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ABSTRACT

Symbioses between plants and beneficial soil microorganisms like arbuscular-mycorrhizal fungi (AMF) are
known to promote plant growth and help plants to cope with biotic and abiotic stresses. Profound
physiologicalchanges take place in the host plant upon root colonization by AMF affecting the interactions
with a wide range of organisms below- and above-ground. Protective effects of the symbiosis against
pathogens, pests, and parasitic plants have been described for many plant species, including agriculturally
important crop varieties. Besides mechanismssuch as improved plant nutrition and competition, experi-
mental evidence supports a major role of plant defenses in the observed protection. During mycorrhiza
establishment, modulation of plant defense responses occurs thus achievinga functional symbiosis. As a
consequence of this modulation, a mild, but effective activation of the plant immune responses seems to
occur, not only locally but also systemically. This activation leads to a primed state of the plant that allows a
more efficient activation of defense mechanisms inresponse to attack by potential enemies. Here, we give an
overview of the impact on interactions between mycorrhizalplants and pathogens, herbivores, and parasitic
plants, and we summarize the current knowledge of the underlying mechanisms. We focus on the priming of
jasmonate-regulated plant defense mechanisms that play a central rolein the induction of resistance by
arbuscular mycorrhizas.

INTRODUCTION

Arbuscular mycorrhizas are mutualistic associations formedbetween the roots of 80 % of terrestrial plant
species and fungi from the small phylum Glomeromycota (reviewed bySchiiRler et al., 2001). The symbiosis
is named after the Greek “mycos” and “rhiza” meaning “fungus-root,” and it is probably the oldest and most
widespread plant symbiosis onEarth. Indeed, fossil records and phylogenetic evidence datetheir existence
back more than 450 million years (Smith andRead 2008), which indicates a considerable selective advantage
for both partners. Arbuscular mycorrhiza-forming fungi (AMF) are obligate biotrophs that require the host plant
to complete their life cycle. The fungus colonizes the root cortex and forms intracellular structures called
arbuscules (from the Latin “arbusculum”, meaning bush or little tree) where the exchange of nutrients
between the partners takes place. The extracellular hyphal network spreads widely intothe surrounding soil,
thereby reaching out of the nutrient depletion zone and improving the supply of inorganic nutrients,
especially phosphate and nitrate (Smith et al., 2011). In return, the heterotrophic fungal partner receives
photosynthates from the host plant (Smith and Smith, 2011).Mutual benefits are the basis of the evolutionary
success ofthe interaction, ensured through a tight bidirectional controlof the mutualism (Kiers et al., 2011).
From the plant side, this regulation implies important changes in the plant primary and secondary
metabolism and regulation of the plantdefense mechanisms (Harrison, 1999; Hause and Fester, 2005). These
changes usually have a deep impact on plant physiology, altering the plant’s ability to cope with stresses.
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Early studies on mycorrhizas showed an improved growth and/or yield of mycorrhizal plants, first attributed
exclusively to the improved nutritional status of the plant (reviewed in Linderman, 1994). Later, several
authors reported a higher tolerance of mycorrhizal plants to abiotic stresses, such as drought, salinity, or
presence of heavy metals (Miransari, 2010; Smith et al., 2010). Evidence alsohas accumulated on the higher
resistance of mycorrhizal plants to a wide range of below-ground attackers such as soil-borne fungal and
bacterial pathogens, nematodes, or root-chewing insects (Azcon-Aguilar and Barea, 1997; Whipps, 2004).
Only in the last decade, has induced resistance against shoot pathogens also been reported (Pozo andAzcon-
Aguilar, 2007; Koricheva et al., 2009; Campos- Soriano et al., 2012, Jung et al. unpublished). The need for
assistance in overcoming stressful conditions has been considered one of the explanations for mycorrhizas’
persistenceduring evolution, even in systems where the symbiosis doesnot confer growth benefits (Newsham
et al., 1995). With regard to its biofertilizer and bioprotective properties, the mycorrhizal symbiosis has
become a focal point of researchas an alternative to chemical fertilizers and pesticides in sustainable
agriculture (Harrier and Watson, 2004; Mukerjiand Ciancio, 2007; Fester and Sawers, 2011).

Despite the obvious benefits of an improved nutritional status for stress tolerance/ resistance, mineral supply
experiments have shown that the protective effect observed in mycorrhizal plants cannot be attributed to
improved nutritional status alone (Fritz et al., 2006; Liu et al., 2007). AM associations bring about significant
changes in the host plantand its environment: at the rhizosphere level, they influencesoil structure, carbon
deposition in soil, and microbial diversity, in part through changes in root exudation. These shifts in the
microbial communities of the rhizosphere may indirectly influence the out-come of plant interactions with
other organisms, including pathogens and beneficial microbes (Berta et al., 2002; Barea et al., 2005;
Arturssonet al., 2006; Lendzemo et al., 2007; see also Cipollini et al.,2012, this issue; Effmert et al., 2012, this
issue). Apart fromthe changes in the rhizosphere, multiple modifications also occur within the host plant. In
the roots, changes in architecture, alterations of the metabolic profile, and accumulation of certain defense
compounds may occur (Garcia- Garrido and Ocampo, 2002; Strack et al., 2003; Hause et al., 2007; Schliemann
etal., 2008; Péret et al., 2009; Lépez-Raez et al., 2010a, b). For example, the accumulation of apocarotenoids
(cyclohexenone and mycorradicin derivatives) can be observed in mycorrhizal roots, which are the main
component of the yellow pigment found in many plantspecies upon colonization by AMF and have been
proposedto play a role in control of the degree of colonization and mycorrhizal functionality (Strack et al.,
2003; Strack and Fester, 2006; FloR et al., 2008; Schliemann et al., 2008).

Qualitative and quantitative changes in flavonoid contents have been observed, the changes depending on
the host plant, AMF, and developmental stage of the symbiosis (Vierheilig and Piché, 2002; Akiyama et al.,
2002). Changesin phenolic compounds, defense-related phytohormones,and reactive oxygen species also
have been reported (Fester and Hause, 2005; Lopez-Raez et al., 2010a; b).Noteworthy, the symbiosis also has
a considerable impact on the aerial parts of mycorrhizal plants, some of the reported changes being related to
defense or stress tolerance (Liu et al., 2007; Kaschuk et al., 2009; Fiorilli et al., 2009; Pozo et al.,2009; Fester et
al. 2011; Aloui et al., 2011).

As for the higher resistance to pests and pathogens of AMF-colonized plants, observations of systemic
protection against pathogens in non-colonized root fragments from mycorrhizal plants and enhanced
resistance of the aerial parts to certain attackers have pointed out the involvement of plant defense
mechanisms (Cordier et al., 1998; Pozo et al., 2002; Pozo and Azcén-Aguilar, 2007). Defense mechanisms are
coordinated by the plant immune system, strikingly similar in some aspects to the innate immune system in
animals (Ausubel, 2005). This system allows the plant to distinguish non-self alien organisms by recognizing
structurally conserved microbe-associated molecules, such as flagellin, lipopolysaccharides, or
peptidoglycans, which arecollectively termed microbe-associated molecular patterns (MAMPs, or PAMPs in
the case of pathogens). PAMPs arerecognized by transmembrane pattern recognition receptors(PRRs), which
leads to the induction of the appropriate responses in the host and to PAMP-triggered immunity (PTI)
(Ausubel, 2005; Jones and Dangl, 2006; Boller and He, 2009; Thomma et al., 2011). In an evolutionary “arms
race," microbes have evolved effector proteins that are se- creted into the host and suppress PTI, thus
allowing suc- cessful host colonization by the pathogen, thus causingeffector-triggered susceptibility of the
plant to the disease. In some cases, intracellular proteins of the plant recognize pathogen effectors or their
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modified target proteins and activate immune responses that are quicker, more pro- longed, and more robust
than those in PTI, resulting in effector-triggered immunity (ETI) (Jones and Dangl, 2006;Boller and He, 2009;
Thomma et al., 2011).

Plant defense responses are coordinated by small molecules that act as signal transducers and tailor the
coordinated expression of genes that code for defense-related proteins and com-pounds (Ausubel, 2005; Jones
and Dangl, 2006). Among thesemolecules, the phytohormones jasmonic acid (JA), salicylicacid (SA), abscisic
acid (ABA), and ethylene (ET) play keyroles (Pieterse et al., 2009). According to the challenger life-style, one
signaling pathway will prevail over the others. It isgenerally assumed that the SA-dependent pathway regulates
responses such as programmed cell death, effective against biotrophic organisms, and the JA-dependent
pathway regulates responses to necrotrophs and chewing insects (Glazebrook 2005). However, these
hormone signaling pathways do not act independently, but influence each other through a complexnetwork of
regulatory interactions, JA and SA pathways in general being mutually antagonistic (Pieterse et al., 2008). As
biotrophs, mycorrhizal fungi share some similarities with biotrophic pathogens, and are able to trigger
plant defense responses at initial stages (Paszkowski, 2006). Thus, for a successful colonization, the fungus
has to cope with these reactions and actively modulate plant responses. We have proposed that this
modulation mayresult in pre-conditioning of the tissues for efficient activation of plant defenses upon a challenger
attack, a phenomenon thatis called priming (Pozo and Azcén-Aguilar, 2007).

Priming sets the plantin an “alert” state in which defensesare not actively expressed but in which the response
to an attack occurs faster and/ or stronger compared to plants notpreviously exposed to the priming stimulus,
efficiently increasing plant resistance. Thus, priming confers importantfitness benefits (Conrath et al., 2006; Van
Hulten et al., 2006; Walters and Heil, 2007). In the past decade, many priming-causing agents have been
identified. It has been observed thatsome chemicals that induce stress responses in plants also induce priming
when applied at lower doses, and several fungicides have been shown to prime defenses in treated plants in
addition to their primary antifungal activity (reviewed in Conrath et al., 2006; Beckers and Conrath, 2007).
Other well-studied examples of priming by chemicals include increased resistance to downy mildew in
Arabidopsisthaliana after treatment with the non-protein amino acid B-aminobutyric acid (BABA), as well as
primed defense responses in tomato and Arabidopsis pre-treated with hexanoic acid and subsequently
infected with grey mold (Ton et al., 2005; Vicedo et al., 2009; Kravchuk et al., 2011).Remarkably, priming
events occur as a result of inter- individual or even inter-species communication. For example, green leaf volatiles
released by wounded or infested plants arealso able to induce a more efficient activation of defenses in
neighboring plants upon subsequent attacks (Kessler et al., 2006; Ton et al., 2007; Yi et al., 2009). In
Arabidopsis seedlings exposed to volatile blends from two Bacillus species, the disease severity caused by a
bacterial pathogen was significantly reduced (Ryu et al., 2004). Moreover, priming seems to be the
mechanism underlying the InducedSystemic Resistance (ISR) observed in plants interacting with beneficial
microorganisms (Conrath et al., 2006; Goellner and Conrath, 2008; Van Wees et al., 2008). Interestingly, priming
of the plant immune responses by beneficial microbes is often dependent on a functional JA signaling pathway,
as has beendescribed for rhizobacteria and AMF (Verhagen et al., 2004;Pozo et al. 2004, 2010; van der Ent et
al., 2009a). The molecular mechanisms behind priming of plant defenses andits biological relevance in plant
resistance are now being uncovered (reviewed in Pastor et al., 2012), and evidence fortrans-generational
effects of priming have been a major advance in plant research (Luna et al., 2012; Rasmann et al.,2012;
Slaughter et al., 2012). Here, we give a summary of theimpact of the arbuscular mycorrhizal symbiosis on plant
interactions with other organisms. We give special emphasisto the spectrum of protection against deleterious
organisms(Mycorrhiza-Induced Resistance, MIR) and provide an overview of the underlying mechanisms,
focusing on the priming of plant defenses associated with mycorrhization.

