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Roots of Phaseolus vulgaris L. were incubated with dilute suspensions (1 x 10° to 3 X 10> bacteria ml™") of
an antibiotic-resistant indicator strain of Rhizobium leguminosarum bv. phaseoli in mineral medium and
washed four times by a standardized procedure prior to quantitation of adsorption (G. Caetano-Anollés and
G. Favelukes, Appl. Environ. Microbiol. 52:371-376, 1986). The population of rhizobia remaining adsorbed on
roots after washing was homogeneous, as indicated by the first-order course of its desorption by hydrodynamic
shear. Rhizobia were maximally active for adsorption in the early stationary phase of growth. The process
leading to adsorption was rapid, without an initial lag, and slowed down after 1 h. Adsorption of the indicator
strain at 10° bacteria ml~" was inhibited to different extents in the presence of 10° to 10® antibiotic-sensitive
competitor rhizobia ml~. After a steep rise above 10* bacteria ml~, inhibition by heterologous competitors
in the concentration range of 10° to 107 bacteria ml~! was markedly less than by homologous strains, while at
103 bacteria ml~! it approached the high level of inhibition by the latter. At 107 bacteria ml~", all of the
heterologous strains tested were consistently less inhibitory than homologous competitors (P < 0.001). These
differences in competitive behavior indicate that in the process of adsorption of R. leguminosarum bv. phaseoli
to its host bean roots, different modes of adsorption occur and that some of these modes are specific for the
microsymbiont (as previously reported for the alfalfa system [G. Caetano-Anollés and G. Favelukes, Appl.
Environ. Microbiol. 52:377-381, 1986]). Moreover, whereas the nonspecific process occurred either in the
absence or in the presence of Ca?* and Mg>" ions, expression of specificity was totally dependent on the
presence of those cations. R. leguminosarum bv. phaseoli bacteria adsorbed in the presence of Ca>* and Mg>*
were more resistant to desorption by shear forces than were rhizobia adsorbed in their absence. These results
indicate that (i) symbiotic specificity in the P. vulgaris-R. leguminosarum bv. phaseoli system is expressed
already during the early process of rhizobial adsorption to roots, (ii) Ca®>* and Mg>* ions are required by R.
leguminosarum bv. phaseoli for that specificity, and (iii) those cations cause tighter binding of rhizobia to roots.

Symbiotic associations of the bacterial genera Rhizobium,
Bradyrhizobium, and Azorhizobium with their respective legu-
minous hosts result in nitrogen-fixing nodules and exhibit a
remarkable degree of selectivity, implying recognition.

For a long time, this specificity has been thought to occur
already in the early stages of the associative process prepara-
tory to root infection. This has been confirmed by the impor-
tant discovery of the exchange of molecular signals directing
the symbiotic process during preinfection: root-exuded fla-
vonoids in the rhizosphere induce soil rhizobia to express nod
genes and release Nod lipooligosaccharides, and in turn these
elicit in the root the process of nodule organogenesis and hair
curling (for reviews, see references 10 and 22). Those interac-
tions—especially the latter—take place with a high degree of
specificity, which is based on the uniqueness of the respective
sets of molecular signals and their fit to the counterpart recep-
tors.

A second type of specific interaction has also been found in
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the process of preinfection-infection, in which a root lectin or
protein participates with symbiotic selectivity by stimulating
rhizobia to perform rapid root adsorption and infection (15,
38, 39) and determining the host range of the legume root (11).
The mechanisms for these effects are unknown.

Since initial adsorption (synonyms: adhesion, attachment,
and binding) of rhizobia to the root surface is one of the early
steps in the process of infection preceding root penetration
and invasion (18), the possibility that symbiotic recognition
might be expressed already at that stage has been raised and
repeatedly investigated. Thus, several reports have indicated
that some kind of specificity is already expressed during rhizo-
bial adsorption (3, 5, 7, 8, 32) although other evidence has not
supported that conclusion (1, 25, 30, 36). This discrepancy
could be due, at least in part, to the wide diversity of experi-
mental approaches and conditions (size of rhizobial inoculum
per root, root-rhizobium incubation medium, incubation time,
washing procedure, and detection, quantitation and location of
adsorbed bacteria) used by various investigators to define and
study the process of adsorption and its properties. Thus, our
laboratory has advocated the use of low numbers of rhizobia in
the inoculum (on the order of 10° cells ml~' and fewer than
10* per root) (2); such dilute inocula are commensurate with
rhizobial concentrations that are naturally encountered in soil
and are infective for legume roots. This approach has made
possible the demonstration of specificity during adsorption of
Rhizobium meliloti to alfalfa roots (3) and during the interac-
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tion of rhizobia with a protein factor in the alfalfa root exudate
which stimulates adsorption to roots (38). On the other hand,
the use of such dilute inocula has made the microscopic local-
ization of adsorbed rhizobia on the root surface virtually im-
possible. In general, the above-mentioned reports have indi-
cated that the early plant-rhizobium interaction process that
ends in adsorption is rapid but complex and depends on the
physiological state and growth stage of the rhizobia.

The ionic composition of the bacterial growth medium
and/or plant-bacterium incubation medium also influences ad-
sorption. It has been shown that both Rhizobium leguminosa-
rum bv. viceae (30) and R. meliloti (4) require Ca?* and, with
lesser efficiency, Mg>" for adsorption to plant roots. Ca>* had
been reported long ago as being necessary for nodulation of
legumes (21, 26), probably operating at early stages in the
development of symbiosis (26). For the R. meliloti-alfalfa sys-
tem, the adsorption step was proposed (4) to be the early
Ca?*-dependent event in the pathway to nodulation, postu-
lated by Munns (26) to be inhibited by the absence of Ca**.
However, none of those studies has clarified whether divalent
cations do have a role in symbiotic recognition proper.

Adsorption of R. leguminosarum bv. phaseoli (in this report,
the name R. leguminosarum bv. phaseoli [16] is used to desig-
nate all rhizobial strains able to form symbiotic nodules in
common beans [Phaseolus vulgaris L.] without attempting to
assign them to any of the currently proposed bean-nodulating
species [23, 24, 28]) to roots of its host P. vulgaris has been
scarcely studied. We present here a characterization of the
process of adsorption in this system and explore the existence
of symbiosis-specific, as well as nonspecific, modes of the pro-
cess of adsorption, the particular requirements for Ca** and
Mg?" ions, and the influence of these divalent cations upon the
resistance of root-adsorbed rhizobia to desorption from roots.

