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Phaseolus vulgaris is nodulated by a wide range of rhizo-
bia. A remarkable feature of Phaseolus is the release of a
large variety of flavonoid molecules (M. Hungria, C. M.
Joseph, and D. Phillips, 1991. Plant Physiol. 97:751-758;
M. Hungria, C. M. Joseph, and D. Phillips, 1991. Plant
Physiol. 97:759-764). Here we describe how three bean
symbionts, R. tropici CIAT899, R. etli CE3, and Rhizobium
sp. NGR234, differ in their response with pure flavonoid
molecules and with HPLC-fractionated root exudates of
Phaseolus and Leucaena. Whereas R. etli CE3 and Rhizo-
bium sp. NGR234 respond with all flavonoid molecules
earlier identified in bean exudates, R. tropici CIAT899
shows only induction with naringenin. In contrast, when
fractionated exudates of Phaseolus and Leucaena are
used, no remarkable differences in induction profile are
observed. Our previous studies (P. J. S. van Rhijn, B.
Feys, C. Verreth, and J. Vanderleyden, 1993. J. Bacteriol.
175:438-447) indicated that R. tropici CIAT899 contains
five nodD alleles. The present study indicates that the
nodD, allele contributes most to the NodD activity. In-
duction experiments show the same flavonoid specificity
for the nodD, as for the wild-type strain CIAT899. Only
the nodD,; gene of CIAT899 is able to fully complement
the nodD, mutation of Rhizobium sp. NGR234 for the
nodulation on Leucaena, Macroptilium, and Phaseolus.
Mutation of rnodD, of CIAT899 completely abolishes the
nodulation of L. leucocephala and M. atropurpureum, and
severely reduces the nodulation of P. vulgaris.

Development of symbiotic nodules on leguminous plants
by rhizobia is governed by sequential signal exchange be-
tween the symbiotic partners. Flavonoids, produced by the
host plant, in conjunction with the bacterial transcriptional
activator, the NodD protein, are required to induce the ex-
pression of the nodulation (nod) genes in rhizobia (Firmin er
al. 1986; Peters er al. 1986; Redmond et al. 1986). Subse-
quently, the nod gene products are involved in the synthesis
of the Rhizobium Nod signal molecules which activate plant
genes, leading to nodule development (for a review see Dé-
nari€ et al. 1992).

Flavonoids have been isolated from many legumes, and
detailed studies of several legumes, like alfalfa (Maxwell et
al. 1989; Hartwig et al. 1990a; Phillips et al. 1992), vetch
(Recourt et al. 1991; Zaat et al. 1989), and common bean

MPMI Vol. 7, No. 5, 1994, pp. 666-677
©1994 The American Phytopathological Society

666 / Molecular Plant-Microbe Interactions

(Hungria et al. 1991a, 1991b), show that individual species
can release numerous nod gene inducers. For R. meliloti,
which contains three copies of the nodD allele, the various
flavonoids released from their host alfalfa, activate the NodD
proteins differently: NodD, induces the expression of nod
genes in the presence of luteolin and methoxychalcone
(Peters et al. 1988; Maxwell er al. 1989); NodD, responds
with a methoxychalcone and the nonflavonoids trigonelline
and stachydrine (Hartwig et al. 1990b; Phillips et al. 1992);
NodD; does not need an inducer molecule for nod gene
activation, but transcription of nodD; itself is subjected to a
complex regulatory circuit involving SyrM (Swanson et al.
1993). In contrast, Phaseolus vulgaris releases nod gene
inducers belonging to four different classes of flavonoids,
which are all active, but not to the same extent, with the three
NodD proteins present in R. leguminosarum bv. phaseoli
strain 4292 (Hungria et al. 1991a, 1991b, 1992).