MYCORRHIZAL ASSOCIATIONS ALTERS THE HOST PLANT’SINTERACTIONS WITH OTHER ORGANISMS

As stated above, mycorrhization impacts plant interactions with other organisms. Due to potential practical
applications, special attention has been devoted to the interaction with microbial pathogens or other
deleterious organisms. In this section, we summarize the main effects of mycorrhization onbiotic stress
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resistance (summarized in Fig. 1).

Mycorrhiza Effects on Below-Ground Interactions

Many studies show the protective effect of colonization by mycorrhizal fungi against infections by microbial
pathogensin different plant systems. The majority of these reports focuson soil-borne pathogens such as fungi
from the generaFusarium, Rhizoctonia, Macrophomina, or Verticillium; bacteria such as Erwinia carotovora;
or oomycetes like Phytophthora, Pythium, and Aphanomyces. In most cases, the protective effect is not
only related to damage compensation or tolerance, but frequently the reduced damagealso correlates with a
decrease of the pathogen content withinplant tissues (reviewed by Whipps, 2004). Similarly, there are many
studies that show a clear reduction of the detrimentaleffects by endoparasitic nematodes such as Pratylenchus
andMeloidogyne in mycorrhizal plants (Pinochet et al., 1996; Dela Pefia et al., 2006; Li et al., 2006; Elsen et al.,
2008; Vos et al., 2011). Recently, a decrease on the development of ectoparasitic nematodes also has been
described (Hao etal., 2012).

In contrast to the well-known effect on nematodes, there are relatively few studies on the impact of AMF
onroot-feeding insects, and they mostly focus on members ofthe genus Otiorhynchus, or weevils (Koricheva et
al., 2009).The larvae of these insects are rhizophagous, whereas the adults feed on the foliage of the same
plant. A clear protectiveeffect of AMF is reported on the black vine weevil (Otiorhynchus sulcatus) that has a
wide range of possible hosts (generalist). Experiments with strawberry showed thatlarval growth and survival
was halved when the roots were colonized by several Glomus species (Gange, 1996, 2001). Incontrast, AMF
colonization had no adverse effects on thegrowth of the specialist clover root weevil larvae(Sitona
lepidus) that reached similar sizes independentlyof the mycorrhizal state of the host plant (Currie et al.,
2011).Beneficial organisms also are influenced by the presence of mycorrhiza. A positive effect of mycorrhization
on beneficialplant-microbe interactions has been noted. For example,promotion of the interaction or
synergistic effects havebeen described with regard to plant associations withnitrogen-fixing bacteria (Jia et
al., 2004; Niranjan et al., 2007;Ferrari and Wall, 2008; Larimer et al., 2010); phosphate-solubilizing bacteria
(Toro et al., 1996; Belimov et al., 1999;Kohler et al., 2007); biocontrol agents (Haggag and Abd-ElLatif, 2001;
Martinez-Medina et al., 2009; Martinez-Medinaet al., 2010; Saldajeno and Hyakumachi, 2011); and plant
growth—promoting microorganisms (Meyer and Linderman,1986; Chandanie et al., 2005, 2006, 2009).

These effects on below-ground interactions may result from a combination of diverse mechanisms.
Mycorrhizas compete for colonization sites with other microbes, and for example, full exclusion of the
pathogenic oomycetePhytophthora from arbusculated cells has been described for tomato roots (Cordier et
al.,, 1998). A competition for photosynthates also is possible between AMF and other microbes, especially
with microbial symbionts, which require plant resources such as photosynthetically assimilated carbon.
Colonization by AMF can lead to alterations in the quality and quantity of root exudates (Bansal and Mukerji,
1994; Azaizeh et al., 1995; Marschner et al., 1997; Sood, 2003; Pivato et al., 2008). These changes impact
the microbial community of the mycorrhizosphere and, among other effects, maylead to a shift in its
composition favoring certain components of the microbiota with the capacity to antagonize possible root
pathogens (Barea et al., 2005; Badri and Vivanco, 2009). Altered root exudation also may directly impact
microbial pathogens and nematodes. For example, exudates from mycorrhizal tomatoes transiently
paralyzed nematodes, and generally their penetration into mycorrhizal tomatoroots was decreased (Vos et
al., 2011). Similarly, sporulationof the oomycete Phytophthora fragrariae was severely reduced in the
presence of mycorrhizal strawberry rootexudates (Norman and Hooker, 2000), and concentrated exudates
from mycorrhizal tomato roots were repulsiveto Phytophthora nicotianae zoospores (Lioussanne etal.,
2008). Besides these repellent-like molecules, thus far, no antimicrobial compounds have been isolated
from the exudates of mycorrhizal roots.

Altered root exudation also gives rise to the effect of mycorrhizas on plant interactions with parasitic plants:
Mycorrhiza have been shown to reduce the incidence of root parasitic plants of the Orobanchaceae, including
the genera Striga, Orobanche, and Phelipanche (Lopez-Réez etal., 2011b). These parasitic weeds are
ubiquitous obligate parasites that cause immense yield losses in agriculture (Bouwmeester et al., 2003). It is
known that seeds of these weeds germinate upon perception of strigolactones (SLs), agroup of carotenoid-
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derived signaling molecules that are exuded by the roots of the host plant under conditions of phosphate
starvation and promote AM hyphal branching and mycorrhiza establishment (Akiyama et al., 2005; Bouw-
meester et al., 2007). The Orobanchaceae utilize this signalfor the detection of an appropriate host plant that
will be colonized and parasited. Interestingly, once the mycorrhizal symbiosis is well established, the SL
production in the hostplant goes down (Fig. 2; Lendzemo et al., 2007; Lépez-Raezet al., 2011a). This opens the
possibility of using AMF in thecontrol of parasitic weeds where conventional strategies have failed. Apart from
their role as signaling molecules inthe rhizosphere, SLs also play roles in signaling within the plant by acting in
the regulation of shoot and root architecture.lIt is proposed that SLs, together with auxins, favor lateral root
development that enables the root system to reach new areasin the soil where phosphate might be available
(Stepanova and Alonso, 2009). The SL-mediated changes in root architecturemay alter the dynamics of some
pathogen infections, although direct evidence of such a correlation are lacking.

The use of experimental split-root systems has confirmedthat the protection by mycorrhiza is manifested in
non- colonized areas of the root system. For example, systemic protection in the root has been confirmed
against oomycetesand bacterial pathogens in tomato (Cordier et al., 1998; Pozo et al., 2002; Zhu and Yao,
2004; Khaosaad et al., 2007), against fungal pathogens in barley (Khaosaad et al., 2007), and in banana and
grapevine against nematodes (Haoet al., 2012). These experiments allow physical separation of the AMF and the
aggressor, and they highlight the involvement of plant-mediated responses in the enhanced resistance,
pointing out a major role for plant defense mechanisms.

Mycorrhiza Effects on Above-Ground Interactions

Systemic protection by a mycorrhizal association can even be observed in the aerial parts of a colonized plant,
but in contrast to below-ground interactions, reports on AM effects on pests and pathogens attacking shoots are
less studied, andthe outcome of the interaction is more variable. Early studies described a higher susceptibility
of AM plants to viruses, and biotrophic pathogens appear to thrive better on mycorrhizal plants, although an
increased tolerance hasbeen observed in terms of plant mass and yield (Gernnset al., 2001; Whipps, 2004).
Concerning hemibiotrophs,the impact of the symbiosis varies from no effect to reduction of the disease, for
example, against Colletotrichumorbiculare in cucumber (Lee et al., 2005; Chandanie et al., 2006). However,
pathogens with a necrotrophic lifestyle arehampered in their proliferation, and symptom development isless
severe on mycorrhizal plants. Examples are the fungi Alternaria solani in tomato (Fritz et al., 2006; de la Noval
etal., 2007), Magnaporthe grisea in rice (Campos-Soriano et al.,2012), and Botrytis cinerea in roses and tomato
(Mgller et al., 2009; Pozo et al., 2010).

In relation to phytoplasmas, specialized obligate parasitesof phloem tissue that are transmitted by insect
vectors, mostreports show a reduction of disease incidence (Kaminska etal., 2010a, 2010b; Batlle et al., 2011;
D’Amelio etal., 2011).However, it should be noted that the analysis of mycorrhizaleffects on phytoplasmas and
viruses is difficult because of the potential impact of mycorrhization on the insect vector and thecomplexity of
studies on multi-trophic interactions.

Because of the multiple roles of insects in plant biology and their ecological relevance, the impact of
mycorrhizationon plant interactions with insects deserves special attention.Insects may be deleterious to
plants by directly damaging them through herbivory or by acting as vectors for pathogens such as viruses and
phytoplasmas, but they also can have positive effects on plant health by acting as natural enemiesof pests or
as pollinators. The outcome of the mycorrhiza- plant-herbivore interaction depends on many factors, such as
the AM fungus, host and insect species involved, and environmental factors (Gange, 2007; Pineda et al., 2010).
Severalreviews have tried to compile the published studies dealingwith these multitrophic interactions, most
of them from an ecological point of view (Gehring and Bennett, 2009; Hartley and Gange, 2009). As a general
pattern, the positive roles ofinsects on plants are favored by mycorrhization. For example, mycorrhization
positively influence visitation rates of pollinating insects (Gange and Smith, 2005; Wolfe et al., 2005). This
effect may be partly due to mycorrhizal effectson plant biomass, flower number and size, and amount of
pollen produced (Gange and Smith, 2005). Similarly, the changes in the volatile profile of mycorrhizal plants
under attack by herbivores result in a higher attraction of parasitoids that may help the plant to control the pest
(Guerrieri et al., 2004; Leitner et al., 2010; Schausberger et al., 2011).
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Concerning mycorrhizal effects on herbivorous insects, different outcomes have been reported. The
improved growth and nutritional status of a mycorrhizal plant can compensate for feeding damage, whereas
improved nutrientand water uptake facilitate the regrowth of tissues; all of which can increase host tolerance
to herbivory (Kula et al., 2005; Bennett and Bever, 2007; Hoffmann et al., 2011).

