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The Ca2+-dependent adhesin which mediates the first step in attachment of bacteria of the family
Rhizobiaceae to plant root hair tips was isolated from the surface of Rhizobium leguminosarum biovar viciae
cells; its ability to inhibit attachment of R. leguminosarum to pea root hair tips was used as a bioassay. Isolated
adhesin was found to be able to inhibit attachment of both carbon-limited and manganese-limited R.
leguminosarum cells. A multicolumn purification procedure was developed which resulted in pure adhesin, as

judged from silver staining of isoelectric focusing and sodium dodecyl sulfate-polyacrylamide gel electrophero-
grams. The crucial step in purification was the elution of rhizobial proteins by a CaCl2 gradient from a

hydroxyapatite matrix. The specific activity increased 1,250 times during purification. The isoelectric point of
the adhesin was determined to be 5.1, and the molecular mass was 14 kilodaltons (kDa), as determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. By using gel filtration in the presence and absence
of Ca2 , the molecular mass of the adhesin was determined to be 15 and 6 kDa, respectively. The adhesin
appeared to be a calcium-binding protein. The purified adhesin inhibited attachment of various other rhizobia
to pea root hair tips. Also, cell surface preparations of several other rhizobial strains, including Agrobacterium,
Bradyrhizobium, and Phyllobacterium spp., showed adhesin activity, suggesting that a common plant receptor
is used for attachment of Rhizobiaceae cells and that the adhesin is common among Rhizobiaceae. No
attachment-inhibiting activity was detected in cell surface preparations from various other bacterial strains
tested. Cell surface preparations from Sym or Ti plasmid-cured Rhizobium and Agrobacterium strains,
respectively, also showed adhesin activity, indicating that Sym or Ti plasmid-borne genes are not required for
the synthesis and biogenesis of the adhesin. The adhesin was also found to be involved in the attachment of
rhizobia to the root hairs of various other legumes and nonlegume plants, including monocotyledonous ones.

Since the adhesin appears to be specific for Rhizobiaceae and is Ca2' dependent, we propose to designate it
rhicadhesin. A more detailed model for rhizobial attachment to plant root hairs is discussed.

Attachment of Rhizobiuim bacteria to the root hair tips of
their leguminous host plants is one of the early steps in an
infection process leading to the formation of nitrogen-fixing
root nodules. Results from our laboratory show that the
growth conditions of Rhizobiuim legioninosairuim cells are of
prime importance for their attachment ability and that they
determine the mechanism of attachment to pea root hairs.
Carbon limitation leads to a non-lectin-mediated two-step
attachment process, in which both a Ca2"-dependent ad-
hesin and cellulose fibrils are involved (32-35). After culti-
vation of rhizobia under manganese-limiting conditions, lec-
tins are involved in the second step of the attachment
process, together with cellulose fibrils (19). Our results
explain a number of seemingly conflicting data, since a
number of reports proposed that lectins are specifically
involved in attachment (5, 6, 36, 40), whereas others could
not demonstrate attachment to be host specific, mediated by
lectins, or dependent on the presence of the Sym plasmid (1,
24, 32, 39).
The Ca2'-dependent adhesin involved in the first step of

the attachment of carbon-limited rhizobia is a soluble surface
protein, which can be detached from the rhizobia by shear-
ing forces (34). The present study describes the purification

* Corresponding author.

and partial characterization of this Ca2'-dependent adhesin.
Sym plasmid-borne genes are not required for adhesin activ-
ity. The Ca2'-dependent adhesin was found to be common
among all Rhizobiaceae species tested and also to be in-
volved in attachment of rhizobia grown under manganese-
limiting conditions. A more detailed model for attachment of
rhizobia to pea root hair tips is discussed.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The following
Rhizohiaceae strains were used in this study: Rhizobilim
legiuminosa(riin biovar viciae 248, harboring Sym plasmid
pRLlJI (16); its Sym plasmid-cured derivative 248C
(RBL1387 [28]); wild-type strain RBL1 (38); R. leguminosa-
riin biovar trifolii LPR5020, harboring Sym plasmid pRtr5a
(14); its Sym plasmid-cured derivative LPR5039 (14); R.
leguminosarulm biovar trij6oli 0403 (5) and ANU843 (10); R.
leguminosarutm biovar phaseoli 1233 (15) and LPR9009 (13);
R. meliloti 2011 (29); R. lupini RBLM2; Bradyrhizobium
japonicuiim W505; Agrobacterium tunefjaciens LBA1010
(20); Ti plasmid-cured A. titmefaciens 1251 (30); A. rhizo-
genes LBA1334 (26); Phyllobacteriun rubiacearuim LMGltl
(8); and P. myrsinacearum LMG2t2 (8). Other bacterial
strains used were Azotomonasfliorescens 3027 (8), Aceto-
bacter aceti LMG1261tl (8), Azospirillum brazilense 7 (8),
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A. lipoJeri-um 59 (8), Gluconobacter oxvdans 1408 (8), Psel-
doinonas plitida WCS358 (9), P. fluorescenzs WCS374 (9),
and Eschericuhia coli 1830 (2). The compositions of the media
A', LC, YM, and TY have been described previously (19.
33). 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 an A62() at
which agglutination to glass started (see reference 32). For
isolation of adhesins, bacteria were cultivated in 2-liter and
500-ml Erlenmeyer flasks containing 1.25 liters and 250 ml of
TY medium, respectively.

Plant culture conditions. Seeds of pea (Pisioin sati'/mn cv.
Rondo), Phaseolits 'u/igaiuis, Vicia sativ'a subsp. niigI-ri, Tri-
foliuimi epenis, Medicago satii'a, M. hlipilina, Kalanchoc;
daign-einontana, MaIciloptililfl aitopitipitielimii, M. Iithlyroi-
des, Niicotiana tabaciin, Orvza satih'a, and Hondeion vidig-
atUin were surface-sterilized and cultivated either in coarse
gravel soaked in Raggio medium (peas and beans) or on
Jensen agar plates as described previously (32, 38).

