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Abstract

Abstract

Toll/Interleukin 1 receptor (TIR) domains are found across kingdoms of life, where they serve as
integral components in immune and cell death pathways. TIRs occur as single-domain proteins and
parts of larger protein receptor complexes with common sets of associated domains. Self-
association and enzymatic activity are common TIR features, conserved across kingdoms. In
plants, TIRs constitute N-terminal signaling domains of intracellular nucleotide-binding leucine-
rich repeat receptors (NLRs), which form an important part of the plant immune system to detect
pathogen interference. Activated TIR-NLRs (TNLs) produce distinct enzymatic metabolites that
serve as second messengers in immunity. While in plants, all studied TIR signaling requires the
ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) protein family, TIR domains were
predicted in plant species with an incomplete or missing EDS1 family. It remains unknown whether
TIRs and EDS1 family members co-evolved in plants, and how TIRs evolved in plants without
EDSI.

The work presented here provides a large-scale phylogenetic analysis of TIR domains from 39
algae and land plant species, which identified four conserved TIR groups shared by multiple plant
clades. Using the phylogeny, this study provides a comprehensive phylogeny-based nomenclature
for plant TIRs. Among the conserved groups is a TIR-only group, which highly correlates with
EDSL1 in tested species and induces EDS1-dependent cell death. In contrast, a member of the most
widespread group of TIR-NB-TPR (TNP) proteins, which persisted in plants without EDS1,
induces EDS1-independent cell death. This is the first reported incidence of EDS1-independent cell
death, induced by a plant TIR domain protein to date, and is in striking contrast to the majority of
studied TIRs, including TNLs. This study furthermore provides a comprehensive set of conserved
TIR-only and TNP mutants, generated by CRISPR/Cas9 mutagenesis, to study involvement of

conserved TIRs in immune signaling pathways.
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Introduction

1. Introduction

The Toll/Interleukin-1 Receptor (TIR) domain is present across all three domains of life, including
prokaryotes such as Archaea and bacteria as well as eukaryotes like mammals and plants. Across
organisms, TIR domains can be associated with various other protein domains and engage in
signaling pathways, often linked to cell death and immune responses. Within their pathways, TIRs
can provide protein-protein interaction hubs, act as homomeric signaling devices, or engage in
large protein complexes. Over the past few years, landmark studies have reported a TIR-catalyzed
enzymatic activity, which marked the starting point of research aimed at identifying activation
mechanisms, enzymatic properties, and downstream signaling activities of TIR domains.
Phylogenetic studies have investigated the evolution of TIRs, both at the very broad scale utilizing
cross-kingdom domain comparisons, and in more detail within smaller groups of organisms. These
studies have defined major functionally conserved features within groups of TIR proteins. Past
research on plant TIR proteins has largely focused on their roles within immune receptors.
However, recent studies have ascribed multiple enzymatic activities to plant TIRs. These enzymatic
activities yield multiple products that may subsequently engage different downstream signaling
branches. The assortment of TIR-products may account for downstream signal divergence between
various TIR domains. However, it remains poorly understood how plant TIR domains evolved and

to what extent they co-evolved with their downstream signaling partners in plant immunity.
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1.1. Surface and intracellular immune receptors in plants

Unlike most animals, which possess professional and often motile immune cells, plants rely
entirely on cell-autonomous innate immunity to perceive and counter invading microbes.
Accordingly, all plant cells are capable of microbial perception and the initiation of downstream
immune responses. Plants are able to sense the presence of conserved microbial molecules called
pathogen-associated microbial patterns (PAMPS) using surface-localized receptors, which
constitute the first layer of immunity against a broad range of invading pathogens. These so-called
pattern-recognition receptors (PRRs) are plasma-membrane bound receptor kinases (RKs) or
receptor-like proteins (RLPs) (Couto & Zipfel, 2016). Both PRR types have an extracellular ligand-
binding domain and a single pass transmembrane portion. Furthermore, RKs contain an
intracellular kinase domain, which RLPs lack (Couto & Zipfel, 2016). An example of RKSs is
FLAGELLIN-SENSING 2 (FLS2) from Arabidopsis thaliana, which contains a leucine-rich repeat
(LRR) ectodomain for detection of bacterial flagellin (a 22 amino acid epitope called flg22) (Zipfel
et al., 2004). Upon flg22 binding, FLS2 forms a heterocomplex with its co-receptor BRI1-
ASSOCIATED RECEPTOR KINASE 1 (BAK1), which is stabilized by incorporation of the
PAMP (Sun et al., 2013). BAK1 is a common co-receptor that is used by several RKs and RLPs
(Couto & Zipfel, 2016). Activated PRRs use cytoplasmatic kinases, which in the case of FLS2 is
BOTRYTIS-INDUCED KINASE 1 (BIK1). In the resting state, BIK1 associates with FLS2, and
upon elicitation with flg22 it is phosphorylated by BAK1 leading to dissociation of activated BIK1
from the complex (Lu et al., 2010; Zhang et al., 2010). Activated BIK1 then phosphorylates
RESPIRATORY BURST OXIDASE HOMOLOGUE D (RBOHD) resulting in production of
reactive oxygen species (ROS) (Kadota et al., 2014; Li et al., 2014). In general, PAMP-induced
ROS bursts are among the earliest immune responses against pathogens, being induced within
several minutes of PAMP perception (Couto & Zipfel, 2016). BIK1 also activates processes further
downstream, including mitogen-activated protein kinase (MAPK) phosphorylation, transcriptional
reprogramming, and Ca?* influx into the cell (Kadota et al., 2014). Taken together, the responses
induced by PRRs provide a first barrier against a multitude of pathogens, which was termed pattern-

triggered immunity (PTI).

A well-studied RLP contributing to PTI is RECEPTOR-LIKE PROTEIN 23 (RLP23), which
possesses an extracellular LRR domain that binds the conserved 20 or 24 amino acid epitopes of

necrosis and ethylene-inducing peptide 1-like (nlp) proteins (nlp20 or nlp24) (Albert et al., 2015;
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Seidl & Van den Ackerveken, 2019). RLP23 lacks an intracellular kinase domain, but
constitutively associates with the RLK SUPPRESSOR OF BIR1 1 (SOBIR1). Upon nlp binding,
BAKTL is recruited to form a tripartite complex at the plasma membrane as well (Albert et al., 2015).
In contrast to FLS2, RLP23 downstream signaling is mediated by the cytoplasmatic kinase PBS1-
LIKE31 (PBL31) (Pruitt et al., 2021). While BIK1 induces a strong ROS burst via activation of
RBOHD (Kadota et al., 2014; Li et al., 2014), PBL31 leads to a pronounced ethylene induction
and a weaker ROS burst (Pruitt et al., 2021). BIK1 was shown to negatively regulate RLP23-
PBL31-mediated PTI responses.

While PTI provides a robust layer of defense against an array of opportunistic pathogens,
professional host-adapted pathogens have evolved ways to manipulate the plant immune system
by interfering with host processes. Similar to animal pathogens, professional plant pathogens
secrete a plethora of so-called effector molecules, which generally consist of small proteins,
peptides, or metabolites (Toruno et al., 2016). These effectors directly interfere with plant
immunity or alter host metabolic processes or developmental programs to enhance pathogen
colonization. In order to counter host-adapted pathogens, plants have evolved a second layer of
immunity, which perceives pathogens via effector surveillance programs (Jones & Dangl, 2006).
This surveillance is carried out by intracellular nucleotide-binding LRR receptors (NLRs), which
resemble mammalian nucleotide-binding-oligomerization domain (NOD)-like receptors. Plant
NLRs have a central nucleotide-binding domain (NB) (further classified as Apafl/R/CED4-like
NB (NB-ARC) domain) and are divided into two categories based on their variable N-terminal
domains namely TIR-NLRs (TNLs) and coiled-coil (CC) domain NLRs (CNLs) (Jones et al.,
2016). These NLRs directly bind effectors or indirectly detect their manipulation of host processes
to induce immunity (Monteiro & Nishimura, 2018; Tamborski & Krasileva, 2020).

Many direct interactions between NLRs and effectors were described, including the A. thaliana
and Nicotiana benthamiana TNLs RECOGNITION OF PERONOSPORA PARASITICA 1
(AtRPP1"B) and RECOGNITION OF XOPQ 1 (NbRogl), which recognize the effectors
A.THALIANA RECOGNIZED 1 (ATR1E™%2) and XopQ from the oomycete Hyaloperonospora
parasitica and bacterium Xanthomonas campestris pv. vesicatoria (Xcv), respectively (Krasileva
et al., 2010; Schultink et al., 2017). Upon direct effector recognition, these TNLs oligomerize to
induce downstream responses (Ma et al., 2020; Martin et al., 2020). However, it became obvious
that there are NLRs that monitor host manipulation in different ways. In addition to the directly
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recognized effectors, some NLRs sense perturbations in effector-modified host proteins, called
guardees, or by trapping effectors using so-called decoys, which resembles functional effector
targets (van der Hoorn & Kamoun, 2008). The A. thaliana CNL HOPZ-ACTIVATED
RESISTANCE 1 (ZAR1) for example recognizes an effector-manipulated form of the
pseudokinase decoy PBS1-LIKE KINASE 2 (PBL2) (Wang et al., 2015), leading to formation of
a pentameric ring (Wang et al., 2019a; Wang et al., 2019b). Upon activation, ZAR1 is likely
inserted into the plasma membrane, where it acts as a Ca?*-permeable channel (Wang et al., 2019a;
Wang et al.,, 2019b). This represents the first example of plant-pathogen perception via
identification of an effector-modified host protein at the molecular level. The ZAR1-like
mechanism was proposed for additional CNLs (Adachi et al., 2019), and gave a first answer to the
long standing question of NLR activation. Activated NLRs lead to a strong immune response
oftentimes including programmed host cell death which provides a robust layer of defense against

adapted pathogens, called effector-triggered immunity (ETI) (Jones & Dangl, 2006).



Introduction

1.2. EDSLI signaling branches in plant TIR-mediated immunity

While the mechanism of TNL activation has only recently been solved, the downstream signaling
pathways establishing TNL-mediated ETI have been subject to research for the past three decades.
Strikingly, all studied plant TIR proteins signal via ENHANCED DISEASE SUSCEPTIBILITY 1
(EDS1) and its two interacting protein partners (Lapin et al., 2020; Venugopal et al., 2009;
Wirthmueller et al., 2007). Together with PHYTOALEXIN-DEFICIENT 4 (PAD4) and
SENESCENCE-ASSOCIATED GENE 101 (SAG101), EDS1 forms a conserved family of lipase-
like proteins, defined by their C-terminal EDS1-PAD4 (EP) domain (Wagner et al., 2013). Outside
the EDS1 family, no other proteins are described to contain EP domains (Wiermer et al., 2005).
The EP domain contributes to formation of exclusive EDS1-PAD4 and EDS1-SAG101
heterodimers (Wagner et al., 2013).

In plants, TIR and EDS1 heterodimer signaling depends on a class of conserved CNLs, also termed
“helper NLRs” with a RESISTANCE TO POWDERY MILDEW 8 (RPW8)-like CC domain
(RNLs). The RNLs ACTIVATED DISEASE RESISTANCE 1 (ADR1) and N REQUIREMENT
GENE 1 (NRG1) co-function with EDS1-PAD4 and EDS1-SAG101 heterodimers, respectively
(Sunetal., 2021; Wu et al., 2021). The two A. thaliana TNLs RESISTANT TO P. SYRINGAE 4
(AtRPS4) and RESISTANT TO RALSTONIA SOLANACEARUM 1 (AtRRS1) sense the
presence of the bacterial effector protein AvrRps4 together as an NLR-pair and were used as ETI
triggers in extensive genetic studies on the two emerging EDS1 signaling branches. In AtRPS4-
AtRRS1-mediated immunity, the EDS1-PAD4-ADRL1 branch is required to induce transcriptional
reprogramming without visible host cell death, while the EDS1-SAG101-NRG1 branch mainly
mediates host cell death induction (Bonardi et al., 2011; Castel et al., 2019; Lapin et al., 2019;
Saile et al., 2020; Sun et al., 2021; Wu et al., 2019). In contrast, TNL-mediated immunity and cell
death are both dependent on EDS1-SAG101-NRG1 in N. benthamiana (Gantner et al., 2019; Qi et
al., 2018).

Historically, PTI and ETI have been regarded as separate layers, individually triggered during
stages of immunity. However, it was recently shown that components of both immune sectors
overlap and form a more complex network. Both TNL- and CNL-mediated ETI was shown to
depend on PTI components such as RBOHD, indicating that ETI can be regarded as enhanced PTI
(Ngou et al., 2021; Tian et al., 2021; Yuan et al., 2021). At the same time, the EDS1-PAD4

heterodimer, a classical component of ETI, was shown to be involved in nlp20-triggered immune
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responses (Pruitt et al., 2021). EDS1-PAD4 are also known to contribute to resistance against
virulent Pseudomonas syringae strains in A. thaliana that are not recognized by known TNLs (Cui
etal., 2017; Cui et al., 2015; Dongus & Parker, 2021), an immune response that was termed “basal
resistance”. The crosstalk between PTI and ETI, as well as the functional overlap of immune
pathways suggest a far more complicated immune network in plants and argue against a strict

division between PTI and ETI responses (Ngou et al., 2021).
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1.3. Conservation of TIR domains across kingdoms of life

Apart from appearing in plant TNLs, TIR domains are also found across all forms of cellular life
(Toshchakov & Neuwald, 2020). Despite varying primary sequences and associated protein
domains, a conserved flavodoxin-like o/B-fold is shared between bacterial, animal and plant TIRS
(Bayless & Nishimura, 2020; Lapin et al., 2022; Nimma et al., 2021), defining the domain across
kingdoms. The first TIRs were recognized as domains shared by Drosophila melanogaster Toll
and human Interleukin-1 receptor (IL-1R) proteins (Gay & Keith, 1991). Both are involved in
innate immunity, but Toll is also indispensable for D. melanogaster embryogenesis (Anderson et
al., 1985; Lemaitre et al., 1996). As first plant TIR homolog, the N. benthamiana N resistance
protein was described, which resembles a TNL mediating resistance against tobacco mosaic virus
(TMV) (Whitham et al., 1994). Structurally, TIRs consist of a central 3-sheet surrounded by five
alphabetically named a-helices (Toshchakov & Neuwald, 2020). Plant TIRs differ from those
studied in bacteria and animals in an extended a-helical D region (Bernoux et al., 2011; Lapin et
al., 2022). This plant-specific feature was implicated in cell death signaling and enzymatic activity
of plant TIRs.

Plant TIR domain containing proteins contribute to diverse signaling pathways, and additional
domains appear to specify the function of individual TIR proteins. Certain common TIR protein
architectures have been functionally defined and grouped via phylogenetic analyses in the past.
TIR-containing proteins mostly have one of the following domain architectures: (1) short TIR-only
proteins with at most additional short domains, (2) TIR domains directly fused to repeat domains,
and (3) TIR domains connected to an NB and variable repeat domains (Lapin et al., 2022). The
integration of TIR domains into various full-length proteins and diverse signaling pathways marks
the importance of this signaling domain across phylogenetic groups of organisms.

The first group of TIR proteins was described in bacteria, oomycetes, animals, and plants. They
can either be complete stand-alone TIRs or contain additional short domains, for example
transmembrane portions, but TIR domains occupy most of their sequence. This is the most
widespread domain architecture for TIR-containing proteins in plants (Lapin et al., 2022; Meyers
et al., 2002; Sun et al., 2014), and is also a feature of several effector proteins secreted by human
and plant bacterial pathogens (Eastman et al., 2021; Nanson et al., 2020). Also, part of this group
are the human Myeloid differentiation primary response 88 (Myd88) and Myd88 adaptor-like (Mal)
proteins, which provide a protein-protein interaction hub in innate immunity (O'Neill & Bowie,
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2007). A characterized plant TIR-only protein is RECOGNITION OF HOPBA1 (AtRBA1) from
A. thaliana, which induces immune defenses in response to the P. syringae effector HopBA1l
(Nishimura et al., 2017). Although mostly lacking other prominent protein domains, these TIR
proteins fulfill a large variety of functions across different organisms. The most prominent
members of the ‘TIR + repeat’ architecture are animal LRR-containing Toll-like receptor (TLR)
proteins. TLRs detect the presence of extracellular PAMPs (Kawasaki & Kawai, 2014; O'Neill &
Bowie, 2007), showing a functional overlap with plant PRRs. In contrast to plant PRRs however,
TLRs induce downstream signaling to induce a cell death response upon PAMP binding (Kawasaki
& Kawai, 2014). So far, no analogous TIR-containing PAMP receptors have been described in
plants. The third group of TIR proteins has a ‘“TIR-NB-repeat’ architecture and was identified in
prokaryotes and plants. Common C-terminal repeat domains include LRR, WD40 or
Tetratricopeptide repeat (TPR) domains, which vary across different organisms (Lapin et al., 2022;
Sarris et al., 2016). TIR-NB-TPR proteins are present in bacteria and plants (Lapin et al., 2022).
Fungi contain HET-NB-TPR proteins with the HET domain resembling TIRs at the sequence level
(Dyrka et al., 2014).

Two major trends can be observed in the evolution of TIRs, resulting both in high copy number
variation of certain TIRs and simultaneous maintenance of a small cadre of evolutionarily
conserved TIRs. In animals, Myd88 and Mal proteins were kept in low copy numbers and show a
high degree of conservation across species (Kumar et al., 2017; O'Neill & Bowie, 2007;
Toshchakov & Neuwald, 2020), while the number of TLRs per genome can vary drastically (Liu
et al., 2021). A similar trend was observed in plants, where TNL numbers in most Eudicots
expanded, most likely to specialize in the detection of diverse pathogenic effectors. At the same
time, Monocots and aquatic flowering plants lost full-length TNLs completely and members of the
Caryophyllales order within Eudicots have a reduced TNL repertoire (Baggs et al., 2020; Lapin et
al., 2019; Liu etal., 2021; Monteiro & Nishimura, 2018; Shao et al., 2016; Tamborski & Krasileva,
2020). To date, the mechanisms that balance the persistence or loss of TNLs in plant genomes are
not fully understood. Phylogenetically conserved TIR proteins were also described in plants, in the
form of TIR-NB-TPR proteins (TNPs, also known as XTNX), which exist in most land plants
(Meyers et al., 2002; Nandety et al., 2013; Zhang et al., 2017b). A phylogenetic study reported
their presence in land plants ranging from Bryophytes to Angiosperms, encompassing most land
plants (Zhang et al., 2017b). They were described to exist in two major clades, which potentially
originated from ancient genome duplications (Zhang et al., 2017b).
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Using a method called Bayesian partitioning with pattern selection (BPSS) (Neuwald, 2014),
groups of TIRs were identified across prokaryotes, animals, and plants in a computationally
affordable way (Toshchakov & Neuwald, 2020). TIRs were divided mostly into kingdom-specific
protein groups, representing functionally diverging TIR proteins. For example, the largest animal-
specific group contained TLR receptors, and the largest plant group is comprised of TNLs
(Toshchakov & Neuwald, 2020). While inter-kingdom studies like this provide a valuable resource
to classify TIRs across kingdoms and highlight overarching trends in structural diversification, they
lack resolution at the single protein level. For instance, ~1000 plant TIR-containing proteins could
not be classified based on BPSS (Toshchakov & Neuwald, 2020). In contrast, phylogenetic studies
on a subset of TIR proteins or at the level of individual species can provide a higher-resolution
classification (Meyers et al., 2002; Nandety et al., 2013; Zhang et al., 2017b). However, there have
been no studies that explicitly compare all TIRs found in plants, to discover plant specific TIR

evolutionary trends, using the latest set of available genomes.
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1.4. TIR domain self-associations and enzymatic activities

In addition to their common structural elements and similar trends in evolution, TIR domains are
also functionally conserved across kingdoms. Two conserved aspects of TIR functions are the
formation of intermolecular TIR-TIR protein interactions and their consequential enzymatic

activity, which are both shared by most TIR domains.

The existence of TIR-TIR interactions was described for animal and plant proteins alike and is
crucial for direct and indirect TIR signaling activities. By interacting with TIRs of activated TLR
receptors, animal TIR adaptor proteins like Myd88 and TIRAP form complexes at the plasma
membrane, which provide signaling platforms for activated PAMP signaling leading to protein
kinase activation and transcriptional reprogramming (Clabbers et al., 2021; Fields et al., 2019;
O'Neill & Bowie, 2007). Interestingly, this pathway is itself targeted by TIR domain effectors from
pathogenic bacteria, which can form heterodimers with the mammalian signaling components to
interfere with immunity (Cirl et al., 2008; Nanson et al., 2020; Yadav et al., 2010). This is a striking
example of inter-kingdom conservation of TIR-TIR interactions. TIR-TIR interactions were also
described for the human STERILE ALPHA AND TIR MOTIF CONTAINING 1 (HsSARM1)
protein, which is involved in inducing axonal cell death. Upon activation, HSSARM1 TIRs come

into close proximity, which is important for neurodegeneration (Shi et al., 2022).

In plants, studies of TIR-TIR interactions were first based on the crystal structures of TIR domains
from the Linum usitatissimum (flax) and A. thaliana TNL receptors LuL6 and AtRPS4-AtRRS1
pair, respectively (Bernoux et al., 2011; Williams et al., 2014). Separated from their NB-ARC and
LRR domains, their TIRs induce autoactive cell death that does not require the presence of their
cognate effectors (Zhang et al., 2017a) but is still dependent on EDS1 in N. benthamiana (Wan et
al., 2019). The structures showed TIR homodimers, resolving important interaction surfaces that
also influence the function of their full-length receptor proteins. In the LuL6™® dimer, a self-
association interface between the aD and oE helices (DE interface) was reported (Bernoux et al.,
2011), while the AtRPS4T'R-AtRRS1T'R interaction was mainly mediated by the aA and oF helices
(AE interface) (Williams et al., 2014). Later, it was shown that plant TIRs including the ones from
A. thaliana TNLs SUPPRESSOR OF NPR1-1, CONSTITUTIVE 1 (AtSNC1) and AtRPP1W*®
interact via both AE and DE interfaces and that mutations in either of the interfaces impairs

signaling and cell death functions (Zhang et al., 2017a). The importance of the DE interface in cell
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death induction was later confirmed for the A. thaliana and Brachypodium distachyon TIR-only
proteins AtRBAL and BATIR, respectively (Nishimura et al., 2017; Wan et al., 2019).