Rhizobia that nodulate P. vulgaris comprise at least three
species: R. L. bv. phaseoli, R. tropici, and R. etli bv. phaseoli
(Martinez et al. 1987; Martinez-Romero et al. 1991; Segovia
et al. 1993). R. L. bv. phaseoli and R. e. bv. phaseoli, formerly
classified under one species, are chromosomally quite distant
but share some plasmid-borne characteristics. They have
multiple copies of nifH genes (Martinez et al. 1985; Quinto et
al. 1982) and a narrow nodulation host range, and show
hybridization with the psi (polysaccharide inhibtion) gene
(Borthakur et al. 1985). R. tropici strains have a single copy
of the nifH gene, have a broad host range spectrum, and do
not hybridize with the psi gene (Martinez et al. 1985; Mar-
tinez et al. 1988). :

In this report we describe how two bean symbionts, namely
R. tropici CIAT899 and R. e. bv. phaseoli CE3, and Rhizo-
bium sp. NGR234, a broad host range strain, differ by their
response with pure flavonoids and with fractionated root
exudates of P. vulgaris and Leucaena leucocephala. A
detailed description of strain NGR234 is given by Stanley and
Cervantes (1991). Secondly, we describe how the different
nodD alleles of R. tropici CIAT899 are involved in the in-
duction of the nod genes and how these alleles participate in
nodulation of host plants.

RESULTS

Divergent flavonoid specificity of Rhizobium
strains nodulating P. vulgaris.

In this study we compared R. tropici CIAT899, R. e. bv.
phaseoli CE3 and the broad host range strain Rhizobium sp.
NGR234 for induction of the nod genes using authentic



flavonoids as signal molecules. These include flavonoids that
were earlier identified as inducing compounds present in the
root (eriodictyol, naringenin, and genistein) and seed (my-
ricetin, quercetin, and kaempferol) exudates of P. vulgaris
(Hungria et al. 1991a, 1991b) and trigonelline, a nonflavo-
noid nod gene inducer present in seed exudates of alfalfa
(Phillips et al. 1992). The induction capacity of the different
Rhizobium strains containing pGUS32Km, a nodABC-uidA
transcription fusion (Materials and Methods), was measured
in the presence of authentic flavonoids at a concentration of
100, 400, and 1,600 nM as described in Materials and Meth-
ods. The numbers presented in Figure 1 are the mean values
of three replicates, and because the variation from each given
value is consistently within 10%, exact values are not given.
Apparently, Rhizobium sp. NGR234 shows high induction
with most of the flavonoids tested, except for myricetin and
galangin. No B-glucuronidase activity was observed with the
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betaine trigonelline. R. e. bv. phaseoli CE3 shows high in-
duction with all the flavones (apigenin, 7 hydroxyflavone, crysin,
and luteolin), and the flavonoids present in the root exudates
of P. vulgaris (eriodictyol, naringenin, and genestein). Low
induction was observed with the seed flavonoids of P. vul-
garis (myricetin, quercetin, and kaempferol), galangin, hes-
peritin, and the non-flavonoid trigonelline. When the three
Rhizobium strains are compared for nod gene induction with
flavonoids known to be present in P. vulgaris exudates, it
becomes clear that R. tropici CIAT899 is quite different from the
two other strains. With CIAT899, high induction is only observed
with naringenin and to a much lower extent with eriodictyol and
genistein. High B-glucuronidase activity was also observed when
flavones (apigenin, 7 hydroxyflavone, crysin, and luteolin) were
added. It should also be noticed that the background activity (no
inducer added) of NGR234, compared to the two other strains
tested, is quite high (see Discussion).
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Fig. 1. Induction of the nodABC-uidA fusion in the background of strain Rhizobium sp. NGR234, R. etli bv. phaseoli CE3, and R. tropici CIAT899 by
several flavonoids. Assays were done using flavonoids, eriodictyol (Erio), naringenin (Nar), genistein (Gen), myricetin (Myr), quercetin (Quer), kaempferol
(Kaem), apigenin (Api), 7 hydroxyflavone (70H Fla), crysin (Crys), luteolin (Lut), galangin (Gal), hesperin (Hes), and trigonelline (Tri), at concentrations
of 100, 400, and 1,600 nM.
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nod gene inducers present in root exudates.