Attachment assay. The attachment assay used was de-
scribed previously by Smit et al. (32). Briefly, roots were
immersed for up to 2 h in a suspension of 1.5 x 10i 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
phosphate buffer, and attachment was quantified by ran-
domly screening at least 100 developing root hairs with a
phase-contrast microscope (x400 magnification). Attach-
ment 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.

Protease treatment of bacteria. R. legioninosaini-iel 248 cells
were harvested at an A620 of 0.70 by centrifugation for 60 s in
an Eppendorf centrifuge at maximum speed and suspended
to a final A620 of 0.35 in 25 mM phosphate buffer, pH 7.5.
Proteinase K or pronase (both from Sigma Chemical Co., St.
Louis, Mo.) was added to the cells at 1 mg/ml and incubated
for 60 min at 28°C under gentle agitation. Subsequently, the
bacteria were harvested by centrifugation, washed in phos-
phate buffer, and resuspended to a final A620 of 0.070 in
phosphate buffer for testing their attachment ability. Control
cells were incubated for 60 min in phosphate buffer only.

Test for the presence of an adhesin. An adhesin was
experimentally defined as a surface component of the bac-
teria able to competitively inhibit attachment of Rliizobilrn
cells to root hairs when supplied prior to or during an
attachment assay. To test whether a fraction had an inhibi-
tory effect on attachment of bacteria, two methods were
used. In the preincubation method, lateral pea roots were
incubated together with the fraction in 1 ml of 25 mM
phosphate buffer, pH 7.5, for 60 min at room temperature on
a rotary table (2 rpm). A preincubation period of more than
30 min was found to be necessary to obtain maximal inhibi-
tion of attachment by the adhesin-containing fraction (Fig. 1,
inset). Controls were incubated for 60 min in buffer only.
After this treatment, the roots were washed five times in
phosphate buffer and incubated with bacteria in an attach-
ment assay as described above. In the coincubation method,
the fraction was added to the roots simultaneously with the
bacteria (see also reference 34).

Isolation of crude adhesin. For standard isolation of crude
adhesin, R. legiminiosaiiin 248 bacteria were grown in 5
liters of TY medium and harvested by centrifugation at an
A620 of 0.7 (instead of 0.4, which was found to be optimal for
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FIG. 1. Influence of preincubation of lateral pea roots with crude
adhesin preparation on class 4 attachment of R. leguininosarmn 248
cells on pea root hair tips. The cells were harvested at an A620) of
0.70. One unit of adhesin activity was defined as the amount of an
adhesin fraction needed to reduce class 4 attachment to half of its
control value. Inset: Influence of the period of preincubation with
adhesin-containing fractions on class 4 attachment of R. legivi-
niosairum1l17 248 cells; representative experiment with 200 pd of crude
adhesin preparation.

flagellum purification [G. Smit, Ph.D. thesis, Leiden Univer-
sity, Leiden, The Netherlands, 1988]), since the attachment
ability of the rhizobia is optimal at this A620 value (31). The
pellets were washed three times with 25 mM phosphate
buffer, pH 7.5, and suspended in 50 ml of phosphate buffer.
Subsequently, the cells were sheared for 5 min with a Sorvall
Omnimixer (Du Pont Instruments, Newtown, Conn.) at a
setting of 5. The suspension was centrifuged at 12,000 x g
for 10 min at 4°C, and the resulting supernatant fluid was
centrifuged at 100,000 x g for 2 h at 4°C. The supernatant
obtained after ultracentrifugation was used as the crude
adhesin fraction (see also reference 34). Small-scale prepa-
rations of crude adhesin were derived from 250-mi cultures
of bacteria, which were harvested at optical densities at
which agglutination to glass started.

Purification of adhesins. A fast protein liquid chromatogra-
phy system was used, including a model LCC-500 controller,
two P-500 pumps, a P-1 pump, a UV-M absorbance monitor,
a Frac-100 fraction collector, and a series of motorized valves
(Pharmacia-LKB, Uppsala, Sweden). All buffers were pre-
pared with Milli-Q water (Millipore Corp., Bedford, Mass.),
filtered through 0.20-pLm-pore-size membrane filters (Sarto-
rius GmbH, Gottingen, Federal Republic of Germany
[F.R.G.]), and thoroughly degassed under vacuum.

Ion-exchange chromatography. Cation-exchange chroma-
tography was performed with CM Sephadex C25 (Pharma-
cia-LKB) as the matrix in a column with a dimension of 10
by 10 mm. Elution was performed with 25 mM potassium
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phosphate-1.0 M NaCi buffer, pH 7.5, at a flow rate of 0.25
ml/min. Fractions were desalted before activity was tested
(see below).
Column chromatofocusing. A column (10 by 250 mm) filled

with PBE94 (Pharmacia-LKB) was used for chromatofocus-
ing. The column was equilibrated with 25 mM L-histidine
hydrochloride buffer, pH 6.3, and the sample, adjusted to pH
6.5, was applied to the column. Bound material was eluted
from the column at a flow rate of 0.20 ml/min with eightfold-
diluted Polybuffer 74 (Pharmacia-LKB), adjusted to pH 4.0,
followed by washing with 1 M NaCl. Fractions were desalted
before their activity was tested.
Chromatography with inorganic material. Hydroxyapatite

