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1. Introduction 

Although vascular plants are considered to be autonomous in their functions which enable 

them to carry out the normal growth and development, in reality they live in diverse 

communities with microorganisms. The symbiotic association of the roots with mycorrhizal 

fungi provides multiple benefits for the plants, such as enhanced photosynthetic efficiency, 

nutrient mobilization and water use, tolerance to abiotic stress and protection against pathogen 

attack. These benefits create ecologically sustainable crops for human consumption, fiber and 

biofuels production. The intimate associations between different species are widespread in 

nature and probably the most dominant plant/microbe interaction on earth (de Bary 1887). 

Already de Bary (1887) used the term ‘symbiosis’ to define such associations without 

distinguishing between beneficial and non-beneficial interactions. However, depending on the 

influence that the microbial partner has in the interaction, the symbiosis can range from 

mutualism which benefits both partners to parasitism, in which the plant host does not benefit 

from the interaction and can eventually die (Read et al. 2000). Interestingly, none of the 

symbiotic interactions is stable and influenced by a large range of genetic and environmental 

factors (Vogelsang et al. 2006; Ahonen-Jonnarth et al. 2003; Heath 2010; Heath et al. 2012; 

Thompson 1997; Aguilar et al. 2004; Lie et al. 1987; Lambers et al. 2009; Smith and 

Goodman 1999). Nevertheless, both beneficial and pathogenic interactions share many 

similarities. For instance, the initial steps in the recognition processes involve plant cell 

surface receptors signals, which in case of mycorrhiza and the legume/rhizobia symbiosis are 

LysM-receptor-like kinase (RLK) (Arrighi et al. 2006; Radutoiu et al. 2007). They resemble 

recognition mechanisms for pathogens with the chitin elicitor-binding protein, CEBiP (Kaku 

et al. 2006) and a receptor-like kinase, LYK1/CERK1 (Miya et al. 2007; Wan et al. 2008; 

Shimizu et al. 2010) in rice and Arabidopsis, respectively. The recognition of chitin and 

nodulation (Nod) factors follow a similar classical mode of response. In Arabidopsis, chitin 

has been proposed to be recognised by LYK1/CERK1, followed by activation of the mitogen-

activated protein kinase (MPK) pathway, leading to the activation of several transcription 

factors which ultimately results to the induction of genes involved in pathogen defense (Wan 

et al. 2004, 2008; Libault et al. 2007). Rhizobial Nod-factor signaling is characterized by the  
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two-way signal exchange. Host recognition is mediated by NodD proteins which interact with 

specific flavonoids or isoflavonoids exuded from host roots (Spaink et al. 1989). Flavonoid-

activated NodD promotes transcription of bacterial nod genes involved in synthesis and 

secretion of lipochitin-oligosaccharides, called Nod factors, required for initiation of 

nodulation (Lerouge et al. 1990; Spaink et al. 1991).  

Furthermore, common features are also visible during the processes that facilitate infections 

by beneficial and pathogenic microbes. Establishing of the nitrogen-fixing nodules, endo-

mycorrhizal structures and pathogenic infection tubes are accompanied by an initial induction 

of host defense responses which is followed by a subsequent suppression of this response 

(Salzer and Boller 2000; Sherameti et al. 2008a; Lopez-Gomez et al. 2012; Camehl et al. 

2010b). These processes are required for the establishment of compatible pathogenic (Peleg-

Grossman et al. 2009) or symbiotic interactions (Stacey et al. 2006; Peleg-Grossman et al. 

2009; Yang et al. 2010) and the induction of the morphological changes in the host cells 

(Hahn et al. 1989; Collinge et al. 1994; Benhamou et al. 1996, 1997; Hammond-Kosack and 

Jones 1996; Van Peer et al. 1991; de Ruijter et al. 1998; van Batenburg et al. 1986; Radutoiu 

et al. 2003; Amor et al. 2003; Gapper and Dolan 2006; Brewin 2004; Cebolla et al. 1999). 

While pathogenic interactions can be studied with the plant model organism Arabidopsis 

thaliana, it does not form symbiotic interactions with mycorrhizal fungi or rhizobacteria. 

Therefore, comparative analysis of plant/beneficial microbe and plant/pest interactions is rare, 

although recent attempts to establish a legume model system may facilitate those studies in 

the future (Offre et al. 2007; Ikeda et al. 2008). Legumes such as Lotus japonicus and 

Medicago truncatula provide an alternative because of their ability to interact with pathogens 

as well as beneficial microbes and endosymbionts. Drawbacks resulting from the lack of 

comparative analyses of beneficial and non-beneficial interaction include our knowledge 

about common processes which progressively change during the establishment of one or the 

other type of microbial interactions. This is particularly interesting for plant defense 

processes, which play essential roles in beneficial and non-beneficial interactions.  
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1.1 Symbiotic plant/fungus interaction 

Although arbuscular mycorrhizal fungi have a wide host range and can colonize the roots of 

about 80% of the vascular plants including the majority of crop plants, they are obligate 

biotrophs and cannot be cultured without host (Newman and Reddel 1987). Furthermore, 

rhizobial interactions are restricted to a narrow host range of plant species. An alternative can 

be provided by Piriformospora indica, a root colonizing Basidiomycete fungus of Sebacinales 

which was isolated a decade ago (Varma et al. 1999) from the Indian Thar desert. Unlike 

mycorrhizal fungi, P. indica can be cultured in synthetic medium and can colonize 

Arabidopsis roots (Figure 1.1). The interaction is beneficial for both partners and shares 

similiarites with mycorrhiza (Peškan-Berghöfer et al. 2004). Spores propagate and multiply in 

the dermal and cortical regions of the roots (Peškan-Berghöfer et al. 2004; Oelmüller et al. 

2009; Lahrmann and Zuccaro 2012). Sebacinales including P. indica can be found worldwide 

in association with roots of many different plant species (Selosse et al. 2009). This results in 

growth stimulation, increased biomass and higher seed yield (Peškan-Berghöfer et al. 2004; 

Oelmüller et al. 2009; Verma and Varma 1998; Shahollari et al. 2007; Sherameti et al. 2005, 

2008a, 2008b; Vadassery et al. 2009a, 2009b; Deshmukh et al. 2006; Lahrmann and Zuccaro 

2012). The fungus also promotes nitrate and phosphate uptake and metabolism (Sherameti et 

al. 2005; Shahollari et al. 2004; Yadav et al. 2010). Besides, P. indica also confers tolerance 

against abiotic (Sherameti et al. 2008a; Baltruschat et al. 2008; Sun et al. 2010) and resistance 

to biotic stress (Oelmüller et al. 2009; Stein et al. 2008). Since P. indica has such a broad host 

range, it is likely that the interaction must employ general recognition and signaling pathway 

for establishing the mutualistic symbiosis. The involvement of the fungal components has 

been observed but not much is yet known about the molecular steps leading to P. indica-

induced growth promotion. Vadassery et al. (2009a) could show that a component from the 

fungal cell wall can also induce plant growth, which suggests the involvement of specific 

receptors at the plant cell surface. This idea could also be supported by the discovery of an 

atypical receptor kinase with leucine-rich repeats that is essential for the growth response 

(Shahollari et al. 2007). Moreover, a fungal cell wall extract induces a rapid increase in the 

intracellular calcium concentration in the root, but not leaf cells. This suggests an involvement 

of a calcium-dependent intracellular signaling cascade during initial stages of the interaction  
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(Vadassery et al. 2009a). Interestingly, a similar mechanism (activation of a membrane-bound 

receptor, which induces a rapid increase in the intracellular calcium level) has been well 

established for pathogenic plant/microbe interactions (Frei dit Frey et al. 2012; Cho et al. 

2009; Kwaaitaal et al. 2011; Michard et al. 2011; Vatsa et al. 2011; Stracke et al. 2002; 

Ehrhardt et al. 1996; Wais et al. 2000).  

In addition, phosphatidic acid (PA), synthesized by one of the six phospholipase Ds in 

Arabidopsis roots, has been proposed to be a second messenger involved in the establishment 

of the beneficial interaction (Camehl et al. 2011; Hirt et al. 2011). PA binds to 3-

phosphoinositide-dependent protein kinase (PDK), a phospholipid-activated kinase which has 

been well studied in mammalian systems and identified as a central growth regulator. Camehl 

et al. (2011) proposed that PDK1 might have a similar function in the Arabidopsis/P. indica 

symbiosis, in which it promotes growth and development, but does not stimulate defense gene 

activation. This is in contrast to an increasing number of reports which demonstrate the 

contribution of PA in defense processes (Li et al. 2009; Crawford 1995; Walch-Liu et al. 

2006; Hirel et al. 2007; Li et al. 2006a, 2006b; Cruz-Ramirez et al. 2006; Anthony et al. 

2004; Zhang et al. 2004; Fan et al. 1997; Testerink et al. 2007; Wang et al. 2000; Romanov et 

al. 2002). Thus, besides calcium-, also PA-dependent signaling events participate in both 

beneficial and pathogenic interactions. 

Interestingly, signaling downstream of PDK1 starts with the PDK1-independent OXIDATIVE 

SIGNAL-INDUCIBLE1 (OXI1) kinase, which is induced by H2O2 in Arabidopsis both 

transcriptionally and at the posttranscriptional level (Rentel et al. 2004; Anthony et al. 2004, 

2006). The inducibility by H2O2 links this pathway again to pathogenic interaction, in which 

the plants often increase the reactive oxygen species (ROS) levels in response to pathogen (in 

particular necrotroph) attacks. 

In summary, these examples highlight two important aspects which can be addressed in a 

comparative analysis of symbiotic and pathogenic interaction with one model plant system: 

How can a plant establish either a mutualistic or a pathogenic interaction by using the same 

second messengers (calcium, PA) and signaling components (PDK1, OXI1)? These 

components can be involved in separate processes. Alternatively, they are exclusively  
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involved in defense gene activation, and this process is also required for establishing 

mutualistic interactions. 

 (a)  (b) 

Figure 1.1: Fungal mycelia and pear-shaped spores of P. indica. (a) spores and mycelia 

stained with cotton blue (0.05%); magnification 40x. (b) spores in the root cortical region; 

magnification 40x.  

 

1.2 Plant/pathogenic fungus interaction and the role of beneficial microbes in plant 

protection  

Necrotrophic fungi are the largest class of fungal plant pathogens which pose a serious 

economic problem to crop production. One such group of necrotrophs belongs to Alternaria 

brassicae which severely affects cruciferous plants of the Brassicaceae family including 

Arabidopsis. Plants respond to necrotrophic fungi by employing effective strategies such as 

scavenging toxic effects of ROS produced by the pathogen, by the production of antimicrobial 

metabolites, such as phytoalexins, papillae formation, induction of phytohormone-regulated 

signaling pathways, mainly jasmonic acid (JA) and cell death control (Thomma et al. 1998; 

Zhou et al. 1999; van Wees and Glazebrook 2003; Glazebrook 2005). In general, salicylic 

acid (SA) signaling and systemic acquired resistance (SAR) are essential defense responses 

against biotrophic microbes. However, these pathways have also been reported to be involved 

in pathogenic responses. Ferrari et al. (2003) and Govrin and Levine (2002) have shown that 

Botrytis cinerea infection induced SA-related PATHOGENESIS-RELATED (PR-1, PR-5) 

genes in Arabidopsis while NahG plants, which carry the bacterial salicylate hydroxylase gene 

are susceptible to Botrytis cinerea. The infection process for most necrotrophic fungi starts 

with the production of a penetration peg from fungal appressoria that breaches the  
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surface of the plant cell and enables the pathogen to colonize host tissues (Mendgen et al. 