TIR-TIR interactions are required for recently discovered TIR-enzymatic activity, marking the
second conserved attribute of TIRs. Apart from the TIRs of TLRs and TIR adaptor proteins, which
likely evolved into purely structural protein-protein interaction domains, most investigated TIRs
are enzymatically active (Bayless & Nishimura, 2020; Horsefield et al., 2019). This activity was
first shown for HsSSARM1, which is able to hydrolyze NAD* (Essuman et al., 2017). HsSSARM1
lowers intracellular NAD* levels likely leading to an energy imbalance and consequent neuronal
cell death (Essuman et al., 2017). A similar enzymatic activity was later shown for bacterial and
archaeal TIRs (Essuman et al., 2018), as well as plant TNL TIRs and the TIR-onlys AtRBA1 and
BATIR (Wan et al., 2019). TIR domains are active NADases in in vitro experiments showing that
no other intrinsic signaling components or enzymes are required. Mutations in the AE and DE
interfaces of plant TIRs disrupted NADase activities (Wan et al., 2019), again highlighting the
importance of TIR-TIR interactions. Apart from self-association, a single glutamate residue is
required for NADase activity of all of the tested TIRs, which is conserved across organisms
(Essuman et al., 2018; Wan et al., 2019; Whitham et al., 1994). This glutamate resides in the aC
helix and forms part of the catalytic site that was identified in the plant TIRs.

The structures of full-length AtRPP1%s8 and NbRoq1 TNLs in complex with their cognate effectors
ATR1 and XopQ, respectively, have been solved using cryo electron-microscopy (EM) (Ma et al.,
2020; Martin et al., 2020). These so-called plant resistosomes form tetrameric structures, consisting
of four TNLs and four effector proteins in complex. Upon effector binding, the resistosomes
assemble and sections of the TNL NB-ARC domains around a region called “P-loop” assist in
complex formation via contact points with the TIR domains (Ma et al., 2020). This leads to stable
tetramer formation, in which four TIRs are brought into close proximity. The P-loop region is
important for a multitude of NLRs and mutations can lead to loss-of-function or autoactive versions
of NLRs, as was shown for P-loop variants in AtRPP1"*E and AtNRG1 (Jacob et al., 2021;
Krasileva et al., 2010). Upon complex assembly, TIRs in AtRPP1"E and NbRoqgl form two
symmetric and two asymmetric dimers, with the asymmetric TIR domains forming the catalytic
center, required for NAD* hydrolysis. A loop connecting the BB sheet and oB helix (called BB-
loop) comes into contact with the opposing TIR domain and forms the active center, resulting in
two catalytic centers per TNL-effector tetramer (Ma et al., 2020; Martin et al., 2020). BB-loop
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regions are conserved structural elements in other TIR domains and were shown to be required for
TNL-mediated cell death (Ma et al., 2020). Effectors are directly bound to the TNLs via
interactions with the LRR domains as well as the C-terminal jelly roll/Ig-like domain (C-JID). C-
JIDs are oftentimes present in TNLs that directly recognize effectors and were shown to be essential
for both AtRPP1"s8 and NbRoqg1 TNL-effector complex formation (Ma et al., 2020; Martin et al.,
2020). Since C-JID-containing TNLs are widespread in plants (Lapin et al., 2022; Ma et al., 2020)
it is likely that the AtRPP1"*E and NbRoq1 resistosomes will form a basis to characterize functions

and activities of other TNLSs.

It was shown that molecular crowding alone, which leads to induced proximity of TIRS, can
enhance their activities (Horsefield et al., 2019), which underlines the importance of close TIR-
TIR contacts. Consequential, in untriggered states TIRs have to be kept apart to avoid
autoactivation. Different mechanisms have evolved to keep TIRs inactive. For example, in
HsSARML1 autoinhibitory armadillo motif (ARM) domains prohibit TIR-TIR contacts in the
inactive octameric complex (Figley et al., 2021; Shen et al., 2021; Sporny et al., 2020). By
nicotinamide outcompeting NAD™ bound to the ARM domains, they likely change conformation
and set TIR domains free allowing interactions and subsequent enzymatic activity. Similarly, it
was shown for the AtRPS4-AtRRS1 pair that binding to bacterial effectors relieves a self-inhibited
state, allowing enzymatically active AtRPS4 TIR domains to interact (Guo et al., 2020).
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1.5. Plant TIR metabolites selectively induce EDS1-RNL complexes

While NAD* hydrolysis emerged as a common feature of enzymatically active TIR domains, the
identity of resulting products varies between different organisms and TIR domains. HSSARM1
mainly cleaves NAD" into nicotinamide and cyclic ADP-Ribose (CADPR) (Essuman et al., 2017).
Nicotinamide and cADPR are also produced by prokaryotic and plant TIRs, which were
additionally shown to produce a variant CADPR (v-cADPR) (Wan et al., 2019). It is hypothesized
that v-cADPR is the active signaling compound in the bacterial Thoeris system, which mediates
antiphage resistance in a variety of bacteria (Ofir et al., 2021). In the Bacillus subtilis Thoeris
system, catalytic products from the TIR protein ThsB trigger the downstream NADase ThsA,
which leads to NAD* depletion and thereby induced resistance against invading phages (Ofir et al.,
2021). In plants, studies have hypothesized that v-cADPR might also be the signaling compound
inducing cell death, however a study expressing a bacterial TIR that produces v-cADPR showed it
is not sufficient to induce cell death in tobacco (Duxbury et al., 2020), removing v-cCADPR from

the list of candidate TIR metabolites for downstream signaling in plants.

Instead, two studies identify the TIR catalytic metabolites ADP-ribosylated ATP (ADPr-ATP),
ADP-ribosylated ADPR (di-ADPR) and 2'-(5”-phosphoribosyl)-5'-adenosine  mono- or
diphosphate (pRib-AMP/pRib-ADP) as active signaling compounds in plants (Huang et al., 2022;
Jiaetal., 2022), explaining the link between TIR activation and downstream immune signaling via
EDS1 heterodimers, which has been puzzling for the last decades. The TIR-catalyzed metabolite
pRib-AMP preferably binds EDS1-PAD4 (Huang et al., 2022), while ADPr-ATP and di-ADPR
are more likely to be incorporated into the EDS1-SAG101 complex (Jia et al., 2022). Binding of
the specific TIR metabolites induces EDS1 heterodimer associations with the respective RNLSs, via
a conformational change in PAD4 and SAG101 within the heterodimers (Huang et al., 2022; Jia et
al., 2022). It is likely that activated ADR1 and NRG1 work as Ca®* channels, in a ZAR1-like
fashion, since homologous residues within their CC domains are crucial for their RNL cell death
activity (Bi et al., 2021; Jacob et al., 2021) and the autoactive variant of AtNRG1 was shown to
induce Ca?* influx into human HeLa cells, which is P-loop dependent (Jacob et al., 2021). While
these recent findings provided a direct link between TIR activation, enzymatic activity, and
specification of downstream signaling, it still remains unknown how the formation of heterodimers
is controlled so the plant can balance immune responses with and without induction of programmed

cell death, as activated TIRs produced all three metabolites simultaneously (Huang et al., 2022; Jia
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et al., 2022). In addition to the NADase reaction products that induce specific EDS1-RNL
interactions, plant TIRs were shown to catalyze a second reaction. Cryo-EM structures of flax
LuL7™R bound to DNA revealed that plant TIRs can engage in signaling via cooparative assembly
formation (SCAF), which was previously described for animal TIRs (Nanson et al., 2020; Nimma
et al.,, 2021). SCAF leads to accumulation of TIRs by formation of long filaments, likely
potentiating enzymatic activities. LuL7™® was shown to hydrolyze DNA and synthesize 2°,3’-
cyclic nucleotide monophosphates (cNMPs) to promote cell death (Yu et al., 2022). While self-
association was required for cNMP synthesis, a cysteine residue neighbouring the catalytic
glutamate of LUL7™R is crucial for this second enzymatic activity (Yu et al., 2022). While these
studies provide more and more candidate metabolites, it remains unknown how TIR-generated

signals are integrated during immune responses.

1.6. Thesis Aims

With an ever-increasing body of publications pointing to the importance of TIR domain containing
proteins in plant immunity, providing a phylogeny-based annotation for plant TIRs is of major
interest to allow selected analyses on different TIR groups. This study aimed to provide a solely
phylogeny-based TIR annotation using TIRs from a comprehensive set of plant species. As the
EDS1 signaling node is a major signaling partner for plant TIRs, investigating potential co-
evolutionary patterns of TIRs and EDSL1 in plants was a second aim. Testing the expression of
identified conserved groups of TIR domains was another aim, which led to the identification of

immune-related TIRs for further analyses.

The molecular analysis focused on confirming TIR-EDS1 co-evolutionary trends and to test
whether TIR-EDS1 co-occurrence dictates EDS1-dependent functions of major TIR groups.
Finally, CRISPR/Cas9 mutants were generated to test for involvement of conserved TIRs in plant
immune responses and to establish if TIR-less plants are viable. Host plants were selected to
represent a variety of EDS1 family protein sets to reflect natural variation within this important

TIR signaling pathway.
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2. Results

The results presented in this thesis are split into two major parts. The first part describes the
establishment of a bioinformatic pipeline for TIR domain identification, copy number comparison
and phylogenetic reconstruction of TIR evolution in plants. The resulting large-scale TIR
phylogeny was then used to derive a phylogeny-based grouping of conserved TIR domains.
Additionally, bioinformatic tools were utilized to analyze the immune-related expression of
conserved TIR protein groups in a variety of plants. The second part deals with the molecular
characterization of the two most conserved plant TIR protein groups identified in the first part,
while highlighting their distinct EDS1-dependencies. Furthermore, the second part describes A.
thaliana and N. benthamiana CRISPR/Cas9 mutants that were generated to investigate possible

conserved TIR functions in and outside of immunity.

Most of the included data were also assembled into a publication, that can currently be found on
bioRxiv (Johanndrees et al., 2021). While all major findings are included in this thesis, | focus on
the results that were generated by me during my time as a PhD student. Additional experiments

and results taken from the manuscript are indicated using citations.
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2.1. Reconstruction of plant TIR domain evolution

2.1.1. TIR proteins have radiated in Eudicots and Conifers

One of the aims of this thesis was to reconstruct plant TIR domain phylogeny and to find
evolutionary trends among TIR domains, as well as possible co-evolutionary traces between TIRS
and the EDS1 family. For an unbiased and novel view of plant TIR evolution, | did not rely on
previously published sets of TIR proteins, but tried to gather TIRs directly from published
proteomes, which are the result of protein predictions on sequenced and assembled genomes. The
depth of information within such a phylogenetic analysis is always dependent on the amount and
phylogenetic spread of the species chosen for the analysis. To get the most information possible, |
decided to use species ranging across multiple phylogenetic clades within green plants. These
included green algae (Chlorophyta and Streptophyta), non-vascular mosses and liverworts
(Bryophytes) as well as vascular plants from Lycophytes, Gymnosperms (Conifers), Magnoliids,
Monocots and finally multiple orders of the Eudicots (Rosids, Asterids, Caryophyllales). For all of
these clades, I selected species, that had a genome and derived proteome available, either from a
public database, or directly from publications (Table 1). In total, 39 plant species were selected for

the TIR phylogenetic analysis.

First, | wanted to get an overview of how diverse TIR numbers would be amongst plants and across
phylogenetic clades. For this, | established a bioinformatic pipeline to search the proteomes of all
selected plants using Hidden-Markov Models (HMMs) deposited in the public Pfam protein
domain database. Because there are multiple TIR and TIR-related HMMs (TIR, TIR_2, TIR-like,
DUF1863 and SEFIR, Table 2), I combined the results of all of these, considering the different
regions being identified and keeping only the longest predicted domains. As there is no functional
distinction known between the different TIR “types”, I termed all of the identified protein domains
TIR domains and combined them into one dataset. For the purpose of better readability, I will only
state the genus names for phylogenetic analysis, the full species names can be found in Table 1.
With a few exceptions within the tested algae (Chara, Ostreococcus and Coccomyxa), all tested
plants contained predicted TIR domains, however numbers varied drastically, ranging from a single
TIR in Marchantia, Selaginella and some algae (Chlamydomonas, Volvox, Micromonas), to 385
and 417 TIRs in the Conifer Pinus and Eudicot Eucalyptus, respectively (Figure 1). Generally, TIR
numbers were the highest in Conifers and Eudicots and lower in Monocots and non-vascular plants.
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Figure 1: Variation of TIR domain and TNL protein numbers across 39 plants

A Total TIR domains and TNL proteins identified in 39 different plant proteomes. Colors on
top indicate phylogenetic clade of the source plant. Numbers in squares indicate numbers of all
TIR domains identified using TIR HMMs (TIR, TIR2, TIR-like, DUF1863, SEFIR, Table 2), TNL
proteins were identified using additional NB-ARC and LRR HMMs. Blue color shades illustrate
copy number differences. A list of full taxonomic names as well as the proteome information can
be found in Table 1.

B TIR domain and TNL counts summarized per broader taxonomic clades (families for
Eudicots). Dots (all TIR domains identified by HMMs) and squares (TNLs identified by additional
HMMs found in Table 2) each represent a single species falling into the broader taxonomic clade,
which is indicated by different colors. Horizontal lines show the spread of copy numbers within
different taxonomic unit, the vertical bars show respective medians.
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A similar trend was observed when comparing numbers of the most commonly TIR-associated
protein domain architecture, being full-length TNL proteins. These were predicted using the same
proteomes of the 39 plant species, with additional HMMs for NB-ARC and LRR domains (Table
2). Bioinformatic prediction of LRR domains was not as trivial as TIR or NB-ARC prediction,
since there is a multitude of different LRR HMMSs available in the Pfam database, mainly
distinguished by the number of LRRs, so the combined results of the LRR HMMs listed in Table
2 were used for TNL annotation, together with the NB-ARC results (Figure 1). As expected, full-
length TNLs were not predicted in the proteomes of algae and Selaginella and Monocots, while
some Eudicot and Conifer species contain more than 100 TNLs (Figure 1). To gain a more detailed
insight into TIR distributions, | also looked at distributions of TIRs and TNLs within the Eudicots
and compared it to the other tested plant clades. It is apparent that within the Eudicots, Rosids
contain the most TIRs and TNLs, Asterids have lower numbers, and the tested Caryophyllales
Amaranthus and Beta have similar overall TIR domain numbers, comparable to Monocots, and
only a single predicted full-length TNL within both proteomes (Figure 1). This illustrates the
striking range of TIR and TNL numbers and shows possible signs of TIR radiation within the
Conifers and Eudicots, with a much stronger accumulation of TIRs and TNLs in Rosids and
Asterids, which did not occur in Caryophyllales. However, these numbers do not yet consider the

TIR domain phylogeny and are simply based on protein domain annotations and HMM predictions.

2.1.2. Land plants have evolved four conserved TIR groups

The current TIR nomenclature in plants is mainly influenced by protein domains attached to the
TIR domains, for example NB-ARC or LRR domains in TIR-NB-ARC (TN) or TNL proteins.
Protein domain architectures have been used in the past to name proteins, for example in the A.
thaliana TN or TIR-X (TX) proteins (Meyers et al., 2002). However, nomenclatures like these do
not reflect the phylogenetic relationship of the TIR domains within those protein groups and can
therefore overlook larger evolutionary trends, by naming all proteins with the same full-length
domain arrangement in a similar way. To introduce an unbiased and purely phylogeny-based
nomenclature of plant TIRs, | constructed a maximum likelihood (ML) phylogenetic tree for a total
2,348 identified TIR domains from the 39 tested plant species (Johanndrees et al., 2021), to look
for the presence of phylogenetically conserved TIR groups. Because of the algal TIR proteins

showing very long branches on that initial tree, which did not fall into concise monophyletic
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groups, they were excluded from further phylogenetic analyses. Also, to reduce the overall
calculation time (the initial 2,348 sequence tree took ~2 months to calculate), | selected
representative TIR domain sequences from the main phylogenetically distinct groups, resulting in
a set of 307 TIRs that were used to generate a representative ML tree (Figure 2). This tree had a
much shorter calculation time (~1 week), allowing me to modify the phylogenetic searches and add
or remove outlier TIRs, while retaining the global phylogenetic grouping of TIRs on the tree
(Figure 2). The presence of the same conserved groups on both the initial full tree as well as the
reduced representative trees suggest importance of the recovered groups. It also highlights that
many of the Conifer and Eudicot TIR domain sequences are very similar on a phylogenetic level,
but do not contribute to a better resolution on the ML trees. This points towards radiation of TIRs
within these clades, leading to a high number of similar TIR domains in each species. Four highly
conserved groups were defined as TIR domain groups with a bootstrap support greater than 90,
that contain TIRs from more than one species and or broader phylogenetic clade (Figure 2). The
identified groups were therefore solely based on their TIR domain phylogeny, excluding possible
attached domains or functions of the full-length proteins to bias their annotation.

To try and add more information and possibly annotate the full-length proteins containing
conserved TIR domains, additional HMM searches were performed using NB-ARC, LRR, C-JID
and TPR HMMs (Table 2). Two of the conserved TIR groups mostly contain TNL proteins, which
is why they were termed TNL #1 and TNL #2 (Figure 2). TNL #1 was previously identified as
“NLR family 31” in studies focusing on NB-ARC phylogeny (Liu et al., 2021; Zhang et al., 2016).
They were not predicted to contain common C-terminal TNL domains, such as C-JID domains,
which were identified in the effector-recognizing TNLs AtRPP1 and NbRoq1l (Figure 2, (Maetal.,
2020; Martin et al., 2020)). TNL #1 proteins can be found in most Eudicot proteomes, including
Caryophyllales, which have lost most other full-length TNLs, and all together showed a reduced
TIR and TNL repertoire (Figure 1, Figure 2). Additionally, TNL #1 proteins are present in the
Magnoliid Cinnamomum, but not in Monocots, Conifers, Amborella or Nymphaeales (Figure 2),
suggesting that this TIR group likely emerged in Mesangiosperms before the Monocot-Eudicot

split and was likely lost in Monocots.
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Results

Figure 2: Phylogeny of representative TIR domains identified in 39 selected plant species

A Maximume-Likelihood phylogenetic tree (generated using 1Q-TREE) of 307 representative
TIR domain sequences. TIR domains were predicted from 39 plant proteomes using TIR HMMs
(TIR, TIR2, TIR-like, DUF1863, SEFIR, Table 2). Dots represent individual TIR domains, their
color shows their phylogenetic origin. Branches with bootstrap support >90 are marked with black
dots. Black boxes next to the individual TIR domains indicate presence of additional protein
domains (NB-ARC, LRRs, C-JID and TPRs), which were identified using their respective HMMs
(Table 2). Conserved groups with TIR domains from more than one species or clade are marked
with rectangular boxes and their predominant full-length protein domain architectures are depicted
as cartoons next to them.

B Conserved TIR domain and EDS1 family counts per plant species. Colors on the right side
indicate phylogenetic clade of the source plant. Numbers in squares indicate numbers of conserved
TIR domain groups as well as EDS1, PAD4 and SAG101. Conserved TIR proteins were identified
on the complete phylogenetic tree (Johanndrees et al., 2021), EDS1 family proteins were identified
by prediction of the EP-domain using an HMM and running a subsequent phylogenetic tree to
separate EDS1, PAD4 and SAG101 sequences (as described in (Johanndrees et al., 2021)). Blue
color shades illustrate copy number differences. A list of full taxonomic information as well as the
proteome information can be found in Table 1.

The TNL #2 group, previously called “NLR family 10” based on NB-ARC phylogeny (Zhang et
al., 2016), was identified only in Eudicots, interestingly being absent from Eucalyptus and
Arabidopsis, which otherwise have extended TIR repertoires (Figure 2). In contrast to TNL #1
proteins, which are maintained at 1-3 copies per proteome, TNL #2 numbers have drastically
expanded in some proteomes (54 in Populus and 24 in Prunus) (Figure 2). Interestingly, TNL #2
proteins comprise around 50 % of predicted TNLs in Populus, Nicotiana and Solanum. Many TNL
#2 proteins were identified to have additional post-LRR C-JID domains, possibly indicating
effector-binding capabilities, which would suggest a role in immunity (Figure 2). However, neither

TNL #1 nor TNL #2 groups contain any functionally annotated proteins.

A third conserved TIR group (referred to as “conserved TIR-only”) relates to a family of ~200 aa-
long proteins, without additional domains except their TIRs. Conserved TIR-onlys are maintained
at 1-4 copies per tested proteome and interestingly they are present in all analyzed Eudicots,
Magnoliids and Monocots, in striking contrast to TNL #1, which are absent from Monocots (Figure
2). Conserved TIR-onlys were not identified in any other plant clade, suggesting their emergence
in Mesangiosperms (Figure 2). Importantly, this group does not include the described TIR-only
AtRBA1 from, which recognizes the bacterial HopBALl-effector (Figure 2, (Nishimura et al.,
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2017)), or the multitude of Conifer TIR-onlys, highlighting the difference between TIR-only
domain architecture, which can be found in proteins across the phylogeny and the phylogenetically
conserved TIR-only group identified here.

While C-terminal LRR repeat domains are generally present in full-length TNL proteins, TPR
repeats were only predicted in a single conserved TIR protein group (Figure 2). This group marks
the most taxonomically widespread TIR group, present in all tested land plants (except
Selaginella). Proteins within this group were previously named XTNX proteins (Meyers et al.,
2002), due to their X-TIR-NB-X domain architecture, where Xs stand for unknown or non-
conserved domains. Using additional TPR HMMs, | could show that the C-terminal domain in
these proteins is most often represented by a TPR domain, which is why these proteins were
renamed into TNPs, where P stands for TetratricoPeptide repeat, to differentiate it from the N-
terminal TIR domain. Prediction of TPRs has the same drawback of LRRs with many available
HMMs (Table 2), which is why results were combined again. However, this annotation could miss
single TPRs in the full set of proteins. TNPs do not contain C-JID domains but have frequently
been identified to contain NB-ARC domains (Figure 2). The TNP group comprises previously
studied AtTN17 and AtTN21, the two A. thaliana TNPs (Nandety et al., 2013), again showing the
downside of purely domain-based annotations, which do not take into account the special nature
of these two proteins. While TNPs are still present in the aquatic flowering plant Wolffia
australiana, with a drastically reduced NLR repertoire (Baggs et al., 2020; Baggs et al., 2022;
Johanndrees et al., 2021), data presented here show that TNPs are not present in algae, which
suggests emergence of the TNP group in land plants, including the secondary aquatic plants
(Johanndrees et al., 2021).