Root exudates of P. vulgaris and L. leucocephala fraction-
ated on HPLC contain different nod gene inducing fractions
that are active in different Rhizobium strains, as shown in Fig-
ures 2 and 3. Apparently, the same fractions show B-glucuro-
nidase activity in both R. tropici CIAT899 and R. e. bv. phaseoli
CE3 and this for black bean as well as for Leucaena root exu-
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dates. In the case of Rhizobium sp. NGR234, additional frac-
tions present in Phaseolus and Leucaena root exudates seem
to have induction activity, although the observed activities
represent only a slight induction. nod gene induction in R. e.
bv. phaseoli is also observed with unfractionated root exu-
dates of Leucaena. The following units (as expressed in the
caption of Fig. 3) were obtained: NGR234, 400 units;
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Fig. 2. HPLC characteristics and nod-inducing activity of Phaseolus vulgaris root exudates fractionated on a reverse-phase C g column. Inducing activity of
the root exudate fractions was recorded using R. tropici CIAT899, R. etli bv. phaseoli CE3, and Rhizobium sp. NGR234, containing pGUS32Km.
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CIAT899, 375 units, CE3, 275 units. Therefore, it appears
that, although R. e. bv. phaseoli is able to respond to Leu-
caena root exudates, induction ability does not match nodu-
lation capacity, since R. e. bv. phaseoli CE3 is unable to
nodulate Leucaena plants.

Induction of the nodA BC-uidA fusion by commercial
flavonoids and root exudates in the presence
of the different nodD gene of R. tropici CIAT899.

Earlier experiments with crude exudates of the different
host plants, Leucaena, Siratro, and Phaselous, showed that
the nodD, allele of R. tropici CIAT899 mostly contributes to
the induction of the nod genes (van Rhijn er al. 1993). Be-
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cause these induction experiments were carried out in
ADB822, a pSym-cured derivative of R. tropici CIAT899, it
was decided to test the different nodD alleles also in a
Nod*Fix* background. Therefore each nodD construct, borne
on an IncP-1 vector pVK100, was introduced into Rhizobium
sp. NGR234 nodD,::Q harboring pGUS32Km, and was tested
for induction in the presence of different flavonoids in a
similar way as for the wild-type strain R. tropici CIAT899.
The values presented in Figure 4 are the mean values of three
replicates, and variation from each given value is within 10%.
Apparently, the nodD, gene, harboring on pVK24, and to a
lower extent the nodD;, on pVK21, of R. tropici CIAT899,
show some induction with certain flavonoids. The nodD,
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Fig. 3. HPLC characteristics and nod-inducing activity of Leucaena leucocephala root exudates fractionated on a reverse-phase C,, column. Inducing activ-
ity of the root exudate fractions was recorded using R. tropici CIAT899, R. etli bv. phaseoli CE3, and Rhizobium sp. NGR234, containing pGUS32Km.
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gene causes the same induction pattern as the wild-type strain
CIAT899, whereas pVK21, containing the nodD; gene shows
a very low induction with naringenin and lacks induction in
the presence of luteolin. When NGR234 nodD,::€2, harboring the
plasmids pGUS32 and pVK?24, was tested for the fractionated
root exudates of P. vulgaris and L. leucocephala as shown in
Figures 5 and 6, the same conclusion can be drawn: The
nodD, gene of R. tropici CIAT899 shows largely the same
induction pattern as the wild-type strain.

Complementation of NGR234 nodD,::Q
by the different nodD genes of R. tropici CIAT899
for nodulation of several hosts.

