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The cyclic B-(1—3),B-(1—6)-D-glucan synthesis locus of Brady-
rhizobium japonicum is composed of at least two genes, ndvB and
ndvC. Mutation in either gene affects glucan synthesis, as well as the
ability of the bacterium to establish a successful symbiotic interac-
tion with the legume host soybean (Glycine max). B. japonicum
strain AB-14 (ndvB::Tn5) does not synthesize B-glucans, and strain
AB-1 (ndvC::Tn5) synthesizes a cyclic B-glucan lacking B-(1—6)-
glycosidic bonds. We determined that the structure of the glucan
synthesized by strain AB-1 is cyclodecakis-(1—3)-B-D-glucosyl, a
cyclic B-(1—3)-linked decasaccharide in which one of the residues
is substituted in the 6 position with B-laminaribiose. Cyclodecakis-
(1—3)-B-p-glucosyl did not suppress the fungal B-glucan-induced
plant defense response in soybean cotyledons and had much lower
affinity for the putative membrane receptor protein than cyclic
B-(1—3),B-(1—6)-glucans produced by wild-type B. japonicum.
This is consistent with the hypothesis presented previously that the
wild-type cyclic B-glucans may function as suppressors of a host
defense response.

Many bacteria in the family Rhizobiaceae enter the roots
of their legume host plants via specialized structures
known as infection threads. This leads to the formation of
a new organ, the root nodule, in which rhizobia undergo
differentiation to become bacteroids that fix nitrogen into
ammonia. Rhizobial extracellular polysaccharides are crit-
ical for an effective symbiosis in many rhizobial species
and in many cases appear to have a structure-specific role
in symbiosis (Leigh and Walker, 1994; Becker and Piihler,
1998). EPS, LPS, B-glucans, and K-antigen-type polysaccha-
rides are the major categories of extracellular carbohy-
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drates that have been studied (Hotter and Scott, 1991;
Petrovics et al., 1993; Gonzalez et al., 1996; Breedveld and
Miller, 1998). In several instances, rhizobia with alterations
in the structure of one of these carbohydrates are defective
in their ability to invade the plant. Such mutants typically
fail to form abundant infection threads and/or fail to per-
sist and differentiate inside of the host (Leigh and Walker,
1994; Cheng and Walker, 1998). The abortion of infection
threads appears to be caused by the accumulation of plant
phenolic compounds such as flavonoids and in some cases
phytoalexins (Niehaus et al., 1993; Vasse et al., 1993;
Parniske et al., 1994). On the other hand, no significant
induction in chalcone synthase, chalcone isomerase, or
isoflavone reductase transcripts was observed during the
early stages of the alfalfa-Sinorhizobium meliloti symbiosis
when either wild-type or EPS mutants were used as inoc-
ulum (McKhann et al., 1997).

Why more than one carbohydrate entity is required for
the development of a successful symbiosis is not under-
stood. Some are required for initiation and elongation of
infection threads (Battisti et al., 1992; Cheng and Walker,
1998), whereas other extracellular molecules may be im-
portant for avoiding elicitation of a host defense (Ahlborn
and Werner, 1991; Niehaus et al., 1993, 1998; McKhann and
Hirsch, 1994; Spaink, 1995). Cyclic B-(1—3),(1—6)-glucans
of Bradyrhizobium japonicum are predominantly periplasmic
molecules that are required for this bacterial species’
growth under hypoosmotic conditions (Tully et al., 1990;
Rolin et al., 1992; Pfeffer et al., 1994). They also may have
a specific function during symbiotic interactions with the
legume hosts (Breedveld and Miller, 1994, 1998).

