Functional characterization of

Phytophthora infestans RXLR effector AVR2

Dissertation
Fak

der Mathematisch-Nat ur wi ssenschaftlichen
T¢

der Eberhard Karl s Universit?at
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von

Marek Malec
aus

Poznan, Polen

T¢bingen
2018



Gedruckt mit Genehmigung der Mathematisch-Nat ur wi ssenschaftliche
Eberhard Karls Universitaat Tg¢gbingen.

Tag der m¢gndlichen Quad012.20Rk&k ati on:
Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter/-in: Prof . Dr . Thorsten Ng¢gr

2. Berichterstatter/-in: Dr. Frederic Brunner



Table of contents

Table of contents

TaDIE Of CONTENES......eiiiiteie e e e e e e e e e e nnnes I
LIST Of fIQUIES.... ettt e e e et e e e e e e s e e e e e e e e e b b e e e e e e e e anbrnneeeeeeaa A\
LIS Of TADIES. ... e VI
ADDIEVIATIONS ...t VI
1. INTRODUCTION. ...ttt e e et et e et e e e e e e e aaaaaaaaaaeaaaaeaassaaaaaanannnnnnnes 1
1.1. The plant iMMUNE SYSTEITL..........uuuuiiiiiiiiiiirrieee e e e e eeeeeeaaeaaaeeaaaae s e e s s e aassaaaaasnsnnnsansnnnes 1
1.11 Recognition of microb@associated molecular patterns (MAMPS) by pattern
recognition reCEPLOrS (PRIRS)......ccici ittt e e e e e e e e s e e e e e aaaaaaaaaa e e e e e e s e e e s saesaanaans 3
1.1.2 Effectortriggered immunity (ETD.......uuuuiiiiieiiieiieeeceeeeeeeeeeee e 5
1.2 Hormones in plant immUNITY.......ccooiiiiiiieiiir e e e e e e e e e e e e e e e e e e e e e e s s e e e s s e s eannans 7
1.2.1  Crosstalk between brassinosteroid signaling and plant immune responses.....10
1.3  Effectortriggered susceptibility (ET.S)........cueeiiiiiiiiiiiieeeesiiiieee e 14
1.3.1  Bacterial EffECIOIS........cuuiiiiiiiie et 15
1.3.2  00omycete effEClOrS.........coi i 16
1.3.2.1 ApPOPIASLIC EIFECTIOIS......euiiiiieeiiiiieiee e 16
1.3.2.2 CytoplasmiC EffECIOLS........uiiiieeee et 17
1.4 The RXLR effector AVR2 from Phytophthora infestans...............cccccveeiiniiiiiencennns 18
1.5 Objective Of the thESIS.........uiiiiiiiiiieeeeee s 19
2  MATERIAL AND METHODS . ... ettt e e e e e e e aeneaaas 21
P T 1Y = =T | TP P PP PPPPPPPP 21
2.1.1.1  CREMICAIS. ... ittt e e e e e e e e e s 21
2.1.1.2 Media and antibDiOtiCS..........ccuuriiiiiiii i 21
2.1.2  ANDOGIES. ....eeiiiiieie et 22
P2 R T Y/ =T or (0] =TT 23
2.1.4  BACIEIAI SITAINS.....eeiiiiiiiiiiiei et e e e e e e e s eeeeeas 24
2.2 MEENOUS. ...t a e e e e e e a e 25
2.2.1  Growth CONAITIONS......eeiiiiiiiieiiiii ettt e e e 25
2.2.1.1 Arabidopsis thaliana growth.............coooiiiiii s 25
2.2.1.2 Growth of Escherichia Cali............oooviiiiiiii e 25
2.2.1.3 Growth of Agrobacterium tumefaciens...........cccccovviiiiiiieiiiiiiee e 25
2.2.1.4 Growth of PSEUdOMONAS SYNNQAL. ......ccceiiiiiiiiiiieeeeeiiiiriee e e e e 26
2.2.2 Molecular MELNOAS...........oooiiiii e 26
2.2.2.1 Isolation of plasmid DNA from E.COll.......cccccuiiiiiiiiiiiiiieeeeeeeee e 26
2.2.2.2 GeNnOmMIC DNA EXIraCliON........cciiiiiiiiiiiiiiee et 26
2.2.2.3 Total RNA @XIraCHON. ... ..uveiiieeiiiiiiiit ettt e e e s e 27



Table of contents

2.2.2.4 Nucleic acid qUaNtifiCatiON ........coevriiiieieee e 27
2.2.2.5 Restriction digests of plasmid DINA.........c.ouiiiiiiiie e 27
2.2.2.6 Agarose gel eleCtrOphOreSIS.......uuuiiiiiiiiiiiiieiieei e 27
2.2.2.7 DNA g€l XITACHON ... ...ttt rr e e e e e e e e e aaa e e e e e e e e e e e e e e s e e e s asannnns 28
2.2.2.8 Reverse transcription polymerase chain reactionPieR)...........ccccvvvveeerrinnnee. 28
2.2.2.9 Polymerase chain reaction (PCR).........c.uuviiiiiiiiiiiiiieieee e 28
2.2.2.10 Quantitative Reallime PCR (QRATR).........uuiiiiiiiiiiiieieeeeeeee e 30
2.2.2.11 Gateway sitespecific recombination cloning of amplified DNA fragments...31
2.2.2.12 Sitedirected MULAGENESIS . ...uvviiiiiiiiiiiieeeee e 32
2.2.2.13 Generation of Gateway compatible binary destination vectors for expression of
N-terminal KozakMYC and KozakHA fusion pProteins..............occcuvvveeeeeeniniiineeeeeeesssiinen 33
22214 SEUUENCING .....cii e i e e e et e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaeaaaaaaaas 33
22215 t NBLI NF GA2y 2F OKSYAOI t.f.28..02Y.L1S.0.83 0
2.2.2.16  Transformation Of E.CQlL..........couiiiiiiiiiiiiiie e 34
2.2.2.17 Preparation of electrocompetent Agrobacterium tumefaciens.................... 34
2.2.2.18 Transformation of Agrobacterium tumefaciens........cccccccvvvevveiiienniiniinnnnnn.. 35
2.2.3  Protein BioChEMISIIY......ccoii i e e 35
2.2.3.1 Protein extraction from leaf tiSSUE............cooiiiiiiiiiieiiiii e 35
2.2.3.2 SDEPAGE ... o i 35
2.2.3.3 WeSEern BIOTING. ...t e e 35
2.2.3.4 IMMUNOPIECIPITALION. ... ..uuuuiiiiiiiiiiiiireiiire e e e e e e e e e e e e e e e e e e e ee e e e e e e e e e e e e e eeeeesanannes 36
2.2.3.5 PhOSPhatase @SSAY.......ccccciiuuiuriiiiiiiiiiiiiiirieeeeee e s e ee e e e e eaaa e e e e e e e e e e e e s e s e s eeannans 37
2.2.3.6  MAPK @CHVALION......eeiiiiiiiieiiiiie ettt e e e sbee e e 37
2.2.4  Plant MEENOGS. .....coooiiiiiiiiiee et 37
2.2.4.1 Agrobacteriummediated transient expression in tobacco leaves................... 37
2.2.4.2 Generation of stable transgenic lines of Arabidopsis thaliana........................ 38
2.25  Biol0giCal FESPONSES.......cooeiiee e aa e 38
2.2.5.1 OXIidAtiVE DUIST @SSAY.....eeieeiiiiiiieiiieeeiiiiiii et e e e s e e e e s e e e s e e e e e e e 38
2.2.5.2 EtNYIENE @SSAY.....ccciiiiitiiiiie ettt 38
2.2.5.3 Infection assay with Pseudomonas Syringae...........cccccveeeiiriiiiieeeee s 38
2.2.5.4 Infection assay with Alternaria brassiciCola............ccccvvvviiiiicin e, 39
2.2.5.5 Infection assay with Phytophthora capsiCi...........coooieeeii s 39
2.2.5.6 Hormone and phytoalexin MeasUremMEeNLS............uuvreeeriiirrereeeeeniiiireeeeeeenees 40
2.2.5.7 Cell dEAtN @SSAY......eeiiieiiiiiiiiiie i eee e 40
2.2.6  Differential interference contrast MICIOSCOPY. ... .uuuueerriiiiiiiiiiirieieiaaeiaeeaaaeeeaeeeeens 40
2,27 SEAUSHICS ..ctteeeiee ettt e e et e e e e e e e e e e e e e e e e e 40

51

f



Table of contents

B RE SU LT S e 41
3.1 AVR2 associates with BSliKe phosphatases StBSL1, 2a and 2b and homologs of
Y = ][ (0] 0 1< L= PR 41
3.2 Identification of the molecular determinants of the AVRIBSL?2 interaction................ 45

3.2.1  The hinge region and the putative phosphatase domain of AtBSL2 are required for the
INEEraction WIth AVRZ ..ot 45

3.2.2 The Gterminus of the effector domain of AVR2 is critical for the association with
AtBSL2 47

3.3  Effect of AVR2 on the phosphatase activity of AtBi#t@Tamily members................... 48
3.3.1 IN VIVO PhOSPhatase ASSAY.......cccccuuuiriiiiiiiiiiiiieieieeeee e e ee e e e e aeae e e e e e e e e e e e e ee s aanns 48
3.3.2  The catalytic activity of AtBSHike family members is BL independent............... 49

3.3.3  AVR2 does not affect the phosphatase activity of AtBliidfamily members....... 50
3.4  Effect of AVR2 on Blependent responses in N. benthamiana...............cccccovinnnnenn. 52

3.4.1 AVR2 does not affect Rlependent phosphorylation status of AtBES1 expressed in N.
L= g1 =T 0 1= T = U PP 52

3.4.2  AVR2 does affect the expression level of&julated genes in N. benthamiana...53

3.5 Effect of AVR2 on Blependent responses in A. thaliana..............cccccooviiieenieennnnnee, 55
3.5.1 AVR2 expressing Arabidopsis plants display characteristic BR mutant phenotdes
3.5.2 AVR2 affects stomata development and patterning............ccccccvvvvvveevereeeeeeeeeenns. 56
3.5.3  AVR2 modulates the protein expression level of AtG@E&KXinases...........cc......... 57
3.5.4  AVR2 does not affect the phosphorylation status of ABESL.............ccccceeeennne 60

3.6  Effect of AVR2 on MTI/PTI responses in N. benthamiana..............cccccceeeiviiiiinnnenn. 62

3.6.1 AVR2 does not suppress flgi@luced early immune responses in N. benthamiafa

3.6.2  AVR2 does not supprebsmegaspermininduced early immune responses in N.

(01T 011 g F= g 0T = L = PSSP 64
3.6.3  AVR2 suppresses INFHuced cell death in N. benthamiana............................. 66
3.7 Effect of AVR2 on MTI/PTI responses in Arabidopsis thaliana................................. 67

3.7.1  AVR2 does not suppress flg2@luced early immune responses in Arabidopsis..67
3.8 AVR2 affects the resistance/susceptibility to pathogens in Arabidopsis................... 69

3.8.1 AVR2 enhances Arabidopsis susceptibility to Pseudomonas syringae pv tomato
DC3000 69

3.8.2 AVR2 enhances Arabidopsis susceptibility to Phytophthora capsici.................70
3.8.3  AVR2 enhances Arabidopsis resistance to Alternaria brassicicola.................... 71

3.9 AVR2 expressing Arabidopsis plants display higher level.of. JA................................ 72
3.10 AVR2 expressing Arabidopsis plants display large transcriptome changes.............75

A DISCUSSION. ettt ettt rar e e e e e et e e e et b b aaeaeeaaaeeeeeeessnnansseeeaeeeeeennns 79
B SUMMARY ettt e et e e e e e e e e e ae e e e ettt aaaaeaeaeeeeerrra, 91
6 ZUSAMIMENTASSUIND. ... uuteeeieeeiiitit et e e e e ettt et e e e e e e e e e e e s et ae e e e e e s s bbb e e e e e e eassnnbereaeeeeeannnees 93



Table of contents

7
8

REFERENGQCES..... .ottt et e e e e e e e e e e e e e e e e s s e s s s s e s e e n e e nnes 95
AP PENDIX ..ot e e e e e e e e e e e e e e e 120



List of figures

List of figures

Figure 1The plant immune system (Dangl et al., 2013).........cuuuiiiiiiiiiiiiiieiiieeieeeeeee e 2
Figure Brassinosteroid signaling pathway (Clouse, 2011).........cccoooiiiiiininniiniiiiirireereee e 12
Figure 3Sequence alignment of AVR2 from P. infestans ‘A3fhd 06_3928AThe black boxes
indicate signal peptide, K/N polymorphism at residue 31, , RXLR and EER motif respectively9
Figure 4Phylogenetic tree of Arabidopsis thaliana and Solanum tuberosum Biké¢lphosphatases
................................................................................................................................................. 42
Figure SColmmunoprecipitation of myetagged S. tuberosum BSL1, 2a and 2b and-&%¥R2 in N.
DENTNAMIANGA. ... e e e e e e e e e e e e e e 42
Figure 8Colmmunoprecipitation of myetagged Arabidopsis thaliana BSi3ltogether with HA

AV R .. e e et e e e e e e e et e et e bbb r e e e e e e e eeerabe s 43
Figure 7Colmmunoprecipitation of myetagged Arabidopsis thaliana BSL1, 2 and 3 together with
HAAVR2 in N. benthamiana............ccooiiiiiiiiiiciiicee e B
Figure 8Two distinct domains located in the hinge region and phosphatase domain of AtBSL2 are
required for association With AVR2 IN VIVO............ooiiiiiiii e 46
Figure 9The 17 amino acids at the C terminus of Avr2 are required for the association with AtBSL2
LIV T TP PP PPPPPP PPN 48
Figure 10AtBSL2 is a functional phosphatase in N. benthamiana..............ccccccceeiiniiiiiinenenns 49
Figure 11BL treatment has no effect on the phosphatase activity of the AtBSildé family

01T 0] 0= £ OO PP PPPPPPPPPRTPPPPIS 50
Figure 1ZPhosphatase activity of AtBStlike family members in association with AVR2.......... 51
Figure 13hosphorylation status of AtBESA&FP in presence of GA¥R2 in N. benthamiana.... 52
Figure 14QRTFPCR analysis showing that AVR2 affects the expression of BR responsive genes in N.

DENINAMIANG. .....eeieeeeeee e e a e e e e e e e e a e e 55
Figure 13Phenotype of GFRAVR2 expressing A. thaliana plants....................oo oo, 56
Figure 16GFRPAVR2 expressing Arabidopsis plants show abnormal stomata patterning......... 57

Figure 17The stomata phenotype in GFRVR2 expressing plants is partially reversible upon bikinin
LLCT= 00 0T o | PP 59

Figure18 ONH Y2 Rdz I 154 GKS LINRGSAY SHipNEBE.AA2.60 { SOSH
Figure 1Phosphorylation status of AtBES1 in GAFPR2 expressing Arabidopsis seedlings.....61

Figure 20AVR2 does not suppress flg22duced MTI/PTI responses in Nicotiana benthamiana64

Figure 2IGFP + wH R2 S & y-thégaspaimidlniNiSed MTI/PTresponses in Nicotiana

(011 1 A F= 10 A= o = VORI 65



List of figures

Figure 2ZEffect of deletions in AVR2 effector protein on INF1 induced cell death in Nicotiana
DENTNAIMIBNAL. ...t 67
Figure 23GFPAVR2 does not suppress flg22duced MTI/PTI responses in Arabidopsis........... 69
Figure 24Arabidopsis GFHAVR2 expressing plants are more susceptible to Pto DC3000Q........ 70
Figure 2%Arabidopsis GHAVR2 expressing plants are more susceptible to P. capsici LT.263.71
Figure 2@Arabidopsis GFHAVR2 expressing plants are more resistant to Alternaria brassicicaia.
Figure 2Hormone levels in Arabidopsis GF#®r2 plants before and after infection with Pto
Figure 28ranscriptome analysis of GERPVR2 expressing plants..........cccooocviivvieiiiniiiiiieeeeenne 77

VI



List of tables

List of tables

Table IMedia used iN thiS STUAY.........ccccciiiiiiiiiiie e e ———— 21
Table 2Antibiotics Used IN thiS STUAYu....uuvviieiiiiiiiiiie e 22
Table 3Antibodies USed iN thiS STUAY.......ueeeeiiiiiiiii e 22
Table 4A/ectors used iN thiS STUTY.-........cuuiiiiiiiiie e 23
Table SBacterial strains used iN thiS WOIK..............ccoiiiiiiii e 24
Table 6Selected genes and their expression levels in G&R2 expressing plants..................... 78
Table 7List of primers used in thisS StUAY...........cooiiiiiiii e 120
Table 8VIS analysis of Immunoprecipitation of GFRVR2..........c.oevviiiiiiiee e 122

VIl



Abbreviations

Abbreviations

aa Amino acid

ASK Arabidopsis SHAG@aated protein kinase
Avr  Avirulence factor

bHIH Basic helix loop helix

BL Brassinolide

bp Base pair

BR  Brassinosteroid

CDPK Calciumdependent protein kinase

Col0 Arabidopsis thalian&olumbia0 ecotype
DNA Deoxyribonucleic acid

EFTu Elongation factor Tu

EIf18 immunity-inducing 18 amino acidgptide from EFTu
ETI  Effectortriggered immunity

ETS Effectortriggered susceptibility

Flg22 immunity-inducing 22 amino acid peptide froRlagellin
GFP Green fluorescent protein

GSK3 Glycogen synthase kinase 3

HR  Hypersensitive response

INF1 Infestinl

JA Jasmonic acid

kDa KiloDalton

LPS Lipopoysaccharide

LRR Leucinerich repeat

MAMP Microbe-associated molecular pattern

VI



Abbreviations

MAPK Mitogen-activated protein kinase
NB Nucleotidebinding

PAGE Polyacrylamide gel electrophoresis
PAMP Pathogenassociated molecular pattern
PCD Programmed cell death

PCR Polymerase chain reaction

PGN Peptidogycan

PP Protein phosphatase

PPKL Protein phosphatase with Keldike domain
PR Pathogemsisrelated

PRR Pattern recognition receptor

PTI  PAMPtriggered immunity

Pto  Pseudomonas syringge. tomato
gRTFPCR Quantitative reéime PCR

R Resistance protein

RFP Red fluorescent protein

RLK Receptotlike kinase

RLP  Receptotlike protein

RNA Ribonucleic acid

ROS Reactive oxygen species

SA Salicylic acid

SAR Systemic acquired resistance

WT  Wild type



Introduction

1. INTRODUCTION

1.1.The plant immune system

Plants are sessile organismshich are continuously exposed to various biotic stresses.
These include viruses, bacteria, fungi, herbivorous insects and nematodes. As a result of
million years of coevolution, plants have developed a sophisticated immune system to adapt
and to resist to pathogens (Asai and Shirasu, 2015 Wang et al., 2016). Unlike animals, plants
do not have specialized defemsell lineagedut they rely on the capacity each cell has to
recognize pathogenic microorganisms through the presence of -irdrad extracellular
receptors (Ausubel, 2005, Jones and Dangl, 2006). The understanding of the mechanisms
underlying plant resistance and effective disease prevention is of fundamental importance
and gained increasing attention of plant biologists (Nishimura and Dangl, 2010). A better
knowledge of the nature of the receptors, signaling pathways and their components and
how different pathways cope to build an efficient resistance to pathogens will help to evolve

new strategiegor pest management.

