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Summary 

The endophytic root colonising fungus Serendipita indica induces growth, as well as biotic and abiotic 

stress resilience in a broad range of host plants. Similar to plant pathogens, the symbiont needs to 

overcome host immunity to colonise plants. For this purpose, plant-colonising microbes use, among 

others, small, secreted proteins termed effectors. Effector proteins are known to alter plant signalling, 

including hormone pathways, to facilitate host colonisation by pathogens, as well as symbionts. 

However, S. indica is also known to alter hormone signalling toward the increase of host fitness. This 

project was aimed at analysing whether S. indica effectors not only have functions during plant 

colonisation, but additionally modulate signalling pathways that confer host benefits.  

The results confirmed that identified S. indica effector candidates (SIECs) are indeed secreted proteins. 

SIEC-plant protein interaction analyses were carried out to identify the plant proteins targeted by 

SIECs. Subsequent comparative interactome analyses revealed which targets are common with 

pathogen effectors or are unique for SIECs. These evaluations already revealed a pronounced SIEC 

targeting of proteins in host hormone signalling and metabolism. Following functional analyses of SIECs 

in protoplasts revealed highly specific effector alterations of different hormone pathways. These could 

be confirmed by phenotyping root traits of plants expressing SIECs. Further, it was shown that the 

effectors affecting hormone signalling could often increase plant growth. Therefore, effectors are 

probably part of previously unknown mechanisms for beneficial effects in connection with hormone 

signalling modulation by symbionts.  

To advance our understanding of symbiont increased host fitness under stress, SIECs were analysed 

for their function in biotic and abiotic stress signalling. Protoplast assays revealed effectors that 

modulated stress signalling and suggest a connection between stress and hormone signalling function 

of SIECs. Moreover, protein network analyses uncovered SIEC targeting of plant proteins with known 

functions in biotic and abiotic stress response. These findings imply that effector function is carried out 

through specific target interaction. Consistent with this, plants which expressed SIECs were more 

tolerant to abiotic stresses and increased plant resistance to pathogen infection. The results indicate 

that effector proteins are part of molecular processes used by symbionts to increase plant fitness.  

Combining the SIEC-plant protein interactome and functional protoplast data, the project investigated 

to what extent SIECs can serve as tools to inform highly interconnected plant protein networks. While 

effectors frequently target the plant hormone network, the interactome showed connections between 

hormone modulating SIECs and plant proteins with previously unknown functions. Effector-informed 

functional analyses of SIEC target mutants proved to be highly successful in uncovering novel plant 

protein functions and proteins that act as connection points between hormone subnetworks.  



 

IX 
 

Taken together, this project uncovered the function of symbiont effectors in activating host benefits, 

which at least partially discloses the previously unknown molecular nature of underlying processes. In 

addition, the symbiont effector data represent a valuable resource for informing plant networks and 

signalling pathways that are essential for plants to adapt to environmental stresses.  
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Zusammenfassung 

Der endophytische, wurzelkolonisierende Pilz Serendipita indica induziert Wachstum, wie auch 

biotische und abiotische Stressresistenz in einer Vielzahl von Pflanzen. Ähnlich zu Pathogenen, müssen 

Symbionten die Wirtsimmunität überwinden, um Pflanzen zu kolonisieren. Für diesen Zweck nutzen 

pflanzenkolonisierende Mikroben unter anderem kleine, sekretierte Proteine, auch Effektoren 

genannt. Effektorproteine sind dafür bekannt, Pflanzensignale zu verändern, um die Kolonisation von 

Wirten durch Pathogene wie auch Symbionten zu ermöglichen. S. indica modifiziert zudem 

Hormonsignale, was die Fitness des Wirts verbessert. Dieses Projekt hatte zum Ziel zu analysieren, 

inwiefern S. indica Effektoren nicht nur Funktionen während der Kolonisation von Pflanzen haben, 

sondern zusätzlich Signalwege modulieren, die nützliche Effekte für den Wirt bewirken.   

Die Ergebnisse bestätigten die Sekretion von identifizierten S. indica Effektor-Kandidaten (SIECs). SIEC-

Pflanzenprotein Interaktionsanalysen wurden durchgeführt, um die Zielproteine der SIECs zu 

identifizieren. Nachfolgende Analysen umfassten komparative Interaktomstudien und offenbarten 

gemeinsame Zielproteine von pathogenen als auch symbiontischen Effektoren bzw. Wirtsproteine, die 

ausschließlich SIEC-Ziele waren. Diese Untersuchungen zeigten bereits eine ausgeprägte SIEC-

Interaktion mit Proteinen der Hormonsignalwege und des Hormonmetabolismus des Wirts. 