At this point it appears that not all the nodD genes of R.
tropici CIAT899 are involved in the induction of the nod
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genes. This conclusion is based on ex planta experiments and
needs to be confirmed by nodulation experiments. Rhizobium
sp. NGR234 is able to nodulate a wide range of plants, in-
cluding Phaseolus, Leucaena, and Macroptilium which are
also host plants of R. tropici. Mutation of the nodD, gene of
Rhizobium sp. NGR234 gives a complete Nod~ phenotype on
the different host plants (Broughton et al. 1991). Because
NGR234 nodD,::Q possesses all the host range determinants for
nodulating Phaseolus, Leucaena, and Macroptilium, except a
functional nodD gene, possible complementation of NGR234
nodD,::Q by the different nodD genes were transferred into
Rhizobium sp. NGR234 nodD,::Q, and the transconjugants
were used to inoculate Phaseolus, Leucaeana, and Siratro
plants. The results obtained from eight inoculations are
summarized in Table 1. Here it appears that the nodD, gene
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Fig. 4. Induction of the nodABC-uidA fusion in the background of strain R. tropici CIAT899 and strain Rhizobium sp. NGR234 nodD,::Q containing the
different nodD alleles of R. tropici CIAT899, by several flavonoids. nodD, is localized on plasmid pVK24, nodD, of pVKS, nodD, on pVK21, nodD, on
pVK29, and nodD; on pVK20. Assays were done using flavonoids, eriodictyol (Erio), naringenin (Nar), genistein (Gen), myricetin (Myr), quercetin (Quer),
kaempferol (Kaem), apigenin (Api), 7 hydroxyflavone (7OH Fla), crysin (Crys), luteolin (Lut), galangin (Gal), hesperitin (Hes), and trigonelline (Tri), at a

concentration of 100, 400, and 1,600 nM.
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of R. tropici CIAT899 is able to fully complement the
mutation of Rhizobium sp. NGR234 on all hosts tested: No
delay of nodulation and no decrease of nodule number
compared to the wild-type strain NGR234 were observed. On
beans, an even higher number of nodules was observed. With
the other nodD genes, no nodulation or formation of nodule-
like structures were observed on Leucaena and Siratro plants.
Only on bean plants was nodulation observed with pVK20,
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where 75% of the plants showed nodulation and with pVK21,
where only 25% of the bean plants were nodulated, both with
a reduced number of nodules per plant.

Mutagenesis of nodD, of R. tropici CIAT899
and its effect on nodulation.

Finally we constructed a nodD, mutant of CIAT899 to con-
firm our hypothesis that only the nodD, gene is involved in
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Fig. 5. HPLC characteristics and nod-inducing activity of Phaseolus vulgaris root exudates fractionated on a reverse-phase C,, column. Inducing activity
was measured for R. tropici CIAT899, Rhizobium sp. NGR234 nodD,::Q (pVK24), and R. tropici CIAT899n0dD1 ::Sp.
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the nodulation of Leucaena and Siratro. A spectinomycin cas-
sette was introduced into the nodD, allele of R. tropici
CIAT899 as described in Materials and Methods. The induc-
tion of the nodABC-uidA fusion in this mutant (CIAT899
nodD,::Sp) was measured in the presence of fractionated root
exudates of P. vulgaris (Fig. 5) and unfractionated root exudates
of Leucaena. From Figure 5 it can be seen that inactivation of
the nodD, allele abolishes completely nod gene induction
with fractionated bean exudates. With unfractionated Leu-
caena root exudates, CIAT899 gave induction up to 280 units
while the nodD,; CIAT899 mutant did not show any activity.
Next, the mutated strain was tested for nodulation on Leucaena,
Macroptilium, and Phaseolus. As expected, no nodules were
formed with the nodD, mutant of CIAT899 on Leucaena and
Macroptilium plants. On P. vulgaris, all plants inoculated
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with CIAT899, nodD,::Sp were nodulated, although with a
reduced nodule number compared to the wild-type strain.
This indicates that nodD), is responsible for the nodulation of
Leucaena and Macroptilium by CIAT899, but that for the
nodulation of P. vulgaris the other nodD alleles can also
function.

