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Abstract 

Flavonoids released by roots of Vicia sativa subsp, nigra (V. sativa) activate nodulation genes of the 
homologous bacterium Rhizobium leguminosarum biovar viciae (R. l. viciae ). Inoculation of V. sativa roots 
with infective R. l. viciae bacteria largely increases the nod gene-inducing ability of V. sativa root exudate 
(A.A.N. van Brussel et al., J Bact 172: 5394-5401). The present study showed that, in contrast to sterile 
roots and roots inoculated with R. l. viciae cured of its Sym plasmid, roots inoculated with R. l. viciae 
harboring its Sym plasmid released additional nod gene-inducing flavonoids. Using 1H-NMR, the 
structures of the major inducers released by inoculated roots, 6 flavanones and 2 chalcones, were 
elucidated. Roots extracts of (un)inoculated V. sativa contain 4 major non-inducing, most likely glyco- 
sylated, flavonoids. Therefore, the released flavonoids may either derive from the root flavonoids or 
inoculation with R. l. viciae activates de novo flavonoid biosynthesis. 

Introduction 

Symbiotic bacteria of the family Rhizobiaceae 
nodulate roots of leguminous plants. In specific 
plant organs, so-called root nodules, the bacteria 
differentiate into bacteroids which are able to fix 
atmospheric nitrogen. The bacterial nod (for 
nodulation) genes, located either on a Sym (for 
Symbiosis) plasmid or on the chromosome, are 
required for the establishment of this symbiosis. 
Initial stages of the nodulation process comprise 
attachment, nod gene activation, root hair curling 

and infection thread formation [3, 22, 26, 27, 30]. 
The roots of the host plant release flavonoids 
which activate the inducible nod genes in a nodD 
gene-dependent process [5, 7, 10, 13, 16-18, 19, 
31, 32, 34]. 

Nodulation genes can be distinguished into 
'common' and 'host-specific' genes, and especi- 
ally the nodD and nodE genes play a role in deter- 
mination of the host plant specificity of the 
Rhizobium leguminosarum-legume symbiosis 
[6, 24, 25]. Both common and host-specific nod 
genes of Rhizobium meliloti are involved in the 
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biosynthesis and/or release of a sulfated and 
acetylated glucosamine oligosaccharide which 
determines host specificity [ 14]. Factors released 
by R. leguminosarum biovar viciae (R. L viciae) 
increase the inducing activity of Vicia sativa 
subsp, nigra (V. sativa) root exudate for the nod 
genes of R. l. viciae [28]. This increase appeared 
to be biovar-specific and may therefore play a role 
in host-range control. Moreover, a positive 
feedback of R. 1. viciae on the release of nod gene 
inducers by V. sativa could be of biological 
importance, since it has been shown that the level 
of nod gene-inducing compounds in the rhizo- 
sphere can be limiting for nodulation and plant 
biomass yield [ 12]. 

In this paper, we report the purification and 
structural analysis of the increased nod gene- 
inducing activity. The results show that, upon 
inoculation with the homologous R. l. viciae bac- 
teria, roots of V. sativa release 8 flavanones and 
chalcones which are all able to induce the nod 
genes of R. I. vieiae, and from which only one 
efficiently activates the nod genes of the heterolo- 
gous R. meliloti bacteria. We also provide evi- 
dence that infective R. l. viciae bacteria do not 
affect the endogenous flavonoid content of the 
plant. Furthermore, we show that V. sativa roots 
contain 4 compounds which are, most likely gly- 
cosylated, non-inducing flavonoids. 

Materials and methods 

Bacterial strains, plasmids and growth conditions 

Rhizobium leguminosarum strain RBL5601, 
containing the R. L viciae plasmid pJB5JI [11], 
and its Sym plasmid-cured derivative LPR5045 
were used for root exudate studies. Strains 
RBL5280, RBL5283 and RBL5284, all harboring 
plasmid pMP154, which contains the nodA pro- 
moter of plasmid pRL1JI fused to the Escherichia 
coli lacZ gene [32] in addition to the nodD gene 
of R. l. viciae, R. l. trifolii or R. meliloti, respec- 
tively [23], were used as indicator strains in nod 
gene induction assays. Bacteria were maintained 
at 28 °C on solid YMB medium containing yeast 

extract and mannitol and, if appropriate, anti- 
biotics to maintain plasmid presence [9, 23]. 