1996; Dehpour et al. 2007; Caracuel-Rios and Talbot 2007; Gourgues et al. 2004; Nesher et 

al. 2008). Penetration process is initiated by the build up of high turgor pressure inside the 

appressorium (Park et al. 2009) and/or released enzymes, such as cutinases and lipases, which 

contribute to the degradation of the host cell wall (Kikot et al. 2008).  

In recent years few research groups have reported the protective role of P. indica against 

pathogens. Waller et al. (2005) have noticed that P. indica-infested barley plants are more 

resistant to Fusarium culmorum root infection and also induced a systemic resistance (ISR) in 

leaves against biotrophic fungus Blumeria graminis f.sp. hordei that caused barley powdery 

mildew. Modulation of PR defense genes by P. indica protects barley against root rot 

pathogen Fusarium graminearum. Deshmukh and Kogel (2007) showed that P. indica 

suppresses F. graminearum-induced expression of ß-1, 3-glucanase, PR-1B and PR-5 in roots 

which diminished the accumulation of PR protein. They proposed that the reduced PR gene 

expression could be the reason for lower amounts of the pathogenic fungus in these roots, 

however the mechanism by which P. indica mediates this PR gene suppression remains 

unknown. We studied the interaction between Arabidopsis and A. brassicae and also explored 

the role of P. indica in suppression of A. brassicae-induced infection by modulating the 

chemical defense response mediated by aliphatic glucosinolates. 

 

1.3 Activation of defense responses by P. indica in Arabidopsis 

It is long known that defense processes are activated in the roots during early phases of the 

mycorrhizal symbiosis. This includes the stimulation of ROS production (Pozo and Azcón-

Aguilar 2007; Salzer et al. 1999), defense gene activation (Blilou et al. 2000; Molina and 

García-Olmedo 1993; García-Olmedo et al. 1995; Li et al. 2006c; Pozo et al. 1999; Harrison 

and Dixon 1993; Morandi 1996; Larose et al. 2002), and callose deposition (Cordier et al. 

1998; Hamiduzzaman et al. 2005). During later phases of the symbiosis, defense gene 

expression is downregulated (David et al. 1998; Gianinazzi-Pearson et al. 1996; Harrison and 

Dixon 1993; Kapulnik et al. 1996; Lambais and Mehdy 1993; Volpin et al. 1995; Harrison 

2005). The reason for this is unclear; it can be triggered by signals from the fungus or from   
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the plant itself. It has been hypothesized that defense gene activation declines once nutrient 

exchange starts between the two symbiotic partners (Harrison, 1999). Defense genes and their 

expression also play an important and essential role in the Arabidopsis/P. indica symbiosis.  

Arabidopsis mutants having lesions in different and unrelated defense responses do not 

respond to the fungus (cf. Camehl and Oelmüller 2010a; Camehl et al. 2010b; Sherameti et al. 

2008a; Nongbri et al. 2012; Jacobs et al. 2011). While the wild-type Arabidopsis recognizes 

the fungus as friendly partner and improves its growth and performance, colonized mutants 

are smaller thereby indicating the loss of beneficial traits in the presence of the fungus. These 

genes belong either to signaling molecules or transcription factors involved in defense 

processes, or in genes of enzymes of defense compounds (Fujimoto et al. 2000; Ohta et al. 

2001; Camehl et al. 2010b; Thomma et al. 1998, 1999; Pieterse et al. 1998; van Wees et al. 

2008). All these mutants have in common the inability to control root colonization by P. 

indica. Uncontrolled over-colonization of roots consequently exerts stress symptoms in plants 

and induces the expression of stress-related genes. While overcolonized wild-type roots 

restrict root colonization by upregulating defense genes, such responses are impaired in the 

corresponding mutants. Therefore, a mild and (maybe) constitutive defense response is 

required for establishing or maintaining a beneficial symbiosis between the two partners. 

Because of the different and unrelated defense processes required for the establishment of the 

beneficial interaction, it was proposed that plants integrate/discriminate fungal signals to 

balance defense gene activation and development, therefore distinguishing between friends 

and foes (Camehl and Oelmüller 2010a; Camehl et al. 2010b; Sherameti et al. 2008a; Nongbri 

et al. 2012). The purpose of my study was to investigate the role of glucosinolates in the 

beneficial interaction between the two symbionts (cf. below). The sulfur (S)-containing 

glucosinolates will be introduced in the next chapter. 

The PDK1/OXI1 pathway is crucial in Arabidopsis/P. indica symbiosis. Signals from abiotic 

stress, biotic stress and beneficial microbes are perceived by plants which lead to the 

activation of phospholipids and PA. Therefore PA integrates these external signals and 

subsequently activates appropriate downstream signal molecules which could bifurcate into 

defense pathway for pathogenic interaction or symbiotic pathway for beneficial microbes.  
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PDK1 is the master regulator that binds signaling lipids including PA (Deak et al. 1999). 

Binding leads to phosphorylation of PDK1 and thus activates the AGC kinase OXI1 (Anthony 

et al. 2004). Signals other than PA/PDK1 can also independently activate OXI1 which include 

H2O2 and the pathogen-associated molecular pattern (PAMP) flagellin (Li et al. 2009). H2O2 

accumulates during pathogen attack (Liu et al. 2012; Soylu et al. 2005), whereas the 

beneficial fungus P. indica does not induce H2O2 (Vadassery et al. 2009a). Therefore, signals 

from different microbes in the environment whether pathogens or beneficial microbes come 

together at this pathway. OXI1 was shown to be required for ROS-mediated responses in 

Arabidopsis such as root hair elongation and for disease resistance to biotrophic pathogens 

(Rentel et al. 2004; Petersen et al. 2009). OXI1 kinase activity is inducible by H2O2, 

wounding, cellulase and various elicitor treatments mimicking pathogen attack (Anthony et 

al. 2006; Rentel et al. 2004).  

Camehl et al. (2011) confirmed that the OXI1 gene is responsible for the growth phenotype 

induced by P. indica. Thus, OXI1 can be activated by pathogen via H2O2 and abiotic and 

biotic signals via PA/PDK1. Root colonization by the fungus stimulates PA synthesis in 

Arabidopsis plants. These results suggest that P. indica stimulates growth by PA-mediated 

activation of PDK1 which subsequently activates OXI1. ROS production is not stimulated and 

even inhibited by the beneficial fungus and thus does not play a role in activating OXI1 

(Camehl et al. 2011). 
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Figure 1.3: PDK1/OXI1 pathway and its potential role in balancing growth/development and 

defense responses. 

 

1.4 Sulfur metabolism in plant/fungus interaction  

Sulfur (S) is an essential element for plant performance and productivity. Plants can assimilate 

soil inorganic sulfate and subsequently reduced and metabolized it into S-containing 

compounds (Leustek et al. 2000; Saito 2004). Animals are unable to reduce sulfate and 

therefore have dietary requirement for S-containing amino acids and proteins. Therefore, 

sulfate assimilation by plants is essential for all life on earth. Besides the presence of S in 

amino acids, it is found in many plant metabolites including vitamins, coenzymes, volatiles 

and defense compounds (Grubb and Abel 2006; Halkier and Gershenzon 2006; Leustek et al. 

2000; Saito 2004). The presence of S in many redox mediators also highlights its importance 

for signaling processes. 
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Growth response Defense response 
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When plants encounter S limiting conditions, mechanisms are activated to increase the 

amount and activity of sulfate uptake and transport systems (Clarkson et al. 1983; Deane-

Drummond 1987; Smith et al. 1995; Smith et al. 1997). High-affinity sulfate transporters are 

located in the plasma membrane of roots (Shibagaki et al. 2002; Takahashi et al. 2000; 

Vidmar et al. 2000; Yoshimoto et al. 2003), transporters for vascular transport (Kataoka et al. 

2004; Takahashi et al. 1997; Yoshimoto et al. 2003) and the release of sulfate from the 

vacuole (Kataoka et al. 2004) coordinate the cellular response during initial stages of S 

limitation. As a second strategy, there is a downregulation of synthesis of S-containing 

metabolites and storage compounds, and S is released from these compounds through active 

breakdown processes (Hirai et al. 2004, 2005; Kutz et al. 2002). In Brassicales, up to 30% of 

the S is stored in glucosinolates which are S-rich metabolites playing important roles in plants 

defense against pests and pathogens (Falk et al. 2007). Under S deficiency, there occurs an 

activation of sulfate acquisition and repression of glucosinolate production in parallel (Hirai et 

al. 2003, 2004, 2007; Maruyama-Nakashita et al. 2003, 2006). Thus, glucosinolates serve as 

potential sources of S for other metabolic processes under S limitation (Falk et al. 2007; 

Grubb and Abel 2006; Halkier and Gershenzon 2006). Several enzymes involved in 

hydrolysis and release of active defense compounds from glucosinolates play important 

functions in plant/microbe interactions. PEN2, for instance, a myrosinase analysed by 

Bednarek et al. (2009), restricts pathogen entry into leaf cells. Interestingly, there is a striking 

sequence similarity between PEN2 and a highly abundant enzyme in roots, PYK10 that 

restricts root colonization by P. indica (Sherameti et al. 2008a). It was demonstrated that 

PYK10 is required for the beneficial interaction between Arabidopsis and P. indica and 

speculated that the presence of high amounts of PYK10 in Brassicaceae roots helps to protect 

them against soil-borne fungi. Very recently, glucosinolate metabolism has been implicated to 

play an important role in antifungal defense and innate immune response by two groups 

(Bednarek et al. 2009; Clay et al. 2009). Certain stress situations promote breakdown of 

indolic glucosinolates and generate auxins in roots, which may participate in the stimulation 

of root development for sulfate uptake.  
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Investigation of the processes that control S metabolism is important for agriculture, 

horticulture and medicine. The productivity of crops is heavily affected under S deficiency 

and breakdown of endogenous S-containing glucosinolates affects plant fitness (Walker and 

Booth 2003; Svanem et al. 1997; Schnug and Haneklaus 1993; Schnug et al. 1995; 

Maruyama-Nakashita et al. 2003; Nikiforova et al. 2003). Optimization of the volatile 

composition plays a major role in horticulture. Furthermore, many S-containing secondary 

metabolites are used as cancer-preventives in diets (Talalay and Fahey 2001).  

Many processes involved in S metabolism are coordinately regulated under S limitations. 

However, the mechanism is not fully known yet. In last few years, transcription factors and 

signaling proteins involved in indole glucosinolate biosynthesis have been characterized in 

Arabidopsis (Celenza et al. 2005; Levy et al. 2005; Skirycz et al. 2006). Maruyama-Nakashita 

et al. (2006) identified a central transcriptional regulator of plant S responses and metabolism 

in Arabidopsis, named SULFUR LIMITATION1 (SLIM1). Plants carrying a mutation in 

SLIM1 failed to induce transcripts for the high affinity transporter SULTR1;2 under low S 

conditions. Sulfate uptake and plant growth under S starvation were significantly reduced in 

slim1 and SLIM1 finely controlled both sulfate acquisition and degradation of glucosinolates 

under S limitations. SLIM1 belongs to ETHYLENE-INSENSITIVE-LIKE (EIL) transcription 

factor family and is identical to EIL3 (Chao et al. 1997; Guo and Ecker 2003; Solano et al. 

1998).  

Enzymes participating in S assimilation in Arabidopsis are mainly encoded by multigene 

families. Their members can have redundant functions (e.g. serine acetyltransferases; 

Watanabe et al. 2008), or are highly specialized and expressed in different tissues (e.g. 

branched-chain aminotransferases; Schuster et al. 2006), or they are incorporated into 

complex signaling pathways (e.g. adenosine 5´-phosphosulfate reductase; Koprivova et al. 

