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Summary &mdash; The effect of 2 isoflavonoids (the soybean phytoalexin, glyceollin I, and the coumestan, coumestrol) and
1 flavonoid, quercetin, were tested on in vitro spore germination of Gigaspora margarita. Glyceollin I and coumestrol
were tested at 0, 0.05, 0.5, 5 and 50 &mu;M in water agar containing 0.5% ethanol. Quercetin was tested at 0, 0.1, 1 and
10 &mu;M in pure water agar. All germination parameters were measured after 5 and 7 d. Germination rate was not significantly affected by any of these compounds. The number of germ tubes per spore was slightly increased by glyceollin
I; mycelium length from germinated spores was increased by low concentrations of glyceollinI but was significantly
decreased at the highest concentration. A positive correlation was found between coumestrol concentration and mycelium length, and vesicle number was decreased by coumestrol, quercetin and the highest concentration of glyceollin
but was increased by glyceollin at 0.5 &mu;M. Results are discussed in relation to the potential of flavonoids and isoflavonoids in acting as regulatory factors in plant-AM fungus interactions.
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Résumé &mdash; Effet de la glycéolline I, du coumestrol et de la quercétine sur le comportement in vitro de Gigaspora margarita. Deux isoflavonoïdes (la glycéolline I et le coumestrol) et un flavonoïde (la quercétine) ont été éprouvés vis-à-vis de la germination in vitro de Gigaspora margarita. Les expériences ont été faites en utilisant les concentrations de 0, 0,05, 0,5, 5 et -1
50 &mu;mol.l dans l’eau gélosée contenant 0,5% d’éthanol pour les premiers et de 0, 0,1, 1,
et 10 &mu;mol.l
-1 dans l’eau gélosée pure pour la quercétine. Les mesures, réalisées après 5 et 7 j de croissance ont
montré que le taux de germination n’a été affecté par aucun des composés, que le nombre de tubes germinatifs a été
légèrement augmenté par la glycéolline I et que la longueur du mycélium par spore germée a été augmentée par la
glycéolline I aux faibles concentrations alors qu’elle a été significativement diminuée à concentration supérieure. Une
corrélation positive a été trouvée entre la teneur en coumestrol et la longueur du mycélium des tubes germinatifs.
Les résultats sont discutés en relation avec la potentialité des flavonoïdes et isoflavonoïdes d’agir comme régulateurs
dans le processus infectieux du champignon mycorhizien.
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INTRODUCTION

Although

it is not

possible to culture arbuscular
mycorrhizal (AM) fungi in vitro, studies on the
physiology of spore germination can contribute
to a better understanding of the first steps involved in the infection process leading to AM formation. Previous research on this topic suggests
that molecules from the host plant are required
for the expression of symbiotic fungal genes
(Koske, 1982; Elias and Safir, 1987; Mosse,
1988; Bécard and Piché, 1989b; GianinazziPearson et al, 1989; Bécard and Piché, 1990;

vitro

Paula and Siquiera, 1990). In particular, the hypothesis that plant phenolics could play a role as
signal molecules in plant-AM fungus interactions,
as in plant-Rhizobium interactions (Firmin et al,
1986; Kosslak et al, 1987; Rolfe, 1988; Djordjevic
and Weinman, 1991; Hartwig and Phillips, 1991;
Hungria et al, 1991), has been investigated. The
isoflavonoids formononetin and biochanin A,
identified in clover roots, have been shown to increase AM infection in white clover (Nair et al,
1991; Siqueira et al, 1991) and the flavonoids
hesperitin, naringenin and apigenin have been
reported to stimulate Gigaspora margarita hyphal
growth in vitro (Gianinazzi-Pearson et al, 1989),

as has the widely occurring flavone quercetin in
the presence of CO
2 (Bécard et al, 1992)
Knowing that AM infection can increase the
accumulation of phytoalexins and associated isoflavonoids in soybean roots (Morandi et al, 1984;
Morandi and Gianinazzi-Pearson, 1986; Morandi, 1989) and that these compounds are generally exuded into the rhizosphere (D’Arcy-Lameta,
1984), we tested the effect of 2 soybean isoflavonoids (glyceollinI and coumestrol) and quercetin on in vitro spore germination, hyphal growth
and vesicle formation of Gigaspora margarita.