In a general view, the plant immune system comprises two layers of defense (Figure 1). The
first one comprises transmembrane pattern recognition receptors (PRRs) that detect
conserved microbeor pathogenassociated molecular patterns (MAMPs or PAMPS) such as
bacterial flagellin or elongation factor Tu and leads to MAMP or R&id&ered immunity

(MTI or PTI). The second layer acts inside the plant cell and uses nucleotide binding, leucine
reach repeat (NBRR) proteins also known as resistance (R) proteins which, directly or
indirectly, recognize pathogen virulence molecules called effectors and this recognition leads
to effector-triggered immunity (ETI) (Jones and Dangl, 2006, Zipfel, 2008, Dodds and
Rathjen, 2010).
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Figurel The plant immune system (Dangl et al., 201Bjants perceive pathogens through the recognition of
MAMPs/PAMPs via extracellular PRRs and initiate PAMP/MAbtRated immunity (MTI/PTI; step 1).
Pathogens deliveeffectors through specialized structure inside the plant cell to favor colonization (step 2).
These effectors act in different subcellular compartments and one main role is to suppress MTI/PTI and
facilitate virulence (step 3). Intracellular NLR receptors can sense effectors in three principal ways: first, by
direct receptor ligand interaction (step 4a); second, by sensing effestmtiated alteration in a decoy protein

that structurally mimics an effector target, but has no other function in the plant cell (step 4b); and third, by

sensing effectomediated alteration of a host virulence target, like the cytosolic domain of a PRR (step 4c).

MTI/PTI as well as ETI induce similar defense mechanisms but ETI is considered as one of the
higher amplitude and typically leads to hypersensitive response (HR) and occurrence of a
programmed cell death (PCD) around the infection, siteile MTI/PTI does not trigger these
responses (Jones and Dangl, 2006). MTI/PTI responses are considered as sufficient defense
mechanism against neadapted pathogens and cause nbaost resistancewhereas effector
recognition by R proteins is effective against adapted pathogens (Doodds and Rathjen,
2010). Several recent studies indicgtewever, that the dichotomy between MTI and E&b

well as between MAMPs and effectors, PRRs and R proteimauch more ambiguous
(Thomma et al., 2011). The discrimination between MAMPs and effectors has become in

recent years much more elusive. Several MAMPs display characteristics of effectors and vice
2
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versa. In this manner, the conserved flg22 motif of the flagellin fRsaudomonas syringae

pv. tabaci andP. aeruginosas also able to induce HR in its Rbast Arabidopsis, which is a
characteristic of ETI (Naito et al., 2007, Naito et al. 2008e of the main characteristic of
MAMPs is that they are highly conserved among microbial pathogensCHu®sporium
fulvum LysM effector Ecp6 binds to chitin, preventing its recognition throtigh CEBIP
receptor in rice (de Jonge et al., 2010). Since LysM effectors are highly conserved among
fungi, they can be clasified as MAM® Vice versasome MAMPs were shown to be only
narrowly distributed among microbial species, a feature characteristic to effectors. For
instance, Pefl3, a surfaceexposed fragment within calciwtlependent transglutaminase
(TGase) is found only Phytophthoraspecies (Brunner et al., 2002). Plant PRRs are defined
as surfacdocalized receptors that bind MAMPs and activate MTI responses and R proteins
are intracellular proteins that recognize effectors in the cytoplasm. Howesgeent studies
showed that some R proteins display typical properties of PRRs (Thomma et al.,R2#11).
example, he extracellular Avr4 effector fronC. fulvumbinds to chitin oligomers and
protects fungi against tomato chitinases and is recognized by tomato Cf proteins, what
further triggers HR symptoms. Therefore Cf proteins can be classified as PRRs and Avr4 as a
MAMP (van den Burg et al., 2006, van Esse et al., 2007).

1.1.1 Recognition of microbeassociated molecular patterns (MAMPs) by pattern

recognition receptors (PRRS)

MAMPs are highly conserved molecular patterns which are perceived by siotatzed

PRRs. Plants recognize a variety of MAMPs (or PAMPSs), among them are components of the
bacterial or fungal cell wall such as the lipopolysaccharide (LPS) and peptidoglycan (PGN)
from bacteria, chitin from fungi as wels@tracellular and extracellular proteins such as the
aforementioned bacterial elongation factor Tu and flagellin, respectively (Boller and Felix,
2009, Zipfel et al., 2009, Monaghan and Zipfel, 2012). The known plant PRRs comprise two
receptor classes: transmembrane receptike kinases (RLKs) and recegike proteins
(RLPs). RLKs consist of an extracellular domain, a single transmembrane domain, and an
intracellular kinase domain. RLPs have an extracellular domain, transmembrane domain and
a short cytoplasmic region, which lacks a kinase domain. Most of the known RLKs and RLPs

have characteristic leucine reach repeat (LRR) motives in their extracellular domain (Ma et
3
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al., 2016, Monaghan and Zipfel, 2012). The bestcharacterized plant PRRs are the RLKs
FLAGELLSENSING?2 (FLS2) and ELONGATION FACREREPTOR (EFR) (G@boezez

and Boller, 2000, Zipfel et al., 2006). The flg22 peptide derived from flagellin is recognized by
FLS2 in most plant species (Felix et al., 1999). The first 18 amino acids localizehrimis

region of EFHu are perceived by EFRBnassicaceaéZipfel et al., 2006). Peptidoglycan, is
recognized by lysine motdontaining RLPs: LYM1, LYM3 and the lysine motif containing RLK
CERK1 (Willmann et al., 2011). The formation of heterodimer between LysM RLPs and LysM
RLKs appears to be central for the perception and signaling of -sogtaining MAMPSs
(Willmann et al., 2011). CERK1 was also showed to play a key role in chitin perception in
Arabidopsis (Wan et al., 2008, Miya et al., 2007). Also othefRLIRReceptors such as FLS2

and EFR form a complex with other RLKs (Chinchilla et al., 2007, Roux et al., 2011). In this
manner EFR and FLS2 receptor interact with theRRRBAK1 (which is also areceptor in
brassinosteroid signaling pathwawhich regulates plant growthand developmental
processes (Chinchilla et al., 2007, Roux et al., 2011). Upon treatment with flg22, FLS2
interacts with BAK1. Further transphosphorylation events lead to dissociation of BOTRYTIS
INDUCED KINASE 1 (BIK1) from the complex with FLS2. Activated FLS2 triggers early immune
responsesvhich include calcium burst, production of reactive oxygen species (ROS) and
activation of mitogerassociated protein kinases (MAPKSs). One of the earliest response upon
MAMP perception is influx of extracellular®GaH in the cytosol and efflux of *KCland

NO3, which leads to membrane depolarization and extracellular alkalinisation (Bigeard et al,
2015, Jeworutzki et al., 2010, Felix et al.,, 1999). Influx éf iBas leads to CALCIUM
DEPENDANT PROTEIN KINASE {@peKjlent phosphorylation and activation of plant
NADPH oxidase RESPIRATORY BURST OXIDASE HOMOLOG 2sfRivsiti)g for the
MAMP-induced ROS accumulation (Dubiella et al., 2013, Ranf et al., 2011). ROS play multiple
functions in plant immune responses, participating in cell wall strengthening and acting as
signaling molecules in the induction of the expression of defeakded genes and

programmed cell death (PCD)rewed in Torres et al., 2006).

Perception of MAMPs leads also to activation of MAPK cascadesh regulate the
expression of several defenselated genes. Two Arabidopsis MAPK cascades are known to
be activated upon flg22 perception. The first cascade consists of MEKK1, MKK4/MKK5 and
MPK3/MPK6. The second one is comprised of MEKK1, MKK1/MKK2 and MPK4 (Meng and

Zhang, 2013). Plant specific WRKY transcription factors including WRKY22 and WRKY?29,
4
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which bind to Wbhox DNA elements found in promoters of many deferslated genes,

have been implicated as targets of MAP kinases (Asai et al., 2002). Similarly WRKY33 was
shown to act as a transcriptional activator downstream of MPK3/MPKG6 promoting ethylene
accumulation andhe induction of the expression of camalexin biosynthetic genes (Li et al.,
2012, Mao et al., 2011). VIrHRTERACTING PROTEIN1 (VIP1) has been identified as a target
of MPK3, which upon phosphorylation is-logalized into the nucleus and regulates the
expression of PATHOGENHSERATED (PR) protein 1 (Djamei et al., 2007). MAPKs can
however act as negative regulator of plant immune responses and it was shown that MPK4
negatively regulates salicylic agif§A)dependent defense responses (Peterson et 2000,
Brodersen et al., 2006).

Late MTiresponses include callose depositior-&,3-glucan to reinforce the cell wall at the

site of the infection (Nishimura et al., 2003, Luna et al., 2010), expression of PR proteins,
known for their antimicrobial properties (Uknes et al., 1992, Zhang et al., 2010, Durrant and
Dong, 2004), accumulation of antimicrobial secondary metabolites such as camalexin

Arabidopsis thalianand other phytoalexins (Thomma et al., 1999).

1.1.2 Effectortriggered immunity (ETI)

Numerous effectors produced by microorganisms have been described in the literature as
trigger of host immunity following direct or indirect recognition by a cognate resistance (R)

protein. The recognized effector is termed an avirulence (Avr) protein (Jones and Dangl,
2006). The direct recognition is exemplified by flax L5, L6 and L7 R proteins that interact with

the flax rust fungus AvrL proteins and elicit necrogéisponses (Dodds et al., 2006).

However, several R proteins recognize the effectors indirectly by detecting the products of
GKSANI FOGA2Yy 2y GKS K2ad dFNBSGasz -imduted A A
modification is monitored (guarded) by the corresponding R protein and will result in its
activation, leading to ETI (van der Hoorn and Kamoun, 2008). A classic example of such
mechanism of action is the recognition of Arabidopsis plasma membrane associated protein
RIN4 which modulates stomatal aperture during pathogen attack (Liu et al., 2009p.
syringaetype lll effectors AvrRpm1 and AvrRpt2. The degradation of RIN4 caused by AvrRpt2

or its hyperphosphorylation, in case of AvrRpml, is perceived by RPS2 and RPM1,
5
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respectively and further triggers plant immune responses (Axtell and Staszkiewicz, 2003,
Kim et al., 2005). Since the role of many effector targets in host defense or susceptibility
NBYFAya dzyly26ys | GRSO2@&¢é¢ Y2RSt 61 a LINELJE
function other than to trap the effector. These targets could arise through gene duplication
event or are another splice variant of a genuine target (van der Hoorn and Kamoun, 2008,
Stuart et al., 2013). An example of such mechanism is the recognition of the tomato Pto
kinase by AvrPto. The Pto kinase is structurally similar to the intracellular kinase domain of
FLS2, which is a target of AvrPto, and is recognized by Prf upon association with(QdwdPto

et al, 2007%. Since the role of the Pto kinase in tomato remains elysive hypothesized to

serve as a decoyrgviewed in van der Hoorn and Kamoun, 2Pp08he subsequent
Y2RAFAOIGA2Yy 2F GKS RSO2@& NB Qia #@hich theheHeftorA &
interacts with its target proteinand in the next stepinteraction between the effector and
NBLRR takes place. The role of the accessory protein is to bait the effectoo &andlitate

the subsequent NBRReffector interaction. The above mentioned mechanisms of effector
recognition are considered as modeighich bring us a step closer in understanding how
effector recognition works, neverthelessone of them is yet fully elucidated (Dodds and
Rathjen, 2010, Stuart et al., 2013).

Effector recognition by NBRRs in plants leads to inhibition of pathogen growthich is
often accompanied in plants by HRsociated cell death (Coll et a2011). However,
necrotrophic pathogensgncludingBotrytis cinereaand Alternaria brassicicolaequire dead
tissue for nutrient uptake and they have developed mechanisms promoting cell death onset
(Govrin and Levine, 2000, Thomma et al., 1999). The-fggrgene resistancbased on the
effector recognition by R proteinso necrotrophic pathogens is so far poorly understood.
Leptosphaeria maculans 3 (RLM3) encodes a putative Toll interdéukeiceptornucleotide
binding (TIRNB) class protein in ArabidopsRLM3 was showed to be involved in defense
against the fungal hemibiotrophic pathogénmaculans and three necrotrophic pathogens
Alternaria. brassicicola, Alternaria brassicaed Botrytis cinereaHowever the effector for
RLM3 has not been identified (Staal et al., 2008, reviewed in Wang et al., 2014). Biotrophic
pathogens on the contrary, obtain nutrients from the living cells. In this manner seReral
syringaeeffectors including AvrRpm&And AvrRpt2 aim to suppress HR (Guo et al., 2009).
The mechanism leading to HR upon effector recognition via plartRH is not yet fully

elucidated. Two signaling pathways have been proposed sdl@NRACESPEEIC DISEASE
6
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RESISTANCE 1 (NDR1) mediates the HR responses triggered byotqi®&G-NBLRR

proteins and contributes to R@fpendent signaling (Aarts et al., 1998, Rusterucci et al.,
2001). ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1)/PHYTOALEXIN DEFICIENT 4 (1
SENESCENCE ASSOCIATED GENE 101 (SAG101) complex mediatésrénektolll (TIR-

NBLRR HR responses and contributes to SA and ROS generation (Aarts et al., 1998, Wiermer
etal., 2005, Coll et al., 2011).

ETI has been associated with many responses similar tanelliding rise in cytoplasmic
calcium, apoplast alkalization, ROS accumulation, increased NO lea@isSA accumulation
(Mur et al., 2008). More and more studies implicate that chloroplasts contribute significantly
to HR through generation of ROS during the ligdgction ofphotosynthesigAmbastha et

al., 2015).

1.2 Hormones in plant immunity

Plant hormones are a class of small, organic molecules regulating not only plant
developmental processebut also defense responses. Most studies have focused on salicylic
acid (SA), jasmonic acid (JA) and ethylene (ET) and highlighted their importance in plant

immunity (Pieterse et al., 2009).

SA signaling triggers resistance against biotrophic pathogens. SA was first connected to
immune responsesvhen t has been reported that exogenous application of SA to tobacco
plants elevated the resistance against TOBACCO MOSAIC VIRUS (TMV) and induced
accumulation of pathogenesiglated (PR) proteins (reviewed in Shigenaga and Argueso,
2016). SA accumulation is also correlated wilie onset of systemic acquired resistance
(SAR)a longlasting and broadspectrumiinduced disease resistance in distal parts of the
plants. SA accumulates not only locally at the site of infectan also in distant tissues
(Pieterse et al., 2009). In tobacc®A is transported as methyl salicylate (MeSA) to distant
tissues, converted to SA and activates SAR (R&mil@niantz et al., 2011). NPR1 protein
(NONEXPRESSOR OF PR GENES1) emerged as a positive regulator of SA signaling and «
activator of PR gene expression (reviewed in ReBeitaniantz et al.2011, Pieterse et al.,

2009).
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JAdependent responses are known to play a role in defense against herbivores and
necrotrophic pathogens. Methyl jasmonate (MeJA), a JA derivative wasnstwomduce
expression of PLANT DEFENSIN 1.2 (PDF1.2) (Thomma et al., 1998). The main components o
JA signaling in Arabidopsis include CORONATINE INSENSITIVE 1 (COI1), JASMONA
RESISTANT 1 (JAR1) and JASMONATE INSENSITIVE 1/MYC2 (JIN1/MYC2).-i2RI1 is an F
protein involved in 26S proteasome degradation of JAZ repressors, which enables the
expression of JesponsivegenesJIN1/MYC2 is a basic helix loop helix transcription factor
controlling the expression of J&sponsive genes involved in plant immune responses
against herbivorous insects]AR1 encodes a JA amino acid synthase, which conjugates
isoleucine to JA (3ke). JAlle is an active form of JA (Rob&ilaniantz et al 2011, Bari and

Jones, 2008).

The beststudied hormonal crosstalk in plant defense is the interaction betweerl/ASA
signaling (Spoel and Dong, 2008). Several studies have shown that the two signaling
pathways are antagonistic, meaning that resistance to biothropic pathogens is often
correlated with higher susceptibility to necrotrophs and vice versa (Rebeitaniantz eal.,

2011).

Ethylene (ET) together with SA and JA is a master modulator of plant immune responses. ET
can either act as positive or negative regulator of defense responses (Pieterse et al., 2012). It
has been showthat ethylene is required for Stediated SAR in tobacco and-PRrotein
accumulation in Arabidopsis (Pieterse et al., 2009). In the case-BT J&osstalk, ET was

shown to act synergistically with JA in response to necrotrophic pathogens and activate
immune responses through the action of transcription factors ETHYLENE RESPONSE FACTOR
(ERFs}hat induce the expression of PR proteins (Lorenzo et al., 20@8\ever, ERFs
suppress the expression of the MYC branch efe3fonsive genes involved in responses to

herbivorousinsects (Lorenzo et al., 2004, reviewadroekgaarden et al., 2015).

Recently it has been indicated that also other hormones including auxins, gibberellins,
abscisic acid (ABA), cytokinins are involved in plant immune responses (Shigenaga and
Argueso, 2016). Indofg-acetic acid (IAA), the most common naturally occurring auxin in
plants antagonizes S#nediated defense responses including tilseppreson of PR1

expression (Park et al., 200T) has been showethat the perception of bacterial MAMPs



Introduction

such as flg22, induce the expression of microRiNAt attenuate the expression of auxin F

box transporteslike auxin receptorsTRANSPORT INHIBITOR RESPONSE1 (TIR1), AUXIN
SIGNALING-BOX 1 (AFB2AUXIN SIGNALINGBBX3 (AFB3. The repression of auxin
signaling restricts further the growth of Pst DC3@B@varro et al.2006) Interestingly it

has been reported that balance between SA and auxin is regulated through GRETCHEN
HAGEN3.5 (GH3.5), an lAaMido synthasethat conjugates amino acids to auxiand

regulate auxin homeostas{@hang et al., 2007 The expression of GH3.5 is induced during

the infection with Pst DC300@vhat further derepresses auxin signaling in favor of the
pathogen. GH3.5 however can also positively regulate the SA biosynthesis and induce the

expression of Sfesponsive defenseelated genes (Zhang et al., 2007).

