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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 significant 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 benefit from a diverse

community of beneficial 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 significantly, 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 beneficial 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 significant challenge for plant health: regulating the recruitment of beneficial

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 modified self. This recognition is mediated by the detection of specific

molecular patterns. Conserved microbe-associated molecular patterns (MAMPs), such as chitin
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and flagellin, 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 classified 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 specificity is defined 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 first wave of plant immunity,

initiating a cascade of interconnected signals. Initially, receptor activation induces an influx 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+ influx 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), efficiently preventing the colonization of non-adapted

microbes (Loon et al. 2006).

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

and beneficial microbes secrete an arsenal of molecules, termed effectors. Traditionally, effectors

have been defined 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 definition led to

the identification of many effector candidates, it was largely limited to proteins with direct host

targets. Today, a broader definition 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 influence 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 maydis contribute 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, beneficial 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 findings 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 modified 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 classified

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

of an intracellular effector or a modified 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 beneficial 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 findings 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 findings 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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classical defense paradigm.

Figure 1.1: The Plant Immune System — Plants rely on an innate immune system that integrates
multiple layers of defense to combat microbial invasion. The firstlayer, PTI, is activated when PRRs
(orange and purple) on the cell surface detect MAMPs (grey spheres and red spirals) released
by invading microbes, often through the activity of host hydrolases (bright green clefts) in the
apoplast (blue area). Upon MAMP perception, PRRs initiate a signaling cascade characterized
by rapid Ca2+ influx, ROS production via NADPH oxidases, activation of mitogen-associated
protein kinases (MAPKs) via phosphorylation, and induction of PR-genes, collectively promoting
resistance responses. Specialized pathogens can suppress and evade PTI by secreting effectors
(red triangles), leading to ETS. In response, plants have evolved a second layer of immunity,
ETI, mediated by intracellular (green area) NLR receptors (magenta protein structure). NLRs
recognize specific effectors directly or indirectly, prompting NLR oligomerization into resistosomes.
TIR resistosomes function as enzymes that generate small, immunoactive infochemicals. Both
TIR- and CC-resistosome activity converges on pore formation and sustained Ca2+ influx, leading
to robust defense responses, including HR, a form of localized cell death. PTI and ETI are not
isolated pathways but interconnected. PTI can prime ETI activation, and ETI can amplify PTI
signaling outputs. This dynamic interplay forms an immunological continuum, ensuring plants
mount effective and robust defenses against a wide range of pathogens.

1.3 Regulated Cell Death in Plant-Microbe-Interactions

The concept of regulated cell death (RCD) was first described in animal systems and further refined

during the last century (Lockshin and Williams 1964; Mishra et al. 2018). Today, RCD is broadly

defined as a self-activated cellular process that triggers a complex cascade of molecular events,
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leading to a controlled cell death. In animals, RCD has been further categorized into distinct

cell death programs such as apoptosis, pyroptosis, and necroptosis, each characterized by specific

molecular mechanisms and cellular hallmarks.

Although research on RCD in plants has gained momentum only recently and lacks the extensive

body of data available for animals, a specific kind of plant RCD has been studied for over a century

(Morel and Dangl 1997; Balint-Kurti 2019). As outlined in Chapter 1.1, the recognition of microbial

effectors by plant NLR triggers a rapid, localized form of cell death known as HR. HR is defined as

a hypersensitive reaction to a microbe following the recognition of an microbial effector or effector

target, leading to rapid plant cell death and restricting pathogen proliferation (Stakman 1915;

Gaumann 1950). HR is conserved across higher plants and, as outlined in the previous section, is

characterized calcium ion (Ca2+) influx and ROS production (Delledonne et al. 2001). This response

is strongly linked to resistance (R) genes, which primarily, but not exclusively, encode NLR proteins,

and requires prior activation of a PTI response (Flor 1971; Kourelis and Hoorn 2018; Yuan et al.

2021). Comparing HR to animal RCD subtypes is challenging. While both systems exhibit shared

hallmarks such as cytoplasmic shrinkage, chromatine condensation, and DNA laddering (Aist and

Bushnell 1991; Bestwick et al. 1995), features like apoptotic blebbing are absent in plants, likely due

to the presence of a rigid cell wall. Additionally, plants lack homologs of caspases, the key executor

of animal RCD. However, cysteine proteases like vacuolar processing enzymes (VPEs), which exhibit

caspase-like activity, are required for successful HR execution (Hoorn and Jones 2004; Hatsugai et al.

2004). These distinctions suggests that while HR shares similarities with animal RCD, it constitutes

a distinct cell death pathway found only in plants.

The initiation, execution and termination of HR are tightly controlled, as dysregulation can

lead to autoimmunity and runaway cell death, as observed in mutants lines carrying autoactive

NLR alleles (Wang et al. 2015). NLR activity is tightly controlled by their protein levels, which are

typically low and increase in response to immune signaling (Tan et al. 2007; Mohr et al. 2010)

Furthermore, NLR proteins are multi-domain proteins (see Chapter 1.1.) whose activity is tightly

regulated. Intramolecularly, their N-terminal CC- or TIR-domains are kept inactive by the C-terminal

LRR domain. In addition, intermolecular interactions with other NLRs or chaperone-like proteins

such as Heat Shock Protein 90 (Hsp90), Suppressor of G-Two allele of Skp1 (SGT1), or Required for

Mla12 Resistance 1 (RAR1) further modulate their activity (Zhang et al. 2010; Wang et al. 2019b).

Until recently, the downstream signaling events following NLR activation remained poorly

understood. Mutant screens primarily identified NLR proteins and their chaperones Hsp90, SGT1,

and RAR1 as putative key players, suggesting a short downstream signaling pathway (Hubert et

al. 2009). This hypothesis was supported by the recent discovery of multimeric plant structures,

belonging to a group frequently named "deathosomes" (Maekawa et al. 2023). In animals,

deathosomes - such as inflammasomes and apoptosomes - serve as assembly platforms for executor

proteases such as caspases, which drive RCD in animals (Franchi et al. 2009; Li et al. 2017).

Similarly,recent studies have shown that both plant CC-NLR proteins and RPW8 helper NLR form

homo-oligomeric resistosomes upon effector recognition or activation via TIR-NLR signaling (Wang

et al. 2019a; Forderer et al. 2022; Zhao et al. 2022; Selvaraj et al. 2024). Unlike animal

deathosomes, plant CC-NLR- and RPW8-NLR resistosomes function as Ca2+-permeable ion channels,

facilitating an increased, long-lasting calcium influx (Bi et al. 2021; Jacob et al. 2021). Additionally,
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TIR-NLR and TIR-only proteins form resistosomes with NADase or RNAse activity, producing a

variety of small signaling molecules such as 2′-(5′′-phosphoribosyl)-5′-adenosine monophosphate

and diphosphate (pRib-AMP/ADP) - immuno-stimulatory purine-based metabolites that propagate

downstream signaling by activating RPW8-NLR resistosomes through the EDS1 signaling hub.

Despite their enzymatic function, TIR-protein resistosomes ultimately contribute to an increased

calcium influx (Ma et al. 2020; Martin et al. 2020; Huang et al. 2022; Jia et al. 2022; Yu et al.

2022). This topic is further explored in Chapter 5.

Another parallel between plants and animals RCD is the involvement of Mixed Lineage Kinase

domain Like (MLKL) proteins. In animals, MLKL oligomerization and plasma membrane localization

triggers necroptosis, a pro-inflammatory form of RCD (Sun et al. 2012; Seo et al. 2021). Plants

possess MLKL homologs, plasma membrane-localized proteins that function as calcium channels and

act redundantly with TIR-NLRs - but not CC-NLRs - in immune signaling (Mahdi et al. 2020; Shen

et al. 2024). These findings further support the hypothesis that NLR- and MLKL-mediated signaling

converge on the formation of Ca2+-permeable ion channels, reinforcing the initial hypothesis of

a short signaling pathway downstream of the initial HR initiation. Indeed, both calcium channel

blockers and channel mutants impair HR, reinforcing the previously described role of Ca2+ influx as

a core regulatory signal (Xu and Heath 1998; Ali et al. 2007).

Ferroptosis is the most recently characterized subtype of RCD. First identified in animals as a

subtype of necrosis associated with cysteine and glutathione depletion, ROS and iron accumulation,

and lipid peroxidation (Dixon et al. 2012; Friedmann Angeli et al. 2014), ferroptosis has been

implicated in both viral and bacterial infections, where it facilitates both immune evasion and

pathogen proliferation (Camini et al. 2017; Amaral et al. 2019). In plants, ferroptosis-like RCD was

first observed in Arabidopsis thaliana roots following a heat shock. This form of RCD correlated with

reductant depletion, iron accumulation, and lipid peroxidation and was inhibited by antioxidants

such as ferrostatin and iron chelators like ciclopirox, which are known inhibitors of ferroptosis

in animal cells (Distéfano et al. 2017). Recently, ferroptosis has been linked to necrosis in the

Nicotiana benthamiana-tobacco mosaic virus pathosystem and HR triggered during the infection of

rice plants by Magnaporthe oryzae (Macharia et al. 2020; Dangol et al. 2019). Overall, ferroptosis

is a conserved RCD pathway found in animals and plants and interestingly, in leaves as well as

in roots, distinguishing it from HR, which has so far only been observed in leaves. Over the

past decades, research on RCD in plants, particularly in plant-microbe interactions, has expanded

significantly. Although plant RCD research still lags behind its animal counterpart, recent discoveries

have provided critical insights into its unique mechanisms. While some conserved features, such

as deathosomes, lipid peroxidation, and membrane pore formation are shared between plant and

animal systems, growing evidence suggests that plant RCD operates through distinct pathways.

To fully understand plant RCD, it must be studied independently rather than solely through

comparisons to animal models. Finally, the discovery of cell death in beneficial plant-microbe

interactions has challenged the paradigm of cell death as a hallmark of pathogen infection (D’Haeze

et al. 2003; Mucha et al. 2014; Ragnelli et al. 2014) (Chapter 4).
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1.4 Serendipita indica as a Model for Beneficial Root Endophytes

Healthy plants actively recruit beneficial microbes from the bulk soil to establish a stable root

microbiota. While most studies on root microbiota assembly have focused on bacteria, fungi also

play a crucial role, either independently or in synergy with other microbes (Mahdi et al. 2021).

Historically, research on beneficial plant-fungal interaction has primarily centered on arbuscular

mycorrhiza fungi (AMF). AMF have been instrumental in plant evolution, from the terrestrialization

of early plants to an impact on modern agriculture. However, their inability to grow axenically

and incompatibility with the model plant Arabidopsis thaliana, present challenges for studying the

molecular mechanism underlying plant-fungal interactions.

In comparison, members of the fungal order Sebacinales (Agaricomycetes, Basidiomycota) are

distributed globally and, despite being less abundant, are frequently associated with healthy plant

roots. Sebacinales colonize a broad range of host plants, employing different colonization strategies

that range from mycorrhizal symbiosis to endophytism (Blechert et al. 1999; Weiss et al. 2011;

Weiss et al. 2016; Mahdi et al. 2021). One particularly well-studied member of this order is

Serendipita indica, an endophytic fungus first isolated from the roots of a shrub in the Indian Thar

desert. S. indica has since become an important model organism for studying beneficial plant-fungal

interactions (Verma et al. 1998). It colonizes a wide variety of host plants, including the model

species Arabidopsis thaliana, as well as commercially important monocot and dicot crops like barley

and tomato (Peškan-Berghöfer et al. 2004; Waller et al. 2005; Fakhro et al. 2010). Its ability to grow

axenically and its genetic tractability make S. indica a powerful model system for studying fungal

endophytes (Varma et al. 1999; Zuccaro et al. 2009).

Following chlamydospore germination, S. indica colonizes the epidermis and cortex of the host

plant’s root, both inter- and intracellularly (Figure 1.2A). Colonization of the root vascular tissue

or aerial parts of the plant has not been reported. Notably, this colonization process is independent

of canonical symbiosis genes required for AMF and rhizobial interactions (Banhara et al. 2015).

During colonization, S. indica provides a range of beneficial effects to the host plant such as improved

nutrient uptake, leading to enhanced biomass and yield (Shahollari et al. 2005; Waller et al. 2005;

Achatz et al. 2010; Ray and Valsalakumar 2010). Additionally, S. indica can improve plant resistance

to abiotic stresses, including drought and salinity (Zarea et al. 2012; Sherameti et al. 2008), as well

as biotic stresses such as root and foliar pathogens (Stein et al. 2008; Sun et al. 2014; Li et al. 2023b;

Eichfeld et al. 2024).

The lifecycle of S. indica follows a biphasic colonization strategy, beginning with an initial bio-

trophic phase (Figure 1.2B) (Franken et al. 2000; Zuccaro et al. 2011; Jacobs et al. 2011; Lahrmann

et al. 2013). During this phase, invading fungal hyphae are engulfed in the host-plasma membrane,

and a suite of small secreted proteins is secreted into the host apoplast. Many of these proteins

function as effectors that help S. indica evade host immunity, scavenge ROS, and reprogram host

phytohormone pathways (Akum et al. 2015; Wawra et al. 2016; Wawra et al. 2019; Nizam et

al. 2019; Nostadt et al. 2020). Following the biotrophic phase, S. indica transitions to a cell

death-associated phase, during which heavily colonized host cells undergo regulated cell death

(Figure 1.2C). This phase is accompanied by transcriptional and nutritional reprogramming in S.

indica, with nitrogen depletion likely serving as a key signal (Lahrmann et al. 2013). In addition,

the dysregulation of phytohormones, such as gibberellic acid (GA), has been implicated in this
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phase, potentially lowering the threshold for cell death induction (Jacobs et al. 2011). Recent

findings suggest that this phase involves the production of a small purine-based metabolite that

induces host cell death, marking a key mechanistic shift in the interaction (Chapter 4). Hallmarks

of the S. indica-induced cell death include endoplasmic reticulum (ER) stress and the activation

of VPEs, previously described as caspase-like proteases required for HR (Deshmukh et al. 2006;

Qiang et al. 2012). Interestingly, VPEs exhibit caspase-like activity, which is essential for cell death

execution in animal cells and are also required for HR execution (see Chapter 1.2) (Hatsugai et al.

2004; Qiang et al. 2012). However, the S. indica-induced cell death is distinct from necrosis, and

beneficial effects persist even after its execution (Schäfer et al. 2009). Further evidence suggests

that the controlled induction of host cell death is crucial for stable long-term colonization. Both

vpe knockout mutants and plants overexpressing the conserved cell death inhibitor Inhibitor of

Bcl-2-like protein 4 (BAX-I)-1 exhibit reduced fungal colonization, indicating that RCD is required

for successful symbiosis (Mitsuhara et al. 1999; Hückelhoven 2004; Deshmukh et al. 2006; Qiang

et al. 2012). Additionally, the formation of chlamydospores is frequently observed in dead host cells,

suggesting that cell death might be a prerequisite for completing S. indica’s asexual lifecycle.

While the significance of regulated host cell death in S. indica-plant interactions has been

recognized, the precise mechanisms of initiation, execution, regulation, and restriction remain

unclear. This doctoral thesis aims to address these knowledge gaps by investigating the molecular

and physiological processes underlying S. indica-induced cell death.
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Figure 1.2: Serendipita indica as a Model for Beneficial Root Endophytes — A) Figure 1.2A
illustrates the biphasic root colonization strategy of the beneficial endophytic fungus Serendipita
indica. The left half of the figure depicts the biotrophic phase, which initiates with chlamydospore
germination near the root surface. During this phase, fungal hyphae penetrate the epidermal
layer-primarily in the root differentiation zone-invaginating the host cell membrane. Colonization
is both intra- and intercellular within the epidermal and cortical layers, while the endodermis and
vascular tissue remain uncolonized.
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(continued) On the right half, the cell death-associated phase is characterized by localized host cell
death in heavily colonized cells of the epidermis and cortex. This is accompanied by the formation
of new chlamydospores within dead cortical cells. B) Biotrophic colonization phase: The early
stage of root colonization is marked by the secretion of fungal effector molecules that facilitate
immune evasion by sequestering MAMPs (SiE5NT, orange cleft, WSC3, & FGB1 red hexagons) and
reducing ROS accumulation (DLD1, red hexagon). Although S. indica hyphae (yellow) invaginate
the plant plasma membrane, cellular integrity is maintained during this phase. Intracellular effectors
(blue triangles) can modulate the host’s phytohormone signaling and antimicrobial effector (SiCHIT,
orange cleft) can inhibit the growth of competing pathogenic fungi (black hyphae)
C) Cell death-associated phase: Upon a nutrient-dependent switch to the cell death-associated
phase, the fungal transcriptome shifts, resulting in the upregulation of hydrolases and nutrient
transporter genes. A key mechanism of cell death induction is the synergistic production of dAdo
by the two fungal effector enzymes SiNucA & SiE5NT (orange clefts) in the apoplast . Hallmarks
of this phase include ER stress, loss of tonoplast and plasma membrane integrity, and nuclear
degradation. This phase is also characterized by the release of stress signals like MecPP into the
apoplast, the involvement of the TIR-NLR ISI and VPE activity (blue clefts). Notably, cell death
remains restricted to heavily colonized cells, and the beneficial effects associated with S. indica
colonization are preserved.

1.5 Aim of this Thesis

RCD in plant–microbe interactions has been studied since the early 20th century. While the role of

RCD as a defense mechanism against invading biotrophic pathogens is well established, the concept

of necrotrophic pathogens hijacking host RCD has only recently gained attention. In contrast,

cell death processes during beneficial plant–microbe interactions remain largely understudied. For

example, while the ability of the root-colonizing endophyte S. indica to induce host cell death is

known since its discovery two decades ago, most mechanisms of this process remained unresolved;

in the root, RCD appears to facilitate colonization and the formation of intraradical chlamydospores

(Deshmukh et al. 2006), with nutrient depletion likely serving as a cue for the transition from a

biotrophic to a cell death-associated colonization phase (Lahrmann et al. 2013). While some host

factors involved in this process, such as GA signaling and VPEs, have been identified (Jacobs et al.

2011; Qiang et al. 2012), the molecular mechanisms driving RCD initiation and execution during

symbiosis remain unclear.

This thesis aims to characterize the initiation, execution, and regulation of host RCD induced by

S. indica, with the goal of identifying key regulatory components on both the fungal and plant sides.

Understanding these processes will shed light on the broader phenomenon of microbe-induced RCD,

not only in pathogenic but also in mutualistic interactions. To this end, a complementary approach

was employed. On the fungal side, we identified key effectors responsible for the production of

RCD-inducing metabolites. On the plant side, we characterized factors that mediate RCD execution

and regulation.

To enable robust high throughput phenotypic screening of cell death induced both by chemical

compounds and pathogens, we developed a novel assay combining Pulse Amplitude Modulation

(PAM) fluorometry and ion leakage measurements (Dunken et al. 2022) (Chapter 3).

We further investigated the mechanism of fungal RCD induction and enzymatically characterized
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the two critical effector enzymes, SiNucA and SiE5NT. These enzymes synergistically produce the

immunometabolite deoxyadenosine (dAdo), which we identified as a key infochemical inducing

plant cell death. Through a combination of forward genetic screening, transcriptomic, and

metabolomic approaches, we elucidated key host responses and contributing factors, leading to

the identification of plant regulators such as the equilibrative nucleoside transporter (ENT)3 and

the previously uncharacterized TIR-NLR Induced by Serendipita indica (ISI) (Dunken et al. 2024)

(Chapter 4).

Finally, we contextualized our findings within the expanding field of plant immunity and cell

death regulation. This culminated in a comprehensive review (Chapter 5) exploring purine-based

signaling as a conserved and central hub of immune responses across biological kingdoms.

In summary, this thesis enhances our mechanistic understanding of cell death during S. indica

colonization and provides broader insights into the role of RCD in beneficial plant–microbe

interactions. Furthermore, it expands current perspectives on root immunity and introduces novel

concepts contributing to the emerging field of immunometabolism - the study of how metabolic

pathways and immune signaling intersect to regulate responses to biotic and abiotic stresses.
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Chapter 14

Monitoring Cell Death Via Ion Leakage and PAM Fluorometry

Nick Dunken, Lisa Mahdi, Rainer E. Häusler, and Alga Zuccaro

Abstract

Cell death in plants plays a major role during development as well as in response to certain biotic and abiotic
stresses. For example, plant cell death can be triggered in a tightly regulated way during the hypersensitive
response (HR) in defense against pathogens or be elicited by pathogenic toxin deployment. Monitoring cell
death and its impact on plant health can aid in the quantification of plant disease symptoms and help to
identify the underlying molecular pathways. Here, we describe our current protocol for monitoring plant
cell death via ion leakage and Pulse-Amplitude-Modulation (PAM) fluorometry. We further provide a
detailed protocol for the sample preparation, the measurement, and the data evaluation and discuss the
complementary nature of ion leakage and PAM fluorometry as well as the potential of PAM fluorometry for
high-throughput screenings.

Key words Plant cell death, ION leakage, Pulse-Amplitude-Modulation (PAM) fluorometry, Patho-
gen treatment, Chemical treatment, Large-scale screening

1 Introduction

Plant cell death is essential for plant development [1] as well as in
response to biotic and abiotic stresses [2, 3]. Forms of regulated cell
death (RCD) such as apoptosis-like cell death, necroptosis, and the
hypersensitive response (HR) are induced in response to different
stimuli and exhibit distinct cell death characteristics. As a drastic
and irreversible transition, RCD is tightly regulated by the plant
[4]. However, RCD can also be induced or suppressed by plant-
associated microorganisms and pathogens can trigger host cell
death independently of the plant cell death machinery via the
secretion of toxins and cell-wall degrading enzymes.

Monitoring cell death allows to quantify disease as well as stress
symptoms of the plant and helps to unravel the underlying molec-
ular mechanisms.

Plant cell death results in a loss of cell membrane integrity that
ultimately leads to the leakage of cellular electrolytes into the
surrounding medium. Measuring the corresponding increase in

Marina Klemenčič et al. (eds.), Plant Proteases and Plant Cell Death: Methods and Protocols,
Methods in Molecular Biology, vol. 2447, https://doi.org/10.1007/978-1-0716-2079-3_14,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022
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electric conductivity in the surrounding liquid is a commonly used,
direct proxy to quantify plant cell death in response to abiotic and
biotic stresses [5]. However, ion leakage measurements are time-
consuming as each sample has to be measured individually. Thus,
they are less suitable for large-scale screenings.

The photosynthetic activity reflects the health status of a plant
[6, 7]. The maximum potential quantum yield of photosystem II
electron transport is defined as the variable fluorescence (FV)
divided by the maximum fluorescence (FM) (FV/FM), where
FV ¼ FM-F0 (F0. ground fluorescence). Healthy and non-stressed
plants obtain a FV/FM value of approximately 0.8 [8, 9] whereas
biotic and abiotic stresses lead to a decrease in the FV/FM ratio up
to a total loss of photosynthetic activity upon cell death. Thus,
while PAM fluorometry is an indirect proxy for cell death, it pro-
vides additional information about the overall health status of the
plant. Due to its simple implementation and time-effectiveness,
PAM measurements are especially useful for large-scale screenings.
Furthermore, PAM measurements do not require a liquid-based
system and can also be used for plants on solid medium or soil.
Both ion leakage and PAM fluorometry are noninvasive and thus
suitable to measure cell death progression over time on the same
samples.

Here, we show the function and specificities of cell death
monitoring via a combination of ion leakage and PAM fluorometry,
exemplified by a chemically induced, developmental cell death as
well as a biotic stress induced cell death.

Representing a chemical induced cell death, we treated Arabi-
dopsis thaliana seedlings with methyl jasmonate (MeJA), a bioac-
tive derivate of jasmonic acid (JA) that induces leaf senescence
[10]. Treatment with MeJA leads to increased electric conductivity
as well as to a constant, uniform decrease in the FV/FM ratio
(Fig. 1).

Representative of a biotic interaction inducing cell death, we
took advantage of a previously described tripartite system consist-
ing of the detrimental fungal pathogen Bipolaris sorokiniana and
the beneficial fungal root endophyte Serendipita vermifera in barley
[11]. While B. sorokiniana colonization results in host cell death,
co-colonization with S. vermifera counteracts these detrimental
effects [11]. We here applied this tripartite system in Arabidopsis
thaliana (Fig. 1). We inoculated Arabidopsis roots with
S. vermifera, B. sorokiniana, or a combination of both fungi
(Fig. 3). As observed in barley, B. sorokiniana was able to colonize
Arabidopsis roots. Upon colonization, B. sorokiniana caused typi-
cal disease symptoms on Arabidopsis roots and shoots including
root browning. Consistently, B. sorokiniana colonization results in
a constant increase in electric conductivity. This increase is dimin-
ished in plants when the roots are additionally inoculated with
S. vermifera, reflecting the protective function of S. vermifera.
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PAM analysis revealed consistent results. Interestingly,
B. sorokiniana colonized plants do not display a uniformly
decreased FV/FM ratio (Fig. 2b). Instead, there is a local reduction
of photosynthetic activity and cell death that slowly spreads across
the whole shoot. This in turn leads to a constant reduction in the
photosynthetic active leaf area over time reflecting the proceeding
cell death.

2 Materials

2.1 Equipment 1. 24-Well culture plates.

2. Square plates.

3. Forceps.

4. Conductivity meter.

5. Imaging PAM fluorometer (e.g., Imaging-PAM M-Series
Chlorophyll Fluorescence System (Walz)) able to measure cul-
ture plates (e.g., 24-well plates).

Fig. 1 Experimental setup depicting a chemically induced developmental cell death via methyl jasmonate
(MeJA) (left) and a pathogen-induced cell death via B. sorokiniana colonization in a tripartite system with the
beneficial endophyte S. vermifera (right)
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6. Personal computer with a software suitable for PAM evaluation
(e.g., ImagingWin, Walz, Germany) installed.

7. Growth cabinet or growth chamber for plant growth under
controlled conditions.

2.2 Reagents and

Consumables

1. Arabidopsis thaliana seeds.

2. Murashige-Skoog (MS) medium including vitamins.

3. Sucrose.

4. 70% Ethanol.

Fig. 2 PAM fluorometry pictures of (a) 7-day-old Arabidopsis thaliana seedlings treated with 50 mM MES
buffer (pH 5.6) or 500 mM MeJA, respectively, at 0, 3, and 7 days post transfer (dpt). (b) 14-day-old
Arabidopsis thaliana seedlings inoculated with sterile water (Mock), the beneficial fungal endophyte
S. vermifera (Sv), the fungal pathogen B. sorokiniana (Bs) or a combination of both fungi (SvBs). At 7 days
post inoculation (dpi) the plant roots were washed and the seedlings were transferred to deionized water.
Pictures were taken every 24 h for 4 days. Blue color represents high photosynthetic activity while lighter
colors represent a lower photosynthetic activity
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5. 100% Ethanol.

6. Plant Agar.

7. Deionized water or sterile 2.5 mM 2-(N-morpholino) ethane-
sulfonic acid (MES) adjusted to pH 5.6 (see Note 1).

8. Chemical or organism to be tested, here: 10 mM MeJA solved
in 2.5 mM MES (pH 5.6) or fungal inoculum in water.

3 Method

3.1 Seedling

Sterilization,

Germination, and

Treatment

1. Sterilize Arabidopsis thaliana seeds by washing them two times
with 70% EtOH for 5 min followed by one washing step with
100% EtOH for 5 min.

2. Let the seeds dry under sterile conditions.

3. Sow sterilized seeds on ½ MS, 4% plant agar, and 1% sucrose
square plates.

4. Stratify the seeds for 2 days at 4 �C in darkness.

5. Then transfer plates to a growth chamber at a day/night cycle
of 8/16 h at 22/18 �C, 60% humidity and a light intensity of
125 μmol m�2 s�1.

Fig. 3 Evaluation of B. sorokiniana-induced cell death via PAM fluorometry and ion leakage analysis. Both
readouts are noninvasive and thus suitable to measure cell death progression over time on the same samples.
While ion leakage represents a direct proxy, its measurement is more time-consuming. PAM fluorometry
visualizes plant cell death indirectly via FV/FM-ratios but can represent a more efficient screening strategy and
can be enhanced by additional analysis of the photosynthetic active area
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6. Let seedlings germinate for 7 days in these conditions prior to
the treatment.

7. For chemical treatment: Fill each of the 24 wells of a sterile
culture plate with 1.9 mL of 2.5 mM MES buffer (pH 5.6).

8. Transfer 3–5 7-day-old seedlings to each well and let them
regenerate in the growth chamber at the abovementioned con-
ditions (see Note 2).

9. After regeneration, take first measurements of ion leakage and
PAM fluorometry as a time point 0.

10. Treat the 8-day-old seedlings with 100 μL of 20� chemical
solution (e.g., 10 mM MeJA; end concentration: 500 μM) per
well.

11. For tripartite treatment: transfer 20 seedlings per plate to ½
MS plates, 4% plant agar without added sucrose.

12. Inoculate the plants with the respective fungi or fungal combi-
nation, here with 1 mL of a 1 g/L S. vermifera mycelium
solution per plate, 1 mL of a 5000 spores/L B. sorokiniana
spore solution per plate, or a combination of both fungi.

13. Distribute the fungal solution on the roots and the plate area
below the roots. For this, distribute the solution on the roots
and let it run down the plate. Recollect it with a pipette and
repeat until a homogenous inoculation is achieved.

14. Incubate the plates in the growth chamber (conditions see
above) for 7 days.

15. At 7 days post inoculation, when the seedlings are 14 days old,
fill each well with 2 mL deionized water, wash the colonized
roots to remove the extraradical hyphae, and transfer 3–5
seedlings to each well.

16. For washing, hold the seedlings carefully with forceps, dip the
roots into autoclaved water, and slip the wet root over tissue
paper. Extraradical hyphae will stick to the tissue paper.

3.2 Time Course

PAM and Ion Leakage

Measurement

1. Measure ion leakage for each well according to the manufac-
turer instructions. Be careful not to touch the seedlings while
measuring (see Note 3).

2. Before measuring PAM, transfer the plates to darkness for
15 min to enable measurement of the maximum fluorescence
(FM) as well as the ground fluorescence (F0) in the dark-
adapted leaves (see Note 4). For dark adaption, the plates can
be kept in a closed drawer or covered with aluminum foil.
Afterward, measure the fluorescence by taking pictures with
the fluorometer plate by plate in darkness according to the
manufacturer’s instructions.

3. Continue the measurements every 24 h for 4–8 days.
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3.3 Evaluation of

PAM with and

Without Area

1. The evaluation differs depending on the Imaging PAM fluo-
rometer and the respective evaluation-software. Here, we
explain the evaluation with ImagingWin (Walz) in more detail.

2. Open the first PAM file (.pim or .xpim) in ImagingWin. Pho-
tosynthetically active leaf tissues are visualized in blurry colors
(Fig. 2).

3. Click on Options and uncheck “Mean over Area of interest
(AOI).”

4. Reset the AOI and calculate the FV/FM value of each well by
adding AOI circles around each well.

5. Extract the FV/FM values (denoted as Y(II) by the program)
using the “Report” tab. The resulting FV/FM values represent
the mean PSII activity of living leaves of the 3–5 seedlings in
each well.

