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Abstract

Almost all plants live in interactions with fungi,
where they express different lifestyles ranging
from mutualism (beneficial for both partners)
through commensalism (beneficial for the mi-
crobe, while the host species is neither
positively nor negatively affected) to parasit-
ism (the host is noticeably harmed or deprived
at the expense of the fungus). Mutualism
represents a balanced stage of plant/microbe
interactions. However, depending on the part-
ner combination, the genetic constitutions of
both partners, the developmental stage and
the life-history of the symbiosis, the physio-
logical status of both partners, the colonization
pattern of the host, the ability of the microbe to
produce toxins and of the host to defend them,
the evolutionary status of the symbiosis, envi-
ronmental and habitat-specific conditions and
the stress situation, a mutualistic inter-action
can become unstable and shift towards com-
mensalism or parasitism. Genetic studies with
mycorrhizal and endophytic fungi discovered
genes which are crucial for determining a
beneficial symbiotic stage. Recent progress in
this field is summarized in this review. In addi-
tion, the interaction of the endophytic fungus
Piriformospora indica with Arabidopsis as a
novel model system in this field is introduced.

Introduction

The vast majority of the plants live in symbi-
otic interactions with fungi, where they can
express different lifestyles ranging from mutu-
alism via commensalism to parasitism

(ScHULz and BoYLE 2005; KOGEL et al. 2006;
PAszkowskl 2006; RODRIGUEZ and REDMAN
2008; http://en.wikipedia.org/wiki/symbiosis).
In mutualistic interactions, the fungi confer
fitness benefits to the plants which caninclude
biotic and abiotic stress tolerance, growth en-
hancement, and increased reproductive suc-
cess. Many plants are unable to survive in
their native habitats without beneficial symbi-
onts. The mutualistic lifestyle is also beneficial
for the microbes, because it assures a perma-
nent supply with carbon from the autotrophic
plant and shelter from most biotic stresses.
Arbuscular mycorrhizal fungi are widespread
and form the best studied mutualistic interac-
tions. The mycorrhizal symbiosis is more than
460 million years old and thus represents one
of the evolutionarily oldest beneficial symbio-
ses of plants, which was established when the
land was colonized by the plants (REDECKER
et al. 2000). This required an efficient access
of the plants to nutrients and water in the sail,
a process for which root-associated fungi
were either helpful or necessary. Mutant
analyses have uncovered that the signaling
pathway leading to the establishment of my-
corrhiza shares many components with that
leading to nodulation of legumes by rhizobac-
teria. This demonstrates that the younger
rhizobial symbiosis has evolved from the my-
corrhizal symbiosis (ANE et al. 2004; LEVY et
al. 2004). Arbuscular mycorrhizal interactions
are normally restricted to a few plant species
and rely on the formation of an intimate rela-
tionship between fungi of the Glomeromycota
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and roots of legumes, while fungal endo-
phytes have a broad host range encompass-
ing both monocots and eudicots. Many bene-
fits for the plants known from mycorrhizal in-
teractions have also been described for the
symbiosis with endophytes, such as improved
growth (JUMPPONEN 2001; MUCCIARELLI et al.
2002; ERNST et al. 2003; PESKAN-BERGHOFER
et al. 2004; SHERAMETI et al. 2005, 2008a and
b), the induction of defense metabolites poten-
tially active against pathogens (SCHULZ et al.
1999; MUCCIARELLI et al. 2003; ARNOLD and
HERRE 2003), secretion of phytohormones by
the microbe (HOLLAND 1997; REY et al. 2001;
ROMMERT et al. 2002; TUDZYNSKI and SHARON
2002; SIRRENBERG et al. 2007; VADASSERY et
al. 2008), mobilization of nutrients and water
from the rhizophere (JUMPPONEN and TRAPPE
1998; CADWELL et al. 2000; USuUKI et al. 2002;
SHAHOLLARI et al. 2007), stimulation of dis-
ease resistance (PICARD et al. 2000; BEN-
HAMOU and GARAND 2001), alterations of the
host metabolism (JALLOwW et al. 2004;
SHERAMETI et al. 2005), abiotic stress toler-
ance (BARROW and AALTONEN 2001; BARROW
2003; SHERAMETI et al. 2008a) and protection
against pathogens and insects (SCHULZ et al.
1995; HALLMANN and SIKORA 1996; SCHULZ et
al. 2002; MILLER et al. 2002; SELOSSE et al.
2004; BARAZANI et al. 2005; SEGARRA et al.
2009).

Mutualism is defined as an interaction that
is beneficial for both partners, and - together
with the commensalisms - represents a bal-
anced stage of plant/microbe interactions.
Commensalism provides benefit to the endo-
phyte by enabling an undisturbed existence
and nutrient supply without affecting the host.
In contrast, parasitism is characterised by the
dominance of the microbe, which harms the
plant, by producing various cellulytic and pro-
teolytic enzymes, of toxin, unbalanced growth
hormones, inactivation/suppression of various
plant defense compounds, and might ulti-
mately lead to the death of the plant. These
three types of symbiotic interactions are often
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unstable, depending on the interacting part-
ners, genetic parameters, environmental con-
ditions and in particular nutrient supply or
habitat-specific stress conditions, etc. (KOGEL
et al. 2006; PAsSzkOowsKl 2006; RODRIGUEZ
and REDMAN 2008). Many examples in nature
demonstrate that a mutualistic interaction can
shift to commensalism or even parasitism
when environmental conditions change. This
has been observed for mycorrhizal and endo-
phytic interactions, and several studies dem-
onstrate that mutation of a single gene of ei-
ther plant or fungal origin can change the
stage of the symbiotic interaction from parasit-
ism to mutualism (cf. below). Many signaling
components which are involved in beneficial
plant/fungus interactions are also involved in
antagonistic plant symbioses (PARNISKE 2000).
This raises the question how the appropriate
response patterns are activated in the three
different types of symbioses.

The symbiotic continuum

Analysis of Colletotrichum species have dem-
onstrated that individual isolates can express
either parasitic or mutualistic lifestyles de-
pending on the host genotype, i.e. coloniza-
tion of different hosts by the same fungus can
establish different lifestyles (FREEMAN et al.
2001). Colletotrichum species, which are
known to be virulent pathogens, can form mu-
tualistic symbioses in non-disease hosts and
confer benefits to these plants including dis-
ease resistance, growth enhancement, or
drought tolerance (REDMAN et al. 2001,
2002a, b). C. magna, e.g., causes anthrac-
nose in cucurbit, but exerts an endophytic
lifestyle on various non-cucurbit species. Sev-
eral C. magna mutant isolates can colonise
different cucurbit cultivars which are resistant
to the C. magna wild-type and do not elicit
disease symptoms in these cultivars. They
can establish even mutualistic interactions
with these cultivars and have developed a
broader host range (FREEMAN et al. 1993;
REDMAN et al. 1999a, b). For instance, the
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non-host tomato can be colonized by these
mutualistic C. magna isolates (REDMAN et al.
2001) and they express either mutualistic,
commensalistic or parasitic lifestyles depend-
ing on the tomato cultivars. In most cases, the
genetic basis of the symbiotic communication
is not known, however, the results show that
small differences in the genomes of a fungal
cultivar can determine the mode of interaction.
A non-pathogenic mutant of a virulent C.
magna isolate, obtained after UV mutagene-
sis, can colonize host plants symbiotically
without producing any deleterious symptoms
(FREEMAN and RODRIGUEZ 1993) and the
symbiosis shows all features of a mutualistic
interaction where it confers fitness benefits,
disease and drought resistance and growth
enhancement to the tested host plants. Ge-
netic experiments support the idea that a
switch between the different lifestyles can be
controlled by a single genetic fungal locus.
REDMAN et al. (2002a) proposed that inactiva-
tion of an extracellular serine protease could
be responsible for such a shift. Since a non-
pathogenic C. magna isolate (REDMAN et al.
1999a, b) loses the ability to switch between
lifestyles and forms either mutualistic or com-
mensalistic symbioses, a parasitic symbiosis
for instance, can easily be inactivated, by a
single point mutation in a gene. This shows
that all processes required for the establish-
ment of a beneficial interaction are already
present in such a pathogenic fungal isolate,
but they are apparently masked or not ex-
pressed because of the dominance of the
events leading to a pathogenic interaction.
Obviously, there must be a substantial overlap
in the three different types of symbioses. Simi-
lar results have been observed with other
endophytes. The endophytic genus Epichlog,
for instance, comprises species that express
either mutualistic or parasitic lifestyles
(SCHARDL and LEUCHTMANN 2005; SCHULZ et
al. 1999; ScoTT 2001).

