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Abstract

The response of plants to arbuscular mycorrhizal
fungi involves a temporal and spatial activation of
different defence mechanisms. The activation and
regulation of these defences have been proposed
to play a role in the maintenance of the mutual-
istic status of the association, however, how these
defences affect the functioning and development of
arbuscular mycorrhiza remains unclear. A number of
regulatory mechanisms of plant defence response
have been described during the establishment of the
arbuscular mycorrhizal symbiosis, including elicitor
degradation, modulation of second messenger con-
centration, nutritional and hormonal plant defence
regulation, and activation of regulatory symbiotic
gene expression. The functional characterization of
these regulatory mechanisms on arbuscular mycor-
rhiza, including cross-talk between them, will be the
aim and objective of future work on this topic.
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Introduction

The endosymbioses formed between plants and micro-
organisms play an important role in agriculture and natural
ecosystems. The most widespread endosymbiotic inter-
actions are formed between plant and fungi, including para-
sitic interactions, which result in diseases such as mildew
and rust, and the mutualistic symbiosis established between
plant roots and arbuscular mycorrhizal fungi (AMF).

AMF (zygomycotina) are typically associated with
the vast majority of terrestrial plants, preferably with
angiosperms. The successful establishment of this mutual-
istic association constitutes a strategy to improve the
nutritional status of both partners. The fungi receive fixed

carbon compounds from the host plant, while the plant
benefits from the association by the increased nutrient
uptake (mainly phosphorus), enhanced tolerance to abiotic
stress, and resistance to pests (Smith and Read, 1997).

AMF are considered to be biotrophic micro-organisms.
Because of their obligate symbiotic nature, they cannot
be cultured axenically. Generally, AMF show little or no
specificity and the factors that determine whether mycor-
rhiza are formed or not appear to depend on the genotype
of the host plant (Koide and Schreiner, 1992). Evidence
for this is provided by the existence of non-host plant
species (review by Giovannetti and Sbrana, 1998) and
MycY mutant plants unable to form AM symbiosis
(Gollotte et al., 1993).

Penetration into the root and intercellular growth of
the AM fungi involves a complex sequence of biochemical
and cytological events and intracellular modifications
(Bonfante-Fasolo and Perotto, 1992; Bonfante, 2001),
which imply that the fungus must clearly be recognized by
the host plant. The mechanisms controlling AM develop-
ment are largely unknown. However, evidence suggests
that, as in plant–pathogen interactions, the inductionu
suppression of mechanisms associated with plant defence
play a key role in AM fungal colonization and compat-
ibility with its host. The progress made in this area is
reviewed here, focusing on the function and regulation of
the host’s defence mechanisms in the context of this
mutualistic interaction.

Defence responses in plants during the
development of arbuscular symbiosis

Plant defence responses during the early stages
of plant–AM fungus interactions:
the inductionusuppression effect

The rapid recognition of a potential invader is a
prerequisite for the initiation of an effective defence
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response by the plant. This is achieved through the
recognition of specific signal molecules also known as
elicitors. Elicitors can be secreted from the microbe
(exogenous elicitors) or generated as a result of physical
anduor chemical cleavage of the plant cell wall (endo-
genous elicitors). After perception of an elicitor, a number
of biochemical changes contribute to the early response
in host cells. These processes include changes in the ion
permeability of the plasma membrane, the activation of
plasma membrane-bound enzymes, the activation of
kinases, phosphatases, phospholipases, and the produc-
tion of signal molecules, including active oxygen species.
The result of these processes is the transcriptional act-
ivation of defence-related genes (review by Somssich and
Hahlbrock, 1998).