6. Export a JPEG file of the FV/FM channel and measure the
photosynthetic active leaf area via a suitable software (e.g.,
ImageJ [12]) to include the dimension of the living leaf area
into the evaluation (see Notes 5 and 6).

7. Multiply the FV/FM value for each well with the photosyn-
thetic active leaf area.

4 Notes

1. For chemical treatments, the buffer is of high importance for
the experiment. Many chemicals have a strong effect on the pH
of the solution. The buffer ensures that the plant health is not
affected by an extremely acidic or basic pH.

2. When transferring and washing the seedlings, be careful not to
injure the plants, as this induces stress and tampers the results.
An additional recovery day between picking and treatment is
thus recommended (see Subheading 3.1).

3. 24 h of regeneration before starting measuring are recom-
mended to avoid artifacts in ion leakage measurements due to
wounding during the seedling transfer.

4. Be sure not to expose the dark adapted plants to light before
measuring. Also, do not measure the plates twice without
repeating the adaption process.

5. During evaluation, be aware that dead cells are no longer
photosynthetic active and are thus excluded from the program
calculation. Including the area in your calculation will allow
you to take the dead leaf area into account. For a cell death
response such as observed upon B. sorokiniana treatment
(Figs. 1, 2b and 3) the area is essential for quantification. For
a cell death that spreads and proceeds uniformly on the plant
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such as in case of MeJA (Figs. 1 and 2a), the area calculation is
not necessarily needed. However, it still increases the measure-
ment sensitivity.

6. As it is hard to perform absolute size measurements of the
photosynthetic active leaf area due to the lack of a size standard,
relative sizes can be compared. For this, the plates have to be
continuously measured in the same setup (same height,
zoom, etc.)
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SUMMARY

The intracellular colonization of plant roots by the beneficial fungal endophyte Serendipita indica follows a
biphasic strategy, including a host cell death phase that enables successful colonization ofArabidopsis thali-
ana roots. How host cell death is initiated and controlled is largely unknown. Here, we show that two fungal
enzymes, the ecto-50-nucleotidase SiE5NT and the nuclease SiNucA, act synergistically in the apoplast at the
onset of cell death to produce deoxyadenosine (dAdo). The uptake of extracellular dAdo but not the struc-
turally related adenosine activates cell death via the equilibrative nucleoside transporter ENT3. We identified
a previously uncharacterized Toll-like interleukin 1 receptor (TIR)-nucleotide-binding leucine-rich repeat re-
ceptor (NLR) protein, ISI (induced by S. indica), as an intracellular factor that affects host cell death, fungal
colonization, and growth promotion. Our data show that the combined activity of two fungal apoplastic en-
zymes promotes the production of a metabolite that engages TIR-NLR-modulated pathways to induce plant
cell death, providing a link to immunometabolism in plants.

INTRODUCTION

Regulated cell death (RCD) occurs in plants as part of normal

growth and development and in response to abiotic and biotic

stimuli. In plant-microbe interactions, host cell death programs

can mediate either resistance or successful infection. Depend-

ing on the type of microbial lifestyle, host cell death can benefit

the plant by stopping the growth of biotrophs or the microbe by

promoting the growth of necrotrophs. Thus, control of plant

host cell death is critical to the outcome of an interaction.

Host cell death also plays a role in certain beneficial interac-

tions, challenging the paradigm that cell death in plant-microbe

interactions implies pathogenesis or host-microbe incompati-

bility. Both symbiosis with beneficial microbes and infection

by pathogens require sophisticated control of host defenses

and nutrient fluxes. Certain features of the interaction of bene-

ficial microbes, such as affecting host immunity, metabolism,

and host cell death, are reminiscent of pathogen infections. In

Rhizobium-legume symbioses, root nodules are formed to pro-

vide a niche for bacterial nitrogen fixation. The formation of

infection pockets is associated with host cell death and the pro-

duction of hydrogen peroxide.1 Host cell death is also observed

in ectomycorrhizal symbioses2,3 and is a requisite for the estab-

lishment of symbiotic interactions with the widely distributed

beneficial fungi of the order Sebacinales.4–6 Molecular environ-

mental studies have shown that some of the most abundant

taxa of this order have little, if any, host specificity and interact

with a wide variety of plant species. Sebacinales isolates,

including S. indica and S. vermifera, exhibit beneficial effects

such as growth promotion, increased seed production, and

protection from pathogens and thus play an important role in

natural and managed ecosystems.7–9 The requirement of

restricted host cell death for the establishment of certain bene-

ficial microorganisms leads to the hypothesis that the activation

of cell death mechanisms in roots has a more important ecolog-

ical function than previously thought.

Cell Host & Microbe 32, 2161–2177, December 11, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 2161
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Host cell death during S. indica colonization of roots

(A) Current model for dAdo-triggered cell death during colonization of A. thaliana roots by S. indica. The beneficial endophyte S. indica secretes two enzymes into

the apoplast, the nuclease SiNucA and the ecto-nucleotidase SiE5NT. SiE5NT is initially involved in manipulating eATP signaling (left), as described in Nizam

et al.13 SiNucA accumulates at the onset of cell death. The combined activity of SiNucA and SiE5NT releases deoxynucleosides from DNA, with a strong

preference for dAdo, a potent cell death inducer in animal systems. dAdo is transported to the cytoplasm via AtENT3, where it triggers a cell death process and

contributes to successful fungal colonization. dAdo induces the production of the retrograde stress signal MEcPP from plastids, activating stress signaling and

possibly intercellular communication. Cell death triggered by dAdo ismodulated by an uncharacterized TIR-type NLR protein (ISI, induced byS. indica), providing

a link to immunometabolism.

(legend continued on next page)
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In the hostsHordeum vulgare (hereafter barley) and A. thaliana

(hereafter Arabidopsis), Sebacinales fungi initially colonize living

cells that die during the progression of colonization.4–6,10–12 This

symbiotic cell death is thought to contribute to niche differentia-

tion during microbial competition for space and nutrients in

the root and appears to be restricted to colonized cells in the

epidermis and outer cortex. The host pathways that control the

induction and execution of plant cell death and the fungal elici-

tors/effectors that initiate this process in roots are still largely un-

known.5,6,13,14 Pathogenic and beneficial fungi have a large

repertoire of secreted effectors that can affect host cell physi-

ology and suppress plant defenses, promoting fungal coloniza-

tion. In fungi, effectors have been described mainly in biotrophic

and hemibiotrophic foliar pathogens.15 By contrast, only a few

effectors of root symbiotic fungi have been functionally charac-

terized.13,16–20 Therefore, the modes of action of effectors of

mutualistic fungi remain poorly understood.

Using genomics, transcriptomics, and proteomics, we iden-

tified proteins secreted by S. indica into the root apoplast.13

One secreted protein consistently found at various stages of

symbiosis is the ecto-50-nucleotidase SiE5NT (PIIN_01005).13

Expression of SiE5NT is induced during colonization of barley

and Arabidopsis roots but not in axenic fungal culture.13 Ani-

mal ecto-5’-nucleotidases play a key role in the conversion

of AMP to adenosine, counteracting the immunogenic effects

of extracellular ATP (eATP) released from host cells.21 eATP is

an important signal in plants that controls development and

response to biotic and abiotic stresses. In Arabidopsis, eATP

mediates various cellular processes through its binding to

the purinergic membrane-associated receptor proteins

DORN1/P2K1 and P2K2.22 In the apoplast, eATP accumula-

tion increases cytoplasmic calcium and triggers a defense

response against invading microbes. The perception of extra-

cellular nucleotides, such as eATP, plays an important role in

plant-fungal interactions—we previously demonstrated this

by showing that the knockout (KO) mutant dorn1 of Arabidop-

sis is better colonized by S. indica. Partially purified prepara-

tions of SiE5NT are able to hydrolyze adenylates to adenosine,

which alters the eATP content in the apoplast and the plant

response to fungal colonization.13 Secretion of SiE5NT in Ara-

bidopsis leads to enhanced colonization by S. indica, confirm-

ing its role as an apoplastic effector protein. Considering the

important role SiE5NT plays in fungal accommodation at early

symbiotic stages, we proposed that modulation of extracel-

lular nucleotide levels and their perception play a key role in

compatibility during early plant-fungal interactions in roots.13

Secreted SiE5NT homologs are also present in fungal patho-

gens such as Colletotrichium incanum and Fusarium oxyspo-

rum and other Arabidopsis endophytes such as Colletotrichum

tofieldiae, suggesting that purine-based extracellular biomole-

cules also play a role in other plant-fungal interactions.

During the colonization of barley and Arabidopsis by

S. indica, a small fungal endonuclease, which we named SiNucA

(PIIN_02121), is secreted with SiE5NT at the onset of cell

death.13,23 In plants, the mechanisms linking immune recogni-

tion of DNA danger signals in the extracellular environment to

innate signaling pathways in the cytosol are poorly understood,

as is the role of (deoxy)nucleotide metabolism in root coloniza-

tion and cell death. Here, we show that the synergistic activity

of SiNucA and SiE5NT leads to the production of deoxyadeno-

sine (dAdo) from extracellular DNA (eDNA). dAdo production

by fungal extracellular enzymes is similar to the processes

involved in dAdo-mediated immune cell death of Staphylo-

coccus aureus in animals, which appears to ensure bacterial

survival in host tissues.24,25 Staphylococcal nuclease and aden-

osine synthase A (AdsA, a homolog of SiE5NT) are both required

to release dAdo from neutrophil extracellular traps (NETs), which

has a potent cytotoxic effect onmacrophages and other immune

cells.24

We demonstrate that dAdo but not the structurally similar Ado

activates a previously unidentified cell death mechanism in

plants. Expression of either extracellular SiNucA or SiE5NT in

planta results in enhanced colonization by S. indica and host

cell death.13 We found that a mutation in the equilibrative

nucleoside transporter 3 (ENT3) of Arabidopsis leads to a

strong and specific resistance phenotype to dAdo-induced cell

death. Accordingly, the ent3 KO line shows less fungal-

induced cell death in the root and accumulates less of the extra-

cellular signaling metabolite methylerythritol cyclodiphosphate

(MEcPP) in response to fungal colonization or dAdo treatment.

Finally, through a mutant screen of Arabidopsis transfer DNA

(T-DNA) insertion lines, we identified a previously uncharacter-

ized locus including several Toll-like interleukin 1 receptor

(TIR)-nucleotide-binding leucine-rich repeat receptor (NLR) pro-

teins. Mutation in one of these proteins appears to modulate cell

death triggered by dAdo, as well as fungal colonization and

growth promotion. While most characterized TIR-NLRs (TNLs)

function as sensors of pathogen-secreted effectors, our findings

suggest that this TNL may be involved in the regulation of cell

death induced by a metabolite produced during symbiosis. We

hypothesize that the hydrolysis of extracellular metabolites by

the fungal enzymes SiNucA and SiE5NT provides a link between

purine metabolism, immunity, and cell death pathways in roots

(Figure 1A).

(B and C) Arabidopsis roots expressing the fluorescent nuclear marker UBQ10::H2B:mCherry (magenta) stained with the fungal cell wall marker wheat germ

agglutinin Alexa Fluor 488 conjugate WGA-AF 488 (green) at 10 dpi.

(D) Plant nuclei stained with DAPI (magenta) and fungal cell wall and matrix stained with the b-glucan binding lectin FGB1-fluorescein isothiocyanate (FITC) 488

(green) at 6 dpi. As colonization by S. indica progresses, host nuclei often become elongated and fade.

(E and F) Close-up of S. indica hyphae embedded in a host nucleus from (D).

(G and H) Staining of nucleic acids of roots colonized with S. indicawith the dead cell indicator (membrane integrity marker) SYTOX Orange (magenta) and fungal

hyphae with WGA-AF 488 (green) at 10 dpi.

(I and J) S. indica hyphae fluorescently labeled with the b-glucan-binding lectin FGB1-FITC 488 (green) embedded in a DAPI-stained host nucleus (magenta) at

6 dpi.

(K–N) Progressive vacuolar collapse of colonized root cells. Fungal hyphae are stainedwithWGA-AF 488 (green), whilemembranes are stained with FM4-64 (red).

(J and K) Initial biotrophic colonization. (M and N) Vacuolar collapse in a dying host cell. CLSM was repeated at least five times with 3 to 4 plants colonized by

S. indica. Fading of nuclei at the onset of cell death during fungal colonization was regularly observed.
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RESULTS

Fading of host nuclei and vacuolar collapse are
hallmarks of symbiotic cell death during S. indica root
colonization
S. indica induces restricted cell death in colonized root cells of

Arabidopsis and barley, resulting in characteristic cytological

features at later stages of colonization. In these two hosts, the

timing and extent of cell death differ.5,6 In Arabidopsis, the cell

death phenotype is less pronounced than in barley, but cytolog-

ical analyses showed fading of host nuclei, vacuolar collapse,

and swelling of the endoplasmic reticulum (ER) in colonized

cells,5 indicating ER stress and host cell death during root colo-

nization (Figures 1B–1N). To characterize the timing of fungal-

induced cell death, the presence and shape of plant nuclei dur-

ing colonization by S. indica were monitored by confocal laser

scanningmicroscopy using either an Arabidopsis line expressing

the nuclear marker H2B:mCherry (Figures 1B and 1C) or the

nucleic acid dye DAPI (Figures 1D–1F) and the cell death dye

SYTOX Orange (Figures 1G and 1H). In the Arabidopsis

H2B:mCherry line, plant nuclei in the epidermal layer were often

elongated (Figures 1B and 1C), faded, and eventually disap-

peared by 8 to 10 dpi in heavily colonized areas of the root.

Nuclei stained with SYTOX Orange were visible at 7 to 8 days

post inoculation (dpi), indicating that at this time the plasma

and nuclear membranes of Arabidopsis were permeable to the

dye, which is a hallmark of cell death (Figures 1G and 1H). In

dying cells, S. indica hyphae embedded in plant nuclei were

frequently observed, indicating that during activation of cell

death, the fungus might digest and feed on host nuclear DNA

(Figures 1E, 1F, 1I, and 1J). These results show that Arabidopsis

root cell death begins around 7 dpi, and by 10 dpi, most host

nuclei have faded or disappeared in cells colonized by S. indica.

SiNucA and SiE5NT act synergistically in the production
of deoxynucleosides
Although the interaction between S. indica and roots has been

extensively studied, comparatively little is known about the

contribution of apoplastic effectors to fungal accommodation

or the mechanism of cell death in this system.13,18,20,26 We pre-

viously analyzed soluble apoplastic proteins in barley at different

stages of S. indica colonization. We found that SiE5NT was

consistently one of the predominant fungal proteins.13 We

demonstrated that SiE5NT functions as a membrane-bound

nucleotidase that is released into the apoplast during host colo-

nization. Partially purified preparations of SiE5NT are capable of

releasing phosphate and adenosine from ATP, ADP, and AMP.13

In addition, the small secreted protein SiNucA with predicted

endonuclease activity (Figure S1) was found in the apoplastic

fluid of colonized barley roots at the onset of cell death

(5 dpi).13 SiNucA is also secreted during root colonization in Ara-

bidopsis.23 SiNucA expression is transiently induced during cell

death in barley and Arabidopsis, as shown by transcriptomic

data6 and quantitative PCR analyses (Figure 2A). This prompted

us to further investigate the involvement ofSiNucA in fungal colo-

nization and host cell death. The secretion of SiNucA and its

enzymatic activity were investigated by overexpressing a SiNu-

cA:HA:His construct in S. indica (Figures 2B and S1). Superna-

tants from fungal overexpression (OE) strains and affinity-puri-

fied SiNucA were able to degrade double-stranded DNA and

single-stranded RNA from fungal and plant material, indicating

nonspecific nuclease activity (Figure 2C). Addition ofmagnesium

and calcium increasedSiNucA activity in in vitro assays, whereas

EDTA inhibited it (Figure S1F).

To investigate the effects of SiNucA on colonization, we tested

independent homozygous T3 lines heterologously expressing a

native version of SiNucA in Arabidopsis under control of the 35S

promoter. Expression of SiNucA in Arabidopsis resulted in higher

fungal colonization at 7 dpi, which correlated with the SiNucA

expression level (Figures 2D and 2E), demonstrating its impor-

tance in fungal accommodation. Overcolonization resulted in a

reduction in plant biomass that was not observed in the mock-

treated SiNucA expression lines (Figure S2A). Localization studies

by confocal microscopy of Arabidopsis roots expressing either

full-length SiNucA or a version lacking the N-terminal signal pep-

tide (SP) fused to mCherry confirmed secretion of the full-length

SiNucA fusion protein into the apoplast and functionality of the

SP. After plasmolysis, themCherry fluorescence signalwas visible

on the cell walls and apparently on the membrane of the shrinking

cells for the full-length SiNucA fusion protein but not for the cyto-

plasmic version without SP (Figures S2B and S2C). Remarkably,

S. indica colonization was associated with the observation that

the full-length mCherry-tagged SiNucA localized to host nuclei

specifically in colonized cells. By contrast, in adjacent non-colo-

nized cells, the mCherry signal was localized at the cell periphery,

even following plasmolysis (Figures 2F and S2B–S2D). The detec-

tion of SiNucA in the apoplast13 and within the nuclei of colonized

host cells (Figure 2F) suggests that it may be directed toward the

nucleus during colonization, where it could potentially interact

with both eDNA and nuclear DNA.

The co-occurrence of SiNucA and SiE5NT in the apoplast at

5 dpi led us to speculate that these two enzymesmight cooperate

in promoting fungal colonization of roots. Using affinity-purified

SiE5NT from leaves of Nicotiana benthamiana, we found activity

with dAMP and AMP substrates (Figures 3A and 3B), whereas no

activity was detected for other deoxynucleotides (deoxycytidine

monophosphate, deoxyguanosine monophosphate, deoxythy-

midine monophsophate) or nucleotides (guanosine monophos-

phate, uridine monophosphate, 30,50-cAMP) tested. Moreover,

dATP and the general phosphatase substrate para-nitrophenyl

pyrophosphate (pNPP) were not SiE5NT substrates. Interest-

ingly, only dAMP was hydrolyzed at a constant rate, whereas

the AMP hydrolysis rate gradually decreased under the selected

reaction conditions (Figures S3A and S3B). The KM for AMP

(15.9 mM) was �20-fold lower than for dAMP (361.6 mM), but

the kcat for dAMP (11.9 s�1) exceeded that of AMP (1.1 s�1) by

a factor of �10 (Figures 3A and 3B). These data suggest that

SiE5NT hydrolyzes AMP slightly better at low substrate concen-

trations (below 20 mM) but is far more efficient for dAMP at higher

substrate concentrations thatmight prevail in a nucleus undergo-

ing degradation and in the case of eDNAdegradation. To test po-

tential synergistic activity of SiNucA and SiE5NT, we incubated

DNA with SiE5NT and SiNucA alone and in combination. As

expected, SiNucA degraded DNA (Figure 3C), but neither deoxy-

nucleotides nor deoxynucleosides were detected as reaction

products by LC-MS analysis, suggesting that SiNucA degrades

DNA to oligonucleotides. SiE5NT also did not release deoxynu-

cleotides from DNA but produced small amounts of
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deoxynucleosides (Figure 3D). However, in combination, SiNucA

and SiE5NT released deoxynucleosides from DNA with a strong

preference for dAdo. This demonstrates the ability of SiE5NT to

use oligonucleotides released by SiNucA as a substrate and act

synergistically with SiNucA to preferentially release dAdo from

DNA (Figure S3C).

dAdo induces host cell death
The production of dAdo by the synergistic activity of the two

secreted fungal enzymes resembles the processes involved in

dAdo-mediated immune cell death of S. aureus in animal cells,

which ensures the exclusion of macrophages from the center

of abscesses where the bacteria survive.24,25 This motivated

Figure 2. SiNucA is a small secreted nuclease involved in fungal accommodation

(A) SiNucA expression in Arabidopsis and barley roots colonized by S. indica and axenic cultures measured by the 2�DCT method. Error bars: SD, n = 3 (biological

replicates).

(B) SiNucA:HA:His protein enrichment from culture filtrate precipitated with 80% ammonium sulfate and separated by size exclusion chromatography. The

resulting fraction was separated by SDS-PAGE, and SiNucA:HA:His was stained with Coomassie brilliant blue.

(C) The purified SiNucA:HA:His protein was incubatedwith fungal (S. indica) or plant (Arabidopsis) RNA or DNA in 5mMTris buffer (pH = 8) containing 1mMMgCl2
and 1 mM CaCl2 for 4 (RNA) or 10 (DNA) min and visualized after gel electrophoresis.

(D) Arabidopsis lines expressing SiNucA driven by the 35S promoter (lines 18, 53, and 56) compared with control lines (4 and 18: segregating from T2 generation

and Col-0 WT). Roots of plants grown on ½ MS medium were inoculated with S. indica and analyzed after 7 dpi. The dots represent independent biological

replicates, and the lines represent the mean. Different letters indicate significantly different groups as determined by one-way ANOVA with post-hoc Tukey HSD

test (p < 0.05).

(E) Root colonization by S. indica in transgenic 35S::SiNucA-Arabidopsis lines at 7 dpi was assessed by RT-qPCR by comparing expression of the fungal

housekeeping gene SiTEF and the plant gene AtUbi and the 2�DDCT method, normalized to colonization in the WT Col-0. The dots represent independent

biological replicates, while the lines represent the mean. Different letters indicate significantly different groups as determined by one-way ANOVA with post-hoc

Tukey HSD test (p < 0.05).

(F) CLSM live cell images of an Arabidopsis root expressingSiNucA:mCherry (yellow) and inoculated withS. indica. Fungal cell walls are stained withWGA-AF 488

(green) and nuclei with DAPI (magenta). SiNucA:mCherry fluorescence signal accumulates in the apoplast/cell periphery in non-colonized root cells (asterisk) and

(re)localizes in host nuclei in colonized cells (arrow).

ll
OPEN ACCESSArticle

Cell Host & Microbe 32, 2161–2177, December 11, 2024 2165

30



us to test the effect of dAdo in plants. Incubation of the Arabidop-

sis H2B-mCherry linewith extracellular dAdo but not with Ado re-

sulted in the fading and disappearance of nuclei in roots within

48 h (Figure 4A). This root cell death phenotype could be quan-

tified using Evans blue azo dye (Figures 4B and 4C). In addition,

extracellular dAdo-triggered hallmarks of cell death, such as

increased electrolyte leakage, induction of cell death marker

gene expression, as well as activation of the 26S proteasome,

and decreased photosynthetic activity (FV/FM) (Figures 4D–4H

and S4A). The effects were concentration-dependent, and

removal of dAdo from the culture supernatant 24 h post treat-

ment (hpt) resulted in recovery of Arabidopsis seedlings, indi-

cating that activation of this cell death program is still reversible

at this stage (Figures S4B and S4C).

A cell death phenotype was also observed in young leaves of

N. benthamiana during expression byAgrobacterium tumefaciens

infiltration of a SiE5NT construct, including the SP for secretion

(Figure S5) and in seedlings incubated with dAdo (Figure S6A).

Cell death was not visible in older leaves or in leaves of

N. benthamiana expressing SiNucA or the suppressor of gene

silencing p19. The observed phenotype suggests that the

presence of SiE5NT is sufficient to trigger cell death in this plant

host upon wounding by agroinfiltration, which could release

DNAandDNases into the apoplast or elicit a response to the pres-

ence of the bacterium or its proteins. To test whether cell death

triggered by dAdo is conserved in basal plant lineages, we addi-

tionally tested its effect on the liverwort Marchantia polymorpha.

Incubation with dAdo also induced cell death in this plant species

(Figure S6B). These findings suggest that dAdo-mediated cell

death operates through a conserved mechanism across diverse

plant lineages. However, the precise extent and regulatory path-

ways involved in different species require further investigation.

dAdo induces theMEP pathway and accumulation of the
stress-signaling metabolite MEcPP
To investigate the mechanism by which dAdo triggers cell death

in plants and to determine whether it activates stress-signaling

pathways, we analyzed the transcriptional response of Arabi-

dopsis at 0, 3, and 12 hpt using RNA-seq. Most marker

genes for RCD 28 were upregulated at 12 h (Figure 4I;

Tables S1, S2, and S3). In addition, the plastidial 2-C-methyl-

D-erythritol-4-phosphate (MEP) pathway was induced at 12

Figure 3. SiNucA and SiE5NT act synergistically in the production of deoxy nucleosides from DNA

(A) Enzymatic activity and kinetic constants of SiE5NT. Left axis, initial catalytic velocity (v) for phosphate production at different dAMP concentrations fitted with

the Michaelis-Menten equation. Right axis, ratio of dAMP concentrations and velocities (s/v) plotted against dAMP concentrations (s) fitted by linear regression

(Hanes plot). Error bars: SD, n = 3.

(B) As in (A), but using AMP as substrate (n = 3).

(C) Degradation of DNA bySiNucA and/or SiE5NT. 2% agarose gel loadedwith the products of a 1-h incubation of 10 mg salmon spermDNA at 25�Cwith different

enzyme combinations. (D) Relative quantification of deoxyadenosine (dAdo), deoxycytidine (dC), deoxyguanosine (dG), and deoxythymidine (dT) released during

incubation in (C) by HPLC-MS/MS. Deoxynucleotides could not be detected in any of the reactions.
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Figure 4. dAdo induces cell death in planta

(A) CLSM images of 7-day-old Arabidopsis roots expressing the nuclear marker UBQ10::H2B:mCherry. Incubation with dAdo but not Ado (500 mM) results in

disorganization of Arabidopsis cells in the root tip and disappearance or fading of nuclear material.

(B) Bright-field microscopy of the root tip and differentiation zone of Arabidopsis seedlings treated with mock/dAdo (500 mM) and stained with Evans blue cell

death dye.

(legend continued on next page)
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hpt (Figure 4J; Table S4). Accordingly, MEcPP, a precursor of

plastidial isoprenoids and a stress-specific retrograde signaling

metabolite produced by the MEP pathway, accumulated extra-

cellularly 3 days post treatment (dpt) asmeasured by liquid chro-

matography-tandem mass spectrometry (LC-MS/MS) (Fig-

ure 4J). Abiotic stress and wounding increase levels of

cytoplasmic MEcPP, which coordinates stress response path-

ways in plants.29 The detection of this isoprenoid intermediate

in the extracellular environment after dAdo treatment suggests

that this metabolite may serve as a stress signal in bystander

cells. Incubation of Arabidopsis with extracellular MEcPP did

not result in cell death, demonstrating that accumulation of this

metabolite is not sufficient to trigger cell death and therefore is

not the cause of the observed dAdo-mediated cell death

(Figure S6C).

dAdo-triggered signaling and cell death are not
mediated by canonical pattern-triggered immune
responses
To determine whether cell death triggered by dAdo is mediated

by signals generated by an immune receptor at the cell surface,

we tested the ability of it to trigger a rapid response bymonitoring

calcium influx and ROS production. Both responses are part of

pattern-triggered immunity (PTI), a process activated by recogni-

tion of microbe-associated molecular patterns (MAMPs) or dam-

age-associatedmolecular patterns (DAMPs) by pattern-recogni-

tion receptors (PRRs) at the plasma membrane.30–32

Incubation of Arabidopsis seedlings with dAdo did not elicit

calcium influx, whereas treatment with ATP or ADP, which

have been previously described as DAMPs33,34 but also with

dATP or dADP, triggered a rapid calcium influx that was depen-

dent on the eATP receptor P2K1/DORN1 (Figures S7A–S7C).

Treatment with dAdo or with any of the other purine derivatives

did not induce a ROS burst (Figures S7F and S7G). On the other

hand, incubation with dAdo and to a lesser extent with ATP or

dAMP but not Ado resulted in accumulation of the stress marker

metabolite MEcPP and induction of the DAMP/MAMP- and fun-

gus-responsive gene AT1G58420 at 3 dpt (Figures S7D and S7E;

Table S5).13,33,35 Overall, these data suggest that dAdo does not

act as a typical extracellular DAMP or MAMP but induces a

signaling pathway independent of calcium influx and ROS

production.

The Arabidopsis transporter ENT3 is required for dAdo-
mediated signaling and cell death
The fact that we did not observe a canonical PTI response to

dAdo led us to speculate that uptake of this metabolite is neces-

sary to promote plant signaling and trigger cell death. In the an-

imal system, treatment with extracellular dAdo leads to the accu-

mulation of intracellular dATP, which appears to impair DNA

synthesis and induces apoptosis via activation of caspase 3.25

Rapidly dividing cells are particularly susceptible to cell death

triggered by dAdo, and it has been shown that the toxic effect

of dAdo in the animal system depends on dAdo uptake by the

human ENT1 (hENT1).25 Similarly, we observed high sensitivity

of dividing cells in root tips using Evans blue staining and young

N. benthamiana plants (Figures 4A, 4B, and S6A). On the con-

trary, S. indica was not sensitive to dAdo and showed normal

growth even at high concentrations (Figure S8). In Arabidopsis,

eight potential ENT family members are annotated in the

genome. Two of them are expressed in roots, namely ENT3,

which is localized at the plasma membrane, and ENT1, which

is localized at the tonoplast. The Arabidopsis KO line ent3

showed a stronger resistance phenotype to dAdo-induced cell

death compared with both the WT and ent1 KO lines but is unaf-

fected in the response toMeJA-induced cell death (positive con-

trol) (Figures 5A–5C and S9A–S9E). ENT3 has been shown to

transport adenosine and uridine with high affinity, and their

uptake is competitively inhibited by co-treatment with various

purine and pyrimidine nucleosides and 20-deoxynucleosides,
including dAdo.36 This suggests that ENT3 has a broad substrate

specificity and is a strong candidate for uptake of extracellular

dAdo. In a competition assay, addition of extracellular Ado

decreased the cell death phenotype induced by dAdo, suggest-

ing that these two extracellular metabolites compete for the

same transporter at the cell membrane (Figure 5D). Interestingly,

(C) Quantification of root cell death in Col-0 root tips 4 days after dAdo treatment. Cell death was assessed by Evans blue staining. Boxplots show data from 5

biological replicates. Asterisks represent a significant difference from the mock-treated samples analyzed by Student’s t test (p < 0.005 ***). The experiment was

independently repeated 3 times with similar results.

(D) Electrolyte leakage of Col-0 seedlings (9 days old) in MES buffer after mock, Ado, or dAdo treatment. Error bars show the standard error of the mean (SEM)

from 6 biological replicates. The experiment was independently repeated at least 3 times with similar results.

(E) Electrolyte leakage at 3 dpt of seedlings from (D). Error bars show the SEM of 6 biological replicates. Different letters indicate significantly different groups as

determined by one-way ANOVA with post-hoc Tukey HSD test (p < 0.05). The experiment was independently repeated at least 3 times with similar results.

(F) Activity of the 26S proteasome of Arabidopsis. Total protein extracts from 14-day-old seedlings treated with 500 mM dAdo or 2.5 mM MES buffer (M) were

incubated with 1 mMof probe MVB072.27 Prior to labeling, samples were incubated with 50 mMof the proteasome inhibitor epoxomicin (+) or DMSO (�). Samples

were then labeled for 2 h and separated by SDS-PAGE. 26S proteasome activity was visualized by fluorescence scanning. SYPRO� Ruby staining was per-

formed to compare sample amounts. A non-probe control (NPC) consisting of a mixture of all samples incubated with DMSO was used as an additional control.

