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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. 
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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 



 

7 
 

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 (Šečić et al. 2021). 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 
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(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. 

 

 

 



 

12 
 

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 – Symbiont effector-guided mapping of proteins in plat networks to improve 

climate stress resilience 

Chapter 2 Introduction 

This chapter contains the publication “Symbiont effector-guided mapping of proteins in plant networks 

to improve crop climate stress resilience” with the subtitle “Symbiont effectors inform highly 

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

strategies”. The paper was accepted by the journal 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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Chapter 2 Discussion 

This chapter provides a profound review of current knowledge about microbial effector proteins, 

focusing on their function in signalling pathways and involvement in beneficial effects conferred by 

symbionts. It further elucidates their potential in uncovering complex plant networks by interaction 

and functional analyses. The paper discusses novel, promising methods based on symbiont effector 

analyses, which could improve agriculture practices and crop breeding under changing environments. 
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CHAPTER 3 – Symbiont-host interactome mapping reveals effector-targeted modulation of 

hormone networks and activation of growth promotion 

Chapter 3 Introduction 

Chapter 3 of this thesis was published in the journal Nature Communications with the title " Symbiont-

host interactome mapping reveals effector-targeted modulation of hormone networks and activation 

of growth promotion”. The paper was accepted on 27th June 2023 and published online on 10th July 

2023 with the DOI: 10.1038/s41467-023-39885-5. 

While microbe effector proteins are known to be involved in host signalling modulation for immunity 

suppression and colonisation (Hogenhout et al. 2009; Lo Presti et al. 2015), little is known about 

symbiont effectors and their potential role in regulating host benefits. This chapter aims to analyse 

S. indica effector functions and interactomes especially in the context of plant hormone networks to 

elucidate previously unknown mechanisms of symbiont-mediated host fitness. Additionally, effector-

informed target analyses will be explored as tool for uncovering complex plant signalling networks. 
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Chapter 3 Discussion 

This publication provides unique insight into host-signalling reprogramming by symbionts using 

effector proteins. Novel symbiont effector candidates were detected, and host protein interactions 

were investigated by yeast-two-hybrid analyses. Comparative interactomes between five different 

pathogens and the symbiont revealed plant protein targets specific for the S. indica symbiosis. The S. 

indica effector-hormone interactome further showed frequent hormone pathway targeting.  

Functional effector analyses in protoplasts and in whole plants discovered remarkable data on their 

involvement in altering host hormone signalling as well as in conferring plant growth promotion. 

Moreover, effector-informed functional host protein analyses were able to assign previously unknown 

hormone signalling roles to effector targets. The paper appointed functions to symbiont effectors in 

increasing host fitness and demonstrated effector analyses as a useful tool for assigning plant protein 

functions and identifying connection points in complex plant signalling networks. 

The publication provides extensive information on symbiont effectors, which on one hand suggests 

effectors as part of the molecular processes of symbiont conferred host benefits. On the other hand, 

it shows, that symbiont effector analyses might be used in the future to inform plant networks, as well 

as crop breeding for more stress resilient plants with improved yield. 
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CHAPTER 4 – Symbiont effectors modulate plant signalling and increase stress resilience 

Chapter 4 introduction 

We previously identified symbiont effector interactomes and their highly specific function in hormone 

signalling networks. Additionally, we revealed that hormone modulating effectors were able to 

increase plant root and hypocotyl growth. Therefore, previously unknown functions of S. indica 

effector proteins in regulating host benefits during plant-microbe interaction were uncovered. 

This chapter aims to further investigate the role of symbiont effectors in increasing host fitness. 

Effector function in biotic and abiotic stress signalling in protoplasts and their interactome with stress-

related plant proteins will be analysed. Whole plant assays of effector-expressing Arabidopsis plants 

were utilized to uncover effector effects on plant stress resilience. As a result, this chapter will provide 

first insights into putative molecular mechanisms, protein-protein interactions and signalling pathways 

contributing to increased host fitness activated by symbionts. 
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Abstract 

Symbionts confer beneficial effects to their hosts, which often includes increased growth and biotic 

and abiotic stress resilience. How these benefits are activated on a molecular level is mostly unknown. 

We here present effector candidates of the fungal symbiont Serendipita indica (Si), which modulate 

plant stress signalling pathways. By mapping the Si effector interactome, we reveal frequent targeting 

of stress related host proteins, which are linked to the identified effector signalling functions. 

Functional and interaction data suggest molecular mechanisms mediating increased stress tolerance 

in the Si-Arabidopsis symbiosis. Moreover, Si effectors increase abiotic stress tolerance of Arabidopsis, 

as well as resistance to pathogen infection. Analysis of symbiont effectors might not only uncover 

signalling pathways that increase plant fitness but can identify genetic traits for crop improvement 

under changing climates. 
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Introduction  

As sessile organisms, plants cannot escape environmental fluctuations and need to adapt to stress 

events. Theses stresses can be abiotic, for example drought, cold, heat, high light, salts and other 

harmful soil components (Zhang et al. 2022), or biotic stresses caused by pathogens and pests, which 

often occur in combination in nature (Suzuki et al. 2014). Together with soil properties, these 

environmental conditions restrain the use of land for crop production and negatively affect crop 

productivity (Zhang et al. 2022). During stress conditions extensive hormone signalling is required for 

plant response, adaptation and defence (Verma et al. 2016; Hou and Tsuda 2022; Ku et al. 2018). 

Strongly interconnected hormone signalling pathways regulate all aspects of plant life under changing 

environments (Hou and Tsuda 2022; Emenecker and Strader 2020; Khan et al. 2020; Vega et al. 2019).  

Increasing crop stress resistance is interconnected with essential plant processes and particularly to 

growth-related pathways. Therefore increased stress resistance often leads to growth reduction 

(Zhang et al. 2022; Zhang et al. 2020). Hormones like abscisic acid (ABA) and auxin which are known to 

be involved in stress response and development are important factors in this regulation. Auxin was 

frequently shown to act downstream of ABA to regulate growth processes (Emenecker and Strader 

2020). Another process during stress response is reactive oxygen species (ROS) production including 

superoxide anions, H2O2, hydroxyl radicals and singlet oxygen, which is also associated with ABA 

signalling. However, under osmotic stress ROS accumulation can take place independent of ABA 

accumulation (Zhang et al. 2022). During abiotic stress plant response and development are controlled 

by extensive network crosstalk between ROS and hormone signalling pathways. These processes 

modulate transcriptomic, metabolic and proteomic networks to ensure plant survival (Devireddy et al. 

2021). ROS production occurs in response to both biotic and abiotic stress and is sensed by 

neighbouring cells to activate defence pathways and fast spreading of the signalling in the whole plant. 

Rapid signal transduction through the whole plant for adaptation to stresses and defence involves Ca2+ 

and ROS signalling but also hydraulic and electric waves (Fichman and Mittler 2020). ROS and salicylic 

acid (SA) signalling regulate each other during biotic stress to fine tune effective pathogen arrest and 

immune responses (Lukan and Coll 2022). However, pathogens can use production of hormones, 

manipulation of hormone signalling pathways and other regulatory mechanisms to affect host 

responses. For instance, after recognition of the pathogen Pseudomonas syringae, SA- and ABA-

mediated pathways trigger stomata closure to prevent entry of the bacteria. Virulent Pseudomonas 

syringae transfers the metabolic effector and phytotoxin coronatine (COR) into the host. COR mimics 

the active form of jasmonic acid (JA) to stimulate stomata re-opening and JA biosynthesis (Ku et al. 

2018). Hyaloperonospora arabidopsidis uses its effector HaRxL44 to interact with the transcriptional 

Mediator subunit MED19a, which positively regulates immunity, to degrade the host protein in a 
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proteasome-dependent manner. P. sojae represses ethylene (ET) biosynthesis with effector PsAvh238 

(He et al. 2020). Yet, hormone modulation during host colonisation is not a unique trait of pathogenic 

interactions. Arbuscular mycorrhizal fungi (AMF), for example, reportedly alter JA-, SA- and ABA-

signalling in hosts for colonisation and maintenance of mutualistic associations. Moreover, Nod factors 

of rhizobia, that suppress host immunity and induce nodule formation, modulate SA-, CK- and auxin-

signalling (Nishad et al. 2020). However, while microbes modify various hormonal pathways for 

infection and colonisation, beneficial microbes are thought to additionally alter hormone signalling to 

confer host benefits.  

Several beneficial microbes were shown to influence plant hormones for example to increase tolerance 

to cold or freezing stress (Acuña-Rodríguez et al. 2020). Various processes are manipulated by AMF to 

protect plants against abiotic stresses including improved phytohormone profile, photosynthesis rate, 

uptake and accumulation of mineral nutrients and osmoprotectants. Additionally, AMF can up-

regulate antioxidant enzyme activity, which can be induced during different stresses (Begum et al. 

2019). AMF and rhizobacteria mediated modification of root morphology, plasticity and increase in 

plant yield is connected to plant CK signalling (Cosme and Wurst 2013). Endophytic fungi increase plant 

salt stress resistance by inducing systemic resistance, levels of metabolites, antioxidants and 

modulation of phytohormones. They enhance transcription of the high Affinity Potassium Transporter 

1 (HKT1) and the inward-rectifying K+ channels KAT1 and KAT2, that regulate Na+ and K+ homeostasis 

(Gupta et al. 2021). Additionally, AMF improve plant growth and yield during these stress conditions. 

By hormone modulation, for instance ABA or stimulation of osmolytes, AMF alter water regulation in 

plants during drought. Other beneficial effects of AMF include increased resistance to extreme 

temperatures and toxic metals (Latef et al. 2016).  

The symbiont Serendipita indica (Si) affects stress responses signalling pathways like Ca2+ and ROS 

production in hosts (Baltruschat et al. 2008; Vadassery and Oelmüller 2009). It increases tolerance to 

both biotic and abiotic stresses, while at the same time stimulating growth to reduce the tolerance-

growth trade-off observed in plant stress response (Qiang et al. 2012). The symbiont influences plant 

ROS levels and modulates hormone pathways to affect both plant stress tolerance and development 

(Xu et al. 2018; Nath et al. 2016). The molecular nature of these processes is not entirely clear. 

Microbial effectors, especially Si effectors (SIECs) strongly affect hormone signalling by targeting 

hormone network members in a specific manner (Akum et al. 2015; Osborne et al. 2023; Shen et al. 

