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Abstract 

Infective (nodulating) Rhizobium leguminosarum biovar viciae (R.I. viciae) bacteria release Nod factors 
which stimulate the release of nodulation gene-inducing flavanones and chalcones from roots of the host 
plant Vicia sativa subsp, nigra (K. Recourt et al., Plant Mol Biol 16: 841-852; H.P. Spaink et al., Na- 
ture 354: 125-130). The hypothesis that this release results from increased synthesis of flavonoids was 
tested by studying the effect of inoculation of V. sativa with infective and uninfective R.l. viciae bacte- 
ria on (i) activity of L-phenylalanine ammonia-lyase, (ii)level of chalcone synthase mRNA, and (iii) 
activity of (eriodictyol) methyltransferase in roots. Consistent with the hypothesis, each of these param- 
eters was found to increase 1.5 to 2-fold upon inoculation with infective R.l. viciae bacteria relative to 
the situation for uninoculated roots and for roots inoculated with uninfective rhizobia. 

Introduction 

Various flavonoid compounds released by the 
roots of leguminous plants can activate certain 
genes of symbiotic Rhizobium bacteria required 
for nodulation (root nodule formation) [3, 5, 9, 
10, 13, 16, 18, 23, 32, 33, 34]. These rhizobial nod 
genes encode products involved in synthesis of 
signal molecules that induce nodulation-related 
processes in host plant roots [ 14, 25]. nod gene- 

dependent signals released by Rhizobium 
leguminosarum biovar viciae (R.l. viciae) increase 
the inducing activity of Vicia sativa subsp, nigra 
(V. sativa) root exudate for nod genes of R.I. viciae 
and extend this activity to the nod genes ofR.  me- 
liloti [27]. Previously, we showed that the 
increased nod-gene induction (Ini) results from 
the additional release offlavanones and chalcones 
each of which is able to induce the nod genes of 
R.l. viciae, whereas one of the chalcones appeared 
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to be an efficient inducer of the nod genes of 
R. meliloti [20]. These additional flavonoids are 
structurally related and can be arranged accord- 
ing to known biosynthetic pathways [7]. Since, 
independent of inoculation, the major flavonoids 
in V. sativa roots are four flavonol-glycosides 
[21], it has been hypothesized that the Ini phe- 
notype results from de novo flavonoid biosynthe- 
sis and not from the release of flavonoids from a 
pre-existing pool. 

To test this hypothesis, we studied the effect of 
inoculation of V. sativa with uninfective and in- 
fective R.l. viciae cells on (i) activity of L- 
phenylalanine ammonia-lyase (PAL), (ii)level of 
chalcone synthase (CHS)mRNA,  and (iii) activ- 
ity of (eriodictyol) methyltransferase (MT). Pal 
(E.C. 4.3.1.5) catalyses the first step in the phe- 
nylpropanoid pathway in plants, i.e. the forma- 
tion of cinnamic acid from L-phenylalanine [7]. 
Chalcone synthase (E.C. 2.3.1.74) directs this 
pathway to flavonoid biosynthesis, whereas meth- 
ylated derivatives of eriodictyol constitute two of 
the Ini flavanones [20]. 

Materials and methods 

Bacterial strains, plasmids and growth conditions 

Rhizobium leguminosarum strain RBL5601 con- 
taining the R.l. viciae plasmid pJB5JI and its un- 
infective Sym plasmid-cured derivative LPR5045 
were used for inoculation of V. sativa roots. Bac- 
teria were grown at 28 °C on solid YBM medium 
containing yeast extract and mannitol and, if ap- 
propriate, supplemented with antibiotics to main- 
tain the plasmids [8, 24]. 