ABA is a key phytohormone in tihegulationof abiotic stress responses in plants. Recently,
ABA was reported to play a role in plgsdathogen interactions (Cao et al., 2011). Pst DC3000
was shown to induce ABA biosynthesis in infected Arabidopsis plants, what negatively
regulates SA biosynthesis and-®Adiated defense responses such as PR1 expression
(Zabala et al., 2009, Hill et al., 2009). Furthermore, ABA is implicated in JA accumulation and
in the induction of resistance to the necrotrophic fungAisbrassicicoldFanet al., 2009).

ABA is also a key regulator of stomatal aperture and recognition of bacterial MAMPs leads to

ABAmediated stomatal closure in order to prevent bacterial entry (Melotto et al., 2006).

Cytokinins are plant isoprenoid hormones involved in cell division and were reported to
modulate SA signaling. Higher concentrations of cytokinins led to increased defense
responses to the oomyceteélyaloperonospora arabidopsidierough upregulation of SA
dependent immune responses (Argueso et al., 2012). The cytekitivated transcription
factor ARRZegulates SAnediated expression of PR1 and contributes to resistancP.to
syringae(Choi et al., 2010).

Gibberelins are known to regulate plant growth, development and life cycle progression.
addition, gbberelins promote proteasomal degradation of DELLA transcription factors and

disable JAnediated resistance to necrotrophs (Harberd et al., 2009, Navarro et al., 2009).
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1.2.1 Crosstalk between brassinosteroid signaling and plant immune responses

Brassinosteroids (BRs) are a class of plant steroid hormones involved in numerous aspects of
plant growth and developmentnvolving cell elongation and division, photomorphogenesis,
flowering, pollen development, fruit ripening, senescence and response to biotic and abiotic
stresses (Clouse, 2011; Zhu et al., 2013). The first iB&sding brassinolide (BLyvere

identified in the 1970s and isolated froBrassica napupollen (Mitchell et al., 1970). Unlike

animal steroid hormones, which are perceived by nuclear receptors, BRs are perceived in
plants at the cell surface by BRASSINOSTEROID INSENSITIVE 1 (BRI1) receptor kinase (Li a
Jin, 2006, Kim et al., 2009, Clouz@11).

The BRI1 receptor iArabidopsis thaliandhas been characterized upon identification of
mutants in genetic screen that displayed extreme dwarfism, dark green curly leaves and
male sterility, all phenotypes that could not be rescuederpgenousBR treatment (Clouse

et al., 1996). BRI1 has a similar molecular structure than FLS2 or EFR, it is ariducine
repeat receptorlike kinase (LRRLK) with an extracellular domain containing 25 LRRs
interrupted by a 70 amino acid island, transmembrane domain and cytoplasmic
serine/threonine kinase domain (Figure 2). BRs bind to the extracellular domain of BRI,
leading to the autophosphorylation and activation of the BRI1 kinase domain (Chory et al.,
2001). The activated BRI1 associates with BAK1 (Nam and Li, 2002), which is also acting as a
coreceptor of FLS2 and EFR in MAMP signaling. Transphosphorylation events between BRI1
and BAK1 lead to activation of the Bignaling cascade (Clouse et al., 2008). In the absence

of BR, BRI1 is in complex with BRI1 KINASE INHIBITOR 1 (BKI1) but upon BR treatment, BRI
dissociates from BKI1, which enables the BBAK1 complex formation (Wang and Chory,

2006) (Figure 2). Activated BRI1 phosphorylatesSERNALING KINASE 1 (BSK1) or
CONSTITUTIVE DIFFERENTIAL GROWTH 1o @io€qiorlike cytoplasmic kinase (Tang et

al., 2008, Kim et al., 2011). BSKs and CDG1 phosphorylate and activate the BRI1 SUPPRESSC
1 (BSU1) and BSUIKE PHOSPHATASE 1 (BSL1) (Kim et al., 2009, Kim et al., 2011). BSU1
together with its homologues BSL1, BSL2 and BSL3 form a small family of plant Ser/Thr
phosphatases. Recent studies have shown that BSUl together with BSL1 are positive
regulators of BRignaling (Kim et al., 2009). The role of the two remaining homolo@&is?

and BSL3remains unknown. In the protein structure of BSU1 and its homologues we can

distinguish Nerminal tandem Kelch domain repeatsnportant for the proteinprotein

10
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interactions and @erminal phosphatase domain. Through the phylogenetic analysis it has
been shown that BSL1 and BSL2/BSL3 belong to two highly conserved evolutionary clades.
BSU1 in contrast to BSL1, 2 and 3 evolved later as a divergent paralogue of BSL1 family
members and it is found exclusively BrassicaceaéMaselli et al., 2014). Further studies
showed that BSUl1l and BSL1 act as positive regulators efigB&ing and they
dephosphorylate and inactivate the GSIiK& kinase BRASSINOSTEROID INSENSITIVE 2
(BIN2) attyrosine residue in positid200 (Kim et al., 2009). BIN2 kinase acts as a negative
regulator of BR signaling and was first characterized upon identificatidnn@1/+ in a
genetic screera gain of function mutanthat displayedbril-like severe dwarfism, dark green

curly leaves, reduced male fertility and late flowering, insensitive to BR treatment (Li et al.,
2001). In the absence of BR, active BIN2 negatively regulates tresgédhsive transcription
factors BRASSINAZRESISTANT 1 (BZR1) and BRASSHREBMEBTANT 2/BRAMS
SUPPRESOR 1 (BZR2/BES1) through phosphoryifigt. and BZR2/BES1 sh@8% of
sequence identity (Wang et al., 2018ominantactive mutantsof BZR1 and BZR2/BES&1

the bzrl-D and bestD mutants respectively, suppress the dwarf phenotype boh2-1/+,

which is an indication that BIN2 functions upstream of BZR1 and BER4 BRRsignaling
cascaddHe et al., 2002, Yin et al., 2005). BIN2 not only prevents DNA binding of BZR1/BZR2
but also promotes the binding to 133 proteins required for cytoplasmic retention
(Gampala et al., 2007) and degradation (Yang and Wang, 2fil#fjese transcription
factors BR treatment on the contrary, induces accumulation of dephosphorylated form of
BZR1 and BZR2/BESL1 in the nucleus {(ldke, 2002, Yin et al., 2005).

Recent studies indicate that 7 (subgroup I, 1l and GSK32 of subgroup Ill) among 10
Arabidopsis GSK members interact with the transcription factor family comprising BZR1,
BZR2/BES1 and BEHL{Youn et al., 2015, Rohzon et al., 2010, Kim et al., 2009). In presence
of BR, BZR1 and BZR2/BES1 regulate the expression of thousands of genes either by
activation or repression. Chromatin immunoprecipitation (ChIP) studies have shown that
both BZR1 and BZR2/BES1 bind to DNA at theegfonsive element (BRRE) and at the E

box element and interact with several other transcription factors, including members of the
bHIH family, which were recently identified to participate in-8ghaling (Yang et al. 2011,
Wang et al. 2014). BZR2/BES1 interacts with BES1 INTERACTHKg préein 1 (BIM1)

and MYC30 transcription factor to regulate the gene expression including SMALL AUXIN

UPREGULATED RNAs (SAURs) includingASAURIn et al., 2005, Li et al., 2009). SAURs
11
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belong to early auxin responsive genes and regulate a wide range of cellular, physiological
and developmental processes (Ren and Gray, 2015). The molecular mechanisrauxirBR
crosstalk however is yet not fully understood (Goda et al., 2002). BZR1 was shown to interact
with bHIH transcription factor PIF4 to mediate hypocotyl elongation (Oh et al., 2012). BZR1
also binds to the promoter of genes of the brassinosteroid biosynthetic pathway such as
CPDDWF4 in a mechanism of negative feedback regulation occurring upotreBinent

(Kim and Wang, 2010).

BRI1 BRI
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Figure2 Brassinosteroid signaling pathway (Clouse, 201Rj)assinolide binds to the extracellular domain of
BRASSINOSTEROID INSENSITIVE 1 (BRI1) kinase and causes the release of BRI1 from the complex with i
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inhibitor BRI1 KINASE INHIBITOR1 (BKI1) (Wang et al. 2008). In this stage, activated BRI1 recruits BRI1
ASSOCIATED RECEPTOR KINASE1 (BAK1) (He et al, 2013). The further transphosphorylation events between th
two receptors allow BRI1 the activation of -Bignaling cascade via phosphorylation and activation of
BRASSINOSTEROID KINASE1 (BSK1) which then subsequently associates and phosphorylates BRI1 SUPPRESS
(BSU1) and BSWIKE PHOSPHATASE 1 (BSL1), a serine/threonine phosphatases resulting in dephosphorylation
of GSK3ike kinase BRASSINOSTEROID INSENSITIVE2 (BIN2) at Y200 (Clause, 2011). When the BR levels are lo
active BIN2 phosphorylates two closely related transcription factors BRASSINAZOLE INSENSITIVE1 (BZR1) anc
BRASSINASSOLE INSENSITIVE2 (BZR2) causing their cytoplasmic retention. In presence of BR, BIN2 is inactivat
via dephosphorylation by BSU1/BSL1 and unphosphorylated BZR1 and BZR2 relocate into the nucleus and
promote the expression of BRRgulated genes (Zhu et al. 2013).

Recent studies have shown that BRs apart from regulating several growth and
developmental processes are also acting as modulators of plant immune responses. In the
past two decades, BRs were shown to either positively or negatively regulate plant immune
responses (reviewed in Vidhyasekaran, 2014). Several research groups have concluded that
exogenous application of BRs significantly reduced the level of fungal and oomycete
infection in some of the economically important crops including potato, barley and
cucumber (Khripach et al., 2000). Field application of BR to potato plants decreased the level
of Phytophthora infection (Khripah et al., 1996). It has been also demonstrated that BL
induces resistance in tobacco to the viral pathogen tobacco mosaic virus (TMV), the bacterial
pathogenPseudomonas syringgey. tabaci and the fungal pathogedidiumsp. (Nakashita

et al., 2003). In rice plants, BL increases resistance to the fungal patiMegmaporthe
griseaand Xanthomonas oryzapv. oryzae (Nakashita et al., 2003). In cucumber, BL was
shown to induce systemic stress tolerance and accumulation of transcripts of defense
related genes (Pingfang et al., 2013). The molecular mechanisms underlying-ihguB&d
resistance is so far poorly understood. Nakashita et al (2003) showed thatdBéed
resistance in tobacco and rice was not accompanied by SA accumulation and PR protein
gene expression. BR treatment in cucumber seedlings was reported to enhance the NADPH
oxidase activity, resulting in the elevation of theQlevel and the expression of defense

related genes (Xia et al., 2009).

At the opposite, esults obtained in recent years in Arabidopsis suggest that activation of the
BR pathway inhibits immune responses (Albrecht et2411,2).1t has been shown that that
pretreatment with BL suppresses the flgkluced ROS production amtRKIexpression in

Arabidopsis seedlingsvhile flg22 treatment does not affected typical &sponses such as
13
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BES1 phosphorylation @PDexpression. Gaimmunoprecipitation experiments showed that

the amount of BAK1 associated with FLS2 upon flg22 treatment was not affected by BR
treatment (Albrecht et al., 2012, reviewed in Lozéddoran and Zipfel, 2015). Taking
together, these data suggest that BR inhibition of MTI responses is BAK1 independent.
However, in a parallel study, Belkhadir et al. (2012) have shown that overexpression of BRI1
under the 35S promoter also led to suppression of MTI responses in Arabidopsis, including
callose deposition and oxidative burst, and the authors hypothesized that BRI1 titrates BAK1
and that BAKL1 is a rademiting factor in MTI responses. These two contradictory studies
demonstrate that the crosstalk between BRjnaling and immune responses cannot be
clearly explained at the receptor level. Recently, it has been shown that treatment with
inhibitors of GSk8ke kinasesas well as a triple GSHiBe kinase mutanBin2/BilBIN2
LIKE1IBII2 (BIN2LIKE2) display reduced flg22 responsesuggesting that regulation
between thesetwo networks takes place downstream of BIN2 (LozBuowan et al., 2013). In

line with the aforementioned results, plants overexpressing constitutive active BZR1 display
reduced flg22nduced ROS production, expression of MTI marker genes and resistaRce to
syringaepv. TomatoDC3000 (LozarDuran et al., 2013). Microarray analysis have identified
that WRKY40bHLH transcription factadBI1L(HOMOLOG OF BRASSINOSTEROID ENHANCED
EXPRESSION2 INTERACTING WITHhBHBI1homologues BEE2and CIB1 are putative

BZR1 targetand their overexpression in Arabidopsis seedlings showed imedhvementin

the regulation of MT-BR crosstalk and the inhibition of the flgg@luced immune responses

(Fan et al., 2014, Malinovsky et al., 2014).

1.3 Effectortriggered susceptibility (ETS)

If several effectors of microbial origin trigger ETI upon recognition by plant R mdseie
chapter 1.1), their primary function is to promote colonization of the host plant and
development of disease symptoms through the mobilization of nutrients or suppression of
host immunity by interfering with MTI and ETI, a process globally termed effeagered
susceptibility (ETS) (Hurley et al., 2014, Jones and 28§, Doods and Rathjen, 2010).

14
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1.3.1 Bacterial effectors

Plant pathogens have evolved different strategies of effector delivery. Giegative
bacterial pathogens translocate the effectors into the host cell thia type Il secretion
system (T3SS) in order to promote virulence (Block et al., 2008, Schreiber et al., 2016).
AvrPto and AvrPtoB fro.syringaeDC3000 are among the best studied bacterial effectors
interacting with several RLKs. AvrPto was ghtwvtarget FLSXinase domainin order to
disrupt plant innate immune responsgXiang et al., 2008)The exact mechanism how
AvrPto suppresses the Mildsponses in yet not fully understood. Shan et al. (2008) showed
that AvrPto is also able to interact with BAKvhich is a common ceeceptorand regulator

for FLS2 and ERRduced MAMP responses. Xiang et al. (20dyvever, showed that FLS2

but not BAK1 is a target of AvrPto . AvrBtalBich has E3 ligase activitwas reported to
dz0AljdZAGAY I GS YR GFNBSG C[{H FT2NJ RSINIRFGA?Z2

Other studies have revealed thdiacterial effectors target not only early stages of MAMP
signaling by interfering with PRR functjdout they also target downstream components of

the plant immune systemwhich include ubiquitination, hormorse, transcription factors,

vesicle trafficking, secondary metabolites or gene silencing (Asai and Shirasu, 2015). The
effector HopM1 fromP. syringaetargets and destabilizes AtMIN7, an Arabidopsis ADP
ribosylation factor guanine nucleotide exchange factor G&EH), which plays a key role in
vesicle trafficking that regulates MTI and -®A&diated immunity (Nomura et al., 2006,
Nomura et al., 2011). XopJ fro¥n campestrisnteracts with the proteasom subunit RPT6

YR LINS@Syida {! I OOdzy d syringafiéctors HapXNayid Hopzl | £ &
promote degradation of JAZ proteinshich are repres®rs of JA signaling (Jiang et al., 2013,
Gimenezlbanez et al., 2014). HopU1, another effector fr@msyringagtargets and blocks
several RNA binding proteins including GRP7, which binds to FLS2 and EFR transcripts
(Nicaise et al., 2013). It has been further shothat this inhibition correlates with lower

protein levels of FLS2 in plants infected witlsyringaddC3000 (Nicaise et al., 2013). TR0
syringaeeffectors, AvrRPM1 and AvrRpt2, have been shown to target plasma membrane
associated RPMINTERACTING PROTEIN 4 (RIN4) for phosphorylation and degradation. How
RIN4 degradation contributes to pathogenicity remains uncléat some studies have
shown that RIN4 is a negative regulator of MTI responses (Axtell and &taszki2003, Kim

et al., 2005).
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1.3.2 Oomycete effectors

While significant progress has been made in understanding the molecular function and
recognition of bacterial effectors, yet little is known about effectors from eukaryotic
filamentous plant pathogens. Among them are fulige oomycetes, which are known to
cause most of the devastating diseases among plant spdeiggophthora infestansyhich
causes late blight in potato and tomato, is one the basidied oomycete. Historically?.
infestanswas responsible for the Irish great famine in the mideteenth century (Haas et

al. 2009).

The recent advances in genome sequencing and bioinformatic tools allowed to identify
hundreds of genes in oomycetes that encode putative effectors, classified in two groups
targeting distinct cellular compartments in the host plant: the apoplast and the cytosol
(Kamoun, 2006). Recently, it has been shown that feeding structures within infected fissues
such as hyphae and haustarare sites of effector secretion and eventually translocation
into the host cells, although the underlying molecular mechanism for effector dgelige

poorly understood so fafGiraldo and Valen2013, Petre and Kamoun, 2014)

1.3.2.1 Apoplasticeffectors

Apoplastic effectorshat are secreted into the extracellular space have been shown to act as
inhibitors of host pathogenesielated (PR) proteinswhich accumulate upon pathogen
infection. The glucanase inhibitors GIP1 and GIP2 frbiytophthora sojaénhibit endob-
1,3-glucanase EGasgwhich degrade$-1,3/1,6 glucans and release of elicHactive elicitor
oligosaccharides fron®. sojaecell wall (Rose et al., 2002y. infestanssecretes diverse
protease inhibitors: the Kaztike serine protease inhibitors EP1 and EP10 inhibit the activity
of pathogenesiselated P69B subtilisitike serine protease of tomato (Tian et al., 2004, Tian
et al., 2005)while the cystatidike protease inhibitors EPIC1 and EPIC2 inhibit the papain
like extracellular cysteine proteasBHYTOPHTHORA INHIBITED PROTHERIEHE)(Tian et

al., 2007).