2018). Si effector hormone data and phenotyping of SIEC expressing plants revealed beneficial growth 

effects of hormone modulating SIECs (Osborne et al. 2023), thus uncovering the function of effectors 

in increased plant growth. Since Si is known to improve diverse plant stress responses, the following 

analyses focus on biotic and abiotic stress response function of SIECs.  
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More specifically we aim to identify effector proteins of Si, which are involved in increased plant stress 

resilience. Protoplast analyses indicated molecular functions of SIECs in stress signalling pathways and 

the SIEC interactome revealed frequent targeting of stress regulating host proteins. Moreover, 

Arabidopsis plants expressing selected effectors had an improved abiotic stress tolerance. Pathogen 

assays showed increased resistance conferred by symbiont effectors. This study uncovered host 

proteins and signalling networks altered by SIECs to increased environmental stress resilience and 

fitness in plants. 

Results 

SIECs modulate stress and hormone signalling in protoplasts 

SIEC functional analysis in protoplasts identified SIEC that affected the expression of four different 

stress markers for heat stress or immunity (Figure 1A, B, Supplementary Table 1). Two stress markers 

responsive to heat treatment (pDREB2a::LUC and pHSP81.1::LUC) and two PTI markers (pFRK1::LUC 

and pPHI1::LUC) were used to investigate SIEC function in biotic and abiotic stress responses. 82 out 

of 106 (77%) tested SIECs in all four pathways showed an effect in at least one. More SIECs induced 

expression of the heat signalling markers, while for the PTI markers suppressions were observed more 

often (Figure 1B). SIECs often had function on individual markers, with 69 of 82 (84%) SIECs altering 

only one or two markers (Figure 1C). This specificity can also be observed regarding the two different 

treatments. 38 SIECs exclusively modulated heat signalling and 16 affected PTI marker expression, 

indicating overall 66% (54 of 82 SIECs) were distinctive for either biotic or abiotic stress signalling 

pathway modulation (Figure 1D). Effector functions were validated and 40% and 60% of SIECs were 

confirmed to alter one heat and one PTI marker, respectively (Figure 1E, Supplementary Table 2). The 

results reveal a function of symbiont effector proteins in plant stress response and suggest a role in 

conferring improved biotic and abiotic stress resilience. However, SIECs affecting PTI might additionally 

have a role in immunity suppression for colonisation, as Si needs to overcome immune response in the 

course of host colonisation (Jacobs et al. 2011). 
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Figure 1. SIECs modulate stress and hormone signalling pathways. 
SIEC function on abiotic stress and immunity marker expression in protoplasts. A Overview of initial 
stress marker screen in protoplasts. B Number of SIECs inducing or repressing heat stress (DREB2a and 
HSP81.1) or PTI marker (PHI1 and FRK1) expression calculated from multiplied ratios of mock and 
treatment conditions. C Number of SIECs modulating one or multiple marker pathways indicating 
marker-specific SIEC functions. D Number of SIEC modulating a specific or both stress signalling 
pathways indicating pathway-specific SIEC functions. E Confirmation of SIEC function in modulating 
pDREB2a::LUC and pPHI1::LUC markers, respectively. F Summary of SIECs with overlapping stress and 
hormone signalling functions. G Number of SIECs with overlapping hormone and stress functions. Top 
bar chart shows number of SIECs modulating stress markers. Bar charts on the left and right indicate 
the number of SIEC additionally altering individual or multiple hormone markers. Number of SIECs 
affecting different combinations of hormone markers and the individual stress pathways is listed 
between the different bar charts. AUX – auxin, CK – cytokinin, ABA – abscisic acid, JA – jasmonic acid, 
SA – salicylic acid. 
 
To elucidate molecular mechanisms, Si might use for conferring beneficial effects, SIECs were analysed 

for an overlapping function in hormone as well as stress signalling pathway modulation (Figure 1F, G). 

Of 82 SIECs with stress marker modulating function, 66 SIECs (80%) also had hormone signalling effects 

(Figure 1F, G). Most of them only affected one hormone pathway in addition to modulating stress 

signalling. This is not surprising, since SIEC functions in hormone signalling pathways were previously 

shown to be very specific (Osborne et al. 2023).  

When analysing stress and hormone function of SIECs in depth, the affected signalling pathways 

appear interconnected. Interestingly, SIECs that affected PTI markers (PHI1 and FRK1) mostly 

modulated JA signalling (Supplementary Figure 1A). However, this connection is not always specific. 
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Often multiple hormones are altered by a similar number of SIECs, for example by SIECs that affected 

expression of the DREB2a marker (Supplementary Figure 1A). SIECs specifically modulating immunity 

markers similarly affected all hormone markers (Supplementary Figure 1B). SIECs only altering heat 

response, also changed SA, JA and auxin and to lesser extent ABA and CK regulation (Supplementary 

Figure 1B). 

The analyses did not show a clear correlation between specific hormone and stress signalling functions 

of SIECs, but rather suggest broader interdependencies with hormone signalling pathways. This might 

reflect the involvement of all hormones in very diverse aspects of plant stress response (Fahad et al. 

2015; Khan et al. 2020; Ku et al. 2018). Therefore, it is also unclear how these symbiont effectors 

modulate signalling pathways and change phenotypic traits. Interactome analyses might uncover some 

of the processes SIECs affect in host plants.  

Symbiont effectors interact with stress responsive plant proteins 

We previously employed yeast-two hybrid analyses to identify SIEC targeted proteins in Arabidopsis 

and map the effector interactome. It revealed an over-representation of targeted plant proteins 

involved in hormone signalling (Osborne et al. 2023). Since hormones are known stress regulators, we 

mapped the GO terms for every SIEC target where ‘stress’ appeared as a character string and combined 

this with functional data identified in the pSTRESS marker screen (Figure 1 B). 20 of the 33 SIECs 

targeted stress response related proteins. 55 of the 156 (35%) effector targets were involved in plant 

stresses (Figure 2 A, B). These SIEC targets have GO-terms associated with biotic stress, mostly 

regulation of defence response or abiotic stress. For the abiotic stress targets salt stress response was 

found most frequently. 15 SIECs interacted with 16 host proteins that had functions in plant defence 

responses including GO-terms for regulation of defence response, defence response to other organism 

and innate immunity response. 8 SIECs interacted with 13 Arabidopsis proteins involved in abiotic 

stress response such as salt, heat and osmotic stress and response to water deprivation (Figure 2A, B). 

Additionally, the 25 targets of 12 SIECs had assigned GO-terms for other stresses (Figure 2A, B, C). All 

SIECs, which target these proteins (except for SIEC73) modulated stress (Figure 2A) or hormone (Figure 

2B) markers in protoplasts. Therefore, SIEC activities might be mediated by their interactions with the 

identified host proteins.  

Interestingly, we observed an overlap between SIEC stress response in protoplasts and assigned target 

GO-terms. For example, SIEC145 modulated the heat stress marker pHSP81.1::LUC 

(Supplementary Table 1) and interacted with multiple host proteins involved in heat and water 

deprivation responses. SIEC15 and SIEC17 interact with proteins connected to defence responses. 

SIEC17 showed immunity marker regulation (Supplementary Table 1), and both altered markers for 
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the biotic defence related hormones SA and JA in protoplasts. Similar observations were made for 

other SIEC-target combinations (Figure 2A, B). 

 
Figure 2. Interactome of SIECs and targeted Arabidopsis proteins with stress response functions. 
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Figure 2. Interactome of SIECs and targeted Arabidopsis proteins with stress response functions. 
A Interactome between stress marker modulating SIECs and stress responsive host proteins. 
B Interactome showing hormone marker function of SIECs targeting stress response host proteins. GO 
terms of targeted host protein are indicated below the networks. C Stress-related GO-terms occurring 
in the SIEC interactome. D Subnetwork of SIECs used in abiotic stress phenotyping; (i) SIEC with 
multiple stress targets, (ii) SIEC with one stress related target, (iii) SIEC without known stress related 
targets 
 

Taken together, the network analysis revealed symbiont effectors interacting with stress related host 

proteins. The connections between SIEC functions identified in protoplasts (Figure 1B) (Osborne et al. 

2023) and known target functions provide first insights in molecular mechanisms of symbiont-

conferred stress resilience. To further analyse SIEC functions in plant stress tolerance, 6 SIECs with 

diverse stress and hormone-modulating functions in the protoplast assays and representing 3 

interaction categories were chosen for abiotic stress phenotyping assays (Figure 2D). 

SIECs increase Arabidopsis abiotic stress tolerance 

To analyse abiotic stresses effects in seedlings, mannitol and NaCl concentrations, at which root trait 

changes in response to the stress application could be observed, was determined. NaCl in plant growth 

media induces mild salt stress response in Arabidopsis seedling causing reduction of root growth by 

restraining metabolic processes (Hongqiao et al. 2021). Mannitol stimulates osmotic stress similar to 

drought in plants by decreasing the osmotic potential of the media therefore decreasing plant growth 

(Lipavsk and Vreugdenhil 1996). The two treatments were used to analyse whether SIEC expression 

influenced root responses and could increase plant tolerance to abiotic stresses. 

Sensitivity assays using a range of mannitol and NaCl concentration revealed 50 mM mannitol and 

100 mM NaCl to reduce root length by 50% (Supplementary Figure 2A, B, Supplementary Table 3). 

However, 50 mM of NaCl were sufficient to significantly reduce root growth, while lower amounts of 

NaCl increased root growth (Supplementary Figure 2B), which is consistent with previous reports 

(Hongqiao et al. 2021). Expression of SIECs in respective plants was verified by qRT-PCR using SIEC-

specific primers. All 35S::SIEC seedlings used in the abiotic stress phenotyping assays expressed the 

expected SIEC. The GFP control used in each qRT-PCR displayed no unspecific amplification 

(Supplementary Figure 3, Supplementary Table 4) confirming primer specificity to identify SIEC 

expression. 

Plants with confirmed SIEC expression were used to analyse root length under salt stress and mannitol 

treatment. The decrease in primary root length between mock and stress treatment was calculated 

for each line and compared relative to the root reduction of GFP expressing seedlings. Additionally, 

lateral root density was employed as an indicator for plant drought stress tolerance (Zhan et al. 2015). 
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During mannitol stress plants increased lateral root development, therefore the lateral root density 

increased while their distance decreases. Hence, lateral root number and distance was assessed with 

and without treatment. All abiotic stress effects are shown in percent relative to the response of the 

control plants, where positive values point to an increase and negative values a decrease of the 

analysed root trait. 

