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Abstract. The first step in attachment of Rhizobiaceae 
cells to plant root hair tips is mediated by a Ca 2 +-depen- 
dent, Ca2+-binding protein, rhicadhesin. The possible 
role of Ca ~+ in synthesis, anchoring and activity of  
rhicadhesin was investigated. Growth of  Rhizobium leg- 
uminosarum biovar viciae cells under Ca 2 +-limitatiOn was 
found to result in loss of  attachment ability. Under these 
conditions, rhicadhesin could not be isolated from the 
bacterial cell surface, but was found to be excreted in the 
growth medium. Divalent ions appeared to be essential 
for the ability of purified rhicadhesin to inhibit attach- 
ment of R. leguminosarum biovar viciae cells to pea root 
hair tips. Calcium ions were found not to be involved in 
binding of rhicadhesin to the plant surface, but appeared 
to be involved in anchoring of the adhesin to the bacterial 
cell surface. A model for the role of Ca 2 + in activity of  
rhicadhesin is presented. 
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Rhizobium bacteria attach to the root hairs of their leg- 
uminous host plants as an early step in an infection pro- 
cess leading to the formation of nitrogen-fixing root nod- 
ules. Recently, we found that attachment of Rhizobium 
cells to legume root hairs is a two-step process in which 
binding to the root hair surface is followed by accumu- 
lation of  bacteria at the root hair tip (Smit et al. 1986, 
1987, 1989a, b; Kijne et al. 1988). The attachment ability 
of rhizobia is strongly dependent on the bacterial growth 
conditions. Carbon-limitation results in an attachment 
mechanism in which first a rhizobial surface protein, 
rhicadhesin, and subsequently rhizobial cellulose fibrils 
are involved (Smit et al. 1987, 1989b). No involvement 
of host lectin was found under these conditions (Smitet  
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al. 1986). Manganese-limitation of rhizobia leads to a 
more complex attachment process, in which again first 
rhicadhesin but subsequently both host lectin as well as 
rhizobial cellulose fibrils are involved (Kijne et al. 1986, 
1988; Smit et al. 1989b). The dependence of the nature 
of the attachment mechanism on nutrient limitation as 
found for R. leguminosarum biovar viciae (R. l. viciae) 
explains at least part of  the seemingly conflicting data in 
a number of studies on the involvement of plant lectins 
in rhizobial attachment to root hairs (Badenoch-Jones 
et al. 1985; Dazzo et al. 1976, 1984; Smit et al. 1986; 
Zurkowski 1980). Interestingly, Ho et al. (1990a, b) re- 
cently reported that Bradyrhizobiumjaponicum produces 
a galactose-specific lectin which was found to be addition- 
ally involved in attachment of these bacteria to soybean 
roots. This lectin is different from rhicadhesin with re- 
spect to its molecular weight and its sugar-specificity. 
Rhicadhesin-mediated attachment was found not to be 
inhibited by addition of  various sugars including 
galactose (Smit et al. 1986). 

In contrast to various growth-limitations, Ca 2 +-limi- 
tation results in poor attachment ability of  the rhizobia, 
and no rhicadhesin activity could be recovered from the 
ceil surface of Ca2+-limited rhizobia (Smit et al. 1987, 
1989a). Calcium is not directly involved in attachment, 
since neither EDTA nor ethylene glycol-bis-(fi-amino- 
ethyl-ether-)-N,N,N',N'-tetra-acetic acid (EGTA) in- 
hibited attachment of the bacteria to the root hair surface 
(Smit et al. 1987). These results together with the charac- 
terization of  rhicadhesin as a Ca 2 +-binding protein (Smit 
et al. 1989b), indicate that C a  2+ is somehow involved in 
synthesis, biogenesis, and/or activity of  rhicadhesin. 

The present paper focuses on the role of Ca 2 + in 
activity of  rhicadhesin from R. l. viciae. Attention will be 
paid to the following properties: (i) the demand for Ca z + 
during the synthesis of rhicadhesin, (i/) involvement of 
Ca 2 + in the biogenesis including the anchoring of  newly 
synthesized rhicadhesin to the cell surface, and (iii) the 
role of Ca 2 + in the activity of  purified rhicadhesin to 
inhibit attachment of R. I. viciae to pea root hair tips. 
Calcium appeared to be essential for the activity of 



r h i c a d h e s i n  r a t h e r  t h a n  fo r  its syn thes i s  by  be ing  i n v o l v e d  
in the  a n c h o r i n g  o f  t he  a d h e s i n  to  t he  r h i z o b i a l  cell  sur-  
face.  