Another set of extracellular effectors display todike activities, exemplified by the PcF
phytotoxin or PcHike proteins such as the small cysteine rich protein 96 (SCR96) from
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Phytophthora cactorum that induce necrosis in strawberry an8olanaceaespecies,
respedively (Orsomando et al., 200Chen et al., 2005). NE®RIKE PROTEINS (NLPs) are
found in eukaryotic as well as prokaryotic pathogens. NLPs not only can induce cell death
but also elicit strong immune responses in dicotylesigplants NLRp from Phytophthora
parasiticawas showed to cause necrosis upon infiltratiortabacco leaves (thnann et al.,

2009).

1.3.2.2 Cytoplasmic effectors

Several identified oomycete effectors have been shown to induce ETI and trigger HR upon
recognition by a cognate intracellular R protein, which provides indirect evidence for entry

of these effectors into the host cells (Whisson et al., 2007). However, the mechanism of their
translocation from the haustoum into the plant cell is not yet fully elucidated. Cytoplasmic
effectors from oomycetes have been shown to carry characteristic conserved motifs in their
protein sequence, which are crucial for their translocation into the host plant cell. Two
classes of oomycete cytoplasmic effectors have been identified so far: RXLR effectors and
crinklers (CRNs) (Wawra et al., 2012, Schornack et al., 2009). CRNs contain conserved
LXLFLAK motif at the-tRrminus required for their translocation into the host plant cell
where they accumulate in the nucleus and cause characteristic leaf crinkling and necrotic

symptoms (Stam et al., 2013, Schornack et al., 2010).

In the case of RXLR effectors, we can distinguishiearhinal signal peptide for secretion, a
conserved Argé-LeuArg (RXLR) motif often followed by single or multipleGliwArg (EER)
motif and the Germinal effector domain. The RXHEER motif has been shown to be
required for a successful translocation of the effectors into the host plant cell (Whisson et
al., 2007, Dou et al., 2008, Grouffaud et al., 2008). The -EKBRmotif seems to have a
similar function as the PEXEL motif found in effector proteins ftasmodium falciparuma
human pathogen (Bhattacharjee et al., 2006). It has been demonstrated that-EB®R
sequence fronP. infestanseffector protein Avr3a fused to GFP enables the translocation of

the chimeric protein into erythrocytes (Bhattacharjee &t 2006, Halder et al., 2006).

The genome oP. infestangencodes more than 500 RXLR effectors, whereas approximately

350 were found irP. sojaeand 150 inH. arabidopsidigHaas et al., 2009, Tyler et al., 2006,
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Baxter et al., 2010). One of the biggest obstacle in oomycete effector research is the
identification of their host targets. Most of the RXLR effectors do not display any homology
to known proteins. Their @rminal domain is showing a higher level of amino acid
polymorphism than the Merminal part, suggesting that it is responsible for the eféect

function (Win et al., 2007).

All the RXLR effectors that have been functionally characterized so far suppress plant
immune responses. Avr3a is known to target and stabilize host E3 ligase CMPG1, which is a
negative regulator of PCD induced by INF1. The effector domain also contains amino acids
that are important for the avirulence function and the recognition by the potato resistance
protein R3a, leading to the activation of a HR (Bos et al, 2008)festanseffector Avrblb2
prevents the secretion of the host papdikRe cysteine protease C14 (PLCP C14) into the
apoplast in order to prevent immune responses (Bozkurt et al., 2011). Another effector from

P. infestans Pi03192, interacts with NAC transcription factors NTP1/NTP2 preventing their
re-localization from ER into nucleus and activation of immune responses (McLellan et al.,
2013).P. infestansS T ¥ SO0 2NJ t SEw5H AYGISNF OGa 6AGK Ay
regulator of cell death (King et al., 2014). arabidopsiditHaRxL44 targets MED19a and
attenuates SAnduced plant immune responses (Caillaud et al., 2013). Pi04314 From
infestans targets host PP1c isoforms and dowegulate JA and SAresponsive genes
(Boevink et al., 2016). Several RXLR effectors Brospjagncluding Avrlkl and Avrlk have

been also showed to suppress PCD triggered by INF1 and/or mous@gotc protein BAX

(Wang et al., 201Teviewed in Song et al., 2013).

1.4 The RXLR effector AVR2 from Phytophthora infestans

TheP. infestan®RXLR effector AVR2 is a 116 amino acid protein with a relative short effector
domain of approx. 50 amino acids. The gene encoding AVR2 (PITG_22870) was first
characterized upon mapased cloning fronP. infestansT304 isolate and identified as an
avirulence gene causing ETI in potato plants carrying the resistanceR@¢hekossau et al.,

2009, Gilroy et al., 2011). Two allelesAfR2encoding for a protein differing by a single
amino acid (N31K) outside of the effector domain were cloned from4T@igure 3). Both

isoforms are giving visible HR symptoms wherexpressed with R2 iN. benthamianaln
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accordance with previous observations performed with RXLR effectors bearing an avirulence
function, the Germinal domain of AVR2 is sufficient to trigger-iR@diated cell death.
Recently, PGBRased amplification from theP. infestansisolate 06_3928A, particularly
aggressive on potato cultivars, yielded a sequence which differs in 25 nucleotides/13 amino
acids when compared to the sequence of the reference AVR2 isoforms (Figure 3. The
infestansisolates containing only thAVR2like gene were virulent oR2potato plants and

failed to elicit R2Anediated HR (Gilroy et al., 2011). Moreover, the R2 orthadegR2, R2

like, Rpiblb3, Rpiabpt), that were able to recognize AVR2, failed to recognize the AkER2
variant Lokossau et al. (2009) (Susane Breen PhD thesis, 2012). In order to identify the host
targets of AVR2, a yeast twiybrid (Y2H) screen analysis was performed and identified
potato BSUdlike phosphatase (BSL1) as an interactor of AVR2 (Saunders et al., 2012). Co
immunoprecipitation experiments performed iN. benthamianaconfirmed that AVR2
associates with potato BSL1 and that this association is required for the recognition of AVR2
by R2 (Saunders et al., 2012). The authors showed that R2 associates only with the BSL1
AVR2 complex and in turn, hypothesized that BSL1 is guarded by R2. To support their
hypothesis, the authors report that iN. benthamianaBSL1 knockown lines, transient
expression of AVR2 and R2 yields reduced HR and higher level of disease legtons to

infestans

i s F A it H A AL P AL H A AT AFLALBRFE IEKETFPDFAAT | = i & L RJF L EFE
TrAvMMAGALPYCuAlLEAAGS :Z;-:ié-i;-ééﬁrﬁlé [ -« PR IS MR . Y - B

*"E’*LL""Hf"*'*"7*'3*'""."'“'?";"l-*L ****** _;—7,_; ﬂ'

Figure3 Sequence alignmenof AVR2from P. infestansT304 and 06_3928AThe black boxes indicate signal
peptide,K/N polymorphism at residue 31RXLR and EER motif respectively.

1.5 Objective of the thesis

With the beginning of my thesis, proteins containing an RKER motif were identified as
the main class of effectors with a proven virulence and also avirulence functidh in
infestans However, the mode of action of many RXLR effectors was largely unknown

although it appeared that a key function was to suppress host immesganses.
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TheRXLR effector AVR2 trigg&§l in potato cultivars carrying the resistance geneARR?2
associates with potato BSUike phosphatase BSL1, a known componerirassinosteroid
induced signaling and a positive regulator bfassinosteroiedependent growth and
development in ArabidopsiBhe interaction between AVR2 and BSL1 is prerequisite for the
recognition by R2 and activation of the HR respoisenfestanssolates with silenced AVR2
were less efficient in colonizingusceptible potato cultivarssuggestingthat AVR2 is

important for the virulence oP. infestans

The objective of this thesis aimed to characterize and comparevihgencefunction of
AVR2in planta using available genetic and molecular resourcefNinbenthamianaand
Arabidopsis, a host and ndrost plant species d®. infestansrespectively. In the first part, |
have studied the interaction specificities between AVR2 and the #Bis&phosphatases and

| have evaluated the influence of the interaction between AVR2 and -BSad
brassinosteroieregulated signaling components and brassinostewggpendent responses.

In recent years, activation of the brassinosteroid pathway emerged as negatively regulating
MTI and therefore, | have investigated in the second part whether and to what extent the
interaction between AVR2 and BSR laffects the activation of plant immune responses

triggered by the recognition of MAMPSs.
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2 MATERIAL AND METHODS

2.1. Material

2.1.1.1 Chemicals
All common chemicals used in this study were purchased fromRoainl (KarlsruheGER
SigmaAldrich (Taufkirchen GEIRR Duchefa (Haarlem, NL), and Roche (Grenzb&HR
unlessspecified otherwise in the text. The DNA polymerase, ligases, restriction enzymes and
respective buffers were obtained from Thermo Fischer Scientific (Waltham, Massachusetts,
USA) or New England Biolabs (Beverly, USA). Th&kB8combination enzymes used in the
cloning strategy were obtained from Life Technologies (Darmst&ER The DNA
oligonucleotides used in PCR reactions were syntheskagdEurofins MWG Operon
(Ebersberg GER Antibodies applied in Western blot analysis were purchased from Sigma
Aldrich (TaufkirchenGER All solutions and bacterial growth media were prepared with

Mili-Q H.O and were sterilized if necessary for 20 @tm H mc / @

2.1.1.2 Media and antibiotics
All bacteria and plant growth media were prepared with MiliHhO and were sterilized for

20minatMHmMc/ ® ¢KS FLIINBLINAFGS FydAoA2GA0a 6 SNJ

Tablel Media used in this study

Medium Components Species

LuriaBertani broth (LB) 10g/l Bactetryptone, 5g/l NaCl, 5g/ east extract, 159/l Agar | Eschericta coli

Agrobacterium

tumefaciens

¢

YAY3IQ& a SR/20 g/l Glycerin, 40 g/l Proteodeepton 3 10 ml/l 10 % -KPQ | Pseudomonas
B) and 10 ml/l 10 % MgSilter sterilized and added aftg syringae

autoclaving)

0.5X Murashige&koog 2,2 g/l MS, pH 5.7 (KOH), 10 g/L Sekagar Arabidopsis
Medium (0.5X MS) thaliana
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YEBS 1g/l Yeast extract, 5g/l Beef extract, 5g/l Sucrose, Bgittc | Agrobacterium
peptone, 0.5g/l MgS©QpH 7.0 tumefaciens

Table2 Antibiotics used in this study

Antibiotic Working concentration Solvent
Carbenicilin 50xg/ml H0
Cyclohexamid 50 kg/ml H0
Gentamycin 25xg/ml H0
Kanamycin 50 xg/ml HO
Rifampicin 50 kg/ml DMSO
Spectinomycin 75xg/ml H0
Tetracyclin 15xg/ml Ethanol
Hygromycin 20xg/ml H0

2.1.2 Antibodies

Antibodies used in Western blot analysis were purchased from Sijdraech (Taufkirchen

GER AcrisAntibodies GmbH (HerfordSERR ChromoTek GmbH (Plane@ER

Table3 Antibodies used in this study

Antibody Host organism Dilution Company

pp44/ppd22MAPK rabbit 1:1000 SigmaAldrich
h-MYC mouse 1:1000 SigmaAldrich
h-HA mouse 1:1000 SigmaAldrich
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h-GFP goat 1:5000 Acris Antibodies
h-mouseAP rabbit 1:3000 SigmaAldrich
h-goatAP rabbit 1:3000 SigmaAldrich
h-rabbit-AP goat 1:3000 SigmaAldrich
h-goatHRP rabbit 1:10000 SigmaAldrich
h-mouseHRP rabbit 1:7000 SigmaAldrich
h-rat-AP goat 1:3000 SigmaAldrich
h-RFP rat 1:5000 ChromoTek

2.1.3 Vectors

Table4 Vectors used in this study

Vector Description Reference
pDONR201 Donorvector for Gateway cloning Life Technologies
pDONR221 Donorvector for Gateway cloning Life Technologies
pDONR207 Donorvector for Gateway cloning Life Technologies
pDONRZeo Donorvector for Gateway cloning Life Technologies
pSOUP Helper plasmid forA. tumefaciensnediated plant| JIC (NorwichUR

transformationwith pGreernl0229

pGreenll0229 | Binary vector forA. tumefaciensnediated plant| JIC (NorwichUK

transformation

pK7WGF2 Binary Gateway destination vector for expressior] VIB (GentBEL

fusion proteins withiN-terminal GFP in plants
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pB7WGF2 Binary Gateway destination vector for expressior] VIB (GentBEL
fusion proteins with Nerminal GFP in plants

pB2GW7 Binary Gateway destination vector for expressior] VIB(Gent BEL
proteins in plants

pB2kozHAGW?7 | Binary Gateway destination vector for expressior] Y2a . t o¢
fusion proteins with Nerminal HA in plants University)

pB2kozMYCGW, Binary Gateway destination vector for expressior “2a . t o¢
fusion proteins with Nerminal MYC in plants University)

pHM34GW,0 Multisite binary Gateway destination vector f( VIB (GentBEL
expression of proteins in plants

pPUBNRFP Binary Gateway destination vector for expressior] ZMBP 6 ¢ N6 A

fusion proteins with Nerminal RFP in plants

University)

2.1.4 Bacterial strains

Table5 Bacterial strains used in this work

Species Strain Genotype
Eschericta coli 51 phN F¢ endAl gIinVv44 thl recAl relAl gyrA96 deoR nupG purE
.,y nRE I O%p a mgF)PL69% HsdRIFEKY b g = <
TOP10 F mcrA pn(mrr-hsdRM8ncrBC). 80lacfM15 placX74 nupG recA
araD139(araleu)7697 galE15 galK16 rpsL{BendAl<
DE3.1 F gyrA462 endAl ginV4#(srl-recA) mcrB mrr hsdS2@(r me)
aral4 galk2 lacY1 proA2 rpsL20(Swyi5nleu mtll
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Pseudomonas PtoDC3000 Rif
syringae
Agrobacterium GV3101::pMP9( T-DNAVvir* Rif pMP90 Gerit

tumefaciens

2.2 Methods
2.2.1 Growthconditions

2.2.1.1 Arabidopsis thaliana growth
Experiments in this study were performed witkrabidopsis thalianaCol0 ecotype. The
plants were grown on sterile GS80il (Gebr. Patzer) or di2MS medium upon sterilization
with chlorine gas and stratificatonford RF&@a G nc/ ® ! FGSNBI NRa
long day conditions (16h light, 8h darkness) or short day conditions (8h light, 16h darkness).
The growth chambers provided 40/ K dzYA RA (& X H saénditbng.Fhe mp n dz
seeds of Arabidopsis thaliana were sterilizedecessaryn desiccator for &h with chlorine

gas formed after mixing 12% sodium hypochlorite with 1.5ml 37% HCI.

2.2.1.2 Growth of Escherichia coli

Escherichia cotiulture was grown 1518h at 37c / S A (i Ka§aNjplagey or fiquid LB

medium at 230rpm shaking. The media contained appropriate selection antibiotics.

2.2.1.3 Growth of Agrobacterium tumefaciens

Agrobacterium tumefaciensulture was grown 2 days at 2& / S A (i Ka§aNplagesor [ .
in liquid LBmedium at 180rpmshaking. The media contained appropeaselection

antibiotics.
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2.2.1.4 Growth of Pseudomonas syringae

Pseudomonas syringdeto DC300@ulture was grown 2 days at2& / SA G KSNJ 2y
F3FN LXFGSa 2N Ay fAljdzZAR YAy3aQa . Y SRA dzy

appropriate selection antibiotics.

2.2.2 Molecular methods

2.2.2.1 Isolation of plasmid DNA from E.coli
The plasmid DNA has been obtained using alkaline lysis method described by Birnboim and
Doly (1979). 2 ml of overnight LB culture d.coliharboring the plasmid of interest was
centrifuged at 14000rpm for 2 min. aitd. The bacterial pellet was-saspended in 208l
solubilisation buffer 25 mM TrisHCI pH 8.0, 10 mM EDTA, 50 mM glucose, 0.1 mg/ml
RNase A) and 4@0 lysis buffer was added (0.2 M NaOH, (W) SDS)The lysis was
carried out for 5 min at RT. The mixture was neutralized after adding neutralization buffer (3
M KAc, 11.5% HAc) followed by centrifugation at 14000rpm for 10 min at room temperature.
The supernatant containing plasmid DNA has been transferred into the new Eppendorf tubes
and 0.7 volume of isopropanol was adddthe mixture has been left for 10 min at room
temperature and subsequently centrifuged at 13000g for 30 min at RT. The supernatant was
discarded and the DNA pellet has been washed withxbG®% Ethanol followed by
centrifugation at 13000g for 5 min at RT. DNA was subsequently air dried at room

temperature and resuspemed in 58100kl deionized HO.

2.2.2.2 Genomic DNA extraction

DNA from leaf material has been obtained according to the method described by Edwards et
al. (1991). Approximatel@0 mg ofleaf tissuehas been homogenized in 2€I0of Edwards
Buffer (200 mM Tri$dCl pH 7.5, 250 mM NaCl, 25 mM EDTA pH 8, 0.5%T3b 3ixture
has been centrifuged at 13000g for 5 min at room temperature. The supernatant cmgfain
DNA was transferred to a clean Eppendorf tube andx2@8opropanol was added. The
mixture has been left for 80 min. at room temperature and subsequently centrifuged at
Mmonnn3d F2NI mn YAY Fd nc/ d® ¢KS &Adz2LISNYIF Gy
washed with 50@1 70% Ethanol followed by centrifugation at 13000g for 5 min at room
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temperature. DNA has been air dried in room temperature anguspemed in 56100kI
deionized HO.

2.2.2.3 Total RNA extraction
Total RNA was extracted using TRIZOL reagent (Chomczynski and Sacchi, -1987nd0f
leaf tissue was homogenized in liquid nitrogen and 1ml of Trizol was added. The mixture was
vortexed for 10 sec and incubated at RT for 10 min.x2@hloroform has been added
followed by vigorous shaking for 10 sec and incubation at RT for the next 10 min. Samples
were centrifuged at 13000g for 10 min at RT. The upper aqueous phase cogRiA was
transferred to a new Eppendorf tube and 50@sopropanol was added. The mixture was left
AY w¢ F2NJ mp YAYyd FyR OSYGNRFdASR G mMonnn
gl AKSR ¢6A0GK wmYt T1m: SGKFy2f F2ff26SR o0& OS

pellet has been air dried at RT andsespended in deionized.8.