MATERIALS AND METHODS

Plant material and seed growth. Legume varieties used in this study were
common bean var. Dor 41 (black) and Alubia (white) (P. vulgaris L.), white
clover cv. El Lucero (Trifolium repens), and alfalfa cv. Don Arturo (Medicago
sativa).

Seeds were surface sterilized by immersion in 96% ethanol for 10 s (beans), 15
min (clover), or 30 min (alfalfa) and then in 0.2% HgCl, in 0.5% HClI for 3 to 5
(beans) or 15 (alfalfa and clover) min; this was followed by six washes with sterile
distilled water. Seeds were germinated and grown at 28°C on top of water-agar
(1.5%), in darkness, for 3 (beans) or 5 (alfalfa and clover) days.

Rhizobial strains, growth, and maintenance. R. leguminosarum bv. phaseoli
Rph1002, Rph1003, Rph1004, Rph1005, Rph1006, and Rph1007 were isolated
(by A. E. F. Sanchez Caro and G.F.) in virgin terrain in northwest Argentina
from spontaneous nodules of wild-growing P. vulgaris var. aborigineus Burk.
(Baudet) plants (the aboriginal form of P. vulgaris originated in the Andean
slopes of northwest Argentina and Bolivia). They have been characterized (12a)
as type I strains (23), since all of them possess multiple copies of the nifH gene,
have a host range restricted to common beans, and are unable to induce nodules
on Leucaena leucocephala. Strain Rph1003-S is a stable, fully symbiotic sponta-
neous derlivative isolated from Rph1003 with resistance to 500 mg of streptomy-
cin liter .

Other strains used were R. leguminosarum bv. phaseoli RphCIAT144 (from
Centro de Investigaciones en Agricultura Tropical, Cali, Colombia); R. legumino-
sarum bv. trifolii RtrA118 (spontaneously resistant to 100 mg of trimethoprim
liter™'), RtrA111, and RtrA113; R. leguminosarum bv. viciae RviD54, RviD70,
and RviD138 (all from Instituto de Microbiologia y Zoologia Agricolas, Instituto
Nacional de Technologia Agropecuaria, Castelar, Argentina); and R. meliloti
RmeSU47 (streptomycin sensitive) (from E. R. Signer, Cambridge, Mass.),
RmeAPS (from S. M. Lesley, Ottawa, Ontario, Canada), and RmeRf6 (strepto-
mycin sensitive; from B. W. Strijdom, Pretoria, South Africa) and its spontane-
ous derivative RmeRf6-Spc” (resistant to 100 mg of spectinomycin liter '), which
was obtained in our laboratory.

Rhizobial cells grown in yeast extract-mannitol broth (YMB; mannitol at 10.0
g liter ™!, NaCl at 0.1 g liter ™!, MgSO, - 7H,0 at 0.2 g liter !, K,HPO, at 0.5 g
liter ™!, yeast extract at 0.4 g liter ') (37) to the late exponential phase were
supplemented with 20% (vol/vol) glycerol and stored for up to 1 year at —20°C.
Samples of glycerol stocks were cultured and maintained on yeast extract-man-
nitol-agar (15 g liter ") as working stocks at 4°C.
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Rhizobia from working stocks were grown in YMB at 28°C with rotatory
shaking at 120 rpm for 72 h, until the stationary phase was reached. These starter
cultures were diluted 1:100 in fresh YMB and allowed to resume growth until the
late exponential to early stationary phase was reached (2 X 108 cells m1™; optical
density at 500 nm, 0.4 to 0.7, depending on the strain).

All strains were confirmed as positive for nodulation on their respective hosts.

Plant mineral medium. Fahraeus solution (nitrogen free; CaCl, at 0.114 g
liter ™!, MgSO, - 7TH,O at 0.12 g liter !, KH,PO, at 0.1 g liter!, Na,HPO, at
0.15 g liter™ !, ferric citrate at 0.005 g liter ' [pH 7.0]; micronutrients omitted)
(12) was used for rhizobial suspensions, plant root incubations, and root washes.
Where indicated, CaCl, and/or MgSO, was omitted; in some experiments, K*
salts of the respective anions replaced them.

Adsorption experiments. The following antibiotic-resistant rhizobia were used
in assays of their adsorption to roots: bean-nodulating Rph1003-S (Str"), clover-
nodulating RtrA118 (Tmp"), and alfalfa-nodulating RmeRf6-Spc™ (Spc").

Adsorption was assayed with the method developed for the R. meliloti-alfalfa
system (2), with some modifications. Seedlings were incubated in a rhizobial
suspension (a late-exponential-to-early-stationary-phase YMB culture of an ap-
propriate antibiotic-resistant labeled strain diluted to 1:10° to approximately 10°
cells ml~! in Fahraeus solution; the resulting concentration was measured by
dilution and plate counting in triplicate). The numbers of seedlings and incuba-
tion volumes, respectively, were as follows: for beans (black beans, var. Dor 41),
10 seedlings and 50 ml; for clover or alfalfa, 15 seedlings and 25 ml. Incubation
was done for 2 h (except where noted otherwise) at 28°C with rotary shaking at
50 rpm (2). The seedlings were then taken, cotyledons were excised, rootlets with
adsorbed rhizobia were washed four times, each time by shaking with 50 ml of
fresh Fahraeus solution for 1 min at 120 rpm, and the wash fluid was discarded.
Washed rootlets were distributed on the bottoms of glass petri dishes and then
overlaid with molten (45°C) yeast extract-mannitol agar (supplemented with 50
mg of cycloheximide liter™' and the appropriate antibiotic concentration for
selection of the assayed strain). After they were allowed to cool to let the agar
set, the rootlets were incubated for 48 h at 28°C. Rhizobia remaining adsorbed
on root surfaces were grown in this rich medium and allowed to form micro-
colonies (controls with uninoculated roots were always negative). Microcolonies
were counted from the bottom side of the petri dish only, with a dissecting
microscope at a magnification of X25. The relative degree of adsorption of
inoculated rhizobia was expressed as an adsorption index, %A, the percentage of
inoculated rhizobia counted as microcolonies on roots (from the bottom side
only). Confidence intervals were obtained by proper weighing of the individual
data (2).