Materials and methods 

Bacterial strains and culture conditions 

R. leguminosarum bv. viciae strain 248, harboring Sym plasmid 
pRLIJI ,  is able to nodulate and fix Nz on peas (Josey et al. 1979). 
Other strains used are R. leguminosarum by. phaseoli 1233 (Johnston 
et al. 1978), Agrobacteriurn tumefaeiens LBA1010 (Koekman et al. 
1982), Escheriehia eoli 1830 (Beringer et al. 1987), and Pseudomonas 
putida WCS358 (De Weger et al. 1986). The composition of the 
media A +, TY, and LC has previously been described (Smit et al. 
1987). For attachment assays, bacteria were cultivated at 28°C in 
100-ml Erlenmeyer flasks containing 50 ml of TY medium on a 
rotary shaker (180 rpm), and harvested at a n  A62o value at which 
agglutination to glass started (see also Smit et al. 1986). For isolation 
of rhicadhesin, bacteria were cultivated in 2-1 Erlenmeyer flasks 
containing 1.25 1 of  TY medium, and shaken at 160 rpm. Standard 
TY medium, which represents normal Ca 2 + conditions, containing 
7.0 mM CaClz, whereas in case of low C a  2 + conditions the CaClz 
concentration included in TY medium is lowered to 0.35 raM. 

Plant culture conditions 

Seeds of pea (Pisum sativum cv. Rondo, Cebeco, Rotterdam, The 
Netherlands) were surface sterilized and cultivated as previously 
described (Smit et al. 1986). 

Attachment assay 

The attachment assay used was previously described by Smit et al. 
(1986). Briefly, pea roots were immersed for up to 2 h in a suspension 
of 1.5 x 108 to 2.0 x 108 rhizobial cells per ml in 25 mM potassium 
phosphate buffer pH 7.5 at room temperature under gentle agitation 
(2 rpm). After incubation, the roots were washed 10 times in phos- 
phate buffer, and attachment was quantified by randomly screening 
at least 100 developing root hairs with a phasecontrast microscope 
(x  400 magnification). Attachment was ranked into four classes: 
class 1, no attached bacteria; class 2, few attached bacteria; class 3, 
apical portion of root hair covered with bacteria; class 4, many 
attached bacteria forming a caplike aggregate on top of the root  
hair. The percentage of root hairs representing each class was calcu- 
lated. The variability of this test is about 5% and depends largely 
on the condition of the roots. All experiments were repeated at least 
three times and representative data are shown in each table. 

Testfor adhesin activity 

Activity of rhicadhesin was determined by measuring its ability to 
competitively inhibit attachment of R. I. viciae 248 cells to pea root 
hair tips (Smit et al. 1989b). One unit of rhicadhesin activity was 
experimentally defined as the amount of rhicadhesin necessary to 
reduce cap formation (class 4 attachment) by 50%. To test attach- 
ment-inhibiting activity, two lateral pea roots were incubated with 
rhicadhesin in a 1.0 ml volume of 25 mM potassium phosphate 
or 10mM Tris(hydroxymethyl)-aminomethan(Tris)-HC1 buffer, 
pH 7.5, for 60 min at room temperature on a rotary table (2 rpm). 
Controls were incubated in buffer only. After this treatment the 
roots were washed with phosphate or Tris-HC1 buffer, respectively, 
and incubated with the bacteria in the attachment assay, as described 
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above. In a number of experiments, the roots were treated with 
EDTA, EGTA, or CaC12, in final concentrations of 1.0, 1.0, and 
5.0 raM, respectively, after incubation with rhicadhesin and prior 
to incubation with rhizobia. In these experiments the treatments 
were carried out in Tris-HC1 buffer at room temperature for 5 min 
per incubation. The roots were washed in Tris-HC1 buffer after each 
treatment. 

