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The symbiosis between leguminous plants e. g. vetch, beans, ~lfal~, and soil bacteria of the 
genus Rh/zob/um is of considerable agronomical importance, since it results in the fixation of 
atmospheric N 2 in the order of 2-400 kg ha -1. Factors that affect this symbiosis are therefore 
of great economic importance. Numerous enviroranental signals, e.g. UV-fight, heat drought 
stress, wounding, mmient deliciency and the application ofbeavy metals have been shown to 
influence the formation of nodules on leguminous roots (Vincent 1965; Porter and Sheridan 
1981). 
Recently it has been found, that polycyclic aromalic hydrocarbons (PAils; e.g. anthracene, 
phenanthrene, fluoranthene), which occ~ as ubiquituos environmental contaminants due to 
the combustion of fossile fuels, can irddbit nod, l~tion of Medcago s ~ v a  (W~zel et a/. 
1991). Fluoranthene is one ofthe dominant PAI-Is found in urban particulate matter, sewage 
sludge or beside motorways (Jones 1988). Several organisms have been shown to be able to 
metabolize and mineralize fluoranthene (WeiBenfels et 02 1992; Foght and Westlake 1988) 
but the uptake of fluoranthene is limited due to low solubility of fluoranthene in water and 
strong adsorption to humic albstances in soil (Weil]enfels et al. 1992). Rhizobium meliloti 
cannot degrade fluoranthene (Bran& 1989). Toxic effects of fluoranthene on bacterial 
growth have never been observed. In co.ianst m their rhizobial symbiotic partners, alfalfa 
plants grown on a solidified fluomnthene-containing medimn, exba'bited symptoms of 
toxicity. They showed a dose-responsive decrease in shoot length and, if inoculated with R. 
meliloti, inl~oition of nodule formation (Wetzel et 02 1991). Growth retardation is 
accompanied by a decrease in anflmcymin pigmwaation of shoots, and an atypical 
~ o n  of anthocyanins in roots. Synthesis of antlmcymfins proceeds via the 
phenylpropane pathway as does synthesis of ttavonoids. The major difference between the 
biosynthetic pathway for anthocyanins and that for tiavones (flavonoids) is the reduction of 
the 4-ca~nyl in the former, followed by water abstraction (Hradzina, 1982). Plant 
flavonoids are known to play a c~h-al role in the signal exdmnge of the Legume-Rhizobium 
symbiosis. Seeds of leguminous plants, as well as the devdoping roots of seedlings, exude 
several flavonoids that trigger complementary mechanisms for the establisl-anent and 
development of root nodules. The best documeraed function offlavonoids is the induction of 
certain rhizobial nodnlafion (nod) genes (Fisher and Long 1992). The  products  of the nod 
genes are involved in the synthesis of Nod factors, which in turn initiate hair curling and cell 
division in the inner root cortex of the host plant (Truchet et al. 1991). As outlined above, 
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phenylpropane derived compounds and flavonoids have been implicated in nodule 
development. Since fluoramhene impairs nodn!afon and induces the production of 
anthocyanins, it is pom'ble that these events are causally linked via phenylpropanoid 
metabolism. In order to test this hypotheis, we tried to overcome the inNbitory effects of 
fluoranthene by exogeneous application of the flavonoid luteolirt Luteolin is usually exuded 
from alfalfa seeds and responsfole for nod gene induction in R meliloti (Hartwig eta/. 1989). 
In this paper it will be demonstrated, that luteolin antagonizes the tluoranthene mediated 
inlffoition of nodule formation and prevents the acxam~ dation of anthocyanins in roots. These 
findings with respect to rhizobial nod gene regulation and plant developmental physiology 
will be discussed. 