Adsorption of rhizobia to host roots with competition by other strains was
assayed as previously described (3), with a dilute inoculum (approximately 103
cells ml™ ') of the antibiotic-resistant indicator rhizobial strain as before but in
the presence of an antibiotic-sensitive, homologous or heterologous competitor
strain (3) at the concentrations indicated in each experiment. Competitors were
grown in YMB to the late exponential to early stationary phase and collected in
the same way as the indicator strain but centrifuged to remove the culture
medium and resuspended in Fihraeus solution to the final cell density desired.
The resulting %A of the indicator strain under competition, %A, (which repre-
sents the percentage of adsorption in the presence of very high numbers of
competitor strain bacteria), was compared to that of controls without competi-
tion (%A,), and inhibition of adsorption (%I) was calculated as follows: %I =
100 X (%A, — %A.)/%A,. To estimate the number of R. meliloti RmeRf6-Spc*
competitor rhizobia adsorbed to bean roots, after regular washing the excised
roots were suspended in the same flask in 50 ml of fresh Fihracus medium and
sonicated for 10 min in a Branson 1200 sonicator bath containing 200 ml of water
(modified from reference 25). The released rhizobia were quantitated by plate
counting of serial dilutions of the supernatant. Very few competitor rhizobia
remained adsorbed after sonication (counted as microcolonies on roots cultured
in yeast extract-mannitol agar supplemented with 100 mg of spectinomycin li-
ter ! as described above), i.e., less than 0.1% of those released by sonication.

The expression “divalent cations” is used in this report to designate the
presence in the solution of added mixtures of Ca** and Mg?* ions (as CaCl, and
MgSO,, respectively) at a 1.8:1 molar ratio. Their actual concentrations are given
as the sum of [Ca®"] plus [Mg?"]; in the case of Fihraeus solution, this sum
concentration is 0.9 + 0.5 = 1.4 mM. The influence of added divalent cations
upon rhizobial adsorption to roots, either without or with competitors, was
studied by omitting the addition of CaCl, and/or MgSO, to the medium. The
contribution of the Mg?* concentration carried over by the growth medium in
the diluted inocula from YMB-grown cultures of the indicator strain was esti-
mated to be negligible (less than 107® M). In other experiments, indicator
rhizobia were preincubated (10° cells ml ') in Fihraeus solution with or without
divalent cation salts and after an ionic concentration shift by a 1:10° dilution in
the final Fahraeus type medium (either containing or lacking divalent cations),
this rhizobial suspension was incubated with roots to assay for adsorption, either
in the absence or in the presence of competitors.

To study the course of desorption of rhizobia by hydrodynamic shear, a set of
bean roots to which Rph1003-S rhizobia had been adsorbed during regular
rhizobium-plant incubations (in the presence or absence of added Ca*" plus
Mg?*) was subjected to 12 consecutive washes instead of the 4 normally used in
the routine adsorption assays; each wash was performed exactly as in those
assays, by shaking with 50 ml of washing solution for 1 min at 120 rpm. Rhizobia
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FIG. 1. Course of desorption by repeated washes of strain Rph1003-S ad-
sorbed to bean roots with addition (curve A, filled symbols) or omission (curve
B, open symbols) of Ca®>* and Mg?* ions. Circles connected by continuous lines
represent experimental observations. From washes 4 to 12, a regression line was
plotted (curve A, r = 0.998; curve B, r = 0.997) and projected on the ordinate
(curve A, dashed line; curve B, dotted line). These curves represent tightly bound
rhizobial populations. To represent loosely bound rhizobial populations, differ-
ences between observed values for the percentage of adsorbed rhizobia and
theoretical values for tightly bound rhizobia (from regression line projections)
were calculated and plotted (filled triangles, rhizobia incubated with added Ca**
plus Mg?™; open triangles, rhizobia incubated without the addition of divalent
cations).

desorbed from roots and contained in each wash were retained on a 0.45-pm-
pore-size membrane filter and grown on yeast extract-mannitol agar for plate
counts. Rhizobia which remained adsorbed on roots after the 12th wash were
counted by the usual procedure of embedding the roots in yeast extract-mannitol
agar and growing microcolonies. From these data, the number of rhizobia re-
maining adsorbed onto the roots after each wash was calculated and log plotted
against the wash number.

RESULTS

Characteristics of adsorption of rhizobia to bean roots. In
this work (see Materials and Methods and reference 2), ad-
sorption of R. leguminosarum bv. phaseoli to common bean
roots has been operationally defined by incubating 10 rootlets
(whole seedlings) with 50 ml of a dilute suspension of rhizobia
(1 X 10 to 3 X 10 bacteria ml~') in Fahraeus solution with
mild shaking (50 rpm) for 2 h. The seedlings were decanted
and washed four times with fresh medium for 1 min each time
with shaking at 120 rpm. At that point, root-adsorbed rhizobia
were enumerated as described in Materials and Methods to
calculate the %A.

We studied the course of desorption of rhizobia during many
washes. The procedure described in Materials and Methods—
originally developed and applied by E.N.M. to the alfalfa sys-
tem (20)—started with just-incubated and decanted roots prior
to any washing, and the numbers of rhizobia remaining ad-
sorbed after each of 12 consecutive standard washes were
determined and log plotted against the wash number (Fig. 1,
curve A). In this way, a biphasic curve was obtained in which
the slope (the log ratio of adsorbed rhizobia remaining on
roots after and before the nth wash) diminished gradually and
attained a constant value after three or four washes. The
straight line drawn through washes 4 to 12 had a high regres-
sion coefficient (r = 0.998) and indicated a first-order depen-
dence of the rate of desorption on the number of adsorbed
rhizobia. This behavior was representative of two independent
experiments. Thus, after the first two or three washes had
carried away rather easily a loosely bound, substantial fraction
of the population of originally attached rhizobia, and especially
after the fourth wash, there remained a subpopulation of rhi-

SPECIFICITY IN RHIZOBIAL BINDING TO BEAN ROOTS 1573

] <

3.0 EQ/

X

g 100 g
c 12.0 E
8 .°
3 ]
) o
o 0.10 9
0 &

<

0.01 0.0

0 6 12 18 24 30 36
Culture age (hours)

FIG. 2. Influence of the growth phase of strain Rph1003-S on its adsorption
to bean roots. Growth was measured as optical density (ODsq,; small circles).
Cultures from different growth stages were diluted to reach the same cell number
(approximately 10%) per milliliter, and the %A was determined (large circles). In
each experiment, all determinations were done in duplicate. The vertical bars

show 95% confidence intervals. Where not represented, the bar is smaller than
the symbol. The plot is representative of two independent experiments.

zobia which appeared to be homogeneous in the course of
their desorption and much more resistant to hydrodynamic
shear. Since the procedure for each of the consecutive washes
in all of the experiments that followed was exactly the same as
that in the above-described study of desorption, we conclude
that those rhizobia which remain adsorbed after four washes in
the regular assay for adsorption represent the same homoge-
neous population of firmly adsorbed rhizobia referred to be-
fore. With this procedure, we obtained preparations of bean
seedlings that had a uniform class of root-adsorbed rhizobia
and were devoid of free-living rhizobial precursors present in
the original inoculum.