granules (Macrosorb C; Pierce Chemical Co., Rockford, Ill.)
were washed with 25 mM phosphate buffer before being
packed in a column (5 by 50 mm). Samples were applied in
phosphate buffer at a flow rate of 0.25 ml/min, after which
the column was thoroughly washed with more than 15
column volumes of phosphate buffer to remove unbound and
weakly bound substances. Elution was performed either
with a gradient of up to 1 M phosphate buffer, pH 7.5, or
with 1 M CaCl2 in 10 mM Tris hydrochloride buffer, pH 7.5.
In the latter case, the column was washed with at least 10
column volumes of Tris buffer before elution with CaC12,
since the Ca2+ ions have a high affinity for the phosphate
ions in the starting buffer. The hydroxyapatite matrix was
discarded after each run. Fractions were desalted over a fast
desalting column (10 by 100 mm; Pharmacia-LKB) at a flow
rate of 2 ml/min, whereas in automated runs the flow rate
was decreased to 0.25 ml/min. In both cases Milli-Q water
was used as the eluent.

Gel filtration. A Superose 12 column (10 by 300 mm;
Pharmacia-LKB) was used for gel filtration at a flow rate of
0.5 ml/min with either Tris hydrochloride buffer, pH 7.5, or
Milli-Q water as the eluent. The former eluent was used in
experiments in which the molecular mass was to be deter-
mined, whereas the latter was used as a final step itn the
protocol for purification of adhesins. For molecular mass
determination, the following were used as markers: bovine
serum albumin, 66 kilodaltons (kDa); ovalbumin, 43 kDa;
chymotrypsin, 25 kDa; RNase A, 13.7 kDa; insulin, 6 kDa;
and cytidine, 243 Da. The column was regenerated as
recommended by the manufacturer.
Hydrophobic interaction chromatography. A column (5 by

50 mm) filled with Phenyl Sepharose CL-4B (Pharmacia-
LKB) was equilibrated with 10 mM Tris hydrochloride-5
mM EDTA buffer, pH 7.5, and samples were eluted with 10
mM Tris hydrochloride-5 mM EDTA at a flow rate of 0.25
ml/min. Column-bound material was eluted by 1 M CaCl, in
Tris hydrochloride buffer after the column was washed with
Tris hydrochloride buffer without EDTA. Fractions were
desalted before activity was tested.

Ultrafiltration. Ultrafiltration was performed with an ul-
trafiltration cell (Amicon Co., Danvers, Mass.) and ultrafil-
tration membranes with a nominal cut-off of 5, 10, and 30 kDa
(YM5, YM10, and PM30, respectively; Amicon). Fractions
were separated into two parts: (i) the retentate, which was
diluted to the original starting volume after being washed with
phosphate buffer, and (ii) the filtrate. In the final purification
scheme, 50 ml of crude adhesin preparation was passed
through a 30-kDa membrane filter, after which the filter was
washed with 5 ml of 25 mM phosphate buffer, pH 7.5.
TEF- and SDS-polyacrylamide gel electrophoresis, silver

staining, and recovery from gels. Isoelectric focusing (IEF)-
polyacrylamide gel electrophoresis was performed with the
LKB Multiphor 2117 system, with an LKB power supply

2103 (Pharmacia-LKB). Thin-layer (115 by 105 by 1 mm)
polyacrylamide gels (7% T, 4% C), containing 6.2% carrier
ampholytes, pH 3 to 10 (Pharmacia-LKB), and 10% (vol/vol)
glycerol, were cast onto Gelbond support film (Pharmacia-
LKB). Cathode and anode strips were soaked with aqueous
solutions of 0.04 M DL-aspartic acid and 0.1 M NaOH,
respectively. Samples of 25 RI each were applied by using
sample application strips. IEF gel electrophoresis was per-
formed at 10°C and included prefocusing for 30 min and
focusing for 60 min at 12 W constant power with a maximum
limit of 2,000 V. The Pharmacia IEF marker kit, pH 3 to 10,
was used as markers. Silver staining of IEF gels was
performed by the method of Butcher and Tomkins (4). For
localization of attachment-inhibiting activity orIEF gels, the
following procedure was used. After the gel was run, one
part of the gel was stained as described above, and the other
part was cut into pieces from the anode to the cathode side.
Pieces of gel were incubated for 30 min with 500 p,l of 100
mM Tris hydrochloride buffer, pH 7.5, at room temperature
under gentle agitation. Volumes of 200 ,ul of these fractions
were tested for attachment-inhibiting activity. Since am-
pholytes were also present in these fractions, they were
tested as controls. Sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis was performed as described by
Lugtenberg et al. (23), with 15% instead of 11% acrylamide.
The molecular masses of the marker proteins were: bovine
serum albumin, 66 kDa; glutamate dehydrogenase, 55 kDa;
egg albumin, 45 kDa; glyceraldehyde-3-phosphate dehydro-
genase, 36 kDa; carbonic anhydrase, 29 kDa; p-lactoglobu-
lin, 18 kDa; and lysozyme, 14 kDa. Gels were silver-stained
by the method of Oakley et al. (25). The background was
destained with an Ilfo-speed 2000 fixer (Ilford, London,
U.K.), diluted fourfold in 10% methanol.