Besides tolerance, direct effects on the insect also canoccur. These effects largely vary depending on the
type ofthe attacking insect. Generalist insects, able to feed ondiverse plants and sensible to the plant defense
mechanisms,are usually negatively affected by the presence of mycorrhizas(Rabin and Pacovsky, 1985; Gange
and West, 1994;Vicari et al.,, 2002; Fontana et al., 2009). However, theoutcome of the mycorrhiza-plant-
herbivore interaction is notalways favorable for the plant. Specialist insects, which feedfrom one or only a
small number of hosts and show a highdegree of adaptation to their hosts’ defense responses, usuallyperform
better on mycorrhizal plants, probably because of theimproved nutritional quality of the host (Gehring and
Bennett,2009; Hartley and Gange, 2009). This general pattern, i.e.,protection by mycorrhiza mostly against
insect species sensi-tive to plant defense mechanisms, again supports the key roleof the defense mechanisms
on plant protection by mycorrhiza.

The degree of protection also depends on the feeding guild of the attacking herbivore. Phloem-sucking insects
produceminimal damage to the plant while feeding and thereby avoiddetection by the host’s immune system
(Walling, 2008). Thus, it is unlikely that potentiation of plant defense mechanisms inmycorrhizal plants may have
a significant impact on them. Moreover, they may profit from its higher nutritional value. Infact, higher incidence
of phloem-sucking insects in mycorrhizalplants has been reported (Gange et al., 1999; Goverde et al., 2000).
In contrast, leaf chewers and miners usually are negatively affected by mycorrhization (Gange and West,
1994; Vicari et al., 2002). These insects feed on the leaf tissue and cause massive damage, which activates
defenses that depend on the plant hormone JA (Howe and Jander 2008).

Taking into account the degree of specialization of the herbivore and its feeding guild, it can be summarized
that mycorrhization negatively affects generalist leaf chewers, while having a positive or neutral effect on
phloem feeders and specialist chewers (Gehring and Bennett, 2009; Hartleyand Gange, 2009; Koricheva et
al., 2009; Pineda et al., 2010). This spectrum of action strongly suggests that the effect of mycorrhization is
related to priming of the plant defense mechanisms, and points out a prominent role of jasmonate signaling
in the plant protection achieved by mycorrhization.

MECHANISMS UNDERLYING MYCORRHIZAS’ IMPACT ON PLANT-INTERACTIONS WITH PATHOGENS
AND PESTS

The effects of the AM symbiosis on plant interactions with other organisms, and, in particular, the induction
of resistance against deleterious organisms seem to result from the combination of multiple mechanisms
that may operate simultaneously. In the previous section, the possiblerole of competition for colonization sites
and photoassimilates,and the contribution of the modifications in the microbial populations in the rhizosphere
were discussed. Apart from that, a major transcriptional reprogramming takes place upon mycorrhizal
colonization of the roots (Liu et al., 2003,2007; Glimil et al.,, 2005; Ldépez-Rdez et al.,, 2010b). This
reprogramming originates alterations in the primary and secondary metabolism in mycorrhizal plants
(Hauseet al., 2007; Toussaint, 2007; Schliemann et al., 2008).The majority of the changes affect the host’s
secondary metabolism, and have far-reaching consequences for the plant. One example is the alteration in
root exudates, composed of various secondary metabolites such asphenolic compounds, strigolactones, and
allelopathic com- pounds that regulate multiple interactions in the rhizosphere(Zeng, 2006; Lépez-Raez et al.,
20104, 2011b; Cipollini et al.,2012, this issue). Accordingly, all those changes may have special relevance to
mycorrhizal effects on plant interactions below-ground. The symbiosis also increases the rate of
photosynthesis and influences the carbon assimilation and allocation, thereby possibly affecting the source-sink
relations that may influence the suitability of the plant for shoot attackers (Wright et al., 1998a, b). Obviously,
improved nutrition in the plant also may account for damage compensationphenomena, and may, therefore,
contribute to plant tolerance to diseases and herbivory. However, those mechanisms do not explain,
for example, protection by AMunder conditions where there are no nutritional benefits,and they do not
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explain the spectrum of action of mycorrhiza- induced resistance. These and other evidence discussed in the
former section support the idea that the regulation of plant defenses during mycorrhization plays a major role
in mycorrhiza induced resistance.

Modulation of the Host Plant’s Immune System by AMF

A functional mycorrhizal association requires a high degreeof coordination between both partners. The
fungus has to deal with the plant’s immune system, contend with thedefense mechanisms and overcome
them for successfulcolonization of the host (Kloppholz et al., 2011; Zamioudisand Pieterse, 2012). Once
established, the plant has to regulate the level of fungal proliferation within the roots to prevent excessive
colonization and carbon drainage, thus maintaining the interaction at mutualistic levels. For example, under
conditions of high exogenous phosphate supply, the plant actively inhibits proliferation of the fungus within
theroots (Breuillin et al., 2010). Similarly, plants possess a feedback system that prevents excessive
colonization over a critical threshold, a phenomenon termed auto- regulation of the symbiosis, described
initially in the rhizobium-legume symbioses (Vierheilig, 2004; Vierheilig etal., 2008). Mechanistic similarities
between the auto- regulation of mycorrhization and nodulation and the inductionof systemic resistance by
beneficial microbes have been pointed out (Vierheilig et al., 2008; Zamioudis and Pieterse,2012). In summary,
from presymbiotic stages and throughouta well-established AM association, plant defense mechanisms are tightly
regulated to control the symbiosis. As a side effect, this regulation may directly impact root pathogens.

During the early stages of the interaction, the plant reactsto the presence of AM fungi by activating some
defense-related responses that are subsequently suppressed (Garcia-Garrido and Ocampo, 2002; Liu et al.,
2003). Beforepenetration of the roots, the fungus seems to trigger the plant’simmune system as a biotrophic
pathogen would (Guimil et al.,2005; Paszkowski, 2006). In response to colonization by AMF, a quick but
transient increase of endogenous salicylicacid (SA) occurs in the roots (Fig. 2) with a concurrent accumulation
of defensive compounds, such as reactiveoxygen species, specific isoforms of hydrolytic enzymes, andthe
activation of the phenylpropanoid pathway (Pozo et al.,1998; Blilou et al., 1999; Dumas-Gaudot 2000; Fester
and Hause, 2005; de Roman et al., 2011). These reactions are temporally and spatially limited compared to
the reaction during plant-pathogen-interactions, suggesting a role in theestablishment or control of the
symbiosis (Dumas-Gaudot etal., 1996; Garcia-Garrido and Ocampo, 2002). Indeed, SA signaling seems to have
a negative effect on AM colonization (de Roman et al., 2011; Herrera-Medina et al., 2003), and AMestablishment
requires inhibition of certain SA-regulated responses (Dumas-Gaudot 2000) as described for other mu
tualistic symbiosis (Soto et al., 2009). Despite our lack of knowledge on how the AM fungi evade and
manipulate thehost’s innate immune system, recent studies support that AMfungi can actively suppress SA-
dependent defense reactionsby secreting effector proteins that interfere with the host’s immune system
(Campos-Soriano et al., 2010; Kloppholz etal., 2011). Not only SA, but also the level of other phytohormones
related to defense, such as JA, ABA, and ET, is altered during the plant interaction with the AM fungus (Hause et
al., 2007; Lopez-Réez et al.,, 2010b; Ludwig-Mdller, 2010). In-deed, as the colonization progresses, the
regulation of JA levels gains a central role in the correct functioning of the AM symbiosis (Hause et al., 2002,
2007; Hause and Schaarschmidt, 2009). Since induced resistance is generallymanifested only when the AM
symbiosis is well established,the changes in signaling associated with a well-established mycorrhiza are likely
mediating MIR (Cordier et al., 1998; Slezack et al., 2000; Pozo et al., 2002, Jung et al., unpublished). It should
be noted here that the extent of the hormonalchanges associated with the symbiosis depends on the AM
fungus involved (Lopez-Raez et al. 2010b; Fernandez and Pozo, unpublished). The differences may correlate
with thedifferential ability of various AMF to induce resistance. Thelevel of protection conferred by the
mycorrhization is highlydependent on the fungus engaged in the symbiosis (Pozo etal., 2002; Garmendia et
al., 2004; Kobra et al., 2009; Sikes etal., 2009).

The dependence of successful mycorrhization on thecontrol of JA and SA signaling would explain the range
of protection conferred by this symbiosis (Pozo and Azcén-Aguilar, 2007). As summarized, AMF plants are
more resistant to necrotrophs and chewing insects, aggressors targeted by JA-dependent defense responses,
and they are more susceptible to biotrophs, targeted by SA-regulated defenses. This pattern correlates with
an activation of JA-dependent defenses and repression of SA-dependent ones in a well-established
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mycorrhiza. JA signaling leads to the synthesis of toxins and defensive proteins that target physiological
processes in the insect, thus reducing insect growth and survival (Howe and Jander 2008). Similarly, JA
regulates defense response genes that are effective against necrotrophic microbial pathogens (Pozo et al.,
2009). Moreover, JA triggers indirect plant defenses upon herbivory, regulating the emission of volatile blends
that attract predators or parasitoids,which then prey on the herbivores (Dicke et al., 2009; Snoerenet al., 2009).
Together with altered JA responses, the volatileprofile changes in mycorrhizal plants under attack, and they
become more attractive to natural enemies like parasitoids (Guerrieri et al., 2004; Rapparini et al., 2008;
Fontana et al.,2009; Leitner et al., 2010; Schausberger et al., 2011).

Priming of JA-dependent Defenses in Mycorrhiza-Induced Resistance

The induction of resistance (IR), does not necessarily require direct activation of defense mechanisms, but
can result from a sensitization of the tissue upon appropriate stimulation to express basal defense
mechanisms more efficiently after subsequent pathogen attack. This priming ofthe plant’s innate immune
system is common upon interaction with beneficial microorganisms, and has important fitness benefits
compared to direct activation of defenses (Conrathet al., 2006; Van Hulten et al., 2006; Van Wees et al., 2008).
Induction of the primed state usually is associated with a moderate accumulation of defense-related
regulatory molecules, such as transcription factors or MAP kinases (Pozo et al., 2008; Beckers et al., 2009;
Van Der Ent etal., 2009b). For example, rhizobacteria-induced systemic resistance in Arabidopsis is related
to priming of JA- dependent responses through the accumulation of MYC2, atranscription factor with a key
role in the regulation of JA responses (Pozo et al., 2008).