Preparation of  root exudates 

Seeds of Vicia sativa subsp, nigra (V. sativa) were 
surface-sterilized and allowed to germinate as 
described previously [33]. In a previous study, 
root exudates were prepared from plants grown 
in liquid, deposit-free Jensen medium [28]. 
Now, a more efficient method was developed 
for cultivation of seedlings and for analysis of 
root exudates. Sets of 30 to 35 seedlings were 
grown in square Petri dishes (120 mm × 12 mm 
× 17mm; Greiner, Nuertinger, FRG) con- 

taining Jensen medium [33] solidified by 1.0~o 
agar. To collect released nod gene-inducing 
compounds, the roots of the seedlings were 
placed on sterilized membrane filters (100 mm x 
50ram; Sartorius cellulose acetate S M l l l ,  
GOttingen, FRG). This type of membrane 
filter appeared to most effectively bind nod gene- 
inducing compounds as compared with various 
other membrane filters (Sartorius cellulose 
nitrate SMll3 ,  Millipore HVLP 2500, and 
Schleicher and Schuell NL16), as judged from 
nod gene induction assays using strain RBL5284 
[32]. In addition, the available flters were 
immersed in solutions of (non-)inducing fla- 
vonoids which differed in hydrophobicity as 
judged from HPLC reversed-phase chromato- 
graphy. The filters were extracted three times with 
methanol and subsequent HPLC analysis showed 
that cellulose acetate possessed equal affinity for 
either flavonoid tested. In order to test the effect 
of R. l. viciae on the nod gene-inducing activity of 
root exudates, the membranes filters were 
immersed in a suspension of LPR5045 or 
RBL5601 bacteria (0D660 = 0.001). The Petri 
dishes were subsequently sealed, and the 
seedlings were grown for 4, 7 or 14 days, under 
conditions described previously [33]. Subse- 
quently, the membrane filters were washed with 
distilled water (35 ml/filter) followed by three 
extractions with methanol (35 ml/filter) on a 
rotary shaker at 200 rpm for at least 6 h in total. 



The methanolic extracts were pooled, concen- 
trated under vacuum at 30 °C to a volume of 
10 ml and further concentrated to 200 #1 under 
vacuum at room temperature using a Speedvac 
concentrator (Savant Instruments, Farmingdale, 
NY). During the second extraction, suspended 
particles from the membrane filters were pelleted 
using an Eppendorf centrifuge after which the 
pellets were extracted twice with 1.0ml of 
methanol. 

Preparation of plant extracts 

Dissected seedling parts (roots, cotyledons, 
stems, leaves) were frozen in liquid nitrigen, 
homogenized in a mortar and extracted with 
methanol (100 ml per 200 plants). After vacuum 
filtration, the methanol was evaporated under 
vacuum at 30 o C. The residual material was dis- 
solved in a two-phase water/petroleum ether sys- 
tem (10 ml/10 ml) and after mixing and phase 
separation, the petroleum ether phase was dis- 
carded. The aqueous phase was acidified to 
pH 5.0 with 10~o acetic acid and subsequently 
extracted with an equal volume of n-butanol. The 
butanolic fractions were collected and evaporated 
under vacuum after which the residue was dis- 
solved in 200/11 methanol. The methanolic 
extracts were analyzed by using HPLC analysis. 

Assay for nod gene-inducing activity 

Induction experiments were carried out with three 
isogenic Rhizobium strains, RBL5280, RBL5283 
and RBL5284, which harbor the nodD genes of 
R. 1. viciae, R. 1. trifolii and R. meliloti, respec- 
tively [23, 34]. The induction assays were per- 
formed as previously described [32, 34]. 

