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Summary

In natural and agricultural environments, pathogens and pests reduce plant growth and fitness.
To safeguard global food security in light of climate change, breeders need to generate resistant
crop varieties that can withstand invasion of pathogens and pests on a warming planet. For
targeted resistance breeding, fundamental knowledge on the plant immune system is essential.
However, how these resistance pathways are regulated remains unclear. This thesis aims to
expand the knowledge on a central regulator in plant resistance.

Plants evolved a sophisticated two-layered immune system to defend themselves against
biotic stressors. The first layer of immune responses is sufficient for plants to defend themselves
against the majority of non-host adapted pathogens and pests. However, host-adapted species
can colonise the plant by releasing virulence-enhancing effector molecules into the plant cell
and repress the plant’s first immune responses. The second immune layer uses intracellular
receptors that can recognise these hostile effectors, leading to the activation of a strong immune
response in local and distal tissues. In the model species Arabidopsis thaliana, EDS1 and PAD4
proteins together integrate such signals, thereby functioning as an immune signalling hub
against various pathogens. PAD4 also limits aphid colonisation by enhancing aphid resistance
responses, completely independent of EDS1. EDS1 and PAD4 are present in nearly all seed
plants, suggesting a conserved function of these proteins in plant immunity and aphid
resistance. EDS1 and PAD4 need to associate with each other to activate resistance pathways
and immunity genes. The N-terminal protein domains are required for the EDSI-PAD4
interaction and their C-terminal domains form a cavity. Recent insights in the EDS1 protein
structure revealed that several amino acids on the EDS1 side of the cavity are necessary for
immune signalling. However, it remains unknown if the PAD4 cavity is required for immune
signalling too.

To gain functional insights in PAD4 structure-function, I first investigated the properties
of the PAD4 N-terminal domain, without its C-terminal domain, and thus without the cavity.
This revealed that the PAD4 N-terminal domain is sufficient for resistance to aphids. In
contrast, the PAD4 N-terminal domain was insufficient to function with EDS1 in pathogen
immunity, supporting the hypothesis that the EDS1-PAD4 C-terminal domains function
together in immune signalling. Subsequently, I made single amino acid changes in the PAD4
cavity. This revealed that two independent amino acid changes disable EDS1-PAD4 immune
signalling, but did not affect PAD4 aphid resistance. This result highlights that PAD4 immune
activities are distinct from PAD4 aphid resistance. Moreover, these findings indicate that EDS1
and PAD4 form a cavity that is essential for immune activation. Although EDS1-PAD4 cavity
function remains unknown, it likely forms a signalling surface that functions as a protein-

interaction platform, inducing downstream signalling and immune gene activation.
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Zusammenfassung

In natiirlichen und landwirtschaftlichen Umgebungen verringern Krankheitserreger und
Schidlinge das Pflanzenwachstum und die Fitness. Um die globale Erndhrungssicherheit
angesichts des Klimawandels zu gewihrleisten, miissen die Ziichter resistente Pflanzensorten
erzeugen, die dem Eindringen von Krankheitserregern und Schidlingen auf einen sich
erwdrmenden Planeten standhalten. Fiir eine gezielte Resistenzziichtung sind grundlegende
Kenntnisse iiber das pflanzliche Immunsystem unerlésslich. Grundlegendes Wissen dariiber,
wie diese Resistenzwege reguliert werden fehlt jedoch noch. Diese Doktorarbeit zielt darauf
ab, das Wissen iiber einen zentralen Regulator der Pflanzenresistenz zu erweitern.

Pflanzen entwickelten ein ausgekliigeltes zweischichtiges Immunsystem, um sich gegen
diese biotischen Stressfaktoren zu verteidigen. Die erste Schicht des Immunesystems reicht aus
die Pflanze gegen die Mehrzaheit der nicht an den Wirt angepassten Krankheitserreger und
Schidlinge verteidigen zu konnen. Wirtsangepasste Spezies konnen die Pflanze jedoch
besiedeln, indem sie virulenzverstirkende Effektormolekiile in die Pflanzenzelle freisetzen und
die ersten Immunantworten der Pflanze unterdriicken. Die zweite Immunschicht verwendet
intrazelluldire Rezeptoren, die diese feindlichen Effektoren erkennen konnen, was zur
Aktivierung einer starken Immunantwort in lokalen und distalen Geweben fiihrt. In der
Modellpflanze Arabidopsis thaliana integrieren die EDS1- und PAD4-Proteine zusammen
solche Signale und fungieren so als Immunsignal-Zentrum gegen verschiedene
Krankheitserreger. Vollig unabhéngig von EDS1 begrenzt PAD4 auch die Kolonisierung von
Blattldusen, indem es die Resistenzreaktionen gegen Blattlduse verstiarkt. EDS1 und PAD4 sind
in fast allen Samenpflanzen anwesend, was auf eine konservierte Funktion dieser Proteine bei
der Pflanzenimmunitdt und Blattlausresistenz hinweist. EDS1 und PAD4 miissen sich
miteinander verbinden, um Resistenzwege und Immunititsgene zu aktivieren. Die N-
terminalen Proteindominen werden fiir die EDS1-PAD4-Wechselwirkung benétigt und ihre C-
terminalen Doméanen bilden eine Hohle. Jiingste Erkenntnisse in der EDS1-Proteinstruktur
haben gezeigt, dass mehrere Aminosduren auf der EDSI-Seite der Hohle fiir die
Immunsignalisierung erforderlich sind. Es bleibt jedoch unbekannt, ob die PAD4-Hdohle auch
fiir die Immunsignalisierung erforderlich ist.

Um funktionelle Einblicke in die PAD4-Strukturfunktion zu erhalten, untersuchte ich
zundchst die Eigenschaften der PAD4-N-terminalen Doméne ohne ihre C-terminale Doméne
und damit ohne Hohle. Dies zeigte, dass die N-terminale Doméne von PAD4 fiir die Resistenz

gegen Blattlduse ausreichend ist. Im Gegensatz dazu war die N-terminale Doméine von PAD4
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nicht ausreichend, um mit EDS1 bei der Pathogenimmunitit zu funktionieren: dies stiitzt die
Hypothese dass die C-terminalen Domédnen von EDS1-PAD4 bei der Immunsignalisierung
zusammenwirken. Anschliefend nahm ich einzelne Aminosdureverdnderungen in die PAD4-
Hohle vor. Dies zeigte, dass zwei unabhéngige Aminosdureveranderungen das EDS1-PAD4-
Immunsignal inaktivieren, die PAD4-Blattlausresistenz jedoch nicht beeinflussen. Dieses
Ergebnis unterstreicht, dass sich die PAD4-Immunaktivitidten von der PAD4-Blattlausresistenz
unterscheiden. Dariiber hinaus weisen diese Ergebnisse darauf hin, dass EDS1 und PAD4 eine
Hohle bilden, die fiir die Immunaktivierung essenziell ist. Obwohl nicht bekannt ist was der
EDS1-PAD4-Hohlraum tatsdchlich tut, bildet er wahrscheinlich eine Signaloberfliache, die als
Protein-Interaktionsplattform fungiert und die nachgeschaltete Signaliibertragung und die

Aktivierung von Immungenen induziert.

Vi
PhD Dissertation J.A. Dongus



Table of Contents

UMY it a e e e e e v
ZUSAMMENTASSUNE ... viieeeiciiee ettt e ettt e et e e e et ee e s e tte e e e e bteeeeebteeeessteeeeaabteeeeanstaeeeanseeeseanstaeessnseneennnsens \
TADIE OF CONTENTS .neieiiee ettt ettt ettt e st e e s bee e sabeesbaeesateessbeeesabeesabaesssseesbaeenaseenns Vil
FA Vol g oLV 1= o F= =T o V=T oL PP X
FA o] T N AT 4T ] TP PPRPPPRR Xl
T} d oo [0 o1 4 e o VU 1
NLR trigered iMMUNITY ...coiiiiiiieiiiiee ettt e s e s e e s s e e s s sabae e e eabeeeessnbeeeesnsseeessnnsees 2
EDS1-family function in plant immUNItY ......ccueeiieie e e 4
EDS1-family protein structure-function in iIMMUNILY ......coooiiiiiiiiie e 7
SA-SINAIlING IN IMIMUNIEY et e e e st a e e e s sabbeeessnbaeeeeansaeeeesnseeeean 9
PAD4 responses to Green Peach Aphid ..........coooiiiiiiciiiic e e 10
L T S AN 4 13PTSR 11

Chapter 1: Arabidopsis PAD4 lipase-like domain is sufficient for resistance to green peach aphid.... 12

PADA"® does NOt iNtEract With EDSI .......ccueirieirierinieirieisieisieeeteesteessesesseseese e sse e s e ssesessenessens 12
EDS1"P does not interact With PADA ..........cevveirieiinieirieesiecsie ettt 14
SAG101"P does Not iNteract With EDSL .....c.cvvveirieirieisieisieiste e sieeste e se st sa e saese s esesaesesnes 15
PAD4"Pjs 3 stable protein and localizes to the nucleus and cytoplasm.........cccovvvveveiecenieceenean, 17
Expression of PADAYL cONfers GPA FESISTANCE .....ecvievierveeriireeeesteeeeetecreereereeeesreeseensesteesesteeanesens 19
Arabidopsis ETI and basal immunity require full-length PADA4 ...........ccooiiiiiiiiccee e 20
Chapter 2: Arabidopsis PAD4 EP domain cavity plays an essential role in immunity ............cc.ce........ 24
Selection of PAD4 EP domain cavity Variants .........cccceeeecieieiiiieie et esreee e e e s nvee e e enanee s 25
Screening PAD4 EP domain cavity T1 mutants for susceptibility to Hoa EMWAL..........cccoovvvvnnennn. 27
All PADA4 variants interact with EDS1 in planta, except PADA28A .. v 28
PAD4R314A and PAD4/8% are stable and nucleocytoplasmic proteins in Arabidopsis..........cc.cvn..... 30
Basal immunity and TNL-ETI require PAD4R3 and PADAME ..ot 34
PADA4R31A and PAD43EA sysceptibility is independent of Pst DC3000-produced coronatine.......... 38
PAD4R314 and PAD4!® are not required for resistance to GPA .......covvveeeeiveieeevteceeee st 39
Chapter 3: Identification of active PAD4 protein complexes during Pst avrRps4 infection................ 44
Experimental outline and rationale .........oeoviiii i e 44
VII

PhD Dissertation J.A. Dongus



LC 0 K=Y 0 T T =1 Y2 1SR 45

Differential interactors of PAD4"Tand PAD4**8%A at 4 and 6 hpi ....ceeuveveeeeereeeeeeeeceeeeereereeeeeene 47
MES10 T-DNA mutants are resistant to Hpa EMWAL ..........ovviviviiiiiiieieieieieieinieeeeeeeeeeeeeeseseeeseenernnnne. 53
TPR1 and SGT1b do not interact with PAD4 in N. benthamiana ..............ccccceeevevenieenieeeseeenineeenne 55
Chapter 4: Cytoplasmic-enriched PAD4 causes autoimmunity in Arabidopsis.......ccccccevvieeiiriieeeennnee. 59
Nuclear- and cytoplasmic-enriched PAD4 lines are resistant to Hpa EMWAL .........ccccooovecvviveeeennnn. 59
Cytoplasm-enriched PAD4 induces autoimmunity in Arabidopsis ......ccccevveeeiiiieieeiciiee e, 60
NESgPAD4 autoimmunity depends on EDS1 but not ICS1-generated SA.........ccccoeeeeecieeeccciieeeennee, 63
NESgPAD4 autoimmunity does not depend on PADAM8 ..o 66
DISCUSSION 1ttt bbbt s a st s b e e b b e e e s ba s e e s b et e s ba e e e s ara e s 69
PADA4 is unlikely to function as @ hydrolase.............uueeeeiiicciiiiieec e 69
PADA4 S-D-H triad-independent GPA aCtiVities .........ueeeiiiieeciiiiiieee et e e e eenrne e e e 72
PAD4 cis-regulation in plant reSiStanCe .........ccccuiiieiiiiii e e e e e e eaaaee s 73
PAD4R314A and PAD4*38% sysceptibility is not dependent on Pst-produced coronatine.................... 74
EDS1-family heterodimerisation is essential for immunity .......cccccooeeiiiieiii e, 75
TIR-NADase activity and the EDS1-family EP domain Cavity.....ccocccveiriieiiiniienecniee e 77
Perspectives on CC-NLR structure-function and signalling via EDS1-PADA ...........cccceecvveeeecrveeeennnee. 80
Immune signalling components downstream of NLRs and EDS1-PADA ...........ccccveeeeecieeececiieeeennne, 81
Interaction between EDS1-family proteins and phytohormone processing enzymes............c......... 82
NESEPAD4 phenocopies EDSLI-NLS ........uiiiiiiiiie ettt ettt e st e e sbee e s s sbee e e e sbee e e ssaneeesenanes 83
SGT1b in NESEPADZS aULOIMMUNILY ..uvviiieiiieecciieee et et e et e et e e e ive e e e ara e e e eaba e e e enbaeeeennes 84
ICS1-produed SA in NESEPADA aUtOiMMUNILY .....c.uviiiiciiieeiciiee ettt et e e e ebee e e e ree e e e 85
Concluding remarks and QULIOOK .........coiiiiiiiiiiiiii e 86
Materials aNd METNOMS .....c.uiiuiiiieee ettt st sttt st b e be e smeesaeeeareeteens 89
IVLEEITAIS ettt ettt ettt e bt e e st e s bt e e ateesabe e e s a b e e sabee s bt e e sabeeeehbe e eabeesbeeesabeeeanes 89
Plant IMaterials.......ueeiee ettt ettt sttt e s be e e s b e st e s neeesabeeenateas 89
PathOZEN/PESE STFAINS ..eccuveiiieiieciie ettt ettt ettt et e et e e ett e e e teeeetaeeebeeesbeeesaseeenteeensseesareeenseeas 90
BaCTEIIal SErAINS . .eneiiiieite ettt ettt sttt b e he e sae et reens 90

FAY g 1] o1 o] £ ol TP PRTPPPOTOURRPRN 91

VI

PhD Dissertation J.A. Dongus



FAY 0l ] o Yo Yo [T PP PRPPPPRPRPRPRRRt 91

CRIMICAIS ...ttt sttt ettt e b e s b e she e sanesaresab e e b e be e neennees 92

[ 0V AY A0 0 [T P PP PP PP PO PP POPPPPPPPPPPPPPPPRt 92

(0] 70T o[0T o] L= ¥ d o [T PRSP 93

RV =T € PP P PP PP 101
=T [ T OO P PP R UPPRPPTOT 103
BUFFErs and SOIULIONS.....ccouiiiiie ettt ettt sab e s e s enee e sabeeenees 104
Y= i g To e [ O T T PP P RO PRTOPPROTOURRUPO 105
Plant MEthOOS. .....c..eeiee ettt st et e st e e s b e s b e s nee e sareeenees 105
Bacterial METNOMS. ....cueiii e st s 107
BioChemical MELNOAS .......ooeiiiieeeee et e 109
Molecular biological MEthOUS .........iiiiiiiie e e e 113

1N SIlICO AN@IYSES..eeiiieiiiee ettt ettt e e et e e s bt e e e seata e e e san b ee e e et aeee s nbaeeeeanbaeeesanraeeenns 118
RETEIENCES ....ee ittt ettt et e s bt e e s hb e e s bt e e bt e e sabeeebbeesabeesbbeesabeesabaeeateesbeeenareas 120
S L0 o = PRSPPI 136

IX

PhD Dissertation J.A. Dongus



Acknowledgements

Foremost, I want to thank my supervisor and promotor, Prof. Dr. Jane E. Parker. Jane, thank
you for your guidance, wisdom and our scientific discussions. I am very grateful to have had
you guide me through my PhD!

I would like to thank the members of my thesis committee, Prof. Dr. Alga Zuccaro and
Prof. Dr. Gunther Doehlemann for taking the time and effort for critically evaluating my thesis.
Thanks to Prof. Dr. Karsten Niefind for his continued scientific support throughout my thesis
as a collaborator, Thesis Advisory Committee (TAC) member and as a “Beisitzer” during my
defence.

I also want to give special thanks to Dr. Franziska Turck for kick-starting my scientific
career, as a member in my TAC and as the founder of our musical escapades in the TATA bar,
a.k.a. Band Camp! Many thanks also to Prof. Dr. Jyoti Shah, Monika Patel and Lani Archer for
testing GPA responses in my PAD4 mutant variants. I am very grateful for Dr. Martijn van
Zanten, Dr. Marcel Proveniers, and Ing. Evelien Stouten, you suggested me to consider doing
a PhD back in 2013, thank you for giving me the confidence to dream big!

Dear JP Groupies! Deepak, your scientific input, our discussions, and yes your wisdom
too, have made me a better scientist. Jaqueline, you are one of the kindest and most helpful
persons I have ever met, thank you for all of your insights over the years! Also big thanks to
the NRG1 team, Dmitry and Xinhua, our Plant Cell paper has become a beautiful story! Xiexie
Jingde and Xinhua for having me as your student in Chinese language, culture and cuisine!
Patrick, thank you for your wise words as a PhD rep., during my interview, and for the amazing
concerts we have been to over the years! Thanks to Friedrike, Charles, Anthony, Joel, Oliver,
Federica, Yunli, Haitao and Clementine, it was a blast! Last but not least, thanks to the students
who put their faith in me as a supervisor. Laura Herold, Lucas Dijkgraaf and Eva Penner, I hope
you learned at least half as much from me, as I learned from you, I am very grateful for your
help and for making me a better coach.

Thanks to my colleagues from the lab-kitchen, greenhouse, technical department and
administration for hidden, but essential support. Special thanks to our MPIPZ PhD coordinator
Dr. Stephan Wagner for your support, taking part in my TAC meetings, organising pizza’s
during PhD. representative meetings, and building the foundation for this thesis!

A PhD does not revolve around science alone and I would therefore like to thank many
people who made this experience extra special. I am very grateful for Dr. Wolfgang Schuchert

for helping me organise the “Scientists Garden,” I hope it will continue for many years to come.

X
PhD Dissertation J.A. Dongus



Thanks Padraic for teaching me the fine-art of Oca breeding and for your endless flow of quirky
“fun facts”! A shout out to the “PAs”: Leona, Alessandro, Beta (+Gerald), Ivo, Kees, Lennert,
Lucas, Nora, Alan, Andrea, Marco, Charles, Chloé and Adrian R.; PhD retreats, TATA bars,
hikes around Cologne and trips to Wageningen and Solda are cherished memories. Speaking of
TATA bars, thanks Ale and Leo for organising this with me for the last 2 years! And thanks to
everyone else who has made these TATA bar events happen! Very special thanks to Marco,
Franziska, Sergio, Ale, Victor and Fred for Band Camp. Making music together, stepping out
of the living room and onto the stage, playing our favourite songs, live in front of an audience,

I will truly cherish these memories forever!

Heel veel dank pap, mam, Robert, Adrian en Max voor jullie afleiding, en mentale en logistieke
ondersteuning tijdens deze hele tocht. Vielen lieben Dank Oma Linde und Thomas fiir eure
Unterstiitzung wéihrend meine Doktorarbeit! Bedankt Opa Bob en de hele Roebeling clan voor
alle nodige afleiding en inspiratie om dat te doen wat je leuk vindt en waar je voldoending uit

haalt!

Allerliefste Annabel, de meeste dank gaat naar jou, zonder jou ondersteuning had ik dit niet

kunnen doen. Op naar ons volgende avontuur!

Xl
PhD Dissertation J.A. Dongus



Abbreviations

Amino acids

Amino acid 3-letter abbreviation | 1-letter abbreviation
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp \\
Tyrosine Tyr Y
Valine Val A%

Further abbreviations

°C degree Celsius

aa amino acid

ACD2 ACCELERTED CELL DEATH 2

ACN acetonitrile

ADF3 ACTIN-DEPOLYMERIZING FACTOR 3

ADRI ACCELERATED DISEASE RESISTANCE 1
ALDI1 AGD2-LIKE DEFENSE RESPONSE PROTEIN 1
AOC2 ALLENE OXIDASE CYCLASE 2

Arabidopsis Arabidopsis thaliana

ASPGI ASPARTIC PROTEASE IN GUARD CELL 1

At Arabidopsis thaliana

avr avirulence

BBD1 BIFUNCTIONAL NUCLEASE IN BASAL DEFENSE RESPONSE 1
bp base pair

CAM1-7 CALMODULIN 1-7
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CBP60g
CcC
cDNA
chs1/2/3
‘LUC
CNL
coI
Col-0
Cor
CPK3/CDPK6
CPLI
C-terminal
CUL1/3
d

DAMP
ddH20
DM2h
DMSO
DNA
DNase
dNTP
dpi

ds

EDSI
EDTA
ELF5A-2
EM

EP domain
EPS1
ERF1
ETI

FDR

CALMODULIN BINDING PROTEIN 60-LIKEg
coiled-coil

complementary DNA

chilling sensitive 1/2/3

C-terminal LUC

CC-NLR

CORONATINE INSENSTIVE 1

Colombia-0

coronatine

CALCIUM DEPENDENT PROTEIN KINASE 3
C-TERMINAL DOMAIN PHOSPHATASE-LIKE 1
carboxy-terminal

CULLIN1/3

day(s)

damage-associated molecular pattern

distilled, deionized water

DANGEROUS MIX 2h

dimethylsulfoxide

deoxyribonucleic acid

deoxyribonuclease

deoxynucleosidetriphosphate

day(s) post infection

downstream

ENHANCED DISEASE SUSCEPTIBILITY1

ethylenediaminetetraacetic acid

EUKARYOTIC TRANSLATION INITIATION FACTOR 5A-2

electron microscopy

EDS1-PAD4 domain

ENHANCED PSEUDOMONAS SUSCEPTIBILITY
ETHYLENE RESPONSE FACTOR 1
effector-triggered immunity

false discovery rate
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FMOL1
fw

FWHM

GBF1
gDNA
GFP
GID1
GIP1
GO
GPA

HA
HAMP
HCD
HDA19
HELL
HeLo
HF
Hpa
hpi
HRP
HSD
iBAQ
ICS1
IMPA4
1P

JA
JAZ1/4
KAI2
kb

kDa

FLAVIN MONOOXYGENASEI1
forward

Full Width at Half Maximum
gravity

G-BOX BINDING FACTORI1
genomic DNA

green fluorescent protein

GA INSENSITIVE DWARF1
GBF-INTERACTING PROTEIN 1
gene ontology

green peach aphid

hour(s)

hemagglutinin

herbivore-associated molecular pattern
High-energy collisional dissociation
HISTONE DEACETYLASE 19
HeLo-like

Fungal domain; PFAM database: PF14479
High Fidelity

Hyaloperonospora arabidopsidis
hour(s) post infection

horseradish peroxidase

honestly significant difference
intensity Based Absolute Quantification
ISOCHORISMATE SYNTHASE 1
IMPORTIN ALPHA ISOFORM-4
immunoprecipitation

jasmonic acid

JASMONATE ZIM DOMAIN 1/4
KARRIKIN INSENSITIVE 2

kilo base(s)

kilo Dalton
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KETCHI

1

Ler
LFQ
LLD
LOX1/5
LRR
LUC
M
MAMP
MESI10
mg
min
MLKL
mM
MOS6
MPIPZ
MPL1
mRNA
NAD+
Nb

NDRI
nes

NES

ng

NHP
nLC-MS/MS
NLR

nls

NLS

NLUC

nM

KARYOPHERIN ENABLING THE TRANSPORT
OF THE CYTOPLASMIC HYL1

litre

Landsberg erecta

label-free quantification

lipase-like domain

LIPOXYGENASE 1/5

leucine-rich repeat

luciferase

molar (mol /1)

microbe-associated molecular pattern

METHYL ESTERASE 10

milligram

minute(s)

mixed-lineage kinase-domain-like pseudo-kinase
milli molar

MODIFIER OF SNCI 6

Max Planck Institute for Plant Breeding Research
MYZUS PERSICAE-INDUCED LIPASE1
messenger RNA

nicotinamide adenine dinucleotide

Nicotiana benthamiana; (wild-) Tobacco

NON RACE-SPECIFIC DISEASE RESISTANCE 1
mutated nuclear export signal

nuclear export signal

nano gram

N-hydroxypipecolic acid

nano-scale liquid chromatographic tandem mass spectrometry
nucleotide-binding leucine-rich repeat

mutated nuclear localisation signal

nuclear localisation signal

N-terminal LUC

nano molar
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NPRI1
NRC4
NRG1
N-terminal
OD

Os
(p)35S
PAD4
PAGE
PBS3
PCR
PEG
pH
PR1
PRR
Pst
PTI
pv.
qRT-PCR
RNA
ROS
rpm
RPM1

RPP4/7
RPS4
RPW8
RRSI-S

RT

SA
SABP2

NON-EXPRESSOR OF PR GENES 1
NLR REQUIRED FOR CELL DEATH 4
N REQUIREMENT GENE 1
amino-terminal

optical density

Oryza sativa; rice

35S promoter from Cauliflower Mosaic Virus
PHYTOALEXIN DEFICIENT4
polyacrylamide gel electrophoresis
AVRPPHB SUSCEPTIBLE 3

polymerase chain reaction

Polyethylene glycol

negative decimal logarithm of the H+ concentration
PATHOGENESIS RELATED1

pattern recognition receptor

Pseudomonas syringae pv. tomato DC3000
pattern-triggered immunity

pathovar

quantitative real-time PCR

ribonucleic acid

reactive oxygen species

rotations per minute

RESISTANCE TO PSEUDOMONAS SYRINGAE
MACULICOLA 1

RESISTANCE TO PERONOSPORA 4/7
RESISTANCE TO PSEUDOMONAS SYRINGAE 4
RESISTANCE TO POWDERY MILDEW 8
RESISTANCE TO RALSTONIA
SOLANACEARUMI1-SUSCEPTIBLE

room temperature

reverse

salicylic acid

SA-BINDING PROTEIN 2

PV.
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SAG101/13/21/27

SAR
SAULLI
SCF
SDM
SDS
SFGH
SGTI1b
SH
sid2

St
SRFR1
Strepll
SUMO
SZF2
T3SS
TAIR
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Introduction

Pathogenic microbes and pests, such as aphids and nematodes, reduce plant growth and fitness
in nature and in agriculture (Dangl et al., 2013). On the other hand, plants depend on a plethora
of beneficial microbes and animals for nutrient uptake, pollination or seed dispersal (Dudareva
etal.,2006; Hacquard ef al.,2017). This dilemma led to the evolution of a sophisticated immune
system that supports mutualistic interactions, while defending the plant from parasitic
interactions. Studying these interactions is becoming increasingly important to safeguard crop
yield on our warming planet. Climate change will not only affect crop yield by exacerbating
droughts and floods, it will also alter the distribution of pathogens and pests globally (Mbow et
al., 2019). Understanding the plant immune system will assist plant breeders in selecting new

crop varieties that will be resistant to the pathogens and pests of the future.

Plants have evolved a two-layered immune system to detect pathogen presence (Boutrot &
Zipfel, 2017; Dangl & Jones, 2006; Dodds & Rathjen, 2010). Pattern-triggered immunity (PTI)
constitutes the first layer of the immune system and detects pathogens and pests in the
extracellular space (Boutrot & Zipfel, 2017). Plasma membrane localised pattern-recognition
receptors (PRRs) activate PTI upon recognition of microbe-/ damage-/ herbivore-associated
molecular patterns (MAMPs/DAMPs/HAMPs) (Boutrot & Zipfel, 2017; Hogenhout & Bos,
2011). On the other hand, pests and (hemi-) biotrophic pathogens repress plant immune
responses by delivering virulence factors, called effectors, into the plant cell (Dangl & Jones,
2006; Hogenhout & Bos, 2011). Intracellular nucleotide-binding leucine-rich repeat (NLR)
receptors recognise these effectors and induce effector-trigger immunity (ETI) leading to local
and systemic immune responses (Dangl & Jones, 2006; Fu & Dong, 2013; Hartmann & Zeier,
2019). PTI and ETI activate similar immune pathways, however, in ETI the duration and
intensity of the immune response is enhanced (Cui ef al., 2017). Recent evidence suggests that
positive feedback between PTI and ETI pathways are essential for robust local ETI responses

(Ngou et al., 2020; Yuan et al., 2020).

NLRs induce ETT upon recognition of specific pathogen-produced effectors (Jones et al., 2016).
ETI is characterised by rapid transcriptional mobilisation of resistance pathways and, often,
localized host cell death, thereby limiting pathogen infection (Bhandari et al., 2019; Cui et al.,
2015). NLR-mediated immune responses are also effective against probing insects and
nematodes (Hogenhout & Bos, 2011; Milligan et al., 1998; Rossi et al., 1998; Villada et al,,
2009; Wroblewski et al, 2007). In the plant model species Arabidopsis thaliana (At;
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Arabidopsis), basal immunity functions in parallel to ETI, and elicits a weak immune response,
which slows down virulent pathogen growth and disease progression (Cui et al., 2015; Cui et
al., 2017; Dangl & Jones, 2006). Although the precise activation mechanism for post-infection
basal immunity remains elusive, it requires several ETI signalling components (Century et al.,
1995; Feys et al.,, 2001; Glazebrook et al., 1997; Parker et al., 1996). Basal immunity is
proposed to be the culmination of weak NLR-triggered ETI combined with residual PTT (Cui
et al., 2017; Dangl & Jones, 2006; Gantner ef al., 2019).

NLR triggered immunity

NLRs evolved independently in plants and animals through convergent evolution (Jones et al.,
2016). Arabidopsis encodes for ~150 highly diversified NLRs, while some plant genomes
encode >1000 NLRs (Baggs et al., 2017; Jacob et al., 2013). NLRs are characterized by a
variable N-terminal domain, a central nucleotide-binding (NB) domain and C-terminal leucine
rich-repeat (LLR) domain (Jones et al., 2016). Upon NLR activation, the NB domain releases
ADP and binds ATP, thereby switching the NLR from a closed ADP-bound “off “* state, to an
open ATP-bound “on” state (Cui et al., 2015; Hu et al., 2013; Wang et al., 2019a&Db).

In plants, NLRs are sub-divided into three classes based on their variable N-terminal domain,
i.e. Toll/Interleukin-1 Receptor/Resistance (TIR) domain NLRs (TNLs), Coiled-Coil (CC)
domain NLRs (CNLs), and RESISTANCE TO POWDERY MILDEW 8 (RPWS&)-type CC
(CCr) domain NLRs (RNLs) (Cesari, 2017; Jubic et al., 2019; Xiao et al., 2001). These CCr
domains show similarity to mixed-lineage kinase-domain-like pseudo-kinase (MLKL) and
HeLo/HELL domains from mammals and fungi, where these domains promote host cell death
(Jubic et al., 2019; Petrie et al., 2018). Besides the above-described domains, NLRs can also
contain domains from unrelated protein families. Such integrated domains (ID) often function
as effector sensors and can be located between the CC and NB domain, or NB and LRR domain,

or at the N- or C-terminus (Cesari, 2017).

NLRs recognise effectors using distinct molecular mechanisms (Cesari, 2017; Jones et al.,
2016). NLRs can directly recognise effectors, however, indirect recognition is more common,
which is best described by the guard and decoy models (Cesari, 2017; Jones et al., 2016). In
these models, a protein represses an NLR, which upon cleavage or post-translation modification
relieves repression of the NLR, resulting in immune activation (Cesari, 2017; Jones et al.,
2016). NLRs localise to various subcellular compartments in planta (Cui et al., 2015). For
example, the Arabidopsis CNL RESISTANCE TO PSEUDOMONAS SYRINGAE PV.
MACULICOLA 1 (AfRPM1) localises to the plasma membrane, flax (Linum usitatissimum)
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TNL L6 and M localise to the Golgi and vacuolar membranes, respectively, while the Tobacco

(Wild-tobacco; Nicotiana benthamiana; Nb) TNL N is nucleocytoplasmic (Cui et al., 2015).

Certain NLRs function as pairs, where one NLR functions as the effector sensor and the other
as the signalling executor (Cesari, 2017; Jones et al., 2016). A well-studied receptor pair in
Arabidopsis that I have used extensively in this thesis is the TNL-receptor pair RRS1-S/RPS4
(RESISTANCE TO  RALSTONIA  SOLANACEARUMI-S/RESISTANCE  TO
PSEUDOMONAS SYRINGAE4) (Birker et al., 2009, Heidrich ef al., 2011; Narusaka et al.,
2009; Saucet ef al., 2015). RRS1-S and RPS4 form homo- and heterodimers and recognise the
effector avrRps4 from Pseudomonas syringae pv. Pisi (Williams, et al., 2014). RRS1-S
functions as the sensor NLR, recognising avrRps4 directly with its C-terminal integrated
WRKY transcription factor (TF) domain (Ma et al., 2018; Sarris et al., 2015). RRS1-S localises
to the cytoplasm and nucleus, and associates to the DNA in planta (Deslandes et al., 2003; Le
Roux et al., 2015). On the other hand, RPS4 functions as the executor and localises to the
endomembrane, however, RPS4 is required to accumulate in the nucleus for immune signalling,
suggesting RRS1-S/RPS4 activate immunity in the nucleus (Sohn et al., 2014; Heidrich et al.,
2013; Wirthmueller ef al., 2007).

Besides sensor and executor NLRs, plants also encode helper NLRs that integrate signals from
multiple sensor NLRs (Jubic ef al., 2019). The RNL families N REQUIREMENT GENE 1
(NRG1) and ACCELERATED DISEASE RESISTANCE 1 (ADRI) integrate immune
signalling and function as helper NLRs (Bonardi et al., 2011; Castel et al., 2019; Dong et al.,
2016; Lapin et al., 2019; Peart et al., 2005; Qi et al., 2018; Wu et al., 2019). In Arabidopsis,
NRG1 functions in TNL-ETI and cell death, while ADR1 functions in TNL-ETI, CNL-ETI and
basal immunity (Castel et al., 2019; Dong et al., 2016; Lapin et al., 2019; Wu et al., 2019).
Furthermore, ADR1 boosts the production of the defence-signalling hormone Salicylic Acid
(SA) (Bonardi et al., 2011; Roberts et al., 2013; Dong et al., 2016). In contrast to the highly
diversified sensor and executor NLRs, NRG1 and ADRI are conserved, respectively, in
eudicots, and seed plants (angiosperms & gymnosperms), suggesting a conserved function as
signal integrators in the plant immune system (Baggs ef al., 2017&2019; Jubic et al., 2019;
Lapin et al., 2019; Wu et al., 2019).

