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Abstract 

Root exudate of Vicia sativa contains 7 inducers for the nodA promoter ofRhizobium leguminosarum biovar 
viciae. Six of these inducers are flavanones. One inducer was identified as 3,5,7,3'-tetrahydroxy- 
4'-methoxyflavanone, and a second inducer most likely is 7,3'-dihydroxy-4'-methoxyflavanone. The 
inducing activity of these compounds and the other inducers depends on the nodD gene present in the 
test strains, which orginated either from R. leguminosarum biovars viciae or trifolii, or from R. meliloti. 
Three inducers are 'common', three others almost exclusively induce the nodA promoter in the presence 
of the R. leguminosarum biovar viciae nodD gene, and the last one is active with the noD genes of either 
R. leguminosarum biovar viciae or that ofR. meliloti. Testing of a large number offlavonoids revealed two 
classes of structural features required for inducing ability: (i) features required for induction in general, 
and (ii), features restricting the inducing ability to (a) specific nodD gene(s). These features are discussed 
in relation to current models of the process of nodD-mediated transcription activation of the inducible 
nod genes. 

Introduction 

Plants of the family Leguminosae can be nodu- 
lated by Rhizobium and Bradyrhizobium bacteria. 
In the root nodules formed the bacteria differen- 
tiate into nitrogen-fixing bacteroids [32]. Species 
of Rhizobium differ in their host spectrum: 
R. leguminosarum biovar viciae nodulates species 
of Vicia and Pisum, R. leguminosarum biovar 
trifolii nodulates Trifolium species, and R. meliloti 
nodulates species of Medicago and Melilotus. 
B. japonicum is the symbiont of Glycine species. 

Before the developmental changes that lead to 
nodule formation in the plant start to take place, 

molecular signals are exchanged between the 
symbionts [ 12, 19, 24, 30]. Recent work in several 
laboratories has shown that the plants exude 
flavonoids, that can activate transcription of the 
inducible nod(ulation)genes of the bacteria [6, 15, 
20, 22, 25, 34, 35]. These genes are organized in 
three operons, located on so-called Sym(biosis) 
plasmids, with the exception of Bradyrhizobium, in 
which the operons are located on the chromo- 
some. Next to plant flavonoids the expression of 
these operons requires the presence of a func- 
tional regulatory nodD gene [19, 23, 24, 26, 27, 
33]. 

Successful activation of the inducible operons 
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depends on both the structural features of the 
inducer molecule and the nodD gene of the 
bacteria. Isogenic strains only differing in the 
source of their nodD gene, originating from either 
R. leguminosarum biovar viciae or trifolii, or from 
R. meliloti, each respond in a characteristic way to 
commercially available flavonoids, and to 
inducers present in root exudates of host plants of 
these Rhizobium species [28, 33, 35, 36]. Using 
these strains, it was possible to detect, and dis- 
criminate between, different flavonoid nod gene 
inducers and to establish that four host plants of 
Rhizobium leguminosarum bv. viciae each exude a 
different spectrum of nod gene inducers, with dif- 
ferent activities towards the different nodD genes 
[35]. 

The Rhizobium and Bradyrhizobium nod gene 
inducers that have been chemically characterized 
up to now have all been isolated from extracts of 
seeds or seedlings [15, 20, 22]. However, in soil 
the nod genes will be activated by compounds 
exuded by the roots. Therefore, our interest has 
been focussed on the inducers present in the root 
exudates of the host plants [30, 34, 35, 36]. In this 
paper we report on the purification of the inducers 
of the Rhizobium leguminosarum nodA promoter 
exuded by the roots of Vicia sativa. The major 
inducers in this exudate have been chemically 
characterized. Based on the induction of the nodA 
promoter in the presence of different nodD genes 
by the inducers in root exudate and a selected 
number of closely related flavonoids, the dif- 
ferences in structural requirements for inducers 
for each of the three nodD genes are discussed. 

Materials and methods 

Vicia sativa root exudate 

Sterile root exudate of Vicia sativa L. subsp, nigra 
(L.) was prepared as described previously [35]. 
For the purification of inducers the root exudate 
of approximately 5000 7-day-old plants was 
vacuum-evaporated and lyophilized, and the 
lyophilized exudate was extracted three times 
with 50 ml of methanol. The extracts were pooled, 

passed over a glass fiber filter (GFA, Whatman, 
England), and concentrated to 0.5 ml. 