Besides genetic determinants, endophytes
can become also parasites under changing
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environmental conditions. This further sup-
ports the idea that both genetic programs are
present in the fungus and that the expression
pattern leading to one of the lifestyles can be
changed or adjusted. Based on these obser-
vations it has been proposed that host/
microbe interactions range from mutualism
through commensalism to parasitism in a con-
tinuous manner (REDMAN et al. 2001b; CAR-
ROLL 1988; JOHNSON et al. 1997; SAIKKONEN
et al. 1998; ScHuULZ et al. 1999; SCHARDL and
LEUCHTMANN 2005). Many groups of fungal
symbionts contain isolates or species that
span the entire symbiotic continuum and ex-
press all three lifestyles, while others are more
restricted to one of the lifestyles with little
flexibility. Further support for this “symbiotic
continuum” hypothesis comes from evolution:
mutualistic Clavicipitaceous endophytes might
have evolved from pathogenic ancestors
(SCHARDL and LEUCHTMANN 2005). A bal-
anced interaction with the potential for vari-
ability and shifts between the different lifestyle
might be a driving force in evolutionary devel-
opment: a symbiosis can evolve in the direc-
tion of a more specialized mutualism or a
more specialized parasitism (ScHULz and
BOYLE 2005).

As mentioned above, genetic studies have
demonstrated that the type of interaction can
be determined by a single fungal gene (prod-
uct) (MULLER and KRAUs 2005; ScHULZ and
BoYLE 2005). Also plant mutants have been
isolated in which the mutualistic interaction
with mycorrhizal or endophytic fungi is shifted
towards the activation of defense genes (see
below). Thus processes in the plants which
are controlled by a single plant gene product
can also contribute to the decision of the life-
style. Changes in the habitat environment,
stress situations and nutrient limitations are
well characterized factors which can induce a
shift from mutualism to parasitism. This is of-
ten associated with reprogramming of the
plant expression pattern. Quite often, a com-
bination of unfavourable environmental condi-
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tions and unstable genetic backgrounds fa-
vour shifts from mutualistic to parasitic life-
styles. Another important factor is the life-
history of the symbiosis. During early phases
of the interaction of two symbionts, the mi-
crobe is often considered as a foe, presuma-
bly because the benefits for the plants are not
yet established, e.g. by an imbalance of nutri-
ent exchange. During that period, arbuscular
mycorrhizal fungi build up their extraradical
mycelium without providing mineral nutrients
to the plants, and the plant respond to the

microbe by activating a mild defense response.

The same has been observed for endophytic
plant/fungus interactions, as long as the my-
celium has not yet reached a certain size that
allows the plant to recognize the microbe as a
helpful partner. During later stages of the
symbiosis, the interaction can shift to mutual-
ism, e.g. after an arbuscular system has been
established that allows an efficient nutrient

and information exchange among the partners.

This is associated with the down-regulation of
defense responses against the invader.

It is likely that proteins which cause a shift
in the lifestyle are often related to each other
(e.g. defense proteins or signal transduction
components which activate the corresponding
defense genes in response to fungal signals).
The task of the future will be to identify proc-
esses which determine a lifestyle, maintain it
in a stable mode or are responsible for a shift
to another lifestyle. Since Arabidopsis thaliana
is not a host of mycorrhizal fungi, endophytes
interacting with this model system might also
be useful to understand these symbiotic inter-
actions. It remains to be determined whether
the mutualistic interaction established by my-
corrhizal fungi induces the same or similar
signal pathways and responses in plants as
endophytic fungi.

As mentioned above, a mutation in a sin-
gle (fungal or plant) gene can induce a shift in
the lifestyle. If we assume that the three ge-
netic programs for mutualistic, commensalistic
and parasitic lifestyles are established in the
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symbiontic interactions, the role of the individ-
ual genes which determine the lifestyle need
to be defined. A shift from parasitism to mutu-
alism can easily be explained by the loss of a
fungal gene function (e.g. for a virulence fac-
tor) which causes toxic effects in the plant. A
similar shift in the lifestyle can be achieved by
a plant mutation which leads to resistance
against pathogens. A shift from mutualism to
parasitism is probably more difficult to explain.
Recent studies have demonstrated that the
degree of root colonization is a crucial pa-
rameter (e.g. TANAKA et al. 2006; SHERAMETI
et al. 2008b). In a mutualistic interaction, the
host restricts root colonization by a mild acti-
vation of defense responses against the in-
vader. (Partial) inactivation of this defense
machinery allows the microbe to grow faster
and eventually to overcolonize the host, which
in turn results in stimulation of the defense
responses by the plant against the invader.
Recently, it was shown that the fungus itself
can also restrict its own growth in the host, for
instance by the production of reactive-oxygen
species (ROS, TANAKA et al. 2006; see below).

A suitable model system to study a shift
from a mutualistic to a less beneficial lifestyle
might be the interaction between the Pirifor-
mospora indica and A. thaliana. P. indica, a
basidiomycete of the Sebacinaceae family,
interacts with many plant species including
Arabidopsis. Like other members of the Seba-
cinaceae, P. indica colonizes the roots, grows
inter- and intracellularly and forms pear-
shaped spores which accumulate in the roots
as well as on the root surface. The endophyte
promotes nutrient uptake, allows plants to
survive under water and salt stress, confers
resistance to toxins, heavy metal ions and
pathogenic organisms and stimulates growth
and seed production (cf. VERMA et al. 1998;
VARMA et al. 1999, 2001; SAHAY and VARMA
1999; OELMULLER et al. 2004, 2005; PHAM et
al. 2004; PESKAN-BERGHOFER et al. 2004;
SHAHOLLARI et al. 2005, 2007; SHERAMET! et
al. 2005; WALLER et al. 2005; VARMA and
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OELMULLER 2007; OELMULLER et al. 2009). P.
indica is a cultivable fungus and can grow on
synthetic media without a host (VARMA et al.
2001; PESKAN-BERGHOFER et al. 2004). The
host range includes trees, agri-, horticultural
and medicinal plants, mono- and dicots and
mosses (VARMA et al. 2001; GLEN et al. 2002;
PESKAN-BERGHOFER et al. 2004; WEIR et al.
2004; BARAZANI et al. 2005; SHAHOLLARI et al.
2005, 2007; SHERAMETI et al. 2005; WALLER et
al. 2005) suggesting that the interaction is
based on general recognition and signalling
processes.

We have isolated Arabidopsis mutants
which do not respond to P. indica with regard
to growth promotion, the expression of P. in-
dica-specific marker genes in the roots and
shoots, the modification of plasma membrane
associated marker proteins, resistance to
abiotic and biotic stresses, seed yield, etc.
Interestingly, the ethyl-methane sulfonate-
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induced point mutants can be put into three
classes: P. indica-insensitive (pii) mutants, i.e.
mutants which grow like uncolonized wild-type
mutants in the presence of the fungus; P. in-
dica-repressed (pir) mutants, i.e. mutants
which grow slower in the presence of the fun-
gus and produces less seeds compared to the
uncolonized pir plants; and P. indica-retarded
(pit) mutants, which are retarded in their re-
sponse to the fungus (Figure 1). The second
group of mutants clearly demonstrate that
single gene mutations can result in a shift
from a mutualistic interaction to an interaction
in which the fungus inhibits rather than pro-
motes growth and in which several P. indica-
induced processes do no longer occur. The
identification of the mutated genes will help to
understand which plant proteins are required
to maintain the interaction between the two
symbionts in a mutualistic state.

Figure 1: Arabidopsis plants on soil which were either co-cultivated with P. indica (+) or mock-treated (-).
The figure shows wild-type plant (WT) and mutants (pii, pir, pit), as described in the text.
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Beneficial and pathogenic interactions
have many things in common

1. Host recognition

Strigolactones are molecules from plants that
induce branching of the hyphae of mycorrhizal
fungi (AKIYAMA et al. 2005) and thus function
as host-recognition compounds. Strigolac-
tones also stimulate seed germination of
parasitic plants, such as the parasitic weeds
Striga (BIDARTONDO et al. 2002) and Oro-
banche. The mycorrhizal fungi and the para-
sitic plants produce very small seeds, which
barely contain storage material for the survival
after germination. It is important for them to
recognize the presence of a host plant in their
environment which they can rapidly colonized
to gain access to a carbon source (BIDAR-
TONDO et al. 2002). Thus, it has been postu-
lated that perception of strigolactones by my-
corrhizal fungi induces a metabolic switch
(BECARD et al. 2004; TAMASLOUKHT et al.
2003). This example demonstrates that similar
or even the same molecules released by the
host can play a role in beneficial and patho-
genic interactions. This is not surprising be-
cause efficient recognition of a near-by root is
common in both interactions.