DISCUSSION

P. vulgaris is nodulated by a wide range of rhizobia, among
which are R. L. bv. phaseoli, R. e. bv. phaseoli, and R. tropici
strains. A remarkable feature of Phaseolus is the release of a
large variety of flavonoid molecules, which are identified as
natural nod gene inducers for R. [. bv. phaseoli strain 4292
and R. etli CE3 (Hungria er al. 1991a, 1991b). When testing
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Fig. 6. HPLC characteristics and nod-inducing activity of Leucaena leucecephala root exudates fractionated on a reverse-phase C,, column. Inducing ac-
tivity was measured for R. tropici CIAT899 and Rhizobium sp. NGR234 nodD,::Q (pVK24).
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these defined flavonoid compounds on R. tropici strains
CIAT899 and CFN299 (data not shown), only naringenin
showed a high induction of the nodABC-uidA operon. The
contribution of the flavonols (myricetin, quercetin, and
kaempferol), the flavone eriodictyol, and the isoflavone
genistein, to the induction of the nodABC-operon in the R.
tropici strains is remarkably low (Fig. 1). On the other hand,
when fractionated root exudates of P. vulgaris and L. leuco-
cephala were tested, the inducing profiles of R. tropici
CIAT899 and R. etli CE3 were quite similar. Even for the
broad host range strain NGR234, responding to a very wide
spectrum of inducing molecules, only a few additional
fractions, with a slight induction, could be observed (Figs. 2
and 3). The apparent contradiction between our results and
those obtained by Hungria er al. (1991a, 1991b), possibly
reflects a difference in bean cultivar used. Alternatively, it
could be that for CIAT899, the glycoside derivatives of
flavonoids, rather than the pure flavonoids, as used in our
assay, are the main inducing compounds. A quantitative
difference in inducing activity for the naturally occurring
glycoside derivatives and hydrolysates has indeed been
observed by Hungria et al. (1991b).

Earlier analysis showed the presence of five different nodD
alleles in R. tropici CIAT899 (van Rhijn et al. 1993). The
present study indicates that the nodD, allele of R. tropici
CIAT899 contributes most to the NodD activity. 1) Induction
experiments, using defined compounds or fractionated root
exudates of Phaseolus and Leucaena, show the same flavonoid
specificity and induction profile for the nodD, gene as for the
wild-type strain CIAT899 (Figs. 4-6). 2) Only the nodD,
gene of CIAT899 is able to fully complement the nodD,; mu-
tation of Rhizobium sp. NGR234 for nodulation of Leucaena,
Macroptilium, and Phaseolus (Table 1). 3) The mutation of
the nodD, of CIAT899 completely abolishes the nodulation
on L. leucocephala and M. atropurpureum, and severely
reduces the nodulation of P. vulgaris. For the nodulation of P.
vulgaris a supplementary, but minor role of nodD; or nodDs
of CIAT899 can be expected. This is apparently in contrast to
the results of the induction experiments, since little or no ac-
tivity is observed with the nodD; or nodD; alleles. It should
be noted that our induction experiments were done with non-
glycosylated molecules, whereas Hungria et al. (1991a) have
shown that bean root exudates mostly glycosylated deriva-
tives of the active nod-inducing molecules, the glycosides

Table 1. Complementation of NGR234 nodD,::Q with the nodD genes of Rhizobium tropici CIAT899 for nodulation® of different hosts

Strain Plasmid Leucaena leucocephala Siratro Phaseolus vulgaris
CIAT899 - +(5) +9) +(85)
NGR234 - +( +(10) +(13)
NGR234 nodD,::Q - - - -
NGR234 nodD,::Q pVK24 (nodD)) +(8) +(9) +(39)
pVKS (nodD,) - - -
pVK21 (nodD)) - - +(9)
pVK29 (nodD,) - - -
pVK20 (nodDy) - - *(20)

a Average nodule number of eight independent plants are indicated between brackets; +: fully developed and nitrogen-fixing nodules; —: only 25% of the
plants were nodulated in the case of NGR234 nodD,::Q (pVK21) and 75% in case of NGR234 nodD::Q (pVK20), both with a reduced number of

nodules.