Some events similar to those found in plant–pathogen
interactions have been also found in the plant interaction
with AMF. These events include signal perception, signal
transduction and defence gene activation. Salzer and
Boller suggest that ectomycorrhizal and AM fungi secrete
similar chitin elicitors, which could induce a defence
response (Salzer and Boller, 2000). For instance, the eli-
citor derived from an extract of extraradical mycelium
of Glomus intraradices was able to induce phytoalexin
synthesis in soybean cotyledons (Lambais, 2000). Interest-
ingly, recent results show that G. intraradices induces
the expression of a chalcone synthase, the first enzyme in
the metabolism of flavonoid compound, such as phyto-
alexin, in Medicago truncatula (Bonanomi et al., 2001).
This gene is induced in the roots of M. truncatula upon
the first fungal contact (Bonanomi et al., 2001). Further-
more, a hypersensitive-like response, commonly observed
when the plant is confronted with a pathogen, could be
observed in compatible AM associations. An oxidative
burst could be detected at sites where hyphal tips of
G. intraradices attempted to penetrate a cortical root cell
of M. truncatula (Salzer et al., 1999). Moreover, necrosis
and cell death have been observed at sites of Gigaspora
margarita infection of Medicago sativa roots (Douds et al.,
1998). Also, other reports demonstrate that AMF can
elicit a defence response in the plant. The most evident
effects were observed in incompatible associations
between AM fungi and non-host plants or MycY mutant
plants. In the case of non-host plants, the molecular bases
for incompatibility with AM fungi remain unclear, but in
some associations the resistance reaction seems to involve
a hypersensitive-like response (Allen et al., 1989). A
stronger defence response, characterized by the deposi-
tion of callose, PR-1 protein, and phenolics has been
observed when pea MycY mutant plants were challenged
with an AMF (Gollotte et al., 1993).

Not only a hypersensitive response but also some
elements of signal transduction pathways activated after
pathogen recognition by the plant have been observed
transiently during the early stages of AM formation. In

mycorrhizal tobacco plants, transient increases of catalase
and peroxidase activity were observed to coincide with
appressoria formation and fungal penetration into the
root (Blilou et al., 2000a). Interestingly, similar results
have been shown in onion and bean roots inoculated with
AMF (Spanu and Bonfante-Fasolo, 1988; Lambais,
2000). The transient increase in catalase and peroxidase
activity observed in tobacco mycorrhizal roots also
coincided with the accumulation of salicylic acid (SA)
(Blilou et al., 2000a). SA is a signal molecule involved in
the signal transduction pathway activated in plant–
pathogen reactions (Malamy et al., 1990; Métraux et al.,
1990). A transient accumulation of SA during the early
stages of infection also has been observed in the inter-
action between rice and Glomus mosseae (Blilou et al.,
2000b). In this case, the accumulation of SA was also
correlated to an increase in the expression of genes
encoding lipid transfer protein (LTP) and phenylalanine
ammonia-lyase (PAL) (Blilou et al., 2000b). This provides
evidence that induction of Pal and Ltp is part of the
defence pathway (Blilou et al., 2000b).

Most of the defence-related genes expressed during the
early stages of AM fungal penetration are also activated
by pathogen infection, treatment with elicitors, or by SA.
In this context, the induction of defence gene expression
could be considered to be a result of fungal elicitor
recognition and signal transduction pathway activation.
The weak and transient character of the plant defence
response could be a consequence of the low capacity of
the fungus to trigger such a response anduor to induce a
plant mechanism which suppresses an already activated
defence response at several levels to allow for fungal
growth within the plant tissue. The possible implica-
tions these mechanisms could have in determining the
compatibility of AM symbiosis will be discussed below.

Defence responses in plant cells containing arbuscules

In the early stages of root colonization by AMF, the plant
defence response is characterized by a weak and transient
activation, but at later stages, for example, the arbuscule
formation, this activation appears to become stronger,
although only in those cells which contain fungal
structures. For instance, the use of specific probes in
studies of in situ expression revealed that some mRNAs of
genes associated with the plant defence response specific-
ally accumulated in plant cells containing arbuscules.
Likewise, members of different classes of plant defence
genes, including genes encoding hydroxyproline-rich
glycoproteins (HRGP) (Balestrini et al., 1997; Blee and
Anderson, 2000), phenylpropanoid metabolism enzymes
(Volpin et al., 1994, 1995; Harrison and Dixon, 1993,
1994), enzymes involved in the metabolism of reactive
oxygen species (Blee and Anderson, 2000) and plant
hydrolase (Lambais and Mehdy, 1993, 1998; Blee and
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Anderson, 1996; David et al., 1998; Salzer et al., 2000)
have been detected in plant cells containing arbuscules. In
the case of HRPG, an increase in the quantity of mRNA
encoding HRGP was observed in the root cells of maize
and bean that contained arbuscules (Balestrini et al.,
1997; Blee and Anderson, 2000).

