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Summary 

Piriformospora indica is an endophytic fungus and belongs to Sebacinales. It colonizes the roots 

of many plant species. This results in better plant performance and biotic and abiotic stress toler-

ance. Furthermore, the fungus enhances the biomass and seed yield. The symbiotic interaction of 

P. indica with the model plant Arabidopsis thaliana provides a good model system to investigate 

beneficial and non-beneficial traits in this relationship. I studied the effect of high fungal doses 

on the performance of Arabidopsis seedlings and found that growth of the seedlings is inhibited 

under these growth conditions, but photosynthetic parameters and the colonization rate is only 

little affected. Defense responses such as ROS production and the activation of defense genes are 

only moderately up-regulated. Overall, the results demonstrate that the roots can manage high 

fungal doses of P. indica in their environment without severe harm for the plant. 

I investigated the response of the roots during early phases of the co-cultivation process, i. e. be-

fore a physical contact of the two partners has been established and the communication can only 

occur via chemical mediators. During a later phase when the fungal hyphae have reached the 

roots and started to colonize them, I observed a shift from mild defense against the microbe to 

the initiation of a mutualistic interaction. Based on microscopic, transcriptomic and physiologi-

cal studies I showed that the defense response during the early phase of co-cultivation is mediat-

ed by chemical communication, since no physical contact has been established yet. When fungal 

hyphae reach the roots, the defense responses are down-regulated and physiological responses 

start to be activated which indicate a shift towards mutualism.  

Finally, I established co-cultivation conditions with stress gradients. Seedlings were exposed to 

salt, osmotic and light stress gradients or to the pathogen Alternaria brassicae. I could demon-

strate that a mild increase in the stress promotes the beneficial interaction between the two sym-

bionts. The seedlings profit more from the interaction when they two symbionts are co-cultivated 

under mild stress. 

 

 

 

 

 



 

 

Zusammenfassung 

Piroformospora indica ist ein Pilz aus der Ordnung der Sebacinales, der zu endophytischem 

Wachstum fähig ist. Er kolonisiert die Wurzeln vieler Pflanzenarten. Dies resultiert in 

verbessertem Pflanzenwachstum und erhöhter Toleranz gegenüber biotischem und abiotischem 

Stress. Außerdem steigert der Pilz die Biomasse- und die Samenproduktion der Pflanzen. Die 

symbiotische Interaktion von P. indica mit der Modellpflanze Arabidopsis thaliana stellt ein 

gutes Modellsystem dar, um die nützlichen und weniger nützlichen Eigenschaften dieser 

Beziehung zu erforschen. Ich habe den Effekt hoher Pilzdosen auf das Wachstum von 

Arabidopsis-Keimlinge studiert und dabei herausgefunden, dass das Wachstum der Keimlinge 

dadurch inhibiert wird, jedoch die photosynthetischen Parameter sowie die Kolonisierungsrate 

unbeeinflusst bleiben. Verteidigungsreaktionen, wie die Produktion reaktiver Sauerstoffspezies 

und die Aktivierung von Verteidigungsgenen, sind nur leicht hochreguliert. Zusammengefasst 

demonstrieren diese Ergebnisse, dass die Wurzeln mit hohen Dosen von P. indica in ihrer 

Umwelt umgehen können, ohne dass die Pflanze ernsthaft beeinträchtigt wird.  

Ich habe die Reaktion der Wurzeln während der frühen Phasen der Co-Kultivierung untersucht, 

zu einem Zeitpunkt da ein physikalischer Kontakt zwischen beiden Interaktionspartnern noch 

nicht erfolgt ist und die Kommunikation nur auf chemischer Ebene stattfinden kann. In der 

späteren Phase, wenn die Pilzhyphen die Wurzeln erreicht haben und beginnen diese zu 

kolonisieren, konnte ich den Wechsel von einer schwachen Verteidigungsreaktion gegen den 

Mikroorganismus zu dem Beginn einer mutualistischen Interaktion beobachten. Basierend auf 

mikroskopischen, transkriptomischen und physiologischen Untersuchungen konnte ich zeigen, 

dass die Verteidigungsreaktion während der frühen Phase der Co-Kultivierung durch chemische 

Kommunikation vermittelt wird, da noch kein physikalischer Kontakt besteht. Wenn die 

Pilzhyphen die Wurzeln erreichen, werden die Verteidigungsreaktionen herunterreguliert und 

physiologische Reaktionen werden aktiviert, was den Wechsel hin zum Mutualismus zeigt. 

Schließlich habe ich Bedingungen für die Co-Kultivierung mit Stressgradienten etabliert. 

Keimlinge wurden dazu Salzstress, osmotischem Stress, Lichtstress oder dem Pathogen 

Alternaria brassicae ausgesetzt. Dabei konnte ich zeigen, dass eine leichte Erhöhung des 

Stresses die nützliche Interaktion zwischen den beiden Symbionten fördert. Die Keimlinge 

profitieren stärker von der Interaktion, wenn die zwei Symbionten unter leichtem Stress co-

kultiviert werden.  
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1. Introduction 

1.1. Plant microbe interaction 

Interaction of plants with other organisms especially microorganism is unavoidable in their natu-

ral complex habitat. In biological ecosystems, symbiosis is an obligatory or facultative interac-

tion between two species with beneficial or harmful effects for the involved partners. Symbiotic 

interaction occurs in different mutual and non-mutual ways; mutualism in which both individuals 

benefits from each other, and commensalism with benefits only for one organism without affect-

ing the other partner and finally parasitism, when one partner (parasite) benefits while the other 

partner (host) gets harmed (Kogel et al. 2006,Oelmüller et al. 2009). 

The valuable carbon source in plants is the main reason for microorganisms, in particular fungi 

to have mutualistic relationships. As a common benefit of this symbiotic interaction, plants also 

can acquire higher tolerance to biotic and abiotic stresses and subsequently increase their fitness 

and gain more growth promotion (Johnson and Oelmüller, 2009). The well-known examples of 

mutualism are Rhizobium bacteria that help plants to fix nitrogen and arbuscular mycorrhizal 

fungi (AMF) that increase uptake of water and nutrients (Redecker et al. 2000). According to 

estimations, only 20% of terrestrial plants do not form interaction with mycorrhiza (van der 

Heijden et al. 1998). Specifically in poor and dry soils, plant interactions with AM fungi are crit-

ical for their survival (Gemma et al. 2002). Stresses, nutrition conditions of interacting environ-

ment and genetic parameters of the plant and symbiont can results in shifting mutualism toward 

parasitism (Johnson and Oelmüller 2009, and references therein).  

Biotic and abiotic stresses and their crop losses effects in agriculture are one of human civiliza-

tion challenges that should be overcome in less than 40 years, before human population reaches 

to 10 billion. Biological based methods to protect plants against stresses are human’s best op-

tions with very less environmental consequences. Among them symbionts that increase plant tol-

erance against abiotic stresses and protect them against biotic stresses play a critical role 

(Dawson and Hilton, 2011, Powles and Yu, 2010). Study of AMF interaction with plant partners 

is limited because of the dependency of AMF to the living hosts. A promising alternative for a 

microorganism, which colonizes plant roots and grows on artificial media, is Piriformospora in-

dica. In combination with the model plant Arabidopsis thaliana, it provides a unique system to 

study different molecular and physiological aspects of fungal symbiotic interaction with plants.  
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1.2. Interaction of Piriformospora indica with plants  

 

The basidiomyceteous fungus Piriformospora indica is a member of Sebacinales that produces 

typical pear-shaped chlamydospores and colonizes the root cortex (Fig. 1).  

It was originally isolated from India and have been found in Pakistan, Philippines, Australia, 

Portugal, Italy and several South American countries (Varma et al. 2012). Its cell wall structure 

is very thin including several layers that form multinucleate and regularly septate hyphae (Kost 

and Rexer 2013). Chlamydospore cytoplasm contains 8-25 nuclei. Root colonization by P. indica 

has been documented for different plant species (Oelmüller et al. 2009, Qiang et al. 2012, Lahr-

mann and Zuccaro 2012). The fungus increases seed yield in colonized plants (Oelmüller et al. 