We studied the influence of the growth phase of rhizobial
inocula on the process of adsorption. To obtain rhizobial sus-
pensions at different stages of growth, a set of Rph1003-S
cultures were started at different times, grown in parallel, and
collected simultaneously. Their growth stages ranged from the
early log phase to the stationary phase, as indicated by com-
parison of their optical densities at 500 nm with those of the
complete growth curve obtained for this strain in a single
culture under the same conditions. Inocula prepared by dilu-
tion from each of these cultures and containing similar rhizo-
bial concentrations (1 X 10° to 3 X 10? cells ml~") were used
in assays of adsorption to roots as described in Materials and
Methods to determine the %A for each inoculum. As shown in
Fig. 2, the %A of young cultures was very low; it went through
a sharp maximum at the early stationary growth phase, de-
creased with older cultures, and reached nearly 0 at the sta-
tionary phase.

In another set of experiments, the time course of the ad-
sorption process was studied (Fig. 3). It started without any
apparent lag and slowed gradually after 1 h, tending to a
plateau after 4 h: at this time, the %A was only double the
value determined at 1 h.

Process of rhizobial adsorption to bean roots and symbiotic
specificity. The question of whether the symbiotic specificity
displayed during infection and nodulation of P. vulgaris by R.
leguminosarum bv. phaseoli is already expressed at earlier
stages of their association was next investigated. This was done
by following an experimental approach developed before in
this laboratory (3), namely, by observing to what extent ad-
sorption of bean-specific indicator strain Rph1003-S (antibiotic
resistant; early stationary phase; 10° cells ml~") was inhibited
when assayed in the presence of a generally large excess of
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FIG. 3. Time course of adsorption of R. leguminosarum bv. phaseoli
Rph1003-S to bean roots. In each experiment, all determinations were done in
duplicate. The vertical bars show 95% confidence intervals. Where not repre-
sented, the bar is smaller than the symbol. This plot is representative of two
independent experiments.

other, nonresistant competitor strains (either homologous
bean-nodulating strains or heterologous strains belonging to
different cross-inoculating groups). In Fig. 4 are shown the
results of one of two independent experiments on inhibition of
adsorption of the indicator strain R. leguminosarum bv.
phaseoli Rph1003-S (about 10® indicators ml~'), each done in
the presence of competitor strain R. leguminosarum bv.
phaseoli Rph1003 (homologous and isogenic with the indicator
strain) or R. leguminosarum bv. trifolii RtrA118 (heterologous)
in a range of concentrations between 0 and 10% competitors
ml~'. Roughly S-shaped curves of inhibition of adsorption
versus the log concentration of the competitor were obtained,
with a very steep rise in inhibition between 10* and 10° com-
petitors ml~! and smaller increases at higher concentration
ranges. A marked difference in the inhibitory abilities of the
homologous (isogenic) competitor Rph1003 and the heterolo-
gous strain RtrA118 was observed in the upper ranges, from
10° to 10® cells ml~*, this difference being maximal at 107 cells
ml~'. In the presence of the homologous competitor, inhibi-
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FIG. 4. %I of strain Rph1003-S (1.5 X 10% indicator rhizobia ml~') by the
presence of increasing concentrations of homologous (isogenic) competitor
strain Rph1003 at 0 to 8.3 X 107 rhizobia ml~' (circles) or heterologous com-
petitor strain RtrA118 at 0 to 1.2 X 108 rhizobia ml~' (triangles). The %4 of the
indicator strain in the absence of competitors was 0.81. This plot is representative
of two independent experiments.
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tion values tended to increase monotonically approaching
100% at 10® competitors ml~ . At variance, through a 100-fold
increase of competitor concentrations in the range of 10° to
107 ml~", the inhibitory ability of the heterologous strain was
limited, the %I values being consistently some 20% below
those of the homologous competitor. Only at 10% cells ml~* did
the trend of the curve appear to change and approach the
competitive ability of the homologous competitor. This behav-
ior was repeated in the two independent experiments done. A
similar inhibitory ability plateau was obtained in the same
range of competitor concentrations with the heterologous
strain R. meliloti RmeRf6-Spc’, which at 4 X 10°, 4 X 10°, and
4 X 107 competitors ml~! caused limited inhibitions of 52, 59,
and 54%, respectively.

In another experiment, we investigated further the inhibitory
behavior of competitor strains in the upper range of concen-
trations tested. Adsorption of the indicator strain Rph1003-S
(1.2 X 107 indicators ml~ ') was already inhibited 87.1% by 1.6
% 107 cells of Rph1002 ml~* and 83.5% by 1.4 X 107 cells of
RphCIAT144 ml™! (both are homologous competitors); with
10-fold higher concentrations of competitors, inhibition values
increased to 94.9 and 95.2%, respectively. On the other hand,
inhibitions obtained in the presence of heterologous compet-
itors at the 107 ml~' level were consistently smaller: in this
particular experiment, %I was 30.0% with 5 X 107 RmeRf6
cells ml™! and 34.9% with 3.9 X 107 RmeAPS cells ml ™1,
whereas upon a 10-fold rise in concentrations, %I increased
sharply to 87.1 and 79.7%, respectively. As in Fig. 4, these data
showed that the limited inhibitory level obtained with a range
of 10° to 107 heterologous competitors ml~" is markedly in-
creased by step raising the concentration of the competitor 1
order of magnitude, to 10° ml~*, which now appears to cause
high inhibitions, approaching those of homologous competi-
tors. Since differences between the %I values obtained in the
presence of homologous or heterologous strains were consis-
tently maximal at about 107 competitor cells ml~?, this con-
centration was used in the experiments that followed.