2. Appressoria formation and penetration

Most of plant/microbe interactions have also in
common that the microbes form appressoria
on the root surface and haustoria after the
penetration into the eukaryotic cell. The basic
mechanisms for these processes are con-
served in beneficial and pathogenic interac-
tions. Therefore, the actin cytoskeleton and its
reorganisation in response to a fungal contact
play important roles and are very similar
among parasites and mutualists. Several
groups have shown that the plant cells organ-
izes networks of microfilaments around fungal
feeding structures (TAKEMOTO and HARDHAM
2004; GENRE and BONFANTE 2002; OPALSKI et
al. 2005; VENUS et al., in preparation). Cy-
toskeleton structures control the establish-
ment of any kind of symbiotic interactions, in
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particular during the entry process of the fun-
gal hyphae into the plant cell (PERFECT and
GREEN 2001; MENDGEN and HAHN 2002;
DITENGOU et al. 2003; STRACK et al. 2003;
GENRE et al. 2005; KwWON et al. 2008). The
infection process that leads to compatible in-
teractions between plants and biotrophic
pathogens is similar to the development of an
arbuscular mycorrhizal symbiosis. It starts
with the adhesion of the spore to the cell sur-
face, the formation of appressoria and the
initiation of the penetration process (LIPKA and
PANSTRUGA 2005). The haustoria formation
and the establishment of the perihaustorial
interface of pathogens and of beneficial fungi
share many morphological similarities (PAR-
NISKE 2000). Recently, a fungal-induced pre-
penetration apparatus consisting of cytoskele-
ton and endoplasmic reticulum was discov-
ered in Medicago truncatula, which builds a
cytoplasm bridge for plasma membrane in-
vagination and subsequent fungal invasion
(GENRE et al. 2005, reviewed in KOGEL et al.
2005; PAaszkowsKI 2006). Upon appressorium
formation and prior to fungal ingress, the nu-
cleus becomes repositioned next to the ap-
pressorium. During this migration process
through the cell, the nucleus produces a hol-
low column through which the fungal hyphae
trespasses the rhizodermal cell after penetra-
tion. Cytoskeleton re-arrangements and nu-
clear movement have been observed in com-
patible and incompatible interactions and in
cells after infection with beneficial fungi, and
this leads to the establishment of cell polariza-
tion (HEATH et al. 1997; SKALAMERA and
HEALTH 1998; SCHMELZER 2002). By contrast,
a symbiosis-defective mutant of Lotus japoni-
cus shows incompatible cytoskeleton reor-
ganization and cell death when confronted
with the Gigaspora margarita (GENRE and
BONFANTE 2002).

3. Receptors and events at the plasma
membrane
Cell wall penetration of beneficial and patho-
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genic microbes is accompanied by the release
of plant-derived molecules. Hence, endo-
phytes must avoid or overcome non-specific
resistance responses to achieve successful
penetration by reprogramming the invaded
cell to accommodate infection structures and
to maintain host cell integrity for a long-lasting
interaction (PASzKowskl 2006). Accommoda-
tion requires sophisticated recognition of the
endophyte as a friendly intruder; for my-
corrhiza, this recognition is realized by host
receptor-kinase-mediated transmembrane
signalling (STRACKE et al. 2002). Receptor-
kinase-mediated recognition is also involved
in non-specific recognition of pathogens
(ZIPFEL and FELIX 2005; PAszkowskl 2006).
Thus, the similarity of recognition of endo-
phytes and parasites by plants indicates that a
potential common basis might have been
specified during the evolution of symbioses.
Recognition of Pathogen or Microbe Asso-
ciated Molecular Patterns (PAMPs and
MAMPs) at the plant cell surface occurs
through several classes of receptor(s)
(kinases) which are highly conserved among
eukaryotes (NURNBERGER 1994; NURNBERGER
and KEMMERLING 2006). The signal transduc-
tion in microbial/rhizobial interactions is initi-
ated by two receptor-like kinases, NOD-
FACTOR RECEPTOR1 (NFR1) and NFR5,
with LysM domains, which perceive the Nod-
factor released by rhizobacteria at the root
plasma membrane (MADSEN et al. 2003;
RADUTOIU et al. 2003). An equivalent receptor-
like kinase is presumed to exist for the recog-
nition of a mycorrhizal signal. DOES not
MAKE INFECTIONS (DMI) 2/SYMBIOSIS
RECEPTOR-LIKE KINASE (SYMRK) is an
additional receptor-like kinase, with three leu-
cine-rich repeat domains that is a component
of the common symbiotic pathway (ENDRE et
al. 2002; LIMPENS et al. 2003). Similarly, signal
transduction induced by pathogenic microor-
ganisms activates basal defense mechanisms
in plants to potential pathogens through re-
ceptor-mediated recognition of PAMPs/
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MAMPs and downstream signalling to activa-
tion of innate immunity responses. During
compatible interactions, pathogens possess
effector(s)/virulence molecule(s) that sup-
presses the PAMP-induced responses, thus
overcoming the basal resistance and are able
to infect the plant (ESPINOSA et al. 2003; HE et
al. 2006; Kim et al. 2005). Whether such
mechanisms also exist in beneficial plant/
microbe interactions, is unclear. Pep13, a 13-
amino-acid motif from an oomycete transglu-
taminase, elicits defense responses in parsley
and potato and exhibits all the features re-
quired for the classification as a PAMP
(BRUNNER et al. 2002). Pep13 is perceived by
a ~100 kDa plasma-membrane-localized re-
ceptor protein in parsley (NURNBERGER et al.
1995). Similar recognition events have been
reported for other systems, for example the
cyptogein-tobacco (GARCIA-BRUGGER et al.
2006), the R-heptaglucan-soybean (EBEL
1998) or the flg22-Arabidopsis (ZIPFEL et al.
2004) systems. For the last system, the flg22
receptor, FLS2, has been cloned (GOMEz-
GOMEZ and BOLLER 2000). Taken together, in
spite of the specificity of the individual recep-
tors or receptor combinations for a given cell
response, the basic mechanism of recognition
follows the same principles in mutualistic and
pathogenic interactions.

A similar recognition process has been
proposed for P. indica and Arabidopsis. Two
leucine-rich repeat proteins, the atypical re-
ceptor kinase LRR1 and a small LRR2 protein,
which are located in lipid rafts/plasma mem-
brane microdomains of the roots, maybe re-
quired for the interaction (SHAHOLLARI et al.
2005, 2007). Inactivation of LRR2 completely
prevents the beneficial interaction and the
LRR1 mRNA is transiently up-regulated in
response to P. indica. The integrity of lipid
rafts appears to be crucial for the interaction,
since partial inactivation of a sphingosine
kinase, which is required for the biosynthesis
of sphinolipids found in plasma membrane
microdomains, also affects the Arabidopsis/P.
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indica interaction (SHAHOLLARI et al. 2005,
2007). Lipid rafts also play important roles in
pathogenic plant/microbe interactions (BHAT et
al. 2005; ZAPPEL and PANSTRUGA 2008). It is
also likely that P. indica releases a factor(s)
that induces the cellular responses in the host
root. This is based on the observations that P.
indica-inducible genes are up-regulated in
Arabidopsis roots before the colonization oc-
curs, and that culture filtrates and extracts
from the fungal cell wall promotes growth
(VADASSERY et al. 2009a). The fastest re-
sponse that has been observed so far, is the
modification of a plasma-membrane associ-
ated meprin and TRAF-C homology (MATH)
protein, which does not occur in Arabidopsis
mutants, which do not interact with the fungus
(PESKAN-BERGHOFER et al. 2004; OELMULLER
et al. 2005; SHAHOLLARI et al. 2007). The role
of MATH proteins in plant/microbe interactions
is unknown at present. They are located at the
extracellular site of the plasma membrane and
might be involved in binding signalling mole-
cules from microbes (Drzewiecki et al., in
preparation).

