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Flavonoids exclusively present in mycorrhizal roots of white clover
exhibit a different effect on arbuscular mycorrhizal fungi than
flavonoids exclusively present in non-mycorrhizal roots of white clover
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Abstract
The flavonoids 5,6,7,8,9-hydroxy chalcone, 3,7-hydroxy-4?methoxy flavone, 5,6,7,8-hydroxy-4?-methoxy flavone and
3,5,6,7,4?-hydroxy flavone can be detected only in non-mycorrhizal roots of white clover, but not in mycorrhizal roots,
whereas the flavonoids acacetin, quercetin and rhamnetin are only present in mycorrhizal roots. We tested the effect of
several concentrations of these compounds on spore germination, hyphal growth, hyphal branching, formation of clusters of
auxiliary cells and of secondary spores of the arbuscular mycorrhizal fungi Gigaspora rosea , Gigaspora margarita , Glomus
mosseae and Glomus intraradices . Our results indicate that depending on the flavonoid, the tested compounds are involved at
different stages in the regulation of mycorrhization. This hypothesis is strengthened by their differing effect on several AM
fungal growth parameters. Furthermore, our study provides more data on the AM fungus genus/species specificity of
flavonoids.
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Introduction

Arbuscular mycorrhiza (AM) is a symbiotic plant-

fungus association which can be found in nearly all

land plants (Harley & Harley 1987). The establish-

ment of the AM symbiosis is the result of a complex

exchange of signals between AM fungi and the host

plant (Vierheilig 2004a) initiating various metabolic

changes, e.g., the alteration of the flavonoid pattern,

in the host root. Interestingly, alterations of the

flavonoid pattern seem to depend on the develop-

mental stage of the AM symbiosis (Akiyama et al.

2002, Larose et al. 2002), thus, flavonoids, which are

known as key signals for the establishment of the

rhizobial symbiosis, have been suggested as signalling

molecules in the AM symbiosis (Phillips & Tsai 1992,

Vierheilig et al. 1998, Vierheilig & Piche 2002).

A number of studies on the effect of flavonoids on

AM spore germination, fungal growth and root

colonization are available (Siqueira et al. 1991,

Kape et al. 1992b, Morandi et al. 1992, Morandi,

1996, Vierheilig et al. 1998, Juge et al. 2002),

however, data on the effect on other important

parameters such as hyphal branching and the for-

mation of auxiliary cells or secondary spores are

scarce (Gianinazzi-Pearson et al. 1989, Bécard et al.

1992, Phillips & Tsai 1992). In a recent study Ponce

et al. (2004) showed that the flavonoid pattern in

white clover is altered after colonization by the AM

fungus Glomus intraradices . Several flavonoids such

as 5,6,7,8,9-hydroxy chalcone (NM7); 3,7-hydroxy-

4?methoxy flavone; 5,6,7,8-hydroxy-4?-methoxy fla-

vone (RR4) and 3,5,6,7,4?-hydroxy flavone (RR4�/2)

could be exclusively detected in non-mycorrhizal

white clover roots, whereas others (acacetin, quer-

cetin and rhamnetin) were newly synthesized in

mycorrhizal roots. The flavonoid 3,5,6,7,8-hy-

droxy-4?-methoxy flavone was detected in roots of

nonmycorrhizal and mycorrhizal white clover plants.

Flavonoids isolated from roots of non-mycorrhizal

white clover plants have been reported to stimulate
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AM hyphal growth and when applied to plants, to

enhance root colonization by AM fungi (Nair et al.

1991, Siqueira et al. 1991), thus, the synthesis and/

or suppression of flavonoids in white clover roots

colonized by an AM fungus could be an indicator

that these plant molecules are involved in the

regulation of the AM symbiosis at different stages

(Vierheilig & Piche 2002). Also there are some data

on the effect of quercetin on AM fungi (Tsai &

Phillips 1991, Bécard et al. 1992, Chabot et al.

1992, Kape et al. 1992a, Bel-Rhlid et al. 1993,

Poulin et al. 1997), whereas no studies on the effect

of the other flavonoids isolated from mycorrhizal and

non-mycorrhizal white clover roots on AM fungi

have been performed yet.