Assays for nod gene-inducing activity 

Induction experiments were carried out with three 
isogenic test strains, RBL5280, RBL5283, and 
RBL5261, which only differ in their nodD gene. 
These strains are derived from a Sym plasmid- 
cured R. leguminosarum bv. trifolii and harbour 
the transcriptional fusion vector pMP154 of the 
IncQ incompatibility class, which contains the 
R. leguminosarum bv. viciae nodA promoter 
cloned in front of the Escherichia coli lacZ struc- 
tural gene [27]. Next to this vector, RBL5280, 
RBL5283, and RBL5261 contain the nodD genes 
of R. leguminosarum bv. viciae, bv. trifolii, and 
R. meliloti (nodDl [9]), respectively, cloned in the 
IncP class wide host range mobilizable plasmid 
pMP92 [28]. Suspensions of bacteria to be used 
for the induction assays were prepared as 
described previously [34,35]. Sterile root 
exudate, either total or fractionated, or com- 
mercially available potential inducers were tested 
with one or more of the test strains as described 
[34], with the following modifications. The bac- 
teria were incubated in duplicate with the test 
samples at a final A660 of 0.05 in a total volume 
of 1.0 ml in Eppendorf tubes, and the period of 
incubation was 22 h. When samples to be tested 
contained organic solvents, these were evapo- 
rated in a vacuum centrifuge at ambient tempera- 
ture before the bacteria were added. Samples 
containing acetic acid were lyophilized instead of 
being vacuum-evaporated, to prevent possible 
hydrolysis. The nodA promoter activity was 
recorded as units of ~galactosidase activity [ 18 ]. 
Duplicate experiments showed a variation of less 
than 10% of the values recorded. 

Purification of nod gene inducers 

Methanolic extracts of lyophilized root exudate 
were pre-purified on a 4 ml column of LH20 
(Pharmacia, Sweden) using a F/HPLC-system 



(Pharmacia, Sweden) with pure methanol 
(Lab-Scan, HPLC-grade) as the solvent, at a flow 
rate of 0.5 ml/min. Fractions of 1 ml were col- 
lected, and 2 ~1 of each fraction was tested for nod 
gene-inducing activity using strain RBL5280. 
Active fractions were combined, evaporated to 
dryness, and dissolved in 500/~1 of methanol-5 
acetic acid 20:80 (v/v). Inducers were separated 
by HPLC on a preparative reversed-phase C18 
column (Shandon Hypersyl ODS 5#m, 
59887501) at a flow-rate of 1 ml/min, with a com- 
bined isocratic/gradient elution protocol devel- 
oped for the separation of closely related 
flavanones (see Results). Fractions of 0.5 ml were 
collected and lyophilized. Each dried fraction was 
dissolved in 1.0 ml of methanol, and 1 #1 per 
fraction was tested for nod gene-inducing activity 
with strain RBL5280. Active fractions were 
pooled per peak, and analyzed by UV and NMR 
spectroscopy. 

Chemical characterization of isolated inducers 

For UV spectroscopy, the isolated inducers were 
dissolved in methanol, and their absorption spec- 
tra in the 200-400 nm wavelength range were 
recorded. 1H-NMR spectra were recorded on a 
Bruker WM-300 spectrometer equipped with an 
Aspect 2000 data system, at 300 MHz. Acetone- 
d6 (99.99% deuterated) (Janssen, Oss, Nether- 
lands) was used as the solvent. The residual 
solvent peak was used as internal standard 
(2.04 ppm). For both techniques commercially 
available flavonoids were used as references. 

Flavonoids 

The following flavonoids were either used in 
induction experiments, as markers in the HPLC 
system, or as references for the identification of 
isolated inducers. Pinocembrin, sakuranetin, 
isosakuranetin, homoeriodictyol, hesperetin, 5,7- 
dihydroxy-3 ' ,4' ,5 '- trimethoxyflavanone, narin- 
genin-7-0-glucoside, eriodictyol-7-0-gluco side, 
luteolin-7-0-glucoside, and genistein were pur- 
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chased from Extrasynthese (Genay, France). 
Eriodictyol, dihydrokaempferol, dihydrofisetin, 
dihydroquercetin (= taxifolin), dihydrorobinetin, 
7-hydroxyflavone, 7,8-dihydroxyflavone, apigen- 
in, kaempferol, luteolin, daidzein and phloretin 
were from Roth GmbH (Karlsruhe, Federal Re- 
public of Germany). Naringenin, naringin, chry- 
sin, scutellarein, and quercetin were from Sigma 
Chemical Co. (St. Louis, MO). Galangin, fisetin, 
and myricetin were from Aldrich Chemic SA 
(Brussels, Belgium). Kaempferide and apigenin- 
7-0-glucoside were obtained from Fluka AG 
(Buchs, Federal Republic of Germany). 3'-me- 
thoxy-dihydroquercetin was kindly provided by 
Dr. T. Gerats (Department of Genetics, Free 
University, Amsterdam, The Netherlands). 