The similarities between the different re-
sponse patterns of plants to beneficial or
pathogenic microbes are further supported by
the observation that the Lotus japonicus
SYMRK pathway required for both arbuscular
mycorrhizal and the nitrogen-fixing symbiosis
with rhizobia (STRACKE et al. 2002) is also
involved in early stages of infection of roots by
root-knot nematodes (WEERASINGHE et al.
2005). Similar to beneficial and pathogenic
fungi, the nematodes enter the root cells by
mechanical penetration, and they grow inter-
cellularly. During the pre-symbiotic phase, wild
type, but not symrk root-hairs respond to
nematode-released signals by enhanced
branching. Since perception of signals from
beneficial fungi, rhizobia and nematodes
share the same receptor/signaling compo-
nents, not only rhizobacteria, but also other
microbes with similar penetration mechanisms
take advantage of already established recog-
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nition/signaling pathways (WEERASINGHE et al.
2005). Nematodes have a large host range
including Arabidopsis. Thus, analogous pro-
teins/signaling pathways can be involved in
multiple plant/microbe interactions in different
species.

4. Ca*
A central player downstream of receptor acti-
vation in beneficial and pathogenic plant/
microbe interactions is Ca®". In mycorrhizal
interactions, the phosphorylation cascade at
the plasma membrane induces Ca?* changes
in the cytoplasm and nucleus. This probably
involves a secondary messenger that might
be the product of phospholipases C and D.
These phospholipases could be regulated by
phosphorylation and the activity of the cation
channel formed by DMI1/POLLUX and CAS-
TOR (ANE et al. 2004; IMAIZUMI-ANRAKU et al.
2005). The Ca®" spikes in the nucleoplasm
and nuclear-associated cytoplasm activate a
Ca?*/calmodulin-dependent kinase (CCaMK),
which is located in the nucleus (MITRA et al.
2004; LEVY et al. 2004; KALO et al. 2005). This
Ca?-activated kinase regulates nodulation-
induced gene expression via the transcrip-
tional regulators NSP1 and NSP2 (KALO et al.
2005; SMIT et al. 2005), GRAS proteins as
well as ERN, an ERF transcription factor.
Thus, Ca®* signaling starts at the plasma
membrane and might end in the nucleus with
the activation of specific transcription factors.
The involvement of Ca?* spiking and
Ca?*/calmodulin-dependent protein kina-ses in
beneficial plant/microbe interactions appear to
be a general phenomenon (LEVY et al. 2004;
PARNISKE 2004; IMAIZUMI-ANRAKU et al. 2005;
IVASHUTA et al. 2005; VADASSERY et al. 2009a).
IVASHUTA et al. (2005) used RNA-interference-
mediated knockdown of CDPK1 in Medicago
and demonstrated that the plants have defects
in root development and do not from my-
corrhiza. Their actin skeleton is disrupted and
defense genes become activated.

The signal events leading to defense-
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related gene activation and phytoalexin accu-
mulation in pathogenic interactions consists
also of ion fluxes at the plasma membrane
(H*/Ca®" influxes, K'/CI" effluxes) and a phos-
pholipase-C-mediated phosphatidic acid ac-
cumulation (Dierk Scheel, unpublished). Al-
though these processes resemble each other,
increase in cytoplasmic Ca®** constitutes a
signal pathway that is conserved to a variety
of processes including pathogenic interactions
(RUDD and FRANKLIN-TONG 1999), but must
also differ substantially from the pathway
which leads to mutualistic interactions. The
specificity of this universal second messenger
may lie in the magnitude, frequency and dura-
tion - the so-called Ca?* signature (TREWAVAS
1999). Another important parameter is the
subcellular localisation of Ca?* that is released
in response to different stimuli in the cell. In
the case of the pathogenic parsley system,
the Ca®" response consists of a rapid peak
followed by a lower but sustained plateau of
elevated cytoplasmic Ca? and it is the sus-
tained plateau of this biphasic signature that is
required for the downstream defense reac-
tions (BLUME et al. 2000).

Ca?* signaling is also an early event in the
P. indica/Arabidopsis interaction. A cell wall
extract from the fungus promotes growth of
wild-type seedlings, but not of seedlings from
P. indica-insensitive mutants (Figure 1). The
extract and the fungus also induce a similar
set of genes in Arabidopsis roots, among
them genes with Ca?* signalling-related func-
tions. The cell wall extract induces a transient
cytosolic Ca®* ([Ca®'].,) elevation in the roots
of Arabidopsis and tobacco plants, as well as
in tobacco BY-2 suspension cultures express-

ing the Ca?* bioluminescent indicator aequorin.

Nuclear Ca®" transients were also observed in
tobacco BY-2 cells. The Ca* response was
more pronounced in roots than in shoots and
involved Ca?* uptake from the extracellular
space as revealed by inhibitor studies. Inhibi-
tion of the Ca®" response by staurosporine and
the refractory nature of the Ca** elevation
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suggest that a receptor may be involved. The
cell wall extract does not stimulate H,O, pro-
duction and the activation of defense gene
expression, although it led to phosphorylation
of mitogen-activating protein kinases (MAPKs)
in a Ca**-dependent manner. The involvement
of MAPKG6 in the mutualistic interaction was
shown for an mpk®6 line, which did not respond
to P. indica. Thus, Ca?*is likely to be an early
signalling component in the mutualistic inter-
action between P. indica and Arabidopsis or
tobacco. Identification of the active compound
in the cell wall extract of the fungus and of the
responsive receptor in the plasma membrane
of the root will be first step to understand,
whether Ca?* triggers defense responses in
the beneficial system, or whether this is a
novel Ca®"-dependent pathway that leads to
the beneficial interaction (VADASSERY et al.
2009a). It is unlikely that Ca** activates a my-
corrhiza-type pathway in Arabidopsis, since
the major signaling components are not pre-
sent.

5. Signaling, kinases

A novel defense pathway in pathogenic
plant/pathogen interactions includes the
kinase PDK1/OXI1/PTI1/MAPK3/6. Interest-
ingly, PDK1, OXI1, MAPK3 and in particular
MAPKG are also involved in the beneficial in-
teraction between P. indica and Arabidopsis
(cf. chapter: Defense responses in beneficial
plant/microbe interactions).

6. Gene expression pattern

RNA profiling was performed for rice seed-
lings exposed to mutualistic (Glomus intra-
radices) and pathogenic (Magnaporthe grisea,
a hemibiotroph, and Fusarium moniliforme, a
necrotroph) fungi (GUIMIL et al. 2005). This
uncovered that 43% of the genes that respond
to mycorrhizal fungi, also respond to the two
pathogenic fungi. The initial root infection pat-
tern of M. grisea resembles that of arbuscular
mycorrhizal fungi, while the pathogenic fungus
F. moniliforme follows another strategy,
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mainly by disrupting the root cells. Twice as
many genes responded similarly to the
biotroph and the hemi-biotroph compared to
the necrotroph. This suggests that the over-
lapping genes are mainly involved in control-
ling the invasion process in rice (GUIMIL et al.
2005).

Defense responses in beneficial plant/
microbe interactions

Initial infestation of roots by mycorrhizal fungi
or endophytes is accompanied by a sophisti-
cated balance between the defense re-
sponses of the plant and the nutrient demands
of the endophytes. However, also during later
stages, defense genes can be activated, in
particular under stress or unfavourable condi-
tions for the plants. In general, it appears that
defense genes become activated in estab-
lished mutualistic interactions when the bal-
ance between the responses of the partners is
disturbed and the microbes become dominant,
e.g. because the hosts are weakened due to
external conditions (nutrient limitations, biotic
or abiotic stress), metabolic inconsistencies,
genetic deficiencies or senescence. The role
of defense gene activation is unknown; it may
play a role in the maintenance of a stable
status of the association or control fungal
growth. How these defenses affect the func-
tioning and development of the symbiosis is
also unclear. The best studied systems are
again mycorrhizal interactions, where most
defense genes are up-regulated during the
early stages of infestation (GARCIA-GARRIDO
and OCAMPO 2002) and during arbuscule de-
velopment (GRUNWALD et al. 2004). Arbuscule
formation within the plant cell is particularly
interesting since the entire development oc-
curs within a few days. It is likely that the dif-
ferent stages (establishment of the arbuscular
structure, fully developed and functional ar-
buscule, and degradation) are accompanied
by substantial changes in the expression pat-
tern of the host’s genes. This also includes
defense responses.
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Compared to pathogenic interaction, de-
fense gene activation in mutualistic interac-
tions is normally low, only transient and/or
restricted to certain developmental periods.
The induction of defense responses may be
caused through similar signaling processes
known from plant—pathogen interactions. SAL-
ZER and BOLLER (2000) suggest that my-
corrhizal fungi can secrete chitin elicitors,
which are similar to those from pathogens. A
MAMP from the mycelium of the root-
colonizing Glomus intraradices induces phy-
toalexin synthesis in soybean cotyledons
(LAMBAIS 2000). In Medicago truncatula chal-
cone synthase expression is activated during
early phases of the contact of the roots with M.
truncatula. This gene codes for the first en-
zyme of the flavonoid and glucosinolate bio-
synthesis pathway (BONANOMI et al. 2001).
Furthermore, weak hypersensitive-like re-
sponses become activated in mutualistic in-
teractions, e.g. in incompatible interactions
between mycorrhizal fungi and non-host plants
or mycorrhizal mutants exposed to mycorrhi-
zal fungi (ALLEN et al. 1989). A local oxidative
burst was observed at the penetration sites of
fungal hyphae from G. intraradices into M.
truncatula root cells (SALZER et al. 1999). In
general, activation of defense responses,
such as the deposition of callose, the synthe-
sis of PR-1 proteins or phenolic compounds,
are typical when mycorrhiza mutants are ex-
posed to mycorrhizal fungi (GOLLOTTE et al.
1993). Moreover, several reports demonstrate
that cell necrosis and cell death occur also in
mutualistic interactions, e.g. at the infection
site of Gigaspora margarita on Medicago sa-
tiva roots (Doups et al. 1998). A detailed
analysis confirmed the importance of cell-
death strategies also for the beneficial fungus
P. indica: The root tip meristem of colonized
barley plants showed no colonization, and the
elongation zone showed mainly intercellular
colonization. In contrast, the differentiation
zone was heavily infested by inter- and intra-
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cellular hyphae and intracellular chlamy-
dospores. The majority of hyphae were pre-
sent in dead rhizodermal and cortical cells that

