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Zusammenfassung/Summary I

Zusammenfassung

Pflanzen verfligen nicht Gber ein adaptives Immunsystem, welches sich auf stetig &ndernde
Pathogene anpassen konnte. Jede pflanzliche Zelle besitzt ein genetisch kodiertes,
angeborenes Repertoire an Proteinen, welche eine Infektion durch Pathogene detektieren
und unterdricken koénnen. Das Repertoire an immun-assoziierten Proteinen unterscheidet
sich signifikant in der Pflanzenwelt, abh&ngig von Spezies und Isolat. Generell wird eine
zweistufige pflanzliche Immunabwehr beschrieben. Ein erster Mechanismus ist fur die
basale, allgemeine Erkennung von Pathogenen verantwortlich. Membranstandige
Rezeptoren (pattern recognition receptors, PRRs) erkennen bestimme Muster an der
Zelloberflache und l6sen eine Immunantwort aus. Durch sogenannte Effektoren, welche von
angepassten Pathogenen in die Wirtszelle transloziert werden, kann diese Immunantwort
jedoch unterdriickt werden. Resistente Isolate der Wirtspflanze hingegen kdnnen Effektoren
durch Resistenzproteine/-gene (R) detektieren, wodurch eine weitere, starke Immunantwort
ausgelost wird. Pflanzliche Resistenzproteine werden, abh&ngig von ihren N-terminalen
Coiled-Coil oder Toll/Interleukin Rezeptor 1-ahnlichen (TIR) Doménen, in zwei Gruppen
unterteilt. Interessanterweise bendtigen R Proteine mit einer N-terminalen TIR Doméane des
Weiteren das in der Pflanzenwelt hoch konservierte Protein Enhanced Disease
Susceptibility 1 (EDS1), was eine Funktion dieses Proteins in der Signalweiterleitung
vermuten lasst. EDS1 bildet heterodimere Komplexe mit zwei sequenzverwandten Proteinen,
Senescence Associated Gene 101 (SAG101) und Phytoalexin Deficient 4 (PAD4). EDS1
Komplexe wurden zuvor intensiv in Arabidopsis thaliana untersucht, jedoch blieben

molekulare Funktionen soweit ungeklart.

Ein Hauptziel dieser Arbeit bestand in der funktionalen Analyse von EDS1 Komplexen in der
Familie der Nachtschattengewachse (Solanaceae). So wurden einerseits potentielle
Interaktoren in einem Hefe-Drei-Hybrid screen identifiziert und weiter charakterisiert.
Andererseits wurden verschiedene Linien mit Mutationen in den Genen der EDS1 Familie
durch CRISPR/Cas in Nicotiana benthamiana generiert. Diese Linien wurden hinsichtlich
ihrer Immunkapazitaten charakterisiert und fur Struktur-Funktionsanalysen verwendet. Dabei
wurden funktional wichtige Merkmale von EDS1 Komplexen identifiziert, und auch
grundlegende Unterschiede zu EDS1 Funktionen in Arabidopsis aufgedeckt. Unter anderem
durch den Transfer von Genen der EDS1 Familie zwischen den Pflanzenfamilien wurde die
Hypothese entwickelt, dass Signalweiterleitungsprozesse von R Proteinen zu EDS1
Komplexen konserviert sind, die folgenden Schritte in diesen Spezies aber unterschiedlich
ablaufen. Dabei beruhen EDS1 Immunfunktionen vermutlich auf der Koevolution dieser

Komplexe mit weiteren Proteinen des Immunnetzwerks in individuellen Spezies.



Zusammenfassung/Summary Il

Summary

Plants do not possess an adaptive immune system which would allow them to adapt to
continuously modifying pathogens. All cells of a plant possess a genetically encoded, innate
repertoire of proteins enabling for detection of invading pathogenic microbes, suppression of
their multiplication and a simultaneous priming of the whole plant for secondary infections.
This repertoire of immune-associated proteins significantly differs among plants, depending
on species and isolate. In general, plants possess a two-layered immune system. The first
layer is responsible for basal pathogen detection. Membrane-associated receptors (pattern
recognition receptors, PRRs) detect conserved pathogen-derived molecules on the outside
of the cell and elicit an immune response. Adapted pathogens can overcome this immune
response by delivering so-called effectors directly into host cells, which suppress PAMP-
triggered immunity. However, in resistant isolates of the host plants, effectors can become
detected by intracellular (R) resistance proteins or genes, thus initiating a rapid and efficient
immune response. R proteins are subdivided in two major groups based on their N-terminal
domains; either a coiled-coil (CC) or Toll/interleukin 1-like receptor (TIR) domain.
Interestingly, TIR domain-containing R proteins additionally require the highly conserved,
plant-specific Enhanced Disease Susceptibility 1 (EDS1) protein to initiate immune
responses, suggesting a role in signal transduction. EDS1 engages into heterodimeric
complexes with two sequence-related proteins, Phytoalexin Deficient4 (PAD4) and
Senescence Associated Gene 101 (SAG101). These EDS1 complexes were intensively

analyzed in Arabidopsis thaliana, but precise molecular functions remain unclear.

One major objective of this work consisted in functional analysis of EDS1 complexes in
Solanaceae. On the one hand, potential interactors were identified in a yeast-three-hybrid
screen, and further characterized. On the other hand, different mutant lines deficient in genes
of the EDS1 family were generated in Nicotiana benthamiana by CRISPR/Cas9 genome
editing technology. These mutant lines were characterized in respect to their immune
capacities and used for structure-function studies. These analyses revealed first functionally
important features of EDS1 complexes and also distinct differences for EDS1 functions in
Solanaceae in comparison to Arabidopsis. Among other lines of evidence, especially the
transfer of the EDS1 family genes between the two studied plant families led to the
hypothesis that the process of signal transduction from R proteins to EDS1 complexes
follows a conserved mechanism in dicot plants, but different mechanisms evolved for the
subsequent induction of immune responses. In this context, immune functions and
downstream signaling of EDS1 presumably depend on the co-evolution of these complexes

with other proteins of the immune network of individual species.
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Opening remarks 1

Opening remarks

The laboratory work underlying this PhD thesis was conducted under the supervision of
Dr. Johannes Stuttmann. He is an independent researcher and junior group leader at the
Martin Luther University of Halle in the department of Plant Genetics, directed by
Prof. Dr. Ulla Bonas. | was the first PhD student working in this young lab, and started my
work in January of 2015. This was an exciting time in genetics and science in general, as
Transcription Activator-like effectors had emerged as programmable DNA-binding modules
and had also been employed for generation of designer nucleases for genome editing
applications. At the same time, RNA-guided nucleases (RGNSs) had just been discovered as
an even simpler and potentially more versatile tool for genome editing, and initiated a yet
ongoing revolution in the field. These breakthrough discoveries are able to overcome the
limits between model and non-model organisms, and opened up a plethora of new

perspectives in plant sciences.

Another breakthrough becomes feasible by advances in synthetic biology which now allow,
for example, the synthesis of entire genomes with novel properties. One guiding idea in
synthetic biology consists in the application of engineering principles, such as
standardization and modularization, to DNA assembly and genome engineering. This can
occur at the genome level, but similar principles can also be applied to basic molecular

cloning or assembly of multigene constructs and gene clusters.

One aim of the group of Dr. Stuttmann was to implement the new technologies to decipher
the role of an assumed signaling node in plant innate immune signaling. | participated shortly
after initiation of these research lines and the implementation of the required technical
infrastructure. To that end, the lab of Dr. Stuttmann developed tools for plant genome editing

and resources for plant synthetic biology that build the basis for my work on plant immunity.

As a consequence, a significant fraction of my PhD work was more technical- or resource-
oriented. For a coherent presentation, | decided to divide my thesis in three parts, dealing
with i) plant synthetic biology, ii) genome editing and iii) innate immunity. The first two parts
are rather a prerequisite for conducting work presented in the final part, and will not be
discussed beyond what is stated in respective publications. For the last part, which
represents the core of my thesis work, further unpublished results are presented, and the

work is discussed in detail.
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Part I: Plant synthetic biology - resources and modules for efficient

molecular cloning and assembly of multigene constructs

Introduction

1.1. Cloning strategies — the long way to standardized assemblies of multigene

constructs

Synthetic biology can revolutionize biology by designing microorganisms with desired
features not existing in nature. These microorganisms might be able to produce, for instance,
biofuels, chemical precursors or novel antibiotics. Another prospect could be the creation of
synthetic, mitigated viruses to develop new vaccines or the generation of minimal living cells
(Konig et al., 2013). For all these applications, a key challenge is to assemble complex DNA
modules in the right orientation and order to generate a synthetic gene string or even entire
genomes. This can be considered as a technical limitation or engineering challenge. Indeed,
the transfer of technical know-how from engineering to the field of molecular biology has led
to major breakthroughs in synthetic biology in the past decade (Konig et al.,, 2013).
Application of engineering principles to DNA assembly includes standardization and
automation of processes, and generally allows construction of many variations of a sequence
to test and improve specific properties. This may be required for assembly and
benchmarking of an entire synthetic genome, but underlying principles can also be exploited

for cloning and manipulation of a single or a few genes of interest.

In the last 20 years, most cloning strategies relied on standard DNA construction technigues
using REs (restriction endonucleases) and a DNA ligase, which often included multiple
cloning steps. Alternatively, the commercial Gateway system was used (Casini et al., 2015).
Gateway cloning is highly efficient for regular cloning, however, the most important
advantage is that only the initial creation of an entry clone, a PCR-based step, is critical and
requires thorough verification. The mobilization of a DNA insert from an entry into a
destination vector is highly efficient and basically failsafe. Another advantage is the
reusability of entry clones, from which an insert can be shuttled into destination vectors for
nearly any biological system and experimental setup (Lampropoulos et al., 2013). The
classical Gateway system represents a binary approach, in which one element (often a
coding sequence) is mobilized to another sequence context. This limitation was overcome by
the MultiSite Gateway technology (Sasaki et al., 2004) allowing the combination of up to four
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DNA fragments in a suitable Gateway destination vector, but this technology was not

extensively used.

Today, a versatile cloning system should allow generation of multiple combinations of coding
sequences with collections or variants of regulatory sequences, such as promoters and
terminators, and epitope tags, as well as the assembly of multigene constructs (Weber et al.,
2011). The first system meeting these expectations was termed NOMAD (Nucleic acid
Ordered Module Assembly with Directionality) (Rebatchouk et al., 1996). NOMAD modules
(i.e. promoters, epitope tags, coding sequences etc.) are flanked by recognition sites of the
restriction enzyme Styl, making them compatible with a specific destination vector
(Rebatchouk et al., 1996). However, NOMAD requires multiple cloning steps to assemble a
transcription unit, as modules are cloned sequentially into the destination vector to generate
a composite module. The next innovation, the BioBricks standard, described for the first time
standardized basic biological parts like promoters, ribosome binding sites and terminators
(Knight, 2003), flanked by standard prefix and suffix sequence overhangs that contain
defined restriction sites. The ligation of two BioBrick parts produces a new, larger construct
containing the same overhang sequences at the new pre- and suffix (Knight, 2003; Casini et
al., 2015). But BioBricks are limited in their ability to assemble multiple DNA fragments in a
single step and generate a fusion site of 8 bp (base pairs), termed "scar” sequence, between
two BioBricks (Sleight et al., 2010).

Methods that do not rely on endonucleases have also been developed. For example, the
USER-fusion enables to clone multiple DNA fragments, generated by PCR, simultaneously in
a destination vector (Geu-Flores et al., 2007). This method relies on the use of specific
oligonucleotides containing a single deoxyuridine residue near the 5’ end. Treatment of the
PCR products with a deoxyuridine-excision reagent generates long 3’ overhangs, designed
to be complementary to the following part. However, a commercial USER-Mix has to be
used, which makes this technique more expensive. Furthermore, PCR amplification may,
despite the high fidelity of modern DNA Polymerases, induce sequence errors, and the
complete insert has to be verified, i.e. by sequencing (Geu-Flores et al., 2007). Moreover, the
produced PCR fragments can generally not be reused in other applications.

Another PCR-based strategy is Gibson assembly (Gibson et al., 2009). Here, linear DNA
fragments, amplified by PCR and sharing identical sequence stretches of 20-30 bp at their
ends, are stitched together in a single reaction. In Gibson assembly, 5 ends are first
degraded by an exonuclease to create single strand 3’ overhangs. By identical sequence
ends, the complementary stretches of fragments anneal, and are fused by a ligase. With this
technology, it is possible to assemble large sequences up to several 100 kb (kilo base) which

can be assembled scar-free and without the use of restriction enzymes. Nevertheless,
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Gibson assembly relies on oligonucleotides and PCR amplification and can, therefore, be
error-prone. Additionally, the amplified parts cannot be used in multiple, different assemblies
(Gibson et al., 2009).

A major advance towards systematic DNA assembly was the invention of GG (Golden Gate)
cloning based on use of Type IIS REs (Engler et al., 2008). Type IIS REs differ from classical
Type Il REs, because they cleave DNA adjacent to their recognition site and produce sticky
ends (Szybalski et al., 1991). This provides the freedom to choose the produced sticky ends
generated upon restriction of a DNA fragment. The design of inserts that have different sticky
ends allows to generate a string of inserts with compatible overhangs, which can be
assembled in a defined order into a single molecule by the use of a T4-ligase in a single tube
reaction (Engler et al., 2008). The produced DNA fragment has lost the RE-specific
recognition sites, a re-opening of the produced fragment is not possible. Many “genetic
toolkits” have been developed in the last years which underlie the principles of the GG
cloning standard (Casini et al., 2015). Recently, designers of GG cloning toolkits, at least in
the plant field, agreed on using a common syntax. This standard defines twelve Type IIS
overhangs that should form boundaries between the genetic elements commonly found
within a eukaryotic gene (Patron et al., 2015). This syntax ensures a sophisticated potential:
the systems accumulate a continuously increasing common library of standardized bricks,

which can be shared between the public research communities.

One GG-based standard for DNA assembly is the MoClo (Modular Cloning) system for
hierarchical DNA assembly (Weber et al., 2011). MoClo relies on different tiers/levels,
whereby the destination vector of (for instance) level 1 will be an entry vector of the following
level 2. As depicted in Figure 1, the top of this hierarchy are level 0 modules, so called
phytobricks, the genetic elements building a eukaryotic gene. Different sticky ends in level 0
modules characterize the kind of genetic element, such as promoters, epitope tags, coding
sequences etc., which can be ligated together in a defined order and orientation in the next
higher level, level 1. In most cases, level 1 constructs will represent a single transcriptional
unit, as shown in Figure 1. To build a following level 2 multigene construct, it is important to
choose between seven different level 1 destination-vectors, defining the position in the next
higher order multigene assembly. A maximum of six level 1 constructs can be combined in a
level 2 recipient within one reaction. In a next step, these level 2 constructs can be

assembled into multi-multi-gene constructs (Weber et al., 2011).
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Library of phytobricks with different characters like promoters,
Level 0 terminators 5°'UTRs, epitope tags, codoning sequences
-> parts which were needed for a expression of a Gene in a plant cell

Assembly of Level 1 modules with parts of Level 0
Level 1| -> construction of a single transcription unit containing LB and RB
for expression in plants via Agrobacterium-mediated transformation

Assembly of up to six Level 1 transcription units
Level 2| -> multigene construct
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Figure 1: Golden Gate Cloning: the hierarchical Modular Cloning (MoClo) system for standardized
assemblies

Description of different levels within the MoClo system. On top of the hierarchical system the pytobricks are
located. These modules represent different parts needed to construct a transcriptional unit. The different types of
phytobricks have to be chosen as well as the Level 1 destination vector, which determine the position within a
hypothetical Level 2 assembly. Level 1 constructs are usable for expression in planta via Agrobacterium-mediated
transient transformation, because left- and right borders are flanking the transcription unit. In the following Level 2,
single transcription units can be subsequently fused to a multigene construct (Position.... indicates that up to six
Level 1 transcription units can be fused to a Level 2 multigene construct) (Weber et al., 2011).

A similar cloning standard, termed GoldenBraid, relies on the same fusion sites as MoClo,
but reduces the number of level 1 destination vectors (Sarrion-Perdigones et al.,, 2011;
Sarrion-Perdigones et al., 2013; Patron et al., 2015; Vazquez-Vilar et al., 2017). On the one
hand, this leads to a lower number of vectors belonging to the toolkit and a simpler
nomenclature. On the other hand, this reduction has the consequence that only two
transcriptional units can be combined in one assembly step. In a next cloning step, two of
these vectors could be combined, resulting in four transcriptional units combined in one
vector. This approach, therefore, simplifies some aspects, but also increases the number of
cloning steps necessary to generate a multigene construct of more than two transcriptional
units (Casini et al., 2015).

Yet another recently described method is termed Loop assembly (Pollak et al., 2018). It
promises to combine all the benefits of GG assembly, but only requires a set of eight
plasmids to build constructs with theoretically unlimited length (Pollak et al., 2018). This way,
GG assemblies are made through repetitive loops, enabling alternating assembly cycles that

rely on two sets of four plasmids. Here, the common level 0 bricks are used to create single
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transcriptional units in each of four odd-numbered plasmids. In a second step, four level 1
modules can then be assembled into a level 2 construct in each of the four even-numbered
vectors. Next, level 2 constructs can be assembled by cloning back into odd-numbered
vectors to create level 3, which now possesses up to 16 transcriptional units. Theoretically,
this can be continued without limit. Because of the recursive construction of this system, a
mixture of parts from different levels of the same parity can be combined at any step (Pollak
et al., 2018).

Hierarchical GG assembly is probably best suited for applications where multiple genes or
gene fragments have to be expressed. It is, therefore, reasonable, that it is used in kits for
multiplex genome editing approaches by CRISPR/Cas9 (Casini et al., 2015; Ordon et al.,
2017). The absolute requirement of domestication, the elimination of internal recognition
sites of respective REs, most likely represents the most severe limitation (Weber et al.,
2011). The common standards (MoClo, GoldenBraid) use the Type IIS REs Bsal, Bpil and
BsmBI that have a relatively long recognition site of six bp, and are therefore not frequent on
average (frequency of 4° it will occur every 4 kbp). To reduce domestication requirements,
programmed DNA methylation is used in some standards like GreenGate, MASTER, and
MetClo ligation methods (Chen et al.,, 2013; Lampropoulos et al., 2013; Lin&O’Callaghan,
2018) to guide digestion to desired sites allowing hierarchical assembly using a single
Type IIS enzyme. Advantages, disadvantages, and characteristics of the different described

cloning strategies are summarized in Table 1.

Table 1: Properties of different cloning strategies

Cloning Scar-free | Multigene Domestication | Reuse of Commercial
Method Assembly | Constructs Required Constructs application
Gateway®" no (yes) no yes yes
NOMAD? yes (no) yes yes no
BioBricks® no yes yes yes no

USER®* yes yes no no yes

Gibson® yes yes no no both

Golden Gate® | no yes yes yes no

*(Hartley et al., 2000) “(Rebatchouk et al., 1996) °(Knight, 2003) “(Geu-Flores et al., 2007) °(Gibson et

al., 2009) *(Weber et al., 2011)
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1.1. Aims, achievements and conclusions

At the beginning of this work, mainly Gateway cloning was used. It was decided to switch to
the GG-based MoClo system, which required implementation of new standards and a new
infrastructure. We generated multiple novel MoClo modules (e.g. promoters, epitope tags,
terminators) to enhance versatility of the MoClo standard. Furthermore, multiple vectors were
converted, e.g., for yeast-two-hybrid analysis or bacteria-to-plant protein translocation, and
DNA modules were constructed allowing a toggling between the Gateway and the MoClo
system. This resource was published in PLoS One (Gantner et al., 2018), and respective
material was shared via the non-profit organization Addgene. By now, hundreds of these
vectors were requested through Addgene, demonstrating the value of modules generated in
this work for the plant research community. Furthermore, this resource was essential for
analyses presented in the following parts of this thesis, and contributed to assembly of >1000

vectors.
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Abstract

Standardized DNA assembly strategies facilitate the generation of multigene constructs
from collections of building blocks in plant synthetic biology. A common syntax for hierarchi-
cal DNA assembly following the Golden Gate principle employing Type lIs restriction endo-
nucleases was recently developed, and underlies the Modular Cloning and GoldenBraid
systems. In these systems, transcriptional units and/or multigene constructs are assembled
from libraries of standardized building blocks, also referred to as phytobricks, in several hier-
archical levels and by iterative Golden Gate reactions. Here, a toolkit containing further
modules for the novel DNA assembly standards was developed. Intended for use with Mod-
ular Cloning, most modules are also compatible with GoldenBraid. Firstly, a collection of
approximately 80 additional phytobricks is provided, comprising e.g. modules for inducible
expression systems, promoters or epitope tags. Furthermore, DNA modules were devel-
oped for connecting Modular Cloning and Gateway cloning, either for toggling between sys-
temns or for standardized Gateway destination vector assembly. Finally, first instances of a
“peripheral infrastructure” around Modular Cloning are presented: While available toolkits
are designed for the assembly of plant transformation constructs, vectors were created to
also use coding sequence-containing phytobricks directly in yeast two hybrid interaction or
bacterial infection assays. The presented material will further enhance versatility of hierar-
chical DNA assembly strategies.

Introduction

Molecular cloning belongs to the unbeloved, yet inevitable everyday tasks of many wet lab
molecular biologists. In the past two decades, most labs either relied on classical ligation of
restriction fragments or PCR products into a vector of interest, or used the Gateway system,

PLOS ONE | hitps://doi.org/10.1371/journal pone.0197185 May 30, 2018
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which is based on the recombination reactions taking place for integration and excision of the
genome of phage lambda during bacterial infection [1]. Gateway cloning proved to be extraor-
dinarily efficient for regular cloning, and also for high-throughput applications such as library
generation. One striking advantage of Gateway cloning is that only the initial creation of entry
clones represents a critical step. Subsequently, inserts may be mobilized from entry clones into
a wide array of destination vectors by basically failsafe, highly efficient and unified recombina-
tion reactions. This is also facilitated by the availability of destination vectors for virtually any
biological system and experimental setup [e.g. 2, 3]. However, Gateway cloning is relatively
costly, as it relies on use of the proprietary BP/LR enzyme blends, and also represents a rather
binary approach to molecular cloning where a single insert is mobilized into a new sequence
context. To some extent, this was overcome by the invention of multisite Gateway systems [4].
The current MultiSite Gateway ™ Pro technology allows combination of up to four DNA frag-
ments in any (attR1/R2 site-containing) destination plasmid. Multisite Gateway was also com-
bined with other cloning techniques in Golden GATEway cloning for further flexibility and
generation of multigene constructs [5]. However, the multisite Gateway technology found
only limited use in the scientific community, as novel DNA assembly strategies concomitantly
emerged. Most popular strategies for combinatorial DNA assembly now rely on enzymatic
reaction assembly (Gibson assembly, In-Fusion™ Cloning [6-8]) or Golden Gate cloning.

In Gibson assembly [6], linear DNA fragments sharing identical sequence stretches of e.g.
20-30 base pairs at their ends are stitched together in a single tube reaction. First, 5" ends of
DNA fragments are chewed back to create single strand 3’ overhangs by an exonuclease. By
the identical sequence ends, complementary fragments anneal. The annealed fragments are
then covalently fused by a polymerase filling up gaps and a ligase removing nicks. Overlapping
ends between fragments are also required for In-Fusion cloning. The In-Fusion enzyme gener-
ates 15-nucleotide single-stranded 5" overhangs. Fragments anneal by complementarity, and
are covalently joined after transformation in E. coli. Thus, fusion sites from enzymatic reaction
assembly are scarless, no particular sequence motifs such as restriction sites are required, and
large sequences up to several hundred kilobases can be assembled [6-8]. However, Gibson
assembly and In-Fusion cloning rely on the engineering of identical ends on sequence frag-
ments (by PCR), and do therefore not provide a theoretical framework for re-utilization of
DNA modules in multiple and diverse DNA assemblies. This was recently achieved by the
invention of hierarchical DNA assembly strategies based on Golden Gate cloning [9]. Three
major standards, GreenGate [10], GoldenBraid [11] and Modular Cloning [12] were devel-
oped in parallel and are commonly used in the plant research community. All systems are
based on the same principles: Standardized four base pair (bp) overhangs (generated by Type
IIs restriction endonucleases) are defined as fusion sites between building blocks of transcrip-
tional units, such as promoters, untranslated regions, signal peptides, coding sequences, or ter-
minators, Building blocks are cloned as Level 0 modules, which are flanked by these four bp
overhangs and recognition sites for a given Type IIs endonuclease. These units are also
referred to as phytobricks. In a second hierarchical level (Level 1), phytobricks are assembled
into transcriptional units by highly efficient Golden Gate cloning. Multigene constructs are
assembled with another Golden Gate reaction and a yet further hierarchical level (Level 2 or
Level M). The drawback of Golden Gate-based DNA assembly is the requirement for “se-
quence domestication”, the removal of internal recognition sites for respective Type IIs endo-
nucleases from sequences of interest. Efficient strategies were previously described [9, 13], but
domestication of multiple internal recognition sites may render the generation of novel phyto-
bricks cumbersome. Also, while internal recognition sites may be eliminated through silent
mutations in protein-coding sequences, consequences of domestication are hardly predictable
for non-coding sequences, as e.g. promoters. Each of the Golden Gate-based assembly systems

PLOS ONE | https://doi.org/10.1371/journal pone. 0197185 May 30, 2018 2/17
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comes with its individual advantages and constraints. In GreenGate cloning, only the Type Ils
enzyme Bsal is used. Thus, internal recognition sites of solely this enzyme have to be removed
from phytobricks during domestication. However, Level 1 vectors of the GreenGate system are
not plant transformation vectors, and an additional assembly step in a Level 2 “destination”
vector is thus required prior to functional verification. Furthermore, multigene construct
assembly is carried out by iterative rounds where additional transcriptional units (Level 1) are
added to an existing (Level 2) construct. Both GoldenBraid and Modular Cloning rely on clon-
ing steps of different hierarchical levels being carried out by iterative use of two different Type
IIs enzymes-Bsal and Bpil in Modular Cloning, and Bsal and BsmBI for GoldenBraid. This
obviously increases the requirement for sequence modifications during domestication, but
streamlines cloning procedures and increases flexibility. The developers of GoldenBraid and
Modular Cloning also agreed on a common set of fusion sites between building blocks, a com-
mon “grammar” or syntax, making these systems at least partially compatible [13, 14]. The
main difference between systems consists in the approach for multigene construct assembly:
Being a combinatorial process in GoldenBraid (combination of Level o and £2), up to six Level
1 modules may be assembled in a Level 2 construct in a single step by Modular Cloning. This
strategy facilitates and/or accelerates the assembly of multigene constructs, but comes at the
expense of a more complex nomenclature and vector toolkit. GoldenBraid developers also pro-
vide online databases and software suites for end-users [15], and similar tools are yet unavail-
able for Modular Cloning. A number of research laboratories recently agreed on the use of the
common molecular syntax underlying both Modular Cloning and GoldenBraid to foster re-
utilization and sharing of DNA modules for bioengineering [16].

The previously released Modular Cloning Toolkit provides DNA modules facilitating
domestication of novel sequences and assembly of multigene constructs following the Modular
Cloning standard [13]. A simultaneously released collection of Plant Parts contains 95 modules
coding for commonly used promoters, transcriptional terminators, epitope tags and reporter
genes [13]. Together, these toolkits allow for a jump start into hierarchical DNA assembly for
end users. In principle, the cloning of your favorite gene (YFG) in the Modular Cloning format
(as a CDS1 or CDS1ns module: YFG flanked by Bsal restriction sites producing respective
overhangs) will be sufficient for assembly of YFG together with different Plant Parts in various
simple or complex plant transformation constructs. However, a peripheral infrastructure
which allows re-using the Modular Cloning YFG modules (CDS1 or CDS1ns Level 0 modules)
in other experimental setups, such as e.g. bacterial or yeast expression, and also an interface to
Gateway cloning strategies, were so far missing. Here, we present molecular tools for connect-
ing the Modular Cloning system with Gateway cloning, either for toggling between Modular
Cloning and Gateway cloning, the cost-efficient generation of Gateway entry clones, or simple,
hierarchical assembly of Gateway destination vectors. Furthermore, vectors were developed
for re-utilization of Modular Cloning YFG modules for yeast two hybrid assays or bacterial
translocation into plant cells. Finally, an extended collection of Plant Parts consisting of 82
Level 0 modules, or phytobricks, is provided for the sake of efficient bioengineering through
shared resources.

Material and methods

Plant material, growth conditions, bacterial infection assays and virus
induced gene silencing

Nicotiana benthamiana wildtype, edsla-1 mutant plants [17] and pBs3:Bs3 transgenic plants

[18] were cultivated in a greenhouse with 16 h light period, 60% relative humidity at 24/20°C
(day/night). For transient Agrobacterium-mediated expression, plate-grown bacteria were

PLOS ONE | https://doi.org/10.1371/journal pone 0197185 May 30, 2018 3/17
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resuspended in Agrobacterium infiltration medium (AIM; 10 mM MES pH 5.7, 10 mM
MgCly) to an ODggq = 0.4 or as indicated, and infiltrated with a needleless syringe. For imaging
of IQDS and Calmodulin2, Agrobacterium strains were mixed in a 1:1 ratio with a strain for
expression of p19. Plasmids were mobilized into a Pseudomonas fluorescens strain containing a
chromosomally-encoded Pseudomonas syringae type 111 secretion system ["EtHAn"; 19] by tri-
parental mating, and plate-grown bacteria were resuspended in 10 mM MgCl, prior to infiltra-
tion. For virus induced gene silencing, Agrobacterium solutions were infiltrated in the bottom
leaves of three week-old plants. Photo-bleaching was documented 14 d later, or plants were
used for challenge inoculations.

Yeast two hybrid assays, immunoblotting and live cell imaging

Derivatives of pGAD and pGBK vectors (pJOG417-418 and pCK011-pCKO012) were co-trans-
formed into frozen competent yeast cells of strain PJ69-4a as previously described [20]. Single
colonies were cultivated in liquid SD media for 48 h, and dilution series prepared. Yeast cell
solutions were plated on selective media using a multichannel pipette, and plates were grown
for 3-4 days prior to documentation. For immunoblot detection from yeast, proteins were
extracted as previously described [21]. For extraction of plant proteins, leaf discs were ground
in Laemmli buffer and boiled at 92°C for 5 minutes. Proteins were separated on SDS-PAGE
gels, transferred to nitrocellulose membranes, and detected via HRP-conjugated secondary
antibodies (GE Healthcare) using Supersignal West Pico and Femto substrates (Pierce; sup-
plied by Thermo Scientific). Primary antibodies used were a-GFP (mouse monoclonal), o-HA
(rat monoclonal; both from Roche and now distributed by Sigma), a-AD (GAL4 activation
domain) and a-BD (GAL4 DNA-binding domain; both mouse monoclonal; Takara). Imaging
was performed either on a Zeiss LSM 700 inverted microscope using a 40x water immersion
objective, or a Zeiss LSM780 system. For imaging of IQD8 and Calmodulin2, mCherry was
excited with a 555 nm laser, and emission was detected between 560 and 620 nm. Images are
maximum intensity projections of z stacks. For simultaneous imaging of mTRQ, mEGFP and
mCherry, fluorophores were excited with 458, 488 and 561 nm lasers, and emission was
detected between 463-482, 499-543 and 587-630nm. For simultaneous imaging of mEGFP
and chlorophyll A, 488 and 633 nm lasers were used for excitation, and emission was detected
between 490-517 and 656-682 nm.

Molecular cloning

Vectors for generation of Gateway entry vectors (pJOG130-131) were generated by ligating a
PCR amplicon encoding for a cedB cassette and flanked by Bsal sites cutting respective 4 bp
overhangs into the Ascl/Notl sites of a pENTR/D derivative. Gateway modules (pJOG267, 387,
947, 956) were generated by ligation of an attR1-ccdB/cat-attR2 PCR amplicon into
pAGM1287, pICH41308 or pAGM9121 [13], respectively, or into the EcoRV site of a custom
cloning vector (pJOG397) for generation of pJOG562. For generation of GAL4-based yeast
two hybrid vectors (pJOG417-418), Bsal sites in the backbones of pGAD and pGBK vectors
(Clontech) were eliminated by mutagenesis, and a lacZ cassette was subsequently ligated into
the EcoRI/Xhol sites. The pCKO011-12 vectors were derived from these by replacing the lacZ
cassette by a ccdB cassette with respective adaptors. The bacterial secretion vectors are based
on a Golden Gate-compatible pBRM derivative [22], and secretion signals and ccdB cassette
were ligated into the Bsal/EcoRl sites. To generate pRNA2-GG, PCR amplicons of the 5 and 3’
fragments of TRV2 and a ccdB cassette were cloned between 355 promoter and terminator
sequences in pVM_BGW [23]. All Level 0 modules (53 Table) were constructed as described
[13], and internal restriction sites eliminated. For ligations or Golden Gate reactions, generally
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Part | — Modular Cloning / Synthetic Biology Resources 12

. @
.@ : PLos | ONE Extension of Modular Cloning toolkits

20 fmole of all components were used, and reactions performed as previously described [12].
Primer sequences are provided in S1 Table, and additional details are available upon request.

Results and discussion

Golden Gate cloning vectors for Gateway entry clone generation or
shuttling from Modular Cloning to Gateway cloning

The Gateway cloning system is widely used, and will co-exist in most labs implementing hier-
archical DNA assembly strategies (in the following Modular Cloning) at least for a transitional
period. For Gateway cloning, no sequence domestication is required, which might also make
it the preferable system when large numbers of candidate genes are handled. Vectors were
developed to ensure gene flow between cloning platforms, and also to apply the principles

and nomenclature of Modular Cloning for cost-efficient Gateway entry clone generation (Fig
1). The vectors pJOG130 and pJOG131 are based on a common backbone (Kanamycin resis-
tance, M13fwd/rev priming sites), and contain a ccdB negative selection cassette flanked by
Golden Gate cloning sites (Bsal) and attL1/2 sites. The two vectors differ in overhangs gener-
ated by Bsal digestion: pJOG130 uses overhangs of CDS1 modules of Modular Cloning, while
pJOG131 uses those of CDS1ns modules (Fig 1A and 1B) [12, 13]. Vectors may thus be used to
convert respective modules from Modular Cloning to Gateway cloning (Level 0 -> GW entry)
by simultaneous restriction and ligation using Bsal (Fig 1A and 1B; in the following referred to
as “Bsal Golden Gate reaction”). Alternatively, PCR products carrying suitable adaptors (51
Fig) may be cloned. While both vectors can theoretically receive PCR products containing or

b

AATG GCTT AATG GCTT AATG TTCG AATG TTCG

5[ YFG PCRproduct] |3 3[ YFGICDST module] |3 Z[YFG PR product] |3 5[ YFG [CDSTns module] |
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+ Ligase + Ligase

AATG GCTT J\_HTG TTCE
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4 d
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Fig 1. Generation of Gateway entry vectors by Golden Gate cloning. (a) Scheme of entry clone generation in pJOG130. Either PCR products flanked by
Bsal restriction sites and suitable 4 bp overhangs or CDS1 Level 0 modules of the Modular Cloning system may be cloned into pJOG130 by Bsal cut/ligation
in exchange for a codB cassette. (b) as in (a), but when using vector p]JOG131 for PCR products with suitable adaptors or CDS1ns modules of the Modular
Cloning system. (¢) Amino acid sequence encoded by attl sites / adaptor sequences in pJOG130. The sequence created from using a pJOG130 derivative in a
LR recombination reaction is shown. Translation will either initiate at an upstream START codon of an N-terminal epitope tag, or at the ATG codon depicted
in bold if no N-terminal tag is fused during LR recombination. (d) as in (c), but when using a pJOG 131 derivative during LR recombination. Amino acid
sequences encoded at 5" fusion sites (attB1) are equivalent as in (¢) upon fusion of an N-terminal tag. The 3’ fusion site and respective linker sequences are
shown. Sequences preceding the TCG (Ser) triplet depicted in bold, which is part of the Golden Gate overhang, will depend on design of PCR product or
Level 0 module.

httpsz//doi.org/10.1371/journal. pone.0197185.0001
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not a STOP codon, we intended to use pJOG130 for cloning of coding sequences with, and
pJOG131 for sequences without a STOP codon to follow the Modular Cloning nomenclature.
Fusion sites resulting from recombination of inserts from pJOG130 and 131 into Gateway
expression vectors are depicted in Fig 1C and 1D. Att site-flanking Ascl and NotI sites present
in most entry plasmids are maintained, and fusion sites from Golden Gate cloning translate
into serine or alanine residues commonly employed as linkers.

The described vectors, pJOG130/131, were used to convert Modular Cloning Level 0 mod-
ules to Gateway entry clones, and also for cloning of ~ 60 cDNAs encoding candidate interac-
tors obtained in a yeast three hybrid screen (to avoid sequence domestication prior to further
confirmation of interactions). Toggling from Modular Cloning to the Gateways system by a
Bsal Golden Gate reaction was highly efficient, as previously described [9], and background
free due to ccdB counter-selection. The efficiency of cloning PCR products depended on the
quality of the PCR product and the number of internal Bsal sites. Amplicons without internal
Bsal sites could be cloned with high efficiencies (> 80% correct clones), and also low abun-
dance PCR products yielded reasonable efficiencies (> 20%). For cloning of amplicons with
internal Bsal sites, a second ligation step is required subsequent to the Golden Gate reaction
[9]. Even with two internal Bsal sites, cloning efficiencies from 20-80% were regularly
obtained when using high-quality PCR products. It should be noted that, in rare cases, over-
hangs created by Bsal restriction at internal sites may match vector overhangs of pJOG130/
131. In these cases, and also with inserts containing >2 internal Bsal sites, alternative methods
for entry clone generation, such as BP reaction or TOPO cloning [1], will be preferable. Sum-
marizing, next to shuttling inserts from Modular Cloning (or GoldenBraid) to Gateway clon-
ing, pJOG130/131 are intended for generation of novel Gateway entry clones from PCR
amplicons (containing < 2 internal Bsal sites) with a generalized and cost-efficient cloning
strategy (< 1 € per reaction).

Standardized assembly of simple or multipartite Gateway destination
vectors by Modular Cloning

Most labs relying on the Gateway cloning strategy dispose of a rich collection of destination
vectors, and many different vector series are available to the community [e.g. 2, 24, 25]. None-
theless, e.g. the integration of improved fluorophores or specialized demands eventually neces-
sitate the generation of novel destination vectors, which is often carried out by cumbersome
and inefficient cloning strategies. However, Gateway destination vectors may also be generated
by hierarchical DNA assembly from phytobricks [14].

In Modular Cloning, Level 0 modules (phytobricks) are combined to a transcriptional unit
in a respective Level 1 recipient [12, 13]. Five different Level 0 modules (pJOG267/387/562/
947/956) containing the Gateway cassette (attR1-cat/ccdB-attR2) were constructed, and are
sufficient for assembly of Gateway destination vectors for virtually any application following
the standardized Modular Cloning grammar (Iig 2). It should be noted that the 5’ overhang of
the Level 0 CDS1 and CDS1ns modules (A|ATG) encompasses a translation initiation codon.
Thus, use of Gateway cassette-containing phytobricks of these types (pJOG267/387) in assem-
blies without an N-terminal tag module (NT1) will lead to a modified N-terminus in final
expression products. Therefore, modules containing the NT1 5" overhang (CCAT) and either
CDS1 (p]OG956) or CDS1ns (p]OG947) 3" overhangs were generated for assembly of Gateway
destination vectors without epitope tag-encoding sequences or for C-terminal tagging, respec-
tively (Fig 2A and 2B). pJOG387 and pJOG267 replace CDS1 and CDS1Ins modules in Level 1
assemblies, and are designed for the generation of destination vectors for N-terminal or N-
and C-terminal tagging of proteins (Fig 2C and 2D). Finally, pJOGS562 carries overhangs to
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Fig 2. Assembly of simple Gateway (GW) destination vectors by Modular Cloning, (a) Assembly of Gateway destination vectors not encoding for epitope
tags. (b) Assembly of Gateway destination vectors for C-terminal tagging of proteins of interest. (¢} Assembly of Gateway destination vectors for N-terminal
laggmg of prulum of interest. (d) Asstmhly of Gateway destination vectors for N- and C-terminal tagging of proteins of interest. (¢) Assembly of Gateway
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https://doi.org/10.1371/journal. pone.0197185.9002
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GW dest,, np:YFG—C—ter tag

Bpil

replace promoter, 5UTR and a CDS1ns module in assembly reactions (Fig 2E). Here, assem-
bly yields Gateway destination vectors without promoter, designed for recombination of frag-
ments encompassing promoter and coding sequence from a respective entry clone by LR
reaction.

A Level 1 assembly of the Gateway cassette-containing Level 0 modules (p]JOG267/387/562/
947/956) with additional phytobricks yields simple Gateway destination plasmids lacking a
plant-selectable marker, which may be used e.g. for Agrobacterium-mediated transient expres-
sion (“Agroinfiltration”). Multipartite Gateway destination plasmids integrating a plants-
selectable marker and/or additional expression cassettes are obtained by an additional assem-
bly step (Fig 3A; Level M assembly is preferable to avoid identical resistances between entry
(often Kanamycin) and destination vectors). To test efficiency and functionality of assemblies,
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Fig 3. Assembly of Gateway (GW) plant transformation vectors by Modular Cloning and functional verification. (a) Exemplary scheme for
assembly of a multipartite plant transformation vector containing a plant-selectable marker and a Gateway destination cassette. (b) Bi- and tri-partite
plant transformation vectors assembled for functional verification. (c) Live-cell imaging of proteins transiently expressed in N, benthamiana from bi-
partite transformation vectors shown in (b). Arabidopsis Calmodulin2 and IQDS were expressed as fusions to mCherry, as indicated. Infiltrated leaf
sections were analyzed 3 dpi. Maximum intensity projections are shown. (d) Immunoblot detection of proteins for functional verification of inducible
expression vector shown in (b). Bands corresponding to the expected sizes of EDS1-HA (1), unprocessed HA-RFP-AvrRpsd-GFP (2), processed
HA-RFP-AvrRpsd™ (3) and AvrRpsd“-GFP (4) and PAD4-GFP (5) are marked by arrowheads.

hitps:/fdoi.org/10.1371/journal.pone.0197185.9003

multipartite Gateway destination vectors containing a glufosinate (BASTA) resistance cassette
and for expression of mCherry fusions [26] or Dexamethasone- (DEX) inducible expression
[27] were generated (Fig 3B). The DEX system relies on expression of an artificial transcription
factor (GAL4-VP16-Glucocorticoid receptor, GVG), which is retained in the cytoplasm
through association with Hsp90 in absence of DEX [28]. In presence of DEX, this activator
binds to the synthetic promoter (pUASga14) of a “response element” to induce expression of
the gene of interest. To rebuild the DEX system [27], required components were modularized.
Subsequently, the GVG expression cassette and a Gateway-compatible response element for
expressions of fusions with an N-terminal 3xHA-tagRFP(-T) [29] and a C-terminal GFP tag
were assembled (Fig 3B). Golden Gate reactions were highly efficient as previously described
[12], and all colonies analyzed for Level 1 or Level M assemblies were correct.

Calmodulin2 (under p35S control) and 1Q67 domain 8 (IQDS; under native promoter con-
trol) were transiently expressed in Nicotiana benthamiana (Nbenth) leaf tissues by Agroinfil-
tration to test functionality of mCherry fusion vectors (Fig 3C). The newly assembled vectors,
in contrast to previously tested DsRed fusion constructs, facilitated reliable live cell imaging of
calmodulin2 and IQDS, in the cytosol and nucleus, and at the plasma membrane and microtu-
bule cytoskeleton, respectively (Fig 3B and 3C)[30]. The reconstructed DEX system was tested
by transiently expressing AvrRps4 from Pseudomonas syringae pv. pisi in Nbenth [31]. AvrRps4
is cleaved in planta by a yet unknown plant protease [32], which should lead to release of N-
and C-terminal fragments of the 3xHA-tagRFP(-T)- AvrRps4-GFP fusion protein. Tomato
EDS]1 and PAD4 tagged with 6xHA and mEGFP, respectively, were constitutively expressed as
control proteins, and detected both in presence and absence of DEX (Fig 4D). AvrRps4 was
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Fig 4. Modular Cloning-compatible vectors for a GAL4-based yeast two hybrid system. (a) Schematic depiction of yeast two hybrid vectors with
most important features. (b) Functional verification of vectors shown in (a). Tomato EDS1 and PAD4 were mobilized into vectors shown in (a),
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expressed in yeast cells in (b).

hitps:/fdoi.org/10.1371/journal. pone.0197185.0004

strongly induced in presence of DEX, and N- and C-terminal fragments were detected by
respective antibodies, confirming functionality of the newly constructed inducible expression
vector (Fig 4D). Thus, the presented modules and strategy allows the assembly of simple or
multipartite Gateway destination vectors in a highly efficient manner and following the stan-
dardized Modular Cloning grammar.

Yeast two hybrid vectors for use with Level 0 CDS modules of the Modular
Cloning standard

The Modular Cloning system is dedicated to assembly of plant transformation constructs, and
hierarchical DNA assembly resources available for e.g. yeast or bacteria do unfortunately not
rely on the common plant synthetic biology syntax [16, 33, 34]. Thus, additional vector mod-
ules are required to allow seamless re-utilization of CDS1 and CDS1ns modules (encoding
your favorite gene) in different experimental systems. As first instances of such peripheral
infrastructure to the Modular Cloning system, the popular pGAD and pGBK vectors (Clon-
tech) for GAL4-based yeast two hybrid interaction assays were converted to the Modular Clon-
ing standard (Fig 4A). Bait and prey vectors pJOG417/418 can accommodate CDS1 modules.
The analogous vectors (pCK011/012) designed to receive CDS1ns modules contain a STOP
codon directly following the 3’ Golden Gate cloning overhang (T|TCG). Thus, yeast fusions
proteins will contain as few as 1-2 additional amino acids (depending on the design of the
respective Level 0 module), and will terminate with a serine residue encoded by the TCG
within the overhang. Minimal C-terminal extensions will allow (at least in most cases) use of
identical CDS1ns modules e.g. for in planta expression with a C-terminal epitope tag and for
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Y2H assays. Vectors may also be used for Golden Gate cloning of PCR products carrying Bsal
adapters, and are partially compatible with CDS modules of GoldenBraid (identical bacterial
selection markers in pJOG417/pCK011 and pUPD).

Vectors were tested using EDS1 and PAD4 from tomato. Arabidopsis EDSI and PAD4
strongly interact to form a heterodimeric complex [35]. We had previously confirmed that
tomato EDS1 and PAD4 also interacted in Y2H using Gateway-compatible pGAD/pGBK
derivatives. CDS1 and CDS1ns Level 0 modules of tomato EDS1 and PAD4 were used for Bsal
Golden Gate reactions with the Y2H vectors, and all tested clones were positive in restriction
digests. Resulting constructs were co-transformed into yeast, and primary transformants rep-
lica-plated on reporter media in dilution series (Fig 4B). All yeast strains grew on-LW media
selecting for presence of both plasmids in co-transformants. Growth on-LWH and-LWH-Ade
media, indicative of interaction of bait and prey proteins, was observed upon co-expression of
AD/BD fusions of EDS1 and PAD4 in either orientation, but not if PAD4 was tested for self-
interaction (Fig 4B), as previously observed. All fusion proteins were detected by immunoblot-
ting (Fig 4C), confirming full functionality of the presented Y2H vectors.