 
Figure 3. Drought and salt stress phenotyping of SIEC expressing seedlings. 
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Figure 3. Drought and salt stress phenotyping of SIEC expressing seedlings. 
Primary root length was measured in 14-day old seedlings treated with mannitol, NaCl or mock. Root 
responses are shown relative to GFP expressing plants (%). A Effect of SIEC expression on root length. 
B Effect of SIEC expression on lateral root number. C Effect of SIEC expression on lateral root distance. 
D Representative pictures of plant growth on different stress treatment media. E Effect of mannitol 
and F NaCl on root length of SIEC overexpressing seedlings relative to the GFP control plants (%). G The 
number of lateral roots was counted in mannitol and mock-treated plants. H Lateral root distances 
were calculated by dividing lateral root numbers by root length. Both graphs show relative root trait 
changes in response to mannitol treatment compared to GFP control plants (%). Positive values 
indicate increases of root traits as compared to GFP plants. GFP expressing controls are shown in blue; 
significant effects are indicated in yellow. (*) p < 0.05; (**) p < 0.01; (***) p < 0.001; statistical 
significance was calculated using a two-tailed, unpaired t-test of at least three replicates. Sample size 
(n) is indicated above each box. 
 
All SIEC expressing plants developed longer roots than the GFP expressing control (Figure 3A). All 

(except SIEC91-expressing lines) had more lateral roots than GFP control plants as well (Figure 3B), but 

the distance between lateral roots was only reduced in SIEC04 and SIEC58-expressing seedlings 

(Figure 3C, Supplementary Table 5). 

Remarkably, an abundance of SIECs improving root stress responses were identified. Six SIECs were 

analysed for stress modulation. All significantly altered root trait response to abiotic stresses compared 

to the control, therefore the SIECs modulated plant phenotypic stress reaction. These findings were 

consistent with their activities found in protoplast assays (Supplementary Table 1) and in line with the 

reported stress response function of their interacting targets in Arabidopsis (Figure 2D). For both 

mannitol and salt treatment all (but SIEC04) SIECs increased the tolerance of primary root growth to 

the stresses as compared to GFP control plants (Figure 3E, F). When examining lateral roots all, except 

for SIEC91, showed a reduced number and increased distance between lateral roots after mannitol 

treatment (Figure 3G, H, Supplementary Table 6). Longer roots and reduced lateral root formation of 

SIEC expressing plants in response to abiotic stress, implies that these seedlings were less affected by 

the treatments.  

Taken together, the analyses revealed a growth promoting effect of SIECs (Figure 3A) that displayed 

stress response functions in protoplasts or interaction with stress related host proteins (Figure 2D). 

Effector expression might accelerate root development, as indicated by enhanced lateral root 

development in 14-day old seedlings (Figure 3B). This could not be observed for SIEC91, which seems 

to affect root length but not lateral root development (Figure 3A, B). Because of this possible 

developmental promotion by SIECs, lateral root distance was used to identify specific effects on lateral 

roots. Only SIEC58- and SIEC48-expressing plants had a reduced distance/increased density of lateral 

roots (Figure 3C), uncovering additionally amplified lateral root development independent of the 

advanced root growth.  
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Analyses of SIEC signalling function in protoplasts and network analysis of interacting host proteins 

pointed to effector candidates that increased plant stress resilience. The results partly revealed the 

molecular nature of increased stress resistance during host-microbe interaction by symbiont effector 

signalling and host protein modulation. Following these abiotic stress response assays, another 

phenotyping experiment was conducted to reveal SIEC function in plant immunity and pathogen 

defence. 

Symbiont effectors modulate plant pathogen resistance 

Protoplast assays identified SIECs modulating PTI markers (Figure 1B, Supplementary Table 1). In 

addition, SIECs altered hormone signalling pathways involved in biotic stress response for example SA 

and JA signalling (Figure 1G) (Osborne et al. 2023). 16 SIECs exclusively modulated flg22 responsive 

markers, while 28 were involved in both immunity and heat stress signalling (Figure 1D). Furthermore, 

SIECs interacted with host proteins with known functions in immunity and plant defence response 

(Figure 2A, B). To explore SIEC functions in plant pathogen defence all available SIEC expressing 

Arabidopsis plants were used. Pathogen assays involved three pathogens, Phytophthora parasitica, 

Botrytis cinerea and Rhizoctonia solani to investigate pathogen root and leaf colonisation effects in 

SIEC expressing plants. 

 
Figure 4. Pathogen infection response of SIEC expressing plants. 
SIEC expressing plants were analysed after infection with pathogens. Only significant results are shown 
in this figure relative to Col-0 infection for A Phytophthora parasitica root infection ratios, B Botrytis 
cinerea leaf lesion fraction, and C Rhizoctonia solani seedling survival after root infection. The Col-0 
control is indicated in blue; significant effects are indicated in yellow. (*) p < 0.05; (**) p < 0.01; 
(***) p < 0.001; statistical significance was evaluated by two-tailed, unpaired t-test of al least two 
biological replicates. Sample size (n) is indicated above each box. 
 

Phenotyping revealed SIEC effects, which both increased and reduced infection after pathogen 

colonisation of different SIEC-expressing plants. Most SIECs (10) affected Phytophthora parasitica 

infection, of which five were reducing root infection and five caused an increase in pathogen 
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colonisation of roots (Figure 4A, Supplementary Table 7). Three and two SIECs were affecting Botrytis 

cinerea and Rhizoctonia solani infection respectively. In both pathogen assays one SIEC stimulated 

stronger disease symptoms, while B. cinerea leaf lesions were reduced by SIEC08 and SIEC19 and 

SIEC82 increased seedling survival following R. solani infection (Figure 4B, C, Supplementary Table 

8, 9). 

Most SIECs affected root colonisation by P. parasitica, which might reflect an overlap in infection 

strategies and that both microbes target root tissue (Jacobs et al. 2011; Meng et al. 2014). Effects on 

root colonisation were only analysed for this pathogen. SIEC function in plant immunity against leaf 

colonisation by Botrytis could hint to a function of SIECs in induced systemic resistance (ISR), also 

known to be activated by Si (Stein et al. 2008). During the ISR process signalling for increased defence 

response and resistance is initiated from the root to other plant organelles (Choudhary et al. 2007). 

Significant effects for R. solani infection were probably less often observed, because the sample size 

was the smallest. Interestingly, SIECs had very specific functions. Each identified SIEC with significant 

influence on pathogen infection only affected one pathogen, independent of its effect on the infection 

outcome. The experiment identified 8 SIECs, which increased pathogen tolerance, and 7 that increased 

pathogen infection (Figure 4A-C). Hence, SIECs might be used by the symbiont to suppress immunity 

and colonise hosts as proposed before (Akum et al. 2015; Nostadt et al. 2020) as well as to induce 

resistance against pathogens.  

Discussion 

Serendipita indica effectors increase plant abiotic stress tolerance to drought and salt stress 

Climate change increases abiotic stresses like drought and threatens crop production and the 

availability of food (Abobatta 2020). During drought various plant processes are affected including 

hormone signalling, photosynthesis, gene transcription and protein synthesis. Under drought 

conditions plants need to balance water content and photosynthesis. Therefore, photosynthesis 

together with gas exchange is decreased. As a result, metabolic processes are reduced which limits 

crop growth and productivity (Abobatta 2020). Salinity is often observed in arable areas due to 

improper management of irrigation and drainage. In costal regions rain, cyclones and wind can add 

NaCl, which often leads to soil sodicity and alkalinity as major limiting factors in agriculture 

(Chinnusamy et al. 2006). Salinity induces ion toxicity, osmotic stress, nutrient deficiency and oxidative 

stress while also causing unfavourable conditions for beneficial microbes. Hight salt contents in soil 

inflict osmotic stress and limit water uptake (Chinnusamy et al. 2006). During salinity, similarly to 

drought, various plant processes are affected that decrease crop production. Mechanisms during salt 

stress affect ion homeostasis, antioxidant regulation, and polyamine production (Abobatta 2020). 
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Under stress conditions plants can adapt their morphology to ensure survival. During drought the root 

architecture is altered for example by increased growth to absorb water available in deeper soil. Plants 

can adjust their osmotic potential by accumulation of organic and inorganic substances such as sugars, 

amino acids and ions and activate antioxidant systems since oxidative stress is common during drought 

(Fang and Xiong 2015). Stress response regulating hormones include ABA, auxin, brassinosteroids, CKs, 

ET, gibberellins, JA, SA, and strigolactones. For effective response to stresses extensive crosstalk 

between hormone and ROS signalling are necessary (Devireddy et al. 2021). Si massively modulates 

hormone signalling of its hosts  (Xu et al. 2018), at the same time, Si is known to increase host stress 

resistance by diverse mechanisms (Abdelaziz et al. 2017; Baltruschat et al. 2008). Si induces freezing-

stress related genes for proteins involved in lipid and ion transport, metabolism and hormone 

signalling (Jiang et al. 2021). Similarly, Si upregulates expression of drought related genes to moderate 

stress effects like reduced photosynthetic efficiency and degradation of chlorophyll (Sun et al. 2010). 

These beneficial stress effects of Si that increase host abiotic stress tolerance are frequently connected 

to modulations of hormone signalling pathways (Xu et al. 2018). However, it was previously not known 

whether symbiont effector proteins are involved in these processes. 

The hormone and stress marker protoplast analyses (Figure 1) suggest that Si effectors recruit 

hormone signalling to modulate plant stress response. In addition, SIECs might modulate multiple 

signalling pathways or act at contact points of multiple networks. Therefore, analysing SIECs could 

reveal previously unknown crosstalk points between stress and hormone signalling networks. 

Phenotyping revealed SIECs with functions in abiotic stress response (Figure 3E-H) and in root 

morphology and development of plants (Figure 3A-C).  

In the abiotic stress phenotyping assays SIECs were chosen based protoplast and interaction data. All 

SIECs in the abiotic phenotyping assays had hormone and/or stress function in protoplast assays, often 

in one or both heat stress markers. All tested 35S::SIEC plants expressed SIECs (except for SIEC91) had 

ABA function in protoplasts (Figure 2D). SIECs chosen based on their target interaction were SIEC69 

and SIEC58. SIEC69 interacted with multiple stress related proteins (Figure 2D, i) and modulated ABA, 

auxin and JA signalling markers in protoplasts (Osborne et al. 2023). SIEC58 had ABA and SA function 

(Osborne et al. 2023) and interacted with CHLADR (AT1G54870) (Figure 2D, ii), which is involved in 

detoxification and stress response (Sunkar and Zhu 2004). Both SIECs, that were chosen because of 

their targets, did not have stress marker function in protoplasts. The other four tested SIECs altered 

heat stress response in protoplasts for at least one (SIEC04) or both heat stress markers (SIEC40, 

SIEC91, SIEC93) (Figure 2D, iii, Supplementary Table 1). The data suggests a possible specificity of SIECs 

to different phenotypical and morphological responses of the root to stress. SIEC04, for instance, only 

affected lateral root response to mannitol, while no primary root growth effect was observed under 
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any of the applied stresses (Figure 3E-H). Consequently, symbiont effectors might modulate host 

plasticity to distinct stresses or only affect specific response of plant tissues or roots zones. These 

exclusive functions could depend on SIEC interaction partners and where in the stress signalling 

pathways the effectors regulate plant responses.  

