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Abstract 

Inoculation of Vicia sativa subsp, nigra (V. sativa) roots with Rhizobium leguminosarum biovar, viciae 
(R.L viciae) bacteria substantially increases the ability of V. sativa to induce rhizobial nodulation (nod) 
genes. This increase is caused by the additional release of flavanones and chalcones which all induce 
the nod genes of R.L viciae (K. Recourt et aL, Plant Mol Biol 16: 841-852). In this paper, we describe 
the analyses of the flavonoids present in roots of V. sativa. Independent of inoculation with R.I. viciae, 
these roots contain four 3-O-glycosides of the flavonol kaempferol. These flavonoids appeared not ca- 
pable of inducing the nod genes of R.I. viciae but instead are moderately active in inhibiting the activated 
state of those nod genes. Roots of 7-day-old V. sativa seedlings did not show any kaempferol-glycosidase 
activity consistent with the observation that kaempferol is not released upon inoculation with R.l. viciae. 
It is therefore most likely that inoculation with infective (nodulating) R.I. viciae bacteria results in de novo 
flavonoid biosynthesis and not in liberation of flavonoids from a pre-existing pool. 

Introduction 

Roots of leguminous plants can be nodulated by 
symbiotic bacteria of the family Rhizobiaceae 
[24]. Rhizobial nodulation (nod) genes are acti- 
vated by flavonoids released by roots of the host 
plant. This process is dependent on the regulatory 
nodD gene(s) [1, 6, 9, 12-15, 18, 25, 26]. In re- 
sponse to nod gene activation, rhizobia produce 
signal molecules that induce nodulation-related 
processes in host roots [ 10, 22]. Recently, it has 

been shown that a nod gene-dependent factor 
produced by Rhizobium leguminosarum biovar, vi- 
ciae (R.l. viciae) increases the inducing activity of 
root exudate of Vicia sativa subsp, nigra (V. sa- 
tiva) for the nod genes of R.l. viciae [22]. A pos- 
itive feedback of R.L viciae on the release of nod 
gene-inducing flavonoids by V. sativa may be of 
importance because Kapulnik et al. [8] showed 
that the level of nod gene-inducing compounds in 
the rhizosphere can be limiting for nodulation and 
yield of plant material. 
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In a previous paper [17], we showed that in- 
oculation of V. sativa roots with infective (nodu- 
lating) R.I. viciae bacteria results in additional re- 
lease of nod gene-activating flavanones and 
chalcones. Furthermore, it was found that unin- 
oculated and inoculated V. sativa roots contain 
four compounds each of which was unable to 
activate nod genes. These results raised the ques- 
tion as to whether the additionally released fla- 
vonoids were liberated from the pre-existing pool 
of root flavonoids or whether they originated from 
de novo synthesis. Here we report the major fla- 
vonoids in V. sativa roots to be identified as gly- 
cosides of the nod gene-inhibiting flavonol 
kaempferol. This finding, and the apparent ab- 
sence of kaempferol glycosidase activity in ex- 
tracts of uninoculated and inoculated V. sativa 
roots, are consistent with the hypothesis that in- 
oculation with R.1. viciae activates flavonoid bio- 
synthesis in V. sativa roots. 

Materials and methods 

Bacterial strains, plasmids, and growth conditions 

Rhizobium leguminosarum strain RBL5601, con- 
taining the R.l. viciae plasmid pJB5JI [7], and its 
Sym plasmid-cured derivative LPR5045 were 
used for inoculation of V. sativa roots. Strains 
RBL5280, RBL5283 and RBL5284, all harbour- 
ing plasmid pMP154, which contains the nodA 
promotor of plasmid pRL1JI fused to the E. coli 
lacZ gene [26] as well as a plasmid carrying ei- 
ther the nodD gene of R.l. viciae, R.l. trifolii or 
R. meliloti, respectively [20], were used as indi- 
cator strains in nod gene :induction assays. Bac- 
teria were maintained at  28 °C on solid YMB 
medium containing yeast extract and mannitol 
and, if appropriate, antibiotics to maintain the 
plasmids [5, 20]. 