In the present work we studied the effect of all

flavonoids detected in mycorrhizal and non-mycor-

rhizal roots of white clover on spore germination and

several other AM fungal growth parameter (e.g.,

hyphal growth, hyphal branching). In order to

determine an AM fungal species or genus effect,

the above mentioned parameters were determined in

Gigaspora rosea , Gigaspora margarita , Glomus mosseae

and G. intraradices.

Materials and methods

The flavonoids 5,6,7,8,9-hydroxy chalcone (NM7);

3,7-hydroxy-4?methoxy flavone; 5,6,7,8-hydroxy-4?-

methoxy flavone (RR4) and 3,5,6,7,4?-hydroxy fla-

vone (RR4�/2) were isolated from non-mycorrhizal

clover roots, the flavonoids 3,5,7,3?,4?-pentahydroxy

flavone (quercetin); 5,7-dihydroxy-4?-methoxy fla-

vone (acacetin) and 3,5,3?,4?-tetrahydroxy-7-meth-

oxy flavone (rhamnetin) were isolated from AM

mycorrhizal white clover roots and the flavonoid

3,5,6,7,8-hydroxy-4?-methoxy flavone was isolated

from AM mycorrhizal and non- mycorrhizal clover

roots as described by Ponce et al. (2004). The

experiments were carried out in 1.5 l pots filled

with a soil collected from the province of Buenos

Aires. The soil (Silty-clay-loam of argiudol type, pH

5.4), with 2.28% C, contained (in mg kg�1) 331 N,

9.5 P (NaHCO3-extractable) and 3.2 Ca (Mingor-

ance, 2002). After steam-sterilization the soil was

mixed with sterilized perlite at a proportion of 1:1

(V:V). Seeds of white clover (Trifolium repens L.)

were surface-sterilized with ethanol:water 1:1 during

90 sec, bleach:water 1:1 during 90 sec and thor-

oughly rinsed with sterilized water and sown in

moistened sand. After germination, uniform seed-

lings were planted and grown in the greenhouse with

supplementary light provided by Sylvania incandes-

cent and cool-white lamps, 400 mE m�2 s�1, 400�/

700 nm, with a 16/8 h day/night cycle at 25/198C
and 50% relative humidity. Plants were watered from

below and fed with a Long Asthon nutrient solution

at 20 ml per pot weekly (Hewitt, 1952), lacking

phosphate for AM-inoculated clover plants.

G. intraradices G3 Schenk and Smith from ‘‘Buenos

Aires Fungal Collection’’ (BAFC), Argentina was

the AM fungus used in these experiments. The AM

fungal inoculum was a root-and-soil inoculum con-

sisting of 5 g of rhizosphere soil containing spores

and colonized root fragments of Medicago sativa L.,

which were predetermined to have achieved high

levels of root colonization. Non AM inoculated pots

were given a filtrate (Whatman no.1 paper) of the

inoculum containing the common soil microbiota,

but free of AM fungal propagules.

Plants were harvested after 10 weeks and samples

of fresh roots from the five replicate pots were taken

from the entire root system at random. These root

samples were cleared in KOH and stained with

trypan blue (Phillips & Hayman, 1970), and the

percentage of root colonization was measured by the

gridline intersect method (Giovannetti & Mosse

1980).

The roots were crushed after drying at 708C for

72 h and extracted exhaustively with ethanol for

4 days (1.5 l of ethanol per gram of dried material).

The extracts obtained from the dried plant material

were filtered and evaporated to dryness at reduced

pressure and then suspended in water. Thereafter,

each sample was redistributed between water-or-

ganic solvents of increasing polarity. We obtained

four extracts, from hexane (defatting), from ethyl

acetate, from dichloromethane and water itself. The

resultant extracts were evaporated at reduced pres-

sure to dryness and were analysed by TLC chroma-

tography. TLC was carried out on precoated silica

gel 60F254 aluminium sheets (Merck). The solvent

system used was EtOAc-CH2Cl2-HCO2H (8:12:1).