Similar to animal NLRs, recent insights have shown that plant CNLs and RNLs form oligomers
upon activation (Hu et al., 2013; Jubic et al., 2019; Li et al., 2020; Wang et al., 2019a&Db). For
example, the RNL HR4 forms a 900 kDa oligomer with the CNL RESISTANCE TO
PERONOSPORA 7 (RPP7) in Arabidopsis (Li et al., 2020). Furthermore, cryo-electron
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microscopy (EM) revealed the (in-) active states of the Arabidopsis CNL ZAR1 (HOPZ-
ACTIVATED RESISTANCE 1) (Wang et al., 2019a&b). When ZAR1 switches to the active
ATP-bound state, ZAR1 and its interacting partners form a circular pentameric structure, or
resistosome (Wang et al., 2019a&b). The ZAR1 N-terminal al-helices form a funnel-shaped
structure or pore that associates to the plasma membrane. The membrane association and pore
formation of the al-helices is essential for ZARI1 cell death and resistance function (Wang et
al., 2019a&b). The function of this pore remains elusive, however, it has been proposed to
function as a Ca** channel, allowing this second messenger to activate downstream components

(Jubic et al., 2019).

TNLs form homo- and heterodimers with their TIR domains to function in immunity signalling
(Bernoux et al., 2011; Cui et al., 2015; Williams et al., 2015). However, recent evidence
revealed a more sophisticated function of TIR domains. TIR domains from prokaryotes, animals
and plants show NAD" enzymatic (NADase) activity, which is required for TNL immune
function in planta (Horsefield et al., 2019; Jubic et al., 2019; Wan et al., 2019). For example,
the TIR domain of the executor NLR AfRPS4 shows NADase activity, while its partner, the
sensor TNL RRSI1-S, is catalytically inactive and relies on RPS4 for signalling (Horsefield et
al., 2019; Jubic et al., 2019; Narusaka et al., 2009; Wan et al., 2019; Williams et al., 2015).
Notably, mammalian TIR signalling converges on the pore-forming protein MLKL (Jubic ef a/
2019; Pajuelo et al., 2018). Similarly, plant TNL signalling converges on the helper NLR
families NRG1 and ADRI1, which contain a CCr domain resembling mammalian MLKL
(Bonardi et al., 2011; Castel et al., 2019; Dong et al., 2016; Lapin et al., 2019; Jubic et al. 2019;
Peart et al., 2005; Qi et al., 2018; Wu et al., 2019). NRG1 and ADRI1 are postulated to function
similar to mammalian MLKL, where plant TNL NADase activity induces NRG1 and ADRI1 to
form a pore, resulting in immune activation (Jubic ef al., 2019). However, mechanistic insights

in TNL-ETI signalling mechanisms remain elusive.

EDS1-family function in plant immunity

The EDSI1-family is a small family of sequence-related immune regulators in plants, and
comprises EDS1 (ENHANCED DISEASE SUSCEPTIBILITY1), PAD4 (PHYTOALEXIN
DEFICIENT4) and SAG101 (SENESCENCE-ASSOCIATED GENE101) (Bernacki et al.,
2019; Feys et al., 2005; Glazebrook et al., 1997; Ke et al., 2014; Parker et al., 1996; Wagner et
al., 2013; Wiermer et al., 2005; Lapin et al., 2019). EDS1 forms stable and mutually exclusive
heterodimers with PAD4 and SAG101 (Feys et al., 2001&2005; Lapin et al., 2019; Rietz et al.,
2011; Wagner et al., 2013). Arabidopsis EDS1 heterodimers function as a signalling hub,
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integrating signals from all tested TNLs, and certain CNLs (Cui et al., 2017, Feys et al., 2005;
Rietz et al.,2011; Venugopal et al., 2009; Wagner et al., 2013). Notably, EDS1-family proteins
and the helper NLR families ADR1 & NRG1 depend on each other to induce basal immunity
and ETI (Figure 1.1) (Lapin et al., 2019; Wu et al., 2019).

In Arabidopsis, nucleocytoplasmic-localised EDS1-PAD4 heterodimers function together with
ADRI in basal immunity, TNL-ETI and certain CNL-ETI pathways (Figure 1.1) (Bonardi et
al.,2011; Cui et al., 2017; Lapin et al., 2019; Roberts et al., 2013; Wang et al., 2011; Wiermer
et al., 2005; Wu et al., 2019). These immune responses include transcriptional mobilisation of
resistance pathways, and production of anti-microbial molecules and the defence hormone

salicylic acid (SA) (Bartsch et al., 2006; Bonardi et al., 2011; Cui et al., 2017; Feys et al., 2005;

avrRps4
unrecognised
RRS1-S * effectors
RPS4 ‘
¢ Basal
Effector Immunity
~ Triggered
/ Immunity
+ NRG1 +ADR1
EDS1

 SAG101 EDS1 PAD4

Host Pathogen
cell death restriction

Figure 1.1. EDS1-family signalling model in Arabidopsis RRS1-S/RPS4 ETI.

Bacterial-produced effectors are secreted into the plant cell. Unrecognised effectors activate basal
immunity through an unknown mechanism. The TNL-pair RRS1-S/RPS4 recognises the effector
AvrRps4, and induces ETI. Basal immunity and ETI activation depends on the EDS1-PAD4-ADR1
branch leading (mainly) to pathogen restriction (resistance). In ETI, the EDS1-SAG101-NRG!1 branch
induce (mainly) host cell death. The exact function of NRG1, ADR1 and TNL NADase activity in
TNL-ETI remains elusive. This model is based on a model proposed in Lapin et al. (2019).
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Jirage et al., 1999; Rietz et al., 2011; Wang et al., 2008; Wang et al., 2011; Wiermer ef al.,
2005; Zhou et al., 1998). On the other hand, EDS1-SAG101 heterodimers function together
with NRGI in TNL-ETT and cell death (Figure 1.1) (Feys et al., 2005; Rietz et al., 2011; Lapin
et al., 2019; Qi et al., 2018; Wu et al., 2019). Notably, PAD4 does not contribute to local
immune responses in Tobacco, instead, these responses depend on the EDS1-SAG101-NRG1
pathway (Gantner et al., 2019; Lapin et al., 2019). In Arabidopsis, sagl 0! and nrgl mutants do
not show enhanced susceptibility phenotypes, unlike pad4 and adrl mutants, indicating
SAGI101 and NRG1 function redundantly to PAD4 and ADRI in limiting pathogen growth
(Feys et al., 2005; Lapin et al., 2019; Wagner et al., 2013; Wu et al., 2019). This indicates that
PAD4 is EDS1’s main signalling partner in Arabidopsis pathogen resistance (Figure I.1).

In Arabidopsis immunity, EDS1-PAD4 transcriptional reprogramming requires a nuclear EDS1
pool (Bartsch et al., 2006; Bhattacharjee et al., 2011; Cui et al., 2018; Garcia et al., 2010;
Heidrich et al., 2011). Moreover, nuclear-enriched EDS1 displays autoimmunity, suggesting
an EDS1-PAD4 nuclear function (Stuttmann et al., 2016). However, it remains unclear if
nucleocytoplasmic PAD4 is required to reside in the nucleus for immune function. Genetic and
molecular studies revealed that activated NLR receptors stimulate EDS1-PAD4 basal immunity
activity to transcriptionally boost SA and other immune pathways (Bartsch et al., 2006;
Bhandari et al., 2019; Wang et al., 2011; Zhou et al., 1998). Notably, recent evidence indicates
that PTI and ETI pathways are both required for pathogen resistance (Ngou et al., 2020; Yuan
et al., 2020). Although cross-talk between PTI and EDS1-PAD4 is not well understood, PAD4
stimulates early PTI transcriptional changes, without stimulating MAP kinase signalling,
suggesting a role for EDS1-PAD4 in PTI-ETI cross-talk (Cui et al., 2017; Mine et al., 2017a;
Tsuda et al., 2009; Wang et al., 2009&2011).

Besides activating immune pathways that confer resistance to (hemi-) biotrophic pathogens,
EDSI1-PAD4 repress the jasmonic acid (JA) hormone pathway (Cui ef al., 2017&2018). Upon
recognition of JA by its receptor CORONATINE INSENSITIVE 1 (COI1), JASMONATE
ZIM DOMAIN (JAZ) proteins are ubiquitinylated and degraded via the 26s proteasome,
leading to the depression of the TFs MYC2/3/4 (Katsir et al., 2008; Pieterse et al., 2012;
Wasternack & Song, 2017). These MYC TFs induce gene transcription changes that stimulate
resistance to necrotrophic pathogens and antagonise EDS1-PAD4 and SA immune pathways.
(Bhandari et al., 2019; Cui et al., 2017&2018; Glazebrook et al., 2005; Pieterse et al., 2012).
The hemi-biotrophic pathogen Pseudomonas syringae pv. tomato strain DC3000 takes
advantage of this antagonistic effect on EDS1-PAD4 by producing the virulence factor
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coronatine, a mimic of bioactive JA-Isoleucine (Bhandari et al., 2019; Brooks et al., 2005; Cui
et al., 2018; Zheng et al., 2012). The effect of coronatine on EDS1-PAD4 depends on the
transcription factors MYC2/3/4 that are regulated by JA- and abscisic acid- (ABA) signalling
(Bhandari et al., 2019; Cui et al., 2018; Mine et al. 2017b; Pieterse et al., 2012).

Beyond limiting pathogen growth locally, EDS1 and PAD4 are required for the activation of
systemic acquired resistance (SAR), a signalling pathway that activates immunity genes in
distal tissues (Fu & Dong, 2013; Hartmann & Zeier, 2019; Rietz et al., 2011). In TNL-ETI, the
enzymes AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALDI) and FLAVIN
MONOOXYGENASE (FMO1) are induced in an EDS1, PAD4 and SAG101 dependent manner
(Bartsch et al., 2006; Bhandari et al., 2019; Dongus et al., 2020). ALD1 and FMOI1 catalyse
essential steps in the production of N-hydroxypipecolic acid (NHP), which together with SA
induce SAR in distal tissues (Hartmann & Zeier, 2019). Given the role of the EDS1-family in
boosting SA levels and the production of NHP for systemic signalling, it becomes clear that
EDS1-family immune signalling reaches farther than intracellular and paracrine signalling

(Bartsch et al., 2006; Bhandari et al., 2019; Dongus et al., 2020).

NLR receptors pre-date ADRI, NRGI, TNLs, and the EDSI-family, indicating that these
signalling components are not required per se for a functional plant immune system (Baggs et
al., 2017&2019; Jacob et al., 2013; Lapin et al., 2019). However, EDSI, PAD4 and ADRI
always co-occur in angiosperm and gymnosperm species, while SAGI01, NRGI and TNLs
always co-occur in eudicots (Lapin et al., 2019; Baggs et al., 2019). This suggests that the
EDS1-PAD4-ADRI1 and EDS1-SAG101-NRG1-TNL are conserved immune pathways in seed
plants.

EDS1-family protein structure-function in immunity

EDS1, PAD4 and SAG101 are characterised by an N-terminal lipase-like domain (LLD) and a
C-terminal EDS1-PAD4 (EP) domain. The LLD shows an o/p hydrolase topology resembling
eukaryotic class-3 lipase enzymes (Rauwerdink & Kazlauskas, 2015; Wagner et al., 2013;
Wang et al., 2018). The EP domain is a unique domain on a structural and sequence level, and
consists of a-helical bundles (PFAM database: PF18117; Wagner et al., 2013). The EDS1 and
PADA4, but not SAG101, LLDs contain a canonical Ser-Asp-His (S-D-H) catalytic triad that is
characteristic for o/p hydrolases (Wagner ef al., 2013; Rauwerdink & Kazlauskas, 2015). This
Serine is part of the GXSXG motif found in lipases, which is conserved throughout EDS1 and
PADA4 proteins across angiosperm and gymnosperm lineages (Wagner ef al., 2013). Strikingly,
Arabidopsis EDS1 and PAD4 S-D-H triad residues are dispensable for EDS1 and PAD4
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function in immunity, indicative of a non-catalytic mechanism in pathogen resistance. Genetic
and structural analyses support the hypothesis that the Arabidopsis EDS1-family proteins are
pseudo-enzymes (Louis ef al., 2012a; Voss, et al., 2019; Wagner et al., 2013).

EDS1-family proteins form two types of stable and mutually exclusive heterodimers: EDS1-
PAD4 and EDS1-SAG101 (Feys et al., 2005; Lapin et al., 2019; Rietz et al., 2011; Wagner et
al., 2013). Arabidopsis EDS1-SAG101 crystal structure-analysis showed that the juxtaposed
LLDs are major drivers of heterodimerisation, likely promoting association of the aligned EP
domains to form the EDS1-SAG101 EP domain cavity (Bhandari et al., 2019; Wagner ef al.,
2013). The EDS1-SAGI101 crystal structure functioned as a template to generate a structure
model of the Arabidopsis EDS1-PAD4 heterodimer and showed a similar structure as EDS1-
SAGI101 (Figure 1.2; Wagner et al. 2013). Notably, within EDS1, PAD4 and SAG101, EP

Figure 1.2. EDS1-PAD4 structure model.

Arabidopsis EDS1-PAD4 heterodimer model (based on AfEDS1-4tSAG101 crystal structure; Wagner
etal.,2013). EDS1"P (black), EDS1 EP domain (grey), PAD4MP (blue) and PAD4 EP domain (green)
are represented in cartoon format. EDS1-PAD4-interacting motifs EDS1*F and PAD4MF are coloured
as yellow and orange sticks, respectively. Upon heterodimerisation EDS1-PAD4 EP domains form a
cavity called the EP domain cavity.
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domain cavity residues are highly conserved, suggesting a conserved function in immune
signalling. Mutation of the EDS1"“F-motif and the juxtaposed PAD4MF-motif abolishes
EDS1-PAD4/-SAG101 and EDS1-PAD4 heterodimerisation, respectively (Figure 1.2; Rietz et
al., 2011; Wagner et al., 2013). Consequently, EDS1""F mutants fail to function in basal
immunity and ETI (Wagner et al., 2013), highlighting the importance of EDSI1-PAD4/-

SAG101 heterodimer formation in immunity.

EDS 1P alone forms heterodimers and is stable, however does not confer pathogen resistance
in Arabidopsis, indicating that the EDS1 EP domain is crucial for immune signalling activity
(Wagner et al., 2013). Further structure-based analysis identified a surface lining the EDS1 EP
domain cavity to be required for basal immunity and ETI in Arabidopsis (Bhandari et al., 2019;
Lapin et al., 2019). Moreover, rapid transcriptional reprogramming of host cells in Arabidopsis
TNL-ETI depends on this signalling surface (Bhandari et al., 2019). Since EDS1-PAD4
heterodimerise and the EDS1 EP domain cavity functions in immunity, this suggests that the
juxtaposed PAD4 EP domain also functions in immunity. However, insights in PAD4 structure-
function remain limited (Bhandari et al., 2019; Louis et al., 2012a; Makandar et al., 2015;
Neubauer et al., 2020).

SA-signalling in immunity

In Arabidopsis, the phytohormone SA functions in parallel to EDS1-PAD4 in resistance to
biotrophic pathogens (Feys et al., 2001; Glazebrook, 2005; Wiermer et al., 2005; Zhou et al.,
1998). SA-biosynthesis genes are rapidly upregulated upon pathogen infection, which partially
depends on EDS1-PAD4, leading to a rapid accumulation of SA (Bhandari et al., 2019; Cui et
al.,2017; Mine et al.,2017a; Wildermuth ez al., 2001). Pathogen-induced SA biosynthesis starts
in the chloroplast, where ISOCHORISMATE SYNTHASE 1 (ICS1) converts chorismate to
isochorismate (IC) (Wildermuth et al., 2001). EDS5 (unrelated to EDS1) transports IC to the
cytosol where AVRPPHB SUSCEPTIBLE 3 (PBS3) converts IC to IC-9-Glutamate (Ding &
Ding, 2020; Rekhter et al., 2019; Torrens-Spence et al., 2019; Wildermuth et al., 2001).
Subsequently, ENHANCED PSEUDOMONAS SUSCEPTIBILITY (EPS1) converts IC-9-Glu

to SA, a step that can also occur spontaneously (Torrens-Spence et al., 2019).

The SA receptor NON-EXPRESSOR OF PR GENES 1 (NPR1) senses SA accumulation in
Arabidopsis (Ding & Ding, 2020). When SA levels are low, NPR1 is degraded via the 26S
proteasome, while the related SA receptors NPR3/4 function antagonistically to NPR1 by
repressing SA-responsive genes (Ding & Ding, 2020). When SA levels are high, SA binds
NPR3/4 and inhibits NPR3/4-mediated gene repression. Furthermore, SA binding to NPR1
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leads to NPR1 stabilisation and relocation to the nucleus. In the nucleus, NPR1 interacts with
TGACG-binding factor (TGA) and WRKY-motif TFs to stimulate expression of SA-responsive
genes (Ding & Ding, 2020). Typical SA-responsive genes are PATHOGENESIS RELATED]I
(PR1), ICSI and PBS3, which in this thesis functioned as SA-marker genes (Bhandari et al.,
2019; Ding & Ding, 2020; Wildermuth et al., 2001; Zhou et al., 1998).

PAD4 responses to Green Peach Aphid

Besides pathogen immunity functions, Arabidopsis PAD4 mediates resistance to the green
peach aphid (GPA, Myzus persicae Siilzer) (Pegadaraju et al., 2005&2007; Louis & Shah,
2015). GPA population growth is higher on Arabidopsis pad4 compared to wild-type (WT; Col-
0 accession), edsl, sagl0l and edsl/sagl0] mutant plants, indicating PAD4 functions
independently of EDS1 and SAGI101 in GPA resistance (Pegadaraju et al., 2007). GPA
population growth on pad4 is similar to mutants of other components in GPA resistance:
ACTIN-DEPOLYMERIZING FACTOR 3 (ADF3) and TREHALOSE PHOSPHATE
SYNTHASE11 (TPS11) (Mondal et al., 2018; Singh et al., 2011). Upon GPA infestation, PAD4
transcripts are upregulated within 3 hpi and in particular at the leaf penetration site (Couldridge
etal.,2007; Louis et al.,2012b; Pegadaraju et al., 2005&2007). GPA-induced PAD4 expression
depends on ADF3, TPS11 and trehalose accumulation (Hodge et al., 2013; Mondal et al., 2018;
Singh et al., 2011). Furthermore, the rice-endophytic bacterium Bacillus velezensis YC7010
boosts AtPAD4 expression upon GPA infestation, leading to enhanced GPA resistance in
Arabidopsis (Rashid et al., 2017). This indicates the importance of PAD4 upregulation upon
GPA infestation, and the role of the plant-microbiota in plant defence (Hacquard et al., 2017).
Notably, PAD4-mediated defences against GPA do not depend on SA or camalexin production
(Moran & Thompson, 2001; Pegadaraju et al., 2005). In contrast to basal immunity and ETI,
GPA resistance depends on the S-D-H triad residues PAD4%!'® and PAD4P!'7® but not PAD42%°
(Dongus et al., 2020; Louis et al., 2012a; Wagner et al., 2013). These different requirements
indicate that PAD4-functions in resistance to GPA are distinct from its immune function in the

EDS1-PAD4 heterodimer.

Besides GPA resistance, AP AD4 induces leaf senescence upon GPA infestation and is required
for GPA anti-xenosis (aphid-deterrence). Similar to GPA resistance, these processes do not
require EDS1 and SAG101 (Louis et al., 2012b; Pegadaraju, 2005; Pegadaraju et al., 2007).
Upon GPA infestation, PAD4 stimulates leaf senescence through the expression of a specific
set of senescence-associated genes: SAGI13/21/27 (unrelated to SAGI101) and through
degradation of chlorophyll (Pegadaraju et al., 2005&2007). In GPA anti-xenosis, GPA feeding-
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preference is determined by a choice-assay. This shows that GPA prefer to settle on pad4
mutants when compared to wild-type plants, suggesting PAD4 stimulates to production of a
GPA repellent (Pegadaraju et al., 2005&2007). However, the molecular mechanisms
underlying PAD4-dependent GPA defences remain elusive (Louis & Shah, 2015).

Thesis Aims

Host-adapted pathogens utilise effectors to inhibit plant immunity signalling, however, plants
evolved intracellular NLR receptors that can recognise these effectors. All tested TNLs, and
certain CNLs, converge on the Arabidopsis EDS1-family, which functions as a signalling hub
and activates local and systemic defence responses (Cui et al., 2017; Feys et al., 2005; Rietz et
al., 2011; Venugopal et al., 2009; Wagner et al., 2013). Although EDS1 can interact with
certain TNLs and some effectors, it remains unclear how TNLs activate EDS1-PAD4, whether
it be through direct binding or indirectly through TNL NADase activity (Bhattacharjee et al.,
2011; Heidrich et al., 2011; Horsefield et al., 2019; Kim et al., 2012; Wan et al., 2019).
Similarly, the molecular mechanisms underlying EDS1-PAD4 transcriptional reprogramming
and other downstream processes are not well understood (Bhattacharjee ef al., 2011; Bhandari

etal.,2019; Cui et al., 2017&2018; Kim et al., 2009; Kwon et al. 2009; Lapin et al., 2019).

Structure-guided analyses revealed that EDS1-PAD4 heterodimerisation and the EDS1 EP
domain cavity are essential for Arabidopsis immune signalling (Bhandari et al., 2019; Lapin et
al.,2019; Rietz et al., 2011; Wagner et al., 2013). However, it remains unclear what the role of
PAD4 in the EDS1-PAD4 heterodimer is. Independently of EDS1, PAD4 limits GPA
infestation with its LLD located S-D-H triad (Pegadaraju et al., 2005; Louis et al., 2012a). In
this thesis, I investigated the molecular function of 4fPAD4 in these resistance pathways. |
investigated the properties of the PAD4M?, without its EP domain, in resistance to GPA and
pathogen immunity (Chapter 1; parts of this chapter were published in Dongus et al. (2020)).
Subsequently, I used structure-guided mutagenesis to investigate the role of the PAD4 EP
domain cavity in these resistance pathways (Chapter 2). I performed immunoprecipitation
coupled to mass spectrometry on PAD4 in pathogen challenged Arabidopsis plants to identify
PAD4 signalling-complexes in TNL-ETI (Chapter 3). Lastly, I aimed to determine the
contribution of nuclear and cytoplasmic located PAD4 to pathogen immunity (Chapter 4), and
I investigated which genetic and PAD4 structural components are required for a PAD4 induced

autoimmune phenotype.
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Arabidopsis PAD4 lipase-like domain is sufficient for resistance to green peach aphid

Chapter 1:
Arabidopsis PAD4 lipase-like domain is sufficient for resistance to
green peach aphid

Arabidopsis PAD4 controls defences against (hemi-) biotrophic pathogens and Green Peach
Aphids (GPA) (Cui et al., 2017; Glazebrook et al., 1997; Feys et al., 2005; Pegadaraju ef al.,
2005). PADA4 consists of two domains, the lipase-like domain (LLD) and the EP domain,
however to what extent these domains contribute to these defence responses remains elusive.
To gain a deeper insight in the molecular function of PAD4, I investigate here the properties of
the PAD4L in resistance to GPA and pathogen immunity. Parts of this chapter have been
published in Dongus ef al. (2020).

PAD4'? does not interact with EDS1

To test PAD4™P properties, I generated a PAD4P protein (Figure 1.1A; blue; residues 1-299)
by introducing a stop codon at PAD453% First, I set out to determine whether PAD4P i still
able to interact with EDS1. EDS1-PAD4 heterodimer formation is driven chiefly by specific
motifs in the EDS1 and PAD4 lipase-like domains. In EDSI this is the hydrophobic loop
forming EDS1F motif (a-helix H; Figure 1.1A&B; orange), and the juxtaposed PAD4MLF
motif (Figure 1.1A&B; yellow; Feys ef al., 2001; Wagner ef al., 2013). To determine whether
this truncated protein is stable and able to interact with EDS1, I transiently overexpressed GFP-
tagged PAD4 in N. benthamiana leaves. PAD4"C accumulated to similar levels as PAD4YT
(Figure 1.1D), however PAD4L was unable to co-immunoprecipitate (co-IP) FLAG-tagged
EDSI1, whereas full-length GFP-PAD4 did (Figure 1.1D). This interaction was also tested using
the split-luciferase (LUC) system in N. benthamiana (Gehl et al., 2011), where N-terminal LUC
(NLUC) tagged PAD4P also failed to interact with C-terminal LUC (LUC) tagged EDSI
(Figure 1.1D). This indicates that the interaction between PAD4 and EDS1 depends on the
PAD4 EP domain.
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Figure 1.1. PAD4"'? does not interact with EDSI1.

A. Arabidopsis EDS1-PAD4 heterodimer model (based on AfEDS1-4¢SAG101 crystal structure; Wagner
et al., 2013). EDS1 (grey), PAD4'P (blue) and PAD4 EP domain (green) are represented in cartoon
format. B. EDS1-PAD4-interacting motifs EDS1'F and PAD4MLF are colored as yellow and orange
sticks, respectively. C. Co-immunoprecipitation (GFP-trap) of GFP-PAD4VI/PAD4MD  with
EDS1VT/EDS1'"MF_3xFLAG transiently co-expressed in N. benthamiana leaves (using 35S:GFP-
PAD4"/PAD4*? and 35S:EDS1""/EDSI*"*-3xFLAG constructs, respectively). Left: all proteins are
expressed in the input. Right: in the IP fraction only EDSIW! co-immunoprecipitates with PAD4YT
(positive control). A representative image from three independent experiments is shown. D. Absolute
luciferase activity from transiently co-expressed NLUC or “LUC constructs (35S promoter) in N.
benthamiana. Data are pooled from three independent experiments with two biological replicates per
experiment (n = 6). Colors indicate samples from one independent experiment. Letters indicate statistical
significance as determined by one-way ANOV A with multiple testing correction using Tukey-HSD; p <
0.01. C, D generated with Lucas Dijkgraaf.
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EDS1M? does not interact with PAD4

The EDS1-PAD4 interaction depends on the PAD4 EP domain (Figure 1.1). Since the EDS1
and PAD4 EP domains are juxtaposed, the only domain that the PAD4 EP domain could interact
with is the EDS1 EP domain. This suggests that PAD4 EP domain interacts with the EDS1 EP
domain. However, this is in conflict with Yeast-2-Hybrid (Y2H) data published in Wagner e¢
al., 2013, where EDS1MP (Residues 1-384; Wagner et al., 2013) is sufficient to interact with
PAD4. Thus, my observation that the PAD4"" is insufficient to interact with EDS1 in planta
was unexpected. To determine whether the observations in Y2H are representative for the
situation in planta, 1 assessed EDS1"P binding to PAD4 in N. benthamiana by co-IP and split-
LUC. EDS1'P did not associate to PAD4 in planta (Figure 1.3), indicating that EDS1 and

PAD4 require their EP domain for heterodimerisation.
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84
EDS1“P-FLAG P 4] i
GFP-PADAWT | 4 + + +
GFP-PAD4MLF + + s + =
GFP-PAD4LLD + + + + Z 6
kDa é‘
i 130- — =
EDSIV™ . . - g
Q (]
< a
bl 70- - o
L Epst —-——- -ee o
55- - 5
-
Ponceau S %
©
38 21
170- <<
PAD4"T/130. L
a PADAMLF>1 . | - - - ' .
GRS a ;,J = | =
PAD4D> ‘ : ‘
3 . N . _ &= =l o
Ponceau S "LUC: PAD4"T PAD4YT PAD4"T PAD4'P EV PADAYT RV
UC:  EDSTVT EDS1“F EDST“P EDSIWT EDSTVT EV EV

Figure 1.2. EDS1''? does not interact with PAD4.

Left panel: Transiently expressed PAD4P co-expressed with EDS1 and EDS1MP in N. benthamiana
leaf tissue. FLAG-bead (Sigma) co-IP performed on tissue harvested 3 days post-infiltration. Wild-type
PAD4 is used as a positive control and PAD4ML as a negative control. A representative image from
three independent experiments is shown. Blanked out parts in blots are from a co-IP sample not related
to PAD4MP and EDSI1MP. Right panel: Absolute luciferase (LUC) activity from transiently co-
expressed NLUC or “LUC constructs (35S promoter) in N. benthamiana. Data are pooled from three
independent experiments with two biological replicates per experiment (n = 6). Colors indicate samples
from one independent experiment. Letters indicate statistical significance as determined by one-way
ANOVA with multiple testing correction using Tukey-HSD; p < 0.01. Right panel generated by Lucas
Dijkgraaf.
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SAG101M? does not interact with EDS1

The results discussed above suggest that the EDS1-PAD4 interaction in planta requires a
specific surface within PAD4 EP domain to interact with the EDS1 EP domain. This interface
would function in addition to the EDS1*F and PAD4MLF motifs (Rietz et al., 2011; Wagner et
al.,2013). To determine which region of the PAD4 EP domain interacts with EDS1, I designed
PAD4 truncations with increasingly larger parts of the PAD4 EP domain added to the PAD4P,
i.e. PAD4!331 PAD4!4% and PAD4!*° (Figure 1.3, left panel). Stop codons were introduced
in the transition zone of two o-helices to maintain proper protein folding. In addition, to
investigate if PAD4 its paralog, SAGI101, behaves similar to PAD4 in EDSI
heterodimerisation, I also generated SAG101 truncations, i.e. SAG101P (residues 1-303),
SAG101'3Y SAG101'3% SAG101!63 (Figure 1.3, right panel). I designed these SAG101
truncations in such a way that they resembled the PAD4 truncations as much as possible. For

this, I made use of protein alignments and their protein structure models.

Figure 1.3. Structure models of PAD4 and SAG101 truncations in a complex with EDSI.
Arabidopsis EDS1-PAD4 structure model in left panel (Wagner et al., 2013) Arabidopsis EDS1-
SAGI101 crystal structure in right panel (Wagner et al., 2013). PAD4L is shown in grey, SAG101P
is shown in créme. Different truncations were made by sequentially adding an EP domain region
highlighted in red, blue, yellow and green to PAD4"P and SAG101'P. Region added to obtain
PAD4!"31/SAG101'" is shown in red. Region added to obtain PAD4'%/SAG101'** is shown in
blue. Region added to obtain PAD4!"*79/SAG101'%* is shown in yellow. Remaining region belonging
to full length PAD4 (1-541) and full-length SAG101(1-537) is shown in green. EDS1-PAD4 structure
model and EDS1-SAG101 structure were adapted from Wagner et al., 2013.
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PAD4 and SAG101 truncations were co-expressed with EDS1 in N. benthamiana, and protein
accumulation and EDS1 binding was assessed by co-IP (Figure 1.4). The two shortest
truncations; PAD4MP & SAG101"P and PAD4!3! & SAG101'" (Figure 1.3; grey and red)
accumulated to similar levels as the full-length protein (Figure 1.3). The two longest PAD4 and
SAG101 truncations (Figure 1.3, PAD4!"%&SAG101'-*%: blue; PAD4!"*7°&SAG101'4:
yellow) accumulate very weakly, where PAD4!"47" accumulates more than PAD4!%® (Figure
1.4). This suggests that the EP domain residues are destabilizing the proteins and require the
LLD and the last six a-helices to stabilize the proteins (Figure 1.3; yellow and green). Notably,
none of the PAD4 and SAG101 truncations interacted with EDS1 (Figure 1.4). Furthermore,

split-LUC confirmed that SAG101*P does not interact with EDS1, which also revealed that

EDS1P also does not interact with SAG101 (Figure 1.5).
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Figure 1.4. PAD4 and SAG101 truncations do not interact with EDSI1.

PAD4 (left panel) and SAG101 (right panel) truncations expressed under the 35S promoter co-
expressed with 35S8::gEDSI-3xFLAG in N. benthamiana leaf tissue. FLAG-bead (Sigma) co-IP
performed on tissue harvested 3 days post-infiltration. Wild-type PAD4 is used as a positive control
and PAD4MF as a negative control for EDS1 interaction. Similar results were obtained in three other
independent biological replicates.
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In conclusion, these experiments were unable to identify a region in PAD4 and SAG101 EP
domains required for EDS1 binding. I hypothesize that the longer truncations do contain an
EDS1 binding surface, however, the PAD4 and SAG101 truncations were too unstable to gain
insight in EDS1-PAD4 and EDS1-SAG101 heterodimerisation. Furthermore, these results
indicate that the interactions between the EDS1-family members are more sophisticated than
the current model proposes, where EDS1F and PAD4MLF are the only drivers of heterodimer
formation in Arabidopsis (Wagner ef al., 2013). Taken together, these results indicate that all

three members of the EDS 1-family require their EP domain for interaction with their partner(s).

PAD4P js a stable protein and localizes to the nucleus and cytoplasm

To study the functions of the PAD4"P, T introduced WT PAD4 (pPAD4:Strepll-YFP-
cPAD4"") or PAD4"P (pPAD4:Strepll-YFP-cPAD4*P) constructs into Arabidopsis (pad4-
1/sagl01-3 mutant; Col-0). Two independent stable transgenic PAD4'P lines exhibited
nucleocytoplasmic localisation similar to PAD4WYT at 24 h post infection (hpi) with
Pseudomonas syringae pv. tomato (Pst) strain DC3000 expressing the effector avrRps4 (Pst
avrRps4) (Figure 1.6). Pst avrRps4 delivers the effector avrRps4, which triggers ETI in Col-0
induced by the receptor pair RRS1-S/RPS4 (Birker et al., 2009, Heidrich et al., 2011; Narusaka
et al., 2009; Saucet et al., 2015).
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PAD4M"P subcellular distribution is in line with previously described nucleocytoplasmic
localisations of EDS1'P and PAD4"P/SAG101EP domain chimeras in planta (Lapin et al., 2019;
Wagner et al., 2013). PAD4"? was also detected in leaf samples treated with Pst avrRps4 at
24 hpi using immune-detection (western blot), although at much lower levels compared to
PAD4YTlines (Figure 1.7A). This is in contrast to my observation in N. benthamiana transient
assays, where PAD4MP and PAD4YT accumulation was similar (Figure 1.1D). The reduction
in PAD4"P protein relative to PAD4"T in mock- and Pst avrRps4-treated Arabidopsis leaves
can be partially attributed to lower accumulation of PAD4 transcripts in PAD4“P lines
compared to PAD4YT lines (Figure 1.7B). In summary, PAD4'P is sufficient to maintain a
WT-like nucleocytoplasmic localisation, but loss of the EP domain substantially reduces PAD4

steady-state levels in Arabidopsis and PAD4-EDSI interaction.