Bacterial type III secretion vectors for the Modular Cloning standard

Plant pathogenic bacteria often rely on the secretion of proteins (effectors) directly into the
cytoplasm of host cells via a type III secretion system [36]. Substrates for type III secretion are
recognized by a yet enigmatic N-terminal secretion signal, and proteins can be targeted for
type 111 secretion by appending a respective signal. This has been extensively used to analyze
e.g. the function of comycete effectors in the “effector detector system” [37, 38]. Four different
vectors for bacterial type I1I secretion and compatible with Modular Cloning (and Golden-
Braid) were generated (Fig 5A). Vectors contain either amino acids 1-134 of AvrRps4 and are
thus very similar to the previously described pEDV vectors [37], or amino acids 1-100 of the
AvrRpt2 effector [39]. With each of these secretion signals, a vector for CDS1 modules and for

a AATG GCTT AATG GCTT
placiAvRpsd, . [3_ccds-cm 3] PCKO13| CDS1 | pCKO1S  PlacAVIRD2, , [ ccdb-Cmt 3]

AATG TTCG AATG TTCG
plac:AvrRps4, ., 3xn'|yc pCKO14 | CDSIns | pCKO16 plac:AviRpt2, 3xmyc
b

AvrBs3 | XopQ-myc AvrBs3 XopQ-myc AvrBs3 XopQ-myc

Nicotiana pBs3:Bs3 wild type eds1g-1
benthamiana transgenic
Fig 5. Bacterial type II-delivery of p ins into N. benthamiana cells. (a) Schematic depiction of vectors for type II-delivery of

proteins, (b) Hypersensitive response induction assays for functional verification of vectors shown in (a). Either AvrBs3 or XopQ were
cloned in vectors shown in (a), as indicated. Resulting constructs were mobilized into Pseudomonas fluorescens, strains inoculated at an
ODyggo = 0.4 on indicated N. benthamiana genotypes and symptoms documented 3 dpi.

https:/doi.org/10.1371/journal.pone.0197185.9005
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CDSIns modules was generated, and ligation of CDS1ns modules results in a C-terminal
3xmyc epitope in final fusion proteins. The Xanthomonas euvesicatoria genes encoding the
AvrBs3 and XopQ effectors were mobilized into CDS1 and CDS1ns vectors, respectively, for
functional verification. AvrBs3 is a Transcription Activator-Like Effector (TALE), and
AvrBs3-mediated induction of the Bs3 resistance gene provokes a strong and rapid cell death
reaction [40, 41]. XopQ is recognized in the non-host plant Nbenth, and induces a mild cell
death reaction [42], which is abolished on an edsla-1 mutant Nbenth line [17]. Derivatives of
the bacterial secretion vectors containing AvrBs3 or XopQ were mobilized into a Pseudomonas
fluorescence strain carrying a chromosomal integration of the type I1I secretion system from
Pseudomonas syringae ["EtHAn"; 19]. Resulting strains were infiltrated into wild type, Bs3
transgenic, and edsla-1 mutant Nbenth plants (Fig 5B). AvrBs3-expressing strains provoked
strong cell death on Bs3 transgenic plants, as expected. This confirmed that both the AvrRps4-
and AvrRpt2-derived secretion signals were functional. Similarly, XopQ-expressing strains
provoked cell death reactions on wild type and Bs3 plants, but not on edsla-1 plants (Fig 5B).
Notably, cell death reactions upon infiltration of AvrRpt2-XopQ strains were substantially and
reproducibly stronger than those of AvrRps4-XopQ strains (Fig 5B and 52 Fig), suggesting
that either the AvrRpt2 signal might confer higher levels of protein translocation or the respec-
tive fusion protein might be more stable or active. This demonstrates the utility of testing sev-
eral different signals for bacterial translocation of a protein of interest into plant cells.

An AvrRpsd, )34 protein fragment was previously used to mediate bacterial translocation of
cargo proteins, and fusions were partially processed in plant cells due to AvrRps4 cleavage by a
plant protease [37]. In planta processing of proteins expressed from AvrRps4,_,3, fusion vec-
tors presented here was not tested. Irrespective of in planta processing, final proteins will carry
non-native N-termini and might also lack e.g. post-translational modifications, potentially
impairing protein functions. Thus, we do not consider the likelihood for functionality of deliv-
ered proteins to increase through cleavage of secretion signals. Indeed, high cell death-induc-
ing activity of AvrRpt2-XopQ, for which no cleavage is expected, demonstrates that secretion
signals may have minimal and different effects on cargo functionality. To possibly avoid nega-
tive effects of the fused translocation signal on the delivered cargo moiety, the two fragments
are fused by a Gly-Gly-Ser linker in pCK13-16 vectors presented here.

Agrobacterium-mediated expression of Xop(Q in wild type Nbenth plants induces mild chlo-
rosis to mild necrosis [42, 43]. In contrast, bacterial translocation of XopQ here induced a
strong cell death response (Fig 5B). Although Xop(Q recognition negatively impacts on accu-
mulation of proteins transiently expressed by Agrobacterium [44], the protein accumulates to
high levels in plant tissues. Also, it is generally assumed that protein levels inside the plant cell
obtained by Agrobacterium-mediated expression largely exceed those of bacterial transloca-
tion. Increased abundance of XopQ inside plant cells upon bacterial secretion is thus not a
likely explanation for the phenotypic differences. As an alternative to protein dosage, we pro-
pose that a negative effect of Agrobacterium strain GV3101 on HR development [45] or other
constraints during transient, Agrobacterium-based assays [46] might be at the basis of the
observed differences in XopQ-induced HR development.

A Golden Gate-cloning vector for Tobacco Rattle Virus-induced gene
silencing

Virus-induced gene silencing is an attractive and convenient method for the rapid knock-
down of a gene of interest without the need for transformation or gene knockout. A Tobacco
Rattle Virus (TRV)-based system is most commonly used, and functional in a number of dif-
ferent plant species including tomato and Nbenth [47, 48]. A fragment of the gene of interest is
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Fig 6. A Golden Gate cloning-compatible TRV2 vector for virus-induced gene silencing. (a) Schematic depiction of pTRV2-GG. The
adaptors required for introduction of PCR products are indicated. (b) Functional verification of pTRV2-GG by silencing of PDS.
pTRV2-GG and a commonly used Gateway-compatible TRV2 vector containing identical PDS fragments were compared for silencing
efficiencies. (c) Silencing of NbBEDSI using a pTRV2-GG derivative. Pseudomonas fluorescence bacteria expressing an AvrRpt2, - XopQ
fusion protein (ODggq = 0.2) were inoculated 14 days after inoculation of pTRV strains, and plant reactions were documented 3 dpi.

https:/fdoi.org/10.1371/journal. pone.0197185.9006

inserted into the RNA2 of the bipartite genome of TRV, and viral RN As are reconstituted in
the plant by expression from Agrobacterium-delivered T-DNAs. To facilitate rapid and cost-
efficient cloning into a TRV RNA2 vector, an existing vector system [47] was adapted to
Golden Gate cloning, and the cloning site was replaced by a Bsal-excised ccdB cassette as nega-
tive selection marker (Fig 6A). For functional verification, a fragment of the Nbenth PDS gene
was inserted into a previously used, Gateway-compatible TRV2 vector and the newly gener-
ated Golden Gate-compatible vector. PDS encodes for Phytoene Desaturase essential for the
production of carotenoids, and knock-down induces strong photo-bleaching of leaves. Agro-
bacterium strains carrying the respective TRV2 vectors were side-by-side co-inoculated with
TRV1-containing strains into the lower leaves of Nbenth plants, and leaf bleaching docu-
mented 14 days later (Fig 6B). Both TRV vectors induced leaf bleaching to similar extents, con-
firming functionality of the Golden Gate-compatible derivative. The pTRV2-GG vector was
also used for silencing of the Nbenth EDSI gene, and the XopQ-induced HR was consistently
abolished on EDSI knock-down plants in several independent biological replicates (Fig 6C).

All vectors presented in this and previous sections are summarized in 52 Table. Annotated
sequence files are provided in 51 File,

An extended set of plant parts, or phytobricks, for the Modular Cloning
system

Level 0 modules, or phyotobricks, are the building blocks and thus the limiting component for
assemblies following the Modular Cloning grammar. As an extension to the previously
released Plant Parts [13], we here provide ~ 80 additional Level 0 modules, summarized in 53
Table. These modules were experimentally verified as part of our ongoing projects if not indi-
cated otherwise (53 Table), and functional data is presented for a few selected modules. The
provided new phytobricks comprise a variety of module types, e.g. modules for inducible gene
expression (Fig 3), promoters for constitutive and tissue-specific gene expression in Arabidop-
sis (53 Fig), transactivation (54 Fig), additional fluorophores for (co-) localization and FRET
analyses [49], signals for modifying subcellular localization, or epitope tags. In addition to the
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Modular Cloning and Plant Parts toolkits, these modules will further enhance the versatility of
this hierarchical DNA assembly system and facilitate its implementation in the plant research
community. Most provided phytobricks (~ 60) are also directly compatible with GoldenBraid
(53 Table). Described vectors (52 and 53 Tables) will be distributed as a collection via Addgene
(Kit # 1000000135), and selected vectors are also available directly through us. Annotated
nucleotide sequences (GenBank format) are contained in 51 File,

Conclusions

Novel Golden Gate-based hierarchical cloning strategies, such as Modular Cloning, allow the
rapid and cost-efficient assembly of simple transcriptional units or multigene constructs from
basic building blocks (phytobricks). The underlying assembly standard, or molecular gram-
mar, ensures efficient bioengineering by re-utilization and sharing of phytobricks. Accord-
ingly, ~ 80 novel phytobricks are provided here to foster this idea of shared resources.
Furthermore, we show how the Modular Cloning assembly standard may, by integrating just a
few modules, also be used for inexpensive generation of Gateway entry clones, toggling
between cloning systems, or standardized assembly of Gateway destination vectors. These
alternative applications of Modular Cloning may be particularly helpful to avoid the eventually
laborious domestication of sequences at early stages of a project, as e.g. a first screening of can-
didate genes, or to connect resources available for different cloning systems.

One major advantage of Gateway cloning consists in the availability of destination vectors
for virtually any biological system or experimental setup. In contrast, Modular Cloning and
GoldenBraid were so far mainly designated for the generation of plant expression/transforma-
tion constructs. Similar hierarchical DNA assembly systems were developed for e.g. yeast or
prokaryotes [33, 34], but only some rely on the same fusion sites between building blocks for
assembly [50]. Here, we present vectors for direct use of Modular Cloning Level 0 CDS mod-
ules in yeast interaction assays or for bacterial translocation into plant cells. Similarly, new vec-
tors need to be adapted to this cloning standard in the future, e.g. for protein production in
Escherichia coli. This will ensure seamless and efficient integration of synthetic biology stan-
dards and novel DNA assembly strategies, and will streamline laboratory workflows by reduc-
ing molecular cloning workloads.

Supporting information

S$1 Fig. Primer design for cloning into Golden Gate-compatible entry vectors pJOG130/
131. (a) The ccdB cassette contained in pJOG130 with Bsal restriction sites underlined is
shown. The adaptors required for PCR amplification of suitable fragments are depicted below.
Underlined sequences represent the 4 bp overhangs utilized for Golden Gate cloning, and Ns
represent the gene specific portion of respective PCR primers. (b) as in (a), but for pJOG131.
(PDF)

52 Fig. Enhanced hypersensitive response induction by AvrRpt2-XopQ fusions. Pseudomo-
nas fluorescens strains translocating either AvrRpt2,_,450-XopQ or AviRps4,_,3,-XopQ fusions
were inoculated into wild type N. benthamiana plants, and symptom formation was docu-
mented 3 dpi. Four different bacterial densities, ranging from ODjgq = 0.4-0.05 were used,
and were infiltrated descendingly in the indicated leaf sections.

(PDF)

§$3 Fig. Promoter fragments for tissue-specific gene expression in Arabidopsis leaves.
Transgenic Arabidopsis plants expressing GUS-GFP under control of the indicated promoter
fragments were generated, and three-week-old T, plants analyzed by confocal laser scanning
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microscopy. Maximum intensity projections of z-stacks are shown. Three independent T
plants were analyzed for each construct with similar results.
(PDF)

$4 Fig. Utilization of TALEs for tightly regulated, high-level transactivation. (a) Schematic
drawing of transactivation constructs used for transient expression. (b) Strong and specific
transactivation of TALE-controlled genes. Agrobacterium strains containing constructs
depicted in (a) were infiltrated into N. benthamiana. Leaf tissues were analyzed by confocal
laser-scanning microscopy 3 dpi. (¢) Immunoblot analysis of protein extracts prepared from
leaf tissues analyzed in (b).

(PDF)

S1 File. Archive containing annotated sequence files (GenBank format) for all provided
DNA modules.
(ZIP)

$1 Table. Oligonucleotides used in this study.
(PDF)

$2 Table. Modular Cloning-compatible vectors for specialized applications.
(PDF)

$3 Table. Modular Cloning Level 0 modules.
(PDF)
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1.2.2. Supplemental material to publication Gantner et al., 2018

e Supplemental Figures S1 — S4 are shown below
e Additional files Tables S1 —S3 are available online:

(https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0197185)

Figure S1 Gantner et al.

a plOGI30

________ Bsal
——GCGGCCGCBATGTGAGACC———Catf7cchr——GGTCTCHGCTTGGCGCGCC——
--CGCCGGCGTTACACTCTGG——— —--CCAGAGTCGAACCGCGCGG-—

BsaTl

Primer design (for cloning of CDS from ATG to STOP):

Forward: 5' tttggtctcaATG (N), . 3
Reverse: 5' tttggtctcaaagcCTA (N) ., 3"
TTA o
TCA
b pJOG131
________ Bsal
--GCGGCCGC TGTGAGACC———Catf7CCdB———GGTCTCHTTCGGGGCGCGCC——
ffCGCCGGCGTTAChCTCTGfof —--CCAGAGTAAGJCCCGCGLCGG—-
BsaTl

Primer design (for cloning of CDS from ATG without STOP):

Forward: 5% tttggtctcaATG (N),, , 3"
Reverse: 5' tttggtctcacgaage (N) ., 3°
lslal

Supplemental Figure S1: Primer design for cloning into Golden Gate-compatible entry vectors pJOG130/131.

(a) The ccdB cassette contained in pJOG130 with Bsal restriction sites underlined is shown. The adaptors required
for PCR amplification of suitable fragments are depicted below. Underlined sequences represent the 4 bp
overhangs utilized for Golden Gate cloning, and Ns represent the gene specific portion of respective PCR
primers.

(b) as in (a), but for pJOG131.


https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0197185
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Figure S2 Gantner et al.

AVIBDS 4/ AvrRpt2-

0.2

0.1

0.05

Supplemental Figure S2: Enhanced hypersensitive response induction by AvrRpt2-XopQ fusions.

Pseudomonas fluorescens strains translocating either AvrRpt2, | -XopQ or AvrRps4, . -XopQ fusions were inocula-
ted into wild type N. benthamiana plants, and symptom formation was documented 3 dpi. Four different bacterial
densities, ranging from OD, =0.4-0.05 were used, and were infiltrated descendingly in the indicated leaf sections.
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Supplemental Figure S3 Gantner et al.

GFP chlorophyll bright field

pBDG:GUS-GFP
[PTEIT11]

pGC1:GUS-GFP
[PTEIT12]

pCAB3:GUS-GFP
[pTEIT13]

Supplemental Figure 53: Promoter fragments for tissue-specific gene expression in Arabidopsis leaves

Transgenic Arabidopsis plants expressing GUS-GFP under control of the indicated promoter fragments were generated, and
three-week-old T, plants analyzed by confocal laser scanning microscopy. Maximum intensity projections of z-stacks are
shown. Three independent T, plants were analyzed for each construct with similar results.
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Supplemental Figure 54 Gantner et al.
a
pJOG580
BASTA H pPcUbi:mTRQ-AvrBs3H pBs3:MYFG1-GFPHpBs3:MYFG2-mCherry
pJOG580-N
.-| BASTA Isz3:lV|YFG1-GFPHsz3:MYFGZ—mCherry
b
Nicotiana benthamiana, 3 dpi
AvrBs3 [mTRQ] MYFG1[mEGFP]  MYFG2 [mCherry]
4
SR SO~ AN
0(57 o(;) o"% o(;)
JOG580
P &
—
0-GFP [MYFG1]

e g
pJOG580-N i

Supplemental Figure S4: Utilization of TALEs for tightly regulated, high-level transactivation

(a) Schematic drawing of transactivation constructs used for transient expression.

a-sta7 [AvrBs3]

a-mCherry [MYFG2]

(b) Strong and specific transactivation of TALE-controlled genes. Agrobacterium strains containing constructs
depicted in (a) were infiltrated into N. benthamiana. Leaf tissues were analyzed by confocal laser-scanning

microscopy 3 dpi.
(c) Immunoblot analysis of protein extracts prepared from leaf tissues analyzed in (b).
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1.2.3. Summary of publication Gantner et al., 2018

Since the early days of molecular cloning, a constant effort was made to design new
strategies to simplify the daily work of wet lab scientists. In the last two decades, mainly
classical ligation of restriction fragments or PCR products into a vector of interest co-existed
with the Gateway system as cloning procedures. However, there is one striking disadvantage
in using these strategies: It is only possible to mobilize a single DNA fragment into a new
sequence context. A few years ago, GG cloning was invented, a new cloning strategy relying
on the use of Type lls REs (Engler et al., 2008). These enzymes generate 4 bp sticky ends
next to their recognition site, which enable to design user-defined overhangs, and to ligate
different fragments in a defined order. Cloning systems, like MoClo (Weber et al., 2011) or
GoldenBraid (Sarrion-Perdigones et al.,, 2011) were invented, which define different
hierarchical levels. The “library” level 0 defines all different genetic elements which are
needed to construct a single expression cassette. These parts, called phytobricks, can be
shared with the whole MoClo/GoldenBraid community, if the correct 4 bp sticky ends are

respected, representing an immense advantage for end users.

However, the sparse amount of Phytobricks limits the applications of the two existing
GG-based toolkits for plants and the destination vectors are made for T-DNA constructs,
enabling for expression only in plants. It was not possible to re-use Phytobricks (mostly
CDSs (coding sequences)) in Yeast-two-Hybrid applications or to toggle between the GG
standards and other cloning strategies like Gateway.

This publication describes 96 vectors within the Modular Cloning standard. Most of the
plasmids are Phytobricks, i.e. promoter elements (inducible/tissue specific), fluorophores,
epitope tags, effectors, transcription factors etc. Moreover, we offered a solution to switch
from Gateway to Modular Cloning by the ability to shuttle CDS modules directly to a
Gateway-entry vector and to generate Gateway entry clones from PCR products. The
hierarchical assembly of Gateway destination vectors is also possible. Additionally, we
provided a set of vectors which will help to connect the Modular Cloning system, originally
generated for applications only in plants, with Y2H and bacterial expression. With this
publication, we aimed to share our resources with the plant community to increase the
possibilities of Modular Cloning by an enhanced set of Phytobricks, the re-usability of coding
sequences for bacterial and yeast expression as well as a link between Modular Cloning and

Gateway.
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Part Il - Toolkits for plant genome editing

Introduction

2.1. Adaptive immunity of microbes — the CRISPR-Cas system

Prokaryotes are present in the whole environment and dominate many natural habitats
including our gastrointestinal system as well as inhospitable milieus. They are under constant
pressure to counteract invading viruses. The genetically diverse and rapidly altering viral
population exceeds bacterial numbers by an order of magnitude (Fineran&Charpentier,
2012). It is not surprising that prokaryotes evolved ways to defend against invaders, including
an adaptive immune system encoded at CRISPR (Clustered regulatory interspaced short
palindromic repeats) loci and Cas (CRISPR-associated) genes. Respective gene products
are together able to recognize and incoming, foreign genetic elements, to distinguish these

from their own genome and to inactivate them (Fineran&Charpentier, 2012).

Cas immunization depends on the uptake of DNA from invading genetic elements like
plasmids or viruses, and subsequent integration of parts of this foreign DNA into CRISPR
loci. CRISPR loci commonly consist of short, partially palindromic DNA repeats that occur at
regular intervals (CRISPR repeats), as well as stretches of variable sequence segments
called spacers. The CRISPR spacers are sequences derived from invading DNA elements
with a length of 23-55 nucleotides, which function as a molecular memory or database of
previous invasion events (Jansen et al., 2002; Bolotin et al., 2005; Francisco JM Mojica et
al., 2005; Makarova et al., 2006). One CRISPR array can possess > 500 repeats, but more
commonly encompasses less than 50. Within the CRISPR array, each repeat is followed by
a spacer segment (Horvath&Barrangou, 2010). CRISPR loci are flanked by cas genes which
encode for a large and heterogeneous protein family carrying functional domains of
nucleases, helicases, polymerases, and polynucleotide binding proteins, demonstrating that
multiple  biochemical functions are utilized in CRISPR-mediated immunity
(Barrangou&Marraffini, 2014).

The CRISPR-Cas system functions in four different steps: adaptation, infection, interference,
and targeting (Fineran&Charpentier, 2012). During adaptation, short fragments of the
invading DNA (termed pre-spacers) are integrated into the CRISPR array. In the following
infection-step, the complete repeat-spacer array is transcribed as a pre-crRNA (precursor
CRISPR RNA). This pre-crRNA has to undergo one more step of maturation and will be
processed into small interfering RNA segments called crRNAs. A crRNA consists of one
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repeat and a spacer sequence, which functions as guide RNA for a nuclease. In the following
phase of interference, a complex is formed with the Cas protein. In the last step, targeting of
invading genetic elements takes place, the crRNA guides the Cas nuclease for specific
cleavage of complementary sequences. In general, targeting is dependent on presence of a
short DNA sequence known as the PAM (protospacer-adjacent-motif) at target sites. The
interaction between the interference complex and the target is typically initiated by binding to
the PAM, and the nuclease induces a DSB (double-strand break) in order to inactivate the

foreign genetic elements (Fineran&Charpentier, 2012).

Analysis of the conserved Cas proteins led to a classification of CRISPR-Cas systems into
two classes, five types and 16 different subtypes, based on cas gene content, cas operon
architecture, and the specification of the corresponding proteins that underlie the four
different stages of CRISPR-Cas activity. Class | represents multi-subunit crRNA-Cas
complexes, whereas in class I, all functions of the crRNA-Cas complex are carried out by a
single protein, such as the most famous SpCas9. SpCas9, derived from Streptococcus
pyogenes (Sp), is a multi-domain protein contributing to adaptation as well as targeting and
cleavage of DNA. Additionally, SpCas9 requires a tracrRNA (transactivating CRISPR RNA)
besides the crRNA to activate and guide the Cas9 nuclease (Makarova et al., 2015).

CRISPR arrays were first identified in 1987 in Escherichia coli, but the biological function
started to be unraveled only in 2005, when it was shown that the spacers are homologous to
invading nucleic acids (Ishino et al., 1987; Bolotin et al., 2005; F. J. Mojica et al., 2005;
Pourcel et al., 2005). In 2012, the idea was born to use the type Il CRISPR-Cas9 system of
Sp as a genome editing tool (Jinek et al., 2012). It was shown that the target specificity of the
SpCas9 nuclease could be reprogrammed by simply changing 20 nucleotides of the spacer
in the crRNA. Furthermore, it was shown that it is possible to fuse the crRNA (determining
target specificity) with the tracrRNA (tethering the crRNA-tracrRNA complex to the Cas9
nuclease to form the functional ribonucleoprotein complex) to a chimeric sgRNA (single
guide RNA). This finding results in a reduction from a three-component to a two-component
system (Jinek et al., 2012). Shortly afterwards, it was proven that the system is transferrable
to eukaryotes to specifically target and introduce DNA-DSBs (Cho et al., 2013; Cong et al.,
2013; Hwang et al., 2013; Jinek et al., 2013; Mali et al., 2013). Furthermore it was discovered
that multiple sgRNAs with different target-specificities could be combined in “multiplexing”
applications to target more than one locus simultaneously (Cong et al., 2013; Mali et al.,
2013).

A DSB in the genome of eukaryotes is normally repaired by NHEJ (non-homologous end-
joining), which is a very fast DNA repair machinery. But NHEJ often produces small

mutations which, in most cases, result in a frame shift and the disruption of the respective
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gene, if the mutation occurs in a protein coding sequence. A second more accurate DNA-
repair mechanism is HDR (homology-directed repair). However, HDR needs a homologous
repair template in immediate proximity, which is often not available. HDR can be used to
integrate new DNA segments with CRISPR/Cas9 by simultaneously delivering a nuclease
provoking a DSB at a desired position, and a “repair” template with homology arms, including
a DNA stretch or sequence alteration which should be integrated at the DSB
(Bortesi&Fischer, 2015).

The sophisticated CRISPR/Cas-machinery, which functions in almost any organism, was
quickly further developed. In 2015, genome editing facilitated by RGNs (RNA-guided
nucleases) was termed the breakthrough of the year by Science Magazine. Ever since, there
are many publications on mammalians, animals as well as plants, and so called multiplexing
toolkits have been established for many different organisms or biological systems. However,
genome editing initiated via Cas9-based RGNs was mostly used for the induction of small
deletions in plants and therefore it is complicated to identify or distinguish edited plants from
wild-type individuals (Bortesi&Fischer, 2015). RGNs in plants were mostly expressed via a
T-DNA, delivered by Agrobacterium tumefaciens. This delivery system requires a single
T-DNA to encode multiple parts (i.e. transformation marker(s), Cas9-nuclease, and
SgRNA(s)) (Ordon et al., 2017), which may cause problems to potential users and
necessitates well-designed cloning strategies.

Aims, achievements and conclusions

Genome editing mediated by RGNs was a new technology at the beginning of this thesis.
Tools for plant genome editing were scarce or not existing for multiplexing applications.
Therefore, we set out to create our own tools to use this technology for research with a new
model plant (Nicotiana benthamiana). We created a simple and user-friendly toolkit, which
allows the generation of multiplexing constructs containing up to eight sgRNAs with minimal
effort and high fidelity (Ordon et al., 2017). The toolkit is based on the Modular Cloning
system (Part ), and both, the entire toolkit and single components were distributed to many
different researchers in the plant community. We used this toolkit to generate numerous

mutant lines, many of which were essential for further work (Part Il).

In addition, we made an effort to further improve our vectors to overcome shortcomings of
the first toolkit, e.g., low efficiency or difficulties to select genome-edited, but non-transgenic

individuals in later generations. A first part of these optimization efforts was published
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((Ordon et al., 2019) without my contribution) and a further manuscript on which | will also be

co-author is in preparation.
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SUMMARY

Genome editing facilitated by Cas9-based RNA-guided nucleases (RGNs) is becoming an increasingly impor-
tant and popular technique for reverse genetics in both model and non-model species. So far, RGNs were
mainly applied for the induction of point mutations, and one major challenge consists in the detection of
genome-edited individuals from a mutagenized population. Also, point mutations are not appropriate for
functional dissection of non-coding DNA. Here, the multiplexing capacity of a newly developed genome
editing toolkit was exploited for the induction of inheritable chromosomal deletions at six different loci in
Nicotiana benth and Arabidopsis. In both species, the preferential formation of small deletions was
observed, suggesting reduced efficiency with increasing deletion size. Importantly, small deletions
(<100 bp) were detected at high frequencies in N. benthamiana T, and Arabidopsis T, populations. Thus,
targeting of small deleti by paired | represents a simple approach for the generation of mutant
alleles segregating as size polymorphisms in subsequent generations. Phenotypically selected deletions of

g larger population sizes for the discov-

up to 120 kb occurred at low frequ ies in Arabidopsis, sugg

ery of valuable alleles from addressing gene clusters or non-coding DNA for deletion by progr
nucleases,

Keywords: CRISPR/Cas, chrc | deletion, Nii

immunity, EDS1, technical advance.

benthamiana, Arabidopsis thaliana, plant

INTRODUCTION

Genome editing refers to the targeted modification of
defined positions within a genome using site-specific
nucleases. Nuclease-generated double-strand breaks are
repaired by non-homologous end-joining (NHEJ) or, in the
presence of a repair template, by homology-directed repair
(HDR]. Error-prone NHEJ commonly creates small genomic
deletions or insertions leading to the potential inactivation
of a gene product (knockout), while HDR can mediate the
introduction of specific sequences (knock-in). Zinc finger
nucleases were initially used as programmable nucleases
for genome editing applications (Kim et al., 1996; Town-
send et al, 2009). A first genome editing revolution was
then triggered by the invention of TALENs (Christian et al.,
2010). TALENs are fusions of the Fokl nuclease domain to
a DNA-binding domain derived from a TAL effector of
plant pathogenic Xanthomonas bacteria. This DNA-binding

@ 2016 The Authors.

domain consists of 34-amino acid repeat modules, which
bind to DNA in a one repeat-one nucleotide manner.
Mucleotide-specificity is conferred by two hypervariable
amino acids at positions 12 and 13 in each repeat (Boch
et al., 2009; Boch and Bonas, 2010). Due to the catalytic
properties of Fokl, two TALENs binding a target sequence
in appropriate spacing have to be co-expressed to allow
dimerization of the nuclease and to generate DSBs (Chris-
tian et al, 2010). TALENs binding virtually any sequence
with high specificity can be constructed with relative ease
(e.g. Geissler et al., 2011; Weber et al., 2011b; Liang et al.,
2014), and TALENs were used for modification of both
model and crop plant genomes (e.g. Christian et al., 2013;
Sosso et al,, 2015; Clasen et al., 2016).

Genome editing was further simplified by harnessing
RNA-guided nucleases (RGNs} derived from bacterial

1
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CRISPR/Cas systems for induction of DSBs (for review, see
Wiedenheft et al,, 2012; Doudna and Charpentier, 2014).
The Cas9 (CRISPR-associated Protein 9) from Streptococ-
cus pyogenes is the most commonly used nuclease, and is
in the natural system directed to target sites by a chimeric
RNA consisting of crRNA and tracrRNA (Jinek et al., 2012).
This chimeric RNA species can be collapsed into one mole-
cule, the single-guide RNA (sgRNA; Jinek et al., 2012).
Cas9 target specificity can thus be reprogrammed by co-
expression of different sgRNAs. The sgRNA directs Cas9 to
target sites by complementary base-pairing, but target
sites have to be flanked by a protospacer-adjacent motif
(PAM; NGG for SpCas9) in order to be cleaved.

The Cas9 system has been adapted for use in many dif-
ferent plants systems ranging from algae and mosses to
monocotyledonous and dicotyledonous plants (Jiang
et al., 2014a; Belhaj et al., 2015; Bortesi and Fischer, 2015).
In most cases, Cas9-based nucleases are expressed in
planta from an Agrobacterium-delivered T-DNA. This
necessitates the construction of complex T-DNAs compris-
ing multiple genes, which may represent a first challenge
for potential users. Another challenge consists in the actual
selection of mutants from a population of Cas9 and sgRNA
(s)-expressing plants. So far, Cas9 was in plants mainly
used for induction of point mutations at exemplary loci
with associated mutant phenotypes (for review, see Belhaj
et al., 2015; Bortesi and Fischer, 2015). Here, a toolkit for
extremely simple and efficient assembly of RGN-coding
constructs was developed and employed for the genera-
tion of chromosomal deletions. Deletions of different sizes
were induced at six independent loci in Nicotiana ben-
thamiana and Arabidopsis, and mutant alleles were iso-
lated either by associated phenotype or PCR screening.
Our results show that large deletions up to 120 kb are
feasible, but occur at low frequencies. In contrast, small
deletions (<100 bp) can be induced with relatively high
frequencies in both Arabidopsis and N. benthamiana,
and provide a straightforward workflow for mutant
identification.

RESULTS

Development of a streamlined toolkit for genome editing
in dicotyledonous plants

The modular cloning principle and toolbox recently pro-
vided to the plant community as a synthetic hiology ‘star-
ter kit" are at the basis of Dicot Genome Editing (pDGE)
vectors developed here (Weber et al., 2011a; Engler et al.,
2014). Different types of vectors were generated for
streamlined assembly of RGN-encoding constructs (Fig-
ure 1a and Table S1). The Agrobacterium-mediated trans-
formation-compatible ‘one step, one nuclease’ vectors
pDGE62-65 are designated for expression of a single
sgRNA together with Cas9 and plant selectable marker
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Bpi-gL Bpil-gR

A A
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\ v
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Figure 1. A toolkit for the simple and efficient assembly of RGN-coding
constructs.

(a) Schemes of different types of pDGE vectors. Elements are not drawn to
scale. sgRNA shuttle vectors differ in overhangs generated by restriction at
flanking Bsal sites, as shown in a table next to the vector scheme.

(b) Principle for generating sgRNA TUs in either sgRNA shuttle vectors or
one step, one nuclease vectors.

(c) Assembly of sgRNA TU arrays from loaded derivatives of shuttle vectors.
Arrows in sgRNA arrays mark unique sequences, which can be used for
final sequence verification.

(BASTA or kanamycin resistance). Assembly of an sgRNA
transcriptional unit (TU) in pDGE62-65 is achieved in a sin-
gle step by exchanging a ccdB negative selection cassette
for two hybridized oligonucleotides in a simultaneous

© 2016 The Authors.
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restriction/ligation reaction using Bpil (Bbsl; Figure 1b).
‘Recipient’ vectors have a similar architecture as pDGE62-
65, but are designated for multiplexing applications (Fig-
ure 1a). In a two-step assembly, sgRNA TUs are first
assembled in ‘sgRNA shuttle vectors,” and subsequently
mobilized into recipient vectors. The generation of an
sgRNA TU in shuttle vectors is carried out as described for
the one step, one nuclease vectors (Figure 1b). Resulting
sgRNA TUs are flanked by Bsal restriction sites, and gener-
ated overhangs vary between shuttle vectors (Figure 1a).
Arrays of two, four or eight sgRNA TUs can be assembled
in any recipient plasmid by combining it with compatible
derivatives of sgRNA shuttle vectors in a simultaneous
restriction/ligation reaction using Bsal (Eco31l, Figure 1c).
For simplicity, shuttle vectors were named M1-M8 (for
modules 1-8) according to their position in an sgRNA
array, and modules closing the vector by ligation to the
vector overhang received an additional ‘E’ (END; Figure 1b,
c). Unique linker sequences were included in modules M1
and M5 to provide primer binding sites for sequence verifi-
cation of sgRNA arrays (Figure 1c and Appendix S1).
Based on the same principle, also nickase recipient
(pDGE76-79; equivalent to pDGE1-4, but incorporating
Cas9 D10A) and transcriptional activator vectors (Figure 1a;
incorporating dCas9 fused to a TAL activation domain)
were generated. These materials are made available, but
will not be described in detail here.

sgRNA expression is driven by an Arabidopsis U6 pro-
moter (pAtU6-26) in all vectors. The double 35S promoter
(p35S) coupled with a nos terminator and the Ubi4-2 pro-
moter from parsley (pPcUbi) coupled with an ocs termina-
tor were employed for Cas9 expression in one step, one
nuclease vectors and first generation recipient vectors (Fig-
ure 1a). The 2 x 35S:Cas9 expression cassette and pPcUbi
promoter were previously successfully used for genome
editing in N. benthamiana and Arabidopsis, respectively
(Belhaj et al., 2013; Fauser et al., 2014; Schiml et al., 2014).
The assembly of first generation recipient vectors inte-
grated the Cas9 expression cassette as a level 1 module of
the modular cloning system (Weber et al.,, 2011a; Engler
et al., 2014), allowing simple madification of promoter/ter-
minator sequences. However, this assembly strategy
depended on custom modules for the introduction of plant
selectable markers, and was of limited flexibility (Fig-
ure S1a). An improved assembly strategy (Figure S1b) was
developed to accommodate additional modules in recipi-
ent vectors and achieve higher compatibility with the mod-
ular cloning system (Weber et al., 2011a; Engler et al.,
2014). Based on this development, second generation
recipient vectors providing additional promoters for Cas9
expression and selectable markers were generated (Fig-
ure 1a). The DD45 (AT2G21740) and INCURVATAZ
(At5g67100) promoters were previously used for genome
editing in Arabidopsis and might provide superior

© 2016 The Authors.
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efficiencies or avoid the generation of chimeric mutant
plants (Hyun et al., 2015; Wang et al., 2015; Mao ef al.,
2016). Additionally to kanamycin and BASTA selection,
second generation recipients also allow for hygromycin
selection, and contain a ‘fluorescence-accumulating seed
technology’ (FAST, Shimada et al., 2010) cassette in the T-
DNA region. The FAST cassette mediates accumulation of
RFP in the seed coat of various plant species, enabling for
both positive and negative selection (Shimada et al., 2010).
Thus, non-transgenic seeds can be selected prior to screen-
ing (Gao et al., 2016) or once an intended lesion has been
obtained to further simplify the selection of stable mutant
lines from genome editing approaches. Second generation
recipient vectors were developed as a possible enhance-
ment of the pDGE series subsequent to first application. In
the following, mainly first generation vectors will be used.

Strategies and efficiencies for assembly of RGN-coding
constructs

The exchange of the ccdb negative selection cassette in
shuttle vectors and one step, one nuclease vectors for
hybridized oligonucleotides by restriction/ligation (using
Bpil, Figure 1b) takes place with high efficiency. Any nega-
tive clones obtained so far resulted from inaccuracies in
oligonucleotide synthesis. Thus, vectors may also be used
for screening applications in which libraries of unknown
specificity nucleases are generated by cloning of degener-
ated guide sequences. Loaded shuttle vectors were used
for the assembly of sgRNA arrays of different length in
recipient vectors (Figure 1c). Efficiency of assembly reac-
tions of two (M1 + M2E) or four (M1-M3, M4E) sgRNA TUs
was consistently above 90%. The assembly efficiency of
sgRNA arrays comprising eight TUs (M1-M7, M8E) was
markedly decreased, but remained >50%. Following a con-
servative cloning scheme (Figure S2a), constructs for
expression of at least four sgRNAs can thus be assembled
without any PCR steps in 5 days.

The high efficiencies of the Golden Gate assembly reac-
tions, and the background-free cloning due to ccdB-
mediated counter selection at all stages, prompted us to
test polyclonal plasmid preparations for assembly (Fig-
ure S2b). Restriction/ligation reactions from loading shuttle
vectors with hybridized oligonucleotides were transformed
in E. coli and directly used for liquid cultures and plasmid
isolation. Polyclonal plasmid preparations were used to
assemble a construct with four different sgRNA TUs. No
decrease in efficiency in comparison to a conservative
assembly was observed. The ‘polyclonal’ approach
reduces time needed for the generation of a multiplexing
construct by 1 day. More importantly, this strategy miti-
gates inaccuracies in oligonucleotide synthesis, as final
assembly products will differ in incorporated oligonu-
cleotide sequences. Furthermore, pooling of restriction/li-
gation reactions from loading sgRNA shuttle vectors prior

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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to transformation into E. coli and polyclonal plasmid isola-
tion was tested in a ‘fast track’ assembly approach (Fig-
ure S2c¢). More than 50% positive clones were obtained for
assembly of an sgRNA array containing four TUs. How-
ever, the ‘fast track’ approach is of limited use, as individ-
ual sgRNA modules may not be reused in different
assemblies.

Functional validation of nuclease constructs and effects of
sgRNA and Cas9 dosage

A ‘GUS-out-of-frame’ recombination reporter was
employed to test functionality of our genome editing
toolkit. A spacer sequence was inserted in the coding
sequence of a p35S-driven B-glucuronidase (GUS), shifting
the GUS gene out of frame. Introduction of DSBs within
the reporter's spacer and subsequent repair by NHEJ
should, in some cases, re-establish the reading frame of
the GUS gene (Figure S3a). Thus, GUS activity upon co-
expression of reporter and a respective nuclease can be
used as a quantitative readout for nuclease activity.
Agrobacterium-mediated transient expression of the

Table 1 Sequences of target sites selected for this study

GUS-out-of-frame reporter in N. benthamiana resulted in
little to no GUS activity, as expected (Figure S3b).
Enhanced GUS activity was detected upon co-expression
of the reporter with paired TALENs targeting the reporter’s
spacer (Figure S3h), suggesting that the GUS-out-of-frame
reporter is suitable to monitor in planta nuclease activity.
Derivatives of pDGE62-65 and pDGE144-165 containing
sgRNA1 (Table 1) for targeting of the reporter were tran-
siently expressed, alone or in combination with the GUS-
out-of-frame reporter, in N. benthamina leaf tissue. No or
weak GUS activity was detected upon expression of RGNs
or the reporter alone (Figure S4). Also, GUS activity did
not exceed background level when Cas9 expression was
driven by tissue-specific promoters (pDD45, pICU2). This
suggests maintenance of expression patterns of these pro-
moters in N. benthamiana transient assays. In contrast,
strong GUS staining was obtained when Cas9 was
expressed under control of the constitutive p35S and
pPcUbi promoters in both vector sets (Figure S4). Thus,
nucleases expressed from both one step, one nuclease and
second generation recipient constructs are functional.

sgRNA# Sequence [PAM] Target pDGE? Score®
sgRNA1 TATATAAACCCCCTCCAACCIAGG] GUS Reporter n/a 0.13
sgRNA2 GAAATTGGTCTGTTGATGGTITGG] NbEDS1a + NbEDS1b (exon 1) 30 0.35
sgRNA3 AGCAAATGCTTCATTAACCAITGG] 30 0.33
sgRNA4 ATCCCGGAATTATCAGCACG[AGG] NbEDS1a + NbEDS1b (exon 2) 30 0.6
sgRNAB TATGCTGCATGTAATCTGAA[AGG] 30 0.44
sgRNAG CGAAACGTTGGCAGCTTTTGITGG] NbPAD4 (exon 2) 38 n/a®
sgRNA7 CACTTCGCCGTGATTAAAGTITGG] 38 0.32
sgRNA8 TTCACCAAGTTCTAGCCTCGIAGG] NbPAD4 (exon 3) 38 0.36
sgRNA9 TATAGAGATTAGAAGCTTCA[TGG] 38 0.05
sgRNA10 GTTCGAGTCGAGCGAAACGTITGG] NbPAD4 {exon 2) 80 0.8
sgRNAT1 GGCGAAGTGGCTATCCACCGIAGG] 80 0.3
sgRNA12 TCAGCTATTCCGCGTTGTGTITGG] NbPAD4 (exon 3/4) 80 0.06
sgRNA13 CACTCTATCTGTGCTCTTAGITGG] 80 0.16
sgRNA14 AAATCTCACCGATACATGAAIAGG] DM2h promoter to exon 2 143 0.1
sgRNA15 TGATTTCTGCTAATTCATCAIAGG] 143 0.17
sgRNA16 ATTATACAGTTCAGTTACGA[TGG] DM2h exon 3 143 0.21
sgRNA17 ATTATCAACCAAAGTGGAAGIAGG] 143 0.23
sgRNA18 TAACCGTCGGCTCGGGTCCTITGG] DM2-¢" left 89 & 90 0.01
sgRNA19 TGCGCCTTCGGATTCTCGGGITGG] 89 & 90 0.57
sgRNA20 GTTAGGTCCTACGCAGTAAC[TGG] DM2-* right 89 & 90 0.25
sgRNA21 CCACTGTTAGGCATGCATGA[TGG] 89 & 90 0.53
sgRNA22 CGGCTAAGCAATCTGATATGITGG] DM2c promoter to exon 1 142 0.1
sgRNA23 TCCATTAGAATGGTGAAGGAITGG] 142 0.16
sgRNA24 GGACAAAAGCACCCAAATGAITGG] DM2c exon 2 142 0.33
sgRNA25 AGGGAAGTTACCTACCTTGCITGG] 142 0.03
sgRNA26 TGTCATCAGAATAGAGCCTGIAGG] AtEDS1 (Col) left 91 &92 0.1
sgRNA27 GTATCCACGTGAGCGTATGAITGG] 91 & 92 0.65
sgRNA28 CTGCGAAACTCCAGTCATGTICGG] AtEDS1(Col) right 91 & 92 0.31
sgRNA29 TTTGAGATGTCACTCTCGGTITGGI 91 & 92 0.25

®pDGE construct containing respective sgRNA TUs.
bOn-target efficacy score of sgRNA, from 0 to 1, with 1 being best (Doench et al., 2014).
“Consecutive stretch of four Ts is not allowed by sgRNA designer tool.

© 2016 The Authors.
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In planta nuclease activity might be limited by availabil-
ity of Cas9 protein and/or sgRNA. A possible sgRNA
dosage effect was tested by increasing copy number of
sgRNA1 in derivatives of pDGE1 (p35S:Cas9). As a control,
a nuclease construct containing eight copies of sgRNA6
(Table 1) targeting an N. benthamiana endogeneous locus
was generated. In quantitative GUS measurements, low
activity defining the background level was detected upon
expression of either the nuclease containing eight sgRNA1
copies alone, the reporter alone, or the reporter together
with the control nuclease containing sgRNAG (Figure 2a).
GUS activity was significantly enhanced upon co-expres-
sion of the reporter with a nuclease construct containing
one copy of sgRNA1, as previously observed in qualitative
GUS staining assays (Figures 2(a) and S4). With increasing
sgRNA1 copy numbers, GUS activity was further enhanced
(Figure 2a), suggesting that sgRNA abundance is one limit-
ing factor for in planta nuclease activity at least in reporter-
based assays. Furthermore, a respective sgRNA might be
titrated out of the Cas9 complex by provision of additional
sgRNAs in multiplexing applications. Nuclease constructs
containing a single TU coding for sgRNA1, but additionally
one, three or seven TUs coding for sgRNA6 were co-
expressed with the GUS reporter (Figure 2a). GUS activity
was not altered by expression of sgRNAB. The same con-
structs were tested in a reciprocal experiment using a GUS
reporter for sgRNAB activity (Figure 2a, inset). GUS activity
was enhanced upon co-expression of Cas9 and sgRNAS,
and activity increased with sgRNA6 copy number, confirm-
ing activity of sgRNAB. Taken together, these results sug-
gest that eight or more loci can be targeted in multiplexing
applications without reduction of nuclease activity at a
given target site. The functionality of sgRNAs expressed
from different positions in an sgRNA array was tested by
placing the reporter-targeting sgRNA1 at any possible posi-
tion, while all other positions were occupied by sgRNA6
TUs (Figure 2b). A similar enhancement of GUS activity
was measured upon co-expression of all nuclease con-
structs with the GUS reporter, indicating that any position
within an sgRNA TU array provides comparable genome
editing activity. Finally, promoters for Cas9 expression
were compared in quantitative nuclease activity assays
(Figure 2c). Higher GUS activity and thus higher nuclease
activity was obtained when using p2x35S in the N. ben-
thamiana system. However, an amplification of nuclease
activity by increasing sgRNA abundance was also detect-
able when using pPcUbi (Figure 2c). In planta nuclease
activity is thus determined by both sgRNA and Cas9
abundance.

Generation of chromosomal deletions in Nicotiana
benthamiana

Stable, inheritable chromosomal deletions of ~50-100 bp
were previously generated in tomato, and ~1-kb deletions

© 2016 The Authors.

Cas9 for chromosomal deletions 5

(a) sgRNAG6
25 - d  Reporter

GUS activity (relative units)
=

0 A
sgRNATTUs 8 no O 1 2 4 8 1 1 1 8
sgRNA6TUs 0 RGN 8 0 0 0 O 1 3 7
Reporter -+ + 4+ o+ 4+ o+ o+ o+ 4

+ ©

(b)

o w
f L

GUS activity (relative units)
wv

position
sgRNA1
Reporter - + + + + + + + + +

©

40

9] w
(=} o

GUS activity
(relative units)

o

0
Promoter 355 no 35S 355 Ubi Ubi
sgRNAT TUs 1 RGN 1 8 1 8

Reporter - + + + + +

Figure 2. Functional characterization of pDGE recipient plasmids in tran-
sient, reporter-based nuclease activity assays.

(a) Effect of sgRNA dosage on in planta nuclease activity. Nuclease con-
structs containing varying copy numbers, as indicated, of reporter-targeting
sgRNA1 or sgRNAG (targeting an N. benthamiana endogenous locus) were
co-expressed with the GUS-out-of-frame reporter in N. benthamiana. GUS
activity was quantitatively determined at three dpi, normalized to total pro-
tein amounts, and expressed in relative units by arbitrarily setting GUS
activity of the reporter alone to 1. Standard deviation of four biological
replicates is shown, and letters indicate statistically significant differences
(analysis of variance (ANQVA), Tukey's Post-hoc test, P< 0.01). The inset
shows a reciprocal experiment, where the same constructs were co-
expressed with a reporter targeted by sgRNAG.

(b) Functionality of sgRNA TUs within an sgRNA array. Nuclease constructs
containing eight sgRNA TUs were expressed as in (a). Each construct con-
tained seven copies of sgRNA6 and a single copy of sgRNA1. The position
of sgRNA1 within the sgRNA array is indicated. Representation of GUS
activity, replicates and statistics as in (a).

