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Abstract

Regulated cell death (RCD) is a hallmark of plant immunity, traditionally associated with defense

against pathogens. However, its role in beneficial plant–microbe interactions remains largely

uncharacterized. The root endophyte Serendipita indica, with its biphasic lifestyle, comprising an

initial biotrophic phase followed by a cell death-associated phase, serves as an excellent model

to dissect the molecular regulation of RCD in mutualistic contexts. While individual host factors

implicated in the cell death-associated phase have been previously identified, the mechanisms

governing RCD initiation and regulation remained poorly defined. In this thesis (Chapter 4),

I characterized the synergistic activity of two fungal effector enzymes, SiNucA and SiE5NT, as

the primary trigger of RCD. Their activity leads to the apoplastic production of deoxyadenosine

(dAdo), a purine-derived infochemical that triggers signaling and RCD in host roots. I further

identify the equilibrative nucleoside transporter ENT3 as the key mediator of both dAdo-induced

and S. indica-mediated cell death. To dissect the molecular responses underlying this process,

integrated transcriptomic, proteomic, and metabolomic profiling were employed. These analyses

revealed substantial overlap with known RCD pathways and uncovered additional infochemical

candidates involved in host–microbe communication. To monitor cell death dynamics in planta,

I developed a high-throughput assay combining Pulse Amplitude Modulation (PAM) fluorometry

with ion leakage measurements (Chapter 3). A genetic screen using this assay identified a previously

uncharacterized TIR-NLR receptor Induced by S. indica (ISI) as a modulator of root cell death and

a regulator of dAdo-triggered RCD, supporting the role of dAdo as an active immunometabolite.

Beyond this, ISI was found to modulate distinct root cell death phenotypes and to influence S. indica

colonization patterns, suggesting a broader role in regulating mutualistic interactions. Together,

these findings support a model in which synergistic effector activity and purine-based signaling

tightly regulate RCD as part of a controlled mutualistic program. This work redefines RCD as a

functional component of beneficial symbioses used to shape microbial niche structure, uncovers a

novel intersection between purine metabolism and immune signaling, and broadens the functional

repertoire of TIR-NLR proteins beyond classical pathogen resistance (Chapter 5). These findings

advance the emerging field of plant immunometabolism and provide a conceptual framework for

understanding how root immunity integrates metabolic and microbial cues.
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Zusammenfassung

Regulierter Zelltod (RCD) ist ein zentrales Merkmal pflanzlicher Immunität und wird traditionell

mit der Abwehr von Krankheitserregern in Verbindung gebracht. Seine Rolle bei nützlichen

Interaktionen zwischen Pflanzen und Mikroben ist jedoch noch weitgehend unklar.

Der Wurzelendophyt Serendipita indica mit seiner biphasischen Lebensweise, die eine anfängliche

biotrophe Phase, gefolgt von einer Zelltod-assoziierten Phase beinhaltet, dient als hervorragendes

Modell zur Untersuchung der molekularen Regulierung des RCD in mutualistischen Symbiosen.

Während einzelne Wirtsfaktoren, die an der Zelltod-assoziierten Phase beteiligt sind, bereits

identifiziert wurden, sind die Mechanismen, die für die Auslösung und Regulierung des RCD

verantwortlich sind, noch unzureichend definiert. In dieser Dissertation (Kapitel 4) habe

ich die synergistische Aktivität von zwei pilzlichen Effektorenzymen, SiNucA und SiE5NT, als

primären Auslöser des RCD identifiziert. Ihre Aktivität führt zur apoplastischen Produktion von

Desoxyadenosin (dAdo), einer auf Purin basierenden Infochemikalie, die in den Wirtswurzeln

die Stresssignale und RCD auslöst. Darüber hinaus identifiziere ich den äquilibrativen

Nukleosid-Transporter ENT3 als Schlüsselkomponente sowohl von dAdo-induzierten, als auch

S. indica-vermittelten Zelltod.

Um die molekularen Reaktionen, die diesem Prozess zugrunde liegen zu entschlüsseln, wurden

integrierte transkriptomische, proteomische und metabolomische Analysen angewandt. Diese

