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Abstract

Many legume plants benefit from the tripartite symbiosis of arbuscular mycorrhizal fungi (AMF) and rhizobia. Beneficial effects for the

plant have been assumed to rely on increased P supply through the mycorrhizas. Recently, we demonstrated that P does not regulate the

establishment of the tripartite symbiosis. Flavonoids appear to play a role as early signals for both rhizobia and AMF. Four soybean lines

known to express different concentrations of the isoflavones genistein, daidzein and glycitein in the seed were used to test three hypotheses:

(i) The establishment of the tripartite symbiosis is not dependent of a nutrient mediated effect; (ii) There is a positive correlation between seed

isoflavone concentrations of different soybean lines and the progress of the tripartite symbiosis; (iii) Specific flavonoids control the

establishment of the tripartite symbiosis in that a change in flavonoid root accumulation resulting from the development of one microbial

partner can stimulate colonization of soybean roots by the other. Disturbed versus undisturbed soil treatments were produced to vary the

potential for indigenous AMF colonization of soybean. In contrast, the potential for Bradyrhizobium was kept identical in both soil

disturbance treatments. The uptake of P and Zn and the concentration of flavonoids in mycorrhizal soybean roots at 10 d after emergence

were analysed either separately of Bradyrhizobium or in context of the tripartite symbiosis. Zinc nutrition did not differ between AMF

treatments which supports the first hypothesis. The concentration of daidzein was at least four times greater in the root than in the seed

reaching 3958G249 mg gK1 dry across soybean lines. Coumestrol, which was absent in the seed, was synthesized to reach 2154G64 mg gK1

dry. Conversely, the concentration of genistein was approximately three times smaller in the root that in the seed (301G15 mg gK1 dry),

while glycitein and formononetin were never detected. The establishment of the tripartite symbiosis was identical across soybean lines which

does not support the second hypothesis. Concentrations of flavonoids were significantly greater in roots under disturbed soil, for which both

symbioses were not as developed as in plants from undisturbed soil. This clearly supports the third hypothesis. This research provides the first

data linking the function of different flavonoids to the establishment of the tripartite symbiosis, and suggests that these compounds are

produced and released into the rhizosphere as a function of the colonization process.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Soybean (Glycine max (L.) Merr.) forms associations

with arbuscular mycorrhizal fungi (AMF) and Bradyrhizo-

bium japonicum (Kirchner) Jordan. The presence of one

microbial symbiont has been shown to affect the activity of

the other and the interaction of both microbial symbionts
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can be detected on the host plant (e.g., Cluett and Boucher,

1983; Barea et al., 1992; Vejsadová et al., 1993; Xie et al.,

1995). This interaction among the three organisms results in

a mutualistic tripartite symbiosis (El-Hassanin and Lynd,

1985). Generally, under laboratory conditions, N2-fixation

in mycorrhizal soybeans is greater than in non-mycorrhizal

plants, with more nodules having a greater total dry weight

(Goss and de Varennes, 2002). Significantly, the effect on

nodule number and weight can be detected as early as 10 d

after emergence either under laboratory or field conditions

and this has the potential to boost N2 fixation at later periods

of plant growth (P.M. Antunes, 2004, Ph.D. thesis,

University of Guelph, Canada). Although it has been
Soil Biology & Biochemistry 38 (2006) 533–543
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assumed that the beneficial effects of the tripartite symbiosis

on N2-fixation rely completely on increased supply of

phosphorus to the plant by the symbiotic fungal partner

(e.g., Vejsadová et al., 1993; George et al., 1995), this

mechanism is not operating during the early stages of plant

development, when the increase in nodulation can already

be detected (P.M. Antunes, 2004, Ph.D. thesis, University of

Guelph, Canada). Nevertheless, there are no data available

to indicate what role other nutrients commonly supplied

through mycorrhizal hyphae (e.g., zinc) may play in the

establishment of the tripartite symbiosis, and the likelihood

of a micronutrient-mediated effect is assessed in this

research.

Several common steps are involved in the establishment

of these symbioses (Antunes and Goss, in press). Given that

the hypothesis of a P-mediated effect was rejected,

alternatively, signalling appears to be a more likely

mechanism by which the tripartite symbiosis is regulated

in its early stages. Flavonoids such as coumestrol and

daidzein have been shown to stimulate AMF colonization in

a variety of plants (see review by Vierheilig et al., 1998),

and their synthesis appears to increase in the presence of the

fungi even before root colonization (Larose et al., 2002).

Even though various changes in the pattern of flavonoid

accumulation have been reported (e.g., Morandi et al., 1984;

Harrison and Dixon, 1993; Larose et al., 2002), the

information in the literature is inconsistent. Bécard et al.

(1995) suggested that flavonoids are not essential as

stimulatory compounds for AMF. This may, however,

simply imply that only some flavonoids have an effect on

AMF and the host plant may determine those that are

required.