Chromatographic analysis of root exudates and 
plant extracts 

Flavonoids were analyzed by two-dimensional 
thin-layer chromatography (2-D TLC) as previ- 
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ously described [15,32] by using solvent 1 
(t-butanol/acetic acid/water 3 : 1 : 1  v/v/v) and 
solvent 2 (acetic acid/water 15 : 85 v/v) in the first 
and second dimension respectively. Additionally, 
analyses were performed by using a HPLC sys- 
tem (Pharmacia, Uppsala, Sweden) with a pre- 
parative reversed-phase C18 column (Shandon 
Hypersyl ODS 5/~m, No 59887501) applying a 
flow rate of 1 ml/min. For separation of root 
exudates and plant extracts, a gradient elution 
protocol was used as previously described [29] 
with the following minor modifications. The 
strong solvent ( B )  consisted of methanol/ 
acetonitrile (95:5 v/v) and the weak solvent (A) 
consistent of water/formic acid (95 : 5 v/v). The 
following elution gradient was used for separation 
of root exudates (expressed in percentages of sol- 
vent B): 0-10 ml: ~ B  = 30; 10-30 ml: 
~oB = 35; 30-50m1: ~oB = 40; 50-70m1: 
~oB = 45; 70-90m1: ~oB = 50; 90-110ml: 
~oB = 60; 110-125 ml: ~oB = 100; 125-140 ml: 
YoB = 30. 

Chemical characterization of isolated inducers 

For UV spectroscopy, the isolated inducers were 
dissolved in ethanol, and their absorption spectra 
were recorded using a Pye Unicam spectro- 
photometer (type sp-100; Pye, Cambridge, 
England). 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 sol- 
vent peak was used as internal standard 
(2.04 ppm). With both techniques, commercially 
available flavonoids were used as references. 

Flavonoids 

The following flavonoids were used in induction 
experiments, as markers in the HPLC system, 
and/or as references for the identification of iso- 
lated inducers. Pinocembrin, 5,7-dihydroxy- 
3' ,4' ,5' -trimethoxyflavanone, homo-eriodictyol 
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and hesperitin were purchased from Extra- 
synthese (Genay, France). Eriodictyol and 
dihydrofisetin were from Roth (Karlsruhe, FRG). 
Naringenin was purchased from Sigma (St. 
Louis, MO). Liquiritigenin was purchased from 
Spectrum Chemical MFG (Cardena, CA). 4,4'- 
dihydroxy-2'-methoxychalcone and 2',4'4-tri- 
hydroxychalcone were kindly provided by Dr 
Donald Phillips (Dept. of Agronomy and Range 
Science, University of California, Davis, CA). 

Results 

Characterization of  nod gene-inducing activity o f  
root exudates 

As shown previously, inoculation with homolo- 
gous R. l. viciae bacteria increased the nod gene- 
inducing activity of V. sativa root exudate while 
inoculation with heterologous R. l .  trifolii, 
R. I. phaseoli and R. meliloti bacteria did not [28]. 
To quantify the increased nod gene-inducing 
activity, V. sativa seedlings were grown as 
described in Materials and methods and, if appro- 
priate, inoculated with (non-)infective R. l. viciae 
bacteria. Seven days after inoculation with 
R. L viciae, the inducing activity for the nod genes 
of R. l. viciae, R. L trifolii and R. meliloti, respec- 
tively, appeared to be maximal and approximately 
ten-fold higher than that of non-inoculated roots 
or roots inoculated with non-infective R. l. viciae 
(Table 1). Apparently, infective R. l. viciae bac- 
teria trigger the release of one or more nod gene 
inducers from the roots of V. sativa seedlings. 

Table 1. Nod gene-inducing activity of root exudate from 
V. sativa obtained from 7-day old sterile seedlings and 
seedlings inoculated with either the non-infective R.I. viciae 
strain LPR5045 or the infective strain RBL5601. 

Indicator Root fl-galactosidase activity (Miller 
strain a exudate b units) 

Seedings inoculated with c 

none LPR5045 RBL5601 

RBL5280 0.5 10500 11000 20500 
0.25 8500 10200 18500 
0.05 1200 1500 19200 
0.025 500 800 17200 
0.005 300 250 1000 
0.0025 250 300 450 

RBL5283 0.5 6500 6000 20000 
0.25 5000 3000 20500 
0.05 300 800 16000 
0.025 250 800 17000 
0.005 450 450 4000 
0.0025 400 400 4000 

RBL5284 0.5 1200 1400 7200 
0.25 1000 1400 7800 
0.05 450 450 7250 
0.025 500 500 5 800 
0.005 400 400 1200 
0.0025 400 400 500 

a Isogenic indicator strains RBL5280, RBL5283 and 
RBL5284 differ only in their nodD gene, originating from 
R.I. viciae, R.I. trifolii and R. meliloti respectively. 
S D =  1 0 % , n = 3 .  

b Root exudate was isolated from seedlings as described in 
the section Material and methods. Aliquots, representing 
the yield from 0.5 to 0.0025 seedling, were tested for nod 
gene-inducing activity. 

c R. leguminosarum strain RBL5601 contains the R.I. viciae 
Sym plasmid pJB5JI. Strain LPR5045 is the Sym plasmid- 
cured derivative of RBL5601. 