Darauffolgende funktionelle Analysen von SIECs in pflanzlichen Protoplasten machten hochspezifische 

Änderungen von verschiedenen Hormonsignalwegen durch Effektoren deutlich. Diese konnten durch 

die Phänotypisierung von Wurzelmerkmalen in Effektor-exprimierenden Pflanzen bestätigt werden. 

Des Weiteren erhöhten Effektoren mit Hormonfunktionen häufig das Pflanzenwachstum. Diese 

Ergebnisse sind somit ein erster Hinweis, dass Effektoren über bisher unbekannte Mechanismen 

vorteilhafte Effekte in Wirtspflanzen aktivieren, die in Verbindung mit der Modulation von 

Hormonsignalwegen stehen.  

Um unser Verständnis der erhöhten Fitness von Wirten unter Stressbedingungen durch Symbionten 

zu verbessern, wurden SIECs auf ihre Funktion in biotischen und abiotischen Stresssignalwegen 

untersucht. Untersuchungen in Protoplasten zeigten, dass Effektoren Stresssignale verändern und 

legten die Vermutung einer Verbindung zwischen Hormon- und Stresssignalfunktionen von SIECs nahe. 

Zudem deckten Netzwerkanalysen die Interaktion zwischen SIECs und Pflanzenproteinen mit bereits 

bekannter Funktion in biotischen und abiotischen Stressreaktionen auf. Diese Entdeckung deutet 

darauf hin, dass die Funktionen der Effektoren durch Interaktion mit den Zielproteinen ausgeführt 

werden. Wie erwartet, waren SIEC-exprimierende Pflanzen toleranter gegenüber abiotischen Stressen 

und hatten eine erhöhte Resistenz gegenüber Pathogeninfektion. Die Ergebnisse deuten auf 

Effektorproteine als Teil der molekularen Prozesse hin, die von Symbionten verwendet werden, um 

die Fitness von Pflanzen zu verbessern. 



 

XI 
 

Durch die Kombination von SIEC-Pflanzenprotein Interaktom und funktionellen Protoplastendaten 

wurde in diesem Projekt untersucht, inwiefern SIECs als Werkzeug zur Aufschlüsselung hochvernetzter 

Pflanzenproteinnetzwerke dienen können. Während Effektoren häufig auf das pflanzlichen 

Hormonnetzwerk zielen, zeigte das Interaktom außerdem Interaktionen zwischen SIECs mit 

Hormonfunktion und Pflanzenproteinen mit bisher unbekannten Funktionen. Effektor-informierte, 

funktionelle Analysen von SIEC-Zielproteinmutanten erwies sich als äußerst effizient in der Aufklärung 

bislang unbekannter Hormonfunktionen von Pflanzenproteinen sowie deren funktionale Rolle in der 

Verknüpfung und somit crosstalk von Hormonsubnetzwerken.  

Grundsätzlich deckte dieses Projekt die Funktion symbiontischer Effektoren in der Aktivierung 

nützlicher Effekte in der Wirtspflanze Arabidopsis auf, was zumindest teilweise die bisher unbekannte 

molekulare Natur der darunterliegenden Prozesse offenbarte. Zusätzlich zeichnen die Daten 

symbiontische Effektoren als eine wertvolle Ressource für die Entschlüsselung von 

Pflanzennetzwerken und Signalwegen aus, welche essenziell für die Adaption von Pflanzen gegenüber 

Umweltstressen sind. 
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CHAPTER1 - Introduction 

1.1 Increasing food demand and insecurity requires solutions for improved crop yields 

In 2021 more than 270 million (20.2%) people in Africa, 425 million (9.1%) in Asia and about 55 million 

(8.6%) in Latin America and the Caribbean were affected by hunger. While most life in Asia, Africa has 

the highest prevalence (FAO 2022) and is strongly effected by climate change, because of high drought 

risks and strongly increasing population size (Ahmadalipour et al. 2019; Schilling et al. 2020). Climate 

change causes decrease of crop yields, due to increase in extreme weather conditions, which are 

irregularly distributed with higher impact on developing countries (Mirón et al. 2023). Additionally, the 

world is challenged with more major factors causing insecurity in food supply. The 2020 pandemic 

caused economic slowdown, which increased poverty and affected food security especially where 

supply chains were poorly developed even before COVID-19 (Vos et al. 2022). Starting in the beginning 

of 2022 the Russia-Ukraine war had various negative socioeconomic impacts. As two major agricultural 

powers involved, the situation is especially challenging to countries depending on food imports such 

as the Middle East and North Africa, but also affects global food and fertilizer markets with already 

high prices (Ben Hassen and El Bilali 2022). Russia and Ukraine supplied 30% and 20% of global wheat 

and maize, respectively, and Russia being the world leading exporter of nitrogen, potassium and 

phosphorus fertilizers (FAO 2022). Considering these dire impacts and outlooks on agriculture and food 

security, options for more stress robust crops and alternative methods for yield increase are urgently 

needed. One opportunity for improved crop production includes the investigation of plant interactions 

with beneficial microbes, which are known to improve crop biotic and abiotic stress resilience (Tyagi 

et al. 2022). 