Growth and inoculation of V. sativa subsp, nigra 
seedlings 

Seeds of Vicia sativa subsp, nigra (V. sativa) were 
surface-sterilized and allowed to germinate in a 
growth chamber at 20 °C (70~o humidity) with a 
light (20000 lux) dark regime of 16/8 h. Sets of 
30 seedlings were grown in square Petri dishes 

(120 mm x 120 mm x 17 mm; Greiner Inc., Nuer- 
tinger, Germany) containing Jensen medium and 
solidified with 1 ~o agar [20]. After a growth pe- 
riod of ca. 72 h, the seedlings were placed in a 
horizontal position and inoculated with either 
strain LPR5045 or RBL5601. Two hours after 
inoculation, the Petri dishes were incubated ver- 
tically under the same conditions. After certain 
incubation period(s), sets of (inoculated) seed- 
lings were harvested, and the roots were subse- 
quently frozen in liquid nitrogen, and stored at 
-80 °C until further analysis. 

L-phenylalanine ammonia-lyase assay 

For quantification of PAL activity [1 ], ten V. sa- 
tiva roots (50 mg to 150 mg fresh weight) were 
homogenized in liquid nitrogen and extracted with 
1.0 ml de-gassed 0.1 M borate pH 8.8, containing 
2.0 mM 2-mercaptoethanol, by gently shaking for 
15 rain at 4 ° C. After centrifugation for 5 rain, the 
supernatant fluid was assayed for PAL activity by 
using the following assay. Crude PAL extract 
(65 #g protein) was incubated for 4 h at 37 °C in 
a total volume of 1.5 ml containing 0.1 M borate 
buffer pH 8.8, 7.25 mM L-phenylalanine. The re- 
action was stopped by adding 150 #1 1.0 M HC1 
and 750/A of the reaction mixture was subse- 
quently extracted three times with a total of 1.5 ml 
diethyl ether/hexane (1:1 v/v). After the addition 
of 100 #1 50 mM NaOH, the dietyl ether/hexane 
phase was evaporated by using a Speedvac con- 
centrator (Savant Instruments, Farmingdale, 
NY), and the residual material was analyzed for 
the reaction product of the PAL assay by using 
a HPLC system (Pharmacia, Uppsala, Sweden) 
with a C-18 reversed-phase column (Shadon Hy- 
persyl ODS 5 #m, 59887501) at a flow rate of 
1 ml/min and with the following elution protocol: 
0 -10ml  ~oB =60; 10-20ml ~oB = 86.5; 20-  
26 ml ~oB = 100; 25-35 ml ~oB = 60. The strong 
solvent (B) consisted of methanol/acetonitrile 
(95:5 v/v) and the weak solvent (A) consisted of 
water/formic acid (95:5 v/v) [29]. Enzyme activ- 
ities were quantified in /~kat/kg protein 
(1 kat = 1 mol product per second). 



RNA extraction and northern blot analysis 

Total RNA was isolated from uninoculated and 
inoculated roots of V. sativa, as described for 
Petunia hybrida [30]. 32p-labelled CHS cDNA of 
P. hybrida was prepared by nick translation, as 
described previously [12]. For northern blot 
analysis, 15 #g total V. sativa RNA and 2 #g total 
P. hybrida RNA were loaded on formaldehyde 
gels and, after electrophoresis, blotted onto Ge- 
neScreen Plus membranes according to the sup- 
pliers' protocol (NEN, Boston, MA). The form- 
aldehyde gels were briefly stained with ethidium 
bromide and photographed before blotting. After 
hybridization, blots were washed in 0.1 x SSC, 
1~o SDS at 60 °C. 