(c) Comparison of nuclease activity with different promoters driving Cas9
expression. Nuclease constructs with Cas9 expression driven by 2x35S or
PcUbi4-2 promoters and containing either one or eight TUs for expression
of the reporter-targeting sgRNA1 were expressed as in (a). Representation
of GUS activity, replicates and statistics as in (a).

were induced at the ABPT locus in Arabidopsis using Cas9-
based nucleases (Brooks et al, 2014; Gao et al., 2016).
However, information for other species or about size
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biases for chromosomal deletions is to our knowledge so
far missing. We made use of the simple and extensive mul-
tiplexing capacities of our genome editing toolkit to
explore the generation of chromosomal deletions first in
N. benthamiana. Three different nuclease constructs based
on pDGE1 (p2x35S, nptll) and each containing four sgRNA
TUs were generated. sgRNAs were designed for targeting
of the immune regulatory genes EDS1 and PAD4. EDS1-
family genes additionally including SAG707 encode essen-
tial regulators of plant innate immunity mediated by a sub-
class of nucleotide-binding/leucine-rich repeat- (NLR) type
immune receptors containing an N-terminal Toll-Inter-
leukin 1 receptor (TIR) domain (Feys et al, 2001, 2005;
Wagner et al., 2013). The N. benthamiana genome con-
tains two plausible EDS17 orthologues, which we termed
NbEDS1a and NbEDS1b (Table S2). In the following, only
NbEDS 1a will be analyzed. NbPAD4 is encoded by a single
gene (Table S2).

The four sgRNAs incorporated in each construct all tar-
geted the same locus, and were designed two either gener-
ate small deletions (~100 bp) in pairs, or to generate larger
deletions by cleavage of the outmost target sites (Figure 3a).
Thus, the occurrence of small and large deletions can be
analyzed in transformants originating from a single con-
struct. pDGE30 (sgRNAs 2-5) targeted NbEDST, while
pDGE38 (sgRNAs 6-9) and pDGE80 (sgRNAs 10-13) targeted
NbPAD4 (Figure 3a and Table 1). Functionality of nucleases
was first tested in transient expression experiments and
using the amplified fragment length polymorphism (AFLP)
assay (Belhaj et al, 2013). The AFLP assay depends on
detection of recombination products from paired nuclease
activity by PCR using primers flanking the region targeted
for deletion. Additional amplicons of the expected size were
detected upon expression of pDGE30 and pDGE80 when
querying for the generation of small deletions through cleav-
age of adjacent target sites (Figure 3b). On the same sam-
ples, no additional amplicons were detected when using
outmost primers for detection. The activity of nucleases
encoded by pDGE38 could not be detected.

Activity-confirmed nuclease constructs pDGE30 and
pDGEB0 were stably transformed into wild type N. ben-
thamiana. Two independent plants transgenic for pDGE30
were genotyped for potential deletions. One plant appar-
ently contained a deletion in exon 2 (Figure 3c), and band
intensities suggested it was most likely heterozygous for
the deletion. Sequencing of the smaller amplicon revealed
that it corresponded to a 97-bp deletion in the second exon
of NbEDS1a (Nbeds1a-1, Figure 3d). T, seedlings originat-
ing from the Nbeds1la-1 candidate plant were genotyped,
and the Nbedsla-1 deletion segregated as a Mendelian
trait in this generation (Figure 3e). Upon transformation of
pDGE80, 24 regenerated plants originating from 11 inde-
pendent calli were obtained. None of the plants contained
the deletion targeted by sgRNAs 12 and 13, but three
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Figure 3. Generation of chromosomal deletions in Nicotiana benthamiana.
(a) Schematic representations of the NbEDS1a and NbPAD4 loci with
oligonucleotides, sgRNA target sites and expected deletions indicated.

(b) Recombination events from nuclease activity detected by AFLP assay.
Indicated constructs were transiently expressed in N. benthamiana, DNA
extracted at three dpi and used as template for PCRs as indicated. Arrow-
heads mark additional PCR products from target site cleavage and recombi-
nation. Additional lanes were spliced in the right panel.

(¢} Genotyping of two independent transgenic lines from stable transforma-
tion of pDGE30.

(d) Molecular lesion in the NbedsTa-1 deletion allele from (c).

(e) Segregation of the Nbeds7a-1 deletion allele in Ty. A representative
image from genotyping 20 T, individuals is shown with chi-squared statis-
tics.

(f) Genotyping of Ty individuals from stable transformation of pDGE80. A
representative image form genotyping in total 24 plants originating from 11
independent calli is shown.

(g) Molecular lesion in two Nbpad4 deletion alleles from (f).
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independent transgenics homozygously carried a deletion nucleases was shown via transient AFLP assays, this sug-
in exon 2 of NbPAD4 targeted by sgRNAs 10 and 11 (Fig- gests reduced likelihood of larger deletions.

ure 3f). Sequencing of amplicons revealed a bi-allelic dele-
tion in plant 1 and a mono-allelic deletion in plant 4
(Figure 3g). T, seedlings were genotyped for two candidate
homozygous deletion lines. The wild type NbPAD4 allele The DMZ2“°" (Dangerous Mix 2; Alcazar et al., 2009; Chae

Genome editing at a complex resistance gene locus in
Arabidopsis

could not be detected, demonstrating that mutations were et al., 2014) Resistance gene cluster from accession Lands-
germline-transmitted. Taking transformations of pDGE30 berg (Ler} was chosen to exploit the generation of chromo-
and pDGE80 together, 13 independent transgenic lines somal deletions in Arabidopsis. DMZ2"*" contains eight
were genotyped. Although lines carrying small deletions complete or truncated genes (DM2a-DM2h; Figure 4a)
could be recovered even in the homozygous state in Ty, as most homologous to RPP7 conferring resistance to differ-
previously described for tomato (Brooks et al., 2014), no ent isolates of the oomycete pathogen Hyaloperonospora
line carrying a larger deletion by cleavage of external arabidopsidis (Hpa) (Botella et al., 1998; Rehmany et al.,
sgRNA targets was recovered. Since the functionality of all 2005). When combined in a single genetic background with
(@) , ~120kb .
~80kb
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Figure 4. Generation of chromosomal deletions at the Arabidopsis DM2 locus.

(a) Schematic representation of the DM2" locus with oligonucleotides and sgRNA target sites indicated. R-gene encoding DM2a-h genes are represented as
dark grey arrows. A transposable element is indicated as a light grey box. Grey arrows mark loci conserved between Arabidopsis accessions Col and Ler flank-
ing the DM2 locus, with numbers indicating Arabidopsis gene identifiers as At3gXXXXX.

(b) Molecular lesions detected in two phenotypically selected dm2h mutant lines (Figure Sba).

(c) Genotyping of phenotypically selected Adm2 mutant lines (Figure S5b).

(d) Molecular lesions in two Adm2 mutant lines.

(e) Genotyping of T, families for one Adm2 mutant line, dm2-2. T, seedlings were pooled for DNA extraction, and DNAs were used for PCR with the indicated
oligonucleotides.

(f) Genotyping of plants selected from a primary screen of approximately 150 T, plants from pDGE 142 transformation.

(g) Molecular lesions in two dm2c mutant lines, as detected in single, BASTA-sensitive T; plants.
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alleles of Strubbelig Receptor Family 3 (SRF3) from acces-
sions Kaschmir and Kondara, with a transgene encoding
for nucleus-directed EDS1-YFP, or with an EMS-induced
allele of the enzyme Q-acetylserine(thiol)lyase A1 (OLD3),
old3-1, DM2-°" mediates temperature-dependent induction
of autoimmune response (Alcazar et al., 2010; Tahir et al.,
2013; Stuttmann et al., 2016). old3-1T-induced autoimmu-
nity leads to seedling lethality at ambient temperature
(22°C), but is suppressed under high temperature condi-
tions (Shirzadian-Khorramabad et al.,, 2010; Tahir et al.,
2013). DM2“*" copy number strongly modulates old3-1-
induced autoimmunity (our own observations, Shirzadian-
Khorramabad et al., 2010): Plants homozygous for old3-1,
but hemizygous for DM2-°" are viable at 22°C, but further
reduction of growth temperatures (18°C) induces strong
autoimmunity. This allows for phenotypic differentiation of
heterozygous and homozygous dm2 mutant plants using
different temperature regimes.

Four different genome editing constructs for targeting of
the DM2 cluster were generated. pDGE142 (sgRNAs 22-25)
and pDGE143 (sgRNAs 14-17) were based on pDGE4
(pPcUbi, BASTA) and designed to target two deletions each
in DM2¢ and DM2h, respectively (Figure 4a and Table 1).
Two further constructs, pDGE89 and 90, were designed for
deletion of the entire 120 kb region non-syntenic between
Arabidopsis accessions Col and Ler and containing the
DM2 cluster (Figure 4a). Constructs contained the same
sgRNAs (18-21; Table 1), but differed in promoters driving
Cas9 expression (p35S in pDGE89 or pPcUbi in pDGE90).
sgRNAs for directing Cas9 to two sites at each flank of the
targeted region were incorporated to potentially increase
the frequency of large deletions (Figure 4a). Constructs
were transformed into Ler o/d3-7 mutant plants, cultivated
at 28°C to suppress old3-T-associated seedling lethality. T,
transgenic plants were further BASTA-selected at 28°C, and
propagated to obtain T, pools composed of five T, plants.

The DMZ2h locus necessary for mediating o/d3-7-induced
autoimmunity (Stuttmann et al.,, 2016) was targeted in
pDGE143-transgenic plants. When cultivated at 22°C,
approximately 5-10% of T, seedlings were non-necrotic,
representing candidate lines carrying at least one inactivat-
ing dm2h allele (Figure Sba). Further shifting plants to
18°C selected for homozygous dm2h mutant lines, which
occurred at a frequency <10% among the dm2h candidate
lines (Figure Sba). BASTA was brush-applied to rosette
leaves of surviving, putative homozygous dm2h candidate
lines, and six BASTA-sensitive (nan-transgenic) lines were
genotyped. Only one of these contained a PCR-detectable
deletion (between sgRNA 14 and 17 target sites, Fig-
ure 4b). An additional point mutational allele was
sequenced, revealing a single nucleotide insertion (Fig-
ure 4b). Both dm2h lines were maono-allelic, indicating that
mutations were most likely present in the T, germline, and
became homozygous in the T, generation.

Survival at ambient temperatures was also used to
screen for mutant lines containing a deletion encompass-
ing the entire DM2 cluster from T, pools transgenic for
pDGE89 and pDGE90. Rescued seedlings were obtained at
a frequency of ~0.5% from pDGE90-derived, but not
pDGE89-derived T, pools (Figure S5b). Four plants from
different T, pools were randomly chosen for genotyping
(Figure 4c). A PCR product corresponding to the deletion
of the targeted 120 kb region was obtained in all cases, but
differed in size. Sequencing revealed that size differences
originated from either cleavage of the outer sgRNA18 and
sgRNA21, or sgRNA19 and sgRNA21 targets (Figure 4d).
Additional PCRs querying the presence of the wildtype
DM2"*" locus showed that lesions were heterozygous in
deletion lines (Figure 4c, lower panel). Non-necrotic, puta-
tively homozygous Adm2 deletion lines were phenotypi-
cally isolated from segregating Tz populations
(Figure Sbc), BASTA-sensitive individuals selected, and
genotypes confirmed for two T, families (Figure 4e). Puta-
tive dm2c mutant lines were selected by PCR screening
approximately 150 pDGE142-transgenic T, plants cultivated
under permissive conditions (28°C). No deletions from
cleavage of sgRNA22/23 targets were obtained. However,
lines containing an ~40-bp deletion derived from cleavage
of sgRNA24/25 target sites were obtained at a frequency of
2.7% in the homozygous state, and 8% in the heterozygous
state (Figure 4f). Again, transgene-free homozygous dele-
tion lines were successfully selected in T3, and molecular
lesions were analyzed for two independent lines (Fig-
ure 3g). Both lines contained the PCR-selected, ~40 bp
deletion, and also additional point mutations from cleav-
age of the sgRNA23 target site. Taken together, these
results suggest that in Arabidopsis: (i) point mutations
occur with higher frequency than deletions targeted by
paired nucleases, (ii) Cas9-induced deletions mainly occur
in T, when using pPcUbi:Cas9, (iii) small deletions (here
40 bp) may occur at ~10% frequency among T, plants, (iv)
relatively large chromosomal deletions (here 120 kb) are
feasible, but occur at lower frequencies, and (v) Ubiquitin
Promoter-driven Cas9 appears more suitable than p35S-
driven Cas9.

Deletion of the tandem EDS1 locus in Arabidopsis
accession col

The performance of pPcUbi:Cas9 in comparison to p35S:
Cas9 was again tested using the EDS1T locus as target.
Accession Col contains two functional EDST copies
encoded by At3g48080 and At3 g48090 (Figure 5a), and a
Col eds7-2 line was generated by introgression of the
eds1-2 allele from accession Ler (Bartsch et al., 2006; Zhu
et al., 2011). This line was instrumental for genetic analy-
ses in the standard Col accession. However, it also con-
tains the DM2-°" cluster, which may produce unexpected
interference upon reestablishment of EDS1 activity in

© 2016 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2016), doi: 10.1111/tpj.13319



Part Il — Toolkits for Plant Genome Editing

42

(a)
9_5:_ sgRIA27 At3g48080 (EDS1b)
-
sgRNA26
f 5838 bp
(b) pool 1005 pool 1012 | (€)
T 2 1 2@ @

— _— —
PCR 959/960 (AedsT), ~ 550 bp

Coleds1-11

Cas9 for chromosomal deletions 9

At3g48090 (EDS1a) sgRNA28 960
-~ -

—  —
JGO8  sgRNA29

PAM sqRNA28 sgRNA29 PAM

TAACCTCAGGCTCTATTCTGATGACATTC -- 5147bp -- CATCCGACATGACTGGAGTTTCGCAG -- 117 bp — TTTGAGATGTCACTCTCGGTTGG

AT SgRNA2D pAM

[1005.1] TAACCTCAGG
— L -—
PCR JGO8/960 (EDS1), ~ 700 bp

Coleds1-12
[1012.1]

() bp)
(d) 1000

Col Col eds1-2

Col eds 1-12

Figure 5. Deletion of the tandem EDS7 locus in Arabidopsis accession Col.
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(a) Schematic representation of the EDST locus with oligonucleotides and sgRNA targets indicated.
(b) Genotyping of phenotypically selected putative edsT deletion alleles. T, seedlings from transformation of pDGES2 into wild type Columbia plants were sub-
jected to infection with incompatible Hpa isolate Cala2. Putatively Hpa susceptible, edsT candidate lines were used for DNA extraction and genotyping with indi-

cated oligonucleotides.
(c) Molecular lesions obtained in edsT deletion alleles.

(d) Infection phenotype of the newly selected eds7-12 mutant line and controls. Representative micrographs from infection with Hpa isolate Cala2 and staining
of first true leaves with Trypan Blue (six dpi) are shown. HR - hypersensitive response, fh - free hyphae.
(e) PCR screening of T, plants as in (b) for eds7 deletion mutants. Arrowheads mark signals interpreted as putative deletion lines,

transgenic plants (Stuttmann et al, 2016). The Col EDS1
locus was targeted for deletion by two constructs contain-
ing sgRNAs 26-29 (Table 1), and either p35S-driven
(pDGE91) or pPcUbi-driven (pDGE92) Cas9. Constructs
were transformed into Col wild type plants, primary trans-
formants selected by BASTA resistance, and 15 T, pools
corresponding to ~130 T, plants composed for each trans-
formation. From T, pools, 60-70 seedlings were screened
for putative eds? mutant plants by infection with Hpa iso-
late Cala2. Resistance to Hpa Cala2 in Col is EDS1-depen-
dent, and mediated by the TIR domain-containing immune
receptors RPP2a/b (Sinapidou et al., 2004). None of the
seedlings from transformation of pDGE91 (p35S:Cas9) was
scored as Hpa Cala2 susceptible, but four plants from two
independent pDGE92 T, pools were selected as potential
eds1 mutants. The expected ~5-kb deletion was detected in
three edsT candidate lines (Figure 5b, upper panel). The
wild type EDS1 locus was not detected in lines containing
the deletion, suggesting they were homozygous (Fig-
ure 5h, lower panel). Sequencing of deletion alleles from

© 2016 The Authors.

two eds? candidate lines revealed mono-allelic deletions
encompassing the region flanked by sgRNA 26 and 28 tar-
get sites, while the sgRNA 29 target site remained intact in
both lines (Figure 5c). A Col eds1-12 mutant line not con-
taining the pDGE92 transgene was selected in the T3 gen-
eration, and seedlings were infected with Hpa Cala2
(Figure 5d). Col eds1-12 seedlings were fully susceptible,
and indistinguishable from the previously characterized
Col eds1-2 introgression line, confirming germline trans-
mission of the deletion allele. With eds? being fully reces-
sive, phenotypic screening for Hpa (Cala2) susceptibility
fails to detect heterozygous deletion lines. From PCR
screening 230 individuals originating from six pDGE92
transformation-derived pools, either homo- or heterozy-
gous deletion alleles were estimated to occur in ~10% of T,
(Figure 5e). However, actual frequencies might be lower,
as stable, germline-transduced alleles may be confounded
with somatic genome editing events occurring in leaf tis-
sues used for DNA preparation. Taking deletions of the
DM2-®" cluster and the tandem EDST locus together,
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chromosomal deletions were obtained at two independent
loci when using pPcUbi-driven Cas9, but not p35S-driven
Cas9. Deletions apparently occurred at low frequencies in
the T, generation, and became more frequent in T,. Over-
all, the generation of chromosomal deletions not only pro-
vides a scheme for simple, PCR-based mutation
identification, but also represents a feasible approach to
overcome genetic redundancy or for functional dissection
of non-coding DNA.

DISCUSSION

Strategies for assembly of RGN-coding constructs may
include several PCR steps, combine different cloning strate-
gies or rely on additional DNA modules such as destination
vectors, thus adding variability and complexity (e.g. Low-
der et al, 2015; Ma et al., 2015; Zhang et al., 2015; Mao
et al., 2016). The presented pDGE toolkit sacrifices some
flexibility, but enables for extremely simple and fast assem-
bly of RGN-coding constructs by Golden Gate cloning. Only
hybridized oligonucleotides are required as ‘external’ com-
ponents, while all other DNA modules are part of the toolkit
(Figure 1). Construction of second generation recipients
showed how novel components and functionalities can be
adapted for the ‘preassembled recipient’ strategy (Fig-
ures 1 and S1). Arrays of two, four or eight sgRNA TUs
may be assembled using sgRNA shuttle vectors. Arrays of
different length can be constructed by providing suitable
end-linkers in assembly reactions (Weber et al., 2011a). A
detailed manual for the assembly of RGN constructs is
provided (Appendix S1), and plasmids can be obtained
via Addgene (www.addgene.org) (kit # 1000000084) or
through us. Currently, functionality was only tested in
N. benthamiana and Arabidopsis. However, functionality of
pAtU8 (for driving sgRNA expressions) as well as pPcUbi
and p35S (for driving Cas9 expression) in many dicotyle-
donous plant species can be assumed.

We made use of the simple and efficient multiplexing
capacity of our system to assemble multiple constructs
incorporating four sgRNA TUs for the generation of chro-
mosomal deletions. sgRNA target sites addressed by indi-
vidual constructs were mostly chosen for the generation of
either two small deletions by cleavage of nearby target
sites, or larger deletions by cleavage of more distant target
sites at the same locus (e.g. Figure 3a). In both N. ben-
thamiana and Arabidopsis, mainly occurrence of small
deletions (<100 bp) was observed, and in only one case,
more distant sites were cleaved to generate a large dele-
tion (dm2h-1, Figure 4h). Also, phenotypically selected
deletions of 5 kb (AtEDS1) and 120 kb (AtDM2) occurred at
low frequencies (below 1%), while small deletions were
obtained at frequencies around 10% (AtDMZ2¢) by PCR
screening. Taken together, this suggests a reduction in the
efficiency of deletion induction with increasing deletion
size. However, a correlation between deletion size and

frequency was not consistently observed in animal cells
(Xiao et al., 2013; Canver et al., 2014; He et al., 2015), and
frequencies might strongly depend on sgRNA activity
rather than deletion size also in plant systems. In either
case, the applied strategy of incorporating multiple
sgRNAs in constructs for targeting of a single locus proved
extremely valuable, as in most cases, only one of several
possible deletions was obtained. Negative effects were not
observed among Cas9-transgenic lines, indicating that
unspecific cleavage at off-target sites is most likely not a
major problem in plants. Thus, extensive multiplexing may
not only be used for generation of higher order mutants,
but also to increase mutation frequencies at single loci to
reduce transformation and screening efforts.

Mainly point mutational alleles were obtained when
phenotypically screening for inactivating alleles at the
DM2h locus, corroborating lower frequencies of deletions
in comparison to cleavage and repair events at single tar-
get sites. However, phenotypical selection is generally nei-
ther possible nor desired. In these cases, the induction
especially of small chromosomal deletions provides a sim-
ple and straightforward workflow for the selection of
mutant lines in genome editing approaches. Minor differ-
ences between wild type and deletion allele, as induced
here at NbEDS1a, NbPAD4 and AtDMZ2¢c, should generally
not perturb PCR stoichiometry, and allow faithful selection
of hetero- or homozygous deletion lines from simple PCR
screening. Confounding of recombination events occurring
in populations of somatic cells with germline-transmitted
alleles present in all cells only becomes problematic when
targeting larger regions for deletion (Figure 5e). Deletion
alleles are also convenient for downstream genetic analy-
ses. Although high resolution melting analysis or dCAPS
markers can be used to detect virtually any SNP (single
nucleotide polymorphism) in segregating populations, for
example identification of an N. benthamiana eds1 pad4
double mutant line, which was obtained at a frequency of
1/192 only, was simplified by the availability of size poly-
morphism markers for mutant alleles.

The RNA polymerase Il (RNAP Ill)-transcribed U6/U3
promoter systems are most commonly used for the
expression of sgRNAs in both animal and plant cells, as
U6/U3 transcripts are not capped or polyA-tailed, are not
exported from nuclei, transcription start sites are clearly
defined, and a simple T stretch (>6 Ts, Nielsen et al., 2013)
is sufficient as termination signal. Our strategy for the
expression of multiple sgRNAs consisted in repeated U6-
driven TUs identical to each other with the exception of
the specificity-determining, variable guide sequence (Fig-
ure 1). Transient, recombination reporter-based assays
indicated strong dependency of nuclease activity on
sgRNA abundance, limited by the expression level of U6-
driven sgRNAs (Figure 2a). However, it remains unclear
whether nuclease activity at endogenous loci is similarly
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affected by sgRNA abundance. Also, limited nuclease activ-
ity might enhance Cas9-specificity (Fu et al., 2013; Hsu
et al., 2013). Importantly, repetitive sgRNA expression
units were not prone to silencing, as constructs were suc-
cessfully used for the generation of multiple mutant lines,
and mutations most likely occurred mainly in the T, gener-
ation in Arabidopsis. Thus, technically more demanding
sgRNA expression systems bear valuable alternatives for
specific applications as e.g. tissue-specific sgRNA expres-
sion (Gao and Zhao, 2014; Nissim et al., 2014; Xie et al.,
2015), but efficient multiplexing is also achieved by cluster-
ing sgRNA TUs. In reporter-based assays, eight sgRNAs
could be expressed without detectable reduction of nucle-
ase activity at a given target site (Figure 2a), suggesting
extensive multiplexing capacities also for the targeting of
endogeneous loci.

Various RNAP Il promoters were previously reported as
functional for driving Cas9 expression in genome editing
applications (e.g. Gao et al., 2015; Hyun et al., 2015; Wang
et al., 2015; Mao et al., 2016) (see Bortesi and Fischer, 2015
for review). The 2x35S promoter was highly efficient in
transient, reporter-based assays in comparison to the
PcUbi promoter, and was also highly efficient for the gen-
eration of stable deletion mutants in N. benthamiana (Fig-
ures 2 and 3). However, in two independent cases, deletion
mutants could here be generated in Arabidopsis when
using pPcUbi-driven, but not p35S-driven Cas9 in other-
wise identical constructs. 35S:Cas9-mediated genome edit-
ing in Arabidopsis was previously reported (e.g. Feng
et al,, 2013; Jiang et al., 2014b), but direct comparison sug-
gests reduced efficiency of this promoter. The egg cell-spe-
cific DD45 promoter for driving Cas9 expression was
recently reported to induce homozygous mutants at high
frequency in the T, generation (Wang et al., 2015), and
was therefore incorporated in Cas9 units of second genera-
tion recipient vectors (Figure 1a). However, systematic
comparison of promoters for Cas9 expression with unified
target loci and selection schemes will be necessary to iden-
tify optimal Cas9 expression systems for genome editing
in Arabidopsis in the future.

Besides sgRNA and Cas9 expression systems, choice of
target sites and design of sgRNAs in perspective to the
selection of mutant lines represent critical parameters for
genome editing approaches. Among the 29 sgRNAs used
in this study, we clearly observed differences in activity,
with for example sgRNAs 10/11 efficiently inducing recom-
bination events at the NbPAD4 locus, but sgRNAs 6-9 not
at all (Figure 3b). To date, no sgRNA design rules for plant
systems are available, but predictive models for sgRNA
on-target efficiency were deduced in an animal system
(Doench et al., 2014, 2016). Although with a limited dataset
at hand, we considered whether design rules for highly
efficient sgRNAs might explain variable nuclease activities
observed here. Indeed, sgRNA pairs 6/7 and 8/9, for which

© 2016 The Authors.
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no activity was detected, both contained an unfavorable
target site (Table 1), and target sites for highly active
sgRNAs 10/11 scored >0.3. However, sgRNA pair 2/3 and 4/
5 targets also consistently obtained scores >0.3, but
sgRNAs did not induce recombination with efficiencies
comparable to sgRNA 10/11 (Table 1 and Figure 3b). Also,
sgRNA 28/29 target site scores were highly similar, but
only cleavage of sgRNA28 was observed (Figure 5c). Thus,
there is no strict correlation between high in planta activity
and predicted activity. Future studies will help to confirm
or define sgRNA design guidelines for plant systems, facili-
tating more informed target site selection.

EXPERIMENTAL PROCEDURES
Construction of pDGE1-4 vectors

Full lists of plasmids and oligonucleotides used in this study are
provided in Tables S1 and S3. Annotated vector sequences are
provided as multi-record GenBank file in Appendix S2. If not fur-
ther indicated, all pICH/pAGM/pICSL plasmids originate from the
Plant Modular Cloning Toolbox (Engler et al., 2014). PAT and nptli
plant selectable marker cassettes were amplified from pAM-PAT
(Genbank: AY436765.1) and pGWBS5 (Nakagawa et al., 2007),
respectively, using oligonucleotides JS584/688, and fragments
cloned into pUC57-Bsal by an Smal cut/ligation, yielding pJOG32
(PAT) and pJOG33 (nptl). A Bsal recognition site within the ccdB
gene of pDON207 (www.thermofisher.com) was eliminated using
JS691/692. The resulting derivative, pDON207-Bsal, was used as
template to amplify a ccdB-Cm® (Cm® — chloramphenicol resis-
tance, cat) cassette using JS694/695. The resulting PCR product
was cloned into pUCh7-Bsal by EcoRV cut/ligation, yielding
pJOG34. Golden Gate modules encompassing the Cas9 CDS
(pICH41308::hCas9, Addgene #49770) as well as a 2xp35S:Cas9-
tnos  (plCH47742::2x355-5'UTR-hCas9(STOP)-NOST,  Addgene
#49771) (Belhaj et al., 2013) were obtained from Addgene. The
parsley Ubi4-2 promoter, pPcUbi (Fauser et al., 2014), was ampli-
fied from parsley genomic DNA using JS834/835, and cloned into
pICH41295 by Bpil cut/ligation, vyielding pJOG20. pPcUbi
(pJOG20), Cas9 (pICH41308::Cas9) and the ocs terminator (tocs,
plCH41432) were combined in pICH47742 by Bsal cut/ligation,
yielding pJOG30. plCH47742::2x35S-5'UTR-hCas9(STOP)-NOST,
pJOG34 and either pJOG33 or pJ0G32, and pJOG30, pJOG34 and
either pJOG33 or pJOG32 were assembled in the pVM_BGW vec-
tor backbone (Schulze et al., 2012), a derivative of pPBGWFS7 (Kar-
imi et al., 2002), to create pDGE1-4, respectively. Assembly was
carried out by Bsal/Bpil cut/ligation, followed by a cycle of ligation
(Figure S1a), and a final digestion of the ligation reaction using
Xbal to digest unincorporated pJ0G34.

Construction of sgRNA shuttle vectors

A fragment encompassing the AtU6 promoter, a guide sequence
and the sgRNA scaffold was synthesized (Integrated DNA Tech-
nologies, Leuven, Belgium) and used for amplification AtU6 pro-
moter and sgRNA scaffold using oligonucleotides JS775/776 and
JS779/780. A ccdB-CmR cassette was amplified using JS777/778
and pDON207-Bsal as template. The three PCR fragments were
diluted, mixed and used as template for SOE PCRs for individual
shuttle vectors using oligonucleotides indicated in Table S3. PCR
products were cloned into pUC57-Bsal by EcoRV cut/ligation. To
generate pDGEQ12 (M5), PCR fragments generated as previously
using JS793/794 and generated with JS791/792 on Arabidopsis
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genomic DNA were fused by Bsal cut/ligation and used as tem-
plate for PCR with JS791/794. The amplicon was cloned into
pUC57-Bsal by EcoRV cut/ligation. To generate pDGEQ05 (M1), a
linker sequence was amplified from Arabidopsis genomic DNA
using JS781/782, the AtU6 promoter was amplified using JS783/
776, PCR fragments were diluted, mixed as previously, used as
template for PCR with JS781/784, and the amplicon was cloned
into pUC57-Bsal by EcoRV cut/ligation.

Construction of pDGE62-65 vectors

A Bpil recognition site in pVYM_BGW was mutagenized by amplifi-
cation with JS704/705, followed by Bpil cut/ligation. The resulting
pVM_BGW-Bpil backbone was used for assembly of pDGE62-65
from plCH47742::2x35S-5'UTR-hCas9(STOP)-NOST, pDGE006 and
pJOG33 or pJOG32, and pJOG30, pDGEO06 and either pJOG33 or
pJOG32, respectively, by Bsal/Bpil cut/ligation, followed by a cycle
of ligation and a final restriction with Xbal.

Construction of pDGE144-165

pJOG292 was constructed by combining the vector backbone
(PCR JS1028/1029 on pVM_BGW-Bpil) and a lacZ fragment (PCR
JS1030/1031 on pICH41264) in a Bsal cut/ligation reaction. A ccdB
negative selection cassette (PCR JS1032/1033 on pDGE1) was sub-
cloned into pUC57-Bsal by EcoRV cut/ligation. Promoter frag-
ments were amplified from Arabidopsis DNA (DD45-JS1074/1075;
ICU2-JS1055/1056) and cloned into pICH41295 by Bpil cut/ligation
to yield pJOG301 and pJOG298, respectively. The Pro+5U mod-
ules were used for assembly of pJOG323 and pJOG326 in
plCH47742. The FAST cassette from the Modular Cloning Plant
Parts (Engler etal., 2014) was used as level 1-3f module
(pJOG304). pDGE144-165 were assembled by Bpil cut/ligation
(Figure S1b).

Construction of pDGE76-79

Annealed oligonucleotides JS910/911 were used in a Bsal/
EcoRV cut/ligation reaction with plCH41308::Cas9. After denatur-
ing, the reaction was supplemented with fresh ATP, DTT,
Ligase and EcoRV to obtain pJOG58. pJOG6E9 (2x35S:Cas9
(D10A)-tnos) and pJOGT70 (pPcUbi:Cas9(D10A)-tocs) were assem-
bled in pICH47742 with pJOGH8, plCH51288, pICH41421,
pJOG20 and pICH41432 by Bpil cut/ligation. pDGE76-79 were
assembled from pJOGB69/70 and pJOG32, pJOG33 and pJOG34
as described for pDGE1-4.

Construction of pJOG250-253

An N863A mutation was introduced into the Cas9 CDS in pJOG58,
the insert amplified (JS912/913) and cloned into pAGM1287 by Bpil
cut/ligation to yield pJOG60. A fragment coding for the C-terminus
of Hax3 (AY993938) was amplified (oligonucleotides CTH3-GG-Jo-
F/R) and subcloned into pPCR-Blunt, yielding pJOG241. pJ0G242
was assembled from pJOG60, a Ser-Gly linker (oligonucleotides
JS914/915 subcloned in pPCR-Blunt), pJOG241, pICH51277 and
pICH41414 in pICH47742. pJOG250-251 and pJOG252-253 were
constructed from pJOG242, pJOG32, pJOG33, pJOG34 and pDGE6
as described for pDGE1-4 and pDGE62-65, respectively.

Assembly of nuclease constructs

sgRNAs as indicated in Table 1 were cloned into sgRNA shuttle
vectors, and derivatives were subsequently used for assembly of
nuclease constructs (pDGE30, 38, 80, 89-92, 142-143) as described
in Appendix S1.

Construction of the GUS-out-of-frame recombination
reporter and TALENs

The B-glucuronidase coding sequence was amplified from pGWB3
(Nakagawa et al, 2007) using oligonucleotides GUS_TALE-
N_Ax7LR-F and pTALENgus-R, and the resulting PCR product was
cloned into pENTR/D TOPO (www.thermofisher.com) as according
to the manufacturer. The GUS-out-of-frame insert was subse-
quently mobilized into pGWB2 (Nakagawa et al., 2007) by LR reac-
tion, yielding pMR006. TALENs were assembled as previously
described (Richter et al., 2014).

Agrobacterium-mediated expression, AFLP and GUS assay

Constructs were electroporated into Agrobacterium strain GV3101
pMP90 and grown on YEB medium. For transient expression, plate-
grown bacteria were resuspended (ODggo = —0.6) in Agro infiltra-
tion medium (AIM; 10 mm MES pH 5.7, 10 mm MgCl,). Solutions
were syringe-infiltrated. DNA was extracted by CTAB method at
three dpi for AFLP assays. For qualitative GUS staining, leaf discs
were collected three dpi, stained in GUS staining solution,
destained with Ethanol, briefly rehydrated and dried in cellophane.
For quantitative GUS assays, two leaf discs (3 mm diameter) were
harvested per replicate, frozen in liquid nitrogen and lysed in a
mixer mill. Tissue powder was resuspended in 300 pl GUS extrac-
tion buffer (50 mm NaH,PO,/Na,HPO, pH7, 10 mm EDTA, 0.1%
SDS, 0.1% Triton X-100) and samples cleared by centrifugation.
10 pl were mixed with 90 pl extraction buffer containing 5 mm 4-
methylumbelliferyl-beta-p-glucuronide (4MUG), incubated for 1 h,
reactions stopped adding Na,CO3, and 4MU production measured
on a Tecan Plate Reader against a series of 4MU standards. 4MU
production was normalized against total protein amounts of the
same samples determined by Bradford assay (Roti-Quant,
www.carlroth.com) as according to the manufacturer.

Plant growth conditions and infection assays

N. benthamiana plants were cultivated in a greenhouse with 16 h
light period, 60% relative humidity at 24/20°C (day/night).
A. thaliana wild type accessions Columbia and Landsberg erecta,
and the previously published Ler old3-1 (Tahir et al., 2013) and
Col eds1-2 (Bartsch et al., 2006) mutants were used. Arabidopsis
plants were grown under short day conditions at 23/21°C and with
60% relative humidity or in a greenhouse under long day condi-
tions. For suppression of autoimmunity, plants germinated under
short day conditions (7 days) before transfer to 28/26°C (day/
night). Hpa infection assays were done as previously described
{Wagner et al., 2013).

sgRNA design

CRISPR-P (Lei et al, 2014), CasOT (Xiao et al, 2014) and the
sgRNA designer tool (Doench et al., 2014) were used for selection
of sgRNAs.
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2.2.2. Supplemental material to publication Ordon et al., 2016

e Supplemental Figures S1 — S5 are shown below
e Additional supporting information are available online:
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.13319
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Supplemental Figure S1 Ordon et al.
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Supplemental Figure S1: Scheme for assembly of first and second generation recipient vectors
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(a) Assembly of first generation recipient vectors. A Cas9 TU is assembled as a level 1-2 module according to the modular
cloning standard (Weber et al. 2011). Plant-selectable markers are introduced as custom modules. Final assembly is achie-
ved by Bsal/Bpil restriction and ligation, followed by a cycle of ligation. A final cycle of digestion with Xbal was used to

reduce background.

(b) Assembly of second generation recipient plasmids. Expression cassettes for Cas9, plant-selectable marker and potenti-
ally additional modules are prepared as level 1-2, 1-3 and 1-4 modules according to the modular cloning standard. Final
assembly is conducted by Bpil restriction/ligation of modules together with pJOG292 (vector backbone) and pJOG294
("dummy”). A suitable end-linker (Engler et al. 2014) has to be used according to the number of level 1 modules incorpora-

ted.
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Supplemental Figure S2 Ordon et al.
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Supplemental Figure S2: Strategies and use of polyclonal DNA preparations for the assembly RGN-coding constructs

In a conservative strategy, guide sequences are loaded into sgRNA shuttle vectors, and monoclonal plasmid preparations are
used for the second cloning step after plating and picking of single colonies. In the polyclonal strategy, polyclonal plasmid
preparations are used for subsequent cloning steps by directly inoculating liquid cultures after loading of guide sequences
into shuttle vectors. Using this strategy, inconsistencies in primer synthesis are mitigated, as final assembly products are not
uniform. Thus, sequencing of 2-3 final assembly products will always identify an error-free clone. Additionally, the whole
cloning procedure is reduced from 5d to 4d. The Fast Track assembly scheme implies a further reduction of material expenses
by combining loaded shuttle vectors in a single polyclonal culture. This approach does not allow further use of single sgRNA
shuttle modules in different assemblies.
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Supplemental Figure S3 Ordon et al.
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Supplemental Figure S3: Design and functionality of the GUS-out-of-frame recombination reporter

(a) General principle and sequence details of the GUS-out-of-frame reporter. A p35S-driven B3-glucuronidase is
shifted out of frame due to insertion of a spacer. Introduction of DSBs within the spacer sequence by RGNs or
paired TALENs and its repair by NHEJ eventually reconstitutes a functional GUS gene. Sequence details with
TALEN binding sites and the sgRNAT target site are provided.

(b) Functionality of the GUS-out-of-frame recombination reporter. Reporter and reporter-targeting TALENS
were, alone or in combination, transiently expressed in N. benthamiana. Leaf discs were collected at 2 dpi and
used for qualitative and quantitative GUS assays. 355:GUS and 35S5:GFP were carried along as controls. Standard
deviation of three biological replicates is shown.
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Supplemental Figure S4 Ordon et al.
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Supplemental Figure S4: Functional validation of one step, one nuclease and second generati-
on recipient plasmids in transient reporter assays

(a) pDGE62-65 were loaded with sgRNA1 for targeting of the GUS recombination reporter.
Derivatives and reporter were transiently expressed in N. benthamiana. Leaf discs were collected
3 dpi and subjected to qualitative GUS staining.

(b) As in (a), but derivatives of second generation recipient vectors pDGE144-169 were used, as
indicated.
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Supplemental Figure S5 Ordon et al.
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Supplemental Figure S5: Phenotypic isolation of candidate dm2h and dm2 mutant plants

(a) T, plants from transformation of pDGE143 (targeting DM2h) into the Ler old3-1 background were
cultivated for 3.5 weeks at 22°C (left panel). Non-necrotic plants obtained under these conditions
represent candidate dm2h mutant lines containing at least one inactivating allele at the DM2h locus.
Plants were subsequently shifted to 18°C and cultivated for additional 2 weeks (right panel), allowing
survival of only plants homozygously carrying inactivating alleles at the DM2h locus. One putative
homozygous dm2h mutant is visible. Arrowheads mark individuals surviving at 22°C, but with necrosis
induced at 18°C.

(b) As in (a), but pDGE90 (targeting the DM2 cluster) was used for transformation. Ler and Ler old3-1
were grown alongside as controls. A representative image of pool #982 is shown.

(c) Segregation of the Adm2 phenotype in the T, generation. Plants were first cultivated at 22°C for 3.5
weeks (left panel), and subsequently shifted to 18°C (right panel). Plants non-necrotic at 18°C were
tested for BASTA-sensitivity by brush application of the herbicide to single rosette leaves, and re-geno-
typed in the T, generation (Figure 4e).
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2.2.3. Summary of publication Ordon et al., 2016

Genome editing using Cas9-based RGNs came into the spotlight in the last years. RGNs
were mainly used for the induction of point mutations, which make it difficult to differentiate
between edited (mutant) and wild-type individuals. Furthermore, point mutations are mostly

not sufficient to disrupt functions of non-coding DNA.

We developed a genome editing toolkit with high multiplexing capacity, and used this to
induce chromosomal deletions at six independent loci in Nb and Arabidopsis. Our toolkit
relies on SpCas9, and the nuclease is guided to target sites by sgRNAs, representing a
fusion of crRNA and tracrRNA naturally executing this activity in Sp. The toolkit is based on
preassembled vectors containing all components on a T-DNA, except the sequence specific
sgRNAs. Assembly of these “recipient” vectors is carried out following the modular cloning
system. The specific sSgRNA units are prepared by first ligating hybridized oligonucleotides
into one out of a set of “shuttle vectors”, and are subsequently mobilized from the shuttle
vectors into a recipient vector of choice. This procedure allows generating a final genome
editing construct containing up to eight sgRNA transcriptional units PCR-free in only four

days with maximal variability and minimal effort.

Chromosomal deletions were generated, on one hand, by targeting Cas9 to four sites within
a single gene, and target sites were chosen for the generation of either two small or one
large deletion within the same locus. On the other hand, certain regions within the genome
were targeted for deletion by directing Cas9 to two sites flanking at either end the targeted
region (four target sites in total). Analysis of mutant plants and editing events revealed that
increasing the size of deletions apparently reduces their occurrence in both tested plant
species, Nb (with mainly deletions < 100 bp observed) and Arabidopsis thaliana (At)
(deletions up to 120 kb isolated, but with low frequency). Furthermore, at least in At, the most
frequent event was the generation of independent point mutations at target sites, rather than
the loss of sequence stretches flanked by target sites. In this work, edsl and pad4 single
mutant lines in Nb and edsl deletion mutants in At accession Columbia, which contains two
tandemly arranged EDS1-coding genes, were generated. Furthermore, multiple lines with
mutations in a complex resistance gene cluster, the DANGEROUS MIX 2 cluster (Stuttmann
et al., 2016), were generated.

Besides providing a comprehensive toolkit to the community and generating novel mutant
lines of interest for people working on plant-pathogen interactions, we also reported on
factors influencing genome editing efficiencies in plants and on workflows for the isolation of

desired mutant alleles.
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Part lll: Plant innate immune signaling in Solanaceae

Introduction

3.1. The immune system of plants

Plants do not possess mobile immune cells or an adaptive immune system. Each plant cell
has a repertoire of innate immune factors, and plants are further protected by systemic
signals emanating from invaded tissues or nearby neighboring plants (Dangl&Jones, 2001;
Ausubel, 2005). Plants evolved a two-layered immune system to protect themselves against
invaders and to ensure their integrity (Jones&Dangl, 2006). Plant-pathogens have evolved
diverse strategies to invade their hosts or suppress plant immunity. While many bacterial
pathogens proliferate in intercellular spaces, the apoplast, fungi and oomycetes are able to
build so-called haustoria to collect nutrients from the plant (Jones&Dangl, 2006). Other
pathogens, like nematodes, are able to breach host cells with a stylet. Many microbial plant
pathogens and also nematodes translocate effector molecules into plant cells thus increasing
microbial fithess and suppressing recognition by the plant immune system. Effectors, in turn,
can be recognized by the plant by so-called corresponding R (resistance) genes or proteins
(Jones&Dangl, 2006). Domestication of crop plants interferes with the natural adaptation and
selection to steadily diversifying pathogens, which, as a consequence, are responsible for

yield losses up to 30 % in crops worldwide (Jones et al., 2016).

3.1.1. PTI- a first immune layer protects against non-adapted microbes

The first immune layer provides a relatively basal or low level disease resistance. PM
(plasma membrane)-localized PRRs (pattern recognition receptors) are able to detect
extracellular, microbial molecules, so-called (PAMPs/MAMPs (pathogen/microbe associated
molecular patterns, hereafter referred to as PAMPS) (Jones&Dangl, 2006). PRRs are divided
in two classes, transmembrane RLKs (receptor-like kinases) and RLPs (transmembrane
receptor-like proteins). RLPs lack an apparent intracellular signaling domain, and therefore
are dependent on signaling partners (Creagh&O’Neill, 2006). The extracellular domain of
PRRs often consists of a LRR (leucine-rich-repeat) domain, which detects PAMPs by direct
binding (Dodds&Rathjen, 2010; Faulkner&Robatzek, 2012). PAMPs are, in most cases,
molecules which are conserved across pathogenic and commensal microbes, like

lipopolysaccharides, chitin, or peptides derived from the EF-Tu (elongation factor thermo
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unstable) or flagellin (Macho&Zipfel, 2014; Yu et al., 2017). A well-studied PAMP is flg22,
which is a 22 aa (amino acid) peptide derived from flagellin. flg22 is detected by the
Arabidopsis PRR FLS2 (Flagellin sensing 2) (Boller&Felix, 2009). Once flg22 is recognized,
FLS2 builds an active signaling complex with the co-receptor of most PRRs, the LRR-RLK
BAK1 (Brassinosteroid Insensitive 1-Associated Kinasel) (Chinchilla et al., 2007). Another
well-known PAMP is the cell wall component chitin. In Arabidopsis, chitin is recognized by
the Lys-M (lysine-motif) domain proteins LYM1 and LYM3, which activate the Lys-M
receptor-like kinase CERK1 (Miya et al., 2007). The following intracellular signal transduction
pathways end in a variety of immune response programs, which are gualitatively similar and
independent of the PAMP/PRR combination (Bigeard et al., 2015). Plant reactions are
characterized by an increase of cytosolic Ca** (calcium), production of ROS (reactive oxygen
species), activation of Ca?-dependent and mitogen-activated protein kinases and

reprogramming of gene transcription (Boller&Felix, 2009).

As shown in Figure 2A, this immune layer is called PTI (PAMP-triggered Immunity), which is
a multifaceted immune response efficient against a broad spectrum of pathogenic or non-

pathogenic, non-adapted microbes.

3.1.2. ETS versus ETI — a second immune layer rescues in case of effector-perception

Adapted microbes can overcome PTI by delivering so-called effector molecules (called
effectors) directly into the cytosol of the host cell. One major function of pathogen effectors is
the suppression of plant immune reactions. It is not known that bacterial effectors are able to
passively diffuse across the plant membrane, they therefore depend on delivery systems
(Buttner, 2016). One example is the T3SS (type Il secretion system) present in many
plant-pathogenic Gram-negative bacteria, which directly translocates T3Es (type Il effectors)
into the plant cytosol of the host, and effector translocation enables the pathogen to
manipulate plant cellular pathways to its benefit (Bittner, 2016). The T3SS consists of an
extracellular pilus-like structure. The translocon mediates the translocation by building a
pore-forming complex that is able to integrate into the PM of the plant cell (Mattei et al.,
2011). One T3E from Pseudomonas syringae is AvrPtoB which acts as an E3 ubiquitin ligase
and targets the flagellin receptor FLS2 for degradation through the 26S proteasome. As a
consequence, Pseudomonas is no longer recognized by the infected plant cell (Goéhre et al.,
2008). The suppression of recognition is called ETS (effector-triggered susceptibility), the
plant cell is susceptible as shown in Figure 2B.