Table. 2. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)

Source or reference

Rhizobium strains

EMBRAPA, Brazil
This study

EMBRAPA, Brazil
Martinez et al. 1987
Lewin et al. 1990
Broughton et al. 1991

CIAT899 Wild-type isolate from P. vulgaris

CIAT899 nodD, mutant of CIAT899, Sp*

nodD::Sp

BR816 Wild-type isolate from L. leucocephala

CFN299 Wild-type isolate from P. vulgaris

NGR234 (Rif") Rif* derivative of Rhizobium sp. NGR234

NGR234 nodD,::Q nodD, mutant of NGR234, Rif', Sp

CE3 St* derivative of wild-type strain CFN42

Plasmids

pVK24 pVK100 recombinant cosmid containing the nodD, of CIAT899, Tc"

pVKS pVK100 recombinant cosmid containing the nodD, of CIAT899, Tc'

pVK21 pVK100 recombinant cosmid containing the nodD; of CIAT899, Tc'

pVK29 pVK100 recombinant cosmid containing the nodD, of CIAT899, Tc*

pVK20 pVK100 recombinant cosmid containing the nodD; of CIAT899, Tc'

pGUS32 pRGI60SD containing the nodABC promoter of Rhizobium sp.
BR816 toward uidA

pGUS32Km Derivative of pGUS32 containing a Km" gene

pRK2013 ColE1, helper plasmid for tripartite mating, Km"

pCD24 pUC19 derivative containing the nodD, gene of CIAT899

pSUP401 ColEl, cloning vector, Km"

pHP45 Vector containing an Q Sp interposon, Ap", Sp°

pJQ200SK Suicide vector, based on P15A ori, and contains sacB gene of
Bacillus subtilis, Gen"

pJQ24Sp pJQ200SK containing a 4-kb fragment with nodD,::Sp of R. tropici

CIAT899

Noel et al. 1984

van Rhijn et al. 1993
van Rhijn et al. 1993
van Rhijn e al. 1993
van Rhijn et al. 1993
van Rhijn et al. 1993
van Rhijn et al. 1993

This study

Figurski and Helsinki 1979
van Rhijn et al. 1993
Simon et al. 1983

Prentki and Kirsch 1984
Quandt and Hynes 1993

This study
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being more active than the aglycones.

The capacity of a flavonoid to act as a coinducer with a
NodD protein is strongly affected by its molecular structure.
Rhizobium strain NGR234 and R. etli CE3 show a relatively
low specificity of response with signal molecules: from the
compounds tested only trigonelline showed no induction. A
detailed study by Gyorgpal et al. (1991) showed that NodD
protein of MPIK3030, which is closely related to NGR234,
only requires the hydroxylation of the C7 on the flavonoid
ring for substantial nod gene induction. Some structural char-
acteristics for flavonoids to act as coinducer for the NodD,
protein of CIAT899 can be deduced. 1) The flavone-ring
skeleton together with a hydroxylation at C7 are sufficient to
induce nod gene activity at high level. Additional hydroxy-
lation at positions C5 (crysin) or at positions C5 and C’3
(apigenin) has little effect, whereas hydroxylation on C5, C’3,
and C’4 (luteolin) remarkably reduces the capacity to act as
coinducer (Fig. 3). 2) For ring structures other than the
flavone-type, only naringenin appears to be active. Isoflavone
(genistein), flavonols (myricetin, quercetin, kaempferol), and
the flavanone (eriodictyol), which only differs from narin-
genin by a hydroxylation on C’3, have no inducing activity.