Phenylpropanoid compounds such as flavonoids and
isoflavonoids are involved in diverse aspects of plant
growth and development, but also in interactions with
micro-organisms (reviewed by Dixon and Paiva, 1995).
Genes encoding enzymes that catalyse core reactions of
the metabolism of phenylpropanoid have been expressed
in cells with arbuscules. For instance, in situ localization
of phenylalanine ammonia lyase and chalcone synthase
transcripts were observed in cells containing arbuscules
(Harrison and Dixon, 1994). However, the expression
of other genes encoding enzymes in the flavonoidu
isoflavonoids pathway, such as chalcone isomerase or iso-
flavone reductase was not significantly affected in mycor-
rhizal roots (Harrison and Dixon, 1994). In Medicago
species, transient increases in different flavonoidu
isoflavonoid compounds were found to depend on the
plant and fungal genotypes involved in the interaction
(Volpin et al., 1994, 1995; Harrison and Dixon, 1993,
1994). Altogether, the data available suggest an activation
of phenylpropanoid metabolism in mycorrhizal roots,
characterized by the weak, localized (preferably in cells
containing arbuscules) and unco-ordinated induction of
genes together with the accumulation of phytoalexin pro-
ducts, some of which are found at high levels (Morandi,
1989). Although no evidence exists which supports a
specific role for flavonoidsuisoflavonoids in the AM sym-
biosis, there are several results suggesting that flavonoids
can stimulate AM symbiosis in a similar way to the
rhizobial symbiosis (Xie et al., 1995; Harrison, 1999).

Messengers RNAs of genes involved in the catabolism
of reactive oxygen species, such as catalase and per-
oxidase have been localized in bean and wheat root cells
containing arbuscules, respectively (Blee and Anderson,
2000). Blee and Anderson suggest that catalase and per-
oxidase play a role in the catabolism of hydrogen per-
oxide anduor in cross-linking reactions between proteins
and polysaccharides in the interface between the
arbuscule and the plant cell plasma membrane.

Corroborating the biochemical data, differential gene
expression of acidic and basic forms of chitinase and
b-1,3-glucanase has been observed during mycorrhiza
formation in different plant–fungal combinations
(Lambais and Mehdy, 1993, 1998; Blee and Anderson,
1996; David et al., 1998; Salzer et al., 2000). In situ
localization of bean acidic endochitinase and b-1,3-
glucanase transcripts in mycorrhizal roots showed that
mRNAs accumulated predominantly in the vascular
cylinder (Lambais and Mehdy, 1998). Nevertheless,
the accumulation of basic forms of chitinase and

b-1,3-glucanase transcripts have been observed in the
intercellular region between cortical cells containing
arbuscules (Blee and Anderson, 1996; Lambais and
Mehdy, 1998), suggesting that these enzymes might be
involved in the control of intraradical fungal growth.
Interestingly, the accumulation of b-1,3-glucanase mRNA
in cells containing arbuscules was modulated by phos-
phorus (P) concentration. The level of mRNA accumula-
tion increased as concentration of phosphorus decreased.
In comparison, the amount of basic chitinase transcripts
did not change with mycorrhization or P concentration
(Lambais and Mehdy, 1998). The enzymatic activity and
mRNA accumulation patterns observed, suggest that
chitinases and b-1,3-glucanases could form part of the
defence response by the plant to the invading fungus.
Some recent data showed a specific induction of a class III
chitinase gene family in mature M. truncatula mycor-
rhizae (Salzer et al., 2000). The authors suggest a role for
the induced chitinase genes in suppression of plant
defence reactions in the later stages of the AM develop-
ment (Salzer et al., 2000). However, the role and regula-
tion of these defence-related proteins during intraradical
fungal growth is not clear.

