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and rhizobia appear to act synergistically since combined
inoculation with mycorrhiza and rhizobia enhances plant
growth and reproduction more than inoculation with either microsymbiont alone and also leads to a higher degree
of host colonization by the two symbionts (Daft and ElGiahmi, 1974; Cluett and Boucher, 1983; Kawai and
Yamamoto, 1986; Pacovsky et al., 1986; Chaturvedi and
Singh, 1989). Nevertheless, VAM fungi and rhizobia in
established nodules may compete for photosynthate (Harris et al., 1985). Moreover, antagonistic effects in the establishment of the symbiosis between the mycorrhizal fungus
Glomus and Bradyrhizobium were reported for soybeans
when one of the microsymbionts had colonized the root
system prior to the other (Bethlenfalvay et al., 1985).
There are many similarities between rhizobial and VAM
symbioses, which suggest common properties in interactions with plants. Both microsymbionts are surrounded in
the established stage of the symbiosis by plant-derived
membranes: the peribacteroid membranes in the infected
nodule cells and the perihaustorial membranes around
arbuscules in the mycorrhizal roots, respectively. These
interfaces are characterized by symbiosis-specific proteins
(Wyss et al., 1990a; Verma, 1992; Perotto et al., 1994).
Soybean mutants that are unable to form nodules (Nod-)
may be colonized by VAM fungi (Kawai and Yamamoto,
1986; Wyss et al., 1990b), although Nod- mutants of other
legumes sometimes fail to establish a mycorrhizal symbiosis (Duc et al., 1989; Bradbury et al., 1991), indicating that
common elements of the infection process may exist in both
associations. Flavonoids and isoflavonoids, metabolites of
the phenylpropanoid pathway, are exuded by the roots of
the host plant and appear to play a role as early signals for
both microsymbionts. They increase germination of VAM
spores or hyphal growth in vitro (Gianinazzi-Pearson et al.,
1989; Tsai and Phillips, 1991; Bécard et al., 1992; Kape et al.,
1992; Morandi et al., 1992) and facilitate colonization by the
mycorrhizal symbiont in vivo (Nair et al., 1991; Siqueira et
al., 1991). Flavonoids and isoflavonoids of legumes act in
the interaction with rhizobia as specific inducers of bacteria1 nodulation genes, the so-called nod genes (Firmin et al.,
1986; Peters et al., 1986; Redmond et al., 1986). These nod

Legumes form tripartite symbiotic associations with noduleinducing rhizobia and vesicular-arbuscular mycorrhizal fungi.
Co-inoculation of soybean (Glycine max [L.] Merr.) roots with
Bradyrbizobium japonicum 61 -A-1O1 considerably enhanced colonization by the mycorrhizal fungus Clomus mosseae. A similar
stimulatory effect on mycorrhizal colonization was also observed in
nonnodulating soybean mutants when inoculated with Bradyrbizobium japonicum and in wild-type soybean plants when inoculated
with ineffective rhizobial strains, indicating that a functional rhizobial symbiosis is not necessary for enhanced mycorrhiza formation.
lnoculation with the mutant Rbizobium sp. NCRAnodABC, unable
to produce nodulation (Nod) factors, did not show any effect on
mycorrhiza. Highly purified Nod factors also increased the degree
of mycorrhizal colonization. Nod factors from Rbizobium sp.
NCR234 differed in their potential to promote fungal colonization.
The acetylated factor NodNCR-V (MeFuc, Ac), added at concentrations as low as 10-9 M, was active, whereas the sulfated factor,
NodNCR-V (MeFuc, S), was inactive. Severa1 soybean flavonoids
known to accumulate in response to the acetylated Nod factor
showed a similar promoting effect on mycorrhiza. These results
suggest that plant flavonoids mediate the Nod factor-induced stimulation of mycorrhizal colonization in soybean roots.