Plants are able to counter this virulence strategy if they possess specialized R (resistance)

genes or proteins which are able to detect effectors. This detection enables the plant cell to
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initiate a fast and effective immune reaction called ETI (effector-triggered immunity), often
accompanied by programmed cell death at infection sites, the HR (hypersensitive response)
(Jones&Dangl, 2006). Because most R proteins possess a central NB domain and a
C-terminal LRR domain they are termed NB-LRRs, otherwise referred to as the
NLR-superfamily. Effectors eliciting an ETI response are named Avr (avirulence) proteins. It
has often been speculated that PTI and ETI do not necessarily function as independent,
parallel systems, but rather share signaling pathways and pathogen targets (Knepper et al.,
2011).
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Figure 2: Interaction between plants and pathogens: susceptibility versus resistance

A) PRRs (Pattern recognition receptors) of the plant cell detect a pathogen via so-called PAMPs (pathogen
associated molecular patterns). Defense signaling of the plant cell leads to a response reaction called PTI
(PAMP-triggered immunity). B) Additionally to the first scheme, the pathogen is able to translocate effector
molecules directly into the cytosol of the infected plant cell. Effectors interact with intracellular host target proteins
and inhibit the PTI; the plant is susceptible. C) Additionally to B), plants possess a repertoire of R (resistance)
proteins recognizing specific effectors. In case of recognition, the plant cell initiates an immune reaction called ETI
(effector-triggered immunity).

e

3.2. NLR-type immune receptors — detection of a pathogen effector

3.2.1. NLRs —a defense strategy that developed twice?

Intriguingly, both plants and animals use NLRs for innate immune reactions, but there is a
debate whether the NLRs evolved from the same or distinct ancestral origins
(Urbach&Ausubel, 2017; Adachi et al.,, 2019). The prevalent hypothesis over the last
decades assumed that animal and plant NLRs derived from different ancestral prokaryotic

adenosine triphosphatases (ATPases) (Jones et al., 2016).
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Plant and animal NLRs share a similar modular domain architecture including the core NB
domain and a C-terminal LRR domain, but there are critical differences at the outside N- and
C-terminal domains (Jones et al., 2016). The NB is part of the STAND (signal transduction
ATPases with numerous domains) AAA" ATPase superfamily. Typically, Walker A (p-loop)
and Walker B motifs are included, which are both involved in ADP (adenosine diphosphate)
binding and hydrolysis (Walker et al., 1982; Leipe et al., 2004). The modular architecture of
the STAND proteins allows them to simultaneously act as a sensor, switch, and response
factor. Plant proteins of the STAND superfamily contain either a nucleotide-binding site as
well as the ARC (present in Apafl (Apoptotic protease-activating factor 1), R proteins, and
CED4 (cell death protein 4))-domain, which is associated with two a-helical domains (Baggs
et al., 2017). In contrast, animal NLRs possess a different central NBD subtype, the NACHT
(NAIP, CIITA, HET-E, and TP1) domain, which is associated with three a-helical domains
(Koonin&Aravind, 2000). NB-ARC and NACHT are also present in fungal proteins, with
various C- and N-terminal domains, but not associated with LRR domains (Dyrka et al.,
2014).

All NLRs or NLR-like proteins seem to have a switch-like mechanism from a suppressed to
an active state, mediated by their central NB domain. Interestingly, the exchange of bound
ADP to ATP (adenosine triphosphate) leads to a conformational change of the NB domain
which, at least in some cases, results in an oligomerization of NLRs (Maekawa et al., 2011a;
Williams et al., 2011). NLRs are able to hydrolyze ATP to ADP, which probably plays an
important role in the regulation of NLRs into the inactive/resting state (Williams et al., 2011;
Jones et al.,, 2016). In animals, NLRs can function by ligand-dependent oligomerization,
which leads to an active recruitment of signaling adapters initiated by the N-terminal domain
(Bentham et al., 2016). NLR pathways in animals are better understood in contrast to those
of plants. The structural and biochemical understanding of plant NLRs mostly originates from
studies of the animal NLRs Apaf-1, as well as CED4 (Riedl et al., 2005; Yan et al., 2005). In
plants, the C-terminal, diverse LRR domain appears to be responsible for effector detection,
the central NB domain for a switch from a resting to an active state and the N-terminal

domain initiates downstream signaling (Takken&Goverse, 2012).

3.2.2. Plant NLRs — modular architecture enables effector perception and downstream

signaling

Plant NLRs are further divided in two subgroups either possessing a Coiled-Coil (CC) or
Toll/interleukin-1 receptor (TIR) domain at the N-terminus; CC-NB-LRRs (CNLs) or
TIR-NB-LRRs (TNLs) as depicted in Figure 3 and described below.
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open/active conformation

closed/inactive conformation

Figure 3: Modular structure of NLR-type R proteins

NLRs have a modular structure containing a C-terminal LRR (leucine-rich-repeat)-domain, a central NBD
(nucleotide-binding domain) and a N-terminal domain either formed by a CC (coiled-coil) or a TIR
(Toll/interleukin-1 receptor) domain. The central NBD comprises a pocket to bind either ADP (adenosine
diphosphate) (closed conformation) or ATP (adenosine triphosphate) (open/active conformation), both imaged
with a dot below the NBD.

3.2.2.1. The coiled-coil domain

The crystal structure of the CC-domain of the barley R protein Mlal0 has been solved
(Maekawa et al., 2011a). This structure shows two CC-protomers, each with a helix-loop-
helix structure, revealing a rod-shaped homodimer with autonomous folding capacities. A
comparison with RPM1 (Resistance to Pseudomonas syringae pv. maculicola 1) from
Arabidopsis which is a highly similar CNL, suggests that the CC-domain might form a dimer
as well. Other CNLs, such as Lr10 from Emmer wheat, are predicted to form a helix-loop-
helix structure (Takken&Goverse, 2012). Further, it has been shown that the expression of
only the CC-domain of MIal0 is sufficient to trigger ETI. It is assumed that the CC-domain
dimerizes in its active conformation. Dimerization, therefore, needs to be regulated, since an
overexpression of only the CC-domain is able to induce a cell death reaction (Maekawa et
al., 2011a).

3.2.2.2. The Toll/interleukin-1-like receptor domain

The crystal structure of the TIR-domain from the TNL L6 (flax), as well as the structure of the
single TIR protein AtTIR (At = Arabidopsis thaliana) (Chan et al., 2010; Bernoux et al., 2011),
and a number of bacterial and animal TIR-domains expose two monomeric parts, building a
asymmetric structure (Adamian et al., 2011). Research on the flax NLR protein L6 revealed
that a self-association of the TIR-domain is crucial for defense signaling. In the case of the
paired NLRs AtRPS4 (Resistance to Pseudomonas syringae 4) and AtRRS1 (Resistance to
Ralstonia solanacearum 1), a TIR:TIR heterodimer formation is necessary for the activation
of a downstream signaling (Williams et al., 2014). Furthermore, the TIR-domain alone of L6
and numerous other TNLs was shown to be sufficient to trigger HR-like cell death as
described for the CC-domain (Brikos&O’'Neill, 2008; Monie et al., 2009; Swiderski et al.,
2009; Tapping, 2009; Chan et al., 2010; Bernoux et al., 2011).
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Recently published data showed that TIR-domains in plants and animals may possess
enzyme activity. NAD"-depletion and a NADase-activity could be shown for the mammalian
TIR domain-containing protein SARML1 (sterile alpha and TIR motif containing 1) (Essuman
et al., 2017). For the TIR-domains of AtRPS4 and AtRPP1 a depletion of NAD" was only
observed in an in vitro approach, but no NAD'-depletion could be measured in planta
(Horsefield et al., 2019; Wan et al., 2019). Based on a crystal structure of SARM1-TIR, a
putative active site harboring a central glutamate residue was identified. More than 140 TIR-
domains of At were analyzed and most of those showed this conserved active site, but this
site is absent in sensor NLRs like RRS1 (Wan et al., 2019). In a transient expression assay
in Nb it was shown that the enzymatic activity is essential for TNL-mediated defense
signaling as auto-active TIR-domains from AtRPS4, AtRPP1 as well as an auto-active
fragment of SARM1 are no longer able to induce a cell death reaction in planta if the
respective glutamic acid residues are substituted to alanine. Nevertheless, the mechanism in
plants and animals might not be the same as only the TIR-fragment of SARM1 was able to
deplete NAD" in planta. It is postulated that plants catalyze another molecule or that the

depletion rate is much lower than in animals (Wan et al., 2019).

3.2.2.3. The nucleotide-binding domain

The central nucleotide-binding (NB) domain of plant NLR-proteins consists of three subunits,
the NB, ARC1 and ARC2 (van der Biezen&Jones, 1998). It has been shown that this domain
possesses nucleotide binding and ATP hydrolysis activity (Tameling et al., 2002; Tameling et
al., 2006; Maekawa et al., 2011b). Until recently, the structurally related Apafl, CED4 and
other STAND ATPases have been consulted for homology modelling (Riedl et al., 2005; Yan
et al., 2005; Qi et al., 2010). The crystal structure of Apafl shows that the p-loop motif of NB-
ARC is critical for ADP-binding, which is bound to the protein in a closed/inactive stage. This
flexible, glycine-rich loop contains a highly conserved lysine, which is responsible for an
electrostatic interaction with the B-phosphate and essential for binding to ADP (Riedl et al.,
2005). In plant NLRs, binding to the y-phosphate of ATP seems to be crucial. This was
shown by substitution of the highly conserved lysine, resulting in a loss of function in
numerous plant NLRs (Dinesh-Kumar et al., 2000; Bendahmane et al., 2002; Tameling et al.,
2002; Bernoux et al., 2011).

Another motif downstream of the p-loop, the so-called RNBSB/sensorl motif, was proposed
to be important in the differentiation of bound nucleotides via interaction with y-phosphate of
ATP (Ogura&Wilkinson, 2001; Takken et al., 2006). Furthermore, the GxP/GLPL (aa glycine,
proline, leucine) motif in the ARC1 sub-domain is assumed to act as a hinge between a
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closed/inactive and a more open/active conformation of the whole protein. Structure models
of the NB-ARC domain, again based on crystal structures of Apafl and CED4, imply that the
GLPL motif stabilizes the adenosine and ribose backbone. Many LOF (loss-of-function)
mutations of this motif are described, suggesting that the structural changes triggered by

nucleotide exchange are essential for auto-inhibition and activation (Sueldo et al., 2015).

3.2.2.4. The leucine-rich-repeat domain

In comparison to the NB, the C-terminal LRR of NLRs is assumed to vary much in structure.
Several NLRs were analyzed, and based on a crystal structure of a ribonuclease inhibitor, it
is assumed that the LRR-domain resembles a horseshoe-shaped structure
(Takken&Goverse, 2012). Keeping in mind that this part of the protein is commonly
responsible for effector detection, it is not surprising that the variations in LRR-domains are
immense. These domains are highly irregular, with different repeat length and non-canonical
LRR-motifs, which make it challenging to construct a high confidence, comprehensive
structural model. However, such a model is available for CNL Lr10 of emmer wheat, showing
a compact horseshoe-like structure which is separated in two domains. The N-terminal part
contains a cluster of positively charged residues. An enrichment of aromatic amino acids,
possibly involved in hydrophobic interactions, is present at the C-terminal part (Sela et al.,
2012). The removal or substitution of the LRR-domain can lead to a loss of sensitivity
towards the cognate effector. Furthermore, it has been shown that the removal of this
domain can lead to cell death caused by auto-activation for some NLRs, indicating that the
LRR-domain is involved in auto-inhibition (Bentham et al., 2016). If the protein is in the
resting state, the three subunits form a closed nucleotide binding pocket which could be
recently shown by a cryo-EM-based structure of the CNL AtZAR1 (HOPZ-Activated
Resistance 1) (Wang et al., 2019b). In contrast to the flexible C-terminal part of NB-domain,
the LRR-domain mediates an interaction between ZAR1 and RSK1 (Resistance-related
Kinase 1) which is a preformed complex, needed to induce the switch between an inactive
and active state of the protein (Wang et al., 2019b).

3.2.3. NLR-occurrence in plant genomes

NLR-coding genes appeared early in plant evolution. They are present in plants from mosses
to ‘higher’ plants, including all angiosperms. Immune-related genes of plants are associated
with the copy number variable regions of the genome (Baggs et al.,, 2017). NLR copy

numbers vary across species. NLR-coding genes are often organized in complex gene
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clusters which are distributed asymmetrically in the genome. The size of clusters is different;
the largest clusters contain more than ten NLRs (Jacob et al., 2013). In rice, for example,
25 % of all NLRs are encoded on chromosome 11, and 51 % of all NLRs are resident in 41
clusters (Baggs et al., 2017). The clusters can be divided in two subtypes; (i) homogenous
clusters, which usually contain only one NLR-subtype (TNL or CNL) and (ii) heterogeneous
clusters, containing a mixture of TNLs and CNLs. Homogenous clusters are thought to be the
result of tandem duplication, whereas the heterogeneous cluster subtype has probably
evolved by ectopic duplications, transpositions or large scale duplications. Such clusters
might be a reservoir of genetic variation of NLRs. The size of the clusters seems to positively
correlate with the frequency of transposable elements on the same chromosome, which may
be involved in the evolution of NLRs, possibly by increasing genomic instability (Ameline-
Torregrosa et al., 2008; Li et al., 2010). All processes involved in the evolution of NLRs like
duplication, unequal crossing over, ectopic recombination, or gene conversion lead to a fast
diversification via the accumulation of mutations. Because of such processes, the NLRs
represent the most variable gene family in plant genomes (Jacob et al., 2013). Increased
NLR-frequencies have been associated with woody plants that have longer lifespans, which
leave them behind in the evolutionary arms race. Trees possess uncommon meiosis and
could therefore cope with their pathogens. An elevated number of NLRs should lead to
broader pathogen recognition and more frequent recombination events. In apples, for
example, a whole genome duplication 5.5-21.5 million years ago has resulted in a rapid
expansion of NLRs (Jia et al., 2015). Experiments show that a disposition to mutations is
variable between the different domains of an NLR, probably due to selective pressure.
Non-synonymous mutations are enriched in the LRR-domain in comparison to the
NB-ARC-domain (Mondragén-Palomino et al., 2002; Baggs et al., 2017). Indeed,
experimental tests demonstrated that LRR-polymorphism lead to a detection of yet

unrecognized pathogens (Baggs et al., 2017).

Despite their early evolution within land plant lineages, TNLs are not found in
monocotyledonous species, they are only present in all higher plants except the dicot
Aquilegia coerulea and the dicotyledonous order Lamiales. TNLs were probably lost in
monocotyledonous and the two mentioned dicot species (Bai et al., 2002; Collier et al.,
2011).
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3.2.4. Structural re-organization of NLRs leads to activation

NLR proteins switch between a resting and an active stage. Derived from a model by
Takken&Goverse (2012), the central NB-ARC domain interacts with the N-terminal part of
LRR, keeping the protein in a closed, resting conformation in absence of an Avr protein. A
cluster of positively charged aa in the N-terminal LRR surface seems to build an electrostatic
interface with the NB-ARC domain, which stabilizes the closed, inactive conformation (Sela
et al., 2012). The C-terminal part of LRR seems to be exposed like an antenna, recognizing
electronic charge changes in the surroundings. Structural models of the rod-shaped
CC-domain as well as the more complicatedly folded TIR-domain, predict that both domains
are able to interact with the NB-ARC and the LRR-domain (Takken&Goverse, 2012). The
N-terminal TIR/CC-domains seem to be in direct vicinity of the C-terminal LRR-part resulting
in a compact structure in case of a resting state of NLRs. In the auto-inhibited state, the
NB-ARC domain is bound to ADP, in contrast to the observations that an auto-active mutant
of the NLR flax M, as well as many others, has a preference to ATP, whereas the wild-type
protein prefers an ADP-bound, closed state (Williams et al., 2011). The perception of an
effector leads to dramatic structural re-organization of the protein. Especially, the N-terminal
CC/TIR and the C-terminal LRR domain change their conformation, as they were tied to the
NB or ARC2 subdomains, respectively. This conformational change is mostly triggered by
the LRR-senor domain. The resulting “uncommitted” NB-ARC domain allows an exchange
from ADP to ATP, which initiate the adoption of the more open and active conformation
(Takken&Goverse, 2012).

A model named SCAF (signaling by cooperative assembly formation) (Bentham et al., 2016)
assumed that the unchallenged NLR exists in equilibrium between the closed inactive
conformation, which is stabilized by ADP-binding, and an active opened conformation, with
the equilibrium strongly skewed in direction of the closed inactive form (Bernoux et al., 2016).
In case of pathogen detection, both, the elicitor and ATP-binding, stabilize the open, active
conformation. Only when ATP and elicitor are bound to the NLR, the equilibrium shifts
sufficiently towards the active conformation, enabling the activation of downstream pathways.
The now active protein presents new interfaces because of the conformational switch to the
open state. Analogous to the human NLR pair NAIP/NLRC4, a small amount of active NLRs
might induce conformational transition of further inactive NLRs to an active conformation,
allowing them to oligomerize (Zhang et al., 2015). This cooperative activation may lead to a
fast all-or-nothing response, which is necessary under pathogen attack. This might be a key
component of signal proliferation, because multiple rounds of effector recognition would not
be an efficient mechanism, and probably too slow to counteract a pathogen infestation
(Bentham et al., 2016).
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Recently published results show for the first time the biomolecular mechanism and
reconstitution after activation of the plant CC-NLR protein ZAR1 of At (Wang et al., 2019a). It
was known that ZAR1 built distinct preformed immune receptor complexes and interacts with
various members of the subfamily Xl of RLCKs (receptor-like cytoplasmic kinases). These
complexes specifically detect bacterial effectors (Wang et al., 2015). The authors described a
stepwise activation. In an auto-inhibited resting state, ZAR1 is monomeric, ADP-bound and
in complex with the RLCK RKS1 (Resistance related kinase 1). The corresponding elicitor of
ZAR1, AvrAC, is indirectly recognized via the protein kinase PBL2 (PBS-1 like protein 2),
which is uridylated by AvrAC. PBL2"™" then binds to ZAR1-RKS1 and together they build an
intermediate conformation which releases ADP. This release exposes the NB-site which will,
together with dATP/ATP (d = deoxy), end in the oligomerization to a wheel-like pentameric
complex containing ZAR1, RKS1 and PBL2"™" (Wang et al., 2019b), the so-called

resistosome.

Furthermore, it was shown that after oligomerization the N-terminal a-helices of the
CC-domain build a funnel-shaped structure that protrudes out of the wheel-defined
pentameric plane. The conformational change after oligomerization to a funnel-shaped
sequestered structure of the N-terminal CC-domains leads to an association with the PM.
This association to the PM is essential to elicit an HR but is dispensable for the assembly of
the oligomeric ZAR1 resistosome-complex (Wang et al., 2019a). Most of the CC-domain is
substantially buried, only the funnel-shaped structure sticks out which is formed by the
oligomerized N-terminal amphipathic al helix. Interestingly, the inner surface of the
funnel-shaped structure contains several negatively charged residues. A substitution of two
of these residues significantly reduces a ZAR1-mediated HR but did not affect the
AvrAC-induced association with the PM, suggesting that PM-association might be required,
but is not sufficient to trigger an immune response (Wang et al., 2019a). Thus, the pore-like
interior of the funnel-shaped structure appears essential for ZAR1-mediated immunity, and it
was proposed that the resistosome may act as an ion channel to alter charge of the
penetrated cell. This is a common phenomenon, observed after a recognized pathogen
attack in plants. The Ca®" concentration is rapidly elevated and is therefore an important
second messenger in plant immunity (Zhang et al., 2014). Interestingly, the fold-switch to the
resistosome after activation is reminiscent of membrane pores and ion channels which are
made during pathogen-induced cell death in animals and fungi (Cai et al., 2014; Adachi et
al., 2019; Wang et al., 2019a). The mechanistic and structural similarities between NLRs of
animals, fungi, and plants argue more towards a mutual evolutionary origin of multi-domain
ATPases, rather than the previously proposed independent evolutionary origin
(Urbach&Ausubel, 2017; Adachi et al., 2019).
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3.2.5. Effector Recognition

Recognition of a pathogen effector is commonly mediated by the LRR domain of the NLR
(Takken&Goverse, 2012). Plants are generally under high pressure to detect a large amount
of different effectors while simultaneously maintaining their own integrity (Stavrinides et al.,
2008; Ravensdale et al., 2011). Functional analysis reveals a diverse localization, activation,
and signaling of plant NLRs to fulfill this task. The direct interaction between an effector and
the NLR is possible, but might only occur less frequent (Dangl et al., 2013). NLR responses
can require a pair of NLR proteins, in which one senses an elicitor (sensor) whereas the
other one is responsible for the activation of the downstream pathway (helper) (Peart et al.,
2005; Sarris et al., 2016). One example is resistance to Tobacco Mosaic Virus in tobacco,
which requires the sensor TNL protein N and the helper CNL NRG1 (N requirement gene 1)
(Peart et al., 2005). However, the reliance on NRG1 could be a general phenomenon of
other TNLs as well. In absence of NRG1, the TNLs Roqgl (Recognition of XopQ 1) and RPP1
(Recognition of Peronospera parasitica 1) are also unable to induce a cell death reaction
after effector recognition (Qi et al., 2018), but downstream signaling is not affected in
absence of NRG1, as long as the sensor NLR is classified to the CNL subclass (Wu et al.,
2019).

Direct interaction between effector and (sensor)-TNL is sufficient to trigger a defense
reaction for several plant NLRs (Dodds et al.,, 2004; Dodds et al., 2006; Krasileva et al.,
2010), but exclusive reliance on direct detection of specific effectors by individual NLRs
would represent an insurmountable challenge due to the large number and diversity of
effectors. The NLRs, encoded only in the germline of plants, would not be able to diversify as
fast as pathogens with their much shorter lifespan (Baggs et al., 2017). It seems more
parsimonious to ‘guard’ an effector target, rather than to evolve new, specific R proteins for
each effector. Such scenario of indirect effector recognition has indeed been shown to exist
frequently (Kourelis&van der Hoorn, 2018). If the NLR recognizes effector-mediated
modifications of a host target protein (guardee), it is called a guard NLR. In another scenario,
the NLR protein detects modifications of a decoy protein that mimics a true effector target
protein. These decoy proteins only exist to enable indirect NLR detection of effectors, and
have lost their initial biological function. Indirect recognition had evolved to enable the plant
to detect a wide variety of effectors with only a limited repertoire of NLRs (ca. 200 in
Arabidopsis and ca. 460 in rice). For instance, RIN4 (RPML1 interacting protein 4) guardee
protein is targeted by four bacterial effectors and is guarded by two independent NLRs
(Cesari, 2018). The easiest way for pathogens to avoid detection in the host cell is altering

the effector recognized directly by a NLR. However, in the guard/decoy model altering of the
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effector would not be successful, as this alteration could interfere with the targeting of

specific host proteins (Cesari, 2018).

3.2.6. Integrated domains — a sophisticated strategy of NLRs

The discovery of unusual domains integrated into NLRs revealed an additional degree of
complexity in ETI defense mechanisms. Analyses of the so-called IDs (integrated domains)
unraveled their essential function within the NLRs, which led to the development of the
integrated decoy model (Cesari et al., 2014). As classical decoy proteins, IDs originate from
the duplication of effector target genes, which are then integrated into NLR genes, resulting
in NLRs with an effector target site. In rice, for example, the integrated HMA (heavy metal
associated) domain of the NLR Pik-1 interacts with a pathogen effector, thereby activating
resistance programs (Cesatri et al., 2014; Magbool et al., 2015). Similarly, the HMA domain-
containing protein Pi21 is necessary for the susceptibility to the rice blast fungus, supporting
the hypothesis that the HMA domain integrated into Pik-1 represents a decoy derived from
the original effector target. In a similar scenario, the effectors PopP2 and AvrRps4 target
WRKY TFs (transcription factors) in Arabidopsis, and an integrated WRKY decoy domain
found within the NLR RRS1 is required for detection of these effectors (Deslandes et al.,
2003; Le Roux et al., 2015; Sarris et al., 2015). Based on the integrated decoy model, higher
plant- and moss-genomes were analyzed for the occurrence of IDs (Kroj et al., 2016; Sarris
et al., 2016). The overall frequency of unusual domains integrated into NLRs was estimated
to be 3.5 %. These unusual domains are present in all plant lineages and in all major groups
of NLRs. The domains identified were extremely diverse in function and the integrated
position within the NLRs differs. This phenomenon indicates that an integration of unusual
domains has appeared frequently and repeatedly in plant evolution (Cesari et al., 2014; Kroj
et al., 2016).
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Figure 4: Pathogenic effector detection by different types of NLRs

Pathogenic effectors can be recognized directly as depicted in the upper part. The interaction induces a
resistance (R). Indirect recognition of an effector occurs when target proteins of an effector are guarded by an
NLR. The guarded protein is called guardee. Another possibility is a duplication of effector target genes which
evolves into decoy proteins and are monitored by NLRs. In both cases, the NLRs are detecting modifications of
the targets (guardee or decoy). However, decoys could be also integrated into the structure of the NLRs, enabling
effector detection via direct binding.

3.3. Signaling Downstream of NLRs

The precise nature of events associated with defense outputs after perception of a pathogen
molecule is not fully understood. Downstream of the activation of an NLR, one can observe
two distinct signaling pathways, depending on the N-terminal domain of the NLR. While
many CNLs require the plasma membrane-associated protein NDR1 (Non-race specific
disease resistance 1) for downstream signaling, all tested TNLs are strictly dependent on the
nucleocytoplasmic lipase-like protein EDS1 (Enhanced disease susceptibility 1) as shown in
Figure 5 (Aarts et al., 1998). As central regulators of NLR-mediated defense signaling, NDR1

and EDS1 represent critical nodes essential for the activation of plant resistance.
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3.3.1. EDS1-family proteins are essential for at least TNL-mediated resistance

EDS1 was first identified in At in a screen for mutants defective in RPP1- and
RPP5-specified resistance to isolates of the oomycete Hpa (Hyaloperonospera
arabidopsidis) (Parker et al., 1996). Further analysis of edsl mutant Arabidopsis plants
revealed defects in basal immunity to virulent isolates of Hpa and Erysiphe pisi (obligate
biotrophic fungus) (Wiermer et al., 2005). Furthermore, susceptibility to Pst (Pseudomonas
syringae tomato DC3000) and P. syringae maculicola was observed (Wiermer et al., 2005).
These observations indicated that EDS1 plays a central role in basal and TNL-dependent

immunity in Brassicaceae (Wiermer et al., 2005).

Interactor screens revealed that EDS1 builds heterocomplexes with PAD4 (Phytoalaxin
deficient 4) and SAG101 (Senescence-associated gene 101), respectively (Feys et al., 2001;
Feys et al., 2005). Phylogenetic analyses revealed that EDS1, PAD4, and SAG101 genes
are present in the genomes of flowering plants, but not in the moss Physcomitrella patens or
algae. Moreover, genes encoding SAG101 orthologous are missing in the genomes of
monocots and in of Aquilegia coerulea or Mimulus guttatus eudicot genomes (Wagner et al.,
2013). Interestingly, the latter plants lack TNLs in general as well as members of the
NRG1-family of NLRs with an atypical RPW8-CC domain (Collier et al.,, 2011; Qi et al.,
2018). A wider presence of EDS1 and PAD4 is hypothesized to be linked to their role in
basal immunity, and the co-occurrence of SAG101 with TNL coding genes and NRGL1 in
eudicot lineages implies a role in ETI immune signaling (Wagner et al., 2013). Both proteins,
PAD4 and SAG101, are similar in sequence to EDS1, and all three share an N-terminal
homology to eukaryotic lipases (a/B-hydrolases). C-terminally, they all contain an EP
(EDS1-PAD4) domain with no significant homology to non-plant proteins. The highly
conserved EP domain occurs only in plants, and in combination with the lipase-like domain,
these characteristics define the EDS1-protein family (Wagner et al., 2013).

Furthermore, a motif with the typical appearance of a catalytic SDH triad including the
characteristic GXSXG motif was observed within the lipase-like domain of EDS1 and PAD4,
but is lost in SAG101. In spite of the conserved hydrolase domain in EDS1 and PAD4
orthologous, no enzymatic activity was observed for AtEDS1. Neither full length AtEDS1 nor
the lipase-like domain alone (AtEDS1%%“) were able to hydrolyze p-nitrophenol esters in vitro
when tested (Wagner et al., 2013). Additionally, the catalytic activity is not required for the
immune function of the proteins in At: substitution of the respective aa (SDH->AAA) of the
catalytic triad in AtEDS1 and simultaneous substitution of the critical S (serine) in AtPAD4
(S118A) did not impair immune capacities of the respective proteins (Wagner et al., 2013).
This suggests a structural rather than an enzymatic role for the lipase-like domain (Wiermer

et al., 2005). However, binding of a metabolite to EDS1 and/or PAD4 may still occur, and a



Part Il — Signaling by TIR domain-containing resistance proteins 69

similar mechanism was reported for several a/B-hydrolase-based hormone receptors, such
as GID1 or KAI2 (Mindrebo et al., 2016).

The crystal structure of the heterodimer AtEDS1-AtSAG101 provided new insights to
structure and function of EDS1-based hetercomplexes. Based on this crystal structure, a
model of AtEDS1-AtPAD4 complex was derived, and it was demonstrated that EDS1 builds
mutually exclusive heterodimers with PAD4 and SAG101, respectively. These dimers differ in
their ability to mediate both basal and TNL-mediated immune responses. Whereas a LOF of
AtSAG101 (sag101 mutant plants) is largely recovered by the EDS1-PAD4 heterocomplex, a
LOF of pad4 leads to decreased defense reactions (Feys et al., 2005; Wagner et al., 2013).
Furthermore, double mutants of the heterocomplex partners (sagl01 pad4) as well as a
single eds1l mutant are indiscernible in their immune response, and are both fully defective

for TNL-mediated immune responses (Feys et al., 2005).

Localization studies of EDS1 and PAD4 in Arabidopsis show an equal distribution of proteins
between the cytosol and the nucleus when expressed alone or during co-expression (Feys et
al., 2005). In contrast, SAG101 was solely detected in the nucleus, and in co-expression with
EDS1, stronger nuclear EDS1-accumulation was observed, indicating that SAG101 draws
EDS1 into the nucleus (Feys et al.,, 2005). When all three EDS1-family members are
co-expressed, PAD4 is able to disrupt the nuclear localization and retain some EDSL1 in the
cytosol as summarized in Figure 5B. Furthermore, it was shown that the expression level of
SAG101 is relatively low, even after a pathogen stimulus in comparison to EDS1 and PAD4
(Zhu et al., 2011). This suggests that relative levels of PAD4 and SAG101 may drive the

subcellular localization of EDS1 in response to active defense signaling (Zhu et al., 2011).
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Figure 5: Role of EDS1-based heterocomplexes in TNL-mediated immunity and its localization
A) PAMPs (here falgellin) recognized by PRRs are not able to induce a PTI reaction, because the pathogen
delivers effectors into the cytosol of the host cell which interact with host target proteins and thereby suppress
PTI. A specific NLR R protein is able to detect one specific effector (green). The NLR changes its conformation to
an open, and active state. An NLR containing a N-terminal CC-domain requires NDR1 (Non-race specific disease
resistance 1), whereas an NLR with an N-terminal TIR domain are functionally dependent on EDS1 (Enhanced
disease susceptibility 1)-based heterocomplexes. A induction of ETI will follow upon activation. B) Localization of
EDS1-family proteins PAD4 (Phytoalexin deficient 4) and SAG101 (Senescende associated gene 101) of At
(Arabidopsis thaliana) either singly or co-expressed in planta.

Additionally, it has been proposed that the inability of SAG101 to fully complement a missing
PAD4 may be due to its nuclear localization (Feys et al., 2005). EDS1-based complexes are
probably also needed in the cytosol or the mobility between the compartments could be
important, as was shown for another plant defense regulator, NPR1 (Nonexpressor of
pathogenesis-related genes 1), which controls basal and systemic resistance (Mou et al.,
2003; Feys et al., 2005). However, at least the nuclear accumulation of EDS1 is critical for
defense-mediated transcriptional reprogramming during ETI, indicating an important EDS1
nuclear function in resistance (Garcia et al., 2010). Interestingly, the OE (overexpression) of
AtEDS1 does not trigger an autoimmune phenotype even if this OE is solely directed to the
nucleus via a NLS (nuclear localization signal). An exception is represented by the
Arabidopsis accession Ler (Landsberg erecta). This line contains the TNL gene cluster
DM2"" (Dangerous Mix2), and expression of an EDS1-YFP"-° (yellow fluorescent protein
fused with a NLS) fusion with enforced nuclear localization leads to autoimmunity in this
genetic background (Stuttmann et al., 2016). Also, it was reported that OE of the complex
AtEDS1-AtPAD4 leads to autoimmunity resulting in a dwarf phenotype and amplified
immunity in general, which is not the case for OE of only AtEDS1 (Cui et al., 2016). More
importantly, minimal accumulation of EDS1 seems to be sufficient for a proper defense
signaling (Garcia et al., 2010; Heidrich et al., 2011; Stuttmann et al., 2016).

Interaction studies showed that EDS1, but not SAG101, co-immunoprecipitates with

myc-PAD4 (as well as with myc-SAG101) (Feys et al., 2005). However, a ternary
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AtSAG101-AtEDS1-AtPAD4 nuclear complex was shown in a pulldown experiment as well
(Zhu et al., 2011). This ternary complex could potentially represent another active signaling
form, but is not supported by structural data (Wagner et al., 2013). AtEDS1 is also able to
self-associate at least in Y2H (yeast-two-hybrid) assays, but homodimerization does not play
any role in basal or TNL-triggered immunity since the absence of the heterocomplex partners
PAD4 and SAG101 leads to abolished resistance. Moreover, an EDS1-EDS1 interaction in
planta could not be proved (Feys et al., 2005; Wagner et al., 2013). This is supported by a
GST (glutathione S-transferase) pulldown assay, which could not show any
homodimerization of AtEDS1 in vitro (Li et al., 2019). Recently, it was shown that the
heterocomplex formation of EDS1-based complexes itself is essential for resistance
signaling. The crystal structure of AtEDS1-AtSAG101 and modelling of the AtEDS1-AtPAD4
heterocomplex revealed a large interface including residues of the lipase-like and the EP
domains. Mainly hydrophobic interactions between the aH-helix of AtEDS1, which fits neatly
into a pocket of AtSAG101 or AtPAD4, constitute the N-terminal complex interface, which is
essential for driving heterocomplex formation (Wagner et al.,, 2013). Quadruple aa
exchanges to alanine of AtEDS1 within this helix (in AtEDS1-LLIF) lead to a loss of
heterocomplex formation, and abolish resistance signaling (Wagner et al., 2013). The
C-terminal interface formed by parallel aligned a-helices of the adjacent EP domains has little

contribution to overall complex formation, and its importance remains yet to be revealed.

Physical interaction of EDS1 with several TNLs was reported. The discovery that TNLs
directly interact with EDS1 led to the provoking hypothesis that EDS1 might actually
represent a guardee of many, if not all, TNLs (Zhu et al., 2010; Bhattacharjee et al., 2011). In
turn it may be that the intrinsic basal resistance signaling of EDS1 was then co-opted for ETI
(Heidrich et al., 2011). This means that some TNLs guard EDS1 via the binding of effectors
which normally interact with EDS1 in order to block basal resistance. In turn the activated
TNLs interact with EDS1 and induce a boost to the PTl-associated defense pathway, now
called ETI (Heidrich et al., 2011).

3.3.2. Helper NLRs — a common feature of TNLs?

The different signaling branches of ETI, the CNL (dependent mostly on NDR1) and the TNL
(EDS1-dependent) pathways, might work additively and therefore boost a defense response.
As another possibility, EDS1 might contribute to resistance mediated by some CNLs as well.
CNLs with atypical CC-domains, carrying a RPW8-like (Resistance to Powdery Mildew 8)
CC-domain are known to act as helper NLRs and therefore interwork with TNLs. For

example, CNLs of the ADR1 (Activated Disease Resistance)-family act downstream of some
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CNL (RPS2) and TNL (RPP2, RPP4, SNC1, CHS2) immune receptors (Dong et al., 2016).
The same is true for the CNL NRGL1 (N required resistancel) which is required for several
TNL-mediated signaling pathways, like Rogl, RPP1 or N, but not for CNLs like RPS2 or Bs2
(Peart et al., 2005; Collier et al., 2011; Shao et al., 2016; Qi et al., 2018; Castel et al., 2019;
Wu et al., 2019). This observation and the fact that NRG1 is only present in plants
possessing TNLs leads to a hypothesis of the common requirement of NRG1 for TNL

immune signaling (Qi et al., 2018).

3.3.3. Salicylic acid and systemic required resistance — staying alive versus apoptosis

Resistance signaling is not generally associated with cell death, but can in some cases lead
to restriction of pathogen growth without observable symptoms. Plants may therefore be able
to tune subcellular defense pathways in order to attack a pathogen penetration in the most
effective way and simultaneously preserve the integrity of the plant. Besides the initiation of
PCD (programmed cell death), for instance triggered by an EDS1-dependent downregulation
of DNA repair machinery and coincidently an increase of damaged DNA (Rodriguez et al.,
2018), the plant cell is also able to induce SAR (Systemic Acquired Resistance) which is
triggered by local and systemic accumulation of the phytohormone SA (salicylic acid)
(Fu&Dong, 2013). SA is produced in the chloroplast via ICS1 (isochorismate sythetase 1)
upon local infection (Wildermuth et al., 2001). An accumulation of SA leads to cellular redox
reactions and thus to a nuclear translocation of the normally cytosolic, homodimeric NPR1
(Mou et al.,, 2003). High concentrations of SA close to the infection site promote
NPR3/NPR4-dependent NPR1-degradation which in turn activate PCD (Fu et al., 2012). In
the neighboring areas the intermediate SA-concentration do not promote NPR1-NPR3
binding, resulting in an accumulation of NPR1 monomers in the nucleus. Nuclear NPR1 is
able to interact with TFs to promote the activation of endoplasmatic-reticulum-genes, the
expression of antimicrobial PR (pathogenesis related) genes, and the resistance to
secondary infection (Fu et al., 2012; Fu&Dong, 2013). Interestingly, beside NPR1
degradation, NPR3 and NPR4 negatively regulate the stability of EDS1 by functioning as a
CUL3 (Cullin3)-based E3 ligase adaptors to mediate EDS1 degradation by the 26S
proteasome (Chang et al., 2019). In summary, the concentration of SA is crucial for choosing

between staying alive or initiating HR which would result in apoptosis.

It was shown that AtEDS1 and AtPAD4 are able to facilitate ICS1 gene expression leading to
an accumulation of SA as a part of an amplifying loop in basal and TNL-immunity in
Arabidopsis (Wiermer et al., 2005). Intriguingly, besides the ability of AtEDS1-AtPAD4 to

bolster SA-concentration, the heterocomplex works with ICS1-generated SA in parallel (Cui
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et al., 2016). A major AtEDS1-AtPAD4 function seems to be independent of ICS1-generated

SA. It is proposed that this additive mechanism is important to cover immune signaling in

loss of one pathway, for instance by an inactivation of SA-signaling caused by an effector
(Cui et al., 2016).
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Figure 6: Communication of plant and pathogen

A) Example of perception of a non-adopted bacterial pathogen. The pattern recognition receptor (PRR) FLS2
recognizes flagellin of the flagellum of the pathogen. FLS2 is activated and interacts with BAK1 (Brassinosteroid
Insensitive 1-associated kinase 1). A signaling cascade is activated, resulting in a defense reaction called PTI.
B) Example of an adopted microbe without perception of an NLR. The same pathogen attack as in a), but the
bacteria deliver effectors into the host cell. The effector(s) interact(s) with host target proteins which are involved
in resistance signaling and therewith suppress the PTI. C) Example of a resistance plant cell isolat. The same
pathogen attack as in B), but the effector(s) is/are recognized either directly (green) or indirectly with the help of a
decoy (yellow/red) or a guardee (purple/red) which lead to an activation of the respective NLR. The NLR now
activates downstream signaling, addicted to the subtype of the NLR (TNL = activation of EDS1-based
heterocomplexes, either with PAD4 or SAG101 / CNL = activation of NDR1) which will both result in an
accumulation of SA (salicylic acid). Dependent on the concentration of SA, it will be decided if the cell runs the
SAR (systemic required resistance) or HR (hypersensitive response) program.
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3.4. Aims, achievements and conclusions

EDS1 was discovered two decades ago as a central regulator of plant immune responses
(Parker et al., 1996; Falk et al., 1999). It could be shown that EDS1 builds mutually exclusive
complexes with SAG101, and PAD4 respectively. This heterocomplex formation is required
for the TNL-mediated signaling cascade, and it is proposed that EDS1 is also involved in
basal resistance at least in Arabidopsis (Aarts et al., 1998; Feys et al., 2001; Feys et al.,
2005; Wagner et al., 2013). However, irrespective of 20 years of biochemical and genetic
analyses, molecular function of EDS1 and features important for immune activity within the

ETI-signaling pathway remain elusive.

EDS1 had so far mainly been analyzed in Arabidopsis. Although Arabidopsis is an excellent
model system in particular when it comes to genetics, it also has its disadvantages. To that
end, for example functional characterization of EDS1 variants includes the generation of
stable transgenic lines and is thus time- and labor-intensive. Furthermore, it is questionable
whether additional studies in the Arabidopsis model system are likely to provide novel key
information required to understand EDS1 molecular functions considering the large number

of preceding analyses.

Therefore, one major aim of this work was to transpose analysis of EDS1 functions into the
model plant Nb (Nicotiana benthamiana; wild tobacco). The key advantage of Nb consists in
highly efficient transient gene expression by Agrobacterium infiltration. Furthermore, Nb as a
member of Solanaceae is only distantly related to Arabidopsis (an asterid). Thus, differences
between the systems can be expected, and may facilitate acquisition of new key data or
provide new perspectives. However, Nb has an allotetraploid genome, and only partial
sequences and gene annotations are available, and Nb was so far not regularly used for
genetic analyses. Thus a number of problems needed solving and steps had to be
established to actually analyze EDS1 functions in Nb.

Genes of the EDS1 family were identified in different Solanaceae species, annotated for Nb,
and first mutant lines generated by CRISPR/Cas (Ordon et al., 2017). On the basis of a
Nb eds1l mutant line, XopQ from Xcv (Xanthomonas campestris pv. vesicatoria) could be
identified as an inducer of EDS1-dependent defenses (Adlung et al., 2016), and the
respective immune receptor was in parallel identified by another group (Schultink et al.,
2017). Initial analysis of an Nb pad4 mutant line suggested that PAD4 had no major
contribution to immunity in Nb, and prompted us to further dissect the entire EDS1-family in
this system.
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In this work, we determined that EDS1 in complex with a SAG101 isoform, SAG101b, is
necessary and sufficient for TNL-mediated immune responses in Nb. From co-occurrence of
SAG101 with TNLs, we propose that this might be the case for most, if not all, plants that
have TNLs except the Brassicaceae. Most importantly, we provide comprehensive data
suggesting that EDS1 complexes, together with either PAD4 or SAG101, do not form a
functional immune signaling module by themselves, but co-evolve with further cellular
components, most likely protein interactors. Indeed, another concomitant study suggests that
these components are most likely helper NLRs of the NRG1 class (Lapin et al., 2019). Our
work also identified important features of EDS1 heterocomplexes required for immunity.
Together with the identification of NRG1 as a factor most likely acting downstream of EDS1

in Nb (Qi et al., 2018), this has provided important new impulses and perspectives.
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3.5. An EDS1-SAG101lb complex functions is essential for TNL-mediated
immunity in Nicotiana benthamiana
3.5.1. Publication Gantner et al., 2019
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Heterodimeric complexes containing the lipase-like protein ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) are regarded as
central regulators of plant innate immunity. In this context, a complex of EDS1 with PHYTOALEXIN DEFICIENT4 (PAD4) is
required for basal resistance and signaling downstream of immune receptors containing an N-terminal Toll-interleukin-1
receptor-like domain (TNLs) in Arabidopsis (Arabidopsis thaliana). Here we analyze EDS1 functions in the model Solanaceous
plant Nicotiana benthamiana (Nb). Stable Nb mutants deficient in EDS1 complexes are not impaired in basal resistance,
a finding which contradicts a general role for EDS1 in immunity. In Nb, PAD4 demonstrated no detectable immune functions,
but TNL-mediated resistance responses required EDS1 complexes incorporating a SENESCENCE ASSOCIATED GENE101
(SAG101) isoform. Intriguingly, SAG101 is restricted to those genomes also encoding TNL receptors, and we propose it may
be required for TNL-mediated immune signaling in most plants, except the Brassicaceae. Transient complementation in Nb
was used for accelerated mutational analyses while avoiding complex biotic interactions. We identify a large surface essential
for EDS1-SAG101 immune functions that extends from the N-terminal lipase domains to the C-terminal EDS1-PAD4 domains
and might mediate interaction partner recruitment. Furthermore, this work demonstrates the value of genetic resources in

Nb, which will facilitate elucidation of EDS1 functions.

INTRODUCTION

Plants lack mobile immune cells but have evolved an elaborate
innate immune system to defend against invading pathogens
(Spoel and Dong, 2012; Jones et al., 2016). Cell surface-resident
pattern recognition receptors (PRRs) can detect pathogen-/
microbe-associated melecular patterns (PAMPs/MAMPSs). MAMP
perception and PRR activation induces PRR-triggered immunity
(PTI; also referred to as MAMP/PAMP-triggered immunity),
a multifaceted, low-level immune response efficient against
a broad spectrum of nonadapted pathogens (Macho and Zipfel,
2014; Yu et al., 2017). However, many host-adapted pathogens
use effector proteins, which are secreted directly into the host cell
cytoplasm, to suppress PTI (Macho and Zipfel, 2015; Buttner,
2016). Asasecond layer of the plantimmune system, effectors can
become recognized by plant resistance proteins (R proteins) in
resistant plant lines. Effector recognition induces a rapid and
efficient immune response termed effector-triggered immunity
(ETI; Jones et al., 2016; Khan et al., 2016). The ETI response
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commonly culminates in programmed cell death at infection sites,
the hypersensitive response (HR), which in most cases correlates
with inhibition of plant colonization by the pathogen (Cui et al.,
2015; Bittner, 2016).

Most plant R proteins are nucleotide-binding domain-leucine-
rich repeat (NLR)-type immune receptors. The canonical NLR
architecture consists of a C-terminal leucine-rich repeatdomain,
a central nucleotide-binding domain, and a variable N-terminal
domain (Monteiro and Nishimura, 2018). Structurally similar NLR
receptors operate in animal innate immunity and often function by
ligand-dependent oligomerization and recruitment of signaling
adapters via oligomeric N-terminal domain assemblies (Bentham
etal.,2017; Shen et al., 2019). Until recently, plant NLRs were less
well understood than animal NLRs. However, according to
a general working model, the leucine-rich repeat domain often
defines specificity, the nucleotide-binding domain acts as an ATP-
driven switch controlling the transition of the receptor from
a resting to an active signaling state, and the N-terminal domain
conveys downstream signaling (Bernoux et al., 2011, 2016;
Maekawa et al., 2011a, 2011b; Takken and Goverse, 2012). The
N-terminal domains of most plant NLRs are Toll-interleukin-1
receptor (TIR) or coiled-coil (CC) domains. Beyond analogy to
animal NLRs, a function in downstream signaling is supported by
the induction of HR-like cell death upon expression of TIR or CC
domains alone (Swiderskiet al., 2009; Bernoux et al., 2011; Collier
et al., 2011; Maekawa et al., 2011b).

Recent structural elucidation of the Arabidopsis (Arabidopsis
thaliana) immune receptor HOPZ-ACTIVATED RESISTANCE1
(ZAR1) provided groundbreaking newinsights to our knowledge of
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IN A NUTSHELL

Background: Flant pathogenic bacteria inject effector proteins inside the plant cell during infection. In resistant plant
lines, effectors can be recognized by intracellular immune receptors (“NLR receptors”), which prevents plant disease.
NLRs are divided in two main classes. Those receptors containing a TIR (Toll-interleukin-1 receptor) domain require
complexes based on the protein EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1) to confer resistance. EDS1
forms mutually exclusive complexes with two sequence-related proteins, PAD4 (PHYTOALEXIN-DEFICIENT 4) or
SAG101 (SENESCENCE-ASSOCIATED GENE 101). EDS1 and PAD4 are highly conserved, and can be found
within the genomes of all higher plants. In contrast, SAG101 is only found in those plants that also have TIR-type
immune receptors. So far, EDS1 functions were mainly analyzed in the model Brassicaceae plant Arabidopsis
thaliana, in which the EDS1-PAD4 complex is most important for immune functions. However, molecular functions of
EDS1 complexes yet remain unknown.

Question: We set out to analyze functions of EDS1 complexes in a different model species, Nicotiana benthamiana.
N. benthamiana is genetically more complex than A. thaliana, but has advantages for functional analyses.