Different amounts of purified coumestrol and glyceollin I were dissolved in absolute ethanol from which
an identical volume was added to each test medium
(75% water agar) in order to obtain different concentrations of these compounds (0, 0.05, 0.5, 5 and 50
&mu;M) with the same final ethanol concentration (0.5%).
In a preliminary experiment on glyceollin I, concentra-1 were also used. As
tions of 0, 25, 50 and 100 &mu;g ml
quercetin is soluble in water, it was added directly to
water agar at concentrations of 0, 0.05, 1 and 10 &mu;M.
The solution of each test compound was sterilised using a 0.2-&mu;m Millipore filter before mixing with autoclaved water agar.

Assessment of fungal behaviour
MATERIALS AND METHODS

Mycorrhizal fungus
of Gigaspora margarita (Becker and Hall)
collected by wet-sieving of soil from mycorrhizal
Allium porrum L cultures, surface sterilised and transferred to Petri dishes containing 10 ml test media (9
spores per dish, 10 replicates per treatment) as described previously (Gianinazzi-Pearson et al, 1989).

Spores

Percentage of germinating spores, extent of hyphal
growth and number of vesicles formed were assessed
as described previously (Gianinazzi-Pearson et al,
1989) after 5 and 7 d growth and results were statistically analysed by ANOVA and Duncan’s test.

were

Chemicals
Quercetin was purchased from Sigma Chemical Co.
Coumestrol and glyceollin I were purified from ethanolic extracts of soybean (Amsoy 71) tissues. Coumestrol was obtained from 12-wk-old roots and glyceollinI was elicited by slicing hydrated seeds and
incubating them for 48 h at 24 °C in the dark. Ethanolic extracts from roots and seeds were treated by thin
layer chromatography (TLC) and high performance liquid chromatography (HPLC) as described previously
(Morandi, 1989). Purification of each compound was
undertaken by collecting the corresponding eluate after HPLC analysis.

RESULTS

Effect of ethanol

Since coumestrol and

glyceollin are not soluble
in water and must be diluted in ethanol, it was of
interest to test the effect of 0.5% ethanol on the
germination of G margarita spores. Results summarised in tableI show that ethanol increased
percentage germination, but only significantly in
one experiment (glyceollin I) where spore germination was particularly low on water agar, probably due to differences in the sets of spores
used. The number of germ tubes was also significantly increased by ethanol whilst length of germ
tubes was significantly decreased in the experiment with coumestrol.

Effect of glyceollin I
In the preliminary experiment with relatively high
levels of glyceollin in the test medium, there was
a clear inhibitory influence of this isoflavonoid on
the germination rate of G margarita (fig 1). Less
than half of the spores germinated at the concen-1 as compared to controls
tration of 25 &mu;g ml
with no glyceollin. At the same time, the number
of germ tubes produced increased with glyceollin
.
-1
concentration to nearly double at 100 &mu;g ml
In the second experiment using concentrations
from 0-50 &mu;M (16.8 &mu;g ml
) glyceollinI (fig 2),
-1
no significant effect oh percentage germination
was found but there was a tendency for this to
decrease with the highest concentration (88%
germination with no glyceollin and 73% with 50
&mu;M, measured at 7 d).

The number of germ tubes was significantly increased by glyceollin I (from 3.3 to 4.8 at 0 and
50 &mu;M respectively, at 7 d). The number of germ
tubes was considerably higher as compared to
the previous experiment, where their frequency
was only 1.2 per spore in the absence of glyceollin. This is again probably due to differences in
the sets of spores used in the different experiments.

The length of germ tubes produced after 5
and 7 d was significantly affected by glyceollin: it
was increased by low concentrations and decreased by the highest. At 7 d, average germ
tube length was 3.5 mm with no glyceollin (corresponding to a total hyphal length per spore of
12 mm), 5.8 mm with 0.5 &mu;M glyceollin (22 mm
total hyphal length) and 2.2 mm (11 mm total hyphal length) with 50 &mu;M glyceollin.
No vesicles

were

formed after 5 d

germina-

tion, but at 7 d, the frequency of vesicles (num-

hyphal length
) was significantly increased
-1
by 0.5 &mu;M glyceollin and their formation was
completely inhibited at the highest concentration
of 50 &mu;M.
ber

Effect of coumestrol
Coumestrol

(fig 3)

had

Effect of quercetin
no

significant

effect

on

percentage of spore germination or tube number
per germinating spore; percentage of spore germination was very high in this experiment
ready 93% after 5 d without coumestrol).

Quercetin (fig 4) had no significant effect on
spore germination or germ tube growth but significantly decreased vesicle formation after 7 d.