We have isolated and characterized the cyclic glucan
synthesis locus from B. japonicum, and have identified two
genes (ndvB and ndvC) by creating site-specific Tn5 muta-
tions in the chromosome (Bhagwat and Keister, 1995; Bhag-

Abbreviations: EPS, exopolysaccharide(s); HG-APEA, 2-(4-
aminophenyl)ethylamine conjugate of the hepta-B-glucoside;
HPAEC-PAD, high-performance anion-exchange chromatography-
pulsed amperometric detection; LPS, lipopolysaccharide(s).
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wat et al., 1996). Mutations within the ndvB locus (strain
AB-14) resulted in total absence of cyclic glucan synthesis,
whereas mutations within the ndvC locus (strain AB-1)
resulted in synthesis of cyclic glucans with predominantly
B-(1—3)-glycosyl linkages. Strain AB-14 was defective in
motility and growth in hypoosmotic medium, and formed
ineffective but differentiated nodules on soybean plants
(Bhagwat and Keister, 1995). The B-(1—3)-linked cyclic
glucans produced by strain AB-1 supported motility and
growth under low osmolarity but were unable to promote
effective symbiosis with soybean. An 8- to 10-d delay in
nodulation was observed with the ndvC mutant of B. ja-
ponicum, and very small nodule-like structures (pseudo-
nodules) that were devoid of viable bacteria were formed
(Bhagwat et al., 1996; Dunlap et al., 1996). This suggested
that the structure of the cyclic B-glucan molecule is impor-
tant for a successful symbiotic interaction and that the
cyclic B-glucans may have a specific function in addition to
their role in hypoosmotic adaptation.

The cyclic B-(1—3),(1—6)-glucans of B. japonicum share
some structural features with the noncyclic hepta
B-(1—3),(1—6)-glucan fragments derived from the mycelial
walls of fungal pathogens of soybean (Ayers et al., 1976).
These molecules are potent elicitors of phytoalexins (gly-
ceollins in soybean). However, the cyclic B-glucans of wild-
type B. japonicum are only very weak elicitors of glyceollin
production in soybean (Miller et al., 1994; Mithofer et al.,
1996a). The structural similarity between the two glucan
species prompted us to investigate the ability of these
compounds to interact with the putative pB-glucan
membrane-receptor protein and also to induce a defense
response in the soybean host. We previously observed that
induction of phytoalexin synthesis by fungal B-glucans
was suppressed by bradyrhizobial glucans (Mithofer et al.,
1996a). Ultrastructural analysis of nodule-like structures
induced on soybean roots by strain AB-1 (ndvC) revealed
morphological features similar to those found in plants
exhibiting a defense response to pathogen attack (Dunlap
et al., 1996). These observations lead us to propose that
cyclic B-(1—3),B8-(1—6)-glucans of B. japonicum may have
the novel role of suppressing a host defense response dur-
ing rhizobial invasion.

MATERIALS AND METHODS

Bacteria and Culture Conditions

Bradyrhizobium japonicum strains USDA 110, AB-1, and
AB-14 (Bhagwat and Keister, 1995; Bhagwat et al., 1996)
were grown on arabinose gluconate medium (Cole and
Elkan, 1973).

Glucan Isolation and Purification

Glucans from B. japonicum were extracted from cell pel-
lets as described previously (Bhagwat et al., 1996), with
minor modifications. Cell pellets were extracted with 75%
ethanol at 70°C and the cell debris was pelleted by centrif-
ugation at 12,000¢ for 10 min. The glucans in the superna-
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tant were precipitated by increasing the ethanol concentra-
tion to 90% (final concentration) and incubating at —20°C
overnight. The glucans were pelleted at 12,000¢ for 10 min,
dissolved in water, and dialyzed for 3 d against distilled
water at 4°C. The glucans were purified by passage
through a DEAE-cellulose column and absorption on C;g
silica gel (Bhagwat et al., 1996).

The fungal B-glucan elicitor was prepared by partial acid
hydrolysis from purified cell walls of Phytophthora sojae
according to the method of Schmidt and Ebel (1987). The
branched B-glucan elicitor fraction used had 420 ug of Glc
equivalents and 25 pg protein mg ™.