2008; Vauclare et al. 2002). Several members of these gene families respond to S starvation, 

while others do not (Maruyama-Nakashita et al. 2003). There is increasing evidence that these 

genes and the activities of their products are regulated by posttranscriptional regulatory 

circuits and feedback loops.  
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There is evidence that P. indica affects the S metabolism in Arabidopsis. S uptake and 

metabolism play an important role in plant/microbe interactions. Compared to phosphorus and 

nitrogen which has been extensively studied in beneficial plant/microbe interactions, not 

much is known about S regulation with symbiotic soil-borne microorganisms. Mansouri-

Bauly et al. (2006) have shown that Laccaria bicolor enhances the supply of sulfate to the 

plant by extended sulfate uptake while in return the plant provides the ectomycorrhizal fungus 

with reduced S. These S-containing components have been shown to play crucial roles in the 

pathogen’s resistance response and in abiotic stress tolerance (Hildebrandt et al. 2006; Rausch 

and Wachter 2005), via accumulation in concentration or induced via jasmonic acid and/or 

other signals (cf. Hilpert et al. 2001; Mikkelsen et al. 2003; Nibbe et al. 2002; Xiang and 

Oliver 1998). The expression of sulfate transporters and several genes of the S-assimilation 

pathway are controlled by a signaling metabolite cysteine precursor O-acetylserine (OAS) 

which remains highly upregulated (Hirai et al. 2003). Glutathione (GSH) which acts as a 

major redox buffer against ROS is upgraded with increasing sulfate supply and might be 

involved in defense. Evidently, when γ-glutamylcysteine ligase 1 (GSH1), the rate-limiting 

enzyme for GSH synthesis is knocked out (Ball et al. 2004), defence reactions against 

pathogens are impaired. GSH has been shown to be involved in P. indica induced resistance 

of barley plants against pathogens (Waller et al. 2005; Baltruschat et al. 2008). Vadassery et 

al. (2009b) could also show that monodehydroascorbate reductase 2 (MDAR2) and 

dehydroascorbate reductase 5 (DHAR5) play crucial roles in the mutualistic interaction 

between P. indica and Arabidopsis under drought stress. Many glutathione S-transferases take 

part in detoxification mechanisms, and GSH is the precursor of phytochelatins, cysteine-rich 

peptides synthesized via phytochelatin synthase (Cobbett and Goldsbrough 2002). Genes for 

the latter examples are rapidly upregulated when Arabidopsis roots are exposed to P. indica. 

SLIM1/EIL3 is an important signal in plant immune responses triggered by beneficial 

microbes (van Wees et al. 2008). Plant growth promoting rhizobacteria and mycorrhizal fungi 

can improve plant performance by ISR-mediated defense responses that confer resistance to 

pathogens and insects (van Loon 2007; van Wees et al. 2008; Yang et al. 2009; Pineda et al. 

2010; Pozo et al. 2008; van der Ent et al. 2009; Conrath et al. 2006). Recognition of microbe- 
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associated-molecular patterns (MAMPs) from beneficial microbes leads to the activation of 

the transcription factor gene MYB72 and the protein interacts with SLIM1/EIL3 to induce a 

jasmonic acid/ethylene-dependent signaling pathway which primes the aerial parts of the plant 

for enhanced expression of jasmonic acid/ethylene-dependent genes (Van der Ent et al. 2008). 

 

1.5 The role of secondary metabolites in Arabidopsis/fungi interaction 

Members of the order Brassicales synthesize important secondary metabolites such as 

glucosinolates from tryptophan and methionine. This group of compounds with over 120 

different identified chemical structures (Fahey et al. 2001; Sønderby et al. 2010; Janowitz et 

al. 2009; Piotrowski 2008) and their degradation products are employed as protective 

compounds against insect heribivory (McCloskey and Isman 1993; Giamoustaris and Mithen 

1995; Müller et al. 2010) by plants. Constitutive production of phytoanticipins or phytoalexin 

is important for plant defense against microbes (Hammerschmidt 1999; Pedras et al. 2007; 

Bednarek and Osbourn 2009). Upon attack by necrotrophic fungi Arabidopsis induces the 

synthesis of the phytoalexin camalexin (Schuhegger et al. 2006; Ferrari et al. 2003).  

 

1.5.1 Indole-3-acetaldoxime (IAOx)-derived compounds restrict overcolonization during 

beneficial Arabidopsis/P. indica interaction 

CYP79B2 and CYP79B3 are two functionally redundant cytochrome P450 enzymes which 

convert tryptophan into indole-3-acetaldoxime (IAOx), an intermediate for the biosynthesis of 

indole glucosinolates (I-GLS), camalexin, other indole compounds such as indole acetonitrile, 

indole carboxylic acid derivatives, and, under specific conditions, the plant hormone indole-3-

acetic acid (IAA). The double cyp79B2 cyp79B3 mutant lacks I-GLS (Zhao et al. 2002) and is 

unable to induce camalexin synthesis (Glawischnig et al. 2004). Furthermore, it does not 

accumulate indole-3-carboxylic acid derivatives (Böttcher et al. 2009), secondary metabolites 

which are strongly induced by pathogen infections. PAD3, the last enzyme of camalexin 

biosynthetic pathway, is regulated by a variety of signaling components such as the mitogen-

activated protein kinases (MPK) MPK3, MPK6 (Ren et al. 2008) and MPK4 (Qiu et al. 

2008).  In this thesis, I address the question whether co-cultivation of Arabidopsis seedling  
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roots with P. indica is affected by camalexin. I investigated the expression levels for 

CYP79B2, CYP79B3, CYP71A13 (Nafisi et al. 2007), PAD3, and WRK33 (Qiu et al. 2008) 

in colonized wild-type roots, and compared them to those for CYP83B1 and SUR1. CYP83B1 

catalyzes the first committed step in indole glucosinolate biosynthesis (Bak et al. 2001) while 

SUR1 controls the biosynthesis of both aliphatic and indole glucosinolates (Mikkelsen et al. 

2004). I tested whether camalexin and camalexin-synthesizing enzymes/genes affect the 

symbiosis between P. indica and Arabidopsis (cf. Manuscript I). 

 

1.5.2 Methionine-derived aliphatic glucosinolates  

The R2R3 MYB transcription factors MYB28, MYB29 and MYB76 were identified as 

positive regulators of the aliphatic glucosinolate biosynthesis (Hirai et al. 2007; Gigolashvili 

et al. 2007b; Sønderby et al. 2007, 2010), whereas MYB29 and MYB76 regulate short-chain 

aliphatic glucosinolate biosynthesis (Sønderby et al. 2007; Beekwilder et al. 2008; 

Gigolashvili et al. 2008) and MYB28 plays a major role in controlling long- as well as short-

chain aliphatic glucosinolates (Hirai et al. 2007; Sønderby et al. 2007; Beekwilder et al. 2008; 

Gigolashvili et al. 2009). The myb28 myb29 double knockout mutant is almost devoid of 

aliphatic glucosinolates, presumably through epistatic effects (Sønderby et al. 2007; 

Beekwilder et al. 2008). Interestingly, there was no change in the level of I-GLS when 

MYB28, MYB29 and MYB76 were inactivated (Sønderby et al. 2007) which therefore 

demonstrates the exclusive role of MYB28, MYB29 and MYB76 in aliphatic glucosinolate 

pathway. MYB28 is regulated by glucose (Gigolashvili et al. 2007b) and wounding (Levy et 

al. 2005; Gigolashvili et al. 2007a, 2007b). Gigolashvili et al. (2008) reported that exogenous 

methyl-jasmonate induces MYB29 while salicylic acid exerts a negative effect, and MYB76 is 

induced by wounding. Glucosinolate hydrolysis products and isothiocyanate inhibit bacterial 

and fungal growth in vitro (Mithen et al. 1986; Manici et al. 1997; Brader et al. 2001; Tierens 

et al. 2001; Mari et al. 2002; Smolinska et al. 2003). Necrotrophic pathogens cause tissue 

damage (Glazebrook 2005) which results in the release of glucosinolates and myrosinases 

from their cellular compartments and the generation of the toxic cleavage products (Lambrix 

et al. 2001). Sclerotinia sclerotiorum, an aggressive fungal pathogen with a wide host range 

(Bolton et al. 2006), facilitates host cell damage (Kim et al. 2008; Guo and Stotz 2010) and  
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subsequently glucosinolate cleavage. A protective role of aliphatic glucosinolate against S. 

sclerotiorum has been demonstrated using the myb28 knockout mutant (Stotz et al. 2011).  

In my thesis, I investigated the role of MYB28 and MYB29 and thus aliphatic glucosinolates 

for the beneficial interaction between P. indica and Arabidopsis (Manuscript VI). Consistent 

with published data from other pathosystems, I could show that the A. brassicae/Arabidopsis 

interaction is associated with the up-regulation of MYB28, MYB29 and MYB76 in the 

respective organs. Furthermore, infection of roots with the pathogen causes severe disease 

symptom development: the roots become brown and the shoots develop chlorosis. I showed 

that P. indica protects the roots and leaves of Arabidopsis seedlings against A. brassicae 

infections, comparable to the ISR induced by plant-growth promoting bacteria (Van Loon et 

al. 1998).  Therefore, I tested whether MYB28/MYB29 is required for establishing resistance 

in the leaves after A. brassicae-infection of the roots, and whether aliphatic glucosinolates 

play a role in the beneficial symbiosis between P. indica and Arabidopsis.  
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2. Goal of my studies 

The aim of this project was to investigate the role of host plants’ sulfur-containing secondary 

metabolites in the symbiotic interaction system between the model plant A. thaliana and the 

beneficial endophytic fungus P. indica. Are S-containing gluosinolates preferentially involved 

in defense processes against the beneficial fungus P. indica (as suggested from many 

pathosystems), and if so, what is their role in the beneficial interaction? To address this 

question, I also examined the involvement of S-containing glucosinolates in P. indica-

mediated resistance against A. brassicae.  

I.  I investigate the role of indole-3-acetaldoxime (IAOx)-derived compounds in the beneficial 

interaction between Arabidopsis and P. indica with the aim to answer the following 

questions: 

- Are IAOx-deficient mutant plants still able to respond to the fungus? 

- Is defense response mediated by IAOx indispensible for establishing a beneficial 

interaction between the two symbionts? 

II. Are aliphatic glucosinolates involved in Arabidopsis/P. indica symbiosis? 

- Does Arabidopsis require aliphatic glucosinolates for establishing a beneficial 

symbiosis with P. indica? 

- Do aliphatic glucosinolates participate in P. indica-mediated resistance of Arabidopsis 

to A. brassicae? 
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3. Manuscript Overview 

 

3.1 Manuscript I 

 

Indole-3-acetaldoxime-derived compounds restrict root colonization in the beneficial 

interaction between Arabidopsis roots and the endophyte Piriformospora indica 

 

Pyniarlang L. Nongbri, Joy M. Johnson, Irena Sherameti, Erich Glawischnig, Barbara Ann 

Halkier and Ralf Oelmüller 

Molecular Plant Microbe Interaction (2012), 25(9): 1186-1197. 

 

In this publication we demonstrate the role of indole glucosinolate and camalexin in beneficial 

interaction between P. indica and Arabidopsis. The cyp79B2 cyp79B3 mutant which lacks 

indole glucosinolate and camalexin has severe lesion in the growth response to P. indica at the 

seedling stage. Furthermore, pad3 mutant defective in camalexin biosynthetic pathway did not 

respond to P. indica-mediated growth enhancement during long term interaction in soil. 

Higher degree of root colonization was observed in these mutants compared to wild-type. We 

propose that wild-type levels of glucosinolate and camalexin are important to restrict fungal 

growth in a symbiotic interaction.  