became completely filled with chlamydospores.

In some cases, hyphae penetrated cells and
built a meshwork around plasmolyzed proto-
plasts, suggesting that the fungus either ac-
tively kills cells or senses cells undergoing
endogenous programmed cell death. Fungal
proliferation was strongly inhibited in trans-
genic barley over-expressing the BAX inhibi-
tor-1, an inhibitor of plant cell death, which
shows that P. indica requires host cell death
for proliferation in differentiated barley roots.
DESHMUKH et al. (2006) suggest that the
endophyte interfers with the host cell death
program to form a mutualistic interaction with
plants.

Based on those observations it is likely
that beneficial fungi release MAMPs which
induce the same signal pathways leading to
defense as pathogenic fungi. During the first
contact of mycorrhizal fungi with tobacco, on-
ion and bean root cells, and during appres-
soria formation and fungal penetrationinto the
root cells, transient increases in catalase and
peroxidase activities were observed (BLILOU et
al. 2000a; SPANU and BONFANTE-FASOLO
1988; LAMBAIS 2000). In tobacco, this increase
was accompanied by the accumulation of sali-
cylic acid (SA) (BLILoU et al. 2000a). In the
rice/Glomus mosseae interaction, expression
of genes for the lipid transfer protein and for
phenylalanine ammonia-lyase was also ac-
companied by higher SA levels (BLILOU et al.
2000b). This suggests that SA fulfils a similar
function in activating defense responses in
beneficial and pathogenic plant/microbe inter-
actions.

In fully established beneficial interactions,
defense gene expression is often low or at the
detection limit. This has been shown for indi-
vidual genes and, more generally, by tran-
scriptome analyses. Monitoring the complete
rice genome in fully established mycorrhizal
symbiosis uncovered no or only low levels of
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defense gene expression. Arabidopsis mi-
croarray analyses for roots colonized by the
endophytic fungus P. indica demonstrate that
defense genes are not activated as long as
the mutualistic interaction is not disturbed
(OELMULLER, unpublished). Many studies on
mycorrhizal and endophytic symbioses have
shown that defense processes become
weakly induced during early stages of the
symbiosis and are subsequently down-
regulated as development of the symbioses
progresses (HARRISON 2005).

If the induction of defense gene expression
is caused by a fungal MAMP and the activa-
tion of a signal transduction pathway which is
similar or identical to that of pathogenic fungi,
the weak and transient character of the de-
fense response could have several reasons:
beneficial fungi could produce only low
amounts of the MAMPs, they could produce
MAMPs which are less effective in binding to
plant receptors compared to those of patho-
genic fungi, fungal MAMPs could become in-
activated or even degraded by plant enzymes,
such as proteases, or the signaling in the
plant cells could be actively repressed by
other factors from either fungal or plant origin
(see below). This raises also another impor-
tant question: is the absence of plant defense
during later phases of the symbiosis caused
by an active suppression or by the avoidance
of defense induction. It has been postulated
for mycorrhizal symbiosis that a suppression
mechanism becomes activated during the
formation of haustoria (HARRISON 2005).
However, the absence of host defense re-
sponses in plant interactions that do not in-
clude the formation of haustoria, such as that
between grasses and Epichloé endophytes
(ScoTT 2001), suggests that also haustoria-
independent mechanisms must exist (GARCIA-
GARRIDO and OcAMPO 2002). Furthermore,
whether the suppression of defense proc-
esses is fungus-mediated or plant-induced
needs to be determined. A possible scenario
could be that a MAMP-induced defense re-
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sponse is down-regulated during later phases
fungus-derived effector molecules which inter-
fere with specific plant signal transduction
components activating defense gene expres-
sion (OELMULLER et al. 2009). However, the
existence of such a scenario has not yet been
shown for any beneficial plant/microbe inter-
action system.

1. Radical oxygen species (ROS)

All roots produce H,O,, since it is required for
root elongation growth (KwAK et al. 2003;
LiszKAY et al. 2004). A. thaliana rhd2 (root hair
defective) mutants are defective in Ca®* up-
take and cell expansion. These mutants also
have short root hairs and stunted roots. Rhd2
encodes an NADPH oxidase, a protein that
transfers electrons from NADPH to an elec-
tron acceptor leading to the formation of ROS.
ROS accumulate in growing root hairs and
their levels are markedly decreased in rhd2
mutants. Blocking the activity of the NADPH
oxidase with diphenylene iodonium also inhib-
its ROS formation. Treatment of rhd2 roots
with ROS partly suppresses the mutant phe-
notype and stimulates the activity of plasma
membrane localized Ca%* channels, which are
required for root hair growth. This indicates
that NADPH oxidases control root develop-
ment by producing ROS that regulate plant
cell expansion through the activation of Ca*
channels (FOREMAN et al. 2003).

Thus, it is difficult to define a specific role
of ROS in beneficial plant/microbe interac-
tions, although it has been shown that ROS
accumulate in mycorrhizal interactions (SAL-
ZER et al. 1999; GUIMIL et al. 2005; HOHNJEC
et al. 2005; FESTER and HAUSE 2005; BAP-
TISTA et al. 2007; ScoTT and EATON 2008).
SALZER et al. (1999) demonstrated H,O, pro-
duction in arbuscular mycorrhizal symbiosis
by diaminobenzidine staining. HAUSE and
FESTER (2005) proposed that at least two
phenomena specific to arbuscular mycorrhizal
roots might be connected to the accumulation
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of H,O,: the induction of carotenoid biosyn-
thesis (STRACK et al. 2003), which is induced
by ROS during chromoplast differentiation in
Capsicum annuum (BOUVIER et al. 1998), and
bioprotection (DUMAS-GAUDOT et al. 2000;
LINDERMAN 2000). H,O, generated by a fungal
superoxide dismutase or various other anti-
oxidative enzymes might also contribute to the
beneficial interaction, as known for arbuscule
formation (LANFRANCO et al. 2005; ARINES et
al. 1994; BLILOU et al. 2000a; LAMBAIS et al.
2003). An isolate of Paxillus involutus form
ectomycorrhizal symbiosis with hybrid poplar
and displayed strong H,O, accumulation in the
outer hyphal mantle. GAFUR et al. (2004) sug-
gests that H,O, might regulate growth of the
host's roots, activate defense against other
invading microbes, or increases plant-innate
immunity. Interestingly, during a comparative
transcriptome analyse of rice roots infected
with Glomus interradices and two pathogenic
fungi, 12 genes were identified which are spe-
cifically up-regulated in response to mycorrhi-
zal fungi, and thus they were considered as
marker genes. Among them were genes for
H,O, producing and scavenging enzymes
(GUIMIL et al. 2005).

It is long known that arbuscule-containing
cells have specific cytoskeletal structures and
accumulate ROS during the establishment of
these structures. Once an endophyte has en-
tered a plant cell, cellular integrity has to be
maintained for the period of interaction. The
plant cell reacts to fungal invasions by ROS
production which can lead to a subsequent
hypersensitive cell death reaction, if the fun-
gus is aggressive and its growth can no longer
be controlled by the host. It is conceivable that
similar scenarios occur also after the infection
of a root cell by a beneficial fungus. Again,
which signaling events ultimately prevent a
hypersensitive response, remains unknown. A
recently detected fungal H,O, generation that
is mediated by superoxide dismutase in ar-
buscules could be involved either in removing
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the superoxide anion or in provoking an anti-
oxidative plant response to H,O, (LANFRANCO
et al. 2005).