Bacteroids were isolated from nodules of 4-week-old
soybean (Glycine max) cv 9007 plants grown in Leonard jars
(Keister and Marsh, 1990). Glucans were extracted from
bacteroids with 75% ethanol and purified as described
above.

LPS Analysis

LPS B. japonicum strains were isolated by hot-phenol
extraction (Johnson and Perry, 1976) and were analyzed by
SDS-PAGE (deMaagd et al., 1988). The LPS bands were
visualized by silver staining (Tsai and Frasch, 1982).

Oligosaccharide Analysis by HPAEC-PAD

Conditions for HPAEC-PAD were reported previously
(Pfeffer et al., 1996). An HPLC system (model 4500, Dionex,
Sunnyvale, CA) that included a CarboPac PA1 column (4 X
250 mm), a CarboPac PA Guard column (4 X 50 mm), and
a pulsed electrochemical detector using a linear sodium
acetate gradient (5-375 mm) in a 100 mMm NaOH mobile
phase was used for analysis of cyclic B-glucan samples.

Fast-Atom Bombardment Mass-Spectral Analysis

Mass spectra were obtained with a magnetic-sector mass
spectrometer (model VGZAB-2SE/FPD, VG Analytical,
Manchester, UK) by fast-atom bombardment ionization at
8 keV using a thioglycerol-m-nitrobenzoic acid matrix
(Pfeffer et al., 1996).

NMR Spectroscopy

13C-NMR spectroscopy was performed using a spec-
trometer (Unity Plus 400, Varian, Sugarland, TX) at 35°C.
The samples were exchanged at least twice in *H,O before
obtaining the spectra in *H,O. Approximately 20,000 scans
were obtained at a 70° pulse for one-dimensional spectra,
with a repetition time of 1.8 s (Pfeffer et al., 1996).

Nodulation Studies

Soybean seeds obtained from Pioneer (Ames, IA) were
surface sterilized using 1.25% NaHCIO,. Plants were
grown in Leonard jar assemblies (Bhagwat et al., 1992) and
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were watered with N-free nutrient solution. Nodules were
harvested 4 weeks after inoculation with B. japonicum.

Binding Assays

Soybean root membrane proteins were prepared by
Zwittergent 3-12 solubilization (Mithofer et al., 1996b). Sol-
ubilized root membrane protein (150 ug) was incubated
with increasing concentrations of either cyclic g-(1—3),(1—6)-
glucans from the wild-type strain USDA 110 or cyclic
B-(1—3)-glucans from the ndvC mutant strain AB-1 in the
presence of 3 nm '**I-labeled HG-APEA in a final volume
of 200 uL of a buffer consisting of 25 mm Tris-HCI, pH 8.0,
100 mm NaCl, 10 mm MgCl,, and 5 mmM D-gluconic acid
lactone for 2 h at 4°C (Cosio et al.,, 1990a). Values for
half-maximal displacement were calculated by nonlinear
regression using the Marquardt-Levenberg algorithm (Co-
sio et al., 1996). Synthesis of HG-APEA was performed as
described by Cosio et al. (1990b).

Biological Activity Assays

Detached cotyledons from 5-d-old soybean seedlings
were cut, and an aliquot of either fungal B-glucan, brady-
rhizobial cyclic B-glucan, or a mixture of fungal and bra-
dyrhizobial glucans was placed on wounded areas (Ayers
et al., 1976). Each measurement was done at least in trip-
licate using 10 to 12 cotyledons per data point. The cotyle-
dons were incubated for 22 h at 27°C on moist filter paper
in Petri dishes in the dark. Phytoalexin accumulation in the
wound-droplet solutions was determined by measuring
the A,gs. The response of the cotyledons was calculated as
A/A o Where A . represents the value obtained from
200 pg mL™! fungal B-glucans.