2009, Shahollari et al. 2007, Sherameti et al. 2005, Vadassery et al. 2009, Waller et al. 2005, 

Zuccaro et al. 2011), enhances metabolism, nitrate and phosphate uptake (Sherameti et al. 2005, 

Shahollari et al. 2005, Yadav et al. 2010) and increases abiotic stress tolerance (Sherameti et al. 

2008, Baltruschat et al. 2008, Sun et al. 2010) as well as biotic stress resistance (Oelmüller et al. 

2009, Stein et al. 2008).  

 

Fig 1.1. Arabidopsis root colonization by Piriformospora indica. 

Chemical communication prior to the physical interaction has been reported as important step in 

microbe recognition in fungal and bacterial interactions with plant hosts (Vadassery et al. 2009, 

Oldroyd and Downie 2008, Kosuta et al. 2003). Chemicals released by microbes like mycorrhi-
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zal fungi, Myc factors and factors from rhizobial bacteria (Nod factors) result in reprograming of 

gene expression in their hosts (Satoh et al. 2013). In addition, they overcome the immune system 

of the host as well (Kloppholz et al. 2011). 

A beneficial symbiotic relationship is the consequence of a balanced interaction between two 

partners (Kogel et al. 2006, Paszkowski et al. 2006, Johnson and Oelmüller 2009). This can be 

determined via an signaling-based equilibrium of plant defense and fungal growth (Kogel et al. 

2006, Paszkowski et al. 2006, Oldroyd 2013, Nehls et al. 2010, Campos-Soriano and Segundo 

2011, León-Morcillo et al. 2012, Fester and Hause 2005 , Harrison 2005, Jung et al. 2012, Cam-

pos-Soriano et al. 2010). Exchange of soil nutrients and the plant carbon status are the basis of 

mutualistic interactions in mycorrhiza (Harrison 2012). Nevertheless, the level of root coloniza-

tion can shift in this interaction from mutualism to parasitism or the other way round (Tanaka et 

al. 2006) which can be regulated by fungi (Campos-Soriano and Segundo 2011) or by plants 

(Nehls et al. 2010, León-Morcillo et al. 2012). 

When symbiosis is established in the P. indica and plant interaction, defense and stress genes are 

mainly deactivated and the level of reactive oxygen species (ROS) is low in hosts (Johnson and 

Oelmüller 2009, Sherameti et al. 2008, Camehl et al. 2011). Also, it has been shown that P. indi-

ca suppresses host defense (Jacobs et al. 2011). In comparison with mycorrhizal fungi, study of 

the plant - P. indica interaction system is much easier because P. indica can grow on synthetic 

media (Varma et al. 1999). 

 

1.3. Role of P. indica in plant tolerance against abiotic and biotic stress 

 

Natural habitats of plants bring different biotic and abiotic stress challenges. Main biotic stress 

challenges are from microbes (pathogenic fungi, bacteria and viruses), insects, and other herbi-

vores. Abiotic stresses like salinity, drought, light, heavy metals, nutrient deficiency and temper-

ature stresses cause serious limitation in plant growth. Plants use different strategies to bear bio-

tic and abiotic stresses. Symbiosis with microbes is an efficient way for enhancing the resistance 

to the biotic stresses and higher tolerance against abiotic stresses. P. indica interaction with Ara-

bidopsis and Chinese cabbage roots results in higher growth under drought stress (Sherameti et al. 

2008, Sun et al. 2010). Furthermore, it enhances stress tolerance by increasing the level of anti-
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oxidants in the colonized plants (Foyer and Shigeoka 2011, Baltruschat et al. 2008). Also up-

regulation of MDAR2 and DHAR5, ascorbate reductase genes, were documented in both shoots 

and roots of Arabidopsis plants interacting with P. indica in drought stress conditions (Vadassery 

et al. 2009). Plant protection against biotic stresses (e.g. by Blumeria graminis or Fusarium cul-

moru) has been reported in barley colonized with P. indica (Waller et al. 2005). P. indica in-

duced resistance against biotic stresses has been shown for Triticum aestivum against Pseudocer-

cosporella herpotrichoides, for Zea mays against Fusarium verticillioides, Solanum lycopersi-

cum and for tomato against Verticillium dahliae, etc. (Serfling et al. 2007, Kumar et al. 2009, 

Fakhro et al. 2010).  

Induced systemic resistance in barley via strong up-regulation of defense-related genes against 

powdery mildew, a leaf pathogen, is just one of the outcomes of P. indica interaction with barley 

roots (Molitor et al. 2011). ROS levels increase and antioxidant synthesis is a natural plant re-

sponse to abiotic stresses (Waller et al. 2005, Serfling et al. 2007, Kumar et al. 2009). 

Studies of knock out plants for NahG, NPR1, JAR1 genes revealed that JA signaling is important 

in plant-induced resistance due to root colonization by P. indica (Stein et al. 2008). In contrast 

with fungal pathogens, a few reports showed that plants colonized by endophytes are more sus-

ceptible to pests (Barazani et al. 2005). For instance, the spreading virus rate is higher in colo-

nized tomatoes by endophytes in low light condition (Fakhro et al., 2010). 

P. indica is described to have helpful effects on plant growth in different plant species (Shahol-

lari et al. 2007, Vadassery et al. 2009, Camehl et al. 2011, Nongbri et al. 2012 a and b, Jogawat 

et al. 2013, Ye et al. 2014, Lahrmann et al. 2013). The fungus improves uptake of required nutri-

tion in plants through affecting the transcriptome in the host (Sherameti et al. 2005, Yadav et al. 

2010) which consequently results in resistance against biotic and abiotic stress (Varma et al. 

1999; Waller et al. 2005; Baltruschat et al. 2008; Stein et al. 2008). It promotes the growth of 

shoot and root by accumulation of secondary metabolites and local systemic resistance induction 

(Sirrenberg et al. 2007). It is believed that the degree of root colonization is controlled by the 

plant, and it determines the interaction balance between both partners (Sherameti et al. 2008; 

Khatabi and Schäfer 2012).  
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1.4. Biotic stresses 

 

Biotic stresses result in crop losses in different commercial plants each year. Management of bio-

tic stress costs several billion dollars per year and conventional methods have extra expenses by 

effecting the environment and human health (Klosterman et al. 2009). Biological based methods 

of controlling biotic stresses are a convenient option for the human society. Among them, sym-

biotic interacting microbes provide a unique opportunity to induce plant resistance/tolerance 

against biotic stress (Berg et al. 2001, Tjamos et al. 2005, Li et al. 2012). In this study, we inves-

tigate the effect of P. indica on the plant´s response to pathogen. 

 

1.4.1. Verticillium dahliae, a root pathogen  

 

Verticillium is a typical hemibiotroph fungus with an initial phase in root xylem (biotrophic 

phase). The hyphae penetrate inter- and intracellularly into the central root cylinder (Reusche et 

al. 2013) (Fig. 2). This phase is followed by a necrotrophic phase in shoots (Klosterman et al. 

2011). 

Production of conidia and microsclerotia in the xylem vessels disturbs water transportation in the 

plants that is visible as wilt symptom (Pegg and Brady, 2002). In addition, Verticillium phytotox-

ins and lytic enzymes induce disease symptoms in cotton, tomato, tobacco, olive tree or Ara-

bidopsis (Buchner et al. 1989).This vascular wilt pathogen infects different plant species from 

temperate to subtropical climates including important agricultural and horticultural crops and 

ornamental plants (Pegg and Brady 2002; Fradin and Thomma 2006; Klosterman et al. 2009). 

Dehydration, chlorosis, necrosis and vein clearing are some typical disease symptoms. Isolation 

of Verticillium-resistant cultivars is crucial because of the resistance to conventional fungicides, 

presumably the consequence of microsclerotia formation in the Verticillium life cycle (Kloster-

man et al. 2009). Several resistance genes play important roles in resistance against Verticillium 

including the Ve gene which provides resistance against race 1 isolates of V. dahliae in tomato 

(Kawchuk et al. 2001, Fradin et al. 2009), genes involved in cytokinin biosynthesis (Reusche et 

al. 2013), EWR1 (Yadeta et al. 2014), RabGAP22 (Roos et al. 2014), GbSTK (Zhang et al. 2013), 

genes for the glucosinolate biosynthesis (Witzel et al. 2013), Gbve1 (Zhang et al. 2012), AHL19 

(Yadeta et al. 2011), PevD1 (Bu et al. 2014) and NaD1 (Gaspar et al. 2014). Furthermore, it has 
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been shown that rhizosphere bacteria play an antagonistic role against V. dahliae (Berg et al. 