Preparation and chromatographic analysis of root 
extracts 

For purification of flavonoids, uninoculated or 
inoculated V. sativa roots were grown and ex- 

tracted as previously described [17, 21]. In short, 
approximately 100 roots (1.1 g fresh weight) were 
ground in liquid nitrogen, extracted with 
petroleum/water (1:1 v/v) after which the petro- 
leum ether phases were discarded! The aqueous 
phases were acidified and extracted with n- 
butanol. Finally, the butanolic fractions were 
evaporated and the residues were dissolved in 
small aliquots of methanol. The methanolic frac- 
tions were analysed by C-18 reversed-phase 
HPLC (Pharmacia, Uppsala, Sweden) according 
to Vansumere et al. [23] using the weak solvent A 
(water/formic acid 95:5 v/v), the strong solvent B 
(methanol/acetonitrile 95:5v/v) and the fol- 
lowing elution protocol: 0-15ml,  ~oB=25; 
15-35 ml, ~oB = 30; 35-55 ml, ~oB = 35; 55- 
75 ml, ~oB =40; 75-95 ml, ~oB =45; 95-115 ml, 
~oB=50; 115-125ml, ~oB=60; 125-145ml, 
~ B  = 100; 145-165 ml, ~oB = 25. For prepara- 
tive purification, approximately 4000 roots (44.0 g 
fresh weight) inoculated with infective R.I. viciae 
bacteria were extracted and analysed as described 
above. For further analysis, the major UV- 
absorbing compounds were hydrolysed in 0.5 ml 
1 M HC1 for 1 h at 100 °C, after which one vol- 
ume of diethyl ether was added to extract the 
reaction product(s) and finally analysed by C-18 
reversed-phase chromatography as described 
above. 

The residual aqueous phases were further hy- 
drolysed with 2 M trifluoroacetic acid (TFA) for 
1 h at 120 °C, and separated by using a HPLC 
lichrosphere-NH2 column (No. 50834, Merck, 
Darmstadt, FRG) with acetonitrile/water (75:25) 
as the eluent (flow 2 ml/min). Monosaccharides 
were detected with a differential refractometer 
(LKB 2142, LKB Inc., Turku, Sweden) and iden- 
tified by using commercially available standards 
as references. 

Chemical characterization of root compounds 

For UV spectroscopy, hydrolysed or unhydrol- 
ysed root compounds were dissolved in ethanol, 
and their absorption spectra were recorded using 
a Pye Unicam spectrophotometer (type sp-100; 



Pye, Cambridge, England). UV spectral shift 
analyses were done by using AICI3, AIC13/HC1 
and NaOAc as previously described [11]. 1H- 
NMR spectra were recorded on a Bruker WM- 
300 spectrometer equipped with an Aspect 2000 
data system, at 300 MHz. DMSO-d6 (99.99% 
deuterated, Janssen, Oss, Netherlands) was used 
as the solvent. The residual solvent peak was 
used as an internal standard (2.04 ppm). With 
both techniques, commercially available fla- 
vonoids were used as references. 

Assay for nod gene-inducing activity 

Induction of nod gene activity was tested using 
one of three isogenic Rhizobium strains RBL5280, 
RBL5283 and RBL5284 which harbour the nodD 
genes of R.l. viciae, R.l. trifolii and R. meliloti, re- 
spectively [20, 27] as previously described [26, 
27]. 