Daidzein, genistein and coumestrol are primary flavo-

noids in soybean which induce the transcription of

nodulation genes in B. japonicum (e.g., Kosslak et al.,

1987; Peters and Verma, 1990; Rao and Cooper, 1995;

Zhang and Smith, 1995). Most of these genes regulate the

synthesis of specific Nod factors (Fisher and Long, 1993),

which stimulate the synthesis and exudation of flavonoids

by the roots (Schmidt et al., 1994; Xie et al., 1995). Very

little is known about glycitein and formononetin. The latter,

for example, accumulates in the vacuoles of the nodule

progenitor cells (Mathesius et al., 1998), and appears to act

as a plant mediator in the control of AMF colonization

(Larose et al., 2002).

There are abundant data on the effect of individual

compounds in vitro, usually presented for a single type of

symbiosis. However, no reports that focus on assessing the

role of individual flavonoids in the context of the tripartite

symbiosis of Bradyrhizobium, indigenous AMF and

soybean were found in the literature. Many of the

experimental observations have improved the understand-

ing on the details involved in the system, but were produced

in highly artificial conditions not necessarily comparable to

the complexity of the rhizosphere of a real soil-plant

environment. Studies using experimental conditions that
involve the whole plant-soil system both in space and time

are pivotal to clarify the importance and precise role of

flavonoids in the mycorrhizal-rhizobial interaction and this

is a key objective of this work.

In this investigation three main hypotheses are tested: (i)

The establishment of the tripartite symbiosis, which is

characterized by improved AMF colonization and nodula-

tion, is not dependent of a nutrient mediated effect; (ii)

There is a positive correlation between seed isoflavone

concentrations of different soybean lines and the early

progress of the tripartite symbiosis; (iii) Specific flavonoids

control the establishment of the tripartite symbiosis in that a

change in flavonoid root accumulation resulting from the

development of one microbial partner can stimulate

colonization of soybean roots by the other.
2. Materials and methods

The experiment consisted of a preliminary phase, in

which maize was grown over periods of 3 weeks. There

were four cycles of maize growth to promote the

development of indigenous AMF within the soil, with

three of these to establish a differential mycorrhizal

inoculum potential (Goss and de Varennes, 2002), followed

by the investigation of inter-organism communication

between soybean, mycorrhizal fungi and Bradyrhizobium

focusing on an early stage of plant development (first

trifoliolate).

2.1. Soil and growing conditions

The experiment was conducted under controlled environ-

ment conditions in a growth-room. The growth-room was

set to a 16 h dK1 at 25 8C with a light intensity of

250 mmol sK1 mK2, and 8 h night at 18 8C. To maximize the

visible light spectrum, a combination of three different types

of 215 W fluorescent lamps (Sylvania Cool White

F96T12/CW/VHO, Industrial F96T12/GL/WS/VHO and

Vitalux Duro-Test F96T-12) and regular 40 W incandescent

lamps were used. Infestation by thrips, mites and fungus

gnats was prevented by using their respective mite predators

Amblyseius cucumeris, Phytoseiulus persimilis and Hypoas-

pis miles. These biological control agents were applied to

the leaves as larvae in a sawdust medium.

Soil, a fine sandy loam, was collected on 23 September

2002, from the top 20 cm of an arable field on a farm near

Belwood (43845 0N 80815 0W), Ontario, Canada.

The soil was broken up mechanically and passed through

a 4 mm sieve before use. The soil was packed into 3 l pots to

a bulk density of approximately 1.3 g cmK3. It was assessed

for 2.0 M KCl-extractable NH4-N and NO3-N in a

colorimeter Technicon TRAACS 800 (Technical Random

Access Automated Chemistry System) (Keeney and Nelson,

1982), 0.5 M NaHCO3-extractable P in a colorimeter

Technicon Auto Analyzer II (Olsen and Summers, 1982),



Table 1

Soil concentrations of NH4–N, NO3–N, P, K, Mg and soil pH prior to use

and after conclusion of the fourth maize cycle (Values in parentheses

represent SEM)

Soil

Prior to use After 4th maize cycle

Undisturbed Disturbed

NH4–N (mg kgK1) 2.5 (0.35) a 2.6 (0.48) a 5.8 (2.13) a

NO3–N (mg kgK1) 7.4 (0.31) b 4.1 (0.21) c 21.8 (1.59) a

P (mg kgK1) 28.8 (1.97) b 33.5 (1.20) a 25.6 (0.33) b

K (mg kgK1) 181.5 (4.17) a 67.3 (3.18) b 71.7 (1.20) b

Mg (mg kgK1) 148.8 (3.50) ND ND

pH (1:1 in water) 6.4 (0.03) a 6.5 (0.03) a 6.2 (0.03) a

Values in a row followed by the same letter are not significantly different

(P!0.05). ND—not determined.

P.M. Antunes et al. / Soil Biology & Biochemistry 38 (2006) 533–543 535
1.0 M neutral ammonium-acetate extractable K and Mg by

flame atomic absorption spectrometry (F-AAS; model

Varian SpectrAA-300) (Knudsen et al., 1982) and pH (1:1

in water). It was believed that soybeans had never been

grown in the soil. Soybeans were sown in pots of the soil and

they failed to nodulate by the time of full bloom, confirming

the absence of Bradyrhizobium.