In summary, the four described groups mark the most conserved TIR domain groups found in the
39 analyzed plant species. While their full-length domain architecture was helpful in naming the
proteins, it is not sufficient to define individual TIR domain groups on a phylogenetic level. TNL
and TIR-only domain architectures are widespread, yet only a small subset of these proteins was

contained within the highly conserved phylogenetic groups described here (Figure 2).
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2.1.3. Conserved TIRs show distinct co-occurrence patterns with the EDS1 family

Members of the EDS1 protein family are essential signaling components in plant immunity,
connecting TIR domain signaling to cell death and immune outputs (Lapin et al., 2020). The
intimate connection between TIRs and EDS1 signaling prompted me to investigate potential co-
evolutionary patterns between the two immune components. For this, the 39 plant proteomes were
screened for EP domains, uniquely marking EDS1, PAD4 and SAG101, using an HMM and
subsequently a ML phylogenetic tree was built to define copy numbers of the EDS1 family proteins
per species (Table 2, Figure 2, (Johanndrees et al., 2021)). In accordance with previous
publications, SAG101 was absent from Conifers, Monocots and Caryophyllales, while EDS1 and
PAD4 were identified in most other seed plant species. Interestingly, Nymphaeales, Eucalyptus
and Amborella contain SAG101, but not PAD4 (Figure 2). Conserved TIR-onlys show the highest
co-occurrence with EDS1 and PAD4, being co-present in most Mesangiosperms, indicating a
possible co-evolutionary link between the EDS1/PAD4 heterodimer and conserved TIR-onlys
(Figure 2). An opposite evolutionary pattern was observed for the TNPs, which are present across
land plants, including non-seed plants and secondary water plants that lost EDS1 (Baggs et al.,
2022), indicating an EDS1-independent TNP TIR evolution (Figure 2). These data show that while
TIRs and EDS1 have a strong functional link in studied TIR proteins, including TNLs, presence of

TIR domains in a plant proteome is not strictly dependent on EDSL1.

2.1.4. TIR-associated NB-ARC phylogeny reflects conserved TIR groups

Because TIR domains are oftentimes functionally linked to associated NB-ARC domains, | also
investigated the phylogeny of these NB-ARC domains. For this, NB-ARC domains found in TIR
proteins from the representative TIR tree (Figure 2) were analyzed in a similar fashion, using HMM
searches and subsequently building an ML tree. Strikingly, the resulting NB-ARC ML tree reflects
the TIR domain phylogeny, with three conserved groups containing TNP, TNL #1 and TNL #2
proteins (Figure 3). While NB-ARC domains from TNL #1 and TNL #2 proteins are more closely
related to canonical TNL proteins, the TNP NB-ARC domains show a high divergence, which is
why they are referred to as NB-ARC-like sequences (Figure 3). Further analyses, including
alignments to canonical TNL NB-ARCs revealed that important functional residues are conserved
within the P-loop of TNPs, pointing towards a functional conservation of these residues, while the
overall NB-ARC domains differ (Johanndrees et al., 2021). Matching TIR/NB-ARC evolutionary
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patterns suggest that TIRs are associated with NB-ARC domains that show a degree of
specialization to the TIR protein context they are present in. It further underlines the importance of
the four conserved TIR protein groups.

NB-ARC
from TNL #1
Amborella
@ Bryophytes
Ceratophyllum
@ Conifers
. Eudicots
@ Magnoaliids
@ Monocots —

Nymphaeales

'

bootstrap >90
U3  tree scale

o
w

NB-ARC-like olf “' ¢ NB-ARC
from TNP from TNL #2

Figure 3: Phylogeny of TIR-associated NB-ARC domains

TIR-associated NB-ARC domains were identified using the respective NB-ARC HMM (Table 2)
on all predicted TIR proteins from the tree in Figure 2. The Maximum-Likelihood tree was
generated using 1Q-TREE. Dots represent individual NB-ARC domains, their color shows the
phylogenetic origin. Branches with bootstrap support >90 are marked with black dots. NB-ARC
domains originating from observed TIR proteins shown in Figure 2 are marked with colored boxes.
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2.1.5. Catalytic glutamate residues are conserved across TIR groups

Glutamate residues were shown to be essential for NADase enzymatic activity of TIR domains
across several kingdoms of life (Essuman et al., 2017; Essuman et al., 2018; Wan et al., 2019),
which is crucial for several TIR functions. In plants, products of this reaction are important second
messengers in immunity and cell death signaling (Huang et al., 2022; Jia et al., 2022). Therefore,
it was of interest to assess whether the conserved TIR domains contain these catalytic residues and
how the surrounding protein environments evolved. To investigate this, | extracted the TIR domain
sequences from the initial 2,348 sequence ML tree (Johanndrees et al., 2021) and aligned the TIRs
originating from each conserved group. Subsequently, | generated sequence motifs to easily
compare the alignments of different regions within the TIR groups and centered them around the
corresponding known residues in AtRPP1sB (Figure 4). Putative catalytic glutamates can be found
in all four conserved TIR groups, including TNPs, which have two adjacent glutamates in that
region (Figure 4). While the entire region surrounding the catalytic glutamates is similar in the
conserved TIR-onlys as well as the two conserved TNL groups, it differs substantially in the TNPs
(Figure 4), indicating a possible functional distinction. In addition to the catalytic glutamates, TIR-
TIR self-association interfaces are crucial for TIR activities. The AE interface (comprising an SH
amino acid stretch) was shown to be important for the AtRPP1VsE (Zhang et al., 2017a). However,
this motif did not show a high degree of conservation across conserved types of TIR domains
(Figure 4). In contrast, the DE interface (comprising a central glycine residue) was shown to be
important for cell death and NADase activity of BATIR and AtRBA1 TIR-only proteins (Wan et
al., 2019). This glycine was well maintained across all conserved TIR groups, except the TNPs
(Figure 4). Structure prediction of conserved TIR-only proteins from Oryza sativa (rice) and A.
thaliana differed from known plant TIRs in an aD-helical region (Johanndrees et al., 2021),
important for cell death activities of TNL receptors AtRPS4 (Sohn et al., 2014) and LuL6 (Bernoux
etal., 2011) and for cNMP synthetase activity found in several plant TIR domains (Yu et al., 2022).
However, this amino acid stretch was not conserved enough to draw conclusions for the conserved

TIR groups (Figure 4).
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Figure 4: Sequence motifs of known functional motifs within conserved TIR domains

Sets of TIR domains were taken based on the complete phylogenetic tree (Johanndrees et al., 2021),
“other eudicot TIR proteins” are TIRs including canonical TNLs, TNs as well as TIR-only proteins,
which are outside the conserved group. Sequence motifs were generated for each TIR group to
show the level of conservation for the catalytic glutamate region, AE and DE TIR-TIR self-
interaction interfaces as well as residues in the aD helix. The AtRPP1"E TIR domain was taken as
reference to align the sequence motifs of other TIR domains. Colors illustrate the different chemical
attributes of functionally characterized amino acids within the motifs.

2.1.6. Conserved TIR-ONLYs are transcriptionally upregulated in immunity

Differential co-occurrence of the conserved TIR groups and EDS1, as well as the broad appearance
across clades and presence of some immune-related additional domains in TNL #1, asked the
guestion whether the conserved TIR proteins are responsive to immune-related stresses. For this,
diverse public RNAseq datasets were screened for two Eudicots (A. thaliana and N. benthamiana)
as well as two Monocots (O. sativa and Hordeum vulgare (barley)). Several immune-related
RNAseq datasets were recovered (Table 3) and expression of the four conserved TIR groups, as
well as all predicted NLRs was compared between untriggered and triggered tissues, using Z-score
normalized expression vales that allow comparison between datasets. NLR genes were predicted
using the published NLR-Annotator software, which relies on identifying NLR genes via conserved
motifs, including TNLs, CNLs and RNLs (Steuernagel et al., 2020). Across RNAseq samples,
NLRs were slightly induced by immune triggers, with H. vulgare being the exception (Figure 5).
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Figure 5: Expression profiles of conserved TIR genes from public RNAseq data

Expression data was gathered from publicly available RNAseq experiments involving infection
assays on the plants Arabidopsis thaliana, Nicotiana benthamiana, Hordeum vulgare (barley) and
Oryza sativa (rice), a full description of all used RNAseq samples can be found in Table 3. Boxplots
show Z-score normalized expression of NLR genes (annotated with NLR-Annotator) and the
conserved TIR gene groups (coding for proteins shown on the tree in Figure 2). Data are separated
into untriggered (opaque boxplots) and untriggered (solid boxplots) tissues. Genes with no
detectable expression are marked with “*NA”.
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It is difficult to say which NLRs are induced, since the annotation is based on NLR-Annotator and
only a small fraction of NLRs is functionally annotated. Probably, only a few NLRs respond to each
specific pathogen or treatment. TNP genes were generally unresponsive to immune triggers, except
for the H. vulgare TNPs, which showed a trend towards induction (Figure 5). TNL #1 and TNL #2
expression was upregulated in N. benthamiana samples, where TNL #2 genes comprise half of the
TNL repertoire (Figure 2). Strikingly, conserved TIR-ONLY genes were either not detected or
expressed at a very low level in non-triggered tissues across all tested species but displayed
induction in a multitude of triggered samples in both Monocots and Eudicots (Figure 5,
(Johanndrees et al., 2021)).

To explore the expression of conserved TIR-ONLY genes in more detail, two timely resolved
datasets were selected for A. thaliana and H. vulgare and the expression of the responsive A.
thaliana TIR-ONLY AT1G52900 (AtTIR), as well as the H. wvulgare TIR-ONLY
HORVU2Hr1G039670 (HVTIR) plotted on a time axis (Figure 6). For this, the raw data was fetched
from the public SRA database, reads quantified per gene and normalized to transcripts per million
(tpm) to allow comparison of multiple sequencing runs (3 replicates per time point and treatment)
(Figure 6). Both genes are virtually not expressed before the biotic triggers (Pseudomonas syringae
pv. tomato (Pst) DC3000 D28E or Blumeria graminis f. sp. hordei (Bgh), RNAseq accessions listed
in Table 3), but exhibit induction at early stages of infection (Figure 6). For AtTIR, it did not matter
whether Pst expressed the effector protein HopAML1 or not, since expression peaked at two hours
post infection (hpi) in both cases. After 2 hpi, the expression of AtTIR quickly decreases back to
basal levels (Figure 6). Additional data taken from CNL-triggered ETI suggests induction of AtTIR
by a multitude of triggers (Johanndrees et al., 2021). Similarly, the expression of HVTIR peaks at
20 hpi, which relates to an early stage of Bgh haustoria formation (Yamaoka et al., 2000), before
it drops to close to zero at later stages of infection. Taken together, these observations suggest that
TIR-ONLY expression is responsive to diverse immune triggers across species. This contrasts with
most other conserved TIR groups, which were either unresponsive, or showed species-specific
upregulation (Figure 6, (Johanndrees et al., 2021)). The early time points, at which TIR-ONLY
expression was upregulated, suggest involvement in surface immunity, rather than downstream

signaling or long-time transcriptional reprogramming in defense.
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Figure 6: Time-resolved gene expression profiles of conserved TIR-ONLYs

A Gene expression of the conserved Arabidopsis thaliana TIR-ONLY gene AT1G52900
(AtTIR) during Pseudomonas syringae pv. tomato (Pst) infection. Data were gathered from a public
RNAseq dataset (SRP075162, Table 3). Plants were infected with Pst D28E expressing the effector
HopAML1 or an empty vector (EV) control strain. Samples were harvested at 0-12 hours post
infection (hpi) and mean expression values normalized to transcript per million (tpm). Error bars
indicate the standard error of the mean at any given time point.

B Gene expression of the conserved Hordeum wvulgare TIR-ONLY gene
HORVU2Hr1G039670 (HVTIR) during Blumeria graminis f. sp. hordei (Bgh) infection. Data were
gathered from a public RNAseq dataset (SRP111697, Table 3). Plants were infected with Bgh
isolate carrying the effector AvrA6. Samples were harvested at 0-50 hours post infection (hpi) and
mean expression values normalized to transcript per million (tpm). Error bars indicate the standard
error of the mean at any given time point.
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2.2. Exploring the involvement of conserved TIR proteins in plant immunity

2.2.1. Conserved Monocot TIR-onlys induce EDS1-dependent cell death

TIR-signaling is tightly linked to EDS1 in Eudicots, regarding both cell death and induced
resistance against invading pathogens. Overexpression of TIR-only proteins, as well as the isolated
TIR domains of canonical TNLs can induce EDS1-dependent cell death in N. benthamiana leaves,
even without an effector protein present (Horsefield et al., 2019; Wan et al., 2019). As conserved
TIR-onlys co-occur with EDS1 and PAD4 in the tested Mesangiosperms (Figure 2), | sought to
determine if their overexpression would also trigger cell death and if it is EDS1-dependent. Cell
death induction upon overexpression in N. benthamiana was already shown for the B. distachyon
member of the conserved TIR-onlys (BATIR), and required EDS1 (Wan et al., 2019). To test if the
cell death induction is preserved across conserved TIR-onlys, I cloned the TIR-ONLY genes from
rice (OsTIR, Os07G0566800) and barley (HVTIR, HORVU2Hr1G039670) into vectors suitable for
Agrobacterium-mediated transient expression in N. benthamiana as fusions to C-terminal YFP
tags. Co-expression of YFP-tagged AtRPP1sE with its matching SH-tagged effector ATR1EMY2
served as a positive control that induced cell death in WT but failed to do so in an edsla mutant
(Figure 7, (Ma et al., 2020)). Cell death was scored as macroscopic lesions on the leaves within the
infiltrated areas. Overexpression of YFP, as a negative control, did not induce visual cell death
symptoms (Figure 7). Three days after Agrobacterium infiltrations (dpi), both OsTIR and HVTIR
induced cell death in WT leaves, but not in the edsla mutant, while the proteins accumulated in
both N. benthamiana genotypes at 1 dpi, shown on immunoblots (Figure 7). This indicates EDS1-
dependent cell death and excludes lack of cell death due to low protein accumulation in edsla as a
likely explanation. Catalytic glutamates are crucial for induction of cell death by TIRs, which was
shown for BATIR (Wan et al., 2019). Substituting the putative catalytic glutamates of the TIR-
onlys to alanines (OsTIREY®A and HVTIRE!?A) likewise resulted in complete loss of cell death
(Figure 7). Similarly, mutations in the DE interface of the TIR-onlys fully (OsTIR®!R) or partially
(HVTIRC8R) eliminated the cell death response upon overexpression (Figure 7). Importantly, all
TIR-only variants were still detectable in N. benthamiana leaves by immunoblots (Figure 7). These
results indicate dependence of conserved TIR-only induced cell death on N. benthamiana EDSL,
and both an intact TIR catalytic site and DE interface. In this regard, OsTIR as well as HVTIR
behave like TNLs and the previously characterized BATIR.
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Figure 7: Cell death induced by overexpression of monocot TIR-only proteins

A Macroscopic cell death induced by Agrobacterium-mediated overexpression (all constructs
were 35S promoter driven) of N-terminally YFP-tagged conserved TIR-only proteins from rice
(OsTIR) and barley (HVTIR) in Nicotiana benthamiana (Nb) WT and the edsla mutant. Proteins
expressed were OsTIR and HVTIR WT as well as the putative non-catalytic variants (OsTIRE?3A
HVTIRE!?A) and DE interface variants (OsTIRCR HyTIRCER), YFP and AtRPP1E together
with the recognized effector ATR1EMY2 were expressed as negative and positive controls,
respectively. Pictures were taken three days after Agrobacterium infiltration. In total, four
biological replicates were performed, numbers below pictures indicate the number of replicates
with cell death symptoms.

B Accumulation of monocot TIR-only variants in Nb WT and edsla leaves from experiments
in A shown on immunoblots using a-GFP antibodies (Table 9). Samples were taken from infiltrated
leaf areas one day after Agrobacterium infiltration and total proteins extracted. Expected protein
sizes are indicated on the right side. Ponceau S staining of the membranes served as control for
equal loading. Protein standard sizes in kDa are indicated on the left side. Immunoblots have been
repeated with samples from three independent biological replicates, with similar results.
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2.2.2. Conserved TIR-onlys do not contribute to bacterial resistance in A. thaliana

Due to their conserved transcriptional induction in immunity, the EDS1-dependent cell death they
induce in N. benthamiana and their co-evolutionary pattern with EDS1 and PAD4 in
Mesangiosperms, | tested whether TIR-onlys are directly involved in immune defenses against
bacteria. To test this, |1 generated mutants in A. thaliana and N. benthamiana to compare the
influence of loss of TIR-onlys in both species. Using the bioinformatic pipeline outlined above,
two conserved TIR-ONLY genes (AT1G52900 and AT1G61105) were identified in the A. thaliana
genome, which were confirmed via reciprocal BLAST searches to ensure no genes were missed
due to potential incomplete protein annotations in the utilized proteome. These two genes were
targeted using a CRISPR/Cas9 system to allow phenotypic analysis and immune assays
investigating conserved TIR-only functions. CRISPR/Cas9-mediated mutagenesis provided a
suitable method for this, since the two genes both reside in close proximity on chromosome 1,
which would make crossing of two individual T-DNA insertion lines difficult due to genomic
linkage of the proximate loci. Additionally, the utilized A. thaliana CRISPR/Cas9 system was
shown to be highly efficient, generating homozygous mutants in the first generation and allowing
to integrate multiple guide RNAs (gRNAS) in one vector for plant transformation (Ordon et al.,
2020; Ordon et al., 2017). Both TIR-ONLYs were targeted with a single gRNA (designed using the
CRISPR-P v2.0 online tool), making sure to select gRNAs with a high on-target score as close to
the start codon as possible, while manually checking for absence of any off-target sequences via
BLAST searches. After plant transformation and harvesting the first generation of mutant seeds,
the utilized vectors allow immediate selection for the insert by seed coat fluorescence labeling,
which made crossing out the Cas9 enzyme much easier. Only seeds that lost fluorescence, which
is a reporter for loss of the Cas9 insert, were further propagated, and genotyped for mutations.
Absence of inserted DNA was confirmed by PCR to ensure Cas9-free stable mutants with a lower
chance of off-site mutations induced by prolonged Cas9 presence. The resulting tir-only double
mutants (tir-only-d1 and tir-only-d2) were independent homozygous lines (originating from
individual transformants) and propagated until at least the T3 generation before conducting
experiments. At the AT1G52900 locus, a 1 nucleotide (nt) deletion or insertion was generated in
the tir-only-d1 and tir-only-d2 mutant line, respectively (Figure 8). At the AT1G61105 locus, 5 nt

were deleted in both double mutants.
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Figure 8: Arabidopsis thaliana tir-only CRISPR/Cas9 mutants

A The two Arabidopsis thaliana conserved TIR-ONLY genes (AT1G52900 and AT1G61105)
targeted by CRISPR/Cas9 are indicated with a black line (representing their coding sequences),
including a scale for size determination in nucleotides (nt). The scissor icon shows the gRNA target
site in each gene, colored boxes on top indicate the location of the TIR domain. Green bars
underneath the genes indicate the “left-over” mRNA that is still translated in the mutants until a
stop codon is introduced. The opaque part of the bar represents the frame-shift variant of the
MRNA, induced by the mutation at the CRISPR site. The aligned sequences show the induced
mutations on the DNA level and resulting protein sizes are indicated in amino acids (aa) for each
mutant allele.

B Photographs of 5-week-old A. thaliana WT (Col-0), eds1-12, pad4-1, sag101-3 and the two
independent tir-only double mutants (tir-only-d1, tir-only-d2) described in A. Plants were grown
under short-day growth-chamber conditions further described in the Material and Methods section.

All mutations lead to frameshifts and early Stop codons, that either completely abort translation
before the TIR domain of the mature protein or stop shortly after its beginning (Figure 8). Neither
of the lines showed an apparent growth phenotype under greenhouse conditions when compared to
Col-0 WT and EDS1 family mutants (Figure 8).

