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ABSTRACT

Cell death and transcriptional signalling mediated by the coiled-

coil domain of the barley resistance protein MLA

Abstract

Plants rely entirely on innate immunity to prevent infection by pathogens. Extracellular
perception of evolutionarily conserved pathogen/microbe-associated molecular patterns
(P/MAMP) by membrane-resident pattern recognition receptors (PRRs) leads to pattern-
triggered immunity (PTI). Host-adapted pathogens intercept PRR-mediated immunity by
delivering effectors into host cells. These polymorphic effectors can be recognized by
intracellular immune receptors of the nucleotide-binding domain leucine-rich repeat (NLR)
family. Upon effector recognition, NLRs trigger a rapid immune response, termed effector-
triggered immunity (ETI), which is typically associated with a host cell death response. In
barley, the NLR MLA confers ETI against the pathogenic powdery mildew fungus, Blumeria
graminis f. sp. hordei. Although MLA orthologues are present only in the Triticeae family of
monocotyledonous plants, barley MLA is functional in transgenic dicotyledonous 4. thaliana,
indicating that the underlying disease resistance mechanism has been evolutionarily
conserved for at least 150 Mya in monocot and dicot plants. In dicotyledonous Nicotiana
benthamiana, transient gene expression of the coiled-coil (MLAcc) domain, consisting of the
N-terminal 160 amino acids of the MLA receptor, was sufficient to activate a cell death
response, raising the possibility that MLA initiates a conserved signalling mechanism through
the MLAcc domain. This thesis aimed at identifying signalling mechanism(s) acting
downstream of the MLAcc module in transgenic A. thaliana. Conditional MLAcc expression
triggered immune-related responses, characterized by a rapid onset of massive changes in
gene expression at ~2 h post induction (hpi), followed by cell death at ~4 hpi. These MLAcc—
triggered responses are retained in A. thaliana plants simultaneously lacking the immune
components PAD4, SAG101, PEN2, and all major defence phytohormones, i.e. ethylene,
jasmonic acid, and salicylic acid. A comparison of time-resolved and genome-wide transcript
profiles in MLAcc-expressing transgenic plants with expression profiles induced during ETI
and PTI by endogenous A. thaliana NLRs or PRRs revealed at early time points highly
similar patterns. This suggests that early signalling mediated by MLAcc, ETIL, and PTI

converges on a common transcriptional machinery that activates immune response genes,



ABSTRACT

implying that the barley MLAcc domain is sufficient to stimulate an ETI-like response in A.
thaliana. This also suggests that activation of these immune response genes can occur
independently of PTI. Most (> 74.7%) of the 562 genes that were significantly upregulated at
2 hpi in MLAcc-expressing plants are immediate early response genes since their induction
does not depend on de novo protein synthesis, suggesting that these genes are activated by the
removal of short-lived repressors. In the 5’ regulatory regions of the early induced genes, |
found a striking enrichment of cis-acting motifs that serve as binding sites for Ca**-responsive
transcription factors, including the calmodulin-binding transcription activator 3 (CAMTA3)
which is known to be rapidly degraded during ETI. This might explain complete inhibition of
MLAcc—mediated responses by the Ca** channel inhibitor LaCls, which was previously also
reported for several NLR-mediated and P/MAMP-triggered responses. Using chemical
mutagenesis, I identified three candidate suppressor mutants of MLAcc-mediated responses.
Affinity purification of MLAcc complexes and a yeast two-hybrid screen identified several
MLAcc candidate interacting proteins. Together this has revealed novel candidate

components engaged in MLAcc signalling.

Keywords: plant biology, phytopathology, immune system, resistance protein, immune

signalling, hypersensitive response
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RESUME

Régulation transcriptionnelle et induction de la mort cellulaire par

le domaine coiled-coil de MLA, protéine de résistance de 1'orge

Résumé

La réponse immunitaire des plantes contre les pathogeénes végétaux dépend entierement du
systéme immunitaire inné. La perception extracellulaire de motifs moléculaires conservés
associés aux pathogenes/microbes (P/MAMP) par des récepteurs de reconnaissance de motifs
moléculaires (PRR) induit un type de réponse immunitaire dénommé PTI (pattern-triggered
immunity). Certains pathogenes interceptent cette réponse en injectant, dans les cellules hotes,
des protéines appelées effecteurs. Ces effecteurs, souvent polymorphiques, peuvent é&tre
détectés par des récepteurs immunitaires intracellulaires de la famille des NLR (nucleotide-
binding domain leucine-rich repeat containing). En cas de détection, les NLRs induisent une
réponse immunitaire rapide, appelée ETI (effector-triggered immunity), souvent associée a la
mort des cellules hotes. Un des NLRs présents chez I’orge, MLA, confére une ETI protectrice
contre Blumeria graminis f. sp. hordei, 1’agent pathogéne du mildiou. Bien que MLA n’ait
d’homologues qu’au sein de la famille monocotylédone des Triticeae, MLA est fonctionnel
dans une lignée transgénique chez 1’espece dicotylédone 4. thaliana. Ceci indique que le
mécanisme de résistance sous-jacent a été conservé depuis plus de 150 Ma chez les plantes
dicotylédones et monocotylédones. Chez la plante dicotylédone Nicotiana benthamiana,
I’expression transitoire du domaine coiled-coil (MLAcc) qui correspond aux 160 premiers
acides aminés en N-terminus de MLA, suffit a induire la mort cellulaire. Cette observation
suggere que MLA pourrait initier un mécanisme de signalisation conservé, via son domaine
MLACcc. Le but de cette theése a été¢ de décrire le(s) mécanisme(s) de signalisation en aval de
MLACcc dans des lignées transgéniques d’A4. thaliana. L’ expression conditionnelle de MLAcc
induit une réponse similaire a la réponse immunitaire, et caractérisée par I’initiation d’une
reprogrammation transcriptionnelle massive a ~2 h post-induction (hpi) suivie par la mort des
cellules a ~4 hpi. Cette réponse est aussi induite par MLAcc chez une lignée transgénique
d’A. thaliana qui est simultanément dépourvue de trois composants (PEN2, PAD4 et
SAGI101) et des trois principales phytohormones (éthyléne, acide jasmonique et acide
salicylique) impliqués dans la régulation immunitaire. La comparaison des profils

d’expression au cours du temps chez des plantes exprimant MLAcc, avec ceux induits au
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cours de ’ETI et de la PTI chez A. thaliana, a révélé des patterns largement similaires lors de
la réponse précoce. Ceci suggere que la signalisation initiée par MLAcc, I’ETI et la PTI
pourrait converger rapidement vers une machinerie de transcription commune qui active les
genes de la réponse immunitaire. De plus, ces données indiquent que le domaine MLAcc de
I’orge suffit a induire la réponse immunitaire normalement associée a I’ETI chez A. thaliana,
et que I’activation des geénes de la réponse immunitaire peut se produire indépendamment de
la PTL La plupart (> 74.7%) des 562 genes significativement induits a 2 hpi chez des plantes
exprimant MLAcc sont caractéristiques des geénes de type « immediate early response »
puisqu’ils sont induits rapidement sans nécessiter la synthése de novo de protéine. Ces genes
pourraient donc étre activés par élimination d’un répresseur a courte durée de vie. Dans les
régions régulatrices en 5°de ces genes, des motifs sont fortement enrichis qui correspondent a
des sites de liaison pour des facteurs de transcription sensibles au Ca’', tels que le
calmodulin-binding transcription activator 3 (CAMTAS3) qui est rapidement dégradé au cours
de ’ETIL Ceci pourrait expliquer I'inhibition totale de la réponse médiée par MLAcc en
présence de LaCls, un inhibiteur des canaux calciques, inhibition qui a aussi été décrite par le
passé concernant les réponses induites par plusieurs NLRs et P/MAMPs. J’ai effectué¢ un
crible génétique de mutants obtenus par mutagénese chimique et identifi€¢ par ce biais trois
candidats suppresseurs de la réponse médiée par MLAcc. La purification des complexes
protéiques associés a MLAcc, ainsi qu'un crible en double-hybride chez la levure ont permis
d’identifier plusieurs candidats interragissant avec MLAcc. Ces approches ont révélé de

nouveaux candidats impliqués dans la signalisation médiée par MLAcc.

Mots-clés : biologie végétale, phytopathologie, syst¢tme immunitaire, protéine de

résistance, signalisation immunitaire, réponse hypersensible
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ZUSAMMENFASSUNG

Zelltod- und transkriptionelle- Signalisierung aktiviert durch die

Coiled-Coil Doméane von der Gersten-R-Protein MLA

Zusammenfassung

Pflanzen sind voll und ganz auf ihr angeborenes Immunsystem angewiesen um Infektionen
durch Krankheitserreger zu verhindern. Extrazellulire Erkennung von evolutionir
konservierten Pathogenen/Mikroben-assoziierten molekularen Mustern (microbe/pathogen-
associated molecular patterns; P/MAMP) durch membranassoziierte P/MAMP-Rezeptoren
(pattern recognition receptors, PRRs), was zur sogenannten Muster-ausgelosten Immunitét
(pattern-triggered immunity, PTI) flihrt. Wirtsadaptierte Krankheitserreger hemmen diese
Immunitdt durch die Sekretion von Effektoren in die Wirtszelle. Als Folge der Effektor-
Erkennung, l6sen NLRs eine rasche Immunantwort aus, welche als Effektor-ausgeloste
Immunitét (effector-triggered immunity, ETI) bekannt ist, und oft einen programmierten
Zelltode beinhaltet. In Gerste vermitteln die MLA NLRs Resistenz gegeniiber dem Mehltau
Pilz Blumeria graminis f. sp. hordei. Obwohl MLA-Orthologe nur in anderen Mitgliedern der
Triticeae Familie von Monokotyledonen Pflanzen bekannt sind, ist MLA in der Dikotyledonen
Pflanze Arabidopsis thaliana voll funktionsfihig; was heiBit, dass die MLA-
zugrundeliegenden Widerstandsmechanismen iiber mindestens die letzten 150 Millionen
Jahre evolutiondr konserviert wurden. Transiente Genexpression der MLA Coiled-Coil*
(MLAcc) Doméne, bestehend aus den 160 N-terminalen Aminosduren von MLA, in der der
Dikotyledonen Pflanze Nicotiana benthamiana ist ausreichend um den Zelltod auszuldsen.
Daher besteht die Moglichkeit, dass die MLAcc Doméne verantwortlich fiir die Auslésung
der konservierten Signalmechanismen ist. Diese Doktorarbeit bezweckt die Signalwege zu
identifizieren, welche durch das MLAcc Modul in 4. thaliana ausgeldst werden. Konditionale
MLAcc Expression flihrt zu immunéhnlichen Reaktionen, welche durch die rasche und
gewaltige Anderung der Genexpression nach ca. zwei Stunden, und den Zelltod nach ca. vier
Stunden gekennzeichnet sind. Diese von MLAcc ausgeldsten Reaktionen werden auch in der
A. thaliana Mutante ausgeldst, welche nicht-funktionelle Mutationen in PAD4, SAGI101,
PEN2, und den Signalwegen der wichtigsten Verteidigungs-Phytohormone Ethylen,
Jasmonsdure, und Salicylsdure trigt. Der zeitabhingige Vergleich von genomweiten

Transkriptionsprofilen endogener A. thaliana NLRs und PRRs mit denen von MLAcc
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exprimierenden, transgenen Pflanzen, zeigte eine erhebliche Uberschneidung der
Transkriptionsprofile in den friilhen Phasen nach Exprimierung und Aktivierung der
jeweiligen Rezeptoren. Dies weist darauf hin, dass die friihen, durch MLAcc, ETI und PTI
induzierten Signalwege zu einem gemeinsamen Transkriptionsmechanismus konvergieren,
welcher zur Aktivierung von Immunititsgenen fiihrt. Diese Resultate deuten auch darauf hin,
dass die MLA Coiled-Coil Doméne von Gerste tatsdchlich ausreichend ist um in A. thaliana
ETI-dhnliche Reaktionen herbeizufithren, was auch bedeutet, dass diese Immunreaktionen
PTI-unabhéngig sind. Die meisten (>74,7%) der 562 Gene, welche ca. zwei Stunden nach
Induktion der MLAcc Expression signifikant hoher exprimiert sind, gehdren zu den
sogenannten ,,immediate early” Genen, da deren Expression unabhingig von der de novo
Proteinbiosynthese ist. Das wiederum bedeutet, dass die Expression dieser Gene durch den
Verlust eines Transkriptionsrepressors ist. In der 5° Regulationsregion der friith induzierten
Reaktionsgenen, identifizierte ich eine auffillige Anreicherung von cis-Regulationselementen,
welche als Motive fiir Ca®"-regulierte Signal-Transkriptionsfaktoren dienen. Einer dieser
Faktoren ist der calmodulin-binding transcription-activator 3 (CAMTA3), welcher wihrend
ETI abgebaut wird. Das wiederum konnte erkliren warum Reaktionen von MLAcc und
anderen NLRs, durch den Kalciumkanalblocker LaClz komplett gghemmt werden. Zusitzliche
habe ich durch chemische Mutation drei Mutanten identifiziert welche auch die von MLAcc
herbeigefiihrten = Reaktionen  inhibieren. Eine  Affinitdtsreinigung von  MLAcc
Proteinkomplexen und eine Hefe-Zwei-Hybrid-Suche (yeast-2-hybrid screen) identifizierten
zusdtzliche, mit MLA-assoziierende Proteine. Diese bisher nicht charakterisierten Kandidaten

fungieren moglicherweise als Komponenten fiir die MLAcc Signalwege.

Stichworter: Pflanzenbiologie, Phytopathologie, Immunsystem, Resistenz-Protein,

Immun-Signalweg, Hypersensitive Response
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Introduction

1. The plant immune system

1.1. An overview of the multi-layered plant innate immune system

Contrary to vertebrates, plants possess neither an adaptive immune system nor specialized
immune cells. Therefore each plant cell relies entirely on its own innate immunity to defend
itself against pathogens (Maekawa et al., 2011a). To achieve a specific and localized immune
response, plants have evolved several lines of defence against pathogens. Plasma membrane-
localized pattern-recognition receptors detect in the extracellular space the presence of
conserved pathogen-derived epitopes, such as bacterial flagellin and fungal chitin, and
stimulate an immune response which limits pathogen proliferation (Boller and Felix, 2009).
However, host-adapted pathogens can suppress this immune response by delivering highly
polymorphic effector arsenals inside host cells (Jones and Dangl, 2006; Rafiqi et al., 2012).
As a counter mechanism, plants deploy resistance (R) proteins to detect the presence of the
effectors, which in turn trigger a potent immune response that terminates pathogen growth
(Chisholm et al., 2006; Jones and Dangl, 2006). The former type of immune response is called
“pattern-triggered immunity” (PTI), whereas the latter is called “effector-triggered immunity”
(ETI). ETI is often associated with a local and rapid host cell death at sites of attempted
pathogen ingress, designated the hypersensitive response (HR) (Maekawa et al., 2011a).

1.2. Diversity of pathogens and diversity of pathogen detection mechanisms

Plants can be threatened by a wide range of taxonomically diverse pathogens such as viruses,
bacteria, fungi, oomycetes, and nematodes. The site of pathogen challenge can be either at
aerial organs (e.g. leaves) or at underground organs (e.g. roots). Plant pathogens are also
diverse in terms of host range, pathogenicity, and life style. Whereas some “generalists” can
colonize a large host range (e.g. the root pathogenic fungus Rhizoctonia solani), others behave
as “specialists” with a restricted host range (e.g. the powdery mildew fungus Blumeria
graminis whose eight distinct formae speciales each infects a distinct genus of grasses).

Different strategies are employed by pathogens to exploit the plants. For instance, a group of
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pathogens, denoted as biotrophs, can engage in a feeding process only with living plant cells.
This strategy implies the capacity to inhibit host defence and host death. In the more specific
case of obligate biotrophy, the pathogen can grow and complete its reproductive cycle only on
its living host. Thus biotrophs, and to an even higher degree obligate biotrophs, are tightly co-
evolving with their hosts and usually display a narrow host range. In contrast, necrotrophic
pathogens kill host cells in order to feed on dead plant tissues (e.g. the fungus Fusarium
oxysporum, causal agent of vascular wilt disease in many species such as banana tree, cotton,
melon, and tomato). Other pathogens have adopted an intermediate strategy referred to as
hemibiotrophy which starts with a biotrophic phase followed by a shift to a necrotrophic
phase. From the plant side, such pathogen diversity implies the activation of specific defence

responses.

Upon pathogen challenge, plants recognize pathogens via pattern recognition receptors
(PRRs). Plant PRRs are surfaced-localized receptor kinases or receptor-like proteins which
recognize a wide range of microbe- or plant-derived molecules (Zipfel, 2014). Since the
molecules recognized by PRRs are not specific to phytopathogens, PRR-triggered immunity
(PTI) is activated by, and efficiently limits the growth of various pathogenic and non-
pathogenic organisms in contact with the plant. PRRs can be either broadly conserved across
flowering plants, such as FLS2 (FLAGELLIN-SENSITIVE-2), or present only in restricted
taxa, such as EFR (EF-TU RECEPTOR) in Brassicacea. FLS2 recognizes an epitope
consisting of 22 amino acids of the bacterial flagellin (flg22). Among the other recognized
bacterial-derived molecules are the elongation factor Tu (EF-Tu, recognized by EFR), HrpZ,
peptidoglycans and lipopolysaccharides (LPS). On the fungus and oomycete side, chitin and
NPP1 (NECROSIS-INDUCING PHYTOPHTORA PROTEIN-1) induce PTI. Mechanisms
for recognition of viruses and insects have been so far less documented. In addition to non-
self-sensing, PRRs also detect self-molecules, so-called DAMPs (damage-/danger- associated
molecular patterns) which are released upon cell damage or pathogen detection. Three
DAMPs have been documented so far: the Pep peptide family, oligogalacturonides, and
extracellular ATP. The green leaf volatile E-2-hexenal is produced upon wounding, herbivory
and pathogen infection, and act as a potent inducer of general defence response (Mirabella et
al., 2015). Thus, hexenal is also a potential DAMP. DAMP perception can activate defence
responses similar to PTI and contributes to amplification of the PTI in a positive feedback

loop (Zipfel, 2014).
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A key for successful pathogen invasion is the release of effector proteins which can sabotage
the PTI and manipulate the host cell to promote efficient colonization. Therefore, plants have
evolved a highly specific pathogen recognition mechanism mediated by so-called resistance
(R) proteins which can sense the presence of pathogen effectors. The recognition results in a
potent immune response designated effector triggered immunity (ETI). The corollary of this
system is that pathogen effectors are under selection pressure to escape recognition whereas
selection pressure promotes allelic diversification of R proteins to expand the recognition
repertoire and keep up with effector evolution. This layer of the plant immune system has
been at the beginning genetically described as a “gene for gene” interaction, since ETI is
controlled by a pair of matching genes: the plant R gene on one side, and its cognate pathogen
avirulence (4vr) gene on the other side (Flor, 1955). This model has set the basis for the
definition of virulence/avirulence and compatible/incompatible interaction: a virulent
pathogen is a pathogen whose effectors are not recognized by any of the R proteins of the host
plant and thus does not trigger the ETI (compatible interaction). By opposition, an avirulent
pathogen has at least one effector recognized by at least one R protein of the host plant and
does trigger the ETI (incompatible interaction). The highly pathogen-specific property of ETI
makes it resemble to some extent the acquired immunity in mammals. The mechanisms of
effector recognition by plant R proteins has been well established. Plant R proteins utilize two
major modes of effector recognition: a direct and an indirect recognition mode (Chisholm et
al., 2006; DeYoung and Innes, 2006; van der Hoorn and Kamoun, 2008; Jones and Dangl,
2006). In case of a direct recognition, an effector is detected by direct physical interaction
with its cognate R protein, whereas during the indirect recognition, an R protein senses
modifications of host proteins caused by the cognate effector action. Experimental evidence
supports that the indirect recognition enables a single R protein to recognize multiple effectors
irrespective of effector structures when effectors target the same host protein (Chisholm et al.,
2006; Jones and Dangl, 2006). However, detection of multiple effectors by a single R protein
is not exclusive to the indirect recognition mode. Recently it was demonstrated that the rice R
protein pair RGA4/RGAS detects at least two sequence-unrelated effectors of Magnaporthe
oryzae by direct binding (Cesari et al., 2013).
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1.3. Innate immune signalling

1.3.1 The early events downstream of pathogen recognition

Although the knowledge in this field remains largely incomplete, qualitatively similar
signalling mechanisms seem to occur upon ETI and PTI activation. It has been proposed that
quantitative and temporal differences mainly account for the distinct outputs of ETI and PTI,
and that different types of R proteins also trigger similar responses (Jones and Dangl, 2006;
Maleck et al., 2000; Navarro et al., 2004; Tao et al.,, 2003; Tsuda and Katagiri, 2010).
Pathogen perception induces a rapid and transient increase of calcium (Ca?") concentration in
the cytosol or other subcellular compartments. This elevation of Ca?" concentration represents
one of the earliest common signalling events downstream of all modes of pathogen detection.
Ca?" signals are decoded by calcium sensors (calmodulin [CaM], calmodulin-like proteins,
calcium dependent protein kinases [CDPK], and calcineurin B-like proteins [CBL]), and
regulate several pathways involved in immune signalling (Poovaiah et al., 2013). CDPKs are
important players in immunity (Boudsocq and Sheen, 2013). For example, CDPKs can
directly regulate the NADPH oxidase RBOHB (RESPIRATORY BURST OXIDASE
HOMOLOG B) leading to the production of reactive oxygen species which act as both
antimicrobial compounds and signalling molecules further contributing in the immune
signalling (Baxter et al., 2013). Pathogen recognition also activates a signalling cascade
mediated by mitogen-activated protein kinases (MAPKSs). In 4. thaliana, functionally
redundant AtMPK3 and AtMPKG6 are activated upon several stresses including pathogen
detection by a partially unknown mechanism. The immune signalling also involves a complex
interplay between several plant hormones. Salicylic acid (SA), jasmonic acid (JA), and
ethylene (ET) are considered as the three major defence phytohormones but abscisic acid
(ABA), gibberellins (GA), auxin, cytokinins, brassinosteroids and nitric oxide can also
modulate the immune signalling network (Pieterse et al., 2012). In a simple model, SA and
ET/JA act antagonistically to positively regulate plant defence against biotrophic pathogens
and against necrotrophic pathogens and herbivorous insects, respectively (Bari and Jones,
2009; Glazebrook, 2005). However, accumulating evidence suggests a more complex
hormone cross-talk whose molecular bases are being gradually resolved (Pieterse et al., 2012;

Tsuda and Somssich, 2015).

Two interesting facts have emerged from the study of the immune signalling network. First,
many of the recruited components are not specific to immunity and can be involved in other

stress responses such as response to abiotic stresses. Second, all the above-mentioned

4



INTRODUCTION
1. The plant immune system

signalling pathways converge on transcription factor regulation. It has been proposed that
transcription factors (TFs) act as convergence points which integrate the signals from a
complex signalling network, and that integration of the multiple inputs defines the response
specificity at the transcriptional level. Transcriptional reprogramming, which is crucial for
plant immunity, thus acts as a major effector arm in immunity. The mechanisms involved in

the immune transcriptional reprogramming are detailed in the next section.

1.3.2 Transcriptional reprogramming in immunity

A rapid and massive transcriptional reprogramming occurs upon pathogen detection
(Boudsocq et al., 2010; Eulgem et al., 2004; Gao et al., 2011; Maekawa et al., 2012; Maleck
et al., 2000; Navarro et al., 2004; Ramonell et al., 2005; Tao et al., 2003). Transcriptional
reprogramming is an essential process in plant immunity. This is supported by the facts that
several TFs are required for resistance (Ando et al., 2014; Padmanabhan et al., 2013; Shimono
et al., 2007; Xu et al., 2014; Zheng et al., 2006), a large part of the induced genes are involved
in critical defence processes, and transcription factors are frequently targeted by pathogen
effectors (Kazan and Lyons, 2014). For example, in 4. thaliana, synthesis of camalexin, an
antimicrobial compound critical for resistance to the hemibiotroph Botrytis cinerea, is
induced via WRKY33-dependent activation of the camalexin biosynthesis genes, and the TF
WRKY33 is a target of pathogen effectors (Mao et al., 2011; Sarris et al., 2015). The main TF
families involved in immunity are AP2/ERF, bHLH, bZIP, MYC, NAC, WRKY and CAMTA
(Tsuda and Somssich, 2015).

How are then the different immune signalling pathways integrated into a specific immune

response at the transcriptional level?

MAPK cascades regulate directly or indirectly several TFs by phosphorylation. Direct
phosphorylation by MAPK(s) has been shown for AfWRKY33, NbWRKYS, A/ERF6
(ETHYLENE RESPONSE FACTOR6), ArERF104 (ETHYLENE RESPONSE
FACTOR104), AfVIP1 (VIRE2 INTERACTING PROTEIN 1), and AfMYB44, and the
biological relevance of the MAPK-mediated phosphorylations in term of immunity has been

demonstrated in most cases (Tsuda and Somssich, 2015).

Ca?"-mediated signalling also regulate transcription via several means. The activity of several

defence-related TFs, such as A{CAMTA3, At1CBP60g, At{CBP60a, AfTGA3 and AtCBNAC, is

5
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directly regulated by CaM proteins (Poovaiah et al., 2013; Tsuda and Somssich, 2015). For
example the CAMTA (CALMODULIN-BINDING TRANSCRIPTION ACTIVATOR)
family of TF is regulated by Ca®" via interaction to CaM, and CAMTA3 is involved in the
transcriptional regulation of EDSI (ENHANCED DISEASE SUSCEPTIBILITY-1) and NDR1
(NON DISEASE RACE SPECIFIC DISEASE RESISTANCE 1), two major regulators of
plant immunity (Du et al., 2009; Nie et al., 2012). Similarly, CDPKs can regulate defence-
related TFs as exemplified by the phosphorylation of AfWRKY8, 28 and 48 by 4tCDPK4,5,6
and 11 (Gao et al., 2013).

Plant hormones also mediate defence-related transcriptional reprogramming. It has been
proposed that 4/NPR1 (NON-EXPRESSOR OF PATHOGENESIS-RELATED GENESI),
which can indirectly sense SA accumulation, interacts with TFs of the TGA family to drive
expression of most of the SA-responsive genes (Tsuda and Somssich, 2015). Similarly, the
JA-dependent regulation of the TF 4tMYC2 and its role in defence have been well described
(Chini et al., 2007; Thines et al., 2007) as well as the ET-mediated regulation of AfEIN3
(ETHYLENE INSENSITIVE3) and AfEIL1 (EIN3-LIKE1) which control expression of some
defence genes such PDF'[.2 (Tsuda and Somssich, 2015).

Interestingly, TFs can also be the site of convergence for signals coming from different
pathways. For instance, the activity of AfEIN3 and AfEIL1 is synergistically regulated by both
JA and ET whereas AfIMYC2 and AfEIN3 antagonize each other. Several other convergence

points important for immunity have been described (Tsuda and Somssich, 2015).

Recent reports indicate direct interactions between R proteins and transcription factors. The
barley NLR MLA10 interacts with three transcription factors upon activation (HYvWRKY1,
HvWRKY?2, HYMYB6), and the interaction releases HvMYB6 from the HYvWRKY 1-mediated
repression (Chang et al., 2013; Shen et al., 2007). Pbl, a rice R protein, has been shown to
interact with the transcription factor OsWRKY45. However, in contrast to the MLA-
HvMYB6 interaction, the transcriptional activity is regulated via OsWRKY45 abundance,
since Pbl protects OsWRKY45 from degradation upon pathogen attack (Inoue et al., 2013). A
third example aiding in our understanding of nuclear activity of R proteins is the interaction of
N with the transcription factor SPL6 (SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE 6) in Nicotiana benthamiana (Padmanabhan et al., 2013). The association of N and
SPL6 at subnuclear bodies occurs only in the presence of the cognate effector. A genetic
requirement for SPL6 was shown in N. benthamiana for N-mediated disease resistance as

well as in 4. thaliana for RPS4-mediated immunity. A number of RPS4-mediated defence
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responsive genes are differentially regulated upon AtSPL6 silencing (Padmanabhan et al.,
2013). The bHLH TF AbHLH84 and its homologs interact with two R proteins, RPS4 and
SNC1, and all three homologues act redundantly homologues in the ETI mediated by the R
protein RPS4 and in the constitutive ETI-like response mediated by snc/ (Xu et al., 2014).
The R protein RRS1 possesses a WRKY domain which can bind DNA in vitro (Noutoshi et
al., 2005) and RRS1 might directly contribute to transcriptional regulation (Heidrich et al.,
2013). Close re-examination of yeast-two-hybrid data generated by Mukhtar et al., 2011,
indicate at least 14 other potential R protein-TF in A. thaliana, further supporting that R
protein-TF interactions constitute a more common mechanism of R protein actions.
Interaction between transcriptional regulators and NLRs has also been demonstrated, such as
the interaction between the transcriptional co-repressor AfTPR1 (Topless-related 1) and the A.
thaliana R protein SNC1 (Zhu et al., 2010). Taken together, these studies draw an emerging
picture in which nuclear localized R proteins mediate transcriptional reprograming via
interaction with transcription factors in various plants species. Interaction with transcriptional
regulators appears not to be limited to just a few specialized R proteins. Instead, this type of
interactions might be a more common phenomenon, implying a possible general mechanism
of direct regulation of transcriptional reprogramming via plant R proteins. Nonetheless,
among the TFs found to interact with R proteins, none of them seems to be commonly
targeted by multiple R proteins. Therefore the existence of TFs which act as signalling targets

for multiple R proteins is still debated.

Overall, TFs appear to integrate several immune signals and the network of recruited TFs
likely defines and fine tunes the response output. However the current knowledge still needs
to be integrated into a finer spatio-temporal model to accurately determine the specific pattern

of immune transcriptional regulation at different time and in local or distant cells.

Furthermore, the predictable common immune mechanisms downstream of ETI and PTI
prompts a question: how can R proteins reboot a signalling mechanism which has been
sabotaged by pathogen effectors? It is unlikely that plant R proteins rely on a single immune
signalling pathway, which could be easily disarmed by pathogens. In an attempt to solve this
paradox, it was proposed that a single R protein can directly regulate several nodes of the
immune network to achieve its robust reactivation (Maekawa et al., 2012), since it is difficult
for pathogens to evolve an effector which simultaneously hampers multiple signalling

branches.
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1.4. Hypersensitive response and other defence outputs

Interestingly, both ETI and PTI converge on qualitatively similar defence outputs.
Quantitative differences seem to account for most differences between PTI and ETI. ETI is
indeed considered as an accelerated and amplified PTI (Jones and Dangl, 2006). ETI and PTI
result in a wide range of defence outputs: cell wall thickening, lignification, callose
deposition, alkalinisation of the extracellular space, production of antimicrobial or repellent
compounds, production of pathogen-degrading enzymes and reactive oxygen intermediates,
activation of systemic acquired resistance, and stomatal closure. Defence against viruses is
mainly mediated by activation of RNA silencing which is targeted against the viral RNAs,
and suppression of the virus replication. These responses can occur not only locally but also
in distant cells since some immune signals are spread via hormones or other mobile signalling
mechanisms, and induce a fitness cost for the plant (Walters and Heil, 2007). Typically, ETI
also results in the induction of a hypersensitive response (HR), which is a specific type of cell
death occurring at the site of attempted infection. The HR is usually used as readout for the
ETI activation. However the HR does not occur in all incompatible interactions and can be
uncoupled from disease resistance, indicating that the HR is not always required to confer
disease resistance to certain pathogens and that other defence outputs can be more efficient in
conferring disease resistance (Bai et al., 2012; Bendahmane et al., 1999; Chang et al., 2013;
Coll et al., 2010; Yu et al., 1998, 2000). Whilst the HR can in some cases contribute to
restricting the growth of biotrophs, it can on the contrary promote infection by necrotrophs.
Necrotrophic pathogens secrete toxins, which function as effectors to promote host cell death
response. These toxins are often host-plant species-specific, thus called host-selective toxins
and mediate effector-triggered susceptibility (ETS), which mirrors ETI to some extent (Laluk
and Mengiste, 2010). It has been implicated that susceptibility to necrotrophic pathogens or
sensitivity to their host-selective toxins is associated with R loci in diverse plant species such
as A. thaliana (Lorang et al., 2007), sorghum (Nagy and Bennetzen, 2008), and wheat (Faris
et al., 2010). This indicates that some necrotrophic pathogens highjack the ETI to trigger an
HR, thereby promoting virulence. Therefore, resistance to host specific necrotrophs is mainly
mediated by PTI, detoxification of toxins, loss of toxin recognitions, or restricting toxin-
mediated cell death response (Mengiste, 2012). Plant R proteins seem to play minor roles in
disease resistance to necrotrophic pathogens. However the A. thaliana RLM3 R locus confers

resistance to a broad range of necrotrophs by unknown mechanisms (Staal et al., 2008).
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The HR-like response triggered by the pathogen-derived protein harpin requires an active
metabolism and de novo protein synthesis indicating that the HR is likely transcriptionally
controlled (He et al., 1994). It is still debated whether HR cell death results from the
activation of a cell death-specific program or simply from exaggerated defence responses,
especially since the HR can be uncoupled from disease resistance (see above). The current
understanding of the mechanisms involved in the HR is not complete. Divergent results
suggest that several distinct cell death mechanisms are involved and that different R proteins
trigger an HR via distinct processes. Cell death processes similar to the well-studied
mammalian apoptosis have not been observed in plant cells. According to a morphological
classification, there are at least two types of plant cell death: vacuolar cell death involving
autophagic-like processes, and necrosis (van Doorn et al., 2011). Vacuolar and autophagic
processes as well as regulation by the defence phytohormone salicylic acid have been
associated to the HR cell death (Coll et al., 2011; Hatsugai et al., 2004, 2015; Hofius et al.,
2009; Munch et al., 2015; Yoshimoto et al., 2009). However the HR fails to be assigned to
any type of plant cell death since it displays mixed features of both vacuolar and necrotic cell
death (van Doorn et al., 2011). A conductivity increase in the extracellular fluids can be
measured rapidly after HR induction. Such phenomenon can be explained by several
processes including a massive cation efflux and the fusion of the plasma membrane with the
vacuolar membrane leading to the release of the vacuolar content into the extracellular space
(Atkinson et al., 1985; Hatsugai et al., 2009). The release of intracellular molecules and the
conductivity increase occur before the apparition of obvious cell death symptoms such as cell
shrinkage, vacuolization and cytoplasmic aggregation (Hatsugai et al., 2009). Therefore
conductivity measure of the extracellular fluid is a marker routinely used to follow ETI and

HR development.

2. Effector-triggered immunity and plant NLRs

2.1. NLR proteins represent the largest class of R proteins

R proteins activate responses leading to ETI upon recognition of pathogen effectors or
effector-induced host perturbations. Most of R proteins belong to the NLR (nucleotide-
binding domain and leucine-rich repeats) family of intracellular receptors. A minority of R
proteins is encoded by other classes of proteins such as receptor-like proteins or receptor-like

kinases which likely act as cell surface immune receptors. Similar to animal NLRs, plant
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NLRs are modular proteins that typically consist of three building blocks: an N-terminal
domain, the central NB-ARC domain (named after nucleotide-binding adaptor shared with
APAF-1, plant resistance proteins, and CED-4), and a C-terminal LRR (leucine-rich repeats)
domain (Van der Biezen and Jones, 1998). The central domain of animal NLRs is also known
as the NACHT domain (named after NAIP, CIITA, HET-E, and TP1) (Koonin and Aravind,
2000) which is structurally similar to the plant NB-ARC domain but distinctive of animal
NLRs (van Ooijen et al., 2007; Takken et al., 2006). Despite their structural and functional
similarities, plant and animal NLRs are likely the result of convergent evolution (Ausubel,
2005; Rairdan and Moffett, 2007; Staal and Dixelius, 2007). The presence of either a
TOLL/interleukin 1 receptor (TIR) domain or a coiled-coil (CC) domain at the N-terminus is
a plant-NLR-specific feature and defines two major types of plant NLRs termed the TIR-type
NLRs (TNLs) and the CC-type NLRs (CNLs), respectively. Although the origins of TNLs
and CNLs seem to date back to very early land plant lineages, TNLs are absent from
monocots (Liu and Ekramoddoullah, 2007; Yue et al., 2012). The NLR family has massively
expanded in several plant species. The massive expansions have rendered the NLR family one
of the largest and most variable plant protein families (Clark et al., 2007; Ossowski et al.,
2008). Expansion of the recognition repertoire and rapid evolution of the pathogens are likely
the main forces which drive the NLR expansion and diversification in plants. This contrasts
with the vertebrate NLR repertoires, typically comprising ca. 20 members (Lange et al., 2011;
Meyers et al., 2003; Zhang et al., 2010; Zhou et al., 2004). Rapid evolution of the NLR
repertoire by a rapid “birth and death” mechanism accounts for highly species-specific NLR
repertoires in plants expect for a few NLR families which follow different evolutionary

dynamics and are conserved across several plant taxa (Jacob et al., 2013).

2.2. Function of the different NLR modules

NLRs are modular proteins consisting mainly of three modules: the N-terminal domain, the
central NB-ARC domain and the C-terminal LRR. The “Rosetta Stone Hypothesis” proposes
that when two proteins that are separate in some species are fused in another species, their
fusion likely reflects a previously hidden interaction between the two seemingly non-related
proteins (Marcotte et al., 1999). The Rosetta Stone Hypothesis might explain the plant NLRs
evolutionary history. Indeed, co-expression of individual NLR domains (i.e., N-terminal, NB-
ARC, and LRR domains) can often reconstitute the full-length protein function (Gutierrez et

al., 2010; Leister et al., 2005; Moffett et al., 2002). This suggests that the NLR domains were
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originally separated and have been assembled into a single multi-domain receptor during
evolution. Thus, each domain represents a functional unit with assembly-dependent and

assembly independent functions. The experimental data largely support such model.

The LRR domain is the most polymorphic domain and the main determinant for effector
recognition or detection of effector-induced host modifications. However the other NLR
domains also function in effector recognition in some cases (Qi and Innes, 2013). Recognition
of the effector or modified self induces a conformational change which represents the first
step in the switch process from the “off” to the signalling competent “on” state of the NLR

receptor.

The central NB-ARC domain has an intramolecular regulatory function. Following detection
of the effector or modified self by the LRR, an ADP to ATP exchange takes place which
trigger further conformational changes leading to the signalling competent conformation. ATP
binding depends on a functional P-loop which is a conserved motif within the NB-ARC
domain. Therefore mutations in the P-loop motif usually lead to NLR inactivation. On the
contrary, specific mutations in the MHD motif of the NB-ARC domain mimic ATP binding
and lead to effector-independent activation of the NLR (Qi and Innes, 2013). Although no
crystal structure of a full-length plant NLR is available yet, the first crystal structure of an
animal NLR monomer (mouse NLRC4) in its inactive state was resolved (Hu et al., 2013) and
contributed to support the auto-inhibition mechanism mediated by both LRR and NB-ARC
domain. Experimental data from plant NLRs further support the model which was inferred
from the mouse NLRC4 structure (Ade et al., 2007; Bendahmane et al., 2002; Hwang et al.,
2000; Qi et al., 2012; Slootweg et al., 2013). In the case of RPS5 and Rx, the NB-ARC
domain has an additional function in downstream signalling (Ade et al., 2007; Rairdan et al.,

2008).

The N-terminal domain, which typically consists of either a CC domain or a TIR domain, has
been associated in many cases with the NLR signalling function, and can also participate in
effector/modified-self recognition and intramolecular regulatory interactions (Qi and Innes,
2013). Interestingly, both the CC domains of barley MLA, NRG1 and ADRI1 from A4.
thaliana, NRG1 from Nicotiana benthamiana, ADR1 from potato, and the TIR domains of
RPS4 and RPP1 from A. thaliana, L from flax, and N from tobacco can trigger an HR in an
effector-independent manner (Bernoux et al., 2011; Collier et al., 2011; Frost et al., 2004;
Krasileva et al., 2010; Maekawa et al., 2011b; Michael Weaver et al., 2006). This indicates
that several TIR and CC domains from NLRs act as signalling modules sufficient for HR
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activation. The crystal structure of MLA CC and L6 TIR domains revealed the presence of
homodimers, and functional studies indicated that homodimerization is required for the
signalling function (Bernoux et al., 2011; Maekawa et al., 2011b; Swiderski et al., 2009).
These results contrast with the case of potato CNL Rx and the A. thaliana CNL RPS5, where
the NB and the CC-NB part respectively is sufficient for triggering an HR (Ade et al., 2007;
Rairdan et al., 2008). As suggested by the crystal structure of the MLA CC and L6 TIR
homodimers, NLRs can form hetero- and homo-oligomers in either a constitutive or a

inducible manner similarly to animal NLRs (Griebel et al., 2014).

2.3. Compartmentalization of NLRs and NLR functions

NLRs localize in various subcellular compartments (Wang and Balint-Kurti, 2015). For
example the A. thaliana TNL RPS4 is partly associated to endomembranes and partly in the
nucleus (Wirthmueller et al., 2007). This is similar to the barley CNL MLA described to be
associated to membranes and in the nucleus (Bieri et al., 2004; Shen et al., 2007). The A.
thaliana CNLs RPMI1 and RPS2 are associated to the plasma membrane in both their active
and their inactive states (Axtell and Staskawicz, 2003; Boyes et al., 1998; Gao et al., 2011).
The flax TNL L6 is localized in the golgi apparatus (Takemoto et al., 2011). The localization
of NLRs before activation reflects in most cases the site of effector recognition. NLR
relocalization can occur after activation. For instance, the potato CNL R3a relocates from the
cytoplasm to endosomal compartments (Engelhardt et al., 2012) whilst several other NLRs
accumulate in the nucleus after activation (Caplan et al., 2008; Cheng et al., 2009; Shen et al.,
2007; Wirthmueller et al., 2007). This indicates that NLRs initiate the ETI from distinct

subcellular compartments, possibly via distinct mechanisms or pathways.

Furthermore, nuclear accumulation of several NLRs such as RPS4 and MLA is required for
disease resistance (Heidrich et al., 2011; Shen et al., 2007) whilst cytosolic localization is

required for disease resistance mediated by potato Rx (Slootweg et al., 2010).

Demonstration of compartment-specific functions for several NLRs indicates that a single
NLR can activate distinct pathways in distinct subcellular compartments. For example, RPS4
nuclear pool is sufficient for disease resistance whereas the cytosolic pool is sufficient for HR
(Heidrich et al., 2011). Similar functional properties were also shown for the barley CNL
MLA (Bai et al., 2012; Shen et al., 2007).
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2.4. Key components required for NLR function

Despite 20 years of intensive research in the field of plant NLR biology, the knowledge on
signal transduction downstream of NLRs remains largely incomplete. This is particularly true
for what regards the very first steps in the signal initiation downstream of NLRs. Several
forward genetic screens have been conducted to identify genes involved in NLR functions but
these identified only a limited number of genes, of which, only a small subset is involved in
downstream signalling, indicative of a wide functional redundancy or requirement of the
components for plant survival. On top of the signalling components described in the
introductory section 1.3.1, a few general components downstream of NLRs have been
identified. EDS1 was identified in 4. thaliana in a screen for loss of ETI against avirulent
Hyaloperonospora parasitica (Parker et al., 1996). EDS1, together with its interacting partner
PAD4, is required for TNL-mediated ETI (Wiermer et al., 2005). Later on, EDS1 together
with another interaction partner named SAG101 was found to form a distinct regulatory pair
with immune functions partially overlapping these of the EDS1-PAD4 pair (Cui et al., 2015).
The plasma membrane—anchored integrin-like protein NDR1 was identified in A. thaliana in a
screen for loss of resistance against avirulent Pseudomonas syringae pv. tomato (Century et
al., 1995) and is required for ETI mediated by a subset of CNLs (Day et al., 2006; Knepper et
al., 2011). Both EDS1 and NDRI1 are involved in resistance to virulent pathogens indicating
that these components are also convergence points between PTI and ETI (Knepper et al.,
2011; Wiermer et al., 2005). Contrary to EDS1 which seems to be present in nearly all
angiosperms taxa, NDR1 is only found in eudicots, suggesting that NDRI1 is a eudicot-

specific immune regulator (Phytozome v11.0).

Several NLRs are required for the function of other NLRs. 4. thaliana ADR1 (ACTIVATED
DISEASE RESISTANCE 1) family, which comprises three paralogues in 4. thaliana (ADR1,
ADRI-likel, ADRI-like2), is exceptionally conserved among various plant species including
monocotyledonous and eudicotyledonous plant species (Collier et al., 2011). Because of such
a high degree of conservation, much attention has been paid to this family, which might
represent a conserved and potentially ancestral function. ADR1 family members are also
required for PTI and ETI mediated by a distinct set of NLRs, which are dependent on salicylic
acid signalling for full immune response (Bonardi et al., 2011). Consistent with the immune
responses conferred by those NLRs, the ADR1 family is involved in a feedback amplification
loop of salicylic acid signalling and its biosynthesis, cooperating with EDS1 (Bonardi et al.,

2011; Roberts et al., 2013). Another example for a helper function of NLRs is tomato NRCI1.
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NRCI1 is required for the immunity conferred by Cf-4, a non-NLR R protein. Silencing of
NRCI in N. benthamiana impairs the hypersensitive response mediated by several other R
proteins including two NLRs, Rx, and Mi (Gabri€ls et al., 2007). Because such “helper”
NLRs are required for the function of other NLRs, they might be involved in relaying the
signal downstream of the respective innate immune sensors besides a role in defence

phytohormone pathways.

Forward genetic screens also lead to the identification of several components involved in the
regulation of pre-activated NLR complexes. RARI (REQUIRED FOR MLAI2 RESISTANCE
1) was identified as a locus required for barley MLA12-mediated resistance to avirulent
powdery mildew (Shirasu et al., 1999). RAR1 was found later to form, together with HSP90
(HEAT SHOCK PROTEIN 90) and SGT1 (SUPPRESSOR OF G-TWO ALLELE OF SKPI)
a complex involved in NLR chaperoning (Kadota and Shirasu, 2012). The HSP90-RAR1-
SGT1 complex is required for the stabilization of many NLRs, but not all (Kadota and
Shirasu, 2012).

2.5. Conservation of the NLR signalling mechanisms across plant species

In a few cases, co-expression of an NLR, its cognate effector and the effector target in
heterologous plant species induces an HR, indicating that the signalling mechanisms
downstream of NLR might be conserved across diverse plant taxa (Wulff et al., 2011).
However, these data are often based on transient gene expression with strong promoters and
use host cell death as proxy for NLR activity. Since NLR-mediated host cell death responses
can be uncoupled from NLR-mediated pathogen growth restriction in several cases (Coll et
al., 2011; Maekawa et al., 2011a), it was unclear if plant NLRs also confer disease resistance

in stable transgenic plants in phylogenetically distant species.

Recently, it was shown that a subset of plant NLRs confers disease resistance across different
taxonomic classes (Maekawa et al., 2012; Narusaka et al., 2013). Our group demonstrated that
a CNL named MLA1 (MILDEW A 1) from the monocotyledonous plant barley (Hordeum
vulgare, Poaceae) functions in the eudicot plant thale cress (4. thaliana, Brassicaceae) against
barley powdery mildew Blumeria graminis f. sp. hordei (Bgh) (Maekawa et al., 2012). These
data suggest the existence of an evolutionarily conserved CNL-mediated immune mechanism.
Similar to MLAI, co-acting A. thaliana TNL pair, RPS4 (RESISTANCE TO
PSEUDOMONAS SYRINGAE 4) and RRS1 (RESISTANCE TO RALSTONIA
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SOLANACEARUM 1) also confers resistance in cucumber (Cucurbitaceae), Nicotiana
benthamiana, and tomato (Solanaceae) (Narusaka et al., 2013). Additionally, the A. thaliana
RPWS.1 and RPWS.2 encoding truncated CNL-like proteins, confer resistance to powdery
mildews in Nicotiana tabacum and Nicotiana benthamiana like in A. thaliana (Xiao et al.,
2003). These results strongly imply that a subset of plant NLRs, despite their evolutionary
separation, can signal via an evolutionarily conserved mechanism. Again, the question arises
about how such conserved mechanism can avoid interception by pathogen effectors. As
previously mentioned, the robustness of signal transduction might be mediated by a complex
network and the simultaneous connectivity to several entry nodes. One could also suspect that

many key components of the immune network are heavily guarded by NLRs.

3. Case study on the ETI mediated by the barley MLA

The polymorphic barley MLA (mildew A) locus encodes functionally diversified CNLs which
recognize isolate-specific effectors of the powdery mildew fungus, Blumeria graminis f. sp.
hordei (Bgh) (Seeholzer et al., 2010). MLA-dependent recognition of avirulent Bgh triggers
ETI accompanied by an HR.

MLA resistance alleles differentially require the three components of the heteromeric HSP90-
RARI1-SGT1 complex for their function (Bieri et al., 2004; Halterman and Wise, 2004; Hein
et al., 2005; Shen et al., 2003).

MLA1 and MLAI10 are localized in the cytosol and the nucleus including a membrane
associated pool (Bieri et al., 2004; Shen et al., 2007). When excluded from the nucleus by
fusion with a nuclear exclusion signal, immunity mediated by MLA10 is compromised (Shen
et al., 2007). On the contrary, confinement of MLA10 in the nucleus by a nuclear localization
signal abolishes its capacity to induce the HR (Bai et al., 2012). This implies compartment
specific functions for MLA, with a nuclear pool required for disease resistance and a cytosolic
pool required for the HR. The nuclear function of MLA was further investigated. Following
up on the demonstration that barley MLA10 interacts with the TFs HvWRKY1 and
HvWRKY?2, negative regulators of immunity (Shen et al., 2007), Chang et al. (2013)
elucidated the mechanism by which this interaction results in immunity. Their results indicate
that the CC domain of barley MLA10 interacts not only with the aforementioned repressors

but also with the transcriptional factor HYMYB®6, a positive regulator of immunity. Strikingly,
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only the active form of MLA10 is able to bind HYMYB6, which is sequestered by HYWRKY' 1
in the absence of the activated MLA10. The interaction through the MLA CC domain
prevents HYWRKY1 from interacting with HYMYB6, thereby allowing H-vYMYB6 binding to
the corresponding cis-regulatory element. The MLA10-HvMYB6 complex, in turn, greatly
enhances transcription downstream of the cis-regulatory element compared to HYMYB6 alone
in a transient expression assay. This finding revealed at least part of the mechanism by which

MLA transduces the immune signal to downstream signalling components in barley.