2.2. Preliminary phase

Maize seeds (Zea mays L. cv. Pioneer 3905) were

surface-sterilized (95% alcohol for 1 min), rinsed

thoroughly with deionised water, and then germinated in

moist sterilized (autoclaved at 121 8C for 15 min) vermicu-

lite. Three days later, on 1 October 2002, three seedlings

were planted into each of 51 pots (3 l) containing the

equivalent of 3050 g of oven-dried soil. The gravimetric

water content of the soil was adjusted to approximately

200 mg H2O gK1 dry soil, and then maintained at that

concentration by irrigating with deionised water every

second day. The pots were completely randomized before

each irrigation. Once the seedlings emerged and produced

the coleoptile leaf, they were thinned to two plants per pot.

On 21 October 2002, 3 weeks after emergence, all shoots

were excised, measured, dried at 65 8C for 48 h, and

weighed. The shoot material was ground in a Wiley mill

model 3 (Thomas Scientific, Swedsboro, NJ), digested in

sulphuric acid-hydrogen peroxide and analysed for nitrogen

(N) and phosphorus (P) using colorimetric methods

(Thomas et al., 1967). Twenty four pots were taken, the

soil removed and passed through a 4 mm sieve. All root

material separated on the sieve was cut into 2 cm long

segments and mixed into the soil. The soil was repacked in

the pots to a density of 1.3 g cmK3 and arranged in the same

continuous profile. On 23 October 2002, three more surface-

sterilized and pre-germinated maize seeds were added to

each of the 51 pots; 24 with the soil that had been re-sieved

and 27 with soil that was left undisturbed. Plants were

thinned to two per pot shortly after emergence, and excised

3 weeks after emergence. The height and dry weight of the

shoots were determined, and the plant material from pots of

each soil disturbance treatment prepared for analysis of N

and P as described earlier.

Two more 3-week cycles of maize starting 14 November

2002, and 11 December 2002, respectively, were carried

out, with 24 pots containing soil that was sieved before

planting, and 27 containing soil that was always left

undisturbed. After 3 weeks of growth maize may take up

from soil as much as 43 mg N plantK1 (Goss and de

Varennes, 2002). Given the small soil mineral N concen-

trations determined prior to use (see Table 1), N fertilizer, as

an aqueous solution of ammonium-nitrate, was applied in a

50 ml volume to each pot at a rate of 25 mg N kgK1 dry soil.

At the end of the fourth cycle (1 January 2003), soil from

pots assigned to the disturbance treatment was re-sieved.

During this procedure small portions of soil were randomly
taken for nutrient analyses. Three additional pots had been

prepared at the onset to assess the concentration of nutrients

in undisturbed soil at the end of the fourth maize cycle so

that comparisons between disturbance treatments could be

made.
2.3. Inter-organism communication phase

The second phase of the study consisted of growing in

the remaining 48 pots soybean lines known to express

different concentrations and arrays of the isoflavones

glycitein, genistein and daidzein in the seed (Primomo

et al., 2001, data presented at the Soil Science Society of

America Annual Meeting in Charlotte, NC). Each pot was

treated as an experimental unit. Harovinton is classified as a

Canadian food-grade soybean developed by Agriculture and

Agri-Food Canada, and is known as ‘Asian Pearl’ in oriental

countries. AC 756 is a registered line of Hyland Seeds

(Blenhein, ON) also developed by AAFC, and OAC Arthur

and RCAT Angora are registered oilseed lines marketed by

SeCan Association (Ottawa, ON) developed by the

University of Guelph. The differences in seed isoflavone

content among the seed lines make them interesting tools to

study plant-microbial symbioses. Generally, Harovinton

and RCAT Angora have extremes in isoflavone content of

the seed with the former being known to have a relative

small content and the latter a large content. AC 756 and

OAC Arthur are also known to express relatively larger and

smaller isoflavone contents respectively, but are not extreme

phenotypes for this factor as in the case of the two other

lines.

The experimental layout adopted for the study consisted

of a 4!2!2 factorial experiment involving four soybean

lines (Harovinton, OAC Arthur, AC 756 and RCAT

Angora), two soil disturbance treatments (undisturbed and

disturbed), and two Bradyrhizobium treatments (inoculated

and non-inoculated). The treatments were arranged in a

completely randomized design with three replications.

Nine soybean seeds of each line were surface-sterilized

and germinated in moist sterilized (autoclaved at 121 8C for
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15 min) vermiculite. Pre-germinated seeds were then

planted into each appropriate pot by 9 January 2003.

Inoculation consisted of placing 0.25 g of peat-based

inoculant of B. japonicum strain 532C (MicroBio, Saska-

toon, SK, HiStickC) at the bottom of each small hole into

which each soybean seedling was planted. In pots assigned

to the non-inoculated treatment, 0.25 g of sterilized

(autoclaved at 121 8C for 15 min) inoculant were also

placed at the bottom of each seedling hole so that the soil

chemical and physical conditions surrounding the newly

formed radicle were kept similar for both treatments. The

fact that each radicle passed through the same amount of

inoculant in all treatments ensured that the colonization

potential for B. japonicum was identical in the two

disturbance treatments. Plants were thinned to 6 plants per

pot (for statistical purposes, each plant was considered a

sub-sample within the experimental unit) 5 d after planting.