Legumes form tripartite symbiotic associations with
nodule-inducing soil bacteria of the genera Rhizobium, Brudyrhizobium, or Azorkizobium (Caetano-Anollés and Gresshoff, 1991; Hirsch, 1992) and with VAM fungi (BonfanteFasolo, 1987; Koide and Schreiner, 1992).Both the rhizobial
and fungal microsymbionts improve the mineral nutrition
of the host plant in exchange for assimilates provided by
the latter. The nitrogenase enzyme of rhizobia fixes atmospheric nitrogen in the nodules (Thorneley, 1992), and
fungal hyphae facilitate the uptake of ions, mainly phosphate, in mycorrhizal roots (Smith and Gianinazzi-Pearson,
1988). In most cases investigated, especially when both
nitrogen and phosphate are limiting factors, VAM fungi
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genes are involved in the synthesis of Nod factors, a family
of lipo-oligosaccharide signal molecules, i.e. P-1,4-linked
oligomers of N-acetylglucosamine with an N-linked fatty
acid moiety on the nonreducing end. Nod factors stimulate
various responses on host plants, such as root hair deformation, expression of early nodulin genes, mitosis in the
root cortex, and the formation of nodule-like structures
(Fisher and Long, 1992; Dénarié and Cullimore, 1993).
The intriguing similarities between the mycorrhizal and
rhizobial symbiosis prompted us to investigate signaling
between the plant and its symbionts in the tripartite interaction, focusing on the possible effect of the rhizobial Nod
factors on colonization of soybean roots by the mycorrhizal
fungus Glomus mosseae.
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lish a functional symbiosis was tested as described previously, monitoring acetylene reduction as a measure of
nitrogen fixation (Müller et al., 1994).
Application of Nod Factors and Flavonoids

Acetylated and sulfated Nod factors from Rhizobium sp.
NGR234 were purified as described by Price et al. (1992).
Stock solutions of the flavonoids apigenin (Fluka), coumestrol (Kodak), daidzein (Roth, Karlsruhe, Germany), and
genistein (Sigma) were prepared in DMSO. Pots containing
soybeans and mycorrhizal inoculum were watered daily
with solutions of Nod factors and flavonoids (10 mL per
pot) for 1 week. Controls in the experiments with flavonoids received DMSO at an appropriate dilution.

MATERIALS AND METHODS
Plant Material and Funga1 lnoculum

Staining of Roots and Estimation of
Mycorrhizal Colonization

Soybean seeds (Glycine max [L.] Merr.) cv Bragg and its
nonnodulating mutants nod139 and nod49 (Mathews et al.,
1987, 1989) were kindly provided by Dr. P.M. Gresshoff
(Knoxville, TN). In experiments with rhizobia, inoculum of
the mycorrhizal fungus Glomus mosseae (Nicol. and Gerd.)
Gerd. Trappe from the host plant Tagetes tenuifolia was
prepared as described previously (Vierheilig et al., 1993)
and contained sporocarps, spores, hyphae, and small, infected root pieces. A similar inoculum of G. mosseae cultivated on Plantago lanceolata was used in experiments involving isolated Nod factors and flavonoids.

Roots were separated from harvested plants and boiled
in 10% (w/v) KOH for 10 to 20 min, depending on the age
of the roots. Then the roots were washed three times with
distilled water and placed in 0.3 M HC1 for 2 to 3 min. After
the HC1 was poured off, roots were stained for 10 to 12 min
with trypan blue 0.1% (w/v) in 24% (v/v) glycerin, 31%
(v/v) lactic acid, 30% (v/v) phenol, and 15% (v/v) H,O.
Mycorrhizal colonization was estimated according to the
gridline intersection method (Giovannetti and Mosse,
1980). Data are given as percentages of root length infected.

Plant Culture and Crowth Conditions

Statistical Analysis

Soybean seeds were surface sterilized by treatment with
30% (w/v) H,O, (Fluka) for 20 min, followed by washing
with sterilized tap water, and germinated in trays containing moistened, sterilized vermiculite. After 4 d, young
seedlings were transferred to 150-mL pots (one seedling
per pot) that contained mycorrhizal inoculum, sand, and
loam in the ratio 1:1:1 (v/v/v). Sand and loam were autoclaved prior to use. Plants were cultivated in a growth
chamber (14-h day at a photon flux of 300 Fmol m-'s-l
and 26"C, 10-h night at 20°C) and watered with sterilized
tap water. Unless indicated otherwise, plants were inoculated with rhizobia after 1 week and harvested after 5
weeks of co-cultivation (in this work plant age is defined as
days after transfer of the pregerminated seedlings to pots).