All the experiments are designed by R. O; P. L. N. investigated the knock out cyp79B2 

cyp79B3 and pad3 mutants. J. M. J. analyzed the role of calcium signaling cam mutant. E. G. 

measured camalexin levels. B. A. H. created the cyp79B2 cyp79B3 double mutant. I. S. 

coordinated the project. 
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3.2 Manuscript II 

 

Role of Piriformospora indica in Sulfur Metabolism in Arabidopsis thaliana 

 

Pyniarlang L. Nongbri and Ralf Oelmüller 

 

accepted, A. Varma et al. (eds.), Piriformospora indica, Soil Biology 33, 

DOI 10.1007/978-3-642-33802-1_18, © Springer-Verlag Berlin Heidelberg 2013 

 

This book chapter highlights sulfur metabolism as an important target by P. indica in 

Arabidopsis. Genes for sulfur metabolic pathway and transcription factors controlling sulfur 

and glucosinolate metabolism are regulated by P. indica as revealed by expression profiling. 

We demonstrated how P. indica regulates S metabolism, glucosinolate biosynthesis and the 

resistance against pathogens via S-containing components. Controlling of sulfur metabolism 

in Arabidopsis therefore ensures availability of S-containing components for plant growth and 

development, especially under S limitation, and sufficient S-containing defense components 

maintain beneficial interaction by preventing over-colonization of the roots.   

This book chapter was written by P. L. N. and R. O.  
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3.3 Manuscript III 

 

Balancing defense and growth - Analyses of the beneficial symbiosis between 

Piriformospora indica and Arabidopsis thaliana 

 

Pyniarlang L. Nongbri, Khabat Vahabi, Anna Mrozinska, Eileen Seebald, Chao Sun, Irena 

Sherameti, Joy M. Johnson and Ralf Oelmüller 

accepted, Symbiosis 

 

This review article summarizes the beneficial and non-beneficial physiological responses in a 

mutualistic interaction between the endophytic and root-colonizing fungus P. indica and 

Arabidopsis. P. indica confers many benefits to the host symbiont. Colonized Arabidopsis 

plants produce more biomass, seed production and are more resistant against biotic and 

abiotic stress. We have analyzed Arabidopsis mutants defective in defense responses which do 

not respond to the fungus and no longer maintain symbiotic interaction. However, these 

mutants launched unspecific defense responses against P. indica in order to restrict 

colonization in roots. 

This review was written by R. O. and P. L. N. with the help of K. V., A. M., E. S., C. S., I. S., 

and J. M. J. 
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3.4 Manuscript IV 

 

Aliphatic glucosinolates participate in Piriformospora indica-induced resistance of 

Arabidopsis against Alternaria brassicae 

 

Pyniarlang L. Nongbri, Joy M. Johnson, Barbara Ann Halkier, Ralf Oelmüller 

in preparation 

 

In Arabidopsis, R2R3 MYB transcription factors MYB28, MYB29 and MYB76 regulate the 

biosynthesis of aliphatic glucosinolates from methionine. A myb28 myb29 mutant is almost 

devoid of aliphatic glucosinolates. P. indica restricts the growth of a necrotrophic fungus A. 

brassicae. Priming with P. indica activates resistance in wild-type seedlings which protects 

against Alternaria infection in roots; however myb28 myb29 seedlings are less protected. 

Induced systemic resistance is also activated in wild-type but not in myb28 myb29 leaves. We 

propose that P. indica protects the seedlings against A. brassicae infections by inhibiting 

growth of the pathogen in the roots and induces root-to-shoot signaling for systemic resistance 

against A. brassicae leaf infections.  

P. L. N. and R. O. designed the experiments. P. L. N. performed the interaction studies of the 

myb28 myb29 mutant with P. indica and gene expression studies. P. L. N. carried out the root 

inoculation with P. indica for priming the resistance against A. brassicae root and leaf 

infections. J. M. J. developed and established the A. brassicae pathogenic interaction with 

Arabidopsis and A. brassicae/P. indica interaction. B. A. H. created the myb28 myb29 mutant 

and analyzed its chemical phenotype.  
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4. 1 Manuscript I 

 

Indole-3-Acetaldoxime-Derived Compounds Restrict Root Colonization in the Beneficial 

Interaction Between Arabidopsis Roots and the Endophyte Piriformospora indica 

 

Pyniarlang L. Nongbri, Joy Michal Johnson, Irena Sherameti, Erich Glawischnig, 

Barbara Ann Halkier, and Ralf Oelmüller 

 

Molecular Plant Microbe Interaction (2012), 25(9), 1186–1197 
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4.2 Manuscript II 

 

Role of Piriformospora indica in Sulfur Metabolism in Arabidopsis thaliana 

 

Pyniarlang L. Nongbri and Ralf Oelmüller 

 

A. Varma et al. (eds.), Piriformospora indica, Soil Biology 33, 

DOI 10.1007/978-3-642-33802-1_18, © Springer-Verlag Berlin Heidelberg 2013 
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Piriformospora indica and Arabidopsis thaliana 

 

Pyniarlang L. Nongbri, Khabat Vahabi, Anna Mrozinska, Eileen Seebald, Chao Sun, Irena 
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ABSTRACT  

In Arabidopsis, biosynthesis of methionine-derived aliphatic glucosinolates is regulated by the 

R2R3 MYB transcription factors MYB28, MYB29 and MYB76. A myb28 myb29 double 

mutant is almost devoid of aliphatic glucosinolates. Here we demonstrate that myb28 myb29 

seedlings are more susceptible to the necrotrophic fungus Alternaria brassicae than wild-type 

seedlings. The beneficial root-colonizing fungus Piriformospora indica restricts growth of A. 

brassicae in wild-type and myb28 myb29 roots and the restriction is the same for both 

genotypes. P. indica-pretreated wild-type seedlings perform better after A. brassicae infection 

of roots than myb28 myb29 seedlings which are caused by the restriction of A. brassicae  
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growth in P. indica-pretreated roots. Furthermore, root colonization by P. indica induces 

systemic resistance against A. brassicae infections in wild-type leaves, and this process is 

severely impaired in the myb28 myb29 mutant. We propose that P. indica protects the 

seedlings against A. brassicae infections in two ways: it inhibits growth of the pathogen in the 

roots and induces root-to-shoot signaling for systemic resistance against A. brassicae leaf 

infections. The latter process requires MYB28 and MYB29. 

 

INTRODUCTION  

The glucosinolates are organic compounds which contain sulfur and nitrogen and occur as 

secondary metabolites in Arabidopsis thaliana, agriculturally important Brassica plants and 

almost all the plants of order Brassicales. Over 120 different chemical structures of 

glucosinolates have been identified in plants (Fahey et al. 2001; Sønderby et al. 2010; 

Janowitz et al. 2009; Piotrowski 2008). The basic core structure of all glucosinolates contains 

a β-thioglucose, a N-hydroxyiminosulphate group and a structurally diverse aglycone side-

chain. Hydrolysis by myrosinases cleaves the glucose moiety from glucosinolates which 

ultimately release toxic nitriles and isothiocyanates (Kelly et al. 1998). Glucosinolates are 

stable and non-toxic and sequestered in the vacuoles of plant cells (Koroleva et al. 2000) 

whereas myrosinases are localized separately but adjacent in guard cells and phloem 

idioblasts (Husebye et al. 2002). However, tissue damages due to herbivory or pathogen 

infection (Glazebrook 2005) release the glucosinolates and myrosinases from their respective 

compartments which results in the generation of the toxic products (Lambrix et al. 2001). 

Over 36 different glucosinolates with mostly indolic or aliphatic side-chains are identified in 

Arabidopsis (Brown et al. 2003; Reichelt et al. 2002). Indolic glucosinolates derive from 

tryptophan while aliphatic glucosinolates derive from methionine. Arabidopsis thaliana 

contains high concentrations of methylsulfinylalkyl side-chained aliphatic glucosinolates in 

the leaves, of which the alkyl group varies from 3 to 8 carbons in length (Kliebenstein et al. 

2001; Burow et al. 2010). Genetic and biochemical approaches in the last years have lead to 

near-complete elucidation of the core biosynthetic pathway of glucosinolates in Arabidopsis 

(Halkier and Gershenzon 2006; Chen and Andreasson 2001; Grubb and Abel 2006). Five  
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glucosinolate-biosynthesizing gene products, CYP79A2, CYP79B2, CYP79B3, CYP79F1 

and CYP79F2, catalyze the enzymatic conversion of phenylalanine (Wittstock and Halkier 

2000), tryptophan (Hull et al. 2000; Mikkelsen et al. 2000) or short-chain and long-chain 

elongated methionine substrates (Hansen et al. 2001; Chen et al. 2003; Hull et al. 2000; 

Mikkelsen et al. 2000; Wittstock and Halkier 2000) to the corresponding aldoximes. The 

aldoximes are further metabolized to form intact glucosinolates (Halkier and Gershenzon 

2006). The R2R3 MYB transcription factors MYB28, MYB29 and MYB76 were identified as 

positive regulators of the aliphatic glucosinolate biosynthesis (Hirai et al. 2007; Gigolashvili 

et al. 2007b, 2008; Sønderby et al. 2007, 2010), whereas MYB29 and MYB76 regulate short-

chain aliphatic glucosinolate biosynthesis (Sønderby et al. 2007; Beekwilder et al. 2008; 

Gigolashvili et al. 2008) and MYB28 plays a major role by controlling long- as well as short-

chain aliphatic glucosinolates (Hirai et al. 2007; Sønderby et al. 2007; Beekwilder et al. 2008; 

Gigolashvili et al. 2009). The myb28 myb29 mutant is almost devoid of aliphatic 

glucosinolates, presumably through epistatic effects (Sønderby et al. 2007; Beekwilder et al. 

2008). Interestingly, there was no change in the level of indole glucosinolates when MYB28, 

MYB29 and MYB76 were inactivated (Sønderby et al. 2007). MYB28 is regulated by glucose 

(Gigolashvili et al. 2007b) and wounding (Levy et al. 2005; Gigolashvili et al. 2007a, b). 

Gigolashvili et al. (2008) reported that exogenous methyl-jasmonate induces MYB29 while 

salicylic acid (SA) exerts a negative effect and MYB76 is induced by wounding.  

Glucosinolates and their degradation products play an important role on plant protection 

against insect herbivory (McCloskey and Isman 1993; Giamoustaris and Mithen 1995; 

Agrawal et al. 2003; Kliebenstein et al. 2002; Müller et al. 2010) but their role in pathogen 

resistance is less studied. myb28, an aliphatic glucosinolate biosynthesis mutant, is 

hypersusceptible to Sclerotinia sclerotiorum (Stotz et al. 2011). Glucosinolate hydrolysis 

products such as isothiocyanate inhibit bacterial and fungal growth in vitro (Mithen et al. 

1986; Manici et al. 1997; Brader et al. 2001; Tierens et al. 2001; Mari et al. 2002; Smolinska 

et al. 2003). Constitutive production of phytoanticipins or phytoalexins is important for plant 

defense against microbes (Hammerschmidt 1999; Tierens et al. 2001; Pedras et al. 2007; 

Bednarek and Osbourn 2009). Arabidopsis responds to necrotrophic fungal attacks by 

synthesizing the phytoalexin camalexin (Schuhegger et al. 2006; Thomma et al. 1999; Ferrari  
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et al. 2003). S. sclerotiorum, an aggressive fungal pathogen with a wide host range (Bolton et 

al. 2006), facilitates host cell damage (Kim et al. 2008; Guo and Stotz 2010) and subsequently 

glucosinolate cleavage. Elevated levels of p-hydroxybenzyl glucosinolate, isopropyl 

glucosinolate, 1-methylpropyl glucosinolate or benzyl glucosinolate in Arabidopsis lines 

overexpressing the respective biosynthesis genes revealed altered disease resistance against 

the pathogens Alternaria brassicicola, Pseudomonas syringae and Erwinia carotovora 

(Brader et al. 2006; Bak et al. 1999; Mikkelsen and Halkier 2003; Petersen et al. 2001; 

Wittstock and Halkier 2000). pad3 and cyp79b2 cyp79b3 mutants are hypersensitive to B. 

cinerea infections (Kliebenstein et al. 2005), demonstrating a protective role of camalexin and 

indole glucosinolates against necrotrophic fungi infections. Finally, the level of indole 

glucosinolates increases upon exogenous application of jasmonic acid (JA) while aliphatic 

glucosinolates are not induced (Bodnaryk 1994; Oughty et al. 1995). 