Results 

Isolation of nodA promoter inducers from Vicia 
sativa root exudate 

Methanolic extract of lyophilized root exudate 
was pre-purified on a small column of LH20, a 
resin widely used for flavonoid purification [11 ]. 
The fractions were assayed for nod gene-inducing 
activity with strain RBL5280, which contains the 
R. leguminosarum bv, viciae nodA promoter fused 
to the E. coli lacZ gene, and the homologous nodD 
gene. The inducing activity was well separated 
from the bulk of UV-absorbing material (Fig. 1). 
The active fractions were pooled, concentrated, 
and subsequently purified on a reversed-phase 
C18 column. Because the major inducers in the 
root exudate had been found to be of flavanone 
nature [34] a separation protocol was developed 
using closely related flavanones as markers 
(Fig. 2A). By using a basically isocratic elution 
profile instead of a gradient, the separated 
inducers could be collected without significant 
cross-contamination. This system revealed the 
presence of 7 inducers in the root exudate 
(Fig. 2B), designated as inducers A through G. At 
the tested concentrations inducer A was hardly 
detected (Fig. 2B), but when tested at a tenfold 
higher concentration the most active fraction of 
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this peak induced the nodA promoter to a level of 
13.000 units of /~-galactosidase. The active 
fractions were pooled as indicated in Fig. 2B, 
lyophilized, and dissolved in methanol for UV 
spectroscopy. 

UV spectroscopy of inducers from root exudate 

Flavones differ from flavanones in the nature of 
the C-2/C-3 bond, which is unsaturated in the 

Fig. 1. Purification of inducing activity in Vicia sativa root 
exudate by LH20 chromatography. Inducing activity was 
recorded using strain RBL5280 (containing the R. legumino- 

sarum bv. viciae nodD gene. 
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Fig. 2. Separation offlavanones (A) and root exudate inducers (B) by reversed-phase chromatography (C18). A, 500 #1 of a test 
mixture containing eriodictyol (1), naringenin (2), hesperetin (3), 5,7-dihydroxy-3',4',5'-trimethoxyflavanone (4), and pino- 
cembrin (5) dissolved in methanol-5% acetic acid (20:80) was applied to the column. B, inducing activity of root exudate 

constituents was recorded using strain RBL5280 (containing the R. leguminosarum bv. viciae nodD gene). 



former, and saturated in the latter. This difference 
is reflected in the UV spectra of these compounds. 
Flavones show two distinct bands of absorption, 
whereas flavanones have only one major absorb- 
ing band, at 270-290 nm, and a shoulder near 
330 nm wavelength [17]. Fig. 3G and 3H show 
this difference for the identically substituted 
flavone apigenin (= 5,7,4'-trihydroxyflavone) 
and flavanone naringenin (= 5,7,4'-trihydroxy- 
flavanone). The UV spectra of the inducers A 
through F indicated a flavanone character for all 
of these compounds (Fig. 3A-F). Inducer G could 
not be reliably analyzed due to the small amount 
isolated. The spectrum of inducer D shows a 
shoulder of absorption near 230 nm, and an 
absorption maximum at relatively low wavelength 
(277 nm). These two elements indicate that the 
molecule probably lacks a C-5 hydroxyl group 
[17]. 

Chemical nature of inducer B from root exudate 

The 1H-NMR spectrum of inducer B (Fig. 4A) 
reveals a dihydroflavonol character, as indicated 
by the two doublets at 4.7 and 5.1 ppm represent- 
ing the C-3 and C-2 protons, respectively. In fact 
all signals of the A and C-tings are identical to the 
ones of the dihydroflavonol taxifolin (dihydro- 
quercetin, Fig. 4B). Small differences in the H-2', 
H-5', and H-6' signals suggest a different sub- 
stituent on the B-ring, probably a methoxyl 
instead of a hydroxyl, because also a singlet at 
3.9 ppm is present. These signals are identical to 
the corresponding signals of hesperetin (Fig. 4C), 
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proving the 3'-hydroxy-4'-m&hoxy substitution. 
Inducer B therefore is 3,5,7,3'-tetrahydroxy- 
4' - methoxyflavanone. 