1.2 Climate change endangers crop production by increasing environmental stresses 

Environmental challenges on crops are critical in modern agriculture and climate. Increasing 

temperatures und CO2 concentrations affect plant and microbe communities globally (Malhi et al. 

2021). At the same time climate change is a threat to land, freshwater and oceans due to soil erosion 

by wind and water (Borrelli et al. 2020). Water deficit because of poor or erratic rainfall and depletion 

of groundwater is a serious problem in many regions of the world (Hussain et al. 2019). Salinity stress, 

which can reduce yield, high temperatures, that are threatening plant growth and crop production and 

impact of climate change on soil fertility are only a few examples of current and future challenges 

(Pareek et al. 2020). While additionally affected by pests and pathogens, food production must 

increase to cover the demand of the growing world population (Chakraborty and Newton 2011). 

Climate change is a main cause for both biotic and abiotic stresses, which drastically endanger 

agriculture. Species must acclimate, adapt or move, or else die in changing environments. Therefore, 
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plant species may escape inhospitable regions by migration to more suitable areas (Corlett and 

Westcott 2013). Another effect of climate change involves plant-microbe interactions. While there are 

many negative environmental impacts on agriculture, effects on microorganisms and interactions with 

hosts could be positive. Elevation of CO2, for example, positively influenced mycorrhizal fungi, while 

effects on beneficial bacteria were variable and comparable results were shown under elevated 

temperature or drought stress. Generally beneficial microbes are an important factor in influencing 

plant responses to climate change (Compant et al. 2010). Given that climate change impacts plant yield 

and the microbiome, we must find mitigation strategies to reduce negative effects on crops (Figure 

1.1A-C adapted from Rivero et al. 2022). These strategies could include the plant microbiome and 

application of beneficial microbes, hormones or chemicals, as well as crop engineering by identification 

of stress tolerance genes and targeted breeding (Figure 1.1C adapted from Rivero et al. 2022). 

 
Figure 1.1 Climate change impact on plants and possible mitigation strategies. 
A Climate change causes stress combination impacts on plant flowers, reproduction and yield. 
B Possible beneficial effects of the plant microbiome that could mitigate impacts of global warming 
and climate change on plants. ABA: abscisic acid, CK: cytokinin, IAA: indole-acetic acid, NUE: nitrogen-
use efficiency, ROS: reactive oxygen species, WUE: water-use efficiency. C Mitigation strategies to 
reduce the negative impact of climate stress on crops. This figure 1.1 A-C was adapted from Rivero et 
al. 2022. 
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1.3 Plant-symbiont interaction driven evolution and land colonisation 

During co-evolution with beneficial microbes plants relied on symbioses to withstand environmental 

challenges (Strullu-Derrien et al. 2018; Kenrick and Crane 1997). Their ability to colonize land more 

than 400 million years ago fundamentally depended on symbionts transferring nutrients to hosts 

(Remy et al. 1994; Heckman et al. 2001; Rubinstein et al. 2010). 

Although symbiont-host interactions are globally ubiquitous, the reliance of hosts on symbionts shows 

vast variation depending on transmission mode and symbiont function. While sometimes symbiosis is 

essential for survival of both partners, others are conditional on specific environments and benefits 

can diverge (Fisher et al. 2017). Interactions between legumes and nitrogen-fixing rhizo-bacteria, for 

example, only becomes a symbiosis in certain environments and otherwise maintain facultative 

relations, while the outcome can also vary (Burdon et al. 1999; Burghardt 2020). Therefore, plant-

microbe interactions are influenced by environmental conditions for both pathogenic and symbiont 

interactions. The critical external circumstances include temperature, moisture and nutrient 

availability (Cheng et al. 2019). Rising global temperatures have diverse effects on pest infestation, 

weed flora, crop growth periods, soil microbes and their activity (Malhi et al. 2021). While the 

microbiome is affected by the climate (Compant et al. 2010), beneficial symbionts might provide a 

solution for crops to withstand intensified stress conditions (Rivero et al. 2022). 

1.4 Plants are constantly confronted with environmental stresses 

Plants adapted to and colonized almost every region of the world. Consequently, they are exposed to 

diverse environmental stresses. These stresses can be categorized into two distinguished groups: biotic 

and abiotic. Biotic stress includes the interaction with pathogenic organisms such as fungi, bacteria, 

and oomycetes but also nematodes and herbivores. Together with abiotic stresses like salinity, 

flooding, drought, high or low temperatures and heavy metals they cause major crop losses worldwide 

(Bosco de Oliveira 2019).  

