al.  2006a)  to an OD 
600

  of 0.2, and then 100  µ L of the diluted cells 
is added to a minimum of 10 wells in a 96-well PVC plate (Falcon 353911, Becton 
Dickinson, Franklin Lakes, NY). The same amount of uninoculated medium is used 
as a control. We found that significantly better biofilm formation is obtained by grow-
ing the cells in a minimal medium; Russo et al.  (2006)  also found this to be the case. 
The plates are sealed with either sterile rayon adhesive film (AeraSeal, Excel 
Scientific, Wrightwood, CA) or covered with flexible PVC lids (Falcon 353913, 
Becton Dickinson), and incubated at 28 ° C without shaking. Wells et al.  (2007)  grew 
 S. meliloti  biofilms in LB at 28 ° C with shaking whereas Russo et al.  (2006)  analyzed 
static biofilms. For our biofilm experiments, we carefully remove the culture medium 
once a day by aspiration and replace it with 100  µ L of fresh modified RDM. 
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 At the end of the experiment, the OD 
595

  is read in a Bio Rad (Richmond, CA) 
Microtiter Plate reader (model no. 680) to ascertain the growth rates of the bacteria. 
Then, the medium is removed by aspiration and the biofilms are stained with 110 
 µ L of 0.3% filtered aqueous crystal violet (this is a change in concentration from 
our previously published protocol) or 0.1% safranin (Fig.  5 ) for 10 min. After stain-
ing, the biofilms are washed three times with water to remove any residual cell and 

  Fig. 4       Confocal scanning microscopic views ( top  and  side ) of a 72-h-old biofilm of wild-type, 
green-fluorescent protein-expressing  Sinorhizobium meliloti  strain RCR2011. The  arrow  points to 
a ridgelike structure in the biofilm as seen from the top. Bar, 10  µ m       

  Fig. 5      Side view of microtiter plate wells from a 96-well plate showing the medium controls ( left ) 
and two biofilms ( right ) 24 h after the start of the experiment of either Rm1021 ( top ) or  
R. leguminosarum  bv . viciae  ( bottom ). The Rm1021 wells have been stained with crystal violet 
and the  R. leguminosarum  bv . viciae  wells with safranin (reprinted with permission, from 
Fujishige et al.  (2006a) )       
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excess dye; this must be done carefully, otherwise excess dye gets into the wells 
and skews the OD 

570
  (for crystal violet) or OD 

490
  (for safranin) reading. Before read-

ing the OD, the stained biofilms are allowed to dry, and then the dye is solubilized 
in 80% ethanol and 20% acetone. By careful rinsing and pipeting, we have been 
able to reduce the human-induced variation from well to well significantly. 
Microsoft Excel is used to calculate the average and standard deviation of the 
strains tested, the latter value giving us an idea of biological variation. Standard 
errors of the mean can also be used to show differences in treatments.        
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