2.2.2.4 Nucleic acid quantification
The concentration and purity of nucleic acids was determined u$liagoDrop2000

Spectrophotometer (PeqgLalGER

2.2.2.5 Restriction digests of plasmid DNA
0.2-0.5kg of plasmid DNA has been digested irxl2@action volume using 50f selected
Syl e@YSa dzyRSNJI NBO2YYSYRSR 0dzFFSNJI O2yRR(OA2Y 4

hours.

2.2.2.6 Agarose gel electrophoresis
DNA fragments were separated via @% agarose gel electrophoresis in 1X TE buffer
(40mM Tris/Acetate pH 8.0, 100mM EDTA pH &@gr dissolving the agarose in TAE buffer
ehidium bromide was added to a final concentration of@hbnl. The DNA samples were

mixed with appropriate volume of 6X loading dye (30% glycerol, 0.25% bromophenol blue)
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and separated at 120V. The DNA fragments were visualized using UV Transiluminator and 1

kb DNA Ladder (FermentaSERwas applied to determine the size of the DNA.

2.2.2.7 DNA gel extraction
The desired DNA fragments were excised from a gel upon gel electrophoresis2® 0.8
agarose. The DNA purification was done with QIAquick Gel Extraction Kit (QIGGRN
F OO2NRAY3I (2 YIydzZFlI OGdzNBEBNRE aLISOATAOFGAZY ®

2.2.2.8 Reverse transcription polymerase chain reactiRiIFPCR)
2kg of total RNA in € of HO was used for cDNA synthesis. Samples were treated with 1
of DNAse and incubated at &7 for 20 min. The DNAse was subsequently inactivated after
addingX 2 F wHpYa 95¢! I ( xtopreactiorfngxiNie montainthg ¥ 8X Rl /1
Buffer, I of 25mM dNTP mix, ® of 30uM oligedT, 05kl RNase Inhibitor, 9l of reverse
GNF YyAONRLIIFaAaS 6Fa RRSR (2 wb! &l YLXSaod ¢K.
F2N) bn YAYy F2tt26SR 6@ 71nc/ F2NI mMn YAYy®

2.2.2.9 Polymerase chain reaction (PCR)
Standard control PCR reactions were done with hensgle Tag polymerase.Each 2@l

reaction mixture contained:

TaqgBuffer (10X) 2kl
Forward Primer (10uM) 1xl
Reverse Primer (10uM) 1xl
2.5mM dNTPs 1xl
Nuclease free D 13.5«I
DNA 1xl
Tagpolymerase 0.5l (1U)
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Thermal cycling conditions:

Step ¢ SYLISNI { dzNB = Tinee/ Number of cycles
Initial denaturation 95 30sec 1
Denaturation 94 15 sec

Annealing 5560 30 sec 20-35
Extension 72 1 min/kb

Final extension 72 5-10 min 1

DNA fragments for the cloning were amplified WRFuUDNA polymerase (FermentaSER

Each 50u reaction mixture contained:

PfuBuffer (10X) 5«
Forward Primer (10uM) 1xl
Reverse Primer (10uM) 1xl
2.5mM dNTPs 1x
Nuclease free O up to 50l
DNA 1-2xl
Pfupolymerase 0.5-1xl
(2.5UKI)

Thermal cycling conditions:

Step ¢ SY LIS NI ( dzNB > Tinee/ Number of cycles
Initial denaturation 95 1-3 min 1
Denaturation 95 15 sec
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Annealing 55-60 30 sec 20-35
Extension 72 2 min/kb
Final extension 72 5-10 min 1

2.2.2.10Quantitative RealTime PCR ®TFPCR)
The gene expression was determined usopgantitative realtime PCR. The cDNA was
amplified using Maxima SYBR Green (Thermo ScierBfidR gPCR Master Mix on iQ5
Multicolor Real Time PCR Detectgystem (BioRadSER

Each 2@l reaction mixture contained:

Maxima SYBR Green gPCR Master Mix (2X) 10xl
Forward Primer (10pmokl) 1xl
Reverse Primer (10pmadl) 1xl
Nuclease free $O 7xl
1:4 diluted cDNA 1x

Thermal cycling conditions:

Step ¢ SY LIS NI (i dzNB > Tinee/ Number of cycles
Initial denaturation 95 10 min 1
Denaturation 95 15 sec

Annealing 5560 30 sec 40
Extension 72 30 sec

The gene expression was quantified using tfh&® algorithm described by Livak et al.

(2001) and normalized to one of the housekeeping genes which was eitheoeéLtin.
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2.2.2.11Gateway sitespecific recombination cloning of amplified DNA fragments
The fulllength coding sequences of selected genes were cloned using Gateway System (Life
Technologies). The coding regions of selected genes were amplified in PCR reaction using
gene specific primers containing appropricdét sites. The amplified DNA fragments were

cloned into selected pDONR vector (Life Technologies) in

BP recombination reacticn

attB flanked PCR Product (I%0ng) 1-7xl
Donor Vector (150ngd) 1xl
Nuclease fre¢-0O up to 8l
BP Clonasé' Enzyme Mix 2xl

The mixture was incubated 1h at RT. The reaction wsi@pped after adding # of
Proteinase K followed by incubation in37 ¥ 2 NJ -Bxliof theArghction imixture was
cloned into the competenDH® competent cells. The entry clones containing full length

coding sequences cloned were transferred into tx@ression vectors in

LR recombinatiomeactions

Entry Clone (5@50ng) 1-7xl
Destination Vector (150ng) 1xl
Nuclease fre¢-O up to 8kl
LR Clonas# Enzyme Mix 2xl

The mixture was incubated 1h at RT. The reaction wsi@apped after adding # of
Proteinase K followed by incubationinc37 ¥ 2 NJ mMmn YAYy ®
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2.2.2.12Site-directed mutagenesis
The desired mutations were introduced into the entry clones using mutagenic primers

containing desired mutation in overlap extension R€&ction. The 58I reaction mixture

contained:

PfuBuffer (10X) 5«l
Forward Mutagenic Primer (X®/1) 1xl
Reverse Mutagenic Primer (20) 1xl

2.5mM dNTPs 1xl
Nuclease free O up to 5Kl
Plasmid DNA (10 ng) 1-2xl
Pfupolymerase 0.5-1xl (2.5UKI)

Thermal cycling conditions:

Step ¢ SY LIS NI (i dzNB = Tinee/ Number of cycles
Initial denaturation 95 1 min 1
Denaturation 95 30 sec

Annealing 60 50 sec 18
Extension 60 2 min/kb

Finalextension 60 5-10 min 1

After the PCR reaction 1Dipnl(10U/l) was added to the reaction mixture in order to digest
0KS LI NByidlrf YSGKetlFdiSR LXIFIAYAR 5b! ® ¢KS
followed by heat inactivated of thiNB & G NA OG A2y Sy 1 & Y S5klAofthey nc /
reaction mixture was transformed in to the chemically competent DHScolicells. The

presence of the mutation in isolated entry cemwas verified via sequencing.
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2.2.2.13Generation of Gateway compatible binary destination vectors for expression of
N-terminal KozakMYC and KozakHA fusion proteins

10-20xg of pB2GW?7 destination vector (\B8nt BE) was digested overnight witBpeland
purified with QIAquick Gel Extraction Kit (QIAGEEIR 10kl of 10 X dephosphorylation
buffer (10mM ZnG] 10mM MgG, 100mM TrisHCI pH 8.3) was added to®®f the eluate
together with 1U CIAP (Calf Intestial Alkaline Phosphatase, SIGMA) for rgqabf Zhe
plasmid. The mixture was incubated for 15mtro r ¢ / ® ¢ KS &l YS @2f dz¥$S
G2 GKS YAEGdZNB yR (GKS NBIFOGA2Y 61 & AyOdzml
plasmid was purified with QIAquick Gel Extraction Kit (QIAGEN) and the volume was
adjusted to 0.kg/xl. The adaptor duplexes were generated after mixing 10pmol of forward
and reverse adaptor priman 10kl of ligase buffer (10 mM Mg&£Il0 mM DTT, 0.5mM ATP,
A0mM Trisl / £ LI TPyod ¢KS YAEGAINBE 61 & KSEFEGSR (2
2OSNI I LISNA2R 2F wMp YAY (2 pnc/ ® ¢KS NBEIOGA
finally cooled to RT. Oky of the digested and dephosphorylated plasmid was mixed wih 0.1
pmol of adaptor duplex in 10 of the ligase buffer. @l of T4 DNA ligase (ThermoFisher
Scientifi¢c GERRwas added to the mixture and the reaction was incubated overraghtc c / @
The whole reaction volume was transformed into ttedbresistantE. coliDB3.1 strain and

selection was done on LB plates taining appropriate antibiotic.

2.2.2.14Sequencing

The generatedconstructs vere sequenced byGATC Biotech A@Konstanz GER The
provided sequencing mixture containedl®f the plasmid DNA (8000 ngkl) and %I of the
sequencing primer (@M). The sequences erve analyzed usingCLC Workbench Main 7

software and compared to appropriate GenBank accessions.

22215t NBLI NIF A2y 2F OKSYAOFffte O2YLISGSYyd 51 g
| KSYAOLI tf t@& OR.ooliciisineng freparédmécording to Inoue et al. (1990). 250
ml of SOB medium (2% Bac€loyptone, 5% Yeast extract, 10mM NacCl, 2.5mM KCI, 10mM
MgChLJl T ®dn0 gl a Ay20dzZ I SR 6AGK p Y 2@SNYyA13
under 200rpm shaking until the optical density at 600nm reached approximately 0.6. The

Odzt GdzNB 61 & 022t SR 2y AOS F2NJ mn YAY FyR
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supernatant was discarded and the bacterial pellet was gently resuspended in cBldffEéB

(10mM PIPES, 15mM Ca@50mM KCI, 55mM MngpH 6.7). The bacterial suspension was
fSTG F2NI mn YAYy 2y A0S IyR &adznaSldsSyate O0S)
step was repeated two times (as described above) edpellet gently resuspended in 20

ml of TBBuffer. DMSO to the end concentration of 7% was added.xR@® bacteria
suspension were aliquoted in Eppendorf tubes and flash frozen in liquid nitrogen. The

competent cell werestorediny nc/ dzLJ 42 ¢ Y2y UuKao®

2.2.2.16Transformation of E.coli
¢CKS FfAldz20d 2F OKS Ekolicells vas thanedrdnsd. Sheib xIof p b
ligation mixture or 100ng of plasmid DNA was added to the cells followed by incubation on
ice for 20 min. The DNia delivered into the cellby K S & &aK201 |4 nHc/ Tz
by incubation on ice for-B min. 0.8ml of LB medium was added to the cell suspension
GKAOK gl & &dzoaS| dzSof i fodr urfdef CGzpm shekimgiot plattingt ¢/ F

2.2.2.17Preparation of electrocompetent Agrobacterium tumefaciens
200ml of LB medium containing rifampicin and gentamycin was inoculated with 2ml
2OSNYAIKG Odzf GdzNBod / Stta gSNB INRSY AYy wmyc/
600nm reached approximately 0.6. The culture was cooled on ice for 10 min and centrifuged
G wmcnn3d F2N mn YAY G nc/ ® ¢KS adzZLISNY I Gl
gently resuspended in 20 ml cold sterile deionizegOH The bacterial suspension was left
F2NI mn YAY 2y AOS YR &adzoaSldsSyidte OSYidNRTFo
was repeated two times (as described above) and the bacterial pellet was gently re
suspended in 20 ml of sterile 20% glycerolkl50f bacteria suspension were aliquoted in
Eppendorf tubes and flash frozen in liquid nitrogen. The competent cell were storgdritc

up to 6 months.
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2.2.2.18Transformation ofAgrobacterium tumefaciens
The aliquot of electrocompetent GV31@l tumefaciengells was thawed on ice andllof
plasmid DNA was added to the cells. The aliquot was transferred to the precooled
electrocuvette and pulsed with 1440V for 5 ms. The mixture was immediately transferred on
AOS YR noy Yt [. 61ad FRRSRd® ¢KS OSftfta &SN
under 180rpm shakingrior platting

2.2.3 Protein Biochemistry

2.2.3.1 Protein extraction from leaf tissue
For each sampl|e3 leaf disc§d=5mm)were cut out using a cork borend homogenkedin
liquid nitrogen.An equal volume of 5X loading buffer (0.25% bromophenol blue, 0.5M DTT,
50% glycerol, 10% SDS, 0.25M-A® pH 6.8) was addéd the leaf material The mixture
was briefly vortexed and incubated on ice for 10 min. After incubation the probes were
OSYGNRFdzZASR +d mMcnann3a F2NI mn YAY Fd nc/ @ ¢K
gl & GNIYAFTSNNBR (G2 yS¢ 9LIISYR2NF GdzoSa |y

followed by short incubation on ice.

2.2.3.2 SDSPAGE
The discontinuous SDS polyacrylamide gel electrophoresis was performed according to the
method described by Laemelli (1970). The proteins were first condensed in 5% stacking gel
and subsequently separated in-18% resolving gel depending on the size of the protein of
interest. The gels were casted and run using the MROTEAN system (Htad).
PageRuléM Prestained Protein Ladder was used to determine the size of atgmhr

proteins.

2.2.3.3 Western blotting
After separation in SDS polyacrylamide, gle¢ proteins were transferred on Hybond ECL
nitrocellulose membrane (GE Healthca@ERusing Mini transBlot Electrophoretic Transfer
Cell system BiRad GER F2NJ m K2dzNJ 40 opnY! | OO2NRAY3
The transfer was done in 1X transfer buffer (25mM Tris, 192mM glycine, 1% SDS, 20%
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methanol). After the transfer the membrane was incubated in Ponceau S solution (0.1%
Ponceau S Red in 5% acetic acid) to evaluate the transfer efficiency and protein loading. To
avoid the unspecific biding of the antibodies, the membrane was blocked in 5% milk
prepared in 1X TB®Uffer Q0mM TrisHCI pH 7.5, 150mM NacCl, 0.1 % Tween 20) for 1 hour

at RT. After a brief washing step in TBST buffer the membrane was incubated with primary
antibody overnight in 4 / Néxt,the membrane was washed three times with TBST for 10
min and incubated with secondary antibody for 2 hours at RiE. membrane was washed
afterwardsthree times with TBST buffer for 10 min. The signal fromdradishperoxidase
coupled antibodiesvas developed using E®Lprime Western Blotting Detection Reagent

F O0O2NRAY3I G2 YIydzZFl OldzZNENRAa LINR(G202td ¢KS
Amersham Imager 600 (GE Healthcare). The signal from alkaline phosphatase coupled
antibodies was detected in BCIP/NBT buffer (15mM-HE& pH 9.5, 0.5mM MgCLOmM

NaCl, 0.025mg BCIP, 0.025mg NBT).

2.2.3.4 Immunoprecipitation

For immuroprecipitation 200mg of leaf material was homogenized in liquid nitrogen. To
each sample 1.7 ml of solubilisation buffer (25mM -HGI pH 7.5, 150mM NaCl, 2mM DTT,

1% NP40, protease Inhibitor (Roche), Phosphatase inhibitor (Roche)) was added. The mixture
was briefly vortexed and incubated on ice for 10 min. After incubation the probes were
OSYiUNARTFdzZASR |4 wmcnn3d F2NJ vn YAY |4 nc/ & wm
proteins was transferred to new Eppendorf tube containing2D8l of agarose affinity

matrix coupled with appropriate antibody (equilibrated before with solubtlen buffer).

¢KS YAEGdzZNB ¢ & Ryhddzander SORpml-skiakinmy.cAfter the2inddibation
GKS o0SIFIRaA 6SNB OSYUNRARFAdASR 4 wmnan3d F2N i
solubiliation buffer and two times with washing buffer (25mM THEI pH 7.5, 150mM

NaCl, 2mM DTT, protease Inhibitor (Roche), phosphatase inhibitor (Roche)). The proteins
were eluted from the beads after adding®®X SDS loading buffer and heated fek(bmin

G dpec/ ® ¢KS LINRPoSa oSNB 022t SR 2y A0S I
OSYUNRTFAdAFGA2Y G wmcnn3a F2N HyWestert Biotaitec / ® ¢

electrophoresisith SDS polyacrylamide gel.
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2.2.3.5 Phosphatase assay
For phosphatase assahe RFRagged kinases were immoprecipitated with RFHrap A
(Chromotek GERThe precipitated material was additionally washed in phosphatase buffer
(40mM TrisHA pH 7.5, 0.25mg/ml, 10mM Mgglfollowed by brief centrifugation and fe
suspended in 5€l of phosphatase buffer. 28 of the immunoprecipitated material was used
in the phosphatase assay. The phosphatase activity was measured with ProFluor Ser/Thr
PPase Assay (PromedgaERaccording tahe Y I y dzF I Ol dzNBE NR A& LINR#i 2 O2 f
was eluted from the beads after adding 10ul 5X SDS loading buffer and heatedGanim
G dpc/ ® ¢KS al YhiWestern BBthier elegtrophotesisSvith SDS

polyacrylamide gel.

2.2.3.6 MAPK activation
Total plant protein extract was prepared as described.ih3.1and 15l of each sample was
loaded on the gel and separated in 13% $BS&Efollowed by Western blot and detection
with primary antibody against p44/p4RIAPK and secondary astiouse antibody.

2.2.4 Plant Methods

2.2.4.1 Agrobacteriummediated transient expression in tobacco leaves
5ml LB medium containing appropriate antibioticere inoculated with Agrobacterium
tumefaciensharboring desired plasmids. The bacteria culture was grown overaighty c /
and 180rpm shaking. The culture was centrifuged at 5000rpm for 10 min. The pellet was
gently resuspended in Infiltration Buffer (10mM MgCsolution containing 150M
acetosymgone) and centrifuged at 5000rpm for 10 min. The washing step was repeated one
time (as described above) and bacterial pellet wasuspended again in infiltration buffer
and the volume of the inoculum was adjusted to the concentration that givesc©D1. The
suspension was left at RT for32hours, mixed (1:1) with bacteria culture carrying p19
construct and diluted in infiltration buffer to adjust the concentration of each culture to the
final ORooof 0.1. The mixture was infiltrated into the leaves\ba€otiana benthamianasing
a 5ml syringe. The expression was checked aftdrdays after the infiltratiorby Western

blot detection.
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2.2.4.2 Generation of stable transgenic lines of Arabidopsis thaliana
The stable transgenic lines Afabidopsis thalianavere generated according to the method
described by Davis et al. (2009). 500ml of YEBS medium (1g/l yeast extract, 59/l beef extract,
5¢/| sucrose, 54 bactopeptone, 0.5g/ MgS® pH 7.0) containing appropriate antibiotics
wereAy20dzf SR ¢6A0GK pnYt 2@8SNYAIKEG Odzt GdzNB |
100200k Silwett L77 wre added to the medium. Thérabidopsis thalianglants with
present immature floral buds were dipped into bacterial suspension and placed afterwards
at high humidity conditions for the next 124 hours. The transformants were selected on
1/2 MS medium containing appropriate antibiotics or on soil Whé&YSBA (glufosinate) was

applied.