MATERIAL AND METHODS 

Plant culture: seeds ofMedicago sat/va (~lNfa) cv Du puits (purchased fi-om Ruppersberg 
C61be, Crmmny) were washed with 0.1% Tween 20 for 3 rain, rinsed several times and then 
surface sterilzed with 30~ hydrogen peroxide for 10 min. These procedures were carried 
out in a sonicafion bath. After steriliration, seeds were washed ten times with sterile tap 
water and then dried under a laminar flow hood. Seeds treated in this way could be stored 
sterile for several weeks without any decrease in germination rate. 
Sterilized seeds were germinated on NB (nutrient broth, Difco laboratories) agar for two 
days in a growth chamber and then transferred to a mineral medium (modified fi'om 
Broughton and Dilworth 1971) solidified with Gelrite | The pH was 6.8 and the medium 
was supplemented with 0.5 mM KNO 3. Light and humidity conditions were as follows: 16 
h, 25~ C light period / 8 h, 20~ C dark period. 
Fluorcughene curtluteolin treatments: fluoranthene (10 laM; purchased t~om Serva) and lu- 
teolin (4 ~ purchased from Roth) were added to the mineral medium fi-om stock solutions 
in N'-N-dimethylformamide (DMF) prior to pouring the medium into petri dishes. Alternati- 
vely fluoranthene (0.5 to 100 lag) and luteolin (15 lag) were sprayed as solutions in diethyi 
ether onto solidified medium (Wetzel et al. 1991). Luteolin and ttuoranthene were tested 
either in combinations or alone. Control plates were with either DMF or diethyl ether, as ap- 
propriate. 
Plant inoculation: Rhizobium meliloti MV IT grown overnight in 20 E liquid medium 
(Wemer et al. 1975) to mid log phase, was diluted to a concentration of 108 cells x m1-1 and 
used to inoculate solid mineral medium (50 lal per dish). Where fluoranthene and luteolin 
were added as etheral solutions~ inoculation was carded out 24 h before spraying. 
Five petri dishes with 3 plants each were scored for each treatment. The time course of 
nodulation was followed by counting total nodule number per petri dish at 15, 20 and 25 d 
after inoculation. Statistical analyses were done using Student's T-test. 
Quantification ofanthocytmins in root and shoot extracts: plants were harvested 20 d after 
inoculation, separated into shoots and roots, and then weighed. Atterwards plant material 
was dried at 60 ~ C overnight, weighed again and fragmented, using a micro-dismembrator 
(Braun-Mdstmgen, Germany). ~ o n  of plant tissue was carded out with acidic me- 
thanol (65% methanol adjusted to pH 1 with HCL) for 15 rain in a water bath at 55 ~ C 
(CCrven et al. 1988). Alter centrifugation (11 600 g), the supervatarlts were collected and tis- 
sue extraction was repeated as above. Supematants were pooled and then divided into two 
aliquots. One aliquot was adjusted to pH 5 with 100 lal of  10 % NaOH. All samples were 

634 



made up to a volume of 1 ml with 65 % methanol. The difference in absorption at 520 nm 
between the red coloured sample (pH 1) and the green coloured sample (pH 5) was mea~- 
red. Amhocyatfin conc~l,~on was calculated, using the molar extinction coeflldent of 
36,000 (Wrolstaat etal. 1970). 

RESULTS AND DISCUSSION 

A n ~ i n  content of  shoots and roots following fluoranthene aeatment: ttuoranthene 
caused a decrease in arrthocyanin content of shoots when applied as an etberal solution to the 
surface of solidified medium (0.5 ~tg per petfi dish) or at a conoafu~on of 10 ~ I  dissolved 
in the mineral Gelfite mediun~ Higher concm~ia-ations (5 lag per petd dish) caused a further 
decrease in anthocyanin of shoots, but roots showed intensive red pigmentation due to the 
acoanmlation of anthocyanins (figure 1). Based on its characteristic absorption specmun 
(dam not shown), the red pigment in roots could definkely be identified as anthocyanin, but 
not yet further specified. The anthocyanin acoam~_l~fion became apparent 7-8 days after 
transfer of seedlings to fluoranthene containing medium and remained present until plant 
harvest (15 days flier transfer). Loss of anthocyanin pigmentation of shoots could be rever- 
sed by transferring plants to a medium without f l u o ~ .  However, anthocyanin pigmen- 
tation of roots was not affected by this transfer. Changes in anthocya~ content following 
fluoranthene application were observed in alfalfa with and without R. meliloti inoculation. 
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Figure 1. Amlrm/anin contmt in roots and 
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Table 1. Effects offluoranthene on nod-lafion and shoot growth ofM. sath,a, 15 days flier 
inoodafion with R meliloti. (Values followed by diiferent symbols are significantly different 
at the 0.05 level) 

Fhoranthene conc.~h-ation (~.~ per petli dish) 
0.0 SD* 0.5 SD 5.0 SD 50.0 SD 

Nodules per plant 7.3 a 2.9 4.4 b 2.4 2.0 c 1.9 1.5 c 1.4 
shoot (mg) din** 62.0 a 2.6 60.3 a 3.4 53.8 b 3.4 28.9 c 2.6 
shoot length (mm) 42.0 a 5.3 42.8 a 7.5 39.6 a 7.5 22.7 b 2.5 