Since MLA belongs to a Triticeae-specific NLR clade, there is no MLA orthologue in A.
thaliana. In order to test if the barley receptor MLA can function in 4. thaliana, the MLA1-
avirulent Bgh interaction was tested in 4. thaliana. Since A. thaliana is resistant to Bgh, the
partially immunocompromised pen2 pad4 sagl01 (pps) A. thaliana mutant background was
used which allows infection and growth of Bgh. In the 4. thaliana pps mutant background, the
MLAI1-triggered immunity including host cell death response and disease resistance is fully
retained (Maekawa et al., 2012). Furthermore, a similar analysis conducted in the 4. thaliana
pen2 pad4 sagl01 dde?2 ein2 sid2 (ppsdes) mutant suggested that MLA1-mediated immunity
is also fully retained in A. thaliana mutant plants that are simultaneously impaired in the three
major defence phytohormone pathways (ET, JA, and SA) (Maekawa et al., 2012). These data
suggest the existence of an evolutionarily conserved and defence phytohormone-independent
CNL-mediated immune mechanism. The known interaction between MLA10 and
HvWRKY1/2 and HYMYB6 cannot explain the conserved function of MLA1 in A. thaliana
since HYMYB6 is a monocot-specific transcription factor (Chang et al., 2013). Therefore the
underlying conserved immune signalling target is unknown. Since NLRs likely initiate
downstream signalling via multiple signalling targets, the previous findings imply that at least

one signalling target of MLA is conserved in A. thaliana.

Domain swap experiments between different MLA alleles which detect genetically diverse
Bgh effectors, imply that recognition specificity is determined by the LRR domain (Shen et
al., 2003). The N-terminal coiled-coil domain of MLA (MLAcc) is largely invariant among
the different MLA alleles (Seeholzer et al., 2010). MLAcc forms a rod-shaped homodimer
which defines the minimal functional unit required for triggering cell death in barley and N.
benthamiana (Maekawa et al., 2011b). Since the MLAcc triggers an effector-independent cell
death in several species, the signalling mechanism leading to the cell death must be conserved
in these species. MLA1 interacts with HYWRKY'1/2 and HYMYB6 via its CC domain (Chang
et al., 2013; Shen et al., 2007), therefore the MLAcc might be involved in both cell death
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signalling and transcriptional regulation. Furthermore cytosolic MLAcc can trigger cell death
whereas nuclear MLAcc cannot, suggesting that MLAcc signalling function might follow the

same subcellular compartmentalization as the full length MLA receptor (Bai et al., 2012).

4. The aim of this thesis

NLRs act as key intracellular immune sensors in plants by detecting invading pathogens.
More than 20 years after the cloning of the first NLRs (Bent et al., 1994; Mindrinos et al.,
1994; Whitham et al., 1994), the signalling mechanisms downstream of NLRs remain largely
unknown. Understanding of this aspect of plant immunity would certainly contribute to the
development of technologies to protect plants from pathogen attacks. Still, much has to be
discovered about the signalling targets and the convergence points in the signalling network

downstream of plant NLRs.

I addressed this question during my thesis work by using several complementary approaches
which utilize classical techniques but also take advantage of recent technologies such as
whole transcriptome shotgun sequencing (RNA-seq), protein complex identification by mass
spectrometry and mapping by sequencing. The first step was to establish and validate a
simplified system to study NLR-mediated signalling. The study was conducted in the model
plant A. thaliana since it presents many advantages compared to other plant species, including
high quality reference genome and annotation (4. thaliana genome initiative 2000, Lamesch

et al., 2012), and diverse extensive mutant collections.

Since the barley CNL MLA can function in 4. thaliana and the MLAcc acts as a signalling
module, the MLAcc was used as a presumed effector-independent trigger for NLR-mediated
responses. A. thaliana stable transgenic lines conditionally expressing MLAcc were
generated. These lines were characterized to determine whether MLAcc induces responses
similar to the ETI mediated by endogenous full-length NLRs in 4. thaliana. The second step
consisted in exploiting the conditional expression of MLAcc in A. thaliana transgenic lines to
study NLR-mediated signalling mechanisms and to unravel new components of the immune
signalling network. Importantly, the system was designed to focus more specifically on the
conserved signalling aspects, since the barley MLAcc likely co-opts conserved signalling

components present in 4. thaliana for its function.
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Using a genetic approach, I assessed the requirement of defence phytohormones for the
MLAcc function. Common patterns in MLAcc-mediated and other immune responses were
defined by a comparative transcriptomic analysis. A forward genetic suppressor screening
was conducted to identify mutations which suppress the MLAcc mediated responses. Finally,
identification of MLAcc interacting partners was attempted using yeast-two-hybrid and

affinity purification coupled with mass spectrometry.
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1.1. Introduction

Resistance (R) proteins sense the presence of effector molecules delivered by the pathogen
into host cells to manipulate intracellular processes for successful pathogenesis. Upon
pathogen sensing, R proteins become activated and trigger a rapid and intense immune
response, termed effector-triggered immunity (ETI). In most cases ETI is accompanied by a
so-called «hypersensitive response» (HR), which is a local and rapid cell death response at the

sites of attempted infection.

Like many other R proteins, MLA belongs to the intracellular NLR family (nucleotide-
binding leucine rich repeat containing protein). Barley (Hordeum vulgare) MLA confers
isolate-specific recognition of Blumeria graminis f. sp. hordei (Bgh) isolates expressing a
cognate effector gene, called 4VR,. Barley MLA orthologs are present in closely related plant
species of the Triticeae such as wheat (Jordan et al., 2011), but not in dicotyledonous plants
such as Arabidopsis thaliana (A. thaliana). The N-terminal coiled-coil (CC) domain of MLA
(MLAC(cc) has been reported as a minimal signalling module inducing cell death upon transient
expression in barley and Nicotiana benthamiana (Maekawa et al., 2011b). MLAcc
homodimerization is required for its cell death-inducing activity since amino acid
substitutions (e.g. I33E and L36FE) that disrupt MLAcc homodimer formation also abolish its
cell death-inducing activity. Barley MLA1 was recently shown to be functional in 4. thaliana
(Maekawa et al., 2012), i1.e. transgenic expression of the immune receptor confers race-
specific immunity only to a Bgh isolate expressing the cognate 4VR, effector. The wide range
of genome-wide molecular and genetic tools available in the model plant 4. thaliana enabled
me to characterize molecular processes initiated by barley MLAcc and to compare these with
previously characterized innate immune responses in this dicotyledonous plant species. I
established stable 4. thaliana transgenic lines expressing barley MLAcc to test whether the N-
terminal CC module functions as an immune signalling module in A. thaliana that can initiate
ETI-like responses. The transgenic lines were then used to characterize the underlying
molecular mechanism. This chapter describes the characterization of transgenic 4. thaliana
lines conditionally expressing barley MLAcc, genetic experiments aimed to examine the
requirement of several key immune components for MLAcc function and time-resolved RNA-
seq experiments to compare barley MLAcc-mediated transcriptional responses with those

triggered by endogenous A. thaliana PRR or NLR-type immune receptors.
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1.2. Expression of the MLAcc module induces HR-like responses in A.

thaliana

1.2.1. Growth phenotype of stable transgenic lines expressing MLAcc

To explore a presumed MLAcc activity in 4. thaliana, 1 generated stable transgenic lines in
ecotype Col-0 expressing MLAcc (amino acids 1-160 of MLA10) with a C-terminal fusion to
a monomeric yellow fluorescent protein (mYFP) under the control of a dexamethasone
(DEX)-inducible promoter, enabling conditional and synchronous transgene expression.
Hereafter, these lines are referred to as DEXp:MLAcc-mYFP lines. 1 generated control
transgenic A. thaliana lines expressing mYFP alone under the DEX-inducible promoter
(DEXp:mYFP) to exclude the possibility that mYFP and/or the DEX-inducible transactivation
system account for the phenotypes seen in the DEXp:MLAcc-mYFP lines. I selected a total of
eight independent DEXp:MLAcc-mYFP transgenic lines that displayed a segregation of the
selectable marker gene present in the transgene construct (hygromycin resistance) in the T»
generation that is consistent with a single transgene insertion. The phenotype of homozygous
T3 progeny was examined at 14 days post germination (dpg) on MS agar medium in the
absence or presence of 30 uM DEX. The seedlings of eight independent DEXp:MLAcc-mYFP
lines on medium supplemented with DEX displayed a range of phenotypes from slight to
strong dwarfism (reduced shoot and root biomass) with an accompanying leaf chlorosis in
comparison to the same genotype without DEX, the DEXp:mYFP transgenic line, or wild-type
A. thaliana accession Col-0 (Figure 1-1). Although the transgenic DEXp:MLAcc-mYFP lines
showed in the absence of DEX a growth phenotype that was comparable to wild-type Col-0
plants, their root length appeared to be slightly shorter. Nevertheless, these observations
indicate that neither the transactivation system nor the transgene insertion are responsible for
the marked plant growth phenotype of DEXp:MLAcc-mYFP expressing plants on medium
supplemented with DEX.
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Figure 1-1: Plant growth phenotype and leaf chlorosis of DEXp:MLAcc-mYFP expressing transgenic lines.
A, Homozygous T3 progeny at 14 days post germination, obtained from several independent DEXp:MLAcc-
mYFP T, transgenic lines, were grown on MS-agar plates containing 0 or 30 pM DEX. Scale bar: 2 cm. B,
hygromycin-resistant T» seedlings grown on MS-agar plates were transferred 10 days after germination onto
MS-agar plates containing 30 uM DEX. Proteins were extracted 24 h after transfer for immunoblotting with an
anti-GFP antibody.

Immunoblotting analysis with a GFP antiserum confirmed the accumulation of the MLAcc-
mYFP fusion protein at the expected size of ~48 kDa (examples shown in Figure 1-1.B).
Similar plant growth phenotypes have been reported for mutants displaying constitutively
active defence responses such as mekkl (Ichimura et al., 2006), chs2 (Huang et al., 2010) and
for transgenic plants overexpressing the N-terminal TIR domain of the 4. thaliana NLR RPS4
(Swiderski et al., 2009). This stimulated further experiments to clarify whether the growth
phenotype and leaf chlorosis of DEXp:MLAcc-mYFP lines is linked to constitutive MLAcc-

induced defence responses.
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1.2.2. Selection and characterization of a DEXp:MLAcc-mYFP line conferring

stable transgene expression over multiple generations

I selected one Tz progeny from DEXp:MLAcc-mYFP line #5 (DEXp:MLAcc-mYFP #5.1) for
further characterization since the transgene expression was stable for four generations whilst
the transgenes in the other lines were strongly affected by transgene silencing in successive
generations. Furthermore, this line displayed a Col-0 wild-type-like phenotype in the absence
of DEX, indicating that the transgene insertion and expression of the transactivation factor
had no obvious effect in this line (Figure 1-1). Isolation of the transgene flanking regions by
cloning and subsequent sequencing identified a single insertion locus at ~711,808 bp on A.
thaliana chromosome 1. The insertion is located in an intergenic region downstream of
SPIRRIG (AT1G03060) and upstream of DWARF27 (AT1G03055) (Figure S1-1). A loss of
function of either flanking gene should result in a clearly identifiable phenotype (e.g. distorted
trichomes and secondary bud outgrowth, respectively) (Saedler et al., 2009; Waters et al.,
2012). None of these phenotypes were observed in DEXp:MLAcc-mYFP progeny plants of
line #5.1, suggesting that the transgene insertion does not affect the function of these two
flanking genes. Transcriptomic data obtained later and described in Results section 1.3.1 also
indicates that SPIRRIG and DWARF27 transcripts are detectable in leaves of the
DEXp:MLAcc-mYFP #5.1 line at 85% and 47% of the level seen in Col-0 wild-type,
respectively. These results indicate that line DEXp:MLAcc-mYFP #5.1 is suitable to conduct
an in-depth characterization of MLAcc-mediated responses. This line was employed for the

experiments described in the following sections.

1.2.3. Conditional expression of MLAcc induces a rapid cell death response and

MAPK activation

The marked dwarfism and leaf chlorosis of DEXp:MLAcc-mYFP expressing plants prompted
me to examine a potential DEX-dependent leaf cell death response in these plants. To test
this, I performed time-course experiments and quantified ion leakage from leaf discs, excised
from six-week-old plants grown on soil, after immersion into a solution containing 10 uM
DEX or the corresponding control buffer (mock). Ion leakage is an early quantitative marker
for cell death in plants (Demidchik et al., 2014). A rapid and marked increase in ion leakage
after DEX treatment in DEXp:MLAcc-mYFP leaves compared to mock treated and wild-type
Col-0 samples indicated the onset of a MLAcc-mediated cell death at ~eight hours post
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induction (hpi) (Figure S1-2). DEX treatment alone did not induce any significant ion
leakage.

Further characterization of this cell death was conducted under conditions closer to
physiological conditions of intact plants by infiltrating 1 uM DEX into leaves of four week-
old DEXp:MLAcc-mYFP or DEXp:mYFP plants. A similar DEX-inducible ion leakage with
an onset between four to six hours after DEX infiltration was observed in this experimental
system (Figure 1-2.A). MLAcc-mediated cell death was confirmed by a trypan-blue vital
staining assay in which I detected dye precipitate in leaf cells starting at 12 hpi that appears to
increase over time at 24 and 48 hpi (Figure 1-2.B). Parallel immunoblot analysis of leaf
protein extracts with a GFP antiserum revealed that MLAcc-mYFP was clearly detectable at
two hpi at low levels, accumulated to high levels at four hpi that did not change dramatically
between six and eight hpi, but decreased markedly in abundance at 24 hpi (Figure 1-2.C).
Thus, MLAcc protein accumulation in leaves appears to slightly precede the onset of MLAcc-
dependent ion leakage. Chlorotic and necrotic leaf patches developed from 24 hpi to 72 hpi at
the macroscopic level in DEXp:MLAcc-mYFP expressing, but not in DEXp:mYFP plants
(Figure 1-2.D). Mitogen-activated protein kinase (MAPK) activation can be used as a marker
for both abiotic and biotic plant stress (Zhang et al., 2006). In A. thaliana, PPMAMP and
effector sensing usually results in 4/MPK3/6 activation (Tsuda et al., 2009, 2013). MAPK
activation was examined by immunoblotting using an anti-pT/pY MAPK antibody (Figure 1-
2.E). Two immunoreactive bands were identified which correspond in size to AtMPK3 and
AMMPK6. Upon DEX infiltration, activated MAPKs were detected in DEXp:MLAcc-mYFP—
expressing plants starting from 4 hpi until at least 8 hpi, but not in DEXp:mYFP control
plants. This finding indicates that MLAcc induces a sustained A/MPK3 and A/MPK6

activation.

Sustained MAPK activation is a hallmark of NLR activation compared to transient (10-40
min) activation seen in response to plant treatment with P/MAMPs such as the flg22 peptide
and subsequent activation of pattern-triggered immune responses (PTI) (Tsuda et al., 2009,
2013). MAPK activation upon conditional MLAcc expression precedes or is concurrent with
ion leakage (Figure 1-2.A, E), suggesting that MAPK activation is not a consequence of cell

death but rather acts upstream or independently of the cell death response.
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Figure 1-2: Timing of MLAcc-dependent activation of cell death and MAPKSs in leaves. 4 week old leaves
of the DEXp:MLAcc-mYFP or the DEXp:mYFP lines were infiltrated with 1 uM DEX. A, ion leakage
measurement. The error bars represent the standard deviation from three independent experiments. B, Detection
of cell death by trypan staining of the DEX-infiltrated leaves. C, protein accumulation monitored by
immunoblotting. D, macroscopic phenotype of the leaves infiltrated with DEX (orange dots). E, MAPK
activation monitored by anti-pTpY immunoblot (WB). Ponceau S. staining indicates equal protein loading. hpi,
hours post infiltration. exp. time, exposure time. Scale bar: 2 cm.
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Taken together, my findings indicate that barley MLAcc is capable to induce a rapid cell death
response that might share features with the leaf-associated HR in race-specific immunity
triggered by the barley MLA1 full-length receptor in transgenic A. thaliana plants following
inoculation with a Bgh isolate containing AVRal (Maekawa et al., 2012).

Conditional expression of MLAcc-mYFP enabled me also to examine the subcellular
localization of the fusion protein by confocal imaging of the leaf epidermis of five week-old
DEXp:MLAcc-mYFP plants infiltrated with 10 uM DEX. The MLAcc-mYFP fusion protein
was found to accumulate in both the cytoplasm and the nucleus (Figure 1-3), similar to full-
length and transiently overexpressed MLA10-YFP in barley leaf epidermal cells (Shen et al.,
2007).

Figure 1-3: Subcellular localization of MLAcc-mYFP fusion protein in A. thaliana. Confocal images of
representative epidermal cells were taken 4 hours after DEX infiltration into leaves of five-week-old
DEXp:MLAcc-mYFP plants. Left panel shows detection of the mYFP signal. Right panel shows a merge of
mYFP (yellow), chlorophyll (red) and transmitted light images (grey shades). Scale bar: 20 uM. Green
arrowheads indicate nuclei.
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The mYFP-expressing cells were detectable as early as 2.5 hpi and evidence for cell death
became microscopically visible as early as 3 hours after DEX infiltration by increased
autofluorescence, lack of cytoplasmic streaming and vacuolization of epidermal cells. The
mYFP signal in the nucleus almost completely disappeared at later time points (Figure 1-4).
Whether this disappearance of the nuclear signal is due to disintegration of the nuclear
envelope or specific elimination of the MLAcc from the nucleus remains unclear. However,
some nuclei showed altered morphologies (diffuse and/or distorted shape), suggesting that
MLAcc-mYFP-dependent cell death might lead to a loss of nucleus integrity in the leaf

epidermis (Figure 1-4, red arrows).

A part of epitope-tagged functional barley MLAI, expressed under its native promoter in
transgenic barley plants, has been reported to associate with the membrane fraction following
leaf protein fractionation, whilst another part was found to be soluble (Bieri et al., 2004). In
transient gene expression experiments, MLAcc—dependent cell death activation in M.
benthamiana leaves was shown to be dependent on the cytosolic MLAcc pool (Bai et al.,
2012). On the other hand, using transient single-cell gene expression experiments, the nuclear
MLA10-YFP pool was shown to be required for effective race-specific disease resistance in
barley (Shen et al., 2007) and the MLAcc module was shown to interact directly with two
antagonistically acting barley transcription factors, MYB6 and WRKY1 (Chang et al., 2013).
Thus, accumulation of the MLAcc-mYFP fusion protein in the nucleus and cytoplasm of
transgenic A. thaliana plants might reflect associations with nuclear and cytosolic interacting
proteins. I attempted to examine presumed subcellular-specific functions of MLAcc by
analysing DEX-inducible transgenic lines expressing the MLAcc fused to either a nuclear
localization signal (NLS) or to a nuclear export signal (NES) or to the respective inactive
sequence variants. However, no conclusive data could be obtained due to high variation in the
steady-state levels of MLAcc in different transgenic lines and absence of clear qualitative

differences between the different variants tested (data not shown).
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area #1 area #2 area #3 area #4 area #5

Figure 1-4: Time series of confocal images of epidermal cells expressing MLAcc-mYFP. Leaves of five-
week-old DEXp:MLAcc-mYFP plants were infiltrated with 10 uM DEX. Leaf discs were imaged from 180 min
after infiltration every 20 min for 5 hours maximum. Red arrows, nuclei. The numbers indicate the time after
infiltration in minutes. Scale bar: 20 uM
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1.2.4. MLAcc-mediated cell death requires extracellular calcium influx but not

NADPH-dependent oxidase activity

To further test potential similarities between barley MLAcc-mediated cell death in A. thaliana
and the HR triggered by endogenous full-length NLR genes in this species, I examined the
effect of lanthanum(IIl) chloride (LaClz). LaCl; is a calcium channel blocker reported to
abolish the HR induced by the two A. thaliana CNLs RPM1 and RPS2 (Grant et al., 2000;
Pike et al., 2005) on MLAcc-mediated cell death. Application of LaCl; 20 min prior DEX
treatment fully abolished leaf ion leakage induced by MLAcc-mYFP expression (Figure 1-
5.A) without significant effect on MLAcc-mYFP accumulation (Figure 1-5.B). I also tested
the effect of diphenylene iodonium (DPI), an inhibitor of the NADPH-dependent oxidase
which is known to moderately affect leaf ion leakage upon RPM1 activation (Andersson et
al., 2006). DPI treatment had neither a significant effect on MLAcc-mediated cell death nor
on MLAcc-mYFP accumulation (Figure 1-5.B, C).

Altogether these results suggest that barley MLAcc can induce in heterologous A. thaliana a
cell death response which shares at least some features with the HR triggered by the tested

endogenous full-length CNLs during authentic ETI responses.
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Figure 1-5: Effect of the calcium channel blocker LaClz and the NADPH oxidase inhibitor DPI on
MLAcc-mediated cell death. Leaf discs of four week old DEXp:MLAcc-mYFP plants were treated with DEX in
combination with either mock solution, or 2 mM LaCls; or 7 uM DPI. A and C, ion leakage upon LaCl; (A) or
DPI (C) treatment. The error bars represent the standard deviation from three biological replicates in one
experiment. The experiment was reproduced at least three times with similar results. The conductivity values in
the LaCls treatment corresponds to the conductivity increase as compared to the 0 hour time point. B, Equal
accumulation of the MLAcc-mYFP protein at 6 hpi was verified in three biological replicates by immunoblot
analysis. Equal sample loading was monitored by Ponceau S staining.

1.2.5. MLAcc-mediated cell death is homodimer-dependent and similar to the HR
induced by the autoactive full length MLA in A. thaliana

Maekawa et al. (2011) reported that MLAcc homodimerization is required for disease
resistance and cell death activation triggered by the full-length MLA10. Single amino acid
substitutions impairing the MLA10cc homodimerization such as I133E and L36E abolished

both cell death induction and race-specific disease resistance (Maekawa et al., 2011b).

I tested whether the same amino acid substitutions also abolished cell death induction
conditioned by the MLA10cc in A. thaliana. Towards this end, I generated stable transgenic
A. thaliana lines expressing MLAcc variants carrying the two aforementioned substitutions

under the DEX-inducible promoter. Electrolyte leakage measurement and detection of dead
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cells by trypan blue staining indicate that both tested MLAcc variants (denoted MLAccI33E
and MLAccL36E) failed to activate a cell death response upon DEX treatment (Figure S1-
3.A, B).

Moreover, the autoactive full-length MLA1(D502V) receptor variant (denoted MLAwmuD)
induces cell death in transgenic A. thaliana leaves which resemble the MLAcc-dependent cell
death, whereas DEX-inducible expression of the functionally inactive P-loop MLA1(K207R)
variant (denoted MLAp.100p) failed to condition a cell death response (Figure S1-3.B).

Collectively, these results strongly suggest that cell death signalling initiated by the MLAcc
domain in A. thaliana is dependent on MLAcc homodimer formation and is similar to the cell
death response conditioned by the autoactive full-length MLA 1mup receptor variant. This data
is also consistent with previous reports obtained by transient expression of the corresponding
transgenes in barley and N. benthamiana leaves (Maekawa et al., 2011b), further supporting
the hypothesis that the MLAcc dimer functions as cell death signalling moiety in the context
of the full-length receptor and that signalling components needed for cell death execution

might be conserved in barley, N. benthamiana, and A. thaliana.

1.2.6. The MLAcc domain induces cell death but not MAPK activation in
partially immunocompromised pen2 pad4 sagl01 dde?2 ein2 sid2 sextuple mutant

plants

A. thaliana wild-type (col-0) is fully resistant to the non-adapted Bgh fungal pathogen of
barley, but on pen2 pad4 sagl01 (pps) mutant plants, the fungus can grow invasively and
complete its life cycle due to impaired PEN2-dependent pre-invasive and PAD4- and
SAG101-dependent post-invasive immune responses (Lipka et al., 2005). In plants lacking
PAD4 and SAGI101, the activity of the key immune regulatory component EDSI1 is abolished
(Feys et al., 2005). In transgenic A. thaliana expressing MLA1, the barley R gene mediates
race-specific disease resistance to Bgh accompanied by cell death in the partially
immunocompromised pps background (Maekawa et al., 2012). Moreover, both MLAI-
mediated race-specific disease resistance to Bgh and host cell death induction are retained in
the pen2 pad4 sagl01 dde2 ein2 sid2 (ppsdes) sextuple mutant background, in which
additionally all three major defence phytohormone pathways (jasmonate [JA], ethylene [ET],
and salicylic acid [SA]) are depleted (Maekawa et al., 2012; Pieterse et al., 2012).
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To test whether JA, ET, and SA are required for the MLAcc-mediated responses, I generated
and analysed transgenic lines expressing DEXp:MLAcc-mYFP in the ppsdes sextuple
background. Cell death detection by ion leakage measurement and trypan blue staining
indicates that MLAcc induces cell death in ppsdes plants compared to non-transgenic ppsdes
plants. However, the cell death appeared to be attenuated compared to the line expressing

MLACcc in the wild-type background Col-0 (Figure S1-3.A, B).

In contrast, MLAcc-dependent MAPK activation was completely abolished in the ppsdes
background (Figure 1-6.C). The absence of MAPK activation in the ppsdes background does
not result from a general inability of this mutant to trigger MAPK activation since in several
experiments, stress-induced MAPK activation was detected in the samples taken immediately

after infiltration (data not shown).

Since the MLAcc expression in terms of both protein and transcript steady state levels was
substantially lower in the ppsdes background compared to the transgenic line in wild-type
Col-0 background, it is not possible to conclude whether the partial suppression of MLAcc-
mediated cell death in the ppsdes background is due to the genetic background or due to the
differences in MLAcc abundance (Figure 1-6.A, B). The approximately eight fold difference
in transcript accumulation of MLAcc at 2 hpi in Col-0 compared to the ppsdes background
might account for the attenuated cell death response. However the difference in transcript
accumulation decreases over time down to ~two fold at 6 hpi, suggesting that qualitative and
quantitative differences observed at later time points are less likely due to differential MLAcc
expression. Interestingly, whereas MLAcc accumulation was substantially reduced at 24 hpi
in the wild-type background, MLAcc accumulation persisted in the ppsdes background
(Figure 1-6.A). Whether this is due to a specific regulatory process or consequence of the

massive cell death which occurs in the wild-type background is unclear.

Altogether, these results indicate that JA, ET, and SA are largely dispensable for MLAcc-
mediated cell death but not for MAPK activation. Therefore, MAPK activation appears to be
dispensable for cell death induction by MLAcc. The attenuated cell death in the ppsdes
background could point to an amplification role of one or several of the corresponding wild-
type immune components and/or lower MLAcc expression. Since the key signalling pathways
mediated by the three defence phytohormones SA, JA and ET are abolished in the ppsdes
background, it is possible that MLAcc is able to trigger a response in the leaf cells where it is
sufficiently expressed independently of the phytohormones and EDSI1, but that local and/or

systemic spreading of this response is impaired in the ppsdes background.
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Figure 1-6: MLAcc-mediated MAPK activation is abolished in the ppsdes mutant background. 4-week-old
leaves of the indicated lines were infiltrated with 1 uM DEX. A, MLAcc-mYFP protein accumulation monitored
by immunoblotting. B, MLAcc transcript accumulation measured over time by RNA-seq as described in Results
section 1.3.1. C, MAPK activation monitored by anti-pTpY immunoblot. A wild type leaf sample 15 min after
infiltration with 1 uM FIg22 was used as a positive control for MAPK activation. Ponceau S staining indicates
equal protein loading. hpi, hours post infiltration.

1.3. Barley MLAcc jump-starts an immune transcriptional program

independent of MAPK activation and defence phytohormones in A. thaliana

1.3.1. MLAcc rapidly induces a transcriptional reprogramming which does not

require the major defence phytohormones and MAPK activation

Rapid and extensive transcriptional changes in response to effector perception is a general
feature in ETI (Adams-Phillips et al., 2008; Caldo et al., 2004; Durrant et al., 2000; Eulgem et
al., 2004; Moscou et al., 2011; Tao et al., 2003). Regulation of defence-related genes is
required for disease resistance such as the production of antimicrobial compounds and
activation of systemic acquired resistance (Caldo et al., 2004; Eulgem et al., 2004; Mao et al.,
2011). However the mechanisms underlying NLR-mediated transcriptional regulation remain
largely unknown. So far, several studies indicate that gene regulation mediated by NLRs
differs quantitatively and temporally from PTI-related responses, but is not fundamentally

different (Maleck et al., 2000; Navarro et al., 2004; Tao et al., 2003; Tsuda and Katagiri,
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2010). Several lines of evidence prompted me to investigate the function of MLAcc in gene

regulation:

(1) In barley, nuclear MLA is required for disease resistance, and interacts with at least two
classes of barley TFs which suggests that MLA can influence transcription by direct
regulation of TF activity (Chang et al., 2013; Shen et al., 2007).

(i1) In A4. thaliana, a fraction of MLAcc localizes to the nucleus suggesting a possible role in
transcription-related processes (Figure 1-3)

(i11)) MLAcc-dependent MAPK activation in A4. thaliana indicates that MLAcc might have an
additional indirect role on transcription since MAPKs can regulate several transcription
factors; including members of the WRKY family (Bethke et al., 2009; Djamei et al., 2007;
Ishihama et al., 2011; Mao et al., 2011; Meng et al., 2013).

Whole transcriptome sequencing was employed to determine whether MLAcc can influence
the transcription in A. thaliana. Leaves of four week-old DEXp:MLAcc-mYFP plants were
infiltrated with 1 uM DEX and samples collected at 0, 2, 4, 6 and 8 hpi for RNA extraction
followed by RNA sequencing (RNA-seq). DEXp:mYFP plants were similarly treated and
serve as control accounting for circadian variation in gene expression and potential stress
effects of the leaf infiltration and the DEX-inducible expression system. In this experimental
setup, the onset of ion leakage was detected at 4 to 6 hpi (Figures 1-2.A, S1-3.A). The
transcriptome profiling was performed at early time points after induction to minimize
interference with potential secondary inductive cues emanating from leaf cells destined to die

or dead.

In the wild-type (Col-0) background, 12,742 genes were significantly (FDR < 0.01)
differentially expressed in an MLAcc-dependent manner over the time course compared to the
DEXp:mYFP line. As shown in Figure 1-7.A, a large number of genes (573) were
differentially regulated already two hours after induction. Almost all (562/573) of the
differentially expressed genes (DEGs) at 2 hpi were upregulated indicating that transcriptional
activation prevails during the early response. 4,336 genes were significantly (FDR < 0.01)
differentially expressed in an MLAcc-dependent manner over the time course compared to the
ppsdes mutant background. The response in the ppsdes mutant background appears delayed
and attenuated compared to the corresponding wild-type background (Figure 1-7.A-C).

To find out whether the transcriptional changes are qualitatively similar in wild-type
compared to the ppsdes mutant, I performed a gene ontology (GO) term enrichment analysis

based on the upregulated and downregulated gene sets at each time point for each genotype.
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To gain a general overview of the transcriptional changes, I used GO Slim terms instead of
the more detailed GO regular terms. GO Slim terms with a highly significant enrichment
(FDR<10®) in at least one genotype and one time point were selected and their enrichment
FDR plotted over time for the two different genotypes (Figure 1-7.B). The GO Slim
enrichment pattern is highly similar in both genetic backgrounds though delayed in ppsdes
plants compared to the wild-type background. This supports the hypothesis that MLAcc
induces a qualitatively similar response in wild-type Col-0 and ppsdes mutant backgrounds.
The proportion and timing of GO term enrichment further supports the hypothesis that the
MLACcc-dependent early response is a rapid gene induction rather than downregulation. A
detailed inspection of the enriched GO Slim terms suggests that plant defence responses (GO
Slim term response to biotic stimulus, adjusted p=2.44.10 at 2 hpi), cell death-related
processes (GO Slim terms death and cell death; adjusted p=1.17x10" and 1.17x10° at 2 hpi
respectively), and signalling/post-translational modification processes (GO Slim terms protein
binding, signal transduction, protein modification process, receptor activity, signal transducer
activity, and kinase activity; adjusted p=3.27x107, 1.21x10™%, 7.23x10™, 7.23x10™, 6.92x10°°,
and 6.20x10™ at 2 hpi respectively) are rapidly activated. On the other hand, at later time
points (4 to 8 hpi), basal metabolism appeared to be downregulated (GO Slim terms metabolic
process, generation of precursor metabolites and energy, and carbohydrate metabolic process)
including photosynthesis (GO Slim terms plastid, photosynthesis, and thylakoid) and some
nuclear processes (GO Slim terms DNA metabolic process, nucleoside [...] metabolic
process). This may reflect a trade-off between an immune response and basal metabolism

upon MLAcc expression (Lozano-Duran and Zipfel 2015, Huot et al. 2014).

I further compared the responses mediated by MLAcc in wild-type and ppsdes plants by
plotting the logoFC in the two genotypes against each other at the tested time points (Figure 1-
7.C). The linear correlation between both genotypes was particularly high except at the 2 hpi
time point. This indicates that most genes behave similarly upon MLAcc expression in wild-
type and ppsdes backgrounds. Consistent with the previous observations, this data suggest a
delay in onset and overall attenuation of the transcriptional response in the ppsdes mutant, but

qualitatively the transcriptional outputs are highly similar in both genotypes.
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Figure 1-7: MLAcc rapidly induces a similar transcriptional reprogramming in wild type A. thaliana (Col-
0) and ppsdes mutant backgrounds. Leaves of the indicated genotypes were infiltrated with 1 uM DEX and
analysed at different time points by RNA-seq. A, number of differentially expressed genes (DEGs) in the
DEXp:MLAcc-mYFP lines as compared to the DEXp:mYFP or non-transgenic control line at the same time point,
in wild-type and ppsdes mutant backgrounds respectively. DEGs are defined by FC > 2 and FDR < 0.01. B. Go
Slim term enrichment analysis. The heatmap figures the enrichment pattern of the GO Slim terms enriched in at
least one condition with FDR <10, GO Slim terms related to biological processes, molecular functions and
cellular components are indicated in brown, green, and pink respectively. C, Comparison of the MLAcc-
dependent transcriptional changes in wild-type (Col-0) and ppsdes mutant background. The logoFC of all
expressed genes (upper panel) or differentially expressed genes (DEGs, lower panel) at each time respective to
the control at the same time point in Col-0 background was plotted against the corresponding log,FC in ppsdes
mutant background. The Pearson correlation coefficient () was calculated from the log,FC of all expressed
genes between both genotypes (red). hpi, hours post infiltration. FC, fold change.

Similar conclusions could be inferred from the inspection of the top 2,000 DEGs in wild-type
and the top 2,000 DEGs in the ppsdes mutant. The intersection of both gene sets comprises
3,152 genes. The expression pattern of these 3,152 genes was represented on a heatmap
(Figure S1-4.A). Hierarchical clustering was performed to identify gene clusters which follow
similar expression patterns and the expression profile of each cluster was plotted over time
(Figure S1-4.B). This further illustrates the quantitative similarity between MLAcc-dependent
gene regulation in wild-type and ppsdes backgrounds. Co-expression relationships among the
genes within each cluster were analysed to identify genes which have the highest connectivity
degree, i.e. the maximum number of neighbours (Figure S1-5.D). These genes are likely to
represent regulatory nodes within the gene cluster. Some of them are characterized genes
which are functionally linked to defence processes such as EXO70B2, NHL3 and PENI.
Others have not been functionally characterized and define candidates for further functional

study in the context of plant immunity.
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Some marker genes for EDS1-, SA-, and ET-/JA-mediated responses are still induced in the
ppsdes mutant upon MLAcc expression, whereas some are not (Figure S1-5), suggesting
either that the annotation of a subset of these “marker genes” is not correct or that their

activation is a consequence of ectopic barley MLAcc expression in 4. thaliana.

Overall, this data indicates that MLAcc induces a rapid and massive transcriptional
reprogramming. GO term enrichment analysis suggests that this response is enriched in genes
with defence-related functions. Furthermore, the transcriptional outputs are qualitatively
similar between wild-type ppsdes mutant backgrounds, indicating that EDS1 and the
phytohormones JA, ET and SA are dispensable for the transcriptional reprogramming
although the overall transcriptional output in the ppsdes mutant is delayed and attenuated. As
presented in Results section 1.2.6, MLAcc transgene expression in the ppsdes background is
delayed and weaker compared to the MLAcc-expressing line in wild-type background. This
makes it difficult to assign to the genes lacking in the ppsdes mutant a clear modulatory role
regarding timing and amplitude of the observed transcriptional outputs. Importantly, cell
death was neither detectable at 2 hpi by trypan blue staining nor by ion leakage assay (Figures
1-2.A and S1-3.A, B), strongly supporting the hypothesis that the observed transcriptional
reprogramming is not a consequence of cell death but the result of an active process mediated

by barley MLAcc.

1.3.2. The MLAcc-mediated transcriptional response is similar to several other

NLR mediated- and P/MAMP-triggered early responses

According to the GO Slim term enrichment analysis presented in the previous section,
MLACcc can induce a transcriptional response, which might share common features with ETI,
including rapid and preferential induction of defence- and cell death-related genes and a
downregulation of genes encoding basal metabolic functions (Huot et al., 2014, Figure 1-7.B).
Consistently with this, both conditional MLAcc expression and the majority of tested R gene-
conditioned ETI are accompanied by a cell death response. GO Slim term enrichment analysis
within the distinct gene clusters defined in Figure S1-4.A also indicated an overrepresentation
of defence-, stress-, and signalling-related terms in the upregulated clusters whilst basal
metabolism-related terms dominate the downregulated clusters (Figure S1-4.C). Interestingly,

the categories death and cell death are assigned to one specific cluster of upregulated genes
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(cluster 1) whereas the stress- and defence- related categories are more broadly distributed

among the upregulated gene clusters.

A more detailed insight into the functional categories over-represented over time in the
upregulated and downregulated gene sets is presented in Figure S1-6. The two most
significantly enriched categories were, in upregulated genes, “response to stimulus” and
“response to stress” (adjusted p=1.34x10" and 8.13x10*° at 8 and 4 hpi in wild-type
background respectively), and in downregulated genes “photosynthesis” and “photosynthesis,
light reaction” (adjusted p=3.38x107% and 1.97x1073¢ at 8 hpi in wild-type background).
Functional categories related to ETI such as “defence response”, “incompatible interaction”
and “programmed cell death” were highly enriched in the upregulated genes of transgenic
lines expressing MLAcc in wild-type (adjusted p<10® at 2, 4, 6, and 8 hpi) or in ppsdes
backgrounds (adjusted p<10 at 6 and 8 hpi). Therefore, the MLAcc-mediated transcriptional
response seems to share features with the ETI and with the hypersensitive response. On the
other hand, the enriched GO term “response to chitin” indicates activation of responses
related to PTL This is consistent with the presence of many chitin-responsive genes in the
main MLA1-dependent gene cluster in 4. thaliana (Maekawa et al., 2012). Investigation of
enriched GO terms in early-upregulated genes in wild-type (at 2 hpi) confirms that the
MLA cc-dependent response is tightly associated with defence gene activation (Figure 1-8).
Thus, potential primary target genes of MLAcc-mediated signalling are functionally

associated with immunity but not a consequence of the MLAcc-mediated cell death.
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Figure 1-8: GO term enrichment analysis of MLAcc-upregulated genes at 2 hours after induction. Each
circle represents an enriched GO term compared to the whole genome after false discovery rate (FDR)
correction. The size of each circle is proportional to the number of genes annotated to the node. The circle colour
indicates the FDR-corrected enrichment p-value. Only the GO categories for biological processes with a p-value
lower than 10® were represented. There were no GO categories enriched in the genes downregulated at 2 hpi.

To further assess the similarity between the MLAcc-mediated transcriptional response and
those during ETI and PTI, I conducted a comparative transcriptomic analysis using published
and unpublished datasets (Table S1-1). I prioritized for the selection of datasets fulfilling at

least one of the following criteria:

(1) a fine time-resolution, at least at early time points after ETT or PTI induction
(2) the use of a «pathogen-free» system for triggering ETI or PTI
(3) the availability of genome-wide expression profiling data (RNA-seq or ATH1 22 K

microarray)

Some datasets could be obtained from publicly available databases. However, many of the

most relevant datasets are unpublished and were provided by collaborators. The group of
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Kenichi Tsuda and the group of Jane Parker have to be acknowledged for sharing with me
high quality transcriptomic datasets (Table S1-1). I obtained datasets related to pathogen-
triggered NLR-mediated ETI, to P/MAMP treatments, and to temperature-shift-inducible
RPS4-mediated ETI. Some datasets also allow examination of ETI-specific transcriptional

regulation in defence phytohormone-depleted mutant backgrounds.

To allow comparison among the different datasets, the raw data was normalized and re-
analysed with the same method. One method was used for all RNA-seq data and another one
for all microarray data analysis (details in Methods section). Log,FC expression values were
calculated by comparing the induced samples to the negative controls at the same time point
to highlight ETI- or PTI-specific gene regulation. For example, plants inoculated with a
virulent pathogen (PTI-inducing treatment) were compared to mock-treated plants to highlight
PTI-specific changes, and plants inoculated with avirulent pathogen (ETI-inducing treatment)
were compared to plants inoculated with a virulent pathogen (PTI-inducing treatment) to
highlight ETI-specific changes. To globally compare the different responses, the treatments
and time points were analysed in a pairwise-manner by calculating the Pearson correlation
coefficient () based on the log,FC values of all commonly expressed genes. It should be
noted that this coefficient quantifies the qualitative similarity/difference between two datasets

but does account for quantitative differences in gene expression.

I first compared the responses triggered by MLAcc and those triggered by several other NLRs
(Figure 1-9.A). One dataset examined the temperature shift-dependent immune activation by
the overexpressed TIR-type NLR (TNL) RPS4 (35S:RPS4) after shifting the plants from 28°C
to lower temperature (19°C) (Heidrich et al., 2013). This is so far the only other dataset
available allowing investigation of a synchronized full-length NLR-mediated transcriptional
response in a pathogen-free system. The comparison with the MLAcc is therefore particularly
relevant and allows addressing a potential overlap between CC-type NLR- (CNL) and TNL-
mediated responses under pathogen-free conditions. The use of a pathogen-free system to
study NLR-mediated responses is particularly interesting since it allows dissection of the
NLR-mediated response uncoupled from confounding effects mediated by pathogen effectors

and P’/MAMP responses.

For the other ETI-related datasets, the pathosystems used to trigger the ETI were as follows:
MLAI and RPS4 encode, respectively, a CNL and a TNL recognizing effectors of Blumeria
graminis f. sp. hordei isolate K1 (Bgh K1) and Pseudomonas syringae pv. tomato DC3000
AvrRps4 (Pst AvrRps4). MLA1 expressing plants have been generated in the partially
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immunocompromised pen2 pad4 sagl01 (pps) mutant background, which is susceptible to
virulent Bgh strains whereas wild-type 4. thaliana (Col-0) is resistant to both avirulent and
virulent Bgh strains. Pst effectors AvrRpt2 and AvrRpml are recognized by the A. thaliana
CNLs RPS2 and RPM1 respectively.

This analysis reveals a strong positive correlation between MLAcc-mediated transcriptional
changes between 4 and 8 hpi and those of 35S:RPS4 between 4 and 8 hpi (0.74< r<0.83,
Figure 1-9.A). Therefore, the response induced by the overexpressed full-length TNL RPS4
after the temperature shift activating RPS4-conditioned ETI appears to be qualitatively very
similar to that mediated by the constitutively active MLAcc. This indicates that MLAcc alone
can trigger transcriptional changes similar to those mediated by a full length NLR.

To test whether MLAcc and temperature-inducible RPS4 transcriptional outputs are similar to
ETI triggered upon effector recognition during authentic plant-pathogen avirulent
interactions, I calculated the correlation between the corresponding expression patterns. Both
MLAcc and temperature-inducible RPS4 transcriptional outputs shared a high positive
correlation with the response mediated by MLA1 at 18 hpi (0.42< r <0.60). MLA1-dependent
transcriptional reprogramming was detected in avirulent Bgh-challenged leaves at 18 hpi, but
not at other tested time points (6, 12, and 24 hpi) (Maekawa et al., 2012). This shows a
substantial difference in the timing of chemically-/temperature-inducible and NLR-mediated
transcriptional outputs upon Bgh challenge, likely reflecting a long time period (~15 h)
needed until fungal AvrA1l effector is delivered into plant cells. An even stronger correlation
was observed between MLAcc and temperature-inducible RPS4 transcriptional outputs, and
ETI triggered by avirulent Pst AvrRpt2 and Pst AvrRpm1 at 4-6 hpi (0.57<r <0.86 and 0.48<
r <0.79 respectively). ETI-specific transcriptional outputs upon avirulent Ps¢ inoculation start
to be detected at 4 hpi (first tested time points with >100 DEGs [FC>2 and FDR<0.01], 384
and 1012 DEGs at 4 hpi upon Pst AvrRpml1 and Pst AvrRpt2 inoculation respectively). A
similar pattern was observed upon inoculation with Pst AvrRps4 where the highest correlation

was observed at 6 hpi (0.38<r <0.54).

44



RESULTS
Chapter 1. Functional characterization of the MLA coiled-coil module in 4. thaliana

A. NLR-related B. NLR-related C. PAMP/DAMP
in phytohormone -related
depleted background

DEXp:  355: DEXp: 358 DEXp:  35s:
MLAcc  RPS4 MLAcc  RPS4 MLAcc  RPS4
2468 48 hpi 2468 48 hpi 2468 48 hpi
2 1
4 : DEXp:MLA 2
DEXp:MLA cc
6 ~ ce ppsdes 3
8 4
. 6
4 | 35S:RPS4 35S:MLA1 o | Pt
8 ppsdes,
Bgh K1 12
6 16
12 | 35S:MLAT, 20
18 | Bgh K1 55
24 deps,
1 Pst AvrRps2 ; Flg22
2 24 seedlings (1)
3
4 "1 o5 chitin Octamer
6 | PstAvrRpt2 1
9 p_— 4 HrpZ
12 Pst AvrRpm1 2 I
e
;g 10] %P
24 [ 103 lasa
1
3 N e
4 -1 0 1
6 Pst AvrRpm1 Pearson correlation
9 coefficient
12
16
24
1
. 6 Pst AvrRps4
12

Figure 1-9: Transcriptome-wide correlation analysis among MLAcc-, ETI- and PTI-associated gene
expression patterns. Relative expression (logFC(treatment/control)) of all commonly expressed genes were
used to calculate the Pearson correlation coefficient between two different treatments at a given time point. A,
Comparison of ETI-related responses. MLA and RPS4 encode a CNL and a TNL recognizing effectors of
Blumeria graminis f. sp. hordei isolate K1 (Bgh K1) and Pseudomonas syringae pv. tomato DC3000 AvrRps4
(Pst AvrRps4) respectively. AvrRpt2 and AvrRpm1 effectors are recognized by the CNLs RPS2 and RPM1
respectively in A. thaliana. B, Comparison of ETI-related responses in phytohormone depleted mutant
backgrounds. The ppsdes mutant is partially immunocompromised and deficient in multiple phytohormone
signalling pathways (SA, ET and JA) whereas the deps mutant is compromised in the signalling pathways
mediated by SA, ET and JA phytohormones, with a simultaneous impairment in both synthesis of, and
sensitivity to SA. C, Comparison of ETI-like responses mediated by MLAcc and RPS4 with PTI-related
responses triggered by inoculation with a virulent pathogen (Psf) or by treatment with purified P/MAMPs
(F1g22, chitin, HrpZ) or DAMP (Pep2). ABA treatment was also included as a control figuring an abiotic stress
response.

Overall, these results indicate that, in terms of transcriptional profiles, the MLAcc-dependent
transcriptional profiles are very similar to those upon temperature shift-induced RPS4
activation, and these outputs, in turn, also largely similar to pathogen-induced ETI mediated

by either type of NLRs (CNLs or TNLs) at early time points after pathogen inoculation.
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Therefore, MLAcc and 35S:RPS4 activities appear to converge on the same transcriptional
machinery that is activated during authentic ETI typically occurring upon interaction with
avirulent bacteria and fungi. Since 35S:RPS4 does not induce cell death at 4 or 8 hpi
(Heidrich et al., 2013), it is very unlikely that the strong correlation observed between the
inducible MLAcc and RPS4 transcriptionnal outputs and those stimulated during authentic

pathogen-triggered ETI are confounded by secondary cues emanating from dying plant cells.