Examples of primed defense responses in mycorrhizalplants were first observed in root tissues. Mycorrhizal
transformed carrot roots displayed stronger defense reactionsat sites challenged by Fusarium (Benhamou et
al., 1994). Intomato, AMF colonization systemically protected rootsagainst Phytophthora parasitica infection.
Only mycorrhizalplants formed papilla-like structures around the sites ofpathogen infection through deposition
of non-sterified pectinsand callose, preventing the pathogen from spreading further,and they accumulated
significantly more PR-1a andbasic -1,3 glucanases than non-mycorrhizal plants uponPhytophthora attack
(Cordier et al., 1998; Pozo et al., 1999,2002). Priming for callose deposition also was reported tounderlie
protection against Colletotrichum in cucumber(Lee et al., 2005). Similarly, mycorrhizal potatoesshowed
amplified accumulation of the phytoalexins rishitinand solavetivone upon Rhizoctonia infection, whereas
AMFalone did not affect the levels of these compounds (Yaoet al., 2003). Recently, primed accumulation
of phenoliccompounds in AM date palm trees also has been related toprotection against F. oxysporum
(Jaiti et al., 2007), andpriming has been involved in mycorrhizal induction ofresistance against nematodes (Li
et al., 2006; Hao et al., 2012).However, the primed response is not restricted to the root system. Recently, we
have shown priming of defenses alsoin shoots of mycorrhizal plants (Pozo et al., 2010). AMsymbiosis
induced systemic resistance in tomato plantsagainst the necrotrophic foliar pathogen Botrytis cinerea.
While the amount of pathogen in leaves of mycorrhizal plants was significantly lower, the expression of some
jasmonate-regulated, defense-related genes was higher in those plants (Pozo et al, 2010, Jung et al,,
unpublished).A primed response of JA-dependent defenses was confirmedby transcript profiling of leaves after
exogenous application of JA, since JA-responsive genes were induced earlier and to ahigher extent in
mycorrhizal plants, particularly in those colonized by G. mosseae (Pozo et al., 2009). A similar primed
response was observed in mycorrhizal tomato leaves upon mechanical wounding or caterpillar feeding, both
responses known to be regulated by JA, thusunderscoring the importance of the JA signaling pathway inMIR
(Fig. 3). The use of tomato mutants impaired in JA signaling has confirmed that JA is required for mycorrhiza
induced resistance against Botrytis (Martinez-Medina et al.,unpublished), confirming that MIR is similar to
the well- studied rhizobacteria-induced systemic resistance (ISR) in Arabidopsis and requires a functional JA
signaling pathwayfor the efficient induction of resistance (Pieterse et al., 1998).The JA signaling pathway also
is required for rhizobacteria-mediated ISR in tomato (Yan et al., 2002), and for the induction of resistance by
the beneficial fungi Trichodermaand Piriformospora (Shoresh et al., 2005; Stein et al., 2008).Recently, MIR
against the rice blast fungus Magnaporthe grisea has been demonstrated, and the resistance seems to rely
on both the systemic activation of genes with a regulatoryrole in host immunity, and the priming for stronger
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expressionof defense effector genes during pathogen infection (Campos- Soriano et al., 2012).

In addition to this priming effect on above-ground tissues,the AMF hyphal network may even extend the
induction ofresistance to neighboring plants, acting as a plant-plantunderground communication system (Song
et al., 2010). Song and co-authors showed that healthy “receiver” plants activate JA-regulated, defense-
related genes when neighboring“donor” plants, connected via a common mycorrhizal network in the soil, were
infected by the foliar pathogen Alternaria solani. According to this finding, plants can ‘eavesdrop’ on signals
from the pathogen-challenged neighbors to activatedefenses before being attacked themselves (Song et al.,
2010). With regard to this, since mycorrhizal establishmentalters the volatile emission, and volatiles have been
shown toprime distal plant parts or even neighboring plants for a fasterinduction of defense responses (Heil and
Ton, 2008), it remainsto be determined if changes in volatiles in mycorrhizal plantsalso prime neighboring plants
for efficient activation of defense against attackers.

SUMMARY AND OUTLOOK

Arbuscular mycorrhizas significantly impact the host plant interaction with multiple organisms. Even though
the individual outcome always depends on the AMF-plant-attacker combination, protective effects against
deleterious organisms have been described for many interactions (Fig. 1). Experimental evidence confirms
that this protectionis based not only on improved nutrition or local changes within the roots and rhizosphere,
but that priming of plant immunity plays a major role in Mycorrhiza-Induced Resistance. Although the
molecular basis for the regulationof plant defenses and the priming of the plant immune system during
mycorrhization remains mostly unknown, a prominent role of jasmonate signaling has been confirmed. The
great majority of land plants form arbuscular mycorrhizas, thus, unveiling the principles behind a successful
symbiosis and the functional interplay between plant and fungus is of majorinterest. The identification of
defense regulatory elements that may operate in priming of plant defenses in mycorrhizal plants may have
important practical implications regarding the effectiveness of AMF in the biological control and integrated
management of pests and diseases.

ACKNOWLEDGEMENTS

Our research on MIR was financed by grant AGL2006-08029 and AGL2009- 07691 from the Spanish Ministry
ofScience and Technology. S.C.J. is supported by the JAE program of the Spanish National Research Council
(csIC).

REFERENCES

AKIYAMA, K., MATSUOKA, H., and HAYASHI, H. 2002. Isolation and identification of a phosphate deficiency-
induced C-glycosylflavonoid that stimulates arbuscular mycorrhiza formation in melon roots. Mol. Plant-
Microbe Interact. 15:334-340.

AKIYAMA, K., MATSUZAKI, K.-l., and HAYASHI, H. 2005. Plant sesquiterpenes induce hyphal branching in
arbuscular mycorrhizal fungi. Nature 435:824-827.

ALOUI, A., RECORBET, G., ROBERT, F., SCHOEFS, B., BERTRAND, M., HENRY, C., GIANINAZZI-PEARSON, V.,
DUMAS-GAUDOT, E., and ASCHI-SMITI, S. 2011. Arbuscular mycorrhizal symbiosis elicits shoot
proteome changes that are modified during cadmiumstress alleviation in Medicago truncatula. BMC
Plant Biology 11:75.

ARTURSSON, V., FINLAY, R. D., and JANSSON, J. K. 2006. Interactions between arbuscular mycorrhizal fungi
and bacteria and theirpotential for stimulating plant growth. Environ. Microbiol. 8:1-10.

AUSUBEL, F. M. 2005. Are innate immune signaling pathways in plants and animals conserved? Nat. Immunol.
6:973-979.

AZAIZEH, H. A., MARSCHNER, H., ROMHELD, V., and WITTENMAYER, L. 1995. Effects of a vesicular-arbuscular
mycorrhizal fungus andother soil microorganisms on growth, mineral nutrient acquisition androot exudation
of soil-grown maize plants. Mycorrhiza 5:321-327.

9



| Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6 |

AZCON-AGUILAR, C. and BAREA, J. M. 1997. Arbuscular mycorrhizas and biological control of soil-borne plant
pathogens - An overviewof the mechanisms involved. Mycorrhiza 6:457-464.

BADRI, D. V. and VIVANCO, J. M. 2009. Regulation and function of root exudates. Plant Cell Environ. 32:666—
681.

BANSAL, M. and MUKERJI, K. G. 1994. Positive correlation between VAM-induced changes in root exudation
and mycorrhizosphere mycoflora. Mycorrhiza 5:39-44.

BAREA, J.-M., POZO, M. J., AZCON, R., and AZCON-AGUILAR, C. 2005. Microbial co-operation in the
rhizosphere. J. Exp. Bot. 56:1761-1778.

BATLLE, A., LAVINA, A., SABATE, J., CAMPRUBI, A., ESTAUN, V., and CALVET, C. 2011. Tolerance increase to
Candidatus phytoplasmaprunorum in mycorrhizal plums fruit trees. Bull. Insectology64:125-126.

BECKERS, G. J. and CONRATH, U. 2007. Priming for stress resistance: from the lab to the field. Curr. Opin.
Plant Biol. 10:425-431.

BECKERS, G. J. M., JASKIEWICZ, M., LIU, Y., UNDERWOOD, W. R., HE, S. Y., ZHANG, S., and CONRATH, U. 2009.
Mitogen-activated protein kinases 3 and 6 are required for full priming of stress responses in
Arabidopsis thaliana. Plant Cell 21:425-431

BELIMOV, A. A., SEREBRENNIKOVA, N. V., and STEPANOK, V. V. 1999. Interaction of associative bacteria and
an endomycorrhizal funguswith barley upon dual inoculation. Microbiology 68:104—108.

BENHAMOU, N., FORTIN, J. A., HAMEL, C., ST ARNAUD, M., and SHATILLA, A. 1994. Resistance responses
of mycorrhizal Ri T- DNA-transformed carrot roots to infection by Fusarium oxyspo- rum f. sp.
chrysanthemi. Phytopathology 84:958—-968.

BENNETT, A. E. and BEVER, J. D. 2007. Mycorrhizal species differen- tially alter plant growth and response to
herbivory. Ecology 88:210-218.

BERTA, G., FUSCONI, A., and HOOKER, J. E. 2002. Arbuscular mycor- rhizal modifications to plant root systems:
scale, mechanisms andconsequences, pp. 71-85, in S. Gianinazzi, H. Schiepp, J. M. Barea, and K.
Haselwandter (eds.), Mycorrhizal Technology in Agriculture. From Genes to Bioproducts. Birkhaeuser,
Basel.

BLILOU, I., OCAMPO, J. A., and GARCIA-GARRIDO, J. M. 1999. Resistance of pea roots to endomycorrhizal
fungus or Rhizobium cor- relates with enhanced levels of endogenous salicylic acid. J. Exp.Bot. 50:1663—
1668.

BOLLER, T. and HE, S. Y. 2009. Innate immunity in plants: An arms race between pattern recognition receptors
in plants and effectorsin microbial pathogens. Science 324:742—744.

BOUWMEESTER, H. J., MATUSOVA, R., ZHONGKUI, S., and BEALE, M. H. 2003. Secondary metabolite
signaling in host—parasitic plant interactions. Curr. Opin. Plant Biol. 6:358—364.

BOUWMEESTER, H. J., ROUX, C., LOPEZ-RAEZ, J. A., and BECARD, G. 2007. Rhizosphere communication of
plants, parasitic plants andAM fungi. Trends Plant Sci. 12:224-230.

BREUILLIN, F., SCHRAMM, J., HAJIREZAEI, M., AHKAMI, A., FAVRE, P.,DRUEGE, U., HAUSE, B., BUCHER, M,,
KRETZSCHMAR, T.,BOSSOLINI, E., KUHLEMEIER, C., MARTINOIA, E., FRANKEN, P., SCHOLZ, U., and
REINHARDT, D. 2010. Phosphate systemically inhibits development of arbuscular mycorrhiza in Petunia
hybridaand represses genes involved in mycorrhizal functioning. Plant J.64:1002—-1017.

CAMPOS-SORIANO, L., GARCIA-GARRIDO, J. M., and SEGUNDO, B. S. 2010. Activation of basal defense
mechanisms of rice plants by Glomus intraradices does not affect the arbuscular mycorrhizal symbiosis.
New Phytol. 188:597—-614.

CAMPOS-SORIANO, L., GARCIA-MARTINEZ, J., and SEGUNDO, B. S. 2012. The arbuscular mycorrhizal
symbiosis promotes the sys- temic induction of regulatory defense-related genes in rice leavesand
confers resistance to pathogen infection. Mol. Plant Pathol. doi:. doi:10.1111/j.1364-
3703.2011.00773.x.

CIPOLLINI, D., RIGSBY, C. M., and BARTO, E. K. 2012. Microbes as targets and mediators of allelopathy in
plants. J. Chem. Ecol., thisissue.