Glycosidase assays 

For determination of endogenous flavonoid- 
glycosidase activity, 100 mg V. sativa roots were 
homogenized in liquid nitrogen and extracted for 
30 min by gently shaking with 20 mg Biobeads 
SM-7 (Biorad, Richmond, CA, USA) in 5 ml de- 
gassed 0.1 M sodium phosphate pH 5.7 contain- 
ing 20 mM 2-mercaptoethanol. After centrifuga- 
tion, the supernatant fluids were extracted twice 
with 10 mg Biobeads to remove endogenous fla- 
vonoids and other phenolic compounds. The re- 
sulting supernatant was either directly tested for 
enzyme activity or stored at -80 °C after the 
addition of glycerol at a final concentration of 
20~o. The crude glycosidase fraction was tested 
for activity by adding 0.25 ml enzyme to 2.25 ml 
reaction buffer (0.1 M de-gassed sodium phos- 
phate pH 5.7). At T = 0, approximately 0.1 #mol 
of purified root flavonoids were added. The reac- 
tion mixture was incubated at 30 °C and after 1, 
2 and 20 h of incubation, samples of 0.75 ml were 
acidified to pH 5.0 by using 10~o acetic acid. After 
extraction with n-butanol, the reaction products 
were analysed by HPLC as described above. 
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For the determination of rhizobial glycosidase 
activity, cells of R.I. viciae strain RBL5601 were 
incubated for 14 h at 28 °C with 10 #M of the 
appropriate flavonoid glycoside. The supernatant 
of 2.0 ml bacteria (A660  = 0.25) was extracted with 
2 ml n-butanol, and after concentration the sam- 
ples were analysed by reversed-phase HPLC, ap- 
plying the protocol as described above. 

Flavonoids 

Kaempferol and kaempferol-7-neohesperidose 
(kaempferol substituted with L-rhamnosyl-D- 
glucose at position 7) were purchased from Carl 
Roth GmbH (Karlsruhe, FRG). Kaempferol-3- 
rutinoside (kaempferol substituted with L-rham- 
nosyl-D-glucose at position 3) was obtained from 
Extrasynthese (Genay, France). 

Results 

HPLC and NMR analysis of  root flavonoids 

For purification of root flavonoids, roots of 7- 
day-old V. sativa seedlings were extracted as de- 
scribed in Materials and methods. Flavonoids 
were initially analysed by reversed-phase HPLC. 
Since the endogenous root compounds appeared 
to be more hydrophilic than flavonoids present in 
root exudate [17], the previously used elution 
protocol was slightly modified to optimize reso- 
lution. Independent of inoculation with homolo- 
gous R.l. viciae bacteria, V. sativa appeared to 
contain four major UV-absorbing compounds 
(Fig. 1A). Previous observations had already sug- 
gested the glycosidic nature of these compounds 
[ 17]. Acidic hydrolysis resulted in the appearance 
of one peak with an elution volume larger than 
either of the original root compounds (Fig. 1B), 
suggesting that each root flavonoid contained the 
same aglycone. ~H-NMR analysis of the four un- 
hydrolysed root compounds confirmed their sim- 
ilarity with spectra showing proton signals typical 
of flavonoid-like heterocyclic compounds [ 11 ] 
(Table 1). The NMR and HPLC spectra of the 
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Fig. 1. Reversed-phase HPLC analysis of unhydrolysed and 
hydrolysed V. sativa root extracts. Roots of 7-day-old seed- 
lings were extracted as described in Materials and methods. 
Analyses represent roots inoculated with infective R.I. viciae 
bacteria before (panel A) and after (panel B) acidic hydroly- 
sis. Analyses of uninoculated root extracts showed identical 
elution patterns (not shown). Symbols A, B, C, D, represent 
major UV-absorbing compounds in unhydrolysed root ex- 
tracts. 

root compound obtained after hydrolysis ap- 
peared to be identical to those of authentic 
kaempferol. Consequently, the four root fla- 
vonoids were tentatively identified as kaempferol 
conjugates. N M R  spectra of each of the root fla- 
vonoids showed approximately 18 protons in the 
area from 3.0 to 5.5 ppm, suggesting glycosyla- 
tion by at least three sugar residues. To identify 
these sugars, the oligosaccharides were further 
hydrolysed with 2 M trifluoroacetic acid and 
analysed by HPLC,  as described in Materials and 
methods. Glucose appeared to be the most abun- 
dant monosaccharide but significant amounts of 
rhamnose, xylose and arabinose were also de- 
tected (Table 2). 