Protein determination. Protein was determined by the
method of Bradford (3), with bovine serum albumin (Sigma)
as the standard.
Calcium binding of proteins. Calcium binding of adhesins

and of calmodulin (as a control) was determined by the
method of Kawasaki et al. (17), with a number of modifica-
tions. Nitrocellulose membrane filters (0.2 p,m pore size;
Schleicher & Schuell, Dassel, F.R.G.) were cut into disks
with a diameter of 3 mm. Purified adhesin 1 or 2, calmodulin,
,B-lactoglobulin, or lysozyme was applied to the membrane
filter disks and air-dried. The blank value was determined by
using a filter without sample. The filters were washed in 5 ml
of 10 mM Tris hydrochloride-1 mM EDTA, pH 7.5, followed
by two washes in 10 mM Tris hydrochloride for 3 and 2 min,
respectively. Subsequently, the filters were incubated for 5
min in 1 ml of 10 mM Tris hydrochloride-1 mM CaCl2 buffer,
supplemented with 3.7 x 104 Bq of 45Ca (specific activity,
5.86 x 10i Bq/mmol of Ca). After being washed for 3 min in
Tris hydrochloride buffer, the filters were transferred to a
counting vial containing 200 p,l of 10 mM Tris hydrochloride-
1 mM EDTA. A scintillation mixture (7.5 ml of Pico-fluor 30;
Packard Instruments Co., Inc., Downers Grove, Ill.) was
added, and the amount of bound 45Ca was estimated.

RESULTS

Crude adhesin preparations from R. leguminosarum bv.
viciae. The Ca2'-dependent adhesin is most likely proteina-
ceous (34). To test this notion, R. leguminosarum 248 cells
were treated with proteinases prior to incubation with the
roots. This treatment resulted in a strong reduction of the
attachment ability of the rhizobia. A high percentage of bare
root hairs (class 1 attachment) and hardly any class 3 or 4
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TABLE 1. Influence of shearing and protease
pretreatment of R. legluminosaruem 248 cells and of

crude adhesin preparation on attachment of carbon- and
manganese-limited rhizobia to pea root hair tips"

Treatment % Attachment in class":

Bacteria Roots 1 2 3 4

C-limited
None None 7 35 10 48
Shearing None 38 36 10 16
Proteinase K None 49 37 6 8
Pronase None 40 48 5 7
None Crude adhesin 51 36 6 7

Mn2+-limited
None None 0 10 25 65
None Crude adhesin 33 40 10 17

" Carbon-limited rhizobia were harvested at an A620 of 0.70, and Mn2+-
limited cells were harvested at an A620 of 0.85; cells were suspended in 25 mM
phosphate buffer, pH 7.5, supplemented with 1 mg of either proteinase K or
pronase per ml. Shearing of bacteria was followed by washing of the cells in
phosphate buffer prior to incubation with the pea roots. Crude adhesin (60
,ug/ml) was added to the roots prior to incubation with the bacteria.

" See text for definitions of classes.

attachment were observed (Table 1). These results suggest
that one or more proteinaceous molecules are involved in
rhizobial adhesion.

Shearing of the rhizobia was found to be an efficient way
to detach adhesins from the bacterial cells, since the attach-
ment ability of rhizobia was strongly reduced after 5 min of
shearing (Table 1), as found for protease-treated rhizobia,
whereas the viability of the cells was not affected. Sonication
of bacteria after shearing did not yield an active fraction
(data not shown), which is consistent with the result that
prolonged shearing periods resulted in only a small increase
in adhesin activity and a relatively large increase in the level
of contaminants (data not shown).
The preincubation method resulted in the highest levels of

adhesin activity. Both carbon-limited and manganese-limited
R. leguminosarum cells were found to be inhibited in attach-
ment after pretreatment of the pea roots with the adhesin
fraction (Table 1). These results indicate that the Ca2+-
dependent adhesin is also involved in the first step of the
attachment process of manganese-limited rhizobia to pea
root hair tips (see also reference 19). Adhesin activity was
found to increase linearly with the amount of adhesin frac-
tion added to the pea roots (Fig. 1). This result led to the
definition of 1 U of adhesin activity as the amount of a
fraction needed to inhibit class 4 attachment by 50%. This
definition was used to calculate the recovery after each step
in the purification protocol.

Purification of adhesins. The purification protocol for the
Ca2+-dependent adhesins is shown in Fig. 2. Ultrafiltration
of a crude adhesin preparation was performed by using
membranes with a nominal cut-off of 5, 10, and 30 kDa.
Activity was retained by a 5-kDa membrane and passed
through a 30-kDa membrane (34). Use of the 10-kDa mem-
brane separated the activity into two fractions (data not
shown). Ultrafiltration through a 30-kDa membrane was
used as a first step in the purification procedure, since the
recovery was high (Table 2) and a large number of high-
molecular-weight components were removed by this step, as
judged after SDS-polyacrylamide gel electrophoresis of the
fractions (data not shown).
As a following step, the 30-kDa filtrate was eluted over a

cation-exchange chromatography column, followed by
washing of the column with 5 ml of phosphate buffer in order

Crude adhesin preparation (50ml)

ULTRAFILTRATION
- through a 30 kD filter

- wash filter with 5 ml 25 mM phosphate buffer, pH 7.5
- combined filtrate (55ml)

CATION EXCHANGE CHROMATOGRAPHY
- wash with 5 ml phosphate buffer

- collect void volume fraction (60 ml)

HYDROXY APATITE CHROMATOGRAPHY
- wash with 15 ml phosphate buffer

- wash with 10ml 10 mM Tris-HCI buffer, pH 7.5
- elute with IM CaCI2-10 mM Tris-HCI buffer

- collect eluens (2ml)

I
DESALTING COLUMN
- elute with Milli-Q water

- collect sample (3.5ml) in superloop

GEL FILTRATION
- elute with Milli-Q water

- collect adhesin fractions 1 and 2 separately
- lyophilize and store separately at -200C

FIG. 2. Scheme of the purification of the calcium-dependent
adhesin from R. leguminosarum 248.

to remove basic components, which are likely to be coeluted
in the next step (see below). Elution of the cation exchanger
with up to 1 M NaCl did not yield any attachment-inhibiting
activity (data not shown), and calculation of the yield
showed that essentially all activity was present in the void
volume (Table 2).