Findings: By genome editing (CRISPR/Cas) of EDS1, PAD4 and SAG 101 and infection assays, we discovered that
EDS1 and a SAG101 isoform (but not PAD4) are required for immune responses in N. benthamiana (a Solanaceae
plant). However, when we transferred genes between plant species, we were surprised to discover that Solanaceae
EDS1-PAD4, but not EDS1-SAG101 can fulfil immune functions in A. thaliana. This unravels an unexpected
complexity in immune signaling pathways in different plant species, and implies that EDS1 complexes co-evolve with
other cellular components to execute immune functions. Furthermore, we used transient reconstitution assays, the
prime advantage of the N. benthamiana system, to identify features of EDS1 complexes required for plant immunity.

Next steps: Other recent studies showed that “helper NLRs", that do not contain a TIR domain and can most likely
induce resistance responses by directly interfering with cell membrane integrity, are required downstream of EDS1
complexes. Transient reconstitution assays in the N. benthamiana system established here will be instrumental to
answer the pressing question how EDS1 complexes connect TIR. domain-containing immune receptors with helper
NLRs to convey immunity.

2457

CC-type plant NLRs (CNLs; Wang et al., 2019a, 2019b): ZAR1
persists as an ADP-bound monomer in the resting state and forms
a pentameric “"resistosome” upon effector-triggered nucleotide
exchange. In the resistosome, the ZAR1 CC domain assembly
forms a funnel-shaped structure that may directly insert into the
plasma membrane to interfere with membrane integrity or to
function as an ion channel. Thus, CNLs most likely initiate the HR
directly, and indirectly regulate downstream immune signaling
(Wang et al., 2019a). Although several lines of evidence suggest
that additional CNLs form ZAR1-like resistosomes (Wang et al.,
2019a), such a direct function in HR initiation is unlikely to apply to
TIR-type NLRs (TNLs). First, TNLs were recently shown to require
so-called helper NLRs of the CC-type to mediate immunity (Qi
et al., 2018; Castel et al., 2019; Wu et al., 2019). Furthermore,
all known responses mediated by TNLs are dependent on
ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1; Aarts et al.,
1998; Wirthmueller et al., 2007).

EDS1 was identified in Arabidopsis in a screen for mutants
impaired in resistance to the obligate biotrophic oomycete
Hyaloperonospora arabidopsidis (Hpa; Parker et al., 1996;
Falk et al., 1999). EDS1 interacts with two sequence-related
proteins, PHYTOALEXIN DEFICIENT4 (PAD4) and SENESCENCE-
ASSOCIATED GENE101 (SAG101; Feys et al., 2001, 2005).
All three proteins share homology with eukaryotic lipases
(c/B-hydrolases) in their N termini and contain a C-terminal EP
(EDS1-PAD4) domain. Occurrence of the unique EP domain to-
gether with an N-terminal lipase-like domain defines the EDS1
family (Wagner et al., 2013). Although a catalytic triad (S-D-H
including a GXSXG motif) is conserved in EDS1 and PAD4 or-
thologs, it is not required for immune functions of EDS1-PAD4
complexes in Arabidopsis, suggesting a noncatalytic mode of

action (Wagner et al., 2013). Elucidation of the EDS1-SAG101
heterodimer structure and modeling of the EDS1-PAD4 complex
showed that EDS1 engages in mutually exclusive heterodimers
with PAD4 or SAG101 (Wagner et al., 2013), which differentially
contribute to immunity in Arabidopsis: Loss of EDS1-PAD4
complexes (in pad4 mutant plants) severely impairs immune
signaling, whereas loss of EDS1-SAG101 (in sag707 mutant
plants) is largely compensated by presence of EDS1-PAD4 (Feys
et al., 2005; Wagner et al., 2013). Complete loss of EDS1-based
complexes (in eds1 single or pad4 sag101 double mutant plants)
abolishes TNL-mediated resistance signaling. In agreement with
genetic data, structure-guided mutations untethering EDS1 from
PAD4 and SAG101 provided strong evidence for heterodimeric
assemblies executing immune functions (Wagner et al., 2013).
In addition to its strict requirement for TNL-mediated immune
responses, EDS1 also contributes to resistance mediated by
some CNLs and to basal resistance (Wiermer et al.,, 2005;
Venugopal et al., 2009; Cui et al., 2017). Basal resistance is
a somewhat promiscuously employed term, generally used to
describe the residual resistance observed upon challenge of
a wild-type plant with a virulent pathogen isolate. To that end, for
example, Pseudomonas syringae (Pst) strain DC3000 bacteria
grow significantly better in eds? mutants than in wild-type lines.
Similarly, Arabidopsis accession Columbia-0(Col-0)is resistant to
Pst bacteria translocating AvrRpt2, recognized by the CNL RPS2
(Bentetal., 1994; Mindrinos et al., 1994), but resistance is impaired
in plants lacking EDS1 and the defense-associated hormone
salicylic acid (SA; Venugopal etal., 2009; Vot et al., 2009; Cuietal.,
2017). It remains unclear whether EDS1 has distinct functions
in basal, TNL-, and CNL-mediated resistance. An alternative
explanation is that abolishment of weak TNL signaling, provoked
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by minor effector recognition in interactions termed “compatible,”
is at the basis of enhanced pathogen growth in eds 7 plants (Jones
and Dangl, 2006; Poland et al., 2009; Krasileva et al., 2011;
Kushalappa et al., 2016; Wei et al., 2018). Similarly, combined loss
of weak recognition mediated by TNLs (eds?) and SA-mediated
bolstering of immune responses (sid2) may lower immune ca-
pacities in eds1 sid2 plants below a critical threshold, allowing
plant colonization by otherwise incompatible Pst AvrRpt2 bacteria
without any direct contribution of EDS1 to CNL-mediated re-
sponses. This explanation is supported by the notion that EDS1 and
SA function additively, and not redundantly, in RPS2-mediated
resistance, and by induction of residual cell death by AvrRpt2 in
the absence of EDS1 and SA (Cui etal., 2017). A general function for
EDS1 complexes in plant immunity is suggested by the conser-
vation of EDS1 and PAD4, but not SAG101, in plant lineages that
lost TNLs in the course of evolution, such as monocotyledonous
plants and the eudicots Aequilegia courulea and Mimulus guttatus
(Collier et al., 2011; Jacob et al., 2013; Wagner et al., 2013). Ac-
cordingly, it was proposedthat EDS1-PAD4 form an ancientmodule
regulating basal resistance, which has been co-opted for TNL-
mediated immunity in eudicots (Feys et al., 2005; Rietzet al., 2011),
but EDS1 immune functions in the absence of TNLs remain largely
unexplored (Chen et al.,, 2018). Indeed, EDS1 functions have
mainly been analyzed in Arabidopsis.

We and others generated eds? mutant lines in the model
Solanaceous plant Nicotiana benthamiana (Ordon et al., 2017;
Schultink et al., 2017). In N. benthamiana, genetic analyses are
hampered by allotetraploidy and incomplete genome se-
quences, but a key advantage is the efficient transient protein
expression after agroinfiltration (Goodin et al., 2008;
Bombarely et al., 2012; Naim et al., 2012). Stable Nbeds1
mutant lines confirmed the conserved role of EDS1 in TNL
signaling and revealed EDS1-dependent recognition of the
effector protein XopQ from Xanthomonas campestris pv ves-
icatoria (Xcv; also Xanthomonas euvesicatoria) in this species
(Peart et al., 2002; Hu et al., 2005; Adlung et al., 2016; Adlung
and Bonas, 2017; Qi et al., 2018). Xcv is the causal agent of
bacterial spot disease on pepper (Capsicum annuum) and
tomato (Solanum lycopersicum) and is virulent in N. ben-
thamiana after deletion of xopQ orin Nbeds T mutant plants. The
corresponding TNL receptor, Recognition of XopQ 1 (RogT),
was subsequently identified (Schultink et al., 2017), completing
the signal transduction pathway from XopQ toward EDS1-
conditioned immunity in the Xcv - N. benthamiana in-
teraction. Also, N requirement gene 1 (NRG1) was identified as
anovel componentin TNL signaling downstream of NbEDS1 (Qi
etal., 2018). However, the molecular role of EDS1 complexes in
TNL signaling remains elusive.

In this study, we genetically dissected the EDS7 family in
N. benthamiana. Although major immune functions in Arabidopsis
reside in EDS1-PAD4, we showthat an EDS1-SAG101 complexis
essential for TNL-mediated resistance responses in N. ben-
thamiana. TNL activation and signaling can be uncoupled from
complex biotic interactions in transient complementation assays
in N. benthamiana, which facilitates straightforward and simplified
gene functional analyses. This system will prove seminal for future
functional analyses of EDS1 complexes toward a mechanistic
understanding.

RESULTS

Duplication of SAG101 in Solanaceous Plants

We previously mined genomes of tomato and M. benthamiana for
homologs of EDS1 and PAD4 (Ordon et al., 2017). Single genes
were identified for PAD4 in both species. For EDST, a single copy
was detected in tomato, whereas the N. benthamiana genome
contains two loci with similarity to EDS7 but one is a pseudogene
(Adlung et al., 2016). N. benthamiana EDS1 and PAD4 loci were
targeted by genome editing to generate Nbeds? and Nbpad4
mutant plants (Ordon et al., 2017). Growth restriction of Xcv (strain
85-10) bacteria due to Rog1-mediated XopQ recognition was
abolished inNbeds 1 (Adlung et al., 2016; Schultink et al., 2017) but
not in Nbpad4 plants (see later sections).

We suspected that EDS1-PAD4 and EDS1-SAG101 complexes
might function redundantly in Roq1 signaling and extended ge-
nome mining to SAG1071 orthologs from tomato and N. ben-
thamiana. Two different SAG101 isoforms, termed SAG107a and
SAG101b, were identified in tomato and were further duplicated in
N. benthamiana in agreement with its allotetraploid genome
(Supplemental Figure 1; Supplemental Data Set 1). However,
NbSAG107a2 and NbSAG101b2 are likely pseudogenes, as ex-
perimentally supported gene models encode for truncated pro-
teins (Supplemental Figure 1), and were not further inspected.

To analyze the possible biological significance of the apparent
duplication of SAG101, additional genomes from Solanaceae and
other species were analyzed for SAG101 orthologs. The genomes
of the core eudicots Coffea canephora (Cc) and Mimulus guttatus
(Mg), belonging like Solanaceae to the asterids, and of the rosid
Arabidopsis were analyzed. Musa accuminata (Ma) was included
as a monocotyledonous plant. A phylogeny was constructed
using predicted EDS1 family proteins of these species (Figure 1).
SAG101 homologs were not detected in species lacking TNL
receptors (here Ma and Mg), as previously described by Wagner
et al. (2013). In agreement with the distant relationship, the rosid
AtSAG101 was clearly separated from SAG101 orthologs of as-
terid plants. Genes encoding SAG101a and SAG101b isoforms
were detected in allanalyzed Solanaceae genomes except pepper
(Capsicum annuum, Ca), and respective proteins formed two
distinct groups within the SAG101 branch (Figure 1A). The single
copy SAG101 from pepper grouped within the SAG101b branch.
The asterid CcSAG101 grouped more closely with Solanaceae
SAG101a but with low branch-point support. This suggests that
diversification of SAG107a and SAG101b most likely occurred at
atime point similar to separation of the lineages leading to Cc and
Solanaceae, and that SAG107a was lost in Ca relatively recently.

Retention of two SAG1017 isoforms in most Solanaceae ge-
nomes is indicative of functional diversification. To get an insight
into expression of SAG101 isoforms and EDS1 family genes in
general, we assessed a public RNA sequencing (RNA-seq) data
set from tomato plants treated with different bacterial isolates or
the MAMP flgll-28 (Rosli et al., 2013) using the TomExpress
platform (Supplemental Figure 2; Zouine et al., 2017). All four
genes were expressed in control (mock-treated) plants. Treatment
with Pseudomonas fluorescens and Pseudomonas putida bac-
teria, inducing robust PTl responses in Solanaceae (Chakravarthy
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Figure 1. Occurrence and Expression of EDST Family Genes in Solanaceae.

hours post inoculation

(A) Phylogenetic clustering of putative EDS1 family proteins from Solanaceae and control species. The tree was midpoint rooted. At, Arabidopsis thaliana;
Ca, Capsicum annuum (SAG101 orthologs from cultivars Zunla and CM334 shown); Cc, Coffea canephora; Ma, Musa accuminata; Mg, Mimulus guttatus;
Pi, Petunia inflata; Nb, Nicotiana benthamiana; Sl, Solanum lycopersicum; Sm, Sofanum melongena.

(B) Expression of EDS 1 family genes in N. benthamiana. Plants were challenged with virulent (Xev AxopQ) or avirulent (Xcv 85-10) Xanthomonas campestris
pv vesicatoria bacteria or mock treated (MgCl,). RNAwas extracted at indicated time points, and expression of EDS1 family genes measured by quantitative
RT-PCR. Displayed data originates from normalization to PP2A expression, and similar results were obtained when using Elongation Factor 1-a (EF1a) for
normalization. Data points represent means of four biclogical replicates with s shown.

et al., 2010; Rosli et al., 2013), moderately induced expression of
EDS1 family genes (6 h after treatment).

We also examined the expression of EDS1 family genes in N.
benthamiana. Plants were infected with avirulent (Xcv 85-10) or
virulent (Xcv AxopQ) Xev bacteria. Gene expression was analyzed
by RT-gPCR in a time course experiment (Figure 1B). Expression
of NbEDS1 was strongly upregulated in response to avirulent Xcv
85-10 and, to a lesser extent, by the AxopQ mutant strain (Fig-
ure 1B). Expression peaked 12 h after infection and then declined.
A similar expression profile was observed for NbPAD4, although
its overall induction (~35-fold for NbEDS1, fivefold for NbPAD4;
Figure 1B) was less pronounced. NbSAG101a and NbSAG1071b
were expressed but not regulated under infection conditions.
These data indicate that two SAG101 isoforms are expressed in
tomato and N. benthamiana, and they may form heterocomplexes
with EDS1 and thus contribute to immune signaling.

Localization and Complex Formation of tomato EDS1
Family Proteins

EDS1 family proteins from tomato (Sofanum lycopersicum, Sl) are
very similar to those of N. benthamiana (percentage of identity and
similarity, 79% and 86% , respectively [EDS1], 77% and 85%
[PAD4], 81% and 87% [SAG101a], and 72% and 79% [SAG101b];
comparison of tomato proteins to Arabidopsis: 40% and 57%

[EDS1], 38% and 53% [PAD4], 33% and 45% [SAG101a], and
34% and 45% [SAG101b]), suggesting that they can likely
functionally replace each other. For simplicity, we decided to first
clone cDNAs of EDS1 family genes from tomato for functional
characterization, although we aimed at genetic dissection of
functions of EDS1 complexes in the N. benthamiana model
system.

For subcellular localization studies, SIEDS1 was fused to
mCherry,and SIPAD4, SISAG101a, and SISAG101b were fused to
mEGFP, respectively, in 35S promoter-controlled expression
constructs. Fusions proteins were transiently expressed alone or
in combination in N. benthamiana, and tissues were analyzed by
live-cell imaging (Figure 2; Supplemental Figure 3). SIEDS1 and
SIPAD4 were detected in both the cytoplasm and the nucleus,
whereas SISAG101a was located exclusively in the nucleus.
Similar subcellular localization patterns were described for Ara-
bidopsis orthologs (Feys et al., 2005; Garcia et al., 2010). In co-
expression with SISAG101a, SIEDS1 was detected exclusively in
the nucleus (compared with Figure 2A and Supplemental
Figure 3A). In contrast, SISAG101b was nucleocytoplasmically
distributed both alone and in combination with SIEDS1. In sum-
mary, SIEDS1 family proteins from tomato localize to cytoplasm
and/or nucleus, although we cannot fully exclude cell wall or
membrane association. All proteins were detected on immuno-
blots, and the GFP-tagged S/PAD4, SISAG101a, and SISAG101b
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Figure 2. Complex Formation and Localization of Tomato EDS1 Family Proteins.

(A) Protein localization inliving cells detected by confocal laser scanning microscopy. Indicated proteins (from tomato) were transiently coexpressed as GFP
fusions together with SIEDS1 in M. benthamiana leaf tissues by agroinfiltration, and protein localization was analyzed 3 dpi. Localization of single proteins
and integrity of fluorophore fusions is shown in Supplemental Figure 3. Scale bar = 20 um.

(B) Formation of complexes by tomato EDS1 proteins. Indicated proteins were transiently (cojexpressed in N. benthamiana by agroinfiltration. At 3 dpi,
extracts were used for Strepll purification, and total extracts and eluates analyzed by immunoblotting. Ponceau staining is shown as loading control.

appeared to be stabilized by coexpression of S/EDS1
(Supplemental Figure 3B).

Forster resonance energy transfer (FRET) and acceptor pho-
tobleaching (FRET-APB) was used to probe formation of SIEEDS1-
based complexes in living cells. mCherry and mEGFP-tagged
proteins were expressed from a single T-DNA for reduced vari-
ationin coexpressionrates for FRET analyses (Heckeretal., 2015).
Robust FRET was detected upon coexpression of SIEDS1-
mCherry and S/IPAD4, SISAG101a or SISAG101b, but not
SIEDS1, fused with mEGFP (Supplemental Fig. 3C). Complex
formation was further analyzed by protein copurification
(Figure 2B). In line with results obtained by FRET-APB, SIEDS1
(fused to a 6xHA tag) copurified with Strep-tagged SIPAD4,
SISAG101a and SISAG101b, but not SIEDS1. We conclude
that SIEDS1 engages in heterocomplexes containing SIPAD4,
SISAG101a or SISAG101b, but does not form homodimers.
Hence, considering the high similarity of NbEDS1 and SIEDS1
family proteins, three different heterocomplexes with NbEDS1
are most likely also established by the orthologous NbPAD4,
NbSAG101a and NbSAG101b proteins.

Identification of EDS1 Complexes Functioning in
XopQ Recognition

Gene expression analyses and interaction studies suggested that
two different EDS1-SAG101 complexes exist in N. benthamiana.
Furthermore, we could not exclude functionality of the SAG107a2
and SAG101b2 isoforms we considered pseudogenes. To reveal
apotential role of SAG101 isoforms in TNL-mediated immunity, all
four SAG101 genes were targeted for mutagenesis by SpCas9

(Supplemental Figure 4). A respective genome editing construct
was transformed into the previously generated Nbpad4-7 mutant
line (Ordonetal.,2017), and primary transformants (T,,) were tested
for recognition of XopQ. Plants were inoculated with a P. fluo-
rescens derivative engineered for Type Il system-dependent
translocation (Thomas et al., 2009) and expressing the effector
XopQ fused to a secretion signal of the P. syringae effector
AvrRpt2. This Pfo xopQ strain induces a strong EDS7-dependent
HR in wild-type N. benthamiana {(Gantner et al., 2018) and the
Nbpad4-1 mutant line (Figure 3).

One T, plant failed to initiate the HR in response to XopQ and
thus phenocopied the Nbeds? line. Sequencing revealed that
the assumed pseudogenes SAG107a2 and SAG101b2 did not
contain any mutations in this line and thus can be dismissed.
Hereafter, only SAG107a1 and SAG1071b1 will be considered,
and they will be referred to as SAG107a and SAG101b for
simplicity. The primary line nonresponsive to XopQ was ho-
mozygous for a sag707a-1 mutation, and heterozygous for two
different sag707b alleles (Supplemental Figure 4). From the
resulting T, plants, a line lacking the genome editing transgene
and homozygous for the sagi07b-1 allele (.e., a pad4-1
sag101a-1 sag101b-1 triple mutant; pss) was selected. An ad-
ditional double mutant line containing the pad4-7 and sag707b-1
mutant alleles (pSs) was isolated from a cross (pss x wild type).
We failedtoisolate asag101b-1 single mutant line fromthe same
cross. Allele identifiers of N. benthamiana lines will be omitted
hereafter.

N. benthamiana mutant lines were tested alongside control
plants for recognition of XopQ by inoculation with Pfo xopQ and
Xcv bacteria (Figure 3A). Both bacterial strains induced the HR in
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Figure 3. Immune Responses of N. benthamiana Mutant Lines Deficient in EDS1 Family Genes or Rog1

(A) Recognition of XopQ in different mutant lines. Indicated N. benthamiana lines were challenged with XopQ-translocating P. fluorescens bacteria (top;
infiltrated at ODjy, = 0.2) orXcv strain 85- 10 bacteria (bottom; infiltrated at ODg,, = 0.4). Phenotypes were documented at4 dpi. Similar results were obtained
in three independent experiments, and multiple plants of the indicated genotypes were infiltrated in each experiment.

(B) Bacterial growth of Xcv bacteria on mutant lines. Indicated lines were infected with Xcv strain 85-10 or a comesponding mutant strain lacking XopQ (4xopQ).
Means and so of four biclogical replicates are shown. Letters indicate statistically significant differences as determined by cne-way ANOWVA and Fisher LSD posthoc
test (P < 0.01).

(C) Bacterial growth in eds 7 and roq7 mutantlines. As in (B), but means and SD of eight biological replicates are shown for days 3and 6. The rog7 mutant line
was a T, line segregating for two disruptive alleles at the Rog7 locus (Supplemental Fig. 4F).

(D) Reconstitution of XopQ detection in the pss triple mutant line. By agroinfiltration, XopQ was expressed alone or in combination with PAD4, SAG101a, or
SAG101b (from tomato and fused to a Strepll and 4 x ¢-myc tag or GFP). Phenotypes were documented 5 dpi.

(E) Immunodetection of fusion proteins expressed in (D). Samples were taken 3 dpi from a second infiltration on the same leaf shown in (D). Ponceau staining
of the membrane is shown as loading control.

leaves of wild-type and pad4 plants. The remaining mutant lines different N. benthamiana mutant lines (Figure 3B). The growth of
(eds1 pad4 (ep), pss, pSs) failed to initiate the HR and were in- Xev, but not AxopQ bacteria, was restricted in wild-type and pad4
distinguishable from eds 7 mutant plants (Figure 3A). In addition, in plants. Xcv replication in leaves of eds? and any of the pad4
planta bacterial titers of Xcv and Xcv AxopQ bacteria were de- sag101 mutant lines was similar, and not different from that of
termined for quantitative analysis of immune responses in AxopQ bacteria on wild-type plants (Figure 3B). Therefore, the
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SAG1071a isoform present in the pad4 sag101b (pSs) double
mutant does not contribute to immunity, and loss of PAD4 and
SAG101b phenocopies edsT mutants.

Notably, none of the mutant lines showed an enhanced sus-
ceptibility or basal resistance phenotype: bacterial titers of AxopQ
(in any plant genotype) and Xcv in eds? or pad4 sag1071 mutant
plants were identical. We also compared bacterial growth ineds?
and rog? mutant plants (Supplemental Figure 4) up to 6 d
(Figure 3C). Identical titers for Xcv were observed ineds? androg1
plants, and were similar to bacterial growth of AxopQ bacteria.
This result further corroborates that N. benthamiana plants de-
ficientin EDS1 complexes lack a basal resistance phenotype, and
that XopQ is indeed the only Xcv effector inducing EDST-
dependent defenses (Adlung et al., 2016).

Full susceptibility of Nbpad4 sag701b mutant lines to the Xcv
wild-type strain suggests that EDS1-PAD4 and EDS1-SAG101b
complexes might function redundantly in immune signaling. Al-
ternatively, only EDS1-SAG101b might have immune functions in
N. benthamiana. To discriminate between these scenarios, XopQ
and tomato SIPAD4 or SISAG101 proteins were transiently ex-
pressed in the pss background. Coexpression of XopQ with
SISAG101b, butnot SIPAD4 or SISAG101a, restored HR induction
(Figure 3D). All proteins were detected on immunoblots using two
different epitope tags (Figure 3E). The same complementation
assay was performed expressing untagged proteins with identical
results. We also compared NbEDS1 and NbSAG101b with their
respective tomato orthologs for restoration of XopQ recognition
(Supplemental Figure 5). EDS1 or SAG101b orthologs from the
two species were equally efficient for restoration of the XopQ-
induced HR in respective mutant backgrounds (Supplemental
Figures 5A and 5B), and SIPAD4, SISAG101a and SISAG101b
engaged into complexes with NbEDS1 (Supplemental Figure 5C).
We concluded that tomato EDS1 family proteins can functionally
replace N. benthamiana orthologs, as anticipated, and decided to
use tomato proteins for further functional characterization.

Taking together the observations (1) that pad4 mutant M.
benthamiana lines are not impaired in XopQ-induced resistance
(Figures 3A and 3B} and (2) that only expression of SAG101b can
restore XopQ recognition in the pss background (Figure 3D), these
results suggest thatan EDS1-SAG101b complex is necessary and
sufficient for resistance signaling downstream of XopQ in N.
benthamiana. Despite its upregulation during infection (Figure 1B),
FAD4 appears to not contribute to Rog1-mediated immune sig-
naling in N. benthamiana.

EDS1-SAG101b Functions in Diverse
TNL-Mediated Responses

The finding that EDS1 and SAG101b are required for XopQ-
induced resistance responses in N. benthamiana was surprising
because major resistance-signaling functions reside in EDS1-
PAD4 in Arabidopsis (Feys et al., 2005; Wagner et al., 2013; Cui
et al., 2017, 2018). We tested additional inducers of presumed
EDS1-dependent defense responses in our set of mutant lines
to analyze whether EDS1-SAG101b are generally required for
immune signaling in N. benthamiana or whether this is specific
for the TNL Rog1 recognizing XopQ (Schultink et al., 2017). Ex-
pression of a TIR domain fragment of the TNL DM2h (Stuttmann

etal., 2016), avariantof a TIRfragment of RPS4 (RPS4, 55, E111K;
Swiderski et al., 2009; Williams et al., 2014), and coexpression of
the Tobacco mosaic virus helicase protein p50 together with the
tobacco TNL receptor N (Burch-Smith et al., 2007) induced
HR-like cell death on wild-type but not eds? or pss mutant plants
(Figure 4). As with XopQ, cell-death induction could berestored in
pss plants by coexpression of SISAG101b but not SISAG101a or
SIPAD4 (Figure 4A). These results indicate that EDS1-SAG101b
are generally required for TNL-induced defenses in N. ben-
thamiana, whereas PAD4 and SAG101a cannot functionally re-
place SAG101b, even when expressed under control of the strong
35S promoter in transient assays.

In a complementary approach, the Rog1 gene was transferred
into Arabidopsis wild-type and eds1, sag707, and pad4 mutant
lines. Rog1 was expressed under control of the Arabidopsis RPS6
promoter and the octopine synthase terminator (ocs, Agro-
bacterium tumefaciens). RPS6 encodes a TNL receptor recog-
nizing HopA1 from Pseudomonas syringae pv syringae strain 61
(Kim et al.,, 2009), and its promoter was chosen for Rog? ex-
pression to potentially avoid dominant negative effects often
arising from overexpression of immune receptors (e.g., Wirth-
mueller et al., 2007). T, transgenic seeds from transformation of
the Rog1 expression constructs into Col-0 wild type and eds 1-12,
pad4-1 and sag101-1 mutant lines were selected by FAST seed
coat fluorescence (Shimada et al., 2010), respective plants grown
in soil and infected with Pst DC3000 bacteria. Strain DC3000
contains the effector HopQ1 homologous to XopQ, which is also
recognized by Roqg1 (Adlung et al., 2016; Schultink et al., 2017;
Zembek et al., 2018).

If Reg1 can function in Arabidopsis, we expected to generate
resistance to Pst DC3000, which is an aggressive pathogen in
accession Col-0. Indeed, severe tissue collapse was observed in
Col-0 plants infected with DC3000 at 3 d post inoculation (dpi),
whereas plants containing the Roq! transgene were mostly
asymptomatic (Figure 4B). As a TNL receptor, we expected Rog1
to function in an EDS7-dependent manner in Arabidopsis. In
agreement, tissue collapse similar to that of Col-0 plants was
observedineds?-12 pRPS6:Roq1 plants. The pad4-1 transgenics
containing the pRPS6:Roq1 transgene behaved similar toeds1-12
transgenics and Col-0, whereas transgenic lines in the sag101
background were as resistant as wild-type plants expressing
Rogq1 (Figure 4B). Similar results were obtained when Rog1 was
expressed under the control of aUbiquitin 70 promoter fragment.
Roq1 is thus functionally dependent on EDS1-SAG101b in N.
benthamiana but requires EDS1-PAD4 to mediate resistance in
Arabidopsis. We conclude that it is not the TNL receptors but
rather the differences within the EDS1 protein family of respective
plant species that determine which EDS1 heterocomplexes
function in TNL signaling.

EDS1 Complexes Are Not Sufficient for TNL Signaling, but
Additional Factors Divergent between Individual Species
Are Required

Considering that EDS1-PAD4 and EDS1-SAG101b are required
for immune signaling in Arabidopsis and N. benthamiana,
respectively, these complexes might have identical functions,
albeit different evolutionary origin. Alternatively, functional
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Figure 4. Genetic Dependencies of TNL-Type Immune Receptors in N. benthamiana and Arabidopsis.

(A) EDS1-dependent cell-deathinduction requires SAG101bin N. benthamiana. Inducers of presumably EDS1-dependent cell death (DM2hTR~DM2h, ,q);
RPS4TR-RPS4,, .., E111K[Swiderski etal., 2009); XopQ - XopQ-myc; p50 + N - p50-Cerulean + N-Citring [Burch-Smith et al., 2007]) were expressed in
differentN. benthamiana lines, asindicated (left), orcoexpressed with PAD4, SAG101aor SAG101b (fromtomato and fused to adxmyc-TwinStrep tag) inthe

pss mutant line (right). Phenotypes were documented 5 dpi.

(B) Functionality and genetic dependency of Rog1 in Arabidopsis. A T-DNA construct coding for Roq1 under control of an RPSE promoter fragment and an
ocs terminator was transformed into the indicated Arabidopsis lines. Four-week-old control and T, plants were infected with Pst DC3000 bacteria (syringe
infiltration, ODgy, = 0.001). Symptom development was documented 3 dpi. At least eight independent T, plants were tested for each genotype per replicate,

and the experiment was conducted three times with similar results.

recruitment to immune signaling might occur by different mech-
anisms in these species. We sought to analyze these aspects by
transferring EDS1 family genes from Arabidopsis into N. ben-
thamiana and vice versa. We first attempted to restore XopQ-
induced cell death in eds? or pss mutant N. benthamiana plants
(Figure 5; Supplemental Figure 6). Arabidopsis EDST family genes
were expressed, in different combinations and with or without an
epitope tag, from a single T-DNA, and XopQ was coexpressed
(Supplemental Figure 6A). As controls, SIEDS1-HA and
SISAG101b-myc were coexpressed with XopQ. Arabidopsis and
tomato orthologs were expressed to similar levels (Supplemental
Fig. 6B). However, XopQ-induced cell death was efficiently re-
stored by coexpression of SIEDS1 and SISAG101b (in eds? and
pss mutant plants, respectively), but not by coexpression of the
Arabidopsis EDS1 family proteins, in any given combination
(Figure 5A). Thus, Arabidopsis EDS1 complexes fail to function in
Roq1 signaling in N. benthamiana.

Reciprocally, the Arabidopsis eds?-2 pad4-1 double mutant
line was transformed with constructs encoding EDS1 and PAD4
from Arabidopsis or tomato and under control of the corresponding
native promoter elements from Arabidopsis (Supplemental

Figure 6C). For each transformation, several independent T,
populations were tested for complementation of the eds1-2 pad4-1
immunity defects by infection with Hpa isolate Cala2. Cala2 is
recognized via the TNL RPP2 in Col-0 (Sinapidou et al., 2004) but is
highly virulent on eds? pad4 plants (Figure 5B). Transformants
expressing EDS1-PAD4 from tomato were as resistant to Hpa
Cala2 as transformants expressing the Arabidopsis homologs
and indistinguishable from wild-type Col-0 (Figure 5B). In simul-
taneously generated transgenics expressing epitope-tagged var-
iants, EDS1 and PAD4 from Arabidopsis and tomato accumulated
to similar levels as assessed by immunodetection (Supplemental
Figure 6D). An additional set of transgenic plants was generated in
the eds?1-2 pad4-1 sag101-1 triple mutant background that ex-
pressed SIEDS1 and different combinations of SIPAD4 and/or
SISAG101 isoforms (Supplemental Figure 6E). Transgenic plants
expressing SIEDS1 together with SIPAD4 and SISAG101 isoforms
were resistant to Hpa isolate Cala2, although HR-associated cell
death appeared less confined than in Col-0 or control plants
expressing Arabidopsis EDS1-PAD4 (Supplemental Figure 6E).
By contrast, transgenics expressing SIEDS1 and a SISAG101
isoform, but not SIPAD4, were susceptible. Again, all proteins
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(A) Arabidopsis EDS1-PAD4-SAG101 proteins cannot functionally replace EDS1-SAG101b in N. benthamiana. Indicated proteins were expressed (by
agroinfiltration) either in eds 1 or pss mutant lines, and phenotypes were documented 7 dpi. Arabidopsis proteins were expressed with or without an epitope
tag, and images originate from untagged proteins (Supplemental Figure 6 shows details on T-DNA constructs and protein detection).

(B) Tomato EDS1-PAD4 can function in TNL signaling in Arabidopsis. Col eds7-2 pad4-1 double mutant was transformed with constructs for expression of
EDS1 and PAD4, sither from Arabidopsis ortomato and with or without an epitope tag (Supplemental Figure 6C) and under control of Arabidopsis promoter
fragments. Segregating T, populations were selected with BASTA, and 3-week-old plants infected with H. arabidopsidis isolate Cala2. True leaves were
used for Trypan Blue staining 7 dpi. At least four independent T, populations were tested for each construct with similar results. Lines expressing untagged
proteins were used for infection assays. Lines expressing epitope-tagged proteins were used for immunodetection (Supplemental Figure 60). fh, free

hyphae; hr, hypersensitive response.

were detected in transgenic plants expressing epitope-tagged
variants (Supplemental Figure 6F).

Hence, SIEDS1-SISAG101b are sufficient for all tested immune
responses in N. benthamiana but fail to function in Arabidopsis.
By contrast, SIEDS1-S/IPAD4 can function in RPP2-mediated
resistance in Arabidopsis but not in any tested TNL-mediated
response in N. benthamiana. Thus, proteins of the PAD4 phylo-
genetic clade appear to operate, together with EDS1, in TNL
signaling in Arabidopsis, and these functions are executed by
EDS1-SAG101 in N. benthamiana. Taken together with the ob-
servation that AtEDS1-AtSAG101-AtPAD4 fail to mediate TNL
signaling N. benthamiana, we conclude that EDS1 complexes do
not form a complete functional module in TNL signaling by
themselves. We propose that additional factors, divergent be-
tween species as a result of coevolution with EDS1 complexes,
are required by these heterocomplexes to mediate immune
responses.

Rapid Analyses of EDS1 Complexes in the
N. benthamiana System

One rationale for genetic dissection of the EDS 1 gene family in .
benthamiana was the establishment of an experimental system
that allows rapid analysis of EDS1 complexes and their immune
competence. Previous experiments showed that XopQ-induced
cell death can be restored in the eds? and pss mutant lines by
Agrobacterium-mediated coexpression of EDS1 and SAG101b,
respectively (Figure 4A; Adlung et al., 2016; Qi et al., 2018). The
HR-like cell death provoked by XopQ expression is relatively mild
in wild-type N. benthamiana plants and further delayed and
dampened in transient complementation assays but highly re-
producible under our conditions.

A crystal structure of the Arabidopsis EDS1-SAG101 complex and
an experimentally validated homology model of the EDS1-PAD4

complex were reported (Wagner et al., 2013). Because Arabi-
dopsis EDS1 complexes were not functional in N. benthamiana,
homology models of EDS1-based heterodimers from tomato were
generated (Figure 6). A structure similar to that of Arabidopsis
EDS1-SAG101 was predicted for the immune-competent to-
mato EDS1-SAG101b complex, and most surface-exposed,
conserved residues mapped to the heterocomplex interface
(Figures 6A and 6B).

To validate the structural models and the N. benthamiana
system, we decided to disrupt EDS1-SAG101b complex forma-
tion by mutagenesis of key amino acids within the N-terminal
interaction interface (Wagner et al., 2013). The N-terminalinterface
is formed mainly by hydrophobic interactions between a pro-
truding helix of EDS1 accommodated in a corresponding pocket
on SAG101b (Figure 6A). Residues within the EDS1 helix were
sequentially mutated: T264F and 1268E (TI), followed by V265E
(TIV), V269E (TIVV) and L261E (TIVVL). All variants accumulated to
comparable levels in planta, and TIV or higher order mutants did
not copurify in detectable amounts with Strepll-tagged SAG101b
(Figure B6C). When tested by yeast two hybrid, interaction of the
EDS1 variants with SAG101b and also PAD4 and SAG101a
gradually declined and was still detectable for the TIVV quadruple
mutant variant (Supplemental Figure 7). In accordance with
complex formation being progressively impaired, SIEDS1 variants
also lost their activity for restoring XopQ-induced cell death when
coexpressed in edsT mutant N. benthamiana plants (Figure 6D).
Only the quintuple TIVVL variant was completely nonfunctional.
Similarly, mutations were serially introduced into SAG101b: F175
and L22S (FL), L13S (FLL), L16S (FLLL) and L18S (FLLLL). In
copurification assays, interaction with EDS1 was detectable only
for wild-type SAG101b, and protein accumulation of SAG101
variants was mildly affected (Figure 6E). SAG101b variants were
tested for functionality by appearance of HR-like cell death
upon coexpression with XopQ in pss mutant plants (Figure 6F).
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Figure 6. EDS1-SAG101b Heterocomplexes Are the Functional Modules in N. benthamiana TNL Signaling.

(A) Homology model of the tomato EDS1-SAG101b complex used for transient reconstitution of TNL-signaling in mutant N. benthamiana tissues. The
M-terminal (Nb) and C-terminal (Cb) domains of SAG101b are depicted in dark and light green, respectively. The inset shows the symmetrically arranged
helices of EDS1 and SAG101b forming the N-terminal interaction interface. Amino acids targeted by mutagenesis are shown as sticks and are highlighted in
pink (EDS1) and orange (SAG101b), respectively.

(B) Conservation of surface-exposed amino acids in SIEDS1. SISAG101b is shown in ribbon presentation (green). EDS1 residues functionally interrogated
by mutagenesis are marked.

(C) Interaction of EDS1 variants with SAG101b. Indicated proteins were (cojexpressed in N. benthamiana by agroinfiltration and tissues used for Strepl|
purification at 3 dpi.

(D) Functionality of EDS1 variants affected in heterocomplex formation. Indicated variants (as in [C], with C-terminal xHA) were coexpressed with XopQ-

myc in eds7 mutant plants, and plant reactions were documented 7 dpi.

(E) Interaction of SAG101b variants with EDS1. As in [C], but SAG101b-Strepll variants were coexpressed with EDS1.
(F) Functionality of SAG101b variants affected in heterocomplex formation. SAG101b-Strepll variants were coexpressed with XopQ-myc in pss mutant

plants, and plant reactions were documented 7 dpi.

Celldeath was reduced for SAG101b-FLL and abolished for the
quadruple and quintuple mutant variants. These data suggest
that heterocomplex formation is required forimmune functions
of EDS1 and SAG101band thus support previous findings from
analysis of EDS1 in the Arabidopsis system (Wagner et al.,
2013).

Next, we set out to identify additional functionally relevant
features of EDS1-SAG101b complexes (a summary of tested
variants is shown in Supplemental Table 1). We first focused on
several positively charged residues lining an assumed cavity on
the heterodimer surface (Wagner et al., 2013) and recently re-
ported as required for immune signaling in Arabidopsis (Bhandari
et al., 2019). The residues within SIEDS1 (R509, K494), homolo-
goustothose reported in Arabidopsis (R493, K478), were targeted
by mutagenesis, and respective variants tested for functionality
(Supplemental Figure 8). All variants restored XopQ-induced HR-
like cell death as efficiently as wild type SIEDS1. We propose that
functional relevance of the positively charged residues might be
masked by overexpressionin the N. benthamiana system or might
not be conserved across different species.

We also introduced FB4E, F435E, and D462N exchanges
into SIEDS1 (Figure 7). F64 is a single, conserved residue
exposed on the N-terminal lipase-like domain of EDS1 and
framing the assumed cavity (Figure 6B). F435 isexposedin the
monomeric EDS1 but fully buried by the association with
SAG101 and was used to probe the importance of the
C-terminal interaction surface. D462 connects the N- and
C-terminal domains and might mediate crosstalk at the do-
main interface. All variants retained interaction with SAG101b,
as tested by copurification, although stability of D462N was
impaired (Figure 7A). When coexpressed with XopQ in eds?
plants, immune activities were reduced for FE4E and D462N
variants and fully abolished for F435E. We also tested F435D
and F435A variants. While F435D failed to restore immune
capacity in eds? plants, F435A was functional (Supplemental
Figure 8). We assume that disruption of the apolar patch at the
C-terminal interface and introduction of a charged residue in
F435E/D dislocates the EP domains within the EDS1-
SAG101b heterocomplex against each other without disturb-
ing overall complex assembly mainly driven by the N-terminal
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Figure 7. Identification of Nonfunctional EDS1-SAG101b Complex Variants.

(A) Interaction of EDS1 variants with SAG101b. Indicated proteins were (co)expressed in N. benthamiana by agroinfiltration. Tissues were used 3 dpi for
Strepll purification.

(B) Immune activities of EDS1 variants. Indicated EDS1 variants (with C-terminal 6xHA tag) were transiently coexpressed with XopQ-myc in eds? mutant
plants by agroinfiltration. Plant reactions were documented 7 dpi.

(C) Structural basis for SISAG101a-SISAG101b chimeric proteins. EDS1 and SAG101 both contain an N-terminal hydrolase-like and a C-terminal EP
domain. In the heterodimer, an N-terminal interface is formed by the hydrolase-like domains, and a C-terminal interface is formed by the EP domains. For
chimeras, the N terminus of SAG101b (aa 1-322) or SAG101a (aa 1-339) was fused with the C terminus of SAG101a (aa 340-581) or SAG101b (aa323-567),
respectively.

(D) Heterocomplex formation by SAG101 chimeric proteins. SAG101 chimeras and native SAG101 isoforms (with a C-terminal Strepll tag) were coex-
pressed with EDS1-6xHA by agroinfiltration. Tissues were used 3 dpi for Strepll-purification.

(E) Functionality of SAG101 chimeric proteins. Indicated proteins were expressed together with XopQ-myc in pss mutant plants by agroinfiltration. Plant

v
Fase

reactions were documented 7 dpi.

interaction surface. This finding supports a role for the hetero-
dimeric EP domain surface in TNL signaling.

We constructed chimeric proteins from nonfunctional SAG101a
and functional SAG101b to further analyze this aspect (Figure 7C).
Although differences between SAG101a and SAG101b isoforms
remain unclear, we hypothesized that if the EP domain surface is
crucial forimmune functions, only the chimeric protein carrying the
C terminus of SAG101b might be functional, whereas both chi-
meras should engage in heterocomplexes with EDS1. SAG101a/b
chimeras accumulated to levels comparable with the native
isoforms when expressed by agroinfiltration and also formed
complexes with EDS1 (Figure 7D). Chimeras and native SAG101
isoforms were coexpressed with XopQ in pss mutant plants to test
for functionality. SAG101a and the Nb-Ca chimeric protein did not
show any activity. In contrast, the Na-Cb chimeric protein was able
to restore XopQ-induced cell death, albeit to a lesser extent than
SAG101b (Figure 7E). These results suggest that the main dif-
ferences discriminating SAG101a and SAG101b and theirimmune
competence reside in the C-terminal EP domain and further
support the EP domain surface as crucial for the function of EDS1
heterodimers in TNL signaling (Wagner et al., 2013; Bhandari et al.,
2019). As the most probable mode of action of EDS1 complexes in

immune signaling, we propose that further interaction partners
might be recruited via the heterodimeric EP domain surface.

DISCUSSION

EDS1 is essential for signaling downstream of TNL-type immune
receptors and forms mutually exclusive heterodimeric complexes
with PAD4 and SAG101 (Hu et al., 2005; Rietz etal., 2011; Wagner
et al., 2013; Schultink et al., 2017). Based on analyses in Arabi-
dopsis, immune functions were so far mainly accounted to EDS1-
PAD4 (Feysetal.,2005; Wagneretal.,2013; Cuietal.,2017,2018).
In this study, we show that an EDS1-SAG101 complex is nec-
essary and sufficient for all tested TNL-dependent immune re-
sponses in N. benthamiana, whereas PAD4 does not appear to
contribute to immunity (Figures 3 and 4). A role for NbSAG1017 in
effector-triggered immunity was also reported in previous virus-
induced gene-silencing-based analyses (Pombo et al., 2014).
Several lines of evidence suggest that EDS1-SAG101 com-
plexes, rather than EDS1-PAD4, might also fulfill immune sig-
naling functions in other species containing TNL-type immune
receptors outside the Brassicaceae family. First, there is strict
co-occurrence of SAG107 and TNL-type immune receptors in
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genomes, strongly suggesting a functional link (Figure 1A;
Wagner et al., 2013). Second, Brassicaceae PAD4 orthologs lack
an insertion within the lipase-like domain, which is present in
non-Brassicaceae PAD4 orthologs and EDS1 orthologs but
absent in SAG101 orthologs (Wagner et al., 2013). Therefore,
PAD4 might have evolved by a unique path or mechanism in
Brassicaceae, supporting the hypothesis that PAD4 immune-
signaling functions in this family might represent a notable ex-
ception. It is interesting to note that NbPAD4 is induced con-
comitantly with NbEDS1 under infection conditions, although it
does not contribute to immune signaling in our experiments. In
contrast, only minor transcript changes were detected for the
signaling-competent NbSAG101b (Figure 1B). A possible
explanation might be that upregulation of PAD4 serves to
inactivate EDS1-SAG101b-mediated immune signaling, by ti-
tration of SAG101b from EDS1. Competition of interactors for the
EDS1 moiety for complex formation is supported by enhanced
XopQ-induced cell death observed in reconstitution assaysin pss
mutant plants in comparison to eds? mutant plants, but over-
expression of SIEDS1 together with SISAG101b without XopQ
was not sufficient for cell-death induction. Future reverse genetic
studies are needed to clarify which EDS1-containing hetero-
complexes function predominantly in TNL signaling. Furthermore,
it remains to be determined which functions are exerted by EDS1
complexes that are not involved in immune signaling or EDS1
complexes (with PAD4) in organisms lacking TNLs.

Genome analysis revealed a duplication of SAG7107 in most
Solanaceae (Figure 1B). Absence of the SAG107a isoform in
C. annuum might indicate reduced selective forces toward its
preservation. However, although both the NbSAG7107a2 and
NbSAG101b2 genes showed signs of pseudogenization in allo-
tetraploid N. benthamiana, this was not observed for SAG107a in
any of the remaining analyzed Solanaceae genomes. In addition,
differential subcellular localization patterns were detected for
SISAG101 isoforms (Figure 2; Supplemental Figure 3). This finding
argues against SAG107a representing merely a duplicated gene
but rather supports distinct functions of individual isoforms. An
additional EDS1-SAG101 complex might provide fine-tuning of
EDS1 activities in many Solanaceae, but no evidence shows
a contribution to TNL-mediated immune responses. It is con-
ceivable that NbSAG101a may participate in signaling down-
stream of yet uncharacterized N. benthamiana TNLs, as some
Arabidopsis TNLs were also reported to depend on EDS1-
SAG101 ratherthan EDS1-PAD4 (Zhu et al., 2011; Xu et al., 2015).
We did not analyze functional relevance of EDS1 subcellular
distribution in N. benthamiana, but nuclear-localized EDS1 was
required and sufficient for several tested immune responses in
Arabidopsis (Garcia et al., 2010; Stuttmann et al., 2016). It is worth
noting that both AtEDS1-AtSAG101 and SIEDS1-SISAG101a are
confined to nuclei and have only minor or no functions in immunity,
whereas complexes required for TNL signaling (AtEDS1-AtPAD4,
SIEDS1-SISAG101b) also distributed to the cytoplasm.