H P L C  analysis o f  root exudates 

In order to identify the released nod gene inducers, 
root exudates were analyzed on a reversed-phase 
C18 column (HPLC), as described in Materials 
and methods. The gradient and solvents used 
were different from those previously described 
[34], resulting in an improved resolution of the 
UV-absorbing compounds. HPLC analysis of 
exudate of seedlings grown in the presence of the 

infective strain RBL5601 showed eight major 
peaks in the range of 40 to 45~  solventB 
(Fig. 1C). Each of these major compounds was 
able to induce the nod genes of R. l. viciae (see 
below). The eluates of root exudate extracts of 
uninoculated seedlings or of seedlings grown in 
the presence of the non-infective strain LPR5045 
showed only two peaks (Figs. 1A and B), both 
significantly inducing the nod genes of R. l. viciae 
but not the nod genes of R. meliloti (not shown). 
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Fig. 1. Elution pattern of root exudate extracts purified on a reversed C-18 phase column. After 7 days of growth, root exudates 
were analyzed from seedlings grown under sterile conditions (panel A), seedlings inoculated with non-infective strain LPR5045 
(panel B), or seedlings inoculated with infective strain RBL5601 (panel C). Symbols A, B and 1 to 8 represent major UV 

absorbing and nod gene-inducing compounds. Elution patterns are representative of 5 independent experiments. 

As judged from the HPLC analyses of five 
independent experiments, the release of the major 
nod gene-inducing compounds by (un)inoculated 
roots appeared to show little variability. How- 
ever, the appearance of minor nod gene-inducing 
compounds showed larger variability. 

Structural analysis of nod gene inducers in root 
exudate 

UV-spectroscopy of the 8 major inducers purified 
from root exudate of V. sativa seedlings inocu- 
lated with the infective R.l .  viciae strain 
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UV spectra of purified flavonoids dissolved in methanol. Symbols 1 to 8 correspond with the major inducing compounds 
purified from root exudate of 4000 V. sativa seedlings inoculated with infective strain RBL5601 (see also Fig. 1). 

RBL5601 showed absorbing bands between 280 
and 370 nm (Fig. 2). Compounds 1 to 5 have one 
absorbing band at 280 to 290 nm suggesting the 
presence of a flavanone or dihydroflavanol 
skeleton whereas compounds 6 to 8 have an 
absorbing band above 300 nm suggesting the 
presence of a flavone or chalcone skeleton [15]. 
One-dimensional proton-NMR experiments 
identified locations of proton resonances as listed 
in Table 2. By comparing these data with N M R  
spectra from commercial standards or from 
published data [34], the eight compounds could 
be identified as follows: Compound 1, 7,4'-dihy- 
droxyflavanone (liquiritigenin); Compound 2, 
7,4'-dihydroxy- 3 ' -methoxyflavanone ; Com- 
pound 3, 7,3'-dihydroxy-4'-methoxyflavanone; 
Compound 4, 5,7,4'-trihydroxyflavanone (narin- 
genin); Compound 5, 5,7,4'-trihydroxy-3'-me- 
thoxyflavanone (homo-eriodictyol); Compound 6, 
4,4'-dihydroxy-2' -methoxychalcone; Compound 
7, 5,7,3'-trihydroxy-4'-methoxyflavanone (hes- 
peritin); Compound 8, 2',4',4-trihydroxychalcone 
(isoliquiritigenin) (Fig. 3). 

Quantification and nod gene-activating properties 

Measurement of the UV spectra of the identified 
nod gene-inducing flavonoids allowed quantifi- 
cation. By using their respective molar extinction 
coefficients [ 15], it was calculated that from the 
root exudate of 4000 inoculated seedlings approx- 
imately 650 nmol offlavonoids were purified. The 
six flavanones appeared to be present in very 
similar molar amounts, whereas from both chal- 
cones twice as much was found. By using these 
data, nod gene-inducing properties of the purified 
compounds were tested at concentrations of 5, 50 
and 500 nM (Fig. 4). Each flavonoid activated the 
nod genes of R. l. viciae and R. 1. trifolii, but only 
4,4' -dihydroxy-2' -methoxychalcone efficiently in- 
duced the nod genes of R. meliloti. 