*Standard deviation ofthe mean **dry matter 
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Figure 2. Amhocyanin" content 20 d.p.i, m 
shoots and roots of plants treated with luteolin. 
fluotanthene and luteolin/fluoramhene coappli- 
catiort Bars ~ the mean of 6 wqxaS- 
meats of three plants at each application proce- 
dure. Error bars i n d i t e  standard deviation. 
Spray application: 25 lag f l u o ~  and 15 
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Figure 3. Nodulation kinetic (15,20 and 25 d.p.i, of 
plants treated with luteolin, fluoranthene and 
Itaeolin/fluoranthene coappficalion. Nedulation is 
expressed as number of nodules per plant. Barn re- 
present the mean of 6 experiments at each 
application procedure. Each experiment was carried 
out with thtee plants per petri dish. Error ba~ 
indicate standard deviation. 
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Figure 4. Shoot weight per plant (20 ctp.i.) in 
response to appfication of luteolin, tluomnthene 
and l u m o l i n / f l ~  coapplicatio[t 
Co~mlmtions of luteolin and fluomnthene see 
figure 2. Bats reptesem the mean of 6 

at ~ application pr~edt~.  Each 
ext~iment w ~  carried ont with three plants IXX 
petri dislt FJror bars indicate standard deviation- 

Effect of fluoranthene on nodulation cud plant growth: fluoranthene caused a dose-respon- 
sive delay and decrease in nodulation of alfalfa seedlings beginning from 0.5 lag per petri 
dish. A total inhibiton of  nodulation occured at a concentration of  100 lag per petri dish. 
Toxic effects on the growth of bacteria can be excluded. The visual appearance of the colo- 
nies was normal compared to the non-treated petri dishes. 
The process of nodulation was more sensitive to fluoramhene than the reduction in shoot 
growth. The reduction in shoot length and shoot weight became significant when the fluor- 
anthene concentration exceeded 5 lag per petri dish (table 1). Toxic effects of fluoranthene 
on shoot growth and nodulation could partly be reversed, when plants were transferred to 
medium without fluoranthene. Shoot growth recovered to control levels and shoots showed 
new anthocyanin pigmentation but plants failed to nodulate unless they were reinoculated 
following fluoranthene removal. Plants inoculated and grown for up to five days on medium 
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lacking ttuoranthene also showed reduced nochhfion when Uansfetr~ to fluoranthene con- 
taining medium. There was a tendency towards an increase in hteral root formation in 
f l u o ~ e  treated plants. However due to high standard deviations, differences between 
fluoranthene treated and non-treated plants were not signi~cant oa the p = 0.05 levd. 
Effects of  era~geneous!y applied luteolin: ktteo[m was appFmd together with fluomnthene 
~her as etheral solution (15 Itg per dish) or at a concnetvation of 4 pM to the mineral 
medium. Both treatments affeet~ f l u o ~  induced anthocyanin aexan~tl~on in roots. 
As shown in figure 2, luteolin prevented anthocyanin aceur~dafion in roots but had no effect 
on loss of anthocyanin pigmentation from shoots. Since ltneolin exhbits nod gene-inducing 
activity, we were interested, whether it could ~agonize the f l u o ~  induced depression 
of nodule fomaafion. In figure 3 the suppression by luteolin of the f l u o ~ e  mediated 
inl-a'bilion ofnodulafion is documented. This suppressive effect was time dependent and first 
became vi~'ble 15 days after inoculation. Twentyfrve days after inood~on, plants receiving 
both ttuor',mth~e and luteolin had just as many nodules as the untreated control plants. 
Shoot growth was almost comparable with that of control plants (figure 4). 
Summari~ng our observations, we found that f l u o ~  causes a significant depression of 
nodule formation in the symbiosis o fM s a t ~  with R meliloti. Tiffs was aecompa~ed by a 
dramatic aco.madafion of anthoc3,anim in the roots of M. sat/ua. Both effects could be 
reversed by exogeneous application of luteoli~ Two possible cxplanatiom (A and B) for 
these obsnwations will be disoassed. 
(A) By influencing phenodpropane metabolism, fluoranthene leads m a lack of nod- 
gene inducing flavonoids, for example luteolin, in the rhizosphere. Luteolin is the first 
doctm~ented inducer of R. meliloti nod genes released by alfalfa plants ffiartwig et cd. 
1989). As a result ofnodge~e induction in R mefllo# the noduhfion factors (Nod factors; in 
1990 the Rhizobium nodulafion factor Nod Rm-1 was idemified be Lerouge as a sulphated 
gtycolipid) arc produced by the bacterial symbiora, which in turn elicit root hair deformation 
and cortical cell division in the plant. Chemica~ affecting the release or modification of nod- 
gem inducing flavonoids from alfalfa roots could influmce the exeh,mge of signals between 
host and microsymbiont. As shown in the present study, fluorartttsme somehow interferes 
with phenylpropane metabolism, causing an excesfive production ofanthoeyanim in root tis- 