Soybean plants were harvested 10 d after emergence on 23

January 2003. The height and wet weight of the shoots were

determined, and these were then freeze dried (Labconco

Freeze Dryer 18), weighed dry, and finely ground for N and

P analysis after sulphuric acid-hydrogen peroxide digestion

as described earlier (Thomas et al., 1967). The digests were

also analysed for Zn by Flame Atomic Absorption

Spectrometry (F-AAS; model SpectraAA-300) (Richards,

1993). For each pot with Harovinton, OAC Arthur and

RCAT Angora lines, which represent low, medium and high

seed isoflavone phenotypes respectively, root systems of

three plants were carefully washed out of soil, freeze dried,

weighed and finely ground with a mortar and pestle for

analysis of glycitein, daidzein, genistein, coumestrol and

formononetin. The batch of seeds used was also analysed for

these same compounds and the results were consistent with

those of Primomo et al. (2001, see above). Concentrations of

flavonoids were determined using a high-performance

liquid chromatography (HPLC) method modified from

Franke et al. (1995). Finely ground soybean seed or root

were weighed in duplicate samples of 0.5 g each and

dispersed in 10 ml of ethanol plus 2 ml of concentrated HCl.

The resulting solutions were hydrolysed by heating to

125 8C for 2 h in a sand bath. After cooling, they were

centrifuged at 3000 rev minK1 for 10 min The clear aliquot

was filtered through a 0.45 mm PTFE filter. HPLC analysis

was performed on a Waters 600E equipped with a Waters

Nove Pak C18 column (3.9!150 mm, 5 mm particle size)

and a photodiode array (PDA) detector set to collect spectra

from 200 to 300 nm. The flavonoids were separated by a

25 min linear gradient from 30 to 75% of 100% methanol in

4% aq. acetic acid at a flow rate of 1.5 ml minK1 and

injection volume of 5 ml. Recovery was monitored by the

addition of a flavone standard to the sample prior to

hydrolysis. The compound identification was based on the

peak retention times (daidzein, 13.09 min; coumestrol,

15.60 min; glycitein, 16.16 min; formononetin, 16.50 min;

genistein; 19.62 min; recovery standard (flavone),

22.89 min). and the comparison with the UV spectra of
the standards (obtained from Indofine Co, Sommerville,

NJ). The remaining three root systems, after being carefully

washed out of the soil, were fixed in formyl acetic alcohol,

cleared in KOH, and stained with chlorazol-black E

(Brundrett et al., 1984) before being examined for AM

colonization by the intersections method described by

McGonigle et al. (1990). Four microscope slides were

prepared for a representative root sample of each

experimental unit, and a minimum of 200 intersections per

sample was considered. All root systems were examined for

nodules, and those visible with the unaided eye were

counted.

2.4. Statistical analysis

For data collected during the preliminary phase of maize

cycles comparisons between means were made using t-tests

for independent samples. Data collected in the second phase

of the study were examined by analysis of variance

(ANOVA) as a completely randomized design (CRD).

The Shapiro-Wilk’s W test was used to assess if the

observations followed a normal distribution (Shapiro et al.,

1968). The assumption of homogeneity of variances was

confirmed by the Levene’s test (Conover et al., 1981). Non-

homogenous data were analysed with the Kruskal-Wallis

non-parametric test (Kruskal and Wallis, 1952). This test

assesses the data by ranking them; therefore, no assumptions

were made.

Unless otherwise specified, when the F-test of the

treatment mean square indicated that there were signifi-

cant variances due to treatment effects, means were

compared using the Tukey’s HSD (honest significance

difference) test (P!0.05) (Tukey, 1949). Tests were

performed using the computer software package STA-

TISTICA for the Microsoft Windows operating system

(StatSoft, Inc., 1995).
3. Results

3.1. Preliminary phase

By the end of the fourth maize cycle the concentration

of NO3-N in disturbed soil was five times greater than in

undisturbed soil, reaching 21.8 mg kgK1 (Table 1). Such

concentration is equivalent to approximately 42 kg N haK1

considering a bulk density of 1.3 g cmK3 in the top

15 cm.

Maize plants in the last cycle were considered to

represent a bioassay of the establishment of any differential

mycorrhizal inoculum between the disturbed and undis-

turbed soil (Table 2). From the second maize cycle onwards,

P uptake by plants grown in undisturbed soil was greater

than the uptake by plants from disturbed soil, suggesting a

higher potential for AMF colonization in pots where the

extra-radical mycorrhizal hyphae were left intact.