1.4.1 Abiotic stresses on plants limit crop production 

Abiotic stresses are abundant and often multiple stressors appear at the same time (Mittler 2006). 

Abiotic stress and soil nutrient limitation are reducing plant growth, productivity and quality. As soon 

as stress is perceived, plants adjust signalling mechanisms to regulate growth and development to 

guarantee survival and reproduction. These signalling mechanisms include Ca2+ signalling, reactive 

oxygen species (ROS) homeostasis and hormones such as abscisic acid (ABA) (Gong et al. 2020). Heat 

stress response, for example, affects major physiological processes in plants including photosynthesis, 

respiration, transpiration, membrane thermostability, and osmotic regulation. In response to heat 

shock, transcription factors and heat shock protein gene expression is induced (Zhao et al. 2020). Heat 
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stress often occurs together with limitations in water availability and followed by drought. Drought 

stress is a prominent limiting factor in agriculture. Plants adapt to drought by morphological, 

physiological and molecular changes to resist water deficit. Drought tolerance related traits include 

root architecture and morphology, adjustment of water potential and ABA content (Fang and Xiong 

2015). Another major abiotic stress is high salinity, which increases intracellular osmotic pressure and 

can cause toxic levels of sodium accumulation. In response to salinity, plants regulate ion homeostasis, 

osmotic stress pathways and hormone signalling (Zhao et al. 2021). However, different hormone 

signalling pathways form elaborate networks ensure flexible and fast responses of plants to diverse 

biotic and abiotic stress conditions (Verma et al. 2022).  

1.4.2 Plant diseases reduce agricultural crop yields 

Plant defence is tightly regulated by hormones, with salicylic acid (SA), jasmonic acid (JA) and ethylene 

(ET) acting as important regulators. Nevertheless, phytohormones are also produced and manipulated 

by pathogens to suppress plant defence and colonise their hosts (Robert-Seilaniantz et al. 2007). 

Disease caused by pathogens can lead to immense yield loss. Particularly if abiotic stressors occur 

simultaneously (Rana et al. 2016). Fungi cause major plant disease and follow diverse colonisation and 

lifestyle strategies. They are often able to form specialised infection structures to establish colonisation 

and release virulence factors. These factors can be effector proteins that repress immunity and 

manipulate plant metabolism but also toxins to kill the host tissue (Doehlemann et al. 2017). Bacteria 

on the other hand, often surpass plant physical and chemical barriers by motility and chemotaxis 

pathways to enter the apoplast. In the apoplast phytotoxins and effector proteins are released with 

various function in plant signalling modulation (Pfeilmeier et al. 2016). Phytotoxins are contributing to 

bacterial virulence by suppressing plant defence response and inducing chlorosis and necrosis. They 

can also have similar structural and functional properties as plant hormones to manipulate signalling 

pathways of host plants (Pfeilmeier et al. 2016). Worldwide more than 200 species of plant-pathogenic 

bacteria are known and cause substantial crop loss. Among others, bacterial diseases include fire blight 

of apple and pear, leaf blight of rice, bacterial wilt of tomato, potato, and other crops by Ralstonia spp., 

and many more (Sharma et al. 2022).  

The fungal pathogen Puccinia striiformis is a prominent wheat disease worldwide. High moisture is 

essential for its ability to infect plants. The pathogen can be controlled using resistant cultivars, 

appropriate fungicide or cultivation practices (Chen 2020). The longer dew is present, the higher is the 

probability of P. striiformis infection. Therefore, severe epidemics occur in regions with high moisture 

during crop growth season. Climate change supports pathogen survival and epidemics are more 

frequent. Additionally, warmer winters enhance survival and cause more severe epidemics, while 

cooler and wetter late spring leads to more infection. Because of the changing environmental 
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conditions previously non-favourable areas might become more advantageous to the disease (Chen 

2020). Recently severe P. striiformis epidemics in Egypt due to new aggressive races were reported 

(Esmail et al. 2021). In Europe two invasive races have been detected since the beginning of the 21st 

century, with PstS7 (Warrior) having major impact due to fast spreading (Vidal et al. 2022). Therefore, 

systems to increase crop resistance to pathogen infections are exceedingly important. 

1.5 Plants developed complex immunity mechanisms as defence against microbial infection 

During co-evolution with plants, microbes have developed sophisticated strategies for the targeted 

alteration of plant signalling for colonisation. During the initial interaction between plants and 

microbes, all microbes are confronted with plant immunity (Nishad et al. 2020). However, the outcome 

of interactions is vastly different and how this is controlled by plants and microbes is not entirely 

understood. 