Non-pathogenic microorganisms can induce systemic resistance (ISR) in plants against 

pathogens. Different signaling pathways are proposed to explain this resistance response. 

Pseudomonas fluorescens WCS417r induces systemic resistance independently of SA 

accumulation and PATHOGENESIS-RELATED (PR) expression against Pseudomonas 

syringae (Pieterse et al. 1996). The beneficial fungus Piriformospora indica which promotes 

growth and confers resistance against biotic and abiotic stress (Oelmüller et al. 2009; 

Lahrmann and Zuccaro 2012) mediates also a strong resistance response against the growth of 

Golovinomyces orontii conidiophores via JA signaling and the cytoplasmic function of NPR1 

(Stein et al. 2008). Rhizobacteria confer protection of Arabidopsis against DC3000 via SA- 

and ethylene (ET)-dependent pathways (Rudrappa et al. 2010). MYB72, also a member of 

R2R3-MYB-like transcription factor gene family, is required for rhizobacteria-mediated ISR 

against a broad-spectrum of pathogens (Van der Ent et al. 2008). MYB72 transcripts are 

induced in the roots upon colonization by P. fluorescens WCS417r but not systemically 

induced in the leaves (Verhagen et al. 2004). The transcriptional regulator MYB72 is one of 

the essential components necessary for mounting ISR response. MYB72 physically interacts 

in vitro with the ETHYLENE INSENSITIVE3 (EIN3)-LIKE3 transcription factor EIL3, 

linking MYB72 function to the ET response pathway. Therefore it is postulated that MYB72  
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is required in early ISR signaling upstream of JA and ET (Segarra et al. 2009; Van der Ent et 

al. 2008).  

Here, we demonstrate that colonization of Arabidopsis roots by P. indica restricts growth of 

the pathogenic fungus Alternaria brassicae. This fungus causes Alternaria black spots which 

are responsible for significant losses of Brassica crops (Bains and Tewari 1987; Conn et al. 

1990; Tewari and Bains 1997). Consequently, P. indica retards and diminishes A. brassicae-

mediated disease development in the roots and leaves of the host plant. The P. indica-

colonized seedlings are also more resistant against spore infection of the leaves indicating the 

existence of roots-to-shoot signaling events which lead to ISR. The myb28 myb29 mutant is 

more susceptible to A. brassicae infection than the wild-type. Since the P. indica-mediated 

resistance response is reduced in myb28 myb29, aliphatic glucosinolates are required for the 

establishment of full P. indica-induced resistance. 

 

RESULTS 

MYB28/MYB29 participates in the resistance of Arabidopsis against A. brassicae 

infection.  

Root infection of Arabidopsis seedlings with the necrotrophic fungus A. brassicae is 

associated with the up-regulation of a major regulator of aliphatic glucosinolate synthesis, 

MYB28 (Fig. 1A). Furthermore, infection of roots with the pathogen causes severe disease 

symptom development: the roots become brown and the shoots develop chlorosis within 10 

days after root infection. While the development of the disease phenotype is similar for wild-

type and myb28 myb29 roots (Fig. 1B), the chlorotic phenotype in the shoots developed faster 

and was stronger in the mutant compared to the wild-type control (Fig. 5A). This indicates 

that MYB28/MYB29 participates in establishing resistance in the leaves after A. brassicae-

infection of the roots. 

In contrast, the transcript level for MYB28 did not respond to root colonization by the 

beneficial fungus P. indica (Fig. 1A). This suggests that MYB28 and MYB29 and aliphatic 

glucosinolates do not play an important role in the beneficial symbiosis. Consistent with this  
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observation, co-cultivation of myb28 myb29 seedlings with P. indica for 14 days on PNM 

agar plates resulted in the increase of biomass of 23% (mock-treated: 36.4±1.9; P. indica 

treated: 44.7±1.8; n=6). The effect was less, but not significant different from the growth 

response observed for the wild-type (40%; mock-treated: 38.2±2.2; P. indica treated: 

53.7±2.8; n=6).   

 

P. indica restricts A. brassicae growth in roots.  

A. brassicae rapidly colonizes the roots of Arabidopsis seedlings and induce severe disease 

symptoms in roots and shoots (Fig. 1B). Therefore, we tested whether P. indica can protect 

the seedlings against A. brassicae-induced disease development. Wild-type and myb28 myb29 

roots were infected with P. indica for three days or mock-treated before A. brassicae spore 

infection. Brownishing of the roots and development of the chlorotic phenotype in the shoots 

were strongly retarded in the presence of P. indica (Fig. 2A). Quantification of the mRNA 

levels using specific primers for the A. brassicae ATP-binding cassette transporter AbreAtr1 

(Guillemette et al. 2004; Fig 2B) demonstrated that propagation of the pathogen was strongly 

inhibited in wild-type and no change in myb28 myb29 roots in the presence of P. indica (Fig. 

2C). P. indica also inhibits growth of A. brassicae in the dual culture on PDA agar plates (Fig. 

4C). We conclude that P. indica protects Arabidopsis roots against A. brassicae by restricting 

growth of the pathogen in the roots.  

 

MYB28/MYB29 is required for P. indica-mediated resistance against A. brassicae 

infection in shoots.  

Since colonization of Arabidopsis roots by A. brassicae is severely retarded after a 

pretreatment with P. indica, it is not surprising that disease development induced by the 

pathogen in the wild-type is reduced compared to seedlings which were not pretreated with 

the beneficial fungus (Fig. 2A). The fresh weight of A. brassicae-infected wild-type leaves 

pretreated with P. indica is much higher than that of seedlings which were not pretreated with 

P. indica (Fig. 3). However, the fresh weight of A. brassicae infected myb28 myb29 leaves 

pretreated with P. indica is comparable to that which was not pretreated with P. indica (Fig. 

3). Since restriction of A. brassicae growth by P. indica is identical in wild-type and in myb28  
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myb29 roots (Fig. 2C), MYB28/MYB29 participates in the P. indica-induced resistance 

against A. brassicae infection in Arabidopsis shoots.  

 

P. indica represses A. brassicae-induced PDF1.2 expression in wild-type but not myb28 

myb29 roots. 

PDF1.2 is a sensitive marker gene for imbalances in the P. indica/Arabidopsis symbiosis 

(Camehl et al. 2010, 2011). 

In wild-type and myb28 myb29 roots, PDF1.2 is up-regulated by A. brassicae, but not by P. 

indica (Fig. 4A). Pretreatment of wild-type roots with P. indica prior to A. brassicae infection 

severely reduced PDF1.2 expression in the roots (Fig. 4B). Pretreatment of myb28 myb29 

roots with P. indica prior to A. brassicae infection had very little effect on PDF1.2 expression 

(Fig. 4B). This indicates that the double mutant is partially impaired in efficient suppression 

of the host innate immune response by the beneficial fungus (cf. Jacobs et al. 2011). 

 

P. indica and MYB28/MYB29 promote systemic resistance against A. brassicae infections 

in shoots. 

The data suggest so far that P. indica restricts A. brassicae growth in the roots of wild-type 

and myb28 myb29 (Fig. 2C) seedlings. Furthermore, the beneficial fungus protects wild-type 

seedlings against A. brassicae infection, and this protection is almost lost for myb28 myb29 

seedlings (Fig. 3). To test whether myb28 myb29 participates in P. indica-induced systemic 

resistance and root-to-shoot signaling, we infected the leaves of P. indica-colonized or mock-

treated wild-type and myb28 myb29 seedlings with A. brassicae spores. Figure 5A 

demonstrates that P. indica protects the leaves of wild-type seedlings against infection with A. 

brassicae spores. A. brassicae growth in the leaves of wild-type seedlings is reduced after P. 

indica pre-treatment, while this reduction was less for the double knock out as shown for the 

level of AbreAtr1(Fig. 5B). Consequently, the mock-treated wild-type seedlings showed a 

strong chlorotic phenotype four days after A. brassicae infection, while the P. indica-treated 

seedlings were still green (Fig. 5A). The protective function of P. indica is not or less visible 

for the myb28 myb29 mutant (Fig. 5A). We observed a mild induction of  
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PDF1.2 in leaves when P. indica was pretreated in roots of both wild-type and myb28 myb29 

(Fig. 5C). This demonstrates that there is root-to-shoot signal transfer by P. indica. In 

contrast, leaf infection of unprimed seedlings with A. brassicae strongly activates PDF1.2 in 

wild-type and myb28 myb29 mutant (Fig. 5C). The comparable induction of PDF1.2 in wild-

type and myb28 myb29 mutant by priming the roots with P. indica prior to infection of leaves 

with A. brassicae spores suggests that defense response mediated is independent of MYB28, 

MYB29 and MYB72. We conclude that P. indica-induced systemic resistance against A. 

brassicae infection in leaves is severely reduced in the myb28 myb29 mutant. 

 

DISCUSSION 

We have recently demonstrated that camalexin is required for the beneficial interaction 

between Arabidopsis and P. indica. In contrast to the results shown here, the beneficial fungus 

stimulates the expression of CYP79B2 and CYP79B3 in the roots and simultaneous 

inactivation of both genes prevents the beneficial interaction (Nongbri et al. 2012). The 

cyp79B2 cyp79B3 roots become over-colonised which results in defense gene activation 

against P. indica. Also CYP71A13 and PAD3 which code for enzymes catalyzing the 

conversion of IAOx to camalexin and WRKY33 for the camalexin-inducing transcription 

factor were upregulated by P. indica in Arabidopsis roots. Apparently, aliphatic and indole 

glucosinolates play different roles in the symbiotic interaction. 

Priming the Arabidopsis roots with beneficial symbiont, P. indica leads to improved growth 

performance of Arabidopsis seedlings against subsequent challenge by the tested necrotrophic 

fungus A. brassicae. This resulting phenotype could be suggested to occur due to two reasons- 

there could be a competition between P. indica and A. brassicae for the resources as well as 

for the host roots to enable to establish themselves and eventually exert their effect, or P. 

indica being a beneficial symbiont activated the basal defense response as a result of which 

plants are better prepared for reacting to pathogen attack. Here, we proposed the involvement 

of MYB28 and MYB29 in the onset of P. indica-mediated defense to necrotrophic fungus A. 

brassicae.  
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Aliphatic glucosinolate synthesis is not an exclusive requirement for imparting P. indica-

mediated growth promoting effect. There is a reduced growth promotion (23%) in myb28 

myb29 mutant seedlings compared to wild-type (40%), but the response is not dramatic so as 

to attribute the functions of myb28 and myb29 genes to interaction with P. indica. However, 

aliphatic glucosinolate synthesis is essential as defense compound against pathogens as well 

as insect including the tested necrotroph A. brassicae. While the role of P. indica in the 

priming process leading to protection against A. brassicae infection is prominent in wild-type, 

inability of myb28 myb29 mutant to respond to P. indica-mediated priming resulted into the 

loss of protection. 