2001, Li et al. 2012) by inducing antibiosis, parasitism, and induced resistance in host plants 

(Tjamos et al. 2005).  

 

 

Fig 1.2. Infection of Arabidopsis roots by Verticillium dahliae. 

 

1.4.2. Leaf pathogen Alternaria brassicae 

 

A. brassicae, the causal agent of black spot (Fig 3) is one of the most destructive pathogen in 

Brassica spp. worldwide (Bains and Tewari 1987, Tewari and Bains 1997). A. brassicae has 

been reported as serious pathogen for B. rapa, B. napus and B. juncea cultivations (Saharan 

1993) and cultivated crucifers (Guillemette et al. 2004). The chlorotic margins and gray, brown 

or black lesions in leaves, stems, and siliques are the main symptoms of black spot (Tewari and 

Bains1997).  

Alternaria blight is another important disease caused by Alternaria in mustard (Brassica juncea) 

(Mondal et al. 2003). Alternaria species produce host-specific or host-selective toxins (HSTs), 

which play important roles in fungal pathogenicity. HSTs act at early phase of pathogenicity be-

cause it is produces during germination of fungal spores on the host surface (Parada et al. 2008) 

A. brassicae produces four low molecular weight cyclodepsipeptide phytotoxins named destrux-

ins (Buchwaldt and Green 1992, Tewari and Bains1997) and the major phytotoxins is Destruxin 

B (Tewari and Bains1997). 
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Fig 1.3. Infection of Arabidopsis leaves by Alternaria brassicae. 

Control of disease by chemical fungicides is normally not sufficient and transgenic lines have 

been suggested to overcome the A. brassicae damage in agriculture (Mondal et al. 2007). In ad-

dition, finding biological methods to increase plant resistance against Verticillium and Alternaria 

is another opportunity in protecting plants from pathogens. 

 

1.5. Abiotic stress effects on plants 

 

Nutrition deficiency, ion toxicity, hormonal imbalance, defense response and defects of plant 

performance are main stresses effects on the plant (Nadeem et al. 2013). Plant osmotic potential 

is very sensitive to water deficiency and its modification reduces plant growth and consequently 

decreases plant yield (Kramer and Boyer 1995, Feng et al. 2002, Ruiz-Lozano 2003). Salinity of 

the soils increases oxidative stress (Gill and Tuteja 2010) by enhancing the level of hyperionic 

and hyperosmotic stresses (Vaidyanathan et al. 2003, Ramoliya et al. 2006, Porcel et al. 2012) 

and results in deficiency of phosphorus (P), NO3
-
, Ca

2+
 and K

+
 (Vicente-Sánchez et al. 2013). 
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Reduced chlorophyll content is also a consequence of Mg
2+

 deficiency (Giri et al. 2003). About 

2% of the plant dry weight is P and it is essential for development and regulation of key metabol-

ic pathways and an important part of nucleic acids, ATP and membrane phospholipids of plants. 

Moreover, P is involved in energy generation, nucleic acid synthesis, photosynthesis, glycolysis, 

respiration, membrane synthesis and stability, enzyme activation/inactivation, redox reactions, 

signaling, carbohydrate metabolism and nitrogen fixation (Abel et al. 2002, Vance et al. 2003). 

Pi is below the optimal plant requirement (usually 10 mM) and poorly mobile for plants from 

soil (Batjes 1997). Competition for Pi uptake by some microbial species and its conversion into 

organic forms reduce solvable Pi that plant are able to uptake (Hinsinger 2001, Jia et al. 2011, 

Karthikeyan et al. 2007, Lambers et al. 2011, Lei et al. 2011, Lloyd and Zakhleniuk 2004). The 

deficiency of P in 5.7 billion hectares of agricultural land can mitigate by application of fertiliz-

ers or by soil microorganisms like plant growth-promoting rhizobacteria or AMF. In addition, 

plants gradually deplete the area around roots from nutrients by absorption, and they spend ener-

gy to expand the root system into the rich areas (Nadeem et. al. 2013). The excessive application 

of fertilizers has environmental side effects, results in water body enrichment with nutrients and 

subsequently causes eutrophication and toxic algal blooms (López-Arredondo and Herrera-

Estrella 2012, Downing et al. 2001). The plant reaction to the nutrient deficiency is energy con-

suming and observed as increase of the root hair number and size, and secretion of organic acids 

to increase solubility of nutrients (Marschener 1998; Khan et al. 2000).  

Plants take advantage of symbiotic interaction to overcome the stress (Nadeem et. al. 2013). For 

example, interaction with AMF causes an increase in uptake of P through fungi (Bever et al. 

2001, Balzergue et al. 2011). Fungi can reach nutrient-enriched area, transfer nutrients toward 

roots with lower energy consumption than the plants and effectively improve plant performance 

(Nadeem et. al. 2013). Symbiotic fungi also facilitate access to water for the plant via hydraulic 

conductivity improvement (Rosendahl and Rosendahl 1991, Giri et al. 2003). Under water stress, 

plants use symbiosis as one of effective mechanisms for tolerance (Sylvia et al. 1993, Subrama-

nian et al. 1995, Brown and Bethlenfalvay 1988, Subramanian et al. 2006, Augé 2001),  balance 

the osmotic potential (Azco´n et al. 1996, Goicoechea et al. 1998, Ruiz-Lozano 2003, Ruiz-

Lozano et al. 2006) and increase the water plant potential (Subramanian et al. 2006). Also in 

heavy metal stress, fungal interaction with roots results in detoxification of the root and mycelia 

environment by extracellular reduction of the metal ions and subsequent conversion into insolu-
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ble forms (Berreck and Haselwandter 2001, Hildebrandt et al. 2007, Vahabi et. al. 2011, Vahabi 

and Karimi 2014, Feng et al. 2013). Plants can also overcome salt stress via antioxidant produc-

tion (Sekmen et al. 2007, Garg and Manchanda 2009, Turkan and Demiral 2009, Manchanda and 

Garg 2011, Ruiz-Lozano et al. 2012)  

PiPT, a fungal high-affinity Pi transporter in P. indica, increases the transfer of Pi to the roots 

(Yadav et al. 2010, Kumar et al. 2011). Its expression depends on the amount of solvable Pi in 

the soil and is stimulated in P-deprived environments that results in higher growth promotion rate 

in P-depleted areas compared to P-rich conditions (Kumar et al. 2011). In return, P. indica colo-

nization enhances the expression of the nitrate reductase and starch-degrading enzyme SEX1 

genes in roots of A. thaliana (Sherameti et al. 2005).  

 

1.6. Plant hormones  

 

Five classes of hormones in plants, auxin, cytokinin, ethylene (ET), abscisic acid (ABA) and 

gibberellins, play important roles in plant growth, development, cell division, elongation and dif-

ferentiation (Weier and Rost, 1979). Also jasmonic acid (JA) and salicylic acid (SA) are in-

volved in the plant defense and interaction with different microorganisms (Foo et al. 2013a). 

Hormones and their derivatives have multiple functions. Depending on the developmental stage 

of the plant, action site and concentration, hormones also participate in stress tolerance. Auxin, 

ET, cytokinin and strigolactone are involved in root architecture adjustment under P deficiency 

(Stepanova and Alonso 2009, Lynch and Brown 1997, Kapulnik et al. 2011). Phytohormone reg-

ulation determines the root architecture, gravitropism, parenchyma formation and expression 

level of root phenotype related genes. 

Phototropism and gravitropism, plant architecture, organ patterning, vascular development and 

growth are some of the processes mediated by auxin (Davies 1995). It is also involved in root 

branching after colonization in some plant species by AMF (Gianiniazzi-Pearson et al. 1996, Foo 

2013b), but not in all species (Jentschel et al. 2007, Campanella et al. 2008, Zsögön et al. 2008). 

It has been documented that auxin is required for AM infection, but not for development and 

formation of fungal structures and arbuscules after colonization. Auxin is involved in root clus-

ters and lateral root architecture during P deficiency (Bates and Lynch 1996, Nacry et al. 2005, 

Jain et al. 2007). Development of lateral roots depends on auxin transport and sensitivity to low 
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P conditions (Nacry et al. 2005). Auxin correlation with low concentration of P has been demon-

strated in white lupine roots (Gilbert et al. 2000; Vance et al. 2003; Marchive et al. 2009).  