UV analysis of root flavonoids 

To determine the substitution pattern of the 
kaempferol glycosides, UV spectral shift analyses 
were performed [ 11 ]. The UV spectra of all four 
root glycosides responded similarly to the pres- 
ence of AIC13, A1C13/HC1 or NaOAc indicating a 
similar substitution pattern. Comparable to the 
spectrum ofkaempferol-3-O-rutinoside, the spec- 
tra of the four root glycosides showed UV max- 
ima which are lower compared to the maxima of 
the aglycone kaempferol (Table 3). This shift in- 
dicated a substitution at the 5-hydroxyl and/or 
3-hydroxyl position [ 11 ]. Addition of sodium ac- 
etate resulted in a shift towards the red of both 
band 1 and 2 which is typical for the presence of 
ionizable hydroxyl groups [ 11 ]. In contrast to the 

Table 1. 1H-NMR data for Vicia sativa root flavonoids before (A, B, C and D) and after hydrolysis (Hydr.*. 

H A B C D Hydr. 

6 6.65 d (2.0) 6.65 d (2.0) 6.65 d (2.0) 6.65 s 6.18 d (2.0) 
8 6.74 d (2.0) 7.75 d (2.0) 6.65 d (2.0) 6.65 s 6.42 d (2.0) 
2' 8.03 d (9.0) 7.95 d (9.0) 8.03 d (9.0) 7.97 d (9.0) 8.03 d (8.9) 
3' 6.87 d (9.0) 6.85 d (9.0) 6.85 d (9.0) 6.85 d (9.0) 6.91 d (9.0) 
5' 6.87 d (9.0) 6.85 d (9.0) 6.85 d (9.0) 6.85 d (9.0) 6.91 d (9.0) 
6' 8.03 d (9.0) 7.95 d (9.0) 8.03 d (9.0) 7.97 d (9.0) 8.03 d (8.9) 
Sugars 3.0-5.5 m 3.0-5.5 rn 3.0-5.5 m 3.0-5.5 m - 

Chemical shifts of protons in ppm from TMS (s = singlet, d = doublet, m = multiplet). Hydr. = hydrolysate; coupling constants (Hz) 
in parentheses. Spectra were recorded in DMSO-d6. 



Table2. Analysis of sugar residues of Vicia sativa root 
flavonoids. 

Root flavonoid Tr (ml) Sugar 1 Ratio 

A 

B 

C 

D 

2.5 Rha 0.17 
2.7 Xyl 0.24 
3.1 Ara 0.17 
3.5 Glc 1.00 

2.5 Rha 0.25 
2.7 Xyl 0.13 
3.1 Ara 0.57 
3.5 Glc 1.00 

2.6 Xyl 0.50 
3.0 Ara 0.19 
3.4 Glc 1.00 

2.5 Rha 0.55 
2.6 Xyl 0.13 
2.9 Ara 0.57 
3.5 Glc 1.00 

Abbreviations: Tr, elution volume; Rha, rhanmose; Xyl, 
xylose; Ara, arabinose, Glc, glucose. (SD = 5~o, n = 2). 

shift towards the UV of band 2 with kaempferol- 
7-O-neohesperidose, band 2 of kaempferol-3-O- 
rutinoside and band 2 of all four root glycosides 
shifted approximately 10 nm towards the red in- 
dicating the presence of a free hydroxyl group at 
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the 7 position [11]. Furthermore, the spectra of 
the aluminium complexes of both kaempferol-3- 
O-rutinoside and the root glycosides show the 
appearance of an extra UV absorption maximum 
at approximately 309 nm indicating the presence 
of a free 5-hydroxyl group in the non-complexed 
compounds [11 ]. On the basis of these data, we 
identified the root glycosides as being kaempferol- 
3-O-glycosides. By using the molar extinction co- 
efficient of kaempferol [ 11], we calculated that 
4000 7-day-old V. sativa seedlings contain ap- 
proximately 5 #mol kaempferol glycosides. By 
using the data previously published [ 17] the en- 
dogenous flavonoid content of 7-day-old V. sativa 
roots is approximately 50times the amount 
present in 7-day-old sterile root exudate and 
7.5 times the amount present in 7-day-old exu- 
date from roots inoculated with infective R.I. vi- 
ciae bacteria. 

Plant-derived and rhizobial glycosidase activity 

To test whether inoculation with R.I. viciae could 
trigger plant-derived flavonoid glycosidase activ- 
ity, extracts of sterile roots, roots inoculated with 
non-infective or infective R.I. viciae bacteria were 
assayed for glycosidase activity as described in 
Materials and methods by using original root gly- 

Table 3. UV analysis of Vicia sativa root flavonoids. 