In a search for inhibitory effects in the presence of a broader
range of competitor strains, several experiments were per-
formed in which indicator strain Rph1003-S (ca. 10° cells
ml™') was incubated in the presence of about 107 cells of
one of the homologous, bean-nodulating strains Rph1002,
Rph1003, Rph1004, Rph1005, Rph1006, Rph1007, or Rph
CIAT144, heterologous R. leguminosarum bv. trifolii (strain
RtrA111, RtrA113, or RtrA118), R. leguminosarum bv. viciae
(strain RviD54, RviD70, or RviD138), or R. meliloti (strain
RmeRf6 or RmeSU47) ml~!. The %I values observed in in-
dividual experiments with the homologous competitors ranged
from 82.7 to 92.0% (seven strains in four independent exper-
iments), while the %I values obtained with the heterologous
competitors were smaller, ranging from 51.0 to 72.0% (eight
strains in two independent experiments). Both groups of values
were significantly different (¢ test on the arcsin-square root
transforms, P < 0.001).

These results indicate that—similarly to previous findings
obtained with the alfalfa system (3)—during early interactions
leading to adsorption of rhizobia to roots of P. vulgaris, the
specificity of the overall symbiotic association is already ex-
pressed.

Influence of divalent cations Ca®>* and Mg>* on the process
of adsorption of strain Rph1003-S to bean roots in the pres-
ence or absence of competitor strains. The preceding results
were obtained in experiments in which the mineral medium
(N-free Fahraeus solution) contained regular concentrations
of both divalent cations Ca** and Mg?" (0.9 and 0.5 mM,
respectively); these are known to be required and optimal for
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TABLE 1. Influence of addition of Ca** and Mg?" to rhizobium-
plant incubation medium on adsorption of different
rhizobial species to legume roots”

%A * 95% confidence interval

[Ca?* +

Mg>*] R legumino-  R. legumino- .

Legume added sarum bv. sarum bv. }; mell{lftgtt

(mM)  phaseoli trifolii el

Rphl003-S  RtrAl18 pe

Phaseolus vulgaris® 14 1.96 £ 020 1.37=0.11 0.44 = 0.04
0.0 1.58 = 0.16 1.04 =0.08 0.07 = 0.01
Trifolium repens® 1.4 0.53 =0.09 0.59 £0.07 0.60 = 0.07
0.0 0.33£0.06 0.43 x£0.06 0.03 =0.01
Medicago sativa® 14 1.25+0.17 0.13=0.03 0.70 = 0.08

0.0 1.16 £ 0.15 0.26 = 0.04 0.07 = 0.02

4 Inoculum concentrations, 1.7 X 10% to 3.1 X 10° rhizobia ml~".
® Incubation: 10 seedlings in 50-ml rhizobial suspension.
¢ Incubation: 15 seedlings in 25-ml rhizobial suspension.

adsorption of R. meliloti to alfalfa roots (4). We have studied
the influence of these cations on the process of adsorption of
strain Rph1003-S to roots of Phaseolus beans. When assayed in
Féhraeus medium lacking divalent cations (see Materials and
Methods), the %A in six independent experiments ranged
from 79 to 107% of the respective controls with divalent cat-
ions, indicating that the process of adsorption does not re-
quire the presence of added Ca** and Mg”*. In a more de-
tailed study, the responses of R. leguminosarum bv. phaseoli
Rph1003-S, R. leguminosarum bv. trifolii RtrA118, and R. me-
liloti RmeRf6-Spc’ to the presence or absence of added diva-
lent cations were compared during adsorption to roots of the
respective hosts, Dor 41 beans, white clover, or alfalfa, in all
possible homologous and heterologous combinations. The re-
sults in Table 1 indicate that in the presence of divalent cat-
ions, all three strains showed significant degrees of adsorption
to each of the roots (host and nonhost as well). When Ca?®"
and Mg>" were omitted from the adsorption medium, the %A
of bean rhizobium Rph1003-S either to roots of its host (81%
of control with divalent cations) or to heterologous roots (60 to
93% of controls) was again little affected. Limited effects (73 to
200% of controls) were also obtained under the same condi-
tions for the adsorption of R. leguminosarum bv. trifolii
RtrA118 to its host, clover, as well as to heterologous roots. In
contrast to these results, the ability of R. meliloti RmeRf6-Spc*
to adsorb to roots in media lacking divalent cations, not only to
its host, alfalfa (as previously reported [4]), but also to heter-
ologous roots, was strongly reduced (5 to 16% of controls).

We also studied whether divalent cations are involved in the
expression of specificity in the process of adsorption of bean
rhizobia to P. vulgaris roots. As shown in Table 2, in the
presence of added Ca*" plus Mg**, specificity was demon-
strated as before by the significantly smaller inhibitory effect of
heterologous competitor rhizobia at 107 bacteria ml~' on ad-
sorption of indicator strain Rph1003-S, compared to the highly
competitive effect of homologous, bean-nodulating competitor
strains. On the contrary, in the absence of divalent cations, the
adsorption of strain Rph1003-S was inhibited by various com-
petitors to generally high degrees. The behavior of heterolo-
gous R. meliloti competitors was different: inhibition of adsorp-
tion was similar and limited with or without added divalent
cations. This might be related to the actual numbers of com-
petitor rhizobia bound to roots under those conditions, com-
bined with the previously mentioned existence of a plateau of
inhibition (data not shown).
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This set of observations indicates that in early interactions
participating in the process of adsorption of Rph1003-S to
bean roots, the expression of specificity requires divalent cat-
ions, while in their absence adsorption of bean rhizobia occurs
in other, nonspecific modes which appear to be shared—and
competed for—by several heterologous rhizobia.

The level of adsorption of strain Rph1003-S assayed in the
presence of a heterologous competitor strain was dependent
on the concentrations of divalent cations. Figure 5 shows that
when mixtures of Ca®>" plus Mg>" ions (molar ratio, 1.8:1)
were added in sum concentrations of 0 to 1.4 mM, the %A
increased and tended to a plateau above 1.0 mM; a half-
maximal %A was obtained when divalent cations were added
in a sum concentration of only 0.15 mM.

In Table 3, experiment 1, the effect on adsorption obtained
in the presence of a heterologous competitor strain with the
regular mixture of divalent cations (0.9 mM Ca®" plus 0.5 mM
Mg?* for a sum concentration of 1.4 mM) was compared with
that obtained with either cation added singly at an equivalent
concentration. Results suggest that either Ca?™ or Mg alone
could support specificity in the adsorption process of strain
Rph1003-S; however, the regular mixture of both appeared to
be more efficient. In addition, results shown in Table 3, exper-
iment 2, indicate that the effect obtained with the Ca?* and
Mg?* salts could not be attributed to their counteranions (C1~
and SO,>", respectively), since these were not stimulatory
when present as K* salts in the absence of divalent cations.