The two heat stress responsive markers in protoplast assays were based on DRBE2a and HSP81.1. 

While it is responsive to heat treatment, the transcription factor DREB2a interacts with elements 

involved in cold and drought stress-responsive gene expression. Overexpression of DREB2a induced 

drought stress tolerance in Arabidopsis. It regulates expression of water and cold stress-responsive 

genes (Sakuma et al. 2006). SIECs regulating this heat responsive signalling pathway in protoplasts 

might therefore additionally be involved in cold stress responses. HSP81.1 is heat inducible but also 

responsive to auxin treatment (Yabe et al. 1994). However since heat and drought or salt stress are 

often occurring together in nature, there might be connected signalling pathways or response 

mechanisms (Pandey et al. 2017). As a result, SIECs modulating HSP81.1 signalling in protoplasts were 

also revealed to affect other abiotic stress tolerances of Arabidopsis (Figure 3E-H). Another important 

signalling factor is ABA. This hormone is a major regulatory component in abiotic stress responses by 

integrating extrinsic signals and redirecting plant development to cope and survive environmental 

stresses. ABA signalling is involved in response to drought, low or high temperature and salinity (Hong 

et al. 2013). For this function it crosstalks with other phytohormones. JA and ABA, for example, are 

mediating plant salt response (Kang et al. 2005), while root growth is regulated together with ET (Luo 

et al. 2014) and plant development depends on ABA-auxin interactions (Emenecker and Strader 2020). 

Especially under osmotic stresses like drought or high salinity conditions ABA is an important factor for 

adaptation (Yoshida et al. 2014). Interestingly, most of the SIECs that increased abiotic stress tolerance 

(Figure 3E-H) modulated ABA signalling (Osborne et al. 2023). Thus, protoplast assays were efficient in 

indicating SIEC roles in plant hormone and stress signalling. Moreover, the interactome analyses 

provided information on effector candidates and their targets in abiotic stress tolerance. 

Consequently, the analyses might reveal targets for breeding stress tolerant crops in the future.  

Symbiont effectors increase host pathogen resistance 

It is known that symbionts, like pathogens, need to suppress immunity to successfully colonise host 

plants (Jacobs et al. 2011), for which they rely on effector proteins (Lo Presti et al. 2015). Few symbiont 

effector proteins are comprehensively analysed, and these studies often focus on plant immunity and 

colonisation. The AMF Rhizophagus irregularis, for example, modulates ET signalling, utilizing the 

effector-like protein SP7 to interact with the host protein ERF19. Since ET signalling is involved in 

defence, this interaction might suppress defence for colonisation (Plett and Martin 2015). Si effector 

candidates were discovered to modulate host immunity or are potentially involved in colonisation 
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strategies. PIIN_29 is an effector-like small-secreted protein with sequence homology to E3 ligases that 

is induced during host interactions. It was suggested that this protein increases host colonisation by 

suppressing plant defence and ROS generation (Plett and Martin 2015; Zhang 2014). PIIN_08944 

interfered with SA immunity pathways and suppressed PTI marker, SA-related defence gene 

expression and ROS burst in hosts (Akum et al. 2015). The Si effector Dld1 potentially enhances 

micronutrient accessibility for the microbe and interferes with ROS homeostasis to aid colonisation 

(Nostadt et al. 2020). These studies clearly revealed immunosuppressive functions of symbiont 

effector proteins. Consistent with this, we confirmed possible defence suppressing activities of some 

effector candidates, as they enhanced susceptibility to pathogens. However, phenotyping of SIEC 

expressing plants additionally revealed SIECs that increased pathogen resistance. SIECs could reduce 

root and leaf infection of Arabidopsis by Phytophthora parasitica and Botrytis cinerea respectively and 

one SIEC increased seedling survival after Rhizoctonia solani infection (Figure 4). 

Phytophthora spp. are oomycetes that can cause great damages in agriculture and natural ecosystems. 

Phytophthora parasitica is a soilborne pathogen with a broad host range. It serves as a model organism 

of oomycete pathogens and is used to investigate pathology and disease-control strategies (Meng et 

al. 2014). Gray mold diseases in more than 200 host plants are caused by Botrytis cinerea. It is a 

necrotrophic ascomycete that kills host cells with toxins and ROS to subsequently feed on plant tissues. 

While B. cinerea shares virulence factors with other phytopathogens, it also displays strain-specific 

virulence factors and possible host adaptation (Choquer et al. 2007). Another soil borne pathogen with 

a wide host range is Rhizoctonia solani. The microbe is a necrotrophic fungus causing seedling blight, 

root rot and hypocotyl rots (Ajayi‐Oyetunde and Bradley 2018).  

When infecting SIEC expressing plants with these pathogens, significant differences in severity of 

disease outcomes could be observed (Figure 4A-C). All SIECs that affected pathogen infection had a 

function in hormone and/or stress signalling in protoplasts or interact with stress related Arabidopsis 

proteins (Table 1) (Osborne et al. 2023). 
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Table 1 SIEC affecting pathogen infection of plants, their function in protoplast and target function. 

Information about SIEC function in hormone signalling pathways and SIEC targets was obtained from 

Osborne et al. 2023. GO biological process information of targets can be found at The Arabidopsis 

Information Resource (TAIR) https://www.arabidopsis.org 

SIEC Hormone function in 

protoplasts 

Stress function in 

protoplasts 

SIEC-target with GO-term function 

08 auxin/JA/SA  KIN7.4 (AT4G39050) defence response 

19 JA Heat/Immunity  

21 SA Heat  

24 auxin/JA/CK Heat/Immunity  

30  Immunity  

33  Heat  

46 auxin Heat  

47 auxin/JA Heat  

82 SA Heat/Immunity XTH25 (AT5G57550) defence response to 

fungi and bacteria 

90 JA   

96 SA/CK Heat DRB4 (AT3G62800) dsRNA binding in viral 

silencing, defence response to virus 

99 auxin/SA Heat/Immunity  

119 SA Immunity  

125 SA Heat/Immunity TRP2 (AT4G27070) oxidative stress, auxin and 

tryptophan biosynthesis 

130 ABA/auxin/SA Heat/Immunity  

 

Interestingly, identified SIECs often modulated hormone signalling in protoplasts. Respective 

hormones are involved in pathogen defence and plant immunity, like auxin, SA and JA (Hou and Tsuda 

2022; Pieterse et al. 2012). While hormones like auxin are not typically linked to plant pathogen 

defence, vast crosstalk between hormone pathways connects auxin and cytokinin signalling to immune 

response by balancing growth and defence response (Naseem et al. 2015). Both SA and JA signalling 

pathways are known as major regulators of plant defence (Hou and Tsuda 2022), but all 

phytohormones are interconnected in complex networks to adapt plant processes in response to 

microbe interactions. Additionally, hormone crosstalk ensures optimal use of resources for growth and 

survival in an efficient manner (Pieterse et al. 2012). Therefore, some SIECs might modulate hormone 
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signalling during pathogen infection but not directly affect severity of infection. Instead, they could 

improve other host traits like growth and development, which was not analysed in these assays. 

For all three pathogen infection assays, SIECs were identified that did not benefit the plant but 

increased infections when expressed in Arabidopsis (Figure 4A-C). During identification of symbiont 

effector candidates different Si host colonisation stages were considered and it is possible, that some 

of the identified effectors are involved in immunity suppression to establish Si symbioses (Osborne et 

al. 2023). Interestingly, no SIEC was identified with effects on multiple pathogens (Figure 4A-C). Since 

the three analysed pathogens have distinct colonisation strategies (Meng et al. 2014; Choquer et al. 

2007; Ajayi‐Oyetunde and Bradley 2018), it is possible that SIECs alter specific immunity and defence 

pathways of plants. This corresponds with observed specificity of SIEC function in hormone (Osborne 

et al. 2023) and stress signalling pathways in protoplasts (Figure 1C, D). SIECs with a role in pathogen 

infection specifically interacted with proteins involved in distinct defence pathways. For example, 

SIEC96 interacted with DRB4 which is involved in viral silencing (Jakubiec et al. 2012).  

Symbiont effector proteins are known for their function in hormone modulation, a function that was 

shown to be necessary for successful colonisation of plants (Akum et al. 2015; Miwa and Okazaki 2017). 

Therefore, they were proposed to have similar function in colonisation and suppression of host 

immunity as pathogen effectors (Miwa and Okazaki 2017). Here it was proven, that this is not always 

the case. Even if some SIECs might be relevant in the colonisation processes, a large number of 

symbiont effectors are involved in signalling pathways that increase biotic and abiotic stress resilience 

as well as promoting growth of Arabidopsis.  

Conclusion and outlook 

While immunity regulation was a known function of SIEC proteins, their function in abiotic stress 

signalling was formerly not recognised. Here we not only revealed SIECs with immune suppressing 

functions but also those, which increase pathogen resistances in plants. SIEC expressing plants 

additionally displayed increased tolerance to abiotic stresses. While the tested symbiont effectors 

frequently increased resistance to both salt and drought, SIECs identified for modulating plant 

pathogen response were very specific. The results confirmed that symbiont effectors have additional 

functions compared to pathogen effectors. They demonstrate a previously unknown role of symbiont 

effectors in conferring beneficial effects independent of increased nutrient availability or transfer by 

the fungus. These assays indicated that hormone modulation by SIECs could be a mechanism to 

improve host stress resistance. Growth promoting effects could be shown for some SIECs. Therefore, 

this study revealed the manifold functions of symbionts effectors in plants and how they are used as a 

mechanistic tool by microbes to improve host traits and fitness. Moreover, SIEC analyses uncovered 
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new contact points of host-symbiont interactions and hormone-stress signalling network connections 

within plants. These results might be used to further analyse signalling networks participating in the 

beneficial outcome of Si symbioses. 