Table 2

Effect of differential soil disturbance (disturbed or undisturbed) on the growth and N and P content of maize after each three week cycle (Values in parentheses

represent SEM)

Cycle and disturbance Plant height (cm) Shoot weight (g plantK1) N content (mg plantK1) P content (mg plantK1)

Disturbed 59.6 (1.12) 1.3 (0.05) 21.4 (0.30) 2.6 (0.02)

Disturbed 52.3 (0.47) a 0.7 (0.01) a 11.6 (0.32) a 1.4 (0.02) b

Undisturbed 47.7 (0.64) b 0.5 (0.01) b 9.2 (0.10) b 2.1 (0.04) a

Disturbed 60.5 (0.51) b 1.1 (0.02) b 31.1 (0.77) a 2.1 (0.04) b

Undisturbed 65.1 (0.40) a 1.4 (0.03) a 23.2 (0.29) b 4.3 (0.04) a

Disturbed 53.1 (0.57) b 0.7 (0.02) b 21.1 (0.05) a 1.1 (0.01) b

Undisturbed 59.6 (0.45) a 1.0 (0.03) a 18.3 (0.24) b 3.5 (0.02) a

For each cycle, values in a column followed by the same letter are not significantly different (P!0.05).
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Even though the plants grown in disturbed soil had taken up

more N than those grown in undisturbed soil during the third

and fourth cycles, the latter were taller and heavier

(Table 2). The biomass increase of these plants is another

indication of a higher AMF potential in undisturbed soil.

3.2. Inter-organism communication phase

3.2.1. Plant growth and nutrition

The increase in mass of soybean shoots during the initial

10 d post-emergence was slower in the undisturbed soil than

in the disturbed soil (Table 3). Conversely, no differences in

shoot height and shoot:root ratio were observed between

soybeans from disturbed and undisturbed soil. There was

more NOK
3 � N available in the disturbed soil (Table 2), and

plants under this treatment took up approximately 40%

more N than plants grown in undisturbed soil (Table 3).

Moreover, the P and Zn contents of the young plants in the

first 10 d after emergence were similar irrespective of the

disturbance treatment.

3.2.2. Root colonization by indigenous AMF and Bradyr-

hizobium japonicum

Soil disturbance significantly affected the potential for

AMF colonization (Fig. 1). The colonization of roots by AM
Table 3

Effect of soil disturbance (disturbed or undisturbed) on the growth and N, P and Zn

represent SEM)

Soybean line Soil

disturbance

Shoot weight

(mg plantK1)

Plant height

(mm plantK1)

Shoot:ro

(weight

Harovinton

Disturbed 400 (13) a 115 (3.4) a 3.4 (0.66

Undisturbed 310 (10) b 114 (2.6) a 2.9 (0.37

OAC Arthur

Disturbed 360 (8) a 176 (7.1) a 5.2 (0.83

Undisturbed 300 (20) b 173 (11.8) a 3.2 (0.25

AC 756

Disturbed 330 (14) a 114 (2.2) a 3.0 (0.47

Undisturbed 250 (17) b 121 (3.6) a 1.9 (0.19

RCAT Angora

Disturbed 340 (4) a 139 (3.3) a 3.9 (0.78

Undisturbed 270 (17) b 132 (2.1) a 3.4 (0.77

For each soybean line, means in a column followed by the same letter are not sig
fungal hyphae, arbuscules and vesicles was generally four

times greater in undisturbed soil than in disturbed soil.

Soybeans more heavily colonized by AMF in undisturbed

soil had also approximately 30% more nodules than plants

from disturbed soil. There was no difference in the degree of

mycotrophy between soybean lines since the development

of root colonization by mycorrhizas was very similar in all

four lines (Fig. 1). The presence of the bacterial symbiont

did not affect root colonization by the fungal symbiont

(Fig. 2).
3.2.3. Accumulation of flavonoids in soybean roots

The roots of all three soybean lines contained similar

concentrations of flavonoids at 10 d after emergence,

although values for daidzein were 25% greater in RCAT

Angora than in Harovinton (Fig. 3). Glycitein and

formononetin could not be detected. The concentration of

daidzein was at least four times greater in the root than in the

seed, and coumestrol, which is not present in the seed, had

been accumulated to a concentration in excess of

2000 mg gK1. In contrast, the concentration of genistein in

the roots was approximately three times smaller than the

value found in the seed.

The concentration of daidzein, coumestrol and genistein

in roots of all soybean lines from undisturbed soil was
contents of four soybean lines 10 d after emergence (Values in parentheses

ot

ratio)

N content

(mg plantK1)

P content

(mg plantK1)

Zn content

(mg plantK1)

) a 17.9 (0.75) a 1.0 (0.08) a 2.5 (0.63) a

) a 13.3 (0.47) b 1.3 (0.03) a 3.4 (0.36) a

) a 16.6 (0.60) a 1.0 (0.06) a 2.2 (0.37) a

) a 12.2 (0.69) b 1.2 (0.08) a 2.4 (0.27) a

) a 12.8 (0.60) a 0.8 (0.03) a 2.0 (0.16) a

) a 8.1 (0.76) b 1.0 (0.10) a 2.5 (0.31) a

) a 14.0 (0.26) a 0.8 (0.04) a 2.0 (0.20) a

) a 10.0 (1.12) b 1.1 (0.13) a 3.0 (0.61) a

nificantly different (P!0.05).