A11 data were analyzed using one- or two-way ANOVA
(Zar, 1984) with five replicates for every treatment combination. Except for the time courses shown in Figure 1,
experiments were repeated at least once, as detailed in the
legends of tables and figures.

lnoculation with Rhizobium and Bradyrhizobium Strains

Bradyrhizobium japonicum strain 61-A-101 (Stripf and
Werner, 1978), USDAl lOspc4 (Regensburger and Hennecke, 1983), USDA9 (Fischer et al., 1986), Rhizobium sp.
NGR234(RifR) (Lewin et al., 1990), and Rhizobium sp.
NGRAnodABC (Price et al., 1992) were used for the inoculation experiments. The bacterial cultures were grown to
stationary phase in 20-E medium (Werner et al., 1975) at
27°C on a rotary shaker at 140 rpm. Where indicated, plants
were inoculated with the Rhizobium and Bradyrhizobium
cultures (5 mL/150-mL pot) or given a control treatment
with 20-E medium. The ability of rhizobial strains to estab-

RESULTS

When wild-type soybean plants (cv Bragg) were inoculated with the mycorrhizal fungus G. mosseae alone, their
root systems were progressively colonized. Colonization,
as measured by the gridline intersection method, showed
considerable variation from experiment to experiment, depending on the quality of the inoculum, but it reached
values as high as 50% after 5 weeks. However, when soybean roots were co-inoculated with the mycorrhizal fungus
G. mosseae and B. japonicum 61-A-101, the mycorrhizal colonization was further stimulated, reaching values as high
as 80%. Three examples of such experiments are summarized in Table I. The degree of colonization by mycorrhiza
was significantly higher (P < 0.001) in the presence than in
the absence of bacteria in each experiment. There was no
significant bacteria X experiment effect according to twoway ANOVA, indicating that the bacterial effect was consistent. At the time of harvest, plants inoculated with the
mycorrhizal inoculum alone had no nodules, but a11 plants
inoculated with B. japonicum had formed many effective
nitrogen-fixing nodules, as assessed by their red coloration
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Table 1. Mycorrhizal colonization of the soybean c v Bragg in the
absence and presence of rhizobia
Plants were inoculated with G. mosseae and 1 week later with or
without B. japonicum, strain 61 -A-I 01. Data represent means 5 SE
for five plants, harvested 5 weeks later. Different letters in the same
row indicate significantly different values (P < 0.001).
Degree of Mycorrhiral Colonization
Experiment

Without B. iaoonicum

With 6. iaoonicum

% root length

1
2
3

6 5 la
48 5 6a
36 5 4a

27 2 5b
8 0 5 4b
64 5 4b

and by their ability to reduce acetylene to ethylene (data
not shown).
To test whether nodules are required for the establishment of the funga1 symbiosis, the nonnodulating soybean
mutants nod49 and nod139 (Mathews et al., 1987,1989) were
examined. These mutants very rarely form nodules upon
inoculation with Bradyrkizobium (at most one or two nodules in one out of five plants in the experiments described
here), but they form VAM associations like their wild-type
parent cv Bragg, as described previously (Wyss et al.,
1990b). Interestingly, co-inoculation of these mutants with
G. mosseae and Bradyrkizobium also led to a significant
increase (P < 0.001) in mycorrhizal colonization (Table 11).
The degree of stimulation was similar in wild-type and
mutant plants; there was no significant bacteria X cultivar
effect according to two-way ANOVA. In a time-course
experiment, mycorrhiza formation of the nonnodulating
mutant nod139 was followed during a 5-week period in the
presence or absence of rhizobia. In this experiment no
nodules were formed in any of the experimental plants.
Mycorrhizal colonization was stimulated in the presence of
rhizobia (Fig. 1A). The time X rhizobium treatment interaction was significant [P < 0.001, two-way ANOVA, f ratio
(4,34) = 6.51, demonstrating that the presence of rhizobia
increased the rate of mycorrhizal colonization. These results show that rhizobia present in the rhizosphere stimulate VAM colonization independently of the host plant’s
ability to form nodules, and they indicate that the increase
in mycorrhiza formation in the presence of rhizobia is due
to either a higher infection rate or an accelerated growth of
penetrated hyphae.

Time (weeks)
Figure 1. Time course of mycorrhizal root colonization by G. mosseae in the presence and absence of different rhizobia. A, One-weekold nonnodulating soybean n o d l 3 9 were inoculated with B. japonicum 61-A-101 (A)or mock treated with 20-E medium (A).B,
Rhizobium sp. NGR234 (O) or its mutant deficient in Nod factor
formation, strain NGRAnodABC (O). Rhizobial cultures were added
to 1-week-old nonnodulating soybean mutant nodl39. Data represent means 2 SE, n = 5.