Investigating the mode of action of SIECs can assist in the identification of plant stress resistance 

mechanisms. Underlying genetic traits could be breeding targets and tools for investigating signalling 

pathways and network connection points participating in stress adaptive hormone signalling and plant 

stress responses. Increasing crop stress resistance is an important aim of agriculture by crop breeding, 

use of fertilizers, and pathogen protection reagents. Due to the climate change, extreme weather 

conditions like drought, heat and flooding as well as the emergence and spread of pathogens are 

increasing. It demands for crops with an improved adaptation to such conditions while generating 

enough yield to ensure overall food security. 
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Supplementary Figures 

 
Supplementary Figure 1. Number of SIECs with stress and hormone function. 
A Number of SIECs that alter stress marker expression and have additional hormone functions. 
B Number of SIEC that specifically modulate stress signalling and, in addition, hormone pathways. The 
number above each bar indicates the total number of SIECs which is lower than the sum as individual 
SIECs can affect multiple hormone and stress pathways. AUX – auxin, CK – cytokinin, ABA – abscisic 
acid, JA – jasmonic acid, SA – salicylic acid 
 

 
Supplementary Figure 2. Mannitol and NaCl sensitivity assays. 
A Effect of ascending concentrations of mannitol and B NaCl on primary root length of 14-day old 
seedlings. Root length of control plants are indicated in blue. (***) p < 0.001; statistical significance 
was evaluated by ANOVA. Sample size (n) is indicated above each box. 
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Supplementary Figure 3. qRT-PCR-based quantification of SIEC expression in SIEC-expressing 
Arabidopsis seedlings. 
RNA of roots of 14-day old seedlings was used to analyse SIEC expression by qRT-PCR. SIEC-specific 
primers were used to confirm expression in p35S::SIEC lines relative to housekeeping genes UBQ5 and 
EF1α. GFP-expressing plants served as negative control. Data shown is based on three technical 
replicates of RNA extracted from a pool of p35S::SIEC seedlings. 
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Supplementary Tables 

Supplementary Table 1 SIEC multiplied ratios in protoplast screens for stress signalling markers. 
Yellow indicates marker inductions by the SIEC, blue indicates marker suppressions. pEG201 ev is the 
empty vector control used for comparison and analysing function of the effectors in the four signalling 
pathways. DREB2a: pDREB2a::LUC heat stress marker, HSP81.1: pHSP81.1::LUC heat stress marker. 
PHI1: pPHI1::LUC immune response marker, FRK1: pFRK1::LUC immune response marker. 
 

SIEC DREB2a/heat 
HSP81.1 / 
heat 

PHI1 / 
flg22 

FRK1 / 
flg22 

pEG201 ev 1 1 1 1 

SIEC3 8.4823093 8.3236185 0.574777 0.108135 

SIEC4 0.9716698 0.3820871 0.872131 0.608424 

SIEC6 0.9596513 0.6423038 1.249409 0.882421 

SIEC7 2.2797881 1.9227938 0.784142 0.784945 

SIEC8 1.5010093 1.2793738 0.772517 0.71956 

SIEC10 231.33268 5.7957262 106.4925 10.41782 

SIEC11 0.7617246 0.6383113 0.919764 1.083513 

SIEC12         

SIEC14 1.5144329 0.8019849 0.7009 0.782828 

SIEC15 1.1557755 0.8969423 1.040455 0.506628 

SIEC16 0.819008 0.3220452 1.617248 0.559542 

SIEC17 0.854676 0.4046479 0.401398 0.523796 

SIEC19 2.4456606 4.0392722 0.575085 0.250442 

SIEC20 1.6290773 0.8571871 0.452567 0.304633 

SIEC21 2.2043029 1.1629333 0.734259 0.950984 

SIEC24 4.089641 1.7932427 0.478048 0.468553 

SIEC25 0.7628547 0.5339775 0.683672 0.225746 

SIEC26 2.7581058 0.5288665 1.327122 1.01908 

SIEC27 1.7951411 1.440367 0.926979 0.914957 

SIEC30     0.464821 1.07619 

SIEC31 2.7448795 6.2230755 0.937198 1.583037 

SIEC33 15.207284 8.7560265 1.342142 1.762936 

SIEC35 10.9202 1.0799484 0.654962 0.154518 

SIEC36 2.2246036 2.2102294 0.529952 0.445954 

SIEC37 1.1135409 1.8097529 1.130548 1.186153 

SIEC39 2.0926063 0.6389881 1.494608 1.066379 

SIEC40 3.0473507 2.1468908 0.829845 1.138553 

SIEC45 5.8743973 3.0951099 0.525193 0.544164 

SIEC46 0.8450396 6.2083535 0.965137   

SIEC47 0.6107929 0.3280383 0.616714 0.818165 

SIEC48 0.4161609 0.5430589 0.425644 1.031132 

SIEC49 1.0809514 4.6645281 1.79824 1.449219 

SIEC50 0.7031975 0.3398083 0.470892 0.786717 

SIEC52 0.4584718 0.5654065 0.699613 0.857562 

SIEC54 0.6143679 0.8028078 0.365384 0.722001 
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SIEC55 1.039721 1.8529739 2.997149 1.09581 

SIEC56 0.5247151     1.123857 

SIEC57 1.0565506 0.6111408 0.787559 1.121068 

SIEC58 0.7595667 0.9741645 0.808202 0.961049 

SIEC59 1.0721355 1.1964935 0.66468 0.564434 

SIEC62 2.681417   1.445148 1.085205 

SIEC63 1.0038982 1.1448382 1.665215 1.499369 

SIEC64 0.9677017 2.9202922 1.615553 1.137531 

SIEC65   0.4431657 0.09265 0.266045 

SIEC66 1.2149104 1.0996211 0.407649 0.68947 

SIEC67 1.7406561 0.5667042 0.134934 0.453137 

SIEC68 1.5609471 1.2094109 1.368478 0.816638 

SIEC69 1.725405 1.4430728 1.32982 0.990309 

SIEC73 1.7537815 1.5147179 1.190892 0.746679 

SIEC74 1.3643868 1.1366099 0.982877 0.59132 

SIEC77 1.1076538     0.431386 

SIEC80 1.3756743 0.9356451 0.609263 0.287859 

SIEC81 1.2411587 0.7577009 0.669467 0.6744 

SIEC82 0.4597968 0.7109088 1.231238 0.435194 

SIEC84 4.674641 10.264696 1.406662 0.135046 

SIEC85 4.8942408 9.7236427 1.169844 0.356874 

SIEC88 2.0474921 1.947779 0.508614 0.355682 

SIEC89 38.820435 2.2045005 53.46884 4.313931 

SIEC90 1.1467887 1.0042034 1.097209 0.867914 

SIEC91 10.958931 16.858393 0.714334 0.29085 

SIEC92 1.8744673 0.9627922 0.273905 0.377558 

SIEC93 3.9889912 6.5316081 0.984956 0.521519 

SIEC95 4.8170741 4.3187081 1.203293 0.525633 

SIEC96 2.0847569 0.5135325 0.807565 1.2689 

SIEC98 0.7775555 1.5450717 0.757418 0.909333 

SIEC99 1.6578832 2.9014083 6.747929 0.864201 

SIEC100 1.5396963 2.7998076 1.907786 0.736661 

SIEC101 3.6419682 1.6800428 1.976108 0.869211 

SIEC102 3.4321437 3.4297569 1.904324 0.675512 

SIEC103 1.7146712 0.1903728     

SIEC104 1.6792352 1.3810434 0.911251 0.745101 

SIEC105 0.5841751 1.9714943 1.676163 1.255187 

SIEC107 3.1284937 1.0236826 2.060759 0.331372 

SIEC108 1.4790853 0.6176722 1.597508 0.60531 

SIEC109 2.9802015 0.994233 2.216686 0.897991 

SIEC111 0.5936687 1.6592589 2.026546 1.696965 

SIEC112 0.9438287   1.714335 0.578989 

SIEC113 14.130859 1.9797277 1.630774 0.684441 

SIEC114 4.0159039 2.4174491 1.223273 0.8554 

SIEC116 1.2347306 1.1217516 0.729441 0.177229 
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SIEC117 1.7187187 8.5494618 0.896358 0.755297 

SIEC119 1.6733493 0.906509 0.391392 0.147201 

SIEC120 2.3460172 1.2452482 0.794019 0.595754 

SIEC121 2.054108 1.8120041 1.821065 0.485841 

SIEC122 5.9147406 8.796469 1.820659 0.652034 

SIEC123 0.7953929 3.4331243 2.230488 1.48255 

SIEC124 4.2015497 13.973189 0.910838 0.700233 

SIEC125 2.1538657 0.9698723 0.281767 1.105459 

SIEC126 2.5421146 1.5658323 0.922368 1.04081 

SIEC128 2.3402182 1.6247355 2.092791 1.173167 

SIEC130 0.4587677 0.7267112 0.941643 0.147003 

SIEC131 2.5400828 0.5089168 1.181772 1.155128 

SIEC132 2.2515209 0.9101482 0.383489 0.871404 

SIEC133 2.2492657 0.6111259 1.682036 1.071337 

SIEC134 3.1905263 3.5511667 4.10423 1.211763 

SIEC135 0.6688719 2.2186837 1.76912 1.252505 

SIEC136 6.5173778 19.194963 1.305119 1.006671 

SIEC137 1.0974019 2.0706469 0.5876 0.28965 

SIEC138 2.0178448 0.8157482 0.842681 0.805234 

SIEC141 1.4792172 0.4152825 0.577694 0.676828 

SIEC142 4.4659996 4.6965752 0.686671 0.636278 

SIEC144 0.8169758 1.1199224 3.945889 1.863969 

SIEC145 0.6675186 0.3554298 3.498773 1.182615 

SIEC147 1.534985 0.8000455 4.59633 1.798275 

SIEC149 15.858193 3.0825053 2.058881 0.246034 

SIEC150 2.4149891 1.4090999 1.707467 0.6898 
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Supplementary Table 3 Data of root abiotic stress sensitivity assays. 

mannitol root sensitivity 

mannitol 
concentration 

average root 
length (cm) 

SE n p-value 

control 4.08 0.12 24   

50 mM 2.55 0.09 27 2.0173E-14 

100 mM 1.73 0.06 22 1.94731E-21 

150 mM 1.67 0.05 35 1.6763E-28 

200 mM 1.28 0.04 29 1.41806E-29 

NaCl root sensitivity 

NaCl 
concentration 

average root 
length (cm) 

SE n p-value 

control 3.75 0.10 25   

25 mM 4.14 0.13 23 0.019343513 

50 mM 3.04 0.13 24 4.74352E-05 

100 mM 1.84 0.12 18 2.39124E-15 

150 mM 1.33 0.03 36 2.46081E-34 
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Supplementary Table 5 Data of plant phenotyping on control media. 
Yellow colours indicate significant increase, while blue indicates significant decrease of the measured 
trait. 
 