The experiment was repeated twice with similar results.

(G) Photosynthetic activity (FV/FM) of 7-day-old Col-0 seedlings incubatedwith 500 mMAdo or dAdo. Error bars represent the SEMobtained from twelve biological

replicates. The experiment was repeated three times with similar results.

(H) Photosynthetic activity (FV/FM) of 7-day-old Col-0 seedlings incubated with 500 mMAdo or dAdo at 7 dpt from (G). Error bars represent the SEM obtained from

twelve technical replicates. Different letters indicate significantly different groups as determined by one-way ANOVA with post-hoc Tukey HSD test (p < 0.05).

(I) Heatmap of core regulated cell death (RCD) marker-genes expression (selected from Olvera-Carrillo et al.28) of 7-day-old Arabidopsis seedlings after dAdo

treatment at 0, 3, and 12 h. RNA-seq data are presented as log2 (tpm) (Table S6). Heatmaps and hierarchical clustering (one-minus Pearson correlation) were

generated using Morpheus, https://software.broadinstitute.org/morpheus.

(J) Graphical representation of the methyl erythritol 4-phosphate (MEP) pathway. The colored numbers on the left represent the log2 fold-change after 12 h of

dAdo treatment (padj < 0.05) as measured by RNA-seq. The boxplots on the right show the corresponding extracellular metabolites at 3 dpt. Asterisks represent

significant differences from the mock-treated sample analyzed by Student’s t test (*p < 0.05; ***p < 0.001).
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Figure 5. The equilibrative nucleoside transporter ENT3 of Arabidopsis is required for dAdo-mediated signal transduction and cell death

(A) Photosynthetic activity (FV/FM) of 9-day-old mock- and dAdo-treated (500 mM) Col-0, ent3, and ent1 seedlings. Measurements were taken 3 days after

treatment (dpt) every 24 h. Data show the mean, and error bars show the SEM obtained from 12 technical replicates with 3 seedlings each. The experiment was

repeated more than three times independently with similar results.

(B) FV/FM of seedlings from (A) at 3 dpt. Boxplots show data from 12 technical replicates with 3 seedlings each. Different letters indicate significant differences as

determined by one-way ANOVA with post-hoc Tukey HSD test (p < 0.05).

(legend continued on next page)
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ENT3 is expressed at higher levels in the epidermis compared

with the rest of the root,37 suggesting that dAdo-induced cell

death may be cell-type specific to some extent. This is consis-

tent with the phenotype of root cell death observed after dAdo

treatment with Evans blue staining (Figures 4B and 4C). Taken

together, these data indicate that a functional ENT3 plays an

important role in dAdo-triggered cell death in Arabidopsis,

most likely by importing dAdo into the cytoplasm, where it acti-

vates signaling leading to cell death. Accordingly, the ent3 KO

line accumulates lower levels of extracellular signaling metabo-

lites such as MEcPP, GSSG, and 30,50-cAMP in response to

dAdo at 3 dpt compared with the WT line (Figure 5E; Table S6).

Mutation of ENT3 impairs S. indica-mediated cell death
Next, we investigated whether ENT3 plays a role in fungal accom-

modation and cell death mediated by S. indica in roots. The ent3

line showed significantly less cell death upon colonization

by S. indica compared with the WT line at 7, 10, and 14 dpi

(Figures 5F and 5G). In addition, we observed a transient effect

on fungal colonization at 8 dpi, where the ent3 KO line was less

colonized byS. indica comparedwith theWT control (Figure S9F).

Colonization with S. indica also resulted in transient accumu-

lation of the extracellular signaling metabolites 30,50-cAMP at

3 dpi (early biotrophic phase) and MEcPP at 6 dpi (onset of cell

death). In addition, a higher level of free phosphatewas observed

at 10 dpi (Figure 5H; Table S6). Consistent with the decreased

cell death phenotype in the ent3 KO line, the amount of these

metabolites was lower in colonized ent3 seedlings, suggesting

that ENT3 is important for fungal-mediated signal transduction

and cell death in Arabidopsis. The activity of the fungal-derived

enzymes SiNucA and SiE5NT, along with the host transporter

ENT3, modifies extracellular metabolite levels, establishing for

the first time a direct link between purine metabolism, immunity,

and cell death in roots. How the metabolic state of the host af-

fects S. indica-induced cell death remains to be thoroughly

elucidated.

Screening of Arabidopsis T-DNA insertion mutants
reveals a TIR-NLR gene involved in dAdo-mediated
cell death
To identify downstream genetic determinants associated with

dAdo-mediated cell death in plants, we performed a mutant

screen of 6,868 SALK-Arabidopsis T-DNA insertion lines (Fig-

ure S10A). Sensitivity to dAdo was tested using Arabidopsis

Col-0 WT as control and the SALK mutant lines grown for

14 days on solid media (½MS) in 24-well plates with and without

500 mM dAdo. The dAdo-insensitive lines (survivors) from the

screening were then analyzed by pulse amplitude modulation

(PAM) fluorometry in three independent biological replicates.

Thirteen lines with varying degrees of dAdo resistance were

identified (Table S7). One of the resistant SALK lines had an

insertion at the AT5G45240 locus (SALK_034517C), which en-

codes a predicted TIR-domain NLR (TIR-NLR). Mutation in this

locus resulted in reproducible and significantly high resistance

to dAdo-induced cell death, as evidenced by reduced electrolyte

leakage, higher photosynthetic activity, and increased germina-

tion rate compared with Col-0 WT after incubation with dAdo

(Figure 6). No differences were observed in response to the

cell death inducer MeJA (Figure S10B). An independent KO

line, CRISPRisi, generated using a CRISPR-CAS9-based

approach (Figure S11A)38,39 and carrying two indel mutations

in the TIR domain (Figure S11B), also exhibited a dAdo-resistant

phenotype (Figures S11C and S11D), further supporting a

connection between this locus and dAdo-mediated cell death.

Complementation using a cell-based transient expression sys-

tem with the full-length TIR domain restored sensitivity to

dAdo, suggesting that the TIR domain may play a role in medi-

ating dAdo-induced cell death in Arabidopsis (Figure 6E). The

TIR-NLR gene AT5G45240 is located in close proximity to

RPS4 and RRS1 and is part of a larger locus containing multiple

TNL genes, most of which are functionally uncharacterized. Four

of the five TNL genes at this locus showed transiently increased

expression during cell death associated with colonization by

S. indica, with the AT5G45240 gene displaying the strongest

relative induction (Figures S12A and S12B). We therefore named

this gene ISI, induced by S. indica. Induction could be detected,

especially during the onset of the cell death-associated phase

(Figure 7A). While the isi line showed less cell death after dAdo

treatment (Figure S12C), there was increased cell death in the

older parts of the mock-treated roots and during colonization

with S. indica compared with the WT line (Figure 7B), which

correlated with significantly greater fungal colonization (Fig-

ure 7C). In addition, colonized isi KO seedlings did not show

S. indica-mediated promotion of root growth, as observed in

WT and ent3 seedlings (Figures 7D and S12D). These results

could be explained by the activation of an alternative cell death

(C) Visualization of FV/FM measured by PAM fluorometry. The FV/FM value is visualized by the color scale shown below. Shown are 12 wells with 9-day-old

seedlings probed at 0, 3, and 7 dpt with either mock treatment (2.5 mM MES buffer pH 5.6), 500 mM dAdo, or 500 mM MeJA. The experiment was repeated

more than three times independently with similar results.

(D) Photosynthetic activity (FV/FM3 photosynthetically active area) of 9-day-old Col-0 seedlings incubatedwith different concentrations of Ado and dAdo at 7 dpt.

Dots represent 3 biologically independent replicates consisting of 12 wells with 3 seedlings each. Different letters indicate significant differences as determined

by one-way ANOVA with post-hoc Tukey HSD test (p < 0.05).

(E) Metabolic analysis of supernatants from 7-day-old Col-0 and ent3 seedlings treated with dAdo at 3 dpt. Boxplots show data from 6 biologically independent

replicates. Data are plotted on a log2 scale. Different letters indicate significant differences in measurements of a metabolite as determined by two-way ANOVA

with post-hoc Tukey HSD test (p < 0.05).

(F) Quantification of root cell death in 7-day-old Col-0 and ent3 roots colonized with S. indica at 7, 10, and 14 dpi. Cell death was assessed by Evans blue staining.

Boxplots show data from 20 biological replicates. Asterisks represent significant differences analyzed by Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.005). The

experiment was repeated independently three times with similar results.

(G) Evans blue staining of S. indica-colonized Col-0 and ent3 roots at 10 dpi.

(H) Metabolic analysis of the supernatant of 7-day-old Col-0 and ent3 seedlings inoculated withS. indica at different time points after treatment (30,50-cAMP: 3 dpi;

MEcPP: 6 dpi; phosphate: 10 dpi). Boxplots show data from 6 biologically independent replicates. Data are plotted on a log2 scale. Different letters indicate

significant differences in measurements of a metabolite using a two-way ANOVA with post-hoc Tukey HSD test (p < 0.05).
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pathway in the absence of a functional ISI TIR-NLR, leading to

overcolonization by S. indica and loss of growth promotion (Fig-

ure 7E). Overall, our data suggest that the ISI TIR-NLR protein is

involved in modulating different cell death programs in roots and

mediating S. indica growth promotion. We further analyzed the

expression of both TIR- and CC-NLRs in the roots of Arabidopsis

Figure 6. The AtTIR-NLR AT5G45240 is involved in dAdo-mediated cell death

(A) FV/FM of 9-day-oldmock- and dAdo-treated (500 mM)Col-0 and isi (AT5G45240 KOmutant) seedlings.Measurements were performed over 3 days. Data show

themean, and error bars show the SEMobtained from 12 technical replicates with 3 seedlings each. The experiment was repeated three times independently with

similar results.

(B) Boxplots of the measurements of FV/FM from (A) at 3 dpt. Different letters indicate significant differences as determined by two-way ANOVA and post-hoc

Tukey HSD test (p < 0.05).

(C) Conductivity of water containing 9-day-old Col-0 or isi seedlings 0–3 days after mock or dAdo treatment (500 mM). Data points represent the mean, while error

bars show the SEM from 12 biological replicates.

(D) Boxplots of conductivity measurements from (C) at 3 dpt. Different letters indicate significant differences as determined by two-way ANOVA with post-hoc

Tukey HSD test (p < 0.05).

(E) Relative luciferase activity of A. thaliana protoplasts transfected with luciferase and either a construct expressing the TIR domain of ISI or an empty vector.

Values were normalized to mock treatment (0 mM dAdo). Different letters indicate significantly different groups per treatment, as determined by one-way ANOVA

with post-hoc Tukey HSD test (p < 0.05).

(F) Germination of Col-0 WT and isi seedlings on 1/10 PNM medium containing 500 mM dAdo or MES. The upper half shows photographs of the seedlings after

21 days. The lower half shows the quantification of FV /FMmeasured by PAM fluorometry. Boxplots show FV/FMmeasurements per well, containing six seedlings.

Different letters indicate significant differences as determined by two-way ANOVA with post-hoc Tukey HSD test (p < 0.05). The experiment was repeated three

times independently with similar results.
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Figure 7. The AtTIR-NLR AT5G45240 is involved in fungal-mediated growth promotion

(A) AT5G45240 (AtISI) expression in Arabidopsis roots inoculated with S. indica or mock treated. Expression wasmeasured via RT-qPCR and calculated with the

2�DCT method. Data points depict biological replicates, and asterisks represent significant differences analyzed by Student’s t test (***p < 0.005).

(B) Quantification of root cell death in Col-0 WT and isi roots colonized by S. indica at 10, 14, and 21 days after germination. Cell death was assessed by Evans

blue staining. Boxplots show data from 28–80 biological replicates. Different letters indicate significant differences between samples from one time point as

assessed by two-way ANOVA with post-hoc Tukey HSD test (p < 0.05).

(legend continued on next page)
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during S. indica colonization using time-resolved transcriptom-

ics. We detected an induction of expression for ISI and also for

previously functionally characterized NLRs such as ZAR1 during

beneficial colonization (Figures 7F and S13). Overall, the role of a

TIR-NLR in dAdo-induced cell death suggests that this cell death

is influenced by the plant immune response and is not a pure

consequence of cytoplasmic toxicity, as assumed for ani-

mal cells.

DISCUSSION

Symbiotic cell death: An evolutionarily conserved
mechanism?
Root colonization by S. indica is associated with restricted host

cell death. The mechanisms behind the induction and regulation

of this symbiotic cell death are poorly understood. Previous work

has shown that S. indica secretes SiE5NT, a ubiquitous apoplas-

tic fungal enzyme that catalyzes the conversion of adenosine

nucleotides released from immune-activated or damaged host

tissues to adenosine.13 The mechanism of the secreted ecto-

50-nucleotidase for host colonization appears to be similar to

that evolved by S. aureus to evade the host immune response

by secreting AdsA, which converts AMP to Ado, a suppressor

of immunity in animal cells.41 In addition to the release of eATP

by damaged animal cells, activated neutrophils release NETs,

extracellular matrices composed of nuclear and mitochondrial

DNA and equipped with granular proteins, cell-specific prote-

ases, and antimicrobial peptides.42 NETs rapidly immobilize

and kill bacterial pathogens.43 S. aureus escapes NETs by

secreting proteases and the nuclease Nuc, which degrade anti-

microbial peptides and DNA. Nuclease-mediated degradation of

neutrophil NETs results in the formation of dAMP, which is con-

verted to dAdo by S. aureus AdsA. Macrophages and other im-

mune cells are highly sensitive to dAdo. This cellular intoxication

is mediated by uptake via ENTs.24,25 The escape mechanism of

S. aureus relies on the interaction of two extracellular microbial

enzymes and allows staphylococci to block infiltration of ab-

scess lesions by phagocytes and subsequent elimination.

Similar to neutrophils, plant roots secrete root extracellurar traps

(RETs) composed of eDNA and a variety of antimicrobial com-

pounds and polysaccharides. RETs and NETs share similar

compositional and functional properties, but unlike NETs, RET

production is not triggered only upon microbial infection;

instead, RETs are continuously released during root develop-

ment and form a large, mucus-rich network in the rhizo-

sphere.43–46 By cytological analyses, we observed that

S. indica is able to grow within RETs and along the root tip (Fig-

ure S14). The ability of S. indica to digest DNA via secretion of the

nuclease NucA13 suggests the possibility of RET digestion by

S. indica during colonization. Moreover, localization of NucA in

the nuclei of plant cells during S. indica colonization shows

that this enzyme is able to digest host nuclear and eDNA. The

combined enzymatic activity of SiE5NT and SiNucA, present

simultaneously in the apoplast, results in the conversion of oligo-

nucleotides with terminal dAdo obtained by nuclease digestion

of DNA to free dAdo. Most importantly, we demonstrated that

uptake of dAdo via ENT3 is required for host cell death in roots.

Mutation of ENT3 results in reduced cell death during coloniza-

tion by S. indica, demonstrating the importance of extracellular

nucleoside uptake in regulating fungal-induced cell death. The

identification of a previously unknown immune-metabolic axis

by which cells respond to extracellular purine nucleosides and

trigger cell death in plants suggests some conservation or func-

tional convergence between the immune avoidance and escape

mechanisms developed by S. aureus and other bacterial patho-

gens in animals and the cell death triggered by dAdo during

plant-fungal endophyte interactions in roots.

A TIR-NLR regulates host cell death in roots
To fight off infections by microbial pathogens, plants have

evolved immune receptors that are essential for a successful

defense response. PRRs localized in the plasma membrane

are capable of sensing conserved MAMPs/DAMPs and eliciting

a relatively mild PTI immune response. Successful plant-asso-

ciated microbes can provide a range of effectors to attenuate

PTI to enable successful host colonization. In turn, plants

have evolved polymorphic intracellular resistance proteins

(R-proteins) to recognize the presence and/or activity of effec-

tors, resulting in a robust defense response called effector-trig-

gered immunity (ETI) that potentiates PTI.31,32 Most R-proteins

belong to the nucleotide-binding (NB) leucine-rich repeat (LRR)

family (NLR), which are classified on the basis of their N-termi-

nal domains as TIR-type NLRs (TNLs) or coiled-coil type NLRs

(CNLs).47 TNLs generally function as sensors for microbial ef-

fectors, whereas several CNLs are referred to as helper NLRs

and are downstream of many sensor NLRs in Arabidopsis.47,48

TNL sensing and signaling mechanisms have primarily been

studied in leaf cells, leaving much to be discovered about their

function in roots, including which specific TNLs are involved.49

The role of the TNL ISI in resistance to dAdo-mediated cell

death in Arabidopsis suggests that this TIR-NLR or a potential

interaction partner might guard a protein targeted by dAdo in

the roots. Alternatively, dAdo might serve as a ligand or be con-

verted into a substrate for TNLs linked to either NAD+ or

20,30-cAMP, a noncanonical cyclic nucleotide monophosphate

(cNMP).50–52 Plant TIR domains of NLRs are enzymes capable

of degrading NAD+. While the NADase function of the TIR

domain is necessary, it is not sufficient on its own to trigger

(C) Abundance of S. indica in Arabidopsis seedlings 14 days after germination. Fungal (SiTEF) to plant (AtUbi) ratios were calculated using cDNA as template and

method 2�DCT. Boxplots represent 6 independent biological replicates. Asterisks indicate a significant difference from Col-0 WT samples (Student’s

t test, **p < 0.01).

(D) Root length of Arabidopsis seedlings 14 and 21 days after germination in the presence of S. indica or mock treatment. Boxplots show data from 23–86

biological replicates. Different letters indicate significant differences in samples from one time point using two-way ANOVA with post-hoc Tukey HSD test

(p < 0.05). The experiment was repeated 2 times independently with similar results.

(E) Current model illustrating cell death pathways occurring during colonization of S. indica in Arabidopsis Col-0 (blue), ent3mutant (yellow), and isimutant (red).

(F) The heatmap shows the expression values of A. thaliana NLR genes with NB-ARC and LRR (NL) domains in A. thaliana root samples as log2 transformed TPM

values. Samples were taken at 1-, 3-, 6-, and 10-day post inoculation with S. indica or mock treatment. A more detailed version of the heatmap including an in-

depth description can be found in Figure S13. More details about the experimental conditions underlying the dataset can also be found in Eichfeld et al.40
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plant immune responses in Arabidopsis. Recently, it was shown

that plant TIR proteins can also function as 20,30-cAMP/cGMP

synthetases by hydrolyzing RNA/DNA. Mutations that specif-

ically disrupt synthetase activity prevent TIR-mediated cell

death in N. benthamiana, demonstrating an important role for

these cNMPs in TIR signaling.50 The accumulation of extracel-

lular 30,50-cAMP upon S. indica colonization and treatment with

dAdo establishes a link to cNMPs. Further research is neces-

sary to elucidate the metabolism of dAdo in plant cells and to

understand how intracellular dAdo activates TNLs in Arabidop-

sis. Given that TIR-domain cell-surface receptors (TLRs) and

various TIR-adaptor proteins are involved in mammalian immu-

nity, our findings suggest the potential to explore the role of TIR

domains in dAdo-triggered cell death in plants and beyond.

However, more biochemical evidence is needed to definitively

clarify the mechanisms by which dAdo affects TNL signaling

in plants.

In animal systems, it has been shown that following import of

dAdo into macrophages, dAdo-mediated toxicity involves con-

version of dAdo to dAMP by deoxycytidine kinase (DCK) and

adenosine kinase (ADK) activity and signaling via subsequent

conversion to the corresponding di- and tri-phosphates by

nucleotide kinases and activation of caspase-3-induced

apoptosis.25 The absence of caspases in plants and the poten-

tial involvement of a TIR-NLR protein in dAdo-mediated cell

death in Arabidopsis strongly suggest that this part of the

signaling pathway is not conserved between plants and ani-

mals and relies on different regulatory and execution mecha-

nisms that require further investigation. The role of the EDS1

family of immunity regulators, which are genetically required

for pathogen resistance and execution of cell death by various

TIR-NLRs,53 in ISI-mediated cell death also remains to be

explored. The potential involvement of other ISI-like proteins

as interaction partners warrants further investigation, particu-

larly given that the dAdo-resistance phenotype associated

with ISI is only partial.

In summary, we have uncovered a cellular signaling

pathway that responds to extracellularly produced metabo-

lites during fungal colonization and links nucleoside transport

by an ENT to cellular activation of the MEP pathway and cell

death potentially influenced by the activation of ISI, a fungal-

induced TIR-NLR. The observation that dAdo triggers cell

death across multiple plant species, including a basal lineage,

suggests that this pathway is likely conserved and represents

an ancient cell death mechanism co-opted to facilitate

plant-endophyte symbiosis. This paves the way for a

better understanding of immunometabolism in plant-microbe

interactions.
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Abarenkov, K. (2014). Global biogeography of the ectomycorrhizal /seba-

cina lineage (Fungi, Sebacinales) as revealed from comparative phyloge-

netics analyses. Mol. Ecol. 23, 4168–4183. https://doi.org/10.1111/

mec.12849.

9. Weiß, M., Waller, F., Zuccaro, A., and Selosse, M.A. (2016). Sebacinales -

one thousand and one interactions with land plants. New Phytol. 211,

20–40. https://doi.org/10.1111/nph.13977.

10. Zuccaro, A., Lahrmann, U., G€uldener, U., Langen, G., Pfiffi, S., Biedenkopf,

D., Wong, P., Samans, B., Grimm, C., Basiewicz, M., et al. (2011).

Endophytic Life Strategies Decoded by Genome and Transcriptome

Analyses of the Mutualistic Root Symbiont Piriformospora indica. Plos

Pathog. 7, e1002290. https://doi.org/10.1371/journal.ppat.1002290.

11. Lahrmann, U., and Zuccaro, A. (2012). Opprimo ergo sum-Evasion and

Suppression in the Root Endophytic Fungus Piriformospora indica. Mol.

Plant Microbe Interact. 25, 727–737. https://doi.org/10.1094/MPMI-11-

11-0291.

12. Lahrmann, U., Strehmel, N., Langen, G., Frerigmann, H., Leson, L., Ding,

Y., Scheel, D., Herklotz, S., Hilbert, M., and Zuccaro, A. (2015).

Mutualistic root endophytism is not associated with the reduction of sap-

rotrophic traits and requires a noncompromised plant innate immunity.

New Phytol. 207, 841–857. https://doi.org/10.1111/nph.13411.

13. Nizam, S., Qiang, X., Wawra, S., Nostadt, R., Getzke, F., Schwanke, F.,

Dreyer, I., Langen, G., and Zuccaro, A. (2019). Serendipita indica E5’NT

modulates extracellular nucleotide levels in the plant apoplast and affects

fungal colonization. EMBO Rep. 20, e47430. https://doi.org/10.15252/

embr.201847430.

14. Schneider, H.M., and Lynch, J.P. (2018). Functional implications of root

cortical senescence for soil resource capture. Plant Soil 423, 13–26.

https://doi.org/10.1007/s11104-017-3533-1.

15. Presti, L., Lanver, D., Schweizer, G., Tanaka, S., Liang, L., Tollot, M.,

Zuccaro, A., Reissmann, S., Kahmann, R., and Merchant, S. (2015).

Fungal effectors and plant susceptibility. Annu. Rev. Plant Biol. 66,

513–545. https://doi.org/10.1146/annurev-arplant-043014-114623.

16. Kloppholz, S., Kuhn, H., and Requena, N. (2011). A Secreted Fungal

Effector of Glomus intraradices Promotes Symbiotic Biotrophy. Curr.

Biol. 21, 1204–1209. https://doi.org/10.1016/j.cub.2011.06.044.

17. Plett, J.M., Daguerre, Y., Wittulsky, S., Vayssières, A., Deveau, A., Melton,

S.J., Kohler, A., Morrell-Falvey, J.L., Brun, A., Veneault-Fourrey, C., and

Martin, F. (2014). Effector MiSSP7 of the mutualistic fungus Laccaria

bicolor stabilizes the Populus JAZ6 protein and represses jasmonic acid

(JA) responsive genes. Proc. Natl. Acad. Sci. USA 111, 8299–8304.

https://doi.org/10.1073/pnas.1322671111.

18. Wawra, S., Fesel, P., Widmer, H., Timm,M., Seibel, J., Leson, L., Kesseler,

L., Nostadt, R., Hilbert, M., Langen, G., and Zuccaro, A. (2016). The fungal-

specific beta-glucan-binding lectin FGB1 alters cell-wall composition and

suppresses glucan-triggered immunity in plants. Nat. Commun. 7, 13188.

https://doi.org/10.1038/ncomms13188.

19. Voß, S., Betz, R., Heidt, S., Corradi, N., and Requena, N. (2018). RiCRN1, a

Crinkler Effector From the Arbuscular Mycorrhizal Fungus Rhizophagus ir-

regularis, Functions in Arbuscule Development. Front. Microbiol. 9, 2068.

https://doi.org/10.3389/fmicb.2018.02068.

20. Nostadt, R., Hilbert, M., Nizam, S., Rovenich, H., Wawra, S., Martin, J.,

K€upper, H., Mijovilovich, A., Ursinus, A., Langen, G., et al. (2020). A

secreted fungal histidine- and alanine-rich protein regulates metal ion ho-

meostasis and oxidative stress. New Phytol. 227, 1174–1188. https://doi.

org/10.1111/nph.16606.

21. Antonioli, L., Pacher, P., Vizi, E.S., and Haskó, G. (2013). CD39 and CD73
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extracellular traps versus neutrophil extracellular traps in host defence,

a case of functional convergence? Biol. Rev. Camb. Philos. Soc. 94,

1685–1700. https://doi.org/10.1111/brv.12522.

44. Chambard, M., Plasson, C., Derambure, C., Coutant, S., Tournier, I.,

Lefranc, B., Leprince, J.M., Kiefer-Meyer, M.C., Driouich, A., Follet-

Gueye, M.L., and Boulogne, I. (2021). New Insights into Plant

Extracellular DNA. A Study in Soybean Root Extracellular Trap. Cells 10,

ARTN69. https://doi.org/10.3390/cells10010069.

45. Tran, T.M., MacIntyre, A., Hawes, M., and Allen, C. (2016). Escaping

Underground Nets: Extracellular DNases Degrade Plant Extracellular

Traps and Contribute to Virulence of the Plant Pathogenic Bacterium

Ralstonia solanacearum. PLoS Pathog. 12, e1005686. https://doi.org/

10.1371/journal.ppat.1005686.

46. Hawes, M., Allen, C., Turgeon, B.G., Curlango-Rivera, G., Minh Tran, T.M.,

Huskey, D.A., and Xiong, Z.G. (2016). Root Border Cells and Their Role in

Plant Defense. Annu. Rev. Phytopathol. 54, 143–161. https://doi.org/10.

1146/annurev-phyto-080615-100140.

47. Wu, Z., Li, M., Dong, O.X., Xia, S., Liang, W., Bao, Y., Wasteneys, G., and

Li, X. (2019). Differential regulation of TNL-mediated immune signaling by

redundant helper CNLs. New Phytol. 222, 938–953. https://doi.org/10.

1111/nph.15665.

48. Saur, I.M.L., Panstruga, R., and Schulze-Lefert, P. (2021). NOD-like recep-

tor-mediated plant immunity: from structure to cell death. Nat. Rev.

Immunol. 21, 305–318. https://doi.org/10.1038/s41577-020-00473-z.

49. Kim, T.H., Kunz, H.H., Bhattacharjee, S., Hauser, F., Park, J., Engineer, C.,

Liu, A., Ha, T., Parker, J.E., Gassmann, W., and Schroeder, J.I. (2012).

Natural variation in small molecule-induced TIR-NB-LRR signaling in-

duces root growth arrest via EDS1- and PAD4-complexed R protein

VICTR in Arabidopsis. Plant Cell 24, 5177–5192. https://doi.org/10.1105/

tpc.112.107235.

50. Yu, D., Song, W., Tan, E.Y.J., Liu, L., Cao, Y., Jirschitzka, J., Li, E.,

Logemann, E., Xu, C., Huang, S., et al. (2022). TIR domains of plant im-

mune receptors are 2’,3’-cAMP/cGMP synthetases mediating cell death.

Cell 185, 2370–2386.e18. https://doi.org/10.1016/j.cell.2022.04.032.

51. Wan, L., Essuman, K., Anderson, R.G., Sasaki, Y., Monteiro, F., Chung,

E.H., Osborne Nishimura, E., DiAntonio, A., Milbrandt, J., Dangl, J.L.,

and Nishimura, M.T. (2019). TIR domains of plant immune receptors are

NAD(+)-cleaving enzymes that promote cell death. Science 365,

799–803. https://doi.org/10.1126/science.aax1771.

52. Horsefield, S., Burdett, H., Zhang, X., Manik, M.K., Shi, Y., Chen, J., Qi, T.,

Gilley, J., Lai, J.S., Rank, M.X., et al. (2019). NAD(+) cleavage activity by

animal and plant TIR domains in cell death pathways. Science 365,

793–799. https://doi.org/10.1126/science.aax1911.

53. Lapin, D., Bhandari, D.D., and Parker, J.E. (2020). Origins and Immunity

Networking Functions of EDS1 Family Proteins. Annu. Rev. Phytopathol.

58, 253–276. https://doi.org/10.1146/annurev-phyto-010820-012840.

54. Wawra, S., Fesel, P., Widmer, H., Neumann, U., Lahrmann, U., Becker, S.,

Hehemann, J.H., Langen, G., and Zuccaro, A. (2019). FGB1 andWSC3 are

in planta-induced beta-glucan-binding fungal lectins with different func-

tions. New Phytol. 222, 1493–1506. https://doi.org/10.1111/nph.15711.

55. Marquès-Bueno, M.D.M., Morao, A.K., Cayrel, A., Platre, M.P., Barberon,

M., Caillieux, E., Colot, V., Jaillais, Y., Roudier, F., and Vert, G. (2016). A

versatile Multisite Gateway-compatible promoter and transgenic line

ll
OPEN ACCESS Article

2176 Cell Host & Microbe 32, 2161–2177, December 11, 2024

41



collection for cell type-specific functional genomics in Arabidopsis. Plant

J. 85, 320–333. https://doi.org/10.1111/tpj.13099.

56. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M.,

Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al.

(2012). Fiji: an open-source platform for biological-image analysis. Nat.

Methods 9, 676–682. https://doi.org/10.1038/nmeth.2019.

57. Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible

trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120.

https://doi.org/10.1093/bioinformatics/btu170.

58. Bray, N.L., Pimentel, H., Melsted, P., and Pachter, L. (2016). Near-optimal

probabilistic RNA-seq quantification. Nat. Biotechnol. 34, 525–527.

https://doi.org/10.1038/nbt.3519.

59. Soneson, C., Love, M.I., and Robinson, M.D. (2015). Differential analyses

for RNA-seq: transcript-level estimates improve gene-level inferences.

F1000Res 4, 1521. https://doi.org/10.12688/f1000research.7563.2.

60. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold

change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15,

550. https://doi.org/10.1186/s13059-014-0550-8.

61. Hilbert, M., Voll, L.M., Ding, Y., Hofmann, J., Sharma, M., and Zuccaro, A.

(2012). Indole derivative production by the root endophyte Piriformospora

indica is not required for growth promotion but for biotrophic colonization

of barley roots. New Phytol. 196, 520–534. https://doi.org/10.1111/j.1469-

8137.2012.04275.x.

62. Livak, K.J., and Schmittgen, T.D. (2001). Analysis of Relative Gene

Expression Data Using Real-Time Quantitative PCR and the 2�DDCT

Method. Methods 25, 402–408. https://doi.org/10.1006/meth.2001.1262.

63. Werner, A.K., Sparkes, I.A., Romeis, T., and Witte, C.P. (2008).

Identification, biochemical characterization, and subcellular localization

of allantoate amidohydrolases from Arabidopsis and soybean. Plant

Physiol. 146, 418–430. https://doi.org/10.1104/pp.107.110809.

64. Myrach, T., Zhu, A., and Witte, C.P. (2017). The assembly of the plant ure-

ase activation complex and the essential role of the urease accessory pro-

tein G (UreG) in delivery of nickel to urease. J. Biol. Chem. 292, 14556–

14565. https://doi.org/10.1074/jbc.M117.780403.

65. Straube, H., Niehaus, M., Zwittian, S., Witte, C.P., and Herde, M. (2021).

Enhanced nucleotide analysis enables the quantification of deoxynucleo-

tides in plants and algae revealing connections between nucleoside and

deoxynucleoside metabolism. Plant Cell 33, 270–289. https://doi.org/10.

1093/plcell/koaa028.

66. Vijayaraghavareddy, P., Adhinarayanreddy, V., Vemanna, R.S., Sreeman,

S., and Makarla, U. (2017). Quantification of Membrane Damage/Cell

Death Using Evan’s Blue Staining Technique. Bio Protoc. 7, e2519.

https://doi.org/10.21769/BioProtoc.2519.

67. Wanke, A., Rovenich, H., Schwanke, F., Velte, S., Becker, S., Hehemann,

J.H., Wawra, S., and Zuccaro, A. (2020). Plant species-specific recogni-

tion of long and short beta-1,3-linked glucans is mediated by different

receptor systems. Plant J. 102, 1142–1156. https://doi.org/10.1111/

tpj.14688.

68. Ochoa-Fernandez, R., Abel, N.B., Wieland, F.G., Schlegel, J., Koch, L.A.,

Miller, J.B., Engesser, R., Giuriani, G., Brandl, S.M., Timmer, J., et al.

(2020). Optogenetic control of gene expression in plants in the presence

of ambient white light. Nat. Methods 17, 717–725. https://doi.org/10.

1038/s41592-020-0868-y.

ll
OPEN ACCESSArticle

Cell Host & Microbe 32, 2161–2177, December 11, 2024 2177

42



STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Monoclonal Anti-HA Sigma-Aldrich RRID:AB_260092

Conjugated Monoclonal Anti-StrepII + HRP Iba life sciences RRID:AB_3095590

Bacterial and virus strains

Escherichia coli Mach1 Lab strain N/A

Agrobacterium tumefaciens GV3101 pmp90RK Lab strain N/A

Serendipita indica German Collection of

Microorganisms and

Cell Cultures

DSM11827

Biological samples

Arabidopsis thaliana Col-0 NASC N60000

Hordeum vulgare ‘‘Golden Promise’’ Lab stock N/A

Nicotiana benthamiana Lab stock N/A

Marchantia polymorpha Tak1 Lab stock N/A

Marchantia polymorpha Tak2 Lab stock N/A

Chemicals, peptides, and recombinant proteins

WGA-AF488 (Oregon Green) Invitrogen /ThermoFisher Catalogue No: W6748

DAPI Invitrogen /ThermoFisher Catalogue No: D1306

FGB1-FITC488 Wawra et al.54 N/A

SYTOX Orange Invitrogen /ThermoFisher Catalogue No: S11368

dAdo Sigma-Aldrich CAS No: 16373-93-6

Evans blue Sigma-Aldrich CAS No: 314-13-6

Adenosine Sigma-Aldrich CAS No: 58-61-7

SyproRuby Invitrogen /ThermoFisher Catalogue No: S12000

Coomassie Brilliant Blue RAL Diagnostics 362740-0025

MVB072 Kolodziejek et al.27 N/A

Flg22 GenScript Cat. No: RP19986

AMP Sigma-Aldrich CAS No: 4578-31-8

dAMP Sigma-Aldrich CAS No: 653-63-4

ADP Sigma-Aldrich CAS No: 20398-34-9

dADP Sigma-Aldrich CAS No: 72003-83-9

ATP Sigma-Aldrich CAS No: 34369-07-8

dATP Sigma-Aldrich CAS No: 74299-50-6

Coelenterazine Roth CAS No: 55779-48-1

Horseradish Peroxidase Sigma-Aldrich CAS No: 9003-99-0

Cellulase ‘‘Onozuka R-10’’ SERVA Electrophoresis GmbH CAS No: 9012-54-8

Macerozyme R10 SERVA Electrophoresis GmbH CAS No: 9032-75-1

D-Luciferin Biosynth CAS No: 115144-35-9

FM4-64 Invitrogen /ThermoFisher Catalogue No: F34653

Critical commercial assays

First strand cDNA synthesis kit ThermoFisher Catalogue No: K1612

GoTaq� qPCR Master Mix, 2X Promega Catalogue No: A600A

NucleoSpin Plasmid prep Macherey & Nagel Catalogue No: 740588

NucleoSpin Gel & PCR Clean-Up Macherey & Nagel Catalogue No: 740609

Gateway BP clonase II Enzyme mix Invitrogen/ThermoFisher Catalogue No: 11789020

Gateway LR clonase II Enzyme mix Invitrogen/ThermoFisher Catalogue No: 11791020

(Continued on next page)

ll
OPEN ACCESS Article

e1 Cell Host & Microbe 32, 2161–2177.e1–e7, December 11, 2024

43



EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant Material and Growth Conditions
Seeds of A. thaliana ecotype Columbia 0 (Col-0), Col-0AEQ, and Col-0AEQ dorn1,33 the SALK lines SALK_034517C (isi),

SALK_204257C (ent3) and SALK_025174C were used in the experiments. SALK lines and a matching Col-0 control were obtained

from the Nottingham Arabidopsis Stock Centre (NASC, http://arabidopsis.info/).

In addition, Col-0 expressing histone H2B fused tomCherry (H2B:2xmCherry) under the UBQ10 promoter in root cells55 were used

in this study. Col-0 transformation was performed using the floral dipmethod as described in Nizamet al.13 to generate the transgenic

lines 35S::SiNucA, 35S::SiNucA:mCherry (with and without signal peptide) and the CRISPRisi line.

Arabidopsis seeds were surface sterilized (70 % ethanol for 10 minutes, 100 % ethanol for 7 minutes) and after 3 days of stratifi-

cation, grown on ½MSmedium (Murashige-Skoog medium, with vitamins, pH 5.7) containing 1% (w/v) sucrose and 0.4% (w/v) Gel-

rite under short-day conditions (8 h light, 16 h dark) with 130 mmol m-2 s-1 light and 22 �C/18 �C. Two methods were used for fungal

inoculation: 1) 7-day-old seedlings were transferred to ½ MS without sucrose or 1/10 PNM (Plant Nutrition Medium, pH 5.7) plates

(15-20 seedlings per plate). 1 ml of water containing 5x105 chlamydospores of S. indica was pipetted onto the root and surrounding

area. Control plants were inoculated with sterile water. 2) Sterile A. thaliana seeds were incubated in 1 ml of water containing 5x105

S. indica chlamydospores for one hour and then pipetted onto 1/10 PNM plates.

For experiments using barley, seeds of the cultivar ‘‘Golden Promise’’ were used. The seeds were surface sterilized with 6 % so-

dium hypochlorite for one hour under continuous shaking and subsequently washed with sterile water for four hours, including water

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNASeq data: Arabidopsis after dAdo treatment this paper GEO database: GSE209761 &

GSM6394981

Experimental models: Organisms/strains

Arabidopsis: UBQ10:H2B:mCherry Marquès-Bueno et al.55 N/A

Arabidopsis: 35S:SiNucA this paper N/A

Arabidopsis: 35S:SiNucA:mCherry this paper N/A

Arabidopsis: 35S:SiNucA:mCherry(w/o SP) this paper N/A

Arabidopsis: Col-0AEQ Choi et al.33 N/A

Arabidopsis: Col-0AEQ Ddorn1 Choi et al.33 N/A

Arabidopsis: ent3 NASC SALK_204257C

Arabidopsis: ent1 NASC SALK_025174C

Arabidopsis: isi NASC SALK_034517C

Arabidopsis: CRISPRisi this paper N/A

Serendipita indica: FGB1:SiNucA:HA:His this paper N/A

Oligonucleotides

All oligonucleotides are listed in Table S8. N/A N/A

Recombinant DNA

FGB1:SiNucA:HA:His for stable fungal transformation this paper N/A

35S:SiNucA for stable Arabidopsis transformation this paper N/A

35S:SiNucA:mCherry for stable Arabidopsis transformation this paper N/A

35S:SiNucA:mCherry (w/o SP) for stable

Arabidopsis transformation

this paper N/A

pDGE347_Cas9_4xsgRNA) for stable Arabidopsis

transformation targeting ISI for CRISPR-CAS9-induced KO

this paper N/A

Software and algorithms

Prism 8 Graphpad https://www.graphpad.com/

Fiji software Schindelin et al.56 https://imagej.net/software/fiji/

Trimmomatic v.0.36 Bolger et al.57 https://github.com/usadellab/Trimmomatic

Kallisto v.0.46.2 Bray et al.58 https://github.com/pachterlab/kallisto

R package: tximport Soneson et al.59 https://github.com/thelovelab/tximport

R package: DESeq2 Love et al.60 https://github.com/thelovelab/DESeq2
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exchanges every 30minutes. The sterilized seeds were transferred to petri dishes onto autoclaved filter papers wetted with 3ml ster-

ile water. After four days of germination in the dark at room temperature (20 �C, high temperatures inhibit germination), the germi-

nated seedlings were transferred onto 1/10 PNM medium in sterile mason jars.

1/10 PNMmedium contains: 0.005% (w/v) KNO3, 0.005% (w/v) KH2PO4, 0.0025% (w/v) K2HPO4, 0.049% (w/v) MgSO4, 0.00472

% (w/v) Ca(NO3)2, 0.0025% (w/v) NaCl, 0.5% (v/v) Fe-EDTA stock solution and 1.2% (w/v) Gelrite. After the pHwas adjusted to 5.6,

the medium was autoclaved and 1 % (v/v) 1 M MES (pH 5.6) was added.

The Fe-EDTA stock solution contains: 2.78 % (w/v) FeSO4 x 7 H2O & 4.13 % (w/v) Na2EDTA x 2 H2O.

Barley plants were grown at a day/night cycle of 16/8 hours, 60 % humidity and a light intensity of 108 mmol/m2s.

ForMarchantia polymorpha, the gemmae of the male Tak1 and female Tak2 gametophytes were cultured on half-strength B5 me-

dium (1.5 g /l of 1/2 Gamborg B5 salt mixture, 0.5 g/l of MES, 10 g/l sucrose, 10 g/l plant agar – pH set to 5.2 with KOH) under contin-

uous light.

Fungal strains and cultivation techniques
S. indica strain DSM11827 (German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) was cultured on com-

plete medium (CM) as previously described in Hilbert et al.61

CM medium contains: 5 % (v/v) 20 x salt solution, 2 % (w/v) glucose, 0.2 % peptone (w/v), 0.1 % (w/v) yeast extract, 0.1 % (w/v)

casamine acids, 0.1 % microelement solution (v/v) & 1.5 % (w/v) agar.

The 20x salt solution contains 12 % (w/v) NaNO3, 1.04 % (w/v) KCl, 1.04 % (w/v) MgSO4 x 7 H2O & 3.04 % (w/v) KH2PO4. The

microelement solution contains 0.6 % (w/v) MnCl2 x 4 H2O, 0.15 % (w/v) H3BO3, 0.265 % (w/v) ZnSO4 x 7 H2O, 0.075 % (w/v) KI,

0.00024 % (w/v) Na2MO4 x 2 H2O & 0.013 % (w/v) CuSO4 x 5 H2O.

Liquid (CM) cultures were incubated from spores at 28 �C and 120 rpm. Spores were collected from 4 weeks old plates.

METHOD DETAILS

Fungal inoculation
Two methods were used for fungal inoculation: 1) 7-day-old seedlings were transferred to ½MS without sucrose or 1/10 PNM (Plant

NutritionMedium, pH 5.7) plates (15-20 seedlings per plate). 1ml of water containing 5x105 chlamydospores ofS. indicawas pipetted

onto the root and surrounding area. Control plants were inoculated with sterile water. 2) Sterile A. thaliana seeds were incubated in

1 ml of water containing 5x105 S. indica chlamydospores for one hour and then pipetted onto 1/10 PNM plates.

For harvesting, individual rootswere thoroughly washedwith water, a 4 cm root sectionwas cut 0.5 cmbelow the shoot, and imme-

diately frozen in liquid nitrogen. Two to three plates of 20 seedlings each were pooled per replicate.

Confocal microscopy
Colonized Arabidopsis roots were treated with 5 mg/ml Wheat Germ Agglutinin-Alexa Fluor 488 conjugate (WGA-AF 488, Life Tech-

nologies, Thermo Fisher Scientific, Schwerte, Germany) or 1 mM FGB1-FITC of54 To visualize the fungal cell wall. 250 ng/ml 4ʹ,6-dia-
midino-2ʹ-phenylindole dihydrochloride (DAPI) or 500 nM SYTOX Orange (Life Technologies, Thermo Fisher Scientific, Schwerte,

Germany) were used as nucleic acid stain.

A TCSSP8 confocal microscope (Leica,Wetzlar, Germany) was used for confocal laser scanningmicroscopy on living cells. AF 488

and FITC were excited with an argon laser at 488 nm, and the emitted light was detected with a hybrid detector at 500-550 nm.

mCherry and SYTOX orange were excited with a DPSS laser at 561 nm, and the signal was detected with a hybrid detector at

590-660 nm. DAPI was excited with a diode laser at 405 nm, and the emitted light was detected with a hybrid detector at 415-460 nm.

DNA and RNA extraction
DNA was extracted from frozen root or fungal material as described in Wawra et al.18 Briefly, approximately 500 mg of ground frozen

material was dissolved in 1 ml of CTAB extraction buffer (100 mM TrisHCl pH 7.5, 50 mM EDTA pH 8, 1.5 M NaCl, 2% (w/v) cetyl-

trimethylammonium bromide, 0.05% (v/v) ß-mercaptoethanol) and homogenized for 10 min. 500 ml chloroform:isoamyl alcohol

mixture (24:1) was added and the tubes were mixed and centrifuged for 5 min. Ethanol and 1 volume of chloroform:isoamyl alcohol

mixture (24:1) were added to the upper phase and centrifuged again. The DNA in the upper phase was precipitated with 1 volume of

isopropanol at 4 �C for 1 h.

RNA was extracted with TRIzol (Invitrogen, Thermo Fisher Scientific, Schwerte, Germany) and DNA was digested with DNase I

(Thermo Fisher Scientific, Schwerte, Germany) according to the manufacturer’s instructions. cDNA was synthesized using the Fer-

mentas First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Schwerte, Germany).

Quantitative RT-PCR analysis
For quantitative real-time PCR, the 2x GoTaq qPCR Master Mix (Promega, Mannheim, Germany) was used. 500 nM forward and

reverse primers and 10-20 ng of cDNA or gDNA template were added to each. The reaction was performed in a CFX connect real

time system (BioRad,Munich, Germany) with the following program: 95�C 3min, 95�C15s, 59�C20s, 72�C30s, 40 cycles andmelting

curve analysis. Relative expression was calculated using the 2-DDCT method.62 All oligonucleotides used can be found in Table S8.
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Serendipita indica transformation
S. indica protoplasts were transformed using the PEG-mediated transformation system as described in Wawra et al.54: For the

transformation of S. indica, a 250 ml culture in liquid CM was inoculated with 1 ml of a spore solution set to a concentration of

2.5 x 104 spores/ml and grown for 7 days at 28�C with 120 rpm of shaking. After 7 days the mycelium was collected by filtration

through a Miracloth filter and washed with 50 ml 0.9 % NaCl solution before it was re-suspended in 20 ml fresh CM. The mycelial

aggregates were disrupted using a Microtron� MB550 homogenizer (Kinematica, Lucerne, Switzerland) for 10 s and the homoge-

nized culture was regenerated for 3 days at 28�C with 120 rpm of shaking in a total volume of 150 ml fresh CM. After regeneration

the young mycelium was filtered again through a Miracloth filter and washed with 50 ml of 0.9% NaCl solution to remove spores and

residual medium. Protoplastation was carried out by re-suspending the filtratedmycelium in sterile filtrated 20ml SMC buffer (1.33M

sorbitol, 50 mM CaCl2 x 2H2O, 20 mM MES, pH 5.8) supplemented with 2 % (w/v) Trichoderma harzianum lysing enzymes (Sigma

Aldrich, Taufkirchen, Germany). After incubation for 2 h at 32�Cwith 100 rpm of shaking the protoplastation was checkedmicroscop-

ically and the reaction was stopped by filtration through a Miracloth filter and addition of an equal volume of cold STC buffer (1 M

sorbitol, 50 mM CaCl2 x 2H2O, 10 mM Tris-HCl, pH 7.5). The protoplasts in the filtrate were pelleted at 3,000 xg in a swing out rotor

for 10 min and washed three times with cold STC. The protoplasts were finally re-suspended in an appropriate volume of cold STC

and stored on ice until transformation. 50 mg of the plasmid DNA were linearized by incubation with 20 units of the restriction enzyme

BsaAI and precipitated for 10 min at room temperature by addition of 0.5 volumes of 7.5 M ammonium acetate and 2 volumes of

100% isopropanol. The plasmid DNA was pelleted by centrifugation for 30 min at 17,000 x g, washed twice with 75% ethanol, dried

for 5 min at room temperature and finally re-suspended in 12 ml sterile ddH2O. For a single transformation reaction 70 ml of protoplast

solution wasmixedwith 10 ml linearized vector, 1 ml of a 15mg/ml heparin solution and 10 unitsBsaAI on ice and incubated for 10min.

Subsequently, 0.5 ml of a freshly prepared ice cold, filter sterilized (0.45 mm filter) STC solution supplemented with 40 % (w/v) PEG

3350 (Sigma Aldrich, Taufkirchen, Germany) was added followed by a further incubation for 15 min on ice. Finally, the protoplast so-

lution was mixed with 5 ml of the MYP top medium (0.7 % (w/v) malt extract, 0.1 % (w/v) peptone, 0.05 % (w/v) yeast extract, 0.6 %

(w/v) agar, 0.3 M sucrose) which was kept at 45�C to prevent solidification and distributed on 20 ml solidified MYP bottom medium

(0.7 % (w/v) malt extract, 0.1 % (w/v) peptone, 0.05 % (w/v) yeast extract, 1.2 % (w/v) agar, 0.3 M sucrose) containing 80 mg/ml hy-

gromycin for selection of positive transformants. After solidification of the top medium the plates were incubated at 28�C. All clones
that were further used were checked whether they were homokaryotic or dikaryotic.

Nuclease activity test
To assay the nuclease activity of the purified protein, 10 nM SiNucA was mixed with 100 ng linearized plasmid, 1 mg gDNA, or 1 mg

RNA in buffer (5 mM Tris pH 8, 1 mM MgCl2, 1 mM CaCl2, 0.1% microelement solution (from CM medium)). The mixture was incu-

bated at RT for 1 to 30 min, then loading dye was added and samples were run on a 1-2 % agarose gel.

To test nuclease activity in the filtrate of an S. indica culture, a 5-day-old CM culture was minced and incubated for an additional

3 days. The culture was filtered through Miracloth (Millipore Merck, Darmstadt, Germany), and 50 ml of culture filtrate was added to

linearized plasmid DNA, gDNA, or RNA.

SiNucA-HA-His purification
A7-day-old liquid culture ofS. indica grown in CMmediumwas filtered throughMiracloth. Themyceliumwaswashedwith 0.9%NaCl

and minced in fresh CM medium in a mixer (MicrotronR MB550 homogenizer (Kinematica, Lucerne, Switzerland)). The culture was

regenerated for two days. Subsequently, the culture was filtered with Miracloth and through a 0.45 mmmembrane filter. To this cell-

free culture filtrate, 1 mM phenylmethanesulfonylfluoride fluoride (PMSF) was added and the pH was adjusted to pH 7 with 1 M Tris

pH 8. Proteins were precipitated with 80% ammonium sulfate. The protein pellet was resuspended in 20mM Tris pH 8. Proteins were

separated by size exclusion chromatography (Sephadex G 200 column, Hiload 6/600) using a 20mMTris pH 8 / 150mMNaCl buffer.

Fractions containing SiNucA-HA-His were desalted by dialysis and checked by SDS-PAGE and anti-HA Western blot. The protein

was stored in 20 mM Tris pH 8. The identity of the protein was verified by LC-MS/MS.

Measurement of enzyme kinetics of SiE5NT
SiE5NT fused to a C-terminal hemagglutinin (HA) and Strep tag (pXCScpmv-HAStrep, V69) was transiently expressed in Nicotiana

benthamiana and purified by affinity chromatography as described by Werner et al.63 and Myrach et al.64 Enzyme concentrations

were determined using bovine serum albumin standards after SDS-PAGE and Coomassie Blue staining with an Odyssey Fc Dual

Mode Imaging System (Li-cor Biosciences, Germany).

To determine substrate specificity, different substrates were tested. Briefly, 10 ml of purified enzyme (1.9 x 10-4 mg protein) was

added to 70 ml of reaction buffer (10 mM MES buffer, pH 6.0; 1 mM CaCl2 and 1 mM MgCl2) and pre-incubated for 5 minutes. Sub-

strates were added (20 ml of a 5 mM stock solution) to give a final reaction volume of 100 ml. The reaction was quenched with 400 ml of

MeOHat the indicated times and centrifuged for 10min at 21,000g at 4�C. The supernatant was evaporated in a vacuumconcentrator

and the dry pellet resuspended in 100 ml of HPLC mobile phase A.

Samples were analyzed using an Agilent 1200 SL HPLC system equipped with a diode array detector. 10 ml of the sample was

injected onto a Supelcosil LC-18-T column (Sigma-Aldrich) at a flow rate of 0.8 ml min-1 and a column temperature of 25�C. The an-

alytes were separated with the following gradient: 0 min, 100% A; 9 min, 100% A; 15 min, 75% A; 17.5 min, 10% A; 19 min, 0% A;

23min, 0%A; 24min, 100%A; 30min, 100%A.Mobile phase A consisted of 100mMKH2PO4, pH 6.0, in deionized water andmobile
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phase B consisted of 90% 100 mM KH2PO4, pH 6.0, in deionized water and 10%MeOH. Appropriate standard solutions were used

for quantification. Data were analyzed using Agilent Chemstation software.

Kinetic constants for deoxyadenosine monophosphate and adenosine monophosphate were determined using the EnzCheck

(Thermo Fisher Scientific, Waltham, USA) phosphatase assay kit according to specifications, using only one-tenth of the recommen-

ded reaction volume.

Measurement of release of deoxynucleosides
10 mg of salmon sperm DNA was incubated with 4 ml of SiNucA, 10 ml of SiE5NT, or a combination of both in a final volume of 40 ml

containing 10 mM HEPES, pH 7.2; 100 mMMgCl2; and 1 mM DTT. The enzymes were incubated in the buffer mixture for 5 minutes

prior to the addition of DNA. The reaction was incubated at 22 �C for 1 hour and inactivated at 95 �C for 5 minutes. Subsequently,

centrifugation was performed at 40000 g and 4 �C for 20 minutes. 20 ml of the supernatant was analyzed on a 2% agarose gel.

The remaining 20 ml of the supernatant was mixed with 50 ml of water and used for HPLC MS/MS analysis. Samples and standards

were analyzed using an Agilent 1290 Infinity II HPLC system coupled to an Agilent 6470 triple quadrupole mass spectrometer. An-

alytes (10 ml samples) were separated on a 50 x 4.6 mm Polaris C18A column (Agilent) using the following gradient: 0 min, 96% A;

8 min, 35% A; 8.2 min, 0% A; 10 min, 0% A; 10.1 min, 96% A. Mobile phase A consisted of 10 mM ammonium acetate, pH 7.5,

and mobile phase B was pure MeOH. The flow rate was 0.6 ml min-1 and the column temperature was 30�C. In-source parameters

were set as previously described for deoxynucleoside analysis.65 All analytesweremeasured in positivemode. Transitions (precursor

and production), collision energies, and fragmentor energies are listed in Table S9.

PAM fluorometric measurements
PAM fluorometry measurements were performed by transferring 9-day-old Arabidopsis seedlings into 24 well plates containing 2 ml

of 2.5 mM MES buffer (pH 5.6). 3 seedlings were pooled in one well. After 24 hours of regeneration, seedlings were treated with so-

lutions of 5’ deoxyadenosine (dAdo), adenosine (Ado), or methyl jasmonate (all Sigma-Aldrich, Taufkirchen, Germany), adjusting to a

final concentration of 500 mM. Treated seedlings were incubated in complete darkness for 20 min to reach a dark-adapted condition.

The photosynthetic activity of the plants wasmeasured using theM-Series PAMfluorometer (HeinzWalzGmbH, Effeltrich, Germany).

Data were analyzed using ImagingWin software (v.2.41a;Walz, Germany). When further analysis of photosynthetic area development

was required, it was evaluated using Fiji (ImageJ).56

Cell death staining with Evans blue
Amodified protocol as described in Vijayaraghavareddy et al.66 was used. To quantify cell death induced by S. indica in Arabidopsis,

plants were used for cell death staining at three time points, 7, 10, and 14 days after fungal spore inoculation, using five plants per

treatment. For cell death induced by dAdo (or chemically induced cell death), plants were microscoped after 4 days of cell death

treatment. To remove external fungal growth or chemical treatment solutions, plants were washed three times in ddH2 O before

cell death staining in a 2.5 mM Evans blue solution (Sigma-Aldrich, lot #MKCH7958) dissolved in 0.1 M CaCl2 pH 5.6 for 15 minutes.

After extensive washing for one hour with ddH2 O, images were captured using a Leica M165 FC microscope.

Activity-based protein profiling
After treatment with 500 mM dAdo, 500 mM Ado, or MES buffer, 9-day-old Arabidopsis seedlings were frozen in liquid nitrogen,

ground, and dissolved in 50 mM Tris-HCl buffer (pH 7). After centrifugation, the supernatant was divided and treated with either

the proteasome inhibitor MG132 (final concentration: 50 mM, company) or DMSO for 30 min. Samples were then incubated with

26S proteasome probe MVB072 (final concentration: 1 mM, company): 1 mM,27 Samples were then denatured in SDS loading dye

at 95 �C and separated on 12% SDS gels. The probe was visualized using the rhodamine settings (excitation: 532 nm, emission:

580 nm) on a ChemiDoc (BioRad, CA, USA). The protein content of the samples was visualized by staining the gel with SYPRO�
Ruby (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.

RNAseq
7-day-old seedlings were transferred from plates to individual wells of 24-well plates containing 0.5 ml of liquid ½ MS medium con-

taining 0.5% (w/v) sucrose. After 5 additional days in liquid culture, the medium was replaced with 1 ml of 500m M dAdo in 2.5 mM

MES buffer pH 5.6 or 2.5 mM MES buffer pH 5.6 alone as a negative control. Three replicates of four seedlings were harvested for

each treatment at 0, 3, and 12 h after treatment (hpt), frozen in liquid nitrogen, and stored at -80� C until processing for RNA extrac-

tion. Total RNA was extracted using TRIZOL reagent as described above. RNA integrity was confirmed by gel electrophoresis, and

quantity and purity were determined using a NanoDrop 2000. Stranded mRNA-seq libraries were prepared according to the manu-

facturer’s instructions (Vazyme Biotech Co., Nanjing, China). Qualified libraries were sequenced on a HiSeq 3000 system instrument

in the Genomics and Transcriptomics Laboratory at Heinrich Heine University to generate >100 million reads with a read length of

150 bp from three biological replicates. Trimmomatic v. 0.36,57 was used for quality trimming and adapter clipping. Reads were

then mapped to Arabidopsis TAIR10 CDS assembly and quantified using kallisto v. 0.46.2,58 resulting in estimated counts and tran-

scripts per million (TPM) values. The log2 fold difference in gene expression between conditions was estimated using the R packages

tximport59 and DESeq2.60 Genes with statistical significance were selected (FDR-adjusted p-value < 0.05). Data have been depos-

ited at NCBI under GEO accession number GSE209761 and GSM6394981.
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Collection of extracellular fluid
7-day-old Arabidopsis seedlings germinated on ½MS agar containing 1% sucrose were transferred to 24 well plates. Each well con-

tained 3 seedlings in 1.5 ml of 2.5 mMMES and the specific treatment. After transfer, the plants were returned to the growth chamber

for three days. The seedlings were then removed and the liquid centrifuged at 4000 g for 15 minutes. The supernatant was freeze

dried and sent for metabolite analysis.

Metabolite analysis
5 ml of the apoplastic liquid was injected into an Acquity UPLC (Waters Inc.) equippedwith a Nucleoshell RP18 column (Macherey and

Nagel, 150mm x 2mm x 2.1mm) using tributylammonium as the ion pairing agent. Solvent A: 10 mM tributylamine (aqueous) acidified

with glacial acetic acid to pH 6.2; solvent B acetonitrile. Gradient: 0-2 min: 2% B, 2-18 min 2-36% B, 18-21 min 36-95% B, 21-

22.5 min 95% B, 22.51-24 min 2% B. Column flow was 0.4 ml min-1 throughout. The column temperature was 40 �C. Scheduled
metabolite detection based on multiple reaction monitoring (MRM) was performed in negative mode with electrospray ionization

(ESI) on a QTrap 6500 (AB-Sciex GmbH, Darmstadt, Germany): Ion source gas 1: 60 psi, ion source gas 2: 70 psi, curtain gas:

35 psi, temperature: 450 �C, ion spray voltage floating: and -4500V). MRM transitions of 189 metabolites covering central carbon

and energy metabolism were previously signal optimized and retention times determined (Table S10).

Ca2+ influx quantification
Calcium influx assays were performed as previously described in Wanke et al.67 Briefly, individual 7-day-old Arabidopsis seedlings

were placed in white 96-well plates filled with 200 ml reconstitution buffer (2.5 mM MES pH 5.7 [Sigma-Aldrich, Taufkirchen, Ger-

many], 10 mM CaCl2 [Roth, Karlsruhe, Germany]). Before incubation overnight in the dark, the solution was replaced with 133 ml

reconstitution buffer containing 10 mM coelenterazine (Roth, Karlsruhe, Germany). The following day, chemiluminescence was

measured using a TECAN SPARK 10M microplate reader. After baseline measurement, 67 ml of three-fold concentrated elicitor so-

lutions (or Milli-Q water as a sham control) were added manually. Cytosolic calcium influx after addition of the trigger was measured

continuously for 30 min. To determine the undischarged aequorin for treatment normalization, 100 ml 3 M CaCl2 (in 30% EtOH) was

injected into each well, followed by constant measurement for 1 minute. All steps were performed with an integration time of

450 msec.