Other genes implicated in the processes of senescence
and stress have shown expression in cells containing
arbuscules. That is the case of potato encoding a
glutathione-S-transferase (Prp1), the transcripts of which
accumulate only in certain cells containing arbuscules
(Franken et al., 2000). This gene product could be
involved in the degradation of arbuscules (Franken
et al., 2000).

The role of defence genes expressed in the cells contain-
ing arbuscules could be the control of hyphal spread and
arbuscule formation in the root. Nevertheless, the exact
function of such gene products during mycorrhizas is
unclear and should be clarified because the same activity
due to a gene product might have a different consequence
in a different context (pathogenesis or mutualism).

Mechanisms of defence regulation in
AM symbiosis

Multiple signals and differential induction of gene
expression mediate the complex interaction between
AMF and plant cells. As described above, several
investigations point to the existence of signals and the
expression of genes related to a plant defence response in
AM symbiosis. Nevertheless, the regulation and function
of these signals and genes are still unknown. Some
authors suggest that the plant defence response plays a
role in its control over the development of the fungal
symbionts (Lambais and Mehdy, 1993, 1996). However,
the formation of AM in transgenic plants constitutively
expressing several of the classical pathogenesis-related
proteins were not affected (Vierheilig et al., 1993, 1995).
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Therefore, the effective function of these plant pathogenic
proteins in AM symbiosis is debatable. The differential
activation of defence genes reflect that some mechanism
exists that regulates the suppression of the defence
response to allow compatible AM fungi to form a
mutualistic symbiotic interaction with the plant. The
local oruand systemic nature of the regulation and
the components of this mechanism of suppression or
attenuation of the defence response are discussed below.

Plant and fungal hydrolases, a key to defence
regulation in AM symbiosis

One possible mechanism to attenuate the plant defence
response in the AM symbiosis might be the degradation
of exogenous elicitor molecules produced by the AM
fungi anduor the prevention of endogenous elicitor release
from the plant cell wall. Theoretically, hydrolytic enzymes
regulate both processes as plant hydrolases could hydro-
lyse fungal elicitor components while fungal enzymes
could hydrolyse plant cell wall components. Data pre-
sented in the literature suggest that such a hypothetical
model of regulation in AM symbiosis by hydrolases could
exist. During AM development the expression of con-
stitutive and mycorrhiza-specific chitinases, chitosanases
and b-1,3-glucanase isoforms (potential hydrolases of
fungal elicitors) are differentially regulated, thereby
pointing toward a central role for these enzymes in AM
formation (Dumas-Gaudot et al., 1992; Dassi et al., 1996;
Pozo et al., 1998; Salzer et al., 2000). Furthermore, the
induction of a plant defence response by an elicitor
released from an extract of extraradical mycelium of
G. intraradices has been observed (Lambais, 2000). In that
work, differences in the induction of the plant response by
extracts of intra and extraradical fungal components were
observed, as the intercellular fluids of AM roots could not
induce a response. As a result, the author suggests that a
factor exists in plants, which is regulated by the level of P,
which is responsible for the breakdown of the fungal
elicitor molecules (Lambais, 2000). However, the factorus
responsible for the attenuation of the elicitor activity were
not identified, although the data suggest that this effect
was not related to chitinase activity in the root. By con-
trast, other authors suggest a similar mechanism for
elicitor degradation and plant defence attenuation in AM
symbiosis that does involve the differential regulation of
chitinase enzymes by the host plant (Salzer et al., 2000;
Salzer and Boller, 2000). These authors proposed that
constitutively expressed plant chitinase, in the early stages,
and the micorrhiza-specific isoform in the later stages,
were the enzymes responsible for elicitor degradation
(Salzer and Boller, 2000).