Analysen ergaben erhebliche Überschneidungen mit bekannten RCD-Signalwegen und enthüllten

zusätzliche Kandidaten für Infochemikalien, die an der Kommunikation zwischen Wirt und Mikrobe

beteiligt sind. Um die Dynamik von Zelltodwegen in Pflanzen nachzuverfolgen, habe ich einen

Hochdurchsatztest entwickelt, der die Fluorometrie der Pulsamplitudenmodulation (PAM) mit

Konduktivitäts-Messungen kombiniert (Kapitel 3). Bei einem genetischen Screening mit dieser

Methode wurde ein bisher nicht charakterisierter TIR-NLR-Rezeptor "Induced by S. indica" (ISI) als

Modulator von Wurzelzelltod und als Regulator des durch dAdo ausgelösten RCD bestimmt, was

die Rolle von dAdo als aktiver Immunmetabolit unterstützt. Darüber hinaus wurde festgestellt, dass

ISI verschiedene Phänotypen des Wurzelzelltods moduliert und die Besiedlungsmuster von S. indica

beeinflusst, was auf eine umfassendere Rolle bei der Regulierung mutualistischer Interaktionen

hindeutet.
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Zusammengefasst, stützen diese Ergebnisse ein Modell, in dem synergistische Effektoraktivität

und purinbasierte Signalübertragung RCD als Teil eines kontrollierten, mutualistischen Programms

stark regulieren. Diese Arbeit definiert RCD neu als eine funktionelle Komponente nützlicher

Symbiosen, die zur Gestaltung von mikrobiellen Nischen verwendet wird, deckt einen Schnittpunkt

zwischen dem Purin-Stoffwechsel und Immunsignalen und erweitert das funktionelle Repertoire

der TIR-NLR-Proteine über die klassische Pathogenresistenz hinaus (Kapitel 5). Diese Erkenntnisse

bringen das aufstrebende Gebiet des pflanzlichen Immunmetabolismus voran und bieten einen

konzeptionellen Rahmen für das Verständnis dafür, wie die Wurzelimmunität metabolische und

mikrobielle Signale integriert.
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Chapter 1

Introduction
1.1 The Global Importance of Studying Plant-Microbe-Interactions

Plant diseases caused by pathogenic microbes reduce crop yields, contribute to post-harvest

losses, and decrease biodiversity, posing signi�cant challenges to global food security and

environmental sustainability (Savary et al. 2019). Although the impact of anthropogenic climate

change remains complex, studies predict an increased threat of plant diseases due to the heat

sensitivity of plant immunity, the expansion of pathogens into previously temperate regions, and

increased abiotic stresses such as drought. These stresses further compromise crop resilience and

amplify the challenges posed by climate change (Bidzinski et al. 2016; Cohen and Leach 2020;

Delgado-Baquerizo et al. 2020; Singh et al. 2023). In contrast, plants bene�t from a diverse

community of bene�cial microbes, known as the microbiota, which protect against both abiotic,

and biotic stresses (López et al. 2008; Lamo and Takken 2020). A well-balanced microbiota can

reduce the need for fertilizers and pesticides, promoting more sustainable agricultural practices

(Adesemoye and Kloepper 2009; Beyari 2025). During the past decades, research on plant-microbe

interactions has expanded signi�cantly, driven by advances in molecular tools such as genome

editing and high-throughput sequencing, which enable increasingly complex studies (Bai et al.

2015; Wang et al. 2014; Cook et al. 2025).

Despite this progress, fundamental questions remain unanswered, such as how plants

differentiate between bene�cial and pathogenic microbes or how abiotic factors shape biotic

interactions. Addressing these challenges requires a holistic approach that integrates molecular

and community-level studies. Only through comprehensive research can we develop innovative

strategies to ensure agricultural sustainability and global food security in the face of increasing

environmental pressures.