PAD4"T#5 PADAYT#7 pAD4“C#2  PAD4'C#4

¥ -

Figure 1.6. PAD4 localisation at 24 hpi with Pst avrRps4.

Nucleocytoplasmic localisation of YFP-PAD4YT and YFP-PAD4L in Arabidopsis transgenic lines (24
hpi, Pst avrRps4). | enhanced the confocal microscope sensitivity to determine PAD4 localisation. White
arrowhead = nuclei; white bar = 20 um. Similar results were obtained in two independent replicates in
two biological replicates (n=4). ChA: chlorophyll A (auto-fluorescence); PMT: photon multiplier tube
(bright field).
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Expression of PAD4'? confers GPA resistance

In GPA resistance, PAD4 acts independently of EDS1 and was previously shown to be
dependent on the PAD4P Jocated S!'® and D'7®, but not H??°. These amino acids are predicted
o/B-hydrolase catalytic triad residues (Figure 1.8B&C) (Louis et al., 2012a; Pegadaraju 2007).
Since PAD4P accumulates in Arabidopsis, we tested whether the PAD4P alone is sufficient
to restrict aphid population growth. Consistent with previously published data, pad4-1, pad4-
1/sagl01-3 and PAD45!'3A lines (in pad4-1/eds1-2/EDSI5P!; Wagner et al., 2013) showed a
significant increase in aphid population size compared to Col-0 in a no-choice bioassay (Figure
1.8A) (Louis et al., 2012a; Pegadaraju et al., 2007). The PAD4P lines harboured a GPA
population at 11 dpi similar to PAD4"T and Col-0, even though these lines expressed low levels
of PAD4™"P (Figure 1.7A). Thus, indicating PAD4"'" is sufficient in resistance to GPA
infestation. Furthermore, low steady state accumulation of PAD4P protein (Figure 1.7A) is
sufficient to counter GPA infestation in Arabidopsis. This implies that PAD4P has an in
planta activity. Based on these observations I conclude that PAD4P is a stable protein entity

able to confer resistance to GPA.
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Figure 1.7. PAD4"'? accumulates in Arabidopsis.

A. PAD4 accumulation in independent stable transgenic Arabidopsis lines expressing YFP-PAD4"T and
YFP- PAD4MP probed by Western blotting using a-GFP antibody at 24 hpi with mock (10 mM MgCl,)
or Pst avrRps4 treatments. A representative image from three independent experiments is shown. B.
PAD4 transcript abundance was determined by qRT-PCR at 24 hpi in mock- or Pst avrRps4-treated
samples of the indicated Arabidopsis lines. Data are pooled from three independent experiments each
with two to three biological replicates (n = 6-9). Bars represent the mean of three experimental replicates
+ SE. Relative expression and significance level is set to Col-0 mock-treated samples. Asterisk indicates
p <0.01, one-way ANOVA with multiple testing correction using Tukey-HSD.
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Arabidopsis ETI and basal immunity require full-length PAD4

PAD4MP lines were as resistant as Col-0 against GPA. To test whether PAD4MP also functions
in EDS1-dependent immunity, I tested basal immunity and TNL-triggered pathogen immunity.
Firstly, I measured TNL-ETI using the filamentous biotrophic pathogen Hyaloperonospora
arabidopsidis (Hpa) isolate EMWAL, which is recognized in Col-0 by the TNL RPP4
(RESISTANCE TO PERONOSPORA PARASITICA4) (Van der Biezen et al., 2002; Asai et al.,
2018). Col-0, PAD4YT and PAD45!32 lines were resistant to Hpa EMWALI, as measured by
conidiospore production and based on macroscopic disease and microscopic Hpa colonisation
phenotypes (Figure 1.9A-C). By contrast, PAD4L transgenic lines were fully susceptible,
showing conidiospore production and macroscopic and microscopic disease phenotypes

resembling pad4-1/sagl01-3 mutants (Figure 1.9A-C).

GPA resistance

a < bc a a a b bc

40 8

Col-0
pad4—1
PAD4WT#7
PADA4'C #2
PADA4'® #4
PAD45118A 43
PAD45"'8A#4

Figure 1.8. PAD4"'? is sufficient for GPA resistance.

A. AtPAD4 monomer model (based on AtfEDS1-4fSAG101 crystal structure; Wagner ef al., 2013).
PADA4P (blue) and PAD4 EP domain (green) are represented in cartoon format. B. PAD4 S-D-H
triad residues (red). C. Numbers of green peach aphids (GPA) per plant at 11 days post-infestation in
a no-choice assay. Data are pooled from three independent experiments each with ten biological
replicates per experiment (n = 30). Squares of the same color represent ten biological replicates in an
independent experiment. Bars represent the mean of three experimental replicates + SE. Differences
between genotypes were determined using ANOVA (Tukey-HSD, p <0.01), letters indicate
significance class. GPA data generated by Monika Patel, Lani Archer and Jyoti Shah (University of
North Texas).
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Figure 1.9. PAD4"'? is not functional in Arabidopsis basal immunity and ETL.

A. Microscopic immunity phenotypes of 3-week-old Arabidopsis lines, as indicated, at 6 dpi with Hpa
isolate EMWAI1 (recognized by TNL RPP4). Col-0 (resistant), pad4-1 (susceptible) and pad4-
1/sagl01-3 (susceptible) functioned as controls. Trypan blue-stained leaves showing free hyphae (th)
and hypersensitive cell death (Hypersensitive Response (HR)). Black bars represent 500 um. Fractions
(e.g. 18/18) indicate numbers of resistant leaves/total plants tested. Pictures are representative from
three independent experimental replicates, > 6 leaves per replicate and > 30 infection sites per
genotype. Figure legend continues on next page.
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In addition, I tested PAD4P function in basal immunity to virulent Pst DC3000, and in TNL
(RRS1-S/RPS4) ETI to Pst avrRps4. In basal immunity, pad4-1 was as susceptible as pad4-
1/sagl01-3 while in ETI, pad4-1 displays intermediate susceptibility between Col-0 and pad4-
1/sagl01-3 (Figure 1.9D&E) (Feys et al., 2005; Wagner et al., 2013). In both basal immunity
and ETI, PAD4%!!84 was as resistant as Col-0 and PAD4YT which is consistent with previous
findings that the PAD4 S-D-H predicted catalytic triad is not required for pathogen immunity
(Figure 1.9D&E) (Louis et al.,, 2012a; Wagner et al.,, 2013). In contrast to GPA resistance,
PAD4MP lines were fully susceptible to Pst DC3000 and Pst avrRps4, showing similar bacterial
growth to pad4-1/sagl01-3 (Figure 1.9D&E). This indicates that PAD4P is unable to activate
basal immunity and ET1. Moreover, this suggests that PAD4 relies on its EP domain for immune
functions. To determine the contribution of PAD4"P in immune signalling, I quantified the
expression of defence marker genes 24 hpi with Pst avrRps4. This showed that PAD4MD,
similar to pad4-1/sagl01-3, is unable to induce defence marker gene expression (Figure 1.10).

This indicates that PAD4P is unable induce TNL-ETI signalling.

In conclusion, EDS1-family proteins required their EP domain for stable heterodimer
formation, and did not only exclusively rely on their LLDs (Figure 1.1-5). Furthermore, this
analysis of the Arabidopsis PAD4MP demonstrates a domain-specific partitioning of defence
functions. The PAD4" was necessary and sufficient for limiting GPA infestation (Figure 1.7),
while the PAD4 EP domain (with the LLD) mediated pathogen immunity signalling (Figure
1.8&9). This indicated that the PAD4 EP domain plays a critical role in these immune
responses. In the next chapter I investigated the role of the PAD4 EP domain in ETI and basal

immunity.

Figure 1.9. PAD4"'? is not functional in Arabidopsis basal immunity and ETI (continued).

B. Hpa EMWA l-inoculated plants of the same lines as in A. Resistant plants look healthy at 6 dpi,
whereas susceptible plants produce conidiospores and leaf chlorosis. White bars correspond to 2 cm.
C. TNL (RPP4) ETI assay in Arabidopsis independent transgenic lines with wild-type and mutant
controls, as in A. Hpa EMWAL1 conidiospores on leaves were quantified at 6 dpi in three independent
experiments (squares; n=9). Squares of the same color represent three biological replicates in an
independent experiment. Bars represent the mean of three experimental replicates + SE. Differences
between genotypes were determined using ANOVA (Tukey-HSD, p <0.01), letters indicate
significance class. D. TNL (RRS1-S/RPS4) ETI assay in the same Arabidopsis independent transgenic
and control lines as in A. Four-week old Arabidopsis plants were syringe infiltrated with Pst avrRps4
(ODgoo = 0.0005) and bacterial titers were determined at 0 dpi (empty squares; n=8-9) and 3 dpi (filled
squares; n=11-12). Squares of the same color represent 2-3 (day 0) or 3-4 (day 3) biological replicates
in an independent experiment. E. Infection assay was performed with basal immunity triggering Pst
DC3000 (ODgoo = 0.0005). Experimental set-up as in D and statistical analysis as in C.
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Figure 1.10. PAD4"? is not able to induce immune marker genes during Pst avrRps4 triggered ETL.
Transcript abundance determined by qRT-PCR in 4-week old Arabidopsis plants syringe-infiltrated with
either buffer (mock, grey bars) or Pst avrRps4 (black bars) (24 hpi). Data are pooled from three
independent experiments, with two to three biological replicates per experiment (n = 6-9). EDSI,
AVRPPHB SUSCEPTIBLE 3 (PBS3), AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALDI),
PATHOGENESIS RELATED1 (PRI), ISOCHORISMATE SYNTHASEI! (ICS1), and FLAVIN
MONOOXYGENASE1 (FMOI) transcript abundances were measured relative to ACTIN2 (ACT2).
Relative expression and significance level is set to Col-0 mock-treated samples. Differences between
genotypes were determined using ANOVA (Tukey-HSD), asterisks indicate p < 0.01.
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Chapter 2:
Arabidopsis PAD4 EP domain cavity plays an essential role in
immunity

Chapter one shows that PAD4MP is sufficient for GPA resistance, but is insufficient for
pathogen immunity, indicating PAD4 EP domain functions in pathogen immunity. Certain
Arabidopsis and Tomato EDS1 EP domain residues are essential for immunity, e.g. AfEDS1R4%3
(Figure 2.1) (Bhandari et al., 2019; Gantner et al., 2019; Lapin et al., 2019). Mutating the
equivalent AfEDS1%*% residue in 4fPAD4 (R420A) does not inhibit PAD4 function (Bhandari
et al., 2019). Given that essential EDS1 EP domain residues reside at the EP domain cavity,
while A/PAD4R*? does not, suggests that certain PAD4 EP domain cavity residues are essential
for PAD4 immune signalling (Figure 2.1) (Bhandari et al., 2019). Based on these observations
I hypothesized that certain residues of the PAD4 EP domain EP domain cavity are also required

for PAD4 immune signalling function.

Figure 2.1. EDS1 and PAD4 EP domain residues that were mutated previously.

Arabidopsis EDS1-PAD4 heterodimer model (based on AtfEDS1-4tSAG101 crystal structure; Wagner et
al., 2013). EDS1 (black) PAD4 (grey) with residues previously mutated in EDS1 highlighted in red, and
in AfPAD4 residues shown in blue (Bhandari ef al., 2019; Lapin et al., 2019). A. EDS1-PAD4
heterodimer model (Wagner et al., 2013). Red box highlights the EDS1-PAD4 EP domain cavity and
blue box highlights PAD4%*2°, B. EDS1-cavity residues mutated previously are highlighted in red. C.
PAD4R420 g not located in the cavity.
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Selection of PAD4 EP domain cavity variants

To determine investigate the contribution of PAD4 EP domain cavity residues to immunity, I
mutated several residues to an Alanine (A) (Figure 2.2). These sites were chosen based on three
main criteria: 1) the residue is solvent-exposed, ii) the residue is located in the EP domain cavity,
and iii) the residue should at least be conserved within the Brassicaceae family (Figure 2.3;
Supplemental Figure 2.1). As a control, I also mutated PAD43%_ which is located in the EP
domain, but not located in the cavity (Figure 2.2). This residue is also part of the EPLDIA motif,
a motif of unknown function that is conserved in the EDS1-family (Figure 2.3; Wagner et al.,
2013). Another control I included was PAD428¢, which is also solvent accessible (Figure 2.2),
conserved within Brassicaceae, but is not located in the EP domain cavity (Figure 2.3;
Supplemental Figure 2.1). This constituted to a set of 13 PAD4 variants that I screened for their

contribution to pathogen immunity.

1286 R165 F375

Figure 2.2. Structural model of
the EDS1-PAD4 heterodimer
showing mutated PAD4
residues.

Arabidopsis EDS1-PAD4
heterodimer model (based on
AtEDS1-4tSAG101 crystal

structure; Wagner et al., 2013).
EDSI1 (black) and PAD4 (grey)
with mutated PAD4 residues
shown in blue, turquoise, purple
and green. PAD4?%¢ is shown in
turquoise, PAD4®!* is shown in
purple and PAD4%3% is shown in

green.
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figure 2.2. Protein sequences were
obtained by Dmitry Lapin (Lapin
et al., 2019), see Supplemental
figure 2.1 for protein sequences of
the alignment used to generate
these sequence logos. Sequence
logos were made using WebLogo
(Crooks et al., 2004; Schneider &
Stephens. 1990).
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Screening PAD4 EP domain cavity T1 mutants for susceptibility to Hpa EMWAL1

I introduced the cPAD4 variants into Arabidopsis pad4-1/sagl01-3 mutants (as
pPADA4: :Strepll-YFP-cPAD4). To assess whether these cPAD4 variants are able to function in
immunity, I inoculated 3 week-old T1 transformants with TNL triggering Hpa EMWATL. Out
of all cPAD4 variants tested, only cPAD4R3144 and cPAD4X*%%A showed susceptible disease
phenotypes similar to pad4-1/sagl(01-3 and edsi-2, based on microscopic Hpa colonisation
phenotypes (Figure 2.4). The remaining cPAD4 variants showed resistance phenotypes similar
to Col-0 and cPAD4WT, This initial observation suggested that PAD4%3!4 and PAD4%% are

required for signalling in immunity.
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Figure 2.4. T1 complementation assay on PAD4 variants in Arabidopsis ETI against Hpa EMWAL.
Microscopic immunity phenotypes of 3-week-old Arabidopsis lines, as indicated, at 6 dpi with Hpa
isolate EMWAI (recognized by TNL RPP4). Col-0 (resistant), pad4-1 (susceptible) and pad4-1/sagl101-
3 and eds -2 (susceptible) functioned as controls. Trypan blue-stained leaves showing free hyphae (FH),
trailing necrosis (TN) and hypersensitive cell death (Hypersensitive Response (HR)). Black bars
represent 200 pm. Over 12 independent T1 plants were tested per cPAD4 variant, and showed similar
resistance phenotypes. Results were obtained from two independent experimental replicates except for
cPAD4R4A and cPAD4W319A,
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All PAD4 variants interact with EDS1 in planta, except PAD4!286A

In chapter one, I showed that the interaction between PAD4 and EDS1 does not solely rely on
the PAD4P_ but also required the PAD4 EP domain. Perhaps PAD4R3!4A and PAD4K380A
susceptibility is caused protein instability or by the inability of these variants to interact with
EDSI. To test this hypothesis, I transiently co-expressed EDS1 with each of the PAD4 variants
in N. benthamiana leaves. Most PAD4 variants showed protein levels similar to PAD4VT,

though some variants accumulated to lower levels than PAD4WT (Figure 2.5).
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Figure 2.5. All cPAD4 variants interact with EDS1, except PAD42864,

Transiently expressed PAD4 (as pPADA4.:Strepll-YFP-cPAD4) variants co-expressed with EDSI1 (as
358::cEDS1-SH) and in N. benthamiana leaf tissue. GFP-Trap (Chromotek) co-IP performed on tissue
harvested 3 days post-infiltration. Wild-type PAD4 is used as a positive control, and PAD4MF and
PADA4P as negative controls. Similar results were obtained in a two independent biological replicates.
For PAD42%4 this was repeated in two more independent biological replicates. For PAD4R4A and
PAD4%380A thig result was repeated in three more independent biological replicates. Blanked out parts in
blots are from an unrelated co-IP sample.
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All PAD4 variants were able to interact with EDS1, except PAD42%4 (Figure 2.5), which is
located in the LLD, but not at the EDS1 interface (Figure 2.2). Since cPAD4284 does not show
a loss-of-function phenotype (Figure 2.4), these data suggest that a (strong) interaction between
PAD4 and EDSI is not required for immune signalling. Furthermore, these co-IP data indicate
that none of the PAD4 variants in the EP domain cavity are required for the interaction with
EDS1. Moreover, this suggests that the loss-of-function phenotype observed in Arabidopsis
cPAD4R#A and cPAD4%8%A cannot be explained by a loss of interaction with EDSI. To
confirm that PAD4®!%A and PAD4%3804 indeed do interact with EDS1, split-LUC assays were
performed. This showed that there is no significant decrease in binding between EDS1 and
PAD4R314A and EDS1 and PAD4%38%A compared to PAD4YT (Figure 2.6). Lastly, I determined
cellular localisation of all PAD4 variants in N. benthamiana leaves, which showed
nucleocytoplasmic localisation similar to PAD4YT (Figure 2.7). In conclusion, based on these
transient assays in N. benthamiana the PAD4R3 144 and PAD4%3894 susceptibility phenotypes

are not caused by protein instability, a diminished interaction with EDS1, or by mislocalisation.

Absolute Luciferase activity (10F)

LUC: PADA"  PADAT  PADSP PADSER BV PADAY  EV
‘LUc:  EDSTY EDSTHF EDST™ EDSTYT EDSTY BV EV

Figure 2.6. PAD4®314A and PAD4%384 interact with EDSI.

Absolute luciferase (LUC) activity from transiently co-expressed NLUC or “LUC constructs (35S
promoter) in N. benthamiana. Data are pooled from three independent experiments with two biological
replicates per experiment (n = 6). Letters indicate statistical significance as determined by one-way
ANOVA with multiple testing correction using Tukey-HSD; p < 0.01. Data generated by Lucas
Dijkgraaf.
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PAD4R4A  apnd PAD4%380A are stable and nucleocytoplasmic proteins in
Arabidopsis

Previously, cDNA constructs of EDS1R44 (cEDS1R%3A) were shown to accumulate less
protein than cEDS1YT (Bhandari et al., 2019). To show that the susceptibility phenotype of
these lines is not due to low protein levels, the authors generated genomic DNA (gDNA)
constructs of EDS 1?4934 (gEDS 1}%3A) (Bhandari et al., 2019). These gEDS 17934 lines were as
susceptible as cEDS1%#*A but in contrast to cEDS1%4%*4, gEDS 1?4934 accumulated to a similar
level as cEDS1WT levels. This indicated that the phenotype of cEDS1R44 is not due to low
protein levels (Bhandari ef al., 2019). Since this same issue was likely to occur for the cPAD4

variants, I decided to generate gDNA lines for PAD4R3144 and PAD4K380A,
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Figure 2.7. PAD4 variants maintain (WT-like) nucleocytoplasmic localisation in N. benthamiana.
PAD4 variants transiently expressed as pPAD4.:Strepll-YFP-cPAD4 in N. benthamiana leaves. To
determine PAD4 variant localisation, confocal microscope sensitivity was enhanced to enable its
detection. Yellow channel = YFP-PADA4, red channel = Chlorophyll A, and white channel = PMT (bright
field). White arrowheads indicate nuclei and white bars correspond to 20 um. >40 cells per PAD4 variant
were assessed for PAD4 cellular localisation. Data from one experimental replicate.
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Phylogenetic shadowing

Typically, gDNA constructs contain the upstream intergenic region, UTRs, exons and introns.
Within the Arabidopsis genus, PAD4 upstream intergenic region and intron are conserved
(Figure 2.8). Moreover, in AtPAD4 leaves, these regions form an open chromatin region (Figure
2.8; Zhang et al., 2016). This suggests that the promoter and intron contain cis-elements that
regulate AtPAD4 expression, and consequently AtfPAD4 levels. Recent evidence indicates that
(conserved) downstream intergenic regions can also affect gene expression (Weber et al., 2016;
Zicola et al., 2019). Since the downstream intergenic region of 4tPAD4 is conserved within
most Brassicaceae PAD4 orthologues (Figure 2.8), I decided to clone gPAD4 constructs

containing this downstream intergenic region.
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Figure 2.8. PAD4 contains open chromatin regions and a conserved intron and downstream
intergenic region.

Chromatin accessibility (DNasel: top panel) and conservation level (Phylogenetic shadowing: bottom
panel) at the PAD4 locus. Chromatin accessibility at the 4¢tPAD4 locus from published leaf DNasel-seq
data (PlantDHS.org; Top panel) (Zhang ef al., 2016). Phylogenetic shadowing showing the level of
sequence homology of AtPAD4 in relation to selected Brassicales species (mVISTA; bottom panel).
Red indicates intergenic regions, UTRs and introns, and blue highlights exons. Edouard Severing
(Coupland Group) obtained genomic sequences from publicly available databases, i.e. Phytozome and
Genomevolution.org. Species and loci as depicted in bottom panel: Ah: 4. halerii (g28366.t1), Al: A.
lyrata (AL5G33080.t1), Bs: Boechera stricta (Bostr.29094s0001.1), Ch: Cardamine hirsuta, Es:
Eutrema salsugineum, BrC: Brassica rapa (Brara.C04416.1.p), BrD: B. rapa
(Brara.D00590.1.p), Cr70: Capsella rubella (Carubvi0016970m), Cgl9: Capsella grandiflora
(Cagra.195250033.1.p), Cgl2: C.  grandiflora (Cagra.12401s0001.1.p), Cl:  Cleoma (Tarenaya
hassleriana) and Cr67: C. rubella (Carubvi0016967m).
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For protein localisation and immune-detection purposes I introduced YFP with a Linker-peptide
(Linker: Gly + 9x Ala peptide) in front of the PAD4 start codon. I generated gPAD4VT,
gPAD4R4A and  gPAD4XBOA  constructs  (pPADA4.:YFP-Linker-gPAD4::dsPAD4) and
introduced these into Arabidopsis (pad4-1/sagl01-3).

To test whether PAD4R3!4A and PAD4%380A accumulate stably in Arabidopsis, I immuno-
detected PAD4 protein in Hpa EMWAL infected leaves of T3 homozygous lines. cPAD4R314A
and cPAD4%38A accumulated to lower levels than cPAD4YT (Figure 2.9), while all tested
gPAD4AVT gPADAR4A and gPAD4K80A accumulated to similar levels as cPAD4YT (Figure
2.9). Furthermore, certain cPAD4286A and cPAD4!15 lines showed low protein accumulation
compared to PAD4W!, whilst still being fully functional in Hpa EMWALI resistance (Figure
2.4&9). These observations indicate the loss-of-function phenotype of PAD4R3!#A and
PAD4%380A are not due to low protein levels. Next, I tested for PAD4 localisation in Arabidopsis
leaves infected with Pst avrRps4. In line with the observations in N. benthamiana, both gDNA
and cDNA lines of PAD4®!4A and PAD4X*%A showed wild-type-like nucleocytoplasmic
localisation (Figure 2.10). These observations indicate that PAD4R4A and PAD4K380A are

stable proteins located in the nucleus and cytoplasm.
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Figure 2.9. cPAD4 and gPAD4 variants accumulate in Arabidopsis.

PAD4 accumulation in independent stable transgenic Arabidopsis lines expressing Strepll-YFP-cPAD4
or YFP-gPAD4 and probed for PAD4 by Western blotting using o-GFP antibody. Samples were
harvested from 3 week-old plants infected with Hpa EMWAL1 (5 dpi). Col-0 and pad4-1/sagl01-3 as
negative controls. Representative images from three independent experiments are shown. A. cPAD4R314A
and cPAD4%3%A accumulation relative to cPAD4YT, cPAD42%¢A cPAD4Y15A and cPAD4Y3¥!A B,
cPAD4RMA " cPAD4R3A and ¢cPAD4YT accumulation relative to gPAD4WT, gPAD4RMA and
gPAD4K380A,
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Figure 2.10. PAD4®314A and PAD4%38 cellular localisation in Arabidopsis.
Figure legend continues on next page.
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Figure 2.10. PAD4®3144 and PAD4%3%%A cellular localisation in Arabidopsis. (See previous page)
Nucleocytoplasmic localisation of PAD4WT, PAD4R!4A and PAD4KX8¥04 a5 ¢cDNA constructs
(pPADA4::Strepll-YFP-cPAD4) or as gDNA constructs (pPAD4:: YFP-gPAD4-dsPAD4) in Arabidopsis
transgenic T3 lines (24 hpi, Pst avrRps4). I enhanced the confocal microscope sensitivity to determine
PAD4 localisation. White arrowhead = nuclei; white bar = 50 um. Similar results were obtained in two
independent replicates in two biological replicates (n=4). ChA: chlorophyll A (auto-fluorescence);
PMT: photon multiplier tube (bright field). Data generated together with Eva Penner.

Basal immunity and TNL-ETI require PAD4R3'4 and PAD4K38

In the T1 complementation assay (Figure 2.4), cPAD4R314A and cPAD4%3%A were susceptible
to TNL-ETI triggering Hpa EMWAT1 (RPP4). To verify this result, the assay was repeated on
homozygous T3 cPAD4 lines and gPAD4 lines. These lines include cPAD42%%A: as it was
unable to bind to EDS1, and cPAD415A and cPAD4W3814; as these residues are adjacent to
PAD4R4 and PAD4%% respectively. Col-0, cPAD4YT cPAD42%%4  ¢PAD4L15A and
cPAD4WY3IA were resistant to Hpa EMWAL, as measured by conidiospore production, and
based on macroscopic disease and microscopic Hpa colonisation phenotypes (Figure 2.11). In
contrast, cPAD4R314A and cPAD4X380A were susceptible, similar to pad4-1/sagl01-3. For the
genomic lines I observed a similar trend, Col-0 and gPAD4V" lines were resistant, whilst
gPAD4RA and gPAD4KS0A Jines were susceptible, resembling pad4-1/sagl01-3 (Figure
2.11).

In addition, I investigated PAD4R*!4A and PAD4X380A function in basal immunity and TNL-ETI
against, respectively, virulent Pst DC3000, avirulent Pst avrRps4 (Figure 2.12). This showed
that Col-0, cPAD4™T and gPAD4"™T are resistant to both virulent and avirulent pathogens. In
contrast, both cDNA and gDNA lines of PAD4R34A and PAD4*3%%A were as susceptible as
pad4-1/sagl01-3 (Figure 2.12). This suggests that PAD4%*!* and PAD4%** are required for
immune signalling. To test this hypothesis, I quantified the expression of defence marker genes
24 hpi with Pst avrRps4. This showed that cPAD4R14A and cPAD4X3%A are unable to induce
defence marker gene expression, like pad4-1/sagi01-3 (Figure 2.13). This indicates that
PAD4R %A and PAD4%3%%4 are unable induce TNL-ETI signalling. Taken together, these results
indicate that PAD4R31* and PAD4%%% are required for basal immunity and TNL-ETI.
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Figure 11. PAD4%'44 and PAD4%%A are not functional in Arabidopsis ETI against Hpa EMWAL.
A. Macroscopic immunity phenotypes of 3-week-old Arabidopsis lines, as indicated, at 6 dpi with Hpa
isolate EMWAL (recognized by TNL RPP4). Col-0 (resistant), pad4-1 (susceptible) and pad4-1/sagl01-
3 (susceptible) functioned as controls. Resistant plants look healthy at 6 dpi, whereas susceptible plants
produce conidiospores and leaf chlorosis. Figure legend continues on next page.
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Figure 2.11. PAD4®14A and PAD4%%% are not functional in Arabidopsis ETI against Hpa
EMWALI (continued).

B. Trypan blue-stained leaves of Hpa EMWA infected plants at 5 dpi of the same lines as in A. Trypan
blue-stained leaves showing free hyphae (fh) and hypersensitive cell death (Hypersensitive Response
(HR)). Black bars represent 500 um. Pictures are representative from three independent experimental
replicates, > 6 leaves per replicate and > 30 infection sites per genotype. C-D. TNL (RPP4) ETI assay
in Arabidopsis independent transgenic lines with wild-type and mutant controls, as in A. Hpa EMWAL
conidiospores on leaves were quantified at 6 dpi in three independent experiments (squares; n=9).
Squares of the same color represent three biological replicates in an independent experiment. Bars
represent the mean of three experimental replicates = SE. Differences between genotypes were
determined using ANOVA (Tukey-HSD, p <0.05), letters indicate significance class. Data generated
together with Eva Penner.
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Figure 2.12. PAD4®"A and PAD4%*%%* are not functional in Arabidopsis ETI and basal
immunity.
A. TNL (RRSI1-S/RPS4) ETI assay in Arabidopsis independent transgenic and control lines as
indicated. Four-week old Arabidopsis plants were syringe infiltrated with Pst avrRps4 (ODgoo =
0.0005) and bacterial titers were determined at O dpi (empty squares; n=6) and 3 dpi (plus signs; n=12).
Symbols of the same color represent 2 (day 0) or 4 (day 3) biological replicates in an independent
experiment. Bars represent the mean of three experimental replicates + SE. Differences between
genotypes were determined using ANOVA (Tukey-HSD, p <0.01), letters indicate significance class.
B. Infection assay was performed with basal immunity triggering Pst DC3000 (OD600 = 0.0005).
Experimental set-up and statistical analysis as in B. Data generated together with Eva Penner.
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Figure 2.13. PAD4"'? s not able to induce immune marker genes during Pst avrRps4 triggered
ETI. Transcript abundance determined by qRT-PCR in 4-week old Arabidopsis plants syringe-
infiltrated with either buffer (mock, grey bars) or Pst avrRps4 (black bars; ODgoo = 0.005) (24 hpi). Data
are pooled from three independent experiments, with two to three biological replicates per experiment
(n = 6-9). PAD4, EDS1, PATHOGENESIS RELATEDI (PR1), AVRPPHB SUSCEPTIBLE 3 (PBS3),
ISOCHORISMATE SYNTHASE1 (ICSI), and FLAVIN MONOOXYGENASEI (FMOI) transcript
abundances were measured relative to ACTIN2 (ACT?2). Relative expression and significance level is
set to Col-0 mock-treated samples. Differences between genotypes were determined using ANOVA
(Tukey-HSD), asterisks indicate p < 0.05.
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PAD4R314A and PAD4K380A gusceptibility is independent of Pst DC3000-produced

coronatine

Pst DC3000 produces a mimic of the phytohormone JA-Ile, called coronatine (Brooks et al.,
2005; Katsir et al., 2008; Zheng et al., 2012). Coronatine over-stimulates JA-signalling, leading
to the repression of several immune pathways, including the EDS1 immune pathway (Brooks
et al., 2005; Cui et al., 2018; Mine et al., 2017b). Mutations in the EDS1 EP domain cavity

1K478R and

render plants (partially) susceptible to coronatine-producing Pst strains, i.e. EDS
EDS1R?%3A In contrast, these EDS1 variants are fully functional against certain coronatine
deficient Pst¢ strains, indicating coronatine represses EDS1 EP domain cavity signalling
(Bhandari et al., 2019). Since EDS1%47® and EDS 1?3 are positively charged and located within

the EDS1-PAD4 EP domain cavity, like PAD4®!'* and PAD4%3% 1 hypothesized that

A Pst avrRps4 ACor B Pst DC3000 ACor
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Figure 2.14. PAD4®14A and PAD4%38A susceptibility does not depend on Pst DC3000-produced
coronatine.

A. TNL (RRS1-S/RPS4) ETI assay in Arabidopsis independent transgenic and control lines as indicated.
Four-week old Arabidopsis plants were syringe infiltrated with Pst avrRps4 ACor (ODgoo = 0.0005) and
bacterial titers were determined at O dpi (empty squares; n=4) and 3 dpi (plus signs; n=12). Symbols of the
same color represent 2 (day 0) or 4 (day 3) biological replicates in an independent experiment. Bars
represent the mean of three experimental replicates = SE. Differences between genotypes were determined
using ANOVA (Tukey-HSD, p <0.01), letters indicate significance class. B. Infection assay performed
with basal immunity triggering Pst DC3000 ACor (ODsoo = 0.0005). Experimental set-up and statistical
analysis as in A.
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PAD4R4A and PAD4K3A susceptibility to Pst is exacerbated by the virulence factor

coronatine.

To test this hypothesis, I measured the virulence of coronatine deficient (4Cor) Pst strains on
cPAD4R 144 and cPAD4X330A a0ainst Col-0 and PAD4" " were resistant to virulent Pst DC3000
ACor and avirulent Pst avrRps4 ACor. In contrast to EDS1¥48® and EDS1R4%A [ines,
PAD4R4A and PAD4!3894 Jines were susceptible and behaved similar to pad4-1/sagl01-3 and
edsl-2 (Figure 2.14; Bhandari et al., 2019). This suggests that coronatine does not repress
EDS1-PAD4 EP domain cavity immune functions, but rather that coronatine inhibits certain
immune sectors downstream of EDS1 heterodimers, as previously proposed by Bhandari et al.

(2019).