Methyltransferase assay 

Ten V. sativa roots (50 mg to 150 mg fresh weight) 
were homogenized in liquid nitrogen with 20 mg 
Bio Beads SM7 (BioRad, Richmond, CA) to re- 
move endogenous flavonoids, and were extracted 
with 4.5 ml 0.1 M sodium phosphate, pH 7.8, 
containing 20 mM 2-mercaptoethanol, by gently 
shaking for 30 min at 4 ° C. After centrifugation, 
the supernatant fluid was extracted twice with 
10 mg Bio Beads SM7 for the additional removal 
of endogenous flavonoids and phenolic com- 
pounds. To this crude enzyme preparation, glyc- 
erol was added to a final concentration of 20 ~o 
and stored at -80 °C until use. The standard 
assay mixture for measuring methyltransferase 
activity [19] contained 50nmol eriodictyol, 
30 nmol S-adenosyl-L-methionine, 100 nCi 
[ 14CH3] S-adenosyl-L-methionine, 5 mM MgC12 
and 65 #g protein buffered with 0.1 mM potas- 
sium phosphate, pH 7.5, in a total volume of 
0.5 ml. After incubation for 2 h at 30 °C, the re- 
action was stopped by adding 24 #1 of 6 M HC1 
and by placing the reaction mixture on ice. The 
reaction products were extracted using 1.0 ml 
ethyl acetate, concentrated by evaporation, and 
its components were separated using thin-layer 
chromatography (TLC). Samples (10 #1) were 
applied on Kieselgel 60 plates (Merck, Darm- 
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stadt, Germany) according to the sandwich 
method (022.5230; Camag, Muttenz, Switzer- 
land) by using chloroform/methanol/formic acid 
(90:9:1 v/v/v) as the liquid phase. After chroma- 
tography, the plates were sprayed with enhancer 
(NEF-970; NEN, Boston, MA) and autoradio- 
graphed for 48 h. Radioactive spots were scraped 
from the original TLC plates and dissolved in 10 
ml scintillation fluid after which the amount of 
radioactivity was determined by using a LKB-214 
scintillation counter (LKB, Turku, Finland). En- 
zyme activities were quantified in #kat/kg pro- 
tein. 

Radiochemicals and flavonoids 

[14CH3] S-adenosyl-L-methionine (51 mCi/ 
mmol) was purchased from Amersham (Little 
Chalfont/Bucks, UK). Pinocembrin (5,7-dihy- 
droxyflavanone), homo-eriodictyol (5,7,4'-trihy- 
droxy-3' -methoxyflavanone) and hesperitin 
(5,7,3' -trihydroxy-4'-methoxyflavanone) were 
from Extrasynthese (Genay, France). Eriodictyol 
(5,7,3',4'-tetrahydroxyftavanone) was purchased 
from Roth GmbH (Karlsruhe, Germany). 

Results 

Quantification of L-phenylalanine ammonia-lyase 
(PAL) activity in uninoculated and inoculated roots 
of V. sativa 

Crude PAL extracts were prepared from V. sativa 
roots, and enzymic activity was determined by 
using a HPLC reversed-phase protocol, as de- 
scribed in Materials and methods. Analysis of the 
reaction products revealed one major peak with 
a retention volume of 16.4 ml (Fig. 1). The pres- 
ence of this peak was dependent on the use of 
L-phenylalanine as a substrate during the PAL 
assay, whereas this product was absent after use 
of D-phenylalanine. In order to identify this peak, 
authentic cinnamic acid, the expected PAL reac- 
tion product, was applied to the column. It ap- 
peared that authentic cinnamic acid and the major 
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Fig. 1. Analysis of L-phenylalanine ammonia-lyase (PAL) 
products by using C-18 reversed-phase HPLC.  Crude V. 
sativa root extracts were assayed for PAL as described in 
Materials and methods,  with the major product eluting at 
16.4 ml. Arrows represent elution positions of LID phenylala- 
nine (1) and cinnamic acid (2) respectively. 

PAL reaction product co-eluted as a single peak. 
Consequently, the PAL reaction product was ten- 
tatively identified as cinnamic acid. 