The broad host range spectrum of Rhizobium sp. NGR234
is clearly reflected in the induction studies (Fig. 1; Gyorgpal
et al. 1991). Le Strange et al. (1990) showed even that the
NodD, protein responds to activation by simple phenolic
compounds like vanillin nad isovanillin. This feature of
NGR234 can be used to screen for a broad spectrum of mole-
cules that can act as coinducers, present in exudates of a wide
variety of plants. Compared to R. tropici CIAT899 and R. etli
CE3, NGR234, shows a high background activity (no inducer
added) of the nodABC-uidA fusion. This is probably due to
the reporter system pGUS32Km used in our system, and not
necessarily an intrinsic property of NGR234, since the rather
high background activity has not been observed consistently
throughout different experimental systems. 1) A nodSU-
fusion from NGR234, tested in NGR234 and R. fredii, did not
show a difference in background activity (Krishnan et al.
1993). 2) When induction of nodC-lacZ of R. meliloti was
tested in NGR234 or R. meliloti, hardly any background
activity was observed (Horvath et al. 1987). 3) The nodC-
lacZ of R. meliloti, in a R. meliloti background, gave almost
the same basal activity when the nodD gene of R. meliloti was
replaced by the nodD, of NGR234 (Gyorgpal et al. 1991).

Several nodulation studies indicate that P. vulgaris is a pro-
miscuous host for microsymbionts (Martinez et al. 1987).
Studies on structure analysis of coinducers released from
bean and Nod metabolites synthesized by the various rhizobia
nodulating bean, allow us to understand some aspects of this
promiscuity at molecular level. 1) Phaseolus releases a large
variety of flavonoid structures which may act as natural nod
gene inducers on the different host (Hungria et al. 1991a,
1991b; Fig. 2). 2) P. vulgaris is nodulated by a wide range of
Rhizobium species, among which R. etli, R. I. bv. phaseoli, R.
tropici, Rhizobium sp. NGR234 (this study), and Azo-
rhizobium caulinodans (data not shown). The Nod meta-
bolites from most of the reference strain of these species have
been identified: NGR234 (Price et al. 1992), A. caulinodans
(Mergaert et al. 1993), R. tropici CFN299 (Puopot et al.
1993). When comparing these structures, we can deduce that
they are all very different and that they only have a vaccenic
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acid and a methyl group at the nonreducing end of the poly-
saccharide in common. But taking into account some pre-
liminary data from some other bean symbionts, R. tropici
CIAT899 (Spaink et al. 1993) and R. etli CE3 (E. Martinez,
personal communication), we can conclude that the Nod me-
tabolites able to trigger nodule organogenesis on bean have
only a methyl group in common.

MATERIALS AND METHODS

Bacterial strans and plasmids.

The bacterial strains and plasmids used in this study are
listed in Table 2. E. coli strains were maintained on LB agar
(Miller 1972) and grown in LB broth supplemented with the
appropriate antibiotics. The concentrations of antibiotics used
for E. coli were (per milliliter) 10 pg of tetracycline, 50 pg of
spectinomycin, and 100 pg of ampicillin. Rhizobium strains
were maintained on yeast extract-mannitol (YM) medium
(Hooykaas et al. 1977) or on tryptone-yeast (TY) medium
(Beringer 1974). The concentrations of antibiotics used for
Rhizobium species were (per milliliter) 10 pg of tetracycline,
150 pg of spectinomycin, 50 pg of kanamycin, and 30 ug of
nalidixic acid.

Construction of reporter gene fusion.

A nodABC-uidA transcription fusion was constructed in
pRGI60SD (Van den Eede er al. 1992). Starting with pGUS32
(van Rhijn er al. 1993), the BamHI site of the cloning site,
linked to the uidA reporter gene, was eliminated by a small
deletion, starting at the Smal site located at then end of the
nodABC operon towards the Smal site of the polycloning site.
Subsequently, a Km resistance cassette was introduced in the
remaining BamHI site, in such a way that the transcription of
the nptll gene is opposite to transcription of the uidA gene,
resulting in a very low background B-glucuronidase activity
in Rhizobium sp. BR816.

Construction of CIAT899 nodD; mutant.