The first layer of plant immunity activation includes the perception of microbe-associated molecular 

patterns (MAMPs), for example flg22 a bacterial flagellin protein (Zipfel et al. 2004), which is referred 

to as pattern-triggered immunity (PTI). Pattern-recognition receptors (PRR) are involved in perception 

of bacteria, fungi and oomycetes (Zipfel 2008). MAMPs are found in all kinds of microbes independent 

of the interaction outcome. Plants are able to detect various different MAMPs to identify interactions 

and activate defence signalling (Jones and Dangl 2006). PTI, as an initial defence mechanism, stops the 

majority of potential pathogens (Zipfel et al. 2004) and was described to be activated in leaves as well 

as in roots (Millet et al. 2010).  

To overcome this initial defence mechanisms, pathogens secrete small molecules including proteins, 

which were defined as effectors. Suppression of plant innate immunity was initially depicted as the 

principal function of effectors of plant pathogenic bacteria (Hogenhout et al. 2009). However, other 

pathogenic microbes like fungi and oomycetes have an immense arsenal of effector proteins to guide 

every phase of plant infection. Effectome studies revealed common pathogen effector target proteins, 

which helped characterising core immunity network elements (Mukhtar et al. 2011; Weßling et al. 

2014). To remain resistant to infections, plants developed a second defence pathway against immunity 

suppression by effectors termed effector-triggered immunity (ETI). ETI employs nucleotide-binding 

domain leucine-rich repeat (NLR) receptors to detect effector proteins (Bai et al. 2012). ETI often leads 

to hypersensitive response, a programmed cell death that stops pathogen proliferation (Dalio et al. 

2021) (Figure 1.2 adapted from Dodds and Rathjen 2010). 
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Figure 1.2 Schematic overview of plant PTI and ETI responses to microbe infection. 
Microbe interactions with plants trigger PTI responses via MAMP recognition. PTI is repressed by 
microbes using effector proteins. Effectors are recognised by host NLR-receptors, which activate ETI 
responses. This figure was adapted from Dodds and Rathjen 2010. 
 
PTI and ETI are regulated by distinct receptors and signalling components. However, recent findings 

indicate that both can cause similar downstream responses with individual amplitudes and dynamics 

(Yuan et al. 2021).  

1.6 Microbial effectors have functions in plant colonisation and modulation 

Typically, effector proteins are described as tools used by pathogens to block MAMP perception and 

supress PTI (Dangl et al. 2013). However, suppression of immunity for colonisation and the application 

of effectors is also necessary for successful plant colonisation by beneficial microbes and not a 

mechanism restricted to pathogen interactions (Yu et al. 2019). 

To transfer effectors from the microbe to host cells bacteria such as Pseudomonas syringae use type III 

secretion systems to directly transfer effectors and other molecules into eukaryotic cells (Jones and 

Dangl 2006; Matteï et al. 2011; Cunnac et al. 2009). Strategies of effector transfer by oomycetes and 

fungi are more unclear. Some oomycetes develop haustoria in cells and an extrahaustorial membrane 

to transfer effectors into plant cells (Whisson et al. 2007), several fungi were identified that utilize 

similar methods (Lo Presti et al. 2015). Many oomycete effectors share an amino terminal signature 

which have been implicated in effector uptake by hosts (Lo Presti and Kahmann 2017). However, fungal 

effector uptake into plants might be mediated by endocytosis and could be rather unspecific or have 

a degree of conservation at protein structure levels (Lo Presti and Kahmann 2017). Applying the 

Alphafold2 protein structure prediction model (Jumper et al. 2021) could allow the exploration of 
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possible structural similarities between fungal effector proteins more easily and examine their function 

in the transfer process. Recently a study revealed sequence-divergent but structurally similar effectors 

shared between symbiotic and pathogenic fungi. Protein structure models of secreted proteins of the 

AMF Rhizophagus irregularis were compared to known pathogen effectors. Proteins with structural 

similarity to known Fusarium oxysporum f. sp. lycopersici dual domain (FOLD) effectors could be 

identified (Teulet et al. 2023). 

Even if the transport and uptake into plants is unclear, all microbes that colonise plants have effectors 

with manifold functions to establish infections. Effectors themselves can have enzymatic activity. For 

example, chorismate mutase (Cmu1) from Ustilago maydis and isochorismatases (Isc) from the fungus 

Verticillium dahlia were found to reduce the accumulation of the defence hormone SA in plants (He et 

al. 2020). Additionally, effector proteins can inhibit enzymatic activity of targeted defence-related host 

proteins (He et al. 2020). Effectors were shown to be able to alter host proteins in their stability, 

assembling of complexes and localisation to overcome plant defence and establish colonisation (He et 

al. 2020). Puccinia striiformis f. sp. tritici secrets a protein termed PSTG_01766, which targets wheat 

TaPLCP1 involved in high-temperature seedling-plant (HTSP) resistance. Expression of PSTG_01766 

inhibits immunity in tobacco (Nicotiana benthamiana) and wheat (Triticum aestivum). By subsequent 

effector-target analyses, TaPLCP1 was identified as a potential central hub of defence responses. 