Chromatograms were visualized after drying (i) by

UV light and (ii) by spraying with a solution

containing 6 g vainillin (Aldrich) and 3 ml H2SO4

in 197 ml of MeOH (Bel-Rhlid et al. 1993). After

visualization the compounds were recovered by

treating each portion of the adsorbent with EtOAc,

EtOAc-EtOH and EtOH. After evaporation of the

organic solvent mixture, the samples were analysed

by chromatography. The purity of the flavonoids was

checked by HPLC. 1H-NMR (500 MHz) spectra

were recorded in DMSO-d6 with TMS as internal

standard. EIMS were recorded at 70 eV (ionizing

potential) using a direct inlet system. The flavonoids

were identified by their peaks at m/s in its EIMS and

HREIMS, respectively consistent with the molecular

formula which was further supported by CNMR

spectroscopy.

Flavonoids were tested on G. rosea (BEG 9),

G. margarita (J7) from BAFC, G. mosseae (BEG

12) and G. intraradices (DAOM 197198) spores in

9 cm diameter Petri dishes. Spores of G. margarita

Becker & Hall were isolated from Ciudad Universi-

taria soil (Fracchia 2002), in the province of Buenos

Aires (Argentina) and identified (Bentivenga &

Morton 1995).
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Flavonoids were dissolved in absolute ethanol to

obtain 4 mM stock solutions. Thereafter, flavonoids

were filtered through a disk of filter paper and

sterilized twice by filtration through a 0.20 mm

Millipore membrane and transferred to 10 ml of

10 mM 2-(N-morpholin) ethane sulphonic acid

(MES) buffer (pH 7) plus 0.04 g of Gel-Gro (ICN

Biochemicals, Aurora, Ohio, USA). The effect of

0.05%, 0.1%, 0.5%, 1.0% ethanol-water on the

percentage of germination and hyphal length of

Gigaspora and Glomus spores was tested. The con-

centration of 0.05% ethanol was selected because it

was the only substance that did not have an effect on

the percentage of germination and hyphal length of

spores. The flavonoids dissolved in absolute ethanol

were added to 10 ml of Gel-Gro at a final concen-

tration of 0.5, 2 and 8 mM in 0.05% ethanol.

The flavonoid concentrations 0.5, 2 and 8 mM of

were selected for showing significant effects on

different steps of the AM fungal development with

other flavonoids (Morandi 1996, Vierheilig et al.

1998).

Petri dishes with 0.05% ethanol or without

ethanol were used as control. Spores of G. rosea,

G. margarita , G. intraradices and sporocarps of

G. mosseae were isolated by wet sieving (Gerdemann

1955) soil from a clover pot culture (T. repens) and

were stored in water at 48C until use. Spores of

G. mosseae were obtained by dissecting the sporo-

carps and surface-sterilization (Mosse 1962). Spores

were selected with the aid of a stereomicroscope and

aseptically transferred to Petri dish with 10 ml of

Gel-Gro. In the experiments ten replicates and 10

controls of each treatment were prepared. Ten

surface sterilized spores of G. rosea , G. margarita,

G. mosseae or G. intraradices were placed onto the

surface of the medium. The Petri plates were sealed

with parafilm to reduce dehydration and contamina-

tion risks and incubated in the dark at 258C for

2 weeks. The spore germination, hyphal length,

hyphal branches, the number of cluster of auxiliary

cells of Gigaspora spores and the number of second-

ary spores of Glomus mosseae were determined.

Hyphal length of germinated spores was assessed

using the gridline intersect method (Marsh 1971).

Experimental data were statistically analysed by an

ANOVA and Tukey’s test (p�/0.05). Each experi-

ment was repeated at least twice.

Results

Microscopic observations of stained roots showed no

presence of AM fungi in the uninoculated clover

roots. In inoculated clover plants the percentage of

root colonization reached 80�/9%. The flavonoid

3,5,6,7,8-hydroxy-4?-methoxy flavone present in

mycorrhizal and non-mycorrhizal clover roots ex-

hibited no effect on any of the AM fungal parameters

tested (data not shown).

Flavonoids from non-mycorrhizal clover roots

The flavonoid 3,7-hydroxy-4?methoxy flavone ex-

hibited no effect on any of the presymbiotic steps of

the AM fungi studied (data not shown).

As shown in Figure 1, the flavonoids RR4 and

RR4�/2 increased spore germination of G. rosea and

G. margarita in the presence of all the doses tested,

whereas they did not have any effect on the

percentage of germination of G. mosseae and

G. intraradices . The flavonoid NM7 did not affect

the percentage of spore germination of any of the

tested mycorrhizal fungi.