A switch from mutualism to parasitism oc-
curs by a mutation in a single microbial gene
in the mutualistic interaction of the clavicipita-
ceous fungal endophyte Epichloé festucae
with its ryegrass host Lolium perenne. Mo-
lecular analysis of a fungal mutant uncovered
a plasmid insertion into the NoxA gene, which
encodes an NADPH oxidase. Plants that were
inoculated with the noxA mutant became
strongly infected, lost apical dominance, be-
came severely stunted, showed precocious
senescence, and eventually died. Cytochemi-
cal analysis proved that production of ROS
was reduced in the mutant. TANAKA et al.
(2006) suggest a symbiosis mechanism in
which ROS production by the E. festucae
NoxA in planta negatively regulates fungal
development and hyphal tip growth, thereby
preventing excessive colonization of the plant
tissue. Also in rhizobial interactions, the ROS
levels increase during the early and late
phases (MATAMOROS et al. 2003). During early
phases, ROS accumulation is modulated by
Nod factors (RAMU et al. 2002; SHAwW and
LONG 2003). Whether this is required for nod-
ule formation or a site-effect leading to an oxi-
dative burst that has a similar function as de-
scribed for the infection process by patho-
genic bacteria (SANTOS et al. 2001) is not
known. Accumulation of ROS during later
phases might be associated with nodule se-
nescence (PUPPO et al. 2005).

ROS synthesized by plants play an impor-
tant role in pathogenic plant/microbe interac-
tions (BORDEN and HIGGINS 2002; TORRES et
al. 2002, 2005; HUCKELHOVEN and KOGEL
2003). It is produced during the oxidative
burst, one of the first responses to pathogen
attack, and the amount of H,O, during oxida-
tive burst is much higher than the levels re-
quired for root development. Furthermore,
while ROS produced for root growth accumu-
lates mainly at the root hair tips, the patho-
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genic response is characterized by a fast and
massive accumulation of H,O, in and around
the infected roots cells. Pathogen-induced
ROS production might have two main func-
tions: H,O, can stimulate cross-linking proc-
esses in the cell wall and thus contribute to
the induced defense response against the
invader, and it might function as a signaling
molecule within and between the cells.
Whether this is also true for beneficial interac-
tions, albeit at much lower levels, is unknown.
It is conceivable that a beneficial fungus in-
duces similar defense processes via a mild
oxidative burst as long as the plant does not
yet recognized the microbe as a friend. In any
case, an efficient control of the amount of
H,O, in the roots might be crucial for the es-
tablishment of a beneficial interaction, in order
to avoid an oxidative burst. Very little is known
about these processes. In the future, bio-
chemical or genetic evidence will unravel the
molecular mechanisms that control ROS pro-
duction in beneficial interactions. The interac-
tion of endophytes with Arabidopsis might
contribute to these studies. Obvious questions
are: How do endophytes interact with the rhd2
mutant or other mutants defective in ROS
production? Is ROS production necessary for
the beneficial interaction, or the restriction of
the growth of the endophyte in the host root?
What is the role of the mild hypersensitive
response? Is a shift from a mutualistic to a
parasitic lifestyle accompanied by an increase
in ROS production?

2. PDK1/OXI1/PTI1-2/IMAPK defense path-
way

OXI1 is a serine/threonine kinase necessary
for oxidative burst-mediated signalling in
Arabidopsis roots (ANTHONY et al. 2004; REN-
TEL et al. 2004). The enzyme is a member of
the AGC protein kinase family and was origi-
nally identified because its expression was
induced by H,O; in vivo (RENTEL et al. 2004).
OXI1 is required for full activation of MAPK3
and MAPKG6 after treatment with ROS or elici-
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tors and for different ROS-mediated proc-
esses including basal resistance to Perono-
spora parasitica infection and root hair growth
(RENTEL et al. 2004). Besides ROS, OXI1 is
also activated by the phospholipid-binding
kinase PDK1 (Anthony et al. 2004). The active
OXI1 phosphorylates and thus activates the
downstream serine/threonine kinase PTI1-2 in
response to ROS and phospholipid signals
(ANTHONY et al. 2006), and many of these
signals derive from microbial pathogens or
elicitors, such as cell wall fragments or spe-
cific protein factors released by pathogens
(VAN DER LUIT et al. 2000; YAMAGUCHI et al.
2005).

PDK1 and OXI1 control the colonization of
Arabidopsis roots by P. indica (CAMEHL et al.,
in preparation) and this is crucial for the mutu-
alistic interaction and the repression of de-
fense responses against the fungus. Further-
more, MAPK6 becomes phosphorylated in
response to signals from the fungus
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(VADASSERY et al. 2009a), similar to signals
from pathogenic fungi or PAMP applications.
The major question is how specificity in the
response pattern can be achieved if these
kinases are involved in beneficial and patho-
genic responses. Neither P. indica itself nor
the cell wall extract from this fungus induces
significant defense responses as judged by
H,O, production in Arabidopsis (Figure 2) or
tobacco roots or phytoalexin synthesis in pars-
ley cell suspension cultures (Figure 3). Never-
theless, we cannot exclude that a low and
constant activation of this defense kinase
pathway is permanently required for restricting
root colonization and preventing the roots
from over-colonization. This is supported by
the observation that mutants impaired in
PDK1, OXI1 or MAPKG6 still respond to P. in-
dica at the seedlings level. However, long-
term harmony requires these kinases, since
adult plants fail to respond to the fungus
(CAMEHL et al., in preparation).

F. indica

control

CH4

Figure 2: Intracellular accumulation of hydrogen peroxide was measured using the molecular probe 2',7'-
dichlorofluorescein diacetate (H2DCF-DA). This chemical can cross the plasma membrane freely, and is
then cleaved to its impermeable counterpart, dichlorofluorescein (H2DCF) by endogenous esterases.
H2DCF functions as a reporter of cytoplasmic hydrogen peroxide by converting it to its fluorescent form,
dichlorofluorescein (DCF), upon oxidation. Seedlings were incubated for 10 min in 50 ym H2DCF-DA solu-
tion and elicitors added for 10 minutes and photographed. Data from VADASSERY, J. (Jena).
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Figure 3: Induction of phytoalexin in parsley cell suspension cultures 4 h after the application of a cell wall
extract (CWE) from P. indica or the application of the pathogenic elicitor Pep13. Phytoalexin levels are ex-
pressed as relative fluorescence units. Control: untreated. Data from RANF, S. (IPB Halle).

3. Glucosinolates in plant/microbe interac-
tion

Brassicales differ from many other plant spe-
cies in that they synthesize huge amount of
glucosinolates, S-rich metabolites that func-
tion in the defense of plants against pests and
pathogens. In particular under sulfur limitation
conditions, synthesis of sulfur-containing me-
tabolites and storage compounds (such as
glucosinolates) is down-regulated and sulfur is
released from these compounds through ac-
tive breakdown processes (HIRARI et al. 1995,
2005; KuTz et al. 2002). In Brassicales, up to
30% of the sulfur is stored in glucosinolates
(FALK et al. 2007). Under sulfur deficiency,
down-regulation of glucosinolate biosynthesis
genes is accompanied by an up-regulation of
genes controling glucosinolate breakdown.
Activation of sulfate acquisition and repression
of glucosinolate production may occur in par-
allel in response to sulfur limitation (HIRARI et
al. 1995, 2004, 2005; MARUYAMA-NAKASHITA
et al. 2003, 2005). Thus, glucosinolates may
be considered a potential source of sulfur for
other metabolic processes under sulfur limita-
tion (FALK et al. 2007; HALKIER and GERSHEN-
ZON 2006; GRUBB and ABEL 2006). Active de-

fense compounds are released from the glu-
cosinolates after enzymatic cleavage by my-
rosinases, and several of these enzymes play
important functions in plant/microbe interac-
tions. The availability of sulfur and the regula-
tion of its metabolism might have an important
influence on the balance between mutualism
and parasitism in Brassicales. Stimulation of
growth promotion and metabolism by benefi-
cial fungi depends on the availability of sulfur
and on enzymes involved in sulfate uptake
from the soil and reduction in the plastids.
This also leads to higher glucosinolate biosyn-
thesis and thus more efficient protection of the
plants against microbes or pests. Re-
programming of the sulfur metabolism under
sulfur limitations including the degradation of
glucosinolates leaves the plants less pro-
tected against microbe or pests, and/or allows
an uncontrolled hyphal growth of an otherwise
beneficial fungus in the roots, a shift from mu-
tualism to a less beneficial symbiosis and
eventually to the activation of defense proc-
esses.