(al-

On the contrary, germ tube length was significantly increased by coumestrol at 5 and 7 d. For
example, at 7 d the average length was 3 mm in
the absence of coumestrol (15 mm total hyphal
length per spore) and 7.8 mm (33 mm total hyphal length per spore) at a 50 &mu;M concentration.
The frequency of vesicle formation was significantly reduced by the higher coumestrol concentrations.

DISCUSSION AND CONCLUSION
The 3 flavonoids tested had different effects on
G margarita: coumestrol stimulated hyphal

growth, glyceollin was inhibitory
depending on the concentration
had no significant effect.

or

stimulatory
quercetin

and

Quercetin has been reported to stimulate AM
in

fungal development, especially hyphal growth,
the case of Glomus etunicatum (Tsai and Phillips,
1991). However, in these studies, quercetin was
dissolved in methanol (which is surprising since
quercetin is soluble in water) and methanol concentrations in the medium varied depending on
the quercetin concentration so that there was no
reliable control treatment to correctly assess the
effect of variable amounts of quercetin. Our
present observations on the frequent stimulation
of spore germination of G margarita followed by a
consistently toxic effect on germ tube growth by
0.5% ethanol underlines the necessity to ensure
the

alcohol concentration in the medium for
all the concentrations of the same test compound.
Furthermore, in the studies on Glomus etunicatum
(Tsai and Phillips, 1991), only very slow growth of
the mycelium was observed (maximum 1 mm of
individual hyphal length after 21 d) compared to
that of G margarita in our experiments (a minimum
of 3 mm after 7 d). This suggests that hyphal behaviour may vary with the mycorrhizal fungus and
the growth medium. Recently, Bécard et al (1992)
found that quercetin stimulated hyphal growth of
germinated spores of G margarita, but this was in
combination with 2% CO
2 which, when used independently, has been shown to increase hyphal
growth (Bécard and Piché, 1989a).
same

The fact that glyceollinI is inhibitory to spore
and hyphal elongation at concentrations of &ge; 50 &mu;M is not surprising because this
phytoalexin has a well known fungitoxic activity,
which has been demonstrated against pathogens

1991), it is possible to envisage that a non mycorrhizal soybean root has a higher potential for
stimulating hyphal growth from spores than a
mycorrhizal one, where infection markedly increases (5-10 fold) glyceollin accumulation in
root tissues (Morandi et al, 1984).
Coumestrol appears to more consistently enhance AM hyphal growth at high concentrations.
This compound, which is generally present in soybean roots at high levels (100-1 000 &mu;g g
-1 deon
and
pending
plant age
mycorrhizal state) (Morandi and Gianinazzi-Pearson, 1986; Morandi,
1989), may contribute to the stimula-tory properties of host roots for AM fungal growth in situ (Elias and Safir, 1987; Gianinazzi-Pearson et al,
1989; Nair et al, 1991 ).The inhibitory effect of
high coumestrol concentrations on vesicle cluster
formation observed in the present study may
also, at least partly, explain the lack of formation
of these structures by G margarita in root tissues.
The results obtained in the present study reinforce the hypothesis that the differential accumulation or release of certain isoflavonoids by roots
may have a regulatory role in infections events
in AM (Gianinazzi-Pearson et al, 1989; Nair et
al, 1991; Siqueira et al, 1991; Tsai and Phillips,
1991) and that, as in legume-Rhizobium interactions, they are potential signals for activating
processes essential to first steps in the infection

phenomenon.

germination

(Giannini et al, 1990). Nevertheless, previous experiments in our laboratory have shown an accumulation of glyceollin in planta in mycorrhizal soybean roots, which can be further increased by
xenobiotics without inhibiting infection development, indicating a significant tolerance of AM fungi to glyceollin. This emphasises the difference in
behaviour of mycorrhizal fungi between preinfection (germination, germ tube growth) and intraradical symbiotic phases. It is also interesting to
note that glyceollinI stimulated hyphal elongation
at low concentrations of 0.5 and 5

&mu;M, which
has
differential
effects
compound
on microorganisms depending on its concentration, as previously reported for pathogens (Temperli et al, 1991). Non mycorrhizal soybean roots
contain = 1 &mu;g glyceollin g
-1 fresh mass (Morandi
et al, 1984), which is equivalent to 3 &mu;M in the
tissues. If we consider that a proportion of glyceollin is exuded into the rhizosphere as previously
means

that this

&ap;

suggested

(D’Arcy-Lameta,

1984;

Graham,
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