(a) (b)

(d)(c)

Fig. 1. Effect of soil disturbance (black bars disturbed and grey bars undisturbed) on (a) AMF hyphal colonization, (b) arbuscular colonization and (c) vesicular

colonization of soybean roots of each line at 10 d after emergence. (d) Effect of soil disturbance on the nodulation of all four soybean lines combined. For each

graph, bars with the same letter are not significantly different (P!0.05). Error bars are SEM.
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consistently smaller than in roots from disturbed soil

(Fig. 4). Moreover, in plants inoculated with Bradyrhizo-

bium and grown in undisturbed soil, the concentration of

daidzein was 25% smaller than in those that were not

inoculated (Fig. 5).

Concentrations of daidzein and coumestrol increased

with mycorrhizal colonization but only up to amounts

between 0.2 and 0.4 and after which they decreased.

Genistein concentrations showed a steady decrease,
Fig. 2. Effect of B. japonicum inoculation (black bars inoculated and grey

bars non-inoculated) on hyphal (HC), arbuscular (AC) and vesicular (VC)

colonization of soybean roots 10 d after emergence. Error bars are SEM.
independent of the amount of mycorrhizal or bradyrhizobial

colonization (Fig. 6).
4. Discussion

The use of maize cycles with contrasting soil disturbance

treatments as a tool to create AMF treatments to study the

tripartite symbiosis formed by indigenous AMF, Bradyrhi-

zobium and soybeans, was originally reported by Goss and
Fig. 3. Overall concentration of flavonoids in roots of three soybean lines 10

d after plant emergence. For each flavonoid, bars with the same letter are

not significantly different (P!0.05). Error bars are SEM.



Fig. 4. Effect of soil disturbance (black bars disturbed and grey bars

undisturbed) on the concentration of flavonoids in roots of soybean plants

10 d after emergence. Bars with the same letter are not significantly

different (P!0.05). Error bars are SEM.

Fig. 6. Effect of colonization by AMF and Bradyrhizobium on the

concentration of flavonoids in roots of three soybean lines. Zero in the

x-axis corresponds to seed data. Data were ranked in categories of 0 to 0.2,

0.2–0.4, 0.4–0.6 and 0.6–0.8 mycorrhizal hyphal colonization. Data points

up to 0.4 correspond to plants from disturbed soil, and all plants from

undisturbed soil fell in the category between 0.6 and 0.8. There were no

plants with a proportion of AMF colonization between 0.4 and 0.6 in either

soil disturbance treatment. The concentration of each flavonoid in roots

between 0.6 and 0.8 colonization was significantly smaller than that of

plants colonized up to 0.4 as estimated by the Tukey Honest Significant

Difference test for unequal sample sizes (see Spjotvoll and Stoline, 1973)

(P!0.05). To reduce the coefficient of variation of nodulation, each plant

was considered one experimental unit. Error bars are SEM.
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de Varennes (2002), based on previous findings reported by

Fairchild and Miller (1988). In this design, which enables

the study of the tripartite symbiosis in virtually natural soil

conditions, the differential in AMF colonization potentials

provides the basis for identifying effects and processes.

Interestingly, after the maize cycles, the soil concentration

of P was greater in the undisturbed soil than that in the

disturbed soil. Despite some conflicting reports, a greater

development of extra-radical mycorrhizal mycelium

appears to be associated with increased rates of solubil-

ization and hydrolysis of insoluble and organic P,

respectively (Smith and Read, 1997).

The larger colonization by indigenous AMF in soybean

plants from undisturbed soil resulted in increased nodula-

tion compared to plants with a smaller degree of AMF

colonization grown in disturbed soil. The reverse was,

however, not true. This finding contrasts, for example, with

the works of Pacovsky et al. (1986); Xie et al. (1995) and

supports the hypothesis that the infectivity of indigenous
Fig. 5. The effect of soil disturbance and bradyrhizobial colonization (black

bars inoculated and grey bars non-inoculated) on the daidzein content of 10

d-old soybean roots. Bars with the same letter are not significantly different

as estimated by the Least Significant Difference (LSD) test (PZ0.05). Error

bars are SEM.
AMF, which are well adapted to their environment,

overcomes any additional benefits provided by the bacterial

symbiont. Nevertheless, the possibility of a synergy

involved in the tripartite symbiosis in which colonization

by one microbe promotes colonization by the other is not

excluded.

Mineralization and nitrification rates have been shown to

be stimulated after soil disturbance operations (e.g.,

Kristensen et al., 2000), and that likely caused NOK
3 -N to

increase in the disturbed soil during the phase of maize

cycles. Elevated soil N concentrations may inhibit the

process of nodulation and N2 fixation, and the possibility of

a N effect to explain the difference in nodulation between

plants from undisturbed and disturbed soil needs to be

considered. There are several reasons why this is unlikely to

be an important factor in this experiment. Goss et al. (2002)

had to add 63 kg N haK1 to soil before biological N2

fixation was affected and this is much more than the

concentration found in the disturbed pots. In the work of

Goss and de Varennes (2002), and in the field experiment

reported by P.M. Antunes (2004, Ph.D. thesis, University of

Guelph, Canada), the same effects of soil disturbance on

AMF colonization and nodulation were observed in 10 d-old

plants with similar N contents. The N content of each

soybean seed used in the experiment was approximately

12.72G0.4 mg N seedK1, which indicates that by 10 d after

emergence, plants, particularly the ones from disturbed soil,

had only just started to take up N from the soil. Although

plants in disturbed soil were bigger, the shoot:root ratio of
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plants from disturbed and undisturbed soil was identical,

suggesting that by 10 d there was no clear N deficiency.