Heterologous protein production in Nicotiana benthamiana and protein purification
For heterologous protein production in Nicotiana benthamiana, leaves of 4-week-old plants were infiltrated with Agrobacterium tu-

mefaciens GV3101 strains. A. tumefaciens was grown in LB liquid medium with the appropriate antibiotics at 28�C and 180 rpm for

2 days until an OD600 of 1 was achieved. Cultures were centrifuged at 3500 rpm for 15 min at RT, the supernatant was discarded and

resuspended in 1ml infiltration buffer (10mMMES pH 5.5, 10mMMgCl2, 200 mMacetosyringone) and incubated for 1 h in the dark at

28�C, 180 rpm. All strains were diluted with the infiltration buffer to an OD600 of 1. Each strain was mixed with P19-expressing strains

at a 1:1 ratio. 2-3 leaves per plant were infiltrated with a needleless syringe. After 4 dpi, leaves were separated from the plant and

crushed in liquid nitrogen. Protein purification was performed according to Werner et al.63 with minor modifications performed: A

15-ml tube was filled to the 2-ml mark with ground leaf material, and 2 ml of cold extraction buffer (100 mM Tris pH 8.0, 100 mM

NaCl, 5 mM EDTA, 0.5% Triton X100, 10 mM DTT, 100 mg/ml avidin) was added. The powder was resuspended by vortexing and

then centrifuged at 12000 rpm and 4�C for 10 minutes. The supernatant was transferred to a new tube and 100 ml of Strep-

Tactin� Macroprep (50% slurry) was added and incubated for 60 min at 4�C in a rotating wheel. The mixture was centrifuged at

700xg at RT for 30 s and the supernatant was completely removed from the beads. The beads were washed once with 4 ml and

two additional times with 2 ml of wash buffer (50 mM Tris pH 8.0, 100 mM NaCl, 0.5 mM EDTA, 0.005% Triton X-100, 2 mM DTT)

by centrifugation for 30 s at 700xg and the supernatant was discarded. During the final wash, beads were transferred to a 1.5 ml

tube with a low binding level. The beads were either boiled directly for 5 min at 95�C with 6x SDS loading dye to run on an SDS-

PAGE, or the proteins were eluted from the beads by adding 100 ml of elution buffer (wash buffer + 2.5 - 10 mM biotin) and incubating

at 25�C, >800 rpm for 5 min. Samples were centrifuged at 700xg for 20 s and elution was repeated. Elution fractions were pooled,

SDS loading dye was added, and samples were run on SDS-PAGE followed by Western blot.

Ion leakage measurements
The seedlings for measurement of ion leakage were prepared in the same manner as seedlings for PAM fluorometry measurements.

Ion leakage was measured with a conductivity meter (LAQUAtwin EC-11; Horiba, Newhampton, UK).

Seed germination test
Sterile Arabidopsis seedlings were transferred into 24-well plates containing 2ml of 1/10 PNMmedium. Themedium contained either

500 mMdAdo or the same volume of 2.5mMMES (pH 5.6). Ten seedswere placed in eachwell and grown under short-day conditions

after 2 days of stratification. Seedling growth was monitored by PAM fluorometry.

Root length measurements
To evaluate root length, scans of the square plates containing seedlings were analyzed using Fiji (ImageJ) and the length of the pri-

mary root was measured.
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Oxidative burst assay
Individual 7-day-old Arabidopsis seedlings were transferred to white 96-well plates containing 200 ml reconstitution buffer (2.5 mM

MES pH 5.7 (Sigma-Aldrich, Taufkirchen, Germany), 10 mMCaCl2 (Roth, Karlsruhe, Germany) and incubated overnight in the growth

chamber. The following day, the buffer was replaced with 133 ml reconstitution solution containing 15 mgml-1 horseradish peroxidase

(Sigma-Aldrich, Taufkirchen, Germany) and 15 mM L-O12 (Wako Chemicals, Neuss, Germany). After 10 min incubation, 67 mL of

three-fold concentrated elicitor solutions (or Milli-Q water as a mock control) were added manually to the wells. Measurements

were started immediately and chemiluminescence wasmeasured continuously with a TECANSPARK 10Mmicroplate reader (Tecan,

M€annedorf, Switzerland) at an integration time of 450 ms.

Protoplast isolation and transformation
As described in Ochoa-Fernandez et al.,68 protoplasts were isolated from 2-week-old A. thaliana seedlings (Col-0, isi, ent3) grown in

12 cm square plates containing SCA medium (0.32 % (wt/vol) Gamborg’s B5 basal salt powder with vitamins (bioWORLD), 4 mM

MgSO4x7H2O, 43.8 mM sucrose and 0.8% (wt/vol) phytoagar in H2O, pH 5.8, autoclaved, 0.1% (vol/vol) Gamborg’s B5 Vitamin

Mix (bioWORLD), with a 22
�
C, 16-h light – 8-h dark cycle. The leaf material was sliced with a scalpel and incubated in darkness

at 22
�
C overnight in MMC solution (10 mMMES, 40 mM CaCl2H2O, 467 mMmannitol, pH 5.8, sterile filtered) containing 0.5% cellu-

lase Ono- zuka R10 and macerozyme R10 (SERVA Electrophoresis). After 18h, the lysate was thoroughly mixed, passed through a

70mmpore size sieve and transferred to aMSC solution (10mMMES, 0.4M sucrose, 20mMMgCl2 6H2O, 467mMmannitol, pH 5.8,

sterile filtered) and carefully overlaid with MMM solution (15 mMMgCl2, 2.5 mMMES, 467 mMmannitol, pH 5.8, sterile filtered). After

centrifugation the protoplasts were collected at the interphase and transferred to a W5 solution (2 mMMES, 154 mM NaCl, 125 mM

CaCl2x2H2O, 5 mMKCl, 5 mM glucose, pH 5.8, sterile filtered) and diluted to 106 protoplasts per 100 ml after counting in a Rosenthal

chamber. The plasmids were transferred by PEG-mediated transformation. 10 mg of plasmid DNA (pSW209 – firefly luciferase re-

porter; pGEN016 - Stuffer; pGWB502 N-TIR; pGWB502N-trunc TIR) were used to transform 1,000,000 protoplasts in non-treated

6-well plates by drop-wise addition of a PEG solution (4 g PEG4000, 2.5 ml of 800 mM mannitol, 1 ml of 1 M CaCl2 and 3 ml H2O).

After 8-min incubation, 120 ml MMM and 1,8 ml PCA (0.32% (wt/vol) Gamborg’s B5 basal salt powder with vitamins (bioWorld),

2 mMMgSO4x7H2O, 3.4 mM CaCl2x2H2O, 5 mMMES, 0.342 mM l-glutamine, 58.4 mM sucrose, 444 mM glucose, 8.4 mM calcium

pantothenate, 2% (vol/vol) biotin from a biotin solution 0.02% (wt/vol) 0.1% (vol/vol) in H2O, pH 5.8, sterile filtered, 0.1% (vol/ vol)

Gamborg’s B5 Vitamin Mix, 64.52 mgml1 ampicillin), were added to a final volume of 2 ml protoplast suspension. 3 hours after trans-

formation 0.9 ml of protoplast were transferred to non-treated 12 well plates and induced with dAdo (0mM, 25mM, 50mM, 100mM). The

protoplasts were kept in darkness for 18 h at 22
�
C.

Four technical replicates of 80 ml protoplast suspensions were pipetted into a 96-well white flat-bottom plates (Costar) for deter-

mination of activity luciferases as indicator for cell death. Addition of 20 ml of FLuc substrate (0.47 mM d-luciferin (Biosynth AG),

20 mM tricine, 2.67 mM MgSO4x7H2O, 0.1 mM EDTA 2H2O, 33.3 mM dithiothreitol, 0.52 mM adenosine 5’-triphosphate, 0.27 mM

acetyl–coenzyme A, 5mMNaOH, 264mMMgCO3x5H2O, in H2O, pH 8) was performed prior to luminescence determination in a plate

reader (determination of 20-min kinetics, integration time 0.1 s).

QUANTIFICATION AND STATISTICAL ANALYSIS

To evaluate significant differences, ANOVA with post-hoc Tukey HSD test or Student’s t-test were used in this study. Statistical an-

alyses were performed using GraphPad Prism. Statistical details of the experiments can be found in the figure legends.
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One Sentence Summary

This review explores the emerging roles of purine metabolites in signaling and immunity across

plants, animals, and bacteria, offering a new perspective on immunometabolism and infochemicals

as key regulators of host-microbe interactions, shaping defense and symbiosis.

Abstract

Purine-based metabolites serve as essential mediators of signaling, immunity, and host-microbe

interactions across biological kingdoms. This review explores their extracellular and intracellular

functions, focusing on well-characterized molecules as well as emerging players, and examines the

conserved and divergent mechanisms underlying purine-mediated responses in plants, animals,

and bacteria. Key topics include the role of extracellular ATP in immune responses, the dual

function of NAD+ as both a metabolic co-factor and signaling molecule, and the emerging roles

of deoxynucleosides and 2′,3′ cyclic adenosine monophosphate (cAMP) in stress and immunity

regulation. Special emphasis is placed on TIR domain proteins, which generate novel purine-derived

infochemicals — bioactive signaling metabolites that regulate immune responses and cell death

while modulating host-microbe interactions. By integrating insights from plant, animal, and

bacterial research, this review underscores the potential of purine-based signaling molecules

and their natural and chemically modified functional derivatives as targets for therapeutic and

agricultural innovation, bridging fundamental discoveries with practical applications. Finally,

moving beyond purine-based metabolites, we offer a new perspective on immunometabolism and

infochemicals as fundamental regulators of host-microbe interactions, shaping defense, symbiosis,

and broader evolutionary dynamics.

Introduction

In organisms across all domains of life, purine-based metabolites such as ATP, ADP, adenosine

monophosphate (AMP), nicotinamide adenine dinucleotide (NAD+), and their derivatives play

various roles as energy carriers, metabolic coenzymes, and signaling molecules. Beyond their

well-documented intracellular functions, the release of these metabolites into the extracellular

milieu, such as the plant apoplast, has revealed additional significance, particularly in intercellular

communication and immune signaling through sensing or uptake. eATP has emerged as a key

player in mediating cellular responses to environmental cues, stresses, and microbial colonization.

Extracellular signaling of ATP is observed across kingdoms, emphasizing the conserved nature of

purine signaling pathways.

Other nucleotides and nucleosides, including NAD+, oxidized nicotinamide adenine dinucleotide

phosphate (NADP+), and their derivatives exhibit redundant, as well as distinct roles in immune

modulation. In plants, extracellular NAD+ has been implicated in systemic acquired resistance

(SAR), a critical defense mechanism against pathogens. Similarly, in animals, NAD+ influences
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immune cell function, apoptosis, and inflammatory processes, further underscoring the conserved

nature of purine-based signaling across kingdoms.

An emerging area of interest is the role of deoxynucleosides, particularly dAdo and

deoxyguanosine (dGuo), in immune responses and host-microbe interactions. These molecules,

derived from extracellular DNA degradation, have been shown to trigger specific immune pathways

in both plants and animals. In plants, dAdo has been linked to cell death induction via a TIR-NLR

protein, whereas in animals, it plays a role in apoptosis and inflammation through caspase activation

upon cell-type-specific uptake. The metabolic fate of these deoxynucleosides and their incorporation

into the purine salvage pathway highlight the metabolic versatility and signaling potential of purine

metabolites.

Another intriguing aspect of purine signaling is 2′,3′cAMP, a positional isomer of the

well-characterized second messenger 3′,5′cAMP. In plants, 2′,3′cAMP accumulates under stress

conditions, where it has been implicated in the formation of stress granules and the regulation of

stress responses. In animals, 2′,3′cAMP has been associated with tissue-specific effects ranging from

neurotoxicity to renoprotection, suggesting a complex and context-dependent role. The antagonistic

relationship between 2′,3′cAMP and adenosine add another layer of complexity to purine-mediated

signaling.

Finally, the recent discovery of TIR domain enzymatic activity on both NAD+ and nucleic

acids resulting in the production of purine-based infochemicals - bioactive metabolites that serve

as chemical signals mediating interactions between organisms. These infochemicals include

metabolites such as cADPR variants, pRib-AMP/ADP or 2′,3′cAMP and their discovery has opened

new avenues for exploring the intersection of purine metabolism and immune signaling. While

NADase activity of TIR domain proteins has been identified in animals, bacteria, and plants; initial

studies revealed kingdom-specific differences in the resulting purine products and their signaling

roles. In animals and prokaryotes, NAD+ degradation leads to substrate depletion, which primarily

drives signaling and induces cell death. In plants, TIR proteins generate a diverse repertoire of

signaling molecules, where the products themselves predominantly regulate cell death and immunity

through distinct, tightly regulated outputs.

This review provides a comprehensive overview of the diverse roles of extracellular purine

metabolites in signaling, immunity, and host-microbe interactions. By combining recent findings

with established insights from plant and animal systems, we aim to uncover commonalities

and divergences in purine signaling mechanisms. We furthermore present recent studies that

demonstrate how both microbes and hosts influence this signaling axis to initiate or inhibit

interactions. In doing so, we hope to shed light on the potential of purine metabolites as therapeutic

and agricultural innovations.

Extracellular ATP Signaling: Mechanisms and Functions in Plants and

Animals

While intracellular ATP is well characterized in its role as an essential provider of energy in all living

systems, eATP plays a pivotal role as a signaling molecule in both plants and animals, especially
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in immunity-related processes. While the fundamental processes of eATP perception, release,

hydrolysis and uptake are highly similar across kingdoms, the specific mechanisms and molecular

key players are distinct.

In plants, ATP can be translocated into the extracellular space in several ways, including leakage

from surrounding damaged cells (Song et al. 2006), exocytosis through vesicular pathways (Kim

et al. 2006), and through active transporters such as PGP1 and PM-ANT1 (Thomas et al. 2000;

Rieder and Neuhaus 2011). Similarly, in animals, eATP is released into the extracellular milieu

through cell damage, vesicular secretion, pannexin and connexin channels or active transport via

ABC transporters (Bodin and Burnstock 2001; Lazarowski et al. 2011; Lohman et al. 2012; Taruno

2018). The release mechanisms in both plants and animals are comparable, reflecting a conserved

role of eATP in signaling stress and damage.

In the apoplast of plants, eATP is not directly imported into the cell. Instead, it undergoes

hydrolysis by several enzymes such as ecto-apyrase (APY) (Clark and Roux 2011) as well as purple

acid phosphatases (PAPs) (Bhadouria and Giri 2022), which degrade it to AMP. Further enzymatic

conversions, including those mediated by 5′nucleotidase (5′NT) (Zrenner et al. 2006) and the

Nucleoside Hydrolase 3 (NSH3) (Jung et al. 2011), lead to the generation of adenine and adenosine.

These breakdown products are subsequently imported into the cell via nucleoside transporters like

ENT3, ENT6, or purine permeases (PUPs), where the nucleosides contribute to metabolic pathways

such as DNA and RNA synthesis through the purine salvage pathway (Gillissen et al. 2000; Li et al.

2003; Wormit et al. 2004; Ashihara et al. 2018). In animals, the hydrolysis of eATP is carried out by

enzymes of the E-NTPDase family (which are known as apyrases in plants) and alkaline phosphatases

(Yegutkin 2008; Zimmermann et al. 2012). Alternatively, ATP can directly be hydrolyzed to AMP by

ecto-nucleotide pyrophosphatases (E-NPPs). Similar to the process in plant cells, in animals AMP

can be converted to adenosine by ecto-5′-nucleotidases (E5′NTs), while adenosine can then further

be imported and exported from the cell by equilibrative- and concentrative nucleoside transporters

(ENTs, CNTs) (Gray et al. 2004; Matsuoka and Ohkubo 2004; King et al. 2006). Additionally,

adenosine may undergo conversion or inactivation via adenosine deaminase (ADA) to inosine, which

can further be metabolized to hypoxanthine by purine nucleoside phosphorylases (PNPs), leading

to specialized metabolites inside or outside the cell (Shryock and Belardinelli 1997; Blackburn and

Kellems 2005). Together with AMP, ADP, and ATP phosphorylation, this constitutes a major route

of purine salvage in animal cells.

In the extracellular space, eATP functions as a DAMP recognized by specific purinergic receptors

located at the plasma membrane. In plants, the primary purinoceptor, P2K1 (also known as DORN1),

binds eATP, triggering signaling cascades involving Ca2+ influx, nitric oxide (NO) production, and

accumulation of ROS via activation of plasma membrane-localized NADPH oxidases such as RBOHD

(Song et al. 2006; Demidchik et al. 2009; Choi et al. 2014). These events activate MAPK pathways

and induce transcriptional changes that enhance immunity and modulate phytohormone signaling

like jasmonic acid (JA) pathways (Tanaka et al. 2014; Balagué et al. 2017; Jewell et al. 2024). A

second receptor, P2K2, partially complements P2K1, underscoring the complexity of eATP signaling

in plants (Pham et al., 2020). Studies using P2K1 knock-out and overexpression lines reveal

its essential role in transcriptional responses, hormonal defense pathways and the regulation of

defense-related transcription factors such as MYCs, acting downstream of the jasmonate receptor,
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or calmodulin-binding transcription activators (CAMTAs) (Jewell et al. 2019). Recent findings also

link eATP to the glucosinolate biosynthesis in leaves, further broadening our understanding of eATP

in immunity (Jewell et al. 2022). Unlike in animals, no surface-localized receptors for adenosine or

adenine have been identified in plants.

In animal systems, eATP is sensed by two distinct groups of plasma membrane-localized

purinergic receptors: ionotropic/ligand-gated P2X and metabotropic P2Y receptors (Burnstock

2014). P2X receptors directly affect membrane channel activity, resulting in Ca2+ and Na+ influx

and K+ efflux (Surprenant and North 2009). Prolonged activation of P2X receptors leads to ROS

production by NADPH oxidases and the assembly of the NLRP3 inflammasome, driving the secretion

of inflammatory cytokines (Hung et al. 2005; Ferrari et al. 2006; Di Virgilio 2007). Additionally,

G-protein coupled P2Y receptors also bind eADP and activate the adenylate cyclase pathway,

phospholipase C, NADPH oxidases and the production of ROS and cAMP (Lee and O’Grady 2003;

Díaz-Vegas et al. 2015). While eATP primarily drives pro-inflammatory processes, extracellular

adenosine mitigates inflammation by binding to P1 receptors, reducing ROS and inflammatory

cytokine levels (Shryock and Belardinelli 1997; Ohta and Sitkovsky 2001; Faas et al. 2017).

Adding to these mechanisms, microbes are also known to exploit eATP signaling to manipulate host

immunity. In plant-microbe interactions, eATP and its derivatives play critical roles in mediating

immune responses against pathogens, as well as in associations with mutualistic organisms. eATP

perception mediates defense responses, as is evident in the model plant Arabidopsis thaliana,

where P2K1 knockout mutants show increased and overexpression lines reduced susceptibility to

the bacterial pathogen Pseudomonas syringae (Balagué et al. 2017). Some microbes evade host

immunity by producing enzymes that hydrolyze ATP into adenosine. For example, the beneficial root

endophyte Serendipita indica secretes symbiosis-specific proteins, including an ecto-5’-nucleotidase,

modulating apoplastic eATP concentrations and evading host immune responses (Thürich et al.

2018; Nizam et al. 2019). Similarly, the pathogenic ascomycete Fusarium oxysporum, upregulates a

fungal ecto-5’-nucleotidase and adenosine transporters, suppressing immune responses by altering

the apoplastic eATP/adenosine ratio and pH level (Kesten et al. 2019; Kesten et al. 2023).

Supporting this, it has been shown that A. thaliana ent3-nsh3 double mutants, which are affected

in both purine uptake and extracellular salvage, accumulate adenosine extracellularly and have

an increased susceptibility to the pathogen Botrytis cinerea (Daumann et al. 2015). The hijacking

of the eATP signaling pathway by both mutualistic and pathogenic microbes thereby highlights its

significance, not only in general plant immunity, but also in host-microbe compatibility.

In animals, eATP and its derivatives play a central role in both pro- and anti-inflammatory

processes, influencing anti-microbial immunity (Vliet and Bove 2011; Cauwels et al. 2014). To

counteract this, microbes like the opportunistic bacterial pathogen Porphyromonas gingivalis deplete

eATP through the secretion of nucleoside diphosphate kinases (NDKs) and inhibition of ROS

production initiated through P2X receptor triggered NADPH oxidase NOX2 activity, leading to a

reduction of immune responses and apoptotic cell death in epithelial cells (Yilmaz et al. 2008; Choi

et al. 2013; Roberts et al. 2017).

eATP therefore functions beyond its classical role in the cellular energy metabolism, acting as

a key regulator of immune responses in both plants and animals. While plants and animals utilize

distinct receptor families and signaling pathways, the role of eATP as a DAMP underscores a shared
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evolutionary solution for immune activation. Microbial manipulation of eATP by organisms with

diverse hosts and lifestyles highlights its central role as both a target and mediator of infection

strategies and host defense, positioning it as an important regulator of immune responses across

species.

Figure 1: Overview of the release, perception and hydrolysis of extracellular ATP in plant
and animal cells. Microbial interventions involving these processes are marked with a purple cell
symbol and corresponding red numbers (1–3). In plant cells (upper panel), ATP gets released
by plasma membrane damage, export through transporters (PGP1, ANT1) or exocytosis. eATP
perception via P2K1 and P2K2 receptors triggers signal cascades supported by Gα (GP), resulting in
the internal accumulation of calcium ions (Ca2+), nitric oxide (NO) and ROS through the activation
of NADPH oxidases and transporters. These processes trigger a MAPK signaling cascade, leading
to transcriptional changes. Extracellular dephosphorylation of ATP to AMP is catalyzed by enzymes
such as ecto-apyrases (APY) and purple acid phosphatases (PAP), while dephosphorylation from
AMP to adenosine (Ado) and adenine (Ade) is mediated by plant (5′NT) or microbe derived
(ecto-)5′-nucleotidases (E5′NT) (1) as well as the nucleoside hydrolase 3 (NSH3).
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(continued)Adenosine and adenine can be imported by transporters (ENTs, PUPs) and be used
as internal resources. While in animal cells (lower panel) mechanisms of ATP release are mostly
identical, they have pannexin and connexin channels and ABC transporters. Extracellular cleavage
of ATP to ADP and AMP is mediated via E-NTPases, alkaline phosphatases (AP) or ecto-nucleotide
pyrophosphatases (E-NPPs). AMP breakdown to adenosine can take place through E5′NTs,
while further cleavage can generate inosine (Ino), hypoxanthine (Hyp), xanthine (Xan) and uric
acid (UA) through ecto-deaminase (ADA), purine nucleoside phosphorylase (PNP) and xanthine
oxidoreductase (XOR). eATP can bind to P2X and GP coupled P2Y receptors, which can be modulated
by pathogenic microbes (2). P2X activation triggers potassium ion (K+) outflux and the influx
of calcium and sodium (Na+) ions, leading to NLRP3 inflammasome oligomerization, caspase 1
(CASP-1) activation and the increase of inflammatory cytokines in- and outside the cell. ROS
production increases through the activation of NADPH oxidases, which can be intercepted by
intracellular pathogens (3). Some P2Y receptors can additionally bind eADP, also leading to ROS
and cAMP production through NADPH oxidases and the adenylyl cyclase pathway. Extracellular
adenosine can bind to GP coupled P1 receptors and trigger a counteracting response by lowering
ROS- and inflammatory cytokine production, which are taken up via equilibrative- and concentrative
nucleoside transporters (ENTs, CNTs) to be salvaged further.

Emerging Infochemicals: Deoxyadenosine and Other Purine-derived

metabolites in Immunity and Cell Death

Deoxyadenosine

Purine-based molecules involved in extracellular and intracellular signaling in plant cells extend

beyond ATP. In recent years, purine derivatives of deoxyribose have gained attention for their roles in

immunity and host-microbe interactions in both animals and plants. Extracellular deoxynucleotides

arise from the degradation of DNA released by damaged host cells or microbes. Additionally, plant-

and animal cells deploy extracellular DNA traps, such as root extracellular traps (RETs) or neutrophil

extracellular traps (NETs), to immobilize pathogens (Driouich et al. 2019). To evade these traps,

certain adapted microbes secrete DNases. For instance, the animal pathogen Staphylococcus aureus

and the plant pathogen Fusarium oxysporum, as well as the beneficial root endophyte S. indica,

secrete enzymes such as DNases (Nuc, NucA) and 5’-nucleotidases (E5’NT, AdsA) to degrade DNA

and generate deoxynucleosides (Thammavongsa et al. 2013; Tran et al. 2016; Winstel et al. 2018;

Nizam et al. 2019). These deoxynucleosides, like nucleosides, are transported into cells via ENTs,

such as hENT1 in human cells and AtENT3 in Arabidopsis roots (Winstel et al. 2018; Dunken et

al. 2024). The subsequent intracellular salvage of deoxyribonucleosides appears to differ between

plants and animals. In animals, dAdo and dGuo, for example, are phosphorylated by deoxycytidine

kinases (dCKs) to deoxyribonucleoside-triphosphates (dATP, dGTP) after uptake via ENTs, inducing

apoptosis through caspase activation (Winstel et al. 2019; Tantawy et al. 2022; Winstel et al. 2024).

In plants, the mechanisms and metabolic cascades following deoxynucleoside uptake are not yet

fully understood. Recent studies indicate a complex immunity and cell death response triggered by

the application of dGuo and dAdo in leaf and root tissue (Lu et al. 2023; Dunken et al. 2024). For

example, dGuo application in leaves upregulates immunity genes and enhances resistance to the

pathogen P. syringae (Pst DC3000) (Lu et al. 2023). In contrast, in roots dAdo induces a specific
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immune response involving TIR-NLR proteins, modulating cell death during beneficial interaction

with S. indica (Dunken et al. 2024). Additionally, dAdo increases the abundance of the retrograde

stress signaling metabolite 2-C-Methyl-d-erythritol-2,4-cyclopyrophosphate (MEcPP) in the apoplast

of A. thaliana, suggesting that dAdo activates the non-mevalonate pathway in plastids (Xiao et al.

2012; Dunken et al. 2024).

In conclusion, the production of deoxyribonucleosides from extracellular DNA by pathogenic

and beneficial microbes represents a conserved strategy across both animal and plant systems to

hijack host immunity for their accommodation. However, once these molecules are imported into

host cells, the mechanisms by which they elicit immune responses and cell death appear to differ

significantly based on current understanding. In animals, phosphorylation of deoxyribonucleosides

is associated with the initiation of caspase-mediated apoptosis, whereas in plants, stress signaling

and cell death appear to be regulated through TIR-NLR proteins.

Additionally, purine-derived infochemicals serve as important signals during the recognition of

cytoplasmic self- and non-self DNA. In animals, several mechanisms for cytoplasmic DNA recognition

have been described. For example, cytoplasmic double-stranded DNA (dsDNA) is directly bound by

cyclic GMP-AMP synthase (cGAS), inducing a conformational change in its active site that enables the

synthesis of cyclic GMP-AMP (cGAMP) from ATP and guanosine triphosphate (GTP) (Gao et al. 2013;

Wu et al. 2013). cGAMP then binds to the adaptor protein Stimulator of Interferon Genes (STING),

a central component of multiple DNA sensing pathways, which facilitates the activation of interferon

beta (IFN-β) signaling (Burdette and Vance 2013). This leads to downstream immune responses,

including inflammation, apoptosis, and the inhibition of DNA viruses and bacterial pathogens. In

plants, however, direct evidence for cytoplasmic DNA sensing is currently lacking, as clear orthologs

of the corresponding animal proteins have not been identified. Nevertheless, the recent discovery

of TIR-domain resistosomes that produce 2′,3′cAMP and cyclic guanosine monophosphate (cGMP)

from DNA substrates may represent an alternative mechanism of nucleic acid sensing in plants and

will be discussed in a later chapter.

NAD+ / NADP+

As with ATP, NAD+ and its phosphorylated derivative NADP+ play critical roles beyond metabolism

where they serve as electron carriers and signaling molecules in cellular processes. Both have

been shown to induce upregulation of PR genes in plants, and the modulation of pro- as well as

anti-inflammatory immune responses in animal cells (Zhang and Mou 2009; Pliyev et al. 2014).

Although active release of NAD+ and NADP+ from plant cells has not yet been demonstrated,

cellular damage and lysis can contribute to their extracellular accumulation, similar to ATP release.

In animal cells, eNAD+ is actively introduced into the extracellular space during tissue inflammation

via connexin channels (Cx43), exocytotic vesicles or following cellular damage (Bruzzone et al.

2001; Billington et al. 2006).

No definitive evidence currently exists for the regulation of eNAD+ and eNADP+ levels

outside of plant cells, but insights linking the extracellular accumulation of these molecules with

heightened ROS levels (Li et al. 2023a) indicate unknown control mechanisms. In contrast to this,

extracellular regulation of NAD+ levels in animals has been thoroughly described in the past. In

animals, ecto-enzymes such as cluster of differentiation (CD) ecto-5’-nucleotidases, the nucleotide
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pyrophosphatase / phosphodiesterase 1 (NPP1) or ecto-ADP ribosyltransferases (ARTs), catalyze

the breakdown of eNAD+ into smaller signaling molecules, including nicotinamide mononucleotide

(NMN), nicotinamide (NAM), nicotinamide riboside (NR), AMP, adenosine diphosphate ribose

(ADPR) and cyclic adenosine diphosphate ribose (cADPR) (Billington et al. 2006; Hong et al.

2009; Gasparrini et al. 2021). As for NADP+, it can be further converted to oxidized nicotinic

acid adenine dinucleotide phosphate (NAADP+) through CD enzymes in the extracellular space

(Billington et al. 2006; Gasparrini et al. 2021). Some of the derivatives from NAD+ and NADP+,

such as cADPR, NAADP+, NR and NAM, can be transported directly into the cell, though the exact

channels and transporters are still mostly uncharacterized (Heidemann et al. 2005; Billington et al.

2006; Gasparrini et al. 2021).