2.2.5 Biologicalresponses

2.2.5.1 Oxidative burst assay
Leaves of 4 week oldArabidopsis thalian@r Nicotiana benthamianglants were cut into
5mm pieces and incubated overnight on water. The leaf pieces were transferred into-the 96
well plate containing 1®M luminol, 0.005mg/ml peroxidase solution. The oxidative burst
was measured using Centro LB 900 (Berthold Technolo@&dR luminometer after

induction with selectedAMPs

2.2.5.2 Ethylene assay
Leaves of 4 week oldArabidopsis thalianar Nicotiana benthamianglants were cut into
5mm pieces and incubated overnight on water. The leaf pieces were transferred into glass
vials filledwith 0.5 ml HO.J - megaspermin to the final concentration of 100nM was added
to the tubes followed by incubation for-8 hours at RTand 50 rpm shaking. The ethylene
production was measured using gas chromatogragh@i4A, ShimadzuwPN.

2.2.5.3 Infection assay with Pseudomonas syringae
pn Yt 2F YAYy3IQa& . YSRAdzY Odefinotulatgdiwitra23ml LILINE L
overnight culture and grown at described 22.1.4.The culture was cooled on ice for 10
YAYD® YR OSYUNARFdzZASR 4 npnn3d F2N) man YAYyod
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bacterial pellet was gently rsuspended in cold 10mM MgCIhe bacterial suspension was
fSTO F2NI mn YAY 2y A0S FyR &adzoaSldsSyiate 0S\
step was repeated two times (as described above). The bacterial pellet was gently re
suspended in 10mM Mg£land the volume of the inoculum was adjusted to the
concentration that gives Qfy of 1. Afterwards anappropriate volume of Silwett L77 was

added to the mixture to the final concentration of 0.02%. Thé week oldArabidopsis
thalianaplants were sprayed with the bacterial suspension. Afterwards plants were grown in
short day conditions maintaining high humidity. The bacterial growth was quantified at 0, 3,

6 days after infection. Equal amounts of leaf material were collected, followed by brief
surface sterilization in 70% ethanol and washing step #.HThe leaf material was
homogenizedafterwardsin 100kl of MgCl. The extract was diluted if necessary anckl10

were LIt SR 2y YAy3Qa . F3AFN LXIFiSddyecKS® 0©KSE

bacterial growthis expressed in colony forming units (cfu) pePcm

2.2.5.4 Infection assay with Alternaria brassicicola
The pathogenity assay witllternaria brassicicolavas performed with 46 week old
Arabidopsis thalianglants grown in short day conditions-Rleaves of 126 plants were
inoculated with &I droplets of spore suspensiodX1Fspores/ml). The plants were then
kept at high humidity and the fungal growth was monitored 7, 10, 13 days after infection.
The severity of the symptomsasquantified according to the infection index described by
YSYYSNIAY3 SikyRf @& yuli@vaIK taméENR gy alLJ2dG-a |0
REN] ONRgy &LRGA -&WUNBIYRSOT A ONMBSEE A Qs

sporulation.

2.2.5.5 Infection assay with Phytophthora capsici
The pathogenity assay witlPhytophthora capsicwas performed with 6 week old
Arabidopsis thalianglants grown in short day conditions. 8 leaves per transgenic line were
inoculated with 1%I droplets of zoospore suspensiofix(®spores/ml). The plants were
then kept at high humidity conditions. The leaf discs were collected 2.5 and 3ssaflay
infection followed by genomic DNA isolation with &idy Plant Mini KitThe biomass oP.

capsiciwas quantified as a ratio . capsiocgenomic DNA térabidopsiDNA.
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2.2.5.6 Hormoneand phytoalexinmeasurements
For the hormone measurementieaf material of 46 week oldArabidopsis thalianglants
was collected and the concentration sélicylic acid (SA), jasmonic acid (JA), auxin, abscisic
acid (ABA)as well aghe phytoalexincamalexin was determined with @@S according to

the method described by Iven et al. (2012).

2.2.5.7 Cell death assay
For the cell death assayhe proteins of interest were transiently expressed Niicotiana
benthamianatogether with INF1 (infestin Mia Agrobacterium tumefacien®-3 leaves of at

least 3 plants were useggkr replicate. HRs werevaluatedat 7 day posinfiltration.

2.2.6 Differential interference contrast ncroscopy
The differential interference contrast images daftomata were done with fluorescent

microscopeAxiophot(Zeis$.

2.2.7 Statistics
{OGFrdA&aGAO0LT Tyl fteara ¢SNB LIS NHAedtNNE® oravithife G ¢ 2
way ANOVApPO0,0).
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3 RESULTS

In this work,l aimed to characterize the functidn plantaof the AVR2 effector protein from
Phytophthora infestansPrevious experiments performed in the lab of S. Kamoun (TSL,
Norwich, UK) and P. Birch (JHI/lUoD, Dundee, UK) revealed that AVR2 associates with the
BSU3like phosphatase BSL1 from potato (StBSL1) and that this interaction is recognized by
the resistance protein R2 and triggers ETI (Saunders et al.,, 2012). The potato genome
encodes three BSUike phosphatases: StBSL1, StBSL2b and StBSL2a, which are homologous
to AtBSL1, AtBLS2 and AtBSL3 of Arabidopsis, respecsiody.no homolog of AtBSU1 has

been identified in potto. Since AtBSUL and AtBSL1 lamewn to be positive regulators of
BRsignaling, | have decided to further investigate the impact of AVR2 on the
brassinosteroiesignaling pathway and plant immune responses in both a hét (

benthamiang and a norhost A. thaliang plant species d?. infestans

3.1 AVR2 associates with BSUike phosphatases StBSL1, 2a and 2b and homologs of
Arabidopsis

In order to identify potential host targets of AVR2, Yeast Two Hybrid (Y2H) was performed in
the lab of Paul Birch (JHI/UoD, Dundee, UK). The potato Y2H library was made of pooled
pathogeninfected resistant and susceptible potato cultivars (Susan Breen, PhD thesis). In
addition to StBSL1 (Saunders et al. 2012), the initial screen identified StBSL3 as an interactor
of AVR2. Primers for clonir@iBSL&nd StBSLhave been designed based on ESTs found in
S. lycopersicumand the coding sequences for StBSL3 and StBSL1 were amplifiedSusing
tuberosumcDNA. UsingAtBSLZ2and AtBSU1sequences as a query, a BLASTX searéh in
lycopersicurallowed to design additional primers and cloB8SL2No candidate sequence
has been identified foBSU1lin S. lycopersicunor S.tuberosum Phylogenetic analysis
revealed thatStBSL2&nd StBSL&re paralogues and have been renamed iSiBSL2and
StBSL2aespectively (Susan Breen, PhD thesis and Figure 1). Although the initial screen did
not show that StBSL2b is interacting with AVR2, a pairwise Y2H interaction assay has shown
that StBSL2b is also targeted by AVR2 (Susan Breen, PhD thesis).
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AtPP2A-1

100, StBSL1
100 AtBSL1
AtBSU1
_100: AtBSL3
AtBSL2

100, StBSL2a

StBSL2b

100,

Figure4 Phylogenetic tree ofArabidopsis thalianaand Solanum tuberosunBSU1llike phosphatasesUPGMA
(Unweighted Pair Group Method with Arithmetic Mean) tree based on nucleotide sequence of At and St BSU1
like phosphatases and Arabidopsis PROTEIN PHOSPHATHBEPRAAL). The tree was generated @LC
Workbench Main Tising a bootstrapping of 100.

In order to confirm the results obtained in the Y2H assay, we performed association studies
in N. benthamianaMyctagged StBSL1, 2a and 2b wereegpressed with GFRgged AVR2

in N. benthamianaleaves and upon immunoprecipitation of GRARWR2 followed by

immunodetection, we observed that AVR2 associates wighthree StBSLs (Figure 5

myc-StBSL1 myc-StBSL2b myc-StBSL2a

GFP + - + - + -

GFP-AVR2 - + -+ -
L [— 130 kDa 170 kDa
100 kDa —170kba @myc
130 kDa 130 kDa

GFP IP: 8 40 kDa 40KDa —40kDa o
el — 35 kDa 35kDa —35kDa @
ap*
25kDa 25 kDa

25 kDa
170 kDa 170 kDa
El—mo kDa 130 kDa 130 kDa @MYyC

E E Ponceau$
Input:
P w——l— 40 kDa 40 kDa — 40 kDa
. 35kDa 35kDa — 35kDa  @GFP
8= -—
25 kDa 25kDa 25 kDa
[- =] [ =] [—-] Ponceaus

Figure 5 Colmmunoprecipitation of myetagged S. tuberosumBSL1, 2a and 2b and GBRRR2 inN.
benthamiana. GFPAVR2 was cexpressed together with myiagged StBSL1, 2a and 2bNnbenthamiana
leaves. GFP was used in control experiments. The immunoprecipitation was performed wi@F&négarose
and the proteins were analyzed on western blot with amfc and antGFP antibody. The upper panel (GFP
IP:) shows the cammunoprecipitation results and the lower panel shows expression levels ofStB8Ls and

GFPAVR2 iN. benthamianaextracts.
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In the next experiment, we wanted to assess whether AVR2 is also able to interact with
BSU1llike phosphatases from Arabidopsis, in the expectation to use eventually the existing
genetic and molecular resources in BR signaling in this plant species to fasten the elucidation
of the virulence function of AVR2. Immunoprecipitation experiments performed in
Arabidopsis protoplasts transiently expressing-AMR2 and further liquid chromatography
tandem mass spectrometry ({IMS/MS) analysis revealed that AVR2 interacts also with the

ArabidopsisHSMX H YR o 06) ® WNYy{i&aOKs ! yySE H

The LGVIS/MS results have been confirmed through pairwise interaction studies in
Arabidopsis protoplasts. The Arabidop8iSUland BSIL-3 genes were amplified from an
Arabidopsis cDNA library and cloned into a gateway compatible binary vector designed for
N-terminal fusion to mydag. HAtagged AVR2 has been transiently expressed with-myc
tagged AtBSU1 and AtBSR.1The Cdmmunoprecipitation experiment showed again that
AVR2 associates with AtBSL1, 2 and 3. AtBSU1 was not pulled downvktralthough
AtBSU1 is a divergentparalogef ! 4. { [ M 0/ ® WNYyGaAOKXZ CAIdzNB

HA-AVR2 HA-Vector
+ - - - 4+ - - - mycAtBSU1
. myc-AtBSL1
- - 4+ - - - 4+ - mycAtBSL2
- - - 4+ myc-AtBSL3
HA IP: _ e
Input _ — g g
Myc-AtBSLs: g s = e e T 4 amye
Input
HA-AVR2: ~ SR @HA

Figure6 Colmmunoprecipitation of myctagged Arabidopsis thalianaBSL13 together with HA-AVR2 Myc-
tagged AtBSL1, 2, 3 and AtBSU1 were transientxpoessed with HAagged AVR2 in Arabidopsis protoplasts.
In control experiments HA empty vector was-expressed together with the mytagged AtBSUlike
phosphatases. The immunoprecipitation of AXR2 was performed with aAtlA agarose and the proteins
were analyzed in western blot with antiyc and antHA antibody. The upper panel shows thelRaesults
(HA IP), the mid (Input My&tBSLs) and lower (Input HBV/R2) panels show the expression levels of-myc
AtBSLs and HAVR?2 in Arabidopsis protoplaststracts (provided by GYNy &1 & OK 0 @
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In an additional experiment, transient @xpression of Arabidopsis myagged BSUllike
phosphatases with HAVR2 inN. benthamianashowed that AVR2 also associates with

AtBSL13 but not with AtBSU1 in a heterg@ous expression system (Figuie 7

HA-AVR2 e A T
HA o e s 2 o= B -
myc-AtBSU1 + - - - + - - -
myc-AtBSL1T - + - - - + - -
myc-AtBSL2 - - + - - - + -
myc-AtBSL3 - - - + - - - +
- 130kDa
. @myc
HA IP: 100kDa
=@ = | 15kDa @HA
L—_" B .. 130kDa
-100kDa @myc
Input: M Ponceau S
-15kDa  @HA
SRS | Ponceau S

Figure7 Colmmunoprecipitation of myetaggedArabidopsis thalianaBSL1, 2 and 3 together with HAVR2 in

N. benthamiana HAAVR2 was ceexpressed together with mytagged AtBSU1l and AtBSR1lin N.
benthamianaleaves. HA empty vector was used in control experita. The Cadmmunoprecipitation was
performed with antiHA agarose and the proteins were analyzed by western blot withHatand antimyc
antibody. The upper panel shows the-Boexperiment. The mid and lower panels show expression levels of

myGAtBSLs and HAVR2 irN. benthamianaxtracts.

Altogether, the interaction studies performed with the potato or Arabidopsis BSLs and AVR2
suggest the existence of a high level of association specificity. Although AtBSU1 is homolog
to the other BSLs (BSUYBSL1 share 53% sequence identity and BS&I12/3 43% sequence
identity at the amino acid level), it does not associate with AVR2, which could reflect a
phenomenon of norevolved adaptation to a protein that is absent in the natural host plants

(potato, N. benthamianaof P. infestans
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3.2 Identification of themolecular determinants of the AVR&tBSL2 interaction

3.2.1 The hinge region and the putative phosphatase domain of AtBSL2 are required for
the interaction with AVR2
To determine the critical region of the BSLs required for the interaction with AVR2, we have
cloned several deletion constructs in the amino acid sequence of AtBSL2, chosen as a
representative member of the BSUike phosphatases. We have cloned the region upstream
of the putative phosphatase domain, which corresponds to the Kelch domain and hinge
region (1650 aa), sole putative phosphatase domain @638 aa) and several deletion
constructs in the hinge region and phosphatase domain-@&8aa, 468,018 aa, 539.018
aa, 6021018 aa, 602018 aa, 46866 aa, 46800 aa) (Figure 5B). All cloned fragments
have been fused to mytag at the Nterminus and subsequently eexpressed together with
GFPAVR2 inN. benthamiana Using CdPs it has been demonstrated that two motifs
comprising the amino acid residues 66@3 in the hinge region and amino acid residues
901-1018 at the @ermini of the phosphatase domain are required for the interaction with
AVR2n planta(Figure 8A, C).
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constructs -
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B:

Length [amino acids]

468-900
468-966

602-1018
535-1018
468-1018
468-833

663-1018

1-650

!!ﬂ“iw

AtBSL2 1018

Kelch Domain Hinge Region Phosphatase Domain

602 6(?3
IRLHHRAVVVAAETGGALGGMVRQLSIDOFENEGRRVSYGTPESATAARKLLDROMSINSVPKKVIAHLL

KPRGWKPPVRRQFFLDCNEIADLCDSAERIFASEPTVLQLKAPIKIFGDLHGQFGDLMRLFDEYGSPSTAG
DISYIDYLFLGDYVDRGQHSLETISLLLALKVEYQHNVHLIRGNHEAADINALFGFRIECIERMGERDGIWY
WHRINRLFNWLPL%OAFIEKKIICIVIHGGIGRSINHVEQIENIQRPITM EAGSIVLMDLLWSDPTENDSVEGL
i
RPNARGPGLVTFPDRVMEFCNNNDLQLIVRAHECYMDGFERFAQGHLITLFSATNYCGTANNAGAILVL

GRDLVVVPKLIHPLPPALSSPETSPERHIEDTWMQELNANRPATPTRGRPQNSNDRGGSLAWM
1018

Figure8 Two distinct domains located in the hinge region and phosphatak®main of AtBSL2 are required

for association with AVR2 in vivo(A) Myc-tagged AtBSL2 deletion mutants were-expressed with GFP
tagged AVR2 iN. benthamiandeaves. In control experiments, GFP or BMR2 were cexpressed with myc
tagged BSL2. dmmunoprecipitation was performed with arGFP agarose and the proteins were analyzed in
western blot with antimyc and antGFP antibody. The upper panel-GIFP) shows the @B results. The lower

panel (Input) shows the expression levels of ftagged AtBSL2 deletion constructsdaGFPAVR2(B) Scheme
illustrating the regions of AtBSL2 used to evaluate the interaction with AVR2. Numbers indicate the amino acid
positions based on theufl-length sequence protein(C) The two amino acid sequences within AtBSL2 (only
amino acid residues 602018 are presented) that are necessary for the interaction with AVR2 are highlighted

in red (sequence within the hinge domain) and blue (sequence within the phosphatase domain).

46



Results

3.2.2 The Germinus of the effector domain of AVR2 is critical for the association with
AtBSL2

A similar approach as mentioned above was applied to investigate which domain of AVR2 is
critical for the interaction with AtBSL2. Several constructs encoding for diverse deletions in
the amino acid sequence of AVR2 were cloned and subsequen#ypressed with myc
tagged AtBSL2 iN. benthamiana(Figure @). The mutated version of AVR2 included N
and/or Gterminal deletions and short amino acid sequence deletions in tHer@inal part

of the effector domain (Figure B). All cloned fragments were fused to GFP at the N
terminus. The cammunoprecipitation experiments revealed that the conserved RKER

motif is not required for an association of AVR2h AtBSL2. Our studies revealed that the
interaction takes place in the effector domain. The last 17 amino acids at the C terminus of
AVR2 are necessary for the interaction with AtBSL2 (Figure 6, see constAfcté%nd 89

116 aa). This region contains KKLV {102 aa) and LKIKG (1082 aa) motifs that are

known to be present in phosphatase inhibitors (Nadine Wagener, personal communication).
A deletion of these amino acid motifs @0mc I nYMpme IFYRpyYLYDO |0

interaction of AVR2 with AtBSL2 (Figure) 9
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B:

Length [amino acid]

IR X RN € L/ I K| KGN 21-116
I N < | /L KK G 53-116
I < K |\VI. KK G 66-116

] 69-99
I < < /L K| KGN 80-116
I | /LI KGN 89-116

I < [ KIKGIE 80-116AKKLV
[ < K L VI *** [ 80-116ALKIKG

Figure9 The 17 amino acids at the C terminus of Avr2 are required for the association with AtBSL2 inAjvo
GFPtagged AVR2 deletion mutants were-egpressed with mytagged AtBSL2 iN. benthamiandeaves. In
control experiments GFP was -expressed with myetagged AtBSL2. @mmunoprecipitation was performed
with anti-GFP agarose and the proteins were analyzed in western blot withmeyttiand antGFP antibodies.
The upper panel (GFP IP) shows thdZcesults. The lower panel (input) shows the expression levels of GFP
AVR2 deletion mutants and mydBSL2(B) Scheme illustrating the regions of AVR2 used to evaluate the

interaction with AtBSL2. Numbers indicate the amino acid positions based on thenfyth sequence protein.