The fact that both MLA-mediated immunity to Bgh and MLAcc cell death-inducing activity
are not compromised in the ppsdes mutant background (Maekawa et al. 2012, Results section
1.3.1) prompted me to test whether early ETI-related transcriptional reprogramming is
dependent on hormone-mediated signalling. The ppsdes mutant is partially
immunocompromised and deficient in multiple phytohormone signalling pathways (SA, ET
and JA, Macekawa et al. 2012) whereas the deps (dde2 ein2 pad4 sid2) mutant is compromised
in the signalling pathways mediated by SA, ET and JA phytohormones, with a simultaneous
impairment in both synthesis of and sensitivity to SA (Tsuda et al., 2009). I analysed the
similarity between MLAcc-dependent transcriptional outputs in the ppsdes mutant, or ETI-
specific responses in the deps or the ppsdes mutant, and the inducible MLAcc- or RPS4-
dependent transcriptional outputs in wild-type background (Figure 1-9.B). In the case of
MLAI ppsdes plants inoculated with Bgh, total RNA was obtained from leaf lower epidermal
peels. This allowed enriching for leaf cells directly challenged by Bgh spores, and thus, to
detect the MLA1-dependent transcriptional outputs, which were undetectable in whole leaves.
A high positive correlation was observed for all tested comparisons and the temporal
correlation pattern was overall very similar to the one observed for the same responses in
wild-type (Figure 1-9.A, B). However, the responses in the defence phytohormone-depleted
mutants appeared slightly delayed and the correlation to the inducible MLAcc and RPS4
transcriptional outputs was slightly lower than in the wild-type background, indicative of
slight temporal and qualitative differences. The highest correlation coefficients between the
MLAcc-dependent transcriptional outputs in wild-type background, and the MLAcc-
dependent and ETI responses in wild-type and hormone-depleted mutant backgrounds are,
respectively: 1 and 0.79 (DEXp:MLAcc), 0.84 and 0.82 (Pst AvrRpt2), 0.79 and 0.80 (Pst
AvrRpml), 0.57 and 0.43 (Bgh K1). Therefore, the transcriptional outputs are qualitatively
similar in the wild-type and hormone-depleted backgrounds. In this comparison, the
correlation differences observed for MLAcc- and MLA1- dependent transcriptional outputs
might be partly due to the different MLAcc steady state levels in the transgenic lines

compared and the use of a different tissue (whole leaf versus leaf epidermis) respectively.
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Overall, these results indicate that the inducible MLAcc- and RPS4-mediated as well as three
tested pathogen-stimulated ETI transcriptional outputs are largely robust against simultaneous

impairment of SA, JA, and ET defence phytohormone signalling.

The above described similarity of the transcriptional profiles was assessed in more detail by
plotting the expression pattern of selected gene sets over time in the different datasets (Figure
S1-7). For this, I selected five gene sets shown to be i) regulated in an MLA1-dependent
manner in A. thaliana (Maekawa et al., 2012), ii) the conserved immune regulon described by
Humphry et al. (2010), ii1) the 562 genes rapidly induced by MLAcc, iv) the major gene
cluster upregulated by MLAcc, and v) the major gene cluster downregulated by MLAcc
(Figure S1-4.A, D). Similar expression patterns were observed across all the datasets
analysed, with the four upregulated gene sets being consistently upregulated, and the
downregulated one being consistently downregulated across all tested datasets (Figure S1-7).
This further supports the existence of common patterns of transcriptional changes upon

MLACc expression, pathogen-induced ETI activation by CNLs or TNLs, and PTL

I then aimed at comparing the inducible MLAcc and RPS4 transcriptional outputs with other
biotic stresses. PTI was triggered by inoculation with a virulent pathogen (Pst) or by treatment
with purified P/MAMPs (flg22, chitin, HrpZ) or DAMP (damage-associated molecular
pattern: Pep2). ABA treatment was also included as a representative of abiotic stress
responses. Remarkably, this comparison revealed that PTI-associated transcriptional
responses are also highly positively correlated (Figure 1-9.C). The highest correlation
coefficients were 0.81 (inoculation of virulent Pst at 20 hpi), 0.72 (flg22 treatment at 1h), 0.70
(chitin treatment at 30 min), 0.81 (HrpZ treatment at 4h), and 0.78 (Pep2 treatment at 2h). In
contrast, the highest correlation coefficient upon ABA treatment was only 0.19. This indicates
that early P/MAMP- and DAMP-induced gene regulation largely overlap with those of
inducible MLAcc- and RPS4-mediated responses and during pathogen-stimulated ETI. This is
consistent with models proposed by previous reports (Navarro et al., 2004; Tao et al., 2003;
Tsuda and Katagiri, 2010) where most of the differences in gene expression between ETI and
PTI are quantitative. It has been proposed that ETI might amplify the signal initiated by PTIL.
However, the data presented here instead indicate that ETI-associated gene regulation can be
activated in the absence of PPMAMPs and therefore independently of PTI. Since in a typical
avirulent interaction the plant is simultaneously exposed to elicitors of PTI and ETI, the
nature of the interaction (e.g. additive, synergistic, or antagonistic) between both processes on

gene regulation remains to be determined.
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1.3.3. Investigation of the 562 genes rapidly induced by MLAcc and identification

of immediate early immune response genes

The data presented in the previous section strongly supports the hypothesis that MLAcc
triggers an ETI- and P/MAMP-like transcriptional response. The DEXp:MLAcc-mYFP lines
are particularly appropriate for conducting time-resolved transcript profiling of the MLAcc-
mediated response: the proportion of leaf cells synchronously expressing MLAcc upon DEX
infiltration is likely much higher than in leaf tissue challenged with an avirulent pathogen.
Thus, the chemically-inducible MLAcc expression system is better suited to examine with
high signal to noise ratio and temporal resolution the onset of transcriptional changes and to
separate those from subsequent local and systemic transcriptional regulation mechanisms.
Moreover, the conditional MLAcc expression is induced in the absence of potentially

confounding effectors and P/MAMPs.

The first major MLAcc-dependent transcriptional changes can be detected at 2 hpi. At this
time point, 562 genes are significantly upregulated whereas only 11 genes are significantly
downregulated (JlogoFC|>1 and FDR<0.01, Results section 1.3.1). Based on this observation, I
hypothesized that the MLAcc-mediated primary transcriptional response consists almost
exclusively of a gene activation mechanism and that at least a subset of the 562 rapidly
upregulated genes might represent primary gene targets of MLAcc-mediated signalling. Most
of these genes appeared to be also induced by MLAcc in the ppsdes mutant. A detailed
analysis indicated that the gene induction was mostly similar at 6 hpi upon expression of
MLACc in ppsdes plants. At this time point, 49% of the genes were significantly upregulated
(FC>2 and FDR<0.01). Moreover, when examining the FC alone (no FDR cut-off), 78% were
induced (FC>2) at 6 hpi and 81% were induced (FC>2) at least at one time point between 2
hpi and 8 hpi. This indicates that SA, ET and JA are not required for activation of the majority
of the genes in the early MLAcc-induced cluster.

I then aimed at comparing the expression pattern of the 562 genes in this cluster with those of
the early response upon various biotic, abiotic, hormone and chemical treatments. Suitable
RNA-seq- or microarray-derived transcriptomic data were collected as described in Table S1-
1. The comparison was performed as in Results section 1.3.2. Because a large part of the data
originated from ATH1 22K microarray analyses, the analysis was restricted to 478 of the 562
early MLAcc-induced genes identified by RNA-seq, which are non-ambiguously represented
on the ATH1 22K microarray. The log2FC(treatment/control) for all 478 genes was calculated
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and plotted onto a heatmap accross all experiments and all relevant time points (Figure S1-8).

From this analysis, I selected a subset of the data according to the following criteria (Figure 1-

10):

(1) When several equivalent treatments were available, representative examples were chosen.
(i1)) When several time points were available, the early time point with the most upregulated
genes was selected. In some cases, when almost no upregulation was observed at early time

points, later time points were also shown to support the overall absence of gene induction.

Analysis of the expression pattern upon inducible MLAcc and RPS4 transcriptional outputs in
either wild-type or defence phytohormone-depleted backgrounds indicates that most of the
478 genes displayed a similar induction pattern (Figure 1-10). Therefore, these genes might be

common primary targets downstream of MLAcc and RPS4.

The gene induction pattern was also very similar in several early ETI-associated responses
(Figure 1-10). 76% of all commonly detected genes were upregulated in at least one ETI-
associated response (percentage calculated from the complete dataset shown in Figure S1-8).
Consistent with the transcriptome-wide analysis conducted in Results section 1.3.2, this
suggests that chemically- or temperature-inducible MLAcc and RPS4 induce a transcriptional
response similar to ETI. Therefore, the early MLAcc-induced genes might be common
primary targets downstream of the tested full-length NLRs activated during ETI, and ET, SA,

and JA are dispensable for rapid induction of these genes.

A similar induction pattern was observed upon P/MAMP and DAMP treatments where 79%
of the commonly detected genes were induced by at least one PPMAMP or DAMP treatment
and, to a lesser extent, upon abiotic stresses where 70% of the genes were induced in at least
one condition. Similar numbers of conditions were tested for both types of response (16
conditions from 6 different treatments and 15 conditions from 7 different treatments for
P/MAMP and DAMP treatments and abiotic stresses respectively, Figure 1-10). Importantly,
no clear pattern of gene induction was observed upon inoculation with virulent Pst at two
early time points (3 and 4 hpi), although a response similar to a P/MAMP treatment is
conceivable. It is tempting to speculate that PTI is in this case inhibited by bacterial effectors

injected into plant cells.

In contrast, phytohormone treatments were not effective in rapidly triggering induction of the

early MLAcc-induced genes (Figure 1-10). Despite the large number of data related to
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phytohormone treatments (24 conditions from 9 different treatments), only 34% of the
commonly detected genes were induced in at least one condition. Even the defence-related
phytohormone SA did not clearly activate the early MLAcc-induced cluster. This supports the
hypothesis that induction of the early MLAcc-induced genes does not require phytohormone

signalling.

Cell death inducing treatments at early and late time points did not generally induce the early
MLAcc-induced genes (Figure 1-10). Only 30% of all commonly detected genes were
induced in at least one condition. Thus, the early MLAcc-induced cluster is not generally

activated in response to different plant cell death-inducing agents.
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Figure 1-10: Expression profile of the genes rapidly induced upon MLAcc expression in the early response
to diverse biotic, abiotic, hormone and chemical treatments. The log,FC(treatment/control) for 478 genes out
of 562 rapidly MLAcc-induced genes was plotted on a heatmap. Hierarchical clustering was performed on the x-
axis. NA, not available (expression not detected). The data represented here represent a selected subset of the
extended dataset shown in Figure S1-8. For a description of the datasets used, see Table S1-1.

50



RESULTS
Chapter 1. Functional characterization of the MLA coiled-coil module in 4. thaliana

Overall, these results suggest the existence of a common set of potential primary target genes
convergently induced by both TNL- and CNL-type NLRs and PRRs during PTI. This finding
further suggests that ETI and PTI might engage a common transcriptional machinery for

immune response activation.

Many genes are commonly and rapidly induced by MLAcc and various other treatments and
stresses. | hypothesized that these genes might be controlled by one or several regulators
present in non-stimulated plants and whose activity or stability is rapidly altered in order to
achieve the observed rapid gene induction. This (these) pre-formed regulator(s) can have
either a positive or a negative regulatory function on transcription. Treatment with
cycloheximide (CHX), an inhibitor of protein synthesis, can induce rapid and massive
transcriptional changes (Goda et al., 2008; William et al., 2004). The CHX-mediated response
is thought to result from the disappearance of short-lived transcriptional repressors. Most of
the early MLAcc-induced genes (>74.7%) are also induced by CHX treatment (Figure 1-10). I
analysed two independent and publicly available transcriptomic datasets describing the effects
of CHX on gene expression at early time points in A. thaliana compared to a mock treatment
(at 3 h and 4 h after CHX treatment, Table S1-1). 3,888 genes were upregulated in at least one
dataset and 1,837 genes were commonly upregulated (FC>2 and FDR<0.05). Differences in
the used plant tissue, or plant age, or sampling time might partly account for the differences

between the two experiments.

I investigated the regulation of the 562 early MLAcc-regulated genes in these two
independent CHX treatments. The global expression pattern of the early MLAcc-induced
genes in both datasets is represented in Figure S1-8. Expression of 456 out of 562 genes was
detected in at least one of the two datasets. Out of these 456 detected genes, 348 genes (76.3%
and 61.9% of the 456 and the 562 upregulated genes respectively) were upregulated in both
experiments and 420 genes (92.1% and 74.7% of the 456 and the 562 upregulated genes
respectively) were upregulated in at least one of them (FC>2 and FDR<0.05). Thus, at least
74.7% of the early MLAcc-induced genes appear to be immediate early response genes since
their induction does not depend on de novo protein synthesis, and were designated plE (plant
immediate early) genes. This observation suggests that these genes are activated by the
removal of short-lived repressors. Interestingly, the transcriptional induction by two
independent CHX treatments was globally stronger than that of all other responses analysed
(Figure 1-10 and Figure S1-8). Navarro et al., (2004) have reported that a large proportion of
the early flg22-induced genes is also induced by CHX and have therefore proposed that
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defence genes are under the control of a repression mechanism. Our data indicates that rapid
de-repression by removal of short-lived negative regulators might be a common mechanism
for various biotic and abiotic stresses. Because the genes rapidly induced by MLAcc represent
only a small fraction of all CHX-induced genes (420/3,888), there are likely several short-

lived negative regulators involved in regulating unrelated plant-specific biological processes.

Table 1-1: Overrepresentation of cis-regulatory sequences in the promoter of the 562 MLAcc early-
induced genes

Motif Sequence Logo Genome  MLAc cluster
} C C % 11.60% 29.20%
RSRE, CAMTA (1) vCGCGb J . AT FDR 1.34E-28
C %  47.20% 66.40%
CAMTA (2) vCGyGb LAGETE | | R 5.97E-19
J C » %  31.60% 56.20%
CAMTA (3) vCGYyGT .2 L L L DR 8.09E-33
% % 9.10% 16.20%
G-box (ABRE) CACGTGb o CAC . T o= .. _ FDR 1.59E-06
% 6.70% 22.20%
ABRE-CE mACGCGb ] : éAC E C ==+ . FDR 6.05E-32
b % 45.60% 57.10%
W-box TTGACyY } -I_I- ; ACE -+ FDR 6.655E-07
: %  20.70% 29.40%
WRKY60 GGTCAA P TCAA . FDR 2.23E-05
’ % 18.10% 31.10%
HSE GAANnTTC ] : AA TTC . FDR 1.05E-12
= % 7.50% 1%
PI AAArNGGAAA l . AAA/\ AAA . FDR 0.04983
3 aissanaadiih % 9.50% 14.20%
unknown rrrrrAGAGA. - AARARASAARUAUA . rpR 0.006105

% Percentage of genes containing the indicated motifs. The enrichment false discovery rate (FDR) was
calculated by using the cumulative hypergeometric distribution with correction for multiple testing.

To identify transcription factors regulating the expression of the early MLAcc-induced gene
cluster, I performed a cis-regulatory element analysis in the 5’ regulatory regions of the 562
early MLAcc-induced genes. Several algorithms were used for de novo motif discovery and
for analysis of known regulatory motifs (for details, see material and methods). I selected
motifs consistently identified by several independent methods and calculated their frequency
in the early MLAcc-induced genes using RSAT pattern matching tool (Table 1-1). The motif
frequency was tested against a hypergeometric distribution to determine whether it is

significantly higher in the early MLAcc-induced genes compared to all promoters in the

52



RESULTS
Chapter 1. Functional characterization of the MLA coiled-coil module in 4. thaliana

genome. Strikingly, half of the identified motifs are derived from the GCyG core motif bound
by the CAMTA (calmodulin-binding transcriptional activator) family and are very similar to
the RSRE (rapid stress response element, CGCGTT, (Walley et al., 2007)). These include
three motifs which were found to be bound by CAMTAs (the vCGCGb motif, the relaxed
vCGyGb motif and its vCGyGT derivative which was identified in this study as the most
significantly enriched motif), and two longer motifs which share the same GCyG core
sequence: the CACGTGb motif, also known as G-box, and part of the ABRE (ABA-
responsive element), and the mACGCGb motif known as the ABRE-CE motif (Hobo et al.,
1999; Narusaka et al., 2003; Shen and Ho, 1995). The vCGCGb and the mACGCGb motifs
displayed the highest enrichment (~3 fold) among all identified motifs. The mACGCGb motif
together with the vCGyGT motif had the most statistically significant enrichments. The
relaxed consensus vCGyGb was present in 5° regulatory regions of 66% of the early MLAcc-
induced genes, indicating that up to 2/3 of the genes in early MLAcc-induced cluster might be
controlled by the same regulatory sequence and the same group of cognate transcription
factors. According to the sequence of the motifs identified, the CAMTA TF family might
have a critical role in regulating the early MLAcc-induced gene cluster including the pIE

genes.

The five other motifs identified were not sequence-related to the one presented above. Two of
them were known motifs bound by the WRKY family (W-boxes). However, the enrichment
and its statistical significance were not as high as for the RSRE-like motifs. Therefore,
WRKY transcription factors might also contribute to a lesser extent to the regulation of the

early MLAcc-induced cluster.

An 8-bp palindromic motif (GAAnnTTC) was found in 31% of the genes with a highly
significant overrepresentation. This was reported as a heat shock element (HSE) regulated by
heat shock factors. Interestingly, a role for some heat shock factors in defence regulation has
been recently identified (Bechtold et al., 2013; Pick et al., 2012) as well as a possible
regulation by MAPK6 (Evrard et al., 2013).

Finally, two other motifs consist in a long G/A rich stretch which is somewhat reminiscent of
the stress-related motif identified in the conserved immune regulon identified by Humphry et
al. 2010. Though significantly overrepresented, these motifs were found at low frequency
(11% and 14%). One of them is similar to the sequence bound by the floral homeotic MADS
transcription factor PISTILLATA (PI), indicating that this motif might be bound by some
MADS TFs. In total, 510 genes contain in their 5’ regulatory region at least one of the three
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most frequent motifs (VCGyGb, TTGACy, GAAnnTTC). I analysed the correlation between
the occurrences of these three motifs in the promoters of the 562 early ML Acc-induced genes.
However, there was no obvious correlation in the occurrence of the three motifs tested (data
not shown). A similar motif enrichment analysis was performed on separate clusters of the
MLACcc-induced gene set as defined by hierarchical clustering. Similar motifs were identified

but no striking cluster-specific enrichment for these motifs was detected.

Since the vCGyGb-related motifs are the most frequently occuring and most enriched motifs,
I analysed the distribution of the vCGyGb and the vCGCGb motifs in the promoter of the 562
early MLAcc-induced genes (Figure 1-11). Most of the motifs were found in the first 500 bp
upstream of the transcription start site (T'SS) with a very pronounced peak located in the 100
bp upstream of the TSS. Therefore the spatial distribution of these two motifs in the promoter
region of the 562 genes does not seem to be random, supporting their presumed relevance for

the rapid gene induction.
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Figure 1-11: Analysis of CAMTA binding motif frequency and distribution in 5’ cis-regulatory sequences.
Frequency of the indicated motif was computed based on pattern matching results produced by RSAT. The
frequency was calculated for the 5° cis-regulatory sequences from the transcription start site (TSS) up to 1,000
bp upstream. The analysis was performed for all 4. thaliana genes annotated in TAIR10 (33,602 genes) and for
the 562 genes rapidly induced by MLAcc. The expected frequency was calculated for each motif following the
same method, and based on nucleotide sequences randomly generated according to the average nucleotide
frequency of found in the corresponding 5’ cis-regulatory sequences.
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In conclusion, these results indicate that the transcriptional reprogramming induced by
MLAcc is qualitatively very similar to the early transcriptional response to temperature-
inducible RPS4 and pathogen-triggered early ETI mediated by either CNLs or TNLs and
during PTI. Therefore, MLAcc acts as a signalling module sufficient for transcriptional
activation of an early immune response gene cluster common to the early response during ETI
and PTI. Thus, ETI-associated transcriptional reprogramming is not merely a
sustained/amplified PTI-associated transcriptional reprogramming. But both branches of the
plant innate immune system independently converge on common early immune response
genes, most of which are pIE genes. I found that defence phytohormones are largely
dispensable for induction of the identified early immune response genes. The earliest gene set
regulated by MLAcc is similarly regulated at early time points in other biotic responses. This
supports the existence of a common transcriptional machinery for a core set of early immune
response genes. CAMTA-, WRKY-, and HSF-binding motifs are overrepresented in the
promoters of the 562 early MLAcc-induced genes. A subset of transcription factors of the
CAMTA and/or WRKY and/or HSF families might be common factors involved in the
regulation of the primary nuclear targets of both ETI and PTI.

1.4. Robustness of the ML A cc-triggered signalling mechanism

1.4.1. RARI is dispensable for MLAcc-mediated responses

Previous mutational studies in several plant species have identified genetic components
required for plant NLR function. The heteromeric protein complex involving the chaperone
HSP90 and two associated co-chaperones SGT1 and RARI, is required for stabilization of a
subset of pre-activated NLR complexes (Kadota and Shirasu, 2012). Interestingly, MLA
requirement for RAR1 and SGT1 in barley differs for different MLA recognition specificities
(Azevedo et al., 2002; Hein et al., 2005; Jorgensen, 1988; Torp and Jergensen, 1986). SGT1
and HSP90 but not RARI are required for MLAcc-mediated cell death in Nicotiana
benthamiana (Bai et al., 2012). NDRI1 is a regulatory component required for the function of
multiple CNLs (Aarts et al., 1998; Century et al., 1995; Day et al., 2006; Knepper et al., 2011;
Selote et al., 2014).

To test a potential MLAcc requirement for RARI in A. thaliana, 1 crossed the DEXp:MLAcc-

mYFP with the rarl mutant. Ion leakage was monitored upon DEX treatment of the
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homozygous F3 progeny. lon leakage was induced to a lower level in the DEXp:MLAcc-
mYFP rarl lines compared to the DEXp:MLAcc-mYFP line in wild-type Col-0 background
(Figure 1-12.A). The MLAcc protein accumulation was lower in the rar!/ compared to wild-
type background (Figure 1-12.B). This result indicates that RAR1 is dispensable for MLAcc-
mediated cell death induction. Since MLAcc accumulated at a lower level in the rar/
background, no clear conclusion can be drawn regarding a possible partial suppression of cell
death in the rarl background. A similar analysis was undertaken in the sgz/b and ndrl single
mutant backgrounds. However, in the generated homozygous F3; progeny in sgt/b and ndrl
backgrounds, the MLAcc protein was not detectable, suggesting a decrease of MLAcc steady-
state levels. Therefore, these lines were not appropriate for monitoring the MLAcc-dependent
ion leakage. The observed decrease in MLAcc steady-state levels might be due to the single
mutation introduced or gene silencing. Since the MLAcc steady-state levels were decreased
irrespective of the three tested mutant backgrounds (sgtlb, rarl, and ndrl), this decrease
might result from transgene silencing rather than a specific alteration of the MLAcc turnover
in the three tested mutant backgrounds, including rar/. Measuring the MLAcc transcript
levels in the above-mentioned lines would be required to confirm the transgene silencing.

Overall, this data suggests that RAR! is largely dispensable for MLAcc-mediated cell death

induction.
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Figure 1-12: RARI is dispensable for MLAcc function. B, MLAcc triggers cell death in rari-20. Ion leakage
was measured in leaf discs after immersion into 10 uM DEX + 0.001% Silwet L-77. Error bars indicate standard
deviation from three independent experiments. The letters on the right side indicate statistical groups defined by
one way Anova followed by posthoc Tukey HSD based on the p-value <0.001 and three biological replicates for
each of the three independent experiments. C, Transgene expression was detected by immunoblotting for the
lines shown in B. at 6 hours after induction. Equal sample loading was monitored by Ponceau S staining.
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1.4.2. Robustness of MLAcc-triggered responses in diverse environmental

conditions

To gain further insight into the parameters or components required for MLAcc function in 4.

thaliana, the effect of diverse environmental parameters were studied.

In this study, the standard plant growth substrate used in vitro was MS agar supplemented
with a low sucrose concentration (0.5%). Sucrose not only represents a carbon source for the
plant but also can act as a signalling molecule which can regulate defence responses
(Moghaddam and Ende, 2012; Morkunas and Ratajczak, 2014). The effect of sucrose supply
was studied. The growth of DEXp:MLAcc-mYFP plants on MS agar medium supplemented
with 0.5 or 2% sucrose and 0 or 30 uM DEX was analysed. Sucrose concentration did not
affect the MLAcc-induced growth phenotype of plants on DEX-containing medium (Figure
S1-9).

The effect of day length was also studied. DEXp:MLAcc-mYFP plants were grown on MS
agar medium containing 0 or 30 uM DEX under a photoperiod of 8 or 16 h. The photoperiod
did not affect the MLAcc-induced growth phenotype (Figure S1-9).

The growth phenotype induced by constitutively active or overexpressed CNL SUMM?2 and
TNLs RPP4, RPS4, and SNCI1 can be suppressed at elevated growth temperature (Heidrich et
al., 2013; Huang et al., 2010; Ichimura et al., 2006; Yang and Hua, 2004). Experimental data
supports a model where the plant prioritizes ETI at lower temperature (10~23°C) and PTI at
higher temperature (23~32°C) (Cheng et al., 2013). Therefore, I examined whether ambient
temperature can affect the MLAcc-mediated growth phenotype. Towards this end, I generated
stable A. thaliana transgenic lines expressing the MLAcc-mYFP under the strong constitutive
CaMV 358 promoter (p35S:MLAcc-mYFP). The corresponding T transgenics were grown
under high temperature (28°C) and high humidity. I selected two independent T, progeny
displaying detectable levels of MLAcc-mYFP protein.
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Figure 1-13: MLAcc-mediated growth phenotype is only partially temperature sensitive. Two independent
lines expressing p35S:MLAcc-mYFP were initially grown for four weeks at 28°C before shifting them to 19°C.
The analysis was performed one week after the shift. Wild-type Col-0 and p35S:RPS4-HS plants were used as
controls. A, MLAcc expression induces dwarfism and temperature dependant leaf yellowing. Scale bar: 3 cm. B,
rosette fresh weight reduction is observed for the p35S:MLAcc-mYFP plants at both temperatures. Fresh weight
from at least 17 plants in each condition was represented on a boxplot. Dark horizontal lines represent the mean,
with the box representing the 25th and 75th percentiles, the whiskers the 5th and 95th percentiles, and outliers
represented by dots. Letters indicate significant differences (p-value<0.01) determined by one-way anova with
post hoc Tukey HSD. C, Expression of the MLAcc-mYFP protein monitored by immunoblotting. Equal sample
loading was monitored with Ponceau staining.
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The T, progeny plants were grown for four weeks at 28°C under high humidity and
transferred for one week at 19°C under high humidity. In this system, one week after the
temperature shift, macroscopically visible growth phenotypes of the temperature-shifted
plants were compared to those of plants grown continuously at 28°C. A dramatic MLAcc-
dependent growth impairment was observed at both temperatures (Figure 1-13.A, B),
indicating that MLAcc-induced responses are retained at 28°C and 19°C. However, the
chlorosis symptoms were enhanced after the switch to lower temperature (Figure 1-13.A)
suggesting a partial suppression of MLAcc-mediated responses at higher temperature. The
partial suppression at 28°C is not due to lower expression of the MLAcc-mYFP as indicated

by immunoblotting anti-GFP (Figure 1-13.C).

The phenotype is reminiscent of the temperature sensitivity reported for the NLRs cited
above, even though RPS4-, SNC1- and RPP4-mediated growth phenotypes can all be
completely suppressed at elevated temperature. In contrast, the phenotype dependent on
SUMM?2 activation is only partially suppressed at elevated temperature (Ichimura et al.,
2006). This variation in temperature sensitivity of NLR responses might reflect a functional
difference between CNLs and TNLs, although too few NLRs have been tested to generalize
this hypothesis.

In conclusion, the three major defence phytohormones SA, ET, and JA (Results section 1.2.6),
and the NLR and ETI regulatory component RARI, are largely dispensable for the MLAcc-
dependent HR-like response in A. thaliana. Additionally, this response seems largely
unaffected by variations in several environmental parameters such as temperature, day length,
or nutritional supply. Overall, these results indicate the existence of a robust and undescribed

HR-like signalling mechanism activated by barley MLAcc.
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A genetic suppressor screen to unravel evolutionarily conserved
signalling components required for the MLAcc-triggered immune

responses in A. thaliana
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2.1. Introduction

In Arabidopsis thaliana (A. thaliana) transgenic lines, conditional expression of the coiled
coil domain of barley MLA (MLAcc) under a dexamethasone (DEX)-inducible promoter
(DEXp:MLAcc-mYFP) triggers effector-triggered immunity (ETI)-like responses upon DEX
treatment (Chapter 1). Transgenic lines with a high MLAcc steady state level after DEX

treatment display a growth arrest when sown directly on DEX-containing medium (Figure 2-

1.

DEXp:mYFP

DEXp:MLAcc-mYFP

Figure 2-1: DEX-inducible expression of MLAcc-mYFP leads to growth arrest. Wild-type 4. thaliana Col-0,
DEXp:mYFP and DEXp:MLAcc-mYFP #1.5.1 plants were grown as indicated (left). The pictures were taken at
14 days after sowing on medium without DEX (- DEX, middle) or with 30 uM DEX (+ DEX, right).

To identify genetic components required for MLAcc function, I took advantage of this
phenotype by conducting a forward genetic suppressor screen of the MLAcc-induced growth
arrest. A mutant population was generated by chemical mutagenesis of the DEXp:MLAcc-
mYFP transgenic line and screened for mutant candidates which do not display the MLAcc-
dependent growth arrest. The phenotype of the identified candidates was further analysed
using additional assays (here called secondary and parallel screens) and confirmed by growth
assay on DEX-containing medium using the corresponding progeny. Subsequently, whole-
genome sequencing of individual mutants was performed to identify the causal mutation(s)

(Figure 2-2).
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Figure 2-2: Flowchart of the genetic suppressor screen for MLAcc-dependent growth arrest.The sections
of Chapter 2 corresponding to the different steps are indicated to the left side of the flowchart. Generic steps
performed for all candidates are indicated with yellow boxes and arrows whereas brown and green colors
identify two independent screening pathways. Grey color indicates steps that have not been performed yet. EMS,
ethyl methanesulfonate. Pst, Pseudomonas syringae pv. tomato. DZNep, 3-Deazaneplanocin A. SNP, single

nucleotide polymorphism.
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The screening procedure includes several advantageous features. A genetic mutant screen
could be unsuccessful when functionally redundant components are involved in the pathway
of interest. Such a feature may apply to NLR-mediated signalling pathway(s) given that the
previous mutant screens failed to identify downstream components (see below). However, the
barley MLAcc expressed in a heterologous system such as A. thaliana might recruit fewer
signalling components, such as the subset of signalling components conserved between barley
and A. thaliana. This potentially increases the probability to identify evolutionarily conserved

signalling components by forward genetic screens.

Previous genetic screens for suppressors of the response mediated by full-length NLRs
preferentially identified components regulating NLR pre-activation/activation/folding (e.g.
chaperonins and co-chaperonins such as SGT1b, RAR1 and HSP90) (Bao et al., 2014; Parker
et al., 1996; Shirasu et al., 1999; Yu et al., 1998). Since the autoactive MLAcc module is
autonomously structured, it unlikely requires (co-)chaperonins for its folding and stabilization
(Maekawa et al., 2011b). Therefore, my screen might preferentially identify downstream

signalling components for MLA.

False positive mutants can occur from the lack of MLAcc expression which can result from
intragenic mutations or transgene silencing. Multiple tandem copies of the DEXp:MLAcc-
mYFP construct in the genome of the transgenic line prevents the unfavorable recovery of
false positives since the likelihood of mutations impairing all the copies at the same time is
very low. In addition, the mYFP translational fusion to the MLAcc allows direct and high-
throughput monitoring of the MLAcc steady state level under a fluorescence microscope.
Many false positives resulting from a loss of transgene expression were indeed efficiently

identified by this mean.

2.2. The screening procedure: from primary screening to confirmed
candidate suppressors
2.2.1. Mutagenesis and generation of the M seed batches

The homozygous DEXp:MLAc~-mYFP transgenic line #1.5.1 (T3 generation) exhibits a severe
growth retardation on DEX-containing medium (Figure 2-1).Three T sister progeny derived

from the DEXp:MLAcc-mYFP line #1.5.1, designated as FJIM1, FIM2 and FIM3, together

64



RESULTS
Chapter 2. A genetic suppressor screen |...] for the MLAcc-triggered immune responses

totalizing ~25,000 seeds, were mutagenized by treatment with ethyl methanesulfonate (EMS)
which typically induces G—A and C—T random transitions in the genomic DNA. The first
generation after mutagenesis (M) was self-fertilized to produce the M.. In A. thaliana,
recessive EMS-induced mutants segregate in a 7:1 ratio in the M» population (Page and
Grossniklaus, 2002). Approximately 21,000 M, individuals completed their life cycle after
mutagenesis. The M. progeny were collected either individually (1,409 seed batches
containing single progeny of the FIM1 M; plants) or in mini pools of ~15 progeny (584 and
690 seed batches containing pooled progeny of the FIM2 and the FIM3 M; plants
respectively). This pooling strategy offers the advantage that, even if certain M, progeny
undergo silencing of the transgene, only a limited number of pools are affected and can be
removed from the analysis. In addition, my pooling strategy allows re-isolating mutant
candidates of interest in the same generation from the respective seed batch when progeny are
collected individually. The nomenclature for the plant generations used in the screen is

summarized in Figure 2-3.
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Da"ema‘ line ﬁ #
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Figure 2-3: Nomenclature used in this chapter to identify each analysed generation and lineage.
Identification names were assigned to the distinct plant populations analysed in this chapter (labels below the
flowchart branches). The starting mutagenized population (M) was self-fertilized to produce the population used
for the primary and secondary screenings (My). Distinct plant lines obtained by self-fertilization (selfing) of the
M, individuals or by back-crossing of the M, individuals to either wild-type Col-0 (BCwr) or to the non-
mutagenized parental transgenic lines DEXp:MLAcc-mYFP #1.5.1 (BCt) were used for subsequent validation
and mapping of the candidate mutants identified.
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2.2.2. Primary suppressor screening of the M population
2.2.2.1. Primary screening on MS plates

To identify mutations suppressing the MLAcc-mediated growth arrest, I screened the EMS-
induced M> mutant population on DEX-containing agar plates as described in Section 2.2.1.
Approximately 1,100 M. plants showing a loss of MLAcc-dependent growth retardation were
isolated out of ~100,000 M> individuals (examples of M> suppressor mutants shown in Figure

S2-1).
2.2.2.2. Primary screening on soil

I also examined whether the growth arrest is observed when seeds of the DEXp:MLAcc-mYFP
line are sown on soil. The transgenic seeds coated with DEX-containing agar (0.01% agar +
30 uM DEX) were directly sown on soil, and the seedlings were sprayed with DEX solution
(30 uM DEX + 0.01% Silwet L-77) at five and seven days post germination (dpg).

A pilot experiment was conducted to analyse the growth phenotype of wild-type Col-0,
DEXp:mYFP, and DEXp:MLAcc-mYFP plants on soil along with plants from ten independent
M; batches (Figure S2-2). At 10 dpg, wild-type Col-0 and DEXp:mYFP plants showed a
germination rate of nearly 100% whereas those of the DEXp:MLAcc-mYFP line was reduced
to 0%. Three candidate suppressor mutants showing a loss of MLAcc-dependent growth
retardation were identified from the tested M» seeds. The frequency of mutant recovery is
similar to that of the screen conducted on MS agar plates. I employed this technique to further
screen 690 seed batches of the FIM3 M, progeny. Approximately 800 M, suppressor mutants

were isolated by this mean out of ~34,000 M. individuals screened.

2.2.3. Secondary screening of the ~1,900 primary M: suppressor mutants

M; plants might show a suppressor phenotype due to the loss of MLAcc-mYFP expression.
To eliminate such plants, I systematically examined MLAc-mYFP protein accumulation in
the ~1,900 suppressor candidates using fluorescence microscopy. The vast majority of mutant
candidates exhibited a level of YFP signal lower than the parental lines. This indicates that the
transgene expression decreased over two generations. Approximately 10% of the suppressor

mutants (184) retained a level of YFP signal comparable to the parental lines.
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2.2.4. Parallel screening of the ~1,900 M; suppressor candidates for hyper-
responsivity to Pst DC3000 AvrRpm1

The resistance protein RPM1 (RESISTANCE TO P. SYRINGAE PV. MACULICOLA 1)
confers resistance to Pseudomonas syringae pv. tomato (Pst) DC3000 AvrRpm1 by indirect
recognition of AvrRpml effector in 4. thaliana (Mackey et al., 2002). Like MLA, RPM1
belongs to the CNL type of NLRs which is characterized by an N-terminal CC domain as
opposed to the NLRs with a N-terminal TIR domain (TNLs). Notably, RPM1 CC domain
shares a high structural similarity with MLAcc (Maekawa et al., 2011b). To test whether
RPM1-mediated disease resistance is compromised in the candidate mutants, ~1900 M,
candidate mutants were spray-inoculated with Pst DC3000 carrying AvrRpml.
Approximately 70 M. suppressor candidates, originating from 57 independent seed batches,
displayed enhanced macroscopic symptoms, indicative of hyper-responsiveness to Pst
DC3000 AvrRpm1 (examples shown in Figure 2-4). Out of these 57 independent groups (a
group refers to plants originating from a single M» seed batch), I selected 20 groups for
further characterization based on the symptoms severity and the phenotypic data obtained in
the secondary screen (Section 2.2.3). Hyper-responsive candidates failed to produce seeds
after spray with Pst DC3000 AvrRpm1. Therefore, I re-isolated candidate suppressors from
the same seed batches (101 individuals from 20 groups). Although the re-isolated candidates
might not carry identical mutations than the mutants previously isolated, such event is rather
unlikely since the candidates were re-isolated from the same seed batch and showed the same

phenotype.

WT (Col-0) FJM2.551.1 FJM1.680.1 FJM3.109.2 FJM2.481.2 FJM3.125.1 FJM3.123.1

Figure 2-4: Examples of M2 candidates displaying enhanced symptoms after inoculation with Ps¢t DC3000
AvrRpml. Pictures were taken before (0 dpi) and 6 days after spray-inoculation (6 dpi). A representative subset
of the candidates is shown here as an example. Scale bar=2 cm
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To clarify if the hyper-responsiveness is a consequence of hyper-susceptibility to the
pathogen, the susceptibility of these 101 candidates to Pst DC3000 AvrRpml was
quantitatively assayed by dipping detached leaf into a solution containing Pst DC3000
AvrRpml1 followed by quantification of the bacterial density two days after dipping.
Seventeen independent groups showed enhanced susceptibility to Pst DC3000 AvrRpml
(data not shown). I extracted the gDNA from 25 hyper-susceptible candidates (1-3 individuals
for each of the 17 hyper-susceptible groups) and sequentially sequenced the three major loci
previously shown to be required for RPM1-mediated resistance to Pst DC3000 AvrRpml
(Bisgrove et al., 1994; Century et al., 1995; Tornero et al., 2002a), namely RPM1, RARI and
NDRI. Three independent mutations were identified in the RPM1 locus (resulting in G9R,
L344F and R519K substitutions) in three groups out of the 17 tested and no mutations were
found in the RARI or NDRI loci. Since the three mutations in the RPM1 locus correlate with
the hyper-susceptibility of the plants to Pst DC3000 AvrRpml, these mutations most likely
affect RPM1 function. The L344F substitution was reported as a loss of function mutation
(Tornero et al., 2002b), whereas the G9R and the R519K mutations have not yet been
described. Both residues 344 and 519 are located in the NB-ARC domain whereas residue 9 is
located in the CC domain (Figure 2-5).
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Figure 2-5: Position of the confirmed and putative loss of function mutations identified in RPM1. The
density graph (grey) indicates the density of mutations identified by Tornero et al. (2002) and Grant et al. (1995).
The turquoise bars on the density graph represent the number of previously identified mutations on a sliding
window of 5 amino acids. The orange bars indicate the position of the mutations identified in this study. Above
the graph: position of the conserved motifs in the NB-ARC domain. Below the graph: RPM1 domain structure.
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Based on the above analysis, I selected for further analysis six mutant groups which exhibited
the highest susceptibility to Pst DC3000 AvrRpm1 and carry no mutation in RPM1, RARI and
NDRI loci. A single M; individual was chosen as representative of each group (FJIM2.552.3b,
FIM2.586.1b, FIM3.109.1b, FIM3.125.3b, FIM3.683.2b, FIM3.686.1b).

2.2.5. Integration of the different screening data and selection of 58 candidates for

further characterization

Since a large number of candidate suppressors was identified by the primary and secondary
screens, I decided to rank the ~1,900 candidate suppressors according to a global score (Sc)
which integrates the different assayed phenotypic characteristics. These characteristics
include the transgene expression level, the microscopic phenotype, the hyper-responsivity to
Pst DC3000 AvrRpml, and the frequency of the mutant phenotype in the M> mini
pool/progeny. The Sc calculation method is described in Table 2-1. The ranking method
chosen strongly disfavors potential false positives resulting from transgene silencing over all
other characteristics. After evaluation of the score distribution among the suppressor
candidates (Figure S2-3), I chose a cut-off score of 3.5, which places 131 candidates (~7%)
above this cut-off. However, this number of candidates has further decreased to 58 candidates
(~3%), since gDNA samples and/or M3 seed progeny were not available for several

candidates among the 131 selected.
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Table 2-1: Calculation method for the candidate mutant score

Score for transgene expression level = St

+ +1
++ +2
+++ +3
++++ +4

Score for microscopic phenotypes = Sm

Change in MLAcc-mYFP subcellular localization +0.5
Autofluorescence + -0.25
Autofluorescence ++ -0.5
Autofluorescence +++ -0.75
No autofluorescence and transgene expression > ++ +0.5

Score for hyper-responsivity to Pst DC3000 AvrRpm1= Sp

Hyper-responsivity (+) +0.25
Hyper-responsivity + +0.5
Hyper-responsivity ++ +1

Score for mutant phenotype frequency = S

Number (n) of candidates isolated from the same batch +0.5xn
Global Score = Sg
Sc=S1+Sm+ Sp+ Sk

2.2.6. Validation of the 58 mutant candidates by analysis of their M3 progeny
phenotype

Phenotypic suppression resulting from a homozygous mutation at a single recessive locus in
an M candidate implies that the suppressor phenotype is transmitted to 100% of its progeny.
To determine whether the 58 M> candidates carry a single recessive causal mutation, the
respective progeny produced by self-fertilization, termed M; (Figure 2-3), were screened
according to the same procedures used for the primary and secondary screens. Progeny
derived from 35 M; candidates (60.3%) were able to grow on DEX-containing medium
whereas the 23 other were not. Out of these 35 progeny, 5 (progeny of M: candidates
FIM1.1083.3, FIM2.354.1, FIM2.131.1, FIM3.682.1, and FIM3.137.2) exhibited reduced but

still detectable transgene expression (at least 20 % of YFP-positive cells in average).

These results indicate that the mutant phenotype of five candidates was confirmed in the M3
generation. Therefore these five candidates were chosen for further characterization and were

named 1A, 1B, 1C, 1D and 1E, respectively (Table 2-2).
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Apart from the five candidates expressing the transgene up to their M3 progeny, progeny of 30
M: candidates displayed a marked loss of MLAcc expression likely due to the transgene
silencing. However, it is possible that some of them carry mutations responsible for the
suppressor phenotype. I thought that some more mutants could be confirmed if re-analysed
under conditions where the transgene expression is re-activated. Thus I tested two chemical
inhibitors, 3-Deazaneplanocin A (DZNep) and zebularine (Zeb) that are known to restore
silenced gene expression by inhibiting histone and cytosine methylation, respectively (Baubec

et al., 2009, 2010; Miranda et al., 2009).

Table 2-2: Description of the 21 Mz mutant candidates selected for characterization

Original candidate ID ID after validation Phenotype
FJM1.1083.3 1A
FJM2.354.1 1B
» Suppressor phenotype and transgene expression
FIM2.131.1 1C retained in the Ms progeny
FJM3.682.1 1D
FJM3.137.2 1E
FJM3.251.3 2A
FJM3.666.1 2B
FJM3.208.2 2C
FJM1.96.2b 2D * Suppressor phenotype confirmed in the M3
FJM1.1405.2 2E progeny
FIM2.24.1 2F * Reduced transgene expression
FJM2.552.1*# 2G
FJM2 586 1+ oH » Suppressor phenotype retained in the presence of
DZNep
FJM2.476.2*# 2|
FJM3.182.2 2J
FJM3.671.3 2K
FJM3.454 .1 2L
FJM3.109.1b 3A
FJM3.125.3b 3B * Hyper-susceptibility to Pst DC3000 AvrRpm1
FJM3.683.2b 3C
FJM3.686.1b 3D

*Putative hyper-susceptibility to Pst DC3000 AvrRpm1. The mutant displays enhanced disease symptoms upon
Pst DC3000 AvrRpm1 inoculation
#Hyper-susceptibility was observed in at least one mutant isolated from the same M1 seed batch.
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As a pilot experiment, | tested whether either chemicals could restore the expression of the
transgene in a sister line (FJMS5) of the line used for mutagenesis (FJM1/2/3). In the FIM5
line, the MLAcc transgene expression was strongly reduced compared to the parent, likely
due to transgene silencing. I used the MLAcc-induced growth arrest as an indication for
restored MLAcc expression. As shown in Figure S2-4, application of 2 uM DZNep restored a
growth arrest similar to that of the non-silenced FJIM3 line, whilst 10 uM Zeb had weak
effects. Importantly, both 2 uM DZNep and 10 uM Zeb had minor effects on the plant growth
in absence of DEX. Therefore only DZNep appears to efficiently reactivate the transgene

expression under the tested conditions.

I examined the phenotype of the 58 M3 progeny on plates containing both 10 uM DEX and 2
uM DZNep at 13-14 dpg. A partial suppression of the phenotype was observed for 13
progeny although the frequency of phenotype suppression in all M3 progeny was below 100%
(ranging from 46% to 83%). The combined application of DEX and DZNep might possibly
have an additive negative effect on plant growth in some of the M3 progeny. Twelve progeny
exhibited a suppressor phenotype on both media containing either DEX alone or DEX and
DZNep together. Therefore, I selected these 12 candidates for further characterization and
named them 2A, 2B, 2C ..., and 2L, respectively (Table 2-2).

2.3. Preliminary mutation mapping based on the whole genome sequences

of the M> mutant population

2.3.1. Introduction

Due to the rapid development of the next generation sequencing technologies, genome
sequencing has become a standard approach to identify mutations in forward genetic screens.
Such genome re-sequencing-based approaches are collectively named “mapping by
sequencing” (Abe et al., 2012; Schneeberger et al., 2009). These can be easily applied to A.
thaliana Col-0 due to its high quality reference genome. Classical mapping by sequencing
relies on bulk segregant analysis which usually requires a F. population, which is obtained by
crossing a mutant with a wild-type. Such mapping population is necessary to enrich the causal
mutation over the other background mutations (e.g. other EMS-induced mutations). Indeed,
direct sequencing of a mutant obtained by random mutagenesis will likely reveal a complex

profile of sequence changes that does not allow direct mapping of the causal mutation. So far,
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such direct mapping approach has been employed in C. elegans and but lead only to the

identification of a relatively narrow candidate interval (Sarin et al., 2008).

I aimed at identifying the causal mutations in the M, candidates by analyzing their genome-
wide SNP profile. Two independent approaches were undertaken in parallel: i) a targeted
analysis of 377 loci known to be required for, or associated with, resistance gene-mediated
immune responses and ii) an untargeted approach to identify allelic mutations present in
multiple mutant candidates. The latter strategy consists in detecting loci whose mutation
frequency is significantly higher than expected under a random distribution in the mutant
candidate population. At the time I initiated this project, there was no published report
regarding the latter strategy even though it had been already conceptually proposed by
Schneeberger and Weigel (Schneeberger and Weigel, 2011). At the time this thesis is written,
the concept has been implemented successfully by at least two groups (Nordstrom et al., 2013,

JD. Jones, personal communication).

2.3.2. Determination of the SNP profile of 21 M: candidates using whole genome

resequencing

To identify causal mutations in the selected M> candidates, SNP mapping was performed
using whole genome sequencing. This approach was applied to 17 M. candidates identified
from the screening for the loss of MLAcc-induced growth arrest and to four mutants hyper-
susceptible to Pst DC3000 AvrRpml (FIM3.109.1b, FIM3.125.3b, FJM3.683.2b and
FIM3.686.1b) (Results section 2.2.4). The latter four lines were named 3A, 3B, 3C and 3D
respectively (Table 2-2). Out of the six hyper-susceptible candidates originally selected, two
(FIM2.552.3b and FIM2.586.1b) were not included for the analysis since they were likely
redundant with the candidates 2G and 2H which were isolated from the same seed batch and
displayed similar phenotypes. Additionally, one non-candidate M, individual (FIM2.52.1)

was sequenced as a control.

The overall number of homozygous SNPs was relatively similar among the mutant candidates
and in the control (only candidate 1D falls out the 95% confidence interval [954, 1837]
calculated from mean +/-1.96 x standard deviation) (Figure 2-6). This suggests that the EMS-
induced mutation rate was uniform in the initial M, individuals. There was no correlation
between the SNP discovery rate and the sequencing depth indicating that the sequencing

depth was sufficient for saturating SNP identification (data not shown).
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Figure 2-6: Number of homozygous SNPs identified in each of the 22 M: plants. The red plain lines indicate
the limits of the 95% confidence interval [954, 837] calculated from mean +/-1.96 x standard deviation, and the
dotted red line the mean.

I focused on the homozygous SNPs which potentially have a significant impact on the protein

function (e.g. non synonymous SNP and non-sense mutation).