Under optimal P concentration, ET inhibits root elongation but induces it under low P condition 

(Borch et al. 1999). The effect of ET in plant-fungi symbiotic interaction under biotic and abiotic 

stress conditions remains unclear. Involvement of ET, SA and JA in response to stresses is well 

known. There is no clear explanation for the role of ET in AMF-plant interaction yet. ET-

overproduction in the epinastic and never ripe mutants as well as in ET-insensitive mutants af-

fects the AM colonization in tomato (Azcon-Aguiler et al. 1981, Ishii et al. 1996, Geil et al. 2001, 

Zsögön et al. 2008, de Los Santos et al. 2011), but the results have been considered as contradic-

tory (de Los Santos et al. 2011). It has also been described that etr1, ein2, ein3 and eil1, ET bio-

synthesis related genes, promote the symbiotic interaction of P. indica and Arabidopsis. Muta-

tion in etr1, ein2, and ein3/eil1 double mutation results in reduction of the symbiotic effect of the 

fungus on plant growth (Camehl et al. 2010). However, much more is known about effects of JA 

in the promotion of AM colonization (Regvar et al. 1996, Landgraf et al. 2012). JA deficiency in 

the tomato spr2 mutant shows lower colonization rate by AMF (Li et al. 2003). Contradictory 

results have been reported for higher JA levels which resulted in lower colonization of Tropaeo-

lum majus and Carica papaya (Ludwig-Müller et al. 2002). Higher colonization of tomato roots 

have been seen in the JA-insensitive jar-1 mutant, which also showed, reduced root colonization 

by exogenous JA (Herrera-Medina et al. 2008). It seems that the role of JA in AMF colonization 

is a species-, hormone dose-, timing- and nutrition-dependent process.  

SA responses to pathogen attack plays an important role in plant defense reactions (Foo et al. 

2013a) but it is not clear if it is involved in AM formation in plant roots. However, the hormone 

is important in early colonization stages by AM (Herrera-Medina et al. 2003, Blilou et al. 1999). 

Cytokinins are involved in the induction of the growth of the aerial part and reduces root growth 

(Aloni et al. 2006) while during P deficiency cytokinin reduces root growth and subsequently 

results in the formation of lateral roots (Horgan and Wareing 1980, Kuiper et al. 1988). CYTO-

KININ RESPONSE1 (CRE1), a cytokinin receptor, is down-regulated during P deficiency stress 

(Franco-Zorrilla et al. 2002) and exogenous cytokinin down-regulates Pi uptake transporter-

related genes (Brenner et al. 2005; Martin et al. 2000). Like other hormones, its role in the inter-

action of symbiotic fungi and plants under biotic and abiotic stresses is unknown. 
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1.7. Phytohormones in the mutualistic interaction with P. indica 

 

Changes in the auxin, cytokinin, ET, abscisic acid and gibberellin levels have been reported dur-

ing beneficial interaction of P. indica with different plant species including Arabidopsis, barley 

and Chinese cabbage (Camehl et al. 2010, Vadassery et al. 2009, Schäfer et al. 2009, Lee et al. 

2011). Exogenous auxin induces colonization of host plants by AM (Ludwig-Müller and Guther 

2007). Vadassery et al. (2008) suggested that P. indica-induced growth promotion in Arabidop-

sis is independent of the auxin level because auxin mutants (ilr1-1, nit1-3, tfl2, cyp79 b2b3) re-

sponded to the fungus. Also, in P. indica interaction with Arabidopsis and Chinese cabbage the 

enhancement of the auxin level is important (Sirrenberg et al. 2007; Sun et al. 2010). The AUX1 

gene, encoding an auxin growth regulator, is presumed to be a target of P. indica in Chinese cab-

bage root colonization (Sun et al. 2010). Negative effects on growth promotion in etr1, ein2 and 

ein3⁄eil1 mutants during interaction suggested that ET has an important role in balancing the 

symbiotic interaction (Camehl et al. 2010). In addition, the involvement of gibberellins in P. in-

dica – barley interaction has been shown by Schäfer et al. (2009). It seems that most plant hor-

mones are involved in the beneficial plant/P. indica interaction but their effect on the interaction 

under biotic and abiotic stresses needs to be further studied. 
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2. Aim of the Project 

The main goal of my study was to investigate the role of defense in the symbiotic interaction be-

tween P. indica and Arabdiopsis thaliana seedlings. Therefore, three co-cultivation conditions 

were analyzed: 

1. I studied the effect of high fungal doses of P. indica on the performance of Arabidopsis seed-

lings. I was interested in understanding whether high fungal doses in the root environment 

affect the fitness of the plant and the balance between growth and defense.  

2. Moreover, I investigated the effect of the fungus on the plant transcriptome and on physiologi-

cal parameters during early phases of co-cultivation, which favor the establishment of a 

beneficial interaction. I have chosen an early time point (2 days after co-cultivation of the 

two symbionts) when a physical contact has not yet been established and the communication 

can only occur via chemicals released by the fungus into the medium, and compared this 

situation with a later time point (6 days after co-cultivation) when the hyphae have reached 

the roots. I investigated stress responses induced by P. indica in the roots at these two time 

points.  

3. Furthermore, I developed co-cultivation conditions of the two symbionts in which P. indica-

colonized plants were exposed to stress gradients. Using physiological, biochemical and 

molecular techniques, I investigated the role of the fungus on plant performance under dif-

ferent stress conditions. I was particularly interested in understanding whether an increase in 

stress affects the fungus-induced benefits for the plant and whether this has an influence of 

the balance between growth and defense. 
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3. Manuscript Overview 

Manuscript I 

Vahabi K, Camehl I, Sherameti I, Oelmüller R (2013) Growth of Arabidopsis seedlings on 

high fungal doses of Piriformospora indica has little effect on plant performance, stress, and 

defense gene expression in spite of elevated jasmonic acid and jasmonic acid-isoleucine lev-

els in the roots. Plant Signaling & Behavior 8:e26301; PMID: 24047645; 

http://dx.doi.org/10.4161/psb.26301. 

 

In this work, we conclude that growth of A. thaliana seedlings on high fungal doses of P. indica 

has little effect on the overall performance of plants, although elevated JA and JA-Ile levels in 

the roots induce a mild stress or defense response. 

KV designed and carried out most of the experiments. IC and IS helped in data analysis. . KV, IS 

and RO wrote the article. RO supervised the research.  

 

 

Manuscript II 

Vahabi K, Sherameti I, Bakshi M, Mrozinska A, Ludwig A, Reichelt M, Oelmüller R 

(2015) The interaction of Arabidopsis with Piriformospora indica shifts from initial transi-

ent stress induced by fungus-released chemical mediators to a mutualistic interaction after 

physical contact of the two symbionts. BMC Plant Biology 15:58  doi:10.1186/s12870-015-

0419-3. 

 

Information exchange of the P. indica and Arabidopsis during short and long term interaction 

along with their effect on the plant root and shoot performance and physiological characters have 

been studied. We propose that exudated compounds of P. indica results in induction of stress and 

defense in Arabidopsis during short term interaction. As soon as a physical contact has been es-

tablished defense related genes are down-regulated and genes involved in plant growth promot-

ing, metabolism and performance are upregulated. 

KV designed and carried out most of the experiments. IS, MB, AM and AL helped in transcrip-

tome analysis. MR did the phytohormone analysis. KV, IS and RO wrote the article. RO super-

vised the research.  
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Manuscript III 

Vahabi K, Karimi Dorcheh S, Monajembashi S, Sherameti I, Westermann M, Reichelt M, 

Falkenberg D, Hemmerich P, Oelmüller R (2015) Role of stress in Arabidopsis - P. indica 

interaction. Submitted to Mycorrhiza (manuscript submission: MCOR-D-15-00044) 

 

In this study P. indica colonized Arabidopsis seedlings were grown during various levels of 

stresses. Our results showed that an increasing in the stress level enhances the symbiotic effect. 

KV designed and carried out most of the experiments. SK helped in data analysis. SC helped in 

the biophoton experiment, MR did the phytohormone analysis. DF helped in light stress experi-

ment, MW did the SEM. KV, SK, IS and RO wrote the article. RO supervised the research.  