168,

Analysis of Glyceollin

Lyophilized roots and nodules from 9 to 12 plants were
extracted twice with ethyl acetate (15 mL). The organic
phase was dried over Na,SO, and removed under reduced
pressure. The residue was dissolved in 200 uL of ethanol
and chromatographed by reverse-phase HPLC using a Li-
Chrosorb RP-18 column as described by Kraus et al. (1995).
Identification and quantification of glyceollins from nod-
ules were done using reference compounds by GC and
mass-spectrometric analysis (Kraus et al., 1995).

RESULTS

Structure of Cellular Glucans Produced by the
ndvC Mutant

The fast-atom bombardment mass spectrum of the puri-
fied glucan displayed an [M+Na]"* at 1968 (Fig. 1), consis-
tent with a molecule containing 12 glucosidically linked
hexose units with no reducing end. The one-dimensional
'3C-NMR spectrum of glucans from strain AB-1 (Fig. 2)
showed a dispersion of each Glc carbon type (C, to C¢) in
the molecule. The C; resonances were observed in the
range from 8 102.8 to & 104.8. That all linkages are of the &
configuration was verified because no >C anomeric reso-
nances at a field higher than & 102.8 were observed. Typi-
cally, anomeric carbon resonances of a-1,3 Glc units are
observed at approximately & 100.0 in acyclic and cyclic
glucans (Usui et al., 1973; Cote and Biely, 1994). The "*C-
NMR spectrum of glucans from strain AB-1 (Fig. 2) is
identical to the spectrum observed for the recently charac-
terized cyclic B-(1—3)-glucan produced by the Sinorhizo-
bium meliloti ndvB mutant TY7 carrying the B-glucan syn-
thesis locus p5D3 from B. japonicum USDA 110 (also shown
in Fig. 2 for comparison) (Pfeffer et al., 1996). In addition,

1968

Figure 1. Fast-atom bombardment mass ionization spectrum of glucans from B. japonicum ndvC strain AB-1. The m/z values
are reported as the nominal masses of the molecular ions plus Na (M+23). degree of polymerization,; = 1805; degree of

polymerization;, = 1968.
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Figure 2. ">*C-NMR spectra (100 MHz) of glucans from B. japonicum
ndvC strain AB-1 and from S. meliloti TY7 (ndvB) carrying the glucan
locus from B. japonicum on cosmid clone p5D3. The assignment of
each carbon resonance is indicated.

elution profiles of these glucans were identical using
HPAEC-PAD, with one major peak eluting at approxi-
mately 69 min. Elution of mixed samples gave a single peak
at 69 min as well (data not shown). Based on these obser-
vations, the glucan synthesized by strain AB-1 appears to
be identical to the branched B-(1—3)-linked cyclic glucan
cyclodecakis-(1—3)-B-p-glucosyl recently described by us
(previously named cyclolaminarinose; Pfeffer et al., 1996).
The proposed structure of the molecule (Fig. 3) is a cyclic
decasaccharide in which one of the residues is substituted
in the 6 position with B-laminaribiose.
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Figure 3. Proposed structure of the B-(1—3) cyclic glucan,
cyclodecakis-(1—3)-B-b-glucosyl, from B. japonicum ndvC mutant
AB-1.

Plant Physiol. Vol. 119, 1999

LPS Analysis of ndv Mutants

The nodulation phenotype of the ndv mutants is similar
to that of some EPS and LPS mutants of rhizobia (Niehaus
et al., 1993; Parniske et al., 1994). Therefore, we examined
the LPS content of ndvB and ndvC mutants. Electrophoresis
of LPS on SDS-polyacrylamide gels revealed no significant
differences between USDA 110 and ndv mutants (Fig. 4).
The LPS from all of the strains fractionated into approxi-
mately 12 bands, as visualized by silver staining. As ob-
served previously, the colony morphology and the synthe-
sis of capsular polysaccharides (EPS) by strains AB-1 and
AB-14 were not significantly different from those of USDA
110 (Bhagwat et al., 1996).