To investigate the effect of uninfective and in- 
fective R.l. viciae bacteria on PAL activity in 
V. sativa roots, seedlings were inoculated with the 
uninfective strain LPR5045 or the infective strain 
RBL5601 or with sterile Jensen medium as a con- 
trol. After various incubation periods, 10 to 20 
seedlings were harvested, and V. sativa roots were 
assayed for PAL activity using cinnamic acid as 
a standard. As measured during the first 72 h 
post-inoculation (PI), the amount of PAL activ- 
ity was dependent on both the inoculum as well 
as on the incubation period. Three successive pe- 
riods were distinguishable (Fig. 2): (1) 0-22 h PI: 
independent of inoculation with uninfective or in- 
fective R.l. viciae bacteria, PAL activity peaked to 
ca. 4.2 #kat per kg protein; (2) 22-36 h PI: PAL 
activity from roots inoculated with infective 
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Fig. 2. Time course of  PAL activity in #kat/kg protein of  
V. sativa root extracts. Roots  of  seedlings were inoculated with 
sterile water ( l l ) ,  with uninfective strain LPR5045 ( • )  or with 
infective strain RBL5601 (O). After certain time intervals, 
root extracts were assayed for PAL activity (SD= 10%, 
5 batches of seedlings). Symbols 1, 2 and 3 correspond with 
PAL activities at time zones 0-22 h P1, 22-36 h P1 and 36- 
72 h P1, respectively. 

R.l. viciae bacteria peaked to 5.1 #kat per kg pro- 
tein, whereas uninoculated roots and roots inoc- 
ulated with uninfective R.l. viciae bacteria showed 
a PAL activity of 3.7 and 4.0 #kat per kg protein, 
respectively; (3) 36-72 h PI: PAL activity of roots 
inoculated with infective R.l. viciae bacteria in- 
creased to 5.8 #kat per kg protein, whereas uni- 
noculated roots and roots inoculated with unin- 
fective R.l. viciae bacteria showed a basal level of 
PAL activity at approximately 3.3 #kat per kg 
protein. 

Effect of inoculation on the expression of chalcone 
synthase (CHS) 

To investigate whether inoculation with R.l. vi- 
ciae bacteria resulted in transcriptional activation 
of chalcone synthase (CHS), the key enzyme in 
flavonoid biosynthesis, total RNA isolated from 
uninoculated and inoculated V. sativa roots was 
subjected to northern blot analysis using a CHS 
cDNA originating from Petunia hybrida flowers 
[ 12]. As a control, hybridization with total P. hy- 
brida RNA isolated from floral buds resulted in 
detection of the typical 1.5 kb CHS transcript 
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(Fig. 3D) [12]. Similarly, total V. sativa root 
mRNA appeared to contain a hybridizing tran- 
script of approximately the same length. We 
therefore tentatively designated this 1.5 kb tran- 
script as V. sativa CHS mRNA. This CHS tran- 
script was detectable both in sterile and in unin- 
oculated roots. As judged from densitometric 
scans, CHS expression peaked 24 h after inocu- 
lation with infective R.l. viciae bacteria (Fig. 3A, 
B and C). 

Quantification of methyltransferase activity in (un)i- 
noculated roots of V. sativa 

Inoculation of V. sativa with infective R.l. viciae 
bacteria results, amongst other things, in the re- 
lease of four methylated flavanones [20]. In order 
to test whether the release of these methylated 
flavanones was caused by increased methylation 
activity, we assayed crude extracts of inoculated 
V. sativa roots for methyltransferase (MT) activ- 
ity. After using eriodictyol and [14C]SAM (S- 
adenosyl-methionine) as substrates, TLC and 
subsequent autoradiography revealed the appear- 
ance of one major spot with a Rf value of ca. 0.45 
(Fig. 4). The presumed reaction products, homo- 
eriodictyol and hesperitin, are indistinguishable 
from each other in this procedure. Apparently, 
methylation occurred but we were unable to con- 
clude whether the 3' or 4' position of eriodictyol 
was methylated. 

To optimize the methylation conditions, we de- 
termined the pH dependence of the assay. Meth- 
ylation of eriodictyol occurred most efficiently at 
pH 7.5 with a specific activity of 5.7/~kat per kg 

Fig. 3. Northern blot analysis of total RNA extracted from 
V. sativa roots. After various time intervals post inoculation 
(P1), 15 #g total RNA isolated from roots inoculated with 
sterile water (A), with uninfective strain LPR5045 (B), or with 
infective strain RBL5601 (C), and 2 #g total RNA isolated 
from P. hybrida flower buds as a control (D) were hybridized 
with P. hybrida CHS cDNA. Lanes 1, 5 h P1; lanes 2, 12 h P1; 
lanes 3, 24 h P1; lanes 4, 36 h P1; lanes 5, 48 h P1; lanes 6, 
72 h P1. The autoradiograms were analysed densitometrically 
and are presented as a graph. 