Compound Absorption maxima (nm) 

Band 2 Band 1 After addition of 

A1C13/HC1 NaOAc 

2a 1 2 1 

Kaempferol 268 370 - 428/423 276 385 
K-7-O-r,g 268 370 - 428/422 261 384 
K-3-O-r,g 268 355 308 400/397 278 380 
A 264 344 309 405/395 275 374 
B 263 344 309 402/395 274 375 
C 263 345 310 412/406 274 376 
D 263 345 310 410/399 274 373 

1 Abbreviations:K, kaempferol; r, rhamnose; g, glucose; A, B, C, D, respective root flavonoids. 
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cosides or commercially available kaempferol gly- 
cosides as substrates. HPLC analyses showed 
that these flavonoids could not be deglycosylated 
by either of the plant extracts tested, suggesting 
that 7-day-old V. sativa roots do not contain sig- 
nificant amounts of flavonoid glycosidase activ- 
ity. The presence of rhizobial glycosidase activity 
was tested by incubating rhizobial cultures with 
10 #M purified root flavonoids for 14 h and as- 
saying for released kaempferol. HPLC analyses 
showed most of the re-isolated compounds to 
exhibit an elution pattern identical to that of the 
original root flavonoids. However, approximately 
2 to 5% of the products co-eluted with kaem- 
pferol, suggesting minor but possibly significant 
deglycosylation by the R.I. viciae bacteria (not 
shown). 

Influence of  root flavonoids on nod gene activity 

It has been reported that the aglycone kaempferol 
can effectively inhibit the expression of nod genes 
in the presence of inducers [2]. We tested the root 
flavonoids, two commercially available kaem- 
pferol glycosides and kaempferol each for influ- 
ence on nod gene activation. The nod genes of 
R.I. viciae were activated with 0.25 #M naringe- 
nin [26]. It appeared that 1.0 #M kaempferol al- 

Table 4. Nod gene-inhibiting 1 properties of Vicia sativa root 
flavonoids. 

Compound 2 Concentration (#M) 

0.25 0.50 1.0 5.0 10.0 

Kaempferol 25 60 89 96 96 
K-7-O-r,g 19 25 30 41 59 
K-3-O-r,g 10 13 16 17 28 
A 10 12 15 20 25 
B 8 10 14 18 24 
C 11 13 16 21 26 
D 10 12 16 20 25 

1 Inhibition is expressed as the percentage of reduction in 
fl-galactosidase activity in the presence of 0.25 #M of the 
nod gene inducer naringenin. 

2 Abbreviations: K, kaempferol; r, rhamnose; g, glucose; A, 
B, C, D, respective root flavonoids. (SD = 10%, n = 3). 

most completely inhibited nod gene induction 
confirming its potent inhibitory properties (Ta- 
ble 4). Both kaempferol-7-O-neohesperidose and 
kaempferol-3-O-rutinoside appeared to be less 
potent inhibitors, but the 7-O-diglycoside espe- 
cially reduced activation state of the R.l. viciae 
nodA promoter genes at concentrations of 5 #M 
to 10 #M (Table 4). Each of the four respective 
root flavonoids displayed weak inhibitory prop- 
erties for nod gene activation similar to the 
kaempferol-3:O-diglycoside. 

D i s c u s s i o n  

Structural analysis of  V. sativa root flavonoids 

As judged from NMR and HPLC analyses, roots 
of 7-day-old V. sativa seedlings contain four 
major flavonoid compounds, identified as 
kaempferol-glycosides (Table 1). Analysis of the 
hydrolysed sugar residues revealed that each gly- 
coside contains at least one glucose molecule. As 
judged from NMR and HPLC analyses, the gly- 
cosides also appear to contain additional rham- 
nose, xylose and arabinose residues. Their exact 
molar ratio is not clear but the NMR spectra 
suggest that each glycoside contains at least three 
sugar residues. By examining the effect of sodium 
acetate and AIC13 on the UV absorption maxima 
(Table 3), we tentatively identified each root fla- 
vonoid of V. sativa as kaempferol-3-O-glycoside 
(Fig. 2). Apparently, inoculation with infective 
R.l. viciae bacteria does not alter the quantity and 
quality of the flavonoids stored in V. sativa roots. 
However, since only complete roots were anal- 