Table II. Enhancement of mycorrhizal colonization induced b y rhizobia in the soybean c v Bragg
and in its nonnodulating mutants
Plants were inoculated with G. mosseae and 1 week later with or without B. japonicum, strain
61 -A-1 01. Data represent means 2 SE for five plants, harvested 5 weeks later. Different letters in the
same row indicate significantly different values (P < 0,001). This experiment was repeated once and
vielded similar results.
Host Plant

Phenotype

Degree of Mycorrhizal Colonization
Without B. japonicum

With B. japonicum

% root length

cv Bragg
nod49
nodl39

Nod+, w i l d type
Nod- mutant of cv Bragg
Nod- mutant of cv Bragg

6 2 la
6 5 3a
6 2 4a

27 -t- 5b
31 2 4 b
31 2 5b
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To find out whether the stimulatory effect is restricted to
specific rhizobial strains able to enter into a functional
symbiosis, we first tested B. japonicum strain USDA9, a
strain lacking nitrogenase due to a deletion of the nifA
gene. This strain induced nodule formation in soybean, but
the nodules formed were much smaller, lacking red coloration and the ability to reduce acetylene, i.e. they had a Fixphenotype (data not shown). This strain caused the same
promotion of mycorrhiza as our standard strain 61-A-101,
yielding Fixt nodules (Table 111, experiment 1). As expected, the parent strain of USDA9, B. japonicum
USDAl lOspc4, induced Fix+ nodules and increased mycorrhiza formation to a similar extent as the standard strain
(Table 111, experiment 2). Next, we tested the broad hostrange strain Xhizobium sp. NGR234, which is able to form
functional nodules on many different legumes but fails to
undergo a functional symbiosis with soybean (Stanley and
Cervantes, 1991). This strain indeed formed only small
Fix- nodules lacking acetylene reduction ability, in our
experiments (data not shown). Nevertheless, Rhizobium sp.
NGR234 was able to enhance mycorrhizal colonization to
the same extent as the standard strain (Table 111, experiments 1 and 2). In addition, we tested a nonnodulating
(Nod-) mutant derived from strain Rhizobium sp. NGR234,
strain NGRAnodABC, which is deficient in Nod factor biosynthesis (Price et al., 1992). This strain did not induce
nodule formation in our experiments, and it did not lead to
any significant increase in mycorrhizal colonization as
compared to controls without rhizobia (Table 111, experiments 1 and 2). A time-course study showed that this
difference was already apparent 1 week after inoculation of
soybean roots with Rhizobium sp. NGR234 as compared to
inoculation with the Nod factor-deficient mutant
NGRAnodABC (Fig. 1B). The time X rhizobium strain interaction was significant [P < 0.02, two-way ANOVA, f
ratio (4,34) = 3.51, showing that the rate of mycorrhizal
colonization was higher in the presence of the Nod factorforming wild-type strain.
It thus seems likely that rhizobial Nod factors may be
responsible for the stimulatory effect on the fungus. To test
this, purified Nod factors from Rhizobium sp. NGR234 were
added to soybean roots inoculated with the VAM fungus
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G. mosseae. Two Nod factors differing in substitution of
2-O-methylfucose were used. The acetylated factor
NodNGR-V (MeFuc, Ac) is characterized by an additional
acetyl group, whereas NodNGR-V (MeFuc, S) possesses an
additional sulfate group (Price et al., 1992). A stimulatory
response on vesicular-arbuscular mycorrhiza was found
after application of the acetylated factor NodNGR-V (MeFuc, Ac), even when added at concentrations as low as 10-9
M. Conversely, the sulfated Nod factor was ineffective in
stimulating fungal colonization (Fig. 2). These results show
that only specific Nod factors have the capacity to stimulate mycorrhiza formation.
It has been shown that the two NGR234 Nod factors,
NodNGR-V (MeFuc, Ac) and NodNGR-V (MeFuc, S), differ
in their ability to induce flavonoid secretion in soybean
roots (Schmidt et al., 1994).Only the acetylated but not the
sulfated Nod factor enhanced the secretion of daidzein,
coumestrol, and genistein. To test the possibility that these
flavonoids are involved in the stimulation of mycorrhiza
formation, we examined directly the effect of these three
flavonoids on fungal colonization. Apigenin was also included in the test, since it is known to be a good inducer of
NGR234 Nod factors (Bassam et al., 1988; Price et al., 1992).
Three of the flavonoids mentioned significantly stimulated
fungal colonization (Table IV). The slight stimulation by
genistein was not significant.