The effect of divalent cations upon specificity in the process
of adsorption in the Rhizobium-bean root system might con-
ceivably be exerted through their initial interaction with the
rhizobia alone or, on the contrary, with the necessary partici-
pation of the root. The former hypothesis is supported by the
experiment of Table 4: indicator strain Rph1003-S was prein-
cubated with added 0.9 mM Ca®* plus 0.5 mM Mg>* in the
absence of roots and subsequently diluted 1,000-fold with di-
valent cation-free medium (final concentration, 0.0014 mM);
adsorption of the pretreated indicator strain was then assayed
in the same medium with addition of roots and a heterologous
competitor. In this condition, the diluted divalent cations by
themselves would have supported a rather low level of adsorp-
tion (cf. Fig. 5 and the results of direct control assays without
divalent cations in Table 4). Despite this, pretreatment of the
indicator strain was sufficient to confer a high level of ability
for subsequent adsorption, equal to that obtained in the con-
trol experiment in which rhizobia and roots together were
incubated directly in the presence of regular concentrations of
divalent cations. This result, which is similar to previous find-
ings obtained with the R. meliloti-alfalfa system (4), indicates
that the initial target of divalent cations for the effect upon the
process of adsorption is solely the rhizobia and not the root.

Influence of divalent cations on the adsorbed state of root-
bound rhizobia: resistance to desorption. We have looked for
possible differences in the course of desorption of rhizobia
which had been adsorbed to roots in media either with or
without divalent cations in the absence of competitor strains.
In parallel with the experiment of Fig. 1, curve A (done in the
presence of Ca®" plus Mg**), we studied the desorption (by
repeated washes) of rhizobia previously adsorbed to bean roots
without divalent cations. In this case, the semilog plot of the
numbers of rhizobia remaining adsorbed to roots after each
consecutive wash as a function of the wash number (Fig. 1,
curve B) gave the same type of biphasic curve as curve A. Here
again, after rapid desorption during the first four washes, the
population of remaining rhizobia desorbed with a much lower
constant rate per wash, suggesting a first-order process of de-
sorption. The curves differed in that in the presence of divalent
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TABLE 2. Influence of divalent cations on adsorption of R. leguminosarum bv. phaseoli Rph1003-S¢ to
bean roots with competition by different strains”

%A of bean-nodulating indicator strain

%I¢

Divalent Rph1003-S * 95% confidence interval
Competitor strain cations
added¢ Without With With divalent Without divalent
competitor (A4,) competitor (A4.) cations cations
R. leguminosarum bv. phaseoli
Rph1002 Yes 1.26 = 0.24 0.22 = 0.07 82.7
No 1.35 £ 0.25 0.07 = 0.03 94.6
Rph1005 Yes 1.26 = 0.24 0.10 = 0.04 91.8
No 1.35 £ 0.25 0.06 = 0.03 95.5
Rph1006 Yes 1.26 = 0.24 0.17 = 0.05 86.0
No 1.35 = 0.25 0.05 = 0.02 96.3
Rph1007 Yes 1.26 = 0.24 0.14 = 0.05 88.5
No 1.35 £0.25 0.11 = 0.04 91.8
RphCIAT144 Yes 1.07 = 0.10 0.18 £ 0.03 82.8
No 0.85 = 0.09 0.11 = 0.02 89.8
R. leguminosarum bv. trifolii
RtrA118 Yes 1.55 £ 0.17 0.55 = 0.07 64.6
No 1.40 = 0.15 0.11 = 0.03 92.3
RtrA111 Yes 1.55 £ 0.17 0.76 = 0.09 51.0
No 1.40 = 0.15 0.19 = 0.04 86.0
RtrA113 Yes 1.55 £ 0.17 0.44 = 0.06 71.4
No 1.40 = 0.15 0.25 = 0.04 81.7
R. leguminosarum bv. viciae
RviD54 Yes 1.55 £ 0.17 0.62 = 0.08 59.8
No 1.40 = 0.15 0.12 = 0.02 91.2
RviD70 Yes 1.55 £ 0.17 0.66 = 0.08 57.2
No 1.40 = 0.15 0.13 = 0.02 90.6
RviD138 Yes 1.55 £ 0.17 0.43 £ 0.06 72.0
No 1.40 = 0.15 0.09 = 0.01 93.5
R. meliloti
RmeRf6 Yes 1.07 = 0.10 0.39 = 0.05 63.7
No 0.85 = 0.09 0.39 = 0.05 64.0
RmeSU47 Yes 1.55 £ 0.17 0.63 = 0.08 59.6
No 1.40 = 0.15 0.60 = 0.05 572

1.5 X 10° rhizobia ml~'.
?1 X 107 to 2 X 107 rhizobia ml~".

€0.9 mM Ca?* plus 0.5 mM Mg>* in Fihraeus solution during rhizobium-plant incubation.

4ol = [(A, — A.) X A,”'] X 100.

cations (curve A), the linear portion of the slope between the
4th and 12th washes was significantly smaller (12% of adsorbed
cells released per wash instead of 18% when divalent cations
were absent), indicating greater resistance to desorption.
These experiments suggest that the presence of divalent cat-
ions during the process of adsorption of strain Rph1003-S to
bean roots leads to tighter binding of the rhizobia to root
surfaces.

DISCUSSION

Adsorption of rhizobia to their legume host roots, particu-
larly to developing root hair tips, is considered to be one early

event in the pathway from free-living roots and bacteria in the
soil to infection and nodulation (7, 8, 17, 32, 34, 35). The
present study deals with rhizobial adsorption to roots in the R.
leguminosarum bv. phaseoli-common bean symbiotic system.
Our experimental definition of the adsorbed state has two
important features, namely, (i) the low concentration of rhizo-
bia in the inoculant suspension and the limited ratio of bacte-
rial numbers per root (around 10 cells per ml and fewer than
10* per root, respectively) and (ii) the procedure for the root
washes. The first feature attempts to reproduce the physiolog-
ical order of magnitude of rhizobial concentrations frequently
encountered in soil by developing legume roots during their
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FIG. 5. Dependence of adsorption (%A in the presence of a heterologous
competitor strain) on the concentration of divalent cations in the rhizobium-
plant incubation medium. The relative %A is referred to the %A reached at 1.4
mM divalent cations—the regular concentration of Féhraeus solution—as 1.00.
Each point represents the mean of two independent experiments. In each ex-
periment, all determinations were carried out in duplicate. The bars represent
the standard deviations of the means; where not represented, the value is less
than the size of the symbol. The competitor strain used was RtrA118 at a
cogcentration of about 107 cells ml~!, giving a competitor-indicator ratio of
10*:1.

initial interaction with the free-living microsymbiont. Such a
limitation has also been shown to be a necessary condition for
the demonstration of specificity during adsorption of R. meliloti
to alfalfa roots (3) and the participation therein of a protein
factor of alfalfa root exudate with specificity (38). The second
feature, namely, the specified washing procedure, in our study
yielded populations of root-adsorbed rhizobia which appeared
to be homogeneous in their associated state, firmly bound to
the roots. This was shown with a novel approach by studying

TABLE 3. Influence of ionic composition on adsorption of
R. leguminosarum bv. phaseoli Rph1003-S“ and on effects
of heterologous competitor strain R. leguminosarum
bv. trifolii RtrA118?