Root colonization requires suppression of host innate defense system (Jacobs et al., 2011) to 

enable intracellular P. indica propagation of root tissue which eventually delivers benefits to 

the host by modulating its metabolic pathways. 

It was also reported previously that PDF1.2 gene was systemically induced in Arabidopsis 

leaves upon infection with A. brassicicola which is closely related to A. brassicae (Penninckx 

et al. 1996). JA and ethylene (ET) hormonal signaling mediates defense gene activation 

against necrotrophic pathogens such as B. cinerea (Thomma et al. 1998, 1999) and S. 

sclerotiorum (Guo and Stotz 2007) and activate PDF1.2 expression. A JA receptor mutant 

coi1, which is highly susceptible to S. sclerotiorum also produces significantly less aliphatic 

and indole glucosinolates after infection (Stotz et al. 2011).  PDF1.2 is also a sensitive marker 

gene for imbalances in P. indica/Arabidopsis interaction (Camehl et al. 2010).   

 

MATERIALS AND METHODS 

Growth conditions of Arabidopsis thaliana and fungi 

Arabidopsis thaliana WT (ecotype Columbia-0) and mutant seeds were surface-sterilized and 

placed on Petri dishes containing MS nutrient medium (Murashige and Skoog 1962). The 

myb28 myb29 line was obtained from Barbara A. Halkier (University of Copenhagen, 

Denmark). Homozygozity of the seeds was confirmed with gene-specific primers as published 

previously. After cold treatment at 4°C for 48 h, plates were incubated for 10 days at 22°C 

under continuous illumination (100 μmol m
-2

 sec
-1

). Piriformospora indica was cultured for  
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three to four weeks at 22-24°C on Aspergillus-minimal medium (Hill and Kaefer 2001; 

Johnson et al. 2011: Section A, B). Alternaria brassicae was cultured for 2 weeks on Potato 

Dextrose Agar medium (PDA) at 22-24°C under 12/12 h light/dark illumination and 75% 

relative humidity. For details see Johnson et al. (2011, 2012).  

 

Co-cultivation with P. indica and assessment of plant growth 

Twelve day-old (cold treatment for 48 h and 10 days illumination) Arabidopsis wild-type 

(WT) and mutant seedlings of equal sizes which were grown on MS media under continuous 

illumination (100 μmol m
-2

 sec
-1

) at 22
o
C were selected for co-cultivation experiments with 

three to four week-old P. indica or mock-treated. Co-cultivation was done on PNM media 

with a fungul plug 5 mm in diameter as described by Johnson et al. (2011, Section C1- 

Method 1). Light intensity (80 μmol m
-2

 sec
-1

) was checked every third day to ensure that both 

the P. indica and mock-treated seedlings receive equal amount of light. Weights of seedlings 

were determined at 14 day after co-cultivation. For DNA and RNA isolation and gene 

expression studies only roots were used.  

 

Root and leaf infection with A. brassicae 

Root infection with A. brassicae was done on PNM media as described for the co-cultivation 

with P. indica (Johnson et al. 2011) using a fungal plug 5 mm in diameter from a two week-

old culture (Johnson et al. 2012). Leaf infection was done on PNM media by adding 8-10 μl 

spore suspension (10
5
-10

6
 spores/ml) of Alternaria directly to the plant leaves (Johnson et al.  

2012). Six to eight leaves per seedling were used. Plates were incubated at 22-24°C under 

12/12 h dark/light illumination. For preparation of Alternaria spores a fungal plug 5 mm in 

diameter from a 2 week-old culture was inoculated to Potato dextrose broth and incubated at 

22-24°C under 12/12 h light/dark illumination and 75% relative humidity. After 2 weeks 

spores were harvested by homogenizing the mycelia in distilled water and filtered through 4 

layers of sterilized-nylon membrane. The spore concentration was adjusted to 10
5
-10

6
/ml. 
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Dual culture experiment of P. indica and A. brassicae 

Dual culture experiment was done as described by Johnson et al. (2012). A P. indica plug 5 

mm in diameter was placed at one end of the PDA plate and an A. brassicae plug of the same 

size was placed at the other end. The plate was incubated at 22-24°C under 12/12h light/dark 

illumination and 75% relative humidity. The inhibition zone was observed after 5 days.  

 

Priming with P. indica and quantification of A. brassicae in roots 

After growing on MS media for 12 days (as described above) Arabidopsis seedlings were  

co-cultivated with P. indica for three days on PNM media or mock-treated (Johnson et al. 

2011; Section C1 - Method1). For priming with P. indica WT and mutant seedlings of equal 

size were co-cultivated with a P. indica plug 5 mm in diameter on PNM plates. Accordingly, 

seedlings of equal size of that for P. indica treatment were taken for mock-treated control. 

Plates were incubated at 22°C under continuous illumination (80 μmol m‐2 s‐
1
). Three days 

after priming, a plug of A. brassicae 5 mm in diameter was used to challenge the P. indica-

primed and mock-treated control by replacing the P. indica/KM plug with A. brassicae plug. 

The fresh weight was measured at sixth and tenth day after A. brassicae infection. The 

concentration of A. brassicae in roots was quantified by PCR for the AbreAtr1 gene marker 

(Guillemette et al. 2004).  

 

Induced systemic resistance (ISR) and quantification of A. brassicae in leaves  

Co-cultivation of Arabidopsis seedlings with P. indica in order to prime the shoot for ISR was 

done as described by Johnson et al. (2011, Section C1 - Method 2). Arabidopsis seedlings and  

P. indica plug were co-cultivated for seven days on PNM media. The same was done for the 

mock-treated control. In this case a KM plug was used. After seven days, the primed seedlings 

were inoculated with A. brassicae spores suspension (10
6
 spores/ml) on 6-8 leaves per plant. 

After five days disease phenotype was observed and the leaves were harvested for  

RNA isolation and gene expression analysis. The concentration of A. brassicae was quantified 

by PCR for the AbreAtr1 gene marker (Guillemette et al. 2004). 
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Gene expression 

Total RNA was isolated from both roots and shoots of WT and mutant seedlings after five, six 

and ten days of co-cultivation with/without P. indica/A. brassicae using RNeasy Mini Kit 

(Qiagen). After reverse-transcription, cDNA was used for semi-quantitative PCR analysis. 

Total RNA was isolated from three independent biological experiments. cDNA was 

synthesised using the Omniscript cDNA synthesis kit (QIAGEN) using 1 μg RNA. For the 

amplification of the RT-PCR products, iQ SYBR Green Supermix (Bio-Rad) was used 

according to the manufacturer´s protocol in a final volume of 25 μl. The iCycler was 

programmed to 95°C 2 min, 40 x (95°C 30 sec, 57°C 40 sec, 72°C 45 sec), 72°C 10 min, 

followed by a melting curve program 55°C to 95°C in increasing steps of 0.5°C. All reactions 

were performed in triplicate. The mRNA levels for each cDNA probe were normalized with 

respect to the GAPC2 mRNA level. Fold induction values of target genes were calculated 

with the ΔΔCP equation of Pfaffl (2001) and related to the mRNA level of target genes in 

mock-treated roots, which were defined as 1.0. All the primers used for this study are given in 

the supplementary Table 1. 

 

Data analysis 

Data points represent the mean of three to six independent biological experiments with 12-24  

seedlings per treatment per experiment. Samples were evaluated with a two sample t-test (+P. 

indica/mock-treated) and ANOVA analyses (comparison of all data sets).  
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FIGURE LEGENDS 

Figure 1. A, mRNA levels for MYB28 in the roots of wild-type (WT) seedlings colonized by 

either P. indica and A. brassicae. The seedlings were either co-cultivated with P. indica/A. 

brassicae for 6 days or mock-treated. mRNA levels for MYB28 were induced only by A. 

brassicae infection and not by P. indica. GAPC2 was used as a control house keeping gene. 

MC: mock-treated control; P.i: P. indica-treated; A.b: A. brassicae-treated. B, Root infection 

of A. thaliana WT and myb28 myb29 seedlings by A. brassicae. Browning of roots and 

chlorotic symptoms in shoots were recorded after 10 days of root infection. MC: mock-treated 

control; A.b: A. brassicae-treated. 

 

Figure 2. A, Priming with P. indica leads to improved growth performance of Arabidopsis 

WT seedlings after Alternaria spore infection. P. indica retards A. brassicae-induced 

brownishing of roots and chlorotic phenotype in the shoots as compared to the mock-treated 

controls. Representative pictures of five independent biological experiments taken after 8 days 

of Alternaria infection are shown. ± P.i: ± P. indica-treated; ± A.b: ± A. brassicae-treated. B, 

mRNA levels for AbreAtr1 in the Arabidopsis roots. RNA was extracted from WT roots 

treated with P. indica (P.i) or A. brassicae (A.b) for 6 days. The figure shows the specificity 

of the primers for A. brassicae. C, Fold induction of AbreAtr1 in the roots of WT and myb28 

myb29 seedlings after 10 days of A. brassicae infection. The mRNA+P. indica/mRNAmock-treated 

ratio was calculated. Data are based on five independent biological experiments with three 

replications each. Error bars were calculated as standard errors.  
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Figure 3. Seedlings fresh weight (mg) of WT and myb28 myb29 seedlings after root infection 

with A. brassicae for 10 days. Seedling were either primed with P. indica (+P.i) for 3 days or 

not primed (-P.i) before infection with Alternaria (+A.b) for 10 days. Data are based on five 

independent experiments with 12 plants per treatment. Bars represent SEs.  

 

Figure 4. A, mRNA levels for PDF1.2 in WT and myb28 myb29 seedlings treated with P. 

indica and/or A. brassicae. RNA was isolated from the roots of wild type (WT) and myb28 

myb29 Arabidopsis seedlings which were co-cultivated with P. indica/A. brassicae for 6 days  

or mock-treated. mRNA levels for PDF1.2 are regulated by A. brassicae, but not P. indica. 

GAPC2 was used as a control house keeping gene. MC: mock-treated control; P.i: P. indica-

treated; A.b: A. brassicae-treated. B, Fold change of PDF1.2 in the roots of WT and myb28 

myb29. Seedlings were primed with P. indica for 3 days or not primed before Alternaria 

infection for 10 days. Data are PDF1.2+P. indica pretreatment/PDF1.2-P. indica pretreatment. Bars represent 

SEs. C, Interaction between P. indica and A. brassicae on Potato Dextrose Agar (PDA) 

medium. A clear zone of inhibition (see arrow) was observed. Representative picture taken 

after 10 days of interaction. 

 

Figure 5. A, Systemic resistance (ISR) in Arabidopsis. Both WT and myb28 myb29 mutant 

were primed with P. indica (+P.i) for 5 days or not primed (-P.i) before Alternaria spores 

infection for 5 days. B, Fold induction of AbreAtr1 in the leaves of WT and myb28 myb29 

seedlings after 5 days of A. brassicae spores infection. Data are based on three independent 

biological experiments with three replications. Error bars were calculated as standard errors. 

C, Fold induction of PDF1.2 in the leaves of WT and myb28 myb29 after P. indica (+P.i) or 

A. brassicae (+A.b) infection for 5 days. Data are based on three independent biological 

experiments with three replications. Error bars were calculated as standard errors.  
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Supplementary Tab. 1 

Primer pairs used in this study. 

 

MYB28 (At5g61420) GTGGTCGGTCATAGCGAGAC GCGAGTCTGAGTCGGTGTCA 

MYB29(5g07690) TACAACGGTCGTCTACCACA TCATCCGGGTTTGAGTCATA 

MYB76(At5g07700) TTGAGCCCATGAAGTTCGA CGATCATGTACTCATATGATTG 

PDF1.2 (At5g44420) CTTGTGTGCTGGGAAGACATA AGCACAGAAGTTGTGCGAGAA 

GAPC2 (At3g04120) GAGCTGACTACGTTGTTGAG GGAGACAATGTCAAGGTCGG 

AbreAtr1(Guillemette et al. 