Purification o f  rhicadhes#~ 

The detailed protocol for the purification of rhizobial rhicadhesin 
is previously described (Smit et al. 1989b). Briefly, R. I. vieiae 248 
bacteria were grown in 5 1 of TY medium and harvested at an A62o 
of 0.7. The cells were suspended in 50 ml 25 mM phosphate buffer, 
and sheared for 5 min with a Sorvall Omnimixer (Du Pont Instru- 
ments, Newton, Conn, USA) at a setting of 5. The suspension 
was centrifuged at 12,000 g for 10 min at 4°C, and the resulting 
supernatant fluid was centrifuged at 100,000 g for 2 h at 4°C. The 
supernatant was passed through a 30 kDa membrane filter (Amicon, 
Danvers, Mass, USA), after which all the adhesin activity was found 
in the filtrate. This fraction was subsequently passed through a CM 
Sephadex C25 cation-exchange column (10 by 10 mm; Pharmacia- 
LKB, Uppsala, Sweden) and a hydroxyapatite column (5 by 50 ram; 
Macrosorb C, Pierce Chemical, Rockford, Ill, USA). Rhicadhesin 
was eluted from the latter column using 1 M CaCI2 in 10 mM Tris- 
HC1 buffer, pH 7.5. After desalting using a fast desalting column 
(10 by 100 mm; Pharmacia-LKB), the fraction was eluted over a 
Superose 12 column (10 by 300 mM; Pharmacia-LKB), using Milli- 
Q water (Millipore, Bedford, Mass, USA) as the eluent, lyophilized 
and stored at - 2 0 ° C .  All buffers were prepared with Milli-Q 
water. 

Purification of rhicadhesin present in the culture supernatant 
after growth of R, l. viciae 248 was performed a follows. The cells 
from 500 ml rhizobial culture were harvested by centrifugation, and 
the medium was further clarified by filtration through a 0.20 gM 
pore size filter (Sartorius, G6ttingen, FRG). Rhicadhesin present in 
the culture medium was purified by eluting the medium, after cooling 
to 0°C, over a CM Sephadex C25 cation-exchange column (10 by 
50 mm), in the presence of 0.02% NAN3. The void volume was 
subsequently loaded on a hydroxyapatite column (10 by 40 mm) at 
a flow rate of 1.0 ml/min. After extensive washing of the column 
with 10 mM Tris-HC1 buffer, rhicadhesin was eluted from the 
column using 1 M CaCI2 in 10 mM Tris-HC1, pH 7.5, and desalted 
using a fast desalting column at a flow rate of 0.25 ml/min with 
Milli-Q water as the eluent, essentially as previously described (Smit 
et al. 1989b). 

Replacement o f  rhicadhesin-bound cations 
by various other cations 

Replacement of rhicadhesin-bound cations by certain other cations 
was performed after incubation of pea roots for 60 min with purified 
rhicadhesin (20 ng/ml) in 10 mM Tris-HC1 buffer, pH 7.5, at room 
temperature. The roots with bound rhicadhesin were subsequently 
washed three times in Tris-HC1 buffer, and incubated for 5 min in 
the same buffer supplemented with 1.0 mM EDTA. Subsequently, 
the roots were washed and incubated for 5 min in Tris-HC1 buffer 
supplemented with one of various cations in final concentrations of 
5.0 mM. After washing, the roots were incubated with the rhizobia 
in the attachment assay. The activity (in units) of both native and 
treated rhicadhesin was determined, and the relative activity after 
treatment was determined by dividing the value obtained after re- 
placement of the cation by the value obtained from the native 
adhesin, and multiplication by 100. Control experiments in which 
pea roots were incubated with EDTA and divalent cations prior to 
incubation with the bacteria did not affect attachment ability of the 
bacteria (see Results and discussion section). 
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Table 1. Influence of growth conditions ofRhizobium leguminosarum 
viciae 248 cells on the location of rhicadhesin a 

Growth 
conditions 

Activity of adhesin (units) isolated from 

Cell surface Culture medium Total 

Normal Ca 2+ 80 40 120 

Low Ca 2 + 0 140 140 

R. L viciae 248 cells were grown in 500 ml TY medium with normal 
CaClz (7 raM) or with low CaC12 (0.35 mM) concentrations, and 
harvested at an A62o value of 0.7. Rhicadhesin was isolated from 
the rhizobial cell surface and culture supernatant as described in the 
Materials and methods section. One unit of adhesin activity was 
experimentally defined as the amount of rhicadhesin necessary to 
reduce cap formation (class 4 attachment) by 50%. Data are the 
mean values of at least two experiments 

Table 2. Influence of various treatments on attachment ability of 
R. l. vieiae 248 cells to pea root hair tips" 

Experi- Pretreatment of the roots % Attachment 
ment in class b 
No. 