CONRATH, U., BECKERS, G. J. M., FLORS, V., GARCIA-AGUSTIN, P.,JAKAB, G., MAUCH, F., NEWMAN, M.
A., PIETERSE, C. M. J., POINSSOT, B., POZO, M. J., PUGIN, A., SCHAFFRATH, U., TON, J., WENDEHENNE,

10


http://dx.doi.org/10.1111/j.1364-3703.2011.00773.x
http://dx.doi.org/10.1111/j.1364-3703.2011.00773.x

Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6 |

D., ZIMMERLI, L., and MAUCH-MANI, B. 2006. Priming: Getting ready for battle. Mol. Plant-Microbe
Interact. 19:1062-1071.

CORDIER, C., POZO, M. J., BAREA, J. M., GIANINAZZI, S., and GIANINAZZI-PEARSON, V. 1998. Cell defense
responses associated with localized and systemic resistance to Phytophthora parasitica induced in
tomato by an arbuscular mycorrhizal fungus. Mol. Plant-Microbe Interact. 11:1017-1028.

CURRIE, A. F., MURRAY, P. J.,, and GANGE, A. C. 2011. Is a specialist root-feeding insect affected by
arbuscular mycorrhizal fungi? Appl. Soil Ecol. 47:77-83.

CHANDANIE, W., KUBOTA, M., and HYAKUMACHI, M. 2006. Interactions between plant growth promoting
fungi and arbuscular my- corrhizal fungus Glomus mosseae and induction of systemicresistance to
anthracnose disease in cucumber. Plant Soil 286:209-217.

CHANDANIE, W. A., KUBOTA, M., and HYAKUMACHI, M. 2005. Interaction between arbuscular mycorrhizal
fungus Glomus mosseae and plant growth promoting fungus Phoma sp.on their root colo-nization and
growth promotion of cucumber (Cucumis sativus L.).Mycoscience 46:201-204.

CHANDANIE, W. A., KUBOTA, M., and HYAKUMACHI, M. 2009. Interactions between the arbuscular
mycorrhizal fungus Glo- mus mosseae and plant growth-promoting fungi and their significance for
enhancing plant growth and suppressing damping-off of cucumber (Cucumis sativus L.). Appl. Soil Ecol
41:336-341.

D’AMELIO, R., BERTA, G., GAMALERO, E., MASSA, N., AVIDANO,L., CANTAMESSA, S., D’AGOSTINO, G.,
BOSCO, D., and MARZACHI,C. 2011. Increased plant tolerance against chrysanthemum yellows
phytoplasma (Candidatus Phytoplasma asteris) following double inoculation with Glomus mosseae
BEG12 and Pseudomonas putidaS1Pf1Rif. Plant Pathol 60:1014—1022.

DE LA NOVAL, B., PEREZ, E., MARTINEZ, B., LEON, O., MARTINEZ-GALLARDO, N., and DELANO-FRIER, J.
2007. Exogenous systemin has a contrasting effect on disease resistance in mycorrhizal tomato
(Solanum lycopersicum) plants infected with necrotrophicor hemibiotrophic pathogens. Mycorrhiza
17:449-460.

DE LA PENA, E., ECHEVERRIA, S. R., VAN DER PUTTEN, W. H., FREITAS, H., and MOENS, M. 2006. Mechanism
of control of root-feeding nematodes by mycorrhizal fungi in the dune grass Ammophila arenaria. New
Phytol. 169:829-840.

DE ROMAN, M., FERNANDEZ, I., WYATT, T., SAHRAWY, M., HEIL, M., and POZO, M. J. 2011. Elicitation of
foliar resistance mechanismstransiently impairs root association with arbuscular mycorrhizal fungi. J.
Ecol. 99:36-45.

DICKE, M., VAN LOON, J. J. A., and SOLER, R. 2009. Chemical complexity of volatiles from plants induced
by multiple attack. Nat Chem Biol 5:317-324.

DUMAS-GAUDOT, E., GOLLOTTE, A., CORDIER, C., GIANINAZZI, S.,and GIANINAZZI-PEARSON, V. 2000.
Modulation of host defence systems, pp. 173-200 in Y. Kapulnick, and D. D. Douds Jr (eds.), Arbuscular
Mycorrhizas: Physiology and Function. Kluwer Academic Press, Dordrecht.

DUMAS-GAUDOT, E., SLEZACK, S., DASSI, B., POZO, M., GIANINAZZI-PEARSON, V., and GIANINAZZI, S. 1996.
Plant hydrolytic enzymes (chitinases and B-1,3-glucanases) in root reactions to pathogenic and
symbiotic microorganisms. Plant Soil 185:211-221.

EFFMERT U., KALDERAS J., WARNKE R., and PIECHULLA B. 2012. Volatile mediated interactions between
bacteria and fungi in the soil. J. Chem. Ecol., this issue.

ELSEN, A., GERVACIO, D., SWENNEN, R., and DE WAELE, D. 2008. AMF-induced biocontrol against plant
parasitic nematodes in Musa sp.: a systemic effect. Mycorrhiza 18:251-256.

FERRARI, A. E. and WALL, L. G. 2008. Coinoculation of black locust with Rhizobium and Glomus on a
desurfaced soil. Soil Sci. 173:195-202.

FESTER, T., FETZER, I, BUCHERT, S., LUCAS, R., RILLIG, M., and HARTIG, C. 2011. Towards a systemic
metabolic signature of thearbuscular mycorrhizal interaction. Oecologia 167:913-924.

FESTER, T. and HAUSE, G. 2005. Accumulation of reactive oxygenspecies in arbuscular mycorrhizal roots.
Mycorrhiza 15:373-379. FESTER, T. and SAWERS, R. 2011. Progress and challenges in agricul-tural
applications of arbuscular mycorrhizal fungi. Crit. Rev. Plant Sci. 30:459-470.

11



| Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6 |

FIORILLI, V., CATONI, M., MIOZzI, L., NOVERO, M., ACCOTTO, G. P., and LANFRANCO, L. 2009. Global and
cell-type gene expression profiles in tomato plants colonized by an arbuscular mycorrhizalfungus. New
Phytol. 184:975-987.

FLOB, D. S., HAUSE, B., LANGE, P. R., KUSTER, H., STRACK, D., and WALTER, M. H. 2008. Knock-down of the
MEP pathway isogenel-deoxy-d-xylulose 5-phosphate synthase 2 inhibits formation of arbuscular
mycorrhiza-induced apocarotenoids, and abol- ishes normal expression of mycorrhiza-specific plant
marker genes. Plant J 56:86—100.

FONTANA, A., REICHELT, M., HEMPEL, S., GERSHENZON, J., and UNSICKER, S. 2009. The effects of
arbuscular mycorrhizal fungi on direct and indirect defense metabolites of Plantago lanceolatal. J.
Chem. Ecol. 35:833-843.

FRITZ, M., JAKOBSEN, I., LYNGKJAR, M. F., THORDAL-CHRISTENSEN, H., and PONS-KUHNEMANN, J. 2006.
Arbuscular mycorrhiza reduces susceptibility of tomato to Alternaria solani. Mycorrhiza16:413—419.

GANGE, A. C. 1996. Reduction in vine weevil larval growth by my- corrhizal fungi. Mitt. Biol. Bund. Forst.
316:56-60.

GANGE, A. C. 2001. Species-specific responses of a root- and shoot- feeding insect to arbuscular mycorrhizal
colonization of its host plant. New Phytol. 150:611-618.

GANGE, A. C. 2007. Insect—mycorrhizal interactions: patterns, processes, and consequences, pp. 124-144, in
T. Ohgushi, T. P. Craig, and P. W. Price (eds.), Ecological Communities: Plant Mediationin Indirect
Interaction Webs. Cambridge University Press, New York.

GANGE, A. C., BOWER, E., and BROWN, V. K. 1999. Positive effects ofan arbuscular mycorrhizal fungus on
aphid life history traits. Oecologia 120:123-131.

GANGE, A. C. and SMITH, A. K. 2005. Arbuscular mycorrhizal fungi influence visitation rates of pollinating
insects. Ecol. Entomol. 30:600-606.

GANGE, A. C. and WEST, H. M. 1994. Interactions between arbuscularmycorrhizal fungi and foliar-feeding
insects in Plantago lanceolata L. New Phytol. 128:79-87.

GARCIA-GARRIDO, J. M. and OCAMPO, J. A. 2002. Regulation of the plant defense response in arbuscular
mycorrhizal symbiosis. J. Exp. Bot. 53:1377—-1386.

GARMENDIA, I., GOICOECHEA, N., and AGUIRREOLEA, J. 2004. Effectiveness of three Glomus species in
protecting pepper (Capsicum annuum L.) against verticillium wilt. Biol. Contr. 31:296—-305.

GEHRING, C. and BENNETT, A. 2009. Mycorrhizal fungal-plant-insect interactions: The importance of a
community approach. Environ.Entomol. 38:93-102.

GERNNS, H., VON ALTEN, H., and POEHLING, H. M. 2001. Arbuscular mycorrhiza increased the activity of a
biotrophic leaf pathogen - Isa compensation possible? Mycorrhiza 11:237-243.

GOELLNER, K. and CONRATH, U. 2008. Priming: It's all the world to induced disease resistance. Eur. J. Plant
Pathol. 121:233-242.

GLAZEBROOK, J. 2005. Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens.
Annu. Rev. Phytopathol. 43:205-227.

GOVERDE, M., VAN DER HEIJDEN, M. V. D. H., WIEMKEN, A., SANDERS, I.S., and ERHARDT, A. 2000. Arbuscular
mycorrhizal fungi influence life history traits of a lepidopteran herbivore. Oecologia 125:362-369.

GUERRIERI, E., LINGUA, G., DIGILIO, M. C., MASSA, N., and BERTA, G. 2004. Do interactions between plant
roots and the rhizosphereaffect parasitoid behaviour? Ecol. Entomol. 29:753-756.

GUIMIL, S., CHANG, H.-S., ZHU, T., SESMA, A., OSBOURN, A., ROUX, C.,IOANNIDIS, V., OAKELEY, E. J.,
DOCQUIER, M., DESCOMBES, P., BRIGGS, S. P., and PASZKOWSKI, U. 2005. Comparative transcrip-
tomics of rice reveals an ancient pattern of response to microbialcolonization. Proc. Nat. Acad. Sci. USA
102:8066—-8070.

HAGGAG, W. M. and ABD-EL LATIF, F. M. 2001. Interaction between vesicular arbuscular mycorrhizae and
antagonistic biocontrol microorganisms on controlling root rot disease incidence of gera-nium plants.
Online J. Biol. Sci. 1:1147-1153.

HAO, Z., FAYOLLE, L., VAN TUINEN, D., CHATAGNIER, O., LI, X., GIANINAZZI, S., and GIANINAZZI-PEARSON, V.
2012. Local and systemic mycorrhiza-induced protection against the ectoparasitic nematode

12



| Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6 |

Xiphinema index involves priming of defense gene responses in grapevine. J. Exp. Bot. doi:.
do0i:10.1093/jxb/ers046.

HARRIER, L. A. and WATSON, C. A. 2004. The potential role ofarbuscular mycorrhizal (AM) fungi in the
bioprotection of plants against soil-borne pathogens in organic and/or other sustainable farming
systems. Pest Manag. Sci. 60:149-157.

HARRISON, M. J. 1999. Molecular and cellular aspects of the arbuscularmycorrhizal symbiosis. Annu. Rev. Plant
Physiol. Plant Mol. Biol.50:361-389.