After being passed through the cation-exchange column,
the active sample was loaded on a hydroxyapatite column. It
appeared that most proteins in the sample did not bind to this
column under the conditions used, whereas no adhesin
activity was found in the void volume (Fig. 3). Subsequently,
a very extended washing procedure was necessary to re-
move weakly bound contaminants, as judged from SDS-
polyacrylamide gel electrophoresis (data not shown).
Two methods were used for elution of the adhesins from

the hydroxyapatite column. First, a 25 to 1,000 mM phos-
phate gradient was applied which yielded two active peaks,
eluting at phosphate concentrations of 90 and 370 mM,
respectively. IEF-polyacrylamide gel electrophoresis of the

TABLE 2. Purification of R. Iegiiminosairuitn 248 adhesins"

Sp act
Step Activity Protein (U/,ug Purification YieldSteP (U) (pg) of (fold) (%)

protein)

Crude 800 6,600 0.12 100
adhesin

Ultrafiltration 815 2,500 0.33 3 102
Cation 790 2,400 0.33 3 99
exchange

Hydroxyapatite 770 6 128 1,070 96
Gel filtration

Adhesin 1 375 2.5 150 1,250 92
Adhesin 2 360 2.5 145 1,200

" Values represent the means of a number of experiments.
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FIG. 3. Elution profile of a partially purified adhesin preparation
over a hydroxyapatite column. After filtration through a 30-kDa
membrane filter and passage through a cation-exchange column, a
sample (60 ml) of a partially purified adhesin preparation was applied
to the hydroxyapatite column in 25 mM phosphate buffer at a flow
rate of 0.25 ml/min. After extensive washing of the column with 15
column volumes of 25 mM phosphate buffer, pH 7.5, and 10 volumes
of 10 mM Tris hydrochloride buffer, pH 7.5, adhesin was eluted
from the column with 1,000 mM CaC12 in 10 mM Tris hydrochloride
buffer, pH 7.5. Subsequently, the column was washed with 15
volumes of Tris hydrochloride buffer and eluted with 1,000 mM
phosphate, pH 7.5. Fractions were desalted before activity was
tested.

eluted fractions, followed by silver staining, showed that the
two active fractions contained only a small number of
components (data not shown). Since two active fractions
were found, it was conceivable that Rhizobium cells contain
two different adhesins. This possibility is consistent with the
results obtained by ultrafiltration of the crude adhesin prep-
aration with a 10-kDa membrane (see above), which pointed
to the presence of at least two adhesins, with molecular
masses ofbetween 5 and 10 kDa and between 10 and 30 kDa,
respectively. Elution of proteins from the hydroxyapatite
with 1 M CaCl2 was used as a second method. Under these
conditions, the contaminating proteins did not elute from the
column, as expected for acidic proteins (11, 12) and in
contrast to the adhesins (Fig. 3). Since column chromatofo-
cusing experiments revealed that both adhesins were acidic
proteins (data not shown), this result was rather unexpected
but very useful for purification. With a CaCl, gradient,
activity did not elute at two separate concentrations as found
after elution with a phosphate gradient. Therefore,.a one-
step block gradient from 0 to 1 M CaCI2 was used in the
purification procedure. Recovery was approximately 96%
(Table 2). A subsequent elution of the contaminants, bound
to the hydroxyapatite matrix, with 1 M phosphate buffer did
not yield any additional activity (Fig. 3). A total volume of 2
ml of 1 M CaCl2 in Tris hydrochloride buffer was needed to
elute the adhesins from the column. This fraction was
desalted in one step with a desalting column and Milli-Q
water as the eluent. The desalted fraction (3.5 ml) was stored
in a superloop.
The final step in the purification procedure was gel filtra-

tion over a Superose 12 column. In seven runs, the desalted
adhesins were separated into two active fractions. Milli-Q
water could be used as the eluent without affecting the
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FIG. 4. IEF-polyacrylamide gel electrophoresis of purified ad-
hesin (0.7 jig; 100 U). The pl values of the marker proteins are
indicated below the gel. An identical, unstained lane of both adhesin
fractions was cut into pieces as indicated above the gel. The slices
were soaked for 30 min in 50 mM Tris hydrochloride buffer, pH 7.5,
and the resulting solution was tested for attachment-inhibiting
activity. The block diagram represents the activity. Note that the
staining around pl 6.7 was caused by the application strip.

retention time or the activity of the adhesins, and therefore
the fractions could be lyophilized immediately after the run.
The Kav of the two fractions was determined by measuring
the retention volume at which optimal activity was found.
Comparison of the Ka,v values of the purified adhesins with
the Ka,v values of a number of marker components revealed
the molecular masses of the adhesins to be 15 and 6 kDa
(data not shown).
The total recovery of adhesin activity during the whole

purification procedure was higher than 90% (Table 2). The
adhesin was purified approximately 1,250-fold. The whole
purification procedure, which was run automatically from
the cation-exchange step to the lyophilization step, takes
about 30 h from harvesting of the cells to lyophilization of
the adhesins. The purified adhesins remained active for at
least 6 months when stored at -20°C or below, whereas
storage at higher temperature resulted in a loss of activity.