To test for a possible involvement of conserved TIR-onlys in A. thaliana immunity, the two
independent A. thaliana tir-only double mutants (tir-only-d1 and tir-only-d2) described above were
screened in a Pst DC3000 infection assay. For this, 1 used Pst DC3000 strains expressing AvrRps4
and AvrRpt2 effector proteins, recognized by the TNL pair AtRRS1S/AtRPS4 and the CNL
RESISTANT TO P. SYRINGAE 2 (AtRPS2) (Axtell & Staskawicz, 2003; Williams et al., 2014),
respectively. Additionally, I included the empty vector (EV) control strain. This setup allowed me
to screen the mutants for impairments in basal immunity (Pst DC3000 EV), TNL-mediated ETI
(Pst DC3000 AvrRps4) or CNL-mediated ETI (Pst DC3000 AvrRpt2) in a single immune assay.
As controls, | included the A. thaliana mutants eds1-12, pad4-1 and sag101-3, all mutants are in
the Col-0 background. It is known that both EDS1 and PAD4 are required for basal resistance
against Pst DC3000 EV as well as NLR-mediated resistance against the recognized strains
(Bhandari et al., 2019) and | wanted to test if the tir-only mutants mimic that phenotype, which
would prove that they not only co-evolved, but also functionally relate to each other. Both eds1-12
and pad4-1 were colonized to a higher extent by Pst DC3000 EV, while sag101-3 showed WT-
like CFU values (Figure 9), indicating an involvement of the EDS1-PAD4 heterodimer and not
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SAG101 in basal resistance. Both tir-only double mutants are indistinguishable of Col-0 when
infected with Pst DC3000 EV (Figure 9). Similar results were obtained in infections with Pst
DC3000 AvrRps4, where only the eds1-12 mutant was less resistant (Figure 9). When infected
with Pst DC3000 AvrRpt2, eds1-12 and pad4-1 show a trend towards higher CFU values, but these
are not significantly different from Col-0 (Figure 9). Again, both tir-only mutants behaved like
Col-0 (Figure 9). Taken together, the infection assay data does not suggest a direct involvement of
TIR-onlys in resistance against Pst DC3000 or a functional link between EDS1-PAD4 and the

conserved TIR-onlys in A. thaliana.
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Figure 9: Arabidopsis tir-only Pseudomonas syringae immune assay

Pseudomonas syringae pv. tomato DC3000 (Pst) growth assay in Arabidopsis thaliana (At) WT
(Col-0), eds1-12, pad4-1, sag101-3 and the two independent conserved tir-only double mutants
(tir-only-d1, tir-only-d2). Leaves were syringe-infiltrated with Pst vector empty vector (EV),
AvrRps4 and AvrRpt2 strains. Bacterial titers were determined at three days post infection.
Boxplots show colony-forming units (CFU)/cm?, colors indicate different At genotypes. The
respective Pst strains are shown on top of the boxplots. Shapes plotted on over the boxplots indicate
individual CFU/cm? measurements, representing a total of three biological replicates. Genotype-
treatment combinations sharing letters above boxplots do not show statistically significant
differences (Tukey HSD test, a = 0.01, n=9).
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2.2.3. Conserved TIR-onlys do not potentiate TNL signaling in N. benthamiana

In contrast to A. thaliana, which shows EDS1/PADA4-dependent basal resistance against virulent
pathogens (Bhandari et al., 2019; Dongus et al., 2022), such a response is not known for N.
benthamiana, where all tested immune responses against Xcv are EDS1/SAG101-dependent
(Gantner et al., 2019; Lapin et al., 2019), marking a major difference between the two plants
immune systems. Exploiting this difference, | generated tir-only mutants in N. benthamiana, to
compare them to the A. thaliana mutants. The N. benthamiana genome is predicted to contain three
conserved TIR-ONLY genes, which were confirmed via reciprocal BLAST. However, in the
genome annotation that was used for generation of gRNAs for N. benthamiana (draft genome
v1.0.1), one of the genes (Niben101Scf34945900001) was incorrectly annotated as a part of a
whole TIR-ONLY gene. It is much shorter, and the annotation starts in the middle of a predicted
TIR domain, suggesting pseudogenization (Figure 10). Because this was the only annotation
available at that time, 1 still designed a gRNA for this gene to target it together with the other two,
fully  annotated, conserved  TIR-ONLY genes  (Niben101Scf023919g00012 and
Niben101Scf00180g07008). For the mutagenesis, | selected gRNAs with a good on-site score
(CRISPR-P v2.0) and without any possible off-targets in the N. benthamiana genome. Preferably,
good candidates close to the Start codon of each gene were chosen (Figure 10). For the
mutagenesis, | employed a set of CRISPR/Cas9 vectors similar to the ones utilized for A. thaliana
mutagenesis, which were optimized for use in N. benthamiana (Ordon et al., 2017; Stuttmann et
al., 2021). After stable transformation, plants were checked for absence of the Cas9 insert by a
CNL-triggered (Capsicum annuum CaBs3-AvrBs3 interaction) cell death assay integrated into the
plasmids (Stuttmann et al., 2021). Only plants without the Cas9 insert, which was confirmed by
PCRs, were propagated, and sequenced for induced mutations. Two independent triple mutant lines
with homozygous mutations at all three TIR-ONLY loci were selected (Figure 10). All mutant
alleles (except the ones at the Niben101Scf34945g00001 locus) introduce frameshifts and early
Stop codons (Figure 10).
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Figure 10: Nicotiana benthamiana tir-only CRISPR/Cas9 mutants

A Schemes of the three Nicotiana benthamiana conserved TIR-ONLY genes
(Niben101Scf02391g00012.1, Niben101Scf00180g07008.1 and Niben101Scf349459g00001.1)
targeted by CRISPR/Cas9 indicated with a black line (representing their coding sequences),
including a scale for size determination in nucleotides (nt). The gene marked with an asterisk is
likely a pseudogene or not correctly annotated. The scissor icon shows the gRNA target site in each
gene, colored boxes on top indicate the location of the TIR domain. Green bars underneath the
genes indicate the “left-over” mRNA that is still translated in the mutants until a stop codon is
introduced. The opaque part of the bar represents the frame-shift variant of the mRNA, induced by
the mutation at the CRISPR site. The aligned sequences show the induced mutations on the DNA
level and resulting protein sized are indicated in amino acids (aa) after each alignment.

B Pictures of 5-week-old N. benthamiana WT, edsla, pad4, saglOlab and the two
independent tir-only triple mutants (tir-only-t1, tir-only-t2) described in A. Plants were grown
under long-day greenhouse conditions further described in the Material and Methods section.

In A. thaliana, SCAF and cNMP production by TIRs were shown to be involved in amplification
of immune signals, including cell death (Yu et al., 2022). To test if the N. benthamiana conserved
TIR-ONLYs are directly involved in cell death signaling, I overexpressed the Xcv effector protein
XopQ, recognized by the TNL NbRog1, which induces EDS1-SAG101-dependent cell death in N.
benthamiana (Gantner et al., 2019; Lapin et al., 2019). Macroscopic cell death was assessed and
YFP was included as a negative control (Figure 11). While the overexpression of YFP did not
induce cell death in any of the tested genotypes, XopQ reliably did so in N. benthamiana WT, pad4
and the two tir-only mutants (tir-only-t1 and tir-only-t2). However, XopQ did not induce cell death
in the edsla and sag10lab mutants (Figure 11), underlining the importance of EDS1 and SAG101,
but not PADA4 for cell death in N. benthamiana. The results indicate that the conserved TIR-onlys

are not involved in execution of TNL-triggered cell death in N. benthamiana.
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Figure 11: Nicotiana benthamiana tir-only mutant XopQ-triggered cell death assay

Macroscopic cell death induced by Agrobacterium-mediated overexpression of XopQ (35S
promoter driven) in Nicotiana benthamiana (Nb) WT, edsla, pad4, saglOlab and the two
conserved tir-only triple mutants (tir-only-t1, tir-only-t2). Overexpression of YFP served as a
negative control. Pictures were taken three days after Agrobacterium infiltration. In total, three
biological replicates were performed, numbers below pictures indicate the number of replicates
with cell death symptoms.

To further test the involvement of conserved TIR-ONLYs in N. benthamiana immunity, | performed
an Xcv infection assay, including Xcv WT (carrying XopQ) and the 4xopQ strain lacking XopQ to
assess TNL-triggered and basal immunity, respectively. As a control, bacterial titers were
determined directly after the infiltration, which did not vary across treatments, indicating equal
infections (Figure 12). At 3 dpi, Xcv WT growth was restricted in WT, pad4 and the two tir-only
mutants (tir-only-d1 and tir-only-d2), while it could grow up to non-recognized Xcv AxopQ titers
in the edsla and saglOlab mutants, again highlighting the importance of SAG101 for TNL
immunity in N. benthamiana (Figure 12). Xcv 4xopQ infected all N. benthamiana genotypes to a
similar extent at 3 dpi (Figure 12), showing no indication of basal resistance against Xcv, as
expected (Gantner et al., 2019). In conclusion, the conserved TIR-ONLYs were not involved in Xcv
immunity in N. benthamiana. Taken together, the data suggest that, as shown in A. thaliana, the
conserved TIR-onlys are not directly involved in bacterial resistance pathways and do not behave
like EDS1 family mutants in N. benthamiana.
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Figure 12: Nicotiana benthamiana tir-only Xanthomonas campestris immune assay

Xanthomonas campestris pv. vesicatoria (Xcv) growth assay in Nicotiana benthamiana (Nb) WT,
edsla, pad4, sagl0lab and the two independent conserved tir-only triple mutants (tir-only-t1, tir-
only-t2). Leaves were syringe-infiltrated with Xcv 85-10 (WT) and XopQ-knockout (dxopq)
strains. Bacterial titers were determined at zero and six days post infection (dpi), the 0 dpi samples
served as control for equal infiltrations. Boxplots show colony-forming units (CFU)/cm?, colors
indicate different Nb genotypes. The respective Xcv strains are shown above the boxplots. Shapes
plotted over boxplots indicate individual CFU/cm? measurements, representing a total of three
biological replicates. Genotype-treatment combinations sharing letters above boxplots do not show
statistically significant differences (Tukey HSD test, o = 0.01, n =9).
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2.2.4. Maize ZmTNP-lla induces EDS1-independent cell death in N. tabacum

TNPs are present across land plants, with a small number of proteins predicted in most tested
species (Figure 2). In contrast to conserved TIR-onlys, the TNP distribution does not follow the
ones of EDS1, PAD4 or SAG101, with TNPs being retained in non-vascular plants that do not
contain any EDS1 family member (Figure 2, (Baggs et al., 2020; Lapin et al., 2019)). | therefore
hypothesized that TNPs would not rely on the EDS1 family in their potential functions. To enable
the meaningful selection of candidate TNPs for further tests, it was crucial to reconstruct the
internal TNP phylogeny to try and identify groups within the TNPs. For this, | generated a custom-
built HMM based on the NB-ARC like domains of TNPs that were picked up by the TIR HMMs
and clustered in the conserved group on the TIR and NB-ARC ML trees (Figure 2, Figure 3).
Reciprocal BLAST searches already indicated the presence of additional TNPs with TIR domains
too distinct from the canonical TIR HMMs to be picked up. This assumption was confirmed as the
custom TNP HMM identified a total of 77 TNPs across the 39 tested plant species (Figure 2, Figure
13). I then build an ML tree based on the NB-ARC-like domains of these 77 TNPs, as NB-ARCs
usually provide higher resolution than the TIR domain and were more easily identifiable with the
custom HMM (Figure 13). Three major clades, with one split into two subclades were present on
that tree. Clade I, Clade Ila and Clade Il1b match the previously described TNP clades (Zhang et
al., 2017b), while Clade Il is first described here and contains exclusively Bryophyte TNPs (Figure
13, (Johanndrees et al., 2021)). Clade Ila, expectedly lacks Eudicot TNPs, but contains Monocot,
Magnoliid and Ceratophyllum TNPs (Figure 13, (Zhang et al., 2017b)). Clade | and Clade Ilb
contain TNPs from various land plants, mostly represented by a similar number of TNPs in both
major clades (e.g.: Arabidopsis 1:1, Hordeum 1:1, Nicotiana 2:2) (Figure 13). Representative TNPs
could now be selected for further experiments to reflect the maximum diversity across TNPs and

to test if TNPs diverged functionally based on their internal phylogeny.
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Figure 13: Internal TNP phylogeny based on their NB-ARC-like domains

TNP-specific NB-ARC domains were identified using a custom HMM (Table 2) on the 39 plant
species shown on the tree in Figure 3. The Maximum-Likelihood tree was generated using 1Q-
TREE. Dots represent individual TNP NB-ARC domains, their color shows the phylogenetic
origin. Branches with bootstrap support >90 are marked with black dots. Four conserved TNP
clades are highlighted with colored shapes, representative TNPs within these clades used in further
experiments are labeled with their complete protein identifier.

As described above, TNPs were selected from the conserved clades, including A. thaliana
AT5G56220 (AtTNP-I) and H. vulgare HORVU5Hr1G072030 (HVTNP-I) from Clade I, A.
thaliana AT4G23440 (AtTNP-11b) and barley HORVU3Hr1G073690 (HVTNP-IIb) from Clade
I1b, Marchantia polymorpha Mapoly0134s0035 (MpTNP-I11) from the Bryophyte-specific Clade
I1l, and Zea mays (maize) GRMZM2G039878 (ZmTNP-Ila) from Clade Ila. The representative
TNPs were cloned from cDNA (all A. thaliana, H. vulgare and M. polymorpha TNPs) or
recombinantly synthesized (ZmTNP-1la) and overexpressed as C-terminal YFP fusion proteins in
leaves of N. tabacum cv. Samsun WT or a corresponding RNAi:EDS1 line (Duxbury et al., 2020)
via Agrobacterium-mediated transient expression. Cell death was visually assessed at 5 dpi, with
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C-terminally YFP-tagged AtRPP1V*E and ATR1EM%Y2-SH expression as positive control for EDS1-
dependent cell death (Krasileva et al., 2010). YFP overexpression served as negative control for
unspecific cell death induced by Agrobacterium infiltrations. Only the expression of ZmTNP-Ila
and no other TNP induced cell death in N. tabacum (Figure 14). Strikingly, in contrast to EDS1-
dependent AtRPP1"<B| cell death induced by ZmTNP-Ila was also observed in the RNA:EDS1 line
(Figure 14). These results indicate autoactive and EDS1-independent cell death activity of ZmTNP-
Ila in N. tabacum. It also suggests that TNPs from different clades vary in their molecular function

or pre-requisites for cell death induction.
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Figure 14: Cell Death induced by overexpression of maize ZmTNP-Ila

Macroscopic cell death induced by Agrobacterium-mediated overexpression (all constructs were
35S promoter driven) of YFP-tagged TNPs representing the four conserved TNP clades (AtTNP-I
= AT5G56220 and HVTNP-1 = HORVU5Hr1G072030 from Clade I, AtTNP-1Ib = AT4G23440
and HVTNP-I1b = HORVU3Hr1G073690 from Clade 1lb, MpTNP-I1l = Mapoly0134s0035 from
Clade I, ZmTNP-lla = GRMZM2G039878 from Clade lla) in Nicotiana tabacum (Nt) c.v.
“Samsun” WT and RNAi:EDS1 lines. YFP and AtRPP1"s8 together with the recognized effector
ATR1EMY2 were expressed as negative and positive controls, respectively. Pictures were taken five
days after Agrobacterium infiltration. In total, three biological replicates were performed, numbers
below pictures indicate the number of replicates with cell death symptoms.
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To test if the putative catalytic glutamates conserved across TIRs (Figure 4) are important for cell
death induced by ZmTNP-Ila, the two adjacent glutamates E130 and E131 in ZmTNP-lla were
mutated to alanines (ZmTNP-11a5%* and ZmTNP-11af13!4) (Figure 15). Additionally, a potential
loss-of-function P-loop variant was generated by changing the amino acids G305, K306 and T307
to alanines (ZmTNP-11a"1%?), Cell death was abolished for both putative catalytic and the P-loop
mutant variants, similar to the known P-loop loss-of-function AtRPP1Ws K2%3L yarjant that was used
as a control in the assay (Figure 15, (Krasileva et al., 2010)). Similar results for the glutamate
variants were reported for N. tabacum cv. Turk (Johanndrees et al., 2021), excluding a cultivar-
specific effect on cell death. Because none of the YFP-tagged ZmTNP-Ila variants could be
detected by simple total protein extraction from infiltrated N. tabacum leaves, an a-GFP protein
immunoprecipitation (IP) was performed to enrich tagged proteins with subsequent Western Blot
for protein detection (Figure 15). After IP, all ZmTNP-Ila variants as well as the negative cell death
control YFP were detected this way and shown to accumulate at 1 dpi (Figure 15). This indicated
that loss of ZMTNP-Ila cell death is specific to mutations in the putative NADase catalytic residues

and P-loop and not due to insufficient accumulation of the protein variants.
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Figure 15: Importance of ZmTNP-Ila catalytic glutamates and P-loop for cell death

A Macroscopic cell death induced by Agrobacterium-mediated overexpression (all constructs
were 35S promoter driven) of YFP-tagged ZmTNP-lla WT, putative non-catalytic variants
(ZMTNP-11aEB% ZmTNP-11at*4) and the P-loop mutant (G305A, K306A, T307A, called ZmTNP-
1171 in Nicotiana tabacum (Nt) c.v. Samsun WT. YFP and AtRPP1"E as well as the P-loop
mutant (AtRPP1WsB K2%Ly together with the recognized effector ATR1EMY2 were expressed as
controls. Pictures were taken five days after Agrobacterium infiltration. In total, three biological
replicates were performed, with similar results.

B Accumulation of ZmTNP-Ila variants in Nt WT leaves from experiments in A shown on
immunoblots. Samples were taken from infiltrated leaf areas one day after Agrobacterium
infiltration and subsequently YFP-tagged proteins were enriched via IP with a-GFP beads.
Expected sizes for ZmTNP-Ila-YFP and free YFP as control are indicated on the right side. Ponceau
S staining of the input samples used for IP served as control for equal loading. Protein standard
sizes in kDa are indicated on the left side. Immunoblots were repeated with samples from two
independent replicates, with similar results.

2.2.5. Botrytis-infected N. benthamiana thp mutants develop smaller necrotic lesions

With the indication of EDS1-independent cell death functions of at least one TNP, it was of major
interest to me to explore possible TNP functions in immunity and other pathways. For this, |
generated tnp mutants in N. benthamiana using the same system as for the tir-only mutants. After
genotyping, | was able to select two independent lines with homozygous mutations in all four N.
benthamiana TNP genes (tnp-gl and tnp-q2) (Figure 16). All alleles introduced frameshifts and
early stop codons, resulting in disruption of their corresponding TIR domains. The selected lines
were propagated until the T3 generation and used for immune assays. Mutants did not show
apparent phenotype when grown under greenhouse conditions (Figure 16). Similar results were
obtained for M. polymorpha tnp mutants, which display a TIR-less plant (Johanndrees et al., 2021).
Taken together, this indicated that while TNPs are widely conserved across plants, they are not
crucial for plant survival, even if all TIR proteins are removed (as in the case of the M. polymorpha

tnp mutants).
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tnp-q1 B CCACTGTTCTTCCTTCAGGGTCAGCAGAAATTGGTAGC —» 57 aa
thp-qg2 W CCACTGTTCTTCCT------ TCAGCAGAAATTGGTAGC —» 28 aa
WT CCACTGTTCTTCCTTCAGG-TCAGCAGAAATTGGTAGC

Niben101Scf10074900009.1

y EGE T

tnp-g7 M  CCACAGTTCTTCCTTCATGGTCAGCAGAAATTGGTAGC —» 57 aa

inp-g2 MM  CCACAGTTCTTCCTTCA--GTCAGCAGARATTGGTAGC —» 47 aa
WT CCACAGTTCTTCCTTCA-GGTCAGCAGAAATTGGTAGC

Niben101Scf11738900026.1

gy W e |

tnp-qg1 BN TCCCAGGTCACCCAAGTTCCCTGATATCAACATATTCA —» 52 aa

tno-q2 MMM TCCCAGGTCACCCAAGT-- (71 bp deletion)-- - 67 aa
WT TCCCAGGTCACCCAAGT-CCCTGATATCAACATATTCA

Niben101Scf04988902021.1

gy NN e

tnp-q1 I CACCCAAG- (231 bp insertion)-TCCCTGATAT —» 80 aa
tnp-g2 Y CACCCAAGC-=———=——————————————— TCCCTGATAT —» 52 aa
WT CACCCAAG-————=——————————————— TCCCTGATAT
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Figure 16: Nicotiana benthamiana thp CRISPR/Cas9 mutants

A The four Nicotiana benthamiana TNP genes (Niben101Scf085179g00007.1,
Niben101Scf10074900009.1, Niben101Scf11738g00026.1, Niben101Scf04988902021.1)
targeted by CRISPR/Cas9 are indicated with a black line (representing their coding sequences),
including a scale for size determination in nucleotides (nt). The scissor icon shows the gRNA target
site in each gene, colored boxes on top indicate the location of TIR and NB-ARC-like (NB)
domains. Blue bars underneath the genes indicate the “left-over” mRNA that is still translated in
the mutants until a stop codon is introduced. The opaque part of the bar represents the frame-shift
variant of the mRNA, induced by the mutation at the CRISPR site. The aligned sequences show
the induced mutations on the DNA level and resulting protein sized are indicated in amino acids
(aa) after each alignment.

B Pictures of 4-week-old N. benthamiana WT, the two independent tnp quadruple mutants
(tnp-gl1, tnp-g2) described in A, and edsla. Plants were grown under long-day greenhouse
conditions further described in the Material and Methods section.

First, the well-established Xcv infection and ion leakage assays were performed with the tnp
quadruple mutants. Both N. benthamiana tnp lines allowed WT-like growth of avirulent Xcv,
recognized by NbRogl in N. benthamiana at both 3 and 6 dpi, while the edsla mutant was fully
susceptible to the bacterium (Figure 17). Xcv 4xopQ grew to indistinguishable levels in all tested
plants, including tnp-gl and tnp-qg2, due to the previously described lack of basal resistance in N.
benthamiana (Figure 17, (Gantner et al., 2019)). Similarly, cell death induced by overexpression
of XopQ was only impaired in edsla, but not in the tnp quadruple mutants, where ion leakage
values matched those of WT N. benthamiana (Figure 17). Collectively, these data suggest that
TNPs are neither involved in TNL-triggered nor basal immune responses in N. benthamiana against
Xcv. They further highlight their EDS1-independency, since TNPs must genetically function in
different pathways as the tnp mutants did not phenocopy the EDS1 family mutants.
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Figure 17: Nicotiana benthamiana tnp mutant infection and cell death assays

A Xanthomonas campestris pv. vesicatoria (Xcv) growth assay in Nicotiana benthamiana
(Nb) WT, the two independent tnp quadruple mutants (tnp-gl, tnp-g2) and edsla. Leaves were
syringe-infiltrated with Xcv 85-10 (WT) and XopQ-knockout (4xopq) strains. Bacterial titers were
determined at zero, three and six days post infiltration (dpi), the 0 dpi samples served as control for
equal infiltrations. Boxplots show colony-forming units (CFU)/cm?, colors indicate different Nb
genotypes. The respective Xcv strains used are shown below the boxplots. Shapes plotted over
boxplots indicate individual CFU/cm? measurements, representing a total of three biological
replicates. Genotype-treatment combinations sharing letters above boxplots do not show
statistically significant differences (Tukey HSD test, a = 0.01, n=12).
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B lon leakage assay to measure cell death triggered by Agrobacterium-mediated XopQ
overexpression (35S promoter driven) in the same lines described in A. lon leakage was
determined by conductivity measurements three days after Agrobacterium infiltration.
Overexpression of YFP served as a negative control. Shapes plotted over boxplots indicate
individual ion leakage measurements, representing a total of three biological replicates. Genotype-
treatment combinations sharing letters above boxplots do not show statistically significant
differences (Tukey HSD test, a = 0.01, n = 18).

In addition to the hemibiotrophic Xcv, N. benthamiana infection with the necrotrophic fungus
Botrytis cinerea (strain B05.10) was performed (Figure 18). Both tnp quadruple mutants developed
smaller lesions 48 hours after spore application to the N. benthamiana leaves, while edsla showed
WT-like lesion areas (Figure 18). Comparing lesions on WT and edsla plants with the ones on the
tnp lines, the data suggest that TNPs could, either directly or indirectly, contribute to an EDS1-

independent necrotrophy-inducing pathway in N. benthamiana.
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Figure 18: Nicotiana benthamiana tnp mutant Botrytis cinerea colonization assay

A Necrotic lesions induced by infection of Nicotiana benthamiana (Nb) WT, the two
independent tnp quadruple mutant (tnp-gl, tnp-g2) and edsla leaves with Botrytis cinerea strain
B05.10. Plants were drop-inoculated, and pictures taken at 48 hours post infection (hpi).