The flavonoids RR4 and RR4�/2 increased the

hyphal length of G. rosea in the presence of all tested

doses, but the highest increase of the hyphal length

of this endophyte was observed in the presence of

0.5 mM. The application of 0.5 mM of RR4 and

RR4�/2 increased the hyphal length of G. margarita

spores whereas the application of 2 and 8 mM

decreased the hyphal length. The hyphal length of

G. mosseae and G. intraradices were not affected by

the flavonoids RR4 and RR4�/2. All doses of the

flavonoid NM7 decreased the hyphal length of

G. rosea but only the application of 8 mM of NM7

reduced the hyphal length of G. margarita . The

flavonoid NM7 decreased the hyphal length of

G. mosseae and G. intraradices spores (Figure 2).

As Figure 3 shows the flavonoids RR4 and RR4�/2

increased the number of hyphal branches of G. rosea

when applied at 0.5, 2, or 8 mM. Moreover, these

flavonoids only increased the number of hyphal

branches of G. margarita spores when 0.5 mM was

applied. The number of hyphal branches of

G. mosseae and G. intraradices spores was not
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Figure 1. Effect of 5,6,7,8-hydroxy-4?-methoxy flavone (RR4)

and 3,5,6,7,4?-hydroxy flavone (RR4�/2) on the percentage of

germination of (A) Gigaspora rosea and (B) G. margarita . Column

values followed by the same letter are not significantly different as

determined by Tukey’s test (p�/0.05). �/, Control without

flavonoids; I, 0.5 mM of flavonoids; j, 2 mM of flavonoids;

and b, 8 mM of flavonoids.
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affected by the flavonoids RR-4 and RR4�/2. The

flavonoid NM7 decreased the number of hyphal

branches from all AM fungi tested.

All doses of the flavonoids RR4 and RR4�/2

increased the number of clusters of auxiliary cells

of G. rosea but only 0.5 mM of these flavonoids

increased the number of cluster of G. margarita . The

flavonoid NM7 decreased the number of clusters of

auxiliary cells of G. rosea at all doses tested and of

G. margarita at the 8 and 2 mM doses. The number

of secondary spores of G. mosseae was not affected by

the flavonoids RR4 and RR4�/2 but the application

of 2 and 8 mM of NM7 decreased the number of

secondary spores of this endophyte (Figure 4).

Flavonoids from mycorrhizal roots

Figure 5 show that quercetin increased the spore

germination of G. rosea and G. margarita in the

presence of the 2 and 8 mM doses, whereas this

flavonoid did not affect the spore germination of

G. mosseae and G. intraradices at any of the doses

tested. Acacetin and rhamnetin showed no effect on

the percentage of spore germination.

As can be observed in Figure 6, the hyphal length

of G. rosea and G. margarita was increased by 2 mM

of quercetin, but this flavonoid did not affect the

hyphal length of G. mosseae and G. intraradices .

Acacetin and rhamnetin inhibited the hyphal length

of G. rosea at all doses tested, but only 2 and 8 mM of
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Figure 2. Hyphal length (mm) of (A) Gigaspora rosea and (B)

G. margarita spores in presence of 5,6,7,8-hydroxy-4?-methoxy

flavone (RR4), 3,5,6,7,4?-hydroxy flavone (RR4�/2) and

5,6,7,8,9-hydroxy chalcone (NM7), and (C) Glomus mosseae

and (D) G. intraradices spores in presence of NM7. Column

values followed by the same letter are not significantly different as

determined by Tukey’s test (p�/0.05). �/, Control without

flavonoids; I, 0.5 mM of flavonoids; j, 2 mM of flavonoids;

and b, 8 mM of flavonoids.
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Figure 3. Number of hyphal branches of (A) Gigaspora rosea and

(B) G. margarita spores in presence of 5,6,7,8-hydroxy-4?-
methoxy flavone (RR4), 3,5,6,7,4?-hydroxy flavone (RR4�/2)

and 5,6,7,8,9-hydroxy chalcone (NM7), and (C) Glomus mosseae

and (D) G. intraradices spores in presence of NM7. Column

values followed by the same letter are not significantly different as

determined by Tukey’s test (p�/0.05). �/, Control without

flavonoids; I, 0.5 mM of flavonoids; j, 2 mM of flavonoids;

and b, 8 mM of flavonoids.
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these flavonoids decreased the hyphal length of

G. margarita . Acacetin and rhamnetin decreased

the hyphal length of G. mosseae and G. intraradices

spores at 8 mM.