Characterization of the adhesins by gel electrophoresis. The
purity of the final adhesin preparations was judged after IEF-
and SDS-polyacrylamide gel electrophoresis. IEF-polyacryl-
amide gel electrophoresis followed by silver staining re-
vealed only one band at a pl of 5.1 for both adhesin fractions
(Fig. 4). This result corresponded with the results of column
chromatofocusing experiments (data not shown). No other
bands could be detected. Staining of the two adhesin prep-
arations was weak, although approximately 1 ,ug was applied
to the gels, in contrast with the marker proteins (25 ng each),
which were clearly stained. It was found that fixation of the
gels with glutaraldehyde was an essential step in visualiza-
tion of the adhesins. To determine whether the bands
visualized on the IEF-polyacrylamide gels represented the
adhesins, one part of the gel was cut into pieces immediately
after gel electrophoresis, while the other part was stained.
For both adhesin fractions, activity was detected only in that
part of the gel which corresponded with the band at pI 5.1
(Fig. 4). The results indicate that the stained bands indeed
represent the adhesins and that activity is preserved after
IEF.
SDS-polyacrylamide gel electrophoresis revealed the ap-

parent molecular mass of both fractions to be 14 kDa (Fig.
5). For adhesin 1, this result corresponds with the molecular
mass value determined by gel filtration (see above). How-
ever, adhesin 2 did not reveal any band at 6 kDa but only one
band running at a position of 14 kDa, suggesting that both
fractions represent the same adhesin. Also, on this type of
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FIG. 5. SDS-polyacrylamide gel electrophoresis of purified and
crude adhesin fractions isolated from R. leguminosarum 248. Lanes:
A, adhesin fraction 1; B, adhesin fraction 2; C, crude adhesin
preparation. A 1-p,g amount of the purified adhesin fractions,
corresponding to 2 liters of rhizobial culture, and 0.5 p.g of crude
adhesin preparation, corresponding to 3 ml of culture, were applied
to the slots. Positions of molecular mass markers are indicated at the
left (size given in kilodaltons).

gel, the adhesin could be visualized only after fixation of the
gels by glutaraldehyde.

Calcium-binding activity of the adhesins. For both the
adhesins, the ability to bind calcium was tested. Filters
without protein and filters incubated with calmodulin, 1-
lactoglobulin, and lysozyme (1 to 5 Fsg per filter) served as
controls. Both adhesin fractions bound calcium in equal
amounts (Table 3), indicating that the adhesins are calcium-
binding proteins.
The two adhesins are probably identical. IEF as well as

SDS-polyacrylamide gel electrophoresis resulted in the ap-
pearance of similar bands for the two adhesin fractions, and
both adhesins were found to bind calcium. These results
suggest that the two fractions represent the same adhesin. In
order to determine whether the calcium-binding property of
the adhesin is involved in the apparent variation of its
molecular weight, gel filtration experiments were performed
in the presence of CaCl2 or EDTA. Both adhesin fractions
were eluted separately in the presence of 5 mM CaCl2 or 5
mM EDTA. In the presence of CaC12, both adhesins were
found in one fraction corresponding to an apparent molecu-
lar mass of 15 kDa, whereas in the presence of EDTA both
adhesins were found in a fraction corresponding to an
apparent molecular mass of 6 kDa.
Moreover, when a crude adhesin preparation was sepa-

rated into two molecular mass fractions by ultrafiltration

TABLE 3. Comparison of calcium-binding activity of adhesins
and calmodulin"

Protein tested (,ug) Calcium
bound (pmol)

None .......................................... 236
3-Lactoglobulin (1).......................................... 238
Lysozyme (1) .......................................... 267
Calmodulin (1) .......................................... 476
Calmodulin (5) .......................................... 1,354
Adhesin 1(2.5) .......................................... 1,199
Adhesin 2 (2.5) .......................................... 1,168

" Calcium binding was measured by determining the amount of 45Ca bound
to nitrocellulose membrane-bound proteins (see Materials and Methods
section).

with a 10-kDa membrane filter and subsequently purified as
described above (Fig. 2), it appeared that both fractions
resulted in one band at a position of 14 kDa, as judged from
SDS-polyacrylamide gel electrophoresis (data not shown).
These results strongly suggest that the adhesin fractions
contain the same adhesin protein and that Ca2+ determines
its apparent molecular mass as measured by gel filtration.
The calcium-binding adhesin is common among Rhizobi-

aceae. To determine whether the calcium-binding adhesin
from R. leguminosarum 248 is also able to inhibit attachment
of other rhizobia to pea root hairs, the adhesin was incubated
with pea roots prior to incubation with a number of Rhizo-
biaceae strains in the attachment assay. As shown in Table
4, attachment of all other Rhizobiaceae strains tested, in-
cluding Agrobacterium tumefaciens, A. rhizogenes, and
Bradyrhizobium japonicumn, was inhibited by this adhesin.
Moreover, crude adhesin preparations isolated from various
Rhizobiaceae strains were tested for attachment-inhibiting
activity on R. legumninosarum 248 cells as well as on a
number of other rhizobia and agrobacteria (Table 4). It was
found that cell surface preparations derived from strains of
all genera of the family Rhizobiaceae showed adhesin activ-
ity when tested on R. legiuminosarum and that these prepa-
rations were also able to inhibit attachment of other strains
tested. From two strains, A. tumefaciens LBA1010 and R.
legiuminosarum bv. trifolii LPR5020, the adhesin was puri-
fied in a way identical to that described for isolation of the R.
legiuminosarium 248 calcium-binding adhesin. The isolation
procedure was found to yield adhesin activity in exactly the
same fractions as described for the R. leguminosarum 248
adhesin (data not shown), indicating that these strains pro-
duce the same adhesin. These results also suggest that all
Rhizobiaceae strains use the same plant receptor for attach-
ment to pea root hair tips. In order to determine whether
other bacterial strains also produce the calcium-binding
adhesin, cell surface preparations were isolated as described
above for the crude adhesin preparations. Cell surface
preparations from Azotomonas spp. were also found to
contain adhesin activity, whereas no activity was found in
fractions derived from other bacterial strains tested (Table
4), suggesting that the calcium-binding adhesin is restricted
to Rhizobiaceae strains and Azotomonas spp. Sym and Ti
plasmid-cured rhizobial strains also produced adhesins
(Table 4), indicating that the Sym and Ti plasmid-borne
genes are not required for the expression or biogenesis of the
calcium-binding adhesin.