Therefore, effector analyses improved our understanding of the molecular mechanism of wheat HTSP 

resistance, which is especially important as a strategy for controlling stripe rust under the prospect of 

global warming (Hu et al. 2022). 

Furthermore, small RNA (sRNA) effectors were revealed to take part in colonisation and infection 

processes by intervention of transcription through the RNA interference (RNAi) pathway. They interact 

with host Argonaute (AGO) proteins and target complementary RNA for degradation using the RNA 

induced-silencing-complex (RISC) (Ellendorff et al. 2009). New studies proposed this pathway not only 

to work from pathogen to host, but host plants were found to transfer small-interfering RNA (siRNA) 

and micro RNA (miRNA) to fungi during interactions (Zanini et al. 2019; Koch et al. 2020).   

Interestingly, independent of the interaction outcome, effectors are essential for interactions between 

plants and microbes. Effectors with function in host colonisation were, for example, identified in the 

mutualistic fungus Laccaric bicolor (MiSSP7) (Plett et al. 2014; Plett et al. 2011), rhizobia (type 3 

secreted effectors) (Miwa and Okazaki 2017), and the symbiont Serendipita indica (PIIN_08944, Dld1) 

(Akum et al. 2015; Nostadt et al. 2020). Pathogens as well as beneficial microbes employ effectors that 

modulate nuclear signalling. While pathogens target nuclear processes to enhance virulence and 

suppress defence, symbiotic rhizobia effectors seem to have nuclear function for the promotion of 

nodule development (Tehrani and Mitra 2023). Analysis of effector functions was previously used to 
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investigate plant defence mechanisms and immunity during the establishment of symbiont or 

pathogen interactions (He et al. 2018; Hogenhout et al. 2009; Mukhtar et al. 2011; Yu et al. 2019). Little 

is known about the possible molecular function of symbiont effectors not related to colonisation and 

immunity. It raises the question, whether beneficial microbes employ effectors to manipulate plants 

to activate beneficial traits.  

1.7 Serendipita indica: a model beneficial microbe with exceptionally large host range 

Serendipita indica (Si, formerly Piriformospora indica) is an endophytic root colonising fungus of the 

order Sebacinales, which was found in association with xerophytes in the Thar Desert in India (Varma 

et al. 1999). It can establish symbioses with monocotyledonous as well as dicotyledonous species and 

colonizes a broad spectrum of hosts, including Arabidopsis. The fungus forms inter- and intracellular 

hyphae in the root cortex, often differentiating into dense hyphal coils and chlamydospores (Pham et 

al. 2008). In Arabidopsis it shows a biotrophic growth phase in roots followed by a cell death-associated 

colonisation phase (Jacobs et al. 2011).  

Following establishment of the interaction, a symbiosis with Si has beneficial effects on the host. For 

instance increased growth, abiotic stress tolerance and disease resistance (Varma et al. 1999; Waller 

et al. 2005). The fungus was shown to employ a high affinity phosphate transporter, which is involved 

in phosphate transfer to the host and possibly part of the symbionts growth promoting effects (Yadav 

et al. 2010). Yet, Si was also found to adjusts host gene expression depending on phosphate restriction 

and not stimulate phosphate uptake (Bakshi et al. 2017). Therefore, not all beneficial effects can be 

explained by increased nutrient acquisition. During interaction with Brachypodium distachyon 

(Pooideae), for example, a large amount of differently expressed genes and interaction-induced sRNAs 

was identified ό~Ŝőƛŏ Ŝǘ ŀƭΦ нлнмύ. Whereas this indicates regulatory processes during the interaction, 

molecular mechanisms of signalling modulating processes used by symbiotic fungi to confer beneficial 

traits are largely unknown.  

Si colonised hosts gain enhanced biotic and abiotic stress resilience, including resistance to microbial 

pathogens, insects and drought (Harman 2011). These effects were previously connected to an 

increase in antioxidants and alteration of gene expression (Baltruschat et al. 2008; Sun et al. 2010). 

Furthermore, Si was shown to protect Arabidopsis from pathogen infection (Sun et al. 2014). It can 

induce local and systemic resistance to fungal and viral pathogens (Gill et al. 2016; Waller et al. 2005). 

As a result, Si symbioses can enhance plant fitness, including increased crop growth and productivity 

under changing environmental conditions (Figure 1.3 adapted from Mosaddeghi et al. 2021).  
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Figure 1.3 Effect of Serendipita indica on plant stress 
Biotic and abiotic stresses on crops and regulatory mechanisms by Si after root colonisation that 
increase plant stress resilience. The figure was adapted from Mosaddeghi et al. 2021. 
 