3' 4 

Z l i ~ l t  OH 

Is FI "0. 
HO 0 ~'R 

Fig. 2. Chemical structure of kaempferol (R=H) and 
kaempferol glycosides (R = glycosyl), glycosylated at the 3 po- 
sition as purified from roots of V. sativa. 



ysed, it cannot be excluded that the flavonoid 
content of certain root cells changes after inocu- 
lation with infective R.I. viciae bacteria. 
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investigating the activity of several flavonoid bio- 
synthesis enzymes extracted from uninoculated 
and inoculated 1I. sativa roots. 

Implications for biosynthesis of released flavonoids 

Previously we have shown that roots of V. sativa 
release additional nod gene inducers upon inocu- 
lation with R.I. viciae [17]. Since these inducers 
appeared to be biosynthetically related, we sug- 
gested that (i) R.I. viciae stimulates de novo fla- 
vonoid biosynthesis or (ii) R.L viciae induces lib- 
eration of related flavonoids from a pre-existing 
pool [ 17]. It has previously been shown that roots 
of alfalfa contain conjugates of the nod gene in- 
ducers 4,7-dihydroxyflavone and 4,7-dihydroxy- 
flavanone[13]. Both aglycones could be recov- 
ered from sterile root exudates of alfalfa 
suggesting endogenous glycosidase activity. In 
contrast, we have not been able to detect signif- 
icant glycosidase activity originating from V. sa- 
tiva roots. Furthermore, neither these glycosides 
nor free kaempferol were detectable in sterile root 
exudate [27] or in root exudate obtained after 
inoculation with infective R.I. viciae bacteria [ 17]. 
However, comparable to experiments reported by 
Hartwig etaL[3] on flavonoid deglycosylation, 
free-living R.I. viciae bacteria were capable of lib- 
erating minor amounts of kaempferol from the 
root-derived kaempferol glycosides. Therefore it 
cannot be excluded that, due to rhizobial glycosi- 
dases, kaempferol is present in certain infected 
root cells. 

According to known pathways [4], naringenin, 
one of the flavanones present in root exudate [ 17], 
is a biosynthetic precursor of the kaempferol con- 
jugates stored in Vicia roots. It is therefore un- 
likely that the released flavonoids derive from the 
endogenous flavonoid pool. For sterile alfalfa 
plants, Maxwell and co-workers showed that fla- 
vonoids present in root exudate can derive from 
de novo biosynthesis [13]. The results presented 
in this paper also suggest that inoculation of 
V. sativa roots with infective R.I. viciae bacteria 
initiates or increases de novo flavonoid biosynthe- 
sis. To confirm this hypothesis, we are currently 

Possible roles for V. sativa root flavonoids 

Our data show a clear difference between the nod 
gene-inducing flavonoids present in root exudate 
[ 17] and root extracts. The endogenous root fla- 
vonoids of 1I. sativa do not possess nod gene- 
activating properties, but in contrast are moder- 
ately active in inhibiting the activation of the nod 
genes of R.I. viciae. It should be stressed though 
that R.1. viciae bacteria are able to liberate small 
but significant amounts of kaempferol from the 
root glycosides. Since the aglycone kaempferol 
displayed strong nod gene-inhibiting properties, it 
cannot be excluded that, in addition to the 
kaempferol glycosides, some free kaempferol 
contributed to reduction of the nod gene activa- 
tion (Table 4). 

Presence of nod gene-inhibiting flavonoids in 
V. sativa roots might be of biological importance. 
It is not known whether root flavonoids are 
present in infection threads which develop during 
the initial stages of nodulation [24]. But, since 
nod genes are expressed in infection threads [ 19], 
the presence of the rhizobium-liberated nod gene 
inhibitor kaempferol would stress the importance 
of an additional inducer release [ 17]. Further, it 
cannot be excluded that root flavonoids reach the 
soil as a result of root turnover, decomposition or 
general stress responses [16]. Many micro- 
organisms are capable of de-glycosylating fia- 
vonoids [16], and therefore soils surrounding 
;1. sativa roots might contain biologically signifi- 
cant amounts of free kaempferol. The possible 
presence of this nod gene-inhibiting flavonol 
would also emphasize the importance of release 
of nod gene inducers stimulated by infective 
R.l. viciae bacteria [17]. 