2004) 

ACCCGCATTCCTCGCCAAA AAGTCAAGGATTGTGTCGAGCTT 

PR-3 (At3g12500) TCATGGGGCTACTGTTTCAAG TATTGCTCTACCGCATAGACC 

PR-1 (At2g14610) TGTATGAGTCTGCAGTTGCC CAACTGCAGACTCATACA 
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5. Discussion 

Sulfur is one of the limiting nutrients in agricultural productions. Plants respond to sulfur 

deficiency by activating root uptake systems (Gutierrez-Marcos et al. 1996; Takahashi et al. 

1997, 2000; Vidmar et al. 2000; Yoshimoto et al. 2002) and remobilization of internal sulfur 

sources (Blake-Kalff et al. 1998; Hirai et al. 2004, 2005; Schnug and Haneklaus 1993; 

Schnug et al. 1995; Maruyama-Nakashita et al. 2003; Nikiforova et al. 2003). Furthermore, 

the status of sulfur in the plants is crucial for growth as well as the plant´s response against 

biotic stresses. I could demonstrate that Arabidopsis synthesizes sulfur-containing secondary 

metabolites which play an important role in the symbiotic interaction with P. indica. 

Furthermore, P. indica prevents pathogen infection of roots and activates a systemic          

resistance response in leaves against the pathogenic fungus A. brassicae, and this response 

requires the sulfur-containing glucosinolates. 

I investigated the role of the two enzymes CYP79B2 and CYP79B3 (involved in indole 

glucosinolate and camalexin biosynthesis) and of PAD3 (which catalyzes the last step of 

camalexin biosynthesis) in the roots of Arabidopsis during the symbiotic interaction with P. 

indica. I presented evidence that inactivation of CYP79B2 and CYP79B3 has severe 

consequences for the beneficial interaction which is associated with an uncontrolled growth of 

P. indica in the roots. I also examined the role of aliphatic glucosinolates in the symbiotic 

interaction to P. indica, by exposing the myb28 myb29 double mutant, which is devoid of 

aliphatic glucosinolates, to the fungus. My data demonstrate that aliphatic glucosinolates are 

crucial for P. indica-induced systemic resistance of Arabidopsis seedlings against leaf 

infections by the pathogenic fungus A. brassicae. This highlights the importance of the root-

colonizing fungus for systemic resistance responses in the leaves. 

 

5.1 Antimicrobial indole-3-acetaldoxime (IAOx)-derived compounds in Arabidopsis/P. 

indica interaction 

Plants constitute an immune system which responds to microbial infection by the biosynthesis 

of antimicrobial secondary metabolites. IAOx-derived compounds belong to a group of 

secondary metabolites which are synthesized in roots and leaves. These secondary 
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metabolites, which for many years were believed to lack physiological significance 

(Hartmann 2008), were found to have multiple important functions in plant interactions with 

the environment, in forming beneficial interactions with root-colonizing microbes and as 

deterrence to potential enemies (Hartmann 2007, 2008).   

Plant chemical defenses depend on the constitutive production of phytoanticipins (VanEtten et 

al. 1994) and induced production of phytoalexins (Bednarek and Osbourn 2009). Thomma et 

al. (1999) and Ferrari et al. (2003) have demonstrated the importance of the Arabidopsis 

phytoalexin camalexin (Schuhegger et al. 2006) as a significant defense component against 

necrotrophic fungal pathogens. These phytoanticipins derived from glucosinolates in 

Brassicaceae after myrosinase-catalyzed hydrolysis and are inhibitory to the growth of various 

pathogens in vitro (Tierens et al. 2001). Stotz et al. (2011) have shown the accumulation of 

glucosinolates in systemic leaves of S. sclerotiorum-challenged Arabidopsis, whereas 

camalexin are induced at local infection sites. The mRNA levels for CYP79B2, CYP79B3 and 

PAD3 are also induced by P. indica in colonized roots. I could show that indole 

glucosinolates and camalexin are necessary for the beneficial interaction between P. indica 

and A. thaliana. The cyp79B2 cyp79B3 double mutant, which lacks indole glucosinolates and 

camalexin, does not respond to P. indica with growth promotion, both at the seedling´s stage 

and adult plant stage, whereas growth of the pad3 mutant, which does not synthesize 

camalexin, is not promoted by P. indica under long term interaction in soil (Nongbri et al. 

2012). Camalexin and other IAOx-derived compounds including indole glucosinolates may be 

involved in independent processes. We, therefore, suggested that IAOx-derived compounds 

are important for establishing a beneficial interaction between P. indica and Arabidopsis 

during the initial steps, while camalexin is essential in the later phase during long term 

interaction. Additional mutants defective in the synthesis of specific IAOx-derived secondary 

metabolites need to be investigated to understand the precise role of these secondary 

metabolites in the beneficial symbiosis. Schlaeppi et al. (2010) have noticed that both indole 

glucosinolate and camalexin are crucially important for the resistance of Arabidopsis to 

Phytophthora brassicae while lacking either one of them has little effect on the disease 

resistance. They observed a wild-type response of pad3 to P. brassicae infection, while the 

cyp79B2 cyp79B3 double mutant was highly susceptible. In their studies, CYP79B2 and  
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CYP79B3 participate in the control of the penetration rate of P. brassicae hyphae. Unlike the 

Arabidopsis/P. brassicae pathosystem, which also revealed the wild-type level of classical 

defenses responses in the cyp79B2 cyp79B3 mutant, the beneficial fungus P. indica initially 

induces defense genes in the roots of the mutant seedlings but this response disappears in 

adult plants. Furthermore, cyp79B2 cyp79B3 are higher colonized at seedling´s and adult plant 

stages compared to wild-type plants, while pad3 adult plants do not respond to P. indica with 

growth promotion and likewise have higher fungal colonization. The overcolonized cyp79B2 

cyp79B3 roots responded to the deficiency of IAOx and its derived compounds by activating 

other defense genes such a PR-1, PDF1.2, PAL and germin in the early phase of interaction 

and this defense response is restricted to seedlings and no longer visible for adult plants. 

Infection with pathogens strongly activates the plants’ defense genes (Govrin and Levine 

2002), while the symbiotic interaction of various investigated plant species with P. indica or 

mycorrhiza requires a relatively mild activation of defense responses (De Hoff et al. 2009; 

Fester and Hause 2005; Gutjahr and Paszkowski 2009; Herre et al. 2007; Martin et al. 2007; 

Pozo and Azcón-Aguilar 2007; Purin and Rillig 2008; Strack et al. 2003; Camehl and 

Oelmüller 2010a; Camehl et al. 2010b). Therefore, IAOx and its derived compounds, 

including camalexin, may be considered as another example for a defense process that 

restricts growth of fungi in beneficial root symbioses.  

We observed that there is an inverse relationship between the P. indica-mediated growth 

phenotype and the degree of colonization in the roots (cf. Camehl et al. 2010b; Sherameti et 

al. 2008a). During symbiosis, the interacting Arabidopsis receives several benefits such as 

nutrient exchange and enlarged surface area of their roots, and at the same time, the plant 

prevents the fungus from over-colonizing the roots. The loss of benefits for the plants due to 

overcolonization is consistent with my observation that adult cyp79B2 cyp79B3 plants are five 

times and pad3 plants three times higher colonized than wild-type plants. This fluctuation in 

the degree of colonization during the different stages of interaction has also been observed for 

mycorrhizal fungi (Kennedy 2010). We observed that the mutants tested are highly penetrated 

and over-colonized and this high degree of fungal growth in the roots probably creates an 

imbalance in the interaction. This situation appears to be unfavorable for the mutants leading 

to a shift from mutualism to parasitism which results in a reduced growth rate. I measured the  
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degree of colonization of Arabidopsis roots by quantifying the level of expression of the 

elongation factor 1(Pitef1) DNA and cDNA of P. indica.  

Expression of camalexin synthesis genes against biotrophic and necrotrophic microbes has 

been shown to be specifically upregulated at the site of infection (Kliebenstein et al. 2005; 

Schuhegger et al. 2007). I observed a similar response to P. indica. Interestingly, 

determination of pad3::uidA expression in a split-root-system revealed increased GUS 

activity in P. indica-treated lateral roots and root hairs. This response is strictly local as I 

could not observe any stimulation of GUS activity in the uninfected region as well as in 

mock-treated roots. It was previously believed that camalexin induction requires a lesion in 

the infected tissues. However, in the recent years it has been reported that phytoalexin 

synthesis can also be induced by autoclaved yeast suspension (Raacke et al. 2006) and a 

peptidoglycan preparation (Gust et al. 2007) in leaves which did not undergo cell death. We 

also observed that a cell wall extract from P. indica, that promotes growth (Vadassery et al. 

2009a), also stimulates the expression of PAD3, CYP79B2, CYP79B3, CYP71A13 and 

WRKY33 mRNA in P-indica-exposed roots. This indicates that P. indica-released MAMPs 

can also induce a response without making physical injuries by hyphal penetration of the 

individual root cells. Generally, pathogens and pathogenic MAMPs can induce a rapid, long-

distance, auto-propagating signal through ROS production via NADH oxidases (Mittler et al. 

2011). Since P. indica and a P. indica-derived cell wall extract do not induce ROS production 

(Camehl et al. 2011; Vadassery et al. 2009a), the local response is probably not transmitted to 

neighboring cells.  

 

5.2 Aliphatic glucosinolates in plant defense  

The role of glucosinolates has been largely studied as insect deterrent or attractant for 

oviposition (Halkier and Gershenson 2006; Gabrys and Tjallingii 2002; Mewis et al. 2002; 

Miles et al. 2005; Rojas 1999). The involvement of aliphatic glucosinolates in insect 

resistance has been revealed by producing elevated levels of aliphatic glucosinolates by the 

over-expression of MYB28 in Arabidopsis plants; these plants are highly resistant to feeding 

by Spodoptera exigua larvae (Gigolashvili et al. 2007b). Furthermore, the relevance of 

aliphatic glucosinolates in defense responses has been demonstrated by Beekwilder et al.  
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(2008) who were the first to identify the myb28 myb29 double mutant lacking aliphatic 

glucosinolates as susceptible to the generalist Lepidopteran insect Mamestra brassicae. 

Antimicrobial properties of aliphatic glucosinolates were demonstrated by Stotz et al. (2011) 

with respect to resistance to the necrotrophic fungus Sclerotinia sclerotiorum. Genes 

contributing to the aliphatic glucosinolate biosynthetic pathway as well as for the camalexin 

and sulfur metabolic pathway were induced in leaves following infection with S. sclerotiorum.  

I also investigated the role of aliphatic glucosinolates in the symbiotic interaction of P. indica 

with Arabidopsis. I focused on the double knockout mutant myb28 myb29 which is an ideal 

mutant candidate since it lacks aliphatic glucosinolates. The transcript level of MYB28, coding 

for the major regulator of aliphatic glucosinolate biosynthesis, is not upregulated in roots 

colonized by P. indica. Since myb28 myb29 still responds to P. indica, aliphatic 

glucosinolates do not play an important role in the beneficial symbiosis. However, the 

necrotrophic fungus A. brassicae induces MYB28. The pathogen causes severe disease 

symptoms in infected wild-type and myb28 myb29 roots, turning the roots into brownish 

color. The induction of chlorosis in shoots is higher in the myb28 myb29 mutant compared to 

the wild-type. This demonstrates root-to-shoot signaling and an involvement of aliphatic 

glucosinolates. The protective role of P. indica in barley from root rot caused by Fusarium 

graminearum has been reported by Deshmukh and Kogel (2007). I investigated if P. indica 

can protect Arabidopsis seedlings against A. brassicae-induced infection. When the roots 

were pretreated with P. indica for three days prior to A. brassicae infection, we observed that 

brownishing of roots and chlorosis development in shoots were strongly retarded compared to 

the mock-treated control. Furthermore, the fresh weight of A. brassicae-infected seedlings 

pretreated with P. indica is higher than that without P. indica-pretreatment in the wild-type. 