While their molecular functions are mostly unknown, Si possesses a diverse repertoire of effectors 

(Lahrmann and Zuccaro 2012; Zuccaro et al. 2011). Beneficial effects mediated by the fungus are at 

least partially dependent on its ability to alter phytohormone signalling (Xu et al. 2018). To develop a 

beneficial symbiosis between Arabidopsis and Si, a fine balancing of defence and growth response is 

needed. Plants that are unable to control root colonisation are often over-colonized and as a 

consequence the benefits for the plant are lost (Nongbri et al. 2012). Environmental conditions may 

also influence Si effects on host, as it was shown that high ambient temperatures strengthened growth 

promotion in Arabidopsis (Chen et al. 2022). Therefore, fine-tuned signalling between host and fungi 

are crucial for beneficial interactions. Si effectors, which were shown to have hormone signalling 

modulating function (Akum et al. 2015), might be strongly involved in such processes. 

1.8 Phytohormone modulation is essential during beneficial symbioses 

Plants use multiple hormones with distinct but highly interconnected signalling pathways (Altmann et 

al. 2020). A hormone with prominent function in plant development is, for example, cytokinin (CK). 

CKs regulate many phases of plant growth, including shoot and root meristem formation, development 

of flowers (Ferreira and Kieber 2005), leaf formation, cell division and senescence (Hwang and Sheen 

2001). Thus, they have central functions in cell cycle and plant development (Werner et al. 2001). Auxin 

regulates cell division, elongation and differentiation of cells in the meristems leading to organogenesis 

shaping plant shoot and root architecture (Brumos et al. 2018). This is especially important under 

different environmental conditions. It influences gene expression in plants to adjust plasticity to 
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environmental changes (Gomes and Scortecci 2021). Auxin homeostasis is closely regulated to adjust 

concentration-dependent growth responses and adaptive responses to both biotic and abiotic stresses 

(Blakeslee et al. 2019). Together with ABA, auxin is involved in lateral root formation during drought 

stress (Seo and Park 2009). ABA was originally identified as a regulator of plant stress response. It was 

shown to modulate numerous aspects of phenotypic and developmental response to disadvantageous 

abiotic conditions such as drought, low or high temperature and salinity (Hong et al. 2013). In addition, 

ABA signalling is connected to seed maturation, dormancy and germination (Ali et al. 2022) and affects 

flowering in response to dry climates (Martignago et al. 2020). In crosstalk with other hormones 

especially SA and ethylene (ET), ABA was found to be involved in plant response to pathogens and 

immunity (García-Andrade et al. 2020). SA promotes immunity against biotrophic and semibiotrophic 

pathogens and has crucial function in basal defence, immune response and systemic acquired 

resistance (SAR) (Peng et al. 2021). A central regulator of SA-mediated immune response is 

Nonexpressor of Pathogenesis-related Genes 1 (NPR1), which, activated by SA, induces stress-

responsive genes and controls stress protein homoeostasis (Zhou et al. 2023). JA and SA control 

defence response in an antagonistic regulatory mechanism (Shim et al. 2013). JA is, together with ET, 

involved in induced systemic resistance (ISR) (Grant and Lamb 2006) and exerts direct control over the 

production of chemical defence compounds against pathogens and herbivores (Campos et al. 2014). 

Additionally, studies revealed its function in developmental processes like primary root growth, 

reproductive development, and leaf senescence (Huang et al. 2017). Further, jasmonates (JA and 

derivates) are hubs for environmental cues with important functions in moderating salt, drought and 

freezing stress as well as heavy metal and micronutrient toxicity among others (Ali and Baek 2020). 

Si utilizes JA signalling to bypass or supress plant immunity to colonise its hosts. Jacobs et al. (2011) 

showed, that Si is indeed confronted with a root immune system and does not evade detection but 

supresses PTI. This ability is compromised in jasmonate insensitive 1-1 and jasmonate resistant 1-1 

mutants, indicating a function of JA signalling during colonisation (Jacobs et al. 2011). Its broad host 

spectrum indicates a strong capacity to supress plant innate immunity. Therefore, for host colonisation 

Si interferes with plant hormone synthesis and signalling (Xu et al. 2018). Its ability to modulate a large 

variety of phytohormone signalling pathways has previously been reported (Varma et al. 2012; Gill et 

al. 2016). This is in line with the observed beneficial effects of the symbiont, as hormone signalling is 

crucial for balancing growth and biotic stress response after pathogen infection (Verma et al. 2016).  