 

I am co-author in the following manuscripts  

 

Manuscript IV 

Sun C, Shao Y, Vahabi K, Lu J, Bhattacharya S, Dong S, Yeh K-W, Sherameti I, Lou B, 

Baldwin I T, Oelmüller1 R (2014) The beneficial fungus Piriformospora indica protects Ar-

abidopsis from Verticillium dahliae infection by down-regulation plant defense responses. 

BMC Plant Biology 14:268. 

 

We conclude that P. indica is an efficient biocontrol agent that protects Arabidopsis from V. 

dahliae infection. Our data demonstrate that V. dahliae growth is restricted in the presence of P. 

indica and signals from P. indica must participate in the regulation of the immune response 

against V. dahliae. 

CS designed and carried out most of the experiments. YS prepared the exudates from V. dahliae. 

KV did the root microscopy and long term experiment for ein3 mutant in soil. JL contributed the 

phytohormones (JA, JA-Ile, SA, OPDA and ABA) analysis. SB did the ethylene measurement. 

IS helped to write the paper. BL and I. TB contributed to the discussion. The project was funded 

by a project of SD, K WY. and RO.  
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Manuscript V 

Nongbri P L, Vahabi  K, Mrozinska  A, Seebald E, Sun C, Sherameti I, Johnson  JM, Oel-

müller R (2013) Balancing defense and growth Analyses of the beneficial symbiosis between 

Piriformospora indica and Arabidopsis thaliana. Symbiosis DOI 10.1007/s13199-012-0209-8. 

In this review paper, we described the potential role of P. indica under abiotic and biotic. This 

article highlights the important biological and molecular features of the fungus and the potential 

biotechnological applications as a plant growth-promoting mycorrhizal fungus.  

PLN, KV, AM, ES, CS, IS JMJ and RO have written this manuscript. ES and JMJ read the man-

uscripts and have given conceptual advice for improvement. 

 

Some of techniques we developed have been published in following three technical notes 

 

Manuscript VI 

Vahabi  K, Johnson  JM, Drzewiecki C, Oelmüller R (2011) Fungal staining tools to study 

the interaction between the beneficial endophyte Piriformospora indica with Arabidopsis 

thaliana roots. Journal of Endocytobiosis and Cell Research 21:77-88. 

 

In this technical note we describe different staining methods to study the histology of P. indica-

Arabidopsis thaliana interaction. 

KV designed and carried out most of the experiments. JMJ and CD did two staining methods. 

KV, JMJ, CD and RO wrote the article. RO supervised the research. All authors read and ap-

proved the final manuscript 

 

Manuscript VII 

Vahabi K, Meischner D, Oelmüller R (2014) Interaction of Arabidopsis and Piriformospora 

indica in a hydroponic system. Journal of Endocytobiosis and Cell Research 25: 63-65. 

In this technichal note we designed a aquatic phase and controlable system for cocultivation of 

Arabidopsis seedlings with the beneficial root colonizing fungus Piriformospora indica. 

 KV designed and carried out most of the experiments. KV, DM and RO wrote the article. KV 

supervised the research.  
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Manuscript VIII 

Vahabi K, Sun C, Govindaswamy J, Falkenberg D, Venus T, Oelmüller R (2015) Stomata 

staining in Arabidopsis. Journal of Endocytobiosis and Cell Research 26: 21-24. 

In this technichal note we provide different and rapid stomata staining methods which could help 

to investigate the phenotypes under natural condition and even after pathogen attack which also 

can be used in quntification of open and closed stomata. 

KV designed and carried out most of the experiments. JG, DF and TV participated in optimizing 

of the staning methodes. KV, SC and RO wrote the article. KV supervised the research. All au-

thors read and approved the final manuscript 
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4. Manuscripts 
 

4.1 Manuscript I 

Vahabi K, Camehl I, Sherameti I, Oelmüller R (2013) Growth of Arabidopsis seedlings on 

high fungal doses of Piriformospora indica has little effect on plant performance, stress, and 

defense gene expression in spite of elevated jasmonic acid and jasmonic acid-isoleucine lev-

els in the roots. Plant Signaling & Behavior 8:e26301; PMID: 24047645; 

http://dx.doi.org/10.4161/psb.26301. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Manuscript I 

18 
 



Manuscript I 

19 
 



Manuscript I 

20 
 



Manuscript I 

21 
 



Manuscript I 

22 
 



Manuscript I 

23 
 



Manuscript I 

24 
 



Manuscript I 

25 
 



Manuscript I 

26 
 



Manuscript I 

27 
 



Manuscript I 

28 
 



Manuscript I 

29 
 



Manuscript I 

30 
 



Manuscript I 

31 
 

 

 

 



Manuscript II 

32 
 

4.2 Manuscript II 

Vahabi K, Sherameti I, Bakshi M, Mrozinska A, Ludwig A, Reichelt M, Oelmüller R 

(2015) The interaction of Arabidopsis with Piriformospora indica shifts from initial transi-

ent stress induced by fungus-released chemical mediators to a mutualistic interaction after 

physical contact of the two symbionts. BMC Plant Biology 15:58  doi:10.1186/s12870-015-

0419-3. 
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4.3 Manuscript III 

Vahabi K, Karimi Dorcheh S, Monajembashi S, Sherameti I, Westermann M, Reichelt M, 

Falkenberg D, Hemmerich P, Oelmüller R (2015) Role of stress in Arabidopsis - P. indica 

interaction. Submitted to Mycorrhiza  
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4.4 Manuscript IV 

Sun C, Shao Y, Vahabi K, Lu J, Bhattacharya S, Dong S, Yeh K-W, Sherameti I, Lou B, 

Baldwin I T, Oelmüller1 R (2014) The beneficial fungus Piriformospora indica protects Ar-

abidopsis from Verticillium dahliae infection by down-regulation plant defense responses. 

BMC Plant Biology 14:268. 
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4.5 Manuscript V 

Nongbri P L, Vahabi  K, Mrozinska  A, Seebald E, Sun C, Sherameti I, Johnson  JM, Oel-

müller R (2013) Balancing defense and growth Analyses of the beneficial symbiosis between 

Piriformospora indica and Arabidopsis thaliana. Symbiosis DOI 10.1007/s13199-012-0209-8. 
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4.6 Manuscript VI 

Vahabi  K, Johnson  JM, Drzewiecki C, Oelmüller R (2011) Fungal staining tools to study 

the interaction between the beneficial endophyte Piriformospora indica with Arabidopsis 

thaliana roots. Journal of Endocytobiosis and Cell Research 21:77-88. 
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4.7 Manuscript VII 

Vahabi K, Meischner D, Oelmüller R (2014) Interaction of Arabidopsis and Piriformospora 

indica in a hydroponic system. Journal of Endocytobiosis and Cell Research 25: 63-65. 
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4.8 Manuscript VIII 

Vahabi K, Sun C, Govindaswamy J, Falkenberg D, Venus T, Oelmüller R (2015) Stomata 

staining in Arabidopsis. Journal of Endocytobiosis and Cell Research 26: 21-24. 
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5. Discussion 

 

In this study, genetic and biological approaches were used to investigate resistance / tolerance 

mechanisms of plants against biotic and abiotic stresses. For this aim, Arabidopsis responses to P. 

indica were investigated under different stress levels to characterize the efficiency of the symbi-

osis. Furthermore, different Arabidopsis mutants were used to inspect plant responses and inter-

species crosstalk during the symbiotic interaction under biotic and abiotic stresses. Biotic and 

abiotic stresses are a constant part of the plant´s natural habitat. To avoid their harms, plants per-

ceive and respond to them in different ways. Mycorrhizal fungi and their interaction with plants 

are model systems for scientists to investigate symbiosis but they have also serious weaknesses, 

e.g. the host dependency of the fungi makes interaction studies complicated. To investigate how 

plants and fungi interact with each other under single and multiple stresses, and how they com-

municate with each other, the following interaction conditions were studied: 

(1) the effect of high doses of P. indica on the performance of Arabidopsis seedlings, their phy-

tohormone, ROS, anthocyanin, and gene expression patterns, as well as on Arabidopsis mu-

tants impaired in phytohormone signaling;  

(2) the effect of P. indica on the expression profile and physiology of Arabidopsis seedlings 

during and after the establishment of a beneficial symbiotic interaction; and  

(3) the effect of different stress levels on the interaction of P. indica and Arabidopsis. 