Interestingly, the myb28 myb29 mutant did not show such an increase in the fresh weight after 

P. indica-pretreatment. This demonstrates an involvement of aliphatic glucosinolates in the P. 

indica-induced resistance against A. brassicae infections in leaves. We therefore proposed a 

dual role of P. indica in the protection of Arabidopsis seedlings against A. brassicae. First, the 

beneficial fungus protects the roots against A. brassicae infection. This might simply be a 

competition between the two microbes in the root environment. We could also observe an  
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antagonistic effect in a dual culture plate experiment where P. indica clearly inhibits or 

restricts the growth of A. brassicae. Reduced colonization of the pathogen inside the roots 

improved the growth performance of the seedling. The amount of fungal material was 

determined by quantifying the level of expression of AbreAtr1 of A. brassicae.  Second, P. 

indica protects the aerial parts of the plant against A. brassicae infection and this response 

requires MYB28 and MYB29. 

P. indica does not induce PDF1.2 in the wild-type, but the defense gene is often upregulated 

in P. indica-colonized mutants (Camehl et al. 2010b). Therefore, PDF1.2 has been shown to 

be a marker gene for the imbalances in Arabidopsis/P. indica symbiosis. PDF1.2 is 

upregulated after infections with the pathogen A. brassicae. However, pretreatment by P. 

indica suppresses A. brassicae-induced expression of PDF1.2 in wild-type roots. In contrast,  

there is very little effect on the PDF1.2 expression of the pretreated myb28 myb29 roots which 

indicates that the innate immune response is impaired in the double mutant. Deshmukh and 

Kogel (2007) have also reported that P. indica suppresses F. graminearum-induced 

expression of PR genes in barley roots. We could show that pretreatment of the roots by P. 

indica activates resistance (ISR) in the shoot against A. brassicae spore infection. The 

development of chlorotic symptoms is delayed in the P. indica-pretreated wild-type leaves 

compared to the mock-treated control leaves, while there is no or less visible protection in the 

myb28 myb29 mutant. We observed a mild induction of PDF1.2 in the leaves of both wild-

type and myb28 myb29 when their roots were colonized by P. indica. This suggests that the 

beneficial fungus is involved in root-to-shoot signal transfer. In contrast, the PDF1.2 mRNA 

level in the leaves after A. brassicae infection is strongly upregulated in wild-type and the 

myb28 myb29 mutant. We therefore propose the involvement of MYB28 and MYB29 in 

defense against A. brassicae infection in leaves. Furthermore, pretreatment by P. indica in the 

roots strongly inhibits the growth of A. brassicae in the leaves of wild-type when compared to 

myb28 myb29 mutant.  

 

5.3 Role of P. indica in Sulfur Metabolism in A. thaliana 

Amongst the macroelements that are found in plants, sulfur is the least abundant. Unlike, 

carbon and nitrogen which are incorporated as structural component in biomolecules, sulfur  
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forms components that are involved in catalytic or electrochemical functions. Metabolism of 

sulfur is very important for living organisms because higher plants are dependent on inorganic 

sulfate present in soil to meet their nutritional sulfur requirement. Sulfate is a major anionic 

solute. Following uptake from the soil, sulfate is either deposited in the vacuole or it is 

assimilated into organic compounds. Plants growing under sulfur deficiency conditions 

activate sulfate acquisition and transport processes by upregulating the expression of sulfate 

transporter genes in roots and vacuoles. Simultaneous to the efficient uptake and transport 

strategy, there is a parallel repression of the synthesis of the S-containing glucosinolates and 

regulation of their breakdown to release sulfur. Breaking down of glucosinolates during sulfur 

deficiency helps to replenish the nutrient requirement, as 30% of sulfur is stored in 

glucosinolates in Brassicales (Falk et al. 2007).  

Glucosinolates are important defense compounds against insect herbivores and pathogens 

(Falk et al. 2007). The biologically active compounds are released from the glucosinolates 

after enzymatic hydrolysis with myrosinase enzymes which in turn play important functions 

in plant/microbe interactions. Two glycosyl hydrolase family 1 members, PEN2 (Bednarek et 

al. 2009) and PYK10, a highly abundant enzyme in the roots (Sherameti et al. 2008a) have 

been reported to be involved in restricting pathogen entry in the leaves and roots, respectively. 

Although PYK10 has been demonstrated to be involved in maintaining beneficial interaction 

between Arabidopsis and P. indica, the high abundance of this enzyme in roots was proposed 

to protect Brassicaceae against soil-borne fungi. The importance of the glucosinolate 

metabolism for antifungal defense and innate immune response has been reported by two 

groups (Bednarek et al. 2009; Clay et al. 2009). The auxin pool in roots accumulates as a 

result of breakdown of indolic glucosinolates under certain stress conditions (Searle et al. 

1982; Zhao et al. 2002). Since auxin is a plant growth hormone that stimulate root 

development which therefore contributes in efficient uptake of sulfate.  

Maruyama-Nakashita et al. (2006) identified a central regulator of plant S responses and 

metabolism in Arabidopsis under sulfur limitation. Mutation in SULFUR LIMITATION1 

(SLIM1) inhibits the induction of transcripts for the high-affinity transporter SULTR1; 2 under 

low sulfur conditions. The slim1 mutant has reduced sulfate uptake and growth due to the fact 

that the mutant could not regulate the activation of sulfate acquisition and degradation of  
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glucosinolates under sulfur limitations as the functional SLIM1 protein controls both these 

processes.  

The study of sulfur uptake, transport and metabolism has been of great interest in the recent 

years because these processes affect plant/microbe interactions. The ectomycorrhizal fungus 

L. bicolor increases sulfate uptake and the plant provides the fungus with reduced sulfur in 

return (Mansouri-Bauly et al. 2006). Glutathione (GSH) is a major redox buffer and protects 

the cell against reactive oxygen species. GSH plays a crucial role in P. indica-induced 

resistance of barley plants against pathogens (Waller et al. 2005; Baltruschat et al. 2008). It is 

interesting to note that the genes regulated by SLIM1 (Maruyama-Nakashita et al. 2006), are 

also regulated by P. indica during early phases of cocultivation. The three ATP sulfurylase 

genes APS1, APS3 and APS4 are targeted by the fungus during sufficient S supply, while 

GSH1, GSH2, BCAT2, BCAT4, MAM3, three GST genes, phytochelatin synthase, and NPR1 

are strongly upregulated under sulfur starvation. This again confirms that P. indica controls S 

metabolism, in particular under S-limiting conditions. 

Sulfur also plays an important role in the antioxidant and radical scavenger system. 

Ascorbate-glutathione cycle is one such system that maintains ascorbate in its reduced state. 

Vadassery et al. (2009b) have shown that the two enzymes of the ascorbate-glutathione cycle 

monodehydroascorbate reductase 2 (MDAR2) and dehydroascorbate reductase 5 (DHAR5) 

are upregulated in the roots and shoots of Arabidopsis seedlings cocultivated with P. indica. 

This indicates that the fungus induces the flow of signal information from root to shoot. The 

role of MDAR2 and DHAR5 in symbiotic interaction with P. indica has been uncovered by 

the loss of growth promotion in mdar2 and dhar5 mutants. Moreover, the mutants are heavily 

colonized by the fungus and suffered severely upon exposure to drought stress. Furthermore, 

these two genes are upregulated in P. indica-colonized Arabidopsis roots. Therefore, it is 

likely that more proteins controlling the redox homeostasis in the cell are involved in 

establishing and maintaining a mutualistic interaction between the two symbionts.  
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6. Summary 

P. indica is a symbiotic partner in the interaction with the host Arabidopsis. The host plant 

benefits from the interaction by increased growth and better protection against pathogens. The 

following two aspects were investigated. 

1 - P. indica controls the accumulation of IAOx-derived compounds in the roots of 

Arabidopsis. The phytoanticipin indole glucosinolate has an essential role in the initial phase 

of the interaction between the two symbionts, while camalexin, a phytoalexin, is required in 

the later phase of the interaction. The IAOx biosynthetic genes, CYP79B2 and CYP79B3 as 

well as the camalexin biosynthesis gene PAD3 are induced by P. indica. They are essential for 

establishing a beneficial symbiosis by restricting fungal colonization. 

2 - I discovered the involvement of MYB28 and MYB29 in the resistance response of 

Arabidopsis against A. brassicae. The myb28 myb29 double mutant, which lacks aliphatic 

glucosinolates, responds to P. indica with growth promotion similar to the wild-type.  MYB28 

and MYB29 have been shown to be important in insect herbivory resistance and resistance 

against nonhost pathogenic bacteria and necrotrophic fungi. I found that P. indica protects 

Arabidopsis against root infection by A. brassicae. Furthermore, I propose that MYB28 and 

MYB29 play a role in induced systemic resistance. P. indica activates an induced systemic 

resistance response against A. brassicae leaf infection in Arabidopsis. This response is 

strongly reduced in the myb28 myb29 mutant. Hence, P. indica-induced systemic resistance in 

the leaves against A. brassicae infection requires MYB28/MYB29 and therefore aliphatic 

glucosinolates. 
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7. Zusammenfassung 

 

P. indica ist ein symbiotischer Partner in der Interaktion mit dem Wirt Arabidopsis. Die 

Wirtspflanze profitiert von der Interaktion durch verbessertes Wachstum und besseren Schutz 

gegen Pathogene. Folgende zwei Aspekte wurden untersucht. 

1 – P. indica kontrolliert die Akkumulation von IAOx-gesteuerten Verbindungen in der 

Wurzel von Arabidopsis. Das Phytoanticipin Indol-Glucosinolat besitzt eine wesentliche 

Rolle in der ersten Phase der Interaktion zwischen den beiden Symbionten, während 

Camalexin, ein Phytoalexin, in der späteren Phase der Interaktion erforderlich ist. Die IAOx-

Biosynthesegene, CYP79B2 und CYP79B3, sowie das Camalexin-Biosynthesegen PAD3 

werden durch P. indica induziert. Die Genprodukte verhindern eine Überkolonisierung der 

Wurzel und sind somit wichtig für die Etablierung einer vorteilhaften Symbiose. 

2 – MYB28 und MYB29 sind an der Resistenzantwort von Arabidopsis gegen A. brassicae 

Infektion beteiligt. Die Doppelmutante myb28 myb 29, welcher aliphatische Glucosinolat 

fehlen, reagiert auf P. indica bezüglich der Wachstumsförderung wie der Wildtyp. MYB28 

und MYB29 sind wichtig für die Resistenz gegen Insektenfrass, die Resistenz gegen nicht 

wirtsspezifischer pathogener Bakterien und nekrotropher Pilze. Ich fand heraus, dass P. indica 

Arabidopsis gegen Wurzelinfektion durch A. brassicae schützt. Weiterhin konnte ich zeigen, 

dass MYB28 und MYB29 eine Rolle bei der induzierten systemischen Resistenz spielen. P. 

indica aktiviert eine induzierte systemische Resistenz Reaktion gegen A. brassicae in 

Arabidopsis Blätten. Diese Antwort ist in der myb28 myb29 Mutante stark reduziert. Folglich 

benötigt die P. indica-induzierte Systemresistenz in den Blättern gegen eine A. brassicae 

Infektion MYB28/MYB29 und demzufolge aliphatische Glucosinolat.  
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