In interactions of Arabidopsis with P. syringae bacteria or fila-
mentous pathogens Hpa and Golovinomyces orontii, eds T mutant
plants are significantly impaired in basal resistance (Falk et al.,
1999; Lipka et al., 2005; Rietz et al., 2011; Schén et al., 2013).
Similarly, an eds7mutant tomato line (sun7-1) was more
susceptible to several virulent pathogens, including Xcv (Hu et al.,
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2005). By contrast, we did not observe any basal resistance
phenotype when comparing in planta growth of avirulent (Xcv 85-
10) and virulent (Xcv AxopQ) bacteria in wild-type, eds1, pss, and
rog1 N. benthamiana lines (Figure 3; Adlung et al., 2016; Schultink
etal., 2017; Qiet al., 2018). Moreover, basal resistance to several
viral or other bacterial isolates was notimpaired in EDS7-silenced
N. benthamiana plants (Peart et al., 2002). These results do not
support a general role of EDS1 complexes in basal immunity. We
therefore assume that any contribution of EDS1 to basal re-
sistance results from loss of TNL-mediated ETl and thus does not
represent an independent function. This is in line with expression
of basal resistance by the term "PTI/MT! + weak ETI — effector-
triggered susceptibility” (Jones and Dangl, 2006}, and the TNL-
mediated component of "weak ETI" being abolished in eds7 lines.
One explanation why TNL-mediated ETI may have less impor-
tance in N. benthamiana is the the relatively small complement of
TNLs in this species. Automated R gene identification previously
identified only 17 TIR domain-encoding genes in V. benthamiana
(Hofberger et al., 2014). Although incomplete N. benthamiana
genomes and flawed annotations likely lead to underestimation of
TNL diversity, TNLs represent the predominant class of NLRs in
Arabidopsis with ~70 to 100 TNLs per genome (Meyers et al.,
2003; Peele et al., 2014; Van de Weyer et al., 2019). By contrast,
CNLs appear to be the predominant NLR class present in
N. benthamiana.

The N. benthamiana system features the key advantage of rapid
and robust transient protein expression by agroinfiltration. This
was exploited to design transient complementation assays for
EDS1-SAG101b functional analyses based on induction of HR-
like cell death by XopQ (Adlung et al., 2016; Schultink et al., 2017;
Qi et al., 2018). We confirmed significance of results obtained
in this highly simplified system by disrupting EDS1-SAG101b
complex formation (Figure 6). We mutagenized key residues
within the interface and showed that higher order mutants con-
taining multiple amino acid exchanges fail to function in immune
signaling. Notably, several EDS1 and SAG101 variants for which
interaction was undetectable by copurification (e.g., EDS1-TIVV,
SAG101-FLL) still functioned, at least partially, in cell-death in-
duction, indicating that low-level complex formation is sufficient
for immune responses. Similarly, a previously described Arabi-
dopsis PAD4-MLF variant (Wagner et al., 2013) deficient in
complex formation complemented immune deficiency ofapad4-1
sag107-3 double mutant line when tested (J. Stuttmann and
J. Parker, unpublished data). Consequently, extension of the in-
terface analysis from EDS1 toits interaction partner SAG101 lends
important support to the previous notion that complex formationis
a prerequisite for immune signaling.

Beyond the N-terminal interaction surface, five highly con-
served positions distributed all along the surface of EDS1 in the
vicinity of the interface with SAG101b were tested for functional
significance in the N. benthamiana system (Figure 7). R509 and
K494 are located in a large conserved cavity formed in EDS1
heterodimeric assemblies, and homologous positions are crucial
for full EDS1 immune activities in Arabidopsis (Bhandari et al.,
2019). However, we did not observe reduced immune functions
for corresponding SIEDS1 variants. D462 was targeted to probe
potential domain crosstalk within EDS1. The SIEDS10462N yvariant
was considerably less competent in restoration of XopQ-induced
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HR, but this might also be explained by reduced stability (Figures
7A and 7B). In contrast, FE4E and F435E/D, which delimit upper
and lower boundaries of the assumed cavity, were not impaired
in stability but had reduced or abolished immune activities, re-
spectively. F64 might act as conserved gatekeeper, whereas
perturbation of the C-terminal interface by F435E/D is expected to
have more profound effects on overall topology of the EP domain
assembly (Figure 7). The F435 variants suggest a crucial role of the
C-terminal EP domains forimmune signaling (Wagner et al., 2013;
Bhandari et al., 2019), which is further supported by partial res-
toration of immune functions in SAG101a by grafting of the
SAG101b C terminus in SAG101MNa-CP protein chimeras (Figure 7).
Nonetheless, functional impairment of SIEDS1F8/E shows that
also the N-terminal a/B-hydrolase domain contributes to immune
signaling, and roles are thus not limited to alignment of C-terminal
EP domains in the heterodimer.

Amost plausible hypothesis is that the large surface on SIEDS1
delimited by F435 and F64 is required for interactor recruitment to
mediate immune signaling. Recruitment of protein interactors is
also supported by results of our cross-species transfer of Roqg1
and EDS1 family genes. In line with previous reports showing that
even immune receptors from evolutionarily distant species
maintain functionality when introduced into new plant lineages
(Maekawa et al.,, 2012), transgenic expression of NbRog1 in
Arabidopsis conferred resistance to Pst DC3000 bacteria, pre-
sumably through recognition of HopQ (Figure 4B). In contrast,
AtEDS1-AtPAD4-AtSAG101 failed to restore immune signaling in
N. benthamiana mutant plants (Figure 5A). Similarly, SIEEDS1-
SIPAD4 can fulfill immune functions in Arabidopsis but not N.
benthamiana, whereas the opposite was observed for SIEDS1-
SISAG101b (Figure 5B; Supplemental Figure 8). Consequently,
NLR functions are generally conserved, but EDS1 complexes
functionally diverged in different species, which suggests co-
evolution of signaling-competent heterodimeric assemblies with
additional factors, most likely protein interactors. One expectation
would be that mutant lines deficient in interactors required for
EDS1 immune signaling are impaired in TNL-mediated resistance
responses. Although a number of proteins were reported to in-
teract with EDS1 complexes (Arabidopsis Interactome Mapping
Consortium., 2011; Bhattacharjee et al., 2011; Heidrich et al.,
2011; Kim et al., 2012; Cui et al., 2018), mutant lines deficient in
respective genes are not generally TNL signaling deficient.

Importantly, the atypical CNL receptor NRG1 was recently
identified as a key component required for signaling by TNL
receptors (Brendolise et al., 2018; Qi et al., 2018; Castel et al.,
2019; Wu et al., 2019). N. benthamiana nrg1 mutant plants still
retain some competence to detect XopQ (via Rog1), and it was
hypothesized that residual TNL signaling in these plants might be
mediated by the Activated Disease Resistance1 (ADR1) class of
helper CMLs (Bonardi et al., 2011; Dong et al., 2016; Schultink
et al., 2017; Qi et al., 2018). Indeed, differential requirement of
TNLs for helper CNLs of the NRG1 and ADR1 classes and partial
redundancy of helper functions were reported in Arabidopsis:
NRG1 proteins are critical for function of most TNLs, but others
require helpers of the ADR1 class or can signal via both pathways
(Dong et al., 2016; Castel etal., 2019; Wu et al., 2019). CNLs of the
NRG1 family are limited to those genomes containing TNLs
(Collier et al., 2011), as also observed for SAG101, and physical

association of NbNRG1 with NbEDS1 was reported (Qi et al.,
2018). Thus, proteins of the NRG1 class of helper CNLs may
represent plausible candidate interaction partners, whichmight be
recruited by EDS1 complexes to form a functional signaling
module. Indeed, Lapin et al (2019) show that coexpression of
AtNRG1 together with AtEDS1-AtSAG101 can restore XopQ-
induced cell death and Rogl-mediated bacterial growth re-
striction in N. benthamiana plants deficient in EDS7 family genes,
thus strongly supporting this hypothesis (Lapin et al., 2019).
However, physical association of NRG1 proteins with EDS1, as
reported by Qi et al. (2018), will require further analysis. A similar
interaction between AtEDS1 and AtNRG1.1 could be detected
by Wu et al. (2019) only when using EDS1 as bait in coimmu-
noprecipitation assays (co-1Ps) but not in reciprocal experiments
and might result from stickiness of EDS1 in co-IP experiments
(Wuetal.,2019). It should be noted that co-IPs in the report by Qi
et al. (2018) also show formation of NbEDS1 homodimers. We
could not detect homodimerization of the highly similar SIEDS1
in co-IPs, FRET-based interaction assays (Figure 2; Supplemental
Figure 3), or by yeast two hybrid. The mechanisms underying the
functional relationships between TNLs, EDS1 complexes, and
helper CNLs thus remain a major question to pursue in future
analyses.

METHODS

Plant Material, Growth Conditions, Bacterial Strains and
Infection Assays

Nicotiana benthamiana wild-type plants and the published eds7a-1 and
pad4-1 single and edsTa-1 pad4-1 double mutant lines were used (Ordon
et al., 2017). N. benthamiana plants were cultivated in a greenhouse with
a 16-h light period (sunlight and/or IPE5 lamps (Philips) equipped with Agro
400 W bulbs (SON-T); 130-150 pE/m?-s; switchpaint ~100 pE/m?-s), 60%
relative humidity at 24/20°C (day/night). Arabidopsis [Arabidopsis thaliana) wild-
type accession Columbia and the previously published eds1-2 padd-1 double,
eds1-2 pad4-1 sag101-1 triple mutant (Feys et al., 2005; Wagner et al., 2013),
and eds1-12 single mutant (Ordon et al., 2017) lines were used. Arabidopsis
plants were grown under short day conditions at 23/21°C and with 60% relative
humidity or in a greenhouse under long day conditions for seed set.

For bacterial growth assays, the Xcv strain 85-10 (Thieme et al., 2005)
and the AxopQ mutant (Adlung et al., 2016) were syringe-infiltrated at an
OD gy = 0.0004, leafdiscs were harvested with a cork borer at different time
points and disrupted in 10 mM MgCl, using a bead mill, and bacterial titers
were determined by plating dilution series. For each time point and strain,
samples were taken from at least four independent leaves and treated as
biclogical replicates. Bacterial growth assays were repeated at least three
times with similar results.

For type Il secretion system-dependent protein translocation via
Pseudomonas fluorescens, a previously described derivative of the
“EtHAN" strain (Thomas et al., 2009) containing a plasmid for translocation
of XopQ fused to a secretion signal of AvrRpt2, was used (Gantner et al.,
2018). Hyaloperonospora arabidopsidis isclate Cala2 was used for in-
fection of Arabidopsis plants, and infections were done as described
previously by Stuttmann et al., 2011. True leaves were stained with Trypan
Blue 7 dpi, and representative micrographs are shown.

Phylogenetic Analyses

Genomes as indicated in Supplemental Data Set 1 were mined for EDS1
family genes by tBLASTn using tomato (Solanum lycopersicum) proteins as
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query. Gene models were examined or assigned using fgenesh+
(Solovyev, 2007) and multiple sequence alignments. For the verification of
N. benthamiana EDS1 family gene models, RMA-seq data (accession
number GSEB3618; Legay et al., 2016) was downloaded from the National
Center for Biotechnology Information Gene Expression Omnibus website
and mapped to the N. benthamiana genome (v1.01; Bombarely etal., 2012)
using the CLC genomics workbench (version 7.5.5; Qiagen). Read map-
pings were inspected manually and supported gene models depicted in
Supplemental Figure 1 for NBEDST, NbPAD4 and NbSAG101al. For
NbSAG107a2 and NbSAG101b2, the Niben101Sci03969g06010 and
Niben101Scf09577g01001 locus annotation (encoding for truncated
SAG101 proteins), not the fgenesh +-predicted gene models, were sup-
ported by inspection of RNA-seq data. The NbSAG 10151 gene model was
verified by cloning of the cDNA. For phylogenetic tree construction, se-
guences as provided in Supplemental Data Set 1 were aligned using the
MAFFT G-INS-1 algorithm (Katoh and Standley, 2013). A phylogenetic tree
was calculated using a procedure derived from the SeaView graphical user
interface (Gouy et al., 2010). Site selection was performed using Gblocks
(Castresana, 2000) to trim the alignments from highly gapped columns with
options ~b4 = 5, ~b5 = h, ~b2 = 18 (50% of number of species +1) for
less stringent selection. Then, the tree was computed with the PhyML
program (version 3.1; Guindon et al., 2010) using the LG substitution model
(with optimized across-site rate varation using four substitution rate
categories), empirical amino acid equilibrium frequencies, and an opti-
mized fraction of invariable sites. The tree topology search was performed
using the best of NNI (Nearest Neighbor Interchange) and SPR (Subtree
Pruning and Regrafting) strategy. Branch support for the final tree was
computed with PhyML using 1,000 bootstrap replicates. The final tree was
visualized with iTal (Letunic and Bork, 2019). The associated multiple
sequence alignment was visualized with Jalview (Waterhouse et al., 2009)
and is provided as Supplemental Data Set 2.

Agrobacterium-Mediated Expression, Strepll Purification,
and Immunodetection

For transient Agrobacterium-mediated expression of proteins in N.
benthamiana (agroinfiltration), plate-grown bacteria were resuspended
in Agrobacterium infiltration medium (10 mM MES, pH 5.8, 10 mM
MgCL,). Single strains were infiltrated at an ODgy, = 0.6. For coex-
pression, 0Dy, = 0.4 for each strain was used. All constructs for ex-
pression of proteins in N. benthamiana contained the 355 promoter.
EDS1, PAD4, SAG101, or variants were coexpressed with XopQ-mycin
reconstitution assays, and phenotypes were documented 5 to 7 dpi.
Phenotypic assays were conducted at least 4 times, and representative
results are shown. For immunodetection of proteins in support of re-
constitution assays and for copurification, proteins were expressed
without XopQ to avoid interference due to the negative effect of XopQ
recognition on Agrobacterium-mediated protein expression (Adlung and
Bonas, 2017) but using the same . benthamiana genetic background as
inrespective reconstitution experiments. Leaf tissue was ground in liquid
nitrogen, powder was resuspended in Laemmli buffer, and proteins were
denatured by boiling before SDS-PAGE forimmunodetection. For Strepll
purifications, 1 g of leaf tissue was ground in liquid nitrogen, and the leaf
powder was resuspended in 2.5 mL of extraction buffer (50 mM Tris pH 8,
150 mM NaCl, 5 mm EDTA, 5mM EGTA, 10 mM DTT, 0,1% (v/v) Triton
X-100). Suspensions were cleared by centrifugation and supernatants
passed through a 0.45 pm syringe filter. 2 mL of cleared extracts were
incubated with 120 pL of Strep-Tactin high-capacity matrix (IBA) for
20 min at 4°C on a rotary wheel. The matrix was washed several times
with extraction buffer before elution of proteins by beiling with 100 pL of
Laermmli buffer. Proteins were resclved by SDS-PAGE and transferred to
a nitrocellulose membrane (GE Healthcare). Strepll-tagged proteins
were detected using Strep-Tactin alkaline phosphatase conjugate (IBA)
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oramouse monoclonal Strepll antibody (Sigma-Aldrich). Further primary
antibodies used were a-mCherry (Abcam, ab167453); mouse mono-
clonal «-GFP and a-c-myc, rat a-HA (all from Roche); and «-FLAG
(Sigma-Aldrich). Secondary antibodies were coupled to horseradish
peroxidase (GE Healthcare) or alkaline phosphatase (Sigma-Aldrich).
Protein gel blots were used for verification of protein expression in
support of reconstitution assays, and protein copurification assays were
repeated at least three times with similar results.

Plant Transformation and Genome Editing

Arabidopsis plants were transformed as previously described (Logemann
et al., 2006). For transformation of N. benthamiana, leaves of greenhouse-
grown plants were surface sterilized, cut, and cocultivated with
Agrobacteria containing Cas9/sgRNA constructs. Explants were surface-
sterilized, and transgenic plants were regenerated. A detailed protocol is
provided as an online resource (dx.doi.org/10.17504/protocols.io.
sbaeais). Details on constructs, target sites for editing of N. benthamiana
SAG101 isoforms and Rog1, and generated mutant alleles are provided in
Supplemental Figure 4. T, plants were tested phenotypically by challenge
inoculation with XopQ-translocating P. fluorescens bacteria and screened
by PCR. Atransgene-free pad4-1s5ag107a-1 sag107b-1 (pss) triple mutant
was isolated from a segregating T, population by PCR screening and
crossed to wild type for isolation of the pad4-1 sag7107b-17 double mutant
line. Homozygous, nontransgenic seed lots were used for experiments. For
the rog? mutantline, aT, population segregating for twodifferentdisruptive
alleles (rog7-3 and roq1-4; Supplemental Figure 4) was used for infection
assays.

Live-Cell Imaging and Analysis by Forster Resonance Energy
Transfer and Acceptor Photobleaching

Images were taken on a LSM780 laser scanning microscope (Zeiss). For
imaging of GFF and mCherry, fluorophores were excited with 488 nm and
561 nm laser lines, and emission detected at 493-556 nm and 587-636 nm,
respectively. For localization studies, at least three independent experi-
ments were conducted, and multiple images were taken for each replicate
and each construct. Similar results were obtained in all experiments. For
intensity-based Férster resonance energy transfer (FRET; FRET and ac-
ceptor photobleaching), mCherry was bleached using the 561 nm laser at
100% intensity, and GFP fluorescence was measured before and after
bleach. Nuclei were selected for measurements. FRET efficiency was
calculated by the formula Efy = 1 —F,/Fp; (Ef,, FRET-efficiency donor;
Fp;. intensity donor before bleach, Fp,, intensity donorafter bleach) using
the FRET module of ZEN software (Zeiss). At least 15 measurements per
donor/acceptor combination were done per experiment, and data were
reproduced in four independent repetitions.

Molecular Cloning and Yeast Two Hybrid Interaction Assays

Constructs were generated by Golden Gate (Engler et al., 2008) and
Gateway (Thermo Fisher Scientific; according to manufacturer's in-
structions) cloning. Golden Gate reactions with either Bsal or Bpil were
performed using 20 to 40 fmol of each DNA module and cycling between
37°C and 16°C, as described previously by Weber et al, 2011. DNA
modules of the MoClo Plant Toolkit, Plant Parts | (Engler et al., 2014), and
Plant Parts |l (Gantner et al., 2018) collections were used. Novel level 0 mod-
ules were generated as described previously, and restriction sites were
eliminated by site-directed mutagenesis or overlapping PCR products
(Engler et al., 2008, 2014). Details on generated constructs and oligo-
nucleotides used for cloning are provided in Supplemental Tables 2 and
3, respectively. Previously described (Gantner et al., 2018) Golden Gate-
compatible or Gateway-converted derivatives of pGADT? and pGBKT7



Part Il — Signaling by TIR domain-containing resistance proteins 90

2470 The Plant Cell

(Clontech) were used for yeast two hybrid assays. Respective constructs
were transformed in yeast strain PJ69-4a by standard procedures (Gietz
and Schiestl, 2007). Plate-selected cotransformants were cultivated in
liguid Synthetic Drop-Out media for 48 h, and dilution series were pre-
pared and plated on selective media using a multipipette. Extraction of
proteins forimmunodetection was performed as described previously by
Kushnirov (2000).

Gene Expression Analysis

Tomato BNA sequencing data was accessed using the TomExpress portal
(http://tomexpress.toulouse.inra.fr/; Zouine et al., 2017). Data was visu-
alized as a normalized expression heatmap using Spearman representa-
tion. Expression values for different conditions were added manually. For
gene expression analyses in N. benthamiana, plants were syringe infiltrated
with Xev bacteria at an 0Dy, = 0.02 in 10 mM MgCl, or mock infiltrated.
RMA was extracted by a standard protocol using TRIzol reagent (ambion;
Thermo Fisher Scientific). Briefly, two leaf discs (diameter 8 mm) were
frozen in liquid nitrogen, and tissues were disrupted using Zirkonia beads
(N039.1; Carl Roth) and a bead mill. RNA was extracted with 1 mL TRizol;
100 pL of bromochloropropane was added for phase separation; and RNA
was precipitated, washed, dried, and resuspended in 40 pL water. The
Reverse Transcriptase Core Kit was used for cDNA synthesis, and the
Takyon No ROX SYBR 2X MasterMix Blue dTTP gPCR Kit (both Euro-
gentech) was used for quantitative real-time PCR using a CFX86 detection
system (Bio-Rad). The previously described reference genes Protein
Phosphatase 2A (PP2A) and Elongation Factor 1-a (EF1a) were used for
data normalization (Liu et al., 2012) with similar results, and data from
normalization to PP2A is shown. Primers used for quantitative real-time
PCR are listed in Supplemental Table 4. All primers had efficiencies of 90%
to 105%, as evaluated by dilution series.

Protein Modeling

Structural models of S. lycopersicum EDS1-SAG101a and EDS1-
SAG101b complexes were modeled using the structure of the Arabi-
dopsis EDS1-SAG101 complex as a template (PDB:4NFU; Wagner et al.,
2013). Sequences of SISAG101a and SISAG101b share 38% and 36%
sequence identity with AtSAG101, respectively, whereas SIEDS1 and
AtEDS1 share 40%. All three sequence-template pairs could thus be
confidently aligned using the hhpred algorithm (Zimmermann et al., 2018),
and structural models were generated and relaxed based on these
alignments using rosettaCM (Song et al., 2013) with limited need formanual
realignment in the regions with insertions. Sequence conservation was
calculated using the rate4site algorithm (Pupko et al., 2002) and mapped at
the surface of structural models using PyMOL (PyMOL Molecular Graphics
System, version 2.0; Schradinger). Structural models and analysis are
provided in Supplemental Data Set 3.

Accession Numbers

Sequence data from this article can be found in The Arabidopsis In-
formation Resource, GenBank, and/or Solgenomics databases or the QUT
N. benthamiana genome database (http://benthgenome.qut.edu.aw) un-
der the following accession numbers: AtEDST-At3g48090 (Gene ID:
B823964); AtPAD4-At3g52430 (Gene ID: 824408); AtSAG101-At5g14930
(Gene|D: 831345); SIEDST-Solyc06g07 1280.2; SIPAD4-Solyc02g032850.2;
SISAG101a-Solyc02g069400.2; SISAG101b-Solyc02g067660.2; NbEDS1-
Niben101Scf06720g01024.1 (QUT: NbvE.1trP77101); NbFPAD4-
Niben101Scf02544g01012.1 (QUT: Nbv6.1trP15293); NbSAG107a-
Niben101Scf00271g02011.1 (QUT: Nbv6.1trP10532); NbSAG101b-
Miben101Scf01300g01009.1 (QUT: Nbv6.1trP73488); NbRog1-Gen-
Bank: MF773579.1. Additional sequence information is provided in
Supplemental Data Set 1.

Supplemental Data

Supplemental Figure 1. EDS1 family gene models from Arabidopsis,
S. lycopersicum, and N. benthamiana. Supports Figure 1.

Supplemental Figure 2. Expression of tomato EDS7 family genes.
Supports Figure 1.

Supplemental Figure 3. Localization and complex formation of
tomato EDS1 proteins. Supports Figure 2.

Supplemental Figure 4. Generation of mutant lines by genome
editing. Supports Figure 3.

Supplemental Figure 5. Functional comparison of EDS1 and
SAG101b from N. benthamiana and S. lycopersicum for XopQ-
induced cell death. Supports Figure 3.

Supplemental Figure 6. Cross-species transfer of EDS7-family
genes. Supports Figure 5.

Supplemental Figure 7. Heterocomplex formation by EDS1 variants
in a yeast two hybrid system. Supports Figure 6.

Supplemental Figure 8. Immune competence of further EDS1
variants. Supports Figure 7.

Supplemental Table 1. SIEDS1 and SISAG101 variants functionally
interrogated in this study.

Supplemental Table 2. Plasmids used in this study.
Supplemental Table 3. Oligonucleotides used in this study.

Supplemental Table 4. Oligonuclectides used for quantitative RT-
PCR.

Supplemental Data Set 1. Protein sequences used for phylogenetic
analyses and associated gene models.

Supplemental Data Set 2. Multiple sequence alignment underlying
phylogenetic analyses. Extended data supporting Figure 1.

Supplemental Data Set 3. Structural models and analysis of tomato
EDS1, PAD4, SAG101a, and SAG101b.
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Supplemental Figure 1: EDS1 family gene models from Arabidopsis, tomato and Nicotiana benthamiana.
Supports Figure 1.

Putative EDS1, PAD4 and SAG101 homologs were detected as described in materials and methods. Gene
models (Nicotiana benthamiana) were predicted using fgenesh+ and the corresponding tomato proteins as
support. The gene model depicted for NbSAG101b1 was experimentally verified by ¢cDNA cloning. Gene
models depicted for NbEDSTa, NbPAD4 and NbSAGT01a1 are supported by an alignment of public RNAseq data
against the N. benthamiana genome (see material and methods). Inspection of alignments of RNAseq data for
NbSAG101a2/b2 did not provide support for splicing of introns marked by red boxes in the gene models. These
introns are also not included in gene models of the N. benthamiana genome release (see insets), and contain
premature STOP codons (details shown in left inset). NbSAG101a2/b2 thus encode for truncated proteins.
Sequence details including annotations are provided in Supplemental Dataset 1.
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Supplemental Figure 2: Expression of tomato EDS1 family genes. Supports Figure 1.

A public RNAseq dataset from treatment of tomato “Rio Grande” plants with different PTl-inducers (Rosli
et al.,, 2013) was analyzed for expression of EDST family genes using the TomExpress portal (Zouine et al.,
2017). Hierarchical clustering using Spearman distance (output from TomExpress) is shown. Details on
treatments C1-C9 are indicated below the respective columns.
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Supplemental Figure 3: Localization and complex formation of tomato EDS1 proteins. Supports Figure 2.
A) Localization of tomato EDS1, PAD4 and SAG101a/b isoforms when expressed singly. Extended data
supporting Figure 2A.

B) Integrity of EDS1, PAD4 and SAG101 fluorophore fusions when expressed singly or in combination.
Extended data supporting Figures 2A, S3A and S3C.

C) Formation of complexes between tomato EDS1 family proteins in living cells as measured by FRET-APB
(intensity-based FRET; standard deviation is shown, letters indicate statistically significant differences as
determined by one way ANOVA and Fisher LSD post-hoc test, p < 0,001).
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Supplemental Figure 4: Generation of mutant lines by genome editing. Supports Figure 3.

A) Scheme of the T-DNA construct used for editing SAG107 genes in N. benthamiana. Construct is based
on pDGE160 (Ordon et al.,, 2017).

B) Guide sequences incorporated in the sgRNA array of the construct shown in A).

C) Position of target sites within SAG107 gene models. The color code corresponds to panel A).

D) Details on sag101a-1 and sag101b-1 alleles generated by genome editing.

E) Guide sequences used for editing of the RogT gene. A construct similar to that in A), but based on a
different pDGE recipient vector (pDGE311), was used.

F) Molecular details on roq1-3 and roq1-4 alleles generated by genome editing.
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Supplemental Figure 5: Functional comparison of EDS1 and SAG101b from N. benthamiana and S.
lycopersicum for XopQ-induced cell death. Supports Figure 3.

A) Restoration of XopQ-induced cell death by co-expression of SIEDS1 and NbEDS1. Indicated proteins
were (co-) expressed in edsT mutant plants, and HR development was documented 6 dpi.

B) As in (A), but SISAG101b and NbSAG101b were co-expressed together with XopQ in eds? pad4
sag101b triple mutant plants.

C) Complex formation between NbEDS1 and SIPAD4, SISAG101a and S/ISAG101b. Indicated proteins

were (co-) expressed in N. benthamiana by Agroinfiltration. Tissues were used 3 dpi for Strepll-purifica-
tion.
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Supplemental Figure 6: Cross-species transfer of EDS 1-family genes. Supports Figure 5.

A) Schematic representation of T-DNA constructs used for Agrobacterium-mediated transient expression of EDS1
family genes (from Arabidopsis or tomato) in N. benthamiana. Extended data to Figure 5A.

B) Expression of Arabidopsis proteins in N. benthamiana. Extended data to Figure 5A. E - EDS1, P - PAD4, S - SAG101.
Total extracts were prepared from infiltrated leaf sections 3 dpi for protein detection.

C) Schematic representation of T-DNA constructs used for Arabidopsis transformation.

D) Immunodetection of transgenic protein expression. Three week-old BASTA-resistant T, plants of individual families
were pooled for protein extraction. Ponceau staining is shown as loading control.

E) Functionality of tomato EDS1 family proteins in Arabidopsis. Indicated combinations of tomato genes under control
of the corresponding Arabidopsis promoter elements were expressed (with or without an epitope tag) in the eds1-2
pad4-1sag101-1 triple mutant background. Constructs were of similar architecture as before (Figure S6C), but cont-
ained the FAST marker. T, lines from transformation of constructs without epitope tags were used for infection assays:
Transformed T, seeds were selected by FAST seed fluorescence, three week-old plants used for infection with Hpa
isolate Cala2, and tissues stained with Trypan Blue 7 dpi. Similarly selected plants expressing tagged proteins were
used for immunodetection (Figure S6F). hr — hypersensitive response; fh - free hyphae; tn - trailing necrosis; ehr -
expanded hypersensitive response.

F) Immunodetection of tomato EDS1 family proteins in transgenic Arabidopsis. Each lane represents an individual T,
plant.
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Supplemental Figure 7: Heterocomplex formation by SIEDS1 variants in a yeast two hybrid system.
Supports Figure 6.

A) Yeast two hybrid interaction assay. pGADT7 and pGBKT7 derivatives coding for the indicated
protein fusions were co-transformed into yeast strain PJ69-4a. Two independent transformants were
grown in dilution series on media lacking leucine and tryptophan (-LW; growth), or additionally
lacking histidine (-LWH; interaction, low stringency reporter) or histidine and adenine (-LWH-Ade;
interaction, high stringency reporter). Yeast plates were incubated at 30°C for 3d prior to documenta-
tion. A higher dilution is shown for the SAG101b-EDS1 interaction assay.

B) Immunodetection of fusion proteins expressed in yeast transformants from A).
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Supplemental Figure 8: Immune competence of further SIEDS1 variants. Supports Figure 7.

A) Functionality of SIEDS1 variants carrying exchanges in positively charged residues lining a cavity on
the EDS1 surface. Indicated variants were co-expressed with XopQ-myc in eds T mutant plants, and plant
reactions documented 7 dpi.

B) Immunodetection of SIEDS1 variants used in A).

C) Functionality of SIEDS1 variants carrying exchanges in the C-terminal heterocomplex interface.
Indicated variants were co-expressed with XopQ-myc in eds1 mutant plants, and plant reactions docu-
mented 7 dpi.

D) Inplanta accumulation and complex formation with SAG101b of SIEDS1 variants used in C). Indicated
proteins were (co-) expressed in N. benthamiana by Agroinfiltration. Tissues were used 3 dpi for
Strepll-purification.
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Supplemental Table 1: SIEDS1 and S/SAG101 amino acid exchanges tested for functionality by transient
complementation of XopQ-induced HR formation

Variant (EDS1) Position functional alteration

L261E (pJOG334) N-terminal interface none (functional)

V265E (pJOG335) N-terminal interface none (functional)

1268E (pJOG336) N-terminal interface none (functional)

V269E (pJOG337) N-terminal interface none (functional)

T264F 1268E [pJOG341] N-terminal interface none (functional)

T264F 1268E V265E N-terminal interface partial loss-of-function

[pJOG381]

T264F 1268E V265E V269E  N-terminal interface partial loss-of-function

[pJOG382]

T264F 1268E V265E V269E  N-terminal interface complete loss-of-function

L261E [pJOG383]

P273G R275E [pJOG133] Altering cavity composition Protein instability

F64E [pJOG342] Single, conserved residue exposed on the partial loss-of-function
surface of the N-terminal domain

F435E [pJOG343] C-terminal interface Complete loss-of-function

F435A [plOG741] C-terminal interface functional

F435D [pJOG698) C-terminal interface Complete loss-of-function

V439E [pJOG696] C-terminal interface none (functional)

L442E [pJOG697] C-terminal interface none (functional)

D462N [pJOG344] N-/C-terminal domain communication Partial loss-of-function, reduced

protein stability

K494R [pJOG345] Residues lining an assumed cavity on the

R509A [pJOG346] heterocomplex surface (Wagner et al,, none (functional)

R509E [pJOG748] 2013), previously described in Arabidopsis

R509K [pJOG749] (Bhandari et al., 2018).

Variant (SAG101) Position functional alteration

F17S [pJOG835] N-terminal interface none (functional)

L22S [pJOG836] N-terminal interface none (functional)

F17S L22S [pJOG852]  N-terminal interface none (functional)

L13S L22S [pJOG894]  N-terminal interface none (functional)

L16S L22S [pJOG895]  N-terminal interface none (functional)

L13S F175 L22§ N-terminal interface Partial loss-of-function

[pJOG938]

L13S L16S F17S L22S N-terminal interface Complete loss-of-function

[pJOG1035]

L13S L16S F17SL18S N-terminal interface Complete loss-of-function

L22S [pJOG1036]

Bhandari, DD, Lapin, D, Kracher, B, vonBorn, P, Bautor, J, Niefind, K, and Parker, JE. (2018). An EDS1
EP-domain surface mediating timely transcriptional reprogramming of immunity genes.
bioRxiv.

Wagner, S, Stuttmann, J, Rietz, S, Guerois, R, Brunstein, E, Bautor, J, . . . Parker, JE. (2013).
Structural basis for signaling by exclusive EDS1 heteromeric complexes with SAG101 or PAD4
in plant innate immunity. Cell Host Microbe 14, 619-30.
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Supplemental Table 2: Plasmids used in this study

Plasmid type Name
Gateway Entry plOG13 SIEDS1_noSTOP
pJOG43 SIPAD4_noSTOP
pJOG371 SISAG101a_noSTOP
pJOG373 SISAG101b_noSTOP
pJOG851 NbRogl
pJOG40 SIEDS1_I268E
pJOG117 SIEDS1_I268E/T264F
pJOG368 SIEDS1_|268E/T264F/V265E
pJOG369 SIEDS1_|268E/T264F/V265E/V268E
pJOG370 SIEDS1_|1268E/T264F/V265E/V268E/L261E
pJOG118 SIEDS1_F64E
pJOG119 SIEDS1_F435E
pJOG120 SIEDS1_D462N
plOG121 SIEDS1_KA494R
plOG122 SIEDS1_R509A
Gateway Destination pJOG270 p35S:Gateway-6xHA_tocs
plOG327 p355:Gateway-4xmyc-2x5trep_t355
pGBK_att ¥2H: pADH1:BD-myc-Gateway
pGAD_att Y2H: pADH1:AD-HA-Gateway
Gateway Expression pJOG333 355:S/IEDS1-6xHA EDS1 variants not listed
pJOG360 355:NbEDS1-6xHA
plOG384 p355:5/PAD4-4xmyc-2xStrep
plOG385 p35S:SISAG101a-4xmyc-2x5trep
plOG386 p355:5/SAG101b-4xmyc-2xStrep
plOG p355:VMbSAG101b-d4xmyc-2xStrep
pJOGa4 BD-myc-SIEDS1 [Y2H] EDS1 variants not listed
plOG49 AD-HA-S/IPAD4 [Y2H]
plOG222 AD-HA-5/5AG101a [Y2H]
pJOG379 AD-HA-SISAG101b [Y2H]
MoClo Level 0 pJOG113 SIEDS1
pJOG112 SIEDS1_noSTOP
pJOG734 SIEDS1_F435A
pJOG690 SIEDS1_F435D
plOG688 SIEDS1_V439E
pJOG689 SIEDS1_L442E
pJOG735 SIEDS1_RS09E
pJOG736 SIEDS1_RS509K
plOG214 SISAG101a
plOG193 5/5AG101a_noSTOP
plOG115 SIPAD4
plOG114 SIPAD4_noSTOP
pJOG361 SISAG101b
pJOG372 SISAG101b_noSTOP
pJOG819 SISAG101b_F17S
pJOG850 SISAG101b_F175/L22S
pJOG919 SISAG101b_F175/L225/113
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Plasmid type MName Description Comments
MoClo Level 0 plOG1032 SISAG101b_F17S/L22S/L13S/L16S
pJOG1033 SISAG101b_F175/L225/L135/L165/L18S
plOG285 NbBEDS1_noSTOP
plOG703 NbSAG101b
plOG738 NbSAG101b_noSTOP
plOG269 XopQ_noSTOP
plOGa0a DM2h(1-279) DM2h TIR {Landsberg)
plOGB99 DM2h(1-279)_noSTOP DM2h TIR (Landsberg)
pl0G219 RPS4™ noSTOP (aa 1-235) with E111K exchange
plOG872 NbRog1
pl0G28 AtEDS1
plOG29 AtPAD4
plOG694 AtSAG101
plOG944 SISAG101bN-SAG101aC
plOG945 SISAG101aN-SAG101bC
plOG864 PAtRPSE [Pro+5U]
Levell plOG197 355:5/EDS1_tocs
plOG230 355:5/EDS1-mEGFP_tocs
pJOG233 355:5/EDS1-mEGFP-t355
plOG234 355:5/EDS1-mCherry_t355
plOG741 355:5/[EDS1-6xHA EDS1 variants not listed
plOG232 355:5/PAD4-mEGFP-t355
plOG231 355:5/SAG101a-mEGFP-t358
plOG400 355:5/5AG101b-mEGFP-t355
pJOG835 355:5/SAG101b- 4xmyc-2xStrep-t355 SAG101b variants not listed
plOG108 pnos:PAT-tnos [, BASTA"] selection marker cassette
plOG184 355:mCherry-t355
plOG185 355:mEGFP-t355
pJOG189 355:mEGFP-mCherry-t355
plOG911 p355:DM2hyy.570-6xHA-tocs
plOG469 p355:DM2hyy.579)-toCs
plOG320 P355:RPS4(1 235, e1115-4XmMyc-2XStrep-t355
pJOG873 pPAtRPSE:NbRogl-tocs
plOG873 pAtUbg10:NbRoqg1-tocs
pJOG604 FAST cassette as Level 1 (Shimada et al., 2010)
plOG272 355:XopQ-myc-tocs
plOG62 355:AtEDS1-tocs
pJOG6E3 355:AtPAD4-tnos
plOG759 355:At5AG101-tocs
plOG98 355:GFP-AtEDS1_tocs
plOG99 355:6xHA-AtPAD4_tnos
plOG760 355:4xmyc:AtSAG101-tocs
pJOG35 pAtEDS1:AtEDS1-tnos
plOG36 pAtPAD4:AtPADA-tocs
plOG154 pAtEDS1:GFP-AtEDS1-tnos
pJOG155 pAtPAD4:6xHA-AtPAD4-tocs
pJOG156 pAtEDS1:S/EDS1-tnos
pJOG157 pAtPAD4:SIPADA-tocs
plOG513 PAtSAG101:5/SAG101a-t355

plOG514

pAISAG101:SISAG101b-tAtug?
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Plasmid type Name Description Comments
Levell pJOG158 pAtEDS1:GFP-SIEDS1-tnos
pJOG159 PAtPAD4:6xHA-SIPAD4-tocs
pJOG515 pAtSAG101:4xmyc-SISAG101a- t355
plOG516 PAtSAG101:3xFLAG-S/SAG101b- tAtug?
pJOG949 355:5/5AG101bN:SAG101aC-4xmyc-2xStrep-t355
pJOG950 355:5/5AG101aN:5AG101bC-4xmyc-2x5trep-t355
Level2 pJOG190 pnos:PAT-tnos + 355:mCherry + 355:mEGFP FRET (negative control)
plOG204 pnos:PAT-tnos + 355:mEGFP-mCherry FRET (positive control)
plOG237 SIEDS1-mEGFP + S[EDS1-mCherry
pJOG236 SIPAD4-mEGFP + SIEDS1-mCherry
pJOG235 SISAG101a-mEGFP + S/IEDS1-mCherry ERET
plOG401 SISAG101b-mEGFP + SIEDS1-mCherry
pJOG238 SIEDS1-mCherry + mEGFP
pJOG875 FAST + p(At)RPS6-Roql Arabidopsis transgenics
plOG876 FAST + p(At)Ubg-Roql
pJOGB51 355:AtEDS1 + 355:AtPAD4
pJOG652 355:GFP-AtEDS1 + 355:6xHA-AtPAD4
pJOG765 355:AtEDST + 355:At5AG101
N. benthamiana expression;
plOG766 355:GFP-AtEDS1 + 355:4xmyc-AtSAG101 gene family transfer
pJOG767 355:AtED51 + 355:At5AG101 + 355:AtPAD4
pJOG768 355:GFP-AtEDS1 + 355:4xmyc-AtSAG101 + 355:6xHA-
AtPADA
plOG42 BASTA" + pAtEDSL:AtEDS] + pAtPAD4:AtPAD4
R Y .
pJOG160 BASTA™ + pAtEDS1:GFP-AtEDS1 + pAtPAD4:6xHA-AtPAD4 Arabidopsis transgenics;
pJOG161 BASTA" + pAtEDS1:SIEDS1 + pAtPAD4:SIPADA gene family transfer
pJOG162 BASTA" + pAtEDS1:GFP-SIEDS1 + pAtPADA4:6xHA-SIPADA
pJOGE13 FAST + pAtEDS1:AtEDS] + pAtPAD4:AtPAD4
plOG614 FAST + pAtEDS1:GFP-AtEDS1 + pAtPAD4:6xHA-AtPAD4
pJOG521 FAST + pAtEDS1:S/EDS] + pAtSAG101:5/SAG101a
plOG522 FAST + pAtEDS1:SIEDS1 + pAtSAG101:5/SAG101b
pJOG519 FAST + pAtEDS1:5/EDS] + pAtPADA:SIPADA +
pAtSAG101:5/SAG101a Arabidopsis transgenics;
pJOG520 FAST + pAtEDS1:S/EDS1 + pAtPAD4:SIPAD4 + gene family transfer I
pAtSAG101:5/SAG101b
pJOG517 FAST + pAtEDS1:S/EDS1 + pAtPAD4:SIPADA +
pAtSAGL01:5/5AG101a + pAtSAG101:5/5AG101b
pJOG518 FAST + pAtEDS1:GFP-S[EDS1 + pAtPAD4:6xHA-SIPAD4 +
pAtSAG101:4xmyc-SISAG101a + pAtSAG101:3xFLAG-
SISAG101b

Gateway entry and Level 0 modules were generated by PCR and Golden Gate cloning as
previously described (Engler et al., 2008; Engler et al., 2014; Gantner et al., 2018).

In some cases, Gateway entry clones were prepared by shuttling inserts from Level 0
modules, as previously described (Gantner et al., 2018).

Gateway destination vectors were assembled by Modular Cloning, as previously described
(Gantner et al., 2018)

Gateway expression clones were generated by LR reaction as according to manufacturer’s
instructions (Gateway™ LR Clonase™ Il Enzyme mix, Thermo Fisher Scientific).




Part Il — Signaling by TIR domain-containing resistance proteins 108

Supplemental Data. Gantner et al. (2019). Plant Cell 10.1105/tpc.19.00088.

e Level 1 and MoClo-based Y2H constructs were assembled from parts contained in the MoClo
Plant Parts | & Il kits (Engler et al., 2014; Gantner et al., 2018) by Golden Gate cloning (Bsal)
following standard protocols.

e level 2 constructs were assembled by Golden Gate cloning (Bpil) following standard
protocols using Level 2 recipient pAGM4723 (Engler et al., 2014).

References:

Engler, C, Kandzia, R, and Marillonnet, S. (2008). A one pot, one step, precision cloning method with
high throughput capability. PLoS ONE 3, e3647.

Engler, C, Youles, M, Gruetzner, R, Ehnert, TM, Werner, S, Jones, JD, . . . Marillonnet, S. (2014). A
Golden Gate Madular Cloning Toolbox for Plants. ACS synthetic biology.

Gantner, J, Ordon, J, llse, T, Kretschmer, C, Gruetzner, R, Lofke, C, . . . Stuttmann, J. (2018).
Peripheral infrastructure vectors and an extended set of plant parts for the Modular Cloning
system. PLoS ONE 13, e0197185.