Chemical nature of inducer D from root exudate 

The NMR spectrum of inducer D is shown in 
Fig. 5A. The A-ring signals of this spectrum are 
identical to those of dihydrofisetin (Fig. 5B) and 
confirm the 5-deoxy character that was indicated 
by the UV spectrum (Fig. 3). As for inducer B (see 
above), differences in the B-ring signals together 
with the presence of a singlet near 3.9 ppm indi- 
cate a 3'-hydroxy-4'-methoxy substitution. A 
comparison of these signals to the corresponding 
signals ofhesperetin (Fig. 5C) confirms this. Due 
to lack of material it is not possible to unequivo- 
cally identify the signals of the C-2 and C-3 pro- 
tons, that would discriminate between a flavanone 
or a dihydroflavonol character of the molecule. 
Thus, based on the spectroscopic data, inducer D 
is either 7,3'-dihydroxy-4'-methoxydihydrofla- 
vonol, or 7,3'-dihydroxy-4'-methoxyflavanone. If 
the former were true, inducer D would differ from 
inducer B only in the absence of a C-5 hydroxyl 
group. In that case, inducer B would be less polar 
than inducer D, because a C-5 hydroxyl group in 
flavanones decreases polarity through the forma- 
tion of a strong intramolecular hydrogen bond 
with the polar C-4 carbonyl group [31]. As a 
consequence, inducer D would elute from a 
reversed phase column prior to inducer B, which 
is not the case (Fig. 2B). On the other hand, if 
inducer D would be 7,3'-dihydroxy-4'-methoxy- 
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Fig. 3. UV spectra of  nod gene inducers in methanol. A-F, spectra of purified inducers A-F  from Vicia sativa root exudate (see 
Fig. 2B); G, spectrum of apigenin (= 5,7,4'-trihydroxyflavone); H, spectrum of naringenin (= 5,7,4'-trihydroxyflavanone). 
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Fig. 4. Comparison of 1H-NMR spectra of inducer B from root exudate and flavonoid references. A, inducer B; B, taxifolin 
(= dihydroquercetin); C, hesperetin. 

flavanone, it would differ from inducer B by both 
a C-3 and a C-5 hydroxyl group. The absence of 
the C-5 hydroxyl would increase polarity, whereas 
the absence of the C,3 hydroxyl would reduce 
polarity considerably [31]. This could very well 
account for the observed elution of inducer D 
after inducer B (Fig. 2B). Thus, inducer D most 
likely is 7,3'-dihydroxy-4'-methoxydihydroflava- 
none. 

Induction of the nodA promoter in the presence of 
different nodD genes by inducers in root exudate 

The nodA promoter-inducing activity offlavonoids 
depends on the nodD gene that is present in the 
bacteria [28, 36]. The activity of the V. sativa root 
exudate inducers in combination with different 
nodD genes was tested with strains RBL5280, 
RBL5283, and RBL5261, harbouring the nodD 
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Fig. 5. Comparison of 1 H . N M R  spectra of inducer D from root exudate and flavonoid references. A, inducer D; B, dihydrofisetin; 
C, hesperetin. 



genes of R. leguminosarum bv. viciae, bv. trifolii, 
and of R. meliloti, respectively. Based on an 
assumed molar extinction coefficient of 4.27 for 
UV light at the absorption maximum between 270 
and 290 nm wavelength (an average value vor 
flavone/flavanone aglycone nod gene inducers 
[12, 16, 36]), the inducers were added to test 
mixtures at final concentrations of 40 and 200 nM. 
Next to these natural inducers, a number of com- 
mercially available inducers were selected in the 
light of the new finding that dihydroflavonols can 
activate the nodA promoter (see previous section). 
It should be noted that the levels of induction 
obtained with strain RBL5261 are always low as 
compared to the levels of the other two strains, 
and should therefore be compared to the induc- 
tion obtained with luteolin (Table 1), which 
induces RBL5261 to its maximum level 
[28, 35, 361. 

The results with the root exudate inducers in 
Table 1 show that inducer D is the most  active 
inducer for strain RBL5280, followed by the 
inducers B and E. Inducers B, E, and F have no 
or very little inducing activity on the other test 
strains. Inducer D has little inducing activity on 
strain RBL5283, but is at least as active on strain 
RBL5261 as luteolin. The inducers A, C, and G 
are 'common'  inducers. They activate the nodA 
promoter in each of the test strains, although 
some relative differences exist (Table 1). 

Structural features of flavonoids required for induc- 
tion with all three nodD genes 

The picture that arises from the induction data of 
the exudate inducers and of the commerically 
available flavonoids is very complex (Table 1). 
The flavones luteolin and apigenin can induce all 
three test strains. The corresponding flavonols 
quercetin and kaempferol do not induce any of the 
strains to substantial levels. All other flavonols 
tested are inactive as well (galangin, kaempferid, 
fisetin, myricetin in Table 1). The isoflavone con- 
figuration is also unfavorable for induction. The 
isoflavone genistein, whose substitutions are 
identical to those of apigenin, is inactive on all 3 
strains (Table 1). 
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Fig. 6A summarizes the structural elements 
that most  clearly influence the general nod gene- 
inducing activity of flavones and flavanones. The 
active compounds all carry a 7-OH (hydroxyl), 
usually, but not always, combined with a 5-OH 
and a 4 ' -OH or 4 ' -OMe (methoxyl) substitution. 
Mono-glucosylation at C-7 does not affect the 
inducing activity of active aglycone inducers. The 
levels of induction observed with 7-0-glucosides 
of the flavanones naringenin and eriodictyol, and 
of the corresponding flavones apigenin and 
luteolin are approximately the same as the levels 
of the aglycones each of the test strains. The 
7-0-rhamnoglucoside of naringenin, naringin, 
however, is much less active than the mono- 
glucoside and the aglycone (Table 1). 