However, since the SNP-calling pipeline relies on the published reference Col-0 genome
information, it also detects SNPs which exist in the used parental lines prior to the
mutagenesis (i.e. due to natural variation in Col-0 ecotype). In addition, the pipeline was also
affected by mis-aligned reads and reference genome errors. Thus, I conducted a semi-manual
curation of the SNPs: each locus presenting at least three independent SNPs was manually
inspected in the IGV Browser. Out of the 262 loci inspected, 41 loci appear to harbor
homozygous SNPs independent of the background noise. The 221 loci carrying background
SNPs were removed from the subsequent analysis (Figure 2-7.A). Comparison of the SNPs
before and after curation indicates that the curation results in a marked enrichment for typical
EMS-induced SNPs (Figure 2-7.B). As expected, most of the background SNPs are clustered
at chromosomal regions where the mapping quality is low such as centromeric regions

enriched with repeated sequences (Figure 2-7.C).
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Figure 2-7: Overall SNP analysis before and after curation for background SNPs. A, Distribution of the
number of alleles identified per locus. B, Distribution of the type of substitutions. G—A and C—T are the
substitutions typically induced by EMS (highlighted in orange). C, Distribution of the SNPs per window of
100,000 bp on the five A. thaliana chromosomes.
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Table 2-3: Analysis of the SNPs number and their effects in the 21 M candidate mutants

Total number/percentage Average per individual
Homozygous SNPs in gene body 4622 2201
Total Effects 8708 414.7
INTRAGENIC 0.9% 3.6
INTRON 29.0% 120.4
NON_SYNONYMOUS_CODING 57.1% 236.8
SPLICE_SITE_ACCEPTOR 0.9% 3.8
SPLICE_SITE_DONOR 0.5% 21
SPLICE_SITE_REGION 3.4% 14.0
START_GAINED 0.3% 1.2
START_LOST 0.02% 0.1
STOP_GAINED 2.9% 12.0
STOP_LOST 0.2% 0.7
UTR_3_PRIME 2.7% 11.3
UTR_5_PRIME 2.1% 8.8

Overall, this data indicates that the curation was able to efficiently remove a large number of
background SNPs. Additional details about the number of SNPs identified and their predicted
effects is summarized in Table 2-3. I used this SNP information to look for causal mutations

as described in the two following sections.

2.3.3. Targeted analysis of prospective suppressor loci

Using the aforementioned SNP information, I first investigated 377 loci that are known or
supposed to be involved in plant immunity or cell death response. These loci are categorized
in four classes: 61 loci required for R-gene function, 113 loci encoding transcription factors
(TFs) potentially involved in R-gene-mediated transcriptional reprogramming, all CNL-
encoding loci (57) and all TNL-encoding loci (146) (Table S2-1). Information for
presence/absence (translated as 1/0) of SNPs in these loci was retrieved using a bioinformatics
pipeline from the curated SNPs list for each candidate mutant. In order to confirm the
presence/absence of SNPs at the 61 loci required for R-gene function, each locus was
manually inspected with the IGV Browser, based on the information from uniquely mapped
reads. For the insufficiently covered loci, I used information from non-uniquely mapped
reads. This verification is necessary for genes belonging to multigenic families such as the

HSP90 family.
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Among the loci required for R gene function, I found two alleles for SGT/a (both are low
impact SNPs: one at the 5’-UTR and one intronic), two alleles for PAD4 (one at the 5’-UTR
and one nonsense mutation), one allele for SGT1b (resulting in E121K substitution), one allele
for SID2 (intronic mutation), and one allele for NPR4 (resulting in A434T substitution). The
E121K substitution in SGT1b induces a charge exchange at a conserved amino acid. The
A343T substitution in NPR4 results in the exchange of a conserved hydrophobic amino acid
by a polar amino acid at the NPRI1/NIMl-like, C-terminal domain. Even though both
mutations affect conserved residues, their impact on SGT1b and NPR4 function cannot be
predicted with high confidence, and mutations at these positions have not been previously
reported. Since the MLAcc-mediated growth retardation is detectable in a sgr/b mutant
background and MLAcc—induced responses are not fully suppressed by the loss of SA-
mediated signalling (Chapter 1, Figures S1-3 and 1-13), SGTIb and NPR4 are likely
dispensable for the MLAcc functions.

Regarding the loci belonging to the TF and NLR classes, the highest number of mutant alleles
was three, which was found in the TF-encoding locus bZIP69. However, the three SNPs had
presumably a low impact as they occur either in introns or at the 5’-UTR (Table S2-2.B).

In conclusion, the absence of significant allelic mutations in the candidate genes suggests that
the suppressor mutations of the MLAcc-mediated growth arrest might be located at loci that

have not yet been implicated in NLR signalling or plant disease resistance.

2.3.4. Genome-wide analysis of the mutant allele frequencies

I hypothesized that my mutant collection might contain allelic mutants, each harboring
mutations within the same locus. Thus, I examined the number of allelic mutations in the 21
genomes of the mutant candidates. The SNP-calling found two loci with four alleles, 25 loci
with three alleles, 382 loci with two alleles and ~4,000 loci with one allele only (Figure 2-
7.A). 1 focused on the loci with an allele frequency of three or four (Table S2-2.B). None of
these loci has been implicated in R-gene functions. Noteworthy, the occurrence of four allelic
mutations in a given locus out of 21 genomes is not statistically different from what can occur
under a random SNP distribution (p-value=0.574). Therefore I could not infer whether these

loci with a higher allele frequency carry the causal mutations.

77



RESULTS
Chapter 2. A genetic suppressor screen [...] for the MLAcc-triggered immune responses

2.4. Mapping of the causal mutations by classical “mapping by sequencing”

2.4.1. Generation and analysis of the segregating F, populations

Since the sequence analysis of the 21 M: candidates did not identify unequivocally the causal
mutations, a bulk segregant mapping strategy was envisaged. For this, I backcrossed the
mutant candidates to the non-mutagenized transgenic parental line. The resulting F;
population, termed Fi.BCr, was self-fertilized to produce the F2.BCr segregating population
(Figure 2-2). The phenotype of the F».BCt populations was analysed to confirm the 3:1
segregation ratio expected for a single recessive mutation and to isolate suppressor mutants
for mapping. I obtained Fi.BCr populations for 16 out 21 candidates. Crossing between
mutant and parental line was validated by genotyping based on SNP markers identified in the
M; whole genome re-sequencing data. F1.BCrt plants were not obtained for candidates 3A, 3C,
and 3D. For candidates 3A and 3D, F>.BCwr populations were obtained instead, which can be
used for mapping based on the susceptibility phenotype to Pst DC3000 AvrRpm1.

I found that the transgene expression in the F2.BCr plants was generally weaker compared to
the parental non-mutagenized line. One possible explanation is that the non-silenced
transgenic epiallele could be trans-inactivated via a dominant epigenetic silencing effects
from its silenced sister allele, a phenomenon also termed paramutation (Matzke and Mosher,

2014; Pecinka et al., 2013).

The phenotype of 25 F»2.BCrt from six independent candidate mutants was analysed on DEX-
containing agar plates (Figure S2-5). The majority of F2.BCr (23/25 F2.BCr) were affected by
transgene silencing. However, two F2.BCt progeny from candidate 1E displayed a segregation

ratio close to 3:1 as expected for a single recessive mutation.

Analysis of the other F2.BCt populations was conducted on growth medium containing both
DEX and DZNep as described in Results section 2.2.6. These included 69 F».BCt progeny
from 16 candidates (n>100, Figure 2-8). The phenotype was rather variable among sister
progeny. This, together with the gradient of growth observed, rendered the segregation
analysis difficult. Overall, 25 progeny related to candidates 1A, 1B, 1D, 1E, 2A, 2B, 2E, 2H,
2] and 3B displayed a segregation ratio close to 3:1. Thus, the latter F2.BCt progeny are
suitable to isolate positive segregant bulks for mapping. Each individual among a given
positive segregant bulk should carry the identical homozygous causal mutation. To isolate

F>.BCr individuals carrying the homozygous causal mutation, I selected among the progeny
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the individuals exhibiting both loss of MLAcc-dependent growth retardation, and
microscopically detectable mYFP signal (minimum 40% of fluorescent epidermal cells). This
additional criterion was chosen to limit unfavorable recovery of false positives due to the
transgene silencing. The three progeny 1E F>.BCr 3, 2B F2.BCr 2 and 2H F..BCr 2
displayed a YFP signal above the threshold at frequency 63%, 34%, and 18%, respectively.
The genomic DNA of 46, 49 and 35 positive F»2.BCr individuals were isolated for 1E, 2B and

2H respectively. These were pooled together and used for the subsequent mapping.

In addition to the above three F2.BCr, the segregation phenotype of candidate 1A was clear
and consistent in two independent F2.BCt progeny (F2.BCt 2 and F2.BCr 3) (Figure 2-8,
Figure S2-5). Although no clear YFP signal was detected, I decided to analyse a bulk of 65

F2.BCr suppressor mutants from this candidate.
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Figure 2-8: Segregation ratio of the F2.BCr progeny of the candidate mutants. F,.BCt progeny were grown
for 14-16 days on medium containing 10 uM DEX and 2 pM DZNep unless otherwise mentioned in the x-axis
label and the phenotypic segregation determined based on the seedling size with respect to the wild-type control
DEXp:mYFP or Col-0 grown under the same conditions (n> 100). Orange stars indicate F».BCt progeny with a
segregation close to 3:1 (75% non-revertants, indicated by a red dashed line) as expected for a single recessive
mutation.
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2.4.2. Mapping by sequencing applied to candidates 1A, 1E, 2B and 2H

The positive segregant bulk gDNA obtained from the candidates 1A, 1E, 2B, or 2H was
sequenced. The sequence data was used to evaluate the SNP frequency in the segregant bulks.
Surprisingly, no EMS-induced mutation was found in the 1E segregant bulk, indicating that
this population was the product of self-fertilization of the non-mutagenized parental line used
for crossing, although genotyping of the respective F..BC: indicated successful crossing.
Possibly, a partially penetrant transgene silencing resulted in a 3:1 segregation ratio in the
F..BCr of candidate 1E. Thus, the sequence data from candidate 1E was excluded from the

subsequent analysis.

The SNP profiles in the segregant bulk of candidates 1A, 2B and 2H were analysed to identify
genomic regions segregating with a higher allele frequency compared to the rest of the
chromosome (Figure 2-9). Several candidate intervals were identified (Figure 2-9, highlighted
in yellow). The highest SNP frequency was 79%, 75% and 68% for 1A, 2B and 2H
respectively. If all bulked progeny carry the same homozygous mutation, the SNP frequency
is typically 100% in a chromosomal interval encompassing the causal mutation. The observed
lower SNP frequency indicates that each positive segregant bulk still contains false positives

despite the stringent selection criteria applied.

I examined the list of candidate mutations and selected a subset of the candidate mutations
based on frequency, type (e.g. nonsense mutation and non-synonymous substitution), gene
annotation, and expression profile. I retrieved 12, 30 and 22 SNPs for 1A, 2B and 2H
respectively (Table S2-3). The candidate SNPs mapped to two different chromosomal regions

for each of the three mutant candidates.

To further refine the mapping, a complementary approach was undertaken, which uses the
SNP profiles of bulked segregants which retain MLAcc-dependent cell death activation,
termed “negative segregant bulk” contrary to the “positive segregant bulk” analysed earlier
(Results section 2.4.1). For this, I selected among the F..BC: progeny the individuals
exhibiting macroscopic cell death symptoms upon infiltration of DEX into the leaves. The
genomic DNA of 45 and 36 negative F..BCr individuals were isolated for 2B and 2H
respectively. These were pooled together and used for subsequent sequencing and mapping. A
p-value was computed for each SNP based on the SNP frequency in the positive and the
negative segregant bulks (unpublished pipeline developed by Xiangchao Gan). This approach

allows correcting for linkage disequilibrium compared to the initial mapping analysis. Upon
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manual inspection of the 50 best SNP hits for each candidate, 17 and 19 SNPs were confirmed
for candidates 2B and 2H respectively. Among either confirmed SNP list, nearly all SNPs
were present on chromosome 1, suggesting that chromosome 1 carries most of the SNPs with
a significant enrichment. Therefore 1 focused the analysis on the SNPs present on

chromosome 1.

The analysis revealed ten and eight candidate SNPs with significant impact on genes for
candidates 2B and 2H respectively (Figure 2-10, Table 2-4). Among the candidate SNPs for
mutant 2B, the SNPs in AT1G71980 and ATIG73670 were heterozygous in the M, plant
originally isolated. Since the segregation of the mutant phenotype of candidate 2B indicates a
recessive mutation, it is unlikely that the SNPs in AT/G71980 and ATIG73670 are the
suppressor mutations. Therefore eight candidate SNPs remain for the candidate mutant 2B.
Candidate 2H displayed only three SNPs which were homozygous in the M parent. These
were located in AT1G32640, ATIG60380, and in ATIG63170. ATIG32640 is unlikely to
carry the suppressor mutation since it is does not belong to the chromosomal region where
most candidate SNPs are clustered. AT/G32640 encodes MYC2, a transcription factor
involved in jasmonic acid-dependent functions. One could hypothesize that due to its potential
partial suppressor effect. This mutation might partially contribute to the suppressor
phenotype, and might therefore partially co-segregate with the main suppressor mutation. In
case of a recessive mutation, the expected frequency in the negative segregant bulk should be
1/3 (1/3 of WT plants, and 2/3 of heterozygous plants). In several cases, the SNP frequency
observed in the negative segregant bulk was lower than 1/3 (Table 2-4.A). This can result
from several phenomena dependent or not on the causal mutation. If related to the causal
mutation, a lower frequency of heterozygous plants in the negative segregant bulk suggests a
semi-dominant effect of the causal mutation. This hypothesis is particularly relevant for
candidate 2H whose top four candidate SNPs have a low frequency in the negative bulk and

are heterozygous in the M suppressor mutant.
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Figure 2-9: Allele frequencies identified by sequencing of segregant bulks for the candidate mutants 1A,
2B and 2H. The frequency of the alleles found by segregant bulk sequencing for the candidates 1A, 2B and 2H
is plotted along the chromosome length (red dots). Regression lines have been added to figure the tendency of
allele frequencies evolution along the chromosome (red dashed lines). The candidate intervals are highlighted in
yellow. Chr, chromosome.

I inspected the genome sequences of the 19 other sequenced M> candidates to identify alleles
of the candidate suppressors of candidates 2B and 2H. Another allele was found for
ATIG68060 (in 2J, T4371 amino acid exchange), and two more for AT/G66950 (in 2A,

downstream; in 3A, E268K amino acid exchange).

Further work will be required to pin point the suppressor mutations. Nevertheless, with a
candidate list narrowed down to less than ten genes per candidate, a more detailed analysis on

each candidate mutation has become feasible.

~
1
o "
% —— SNP density
Gl SNP with significant effect on gene
SNP without significant effect on gene
e candidate 2B
=) m candidate 2H
> ul;)
= O
B = -
c x
0 w
o
z /\
z
w o
©
=}
‘; -
w
I
27 = g 8 o~ § g%
! e 9 2 29
g & = &k
I I | | I I |
0 5 10 15 20 25 30

Position on chromosome 1 (Mb)

Figure 2-10: Candidate SNPs identified on chromosome 1 by analysis of positive and negative segregant
bulks of the mutant candidates 2B and 2H. The candidate SNPs of the candidates 2B and 2H are plotted along
the chromosome 1 length. Genes significantly affected by some candidate SNPs are named by their name or AGI
code.
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Table 2-4: Candidate SNPs with significant impact on genes identified on chromosome 1 of candidate
mutants 2B and 2H. A, SNP description. B, gene description

A

84

Gene Candidate P-value %P %N Type Effect Status Other alleles
AT1G71980 2B 99.03 67 13 Nonsyn L65F HZ
AT1G64300 2B 77.86 74 25 Nonsyn  G385D HOM
AT1G67360 2B 64,43 67 24 ~TSS HOM
AT1G68060 2B 61.44 71 33 Nonsyn S99F HOM T4371 (2J)
AT1G66950 2B 57.17 65 22 Nonsyn R27K HOM down (2A), E268K (3A)
AT1G53700 2B 55.01 65 28 Nonsyn D3N HOM
AT1G63220 2B 47.32 59 19 Nonsyn D37N HOM
AT1G55890 2B 47.17 60 24 Nonsyn  G229E  HOM
AT1G63057 2B 42.71 75 32 Nonsyn M1 HOM
AT1G73670 2B 42.24 70 36 Nonsyn  A226V HzZ
AT1G76070 2H 59.59 60 18 Nonsyn G29E HZ
AT1G77330 2H 55.55 64 15 Nonsyn P278S HZ
AT1G69570 2H 54.7 66 16 Nonsyn S51F HZ
AT1G67770 2H 46.45 58 14 Intronic HZ
AT1G66740 2H 43.73 65 27 Nonsyn R145K HZ
AT1G32640 2H 41.92 57 21 Nonsyn ~ A529V  HOM
AT1G63170 2H 36.2 62 24 Nonsyn = R282Q HOM
AT1G60380 2H 35.79 57 24 Stopgain Q266 HOM

HZ, heterozygous in the M, mutant

HOM, homozygous in the M, mutant

%P, SNP frequency in the positive segregant bulk

%N, SNP frequency in the negative segregant bulk

Nonsyn, non synonymous, TSS, transcription strat site, Down, downstream

Gene Symbol Candidate Description

AT1G71980 2B protease-associated and C3HC4-type RING finger
AT1G64300 2B protein kinase-like protein

AT1G67360 2B Rubber elongation factor protein

AT1G68060 MAP70-1 2B microtubule-associated proteins 70-1
AT1G66950 ABCG39 2B ABC transporter G family member 39
AT1G53700 WAG1 2B protein WAG1

AT1G63220 2B calcium-dependent lipid-binding domain
AT1G55890 2B pentatricopeptide repeat-containing protein
AT1G63057 2B uncharacterized protein

AT1G73670 MPK15 2B mitogen-activated protein kinase 15
AT1G76070 2H uncharacterized protein

AT1G77330 2H aminocyclopropanecarboxylate oxidase
AT1G69570 2H Dof zinc finger protein DOF1.10

AT1G67770 TEL2 2H terminal EAR1-like 2 protein

AT1G66740 SGA2 2H histone chaperone ASF1

AT1G32640 MYC2 2H transcription factor MYC2

AT1G63170 2H E3 ubiquitin-protein ligase

AT1G60380 2H No Apical Meristem domain-containing protein
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2.5. Characterization of A73G(02840, a candidate gene encoding an ARM-
containing protein sharing high similarity with 4ZCMPG1/PUB20 and
ArPUB21

A V2891 substitution in AT3G02840 has been identified as a candidate suppressor mutation
of MLAcc-mediated growth arrest in the candidate mutant 2H by the SHOREmap analysis
described in Results section 2.4.2. Although several other candidate mutations were present in
the same interval, this particular mutation was of interest since the V2891 affects a conserved
residue, and since AT3G02840 is related to a protein family known to regulate immunity (see

details below).

AT3G02840 has not been functionally characterized so far. AT3G02840 encodes a short
protein of 379 amino acids (Figure 2-11). The only domain predicted is an armadillo-type fold
(ARM, INTERPRO accession G3DSA:1.25.10.10, InterPro, http://www.ebi.ac.uk/interpro)

which encompasses 78% of the protein sequence.

V288l
AT3G02840 ARM-type fold ——
AICMPG1 p——— U-boXx = ARM-type fold —_—
0 32 52 106 120 405 431

Figure 2-11: Comparison of AT3G02840 and A«CMPG1 protein structure and domain composition. The
identified EMS-induced mutation is indicated in red.
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ataaatttcgtggtaaactgaaccgggatgtaatgaatceggttttggtttgatittttttaaatgaaaataactttctgtggatcttttaatcgaaaataatat
tgaacgttacataattgggtgaaaattcgtatttatcagatatttggttttgatcgaatcttcgtgtggtttatcttagatactcgaacttttaaagcagtgtat
gaatctacgcgtaaaatatttaatgtattgaagtaatatiggaaaaacaatgacgcggggaaaagtaaacaaacacggacccgacgacggata
agcgaccaagcccgagtcgcatcgtettggtcttaagtctttcectactegttttatcattticttaaactaaaaactaatttaatcactcttaattatttactttt
ttcttttaattcaactatgactaattcttattcacagaatgagtctcacatgcctactcgtcgtactcgactccagtccaaatgttcccatacttgtaatctat
actacatatattatacgtcatcgtcatgtatatacaagactcaatatataacgtccaaattaatcaaagatttaacatgatcgggaaccaatatctaatc
atcgattagatatatttaagtctagtaactaattagtatattttctacaaattgtttaattaaacatatagtatacagttggtaaaggggaaacacgcgtaa
tctatatgtatatattaataatatatagttcttggtatgatcttcttagttatttatttactaagcetttctagactttaacaatatttgaatgaaaaaaaaatttaatt
aaccgtcgaaaaaaaagtcataaatctggacgcagaatactaatccacagatticaacggtcaacattccaattcagttcacaaacctaaatca
E17 element  tcaatatgtcaatggtcaacattcaa
F element ttgttcaatgtcattaaattcaaacattcaacggtcaatt

aacgttccatttcataccttttttctctttcaagcttatacaaccittgaccatgtctcactttattaataagtacaaaaccaccttacattacatgcatatatat
aaataaaacacgttaaggaacatatatttatacaaatcccataaaccccatttcattcticatcgaatagtcgaaaaatatttgaactticttaggaaac
caaaccaacaaaacaaaaaggaaaacgagataATGGTGTTACCTTGGAGATCA

Figure 2-12: AT3G02840 sequence analysis. A, protein sequence alignment of AT3G02840 and its orthologues
in Boechera stricta (Bostr), Eutrema salsugineum (Esa), Carica papaya (Cpa), Citrus sinensis (Csi), Prunus
persica (Ppe), Populus trichocarpa (Ptr), Zea mais (Zma) and Physcomitrella patens (Ppa). The position of the
EMS-induced mutation which putatively suppresses MLAcc-mediated growth arrest is framed in yellow. B,
Promoter sequence of A73G02840. The W-boxes are underlined. Sequences of the E17 and F elements identified
in PsCMPGI and AtCMPG]I promoters are aligned and concordant base pairs are indicated in green. red,
transcribed region. Uppercase, translated region.
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An orthologue search in Phytozome v10.3 detected 783 putative orthologues for AT3G02840
throughout the Viridiplantae. These orthologues mainly match the ARM domain (family
58431214). This indicates a high conservation of this ARM domain in the Viridiplantae taxa.

The best pblast hits for AT3G02840 were two A. thaliana CMPG proteins, AT1G66160
(4tCMPG1/PUB20) and AT5G37490 (PUB21), with 42% and 40% identity respectively. The
ARM domain of AT3G02840 is highly similar to the C-terminal ARM domain of the CMPG
family (Figure 2-12.A). The CMPG family forms a subgroup of the PUB (plant U-box
proteins) family and is defined by a common domain with four conserved amino acid residues
[Cys, Met, Pro, and Gly (CMPG)]. Homologs of 4tCMPG1 in tobacco, tomato, potato, and
Haynaldia villosa are involved in defence and cell death responses triggered by various
pathogens (Bos et al., 2010; Gonzalez-Lamothe et al., 2006; Zhu et al., 2015). This indicates a
conserved defence-related function of the CMPGI genes in both monocots and dicots. In
many cases CMPGI genes are rapidly induced upon pathogen challenge or elicitor treatment
(Gonzalez-Lamothe et al., 2006; Heise et al., 2002; Kirsch et al., 2001; Zhu et al., 2015). This
transcriptional regulation has been associated with the presence of W-box -containing,
elicitor-responsive cis-elements: the E17 cis-element in PcCMPGI promoter and the F cis-

element in AtCMPG1 promoter (Heise et al., 2002; Kirsch et al., 2001).

In contrast to CMPGI proteins, AT3G02840 lacks the U-box domain and therefore,
corresponds to a N-terminally truncated form of CMPG1. Despite this N-terminal truncation,
the AT3G02840 promoter contains a cis-regulatory element similar to E17 and F (Heise et al.,
2002; Kirsch et al., 2001) (Figure 2-12.B), suggesting that it follows similar regulations as the
CMPG]I genes. To test this hypothesis, I analysed the co-expression pattern of 473G02840
and AtCMPGI1/AtPUB21. AT3G02840 and AtCMPGI have a mutual ranking (MR) of 27.9,
whereas AT3G02840 and AtPUB21 MR score is 159.3 (CoexVersion vc4.1, www.atted.jp).
This indicates that A73G02840 is tightly co-expressed with AtfCMPGI and to a lesser extent
with AtPUB21. AT3G02840 has been reported as a H.O.-responsive gene (Inzé et al., 2012)
and is induced by multiple biotic and abiotic stresses as well. The RNA-seq data produced in
this study (Result section 1.3), confirmed by qRT-PCR analysis also indicates that
AT3G02840 is rapidly and sustainably induced upon MLAcc expression in 4. thaliana (Figure
2-13).
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Figure 2-13: Analysis of AT3G(02840 expression in A. thaliana upon MLAcc expression or MLA1
activation. Expression of A73G02840 was monitored by RNA-seq over time upon MLAcc expression or MLA1
activation in the after inoculation with MLA1 cognate pathogen. A, relative expression of A73G02840 in the
DEXp:MLAcc-mYFP line as compared to the DEXp:mYFP line after DEX treatment. B, Relative expression of
AT3G02840 in a partially immunocompromised 4. thaliana pen2 pad4 sagl01 expressing MLA1 line inoculated
with MLA1 cognate pathogen Blumeria graminis f. sp. (Bgh) strain K1 (activation of MLAI1, incompatible
interaction) as compared to the same line inoculated with the non-recognized Bgh strain A6, and to the non
MLA1-expressing A. thaliana pen2 pad4 sagl01 line inoculated with either Bgh K1 or Bgh A6 (no activation of
MLA1, compatible interactions). The RNA-seq data are those published in Maekawa et al. 2013. The relative
expression is expressed as a log2-transformed cpm fold change (1og2FC).

AT3G02840 is localized in the cytosol and the nucleus with an increased accumulation in the

nucleolus when transiently expressed in Nicotiana benthamiana (Inz¢ et al., 2012).

Orthologues of this truncated were found in Arabidopsis lyrata, Boechera stricta, Capsella

grandiflora, Brassica rapa and Eutrema salsugineum but not in species outside of the
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Brassicacea family (Phytozome v10.3). Therefore this gene represents a Brassicacea-specific

innovation.

The mutation identified in this study is a typical EMS-induced mutation and results in a V—I
substitution at the position 289 located in a highly conserved region of the ARM-type fold
(Figure 2-12.A).

To examine the role of AT3G02840 in the MLAcc-mediated cell death, I transiently co-
expressed either AT3G02840 or AT3G02840(V2891) together with MLAcc in N
benthamiana. Transient co-expression of AT3G02840 WT or V2891 together with MLAcc in

N. benthamiana did not alter MLAc-mediated cell death response (data not shown).

Analysis of three independent A. thaliana T-DNA insertion lines for A73G02840 suggest that
AT3G02840 is a negative regulator of HR cell death induced upon Pst DC3000 AvrRpml
inoculation (Figure 2-14.A).

A
Pst DC3000 AvrRpm1
300 -
250 -
5
tg_ 200 —o— Col-0
2 —&—rpm1 rps2
£ 150 — i at3g02840-1
-§ — % at3g02840-2
S 100 — % at3g02840-3
--@-- 2H2 F3#1
50 2H2 F3#2

0 T T T T T T 1
0 2 4 6 8 10 12

Time after infiltration (hours)
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Figure 2-14: Effect of AT3G02840 deficiency on HR cell death triggered by RPM1. Ion leakage assay of 4-
5 week-old Col-0 WT, rpml rps2 double mutant (susceptible control), three independent T-DNA insertion lines
for AT3G02840 (at3g02840-1, at3g02840-2 and at3g02840-3) and two independent F3.BCT progeny of
candidate 2H carrying the homozygous V2891 mutation in AT3G02840 (2H2 F3#1 and 2H2 F3#2) after leaf-
filtration with Pst DC3000 AvrRpml! (A) or Pst DC3000 (B). Means and standard deviation were calculated
from four leaf discs with three replicates within an experiment. The experiment presented in A. was repeated
three times with similar tendencies. The data presented in B. corresponds to a single experiment.

To determine the effect of the V2891 mutation on AT3G02840 function, I isolated two
independent progeny (Fs.BCr, Figure 2-3) of a F..BCr segregant from candidate mutant 2H
which were homozygous for the V2891 mutation. The two independent F;.BC: progeny
displayed a cell death response similar to the A73G02840 T-DNA insertion lines, suggesting

that the V2891 mutation results in a loss of AT3G02840 function (Figure 2-14.A).

The cell death induced upon Pst DC3000 inoculation was identical between the A73G02840
T-DNA insertion lines, the mutant F;.BC: progeny and the WT line indicating that
AT3G02840 negative regulation of cell death is specific to RPM1-mediated cell death and

does not occur during a compatible interaction with the same pathogen (Figure 2-14.B).

The ARM-type fold is predicted to mediate protein-protein interactions. Thus, AT3G02840
might act as a dominant negative regulator by competing with other proteins for the
interaction with their cellular targets or as a bridging protein to form higher order protein

complexes. A similar dominant negative function has already been demonstrated for the ARM
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domain of A/PUBI3 in the context of AtFLS2-4rPUBI13 interaction (Zhou et al., 2015). In
order to identify AT3G02840 interaction partners, we conducted a Y2H screen using
AT3G02840 as a bait against an A. thaliana cDNA library. We identified 28 candidates with
at least three independent clones among the 231 sequenced (Table 2-5). The 28 candidate
interactors represent a very heterogeneous group of proteins with various subcellular
localizations (cytoplasmic, chloroplastic, mitochondrial, peroxisomal, transmembrane and
secreted) and various molecular functions (e.g. transcription factors, elongation factors,

chaperonins, ATP synthases and kinases).

In conclusion, I identified a gene, A73G02840, involved in negative regulation of RPMI1-
mediated cell death. This data contrasts with the initially presumed positive regulatory
function of A73G02840 in MLAcc-mediated cell death. However further mapping data
obtained by genotyping of the negative segregant bulk of the candidate mutant 2H (section
2.4.2) suggests that the suppressor mutation of MLAcc-mediated growth arrest does not co-
segregate with A73G02840. Thus, MLAcc might function independently of A73G02840.
Further investigation will be required to confirm this hypothesis and to determine the
molecular function of AT3G02840 in cell death regulation. I generated crosses between the
DEXp:MLAcc-mYFP lines and the AT3G02840 T-DNA insertion lines. This material can be
used in the future to further examine the role of 473G02840 in MLAcc-mediated cell death

and growth arrest.
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Table 2-5: AT3G02840 candidate interactors identified by Y2H. Only the candidates identified by at least 3
independent clones out of the 231 sequenced are indicated.

Gene ID

AT1G62750

AT1G75690

ATCG00480
AT3G25910
AT1G15730

AT4G38550

AT5G10450

AT5G45050

AT3G11630
AT1G71730

AT1G73060

AT3G44200

AT3G52370
AT3G62250

AT5G51110

AT1G23310

AT1G45976

AT4G37925

AT1G29900
AT1G66660

AT2G05840

AT2G22770
AT2G35635
AT3G18240
AT4G27490

AT5G14740

AT5G19330

ATCG00470
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Clones
number

17

11

10

w

W W W W

Name

SNOWY COTYLEDON 1
(Sco1)

LOW QUANTUM YIELD OF
PHOTOSYSTEM Il 1 (LQY1)

ATP SYNTHASE SUBUNIT
BETA (PB)

G-BOX REGULATING FACTOR
6 (GRF6)

TOLERANT TO TOBACCO
RINGSPOT NEPOVIRUS 1
(TTR1); WRKY16

LOW PSIl ACCUMULATION 3
(LPA3)

NIMA (NEVER IN MITOSIS,
GENE A)-RELATED 6 (NEK8)

FASCICLIN-LIKE
ARABINOGALACTAN
PROTEIN 15 PRECURSOR
(FLA15)

UBIQUITIN 5 (UBQ5)

GLUTAMATE:GLYOXYLATE
AMINOTRANSFERASE (GGT1)

S-RIBONUCLEASE BINDING
PROTEIN 1 (SBP1)

NADH DEHYDROGENASE-
LIKE COMPLEX M (NdhM)

CARBAMOYL PHOSPHATE
SYNTHETASE B (CARB)

20S PROTEASOME SUBUNIT
PAA2 (PAA2)

NAI1
UBIQUITIN 7 (UBQ7)

RRP41 LIKE (RRP41L)

CARBONIC ANHYDRASE 2
(CA2)

ARM REPEAT PROTEIN
INTERACTING WITH ABF2
(ARIA)

ATP SYNTHASE EPSILON
CHAIN (ATPE)

Description

Nuclear encoded protein consists of the five domains conserved in EF-G proteins, with
two GTP-binding sites in the first domain, and an additional transit peptide at the N-
terminus. Localized in chloroplasts.

DnaJ/Hsp40 cysteine-rich domain superfamily protein

chloroplast-encoded gene for beta subunit of ATP synthase
FUNCTIONS IN: zinc ion binding (DUF1644)

Cobalamin biosynthesis CobW-like protein;

Arabidopsis phospholipase-like protein (PEARLI 4) family; LOCATED IN: chloroplast

Member of the 14-3-3 gene family. Interacts with APX3 (ascorbate peroxidase) and
AKR2, suggesting a role in mediating oxidative metabolism in stress response. Colocalize
and interact with SERK1 by which it is phosphorylated. Interact with the phosphorylated
form of the BZR1 transcription factor involved in brassinosteroid signaling. Interacts with
JAZ10.4

Encodes a member of the WRKY Transcription Factor (Group Il-e) family.

Encodes a 2-Cys peroxiredoxin (2-Cys PrxA) that contains two catalytic Cys residues.

unknown protein

Low PSII Accumulation 3 (LPA3)

Encodes AtNek5, a member of the NIMA-related serine/threonine kinases (Neks) that
have been linked to cell-cycle regulation in fungi and mammals. Plant Neks might be
involved in plant development processes

FASCICLIN-like arabinogalactan protein 15 precursor (FLA15); INVOLVED IN: cell
adhesion

ubiquitin 5 (UBQ5)

Transcriptional coactivator/pterin dehydratase; FUNCTIONS IN: 4-alpha-
hydroxytetrahydrobiopterin dehydratase activity; INVOLVED IN: tetrahydrobiopterin
biosynthetic process; LOCATED IN: chloroplast;

Identified by cloning the gene that corresponded to a purified protein having glyoxylate
aminotransferase activity. Localized to the peroxisome and thought to be involved in
photorespiration/ metabolic salvage pathway.

Encodes subunit NDH-M of NAD(P)H:plastoquinone dehydrogenase complex (Ndh
complex) present in the thylakoid membrane of chloroplasts.

Encodes carbamoyl phosphate synthetase (CPS) large subunit (CARB), also named as
VENS.

Protein with RING/U-box and TRAF-like domains

Encodes 20S proteasome subunit PAA2 (PAA2).

regulates the development of ER bodies. also involves in response to the endophytic
fungus Piriformospora indica.

Ribosomal protein S24/S35, mitochondrial

3'-5'-exoribonuclease family protein

Encodes a beta carbonic anhydrase likely to be localized in the cytoplasm.

Encodes an armadillo repeat protein involved in the abscisic acid response. The protein
interacts with a transcription factor, ABF2, which controls ABA-dependent gene
expression via the G-box-type ABA-responsive elements.
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3.1. Introduction

The barley resistance protein MLA belongs to the nucleotide-binding domain and leucine rich
repeats-containing protein (NLR) family and confers race-specific resistance upon interfamily
transfer to Arabidopsis thaliana (Maekawa et al., 2012). This finding implies that, upon
activation, MLA transduces the immune signal to some yet unknown A. thaliana signalling
component(s). The N-terminal coiled-coil (CC) domain of MLA (MLAcc) acts as a minimal
signalling module triggering cell death upon transient expression in barley and Nicotiana
benthamiana. MLAcc cell death signalling activity is dependent on MLAcc
homodimerization since mutations (e.g. I33E and L36E) that disrupt the MLAcc homodimer
formation also abolish its cell death-inducing activity (Maekawa et al. 2011). In order to
identify the signalling target(s) of MLA in A. thaliana, 1 conducted two independent
biochemical approaches: i) a yeast two hybrid (Y2H) screen against nearly all A. thaliana
transcriptional regulators and ii) the purification and characterization of MLAcc-associated
protein complexes in A. thaliana. Both approaches involved the MLAcc as a bait to minimize
the complexity of the protein interactions and to focus on the components associated with the

signalling module.

3.2. Screening for physical interaction between ML Acc and A. thaliana

transcriptional regulators by yeast two hybrid

Accumulating reports indicate that NLRs can interact with transcription factors (TFs) (Ando
et al., 2014; Chang et al., 2013; Inoue et al., 2013; Jacob et al., 2013; Padmanabhan and
Dinesh-Kumar, 2014; Padmanabhan et al., 2013; Qi and Innes, 2013; Xu et al., 2014). This
data supports a signalling model where at least a subset of NLRs can regulate transcriptional
reprograming by direct physical interaction with TFs (Jacob et al., 2013). In barley, MLA
receptor interacts with the TFs HYWRKY1/2 and HYMYB6 via its N-terminal CC domain
(MLACcc) and the interactions appear to be important for immunity (Chang et al., 2013; Shen
et al., 2007). The barley MLA is fully functional in A. thaliana (Maekawa et al., 2012)
allthough no clear HYMYB6 homolog was found in this species, suggesting that another TF
compensates for the HYMYB6 function in A4. thaliana.
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Furthermore, considering all the reported NLR-TF interactions, there is yet no evidence for
TFs being commonly recruited by multiple NLRs even though such scenario appears
intuitively as most biologically relevant. Therefore, many questions remain open concerning

this aspect of the NLR function.

MLACcc can induce transcriptional changes in 4. thaliana similar to the full length MLA in tha
same species (chapter 1). I hypothesized that MLAcc interacts with some A. thaliana TFs, or
chromatin regulators, or mediator components whom I altogether refer to as transcriptional

regulators (TRs).

The interactions between MLAcc and A4. thaliana TRs were tested using a yeast two-hybrid
(Y2H) system. The Y2H system, hereafter called “AIST system” was described in Mitsuda et
al., (2010). The AIST system-based screening is rather low-throughput but highly sensitive in
detecting binary interactions due to the binary interaction screening method employed. The
TRs prey library encompasses at least 50% of A. thaliana TRs. The bait and prey libraries
used are described in Table 3-1. Two different MLAcc bait constructs were used: MLA10cc1-
225 which was reported to interact with HYMYB6 and HYWRKY 1/2 (Chang et al., 2013; Shen
et al., 2007), and MLA10cci-160 which represents the minimal unit required for cell death
induction (Maekawa et al., 2011b) and sufficient to mediate transcriptional reprogramming in
A. thaliana (chapter 1). The number of MLAcc candidate interactors is largely different
depending on the bait protein (Table 3-2). A total of 31 candidate interactors were identified
(Table 3-3).

Table 3-1: Description of the clone libraries used for yeast two hybrid screening.

Clones Description Cloning

MLA10cc1-225

MLA10cc1-160
Baits TOTAL: 2 Cloning to pDEST-BTM116

1500 TFs

20 chromatin remodelers

19 mediator components Not required, clones already available in
Preys TOTAL: 1539 pDEST-GAD424 (Mitsuda et al. 2010)

Table 3-2: Number of candidate interactions identified by Y2H.

System Bait Number of interactions
AIST MLA10cc1-225 29
MLA10cc1-160 3
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Table 3-3: Description of the MLAcc candidate interactors identified by Y2H.

CcC cC
ProteinID  1-225 1-160 Family Name GO term biological process
somatic embryogenesis, seed maturation, positive regulation of transcription, embryo
AT1G28300 X B3 LEC2 development, positive regulation of auxin biosynthetic process, seed oilbody biogenesis
AT2G22770 X bHLH NAI1 endoplasmic reticulum organization
AT5G54680 X bHLH ILR3
AT5G42520 X BPC BPC6 response to ethylene
AT1G06070 X bZIP bZIP69
cellular response to sulfate starvation, negative regulation of cell differentiation, sulfate
AT1G43700 X bZIP VIP1 transport, nuclear import, osmosensory signalling pathway
AT5G38800 X bZIP bZIP43
negative regulation of cell division, cell morphogenesis, cell division, DNA
AT1G47870 X E2F E2F2 endoreduplication
AT1G53910 X ERF/AP2 RAP2.12 detection of hypoxia, ethylene-activated signalling pathway, response to hypoxia
AT2G40340 X ERF/AP2 DREB2C response to abscisic acid, heat acclimation
response to hypoxia, regulation of gene expression, ethylene-activated signalling
AT3G14230 | X ERFIAP2  RAP2.2 000
response to other organism/jasmonic acid/cytokinin/ethylene, cell death, ethylene-
AT3G16770 X ERF/AP2 EBP activated signalling pathway, heat acclimation
AT4G18450 X ERF/AP2 ethylene-activated signalling pathway, response to chitin
negative regulation of abscisic acid-activated signalling pathway, defence response to
AT5G64750 X ERF/AP2 ABR1 fungus, response to abscisic acid/glucose/osmotic stress, ethylene-activated signaling
pathway, abscisic, acid-activated signalling pathway
negative regulation of leaf senescence, chloroplast organization, regulation of
AT5G44190 X GARP GLK2 chlorophyll biosynthetic process, negative regulation of flower development
regulation of transcription from RNA polymerase Il promoter, cell differentiation,
AT4G34680 X GATA GATA3 circadian rhythm
AT2G18550 X HD HB21
AT4G36740 X HD HB40 response to auxin
AT4G11660 X HSF HSFB2B response to chitin
AT1G48150 X MADS
AT5G26950 X MADS AGL93
response to gibberellin/abscisic acid/auxin/cytokinin/brassinosteroid, regulation of
AT1G74660 X MIF MIF1 meristem development, photomorphogenesis, multicellular organismal development
AT2G47460 X MYB MYB12  response to auxin, flavonoid biosynthetic process, response to ethylene
response to abscisic acid/jasmonic  acid/wounding/chitin/dessication/oxidative
stress/insect, root development, indole glucosinolate biosynthetic process, indole
AT1G32640 X MYC MYC2 glucosinolate biosynthetic process, tryptophan metabolic process, jasmonic acid
mediated signalling pathway
lateral root development, gynoecium development, meristem initiation, secondary shoot
formation, flower development, meristem initiation, primary shoot apical meristem
AT3G15170 X NAC cuct specification, embryo development, flower development, negative regulation of cell
division, formation of organ boundary
AT5G07680 X NAC NACO080 multicellular organismal development
AT5G18270 X NAC ANACO087 multicellular organismal development
multicellular organism development, secondary shoot formation, leaf development, leaf
AT5G53950 X NAC CUC2  morphogenesis, primary shoot apical meristem specification, regulation of timing of
organ formation, formation of organ boundary
T seed maturation, regulation of seed germination, response to auxin, regulation of shoot
AT1G54060 X Trihelix ASIL1 system development, embryo development ending in seed dormancy
AT1G76870 X Trihelix
AT3G11100 | X X  Trihelix
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These 31 candidates belong to diverse TF families (B3, BPC, bHLH, BPC, bZIP, E2F,
ERF/AP2, GARP, GATA, HD, HSF, MADS, MIF, MYB, MYC, NAC and trihelix, Table 3-
3). The TF families most represented among the candidate interactors were ERF/AP2, NAC,
bZIP and Trihelix with six, four, three, and three members respectively (Table 3-4). Most
interactions were obtained with the MLA10cci225 bait. The screen did not identify any
WRKY transcription factor, despite the reported interaction between MLAcc and
HvWRKY1/2 (Shen et al., 2007). Similarly, there was no MYB transcription factor closely
related to HYMYB6 among the candidate interactors identified. This suggests that interactions
between MLAcc and AtWRKY's or AftMYBs are not conserved in A. thaliana, or that the Y2H

screen employed failed in detecting the potential interactions in 4. thaliana.

In order to determine the biological significance of the candidate interactors identified, I
performed a GO-term enrichment analysis. Apart from “transcription regulation”, no other

enriched biological process was found for the list of candidates identified.

Altogether, these results suggest that MLAcc interacts with various TFs in 4. thaliana.

Table 3-4: TF family representation in the
31 MLAcc candidate interactors

Number of
TF family candidates

ERF/AP2
NAC
bZIP
Trihelix
bHLH
HD
MADS
B3

BPC
E2F
GARP
GATA
HSF
MIF
MYB
MYC

»
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3.3. Isolation and characterization of ML A cc-associated protein complexes

in A. thaliana

3.3.1. Design of the experimental setup and material preparation
3.3.1.1. Aims of the approach and experimental setup

As a complement to the aforementioned Y2H approach, I employed affinity purification of
protein complexes coupled with mass spectrometry (MS) analysis to isolate and identify

MLAC c-associated protein complexes.

Affinity purification of protein complexes followed by MS characterization constitutes one
the available strategies to identify unknown protein partners associated with a given protein
(bait) within a functional complex in vivo. Numerous reports have contributed to develop this
method, and technological progress in mass spectrometry constantly pushes forward the

detection limits rendering the analysis of minute amounts of biological material possible.

Even though several standard protocols have been developed, the protein complex isolation
often requires a careful choice of the protocol and fine-tuning related to the peculiarities of the
system and the protein complex of interest. In that sense, this technique remains highly

empirical.

To purify and characterize in vivo MLAcc-associated protein complexes, I developed a
suitable affinity purification protocol. Since the MLAcc induces cell death upon expression,
an inducible promoter was favoured to express the bait protein. Additionally, since the
MLAcc-dependent cell collapse prevents the accumulation of the bait protein, an efficient
purification method was needed to efficiently enrich for a low amount of bait protein over
background. Due to the availability of a robust inducible system, namely the estradiol (ER)
inducible promoter based on the pMDC?7 vector (Curtis and Grossniklaus, 2003), I generated

stable A. thaliana transgenic lines that conditionally express MLAcc bait constructs.

I employed a tandem affinity purification (TAP) rather than single step affinity purification.
Trade-offs and recent developments for both systems have been reviewed in (Pflieger et al.,
2011) and (Dedecker et al., 2015). TAP was considered more suitable in this study because it

has a higher purification efficiency compared to single step affinity purification.
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First affinity step
(Ni-NTA agarose)
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(Strep-Tactin sepharose)

Desthiobiotin

Figure 3-1: Overview of the TAP strategy and the construct used. Modified from Bigeard et al. 2014 (A)
Structure of the TAP PC2 cassette figuring the bait in fusion with the various tags and expressed under the
estradiol-inducible promoter (ERp). (B) Overview of the TAP strategy. Yellow boxes represent partner proteins
of the TAP-tagged bait protein and black boxes represent contaminant proteins; the green box and the three small
grey, orange and blue boxes correspond to the TAP-tagged bait protein.

The affinity tag is critical in determining the TAP efficiency. The PC2 tag consists of nine
Myc repeats (EQKLISEEDL), a stretch of eight histidine residues (8xHis) and a C-terminal
Strepll tag (WSHPQFEK). This tag has been successfully employed at the URGV for
mitogen activated protein kinase-associated complex isolation (Bigeard et al. unpublished
results) and does not require any protease cleavage for bait elution. The corresponding
protocol has already been published (Bigeard et al., 2014). Thus, I used the PC2 tag for TAP
of MLAcc-associated protein complexes. The TAP involves a first purification step based on

the 8xHis affinity onto a Ni-NTA (nickel-nitrilotriacetic acid) matrix followed by a second
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step based on the Strepll affinity for a Strep-Tactin matrix (Figure 3-1). The Myc tags are not
directly involved in the purification and can be employed for bait protein immunodetection

with anti-myc antiserum (Figure 3-1).

To efficiently remove the background from the list of proteins identified, a set of control lines
was generated (Figure 3-2.A). Additional baits and controls were prepared but not included in
the analysis, and kept for potential future analysis in addition to the first tested lines if

necessary (Figure 3-2.B).

A SEQUENCE
ACTIVITY SIMILARITY DIMER
| sample |} VTN - :
Standard control mYFP-PC2 - - -
ol L MLA ¢, 165-mYFP + T ¥
B

| sample | VIV VSRS ? >
YT [ MILA, o NES-PC2 -2 7
Inactive MLA_. MLA ¢, 160133E-PC2 -- +++ -
Other CCyp\y RPM1., ,:s-PC2 - ++ +?

CCy ADR1-L2 .., ,5;-PC2 + - ?

Figure 3-2: Bait constructs expressed in the A. thaliana transgenic lines for the TAP analysis. A, primary
set of samples and controls. B, secondary set of samples and controls.
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3.3.1.2. Generation and characterization of the transgenic plant material

Eight bait constructs in fusion with the PC2 tag had to be produced and cloned into a vector
suitable for inducible expression. Given this number and for facilitating other future
experimental developments, I engineered a gateway-compatible binary vector for expression
of the construct in frame with the PC2 tag (C-terminal fusion) under an estradiol-inducible
promoter (ERp) based on the pMDC7-GW vector (Curtis and Grossniklaus, 2003) and
hereafter referred to as pMDC7-GW-PC2 (Figure S3-1).

The constructs described in Figure 3-2 (apart from the previously described DEXp:MLAcc-
mYFP construct, Chapter 1) were cloned into pMDC7-GW-PC2 and the resulting constructs
were transformed into A. thaliana wild-type (Col-0). Homozygous T3 lines with single
transgene insertions and similar transgene expression levels were selected for further

characterization.

I assayed cell death induction mediated by MLAcc-PC2 and ADR1-L2¢cc-PC2 after estradiol
(ER) treatment. As shown in Figure 3-3, both constructs were able to significantly induce ion
leakage and tissue collapse, both indicative of cell death, as compared to Col-0 and the lines
expressing inactive PC2-tagged constructs. I concluded that the C-terminal fusion to the PC2

tag does not qualitatively alter the bait function.
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Figure 3-3: Characterization of the bait-PC2 constructs used for TAP. 10 day-old seedlings were immersed
into 10 pM ER + 0.001% Silwet L-77.A, cell death measured by ion leakage. The letters on the right side
indicate statistical groups defined by one way Anova followed by posthoc Tukey HSD based on a p-value
<0.001 and at least three independent experiments with three biological replicates each. B, protein accumulation
at 16 hpi visualized by immunoblotting anti-myc. C, macroscopic phenotype of eight seedlings immersed in the
induction solution at 48 hpi. Tissue collapse results in seedling drowning in the lines expressing either MLAcc-
PC2 or ADR1-L2¢c-PC2 but not mYFP-PC2.