  primary root growth effect 

  mean (%) SE (%) n 
mean p-value t.test of at least 3 

replicates 

GFP 1.86517E-14 1.26 124   

SIEC4 25.61 2.15 86 2.825758E-22 

SIEC40 25.89 1.94 99 1.324787E-24 

SIEC58 24.72 1.20 160 2.116418E-34 

SIEC69 24.69 1.90 101 2.812361E-23 

SIEC91 17.00 1.67 96 1.081308E-14 

SIEC93 21.74 1.32 152 5.233778E-26 

  lateral root number control effect 

  
mean (%) SE (%) n 

mean p-value t.test of at least 3 
replicates 

GFP 0 10.51 137   

SIEC4 201.8899157 24.4106 102 0.003282424 

SIEC40 191.0343966 24.6691 104 0.001563259 

SIEC58 237.752149 16.1727 160 0.000441104 

SIEC69 206.7881773 23.9566 100 0.00081206 

SIEC91 24.43634607 12.0884 101 0.512646414 

SIEC93 146.3914059 15.9092 134 0.000914933 

  lateral root distance control effect 

  
mean (%) SE (%) n 

mean p-value t.test of at least 3 
replicates 

GFP -2.17831E-15 4.02285 137   

SIEC4 -33.92176347 5.68794 54 0.018734149 

SIEC40 5.048910198 5.86318 107 0.412074469 

SIEC58 -53.42271681 1.55651 147 7.63059E-06 

SIEC69 -15.22907497 5.20166 103 0.208860729 

SIEC91 2.160108701 5.7377 106 0.446140352 

SIEC93 -17.64883006 5.13813 90 0.182541977 
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Supplementary Table 6 Data of plant response to abiotic stress treatment. 
Yellow colours indicate significant increase, while blue indicates significant decrease of the measured 
trait. 
 

  
primary root growth tolerance 

mannitol 
p-value t.test 

 
  mean (%) SE (%) n repeat 1 repeat 2 repeat 3 repeat 4  

GFP 2.40E-15 1.52 130          
SIEC4 4.636 3.39 41 0.4924 0.9083 0.02906    

SIEC40 38.614 3.31 100 3.33E-09 6.2E-07 1.2E-05    
SIEC58 32.022 2.90 100 4.31E-05 2E-05 4.7E-12    
SIEC69 40.219 2.41 124 1.22E-11 1.5E-05 2.4E-14 1.3E-08  
SIEC91 19.829 2.24 119 2.67E-07 0.01429 0.00771 0.0028  
SIEC93 39.801 2.34 132 6.49E-12 3.4E-06 3.5E-07 7E-14  

  
primary root growth tolerance 

NaCl 
p-value t.test 

 
  mean (%) SE (%) n repeat 1 repeat 2 repeat 3 repeat 4  

GFP -5.42064E-15 1.61 97          
SIEC4 2.50 2.72 56 0.007 0.03346 0.10565    

SIEC40 20.59 2.07 84 7.08E-10 1.8E-05 0.03364    
SIEC58 22.30 1.40 126 1.69E-06 6.2E-09 0.01357 6.1E-11  
SIEC69 22.63 1.35 95 4.24E-07 2.6E-06 9.5E-11    
SIEC91 28.63 2.77 87 1.56E-10 0.00024 4.6E-05    
SIEC93 30.62 1.82 86 4.81E-09 1.2E-06 3.1E-10    

  
lateral root number drought 

effect 
p-value t.test 

  mean (%) SE (%) n repeat 1 repeat 2 repeat 3 repeat 4 repeat 5 

GFP 1.08E-14 4.79 136           

SIEC4 -58.520 3.09 83 0.0002 0.0019 0.00069 0.0026 2.6E-06 

SIEC40 -56.933 3.12 159 6.74E-06 0.00077 0.00145 3.1E-05 7.4E-09 

SIEC58 -53.957 1.92 118 0.0001 1.2E-08 8.3E-06 9.9E-05   

SIEC69 -46.226 2.88 95 0.036 1.3E-05 1E-05     

SIEC91 7.803 6.19 81 0.267 0.06746 0.49328     

SIEC93 -45.3828 3.31 92 0.046 0.00105 8.9E-06     

  
lateral root distance drought 

effect 
p-value t.test 

  mean (%) SE (%) n repeat 1 repeat 2 repeat 3 repeat 4 repeat 5 

GFP -5.01E-15 4.52 136           

SIEC4 84.759 13.18 83 0.005 5E-05 0.0026 0.04382 0.00071 

SIEC40 137.139 12.96 125 0.008 7.3E-06 6E-08 3.4E-05   

SIEC58 80.931 6.04 119 0.005 8.7E-06 6.6E-10 1.4E-08   

SIEC69 77.739 9.02 92 0.0001 0.01125 7.6E-08     

SIEC91 15.357 7.51 81 0.118 0.65637 0.77924     

SIEC93 80.844 9.81 129 2.11E-07 0.03748 0.00404 0.00052   
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Supplementary Table 7 Data of Phytophthora parasitica root infection ratio relative to Col-0. 
Yellow colours indicate significant increase, while blue indicates significant decrease of infection. 
 

        p-value t.test 

  mean SE n repeat 1 repeat 2 repeat 3 

Col-0 1 0.012 534       

SIEC24 0.783 0.020 150 0.005525847 0.000146 3.89805E-05 

SIEC30 1.463 0.081 19 0.010538698 0.0066101   

SIEC33 1.347 0.050 50 1.20168E-05 0.0041146   

SIEC47 1.144 0.036 70 0.017149977 0.045329   

SIEC90 0.815 0.023 74 0.00079625 7.474E-05   

SIEC96 1.485 0.069 49 1.23004E-06 0.0017658   

SIEC99 1.225 0.041 73 0.007891628 0.0081914   

SIEC119 0.864 0.021 102 0.009730085 0.0061554   

SIEC125 0.872 0.018 88 0.004276309 0.0098652   

SIEC130 0.883 0.017 72 0.033456479 0.0041928   

 

Supplementary Table 8 Data of Botrytis cinerea leaf infection ratio relative to Col-0. 
Yellow colours indicate significant increase, while blue indicates significant decrease of infection. 
 

        p-value t.test 

  mean SE n repeat 1 repeat 2 

Col-0 1 0.1095566 93     

SIEC08 0.3569993 0.0935652 17 0.012319243 0.0035436 

SIEC19 0.7024866 0.069239 37 0.020957972 0.0110765 

SIEC21 3.9358267 0.6256503 16 5.71454E-05 0.0189199 

 

Supplementary Table 9 Data of Rhizoctonia solani seedling survival relative to Col-0. 
Yellow colours indicate significant increase, while blue indicates significant decrease of survival. 
 

        p-value t.test 

  mean SE n repeat 1 repeat 2 

Col-0 1 0.2523198 19     

SIEC46 0.214364 0.0765155 6 0.030848795 0.0277072 

SIEC82 4.2200328 1.3788517 7 0.032626878 0.0024321 
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Supplementary Methods 

Plant treatment concentrations 

Treatment concentrations were chosen based on at the smallest concentration with a significant effect 

on plant primary root length. Stronger treatment could impact phenotypes very intensely and conceal 

effects of SIEC expression. 

Supplementary Table 1. Final stress treatment concentrations used in plant root phenotyping. 

Treatment Concentration 

Mannitol 50 µM 

NaCl 50 µM 

 

Pathogens infection assays of 35S::SIEC plants 

Pathogen infection assays were performed by Yingqi Zhan and Prof. Dr. Weixing Shan at the College of 

Agronomy, Northwest A&F University Yangling, China. 

For Phytophthora parasitica infection assays Arabidopsis 35S::SIEC expressing plants were grown for 

10 days vertically on sterile ½ MS, sucrose plates in 13 h light at 23 °C. For infection with P. parasitica 

transformant Pp1121 which expresses GFP, seedlings were then placed on media without sucrose 

(Wang et al. 2011). 5 mm diameter fresh P. parasitica mycelial plugs were cut from a culture grown on 

carrot agar at 23 °C for 3-5 days. The plugs were transferred onto the middle of the root for every 

seedling. 48 hours after inoculation P. parasitica hyphae growth was observed using a fluorescence 

microscope. Infected root and total root length was measured using ImageJ. Ratio of infection was 

calculated dividing infected length by total root length.  

B. cinerea (strain Bc001) was isolated from tomato grown for 15 days at 16 °C on potato dextrose agar. 

For spore harvesting and removal of hyphae, mycelia of 3 ml potato dextrose broth were filtered 

through four layers of gauze. Spore solution was set to 5 X 105 spores/ml in potato dextrose broth. 

Leaves of 4-week-old Arabidopsis were detached and 5 µl spore solution dropped on the leaf for 

infection. Lesion diameter was analysed 48 h after infection. Lesion fraction size was calculated by 

dividing lesion diameter by leaf area. 

For fungal infection, R. solani (strain HBZJ-5X) was grown for 7 days at 23 °C on potato dextrose agar. 

Arabidopsis seedlings were grown for 10 days vertically on ½ MS media with sucrose and then 

transferred in ½ MS media without sucrose. 5 mm mycelium plugs from R. solani grown on potato 

dextrose agar media were put on each seedlings middle of the root. Seedlings were kept at 23 °C and 

11 h light for 12 days and seedling survival monitored at 3, 6, 9 and 12 days after inoculation. Rate of 

seedling survival was calculated by dividing the number of surviving seedlings by the absolute number 
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of inoculated plants. For all pathogen infection assay calculations of 35S::SIEC plants were set relative 

to the infection or survival rates of wildtype Col-0 Arabidopsis.  

Protoplast pSTRESS marker assays 

Protoplast screening was performed as described in (Lehmann et al. 2020; Osborne et al. 2023). To 

analyse SIEC function in signalling pathways stress-pathway markers were used: pSTRESS::LUC (heat 

marker: pDREB2a::LUC and pHSP81.1::LUC, immunity marker: pPHI1::LUC and pFRK1::LUC). 

Transformed cells were treated with mock (water), 0.1 mM flg22 (PTI signalling) or 1 h 37 °C (heat 

signalling).  

Additional primers used in this project 

All primers used in this project can be found online in supplementary information of the publication 

Osborne et al. 2023, see Data availability. Additionally used primers are listed in the following table: 

Supplementary Table 2. 

Supplementary Table 2. Additional primers used in this project. 

Name Sequence 

qRT-PCR SIEC expression 

SIE40fwd ACCACTTTCATTTGCGACC 

SIE40rev AGTAAGACCGTCAGAAGCC 

SIE91fwd CATTTGTATCTTCTCCTTCGCC 

SIE91rev AAGCATCCTATCGCCACC 

SIE93fwd GGAACGGATGTGACGCT 

SIE93rev TCTCAAGTAAGACGCCTGTG 

SIE58fwd CTCCTACTCTTGATACGCCAG 

SIE58rev AGCATCCTTCTCCTCAATAGTG 
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Chapter 4 Discussion 

This chapter presents further insight into the role of symbiont effectors in the confer of host benefits. 