First Second 1 2 3 4 

1 None None 8 17 13 62 
2 Rhicadhesin None 57 21 13 9 
3 Rhicadhesin EDTA 6 14 19 61 
4 Rhicadhesin EGTA 4 18 16 62 
5 Rhicadhesin + EDTA None 12 15 12 61 
6 Rhicadhesin + EDTA CaCI2 49 43 2 6 
7 None EDTA 7 15 19 59 
8 None EGTA 6 10 10 74 
9 None CaC12 4 24 13 59 

10 Calmodulin None 4 22 19 55 

Results and discussion 

Ca 2 +-limitation prevents anchoring o f  rhicadhesin 
to the bacterial cell surface 

As described in the Materials and methods section, the 
protocol  for rhicadhesin purification was adapted in or- 
der to purify rhicadhesin f rom culture supernatants.  
Rhicadhesin was purified f rom 500 ml of  culture super- 
natants  o f  Rhizobium leguminosarum (R. l.) viciae 248, 
grown either under normal  or low Ca 2 + conditions, and 
was tested for activity. Both culture supernatants  were 
found to contain active rhicadhesin (Table 1). However,  
the activity derived f rom the culture supernatant  of  
rhizobia grown under low Ca 2 + conditions was higher 
than that  f rom culture supernatants  of  cells grown under 
normal  Ca 2 + conditions. As a control, preparat ions de- 
rived f rom uninoculated TY-medium did not show any 
activity. These results showed that  rhicadhesin is excreted 
into the growth medium under low Ca 2 +-, and, to a much 
lesser extent, also under normal  Ca 2 +-conditions. Since 
rhicadhesin is found to be present in culture supernatants 
o fR .  I. viciae 248 cells grown under low Ca 2 + conditions, 
the adhesin obviously was still produced under these con- 
ditions. Under  low Ca 2 + conditions, no a t tachment  in- 
hibiting activity was found in rhicadhesin preparat ions 
derived f rom the surface of  rhizobial cells (Table 1, see 
also Smit et al. 1989a). Compar ison  of the total number  
of  units present in cell surface rhicadhesin preparat ions 
plus culture supernatants,  derived f rom R. l. viciae 248 
grown under normal  and low Ca 2 + conditions, respec- 
tively, revealed almost  similar values (Table 1). These 
results demonstrate  that  the product ion of  active 
rhicadhesin is not affected by the Ca 2+ concentrat ion 
in the medium. However,  the ratio of  surface-bound to 
excreted rhicadhesin is affected, an observation which 
explains earlier results that  Rhizobiaceae cells grown 
under low Ca 2 + conditions are strongly affected in at- 
tachment  ability (Smit et al. 1987). Rhizobia grown under 
low Ca 2 ÷ conditions are also affected in other surface 
characteristics, e.g. motility and LPS product ion (Smit 
et al. 1989a). These characteristics were found not  to 
be responsible for the at tachment-negative phenotype of 

" If appropiate, roots were incubated for 60 min with 20 ng/ml 
rhicadhesin, or calmodutin (10 gg/ml), washed, incubated for 5 min 
with EDTA, EGTA or CaC12 in final concentrations of 1.0, 1.0, and 
5.0 mM, respectively, again washed and incubated with cells of R. I. 
viciae 248 which had been harvested at an A62o value of 0.70 
b Class 1, no attached bacteria; class 2, few attached bacteria; 
class 3, apical portion of the root hair covered with bacteria; class 4, 
many attached bacteria forming an aggregate on top of the root 
hair 