Acknowledgements 

We thank Theo van Vliet for performing the sugar 
analyses and Gieta Mahabir for technical assis- 



512 

tance. The investigations were partly supported 
by the Foundation for Fundamental Biological 
Research (BION), which is subsidized by the 
Netherlands Organization for the Advancement 
of Research (NWO). 

References 

1. Djordjevic MA, Redmond JW, Batley M, Rolfe BG: Clo- 
vers secrete specific phenolic compounds which either 
stimulate or repress nod gene expression in Rhizobium 
trifolii. EMBO J 6:1173-1179 (1987). 

2. Firmin JL, Wilson KE, Rossen L, Johnston AWB: Fla- 
vonoid activation of nodulation genes in Rhizobium re- 
versed by other compounds present in plants. Nature 324: 
90-92 (1986). 

3. Hartwig UA, Maxwell CA, Cecillia CM, Phillips DA: 
Chrysoeriol and luteolin released from alfalfa seeds in- 
duce nod genes in Rhizobium meliloti. Plant Physiol 92: 
116-122 (1990). 

4. Heller W, Forkmann G: Biosynthesis. In: Harborne JB 
(ed) The Flavonoids: Advances in Research since 1980, 
pp. 399-427. Chapman and Hall, London/New York 
(1988). 

5. Hooykaas PJJ, van Brussel AAN, den Dulk-Ras H, van 
Slogteren GMS, Schilperoort RA: Sym plasmid of Rhi- 
zobium trifolii expressed in different Rhizobial species and 
Agrobacterium tumefaciens. Nature 291:351-353 (1981). 

6. Horvath B, Bachem CW, Schell J, Kondorosi A: Host- 
specific regulation of nodulation genes in Rhizobium is 
mediated by a plant-signal, interacting with the nodD gene 
product. EMBO J 6:841-848 (1987). 

7. Johnston AWB, Beynon JL, Buchanon-Wollaston AV, 
Setchell SM, Hirsch PR, Beringer JE: High frequency 
transfer of nodulating ability between strains and species 
of Rhizobium. Nature 276: 634-636. 

8. Kapulnik Y, Joseph CM, Phillips DA: Flavone limita- 
tions to root nodulation and symbiotic nitrogen fixation 
in alfalfa. Plant Physiol 84:1193-1196 (1987). 

9. Kosslak RM, Bookland R, Barkei J, Paaren HE, Appel- 
baum ER: Induction of Bradyrhizobium japonicum com- 
mon nod genes by isoflavones isolated from Glycine max. 
Proc Natl Acad Sci USA 84:7428-7432 (1987). 

10. Lerouge P, Roche P, Faucher C, Maillet F, Truchet G, 
Prome JC, Denarie J: Symbiotic host-specificity of Rhi- 
zobium meliloti is determined by a sulphated and acety- 
lated glucosamine oligosaccharide signal. Nature 344: 
781-784 (1990). 

11. Mabry TJ, Markham KR, Thomas MB: The Systematic 
Identification of Flavonoids. Springer-Verlag, Berlin/ 
Heidelberg/New York (1970). 

12. Maxwell CA, Hartwig UA, Joseph CM, Phillips DA: A 
chalcone and two related flavonoids released from alfalfa 

roots induce nod genes ofRhizobium meliloti. Plant Phys- 
io191:842-847 (1989). 

13. Maxwell CA, Phillips DA: Concurrent synthesis and re- 
lease of nod gene-inducing flavonoids from alfalfa roots. 
Plant Physiol 93:1552-1558 (1990). 

14. Peters KN, Long SR: Alfalfa root exudates and com- 
pounds which promote or inhibit induction of Rhizobium 
meliloti nodulation genes. Plant Physiol 88 :396-400 
(1988). 