The prevention of endogenous elicitor formation as
a mechanism that mediated defence regulation should
also be considered. If so, the production of endogenous

elicitors derived from the degradation of the cell wall does
not seem to be an effective mechanism for the induction
of the plant defence response. Evidence supporting this
hypothesis is that mycorrhizal fungi produce very little
plant cell wall degrading enzymes (Garcı́a-Romera et al.,
1991; Garcı́a-Garrido et al., 1992). Furthermore, the cell
wall degrading enzymes produced in mycorrhizal roots
show similar electrophoretic and biochemical character-
istics as plant enzymes produced in non-mycorrhizal roots
(Garcı́a-Romera et al., 1997; Garcı́a-Garrido et al., 1996,
2000). This suggests that the role of fungal enzymes is
only selectively and specifically to break plant cell wall
components for fungal penetration, but not to particip-
ate in an unspecific and unco-ordinated plant cell wall
degradation process, which could produce endogenous
elicitors.

Nevertheless, the intracellular colonization by AM
mycorrhizal fungi creates a new interface compartment
composed of membranes from both partners separated
by apoplastic material containing molecules common to
the plant primary wall, such as cellulose, pectin, xylo-
glucan, and HRGP which are not assembled into a fully
structured wall (Bonfante, 2001). The lytic activity of
plant anduor fungal enzymes over these molecules could
then putatively generate oligo-fragments which could
act as elicitors for a localized defensive response at the
arbuscular level.

Symbiotic genes: common steps in root endosymbioses

Studies of AM symbiosis have revealed similarities
between the processes of AM fungal infection and rhizo-
bial colonization and nodule formation in legume plants.
Several reviews describe the most relevant similarities
at the molecular, cytological and genetic level of both
symbioses (Gianinazzi-Pearson and Dénarié, 1997; Hirsch
and Kapulnik, 1998; Albrecht et al., 1999; Parniske,
2000).

The large collection of nodulation and nitrogen fixation
defective legume mutants allows the possibility of
genetically identifying each step of the development of
both symbioses. A recent review summarizes the current
state of knowledge about the existing collection of MycY

mutants, including information about the genetic loci
affected by mutation and the stage of mycorrhizal
colonization blocked (Marsh and Schultze, 2001).

Four loci (SYM8, SYM9, SYM19, and SYM30) are
known to be involved in the early steps of both
endosymbiotic interactions in pea plants. Cytological
studies have shown that mutations in all of these four
genes block the penetration of the AM fungus at the level
of appressoria formation (MycY mutants) (Balaji et al.,
1994; Gianinazzi-Pearson et al., 1991; Gollotte et al.,
1993). In the interaction with Rhizobium, these mutants
are unable to form infection threads.
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Nodulation-defectiveuMyc– mutants have been reported
in other legumes, such as M. sativa (Bradbury et al.,
1991), Phaseolus vulgaris (Shirtliffe and Vessey, 1996),
M. truncatula (Catoira et al., 2000), and Lotus japonicus
(Wegel et al., 1998). Most of these mutants are character-
ized by a blockage of fungal infection at the rhizodermis
level. Three loci (DMI1, DMI2 and DMI3) were asso-
ciated with the symbiotic mutants of M. truncatula
defective for rhizobia and AM fungi infection (Catoira
et al., 2000). These mutants showed no induction of early
nodulin genes and were affected in Nod factor-induced
root hair branching (Catoira et al., 2000). In L. japonicus,
mutants in loci SYM2, SYM3 and SYM4 were affected
in the early interaction with arbuscular fungi (Wegel et al.,
1998). One of these loci, SYM4, has been proposed to
be necessary for the initiation or co-ordination of a host
programme for the accommodation of the microsymbiont
(Bonfante et al., 2000).