PAD4R14 and PAD4%3? are not required for resistance to GPA

PAD#4 acts independently of EDS1 in GPA resistance (Pegadaraju et al., 2007). This response
depends on PAD4L and specifically on the LLD located residues PAD45!!'8 and PAD4P!"
(Figure 1.8; Louis et al., 2012a). To test whether PAD4R314A and PAD4%380A are still functional
proteins, I tested whether these PAD4 variants are sufficient to restrict aphid population growth.
Consistent with previously published data (Louis ef al., 2012a; Pegadaraju et al., 2007), pad4-
1, pad4-1/sagl01-3 and PAD43''8A (in pad4-1/eds1-2/EDS15P; Wagner et al., 2013) showed a
significant increase in aphid population size compared to Col-0 in a no-choice bioassay (Figure
2.15). The PAD4R3!14A and PAD4X38%4 Jines harboured a GPA population at 11 dpi similar to
PAD4YT, Col-0, PAD4"P and the eds/-2 mutant. Thus, indicating that PAD4R!4A and
PAD4X3894 are stable proteins with an in planta activity, which are sufficient for resistance to
GPA infestation. Thus, highlighting that PAD4R3!4A and PAD4%38A are partial loss-of-function

mutants that are specifically impaired in pathogen immunity signalling.
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In conclusion, this chapter builds on the observations from chapter one, where I proposed that
in Arabidopsis the PAD4"P is necessary and sufficient for GPA resistance, while the EP
domain is required for immunity. Here, I show that the highly conserved PAD4 EP domain
cavity residues PAD4R!* and PAD4%*% were dispensable for GPA resistance, but were
essential in pathogen immunity (Figure 2.3&11-15; Supplemental figure 2.1). Similarly,
Arabidopsis immunity signalling also depends on EDS1 EP domain cavity residues (Figure 2.1;
Bhandari et al., 2019; Lapin et al., 2019). Notably, these EDS1 residues are juxtaposed to
PAD4R314 and PAD4% (Figure 2.1&2), suggesting that the EDS1-PAD4 EP domain cavity
forms an immune signalling surface. However, what substrate binds this surface remains
elusive. In contrast to PAD4, SAG101 mainly functions in TNL-ETI and host cell death (Rietz
et al., 2011; Lapin et al., 2019). Recent insights in SAG101 suggest that differences between
PAD4 and SAG101 signalling are determined by the characteristics of their EP domain cavities
(Lapin et al., 2019). Future studies should therefore determine which SAG101 EP domain
cavity residues are required for SAGI01 immune function in Arabidopsis, and whether this
overlaps with the PAD4 residues identified in this chapter (Figure 2.3). Taken together, the
results discussed in this chapter highlight the EDS1-PAD4 EP domain cavity as an essential

signalling surface in pathogen immunity.
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Supplemental figure 2.1.
Protein alignments of
logos shown in figure
2.3.

Two alignments
corresponding to  the
conservation logos shown
in Figure 2.3. First
alignment shows
conservation within

PAD4 (Figure 2.3A&B),
and the second alignment
spans two pages and
displays conservation in
PAD4 and SAGI101
(Figure 2.3C&D).
Mutated residues are
indicated at the top of the
alignment and correspond
to the ArPAD4 protein.
Their colours correspond
to the colours used in
Figure 3.2 and 3.3.
Alignment made using
ClustalW and visualised
using Jalview. PAD4 and
SAGI101 sequences were
obtained by Dmitry Lapin
(Lapin et al., 2019).
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Supplemental figure 2.1. Protein alignments of logos shown in figure 2.3.

See description on previous page

PAD4Ack|Achinensis_prT_AA_24904/1-533
PAD4Ach|Achinensis_prT_AA_26621/1-537
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Chapter 2:

Arabidopsis PAD4 EP domain cavity plays an essential role in immunity

Supplemental figure 2.1. Protein Alignments of logos shown in figure 2.3.
See description on before previous page
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The previous chapters described that PAD4MP PAD4R34A and PAD4K380A were unable to
function in basal immunity and ETI, and do not transcriptionally activate immune-related genes
in ETI. This evidence highlights the EDS1-PAD4 EP domain cavity as an essential immune
signalling surface, as previously proposed by Bhandari et a/. (2019) and Lapin et al., (2019). I
hypothesise that during immune signalling the EDS1-PAD4 heterodimer cavity needs to
interact with a key molecule, which could be a metabolite or a protein. The metabolite might
be a signalling molecule: e.g. an NAD"-derived compound produced by activated TIR domains
(Horsefield et al., 2019; Wan et al., 2019). Although the EP domain cavity might bind a
signalling intermediate, eventually EDS1-PAD4 are likely to interact with one or more proteins
to regulate the immune response and transcriptional reprogramming. To identify proteins that
interact with PAD4 during the immune response, I performed IP coupled to nano-scale liquid
chromatographic tandem mass spectrometry (IP nLC-MS/MS). In this chapter, I will discuss
the results of this [P nLC-MS/MS analysis and subsequent experiments I performed to validate
putative PAD4 interactors identified by IP nLC-MS/MS.

Experimental outline and rationale

To identify proteins that associate to actively signalling PAD4, I compared the interactomes of
pathogen-challenged PAD4WVT with PAD4%3%%4, This allowed me to investigate which proteins
interact with non-signalling (inactive) PAD4%3804 and signalling (active) PAD4YT. By focusing
on proteins that were exclusively bound by PAD4"T, 1 was able to identify interactors that
exclusively engage with actively signalling PAD4 complexes. Besides PAD4%3%4 T also
performed IP on PAD4MP, however, due to limited insights gained from PAD4""P I will not
discuss these results here. For results that are more reliable, I used PAD4 lines accumulating
similar PAD4 levels, i.e. cPAD4VT#5 and cPAD4*3804 412, These lines showed similar protein
levels in preliminary experiments out of the cPAD4YT, cPAD4R314A and cPAD4X*8%A lines
discussed in chapter 2. I only used PAD4%3%A for this experiment, and not PAD4R3!44 since
performing IP on four PAD4 lines would not have been feasible experimentally. Lastly, as a
negative control I used a 35S::StrepII-YFP line that expresses the same tag as the cPAD4 lines,
thereby eliminating any proteins that have affinity for Strepll-YFP (Lapin ef al. 2019).
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To detect PAD4 interactors during ETI signalling, I sampled RRS1-S/RPS4 TNL-ETT activated
leaves. Four-week-old plants were vacuum infiltrated with Pst avrRps4 at ODsoo = 0.1 for
synchronous ETI activation, and samples were harvested at 4 and 6 hpi (Figure 3.1A). I chose
these time-points since upon infection with Pst avrRps4 EDS1 accumulates in the nucleus from
3 hpi and initial EDS1-dependent transcriptional changes occur at 3 hpi, which is followed by
major transcriptional changes at 8 hpi (Bartsch et al., 2006; Bhandari et al., 2019; Garcia et al.,
2010). Thus, suggesting EDS1-PAD4 signalling complexes will have formed at 4 and 6 hpi.
Samples were immunoprecipitated and delivered to the MPIPZ mass spectrometry group for
processing (Dr. Sara Stolze and Anne Harzen; Dr. Hirofumi Nakagami Group). For both time-
points, the LFQ (Label-free quantification) values were highly similar between all three
genotypes and four experimental replicates, showing a Pearson’s correlation (p) between 0.719
and 0.976, indicating these data were suitable for further analysis. For initial comparisons, I
selected putative interactors based on an FDR of 0.05 and a p-value cut-off of <0.05 (two-
sample t-test). At this threshold, I identified 311 putative interactors for PAD4YT, with only 16
proteins shared between the two time-points (Figure 3.1B). EDS1 and PAD4 were among these
16 proteins, suggesting the IP was successful. Moreover, this indicates that EDS1 and PAD4
form a signalling complex in Arabidopsis upon infection with Pst avrRps4. Only 5% of
identified proteins overlapped between 4 and 6 hpi samples, suggesting that PAD4 immune
complexes are highly dynamic (Figure 3.1B).

GO-Term analysis

Gene Ontology (GO) term analysis showed that many of the identified interactors are predicted
to localise to nuclear (32%) and cytosolic (50%) compartments, like PAD4 (Figure 3.1C).
However, many proteins were predicted to localise to other cellular compartments (Figure
3.1C). These proteins were annotated to have diverse molecular functions (Figure 3.1D) and
function in various biological processes (Figure 3.1E). However, this did not highlight a
particular molecular function or biological process. Although certain proteins binned to GO-
terms such as “cell death” and “response to biotic stimulus”, there was no significant
enrichment of a specific group of GO-terms. On the contrary, there were 89 Biological Process
GO-terms and 20 Molecular Function GO-terms significantly enriched for the 311 PAD4
interactors (PANTHER Overrepresentation Test; released 20190711; Arabidopsis genome;
Biological processes and Molecular Function; Fisher Exact with Bonferroni correction). Taken
together, this GO-term analysis did not reveal which protein function or process is working in

concert with PAD4 during immune signalling.
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Figure 3.1. Summary of IP nLC-MS/MS on PAD4"" at four and six hpi.

A. Experimental set-up of [IP-nLC-MS/MS experiment. Dark bar indicates nighttime, light bar indicates
daytime, blue bars indicate duration of activity. B. Venn diagram showing the number of unique and
overlapping identified interactors of PAD4 at four and six hpi at FDR = 0.05 and p<0.05 (two-sample ¢-
test). C. TAIR Predicted GO-terms in the category “cellular compartment” found for all PAD4
interactors at four and six hpi combined. D. As in C, but on GO-term “molecular functions.” E. As in C,
but on GO-term “biological processes.”
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Differential interactors of PAD4%“T and PAD4X38%A at 4 and 6 hpi

To identify relevant PAD4 interactors during ETI signalling, I compared interactomes of
PAD4YT and PAD4%3894 at 4 and 6 hpi (Figure 3.2). For each of the putative interactors I looked
up the TAIR curated descriptions, browsed through publications on the protein (if any), and
based on this information I determined whether a protein is potentially involved in immune
signalling. For each protein, I manually binned these in different categories, i.e. cell death,
immunity, transcription regulation, jasmonic acid, calcium signalling, nuclear trafficking and
protein homeostasis (Figure 3.2). Inevitably, this approach created a bias in the proteins I
selected. For example, I was sceptical of selecting chloroplast- and metabolism-related proteins
since I deemed them unlikely to function in PADA4-dependent immune signalling.
Consequently, there are putative interactors that perhaps do contribute to PAD4 immunity,
which were not discussed here. Besides manually binning proteins in separate categories, I also
included ASPARTIC PROTEASE IN GUARD CELL 1 (ASPGI1; AT3G18490) in Figure 3.2.
Recently, ASPG1-related ASPG2 was linked to EDS1-PAD4 function (Baggs et al., 2019).
This is based on in silico analyses where EDS1-PAD4 and ASPG?2 have been co-lost in aquatic
angiosperm species, and where AtASPG2 is downregulated upon pathogen infection (Baggs et
al., 2019). This suggests antagonistic role of ASPG1 in EDS1-PAD4 immune responses,
however, the role ASPGs remains unclear. From the manually curated list of proteins I selected
three proteins to study further, i.e. METHYL ESTERASE 10 (MES10), Suppressor of G2 allele
of SKP1 (SGT1b) and TOPLESS (TPL) RELATED 1 (TPR1). In the next paragraphs, I will
discuss the proteins I found relevant to include in Figure 3.2, and why I chose to focus on

MES10, SGT1b and TPR1.

The first proteins I discuss are relevant for both cell death and immunity. These include, besides
EDS1 and PAD4, EUKARYOTIC TRANSLATION INITIATION FACTOR 5A-2 (ELF5A-2)
and ACCELERTED CELL DEATH 2 (ACD2) (Figure 3.2). ELF5A-2 functions in protein
translation, and knockdown lines of ELF5A4-2 show enhanced resistance to Pst DC3000
(Hopkins et al., 2008). ACD?2 is a chloroplast localised protein that relocates to the cytoplasm,
mitochondria, and heterochromatic regions in the nucleus during basal immunity triggered by
P. syringae pv. maculicola (Psm) (Mach et al., 2001; Yao & Greenberg, 2006). Furthermore,
ACD2 was reported to inhibit cell death execution and enhance resistance outputs (Greenberg
etal., 1994; Mach et al., 2001; Yao & Greenberg, 2006). Based on these publications and since
both proteins interacted with PAD4"T and not PAD4%3% T hypothesise that ELF5A-2 and

ACD?2 are relevant putative interactors of PAD4 in immunity.
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PAD4YT immunoprecipitated several enzymes capable of regulating JA (-precursor) levels, i.e.
ALLENE OXIDASE CYCLASE 2 (AOC2), LIPOXYGENASE 1 (LOX1) and METHYL
ESTERASE 10 (MES10) (Figure 3.2). AOC2 performs an essential step in the JA-biosynthesis
pathway, producing the oxylipin 12-oxo-phytodienoic acid (OPDA) (Wasternack & Song,
2017). LOX1 produces a specific group of oxylipins functioning in basal immunity, but not
CNL-ETI (Pst avrRpm1) (Montillet et al., 2013; Vicente et al., 2012). MES10 and its family
members MES1/2/3/9/16 harbour methyl-JA (MeJA) esterase activity in vitro (Yang et al.,
2008). In contrast to its family members, MES10 specifically shows esterase activity to MeJA,
but not to methyl Indole-acetic acid, Me-SA, Me-Giberelling and Me-Giberelling (Yang et al
2008). Remarkably, MES10 was one of three proteins that immunoprecipitated with both
PAD4YT and PAD4K380A at both time-points (Figure 3.2). Since there is a clear link between

6 HPI 4 HPI
PAD4K380A

e« SGT1b
e o TPL/TPR1/TPR2
e o (UL
e AOC2
° BBD1
CPL1
CALMODULIN 1-5
CALMODULIN 7 ® KETCHT
o @ ELF5A-2 ® o AD2
e XPO1A
e o IMPA-4
o - (DPK6 o LOX]
CALMODULIN 6 © EDS1 ASPG1
GIP1 e o PAD4
H2A.W.7 MES10
Legend SFGH
® (ell death ® Immunity Transcription regulation Jasmonic acid
(alcium signalling ® Nuclear trafficking Protein homeostasis

Figure 3.2. PAD4%" and PAD4%*%% interactors at 4 and 6 hpi.

PAD4WYT and PAD4X380A interactors as identified by IP nLC-MS/MS at 4 and 6 hpi with Pst avrRps4
(FDR=0.05; p<0.05). At certain overlaps in the Venn diagram I pointed out putative PAD4 interactors
that could potentially be relevant in immune signalling. For each of these proteins a coloured dot
indicates which process(es) the protein has been shown to function in. References for these annotations
are mentioned in the main text.
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EDS1 heterodimers and dampening of JA-signalling (Cui ef al., 2018), I questioned whether
PAD4 is able to regulate MES10, and consequently affect JA-signalling. For this reason, |
interrogated MES10 in more detail, which I will discuss in the next section of this chapter.
Interestingly, the only other protein that was immunoprecipitated at both time-points by both
PAD4 variants, besides MES10 and EDS1, was S-FORMYLGLUTATHIONE HYDROLASE
(SFGH; AT2G41530) (Figure 3.2). In bacteria, mammals and yeast, this highly conserved
protein functions in formaldehyde detoxification. In Arabidopsis, one gene encodes for SFGH,
which has been shown to harbour hydrolase, thioesterase and carboxyesterase activity (Kordic
et al., 2002). SFGH transcripts are downregulated in autoimmune 35S::RPS4 plants relative to
Col-0 (>2-fold, p<0.01; GEO: GSE40216, Genevestigator v7.5.1, Hruz et al., 2008), suggesting
an EDS1-dependent repression of SFGH expression. Whether SFGH functions in immunity is

unknown.

Another group of proteins that stood out were related to calcium signalling, i.e. CALMODULIN
(CAM) 1-7 and CALCIUM DEPENDENT PROTEIN KINASE 3 (CPK3/CDPK®6;
AT4G23650) (Figure 3.2). CAM 1-7 were only bound by PAD4%T at six hpi, of which only
CAMBG is also bound PAD4*3%  suggesting only active PAD4 is able to recruit these CAM:s.
CAMs bind immunity-regulating TFs, such as the immune regulator CALMODULIN
BINDING PROTEIN 60-LIKEg (CBP60g) (Reddy et al., 2011; Wang et al., 2009&2011;
Zhang et al., 2010). However, these CAMs are common contaminants in [P nLC-MS/MS
experiments, and could therefore be false positives (van Leene et al., 2015). Another putative
interactor of PAD4 is CPK3. This is a calcium-regulated kinase tethered to the plasma
membrane and vacuole by myristoylation of its N-terminus (Mehlmer et al., 2010). CPK3
promotes the expression of the JA-responsive gene PLANT DEFENSIN1.2 (PDF1.2), but not
VEGETATIVE STORAGE PROTEIN I (VSPI), and can phosphorylate certain TFs in vitro, such
as the JA/Ethylene inducible ETHYLENE RESPONSE FACTOR 1 (ERF1), and the wound
inducible SALT-INDUCILE ZINF FINGER 2 (SZF2; Kanchiswamy et al., 2010). This
suggests CPK3 activates the immunity and ABA branch of JA-signalling against necrotrophic
pathogens (Pieterse et al., 2012). Since EDS1-PAD4 functions antagonistically to JA (Cui et
al., 2018), and we detected several genes related to JA-biosynthesis and -signalling (Figure
3.2), I postulate that CPK3 plays a role in EDS1-PAD4 immune signalling.

Another set of proteins that stood out were related to nuclear shuttling, i.e. EXPORTIN 1A
(XPO1A), IMPORTIN ALPHA ISOFORM-4 (IMPA-4; close relative of MODIFIER OF
SUPPRESSOR OF NPRI-1 CONSTITUTIVE 1 (SNC1) 6 (MOS6)/IMPA-3) and

49
PhD Dissertation J.A. Dongus



Chapter 3:
Identification of active PAD4 protein complexes during
Pst avrRps4 infection

KARYOPHERIN ENABLING THE TRANSPORT OF THE CYTOPLASMIC HYLI1
(KETCH1) (Contreras et al., 2019; Roth et al., 2017; Stankovic et al., 2015; Xiong et al., 2020,
Zhang et al., 2017a). Notably, these proteins only associated at 4 hpi with PAD4"T, when EDS1
accumulates in the nucleus (Figure 3.2) (Garcia ef al., 2010), suggesting PAD4 is transported
into the nucleus at 4 hpi with Pst avrRps4. In the nucleus, EDS1 binds proteins involved in
transcriptional reprogramming (Bhandari et al., 2019; Bhattacharjee et al., 2011; Garcia et al.,
2010; Stuttmann et al., 2016). Strikingly, PAD4WT associated to several nuclear proteins related
to transcriptional regulation at six hpi with Pst avrRps4, ie. TPL/TPR1/TPR2,
BIFUNCTIONAL NUCLEASE IN BASAL DEFENSE RESPONSE 1 (BBDI1), C-
TERMINAL DOMAIN PHOSPHATASE-LIKE 1 (CPL1), GBF-INTERACTING PROTEIN
1 (GIP1) and the histone variant H2A.W.7 (Figure 3.2).

For TPL/TPRI/TPR2, one peptide was identified, which was insufficient to differentiate
between the three TPL family members. The Arabidopsis TPL-family proteins function in JA-
signalling, among other hormone pathways (Long et al., 2006; Lynch et al., 2017; Oh et al.,
2014; Wasternack & Song, 2017). TPR1 functions redundantly with 7PL and TPR4 in basal
immunity and TNL-ETI, but not CNL-ETI (Zhu et al., 2010). However, I decided to focus on
TPR1, since autoimmunity caused by an auto-active allele of the TNL snc/ is suppressed by
pad4 and tpr1, but only weakly by tpl (Zhu et al., 2010). Furthermore, autoimmunity caused by
TPRI-overexpression is dependent on PAD4 and EDSI (Zhu et al., 2010). Moreover, previous
work in the Parker Lab has uncovered a functional link between TPR1 and EDSI1-PAD4
dependent immune activation (unpublished work from T. Griebel - Parker Lab). Taken together,

TPR1 was a promising interactor of PAD4 in immunity.

BBD1 is also an interesting putative interactor since it is required for resistance to necrotrophic
Botrytis cinerea, specifically binds JA response cis-elements (JARE), and it is able to interact
with the JA-signalling components JAZ1 and JAZ4 (Seo et al.,2013; You et al.,2010). Another
interesting putative interactor is CPLI, as it is required for GPA induced leaf senescence, like
PAD4 (Thatcher et al., 2018; Pegadaraju et al., 2005). Furthermore, this protein stimulates
nonsense-mediated decay of certain mRNAs, a process that also negatively regulates ETI
signalling by reducing NLR transcript levels post-transcriptionally (Cui et al., 2016; Jung et al.,
2020). GIP1 interacted with PAD4 at 6 hpi with Pst avrRps4, and functions as a transcriptional
coactivator together with the TF G-BOX BINDING FACOR (GBF1) that promotes PAD4
expression during PTI (Giri et al., 2017; Lee et al., 2014; Shaikhali, 2015). Lastly, H2A.W.7 is

a plant specific Histone H2A variant that enhances chromatin condensation, which is correlated
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with inhibiting gene expression (Kawashima et al., 2015; Yelagandula et al., 2014). In
conclusion, I consider the identified PAD4 interactors TPR1, BBD1, CPL1, GIP1 and H2A.W.7

as potentially important for PAD4 nuclear functions.

The last set of proteins that are worth considering are CULLIN1 (CUL1) and SGT1b, since
they purified with PAD4WT specifically at six hpi, and regulate protein homeostasis and
immunity (Figure 3.2). CUL1 is a component of SKP-CULLIN-F-box (SCF) E3 Ligase
complexes, and regulates many processes, including JA-signalling (Yan ef al., 2013; Pieterse
et al.,2012). Furthermore, CUL1 can negatively regulate NLR protein levels, as was shown for
the TNL SNC1 (Cheng et al., 2011). Similar to CULI, A:SGTIb antagonizes NLR
accumulation, e.g. the TNL SNCI1 and the CNL RPSS5, (Holt ef al., 2005; Li et al., 2010). In
monocots and dicots, SGT1 functions as a protein chaperone involved in NLR-mediated
resistance and in Arabidopsis SGT1b functionally overlaps with PAD4 in TNL-ETI signalling
(Austin et al., 2002; Azevedo et al., 2002&2006; Feys et al., 2005; Kim et al., 2012; Tor et al.,
2002). In Arabidopsis, SGT'1b and PAD4 are required to sustain the autoimmunity phenotypes
of chilling sensitive 1-2 (chsl-2), chs3-1 and senescence-associated e3 ubiquitin ligase 1
(saull) (Lee etal.,2016; Yanget al.,2010; Wang et al., 2013; Zhang et al., 2017b). By contrast,
Arabidopsis chs3-2D and chs2 (an rpp4 mutant allele) autoimmunity does not depend on PAD4,
but does depend on EDS1 and SGT1b, suggesting SGT1b can also function with EDS1-SAG101
(Xu et al., 2015; Huang et al., 2010). As was discussed for several putative interactors
mentioned above, AfSGT1Db also stimulates JA-signalling, by stabilising the JA receptor COI1
(Zhang et al., 2015). Lastly, NbSGT is required for leaf chlorosis induced by the GPA effector
Mp10, while GPA induced leaf chlorosis in Arabidopsis depends on 4tfPAD4 (Bos et al., 2010;
Pegadaraju et al., 2005). Taking all of the above data together, I consider SGT1b as a promising
candidate interactor of PAD4 in immunity, which is why I studied SGT1b in more detail in the

next section of this chapter.

In conclusion, based on published data described above MES10, TPR1 and SGT1b are relevant
putative interactors of PAD4 in immune signalling. By quantitatively assessing these
interactions one can see that MES10 was significantly co-purified at FDR=0.05 by PAD4WV?T
and PAD4X33%A at 4 and 6 hpi with Pst avrRps4 (Figure 3.3). Furthermore, at FDR=0.01 and
FDR=0.05, TPR1 and SGT1b associated exclusively with PAD4WYT not PAD4%38%A at six hpi,
but not at 4 hpi (Figure 3.3. In the next paragraphs, I investigated the role of MES10 in immunity
and I aimed to corroborate the interaction between PAD4 and TPR1 and SGT1b.

51
PhD Dissertation J.A. Dongus



Chapter 3:

Identification of active PAD4 protein complexes during
Pst avrRps4 infection

FDR=0.01

0.05

FDR

4 HPI

6 HPI

4HPI

6 HPI

PADAWT

PAD4K380A

8 PAD4
8
&
& B
> 6 %
I L
™ o
2 =
2 2 EDS1
5 EDS1 g
5 PAD4 v .
= 3
i s g
o % i -
= - i
o >
=] 2
$2 °
H — MES10 kR
3
8 :
2 Q
S A
o o
] SGT1b g
0 0
10 s 0 5 10 10 0 10
LFQ YFP-PAD4 WT/LFQ 355 YFP LFQ YFP—PAD4 K380A/LFQ 355 YFP
100
8
o &
Lo a
@ o6
« o
ol 5
5 2
; >
E g
8
= 50
3 =
g 2
T g
d i s
% TPR £ ]
S0 TPRI ¥
4 4 o4 % MESs10
g 25 7 U —mesio °
= ¥ 82 PAD4
? / 3 ——S5GT1b ]
a i
< PAD4
o 1 EDST bl EDS1
3 ’ 3 S
T o
1
0.0 0
-10 -5 0 10 - 0 10
LFQ YFP-PAD4 WT/LFQ 355 YFP LFQ YFP-PAD4 K380A/LFQ 355 YFP
8
s PAD4
&
& B
> 64 w
5 a6
g g
5 2 EDS1
2 3
g EDS1 S
3
34 PAD4 g,
= 3
i . g
o % I .
> - &
o - &
5 & o
S 24 E
2 — MESTO 32
L T
o ] 1
- Q
K W2 —SGT1b &
T TPR1 2
04 0
-10 -5 0 5 10 -10 -5 0 5 10
LFQ YFP-PAD4 WT/LFQ 355 YFP LFQ YFP-PAD4 K380A/LFQ 355 YFP
100
8
o s
& s I
2 @ g
@ o
g g
@ B
> <
S 3
g 50 e
[a]
g g
T <
e i
£ [
g S TPRY 3
2 s i ;’7 “~—MES10 g p e
3
Z o —SGTb  PAD4 K] SGT1b
» 1
& K : a EDS1
2 e I EDS1 g
]
00 0
-10 -5 0 5 10 -10 -5 0 5 10

LFQ YFP—PAD4 WT/LFQ 35S YFP

LFQ YFP—PAD4 K380A/LFQ 35S YFP

52

PhD Dissertation J.A. Dongus




Chapter 3:
Identification of active PAD4 protein complexes during
Pst avrRps4 infection

MES10 T-DNA mutants are resistant to Hpa EMWAI1

MES10 purified with PAD4%T and PAD4%3894 at 4 and 6 hpi, as only one out of three proteins
(Figure 3.2&3). Since MES10 shows in vitro MeJA esterase activity, I investigates whether
MES10 is involved in immunity. Four Arabidopsis T-DNA insertion lines located at the MES10
locus (AT3G50440) were obtained from the NASC stock centre (Figure 3.4A). After selecting
lines that were homozygous for the T-DNA insertion, we determined whether MESI0
contributes to TNL-ETI by challenging plants with Hpa EMWA1. All mes10 mutants were as
resistant as Col-0 to Hpa EMWAL, based on conidiospore production, macroscopic disease
symptoms and microscopic Hpa colonisation (Figure 3.4B&C). In contrast, the negative

controls pad4-1 and pad4-1/sagl(01-3 were susceptible.

Since mes 10 mutants did not show a susceptibility phenotype to Hpa EMWAL, we questioned
whether other data point to a MESI0 contribution to immunity. Therefore, I mined publicly
available datasets using Genevestigator (Hruz et al., 2008; v7.5.1) and found MES10 transcripts
to be significantly (p<0.05; Log>>1.5) altered in immune-related contexts (Table 3.1). For
example, MESI0 is down regulated in Arabidopsis leaf tissues during basal immunity, TNL-
ETI, CNL-ETI, 35S:RPS4 autoimmunity and after SA application (Table 3.1). On the other
hand, MES10 is significantly upregulated in sid2 (icsl), aldl, and pad4-1 relative to Col-0, in
35S:RPS4/eds1-2 plants relative to 35S:RPS4, and in MeJA-treated plants (Table 3.1). These
data indicate that EDS1, PAD4 and ICS1-produced SA negatively regulate MES10 expression,
while MeJA induces MESI0 expression. Notably, MESI0 expression is significantly down
regulated upon B. cinerea infection, while being upregulated upon Alternaria brassicicola
infection (Table 3.1). These contrasting transcriptional changes are counterintuitive, since
resistance to these necrotrophic pathogens depends on JA-signalling. (Glazebrook, 2005). Since
JA functions antagonistically to SA and EDS1-PAD4 (Glazebrook, 2005; Cui et al., 2018), 1
hypothesize that MES10 enhances JA-levels, and thereby negatively regulates EDS1-PAD4
immunity. Future experiments should reveal whether mes 0 mutants show enhanced resistance
to virulent Pst DC3000 and avirulent Pst avrRps4, and enhanced susceptibility to necrotrophic

pathogens.

Figure 3.3. Volcano plots for PAD4WT and PAD4%384 (See previous page).

Volcano plots of proteins identified by IP nLC-MS/MS in PAD4YT and PAD4%*%4 at 4 and 6 hpi with
Pst avrRps4. Orange dots indicate significantly immunoprecipitated proteins at FDR=0.01 (Top panel)
or FDR=0.05 (Bottom panel) and green dots indicate non-significantly immunoprecipitated proteins. X-
axis indicates label-free quantification (LFQ) values; a measure of protein abundance relative to 35S:YFP
(negative control), and Y-axis indicates p-value.
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A MES10 (AT3G50440)
mes 7'0—4 (SM-329219)

A A
mes10-3 (SALK-099746)  mes10-2 (GK-144B09)  mes10-1 (GK-050G01) 200b

pad4-1 pad4-1/sag101-3 ~ mes10-1 mes10-2

Spores x 10%/g(FW)

0

Figure 3.4. mesI0 mutants are resistant against TNL-ETI triggering Hpa EMWAL.
A. MES10 gene model showing the T-DNA insertion sites in the different mes10 mutants. B. Macro-
and microscopic immunity phenotypes of 3-week-old Arabidopsis lines, as indicated, at 6 dpi with Hpa
isolate EMWA1 (recognized by TNL RPP4). Col-0 (resistant), pad4-1 (susceptible) and pad4-1/sagl101-
3 (susceptible) functioned as controls. Resistant plants look healthy at 6 dpi, whereas susceptible plants
produce conidiospores. Hpa EMWA infected trypan blue-stained leaves of plants at 5 dpi showing free
hyphae (th) and hypersensitive cell death (Hypersensitive Response (HR)). Black bars represent 500
um. Pictures are representative from two independent experimental replicates, > 6 leaves per replicate
and > 30 infection sites per genotype. C. TNL (RPP4) ETI assay in Arabidopsis independent transgenic
lines with wild-type and mutant controls, as in A. Hpa EMW AL conidiospores on leaves were quantified
at 6 dpi in >3 independent experiments (squares; n=3-6), as indicated by coloured squares. Bars
represent the mean of three experimental replicates = SE. Differences between genotypes were
determined using ANOVA (Tukey-HSD, p <0.05), letters indicate significance class. Data generated
together with Eva Penner; T-DNA lines were selected by Jaqueline Bautor.
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Table 3.1. MES10 transcript changes in various genotypes, conditions and treatments (Perturbations)

taken from publicly available datasets using Genevestigator (Hruz et al., 2008; v7.5.1).

Perturbations Log,-ratio |p -value |Experiment |Publication Data Repository & Sample ID
A. brassicicola (Ler) / untreated leaf disc samples (Ler) 2.6 0.00366 |Microarray - GEO: GSE17464

sid2-1 / Col-0 25 | 4.5E-05 |RNA-seq Slergso‘ﬂ‘;rff 0| ArrayExpress: E-MTAB-4151
355:RPS4-HS edsi-2 / 355:RPS4-HS 23 | 3.2E05 |Microarray ;'g;i”d‘ etal, | Geo: GSES0019

ald1-T2 / Col-0 22 |0.00255 |RNA-seq slergso‘ﬂ"srff 0| ArrayExpress: E-MTAB-4151
MeJa study 5 (Ler) / untreated leaf disc samples (Ler) 13 0.01297 |Microarray = GEO: GSE17464

pad4-1 / Col-0 0.8 0.03814 |Microarray - GEO: GSM469776

P. syringae pv.tomato study 19 (DC3000 avrRps4; Howard etal., )

6hpi) / P. syringae pv. tomato study 19 (DC3000; 6hpi) 08 0.04125 |RNA-seq 2013 ArrayBxpress: E-MTAB-4450
shift 28°C to 19°C (35S5:RPS4-HS eds1-2) / 28°C . Heidrich etal., .

(355:RPS4-HS eds1-2) -0.9 0.00482 |Microarray 2013 GEO: GSE50019

P. syringae pv. tomato study 3 (DC3000) / mock _ . Kemmerling et |AtGenExpress:

inoculated leaf samples (24h) 1.2 |0.00746 |Microarray | * 5, A13ATGEN231_24H_DC3000
salicylic acid study 4 (Col-0) / silwet L77 treated Col-0 . Van Leeuwen .

leaf samples (4h) 1.2 0.00594 |Microarray etal, 2007 ArrayExpress: E-TABM-51
Aol [ I DS 2 (PRt 1.4 |0.00829 |Microarray - TAIR Accession: 1007966202
mock inoculated leaf samples (6h)

P. syringae pv. maculicola (Col-0) / mock treated leaf 14 0.00231 | Microarray ) GEO: GSE18978

samples (Col-0)

P.syringae pv. tomato study 10 (DC3000) / mock 1.5 | 00191 |Microarray - TAIR Accession: 1007966204
inoculated leaf samples

salicylic acid study 3 / mock treated seedlings -1.7 0.0232 |Microarray - GEO: GSE14961

B. cinerea study 2 (Col-0) / mock inoculated rosette 19 4.7E-05 |RNA-seq Liuetal, 2015 |GEO: GSE66290

leaf samples (Col-0)

P. syringae pv. maculicola study 2 (Col-0) / mock Bernsdorff et .

inoculated Col-0 rosette leaf samples 2.2 0.00034 |RNA-seq al, 2015 ArrayExpress: E-MTAB-4151
35S:RPS4-HS / Col-0 -4.1 7.4E-06 |RNA-seq - GEO: GSE40216

shift 28°C to 19°C study 2 (355:RPS4-HS) / 28°C . Heidrich etal., .

(355:RPS4-HS) 4.8 7.4E-06 |Microarray 2013 GEO: GSE50019

shift 28°C to 19°C study 5 (35S:RPS4-HS) / 28°C study .