 

I propose:  

(1) High doses of P. indica do not result in over-colonization of roots or massive induction of 

plant defense. High fungal doses have only a mild effect on plant performance. 

(2)  Chemical exudates of P. indica induce stress responses and stress-related gene expression in 

Arabidopsis roots, before a physical contact between the two symbionts has been established. 

Once a physical contact is established, the stress responses are down-regulated. 

(3) Stress is an unavoidable part of the Arabidopsis-P. indica interaction. A slight elevation of 

the stress level increases the benefits of the plant in the symbiosis. 
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5.1. The effects of high doses of P. indica on plant performance 

Growth of Arabidopsis seedlings on high fungal doses did not result in over-colonization of the 

roots (Fig. 3). In addition, plant performance and the activation of stress responses were only 

moderately affected, while the growth of the plants was reduced (Manuscript I, Figs. 1A and 2). 

This could be caused by a limited access of the roots to nutrients in the medium because the sur-

face of the medium was entirely covered by fungal hyphae, or the fungus releases compounds, 

which inhibit growth of the host. Also, the chlorophyll content and the efficiency of the photo-

synthetic electron transport were only moderately reduced on the dense fungal lawn (manuscript 

I, Table1), as previously documented by Camehl et al. (2010). Furthermore, we failed to detect a 

significant increase in H2O2/ROS accumulation (Manuscript I, Fig. 4) and the induction of the 

H2O2-inducible OXI1 gene (Manuscript I, Figs. 5 and 6). The slight up-regulation of the patho-

genesis related gene PAL2 and of anthocyanin (Manuscript I, Fig. 9; Table 2) shows that the 

plants suffer to some extent (Manuscript I ,Table 1). While exposure of A. brassicae to Ara-

bidopsis seedlings results in a dramatic increase in the H2O2/ROS levels, OXI1 gene expression 

and the expression of other stress- and defense-responsive genes were comparable to those in 

wild-type, ein3 or jar1 seedlings on high fungal doses. This can be due to the inability of P. indi-

ca to activate plant defense via MAMP production or suppression of the plant defense machinery 

by the symbiotic fungus as suggested by Jacobs et al. (2011). The JA level increases on the dense 

fungal lawn, which is consistent with the intuition of PDF1.2 (Manuscript I, Fig. 8) and results 

of Lahrmann et al. (2015) . It might cause the low level of root colonization to maintain a balance 

between compatibility and defense (Gutjahr et al. 2009). There are also reports in the literature 

that even necrotrophic fungi can inhibit JA-induced defense gene activation to some extent 

through suppression of the JA/ET-mediated resistance during early stages of the infection (Zhu 

et al. 2013). Colonization of barley and Arabidopsis roots by P. indica is a biphasic strategy; 

evasion and suppression of host defenses by fungal effectors occur during penetration of the hy-

phae into the roots. At a later phase, P. indica is mostly found within dying root cells (Lahmann 

and Zuccaro, 2012). We suggest that the roots induce only a mild defense and stress response to 

P. indica. This might indicate that the plant controls the level of fungal colonization to stabilize 

the symbiosis. The symbiosis between Arabidopsis and P. indica is a balanced relationship 

which is controlled by the plant defense system and the fungal ability to suppress the plant de-

fense. Microclimate, nutrition availability and competition between root and mycelium for nutri-
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ents can affect the colonization rate in the symbiosis, and lower or equalized fungal levels might 

be more efficient than high doses. This could be a useful hint for field applications of P. indica 

and other colonizing fungi. Furthermore, the level of host defense response can be a good indica-

tor for the effectiveness of a symbiotic interaction. 

We demonstrate that the roots activate defense responses against P. indica during root coloniza-

tion, however the responses are mild. How these responses are down-regulated once a stable 

symbiosis is established, remains elusive. To address this question, we analyzed conditions in 

which two partners are co-cultivated on the same petri dish but have not yet established a physi-

cal contact to each other.   

 

5.2. P. indica effects on the plant: chemical communication and physical interaction 

 

Before a physical contact is established between the two symbionts on an agar plate, the interac-

tion should occur via chemical mediators. They induce ROS via root NADPH oxidases and/or 

apoplastic peroxidases, induce stomata closure and enhance stress-related phytohormone levels. 

Symbiotic interaction of bacteria or mycorrhizal fungi with roots induces ROS production in the 

early stage of interaction (Fester and Hause 2005, Tanaka et al. 2006). We also demonstrate an 

increased H2O2 level during early phases of the Arabidopsis / P. indica co-cultivation (Manu-

script II, Fig. 2), which is consistent with ROS induction observed for other beneficial microbes 

(Fester and Hause 2005, Tanaka et al. 2006). In addition, ABA induction and consequently sto-

mata closure were observed before a physical contact was established (Manuscript II, Fig. 1 and 

4). ABA-mediated stomata closure is also induced by PstDC3000 and Bacillus subtilis FB17 

colonization of roots (Kumar et al 2012). PAMP perception by plants results in restriction of mi-

crobial invasion due to stomata closure (Sawinski et al. 2013). Furthermore, we showed that vol-

atiles are not involved in ROS production and defense responses in Arabidopsis roots (Manu-

script II, Table S 2).   

After the establishment of a physical contact between P. indica and Arabidopsis roots, ROS pro-

duction, stomata closure and defense gene activation were reduced to levels found in control 

plants. This is in agreement with low levels of ROS production, oxidative damage to lipids and 

membrane electrolyte leakage in AM plants (Estrada et al. 2013, Evelin and Kapoor 2014). 
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Up-regulation of the NRT2.5 mRNA level in the leaves 6 days after co-cultivation, i.e. when a 

physical contact has been established, reflects a slow rate of root to shoot communication, which 

has been previously shown for the Phyllobacterium brassicacearum STM196 strain interacting 

with plants (Mantelin et al. 2006). NRT2.5 is a sensitive leaf marker for root colonization by P. 

indica, but its role remains unclear in the Arabidopsis-fungi interaction. Activation of NRT2.5 in 

the roots might be a side effect of the plant´s defense response to the fungus at the 6
th

 day after 

co-cultivation. This is consistent with a balanced plant defense during symbiosis (Gutjahr et al. 

2009). Another possible explanation for the mild defense response at the 6
th

 day of interaction 

might be that the colonized plant cells start to die (Lahmann and Zuccaro 2012) which might be 

a direct effect of the fungus.  

We showed that ABA plays an important role in the Arabidopsis / P. indica interaction, which is 

in agreement with previous studies in barley (Ballaré 2011) and tomato (Martín-Rodríguez et al. 

2011). Elevated ABA levels during early phases of the interaction are consistent with the high 

number of closed stomata in leaves (Figure 4, manuscript II). High levels of ABA and stomata 

closure occur in response to biotic stress (Sawinski et al.2013). ABA is essential during full AM 

colonization and arbuscules development, and its lack results in lower level of AM colonization 

in tomato (Herrera-Medina et al. 2007).   

JA plays an important role in plant-microbe symbiotic interactions (Sun et al. 2006, Rosas et al. 

1998, Mabood et al. 2006). JA, JA-Ile and OPDA are involved in plant defense responses (Balla-

ré et al. 2011) but there is no clear evidence about their role in beneficial plant-microbe symbio-

ses (Gutjahr et al. 2009). Also enhancement of JA level and its catabolism in P. indica colonized 

roots has been reported. (Lahrmann et al. 2015). Elevated JA levels during early phases of co-

cultivation are consistent with microarray data that show up-regulation of JA-regulated genes. 

Reduction of JA, JA-Ile and OPDA levels six days after co-cultivation, when the stressful phase 

for the plant is terminated and co-cultivation of the two partners has been established, is compa-

rable with the root / Mesorhizobium loti interaction, where these hormones are also down regu-

lated after nodule formation (Kouchi et al. 2004). 

Increase of the SA level in roots and shoots during early phases of the Arabidopsis-P. indica in-

teraction (Fig. 4, manuscript II) resembles early stage of AM colonization (Blilou et al. 1999). 