Flavonoid content of  V. sativa roots, cotyledons, 
stems and leaves 

In order to investigate whether the release of addi- 
tional flavonoids in V. sativa root exudate 
reflected a change in flavonoid content and com- 



Table2. IH NMR data for purified flavonoids 1 to 8.1 

H 1 2 3 4 5 7 

2 5.43 dd 5.43 dd 5.43 dd 5.43 dd 5.43 dd 5.43 dd 
(10.5,1.5) (10.5,1.5) (10.5,1.5) (10.5,1.5) (10.5,1.5) (10.5,1.5) 

3t 3.0 m 3.0 m 3.0 m 3.0 m 3.0 m 3.0 m 
3c obs. obs. obs. obs. obs. obs. 
5 7.71 d(9.0) 7.71 dO.0) 7.71 d(9.0) 
6 6.56 dd 6.56 dd 6.56 dd 5.95 m 5.95 m 5.95 m 

(9.0,2.0) (9.0,2.0) (9.0,2.0) 
8 6.41 d(2.0) 6.41 d(2.0) 6.40 d(2.0) 5.95 m 5.95 m 5.95 rn 
2' 7.39 d(8.0) 7.19 d(2.0) 7.05 s 7.39 d(9.0) 7.19 d(9.0) 7.05 s 
3' 6.88 d(8.0) - - 6.89 d(9.0) - - 
5' 6.88 d(8.0) 6.86 d(8.0) 6.97 s 6.89 d(9.0) 6.86 d(9.0) 6.97 s 
6' 7.39 d(8.0) 7.00 dd 6.97 s 7.39 d(9.0) 7.00 dd 6.97 s 

(8.0,2.0) (8.0,2.0) 

847 

3 I _ 

O C H  3 3.88 s 3.85 s - 3.88 s 3.85 s 

H 6 8 

2 7.55 d(8.0) 7.73 d(8.8) 
3 6.88 d(8.0) 6.92 d(8.8) 
5 6.88 d(8.0) 6.92 d(8.8) 
6 7.55 d(8.0) 7.73 d(8.8) 
ct 7.46 d(15.6) 7.83 d(15.4) 
/~ 7.56 d(15.6) 7.75 d(15.4) 
3' 6.57 a(2.0) 6.35 d(2.4) 
5' 6.51 dd(2.0,8.0) 6.46 dd(2.4,8.8) 
6' 7.59 d(8.0) 8.11 d(8.8) 
O-CH 3 3.90 s - 

i Chemical shifts of protons in ppm from TMS; abbreviations: t= tram, c = c/s, s = singlet, d = doublet, dd = double doublet, 
rn = multiplet, obs = obscured; coupling constants between brackets in Hz. Spectra recorded in [U-2H]acetone. 

pos i t ion  o f  the roo t s  u p o n  inocula t ion  with infec- 
tive R. l. viciae bacter ia ,  d i ssec ted  roo t s  were  
ex t rac ted  and  subsequent ly  ana lyzed  using 
H P L C .  Sterile roo t s  as well a roo t s  inocu la ted  
with either strain L P R 5 0 4 5  or  strain R B L 5 6 0 1  
a p p e a r e d  to con ta in  4 m a j o r  c o m p o u n d s  which  
did no t  possess  any  nod gene- induc ing  ability. 
Analys i s  o f  roo t  ext rac t  us ing two-d imens iona l  
th in- layer  c h r o m a t o g r a p h y  (2-D T L C )  s h o w e d  
four  m a j o r  spots  (Fig. 5). C o m p a r i s o n  o f  the 
c h r o m a t o g r a p h i c  mobil i ty  o f  the m a j o r  spots  with 
the  dis t r ibut ion o f  var ious  c lasses  o f  f lavonoids  in 
this T L C  sys tem [15],  suggest  tha t  these 
c o m p o u n d s  are g lycosy la ted  f lavonoids .  By using 
H P L C ,  2 -D  T L C  and  U V  analysis ,  it appea red  
tha t  the co ty ledons ,  s tems and  leaves o f  V. sativa 

con ta in  a variety o f  U V - a b s o r b i n g  c o m p o u n d s ,  
bu t  inocula t ion  o f  seedlings with the infective 
strain R B L 5 6 0 1  neither  ha d  any  effect on  the 

c o m p o u n d  conten t ,  c o m p o s i t i o n  o f  these p lant  
o rgans  no r  on  nod gene- induc ing  ability o f  the 
c o r r e s p o n d i n g  extracts  (not  shown) .  