Next to these general features, a number of 
specific substitutions can cause a flavonoid to be 
inactive in nod gene induction with any of the 
three test strains (Table 1, Fig. 6). (i) From the 
difference between apigenin, which induces all 
three strains and scutellarein, it is obvious that in 
favones a 6-OH is deleterious for induction. 
(ii) Comparison of chrysin with 7-hydroxyfla- 
vone, which induces RBL5280 and RBL5283, 
shows that a 5-OH can severely hamper induc- 
tion. This negative effect, however, is countered by 
the presence of an additional 4 ' -OH, like in 
apigenin. 5,7-diOH substitution of a flavanone 
(pinocembrin) does not reduce inducing activity 
to such an extent. (iii) The total lack of induction 
of RBL5280 and RBL5283 by the flavanone 
sakuranetin, as compared to the very efficient 
induction of these strains by naringenin, indicates 
that in flavanones C-7  should be hydroxylated, 
and not methoxylated. (iv)The 5-deoxydihydro- 
flavonols dihydrofisetin and dihydrorobinetin are 
almost inactive. Taxifolin, which differs from 
dihydrofisetin in that C-5 is hydroxylated, is a 
moderate inducer for both RBL5280 and 
RBL5283. Lack of a C-5-hydroxyl in dihydro- 
flavonols therefore causes inactivity in nod gene 
induction (Table 1). 

Thus, flavonols, isoflavones, 6-OH substituted 
flavones, and 7-OMe substituted flavanones are 
generally inactive in nod gene induction on any of 
the three test strains. Hydroxylation of both C-5 
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Table 1. Activity of inducers from Vicia sativa root exudate for test strains differing only in their nodD gene, originating 
from R. leguminosarum bv. viciae (RBL5280), bv. trifolii (RBL5283), and R. meliloti (RBL5261). 

Compound Substitutions 

C-3 C-5 C-6 C-7 C-8 C-3' C-4' C-5' 

Root exudate 

Inducer 'A' (flavanone) 
Inducer 'B' (flavanone) OH OH OH 
Inducer 'C' (flavanone) 
Inducer 'D' (flavanone) OH 
Inducer 'E' (flavanone) 
Inducer 'F' (flavanone) 
Inducer 'G' 

Flavanones 

Pinocembrin OH OH 
Naringenin OH OH 
Sakuranetin OH Me 
Isosakuranetin OH OH 
Eriodictyol OH OH 
Homoeriodictyol OH OH 
Hesperetin OH OH 
Dihydrokaempferol OH OH OH 
Dihydrofisetin (fustin) OH OH 
Dihydroquercetin (taxifolin) OH OH OH 
3'-methoxy-taxifolin OH OH OH 
5,7-dihydroxy-3' ,4' ,5' trimethoxy- OH OH 

flavanone 
Dihydrorobinetin OH OH 
Naringenin-7-0-glucoside OH Og 
Eriodictyol-7-0-glucoside OH Og 
Naringin OH Org 

Flavones 

5 -Hydroxyflavone OH 
7-Hydroxyflavone OH 
Chrysin OH OH 
7,8-Dihydroxyflavone OH 
Galangin OH OH OH 
Apigenin OH OH 
Kaempferol OH OH OH 
Kaempferide OH OH OH 
Fisetin OH OH 
Scutellarein OH OH OH 
Luteolin OH OH 
Quercetin OH OH OH 
Myricetin OH OH OH 
Apigenin-7-0-glucoside OH Og 
Luteolin-7-0-glucoside OH Og 

Isoflavones 

Daidzein OH 
Genistein OH OH 

Miscellaneous 

Phloretin (naringenin chalcone) OH OH 

OH 

OH Me 

OH Me 

OH 
OH 
Me 

OH OH 
Me OH 
OH Me 

OH 
OH OH 
OH OH 
Me OH 
Me Me 

OH 

OH 

OH 
OH 
OH 
OH 

OH 
OH 
Me 

OH OH 
OH 

OH OH 
OH OH 
OH OH 

OH 
OH OH 

OH 
OH 

OH 

Me 

OH 

OH 

a The activity without inducers added was 300 units offl-galactosidase for strains RBL5280 and RBL5284, and 1100 units for 
strain RBL5283. Substituents: g, glucosyl; Me, methoxyl; OH, hydroxyl; r, rhamnosyl. 
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Induction (units fl-galactosidase x 10-3) with strain a 

RBL5280 RBL5283 RBL5261 

40 nM 200 nM I#M 40 nM 200 nM 1 #m 40 nM 200 nM 1 #M 

13.1 28.6 12.6 30.4 0.7 2.0 
18.9 32.0 1.3 1.9 0.4 0.7 
8.3 26.6 8.2 23.3 0.6 1.3 