Ca2+-binding adhesin also involved in attachment of rhizo-
bia to root hairs of other plants. In order to determine
whether the calcium-binding adhesin is also involved in
attachment of rhizobia to other plants, attachment of R.
legiiminosaruim 248 to root hairs of several plants was
quantified, and the attachment-inhibiting activity of the
Ca2- -binding adhesin was tested. It appeared that R. legiu-
ininosariin 248 was able to attach to the root hair tips of
several leguminous plants (e.g., Vicia sativa subsp. nigra,
Phaseolius v'ulgaris, Macroptilium atropu-rpureum, M. lathy-
roides, TrnoliWim repens, Medicago sativa, and M. lupilina)
as well as to the root hair tips of dicotyledonous and
monocotyledonous nonleguminous plants (e.g., Nicotiana
tahacinm, Kalanchoe daigremontana, Oiyza sativa, and
Hordelon vulgatrmm), leading to class 4 attachment (data not
shown). In all cases, attachment of the rhizobia could be
inhibited by the Ca2'-binding adhesin, which indicates that a
common plant receptor might be involved in attachment of
rhizobia.
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TABLE 4. Inhibition of attachment of various bacteria to pea root hair tips by cell surface preparations of various bacteriaa

Attachment inhibition on strain:

Cell surface preparation,
strain 0X .

00 8 m z -m

R. leguminosarum bv. viciae
248 + + + + + + + + + + + + + + +
248c + + + + + + + + + + + + + +
RBL1 + + + + + + + +

R. leguminosarum bv. tifolii
LPR5020 + + + + + + + + + + + + + + +
LPR5039 + + + + + + + +
0403 + + + + + + + + + + + + + +
ANU843 + + + + + + + + + + + + +

R. leguminosarum bv. phaseoli
1233 + + + + + + + + + + + + + +
LPR9009 + + + + + + + + + + + + + +

R. meliloti 2011 + + + + + + + + + + + + + +
R. lupini RBLM2 + + + + + + + + + + + + + +
Bradyrhizobium japonicum W505 + + + + + + + + + + + + + +
Agrobactenum tumefaciens
LBA1010 + + + + + + + + + + + + + +
1251 + + + + + + + + + + + + + +

A. rhizogenes LBA1334 + + + + + + + + + + + + + +
Phyllobacterium rubiacearum + + +
LMGltl

P. myrsinacearum LMG2t2 + + +
Azotomonas fluorescens 3027 + + +
Azospirillum brazilense 7 - - -

A. lipoferum 59
Gluconobacter oxydans 1408 -

Acetobacter aceti LMG1261tl - - -

Pseudomonas putida WCS358 -

Pseudomonas fluorescens WCS374 -
Escherichia coli 1830 -

a Cell surface preparations were isolated from the bacteria at A620s at which agglutination to glass was observed. For testing of attachment-inhibiting activity,
bacteria were harvested at similar optical densities (31). Symbols: +, inhibiting activity; -, no inhibiting activity.

b For these strains, the inhibition of attachment to pea root hair tips was observed as a shift from class 2 to class 1 attachment, since these strains showed little
class 4 attachment (see also reference 31).

DISCUSSION

Purification and partial characterization of the Ca2+-depen-
dent adhesin. We report the purification of the Ca2+-depen-
dent adhesin which is involved in the first step of attachment
of rhizobial cells to plant root hairs. The adhesin appeared to
be proteinaceous in nature (Table 1) (34) and is located on
the cell surface of the rhizobia, since it could be efficiently
detached from the cells by shearing forces (Table 2) without
killing the cells. It is unlikely that the adhesin is located on
fimbriae, as reported for the adhesins of Escherichia coli
(22), since adhesin activity was found only in the low-
molecular-mass fractions obtained after centrifugation and
ultrafiltration of the crude adhesin preparations (see also
reference 34). The preincubation method for testing adhesin
activity resulted in higher values of activity in comparison
with the coincubation method. This is most likely due to the
fact that in the former case the isolated adhesins are able to
bind to the putative root hair receptors without competition
with the bacteria. Moreover, with the preincubation method,
the test fractions and the rhizobia are not in direct contact,
which excludes the possibility that contaminating compo-
nents in a test fraction affect attachment indirectly by
influencing the bacteria.
The crucial step in the purification of the adhesin was the

elution over a hydroxyapatite column (Table 2, Fig. 3). The

vast majority of proteins present in the crude adhesin
preparation did not bind to this matrix, which is probably
due to the presence of 25 mM phosphate buffer in the
sample. Optimal elution of the adhesin was obtained with
CaCl2 (Fig. 3) rather than with a phosphate gradient. Elution
over a cation exchanger was introduced prior to elution over
a hydroxyapatite column to remove basic components which
are also eluted by CaCl2 (11, 12). Hydroxyapatite appeared
to function as an affinity chromatography column, since all
other bound proteins did not elute with CaCl2, whereas
elution with phosphate resulted in the coelution of a number
of contaminating compounds. The elution of adhesins with
CaCl2 was rather unexpected, since the adhesin appeared to
be an acidic protein (Fig. 4). Therefore, the interaction of the
adhesin with the hydroxyapatite matrix is most likely due to
a specific property of the adhesin, correlated with its ability
to bind calcium (Table 3). In spite of the high recovery
during the purification procedure, the total yield of adhesin
appeared to be rather small (Table 2). In comparison, the
yield of adhesins from E. coli cells, which are located on
fimbriae, was also very low (22). These results indicate that
a small number of adhesin molecules per cell are sufficient
for successful attachment of the bacteria to their host cells.