Discussion 

Effect o f  inoculation of  V. sat iva roots with 
R. 1. viciae 

Inocu la t ion  o f  V. sativa roo t s  with R. l. viciae bac-  
teria, ha rbo r ing  a S y m  plasmid ,  increases  the nod 
gene- induc ing  activity o f  r o o t  exuda te  (Table  1). 
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Fig. 3. Structures of purified nod gene inducing flavonoids 
as determined by ~H-NMR. Symbols 1-8 correspond with 
the major compounds purified from root exudate of 
V. sativa seedlings inoculated with the infective R. I. viciae 
strain RB L5601.1, 7,4' -dihydroxy-flavanone (liquiritigenin); 
2, 7,4'-dihydroxy-3'-methoxyflavanone; 3, 7,3'-dihydroxy- 
4'-methoxyflavanone; 4, 5,7,4'-trihydroxyflavanone (narin- 
genin); 5, 5,7,4'-trihydroxy-3'-methoxyflavanone (homo- 
eriodictyol); 6, 4,4'-dihydroxy-2'-methoxychalcone; 7, 
5,7,3'-trihydroxy-4'-methoxyflavanone (hesperitin); and 

8, 2' ,4' ,4-trihydroxychalcone (isoliquiritigenin). 

Using H P L C  and N M R  analysis we identified 8 
flavonoids, each of  which is able to activate the 
nod  genes of  R .  I. viciae. Uninocula ted roots  and 
roots inoculated with R .  l. viciae cured of  its Sym 
plasmid, released only 2 major  nod  gene-inducing 
compounds .  As judged from the H P L C  analyses, 
roots inoculated with R .  1. viciae release approxi- 
mately ten-fold inducers than sterile roots do 
(Fig. 1). The H P L C  analysis of  sterile root  
exudate, as reported in this study, differs from 
analyses published previously [34]. This dis- 
crepancy may result from a difference in growth 
conditions in that V. sa t iva  was previously culti- 
vated in a liquid medium whereas in the present 
study the plants were grown on solid medium and 
nod  gene inducers were collected from filters. 
These different conditions may also explain the 
observation that nod  gene-inducing activity of  
root  exudate from seedlings grown on solid agar 
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Fig. 4. Nod gene-inducing activity of the major flavonoids 
purified from root exudate of I1. sativa seedlings inoculated 
with infective R. I. viciae strain RBL5601. The nod gene- 
inducing activity was tested by using indicator strains 
RBL5280, RBL5283 and RBL5284 which harbor the nodD 
genes of R. l. viciae (A), R. l. trifolii (B) and R. meliloti (C), 
respectively. Each compound was tested at 5 nM, 50 nM and 
500 nM allowing semi-quantitative comparison of the nod 

gene-inducing activities (SE = 10%, n = 3). 

is maximal 7 days after inoculation instead of  4 
days as was reported for liquid-cultured seedlings 
[28]. Similar experimental conditions during 
seedling growth appeared to be essential for 
obtaining reproducible results. 

Biological  f u n c t i o n s  f o r  re lease  o f  addi t ional  inducers  

Interestingly, an increase of  nod  gene inducer 
release after inoculation of  the host plant does not  
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Fig. 5. Two-dimensional TLC analysis of root extract 
obtained from seedlings harvested 7 days after inoculation 
with infective strain RBL5601. Chromatography was per- 
formed with solvent 1 (arrow 1) and solvent 2 (arrow 2) as 
described in the section Materials and methods. Inspection 
under UV revealed the following colors. Stippled spots: 
yellowish green. Hatched spot: dull brown. Marked areas 
represent general distribution of various classes offlavonoids 
[ 14]: 1, dihydroflavonol aglycones; 2, dihydroflavonol- 
3-O-monoglycosides; 3, flavonol-3-O-di- and mono-glyco- 
sides; 4, isoflavone-7-O-mono- and di-glycosides; 5, flavonol 
3-O-mono- and di-glycosides, 7-O-diglycosides, and 3,7-0- 
diglycosides; 6, flavone and flavonol 7-O-diglycosides; 
7, flavone and flavonol 7-O-monoglycosides; 8, isoflavone 
and flavanone aglycones; 9, flavone, flavonol, biflavonyl, 

chalcone, and aurone aglycones. 