B Quantification of lesion areas shown in A. Boxplots show lesion areas normalized to Nb
WT leaves. Shapes plotted on top of boxplots indicate individual normalized lesion areas,
representing a total of five biological replicates. Genotypes sharing letters above boxplots do not
show statistically significant differences (Tukey HSD test, a.= 0.01, n = 10-12).
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3. Discussion

3.1. TIR phylogeny reveals four interspecific conserved groups

3.1.1. Advantages of a phylogeny-based TIR protein grouping

Previous TIR protein annotations were based on the domain architectures of full-length proteins
and did not consider the phylogenetic relationship of the contained TIR domains. Phylogenetic
studies of TIRs were either limited to a small set of plant species (Nandety et al., 2013) or provided
a detailed view on one of the special TIR or NLR groups (Zhang et al., 2017b). This led to common
nomenclatures such as TX (for TIR-X), TN (for TIR-NB-ARC), TNL (for TIR-NB-ARC-LRR)
and so on. However, this type of nomenclature can be misleading, as proteins with similar names
might have different functions and are phylogenetically unrelated. For example, the A. thaliana
TNP AT4G23440 described here as AtTNP-11b, was previously called AtTN17 (Nandety et al.,
2013), while a TIR-NB-ARC protein (AtTN3) with a TIR domain closely related to the ones from
the canonical TNL proteins AtRPS4 or AtRPP1 are indistinguishable by their names (Nandety et
al., 2013). Because of the lacking distinction and categorization, one of the aims of this thesis was
to provide a phylogeny-based grouping for plant TIR-domains. This relies solely on the TIR
domains of the tested proteins, and not on additional domains. An up to date set of plant genomes
and new phylogenetic tools allowed for a large-scale evolutionary analysis, of TIR domains,
broadening previously described phylogeny. For the most unbiased set of plant TIRs, this study did
not rely on previously published TIRs or on annotated proteins but used HMM-based protein
prediction. Using this approach, a total of 2,348 TIRs were recovered in all 39 tested plant species,

which laid the foundation for a more comprehensive categorization.

Conserved groups were defined as well-supported tree branches (bootstrap values >90) on the ML
tree (Figure 2) sharing members of different plant clades or species. Four conserved groups could
be recovered using this strategy, including two interspecific TNL groups, the Mesangiosperm
conserved TIR-only and the most conserved group, represented by TNP proteins (Figure 2). These
groups partially overlap with previously described TIR groups, including the TNPs (Meyers et al.,
2002; Zhang et al., 2017b) and the two TNL groups (Zhang et al., 2016). The conserved TIR-only
group was not described as separate group, but as part of the TX proteins (Meyers et al., 2002;
Nandety et al., 2013), containing other unrelated TIR-only proteins such as AtRBAL. By screening
genomes of the recently sequenced Magnoliids Cinnamomum and Persea (Chaw et al., 2019;
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Rendon-Anaya et al., 2019), as well as Nymphaeales and Ceratophyllum (Yang et al., 2020), more
precise claims could be drawn on the evolution of conserved TIR domains. This showed that the
conserved TIR-only proteins are Mesangiosperm-specific, being present in the tested Monocots,

Magnoliids and Eudicots, but not in the other clades.

3.1.2. Potential implications of TIR protein radiation

Apart from the four conserved groups described here, additional sets of TIR domains were
identified, originating from a single species. These TIRs would all be very similar to each other,
represented by short tree branches and high bootstrap values, but are not present across species
(Figure 2). Similar groups could be identified on the NB-ARC phylogenetic tree, which in general
has a similar structure as compared to the TIR tree (Figure 3). This indicates a degree of TIR and
NB-ARC specification, evolving together as compound signaling domains. These proteins likely
derived from a common ancestor through gene duplications, allowing the plants to enlarge their
TIR repertoire. TIR radiations are also visible comparing TIR numbers, where Eudicot and Conifer
species demonstrate extensive expansion. While it is hard to compare due to the variable nature of
LRR domains, the proteins shared within those groups may contain different LRR or post-LRR
domains, such as C-JID. This would lead to a set of proteins with similar TIR and NB-ARC parts,
but variable C-termini with effector-recognizing capabilities adapted to bind diverse effector
proteins. This would make sense, as TIRs are known signaling domains producing second
messenger molecules that are recognized by EDS1 heterodimers to induce downstream signaling
(Huang et al., 2022; Jia et al., 2022). Signaling could thereby converge on well-preserved TIR
domains, triggered by specific effector binding. In contrast to Conifers and Eudicots, Monocots did
not expand their TIR repertoire, indicated by small numbers and loss of TNLs across the tested
species (Figure 1, Figure 2), which was also shown in previous publications (Meyers et al., 1999;
Shao et al., 2016; Urbach & Ausubel, 2017). It is thought that Monocots have in turn expanded
their CNL repertoire to recognize a wide variety of effector molecules (Liu et al., 2021; Meyers et
al., 1999). It remains unclear what shifts the balance between TNL or CNL receptor numbers, but
species with a complete EDS1 family, including most Eudicots but not Caryophyllales, tend to
accumulate more TIR proteins, while species lacking the SAG101 signaling branch have lower
TIR numbers and lack TNLs (Monocots), or retained only the TNL #1 group of TNLs
(Caryophyllales) (Figure 1, Figure 2, (Zhao et al., 2021)). It is unclear if presence of SAG101
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dictates the presence of canonical TNLs, or the other way around, but a previous study aimed to
test this (Liu et al., 2021). However, because of the usually high numbers of TNLs, this is hard to
predict, as pseudogenization may mask the absence of TNLs. It is unknown how TIR signaling
functions in Conifers, which contain a multitude of TIRs and TNLs, yet lack SAG101 (Figure 2,
(Lapin et al., 2019)). However, the tested Conifers have extended numbers of PAD4 paralogs,
which is unusual for a downstream signaling component but may compensate for missing SAG101
(Figure 2). However, these findings are limited by the fact that both tested Conifers (Pinus, Picea)
are trees, which may have an immune system that greatly differs from the annual model plant A.
thaliana, from which most of our knowledge of plant immunity has been gathered. It would be
necessary to include other Gymnosperms in the analysis to draw a more precise conclusion of their
TIR evolution.

3.1.3. Using phylogeny to predict TIR-EDS1 co-evolutionary patterns

By extending the phylogenetic analysis to EDS1 family members (Figure 2, (Johanndrees et al.,
2021)), | was able to compare TIR and EDSL1 co-evolution in plants in order to observe potential
patterns. | aimed to use the conserved TIR groups to identify a minimal TIR-EDS1 signaling
module. This was not previously possible, as the two global co-presence patterns were never
directly compared. Among the conserved TIR proteins, there were two distinct opposite trends in
co-occurrence with EDS1. Conserved TIR-onlys are co-present with EDS1 and PAD4 in
Mesangiosperms, while TNPs seem to have evolved EDS1-independently, as they are also found
in non-seed plants, which do not contain EDS1, PAD4 or SAG101 (Figure 2, (Lapin et al., 2020;
Lapin et al., 2019)). While SAG101 is also absent from Monocots, all tested species contain EDS1
and PAD4, which is surprising, as the EDS1-PADA4 heterodimer is an essential part of TNL-
triggered immunity in A. thaliana. One hypothesis is that CNLs may function through EDS1-PAD4
in Monocots, as was shown for the A. thaliana CNL AtRPS2, which is partially dependent on PAD4
(Bhandari et al., 2019). However, this was not yet shown in Monocots, and may be due to the
special nature of the A. thaliana immune system, which includes EDS1/PAD4-dependent basal
resistance involving salicylic acid mediated signaling against virulent pathogens (Bhandari et al.,
2019; Dongus & Parker, 2021). The data shown here would favor the involvement of Monocot
EDS1-PAD4 in TIR-only immunity, as these components are always co-present (Figure 2). Both

on a global level for multiple species (Figure 5, (Johanndrees et al., 2021)) as well as for A. thaliana
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and H. vulgare (Figure 6), an immune-related TIR-ONLY transcriptional induction could be
observed. The strikingly low basal expression values of TIR-ONLYs contrasting with all other TIR
groups as well as NLRs in general, suggests that their promoters are under tight control to prevent
expression in untriggered tissues. It also likely excludes their involvement as sensor proteins, such
as the unrelated AtRBA1 TIR-only protein, as conserved TIR-ONLY transcripts can only be
detected when the pathogens already started to colonize the host (Figure 6). This favors a role as
signal amplifiers or downstream components, specifically induced upon immune activation.
Inducible TIR genes have been reported previously, as potent signaling amplifiers in PTI (Tian et

al., 2021), but this has not been shown for the conserved TIR-ONLYSs specifically.

In contrast to TIR-onlys, multiple species that have either lost EDS1 components, such as the
aquatic plants W. australiana or Ceratophyllum (Figure 2, (Baggs et al., 2020; Johanndrees et al.,
2021)), or likely never contained them, like M. polymorpha and other Bryophytes, contain TNPs
(Figure 2). This indicates that in multiple incidents, without EDS1 present, TNPs have persisted in
plant genomes. This conservation can be observed across clades within most tested plants,
independent of their lifestyles, as trees, annual plants, and permanently submerged water plants all
contain TNPs (Figure 2). TNP distribution therefore indicates a conserved and EDS1-independent
function. TNPs can not generally be placed in immunity by analyzing their expression patterns.
TNPs were induced by immune triggers in H. vulgare, but unresponsive in other species (Figure
5), which may be the result of limited RNAseq datasets available for H. vulgare. Both RNAseq
samples originated from fungal infections, while the datasets for other species reflect a much
broader range of biotic stresses (Table 3). In general, the expression analysis would suggest a TNP

function outside of immunity.

Internal TNP clades were previously proposed (Zhang et al., 2017b) and could be recovered here,
with the addition of the Bryophyte-specific Clade 111 (Figure 13). The two major TNP Clades | and
Il likely originated from whole genome duplications and Clade 111 possibly represents the ancestral
group, which was previously not identified, since only M. polymorpha was included in the analysis
(Zhang et al., 2017Db). It remains unknown what distinguishes Clade lla from the more widespread

Clade I1b and why there are no Eudicot proteins found in Clade Ila.
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3.2. Differential EDS1 requirements for plant TIR-induced cell death

3.2.1. Conserved monocot TIR-onlys induce cell death dependent on EDS1

Full-length TNLs triggered by their cognate effectors, their truncated TIR domains or TIR-only
proteins were shown to induce cell death when overexpressed in N. benthamiana. This was also
shown for the conserved TIR-only from B. distachyon (BdTIR), which induces EDS1-dependent
cell death (Wan et al., 2019). However, this has not been generalized to other conserved TIR-onlys.
The data presented here suggest that induction of cell death by conserved TIR-onlys is a common
feature of this TIR group. EDS1-dependence is unsurprising, as the conserved TIR-onlys evolved
together with EDS1-PAD4 (Figure 2) and overall, the investigated motifs are similar to the ones
from canonical TIR proteins (Figure 4).

In addition to the catalytic glutamate residue, which was shown to be important for BdTIR
enzymatic activity (Wan et al., 2019) and abolished OsTIR and HvTIR-induced cell death, I
identified a glycine residue which was crucial for OsTIR-mediated cell death (Figure 7). The
glycine residue originates from the predicted DE interface, and is conserved across TIR groups,
with the exception of TNPs (Figure 4). This residue was previously shown to be required for cell
death and immune responses in several TNLs by mediating TIR-TIR interactions (Zhang et al.,
2017a). A similar structural assembly could be assumed for the conserved TIR-only proteins, which
can not rely on additional domains for protein-protein interactions and lack clear homology to the
AE interface found in AtRPP1WE, However, the exact TIR-TIR interactions and complex

stoichiometry remain elusive until the first structures are solved for conserved TIR-onlys.

The observed cell death induced by conserved TIR-onlys is a robust test for their activities, which
is established for many TIR proteins. While being used as an output in this study, induction of cell
death is likely not the native function of conserved TIR-onlys in immunity. This is due to their
early transcriptional upregulation, which also occurs in compatible interactions like A. thaliana
infections with Pst DC3000 EV (Figure 5), XopQ overexpression still triggering cell death in N.
benthamiana tir-only mutants (Figure 11), and their co-occurrence with EDS1-PAD4 (Figure 2). It
is more reasonable to assume that TIR-onlys are involved in basal resistance or PTI immune
responses, potentially leading to transcriptional changes, which are also dependent on EDS1-PAD4
in AtRPS4-AtRRS1 immunity (Bhandari et al., 2019; Cui et al., 2017). Only a prolonged
expression, or ETI-specific expression would reason for an involvement of conserved TIR-onlys

as cell death executors.
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Finally, conserved TIR-onlys are likely to produce a similar set of metabolites as canonical TNLs
or AtRBAL. This was shown for BdTIR (Huang et al., 2022) and because of their high level of
conservation can be assumed for other members of the protein group. BATIR was able to induce
the formation of the EDS1-PAD4 heterodimer in vitro, which underlines the conserved nature of
the TIR-EDS1-PAD4 signaling node, in which a Monocot TIR-only can induce binding of A.
thaliana EDS1 and PAD4 (Huang et al., 2022). Similar activities are expected for the conserved
TIR-onlys described here, but this has to be shown in future experiments. It would also be
interesting to additionally test the ability of conserved TIR-onlys to synthesize cNMPs, as they
have a native TIR-only domain architecture, in contrast to the tested truncated LuL7™® (Yu et al.,

2022), which originally occurs as part of a full-length TNL.

3.2.2. ZmTNP-lla is an autoactive EDS1-independent cell death inducer

In contrast to conserved TIR-onlys, none of the TNPs tested in this study triggered cell death in N.
benthamiana (Johanndrees et al., 2021), which is why N. tabacum cv. Samsun was used for TNP
experiments. The reason for lack of cell death remains unclear, but like its wild relative N.
benthamiana, N. tabacum is a well-established host plant for cell death assays including effector-
triggered AtRPP1WsB (Krasileva et al., 2010). Across the four internal TNP clades (Figure 13)
members were picked to test induction of cell death upon overexpression, but only the maize Clade
Ila TNP ZmTNP-lla induced cell death (Figure 14).

In striking contrast to all other so far studied plant TIRs, ZmTNP-Ila triggers cell death in an EDS1-
independent fashion, as shown in an RNAi:EDS1 line. While not a full knock-out, this line was
previously shown to completely lack canonical TIR-triggered cell death (Duxbury et al., 2020) and
did not trigger cell death when overexpressing AtRPP1W®E together with ATR1E™2 (Figure 14,
Figure 15). ZmTNP-lla is the only tested TNP that induced cell death in tobacco and accumulates
at 1 dpi (Figure 15). The other TNPs are likely instable or inactive on their own. A. thaliana TNPs
AtTNP-I and AtTNP-11b (previously named AtTN17 and AtTN21) were tested in a prior publication
and reported to induce cell death in N. benthamiana (Nandety et al., 2013). However, in that
publication pictures and or protein accumulation were not included, and results could not be
replicated here (Figure 14) marking ZmTNP-1la the only TNP to reliably induce EDS1-independent
cell death to date. This resembles cell death triggered by the human HsSSARM1, which was also
shown to be EDS1-independent in plants (Horsefield et al., 2019). It is hypothesized that instead
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of production of specific catalytic metabolites that are recognized by plant signaling components,
HsSARML1 can induce plant cell death via NAD'-degradation, ultimately leading to necrosis
similar to its function in human cells (Essuman et al., 2017; Horsefield et al., 2019). ZmTNP-lla
could function via a similar mechanism, as two putative catalytic glutamates are crucial for its cell
death activity (Figure 15), meaning it is likely able to hydrolyze NAD". It would therefore be
unlikely that ZmTNP-lla produces metabolites that are specifically recognized by EDS1
heterocomplexes, which is in line with EDS1-independent evolution (Figure 2) and the vastly

changed putative catalytic region of TNPs (Figure 4).

Interestingly, in contrast to full-length TNLs, which need an effector-trigger to oligomerize and
induce cell death (Ma et al., 2020; Martin et al., 2020), ZmTNP-lla is active without an external
trigger. In addition to glutamate residues, a mutated P-loop renders ZmTNP-lla inactive, like
AtRPP1WsB K233L (Figure 15). While the ZmTNP-11a""°% variant is stable (Figure 15), P-loop
mutations may interfere with the formation of a higher order activated TNP-complex. These
complexes were shown to exist in bacterial NACHT-TPR domain proteins, which interact via their
NACHT domains (Kibby et al., 2022). Similarly, NB-ARC and TPR domains could bring TNPs
together, arranging their TIR domains to become enzymatically active, which would resemble
conserved activation mechanisms of TNLs and HSSARM1 (Kibby et al., 2022; Ma et al., 2020;
Martin et al., 2020; Shi et al., 2022), both relying on additional intermolecular contact points. P-
loop assisted TNP complex formation would explain that both TIR enzymatic residues as well as

an intact P-loop are important for ZmTNP-1la-mediated cell death induction (Figure 15).
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3.3.  High-order conserved TIR mutants to identify potential functions

3.3.1. TIR-onlys might act redundantly in immunity

Conserved TIR-onlys co-occur with EDS1 and PAD4 in Mesangiosperms (Figure 2), are
transcriptionally upregulated by biotic immune triggers (Figure 5, Figure 6) and induce EDS1-
dependent cell death (Figure 7). It was therefore reasonable to assume they would play a role in
immune responses against invading pathogens. For this, CRISPR mutants were generated in A.
thaliana and N. benthamiana, because of their differential employment of the EDS1 heterodimers
and helper NLRs in immunity. In A. thaliana EDS1-SAG101-NRG1 mainly mediate host cell
death, while EDS1-PAD4-ADR1 induce pathogen restriction, including basal resistance against
virulent pathogens (Saile et al., 2020; Sun et al., 2021). Whereas in N. benthamiana, which lacks
basal resistance outputs, EDS1-PAD4-ADR1 have no known contribution to resistance against
avirulent pathogens, which is only mediated via the EDS1-SAG101-NRG1 node (Gantner et al.,
2019; Lapin et al., 2019). Therefore, the two host species were suitable candidates to test TIR-only
involvement in different EDS1 contexts.

The tir-only mutant lines were generated via plant CRISPR/Cas9 mutagenesis systems, which were
shown to edit plants with a high efficiency, allowing simultaneous mutations of various target loci
(Ordon et al., 2020; Ordon et al., 2017; Stuttmann et al., 2021). The used vectors tend to induce
small insertions and deletions, which was also observed in the lines described here (Figure 8, Figure
10). This did not result in complete knockout with large deletions of entire genes. However,
mutations induced frameshifts early enough to inhibit proper translation of the TIR domains. The
exception being the N. benthamiana gene Niben101Scf34945g00001, which is probably not
correctly annotated in the version used, and it could not be properly targeted. However, a large part
of the TIR domain does still contain a frameshift, likely rendering the resulting proteins non-

functional (Figure 8, Figure 10).

All A. thaliana and N. benthamiana tir-only lines behaved like WT in the Pst and Xcv infection
assays, respectively (Figure 9, Figure 12). Also, cell death was still induced by overexpression of
XopQ in the N. benthamiana tir-only mutants (Figure 11). This led to the conclusion that in both
plants, conserved TIR-ONLYs are not directly involved in resistance against the tested bacterial
strains. There are multiple possibilities why a potential phenotype might not be detectable using
the generated lines, including possible redundancy of TIR-only proteins. It was previously shown

that in A. thaliana, a multitude of TIRs, including TIR-ONLYs are upregulated in immunity (Figure
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6, (Tian et al., 2021)). Due to their presence in a multitude of Mesangiosperms, conserved TIR-
onlys might act as signaling boosters for TNLs, which could not be confirmed in the A. thaliana
and N. benthamiana immune and cell death assays (Figure 9, Figure 11, Figure 12). With their
repertoire of 134 and 37 TIRs (Figure 1), among them 29 and 4 TIR-onlys (Johanndrees et al.,
2021) in A. thaliana and N. benthamiana, other TIR proteins may compensate for mutated
conserved TIR-onlys. In the tir-only mutants, it would therefore be interesting to test the global
expression patterns of other genes coding for TIR proteins by RNAseq. This would give an
indication of whether redundancy masks a possible phenotype in the analyzed tir-only mutant lines
and identify new CRISPR/Cas9 targets for an extended mutant analysis. Additionally, tir-only
colonization phenotypes in immunity could be more time-sensitive than corresponding edsl
phenotypes, which are robust across time points (Figure 9, Figure 12, (Bhandari et al., 2019;
Gantner et al., 2019; Lapin et al., 2019)). This would make sense in light of the early and abrupt
transcriptional induction of TIR-ONLYs upon infection (Figure 6), which could be tested by
including earlier time points in the infection assays. Performing priming assays to see if systemic
acquired resistance, which is a pad4 phenotype in A. thaliana (Pruitt et al., 2021), is impaired in

the tir-onlys would be another option.

3.3.2. TNPs likely have immune-unrelated functions

As TNPs occur in a variety of land plants, with or without EDS1 family proteins (Figure 2), it did
not seem crucial to compare plants with different immune systems, but rather to screen plants
covering a large phylogenetic span, to compare TNP conservation. Therefore, TNPs were targeted
via CRISPR/Cas9 in N. benthamiana (Figure 10) and M. polymorpha (Johanndrees et al., 2021),
which represent a Eudicot and Bryophyte, respectively. Since a sole TNP gene is the only predicted
TIR gene in the entire M. polymorpha genome, the tnp mutants also represent a TIR-less plants
(Johanndrees et al., 2021), which enabled the analysis of possible basal functions of TNPs and
TIRs. Similar to the tir-only lines, the two N. benthamiana tnp lines both contain mostly small
deletions and insertions, leading to frameshifts in all four TNP genes, before translation of the TIR
domains would occur (Figure 10). This likely renders all resulting truncated TNP proteins non-

functional in both quadruple lines.
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Taken together with the findings in this study, viability of N. benthamiana and M. polymorpha tnp
mutants indicates that TNPs are likely not involved in processes crucial for plant survival, at least
under optimal growth conditions (Figure 10, (Johanndrees et al., 2021)). Whether this holds true
for plants that are challenged with nutrient or other abiotic stresses, remains to be elucidated.
Information from the RNAseq datasets further indicates no involvement of TNPs in biotic stresses
since their genes are not universally upregulated by immune triggers (Figure 5). Experiments with
biotic triggers, indicate that bacterial resistance is not impaired in the N. benthamiana tnp lines, as
they behaved like their WT sister lines (Figure 16). This stands in contrast to the edsla mutant,
which allows Xcv WT growth up to 4xopgq levels (Figure 16), indicating a complete loss of induced
ETI and highlights the EDS1-independent nature of TNPs. Based on the N. benthamiana mutants,
it is therefore highly unlikely that they work in the same pathways. Xcv was described as
hemibiotrophic pathogen, with the infection assays described here only testing the biotrophic phase
of its interaction with the host. To allow a broader view on biotic interactions, the tnp lines were

also tested using infections with the necrotrophic fungus Botrytis cinerea.