1.2 The Plant Immune System

By growing in soil, plants are in constant contact with one of the most diverse ecosystems in the

world, teeming with microbial lifeforms such as bacteria, oomycetes, nematodes, or fungi (Curtis

et al. 2002; Gans et al. 2005). These microbes exhibit various lifestyles, ranging from mutualism to

parasitism, posing a signi�cant challenge for plant health: regulating the recruitment of bene�cial

microbes while restricting the pathogen colonization and simultaneously balancing immunity and

growth (Drew et al. 2021).

The initial barrier of innate plant immunity (Figure 1.1) relies on the ability to distinguish

between self and non- or modi�ed self. This recognition is mediated by the detection of speci�c

molecular patterns. Conserved microbe-associated molecular patterns (MAMPs), such as chitin
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and �agellin, and damage-associated molecular patterns (DAMPs), such as extracellular adenosine

triphosphate (eATP) - a danger signal released from damaged or stressed plants during colonization

- are perceived by pattern-recognition receptors (PRRs). These receptors can be classi�ed into

receptor kinases (RKs), consisting of a ligand-binding ectodomain, a single-pass transmembrane

domain and an intracellular kinase domain, and receptor-like proteins (RLPs), which lack the kinase

domain. The substrate speci�city is de�ned by the receptor's ectodomains. For example, while

leucine-rich repeat (LRR) domains mainly bind proteins and peptides, lysin motif (LysM) domains

bind oligosaccharides (Felix et al. 1999; Zipfel 2014).

The recognition of MAMPs and DAMPs by PRR triggers the �rst wave of plant immunity,

initiating a cascade of interconnected signals. Initially, receptor activation induces an in�ux of

extracellular calcium ions (Ca2+ ) into the cytosol, activating calcium-dependent protein kinases

(CDKs) and additional ion channels, leading to an apoplastic alkalization (Yuan et al. 2017; Xu

et al. 2022). Furthermore, Ca2+ in�ux activates nicotinamide adenine dinucleotide phosphate

(NADPH) oxidases, also known as Respiratory Burst Oxidase Homologs (RBOHs), leading to

a transient production of reactive oxygen species (ROS), highly reactive molecules that serve

as both antimicrobial agents and secondary messengers amplifying immune responses (Torres

et al. 2002; Ogasawara et al. 2008). Alongside further downstream signaling outputs, such

as the activation of mitogen-associated protein (MAP) kinases - key regulators that transmit

extracellular immune signals to the nucleus and modulate gene expression - and transcriptional

upregulation of pathogenesis-related (PR) genes, the recognition of MAMPs and DAMPs culminates

in pattern-triggered immunity (PTI), ef�ciently preventing the colonization of non-adapted

microbes (Loon et al. 2006).

To overcome this �rst tier of immunity and successfully colonize a plant host, both pathogenic

and bene�cial microbes secrete an arsenal of molecules, termed effectors. Traditionally, effectors

have been de�ned as small, secreted proteins that interfere with PTI. Effector proteins are

furthermore often cysteine-rich, lack conserved domains and their genes are often organized in

clusters and undergo rapid evolution (Lo Presti et al. 2015). While the traditional de�nition led to

the identi�cation of many effector candidates, it was largely limited to proteins with direct host

targets. Today, a broader de�nition is preferred, describing effectors as proteins and small molecules

that promote microbial colonization of a host. This includes non-proteinaceous molecules and

antimicrobial effectors that in�uence the host indirectly (Collemare et al. 2019; Snelders et al.

2020; Snelders et al. 2022). Effectors often function in the apoplast, shielding invading microbes

from hydrolases or directly interfere with recognition by PRR. Some effectors are also translocated

into the host cytoplasm. While the translocation via the syringe-like type III secretion system of

bacteria or clathrin-mediated endocytosis of oomycete RXLR effectors have been characterized

before, the fungal translocation mechanisms remain elusive. However, recent evidence suggests

that the Stp proteins of the smut fungus Ustilago maydiscontribute to virulence by forming a

pore-like complex (Macho and Zipfel 2015; Ludwig et al. 2021; Wang et al. 2023). Though

effectors have predominantly been studied in biotrophic (and to a lesser degree: necrotrophic)

pathogens, bene�cial microbes deploy a comparable arsenal to evade host immunity and establish

symbiosis (Plett et al. 2014; Wawra et al. 2016; Nizam et al. 2019; Nostadt et al. 2020; Zeng

et al. 2020). Moreover, recent �ndings indicate that effectors can also enable host colonization
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by disregulating or stabilizing the host microbiota, further broadening their functional range in

plant-microbe interactions (Snelders et al. 2020; Eichfeld et al. 2024; Gomez-Perez et al. 2023).