sues. We propose, that this massive production of anthocyanim leads to reduced synthesis of 
other phenylpropane derived compounds, e.g. the nod gene inducing flavonoids. The con- 
centrafion of nod gene inducers in the rhizosphere of alf~lf'a has already been shown to limit 
noeh lhtion. But a lack ofnodgene inducing flavonoids in the alfalfa flfizospbere can be over- 
come by the exogemous application of appropriate flavonoids (Kapulnik eta/. 1987). We 
propose that exogeneously applied luteolin comtxmmes for the lack of nod g~e  inducing 
flavonoids in the rhizosphere of f l u o ~ e  treated plants. Moreover, luteolin not only 
recovered nodulalion, but also increased shoot dry wright of fluoranthene treated plants to 
control levels, irrcspcc~e of whether they wwe inoa~ed or not. Due to this finding one 
has to consider additioml physiological effects ofluteolin dirtily beneficial for the plant. 
(13) Accumulation ofanthocyanins in roots and the i~hibilion of nodulalion in fluor- 
amhene treated plants might be the consequence of a disturbed hormonal balance of 
the plant. Until now toxic effects of f l u o ~  on plant growth have not often been re- 
ported. Most authors used combinations of diffea-e~t PAIls in their studies, and did not di- 
stinguish be~een individual compounds. Gr~ (1965) demonstrated growth promoting ef- 
fects of PAI-Is on higher plants. In contrast Wagner and Wagner-Hering (1971) reported 
growth retardatiolt 3,4-Benzofluoranthene, at 6.2 rng. kg -I soil caused a reduction of stem 
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length in wheat. 
Here we report that fluoranthene (2mg �9 i -1) reduced stem and fresh wright o f M  sa#va. 
Treated plants developed smaller leaves and shorter intemodes than tafut-,,ated control plants. 
There was also an earlier abscission ofcotyledom (results not shown). Similar effects can be 
achieved by cutting off young roots and thus interrupting the acropctal transport of cytoki- 
nins from roots to shoot (Mohr and Schopfcr, 1978). It is therefore possblc, that fluoranthc~ 
ne influences the cytokinin transport and promotes ac.o,a~lafion of cytokinin in roots. The 
disturbance of the hormonal balance will not only diminish plant growtk Also inhibition of 
nodulation of alfalfa by R. melilo# following fluoranthene treaanent might be explained by a 
fluoranthene mediated disturbance of the cytokirfin/auxin ratio in alfalfa root cortical cells. 
Whether accumulation of anthocymim in roots is also a consequence of a l-agh cytokinin 
content in roots or is due to a disturbed pherFlpropanc mctabolian, as argued before, re- 
mains to be elucidated. However, stim~llafion of anthocyanin production by cytokinins or 
cytokinin-like 9abstances has often been reported (Pecker and Bassin 1974; Hradfi'na 1982). 
Conversdy, treatments which increase anthocymm levds, such as light or anaerobic growth 
conditions have been shown to influence cytokinin mediated processes, e.g. inhbition of ad- 
v~fifious root growth (Stafford, 1968) and diminishing ofgravitropic curvature in light trea- 
ted roots (Iversen and Siegel, 1976). It is generally accepted that phytohormonc controlled 
processes arc not dependent on the action of single hormones, but different hormones acting 
simultaneously. Growth and development of plants is triggcnxt by cytoldnins and auxins and 
the ratio of cytokinin to auxin concentration. Much attention in this respect has been paid to 
the effect ofphenylpropane derived phenolic compounds on indoleacctic add (IAA) oxidase, 
a peroxidase-type enzyme which is capable of auxin destruction. Anthocymins, having a 
monohydroxy phenol B-ring uniformly stimulate [AA-oxidase activity and thus have a po- 
tentially inhib'fdng effect on growth (Stenlid, 1976). Flavonoids with a catcchol B-ring 
(luteolin) on the other hand inhbit IAA oxidase in vitro. Tiffs could cxplfm the sfimulatory 
effects of such compounds on plant growtk Moreover it has been suggested, that flavonoids 
might interfere with polar auxin transports (for references see tfasch 1992). An a u ~  
binding protein with a molecular wright of 23 kDa has recently been found in the 
symbiosome membrane of legume nodules (Jacobi etas 1993). 
Whether luteolin counteracts the toxic effects offluoranthcm directly or only reverses the ef- 
~xs  ofanthocymins on the cellular auxin/cytokinin ratio needs further investigafiort Beside 
the two explanatory modds for the bencfidal effect ofhteolin discussed above there remains 
another explanation worth mentioning. We have to take into consideration, that toxicity of 
PAils is also linked to the formation of oxygen radicals, as a result ofcytochromc P-450 de- 
pendent hydroxylafions (Babson et al. 1986; Southom and Powis 1988). Flavonoids, on the 
other hand, have been shown to exl~bit radical-scavengin 8 activity (Tore] et al. 1986). 
Although no hydmxytated fluomnthene metabolites have yet been found in alfalfa, (Wetzel, 
unpublished da~) a radical-scavenging role for luteolin should not be disregarded. 
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