3.3.2.0ptimization of the tandem affinity purification protocol
3.3.2.1. Optimization of the affinity purification procedure

I conducted pilot experiments using the ERp:MLAcc-PC2 and the ERp:mYFP-PC2 lines
following a protocol essentially similar to what was published by Bigeard et al. (2014). The
amount of bait protein recovered by this protocol was not sufficient for the subsequent MS
analysis. Further pilot experiments were performed to optimize four major TAP/MS steps to
circumvent this issue: 1) the conditions used for plant growth and estradiol (ER) induction, ii)
the protein extraction, iii) the final elution and iv) the protein precipitation following

purification.

I analysed the bait expression in plants grown as described in Bigeard et al. (2014). Three
week old plants grown in liquid medium were induced by adding 10 uM ER + 0.001% Silwet
L-77 into the culture medium. Protein accumulation was analysed 16 hours after induction.

The MLAcc-PC2 protein was at the lower detection limit by immunoblotting suggesting that
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the amount of bait protein was very low (data not shown). A significant improvement of the
expression level was observed when the plants were grown on soil for the same duration, their

aerial part sampled and incubated for 16 hours in 10 uM ER + 0.001% Silwet L-77.

Monitoring of the bait extraction efficiency by immunoblotting indicated that the MLAcc-
PC2 protein, contrary to the mYFP-PC2 protein, was not efficiently extracted by the standard
extraction procedure (Figure S3-2.A). A similar tendency was observed with the MLAcc-
mYFP and ADR1-L2cc-PC2 proteins (Figure S3-2.A, B), indicating that both CC baits are
poorly soluble and that this property is independent of the epitope tag. Such low solubility
might be explained by the association to an insoluble compartment (e.g. membranes) or the
formation of insoluble aggregates. Biéri et al. (2004) reported the presence of a membrane-
associated and salt-sensitive MLA1 pool in barley. However the solubility of the MLAcc-PC2
was not improved when extracted with a buffer containing either 50 mM or 250 mM NaCl
(data not shown). Similarly, various non-denaturing detergents (NP-40, Tween 20, CHAPS,
DDM, triton and digitonin) at concentration 0.1% or 1% did not improve the extraction
efficiency (examples in Figure S3-2.C). In contrast, addition of 0.1% but not 0.01% SDS
significantly increased the extraction efficiency (Figure S3-2.C-D). These observations may
suggest an aggregation behaviour rather than an association to membranes. Thus, I used 0.1%

SDS in the extraction buffer.

To improve the efficiency of the final elution step, the elution efficiency of the standard
desthiobiotin-containing buffer was compared to that of the same buffer containing 2% SDS.
The amount of bait protein obtained after elution with 2% SDS was higher than with
desthiobiotin. However, MS analysis of the elution fractions revealed that the signal-to-noise
ratio of the SDS-eluted sample was lower than that of the desthiobiotin-eluted sample. Thus, I

selected the standard desthiobiotin-containing elution buffer to conduct the TAP.

To reduce the loss of material caused by the protein precipitation step following the final
elution, the eluates were directly used for the subsequent steps (reduction, alkylation,

digestion and MS) without precipitation.
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Figure 3-4: Abundance-based ranking of the proteins identified in the different pull downs. The proteins
identified in tandem affinity, Strepll and histidine (His) pull downs are ranked according to their average iBAQ
(intensity-based absolute quantification).The ranks of the pulled down proteins are indicated by arrows. One
biological replicate was performed for the His pull downs and at least three independent biological replicates for
all the other pull downs.

Finally, I also tested single step purifications with either of the 8xHis or the Strepll tag
following a protocol similar to the TAP and down-scaling the procedure for 2 g (FW) of
starting material. The analysis of three replicates obtained by purification based on the Strepll
tag and using the mYFP-PC2 bait as a control did not yield any candidate interactor (data not
shown). Overall, MS analysis of the resulting eluates showed a signal-to-noise ratio largely
below that of the TAP, indicating that the TAP is more efficient than single step affinity
purifications (Figure 3-4).
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3.3.2.2. Processing of the TAP samples

The modified TAP protocol (described in Section 3.3.2.1) was employed to prepare at least
three independent biological replicates for each bait (Table 3-5).

Table 3-5: Summary of the samples processed by TAP and analysed by MS.

Replicates
Included in the final

Bait Type Performed analysis
MLAcc-PC2 sample 6 5
mYFP-PC2 control 4 3
MLAccL36E-PC2 control 3 1
MLAcc-mYFP control 3 1

Total 16 10

Due to time constraints, only the sample and control lines from the primary set of transgenic
lines were used for the TAP analysis (described in Figure 3-2.A). This includes the lines
expressing the MLAcc-PC2 bait (sample) along with three control lines. A first control line
expressing the mYFP-PC2 was used to identify the proteins which are non-specifically
purified by the TAP procedure. A second control line expressing the MLAccL36E-PC2, a
non-functional MLAcc variant due to the loss of homodimer formation (Mackawa et al.,
2011b), was used to remove the interactors co-purified with the MLAcc but whose association
does not correlate with the MLAcc homodimerization. Finally, the third control line included
expresses the MLAcc-mYFP without TAP tag. As MLAcc-mYFP induces a cell death
response similar to MLAcc-PC2, this control was used to subtract unspecific proteins which

are co-purified in a cell-death-dependent manner.

Detection of the bait protein by immunoblot analysis suggested that the TAP procedure
consistently enriched the three bait proteins (MLAcc-PC2, mYFP-PC2, and MLAccL36E-
PC2) (Figure 3-5). Thus, by comparing the MLAcc sample to these controls across multiple
TAP replications, proteins enriched in the MLAcc-PC2 pull downs should be considered as

high-confidence candidates.
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Figure 3-5: Immunoblot analyses of tandem affinity-purified plant extracts expressing MLAcc-PC2,
mYFP-PC2 and MLAccL36E-PC2. I, input; FT, flow through; W, wash; E, eluate; M, matrix.
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3.3.2.3. Analysis of the pull down input fractions for quality control and investigation of the

proteome-wide MLAcc-dependent responses

To examine the global protein expression patterns of the input materials, a shotgun MS
analysis was performed. In total, ~4,300 protein groups were identified in the 16 input

samples.

To assess the overall variability in protein abundance among input samples, I performed a
clustering analysis based on the abundance (measured as label free quantification [LFQ]
intensities) of all protein groups identified in the input samples (Figure S3-3.A). This analysis
indicates a high variation among samples as well as among replicates. A batch effect appeared
to account to a large extent for the observed variation, since replicates prepared and analysed

at the same time tend to cluster together (Figure S3-3.A-B).

Pairwise comparison of the input samples also indicates that a batch effect would account for

the variation (highlighted in yellow, Figure S3-4.A-B).

This proteomic data was further analysed to identify the proteins differentially regulated upon
MLAcc-PC2 expression. For this, I compared the input samples of MLAcc-PC2 pull down
with the input samples of mYFP-PC2 pull down. To minimize the batch effects, the analysis
was limited to the 4 pairs of MLAcc-PC2/mYFP-PC2 samples which were processed
together. Analysis of the LFQ intensities between the MLAcc-PC2 and the mYFP-PC2 inputs
identified 747 differentially expressed protein groups (DEPGs) (average fold change >2). 491
and 256 DEPGs were enriched, respectively depleted, in the MLAcc-PC2 line compared to
the mYFP-PC2 line. Gene ontology (GO) term enrichment analysis did not identify any GO
term significantly enriched in either sets of proteins upregulated or downregulated (AgriGO,
http://bioinfo.cau.edu.cn/agriGO/). Based on a volcano plot representing the LFQ fold change
(FC) p-value against the average LFQ FC for each protein group, I selected the top four
downregulated DEPGs and the top twelve upregulated DEPGs in the MLAcc-PC2 line
compared to the mYFP-PC2 line (Figure 3-6, Table S3-1). Among the top 12 protein groups
upregulated in the MLAcc-PC2 line, several proteins are induced upon pathogen challenge

(e.g. AT1G33960 [AIG1] and AT2G28830 [PUB12]).
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Figure 3-6: Volcano plot of the protein groups identified in the TAP input samples of the MLAcc line and
the mYFP line. The average LFQ ratio of the MLAcc line against the control mYFP line for each protein group
is plotted against the t-test p-value of the same ratio. NaN values were replaced by 14.

I compared this data to the transcriptome analysis performed on the DEXp:MLAcc-mYFP line
(Results section 1.3.1). This comparison is somewhat limited due to the use of a different
system at different time points. A tight correlation between proteomic data and transcriptome
data can not be expected as a result of posttranscriptional regulation. Such assumption has
been already confirmed by comparing RNA-seq data to proteomic data in various organisms.
However such comparative analysis can still be very informative to study the protein output in
a given response and highlight possible post-transcriptional regulations (Payne, 2015).
Considering the low number of DEPGs compared to the high number of differentially
expressed genes (DEGs) identified by transcriptome analysis, there are at least large
quantitative differences between the two data sets. 2D plots of the two datasets indicated no
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significant correlation between transcriptomic data and proteomic data (data not shown). Out
of the 747 DEPGs identified, 148 show a similar regulation at the transcript level in the
transcriptomic analysis of the DEXp:MLAcc-mYFP line (at least two fold increase or decrease
compared to the mYFP control line, based on the average FC at 2, 4, 6 and 8 hpi, examples
shown in Table S3-2).

3.3.3. Quantitative MS data analysis of the pull downs leads to the identification

of a MLAcc candidate interactor list
3.3.3.1. Quantitative MS data analysis and identification of MLAcc interactor candidates

TAP eluate fractions from all the pull downs were analysed by MS. Approximately 3,200
protein groups were identified in total. The first replicate pair of MLAcc-PC2 / mYFP-PC2
pull down was largely different from all the other replicates and was therefore not included in

the final analysis (Table 3-5, Figure S3-3.C and Figure 3-7.A).

The MLAcc or the mYFP bait proteins were identified as one of the most abundant proteins in
the respective samples confirming the efficiency of the pull down (Figure 3-4). Moreover the
bait proteins were not identified or only in trace amounts in the samples where they were not
expressed or not pulled down, which rules out the possibility of significant cross-

contamination among samples and indicates that the false discovery rate was low.

Similarly to the input fractions, the TAP samples were clustered by time of preparation,
indicating that most of the variation among samples was due to batch effects (Figure S3-3.B-

Q).

Ten protein groups were identified in the MLAcc-PC2 pull down but not in the negative
controls (Figure 3-7.B and Table 3-6). However, these were detected in two replicates out of
five, indicating that they were not reproducibly enriched throughout the five MLAcc-PC2 pull
down replicates. It is noteworthy that two protein groups have been reported as recurrent pull

down false positive (De Jaeger et al. personal communication).
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Figure 3-7: Overview of the protein groups identified by MS analysis in the TAP samples. A, number of
protein groups identified in each sample. rep, replicate. B, four-set Venn diagram comparing the protein groups
identified in each pull down.

Table 3-6: Protein groups identified by MS analysis exclusively in the MLAcc-PC2 pull down fractions
but not in the pull down controls.

Cov. Number of identifications in 5
ID Pept. (%) MLAcc pull down replicates  Description
AT3G53130 1 3.7 2  LUT1, CYP97C1, Cytochrome P450 superfamily
AT1G60850# 1 4.3 2  ATRPAC42, DNA-directed RNA polymerase family
AT3G26520 1 71 2  TIP2, SITIP, tonoplast intrinsic protein 2
AT3G09150 1 3.6 2 HY2, phytochromobilin:ferredoxin oxidoreductase
AT3G54150 4 108 2  S-adenosyl-L-methionine-dep. methyltransferases
AT3G12680 1 2.5 2 HUAT1, floral homeotic protein (HUA1)
AT3G55400 1 2.4 2  OVAT1, methionyl-tRNA synthetase
AT1G09770 1 1.9 2 ATCDCS5, CDC5, ATMYBCDCS5, cell division cycle 5
AT5G13030# 2 4.1 2 unknown protein
AT1G06060 1 7 2 LisH and RanBPM domains containing protein

#, identified as recurrent false positive by De Jaeger et al. (personal communication)
Pept., number of matching peptides

Cov., protein coverage
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I performed a quantitative analysis based on LFQ intensities to identify protein groups
significantly enriched in MLAcc-PC2 pull down compared to the control pull downs. To limit
the batch effects, I performed a pairwise analysis of the MLAcc-PC2 and the control pull
downs processed side by side. Five pairs of sample/control pull downs were used for the
downstream analysis (Table 3-5, Figure S3-3.B-C). These include three MLAcc-PC2/mYFP-
PC2 pull down pairs, one MLAcc-PC2/MLAcc-mYFP pull down pairs and one MLAcc-
PC2/MLAccL36E-PC2 pull down pair.

Nine protein groups with a high fold enrichment (>2) and a high fold enrichment p-value
segregate from the majority of proteins identified (Figure 3-8, Table 3-7, Table S3-3). Thus,
these nine protein groups constitute the top MLAcc candidate interactors. Eight protein
groups matched each a unique protein whilst the protein group containing AT5G54640
ambiguously matched eight proteins of the histone family (Table 3-7). The fold enrichment of
the candidate interactors was clearly lower than the fold enrichment of the pulled down
MLACcc-PC2 protein (Figure 3-8). Therefore I could not conclude about the stoichiometry of
the candidate interactions between MLAcc and the nine candidate interactors identified and

this suggests that the potential interactions identified are weak.

Table 3-7: MLAcc candidate interactors identified by MS analysis of MLAcc pull down. The candidate
interactors were isolated based on their fold enrichment in the MLAcc pull down versus control pull downs and
on the statistical significance of the fold enrichment (t-test p-value). The fold enrichment was also normalized to
the fold enrichment measured in the pull down input fractions (input-corrected average log2 (LFQ ratio MLAcc-
PC2/controls)).

Average logx(LFQ

ratio
Protein Cov. -Log1o Input-
group ID Pept. (%) (p-value) Raw corrected Other Proteins and Description
AT1G79600 1 1.8 1.78 3.97 N.D Protein kinase
AT4G27230; AT3G20670; AT1G51060; AT1G54690;
AT1G08880; AT5G59870; AT5G27670: H2A.1, H2A.2,
H2A.13, H2A.10, H2A.X, H2A.XA, H2A.6, H2A.7,
AT5G54640# 2 17.7 1.15 3.93 N.A histones
AT5G11420# 6 13.9 1.07 3.53 3.70 Putative transmembrane protein, DUF642
AT5G45190 7 18.7 1.01 3.1 N.D Cyclin family protein
AT2G22400 3 4.8 1.00 2.83 2.36 S-adenosyl-L-methionine-dependent methyltransferase
AT5G51750 7 14 1.08 1.90 2.04 SBT1.3; subtilase 1.3
AT2G26560 11 36.1 1.61 1.28 0.83 PLA2A; phospholipase A2 A
AT3G48090 10 18 1.30 1.10 0.25 EDS1; enhanced disease susceptibility
AT2G19800 6 22.4 1.27 1.06 0.61 MIOX2; myo-inositol oxygenase 2

#, identified as recurrent false positive by De Jaeger et al. (personal communication)

Pept., number of matching peptides.

Cov., protein coverage

N.D, not detected in the input fraction

N.A, not available due to identification of partially dissimilar protein groups in the input fraction
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Figure 3-8: Volcano plot of the protein groups identified by MS analysis in MLAcc-PC2 pull down versus
the control pull downs. The fold enrichment p-value of each protein group is plotted against the average fold
enrichment (LFQ ratio) of the MLAcc pull down against the control pull downs. NaN values were replaced by

14.
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Since the protein abundance in the input material might influence the abundance in the pull
down fraction, I normalized, when possible, the fold difference observed in the pull down
samples by the fold difference in the input fractions (input-corrected average log, [LFQ ratio
MLAcc-PC2/controls], Table 3-7). After normalization, the fold enrichment of AT2G26560,
AT3G48090 and AT2G19800 fell below two whereas it remained globally unchanged for
AT5G11420, AT2G22400 and AT5G51750. AT1G79600 and AT5G54190 were not
detectable in the input fractions. Thus, this analysis supports the identification of five

candidates out of nine.

Abundance-based ranking of the protein groups detected in the pull downs indicates that
seven MLAcc candidate interactors have an increased relative abundance in the MLAcc pull
down compared to the control pull downs whilst two candidates (AT5G11420 and
AT5G45190) don’t (Figure 3-9). Several candidates were detected in the pull down fractions
at a low abundance indicating that they are close to the detection limit. Under such conditions,
the risk of false positive identification might also be increased due to a possible stochastic
detection rate among samples. This observation is particularly relevant for candidates
AT1G79600, AT5G45190 and AT2G22400 (Figure 3-9, Table S3-3) which were close to the

detection limit in the pull down fractions.

I looked into the online databases whether some functional correlation exists between the nine
candidates identified, as a hint for proteins belonging to the same complex or the same
pathway. I did not find evidence for direct physical interaction between the candidates
identified. Co-expression analysis by EdgeAnnotation (atted.jp) indicates that the MLAcc

candidate interactors are not strongly co-expressed (Table S3-4).

As a conclusion, this analysis identified nine MLAcc candidate interactors with various levels
of confidence. These might interact directly with the MLAcc or be co-purified within a
complex associated to the MLAcc. At this level, the candidates still need to be validated by
orthogonal methods such as co-immunoprecipitation, yeast two hybrid, or bimolecular

fluorescence complementation.
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Figure 3-9: Abundance-based ranking of the protein groups confirms the enrichment of several candidate
interactors in the MLAcc pull down compared to the control pull downs. Protein groups identified by MS
analysis of MLAcc and control pull downs were ranked based on their average abundance (iBAQ). Ranks of the
identified candidate MLAcc interactors are indicated by orange arrows (rank in control pull downs: arrow tail;
rank in MLAcc pull down: arrow head).

3.3.3.2. Assessment of the biological relevance of the MLAcc candidate interactors by data

mining

The TAP analysis resulted in the identification of nine protein groups as candidate MLAcc-
interactors. In order to identify which candidates are the most biologically relevant, data
mining was performed to gather evidence about a possible functional link between the
candidates and the regulation of immunity or cell death. Five candidate interactors have been
functionally characterized (AT1G79600, AT5G54640 group, AT2G26560, AT3G48090 and
AT2G19800). Two of them (PLA2A, AT2G26560 and EDS1, AT3G48090) are involved in
defence or cell death regulation. EDS1 is a regulatory hub involved in basal and NLR-
mediated immunity (Wiermer et al., 2005). PLA2A is a pathogen-inducible cytoplasmic lipid
acyl hydrolase belonging to the patatin-like family and has been shown to positively

contribute to cell death induced by paraquat or avirulent Pseudomonas syringae pv. tomato
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(Pst) AvrRpt2, as well as to susceptibility to the necrotrophic fungus Botrytis cinerea and to
avirulent Pst AvrRpt2, and final, to resistance to the Cucumber mosaic virus (Camera et al.,
2009; La Camera et al., 2005). PLA2A also positively regulates necrotic symptoms of the
lesion-mimic mutant vad! and lipid-induced cell death in trichomes (La Camera et al 2009,

Reina-Pinto 2009).

To gain insights into the function of the four uncharacterized candidate interactors, online
databases were screened for functional annotations (Thalemine), physical interactions
(Biogrid, Intact) and co-expression data (atted.jp, Ath-m.c4-1). I did not find any relevant
protein-protein interaction. Then, I examined the five most co-expressed genes for each
candidate. Co-expression data indicates that AT2G22400 is co-expressed with powdery
mildew resistant 5 (At5g58600).

The transcriptional regulation of the candidates identified was also examined in the context of
the MLAcc expression in A. thaliana Col-0 (Result section 1.3.1, Figure 3-10). AT2G26560
(PLA2A) and AT3G48090 (EDS1) were particularly strongly and early induced upon MLAcc
expression, suggesting a possible role in the MLAcc-mediated response. AT1G79600 was
induced at later time points whereas AT5G11420 and AT5G51750 were downregulated at

later time points.

The presence of orthologues in species outside of the Brassicaceae was used to narrow down
the candidate list since the MLA function is conserved in different plant genera. This implies
that MLAcc interacts with evolutionarily conserved signalling components. I searched for
orthologues of the nine candidates outside of the Brassicaceae family. Orthologue search in
Phytozome v10.3 identified possible orthologues/paralogues for all of the nine candidates
(Table S3-5).

Integration of all these data highlights AT1G79600 and AT2G26560 as the two best

candidates for further analysis.
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Figure 3-10: Expression profile of the MLAcc candidate interactors in A. thaliana upon MLAcc
expression. The gene expression was monitored by RNA-seq over a time course upon MLAcc expression after
DEX treatment. The relative expression of the DEXp:MLAcc-mYFP line as compared to the DEXp:mYFP line is
expressed as a logy-transformed cpm fold change (log,FC).

3.3.3.3. Preliminary data for the functional characterization of PLA2A

Phospholipase A2 A (PLA2A, AT2G26560) has been identified as one of the best candidate
MLACcc interactors. I investigated the role of PLA2A in MLAcc-mediated cell death in A.
thaliana. 1 used aristolochic acid (ARA) and bromoenol lactone (BEL) to inhibit PLA2A
activity and examined the impact on MLAcc-mediated ion leakage in A. thaliana. These two
chemical have been shown to inhibit lipid-induced cell death in trichomes (Reina-Pinto et al.,
2009). A DEXp:MLAcc-mYFP line (Chapter 1) was used for this analysis. No significant
difference in MLAcc-mediated ion leakage was observed in presence of either ARA or BEL
compared to the mock control (Figure 3-11). The slight increase with BEL and ARA
treatment is likely due to an MLAcc-independent effect because controls treated with BEL
and ARA in absence of MLAcc expression display a similar increase compared to the
untreated control. This result suggests that PLA2A phospholipase activity is dispensable for
MLACcc-induced ion leakage. However, a role of PLA2A in cell death-independent MLAcc-
mediated response cannot be excluded. Further analysis is required to determine whether the

chemical treatment applied in the conditions tested effectively inhibits the PLA2A activity.
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Figure 3-11: Effects of PLA2A inhibitors on MLAcc-mediated cell death. Cell death was monitored by ion
leakage measurement in A. thaliana stable transgenic lines expressing DEXp:MLAcc-mYFP under treatment with
dexamethasone and either of the two PLA2A inhibitors aristolochic acid (ARA) and bromoenol lactone (BEL) at
0, 8, 24 and 48 hpi. The results presented here correspond to one experiment. The experiment was repeated two
times with similar results. Error bars indicate standard deviation of the three biological replicates measured in
one experiment.

3.3.4. MLAcc might reside within large SDS-resistant protein polymers

By analogy to the inflammasomes formed by NLRs in animals, plant NLRs might assemble
into large higher order molecular complexes. Recently, Hu et al., (2013) provided molecular
insights into the self-propagation properties of the NAIP-NLRC4 inflammasome. In their
model, following nucleation by NAIP, a NLRC4 complex is formed which can self-propagate
in a manner similar to prion proteins. This finding, and the fact that non-denaturing detergents
are failing to solubilize the MLAcc, prompted me to test whether MLAcc associates into
prion-like complexes in A. thaliana. Semi-denaturing detergent agarose gel electrophoresis
(SDD-AGE), a technique commonly used to detect large SDS-resistant protein polymers,
suggested that MLAcc was predominantly present in SDS-resistant high molecular weight
complexes contrary to the mYFP control (Figure 3-12). So far, the nature of this aggregate

remains unknown.
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Figure 3-12: MLAcc predominantly resides in large SDS-resistant protein complexes. SDD-AGE was
performed on plant material identical to the one used for affinity purification. Left panel, immuno-detection of
the protein blot with an antibody a-Myc. Right panel, proteins staining with Ponceau S. Arrowhead, MLAcc high
molecular weight complex. The picture shown is representative from three independent experiments.
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1. MLACcc induces effector-triggered immunity-like responses in A. thaliana

In this study, I report that the coiled-coil domain of the barley NLR MLA, denoted MLAcc,
triggers a rapid cell death, MAPK activation, and immune transcriptional reprogramming in
stable A. thaliana transgenic lines. These findings all support the hypothesis that MLAcc is a
signalling module sufficient to trigger effector-triggered immunity (ETI)-like responses. Since
the transcriptional reprogramming can be detected prior to cell death and a similar
transcriptional profile is induced during the temperature-dependent RPS4-mediated response
in the absence of cell death (Heidrich et al., 2013), the early transcriptional reprogramming
occurs upstream or independently of cell death. Two reports indicate that de novo protein
synthesis is required for Fumonisin B-1- and H>O»>-mediated cell death in A. thaliana and
soybean, respectively (Asai et al., 2000; Solomon et al., 1999). Thus, a subset of the cell death
responses might be transcriptionally controlled. Interestingly, the cytoplasmic pool of MLAcc
is required for cell death induction (Bai et al., 2012). This result suggests that MLAcc—
mediated cell death signalling might be initiated in the cytosol, but does not exclude the
possibility that MLAcc-mediated cell death is transcriptionally controlled, since the signal
initiated in the cytosol might be transduced to the nucleus. The only straight-forward
approach to test whether MLAcc-mediated cell death requires specific gene regulation is to
inhibit de novo protein synthesis using chemicals such as cycloheximide (CHX). Since CHX
would inhibit the expression of the DEXp:MLAcc transgene, this approach is unsuitable with
the DEX-inducible transgenic lines generated in this study. NLR-mediated host cell death
responses can be uncoupled from NLR-mediated pathogen growth restriction (Bai et al.,
2012; Bendahmane et al., 1999; Chang et al., 2013; Coll et al., 2010; Yu et al., 1998, 2000).
Therefore, disease resistance and cell death are controlled by independent pathways. This
functional property has been demonstrated in the case of full-length MLA, whose nuclear
pool is required for disease resistance whilst the cytosolic pool is required for cell death
induction (Bai et al., 2012; Shen et al., 2007). Whether MLAcc also initiates a similar

bifurcated signalling mechanism remains to be determined.

Chang et al. (2013) have shown that MLAcc antagonizes HYWRKY1 repression of HYMYB6,
thereby promoting HvMYB6-mediated transcriptional activation by transient expression in A.

thaliana protoplasts. In vitro and in planta analyses further showed that HYWRKY1 induces
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HvMYBG6 dissociation from DNA and that the MLAcc domain competes with HYWRKY1 for
the interaction with HAvMYB6 (Chang et al., 2013). These findings imply that MLAcc
regulates gene expression by interacting with some TFs. Consistently with the proposed
function of the MLAcc in transcription regulation, my results confirmed in a stable expression
system in A. thaliana that MLAcc regulates gene expression, and suggest that MLAcc
interacts with 31 A. thaliana TFs in yeast two-hybrid. Importantly, my results does not
provide clues about the functional relevance of the above-mentioned MLAcc-TF direct
interactions since there is no HYMYB6 homologue in A. thaliana, and the motifs enriched in
the 5’ regulatory sequences of the potential direct target genes of MLAcc-mediated signalling
are not related with the 31 A4. thaliana TFs interacting with MLAcc in yeast two-hybrid or
MYB TFs. Instead, my data suggest that Ca’+/CAMTA-mediated signalling plays a central
role in the MLAcc-mediated immediate early transcriptional response. However, one can
hypothesize that MLAcc initiates a bifurcated signalling and that direct interaction with TFs
represents only one of the signalling mechanisms initiated in parallel. In A. thaliana, the
interaction with an HvMYB6 homolog does not occur but other interacting TFs could account

for part of the MLAcc-mediated transcriptional regulation.

Some other aspects of the MLAcc-mediated responses are similar to the ETIL. LaCls, a calcium
channel blocker, fully abolishes cell death mediated by RPM1 and RPS2 (Grant et al., 2000;
Pike et al., 2005). Similarly, MLAcc-mediated cell death is completely suppressed by LaCLs3
treatment. This suggests that extracellular calcium influx is required for the HR induced by
MLACcc and several other CNLs. DPI, a NADPH oxidase inhibitor, affects moderately or not
at all the HR induced by the CNL RPM1 or some HR elicitors (Andersson et al., 2006; Binet
et al., 2001; Wei Ning, 2004). Similarly, MLAcc-mediated cell death is not suppressed by
DPI. Thus, NADPH oxidase-mediated ROS production is not required for the HR mediated
by MLAcc, RPM1, and several HR elicitors. However, I observed that, even at low
concentration, DPI has a toxic effect on plant cells and such effect has been reported before in
tobacco cells (Binet et al., 2001). Another common feature between MLAcc-mediated
responses and ETI is their robustness. The MLAcc-mediated response was not influenced by
changes in sucrose supply or day length. PEN2, PAD4, SAG101, DDE2, EIN2, and SID2 are
together at least partially dispensable for MLAcc activity. The same genetic dispensability has
been shown for full-length MLAL1 in A. thaliana (Maekawa et al., 2012).
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The MLAcc-mediated response was partially suppressed at higher growth temperature (28°C)
compared to 19°C (weaker leaf chlorosis). The response induced by the constitutively active
TNLs RPP4(S389P), 35S:RPS4, and SNC1 in bonl-1I plants are fully suppressed at higher
temperature (Heidrich et al., 2013; Huang et al., 2010; Yang and Hua, 2004). On the contrary,
the response triggered by the constitutively active CNL SUMM2 in mekkl plants is only
partially suppressed at higher temperature (Ichimura et al., 2006; Zhang et al., 2012).
Therefore, temperature sensitivity is a common feature between NLR-mediated responses and

MLA cc-mediated responses.

MLACcc signalling activity appears to require the same amino acid residues which are critical
for the function of full-length MLA. Several substitutions predicted to disrupt the MLAcc
homodimer, such as I33E and L36E, impair resistance and cell death mediated by full-length
MLA10 (Maekawa et al., 2011b). The same mutations also impair MLAcc cell death-inducing
activity in transient gene expression assays (Bai et al., 2012; Maekawa et al., 2011b). Here |
show in a stable expression system in A. thaliana that the 133E and L36E substitutions also
impair MLAcc cell death activity. Therefore, homodimer formation is likely required for
MLACcc cell death inducing activity in A. thaliana. It will be interesting to test whether the
same substitutions impair MLAcc-mediated transcriptional regulation by transcriptome
profiling of the response induced by the corresponding MLAcc substitution variants in A.
thaliana. The cell death responses induced by the autoactive full-length MLAmup and MLAcc
in A. thaliana are very similar to each other. The transcriptional response mediated by
MLAwmuD in A. thaliana will be investigated in future experimentation to determine possible

differences compared to the MLAcc-mediated response.

Different MLA resistance alleles have different requirements for the three components of the
heteromeric HSP90-RAR1-SGT1 complex (Bieri et al., 2004; Halterman and Wise, 2004;
Hein et al., 2005; Shen et al., 2003). I aimed at investigating the genetic requirement of
MLAcc for the components of the HSP90 complex. Such genetic analysis in A. thaliana is
challenging. There are four A. thaliana genes encoding partially redundant cytosolic HSP90s
and multiple mutants are lethal. Thus, I could not analyse MLAcc function in the context of a
loss of HSP90 function. In rar/ mutant plants, MLAcc-mediated cell death is still detectable
indicating that RARI is at least partially dispensable for MLAcc function. There are two
copies of AtfSGT1: SGT1A and SGT1B, and the sgt/a sgt/b double mutant is embryo lethal
(Azevedo et al., 2002). However the sgt/b single mutation does suppress resistance and/or

cell death mediated by a subset of NLRs such as RPP2 and RPP7 (To6r et al., 2002).
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Therefore, I aimed at testing whether the sgz/bh mutation impairs MLAcc-mediated responses.
However, lines expressing MLAcc at detectable levels in sg¢/b background could not be

obtained.

The three major defence phytohormones (ET, JA, and SA) are dispensable for isolate-specific
MLA1-specified disease resistance to Bgh isolates expressing AVR4; in A. thaliana (Maekawa
et al., 2012). In this study, I show that, similarly, transcriptional reprogramming and cell death

mediated by the MLAcc can occur in absence of ET, JA, and SA signalling in A. thaliana.

Mostly quantitative differences were observed in the response induced by MLAcc in the wild-
type background compared to the response in the defence phytohormone-depleted mutant
(ppsdes) background. Since the MLAcc protein accumulation was lower in the ppsdes mutant
compared to wild-type, it is not possible to conclude whether the MLAcc response is partially
suppressed in the absence of SA, JA and ET. One of the most striking differences was the
absence of MPK3 and MPK®6 activation in ppsdes mutant plants. This implies that MPK3/6
activation is overall dispensable for cell death and transcriptional reprogramming mediated by

MLACc.

The data presented in this thesis suggest that MLAcc triggers a authentic ETI response. Other
NLR domains such as the TIR domain of RPS4 and the NB domain of Rx similarly induce an
HR-like response (Rairdan et al., 2008; Swiderski et al., 2009). Moreover, it is known that
NLRs can form heteromeric complexes with other NLRs (Griebel et al., 2014). It has been
proposed that, some parts of NLRs, when expressed alone, might interact with endogenous
NLRs thereby triggering their activation resulting in an HR. In this scenario, the separate
NLR parts which induce an HR would not have a signalling function per se and would
activate endogenous NLRs. This hypothesis could explain the observed MLAcc responses,
and is difficult to fully refute. However, although I used several independent approaches to
identify components involved in MLAcc-mediated responses, no NLRs were identified either
in the suppressor screen (Chapter 2) or as direct interaction partner (Chapter 3). Moreover,
since RARI is dispensable for MLAcc-mediated cell death in A. thaliana, MLAcc activity
does not seem to require RARI-dependent endogenous NLRs. On the other hand, an indirect
mechanism for barley MLAcc-induced immune responses through activation of 4. thaliana
full-length NLRs could be biologically relevant. An alternative model could be that, upon
pathogen recognition, an activated NLR activates other NLRs by direct interaction and this

interaction is part of a signal relay or amplification mechanism. In this scenario, activation of
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NLRs by interaction with specific NLR domains such as the MLAcc module might reflect a

biologically relevant and evolutionarily conserved mechanism.

2. The early transcriptional responses during PTI, ETI and those mediated

by MLAcc and temperature-dependent RPS4 are largely overlapping

I showed by RNA-seq analysis that MLAcc can induce a rapid transcriptional response in A.
thaliana and that this response correlates with activation of defence-related genes. This is, to
my knowledge, the first time-resolved transcriptomic analysis addressing a NLR-dependent
early transcriptional response. Heidrich et al., (2013) reported the transcriptomic analysis of
the temperature-conditioned response mediated by 35S:RPS4. However, in the absence of a

wild-type control, the 35S:RPS4-specific changes cannot clearly be addressed.

An obvious question is whether MLAcc can trigger gene expression changes like during ETI.
To answer this, I compared the time-resolved MLAcc-dependent transcriptional profiles with

those of other immune-related responses in 4. thaliana.

A qualitative comparison was first performed on a transcriptome-wide scale. The
transcriptional profiles of MLAcc—expressing plants are strongly correlated with those in
temperature shift-induced RPS4-expressing plants. This was unexpected since RPS4 and
MLA belong to two different NLR classes (TNL and CNL respectively). The transcriptional
profiles of both MLAcc and RPS4 inducible responses were strongly correlated with those of
the early ETI responses mediated by MLA (CNL), RPM1 (CNL), RPS2 (CNL), and RPS4
(TNL) after activation by avirulent pathogens. This suggests that the transcriptional responses
mediated by MLAcc and 35S:RPS4 are very similar to those induced during the ETI. The
expression pattern of several gene clusters differentially regulated during ETI or upon MLAcc
expression was similar in all tested ETI responses and upon MLAcc expression, further
confirming this hypothesis. On the other hand, it was unexpected to observe that the
transcriptional responses triggered by MLAcc and 35S:RPS4 were equally similar to the ETI
triggered by CNLs and TNLs suggesting that the early transcriptional response mediated by
CNLs and TNLs is not qualitatively different. It was also surprising to observe a high
correlation between MLAcc-mediated and RPM1- mediated responses since MLAcc partly

localizes in the nucleus and has been shown to regulate transcription by direct interaction with
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transcription factors (Chang et al., 2013) whereas RPM1 is retained at the plasma membrane
(Gao et al., 2011). This fact also questions the role of the direct TF-MLAcc interaction in
transcriptional reprogramming. The nuclear action of NLRs remains an enigma due to
contradicting data. Another contradicting piece of data is that the CNLs Rx and I-2 seemingly
bind directly to DNA (Fenyk et al., 2015, 2016). TNL- and CNL-mediated signalling have
been shown to converge at the later stages (Eulgem et al., 2004), however my data suggest
that this convergence also occurs at the early stages of the response, likely upstream of the

transcriptional reprogramming.

A high correlation was also observed between the transcriptional profiles of MLAcc- and
temperature-induced 35S:RPS4-expressing plants in wild-type and RPMI- and RPS2-
mediated responses in a background impaired for defence phytohormone signalling. This
indicates that RPM1- and RPS2-mediated early transcriptional responses do not require the
three major defence phytohormones similarly to the MLAcc. Comparison with the early
transcriptional profiles after P/MAMP or DAMP treatment indicates large qualitative
similarities at early time points between ETI, ETI-like responses and PTI, implicating
overlapping signalling mechanisms in ETI and PTI. Such overlap has been observed
previously (Maleck et al., 2000; Navarro et al., 2004; Tao et al., 2003) but my results provide
stronger evidence for convergence since I analysed the whole transcriptome at early time
points in a dataset including several pathogen-free ETI-like responses. This study also allows
me to conclude that transcriptional reprogramming in the ETI can occur in the absence of PTI,
and therefore ETI does not rely on an amplification of the response initiated by PTI (Cui et
al., 2015; Day and He, 2010; Garcia and Hirt, 2014; Vidhyasekaran, 2014). Furthermore, this
excludes the possibility that the resemblance between PTI and ETI is due to the P/MAMP
carried by both virulent and avirulent pathogens since both MLAcc- and temperature-induced

RPS4-mediated ETI-like responses occur in a pathogen-free context.

The qualitative comparison conducted here does not account for quantitative differences
among the datasets. Despite the fact that they are qualitatively very similar to each other in
terms of transcriptional regulation, the responses might differ in a quantitative or temporal
manner and this could result in significant differences in the defence output and define the
response specificity. Such hypothesis has been already proposed to explain the differences
between PTI and ETI outputs (Jones and Dangl, 2006; Maleck et al., 2000; Navarro et al.,
2004; Tao et al., 2003; Tsuda and Katagiri, 2010).
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Since I conducted a time-resolved transcriptomic analysis of the MLAcc-mediated response, |
could analyse the expression changes at early time points after DEX-mediated transgene
activation. A substantial number of DEGs can be detected at 2 hpi, most of which (562/573)
are upregulated. The transcriptional response is initiated around 2 hpi since marker genes
show highly variable expression patterns at 1 hpi (preliminary data not shown). This set of
rapidly MLAcc-induced genes is of particular interest since it potentially reflects the first
transcriptional events in the response and thus, the primary gene targets downstream of
MLACcc and, by inference, of NLR activation. The comparative transcriptomic analysis which
I conducted indicates that the 562 early MLAcc-induced genes show a similar rapid
upregulation in ETI-like responses, ETI and PTI, even in the absence of ET, JA, and SA
signalling. Therefore, most of these 562 genes can be considered as rapid immune response
genes and their upregulation does not require ET, JA, SA, and sustained MAPK activation.
Consistently with the idea that these genes are general immune response genes, none of them
is specifically induced in ETI since their rapid activation is also observed during PTL
Therefore, there seem to be no early marker gene for the ETI. The gene set expression pattern
was to a lower degree similar during various responses to abiotic stresses, indicating that a
subset of the 562 genes is also rapidly induced by abiotic stresses. An overall low similarity
could be observed with the cell death-inducing treatments, confirming that these 562 genes
are likely not upregulated by the MLAcc-mediated cell death. The induction of the 562 genes
is retained in the phytohormone deficient mutant background, implying that ET, JA, and SA

signalling pathways are not required for their induction.

Whilst the 562 early MLAcc-induced genes represent a group of rapid immune response
genes, a subset of the genes is also rapidly induced by abiotic stresses. Still, this gene set is
largely enriched in defence-related components as indicated by GO term enrichment analysis.
Thus, a subset of the 562 genes appears to be immune specific whilst another subset is
responsive to a broader range of stresses. In plants, various stresses can result in the rapid and
transient induction of a set of genes thought to prime the plant for later stress-specific
responses (Bjornson et al., 2016; Walley and Dehesh, 2010). Such rapid and transient gene
regulation is termed as the general stress response (GSR). Thus MLAcc early response shares
common features with the GSR. It was previously reported that abiotic stresses can increase
the resistance to biotic stresses and vice versa (Perez and Brown, 2014). This implies the
existence of a cross-talk between biotic and abiotic stress responses. In line with this, my
results suggest an overlap of the early transcriptional responses downstream of biotic and

abiotic stresses.
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A large portion of the 562 early MLAcc-induced genes was upregulated by cycloheximide
treatment, suggesting that these genes are under control (direct or indirect) of a short-lived
negative regulator of gene expression and that their rapid upregulation does not require de
novo protein synthesis. Similarly, two studies reported that early upregulation in PTI or ETI
does not require de novo protein synthesis (Durrant et al., 2000; Navarro et al., 2004).
Immediate early response (IE) genes have been defined in mammalian systems as genes
rapidly induced upon environmental stimulation without requirement for de novo protein
synthesis (Fowler et al., 2011; Galbraith and Espinosa, 2011; O’Donnell et al., 2012; Saha and
Dudek, 2013). In that respect, at least a subset of the genes rapidly induced in ETI-like
responses, ETI, and PTI can be considered as plant IE (pIE) genes. It was shown that
mammalian IE genes display characteristic features such as a low expression under resting
conditions, a constitutively open chromatin context, CpG rich promoters, short transcripts
with no or few introns, and a large proportion of loci encoding TFs (Fowler et al., 2011;
Galbraith and Espinosa, 2011; O’Donnell et al., 2012; Saha and Dudek, 2013). Moreover,
some insight have been gained on the regulation of mammalian IE genes indicating a role of
protein kinases, mediator components and chromatin remodelers in the regulation of
chromatin context and RNA polymerase II stalling at the IE genes promoters (Fowler et al.,
2011; Galbraith and Espinosa, 2011; O’Donnell et al., 2012; Saha and Dudek, 2013).
Therefore, it will be interesting to study whether pIE genes share common features and
regulatory mechanisms with mammalian IE genes. Noteworthy, only 63 TFs are found among
the 562 early MLAcc-induced genes  (http://pIntfdb.bio.uni-potsdam.de/v3.0/,
PInTFDB_tf 1826091934.txt). This number is not indicative of a significant enrichment for
TF-encoding genes among the early MLAcc-induced genes. In contrast, kinase activity

appears to be the most enriched molecular function in this gene set (59/562 genes).

Investigation of the 5’ -regulatory sequences of the 562 early MLAcc-induced genes revealed
the over-representation of several motifs including CAMTA/Ca**-related motifs, W-boxes
and heat shock elements (HSE). This analysis was performed by combining the results of five
different algorithms and a high reliability was achieved by considering only the motifs

consistently identified by several independent algorithms.

CAMTA/Ca**-related motifs are the most enriched motifs and are found in up to 66.40% of
the 5° -regulatory sequences of the 562 early MLAcc-induced genes (p=6.0x10"""). CAMTA
or other Ca**-regulated TFs might thus regulate the expression of a large part of these genes.

Several reports indicate that CAMTAS3 regulates plant defence (Poovaiah et al., 2013). Zhang
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et al. (2014) showed that CAMTA3 is rapidly degraded by the proteasome following virulent
or avirulent Pst inoculation. Knock-out of the E3 substrate adaptor protein required for
pathogen-inducible CAMTA3 degradation leads to elevated CAMTAS3 levels and higher
susceptibility to virulent Pstz. In light of these results, CAMTAZ3 seems to act as a negative
regulator of defence which is degraded upon defence activation. My data indicate that
CAMTAS3 or other Ca?"-regulated TFs might regulate a large part of the immediate early
immune response genes, thereby linking Ca?’-mediated signalling to the immediate early
immune transcriptional reprogramming. Both ETI and PTI are dependent on Ca?"-mediated
signalling and can be inhibited by the calcium channel blocker LaCl; (Grant et al., 2000;
Lecourieux et al., 2006; Pike et al., 2005; Segonzac et al., 2011; Tavernier et al., 1995). Of
note, the mechanism by which biotic stresses activate calcium fluxes is still unknown. It will
be interesting to investigate further the role of CAMTA3 in the regulation of the early
immune response. For this, CAMTA3 steady-state levels upon MLAcc expression could be
monitored to test whether MLAcc induces CAMTAS3 degradation. Since PPMAMP treatments
such as flg22 induce the same set of early genes as MLA, It would also be interesting to
monitor CAMTA3 steady-state levels after flg22 treatment to test whether flg22 triggers
CAMTA3 degradation. The final challenge would be to genetically dissect the role of
CAMTA3 in immunity since CAMTA3 functions partly redundantly with CAMTAI and
CAMTAZ2, and since camta3 knock-out activates ETI mediated by two TNLs, suggesting that
CAMTA3 is guarded by at least two NLRs (Greeff, 2014). In such context, the
characterization of the camta3 knock-out mutant can only be informative if performed in a
genetic background where all the guarding NLRs are inactive. A dominant negative
CAMTA3 might uncouple loss of CAMTA3 function and ETI activation, thereby providing
an interesting tool to study CAMTAS3 function (Nie et al., 2012). Since in the published
litterature, a large part of the functional characterization of CAMTA3 was performed using
the camta3 mutant, the results obtained might be misleading. To confirm the role of
extracellular Ca?" influx in the regulation of the early MLAcc-induced genes, the expression
of marker genes could be monitored upon MLAcc expression in presence of LaCls, a calcium

channel blocker.

Another family of enriched motifs relates to the sequence bound by WKRY transcription
factors (W-box). This family of TFs has important functions in plant immunity (Tsuda and
Somssich, 2015). The canonical W-box is found in 57.1% of the 562 early MLAcc-induced
genes (p=6.7x10""). Therefore, some WRKY TFs might contribute to the regulation of a
subset of the early MLAcc-induced genes.
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The heat shock element (HSE) was detected in 31.1% of the 562 MLAcc-induced genes,
which represents a highly significant enrichment (p=1.1x10"'?). The HSE is bound by heat-
shock factors (Hsf) which have been originally identified as proteins accumulating in
response to abiotic stresses such as heat stress. Recent reports suggest that a subset of Hsfs is
involved in the response to biotic stresses. For example, 4tHsfAlb induces defence-related
genes leading to increased resistance to pathogen (Bechtold et al., 2013), AfHsfB1 and
AtHsfB2b negatively regulate the ET/JA pathways and thereby resistance to necrotrophs
(Kumar et al., 2009), and ArHsfB1 is required for systemic acquired resistance and for SA-
and P/MAMP-mediated induction of defence (Pajerowska-Mukhtar et al., 2012; Pick et al.,
2012). Evrard et al., (2013) showed that, upon activation by heat stress, A/MPK6 can
phosphorylate 4fHsfA2. Since AtMPK6 is induced by biotic stresses, A/MPK6 constitute a
potential link between biotic stresses and Hsf regulation. However, my data show that in the
ppsdes mutant, most of the early MLAcc-induced genes are still upregulated in the absence of
AtMPK3/6 activation. Therefore, activation of 4tMPK3/6 does not account for the induction
of the early MLAcc-induced genes in the ppsdes mutant background. Altogether, this data
suggest that early transcriptional regulations in biotic and abiotic stress responses are operated

by a common molecular mechanism.

3. Early transcriptional reprogramming jump-started by NLRs in the

absence of ET, JA, SA, and EDS1

Since both cell death and transcriptional responses induced by MLAcc are qualitatively
similar in wild-type and ppsdes mutant background, NLRs might induce responses even in the
absence of the ET, JA, SA and EDSI signalling sectors. Therefore, a core set of the early
transcriptional response appears not to require signalling from the ET, JA, SA and EDSI1
sectors. In an effort to explain the robustness of the NLR signalling, Tsuda et al. (2013) have
proposed that NLRs can by-pass the SA-mediated response by a prolonged MPK3/6
activation. Such by-pass is unlikely to occur in the MLAcc-mediated signalling since MPK3/6
activation is abolished in the ppsdes mutant background. Thus, sustained MPK3/6 activation
cannot explain the robustness of the MLAcc-mediated response in the ppsdes mutant.

Analysis of the cis-regulatory elements of the 562 early MLAcc-induced genes suggests that
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calcium-mediated signalling might be a key player in the regulation of the early

transcriptional response.

Tsuda et al., (2009) reported that ETI-mediated resistance is largely impaired in an 4. thaliana
mutant where ET, JA and SA sectors are simultaneously impaired. This suggests that despite
the qualitative similarity in the early response mediated by MLAcc or other NLRs in wild-
type compared to the defence phytohormone-depleted mutant backgrounds, hormone-
signalling impairment does result in clear differences in the defence outputs. First, one can
expect that the phytohormone signalling depletion would impact the later stages rather than
the early stages of the response since the defence phytohormones, as mobile signals, are likely
involved in the spatial propagation of the response. Second, subtle temporal and quantitative
differences during the immune response might account for significant differences in the
defence outputs as shown by the comparison of PTI and ETI (Jones and Dangl, 2006; Maleck
et al., 2000; Navarro et al., 2004; Tao et al., 2003; Tsuda and Katagiri, 2010). Altogether,
defence phytohormones might be dispensable in the signal initiation while playing a critical

role in signal amplification and/or spatial propagation and/or temporal regulation.

In this study, the contribution of other phytohormones such as abscisic acid, gibberellins,
auxin, and cytokinins was not addressed. These hormones were shown to contribute to the
immune response regulation though to a lower extent than ET, JA, and SA (Pieterse et al.,
2012). It would be interesting to examine whether these signalling sectors are involved in the

early transcriptional reprogramming in PTI and ETI.