34.1 37.9 1.3 2.6 1.9 3.5 
18.2 38.0 1.1 1.1 0.6 0.6 

1.3 17.6 1.1 1.1 0.4 0.5 
10.9 26.8 1.3 10.1 0.8 3.0 

3.0 13.4 19.4 13.1 16.8 16.4 0.5 
15.5 19.0 21.0 20.0 25.0 28.0 0.3 0.6 0.7 

0.4 1.1 0.3 
1.0 5.5 18.2 20.3 21.2 0.3 

1.5 13.7 21.0 4.6 9.6 5.4 0.9 
10.0 18.0 24.0 3.0 3.7 4.0 1.0 
15.2 24.4 24.2 1.1 0.8 
12.5 12.5 5.3 32.3 37.8 35.7 1.0 0.8 
0.3 1.2 2.3 1.1 1.4 0.4 0.5 
0.4 0.6 14.2 1.5 1.7 11.2 0.4 0.4 1.1 
0.5 6.2 28.6 2.5 5.6 5.2 0.4 1.0 

1.1 4.2 0.4 

0.3 0.7 1.3 2.0 0.4 
16.8 23.8 
17.5 4.1 

0.4 1.0 1.1 1.4 0.4 

0.4 
0.6 
1.1 
0.4 

7.1 

15.4 

1.6 

0.3 1.1 0.3 
9.3 10.0 21.3 29.2 29.0 0.6 
1.0 2.0 4.0 0.4 

1.3 6.0 18.2 22.1 0.4 
0.3 1.1 0.3 

22.3 24.0 18.7 26.3 29.0 0.9 2.1 2.4 
0.8 2.5 0.4 
0.3 1.1 0.3 
0.3 1.5 0.3 
0.3 1.1 0.3 

5.2 19.7 4.3 9.5 21.5 0.9 2.3 6.3 
0.3 1.2 0.3 
0.3 1.1 0.3 

18.3 27.6 3.0 
17.5 25.4 5.4 

0.3 1.1 0.3 
0.3 1.1 0.3 

0.3 
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Fig. 6. Substituents influencing general nod gene-inducing properties of flavonoids for all three test strains RBL5280, RBL5283 
and RBL5261 (A), and substituents determining nodD-specificity or preference of inducers (B). A, substituents depicted bold: 
favorable for induction; underlined: unfavorable for induction; in parenthesis: favorable or unfavorable, depending on the 
presence of other substituents (Table 1); when R 1 = OH or Og (glucoside): favorable for induction; when R1 = H or OCH3: 
unfavorable for induction; when R 2 is either H, OH or OCH3: favorable for induction. B, inducing activity for various substitution 
patterns of flavonoids for strains RBL5280 (Dleg), RBL5283 (Dtrif) and RBL5261 (Dmel), harboring the nodD genes of 
R. leguminosarum bv. viciae, by. trifolii, or R. meliloti, respectively, related to maximum inducing activity recorded for these strains 
by any compound (Table 1 ) ; ' - '  = 0 -10%, '  + '  = 10-25%, ' + '  = 25-50%, '  + '  = 50-80%, and '  + + '  = 80-100% of maximum 

induction. 

and C-7 without hydroxylation at C-4' is only 
unfavorable for flavones, and 5-deoxydihydro- 
flavonols are inactive as well. The active 
compounds have at least a 7-OH, mostly com- 
bined with 5-OH and 4 ' -OH or 4 ' -OMe sub- 
stitutions. The 7-OH may be replaced by a mono- 
glucosylic substituent, but a rhamnoglucosyl 
group decreases the activity. 

Structural features of flavonoids restricting the 
inducing ability to specific nodD genes 

The following structural features specifically 
hamper the induction of one strain, but do not 
affect that of another one (Table 1, Fig. 6B). 
(i) RBL5280 is not induced by 7,8-dihydroxy- 
flavone due to the 8-OH, since 7-hydroxyflavone 

can induce this strain, although not to maximum 
levels. This substitution does not affect the induc- 
tion of RBL5283 to such an extent. (ii)In the 
absence of a C-3' hydroxy or methoxy substi- 
tution, a methoxyl group at C-4' (isosakuranetin) 
instead of a hydroxyl (naringenin) in flavanones 
reduces inducing activity on strain RBL5280 to 
very low levels, but leaves the induction of 
RBL5283 unaffected. (iii) The flavanones eriodic- 
tyol, homoeriodictyol, and hesperetin, and the di- 
hydroflavonols 3'-methoxytaxifolin and inducer 
B (4'-methoxytaxifolin) are very efficient inducers 
of RBL5280. On RBL5283, however, they have 
no or only little inducing effect. This is due to the 
hydroxyl or methoxyl substitutions at C-3', as 
naringenin, isosakuranetin, and dihydrokaempfe- 
rol, which lack this substituent, are active on 
RBL5283. (iv)In contrast, dihydrokaempferol, 