The results revealed their function in plant stress signalling possibly by interacting with stress response 

regulating host proteins. Moreover, SIEC protoplast and interactome assays uncovered extensive 

interconnection of hormone and stress signalling networks. Functional analysis in whole plants showed 

symbiont effectors, which increased growth, biotic as well as abiotic stress resilience of plants. 

Therefore, symbiont effectors were confirmed as part of the molecular mechanisms to improve plant 

fitness by symbionts. 
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CHAPTER 5 – General discussion 

5.1 The identified symbiont effector candidates are secreted proteins 

During plant-microbe interactions, pathogens as well as symbionts secrete and transfer effectors to 

modulate host signalling and to facilitate colonisation. These effector can be small proteins 

(Hogenhout et al. 2009; Miwa and Okazaki 2017; He et al. 2020) and other molecules like small RNAs 

(Zanini et al. 2019). Effectors of the beneficial, endophytic fungi Serendipita indica (Si) were identified 

by RNA sequencing of colonised roots at different interaction stages. 106 candidates fulfilled defined 

effector criteria and were considered Si effector candidates (SIECs) (Osborne et al. 2023). Since mRNA 

was isolated at different Si colonisation stages this approach probably identified a large variety of 

effector proteins with diverse functionalities (Osborne et al. 2023).  

Yeast-signal-sequence-trap confirmed secretion of a randomly selected set of identified SIECs in this 

project (Chapter 3, Figure 1a) and validated the functionality of the effector detection methods. 

However, secretion and translocation of effectors by filamentous microbes is not clearly understood. 

Oomycete effectors have shared amino terminal signatures like RXLR and LXLFLAK. These motifs were 

shown to mediate effector import by host cells, most likely via endocytosis. This uptake could be 

microbe independent and rather unspecific, which requires neither a microbe-derived translocation 

machinery nor a signal to trigger uptake by the host plant (Lo Presti and Kahmann 2017). In plant-

fungus interactions, haustoria are often formed as fungal structures within plant cells that are 

surrounded by the plant plasma membrane. Exosomes and vesicles were detected between the 

haustorial cell wall and the plant plasma membrane and might be used by fungi to unconventionally 

secrete effectors (Lo Presti and Kahmann 2017).  

Identification of fungal effectors is challenging in silico, because of their large variety. They can, for 

example, exceed a size of 300 amino acids (Rafiqi et al. 2013). However, bioinformatic protocols have 

been developed to predict protein effectors in fungal genomes (Sperschneider et al. 2018). Current 

studies suggest that fungal effectors have similarities in protein structure rather than in amino acid 

sequences. These structural traits might be essential for effector secretion and transfer (Lo Presti and 

Kahmann 2017). Recently, sequence-based bioinformatics was used to try and identify new fungal 

effector proteins. However, fungal effectors show high sequence polymorphisms which challenges 

prediction methods. Still, the structures of some effector proteins are available and were previously 

used to identify other candidates based on search for similar structural properties (Rozano et al. 2023). 

Thus, the identification of 106 new effector candidates (Osborne et al. 2023) and their subsequent 

structural analysis could guide future template-based bioinformatics for effector identification. A 

genomic study of Si revealed about 10% of the genome encode putative small secreted proteins 
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including members of a specific gene family with DELD motifs at the C-terminus (Zuccaro et al. 2011). 

Members of this family were also identified and analysed during this project (Osborne et al. 2023; 

Roberts 2022). SIEC145, for instance, was confirmed as secreted protein (Chapter 3, Figure 1a) and is 

a member of the DELD motif protein family in Si (Roberts 2022; Osborne et al. 2023). SIEC145 contains 

a conserved domain of two helical, C-terminal structures predicted by AlphaFold (Roberts 2022; Varadi 

et al. 2022). Conserved structures like this might be part of mechanisms of effector transfer from Si to 

plant or could indicate specific effector functions. To relate protein structures to effector identities and 

functions, SIEC functions in plant signalling were investigated utilizing protoplast and whole plant 

assays. 

5.2 SIECs alter hormone signalling in plants and promote growth 

Hormones control every aspect of plant life from development (Brumos et al. 2018) to responses to 

the environment (Ku et al. 2018). Auxin and cytokinin (CK) are important developmental hormones 

(Ferreira and Kieber 2005; Brumos et al. 2018). Abscisic acid (ABA) is known for its prominent function 

in abiotic stresses (Hong et al. 2013), while salicylic acid (SA) and jasmonic acid (JA) are involved in 

biotic stress response (Hou and Tsuda 2022). Although hormones were formerly divided into 

developmental and stress functions, we now know, that these hormone signalling pathways are tightly 

connected and often act together in response to environmental conditions (Altmann et al. 2020; Ku et 

al. 2018).  

Si colonisation modulates hormones signalling of hosts. While, crosstalk between SA and JA is exploited 

by pathogens to colonise hosts (Hou and Tsuda 2022), Si similarly utilizes JA signalling components to 

suppress immunity during successful colonisation (Jacobs et al. 2011). The Si effector PIIN_08944 was 

identified to reduce expression of PTI and SA-defence pathway genes to facilitate Si symbiosis by 

affecting SA-mediated immune response (Akum et al. 2015). However, hormone signalling was also 

connected to beneficial effects conferred by Si. Si-induced growth promotion was shown to require 

trans-zeatin biosynthesis and to depend on CK receptors CRE1/AHK2 in Arabidopsis (Vadassery et al. 

2008). In addition, Si interferes with auxin synthesis and signalling in plants which contributes to 

increased root growth effects (Xu et al. 2018). ABA concentrations are altered in Arabidopsis roots 

during Si colonisation. Especially under stress conditions ABA signalling may work as a sensor in favour 

of beneficial symbiont interactions. Even though, Si is alters host hormone signalling to mediate 

beneficial effects (Xu et al. 2018), the molecular mechanisms of these processes are mostly unknown. 

Our interactome studies revealed a pronounced targeting of the hormone network by Si (Chapter 3, 

Figure 3a). Symbiont effector interactions with hormone signalling proteins were more frequently 



 

89 
 

detected than for pathogen effectors (Chapter 3, Figure 3d), indicating their importance in conferring 

host benefits.  

In protoplast assays we identified abundant and highly specific symbiont effector functions in hormone 

signalling pathways (Chapter 3, Figure 4b, c). SIECs with hormone modulating functions in protoplasts 

were further expressed in whole plants. Plant traits were significantly affected by SIECs in response to 

hormone applications (Chapter 3, Figure 4f-k). This provided evidence that SIECs alter hormone 

signalling involved in root growth and development. Interestingly, SIEC functions in whole plants were 

confirmed with especially high confirmation rates for ABA response (Chapter 3, Figure 4f). The 

functional analysis and interactome of Si effectors, clearly reveals their involvement in the modulation 

of hormone signalling. Therefore, the results suggest effectors as part of the molecular mechanism 

that mediate increased host fitness.  

In addition to their function in hormone signalling, various SIECs promoted plant growth when 

expressed in Arabidopsis. SIEC expression resulted in faster root and hypocotyl development 

compared to control plants (Chapter 3, Figure 4l,m; Chapter 4, Figure 3A) and no increase in nutrient 

acquisition was necessary. Moreover, some SIECs increased the number of lateral roots, while SIEC04 

and SIEC58 enhanced lateral root density (Chapter 4, Figure 3B, C). Interestingly, some SIECs improved 

root growth while others increased hypocotyl length when over expressed in plants (Chapter 3, Figure 

4l, m). Only five SIECs promoted growth in both plant tissues indicating that SIECs effects might be 

specific to different plant organs and tissues. However, not all tested SIECs promoted plant growth. 

SIEC10 and SIEC20 reduced seedling development (Chapter 3, Figure 4l, m). Although all analysed SIECs 

modulated hormone signalling in protoplasts, there was no obvious connection between a specific 

hormone function and observed growth effects (Osborne et al. 2023). During Si host colonisation a 

multitude of effector proteins is likely present at specific times of the interaction. Some of these 

effectors may regulate or interact with each other as reported for some small secreted fungal pathogen 

proteins (Ludwig et al. 2021). Thus, the effects observed for single effectors are in some cases probably 

different from their function in presence of the large Si effector repertoire (Zuccaro et al. 2011).  

The results of the functional together with interactome analysis suggest that SIECs might mediate 

beneficial effects by their interaction with specific host proteins. For about half of the SIECs analysed 

in whole plants, host targets were identified in yeast-two-hybrid assays. These host targets are 

involved in hormone signalling, developmental and stress processes (Chapter 3, Figure 1b) (Osborne 

et al. 2023). SIEC126, for example, targets proteins with a role in plant development (Osborne et al. 

2023) such as TCP9 (AT2G45680) (Nicolas and Cubas 2016). TCP9 also interacted with SIEC104. 

Therefore, the impact of the two effectors on growth promotion could be connected to the target 

function in different tissue. SIEC126, SIEC26 and SIEC69 interact with CSN5a (AT1G22920) and CSN5b 
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(AT1G71230), proteins involved in the regulation of plant development and growth as part of the COP9 

(Constitutive photomorphogenesis 9) signalosome (CSN) (Gusmaroli et al. 2004). Interestingly, SIEC26 

interacts with almost all members of the 14-3-3 family (General regulatory factor (GRF)-family) 

(Osborne et al. 2023). GRF proteins in Arabidopsis are scaffolding proteins, which are highly important 

for diverse regulatory and developmental processes also involving hormones like ABA, auxin and CK 

(Jaspert et al. 2011). Supported by these results, effectors seem to promote plant growth by interacting 

with their targets and especially by regulating hormone signalling pathways.  

5.3 Symbiont effector proteins improve plant stress resilience  

The molecular mechanisms behind symbiont-induced stress resilience are mostly unknown. The 

protoplast assays revealed Si effector function in PTI and heat stress responsive signalling pathways 

(Chapter 4, Figure 1B). Stress modulating SIECs had additional functions in hormone signalling 

(Chapter 4, Figure 1F, G, Supplementary Figure 1) and interacted with host proteins involved in biotic 

and abiotic stress responses (Chapter 4, Figure 2A, B).  