Fig. 4. TLC analysis of eriodictyol methyltransferase (MT) 
products. V. sativa root extracts were assayed for MT activ- 
ity by using eriodictyol and [I4C]SAM as substrates. After 
TLC analysis, the plates were autoradiographed for 48h. The 
Rf values of the unlabelled markers are indicated. Pino, pi- 
nocembrin; Hesp, hesperitin; Homo, homo-eriodictyol; Eri, 
eriodictyol. 
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protein. An increase or decrease of the pH low- 
ered the activity, and at a pH of 6.0 and 9.0, 
enzymic activity was hardly measurable. By as- 
saying at pH 7.5, sterile V. sativa roots or roots 
inoculated with uninfective or infective R.l. viciae 
bacteria were tested for methyl transferase (MT) 
activity. The results showed that uninoculated 
roots or roots inoculated with the uninfective 
strain LPR5045 displayed MT activity which 
slightly increased from 3.2 to 5.2 #kat per kg pro- 
tein 72 h P1 (Fig. 5). A much stronger increase of 
the methylation of eriodictyol was observed with 
extracts of roots inoculated with the infective 
strain RBL560. At 72 h PI, MT activity peaked 
at 8.8/~kat per kg protein which is 170% of the 
MT peak values of sterile roots or roots inocu- 
lated with uninfective R.l. viciae bacteria. 

Discussion 

Inoculation with infective R.1. viciae bacteria results 
in increased flavonoid biosynthesis in V. sativa roots 

Analysis of PAL activity, CHS transcription and 
methyltransferase activity in uninoculated and in- 
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Fig. 5. Time course of eriodictyol methyltransferase (MT) ac- 
tivity in/~kat per kg protein of V. sativa root extracts inocu- 
lated with sterile water (m), inoculated with uninfective strain 
LPR5045 (A) or infective RBL5601 (0) .  At various time 
intervals, roots were collected and assayed for MT activity as 
described in Materials and methods. [i4C]-labelled products 
were quantified by scintillation counting (SD = 10 %, 4 batches 
of seedlings). 

oculated V. sativa roots showed that the presence 
of infective R.l. viciae bacteria stimulates fla- 
vonoid biosynthesis in roots of this plant (Fig. 6). 
This stimulation probably leads to a biovar- 
specific release of biosynthetically related nod 
gene-inducing flavanones and chalcones [20, 27]. 

Activity of PAL, which converts L-phenyl- 
alanine into cinnamic acid, peaked in three suc- 
cessive periods (Fig. 2). The first activity peak at 
12 h post inoculation (PI) was found for extracts 
of both sterile and inoculated roots. Since PAL 
activity is closely linked to stress response [2], 
this peak might result from a response of the 
V. sativa roots to the in vitro N-limiting growth 
conditions. Peak 2 occurring at 26 h PI was also 
found with both sterile and inoculated roots. Like 
peak 1, this non-specific increase might be due to 
a general stress response. In general, periodicity 
of PAL activity has been observed for many other 
plants and can be caused by several endogenous 

Vicia sativa root rhizosphere 
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Fig. 6. Role of plant-released flavonoids during early symbi- 
otic stages of R.l. viciae and V. saliva subsp, nigra (see Dis- 
cussion). Symbols: PAL, phenylalanine ammonia-lyase; CHS, 
chalcone synthase; EMT, eriodictyol methyltransferase; No- 
dRI-IV (Ac, C18:4) and NodRlv-V (Ac, C18:4), unsaturated 
lipo-oligosaccharide Nod factors [27]. 