Ultimately, an adapted microbe's effector repertoire can suppress PTI and modulate the host

microbiota, leading to a state known as effector-triggered susceptibility (ETS).

To counteract microbial effectors, plants possess an additional tier of innate

immunity. Intracellular effectors or their modi�ed host targets are often monitored by

nucleotide-binding/ leucine-rich repeat receptors (NLRs). These tripartite receptors consist of

a C'-terminal LRR domain for effector recognition, a nucleotide-binding adapter shared by APAF-1,

certain R gene products, and CED-4 (NB-ARC) domain function as a molecular switch, by binding

adenosine triphosphate (ATP) or adenosine diphosphate (ADP) and a N-terminal signaling domain.

NLR are categorized by their N-terminal signaling domains as coiled coil (CC)- , toll-interleukin-1

receptor (TIR)- or Resistance to Powdery mildew 8 (RPW8)-NLR. Functionally, they are classi�ed

as sensor, helper or singleton NLR (Lolle et al. 2020; Chia and Carella 2023). Upon recognition

of an intracellular effector or a modi�ed effector target, NLRs trigger a rapid and localized form

of cell death known as hypersensitive response (HR) (Morel and Dangl 1997; Balint-Kurti 2019),

which restricts pathogen spread and typically halts the colonization of avirulent pathogens, leading

to effector-triggered immunity (ETI). The mechanisms of NLR-mediated HR will be discussed in

the following section.

While NLR-triggered HR restricts the colonization of many biotrophic pathogens, several

hemi-biotrophic and necrotrophic pathogens exploit this process by inducing cell death through

necrotrophic effectors or toxins, adding another layer of complexity to plant-microbe interaction

(Jones and Dangl 2006; Lorang et al. 2007; Leng et al. 2025). Despite extensive research on

effector-NLR interactions, most studies focus exclusively on leaves. While HR-like cell death has not

been observed in roots, TIR-NLRs have been implicated in ETI-dependent root growth inhibition

and nucleoside-induced cell death induced by bene�cial fungi (Kim et al. 2012; Dunken et al.

2024)(Chapter 4). In addition to the recognition by NLR, certain apoplastic effector proteins are

also detected by PRRs, eliciting a slow defense response known as effector-triggered defense (ETD)

(Stotz et al. 2014; Albert et al. 2020; Yang et al. 2023).

Although these immune mechanisms provide a high degree of immune regulation to plant hosts,

recent �ndings have shown that the Zig-Zag model of plant immunity cannot only be extended by

additional layers of ETI-inhibiting effectors and corresponding NLR proteins (Wei et al. 2018; Yu

et al. 2020), but also that PTI and ETI cannot be considered as separate tiers of the innate immune

system. ETI cannot only amplify PTI signaling via a complex feedback loop, PTI signaling is also an

essential requirement for ETI execution (Yuan et al. 2021; Ngou et al. 2021).

Recent �ndings not only highlighted the complex interplay between PTI and ETI, but also

underscored that immune responses are tightly intertwined with programmed alterations in cellular

physiology, including various forms of regulated cell death. While traditionally associated with

defense against pathogens, cell death responses in plants represent a highly controlled process

that is intricately embedded within the immune signaling network. In particular, NLR-mediated

responses often culminate in HR. To place these phenomena in a broader biological context, the

following chapter will introduce the concept of regulated cell death, compare its manifestation in

plants to animal systems, and explore its diverse roles in plant-microbe interactions beyond the
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