HARTLEY, S. E. and GANGE, A. C. 2009. Impacts of plant symbiotic fungi on insect herbivores: Mutualism in a
multitrophic context. Annu. Rev. Entomol. 54:323-342.

HAUSE, B. and FESTER, T. 2005. Molecular and cell biology of arbuscular mycorrhizal symbiosis. Planta
221:184-196.

HAUSE, B., MAIER, W., MIERSCH, O., KRAMELL, R., and STRACK, D. 2002. Induction of jasmonate biosynthesis
in arbuscular mycor- rhizal barley roots. Plant Physiol. 130:1213-1220.

HAUSE, B., MROSK, C., ISAYENKOV, S., and STRACK, D. 2007. Jasmonates in arbuscular mycorrhizal
interactions. Phytochemistry 68:101-110.

HAUSE, B. and SCHAARSCHMIDT, S. 2009. The role of jasmonates in mutualistic symbioses between plants
and soil-born microorgan-isms. Phytochemistry 70:1589-1599.

HEIL, M. and TON, J. 2008. Long-distance signaling in plant defense. Trends Plant Sci. 13:264-272.

HERRERA-MEDINA, M. J., GAGNON, H., PICHE, Y., OCAMPO, J. A., GARCIA-GARRIDO, J. M., and VIERHEILIG,
H. 2003. Root colonization by arbuscular mycorrhizal fungi is affected by the salicylicacid content of
the plant. Plant Sci. 164:993—998.

HOFFMANN, D., VIERHEILIG, H., PENEDER, S., and SCHAUSBERGER, P. 2011. Mycorrhiza modulates
aboveground tri-trophic interactionsto the fitness benefit of its host plant. Ecol. Entomol. 36:574—581.

HOWE, G. A. and JANDER, G. 2008. Plant immunity to insect herbivores. Annu. Rev. Plant Biol. 59:41-66.

JAITI, F., MEDDICH, A., and EL HADRAMI, 1. 2007. Effectiveness of arbuscular mycorrhizal fungiin the protection
of date palm (Phoenixdactylifera L.) against bayoud disease. Physiol. Mol Plant Pathol71:166—173.

JIA, Y., GRAY, V. M., and STRAKER, C. J. 2004. The influence of rhizobium and arbuscular mycorrhizal fungi on
nitrogen andphosphorus accumulation by Vicia faba. Ann. Bot. 94:251-258.

JONES, J. D. G. and DANGL, J. L. 2006. The plant immune system. Nature 444:323-329.

KAMINSKA, M., KLAMKOWSKI, K., BERNIAK, H., and SOWIK, I. 2010a. Response of mycorrhizal periwinkle
plants to aster yellows phy- toplasma infection. Mycorrhiza 20:161-166.

KAMINSKA, M., KLAMKOWSKI, K., BERNIAK, H., and TREDER, W. 2010b. Effect of arbuscular mycorrhizal
fungi inoculation on aster yellows phytoplasma-infected tobacco plants. Sci. Hortic. 125:500-503.
KASCHUK, G., KUYPER, T. W., LEFFELAAR, P. A., HUNGRIA, M., and GILLER, K. E. 2009. Are the rates of
photosynthesis stimulated by the carbon sink strength of rhizobial and arbuscular mycorrhizal

symbioses? Soil Biol Biochem. 41:1233-1244.

KESSLER, A., HALITSCHKE, R., DIEZEL, C., and BALDWIN, |. 2006. Priming of plant defense responses in
nature by airborne signaling between Artemisia tridentata and Nicotiana attenuata. Oecologia
148:280-292.

KHAOSAAD, T., GARCIA-GARRIDO, J. M., STEINKELLNER, S., and VIERHEILIG, H. 2007. Take-all disease is
systemically reduced inroots of mycorrhizal barley plants. Soil Biol. Biochem. 39:727-734.

KIERS, E. T., DUHAMEL, M., BEESETTY, Y., MENSAH, J. A., FRANKEN, O.,VERBRUGGEN, E., FELLBAUM, C. R,,
KOWALCHUK, G. A., HART, M. M., BAGO, A., PALMER, T. M., WEST, S. A., VandENKOORNHUYSE, P., JANSA,
J., and BUCKING, H. 2011. Reciprocal rewards stabilizecooperation in the mycorrhizal symbiosis.
Science 333:880—-882.

KLOPPHOLZ, S., KUHN, H., and REQUENA, N. 2011. A secreted fungal effector of Glomus intraradices
promotes symbiotic biotrophy. Curr. Biol. 21:1204-1209.

KOBRA, N., JALIL, K., and YOUBERT, G. 2009. Effects of three Glomusspecies as biocontrol agents against
verticillium-induced wilt in cotton. J. Plant Protect. Res. 49:4.

KOHLER, J., CARAVACA, F., CARRASCO, L., and ROLDAN, A. 2007. Interactions between a plant growth-

13


http://dx.doi.org/10.1093/jxb/ers046

| Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6 |

promoting rhizobacterium, an AM fungus and a phosphate-solubilising fungus in the rhizosphere of
Lactuca sativa. Appl. Soil Ecol. 35:480—-487.

KORICHEVA, J., GANGE, A. C., and JONES, T. 2009. Effects of mycorrhizal fungi on insect herbivores: a
meta-analysis. Ecology 90:2088-2097.

KRAVCHUK, Z., VICEDO, B., FLORS, V., CAMARNES, G., GONZALEZ-BOSCH, C., and GARCIA-AGUSTIN, P. 2011.
Priming for JA-dependent defenses using hexanoic acid is an effective mechanism to protect
Arabidopsis against B. cinerea. Plant Physiol 168:359-366.

KULA, A. A. R., HARTNETT, D. C., and WILSON, G. W. T. 2005. Effects of mycorrhizal symbiosis on tallgrass
prairie plant—herbivoreinteractions. Ecol. Lett. 8:61-69.

LARIMER, A., BEVER, J., and CLAY, K. 2010. The interactive effects of plant microbial symbionts: a review and
meta-analysis. Symbiosis51:139-148.

LEE, C. S., LEE, Y. J., and JEUN, Y. C. 2005. Observations of infectionstructures on the leaves of cucumber
plants pre-treated witharbuscular mycorrhiza Glomus intraradices after challenge inoc-ulation with
Colletotrichum orbiculare. Plant Pathol. J. 21:237-243.

LEITNER, M., KAISER, R., HAUSE, B., BOLAND, W., and MITHOFER, A. 2010. Does mycorrhization influence
herbivore-induced volatile emission in Medicago truncatula? Mycorrhiza 20:89-101.

LENDZEMO, V. W., KUYPER, T. W., MATUSOVA, R., BOUWMEESTER, H. J., and AST, A. V. 2007. Colonization by
arbuscular mycorrhizalfungi of Sorghum leads to reduced germination and subsequent attachment
and emergence of Striga hermonthica. Plant Sign. Behav. 2:58-62.

LI, H.-Y., YANG, G.-D., SHU, H.-R., YANG, Y.-T., YE, B.-X., NISHIDA, I., and ZHENG, C.-C. 2006. Colonization by
the arbuscular my- corrhizal fungus Glomus versiforme induces a defense response against the root-
knot nematode Meloidogyne incognita in the grapevine (Vitis amurensis Rupr.), which includes
transcriptionalactivation of the class Ill chitinase gene VCH3. Plant Cell Physiol47:154—163.

LINDERMAN, R. G. 1994. Role of VAM fungi in biocontrol, pp. 1-26, in F. L. Pfleger and R. G. Linderman (eds.),
Mycorrhizae and Plant Health. APS Press, St. Paul, MN.

LIOUSSANNE, L., JOLICOEUR, M., and ST-ARNAUD, M. 2008. Mycorrhizal colonization with Glomus
intraradices and development stage of transformed tomato roots significantly modify the che-
motactic response of zoospores of the pathogen Phytophthora nicotianae. Soil Biol. Biochem. 40:2217—
2224,

LIU, J., BLAYLOCK, L. A.,, ENDRE, G., CHO, J., TOWN, C. D., VandENBOSCH, K. A., and HARRISON, M. J.
2003. Transcript profiling coupled with spatial expression analyses reveals genes involved in distinct
developmental stages of an arbuscular mycorrhizal symbiosis. Plant Cell 15:2106-2123.

LIU, J.,, MALDONADO-MENDOZA, 1., LOPEZ-MEYER, M., CHEUNG, F., TOWN, C. D., and HARRISON, M. J. 2007.
Arbuscular mycorrhizalsymbiosis is accompanied by local and systemic alterations in gene expression
and an increase in disease resistance in theshoots. Plant J. 50:529-544.

LOPEZ-RAEZ, J. A., FLORS, V., GARCIA, J. M., and POZO, M. J. 2010a. AM symbiosis alters phenolic acid content
in tomato roots. PlantSign Behav. 5:1138-1140.

LOPEZ-RAEZ, J. A., VERHAGE, A., FERNANDEZ, ., GARCIA, J. M.,AZCON-AGUILAR, C., FLORS, V., and POZO,
M. J. 2010b. Hormonal and transcriptional profiles highlight common and differ- ential host responses
to arbuscular mycorrhizal fungi and the regulation of the oxylipin pathway. J. Exp. Bot. 61:2589-2601.

LOPEZ-RAEZ, J. A., CHARNIKHOVA, T., FERNANDEZ, I., BOUWMEESTER, H., and POZO, M. J. 2011a. Arbuscular
mycorrhizal symbiosis decreases strigolactone production in tomato. J. Plant Physiol. 168:294-297.

LOPEZ-RAEZ, J. A., POZO, M. J., and GARCIA-GARRIDO, J. M.2011b. Strigolactones: a cry for help in the
rhizosphere. Botany 89:513-522.

LUDWIG-MULLER, J. 2010. Hormonal responses in host plants trig- gered by arbuscular mycorrhizal fungi, pp.
169-190, in H. Koltai and Y. Kapulnik (eds.), Arbuscular Mycorrhizas: Physiology and Function. Springer
Netherlands, Dordrecht.

LUNA, E., BRUCE, T. J. A,, ROBERTS, M. R., FLORS, V., and TON, J. 2012. Next-generation systemic acquired
resistance. Plant Physiol. 158:844—853.

MARSCHNER, P., CROWLEY, D. E., and HIGASHI, R. M. 1997. Root exudation and physiological status of a

14



Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6 |

root-colonizing fluores- cent pseudomonad in mycorrhizal and non-mycorrhizal pepper (Capsicum
annuum L.). Plant Soil 189:11-20.

MARTINEZ-MEDINA, A., PASCUAL, J. A., LLORET, E., and ROLDAN, A. 2009. Interactions between arbuscular
mycorrhizal fungi and Trichoderma harzianum and their effects on Fusarium wilt in melonplants grown
in seedling nurseries. J. Sci. Food Agric. 89:1843— 1850.

MARTINEZ-MEDINA, A., PASCUAL, J. A., PEREZ-ALFOCEA, F., ALBACETE, A., and ROLDAN, A. 2010. Trichoderma
harzianum and Glomus intraradices modify the hormone disruption induced by Fusariumoxysporum
infection in melon plants. Phytopathology 100:682— 688.