Interestingly, N. benthamiana tnp lines developed smaller necrotic lesions, when infected with B.
cinerea, which again was in contrast to the edsla mutant with WT-like lesion sizes (Figure 18).
EDS1 signaling components were shown to be highjacked by B. cinerea, contributing to infection
(El Oirdi & Bouarab, 2007), which makes sense, considering that inducing cell death against a
necrotroph is counterproductive. B. cinerea induces PTI responses by nlp recognition (Ono et al.,
2020), including ROS-bursts as one of the earlies PTI responses. Accordingly, ROS burst assays
were performed to see if tnp mutants might induce enhanced PTI responses, which could explain
decreased B. cinerea virulence. However, tnp mutants were indistinguishable from the WT in these
experiments (Johanndrees et al., 2021), which excluded enhanced ROS production as a possible
explanation. Further experiments must be performed, to determine whether other PT1 components,
such as MAP kinases or Callose deposition might be negatively regulated by TNPs. Apart from
enhanced immunity, another explanation for smaller lesions would be attenuated necrosis in the
tnp mutants. This could either be caused by more structural hindrance by for example by cell wall
restructuring, which was previously shown to impact B. cinerea growth in A. thaliana (Guzha et
al., 2022; Lionetti et al., 2017), or the fungus may highjack an internal cell death pathway, which
is disrupted in the tnp mutants. Like HSSARML1 in human (Essuman et al., 2017), TNPs may
represent an internal, developmental cell death machinery, which the fungus is able to exploit for
induction of necrosis in the infected tissues. This hypothesis may explain the striking conservation
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of TNPs in most land plants, where they could serve developmental functions. Examination of a
public gene expression browser (eFP) revealed specific expression of the A. thaliana TNPs in root
cap cells, a root compartment significantly shaped by specific induction of cell death to shed cells
during growth (Feng et al., 2022). The tnp mutants described here and in the accompanying
publication (Johanndrees et al., 2021) lay the foundation for characterization of potential

developmental phenotypes to solve TNP functions.
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3.4. Co-evolutionary patterns and potential origins of plant TIRs

During recent years, TIR domains have been intensively studied in multiple domains of life,
including bacteria, archaea, animals and plants. Strikingly, cell death activities and roles in
immunity are conserved features of TIRs in all of those organisms and across diverse full-length
domain architectures of the TIR proteins (Lapin et al., 2022). While TIR domains overall vary in
sequence conservation and some structural components have changed, most of the studied TIR
domains have an NADase activity, defined by catalytic glutamate residues (Essuman et al., 2018;
Horsefield et al., 2019; Wan et al., 2019). Enzymatic regulation, and identity of produced
metabolites are intensively studied, yet not much is known about the large-scale phylogeny of plant
TIR proteins. This study provides a comprehensive examination of plant TIR evolution by

identifying TIRs across plants and showing co-evolutionary trends with EDS1.

While many TIRs, including TNLs, are co-present with EDS1 and species with a complete EDS1-
SAG101 branch have enlarged TIR repertoires, TNPs developed in an EDS1-independent fashion.
This divides plant TIRs based on their EDS1-dependency. It was interesting to see that the co-
occurrence of certain TIRs with EDS1 can predict their EDS1-dependency, as conserved TIR-onlys
are EDS1-dependent, while TNPs are EDS1-independent cell death inducers (Figure 19). This
confirmed the beginning hypothesis that dependency on a signaling pathway might be predicted
based on phylogeny and co-occurrence and suggests a TIR-EDS1 co-evolution. These two different
TIR groups also asked the question of TIR origins in plants.

It remains hard to predict reliably, but certain features of plant TNPs point to a bacterial origin.
While designing the gRNAs for CRISPR mutations in M. polymorpha, A. thaliana and N.
benthamiana, and cloning the CDS of TNPs for H. vulgare, it became apparent that all of these
TNP genes lack introns, an unusual feature for eukaryotic genes (Zou et al., 2011). In addition, the
presence of TPR repeats in TNPs first described here is more unusual for eukaryotic proteins,
especially for plant proteins, which are much more likely to be associated with LRR domains
(Figure 2, (Lapin et al., 2022)). Finally, using the custom-built plant TNP NB-ARC HMM, | was
able to identify bacterial homologs, which resemble the TIR-NB-TPR domain architecture.
Prokaryotic genomes do not contain introns and the presence of TNP proteins in bacteria confirmed
my suspicion that plant TNPs may be of bacterial origin. This requires further validation, as TNPs
could so far only be identified in a small subset of bacteria belonging to the Actinobacteria, which

is likely due to a small number of available genomes. However, these bacteria are reported to be
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associated to roots, which could enable horizontal gene transfer between the bacteria and their host
plant (Gao et al., 2014). This hypothesis would provide a potential explanation for the existence of
plant TNPs, which behave differently in many aspects compared to their more distant TIR relatives

in plants.
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Figure 19: Differential EDS1 requirement for cell death induced by conserved plant TIRs

A Conserved TIR-onlys induce EDS1-dependent cell death. Both PTI and ETI can
transcriptionally activate conserved TIR-onlys, which require oligomerization and catalytic motifs.
Conserved TIR-onlys can degrade NAD* and produce enzymatic metabolites that induce EDS1-
RNL complex formation. While conserved TIR-onlys induce EDS1-dependent cell death in
Nicotiana benthamiana, it remains unknown if they contribute to resistance against invading
pathogens.

B TNPs induce EDS1-independent cell death. TNPs are not generally induced by PTI or ETI
in tested plant species. ZMTNP-Ila requires conserved putative catalytic and P-loop residues to
induce cell death in Nicotiana tabacum, which suggests TNP oligomerization and complex
formation. Activated TNPs either produce metabolites distinct from canonical TNLs and conserved
TIR-onlys or induce cell death via degradation of intracellular NAD™ levels ([INAD™]), like
HsSARML1 in plants. TNPs evolved EDS1-independently and do not require EDS1 to induce cell
death in N. tabacum.
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3.5. Future Perspectives

The comprehensive CRISPR/Cas9 mutants presented here lay the foundation of analysis of
phylogenetically conserved TIR proteins in plants. In addition to the A. thaliana and N.
benthamiana lines tested in this study, | also generated edsl pad4 mutant lines in H. vulgare.
Research on Monocot immune systems focused mostly on identification of CNL-effector
combinations in the past (Saur et al., 2019a) and did not take into account that conserved TIR-
onlys are present as well. Consequently, EDS1 proteins have only been examined in a few Monocot
studies thus far (Chen et al., 2018), as the canonical TNLs are missing and EDS1 components are
most prominent for TNL signaling responses. With the H. vulgare edsl pad4 mutants and
additional mutants in rice (Fernandes et al., unpublished), future experiments will be enabled,
comparing not only the A. thaliana and N. benthamiana immune systems, but extending research
on Monocots. Using protoplasts assays, which are well established for barley and wheat (Saur et
al., 2019b), it could be tested if HVTIR and OsTIR are able to induce cell death in Monocot systems.
In addition to edsl pad4 mutants in barley, during my PhD studies | also generated constructs
targeting the HVTIR locus in barley and rice tir-only mutants were obtained from a company
(BIOGLE GeneTech, China). As Monocots contain only conserved TIR-onlys and TNPs, these
mutants would lack potential redundancies when it comes to immune outputs of TIR-onlys. They

will therefore provide a suitable system to study conserved TIR-only functions in the future.

With more and more information on TIR-catalyzed enzymatic metabolites and the specifically
induces EDS1 heterodimers, it would be interesting to test TNP enzymatic activities. Additionally,
solving the TNP structure would provide insights into how differential EDS1-dependency might
be regulated at a molecular level. It would be tempting to assume that differential TIR-TIR
interactions or catalytic products distinguish between an EDS1-dependent and EDS1-independent
plant TIR. TNPs provide suitable plant-based controls for production of EDS1-bound metabolites
for future experiments to potentially narrow down the search for second messengers in plant

immunity.
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4. Material and Methods

4.1. Material

4.1.1. Species and Proteomes
The species used for phylogenetic analyses are listed with their full names in Table 1, including
the proteome versions and sources that were used for protein predictions.

Table 1: Species and proteomes used for phylogenetic analyses

Species Genome Version Source downloaded
ﬁ)%%za;}r;tggrsi acus v1.0.protein_primaryTranscriptOnly \F;;lyz/tozome 19.10.2018
ﬁ?;?fé,;i}ﬂ,i AMTRL0.pep.all eeeoml | 10102018
?grigizs v3.protein_primaryTranscriptOnly \F;;lyz/tozome 19.10.2018
Ejltgaris RefBeet-1.2.2.pep.all ETZ;E?SIS 19.10.2018
5&?;2%582 fum v3.1.protein_primaryTranscriptOnly \Ijllnz/tozome 19.10.2018
E:eeéaet&ﬂ?ny"“m NA gt al- 1 26.03.2020
chara GCA_003427395.1_Chr_L0_protein | N'*"YA™2 | 26,03 2020
;Tﬁ;ggg:n onas v5.5.protein_primaryTranscriptOnly \Ijllnz/tozome 19.10.2018
it NA crawetal. | 26.03.2020
guobceclcl)iggg% ea C-169 v2.0.protein_primaryTranscriptOnly \F/’llnz/tozome 19.10.2018
Ea?.lgt:gs v2.0.protein_primaryTranscriptOnly \F/’gtozome 19.10.2018
;l:inni:iella v1.0.protein_primaryTranscriptOnly \F/’gtozome 19.10.2018
5 E;ﬁgf ws v2.0.protein_primaryTranscriptOnly \F/’gtozome 19.10.2018
Buryak A ETEI e
C'uc:giergm Hv_IBSC_PGSB_v2.pep.all ETZﬁE’Q"ég 16.10.2018
t;?tl;rtrilssimum v1.0.protein_primaryTranscriptOnly \Ijgtozome 19.10.2018
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m?;cmh;rrl)trilz v3.1.protein_primaryTranscriptOnly \Ijgtozome 19.10.2018
migi?;n 8?3?\;%5 45 v3.0.protein_primaryTranscriptOnly \Ijgtozome 19.10.2018
g/lljitrpat{[:]uss v2.0.protein_primaryTranscriptOnly \Ijgtozome 19.10.2018
xsﬂsrﬁinata v1.protein_primaryTranscriptOnly \Ijgtozome 19.10.2018
o oeodt o120
Ny A 2 ol | 01
Sart%,\ig v7.0.protein_primaryTranscriptOnly \Ij;l%/tozome 19.10.2018
ﬁitirrﬁg??ncjg > v2.0.protein_primaryTranscriptOnly \F;;lyz/tozome 19.10.2018
E:Ir;ii icum v2.0.protein_primaryTranscriptOnly \F;;lyz/tozome 19.10.2018
persea 29305-CDS-prot Renddn- 1o | 26.08.2020
\Fl’:lzzer?lus v2.1.protein_primaryTranscriptOnly \F/’;g/tozome 19.10.2018
Egésncso mitrella v3.3.protein_primaryTranscriptOnly \F/’;g/tozome 19.10.2018
gti,?gs 1.0-HC-pep Congenie | 19.10.2018
e el e | Cororie | 1910201
'[F;?(?hu(;g;rpa v3.0.protein_primaryTranscriptOnly \Ijllnz/tozome 19.10.2018
Eer?sr;g; v2.1.protein_primaryTranscriptOnly \F/’ilnz/tozome 19.10.2018
rSne(:Zﬁier;]e(\jl(I)a;ﬁ” v1.0.protein_primaryTranscriptOnly \F/’ilnz/tozome 19.10.2018
IS)/ciiltt;jllfr:grrzicum gﬁncgrzﬁﬁarr?stg?ptomy \F;Egtozome 19.10.2018
fseﬁ:]:)? num v0.5.protein_primaryTranscriptOnly \F/’ilnz/tozome 19.10.2018
?//il:i?era E);r(iepnoasr(;/(‘)lPrezil.r}szc)r(i.pptrC()J:]eII):1 \F/’ilnz/tozome 19.10.2018
?:/;:;/eor)i( v2.1.protein_primaryTranscriptOnly \Ijgtozome 19.10.2018
zea AGPV4.pep.all Ensebml 19.10.2018
mays release 58
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41.2. HMMs

Hidden-Markov Models (HMMs) used for protein domain predictions in full proteomes are listed

in Table 2.

Table 2: HMMs used for protein domain predictions

Domain name HMMER accession downloaded
C-JID PF20160.1 27.10.2020
DUF1863 PF08937.11 22.10.2018
LRR 1 PF00560.33 20.03.2020
LRR 2 PF07723.13 20.03.2020
LRR 3 PF07725.12 20.03.2020
LRR 4 PF12799.7 20.03.2020
LRR 5 PF13306.6 20.03.2020
LRR 6 PF13516.6 20.03.2020
LRR 8 PF13855.6 20.03.2020
LRR 9 PF14580.6 20.03.2020
NB-ARC PF00931.22 20.03.2020
SEFIR PF08357.11 22.10.2018
TIR PF01582.20 18.10.2018
TIR 2 PF13676.6 19.10.2018
TIR 2 PF13676.5 06.09.2018
TIR-like PF10137.9 22.10.2018
TPR 1 PF00515.29 18.06.2020
TPR 2 PF07719.18 18.06.2020
TPR 3 PF07720.13 18.06.2020
TPR 4 PF07721.15 18.06.2020
TPR 5 PF12688.8 18.06.2020
TPR 6 PF13174.7 18.06.2020
TPR 7 PF13176.7 18.06.2020
TPR 8 PF13181.7 18.06.2020
TPR 9 PF13371.7 18.06.2020
TPR 10 PF13374.7 18.06.2020
TPR 11 PF13414.7 18.06.2020
TPR 12 PF13424.7 18.06.2020
TPR 14 PF13428.7 18.06.2020
TPR 15 PF13429.7 18.06.2020
TPR 16 PF13432.7 18.06.2020
TPR 17 PF13431.7 18.06.2020
TPR 18 PF13512.7 18.06.2020
TPR 19 PF14559.7 18.06.2020
TPR 20 PF14561.7 18.06.2020
TPR 21 PF09976.10 18.06.2020
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4.1.3. Public RNAseq datasets
Publicly available RNAseq datasets used for gene expression analysis in this study are listed in
Table 3.

Table 3: RNAseq datasets used in this study

SRA accession Host species Description
. . . Botrytis cinerea infected plants
SRP055503 Arabidopsis thaliana sampled at 0 and 14 hpi
: . . flg22 infiltrated plants
SRP082532 Arabidopsis thaliana sampled at 0, 1 and 2 hpi
. . . Pst DC3000 AvrRps4 infected plants
SRP151348 Arabidopsis thaliana sampled at 0, 8 and 24 hpi
: . . flg22, nlp20 or chitin infiltrated seedlings
SRP201971 Arabidopsis thaliana sampled at 0, 1, 6 and 24 hpi
. . . Pst DC3000 D28E infected plants
SRP075162 Arabidopsis thaliana sampled at 0, 2, 4, 6, 8, 10 and 12 hpi
SRP170258 Nicotiana benthamiana Phytophthora palmivora mfecte_d plants
sampled at 1, 2 and 3 dpi
SRP162149 Nicotiana benthamiana Agrobacterium XopQ |nf|Itr_ated leaves
sampled at 24 hpi
SRP118889 Nicotiana benthamiana Pseudomonas fluorescens m_fected leaves
sampled at 6 hpi
Blumeria graminis infected leaves
SRP111697 Hordeum vulgare sampled at 0, 16, 20, 24, 32 and 48 hpi
SRP194287 Hordeum vulgare Bipolaris sorokiniana mfgcted roots
sampled at 6 dpi
SRP049444 Oryza sativa Magnaporthe oryzae mfec_ted leaves
sampled at 24 hpi
: Tilletia horrida infected leaves
SRP165938 Oryza sativa sampled at 8, 12, 24, 48, 72 hpi
SRP056884 Oryza sativa Xanthomonas oryzae mfec_ted leaves
sampled at 48 hpi

4.1.4. Oligonucleotides

The oligonucleotides used for molecular cloning, mutagenesis, genotyping and CRISPR/Cas9
gRNA generation are listed in Table 4. All oligonucleotides were custom ordered from Sigma-
Aldrich.
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Table 4: Oligonucleotides used in this study

ID Orientation | Purpose Sequence 5°-3°
nDL678 | fw Osxgel;lzl)ojgonﬁr;DS CACCATGTCGTCCACCGGGCTTTCC
nDL763 rv Os-_ll-_g;lgocslzonﬁr;[)s TGCCAGCCTGGACATGATCATAT
nDL684 | fw Hvx_gl;lgocslgonﬁn%[)s CACCATGGCCTCAACCGGAGTTTC
nDL762 |rv Hvx_gélgojgonﬁn%[)s TGCGAGCCTTGAAACGATCG
CGAGTATTGCCTCCGCGCcGCTCGCCCT
n0OJ017 fw OsTIR SDM E133A CCTCGTCGAGTC
GACTCGACGAGGAGGGCGAGCgCGCGG
n0J018 rv OsTIR SDM E133A AGGCAATACTCG
CGGAGTACTGCCTCTGGGCGCTCGCCA
n0J015 fw HVTIR SDM E128A TGCTCGTGGAGTC
GACTCCACGAGCATGGCGAGCGCCCAG
n0J016 rv HVTIR SDM E128A AGGCAGTACTCCG
CGAGGTCAAGAACACAGTCcGCCTCAC
n0J045 fw OsTIR SDM G188R CTACGACACAGCC
GGCTGTGTCGTAGGTGAGGCGGACTGT
n0J046 rv OsTIR SDM G188R GTTCTTGACCTCG
CGAGGCCAAGAACACCGTCcGCCTCAC
n0J043 fw HVTIR SDM G183R CTACGACTCGGCC
GGCCGAGTCGTAGGTGAGGCGGACGGT
n0J044 rv HVTIR SDM G183R GTTCTTGGCCTCG
03184 fw AtTNP-I NoStop CDS | GGGGACAAGTTTGTACAAAAAAGCAGG
n BP cloning CTTCATGAAGGGAATAGAAGAAGAAGC
07185 AtTNP-1 NoStop CDS | GGGGACCACTTTGTACAAGAAAGCTGG
n v BP cloning GTATATCTTGCTTCTCATTCTGACTA
n0J182 f AtTNP-11b NoStop CDS | GGGGACAAGTTTGTACAAAAAAGCAGG
BP cloning CTTCATGGATTCTCGAGGTGACAGTTC
n0J183 " AtTNP-11b NoStop CDS | GGGGACCACTTTGTACAAGAAAGCTGG
BP cloning GTACGGTGAAGTGTTATGAATCTGA
nDL682 fw HVT_II\_Ig; ON((:)I?)twoiﬁg;:DS CACCATGGAAGGGGGGGAGCAAAAA
n0OJ088 rv HVT_II\_Ig; ON((:Jlizoiﬁg;:DS tgcGATTTTGCTGCGGTACCTAACC
nDL686 fw HVTNT%IF!?) I::I%Snﬁiz CDs CACCATGGAGCTTCAAGAGGAAAGC
n0J093 rv HVTN_I_P(;::!?) l::II?) Sntl?]% CDs tgcACTAAGGTGGACGTTTGTAAG
n0J086 fw MpTIiF(’)—FI)I(I) Tﬁ)sr]ﬁ?]% CDS caccATGGATAATGGTTCCGCATCTG
n0OJ087 rv MpTIiF(’)—FI)I(I) Tﬁfﬁfﬂ% CDS tgcGGCGTTGTTGCGAGCCCGGACC
N0J347 fw ZMTNP-lla NoStop CDS | GGGGACAAGTTTGTACAAAAAAGCAGG
BP cloning CTTCATGGCAGCCGCTAGTTCAAGTGG
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n0J348

rv

ZmTNP-Ila NoStop CDS

GGGGACCACTTTGTACAAGAAAGCTGG

BP cloning GTAAACACGAACAGTTTGTTCTAAGA
ZmTNP-lla CAATCCGTACGCTGTAGCGGAGATCCA
EB-390 fw SDM E130A AGTGTTC
EB-391 v ZmTNP-lla CACTTGGATCTCCGCTACAGCGTACGG
SDM E130A ATTGGCTAAGC
ZmTNP-lla CCGTACGCTGTAGAGGCGATCCAAGTG
EB-392 | fw SDM E131A TTCCTCG
ZmTNP-lla GAGGAACACTTGGATCGCCTCTACAGC
EB-393 v SDM E131A GTACGG
n0J380 f ZmTNP-Ila SDM CAGCTTCCGGTACAGcCgcAgCTGAGT
G305A, K306A,T307A | TGGTTCTTGAGTTTG
n0J381 " ZmTNP-Ila SDM CAAACTCAAGAACCAACTCAGCTgcGyg
G305A, K306A,T307A | CTGTACCGGAAGCTG
nJADO75 | fw NDTNP1 attgATTTGCAATCTTGATGGTAA
CRISPR gRNA
NbTNP1
nJADO76 | rv CRISPR gRNA aaacTTACCATCAAGATTGCAAAT
NbTNP2
nJADO77 | fw CRISPR gRNA attgACCAATTTCTGCTGACCTGA
NbTNP2
nJADO78 | rv CRISPR gRNA aaacTCAGGTCAGCAGAAATTGGT
NbTNP3
nJADO79 | fw CRISPR gRNA attGGTGCCTTAGATGCTAATTT
NbTNP3
nJADO8O | rv CRISPR gRNA aaacAAATTAGCATCTAAGGCAC
NbTNP4
nJADO81 | fw CRISPR gRNA attgTATGTTGATATCAGGGACTT
NbTNP4
nJADO81 | rv CRISPR gRNA aaacAAGTCCCTGATATCAACATA
n0OJ001 fw NbTNP_l GGAGAGTGTTCCCATCCGAA
genotyping
n0J002 rv NbTNEl AGTGGCCCTTGGAGAAATGT
genotyping
n0OJ003 fw NbTNP.2 TGTTATCTCCTTGGTTCCTCAAA
genotyping
n0J004 rv NbTNP.2 GTGGGCAACTGAGGTAGGAG
genotyping
nOJO05 fw NbTNP.3 GCACGACGTCAAGAAACCTAT
genotyping
n0J006 rv NbTNP.G TGGGCCAATGTTATAACTCGC
genotyping
n0OJO07 fw NbTNP.'4 TACGACAGGAGATTGCCCTT
genotyping
n0J008 rv NbTNP.'4 GATAAGCATCCGACAACCTGG
genotyping
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nDL806 fw AtTIR-ONLY1 attGTTGTTTAGCTGAACTGTTT
CRISPR gRNA
AtTIR-ONLY1
nDL807 rv CRISPR gRNA aaacAAACAGTTCAGCTAAACAA
AtTIR-ONLY2
nDL808 fw CRISPR gRNA attgACATGGGTTTGGGTAAGGTA
AtTIR-ONLY2
nDL809 rv CRISPR gRNA aaacTACCTTACCCAAACCCATGT
n0J122 fw AtTIR'ONLYl TCAAGCCCATTAATCCACGAA
genotyping
n0J123 rv AtTIR'ONLYl ACCGTTACAGCGACTTTAGAAG
genotyping
n0J124 fw AtTIR'ONLYZ CCTCGTCTATTCAAAACTCTTCG
genotyping
n0J125 rv AtTIR'ONLYZ GAGTTCCGATGGCTTGACAT
genotyping
NbTIR-ONLY1
nJADO083 | fw CRISPR gRNA #1 attgTCTCCGGCTCGGGCGACAAA
NbTIR-ONLY1
nJADO84 | rv CRISPR gRNA #1 aaacTTTGTCGCCCGAGCCGGAGA
NbTIR-ONLY1
nJADO089 | fw CRISPR gRNA #?2 attGCTCGGGCGACAAACGGAGC
NbTIR-ONLY1
nJADO90 | rv CRISPR gRNA #?2 aaacGCTCCGTTTGTCGCCCGAG
NbTIR-ONLY?2
nJADO85 | fw CRISPR gRNA attGCTCCGACGACAAATCGAGC
NbTIR-ONLY?2
nJADO86 | rv CRISPR gRNA aaacGCTCGATTTGTCGTCGGAG
NbTIR-ONLY3
nJADO87 | fw CRISPR gRNA attGAAGAGGCCAAACAAACCGT
NbTIR-ONLY3
nJADO88 | rv CRISPR gRNA aaacACGGTTTGTTTGGCCTCTT
n0OJ009 fw NbTIR'ONLYl CCTTTCAAAGTTTACACCAGCC
genotyping
n0J010 rv NbTIR'ONLYl TCACGATACTGAGGGGAGAA
genotyping
n0J011 fw NbTIR'ONLYZ AAAGGGCCATGCAACGTTC
genotyping
n0J012 rv NbTIR'ONLYZ TCCAACAATGTATTTTGCCTCCT
genotyping
n0J013 fw NbTIR'O'\.ILY3 AGTCGCTGTGTTTTCTCCAC
genotyping
n0J014 rv NbTIR'O'\.ILY3 CCACTTATCAGGATATCGCTAGT
genotyping
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4.1.5. Vectors

The vectors used and generated in this study are listed in Table 5.