DISCUSSION
Here we show that mycorrhizal colonization of soybeans
is not only enhanced in the presence of Nod factor-producing rhizobia but also by specific, exogenously applied Nod
factors as well as by exogenously applied flavonoids. Stimulation of mycorrhiza formation by flavonoids and fungicides as well as by other microorganisms has been reported
(Nair et al., 1991; Singh et al., 1991; Siqueira et al., 1991; von
Alten et al., 1993). Synergistic effects of rhizobia on mycorrhiza were thought to be nutritional and restricted to the
stage of nitrogen fixation. Our results demonstrate that
rhizobia enhance mycorrhizal colonization before nodule
formation and even on nonnodulating plants. Stimulation
of mycorrhiza formation on the nonnodulating mutant

Table 111. Enhancement of mycorrhizal colonization induced b y various rhizobia
Soybean plants (cv Bragg) were inoculated with G. mosseae and 1 week later with culture medium only (control) or with various strains of
rhizobia. Data represent means t SE for five plants, harvested 5 weeks later. Different letters within an experiment indicate significantly different
values [one-way ANOVA, P < 0.002, f ratio (4,20) = 12.0 in experiment 1, f ratio (4,19) = 22.7 in experiment 21.
Experiment

Bacterial Strain

Phenotype on Soybean

Degree of Colonization
% root length

1

2

None (control)
B. japonicum 61 -A-1 O1
6. japonicum USDA9 (AnifA)
Rhizobium sp. NGR234
Rhizobium sp. NGRAnodABC
None (control)
6. japonicum 61 -A-1 O1
6. japonicum USDAl 1 Ospc4
Rhizobium sp. NGR234
Rhizobium sp. NGRAnodABC

Nod+, Fix+
Nod+, FixNod+, FixNod- mutant of NGR234
Nod+, Fix+
Nod+, Fix+
Nod+, FixNod- mutant of NGR234

36
64
65
77
39
48
80
81
73
50

t 4a
t 4b
2 4b
5 4b

t 3a
t 6a
t 4b
2 2b
t 6b
2 7a

Nodulation Factors Stimulate Vesicular-Arbuscular Mvcorrhiza Formation

h

‘0

.CI

15

-

a

1
O

I 0-9

10-7

Concentration (M)
Figure 2. Effect of exogenously applied NodNCR factors on mycorrhizal colonization. Solutions containing 1 O-’ or 1 O-9 M NodNGR-V
(MeFuc, Ac) (black bars), NodNGR-V (MeFuc, S ) (hatched bars), or
only water (open bar) were added to the nonnodulating soybean
mutant nodl39. The degree of mycorrhizal colonization by G. mosseae (mean t- SE, n = 5) was determined 7 d later. Different letters
ahove bars denote significantly different values [P i0.03, one-way
ANOVA, f ratio (4,19) = 3.131. This experiment was repeated once
and yielded similar results.

nod49 by rhizobia is not unexpected, since this mutant
shows some of the early responses to rhizobia, such as
subepidermal cell divisions. More surprisingly, stimulation
also occurs with the nonnodulating mutant nod139, which
did not show any of the early responses to rhizobia (Caetano-Anollés and Gresshoff, 1990). Nod factors, the specific
signal molecules of rhizobia, appear to be responsible for
Table IV. Eiiect of variou5 ilavonoidh on mycorrhizdl colonizdtion
of suybedn
Each plant was watered daily with 10 mL oí the indicated ilavonoid and harvested after 1 week. Data represent means L
for
iive plants. Difierent letters inclicate significantly diiierent values IP
< 0.005, one-way ANOVA, f ratio (4,19~= 6.11. This experiment
was rcpeated once and vielded similar results.
Flavonoid (10-7 M)

Degree of Mycorrhizal Colonization
% root length

None
Apigenin
Coumestrol
Daidzein
Cenistein

7.2 2
13.0 2
14.0 t15.4 2
10.4 2

0.9a
0.9b
1 .Oh
1.ob
1.7a,b
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this stimulatory effect: a11 tested Nod factor-producing rhizobia, but not the mutant strain Rkizobium NGRAnodABC,
enhanced the colonization of plants by VAM fungi. Moreover, exogenous application of specific Nod factors, such as
NodNGR-V (MeFuc, Ac), clearly stimulated mycorrhizal
colonization, whereas the structurally related sulfated Nod
factor had no effect.
It remains an open question about how Nod factors
increase fungal colonization. Although it cannot be excluded that Nod factors act directly as fungal growth regulators, it is more likely that active Nod factors trigger the
colonization and development of VAM fungi via the socalled increased nod gene induction response (van Brussel
et al., 1986). In this regulatory circuit, rhizobia as well as
isolated rhizobial Nod factors induce the roots of host
plants to secrete flavonoids that in turn further induce the
rhizobial nod genes (Recourt et al., 1991,1992; Dakora et al.,
1993). This is also true for soybean roots that secrete compounds such as coumestrol, daidzein, and genistein upon
incubation with Nod factors (Schmidt et al., 1994). Our
observations show indeed that not only Nod factors but
also flavonoids promote mycorrhiza formation. Stimulation begins during the very early stages of fungal root
colonization. Based on these results, we postulate that
VAM fungi and rhizobia may have evolved functionally
similar recognition systems for plant flavonoids.
Our data suggest a general role of Nod factors or Nod
factor-mediated plant responses in the establishment of
symbiotic associations. It is tempting to speculate that Nod
factors mimic related unknown signal molecules of VAM
fungi in our system. In view of the highly sensitive perception systems present in plants for chitin oligomers as
well as Nod factors (Staehelin et al., 1994), modified chitin
oligomers released from the fungal cell wall might be good
candidates for signals in the infection process of the VAM
symbiosis.