4. Forward suppressor screening of MLAcc-mediated responses: outcome

and conclusions

To identify genetic components required for MLAcc functions, I conducted a forward genetic
screen by mutagenizing the DEXp:MLAcc-mYFP transgenic line. Many screens for loss of
NLR-mediated responses have been conducted in the past to identify components downstream
of NLRs. However, most of them yielded mutations either in NLR loci themselves or in loci
encoding components regulating the NLR pre-activation complex (Bao et al., 2014; Bisgrove
et al., 1994; Century et al., 1995; Eulgem et al., 2007; Parker et al., 1996; Salmeron et al.,
1996; Shirasu et al., 1999; Tornero et al., 2002a, 2002b; Yu et al., 1998). In my screen, the
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use of a constitutively active and self-structured signalling module would allow to identify
loci responsible for downstream signalling of MLAcc. The difficulty in identifying
downstream components by forward genetics can be due to functional redundancy or lethality
of the suppressor mutations. To overcome this issue, I performed an extensive mutant
screening which was near to saturating conditions (~130,000 M plants screened) to allow
identification of rare mutations such as gain of function alleles exerting dominant effects on
other functionally redundant components, and partial loss of function mutations which impair
MLAcc function but still allow plant survival. Although NLRs are proposed to initiate
downstream signalling through multiple but distinctive downstream components (Maekawa et
al., 2012), I hypothesized that MLA and MLAcc in distantly related plant species might
engage a reduced number of signalling pathways compared to barley, since all downstream
components may not be conserved between A. thaliana and barley. Thus, I speculated that the
complexity and redundancy of the immune signalling mechanism are lowered downstream of
MLACcc in A. thaliana. If this were the case, my screen could potentially identify downstream

components for ETT which have not been identified by previous screens.

My mutant screen yielded 21 candidate mutants. Genome re-sequencing was used to identify
the SNPs of each candidate. I tested whether a new approach, based on the identification of
multiple independent alleles among the 21 suppressor candidates can pinpoint the causal
mutations. This approach was however not successful for the tested 21 mutants. Since the
power of this technique increases with the number of independent candidates jointly analysed,
more independent mutants would increase the likelithood to robustly identify some causal
mutations. Nevertheless, the resulting SNP information strongly suggests that none of the
reported immune-related loci carry mutations responsible for the suppressor phenotype (377
immune-related loci inspected, Table S2-1). Therefore the suppressor mutations are located in
loci encoding not yet-described immune components. In addition, allelic mutations at a single
NLR locus were not identified. This suggests that MLAcc function is not dependent on a
single NLR. This does not exclude the possibility that multiple NLRs are involved
redundantly in MLAcc-mediated response. I initiated the mapping of three independent
mutants using mapping by sequencing. This first mapping approach was not sufficient to
accurately define the candidate intervals. I hypothesized that some mis-phenotyping occurred
during the selection of the mapping population or that some complex genetic phenomenon,
possibly involving multiple genes, is responsible for the observed phenotype suppression. A
novel and complementary mapping-by-sequencing pipeline (Gan et al. unpublished) was

further used to refine the mapping of two mutants. This pipeline narrowed down the candidate
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interval to ~10 genes. This new approach has several advantages: i) phenotyping of the
negative segregant bulk is more accurate than that of the positive segregant bulk when a
phenotype suppression is mediated by transgene silencing and ii) it can correct for linkage
disequilibrium. Fine-mapping will be performed on separate individuals to further narrow
down the candidate list. The frequency of suppressor mutants in the mutagenized population
was very low (21 out of ~130,000 M plants). This is consistent with my initial hypothesis
that the screen is unlikely to identify simple loss-of-function mutations. Therefore, one should
expect that the mutants identified carry suppressor mutations with rare effects or multiple

causal mutations.

The mapping process and the analysis of the mutation dominance/recessivity were strongly
impeded by heterogeneous levels of transgene expression, despite all the precautions taken to
avoid and overcome this issue. The transgene silencing process was likely exacerbated by the
presence of tandem repeats of the transgene. For this reason and due to technical constraints, I
did not perform allelic tests among the 21 mutants although this might have helped defining

the complementation groups.

As a by-product of my search for loss of RPM1-mediated immunity, I identified three rpm1
alleles (G9R, L344F, and R519K). The extensive screening for the loss of RPM1-mediated
immunity conducted by Tornero et al (2002a) also identified loss-of-function mutations in
RPM1 at the residue 344 (rpmi-32), and the residue 515 (rpmi-9) close to the residue 519
(Figure 2-5). Both residues at positions 344 and 519 are located in the NB-ARC domain
whilst the glycine residue at position 9 is located at the very start of the CC domain. In the
screen published by Tornero et al. (2002a), only few loss of function mutations were
identified in the N-terminal CC domain of RPMI1 and the G9R mutation is not located in
proximity to any of them (Figure 2-5). In that respect, the GOR and R519K mutations are
novel and highlight the importance of these residues for RPM1 function. The genome-wide
mutation rate (p=0.007857) inferred from the M, sequence information described in the
Results section 2.3.3 was used to determine if the frequency of rpm I mutants isolated among
the MLAcc suppressors is significantly higher than expected under a random distribution. In
the case of a random mutation distribution, the probability to identify three rpm/ alleles can
be approximated by a binomial distribution of parameter (1900, p) of Esperance 1900p=14.93.
Testing for the null hypothesis with p=0.007857 returns a p-value of 0.99996. Therefore,
there seems to be no significant mutation enrichment at the RPM]I locus. However, this

calculation method does not take in account that only a subset of the possible EMS-induced
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mutation would cause a loss of RPM1 function. Provided that all the possible EMS-induced
loss of function mutations were identified by the extensive screen in Tornero et al. (2002a),
only 67 out of 1157 C or G nucleotides can produce a loss of function in RPM1 gene. Under
this extreme assumption, the corrected p for RPM1 is 0.007857/1157x67=0.000455 and the p-
value for the null hypothesis is 0.0572. Even under an extreme p adjustment, the observed
frequency is not significantly different from that of a random mutation distribution. This

suggests that the RPM1 locus is genetically not associated with MLAcc function.

From careful inspection of the large candidate gene list obtained after the first mapping step, |
became interested in AT3G02840. AT3G02840 carries a mutation at a highly conserved
residue (V289]) and was found as candidate causal mutation for the phenotype of mutant 2H.
AT3G02840 shares high sequence similarity to the CMPG1 family of PUB proteins which has
a conserved function in plant defence (Bos et al., 2010; Gonzalez-Lamothe et al., 2006; Zhu et
al., 2015), and 4T3G02840 transcripts rapidly accumulates upon MLA activation or MLAcc
expression in A4. thaliana. 1 expected AT3G02840(V289]) to have a dominant negative effect
on MLAcc-mediated phenotype but this hypothesis was not confirmed by transient co-
expression experiments in Nicotiana benthamiana. Analysis of T-DNA insertion lines in A.
thaliana together with at3g02840(V2891) mutant and wild-type plants suggests that the V2891
mutation induces a loss of function in AT3G02840 and that AT3G02840 is a negative
regulator of RPM1-mediated HR. Therefore, at3g02840(V2891) is unlikely the suppressor of
MLACcc but is a negative regulator of the HR. In Y2H experiments, AT3G02840 yielded an
unusually high number of interactions which will need further confirmation and

characterization.

5. Identification of candidate ML Acc interaction partners

To identify MLAcc signalling targets, I used two different approaches: yeast two-hybrid
(Y2H) and tandem affinity purification of protein complexes followed by mass spectrometry.
Both approaches identified distinct candidate MLAcc interaction partners. A Y2H screen was
used to probe interactions between MLAcc and 4. thaliana transcriptional regulators. 31 TFs
were found to interact with MLAcc. This suggests that MLAcc can interact with multiple TFs
in A. thaliana. The AP2/ERF TF family predominantly interacts with MLAcc in Y2H.
Interestingly, the AP2/ERF family has been associated to plant immunity (Tsuda and
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Somssich, 2015). Although MLAcc was found to interact with HvYWRKY 1/2 and HYMYB6
(Chang et al., 2013; Shen et al., 2007), the Y2H screen did not identify WRKY or MYB TF
related to HYMYB6. I hypothesized that either MLAcc interacts with some HYWRKY 1/2- and
HvMYB6-related TFs in A. thaliana but these interactions were not detected in our Y2H or
that the MLAcc-HYWRKY 1/2/HvMYB6 interaction is not conserved in A. thaliana. In the
latter case, other conserved signalling targets must exist, which support MLAcc function in 4.
thaliana. Few overlap exists between the binding motifs of the 31 identified TFs and the
motifs enriched in the 562 early MLAcc-induced genes. MYC2 can bind to the G-box and the
Z-box which are similar to some CAMTA binding motifs presented in Table 1-1 (Boter et al.,
2004; Dombrecht et al., 2007; Yadav et al., 2005). The G-box can be bound by some TFs
from the bZIP family and also represents a specific type of E-box (CANNTG) which can be
bound by TFs of the bHLH family (Ferré-D’Amaré and Burley, 1995). Three bZIPs and two
bHLHs were found to interact with the MLAcc by Y2H in this study. Although most of the
TFs found by Y2H belong to the AP2/ERF family which binds to GCC-boxes (Ohme-Takagi
and Shinshi, 1995), none of the motifs enriched in the 562 early MLAcc-induced genes is
similar to the GCC-box. Therefore the TFs identified by Y2H does not provide obvious
candidates for the regulation of the 562 early MLAcc-induced genes. Nonetheless, the
sensitivity of the Y2H technique is very low and the risk of false positive implies a need for
validation of the observed interactions by an orthogonal approach. The candidate interactors
were also not identified in the complexes associated to MLAcc. This observation is not
surprising since Y2H preferentially identifies binary interactions whereas affinity purification
isolates proteins which belong to a stable complex. To increase the probability to identify
interaction with TFs by affinity purification, nuclei purification would be required whilst the

method I used was based on whole cell extracts.

The analysis of MLAcc-associated complexes (Results section 3.3) somewhat suffered from a
lack of reproducibility. Some candidate interactors could however be identified by refining
the quantitative analysis. The two best candidates are AT1G79600 and AT2G26560.
AT1G76900 has been described as a chloroplast-localized kinase and has not been associated
to immunity yet. An interaction between MLAcc and a chloroplast-localized protein is rather
unlikely due to the MLAcc nucleo-cytoplasmic localization, suggesting that AT1G79600
might be a false positive. Alternatively, an AT1G79600 pool might reside outside of the
chloroplast. In any case, further work will be needed to confirm and define the biological
relevance of this interaction. AT2G26560 (PLA2A) has been associated to cell death
regulation (Camera et al., 2009; La Camera et al., 2005; Reina-Pinto et al., 2009). A
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preliminary analysis indicated that the phospholipase activity of PLA2A is not required for
MLAcc-mediated cell death. Therefore the functional relevance of the interaction between

MLAcc and PLA2A remains unknown.

Overall, the analysis suggested that, under the conditions tested, MLAcc does not form stable
soluble complexes in A4. thaliana and might function via transient interaction with its
signalling target(s). Whether this holds true in its authentic physiological context in barley
remains unknown. A fair assumption could also be that this observation results from the
experimental conditions used. For example, the use of 0.1% SDS during extraction, as well as
a long multi-step purification protocol might contribute to destabilize protein complexes or
weak interactions. A faster one-step affinity protocol performed in the absence of SDS might
yield better results: However, the pilot experiments conducted in this study suggested that the
enrichment efficiency is not sufficient. The time of sampling after estradiol induction might
also be a critical parameter. It would be useful to test other earlier and later time points to find

out whether some complexes are detectable only at certain time points.

Moreover, in the context of a heterologous expression system such as A. thaliana, MLAcc
might still be able to interact with conserved protein partners but the interactions might be less
stable, though sufficient to support MLAcc function. Alternatively, the MLAcc-associated
complexes might have inherent properties which make their purification technically
challenging. Although accumulating evidence indicate that plant NLRs do form higher order
complexes, so far, successful isolation of plant NLR-associated protein complexes was only
reported for the tomato CNL Prf and the A. thaliana CNL RPS2 (Bonardi and Dangl, 2012;
Gutierrez et al., 2010; Qi and Katagiri, 2009; Qi et al., 2011). MLA itself has been shown to
form higher molecular order complexes in planta (Maekawa et al., 2011b). In both cases, the
isolation was conducted in conditions where the NLR is inactive whereas I used a bait in its
signalling competent state. A subset of mammalian NLRs can assemble into higher order
molecular complexes called inflammasomes (Maekawa et al., 2011a). It remains to be
demonstrated whether plant NLRs might similarly assemble into large higher order molecular
complexes. Such hypothesis might explain the difficulties encountered for biochemical
purification of the NLR-associated complexes in plants. Semi-denaturing detergent agarose
gel electrophoresis suggested that MLAcc is predominantly present in SDS-resistant high
molecular weight complexes (Figure 3-12). Future biochemical characterization studies will
be required to identify the nature and the potential biological relevance of these large SDS-

resistant polymers.
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Conclusion and Perspectives

This thesis revealed the N-terminal coiled-coil domain of the barley NLR MLA (MLAcc) as
suitable model to study NLR-mediated initiation of transcription-dependent immune
responses and ensuing cell death in heterologous A. thaliana. Here; 1 have shown that these
two MLAcc-mediated responses phenocopy ETI mediated by the endogenous 4. thaliana
NLRs RPMI1, RPS2, and RPS4. Thus, conditional MLAcc expression recapitulates in a
pathogen- and effector-free system immune signalling activated by CC- or TIR-type NLRs.
Whether MLAcc functions as direct immune signalling module or indirectly induce defence
responses by activating other endogenous NLRs still needs to be clarified. However, since the
MLAcc domain directly regulates HYWRKY1/2 and HvYMYB2 TFs in barley (Chang et al.,
2013), an indirect immune response activation through endogenous A. thaliana NLRs appears

less likely.

The MLA(cc signalling function is either not or only partially suppressed when EDS1 (which
acts through PAD4 and SAGI101)-, ET-, JA-, and SA-mediated defence pathways are
simultaneously depleted. This suggests that the core mechanism for the initiation of NLR-
mediated and transcription-dependent immunity does not require these defence
phytohormones and key immune regulator(s). Similarly, RARI appears at least partially
dispensable for MLAcc-mediated signalling.

Comparison of genome-wide gene expression changes in PTI and ETI with those stimulated
by MLAcc or autoactive RPS4 revealed remarkably similar profiles, irrespective of the type
of NLR involved. A key conclusion of this work is that initiation of rapid transcriptional
responses mediated by the autoactive full-length RPS4 or the MLAcc signalling module can
occur independently of PRR-triggered immune signalling. This challenges a widespread
model in which ETI is believed to converge on and amplify P/MAMP-triggered
transcriptional outputs (Cui et al., 2015; Day and He, 2010; Garcia and Hirt, 2014;
Vidhyasekaran, 2014). However, my findings are not inconsistent with earlier studies
suggesting that in plant-pathogen interactions quantitative and temporal rather than qualitative

differences define PTI and ETI transcriptional outputs and response specifity (Jones and
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Dangl, 2006; Maleck et al., 2000; Navarro et al., 2004; Tao et al., 2003; Tsuda and Katagiri,
2010).

Most of the 562 genes rapidly induced by conditional MLAcc expression are also rapidly
induced upon P/MAMP perception and during authentic avirulent plant-pathogen interactions,
when ETI and/or PTI are active, and can be considered immediate early response genes.
Defence phytohormones, EDS1 (PAD4 and SAG101), and sustained MAPK activation are
dispensable for the activation of this large set of immediate early immune response genes.
These findings strongly suggest convergence of NLR- and PRR-triggered signalling
pathways, independently of each other, on the same transcriptional machinery for the
initiation of immune response gene activation. I identified several cis-acting elements
enriched in the 5’ regulatory regions of these 562 genes, including Ca*"/CAMTA-related
motifs, heat stress elements and W-boxes. Since this gene set likely contains primary gene
targets of immune receptor-triggered signalling, the identification of cognate TFs involved in
their regulation will be key to understanding the initiation of transcription-dependent
immunity. It is reasonable to assume that these TFs are potential targets of pathogen effectors
for immune suppression and thus, guarded by NLRs. Indeed, the TF CAMTAZ3 is guarded by
at least two NLRs (Greeff, 2014). Since the immediate early immune response likely involves
the rapid removal of negative regulators, engagement of ubiquitin-mediated and proteasome-
dependent protein degradation serves as one plausible molecular mechanism underlying the

intitation of transcription-dependent immunity.

I conducted several approaches to identify MLAcc interacting partners and downstream
components including a forward suppressor screen, a yeast two-hybrid screen and MS-based
characterization of protein complexes. The latter two approaches identified several candidates
which still need to be confirmed by orthogonal assays. Most of the candidates identified were
not previously associated with NLR functions. Validation and characterization of these

candidates might reveal new components engaged in NLR-mediated immunity.
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1. Material

1.1. Plant materials

Materials and methods

1.1.1. Arabidopsis thaliana

All experiments were performed using Arabidopsis thaliana (A. thaliana) wild-type, mutant,
and transgenic lines in the ecotype Columbia-0 (Col-0) background (J. L. Dangl, UNC,

Chapel Hill, USA).

Mutant A. thaliana lines used in this study

Mutant allele Accession Mutagen Reference/Source
at3g02840-1 Col-0 T-DNA SALK_113770C
at3g02840-2 Col-0 T-DNA SALK_040843 (Q) (AE)
at3g02840-3 Col-0 T-DNA SALK_007906C
rom1-3 rps2-101C Col-0/gl1 EMS/diepoxybutane Mackey et al., 2003
pen2-1 pad4-1 sag101-2 dde2-2 ein2-1 sid2-2  Col-0 EMS/T-DNA Maekawa et al., 2013
dde2-2 ein2-1 pad4-1 sid2-2 Col-0 EMS/T-DNA Tsuda et al., 2009
sgt1b/etal Col-0 EMS Gray et al., 2003
ndr1-1 Col-0 Fast neutron Century et al., 1995
rar1-20/pbs2-1 Col-0 EMS Tornero et al., 2002

Transgenic A. thaliana lines used in this study

Name Accession Construct Reference/Source
DEXp:MLAcc-mYFP Col-0 p35S:GVG, 6xUAS:p35S(-46,+1):MLA10cc1.160-mYFP This study
DEXp:mYFP Col-0 p35S:GVG, 6xUAS:p35S(-46,+1):mYFP This study
DEXp:MLAccI33E-mYFP Col-0 p35S:GVG, 6XUAS:p355(-46,+1):MLA10cc1 160l 33E-mYFP This study
DEXp:MLAccL36E-mYFP Col-0 p35S:GVG, 6xUAS:p35S(-46,+1):MLA10cc1.160L36E-mYFP This study

MLA1 in pps pen2 pad4 sag101 p35S:MLA1-HA Maekawa et al., 2012
MLA1 in ppsdes ppsdes* p35S:MLA1-HA Maekawa et al., 2012
DEXp:MLA1ps02v Col-0 p35S:GVG, 6xUAS:p35S(-46,+1):MLATps02v-TY 1 Takaki Maekawa
DEXp:MLA k2077 Col-0 p35S:GVG, 6xUAS:p35S(-46,+1):MLATkzo7r-TY 1 Takaki Maekawa
ERp:MLAcc-PC2 Col-0 P610-90:XVE, OLexa:p35S(-46,+1):MLA10cc1-160-PC2 This study
ERp:mYFP-PC2 Col-0 PG10-00:XVE, OLexa:p35S(-46,+1):mYFP-PC2 This study
ERp:MLAccL36E-PC2 Col-0 P610-90:XVE, OLexa:p35S(-46,+1):MLA10ccr-160L36E-PC2  This study
ERp:MLAccI33E-PC2 Col-0 P610-00:XVE, OLexa:p35S(-46,+1):MLA10cc1.160133E-PC2 This study

139



MATERIALS AND METHODS

ERp:RPM1cc-PC2 Col-0 P610-90:XVE, OLexa:p35S(-46,+1):RPM1cct-155-PC2 This study
ERp:ADR1-L2cc-PC2 Col-0 PG10-90:XVE, OLexa:p35S(-46,+1):ADR1-L2cc1.153-PC2 This study
p35S:MLAcc-mYFP Col-0 p35S:MLA10cc1-160-mYFP This study
p35S:RPS4-HS Col-0 p35S:RPS4-HS Heindrich et al., 2013
P35S:MLAcc-HA in sgt1b sgt1b p35S:MLA10cc1-160-3xHA This study
p35S:MLAcc-mYFP sgt1b sgt1b p35S:MLA10cc1-160-mYFP This study
DEXp:MLAcc-mYFP rar1 rar1-20 p35S:GVG, 6xUAS:p35S(-46,+1):MLA10cc1-160-mYFP This study
DEXp:MLAcc-mYFP ndr1 ndr1-1 p35S:GVG, 6xUAS:p35S(-46,+1):MLA10cc1-160-mYFP This study
DEXp:MLAcc-mYFP sgt1b sgt1b p35S:GVG, 6xUAS:p355(-46,+1):MLA10cc+.160-mYFP This study
DEXp:MLAcc-mYFP ppsdes  ppsdes p35S:GVG, 6xUAS:p35S(-46,+1):MLA10cc1.160-mYFP This study

*ppsdes: pen2-1 pad4-1 sag101-2 dde2-2 ein2-1 sid2-2

1.1.2. Nicotiana benthamiana

Nicotiana benthamiana (310A) plants were obtained from T. Romeis (MPIPZ) and used for
transient Agrobacterium-mediated transformation of leaf tissue.

1.2. Bacterial strains

Agrobacterium tumefaciens

Strain Purpose Source
A. thaliana transformation, transient expression in N.
GV3101 +pMP90 RK benthamiana Koncz and Schell, 1986

A. thaliana transformation, transient expression in N.
benthamiana, same as above but the kanamycin
resistance gene was deleted from the pMP90 helper
GV3101 +pMP90 RG plasmid Koncz and Schell, 1986

Pseudomonas syringae pv. tomato (Pst)

Strain Purpose Source

Pst DC3000 AvrRpm1-HA Inoculation of A. thaliana R. Innes (Indiana University, Bloomington, USA)
Pst DC3000 AvrRpt2-HA Inoculation of A. thaliana R. Innes (Indiana University, Bloomington, USA)
Pst DC3000 Inoculation of A. thaliana R. Innes (Indiana University, Bloomington, USA)

Escherichia coli

Strain Purpose Source

DH5a Plasmid amplification Invitrogen™ (Karlsruhe, Germany)
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1.3. Vectors

Vectors used or generated in this study

Vector Description Source
pXCSG-3HA Binary Gateway® destination vector for expression of derived from
proteins under the 35S promoter with a C-terminal pAMPAT-MCS
fusion to the 3xHA tag in plants GenBank
accession no.
AY436765
pXCSG-MLAcc-3HA Binary Gateway® destination vector for expression of This study
MLA10CC1-160-3HA under the 35S promoter in plants
pXCSG-mYFP Binary Gateway® destination vector for expression of derived from
proteins under the 35S promoter with a C-terminal pAMPAT-MCS
fusion to the mYFP in plants, also used for subcloning GenBank
of the mYFP accession no.
AY436765
pXCSG-MLAcc-mYFP Binary Gateway® destination vector for expression of This study
MLA10CC1-160-mYFP under the 35S promoter in plants,
also used for sub-cloning of the MLAcc-mYFP fusion
pXCSG-MLAccI33E-mYFP Binary Gateway® destination vector for expression of This study
MLA10CC1-160I33E-mYFP under the 35S promoter in
plants, also used for sub-cloning of the MLAccI33E-
mYFP fusion
pXCSG-MLAccL36E-mYFP Binary Gateway® destination vector for expression of This study
MLA10CC1-160L36E-mYFP under the 35S promoter in
plants, also used for sub-cloning of the MLAccL36E-
mYFP fusion
pTA70022 Binary Gateway® destination vector for Aoyama and
dexamethasone-inducible expression of a protein in Chua, 1997
plant
pTA7002-mYFP Binary Gateway® destination vector for This study
dexamethasone-inducible expression of mYFP in plant
pTA7002-MLAcc-mYFP Binary Gateway® destination vector for This study
dexamethasone-inducible expression of MLA10CCj-1e0-
mYFP in plant
pTA7002-MLAccI33E-mYFP Binary Gateway® destination vector for This study

pTA7002-MLAccL36E-mYFP

pTA7002-MLA1D502V-TY1

pTA7002-MLA1K207R-TY1

pGB42AD

pLexA

dexamethasone-inducible expression of MLA10CC1.
160l33E-mYFP in plant

Binary Gateway® destination vector for
dexamethasone-inducible expression of MLA10CC1.
160L36E-mYFP in plant

Binary Gateway® destination vector for
dexamethasone-inducible expression of MLA1D502V-
TY1 in plant

Binary Gateway® destination vector for
dexamethasone-inducible expression of MLA1K207R-
TY1 in plant

Binary Gateway® destination vector for expression of a
prey protein in yeast two hybrid

Binary Gateway® destination vector for expression of a
bait protein in yeast two hybrid

Takaki Maekawa

Takaki Maekawa

Takaki Maekawa

Shen et al., 2007

Shen et al., 2007
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pLexA-AT3G02840

pDEST-BTM116

pDEST-BTM116-MLACC 1-160

pDEST-BTM116-MLACC1-225

pDEST-GAD424

pENTR/D-TOPO

PENTR-MLAcc(1-160)

PENTR-MLAcc(1-225)

PENTR-MLAccI33E

PENTR-MLAccL36E

pENTR-MLA1D502V-TY1

PENTR-MLA1K207R-TY1

PENTR-MLAcc-mYFP

PENTR-MLAccI33E-mYFP

PENTR-MLAccL36E-mYFP

PENTR-mYFP

pENTR-mYFP-stop

PENTR-RPM1cc

pENTR-ADR1-L2cc

PENTR-MLAcc-NLS/NES

pENTR-AT3G02840

pGEMTeasy-Nsil-PC2-Nsil
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Binary Gateway® destination vector for expression of
LexA(BD)-AT3G02840 in yeast two hybrid

Binary Gateway® destination vector for expression of a
bait protein in yeast two hybrid

Binary Gateway® destination vector for expression of
the MLACC1-160 bait protein in yeast two hybrid

Binary Gateway® destination vector for expression of
the MLACC1-225 bait protein in yeast two hybrid

Binary Gateway® destination vector for expression of a
prey protein in yeast two hybrid

Gateway® entry vector for TOPO cloning

pENTR/D-TOPO Gateway® entry vector that contains
MLA10CC+-160 with or without stop codon

pENTR/D-TOPO Gateway® entry vector that contains
MLA10CC1-225 with or stop codon

pENTR/D-TOPO Gateway® entry vector that contains
MLA10CC1-160l33E without stop codon

pENTR/D-TOPO Gateway® entry vector that contains
MLA10CC1-160L36E without stop codon

pENTR/D-TOPO Gateway® entry vector that contains
MLA1D502V-TY1 with stop codon

pENTR/D-TOPO Gateway® entry vector that contains
MLA1K207R-TY1 with stop codon

pENTR/D-TOPO Gateway® entry vector that contains
MLA10CC1-160-mYFP with stop codon

pENTR/D-TOPO Gateway® entry vector that contains
MLA10CC1-160I33E-mYFP with stop codon

pENTR/D-TOPO Gateway® entry vector that contains
MLA10CC1-160L36E-mYFP with stop codon

pENTR/D-TOPO Gateway® entry vector that contains
mYFP without stop codon

pENTR/D-TOPO Gateway® entry vector that contains
mYFP with stop codon

pENTR/D-TOPO Gateway® entry vector that contains
RPM1CCi1-155 without stop codon

PENTR/D-TOPO Gateway® entry vector that contains
ADR1-L2CC1-153 without stop codon

pENTR/D-TOPO Gateway® entry vector that contains
MLA10CC1-160 carrying a localization signal without stop
codon

pENTR/D-TOPO Gateway® entry vector that contains
AT3G02840 with stop codon

T vector containing the PC2 TAP tag used as PCR
template for producing the pacl-PC2-Pacl fragment
cloned into pMDC7

This study

Mitsuda et al,,
2010

This study
This study
Mitsuda et al,,

2010

Invitrogen™
(Karlsruhe,
Germany)

Maekawa et al.,
2011

Maekawa et al.,
2011

Maekawa et al.,
2011

Maekawa et al,,

2011

Takaki Maekawa

Takaki Maekawa

This study

This study

This study

This study

This study

This study

This study

This study

This study

Jean Colcombet
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pMDC7 Binary Gateway® destination vector for estradiol- Curtis and
inducible expression of a protein in plant Grossniklaus,
2003
pMDC7-PC2° Binary Gateway® destination vector for estradiol- This study

inducible expression of a fusion protein with a C-
terminal PC2 TAP tag in plant

pMDC7-MLAcc-PC2 Binary Gateway® destination vector for estradiol- This study
inducible expression of the MLA10CC1-160-PC2 protein
with a C-terminal PC2 TAP tag in plant

pMDC7-MLAccI33E-PC2 Binary Gateway® destination vector for estradiol- This study
inducible expression of the MLA10CC1.160l33E-PC2
protein with a C-terminal PC2 TAP tag in plant

pMDC7-MLAccL36-PC2 Binary Gateway® destination vector for estradiol- This study
inducible expression of the MLA10CC1-160L36E-PC2
protein with a C-terminal PC2 TAP tag in plant

pMDC7-mYFP-PC2 Binary Gateway® destination vector for estradiol- This study
inducible expression of the mYFP-PC2 protein with a C-
terminal PC2 TAP tag in plant

pMDC7-RPM1cc-PC2 Binary Gateway® destination vector for estradiol- This study
inducible expression of the RPM10CC1.155-PC2 protein
with a C-terminal PC2 TAP tag in plant

pMDC7-ADR1-L2¢cc-PC2 Binary Gateway® destination vector for estradiol- This study
inducible expression of the ADR1-L2CC1.153-PC2
protein with a C-terminal PC2 TAP tag in plant

pMDC7-MLAcc-NLS/NES-PC2 Binary Gateway® destination vector for estradiol- This study
inducible expression of the MLA10CC1-160-NLS/NES
protein with a C-terminal PC2 TAP tag in plant

apTA7002-GW is derivative of pTA7002 vector by insertion of the gateway cassette into pTA7002 using Xhol
and Spel restriction sites

bcloning described below

The pMDC7-PC2 vector used in this study was produced by Pacl restriction of pMDC7
vector and of PC2 fragment flanked by Pacl restriction sites, followed by blunt ligation of
both restriction products. In-frame ligation products were selected by sequencing of the
ligation borders. A map of both original and derived vector is shown in Figure S3-1.

1.4. Oligonucleotides

Oligonucleotides used in this study were purchased from Sigma-Aldrich (Deisenhofen,
Germany), Metabion (Martinsried, Germany), or Invitrogen (Karlsruhe, Germany).
Lyophilised primers were resuspended in TE 10:1 pH 8 to a final concentration of 100 pM.
Working solutions were diluted in ddH»O to 10 uM.
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Oligonucleotides used in this study

Name

Purpose

Sequence 5'—3'

Cloning

D-TOPO_MLA10-f

D-TOPO cloning of MLA10

CACCATGGATATTGTCACCGGTGCCATT

MLACCNLS Adding NLS after MLA10cc(1-160) AGGGTCCTCAACCTTACGCTTCTTTTTAGGC
ce-NLs-r without STOP codon AAAGCTCGAAGGCAAGGGTCAAT

, CTTGTTAATATCAAGTCCAGCCAACTTAAGA

MLAcc-NES-r Adding NES after MLA10cc(1-160)  5oanGCTCGTTCAAAGCTCGAAGGCAAGGG

without STOP codon

TCAAT

D-TOPO_mYFP-f

TOPO Cloning of mYFP

CACCATGGTGAGCAAGGGCGAGGAGCTGTT

mYFP-r

Cloning of mYFP with stop codon

TTACTTGTACAGCTCGTCCATGCCG

mYFPAstop-r

Cloning of mYFP without stop codon

CTTGTACAGCTCGTCCATGCCGTGAG

AT3G02840-Fw1

TOPO cloning of AT3G02840

CACCATGGTGTTACCTTGGAGATCAAGAGGA
GGAGT

AT3G02840-Rv1

TOPO cloning of AT3G02841 without
STOP

AAATGATTTCTTCACATTCTTCAAATGCA

AT3G02840-Rv2

TOPO cloning of AT3G02841 with STOP

CTAAAATGATTTCTTCACATTCTTCAAATGCA

D-TOPO_ADR1-L2-

f

TOPO cloning of ADR1-L2

CACCATGGCAGATATAATCGGCGGCGAAGT
TGT

D-TOPO_RPM1-f

TOPO cloning of RPM1¢cc(1-155)

CACCATGGCTTCGGCTACTGTTGATTTTGGG
ATC

RPM1(1-155)-r

TOPO cloning of RPM1cc(1-155)

CTTTGCATCGCCATCATCAATAGGCGGTAA

Amplification PC2 Tap tag cloned into

CCTTAATTAAGTCCAGCTTTCTTGTACAAAGT

Pacl-PC2-f pMDC7 GGTGAT

Pacl-PC2 Amplification PC2 Tap tag cloned into GGTTAATTAATCACTTCTCGAACTGAGGATG
acl- -r pMDC7 AGACCA

Sequencing

pTA7002insert-r

Sequencing of the inserts in pTA7002

GGGCGATGAATTCTCAACAAGC

pTA7002insert-f

Sequencing of the inserts in pTA7002 or
pMDC7

CATTTGGAGAGGACACGCTGAAGC

pMDC7insert-r

Sequencing of the inserts in pMDC7

GGATTCTGGTGTGTGGGCAATGAAACT

RPM1-f Amplification of = RPMT locus  for oo rrr0AGTTTCAGGTAACGAATGA
sequencing

RPM1-r Amplification —of = RPM1locus  for 6, or11cAAAGACAACACATGACAAT
sequencing

RPM1-f2 Sequencing of RPM1 locus CAGGTAACGAATGACGAAAACAACA

RPM1-f3 Sequencing of RPM1 locus GCG TGC GTTTCATTT CCC GAG GTAT

RPM1-f4 Sequencing of RPM1 locus GGTGGAAAAACTTGTGGAGTATTT
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RPM1-f5 Sequencing of RPM1 locus CAATGATTTGCCATACCCGCTTAAA
RPM1-f6 Sequencing of RPM1 locus CTCTTCCATCAGCAAGTTACCAGATT
RPM1-r2 Sequencing of RPM1 locus CAC ATG ACA ATC AAT CTG TTT GGT A
NDR1-f4 Qr;fs"ﬁca“o“ and sequencing of NDRT ¢ c1eGTTAATTCTTGTTTTGGTTCTT
NDR1-r3 @rg&"ficatio" and sequencing of NDRT  56AcGGTTTCAATTCTGTGATAGAGTA
NDR1-r Sequencing of NDR1 locus TATAAGTTTCTTTTCCCCATTTGAAC
RAR1-f ':‘;gﬂ'g;cg:g” of RART locus for  GrrGTTACTCATTGTTAGTTTGAGATA
RAR1-r ?gg}ﬂ'g;cggg” of RART locus for  Gcor7GAATTACTCCACGGAGAGGTAC
RAR1-f2 Sequencing of RAR1 locus TACGGGCAAATCTTAATGTGAGATTTT
RAR1-f3 Sequencing of RAR1 locus CCAAGCCCGCTCTGCATGGTATTAT
RAR1-f4 Sequencing of RAR1 locus GGTTTTGGATTAGCTGATTGATTAC
RAR1-f5 Sequencing of RAR1 locus GCACTGACTACTGGTTTTTGTTCAA
RAR1-r2 Sequencing of RAR1 locus TGATCCAAAACACAGAAGATGAGCATT
Genotyping

MLA10seq-f Genotyping of lines with MLAcc-mYFP CCTGATTCCCAAGTTGGGGGAGC
mYFPseq-r Genotyping of lines with MLAcc-mYFP CTCGACCAGGATGGGCACCACCC
dde2-2-f CAPS (BstUI) genotyping of dde2-2 GACACGAACCGGATCCAAAG

dde2-2-r CAPS (BstUI) genotyping of dde2-2 GCCGAAATCCGCTTTCCCTTTA
rar1-20-Fw Genotyping of rar1-20 GAAGTAGGAGCCGCAACAGGATG
rar1-20-Rv Genotyping of rar1-21 ACGACGGAATGAAAGAGTGGAG
dCAPS- dCAPS (BstBl)  AT3G02840  with GAAGATGTTCTTAGAAACGCTTTGATCGTTC

AT3G02840-Fw

AT3G02840-Rv1

CTCTTCTGGTGAAGAAGATTCTTCGA

sgt1b-Fw dCAPS (Ddel) genotyping of sgt1b (eta3) CTAATGAGATTTTCCTCTCGGGTGGTTcTT
sgt1b-Rv dCAPS (Ddel) genotyping of sgt1b (eta3) TCTTGAGCTCCATGCCATCT

ndr1-1-Rv Genotyping of ndr1-1 GGGACGGTTTCAATTCTGTGATAG
ndr1-1-Fw Genotyping of ndr1-1 CGAGATTGCTCATTGCCATTGG
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NDR1-WT-Fw Genotyping of ndr1-1 TTTTTCCACCATCAACACGA
NDR1-WT-Rv Genotyping of ndr1-1 GCTCCAACTTCAACCCCATA
Mq_1A-Fw1 CAPS  (Mnll) - Genotyping of mutant 5 ccTACCTTTCACAGCATTTCTTT
— candidate 1A
Mq_1A-Rv1 CAPS  (Mnll) Genotyping of mutant  c550GGATAAGCCGGGGAAAA
— candidate 1A
Mgq_1B-Fw1 CAPS _ (Mboll) Genotyping of mutant s 1GTAGAGATTAAGAATTATGCTGACTCAA
candidate 1B
Mgq_1B-Rv1 CAPS  (Mboll) - Genotyping of mutant  )q,rcAATGCCCCAAGACCCTGTAAAT
— candidate 1B
Mq_1C-Fw1 CAPS _ (Earl) Genotyping of mutant  rrocaccGAATGAACCAAAGTTT
candidate 1C
Mg_1C-Rv1 CAPS  (Earl) Genotyping of mutant  qaraGAACTCGTGCCTGTTGAGCAAT
— candidate 1C
Mgq_1D-Fw1 CAPS _ (Alul) Genotyping of mutant . r5aACACAAGTCGCATAAAA
candidate 1D
Mgq_1D-Rv1 CAPS  (Alul) Genotyping of mutant o roorTCGCCATCGATTGACTAA
— candidate 1D
Mq_1E-Fw1 CAPS _ (Ndel) Genotyping of mutant .56 AATTTCGTCCCTCCAGCAA
candidate 1E
Mgq_1E-Rv1 CAPS  (Ndel) Genotyping of mutant . arrrrcATATCCTACCCCTAAA
— candidate 1E
Mq_2A-Fw1 CAPS _ (Dral) Genotyping of mutant ,cxcaAAAATGTTTCATCTGTAAATAAACTT
candidate 2A
Mgq_2A-Rv1 CAPS  (Dral) Genotyping of mutant o) rrcGTCAAACCTCATGATCGCAA
— candidate 2A
. GGTCGGGAGATCATGGCAGCTCCGTTTTTG
Mq_2B-Fw1 dCAPS (SfaNI) Genotyping of mutant )ccaGATCATCGCGTCTTAATGAAATTGAG
— candidate 2B (AT1G11510) CA
) dCAPS (SfaNIl) Genotyping of mutant
Mgq_2B-Rv1 candidate 2B (AT1G11510) TTTTGATAATTTAGGGTTTTGCCCTTTT
Ma 2B-Fw2 dCAPS (BspCNI) Genotyping of mutant GAGTGGGAGAGTGAGTTTGGCCTCCACCAG
a9 candidate 2B (PDR11) TCTCA
) dCAPS (BspCNI) Genotyping of mutant
Mq_2B-Rv2 candidate 2B (PDR11) CAAGCTCAATCTTCCCGTTAGCCGACGTTT
Ma 2C-Fw1 dCAPS (Bsu36l) Genotyping of mutant CCTTTTCTTAAAGAACCAACTTGCTTAGAAAT
9 candidate 2C GAAGACAACAACCACAAAAGGCCCTAAG
Mg_2C-Rv1 dCAPS (Bsu36l) Genotyping of mutant . rpcTAAGAAATGGACTGGTATTAATGACT
candidate 2C
Mgq_2D-Fw1 CAPS (Hpy166ll) Genotyping of mutant ) .cAaGTATTAACGATCTCAGGAT
— candidate 2D
Mgq_2D-Rv1 CAPS (Hpy166ll) Genotyping of mutant  1cAGGTCCACAGTTATTTTTATAA
candidate 2D
CAPS (Psil) Genotyping of mutant CAAACATGGCATACAATCTTACACTGACAGA
Mq_2E-Fw1 -
candidate 2E T
Mgq_2E-Rv1 CAPS _ (Psil) Genotyping of mutant 11 5ATCCAAAACGCGCCAAGAGGTATT

candidate 2E
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: dCAPS (BsmBI) Genotyping of mutant
Mq_2F-Fw1 candidate 2F (CPKE) GATTATGCATCATTTAGCTGGTCACAA
Ma 2F-Rv1 dCAPS (BsmBl) Genotyping of mutant ACGCCTCAACAACACCGACAATGATCTTGGT
qer-Rv candidate 2F (CPK6) CAACTCAGCAGCTTTCGTCT
: dCAPS (SfaNIl) Genotyping of mutant
Mgq_2F-Fw2 candidate 2F (AGD1) ATCAAAGTTGATGCAGATCAGACCGAT
Ma 2F-Rv2 dCAPS (SfaNI) Genotyping of mutant CATCAATAAGATTTAAAAAATTCTGGTCATTC
qer-Rv candidate 2F (AGD1) GGGGATGATGGAAGAGAGCA
Mq_2G-Fw1 CAPS  (Bbvl) Genotyping of mutant . p)caATACCTTAATTTATCATCTTGATAGT
— candidate 2G
Mq_2G-Rv1 CAPS  (Bbvl) Genotyping of mutant s 1a1GTTATCGTGCGAGCCCATTGATGT
— candidate 2G
Mq_2H-Fw1 CAPS _ (Bfal) Genotyping of mutant ). ATTCAACTCTAATCATTGCGTCCCAA
— candidate 2H
Ma 2H-RvA CAPS (Bfal) Genotyping of mutant AGAAGTAGCAGTAGAGAAACGTCCAAAGAAA
e candidate 2H CGAGGAA
Mgq_2I-Fw1 CAPS (Sau96l) Genotyping of mutant ), aTaACCGTTGGATTGGGACACAA
— candidate 21
Mgq_2I-Rv1 CAPS (Saud6l) Genotyping of mutant ,cccaAAGTTACTAGATTCTGTTCAT
— candidate 21
Mq_2J-Fw1 dCAPS (Saud6l) Genotyping of mutant ) ACGAATGAGTTACCTTTTGATTTT
— candidate 2J
Ma 2J-RvA dCAPS (Sau96l) Genotyping of mutant TCACTACTCTCTTTTCTCGCCTCATCCAACCA
Q<R candidate 2J CTCTTTTGCTTGCTCAAGCTTGGCC
Mq_2K-Fw1 dCAPS ~(Pstl) Genotyping of mutant ;) :cAGAGGCCGTGGCAGATGCGAACAAA
— candidate 2K
Ma 2K-Rvi dCAPS (Pstl) Genotyping of mutant CAAAAACCAAACCATGAACAATGGAAGTAAT
q<R-Rv candidate 2K AGCTTGACAGATATATACCACATCTGCA
Mq_2L-Fw1 CAPS  (Alul) Genotyping of mutant & rAATACTACAGTGAGGAAAATCTTCT
— candidate 2L
Mgq_2L-Rv1 CAPS _ (Alul)  Genotyping of mutant r)1o1GCATCAATCTCTTCTTGTTTAGA
— candidate 2L
Mq_3A-Fw1 dCAPS (Hindlll) Genotyping of mutant ;s GAGAACAAACCAGGCCGTGT
— candidate 3A
Ma 3A-RV1 dCAPS (Hindlll) Genotyping of mutant GCAATTACTATGGAGCTTTGCAGATGTATAA
qSA-RY candidate 3A ATCTATCAGTGCAAGGTTCGTAAGCT
Mq_3A-Fw2 CAPS ' (SfaNl) Genotyping of mutant ), ATcTTGATGACTGTAGAGCTCTTTGAT
— candidate 3A
CAPS (SfaNIl) Genotyping of mutant GCTCGAGCCTGTACAAGGCACAACCATCAC
Mq_3A-Rv2 .
candidate 3A A
Mq_3A-Fw3 CAPS  (Mboll) - Genotyping of mutant ) 5AAAGTCGCAAACTTTACCCAAAA
— candidate 3A
Ma 3A-Rv3 CAPS (Mboll) Genotyping of mutant TGAAGAAGCCGCTACAGAACCAGTAAACGTC
- candidate 3A ACCGTTGCTT
Ma 3B-Fw1 dCAPS (Bfal) Genotyping of mutant CAGTTGGGCTTTGCAAGTGCCCAATGGGCTT
q_oB-Tw candidate 3B CGACAGTTTTTGAGGCGGTTACT
dCAPS (Bfal) Genotyping of mutant GGCTCAATCTTCGTGATAATTTGAAGGATGA
Mqg_3B-Rv1 .
candidate 3B A
dCAPS (Xbal) Genotyping of mutant CGACTACAGACTTGGACTAAGGACCCATTTC
Mq_3C-Fw1 C

candidate 3C
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dCAPS (Xbal) Genotyping of mutant

AGACTGTGCTAATGTCCAATTTAGTAAGTTAC

Mq_3C-Rv1 candidate 3C TCTAG
. CCCCTGCTTCTGGTATTCGACGATGCGTTAG
Mgq_3D-Fw1 dCAPS (Xhol) Genotyping of mutant o rrrATAAGAATTGAATTTGGGTTGAGCT
— candidate 3D c
Mq_3D-Rv1 dCAPS (Xhol) Genotyping of mutant  r)ATTCATAAGAGAAGATCAAAGGCCCCTT
— candidate 3D
LBb1.3_long Genotyping of SALK lines TATAAGGGATTTTGCCGATTTCGGAAC

RP_AT3G02840-Fw

Genotyping of SALK lines SALK_040843,
SALK_007906C, SALK_113770C

GGTAAAGGGGAAACACGCGTAATCT

LP_AT3G02840-Rv

Genotyping of SALK lines SALK 040843,
SALK_007906C, SALK_113770C

TTTTAGCGTCCTTACCGTTCAAGAACCG

Genome Walking

LB-GSP1 Genome walking from Left Border of AAAAACGTCCGCAATGTGTTATTAAGTTGTCT
pTA7002 AA
Genome walking from Left Border of AGCGTCAATTTGTTTACACCACAATATATCCT
LB-GSP2
pTA7002 G
RB-GSP2 Genome walking from Right Border of ) rGr1TGACAGGATATATTGGCGGGTAAA
pTA7002
LB-GSP4 Genome walking from Left Border of o roorcgaeccanacCATCAGCTCAT
pTA7002
Genome walking from Right Border of TAAGTAAGAAAGGAACTAACAGTGTGATATT
RB-GSP4
pTA7002 AA
1.5. Enzymes

1.5.1. Restriction endonucleases

Restriction enzymes were purchased from New England Biolabs (Frankfurt, Germany).
Enzymes were supplied with 10x reaction buffer which was used for restriction digests
according to the manufacturer instructions.

1.5.2. Nucleic acid modifying enzymes

Standard PCR reactions were performed using homemade 7ag DNA polymerase. For higher
accuracy in generating PCR products for cloning, Pfx polymerase was used. Enzymes and
suppliers are listed below:

Taq DNA polymerase

AccuPrime™ Pfx DNA polymerase
pENTR™ /D-TOPO® Vector-topoisomerase |
Gateway® LR Clonase® II Enzyme mix
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1.6. Chemicals

Laboratory grade chemicals and reagents were purchased from Sigma-Aldrich (Deisenhofen,
Germany), Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany), Invitrogen™
(Darmstadt, Germany), and Difco™ (Heidelberg, Germany) unless otherwise stated. A few
critical chemicals are listed below:

Dexamethasone (DEX) (Sigma-Aldrich, D1756-1G): Stock 30 mM in 100% ethanol
Estradiol (ER) (Sigma-Aldrich, E2758-1G): Stock 30 mM in 100% ethanol
3-deazaneplanocin A (DZNep) (Millipore, 252790-2mg): Stock 2 mM in DMSO
Zebullarine (Zeb) (Sigma-Aldrich, Z4775-25mg): Stock 11 mM in DMSO
Lanthanum(III) chloride (LaCls) (Sigma-Aldrich, 203521-25G): Stock 100 mM in ddH>O
Diphenyleneiodonium (DPI) (Sigma-Aldrich, 43088-5G): Stock 700 uM in DMSO

1.7. Antibiotics

Ampicillin (Amp) 100 mg/ml in ddH,O
Carbenicillin (Carb) 50 mg/ml in ddH>O
Claforan (Cla) 200 mg/ml in ddH>O
Gentamycin (Gent) 25 mg/ml in ddH,O
Kanamycin (Kan) 50 mg/ml in ddH>O
Rifampicin (Rif) 100 mg/ml in DMSO
Spectinomycin (Spe) 50 mg/ml in ddH,O

Stock solutions (1000x) stored at -20°C. Aqueous solutions were sterile filtrated.

1.8. Media

Media were sterilised by autoclaving at 121°C for 20 min. Antibiotics and thermo-labile
compounds were added into the media after cooling down to 55°C.

Escherichia coli media Luria-Bertani (LB) broth or agar plates; SOC
Pseudomonas syringae media NYG broth or agar plates

Agrobacterium tumefaciens media YEB broth or agar plates

Arabidopsis thaliana media Murashige and Skoog (MS) agar plates
Saccharomyces cerevisiae media YPD broth or agar plates
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1.9. Antibodies

Antibodies used for immunoblot analyses are listed below.