Generally shoot:root ratios decrease with decreasing N

supply (Levin et al., 1989). Furthermore, it is quite possible

that plants in undisturbed soil were smaller because they

allocated more C and N to processes related to the

establishment of microbial symbioses (e.g., the synthesis

of signal compounds).

As in the study by Goss and de Varennes (2002) and in

the field experiment reported by P.M. Antunes (2004, Ph.D.

thesis, University of Guelph, Canada), nodulation was

promoted by increased mycorrhizal colonization before any

P had been taken up. The idea that the establishment of the

tripartite symbiosis is not a function of increased P uptake

is, therefore, re-affirmed.

Zinc is poorly mobile in soils and is often limiting to

plant growth. However, AMF colonization can increase Zn

uptake by roots at an early stage (Smith and Read, 1997),

and overcome deficiency in different species (e.g.,

Thompson, 1990; Burkert and Robson, 1994). Zinc nutrition

has also been associated with the negative effects of soil

disturbance by tillage (Evans and Miller, 1988; Fairchild

and Miller, 1988). Yadav et al. (1986) demonstrated that P

and Zn interacted significantly, and applications at different

concentrations consistently increased the number of

nodules, nodule weight, leghaemoglobin content and N2

fixation. Zinc was not absorbed by soybeans up to 10 d after

emergence and it is, therefore, unlikely that the early

symbiotic interaction was a function of this or any other soil

micronutrient. This result clearly supports the first hypoth-

esis. It extends the knowledge about the factors associated

with the establishment of the tripartite symbiosis and

represents another indication that the key to understanding

this biological process is likely in chemical signalling and

not direct nutrient effects.

The root daidzein content appears to reflect the seed

content only for RCAT Angora. Trebovac Stojkov (2004,

M.Sc. thesis, University of Guelph, Canada) reported

similar concentrations of daidzein and genistein in the

roots of 4-week-old soybeans of the same lines used in the

present study. Glycitein was not detected in either study.

Although RCAT Angora presented increased daidzein

concentrations in the root, neither AMF nor Bradyrhizobium

showed any preference for a particular line, which does not

support the second hypothesis. It seems that the tripartite

symbiosis is more susceptible to soil management practices

and their potential to affect the symbionts than to the

variations associated with genetic differences in the soybean

lines. Although the development of soybean lines with

increased capabilities to synthesize specific flavonoids may

be of interest, the results indicated that external applications

of these compounds appear to be more promising in the

context of the tripartite symbiosis. The work by Zhang and

Smith (1995), in which the addition of genistein increased

soybean nodulation and resulted in an earlier onset of N2-

fixation, is an example of the potential use that biochemical
signals may have. Nevertheless, more work is needed on this

subject, as plant genotypes with greater capacity to exude

specific flavonoids have been found to positively affect

nodulation (Hungria and Phillips, 1993; Hernandez et al.,

1995).

The concentration of daidzein was at least four times

greater in the root than in the seed. Coumestrol, which was

absent in the seed, was synthesized to give notable values in

the root. Conversely, the concentration of genistein in the

root was less than that in the seed, while glycitein and

formononetin were never detected. Of the commercial

flavonoids used by Xie et al. (1995) to study their effect on

mycorrhizal colonization in soybean, genistein was the only

one that did not produce a significant stimulatory outcome,

whereas daidzein had the greatest effect on the percentage of

root length colonized by Glomus mosseae compared to a

control which had no flavonoids applied. Mycorrhizal fungi

may have evolved to use the most abundant flavonoid to

induce hyphal branching and stimulate colonization. Other

studies either failed to identify an effect of genistein on

hyphal growth (Baptista and Siqueira, 1994) and root

colonization (Siqueira et al., 1991) or have even indicated

an inhibition of the fungal development (Chabot et al.,

1992).