In plants, extracellular NAD+ and NADP+ are perceived by the lectin receptor kinases

LecRK-VI.2 and LecRK-1.8, initiating immune responses similar to eATP (Zhang and Mou

2009; Wang et al. 2017). These responses involve coreceptors such as BRASSINOSTEROID

INSENSITIVE1-ASSOCIATED KINASE1 (BAK1) and BAK1-like 1 (BKK1), activate SAR and prime

the immune system for pathogenic attacks through PR gene expression. In animal cells, eNAD+

and its derivatives are perceived by the P2Y and P2X receptor classes (Haag et al. 2007). The

downstream responses to these interactions vary depending on the cell type, tissue and the mode

of activation (direct/indirect), ranging from inducing to suppressing cell death (Seman et al. 2003;

Pliyev et al. 2014). For instance, eNAD+ induces apoptosis in T-cells via the P2X7 receptor (Hong

et al. 2009; Pliyev et al. 2014). However, it remains unclear whether this activation is direct or

mediated by its degradation products (Seman et al. 2003; Gasparrini et al. 2021). Contrastingly, in

human monocytes, eNAD+ delays apoptosis during inflammation via the P2Y11 receptor, exhibiting

selective pro-survival effects (Moreschi et al. 2006; Pliyev et al. 2014). Similar to eNAD+, there is

evidence that eNADP+ and its enzymatic product NAADP+ activate P2X receptors, while NAADP+

can also directly be taken up into the cell (Heidemann et al. 2005; Judkins et al. 2006).

While for plants, NAD+ and NADP+ modulation by microbes is still unclear, in animals

intracellular concentrations can be influenced by pathogens such as Mycobacterium tuberculosis

(Mtb) (Simeone et al. 2012). Mtb depletes cytosolic NAD+ and NADP+ pools of macrophages via

glycohydrolase activity of the MtbCpnT proteins TNT domain, leading to necroptosis and therefore

reduced immune response (Mittal et al. 2018; Tak et al. 2019; Pajuelo et al. 2021). TNT-like

domains and NADase activity are shared features among other bacterial and also fungal-pathogens

like Aspergillus fumigatus, suggesting NAD+–and NADP+ depletion as a conserved infection strategy

(Strømland et al. 2021; Ferrario et al. 2024).

Although parallels exist between plants and animals in the extracellular roles of NAD+ and

NADP+, the underlying mechanisms differ considerably. In animals, extracellular metabolism of

these nucleotides generates distinct signaling molecules that mediate pro- or anti-inflammatory

responses in a cell-type-dependent manner. In contrast, plant signaling appears to rely more directly

on NAD+ and NADP+ themselves, which may act as extracellular ligands triggering systemic immune

responses such as SAR. Despite limited mechanistic detail in plants, emerging evidence points to

their function in pathogen detection and immune priming during microbial colonization.

.
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Figure 2: Model of the response to extracellular NAD+/ NADP+ and deoxynucleosides in
plant and animal cells - Microbial interventions involving these processes are marked with a
purple cell symbol and corresponding red numbers - (1–5). While the specific mechanisms of
NAD+ and NADP+ release in plants (upper panel) remain unknown, the perception takes place
via the receptors LecRK-1.8 and LecRK-VI.2. Interaction with the receptors and the co-receptors
BRASSINOSTEROID INSENSITIVE1-ASSOCIATED KINASE1 (BAK1) and BAK1-LIKE1 (BKK1) can
induce systemic acquired resistance (SAR) and local transcriptional changes. Extracellular DNA
outside of plant cells in the apoplast can be broken down to deoxynucleosides by microbe derived
nucleases (Nuc) (1) and ecto-5′-nucleotidases (E5′NT) (2). Deoxynucleosides like deoxyadenosine
(dAdo) are taken up into the cell via plasma-membrane located ENTs (ENT3). In the cell, dAdo
induces cell death affected by TIR-NLRs, as well as the increase of the plastidial stress associated
metabolite methylerythritol cyclodiphosphate (MEcPP) in the apoplast. NAD+ release in animal
cells (lower panel) is better characterized, with it entering the extracellular space through connexin
channels during inflammation and, together with NADP+, during cell lysis. Both can additionally
be depleted by intracellular microbial NADase activity (3) and therefore lead to cell death.
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(continued) Extracellularly, NAD+ is perceived by G-protein (GP) coupled P2Y or P2X receptors, with
NADP+ only binding the latter. Both NAD+ and NADP+ can be cleaved by membrane bound enzymes
such as cluster of differentiation (CD) ecto-5’-nucleotidases, the nucleotide pyrophosphatase/
phosphodiesterase 1 (NPP1) or ecto-ADP ribosyltransferases (ARTs). The resulting derivatives
nicotinamide mononucleotide (NMN), nicotinamide (Nam), nicotinamide riboside (NR), NAADP+,
AMP and (cyclic) ADP-ribose ((c)ADPR) can either bind to GP coupled P1 and P2X receptors, or
be taken up by respective transporters, channels or diffusion. After receptor recognition, NAD+,
NADP+ and their derivatives induce cell type specific immune responses such as cell death. Like in
the plant apoplast, deoxynucleosides like dAdo and deoxyguanosine (dGuo) can be generated from
extracellular DNA by microbial nucleases (4) and ecto-5’-nucleotidases (E5′NT) (5). The import also
takes place through ENTs (ENT1), after which both get phosphorylated by deoxycytidine kinases
(dCKs) up to deoxyribonucleoside-triphosphates (dATP, dGTP) and induce cell death.

2′,3′cAMP

While the cyclic nucleotide 3′,5′cAMP has been studied as a second messenger for decades, the

positional isomer 2′,3′cAMP has only quite recently been identified in biological samples (Ren et al.

2009). It has been detected across all kingdoms and has been described as a byproduct of RNA

degradation (Thompson et al. 1994). Since this discovery, 2′,3′cAMP has been implicated in stress

responses in both plants and animals. In plants, 2′,3′cAMP was identified as both a component and

inducer of stress granules (Kosmacz et al. 2018). It accumulates in response to wounding, darkness

or heat stress and triggers a distinct stress response, which cannot be observed upon adenosine

treatment (Chodasiewicz et al. 2022). Recently, it was shown that plant TIR domain proteins can

also produce 2′,3′cAMP and 2′,3′cGMP from RNA, a topic explored further in subsequent chapters

(Yu et al. 2022).

In animals, 2′,3′cAMP is induced by brain trauma and is considered to be a neurotoxin (Verrier

et al. 2012). Its accumulation can trigger flux of calcium from mitochondria, ultimately leading to

apoptosis (Azarashvili et al. 2009). The removal of 2′,3′cAMP by intracellular CNPases and RNases

not only removes the neurotoxic metabolite but also produces adenosine, which has extensively

been described as neuroprotective (Kochanek et al. 2013). Interestingly, this mechanism exhibits

the opposite effect in renal tissue, suggesting a complex, tissue-specific role of 2′,3′cAMP in animals

similar to NAD+ and NADP+ (Jackson et al. 2016).

Overall, while research on 2′,3′cAMP is still in its early stages, mounting evidence suggests that

it plays a critical role in regulating stress responses across kingdoms. Moreover, it may act as an

antagonistic signal to adenosine, which is often characterized as immune-suppressive or protective.

Purine-based metabolites produced by TIR activity

The TIR domain is a highly conserved molecular module found in both prokaryotes and eukaryotes.

TIR domain proteins have primarily been known for their roles in the innate immunity of animals

and plants. In animals, TIR modules are integral components of immunity-related receptors such

as toll-like receptors (TLRs), interleukin-1 receptors (ILR1s), as well as their cytosolic adaptor

proteins, where they are involved in the perception of both microbial and damage-associated
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molecular patterns (reviewed in Kawai et al. 2024). In most dicotyledonous plants, TIR domains

can be found as parts of intracellular nucleotide-binding leucine-rich repeat receptors (TNLs) or

truncated versions like TIR-only, TIR-NB protein (TN) or TIR-NB-ARC-tetratricopeptide repeat

proteins (TNPs). Monocotyledonous plants, such as cereals, lack TNL and TN and only possess

a reduced set of TIR-only and TNPs (Meyers et al. 2002; Johanndrees et al. 2023). TNLs have been

extensively characterized for their role in the perception of microbial effector molecules. In the field

of plant immunity, effectors have classically been defined as small, secreted proteins that interfere

with the host’s immune system, facilitating colonization (Lo Presti et al. 2015). In resistant plant

hosts, recognition of a microbial effector by a corresponding TNL can trigger a rapid programmed

cell death induction called HR and confers immunity to the invading pathogen (Dodds et al. 2006).

In bacteria, TIR domains are implicated in the defense against bacteriophages (Ofir et al. 2021) and

are part of bacterial effector proteins essential for the successful infection of both animal and plant

hosts (Sharma et al. 2016; Wan et al. 2019; Coronas-Serna et al. 2020; Eastman et al. 2022).

While the significance of TIR domain proteins in immunity has been acknowledged for many

years, the TIR domain was long considered to have mainly a scaffolding function (Williams et al.

2014). This hypothesis was challenged by evidence demonstrating that the TIR domain of the

intracellular adaptor protein SARM1 from humans, which plays a role in the execution of axonal

cell death and neuronal degeneration, exhibits catalytic activity. The SARM1 TIR domain possesses

intrinsic NADase activity, resulting in intracellular NAD+ depletion and the production of NAM and

cyclic and non-cyclic ADP-ribose (Horsefield et al. 2019; Wan et al. 2019). This NAD+ depletion is

essential for pathological axon loss, and other studies have shown that cADPR and ADPR influence

intracellular calcium signaling in both animals and plants (Galione et al. 1991; Navazio et al. 2001).

Similarly, several prokaryotic TIR domains linked to various other domains also exhibit NADase

activity, depleting cellular NAD+ pools while generating ADPR, NAM and a non-canonical cADPR

variant named 2′cADPR (Wan et al. 2019; Hogrel et al. 2022; Morehouse et al. 2022). During

bacteriophage infection, bacterial TIR domains, like found in the weak NADase ThoerisB (ThsB),

cleave NAD+ into another non-canonical cADPR variant called 3′cADPR. This process activates the

non-TIR domain NADase ThoerisA (ThsA), leading to NAD+ depletion and subsequent cell death,

thereby preventing viral replication (Ofir et al. 2021; Tamulaitiene et al. 2024).

TIR NADase activity can also be observed in plants, where it leads to the production of

2′- and 3′cADPR, without causing NAD+ depletion. Notably, 3′cADPR has been shown to

suppress immunity and Enhanced Disease Susceptibility 1 (EDS1)-Senescence-Associated Gene 101

(SAG101)-dependent cell death induction (Eastman et al. 2022). Moreover, the TIR domain of

plant TNLs can assemble into multimeric structures known as resistosomes upon effector-binding,

forming active NADases (Ma et al. 2020; Martin et al. 2020; Huang et al. 2022; Jia et al. 2022).

For example, binding of the effector ATR1 to the C-terminal LRR and post-LRR domain of the

Arabidopsis TIR-NLR Recognition of Peronospora parasitica 1 (RPP1) induces tetramerization. This

assembly leads to the formation of 2 NADase active sites, each formed by an asymmetric TIR domain

homodimer. The resulting resistosomes can produce infochemicals like pRib-AMP/ADP, a small

signaling metabolite that signals via the complex of the lipase-like proteins EDS1 and Phytoalexin

Deficient 4 (PAD4). pRib-AMP/ADP allosterically binds the EDS1-PAD4 heterodimer, facilitating the

binding of the helper NLR Activated Disease Resistance 1 (ADR1). This subsequently leads to the
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assembly of another multimeric resistosome, amplifying the plant immune response by acting as

calcium channels (Jacob et al. 2021; Yu et al. 2024). Conversely, TNL resistosomes also produce

adenosine diphosphate ribose-ATP/diadenosine diphosphate ribose (ADPR-ATP/di-ADPR), which

binds heterodimers consisting of EDS1 and SAG101 , activating the helper NLR N Requirement Gene

1 (NRG1), leading to resistosome formation and induction of cell death. Interestingly, it has been

shown that 2′cADPR can be hydrolized into the more transient pRib-AMP/ADP, suggesting its role

as a more stable storage form (Yu et al. 2024). In addition to the assembly of TNLs into resistosomes,

plant TIR-only proteins can not only form active NADases, but also filamentous structures and act

as active nucleases, cleaving dsDNA and preferably dsRNA (Yu et al. 2022). This activity leads

to the production of 2′,3′cAMP, which promotes the formation of stress granules and induces a

characteristic stress response (Kosmacz et al. 2018; Chodasiewicz et al. 2022).

Overall, the diverse roles of TIR-produced metabolites imply that their production must be

strictly regulated by the host organism to ensure a balanced immune response. In contrast, the

hijacking of TIR domain-related immune pathways presents an attractive target for pathogens

seeking to modulate the host’s immune system and facilitate a successful infection. For example,

many bacteriophages utilize the Tad1 protein which has a sponge-like character, sequestering both

2′- and 3′cADPR produced by bacterial ThsA TIR domains to prevent the activation of ThsB and

subsequent NAD+ depletion (Leavitt et al. 2022). Furthermore, bacterial pathogens of both animals

and plants use TIR domain virulence factors such as TirS of S. aureus and HopAM1 of P. syringae to

suppress immunity through NAD+ depletion or the production of 3′cADPR (Essuman et al. 2018;

Essuman et al. 2022). In plants, recent evidence demonstrates a negative control of TIR-only activity

by calcium sensors, which release TIR-only proteins after pathogen perception, thereby linking TIR

function to PTI (Wang et al. 2024; Wu et al. 2024). The level of the stress signal 2′,3′cAMP is

regulated by the host plant itself via a family of Nudix phosphodiesterases like AtNUD7, which

hydrolyze 2′,3′cAMP and thereby negatively regulate EDS1 signaling (Bartsch et al. 2006; Ge et al.

2007). A similar mechanism is employed by various microbial Nudix effector enzymes, which also

hydrolyze 2′,3′cAMP and are essential for pathogen virulence (Kong et al. 2015; Adlung and Bonas

2017; Yu et al. 2022).

Although the enzymatic activity of TIR domains was only recently discovered, numerous studies

have demonstrated that both NAD+ depletion and the production of recently identified nucleotides

represent ancient mechanisms of innate immunity across the kingdoms of life. In animals and

bacteria, the primary mode of action appears to be NAD+ depletion, leading to the suppression of

immune signaling and cell death. In contrast, numerous enzymatically active TIR domains have been

identified in plants, resulting in a broad spectrum of nucleotide products that can either enhance or

dampen immune responses. Recent data suggests that not only full-length TNL, but also TIR-only

proteins can assemble into NADases producing pRib-AMP/ADP (Jacob et al. 2023; Wu et al. 2024),

supporting the idea that parallel pathways evolved and converged on the same signaling metabolites.

Overall, the production and regulation of small nucleotide metabolites by TIR proteins adds another

layer to our understanding of the complexity of immunity in all domains of life and offers a new

target for both external improvement of immunity in host plants and human patients, as well as a

target of inhibition of pathogenic microbes.
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Figure 3: Infochemicals produced by TIR domains across different kingdoms– Plants (green)
produce a variety of small, signaling metabolites from NAD+ via the activity of both multimers of
TIR-only and TIR-NLR multimers. Plant TIR-only proteins have also been described to form filaments
that are active nucleases, producing the infochemicals 2′ ,3′-cAMP. Prokaroytes (yellow) like bacteria
have various anti-bacteriophage immune systems that consists of a TIR-domain coupled to another
functional domain. NADase activity of these TIR domains can either deplete the intracellular NAD+

pool, leading to cell death, or produce second messengers to activate downstream antiviral enzymes.
TIR domain are also present in the effector proteins of pathogenic bacteria, contributing to virulence
in both plant and animal hosts. In animals (red), only one active TIR domain has been characterized
thus far. TIR domains of SARM1 octamers deplete intracellular NAD+ pools, contributing to neuronal
cell death.
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Conclusion & Outlook on Purine Metabolites

Purine-based molecules are well-established as central components of energy metabolism and

nucleic acid synthesis, yet their roles as extracellular signaling molecules, especially in immunity,

have only recently emerged. These molecules exhibit conserved functions across biological

kingdoms, yet their downstream signaling pathways differ significantly. For example, while eATP

induces immunity in both plants and animals, its salvage product adenosine suppresses immunity

in animals, with its role in plant immune suppression still under investigation (Kesten et al. 2023).

Interestingly, the closely related deoxyadenosine utilizes the same transporters as adenosine but acts

as a potent inducer of cell death in both plants and animals.

The recent discovery of purine-based infochemicals, produced by plants in response to microbial

attack to bolster immune defenses against a wide range of pathogens, highlights the expanding

complexity of nucleotide-based immune signaling. Specifically, TIR domain proteins in plants

assemble into NADases, generating non-cyclic, polar ribosylated nucleotide second messengers such

as pRib-AMP, pRib-ADP, ADPr-ATP, and di-ADPR. These small, often transitory molecules are not

major players in central metabolism but serve as potent immune signals by binding to and activating

EDS1 hetero-dimers and associated helper NLRs, thereby initiating robust immune responses. While

only the SARM1 TIR domain has been described as enzymatically active in animals, plants possess

a greater diversity of TIR domain proteins, including TIR-only proteins and multimeric TIR-NLR

resistosomes. Notably, in animals, TIR activity is strongly associated with NAD+ depletion and

subsequent cell death. In contrast, TIR activity in plants primarily leads to the production of diverse

signaling molecules without necessarily depleting NAD+, adding another layer of complexity to plant

innate immunity.

Due to the recent discovery of these TIR-produced purine-based metabolites, their precise

roles and broader implications remain underexplored. However, both the ongoing development

of efficient synthesis and modification techniques for purine-based infochemicals and the resulting

possibility of exogenous application experiments, underscore the potential for chemical biology

approaches to modify and harness these molecules (Huang et al. 2022; Dorrenhaus et al. 2023).

Although data on microbial strategies to regulate and manipulate purine signaling pathways in

plants and animals remain limited, emerging insights into eATP scavenging, NAD+ depletion, and

microbial TIR activity offer promising targets for interventions. These findings have implications for

both medical and agricultural applications, offering new avenues to enhance immune defenses and

mitigate microbial manipulation of host immunity.
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Table 1: Overview of Purine-based Metabolites – Purine-based Metabolites discussed in this
article. The numbers refer to the structures depicted in Figure 4. Column 3 shows the IUPAC-based
names suggested by the Chemical Entities of Biological Interest (ChEBI) database (Hastings et al.
2016). If marked with an asterisk, no CHEBI entry exists and IUPAC-based names were generated
by the authors.
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Figure 4: Structures of Purine-based Metabolites - Structural formulas of metabolites discussed
in this article. The structural formulas were created with MolView or the Chemical Sketch Tool of
the RCBS Protein Data Bank (Berman et al. 2000) and based on the InChl identifier.

Perspective: Rethinking Immunometabolism and Infochemical

Signaling Across Biological Kingdoms

Traditional views on host-microbe interactions have primarily focused on immune signaling while

often overlooking the fundamental role of metabolic regulation. Historically, metabolism and

immunity were studied as separate disciplines, with metabolism regarded mainly as a cellular

maintenance process rather than an active regulator of immune responses. However, increasing

evidence reveals that metabolic processes dynamically shape immune function and host-microbe

interactions. This perspective is grounded in the hypothesis that immunometabolism is a

fundamental property of immune systems across biological kingdoms, driving the evolution of

both universal and kingdom-specific infochemicals. In pathogenic interactions, infochemicals act

as metabolic signals linking host metabolism to immune functions, triggering defense mechanisms.

In beneficial interactions, they facilitate metabolic integration between hosts and microbiota,

regulating immune and metabolic homeostasis, promoting accommodation, and contributing to host
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health.

This shift is underpinned by two paradigm changes. First, microbes are no longer viewed solely

as aggressors that dictate host functions and determine interaction outcomes; instead, they are

recognized as integral players in host biology. Most microbes associated with plants and animals

are not pathogens but rather essential contributors to host homeostasis, nutrient exchange, and

immune modulation. This realization necessitates a new framework to explain how hosts establish

stable interactions with beneficial microbes while maintaining defenses against pathogens. Equally

important is understanding the conditions that drive microbes to transition between symbiotic and

pathogenic lifestyles, causing disease in some hosts while remaining harmless or beneficial in others.

A key aspect of this paradigm change is recognizing that microbes, whether individually or within

a community, actively shape host immunity by modulating defense mechanisms. This ability is

fundamental to their successful colonization, whether as pathogens or symbionts (Mahdi et al.

2021; Snelders et al. 2022). Comparative analysis across kingdoms helps identify shared immune

strategies while also highlighting unique evolutionary adaptations developed in response to distinct

ecological pressures.

Second, immune signaling alone does not fully account for host-microbe interactions—metabolic

regulation is equally crucial. Host-microbial metabolic interdependence, host metabolic imbalances,

and small bioactive molecules derived from central metabolism, immune receptor activities,

or microbial sources act as key mediators in these processes, influencing immune activation,

microbial colonization, and host physiology. This emerging perspective underscores the need to

integrate metabolic and immune regulation into a unified framework of immunometabolism to

fully understand host-microbe dynamics across biological kingdoms. While immunometabolism has

been extensively studied in animal systems, its role in plants remains underexplored. However,

the recent discovery of small bioactive metabolites that regulate plant immunity and microbial

accommodation has driven a surge of research in plant sciences. A critical question arises:

Are infochemicals inherently more significant in plant immunity and immunometabolism more

central in animals, or is this distinction a result of historical research focus? Despite the recent

advances, the integration of immunometabolic insights and infochemical signaling across plants

and animals remains incomplete, highlighting a key direction for future research. A unified

framework incorporating both perspectives is essential to fully understand the role of metabolism

and infochemicals in immune regulation across biological kingdoms.

Purine-based metabolites, particularly ATP, NAD+, and deoxynucleosides, exemplify this shift

(Nizam et al. 2019; Huang et al. 2022; Jia et al. 2022; Dunken et al. 2024). Once regarded

solely as intracellular energy carriers or precursors for nucleic acid synthesis, these molecules have

now been identified as extracellular immune regulators in both plants and animals. Their role

extends beyond immunity, shaping microbial strategies for immune evasion or accommodation. The

discovery that TIR domain proteins generate purine-based second messengers in plant immunity

adds another layer to this complexity. Similarly, in animal systems, metabolic intermediates such

as itaconate, succinate, and fumarate regulate macrophage activity, while nucleotide imbalances

contribute to immune modulation via mitochondrial DNA release and subsequent activation of

cytosolic DNA-sensing pathways (Sprenger et al. 2021; Williams et al. 2022). These findings suggest

that immune-metabolic crosstalk involves conserved mechanisms that have been adapted to diverse
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biological contexts across kingdoms.

Advances in synthetic chemistry, structural biology, and microbiome research, including the

development of synthetic microbial communities (SynComs) and gnotobiotic host systems, are

accelerating our understanding of these metabolic-immune interactions (Hiruma et al. 2016;

Castrillo et al. 2017; Harbort et al. 2020; Dorrenhaus et al. 2023; Lawson et al. 2025). Theoretical

and computational research has also provided valuable insights into the regulatory networks

governing microbiome and host metabolism, contributing to the development of predictive models

for protein-ligand interactions and metabolic flux analysis. Machine-learning approaches and

genome-scale metabolic models are set to advance our understanding of how nucleotide metabolism

and infochemicals influence microbiome composition and immune function. These models will

help identify conserved metabolic pathways linking nucleotide turnover to immune regulation

across plant and animal hosts (Vos et al. 2017; Töpfer et al. 2020; Ansmann and Bollenbach

2021; Camborda et al. 2022; Sprent et al. 2024). Looking ahead, integrating immunometabolism

into plant and animal research will provide a holistic view of how biological systems regulate

defense and symbiosis. By exploring the evolutionary and functional conservation of metabolic

signaling pathways, we can develop innovative strategies to enhance immune resilience, optimize

host-microbiota health, and improve disease resistance in both medical and agricultural contexts.
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Chapter 6

Discussion
6.1 Cell death in beneficial host-microbe interactions

Regulated cell death is a fundamental component of the immune response during several host–

microbe interactions, particularly in the defense against biotrophic and intracellular pathogens. The

deliberate elimination of infected cells removes a replicative niche for the pathogen and exposes both

intracellular microbes and immunogenic DAMPs to immune surveillance (Lamkanfi and Dixit 2010).

In animals, RCD manifests in distinct forms such as apoptosis, pyroptosis, necroptosis, and

ferroptosis, each defined by unique mechanisms and immunogenic outcomes. In plants, RCD in

response to microbial attack is traditionally equated with the hypersensitive response, triggered by

recognition of pathogen effectors by NLR proteins of the host. This HR-mediated response is typically

seen as a defense mechanism against biotrophic pathogens.

In contrast, cell death induced by necrotrophic pathogens was long thought to be a passive,

unspecific process, driven primarily by pathogen-derived toxins and independent of the host’s

immune system. However, this view has shifted significantly in recent years. It is now recognized

that many necrotrophs, particularly those of the dothideomycetes class, produce host-specific

toxins—termed necrotrophic effectors—that actively exploit the host cell death machinery (Faris

and Friesen 2020; Leng et al. 2025; Stergiopoulos et al. 2013). A striking example is the Arabidopsis

pathogen Cochliobolus victoriae, which produces the necrotrophic effector victorin. Victorin induces

HR-like cell death specifically in accessions carrying the CC-NLR gene Locus Orchestrating Victorin

effects 1 (LOV1) (Navarre and Wolpert 1999). Remarkably, LOV1 also confers resistance to the

biotrophic rust pathogen Puccinia coronata, illustrating how necrotrophic pathogens can hijack

NLR-mediated cell death mechanisms evolved for biotroph resistance (Lorang et al. 2007; Lorang

et al. 2007). This suggests a more complex coevolutionary landscape, in which NLRs may be

simultaneously shaped by both biotrophic and necrotrophic pathogens. Comparable strategies are

observed in animal–microbe systems, such as during infection with the human pathogen Salmonella

sp., which deploy toxins to induce host pyroptosis via caspase-1 activation in motile immune cells,

thereby evading detection and clearance (Fink et al. 2008).

Beyond pathogenic interactions, RCD also plays crucial roles in beneficial plant–microbe

associations. For instance, root nodule formation in the legume Sesbania rostrata involves the

formation of an infection pocket mediated by ROS production and subsequent cell death (D’Haeze

et al. 2003). Similarly, a comparative study of Pinus sylvestris root colonization by pathogenic,

saprotrophic, and mutualistic fungi showed that all lifestyles, including that of the mutualistic

ectomycorrhizal fungus Hebeloma crustuliniforme, involve the induction of cell death in host tissues,

although to varying degrees (Mucha et al. 2014).

The mutualistic root endophyte Serendipita indica also relies heavily on host cell death induction
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for successful colonization. It has long been known that RCD is required for establishing mutualistic

interactions with both barley and Arabidopsis (Deshmukh et al. 2006; Qiang et al. 2012), yet the

underlying molecular mechanisms remained poorly understood. In our recent work (Dunken et

al. 2024) (Chapter 4), we identified fungal dAdo production as a central mechanism for inducing

cell death during Arabidopsis root colonization by S. indica. Disruption of dAdo uptake in the host

via mutation of the nucleoside transporter ENT3 abolished fungus-induced cell death in the root’s

developmental zones and reduced fungal colonization (Dunken et al. 2024; Zecua-Ramirez et al.

2023) (Chapter 4; Figure 5 & S9). Notably, root growth promotion still occurred in colonized

ent3 seedlings, suggesting that even reduced colonization levels under cell death-compromised

conditions are sufficient to trigger beneficial mutualistic effects.

In addition to the active dAdo-mediated induction of cell death, S. indica also benefits from

increased host cell death caused by other mechanisms. For instance, in the ANAC033/SOMBRERO

mutant smb3, defective root cap cell clearance leads to enhanced fungal colonization, including of

the root cap itself, which is normally not colonized by S. indica. This suggests that developmentally

regulated RCD in the root cap may restrict microbial entry into sensitive, meristematic root zones.

Furthermore, S. indica colonization leads to a suppressed expression of BFN1 in differentiated

epidermal cells. Bifunctional Nuclease 1 (BFN1) is a senescence-associated nuclease involved in

dead cell clearance, pointing to a strategy in which S. indica exploits impaired host clearance

mechanisms to access additional nutritional niches (Charura et al. 2024).

Although this thesis significantly advances our understanding of cell death induction during root

colonization by S. indica, many questions remain unanswered. A frequently observed trend is the

negative correlation between the intensity of root cell death and nutrient availability—supporting

previous suggestions that nutrient depletion serves as a major trigger for the transition from the early

biotrophic to the later cell death-associated phase of colonization (Lahrmann et al. 2013). However,

it remains unclear how the induction and extent of cell death are influenced by nutrient limitation,

both from the perspective of the host plant and the fungal endophyte. Further investigation is needed

to determine whether this effect is driven by general nutrient scarcity or is specific to the limitation

of particular elements, such as nitrogen or phosphorus. Another hypothesis suggests that the shift

in colonization phase is critical for the formation of chlamydospores, which are frequently observed

in dead host cells (Deshmukh et al. 2006).

Overall, the characterization of cell death in beneficial plant–microbe interactions is still in its

early stages. Yet, S. indica emerges as a valuable model, demonstrating that both the induction

and manipulation of host RCD pathways are integral to establishing and maintaining long-term

mutualism. Building on these insights, it becomes clear that cell death should not be viewed solely

as a defense mechanism against microbial invasion. Rather, it also plays a pivotal role in niche

differentiation, shaping the outcome of both necrotrophic and beneficial interactions.

6.2 Redefining the role of TIR domain proteins in immunity

The involvement of host cell death in both pathogenic and mutualistic interactions highlights the

importance of understanding the underlying immune regulators. Among these, TIR domain proteins

have recently emerged as key mediators of immune signaling and cell death, not only in classical
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defense but potentially in symbiotic contexts as well. TIR domains are conserved across kingdoms

and occur in various protein architectures. They typically range from 150 to 250 amino acids

in length and adopt a flavodoxin-like α/β-fold, characterized by a pentameric β-sheet which is

surrounded by five α-helices. TIR domain-containing proteins are highly versatile, and TIR domains

are often fused to a nucleotide-binding (NB)- and either a repeat or sensor domain. Predominantly,

they play key roles in immunity and cell death (Ve et al. 2015).

The first characterized TIR protein was the Drosophila melanogaster Toll receptor. Initially

identified as a key regulator of the development of the dorsoventral axis, it was quickly recognized

for its role in innate immunity against fungal pathogens (Anderson et al. 1985; Lemaitre et al. 1996).

The discovery of the mammalian Toll-like receptors, involved in adaptive immunity, along with the

identification of the first TIR-NLR gene of tobacco, which confers immunity to the tobacco mosaic

virus, reinforced the role of TIR domain proteins as central players in immunity across kingdoms

(Medzhitov et al. 1997; Whitham et al. 1996).

Unlike vertebrates, plants lack an adaptive immune system but possess expansive NLR

repertoires. In Arabidopsis thaliana alone, TIR-containing proteins exhibit 53 distinct architectures,

including TIR-only proteins and TIR-NB proteins with either a leucine-rich repeat domain

(TIR-NLRs) or a tetratricopeptide repeat domain (TNPs) (Weyer et al. 2019). For a long

time, research focused primarily on TIR-NLRs, which detect microbial effectors or modified host

proteins and can trigger HR-induction. While their role in ETI was established decades ago, the

downstream signaling mechanisms remained unclear for long. A key breakthrough came with

the characterization of the lipase-like proteins EDS1, PAD4, and SAG101, which form exclusive

heterodimers that determine TIR signaling outcomes (Wagner et al. 2013; Wirthmueller et al. 2007).