rhizobia grown under these conditions. At tachment  of  
R. l. viciae was affected neither by incubation of  the roots 
with purified flagella before incubation with the bacteria 
nor by addition of  flagella or LPS during the a t tachment  
assay (Smit et al. 1989a). Moreover,  Tn5 mutants  of  
Rhizobium affected in either motility, flagella product ion 
or LPS product ion showed normal  a t tachment  character- 
istics and infection ability under standard conditions 
(Smit et al. 1989a; Mellor et al. 1987). These results 
demonstrate  that flagella and LPS are not  directly in- 
volved in a t tachment  of  R. 1. viciae and that reduced 
a t tachment  ability as a result of  Ca 2 + limitation is not  
due to alterations in LPS, loss of  flagella or lack of  
motility. Caetano-Anolles et al. (1988) reported non-mo- 
tile R. meliloti bacteria to be affected in at tachment,  how- 
ever, in these studies a t tachment  was measured after sev- 
eral days to allow the attached rhizobia to form microcol- 
onies. This means that  by this approach,  rather than 
at tachment,  colonization is measured, which is reported 
to be affected by a loss of  motility (E1-Haloui et al. 1986; 
Hunter  and Fahring 1980). 

Ca 2 + is essential for  activity o f  rhicadhesin 

Treatment  of  pea roots with pure rhicadhesin prior  to 
incubation with R. l. viciae 248 resulted in a strong re- 
duction of  a t tachment  of  the rhizobia (Table 2, exps. 1 
and 2; see also Smit et al. 1989a, b). However,  EDTA- or 
EGTA-trea tment  of  roots with bound rhicadhesin re- 
sulted in a total loss of  attachment-inhibiting activity 
of  the root -bound rhicadhesin (Table 2, exps. 3 and 4). 
Similar results were obtained when pure rhicadhesin and 
EDTA were simultaneously applied to the roots (data not 



shown). These results indicate that  divalent cations are 
required for attachment-inhibit ion by rhicadhesin. 

Since t reatment  of  the roots with EDTA or EGTA 
alone did not impair  the plant 's  ability to allow attach- 
ment  of  Rhizobium cells (Table 2, exps. 7 and 8), the puta- 
tive rhicadhesin receptor on the plant root  hair surface is 
likely to be functionally intact. These results suggest a 
role of  divalent cations in binding of rhicadhesin either 
to the plant  surface or to the rhizobial cell surface. Both 
possibilities were experimentally tested. 

C a  2 + is not involved in binding o f  rhicadhesin 
to the plant surface 

The following data indicate that  Ca 2 + is not involved in 
binding of  the adhesin to the plant surface: (i) a t tachment  
of  rhizobia is not inhibited by presence of EDTA during 
the a t tachment  assay (Smit et al. 1987), (ii) calmodulin, 
a Ca 2 +-binding protein, was found not to show any at- 
tachment-inhibiting activity when present during the at- 
tachment  assay in final concentrations of  up to 10 gg/ml 
(Table 2, exp. 10), (iii) incubation of  the roots with 5 m M  
CaC12 prior to the a t tachment  assay, did not affect the 
ability of  R. l. viciae to attach to the root  hair tips 
(Table 2, exp. 9), and (iv) if Ca 2 + ions would have been 
involved in binding of rhicadhesin to the plant surface, 
then an incubation of  pea roots, preincubated with 
rhicadhesin, with EDTA would likely to have resulted in 
a detachment of  adhesins f rom the root  surface. In such 
case, a subsequent t reatment  of  these roots, after washing, 
with CaC12 could not be expected to result in recovery of  
attachment-inhibiting activity, since the adhesins would 
not be present anymore.  However, it was found that  
such an additional t reatment with CaC12 did result in a 
restoration of  the activity of  rhicadhesin, which indicated 
that  the adhesin was still bound to the root  surface. 
Similar results were obtained when rhicadhesin and 
EDTA were simultaneously added to the pea roots, prior 
to an incubation with CaClz, indicating that  even in 
presence of EDTA rhicadhesin is able to bind to the plant 
surface (Table 2, exps. 5 and 6). 

Taken together, the results indicate that  Ca 2 ÷ is not 
involved in binding of  rhicadhesin to the plant surface. 