Table 5: Vectors used in this study

ID Vector Purpose
PENTR-D-TOPO empty Gateway ENTRY vector
(ThermoFisher) used for TOPO
recombination with amplified PCR products
red301 pDONR221 empty (_Bate_vvay IZ_)ONOR_V_ector used for BP
recombination with amplified PCR products
pXCSG_GW_YFP empty Gateway DESTINATION vector
red051 containing a 35S promoter used for LR
recombination ENTRY/DONOR vectors
p0OJ042 PENTR_OsTIR-NoStop for further cloning
p0J050 pN%l;I;I(;E_OsTIR-El?,?,A for further cloning
p0J059 KEEI;I;—OSTIR'GBW' for further cloning
p0OJ041 PENTR_HVTIR-NoStop for further cloning
p0J049 EEEILF;—HVTIR'El%A ) for further cloning
p0OJ058 pN%’;;F;—HVTIR'Glng' for further cloning
PMGE311 empty vector for stable CRISPR/Cas9
transformation of Nicotiana benthamiana
pDGE347 empty vector for stable CRISPR/Cas9
transformation of Arabidopsis thaliana
001024 PMGE311_NbTNPs CRISPR multiplex containing gRNAs for
NbTNP1-4
00J025 PMGE311_NbTIRs CRISPR multiplex containing gRNAs for
NbTIR1-3
00J056 pDGE347_AtTNPs CRISPR multiplex containing gRNAs for
AtTNP-I and AtTNP-I1b
00J057 pDGE347_AtTIRs CRISPR multiplex containing gRNAs for
AtTIR-ONLY1 and AtTIR-ONLY2
p0J126 pDONR_AtTNP-I-NoStop for further cloning
p0J125 pDONR_AtTNP-IIb-NoStop for further cloning
p0OJ101 PENTR_HVTNP-I-NoStop for further cloning
p0J043 PENTR_HVTNP-IIb-NoStop for further cloning
p0OJ100 pENTR_MpTNP-I11-NoStop for further cloning
p0J190 pDONR_ZmTNP-lla-NoStop | for further cloning
p0J192 PDONR_ZmMTNP-Ha-E130A- | ¢ ther cloning
NoStop
p0J191 PDONR_ZmMTNP-Ha-EI31A- | ¢ £, ther cloning
NoStop
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green212 | pXCSG_YFP for transient expression in tobacco
pHLO01 pXCSG AtRPP1-WsB YFP for transient expression in tobacco
p0J208 pXCSG_AtRPP1-K293L-YFP | for transient expression in tobacco
p0J004 pXCSG ATR1-Emoy2 SH for transient expression in tobacco
p0J048 pXCSG_OsTIR_YFP for transient expression in tobacco
p0J054 pXCSG OsTIR-E128A YFP | for transient expression in tobacco
p0J185 pXCSG OsTIR-G183R _YFP | for transient expression in tobacco
p0J047 pXCSG HVTIR_YFP for transient expression in tobacco
p0J053 pXCSG HVTIR-E133A YFP | for transient expression in tobacco
p0J184 pXCSG HVTIR-G188R_YFP | for transient expression in tobacco
p0J134 pXCSG_ AtTNP-1 YFP for transient expression in tobacco
p0J133 pXCSG_AtTNP-IIb _YFP for transient expression in tobacco
p0J109 pXCSG HVTNP-I YFP for transient expression in tobacco
p0J094 pXCSG HVTNP-lIb YFP for transient expression in tobacco
p0J105 pXCSG_MpTNP-IIl_YFP for transient expression in tobacco
p0J196 pXCSG ZmTNP-lla YFP for transient expression in tobacco
p0J198 péf::g G_ZmTNP-Na-E130A | £ transient expression in tobacco
p0J197 péf::g C_ZmTNP-Na-E131A 1 £ transient expression in tobacco
p0J209 %568 AC\; }égg A'\\I P\-(III:aF;GBOSA- for transient expression in tobacco

4.1.6. Plant Material

The plant genotypes used in this study and their sources are listed in Table 6.

Table 6: Plant lines used in this study

Species Genotype Reference

Arabidopsis thaliana Col-O WT Dangl lab

Arabidopsis thaliana Col-0 eds1-12 (Ordon et al., 2017)
Arabidopsis thaliana Col-0 pad4-1 (Glazebrook et al., 1997)

Arabidopsis thaliana

Col-0 sag101-3

(Jirage et al., 1999)

Arabidopsis thaliana Col-0 tir-only-d1 this study
Arabidopsis thaliana Col-0 tir-only-d2 this study
Nicotiana benthamiana WT MPIPZ, Cologne
Nicotiana benthamiana edsla (Ordon et al., 2017)
Nicotiana benthamiana pad4 (Ordon et al., 2017)
Nicotiana benthamiana sagl0lab (Lapin et al., 2019)
Nicotiana benthamiana tnp-ql this study
Nicotiana benthamiana tnp-g2 this study
Nicotiana benthamiana tir-only-t1 this study
Nicotiana benthamiana tir-only-t2 this study

Nicotiana tabacum

c.v. Samsun WT

MPIPZ, Cologne

Nicotiana tabacum

c.v. Samsun RNAIi:EDS1

Dangl lab, (Duxbury et al., 2020)
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4.1.7. Bacterial Strains

The bacterial strains used in this study including their genotypes and sources are listed in Table 7.

Table 7: Bacterial Strains used in this study

Species Strain Genotype

Escherichia coli DH10B | F mcrA A(mrr-hsdRMS-mcrBC)
®80lacZAM 15 AlacX74 deoR recAl endAl
araA139 A(ara, leu)7697 galU galK A" rpsL
(Str®) nupG

Escherichia coli DH5a F ®80dlacZAM15 A(lacZYA-argF) U169 deoR
recAl endAl hsdR17(r, mi*)
phoA supE44 L\ thi-1 gyrA96 relAl

Agrobacterium tumefaciens | GV3101 | pMP90RK (Deak et al., 1986)

Agrobacterium tumefaciens | GV3101 | pMP90 (Deak et al., 1986)

Pseudomonas syringae DC3000 | pVSP61 EV (Hinsch & Staskawicz, 1996)

Pseudomonas syringae DC3000 | pVSP61 AvrRps4 (Hinsch & Staskawicz, 1996)

Pseudomonas syringae DC3000 | pVSP61 AvrRpt2 (Hinsch & Staskawicz, 1996)

Xanthomonas campestris 85-10 WT (Thieme et al., 2005)

Xanthomonas campestris 85-10 AxopQ (Adlung et al., 2016)

4.1.8. Antibiotics

Antibiotics and their concentrations used for bacterial selection are listed in Table 8. Antibiotics

were purchased from Duchefa.

Table 8: Antibiotic concentrations for bacterial selection

Name Stock Concentration Working Concentration Solvent
Kanamycin 50 mg/ml 25 mg/l ddH20
Ampicillin 100 mg/mi 100 mg/I ddH20
Spectinomycin 100 mg/ml 100 mg/I ddH20
Rifampicin 100 mg/ml 40 mg/l DMSO
Gentamycin 15 mg/ml 25 mg/l ddH20
Carbenicillin 50 mg/ml 100 mg/I ddH20
Streptomycin 150 mg/ml 150 mg/I ddH20
Gentamycin* 25 mg/ml 25 mg/l ddH20

* concentration for Pst selection.
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4.1.9. Antibodies

Antibodies used for immunoblot analysis and their concentrations are listed in Table 9.

Table 9: Antibody concentrations used for immunoblots

Name Source Dilution Supplier Type
a-GFP mouse monoclonal 1:5000 Sigma-Aldrich primary
a-mouse 1gG HRP | rabbit monoclonal 1:5000 Sigma-Aldrich secondary

4.1.10. Media

Media compositions for bacterial and fungal cultivation are listed in Table 10.

Table 10: Media composition for bacterial and fungal cultivation

Name

Application

Composition

LB

E. coli cultivation

Tryptone: 10.0 g/I
Yeast Extract: 5.0 g/l
NaCl: 5.0 g/l

pH 7.0
1.5 % (w/v) agar for plates

YEB

A. tumefaciens cultivation

Beef Extract: 5.0 g/l
Yeast Extract: 1.0 g/l
Peptone: 5.0 g/l
Sucrose: 5.0 g/l

1 M MgSO4: 2.0 ml/l

pH 7.2
1.5 % (w/v) agar for plates

NYGA

Xcv and Pst cultivation

Peptone: 5.0 g/l
Yeast Extract: 3.0 g/l
Glycerol: 20.0 ml/I

pH 7.0
1.5 % (w/v) agar for plates

PG

Botrytis cinerea cultivation

Potato Extract: 4.0 g/l
Glucose: 20.0 g/l

pH 5.6
1.5 % (wl/v) agar for plates
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4.2. Methods

4.2.1. Bioinformatic Methods

4.2.1.1. Prediction of protein domains in whole plant proteomes

For the analysis of TIR domains across plant proteomes, respective predicted proteomes were
downloaded from public databases, as well as publications (Table 1). Proteomes of 39 plant species
were screened for TIR domains using hmmsearch (HMMER 3.1b2, --incE 0.01) (Finn et al., 2011)
with TIR and the TIR-related TIR_2, TIR-like, DUF1863 and SEFIR HMMs downloaded from the
Pfam database (Table 2). Potential TIR sequences identified by TIR and TIR-related HMMs
(overlap >20 aa) were considered redundant and removed from the analysis. LRR and TPR
domains were identified similarly, with their respective HMMs, while NB-ARC domains were
identified using a single HMM. For the generation of the internal TNP phylogeny, a custom TNP
HMM was generated using the hmmobuild algorithm (HMMER 3.1b2, NSEQ = 77) and used in a

similar fashion on the whole plant proteomes.

4.2.1.2. Alignment and phylogenetic analysis of protein domains

Predicted protein domains were aligned using the MAFFT multiple sequence alignment (MSA)
algorithm (v7.407, fftns with up to 1000 iterations) (Katoh et al., 2002). The resulting MSAs were
filtered and columns containing >40 % gaps were removed using the online Wasabi MSA browser
(http://was.bi/) and exported. The filtered MSAs were then used to build phylogenetic trees with
IQ-TREE (version 1.6.12, options: -nt AUTO -ntmax 5 -alrt 1000 -bb 1000 -bnni) (Chernomor et
al., 2016; Nguyen et al., 2015). The resulting trees were annotated and additional information was
added using the online phylogenetic tree manager iTOL v5 (Letunic & Bork, 2021) or the R
package ggtree (Yu, 2020).

4.2.1.3. Analysis of public RNAseq datasets

Raw RNAseq data (Table 3) were directly downloaded from the NCBI Sequence Read Archive
(SRA) using sra toolkit (SRA Toolkit Development Team, https://github.com/ncbi/sra-tools;
v.2.10.0). Quality of the raw data was checked by running FastQC quality controls and possibly
remaining adapters were trimmed from the reads with Trimmomatic (v0.38, options: LEADING:5
TRAILING:5 SLIDINGWINDOW:4:15 MAXINFO:50:0.8 MINLEN:36) (Bolger et al., 2014).
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Reads were quantified using Salmon (v.1.4.0, --fldMean=150 --fldSD=20 for single-end data and
--validateMappings —gcBias for paired-end data) (Patro et al., 2017). Genome versions used for
transcript quantifications are: A. thaliana: TAIR10; N. benthamiana: v1.0.1, H. vulgare: IBSCv2;
O. sativa: IRGSP-1.0. To convert reads into transcript-per-million (tpm), tximport library (v1.22.0)
(Soneson et al., 2015) was used. Values were normalized to Z-scores to allow comparisons between
species. NLR genes were called using NLR-Annotator (Steuernagel et al., 2020), while conserved
TIR genes were annotated based on their phylogeny.

4.2.1.4. Generation of protein sequence motifs

TIR sequence logos were generated by extracting full TIR domain sequences based on the
coordinates provided by hmmsearch. Per TIR group, all domains were aligned using mafft MSAs
as described above and a sequence logo of the MSA was generated using the R package
“ggseqlogo” (Wagih, 2017). Sequence logos were centered around known motifs in AtRPP1WsE
and plotted showing their chemical attributes.
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4.2.2. Biochemical Methods

4.2.2.1. Total leaf protein extraction

For immunoblot analysis of transiently expressed proteins in N. benthamiana, four 8 mm leaf disks
were harvested from infiltrated leaf areas two days after Agrobacterium infiltrations and
immediately frozen in liquid nitrogen in tubes containing ~5 metal beads. Frozen samples were
homogenized using a Qiagen TissueLyser Il at 30 Hz for 30 sec. The samples were resuspended in
8 M Urea buffer (50 mM Tris-HCI pH 6.8, 2 % (w/v) SDS, 8 M urea, 2 % (w/v) b-mercaptoethanol,
5 % (v/v) glycerol, protease inhibitor cocktail (Roche), 0.004 % (w/v) Bromophenol Blue) and
boiled at 95 °C for 10 min, as previously described (Ma et al., 2020). After centrifugation at 13,300
rpm for 1 min, the supernatant was used for SDS-PAGE.

4.2.2.2. Protein enrichment via immunoprecipitation (IP)

To enrich proteins YFP-tagged transiently expressed in N. tabacum leaves, immunoprecipitation
was performed. For this, four 1 cm leaf disks were cut out from infiltrated leaf areas, placed in a
tube with ~5 metal beads and immediately frozen in liquid nitrogen. The frozen samples were
homogenized using a Qiagen TissueLyser 11 at 30 Hz for 30 sec. 1.5 ml of extraction buffer (10 %
(v/v) glycerol, 100 mM TRIS-HCI pH 7.5, 5 mM MgCl2, 300 mM NaCl, 10 mM DTT, 0.5
IGEPAL® CA-630, 1 x plant protease inhibitors, 2 % (w/v) Poly(vinylpolypyrroliodone)) were
added and tubes incubated on an inverting wheel at 4 °C, 50 rpm for 10 min. The dissolved samples
were centrifuged at 4,500 g at 4 °C for 35 min. The supernatant was passed through Miracloth into
a new tube and a 50 ul input sample was taken, mixed with 50 pl Lammli buffer (60 mM TRIS pH
6.8, 4 % (w/v) SDS, 200 MM DTT, 20 % (w/v) glycerol, 0.2 % (w/v) bromophenol blue) and boiled
at 95 °C for 10 min. The remaining sample was mixed with 20 ul GFP Trap® agarose bead slurry
(Chromotek) and incubated on an inverting wheel at 4 °C, 50 rpm for 2 h. Afterwards, tubes were
centrifuged at 500 g, 4 °C for 1 min to pellet the GFP trap beads. Supernatant was removed and the
beads resuspended in 1 ml IP-buffer (10 % (v/v) glycerol, 100 mM TRIS-HCI pH 7.5, 5 mM MgCly,
300 mM NaCl, 0.5 IGEPAL® CA-630, 1 x plant protease inhibitors) and transferred to a Protein
LoBind tube (Eppendorf). Beads were washed three times with IP-buffer, centrifuging at 500 g, 4
°C for 1 min each time to pellet the beads. After the last centrifugation, the supernatant was
removed, 50 pl Lammli buffer added, and the samples boiled at 95 °C for 10 min. Prior to SDS-
PAGE, input and IP protein samples were centrifuged at 13,300 rpm for 1 min.
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4.2.2.3. SDS PAGE

For protein separation SDS-PAGE was run using the BioRad Mini-PROTEAN system. Samples
dissolved in Lammli buffer were loaded on 1.0 mm Any kD 15-well precast gels (BioRad). Gels
were run in 1x TRIS-Glycine-SDS running buffer (250 mM TRIS, 1.92 M Glycine, 1 % (w/v) SDS)
at 200 V for 30 min. Empty wells were loaded with Lammli buffer to ensure equal running and

PageRuler Prestained Protein Ladder (ThermoFisher) was used as size standard.

4.2.2.4. Immunoblot Analysis

After SDS-PAGE, separated proteins were transferred onto a BioRad 0.2 pum nitrocellulose
membrane using the BioRad Mini Trans-Blot system. Gels were stacked onto the membrane and
submerged into 1x transfer buffer (25 mM TRIS, 192 mM glycine, 0.1 % (w/v) SDS, 20 % (v/v)
methanol). The transfer was carried out at 110 V for 70 min at 4°C. After transfer, membranes were
blocked with 5 % (w/v) milk powder dissolved in TBS-T buffer (10 mM TRIS, 150 mM NacCl,
0.05 % (v/v) Tween-20, pH 7.5) at 4 °C overnight. Blocked membranes were then incubated in
primary antibody solution containing 3 % (w/v) milk powder dissolved in TBS-T for 1 h at room
temperature (concentrations indicated in Table 9). Afterwards, membranes were washed three
times with TBS-T at room temperature, before adding the secondary antibody solution (Table 9),
which also contained 3 % milk powder in TBS-T. After incubation for 1 h, the membranes were
washed again three times using TBS-T. For detection of HRP-labeled antibodies, membranes were
covered in ~100 pl Clarity™ Western ECL Substrate (BioRad). Chemiluminescence was detected
using a BioRad ChemiDoc™ XRS+ detection system.
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4.2.3. Molecular Biological Methods

4.2.3.1. Plant RNA extraction and cDNA synthesis

For cloning of CDS into vectors for further cloning, total RNA was extracted from 1-2 week-old
rice and barley plants, as well as 4 week-old A. thaliana and M. polymorpha plants. RNA was
extracted using the Bio-Budget Plant RNA Kit, following the manufacturer’s instructions.
Extracted RNA was dissolved in 30 pl ddH20. The resulting RNA concentration was measured
using a NanoDrop 1000 (ThermoFisher) photo spectrometer. To remove potential DNA
contaminations, 1 pg of RNA was incubated with DNase | (ThermoFisher) at 37 °C for 1 h, the
reaction mix is listed in Table 11. After incubation, DNase was deactivated by adding 1 pl 50 mM
EDTA and incubation at 65 °C for 10 min. The DNase-treated RNA was used for reverse
transcription with the RevertAid H Minus cDNA systhesis Kit (ThermoFisher), components of the
reaction mix are listed in Table 12. The reaction mix was incubated at 42 °C for 60 min, followed
by an inactivation step at 70 °C for 10 min. The resulting cDNA was stored at -20 °C until further
use for PCR amplification of CDS for TOPO and BP cloning.

Table 11: DNase | Reaction Mix.

Component Volume
RNA (200 ng/pl) 5.0 ul
DNase | (1 U/ul) 1.0 ul
DNase I buffer (10x) 1.0l
RiboLock 0.25 pl
ddH.O to 10.0 pl

Table 12: Reverse Transcriptase Reaction Mix.

Component Volume
DNase-treated RNA 10.0 pl
Oligo dT15 (100 nM) 1.0 ul
RevertAid™ H Minus buffer (5x) 4.0 pl
RiboLock 0.5 ul
dNTPs (10 mM) 2.0l
RevertAid™ H Minus RT 1.0ul
ddH.0 t0 20.0 pl
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4.2.3.2. Polymerase Chain Reaction (PCR)

For plant genotyping purposes, the non-proofreading Phire HS Il DNA Polymerase (ThermoFisher)
was used, with the reaction mix and PCR program indicated in Table 13 and Table 14. For cloning,
proofreading polymerases Phusion (NEB) and PrimeStar II HS (Takara Bio) were used. The
standard cloning PCR mix for both polymerases is described in Table 15, the standard PCR

program shown in Table 16.

Table 13: Plant Genotyping PCR Reaction Mix.

Component Volume
Phire Green buffer (5x) 4.0 pl
dNTPs (2.5 uM) 0.4 pl
Primer fw (10 pM) 1.0l
Primer rv (10 uM) 1.0 ul
Phire HS Il Polymerase 0.2 ul
gDNA (from Sucrose extraction) 1.0l
ddH20 to 20.0 pl

Table 14: Plant Genotyping PCR Program.

Step Temperature Time Cycles
Initiation 98 °C 30 sec 1x
Denaturation 98 °C 10 sec 35x
Annealing 60 °C 15 sec 35x
Elongation 72 °C 15 sec/kb 35x
Final Elongation 72 °C 5 min 1X
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Table 15: Standard PCR Reaction Mix.

Component Volume
Phire Green buffer (5x) 4.0 pl
dNTPs (2.5 pM) 0.4 ul
Primer fw (10 puM) 1.0 ul
Primer rv (10 uM) 1.0 ul
Phire HS Il Polymerase 0.2 ul
gDNA (from Sucrose extraction) 1.0l
ddH20 t0 20.0 pl

Table 16: Standard PCR Program.