which lacks a 3'methoxy group compared to in- 
ducer B, is only slightly active on RBL5280, but 
is a very good inducer for RBL5283. 
(v) RBL5261, carrying the R. meliloti nodD gene, 
can only be induced by multiply hydroxylated fla- 
vones such as luteolin and apigenin. All other 
commercially available flavanones and flavones 
tested are inactive. However, inducer D from exu- 
date, most likely 7,3'-dihydroxy-4'-methoxyfla- 
vanone, does activate this strain. Hesperetin, 
which differs from the presumed structure of in- 
ducer D in an additional 5-OH, is inactive. The 
5-deoxy character in fiavanones thus most likely 
is favorable for induction mediated by the R. meli- 
loti nodD gene. 

In conclusion, the specificity of induction for 
the test strains containing different nodD genes is 
determined by single substituent differences. The 
most discriminating positions in this specificity 
are C-8 in flavones, and C-5, C-3' and C-4' in 
flavanones and dihydroflavonols. 

Discussion 

Inducers in Vicia sativa root exudate 

Activation of the inducible Rhizobium and 
Bradyrhizobium nodulation genes requires the 
presence of the constitutively expressed nodD gene 
and flavonoids present in leguminous roots, 
seeds, or root exudates [6, 15, 20, 22, 25, 33, 34, 
35]. The inducers that have been chemically 
characterized so far are different in each host 
plant. The major inducers in extract of Trifolium 
repens seedlings are 7,4'-dihydroxyflavone and 
7,4'-dihydroxy-3'-methoxyflavone (geraldone) 
[22]. Seed extract of alfalfa contains luteolin as 
the major inducer [20], and from seeds of Glycine 
max the isoflavones daidzein and genistein were 
isolated [15, 25]. 

We examined root exudate as the source of nod 
gene inducers, because in soil the bacteria will 
initially be activated by compounds present in the 
rhizosphere rather than in the root itself. A 
previous study already pointed out that also in 
root exudates a great diversity of nod gene 
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inducers exists, and even that different host plants 
of R. leguminosarum biovar viciae exude different 
inducers [35]. We now show that at least 7 dif- 
ferent inducers are present in sterile root exudate 
of Vicia sativa (Fig. 2), 6 of which are flavanones 
(Fig. 3). One of the inducers, inducer B, was 
identified as 5,7,3'-trihydroxy-4'-methoxydi- 
hydroflavonol ( = 3,5,7,3'-tetrahydroxy-4'-meth- 
oxyflavanone) (Fig. 4). A second inducer, 
inducer D, most likely is 7,3'-dihydroxy-4'-meth- 
oxyflavanone (Fig. 5). 

Up to now, a 3-hydroxy substitution was con- 
sidered deleterious for nod gene inducing ability of 
flavonoids for R. leguminosarum biovars viciae 
and trifolii, and R. meliloti, since all flavonols 
tested so far were inactive [4, 22, 23, 34, 36]. 

However, in flavanones a C-3 hydroxyl group 
does not render the molecule inactive. On the 
contrary, some of the best inducers of RBL5280 
and RBL5283, harbouring the nodD genes 
R. leguminosarum bv. viciae and bv. trifolii, respec- 
tively, are found among the dihydroflavonols 
(Table 1). 

Structural features required for induction in general 

We investigated the structural requirements for 
induction on different nodD genes using isogenic 
strains exclusively differing in the source of their 
nodD gene. The following substituents generally 
inactivate flavonoids for induction with any of the 
3 nodD genes (Table 1, Fig. 6A, B): a 3-phenyl 
group in flavones (= isoflavones), a 3-OH in 
flavones (= flavonols), a 6-OH in flavones, a 
7-OMe in flavanones, and lack of a C-5 hydroxyl 
in dihydroflavonols with several B-ring hydroxyls 
(Table 1). Methoxylation of C-7 also reduces 
inducing activity of flavones [22]. 

Flavones and flavanones are not fully com- 
parable regarding the relationship between sub- 
stitution-pattern and inducing activity (Table 1, 
Fig. 6). One general rule is that they must have at 
least a 7-OH to be active as nod gene inducers. 
Most inducers also contain a 4 '-OH (Table 1). 
Hydroxyls at these positions have an acidic 
character, and play an essential role in a process 
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described recently [16, 21]. In this process, the 
unionized inducer accumulates in the phospho- 
lipid bilayer of the cytoplasmic membrane. When 
the molecule diffuses to the negatively charged 
cytoplasmic side of this membrane, its acidic 
hydroxyls are ionized, and it is repelled from both 
the cytosol and the cytoplasmic membrane into 
the positively charged periplasmic space. Here the 
flavonoid is neutralized again and re-enters this 
proces of shuttling [16, 21]. The fact that each 
nodD gene has its own spectrum of specific 
inducers points to a direct interaction between 
inducer and nodD gene. Since the nodD product 
is associated with the cytoplasmic membrane 
[ 16], and since the inducer is exposed to the cyto- 
plasmic side of this membrane by the process 
described above, a model involving a direct inter- 
action between the nodD product and the 
flavonoid at this site has been proposed [16, 21]. 