The 4-kb Pstl fragment of pCD24, containing the nodD,
gene of CIAT899, was cloned in pSUP401 (Simon et al.
1983). The 200-bp EcoRI fragment within nodD, was re-
placed by the Q-Sp fragment of pHP45 (Prentki and Kirsch
1984). Subsequently, the XhoI-PstI fragment, containing the
mutated nodD, gene, was subcloned into the suicide vector
pJQ200SK (Quandt and Hynes 1993), digested with Sail and
Pstl, resulting in pSQ24Sp. pJQ200SK contains the SacR/B
gene, encoding levansucrase, which is lethal to Gram-nega-
tive bacteria when plated on sucrose containing media. pJQ24Sp
was introduced into CIAT899 by a triparental mating using
pRK2013 as helper. Homologous recombination resulting
from a double cross-over could be selected by resistance to
spectinomycin and to 5% sucrose. The mutations were sub-
sequently checked by Southern hybridization with both Sp
cassette and the nodD, gene of CIAT899 as probe DNA.

Preparation and fractionation of root exudates.

Seeds of P. vulgaris ‘Negro-Argel’ and L. leucocephala
were sterilized as described previously by van Rhijn et al.
(1993). The seeds were germinated for 3 days on water agar
in a humid atmosphere at 30° C. Root exudates were collect-
ed by growing germinated sprouts in 5 ml of Jensen medium



(Vincent 1970) for 3 wk in the case of P. vulgaris and 6 wk
for L. leucocephala plants. The collected root exudates of 50
plants were freeze dried and extracted with 1 ml of methanol
100%. The compounds were separated for nod-inducing
assays by diluting the exudates first with a same volume of
water. A 300-pl aliquot was injected in an HPLC system
(Waters 600E) fitted with a reverse-phase C-18 column
(Phenomenex Bondclone 10C18 300x3,9) and eluted with 0.5
ml/min from O to 4 min with 89:10:1 (v/v) water/meth-
anol/acetic acid, and from 4 to 84 min with a linear gradient
from 89:10:1 (v/v) water/methanol/acetic acid to 99:1 (v/v)
methanol/acetic acid, followed by 8 min of isocratic chroma-
ography with 99:1 (v/v) methanol/acetic acid. Compounds
were monitored with a UV detector that measured absorbance
at 290 nm every second. Five minutes after the injection,
eluent fractions were collected at 1-min intervals, vacuum
dried, and dissolved in 100 pl of water. A 20-pl sample was
used for nod gene induction assay.

Assay for nod gene induction.

Different Rhizobium strains containing the transcription
fusion, pGUS32Km, were tested for nod gene induction using
methods described earlier (van Rhijn et al. 1993). The stan-
dard flavonoids were present at a final concentration at 100,
400, and 1,600 nM. The sources of flavonoid standards were:
Aldrich (7-hydroxyflavone, hespertin, luteolin, galangin),
Sigma (naringenin, quercetin, kaempferol, crysin, trigonel-
line), ICN (genestein, apigenin), D. A. Phillips, University of
California, Davis (eriodictyol, myricetin). For the fractionated
root exudates, the assay was done in a similar way using 20-
ul sample in a total induction volume at 75 pl.

Plant tests.

Nodulation capacity of P. vulgaris ‘Negro-Argel,” L. leu-
cocephala, and M. atropurpureum (Siratro) was assayed in
glass tubes (3 x 20 cm) filled with a 1:1 mixture of vermicu-
lite and perlite saturated with Jensen medium (Vincent 1970).
Surface-sterilized and germinated seeds (van Rhijn er al.
1993) were inoculated with 250 ul of an overnight bacterial
culture, and maintained in a growth cabinet with 12-hr day-
length at 28° C/24° C daylight temperature. Nodulation data
were recorded 4 wk (Phaseolus) or 5 wk (Leucaena and
Macroptilium) after inoculation and bacteria were reisolated
from the nodules according to Vincent (1970).
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