or exogenous factors [6]. However, peak 3, oc- 
curring 36-72 h PI, was only found for roots in- 
oculated with infective R.l. viciae bacteria, and 
most likely represents a nod gene-dependent plant 
response. For CHS mRNA levels, a gene (fami- 
ly) encoding a key enzyme in flavonoid biosyn- 
thesis [7], a specific increase could be measured 
at 24-36 h PI in roots inoculated with infective 
R.l. viciae bacteria (Fig. 3). Furthermore, a meth- 
yltransferase in V. sativa roots, which converted 
eriodictyol into hesperitin and/or homo-eriodic- 
tyol, showed significantly higher activity at 72 h 
PI with infective R.I. viciae bacteria than found in 
uninoculated roots or roots inoculated with un- 
infective R.l. viciae bacteria (Fig. 5). Interestingly, 
CHS mRNA levels in roots inoculated with in- 
fective R.L viciae bacteria was reverted to control 
levels after 72 h, at which time eriodictyol meth- 
yltransferase (EMT) activity reaches its peak. 
This observation can be explained by the fact that 
for CHS mRNA levels were studied while for 
EMT enzymic activity was studied. Secondly, 
EMT is expected to be activated after CHS since 
the former enzyme acts further down the biosyn- 
thetic pathway of the released nod gene inducers. 

We previously showed that roots of V. sativa 
contain conjugates of the flavonol kaempferol 
[21]. Neither these conjugates nor the aglycone 
kaempferol are released by Vicia roots [20]. This 
discrepancy between the flavonoid content of root 
extracts and of root exudates suggests that the 
additionally released flavonoids are synthesized 
de novo, instead of being released from an endo- 
genous pool. The observation that infective 
R.l. viciae bacteria selectively activate steps in fla- 
vonoid biosynthesis supports this hypothesis. It 
is not clear yet which root cells are involved in 
this stimulation of flavonoid biosynthesis. If this 
response is limited to target cells of R.l. viciae 
bacteria, the increase of de novo flavonoid biosyn- 
thesis is much higher per activated root cell than 
when measured for total root extracts. 

Using labelled precursors, Maxwell et al. [17] 
showed that nod gene-inducing flavonoids re- 
leased from Rhizobium-free Medicago sativa seed- 
lings are synthesized de novo. These results are 
consistent with the results presented in this paper. 
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However, for M. sativa seedlings the released fla- 
vonoids may additionally be derived from conju- 
gates stored in root cells [17]. 

Flavonoids in the early V. sativa-R.1, viciae inter- 

action: a model 

Summarizing, we propose the following model 
illustrating the role of ftavonoids in the early 
V. sativa-R.l, viciae interaction (Fig. 6). Sterile 
V. sativa roots release flavonoids which are capa- 
ble of inducing nod genes of a range of rhizobia 
[34]. It is not known which factors regulate this 
release, but nitrogen limitation may be involved. 
These flavonoids subsequently accumulate in the 
cytoplasmic membrane of R.l. viciae bacteria 
[22]. Specific flavonoids (nodgene inducers) such 
as naringenin presumably interact with the NodD 
protein. The activated NodD protein enhances 
the expression of other nod genes located on the 
Symbiosis plasmid (pSym), and nod gene-depen- 
dent factors are released by the bacteria. These 
factors which are responsible for induction of Ini 
(increased nod gene-inducing activity [27]) are 
designated as NodRlv-IV (Ac, C18:4) and 
NodRlv-V (Ac, C18:4) [25]. For Ini, presence of 
the regulatory nodD and of both common and 
host-specific nod genes are essential [27]. The 
structures of NodRlv-IV and NodRlv-V have 
been determined and appear to be similar but not 
identical to the nod gene-related lipo-oligosaccha- 
rides produced by infective R. meliloti bacteria 
[ 14, 25]. Since purified Nod factors are capable 
of inducing Ini in root exudate of V. sativa ssp. 
nigra seedlings apparently other rhizobial com- 
pounds are not essential for this early symbiotic 
event. Moreover both Nod factors NodRlv-IV 
and NodRlv-V are capable of inducing both the 
formation of nodule meristems and root hair curl- 
ing [25]. The specific site of action of these fac- 
tors remains to be determined, but in view of their 
hydrophobic nature the plant cytoplasmic mem- 
brane is a likely candidate. We postulate that these 
Nod factors are directly responsible for the en- 
hanced flavonoid biosynthesis as described in this 
paper but we cannot exclude that less specific 
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biotic or abiotic factors regulate the R.l. viciae- 
stimulated release of nod gene inducers. Charac- 
terization of these factors might be of importance 
to determine whether or when the described pro- 
cesses occur under natural conditions. 