MEYER, J. R. and LINDERMAN, R. G. 1986. Response of subterranean clover to dual inoculation with vesicular-
arbuscular mycorrhizal fungi and a plant growth-promoting bacterium, Pseudomonas putida. Soil Biol.
Biochem. 18:185-190.

MIRANSARI, M. 2010. Contribution of arbuscular mycorrhizal symbi- osis to plant growth under different
types of soil stress. Plant Biol.12:563-569.

M@LLER, K., KRISTENSEN, K., YOHALEM, D., and LARSEN, J. 2009. Biological management of gray mold in
pot roses by co-inoculation of the biocontrol agent Ulocladium atrum and the mycorrhizal fungus
Glomus mosseae. Biol. Control 49:120-125.

MUKERIJI, K. and CIANCIO, A. 2007. Mycorrhizae in the integrated pestand disease management, pp. 245—
266, in A. Ciancio and K. G. Mukerji (eds.), General Concepts in Integrated Pest and Disease
Management. Springer Netherlands, Dordrecht.

NEWSHAM, K. K., FITTER, A. H., and WATKINSON, A. R. 1995. Multifunctionality and biodiversity in arbuscular
mycorrhizas. Trends Ecol. Evol. 10:407-411.

NIRANJAN, R., MOHAN, V., and RAO, V. M. 2007. Effect of indole acetic acid on the synergistic interactions
of Bradyrhizobium and Glomus fasciculatum on growth, nodulation, and nitrogen fixation of Dalbergia
sissoo Roxb. Arid Land Res. Manag. 21:329-342.

NORMAN, J. R. and HOOKER, J. E. 2000. Sporulation of Phytophthora fragariae shows greater stimulation by
exudates of non- mycorrhizal than by mycorrhizal strawberry roots. Mycol. Res. 104:1069-1073.
PASTOR, V., LUNA, E., MAUCH-MANI, B., TON, J., and FLORS, V. 2012. Primed plants do not forget. Environ.

Exp. Bot., doi.: 10.1016/ j.envexpbot.2012.02.013

PASZKOWSKI, U. 2006. Mutualism and parasitism: the yin and yang ofplant symbioses. Curr. Op. Plant Biol.
9:364-370.

PERET, B., SVISTOONOFF, S., and LAPLAZE, L. 2009. When plants socialize: Symbioses and root
development. Annu. Plant Rev. 209-238

PIETERSE, C. M. J.,, KOORNNEEF, A., LEONREYES, H. A., RITSEMA, T.,VERHAGE, A., JOOSTEN, R. G., VOS, M. D,,
OOSTEN, V. R. V., and DICKE, M. 2008. Cross-talk between signaling pathways leading to defense
against pathogens and insects, pp. 1-9, in M. Lorito, S.L. Woo, and F. Scala (eds.), Biology of Plant-
microbe Interactions. International Society for Molecular Plant-Microbe Interactions, St. Paul, MN.

PIETERSE, C. M. J., LEON-REYES, A., VAN DER ENT, S., and VAN WEES, S. C. M. 2009. Networking by small-
molecule hormones in plantimmunity. Nat. Chem. Biol. 5:308-316.

PIETERSE, C. M. J., VAN WEES, S. C. M., VAN PELT, J. A.,,KNOESTER, M., LAAN, R., GERRITS, H., WEISBEEK,
P. J., and VAN LOON, L. C. 1998. A novel signaling pathway control- ling induced systemic resistance in
Arabidopsis. Plant Cell 10:1571-1580.

PINEDA, A., ZHENG, S.-J., VAN LOON, J. J. A,, PIETERSE, C. M. J., and DICKE, M. 2010. Helping plants to deal
with insects: the role of beneficial soil-borne microbes. Trends Plant Sci. 15:507-514.

PINOCHET, J., CALVET, C., CAMPRUBI, A., and FERNANDEZ, C. 1996. Interactions between migratory
endoparasitic nematodes and arbuscular mycorrhizal fungi in perennial crops: A review. PlantSoil
185:183-190.

PIVATO, B., GAMALERO, E., LEMANCEAU, P., and BERTA, G. 2008. Colonization of adventitious roots of
Medicago truncatula by Pseudomonas fluorescens C7R12 as affected by arbuscular my- corrhiza. FEMS
Microbiol. Lett. 289:173-180.

POZO, M. J. and AZCON-AGUILAR, C. 2007. Unraveling mycorrhiza-induced resistance. Curr. Opin. Plant Biol.

15


http://dx.doi.org/10.1016/j.envexpbot.2012.02.013
http://dx.doi.org/10.1016/j.envexpbot.2012.02.013

| Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6 |

10:393-398.

POZO, M. J., AZCON-AGUILAR, C., DUMAS-GAUDOT, E., and BAREA, J. M. 1998. Chitosanase and chitinase
activities in tomato roots during interactions with arbuscular mycorrhizal fungi or Phytoph- thora
parasitica. J. Exp. Bot. 49:1729-1739.

POZO, M. J., AZCON-AGUILAR, C., DUMAS-GAUDOT, E., and BAREA, J. M. 1999. B-1,3-glucanase activities in
tomato roots inoculated with arbuscular mycorrhizal fungi and/or Phytophthora parasitica andtheir possible
involvement in bioprotection. Plant Sci. 141:149-157.

POZO, M. J., CORDIER, C., DUMAS-GAUDOT, E., GIANINAZZI, S., BAREA, J. M., and AZCON-AGUILAR, C.
2002. Localized versus systemic effect of arbuscular mycorrhizal fungi on defence responses to
Phytophthora infection in tomato plants. J. Exp.Bot. 53:525-534.

POZO, M. J., JUNG, S. C., LOPEZ-RAEZ, J. A., and AZCON-AGUILAR, C. 2010. Impact of arbuscular mycorrhizal
symbiosis on plant re- sponse to biotic stress: The role of plant defence mechanisms, pp.193-207, in H.
Koltai and Y. Kapulnik (eds.), Arbuscular Mycor- rhizas: Physiology and Function. Springer Netherlands,
Dordrecht.

POZO, M. J,, VAN DER ENT, S., VAN LOON, L. C., and PIETERSE, C. M. J. 2008. Transcription factor MYC2 is
involved in priming for enhanced defense during rhizobacteria-induced systemic resis- tance in
Arabidopsis thaliana. New Phytol. 180:511-523.

POZO, M. J., VAN LOON, L. C., and PIETERSE, C. M. J. 2004. Jasmonates - Signals in plantmicrobe
interactions. J. Plant Growth Reg. 23:211-222.

POZO, M. J., VERHAGE, A., GARCIA-ANDRADE, J., GARCIA, J. M., and AZCON-AGUILAR, C. 20009. Priming plant
defence against patho- gens by arbuscular mycorrhizal fungi, pp. 123-135, in C. Azcén-Aguilar, J. M.
Barea, S. Gianinazzi, and V. Gianinazzi-Pearson (eds.), Mycorrhizas - Functional Processes and Ecological
Impact. Springer, Berlin Heidelberg.

RABIN, L. B. and PACOVSKY, R. S. 1985. Reduced larva growth of twoLepidoptera (Noctuidae) on excised
leaves of soybean infected with a mycorrhizal fungus. J. Econ. Entomol. 78:1358-1363.

RAPPARINI, F., LLUSIA, J., and PENUELAS, J. 2008. Effect of arbuscularmycorrhizal (AM) colonization on
terpene emission and content of Artemisia annua L. Plant Biol. 10:108-122.

RASMANN, S., DE VOS, M., CASTEEL, C. L., TIAN, D., HALITSCHKE,R., SUN, J. Y., AGRAWAL, A. A., FELTON,
G. W., and JANDER, G. 2012. Herbivory in the previous generation primes plants for enhanced insect
resistance. Plant Physiol. 158:854—863.

RYU, C.-M., FARAG, M. A., HU, C.-H., REDDY, M. S., KLOEPPER, J. W., and PARE, P. W. 2004. Bacterial volatiles
induce systemic resis- tance in Arabidopsis. Plant Physiol. 134:1017-1026.

SALDAJENO, M. G. B. and HYAKUMACHI, M. 2011. The plant growth- promoting fungus Fusarium equiseti and
the arbuscular mycor- rhizal fungus Glomus mosseae stimulate plant growth and reduceseverity of
anthracnose and damping-off diseases in cucumber (Cucumis sativus) seedlings. Ann. Appl. Biol.
159:28-40.

SCHAUSBERGER, P., PENEDER, S., JURSCHIK, S., and HOFFMANN, D. 2011. Mycorrhiza changes plant
volatiles to attract spider mite enemies. Funct. Ecol. 26:441-449,

SCHLIEMANN, W., AMMER, C., and STRACK, D. 2008. Metabolite profiling of mycorrhizal roots of Medicago
truncatula. Phyto- chemistry 69:112-146.

SCHURLER, A., SCHWARZOTT, D., and WALKER, C. 2001. A new fungal phylum, the Glomeromycota: phylogeny
and evolution. Mycol. Res 105:1413-1421.

SHORESH, M., YEDIDIA, I., and CHET, I. 2005. Involvement of jas- monic acid/ethylene signaling pathway in
the systemic resistanceinduced in cucumber by Trichoderma asperellum T203. Phytopa-thology 95:76—
84.

SIKES, B. A., COTTENIE, K., and KLIRONOMOS, J. N. 2009. Plant and fungal identity determines pathogen
protection of plant roots by arbuscular mycorrhizas. J. Ecol. 97:1274-1280.

SLEZACK, S., DUMAS-GAUDOT, E., PAYNOT, M., and GIANINAZZI, S. 2000. Is a fully established arbuscular
mycorrhizal symbiosis required for bioprotection of Pisum sativum roots against Apha- nomyces
euteiches? Mol. Plant-Microbe Interact. 13:238-241.

16



| Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6 |

SLAUGHTER, A., DANIEL, X., FLORS, V., LUNA, E., HOHN, B., and MAUCH-MANI, B. 2012. Descendants of
primed Arabidopsis plantsexhibit resistance to biotic stress. Plant Physiol. 158:835-843.

SMITH, S., FACELLI, E., POPE, S., and ANDREW SMITH, F. 2010. Plant performance in stressful environments:
interpreting new and established knowledge of the roles of arbuscular mycorrhizas. Plant Soil 326:3—
20.

SMITH, S. E., JAKOBSEN, I., GRANLUND, M., and SMITH, F. A. 2011. Roles of arbuscular mycorrhizas in plant
phosphorus nutrition: Interactions between pathways of phosphorus uptake in arbuscu- lar
mycorrhizal roots have important implications for understanding and manipulating plant phosphorus
acquisition. Plant Physiol. 156:1050-1057.

SMITH, S. E. and READ, D. J. 2008. Mycorrhizal Symbiosis. 3rdedition. Academic Press, New York.

SMITH, S. E. and SMITH, F. A. 2011. Roles of arbuscular mycorrhizas in plant nutrition and growth: New
paradigms from cellular to ecosystem scales. Annu. Rev. Plant Biol. 62:227-250.