ACKNOWLEDCMENTS

We express our gratitude to Dr. P.M. Gresshoff (Knoxville, TN)
for soybean seeds, to M. Alt (Botanical Institute, Basel, SwitzerIand) for the mycorrhizaI inoculum used in this study, and Dr. I.
Sanders (Botanical Institute) for critica1 reading of the manuscript.
Received December 28, 1994; accepted April 27, 1995.
Copyright Clearance Center: 0032-0889/95/108/1519/07.

LITERATURE ClTED

Bassam BJ, Djordjevic MA, Redmond JW, Batley M, Rolfe BG
(1988) Identification of a nodD-dependent locus in the Rhizobium
strain NGR234 activated by phenolic factors secreted by soybeans and other legumes. Mo1 Plant-Microbe Interact 1: 161-168
Bécard G, Douds DD, Pfeffer PE (1992) Extensive in vitro hyphal
growth of vesicular-arbuscular mycorrhizal fungi in the presente of CO, and flavonols. Appl Environ Microbiol 58: 821-825
Bethlenfalvay GJ, Brown MS, Stafford AE (1985) Glycine-GlomusRhizobium symbiosis. 11. Antagonistic effects behveen mycorrhizal colonization and nodulation. Plant Physiol 79: 1054-1058
Bonfante-Fasolo P (1987) Vesicular-arbuscular mycorrhizae: fungus-plant interactions at the cellular level. Symbiosis 3: 249-268

1524

Xie et al.