3.3 Effect of AVR2 on the phosphatase activity of AtBSIké family members

3.3.1 Invivo phosphatase assay

Mora-Garcia et al.,, (2004) and Kim et al.,, (2009) have shown that AtBSU1l displays
phosphatase activityn vitro. The BSUlike phosphatases display highest homology with the
PP1 and PP2a phosphatase families. Using commercially available assays, we next aimed to
determine whether BSUlike family members are functional protein phosphatases. Full
length AtBSL2 and the Kelch domain of AtBSL2A(RBL?2) fused to RFP at the N terminus
were expressed inN. benthamiana (Figure 1@) and the catalytic activity of
immunoprecipitated material was examined. In one of these assays, dephosphorylation of
the peptide substrate followed by proteolysis produces a fluorescent signal. Our assay, has
revealed an increase of the fluorescence signal, assimilated with an increase of phosphatase
activity, only with the full length RFRBSL2 whereas the deletion mutant lacking the
phosphatase domain (REKEDAtBSL2), the empty vector and buffer controtisplayed

similar level of fluorescence (FigutéB).
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Figurel0 AtBSL2 is a functional phosphatase ih benthamiana (A) RFRtagged AtBSL2 and KRIBSL2 were
transiently expressed iN. benthamiandeaves. Empty vector was used as a control. Immunoprecipitation was
performed with antiRFP agarose and the proteins were analyzed in western blot witiR&®Ri antibody. The

upper panel (RFP IP) shows the results of the Immunoprecipitation and the lower panel (Input) shows the
expression levels of RFARBSL2, RHRDAIBSL2 and empty vecto(B) Bar diagram showing phosphatase

activity of AtBSL2 and K&IBSL2 measured in relative fluorescence light units (RFLU). The phosphatase assay
was performed using (ProFluor Ser/Thr PPase Assay, Promega). RFP and buffer without any
AYYdzy 2 LINBOALMAGEGSR YFGSNAFE 6SNB dzaSR Ay O2yiNRt St
biological replicates. *denote statistical significance (p<0.05) invaane ANOVA.

3.3.2 The catalytic activity of AtBSUllke family members is BL independent

Genetic studies have shown that AtBSU1l and AtBSL1 are positive regulators of
brassinosteroiemediated responses, notably the inhibition of the G3K& kinase BIN2
through dephosphorylation has been intensively studied (Kim et al., 2009). Therefore, we
decided first to investigate whether the phosphatase activity of AtBSU1 and AtBSL2 is
regulated by BL. AtBSU1 was included in this experiment as an additional control because it
does not associate with AVR2 and therefore, it is very unlikely that its enzymatic activity is
modulated by AVR2. We expressed fagged AtBSUL and AtBSL2Ninbenthamianaand
FFGSNI ny KX §SI@Sa gSNB AYyFAEGNI ISR 6AGK wmy
for protein extraction, immunoprecipitation and phosphatase assay (FigjlyeThis assay
revealed that AtBSU1 as well as AtBSL2 phosphatase activity does not appear to-be post

translationally regulated by BL.
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Figurell BL treatment has neffect on the phosphatase activity of the AtBStlike family members.(A) Bar

diagram showing phosphatase activity of AtBSU1 measured in relative fluorescence light units (RFLU) upon
GNBIFGYSyild 6AGK mnya 2N mx-tagged[AtBFUA Mas edpresaqu and yultede 1 YA Y
from N. benthamiandeaf extract and the phosphatase activity has been measured using Ser/Thr Phosphatase
raale O6tNRBYSIIOP wSadzZ G6a INB YSIy @ltdzSa p {9a FNRY
been obseved in oneway ANOVA (p< 0.09B)Bar diagram showing phosphatase activity of AtBSL2 measured

AY NBfIFGAGS Ftd2NBaOSyOS fA3AKG dzyAda owcC[! 0 dzLl2y b
tagged AtBSL2 was expressed and puiledn fromN. benthamiandeaf extract and the phosphatase activity

KFra 06SSy YSIFadaNBR dzaAy3d {SNKCKN t K2aLIKIGFrasS 1 aala ¢
biological replicates. No statistical difference has been observed imayeANOVA (p< 0.05).

3.3.3 AVR2 does not affect the phosphatase activity of AtBSIké& family members

Since the phosphatase domain of AtBSL2 has been shown to be involved in the association
with AVR2, we examined whether the enzymatic activity of the AtBSLs was affected. All four
members of the Arabidopsis BSlKe family were transiently expressed i benthamiana

in presenceand absence of HAVR2 (Figure ). Western blot analysis confirmed the
interaction between HAAVR2 and RFRBgged AtBSLR but not AtBSUL (fure 12°).

Further, the Cdmmunoprecipitated material was tested for phosphatase activity and we did
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not observe any difference of the catalytic activity of the AtBSLs in the peesbsence of
HAAVR2 (Figure B). These results suggest that AVR2 association with ABShaugh
involving the @erminal part of the phosphatase domain, does not affect thetrinsic

enzymatic activity.
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Figure 12 Phosphatase activity of AtBSUike family members in association with AVRZA) RFRtagged

AtBSL1, 2, 3 and AtBSU1 were transienthexjaressed with HAagged AVR2 ilN. benthamianaIn control
experiments RFRtagged BSUlike phosphatases were esxpressedwith HA empty vector. The eo
immunoprecipitation was performed with anHA agarose and the proteins were analyzed in western blot with
anti-RFP and antiA antibody. The upper panel shows the-lIBoresults and the lower panel shows the
expression levels of RARBSLs and HAVR2.(B) Bar diagram showing phosphatase activity of AtBkél

family members with/without HAAVR2 measured in relative fluorescence light units (RFLU). The phosphatase
assay was performed using Ser/Thr Phosphatase Assay (Promega). RFP and buffer without any
AYYdzy 2LINBOALIAGEFGSR YIFIGSNAIE @6SNBE dzaSR Ay O2yaGNeRf S
biological replicates. No statistical differences have been seen imayeANOVA (p< 0.05).
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3.4 Effect of AVR2 on Bllependent responses in N. benthamiana

3.4.1 AVRZ2 does not affect Bdependent phosphorylation status of AtBES1 expressed in

N. benthamiana
AtBES1 (AtBZR2) and its close homolog AtBZR1 are two key transcription factors in the
regulation of Btdependent gene expression in Arabidopsis, whose activation is controlled by
AtBSU1 and AtBSL1 (Me@arcia et al., 2004, Kim et al., 2009). In order to get insight
whether and to what extent AVRBSLs interaction affects the brassinosteroid pathway,
AtBESAGFPwas co-expressed in presence of GAFR2 in N. benttamiana leaves (Figure
130 ¢KS al YL Sa KIFIgS o6SSy 02ttt SOGSR Fd n |
protein extracts have been submitted to SBAGE gel electrophoresis followed by western
blotting prior immunodetection with antGFP antibody. As already described in Arabidopsis
(Yin et al., 2002), BL treatment induced a shift of the apparent molecular mass of AtBES1
GFP from a phosphorylated (BESGFP) into a dphosphoryated (BESGFP) form (Figure
13). This result indicates that BR signaling is functionaNinbenthamiana In this
experiment, we also tested whether the presence of @&R2 does affect AtBEGEP
phosphorylation statusbut we did not detect a significant difference in response to BL
treatment in comparison to the GFP control. A possible explanation is that tdefindent
de-phosphorylation of AtBES1 is not regulated by the endogenous NbBSLs or that AVR2 does
not associate with the NbBSLs, although we have observed an interaction of AVR2 with both

Arabidopsis and potato BSLs.

TuM BL -
- - GFP-AVR2
&GP

T ER «—BES1-P-GFP
- . «+—BES1-GFP

@GFP

Ponceau S s e ——————

Figure13 Phosphorylation status of AtBS-GFP in presence of GIAYR2 inN. benthamiana AtBESAGFP
was transiently ceexpressed with GFRVR2 or GFP M. benttamiana leaves. The leaf material was collected
Fd n FyYR oK | FiS Bl Thalital (prot&inydxtracisihavié beenksaparated by-F¥REE and
AtBESAGFP phosphorylation status has been analyzed by western blot usingGHfi antibody. Three
biological replicates (#38) were used in the experiment.
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3.4.2 AVR2 does affect the expression level ofiBgulated genes in N. benthamiana.

In contrast to Arabidopsis, thBRsignaling pathwaynd BRinduced responsebave been

poorly investigated inSolanaceaeBased on the analysis of the transcriptome, several
candidate marker genes conserved in Arabidopsis, benthamianaand potato were
differentially expressed in potato treated with BL (Paul Birch, UoD/JHI, Dundee, UK, personal
communication). Among them, were genes of the BR biosynthetic pathway and genes
involved in the control of cell expansion and growth. The expressioN. dfenthamiana
homologues of the Serol reductase (DWF5), Steroid dehydrogenase (SteroidDH),
Xyloglucanendotransglucosylase / hydrolase protein 2 (XTat®) CRYPTOCHROME
INTERACTING BASIC HELIX LOOP HELIX 1 (CIBhavdHER)n investigated in gAPICR
analysis upon treatment with BL and in the presence of-&¥R2 or GFP as a control. Leaf
YFEGSNRAFE ¢l a 02ttt SOGSR FG nX mMH FYR HnK dz
expressing GFP, the expressiorDd¥F5and SteroidDHs downregulatedy BL (Figure4lA,

B), similar to what has been observed in Arabidopsis (Gooda et al., 2002). Wh&VRERs

present, the expression of these gemis slightly induced (Figurd A, B).

Regarding the expression of genes involved in cell expansion/growth, the effect -&\G&P

was less pronounced. The expressionXdi2is induced in both GFRVR2 plants and in
plants transiently expressing GFP, although to a lesser extepteisence of GFRVR2
(Figure 2 C). CIB1 belongs to bHIH transcription factor family, which is induced upon BR
treatment and shown to negatively regulate PTI/MTI in Arabidopsis (Malinovsky et al., 2014).
In the presence of AVR2, the expressiolCtBlwas downregulated 24h after BL treatment
when compared to the GFP control (FigutdD). Altogether, the expression analysis
suggests that AVR2 has an inhibiting effect onr&frlated gene expression iiN.

benthamiana
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Figure 14 QRTPCR analysis showing that AVR2 affects the expression of BR responsive geré¢s in

benthamiana GFPtagged Avr2 was transiently expressed\inbenthamiandeaves. Leaf material was treated

gAGK mxa .[ FYyR O02ftSOGSR G nZ mMH FYR wn K | FGSNJ
experiments. QRPCR data are expressed as fold change (normalization with .a@)n$terol reductase

(DWF9, (B) Steroid dehydrogenaséSteroidDH, (O Xyloglucanendotransglucosylase/hydrolase protein 2
(XTH2, (D) CRYPTOCHROMHERACTING BASIC HELIX LOOP BB1¥HIH63

3.5 Effect of AVR2 on Blependent responses in A. thaliana

3.5.1 AVR2 expressing Arabidopsis plants display characteristic BR mutant phenotypes
The phylogenetic analysiand interaction studies between the BSLs and @&R2 inN.
benthamiana and Arabidopsis protoplasts strongly suggested that the interaction
specificities and molecular determinants involved in the association between the effector
and the BSL-B phosphatases are conserved between the two plant species. This observation
prompted us to further investigate the putative function of AVR2 on BR signaling pathway
and BRregulated responses using transgenirabidopsis thalianaplants expressing
constitutively GFFAVR2. We have obtained phenotypes ranging from severe dwarf to semi
dwarf plants having small and thick leaves with shorter stems and short inflorescence
without viable seeds (Figure L5These characteristics were previously described in BR
insensitive and BReficient mutants includingconstitutive photomorphogenesis and
dwarfisml (cpdl1) (Ohnishi et al., 2012)jeetiolated2 (det2) (Clouse et al., 1998y warf4
(dwf4) (Choe et al., 1998) anorassinosteroid insensitivgbril) (Noguchi et al., 1999) and

would be consistenagainwith AVR2 acting as a negative regulator of BR signaling.
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ﬂ;%?. GFP-AVR2 #2

e ™

Figure15 Phenotype of GFHAVR2 expressind\.. thaliana phnts. Pictures represent the phenotype of two
independent Arabidopsis transformants (#1 and #2) expressing-®AR2 under the control of the 35S
promoter grown in permanent light for 8 weeks. GAYR2 overexpressing plants display severe dwarfism,
curly leaves, short stems and reduced fertility when compared to control empty vector (pGreen_0229) plants
(provided by CWNyY (i a OK 0 ®

3.5.2 AVR2 affects stomata development and patterning

The leaf structure of the GFRVR2 expressing lines was analyzed with differential
interference contrast (DIC) microscopy. The leavethese lines exhibited many clustered
stomata with numerous satellite meristemoids (stomata precursor cellgcadt to guard
cells (Figure 16 which is an indication that the orientation of cell division in the stomatal
lineage is defective in these lines. The abnormal stomata phenotype of theAGRP
expressing plants resembles the phenotype previously described in some efgditoss

of-function BR mutants (Kim et al., 2012, Gudesblat et al., 2012).
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Figurel6 GFPAVR2 expressingrabidopsis plantsshow abnormal stomata patterningMicroscopic analysis
of A: pGreen 0229 DifferentidhterferenceContrast(DIC) microscopyB: GFRPAVRDifferentiatinterference
Contrast(DIC) microscop@Confocal images of GA¥R2lines, 18 Y & Ol £ S o MNB ARROEKR @6 & / d

Notably,the brassinosteroidleficient(det2-1) and brassinosteroidignaling mutants such as

the BRI1 receptor mutar(bril-116), a quadruple mutant for BStlike phosphatasegsuq)

(Kim et al., 2009), a constitutive active BIN2 mutdonZ-1) as well as BIN2 overexpressing
plants BIN20X) have abnormal stomata patterning (Kim et al., 2012), phenocopying GFP

l +wH SELINBaaAy3d LXIyiliad ¢KS ldzZiK2NAQ 02y Of
development and patterning with the BSUlke phosphatases having a negative effect, while

the BIN2 kinase has a positive effect, independent of BZR1, which again is in line with an
inhibition of BSU4ike phosphatases by AVR2.

3.5.3 AVR2 modulates therotein expressionevel of AtGSKBke kinases

Since the observed stomata clustering in @RAR2 expressing Arabidopsis plants could
correlate eventually to an increase of the G$K8 kinase activity, we have grown GA?R2
SELINBaaAy3d ! NN 6AR2LIAAE LXIFyda 2y a{ I 3 N LI
was previously described as an inhibitor of GHkSkinases such as BIN2 and that could
partially revert the stomata phenotype ibin2-1 mutant (Kim et al., 2012). GI/R2
expressing seedlings from two independent lines, ‘BVR2 #1 and GHAVR2#2, showed
reduced stomata density when treated with bikinin, similar to tBen21 mutant or

pGreen_0229 control plants (FiguréA, B).

To further investigate the effect of AVR2 on the GH#IS kinases, we transiently €o
expressed GFRVR2 with all 10 members of the Arabidopsis Glif€¢Xinase family (kindly
provided by C. Jonak, GMI Vienna, AustrialNirbenthamiana The resulting immunoblot
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showed that GFHAVR?2 influences the protein expression level of ¢hAdGSKdike kinases
(Figure B). Myc! { Y1 I YABKI acgubhulate whereas the amount of M@k
decreases (Figure8)l. Unfortunately, this experiment was not conclusive about an effect of
AVR2 on the BINZ2 (or BIN2 level since it was unclear whether these GSKs were expressed

at all. The same applies to AgKigure B).

Based on these results, we propose that AVR2 through its interaction with the BSLs is
regulating the interaction with at least some members of the Arabidopsis @&Kl&nases,
resulting in the activation of stomata development and patterning. AVR2 is behaving as an
inhibitor of the function of the BSLs, although the molecular mechanisms underlying its
mode of action regarding the manipulation of the interaction specificities between the BSLs

and GSKd8ke kinase in Arabidopsis remains to be elucidated.

A:

GFP-AVR2 #1 GFP-AVR2 #2 pGreen 0229 bin2-1

ulunqlg -

unupyg +
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Figure 17 The stomata phenotypein GFPAVR2 expressing plantss partially reversible upon bikinin

treatment. (A) Differential interference contrast (DIC) microscopy images of 2 week oldABRPR seedlings
IANRsY 2y oy a{ YSRAdzZY 6AGK |yR @6AGK2dzi obim-amut@it] Ay A Y ¢
expressing a constitutive active BIN2 have been used as corfBdBtomata count was expressed as % of total
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Figure 18 Avr2 modulates theprotein expressiont S @S f ZABKI anfl XSKk planta. Western blot
showing the expression level of Mi@gged AtGSKs when-eapressed in presence or absence of @MR2 in
Nicotiana benthamianaeaves. The leaf material was collected 2 days aftgrobacteriumtumefaciens
infiltration. The total protein extracts have been separated by -BBSE and the expression m@8Ks and

GFPAVR2 expression has been analyzed by western blot ustitvghgic and antiGFP antibody.

3.5.4 AVRZ2 does not affect the phosphorylation status of AtBES1

Kim et al., (2009) showed in a Y2H assay that 6 among 10 AtGSKs interact with AtBZR1 and
they might be involved in B&ignaling. The effect of AVR2 on the expression level of some of
the GSK3ike kinases prompted us to investigate the phosphorylation status of AtBES1 in 2
week old seedlings of the GIAYR2 #1 and GHVR2#2 lines. GFA/R2 lines were treated
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F2NJ HK g A 0K -tseedlngs.hdve HeghRsed a& & control. Phosphorylation status
of endogenous AtBES1 has been determined by immunodetection as described in 3.4.1 using
an antibody raised against AtBES1. In untreated-®HAR2 lines and the wild type control,

both a major phosphorylated (BE®) and minor dghosphorylated (BES1) form of AtBES1
were detected in the afence of BL treatment (Figure )19n Blireated seedlings the de
phosphorylated form of AtBES1 has accumulated in both-AFAR2 and Cdl plants (Figure

19). These results confirm previous experimentsNn benthamiana suggesting that the
association of GFRVR2 with AtBSE31 has no influence on the Begulated
phosphorylation status of AtBES1 and that this transcription factor is probably not involved

in stomata biogenesis.