SNOEREN, T., VAN POECKE, R., and DICKE, M. 2009. Multidisciplinaryapproach to unravelling the relative
contribution of different oxy-lipins in indirect defense of Arabidopsis thaliana. J. Chem. Ecol.35:1021-
1031.

SONG, Y.Y.,ZENG, R.S., XU, J. F., LI, J., SHEN, X.,and YIHDEGO, W. G. 2010. Interplant communication of tomato
plants through under- ground common mycorrhizal networks. PLoS ONE 5:
doi:10.1371/journal.pone.0013324.s0013003

SOO0D, S. G. 2003. Chemotactic response of plant-growth-promoting bacteria towards roots of vesicular-
arbuscular mycorrhizal tomatoplants. FEMS Microbiol. Ecol. 45:219-227.

SOTO, M. J., DOMINGUEZ-FERRERAS, A., PEREZ-MENDOZA, D., SANJUAN, J., and OLIVARES, J. 2009.
Mutualism versus patho- genesis: the give-and-take in plant—bacteria interactions. Cell. Microbiol.
11:381-388.

STEIN, E., MOLITOR, A., KOGEL, K. H., and WALLER, F. 2008. Systemic resistance in Arabidopsis conferred
by the mycorrhizal fungus Piriformospora indica requires jasmonic acid signaling and the cytoplasmic
function of NPR1. Plant Cell Physiol. 49:1747-1751.

STEPANOVA, A. N. and ALONSO, J. M. 2009. Ethylene signaling and response: where different regulatory
modules meet. Curr. Opin. Plant Bjol. 12:548-555.

STRACK, D., FESTER, T., HAUSE, B., SCHLIEMANN, W., and WALTER, M. H. 2003. Arbuscular mycorrhiza:
Biological, chemical, and molecular aspects. J. Chem. Ecol. 29:1955-1979.

STRACK, D. and FESTER, T. 2006. Isoprenoid metabolism and plastid reorganization in arbuscular mycorrhizal
roots. New Phytol. 172:22-34.

THOMMA, B. P. H. J.,, NURNBERGER, T., and JOOSTEN, M. H. A. J. 2011. Of PAMPs and effectors: The
blurred PTI-ETI dichotomy. Plant Cell 23:4-15.

TON, J., D'ALESSandRO, M., JOURDIE, V., JAKAB, G., KARLEN, D., HELD, M., MAUCH-MANI, B., and TURLINGS,
T. C. J. 2007. Priming by airborne signals boosts direct and indirect resistance in maize. Plant J. 49:16—
26.

TON, J., JAKAB, G., TOQUIN, V., FLORS, V., IAVICOLI, A., MAEDER, M.N., METRAUX, J. P., and MAUCH-MANI,
B. 2005. Dissecting the B-aminobutyric acid-induced priming phenomenon in Arabidopsis. Plant Cell
17:987-999.

TORO, M., AZCON, R., and HERRERA, R. 1996. Effects on yield and nutrition of mycorrhizal and nodulated
Pueraria phaseoloides exerted by P-solubilizing rhizobacteria. Biol. Fertil. Soils 21:23—-29.

TOUSSAINT, J. P. 2007. Investigating physiological changes in the aerial parts of AM plants: What do we know
and where should we be heading? Mycorrhiza 17:349-353.

VAN DER ENT, S., VAN HULTEN, M., POZO, M. J., CZECHOWSKI, T., UDVARDI, M. K., PIETERSE, C. M. J., and
TON, J. 2009a. Priming of plant innate immunity by rhizobacteria and f-aminobutyric acid: Differences
and similarities in regulation. New Phytol. 183:419-431.

VAN DER ENT, S., VAN WEES, S. C. M., and PIETERSE, C. M. J. 2009b. Jasmonate signaling in plant interactions
with resistance-inducingbeneficial microbes. Phytochemistry 70:1581-1588.

VAN HULTEN, M., PELSER, M., VAN LOON, L. C., PIETERSE, C. M. J., and TON, J. 2006. Costs and benefits of

17


http://dx.doi.org/10.1371/journal.pone.0013324.s0013003

| Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6 |

priming for defense in Arabidopsis. Proc. Natl. Acad. Sci. U. S. A. 103:5602-5607.

VAN WEES, S. C. M., VAN DER ENT, S., and PIETERSE, C. M. J. 2008. Plant immune responses triggered by
beneficial microbes. Curr. Opin. Plant Biol. 11:443—-448.

VERHAGEN, B. W. M., GLAZEBROOK, J., ZHU, T., CHANG, H. S., VAN LOON, L. C., and PIETERSE, C. M. J. 2004.
The transcriptome of rhizobacteria-induced systemic resistance in Arabidopsis. Mol. Plant-Microbe
Interact. 17:895-908.

VICARI, M., HATCHER, P. E., and AYRES, P. G. 2002. Combined effect of foliar and mycorrhizal endophytes
on an insect herbivore. Ecology 83:2452-2464.

VICEDO, B., FLORS, V., DE LA O LEYVA, M., FINITI, I., KRAVCHUK, Z.,REAL, M. D., GARCIA-AGUSTIN, P., and
GONZALEZ-BOSCH, C. 2009. Hexanoic acid-induced resistance against Botrytis cinereal in tomato
plants. Mol. Plant-Microbe Interact. 22:1455-1465.

VIERHEILIG, H. 2004. Further root colonization by arbuscular mycorrhizal fungi in already mycorrhizal plants
is suppressed after a critical level of root colonization. Plant Physiol. 161:339-341.

VIERHEILIG, H. and PICHE, Y. 2002. Signalling in arbuscular mycorrhiza: Facts and hypotheses, pp. 23-39, in
B. Buslig and J.Manthey (eds.), Flavonoids in Cell Functions. Kluwer Academic/Plenum Publishers, New
York.

VIERHEILIG, H., STEINKELLNER, S., KHAOSAAD, T., and GARCIA-GARRIDO, J. M. 2008. The biocontrol effect
of mycorrhization on soilborne fungal pathogens and the autoregulation of the AM symbiosis: One
mechanism, two effects? pp. 307-320, in A. Varma (ed.), mycorrhiza. Springer, Berlin, Heidelberg.

VOS, C., CLAERHOUT, S., MK and AWIRE, R., PANIS, B., DE WAELE, D., and ELSEN, A. 2011. Arbuscular
mycorrhizal fungi reduce root-knot nematode penetration through altered root exudation oftheir host.
Plant Soil 354:335-345.

WALTERS, D. and HEIL, M. 2007. Costs and trade-offs associated withinduced resistance. Physiol. Mol. Plant
Pathol. 71:3-17.

WALLING, L. L. 2008. Avoiding effective defenses: Strategies employedby phloem-feeding insects. Plant Physiol.
146:859-866.

WHIPPS, J. M. 2004. Prospects and limitations for mycorrhizas in biocontrol of root pathogens. Can. J.
Bot. 82:1198-1227.

WOLFE, B. E., HUSBAND, B. C., and KLIRONOMOS, J. N. 2005. Effects of a belowground mutualism on an
aboveground mutualism. Ecol. Lett. 8:218-223.

WRIGHT, D. P., READ, D. J., and SCHOLES, J. D. 1998a. Mycorrhizal sink strength influences whole plant
carbon balance of Trifoliumrepens L. Plant Cell Environ. 21:881-891.

WRIGHT, D. P., SCHOLES, J. D., and READ, D. J. 1998b. Effects of VA mycorrhizal colonization on
photosynthesis and biomass produc-tion of Trifolium repens L. Plant Cell Environ. 21:209-216.

YAN, Z., REDDY, M. S., RYU, C. M., MCINROQY, J. A., WILSON, M., and KLOEPPER, J. W. 2002. Induced systemic
protection against to- mato late blight elicited by plant growth-promoting rhizobacteria.
Phytopathology 92:1329-1333.

YAO, M. K., DESILETS, H., CHARLES, M. T., BOULANGER, R., and TWEDDELL, R. J. 2003. Effect of
mycorrhization on the accumu- lation of rishitin and solavetivone in potato plantlets challenged with
Rhizoctonia solani. Mycorrhiza 13:333-336.

Yl, H.-S., HEIL, M., ADAME-ALVAREZ, R. M., BALLHORN, D. J., and RYU, C.-M. 2009. Airborne induction and
priming of plant defensesagainst a bacterial pathogen. Plant Physiol. 151:2152-2161.

ZAMIOUDIS, C. and PIETERSE, C. M. J. 2012. Modulation of host immunity by beneficial microbes. Mol. Plant-
Microbe Interact. 25:139-150.

ZENG, R.-S. 2006. Disease resistance in plants through mycorrhizal fungi induced allelochemicals, pp. 181—
192, in Inderjit and and

K. G. Mukerji (eds.), Allelochemicals: Biological Control of Plant Pathogens and Diseases. Springer Netherlands,
Dordrecht.

ZHU, H. H. and YAO, Q. 2004. Localized and systemic increase of phenols in tomato roots induced by Glomus
versiforme inhibits Ralstonia solanacearum. J. Phytopathol. 152:537-542.

18



| Author Copy - This version is a post-print. Publication: doi: 10.1007/s10886-012-0134-6

FIGURES

Fig. 1 a Non-mycorrhizal plant (- AMF). Absence of root coloni- zation by AMF leads to stronger development
of symptoms in responseto necrotrophic pathogens and more damage upon feeding by chewinginsects in
roots and shoots when compared to mycorrhizal plants. Release of strigolactones (SLs) as part of the root
exudates induces branching of AMF hyphae to promote mycorrhization but also inducesgermination of
Orobanchaceae seeds which then parasitize the host plants’ root system. b Mycorrhizal plant (+AMF).
Growth promotion is often observed due to improved acquisition of mineral nutrients through the AM
fungal hyphal network (represented in blue). Changesin the root exudate patterns repel nematodes and
induce changes in the soil microbial community, possibly attracting antagonists of pathogensand a reduced
release of SLs minimizes the risk of infection by root parasitic plants. Priming of plant defenses leads to a
general reduction of the incidence and/ or damage caused by soil-borne pathogens, nematodes and
chewing insects. In above-ground plant parts, viraland fungal biotrophs, as well as phloem-feeding insects,
perform better on mycorrhizal plants. In contrast, the primed jasmonate-regulated plant defense
mechanisms restrict the development of necrotrophic pathogens and the performance of phytophagous
insects. Indirect defenses, such as the release of volatiles, are boosted and parasitoids are efficiently
attracted
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Fig. 2 Model for hormonal changes in the roots associated to the arbuscular mycorrhizal symbiosis. In the
early phase of colonization strigolactone (SL) production is still high. Initially the AMF is per- ceived as an
alien organism and as a consequence salicylic acid (SA) levels increased. In a well-established mycorrhiza
both SL and SA production are repressed while biosynthesis of jasmonates (JA) increases
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Fig. 3 Priming of jasmonate-dependent wound signaling in the shoots. In non-mycorrhizal plants (- AMF)
the initial wound signal activates the JA-dependent pathway that leads to the activation of defense genes
(DG) in local and systemic tissue. In mycorrhizal plants(+ AMF) the response to the wound signal is
amplified leading to a primed defense response.
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