Step Temperature Time Cycles

Initiation 98 °C 30 sec 1x

Denaturation 98 °C 10 sec 35x

Annealing 60 °C 15 sec 35X

Elongation 72 °C 15 sec/kb 35X

Final Elongation 72°C 5 min 1x
4.2.3.3. Agarose Gel Electrophoresis

For visualization of PCR products and vector digests, DNA was mixed with 6x DNA loading dye
(40 % (w/v) sucrose, 0.5 % (w/v) Orange G) and loaded on a 1 % (w/v) agarose gel in TAE buffer
(40 mM TRIS, 20 mM acetic acid, 1 mM EDTA, pH 8.5) supplied with 0.2 mg/l ethidium bromide.
Electrophoresis was performed at 120-140 V for 30-45 min and bands visualized using a UV trans-

illuminator (Intas).
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4.2.3.4. DNA purification from Agarose Gels

After agarose gel electrophoresis, confirmed DNA bands were cut from the gel and the DNA
purified from the gel pieces using the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel),
following the manufacturer’s instructions. Instead of the supplied TE buffer, DNA was dissolved

in 15-30 pl ddH20 and stored at -20 °C until further use.

4.2.3.5. Generation of Gateway expression vectors

All plant expression vectors used in this thesis were generated using the Gateway cloning system
supplied by ThermoFisher Scientific. TNP and TIR-ONLY coding sequences (CDS) without Stop
codons were amplified from cDNA (A. thaliana Col-0, O. sativa cv. Kitaake, H. vulgare cv. Golden
Promise, M. polymorpha Takl) using oligonucleotides (custom oligos ordered from Sigma-
Aldrich) with TOPO (fw: 5’-CACC-3) or BP attB (fw: 5’-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG-3’, v: 5’-
GGGGACCACTTTGTACAAGAAAGCTGGGTA-3’) overhangs for the generation of pENTR-
D-TOPO or pDONR221 based vectors, respectively (Table 5). The ZmTNP-lla CDS was
synthesized (TWIST Bioscience) with codon-optimization for N. benthamiana (Johanndrees et al.,
2021). All CDS were amplified using proof-reading polymerases Phusion (NEB) or PrimeStar HS
(Takara Bio). After PCRs were confirmed on agarose gels, the PCR products were cleaned up and
used for TOPO or BP reaction, following the manufacturer’s protocol. Reaction mixes are listed in
Table 17 and Table 18, respectively. TOPO reactions were incubated for 10 min, BP reactions for
1 h at room temperature, respectively. Reaction mixes were used for transformation of competent
E. coli (DH10B or DH5a) and subsequently confirmed via enzyme digests and Sanger sequencing.
Recombination of the CDS into the pXCSG_GW_YFP expression vector was performed by LR
reactions, the reaction mix is described in Table 19. Expression vectors containing AtRPP1"*E and
ATR1EMY2 \were previously published (Ma et al., 2020).
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Table 17: TOPO Reaction Mix.

Component Volume
pENTR™/D-TOPO 0.5 ul
TOPO-PCR product 0.5 ul
salt solution 1.0l
ddH20 to 6.0 pl

Table 18: BP Reaction Mix.

Component VVolume/Amount
attB-PCR product 10-100 ng
pDONR221 50 ng

TE buffer to 4.0 pl

BP Clonase™ Enzyme mix Il 1.0 ul

Table 19: LR Reaction Mix.

Component VVolume/Amount
entry vector 50 ng
destination vector 50 ng

TE buffer 1.5l

LR Clonase™ Enzyme mix Il 0.5 ul

ddH20 t0 4.0 ul
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4.2.3.6. Plasmid isolation and restriction enzyme digests

Generated vectors were isolated from E. coli strains DH10B and DH5a using the NucleoSpin
Plasmid kit (Macherey-Nagel), following the manufacturer’s instructions, with the exception that
isolated plasmids were dissolved in 50 pl ddH2O instead of the provided TE buffer. Resulting DNA
concentrations were measured using a NanoDrop 1000 photo spectrometer (ThermoFisher) and
plasmids were stored at -20 °C. Isolated plasmids were digested using restriction enzymes (NEB)
with the supplied buffers, the standard digestion mix is described in Table 20. Mixes were
incubated at 37 °C for 1 h, before running on an agarose gel and checking correct DNA fragment

sizes.

Table 20: Plasmid restriction digest Reaction Mix.

Component Volume

Plasmid DNA 200-500 ng

Buffer (10x) 1.0 ul

Restriction enzyme 0.3 ul

ddH20 to 10.0 pl
4.2.3.7. Sanger Sequencing

Sequencing of vectors and plant genotyping PCR products was carried out by Eurofins Genomics

using the Mix2Seq Kit, following the manufacturer’s instructions.

4.2.3.8. Site-directed mutagenesis (SDM)

For specific mutations within the CDS of TIR genes, site-directed mutagenesis (SDM) was
employed. Entry or expression vectors served as templates and a PCR was carried out using altered
oligonucleotides, containing the desired mutations (Table 4). For this, the proof-reading
polymerases Phusion (NEB) or PrimeStar HS (Takara Bio) were used, reaction mix, and PCR
program are listed in Table 21 and Table 22, respectively. Template DNA was digested by adding
1 ul of Dpnl restriction enzyme (NEB) to the PCR mixes and incubation at 37 °C for 3 h. 5 pl of
the digested reaction mix were used for E. coli (DH10B or DH5a) transformation, correct
mutations were checked by Sanger sequencing.
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Table 21: SDM PCR Reaction Mix.

Component Volume
Buffer (5x) 4.0 pl
dNTPs (2.5 pM) 1.6 pl
Primer fw (10 puM) 1.0 ul
Primer rv (10 uM) 1.0 ul
Polymerase 0.3 ul
Plasmid to mutate 10 ng
ddH20 to 40.0 pl

Table 22: SDM PCR Program.

Step Temperature Time Cycles

Initiation 98 °C 1 min 1x

Denaturation 98 °C 10 sec 20x

Annealing 55°C (1 °C/sramp) | 15sec 20x

Elongation 72 °C 1 min/kb 20x

Final Elongation 72°C 15 min 1x
4.2.3.9. Generation of Golden Gate CRISPR/Cas9 vectors

Guide RNAs (gRNAs) for CRISPR/Cas9 mutagenesis were designed using the online gRNA
prediction tool CRISPR-P 2.0 (http://crispr.hzau.edu.cn/CRISPR2/) using TNP and TIR-ONLY
CDS from A. thaliana and N. benthamiana as input. Potential gRNA candidates with high predicted
efficiencies were then manually blasted against the reference genomes to check for possible off-
targets. Only gRNAs without off-target hits were selected and ordered as oligonucleotides (from
Sigma-Aldrich) with (fw: 5’-ATTG-3’, rv: 5’-AAAC-3") overhangs for Golden Gate cloning
(Table 4). The two complement gRNA oligos were hybridized at a concentration of 10 uM for each
oligo using a thermal cycler (Eppendorf Mastercycler), the hybridization temperature program is
described in Table 23. Hybridized oligonucleotides were then diluted 1:200 (final concentration 50
fmol/ul) and used for Golden Gate integration into gRNA “shuttle vectors” (Ordon et al., 2020;

Ordon et al., 2017), the reaction mix and cut/ligation program are described in Table 24 and Table
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25, respectively. After Golden Gate cloning, 2.5 pl of the reaction mix were used for transformation
of E. coli, which were incubated in 4 ml of restrictive LB medium overnight at 37 °C in a shaking
incubator, without plating out. Polyclonal plasmids were extracted the next day by miniprep and
directly used for Golden Gate recombination with the multiplex gRNA constructs (vectors listed
in Table 5), the reaction mix and cut/ligation program are shown in Table 26 and Table 27,
respectively. Again, 2.5 ul of the reaction mix were used for transformation of E. coli, this time
plating out the regenerated bacteria on selective plates and incubation overnight at 37 °C. The
resulting multiplex vectors were transformed into Agrobacterium GV3101 (pMP90) strains and

used for plant transformation.

Table 23: gRNA Oligonucleotide Hybridization Program.

Temperature Duration
95°C 5 min
90 °C 2 min
85 °C 2 min

2 min
20°C 2 min
15°C 2 min
4°C 15 min

Table 24: gRNA Shuttle Vector Golden Gate Reaction Mix.

Component Volume
gRNA shuttle vector 60 ng
Hybridized gRNA oligo pair (50 fmol/ul) 1.0l
Ligation buffer (10x) 1.0ul
BSA (1 mg/ml) 1.0l
Bpil (ThermoFisher) 0.5 ul

T4 Ligase (NEB, 1 U/ul) 0.5 ul
ddH20 t0 10.0 pl
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Table 25: gRNA Shuttle Vector cut/ligation Program.

Step Temperature Time Cycles
Cut 37°C 2 min 10x
Ligation 16 °C 5 min 10x
Inactivation (T4) 50 °C 10 min 1x
Inactivation (Bpil) 80 °C 10 min 1X
Table 26: CRISPR Multiplex Vector Golden Gate Reaction Mix.
Component Volume
Recipient multiplex vector 320 ng
Each gRNA shuttle vector 40 ng
Ligation buffer (10x) 2.0 ul
BSA (1 mg/ml) 2.0 ul
Eco31l (ThermoFisher) 1.0 ul
T4 Ligase (NEB, 30 U/ul) 1.0 ul
ddH20 to 20.0 pl
Table 27: CRISPR Multiplex Vector cut/ligation Program.
Step Temperature Time Cycles
Cut 37°C 2 min 30x
Ligation 16 °C 5 min 30x
Inactivation (T4) 50 °C 10 min 1X
Inactivation (Bpil) 80 °C 10 in 1X
4.2.3.10. In silico Sequence Generation

Vector maps for TOPO, LR and BP reactions were generated using SeqBuilder Pro 15

(DNASTAR). SeqBuilder Pro 15 was also used to plan enzymatic restriction digests. Sanger

sequencing reads were aligned to the in silico generated sequences and checked for correctness
using SeqMan Pro 15 (DNASTAR).
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4.2.4. Bacterial Methods

4.24.1. E. coli Cultivation and Transformation

E. coli strains DH10B and DH5a were grown at 37 °C in LB liquid medium or on plates supplied
with antibiotics (Table 8) to ensure maintenance of desired plasmids. For transformation of
chemically competent E. coli, 50 ul of bacterial cells were thawed on ice and 1-10 pl plasmid or
reaction mix was added, incubating for 30 min on ice. To perform heat-shock transformation, tubes
were then placed into a water bath at 42 °C for 45 sec and immediately placed on ice afterwards.
Then, 800 pl LB medium was added to the transformed cells and bacteria were regenerated at 37
°C shaking for 1 h. After regeneration, bacteria were pelleted at 11,000 rpm for 30 sec and
resuspended in ~100 pl LB to be plated onto LB plates containing antibiotics for plasmid selection.
Plates were incubated at 37 °C overnight until colonies were visible and used for inoculation of

liquid cultures.

4.24.2. A. tumefaciens Cultivation and Transformation

Agrobacterium was grown in liquid YEB medium or on plates containing Rifampicin, Gentamycin,
and the respective antibiotics (Table 8) for plasmid maintenance. Transformation of competent
Agrobacterium cells was performed by electroporation. For this, 50 pl of cell suspension was
thawed on ice and 0.5 pl of desired plasmid was added. The mixture was incubated on ice for 10
min before being transferred into an electroporation cuvette (2 mm gap, cell projects).
Electroporation was carried out using a BioRad Gene Pulser Xcell with the Agrobacterium pre-set.
After pulsing, 800 pl of YEB medium were added to the cuvette and cells transferred into a new
tube and incubated on a shaking incubator at 28 °C, 600 rpm for 2 h. Afterwards, 50 ul of the
regenerated Agrobacterium cultures were plated onto YEB plates containing respective antibiotics

and incubated at 28 °C for 2 days until colonies were visible.

4.2.4.3. Xcv Cultivation

Xanthomonas campestris pv. vesicatoria 85.10 strains were grown in liquid NYGA medium or
NYGA plates supplied with Rifampicin. Plates were incubated at 28 °C until densely covered in
bacteria. Liquid cultures were started from these plates and incubated at 28 °C in a shaking

incubator at 200 rpm overnight prior to infection experiments.
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4244, Pst Cultivation

Pseudomonas syringae pv. tomato (Pst) DC3000 strains were grown in liquid NYGA medium or
on NYGA plates supplied with Rifampicin and Kanamycin to select for Pst DC3000 and the
pVSP61 vectors, respectively. Plates were incubated at 28 °C until densely covered in bacteria.
Liquid cultures were started from these plates and incubated at 28 °C in a shaking incubator at 200

rpm overnight prior to infection experiments.
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4.2.5. Plant Methods

4.2.5.1. Plant Cultivation

For immune assays, 4. thaliana seeds were sown on moist soil fertilized with 10 mg/l Confidor
WG70 (Bayer) and covered with a plastic lid. Trays were placed into a growth chamber with 10 h
light, 14 h dark, ~150 pumol/m/s, 22 °C, 65 % humidity growing conditions. 4. thaliana seeds
intended for plant propagation were grown in “speed breeding” chambers with 22 h light, 2 h dark,
~150 pmol/m/s, 22 °C, 65 % humidity growing conditions. Lids were removed ~5 days after
placing the trays into the growth chambers. When plants were setting seeds, irrigation was stopped,
and plants wrapped in paper bags until dried completely and seeds were harvested.

N. benthamiana and N. tabacum plants were grown in a greenhouse compartment with 16 h light,
8 h dark, growing conditions. Four- to five-week-old plants were used for the immune assays.
Plants for seed production were further grown until seed pods were completely dry and harvested

off the plant for seed collection.

4.25.2. Stable Transformation of A. thaliana (Floral Dip)

For stable transformation of A. thaliana plants, the floral dip method was used (Clough & Bent,
1998; Logemann et al., 2006). Flowering plants grown under “speed breeding” conditions were
cut to remove the inflorescence once, allowing them to re-grow for higher flower numbers.
Approximately 5-week-old flowering plants were used for transformation. For this, an
Agrobacterium solution containing 5 % sucrose, 0.01 % Silwet L-77 and Agrobacterium carrying
the desired vector for transformation at an ODeoo Of 1.5 was generated and put into a small
autoclave bag. Inflorescences were submerged in the Agrobacterium solution for ~45 sec and dried
off on a paper towel to remove excess bacteria. The plants were then covered with plastic bags and
put in the dark for 1 day, before the plastic bags were removed and the plants were placed back

into the “speed breeding” chambers until setting seeds.
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4.25.3. Stable Transformation of N. benthamiana

Stable transformation of N. benthamiana was performed as previously described in (Ordon, 2019)
(dx.doi.org/10.17504/protocols.io.sbaeaie). Agrobacterium strains carrying the desired CRISPR
constructs were grown in liquid YEB medium at 28 °C in a shaking incubator until cultures were
densely grown. 100 ml induction medium (YEB medium with 20 uM Acetosyringone) were
inoculated with 1 ml of the pre-culture and incubated at 28 °C shaking at 200 rpm overnight. 40 ml
of the culture were pelleted at 4,000 rpm for 20 min and the pellet resuspended in 20 ml MMA
medium (1x MS salts (+MES), 20 g/l sucrose, pH 5.7) without antibiotics. The optical density
(ODe0o) was measured and adjusted to 0.8 in a total of 50 ml MMA medium. Six fully expanded
leaves from four-to-five-week-old N. benthamiana plants were harvested and the middle vein
removed using a razor blade. Leaf halves were sterilized in a 1.2 % (v/v) NaOClI, 0.01 % (v/v)
Tween-20 solution for 30 sec until washed twice in sterile ddH20, 0.01 % (v/v) Tween-20. Leaves
were cut into small (~1x1 cm) pieces, placed in a sterile petri dish, covered in Agrobacterium
solution, and incubated for 30 min. Then, leaves were transferred onto Whatman paper wetted with
sterile ddH20 in a square petri dish, which was sealed with 3M Micropore tape, covered in
aluminum foil, and incubated in the light culture room for 2 days. Afterwards, leaf cuts were
transferred into sterilizing solution (ddH20, 250 mg/l Cefotaxime, 100 mg/l Kanamycin), dried on
Whatman paper and transferred onto MS-II plates (1x MS salts, 1.0 mg/l 6-Benzylaminopurine,
0.1 mg/l Naphthalene acetic acid, 200 mg/l Cefotaxime, 100 mg/l Kanamycin). Plates were sealed
with 3M Micropore tape and incubated in the light culture room for 5-6 weeks. After plantlets
developed on the MS-I1 plates, they were cut off using a razor blade and transferred onto MS-I1I
medium (1x MS salts, 200 mg/l Cefotaxime, 100 mg/l Kanamycin) in “Weck” jars to allow
horizontal growth and rooting of the plantlets. Jars were placed in the light culture room for 1-3
weeks until roots appeared. Plantlets were transferred into pots and placed in the greenhouse until
setting seeds. Presence of the Cas9 constructs was tested via CNL assay (Stuttmann et al., 2021)
and PCRs.
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4.25.4. Plant Genomic DNA Extraction for Genotyping

For crude large-scale plant genotyping, A. thaliana and N. benthamiana genomic DNA was
extracted using the sucrose method as previously described (Berendzen et al., 2005). A small
amount of leaf tissue was placed into a collection tube (Qiagen) with a metal bead inside. To this,
200 pl of Sucrose solution (50 MM TRIS-HCI pH 7.5, 300 mM NaCl, 300 mM sucrose) were added
and samples were homogenized using a TissueLyser Il (Qiagen). Tubes were then centrifuged at
1,000 rpm for 1 min, their lids removed, and the tubes placed into a water bath at 97 °C and
incubated for 15 min. After boiling, the samples were immediately placed on ice for at least 30 min
before being used for genotyping PCRs. Samples were stored at 4 °C when not used directly after
DNA extraction.

4.25.5. Transient protein expression in tobacco plants

Agrobacterium strains transformed with the desired vectors were grown on YEB plates containing
respective antibiotics (Table 8) overnight at 28 °C. Bacteria were collected from plates by adding
3 ml infiltration solution (10 mM MgCI2, 10 mM MES/KOH pH 5.6, 150 nM Acetosyringone) in
which they were resuspended. The optical density (ODeoo) was measured using a photo
spectrometer (BioPhotometer, Eppendorf) and adjusted to an ODgoo 0of 0.5 per strain in each mix.
For N. benthamiana infiltrations, an Agrobacterium strain expressing the viral DNA silencing
repressor P90 was added at an ODegoo Of 0.2, which was omitted for N. tabacum infiltrations, since
it causes autoimmunity. N. benthamiana and N. tabacum leaves were infiltrated using a needleless

syringe, the infiltrated leaf area was marked with a permanent marker.

4.2.5.6. lon leakage assay

Three days after infiltration with Agrobacterium, six 8 mm disks were cut out from infiltrated N.
benthamiana leaf areas using a cork borer. Leaf disks were washed in ~10 ml ddH2O for 30 min
on a rotating plate at room temperature. After washing, the leaf disks were individually transferred
to 24-well plates containing 1 ml ddH.O per well. Conductivity of the water in each well was
measured directly after transfer and after 6 h of incubation at room temperature using a Horiba
Twin ModelB-173 conductometer.
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4.25.7. Xcv infection assay in N. benthamiana

Xanthomonas campestris pv. vesicatoria (Xcv) was grown on NYGA plates supplied with
Rifampicin until densely covered in bacteria. From those plates, liquid cultures were started and
incubated overnight at 28 °C, 200 rpm in a shaking incubator. Cultures were centrifuged at 4,000
rpm for 2 min, the pellet was resuspended in 10 mM MgCl; and the optical density (ODsoo) was
measured using a photo spectrometer (BioPhotometer, Eppendorf). Cultures were diluted to an
ODsoo 0f 0.0005 and incubated in the dark for 1 h. N. benthamiana leaves were infiltrated using a
needleless syringe, infiltration spots were labeled using a permanent marker. After allowing the
leaves to dry, one 8 mm leaf disk was harvested per Xcv — N. benthamiana genotype combination,
placed into a tube containing 1 ml 0.001 % Silwet L-77 in ddH20 and incubated on a shaking
incubator at 28 °C, 300 rpm for 1 h. For each leaf disk, 10 pl undiluted bacterial suspension were
plated onto NYGA plates containing Rifampicin. Plates were incubated for 2 days at 28 °C when
colonies were visible and colony-forming units (CFUs) calculated. Infiltrated plants were placed
in a long-day chamber at 25 °C for 6 days and three 8 mm leaf disks sampled per treatment at 3

and 6 days. CFUs were determined as before, including dilutions.

4.2.5.8. Botrytis growth assay in N. benthamiana

Botrytis cinerea strain B05.10 was grown on PG plates for 20 days before harvesting spores. Spores
were diluted to a concentration of 5x10° conidiospores/ml in PG liquid medium. Four- to five-
week-old N. benthamiana leaves were drop-inoculated by pipetting 10 pl of the spore suspension
on each side of the middle vein. Infected leaves were incubated for 48 hours in the dark at room
temperature, ensuring high humidity in the closed trays. Lesion areas were measured by using

ImageJ (Schindelin et al., 2012) tools on photographs of the infected leaf areas.
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4.25.9. Pst growth assay in A. thaliana

Pseudomonas syringae pv. tomato (Pst) DC3000 was grown on NYGA plates supplied with
Rifampicin and antibiotics for plasmid selection until densely covered in bacteria. Liquid cultures
were started from those plates and incubated overnight at 28 °C, 200 rpm in a shaking incubator.
Cultures were centrifuged at 4,000 rpm for 2 min, the pellet was resuspended in 1 mM MgCI2 and
the optical density (ODeoo) was measured using a photo spectrometer (BioPhotometer, Eppendorf).
Cultures were diluted to an ODegoo 0f 0.0005 and incubated in the dark for 1 h. A. thaliana leaves
were infiltrated using a needleless syringe, using two infiltration spots to fill the entire leaf.
Infiltrated leaves were marked using a permanent marker. Infiltrated plants were placed in a growth
chamber at 25 °C for three days. Six 4 mm leaf disks were taken per Pst — A. thaliana genotype
combination and two leaf disks placed into a single tube containing 1 ml 0.001 % (v/v) Silwet L-
77 in ddH20 and incubated on a shaking incubator at 28 °C, 300 rpm for 1 h. Bacterial dilutions
were plated onto NYGA plates with Rifampicin and respective antibiotic and incubated at 28 °C

for two days. Colonies were counted and colony-forming units (CFUSs) calculated.
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