Cytological studies of MycY pea mutants challenged
with AM fungi have revealed that the plant reacts against
the fungus by apposition of material in the cell wall of
epidermal and hypodermal cells adjacent to the invading
hyphae (Gollotte et al., 1993; Gianinazzi-Pearson et al.,
1996). Furthermore, during the early stages of root inter-
actions with G. mosseae and R. leguminosarum bv. viciae
the accumulation of transcripts of defence-related genes
was higher in roots of the MycY pea mutant than in the
wild-type (Ruı́z-Lozano et al., 1999). Interestingly, in one
of these mutants (SYM30), the resistance against AM
fungi and rhizobia correlates to enhanced levels of endo-
genous SA in its roots (Blilou et al., 1999). It is tempting
to speculate that a defence mechanism associated with
cell wall apposition and PR gene expression, mediated
by SA accumulation is responsible for the incompat-
ible interactions between this MycY uNodY mutant and
endosymbiotic micro-organisms.

It is clear that the products of the Sym genes have a
fundamental role in the establishment of the mycorrhizal
and rhizobial symbioses, and that a single mutation could
result in incompatibility and resistance. The finding that
some of the genes important for both symbioses are
necessary for Nod factor perception (Albrecht et al.,
1998; Catoira et al., 2000) suggests that a signal similar
to the Nod factor could also be important in the AM
association. Although this hypothesis has been proposed
by other authors (Albrecht et al., 1998, 1999; Blilou et al.,
1999; Catoira et al., 2000; Vierheilig and Piché, 2002), the
signals by which AMF could activate the symbiotic
programme in the root remain unknown.

Some hypothetical roles could be attributed to the
genes mutated in NodY uMycY plants. First, any of the
genes could participate directly in the Nod factor anduor
Myc factor perception. The mutation of these genes could
lead to the non-recognition of a mutualistic micro-
organism and, subsequently, to the activation of the

plant defence. In this case the elicitation of the plant
defence by Rhizobium and AMF elicitors could cause a
resistance response in the plant. In this regard, evidence
exists that Rhizobium Nod factor is involved in the inhibi-
tion of the SA-mediated defence response in alfalfa roots
(Martı́nez-Abarca et al., 1998).

The function of the products of Sym genes in the signal
transduction pathway after signal perception should also
be considered (Catoira et al., 2000). The disruption by
mutation of some of the steps of the signal transduction
cascade implies that the plant does not perceive a sym-
biotic signal, and thus the resistance response take place.
It is also possible that the Sym genes could play a role in
restricting the plant defence response induced by endo-
symbiotic micro-organisms (Gianianzzi-Pearson, 1996;
Blilou et al., 1999). In this regard, two possible mechan-
isms have been proposed to describe how symbiotic genes
could regulate the plant defence response. Firstly, these
genes could be involved in the production of a negative
regulator of plant defence response. Secondly, the pro-
ducts of the symbiotic genes might induce the production
of specific suppressors of the defence response by
the endosymbiotic micro-organism (Gianinazzi-Pearson,
1996).

Further work and comparative analysis of the plant
defence response at the cytological, physiological and
biochemical levels in plants mutated in different sym-
biotic genes are necessary to place these genes within the
pathway leading to nodulation and mycorrhization. In
this way, it is exciting to investigate if AMF and rhizobia
share a similar mechanism of signal perception, and how
these micro-organisms that differ vastly in their host
specificity could activate similar genes and plant response
in such a wide range of plant species. In this regard, the
use of pea Nod–uMyc– mutant plants in experiments of
calcium quantification in pea root hairs has provided
evidence that calcium spiking may be a common step
to both mycorrhizal and nodulation signalling (Walker
et al., 2000).

Regulation of plant defence response in AM symbiosis
by alterations in the signal transduction pathway

Another possible mechanism to attenuate the plant
defence response could be by blocking components
of the signal transduction pathway that activate this
response. Among these components, salicylic acid and
reactive oxygen species (ROS) have been implicated as
second messengers in AM associations.