2 (355:RPS4-HS) 5.5 7.4E-06 |RNA-seq GEO: GSE40216

TPR1 and SGT1b do not interact with PAD4 in N. benthamiana

TPR1 and SGT1b only purified with PAD4VT specifically at 6 hpi with Pst avrRps4 (Figure
3.2&3). Both proteins have been implicated in TNL-ETI, suggesting that PAD4 functions
together with TPR1 and SGT1b in ETI (Austin et al., 2002; Azevedo et al., 2002; Feys et al.,
2005; Kim et al., 2012; Tor et al., 2002; Xu et al., 2015; Yang et al., 2010; Zhu et al., 2010;
Zhang et al., 2015). To confirm that these proteins interact with PAD4, targeted IP assays were
performed. However, by transiently co-expressing PAD4 with TPR1 and SGTIb in N
benthamiana, no interaction above the level of the YFP negative control was observed (Figure
3.5). Since PAD4 functions in a heterodimer with EDS1, I postulated that EDS1 is required for
PAD4-TPR1 and PAD4-SGTI1b interaction. Co-expression of EDS1 also did not show an
interaction between these proteins above the YFP negative control level (Figure 3.5). In these

experiments, PAD4 did bind EDSI1, indicating that the co-IP was successful (Figure 3.5).
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In the IP nLC-MS/MS experiment we only detected one peptide for TPR1 and two (unique)

peptides for SGT1b, suggesting that the interaction between PAD4 and TPR1 and SGTI1b

occurs transiently after pathogen induction. Since such transient interactions are easily washed

away during co-IP processing, I decided to try split-LUC assays. In split-LUC assays, "LUC

and “LUC can only catabolise the luciferin substrate, producing luminescence, if both proteins

are in close proximity to one another (Gehl et al., 2011). For this reason, NLUC was N- and C-
terminally tagged to PAD4 were used, i.e. NLUC-PAD4 and PAD4-NLUC. In this way, the
stoichiometry between PAD4 and TPR1 and SGT1b does not interfere with “LUC- and NLUC

luciferase activity.
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Figure 3.5. TPR1 and SGT1b do not
co-IP with PAD4 in N. benthamiana.

Co-immunoprecipitation (GFP-trap) of
Strepll-YFP-PAD4 with SH-TPR1 and
SGT1b-SH, co-expressed with and
without EDSIVT, PAD4-EDSI1
functioned as a positive control. YFP
and EDS1"MF-3XxFLAG functioned as
negative controls. All proteins were
transiently  co-expressed N.
benthamiana leaves under the 35S
promoter, except for PAD4, which was
expressed under the native pPAD4
promoter. Left: all proteins are
expressed in the input. Right: in the IP
fraction only EDS1WT co-
immunoprecipitates  with PAD4YT
(positive control). The non-interacting
variant EDS1*F and does not co-IP
with PAD4. PAD4 does not IP TPRI1
and PAD4 does not IP more SGT1b than
the YFP negative control. *= SGT1b is
highly expressed and some sample

in

flowed into the neighboring lane while
loading the gel. Similar results obtained
in 3 independent experiments. Data
obtained by Lucas Dijkgraaf.
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EDS1W! and PAD4 produced a strong LUC signal indicating the assay functioned properly
(Figure 3.6). However, neither PAD4 with TPR1, nor PAD4 with SGT1b showed a significant
difference in LUC signal compared to the negative controls PAD4-EDS 1 and PAD4-empty
vector (EV) (Figure 3.6). Since EDS1 might be required for the interaction between PAD4 and
TPR1 and SGT1b, we also co-expressed EDS1. However, the EDS1-PAD4 positive control did
not show a higher luciferase activity than the negative controls, indicating the LUC assay does
not work when co-infiltrating three plasmids at once (data not shown). We speculate that this
led to below-threshold accumulation of NLUC and “LUC, and consequently weak luciferase
activity. This is likely since the NLUC and “LUC vectors contain a weak 35S promoter and a
low copy-number origin of replication, allowing Agrobacterium to transfer only few T-DNAs

to N. benthamiana cells, resulting in low protein accumulation (Gehl et al., 2011).
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Figure 3.6. TPR1 and SGT1b do not interact with PAD4 using split-luciferase in N. benthamiana.
Absolute luciferase (LUC) activity from transiently co-expressed NLUC or “LUC constructs (35S
promoter) in N. benthamiana. N\PAD4 is N-terminally tagged PAD4, and PAD4C is C-terminally tagged
PADA4. Data are pooled from four independent experiments with two biological replicates per
experiment (n = 8). Colors indicate samples from one independent experiment. Letters indicate
statistical significance as determined by one-way ANOVA with multiple testing correction using
Tukey-HSD; p < 0.01. Data generated by Eva Penner.
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In conclusion, I identified putative interactors of PAD4 in Pst avrRps4 infected Arabidopsis
leaves at 4 and 6 hpi. This showed a marginal overlap between the time-points, suggesting
PAD4 engages in transient interactions during the immune response (Figure 3.1). Several of
these putative interactors were already implicated in PAD4 dependent immunity (Figure 3.2).
Out of the putative PAD4 interactors, I selected MES10, TPR1 and SGT1b to study in more
detail. MES10 was one of the core interactors of PAD4 (Figure 3.2). However, mes () mutants
did not exhibit a loss of RPP4 (TNL) resistance to Hpa EMWAT1, which has been shown to
genetically depend on PAD4. MES10 is negatively regulated by SA, EDSI and PAD4, and is
therefore likely to function antagonistically to EDS1-PADA4, thereby repressing immunity
(Table 3.1). Future experiments should determine if mes /(0 mutants’ show enhanced resistance
to virulent pathogens, such as Pst DC3000, and on the other hand if MES10 is required for
resistance to necrotrophic pathogens. PAD4"T associated with TPR1 and SGT1b, but not with
PAD4%38%4 suggesting a PAD4 EP domain cavity specific interaction. However, the interaction
between PAD4YT and TPR1 and SGT1b could not be corroborated using targeted co-IP and
split-LUC assays. I postulate that this is due to the nature of these interactions. The association
of PAD4 with TPR1 and SGT1b were only observed in Arabidopsis at six hpi with Pst avrRps4
(Figure 3.2&3). Future studies should therefore focus on performing targeted co-IP on pathogen
challenged Arabidopsis stable transformants expressing tagged PAD4 and TPR1, and PAD4
and SGT1b. Alternatively, using epitope-tagged lines of TPR1 and SGT1b one could replicate
the IP nLC-MS/MS experiment as described here for PADA4. If these experiments were to co-
purify PAD4, this would be an independent confirmation that the interaction of PAD4 with
TPR1 and SGT1b occurs in Arabidopsis TNL-ETT signalling.
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Cytoplasmic-enriched PAD4 causes autoimmunity in Arabidopsis

Arabidopsis PAD4 is a nucleocytoplasmic protein and associates to several nuclear- and
cytosolic-localised proteins (Figure 3.1). However, where PAD4 exerts immune functions is
still unknown. For AfEDSI1 there is evidence indicating it functions mainly in the nucleus during
basal immunity and ETI (Cui et al, 2018; Garcia et al., 2010; Stuttmann et al., 2016). EDS1
accumulated in the nucleus at three hpi when infected with ETI-triggering Pst avrRps4 (Garcia
etal.,2010). Moreover, nuclear export signal (NES) tagged EDS1 (EDS1-NES) transgenic lines
displayed a partial loss-of-function phenotype due to depletion of nuclear EDS1 (Garcia et al.,
2010). In contrast, nuclear localisation signal (NLS) tagged EDS1-NLS (EDS1-NLS) lines
displayed autoimmunity due to over-accumulation of EDS1 in the nucleus (Stuttmann et al.,
2016). These results indicate that Arabidopsis EDS1 functions mainly in the nucleus for the
examined TNL and basal immunity responses. Information on the main intracellular site of
PAD4-activity was lacking. I therefore investigated the function of PAD4 when it was directed

mainly to the cytoplasmic or nuclear compartment, respectively, using NES or NLS tags.

Nuclear- and cytoplasmic-enriched PAD4 lines are resistant to Hpa EMWA1

To study the nuclear and cytoplasmic functions of PAD4, I generated PAD4 lines with nuclear-
enriched and cytoplasm enriched PAD4 levels. I cloned gPAD4 lines, with an NLS, NES,
mutated NES (nes), or mutated NLS (nls) in between the linker and the PAD4 start codon
(pPADA4.::YFP-Linker-NLS/NES/nls/nes-gPAD4; Figure 2.8), and introduced these into pad4-
1/sagl01-3 mutants (Garcia et al., 2010; Stuttmann et al., 2016). T2 transformants were tested
for complementation of the pad4-1/sagl01-3 phenotype by spraying with Hpa EMWALI,
inducing TNL-ETI (Figure 4.1). All of these PAD4 lines behaved similar to Col-0 and
gPAD4YT and did not show macroscopic disease phenotypes, such as chlorosis or sporulation
(Data not shown). This indicates that these nuclear and cytoplasmic-enriched PAD4 lines
function in ETI. However, certain nesgPAD4, NLSgPAD4 and nlsgPAD4 lines showed weak
free hyphal growth, when compared to Col-0 (Figure 4.1). Although these phenotypes were
weak compared pad4-1 and pad4-1/sagl01-3, this does indicate that certain lines did not fully
complement the pad4-1/sagl01-3 mutant phenotype.
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Cytoplasm-enriched PAD4 induces autoimmunity in Arabidopsis

Notably, while taking these nuclear-enriched and cytoplasm-enriched PAD4 lines forward to
the T3 generation, some of the NESgPAD4 lines displayed developmental defects, reminiscent
of autoimmunity. To assess whether these plants displayed autoimmunity, homozygous T3
plants were grown under controlled conditions. Indeed, NESgPAD4 lines #5 and #15 showed
dwarfism, shrivelled leaves and chlorosis; characteristic of autoimmunity (Figure 4.2A)
(Heidrich et al., 2013; Huang et al., 2010; Lee et al., 2016; Yang et al., 2010). Notably, the
veins of NESgPAD4 plants were particularly chlorotic (Figure 4.2A). In contrast, gPAD4™T
and nesgPAD4 lines did not show any of these phenotypes, except for a smaller rosette
compared to Col-0 and pad4-1/sagi01-3. For many autoimmune genotypes ambient
temperature can modulate the severity of the autoimmune phenotype, and even abolish it
(Heidrich et al., 2013; Huang et al., 2010; Lee et al., 2016; Yang et al., 2010). Indeed, when
grown at 26 °C, NESgPAD4 lines did not display dwarfism, shrivelled leaves or chlorosis
(Figure 4.2B).
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Figure 4.1. Nuclear- and cytoplasmic-enriched PAD4 in Arabidopsis ETI against Hpa EMWAL.
Microscopic immunity phenotypes of 3-week-old Arabidopsis lines, as indicated, at 4 dpi with Hpa
isolate EMWAI (recognized by TNL RPP4). Col-0 (resistant), pad4-1 (susceptible) and pad4-1/sagl01-
3 (susceptible) functioned as controls. Trypan blue-stained leaves showing free hyphae (th), trailing
necrosis (TN) and hypersensitive response (HR). Black bars in bottom right indicate 200 um. Over eight
independent T2 transformants were tested per genotype. Due to the large variation in phenotypes I
decided to show two pictures for all genotypes to display the variation in infection phenotypes, except
for pad4-1 and pad4-1/sagl01-3. Data generated with Lucas Dijkgraaf.

60
PhD Dissertation J.A. Dongus



Chapter 4.
Cytoplasmic-enriched PAD4 causes autoimmunity in Arabidopsis

- pad4 I/sag:'O? ~ gPAD4 #6 gPAD4 #10

pad4-1/sag101-3

NESgPAD4 #5 NESgPADA4 #15

Figure 4.2. NESgPAD4 show temperature-dependent autoimmunity.

Plants grown for 23 days in SD conditions at A) 22° and B) 26 °C. A. Close-ups show chlorosis on the
veins for NESgPADA4 lines, while chlorosis is absent on nesgPAD4 lines. B. NESgPAD4 do not display
autoimmunity at 26 °C. Similar phenotypes observed in three independent experiments. All pots are 9
cm x 9 cm. Data generated with Lucas Dijkgraaf.
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Figure 4.3. NESgPAD4 autoimmunity is protein level dependent and correlates with high PAD4,
PBS3 and PRI expression.

A. Plants grown for 23 days in SD conditions at 22 °C. B. Close-up of NESgPAD4 lines, pink arrow
indicates leaves with chlorosis along the veins. C. PAD4 accumulation in 21 day-old LD grown plants.
D. PAD4 accumulation of samples in A. E. Transcript abundance determined by qRT-PCR in plants
shown in A. Data are pooled from one independent experiment with three biological replicates (n = 3).
Similar results were obtained for Col-0, pad4-1/sagi01-3, NESgPAD4 #5/#9/#10/#15 in another
experimental replicate. PAD4, PATHOGENESIS RELATED 1 (PR1), AVRPPHB SUSCEPTIBLE 3
(PBS3) transcript abundances were measured relative to AC72. Relative expression is set to Col-0
samples. I did not apply statistics here, since the number of data points is not sufficient for statistical
analysis. All pots are 9 cm x 9 cm. Data generated with Lucas Dijkgraaf.
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Not all NESgPAD4 lines displayed autoimmunity (Figure 4.3A&B). This is reminiscent of
EDSI-NLS autoimmunity, where only EDS1-NLS lines accumulating high protein levels
showed autoimmunity (Stuttmann et al., 2016). This suggests that NESgPAD4 protein
accumulation in non-autoimmune lines could be lower than in autoimmune lines. Indeed,
NESgPAD4 #9 did not display autoimmunity and showed lower PAD4 accumulation than the
autoimmune NESgPAD4 lines #5 and #15 (Figure 4.3C). Furthermore, NESgPAD4 lines #5
and #15 displayed higher protein accumulation than gPAD4"T and nesgPAD4 lines (Figure
4.3D). Moreover, transcript abundance of PAD4 and its downstream target genes PRI and PBS3
were higher in NESgPAD4 autoimmune lines than non-autoimmune plants (Figure 4.3E).
These results suggest that NESgPAD4 autoimmunity phenotype is dependent on PAD4
accumulation. Taken together, based on the data presented here, PAD4 has specific immune-

related functions in the cytoplasm.

NESgPAD4 autoimmunity depends on £DSI but not /CS1-generated SA

To identify downstream signalling components necessary for NESgPAD4 autoimmunity, I
crossed NESgPAD4 #5 (in pad4-1/sagl01-3) with several relevant immune-related mutants.
This indicated that NESgPAD4 autoimmunity is EDS1-dependent, since NESgPAD4 #5 in the
edsl-2 (in Col-0; Bartsch ef al., 2006) mutant background fully repressed the autoimmunity
phenotype (Figure 4.4). However, NESgPAD4 protein levels were reduced in the edsi-2
background (Figure 4.4B), indicating that EDS1 cis- and/or trans-regulation of PAD4 is
required to maintain autoimmunity, and not signalling per se (Bartsch et al. 2006; Bhandari et
al., 2019; Rietz et al., 2011; Wagner et al., 2013). Furthermore, NESgPAD4 #5 crossed with
the EDS1 EP domain mutant EDSI7#"F (in Col-0/edsI-2; Figure 2.1; Lapin et al., 2019) did
not show autoimmunity (Figure 4.4A). However, in the lines, I could not differentiate between
EDS1™E_.YFP and YFP tagged NESgPAD4 bands by immune-detection, making it impossible
to assess if NESgPAD4 or EDS1741°E accumulated (Figure 4.4B). Taken together, EDSI is at

least indirectly required to maintain NESgPAD4 autoimmunity.

In Arabidopsis immunity, PAD4 functionally overlaps with the ADR1 helper NLR family and
partially overlaps with ICS1-produced SA (Bonardi et al., 2011; Cui et al., 2017; Lapin et al.,
2019; Tsuda et al., 2009). To determine their contribution to NESgPAD4 autoimmunity, [
crossed NESgPADA4 #5 (in pad4-1/sagl01-3) into the adri-1/adri-L1/adr1-L2-4/sid2-1 mutant
(referred to hereafter as adr 3/sid2) (Bonardi et al., 2011; Wildermuth et al., 2001; unpublished

cross from X. Sun — Parker lab). The sid2 (ics/ mutant allele) allele partially suppressed
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NESgPAD4 induced dwarfism, while showing more pronounced chlorosis on the veins (Figure
4.4A). This lined showed similar NESgPAD4 levels in NESgPAD4 #5, suggesting ICS1-
generated SA did not alter NESgPAD4 levels, but instead suppressed immune pathways
downstream of PAD4. NESgPAD4 #5 in pad4-1/sagl01-3/adr 3/sid2 has not yet been
obtained, since SAGI101 (AT5G14930) and ADRI-L2 (AT5G04720) are genetically linked (~3
Mb apart).

Nonetheless, NESgPAD4 in pad4-1/adr 3/sid2/SAG101 suppressed autoimmunity, indicating
that adr 3 and/or SAG101 suppress the NESgPAD4/sid2 phenotype (Figure 4.4A). However,
NESgPAD4 levels were lower in this line than in NESgPAD4 #5 and NESgPAD4/sid2,, making
it difficult to dissect if the autoimmunity suppression is due to the absence of PAD4-dependent
signalling or reduced NESgPAD4 levels, similar to NESgPAD4 in edsi-2 (Figure 4.4). To
dissect the roles of adr 3 and SAGI0! in NESgPAD4 autoimmunity, I aim to obtain
NESgPAD4/pad4-1 in the following backgrounds: adr 3/sid2/sagl01-3, adr 3/SID2/sagl01-3
and ADR 3/SID2/SAG101. With this material, I will determine the precise contribution of each
of these immune components alone and in relation to each other in NESgPAD4 autoimmunity.
If SAGI01 suppresses NESgPAD4 autoimmunity, this would be the first indication that
SAG101 competes with PAD4 for EDS1 interaction in Arabidopsis immune signalling.

As discussed in chapter three, the protein chaperone SGT1b is a putative interactor of PAD4.
Both are required for several immune responses in Arabidopsis, suggesting their roles in
immunity partially overlap (Austin ef al., 2002, Kim et al., 2012; Tor et al., 2002; Xu et al.,
2015; Yang et al., 2010; Zhang et al., 2015). To determine if SGT1b is also required for
NESgPAD4 autoimmunity, I crossed NESgPAD4 #5 (in pad4-1/sagl01-3) with sgt1b (eta3;
Gray et al., 2003). These plants still showed autoimmunity, in fact, NESgPAD4/sgt1b plants
were smaller, more chlorotic and hand more curled leaves than NESgPAD4 #5 (Figure 4.4).
NESgPAD4 levels were not elevated in the sgt/b mutant background (Figure 4.4B).
Notably, NESgPAD4 ran consistently higher on western blots, suggesting NESgPAD4 is

Figure 4.4. NESgPAD4 autoimmunity in various mutant backgrounds (See previous page).

A. Plants grown for 21-25 days in speed breeding conditions (22h light - 2h dark at 22°C). All transgenic
PADA4 lines are in pad4-1/sagl01-3 mutant background, except NESgPADA4#5/adr 3/sid2/SAGI101,
which is in the pad4- 1 background. Close-ups show chlorosis on the leaves as indicated by corresponding
coloured boxes. All pots are 9 cm x 9 cm. B. PAD4 and EDS17!°F accumulation in independent stable
transgenic Arabidopsis lines expressing various PAD4 variants as YFP-(NES/nes)-gPAD4 and
gEDS1FE_YFP probed by western blotting using a-GFP antibody of plants depicted in A. Col-0 as
negative control. Representative image from 2 independent experiments are shown. Higher NESgPAD4
band in sgt/b background was observed in both replicates. Crosses were genotyped by Jaqueline Bautor.
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modified post-translationally in the sgz/h mutant background. Moreover, this suggests that
these post-translational modifications enhance PAD4 activity. Taken together, these data
indicate that NESgPAD4 autoimmunity depends on EDS1, while SGT1b and ICS1-produced
SA enhance NESgPAD4 autoimmunity phenotypes.

NESgPAD4 autoimmunity does not depend on PAD45!18

This study and previously published studies have shed light on PAD4 structural features in
specific resistance pathways (Dongus et al., 2020; Louis et al., 2012a; Neubauer ef al., 2020;
Wagner et al., 2013). Here, I applied that knowledge to identify PAD4 structural features
necessary for NESgPAD4 autoimmunity. In Chapters 1 and 2, I showed that PAD4P,
PADA4R34A and PAD4%380A were sufficient for GPA resistance, but were unable to function in
immunity. Conversely, PAD4%!!84 functioned in immunity, but not in GPA resistance (Figure
1.7-8; Louis et al., 2012a; Wagner et al., 2013). I combined these insights to test which PAD4
resistance pathway is over-activated in NESgPAD4 autoimmunity: pathogen immunity or GPA

resistance.

Instead of determining which residue(s) render NESgPAD4 non-autoimmune, I focused on
mutations that allow autoimmunity to persist. My reasoning behind this was the following:
NESgPAD4 phenotype depends on PAD4 accumulation (Figure 4.3), and mutations in PAD4
lead to reduced PAD4 levels (Figure 1.7&2.9). Therefore, if a certain NESgPAD4 mutant does
not retain autoimmunity, this might be due to NESgPAD4 accumulating below a critical
threshold. This makes it difficult to determine whether the absence of autoimmunity is caused
by the inactivation of a resistance pathway or diminished PAD4 levels. Hence, I focused on
determining mutations that allow NESgPAD4 autoimmunity to persist. This would indicate
whether a residue and its corresponding role in resistance are dispensable for NESgPAD4

autoimmunity.

Figure 4.5. NESgPAD4 autoimmunity in various PAD4 mutants (See next page).

A. Plants grown for 21-25 days in speed breeding conditions (22h light-2h dark at 22°C). All transgenic
PAD4 lines are in pad4-1/sagl01-3 mutant background. Close-ups show chlorosis on the leaves as
indicated by corresponding coloured boxes. T1 NESgPAD4 mutant variant seeds were harvested a week
before, and because of that did not germinate synchronously. This explains why there are several small,
but healthy, plants in all the NESgPAD4 variant pots. In NESgPAD45!'3A many plants show chlorosis
and dwarfism. All pots are 9 cm x 9 cm. B. PAD4 accumulation in independent stable transgenic
Arabidopsis lines expressing various PAD4 variants as YFP-(NES/nes)gPAD4 probed by western
blotting using a-GFP antibody of plants depicted in A. Col-0 as negative control. A representative image
from 2 independent experiments is shown. Col-0 shows a weak aspecific band at ~100 kDa in the long
exposure blot, which is also visible in NESgPAD4"P, NESgPAD4MP runs between 55 and 70 kDa.
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I generated NESgPAD45!3A NESgPAD4'C, NESgPAD4R4A  and NESgPAD4K380A
constructs and introduced these as stable transgenes into pad4-1/sagl01-3. Preliminary results
from T1 generation plants revealed that NESgPAD4C NESgPAD4R*14A and NESgPAD4K380A
did not show signs of autoimmunity (Figure 4.5A). Although these plants did look smaller, this
was likely due to asynchronous germination of the freshly harvested seeds. Furthermore, these
NESgPAD4 variants accumulated lower PAD4 levels than the control lines gPAD4, nesgPAD4
and NESgPAD4 (Figure 4.5B). This made it difficult to discern whether the lack of
autoimmunity is due to the mutation in PAD4 or due to below-threshold PAD4 accumulation.
In contrast, NESgPAD45! 134 protein accumulated to similar levels as NESgPAD4 and retained
autoimmunity phenotypes as observed for NESgPAD4 #5, i.e. dwarfism, chlorosis and severe
curling of leaves (Figure 4.5). These preliminary results indicate that PAD45!!® is not required
for NESgPAD4 autoimmunity, suggesting that the PAD4 GPA resistance pathway is
dispensable for NESgPAD4 autoimmunity.

In conclusion, the experiments discussed in this chapter indicated that perturbations in PAD4
nucleocytoplasmic balance does not alter TNL-ETI against Hpa EMWA1 (RPP4). Enriching
PAD4 in the cytoplasm induced autoimmunity in a protein level dependent manner (Figure
4.2&3). NESgPAD4 autoimmunity did not depend on PAD4 GPA resistance activity, but on
PAD4 pathogen immune activity (Figure 4.4&5). Mutations in sgt/b and sid2 enhanced
NESgPAD4 autoimmunity, without enhancing NESgPAD4 accumulation (Figure 4.4),
indicating ICS1-produced SA and SGT1b repress certain PAD4 immune pathways. Taken

together, these results suggests that PAD4 has immune activating functions in the cytoplasm.
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Discussion

In this thesis, I studied Arabidopsis PAD4 structure-function in plant resistance. In Arabidopsis,
PAD4 controls defences against (hemi-) biotrophic pathogens and Green Peach Aphid (GPA).
PAD4 plays a major role with EDSI1 in basal and effector-triggered immunity, and
independently of EDS1, PAD4 controls GPA resistance (Bhandari et al., 2019; Cui et al., 2017,
Cui et al., 2018; Dongus et al., 2020; Glazebrook et al., 1997; Lapin et al., 2019; Louis et al.,
2012a; Pegadaraju et al., 2007; Rietz et al., 2011; Wagner et al., 2013). In chapter 1 and 2, |
investigated the contribution of the PAD4*P and the PAD4 EP domain cavity residues
PAD4R314 and PAD4%3% to these different defence outputs (Figure D.1). PAD4P, PAD4R314A
and PAD4X38%A conferred GPA resistance (Figure 1.8&2.15), but were non-functional in
resistance to Hpa and Pst pathogens (Figure 1.9&2.11&12). These data indicate that
Arabidopsis PAD4 has domain specific functions (Figure D.1). Moreover, the PAD4 EP
domain cavity is also required for immune signalling, like in EDS1, suggesting that the EDS1-
PAD4 heterodimer cavity functions as a signalling surface. In chapter 3, I studied PAD4
complexes during ETI signalling by IP nLC-MS/MS, which showed that PAD4 complexes are
very dynamic (Figure 3.1-3). I identified several putative interactors, of which TPR1, SGT1b
and MES10 are most promising, and subsequently studied these three proteins in more detail
(Figure 3.3-6). Lastly, in chapter 4 I observed that lines expressing cytoplasmic-enriched PAD4
display autoimmunity (Figure 4.2). Both genetic and protein-structure analyses suggest this
autoimmune phenotype depends on PAD4 immune function (Figure 4.3-4). Taken together, this
thesis highlights PAD4 as a central regulator in Arabidopsis resistance, and reveals new insights

in PAD4 structure-function in GPA resistance and pathogen immunity (Figure D.1).

PAD4 is unlikely to function as a hydrolase

Chapter 1 shows that PAD4YP is sufficient to function in GPA resistance. However, the
underlying molecular mechanism remains elusive. GPA resistance in Arabidopsis depends on
the PAD4PL located S-D-H triad residues S''® and D'7®, but not H**°. Notably, Arabidopsis
resistance against the hemi-biotrophic pathogen Fusarium graminearum, also depends on
PAD45!8 suggesting a common resistance mechanism (Makandar et al., 2015). PAD4P
resembles the o/P hydrolase-fold family that catalyses a variety of enzymatic reactions using
their core S-D-H catalytic triad, such as esterification, hydrolysis and acyl transfer (Rauwerdink
& Kazlauskas, 2015). In the PAD4 structural model, the predicted S-D-H catalytic triad is

solvent-accessible (Figure 1.8), suggesting hydrolase activity, however, this is only the case in
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Brassicaceae PAD4 (Wagner et al., 2013). Beyond the Brassicaceae clade, PAD4 contains an
insertion extending from B-sheet scaffold. In AfEDS1, this insertion forms a helical loop that
covers the S-D-H triad like a lid, rendering it inaccessible to the solvent (Wagner et al., 2013).
Such helical loop structures regulate the enzymatic activity of inactive-state triacylglycerol
lipases (Khan et al., 2017). Thus, although the PAD4 S-D-H triad is highly conserved, it is
possible that the PAD4 S-D-H triad functions differently outside the Brassicaceae clade
(Wagner et al., 2013). Nonetheless, PAD4 is unlikely to function as hydrolase activity since the
PAD4 S-D-H triad mutant, PAD4"??°A_ still functions in PAD4-mediated GPA resistance in
Arabidopsis. Since all three residues in the catalytic S-D-H triad are required for hydrolase

function, this indicates that PAD4 does not rely in hydrolase activity in GPA resistance (Louis

GPA
_—» Effectors ‘/ CPA |
2

* * resistance
CTNL

\ PAD4''P
Effector
Triggered Basal
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EDS1, PAD4
Q
—
K380
Immune
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Figure D.1. Model of PAD4 signalling in pathogen immunity and GPA resistance.

Schematic showing separable pathogen immunity and GPA resistance activities of PAD4. Upon infection
by bacteria or oomycetes, the EDS1-PAD4 heterodimer is activated via TNLs in ETI or by other signals
in basal immunity. PAD4 LLD and EP domain are required to activate the immune response, and
specifically the EP domain cavity located R?*'* and K** play an essential role in downstream signalling.
In resistance to green peach aphids (GPA), PAD4 expression is upregulated through an unknown
mechanism. Independent of EDS1, PAD4MP is necessary and sufficient to restrict aphid infestation.
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et al, 2012a; Rauwerdink & Kazlauskas, 2015). Moreover, a recent study on the AfEDSI
monomer structure concludes that 4fEDS1 is a pseudo-enzyme (Voss et al., 2019). It is

therefore unlikely that GPA resistance requires a PAD4 canonical hydrolase activity.

Alternatively, the PAD4 S-D-H triad could function as a ligand-binding receptor, a feature
commonly found in o/f hydrolase fold proteins (Mindrebo et al., 2016). For example, the
Arabidopsis karrikin receptor AtKAI2 (KARRIKIN INSENSITIVE 2) and the gibberellin (GA)
receptors Rice (Oryza sativa; Os) OsGID1 & AtGID1 (GA INSENSITIVE DWARF1) use their
catalytically inactive S-D-H and S-D-V triads, respectively, for ligand recognition (Guo et al.,
2013; Murase et al., 2008; Shimada et al., 2008). Notably, this indicates that the Histidine in
the S-D-H triad is not required per se for ligand binding, while this Histidine is essential for
hydrolase activity (Murase et al., 2008; Rauwerdink & Kazlauskas, 2015; Shimada ez al., 2008).
Upon ligand binding, A#GID1 undergoes a conformational change resulting in the assembly of

an SCFYP! complex. Subsequently, SCFCD!

induces proteasomal degradation of DELLA
proteins by the 26S proteasome and activation of downstream signalling (Murase et al., 2008).
Notably, an unknown stearic acid-derived compound stimulates GPA resistance, which
partially depends on PAD4 and the enzymatically active a/B hydrolase-fold lipase MYZUS
PERSICAE-INDUCED LIPASE1 (MPL1; Louis et al., 2010a&b). This indicates there is a
lipid-derived molecule that functions in GPA resistance. Taken together, these examples
highlight the possibility that PAD4"P and its S-D-H triad could function as a stearic acid-

derived ligand-binding surface in a protein-signalling complex, rather than as a lipase.

In conclusion, further insights are required to determine whether PAD4" functions as a lipase
or as a receptor in GPA resistance. Furthermore, PAD4L does not interact with EDS1, nor
does it contain the EP domain required for immunity, and is therefore a suitable tool to
specifically study PAD4 functions in GPA resistance (Figure 1.9). For example, future studies
could perform IP-MS/MS to identify proteins and metabolites that associate to PAD4" during

GPA resistance.
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PAD4 S-D-H triad-independent GPA activities

Besides GPA resistance, Arabidopsis PAD4 also functions in GPA anti-xenosis (aphid
deterrence) and GPA-induced senescence (Pegadaraju et al., 2005). In choice-assays, GPA
prefers to settle on pad4 mutants to Col-0, suggesting PAD4 stimulates anti-xenosis. During
GPA infestation, PAD4 induces leaf senescence, chlorophyll degradation and the expression of
a specific set of senescence-associated genes, i.e. SAG13/21/27 (Pegadaraju et al., 2005&2007).
These PAD4 functions are independent of its S-D-H triad, which is required for GPA resistance
(Louis et al., 2012a). This indicates that other PAD4 surface(s) are functioning in GPA anti-
xenosis and GPA-induced senescence. I postulate that these GPA responses are activated by
the PAD4 EP domain cavity through the transcriptional regulation of a specific set of genes

(Figure D.2).

Green Peach Aphid
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118+ D178 ()

LLD ———)p GPA resistance

R314+ K380
? —» Transcription

" _EP Domain /\ 7
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SAG13/21/27 Xenosis

Figure D.2. Model of PAD4 structure-function in GPA defence responses.
GPA induces the expression PAD4 via an unknown mechanism. AfPAD4 monomer structure model is
based on AfEDS1-4tSAG101 structure (Wagner et al., 2013). PAD4P (black) and PAD4S!'8P178 gre
required for GPA resistance. GPA induced leaf senescence correlates with the upregulation of the
senescence-associated genes SAGI3/21/27, and depends on PAD4. Anti-xenosis (aphid-deterence)
depends on PAD4 (Pegadaraju et al., 2005), however, it remains unclear whether it is under
transcriptional control of PAD4. I postulate that PAD4EP domain (orev) Jocated PAD4R3! and PAD4%* are
required for transcriptional changes, and are thus required for leaf senescence and anti-xenosis. Red
question marks indicate open questions in the field.
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Since PAD4MD, PAD4R34A and PAD4X%A were unable to induce immune gene expression
upon Pst avrRps4 infection, it is therefore possible that these PAD4 EP domain cavity mutants
are also unable to upregulate S4G13/21/27, induce senescence and stimulate GPA anti-xenosis.
Since the PAD4- and EDS1 EP domain cavity overlap in function, this would imply that EDS1
is also involved in these GPA responses (Bhandari ef al., 2019; Lapin et al., 2019). However,
EDSI is not required for GPA resistance, SAG13/21/27 upregulation and GPA induced
senescence (Figure 2.15; Pegadaraju, 2005; Pegadaraju et al., 2007). This indicates that EDS1
does not function in GPA defences. Nonetheless, future studies should determine if PAD4'P,
PAD4R4A and PAD4%3%A function in GPA induced senescence and anti-xenosis. These
experiments will show if PAD4 has two functional surfaces, e.g. S-D-H triad and EP domain

cavity, or if PAD4 contains more signalling surfaces (Figure D.2).