Shimada, TL, Shimada, T, and Hara-Nishimura, 1. (2010). A rapid and non-destructive screenable
marker, FAST, for identifying transformed seeds of Arabidopsis thaliana. Plant J 61, 519-28.
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Table S3: Oligonucleotides used in this study

Name | Sequence Purpose

15830 tttggtctcaaggtATGGTGAAAATTGGAGAAGG Construction of SIEDS1ns Gateway entry clone

15831 TTTggtctcAaagcAGGAGTTATTTTCCTTGACAC (pJOG13)

1G43 TGCTGGAACTTTGTCcTCTGATGGTTGGT Removal Bpil site in SIEDS1 cDNA

1G44 ACCAACCATCAGAgGACAAAGTTCCAGCA

1G45 GGCAATGTTAGAAGGCAGACAGGTAGTGT Removal Bpil site in SIEDS1 cDNA

1G46 ACACTACCTGTCTgCCTTCTAACATTGCC

1G47 GAGCAAGGCTGTGcCTTCGTGCAGCAGG Removal Bpil site in S/EDS1 cDNA

1G48 CCTGCTGCACGAAGECACAGCCTTGCTC

1G49 ACAAGATATGGTCcCATGCCCTCAGGCG Removal Bsal site in SIEDS1 cDNA

JG50 CGCCTGAGGGCATGEGACCATATCTTGT

J5832 | tttggtctcaaggtATGGTATCGGAGGCTTCATC Construction of SIPAD4ns Gateway entry clone

15833 TTTggtctcAaagcAGGAAACTGAGGTTGGAGC (pJOG43)

JG73 tttgaagacaaaATGGTGTCCTTGTACAACAC Construction of S/ISAG101a_ns Level 0 module

1G74 tttgaagacaacgaaccAGCATATCTACGAAATCCATCG

JG86 tttgaagacaaaagctcaAGCATATCTACGAAATCCATCG Construction of $/SAG101a Level 0 module in
combination with JG73

JG82 TCTCACTCTTTTGGAgGACCCATCACTTC Removal Bpil site in SISAG101a cDNA

JG83 GAAGTGATGGGTCcTCCAAAAGAGTGAGA

1G84 TCTTGCATGTGGTETCAGATAAAGATCCA Removal Bsal site in SISAG101a cDNA

1G85 TGGATCTTTATCTGACACCACATGCAAGA

JG51 tttgaagacaaaATGGTGAAAATTGGAGAAGG Construction of SIEDS1n_ns Level 0 module

JG52 tttgaagacaacgaaccAGGAGTTATTTTCCTTGAC

JG53 tttgaagacaaaagcccCTAAGGAGTTATTTTCCTTGAC Construction of SIEDS1n Level 0 module in
combination with JG51

G54 tttgaagacaaaATGGTATCGGAgGCTTCATCGTTCG Construction of SIPAD4_ns Level 0 module

JG55 tttgaagacaacgaaccAGGAAACTGAGGTTGGAGCAGC

1G56 tttgaagacaaaagccc TCAAGGAAACTGAGGTTGG Construction of SIPAD4 Level 0 module in
combination with JG54

JG127 | tttgaagacaaaATGAGCCAAGTTTCCTTGTTCAG Construction of S/SAG101b Level 0 module and

JG128 | tttgaagacaaTTaTCTTCTCTCCTCCATTCCTCC simultaneous removal of internal

JG129 tttgaagacAGAtAACCCGTCTGGAAGTGGTAACG Bpil site

1G130 tttgaagacaaaagcCTAAGCATAACTTTTGTATT

JG131 CAGAAAGAAATGGTaTCTTCAGAAGAGCTT Removal Bsal site in S/ISAG101b cDNA

G132 AAGCTCTTCTGAAGATACCATTTCTTTCTG

JG157 | tttgaagacaacgaaccAGCATAACTTTTGTATT Construction of 5/5AG101b_ns Level 0 module in
combination with JG127

JG103 | tttgaagacaaaATGCAGCCCACCGCAATC Construction of XopQ_ns Level 0 module and

1G104 tttgaagacaaGAAtACACCTTTGGCCAGC simultaneous removal of internal

1G105 tttgaagacaaaTTCGATCGCCTGGCATTG Bpil site

JG106 | tttgaagacaacgaaccGCGCCCGCGTTGCCCCTC

JG88 £aagacaaaATGGAGACATCATCTATTTCCACTGTGGAEGA | Construction of RPS4 (1-235, E111K) Level 0 module

c and simultaneous removal of internal

1G89 tttgaagacaaTCcTCATAGTCGTCGATAAAG Bpil sites

JG90 tttgaagacaaAgGACAGAGGTCAACCTC

JG91 tttgaagacaaTgTtTTCACCGCCTTCAC

1G92 tttgaagacaaaACAGCGTTGACCGGAATAC

1G94 tttgaagacaacgaaccAACAACTCCAATGATACGAGTT

G409 | tttggtctcaaATGTTGACTTCATCTTCCC Construction of NbRoql Gateway entry clone

1GA10 | tttggtctcagaccCTATCTGTTTATGAGCATTTCG (pJOG851)
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Name | Sequence Purpose

JG419 | tttgaagacaaaATGTTGACTTCATCTTCCC Construction of NbRog1 Level 0 module and

1G420 | tttgaagacaaGTaTCTTCTCCCCTAAAGCTTAGGAA simultaneous removal of internal

1G421 | tttgaagacAGAtACTAGAAAAACATTTGTGGGT Bpil sites (pJOG872)

1G422 tttgaagacaaGTITTCTGCAAATACAACAAGGTATGG

1G423 tttgaagacGAAaACTCTCCTTTCCAAACTGTTG

1G424 tttgaagacaaaagcCTATCTGTTTATGAGCATTTCG

1G15 tttgaagacT TaATGGCGtttgaagetett Construction of AtEDS1 Level 0 module

1G16 tttgaagacT Taagctcaggtatctgttatttc

JG17 gAAAACTCAATAGAATCTTCGCTCAATGA Removal Bpil site in AtEDS1

JG18 TCATTGAGCGAAGALTCTATTIGAGTTTTc

JG19 ttaaagaacgaagaTacagggecgtacatgaaaagaggTagaccaacce | Removal Bpil site in AtEDS1

g

JG20 cgggttggtctAcctettttcatgtacggecctgtAtcttegttctttaa

JG13 tttgaagacTTaATGGACGATTGTCGATTCGA Construction of AtPAD4 Level 0 module

IG14 tttgaagacTTaagcCTAAGTCTCCATTGCGTCA

1G344 | tttgaagacaaaATGGAaTCTTCTTCTTCA Construction of AtSAG101 Level 0 module

1G345 | tttgaagacaaaagccctcaTTGTGACTTACCATA

1G346 TGGTGACCTCTGGCCTCTTACATAGCT Removal Bpil site in AtSAG101

1G347 | AGCTATGTAAGAGECCAGAGGTCACCA

1G348 GAACTACGGGAAGaTCTCACCACTATG Removal Bpil site in AtSAG101
| G349 | CATAGTGGTGAGALCTTCCCGTAGTTC

JG31 AAACTGTTTCCAACEaaGTTCAACTTAGCCC SDM: SIEDS1_1268E

JG32 GGGCTAAGTTGAACHCGTTGGAAACAGTTT

1G59 ACTTACTGTTGGAAHTGTTTCCAACEaaG SDM: SIEDS1_T264F [T1]

1G60 CttcGTTGGAAACAaaTTCCAACAGTAAGT

G151 ACTGTTGGAAttTGaaTCCAACgaaGTTCA SDM: SIEDS1_V265E [TIV]

JG152 TGAACttcGTTGGAttCAaaTTCCAACAGT

JG153 | TGaaTCCAACgaaGaaCAACTTAGCCCTTA SDM: SIEDS1_V269E [TIVV]

JG154 TAAGGGCTAAGTTGHCttcGTTGGALCA

JG155 GATGCACAAACTTAgaGTTGGAAUTGaaT SDM: SIEDS1_L261E [TIVVL]

JG156 AttCAaaTTCCAACtCTAAGTTTGTGCATC

1G403 ATTGGCAAATTTGTCTCTGAGCTCAGATC SDM: SISAG101b_F17S

G404 GATCTGAGCTCAGAgACAAATTTGCCAAT

JG4A11 CTCTGAGCTCAGATtcACTTCATCATTCTTG SDM: SISAG101b_L22S [FL]

G412 GATCTGAGCTCAGARACAAATTTGCCAAT

1G429 TAGTGGCCAAGAATCGGCAAATTTGTCTC SDM: SISAG101b_L13S [FLL]

1G430 GAgACAAATTTGCCgATTCTTGGCCACTA

G436 | AAGAATCGGCAAATTCGTCTCTGAGCTCAG SDM: SISAG101b_L16S [FLLL]

G437 CTGAGCTCAGAgACEBAATTTGCCgATTCTT

1G438 TeGGCAAATTCGTcTtcGAGCTCAGATLCAC SDM: SISAG101b_L18S [FLLLL]

1G439 | GTgaATCTGAGCTCgaAgACgAATTTGCCgA

JG61 ACAGTAACACTTCTgaaGGAGAGAAAGAGAT SDM: SIEDS1_F64E

1G62 ATCTCTTTCTCTCCttcAGAAGTGTTACTGT

1G63 ACACCGATGATGACZaaAATGCTAATGTGAG SDM: SIEDS1_F435E

1G64 CTCACATTAGCATTttcGTCATCATCGGTGT

JG65 GGTATGAGCTCCCAaATAGCTTCGAGGGA SDM: SIEDS1_D462N

1G66 TCCCTCGAAGCTATtTGGGAGCTCATACC

1G67 ATTACAGGCACTTGcgGAATGAAGATACTG SDM: SIEDS1_K494R

1G68 CAGTATCTTCATTCcgCAAGTGCCTGTAAT

JG6YS GCTAGGCCTAAGECTTATCGGTTCACACA SDM: SIEDS1_R509A

JG70 TGTGTGAACCGATAAgcCTTAGGCCTAGC

JG387 | AACACCGATGATGACgcCAATGCTAATGTG SDM: SIEDS1_F435A

G388 CACATTAGCATTGEcGTCATCATCGGTGTT

G354 GCTAGGCCTAAGRagTATCGGTTCACAC SDM: SIEDS1_R509E

JG395

GTGTGAACCGATACtcCTTAGGCCTAGC




Part Il — Signaling by TIR domain-containing resistance proteins 111

Supplemental Data. Gantner et al. (2019). Plant Cell 10.1105/tpc.19.00099.

Name | Sequence Purpose

G396 | GCTAGGCCTAAGaaaTATCGGTTCACA SDM: S/IEDS1_R509K

JG397 | TGTGAACCGATAttCTTAGGCCTAGC

JG431 aaagaapactagctCTTTGCAAAAGATTCTTCC Construction of Level Ons module of S/ISAG101bN-
1G432 | tttgaagacatAAGCAGAAGCTTTTCGATC SAG101aC chimera; in combination with JG127/)G74
JG433 | tttgaagactaGTGTTTGGCCTGAACCTCT Construction of Level Ons module of S/ISAG101aN-
1G434 tttgaagacatacacAAGAGGAATGCCTTTGATC SAG101bC chimera; in combination with JG73/1G157
G413 tttgaagacaaggagTCAAGACCATTCACTTGCGTA Construction of pAtRPS6 Level 0 module [Pro+5U]
1G414 aaagaagacaacattAAAGAGAGGAGATTCTGGAAA

Supplemental Data. Gantner et al. (2019). Plant Cell 10.1105/tpc.19.00098.

Supplemental Table S4: Oligonucleotides used for guantitative RT-PCR analyses

Name

Sequence [5" -> 3’]

151128_qRT-NbPP2A_F
151129_qRT-NbPP2A_R
J51130_qRT-NbEF1_F
J51131_qRT-NbEF1_R
151612_qRT-NbEDS1a_F
151613_qRT-NbEDS1a_R
151124_qRT-NbPADA_F
J51125_qRT-NbPADA_R
151102_qRT-NbSAG101a_F
151103_qRT-NbSAG101a_R
151106_qRT-NbSAG101b_F

J51107_gRT-NbSAG101b_R

TCTAAGTTGCTGCCTGTGGT
TCAGGGTCTTCAGCTAGCTCT
agctttacctcccaagtcatc
agaacgcctgtcaatcttgg
TGGTACAGTTGTAGCACTTCTTT
CAGGTTGTCATTTGGTCTTGTG
TCTACCTGAGGCAAGCTATGAAG
TGCAAGGATGGCACTATTAAGGT
CTGGAAGCAGCTGGAGTTGA
GTCATAATACCCAGCCTCTTCGG

TGCCTCGTTAGTCAATCAGCT
GATGCCACAGAACCTCCCAA
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3.5.3. Summary of publication Gantner et al., 2019

EDSL1 (Enhanced disease susceptibility 1) was discovered 20 years ago (Parker et al., 1996).
EDS1 forms heterocomplexes with PAD4 (Phytoalexin-deficient 4) and SAG101
(Senescence-associated gene 101) (Feys et al., 2001; Feys et al., 2005). These complexes
are essential for resistance responses mediated by nucleotide-binding leucine
rich-repeat-type immune receptors (NLRs) possessing an N-terminal Toll/interleukin-1
domain (TNLs) (Aarts et al., 1998).

Further research revealed that PAD4 is an important complex partner in At, as loss of
SAG101 is compensated for by presence of PAD4, whereas SAG101 only partially
complements pad4 (Feys et al., 2005; Wagner et al., 2013). To study EDS1-based
heterocomplexes in a different species we investigated the EDS1-family proteins in Nb.
Besides PAD4, most Solanaceae genomes encode for two SAG101 isoforms, both
interacting with EDS1 in Y2H and in planta. Orthologs of tomato (Solanum lycopersicum (SI))
and Nb were transiently expressed in Nb, delivering identical results: In contrast to
Brassicaceae, solely SAG101b is the crucial heterocomplex partner of EDS1 in the
TNL-dependent defense pathway in Solanaceae, whereas PAD4 does not appear to have

any immune functions.

An interspecies approach displayed that the orthologous EDS1-family proteins of At were not
able to complement an endogenous loss of the respective proteins in Nb. However, the
tomato orthologs were sufficient to complement an endogenous deficiency of the EDS1
family proteins of At accession Columbia (Col-0). Intriguingly, not SIEDS1-SISAG101b but
rather SIEDS1-SIPAD4 was sufficient for complementation. Moreover, transfer of the gene
coding for the TNL Rogl (Recognition of XopQ 1; from Nb) to At Col-0 led to plants resistant
against the Pst strain DC3000. Interestingly, EDS1-PAD4 was needed for a defense reaction
in At even by transferring a transgene encoding a TNL from Nb; a loss of SAG101 showed

no significant difference in comparison to the wt if infected with Pst DC3000.

Functional analysis of EDS1 and SAG101b, respectively, revealed that an N-terminal
hydrophobic interaction motif (TIVVL in EDS1 and FLLLL in SAG101b) was essential for the
formation of the heterocomplex and crucial for TNL-dependent defense signaling. We
introduced mutations on several positions of SIEDS1. An exchange at position F435 to
glutamate abolished immune functions whereas the heterocomplex formation seemed to be
unaffected. Furthermore, it was investigated which part of SISAG101b is important for
TNL-mediated resistance, and might differ from the inactive SAG10la. We therefore
constructed genes encoding for chimeric proteins of the N-terminal part of SAG101b and the
C-terminal part of SAG101a (Nb-Ca) and vice versa (Na-Cb). The Na-Cb chimera was able
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to partially restore XopQ induced cell death. Abolished functions of SIEDS1_F435E as well
as immune competence of the Na-Cb-chimera of Sagl0la clearly indicated that the C-

terminal parts of the proteins are involved in the functionality of the heterocomplex.
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3.6. Additional results to publication Gantner et al., 2019: Identification of

candidate interactors of SIEDS1-based heterocomplexes by Y3H screening

One plausible hypothesis how EDS1 complexes could function in the TNL-mediated immune
pathway is by recruitment of further protein interaction partners. Therefore, a yeast-three-
hybrid (Y3H) library screen, using the tomato EDS1-PAD4 complex as bait, was conducted
to identify candidate interactors in an unbiased approach. The different steps that were
undertaken are summarized in Figure 7. In total, 18 candidate interactors were identified. In
the following, the Y3H screen, as well as subsequent analyses of candidate interactors will

be described.
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Figure 7: Flow sheet of the experimental setup to identify unknown interacting partners of the
EDS1-based heterocomplex

(A) Flow sheet of the following section, starting with the Y3H library screen, a significance test, identification of the
cDNA-fragments of prey, and further specificity approaches, resulting in 18 potential interactor candidates. (B)
Modified bait plasmid to reconstitute the entire SIEDS1-SIPAD4 heterocomplex afterwards used for an Y3H
(yeast-three-hybrid) library screen and co-immunoprecipitation in Yeast, demonstrating that the heterocomplex is
build (C) Depiction of the expressed baits used for the Y3H specificity test and illustration of functional principles
of an Y3H by reconstitution of a GAL4-transcription factor. E = EDS1, P = PAD4, IA = Interactor, Ad = Activation
domain, BD = Binding domain, VIGS = Virus induced gene silencing, FRET = Fluorescence resonance energy
transfer.
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3.6.1. Modified Y2H library screen considers EDS1-based heterocomplex formation

One method to identify candidate interactors of a protein of interest is a yeast-two-hybrid
(Y2H) screen. Y2H is based on the GAL4-TF, which has been separated into the
DNA-binding (BD or ‘bait’) - and the transcription activation domain (AD or ‘prey’). To test for
an interaction between proteins, they are fused to either AD or BD and co-transformed into
the yeast strain Saccharomyces cerevisiae PJ69-4a, which are unable to synthesize adenine
and histidine. In case of an interaction, the GAL4-TF will be reconstituted and reporter genes
will be transcribed, enabling the yeast to grow under selective conditions (James et al.,
1996). In this thesis HIS3 and ADE2 were chosen as selective markers. As bait we modified
the pGBK-vector (Takara Bio, Saint-Germain-en-Laye, France) as depicted in Table 2 and
Figure 8. The gene encoding for SIPAD4 was fused to the gene fragment encoding for the
BD of pGBK. Additionally, a second transcription unit was added to the vector’'s backbone for
the constitutive expression of SIEDS1-3xHA to allow SIEDS1-SIPAD4 heterocomplex
formation. The final bait plasmid is schematically shown in Figure 7B. Due to the addition of a
second transcriptional unit in the backbone of the bait plasmid, three proteins are involved in
this approach, thus termed Y3H.

To test whether the heterocomplex of SIEDS1-SIPAD4 is formed in yeast, interaction assays
were done. Figure 7B shows a co-immunoprecipitation of the SIEDS1-SIPAD4
heterocomplex that was utilized to validate the ability of the modified bait plasmid to express
and constitute the heterocomplex in both orientations (SIEDS1 or SIPAD4 as fusion to the
BD, positive control | and Il of Table 2).

Table 2: Bait plasmids used for the interaction studies in yeast

Plasmid-Nr.  Abbreviation Description

pJOG44 single protein | pGBK_BD(Gal4)-myc-att-S/EDS1

pJOG46 single protein I pGBK_BD(Gal4)-myc-att-S/IPAD4

pJOG182 positive cantrol |  |pBGK_p(GAP)-5/PAD4-3xHA_BD(Gal4)-myc-att-S/EDS1
pJOG183 positive control Il |pBGK_p(GAP)-S/EDS13xHA_BD-myc-att-S/PAD4
pJOG194 negative control | |pBGK_p(GAP)-S/PAD4-3xHA_BD(GAL4)-myc -att-GFP
pJOG195 negative control Il |pBGK p(GAP)-S/EDS1-3xHA BD(Gal4)-myc-att-GFP

A cDNA library of pepper (Capsicum annuum (available in the Bonas lab)) was used to
screen for proteins interacting with the SIEDS1-SIPAD4 heterocomplex. The library had been
prepared using a mixture of infected (with the Xcv strain 85-10) and uninfected leaf material
of pepper plants (ECW-10R and ECW-30R) (Szczesny et al., 2010).

Saccharomyces cerevisiae strain PJ69-4a was co-transformed using the LIAC/SS carrier
DNA/PEG method (Gietz&Schiestl, 2007) with the plasmid positive control Il (Table 2) and
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the cDNA library contained in the (pGADT7) vector. Yeast transformants were plated on
selective media without leucine, tryptophan, histidine, and adenine hemisulfate (-LWHA), and
subsequently incubated at 30°C for three days. A lack of W and L select for
co-transformation (pGBK and pGAD), while only those co-transformants expressing an
AD-fusion interacting with the BD-fusion (bait) should grow on media additionally lacking
Adenine (Ade) and Histidine (H). Approximately 400 co-transformants growing on selective
media were replica-plated and about 200 were further analyzed. The plasmids of 181 yeast
colonies were isolated with the EZ Yeast™ Plasmid Prep Kit (G-Bioscience, St. Louis) and
transformed via electroporation into E. coli for amplification. The transformed bacteria were
plated on LB media containing ampicillin to select for the presence of the respective prey
plasmids, followed by re-isolation from E. coli. Subsequently, the prey plasmids were
co-transformed with six different baits (Table 2) in order to validate the specific interaction of
the cDNA-library fragments with the SIEDS1-SIPAD4 heterocomplex. As an example, eight
of these yeast-transformants carrying the fished cDNA-library parts, co-expressed with one

of the six control plasmids, are shown in Figure 8.
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single protein| = BD-myc-S/EDS1
single protein Il = BD-myc-S/IPAD4

positive control | = SIPAD4-HA//BD-myc-SIEDS1

positive control Il = SIEDS1-HA//BD-myc-S/IPAD4
negative control | = SIPAD4-HA//BD-myc-GFP (BD>)

negative control | = SIEDS1-HA//BD-myc-GFP (BD)

Figure 8: Example of Y3H cDNA library screen

A) lllustration of the baits which were used for the Y3H cDNA library screen. B) Co-transformation of yeast
carrying the cDNA fragments of the pepper library fused to the AD together with six different control plasmids to
validate specific interactions with the EDS1-PAD4 heterocomplex of tomato (Solanum lycopersicum (Sl)). Here,
yeast co-transformants are shown replica plated with tooth sticks to the most stringent media condition (SD —
LWH-Adenine hemisulfate). Interestingly, only one of the shown yeast co-transformants interacts with the single
proteins, PAD4 and EDS1 as well. All other potential interactors seem to need the heterocomplex for an
interaction. None of the shown co-transformants were able to interact with the negative control BD-GFP with
neither EDS1 nor PAD4 (negative control | and I1).
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The yeast co-transformants carrying the prey plasmids and one of the indicated bait plasmids
were replica plated onto the medium with the most stringent selection (without LWH and
adenine hemisulfate), indicating a strong interaction. Interestingly, 90 % of all positive
interacting yeast co-transformants only exhibited growth under stringent media conditions if
SIEDS1 and SIPAD4 are both co-expressed. 181 primary candidates identified from the
cDNA library were tested for specificity, resulting in 68 yeast co-transformants that only grew
under selective conditions if co-expressed with the positive controls (or additionally with the
single proteins as well) in the re-transformation procedure (as shown in Figure 8) and were

thus selected for further analysis.

3.6.2. Identification, full length cloning and validation of corresponding genes of Solanum

lycopersicum

The prey plasmids of positive yeast clones were sequenced by Eurofins Genomics (former
GATC, Ebersberg). Sequences were aligned to the cDNA of tomato using BLAST (basic
local alignment search tool). The program BLASTn (nucleotide to nucleotide db) was applied
and the Tomato Genome cDNA (ITAG release 2.40) was used as database
(https://solgenomics.net/tools/blast/). Table 3 lists all potential interactors identified by
BLASTN.
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Table 3: Potential interactors identified by BLASTn

Found

Description

Solyc-ldentifier

BEL1-like homeodomain protein 1(l)

Solyc11g068950.1.1

ZZ type zinc finger domain-containing protein

Solyc03g112230.2.1

Gras10

Solyc03g025170.1.1

DNA-binding bromodomain-containing protein

Solyc07g064700.2.1

Kinase family protein

Solyc11g042990.1.1

Heavy metal-associated domain containing protein

Solyc01g098760.2.1

Dnal (Fragment)

Solyc01g105780.2.1

Unknown Protein |

Solyc11g007510.1.1

Erythroid differentiation-related factor 1-like protein

Solyc06g065360.2.1

Unknown Protein Il

Solyc04g081420.2.1

Nucleic acid binding protein

Solyc07g008490.2.1

26S protease regulatory subunit 4

Solyc06g083620.2.1

Phenylalanine ammonia-lyase

Solyc09g007900.2.1

Proteasome subunit beta type

Solyc07g016200.2.1

Acyl-CoA oxidase 6

Solyc10g008110.2.1

RNA helicase DEAD27 SIDEAD27

Solyc08g076200.2.1

Nuclear pore complex protein Nup155

Solyc07g008160.2.1

Calcium-dependent protein kinase 3

Solyc01g112250.2

Transcription initiation factor TFIID subunit 12

Solyc09g009680.2.1

Protein LSM14 homolog B

Solyc05g009980.2.1

Auxin response factor 8-1

Solyc03g031970.2.1

Auxin response factor 8B

Solyc02g037530.2.1

Phosphoglucan water dikinase

Solyc09g098040.2.1

Protein VAC14 homolog

Solyc04g008010.2.1

AP2 domain-containing transcription factor

Solyc10g075030.1.1

Photosystem 1 reaction center protein subunit 2

Solyc06g054260.1.1

Zinc finger protein VAR3, chloroplastic

Solyc01g057780.2.1

F-box/ankyrin repeat protein SKIP35

Solyc08g015780.2.1

Glutamyl-tRNA amidotransferase subunit A

Solyc11g071550.1.1

DAG protein; contains Interpro domain(s)

Solyc10g007180.2.1

BEL1-like homeodomain protein 1(l1)

Solyc01g007070.2.1

BURP domain-containing protein

Solyc05g005540.2.1

Dynein light chain 1 cytoplasmic

Solyc06g071180.2.1

Receptor-like protein kinase

Solyc11g065950.1.1

SWI/SNF complex subunit SMARCC1

Solyc06g060120.2.1

Bell-like homeodomain protein 3 bl3

Solyc08g081400.2.1

Anaphase promoting complex subunit 6

Solyc12g014320.1.1

Poly(RC) binding protein 1

Solyc12g055780.1.1

Heterogeneous nuclear ribonucleoprotein K

Solyc12g055790.1.1

Small nuclear ribonucleoprotein E

Solyc03g098470.2

Calmodulin binding protein-like

Solyc12g036390.1

Genomic DNA chromosome 5 BAC clone F6B

Solyc06g083660.2.1

Catenin beta-1

Solyc05g026560.2.1

Actin family protein

Solyc06g043170.2.1

WRKY transcription factor 17 SIWRKY17

Solyc07g051840.2.1

Pre-plastocyanin X13934

Solyc04g082010.1.1

Phospholipase D

Solyc04g82000.2.1

RlRrlr|r|rrr|RrRr|oRr IR, ]RrRrRrRr[RrRr|ErIN[RIN]Rr]RrRrRr]RrN|Rr R, Rr[Rr|lw|Rr|Rr|Rr]Rr|Rr]RrRr[o]|S|lO ||~

Contains similarity to RNA-binding protein from At gi 2129727

Solyc01g098030.2.1
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Out of 68 sequenced prey plasmids, 49 different candidate interactors were identified.
Subsequently, full length coding sequences were amplified with PCR from cDNA of Sl as a
template and cloned via a GG reaction into pJOG130 (Gantner et al., 2018), a Gateway entry
vector. Thereafter, the experiment shown in Figure 8 was repeated with the full length cDNAs
of the potential interactors. In total, the coding sequence of 35 potential interactors were
cloned and tested in full length. Of those, 18 specifically interacted with the heterocomplex

under the selective conditions, lacking LWH and adenine hemisulfate (data not shown).

At this point it was discovered that, in contrast to At, PAD4 has no function in the Solanaceae
TNL-mediated resistance signaling. Only SAG101b was able to re-constitute an active
heterocomplex with EDS1, capable of eliciting an immune response via the TNL pathway
(Gantner et al., 2019). Therefore, SAG101b was tested for its ability to specifically interact
with the proteins identified as potential interacting partners from the Y3H-screen with the
SIEDS1-SIPAD4 heterocomplex. The 18 potential interactor candidates were co-expressed
with a new bait (pJOG778) carrying the coding sequence for the BD-SISAG101b fusion
protein instead of SIPAD4 in combination with SIEDS1-3xHA. All 18 candidates showed an

interaction with this active heterocomplex under selective media conditions (Table 4).

Additionally, the 18 interactor candidates were aligned with BLAST to the Arabidopsis
genome (TAIR) and the predicted orthologous coding sequences from At were cloned. It was
possible to amplify the coding sequences of 17 orthologous which were shuttled to pGAD.
Fused to the GAL4 AD, the orthologs were tested for interactions with BD-AtPAD4 and
BD-GFP additionally co-expressed with AtEDS1-3xHA. Interestingly, only 5 out of 17
orthologous potential candidates were able to interact with the EDS1-PAD4 heterocomplex of
At in Y3H (data not shown, validated by replica plating with toothpicks). Moreover, a
subcellular localization of the candidate interactors of S| was predicted using TargetP 1.1
(http://www.cbs.dtu.dk/services/TargetP/, Table 4).
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Table 4: Candidates specifically

interacting with

heterocomplexes, their predicted localization, and interaction of the At-orthologs

the SIEDS1-SIPAD4 and SIEDS1-SISAG101b

Found |Descripti Solyc-ldentifier predicted localization| At -Identifier |ortholog
1|Heavy metal-associated domain containing protein Solyc01g098760.2.1 |no prediction At5g19090 no
2(Protein LSM14 homolog B Solyc05g009980.2.1 |chloroplast Atlg26110 no
1|WRKY transcription factor 17 SIWRKY17 Solyc07g051840.2.1 |no predicition AT1G62300  |[yes
1({BEL1-like homeodomain protein 1 (1) Solyc11g068950.1.1 |chloroplast AT2G35940  |yes
1|{Nucleic acid binding protein Solyc07g008490.2.1 |no predicition At4G26000 no
1|265 protease regulatory subunit 4 50lyc06g083620.2.1 |no predicition not tested
1|Proteasome subunit beta type Solyc07g016200.2.1 |no predicition not tested
1|Genomic DNA chromosome 5 BAC Solyc06g083660.2.1 |no predicition ATAG28760 no
1|Contains similarity to RNA-binding protein from At gi 2129727 |Solyc01g098030.2.1 |mitochondrion AT1G53645 yes
3|DNA-binding bromodomain-containing protein Solyc07g064700.2.1 |mitochondrion At5G55040 no
1|Unknown Protein (AHRD V1) Solyc11g007510.1.1 |no predicition At3G52240 no
1{Unknown Protein (AHRD V1) Solyc04g081420.2.1 |no predicition At1G75730 no
2|Auxin response factor 8-1 Salyc03g031970.2.1 |no predicition At5G37020 no
2|F-box/ankyrin repeat protein Solyc08g015780.2.1 |no predicition At2G44090 no
1|DAG protein contains Interpro domain(s) Solyc10g007180.2.1 |mitochondrion At3G15000 yes
1|BURP domain-containing protein Solyc05g005540.2.1 |secretory pathway At1G70370 no
1{Dynein light chain 1 cytoplasmic Solyc06g071180.2.1 |chloroplast At5G20110 no
1{Poly(RC) binding protein 1 Solyc12g055780.1.1 |no predicition At1G51580 yes
177 type zinc finger domain-containing protein Solyc03g112230.2.1 |no prediction At4G24690 no (but not toxic)

Summarizing, 18 of 35 tested candidate interactors of Sl are able to induce a growth in Y3H,
when co-expressed with the SIEDS1-SIPAD4 and SIEDS1-SISAG101b heterocomplexes,
whereas only 5 of the orthologous interact with the EDS1-PAD4 complex of At.

It could be shown that EDS1 localizes to the cytosol and the nucleus (Feys et al., 2005). A
potential interactor has to be located in the same compartments, which in consequence
excluded all interacting candidates from further analyses if they are not localized in the

cytoplasm or the nucleus.

3.6.3. Virus-induced gene silencing of candidate interactors

For further analysis of the biological significance of putative interactions, VIGS (virus induced
gene silencing) was performed. VIGS is based on the dsRNA-induced post-transcriptional
degradation of targeted plant mMRNA by infection with a modified TRV (tobacco rattle virus),
which leads to a knock-down of a gene of interest. TRV is a bipartite ssSRNA virus, consisting
of RNA1 and RNA2. For VIGS applications, the two parts are placed on two binary vectors,
pTRV1 and pTRV2, competent for transient expression in planta via Agrobacterium-mediated
transient expression (Liu et al., 2012). One vector carries TRV1, which encodes the
replication and movement functions, while TRV2 encodes for the coat protein and carries the
variable sequence complementary to the targeted RNA (Velasquez et al., 2009). The
integration of the (transfer) T (transfer)-DNA of both plasmids into the plant genome (via
Agrobacterium tumefaciens) enables the replication of the viral components and the
assembly of viral particles, resulting in a systemic spread of the virus through the whole
plant. Nb is able to recognize the assembled virus and defend against virus multiplication by
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targeting the produced viral RNA for sequence-specific mMRNA degradation. The variable
sequence of TRV2 is thereby recognized by the plant, which induce the production of siRNAs
(small interfering RNAS), resulting in targeting and degradation of the corresponding mRNA
(Liu&Page, 2008).

For the construction of pTRV2 derivatives containing fragments for silencing of targeted
genes, the vector pTEI31 (Gantner et al., 2018) was used, allowing the direct insertion of a
PCR product via GG cloning. Orthologous from Nb of the candidate interactors from S| were
identified per BLASTn as described in 3.6.2, but with the predicted cDNA of Nb
(version 1.0.1) as database. cDNA fragments from Nb genes with lengths of 200 to 1300 bp
were chosen which were located in the middle of the targeted gene (within an exon) as

recommended in the literature (Liu&Page, 2008). The considered genes are listed in Table 5.

Table 5: Targeted genes for VIGS approach
Description

Heavy metal-associated domain containing protein
WRKY transcription factor 17

Nucleic acid binding protein

26S protease regulatory subunit 4

Proteasome subunit beta type

genomic DNA chromosome 5 BAC

Unknown Protein |

Unknown Protein Il

Auxin response factor 8-1

F-BOX/Ankyrin repeat protein

Poly(RC) binding protein 1

ZZ-type zink finger domain containing protein

TRV2-derivatives were transformed into Agrobacterium tumefaciens GV3101 pMP90. Strains
were plate grown and resuspended in AIM (Agrobacterium infiltration medium; 10 mM MES
pH5.4, 10 mM MgCIl,) at ODggo = 0.4. Strains were mixed 1:1 with TRV1 and inoculated into
the bottom leaves of three weeks old Nb wt plants using a needleless syringe. Fourteen days
after inoculation, the leaves were infiltrated with Pfl (Pseudomonas fluorescens) ([EtHAN]
strains expressing AvrBs3 (should not be recognized) and XopQ (EDS1-dependently
recognized), as well as Xcv-strain 85-10 (EDS1-dependently recognized, strain contains the
effector XopQ) and the Xcv AxopQ mutant (not recognized; recognition of Xcv is dependent
on XopQ). For each gene of interest, six plants were infiltrated with Agrobacterium strains for
reconstitution of respective TRV2-derivatives. Two leaves were infiltrated per plant and
phenotypically analyzed. This experiment was repeated five times. As a positive control,
Nb eds1 was silenced. Figure 9 shows the plant reaction of the four inoculated bacteria in the
edsl silenced Nb control plant, followed by the plants where putative heterocomplex

interactors were silenced.
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£sgINY [Jd

Silencing construct Phenotype lacking HR
TRV2_Heavy Metal ass. Domain containing Protein |22 of 45 leaves
TRV2_Genomic DNA Chromosome 5 BAC 5of 47 leaves
TRV2_Unknown Protein Il 22 of 54 leaves
TRV2_Auxin Response Factor 8-1 19 of 53 leaves
TRV2_Poly (RC) binding Protein 1 4 of 48 leaves
TRV2_265-Regulatory Subunit 4 lethal
TRVZ2_Proteasome subunit beta lethal

Figure 9: Phenotypic analysis of pathogen recognition in Nb after silencing of interacting candidate genes
Leafs of five silenced plants are shown (as indicated) and compared to the positive control (edsl-silenced). All
shown silenced plants behave mostly like the edsl-silenced control. Inoculated strains on the left side: Xcv
(Xanthomonas campestris pv. vesicatoria) 85-10 (bottom) and Xcv AxopQ strain (top); on the right side: Pfl
(Pseudomonas fluorescens) [EtHAN] expressing avrBs3 (bottom) and xopQ (top) respectively (ODeoo of all = 0.2).

If a potential interacting candidate would be essential for EDS1-based immune signaling,
silencing of the respective candidate interactors mRNA, should lead to nearly the same plant
phenotype past pathogen perception, as seen on the leaf of the edsl-silenced plant.
Whereas Xcv 85-10 is recognized in untreated Nb, this strain is not detected in the
edsl-silenced plant and elicits a water soaking lesion, as is would be commonly observed by
an infiltration of the virulent AxopQ mutant of Xcv in wt plants. XopQ delivered by Pfl is
recognized in Nb wt and show a clear HR-reaction, whereas AvrBs3 is not detected in Nb.
Both Pfl-strains were not recognized in the edsl-silenced control. About 40 % of plants

silenced for expression of candidate interactors Heavy Metal ass. Domain containing protein,
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Unknown protein Il, and Auxin Response Factor 8-1 showed reactions similar to eds1 control
plants, indicating that the TNL-immune signaling pathways could be impaired as depicted in
Figure 9. About 10 % of the leaves of plants in which Genomic DNA chromosome 5 BAC,
and Poly(RC) Binding Protein were silenced, showed reactions similar to the edsl-silenced
control plants, but some leaves showed an intermediate phenotype. Whereas Pfl XopQ is
recognized (clear cell death reaction), Xcv 85-10 rather induces a reaction resembling
water-soaked lesions (as observed for the non-recognized Xcv AxopQ). Two other potential
candidate interactors could not be further analyzed by this technique, because the proteins
26S Regulatory Subunit, and Proteasome Subunit Beta-type seemed to be essential.

Silenced plants died before following infection assays were possible.

3.6.3.1. In planta growth assay of plants treated with VIGS

Plants exhibited a susceptible phenotype if the genes Heavy Metal ass. Domain containing
protein, Unknown protein Il, and Auxin Response Factor 8-1 were respectively silenced and
treated with pathogens that are normally avirulent in the non-host plant Nb, as shown in
Figure 9. This susceptible phenotype is always observed in the mutant plant Nb edsla-1
(Adlung et al., 2016), indicating that those three proteins could interact with the
EDS1-SAG101b heterocomplex and that an interaction could be critical for TNL-mediated
immune signaling. If silencing of a candidate interactor influence TNL-dependent immune
signaling, an increase in the multiplication of Xcv 85-10 should also occur. An in planta
growth assays was performed in plants which were silenced with TRV2-constructs that
exhibited an susceptible phenotype as it was observed in edsl-silenced Nb. edsl and
gfp-silenced Nb were used as controls. For a growth curve, Xcv strains 85-10 and the
deletion strain Xcv AxopQ were inoculated in the bottom of leaves as described in 3.6.3, but
with an ODggo = 0.0004. Leaf discs were harvested at 0 and 6 days post infection with a cork
borer (5 mm in diameter) and disrupted in 10 mM MgCIl, by using a bead mill. Bacterial titers
were quantified via plating dilution series, and colonies were counted after three days. At
each time point samples were taken from four independent leaves and the assays were
repeated three times. Figure 10 shows the multiplication of Xcv 85-10 in comparison to 85-10

AxopQ in silenced plants as indicated.
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Figure 10: In planta growth assay of silenced interactor candidates of the phenotypical VIGS-assay
Multiplication of Xcv strains 85-10 and AxopQ were compared in VIGS-treated plants as indicated. The strains
were infiltrated with an ODsggo = 0.0004. Leaf material was harvested 0 and six days post infection. Dilution series
were plated and bacterial titer was determined three days post plating. Four technical replicates were made per
silenced plant. The assay was repeated three times. Statistical analysis were made with Student t-test (p<0.05).
The growth of Xcv 85-10 is increased in all silenced plants 6 dpi, accept for the edsl silenced control plant,
indicating that Xcv 85-10 is recognized in comparison to the edsl control plant and to the treatment with the Xcv
deletion strain AxopQ.

The in planta growth assay does not show an increase in bacterial multiplication of Xcv 85-10
if the expression of Heavy Metal associated Domain containing protein, Unknown protein I,
Auxin Response Factor 8-1 was silenced in comparison to the gfp silenced control plants. In
contrast, the edsl silenced plants do not recognize Xcv 85-10, resulting in an increased
multiplication which is comparable with growth rates of Xcv 85-10AxopQ. Only the
multiplication rate of Xcv 85-10 in edsl silenced plants is significantly different to the gfp
silenced plants as determined by Students t-test (p< 0.05).

3.6.4. FRET-APB of candidate interactors

To further analyze promising candidate interactors, a microscopy-based approach was
selected. Fluorescent proteins were fused to the proteins of interest in order to monitor
subcellular localization, interaction, and movement of the respective fusion proteins. To
analyze protein-protein interaction in planta via fluorescence the method FRET (Forster
resonance energy transfer) was used. In FRET, a donor chromophore is excited with the
suitable laser line. In this state, part of the emission energy can be transferred to a nearby
acceptor chromophore without energy loss via dipol-dipol coupling (Hecker et al., 2015).
FRET depends on spectral overlaps of the donor and acceptor fluorophores and is most
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efficient if the distance between the chromophores is smaller than 10 nm
(Jares-Erijman&Jovin, 2003). In this approach the FRET-APB (acceptor photo bleaching)
technique was used, in which the acceptor fluorophore is bleached. As a consequence, the
donor is not able to transfer its emission energy which will be brighter, but only if the two
chromophores are in close proximity (Bhat et al., 2006). Improved fluorophores (NEGFP as
donor, and mCherry as acceptor) within the modular cloning nomenclature were used as
fusion proteins (Hecker et al., 2015; Gantner et al., 2018). The donor-fluorophore mEGFP
was C-terminally fused to the candidate interactors. A multi-gene construct was created
carrying SISAG101b fused to the acceptor fluorophore mCherry (monomeric red fluorescent
protein, derived from dsRED (Shaner et al., 2004)), and a second transcription unit coding for
SIEDS1 with a C-terminal 3xFLAG octapeptide tag (pJOG1067). As a negative control, a
multi-transcriptional unit was constructed, carrying mCherry as single transcription unit and
as a second one SISAG101b-3xFLAG (pJOG1069). All plasmids used for FRET-APB are
illustrated in Figure 11A. The plasmids were respectively transformed to Agrobacterium
tumefaciens GV3101 pMP90. Strains were plate grown and resuspended in AIM at
ODggo = 0.4. Strains carrying the plasmids encoding for the candidate interactors were mixed
1:1 with strains either carrying pJOG1067 or pJOG1069, and inoculated into leaves of three
weeks old Nb wt (wild-type) plants using a needleless syringe. Measured FRET-efficiencies
of common controls, which were also used in the corresponding publication (Gantner et al.,
2019), as well as the efficiencies of the tested candidate interactors in co-expression with the
heterocomplex (pJOG1067) are shown in Figure 11B, arranged in a Boxplot. Figure 11C
displays the same candidate interactors but in co-expression with the negative control
(pJOG1069), solely mCherry as acceptor together with SISAG101b-3xFLAG. The median of
the FRET-efficiencies are further listed together with the localization in co-expression with
the SIEDS1-SISAG101b heterocomplex in Figure 11D.
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Heavy metal-associated domain containing protein |Solyc01g098760.2.1 |cytoplasm/nucleus 5.07
WRKY transcription factor 17 S/IWRKY17 Solyc07g051840.2.1 |cytoplasm/nucleus ++ 2.19
Proteasome subunit beta type Solyc07g016200.2.1 |cytoplasm/nucleus 5.51
Unknown Protein IT Solyc04g081420.2.1 |cytoplasm/nucleus ++ 3.91
Auxin response factor 8-1 Solyc03g031970.2.1 |nucleus 3.89
Poly(RC) binding protein 1 Solyc12g055780.1.1 |cytoplasm/nucleus -1.73
ZZ type zinc finger domain-containing protein Solyc03g112230.2.1 |cytoplasm/nucleus ++ 6.74

Figure 11: subcellular localization and FRET-APB of interacting candidates

(A) Transcription units coding for the potential candidate interactors are shown. Additionally, either a multigene
construct carrying p35S:SIEDS1-FLAG-tmas (p35S: = 35S promoter, tmas = MAS-terminator) and
p35S:SISAG101b-mCherry-t35S (t35S = 35S-terminator), encoding the essential heterocomplex. As a negative
control, a second construct coding for only 35S:mCherry-t35S with an additional transcription unit
35S:SISAG101b-FLAG-tmas are imaged. (B) Boxplot of FRET-efficiencies of indicated controls follwed by the
SIEDS1-based heterocomplex or (C) of the negative controls as shown in (A), co-expressed with the candidates
interactors. Black lines within the Boxplots display the median, the red dashed line the cero-point of the FRET-
efficiency, and the horizontal category exhibit the FRET-efficiency in percentage (%). Except for Poly(RC) binding
Protein 1, all interacting candidates showed a positive median FRET efficiency in (B) and a negative median
efficiency in (C). (D) Table with tested candidate interactors, their localization, and FRET-efficiency (median).
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Interestingly, only one interacting candidate, Poly(RC) binding protein, does not show a
positive FRET-efficiency, if co-expressed with the SIEDS1-SISAG101b heterocomplex,
whereas all other tested interactor candidates show a positive FRET-efficiency. Furthermore,
none of the tested interactor candidates exhibited a positive FRET-signal if co-expressed
with the mCherry negative control as acceptor (pJOG1069). Overall, these data indicate that
the putative candidate interactors with a positive FRET-efficiency are probably located in
relative close proximity to the SIEDS1-SISAG101b heterocomplex. Moreover, it could be
shown that all expressed interactor candidates are located in the cytoplasm and in the
nucleus (with one exception: Auxin-response factor 8-1 is only located in the nucleus). All

proteins are stable synthesized which was verified by immunoblotting (data not shown).

3.6.5. Summary and Conclusion

The identification of proteins interacting with the heterocomplex might riddle the secrets of
the EDS1-based heterocomplexes and could help to understand how the TNL-dependent
defense pathway operates. This last part of additional results was a major project of the
thesis within the first two years. More than 1100 yeast transformants were examined in a first
screen (181 colonies retransformed with six controls), 35 cDNAs of candidate interactors
were full length cloned, and tested again. The experimental Y3H setup pointed out that
nearly all potential interactors are only able to induce a yeast growth under selective
conditions if co-expressed with the entire heterocomplex, which underlines the importance of
both partners of the heterocomplex, EDS1-PAD4 or EDS1-SAG101b.

Two following approaches VIGS, and FRET, identified three potential interacting proteins,
Heavy metal-associated domain containing Protein, Unknown Protein Il, and Auxin-response
Factor 8-1, which were tested as positive candidates in both setups and will be shortly

described in the following passage.

Proteins containing an HMA (heavy metal associated) domain are targets of effectors to
deregulate the homeostasis of the plant cell. They are required for spatio-temporal
transportation of metal ions which bind to a variety of enzymes and co-factors in a cell (Imran
et al., 2016). Therefore, HMA domains are integrated to NLRs to serve as bait for a pathogen
arrived effector protein, mimicking the host target, which was for example shown for Pik-1 of
rice (Kanzaki et al., 2012; Zhai et al., 2014; Magbool et al., 2015). It could be speculated that
a NLR containing such an HMA domain interacts with the EDS1-based heterocomplexes to
induce a defense program or to bolster an immune reaction. Another possibility might be that
EDS1-based complexes interact with this protein to regulate the metal ion concentration of

the cell in order to induce a defense reaction. Unknown protein Il does not have any
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description in literature. The orthologous protein of At, Transcriptional Regulator ATRX, is
located in the nucleus and is involved in transcriptional regulation (arabidospis.org/(Klepikova
et al., 2016)). After perception of a pathogen transcriptional reprogramming takes place. A
regulator of the transcription might be a possible interacting candidate. Nevertheless, the
localization of Unknown Protein Il is in the cytoplasm as well, in comparison to its orthologue,
and might fulfill another function in the cytoplasm except for regulatory tasks in the nucleus.
ARFs (Auxin response factors) play an essential role in the regulation of plant growth,
development, and respond to biotic and abiotic stress (Santner&Estelle, 2009). 17 ARFs of
Sl are identified and a comparison with ARFs of other plants within the Solanaceae provides
a common repertoire of these proteins in Solanaceae (Kumar et al., 2011). It is known that
auxin plays a role in mediating plant defense response together with other phyto-hormones.
For example, SA is able to repress the auxin signaling pathway. After pathogen perception,
an accumulation of ARFs is observed (Wang et al., 2007). The stabilization of these proteins
might serve as a negative regulatory mechanism for immune responses, possibly via
interaction with EDS1.

However the in planta growth curve, in which the respective genes were silenced, revealed
no differences in bacterial growth, compared to the control. Moreover, the orthologs of all
three interacting candidates of At did not interact with the respective EDS1-PAD4
heterocomplex in the Y3H assay. A validation of physical interaction was only detected with
FRET. Further analyses will be necessary to confirm an interaction and proof a relevance in
TNL-dependent immune signaling.
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4. Discussion

The first two sections of this thesis are more technology- and resource-oriented: molecular
cloning tools and mutant lines of N. benthamiana and A. thaliana were generated. This work
is discussed in the respective publications. In the following, my work on EDS1 functions in

TNL-mediated immunity will be discussed in more detail.

4.1. N. benthamiana as a model system for analysis of TNL-mediated

immunity

The signaling cascade underlying immunity mediated by TNL-type immune receptors in At
depends on the lipase-like protein EDS1 (Aarts et al., 1998; Feys et al., 2001; Feys et al.,
2005). EDS1 engages into mutually exclusive heterocomplexes with PAD4 or SAG101
(Wagner et al., 2013). PAD4 and SAG101 are similar to EDS1 and also to each other, but
the three proteins belong to distinct phylogenetic clades. Interestingly, SAG101 is missing in
genomes of plants lacking TNL-encoding genes, e.g. monocotyledons and in the genomes of
Aquilegia coerulea or Mimulus guttatus eudicot genomes (Wagner et al., 2013). Although this
finding suggests a functional link, a relevance of SAG101 in TNL-mediated immunity was so
far neglected based on analyses in the Arabidopsis model system: In Arabidopsis, SAG101-
deficient plants are not impaired in resistance responses, and a minor contribution of
SAG101 is revealed only in absence of PAD4 (Feys et al., 2005; Wagner et al., 2013). In
other words, the EDS1-PAD4 complex is fully sufficient for immune responses, and
EDS1-SAG101 is not required. Based on these observations, EDS1 and PAD4 were
considered as the players required for pathogen resistance (Bernacki et al., 2019), although
this was not corroborated by experimental data from alternative plant species.

Despite a large body of genetic data supporting a contribution of EDS1 complexes to diverse
biological processes (Bernacki et al., 2019), the molecular functions at a mechanistic level
remained unclear. Surprisingly, the crystal structure of the Arabidopsis EDS1-SAG101
complex and modeling of the EDS1-PAD4 complex did not provide new hints on the
molecular function of these complexes. Since for structure-function analyses of EDS1
complexes in Arabidopsis the generation of stable transgenic lines is required, we aimed to
establish Nb as a new model system for EDS1 structure-function analyses. The key
advantage of Nb lies in highly efficient protein expression by Agrobacterium-mediated
transient expression (Agroinfiltration) (Kapila et al., 1997; Wydro et al., 2006; Bombarely et

al., 2012). However, Nb was so far not an ideal genetic model due to its allotetraploid
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genome and incomplete genome annotation. Previously, mainly virus-induced gene silencing
was used for functional gene analyses in Nb, but this approach has important caveats (Peart
et al., 2002; Yu et al., 2019). With reduced costs of next generation sequencing and genome
editing technologies, Nb is now becoming increasingly important for both forward and
reverse genetic analyses (Derevnina et al., 2019; Schultink et al., 2019). With the genetic
dissection of TNL signaling pathways, this thesis made an important contribution to establish

Nb for analysis of EDS1 functions.

4.2. Different EDS1 complexes operate in plant immunity in Arabidopsis and

Solanaceae: Co-evolution within species-specific signaling networks

One prerequisite for functional analysis of a gene of interest in Agroinfiltration-based Nb
assays will be, at least in many cases, disruption of the respective endogene. We chose to
use Cas9-based RNA-guided nucleases for this purpose. As the technology had just

emerged, this implicated that first adequate tools had to be developed (Ordon et al., 2017).