Structural features determining 'nodD specificity' of 
induction 

A number of substitutions on flavonoids result in 
a specificity or preference for one or more nodD 
genes (Table 1, Fig. 6B). Although strains with 
the nodD genes ofR. leguminosarum bv. viciae and 
bv. trifolii (RBL5280 and RBL5283, respectively) 
have a number of inducers in common, certain 
substitutions can cause flavonoids to be moder- 
ately or even highly specific for either of these 
strains. Substituents at the C-8 position in 
flavones, and the C-3, C-3' and C-4' positions in 
flavanones are the major determinants in this 
specificity (Table 1, Fig. 6B). The strain contain- 
ing the R. meliloti nodD gene, RBL5261, can only 
be induced by the 2 multihydroxylated flavones 
apigenin and luteolin [33, 36], Table 1)and by 
inducer D, owing the 5-deoxy character of this 
flavanone (Table 1, Fig. 6B). 

The substitutions that cause 'nodD specificity' 
must play a direct role in the activation of the 
nodD gene product. Recently, hybrid nodD genes 
[29] and nodD point mutants [2, 4] have been 
described that no longer require a flavonoid 
inducer to activate the transcription of the induci- 

ble nod genes. Thus, the activation of the nodD 
gene products can be mimicked by changes in 
their amino acid sequences. These changes almost 
certainly influence the 3-dimensional structure of 
the nodD gene product, as well as the physico- 
chemical characteristics of putative domains 
functioning in inducer recognition and transcrip- 
tion activation. Similar changes will occur with 
the wild-type NodD proteins as a result of the 
interaction with flavonoid inducers. The dif- 
ferences in structural features of inducers required 
for the activation of the respective NodD proteins, 
combined with the future data on their respective 
amino acid sequences, may be useful to elucidate 
the details of the molecular interactions that lead 
to the activation. Since the nodD gene product is 
reported to bind to DNA sequences upstream of 
the inducible nod operons, even in the absence of 
inducers [7, 8, 14], studies on the interaction with 
flavonoid inducers are best carried out using 
DNA-bound nodD protein. As the interaction 
presumably takes place at the cytoplasmic mem- 
brane [16, 21], the influence of binding to this 
membrane will also have to be taken into account. 

Relevance of 'nodD specificity' of inducers in the 
symbiotic process 

The function ofnodD specificity of inducers in the 
symbiosis is not always clear, as root exudates or 
extracts of several host plants contain inducing 
activity for homologous as well as heterologous 
Rhizobia [20, 22, 35, 36]. However, there is 
increasing evidence that host specificity can be 
controlled (at least partly) at the level of nod gene 
induction. (i)In the Trifolium pratense-R, legu- 
minosarum bv. trifolii symbiosis, it was shown that 
root exudate only induces nod genes in the 
presence of the homologous nodD gene, and that 
R. leguminosarum bv. trifolii nodD mutants can 
only be complemented for nodulation on this host 
by the homologous nodD gene [28], (ii) R. meliloti 
supplied with the nodD gene of the wide host-range 
Rhizobium strain MPIK3030 gains the ability to 
nodulate Macroptilium atropurpureum, a 
MPIK3030 host plant [ 10]. (iii) The non-legume 



Parasponia can  be nodula ted  by R.  leguminosarum 

bv. trifolii, when this bac ter ium carries the nodD1 

gene of  Rhizobium strain N G R 2 3 4 ,  the natural  
symbiont  o f  this plant  [ 1 ]. Thus,  specificity in nod 
gene induction can  be a de terminant  o f  host-  

specificity in the nodulat ion process.  
In case a root  exudate does not  have host-  

specific induction properties,  like that  f rom Vicia 

sativa, host  specificity will be determined in later 
stages of  the nodulat ion process.  Recent  studies 

on R.  meliloti for instance,  have shown that  nodu-  
lation of  this bac ter ium on V. sativa is b locked at 

the level o f  root  hair deformation/curl ing [5]. As 
the root  hair curling factor  o fR .  leguminosarum bv 
trifolii is active on V. sativa [3], in this case host  
specificity will be determined in further steps. 

Mos t  likely, starting with nod gene induction, each 
step of  the symbiotic process  in which signalling 
occurs will delimit the host  range, until finally only 

the compat ib le  p lant-bacter ium combinat ion  will 
p roduce  a functional nodule structure. 
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