PAD4 cis-regulation in plant resistance

Many resistance pathways and metabolites induce PAD4 expression. For example, AtPAD4
transcripts accumulate in PTI, basal immunity and ETI, and upon application of MeJA, SA and
nicotinamide (Baggs et al., 2019; Bhandari et al., 2019; Jirage et al., 1999; Mine et al., 2017a).
Furthermore, upon infestation with the green peach aphid (GPA, Myzus persicae Siilzer) and
trehalose treatment PAD4 transcripts accumulate in Arabidopsis and Tomato (Solanum
lycopersicum; SI) (Couldridge et al., 2007; Hodge et al., 2013; Singh et al., 2011; Singh &
Shah, 2012; Pegadaraju et al., 2005). AtPAD4 expression depends on EDS1, PAD4, SAGI101,
ADF3, LIPOXYGENASE 5 (LOXS5) and TPS11 (Bhandari et al., 2019; Dongus et al., 2020,
Giri et al., 2017, Mondal et al., 2018; Nalam et al., 2013). In contrast, BOTRYTIS-INDUCED
KINASE 1 (BIK1), a PTI signalling component, and the phytohormone ABA repress PAD4
expression (Baggs et al., 2019; Lei et al., 2014).

PAD4 expression dynamics are conserved in the Brassicaceae family. Upon treatment of the
MAMP {1g22, a peptide derived from bacterial flagellin, and upon MeJA-treatment, PAD4
transcripts increase in Arabidopsis and in related Brassicaceae species Arabidopsis lyrata,
Capsella rubella, and Eutrema salsugineum (Mine et al., 2017a). However, when comparing
the AtPAD4 locus to these Brassicaceae species, mainly AtPAD4’s downstream (intergenic)
region shows highly conserved regions, while its intron, and especially its upstream (intergenic)
region, only contain small and weakly conserved regions (Figure 2.8). This suggests that the

AtPAD4 downstream region is important for P4AD4 transcription regulation.
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Certain TFs have been found to regulate PAD4 expression. For example, the JA and ABA
regulated TFs AtMYC2/3/4 repress flg22-induced AtPAD4 expression (Mine et al., 2017a&b;
Pieterse et al., 2012). However, MYC2 does not bind the 4¢tPAD4 promoter G-Box after flg22
and MeJA treatment (Mine et al., 2017a), suggesting MYC2 binds the conserved AtPAD4
downstream region rather than the promoter (Figure 2.8). Alternatively, MY C2 could bind a G-
box in the AtPAD4 intron. This G-box is located at the centre of an open chromatin site and
locates close to a small conserved region, suggesting it contains cis-regulatory elements (Figure
2.8; Giri et al., 2017; Zhang et al., 2016). The bZIP class TF GBF1 binds this intronic G-Box,
and stimulates basal immunity and CNL-ETI, in part by boosting AtPAD4 expression (Giri et
al.,2017). Notably, in IP- nLC-MS/MS, PAD4 interacted with GIP1 that enhances GBF1 DNA-
binding affinity in vitro, suggesting a PAD4-GIP-GBF1 module might enhance PAD4
expression during TNL-ETI (Figure 1.7&3.2; Shaikhali, 2015). Furthermore, constructs
containing the 4tPAD4 intron show higher AtPAD4 expression than constructs without the
AtPAD4 intron (Giri et al., 2017). Thus, indicating that the PAD4 intron contains cis-elements
important for AtPAD4 regulation. Taken together, various triggers rapidly induce AtPAD4
expression (Figure 1.9; Louis & Shah, 2015; Mine et al., 2017a). Future studies should therefore
investigate which regions regulate spatio-temporal AtPAD4 expression. Moreover, by
expressing AtPAD4 under the control of tissue specific promoters, e.g. in guard cells, trichomes
and phloem companion cells (Francia et al., 2008; Stadler & Sauer, 1996; Szymanski et al.,
1998), one could dissect the contribution of 4fPAD4 in specific tissues in GPA defence

responses, pathogen immunity and SAR.

PAD4R34A and PAD4K380A gugceptibility is not dependent on Pst-produced

coronatine

The JA-Ile phytohormone-mimic coronatine is a potent virulence factor produced by Pst
DC3000, which represses several immune pathways, including the EDS1 immune pathway (Cui
et al., 2018; Brooks et al., 2005; Zheng et al., 2012). The EDS1 EP domain cavity mutants
EDS1%478R and EDS1R43A show a coronatine-dependent susceptibility phenotype, indicating
that the JA-pathway is negatively regulating EDS1 EP domain cavity functions (Bhandari et
al., 2019). Notably, juxtaposed to these EDS1 residues lie PAD4%*'%and PAD4%*°, In contrast
to EDS1X478R and EDS1R4%3A PAD4R314A and PAD4%380A did not show a coronatine-dependent
susceptibility phenotype (Figure 2.14). This indicates that these PAD4 variants are unable to

function in immunity, similar to EDS1*E (Bhandari et al., 2019).
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Furthermore, these results highlight that coronatine is not specifically repressing SAG101
function. If coronatine was specifically affecting SAG101 function, then one would expect
pad4-1,with SAG101, to be as resistant as Col-0 upon infection with Ps¢t DC3000 4Cor and Pst
avrRps4 ACor. However, pad4-1 is still susceptible to these strains, showing similar degrees of
susceptibility as in coronatine-producing Pst strains (Figure 1.9&2.14). This indicates that
coronatine is not specifically affecting SAG101 functions. In conclusion, coronatine is not an
inhibitor of EDS1-PAD4 EP domain cavity immune functions, but rather an inhibitor of

processes downstream of EDS1 heterodimers, as previously proposed by Bhandari et al. (2019).

EDS1-family heterodimerisation is essential for immunity

EDS1-family heterodimer formation is essential for immune function in Arabidopsis and N.
benthamiana. (Wagner et al., 2013; Gantner et al., 2019). Moreover, EDS1 and PAD4 are able
to heterodimerise within their respective monocot and dicot species, suggesting EDS1-PAD4
heterodimerisation is a key feature adopted early on in EDS1-family evolution (Gantner et al.,
2019; Gao et al., 2014; Lapin et al., 2019). Moreover, this suggests a conserved function of
EDS1-PAD4 heterodimers in seed plants. In Arabidopsis, previous reports suggest that EDS1-
PAD4 heterodimerisation solely depends on their respective LLDs interacting, more
specifically, on the EDS1MF and the PAD4MLF motifs (Wagner et al., 2013). Here I show that
Arabidopsis EDS1YP, PAD4YP and SAG101P are not sufficient for heterodimer formation,
suggesting the EP domain also contributes to heterodimerisation (Figurel.1-5). Notably, all of
the EDS1 and PAD4 EP domain cavity mutants generated thus far, are still able to interact with
their respective partner (Bhandari, et al., 2019; Gantner et al., 2019; Lapin et al., 2019;
Neubauer ef al., 2020; Figure 1.1&2.5-6). This suggests that multiple residues in the EDS1 and
PADA4 EP domain take part in heterodimer formation or stabilisation, by either directly binding

its cognate partner, or indirectly via a yet unknown entity that functions as a glue.

AEDS1MF does not function in immunity, which has been ascribed to its inability to interact
with PAD4 and SAG101 (Wagner ef al., 2013). Although this is currently the most probable
model, there are some observations that suggest this is not causality, but rather a correlation. In
chapter two, I showed that PAD42864 still functions in ETI, yet is unable to interact with EDS1
(Figure 2.1-5&11). Similarly, J. Bautor and Dr. J. Qiu characterized residues in the PAD4 LLD,
which upon mutation are unable to interact with EDSI1, yet maintain their function in ETI
(Unpublished data, Parker lab). This suggests that the EDS1-PAD4 interaction at the LLD is
| LLIF

not essential for EDS1-PAD4 function in immunity. Moreover, this suggests that the EDS
motif could have another function besides interacting with PAD4 and SAG101.
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However, split-LUC data showed that EDSI'.PAD4 and EDSI'F-SAG101 show a
significant reduction in binding compared to non-interacting EDS1-PAD4MP/ EDSI-
SAG101*P (Figure 1.1&2&5). This indicates that the EDS1™F mutation has a stronger
negative effect on EDS1-PAD4/-SAG101 heterodimer formation than the LLD truncations. In
accordance with this observation, EDS1-2%?P Jocated in the LLIF motif, no longer associates
with PAD4, while EDS12%" still interacts with SAG101 (Rietz et al., 2011). Consequently,
EDS1%26%" only loses basal immunity functions, which depend on PAD4, but retains ETI
functions, which depend on SAG101 (Rietz et al., 2011). Similarly, five aliphatic residues in
NbSAG101b"P have to be mutated to a negatively charged Glutamate before NbSAG101b fails
to function with NbEDS1 in ETI (Gantner et al., 2019). These studies indicate that EDS1-family
heterodimerisation is robust. Moreover, this suggests that EDS1 and PAD4 EP domain mutants
described thus far are not sufficient to completely obstruct heterodimer formation (Chapter 2;
Bhandari et al., 2019; Gantner et al., 2019; Lapin et al., 2019). In conclusion, these data indicate
that the EDS1-PAD4/-SAG101 interaction is robust and can withstand many perturbations

before it fails to function in immunity.

Future studies should focus on quantifying Arabidopsis EDS1-PAD4/-SAG101 heterodimer
binding strength. Not simply to determine which residues contribute to heterodimer formation,
but to determine whether EDS1 prefers EDS1-PAD4 or EDS1-SAG101 heterodimers. This is
relevant since recent findings show that in RRS1-S/RPS4-ETI, PAD4 functions mainly in
resistance, while SAG101 functions mainly in cell death (Lapin et al., 2019). Notably, the
intensity of these outputs are anti-correlated between the accessions Col-0 and Ws-2
(Previously Ws-0), where Col-0 is more resistant than Ws-2, while, Col-0 shows weaker cell
death than Ws-2 (Feys et al., 2005; Saucet et al., 2015). This suggests that processes
downstream of effector recognition orchestrate the balance between cell death and resistance.
Insights in EDS1-family heterodimer stoichiometry would yield insight in the default EDSI
complex pre-activation. Although it is still unclear how the immune network decides which
pathway to prefer over the other, it is clear that EDS1 heterodimers are a paramount signalling

hub on this bifurcation point.
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TIR-NADase activity and the EDS1-family EP domain cavity

Previous studies have highlighted the importance of the EDS1 EP domain cavity in immunity
(Bhandari et al., 2019; Gantner et al., 2019; Lapin et al., 2019). In chapter 2, I show that the
AfPAD4 EP domain cavity contains PAD4%*!* and PAD4%3% that are essential for 4/PAD4
immune function (Figure D.3). Nearly all of these EDS1 and PAD4 EP domain cavity residues
are polar and positively charged, suggesting a negatively charged entity binds the EP domain
cavity (Figure D.3; Bhandari et al., 2019; Lapin et al., 2019). However, this observation could
be due to an experimental bias. Namely, all of these residues were identified by mutation to a
non-polar Alanine, therefore, positively charged (polar) residues were more affected than non-
polar residues. In contrast, non-polar EDS1¥!? (Lapin er al. 2019) has been identified through
mutation to a negatively charged (polar) glutamic acid (E), suggesting more disruptive

mutations are required to determine the contribution of non-polar residues in immunity.

R493

Figure D.3. EDS1-PAD4 EP domain cavity forms a (positively charged) signalling surface.
Arabidopsis EDS1-PAD4 heterodimer model in top right corner, based on Arabidopsis EDS1-SAG101
structure (Wagner ef al., 2013). EDS1 EP domain cavity residues that contribute to immunity are shown
in red, and PAD4 EP domain cavity residues that contribute to immunity are shown in purple (R314)
and green (K380). Two major questions remain unsolved, 1) are the same sites as in PAD4 required for
SAG101 function (See figure 2.2)? and 2) what protein or signalling molecule fits in the EDS1-PAD4
EP domain cavity?
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Recent findings suggest that the EP domain cavity-located AfSAG101 residues between amino
acids 289-308 play an essential role in AtfSAG101 cell death function in N. benthamiana (Lapin
et al., 2019). This suggests that, besides the EDS1-PAD4 EP domain cavity, EDS1-SAG101
EP domain cavity also forms a signalling surface in Arabidopsis. Functional differences in
Arabidopsis between EDS1-PAD4 and EDS1-SAG101 are therefore likely determined by the
characteristics of their EP domain cavities. This suggests that the EDS1 EP domain cavity side
is not the selective component that discriminates between interacting entities. I postulate that
the EDS1 EP domain cavity forms a more promiscuous interacting surface, in contrast to the

PAD4 and SAG101 EP domain cavity sides, which are likely more discriminating.

This hypothesis is supported by observations made expressing EDS1 and PAD4 from Tomato
and Grapevine (Vitis aestivalis;, Va) in Arabidopsis. S/IEDS1 and VaEDS1 function with
AfPAD4 in Arabidopsis immunity, while SIPAD4 and VaPAD4 do not function with,
respectively, AtEDS1, and AfEDS1 and VaEDSI1 (Gao et al., 2010&2014; Lapin et al., 2019).
This suggests incompatibility between Arabidopsis signalling components and S/PAD4 and
VaPADA4. Strikingly, co-expressed SIEDSI-SIPAD4 do function in Arabidopsis TNL-ETI,
suggesting a compensatory effect of S/IEDS1 on S/PAD4 and Arabidopsis signalling
components (Lapin et al., 2019). The incompatibility between A/EDS1 and S/PAD4 and
VaPAD4 might be due to the absence of the helper NLR S/IADR1 and VaADRI, respectively.
In Tobacco, AfEDS1-4tSAG101 co-expression does not confer resistance in absence of the
helper NLR A4/NRGI1 (Lapin et al., 2019). Hence, VaPAD4 and SIPAD4 possibly do not
function in Arabidopsis immunity without the presence of ADR1 from their respective species.
In summary, based on these reports it is likely that PAD4 and SAG101 are the components in
the EDS1 heterodimer that specify which specific substrate binds the EP domain cavity. Based
on literature, prime candidates to interact with EDS1-family EP domain cavities are NAD"-
derived compounds, and the helper NLR family proteins NRG1 and ADR1 (Horsefield et al.,
2019; Lapin et al., 2019; Jubic et al., 2019; Wu et al., 2019; Wan et al., 2019).

Plant TIR domain NADase activity is essential for cell death in planta (Horsefield et al., 2019;
Wan et al.,2019). Moreover, TNL NADase-induced cell death fully depends on EDS1 in planta
(Horsefield et al., 2019; Wan et al., 2019). EDS1-family proteins are essential for TNL-ETI
signalling, where EDS1 and PAD4 interact with TNLs (Bhattacharjee ef al., 2011; Heidrich et
al., 2011; Kim et al., 2012). This suggests that EDS1 heterodimers (in-) directly recognise
NAD" depletion or the presence of an NAD"-derived product, e.g. cyclic ADP-ribose (cADPR),
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for immune activation (Horsefield et al., 2019; Wan et al., 2019). A candidate recognition
surface is the EDS1-PAD4/-SAG101 EP domain cavity. The residues in the EDS1-PAD4 EP
domain cavity that function in immunity are between ~5 and ~23 A apart, indicating that NAD"
(~22 A wide; PubChem CID: 925) and cADPR (~13 A wide; PubChem CID:123847)
principally would fit inside (Figure D.3&2.1-2&4; Bhandari et al., 2019; Lapin et al., 2019).
However, to determine if these compounds could interact with the EDS1-PAD4 EP domain
cavity would require extensive modelling. If biochemical in vitro assays confirm this takes
place, this would indicate that certain NAD"-derived products bind the EDS1-PAD4 EP domain
cavity to induce resistance, while others bind the EDS1-SAG101 EP domain cavity to induce
cell death.

Alternatively, the helper NLR families ADR1 and NRG1 could function as receptors of NAD"-
derived products. In Arabidopsis, ADR1 & PAD4, and NRG1 & SAG101 functionally overlap
in immunity, suggesting they function together in, respectively, resistance and cell death
(Bonardi et al., 2011; Castel et al., 2019; Lapin et al., 2019; Wu et al., 2019). ADR1 and NRG1
could bind NAD"-derived compounds using their NB domain, which upon ligand recognition,
could induce immune signalling by associating to the EDS1-PAD4 and EDS1-SAG101 EP
domain cavities, respectively. This model is in line with the observations that VoNRG1 interacts
with and signals via NbEDS1 (Peart et al., 2005; Qi et al., 2018). Notably, AfEDS1 has not been
found to interact with 4{INRG1 in planta (Lapin et al., 2019; Wu et al., 2019). Similarly, I did
not detect any AtADRI1 peptides in I[P nLC-MS/MS on AfPAD4 at 4 and 6 hpi with Pst avrRps4.
Thus, suggesting EDS1-PAD4-ADR1 complexes are not formed in Arabidopsis, or that their
association takes place at a different time-point during Pst avrRps4 infection. In conclusion,
TNL-NADase activity, ADR1 function and NRGI1 function are linked to EDSI-family
signalling in Arabidopsis, however, the underlying molecular mechanism is not well

understood.

Taken together, the exact molecular function of the EDS1-family EP domain cavity remains
elusive. However, these results suggest that Arabidopsis EDS1-PAD4 and EDS1-SAG101 form
two similar cavities, which are functionally different, and are therefore likely to interact with

two different, yet similar, molecular entities.
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Perspectives on CC-NLR structure-function and signalling via EDS1-PAD4

In Arabidopsis, RPS2/RPM1 CNL-ETI depends on EDS1, PAD4 and SA for resistance, and
partially for cell death execution (Cui et al., 2017; Feys et al., 2005), indicating EDS1-PAD4
and SA can integrate CNL-ETI signals. Recently, cryo-EM revealed the oligomeric structure
of the Arabidopsis CNL ZAR1 (Wang et al., 2019a&Db). Post-activation, ZAR1 forms a circular
pentameric structure (resistosome), where the N-terminal al-helices together form a funnel-
shaped structure or pore that associates to the plasma membrane. This membrane association
and al-helix formed pore are essential for ZAR1 cell death and resistance function (Wang et
al., 2019a&b). Like ZAR1, the CNL receptor pair RPS2/RPM1 are CNLs that can associate to
the plasma membrane in Arabidopsis and could therefore function similar to ZAR1 (Boyes et
al., 1998; Axtell & Staskawicz, 2003). In contrast to RPS2/RPMI1-ETI, ZAR1-ETI does not
depend on any known basal immunity and ETI signalling component, including EDS1, PAD4,
ICS1-produced SA and NON RACE-SPECIFIC DISEASE RESISTANCE 1 (NDR1) (Lewis
et al., 2010). This indicates that ZAR1-ETI is not representative for RPS2/RPM1-ETI, which
suggests that the ZARI1 structure model is not representative for RPS2/RPM1 structure
function. Thus, the molecular mechanisms described for ZARI1, may not be helpful to

understand CNL-ETT signal integration by EDS1-PAD4 and SA.

The ZAR1 al-helix contains a conserved MADA-motif at its N-terminus, which is present in
several monocot and dicot CNLs (Adachi et al., 2019; Wang et al., 2019a&Db). For the helper
NLR and CNL NbNRC4 (NLR REQUIRED FOR CELL DEATH 4) this MADA-motif is
essential for its immune function in N. benthamiana, suggesting the MADA-motif is required
for MADA-motif containing CNLs, like the pore forming A¢ZAR1 (Adachi et al., 2019). The
RNLs NRG1 and ADR1 do not contain this MADA-motif, suggesting they do not form a
funnel-shaped structure (Adachi et al., 2019). However, recent evidence suggests that RNLs

can oligomerise and that their CCr domains potentially form a pore (Li et al., 2020).

The Arabidopsis RNL HR4 oligomerises in planta with the CNL RPP7 during immune
signalling (Li et al., 2020). Arabidopsis HR4, NRG1 and ADR1 CCr domains show similarity
to MLKL and HeLo/HELL domains from mammals and fungi, which can form membrane pore
forming toxins (Collier et al., 2011; Li et al., 2020; Mahdi et al., 2019; Petrie et al., 2018; Jubic
et al., 2019). Similar to mammalian MLKLs, AfMLKLs are hypothesised to form pores, since
AMMLKL is membrane-localised and forms oligomers that structurally resemble mammalian

pore-forming MLKLs. Moreover, AtMLKLs are required for immunity against filamentous
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biotrophic pathogens in Arabidopsis, suggesting pore-formation is required for certain immune
responses (Mahdi et al., 2019). Taken together, these data suggest that Arabidopsis RNLs
NRGI and ADRI can oligomerise and function as membrane pore forming domains (Jubic et
al., 2019). This is particularly likely for NRG1, since A/NRGI has already been shown to
localise to the cytoplasmic endomembrane in stable Arabidopsis transgenic lines, and in N.
benthamiana pre- and post-TNL-ETI activation (Wu ef al., 2019). Whether ADR1 and NRG1

form a pore and how such a pore links to EDS1-family signalling remains unknown.

Immune signalling components downstream of NLRs and EDS1-PAD4

Although the described processes above would molecularly explain EDS1-PAD4/-SAG101
heterodimer activation, they do not explain how activated EDS1 heterodimers regulate
immunity downstream of NLRs. In chapter 3, [ aimed to identify such downstream components
by comparing functional PAD4 VT interactomes with that of non-functional PAD4%3% at 4 and
6 hpi with Pst avrRps4. This showed that PAD4 always immunoprecipitated EDS1, indicating
that PAD4 forms complexes with EDS1 during pathogen invasion (Figure 3.1). Furthermore,
95% of the identified proteins did not associate to PAD4"T at both time-points, indicating that

PAD4 complexes change rapidly over time (Figure 3.1).

PAD4YTinteracted with TPR1/TPL/TPR2 at 6 hpi with Pst avrRps4 (Figure 3.2-3). TPR1 has
been shown to function in Arabidopsis basal immunity and TNL-ETI, like EDS1 and PAD4
(Feys et al., 2005; Zhu et al., 2010). TPR1 is a transcriptional regulator acting as a docking
station for transcription factors and chromatin modifiers, such as the basal immunity activator
HISTONE DEACETYLASE 19 (HDA19) (Kim ef al., 2008; Long et al., 2006; Lynch et al.,
2017; Oh et al., 2014; Zhu et al., 2010). Recently, the SUMO (small ubiquitin-like modifier)
E3 ligase SIZ1 was proposed to repress immunity by disrupting the interaction between HDA19
and TPR1 through SUMOylation of TPR1 (Niu et al., 2019). Notably, an AfTPR1 orthologue,
NbTPLA, stimulates resistance in Tobacco against the Tobacco Mosaic Virus (Zhang et al.,
2019). Moreover, NbTPL4 was found to interact with the TNL NbN, suggesting a conserved
role of TPL-family proteins in TNL-ETI (Zhang et al., 2019).

In uninfected Arabidopsis leaves, EDSI interacts with the transcriptional regulator
SUPPRESSOR OF RPS4-RLD (SRFRI1) (Bhattacharjee et al., 2011). In contrast to TPR1,
SRFRI1 represses TNL-ETI responses in Arabidopsis (Kim et al., 2009; Kwon et al. 2009; Li
et al., 2010). Like EDS1, SRFR1 interacts with the TNLs SNC1, RPS4 and RPS6, but not with
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the CNL RPM1, suggesting SRFR1 represses TNL-ETI specifically (Bhattacharjee et al., 2011;
Heidrich et al.,2011). It is therefore plausible that upon TNL activation, SRFR1 releases EDS1,
thereby allowing TPR1 to interact with EDS1-PAD4, which results in the formation of an
immunity-activating transcription complex. In my IP nLC-MS/MS analysis, I did not analyse
the PAD4 interactome pre-infection, but only at 4 and 6 hpi with Pst avrRps4. Future studies
should therefore analyse EDS1, PAD4 and SAG101 complexes in triggered and non-triggered
tissues to determine differences between pre- and post-activation complexes of EDS1-family

proteins.

Interaction between EDS1-family proteins and phytohormone processing enzymes
MES10 was immunoprecipitated by PAD4YT and PAD4%380A at 4 and 6 hpi with Pst avrRps4
(Figure 3.2-3). MES10 is one out of 20 methylesterases encoded by the Arabidopsis genome
and belongs to the o/p hydrolase superfamily (Yang et al., 2008). MES10 groups in a separate
clade compared to its family members, and is the only MES in Arabidopsis that shows exclusive
MeJA methyl-esterase activity in vitro (Yang et al. 2008). Furthermore, 4AtMES10 does not
show any SA-binding affinity or SA-esterase activity, unlike its family members NbSA-
BINDING PROTEIN 2 (NbSABP2) and AtMES1/2/7/9 (Vlot et al., 2008; Yang et al. 2008).
Thus far, it remains unclear if MES10 functions in plant resistance, although transcriptome data
suggest MES10 functions antagonistically to EDS1 and PAD4 in basal immunity and ETI
(Table 3.1; Figure 3.4). Further analyses on mes/( mutants should reveal its role in plant

immunity against biotrophic and necrotrophic pathogens.

MES10 was not the first phytohormone-processing enzyme to associate to an EDS1-family
protein. Recently, the SA-processing enzyme PBS3 has been shown to interact with EDS1
(Chang et al., 2019). In the cytosol, PBS3 catalyses the reaction from isochorismate (IC) to IC-
9-Glutamate, the before-last and essential step in chorismate-derived SA biosynthesis (Ding &
Ding, 2020; Rekhter et al., 2019; Torrens-Spence et al., 2019). Notably, PBS3 competes for
EDSI1 interaction with the SA receptors and CUL3 adaptors NPR3/4 (Chang ef al., 2019). The
SCF component CUL3 and NPR3/4 stimulate poly-ubiquitination of EDS1, resulting in EDS1
degradation by the 26S proteasome (Chang et al., 2019). Remarkably, PBS3 interaction with
EDSI1 inhibits this process, indicating PBS3 limits EDS1 degradation besides stimulating SA
accumulation. If PBS3 regulates PAD4-accumulation is unknown. Taken together, PBS3 has a
dual role in immunity and functions as a moonlighting protein, where it stimulates SA

biosynthesis on the one hand, and stimulates EDS1 protein levels on the other (Chang et al.,
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2019). As a mirror image of EDS1-PBS3, MESI10 could possibly function as a moonlighting
protein too by stimulating JA-levels and possibly limiting PAD4 accumulation. Future studies
should therefore investigate the role of MES10 in immunity against biotrophic and necrotrophic

pathogens, and PAD4 accumulation in mes /() mutants.

NESgPAD4 phenocopies EDS1-NLS

Cytoplasmic-enriched PAD4 induces autoimmunity in a protein level dependent manner
(Figure 4.2&3). Preliminary results suggest that this autoimmune response depends on the
EDSI1 and PAD4 EP domain cavity, and not on PAD4 GPA resistance activity (Figure 4.3&4).
EDSI-NLS induces autoimmunity, which is suppressed by dangerous mix 2h (dm2h), a TNL
expressed from the RPPI-like gene cluster from Landsberg erecta (Ler) (Stuttmann et al.,
2016). This suggests that DM2h is guarding EDS1, and is sensing over-accumulation of nuclear
EDSI, rather than the alternative hypothesis where enhanced nuclear EDSI levels stimulate
EDS1-nuclear activity. Similarly, I hypothesise that NESgPAD4 does not induce cytosolic
PAD4 activities. Instead, I postulate that PAD4 is also guarded by a TNL that senses over-

accumulation of cytoplasmic PAD4, which induces autoimmunity in NESgPAD4 lines.

Notably, NESgPAD4 phenocopies EDS1-NLS (Dr. J. Stuttmann, personal communication),
suggesting that these phenotypes are caused by the same underlying molecular mechanism. If
this is indeed true, than one of two scenarios is causal for autoimmunity in EDS1-NLS and
NESgPAD4 lines. In the first scenario a high PAD4:EDSI1 ratio in the cytoplasm triggers
autoimmunity. In this scenario, NESgPAD4 lines show high cytoplasmic PAD4 levels, thus, a
high PAD4:EDSI ratio in the cytoplasm, which results in autoimmunity. In the same scenario,
EDS1-NLS causes autoimmunity, since low cytosolic EDS1 levels result in a high PAD4:EDS1
ratio in the cytoplasm. Conversely, in the second scenario, a high EDS1:PAD4 ratio in the
nucleus triggers autoimmunity. In this scenario, EDS1-NLS lines show high nuclear EDS1
levels, thus, a high EDS1:PADA4 ratio in the nucleus, which results in autoimmunity. In the same
scenario, NESgPAD4 causes autoimmunity, since low nuclear PAD4 levels result in a high
EDS1:PAD4 ratio in the nucleus. Thus far, it remains unclear, which of these scenarios is causal
for the EDS1-NLS and NESgPAD4 autoimmune phenotypes. In addition, whether NESgPAD4
autoimmunity is caused by an erroneously activated NLR, or due to a hyperactive EDS1 or
PADA4, remains unclear. Nonetheless, it is clear that perturbations in EDS1 and PAD4

subcellular localisation activates the immune system.
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Taken together, these results show that our understanding of nuclear and cytosolic functions of
PAD4 are rudimentary. Future research should study PAD4 subcellular localisation dynamics
during pathogen infection and GPA infestation. Furthermore, one could make EDS1, PAD4 or
SAG101 protein fusions that tether the protein to the cytosolic side of various membranes, e.g.
vacuole, chloroplast, mitochondrion, plasma membrane and ER, but also the inner nuclear
envelope. This would yield insight in EDS1-family cytosolic, nuclear and membrane-associated
functions, not only in ETI and GPA defences, but also in PTI. Such experiments would gain
insight in the relation between EDS1-family proteins and membrane tethered proteins. This is
particularly relevant since recent reports highlight crosstalk between PTI and ETI signalling,
and various reports indicate that certain ETI signalling components locate to a membrane (Cui
et al., 2015; Jubic et al., 2019; Mahdi et al., 2019; Ngou et al., 2020; Yuan et al., 2020; Wang
et al., 2019a&b).

SGT1b in NESgPAD4 autoimmunity

SGT1b is a protein chaperone that can antagonizes and stimulate protein accumulation of NLRs
in planta (Azevedo et al., 2006; Holt et al., 2006; Li et al., 2010). PAD4YT associated with
SGT1b specifically at 6 hpi with Pst avrRps4, but not with the non-signalling PAD4 variant
PAD4%3%A (Figure 3.2&3). In Arabidopsis, SGT1b and PAD4 are required for several NLR
signalling pathways, suggesting PAD4 and SGT1b engage in ETI signalling (Austin et al.,
2002; Feys et al., 2005; Kim et al., 2012; Lee et al., 2016; Tor et al., 2002; Yang et al., 2010;
Wang et al., 2013; Zhang et al., 2017b). NESgPAD4 autoimmunity was enhanced in sgt/b
mutants, without enhancing NESgPAD4 protein levels, suggesting SGTIb suppresses
NESgPAD4 downstream signalling (Figure 4.4). Notably, NESgPAD4 protein in the sgt/b
mutant ran higher on western blot, suggesting NESgPAD4 is post-translationally modified in
the absence of SGT1b (Figure 4.4B). These modifications could lead to enhanced NESgPAD4
activity. Future studies should identify if, and where, such modifications are placed on
NESgPAD4. Mutagenesis of these sites can determine whether they are required for
NESgPAD4 autoimmunity and PAD4 immune function.

As mentioned above, NESgPAD4 autoimmunity could depend on an NLR, like EDSI-NLS
depends on the TNL DM2h (Stuttmann et al., 2016). Therefore, the enhanced NESgPAD4/sg b
autoimmunity phenotype could be attributed to enhanced NLR levels, leading to enhanced NLR
auto-activity, as was previously observed for RPS4 and SNC1 (Cheng et al., 2011; Heidrich et
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al., 2013). Future studies could therefore determine if TNL levels in NESgPADA4/sgt1b are
elevated using native antibodies, such as a-SNC1 (Li et al., 2010).

Alternatively, reduced JA-signalling could be causal for the enhanced NESgPADA4/sgtlb
autoimmunity phenotype. JA antagonizes EDS1-PAD4 immunity signalling and vice versa
(Bhandari et al., 2019; Cui et al., 2018). In contrast, SGT1b stimulates JA-signalling through
stabilisation of the JA receptor COIl (Zhang et al., 2015). Therefore, NESgPAD4/sgt1b are
likely to contain lower COIIl levels and consequently reduced JA-signalling activity. This
relieves JA-mediated inhibition of EDS1-PAD4 signalling, leading to enhanced NESgPAD4
activity and autoimmunity. This hypothesis could be tested by comparing the expression of JA-
marker genes PDF[.2 and VSPI in NESgPAD4 and NESgPAD4/sgt1b lines (Pieterse et al.,
2012). Furthermore, NESgPAD4 should be crossed with coil to determine if this phenocopies
NESgPADA4/sgt1b. Taken together, SGT1b regulates various immune pathways that converge
on EDSI-PAD4 signalling, and is therefore a relevant interactor of PAD4 in TNL-ETI

signalling.

ICS1-produed SA in NESgPAD4 autoimmunity

ICS1-produced SA functions in parallel to PAD4 in basal immunity and ETI (Cui ef al., 2017,
Wildermuth et al., 2001; Zhou et al., 1998). Notably, NESgPAD4/sid2 (icsl) mutants showed
enhanced leaf chlorosis along the veins (Figure 4.4), indicating that ICS1-produced SA can
inhibit certain PAD4 pathways. Intuitively, one would expect vein-chlorosis to depend on
PAD4 GPA resistance function, since GPA feed from the phloem along the vasculature
(Pegadaraju et al., 2005&2007). However, using structure-guided mutagenesis [ showed that
this GPA resistance function is not required to induce leaf chlorosis (Figure 4.5). This suggests

that ICS1-produced SA inhibits a vein-specific immune activity of NESgPADA4.

The SAR pathway might be one of the EDS1-PAD4 pathways that is upregulated in
NESgPAD4/sid2. EDS1-PAD4 induce the expression of ALD/ and FMOI, which catalyse
essential steps in the biosynthesis of the SAR-stimulating compound NHP (Bhandari et al.,
2019; Dongus et al., 2020; Hartmann & Zeier, 2019). Although it is unclear which cell-types
in the leaf produce NHP, one would expect cells along the veins to produce NHP. Possibly,
NESgPAD4 leaf chlorosis depends on the over-expression of ALD1 and FMO], leading to over-
accumulation of NHP in the vasculature. Future studies should determine gene expression of

ALD] and FMO! in NESgPAD4 and NESgPAD4/sid2 to determine if these genes are over-
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expressed in the NESgPADA4/sid2 lines. Furthermore, to determine if ALDI and FMOI
contribute to leaf chlorosis, one should cross NESgPADA4/sid2 with aldl and fmol mutants.