appear to be restricted to the R. l. viciae-V, sativa 
symbiosis. Inoculation of Trifolium repens (white 
clover) with homologous R. l. trifolii bacteria, sig- 
nificantly increased the release of nod gene induc- 
ing compounds [20]. However, this additional 
release of inducers was also observed after inocu- 
lation of white clover seedlings with non-homol- 
ogous R. l. viciae bacteria. In contrast, the signal 
exchange between R. l. viciae and its host plant 
V. sativa has been shown to be biovar-specific 
[28] and one may assume biological functions for 
this phenomenon. Firstly, it has been shown that 
normal levels of  flavonoids in the rhizosphere can 
limit root nodulation, symbiotic N2 fixation and 
seedling growth [ 12]. Although such data are not 
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available for V. sativa plants, one can imagine that 
the positive feedback of the symbiotic bacteria on 
inducer release is an evolutionary step resulting in 
increased nodulation and N 2 fixation. A second 
possible biological function proceeds from the 
observation that the nod genes are expressed in 
infection threads [21 ]. Since the bacteria multiply 
in the tip of this thread [2], a second wave of  nod 
gene inducers may be necessary to maintain the 
activated state of the nod genes, provided that 
these extra inducers are also released into the 
infection thread matrix. 

Relationship with plant-pathogen interactions 

Recently it has been shown that sterile alfalfa 
seedlings release 4',7-dihydroxy flavanone and 
4,4'-dihydroxy-2'-methoxychalcone [16], two 
nod gene inducers which are also released by 
II. sativa (Fig. 3). The latter methoxychalcone 
also appears to be a stress metabolite in another 
legume, Pisum sativum, since it accumulates after 
copper(II) chloride treatment [ 1 ]. Therefore, the 
biosynthesis and release of this methoxychalcone 
may reflect a general stress response of 11". sativa 
seedlings to the inoculation with infective 
R. l. viciae bacteria. In general, phytoalexins play 
an important role in the plant's defense and stress 
responses to infection with certain pathogens [4]. 
Since both (methoxy)chalcones and flavanones 
are precursors for phytoalexins such as xenogno- 
sin and pisatin [1, 4], certain molecular inter- 
actions in the legume-Rhizobium symbiosis may 
be related to the plant defense response. For 
certain plant-pathogen interactions, it has been 
shown that an elicitor released by the pathogen 
increases the expression of genes involved in the 
biosynthesis of phytoalexins [4]. We have shown 
that R. l. viciae secretes a factor which increases 
the release of nod gene-inducing flavonoids [28, 
this paper]. Our data suggest that, similar to the 
situation with a plant-pathogen interaction, (i) in- 
fective R. l. viciae bacteria increase the flavonoid 
biosynthesis in 1I. sativa roots, and (ii) a rhizobial 
factor acts like an elicitor. However, in contrast 
to plant-pathogen responses, the released fla- 
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vonoids are beneficial for the symbiosis, since 
they activate the bacterial nodulation genes. 

Molecular mechanisms forf lavonoid release 

All released flavonoids appeared to be struc- 
turally related and can be arranged according to 
known biosynthetic pathways [8] (Fig. 6). This 
scheme shows that the released inducers are 
closely linked and suggests that inoculation with 
infective R. l. viciae bacteria enhances the fla- 
vonoid biosynthesis of V. sativa. On the other 
hand, it cannot be excluded that the released fla- 
vonoids derive from the flavonoid pool in roots of 
V. sativa. The 2-D TLC analysis suggests that 
roots contain four glycosides. Since we identified 
eight inducers, it is unlikely that only deglycosyla- 
tion is responsible for the additional flavonoid 
release. Moreover, the release of several flavonoid 
biosynthetic intermediates points to an increased 
activity of enzymes operating early in flavonoid 

biosynthesis. Further research will elucidate 
whether the released flavonoids are de novo 
synthesized or are derived from the (non- 
inducing) flavonoid pool in roots of V. sativa. 
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