Primary antibodies used in this study

Antibody Source Dilution Reference

a-GFP mouse monoclonal 1:5000  JL-8, Clontech (Mountain View, USA)
a-pTpY rabbit polyclonal 1:3000 9101, Cell Signaling (Danvers, USA)
a-Myc goat polyclonal 1:5000 ab9132, Abcam (Cambridge, UK)

a-HA rat monoclonal 1:5000  3F10, Roche (Penzberg, Germany)
Secondary antibodies used in this study

Antibody Feature Dilution Source

goat a-mouse IgG-HRP  HRP-conjugated 1:10,000 Santa Cruz (Santa Cruz, USA)
goat a-rabbit IgG-HRP HRP-conjugated 1:10,000 Santa Cruz (Santa Cruz, USA)
rabbit a-goat IgG-HRP HRP-conjugated 1:10,000 Santa Cruz (Santa Cruz, USA)
goat a-rat IgG-HRP HRP-conjugated 1:10,000 Santa Cruz (Santa Cruz, USA)

1.10. Buffers and solutions

Buffers and solutions are listed either below or in the corresponding method section. Buffers
and solutions were prepared with ddH>O water and either autoclaved or sterile-filtered when

possible.

DNA gel loading dye (6x)

PCR reaction buffer (10x)

Ponceau S

SDS Running buffer (10x)

150

Tris

EDTA

Glycerol
Bromophenol blue
Xylene cyanol FF
ddH>0O to 100 ml
pH 7.5

Tris

KClI

MgCl,
Triton X-100
pH 9.0

10 mM
60 mM
60 ml
30 mg
30 mg

100 mM
500 mM
15 mM
1%

Ponceau S working solution was prepared by dilution of ATX
Ponceau S concentrate (Sigma-Aldrich) 1:5 in ddH20

Tris

Glycine

SDS 10%
ddH20to 1 L

302 ¢g
188 g
100 ml
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SDS Sample buffer (2x)

SDS Sample buffer (6x)

TAE buffer (50x)

TBS-T buffer

TE buffer

Transfer buffer

Tris

SDS

Glycerol
Bromophenol blue
Dithiothreitol (DTT)
pH 6.8

Tris

Glycerol

SDS
Bromophenol
DTT (if necessary)
ddH20 to 10 ml
pH 6.8

Tris

EDTA

Glacial acetic acid
ddH20to 1 L

pH 8.5

Tris

NaCl

Tween

ddH20 to 500 ml
pH 7.5

Tris
EDTA
pH 8.0

Tris

Glycine

SDS 10%
Methanol
ddHOto 1 L

0.125M
4%

20%
0.02%
02M

60 mM
4.7 mL
1.2¢g

6 mg
093 g

M2 g
186 ¢
57.1 ml

121g
8.76 g
0.1%

10 mM
1 mM

144 ¢
1 ml
200 ml
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2. Methods

2.1. Maintenance and cultivation of A. thaliana plants

Unless otherwise specified, sterilised seeds were sown onto 2 MS 0.8% agar plates
containing claforan. The seeds were stratified 3 days at 4°C in the dark. Afterwards, the plates
were transferred to a plant growth cabinet under short day conditions (10 h photoperiod,
22°C). After 10-14 days of growth on plates, the seedlings were transferred to 7x7 cm pots
containing moist compost treated with BioMiikk (Biofa, Miinsingen, Germany) and grown
under short day conditions (10 h photoperiod, 22/21°C, 65/60% humidity (d/n) ). The pots
were covered with propagation lids until two weeks after transfer. To obtain progeny, six
week old plants were transferred to long day conditions (16 h photoperiod) and allowed to
flower. To collect seeds, aerial tissue was enveloped with a paper bag and sealed with tape at
its base until siliques were ripe.

2.2. Generation of A. thaliana F1, F2, and F; progeny

Male flower organs were removed with fine tweezers. Flowers with a well-developed stigma
and immature stamens were used for crossing to prevent self-pollination. Fresh pollen from
three independent donor flowers was dabbed onto each stigma. Fi seeds were harvested from
mature siliques an allowed to dry. F; seeds were grown as described above, genotyped using
resistance or genetic markers, and allowed to self-pollinate. Produced F» seeds were collected,
genotyped, stored, and/or propagated to produce the F3 seeds similarly to the F».

2.3. Agrobacterium-mediated stable transformation of A. thaliana (floral
dip)

The method for Agrobacterium-mediated stable transformation of A. thaliana was adapted
from Clough and Bent, 1998. When plants had a maximum of young flower heads, plants
were used form transformation. Already formed siliques were cut off. Agrobacterium was
grown in YEB broth containing the proper antibiotics at 28°C overnight. The bacteria were
pelleted and resuspended in 5% sucrose 0.06% Silwet L-77 (Lehle seeds, USA) to ODsoo 0.8.
Inflorescences to transform were inverted and submersed into the cell suspension for 10
seconds. The inflorescences were allowed to dry for a few minutes and covered with plastic
bags. The plants were kept one day away from direct light. Afterwards the bags were removed
and the plants moved to direct light and let to set seeds.
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2.4. A. thaliana seed surface sterilization

2.4.1. Standard seed surface sterilization

Unless otherwise specified, seeds were sterilized according to the method described here.
Seed sterilization was applied prior to in vitro sowing of A. thaliana seeds. Seeds were
distributed into 1.5 ml microcentrifuge tubes, incubated in 70% EtOH + 0.05% Tween20 for 5
min (1 min for ppsdes mutant), briefly washed in 95% EtOH and allowed to dry on sterile
Whatman paper in a sterile hood.

2.4.2. Vapor phase seed surface sterilization

This method was used for high throughput sterilization of the M, seeds prior sowing onto
plates for screening (see Results section 2.2.2.1). Batches of about 50 seeds were transferred
into small glass vials let open and racked. The racks were placed into a desiccator jar. A
beaker containing 80 ml of 12% NaOCl was placed into the jar. The jar was quickly closed
after adding 2.5 ml concentrated HCI into the beaker. Sterilization by chlorine fumes was
allowed for five hours.

2.5. Pseudomonas syringae pv. tomato inoculation

Pst cultures of the denoted strains were started from bacteria grown on NYG agar plates
younger than one week. One day before infection, bacterial strains were grown in NYG broth
medium containing the appropriate antibiotics and incubated ON at 28°C. Afterwards,
bacteria were pelleted and resuspended at the appropriate concentration in the appropriate
solution.

2.5.1. Pst spray-infection

Concentration of Pst AvrRpm1 bacteria was adjusted to OD600 0.2 (10® CFU/ml) in 10 mM
MgCl, + 0.02% Silwet L-77 (Lehle seeds, USA). Five week old M plants grown under short
day conditions were watered and covered with a lid to allow opening of stomata for four
hours. Afterwards, the plants were sprayed with the bacterial solution using a dispenser,
returned to a growth chamber under short day conditions and kept under cover for two more
days.

2.5.2. Pst detached leaf dipping

Concentration of Pst AvrRpm1 bacteria was adjusted to ODgoo 0.2 (108 CFU/ml) in 10 mM
MgCl; + 0.02% Silwet L-77 (Lehle seeds, USA). Four week old Mz plants grown under short
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day conditions were watered and covered with a lid to allow opening of stomata for four
hours. Afterwards several leaves for each individual plant were cut, dipped for 10 s into the
bacterial solution and incubated on 1% agar plates containing 25 pg/ml Kan. After two days,
the leaves were surface sterilized with 70% ethanol for 30 s, briefly rinsed with ddH->O, and
dried on paper. Five leaf discs (5 mm diameter) were sampled with a biopsy punch, ground in
100 uL MgCl,, incubated 1h with shaking, and the volume was adjusted to 1 ml. Dilution
series were plated onto YEB containing the appropriate antibiotics. The plates were incubated
for two days at 28°C before scoring colonies.

2.5.3. Pst infiltration assay for ion leakage measurement

Concentration of Pst bacteria was adjusted to ODeoo 0.4 (2.108 CFU/ml) in 10 mM MgCl..
Two to three leaves from four to five week old plants grown under short day conditions were
syringe-infiltrated. Twenty min after infiltration, 3x4 leaf discs (5 mm diameter) were
sampled with a biopsy punch, rinsed briefly in ddH>O, dried on paper, and transferred to
three wells of a 24-well plate containing each 1 ml ddH2O + 0.001% Silwet (Lehle seeds,
USA). The conductivity was measured every two hours using a LAQUAtwin COND
(Horiba).

2.5.4. Pst infiltration assay for RNA-seq

Concentration of Pst bacteria was adjusted to ODgoo 0.001 (5.10° CFU/ml) in ddH,0. Leaves
from 4.5 week old plants grown under short day conditions were syringe-infiltrated. Samples
were taken at the appropriate time points for RNA extraction.

2.6. Temperature shift

2.6.1. Temperature shift for analysis of the phenotype of the p35S:MLAcc-mYFP

lines

Seeds were sown onto 2 MS agar plates, vernalized for three days, and transferred to a
growth chamber at 28°C under short day conditions. Ten-day old seedlings were transferred
to pots (2 seedlings per pot) and further grown at 28°C covered by a lid under short day
conditions. Four weeks after germination, half of the pots were kept in the same chamber
whilst the other half was transferred to 19°C and short day conditions for one week. One
week after transfer, pictures were taken, 30 mg FW were extracted with 80 puL of 2x SDS
Sample buffer and 20 uL were used for western blot analysis, and the fresh weight of each
plant was measured. The experiment was repeated three times apart from the weight
quantification which was performed for two independent experiments.
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2.6.2. Temperature shift for RNA-seq

The experiment was essentially performed as described in Heidrich et al., (2013). Seeds were
sown directly onto pots (10 seeds-pot) covered with a lid, vernalized three days at 4°C and
subsequently transferred to 28°C under short days conditions. The lid was removed one week
after germination. 3.5 weeks after germination, the plants were transferred to 19°C and
sampled at the appropriate time points after shift. The temperature shift was conducted at
different times in the day to obtain synchronised harvests between 4 pm and 5 pm for all time
points. Leaf material from 4-6 individual plants was pooled for each sample and used
subsequently for RNA extraction and RNA-seq. The experiment was repeated independently
three times.

2.7. EMS-induced mutagenesis

Batches of 100-200 mg seeds were imbibed ON at 4°C in 12.5 mL ddH20. Afterwards, 12.5
mL of 0.6% (v/v) ethyl methanesulfonate (EMS, prepared fresh, Sigma-Aldrich M0880) was
added and the resulting mixture was incubated for 8-9 h with shaking at room temperature.
After incubation, the seeds were extensively washed with ddH,O and kept three days at 4°C
in water until sowing.

2.8. Yeast two-hybrid (Y2H) screening

2.8.1. Y2H screening for AT3G02840 interaction partners

The A. thaliana cDNA library in pB42AD was generated by van der Biezen et al., (2000). The
pB42AD vectors were transformed in YM4271 (MATa) using the LiAc method (Gietz and
Woods, 2002).

The pLexA-AT3G02840 was obtained from LR reaction between the pLexA-GW and the
pENTR-AT3G02840 vector, and transformed into the yeast strain EGY48 (MATa) using the
LiAc method.

The yeast two hybrid screening was performed with a method modified from Kolonin et al.,
(2000). An overnight culture of the bait strain or control strain was prepared in SD -His -Ura
liquid medium and resuspended in ddH»O at the concentration 10° CFU/mL. The library
strain (YM4271 (MATa)) was combined with the bait strain (EGY48 (MATa)) or control
strain. 2.10% CFU of the bait strain or control strain were combined with 103 CFU of the
library strain, transferred to 200 pL. YPD medium, plated on YPD plates, and incubated for
12-15 h at 30 °C to allow mating. The cells on each plate were resuspended with 2 mL of
liquid SD Galactose (Gal)/ Raffinose (Raf)/ -Ura, -His, -Trp medium, pelleted, transferred to
100 mL of SD Gal/Raf/ -Ura,-His,-Trp liquid medium in a 500 mL flask, and incubated for 6
h at 30 °C with shaking. Cells were collected by centrifugation and resuspended in 5 ml
sterile water to ~10% cells/mL (ODsoo~ 5.0). To select for interactors from the library mating,
100 pL of the undiluted cells were plated on twenty SD Gal/Raft/ -Ura, -His, -Trp, -Leu
plates. Plates were incubated at 30 °C for 3 days. The positive diploids were patched onto SD
Gal/Raf/-Ura -His -Trp - Leu/+x-B-Gal media. For positive colonies a yeast colony PCR was
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performed, the PCR product was purified and sequenced. In total, 2x107 diploid cells were
screened with approximately 60% of mating efficiency. More than 1,000 clones showed B3-
Galactosidase activity. 300 clones were sequenced using the Sanger method.

2.8.2. Y2H screening for MLAcc interaction partners (AIST system)

The pDEST-BTM116-MLACC.160 and pDEST-BTM116-MLACC 225 bait vectors were
obtained by LR reaction between the corresponding pENTR vectors and the pDEST-BTM116
vector. The A. thaliana TF prey library was generated by Mitsuda et al., 2010. The screen was
conducted in the group of Dr. Nobutaka Mitsuda (AIST, Japan) according to the method
published in Mitsuda et al., (2010). The AIST system involves GAL4 (prey) /LexA (bait) and
HIS3 was used as reporter. The screening was conducted in a nearly binary fashion, in which
up to 4 homologous TR prey constructs (e.g. bZIP family) were transformed into yeasts
expressing a single bait protein. Once positive interactions were detected, individual prey
construct were transformed to the respective yeasts expressing a single bait protein to confirm
interactions as described in Mitsuda et al., (2010). Two independent replicates were
performed for the screen involving the MLA10cci-225 bait. Any interaction identified by either
of the replicates was taken into account. Interactions were detected between MLAcc and
bZIP18, bZIP29 and bZIP30, but these interactions were not considered because the
corresponding prey constructs have been shown to produce false positives in the AIST
system. For similar reasons, the trihelix AT3G11100 and the bZIP VIP1 have to be
considered as candidates with caution.

2.9. Dexamethasone (DEX)-inducible expression in stable A. thaliana

transgenic lines

2.9.1. Leaf disc assays

Four to six week old plants grown under short day conditions were used. For electrolyte
leakage assay, 3x4 leaf discs (5 mm diameter) from at least four independent plants were
sampled with a biopsy punch, rinsed briefly in ddH>O, dried on paper, transferred to three
wells of a 24-well plate containing each 1 ml +/-10 uM DEX + 0.001% Silwet (Lehle seeds,
USA), and incubated at 20°C for the time of the experiment. The conductivity was measured
along time using a LAQUAtwin COND (Horiba). For western blot analysis, six leaf discs (5
mm diameter) from at least four independent plants were sampled with a biopsy punch,
transferred to 1 ml of 10 uM DEX + 0.001% Silwet (Lehle seeds, USA), incubated at 20°C
for the appropriate time, dried, and extracted with 80 pL of 2x SDS sample buffer. Twenty uL
were used for loading onto SDS-Page gel.

In the case of LaCls and diphenyleneiodonium (DPI) treatments, leaf discs were pre-incubated
with 2 mM LaCL3 or 7 uM DPI or the respective control buffers (water and 1% DMSO
respectively) for 20 min prior addition to DEX to a final concentration of 10 uM.
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In the case of PLA2A inhibitors aristolochic acid (ARA) and bromoenol lactone (BEL)
treatments, leaf discs were transferred to a solution containing 30 uM ARA or 30 uM BEL or
the respective control buffers (0.1% DMSO) and +/- 10 uM DEX.

2.9.2. Leaf infiltration

Seeds of the F2.BCr progeny were sown on 2 MS agar plates containing Cla, vernalized for
three days at 4°C and grown for 10 days at 22°C under short day conditions (10 h
photoperiod). Afterwards, all seedlings were transferred to Jiffy pots supplemented with a
fertilizer (Wuxal TopN, Aglukon Spezialdiinger) and further grown under short day
conditions at 22°C. Four week after germination, the two or three youngest and fully
expanded leaves were infiltrated with 1 uM DEX. For electrolyte leakage assay, 3 x 4 leaf
discs (5 mm diameter) from at least five independent plants were sampled with a biopsy
punch 20 min after infiltration, rinsed briefly in ddH2O, dried on paper, transferred to three
wells of a 24-well plate containing each 1 ml ddH,O + 0.001% Silwet L-77 (Lehle seeds,
USA), and incubated at 20°C for the time of the experiment. The conductivity was measured
along time using a LAQUAtwin COND (Horiba). For RNA-seq, western blot analysis, trypan
blue staining, and detection of phosphorylated MAPKSs, six leaf discs (5 mm diameter) from
at least five independent plants were sampled with a biopsy punch at the appropriate time
after infiltration. The 0 h time point was taken at 3-5 min after infiltration. Samples for
western blot were extracted with 80 pL of 2x SDS sample buffer. Twenty uL were used for
loading onto SDS-Page gel.

2.10. Estradiol (ER)-inducible expression in stable 4. thaliana transgenic

lines

2.10.1. Seedling assays

Seedlings were mainly used for immunodetection of the protein encoded by the transgene and
electrolyte leakage measurements. 10-14 day old seedlings grown on 2 MS agar plates were
used. For immunodetection of proteins, 8 seedlings were gently transferred to 1 mL 10 uM
ER + 0.001% Silwet L-77 (Lehle seeds, USA) and incubated at 20°C for the appropriate time.
Afterwards, the seedlings were dried and frozen in 1.5 mL microcentrifuge tubes containing 5
steel beads (2 mm) in liquid nitrogen for protein extraction. The samples containing 8
seedlings were extracted with 80 pL of 2 x SDS sample buffer. For electrolyte leakage
measurement, 3 x 6 seedlings were rinsed briefly in ddH>O, dried on paper, transferred to
three wells of a 24-well plate containing each 1 ml of 10 uM ER + 0.001% Silwet L-77
(Lehle seeds, USA), and incubated at 20°C for the time of the experiment. The conductivity
was measured along time using a LAQUAtwin COND (Horiba).
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2.10.2. Large scale induction of older plants

For TAP and SDD-AGE analysis, large amounts of plant material were prepared. Seed
batches of 50 mg were mixed with 35 mL agar 0.01% and sown onto 35 pots (7 x 7 cm). After
three days at 4°C in the dark, the pots were transferred to growth chambers under short day
conditions (10 h photoperiod) at 22°C covered with a lid for the first 10 days. Three-week old
plants were used. The aerial parts were sampled by cutting the hypocotyl with scissors,
carefully transferred to 2 L of ER 10 uM + 0.001% Silwet L-77 (Lehle seeds, USA) and
incubated at 20°C for 16 h. Afterwards, the plant material was quickly drained, dried with
paper towels and frozen into liquid nitrogen. The frozen material was frozen-ground with
mortar and pestle into a fine powder and stored at -80°C for further use. One batch of plants
usually resulted in 40-55 g plant powder.

2.11. Screening for suppressors of MLLAcc-mediated signalling

2.11.1. Primary screening on plates

Vapor phase-sterilised seeds (~50 seeds per batch) were sown onto vertical /2 MS agar plates
containing 10 uM DEX, vernalized for three days at 4°C and transferred to a growth chamber
under short day conditions (10h photoperiod) at 22°C. The seedlings able to grow were
recovered at 10 dpg and transferred to soil for further screening and propagation.

2.11.2. Primary screening on soil

Seeds were vernalized three days in DEX-containing agar (0.01% agar + 30 uM DEX) and
subsequently sown on moist compost. The seedlings were sprayed with a DEX solution (30
uM DEX + 0.01% Silwet L-77) at 5 and 7 days after germination. The seedlings able to grow
were recovered at 10 dpg and transferred to soil for further screening and propagation.

2.11.3. Secondary screening

One young leaf (~2-3 mm diameter) per 16-day old plant was cut, transferred to 200 puL 10
uM DEX + 0.001% Silwet (Lehle seeds, USA), incubated at 20°C for 16 h and subsequently
observed with a Axio Imager A2 fluorescence microscope (Zeiss) to score the YFP signal
density in the upper leaf epidermis compared to the non-mutagenized parental line and the
auto-fluorescence observed at different excitation wavelengths. The scoring for the transgene
expression level was defined as follows: “++++”, more than 75% of YFP positive cells;
“+++7, 50-75% of YFP positive cells, “++” 25-50% of YFP positive cells, “+”, 10-25% of
YFP positive cells. The scoring for auto-fluorescence was defined as follows: “+++”, more
than 90% of auto-fluorescent cells; “++”, 50-90% of auto-fluorescent cells, “+” 10-50% of
auto-fluorescent cells.
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2.11.4. Analysis of the M3 and F..BCr progeny
2.11.4.1. Scoring and selection of mutant plants

Seeds of the M3 and F2.BCr progeny were analysed as described in the method sections 2.10.1
and 2.10.3 with some modifications. The seeds were grown on horizontal 2 MS agar plates
containing 10 uM DEX +/- 2 uM 3-Deazaneplanocin A (DZNep) for 14 days prior transfer to
soil.

2.11.4.2. Selection of wild-type plants in the F2.BCt progeny (negative segregant bulk)

Seeds of the F2.BCr progeny were sown on 2 MS agar plates, vernalized for three days and
grown for 10 days at 22°C under short day conditions (10 h photoperiod). Afterwards, all
seedlings were transferred to soil and further grown under short day conditions at 22°C. Four
week after germination, two leaves per plant were infiltrated with 1 uM DEX. Plants
displaying a wild-type like phenotype (i.e. like the non-mutagenized parental line) were
selected based on visible leaf yellowing or tissue collapse symptoms from two to four days
after infiltration.

2.12. Trypan blue staining

A. thaliana leaves were boiled for 3 min in a 1:1 mixture of ethanol and staining solution (10
ml lactic acid, 10 ml glycerol, 10 g phenol and 10 mg trypan blue, dissolved in 10 ml distilled
water) for staining. The leaves were then de-stained three times in 2.5 g/ml chloral hydrate in
distilled water. After destaining, the leaves were imaged an Axio Imager.D2 fluorescence
microscope (Zeiss) equipped with a Zeiss EC Plan-NEOFLUAR 5x/0.16 dry objective.

2.13. Biochemical methods

2.13.1. A. thaliana total protein extraction for immunoblot analysis

Plant material was frozen in liquid nitrogen in 1.5 mL microcentrifuge tubes together with 5
steel beads (2 mm diameter). Samples were homogenized 2 x 1 min at 30 Hz to a fine powder
using a MM400 tissue lyser (Retsch) whose adapter racks had been pre-cooled at -80°C. 2x
SDS sample buffer was added to the frozen powder (usually 80 pL for 6 leaf discs), the
samples were vortexed, spun down, boiled for 4 min at 95°C, and centrifuged 10 min at
18,000 g. The supernatant was stored at -20°C if not directly loaded onto SDS PAGE.
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2.13.2. Denaturing SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Denaturing SDS-PAGE was carried out using Mini-Protean system (BioRad) according to the
manufacturer instructions. Tris-Glycine polyacrylamide gels, 1.5 mm thick, were prepared
with the composition indicated below. After polymerization, the gels were placed in the
electrophoresis tank and submerged in 1 x SDS running buffer. A pre-stained molecular
weight marker and denatured protein samples were loaded onto the gel (usually 20 puL) and
run at 90-100 V until the desired separation was reached.

Composition of polyacrylamide gels (15 mL)

10% resolving  12% resolving 5% stacking

ddH20 4 mL 3mL 10.2 mL
30% acrylamide/bis solution 29:1 SmL 6 mL 2.5mL
IM Tris-HCI pH 8.8 5.7mL 5.7mL -

IM Tris-HCI pH 6.8 - - 1.9 mL
10% SDS 150 uLL 150 uLL 150 uL
10% ammonium persulfate 150 uL 150 uL 150 uL
TEMED (Biorad) 6 uL 6 nL 15 uL

2.13.3. Immunoblot analysis (Western Blot)

Proteins separated by SDS-PAGE were electro-blotted onto Immobilon-P PVDF transfer
membranes (Merck Millipore) in transfer buffer for 140 min at 100 V in a Mini Trans-Blot
apparatus (Biorad) according to the manufacturer instructions. Equal protein transfer was
monitored by staining membranes with Ponceau S for 5 min. Destained membranes were
washed 3 x in TBS-T, blocked for 3 h in 5% milk TBS-T before ON incubation at 4°C with
the primary antibody in 5% milk TBS-T. The membranes were washed 3 x with TBS-T, and
the appropriate horseradish (HRP)-conjugated secondary antibody was applied for 2 h in 5%
milk TBS-T. After 3 x washes with TBS-T, the proteins were detected using Pico or Femto
chemiluminescence reagent (ECL, Pierce Thermo Scientific) and the ChemiDoc MP imaging
system (Biorad).

2.13.4. Detection of phosphorylated MAPK by Western Blot
2.13.4.1. MAPK extraction

Plant material from six leaf discs (5 mm diameter) was frozen in liquid nitrogen and ground
together with 5 steel beads (2 mm diameter) for 2 x 1 min at 30 Hz using a MM400 tissue
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lyser (Retsch) whose adapter racks had been pre-cooled at -80°C. Proteins were extracted in
90 uL MAPK lysis buffer, mixed and centrifuged for 15 min at 15.000 rpm at 4 °C. The
supernatant (80 pL) was transferred to a fresh tube. The concentration adjusted after
determination of the protein concentration with Bradford, 6x SDS samples buffer was added,
boiled 5 min at 96°C and stored at -20 °C until use for western blot analysis.

MAPK Lysis buffer
50mM  Tris-HCIpH 7.5
200 mM  NaCl

1 mM EDTA

10mM  NaF

25mM  beta-glycerophosphate
2 mM sodium orthovanadate
10%(v/v) glycerol

0. mM  Tween-20

0.5mM DTT
1 mM PMSF
1x Plant Proteinase Inhibitor (Roche)

2.13.4.2. Immunodetection of phosphorylated MAPKSs

The immunodetection of phosphorylated MAPK was performed according to the protocol
described in Method sections 2.13.2 and 2.13.3 with the differences indicated below. The
samples were separated on a 10% SDS acrylamide gel. Blocking was done in 5% milk TBS-T
ON at 4°C. After blocking, the membrane was extensively washed with TBS-T. Incubation
with the primary antibody (a-pTpY, 1:3000) was performed at 4°C in 5% BSA TBS-T for 5-6
h. The secondary antibody (goat a-rabbit I[gG-HRP, 1:10,000) was applied for 1 h at room
temperature in 5% milk TBS-T.

2.13.5. Semi-Denaturing Detergent-Agarose Gel Electrophoresis (SDD-AGE)

The SDD-AGE was carried essentially as described in Halfmann and Lindquist, (2008). The
plant material used was prepared as described in the method section 2.10.2. 400 mg frozen
powder were mixed with 135 pL of 4 x SDD buffer. The mixture was quickly vortexed,
incubated for 5 min at room temperature, and centrifuged for 10 min at 16,000 g and room
temperature. The supernatant (~450 puL) was collected and one fraction boiled for 4 min at
95°C. 60 pL of each sample was loaded on a 1.5% agar gel (8x10 cm) containing 0.1% SDS
immersed in 1 x TAE + 0.1% SDS and ran at 30 V for several hours. After separation, the gel
was blotted in 1 x TBS onto a nitrocellulose membrane overnight at room temperature
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following the standard procedure. After blotting, the membrane was processed following the
protocol for standard immunodetection.

4X SDD buffer TBS

2X TAE

20% glycerol

8% SDS 20 mM Tris
0.008% Bromophenol blue 0.1 M NaCl
1x PI Roche (added at the last moment) pH 7.5

2% B-mercaptoethanol (added at the last

moment)

2.13.6. Tandem affinity purification (TAP) of protein complexes

The tandem affinity purification was performed as described in sections 2.2-2.4 and 3.2-3.4 of
Bigeard et al., (2014). The input plant material consisted in 35-50 g of material produced as
described in method section 2.10.2. Proteins were extracted as in Bigeard et al., (2014) using
an extraction buffer supplemented with 0.1% SDS. An aliquot of this input extract was kept
for MS analysis. The first and second affinity purification steps were performed as described.
After the last elution, the eluates were directly used for subsequent MS analysis without
precipitation.

2.13.7. Mass spectrometry (MS) analysis of A. thaliana protein extracts
2.13.7.1. Proteolytic digestion and desalting

Samples were processed using the FASP method (Wisniewski et al., 2009) as described in
detail in Hartl et al., (2015). Typically, 10-20 pg of proteins pulled down with the TAP
protocol were prepared for mass spectrometric (MS) analysis. For measurements of the
extract proteome, starting material was 50 ug protein extract. Cysteines were alkylated by
incubation with 55 mM chloroacetamide in UA buffer for 30 min at room temperature in the
dark followed by three washing steps with UA buffer. Incubation with LysC in UA buffer
(1:50 enzyme-to-protein ratio) was performed over night at room temperature. The sample
was diluted with ABC buffer (50 mM ammoniumbicarbonate) to a final urea concentration of
2 M urea. Trypsin digestion (1:100 enzyme-to-protein ratio) was performed for 4 h at room
temperature. The sample was passed through the filter by centrifugation at 14,000 g for 10
min and residual peptides eluted with 50 pl ABC. Formic acid was added to a final
concentration of 0.5%. Pulldown samples were desalted with StageTips (Empore C18, 3M) as
described in Rappsilber et al., (2007). For extract proteome analysis, peptides were desalted
and pre-fractionated prior LC-MS/MS into three fractions using the Empore
Styrenedivenylbenzene Reversed Phase Sulfonate material (SDB-RPS, 3M) as described in
detail in Kulak et al., (2014).
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2.13.7.2. LC-MS/MS data acquisition

Dried peptides were redissolved in 2% ACN, 0.1% TFA for analysis and adjusted to a final
concentration of 0.18 pg/ul. Samples were analysed using an EASY-nLC 1000 (Thermo
Fisher) coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher). Peptides were
separated on 16 cm frit-less silica emitters (New Objective, 0.75 um inner diameter), packed
in-house with reversed-phase ReproSil-Pur C18 AQ 3 pum resin (Dr. Maisch). Peptides (1 pg)
were loaded on the column and eluted for 130 min (pulldowns) or 120 min (proteomes) using
a segmented linear gradient of 0% to 95% solvent B (solvent A 5% ACN, 0.5% FA; solvent B
100% ACN, 0.5% FA) at a flow-rate of 300 nL/min (pulldowns) or 250 nL/min (proteomes).
Mass spectra were acquired in data-dependent acquisition mode with a TOP12 (pulldowns) or
TOP15 (proteomes) method. MS spectra were acquired in the Orbitrap analyser with a mass
range of 300-1750 m/z at a resolution of 70,000 FWHM and a target value of 1x10°
(pulldowns) 3x10° (proteomes) ions. Precursors were selected with an isolation window of 1.3
m/z. HCD fragmentation was performed at a normalized collision energy of 25. MS/MS
spectra were acquired with a target value of 10° ions at a resolution of 17,500 FWHM and a
fixed first mass of m/z 100. Peptides with a charge of +1, greater than 6, or with unassigned
charge state were excluded from fragmentation for MS2, dynamic exclusion for 30s prevented
repeated selection of precursors.

2.13.7.3. Data analysis

Raw data were processed wusing MaxQuant software (version 1.5.2.8,
http://www.maxquant.org/) (Cox and Mann, 2008) with label-free quantification (LFQ) and
iBAQ enabled (Cox et al., 2014). MS/MS spectra were searched by the Andromeda search
engine against the Arabidopsis TAIR10 pep 20101214 database
(ftp://ftp.arabidopsis.org/home/tair/Proteins/TAIR10 protein_lists/) supplemented with the
sequences of MLAcc-PC2 and mYFP-PC2. Sequences of 248 common contaminant proteins
and decoy sequences were automatically added during the search. Trypsin specificity was
required and a maximum of two missed cleavages allowed. Minimal peptide length was set to
seven amino acids. Carbamidomethylation of cysteine residues was set as fixed, oxidation of
methionine and protein N-terminal acetylation as variable modifications. Peptide-spectrum-
matches and proteins were retained if they were below a false discovery rate of 1%.
Subsequent quantitative statistical analyses were performed in Perseus (version 1.5.1.6,
http://www.maxquant.org/; (Cox and Mann, 2012)). Hits were only retained if they were
quantified in at least two replicates in any experimental set performed in the same
background. LFQ intensities were log>-transformed. NA values were replaced by the lowest
log> LFQ intensity (14). Log>-transformed LFQ ratios between the sample and the control
conditions were computed for each pair of sample+control which were prepared and analysed
at the same time (5 pairs in total). The average LFQ ratios were calculated from the five ratios
obtained. For each protein group, a p-value was calculated using a one-sample test (t-test
based on the comparison of the log:-transformed average LFQ ratio to 0) to assess the
statistical differences in the sample line compared to the control lines.
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2.14. Molecular biological methods

2.14.1. Isolation of genomic DNA from A. thaliana (Edwards method)

This method was used for rapid DNA isolation used as a template for PCR. A piece of leaf (5
mm diameter) was placed into a 1.5 mL microcentrifuge tube together with 5 steel beads (2
mm diameter) or into a 96-well disruption vessel containing zirconia beads, frozen into liquid
nitrogen and homogenized 2 x 1 min at 30 Hz in a MM400 tissue lyser (Retsch). 150uL of
Edwards Buffer (200 mM Tris-HCI pH 7.5, 250mM NaCl, 25 mM EDTA, 0.5% SDS) was
added to the powder. The sample was quickly vortexed and centrifuged for 15 min at 4°C and
maximum speed. 100 pL of the supernatant was mixed with 100 pL isopropanol and
centrifuged for 30 min at room temperature and maximum speed. The pellet was washed with
200 pL 70% ethanol, vortexed, and centrifuged for 10 min at room temperature and maximum
speed. The ethanol was removed and the pellet allowed to air-dry before resuspension in 50
puL TE 10:1.

2.14.2. Isolation of high molecular weight genomic DNA from A. thaliana

For application in whole genome resequencing and genome walking, 50-100 mg of leaf
material from four to six week old plants were frozen inside 1.5 mL microcentrifuge tubes in
liquid nitrogen, and ground manually with a pestle to a fine powder. DNA was extracted
either with the Nucleon PhytoPure kit (GE Healthcare) or with the DNeasy Plant Mini kit
(Qiagen) following the manufacturer instructions, including a RNAse treatment. The purified
DNA was recovered in 50 uL of TE 10:0.1 pH 8.

2.14.3. Isolation of total RNA from A. thaliana

Total RNA was prepared from 3- to 4-week old plant material. 50-100 mg of leaf material
were frozen inside 1.5 mL microcentrifuge tubes in liquid nitrogen, and ground manually with
a pestle to a fine powder. Total RNA was extracted with the Plant RNeasy kit (Qiagen)
according to the manufacturer instructions. On-column DNase treatment with the RNase-Free
DNase Set (Qiagen) was performed according to the manufacturer instructions for the
samples analysed by RNA-seq. The final RNA was eluted in 30 L. RNase-Free water.

2.14.4. Polymerase chain reaction (PCR)

Standard PCR reactions were performed using homemade 7ag DNA polymerase. For cloning
of PCR products, Pfx polymerase was used according to the manufacturer instructions. PCRs
were carried out using either a GeneAmp PCR system 9700 (PE Applied Biosystems) or a
T3000 thermocycler (Biometra).
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2.14.5. Plasmid DNA isolation from bacteria

Standard alkaline cell lysis minipreps of plasmid DNA were carried out using the Macherey-
Nagel plasmid prep kit according to the manufacturer instructions.

2.14.6. Restriction endonuclease digestion of DNA

Restriction digests were carried out according to the manufacturer instructions. Usually,
reactions prepared using 1 pL of restriction enzyme per 100 pL reaction and the digests were
conducted at the appropriate temperature for a minimum of 3 h.

2.14.7. Cloning of DNA fragments into pENTR/D-TOPO vector

All the cloning work described in this study was performed using the Gateway technology®.
After synthesis by PCR, the appropriate DNA fragments were transferred into the pENTR/D-
TOPO entry vector using the pENTR/D-TOPO cloning kit (Thermo Fisher Scientific)
according to the manufacturer instructions. 2 pL of the resulting product were used for
transformation into E. coli DH5a.

2.14.8. Site specific recombination of DNA in Gateway®-compatible vectors

LR reactions between the entry clones and the Gateway® destination vectors were performed
with the Gateway LR clonase II enzyme mix (Thermo Fisher Scientific) according to the
manufacturer instructions. 2.5 pL of the resulting product was used for transformation into E.
coli DH5a.

In case the pENTR vector and the Gateway® destination vector carried the same antibiotic
resistance marker, the pENTR was linearized using AIwNI or EcoRV restriction prior to the
LR reaction.

2.14.9. Agarose gel electrophoresis of DNA

Gels were prepared with 0.8-2.5% (w/v) Seakem® LE agarose (Cambrex, USA) in TAE
buffer and agarose was dissolved by heating in a microwave. Ethidium bromide was added to
a final concentration of 0.3 pg/mL into the gel during cooling down below 50°C. Samples
mixed with 6 x DNA loading buffer were added to the gel after solidification and run at 100
V. Separated DNA fragments were visualized on a 312 mm UV transilluminator and
photographed.
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2.14.10. Isolation of DNA fragments from agarose gel

DNA fragments were excised from a separating agarose gel with a clean razor blade and
extracted using the NucleoSpin® Gel and PCR Clean-up gel extraction kit (Macherey-Nagel)
according to the manufacturer instructions.

2.14.11. Transformation of chemically competent E. coli cells

2-2.5 pL of the cloning reaction or 10 ng of purified plasmid were added to 50 pL of
chemically competent E. coli cells. The reaction was incubated 40 min on ice, subsequently
heat-shocked for 42 s at 42 °C, and transferred to ice for 2 min. After addition of 800 uL of
SOC medium, the samples were incubated for 1-1.5 h at 37°C with shaking. The cell were
pelleted by centrifugation for 1 min at 1,500 g and plated onto selective LB agar plates.

2.14.12. Transformation of electro-competent A. tumefaciens cells

50 ng of plasmid DNA were added to 25 uL of electro-competent A. tumefaciens cells kept on
ice. The mixture was quickly transferred into an electroporation cuvette (1 mm electrode
distance). Electroporation was performed with a GenePulse Xcell™ apparatus (Biorad) set to
the standard 4. tumefaciens settings (2400 V, 25 uF, 200 Q, 1 mm cuvette). After the pulse,
the cells were quickly recovered in 1 mL YEB medium and incubated for 2 h at 28°C with
shaking before plating (~10 pnL) onto selective YEB agar plates.

2.14.13. Genome Walking

Localization of the transgene in the DEXp:MLAcc-mYFP line was performed by genome
walking using the GenomeWalker™ DNA Universal Kit (Clontech) according to the
manufacturer instructions with the primers described in the material section 1.4. The Phusion
polymerase (Thermo Fischer Scientific) was used to amplify the DNA fragments after gDNA
restriction by Stul or Dral.

2.15. Confocal laser scanning microscopy (CLSM)

Detailed analysis of intracellular fluorescence was performed by confocal laser scanning
microscopy using either a Zeiss LSM 700 or LSM780 based on an Axio Imager equipped
with an argon ion laser as excitation source (Zeiss, Jena, Germany). On the LSM700, mYFP-
tagged proteins were excited by a 488 nm laser line and specifically detected using a variable
secondary dichroic beamsplitter (MBS 405/488/55/639, DBS1 543 nm) and a BP 490-555
band pass emission filter with a Zeiss EC Plan-Neofluar 40x/1.30 oil M27 objective. On the
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LSM780, mYFP-tagged proteins were excited by a 488 nm laser line and specifically detected
using a Twin gate dichroic system (MBS 488/561, MBS InVis plate, DBS1 mirror) and a BP
506-555 band pass emission filter, with a Zeiss LD C-Apochromat 40x/1.1 water M27
objective. Images were analysed with the ZEN 2011 software (Zeiss, Jena, Germany).

2.16. Microarray data analysis

Publicly available experiments using the Affymetrix ATH1-121501 platform were obtained
from several data sources (Table S1-1). Only experiments including at least three biological
replicates were selected. The raw .cel files were downloaded, normalized with Robust Multi-
array Average (RMA) normalization as implemented in BioConductor (Gentleman et al.,
2004; Irizarry et al., 2003). Probe annotation was performed using the ath1121501ACCNUM
from the ath1121501.db annotation data. Probes with no or ambiguous annotations were
removed. For each dataset the logz-base fold changes (logoFC) of treatment versus control
were computed by fitting a linear model with the appropriate explanatory variables using the
function ImFit (R package limma). This logoFC was used for the comparative transcriptomic
analysis described in this study. When necessary, differentially expressed genes were
extracted using the R/Bioconductor package limma (Ritchie et al., 2015) with the criteria
[log2FC[>1 and FDR<0.05.

2.17. RNA-seq assay

For the RNA-seq data generated in this study, mRNA sequencing libraries were prepared with
barcoding using the TruSeq RNA Sample Preparation Kit (Illumina). The barcoded libraries
were pooled together and sequenced by Illumina HiSeq2000 or Illumina HiSeq2500. Three
biological replicates were processed and analysed by the Max Planck Genome Centre
Cologne.

2.18. RNA-seq data analysis

Raw RNA-seq data were collected from public datasets, generated for this study, or obtained
from collaborators (Table S1-1). Total reads were mapped to the 4. thaliana genome
(TAIR10) using TopHat2 (Kim et al., 2013). Counts per gene were calculated from the
mapped RNA-seq reads using HTseq-count function, apart for our previously published
358:MLAI pps dataset for which the coverageBed (bedTools suite, Quinlan and Hall, 2010)
was used. Genes with less than 100 reads within one dataset were discarded, and the log:-
transformed count data was normalized using the function voom from the R package limma
(www.r-project.org, Smyth, 2005) resulting in log> counts per million. Differential gene
expression between genotypes and/or treatments and/or times, were analysed by fitting a
linear model with the appropriate explanatory variables using the function ImFit (R package
limma). Logy-transformed fold change (log2FC) between sample and control at the same time
point were used for most of the comparative transcriptomic analysis conducted in this study.

Statistical analysis was only performed for the DEXp:MLAcc and the DEXp:MLAcc ppsdes
datasets. For this, moderated t-tests were performed over the contrasts of interests and the
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resulting p-values were corrected for multiple testing using the Benjamini-Hochberg method.
The criteria for significant differential expression were: FDR < 0.01 and |logoFC| > 1.

2.19. Promoter element enrichment analysis

Promoter element enrichment analysis was performed using several tools. MEME-Lab
(Brown et al., 2013) was used to find the eight most enriched 6-14 bp elements in promoters
of 600 bp length. Scope motif finder was used to find enriched elements in promoters of 1000
bp length, based on BEAM, PRISM, and SPACER programs
(http://genie.dartmouth.edu/scope, Carlson et al., 2007). Weeder1.4 and Weeder2 were run
under default settings to identify enriched elements in promoters of 1000 bp length (Pavesi et
al., 2006; Zambelli et al., 2014). Pscan was used to assess the enrichment of already known
transcription factor binding sites in promoters of 1000 bp length, based on the Jaspar 2016
database (Mathelier et al., 2015; Zambelli et al., 2009). The different outputs were compared
to identify motifs consistently identified by independent methods. The RSAT DNA pattern
matching tool was used to find the occurrences of the selected motifs in the gene set of
interest and in all 4. thaliana promoter sequences (TAIR10 upstream 1000 20101104.fas or
TAIR10 upstream 500 20101028.fas) (Medina-Rivera et al., 2015). The resulting
occurrence data was used to calculate the enrichment false discovery rate (FDR) by applying
a cumulative hypergeometric distribution with Benjamini-Hochberg correction for multiple
testing in R (p.hyper and p.adjust functions). WebLogo was used to draw logos of the
identified motifs (Crooks et al., 2004).

2.20. Gene ontology (GO) term enrichment analysis

The Bingo 3.0.3 plug-in (Maere et al., 2005) implemented in Cytoscape 3.2.1 (Shannon et al.,
2003) was used to analyse and visualise the GO enrichment according to the GO (ontology
file GO_Full) or GO Slim (ontology file GOSlim_plants) categorization. The enrichment was
statistically assessed by applying a hypergeometric distribution statistical testing method and
Benjamini and Hochberg FDR correction.

2.21. Heatmaps

Apart from the cases mentioned below all heatmaps were generated using the heatmap.2
function in R and hierarchical clustering was performed under default settings. Heatmaps
shown in Figure 1-10 and Figure S1-8 were generated with the heatmap.2 function where
hierarchical clustering was performed using the daisy function for calculating the Gower’s
distance, together with the complete linkage method. The heatmap shown in Figure S1-4.D
was generated using annHeatmap2 (Heatplus package, R).
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2.22. Visualization and analysis of coexpression networks

Coexpression network were generated for each gene cluster using NetworkDrawer (atted.8,
http://atted.jp) based on all mutual ranking (MR) values. The resulting networks were
imported into Cytoscape 3.2.1 for further visualization and identification of the hubs.

2.23. Comparative transcriptomic analysis

The comparative transcriptomic analysis was performed based on the logs-transformed fold
change (logoFC) expression between the sample and control at the same time point for the
datasets described in Table S1-1. For genome-wide pairwise comparison of the expression
changes, the Pearson correlation coefficient was calculated based on the log,FC of all
commonly expressed genes.

2.24. Venn Diagrams

Venn diagrams were generated using the BioVenn online tool (Hulsen et al., 2008,
http://bioinformatics.psb.ugent.be/cgi-bin/liste/Venn/)

2.25. Analysis of single nucleotide polymorphisms (SNP) in the candidate

mutants

2.25.1. Whole genome resequencing

For whole genome re-sequencing, gDNA sequencing libraries were prepared with barcoding
using the TruSeq DNA Sample Preparation Kit (Illumina). The barcoded libraries were
pooled together and sequenced by HiSeq2500 to produce 100 bp paired-end reads. The
samples were processed and analysed by the Max Planck Genome Centre Cologne. This
resulted in 23.7-46.6 million reads per sample for the individual M, mutants, 47.7-61.5
million reads per sample for the F2.BCr positive segregant bulks, and 34.0-52.6 million reads
per sample for the F2.BCt negative segregant bulks.

2.25.2. SNP mapping and analysis in the M, candidates

Read alignment and SNP calling were performed using Bowtie2 (version 2.1.0) and Samtools
(version 0.1.19). Alignment files were generated from non-uniquely mapped reads and
uniquely mapped reads to allow detailed inspection of the loci of interest with IGV Browser
(Robinson et al., 2011; Thorvaldsdéttir et al., 2013). Uniquely mapped reads were used for
SNP calling. The resulting variant files were annotated with snpEff according to TAIR10
annotation. SnpSift was used to filter the SNPs identified. First, homozygous SNPs located in
genes or at less than 100 bp upstream or downstream were extracted. Second, SNPs with no
significant effects were excluded. The resulting filtered SNP lists were further curated using a
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semi-manual method to remove background SNPs. For this, all the SNP information for all
genes carrying SNPs in more than two M» mutants was manually corrected after inspection
with the IGV Browser. The SNP lists obtained after this final filtering step were used for
further analysis.

2.25.3. SNP mapping and analysis in the F2.BCt bulks

Mapping of the MLAcc suppressor mutation was first performed using the SHOREmap
pipeline (Schneeberger et al., 2009) under standard parameters based on SHOREmap 3.0 and
SHORE 0.7.1. The sequence of an unrelated M> mutant was used as background reference. A
second mapping approach based on the comparative analysis between negative and positive
segregant bulks was also conducted (Xiangchao Gan, unpublished).
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Figure S1-1: Genomic location of the DEXp:MLAcc-mYFP transgene in line #5.1 as defined by sequencing
of the flanking regions. The location on the chromosome 1 is indicated in base pair.
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Figure S1-2: Ion leakage measure in the DEXp:MLAcc-mYFP line upon DEX treatment. Ion leakage was

measured after immersing leaf discs of 6 week old DEXp:MLAcc-mYFP plants or the Col-0 wild-type control

into a solution with 10 uM DEX or solvent control (mock) + 0.001% Silwet L-77. Error bars represent the
standard deviation from three biological replicates from one experiment.
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Figure S1-3: Cell death induction by MLAcc and MLAwmnb in A. thaliana. Leaves of plants stably expressing
the indicated construct under a DEX-inducible promoter were infiltrated with 1 uM DEX. A, Ton leakage
measurement after DEX infiltration. Average and standard deviation were calculated from at least four
independent experiments containing at least three biological replicates each. The letters on the right indicate
statistically different lines by one-way anova followed by posthoc TukeyHSD (adjusted p-value <0.01).The red
arrow indicate the earliest time where a statistically significant difference can be found between the lines
expressing a functional MLAcc and their respective control (mYFP or ppsdes). B, Dead cells staining by trypan
blue. The adaxial surface of trypan-stained leaves was imaged by bright field microscopy. Most of the stained
cells are visible in the mesophyll layer. Scale bar: 500 pm.
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Figure S1-4: Analysis of the top 3,153 differentially expressed genes upon MLAcc expression in wild-type
or ppsdes mutant background. A, Heatmap of the top 3153 (sorted by adjusted p-value) differentially regulated
MLAcc-dependent genes. 13 gene clusters were defined by cutting the dendogram at a given height and
highlighted in different colors. B, Expression pattern of the gene clusters defined in A. The average and standard
deviation were calculated from the genewise standardized log,-transformed counts per million of all genes
within each cluster. C, GO Slim term enrichment analysis (adjusted p-value <0.05). Only GO Slim terms for
biological processes are indicated. Clusters 9, 12 and 13 contain less than 40 genes, are not enriched for any GO
Slim term, and were therefore not represented here. D, Publicly available transcriptomic data were used to draw
co-expression relationships between the genes within each cluster. Genes with a higher degree of co-expression
potentially represent key regulatory hubs. Hub genes are highlighted in yellow and the corresponding gene
names are indicated in grey. Unless otherwise indicated (orange numbers), the minimal number of connections
used to define the hub genes was 5. No co-expressed genes were found within cluster 13. Hpi, hours post
infiltration. The figures presented in A. and B. were generated by Dr. Barbara Kracher.
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Figure S1-5: Expression profile of EDS1, SA and, ET/JA marker genes upon MLAcc expression in wild-
type and ppsdes mutant. Expression of marker genes for EDS1- (red), SA- (green), ET-/JA- (blue) mediated
responses was monitored by RNA-seq over time upon MLAcc expression in wild-type or in ppsdes mutant as
compared to the DEXp:mYFP line or to the ppsdes mutant, respectively, after DEX infiltration. The selected
EDS1 markers are considered to be SA-independent. The expression intensity is given in normalized log,-
transformed counts per million (cpm).
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Figure S1-6: GO term enrichment analysis in genes differentially expressed upon MLAcc expression in
wild type A. thaliana (Col-0) and ppsdes mutant background. Leaves of the indicated genotypes were
infiltrated with 1 pM DEX and analysed at different time points by RNA-seq. Go term enrichment analysis was
performed on gene sets up- or downregulated. The heatmap figures the enrichment pattern of the terms enriched
in at least one condition with FDR <10, hpi, hours post infiltration.
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Figure S1-7: Expression profile of various gene clusters after inoculation with different pathogens and
MLACcc inducible expression. When represented, the dataset from which the gene cluster was originally
identified is highlighted in yellow. The average and standard deviation were calculated from the genewise
standardized log,-transformed counts per million of all genes within each cluster. Hpi, hours after
infiltration/inoculation. Bgh, Blumeria graminis f. sp. hordei. Pst, Pseudomonas syringae pv. tomato. This figure
was generated by Dr. Barbara Kracher.
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Figure S1-8: Extended expression profile of the genes rapidly induced upon MLAcc expression in the

early response to diverse biotic, abiotic, hormone and chemical treatments. The log,FC(treatment/control)
for 478 genes out of 562 rapidly MLAcc-induced genes was plotted on a heatmap. Hierarchical clustering was
performed on the x-axis. NA, not available (expression not detected). A selected subset of the data is shown in
Figure 1-10. For a description of the datasets used, see Table S1-1.
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High ose 2% Low sucrose 0.5%

Figure S1-9: Effect of sucrose concentration and day length on the MLAcc-mediated growth phenotype.
DEXp:MLAcc-mYFP plants were grown 14 days on MS medium supplemented with 0 or 30 pM DEX and 0.5 o
2% sucrose under short day (8 h) or long day (16 h) conditions. Scale bar: 1 cm
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FJM1.516 * FJM1.515 FJM2.2885 FJM2.287

FJM1.524 ¢ FJM1.523 FJM1.502 © FJM1.501 FJM2.296 + FJM2.295
control : FJM1.525 control * FJM1.503 i FJM2.297

Figure S2-1: Pictures of four representative screening plates. A. Pictures of M» progeny grown on plates for
10 days. Red arrows, candidate suppressor mutants. Scale bar=2 cm. B. Sketch of the M, seed organisation on
the plates. Controls are either Col-0 plants or DEXp:mYFP plants. About 50 seeds were sown for each line.
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DEXnim YFP DEXp:MLAce-mYFP | .
; (JM3 parental line) | .