SIECs tested for function in abiotic stress responses were chosen based on their hormone (especially 

ABA) and heat stress signalling effects in protoplasts. Additionally, SIEC58 and SIEC69 were found to 

interact with proteins involved in salt, heat or other abiotic stress responses in the yeast-two-hybrid 

assays (Chapter 4, Figure 2A, B, G) (Osborne et al. 2023). All selected SIECs increased abiotic stress 

tolerance of Arabidopsis seedlings (Chapter 4, Figure 3E-H). SIECs that improved plant resilience to 

several stresses and influenced multiple traits possibly affect fundamental stress pathways that are 

responsive to different environmental stimuli. Salt and drought stress can, for example, trigger similar 

response pathways, as both stresses cause osmotic stress and impair plant water uptake (Chinnusamy 

et al. 2006). Plant responses to both stresses includes, activation of anti-oxidant systems (Abobatta 

2020). Si effector Deld1 was shown to affect oxidative stress and reactive oxygen species (ROS) 

homeostasis (Nostadt et al. 2020). The study linked this function to colonisation strategies, but this 

effector activity might play a role in improving host stress resistance. Furthermore, drought and high 

salt stress leads to ABA accumulation in roots, which regulates downstream gene transcription (Hong 

et al. 2013). Therefore, some SIECs might mediate ABA signalling or other mechanisms like antioxidant 

production at a level that can increases resistance to multiple stresses. 

Various root-associated mutualists enhance plant pathogen resistance by activating induced systemic 

resistance (ISR) (Pieterse et al. 2014). ISR is a defence mechanism based on priming which results in a 

pronounced immune response upon subsequent pathogen attack. In this way beneficial microbes are 

able to stimulate an enhanced defensive capacity of hosts (Choudhary et al. 2007). In addition to ISR, 

plant pathogens trigger systemic acquired resistance (SAR). SAR priming seems to require enhanced 
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SA production while ISR was shown to involve JA and ET signalling (Choudhary et al. 2007). Si-mediated 

ISR enhances powdery mildew resistance in Arabidopsis and depends on NPR1 and JA signalling 

regulation. Si apparently primes JA-regulated defence genes independent of SA (Stein et al. 2008). 

Several SIECs affected JA signalling in protoplasts (Chapter 3, Figure 4b), suggesting possible function 

in ISR. 

In collaboration with Jingqi Zhang and Prof. Weixing Shan at the College of Agronomy, Northwest A&F 

University Yangling, China, pathogen infection assays with SIEC expressing plants revealed SIEC 

functions in improving resistance to different pathogens (Chapter 4, Figure 4A-C). However, some 

SIECs were found to enhance susceptibility as they might have a function in overcoming host immunity 

to colonise host plants (Jacobs et al. 2011). It implies that symbionts like pathogens have evolved 

effectors to interfere with plant defence (Akum et al. 2015), which is also supported by overlapping 

host protein targets of pathogen and Si effectors (Chapter 3, Figure 2e). The analyses revealed, that 

SIECs can modulate specific host signalling pathways, which leads to increased plant stress resilience 

by symbionts.  

5.4 SIECs informed uncovering of highly complex plant signalling networks 

Microbial effector targeting of host proteins and host modulation involves complex processes. Some 

effectors from different pathogens can target the same host proteins, which can be viewed as “hubs” 

and are necessary targets for successful host infection. Redundancy of effectors might contribute to 

robustness of infection and pathogens possibly use this strategy to counteract host immunity (Białas 

et al. 2018). Si modulates hormone signalling and utilize effector proteins during colonisation (Nostadt 

et al. 2020; Akum et al. 2015; Schäfer et al. 2009a, 2009b). Our interactome analysis revealed 

Arabidopsis proteins targeted by SIECs (Chapter 3, Figure 1b). Protoplast assays were able to assign 

hormone modulating activity to these effectors (Chapter 3, Figure 4b). A subnetwork analysis 

combined interaction and functional data and revealed the targets of SIECs with hormone function. 

(Chapter 3, Figure 5a). While some SIEC targets share effector hormone function (Chapter 3, Figure 5b, 

Type I) or have a known role in a different hormone pathway (Chapter 3, Figure 5b, Type III), most 

target proteins are without known hormone function (Chapter 3, Figure 5b, Type II). Therefore, 

effectors might be a tool for the identification of individual plant protein function in complex signalling 

networks. 

For this reason, I selected 10 effector targets to determine if target and SIEC functions coincided in 

hormone signalling. Using knockout mutants 7 of the 10 targets not only revealed previously unknown 

roles in hormone signalling (Chapter 3, Figure 5d-m) the analyses identified new contact points 

between hormone pathways in the highly complex hormone network. As a control the Type I 
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interaction between SIEC107 and Arabidopsis 6b‐interacting protein‐like1 (ASIL1), which share auxin 

function, was used. ASIL1 is a plant-specific trihelix transcription factor especially involved in gene 

expression in seeds and was shown to represses expression of auxin signalling regulating genes (Gao 

et al. 2009). In phenotyping and protoplast assays asil1 revealed auxin effects (Chapter 3 Figure 5f, k). 

Therefore, the positive control was successful and indicates that SIEC107 might exerts its function by 

ASIL1 interaction.  

A Type III interaction was, for example, identified between SIEC69 and ZFP5. SIEC69 and its other 

targets had ABA function (Chapter 3, Figure 5c, iii), while the C2H2 zinc finger protein ZFP5 was 

previously only connected to CK (An et al. 2012) and gibberellin acid signalling (Zhou et al. 2013; Zhou 

et al. 2011). ZFP5 is involved in root hair formation by promoting expression of the transcription factor 

CAPRICE (CPC) (An et al. 2012). ABA was previously shown to be regulated by other ZFP family proteins 

to control seed germination and plant development (Joseph et al. 2014). Interestingly, seed 

germination assays in response to ABA revealed previously unknown ZFP5 functions corresponding to 

the interacting effector SIEC69 (Chapter 3, Figure 5i). Therefore, the results reveal an SIEC-informed 

connection between ABA, CK and gibberellin acid signalling by ZFP5. 

To five proteins without known hormone function effector-informed assays assigned a role in hormone 

signalling. SIEC96 only interacted with DRB4 in yeast-two-hybrid assays and had auxin signalling 

function in protoplasts (Chapter 3, Figure 5c, vi). The dsRNA-binding protein 4 (DRB4) interacts with 

Dicer-like ribonuclease (DCL4) in antiviral response and was found to associate with viral RNA possibly 

to repress viral RNA translation and facilitate efficient antiviral plant response (Jakubiec et al. 2012). 

The analysis revealed DRB4 function in auxin signalling equivalent to the interacting SIEC96 (Chapter 3, 

Figure 5e,f k). Moreover, it uncovered a previously unknown relation between viral RNA silencing 

mechanisms and auxin signalling.  

The stress related protein NAC089 is targeted by SIEC56 and SIEC62. While SIEC56 had JA function, 

SIEC62 had SA function in protoplasts (Chapter 3, Figure 5c, ii). Membrane-associated transcriptions 

factors (MTFs) like NAC089 were identified as key regulators of cell survival in ER-stress response (Yang 

et al. 2014). Pathogens can induce ER stress and it was shown that NAC089 is involved in Plantago 

asiatica mosaic virus infection (Gayral et al. 2020). The results of this project revealed NAC089 as 

member and connection point of the in SA and JA signalling network, which was informed by both 

interacting SIECs (Chapter 3, Figure 5d, g, m).  

SIEC62 with SA signalling modulating function in protoplasts additionally targets a RING/U-BOX plant 

protein (Chapter 3, Figure 5c, ii). In Arabidopsis RING-finger domains bind metal-ligands and are one 

of the most frequently detected protein domains (Kosarev et al. 2002). The identified SIEC62 
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interacting protein belongs to the large RING-type ubiquitin ligase family (Stone et al. 2005). The 

ring/u-box analysis was able to confirm a function in SA signalling for another SIEC62 target (Chapter 

3, Figure 5j), assigning a new member to the SA network. 

An EF-hand protein was identified as target of SIEC25 which had ABA, auxin and JA modulating function 

in protoplasts (Chapter 3, Figure 5c, viii). Many environmental stimuli are first recognised by Ca2+ 

sensors which transfer the signalling and subsequent responses trough hormone pathways (Ranty et 

al. 2016). Several classes of Ca2+ binding proteins contain Ca2+-binding EF-hand motif(s), which have 

diverse function in transcription, translation, protein- and nucleic-acid-binding  (Day et al. 2002). Here, 

the previously unknown JA signalling function of an EF-hand protein was informed by SIEC25 (Chapter 

3, Figure 5m). 

The Teosinte branched1/Cincinnata/proliferating cell factor 9 (TCP9) was the target of five SIECs: 

SIEC16, SIE26 and SIEC66, which are JA modulating and SIEC69 and SIEC126 altering ABA signalling in 

protoplasts (Chapter 3, Figure 5c, i). TCP transcription factors are important regulators in plant 

development. However, it was also revealed that they are involved in hormone synthesis, transport 

and signal transduction (Nicolas and Cubas 2016). TCP9 could be an important interactor during 

microbe colonisation because it was a highly conserved target of symbiont as well as pathogenic 

effectors in the comparative interactome analysis (Chapter 3, Figure 2e). Here, TCP9 was revealed to 

be involved in JA signalling matching to three of the interacting SIECs and assigning a novel member to 

the hormone network (Chapter 3, Figure 5m). 

Overall, combining SIEC interactome and functional analyses not only uncovered plant protein 

functions, but also contact points between highly complex and interconnected plant protein networks 

(Altmann et al. 2020). This project revealed SIEC-informed protein analysis as a highly successful tool 

for the annotation of protein networks. Based on the newly identified beneficial functions of SIECs, the 

results provide novel insight in hormone as well as stress response networks. 
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5.5 Conclusion and outlook 

This project revealed 106 Si effectors, their interactome in Arabidopsis and function in hormone and 

stress signalling. It was uncovered, that symbiont effectors participate in molecular processes 

regulating host benefits. Based on the objectives of this study, the following conclusions can be made: 

Objective I: Protoplasts and whole plant assays revealed symbiont effectors which function in the 

modulation of hormone as well as biotic and abiotic stress responsive plant pathways.  

Objective II: Effector interactome and functional target analyses allowed to uncover novel protein 

functions in hormone pathways and indicate effectors as a tool for the investigation of highly complex 

signalling networks.  

This project and future analyses of symbiont effectors will broaden our understanding of plant 

signalling pathways and how beneficial microbes alter them. This requires further functional and 

interaction analyses of symbiont effectors. Examining effectors of other beneficial microbes or Si 

effector functions in different host plants could reveal conserved molecular traits that activate 

beneficial host effects and will be an exciting research focus in future studies. These results will be 

highly important for crop breeding and potentially for new crop engineering technologies that aim at 

improving the adaptation of crops to changing environments and at increasing food security.  
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