Although levels of H2O2 and other ROS have not been
measured in AM roots, indirect evidence exists that
suggests that the levels of H2O2 in mycorrhizal asso-
ciations are increased (Salzer et al., 1999). Alterations in
the pattern of anti-oxidative enzymes, such as catalase
and peroxidase in mycorrhizal roots may indicate that
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oxidative compounds are produced during the coloniza-
tion process (Blilou et al., 2000a; Lambais, 2000). The
increase in catalase and peroxidase activity could be due
to their function as antioxidants for any active oxygen
molecules generated during the initial stages of fungal
penetration. Since H2O2 and other reactive oxygen species
are involved in signal transduction cascades in plant–
pathogen interactions, it is possible that degradation of
H2O2 by catalase in AM could be a possible mechanism
for avoiding the activation of defence response genes. In
bean roots, catalase activity was regulated according to
the infectivity of the AM fungi and the availability of
P (Lambais, 2000). Another example of regulation of
catalase and peroxidase has been shown in bean and
wheat colonized by G. intraradices (Blee and Anderson,
2000). The accumulation of these enzymes in cells con-
taining arbuscules may be due to a localized regulation
of the defence mechanism.

Transient increases in catalase and peroxidase activities
in AM tobacco roots occur at the same time as the
transient enhancement of free SA (Blilou et al., 2000a). In
this way there may be a synergistic relationship between
SA and H2O2 in some plant defence responses (van Camp
et al., 1998). The role and significance of SA in AM
interactions remains unclear. Nevertheless, the findings
that transient increases of SA are detected in tobacco
and rice AM roots (Blilou et al., 2000a, b) and that the
exogenous application of SA to rice roots did not affect
appressoria formation, but did cause a transitory delay of
mycorrhization of root (Blilou et al., 2000b) suggest that
the regulation of defence response in plants against AM
fungi may be through the SA pathway. In fact, during the
early stages of infection, the level of mycorrhization was
higher in NahG tobacco plants (unable to accumulate
free SA) than in wild-type plants (JM Garcı́a-Garrido and
H Vierheilig, unpublished results). These findings suggest
a link between SA accumulation and fungal infectivity in
compatible mycorrhizal associations. Evidence support-
ing this hypothesis has been obtained with NodY uMycY

pea P2 plants, which are resistant to both rhizobia and
AMF colonization. In these studies SA accumulation was
observed both in the roots of wild-type and mutant plants
when associated with rhizobia or AMF. However the
amplitude of SA accumulation was higher in P2 plants
and increased with time, an effect that was not observed
in the roots of the wild-type plants (Blilou et al., 1999).

Regulation of the plant defence response by
hormonal and nutritional imbalances

Alterations in the flux of nutrients and in the levels of
plant hormones could generate cell-signalling pathways
that regulate the plant defence response during AM
development. Evidence for this is provided by the fact
that phosphate levels in the plant are negatively, and

carbohydrate levels are positively correlated with root
colonization by AMF (Jasper et al., 1979; Clarkson,
1985). The exact mechanisms and molecular basis that
could mediate the inhibition of AM colonization by P
remain unknown. One possibility is that defence gene
expression is mediated by a signalling mechanism that
senses the level of P in the root, resulting in an up-
regulation of these genes in plants with high levels of P.
This has been confirmed for catalase (Lambais, 2000),
chitinase and glucanase genes (Lambais and Mehdy,
1998).

Apart from changes in the metabolism of P in mycor-
rhizal plants, changes in the carbohydrate metabolism
also occur. Recently, it was observed that arbusculated
cells are greater sucrose sinks than cortical cells with-
out arbuscules (Vierheilig et al., 2001). This might be due
to the high energetic needs these cells require to sup-
port enhanced metabolism in combination with the
nutrition requirements of the AM fungus. In arbusculated
cells, the enhanced transcription of genes involved in the
catabolism of sucrose was correlated to the enhanced
transcription of defence genes (Blee and Anderson, 1998).
These authors suggest that a sensor system based on the
flux of carbohydrates regulates defence gene expression
in plant cells containing arbuscules (Blee and Anderson,
2000). Furthermore, these authors postulated that an
increase in the flux of sucrose, glucose, and fructose
and the activation of genes associated with the cata-
bolism of sucrose in the cells containing arbuscules
constitute a mechanism responsible for the activation of
defence genes (Blee and Anderson, 2000). Relationships
between sugar regulation and defence gene expression
and activation of the systemic resistance have also been
described by other authors (Herbers et al., 1996). How-
ever, the mechanism that mediates defence regulation by
nutritional factors remain unknown. At least in the
regulation by sugar, some results suggest that the ethylene
signal transduction pathway could be implicated in this
mechanism of defence regulation (Zhou et al., 1998).