Symbiotic fungi and other beneficial microbes developed mechanisms for targeting hormone signalling 

involved in defence in a similar way to pathogens but additionally alter growth related phytohormones 

(Shen et al. 2018). Laccaric bicolor uses the effector MiSSP7 to modulate JA signalling in its host (Plett 

et al. 2014). ET signalling, for example, is involved in balancing host benefits during Si symbiosis 



 

11 
 

(Camehl et al. 2010) and the suppression of host immunity involves ET, JA and gibberellin signalling 

(Daneshkhah et al. 2018; Schäfer et al. 2009a, 2009b). Yet, root colonisation strategies and 

phytohormone alteration by Si seem to be highly host specific (Liu et al. 2019). However, 

phytohormone modulation seems to be a strategy for symbionts to enhance host fitness. This is well 

known for Si symbioses (Xu et al. 2018). Still, until now we do not know how effectors contribute to 

beneficial effects and it is difficult to decipher complex effector functions in highly interconnected 

plant hormone networks (Altmann et al. 2020).  

It is known that modulation of phytohormone metabolism and signalling is an essential part of 

symbioses. Modulation of different phytohormones was shown to be involved in defence suppression 

during initial colonisation stages and to confer of beneficial effects by AMF (Bedini et al. 2018). 

Nonetheless, knowledge is limited on the underlying molecular mechanisms and how symbiotic 

effectors might alter these hormone processes and thus contribute to the activation of beneficial 

effects. The analyses of plant hormone functions in fundamental processes such as plant development 

or stress adaptation is challenged by the vast crosstalk between hormone signalling. The complexity of 

the hormone network makes it difficult to decipher the contribution of individual proteins or specific 

interactions to phenotypic traits (Ku et al. 2018; Yang et al. 2019; Khan et al. 2020). Recently, an 

extensive network-study of protein-protein interactions revealed a highly interconnected network of 

hormone pathway contacts that represent potential crosstalk points (Altmann et al. 2020) 

Even though, effectors have various functions during plant-microbe interaction, not many symbiont 

effectors are comprehensively functionally analysed. Effectors were previously used to identify 

proteins that are part of plant immunity and defence signalling. Analyses of Pseudomonas syringae 

effectors revealed multiple interacting host proteins involved in defence, pathogen recognition and 

innate immune response. Therefore, suppression of immunity was considered as the primary function 

of these secreted proteins, by affecting protein turnover, RNA homeostasis and phosphorylation and 

suppression of hypersensitive cell death (Hogenhout et al. 2009). However, little is known about 

effector functions of beneficial microbes. The analysis of the molecular mechanisms altered by 

symbiont effectors could advance our understanding of plant stress response and signalling pathways 

that improve plant fitness. These insights could be highly valuable for future application of symbionts 

in agriculture or in the generation of crops with advantageous traits, like increased growth under 

environmental stresses. 
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1.9 Aims of the study 

Based on previous studies effectors might alter plant signalling during symbiont interactions not only 

to colonise plants, but to additionally increase host fitness and therefore determine interaction 

outcomes. This study therefore aims at revealing the function and potential beneficial activity of Si 

effectors by focusing on two objectives:  

Objective I: Functionally analysing effectors in plant signalling and stress response pathways. 

1. Effector modulation of five hormone markers and 4 markers responsive to biotic and 

abiotic stresses will be evaluated in protoplasts. 

2. Effector expressing Arabidopsis plants are going to be analysed for their phenotypical 

response to hormone and abiotic stress treatment and infection with three pathogens. 

Objective II: Identifying effector targets and their role in protein-protein signalling networks. 

1. Analyses of host targets based on the interacting effectors. 

2. Uncovering of new members and connections of complex plant signalling networks. 

3. Disclose the potential of effector-based analysis for the investigation of plant networks. 

Based on these objectives, the study aimed at uncovering the molecular nature of symbiont-mediated 

benefits involved in plant fitness and how Si effectors can inform plant protein networks. 
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CHAPTER 2 ς Symbiont effector-guided mapping of proteins in plat networks to improve 

climate stress resilience 

Chapter 2 Introduction 

¢Ƙƛǎ ŎƘŀǇǘŜǊ Ŏƻƴǘŀƛƴǎ ǘƘŜ ǇǳōƭƛŎŀǘƛƻƴ άSymbiont effector-guided mapping of proteins in plant networks 

to improve crop climate stress resilienceέ ǿƛǘƘ ǘƘŜ ǎǳōǘƛǘƭŜ άSymbiont effectors inform highly 

interconnected plant protein networks and provide an untapped resource for crop climate resilience 

strategiesέΦ ¢ƘŜ ǇŀǇŜǊ ǿŀǎ ŀŎŎŜǇǘŜŘ ōȅ ǘƘŜ ƧƻǳǊƴŀƭ BioEssays on 23rd of January 2024 and published 

online on 22nd February 2024 with the DOI: 10.1002/bies.202300172. 

This chapter elucidates the current knowledge of symbiont effector functions with a focus on their 

beneficial effects and potential for future crop breeding strategies. 
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