%A of R. leguminosarum bv.

Ion‘ concn (mM) in rhizobium- phaseoli Rph1003-S + 95%

plant incubation solution

confidence interval %I
+ _ + _ Without With
Ca? Mg SO competitor (4,) competitor (4.)

Expt 1
0.9 1.8 05 0.5 1.67 = 0.20 0.60 = 0.07 64.1°
1.4 28 0.0 0.0 1.22 = 0.19 0.32 = 0.07 73.8°
0.0 00 14 1.4 1.53 £ 0.24 0.22 £ 0.05 85.6°
0.0 00 0.0 0.0 1.53 = 0.24 0.05 = 0.01 96.7
Expt 2
0.9 1.8 05 0.5 2.34 £ 0.39 1.31 = 0.22 43.9¢
0.9 1.8 0.0 0.0 142 £0.24 0.51 £0.11 64.3¢
0.9 1.8 0.0 0.5 2.13 £0.30 0.63 = 0.13 70.4¢
0.0 00 05 0.5 1.88 = 0.34 0.86 = 0.15 54.0¢
0.0 1.8 05 0.5 1.96 = 0.31 0.55 £0.11 71.9¢
0.0 1.8 0.0 0.5 1.88 = 0.30 0.16 = 0.02 90.3"
0.0 00 0.0 0.0 2.30 £0.37 0.10 £ 0.01 95.4

“ Indicator strain concentration, 1.0 X 10° ml~ .

b Competitor strain concentrations: 1.7 X 107 ml™! in experiment 1 and 4.2 X
107 ml™! in experiment 2.

¢ Salts used in different media were CaCl,, KCI, MgSO, - 7H,0, and K,SO,.

dopl = [(A, — A.) X A, ] X 100,

¢ Some divalent cation added.

/ Divalent cations omitted.
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TABLE 4. Effect of preincubation of R. leguminosarum bv. phaseoli
Rph1003-S with Ca®>" plus Mg>" on its adsorption to bean
roots with competition by a heterologous strain

Ca" plus Mg+

conen” (mM) during: %A * 95% confidence interval

. . . Without With
Preincubation” Incubation’ competitor (4,) competitor (4,)

1.40 0.70 = 0.06 0.30 = 0.04

0.00 0.85 = 0.06 0.08 = 0.02
0.00 1.40 ND“ 0.39 = 0.05
0.00 0.00 ND 0.08 = 0.03
1.40 1.40 ND 0.42 = 0.05
1.40 0.0014 ND 0.39 = 0.05

% Sum of concentrations of Ca®>* and Mg>" at a molar ratio of 1.8:1.

b R. leguminosarum bv. phaseoli Rph1003-S (10° bacteria ml~') was preincu-
bated in mineral solution with or without addition of Ca®>* plus Mg?* for 90 min
at 28°C with rotatory shaking at 50 rpm.

¢ R. leguminosarum bv. phaseoli Rph1003-S from the previous treatment was
diluted 1:1,000 (resulting concentrations during incubation: 1.4 X 103 to 1.8 X
103 bacteria ml~!) with mineral solution without or with Ca>* plus Mg®" added
to the final ionic concentration shown and incubated with 10 bean plants in
mineral solution with or without Ca>* and Mg?" for 60 min at 28°C with rotatory
shaking at 50 rpm in the presence (where indicated) of competitor strain R.
leguminosarum bv. trifolii RtrA118 at a concentration of 1.6 X 107 rhizobia ml~".

4 ND, not determined.

the course of desorption of rhizobia from roots subjected to
repeated hydrodynamic shear. Kinetic analysis of the results in
Fig. 1 indicated the existence of two populations of root-asso-
ciated rhizobia, one rapidly desorbed, loosely bound, and prac-
tically eliminated by the first four washes (as prescribed by our
adsorption assay) and the second a firmly attached population
which desorbs slowly and homogeneously in a first-order pro-
cess and represents precisely the rhizobia that remained ad-
sorbed to roots and were counted as such in our assay.

As previously found with several rhizobia (R. leguminosarum
bv. trifolii [9, 29], B. japonicum [36], R. leguminosarum bv.
viceae [19], and R. meliloti [38]), the ability of R. leguminosa-
rum bv. phaseoli to adsorb to its host root was strongly influ-
enced by the growth state of the bacteria. In the present case,
adsorption was maximal in the early stationary phase. The
process of adsorption started without an apparent time lag,
and its rate diminished gradually after 1 h.

The occurrence of symbiotic specificity during the process of
adsorption of rhizobia to their host root hairs preceding infec-
tion was demonstrated long ago by microscopic observation in
the R. leguminosarum bv. trifolii-white clover (7), B. japoni-
cum-soybean (32), and in R. leguminosarum bv. viceae-pea (17)
systems. In the R. meliloti-alfalfa system, specificity during ad-
sorption to roots has been demonstrated with a different ap-
proach in this laboratory (3).

With this same approach, we studied the expression of spec-
ificity in the adsorption of R. leguminosarum bv. phaseoli to
bean roots. The hypothesis is that when rhizobia become ad-
sorbed to the host root, the involvement of hypothetical, sym-
biotically specific interactions may be revealed by differential
effects that homologous versus heterologous competitors
would exert on the adsorption of an indicator, homologous
strain.

By measuring rhizobial adsorption in low numbers to roots
with competition by an excess of heterologous or homologous
rhizobia, we were able to show the occurrence of symbiotic
specificity during the process of adsorption of R. leguminosa-
rum bv. phaseoli to bean roots. When examined in a range of
concentrations from 0 to 10® bacteria ml~* (Fig. 4), the com-
petitive ability of the heterologous strain was significantly
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lower than that of the homologous competitor, particularly in
the interval of 10° to 107 bacteria ml~! (Fig. 4). When the
concentration was increased to 10® bacteria ml™ !, the inhibi-
tion of adsorption by the heterologous competitor tended to
approach the value obtained by competition with homologous
strains.