It is intriguing that plant hormone levels in mycor-
rhizae are altered, as the ethylene level in AM tobacco
roots is low (Vierheilig et al., 1994) and cytokinin levels
are significantly increased in alfalfa and tobacco AM
roots (van Rhijn et al., 1997; Ginzberg et al., 1998).
Additionally, one study has shown that AMF can pro-
duce plant hormones (Barea and Azcón-Aguilar, 1982).
The significance and role of plant hormones in AM
symbiosis have been reviewed (Beyrle, 1995), but the
exact role of plant hormones in the regulation of gene
expression during the plant–AMF colonization is not
clear. Cytokinins act as suppressive factors of chitinase
activity (Shinshi et al., 1987), and some authors suggest
that elevated levels of cytokinins in mycorrhizal roots
could suppress the induction of some PR-protein genes,
specifically chitinase and glucanase genes (Spanu et al.,
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1989; Shaul et al., 2000). Nevertheless, the effective role of
plant hormones during AM is not clear and it is difficult
to determine if changes in hormone levels in AM
symbiosis are directly implicated in the process of
mycorrhization.

Conclusions and perspectives

The combination of molecular and genetic approaches in
comparative studies of defence-related processes gener-
ated in AM- and pathogen-infected roots, have revealed
that the defence response in plants colonized by AMF is
temporally and spatially regulated. The initial, transient
and weak defence response is continuous with a

prolonged and subtle activation of defence genes in cells
containing arbuscules. The role and significance of the
defence mechanism activated during the AM interaction
remains unclear. Whether the alteration of defence gene
expression has a particular or functional role in the estab-
lishment of the symbiosis, or if it is a consequence of non-
specific activation, should be clarified. An investigation of
the signalling mechanisms underlying the activation and
cross-talk processes that participate in the regulation of
the AM symbiosis (Fig. 1) may contribute to our under-
standing of the formation and functioning of this sym-
biosis, including the repercussions that these mechanisms
could have on the induction of the plant resistance against
pathogens observed in mycorrhizal plants.

Fig. 1. Hypothetical model representing the regulatory mechanisms involved in the plant defence response during the establishment of the AM
symbiosis. The binding of fungal elicitors to plant receptors triggers the activation of the signal transduction pathway leading to defence gene
activation. Numerous events participate in the signal transduction pathway, including generation of reactive oxygen species and increases in SA. The
action of fungal hydrolases on plant cell wall components could also generate endogenous elicitors that contribute to the generation of the signal
transduction chain after elicitor perception. Constitutive anduor inducible plant hydrolases are the enzymes responsible for elicitor degradation and,
consequently, plant defence attenuation. In parallel, the recognition of a putative fungal symbiotic signal by the plant cell leads to the activation of a
specific symbiotic pathway.
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Four genes of Medicago truncatula controlling components
of a Nod factor transduction pathway. The Plant Cell 12,
1647–1665.

Clarkson DT. 1985. Factors affecting mineral nutrient acquisi-
tion in plants. Annual Review of Plant Physiology 36, 77–115.

Dassi B, Dumas-Gaudot E, Asselin A, Richard C, Gianinazzi S.
1996. Chitinase and b-1,3-glucanase isoforms expressed in pea
roots inoculated with arbuscular mycorrhizal or pathogenic
fungi. European Journal of Plant Pathology 102, 105–108.

David R, Itzhaki H, Ginzberg I, Gafni Y, Galili G, Kapulnik Y.
1998. Suppression of tobacco basic chitinase gene expres-
sion in response to colonization by the arbuscular mycor-
rhizal fungus Glomus intraradices. Molecular Plant–Microbe
Interactions 11, 489–497.

Dixon RA, Paiva NL. 1995. Stress-induced phenylpropanoid
metabolism. The Plant Cell 7, 1085–1097.
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