C a  2 + is involved in anchoring o f  rhicadhesin 
to the rhizobial cells 

To test whether Ca 2 + is involved in anchoring of  the 
adhesin to the bacterial cell surface, the bacteria were 
grown under low Ca 2 ÷ conditions in order to reduce the 
number  of  divalent cations at the rhizobial cell surface. 
At tachment  ability of  rhizobia grown under low Ca 2 ÷ 
conditions was tested for pea roots preincubated with 
buffer (Table 3). Consistent with results published earlier 
(Smit et al. 1987), rhizobia grown under low Ca 2+ con- 
ditions showed a strongly reduced a t tachment  ability. 
Treatment  of  the R. I. viciae 248 cells with CaC12 just 
prior to the a t tachment  assay did not positively affect 
their a t tachment  ability (Table 3). However, the same 
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Table 3. Ability of various bacterial cells grown under low Ca 2 + 
conditions to attach to rhicadhesin-pretreated pea root hair tips" 

Pretreatment % Attachment 
in class b 

Roots Bacteria 1 2 3 4 

R. l. viciae 248 
None None 40 35 10 15 
None CaC12 40 41 9 10 
Rhicadhesin None 9 23 18 50 
Rhicadhesin CaC12 45 22 24 9 

R. l. phaseoli 1233 
None None 47 36 11 4 
Rhicadhesin None 23 36 17 24 

A. tumef aciens LBA1010 
None None 72 28 0 0 
Rhicadhesin None 16 43 12 29 

E. eoli 1830 
None None 71 21 6 2 
Rhicadhesin None 74 17 5 4 

P. putida WCS358 
None None 58 35 7 0 
Rhicadhesin None 57 36 7 0 

Roots were incubated with 20 ng/ml rhicadhesin for 60 min, prior 
to incubation with the bacteria. Bacteria were grown under low 
Ca 2 + conditions, harvested at an A6zo value of 0.70, and incubated 
with the roots in the attachment assay. CaC12 treatment of R. 1. 
viciae bacteria was carried out by incubation of bacteria for 5 min 
in 10 mM Tris-HC1 buffer, pH 7.5, supplemented with 5 mM CaC12. 
The bacteria were harvested by centrifugation, and washed with 
Tris-HC1 buffer before incubation with the roots. Controls were 
treated in the same way except that rhicadhesin and CaC12, respec- 
tively, were lacking 
b See Table 2, footnote b 

R. l .  viciae 248 cells were found to be able to at tach 
to pea roots which had previously been incubated with 
rhicadhesin. The same bacteria did not  show good attach- 
ment  to the rhicadhesin-treated roots after a t reatment 
of  the rhizobia with CaC12 (Table 3). The latter result is 
probably  due to a saturation of Ca 2 ÷-binding sites at the 
cell surface of the bacteria. 

Similarly, if R.I .  viciae 248, grown under normal  
Ca 2 + conditions, where treated with EDTA, it was found 
that these rhizobia were able to attach to pea roots which 
had been preincubated with rhicadhesin (Table 4). When 
these EDTA-treated rhizobia were subsequently treated 
with CaC12, their a t tachment  ability was again strongly 
reduced (Table 4), indicating that  these effects are Ca z ÷ 
dependent and reversible. 

Taken together, these results indicate that the 
anchoring of  rhicadhesin to the bacterial cell surface is 
mediated by Ca 2 +, as illustrated by Fig. 1. Excretion of 
rhicadhesin as found during growth under low Ca 2+ 
conditions (Table 1) is consistent with these results. 
Ca 2 +-mediated-anchoring of protein to the bacterial cell 
surface has also been reported for protein S, a Ca 2+- 
binding cell surface protein of  Myxococcus  xanthus, 
although in this case the protein could be detached f rom 
the cells after t reatment with EDTA (Teintze et al. 1988). 
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Table 4. Ability of R. l. viciae 248 cells grown under normal Ca 2 + 
conditions and treated with EDTA to attach to rhieadhesin-pre- 
treated pea root hair tips a 

Table 5. Influence of various cations on restoration of activity of 
root-bound rhicadhesin, isolated from R. l. viciae 248, after treat- 
ment with EDTA a 