Several lines of evidence support the im-
portant role of glucosinolates for beneficial
interactions of microbes with Arabidopsis. A
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mutant screen for plants, which do not show
benefits when grown in the presence of the
endophyte P. indica uncovered several genes
of the glucosinolate biosynthesis pathway
(SHERAMETI et al. 2008b; OELMULLER, unpub-
lished). At least two of the identified genes
code for enzymes/myrosinases potentially
involved in glucosinolate cleavage and the
release of defense-active compounds. The
best studied example is PYK10, a potential
myrosinase abundantly expressed in roots
(NiTz et al. 2001). The enzyme restricts root
colonization by P. indica, which results in the
repression of defense responses and the up-
regulation of responses leading to a mutualis-
tic interaction between the two symbiotic part-
ners (SHERAMETI et al. 2008b). PYK10 exhib-
its striking sequence similarities to PEN2, a
glycosyl hydrolase, which restricts pathogen
entry of two ascomycete powdery mildew
fungi into Arabidopsis leaf cells (LIPKA et al.
2005). Like PEN2, PYK10 belongs to the
class of glycosyl hydrolase family 1, both pro-
teins are located in intracellular organellar
structures (PYK10 in ER bodies and PEN2 in
peroxisomes), and both proteins share a high
degree of sequence similarities. The catalytic
domains of both proteins contain two con-
served nucleophilic glutamates. LIPKA et al.
(2005) have shown that glutamate'® is re-
quired for PEN2 function in vivo, which sug-
gests that PEN2 catalytic activity is required
for restricting pathogen entry. Since the func-
tion of PEN2 in pathogenic plant/microbe in-
teractions has now been identified as a beta-
thioglucoside glucohydrolase (BEDNAREK et al.
2009), it is conceivable that PYK10 might
have a similar biological function in beneficial
plant/microbe interactions, by releasing anti-
fungal toxins from glucosinolates.

The perception of PAMPs/MAMPs by
plants triggers a basal defense response
analogous to animal innate immunity and is
defined partly by the deposition of the glucan
polymer callose at the cell wall at the site of
pathogen contact. BENDAREK et al. (2009)
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identified a metabolic pathway for glucosi-
nolates that is active in living plant cells, may
contribute to glucosinolate turnover, and has
been recruited for broad-spectrum antifungal
defense responses. A P450 monooxygenase
(encoded by the Arabidopsis CYP81F2 gene)
is essential for the pathogen-induced accumu-
lation of 4-methoxyindol-3-yImethylglucosino-
late, which in turn is activated by the atypical
PENZ2 myrosinase for antifungal defense. The
authors propose that reiterated enzymatic
cycles, controlling the generation of toxic
molecules and their detoxification, enable the
recruitment of glucosinolates in defense re-
sponses. Similarly, CLAY et al. (2009) have
identified major roles in pathogen response for
the plant hormone ethylene and the secon-
dary metabolite 4-methoxy-indol-3-ylmethyl
glucosinolate. PEN2 and PEN3, are neces-
sary for resistance to pathogens and required
for both callose deposition and glucosinolate
activation, suggesting that the pathogen-
triggered callose response is required for re-
sistance to microbial pathogens. Thus, well-
studied plant metabolites, previously identified
as important in avoiding damage by herbi-
vores, are also required as a component of
the plant defense response against microbial
pathogens (CLAY et al. 2009). Since increas-
ing evidence points to the important function
of glucosinolates in the restriction of coloniza-
tion by pathogenic fungi, it is conceivable that
a similar mechanism is also functional in
beneficial plant/microbe interactions. Over-
colonization results in less benefit for the
plants and — as a consequence — the activa-
tion of defense responses against the invader.
The availability of mutants impaired in various
aspects of glucosinolate biosynthesis, degra-
dation or cleavage allows to test this hypothe-
sis.

4. Antioxidants and redox balance

Microarray analyses have uncovered that
beneficial fungi can substantially change the
expression patterns for enzymes involved in
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antioxidative function (WALLER et al. 2005;
VADASSERY et al. 2009b, and references
therein). Both plant and fungal antioxidants
might contribute to the protection of invaded
cells against defense-associated ROS produc-
tion. Like mycorrhizal fungi, P. indica en-
hances the antioxidative capacities of barley
(WALLER et al. 2005; BALTRUSCHAT et al.
2008) and Arabidopsis (VADASSERY et al.
2009b). Whether stimulation of the antioxida-
tive capacity in P. indica-infested plants re-
flects a defense reaction of the host and/or if it
is part of creating a friendly environment for
the fungus (KOGEL et al. 2006), is unknown.
However, besides controlling ROS accu-
mulation, antioxidants and antioxidant en-
zymes might be involved in a number of other
processes in beneficial interactions, which are
not stimulated in pathogenic symbioses. For
instance, ascorbate is one of the major redox
buffer in plants (PIGNOCCHI and FOYER 2003),
a cofactor of many enzymes (SMIRNOFF and
WHEELER 2000), a regulator of cell division
and growth (KERK and FELDMAN 1995) and a

molecule for signal transduction (NOCTOR et al.

2000). Most of the ascorbate is localized in
the cytoplasm (PIGNOCCHI et al. 2003) but
some has also been identified in the apoplast
(NocToR and FOYER 1998). In many organ-
isms, the ascorbate—glutathione cycle plays a
major role in the protection of the organism
against ROS, because it maintains a high
level of ascorbate in the different cell com-
partments (ASADA 1997). In this cycle, H,O, is
reduced to H,O by ascorbate peroxidase us-
ing ascorbate, which generates monodehy-
droascorbate. Monodehydroascorbate is a
radical and reduced back to ascorbate by
monodehydroascorbate reductase (MDAR). If
not reduced rapidly, monodehydroascorbate is
disproportionated into ascorbate and dehy-
droascorbate. Dehydroascorbate will then be
reduced to ascorbate by dehydroascorbate
reductase (DHAR) using reduced glutathione.
Oxidized glutathione is in-turn reduced by glu-
tathione reductase using NADPH. Thus,
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MDAR and DHAR are the two enzymes of the
ascorbate-glutathione cycle, which maintain
ascorbate in its reduced state. The MDAR
mMRNA level is up-regulated in response to
oxidative stress (YOON et al. 2004). Further-
more, transgenic Arabidopsis plants express-
ing the rice DHAR gene are resistant to salt
stress (USHIMARU et al. 2006). YOSHIDA et al.
(2006) have shown that the cytosolic DHAR is
important for ozone tolerance in Arabidopsis.
The MDAR2 (At3g09940) and the DHARS5
(At1g19570) mRNA levels are up-regulated in
Arabidopsis roots, which are colonized by the
beneficial endophytic fungus P. indica. This
demonstrates that the fungus specifically tar-
gets individual members of a gene family. In-
sertional inactivation of the two genes shows
that they are crucial for maintaining the inter-
action between P. indica and Arabidopsis in a
mutualistic state, in particular under drought
stress. Besides potential roles in controlling
ROS accumulation or creating a friendly at-
mosphere for the invader, antioxidants and
antioxidant enzymes might also participate in
signal transduction processes, direct or indi-
rect control of cell elongation and division or
resistance against abiotic stress such as
heavy metals (SCHUTZENDUBEL and POLLE
2002) in symbiotic interactions. The latter two
processes are not stimulated by pathogenic
fungi.

Glutathione (GSH) is upgraded with in-
creasing sulfate supply and may establish
resistance to stress in different plant species.
GSH is a major redox buffer and protects the
cell against ROS. An Arabidopsis mutant lack-
ing the gamma-glutamylcysteine ligase 1
(GSH1), the rate-limiting enzyme for GSH
synthesis (BALL et al. 2004), is impaired in
defense reactions against pathogens. WALLER
et al. (2005) and BALTRUSCHAT et al. (2008)
have shown that GSH plays a crucial role in P.
indica induced resistance of barley plants
against pathogens. In the ascorbate—GSH-
cycle, the function of GSH is linked to ascorbic
acid and the electron flow from NADPH.
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DHAR and glutathione reductase activities are
stimulated by P. indica in salt-stress barley
(BALTRUSCHAT et al. 2008). MDAR2 and
DHAR 5 are crucial for a mutualistic interac-
tion between P. indica and Arabidopsis under
drought stress (VADASSERY et al. 2009b).
Many glutathione S-transferases (GST) are
crucial for detoxification mechanisms, and
GSH is the precursor of phytochelatins, cys-
teine-rich peptides synthesized via phytoche-
latin synthase (COBBETT and GOLDSBROUGH
2002). Genes for the latter examples are rap-
idly (< 1h) up-regulated when Arabidopsis
roots are exposed to P. indica.