NESgPAD4-induced vein chlorosis highlights an important, but often overlooked dimension in
plant immunity: space. Recently, spatio-temporal changes in the promoter activity of PR/ (SA
marker gene) and V'SP (JA marker gene) were monitored upon pathogen infection (Betsuyaku
et al., 2018). This revealed that the promoters were activated in distinct zones around the
infection site. Such approach should also be used to identify where and when certain immune
pathways are activated upon infection, e.g. PAD4 and ADRI-family for basal immunity;
SAG101 and NRGI-family for TNL-ETI; PBS3 and ICS! for SA production; and FMOI and
ALD]I for NHP production. To monitor their expression activities one should use a clearly
visible fluorophore that is enriched in the nucleus, e.g. 3xVenus-NLS. Furthermore, for a high
and representative spatio-temporal expression pattern, these constructs should be under the
control of the full genomic locus, including, upstream- and downstream intergenic regions,

UTRs, but excluding the exons, to eliminate post-translational regulation of the fluorophore.

Concluding remarks and outlook

My analysis of Arabidopsis PAD4 demonstrates a domain-specific partitioning of resistance
functions. The PAD4P is necessary and sufficient for limiting GPA infestation, while the
PAD4 EP domain cavity residues R*!* and K3*° are essential for resistance against Pst and Hpa
(Figure D.1). This study and previous reports highlight the EDS1-PAD4 EP domain cavity as
a signalling surface in immunity (Bhandari et al., 2019; Lapin et al., 2019; Wagner et al., 2019).
Recent insights indicate that the AfSAG101 EP domain is also required for immune signalling
(Lapin et al., 2019). AfPAD4R*!* and APAD4%*® are highly conserved in, respectively,
angiosperm, and angiosperm & gymnosperm lineages, but are not present in SAG101 lineages
(Figure 2.3). Thus, suggesting a conserved function of PAD4%!% and PAD4%*% in angiosperm
immunity, which is distinct from SAG101 (Ke ef al., 2014). Future studies should determine
which SAG101 EP domain cavity residues contribute to SAG101 signalling function, and

whether the same sites as in PAD4 are required for SAG101 signalling function.

Nearly all of the EDS1 and PAD4 EP domain cavity residues, which previously have been
characterised to function in immunity, are positively charged (Figure 2.2&4; Bhandari et al.,
2019; Gantner et al., 2019; Lapin et al., 2019). This suggests that the EP domain cavity

signalling-surface interacts with a negatively charged entity. Based on literature, NAD"-derived
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molecules and the helper NLR family ADR1 are prime candidates for EDS1-PAD4 EP domain
cavity interaction (Figure D.4) (Horsefield et al., 2019; Lapin et al., 2019; Wan et al., 2019;
Wu et al., 2019). Future studies should determine if EDS1-PAD4 interacts with ADR1 and/or
NAD*-derived compounds in vitro, and if such interaction leads to the formation of a higher-
order complex (Figure D.4). Subsequently, one should obtain a crystal/cryo-EM structure to

determine the precise stoichiometry of such EDS1-PAD4 complexes.

Although the suggested in vitro experiments above would yield insight in EDS1-PAD4
activation, this does not explain how the heterodimer induces transcriptional reprogramming in
the nucleus. Recently, TNL NN interactors were captured using TurbolD coupled to nLC-
MS/MS (Zhang et al., 2019). This proximity-based labelling method allowed for the
identification of NbHN interactors during the first 12 hours of ETI signalling in Tobacco.
Although my IP nLC-MS/MS on A/PAD4 yielded several interesting interactors (Figure 3.2),
these were all captured at one specific moment in time, thus only showed a snapshot of PAD4
interactors. Moreover, weak interactions can be washed away during IP sample preparation,
while TurbolD can capture those weak and transient interactions (Zhang et al., 2019). Future
studies should therefore focus on identifying interactors of EDS1, PAD4 and SAG101 during
TNL-ETI by TurboID coupled to nLC-MS/MS. By comparing the common and unique
interactors of these proteins, one can start to build EDS1-PAD4 and EDS1-SAG101 immune
signalling pathways. To properly define these pathways, this would also require a thorough
transcriptomic analysis that characterises the quantitative and qualitative differences between
PAD4- and SAGI101-dependent transcriptional reprogramming. By combining these
transcriptomic and proteomic approaches, one can start to dissect which PAD4 and SAG101
signalling components contribute to quantitative and qualitative differences in PAD4- and

SAG101-dependent transcriptional reprogramming pathways and ultimately resistance.

Figure D.4. Hypothetical model of EDS1-PAD4-ADR1 and EDS1-SAG101-NRGI1 signalling in
pathogen immunity. (See next page)

Upon infection by virulent Pst avrRps4, avrRps4 and other effectors are secreted in to the plant cell.
“Unrecognised” effectors trigger basal immunity, possibly through weak-NLR activation. RRS1-S/RPS4
recognises avrRps4, enzymatically active RPS4 TIR domain produces NAD*-derived compounds, which
triggers ETI in and EDS1 dependent manner. NAD"-derived compounds possibly bind the EDS1-PAD4
and EDS1-SAG101 EP domain cavities (highlighted by a red circle), which could lead to the formation
of an oligomer with ADR1 and NRG1, respectively. Figure legend continues on next page.
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avrRps4 K N *

“unrecognised”

RRS1-S * * effectors
RPS4 ¢
? ) Basal
NAD*-derived Immunity
compound
(ETI)

Host Pathogen
cell death restriction

Figure D.4. Hypothetical model of EDS1-PAD4-ADR1 and EDS1-SAG101-NRG1 signalling in
pathogen immunity (continued).

Alternatively, the ADR1 and NRG1 NB domains possibly bind NAD*-derived compounds, which might
trigger a conformational change in ADR and NRG1 that would allow, respectively, EDS1-PAD4 and
EDS1-SAGI101 to bind and form an oligomer. EDS1-SAG101-NRG1 (mainly) induces host cell death.
EDS1-PAD4-ADRI is activated by basal immunity or through ETI, which then (mainly) induces the
restriction of pathogen growth. Model is based on model proposed in Lapin et al. (2019).
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Materials and Methods

Materials and methods are divided into two sections. The first section, “Materials” consists of

a list of materials used in this work including plant lines, pathogen and bacterial strains,

antibodies, chemicals, enzymes, media, etc. Experimental procedures and other experimental

details are described in the second section “Methods.”

Materials

Plant Materials

The Arabidopsis thaliana lines used in this study are listed in Table 1.

Table 1 - Arabidopsis thaliana lines used in this work

Genotype Accession Reference

WT Col-0 Dangl lab, University of North
Carolina, NC, USA

edsl-2 Col-0/(Ler)* | Bartsch et al. 2006

pad4-1 Col-0 Glazebrook et al., 1997

pad4-1/sagl01-3 Col-0 Wagner et al., 2013

eds1-2/pad4-1/sagl01-3 Col-0 Wagner et al., 2013

EDS1F4%F (edsI-2) Col-0 Lapin et al., 2019

sgtlb (eta3) Col-0 Gray et al., 2003

sid2-1 Col-0 Wildermuth et al., 2001

adr_3 (adrl-1/adr1-L1/adr1-L2-4) Col-0 Bonardi et al., 2011

35S:Strepll-YFP Col-0 Lapin et al., 2019

mes10-1 (GABI-KAT-050G01) Col-0 NASC Stock Centre

Primers (N404777); Scholl et al., 2000;

MES10: AC514+AC515;

mes10-1: AC515+LN45

mes10-2 (GABI-KAT-144B09) Col-0
Primers

MES10: AC514+AC515;

mes10-2: AC514+LN45

Kleinboelting et al., 2012

NASC Stock Centre
(N413749);

Scholl et al., 2000;
Kleinboelting et al., 2012
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mes10-3 (SALK-099746)
Primers

MES10: AC516+AC517;
mes10-3: AC516+LBb1.3
mes10-4 (SM-329219)
Primers

MES10: AC516+AC517;
mes10-3: AC517+M149

Col-0

Col-0

NASC
(N599746);
Scholl et al., 2000;
Alonso et al., 2003
NASC Stock
(N115546);

Scholl et al., 2000;
Tissier et al., 1999

Stock Centre

Centre

* Ler eds -2 allele introgressed into Col-0 background, 8th backcrossed generation, referred to

as "eds1-2" in this work (Bartsch et al., 2006).

For Agrobacterium tumefaciens dependent transient expression assays I used Nicotiana

benthamiana 3104 plants from the seed stock of MPIPZ, Cologne, GER.

Pathogen/Pest Strains

Throughout this work, Hyaloperonospora arabidopsidis (Hpa) EMWAI1 was used as an
avirulent filamentous biotrophic pathogen (Van der Biezen et al., 2002; Asai et al., 2018).
Pseudomonas syringae pv. tomato DC3000 (Pst) was used as a virulent hemi-biotrophic
pathogen strain. To generate Pst avrRps4, Pst was transformed with pVSP61 carrying avrRPS4,
an effector gene from Pseudomonas syringae pv. pisi (Hinsch et al. 1996). The coronatine
deficient strain Pst DC3000 ACor was obtained from Renier van der Hoorn (MPIPZ). To
generate Pst avrRPS4 ACor, the pVSP61-avrRPS4 plasmid was transformed into Pst ACor.

For aphid fecundity/resistance, assays Green peach aphid (Myzus persicae Siilzer) was used
(Specimen number 194 deposited with Kansas State University Museum of Entomological and

Prairie Arthropod Research) (Nalam et al., 2018.)

Bacterial Strains

An overview of bacteria used in this study is given in table 2.

Table 2 - Bacterial strains used in this work

Species Strain | Genotype
E.coli DB3.1 F- gyrA462 endA A(srl-recA) mcrB mrr hsdS20 (rB- mB-)
supE44 aral4 galK2

lacY 1 proA2 rpsL20 (StrR) xyl5 A- leu mtll
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E.coli DH5a F- ®80d/acZAM15 A(lacZY A-argF) U169 deoR recAl endAl
hsdR17(rk -, mk+) phoA supE44 A- thi-1 gyrA96 relAl
E.coli DH10b | F- mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74 deoR

recAl endAl araA139 A(ara, leu)7697 galU galK A- rpsL (StrR)
nupG
A. tumefaciens | GV3101 | pMP90 / PMPY90RK (Deak et al. 1986)

Antibiotics

Table 3 shows antibiotics used in this study. Aqueous stocks were sterile filtered before use.

Table 3 - Antibiotic stock solutions

Name stock  concentration working concentration solved in
(mg/ml) (ng/ml)
Ampicillin 100 100 ddH>O
Carbenicillin 100 50 ddH-0O
Kanamycin 50 25 ddH>O
Gentamycin 25 25 (Pst)/15 (Agrobac.) | ddH,O
Rifampicin 40 100 DMSO
Spectinomycin 100 100 ddH>0O
Chloramphenicol ' 300 30 Ethanol
Antibodies

Antibodies used in this study are listed in table 4.

Table 4 - Antibodies

Antibody Source Dilution | Supplier Group
o-flag rabbit polyclonal | 1:5000 Sigma-Aldrich primary
o-GFP (rabbit) rabbit monoclonal = 1:5000 Cell Signalling = primary
Technology
a-GFP (mouse) mouse 1:2500 Roche (Sigma- | primary
monoclonal Alderich)
a-HA rabbit monoclonal | 1:5000 Cell Signalling | primary
Technology
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o-myc rabbit monoclonal | 1:5000 Cell Signalling | primary
Technology

o-mouse goat polyclonal 1:5000 Sigma-Aldrich secondary
IgG-HRP
a-rabbit goat polyclonal 1:5000 Sigma-Aldrich secondary
IgG-HRP
o-mouse goat polyclonal 1:5000 Cell Signalling = secondary
IgG-HRP Technology

Chemicals

All chemicals met laboratory use purity and were obtained by various laboratory suppliers
including Merck (Darmstadt, GER), Roth (Karlsruhe, GER), SERVA (Heidelberg, GER),
Sigma-Aldrich (Hamburg, GER), ThermoFisher (MA, USA), and VWR (Langenfeld, GER).

Enzymes

Restriction Enzymes

For DNA digestion, restriction enzymes from either New England Biolabs (NEB, Frankfurt,
GER) or ThermoFisher Scientific (MA, USA) were used according to the manufacturer's

recommendations.

DNA Polymerases

Different DNA Polymerases were used according to cloning purpose and complexity. An

overview is given in table 5.

Table 5 - DNA Polymerases used in this work

Name Purpose Supplier

Phire I1 standard PCR ThermoFisher

Pfu Polymerase HF, proofreading for cloning ThermoFisher

Phusion HF HF, proofreading for cloning ThermoFisher
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Other enzymes

Other enzymes used include T4 DNA ligase (Roche), Alkaline phosphatase (Roche), RevertAid
H Minus First Strand cDNA Synthesis kit (ThermoFisher), Gateway® pENTR™/D-TOPO™
Kit (ThermoFisher), Gateway® LR Clonase® II Enzyme Mix (ThermoFisher).

Oligonucleotides

Oligonucleotides and primers are shown in table 6. For regular oligo design primer3

(http://bioinfo.ut.ee/primer3/) was used while SDM primer were created by the primerX

(http://www .bioinformatics.org/primerx). Oligonucleotides were ordered at Sigma-Aldrich

(Hamburg, GER). Lyophilised primer were suspended in ddH20 to 100 uM stock concentration

and diluted 1:10 to reach a working concentration of 10 pM.

Table 6 - Oligonucleotides used in this work

Name Description | Oligo Sequence(5' to 3') Orientation Purpose

DB136 PAD4 1- CCTATTCTGAGGTAAGCTGAGTTAG | fw cloning
300 STOP_F | CC

DB137 PAD4 1- GGCTAACTCAGCTTACCTCAGAATA | 1v cloning
300_STOP_R | GG

DB138 PAD4 R314  GTCTTGCCAGCAgcACTCGAGATTC | fw cloning
A F AATG

DB139 PAD4 R314 | CATTGAATCTCGAGTgcTGCTGGCA | rv cloning
A R AGAC

DB140 PAD4 1315 | CTTGCCAGCAAGAgcCGAGATTCAA | fw cloning
A F TGG

DB141 PAD4 L315 | CCATTGAATCTCGgcTCTTGCTGGCA | rv cloning
A R AG

DB142 PAD4 Q318 | CAAGACTCGAGATTgcATGGTACAA | fw cloning
A F AGATC

DB143 PAD4 Q318 | GATCTTTGTACCATgcAATCTCGAGT | rv cloning
A R CTTG

DB144 PAD4 W319 | CTCGAGATTCAAgcGTACAAAGATC | fw cloning
A F GTTG

DB145 PAD4 W319 | CAACGATCTTTGTACgcTTGAATCTC | rv cloning
A R GAG
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DB146

DB147

DB148

DB149

DB150

DB151

DB152

DB153

DB154

DB155

DB156

DB157

DB158

DB159

DB160

DB161

DB162

DB163

PAD4 K380
A F

PAD4 K380
AR

PAD4 1286A
F

PAD4 1286A
R

PAD4 Y383
A F

PAD4 Y383
AR

PAD4 W381
A F

PAD4 W381
AR

PAD4 F375
A F

PAD4 F375
AR

PAD4 R165
A F

PAD4 RI165
AR

PAD4 F387
A F

PAD4 F387
AR

PAD4 L1307
A F

PAD4 L1307
AR

PAD4 L311
A F

PAD4 L311
AR

CATTTAGGAAAGgcATGGATTTACG
C
GCGTAAATCCATgcCTTTCCTAAATG

GTCAAAGAATGTgcAGAAACAGCTA
C
GTAGCTGTTTCTgcACATTCTTTGAC

GAAAGAAATGGATTgcCGCATCTCA
ATT
AATTGAGATGCGgcAATCCATTTCTT
TC
TTTAGGAAAGAAAgcGATTTACGCA
TCTC
GAGATGCGTAAATCgcTTTCTTTCCT
AAA
GTTACCTTTTGATgcTCATTTAGGAA
AG
CTTTCCTAAATGAgcATCAAAAGGT
AAC
CAATTTCACGATCAgcTTTAGCACAC
AAC
GTTGTGTGCTAAAgcTGATCGTGAA
ATTG
CGCATCTCAAgcTTATCAACTCTTAG

CTAAGAGTTGATAAgcTTGAGATGC
G
GTTAGCCAATGAGgcTGCTAGTGTCT
TG
CAAGACACTAGCAgcCTCATTGGCT
AAC
GCTTGCTAGTGTCgcGCCAGCAAGA
CTC
GAGTCTTGCTGGCgcGACACTAGCA
AGC

fw

v

fw

fw

v

fw

v

fw

fw

v

fw

fw

fw

v

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning
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JADO009

JADO010

JADO11

JADO12

JADO13

JADO14

JADO15

JADO16

JADO17

JADO18

JADO19

JADO020

PAD4 1-
L331 STOP_
F

PAD4 1-
L331 STOP_
R

PAD4 1-
T408_STOP
F

PAD4 1-
T408_STOP
R

PAD4 1-
S470_STOP_
F

PAD4 1-
S470_STOP_
R
SAGI01 1-
$303 STOP
F
SAGI101 1-
$303 STOP
R
SAG101_1-
1319 STOP
F
SAG101_1-
1319 STOP_
R
SAGI01 1-
R398 STOP
F
SAGI101 1-
R398 STOP
R

GAAGAGCAGCTAtaaGGTTACTACGA
T

ATCGTAGTAACCttaTAGCTGCTCTTC

GATATAAAGACTtaaGGCGGGCATTA

C

GTAATGCCCGCCttaAGTCTTTATATC

GAAAAGAGAGTtaaAGTGATCCCCA

G

CTGGGGATCACTttaACTCTCTTTTC

CATGAAGATATCGtaaATGGCTTATA

TA

TATATAAGCCATttaCGATATCTTCAT
G

GAGGTCAAGATCtaaGGTTACTACGA

T

ATCGTAGTAACCttaGATCTTGACCTC

GAGGGTCGGtaaAAAGAGTATCG

CGATACTCTTTttaCCGACCCTC

v

v

fw

v

v

fw

v

fw

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning
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JADO021

JADO022

JADO25

JADO026

JADO037

JADO38

FA19

FA20

JADO039

JADO040

JAD041

JADO042

JADO043

JAD044

SAG101_1-

G463_STOP_

F
SAG101_1-

G463_STOP_

R
PAD4 1307
EF
PAD4 1307
E R
gPAD4 1 F

gPAD4 I R

pDONR201
PIPE-PCR
pDONR201
PIPE-PCR
YFP-NLS-
gPAD4 1 F
YFP-NLS-
gPAD4 I R

YFP-NLS-
gPAD4 V F

YFP-NLS-
gPAD4 V R
YFP-
gPAD4 I R

YFP-
gPAD4 V F

CAACTGTGGGGtaaATGAGAGACG

CGTCTCTCATttaCCCCACAGTTG

GTTAGCCAATGAGgaaGCTAGTGTCT
TG
CAAGACACTAGCttcCTCATTGGCTA
AC
ATGCCAAGTTTGTACAAAAAAGCA
GGCTTCaattagggttttatcagattaaagagatttact
gatttcaatc
GCCCACTTTGTACAAGAAAGCTGGG
TCCT Aatctctctecgetcttetttagtctatcggaatac
TAGGACCCAGCTTTCTTGTACAAAG
TGG
GAAGCCTGCTTTTTTGTACAAACTT
GGC

gttctgcaactctctactcgatatccaatc ATGGTGA
GCAAGGGCGAGGAGC
TCCTCCAACCTTTCTCTTCTTCTTAG
GAGCCGCAGCAGCGGCAGCCGCTG
CCGCGCCCTTGTACAGCTCGTCCAT
GCCG
GCTCCTAAGAAGAAGAGAAAGGTT
GGAGGAATGGACGATTGTCGATTC
GAGAC
GGTGAACAGCTCCTCGCCCTTGCTC
ACCATgattggatatcgagtagagagttgcagaac
AGCCGCAGCAGCGGCAGCCGCTGC
CGCGCCCTTGTACAGCTCGTCCATG
CCG
GGCGCGGCAGCGGCTGCCGCTGCT
GCGGCTATGGACGATTGTCGATTCG
AGAC

fw

v

fw

v

fw

rev

fw

v

v

v

fw

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning
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JADO61

JAD062

JADO063

JADO064

JADO065

JAD066

JADO067

JADO068

JADO069

JADO70

JADO071

JADO072

YFP-nls-
gPAD4 1 R

YFP-nls-

gPAD4 V F

YFP-NES-

gPAD4 I R

YFP-NES-

gPAD4 V F

YFP-nes-

gPAD4 I R

YFP-nes-

gPAD4 V F

Vector FW
R314A

Insert REV

R314A

Vector FW
K380A

Insert REV

K380A

PAD4 H229
A fw
PAD4 H229

A rev

TCCTCCAACCTTTCTCTTCgTCTTAG
GAGCCGCAGCAGCGGCAGCCGCTG
CCGCGCCCTTGTACAGCTCGTCCAT
GCCG
GCTCCTAAGACGAAGAGAAAGGTTG
GAGGAATGGACGATTGTCGATTCG
AGAC
AATATCAAGTCCAGCCAACTTAAGA
GCAAGAGCCGCAGCAGCGGCAGCC
GCTGCCGCGCCCTTGTACAGCTCGT
CCATGCCG
GCTCTTGCTCTTAAGTTGGCTGGAC
TTGATATTATGGACGATTGTCGATT
CGAGAC
AgcATCAgcTCCAGCCgcCTTAAGAGC
AAGAGCCGCAGCAGCGGCAGCCGC
TGCCGCGCCCTTGTACAGCTCGTCC
ATGCCG
GCTCTTGCTCTTAAGgcGGCTGGAge
TGATgcTATGGACGATTGTCGATTCG
AGAC
AATGAGCTTGCTAGTGTCTTGCCAG
CAGCACTCGAGATTCAATGGTACAA
AGATCGTTG
ACGATCTTTGTACCATTGAATCTCG
AGTGCTGCTGGCAAGACACTAGCA
AGCTC
TTACCTTTTGATTTTCATTTAGGAAA
GGCATGGATTTACGCATCTCAATTT
TATCAACTCTTAG
TTGATAAAATTGAGATGCGTAAATC
CATGCCTTTCCTAAATGAAAATCAA
AAGGTAACTCATTCG
CAAAATACCGAGGAAgcTCAGAGGT
ACGGAC
GTCCGTACCTCTGAgcTTCCTCGGTA
TTTTG

v

rev

™w

v

fw

fw

rev

fw

v

fw

rev

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning
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JADO73

JADO074

JAD091

JAD092

JAD093

JAD094

JADO09S

JAD096

JAD097

JADO098

JAD099

JAD100

PAD4 D178
A fw
PAD4 D178
A rev

Vector FW
S118A

Insert REV
S118A

Vector FW
1-300stop

Insert REV
1-300stop

Vector FW
R3141

Insert REV
R3141

Vector FW
R314K

Insert REV
R314K

Vector FW
K380R

Insert REV
K380R

GTCTCCATCCACGcCCTCGTTCCTAG
AAG
CTTCTAGGAACGAGGgCGTGGATGG
AGAC
GGTAAAAAGCTGGTGGTGATAACC
GGCCATGCAACCGGCGGCGCATTG
GCCGCTTTC
TGCGGTGAAAGCGGCCAATGCGCC
GCCGGTTGCATGGCCGGTTATCACC
ACCAGCTT
ACAAGAATTGTTCGGGCTCCTATTC
TGAGGTAAGCTGAGTTAGCCAATG
AGCTTGCTAG
GACACTAGCAAGCTCATTGGCTAAC
TCAGCTTACCTCAGAATAGGAGCCC
GAACAATTCT
AATGAGCTTGCTAGTGTCTTGCCAG
CAattCTCGAGATTCAATGGTACAAA
GATCGTTG
CAACGATCTTTGTACCATTGAATCT
CGAGaatTGCTGGCAAGACACTAGCA
AGCTCATT
AATGAGCTTGCTAGTGTCTTGCCAG
CAaaaCTCGAGATTCAATGGTACAAA
GATCGTTG
ACGATCTTTGTACCATTGAATCTCG
AGtttTGCTGGCAAGACACTAGCAAG
CTC
TTACCTTTTGATTTTCATTTAGGAAA
GagaTGGATTTACGCATCTCAATTTT
ATCAACTCTTAG
TTGATAAAATTGAGATGCGTAAATC
CAtctCTTTCCTAAATGAAAATCAAA
AGGTAACTCATTCG

fw

Iev

fw

fw

v

fw

fw

v

fw

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning

cloning
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JAD101

JAD102

JAD103

JAD104

JAD105

JAD106

JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock
JP Stock

JP Stock

Vector FW
R314M

Insert REV
R314M

SAG101_R37
3K fw
SAG101_R37
3K rev
SAG101_R37
3A fw
SAG101_R37
3A rev
ACT2

ACT2
qPAD4 F
qPAD4 R
qEDS1_F
gEDS1 R
gqPBS3 F
gPBS3 R
qlCS1_F
qIlCS1_R
qgFMO1 _F
gFMO1 R
qPRI1 _F
gPR1 R
gqALDI1 F
gALD1 R
pad4-1 F
(PAD4 Bsmfl
sensitive)
pad4-1 R
(PAD4 Bsmfl

sensitive)

AATGAGCTTGCTAGTGTCTTGCCAG
CAatgCTCGAGATTCAATGGTACAAA
GATCGTTG
CAACGATCTTTGTACCATTGAATCT
CGAGcatTGCTGGCAAGACACTAGCA
AGCTCATT
GATGCATCGATTCTCAAGAGAgcaTT
TCTATTCTCGGGGAACAA
TTGTTCCCCGAGAATAGAAAtgcTCT
CTTGAGAATCGATGCATC
GATGCATCGATTCTCAAGAGAaaaTT
TCTATTCTCGGGGAACAA
TTGTTCCCCGAGAATAGAAAtTCTC
TTGAGAATCGATGCATC
ATGGAAGCTGCTGGAATCCAC
TTGCTCATACGGTCAGCGATA
GGTTCTGTTCGTCTGATGTTT
GTTCCTCGGTGTTTTGAGTT
CGAAGACACAGGGCCGTA
AAGCATGATCCGCACTCG
ACACCAGCCCTGATGAAGTC
CCCAAGTCTGTGACCCAGTT
TTCTGGGCTCAAACACTAAAAC
GGCGTCTTGAAATCTCCATC
GTTCGTGGTTGTGTGTACCG
TGTGCAAGCTTTTCCTCCTT
TTCTTCCCTCGAAAGCTCAA
AAGGCCCACCAGAGTGTATG
TGGCCTTAAGGAGATACGGT
ACCTGAGCCTGGTACTGTITA
GCGATGCATCAGAAGAG

TTAGCCCAAAAGCAAGTATC

fw

v

fw

fw

v

fw
v
fw
rev
fw
rev
fw
rev
fw
rev
fw
rev
fw
rev
fw
rev

fw

rev

cloning

cloning

cloning

cloning

cloning

cloning

qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
Genotyping

Genotyping
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JP Stock
JP Stock
JP Stock

JP Stock

JP Stock

JP Stock

JP Stock

MS4

MSS

Y226

Y227

DLA483

DL484

DL48S

DL486

DLA487

SAG101_F
SAG101 R
sagl01-3 F

(GABI-KAT)

sagl01-3 R
EDS1 F
edsl-2 F
edsl-
2/EDS1 R

sid2-1 (ICS1_

Munl

sensitive)

sid2-1 (ICS1_

Munl
sensitive)

sgtlb eta3

(SGT1b Alul

sensitive)

dC eta3

(SGT1b Alul

sensitive)
adrl

(SAIL 842
B05)

adrl

(SAIL 842
B05)
adrl-L1
(SAIL_302
C06)
adrl-L1
(SAIL_302
C06)
adr1-L2-4

(SALK_ 1264

22)

GCGGCCTCCTCTCTACTTCT
CTTCTTGAAACCATCGAACC
ATATTGACCATCATACTCATTGC

TTGTGACTTACCATAACTCTCG

ACACAAGGGTGATGCGAGACA

CAAACGTCAAGAGAGCTGAG

GTGGAAACCAAATTTGACATTAG

GCAGTCCGAAAGACGACCTCGAG

CTATCGAATGATTCTAGAAGAAGC

aggatgagaagcttgatggagatgcace

cgtcccattcgactetgectgtcaaage

CTCAACAGCCAGATTTTGCTC

TCCTCGTCAATATCATGCCTC

CGTGCTTGTTGCTTTAGGAAG

AAGTTCCCTCAGCTCCTCAAG

ATTTCGCTCCGGACTCTAAAG

fw
rev

fw

fev
fw
fw

rev

fw

rev

fw

v

fw

rev

fw

Genotyping
Genotyping
Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping

Genotyping
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DL488 adrl-L2-4
(SALK 1264
22y

AC514 mes10-1/-

2 LP

ACS15 mes10-1/-
2 RP

ACS516 mes10-3/-
4 LP

AC517 mes10-3/-
4 RP

M160 For SAIL

(dSpm11) | lines

LBbl1.3 For SALK
lines

M149 For SM lines

LN45 For GABI-
KAT (GK)
lines

Vectors

ATCGGTTGTCACCATCTCAAC rev Genotyping
TGGTCCATTTTAAATGGCTTTAG fw Genotyping
GGGTGTTCTAATCCTTCCTCG rev Genotyping
GACTCGAAAAAGTTGCAATGG fw Genotyping
TCAGGGCACATAGTTTTCTGG rev Genotyping
GCCTTTTCAGAAATGGATAAATAGC | -

CTTGCTTCC

ATTTTGCCGATTTCGGAAC - Genotyping
GGTGCAGCAAAACCCACACTTTTAC | -

TTC

ATATTGACCATCATACTCATTGC -

Vectors used or generated in this work are listed in table 7.

Table 7 - Vectors

Vector Notes

pDONR201 Gateway® donor vector used for taking up DNA fragments
for cloning

pDONR207 Gateway® donor vector used for taking up DNA fragments

pENTRy D-PAD4
PENTR-PAD4 no stop
pENTR/D-SAG101

pENTR/D-SGT1b no stop

for cloning

Gateway® entry plasmid that contains CDS of PAD4 with
stop codon from Ler (Wagner et al., 2013)

Gateway® entry plasmid that contains CDS of PAD4
without stop codon from Ler (Wagner et al., 2013)
Gateway® entry plasmid that contains CDS of SAG101
with stop codon from Ler (Wagner et al., 2013)
Gateway® entry plasmid that contains CDS of SGT1b
without stop codon (Witte et al., 2004)
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pDONR207-TPR1

p-D1

pPENSG-smGFP-GW
(NME10)
pAlligator2 (pAL2)

pAL2- Genomic PAD4

pXCPEDS1gEDS1-3xFLAG

pXCPEDSIgEDS1  LLIF-

3xFLAG

pJ2B-3xFLAG-EDS1 1-384

pDEST-NLUC-GW

pDEST-CLUC-GW

pDEST-GW-NLUC

pDEST- GW-CLUC

pXCSG-GFP

pENS-EDS1-SH

Gateway® entry plasmid that contains CDS of TPR1 with
stop codon, made by reverse BP reaction (Zhu et al., 2010)
Binary Gateway® destination vector for expression of a
fusion protein under control of PAD4 native promoter with
an N-terminal Strepll (Witte et al., 2004) and YFP tag
(Bhandari et al., 2019)

Binary Gateway® destination vector for expression of a
fusion protein under control of 35S promoter with an N-
terminal smGFP tag

Binary Gateway® destination vector for Agrobacterium
mediated transformation (Bensmihen et al., 2004); used for
genomic PAD4 clones

Binary Gateway® destination vector (pAlligator2) for
expression of PAD4 under control of its native promotor
with an N-terminal YFP tag and as a Linker Gly-9x-Ala,
including UTRs, introns and up- and downstream
intergenic regions. NLS/NES/nls/nes (Garcia et al., 2010;
Stuttmann et al., 2016) tag were placed in between linker
and PAD4 start codon

Binary Gateway® destination vector for expression of
genomic EDS1 under control of native EDS1 promoter
with a C-terminal 3x FLAG tag

Binary Gateway® destination vector for expression of
genomic EDS1 under control of native EDS1 promoter
with a C-terminal 3x FLAG tag

Binary Gateway® destination vector for expression of
EDS1 under control of 35S promoter with an N-terminal
3x FLAG tag (Wagner et al., 2013)

Binary Gateway® destination vector for expression of a
fusion protein under control of 35S promoter with an N-
terminal NLUC tag (Gehl et al., 2011)

Binary Gateway® destination vector for expression of a
fusion protein under control of 35S promoter with an N-
terminal “LUC tag (Gehl et al., 2011)

Binary Gateway® destination vector for expression of a
fusion protein under control of 35S promoter with a C-
terminal NLUC tag (Gehl et al., 2011)

Binary Gateway® destination vector for expression of a
fusion protein under control of 35S promoter with a C-
terminal “LUC tag (Gehl et al., 2011)

Binary Gateway® destination vector for expression of GFP
under control of 35S promoter tagged with a C-terminal
Strepll tag

Binary Gateway® destination vector for expression of
EDS11 under control of 35S promoter with an C-terminal
StreplI-3xHA tag
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Media

All media were sterilised by autoclaving at 121 °C for 20 min. Heat sensitive additives such as

antibiotics were added once the media cooled down to approximately 50 °C.

Agrobacterium tumefaciens media

YEB

Beef extract 5.0 g/L
Yeast extract 1.0 g/l
Peptone 5.0 g/l
Sucrose 5.0 g/l

Escherichia coli media

LB (Luria-Bertani) broth

Tryptone 10.0 g/l
Yeast extract 5.0 g/l
NaCl 5.0 g/l

Pseudomonas syringae media
NYG broth

Peptone 5.0 g /1
Yeast extract 3.0 g/l

Glycerol 20 ml/1

IM MgSO4 2.0 ml/1
pH 7.2

For YEB agar plates:
1.5 % (w/v) agar

pH 7.0
For LB agar plates:
1.5 % (w/v) agar

pH 7.0
For NYG agar (NYGA) plates:
1.5 % (w/v) agar
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Buffers and Solutions

Buffers and their components used in this thesis are summarised in table 8.