Coumestrol has been shown to be stimulatory to hyphal

growth and root colonization (Morandi et al., 1992; Xie

et al., 1995). AMF may also have adapted to recognizing

this signal compound which was accumulated in the second

greatest amount. Larose et al. (2002) reported that alfalfa

plants perceived AMF-derived fungal signals and accumu-

lated daidzein and coumestrol, whereas the concentration of

formononetin was reduced and that of genistein was not

affected. The concentration of flavonoids found in legumes

is influenced by genotype and environment (Hoeck et al.,

2000). Larose et al. (2002) detected concentrations of

daidzein, genistein and coumestrol in alfalfa in the order of

200–300, 10–60 and 10–20 mg gK1, respectively, which is

at least one to two orders of magnitude smaller than the

values presented here. Such discrepancy may not solely be

explained by the fact that the plant species are different but

also because their measurements were made in older plants,

which were grown for 20 d in sterile medium before being

inoculated with AMF. However, Cho and Harper (1991)

also reported significantly smaller root concentrations of

daidzein and coumestrol in 9 d-old plants of four soybean

lines. If comparisons are to be done between studies, they

should account for the HPLC method. Trebovac Stojkov

(2004, M.Sc. thesis, University of Guelph, Canada) used the

same HPLC method but detected significant variations

depending on the drying process used. The discrepancy in

root concentration of flavonoids between this study and, for

example, the studies of Cho and Harper (1991) or Larose

et al. (2002) can only be explained at this point by a

combination of both factors, different plant genotypes and

handling of the samples. At 10 d after plant emergence the

concentrations of daidzein, coumestrol and genistein were
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greater in roots under disturbed soil, for which both AMF

and bradyrhizobial symbioses were not as developed as in

plants from undisturbed soil. This result suggests that the

tripartite symbiosis is initiated prior to 10 d after emergence,

and the activity of these compounds is changed mostly in

the early stages of colonization by both fungal and bacterial

symbionts. The synthesis, accumulation and most likely

exudation by the roots of specific flavonoids seem,

therefore, to be dependant on the time course of

development of the tripartite symbiosis (see Fig. 6).

The significant increase in daidzein and coumestrol

appears to result mainly from the development of

mycorrhizal colonization; consistent with the findings of

Larose et al. (2002). However, such an hypothesis needs

further investigation because the root concentration of these

flavonoids between plants solely colonized by AMF under

disturbed and undisturbed soil was identical. Moreover, the

values reported by Trebovac Stojkov (2004, M.Sc. thesis,

University of Guelph, Canada) were for soybean plants

grown in sterilized vermiculite. Nevertheless, since daidzein

and coumestrol have also been shown to be involved in the

bradyrhizobial symbiosis (e.g., Kosslak et al., 1987; Peters

and Verma, 1990; Cho and Harper, 1991; Schmidt et al.,

1994; Rao and Cooper, 1995), they are likely to play a key

role in the early stages of the tripartite symbiosis. It can be

argued that the concentrations of daidzein, coumestrol and

genistein were smaller in roots under undisturbed soil, for

which both AMF and bradyrhizobial symbioses were more

developed than in plants from disturbed soil, not just

because of their synthesis being a function of the time

course of development of both symbionts but due to a

greater exudation into the rhizosphere. If this is the case then

genistein may play a major role in the tripartite symbiosis,

particularly in the nodulation process. The concentration of

genistein was approximately three times smaller in the root

than the original concentration in the seed. Graham et al.

(1990), for example, reported that the isoflavone conjugates

of daidzein and genistein were hydrolysed to release those

compounds following infection with the pathogen Phy-

tophthora. Their results were, however, inconclusive in

relation to a new synthesis of those isoflavones.

4.1. Conclusions

This work provides the first data linking the function of

different flavonoids to the establishment of the tripartite

symbiosis of soybeans, indigenous AMF and Bradyrhizo-

bium. It is also the first to use the effect of soil

disturbance to investigate changes in the plant content

of specific flavonoids involved in the tripartite symbiosis

of indigenous AMF, Bradyrhizobium and soybean. Soil

disturbance treatments enabled the study of the tripartite

symbiosis in soil with indigenous populations of micro-

organisms, which is a step forward from studies in which

sterile substrates are used. The results suggest that

daidzein, genistein and coumestrol are important signal
molecules associated with the tripartite symbiosis and that

the accumulation of these signal molecules in the plant

varies according to the development of the symbioses.

However, differences in flavonoid accumulation by roots

might also be due to effects of soil disturbance other than

the change of potential for AMF colonization. Further-

more, this study can be seen as providing a ‘snapshot’ at

10 d after emergence, and the idea that flavonoids are

produced and released by the roots as a function of the

development of both microbial symbiosis is currently

being further evaluated. In summary, results of this

research indicated that:

† The interaction leading to the establishment of the

tripartite symbiosis was initiated prior to 10 d after

emergence;

† The root colonization by AMF had a positive effect on

nodulation but the reverse did not occur;

† Uptake of P and Zn from soil was not important for

the development of the interaction;

† The use of soybean lines with the different seed

concentrations of isoflavones used here does not

appear to influence the establishment of the tripartite

symbiosis;

† Certain flavonoids (e.g., glycitein, formononetin) do

not seem to act as signal molecules in the establish-

ment of the tripartite symbiosis;

† The significant increase in daidzein and coumestrol in

the root appears to result mainly from the development

of mycorrhizal colonization, and that accumulation is

reduced for greater amounts of root colonization by

both microbial symbionts;

† The concentration of genistein is approximately three

times smaller in the root than in the seed and that

reduction is more evident when both symbionts are

well established;

† Daidzein, genistein and coumestrol likely play key

roles in the early stages of the interaction.
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