Starting from an average yield of 2.5 pug (Table 2), a rough
estimate points to approximately 5 calcium-binding sites per
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molecule of adhesin. As a comparison, our results indicate
that 1 Fg of calmodulin binds 230 pmol of Ca2 , correspond-
ing to approximately 4 bound calcium ions per molecule of
calmodulin, a value which is consistent with earlier reports
(27). The observation that the adhesin is a calcium-binding
protein is important with respect to its Ca2+ dependence
(33). Therefore, further investigation on the role of calcium
in activity or exposure of the adhesin will be carried out.
The ability of the adhesin to bind calcium was found to

affect its apparent molecular weight as determined by gel
filtration. Changes in the apparent molecular weight due to
calcium binding were also reported for other proteins and
might be due to changes in the hydrophobicity and/or
conformation of the protein (7, 21, 37). In the case of the
rhizobial adhesin, both the hydrophobicity and the confor-
mation of the protein appear to be affected by Ca2+. Hydro-
phobicity was found to increase in the absence of Ca2+, as
judged from binding of the adhesin to a hydrophobic column
matrix in the presence of EDTA, whereas the adhesin was
eluted from this matrix by CaCl2 (data not shown). The
conformation of the adhesin was also affected by CaCl2,
since ultrafiltration through a 10-kDa filter separated the
adhesin into two fractions. Therefore, the differences found
in retention during gel filtration might be caused both by
conformational changes and by changes in hydrophobicity of
the adhesin.
The adhesin was difficult to stain by a standard silver-

staining procedure after IEF- or SDS-polyacrylamide gel
electrophoresis. Various silver-staining procedures were ex-
amined, and only fixation with glutaraldehyde resulted in
visualization of protein bands on gels. Since most Ca2+-
binding proteins (e.g., calmodulin) can be stained only by
silver after glutaraldehyde fixation (31), this feature appears
to be due to the Ca2+-binding property of the adhesin.
The Ca2+-binding adhesin is common among Rhizobiaceae.

Crude adhesin preparations from representatives of all gen-
era of the family Rhizobiaceae, as well as from Azotomonas
fluorescens, were found to possess adhesin activity (Table
4). Adhesins from two representative strains could be iso-
lated by the standard purification protocol (Fig. 2). The
results corroborate earlier observations of ta2+-dependent
attachment of various rhizobia and agrobacteria to pea root
hair tips (33). R. meliloti, R. lupini, and Bradyrhizobiium
japonicum strains also appeared to produce the adhesin,
which explains the ability of these strains to perform the first
step of root hair attachment (class 2 attachment). Poor class
4 attachment of these strains (32) is probably due to differ-
ences in the production of cellulose fibrils in comparison
with R. leguminosarum. The Sym and Ti plasmid-encoded
genes are not essential for synthesis and exposure of the
calcium-binding adhesin (Table 4) (33). No attachment-
inhibiting activity was detected in cell surface preparations
derived from other bacterial species. Moreover, attachment
of Pseudomonas spp. to pea root hairs was not affected by
pretreatment of the roots with the adhesin from R. legiumi-
nosarum 248 (G. Smit, unpublished data). These results
indicate that the Ca2'-binding adhesin is restricted to the
Rhizobiaceae family and to Azotomonas spp. We propose to
designate the adhesin rhicadhesin (for Rhizobiaceae calci-
um-binding adhesin). The observation that cell surface prep-
arations from Azotomonas fluorescens also show adhesin
activity points to a relationship between this species and
Rhizobiaceae genera, which is confirmed by the results of
De Smedt and De Ley (8), who reported that these bacteria
show homology on the level of DNA.
More detailed model for rhizobial attachment. Recently,

0.

0

0

FIG. 6. More detailed model for attachment of rhizobial cells to
pea root hair tips. Step 1 attachment is mediated by rhicadhesin and
leads to the attachment of single rhizobial cells to the surface of the
root hair tip. The mechanism of step 2 attachment depends on the
growth conditions 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 in the
second step of attachment (35), whereas in the case of manganese-
limited 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 optimal root infec-
tion, as indicated by the open arrow (see also reference 19).

we proposed a model for the attachment of R. leguminosa-
rum cells to pea root hair tips (33). Increased knowledge of
the involvement of host plant lectin (19; Smit, Ph.D. thesis)
as well as of rhicadhesin (Table 1) in the attachment process
of Rhizobium grown under manganese-limiting conditions
allows the proposal of a more detailed model. Figure 6
represents our present state of knowledge concerning the
attachment of rhizobia to pea root hair tips. In the attach-
ment mechanism of both carbon- and manganese-limited
rhizobia, rhicadhesin is involved in the first step of attach-
ment, i.e., direct attachment of rhizobia to the root hair tips
(class 2 attachment). In the second attachment step, rhizobia
accumulate on the root hair tips by adhering to the root
hair-bound bacterial cells. The type of accumulation de-
pends on the growth conditions of the rhizobia. With carbon-
limited rhizobia, no involvement of lectin was observed (32),
whereas with manganese-limited rhizobia, lectin as well as
rhizobial cellulose fibrils are involved (19). The lectin-en-
hanced accumulation was found to be correlated with opti-
mal infection ability of the rhizobia (19).

Rhicadhesin is involved in attachment of rhizobia to various
plants. Rhicadhesin appeared to be able to inhibit attachment
of R. leguminosarum 248 cells to root hair tips of various
plants, including legumes, nonlegumes, and monocotyledon-
ous plants. These results suggest the existence of a common
plant receptor for rhicadhesin.
Our current research is focused on the role of Ca2+ in the

Ca2+ dependence of rhicadhesin and on the isolation of
rhizobial mutants affected in the first step of the attachment
process in order to determine the role of rhicadhesin in the
nodulation process.
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