Pre t r ea tmen t  % A t t a c h m e n t  
in class b 

Added Relative Added Relative 
cation activity [%] b cation activity [%] 

Roots Bacteria 1 2 3 

None None 2 27 13 
None EDTA 4 25 13 
Rhicadhesin None 34 35 12 
Rhicadhesin EDTA 4 29 17 
Rhicadhesin EDTA/CaC12 34 38 11 

4 None 0 Co 2 + 0 
Ca z + 100 Ni 2 + 0 

58 Sr 2 + 77 Na + 2 
58 Mg 2 + 30 Ag + 0 
19 Zn 2+ 29 K + 0 
50 Cu 2 + 4 Li + 0 
17 Mn 2+ 3 Ce + 0 

Hg 2 + 0 Fe 3 + 0 
Sn 2 + 0 Au 3 + 0 " If appropriate, roots were incubated for 60 min with 20 ng/ml 

rhicadhesin, washed, and used in the attachment assay. R. l. viciae 
248 bacteria, grown under normal Ca 2+ conditions and harvested 
at an A6zo value of 0.7, were if appropiate incubated for 5 min with 
EDTA in a final concentration of 1.0 mM, washed, incubated with 
CaC12 for 5 rain in a final concentration of 5 mM, again washed 
and incubated with the pea roots 
b See Table 2, footnote b 

Fig. 1. A model representing the involvement of Ca 2 + in activity of 
rhicadhesin by mediating anchoring of rhicadhesin to the rhizobial 
cell surface. 1, Rhizobium bacterium; 2, Ca2+-ion; 3, rhicadhesin 
molecule; 4, putative plant receptor; and 5, plant root hair tip 

Since ne i the r  E D T A  nor  E G T A  affect  a t t a c h m e n t  ab i l i ty  
o f  R. l. viciae to pea  r o o t  ha i r  t ips  (Smit  et al. 1987, 
Table  4), the  r h i c a d h e s i n - b o u n d  ca t ion  is m o s t  l ikely 
m a s k e d  in the  na t ive  s i tua t ion  when  b o u n d  to the 
rh i zob ia l  cell surface.  

Escherichia coli a n d  Pseudomonas put ida bacter ia ,  
g r o w n  u n d e r  low Ca 24 cond i t ions ,  d id  no t  a t t a c h  to 
pea  r o o t  ha i rs  p r e i n c u b a t e d  wi th  R. l. viciae-rhicadhesin, 
whereas  represen ta t ives  o f  the fami ly  Rhizobiaceae, e.g. 
R. leguminosarum bv. phaseoli  1233 a n d  A. turnefaciens 
L B A I 0 1 0 ,  d id  (Table  3). These  resul ts  p o i n t  a t  the  pres-  
ence o f  specific r h i c a d h e s i n - b i n d i n g  sites on Rhizobiaceae 
cells. 

Cons i s t en t  wi th  these results ,  K r e n s  et al. (1985) re- 
p o r t e d  d iva l en t  ca t ions  to be essent ia l  for  a t t a c h m e n t  o f  
Agrobacter ium to p l a n t  cells. In  these studies,  however ,  
the a g r o b a c t e r i a  were  g r o w n  u n d e r  low Ca 2 + cond i t ions ,  
a c o n d i t i o n  u n d e r  which  rh icadhes in  is p r o d u c e d  bu t  
excre ted  in to  the  g r o w t h  m e d i u m  (Table  1). Since, how-  
ever, the  a t t a c h m e n t  assays  o f  these au tho r s  t o o k  24 h, i t  
is mos t  l ikely tha t  d iva len t  ca t ions  f rom the p l a n t  (g rowth  
m e d i u m )  r e s to red  the a t t a c h m e n t  ab i l i ty  o f  the  ag ro -  
bac te r ia .  In  case o f  presence  o f  E D T A  dur ing  the a t t ach-  
men t  assay,  K r e n s  et al. d id  no t  f ind a t t a c h m e n t  n o r  
t u m o r  induc t ion .  Similar ly,  we f o u n d  tha t  r h i zob ia  g rown  