In an initial set of stable Nb transformations, edsl and pad4 mutant plants were generated
(Ordon et al., 2017). NbEDS1 was previously analyzed using VIGS, and several inducers of
an EDSI1-dependent hypersensitive response (or cell death) had been described
(Burch-Smith et al., 2007; Swiderski et al., 2009). The Nb eds1 mutant line was instrumental
to show that the T3E XopQ from Xcv 85-10 induced an EDS1-dependent cell death in Nb
(Adlung et al., 2016).

In this context, it is interesting to note that Nb was considered a non-host for Xcv, but
deletion of XopQ was sufficient to render Xcv virulent on Nb (Adlung et al., 2016). This
guestions the common notion that different mechanisms underlie non-host resistance and
race-specific resistance, at least for plant species that are closely related to host species — in
the case of Xcv, pepper and tomato isolates. This incompatible interactions between a
pathogen and a plant suggests that avirulence of a pathogen isolate on “non-hosts” of the
same plant family to a host is mainly caused by effector recognition, while divergent evolution
of effector targets (thus rendering effectors non-functional) may underlie incompatibility on

more distant plant species (Schulze-Lefert&Panstruga, 2011).

When expressed in leaf tissues after Agroinfiltration, XopQ induced chlorosis or necrosis in
wt, but not edsl-mutant Nb lines (Adlung et al., 2016). These findings correlated with
Xcv-infection studies: Although Xcv 85-10 does not induce a strong HR in Nb, it did also not
produce water-soaked lesions, the typical Xcv-induced disease symptoms. However, Xcv

became virulent on edsl mutant plants, and an Xcv AxopQ mutant strain was virulent on
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both wt and edsl-deficient Nb plants (Adlung et al., 2016; Gantner et al., 2019). These
results strongly suggested recognition of XopQ by a TIR domain-containing NLR. Indeed, the
respective gene, Rogl (Recognition of XopQ 1), was subsequently isolated (Schultink et al.,

2017), thus complementing the set of components of our experimental system.

Having identified XopQ as an inducer of EDS1-dependent immunity in Nb, the initially
generated edsl and pad4 mutant lines were tested for induction of cell death/chlorosis and
also resistance to Xcv 85-10 bacteria (Gantner et al., 2019). Surprisingly, only eds1 mutant
plants were unable to mount XopQ-induced defenses. An initial assumption was that PAD4
and SAG101 functioned redundantly in TNL-mediated immunity in Nb, and SAG101 isoforms

were targeted by genome editing in the background of the pad4 mutant line.

Detailed analyses of generated mutant lines revealed that only one of these SAG101
isoforms, NbSAG101b, functioned in TNL-mediated immunity in Nb. These experiments were
conducted using a pad4 sagl0la sagl01lb (pss) triple mutant line and relying on transient
complementation: Cell death induced by either XopQ, the TIR-domains of the TNLs AtDM2h
or AtRPS4 or the co-expression of the TMV Helicase protein p50 together with the tobacco
TNL receptor N (Burch-Smith et al.,, 2007) could be re-established by co-expression of
SAG101b, but not SAG101a or PAD4 in this mutant line (Gantner et al., 2019). These results
were fully confirmed using a subsequently generated Nb sag101b single mutant line (Lapin
et al., 2019), leading to the hypothesis that TNLs in general are dependent on
EDS1-SAG101b for defense signaling in Nb (Figure 12), whereas functions of EDS1-PAD4

and EDS1-SAG101a complexes in this species remain unknown.

Thus, the central function of EDS1 in immune signaling networks of dicotyledonous plants is
conserved — but executed by EDS1 in complex with proteins of distinct phylogenetic origins
in Brassicaceae and Solanaceae as shown in Figure 12. This suggests the co-evolution of
these complexes within immune signaling networks of different species. Furthermore, EDS1
complexes mediating immune signaling in Brassicaceae (AtEDS1-AtPAD4) are not functional
in Solanaceae, and vice versa (SIEDS1-SISAG101b) (Gantner et al., 2019). One most
plausible hypothesis is that these complexes do not form a functional module by themselves,
but co-evolved with additional protein interactors that are required to complete the EDS1
signaling node.
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Figure 12: EDS1 recruits different interaction partners for immune signaling in Nb vs. At

Signaling cascade upon effector recognition by TIR domain-containing NLRs in Nb and At. While in Nb, SAG101b
is needed to build a heterocomplex with EDS1 to induce an ETI after perception of XopQ, PAD4 is the more
important heterocomplex partner in At. ATR1 (A. thaliana Recognized 1) is recognized by the R protein RPP1
(Recognition of Peronospora Parasitica 1) and activates the EDS1-PAD4 heterocomplex, required for ETI

induction.

4.3. Identification of candidate interaction partners of EDS1- heterocomplexes

in Solanaceae
4.3.1. AY3H library screen employing the tomato EDS1-PAD4 complex as bait

Previous and this work indicate that EDS1 activity in TNL-mediated immunity depend on
formation of EDS1-based heterocomplexes (Wagner et al., 2013; Gantner et al., 2019). It is,
thus, reasonable to speculate that interactors required for mediating immune functions are
recruited by the heterocomplex, but not single components. This aspect had not been taken
into account in previous efforts to identify EDS1 interacting proteins. Therefore, a
yeast-three-hybrid screen, using the EDS1-PAD4 complex from tomato as bait, was

conducted in this thesis and described in 3.6.1.

A modified bait plasmid, possessing two transcriptional units for the expression of both

subunits of the heterocomplex, was first constructed. Using this bait, 35 of full length cDNAs
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(from tomato; the initial screen was conducted with a library prepared from pepper cDNA)
were cloned and interaction tests repeated. For 18 (Table 4, section 3.6.2), interaction of the
bait with the full length prey proteins could be confirmed. Interestingly, most of them
interacted only with the heterocomplex (the Y3H bait), and not with the single proteins
SIEDS1 or SIPAD4 in fusion with the GAL4 DNA-binding domain (classical Y2H bait). This
indicates that only the heterocomplex itself (at least in yeast) is able to physically associate

with the candidate interactors.

Since we had discovered in the meantime that, in Solanaceae, not the EDS1-PAD4 but the
EDS1-SAG101b complex was crucial for TNL-mediated immunity, association of potential
interactors with this complex was tested in similar Y3H assays. Interestingly, all 18
candidates (Table 4, section 3.6.2) that interacted with SIEDS1-SIPAD4 also interacted with
SIEDS1-SISAG101b. Thus, a combined surface present in both heterocomplexes might be
conserved between EDS1-PAD4 and EDS1-SAG101. Alternatively, candidate interactors
might associate with EDS1 incorporated in either complex, but not EDS1 alone, e.g. due to a

conformational change induced by complex formation.

The 18 remaining candidate interactors belonged to diverse protein families and did not
share any conserved domain or comparable, which could represent a common EDS1
complex-binding motif. To date, a physiological relevance or function of the interactions
detected by Y3H remains to be demonstrated. Indeed, three of these proteins (Table 4
section 3.6.2) are predicted to localize within chloroplasts, and are thus likely false positives
that do not come in contact with EDS1 complexes inside plant cells. Yeast-based interactor
screening can only be seen as a first indication for an interaction in vivo and must be

confirmed via multiple approaches (Paiano et al., 2019).

4.3.2. Knock-down of candidate interactor genes by virus-induced gene silencing

If association between a candidate interactor and the EDS1-based heterocomplex is
essential for defense signaling, silencing of the corresponding gene is expected to lead to an
altered immune response. For VIGS, only genes encoding proteins predicted to localize to
the nucleus and/or the cytoplasm, thus the same compartment as EDS1 complexes, or
without reliable prediction were considered. In total, genes encoding Nb orthologs of 12
potential interactors (Table 5, section 3.6.3) were silenced. Plants silenced for expression of
five different genes showed altered responses to XopQ, similar to edsl-silenced control

plants (section 3.6.3).
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However, reduced responsiveness to XopQ was consistently observed for edsl-silenced
plants, but only for some of the plants silenced for expression of candidate interactors. To
date, it remains unclear whether this is due to fluctuations in silencing efficiencies among
different plants or experimental replicates, or whether respective genes might not contribute
to immune signaling. Two genes seem to be essential for plant survival as their silencing led
to death of VIGS-plants before further analyses were possible. Notably, altered responses to
XopQ were never observed upon silencing of five of the remaining genes (Table 5, section
3.6.3).

Silencing experiments will need to be extended by further analyses including measurements
of knock-down efficiencies by quantitative Reverse-Transcriptase-PCR. Also, knock-out of
respective genes by RGNs could be envisaged, but is laborious. To that end, multiple
potential orthologs were detected in Nb genome resources for most of the remaining
candidate genes. Nevertheless, varied immune responses upon silencing provide first hints

that these five candidate genes might represent interesting targets for future analyses.

4.3.3. In planta localization and interaction studies of candidate interactors using FRET-

acceptor photobleaching

To further analyze or validate interactions of candidate interactors with the
SIEDS1-SISAG101b complex in planta, FRET-APB was used and was described in section
3.6.4. In FRET-APB, two candidate interactors are coupled to suitable fluorophores for which
the emission wavelength of a donor overlaps with the excitation spectrum of an acceptor,
e.g. mEGFP and mCherry. If the two fluorophores, from interaction of the fusion partners,
come into close proximity, some emission energy of the donor is transferred to the acceptor
by FRET. In this case, elimination of the acceptor by photobleaching disrupts FRET, resulting
in stronger light emission from the donor. Thus, emission of donor and acceptor is measured
before and after acceptor photobleaching, and interaction can be detected by a gain of
emission energy of the donor after bleaching. At the same time, FRET-APB allows
observation of the subcellular localization of both fusion partners, and a potential interaction
can be queried in either compartment by APB. However, it should be noted that a positive
FRET-APB efficiency only indicates physical proximity, and not necessarily (direct)
interaction, and may be very weak, as FRET efficiency decrease with the sixth power of

distance between donor and acceptor (Bajar et al., 2016).

The candidate interactors (Table 3, section 3.6) showed an interaction in yeast assays only if
co-expressed with the EDS1-SAG101lb heterocomplex, but not individual subunits.
Therefore, SIEDS1-3xFLAG was co-expressed with SISAG101lb-mCherry as acceptor
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complex, and interactor candidates were expressed as GFP fusions as FRET donor
molecules. All tested candidates except Poly(RC) binding protein 1 resulted in positive FRET
efficiencies when co-expressed with the SIEDS1-SISAG101b heterocomplex, but not when
co-expressed with free mCherry and SISAG101b-3xFLAG as negative control. Although
further interaction tests, e.g. by co-immunoprecipitation, should be conducted, these results
support that the candidate interactors identified by Y3H might interact with EDS1-SAG101b

inside plant cells.

For three candidate interactors identified by Y3H, namely Heavy metal-associated domain
containing Protein, Unknown Protein Il, and Auxin-response Factor 8-1, in planta interaction
with EDS1-SAG101b was supported by FRET-APB analyses and silencing of respective
genes by VIGS led to altered responses to XopQ (Figure 9 and Figure 11, section 3.6.3 and
3.6.4). However, enhanced growth of XopQ-translocating Xcv was not observed in VIGS-
plants when tested (Figure 10). Also, the Arabidopsis-orthologs of the three candidates did
not interact with the AtEDS1-AtPAD4 heterocomplex in Y3H.

Recent analyses suggest a bifurcation of TNL-induced signaling pathways at the level of
EDS1 complexes in Arabidopsis (Lapin et al.,, 2019): While the EDS1-PAD4 complex is
required for resistance, the EDS1-SAG101 complex appears to be required for activation of
cell death programs. One hypothesis is that EDS1-PAD4 complexes might initiate resistance
signaling via ADR1 helper NLRs, whereas EDS1-SAG101 initiates cell death via NRG1
(Lapin et al., 2019). The Arabidopsis orthologs of the three candidate interactors (see above)
were so far not tested for interaction with AtEDS1-AtSAG101. Although interactions
appeared conserved in Solanaceae, as all 18 tested interactors could interact with both
SIEDS1-SIPAD4 and —-SISAG101 complexes, they might be specific to EDS1-SAG101 in
Arabidopsis, and link NRG1 to EDS1-SAG101 for cell death initiation.

In summary, the three candidate interactors Heavy metal-associated domain containing
Protein, Unknown Protein Il, and Auxin-response Factor 8-1, were confirmed by FRET-APB
analyses and the results of the VIGS experiments hint at a physiological relevance of these
interactions. They are thus attractive candidates for further analyses. One promising future
experiment could be the mass-spectrometry-based identification of proteins bound to the
SIEDS1-SISAG101b heterocomplex after purification from plant tissues.
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4.4. Rapid structure-function studies in N. benthamiana identified EDS1

features required for immune signaling

One rationale for the establishment of Nb as a new experimental system for analysis of TNL
signaling was the potential for rapid analysis of a protein of interest by Agroinfiltration
(Goodin et al., 2008; Bombarely et al., 2012; Naim et al., 2012). Based on the mutant lines
generated in this work, transient complementation assays for analysis of EDS1 and
SAG101b (from tomato or Nb) based on co-expression with XopQ in respective mutant
backgrounds (Nb edsl and Nb pss) were established. Combined with a structural model of
the SIEDS1-SISAG101b complex (Rapahel Guerois, CEA Paris), these assays allowed rapid

analysis of the function of EDS1-based heterocomplexes.

In a first set of structure-guided mutations, several amino acid (aa) exchanges were
introduced within the aH helix of SIEDS1 and also a hydrophobic pocket of SISAG101b,
predicted to receive this aH helix for heterocomplex formation. As observed in At, these
exchanges disrupted formation of EDS1 complexes with PAD4 and SAG101 isoforms and
abolished EDS1-SAG101b immune signaling functions. These experiments provided proof
that EDS1 complex formation by tomato orthologs relies on hydrophobic interactions
involving the aH helix, and also validated the transient complementation assays, based on

our structural model, for analysis of EDS1-SAG101b functions.

Furthermore we could show that the EP (EDS1-PAD4)-domain of SIEDS1, which represents
the C-terminal region of the protein, also contributes to immunity: Perturbation of the
C-terminal interaction interface between the heterocomplex partners by the substitution of
phenylalanine of SIEDS1 at position 435 to glutamate or aspartate leads to a
loss-of-cell-death phenotype. The corresponding substitution of F435E in At (F419E) also led
to a LOF of AtEDS1, stably transformed into an eds1l mutant At line (Lapin et al., 2019). At
the same time, these exchanges did not interfere with heterocomplex formation in general.
This supports the idea that heterocomplex formation is mainly driven by the N-terminal
lipase-like domain, but the N-terminal domain assembly is not sufficient for defense signaling
(Wagner et al., 2013; Bhandari et al., 2019; Gantner et al., 2019), and also points towards

essential functions of the C-terminal EP domain assemblies.

Further evidence for this hypothesis is provided by the construction of chimeras of SISAG101
isoforms. Chimeric proteins were constructed consisting of the N-terminal part of SISAG10l1a
fused to the C-terminal part of SISAG101b or vice versa. Only the latter chimeric protein was
able to mediate immune signaling, albeit to lesser extent than wild type SAG101b. This
suggests that the main differences between SISAG10l1a and SISAG101b might reside in the

C-terminal EP domain and that this domain contributes to immunity.
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The EP domain is not present outside plants and does not have strong similarity to other
proteins outside the EDS1-family members (Wagner et al., 2013), which makes it attractive
for further analysis. Interestingly, two residues (K494 and R509 of SIEDS1) lining a
presumed cavity on the heterodimer surface of the EP domain were recently reported as
required for immune signaling in At (K478 and R493) (Bhandari et al., 2018). However, the
tomato EDS1 protein carrying substitutions at these conserved positions was able to fully
restore HR induction when transiently co-expressed with XopQ in Nb edsl tissues. One
hypothesis is that these two positively charged aa (R494 and R509 in Nb) are not as
important as in At. Alternatively, overexpression of SIEDS1 might mask a minor reduction of
function in Nb. The EDS1 proteins of Sl and At have only ~ 40 % aa similarity. Accordingly,
differences in function between AtEDS1 and SIEDS1 are not unexpected. To that end, EDS1
orthologs engage in an immune-active heterocomplex with PAD4 or SAG10l1 in
Brassicaceae and only with SAG101b in Solanaceae, and also appear to require different
helper-NLRs for downstream signaling (Wu et al., 2019).

Additional to the C-terminal F435 residue, F64, which is located in the N-terminal lipase
domain, was identified as critical for immune signaling in Nb, without interference with
complex formation. This points towards a situation in which both N- and C-terminal
assemblies of EDS1-PAD4/SAG101 complexes contribute to immune signaling. It should be
noted that F435 and F64 variants are the first clear non-functional mutant EDS1 alleles
identified so far, despite those interfering with complex formation or protein stability. These
might provide hints on docking sites of potential interactors or structural re-arrangements
during activation in future analyses. Finally, the Nb transient complementation system allows
convenient screening of novel mutant EDS1 and/or SAG101b variants (see also later
sections), and will most likely be instrumental as a workhorse for elucidation of EDS1
immune functions (Gantner et al., 2019).

4.5. Integration of EDS1 in immunity and hormonal networks — a central

regulator of immunity and development?

Besides its essential role in TNL-mediated defense signaling, AtEDS1 was reported to be
involved in various cellular processes within the plant cell, many of which are directly or
indirectly associated with biotic stress. To that end, AtEDS1 contributes to basal immunity,
the ill-defined residual resistance of plant lines to virulent pathogen isolates (Wiermer et al.,
2005), and to resistance mediated by CNL-type NLRs (Venugopal et al., 2009; Cui et al.,
2016). Furthermore, AtEDSL1 is able to bolster SA production (Cui et al., 2016), and may be
protected by interaction with PBS3 to prevent interaction with NPR3/4, which may target
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AtEDS1 for degradation (Chang et al.,, 2019). AtEDS1 was reported to also interact with
MYC2, thereby inhibiting MYC2 transactivation activity and shifting the JA-SA balance in
favor of SA (JA = antagonist of SA in At) (Cui et al., 2018). In the context of SA production
and signaling, EDS1 was reported to bind to and activate expression of ICS1 at the
chromatin (Li et al., 2019), and also to interact with EDR1, a kinase with homology to
mitogen—activated protein kinase kinase kinase (Neubauer et al., 2019). Moreover, EDS1
was reported to interact with the DELLA protein RGL3 to fine-tune growth versus defense
regulation (Li et al., 2019), and to inactivate DNA repair mechanisms resulting in
accumulation of DNA double strand breaks and apoptosis (Rodriguez et al., 2018). Thus,
EDSL1 is proposed to physically interact with key regulators of three major phytohormone
pathways and many additional cellular components. But how a single protein should
accomplish these multiple functions remains unexplained, thus shedding some doubt on

reported results which will be subsequently discussed in more detail.

EDS1 heterocomplexes inactivate components involved in DDR (DNA damage response)
pathways such as AtRAD51, which coincidentally enhances DNA damage accumulation in
case of TNL-activation (Rodriguez et al., 2018). However, the increase in damaged DNA
might be due to the production of ROS, which occurs during active HR, and not directly
induced via EDS1. This is supported by the observation that an accumulation of SA does not
trigger DNA damage, which is more likely a consequence of cell death induction (Rodriguez
et al., 2018).

Plants possess limited resources which are normally spent during development, i.e. for
growth and biomass production. If a plant, for example, is attacked by a pathogen, defense
programs are induced to protect the integrity of the plant. In such case, the plant redirects
resources from growth to defense via the “growth-to-defense” switch (Huot et al., 2014).
Interestingly, the growth-to-defense switch is reversible and probably dependent on EDS1. It
is well known that the induction of ETI suppresses pathogen growth and is frequently
uncoupled from HR. Cell death induction is rather described as a quantitative overshoot of
activated defense in case of late initiation of ETI in the infection cycle (Bendahmane et al.,
1999; Cui et al., 2015). Recently published data show a direct interaction between the
DELLA (proteins, which possess a domain with the five AS DELLA) protein RGL3 (Repressor
of gal-3-Like 3) and EDS1, which is increased after infection, probably resulting from a
pathogen-mediated DELLA accumulation (Li et al., 2019). This interaction can be interpreted
as a feedback regulation between disease resistance and growth, because EDS1-DELLA
interaction inhibits excess accumulation of SA. This was further supported by monitoring
expression of the direct target gene of EDS1, ICS1, which is significantly reduced between
12-48 hpi in the WT but not rgl3 deficient At (Li et al., 2019). Research over the last decades
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showed that EDS1 is essential for most if not all ETI reactions mediated by TNL-type
immune receptors. EDS1 seems to be a global switch to control the power of a defense
reaction involved in many pathways to judge between the reversible growth and defense or
the irreversible decision to induce an HR, and therein, cell death. It would be interesting to
see if the EDS1-SAG101b heterocomplex is essential for the interaction with RGL3, and

thereby for the excess inhibition of SA in Solanaceae.

EDS1 was also described to contribute to basal resistance and some CNL-mediated
responses (Wiermer et al., 2005; Cui et al., 2016). It is known that Pst DC3000 grows
significantly better on the At edsl mutant (Wiermer et al., 2005). Furthermore, At Col-0
recognizes Pst bacteria expressing AvrRpt2 via the CNL RPS2, but this recognition is
impaired in plants lacking EDS1 and SA (Bent et al., 1994; Venugopal et al., 2009; Cui et al.,
2016). However, basal or CNL-mediated defense responses are not strictly dependent on
EDSL1. A distinct threshold of general defense responses could be required in order to induce
a reaction, and this is not achieved when both SA synthesis and EDS1 are lost. This would
be in line with the observation that EDS1 and SA mostly work in parallel but could be induced
independently (Cui et al., 2016).

The hypothesis that EDS1 and PAD4 are needed for basal plant immunity is supported by
the fact that plant which lack TNLs (e.g. monocots, Lamiales (Collier et al., 2011)) still
possess EDS1 and PADA4. It is proposed that the proteins are co-opted for TNL-mediated
immunity in eudicots. An example for EDS1-functionality in monocots was reported from
overexpression of EDS1 in wheat, which leads to an increased resistance to powdery mildew
(Chen et al., 2018). However, EDS1 is largely unexplored in monocots, as most research

was performed in At.

Interestingly, our work showed that there is no impairment in basal resistance observed in
the Nb edsl mutant, indicating that EDS1 might not be involved in resistance outside the
TNL-mediated immunity in this species. Further studies are needed to clarify the function of
EDS1-PAD4 in different plant species and taking into account TNL immune signaling and
“basal” immune responses. Our observation that NbSAG10la might not have any
functionality, and solely the EDS1-SAG101b heterocomplex is needed in Solanaceae for
TNL-mediated resistance and is not important to basal immunity, is further supported by the
absence of SAG101la in pepper, suggesting lower importance of this SAG101 isoform. The
functions of EDS1-based heterocomplexes or even of solely EDS1 might not be equal in all
plants. A function in immunity outside the TNL-mediated pathway in Nb was not observed in
this thesis. Nevertheless, in wheat or At, a function is proposed (Wiermer et al., 2005;
Venugopal et al., 2009; Cui et al., 2016; Chen et al., 2018), and a conservation of EDS1 and
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PAD4 in monocots which lack TNLs in general is a clear hint that there is a requirement of

these proteins in most land plants.

Our publication (part 3.5.1) reports that SIEDS1 is able to build heterocomplexes with the
EDS1-family proteins SIPAD4 and SISAG101la, but these do not measurably contribute to
TNL-dependent immune pathways. The conservation of PAD4, hints to an important function.
Possibly, PAD and SAG101a act as a regulatory mechanism by competing with SAG101b for
the EDS1 scaffold to fine-tune defense reactions. Insufficient amounts of EDS1-SAG101b
might prevent induction of a defense reaction if a certain threshold is not reached. It is known
that a cell death induction is the last resort in the defense mechanism (Locato&De Gara,
2018). First, the plant cell tries to stop the colonialization of an invader by changing the plant
program from growth to defense which is mostly controlled by gibberellin acid (GA) and SA
(Cui et al., 2015; Cui et al., 2016; Li et al., 2019). It could be that EDS1 is only activated if the
cell could not counteract the pathogen attack, thus triggering a necrosis/apoptosis reaction.
This would explain the amplified expression at a later time point, 40 times 12 hours post
infection (Gantner et al., 2019), which might provide excess of the EDS1 binding scaffold to

allow efficient formation of immune-competent EDS1-SAG101b complexes.

4.6. Activation of EDS1 in plant immune signaling most likely relies on

conserved mechanisms, possibly a small molecule messenger

TNLs are mostly transferrable between far distant plant species. E.g., we transferred Roql
from Nb to At accession Col-0, which mediated resistance to usually highly pathogenic
Pst DC3000 bacteria (Gantner et al., 2019). There are many examples in which (TNL or
CNL-coding) R genes were transferred between sexually incompatible species and
maintained functionality (Wulff et al., 2011), which suggests a conserved and universal

mechanism.

Recent reports suggest that plant TIR domains, similar to animal TIR domains, possess
enzymatic activity. It could be shown that the mammalian TIR domain-containing protein
SARM1 depletes NAD® (Nicotinamide adenine dinucleotide) (Essuman et al., 2017), a
phenomenon that was subsequently also observed for plant TNLs if the TIR domains are
expressed alone in vitro (Horsefield et al., 2019; Wan et al., 2019). The in vitro NAD"-
depletion by the plant TIR domains was accompanied by the production of nicotinamide,
ADPR (adenosine diphosphate ribose), and v-cADPR (a cyclization variant of ADPR) (Wan
et al.,, 2019). In planta, the delivery of the effector HopBAl via Pseudomonas fluorescens

possessing a T3SS induces cell death and accumulation of v-cADPR in At, which is
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assumed to be a breakdown product of the NADase activity of the TIR-only R protein RBA1
(Response to the bacterial type Il effector protein HopBAl). As a result, v-CADPR was

proposed as a biomarker of enzymatic activity of TIR domains (Wan et al., 2019).

It is known that cADPR triggers calcium influx into the cytoplasm, which is necessary for an
oxidative burst response and HR induction (Wu et al., 1997; Grant et al., 2000). If the
TIR-domain alone is able to influence the homeostasis of a cell, leading to an HR, EDS1
would in turn be dispensable for the TNL pathway. Thus, such mode of HR-induction cannot
explain the strict requirement of EDS1 for TNL mediated defenses. It is possible that the
alteration in the ion concentration is not sufficient to induce a defense reaction, and
EDS1-based heterocomplexes are additionally required to induce a defense reaction. At this
point, it seems plausible that one of the products of the TIR domain enzymatic activity could
be an activation signal for EDS1-based heterocomplexes. This signal seems to be a
universal metabolite as, e.g., the R protein NbRogl, when expressed in the far distant
species At, induces a defense reaction, which is dependent on the endogenous EDS1-based

heterocomplex.

The signaling process downstream of EDS1 activation might differ among species, which is
supported by our finding that the essential heterocomplex partners of EDS1 are disparate
between Brassicaceae and Solanaceae. Since the EDS1-based heterocomplexes were
largely uncharacterized outside of Brassicaceae species, this led to the initial assumption
that the EDS1-PAD4 heterocomplex is most important for TNL-dependent signaling.
However, recent insights gathered from studies in Solanaceae give cause to reconsider this
conclusion and suggests that the EDS1-SAG101b heterocomplex might be the major active
heterocomplex essential for TNL-mediated defense signaling outside Brassicaceae. A
possible evolutionary scenario could be postulated: AtPAD4 possesses a deletion within the
lipase like domain in comparison to PAD4 orthologs in other plant families and is therefore
more similar to SAG101 (Wagner et al., 2013). Possibly, AtPAD4 is able to fulfill more tasks
than the orthologs of other dicot plant species in TNL-mediated defense signaling and
SAG101 takes a backseat and might only be responsible for cell death induction, not for a
bacterial growth restriction, as postulated (Lapin et al., 2019). Because of the critical
sequence stretch in PAD4 outside Brassicaceae, SAG101 might be the only heterocomplex
partner essential for defense signaling in the TNL-mediated defense pathway. In contrast to
the nuclear-cytosolic localized active SISAG101b and to PAD4 in general, AtSAG101 is only
located in the nucleus (Feys et al., 2005) (as well as SISAG101a) and might not be able to

fulfill the same functions.
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4.7. EDS1-dependent immunity depends on plant family-specific helper-NLRs
of the RPW8-type — positioning of EDS1 in networks of helper and sensor
NLRs

Besides the canonical CNL- and TNL-type immune receptors, plant genomes encode NLRs
containing a distinct type of CC-domain in their N-termini, which was first recognized in the
(non-NLR) protein RPW8, modulating resistance to powdery mildew infection (Collier et al.,
2011; Jubic et al., 2019). This class of NLRs is regularly referred to as RNLs, and RNLs were
recently discovered to function as downstream signaling partners (helper NLRs, hNLRs) for
numerous different TNL or CNL sensor NLRs in an immune signaling network (Baggs et al.,
2017; Jubic et al., 2019). Three different classes of RNL-type hNLRs were described: The
ADR1 (Activated Disease Resistance 1) class, the NRG1 (N required gene 1) class and the
Solanaceae-specific NRCs (NB-LRR protein required for HR-associated cell death) (Jubic et
al., 2019).

4.7.1. EDS1-based heterocomplexes might rely on different hNLRs, depend on the

heterocomplex partner

Interestingly, there is a co-occurrence between NRG1, SAG101, and TIR-NB-LRR coding
genes in dicots, whereas ADR1 orthologs appear to exist in genomes of all higher plants
(Collier et al., 2011; Wagner et al., 2013; Shao et al., 2016; Qi et al., 2018). In Arabidopsis, it
was shown that many TNL-mediated immune responses requiring AtEDS1-AtPAD4 function
via ADR1 helpers, but also some CNL-dependent responses require ADR1 helpers, and
other TNLs rather signal via NRG1 (Bonardi et al., 2011; Dong et al., 2016; Castel et al.,
2019; Wu et al., 2019). Furthermore, one of the rare At TNL-mediated immune responses
described to require rather AtEDS1-AtSAG101 than AtEDS1-AtPAD4, autoimmunity induced
by the chs3-2D allele of CHS3 (Chilling sensitive 3), was found to rely mainly on NRG1s (Wu
et al., 2019). This might imply that EDS1-PAD4-dependent TNLs function via ADR1, whereas
EDS1-SAG101-dependent TNL responses rely on NRG1 (Wu et al., 2019).

In this context, inactivation of NRG1la and NRG1b in an At nrgla nrglb mutant line leads to
only partial loss of resistance against Pst and several oomycete isolates. However, a
transient expression of the autoimmune TIR-NLR AtCSA1l co-expressed with the gain-of
function allele chs3-2D (conferring a CSAl-dependent autoimmune phenotype in At (Xu et
al., 2015)), as well as the TNL/TNL-like protein pair SOC3 (Suppressors of chsl 3) and
CHS1, are only able to induce an HR in the presence of NbNRGL1 in Nb (Castel et al., 2019;
Wu et al., 2019). These findings support that NRG1 might not be essential for most TNL
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signaling pathways in At, but would indeed be crucial for TNL-mediated defense signaling in
Nb as predicted (Qi et al., 2018) and shown in Figure 13.

4.7.2. Different plant species, different positioning of hNLRs within TNL-mediated

defense pathways?

There might be distinct differences in collaboration between the helpers ADR1/NRG1 and
EDS1-based heterocomplexes in Brassicaceae and Solanaceae (Figure 13). In At, it is
postulated that at least ADR1 functions upstream of AtEDS1, as stunting mediated by an
auto-active ADR1-variant is abolished in At pad4 mutant plants (Wu et al., 2019). In contrast,
the co-expression of NbDEDS1 together with XopQ failed to recover an immune function in Nb
nrgl mutant, which indicates that NRG1 probably acts downstream of EDS1 in Solanaceae
(Qi et al., 2018).

Interestingly, there is no hypothesis, how defense signaling after an activation of the
EDS1-based heterocomplex takes place in At. A positioning of AtADR1 upstream of
AtEDS1-AtPAD4 (Wu et al.,, 2019) implies that AtADR1 is needed for the heterocomplex
activation, and is not able to induce a defense reaction as NbNRGL1. If AtADR1 would form a
resistosome as it is postulated and depicted in Figure 13 (Jubic et al., 2019) for NbNRG1
(but not yet shown), AtADR1 should be able to induce a defense reaction independent of
AtEDS1-AtPAD4. Oligomerization of ADR1 or NRG1 could not be demonstrated in At,
whereas it was shown for NRG1 in Nb (Qi et al., 2018; Wu et al., 2019). If CC-helper-NLRs
form a resistosome like the CNL ZAR1 (Wang et al., 2019a), they would have to form a
pentamer and oligomerization should experimentally be detectable. If a resistosome is not
formed by ADR1 or NRG1 in At, it could be postulated that another helper-NLR might fulfill
this role. How helper and sensor NLRs work together, how their activity is regulated and the
precise positioning of EDS1-based heterocomplexes within the TNL-mediated defense
pathway is not known. Nevertheless, sensor-NLRs like Rogl are able to function in far
distant plant species and they function together with the plant specific EDS1-heterocomplex
(EDS1-PAD4 in At, EDS1-SAG101b in Nb). This indicates an essential role of EDS1-based

heterocomplexes to connect sensor and helper NLR-signals.
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Figure 13: Model of TNL-mediated defense signaling in Nb versus At

A model of the proteins involved in the TNL signaling pathway of Nb (left) in comparison to At (right). Considering
recently published data, it could be postulated for Nb that XopQ activates Roql by direct binding (Schultink et al.,
2017) which in turn activates with the EDS1-SAG101b heterocomplex. The active heterocomplex in turn activates
the CC-helper NLR NRG1, which form a plasma membrane-associated pentamer, the so-called resistosome and
thereby inducing an HR. The same model could be postulated for the signaling in At: As an example, the effector
ATR1 (At recognized 1) is recognized by the TNL RPP1 (Recognition of Peronospora parasitica 1). In difference
to Nb, the EDS1-PAD4 heterocomplex is mainly used, which recruits another helper-NLR, ADR1 instead of
NRG1. Nevertheless, if the AtEDS-AtSAG101 heterocomplex is recruited, AtNRG1 is needed for defense
signaling (not shown) (Lapin et al., 2019). Another model assumed that AtADR1 is needed for the activation of the
EDS1-PAD4 heterocomple, indicating the CC-helper NLR is located above the heterocomplex (Wu et al., 2019).
How signaling might progress below the EDS1-based heterocomplex activation is not known.

4.7.3. Localization and activation of hNLRs and EDS1-based heterocomplexes

The subcellular localization of the proteins involved in TNL-mediated defense responses
might provide hints about their ability to interact with each other. Our localization studies
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suggest that SISAG101b is equally distributed between the cytosol and the nucleus (Gantner
et al., 2019). Additionally, it was reported that NRGL1 is not located in the nucleus (Wu et al.,
2019) and that NbNRG1 can physically interact with EDS1 in Nb (Qi et al., 2018). In contrast,
an interaction between AtEDS1 and AtNRG1 could not be shown (Wu et al.,, 2019). The
AtEDS1-AtSAG101 heterocomplex localizes exclusively to the nucleus, and would therefore
not reside in the same compartment as AtNRG1 (Feys et al., 2005; Wu et al., 2019).
However, it could be shown that AtEDS1-AtSAG101 is able to mediate HR induction and
resistance in a Nb epss mutant (edsla-1 pad4 saglOla-1 sagl01lb-1) when transiently
co-expressed with AtNRG1, but not in absence of the “fitting” Arabidopsis helper NLR
(Gantner et al., 2019; Lapin et al., 2019). In such reconstitution assays, the heterocomplex
AtEDS1-AtSAG101 is not expected to reside in the same compartment as AtNRG1, arguing
against direct physical interaction. It is therefore not known how the heterocomplex can
activate AtNRG1. However, it could be speculated that a signal diffuses or gets shuttled to
the cytosol from the activated AtEDS1-AtSAG101 heterocomplex and thereby activates
AtNRG1. The different localization of AtEDS1-AtSAG101 and NRG1 could explain why
AINRGL1 is needed for a reaction in Nb. NbNRG1 might not need such a molecule, because
NbNRGL1 is able to directly interact with the EDS1-based heterocomplex and induces a
defense reaction (Qi et al., 2018).

Interestingly, it could be shown that NRG1 associates with the plasma membrane in Nb. The
p-loop in NbNRG1 is needed for this membrane association and coincidently for its function
(Jubic et al., 2019). Contrary, this p-loop is dispensable in AtADR1 or AtINRG1 and a plasma
membrane association could only be shown for AtINRG1 (Qi et al., 2018; Jubic et al., 2019;
Wu et al.,, 2019). Once more, these finding indicate that there are distinct differences
between the function of the helper NLRs (At versus Nb) and that NbNRG1 could act as a
resistosome. To test if the helper NLRs of the clade ADR1 and NRG1 act simultaneously or
synergetic, a “helperless” At mutant was made but it could only be shown that ADR1 and
NRG1 might have synergetic effects on basal defense compared to adrl, nrgl or wild-type At
(Wu et al., 2019). If such synergetic effects are present in ETI signaling is yet not known
(Jubic et al., 2019). Synergetic effects in Nb could be excluded as the p-loop in NbNRG1 is
required for Rogl dependent defense signaling and could, therefore, not be replaced by
NbADRL1 (Qi et al., 2018).

Along different lines, we have shown that tomato EDS1 complexes are able to mediate
immune signaling in At. Surprisingly, not expression of the SIEDS1-SISAG101b but the
SIEDS1-SIPAD4 heterocomplex, which is not immune-competent in Nb, was able to
complement for loss of the endogenous EDS1 family proteins in At eps (edsl pad4 sag101)

mutant lines of accession Col-0 (Gantner et al., 2019). Moreover, we showed that the R
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protein NbRoql is able to detect the pathogen Pst DC3000 in At. Rogl was stably
transformed to At, which made the plants resistant against the highly virulent pathogen
Pst DC3000 (Gantner et al., 2019). Interestingly, Rogl-transformed At plants deficient in
pad4 and edsl were not able to counteract bacterial multiplication of Pst DC3000,
respectively, but those deficient in sagl01 were as resistant as the wild type. This
observation is a clear hint that R proteins may retain general functionality when transferred
between families, but EDS1 recruits different heterocomplex partners after activation. PAD4
is required in At and SAG101b is generally required for defense reactions in Nb. It was
shown via co-immunoprecipitation that Rogl directly interacts with XopQ/HopQ1 ((Hrp outer
protein Q), the recognized R protein in Pst DC3000) (Schultink et al., 2017). The postulated
respective helper-NLR of this sensor NLR in Arabidopsis, ADR1 (Wu et al., 2019), might be
able to interact with the SIEDS1-SIPAD4 heterocomplex because they are located in the
same compartments and an At-specific signal might not be needed, in comparison to the
expression of AtEDS1-AtSAG101 in Nb. However, it is surprising to note that SIPAD4 which
possesses the critical sequence stretch within the lipase-like domain lacking in AtPAD4, does
not interfere with the function of the protein, if expressed in At. This suggests that the
deletion in AtPAD4, hypothesized to render the protein more similar to SAG101, is not a
prerequisite for PAD4 immune functions in At. Moreover, it could not be explained why
SISAG101b is incapable to induce a defense reaction together with SIEDS1 in At. It might be
possible that the respective CC-helper NLR NRGL1 is not able to interact with SISAG101b
and signaling is thus not possible, as it has been shown for AtEDS1-AtSAG101 which are
only able to induce a defense reaction in in Nb if the helper AtINRGL1 is co-expressed (Lapin
et al., 2019). Prospectively, an interaction study between SIEDS1-SIPAD4 and the CC-helper
NLR AtADR1 or AtNRG1 could be of interest to see which of these helpers is needed to
induce the defense reaction in At. Another possibility to validate which CC-helper might be
needed is the construction of At nrgl or adrl mutant plants in the eps background, which
could be transformed with SIEDS1 and SIPAD4. Moreover, it might be interesting to test
whether SIEDS1-SISAG101b could gain functionality in immunity in At upon co-expression
with SINRG1. Summarizing, there are significant differences between the signaling cascades

of TNL-mediated immunity in Brassicaceae and Solanaceae which demand further analysis.

4.7.4. Occurrence of CNL versus TNLs — detecting pathogens in the most efficient way

This study uncovered distinct differences in TNL-mediated effector recognition between
Brassicaceae and Solanaceae. Interestingly, the number of TNLs varies drastically between
plant species. While At possess between 70 -100 TNL coding genes per genome, in Nb only

17 TIR-domain containing NLR genes have been identified (Meyers et al., 2003; Hofberger et
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al., 2014; Peele et al., 2014; Van de Weyer et al., 2019). In contrast to At, CNLs might have
a prevalent role in Nb. It could be postulated that TNL-mediated defense evolved in another
way in At, because the TNLs act in the more important ETI-signaling cascade, as most of the
NLRs are TNLs in At. The characterization of the AtZAR1 resistosome might explain a major
role of CNLs in higher plants. If all CNLs build up a funnel-shaped pentameric structure,
which associates directly with the plasma membrane to act as an ion channel (Wang et al.,
2019a; Wang et al.,, 2019b), some intermediate steps are not present in this pathway in
comparison to TNLs. The absence of intermediate steps, such as helper NLRs, could make
CNL pathways faster in response to an attack and not as susceptible to interruption of the
signaling cascade in comparison to the TNL-mediated pathway. Each protein involved in
such a pathway creates another potential target for a pathogen effector to inhibit the defense
reaction by binding to proteins of the signaling cascade. On the other hand, a fine-tuning of
pathways is important to regulate the induction of HR as late as possible. Such checkpoints
are very important, and are found in almost every signaling cascade to prevent uncontrolled
cell proliferation or unnecessary immune reactions. Furthermore, an increase in the proteins
involved in a pathway introduces the possibility of feedback-loops to amplify a reaction if
required.

4.8. Anupdated model for EDS1 functions in immune signaling

Considering our and other recently published data, which explore proteins involved in the
TNL-mediated defense pathway, finally a nhew model can be postulated (Figure 14). If an
effector is recognized (directly or indirectly) by a TNL, the latter is activated, and switches
from a self-associated, closed, and ADP-bound to an open, ATP-bound conformation. This
leads to homodimerization of at least the TIR-domains of the activated TNL, thus inducing
NADase activity. Following activation, it is possible that a breakdown product of this

enzymatic activity could bind to the immune-competent EDS1-based heterocomplex.

Recent experiments (J. Gantner, J. Zénnchen) suggest that a disruption of the SDH catalytic
triad within the EDS1 alpha/beta hydrolase (ABH) domain of SIEDS1 and NbEDS1 abolishes
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immune functions.

steady-state recognition of an effector

NAD+ NAD

v

active, resistosome

|

inactive \

Figure 14: Model of effector activated TNL-signaling in Solanaceae

In the steady state TNLs are self-associated, inactive, and therefore incompetent to activate the EDS1-SAG101b
heterocomplex. The CC-helper NLR NGR1 is inactive. After perception of an effector (in this model a direct
perception by the LRR domain) TNLs dimerize and thereby activate a NADase. One yet uncharacterized
breakdown product of this NADase deals as an activator of the EDS1-SAG101b heterocomplex. In consequence
to this activation, the CC-helper NLR NRGL1 is activated and might build a pentameric, plasma membrane-
associated dimer, which might form a pore and deals as ion channel. This channels are able to change the
homeostasis of the cell and thus activating defense mechanisms.

Interestingly, an exchange of only the serine within the SDH motif (to alanine) of SIEDS1
does not compromise immune functions. The serine residue is critical for an assumed
hydrolase activity. Thus, conversion of a substrate, potentially a breakdown product of the
TIR domain NADase activity, is most likely not critical for immune functions. Indeed, most
severe impairment of immune functions was provoked by exchange of the aspartate residue

within the SDH motif, which may be essential for binding of a respective metabolite.
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Combinatorial mutations within the SD and SDH positions within SIEDS1 fully abolished
immune functions, and none of the variants appeared to be impaired in protein stability or

interaction with SAG101b, as tested by co-IP assays (data not shown; preliminary).

Accordingly, it could be postulated that the binding of a metabolite (breakdown product of the
NADase) might lead to activation of EDS1-based heterocomplexes. This is in line with
several reported examples of ABH-like proteins that function as bona fide ligand receptors,
as for example GID1 (Gibberellin insensitive dwarf 1) in the gibberellic acid (GA) response
pathway (Shimada et al., 2008). Similar to the function of EDS1 proposed here, GID1 is a
receptor for GA, but does not appear to possess catalytic activity and is regulated solely by
binding of the small molecule to the receptor (Ueguchi-Tanaka et al., 2005). Upon GA
binding, the N-terminal domain of GID1 changes its conformation from a flexible to a well-
organized state, covering over the GA-molecule and thereby building a recognition site for
DELLA proteins, a subfamily of the GRAS family of putative plant transcriptional repressors
(Peng et al.,, 1997). Upon binding, an E3-ligase is recruited which polyubiquitinylates
DELLAs, thereby targeting them for degradation by the 26S proteasome, leading to
expression of GA-controlled genes (Mindrebo et al., 2016). This example highlights the ability
of ABH-like proteins which do not require catalytic activity but serve as activation switches to
enable a protein to interact with a complex partner.

A breakdown product of the NADase of the TIR-domain might interact with the SDH-triad and
activate the EDS1-based heterocomplex. This activation step is a universal mechanism
which seems to be equal in all plants, indicating that the produced metabolite of the NADase
has to be identical. This is provided by the observation that it is possible to transfer R
proteins between different species, which are able to induce a defense reaction by using the
endogenous EDS1-based heterocomplex. Next, the active EDS1-based heterocomplex
might induce a conformational change, thereby leading to activation of the CC-helper NRG1
(in Nb), which itself oligomerizes, potentially to form the pentameric resistosome. The
pentamer builds a pore-like structure, which is recruited to the plasma membrane and acts
as an ion channel, as described for the CNL AtZAR1 (Adachi et al., 2019; Wang et al.,
2019a). The steps upon activation of the EDS1-based heterocomplex are probably not equal
in all plants and only described here for Nb, as our preliminary experiments were made in
this species and are not in line with recently published data of At, e.g., positioning of the
respective CC-helper NLR of the AtEDS1-AtPAD4 heterocomplex, ADR1 in the
TNL-signaling pathway (Wu et al., 2019).

It is well known that the plasma membrane depolarizes after activation of ETI, indicated by
higher concentrations of cytosolic calcium ions, which activate calcium-dependent protein
kinases, mitogen-activated protein kinases, reactive oxygen species, phytohormone
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signaling and transcriptional reprogramming (Meng&Zhang, 2013; Peng et al., 2018;
Adachi&Tsuda, 2019; Jubic et al., 2019). One could speculate that the helper CC-NLR NRG1
builds a pentameric oligomer similar to that formed to the AtZAR1 resistosome, and acts as a
calcium channel, needed for depolarization of the plasma membrane after effector

recognition as indicated in Figure 14.

Another scenario could be that a breakdown product of the enzymatic activity of the TIR-
domain binds the ABH-like triad of the EDS1-SAG101b heterocomplex, which then recruits
e.g. transcriptional regulators (smilar to the F-Box protein TIR1 in auxin signaling) to target
them for ubiquitination and subsequent degradation by the 26S proteasome. Such a
transcriptional regulator could be for example a WRKY protein as described for the regulation
of transcript levels of NPR1 (Mukhtar et al., 2009). The Y3H-study of this thesis identified an
F-Box and a WRKY-transcription factor as potential interactors of the SIEDS1-SISAG101b

heterocomplex, which should be noted for further interaction studies as intriguing candidates.

To verify if a breakdown product of the enzymatic active TIR domain acts as an activator of
the EDS1-heterocomplex, the metabolite will need to be identified. Alternatively, undirected
binding studies using SIEDS1 as bait could be used to identify a small molecule ligand. Small
molecule libraries could be probed with the purified SIEDS1-SISAG101b heterocomplex
versus the inactive SIEDS1-variant (carrying mutations within the SDH triad). Alternatively,
co-purification of a ligand together with the SIEDS1-SISAG101b heterocomplex from plant
extracts could be attempted, followed by identification of a potential ligand via mass
spectrometry. Although extremely challenging, these will be exciting experiments to
challenge this novel model for EDS1 functions as a small molecule receptor in TNL-mediated

immunity.
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