Cyclodecakis-(1—3)-B-p-Glucosyl and Host
Defense Response

Next, we analyzed soybean nodules for glyceollins I, II,
and III after inoculation with B. japonicum strains USDA
110, AB-1, and AB-14 (Table I). Nodules induced by wild-
type strain USDA 110 and uninoculated roots had low
levels of glyceollin. The nodules induced by strain AB-14,
although well differentiated and morphologically ad-
vanced, had almost a 3-fold higher glyceollin level than
nodules induced by USDA 110. The glyceollin level was
more than 5-fold higher in the pseudonodules induced by
strain AB-1. Strain AB-1 also was delayed in nodulation,
and nodule morphogenesis was aborted at a much earlier
stage compared with strain AB-14.

The binding of cyclodecakis-(1—3)-B-p-glucosyl from
AB-1 to the soybean B-glucan receptor was analyzed in
competition experiments with the '*’I-labeled HG-APEA.
HG-APEA has been shown to have characteristics of fungal
B-glucans, such as specific, reversible, and saturable bind-
ing to the putative receptor protein from soybean (Ebel and
Cosio, 1994). As shown in Figure 5, cyclic B-(1—3),(1—6)-
glucans from USDA 110, as well as cyclodecakis-(1—3)-8-

;ﬁ
werr

Figure 4. Profile of LPS after SDS-PAGE visualized by silver staining.
B. japonicum strains AB-1 (lane 1), AB-14 (lane 2), and USDA 110
(lane 3).
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Table 1. Glyceollin contents of soybean nodules formed by various
B. japonicum strains

Cyclic B-Glucans

Strain Glyceollins

Cultured cells Bacteroids (, 11, and 11

ng mg~ ' protein® ng g~ ' nod-

ule dry wt

Uninoculated roots b b 21+1.9

USDA 110 76 32.4 3.7 0.8

AB-14 (ndvB) 0 0 9.9 £ 0.6

AB-1 (ndvC) 51 -° 18.5 2.6

@ Average of two experiments. b Bacteroids could not be

isolated.

D-glucosyl from strain AB-1, competed with the radiola-
beled ligand for binding to a solubilized membrane
fraction from soybean roots. The glucans from the wild-
type strain were 40 times more effective at inhibiting fun-
gal hepta-B-glucoside binding than cyclodecakis-(1—3)-8-
D-glucosyl. The values for half-maximal displacement were
7.3 um for bradyrhizobial glucans from the wild-type strain
and 308 um for cyclodecakis-(1—3)-B-p-glucosyl. The abil-
ity of cyclodecakis-(1—3)-B-D-glucosyl to suppress the
fungal B-glucan-induced phytoalexin synthesis was very
poor compared with bradyrhizobial wild-type glucans.
As illustrated in Figure 6, the concentration of cyclic
B-(1—3),(1—6)-glucans giving 50% inhibition of the phy-
toalexin response elicited by the fungal B-glucans was
about 35 uM, whereas even with 1 mm cyclodecakis-(1—3)-
B-p-glucosyl, the suppression was less than 25%.

—
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Figure 5. Displacement of '*°I-labeled HG-APEA by increasing con-
centrations of B. japonicum cyclic glucans from solubilized soybean
glucan-binding proteins. Maximal HG-APEA binding was set to
100%, representing an average value of 0.36 pmol mg™' protein.
Independent experiments are denoted by different symbols. Cyclic
B-(1—3),(1—6)-glucans from B. japonicum USDA 110 (@, O) or
cyclodecakis-(1—3)-B-p-glucosyl from strain AB-1 (ndvC) (B, ().
Values for half-maximal displacement were calculated by nonlinear
regression using the Marquardt-Levenberg algorithm (see “Materials
and Methods”).
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Figure 6. Effect of increasing concentrations of cyclic glucans of B.
japonicum on phytoalexin accumulation in soybean cotyledons in-
duced by a fixed concentration of fungal B-(1—3),(1—6)-branched
glucans (2 ug mL™", set to 100%). The average value of A/A., at
this concentration of fungal glucan alone was 0.81. Cyclic
B-(1—3),(1—6)-glucans from B. japonicum USDA 110 (@, O) or
cyclodecakis-(1—3)-B-b-glucosyl from strain AB-1 (ndvC) (l). Inde-
pendent experiments are denoted by different symbols.