a Pea roots (2/exp.) were pretreated with 20 ng/ml rhicadhesin for 
60 rain, washed, and incubated for 5 rain with EDTA in a final 
concentration of 1.0 mM, again washed, and incubated for 5 min 
with one of various cations, each in a final concentration of 5.0 raM. 
After washing, the roots were incubated with R. l. viciae 248 cells, 
which had been harvested at an A620 value of 0.70 
b Relative activity was obtained by dividing the activity obtained 
after cation replacement (units) by the activity (units) of native 
rhicadhesin, and multiplication by 100 

unde r  low C a  2 + cond i t ions  d id  a t t a ch  to pea  r o o t  hai rs  
af ter  p r o l o n g e d  i nc uba t i on  wi th  the  pea  roo t s  for  over  
6 h ( d a t a  no t  shown),  ind ica t ing  tha t  the  pea  roo t s  mos t  
l ikely p r o v i d e d  Ca  2 + for  the rh i zob ia  to  res tore  a t t ach-  
men t  abil i ty.  

Is Ca 2 + the only divalent cation required f o r  activity 
o f  rhicadhesin 

In o r d e r  to  test  specific r equ i r emen t  o f  na t ive  rh icadhes in  
for  C a ;  4, the  adhes in  was first  i ncuba t ed  wi th  pea  roo ts ,  
since the low yield o f  rh icadhes in  (see Smit  et  al. 1989b) 
h a m p e r e d  recovery  o f  enough  rh icadhes in  for  inh ib i t ion  
assays  when  rh icadhes in  w o u l d  first  be i ncuba t ed  wi th  
E D T A  and  subsequen t ly  wi th  one o f  va r ious  ca t ions ,  
p r io r  to i nc uba t i on  wi th  the roots .  This  a p p r o a c h  seemed 
sui table ,  since con t ro l  exper iments  in which  pea  roo t s  
were i ncuba ted  wi th  E D T A  or  d iva len t  ca t ions  in the 
absence  o f  rh icadhes in  d id  no t  affect  a t t a c h m e n t  ab i l i ty  
o f R .  l. viciae cells (Table  2). R o o t - b o u n d  rh icadhes in  was 
t rea ted  with  E D T A  fo l lowed  by  extensive washing .  As  
shown in Table  2, exp. 3, this  resu l ted  in an  a b o l i s h m e n t  
o f  a t t a chmen t - i nh ib i t i ng  ac t iv i ty  o f  rh icadhes in .  H o w -  
ever, when  these pea  roo t s  were subsequen t ly  i ncuba t ed  
wi th  one o f  va r ious  ca t ions  p r io r  to the  i n c u b a t i o n  wi th  
R. l. viciae 248 cells, it  was f o u n d  tha t  a n u m b e r  o f  these 
cou ld  res tore  the  a t t a chmen t - i nh ib i t i ng  ac t iv i ty  o f  the 
r o o t - b o u n d  rh icadhes in  to a cer ta in  extent  (Table  5). 
On ly  r ep l acemen t  wi th  Ca 2 + resul ted  in a 100% recovery  
o f  activity.  R e p l a c e m e n t  wi th  Sr 2 4, MgZ + o r  Zn  2 + 
y ie lded  act ive rh icadhes in ,  a l t hough  in all cases the ac-  
t ivi ty  was lower  in c o m p a r i s o n  wi th  na t ive  rh icadhes in .  
Al l  o the r  ca t ions  tes ted were no t  ab le  to res tore  the ac-  
t iv i ty  o f  r o o t - b o u n d  rh icadhes in .  These  resul ts  toge the r  
wi th  the obse rva t i on  tha t  Ca  2 +- l imi ta t ion  leads  to p o o r  
a t t a c h m e n t  ab i l i ty  (Smit  et al. 1987, 1989a,  Table  3), and  
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that  EGTA,  with high affinity for Ca 2 +-ions, could also 
inact ivate  rhicadhesin  (Table 2, exp. 4), suggest tha t  
Ca 2+ is the ca t ion  mos t  likely to be present  in nat ive  
rhicadhesin.  F igure  1 gives a schematic  representa t ion  
of our  cur ren t  model  for the invo lvement  of  Ca 2 ÷ in 
rh icadhes in-media ted  a t t achmen t  of  R. l. viciae to pea 
root  hair  tips. 
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