Figure 7 shows that quercetin at 2 mM increased

the number of hyphal branches of G. rosea and

G. margarita , while the same flavonoid decreased the

number of hyphal branches of G. margarita at 8 mM.

However, quercetin did not affect the number of

hyphal branches of G. mosseae and G. intraradices .

All doses of acacetin and rhamnetin inhibited the

number of hyphal branches of G. rosea but, only the

application of 2 and 8 mM decreased hyphal branch-

ing of G. margarita . At 8 mM acacetin and rhamnetin

decreased the number of hyphal branches of

G. mosseae and G. intraradices.
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Figure 4. Number of clusters of auxiliary cells of (A) Gigaspora

rosea and (B) G. margarita spores in presence of 5,6,7,8-hydroxy-

4?-methoxy flavone (RR4), 3,5,6,7,4?-hydroxy flavone (RR4�/2)

and 5,6,7,8,9-hydroxy chalcone (NM7), and secondary spores of

(C) Glomus mosseae spores in the presence of NM7. Column

values followed by the same letter are not significantly different as

determined by Tukey’s test (p�/0.05). �/, Control without

flavonoids; I, 0.5 mM of flavonoids; j, 2 mM of flavonoids;

and b, 8 mM of flavonoids.
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values followed by the same letter are not significantly different as
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flavonoids; and b, 8 mM of flavonoids.
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Quercetin increased the number of cluster of au-

xiliary cells of G. rosea, when applied at the con-

centration 0.5, 2 and 8 mM and those of G. margarita

at 0.5 mM. On the other hand, the application of

8 mM of acacetin and rhamnetin decreased the

number of clusters of auxiliary cells of G. rosea and

G. margarita . The number of secondary spores of

G. mosseae was decreased with 8 mM acacetin and by

all doses of rhamnetin, whereas it was unaffected by

all quercetin concentrations (Figure 8).

Discussion

Recently, Ponce et al. (2004) reported that, depend-

ing on the mycorrhizal status in roots of white clover

plants, different flavonoids can be detected, suggest-

ing the disappearance and/or the new synthesis of

flavonoids during mycorrhization as an indicator for

their involvement in the mycorrhizal regulation.

In the study of Ponce et al. (2004), the flavonoids

RR4, RR4�/2 and NM7 were only detected in non-

mycorrhizal roots. Interestingly, in our work RR4

and RR4�/2 stimulated most of the presymbiotic

stages of Gigaspora . Recently, Akiyama and cow-

orkers (2002) reported that a flavonoid, stimulating

root colonization by AMF, was only present in non-

mycorrhizal but not in mycorrhizal melon roots.

From these results they postulated a regulatory effect

of this compound for root colonization at an early

stage of the symbiosis, but not at a later stage. In our

study the two flavonoids RR4 and RR4�/2 showed a

similar pattern (only detectable in non-mycorrhizal

roots and a stimulatory effect on AM fungi) pointing

towards a role of these two compounds during early

stages of the AM establishment, but not during later

stages.
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(Rham). Column values followed by the same letter are not

significantly different as determined by Tukey’s test (p�/0.05).�/,
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The other flavonoid detectable only in non-my-

corrhizal white clover roots, NM7 (5,6,7,8,9-hy-

droxy chalcone) inhibited the presymbiotic

development of all AM fungi tested. Chalcones are

a family of compounds which are considered pre-

cursors in the flavonoid synthesis (Winkel-Shirley

2002). Enzymes implicated in the chalcone synth-

esis, such as chalcone synthase have been linked with

the defence response in plants during the develop-

ment of the AM symbiosis and the inhibition of AM

hyphal development by some chalcones has been

reported before (Bécard et al. 1992, Garcia-Garrido

& Ocampo 2002).