The EDS1-PAD4 heterodimer amplifies immune signaling, whereas the EDS1-SAG101 heterodimer

promotes host cell death. Further downstream, EDS1 heterodimer formation requires the presence

of RPW8-CC helper NLRs, such as NRG1 and ADR1, to establish a robust ETI response (Qi et al.

2018).

The functional mechanism linking TIR—NLR signaling to EDS1 and helper NLR activation

has only recently been elucidated. Upon activation, plant TIR-NLRs oligomerize into tetrameric

resistosomes, in which the TIR domains function as active NADases (Wan et al. 2019; Horsefield

et al. 2019). Although NADase activity was first described in animals (Essuman et al. 2017),

plant TIR-NLRs resistosomes are also enzymatically active but primarily generate a variety of

small infochemicals rather than depleting cellular NAD+. Their enzymatic activity produces

purine-based metabolites, including pRib-AMP/ADP and ADPR-ATP/di-ADPR, which specifically

bind to EDS1-PAD4 or EDS1-SAG101 heterodimers, inducing conformational changes that facilitate

helper NLR binding (Jia et al. 2022; Huang et al. 2022). This interaction leads to the formation

of membrane-localized helper NLR resistosomes, which function as calcium-permeable channels

(Jacob et al. 2021). Recent findings suggest a convergence between TIR- and CC-NLR signaling, both

culminating in CC-resistosome formation and calcium influx, a crucial step in immune activation.

In addition to the new consideration of TIR-NLR as resistosome-forming, active enzymes

that produce a variety of small infochemicals that modulate downstream signaling, the role of

TIR-only proteins in plant immunity has undergone significant redefinition in the recent years.

Previously, these proteins were considered truncated TIR-NLRs without a clear function in immunity,
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overlooking the fact that monocots lack full-length TIR-NLRs and that the Col-0 reference accession

contains over 50 TIR-only and TIR-NB proteins, most of which are expressed (Meyers et al.

2002). The discovery of the TIR-only protein Response to the bacterial type III effector protein

HopBA1 (RBA1) in Arabidopsis, which induces EDS1-dependent cell death upon recognition of

the bacterial effector HopBA1, demonstrated that TIR-only proteins are active components of the

ETI response (Nishimura et al. 2017). Since then, studies have shown that TIR-only proteins can

assemble into tetrameric resistosomes, exhibiting enzymatic activity and production of purine-based

infochemicals comparable to TIR-NLRs (Jia et al. 2022; Huang et al. 2022; Wang et al. 2019a).

Furthermore, certain TIR-only proteins can form filamentous superstructures that function as

nucleases, generating the stress signaling molecule 2′,3′-cAMP by digesting both dsRNA and dsDNA

(Yu et al. 2022). Recent research has also confirmed that TIR-only proteins in monocots are

catalytically active and regulate immune responses by producing pRib-AMP/ADP or the proposed

storage form 2′-cADPR (Zhang et al. 2025; Wu et al. 2024). Moreover, two recent studies

have revealed that TIR-only proteins are negatively regulated by calcium-sensing proteins such as

resistance of rice to diseases1 (ROD1) and Inhibitor of Stomatal Immunity C2-domain protein 1

(ISIC1) and are released upon pathogen infections (Wang et al. 2024; Wu et al. 2024). These

findings further blur the traditional boundaries between PTI and ETI. Historically, TIR-NLRs and

related proteins were considered exclusive components of the ETI response, activated by the

recognition of microbial effectors or effector targets. While the role of TIR-only proteins in effector

recognition and downstream signaling has been established (Nishimura et al. 2017), their regulation

by inhibitory calcium sensors suggests a direct link between PRR-mediated calcium influx and

TIR-only enzymatic activity, ultimately activating the EDS1-PAD4-ADR1 signaling node. These

discoveries, along with evidence that ETI both requires PTI signaling and amplifies the PTI response,

contribute to a new perspective on plant immunity (Ngou et al. 2021; Yuan et al. 2021). While

the two-tiered zig-zag model of plant immunity (Jones and Dangl 2006) has been instrumental

in describing immune signaling, the expanding roles of TIR proteins and their enzymatic products

suggest the need for a more interconnected framework.

6.2.1 Regulation of TIR protein activity in immunity and cell death

Given their central role in initiating immune responses and triggering cell death, TIR domain

proteins must be tightly regulated to prevent detrimental effects on the host. Therefore, the intensity

of TIR domain protein-induced immune responses is controlled at multiple levels.

At the transcriptional level, NLR genes are typically expressed at low abundance but can

be induced by pathogen invasion or the accumulation of phytohormones such as salicylic acid

(Mohr et al. 2010). Additionally, defense responses can trigger alternative splicing of TIR-NLR

transcripts, yielding isoforms with distinct immune functions (Zhang and Gassmann 2007). Beyond

pathogen responses, TIR domain protein gene expression is also influenced by beneficial microbial

interactions. For example, the root endophyte S. indica induces multiple TIR domain protein genes,

potentially contributing to fungal restriction within a balanced mutualistic symbiosis (Dunken et

al. 2024) (Chapter 4, Figure 7 & S13). Moreover, legumes like Medicago truncatula produce

trans-acting small interfering RNAs (siRNAs) that target immunity genes, including TIR-NLRs, to

facilitate mutualistic relationships with mycorrhizal fungi and rhizobial root nodulation (Zhai et al.

74



2011).

Beyond transcriptional regulation, subcellular localization critically affects TIR protein function.

The flax TIR-NLR L6 localizes to the Golgi membrane, and loss of this attachment impairs its ability

to induce cell death (Bernoux et al. 2023). In Arabidopsis, the TIR-NLR Resistant to P. syringae 4

(RPS4) and the downstream signaling hub EDS1 exist in both cytoplasmic and nuclear pools, each

contributing differently to immune signaling and cell death (Heidrich et al. 2011). While recent

data implies that tightly controlled TIR domain protein localization could impact the formation

of catalytically active resistosomes (Bernoux et al. 2023), whether specific intra- or intercellular

transport mechanisms exist to distribute, store, or sequester the products of TIR activity remains an

open question, with potential implications for agricultural interventions.

TIR domain protein activity is also regulated at the enzymatic level. In plants, calcium-sensing

proteins such as ROD1 and ISIC1 act as direct inhibitors of TIR-only proteins (Wang et al. 2024;

Wu et al. 2024). Calcium influx both activates TIR domain proteins and results from their activity

through the allosteric activation of EDS1 heterodimers and helper NLR resistosomes (Jacob et al.

2021). Furthermore, helper NLRs modulate downstream TIR signaling. Truncated versions of

the RPW8-CC-NLR NRG1 bind activated EDS1-SAG101 heterodimers but fail to form functional

resistosomes, thereby blocking further signaling (Xiao et al. 2025; Huang et al. 2025).

TIR activity has also been implicated in microbial immunity, particularly in antiviral defense.

In bacteria, TIR domains contribute to defense mechanisms that are directly counteracted by

viral proteins. For example, the Tad family of phage proteins sequesters TIR-generated signaling

molecules, such as cADPR variants, thereby inhibiting downstream NADase activation and

neutralizing bacterial defense (Leavitt et al. 2022). Interestingly, similar interference strategies

are employed by plant-associated pathogens. Several plant pathogens secrete Nudix hydrolase

effectors that degrade TIR-generated molecules like 2′3′-cAMP, disrupting host immune signaling

(Kong et al. 2015; Adlung and Bonas 2017). Beyond interfering with immune responses, these Nudix

effectors also manipulate host phosphate signaling, decoupling phosphate starvation responses from

nutrient availability to suppress defense (McCombe et al. 2025). At the same time, plants themselves

encode Nudix hydrolases that regulate the abundance of 2′3′-cAMP, suggesting a conserved role

for these enzymes in immune modulation (Yu et al. 2022; Bartsch et al. 2006; Ge et al. 2007).

Notably, while plant TIR domain proteins predominantly generate 2′cADPR, bacterial TIR domains

can produce 3′cADPR — a structurally related molecule that effectively inhibits plant immunity.

These observations raise important questions about evolutionary convergence and cross-kingdom

signaling interference. Future research should aim to clarify how these signaling pathways intersect

or diverge, and how microbial pathogens and mutualists manipulate immunometabolic networks to

establish symbioses.

6.2.2 ISI - a TIR-NLR with function in immunometabolic cell death and root
colonization

The complexity of TIR domain protein regulation is exemplified by ISI, a previously uncharacterized

TIR-NLR whose mutation impacts both cell death and microbial colonization. Our work sheds light

on how this single protein integrates immune and metabolic signals during root-microbe interactions

(Dunken et al. 2024) (Chapter 4, Figure 6 & 7). A mutation in the AT5G45240 locus, encoding ISI, is
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sufficient to reduce dAdo-mediated cell death. Since dAdo treatment does not induce the canonical

responses associated with PTI and the resulting cell death is not EDS1-dependent, integrating both

dAdo and ISI into the current model of TIR-mediated immunity remains challenging. ISI expression

is upregulated during the cell death-associated phase of Serendipita indica colonization, and isi

mutant plants exhibit increased susceptibility to both S. indica and the pathogenic fungus Bipolaris

sorokiniana, suggesting a role for ISI in microbial root colonization. Intriguingly, isi seedlings

also show enhanced root cell death in the absence of microbes, pointing to the possibility of an

autoimmune phenotype. Whether the increased susceptibility to colonization in isi mutants results

from a lack of ISI-mediated immune signaling or from elevated root cell death providing additional

nutrients for colonizing microbes remains to be determined. This raises the intriguing possibility

that beneficial microbes like S. indica may compensate for deficiencies in host immune architecture,

such as the loss of ISI, by providing functional substitutes through metabolic signaling. Such

microbial buffering could act as a stabilizing force in genetically diverse host populations, potentially

promoting symbiosis even in the presence of compromised immune components.

While previous studies have shown that S. indica can exploit dysregulated root cell death

(Charura et al. 2024), a recent screen additionally supports the hypothesis that ISI plays a role in

root immunity. Differences in Arabidopsis accession susceptibility to B. sorokiniana colonization

could partially be explained by the presence or absence of TIR domain genes, including ISI

(Zuccaro et al., unpublished). While TIR domain proteins have been extensively studied in

foliar host-pathogen interactions, their roles in root immunity and beneficial microbial interactions

remain largely unexplored. Our data suggest that a TIR-NLR contributes to both beneficial

and pathogenic interactions with root-colonizing microbes. Similarly, the Arabidopsis TIR-NLR

VARIATION IN COMPOUND TRIGGERED ROOT GROWTH RESPONSE (VICTR) has been implicated

in regulating both abiotic salt stress and ETI-mediated root growth arrest (Kim et al. 2012; Ariga

et al. 2017). Similar to ISI, VICTR expression is induced upon S. indica colonization and that

knockout mutants exhibit higher levels of colonization, reinforcing the significance of TIR-NLRs

in root immunity (Zuccaro et al., unpublished). Additionally, recent findings demonstrate that

the Arabidopsis TIR-NLR Mediator of Microbiome Feedback 1 (MMF1) influences bacterial root

microbiota recruitment and is essential for the microbial community feedback loop that promotes

plant growth (Rensburg et al. 2025).

Collectively, these studies suggest that TIR-NLRs play important roles in root immunity, distinct

from their functions in leaves. Although TIR-NLR-mediated HR has not been reported in roots,

emerging evidence highlights their importance in shaping interactions with both beneficial and

pathogenic microbes, either in bipartite interactions or within complex microbial communities.

Whether these findings extend to other TIR domain proteins, such as TIR-only proteins, and whether

their signaling pathways also rely on the formation of active resistosomes and the production of small

signaling metabolites remains to be determined. Currently, we are investigating the biochemical

properties of the ISI TIR domain, focusing on its potential for oligomerization, catalytic activity,

and downstream signaling. While dAdo has not yet been identified as a substrate or product of TIR

domains, we aim to elucidate its precise role in plant cell death by utilizing synthetic derivatives and

identifying interaction partners. Whether dAdo functions as a purine-based infochemical directly

linked to TIR activity or signals through an EDS1-independent pathway remains an open question.
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6.3 dAdo – a purine-based infochemical inducing immunometabolic

cell death

Our discovery of ISI as a modulator of dAdo-induced cell death suggests a functional link between

TIR signaling and purine-based metabolic cues. To understand this connection, it is essential to

investigate dAdo itself—not just as a metabolite, but as an immunometabolic signal that triggers

cell death across kingdoms. In the context of this thesis Dunken et al. 2024 (Chapter 4), we

demonstrate that the synergistic production of the purine nucleoside dAdo by the apoplastic fungal

hydrolases SiNucA and SiE5NT is the initial trigger for cell death during root colonization by S.

indica. Chemically, dAdo closely resembles adenosine, differing only by the absence of a hydroxyl

group at the 2′ position of the sugar moiety. While dAdo has only recently gained attention beyond

its classical role in purine and nucleic acid metabolism, extracellular adenosine is well-established

in animal systems as an anti-inflammatory mediator. It acts through P1 surface-localized receptors

to suppress ROS production and inflammatory cytokine release (Shryock and Belardinelli 1997;

Ohta and Sitkovsky 2001; Faas et al. 2017). In plants, extracellular adenosine has only recently

been characterized. Similar to its role in animals, elevated extracellular adenosine levels relative

to extracellular ATP (the so-called eAdo/eATP ratio) are known to inhibit immune signaling. As

such, adenosine secretion is a virulence strategy employed by pathogenic microbes like Fusarium

oxysporum (Kesten et al. 2023).

In contrast, dAdo was first implicated in host-microbe interactions as a byproduct of extracellular

DNA (eDNA) degradation. Both animal immune cells such as neutrophils and plant root cells release

DNA containing antimicrobial proteins and metabolites to immobilize or kill invading microbes.

The degradation of these inhibitory eDNA structures by secreted nucleases is a well-documented

strategy among both animal- and plant-associated microbes (Seper et al. 2013; Tran et al. 2016;

Thammavongsa et al. 2013). Notably, both the human pathogen Staphylococcus aureus and the

beneficial endophyte S. indica secrete a combination of nucleases and nucleotidases. The synergistic

activity of these enzymes leads not only to eDNA degradation but also to the generation of purine

nucleosides such as dAdo, which induces cell death in mammalian macrophages and plant cells alike

(Dunken et al. 2024; Thammavongsa et al. 2013). Although this mechanism is likely dependent on

the presence of extracellular DNA, its presence across biological kingdoms and microbial lifestyles

suggests that enzymatic dAdo production may represent a conserved strategy in host-microbe

interactions characterized by cell death.

Unlike adenosine, dAdo does not signal through cell surface receptors in either animal or

plant systems. Instead, it is imported into host cells via ENTs, which are integral to the purine

salvage pathway (Young et al. 2013; Wormit et al. 2004; Traub et al. 2007). Once inside the cell,

the signaling mechanisms triggered by dAdo differ substantially between animals and plants. In

animal systems, dAdo is phosphorylated to deoxyadenosine triphosphate (dATP) by cytoplasmic

nucleoside kinases, triggering apoptotic cell death via caspase-3 activation (Winstel et al. 2019).

Plants, however, lack caspases. In our own experiments, Arabidopsis knockout mutants lacking

the metacaspases MC1 and MC2, all four VPEs, or the sole annotated deoxyadenosine kinase

(AT1G72040) (Clausen et al. 2012) showed no altered sensitivity to dAdo (Zuccaro, unpublished).

This suggests that the mechanisms of dAdo-induced cell death diverge significantly between plant
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and animal systems. In both kingdoms, however, rapidly dividing cells exhibit higher susceptibility to

dAdo-induced cell death (Dunken et al. 2024; Carson et al. 1979)(Chapter 4, Figure 4). In animals,

this cell type specificity is partially explained by the expression of ADA, which detoxifies dAdo.

Supporting this, the ADA-resistant dAdo analogue 2-chloro-2′-deoxyadenosine (CldAdo) induces

more potent cell death at lower concentrations (Carrera et al. 1990). Interestingly, plants lack

ADA homologs and detectable ADA-like activity (Brady and Hegarty 1966; Ashihara et al. 2018),

yet also show greater sensitivity to CldAdo. This points to alternative, possibly parallel, enzymatic

detoxification mechanisms in plants (Zuccaro, unpublished).

Another key difference lies in the response to other purine nucleosides, such as dGuo. In

animal systems, dGuo induces cell death to a similar extent as dAdo, and co-treatment leads to

additive effects, likely due to purine salvage pathway overload (Winstel et al. 2024; Winstel et

al. 2019; Tantawy et al. 2022). In plants, while dGuo can trigger immune responses (Lu et al.

2023) during fungal colonization, it does not induce cell death (preliminary data). Moreover,

we observed that co-treatment with dAdo and dGuo does not enhance cell death, but rather

reduces it, likely due to competitive inhibition at the transporter level—an effect also seen with

adenosine co-treatment (Dunken et al. 2024)(Chapter 4, Figure 5). Interestingly, this host-specific

susceptibility is mirrored in the enzymatic profiles of associated microbes. The nucleotidase AdsA

from S. aureus produces both dAdo and dGuo in comparable amounts (Tantawy et al. 2022), whereas

the S. indica nucleotidase SiE5NT shows a strong substrate preference for dAdo production (Dunken

et al. 2024)(Chapter 4, Figure 3). The observed specificity of SiE5NT for dAdo, in contrast to

the broader activity spectrum of S. aureus AdsA, may reflect selective pressure to align fungal

enzymatic output with the substrate preference of host nucleoside transporters such as ENT3 or other

factors influencing host susceptibility. This co-evolutionary adaptation could explain interspecies

differences in infochemical production and host susceptibility, and suggests that microbial enzyme

specificity is closely adapted to the specific host.

Another notable difference between dAdo-mediated cell death in plants and animals is the

involvement of a TIR-NLR protein on the plant side. Our initial screen of nearly 7,000 Arabidopsis

mutant lines identified a knockout of the previously uncharacterized TIR-NLR gene ISI as one of only

13 lines exhibiting resistance to dAdo-induced cell death (Dunken et al. 2024) (Chapter 4, Figure 6

& S10). TIR-NLRs are a broad class of intracellular immune receptors that have undergone massive

expansion in dicotyledonous plants such as Arabidopsis, but are completely absent in animals

(Toshchakov and Neuwald 2020). Although we characterized independent ISI mutants that were

resistant to dAdo, ISI itself is not conserved among all Arabidopsis accessions (Weyer et al. 2019),

and we found no clear correlation between its presence and dAdo susceptibility. This suggests that

other TIR-NLR proteins might also be involved in intracellular dAdo sensing in Arabidopsis. While

the precise mechanism remains to be determined, this could explain our consistent observation that

monocots like barley and maize—which lack TIR-NLR proteins—exhibit higher resistance to dAdo

compared to dicots like Arabidopsis or tobacco.

The direct connection between dAdo and ISI remains elusive. However, recent discoveries

have shown that plant TIR domain proteins can oligomerize into enzymatically active complexes

with NADase or nuclease activity, producing small signaling molecules that activate downstream

immune and cell death pathways (Yu et al. 2022; Huang et al. 2022; Jia et al. 2022; Wan et
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al. 2019). It is conceivable that dAdo itself could act as a substrate, product, or co-factor in a

similar enzymatic process. While most studies have focused on the NADase activity of plant TIR

domains, it has also been shown that filamentous TIR oligomers can digest DNA, suggesting that

interactions with deoxynucleotides are possible (Yu et al. 2022). Additionally, studies on CC-NLR

proteins like HopZ-Activated Resistance 1 (ZAR1) have demonstrated that not only ATP but also

dATP can substitute ADP in the NB-ARC domain binding site, leading to receptor activation and

oligomerization (Wang et al. 2019a). Remarkably, the deoxynucleotide dATP binds with even higher

affinity than its ribose counterpart, highlighting a potentially overlooked role of deoxypurines in

plant immunity and signaling. Alas, further studies are needed to elucidate the potential connections

between dAdo, ISI, and TIR-domain proteins in general. Interestingly, although animals lack

TIR-NLRs, recent findings have shown that the deamination of dAdo into deoxyinosine by the

lysosomal enzyme ADA2 actively regulates immune responses via the Toll-like receptor TLR9. TLR9

recognizes foreign DNA and is frequently implicated in autoimmune responses (Greiner-Tollersrud

et al. 2024; Hemmi et al. 2000; Greiner-Tollersrud et al. 2024). This further supports a link between

deoxynucleosides and TIR-domain-containing proteins, reinforcing our hypothesis of a previously

uncharacterized immunometabolic axis connecting purine metabolism with immune signaling.

While individual components of the dAdo-mediated cell death have now been identified in both

plants and animals, the determinants of species- and cell type-specific sensitivity remain poorly

understood. Given that dAdo is a core metabolite in all living organisms, its capacity to induce stress

and trigger cell death must be tightly regulated. Notably, both the beneficial fungal endophyte S.

indica and the pathogenic bacterium S. aureus utilize homologous pathways to produce dAdo and

induce host cell death. This raises the possibility that the manipulation of the immunometabolic axis

via purine metabolites represents a conserved strategy in diverse host–microbe interactions. Further

elucidation of these processes will deepen our understanding of metabolic–immune crosstalk during

symbiosis and pathogenesis, and may reveal novel intervention points relevant to both agriculture

and medicine.

6.4 Open Questions and Outlook

The findings discussed in the previous chapters place dAdo at the intersection of metabolism and

immunity, revealing new layers of complexity in plant–microbe interactions. However, they also

raise several key questions that point the way for future research. The initial aim of this thesis and

the underlying doctoral research was to deepen our understanding of fungal-mediated cell death,

with a particular focus on the previously understudied phenomenon of root cell death induced by

beneficial fungi such as the endophyte S. indica. By adapting novel methods for quantifying cell

death (Chapter 3) in combination with multi-omics approaches, we advanced our understanding of

several processes spanning multiple domains of plant–microbe interactions.

Our discovery that SiNucA and SiE5NT synergistically produce dAdo underscores how microbial

effectors can generate emergent immune-modulatory functions. Such combinatorial activity

highlights the importance of studying effector networks rather than isolated gene functions. We

further identified dAdo as an infochemical that induces cell death across kingdoms and established

it as the main molecular driver of S. indica-induced cell death in Arabidopsis. In addition, we
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characterized both the S. indica- and dAdo-mediated cell death responses at transcriptional and

metabolic levels, thereby providing deeper insights into the underlying cellular processes. Finally,

we linked dAdo-mediated cell death in the Arabidopsis ecotype Col-0 to the TIR-NLR ISI (Chapter

4), reinforcing the emerging importance of immunometabolism, a topic we further explored in a

review article (Chapters 5).

Although the findings presented in this thesis have advanced our understanding of cell death in

plant–microbe interactions and current publications have highlighted the role of small molecules as

infochemicals in plant immunity, several previously unanswered questions remain, and new ones

have emerged. This chapter summarizes eight open key questions (Figure 6.1) that frame future

directions for research on the complex regulation of cell death and the intimate interaction between

plants and microbes.

Figure 6.1: Open Questions on the integrations of root cell death, TIR-NLRs and purine
metabolism in plant-microbe interactions - Eight main questions arising from the context of this
thesis. The questions are divided between the three fields of Purines in immunity & cell death
(green), TIR-NLR in root symbiosis (yellow) and RCD in beneficial plant-microbe interactions
(blue). The Q (Question) number refers to the order of mention in the text and does not represent
a hierarchy.
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In the expanding field of purine metabolites in immunity and cell death (Chapter 5), it remains

open which mechanisms are conserved and divergent across plants and animals. Notably, the

synergistic production of dAdo from DNA by nucleases and nucleotidases has been described in

both the bacterial pathogen S. aureus and the beneficial root endophytic fungus S. indica. This raises

the question whether dAdo production is a conserved mechanism across kingdoms and microbial

lifestyles (Q1) (Thammavongsa et al. 2013) (Chapter 4, Figure 3). Although direct evidence

for dAdo production remains limited, a recent study demonstrated that the necrotrophic plant

pathogen Fusarium oxysporum secretes an active nucleotidase that reduces apoplastic adenosine

levels, thereby dampening immune signaling by lowering the eATP/extracellular adenosine ratio

(Kesten et al. 2023). However, this study did not measure dAdo production, so it remains unclear

whether the F. oxysporum nucleotidase also acts on dATP, as observed for SiE5NT (Chapter 4,

Figure 3). A major challenge in detecting dAdo production during plant–microbe interactions

is the reliable measurement of apoplastic dAdo accumulation using metabolomic approaches.

Alternatively, a combined genetic and transcriptomic strategy, focused on identifying secreted

microbial nucleotidases expressed in planta, followed by biochemical validation, could offer a

promising path toward uncovering dAdo production in diverse microbes. Future studies could assess

whether microbial communities coordinate immunometabolic outputs through division of labor or

synergistic effector deployment, similar to what we observe in S. indica. This would extend the

principles described here to more complex root-associated consortia.

We demonstrated that, in contrast to eATP, apoplastic dAdo does not trigger canonical DAMP

responses such as ROS production or Ca2+ influx. Instead, dAdo must be transported into the plant

cell via ENT3 to induce cell death (Chapter 4, Figures 5 and S7). In animal systems, it has been

shown that phosphorylation of dAdo by nucleoside kinases is essential for its cell death–inducing

activity, whereas deamination by enzymes such as ADA counteracts this effect (Winstel et al. 2019;

Carrera et al. 1990). In plants, however, the downstream processes that contribute to dAdo-induced

cell death remain unclear (Q2). Since plants lack ADA activity (Brady and Hegarty 1966; Ashihara

et al. 2018) and mutants deficient in the deoxyribonucleoside kinase (AT1G72040) do not exhibit

reduced sensitivity to dAdo (Zuccaro, unpublished), it is likely that the intracellular mechanisms of

dAdo-mediated cell death differ significantly between plants and animals.

To identify the key components of this pathway in plants, and to uncover the factors driving

differential dAdo sensitivity across cell types and species (Q3), single-cell transcriptomic analyses

focusing on the expression of ENTs and other purine salvage genes could be highly informative.

In parallel, thermal proteome profiling (TPP) and development of modified dAdo probes for

affinity-based pull-down assays can be used to identify dAdo-interacting proteins. Addressing these

knowledge gaps will improve our understanding of intracellular dAdo metabolism and its role in the

broader context of purine immunometabolism and RCD in plants.

Another major open question is how dAdo-mediated cell death is spatially restricted during root

colonization by S. indica (Q4). Despite its ability to induce cell death, S. indica colonization does not

cause widespread root necrosis, but cell death is confined to heavily colonized cells in the epidermis

and outer cortex layers of the differentiation zone. This suggests the existence of regulatory

mechanisms that limit the spread of cell death. Such regulation is particularly crucial because cell

death leads to the release of additional DNA and dATP into the apoplast, which could otherwise
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amplify the death signal in a feed-forward loop. Interestingly, the plastid-derived retrograde

stress metabolite MEcPP accumulates in the apoplast following both dAdo treatment and S. indica

colonization (Chapter 4, Figures 4 and 5). Since MEcPP does not induce cell death on its own

(Chapter 4, Figure S6), it may act either as a factor in the dAdo signaling pathway or as an inhibitor

that primes neighboring cells to resist cell death. Preliminary experiments further indicate that

lower concentrations of dAdo induce the expression of immunity marker genes downstream of EDS1

(Zuccaro, unpublished), commonly associated with ETI and HR (Sun et al. 2015; Wang et al. 2011).

Given that HR is also a highly localized form of cell death, characterized by distinct transcriptional

signatures in dying versus neighboring cells (Lukan et al. 2020; Salguero-Linares et al. 2022), it is

plausible that dAdo may function in a concentration-dependent manner, promoting either cell death

or immune priming depending on its local concentration. Taken together, these findings suggest that

immunometabolic signals such as dAdo do not merely modulate host defense, but may also play a

role in spatially organizing immune responses. The localized nature of dAdo-induced cell death,

coupled with its concentration-dependent effects, indicates that immunometabolic signals such as

dAdo could act as positional cues. This supports a broader model in which immunometabolism

operates as a spatial logic layer, encoding information about where and how immune responses

should be deployed along the root axis. Although dAdo serves as a central model in this thesis, other

microbially derived metabolites such as 2′ ,3′cAMP, NAD+ derivatives, and plastid-derived signals

like MEcPP are likely to contribute to spatial immune regulation and merit future investigation.

While the involvement of the TIR-NLR ISI in dAdo-mediated cell death is intriguing, our

understanding of the molecular link between this infochemical and immune receptors remains at

an early stage. Recent advances have redefined plant TIR domain proteins as enzymatically active

components that generate a diverse array of immunoactive small molecules (Huang et al. 2022;

Jia et al. 2022; Yu et al. 2022; Wan et al. 2019). This raises the hypothesis that dAdo may act as

a substrate, product, or cofactor of TIR-NLRs, including ISI (Q5), although dAdo is currently not

classified among known TIR substrates (such as NAD+ or nucleic acids) or products (e.g. cADPR

isoforms, pRib-AMP/ADP, or ADPR-ATP/di-ADPR). Continued characterization of TIR proteins, and

ISI in particular, may yet reveal a functional connection. Interestingly, we did not observe dAdo

resistance in other TIR-NLR or eds1 mutants , suggesting that ISI and dAdo may signal through a

non-canonical, EDS1-independent pathway—similar to that proposed for the Arabidopsis TIR-NLR

SADR1 or certain maize TNPs (Johanndrees et al. 2023; Jacob et al. 2023). In contrast, preliminary

transcriptomic analyses revealed a concentration-dependent induction of genes downstream of EDS1

at early time points following dAdo treatment (Zuccaro, unpublished), hinting at a more complex

signaling interplay. To further elucidate the relationship between dAdo and TIR proteins, we aim

to identify dAdo-binding proteins, focussing on known components of plant immune signaling to

construct a more integrated view of plant immunometabolism.

Given its involvement in dAdo-mediated cell death and the striking root cell death phenotype

observed in the isi knockout mutant (Chapter 4, Figure 6-7), an important question arises: does ISI

form resistosomes and exhibit catalytic activity, as demonstrated for other TIR-NLRs (Q6)? Sequence

predictions of ISI indicate the presence of a conserved glutamate residue, previously shown to

be essential for TIR enzymatic activity (Wan et al. 2019; Essuman et al. 2017; Yu et al. 2022).

Interestingly, a recent study examining the Arabidopsis Col-0 TIRome failed to detect 2′cADPR
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production or cell death induction upon heterologous expression of the ISI TIR domain in Nicotiana

benthamiana (Bayless et al. 2025). However, we did observe cell death induction following ISI

TIR expression in Arabidopsis protoplasts (Chapter 4,Figure 6E). These findings suggest a possible

species-specific response and point toward a mechanism of action distinct from NAD+-dependent

2′cADPR synthesis. Hence, ISI may operate via an alternative catalytic mode, such as a nuclease

generating 2′ ,3′cAMP, as described in Yu et al. 2022 for other TIR domain proteins. To further

explore this, we are aiming to employ cryo-electron microscopy (Cryo-EM) to resolve the structure

of ISI oligomers, with the expectation of identifying either tetrameric or filamentous assemblies, as

previously reported for other TIR-containing resistosomes.