SA is also involved in the plant response to biotrophic pathogens (Lu, 2009). Furthermore 
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P.indica interaction with Arabidopsis results in accumulation of SA in plant roots (Lahrmann et 

al. 2015). 

There are clear differences between early and later time points with regard to the regulation of 

defense related genes. Moreover, some defense related genes are up-regulated during both time 

points but their regulations are clearly lower six days after co-cultivation compared to two days. 

Those stress- and defense-related genes which are still highly expressed six days after co-

cultivation, might be important for restricting colonization (Sherameti et al. 2008, Camehl et al. 

2010). Up-regulated genes during the early and late phases of the Arabidopsis-P. indica interac-

tion may play a role in compatibility of the partners as it has been proposed by Güimil et al. 

(2005). Suppression of the plant defense system might be required for colonization of Arabidop-

sis roots by P. indica, in agreement with findings with AMF (Campos-Soriano et al. 2010) and P. 

indica symbiosis with barley (Jacobs et al. 2011).  

It is possible that the defense related genes, which are regulated at later time points, are im-

portant regulators of plant / fungus interaction or involved in compatibility. Those genes that are 

repressed by P. indica during later phases of the interaction, might have a different function and 

might also be differently regulated by suppression mechanisms. The balanced and differentiated 

activation of certain defense genes during different phases of the development of the symbiosis 

might be a result of co-evolution between the two partners, as proposed by Hoeksema (2010). 

The initial stimulation of ROS production by fungal exudate compounds might trigger ROS-

activated defense genes and processes, which might differ from those activated during later 

phases of the symbiosis. One might speculate that these two types of stress responses might ful-

fill different functions, and this might be related to the remodeling of the root and mycelium ar-

chitectures during the establishment of the interaction. 

 

5.3. The role of stresses in Arabidopsis/P. indica symbiosis  

 

How a plant reacts to biotic and abiotic stresses and how they recognize beneficial and non-

beneficial microbes are important questions in understanding its response to beneficial microbes, 

and environmental changes. This helps scientists to design ecofriendly plans to increase plant´s 

yield and to fulfill human food requirements in future.  
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We found better performance of colonized Arabidopsis plants under different mild stress condi-

tions: nutrient limitation, heavy metal, light and osmotic stress, salinity, and exposure to patho-

gen attack. Our results confirm several studies of root-colonizing microbes on crop productivity 

under stress (Nadeem et al. 2014, and references therein). Mycorrhizal plants are more resistant 

to heavy metal stress than non-mycorrhizal plants (Schützendübel and Polle 2002, Repetto et al. 

2003), e.g. by accumulation of toxic metals in fugal mycelium or fungal metal chelators (Khan et 

al. 2000; Ahonen-Jonnarth et al. 2000), activation of fungal antioxidant processes (Abdel 2011), 

or biosynthesis of nano- and micro-particles for scavenging and reduction of metal ions in the 

root environment (Vahabi et al. 2011 and Feng et al. 2013). Osmotic stress tolerance induced by 

AMF against NaCl has been described by Augé et al. (2014) which is consistent with our find-

ings. It has been shown that ROS levels increase under high light, while P. indica counteracts 

light stress by activating the antioxidant system (Baltruschat et al. 2008; Vadassery et al. 2009). 

P. indica enhances plant performance systemically. With increase in the light intensity, also the 

ROS level and subsequent damage to the leaves increase. P. indica colonized plants suffer less 

than control plants under high light intensity (Vadassery et al. 2009). This can be caused by a 

systemic enhancement of the antioxidant capacity of the plant, as suggested by Vadassery et al. 

(2009). Furthermore, like in our studies, P. indica and other beneficial microbes promoted plant 

growth after exposure to metals with different toxicity levels (Schützendübel and Polle 2002, 

Repetto et al. 2003, Vahabi et al. 2011; Feng et al. 2013). This might occur directly via detoxifi-

cation in the root environment by fungal mycelia or by secondary effects of the fungi through an 

increase in the antioxidant potential of the plant, as previously discussed.  

The physical structure of the fungi and their connection to the roots are critical for nutrient up-

take. P. indica colonization results in altered root architecture and their parameters improve ac-

cording to criteria described in Galkovskyi et al. (2012). P limitation stimulates AM symbiosis 

and Pi and N acquisition (Bonneau et al. 2013, and references therein). Limitation of PO4
3-

 (Bo-

lan et al. 1987), NO3
-
 (Jin et al. 2012) and SO4

2-
 (Gahan and Schmalenberger 2014) enforces AM 

interaction with their hosts. Since root colonization increases under our experimental conditions 

with increase in the shortage of the available nutrients, this might play a crucial role in the pro-

motion of plant performance. This also results in the down-regulation of PR genes. Smith and 

Smith (2012) showed that PO4
3-

 and NO3
-
 rich soil reduces AM root colonization. Similarly we 

demonstrated that rich media (PNM 1x and 4x) restricts the level of fungal colonization and con-
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sequently reduces the ITS mRNA level in roots. These inhibitory effects are also reflected by the 

reduced growth rate of plants in nutrient-rich media (Fig. 3, manuscript III). The plant defense 

system might produce anti-fungal compounds to restrict root colonization through up-regulation 

of the PR genes under high nutrition condition. Accordingly, it is fair to suggest that the level of 

biotic interaction between the two symbionts is controlled by the nutrition status.  

Pi uptake in AM symbiosis is a mixture of direct root / root hair and fungal uptake (Smith et al. 

2011). Depletion zones resulting from nutrient uptake represent stress and control over this prob-

lem was gained by evolving different mechanisms by the plants, e.g. association with mycorrhi-

zal fungi (Marschner, 1995). Whether Pi uptake is responsible for P. indica-mediated growth 

promotion has been discussed intensively (Barazani et al. 2005, Achatz et al. 2010, Shahollari et 

al. 2005, Yadav et al. 2010). Higher concentration of Pi in the media reduces Pi-uptake relative 

to the control (Bakshi et al. unpublished, Yadav et al. 2010, Kumar et al. 2011). It can explain 

our findings in higher concentration of the media. There might be a synergistic effect between 

low Pi concentration (Bakshi et al. unpublished, Yadav et al. 2010, Kumar et al. 2011) and low 

root colonization in high nutrient concentrations which results in reduction of plant growth. P. 

indica and plant Pi transporters can play a role in this process. The high-affinity Pi transporter, 

PiPT, of P. indica participates in growth promotion by transferring Pi to the host (Yadav et al. 

2010, Kumar et al. 2011). Therefore, reduction of fungal mycelia in higher nutrient concentra-

tions may reduce the fungal potential of transferring Pi to the plant. In Arabidopsis, WRKY6 has 

been shown to be a central regulator of Pi uptake and metabolism under Pi-limiting conditions. 

WRKY6, -42 and -75 are regulators of nutrient homeostasis like Pi (Rushton et al. 2010, Chen et 

al. 2009), and WRKY6 is involved in regulation of plant senescence, pathogen induced PR1 ex-

pression, boron starvation and low Pi stress responses (Robatzek and Somssich 2002, Chen et al. 

2009, Kasajima et al. 2010). Furthermore, repression of PHO1, for a plasma membrane protein 

involved in Pi loading into the xylem, is an important function of WRKY6 (Chen et al. 2009). 

Better performance of the wrky6 mutant under Pi limitation and P. indica colonization (M. Bak-

shi, personal communication) is consistent with Chen et al. (2009). Several mechanisms have 

been proposed to modulate root system architecture in response to low Pi conditions, including 

changes in auxin transport, increase in sensitivity to auxin (López-Bucio et al. 2002, 2005, Nacry 

et al. 2005, Pérez-Torres et al. 2008) and expansin-dependent cell division (Guo et al. 2011). Mi-

croarray analysis by M. Bakshi in our laboratory (unpublished) indicates that inactivation of 
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WRKY6 results in induction of auxin-regulated genes (include SAUR genes) under Pi deprivation 

in P. indica-colonized seedlings. SAUR proteins are involved in cell expansion via auxin 

transport stimulation (Kong et al. 2013) and thereby contribute to the root development. Bakshi 

et al. (unpublished) proposed a synergistic effect of WRKY6 and P. indica on plant performance 

under Pi limitations. PHO1 is a central regulator in this scenario and participates in Pi transport 

from root to shoot by loading Pi into the xylem vessels (Hamburger et al. 2002, Chen et al. 2009). 