Table 8 - Buffers and Components

Components

Application Buffer

Plant DNA extraction DNA extraction buffer
Fast plant DNA Sucrose DNA extraction
extraction buffer

DNA solvent solution TE Buffer

PCR clean-up

PEG 8000 solution

DNA electrophoresis 10x TAE running buffer
6x DNA loading buffer
DNA ladder

SDS-PAGE 10x Tris-glycine running
buffer
2x SDS sample buffer
(Ldmmli buffer)

Immunoblotting TBS (T) buffer

10x transfer buffer

Ponceau S

200 mM Tris pH 7.5, 250 mM
NaCl, 25 mM EDTA pH 7.5, 0.5 %
SDS

50 mM Tris pH 7.5, 300 mM NacCl,
300 mM sucrose

10 mM Tris-HCI, pH 8.0, 1 mM
EDTA

30% PEG 8000, 30 mM MgCl»

0.4 M Tris, 0.2 M acetic acid, 10
mM EDTA, pH 8.5

40 % (w/v) sucrose, 0.5 M EDTA,
0.2 %(w/v) bromophenol blue

10 %(v/v) 6x loading buffer, 5
%(v/v) 1 kb DNA ladder
(ThermoFisher)

250 mM Tris, 1.92 M glycine, 1
%(w/v) SDS

60 mM Tris pH 6.8, 4 %(w/v) SDS,
200 mM DTT, 20 %(v/v) glycerol,
0.2 %(w/v) bromophenol blue

10 mM Tris pH 7.5, 150 mM NaCl,
(0.1 %(v/v) Tween 20)

250 mM Tris pH 9.2, 1.92 M
glycine, 1 %(w/v) SDS, 20 %(v/v)
Methanol

Dilution of ATX
concentrate (Fluka) 1:5 in ddH20

Ponceau
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Protein extraction Extraction buffer 50 mM Tris pH7.5, 150 mM NacCl,
10 % (v/v) Glycerol, 2 mM EDTA,
5 mM DTT, Protease inhibitor
(Roche, 1 tablet per 50 mL), 0.1 %
Triton

Wash buffer: co-IP Co-IP wash buffer 50 mM Tris pH7.5, 150 mM NacCl,
10 % (v/v) Glycerol, 2 mM EDTA,
5 mM DTT, 0.1 % Triton

Wash buffer: IP for IP-MS wash buffer 20 mM Tris pH7.5, 150 mM NaCl,
mass spectrometry 10 % (v/v) Glycerol, 2 mM EDTA
N. benthamiana infiltration solution 10 mM MES, 10 mM MgCl,
transient expression pH5.6, 0.15 mM acetosyringone
Pst infection (syringe  infiltration solution 10 mM MgCl,
infiltration)
Pst infection (vacuum | infiltration solution 10 mM MgCly, 0.005 % Silwet-77
infiltration)
Pst leaf extraction extraction solution 10 mM MgCla, 0.01 % Silwet-77
Methods
Plant methods

Maintenance and propagation of Arabidopsis thaliana plants

All Arabidopsis plants were grown on potting soil supplemented with 10 mg/l Confidor® WG
70 (Bayer, GER). For synchronous germination, Arabidopsis seeds were imbibed in water, or
sown on moist soil prior to stratification in the dark for 48 h at 4 °C. Pots were covered with a
propagator lid and placed in growth chambers set to the following conditions: 10 h light, 14 h
dark, 100-150 pmol m 2 s™!, 22 °C, 65 % humidity. For short generation time and crossings, I
used speed-breeding settings, i.e. 22 h light, 2 h dark, 100-150 pmol m2s™!, 22 °C, 65 %
humidity. Propagator lids were removed seven days after placing the seeds to light. To collect
seeds, mature inflorescences were wrapped in a breathable plastic/paper bag and harvested once

the plants had dried out completely.
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Agrobacterium tumefaciens mediated stable transformation of Arabidopsis

Arabidopsis plants were transformed using a simplified method (Logemann et al., 2006) of
floral dip (Clough & Bent, 1998). After bolting, Arabidopsis inflorescences were cut once to
increase the number of inflorescences. After axillary meristems produced multiple
inflorescences, plants were dipped in 5 % sucrose, 0.01 % Silwet L-77 solution containing 4.
tumefaciens (ODgoo = 1.0-1.5). Inflorescences were submerged for 45 sec with gentle agitation
and covered in plastic bags for 24 h without direct exposure to light. After this, plastic bags

were removed and plants were transferred to the greenhouse to set seed.

Agrobacterium tumefaciens mediated transient expression assays in N. benthamiana

N. benthamiana plants were grown for 4-6 weeks in the greenhouse in the following conditions:
16 h light, 8 h dark and ~24 °C. Non-flowering and healthy plants were transferred to the lab
for infiltration with 4. tumefaciens (ODsoo = 0.2-0.6; depending on the expression efficiency of
the plasmid). Bacteria were grown for 2-3 days on YEB agar plates with their respective
antibiotics, dissolved in infiltration solution, and hand infiltrated using a needle-less syringe.
Per plant, two mature leaves were selected and infiltrated on the abaxial side of the leaf directly,
or by first making a hole in the leaf with a needle. Samples were taken 2-3 days post-infiltration,

snap frozen in liquid nitrogen, and stored at -80 °C waiting for downstream application.

Crossing of Arabidopsis plants

Arabidopsis plants were grown until inflorescence emergence, to cross genetically defined
backgrounds. Young flowers with fully developed stigmata, but immature anthers, were
emasculated and received donor pollen by applying donor stamen onto each stigma. Cross-
pollinated stigmata were kept away from other flowers by wrapping the flower in paper bags
and were kept in there to collect the seeds. Progeny was analysed for the presence of the desired

allele(s) by PCR, genotyping by sequencing, seed coat fluorescence and/or BASTA resistance.

Pseudomonas pathogen growth assays in Arabidopsis

Pst DC3000 or Pst DC3000 with avrRps4 (in pV316-1a; Pst avrRps4) were syringe-infiltrated
into leaves at ODgs00=0.0005 in 10 mM MgCl,. After infiltration, lids were kept on trays for 3
h. Bacteria were isolated at 0 dpi (3 hpi) from 4 to 6 leaf discs ( 6 mm diameter) making 2-3
technical replicates and at 3 dpi from 12 leaf discs (6 mm diameter) distributed over 4 technical
replicates). Dilutions were plated onto NYGA plates supplemented with rifampicin 100 mg/1,
and kept overnight at 28°C and at RT for the subsequent night. For statistical analysis, bacterial
titre from independent experiments (biological replicates) were combined. Normality of

residuals distribution and homoscedasticity was checked visually (by Q-Q plot) and with formal
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Shapiro-Wilcoxon test (0=0.05). Collected titre data were considered suitable for ANOVA and
Tukey’s HSD test.

Hyaloperonospora arabidopsidis (Hpa) EMWAL infection assays

Arabidopsis seedlings were grown on Jiffy pots potting soil as discussed in “Maintenance and
propagation of Arabidopsis thaliana plants.” After 16-21 days, plants were sprayed with Hpa
EMWATI by spray inoculation (40 conidiospores/ul dH20) as described in Stuttmann et al.
(2011). Hpa colonisation was determined at 4-6 dpi post spray depending on the disease
progression on the susceptible control plants, i.e. pad4-1, pad4-1/sagl01-3, and/or edsI-2. For
macroscopic phenotypes, leaves were photographed using a Canon EOS D mirror-reflex camera
with a Macro lens. For microscopic phenotypes leaves were stained with lactophenol Trypan
blue (TB) (Koch & Slusarenko, 1990; Muskett et al., 2002) by boiling leaves for 1 min in TB
solution (1:1 diluted with 100% ethanol) and destaining with chloral hydrate (2.5g/ml dH>O)
for >24 hours. Hpa colonisation, hypersensitive response and trailing necrosis (disease
phenotypes) were documented using a Zeiss Axio Imager microscope. Oomycete fitness was
quantified by counting conidiospores on leaves. In statistical analysis, counts were normalized
per mg of fresh weight (average of 2 counts per data point/technical replicate) and these counts
from independent experiments (biological replicates) were combined. Significance of

difference in spore counts was assessed by ANOVA and Tukey’s HSD test.

Aphid no-choice bioassay

Monika Patel & Lani Archer performed aphid assays in the lab of Prof. Dr. J. Shah at the
University of North Texas (USA). For each biological replicate five one-day-old nymphs were
released onto the centre of a 17-day-old plant. The total number of aphids (adult + nymphs) per
biological replicate were counted 11 days post-infestation. Each independent experimental

replicate consisted of 10 biological replicates per genotype (Nalam et al., 2018).

Bacterial methods

Escherichia coli

E. colilaboratory strains were grown at 37 °C in LB medium supplemented with their respective
antibiotic to ensure plasmid maintenance. Transformation of chemically competent E. coli cells
was performed by thawing 50 pl of competent cells on ice and incubating 2 - 50 ng of plasmid
for 5-10 min on ice. The mixture was heat-shocked for 1 min in a thermo-mixer set to 37-42

°C, after which samples were transferred to ice for 2 min. 500 pl LB medium was added to the
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mixture and were subsequently incubated at 37 °C (200-700 rpm) for ~1 h to allow expression
of the resistance cassette. Generally, only 10% of the reaction mixture was plated on selective
LB media plates, in case of an anticipated high cloning and/or transformation efficiency. For
cases with low efficiency cloning/transformation, cells were pelleted (21000 x g, 1 min), its

supernatant discarded, pellet resuspended remaining supernatant (in ~50 pl) and then plated.

Agrobacterium tumefaciens

A. tumefaciens cells were grown in liquid or solid YEB or LB medium with respective antibiotic
resistance at 28 °C for 2-3 days. A. tumefaciens cells were transformed via electroporation.
Electro-competent cells were thawed on ice and were incubated with 10-80 ng plasmid DNA
for 10 min on ice before being transferred to a precooled electroporation cuvette (1 mm,
Eurogentec, BE). The BioRad Gene Pulser Xcell™ was used for electroporation with the
following settings: 25 uF, 2.5 kV, 5 ms, and 400 Q. Immediately after pulsing, cells were mixed
in 500 pl LB medium and incubated at 28 °C, 200-700 rpm for 2 h to allow for the expression
of the resistance cassette. To obtain single colonies, 50 pl of cells were plated on selective LB
media plates. For Nicotiana benthamiana infiltration Agrobacteria were grown on YEB plates
overnight and resuspended in infiltration medium with an adjusted ODsoo = 0.2 - 0.6. A

needleless syringe was used to infiltrate the abaxial side of mature leaves.

Pseudomonas syringae

P. syringae strains were grown on selective NYGA plates at 28 °C for 2 days. Stock plates were
kept for a maximum of 3 weeks at 4 °C before being re-streaked from the -80 °C stock. Before
each infection experiments, bacteria were streaked on fresh selective NYGA plates and grown
overnight. Bacteria were suspended in infiltration medium, and the abaxial leaf side was
subsequently infiltrated using a needleless syringae. Pathological infection assays were
performed by infiltrating Pst with an ODgoo = 0.0005 and samples were taken at 3 hpi (day 0)
or 3 dpi. For qRT-PCR, confocal microscopy and determining protein levels plants were
infiltrated with Pst with an ODgoo = 0.005. For nLC-MS/MS analysis bacterial ODsoo was
adjusted to 0.1 and bacteria were dissolved in vacuum-infiltration solution (10mM MgCly;
0.005% Silwet-77) samples were taken at 4 and 6 hpi. After infiltration, plants were covered
with a propagator lid for 6 h to ensure high humidity. In general, plants were always infiltrated

between 9 to 12 a.m. to avoid the circadian clock creating distortion in the data.
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Biochemical methods

Total protein extraction for immunoblot analysis

Plant tissue was collected and snap frozen in liquid nitrogen, followed by homogenisation with
the Qiagen TissueLyser II (Qiagen, Hilden, GER). Per sample, 50 - 100 pul Lammli Buffer was
added to the sample, vortexed, boiled at 95 °C for 10 min, and centrifuged at 21 000 x g at RT

for 1 min. Supernatant was used for immunoblot analysis and was stored at -20 °C.

Immunoprecipitation of transiently expressed protein

For immunoprecipitation of proteins expressed in N. benthamiana leaves, 4-8 leaf discs (7 mm
diameter, depending on expected protein accumulation) were sampled and homogenised using
a Qiagen TissueLyser II (Qiagen, Hilden, GER). Samples were resuspened in 1.5 mL protein
extraction buffer and were incubated on ice for 5 min with interspersed vortexing before being
centrifuged for 20 min, 4 °C, 21 000 x g. 50 ul supernatant was taken as input sample. For
immunoprecipitation, 3 mL co-IP wash buffer and 10 pl of GFP-Trap beads/ Magnetic Agarose
(MA) GFP-Trap (Chromotek, Martinsried, GER) or ANTI-FLAG® M1 Gel (Sigma-Aldrich)
were added to the supernatant and gently mixed on a rotating mixer for 2.5 h at 4 °C. After
incubation, beads were spun down at 2500 x g at 4 °C for 2 min, or incubated for 1 min in a
magnetic rack, and washed 4 times with 1 ml co-IP wash buffer. To elute the protein, 100 pl of
Lammli buffer was added to the beads and heated to 96 °C for 10 min with 3 vortex steps.
Finally, the eluted beads were collected at the bottom by centrifugation (21 000 x g, 4 °C, 1

min) and supernatant was used for immunoblot analysis and stored at -20 °C.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated based on their size using the Mini-PROTEAN 3 SDS-PAGE system
(BioRad). Samples were boiled in Lammli buffer at 95 °C for 10 min to extract proteins.
Samples were loaded on discontinuous, 1.5 mm wide self-cast polyacrylamide gels (10 % for
running gel, see table 9, and 6 % for stacking gel, see table 10). Electrophoresis took place in
1x Running buffer at 80 or 100 V for 20 min, followed by 120 V for 60 - 80 min. Per each gel

3 ul of the PageRuler™ Prestained Protein Ladder (ThermoFisher) was loaded as a marker.
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Table 9 - Composition SDS PAGE gels (for 4 1.5 mm gels)

Component 10 % running gel
ddH20 15.7 ml

1.5 M Tris-HCI pH 8.8 10 ml

10 % SDS (Protein quality - Biorad) 400 pl

30 % Acrylamide/Bis solution 29:1 13.3 ml

(Biorad)

10 % APS 400 pl

TEMED 25 ul

Table 10 - Composition SDS-PAGE stacking gel (for 4 1.5 mm gels)

Component 6 % stacking gel
ddH:20 9 ml

0.5 M Tris-HCI pH 6.8 4 ml

10 % SDS (Protein quality - Biorad) 160 pl

30 % Acrylamide/Bis solution 29:1 2.6 ml

(Biorad)

10 % APS 160 pl

TEMED 25 ul

Immunoblot analysis

After proteins were successfully separated on SDS-PAGE, proteins were transferred to a
Hybond™-ECL™ nitrocellulose membrane (GE Healthcare, Freiburg, GER) by western
blotting using the BioRad Mini Trans-Blot® cell system. Gels were submerged in cold (4 °C)
Ix transfer buffer and transfer cassettes were assembled according to the manufacturer's
instructions. Transfer was performed at 110 V for 70 min at 4 °C. Membranes were blocked (5
% (w/v) low-fat milk (Biorad) TBST solution) for 60 min at RT on a shaker (40-60 rpm), to
avoid high background signal during exposure. Blocked membranes were incubated with the
primary antibody (2 % (w/v) low-fat milk (Biorad) in TBST solution) between 12-80 h at 4 °C
on a shaker (50 rpm) (See Table 4 for antibody dilutions). In the morning, membranes were
washed 3 times for 10 min each with TBST. Subsequently, membranes were incubated with
secondary antibody (2 % (w/v) low-fat milk (Biorad) in TBST solution) at RT for 60 - 120 min

at 50 rpm. Primary antibodies bound by protein of interest were detected with the secondary
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antibody, which is conjugated with horseradish peroxidase (HRP). After 3 washes with TBST
of 10 min each, membranes were gently dried on a piece of kitchen paper, placed on a plastic
foil and supplied with 150 pl of substrate (Biorad Clarity™/Clarity Max™ Western ECL). For
highly abundant proteins Clarity substrate were sufficient to detect proteins, however, for low
abundance proteins a 1:1 ratio of Clarity™:Clarity Max™ or pure Clarity Max™ was used.

Chemiluminescence was detected using the BioRad ChemiDoc™ XRS+ system.

Split-Luciferase Assay

For each assay, all tested co-expression constructs (\LUC; N-Terminal Luciferase and “LUC;
C-terminal Luciferase) shown in one figure were transiently expressed on the same leaf (Gehl
etal., 2011). Three leaf disks (4 mm diameter) from three independent leaves from 1 plant were
pooled per biological replicate and processed in reporter lysis buffer (Promega; E1500, + 150
mM Tris; pH 7.5). Samples were mixed in a 1:1 ratio with Luciferin substrate (Promega; E1531)
and luminescence was measured using a luminescence microplate reader (Centro XS; Berthold
Technologies). Absolute luminescence, i.e. absolute luciferase activity was used as a proxy for

protein-protein interaction intensity.

Immunoprecipitation for nLC-MS/MS

Immunoprecipitation (IP) for nLC-MS/MS analysis was performed with tissue from stable
transgenic Arabidopsis plants cPAD4YT #5, cPAD4380A#12 cPAD4ML #2 and 35S::Strepll-
YFP (Lapin et al., 2019). For the infiltration process, please see “Bacterial methods; P.
syringae”. The 4 hpi and 6 hpi samples were immunoprecipated and analysed by nLC-MS/MS
on different times (1.5 months apart), and can therefore not directly be compared using
statistics. For each sample >4 g of leaf tissue was collected, snap frozen and stored at -80 °C.
Subsequently, 2g of tissue was ground by hand for 2 min using a pestle and mortar. For optimal
and replicable sample homogenisation, the sample was mechanically ground using the
Precellys® Evolution Homogeniser (3x 7500 rpm, 10 sec) (VWR, Darmstadt, GER). The
samples was then suspended in 4 ml protein extraction buffer for 40 min by vortexing every 10
min. After centrifugation (4000 x g at 4 °C for 2 min), 2 mL supernatant was transferred to a
new tube (Protein Lo-bind, Eppendorf), which was centrifuged again (21 000 x g at 4 °C, 20
min). 200 pl of supernatant was kept as input control and 1.45 mL supernatant was transferred
to a new tube to which 20 pul Magnetic Agarose (MA) GFP-Trap (Chromotek, Martinsried,
GER) was added per sample. Beads were carefully mixed using a rotating mixer for 3 h at 4 °C.

Beads were collected by placing the tubes in a magnetic rack for 1 min at 4 °C, and were washed
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with IP-MS wash buffer 4 times. After the final wash, samples were stored at -20 °C until
further processing by the Mass spectrometry facility (MPIPZ)

nLC-MS/MS analysis (By Sara Stolze and Anna Harzen — H. Nakagami Lab — MPIPZ)

Sample preparation and LC-MS/MS data acquisition. Proteins (from GFP-trap enrichment)
were submitted to an on-bead digestion. In brief, dry beads were re-dissolved in 25 pL digestion
buffer 1 (50 mM Tris, pH 7.5, 2M urea, ImM DTT, 5 pg/uL trypsin) and incubated for 30 min
at 30 °C in a Thermomixer at 400 rpm. Next, beads were pelleted and the supernatant was
transferred to a fresh tube. Digestion buffer 2 (50 mM Tris, pH 7.5, 2M urea, 5 mM CAA) was
added to the beads, after mixing the beads were pelleted, the supernatant was collected and
combined with the previous one. The combined supernatants were then incubated overnight at
32 °C in a Thermomixer with 400 rpm; samples were protected from light during incubation.
The digestion was stopped by adding 1 uLL TFA and desalted with C18 Empore disk membranes
according to the StageTip protocol (Rappsilber ef al,. 2003). Dried peptides were re-dissolved
in 2% ACN, 0.1% TFA (10 pL) for analysis and measured without dilution in case of on-bead
digested samples. Samples were analysed using an EASY-nL.C 1200 (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 pm inner diameter), packed in-house with
reversed-phase ReproSil-Pur C18 AQ 1.9 um resin (Dr. Maisch). Peptides were loaded on the
column and eluted for 115 min using a segmented linear gradient of 5% to 95% solvent B (0
min : 5%B; 0-5 min > 5%B; 5-65 min -> 20%B; 65-90 min ->35%B; 90-100 min -> 55%;
100-105 min ->95%, 105-115 min ->95%) (solvent A 0% ACN, 0.1% FA; solvent B 80% ACN,
0.1%FA) at a flow rate of 300 nL/min. Mass spectra were acquired in data-dependent
acquisition mode with a TOP15 method. MS spectra were acquired in the Orbitrap analyzer
with a mass range of 300—1750 m/z at a resolution of 70,000 FWHM and a target value of 3x10°
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, a maximum injection time (max.) of 55 ms
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 MS?, dynamic exclusion for 30s

prevented repeated selection of precursors.

Data analysis. Raw data were processed using MaxQuant software (version 1.5.7.4,
http://www.maxquant.org/) (Cox & Mann, 2008) with label-free quantification (LFQ) and
iBAQ enabled (Tyanova et al., 2016). MS/MS spectra were searched by the Andromeda search

112
PhD Dissertation J.A. Dongus


http://www.maxquant.org/

Materials and Methods

engine against a combined database containing the sequences from A. thaliana

(TAIR10 pep 20101214;ftp:/ftp.arabidopsis.org/home/tair/Proteins/TAIR10_protein_lists/)

and sequences of 248 common contaminant proteins and decoy sequences. 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%.

Statistical analysis of the MaxLFQ values was carried out using Perseus (version 1.5.8.5,

http://www.maxquant.org/). Quantified proteins were filtered for reverse hits and hits

“identified by site” and MaxLFQ values were log2 transformed. After grouping samples by
condition only those proteins were retained for the subsequent analysis that had two valid values
in one of the conditions. Two-sample #-tests were performed using a permutation-based FDR
of 5%. Alternatively, quantified proteins were grouped by condition and only those hits were
retained that had 3 valid values in one of the conditions. Missing values were imputed from a
normal distribution (2.0 downshift, separately for each column). The Perseus output was

exported and further processed using Excel.

Molecular biological methods

Confocal laser scanning microscopy

For confocal laser scanning microscopy using the Zeiss LSM 780 I used: 20x water objective
(W Plan-Apochromat 20x/1.0DIC D=0.17 M27 70 mm), Argon Laser intensity of 1-5%
(maximum 10%), YFP excitation at 514nm, detection between 520-590 nm, and auto-
fluorescence of Chlorophyll A (ChA) detection between 630-735 nm. For confocal laser
scanning microscopy using the Leica SP8 I used: 20x water objective (HC PL APO CS2 20x,
0.75 IMM), Argon Laser intensity of 2-10% (maximum 20%), YFP excitation at 514nm,
detection between 518-530 nm, and auto-fluorescence of Chlorophyll A (ChA) detection
between 695-737 nm .

Isolation of genomic DNA

Fresh leaf material (ca. 0.5 cm?) was collected in a tube and crushed with a pestle, or with beads
using a TissueLyser II (Qiagen). 400 ul DNA extraction buffer was added to the tube and
vortexed. The mixture was cleared by centrifugation at 21 000 x g at RT for 2 min. 300 pl
supernatant were transferred to a new tube and DNA was precipitated by adding 300 ul 100%

high-grade isopropanol and tubes were inverted several times. Tubes were centrifuged at 21
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000 x g, RT, 5 min, supernatant was removed and washed in 600 pl 70 % EtOH and dried at 40
°C for 5 - 10 min. Dried DNA was suspended in 50 ul ddH20 and samples were kept at 4 °C or
-20 °C for longer storage.

Fast isolation of genomic DNA

For large-scale DNA isolation, I used a method based on a high sucrose solution that allows
DNA extraction in a 96 well plate format (Berendzen et al., 2005). Few mg of leaf material was
collected in collection tubes (Qiagen) containing one metal bead. 200 pl Sucrose DNA
extraction buffer was added to each tube and samples were homogenised with a TissueLyser 11
(Qiagen). Tubes were centrifuged at 1000 g, RT, for 1 min and then placed in a water bath for
15 min at 97 °C. After this, samples were placed on ice for 30 min, and centrifuged again at
1000 g, RT, for 1 min. Per PCR reaction 1 ul of solution was used. DNA was kept at 4 °C for

a maximum of 7 days, but are not suitable for long-term storage at -20°C.

Isolation of total RNA

Total RNA was extracted from Arabidopsis leaves using the Plant RNA Kit (Bio-Budget,
Krefeld, GER) according to the provided instructions. In case of mature leaves, 10% extra
extraction buffer was added per sample to enhance the extraction efficiency. Briefly, samples
were homogenised in extraction buffer, loaded on DNA binding columns to remove gDNA,
precipitated, loaded on RNA binding columns, washed, dried and eluted into collection tubes.

Immediately after RNA extraction, either RNA was processed or RNA was stored at -20 °C.

Polymerase Chain Reaction (PCR)

For genotyping or colony PCRs non-proofreading Phire II DNA polymerase (ThermoFisher)
was used. For cloning purposes, proofreading Phusion HF polymerase (ThermoFisher) or Pfu
Polymerase (ThermoFisher) was used (See Table 5). PCR reaction mixtures were identical for
all polymerases (Table 11). The thermal cycling program was adjusted to each polymerase
(Table 12). For PIPE-PCR, there are some slight differences to a regular PCR, for more

information see section below.
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Table 11 - PCR reaction mix

Component Volume Volume (PIPE-PCR)

10x PCR buffer 2ul 7.5 wl (15 wpl HF Buffer -
ThermoFisher)

ANTP mix (2.5 mM) 1.6 pl 6 ul

forward primer (10 pM) 1 pl 1,5 pl

reverse primer (10 pM) 1 pl 1.5 ul

template DNA 0.2-10ng 200-500 ng

polymerase 0.2-0.5pul 0.8 ul

ddH20 Up to 20 pl Upto 75 ul

Table 12 - Thermo-cycling programs

Stage Temperatur @ Phire II | Phusion Pol. | PIPE-PCR Cycles

e Pol. Time Phusion Pol.

€O Time Time
Initiation 98 30 sec 5 min 5 min 1x
Denaturation | 98 10 sec 10 sec 10 sec 30 - 35x
Annealing 55-60 15 sec 30 sec 30 sec (PIPE-
Elongation 72 15 sec/kb 30 sec/kb 30 sec/kb PCR 20x
Final 72 5 5 NO 1x
extension EXTENSION

Site-directed Mutagenesis by PCR

To mutate selected nucleotides in the sequence of a plasmid of interest, site-directed
mutagenesis was performed with minor alterations according to the instructions of the
QuickChange Site-Directed Mutagenesis Kit (Agilent, Waldbronn, GER). See table 11 for PCR
mix details, and table 12 for the thermo-cycling program. A maximum of 20 cycles was used
in order to avoid PCR induced sequence mistakes. To remove the plasmid template from the
reaction mix post-PCR, I used the restriction enzyme Dpnl (NEB), which specifically digests
methylated-DNA, i.e. plasmid DNA, but not PCR-DNA. Per 20 ul PCR mix, 1 pl Dpnl was
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added and this was incubated for 1 h at 37 °C. 5 ul of the digested PCR mix was used for Dh10b

heat-shock transformation.

PIPE-PCR

To cut and paste different DNA pieces together without overhangs, digestion sites or Golden
Gate domestication, PIPE-PCR was used and is described here (Klock & Lesley, 2009). Two
independent PCR reactions are performed to create an insert and a vector fragment. This means
one requires 4 unique oligos. Each oligo consists of 2 parts, 1) a primer-section required for
binding and elongation during PCR, and 2) an overhang used by E. coli for ligation in vivo.
This overhang can also contain a FLAG-tag or a peptide linker for protein fusions, but it is
required to overlap with the DNA sequence you want to glue together. The primer-section
should be at least 24 base pairs long, and should not have an annealing temperature below 70
°C. The overhang section has to have an overlap of at least 30 base pairs with the other PCR
product. Meaning that these oligos are at least 54 base pairs long, but can be much longer. To
remove the plasmid template from the reaction mix post-PCR, I used the restriction enzyme
Dpnl (1 pl + 6 pl CutSmart buffer NEB), which specifically digests methylated-DNA, i.e.
plasmid DNA, but not PCR-DNA. To wash out salts and enzymes from the mixture, DNA was
cleaned-up using PEG 8000 DNA clean up. A DNA clean up kit is not suitable for this. To each
82 ul PIPE-PCR mixture 250 pl TE buffer was added, and mixed by inverting, before adding
150 ul PEG 8000 solution. After homogenising the samples by inverting, DNA was pelleted by
centrifugation at 10 000 x g, RT, for 20 min. After removing the supernatant, DNA pellet was
dissolved in 50 pl TE buffer. The two PCR products were combined in a 1:1, 1:5, 1:10, 5:1 or
10:1 ratio, with at least 10 fmol PCR fragment per PCR fragment. A 10-fold volume of E. coli
DH10b was incubated with the PCR products for 10 min on ice before performing heat-shock.

cDNA Synthesis

Total RNA was isolated as described above and 250 - 1000 ng were used for cDNA synthesis.
I used cDNA Synthesis SuperMix (Bimake) following manufacturer's instructions and diluted
cDNA 1:1 when using 250 ng total RNA and 1:5 when using 1000 ng total RNA. cDNA was
stored at -20 °C.

Quantitative reverse-transcription PCR (qQRT-PCR)

qRT-PCR was performed using a BioRad CFX96 Touch™ Real-Time PCR Detection System.
For details see table 13 and table 14. Primer sequences can be found in table 6. For data analysis,
CFX Maestro™ Software (BioRad) was used. Data were further analysed in Excel and R-

studio. Normality of residuals distribution and homoscedasticity was checked visually (by Q-
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Q plot) and with formal Shapiro-Wilcoxon test (a=0.05). Collected titre data were considered
suitable for ANOVA and Tukey’s HSD test.

Table 13 - gRT-PCR reaction mix

Component Volume
SYBR® Green Supermix S5ul
forward primer (10 pM) 0.5 ul
reverse primer (10 nM) 0.5 pul
template cDNA 1 ul
ddH20 to 10 pl

Table 14 - gqRT-PCR thermo-cycling program

Stage Temperature (°C) Time Cycles
Initiation 95 30 sec Ix
Denaturation 95 10 sec 40x
Annealing 55 15 sec

Elongation 72 10 sec

Melt Curve 60 - 95 5 sec per 0.5 °C Ix

Plasmid DNA isolation from bacteria
For standard plasmid prep, the NucleoSpin® Plasmid Kit (Macherey-Nagel, Diiren, GER) was
used to the manufacturer's instructions. For prepping A. tumefaciens, the low copy-number

protocol was used.

Restriction endonuclease digestion of DNA

DNA digestion was performed to the respective enzyme manufacturer's instructions. Typically,
1-8 ul DNA (corresponding to 50-500 ng DNA) was mixed with 1 ul reaction buffer, 0.2 pl
enzyme and brought to a final volume of 10 pl. The reaction was incubated at the recommended

temperature for 20 min up to 2 h and stored at 4 °C.

Agarose gel electrophoresis of DNA
If not pre-mixed (e.g. Phire polymerase reaction buffer), DNA was mixed with DNA loading
dye and loaded on a 0.8 - 2 % (w/v) agarose gel in TAE buffer. Typically, agarose gels were
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run at 100-200 V for 10 - 40 min. Agarose gels were supplemented with 0.2 mg/l ethidium

bromide and visualised on a 312 nm UV trans-illuminator.

DNA purification from agarose gels
Separated DNA fragments were visualised by illuminating the DNA on a UV trans-illuminator.
Using a clean razor blade PCR fragments were cut out and further processed using the PCR

clean-up and gel extraction kit (Macherey-Nagel) according to the manufacturer's instructions.

Gateway® DNA cloning

The Gateway® system for DNA cloning (ThermoFisher) was used mainly in this study. Entry
clones were obtained by performing a BP reaction with a previously produced expression clone
containing attB sites and a pDONR (e.g. pPDONR207) containing attP sites, according to the
manufacturer’s instructions. Alternatively, using PIPE-PCR a gene of interest and the
pDONR201 vector were amplified and ligated in vivo by E. coli, see section on PIPE-PCR. To
create expression clones, an LR reaction was performed by recombing an entry vector with a
destination vector using Gateway LR Clonase II mix (ThermoFisher). Typically, LR reactions
were incubated for 1 h at RT and transformed into E. coli (DH10b). For reaction mix, see table

15.

Table 15 - LR reaction mix

Component Volume / Amount
Entry vector 25-75ng
Destination vector 75 ng
ddH:20 Upto4 ul
LR Clonase II mix 1 ul

DNA sequencing

DNA sequencing was carried out by Eurofins Genomics (Ebersberg, GER) using their Mix2Seq

kit. DNA sequencing samples were prepared according to the manufacturer's instructions.

In silico analyses

DNA/Protein sequence analysis

All Sanger DNA sequence data was analysed using the Seqman Pro software (DNA STAR).
For phylogenetic protein alignment, protein sequences were obtained via the Phytozome
database (http://phytozome.jgi.doe.gov), aligned using Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/), and coloured using Jalview
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(https://www.jalview.org/).  Sequence @ Logo  were created using  WebLogo
(https://weblogo.berkeley.edu/logo.cgi; Crooks et al., 2004; Schneider & Stephens. 1990).
Plant DHS was wused to determine chromatin accessibility of Arabidopsis loci
(http://plantdhs.org/; Zhang et al., 2016). For phylogenetic shadowing, DNA sequences were
obtained from the Phytozome database (http://phytozome.jgi.doe.gov) and the Genome
Evolution database (https://genomevolution.org/coge/). Phylogenetic shadowing was

performed using mVista (http://genome.lbl.gov/vista/mvista/submit.shtml; Frazer et al., 2004).

Data Analysis

All data analysis and data representation was performed in RStudio (v. 1.1.463;
https://rstudio.com) using the following packages: ggplot2, plyr, multcompView, GGaly, grid,
futile.logger, VennDiagram and ggrepel. Pie charts and qRT-PCR bar plots were generated
using Excel 2016. GO-term analyses were performed using the TAIR GO-Term analysis tool
(https://www.arabidopsis.org/tools/go _term_enrichment.jsp), which runs on PANTHER
(http://www.pantherdb.org/). Statistical GO-term Overrepresentation Test was performed on
PANTHER (http://www.pantherdb.org/; released 20190711; Arabidopsis genome; Biological

processes and Molecular Function; Fisher Exact with Bonferroni correction).

Protein structure visualisation
EDS1-SAG101 crystal structure and EDS1-PAD4 structure model (Wagner ef al., 2013) were
visualised using PyMol (2.3.0; https://pymol.org/2/).
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