Bradbury SM, Peterson RL, Bowley SR (1991) Interactions between three alfalfa nodulation genotypes and two Glomus species. New Phytol 119: 115-120
Caetano-Anollés G, Gresshoff PM (1990)Early induction of feedback regulatory responses governing nodulation in soybean.
Plant Sci 71: 69-81
Caetano-Anollés G , Gresshoff PM (1991) Plant genetic control of
nodulation. Annu Rev Microbiol 45: 345-382
Chaturvedi C, Singh R (1989) Response of chickpea (Cicer arietinum L.) to inoculation with Rhizobium and VA mycorrhiza. Proc
Natl Acad Sci India Sect B 59: 443446
Cluett HC, Boucher DH (1983) Indirect mutualism in the legumeRhizobium-mycorrhizal fungus interaction. Oecologia 59:
405408
Daft MJ, El-Giahmi AA (1974) Effect of Endogone mycorrhiza on
plant growth. VIL Influence of infection on the growth and
nodulation in French bean (Phaseolus vulgaris). New Phytol 73:
1139-1147
Dakora FD, Joseph CM, Phillips DA (1993) Common bean root
exudates contain elevated levels of daidzein and coumestrol in
response to Rhizobium inoculation. Mo1 Plant-Microbe Interact 6
665-668
Dénarié J, Cullimore J (1993) Lipo-oligosaccharide nodulation
factors: a new class of signaling molecules mediating recognition and morphogenesis. Cell 7 4 951-954
Duc G, Trouvelot A, Gianinazzi-Pearson V, Gianinazzi S (1989)
First report of non-mycorrhizal plant mutants (Myc-) obtained
in pea (Pisum sativum L.) and fababean (Vicia faba L.). Plant Sci
60: 215-222
Firmin JL, Wilson KE, Rossen L, Johnston AWB (1986) Flavonoid
activation of nodulation genes in Rhizobium reversed by other
compounds present in plants. Nature 324: 90-92
Fischer H-M, Alvarez-Morales A, Hennecke H (1986) The pleiotropic nature of symbiotic regulatory mutants: Bradyrkizobium
japonicum nifA gene is involved in control of nif gene expression
and formation of determinate symbiosis. EMBO J 5: 1165-1173
Fisher RF, Long SR (1992) Rhizobium-plant signal exchange.
Nature 357: 655-660
Gianinazzi-Pearson V, Branzanti B, Gianinazzi S (1989) l n vitro
enhancement of spore germination and early hyphal growth of
a vesicular-arbuscular mycorrhizal fungus by host root exudates
and plant flavonoids. Symbiosis 7: 243-255
Giovannetti M, Mosse B (1980) An evaluation of techniques for
measuring vesicular-arbuscular mycorrhizal infection in roots.
New Phytol 84: 489-500
Harris D, Pacovsky RS, Paul EA (1985) Carbon economy of soybean-Rhizobium-Glomus associations. New Phytol 101: 427440
Hirsch AM (1992) Developmental biology of legume nodulation.
New Phytol122: 211-237
Kape R, Wex K, Parniske M, Gorge E, Wetzel A, Werner D (1992)
Legume root metabolites and VA-mycorrhiza development. J
Plant Physiol 141: 54-60
Kawai Y, Yamamoto Y (1986) Increase in the formation and nitrogen fixation of soybean nodules by vesicular-arbuscular mycorrhiza. Plant Cell Physiol 27: 399405
Koide RT, Schreiner RP (1992) Regulation of the vesicular-arbuscular mycorrhizal symbiosis. Annu Rev Plant Physiol Plant Mo1
Biol 43: 557-581
Lewin A, Cervantes E, Wong C-H, Broughton WJ (1990) NodSU,
two new nod genes of the broad host range Rhizobium strain
NGR234 encode host-specific nodulation of the tropical tree
Lezicaena leucocephala. Mo1 Plant-Microbe Interact 3: 317-326
Mathews A, Carroll BJ, Gresshoff PM (1987) Characterization of
non-nodulation mutants of soybean [Glycine max (L.) Merrl:
Bradyrhizobium effects and absence of root hair curling. J Plant
Physiol 131: 349-361
Mathews A, Carroll BJ, Gresshoff PM (1989) Development of
Bradyrhizobium infections in supernodulating and non-nodulating mutants of soybean (Glycine max [L.] Merrill). Protoplasma
150 4047
Morandi D, Branzanti B, Gianinazzi-Pearson V (1992) Effect of
some plant flavonoids on in vifro behaviour of an arbuscular
mycorrhizal fungus. Agronomie 12: 811-816