On the basis of the isogenicity and presumed equivalence of
behavior between the indicator and the homologous competi-
tor in the experiment of Fig. 4, we calculated the total numbers
of bacteria (competitor plus indicator) adsorbed to roots and
the total rhizobial concentration (sum of both strains) in the
inoculum and plotted them in various types of plots. The
roughly straight line in the log-log plot (not shown) gave no
indication of a phenomenon of saturation in the adsorption of
the inoculum; this is similar to findings by Pueppke in the
binding of slowly and fast-growing rhizobia to soybean and
cowpea roots (27). This agrees with the notion that the process
of adsorption comprises a variety of phenomena and rate pro-
cesses which cannot be described by invoking simple equilibria.

The curves in Fig. 4 suggest that there exist at least two
particular types of interaction between the indicator Rph
1003-S and the bean root system, as indicated by the biphasic
inhibition curve of heterologous competitor strain RtrA118.
The first is represented by the initial portion of the curve
extending up to 10° bacteria ml~*. The second corresponds to
the plateau in the range of 10° to 107 bacteria ml~' and the
increase in competition at 10® bacteria ml~*. Comparison with
the inhibition curve of the homologous strain shows that a
systematic difference in inhibition appears in the region from
10° to 107 bacteria ml~*. This comprises a residual 20% of the
total adsorption, which is exempt from heterologous competi-
tion. From the collected findings on levels of inhibition by
homologous and heterologous strains, we may infer (with a
high degree of statistical confidence) that such interaction
complies with the condition of being subject to competition by
all homologous strains and immune to all heterologous strains
at concentrations of up to 107 bacteria ml~' and therefore
shows the specificity of the symbiosis.

This conclusion raises the question of the significance of
specificity during the process of adsorption for symbiotic as-
sociations in general. While there is no direct proof that
specificity in adsorption is actually required for the course of
preinfection-infection-nodulation, its occurrence in several
symbiotic associations has been reported. Besides the previ-
ously mentioned cases of white clover (7), soybean (32), pea
(17), and alfalfa (3), it has also been observed in common
beans (this work). Also, it has been related to the early inter-
action (with symbiotic specificity) of rhizobia with a lectin or
protein factor of the root exudate in several systems: white
clover (6, 33), soybean (13, 14), and alfalfa (39). Moreover, this
interaction caused increased soybean (14) and alfalfa (39) in-
fectivity and also faster adsorption to alfalfa and clover roots
(38).

The preceding experiments were done with rhizobia which
had been initially exposed to 0.8 mM Mg** ions (YMB me-
dium) during bacterial growth and later to the regular concen-
trations of 0.9 mM Ca** and 0.5 mM Mg>" ions added during
incubation with bean roots. A study of the effects of these
cations in this system showed the following. (i) Total adsorp-
tion of R. leguminosarum bv. phaseoli to roots (in the absence
of competitors) did not require addition of divalent cations to
the incubation medium with bean roots; this property extended
to adsorption to heterologous roots (the same happened with
R. leguminosarum bv. trifolii but not with R. meliloti). (ii) In the
presence of heterologous competitors, the process of adsorp-
tion of strain Rph1003-S to bean roots required the addition of
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divalent cations to show specificity: when they were omitted,
heterologous strains of R. leguminosarum bv. trifolii and viceae
were as efficient competitors as homologous strains. On the
other hand, the limited competition by heterologous R. meliloti
against adsorption of the indicator Rph1003-S in the absence
of divalent cations (Table 2) appeared to be related to the very
reduced adsorption of R. meliloti to bean roots (among other
legumes) under these conditions. Nevertheless, the number of
R. meliloti cells actually adsorbed to bean roots without added
divalent cations reached a level which, in their presence, would
have supported the same limited level of inhibition of adsorp-
tion of Rph1003-S.

The full effect of Ca>* plus Mg®" upon specificity in the
process of adsorption of R. leguminosarum bv. phaseoli to bean
roots required a sum concentration of at least 1.0 mM, being
half maximal at a 0.15 mM sum concentration (Fig. 5); the
simultaneous presence of both ions was necessary for maximal
expression of specificity (Table 3). As previously shown for the
R. meliloti-alfalfa system (4), the effect of divalent cations
could be exerted through the bacterial cells, which when pre-
incubated alone with them, gained the ability to adsorb with
specificity to bean roots in the near absence of divalent cations
(Table 4). This argues in favor of preconditioning of the rhi-
zobia with divalent cations, which is “memorized” by the bac-
teria to be expressed later.

To investigate whether adsorption performed in the pres-
ence or absence of divalent cations led in each case to physi-
cally distinct adsorbed states, we measured the resistance of
bound rhizobia to hydrodynamic shear. It appeared that in the
former condition, adsorbed rhizobia (specifically adsorbed
cells comprised among them) were more tightly bound to roots
than were bacteria adsorbed in the absence of divalent cations
(Fig. 1).

The influence of divalent cations on rhizobial adsorption to
roots might involve the participation of rhicadhesin, a protein
found in R. leguminosarum bv. viceae and proposed to be
present also in R. leguminosarum bv. phaseoli and other mem-
bers of the family Rhizobiaceae (30). Rhicadhesin is bound to
the rhizobial surface by Ca?* (and other divalent cations as
well), appears to bridge R. leguminosarum bv. viceae to pea
root surfaces, and is believed to be responsible for their initial
attachment, albeit without specificity (30, 31). In our study,
since indicator Rph1003-S rhizobia grown in YMB medium
containing a moderate Mg?* concentration (0.8 mM) were not
washed prior to their dilution for adsorption, hypothetically
associated rhicadhesin molecules might conceivably have
stayed bound on rhizobial surfaces and thus could participate
in attachment to root surfaces, even in the absence of exter-
nally added divalent cations. This would explain the adsorption
of R. leguminosarum bv. phaseoli to bean roots in divalent
cation-free incubations and its lack of specificity. Our results
indicate the existence of Ca®"- and Mg?*-dependent modes of
adsorption which satisfy the specificity of the symbiotic asso-
ciation and appear to involve other mechanisms besides the
mere hypothetical binding by rhicadhesin. Moreover, they
point to a novel function of Ca®>" and Mg>" ions during the
process of adsorption in which—by initial interaction with the
rhizobia—these ions participate in the early recognition be-
tween symbionts and provide for tighter binding of the rhizobia
to roots.
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