The additionally released flavonoids are all ca- 
pable of activating the expression of rhizobial nod 
genes [20], thereby possibly maintaining and/or 
enhancing the expression of the nod genes during 
early symbiotic events. Recently it has been sug- 
gested that these ttavonoids could also act as nat- 
ural auxin transport inhibitors thereby affecting 
hormonal distribution and contributing to devel- 
opment of N-fixing nodules [4]. Since particu- 
larly planar flavonoids and chalcones have been 
shown to be potent auxin transport inhibitors 
[11], only two of the eight released flavonoids 
might be involved in such a process [20]. More- 
over, the released flavonoids are not traceable in 
roots of V. sativa. Instead, these plant organs 
contain kaempferol glycosides [21]. In vitro ex- 
periments suggested that R.l. viciae is capable of 
liberating significant amounts of the aglycone 
kaempferol [21]. Since this planar flavonol is very 
effective in inhibiting auxin transport it is more 
likely that endogenous liberated kaempferol might 
play a role in nodule development. 

Comparison of early symbiotic events with plant- 
pathogen interactions 

Many bacterial plant diseases are characterized 
by host plant specificity, similar to the Rhizobium- 
legume symbiosis. In compatible interactions, the 
infective bacteria are able to multiply between the 
host plant cells and induce pathogenesis-related 
symptoms. Incompatible interactions are charac- 
terized by inhibition of bacterial multiplication, 
for example by synthesis and accumulation of 
plant-derived anti-microbial compounds, so- 
called phytoalexins. For legumes, many phytoal- 
exins are isoflavonoid molecules. Isoflavonoids 
and nod gene-inducing flavonoids are products of 
the same biosynthetic pathway [2, 7]. Various mi- 
crobial pathogens produce signal molecules, elic- 
itors, that (in)directly activate flavonoid biosyn- 

thesis. Since rhizobial nod gene-related factors 
induce a similar response, it is tempting to con- 
sider these factors as representing elicitor-like 
compounds. However, several observations illus- 
trate that both interactions are different. 

-Rhizobia l  signal molecules are only recog- 
nized by a host plant [14, 25], whereas elicitors 
are recognized by various non-host plants. This 
implies that the putative receptor of a nod factor 
is host plant-specific, in contrast to the situation 
for an elicitor-transduction pathway. 

- T h e  rhizobial nod factors that activate fla- 
vonoid biosynthesis are encoded by host-specific 
nod genes [25, 27]. These genes enable the bac- 
teria to invade the host plant and to multiply 
between its cells. Apparently, nod genes are in- 
volved in a compatible interaction and represent 
virulence genes. In contrast, elicitors are possibly 
encoded by avirulence genes [2]. 

- Rhizc~bial signal molecules may activate fla- 
vonoid biosynthesis in a host plant but apparently 
do not induce formation of isoflavonoid phytoal- 
exins. The few data available indicate that phy- 
toalexin synthesis coincides with early root nod- 
ule senescence, not with early root infection stages 
[28,31]. 

Finally, in relation to plant gene activation 
by Rhizobium, Estabrook and co-workers have 
demonstrated that during early soybean-Bradyr- 
hizobiumjaponicum symbiotic events specific PAL 
and CHS genes are activated which are clearly 
distinct from PAL and CHS genes related to 
stress responses [4]. 

Be that as it may, the influence of purified nod 
factors on flavonoid metabolism in non-host 
plants has not been tested yet. At present, we 
cannot exclude the possibility that (some) rhizo- 
bial nodfactors behave as avirulence factors under 
non-host conditions. 
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