In contrast to RR4, RR4�/2 and NM7, quercetin,

acacetin and rhamnetin were only detectable in

mycorrhizal, but not in non-mycorrhizal white clover

roots (Ponce et al. 2004). Our observation of a

stimulatory effect of quercetin (on the Gigaspora

species) on spore germination and/or hyphal growth

of AM fungi is well documented (Tsai & Phillips

1991, Bécard et al. 1992, Chabot et al. 1992, Kape

et al. 1992a, Bel-Rhlid et al. 1993, Poulin et al.

1997). However, no data on the effect of acacetin

and rhamnetin on AM fungi are available. These two

flavonoids are widely distributed in plants (Santos

et al. 1995, Santos & Salatino 2000) and exhibit

antifungal and bacteriostatic activities (Serra-Bon-

vehi et al. 1994, Fawe et al. 1998). Interestingly,

both newly synthesized compounds exhibit an in-

hibitory effect on nearly all fungal parameters of both

AM genera (Gigaspora and Glomus) tested, pointing

towards a possible implication in the autoregulation

of mycorrhization (Pinior et al. 1999, Vierheilig et al.

2000a, Vierheilig et al. 2000b, Catford et al. 2003,

Vierheilig 2004b). This could mean that once the

AM symbiosis is well established the observed

suppression of further root colonization by AM fungi

is at least partially due to newly synthesized com-

pounds exhibiting an inhibitory effect on AM fungi

such as acacetin and rhamnetin in white clover. Two

compounds (3,7-hydroxy-4?methoxy flavone and

3,5,6,7,8-hydroxy-4?-methoxy flavone) showed no

effect on any of the AM fungal parameters deter-

mined, thus a regulatory role of these two com-

pounds in the AM symbiosis is unlikely.

The effect of flavonoids on AM fungi is not only

dependent on the flavonoid type but also on the

flavonoid concentration. A concentration-dependent

effect of flavonoids on AMF has been reported

before (Tsai & Phillips 1991, Bécard et al. 1992,

Baptista & Siqueira 1994). Our results showed no

clear link between the concentration of the tested

flavonoids and their effect on the AM fungal para-

meters tested. For example quercetin at a dose of

2 mM stimulated hyphal growth and hyphal branch-

ing of two Gigaspora species, however, a higher

(8 mM) and lower (0.5 mM) dose showed no effect.

Based on a number of reports, Vierheilig et al.

(1998) suggested an AM fungal genus or even

species-specific effect of flavonoids. Our data con-

firm this hypothesis. An AM fungal genus-specific

effect could be detected with the flavonoids RR4 and

RR4�/2. In the presence of the two compounds the

hyphal length, the number of branches and of

clusters of auxiliary cells of the two Gigaspora species

were increased, but none of the two flavonoids

showed an effect on any of the fungal parameters

of the two Glomus species.

A species-specific effect was observed with RR4�/2.

The hyphal length and the number of branches of G.

rosea were increased by 2 mM and 8 mM of RR4�/2

whereas with G. margarita the two parameters were

decreased by the two concentrations of the flavonoid.

The data obtained with RR4 even indicated that

the compound might be involved in one stage of the

fungal regulation, but not in another, as RR4

increased the percentage of spore germination of G.

margarita , however, inhibited the hyphal growth (at 2

mM and 8 mM) and showed no effect on hyphal

branching and the cluster formation of auxiliary cells.

Hyphal branching of AM fungi has been described

as one of the first events in host recognition by AM

fungi during the presymbiotic phase (Giovannetti

et al. 1996). The flavonoids tested in our study had

variable effects on branching of Gigaspora and

Glomus . The compounds RR4, RR4�/2 and querce-

tin increased hyphal branching of the Gigaspora

species but had no effect on hyphal branching of

the Glomus species. The similar effect of some

flavonoids on hyphal growth, hyphal branching and

the formation of cluster of auxiliary cells/secondary

spores indicates a more general role of these flavo-

noids in the mycorrhizal regulation.

To summarize, our results indicate that flavonoids

present only in mycorrhizal or non-mycorrhizal root

are involved in the regulation of mycorrhization at

different stages. This hypothesis is strengthened by

their different effect on several AM fungal growth

parameters. Furthermore, our study provides more

data on the AMF genus/species specificity of flavo-

noids. This is the first report linking compound

changes in mycorrhizal roots directly to regulatory

processes of the AM symbiosis, however, further

studies are needed to elucidate the exact mechan-

isms involved.
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