DISCUSSION

Two genes from B. japonicum, ndvB and ndvC, that are
required for cyclic B-(1—3),(1—6)-glucan synthesis have
been identified. Mutation in either ndvB or ndvC results in
a symbiotically defective microsymbiont. Mutation in ndvB
abolishes glucan synthesis and mutation in ndvC results in
synthesis of a structurally altered glucan (Bhagwat and
Keister, 1995; Bhagwat et al., 1996). Based on HPAEC-PAD,
'3C-NMR, and MS analysis, the cyclic glucan produced by
strain AB-1 (ndvC™) is identical to cyclodecakis-(1—3)-S-D-
glucosyl, the cyclic B-(1—3)-linked glucan produced by the
ndvB mutant of S. meliloti [TY7(p5D3)] carrying the glucan
synthesis locus from B. japonicum (Pfeffer et al., 1996).
Soybeans inoculated with strain AB-1 developed pseudo-
nodules with some ultrastructural features (thickened cell
walls, dense cytoplasm, and large vacuoles) that frequently
are observed in tissues as a result of pathogen invasion
(Dunlap et al., 1996). Although some of the ultrastructural
features of the nodules are similar to those produced by B.
japonicum mutants defective in capsular polysaccharides or
LPS, ndv mutant strains AB-1 and AB-14 appear to synthe-
size normal LPS (Fig. 4). There was also no significant
difference observed in the amount of capsular polysaccha-
rides synthesized by the ndv mutants and USDA 110 (Bhag-
wat et al., 1996). Similarly, no discernible differences with
respect to polysaccharides other than the cyclic B-(1—2)-
glucans were reported for S. meliloti ndv mutants (Ielpi et
al., 1990). Thus, we believe that the nodule phenotypes of
ndv mutants are primarily attributable to the effects of the
alterations in glucan synthesis or structure.

As calculated from the data shown in Figure 5,
cyclodecakis-(1—3)-B-p-glucosyl was about 40 times less
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effective (half-maximal displacement was 308 um) than the
wild-type glucans (half-maximal displacement was 7.3 um)
in displacing a radiolabeled heptaglucoside ligand from
solubilized soybean root membrane protein. A protein has
been identified and characterized from soybean cell mem-
branes that binds the fungal B-(1—3),(1—6)-heptaglucan
elicitor rather specifically. Thus, it meets several of the
criteria for a receptor-specific binding protein (Hahn, 1996;
Ebel and Mithofer, 1998). Cyclodecakis-(1—3)-B-p-glucosyl
reversed the binding of the radiolabeled heptaglucoside,
although much less effectively than the wild-type glucans
(Fig. 5). This glucan was even less effective in suppressing
the fungal B-glucan-induced defense response in cotyle-
dons (Fig. 6). This may be attributable to differences in the
signal-perception pathways in roots versus cotyledons. The
interaction of cyclic p-(1—3),(1—6)-glucans from wild-type
B. japonicum with this receptor protein and the inhibition of
the defense response in cotyledons suggest that the soy-
bean perception system that recognizes B-glucans may be
generally involved in the recognition of foreign organisms.
Several laboratories are currently working to characterize
the receptor and signaling system, but at this time a role for
this receptor is unknown.