Figure S2-2: Pictures of the pilot screen conducted on soil. The seeds were stratified 3 days at 4°C in 0.01%
agar + 30 pM DEX, sown onto soil and sprayed at 5 dpg and 7 dpg with 30 uM DEX + 0.01% Silwet L-77. The
pictures were taken at 14 dpg. Pots with red labels are controls whereas pots with blue labels are independent
seed progeny of FIM3. Pink arrowheads, candidate suppressor mutants. Scale bar=2 cm.
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Figure S2-3: Distribution of the suppressor candidate scores. Candidate suppressor mutants with a score of at
least 3.5 were selected for further characterization. The mutant population selected represents 6.9% of the
suppressor mutants identified.
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Figure S2-4: Effect of DZNep and Zeb on transgene silencing. Pictures of transgenic A. thaliana grown for 16

days on medium containing +/- 10 pM DEX and +/- 2 pM DZNep (A) or +/- 10 uM Zeb (B). Scale bar=2 cm.
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Figure S2-5: Segregation analysis of the F2.BCr progeny. Representative examples of F2.BCr progeny of
candidate 1A and 1E grown for 16 days on agar plates with 10 uM DEX and +/- 2 uM DZNep.
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Figure S3-1: Plasmid maps of the estradiol inducible vectors used in this study. The pMDC7-GW vector
207

was modified to introduce the PC2 TAP tag as a C-terminal fusion. This new vector was called pMDC7-GW-

PC2.
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Figure S3-2: Optimization of the TAP extraction buffer composition. Leaf material from 3-4 week old plants
was sampled 16 hours after induction by immersion into 10 uM estradiol (ER) or 10 pM dexamethasone (DEX)
+0.001% Silwet L-77. Proteins were extracted with various buffers and the amount of bait protein monitored by
immunoblotting (WB). A, comparison between the efficiency of the SDS sample buffer (SSB) and the standard
TAP extraction buffer (TEB) in extracting the mYFP-PC2, the ADR1-L2¢c-PC2 or the MLAcc-PC2 proteins. B,
comparison between the efficiency of the SSB and the TEB in extracting the mYFP or the MLAcc-mYFP. C,
analysis of the MLAcc-PC2 extraction efficiency by a modified TEB containing 1% of the indicated detergent as
compared to the SSB. D, analysis of the MLAcc-PC2 extraction efficiency using a modified TEB containing
0.1% of the indicated detergent and variable SDS concentration compared to the SSB. The asterisk indicates a

non-specific signal.
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Figure S3-3: Clustering analysis of the TAP input and eluate samples. Heatmap representation of the
abundance (LFQ intensities) of each protein group in the input fractions (A) or the eluate fractions (C). X-axis,
TAP samples; y-axis, protein groups. Clustering was performed on both axes based on the log>(LFQ intensity)
distances. NaN values were replaced by 0. B, Sample clustering according to the time of preparation. All
samples were processed in a pairwise manner. The pairs used for the final analysis are marked with a red star.
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Figure S3-4: Multi scatterplot showing the correlation in protein group abundance (LFQ intensities)

between all samples of the TAP input fractions. Logx(LFQ) intensities of each protein group are plotted for all
the input samples against each other. Pairs of samples processed together are highlighted in yellow.
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SUPPLEMENTARY DATA
f the transcriptomic datasets used for comparative transcriptom

Description o

responses to NLR-mediated response, biotic/abiotic stresses, hormone/chemical treatments, and cell death

together with the MLAcc-related transcriptomic profiling. The collected datasets are related to early
response.

Table S1-1

Name Treatment Type Source D A i Data type Comparison Description
Drought_1 Abiotic stress PA GEO GSE6583 ATH1 microarray Treated vs O h Shoots of 3-week old plants exposed to air stream
H,0, Abiotic stress PA GEO GSES5530 ATH1 microarray Treated vs mock Seedlings treated with H,0,
Highlight Abiotic stress PA GEO GSE7743 ATH1 microarray Treated vs mock Seedlings exposed to high light intensity
Wounding Abiotic stress PA GEO GSE48676 ATH1 microarray Treated vs mock Wounding on 5-week old leaves
Cold Abiotic stress PA TAIR MEO00325 ATH1 microarray Treated vs mock Shoots of 2.5-week old plants exposed to cold
Drought_2 Abiotic stress PA TAIR MEO00338 ATH1 microarray Treated vs mock Shoots of 2.5-week old plants exposed for 15 min to air stream.
uve Abiotic stress PA TAIR ME00329 ATH1 microarray Treated vs mock Shoots of 2.5-week old plants exposed to UV-B
IRgamma Cell death inducer ~ PA GEO GSE61484 ATH1 microarray Treated vs mock Seedlings treated with gamma irradiation
Syringolin_mildew Cell death inducer ~ PA ArrayExpress E-MEXP-739  ATH1 microarray Treated vs mock Shoots of 2-week old plants inoculated with powdery mildew treated with syringolin
Syringolin Cell death inducer ~ PA ArrayExpress E-MEXP-739  ATH1 microarray Treated vs mock Shoots of 2-week old plants treated with syringolin
PQ Cell death inducer ~ PA ArrayExpress E-ATMX-28 ATH1 microarray Treated vs mock Shoots of 2-week old plants treated with paraquat
RB Cell death inducer ~ PA GEO GSE43551 ATH1 microarray Treated vs mock Cell culture treated with rose bengal
DEXp:MLA cc MLAcc expression  This study RNA-seq MLAcc vs mYFP line Leaves of 4-week old plants infiltrated with dexamethasone
DEXp:MLA ¢c ppsdes MLAcc expression  This study RNA-seq MLAcc ppsdes vs ppsdes line Leaves of 4-week old plants infiltrated with dexamethasone
Pst AvrRpt2 Biotic stress This study* RNA-seq Avirulent strain vs virulent strain Leaves of 4 -week old plants, inoculated with Pst DC3000 AvrRpt2
Pst AvrRpm1 Biotic stress This study* RNA-seq Avirulent strain vs virulent strain Leaves of 4 -week old plants, inoculated with Pst DC3000 AvrRpm1
Pst Biotic stress This study* RNA-seq Virulent strain vs mock Leaves of 4 -week old plants, inoculated with Pst DC3000
deps, Pst AvrRpt2 Biotic stress This study* RNA-seq Avirulent strain vs virulent strain Leaves of 4 -week old deps plants, inoculated with Pst DC3000 AvrRpt2
deps, Pst AvrRpm1 Biotic stress This study* RNA-seq Avirulent strain vs virulent strain Leaves of 4 -week old deps plants, inoculated with Pst DC3000 AvrRpm1
35S:MLA1 pps, Bgh K1 Biotic stress PA GEO GSE39463 RNA-seq Avirulent strain vs virulent strain Leaves of 4-week old MLA1 pps plants inoculated with Bgh K1 (AvrMLA1)
35S:MLA1 ppsdes, Bgh K1 Biotic stress This study® RNA-seq Avirulent strain vs virulent strain Leaf epidermis of 4-week old MLA1 ppsdes plants inoculated with Bgh K1 (AvrMLA1)
Pst AvrRps4 Biotic stress PA NCBI SRA SRP010938 RNA-seq Avirulent strain vs virulent strain Leaves of 6-week old plants inoculated with Pst AvrRPS4
35S:RPS4 Biotic stress This studyt RNA-seq 35S:RPS4 vs WT Leaves of 3.5-week old plants grown at 28°C, shifted to 19°C
ABA Hormone PA GEO GSE39384 ATH1 microarray Treated vs mock Seedlings treated with abscisic acid
IAA Hormone PA GEO GSE39384 ATH1 microarray Treated vs mock Seedlings treated with auxin
Zea Hormone PA GEO GSE39384 ATH1 microarray Treated vs mock Seedlings treated with zeatin (cytokinin)
GA Hormone PA GEO GSE39384 ATH1 microarray Treated vs mock Seedlings treated with gibberelic acid
MJ_1 Hormone PA GEO GSE39384 ATH1 microarray Treated vs mock Seedlings treated with methyl jasmonate
ACC Hormone PA GEO GSE39384 ATH1 microarray Treated vs mock Seedlings treated with the ethylene precursor ACC
BL Hormone PA GEO GSE39384 ATH1 microarray Treated vs mock Seedlings treated with brassinolide
SA Hormone PA GEO GSE39385 ATH1 microarray Treated vs mock Seedlings treated with salicylic acid
MJ_2 Hormone PA ArrayExpress E-ATMX-13 ATH1 microarray Treated vs mock Cell culture treated with methyl jasmonate
Hexenal Hormone PA GEO GSE53957 ATH1 microarray Treated vs mock Leaves of 3-week old plants treated with hexenal
Pep2 DAMP PA GEO GSE40354 ATH1 microarray WT vs pepr1 pepr2 Seedlings treated with Pep2
it PAMP PA GEO GSE2538 ATH1 microarray Treated vs mock Seedlings treated with crab shell chitin
Chitin Octamer PAMP PA GEO GSE2538 ATH1 microarray Treated vs mock Seedlings treated with chitin octamer
Fig22 leaf PAMP PA GEO GSE5615 ATH1 microarray Treated vs mock Leaves of 5-week old plants treated with FIg22
HrpZ PAMP PA GEO GSE5615 ATH1 microarray Treated vs mock Leaves of 5-week old plants treated with HrpZ
LPS PAMP PA GEO GSE5615 ATH1 microarray Treated vs mock Leaves of 5-week old plants treated with LPS
NPP1 PAMP PA GEO GSE5615 ATH1 microarray Treated vs mock Leaves of 5-week old plants treated with NPP1
Flg22 protoplasts PAMP PA GEO GSE16472 ATH1 microarray Treatedvs O h Mesophyll protoplasts treated with Flg22
Flg22 seedlings (2) PAMP PA GEO GSE17382 ATH1 microarray Treatedvs O h Seedlings treated with Flg22
Flg22 seedlings (1) PAMP This study* RNA-seq Treated vs mock Seedlings treated with Flg22
CHX_3h Cycloheximide PA GEO GSE39385 ATH1 microarray Treated vs mock Seedlings treated with cycloheximide
CHX_4h Cycloheximide PA GEO GSE911 ATH1 microarray Treated vs mock Seedlings treated with cycloheximide

*data obtained from Tsuda et al. (unpublished)
*data obtained from Maekawa et al. (unpublished)
tdata obtained from Baufumé et al. (unpublished)
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Table S2-1: List of loci selected for the targeted analysis of the 21 M: candidate mutants sequenced

Gene ID Category Gene Name Gene 10 Category Gene Name Gene iD Category Gene Name
AT5G52640 Required for R-gene function HSPS0.1 AT4G37260 T MYBT3 AT1G66090 TN
AT5G56030 Required for R-gene function HSP0.2 AT4G38500 L3 bZIP29 AT1G69550 L
AT5GS6010 Required for R-gene function H§PO0 3 AT4GI8070 T ATIGT2840 ™
AT5GS6000 Required for R-gene function HSP90.4 AT5GO3680 TF PTL AT1GT2850 TNL
ATSGS1700 Required for R-gene function RAR1 ATSGO5550 TF AT1GT2860 TNL
AT4G23570 Required for R-gene function SGTIA ATSGOT680 T ANACOTS AT1GT2870 TNL
AT4G112680 Required for R-gene function seT1B AT5G10280 " MYBOZ AT1G72890 ™
AT1G74710 Required for R-gene function SID2 AT5G18270 TF ANACO87 AT1G72900 THL
AT3G20600 Required for R-gene function NDR1 AT5G22290 TF ANAGO89 AT1GT2010 TNL
AT3G07040 Required for R-gene function RPM1 AT5G26950 L AGLG3 ATIGT2820 L
ATZG13810 Required for R-gene function ALD1 ATSG2T130 b AGL39 ATIGT2030 TN ™0
AT1G19250 Required for R-gene function FMO1 AT5G38800 " bzIP43 AT1G72940 ™
AT1G64280 Required for R-gene function NPR1 AT5G42520 L3 BPCE AT1GT2950 L
ATSG45110 Required for R-gene function NPR3 AT5G44190 L GLKz AT2G03030 THL
AT4G19680 Required for R-gene function NPRY AT5G46760 L BHLHO05 AT2G03300 THL
AT1G33560 Required for R-gene function ADR1 AT5GATE60 T AT2G14080 TNL
AT4G33300 Required for R-gene function ADR1-L1 AT5G49330 TF MYB111 AT2G16870 TNL
ATSGO4720 Required for R-gene function ADR1-L2 AT5G53950 T cucz AT2G17050 L
ATIG48090 Required for R-gene function E0s1 AT: T BHLH105 AT2G17055 ™
AT3G48080 Required for R-gene function EDS1 paralog AT5GE4TS0 L ABR1 AT2G17060 ™
AT3G52430 Required for R-gene function PAD4 AT5GGT300 TF MYB44 AT2G20142 ThNL
AT5G14930 Required for R-gene function SAGI01 AT5G41030 " TcPe AT2G32140 L
AT4G 16890 Required for R-gene function £ AT5G23280 T Tepr AT3G04210 L
ATIGO2170 Required for R-gene function [ AT1G58100 A3 Tcps AT3G04220 ™
AT4G25110 Required for R-gene function MC2 AT2G45680 A TcPY AT3IG25510 ™
AT5G64240 Required for R-gene function MC3 AT2G37000 T TCP11 AT3G44400 THL
ATIGT9340 Required for R-gene function MC4 ATIGATE20 * TP ATIGH4480 ™ RPP1
ATIGT9330 Required for R-gene function Mes AT1GA9690 A TCP15 ATIG44630 THL
ATIG79320 Required for R-gene function Mo8 AT3G45150 A3 Tce1e AT3G44670 ™
ATiG78310 Required for R-gene function Mc? AT5GS1910 A TCP1g ATIGS51560 ™
AT1G16420 Required for R-gene function Mc8 AT3G27010 T* TCP20 AT3G51570 L
AT5G04200 Required for R-gene functon MCY AT5G08330 * et AT4GD4110 L
AT1G32540 Required for R-gene function Lot ATIGT2010 A TCP22 AT4GO8450 THL
AT3G13682 Required for R-gene function LoL2 AT1G35560 R TCP23 AT4G09420 TNL
AT4G18310 Required for R-gene function LoLs AT1GET260 A3 TeP AT4G09430 T
AT4G20380 Required for R-gene function LsD1 AT4G18390 T P2 AT4G11170 THL RWMG1
AT4G21610 Required for R-gene function o2 AT1GE3230 L TeP3 AT4G11340 THL
AT4G15410 Required for R-gene function DND1 AT3G15030 b TcP4 AT4G12010 THL
AT5G54250 Required for R-gene function DND2 AT5GB0970 T TCPS AT4G12020 TNL WRKY19
AT4G37480 Required for R-gene function SRFR1 AT1GE8800 L3 ToPi2 AT4G14370 L
AT4G30480 Required for R-gene function PRI ATIGO2150 T ToP13 AT4G16860 ™ RPP4
AT1GE9170 Required for R-gene function SPLE AT2G31070 TF TCP10 AT4G16890 TNL SNC1
AT5G46350 Required for R-gene function WRKY8 AT5G08OT0 T* TeP? AT4G16900 L
AT4G31800 Required for R-gene function WRKY18 AT3G18550 T TCP18 AT4G16920 TNL
AT1G80840 Required for R-gene function 'WRKY40 AT1G30210 TF TCP24 AT4G16930 TNL
AT4G18170 Required for R-gene function WRKY28 AT1G10920 oNL Lovt AT4G16940 ™
AT5G49520 Required for R-gene function WRKY48 ATIG1Z210 ohL RFLY AT4G16850 ™ RPPS
AT5G04870 Required for R-gene function CPK1 AT1G12220 =8 RPS5 AT4G16960 THL
AT3G10680 Required for R-gene function CPK2 AT1G12280 CNL SUMM2 AT4G16990 THL ALM3.
AT4G0SST0 Requred for R-gene functon cPKa AT1G12290 CNL AT4G19500 ™
AT4GISI0 Required for R-gene function CPKS AT1G15890 oNL AT4G19500 ™
AT2G17200 Required for R-gene function CPKE AT1G33560 onL ADRY AT4G19510 L
AT1G35670 Required for R-gene function CPK11 AT1G50180 CNL AT4G19520 THL
AT5G23080 Required for R-gene function GCAS AT1GS1480 CNL RsG1 AT4G19530 TN
AT4G31300 Required for R-gene function PBA1 AT1G52660 CNL AT4G19910 L
AT3G43300 Required for R-gene function MIN? AT1G53350 GNL AT4G19920 TNL
AT1G32970 Required for R-gene function 88732 AT1GS8390 CNL AT4G19925 TNL
AT1G32080 Required for R-gene function 88733 AT1G58400 CNL AT4G23510 TNL
AT1G32050 Required for R-gene function 58734 AT1G58410 CNL AT4G23510 TNL
AT1G32940 Required for R-gene function SBT35 AT1G58602 CNL AT4G23515 TNL
AT2G39940 Required for R-gene function coin AT1GS8807 GNL AT4G36140 TN
ATIG06040 T sTo AT1G59124 oNL AT4G36140 L
ATIGOGO70 TF bZIP8Y AT1GS9218 oNL AT4G36150 ™
AT1G0GB50 T bZIP52 AT1G59620 oNL cwe AT5G11250 ™
ATIG1510 TF AT1GS9780 eNL AT5G17880 THL
ATIG14920 T RGAZ, GAI AT1G81180 eNL AT5G17880 N csal
AT1G25440 TF cOoL16 AT1G61190 CNL RPP39 AT5G17890 TNL DAR4
AT1G28300 TF LEC2 AT1GB1300 oNL ATSG17970 L
AT1G28520 T vozt ATIGE1310 oNL AT5G18350 L
AT1G30210 TF TCP2 AT1G62630 oL AT5G18360 THL
ATIG31320 T L84 AT1GE3350 chL AT5G18370 THL
ATIGI2640 " mycz AT1GE3380 eNL AT5G22600 N
ATIG43700 T VPl AT3GOT040 oNL RPM1 AT5G36930 L
ATIG46408 TE AGLOT AT3G14480 oNL AT5G38340 ™
ATIGATBI0 TF E2FC ATIG14470 oL AT5G38384 THL
ATIG48150 TF ATIG15T00 oL AT5G38850 L
ATIG49130 T coLs AT3G48530 CNL RPP13 AT5G38850 THL
AT1GS51070 TF bHLH115 AT3G46T10 CNL AT5G40090 TNL CHL1
AT1G51140 TF bHLH122 AT3G46730 CNL AT5G40100 TNL
AT1G53230 i TCP3 AT3G50850 CNL ZAR1 AT5G40910 TNL
ATIGS310 T RAP212 AT4G10780 oNL AT5GH1540 L
AT1G68520 " coLs AT4G14810 oNL AT5G41550 N
AT1G73870 TF coLr AT4G 19060 CNL ATSG41740 TNL
AT1G74660 TF MIF1 AT4G26090 CNL RPS2 AT5G41750 TNL
ATIGT6870 TF AT4G2T190 onL AT5G44510 ™ TAO
AT2G01570 T RGA1 AT4G27220 CNL AT5G44870 TNL LAZS
AT2603470 T AT4GI3300 oNL ADRILY AT5G44900 THL
AT2G18550 TF HB21 ATSG4T20 oNL ADRIL2 AT5G44910 ™
AT2G20570 TF GLK1 AT5G05400 CNL AT5G44920 TNL TIK
AT2621230 TF bZIP30 ATSGI5450 onL AT5G45000 ™
AT2G22430 T HBS ATSGA3470 CNL RPPB AT5G45000 TNL WRKY16
AT2622770 T NAIT ATSGA3730 eNL RsG2 ATSG45050 THL
AT2G23200 " MYB70 ATSG43740 = AT5G45060 THL PR2.AB
AT2624430 T ANACO39 AT5GA5440 oL AT5G45070 L PP2AR
AT2G25650 TF AT5GA5490 CNL AT5G45080 TNL PP2-AT
AT2G26150 L HSFA2 AT5G47250 CNL AT5G45090 TNL
AT2G31380 i STH AT5G4T260 CNL AT5G45200 THL
AT2G36340 T AT5G48620 CNL AT5G45210 THL
AT2G40340 i AT5G63020 CNL AT5G45220 THL
AT2640470 T L8015 AT5GE6630 oNL DARS AT5G45220 L
AT2G40620 T b2IP18 AT5GE8900 oNL AT5G45230 ™
AT2642280 T BHLH130 AT5GE6R10 oL AT5G45240 THL
AT2G42400 T voz2 AT1G09E65 TNL AT5G45250 TNL RPS4.
AT2G47480 i mYB12 AT1G17600 THL AT5G45260 THL RRS1
AT3G01470 T HB-1 ATIGITB10 T cHs1 AT5G46260 L
ATIG03450 T RGL2 ATIGIT615 ™ AT5G46270 ™
AT3B11100 T AT1G27170 TNL ATSG46450 TNL
ATIG14230 TF RAP22 AT1G27180 ™ AT5G46470 ™ RPSE
AT3G15170 T cuct AT1G31540 THL AT5G46490 L
AT3GI6770 T RAP203 ATIGAT3T0 ™ AT5G46510 ™™ viGTL
AT3G19860 T bHLH121 AT1GS1270 ™ AT5G46520 ™ VICTR
ATIG22830 T ATHSFAGE AT1G52900 ™ ATSG48T70 ™
ATIGZI210 TF BHLHO34 ATIGS6510 ™ ADR2 AT5G48780 ™
ATIG26790 TE Fus3 AT1G58520 L AT5G48780 L
AT3G57E00 T BHLHIB0 ATIGEE540 ™ AT5G49140 L
AT3G58630 i AT1G57630 THL AT5G49140 THL
AT3GE1630 Ll CRF6 AT1GS57670 TNL AT5GS51630 TNL
ATIGE2610 TF MYBii ATIG57830 ™ AT5GS8120 ™
AT4G00250 T AT1G57850 ™
AT4GO0270 i AT1G60320 TNL
AT4G00360 i AT1GE1105 THL
AT4G09180 T DHLHOB1 AT1GEITI0 THL
AT4G11660 TF HSFB28 AT1GB3IT40 TNL
AT4G14410 T DHLH104 ATIGE3750 L
AT4G18450 " AT1GEI860 ™
AT4G27950 T CRF4 AT1GE38T0 THL
AT4G28530 TF ANACO74 AT1GB3880 TNL
AT4G34680 TF AT1GB40T0 TNL RLM1
AT4GIET40 TF HB-5 AT1GB5390 TNL PP2-AS
AT1GESESD ™

214



SUPPLEMENTARY DATA

lated by the targeted (A) and the untargeted (B) analysis in the 21 M2 suppressor

mutants sequencedSPLICE, splice site change; S GAIN, start gained; Up, upstream (100 bp max.); Down,

iso
downstream (100 bp max.); TE, transposable element.

SNPs

Table S2-2

A
Gene Name
SGT1A
SGT1B
SiD2
RPM1
NPR4
PAD4
MC3
LsSD1
LoLz
CPK6

B

Gene Name
MDN1
SEC
unknown
bZIP69
ABO4
unknown
MAP4Ka1
HAC4
PDR11
ERDL6
unknown
Scc3
MBD9
ERD6-L12
unknown
DFC
CHR13
IDM1
GRF8
unknown
unknown
AGD1
unknown
0OSA1

TE

TE

TE

Gene ID

AT4G23570
AT4G11260
AT1G74710
AT3G07040
AT4G19660
AT3G52430
AT5G64240
AT4G20380
AT4G21610
AT2G17290

Gene ID
AT1G67120
AT3G04240
AT1G03560
AT1G0B070
AT1G08260
AT1G48090
AT1G53165
AT1G55970
AT1G66950
AT1G75220
AT2G11010
AT2G4T7980
AT3G01460
AT3G05400
AT3G07750
AT3G10160
AT3G12810
AT3G14980
AT4G24150
AT4G30990
AT4G39420
AT5G61980
AT5G63220
AT5G64940
(AT1G46624)
(AT2G14040)
(AT5G34854)

Candidate mutants
1A 1B 1C 1D 1E 2B 2C 2D 2E 2F 2G 2H 21 2J 2K 2L 3A 3B 3C 3D
Ll Lo
E121K
Intron
F520L
A434T
SUTR wasz
Up,
Down
D1Z7N
E183K
Candidate mutants
1A 1B 1C 1D 1E 2B 2C 2D 2E 2F 26 2H 21 2J 2K 2L 3A 3B 3C 3D
AJSBIV intron GHEE intron
S_GAIN Intron intron Re39C
G42TE down down
intron intron IUTR
intron intron PBSS.
intron R3772C o431
RS9TH up G156G.
S194F L1402F° Intronx2
R2TK E268K
up SUTR IUTR
intron intron P33OL
intron intron SPLICE
Qi74r w583 intron
intron intron Down
FUTR SUTR IUTR
intron intron Down
W1674" up ASEOT M15671
w0 intron AMEV
intron 169l intron
intron SPLICE intron
isnTan i o]
intron D51N P348L
SPLICE w81l intron
ES65K ASBIT intron
G548S 871 w221
$1088F S180F $10120
GB3E EITK Teg4l

Total

~

R T

Total

IS

WL W W W W WWW DWW WL W W W WWWW W W
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intervals for the candidate mutants 1A, 2B and

hange

ing

dentified in the candidate mappi

ions i
homozygous, HZ

Table S2-3: Mutat

2HHOM

ice site ¢

=spli

heterozygous, SSC

Candidate Gene Allele frequency Type WT codon Mutant codon Genotype M,  Gene Description
1A AT1G63680 0.63 Nonsyn \% M HZ MURE, PDE316, APG13. Encodes AtMurE, a homolog of the bacterial MurE.
AT1G66880 0.67 Nonsyn S N HZ  Protein kinase superfamily protein
AT1G67210 0.69 5'UTR HZ Proline-rich spli i (PSP) family protein / zinc knuckle (CCHC-type) family protein
AT1G68150 0.69 Nonsyn D N HZ WRKY9. Member of WRKY Transcription Factor; Group II-b
AT1G69325 0.79 Nonsyn D N HZ Remorin family protein
AT1G73310 0.69 Nonsyn S L HZ scpl4. Serine carboxypeptidase-like 4
AT1G74380 0.67 Nonsyn R Q HZ XXT5. Xyloglucan xylosyltransferase 5
AT1G80310 0.59 Nonsyn G R HZ MOT2. Encodes a molybdate transporter which locates to the vacuolar membrane.
AT1G80680 0.58 Nonsyn A T HZ SAR3, NUP96, PRE, MOS3. Required for the activation of di defense p: ys by the snc1 mutation.
AT5G33290 0.56 Nonsyn Q * HOM XGD1. Acts as a xylogalacturonan xylosyltransferase within the XGA biosynthesis pathway.
AT5G40210 0.64 Nonsyn G R HOM Nod MtN21-like transporter family protein
AT5G53410 0.64 Nonsyn R W HOM Unknown protein
2B AT1G53430 0.61 Nonsyn G D HOM Leuci ich repeat protein kinase
AT1G53700 0.65 Nonsyn D N HOM WAGH1, PK3AT. Protein-serine/threonine kinase.
AT1G55500 0.63 5'UTR HOM conserved C-terminal region 4.
AT1G63057 0.75 Nonsyn M I HOM
AT1G63220 0.59 SsC HOM Calcium-dependent lipid-binding (CaLB domain) family protein
AT1G64300 0.73 Nonsyn G D HOM Protein kinase family protein
AT1G65580 0.71 Nonsyn T I HOM FRA3. Functions in inositol or phosphatidylinositol phosphatase activity.
AT1G67760 0.73 5'UTR HOM TCP-1/cpn60 chaperonin family protein
AT1G68060 0.69 Nonsyn S F HOM MAP70-1. Encodes a microtubule: associated protein.
AT1G71980 0.68 Nonsyn L F HZ Protease-associated (PA) RING/U-box zinc finger family protein
AT1G73670 0.7 Nonsyn A Vv HZ MPK15. Member of MAP Kinase
AT3G03560 0.67 Nonsyn R K HOM unknown protein
AT3G04980 0.66 Nonsyn w * HOM DNAJ heat shock N-terminal domain-containing protein
AT3G05155 0.66 Nonsyn P L HOM Major facilitator superfamily protein
AT3G07060 0.65 Nonsyn A \ HOM Emb1974. Embryo defective 1974
AT3G10040 0.65 5'UTR HOM sequence-specific DNA binding transcription factors
AT3G11420 0.72 Nonsyn E K HZ Protein of unknown function (DUF604)
AT3G12955 0.4 5'UTR HZ? SAUR-like auxin-responsive protein family
AT3G13440 0.69 5'UTR HZ  S-adenosyl-L-methionine-dependent methyltransferases superfamily protein
AT3G14225 0.64 Nonsyn R * HZ GLIP4. Contains lipase signature motif and GDSL domain.
AT5G02820 0.58 Nonsyn R Q HZ RHL2, BINS
AT5G07740 0.63 Nonsyn P S HOM  Actin binding
AT5G15740 0.57 Nonsyn A \ HOM O-fucosyltransferase family protein
AT5G19990 0.55 Nonsyn G S HOM RPT6a. 26S proteasome AAA-ATPase subunit
AT5G20410 0.58 Nonsyn A T HOM MGD2. Encodes a type B monogalactosyldiacylglycerol (MGDG) synthase.
AT5G20450 0.57 5'UTR HOM Unknown protein
AT5G21160 0.59 Nonsyn P L HOM LA RNA-binding protein
AT5G22350 0.57 Nonsyn R C HOM ELM1. ELONGATED MITOCHONDRIA 1
AT5G22940 0.58 Nonsyn E K HOM F8H. Homolog of FRA8 (AT2G28110), a member of a member of glycosyltransferase family 47
AT5G23860 0.57 Nonsyn A T HOM  TUBS. Beta-tubuli
2H AT1G52080 0.65 Nonsyn E K HOM  ARF791. Unknown function
AT1G52410 0.64 SsC HOM TSA1. TSK-ASSOCIATING PROTEIN 1. Contains a novel calcium-binding repeat sequence.
AT1G53300 0.59 Nonsyn D N HOM TTL1. TETRATRICOPEPTIDE-REPEAT THIOREDOXIN-LIKE 1.
AT1G53990 0.54 Nonsyn G D HOM GLIP3.GDSL-MOTIF LIPASE 3. Contains lipase signature motif and GDSL domain.
AT1G56410 0.56 Nonsyn G R HOM ERD2, EARLY-RESPONSIVE TO DEHYDRATION 2, HSP70T-1.
AT1G60380 0.58 Nonsyn Q * HOM NAC (No Apical Meristem) domain transcriptional regulator superfamily protein
AT1G63170 0.6 Nonsyn R Q HOM Zinc finger, C3HC4 type (RING finger) family protein
AT1G66740 0.66 Nonsyn R K HZ  SGA2, ASF1A, SP7.
AT1G67920 0.65 5'UTR HZ unknown protein
AT1G68510 0.6 Nonsyn R H HZ LBD42. LOB domain-containing protein
AT1G69570 0.65 Nonsyn S F HZ Dof-type zinc finger DNA-binding family protein
AT1G71370 0.63 Nonsyn Q * HZ DEA(D/H)-box RNA helicase family protein
AT1G71691 0.66 5'UTR HZ GDSL-like Lipase/Acylhydrolase superfamily protein
AT1G74360 0.51 Nonsyn w * HZ Leucine-rich repeat protein kinase family protein
AT1G76970 0.62 Nonsyn S E HZ Target of Myb protein 1
AT1G77330 0.63 Nonsyn P S HZ imilar to 1-aminocyclopropane-1-carboxylate oxidase GI:3386565 from (Sorghum bicolor)
AT3G02840 0.68 Nonsyn \Y I HOM  ARM repeat superfamily protein
AT3G03130 0.6 Nonsyn Q * HOM unknown protein
AT3G06410 0.6 Nonsyn T I HOM Zinc finger C-x8-C-x5-C-x3-H type family protein
AT3G06450 0.68 Nonsyn A \ HOM HCO3- transporter family
AT3G07660 0.6 Nonsyn P S HOM Kinase-related protein of unknown function (DUF 1296)
AT3G12955 0.5 5'UTR HZ? SAUR-like auxin-responsive protein family

216



SUPPLEMENTARY DATA

Table S3-1: Top 16 differentially expressed protein groups (DEPGs) in lines expressing MLAcc-PC2
compared to lines expressing mYFP-PC2.

log2(LFQ  -logqo(t-test

Protein IDs Name Pep. MLAc/mYFP) p-value) Brief description

AVRRPT2-INDUCED GENE 1, P-loop containing
AT1G33960 AIG1 3 7.88 1.23 nucleoside triphosphate hydrolase
AT3G60420 5 7.34 1.21 Phosphoglycerate mutase family protein
AT2G26400 ARD3 5 7.19 1.36 acireductone dioxygenase 3
ATCGO00790; RPL16;
AT2G28830 PUB12 2 7.01 1.15 ribosomal protein L16; PLANT U-BOX 12
AT5G49570 PNG1 1 6.70 1.30 peptide-N-glycanase 1
AT2G04540 1 6.15 1.15 Beta-ketoacyl synthase
AT5G05460; ENGase85A,; Endo-beta-N-acetyglucosaminidase 85A; Endo-
AT3G11040 ENGase85B 2 6.11 1.19 beta-N-acetyglucosaminidase 85B
AT3G12915 15 6.04 0.78 Ribosomal protein S5/Elongation factor G/I11/V
AT4G36800 RCE1 1 5.90 1.18 RUB1 conjugating enzyme 1
AT5G65910 3 5.71 0.71 BSD domain-containing protein
AT2G43950 OEP37 3 5.25 1.19 Chloroplast outer envelope protein 37
AT2G25210; Ribosomal protein L39 family protein; Ribosomal
AT4G31985 1 5.19 1.00 protein L39 family protein

Subunits of heterodimeric actin filament capping
AT3G05520 CPA 5 -1.73 1.31 protein Capz superfamily
AT1G10200 WLIM1 6 -6.47 1.23 GATA type zinc finger transcription factor
AT3G01850 1 -6.47 1.28 Aldolase-type TIM barrel family protein
AT2G16700 ADF5 1 -7.98 1.24  Actin depolymerizing factor 5

The DEPGs were selected based on their relative enrichment (average fold change to control) and the p-value
thereof (volcano plot, Figure 3-6). The values given for the MLAcc/mYFP ratios are log2-transformed protein
intensities (LFQ). NaN values were replaced by 14. Pep, number of peptides identified.

Table S3-2: Comparison of proteomic and transcriptomic data. Examples of genes/proteins following
similar regulation in both proteomic and transcriptomic dataset upon chemically-inducible MLAcc expression.
FC, fold change relative to the negative control at the same time point.

Proteomic Transcriptomic data (log2FC)
data

Description log2FC 2 hpi 4 hpi 6 hpi
AT1G33960 AIG1 AvrRPT2-INDUCED GENE 1 7.88 7.845 1.90 10.62 9.77 9.09
AT3G60420 Phosphoglycerate mutase family protein 7.34 5.1 3.26 5.91 6.09 5.14
AT2G26400 ARD3 acireductone dioxygenase 3 7.19 8.455 -0.29 9.14 12.95 12.02
AT1G32940 SBT3.5 Subtilase family protein 5.02 3.7625 0.09 4.84 4.84 5.28
AT5G22300  NIT4 nitrilase 4 4.97 2.9775 -0.68 3.85 3.73 5.01
AT5G06320  NHL3 NDR1/HIN1-like 3 4.62 3.94 2.65 4.59 4.48 4.04
AT3G01830 Calcium-binding EF-hand family protein 4.52 6.8875 4.27 6.55 8.14 8.59
AT2G24850  TAT3 tyrosine aminotransferase 3 4.51 9.19 6.21 7.90 11.22 11.43
AT1G30700 FAD-binding Berberine family protein 4.31 3.6575 2.37 3.21 2.85 6.20
AT1G61820 BGLU46 beta glucosidase 46 4.15 4.0875 1.78 6.70 2.94 4.93
AT1G59950 NAD(P)-linked oxidoreductase protein 3.92 6.505 3.97 7.85 6.25 7.95
AT3G21230 4CL5 4-coumarate:CoA ligase 5 3.30 5.575 2.87 7.30 5.10 7.03
AT2G29350 SAG13  senescence-associated gene 13 3.09 7.3275 1.69 7.04 10.32 10.26
AT1G14700 PAP3 purple acid phosphatase 3 -2.83  -2.8025 -0.50 -4.32 -1.91 -4.48
AT2G22980  SCPL13 serine carboxypeptidase-like 13 -3.15 -2.875 -1.04 -4.50 -1.85 -4.11
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Table S3-3: Protein abundance of the 9 ML Acc candidate interactors. Only the replicates included in the
quantitative analysis are indicated. The abundance is indicated as a log2-transformed label free quantification
(LFQ) intensity.

Log.(LFQ intensity) in pull downs

MLAcc-
MLAcc-PC2 mYFP-PC2 mYFP MLAccL36E-PC2
ID rep2 rep3 rep4 rep5 rep6 rep2 rep3 rep4d rep3 rep3
AT1G79600 | 18.75  18.53 nd 19.24 19.35 nd nd n.d n.d nd
AT5G54640 | 20.90  21.09 20.83 20.33 2049 | 2143 2055 nd n.d nd
AT5G11420 | 20.03  20.70 20.09 20.06 20.00 | 20.27 2096 nd n.d nd
AT5G45190 | 19.76  20.35 20.21 19.21 18.83 | 20.57 2025 nd n.d nd
AT2G22400 | 18.51 18.61 18.59 19.41 18.98 | 18,57 1936 nd n.d nd
AT5G51750 | 18.52  22.26 23.56 19.68 19.75 nd 2221 19.45 20.76 17.85
AT2G26560 | 23.90 23.73 22.60 23.77 2292 | 21.76 2157 22.02 22.18 22.98
AT3G48090 | 22.66  22.18 nd 20.51 20.74 | 21.21 21.04 20.16 n.d 18.18
AT2G19800 | 23.22  23.82 23.62 22.81 2249 | 2193 2365 21.71 21.16 22.19

n.d, not detected

Table S3-4: Co-expression degree between the candidates. The co-expression analysis was performed by
EdgeAnnotation (atted.jp). Only the ten pairs with highest MR (mutual ranking) values are displayed. MR values
lower than 1,000 are indicated in black bold.

MR values
Name Name

Locus1 locus1 Locus2 locus2 all tissue abiotic biotic hormone light
At2g26560 PLP2 At3g48090 EDS1 661 899 485
At5g45190  Cyclin At5g54640 RATS 339 910

subtilase
At2g22400 At5g51750 1.3 991
At5g11420 At1g79600
At3g48090 EDS1 At5g11420 966
At2g26560 PLP2 At1g79600
At2g22400 At5g11420

subtilase
At5g11420 DUF642 At5g51750 1.3 421
At2g19800 MIOX2 At5g54640 RATS 345
At2g19800 MIOX2 At2g26560 PLP2

Table S3-5: Ortholog search for the nine MLAcc candidate interactors in Phytozome v10.3. The analysis is
based on 36 high quality plant genomes representing all major plant taxa.

Number of orthologs/paralogs in

Number of orthologs/paralogs in

Highest a.a sequence similarity
with Brachypodium distachyon

ID viridiplantae grasses orthologs/paralogs
AT1G79600 649 56 70.5%
AT5G54640 696 118 83.1%
AT5G11420 350 84 75.4%
AT5G45190 318 54 41.5%
AT2G22400 81 14 68.3%
AT5G51750 1177 9 73.8%
AT2G26560 415 66 75.2%
AT3G48090 227 15 50.6%
AT2G19800 135 7 80.8%

n.d, not detected.
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Résumé : La réponse immunitaire des plantes
contre les pathogenes végétaux dépend entiérement
du systtme immunitaire inné. La perception
extracellulaire de motifs moléculaires conservés
associés aux pathogenes/microbes (P/MAMP) par
des récepteurs de reconnaissance de motifs
moléculaires (PRR) induit un type de réponse
immunitaire dénommé PTI (PAMP-triggered
immunity). Certains pathogénes interceptent cette
réponse en injectant, dans les cellules hotes, des
protéines appelées effecteurs. Ces effecteurs,
souvent polymorphiques, peuvent étre détectés par
des récepteurs immunitaires intracellulaires de la
famille des NLR (nucleotide-binding domain
leucine-rich repeat containing). En cas de détection,
les NLRs induisent une réponse immunitaire rapide,
appelée ETI (effector-triggered immunity), souvent
associ¢e a la mort des cellules hotes. Un des NLRs
présents chez [’orge, MLA, confére une ETI
protectrice contre Blumeria graminis f sp hordei,
I’agent pathogéne du mildiou. Bien que MLA n’ait
d’homologues qu’au sein de la famille
monocotylédone des Triticeae, MLA est fonctionnel
dans une lignée transgénique chez 1’espéce
dicotylédone A. thaliana. Ceci indique que le
mécanisme de résistance sous-jacent a été conserve
depuis plus de 150 Ma chez les plantes
dicotylédones et monocotylédones. Chez la plante
dicotylédone Nicotiana benthamiana, 1’expression
transitoire du domaine coiled-coil (MLAcc) qui
correspond aux 160 premiers acides aminés au N-
terminus de MLA, suffit a induire la mort cellulaire.
Cette observation suggére que MLA pourrait initier
un mécanisme de signalisation conservé, via son
domaine MLAcc. Le but de cette thése a été de
décrire le(s) mécanisme(s) de signalisation en aval
de MLAcc dans des lignées transgéniques d’A.
thaliana. L’expression conditionnelle de MLAcc
induit une réponse similaire a la réponse
immunitaire, et caractérisée par I’initiation d’une
reprogrammation transcriptionnelle massive a ~2 h
post-induction (hpi) suivie par la mort des cellules a
~4 hpi. Cette réponse est aussi induite par MLAcc
chez une lignée transgénique d’A. thaliana qui est
simultanément dépourvue de trois composants

(PEN2, PAD4 et SAGI101) et des trois principales
phytohormones (éthylene, acide jasmonique et
acide salicylique) impliqués dans la régulation
immunitaire. La  comparaison des profils
d’expression au cours du temps chez des plantes
exprimant MLAcc, avec ceux induits au cours de
I’ETI et de la PTI chez A. thaliana, a révélé des
patterns largement similaires lors de la réponse
précoce. Ceci suggére que la signalisation initiée
par MLAcc, I’ETI et la PTI pourrait converger
rapidement vers une machinerie de transcription
commune qui active les geénes de la réponse
immunitaire. De plus, ces données indiquent que le
domaine MLAcc de 1’orge suffit a induire la
réponse immunitaire normalement associée a I’ETI
chez A. thaliana, et que I’activation des geénes de la
réponse immunitaire  peut se  produire
indépendamment de la PTIL. La plupart (> 74.7%)
des 562 génes significativement induits a 2 hpi chez
des plantes exprimant MLAcc sont caractéristiques
des geénes de type «immediate early response »
puisqu’ils sont induits rapidement sans nécessiter la
synthése de novo de protéine. Ces génes pourraient
donc étre activés par ¢limination d’un répresseur a
courte durée de vie. Dans les régions régulatrices en
5’de ces genes, des motifs sont fortement enrichis
qui correspondent a des sites de liaison pour des
facteurs de transcription sensibles au Ca*’, tels que
le calmodulin-binding transcription activator 3
(CAMTAS3) qui est rapidement dégradé au cours de
I’ETI. Ceci pourrait expliquer 1’inhibition totale de
la réponse médiée par MLAcc en présence de
LaCls, un inhibiteur des canaux calciques,
inhibition qui a aussi été décrite par le passé
concernant les réponses induites par plusieurs
NLRs et P/MAMPs. J’ai effectué un crible
génétique de mutants obtenus par mutagénése
chimique et identifi¢é par ce biais trois candidats
suppresseurs de la réponse médiée par MLAcc. La
purification des complexes protéiques associés a
MLAcc, ainsi qu'un crible en double-hybride chez
la levure ont permis d’identifier plusieurs candidats
interragissant avec MLAcc. Ces approches ont
révélé de nouveaux candidats impliqués dans la
signalisation médié¢e par MLAcc.
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Abstract : Plants rely entirely on innate immunity
to prevent infection by pathogens. Extracellular

perception of evolutionarily conserved
pathogen/microbe-associated molecular patterns
(P/MAMP) by membrane-resident  pattern

recognition receptors (PRRs) leads to pattern-
triggered immunity (PTI). Host-adapted pathogens
intercept PRR-mediated immunity by delivering
effectors into host cells. These polymorphic
effectors can be recognized by intracellular immune
receptors of the nucleotide-binding domain leucine-
rich repeat (NLR) family. Upon effector
recognition, NLRs trigger a rapid immune response,
termed effector-triggered immunity (ETI), which is
typically associated with a host cell death response.
In barley, the NLR MLA confers ETI against the
pathogenic powdery mildew fungus, Blumeria
graminis f sp hordei. Although MLA orthologues
are present only in the Triticeae family of
monocotyledonous plants, barley MLA is functional
in transgenic dicotyledonous A. thaliana, indicating
that the underlying disease resistance mechanism
has been evolutionarily conserved for at least 150
Mya in monocot and dicot plants. In dicotyledonous
Nicotiana benthamiana, transient gene expression
of the coiled-coil (MLAcc) domain, consisting of
the N-terminal 160 amino acids of the MLA
receptor, was sufficient to activate a cell death
response, raising the possibility that MLA initiates
a conserved signalling mechanism through the
MLAcc domain. This thesis aimed at identifying
signalling mechanism(s) acting downstream of the
MLAcc module in transgenic 4. thaliana.
Conditional MLAcc expression triggered immune-
related responses, characterized by a rapid onset of
massive changes in gene expression at ~2 h post
induction (hpi), followed by cell death at ~4 hpi.
These MLAcc—triggered responses are retained in
A. thaliana plants simultaneously lacking the

immune components PAD4, SAG101, PEN2, and
all major defence phytohormones, i.e. ethylene,
jasmonic acid, and salicylic acid. A comparison of
time-resolved and genome-wide transcript profiles
in MLAcc-expressing transgenic plants with
expression profiles induced during ETI and PTI by
endogenous A. thaliana NLRs or PRRs revealed at
early time points highly similar patterns. This
suggests that early signalling mediated by MLAcc,
ETI, and PTI converges on a common
transcriptional machinery that activates immune
response genes, implying that the barley MLAcc
domain is sufficient to stimulate an ETI-like
response in A. thaliana. This also suggests that
activation of these immune response genes can
occur independently of PTI. Most (> 74.7%) of the
562 genes that were significantly upregulated at 2
hpi in MLAcc-expressing plants are immediate
early response genes since their induction does not
depend on de movo protein synthesis, suggesting
that these genes are activated by the removal of
short-lived repressors. In the 5’ regulatory regions
of the early induced genes, I found a striking
enrichment of cis-acting motifs that serve as
binding sites for Ca*"-responsive transcription
factors, including the  calmodulin-binding
transcription activator 3 (CAMTA3), which is
known to be rapidly degraded during ETI. This
might explain complete inhibition of MLAcc—
mediated responses by the Ca®" channel inhibitor
LaCl;, which was previously also reported for
several NLR-mediated and P/MAMP-triggered
responses. Using chemical mutagenesis, | identified
three candidate suppressor mutants of MLAcc-
mediated responses. Affinity purification of MLAcc
complexes and a yeast two-hybrid screen identified
several MLAcc candidate interacting proteins.
Together this has revealed novel candidate
components engaged in MLAcc signalling.
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