GSH may also be responsible for the acti-
vation of the Nonexpressor of PR Genes
(NPR1). NPR1 affects transcription of SA-
induced genes for pathogenesis-related pro-
teins (DONG 2004). In the oxidized, non-
induced plants, NPR1 is cross-linked by in-
termolecular disulfide bridges and localized in
aggregated form in the cytosol. Upon infec-
tion, NPR1 becomes reduced and the mono-
mers are translocated to the nucleus. Inactiva-
tion of nprl does not affect the beneficial in-
teraction at the seedling’s stage, however,
adult plants become over-colonized and thus,
the interaction shifts to parasitism (CAMEHL
and OELMULLER, unpublished).

In summary, a survey of the literature
clearly demonstrates that control of the de-
fense responses is crucial for all beneficial
interactions. Defense genes might control hy-
phal spread and arbuscule formation in the
root. Earlier studies have demonstrated that
the formation of arbuscular mycorrhiza in
transgenic plants constitutively expressing
several of the classical PR proteins was not
affected (VIERHEILIG et al. 1993, 1995). How-
ever, experiments with the P. indica/
Arabidopsis symbiosis demonstrate that de-
tailed studies are required to fully understand
the role of defense in mutualism. Quite often,
inactivation of one of the defense genes has
no immediate effect on the beneficial interac-
tions, while the analysis of the symbiosis over
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the entire life of the plant demonstrates that
defense processes are required for a long-
term harmony and long-term benefits for the
two symbionts. The role of defense responses
in mutualistic interactions is not yet under-
stood. It is important to understand whether
MAMPs from beneficial fungi induce the same
signaling cascades leading to defense re-
sponses as PAMPs from pathogens, albeit at
lower rates. Furthermore, how defense re-
sponses are kept at a low level or turned off is
also a matter of debate. Many different sce-
narios have been proposed, which can be
tested with the molecular tools available now:
Beneficial fungi may also induce less defense
responses, because fungal-released PAMPs/
MAMPs are degraded (SALzZER et al. 2000;
SALZER and BOLLER 2000). For instance, se-
creted plant hydrolases could degrade protei-
nous PAMPs/MAMPs. The sym genes could
play a role in restricting plant defense re-
sponses induced by the beneficial symbionts
(GIANIANZZI-PEARSON  1996; BLILOU et al.
1999). Or, sym genes could either produce (a)
negative regulator(s) of plant defense re-
sponses or (a) specific suppressor(s) (GIAN-
INAZZI-PEARSON 1996). Plant defense re-
sponses could be blocked by an effector
molecule from the fungus. Finally, H,O, and
other ROS could be degraded by the up-
regulation of catalases or other ROS-
degrading enzymes to avoid the activation of
defense genes (BLEE and ANDERSON 2000).

Conclusions

During the last decades, Arabidopsis has be-
come a model system to study pathogenic
plant/microbe interactions and many root and
shoot pathogens have been brought together
with this model plant. In contrast, much less is
known about the interaction of Arabidopsis
with beneficial microbes (bacteria and fungi).
Using easy co-cultivation systems (e.g. PES-
KAN-BERGHOFER et al. 2004) for Arabidopsis
seedlings and adult plants, many obvious que-
stions can now be addressed. This model
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Figure 4: Factors determining the lifestyle of symbionts in a “symbiotic continuum”. Factors shifting the sym-
biosis towards mutualism (parasitism) are in green (red). The balance between all of these factors ultimately
determine the lifestyle between the two symbionts. HR, hypersensitive response, SA, salicylic acid; JA,

jasmonic acid; ET, ethylene.

plant might contribute to the identification of
components which determine the lifestyle be-
tween two symbionts (Figure 4). How are
MAMPs perceived by the plant cell, and which
are the signaling events leading to a beneficial
interaction? The receptors need to be identi-
fied. Do they also form dimers, e.g. with BAK1
(BOLLER 2008), as known from PAMP recep-
tors? Is there an overlap with mycorrhizal sig-
naling? How do MAMPs differ from PAMPs?
Do beneficial fungi produce the same or simi-
lar elicitors (MAMPs) as pathogenic fungi
(PAMPs) to induce defense responses, and
are they perceived by the same plant recep-
tors in the plasma membrane?

The role of phospholipids in both beneficial
and pathogenic interactions is barely under-
stood. For both systems, evidence has accu-

mulated that fungal contact to the plant cells
or applications of PAMPs/MAMPs result in
changes of those phospholipids which are
involved in signaling (MUNNIK and TESTERING
2008). One major target that has been identi-
fied to play a role in pathogenic interactions as
well as the P. indica/Arabidopsis symbiosis is
PDK1. The availability of k.o. lines impaired in
specific phospholipids biosynthesis branches
will help to understand their role in the interac-
tions.

Only very little is known about signaling
molecules/compounds involved in endophytic
interactions. A mutant screen as outlined
above (cf. Figure 1) might help to elucidate
some of the major components. These studies
should also include hormones and redox-
signaling events in the cytoplasm. It needs to
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be clarified how specificity can be achieved if
signaling components are involved in the es-
tablishment of different lifestyles (e.g. for
Ca?"). Again, a screen for mutants which are
defective in cytosolic Ca®* elevation in re-
sponse to P. indica is required to understand
its role in the beneficial interaction.

The signaling events lead to the estab-
lishment of cellular structures which are simi-
lar in mutualistic and parasitic interactions, but
must also be different, at least during later
stages of the infestation. Within this scenario,
the cytoskeleton plays an important role. Mu-
tant analyses will help to unravel the cellular
events and the compounds which are neces-
sary for the establishment of a certain lifestyle.

As outlined above, many genes and pro-
teins involved in plant defense against patho-
gens might also play a role in mutualistic in-
teractions. It is not clear, whether they are
required only during certain stages of the mu-
tualistic symbiosis. Inactivation of those com-
ponents could demonstrate their role in mutu-
alistic interactions, in particular for long-term
harmony between the symbionts, and in the
control of root colonization. One should also
keep in mind that Brassicales might be differ-
ent in their response to beneficial or patho-
genic fungi, since they produce high amounts
of glucosinolates. Thus, the role of these sec-
ondary metabolites and their specific involve-
ment in Brassicales/fungi interactions needs
to be addressed.

The mutant screen performed for the P.
indica/Arabidopsis symbiosis uncovered that
restriction of root colonization is apparently
quite important for the establishment of a mu-
tualistic interaction and that gene (products)
from quite diverse pathways are involved in
this process. What is the role of these different
components in restricting root colonization?
Do they cooperate or do they function inde-
pendently of each other? Is there any organ-
specificity? Is it possible to compensate the
absence of one of these compounds by over-
producing another one? This might have im-
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portant biotechnological implications. Do
components which restrict entry of pathogens
into Arabidopsis cells also restrict the entry of
beneficial fungi? PEN2 (LIPKA et al. 2005) is
probably a good candidate to address this
questions for root-interacting fungi, because
PEN2 is also expressed in roots.

Finally, the role of phytohormones in bene-
ficial plant/endophyte interactions is contro-
versial. Some microbes clearly synthesize
auxins or cytokinins which influence the plant
metabolism. Since cell elongation and/or divi-
sion involve the action of phytohormones, it is
likely that they play a role in these symbioses.
Cytokinins are important for different types of
beneficial interactions (MURRAY et al. 2007;
TIRICHINE et al. 2007; VADASSERY et al. 2008).
A change in the lifestyle should be accompa-
nied by changes in the action of the phyto-
hormones. While auxins, cytokinins and gib-
berellins are mainly involved in growth and
differentiation, jasmonic acid, SA and ethylene
are crucial hormones in plant defense regula-
tion. However, jasmonic acid and ethylene is
also involved in systemic acquired resistance
induced by root-colonizing fungi and bacteria
(VAN WEES et al. 2008).

Model plants like Arabidopsis, for which
many molecular, biochemical, physiological
and bioinformatics tools are available, might
help to identify some of the components which
allow the plant to distinguish between friends
and foes, and which determine the mode of
symbiosis and the shifts that may occur under
unfavourable conditions. However, since al-
most all plant species interact with fungi,
these studies will only be the tip of the ice-
berg.
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