One paradox for which we do not have a good explana-
tion is that cyclodecakis-(1—3)-B-p-glucosyl synthesis in
the S. meliloti genetic background [TY7(p5D3)] comple-
mented the ndvB mutant phenotype, resulting in effective
nodulation of alfalfa (Bhagwat et al., 1993; Pfeffer et al.,
1996), whereas the same cyclic glucan produced by B.
japonicum strain AB-1 did not result in an effective symbi-
osis with soybean (Bhagwat et al., 1996). This suggests that
there is a different (and less specific) structural require-
ment for the glucan molecule in alfalfa compared with
soybean nodule morphogenesis. This difference may be
related to the host plant. Extracellular polysaccharide-
deficient mutants of a broad host range Rhizobium result in
different symbiotic phenotypes on different hosts with ei-
ther indeterminant or determinant nodulation characteris-
tics (Djordjevic et al., 1987; Hotter and Scott, 1991; Becker
and Pihler, 1998).

Wild-type rhizobia do not elicit a significant host-plant
defense response. Whether the lack of response is caused
by structural isolation (of rhizobia in infection threads and
symbiosomes), the inability of host plants to perceive elic-
itor compounds from rhizobia, or the production of a sup-
pressor is controversial. Recently, we reported that the
cyclic B-(1—3),(1—6)-glucans produced by wild-type B.
japonicum were poor elicitors of a host defense response in
soybean cotyledons compared with fungal B-glucan elici-
tors (Mithofer et al., 1996a; see also Miller et al., 1994).
Perhaps more significant is the observation that the cyclic
B-(1—3),(1—6)-glucans of wild-type USDA 110 suppressed
the host defense response induced by fungal B-glucans in
soybean cotyledons (Mithofer et al., 1996a). This led us to
postulate that these molecules function as suppressors. The
data presented in Table I indicate that nodules induced by
the AB-14 mutant, which does not make any glucans, ac-
cumulated glyceollin. Surprisingly, nodules induced by
the AB-1 mutant, which makes cyclodecakis-(1—3)-3-D-
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glucosyl, accumulated even more glyceollin. One explana-
tion for this finding is that cyclodecakis-(1—3)-B-D-
glucosyl may function as an elicitor, albeit a weak one. This
could also explain why the nodules induced by AB-1 are
arrested at an earlier stage of development.

Glyceollins are known to be antibacterial for B. japonicum
in micromolar concentrations (Parniske et al., 1991a). Sim-
ilarly, exudate preparations from roots infected with P.
sojae had a strong bactericidal effect on B. japonicum. Thus,
suppression of phytoalexin synthesis may be necessary for
the formation of an effective symbiosis. The levels of gly-
ceollin in nodules induced by the B. japonicum ndv mutants
are much lower compared with the level (43 pg/g fresh
weight) in fungal elicitor-treated roots (Kraus et al., 1995).
We hypothesize that bacteroids in the developing nodules
may be more sensitive to phytoalexins than free-living
cells, and thus the observed glyceollin levels may be ade-
quate to prevent normal nodule development when a sup-
pressor is absent. Studies are planned to examine this
possibility.

In nodules induced by mutants of Rhizobium leguminosa-
rum bv viciae defective in LPS, chalcone synthase genes
were expressed at high levels in the invasion zone, whereas
in the wild-type nodules only very low levels of chalcone
synthase mRNA were detected (Yang et al, 1992). In
pseudonodules induced by the EPS I mutants of S. me-
liloti, Niehaus et al. (1993) observed enhanced levels of
phenolic compounds. This led the authors to suggest that
Sinorhizobium meliloti EPS I acted as a suppressor of plant
defense responses (Niehaus et al., 1998). Some mutants and
ineffective B. japonicum strains are reported to induce
higher levels of defense responses (Werner et al., 1985;
Parniske et al., 1991b). This implies that there is an endog-
enous elicitor, but the role and the nature of a putative
endogenous elicitor from rhizobia have not been investi-
gated. Considering the genetic diversity between Sinorhi-
zobium fredii and B. japonicum strains, it is likely that the
endogenous elicitor, the corresponding host receptor, and
the putative suppressor in these strains would be different.
Based on our results, we believe that cyclic B-glucans may
serve as suppressors in the interaction with soybean.
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