Plant Physiol. Vol. 108, 1995

Miiller J, Xie 2-P, Staehelin C, Boller T, Wiemken A (1994)
Effects of nitrate on accumulation of trehalose and other carbohydrates and on trehalase activity in soybean root nodules. J
Plant Physiol 143: 153-160
Nair MG, Safir GR, Siqueira JO (1991)Isolation and identification
of vesicular-arbuscular mycorrhiza-stimulatory compounds
from clover (Trifolium repens) roots. Appl Environ Microbiol 57:
434-439
Pacovsky RS, Fuller G, Stafford AE, Paul EA (1986) Nutrient and
growth interactions in soybeans colonized with Glomus fasciculatum and Rhizobium japonicum. Plant Soil 92: 3 7 4 5
Perotto S, Brewin NJ, Bonfante P (1994) Colonization of pea roots
by the mycorrhizal fungus Glomus versiforme and by Rhizobium
bacteria: immunological comparison using monoclonal antibodies as probes for plant cell surface components. Mo1 PlantMicrobe Interact 7: 91-98
Peters NK, Frost JW, Long SR (1986) A plant flavone, luteolin,
induces expression of Rhizobium meliloti nodulation genes. Science 233: 977-980
Price NPJ, Relic B, Talmont E, Lewin A, Promé D, Pueppke SG,
Maillet F, Dénarié J, Promé JC, Broughton WJ (1992) Broadhost-range Rhizobium species strain NGR234 secretes a family of
carbamoylated, and fucosylated, nodulation signals that are 0acetylated or sulphated. Mo1 Microbiol 6 3575-3584
Recourt K, Schripsema J, Kijne JW, van Brussel AAN, Lugtenberg BJJ (1991)Inoculation of Vicia sativa subsp. nigra roots with
Rhizobium leguminosarum biovar viciae results in release of nod
gene activating flavanones and chalcones. Plant Mo1 Biol 16:
841-852
Recourt K, van Tunen AJ, Mur LA, van Brussel AAN, Lugtenberg BJJ, Kijne JW (1992) Activation of flavonoid biosynthesis
in roots of Vicia sativa subsp. nigra plants by inoculation with
Rhizobium leguminosarum biovar viciae. Plant Mo1 Biol 19:
411420
Redmond JW, Batley M, Djordjevic MA, Innes RW, Kuempel PL,
Rolfe BG (1986)Flavones induce expression of nodulation genes
in Rhizobium. Nature 323: 632-635
Regensburger B, Hennecke H (1983) RNA polymerase from Xhizobium japonicum. Arch Microbiol 135: 103-109
Schmidt PE, Broughton WJ, Werner D (1994) Nod factors of
Bradyrhizobium japonicum and Rhizobium sp. NGR234 induce flavonoid accumulation in soybean root exudate. Mo1 Plant-Microbe Interact 7: 384-390
Singh CS, Kapoor A, Wange SS (1991) The enhancement of root
colonisation of legumes by vesicular-arbuscular mycorrhizal
(VAM) fungi through the inoculation of the legume seed with
commercial yeast (Saccharomyces cerevisiae). Plant Soil 131:
129-133
Siqueira JO, Safir GR, Nair MG (1991) Stimulation of vesiculararbuscular mycorrhiza formation and growth of white clover by
flavonoid compounds. New Phytol 118: 87-93
Smith SE, Gianinazzi-Pearson V (1988) Physiological interactions
between symbionts in vesicular-arbuscular mycorrhizal plants.
Annu Rev Plant Physiol Plant Mo1 Biol 39: 221-244
Staehelin C, Granado J, Miiller J, Wiemken A, Mellor RB, Felix
G, Regenass M, Broughton WJ, Boller T (1994) Perception of
Rhizobium nodulation factors by tomato cells and inactivation by
root chitinases. Proc Natl Acad Sci USA 91: 2196-2200
Stanley J, Cervantes E (1991) Biology and genetics of the broad
host range Rhizobium sp. NGR234. J Appl Bacteriol 70: 9-19
Stripf R, Werner D (1978) Differentiation of Rhizobium japonicum.
11. Enzymatic activities in bacteroids and plant cytoplasm during
the development of nodules of Glycine max. Z Naturforsch 33c:
373-381
Thorneley RNF (1992) Nitrogen fixation-new light on nitrogenase. Nature 360: 532-533
Tsai SM, Phillips DA (1991) Flavonoids released naturally from
alfalfa promote development of symbiotic Glomus spores in
vitro. Appl Environ Microbiol 57: 1485-1488
van Brussel AAN, Zaat SAJ, Canter Cremers HCJ, Wijffelman
CA, Pees E, Tak T, Lugtenberg BJJ (1986) Role of plant root
exudate and Sym plasmid-localized nodulation genes in the

Nodulation Factors Stimulate Vesicular-Arbuscular Mycorrhiza Formation

synthesis by Rhizobium leguminosarum of Tsr factor, which causes
thick and short roots on common vetch. J Bacterioll65 517-522
Verma DPS (1992) Signals in root nodule organogenesis and endocytosis of Rhizobium. Plant C e l l 4 373-382
Vierheilig H, Alt M, Neuhaus JM, Boller T, Wiemken A (1993)
Colonization of transgenic Nicotiana sylvestris plants, expressing
different forms of Nicotiana tabacum chitinase, by the root pathogen Rhizoctoniu solani and by the mycorrhizal symbiont Glomus
mosseae. Mo1 Plant-Microbe Interact 6: 261-264
von Alten H, Lindemann A, Schonbeck F (1993) Stimulation of
vesicular-arbscular mycorrhiza by fungicides or rhizosphere
bacteria. Mycorrhiza 2 167-173
Werner D, Wilcockson J, Zimmermann E (1975) Adsorption and

1525

selection of rhizobia with ion-exchange papers. Arch Microbiol
105: 27-32
Wyss P, Mellor RB, Wiemken A (1990a) Vesicular-arbuscular
mycorrhizas of wild-type soybean and non-nodulating mutants
with Glomus-mosseae contain symbiosis-specific polypeptides
(mycorrhizins), immunologically cross-reactive with nodulins.
Planta 182: 22-26
Wyss P, Mellor RB, Wiemken A (1990b) Mutants of soybean
(Glycine max) unable to suppress nodulation in the presence of
nitrate retain the ability to suppress mycorrhization in the presente of phosphate. J Plant Physiol 1 3 6 507-509
Zar JH (1984) Biostatistical Analysis, Ed 2. Prentice Hall, Englewood Cliffs, NJ