15. Peters KN, Frost JW, Long SR: A plant flavone, luteolin, 
induces expression of Rhizobium meliloti genes. Sci- 
ence 233:977-980 (1986). 

16. Rat  SA: Root flavonoids. Bot Rev 56:1-90 (1990). 
17. Recourt K, Schripsema J, Kijne JW, Van Brussel AAN, 

Lugtenberg B J J: Inoculation of Vicia sativa subsp, nigra 
roots with Rhizobium leguminosarum biovar viciae results 
in release of nod gene activating flavanones and chal- 
cones. Plant Mol Biol 16:841-852 (1991). 

18. Redmond JW, Batley M, Djordjevic MA, Innes RW, 
Kuempel PL, Rolfe BG: Flavones induce expression of 
nodulation genes in Rhizobium. Nature 323:632-635 
(1986). 

19. Sharma SB, Signer ER: Temporal and spatial regulation 
of the symbiotic genes in Rhizobium meliloti in planta re- 
vealed by transposon Tn5-gusA. Genes Devel 4:344-356 
(1990). 

20. Spaink HP, Okker RJH, Wijffelman CA, Pees E, Lugten- 
berg B J J: Regulation of the promoters in the nodulation 
region of the symbiosis plasmid pRL1JI of Rhizobium 
leguminosarum. In: Verma DPS, Brisson N (eds) Molec- 
ular Genetics of Plant-Microbe Interactions, pp. 244- 
246. Martinus Nijhoff. Dordrecht (1987). 

21. van Brussel AAN, Zaat SAJ, Canter Cremers HCJ, Wijf- 
felman CA, Pees E, Tak T, Lugtenberg B J J: Role of plant 
root exudate and Sym plasmid-localized nodulation genes 
in the synthesis by Rhizobium leguminosarum of Tsr fac- 
tor which causes thick and short roots on common vetch. 
J Bacteriol 165:517-522 (1986). 

22. van Brussel AAN, Recourt K, Pees E, Spaink HP, Tak 
T, Wijffelman CA, Kijne JW, Lugtenberg BJJ: A biovar- 
specific signal of Rhizobium leguminosarum biovar vieiae 
induces increased nodulation gene-inducing activity in 
root exudate of Vicia sativa subs. Nigra. J Bacteriol 172: 
5394-5401 (1990). 

23. Vansumere CF, Vandecasteele K, Hutsebaut W, Evaert 
E, de Cooman L, Meulemans W: RP-HPLC Analysis of 
flavonoids and the biochemical identification of hop cul- 
tivars. In: H Carl (ed) Proceedings of the EBC Sympo- 
sium on Hops, pp. 146-175. Brauwelt Verlag, Nuernberg, 
FRG (1988). 

24. Vincent JM: Factors controlling the Legume-Rhizobium 
symbiosis. In: Newton WE, Orme-Johnston (eds) Nitro- 
gen Fixation, pp. 103-129. University Park Press, Balti- 
more (1980). 

25. Wijffelman CA, Zaat B, Spaink H, Mulders I, van Brus- 
sel AAN, Okker R, de Maagd R, Lugtenberg BJJ: In- 



duction of Rhizobium nod genes by flavonoids: differential 
adaptation of promoter, nodD gene and inducers for var- 
ious cross-inoculation groups. In: Lugtenberg B (ed) Re- 
cognition in Microbe-Plant Symbiotic and Pathogenic In- 
teractions, NATO ASI Series vol .H4, pp. 123-135. 
Springer-Verlag, Berlin/Heidelberg (1986). 

26. Zaat SAJ, Wijffelman CA, Spaink HP, van Brussel AAN, 
Okker RJH, Lugtenberg B J J: Induction of the nodA pro- 

513 

moter of Rhizobium leguminosarum Sym plasmid by plant 
flavanones and flavones. J Bacteriol 169:198-204 (1987). 

27. Zaat SAJ, Schripsema J, Wijffelman CA, van Brussel 
AAN, Lugtenberg B J J: Analysis of the major inducers of 
the Rhizobium nodA promoter from Vicia sativa root ex- 
udate and their activity with different nodD genes. Plant 
Mol Biol 13:175-188 (1989). 