In this thesis, we identified synergistic dAdo production and its subsequent uptake via ENT3 as

key steps in S. indica-induced cell death in Arabidopsis (Chapter 4). While ent3 mutant seedlings

did not exhibit root cell death during fungal colonization (Chapter 4, Figure 5), the symbiosis still

promoted root growth, and fungal colonization was only transiently reduced (Chapter 4, Figures

S9, S12). This raises the important question, what role fungal-induced cell death plays in shaping

the S. indica–Arabidopsis interaction and what we can extrapolate from this onto other plant-fungal

interaction (Q7). Although previous studies have highlighted the importance of host cell death

during S. indica colonization (Qiang et al. 2012; Deshmukh et al. 2006), our studies could only

partially support this. To fully assess the contribution of dAdo-mediated cell death, long-term

studies are needed that evaluate additional fitness parameters—such as Arabidopsis seed yield and

S. indica chlamydospore production—under both standard and stress conditions. Comparing these

outcomes in wild-type (Col-0) and ent3 backgrounds could provide deeper insight into the ecological

role of dAdo-mediated cell death in mutualistic interactions. Notably, earlier work suggests that

host-mediated restriction of cell death is critical for sustaining beneficial interactions. For instance,

mutants defective in immune-related pathways such as glucosinolate biosynthesis or autophagy

often show increased cell death and higher colonization rates (Zecua-Ramirez et al. 2023; Lahrmann

et al. 2015). However, these effects do not always correlate with a loss of mutualistic benefits like

growth promotion, highlighting the complexity of this relationship. A direct link between the extent

of cell death, colonization intensity, and net plant benefit remains to be clearly established.

While dAdo is a key driver of S. indica-induced cell death in Arabidopsis, evidence suggests that

the fungus also engages other RCD pathways. For example, in the smb3 developmental regulated

cell death (dRCD) mutant, which accumulates dying root cap cells due to defective clearance,

S. indica shows enhanced colonization. S. indica appears to exploit the dysregulated dRCD by

scavenging dead cells and expanding into typically uncolonized zones such as the root tip. Moreover,

S. indica actively downregulates host genes involved in developmental cell death, such as the

nuclease BFN1, suggesting a capacity to suppress host RCD when advantageous (Charura et al.

2024). Together, these observations support a model in which S. indica exploits and modulates host

RCD—inducing it via dAdo to create entry points and niches, while simultaneously being restrained

by the host plant to prevent overcolonization or fungal penetration of meristematic zones. This

dual strategy underscores the nuanced role of cell death in beneficial plant–microbe interactions, a

field that remains relatively unexplored. Because non-developmental cell death itself is generally

disadvantageous for the host, it would be informative to investigate S. indica mutants deficient in cell

death induction. Such strains may either confer enhanced benefits to the host or suffer from the loss
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of a colonization niche, thus compromising long-term association. Either outcome would provide

valuable insight into the evolutionary trade-offs underpinning this symbiosis. Overall, these findings

highlight that cell death, traditionally associated with defense or disease, also plays complex and

context-dependent roles in mutualistic interactions. The concept of beneficial microbe-induced host

cell death challenges conventional classifications and emphasizes the importance of considering all

processes within the dynamic context of plant–microbe interactions, rather than as isolated events

determining interaction outcomes.

The identification of the TIR-NLR ISI as a factor involved in both dAdo-mediated cell death and

endophyte colonization was highly unexpected. To date, most studies on TIR domain proteins in

plants have focused on their role in recognizing pathogenic effectors via TIR-NLR receptors, which

subsequently activate the immune signaling hub EDS1, leading to ETI and often culminating in HR.

While the molecular interplay between TIR-NLRs, EDS1, and other components of the plant immune

system has been extensively studied, these insights are derived almost exclusively from leaf tissue

models. In contrast, our understanding of TIR-NLR function in root tissues remains limited. One of

the few characterized examples is the Arabidopsis TIR-NLR VICTR, which mediates EDS1-dependent

root growth arrest and has been implicated in osmotic stress tolerance and bacterial resistance (Ariga

et al. 2017; Kim et al. 2012). Although this provides initial evidence for a role of TIR-NLRs in

roots, the underlying mechanisms remain elusive, raising fundamental questions about the role of

TIR-domain proteins in root-microbe interactions and in the assembly and maintenance of the root

microbiota (Q8).

Interestingly, the lack of documented HR-like cell death in roots suggests that TIR-NLR proteins

may exert functions distinct from those in leaves. The recent discovery of TIR domain enzymatic

activity, producing small infochemicals, introduces a compelling alternative to the classical cell

death-centric view of TIR-NLR function. Molecules such as pRib-AMP/ADP, a product of TIR

activity, have been proposed to prime immune responses without inducing cell death, offering a

more nuanced role for TIR-NLRs in root immunity. Supporting this notion, our study demonstrated

that S. indica colonization induces the transcription of multiple NLR genes, including both TIR-NLRs

and CC-NLRs (Chapter 4, Figures 7 & S13). This transcriptional response underscores a potential

role for NLRs, including TIR-NLRs, in modulating root immune responses during beneficial microbe

interactions. Further corroborating this idea, a recent study identified the Arabidopsis TIR-NLR

MMF1 as a key regulator of root microbiota composition and an essential component of the feedback

loop between the plant and its microbial partners (Rensburg et al. 2025). In addition, a large-scale

screen of diverse European Arabidopsis accessions revealed two closely related lines with striking

differences in pathogen susceptibility. Genetic analyses uncovered the absence of approximately

40 genes in the susceptible accession, notably including 10 genes encoding TIR-domain proteins,

among them ISI (Zuccaro et al., unpublished). This finding further emphasizes the importance of

TIR domain proteins in shaping plant-microbe interactions beyond classical pathogen recognition.

Taken together, these observations suggest that TIR-NLRs and other TIR-domain proteins play

crucial roles in roots, influencing interactions with beneficial microbes, pathogens, and the complex

root microbiota. To further elucidate these functions, it will be necessary to move beyond the

well-characterized effector-NLR paradigms of leaf immunity and to investigate the roles of TIR-only

proteins in root-associated immune responses. Unlike NLRs, TIR-only proteins are not known to
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bind effectors but have recently been shown to be regulated by calcium influx and coupled to PTI

signaling (Wang et al. 2024; Wu et al. 2024). This positions them as attractive candidates for

orchestrating immune responses during root interactions with diverse soil-borne microbes.

Collectively, the experiments and insights presented in this thesis redefine dAdo as an overlooked

infochemical that induces cell death across kingdoms, positioning it at the intersection of two

previously separate fields: immunometabolism and regulated cell death. By linking these

interconnected processes, this work broadens our understanding of host-microbe interactions.

Notably, the identification of dAdo production by two distinct fungal effector enzymes highlights

a new level of synergism and emergence, where novel properties arise from complex biological

interactions. This finding illustrates how pathogenic and mutualistic microbes alike can exploit host

cell death pathways, challenging the prevailing view of host RCD as a response solely triggered by

pathogens. While based on evidence mainly from Arabidopsis and S. indica, this thesis supports

the concept that induction of host RCD by mutualistic microbes is a common strategy to establish

and maintain long-term symbioses. This perspective adds a new layer to our understanding of

mutualism, suggesting that controlled modulation of host cell death can be central to shaping

beneficial plant-microbe interactions. Given its pivotal role, the manipulation of host cell death

emerges as a promising target for future interventions, not only in enhancing pathogen resistance but

also in facilitating the accommodation of mutualists and engineering plant-associated microbiomes.

Such strategies hold great potential for securing crop productivity and promoting sustainable

agriculture. Nevertheless, several key questions remain unanswered. Elucidating the precise

molecular mechanisms of dAdo-induced cell death, functionally characterizing ISI, and unraveling

the roles of TIR domain proteins in root immunity represent crucial challenges ahead. Addressing

these questions will require cutting-edge approaches, including single-cell omics, structural biology,

and advances in chemical biology. Ultimately, I hope the molecular insights gained through this

work will contribute to a more comprehensive understanding of plant-microbe interactions from

an evolutionary perspective, bridging molecular immunology, cell death research, and ecological

dynamics.
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Fig. S1: SiNucA – Prediction, purification and function, related to Figure 2.   
(A) SiNucA (PIIN_02121) is 211 amino acids long, has a predicted signal peptide SP (first 20 amino acids) and the Pfam domain DUF 1524 
belonging to the His-Me finger endonuclease superfamily. Two unique peptides (in green) were found in the apoplastic fluid (APF) of 
inoculated barley roots at 5 dpi by LC-MS/MS (Nizam et al.13). cDNA sequence was verified by rapid amplification of cDNA-ends with 
polymerase chain reaction (RACE-PCR), which revealed a 30 bp earlier start and a SNP at bp 33.   
(B) Protein logo of multiple alignment of SiNucA and ten best protein BLAST hits for bacteria, Basidiomycetes and Ascomycetes each. Amino 
acids M1-W100 and Y101-L204 (DUF 1524 domain) shown. With the exception of the SP, the protein sequence is highly conserved. Arrows 
show the conserved HNN motif.      
(C) S. indica SiNucA:HA:His (OE 1, 7, 10, 15) and the empty vector strain 3 (EV 3) were grown for 5 days in CM medium followed by 2 days in 
MYP medium. Protein expression and secretion was analyzed with mycelium (M) and culture filtrate (CF) on Coomassie-stained SDS-PAGEs and 
anti-HA Western blots (C).      
(D) Control for intracellular protein contamination from M into CF with S. indica strain expressing cytosolic GFP processed in parallel. (C) Anti-
HA Western blots of S. indica SiNucA:HA:His strains from (A). 
(E) SiNucA:HA:His protein enrichment from culture filtrate (CF) precipitated with 80% ammonium sulfate (AS) and separated by size exclusion 
chromatography (SEC, fractions 5- 15 shown). Fractions 10 and 11 were confirmed to contain SiNucA:HA:His by an anti-HA Western blot. 
(F) Left: 100 ng linearized plasmid added to 10 nM purified SiNucA in 5 mM Tris pH 8 or  5 mM MES pH 5 with 1mM MgCl2, 1mM CaCl2 and 
microelements incubated at RT for 5 min and loaded on an agarose gel. Middle: 100 ng linearized plasmid added to 10 nM purified SiNucA in 
buffer 5 mM Tris pH 8 supplemented with microelements. The influence of the addition of different salts and EDTA on protein activity was 
tested. The linearized plasmid in the different solutions with SiNucA was incubated for 4 min at RT and loaded on an agarose gel. Right: Culture 
filtrate (CF) of S. indica SiNucA:HA:His overexpression strains OE 7 and OE 15 and empty vector strains EV 3 and EV 6 incubated with 100 ng 
linearized plasmid for 30 min and loaded on an agarose gel. 20 ml CF precipitated with trichloroacetic acid and loaded on SDS-PAGE as control 
for total protein amount in CF. 
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Fig. S2: Heterlogous SiNucA expression affects fungal colonization, related to Figure 2.  
A) Shoot fresh weight of A. thaliana seedlings overexpressing SiNucA (#53) and the corresponding control line (control#4). The data show the 
shoot fresh weight of S. indica and mock-inoculated seedlings at 7 dpi. Data points depict independent biological replicates. Asterisks represent 
significant difference between different genotypes analyzed by Student’s t-test - p < 0.005 (***).   
(B) CLSM live cell imaging of Arabidopsis roots heterologously expressing SiNucA:mCherry with or without plasmolysis.
(C) Arabidopsis root expressing SiNucA (w/o SP):mCherry with and without plasmolysis. Maximum projection of z-stacks. Plasmolysis was 
achieved using 1 M sorbitol or NaCl. Bars = 20 µm. CLSM microscopy was repeated with 3 independent samples. 
(D) Effect of fungal colonization on the localization of SiNucA in Arabidopsis heterologously expressing SiNucA:mCherry. CLSM live cell images 
of Arabidopsis root expressing SiNucA:mCherry (yellow) inoculated with S. indica. Fungal cell wall of hyphae stained with WGA-AF 488 (green) 
and nuclei with DAPI (magenta). Top left: SiNucA:mCherry accumulates in the apoplast in non-inoculated roots. Top right: SiNUCA:mCherry 
accumulates around penetrating hyphae (intracellular hyphae in living cells not stainable with WGA-AF 488 in the biotrophic interaction phase). 
Bottom: In a later phase, SiNUCA:mCherry is mainly present in nuclei of colonized cells. Bars = 20 µm.  
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Identification of products upon SiE5NT incubation 

Figure S3: Analysis of metabolites derived from incubation of SiE5NT with deoxyadenosine monophosphate (dAMP) or adenosine 
monophosphate (AMP) and model of the reaction mechanism, related to Figure 3. 
(A) Left panel, HPLC trace from spectrometric detection at 254 nm for deoxyadenosine (dAdo)
derived from dAMP converted by SiE5NT after the indicated incubation times. 1 mM dAMP
was incubated with 1.9 x 10-4 mg protein in 100 μl. The insert compares the spectra of standard
and reaction product. Right panel, dAdo generated after 0, 5, 10 and 20 min of incubation (n =
3). The data was fitted by linear regression.
(B) Same as in (A) but using AMP as a substrate (n = 3).
(C) Model of the reaction mechanism of SiNucA and SiE5NT with DNA as substrate, showing preference for dAdo production. 
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Fig. S4: The nucleoside dAdo induces cell death, related to Figure 4.           
(A)Relative expression of cell death marker genes in Arabidopsis seedlings after 500 µM dAdo treatment measured by qRT-PCR. 
Expression values relative to mock-treated seedlings were calculated using the ∆∆Ct-method. Bars represent the average of three independent 
biological replicates while error bars represent the standard deviation. Asterisks represent significant difference to the mock-treated sample 
analyzed by Student’s t-test. p <0.05 (*), p < 0.01 (**), p < 0.005 (***).Marker genes were selected based on Olvera-Carrillo et al.27.
(B) Photosynthetic activity (FV/FM multiplied with corresponding photosynthetically active area) of 9-day-old Col-0 seedlings incubated with 
different concentrations of dAdo at 7 dpt. Dots represent 3 biologically independent replicates. Different letters indicate significant different 
groups determined with a one-way ANOVA with post-hoc Tukey HSD test (p<0.05). 
(C) Photosynthetic activity (FV/FM) of 7-day-old Col-0 seedlings incubated with 500 µM dAdo or 2.5 mM MES buffer (pH = 5.6). After 24 hours, 
the dAdo containing solution was replaced with MES buffer (Col-0 + 24 h dAdo). Dots represent 12 biological replicates, while error bars 
represent the SEM. Asterisks represent significant differences to the buffer-treated sample analyzed by Student’s t-test. p <0.005 (***). 
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Fig. S5: Heterologous SiE5NT expression in Nicotiana benthamiana, related to Figure 4.          
(A) SiE5NT is detected in the apoplastic fluids of Nicotiana benthamina leaves after transcient overexpression using Agrobacterium. The leaves
of N. benthamiana were infiltrated with Agrobacterium carrying either p19 or E5NT expression construct. To validate secretion of SiE5NT, the
apoplastic fluids were collected from the leaves at 4 dpi. The proteins in the apoplastic fluids were concentrated with 100% acetone and were
separated via SDS-PAGE. The StrepII-tagged-SiE5NT in the apoplastic fluids were detected via Western Blot using the StrepMAB antibody.
(B) Deglycosylation of SiE5NT overexpressed in the leaves of N. benthamiana leaves from (A). The purified SiE5NT was treated with protein 
deglycosylation mix  and incubated 37 °C for  16 hours. The deglycosylated SiE5NT was separated using SDS-PAGE and blotted onto
nitrocellulose membrane. The StrepII-tagged SiE5NT in the apoplastic fluids were detected using the StrepMAB antibody.
(C) Visualization of FV/FM measured via PAM fluorometry. Blue indicates a high value while green decreased and yellow strongly decreased 

photosynthetic activity. Depicted are leaves of N. benthamiana heterologously expressing p19 or a combination of p19 and E5NT after 
Agrobacterium infiltration. 
(D) Image of leaves of N. benthamiana heterologously expressing p19 or a combination of p19 and E5NT after Agrobacterium infiltration.
(E) Protein expression in N. benthamiana leaves. Proteins were extracted from infiltrated N. benthamiana leaves using Anti-Strep-beads for 
pulldown and analyzed by Western Blot using an anti-Strep antibody. Lane 1 and 3 represent raw extract prior to pulldown, whereas lane 2 and 
4 represent pulled-down proteins. E5NT = 80 kDa.
(F) Heterologous expression of E5NT in N. benthamiana leaves induces cell death in younger leaves.
Visualization of FV/FM measured via PAM fluorometry. Blue indicates a high, while green indicates decreased and yellow strongly decreased 
photosynthetic activity. Depicted are leaves of N. benthamiana infiltrated with different mixtures of Agrobacterium tumefaciens strains 
expressing: 1 = p19, 2 = p19 + NucA, 3 = p19 + E5NT, 4 = p19 + NucA + E5NT. Photosynthetic activity was measured in three leaves of diffe rent 
ages (A to C = younger to older) originating from three different plants at each time point.
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Fig. S6: The nucleoside dAdo induces cell death in a variety of plant species – MEcPP does not, related to Figure 4. 
(A) dAdo induces cell death in N. benthamiana. Photosynthetic activity (FV/FM x photosynthetic area) of 7-day-old N. benthamina seedlings 
incubated with dAdo, Ado, MeJA (cell death control) or mock (2.5 mM MES, pH = 5.6) at 0 and 5 dpt. Bars represent the average of four 
independent biological replicates, while error bars represent the SEM. Letters indicate significant different groups determined with a one-way 
ANOVA with post-hoc Tukey HSD test (p<0.05). 
(B) : dAdo induces cell death in Marchantia polymorpha. Gemmae of Marchantia polymorpha Tak-1 and Tak-2 were cultured on half-strength 
B5 medium* under continuous light at 22°C for 5 days. (*1/2 Gamborg B5 salt mixture 1,5g/l, MES 0,5g/l, sucrose
10g/l, plant agar 10g/l, pH5.2 set with KOH; containing 500µM dAdo, 500µM Ado or water). The phenotype was monitored at 5 days post 
transfer (column 1 and 2) and at 8 days post transfer (column 3). 
(C) MEcPP does not induce cell death. Conductivity of MES buffer containing Col-0 seedlings (9-day-old) after mock-, dAdo or MEcPP treatment. 
Data points depicts the mean, while error bars depict the standard error of the mean (SEM) obtained from 3 biological independent replicates. 
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Fig. S7: dAdo-triggered signaling and cell death are not mediated by canonical pattern-triggered immune responses, related to Figure 4. 
(A) Ca2+ influx after treatment of 7-day-old Arabidopsis Col-0AEQ seedlings with 500 µM purine derivatives dissolved in 2.5 mM MES buffer (pH 
5.7). Buffer and 33 µM flg22 were used as positive and negative controls, respectively. Ca2+ influx was monitored using a coelenterazine-based 
chemiluminescence assay and measured as relative light units (RLU). After discharge of the remaining aequorin by addition of CaCl2 , the 
discharge kinetics were integrated and normalized to the maximum Ca2+ level. The discharge integral was then used to normalize the kinetics of 
Ca2+ in response to elicitor treatment. The curves represent eight biological replicates, and the experiments were additionally repeated three 
times independently with similar results.
(B) Boxplots show the total Ca2+ influx over the measured time period. Calculations were performed as described in (A). Values are means ± 
SEM of eight biological replicates, each consisting of one seedling. Different letters indicate significant differences as determined by a Kruskal-
Wallis test and Dunn's post-hoc test (p < 0.05). The experiment was repeated three times with similar results. 
(C) Comparison of total Ca2+ influx in 7-day-old Arabidopsis Col-0AEQ and Arabidopsis Col-0AEQ dorn1 seedlings after treatment with 500 µM ATP, 
dATP, 33 µM flg22, or 2.5 mM MES pH 5.7 (mock). Data represent values from eight biological replicates. Calculations were performed as 
described in (A). Asterisks indicate significant differences between the two genotypes analyzed by Student's t-test (p < 0.005 ***). The 
experiment was repeated three times with similar results. 
(D) Expression of the marker gene AT1G58420, which responds to wounding and S. indica colonization, in treated 7-day-old Col-0 seedlings. 
Fold change expression was calculated in comparison to the housekeeping gene AtUbi and mock treatment using method 2-∆∆Ct. Data represent 
6 independent biological replicates. Different letters indicate significant differences between groups as determined by Kruskal-Wallis test and 
post-hoc Wilcox BH adjustment (p < 0.05).
(E) Metabolic analysis of supernatant from 7-day-old purine-treated Col-0 seedlings at 3 dpt. Points represent data from at least 6 biologically 
independent replicates normalized to the average of the corresponding mock samples. Different letters indicate significantly different groups 
as determined by a Kruskal-Wallis test and post-hoc Wilcox BH adjustment (p < 0.05).
(F) Apoplastic ROS production after treatment of seven-day-old A. thaliana Col-0AEQ seedlings with 500 µM purine derivatives solved in 2.5 mM 
MES buffer (pH 5.7 buffer). Buffer and 33 µM flg22 were used as controls. ROS production was monitored via a luminol‐based 
chemiluminescence assay. The curve represents eight biological replicates. The experiment was repeated three times with similar results. 
(G) Boxplots represent total ROS production over the measured time period. Values represent eight biological replicates, each containing one 
seedling. Different letters indicate significant different groups determined with a one-way ANOVA with post-hoc Tukey HSD test (p<0.05). 
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Fig. S8: Growth of S. indica on CM medium containing different concentrations of dAdo, related to Figure 4.

Dots represent the average diameter of 3 technical replicates while error bars represent the SD. Lines represent the linear regression describing 
the fungal growth calculated from the raw data. The experiment was repeated thrice showing comparable results (Data not shown). Growth 
was measured extending from the agar plug (diameter 0.7 cm).
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Fig. S9: ENT3 – a purine transporter affects cell death and fungal colonization in the plant root, related to Figure 5. 

(A) Conductivity of 2.5 mM MES buffer containing Arabidopsis seedlings (9-day-old) after mock- or dAdo-treatment. Data points depicts the 
mean, while error bars depict the standard error of the mean (SEM) obtained from 12 biological replicates. Asterisks represent significant 
difference between dAdo-treated Col-0 and ent3 analyzed by Student’s t-test. The experiment was repeated three times with similar results.
(B) Conductivity of samples from A at 3 dpt. Different letters indicate significant different groups determined with a one-way ANOVA with post-
hoc Tukey HSD test (p<0.05).      
(C) Quantification of root cell death in Arabidopsis roots at 4 days after dAdo-treatment. Cell death quantity was evaluated via Evans blue 
staining and normalized to the mock-treated roots. Boxplots represent the data obtained from 5 biological replicates. Different letters indicate 
significant different groups determined with a one-way ANOVA with post-hoc Tukey HSD test (p<0.05).  
(D) Evans blue stained roots tips from (C). The experiment was repeated three times with similar results.  
(E) Photosynthetic activity (FV /FM) of 9-day-old mock- and MeJA-treated (500 µM) Col-0 and ent3 seedlings. Measurements were taken 3 days 
after treatment (dpt) every 24 hours. Data show the mean and error bars show the standard error of the mean (SEM) obtained from 12 
technical replicates with 3 seedlings each. The experiment was repeated more than three times independently with similar results.
(F) : S. indica abundance in 7-day-old Arabidopsis seedlings. The ratio of fungus (SiTEF) to plant (AtUbi) was calculated using cDNA as template 
and the 2-∆CT method. Boxplots represent 6 independent biological replicates. Asterisks indicate significant difference from Col -0 samples 
(Student’s t-test, p < 0.05 *).
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Fig. S10: Screening of an A. thaliana library of T-DNA insertion mutants lines for affected dAdo-sensitivity, related to Figure 6.        
(A) The model shows our screening process to identify mutants affected in dAdo-sensitivity. We screened over 6800 T-DNA insertion SALK lines 
for an altered response to dAdo. For high-throughput screening the mutant lines were analyzed via PAM fluorometry on 24 well plates, 
including Col-0 WT as control in each plate. Arabidopsis mutant lines with a resistant phenotype to dAdo were subsequently analyzed in ion 
leakage assays. The screening was repeated 3 times. Mutants that showed reproducible resistant phenotypes in the high-throughput screening 
were analyzed by germination assays on solid plant media with and without dAdo additionally tested as described in STAR Methods.
(B) : Relative Luciferase activity of A. thaliana protoplasts transfected with a luciferase. Values were normalized to mock treatment (0 µM). 
Different letters indicate significantly different groups per treatment, as determined by a two-way ANOVA with post-hoc Tukey HSD test (p < 
0.05).
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Fig. S11: Establishing and testing an independent CRISPR line, related to Figure 6.        
(A) Description of the transformation protocol. The vector, carrying four sgRNA constructs targeting the TIR domain of AtISI was based on the 
plasmid pDGE347 as described in Stuttmann et al.38 and was assembled via Golden Gate cloning.  Agrobacterium tumefaciens strain GV3101 
was transformed with it. The resulting strain was used to transform Col-0 A. thaliana plants via floral dip. Seeds of the resulting T0 generation 
were screened for fluorescence, and positive seeds were transferred to pots for propagation. In the T1 generation, seeds were screened for 
mutations in the AtISI gene via PCR and sequencing and seeds that were not fluorescent were selected to breed out the CRISPR-CAS9 construct. 
After homozygosity was confirmed by further sequencing, seeds of the T2 generation were used for subsequent experiments.(B) : Relative 
expression of TNL genes of the NLR locus in Arabidopsis seedlings at 8 days after germination in S. indica presence on 1/10 PNM medium. 
Expression values relative to Col-0 seedlings were calculated using the ∆∆Ct-method. Dots represent three independent biological replicates 
while bars represent the average. Asterisks represent significant difference to the mock-treated sample analyzed by Student’s t-test. p <0.05 
(*). 
(B) : Mutations of the AtISI gene found in the CRISPRisi line. Corresponding to the predicted binding sites of the sgRNAs of the knockout 
construct (A), CRISPRisi carries an 8 bp insertion mutation after bp 237 of the AtISI coding region and a 6 bp deletion ranging from bp 254-259. 
These mutations translate to mutated amino acids from AA 80-84 and a subsequent premature stop codon. 
(C) Germination of seedlings on 1/10 PNM medium containing 250 µM dAdo or MES. The graph depicts the quantification of the 
photosynthetic activity (FV /FM x area) measured by PAM fluorometry at 7 days after sowing. Boxplots show measurements of single seedlings 
in a single well. The experiment was repeated twice independently with similar results. Asterisks represent significant difference to the Col-0 
data of the same treatment analyzed by Student’s t-test. p <0.05 (*), p <0.005 (***). 
(D) Visualization of FV /FM measured via PAM fluorometry. The pictures depict seeds grown on a square plate with 1/10 PNM medium 
containing 250 µM dAdo. The measurement was performed at 7 days after sowing the seeds.
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Fig. S12: Characterizatipn of the AT5G45240 locus and corresponding mutants, related to Figure 6 & 7.         
(A) Gene locus of NLR gene and expression during S. indica colonization - Relative expression of TNL genes of the ISI locus in Arabidopsis 
seedlings at different time points of S. indica colonization. Expression values relative to mock-treated seedlings at 1 dpi were calculated using 
the ∆∆Ct-method. Dots represent three independent biological replicates while bars represent the average. The data is presented on a log2 
scale. Asterisks represent significant difference to the mock-treated sample analyzed by Student’s t-test. p <0.05 (*). 
(B) : Relative expression of TNL genes of the NLR locus in Arabidopsis seedlings at 8 days after germination in S. indica presence on 1/10 PNM 
medium. Expression values relative to Col-0 seedlings were calculated using the ∆∆Ct-method. Dots represent three independent biological 
replicates while bars represent the average. Asterisks represent significant difference to the mock-treated sample analyzed by Student’s t-test. 
p <0.05 (*). 
(C) : Evans blue staining of dAdo-treated A. thaliana isi KO line. Quantification of root cell death in Col-0 and isi root tips at 4 days after dAdo-
treatment. Cell death was evaluated using Evans blue staining. Boxplots represent the data obtained from 13 biological replicates. Different 
letters indicate significant differences determined with a two-way ANOVA with post-hoc Tukey HSD test (p < 0.05). The experiment was 
repeated independently 2 times with similar results.
(D) Root growth promotion in Arabidopsis seedlings. Quantification of root length in Col-0, ent3 and isi knockout lines at 21 days after 
germination. Seeds were treated with S. indica spores or a mock control. Root length was evaluated from scans of the plates with Fiji (ImageJ). 
Boxplots represent the data obtained from 18-23 biological replicates. Asterisks represent significant difference to the mock-treated sample 
analyzed by Student’s t-test. p <0.05 (*). 
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Fig. S13: Expression of different domain NLR proteins during S. indica colonization, related to Figure 7. 
(A) Gene locus of NLR gene and expression during S. indica colonization. The heatmap shows the expression values of A. thaliana NLR genes 
with at least NB-ARC and LRR (NL) domains in A. thaliana root samples. Specifically, A. thaliana plants were inoculated with mock or S. indica. 
Roots samples were collected at 1 dpi, 3dpi, 6 dpi and 10 dpi. For each sample, stranded RNASeq libraries were generated and quantified by 
qPCR. RNA-seq libraries production and the sequencing were performed at the U.S. Department of Energy Joint Genome Institute under a 
project proposal (Proposal ID: 505829) (Zuccaro and Langen, 2020). The raw reads were filtered and trimmed using the JGI QC pipeline. Filtered 
reads from each library were aligned to the Arabidopsis TAIR10 reference genome using HISAT2 version 2.2.0. The gene counts were generated 
using featureCounts. NLR genes were identified in Arabidopsis TAIR10 proteins sequences using the software NLRtracker (Kourelis et al.) which 
also provides the domain architecture of NLR proteins. Based on NLRtracker annotation, NLR genes with at least NB-ARC (N) and LRR (L) 
domains were selected. Next, genes with at least NL domains with an average TPM value > 1 TPM across all samples were selected. The log2 
transformed TPM values of selected Arabidopsis NLR genes are shown in the heatmap generated using ComplexHeatmap package. In addition, 
the annotation of the protein domains annotation of selected NLR genes provided by NLRtracker are shown: TIR domain (T), NB-ARC domain 
(N), coiled-coil domain (CC), LRR domain (L), Other domain (O), C-JID domain (J), RPW8-type CC domain (R).
Project: Zuccaro, A., & Langen, G. (2020). Host-specific regulation of effector gene expression in mutualistic root endophytic fungi (Proposal ID: 
505829). JGI Award DOI: 10.46936/10.25585/60001292. More details about the experimental conditions underlying this data set can be found
in Eichfeld et al.53.
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Fig. S14: S. indica growth at the root tip of A. thaliana, related to Figure 2 and discussion. 
CLSM live cell imaging of S. indica-colonized A. thaliana roots. Nuclei stained with DAPI (magenta) and fungal cell wall and matrix with FGB1-
FITC488 (green). Roots were directly stained and imaged on plate to avoid removing the border-like cells (BLC) and RET. Nuclei of BLC are 
visible in magenta. S. indica is growing around the root tip and among the BLC/RET of the root cap. Nuclei of the outer BLC layer are often 
blurred when in contact with S. indica (asterisk). Bars = 100 μm (Row 1), Bars = 20 μm (Row 2-3)
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