In summary, we demonstrate that P. indica promotes nutrient uptake and enhances tolerance un-

der stress conditions. This suggests that P. indica effects cannot be replaced by genetic modifica-

tions in plants. 

The root architecture is influenced by P. indica (Peškan-Berghöfer et al. 2004, Dong et al. 2013, 

Ye et al. 2014) and this has been correlated with growth promotion in Brassica campestris cv. 

Chinensis (Chinese cabbage) (Dong et al. 2013). Furthermore, an increased auxin level in the 

roots was found in colonized Chinese cabbage roots (Lee et al. 2011). Nutrient limitations induce 

lateral root formation after colonization by AMF (Harrison et al. 2002, Javot et al. 2007, Kobae 

and Hata, 2010, Yang et al. 2012, Gutjahr and Paszkowski 2013). Thus, alteration of the root ar-

chitecture by P. indica colonization can be caused by nutrient depletion in the root environment 

or induced by elevated auxin levels. 

Overall, according to our and other results, P. indica interaction with Arabidopsis results in more 

benefits for the plant under higher level of stress. Furthermore, the root colonization level by the 

fungus correlates with the stress level. Fungus-induced benefits for the plants are based on more 

than one effect including physical structure of fungi, root architecture, transcriptomic changes, 

plant hormone alterations, as well as physiological and synergistic effects between the symbionts. 

 

5.4. Defense dynamic of Arabidopsis/P. indica symbiosis  

 

Defense genes in the interaction of P. indica with Arabidopsis roots are activated under different 

conditions. To understand the beneficial and non-beneficial effects of the fungus on Arabidopsis, 

we used high fungal doses in order to stimulate biotic stress and to find limitation borders in the 

symbiosis of P. indica with plants. Also, we investigate plant gene expression pattern induced by 

fungi during short and long term interaction to see changes. 
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Many plant defense-related genes are up-regulated during Arabidopsis / P. indica interaction 

(Campos-Soriano and Segundo 2011, Campos-Soriano et al. 2010, Jacobs et al. 2011). Activa-

tion of the plant defense system can be the consequence of an increased demand for sugars by 

the fungus, which plays a role in the stabilization of root colonization by AM fungi (Campos-

Soriano and Segundo 2011). Besides the growth and biomass enhancement, G. intraradices in-

duces plant defense genes in rice, as well as PR proteins and antioxidant enzymes. These results 

show the capacity of AM fungi to circumvent the plant immune system (Campos-Soriano et al. 

2010), as also described for the P. indica / Arabidopsis interaction by a broad-spectrum suppres-

sion of innate immunity in roots (Jacobs et al. 2011).  

We demonstrate that P. indica derived exudates activate stress and defense responses in Ara-

bidopsis roots and shoots prior to a physical contact between the partners (at early time point, 2 

days after co-cultivation). Once a physical contact is established (later time point, 6 days after 

co-cultivation), defense-related genes are down-regulated. Lower expression of defense related 

genes at the later time point indicates that the fungus can deal with the host´s defense machinery, 

which might result in lower root colonization levels, in particular at higher nutrient concentra-

tions. This could play a role in stabilizing the symbiosis and the colonization level, e.g. by re-

stricting root colonization (Sherameti et al. 2008, Camehl et al. 2010). The important role of the 

plant in controlling the colonization level of the fungus is demonstrated by the different coloniza-

tion rates in different media and the restricted fungal growth on the dense fungal lawn.  

Moreover, comparison of the available microarray data in our laboratory for colonized Ara-

bidopsis roots at different time points after co-cultivation (2 and 6 days after co-cultivation) in 

my studies and 3 days after infection in a study performed by Bakshi et al. (unpublished) shows 

that there are commonly regulated genes. They are mainly related to biotic and abiotic stresses, 

signaling, cell wall biosynthesis, oxidation and peroxidation. These genes probably play a role in 

stabilizing the beneficial interaction and control of root colonization (Sherameti et al. 2008, 

Camehl et al. 2010). Moreover, the “6 days” dataset is quite different from the other two and ex-

pression level of defense genes decreases after long term interaction.  

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Segundo%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=21422823
http://www.ncbi.nlm.nih.gov/pubmed?term=Segundo%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=21422823
http://www.ncbi.nlm.nih.gov/pubmed/21474434
http://www.ncbi.nlm.nih.gov/pubmed/21474434
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5.5. Biotic stresses effect on Arabidopsis/P. indica symbiosis 

  

P. indica has been known as a protecting fungus against leaf, root and stem pathogens such as 

Blumeria graminis f. sp. tritici, Fusarium culmorum, Fusarium verticillioides, Pseudocerco-

sporella herpotrichoides, Golovinomyces orontii via local or systemic disease resistance (Molitor 

et al. 2011, Stein et al. 2008, Kumar et al. 2009, Serfling et al. 2007, Fakhro et al. 2010). Alter-

naria infection of Arabidopsis leaves resulted in ROS production. In P. indica-colonized plants, 

ROS level reduced. This might be caused by ROS scavenging effects, since P. indica stimulates 

antioxidants in the leaves (Baltruschat et al. 2008, Vadassery et al. 2009). In addition, the root-

associated fungus promotes the performance of the aerial parts systemically via signals from the 

roots. We introduced the new and highly sensitive biophoton technology to measure the amount 

of ultra-weak photon emission inside plant leaves. This technology detects ultra-weak emission 

of photons originated mainly from the ROS generation and metabolic activities as by-products of 

cellular respiration (Takeda et al. 2004, Kobayashi 2014). Biophoton measurements have been 

used for demonstration of stress conditions and it is a good indicator of ROS level inside the cell 

(Takeda et al. 2004, Wijk et al. 2013, Kobayashi 2014). We used this technology as appropriate 

technique to describe plants stress quantitatively, and our results indicate that it is a reliable tool 

to measure plant fitness under different physiological conditions. P. indica interaction with roots 

reduces the biophoton level in infected and non-infected seedlings with Alternaria spores. This 

confirms the lower ROS level in colonized plants. Additionally, beneficial effects of P. indica 

have also been shown by growth promotion and regulation of stomata aperture. These results are 

consistent with the biophoton measurements and indicate the systemic protective role of P. indi-

ca against Alternaria leaf infection.  

Alternaria brassicae infection results in the accumulation of defense phytorhomones in shoots, 

and this is repressed by P. indica. In summary, we found that P. indica diminishes Alternaria-

induced biotic stress. These results demonstrate that stress within a reasonable and non-toxic 

scale stimulates the symbiotic interaction, which in turn results in better performance of the 

plant. 

An inhibitory effect of P. indica on the vascular root colonizing pathogen V. dahliae in Ara-

bidopsis seedlings has been shown by Sun et al. (2015) (in manuscript IV). The authors showed 

that Arabidopsis seedlings pretreated with P. indica performed better after V. dahliae infection 

http://www.ncbi.nlm.nih.gov/pubmed?term=Molitor%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21830949
http://www.ncbi.nlm.nih.gov/pubmed?term=Molitor%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21830949
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than the controls. The pretreated seedlings showed comparable biomass and total chlorophyll as 

the mock-treated control. In addition, treatment with P. indica prior to the infection by the path-

ogen reduced stress-related phytohormones accumulation and PR gene expression, increased 

stomata opening and inhibited the spread of V. dahliae hyphae in the shoots and roots (Sun et al. 

2015, manuscript IV). EIN3 plays an important role in development of Verticillium pathogenicity 

and the ein3 mutant is more resistant against disease. Pantelides et al. (2010) showed that ET via 

the receptor ETR1 is required for V. dahliae infection in Arabidopsis that is consistent to Sun et 

al (2015 manuscript IV). Furthermore, they reported that V. dahliae infection in ein3 mutant pro-

duces higher ET level compared to the wild type. This can be caused by an induced defense re-

sponse mediated by the EIN3 mutation (Sun et al 2015, manuscript IV). 

Figure 4 summarizes my results in a simple scheme. I have investigated effect of different stress-

es (abiotic and biotic) on A. thaliana-P. indica interaction. Stress plays an important role in 

forming symbiotic interaction between these partners and a mild enhancement of stresses results 

in strengthening of fungi beneficial effects on plants.  

 

 

 

 

Fig 5.1. Model of stress role in Arabidopsis/P. indica interaction.  
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