GFP-AVR2 Col 0
#1 #2
- + - + - + BL
p— s wssss Ponceau S

— — . —BESLP
——— — - B — EEs1

Ab@GFP Ab@ BES1

!

- GFP-AVR2

Figure 19 Phosphorylation status of AtBES1 in GARWR2 expressing Arabidopsis seedlings weekold

I N} 0AR2LJAA& aSSRftAy3a 6SNBE GGNBFGSR gAGK mnxa . [ D [
Protein extract was separated by SBAGE electrophoresis and subsequently analyzed by western blot with
anti-BES1 antibody. The expression of ®@WE2 was demonstrated with anGFP antibody. Wild type Col
Arabidopsis seedlings were used as a contnah\joled by CWNy (i 8 OK 0 ®
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3.6 Effect of AVR2 on MTI/PTI responses in N. benthamiana

3.6.1 AVRZ2 does not suppress flghduced early immune responses in N. benthamiana

Nearly all the RXLR effector proteins that have been characterized so far block MTI/PTI
responses, which enables successful colonization of the host plant (Stassen and Van den
Ackerveken, 2011, Zheng et al., 2014, Anderson et al., 2015). Recently, it has been shown
that there is a crosstalk between BiRynaling and plant immune responses in Arabidopsis.

BR was shown to negatively regulate MTI/PTI responses. BL pretreatment of Arabidopsis
seedlings as well as plants expressing constitutive active BZR1 showed reduced flg22
mediated ROS burst (Albrecht et al., 2011, LogamzNd y S | f & HaAMoO ® |
with BSU1like family members involved in Bignaling, we decided to investigate the

impact of AVR2 on plant immune responseslirbenthamiana

For this purpose, we expressed transiently AVR2Ninbenthamianaleaves and after
elicitation with flg22, a genuine MAMP derived from bacterial flagellin, we measured the
posttranslational activation of immunitassociated MAP kinases, the induction of the
production of Reactive Oxygen Species (ROS) and the expression of Midie&t marker
genes (Figure 20 No difference in the kinetic and intensity of MAPK activation was
observed between plants expressing GKRFR2 and the control (Figure 2D Similarly, AVR2
showed no influence on the flgaBduced ROS burst, commable to the control (Figure
20B). By contrast, th®. syringaeffector AvrPto, a welknown suppressor of early MTI/PTI
signaling, had a strong suppressing effect (Figld®). Several reporter genes for MTI/PTI
induction inN. benthamianajncludingPti5 and Acre31were previously described (Nguyen
et al., 2010). QRPCR analysis showed that AVR2 does not influence the expressiib of
and Acre31in N. benthamianaupon treatment with flg22 (Figure 20).In parallel to AVR2,
empty vector and AvrPteexpressing plants were used as negative and positive control for

the suppression of flg2ihducedPti5and Acre31 expression, respectively (Figure @
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Figure20 AVR2 does not suppress flg22duced MTI/PTI responses Nicotiana benthamiana (A) AVR2 and

P19 were transiently expressed i benthamiana] S F YIF G SNALFf 61 & GNBIFGSR 6AGK
0, 10 and 20 min after flg22 treatment. Protein extracts were subsequently separated #P/SEFS and
immunoblotted against angpp44/pp42 MAPK antibody(B) Oxidative burst triggered by 100nM flg22
measured in luminebased assay upon transient expression of AVR2 and empty vector were transiently
expressed inN. benthamianaleaves.(C) AVR2, empty vector and AvrPto were transiently expressed.in
benthamiana] SI ¥ YF GSNALFEt gl & GNBFIGSR gAGK mxa Ff3Iww YR

The expression level 8fCRE3andPTI5was analyzed with gene specific primers and normalized to actin.

3.6.2 AVR2 does not suppresgmegaspermin induced early immune responses in. N
benthamiana

Elicitins comprise a family of small, conserved proteins secretedPtbptophthoraand
Pythiumspp. that induce MTI/PTI in tobacco, often associated with a hypersensitivdiKelR)
cell death (reviewed in Kamoun, 2007). Elicitins trigger ethylene production, PR protein
accumulation and ROS burst (Derevnina et al., 2016). It was shown that AVR3a, another
RXLR effector protein fron. infestanssuppresses elicitin (INFh)ediated HR inN.
benthamiana(Bos et al., 2010, Gilroy et al., 2010). Since flg22 is a bacterial MAMP, and to
exclude the possibility that AVR2 is a specific suppressor of early MTI/PTI signaling induced
by a MAMP originated from an oomycete, we expressed transiently the effectd. in
benthamianar Y R A Y RdzOSR SI NI & a ¢ L krhegasperhiB, andiofia S a
from Phytophthora megaspermgBaillieul et al., 1995). However, like with flg22 treatment,
S RAR y20 20 4aSNDfeghaspeRiaRdicBNNBAPIO & tivatigh, RDE &nd |
ethylene production between the plants expstisg GFP and GIA®R2 (Figure 2A-C).

64



Results

Altogether, these data suggest that AVR2 does not suppress ubiquitous events of early

MTI/PTI signaling iN. benthamiana
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Figure 21 GFP! + wH R2Sa vy 2 inegaspaindimihdBcid MTI/PTesponses in Nicotiana
benthamiana (A) GFPtagged AVR2 was transiently expressedNinbenthamianalLeaf material was treated

GAGK wmMaABHE aLISNXYAY |yR 02ff SO0 S Rnedasperminztreatment. IPy6tRin H 1Y
extracts were subsequently separated in SESSE and immunoblotted against ap#i4/p42 MAPK antibody.
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Plants expressing GFP were used in control experiniBph EA Rl G A @S 6 dzNA (i -nietEkparmiSs NS R 6
measured in luminebased assay upon transient expression of -@giged AVR2 ilN. benthamiandeaves.

Plants expressing GFP were used in control experim@D}&FPAVR2 and empty vector (P19) were transiently
expressed inNicotiana benthamiangplantss G NB I SR gnkghdpermnnfor y3ah amnd tested for

ethyleneinducing activity.

3.6.3 AVR2 suppresses IN#iduced cell death ilN. benthamiana

We investigated whether GF&RVR2 can suppress the ke cell death triggered by some

St A O Aniedagparmin révealed to be a poor inducer of cell deatN.ibenthamianaand
therefore, we carried out Agrobacteriimediated ceexpression of GFRVR2 and INF1, an
elicitin fromP. infestansand checked for suppression of the-lke cell death. This assay is
routinely used to assess the suppressing activity of RXLR effectors -gfdated MTI/PTI
events (Gilroy et al., 2011). GANR2 significantly suppressed INRduced cell death when
compared to GFP control (50 vs 85% of necrotic sites) but was not as effective-ay &¥&
(<20% necrotic sites), used as a control in this experiment (FRRremportantly, GFP
AVR2 deletion mutants lacking the 18 amino acid at thter@inus (6999) or the
phosphatase inhibitor motif @@ MT nYY[-eaM1 YR[ WInYDO X GKAOK RATH
AtBSL2 (chapter 3.2.2), were also unable to suppress-iididiated cell death, providing
correlative evidence that the BSLs are involved in the control of this mechanism and that a

virulence function of AVR2 consists to interfere with late MTI/PTI responses.
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100

INF1 Cell Death (%)

Figure22 Effect of deletions in AVR2 effector protein on INF1 induced cell deatNicotiana benthamiana

The bar diagranshows the percentage of infiltration sites showing clear HR at 7dpi aftexpmession of GFP
tagged AVR2 deletion constructs with INF1. - BVR3a or GFP were-egpressed together with INF1 in control
experiments. Experiments were repeated 3 times each with no less than 5 plants. Error bars represent SEM.
*denote statistical significance (p<0,01) in eway ANOVA. Images represent development of {MBliced

cell death upon cexpression of GFRVR2 deletion constructs with INF1.

3.7 Effect of AVR2 on MTI/PTI responses in Arabidopsis thaliana

3.7.1 AVRZ2 does not suppress flgduced early immune responses in Arabidopsis
MAMPtriggered early immune responses were also tested in Arabidopsis transgenic lines
expressing GFRVR2. MAPK activation, ROS production BRKlexpression have been
measured in 4 weekld leaves upon induction with 100nM flg22 and, like M
benthamiana no difference in the activation of these early immune responses was observed

between GFFAVR2 and pGen_0229 control lines (Figure 23C).
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Figure 23 GFPAVR2 does not suppress flg2@duced MTI/PTI responses in ArabidopsigA) Arabidopsis
plants expressing GFR2 and pGreen_0229 control plants were treated with 100nM flg22 and leaf material
was collected at 0, 10 and 20 min after flg22 treatment. Protein extracts were separated HyA®BSand
immunoblotted againstanti-pp44/pp42 MAPK antibody(B) Oxidative burst triggered by 100nM flg22
measured in luminebased assay in GER/R2expressing plants. Contr@Green_0229 plants were used in

control experiments(C) GFPAVR2 plants and empty vector pGreen_0229 control plants were treated with

Mmka Ff3Iwnw YR O02fftSOGSR G n | yR ™ HFRKiag an@ljekd®Wwittd v G

gene specific primers and normalized to acti

3.8 AVR?2 affects the resistance/susceptibility to pathogens in Arabidopsis
Several independent studies showed that the expression of many RXLR effector genes is up
regulated during the prenfection and biotrophic stadium dP. infestananfection, at the
site where the haustorium is formed (Whisson et al., 2007, Haas et al., 2009, Van Poppel et
al., 2009). AVR2 belongs to the category of RXLR effectors that are expressed during early
stages of the infection (Gilroy et al., 2011). The expression pattern of AVR2 suggests that it
plays an important role in the biotrophic phase of host adaptation. In order to test whether
AVR2 expression affects the resistance/susceptibility of Arabidopsis to common pathogenic
microorganisms with different life styles, we did infection assays with (hemi)biothrophic and

necrothrophic microorganisms.

3.8.1 AVR2enhances Arabidopsis susceptibility to Pseudomonas syringae pv tomato
DC3000
Two independent Arabidopsis lines overexpressing-&¥HR2 as well as two GFP control
lines were spray inoculatdd & RS & ONX 6 Svigh PAsyringdeviomatoDE 000 (Pto
DC3000), a hemibiotrophic pathogen of Arabidopsis and the bacterial growth was measured
at 0 and 3 days after infection. The data showed that-B%¥R2 expressing plants display
increased susceptibility to Pto DC3000 by approximately 1 log cfuleaf disc when
compared tathe control GFP lines (Figure)24
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Figure24 Arabidopsis GFHRAVR2 expressing plants are more susceptible to Pto MO3Deaves of 4 week old
GFPAVR2 expressing lines and control empty pGr@229 control lines were infected witHPto DC3000 and
bacterial growth was measured at 0 and 3 days post infection and represented as log?dedfmiscs. The
experiment was repeated tree times with similar results. Error bars represent SEM. *denote statistical
AAIYAFAOLIYOS oHastnInp0 Ay {GdzRSyGQa

3.8.2 AVR2 enhances Arabidopsis susceptibility to Phytophthora capsici

To gain further insights in the role of AVR2 in resistance/susceptibility inpadisbgen
interactions, the GFHAVR2 expressing lines were infected wlhytophthora capsici
another hemibiothrophic pathogenP. capsicis not described as a natural pathogen of
Arabidopsis but it has been adapted and can colonize this plant species under highly
controlled laboratory conditionsWang et al., 2013). A P@Bsed approach with primers
specific to P. capsiciinternal transcribed spacer regions and primers specific to the
Arabidopsis Rubiscowas used to measure the relative biomass Bf capsici.PCR
quantification revealed that the growth &. capsicivas significantly higher in the GRYR2

expressing lines in comparison to the p@neempty vector lines (Figure Z5 D). Moreover,
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the lesions on GFRVR2 lines were larger than on the pGreen_0229 control lines (PG1 and

PG2) at both 2.5 and 3.&ys after inoculation (Figure 25 B).

c .
pGreen_0229 GFP-AVR2 10
#1 #2 #4 #3 #2 #1 $
RQ 6
. "
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# O#2 | #4 #3 #2 #1
pGreen_0229 GFP-AVR2
2.5 dpi
d ;
RQ 4 I I
#1  #2 | #4 #3 H2  #
pGreen_0229 GFP-AVR2
3.5 dpi

Figure25 Arabidopsis GFAVR2 expressing plants are more susceptiblePtocapsicLT2636 week old leaves

of four independent GFRVR2 expressing linesd two pGreen_022gontrol lines (PG1 and PG2) were drop
inoculated withP. capsicLT263 strain(a, b)Lesions on Arabidopsis leaves at 2.5 and 3.5 days post inoculation
(dpi). Relative quantification (RQ) Bf capsicbiomass was measured at 2.5 dp) and 3.5 dpi(d) with gRF

PCR. The experiment was repeated twice with similar results (provided by Yan Wang, Francine Goovers lab,

Wageningen University, The Netherlands).

3.8.3 AVRZ2enhances Arabidopsis resistance to Alternaria brassicicola

The results obtained by testing hemibiotrophic pathogens in Arabidopsis and the
observation that AVR2 suppresses INkduced cell death itN. benthamiana prompted us

to hypothesize that AVR2 has a general effect on delaying or attenuating apoptotic or
necrotic processes. In general, such cell dgattmoting processes are favoring the growth

of necrotrophic microorganisms. Therefore, we infected BMR2 Arabidopsis plants with
the necrotrophic fungal pathogeAlternaria brassicicolaDisease symptoms were measured
up to 13 days fer drop inoculation (Figure 36 The disease index of the GRARWR2

expressing lines was significantly lower than empty vector pGreen 0229 lines after 13 days,
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indicating that AVR2 is increasing the resistance of Arabidopsi. torassicicolavhen
compared to control empty vector pGreen 0229 lindhese results together with the
previous infection assays with the hemibiotrophic bacterta PC300 and oomycet®.
capsicj indicate that very likely, AVR2 plays a role in the doggulation of hostinduced
mechanisms leading to cell death, providing support for host colonization during the

biotrophic phase of the infection.
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GFP-AVR2 pGreen_0229 GFP-AVR2 pGreen_0229

Figure26 Arabidopsis GFRAVR2 expressing plants are more resistant to Alternabpiassicicola Leaves of 4

weekold GFPAVR2 expressing lines and two pGre@229 control lines were drop inoculated with.
brassicicolawith 5kl droplets of spore suspension (1¥&pores/ml). Fungal growth was measured at 7, 10 and

13 days upon inoculation and represented as disease index values. The experiment was repeated three times
GAGK AAYAT I NI NBadzZ Gad 9NNBNI o NE NBLINS&aSydfest{ 9ad F RS

3.9 AVR2 expressing Arabidopsis plants display higher level of JA
Plant hormones are known not only as modulators of developmental processes but also act
as signaling molecules in plant defense responses (Shigenaga and Argueso, 2016). The role
and importance of salicylic acid (SA), jasmonate (JA) and ethylene (ET) crosstalk in plant
defense has been extensively studied and their interactions in disease control become

increasingly understood (Spoel and Dong, 2008, Rebeitaniantz et al., 2011). A general,
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simplified view is that the JA/ET pathway participates to resistance toward necrotrophic
pathogen, whereas the SA pathway is more important for the control of biotrophic
pathogen. JA is described as an antagonist of SA signaling and a negative regulator of
immune responses in regard to biotrophic pathogens (Shigenaga and Argueso, 2016). Our
pathoassays showed that AVR2 contributes to susceptibility towards hemibiothrophic
pathogens and increased resistance towards necrotrophs. In order to see whether the
resistance/susceptibility phenotype was correlated with changes in the profile of plant
hormones, we measured the level of SA, JA, IAA (ifglaleetic acid) and ABA (abscisic acid)

in Arabidopsis GFRVR2 expressing plants at 0, 1 and 3 daysr ahfection with Pto
DC3000.

Technical problems during @S analysis preveat the measuremenbf accurate and
trustful values othe SA level in GFRVR2 and pGreen0229 control plaated theefore, it is
not possible to establish a possible correlation between reduced levels of SA and a higher

susceptibility to PstDC3000 of GAFR2 expressing lines

The JA level was 4 x higher in @fHAR2 plants (200 ng/g fresh weight) in comparison to
empty vector lines (50 ng/g fresh weight) (Figur@AR However, 1 day after Pto DC3000
infection, we observed a decrease of the JA content in&HAR2 (57128 ng/g fresh weight)

as well as in the control empty vector (60 ng/g fresh weight) lines but, the JA level was

still 3-6 fold higher in GFRWR2 than in GFP plants (FigureAR7JA accumulation caused by
AVR2 expression can be considered as advantageous for (hemi)biotrophic pathogens such as

P. syringa®r P. infestansince JAsignaling antagonizes S#duced defense responses.

GFPAVR2 had slightly higher 1A&vel than control pGreen 0229 plantsdaty 0 (5557 ng/g

FW and 4246 ng/g FW respectivelyFigure 27B)It has decreased on thestlday after
infection in GFFAVR2 plants (338 ng/g FW), what can be a result of the defense
mechanism activation against Pto DC3000. On thel&@y after infection however, IAA level

was significantly higher in GIAYR2 expressing plants as in control pGreen 0229 plants
(203206 ng/g FW and 9202 ng/g FW respectivelyffigure 27B)Auxin accumulation in
Arabidopsis plants overexpressing GKFR2 is beneficial for biotrophic pathogens.
Biotrophic and hemibiotrophic pathogens suchPasyringaere known to upregulate auxin
signaling to promote disease development and suppress SA signaling (Kazan and Manners,

2009, Jones et al., 2011, Kunkel et al., 2013).
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In the case of ABA, both GAWR2 plants as well as control pGreen 0229 lines showed
higher levels 3 days after infection (:&88 ng/g FW and 14044 ng/g FW respectively)
(Figure 27C)Zabala et al. (2008) showed that ABA increases in Arabidopsis upon infection
with Pto DC3000 and suppresses SA biosynthesis ande8iated defense responses.
Furthermore Arabidopsis ABA deficient mutaita3-1 was shown to be less susceptible to

oomycete pathoger. arabidopsidigFan et al., 2009).

The hormone studies showed thAlVR2 expression in Arabidopsis leads to increésesls
of JA, ABA and IA#hich correlatewith the higher susceptibility of AVR2 expressing plants

to PtoDC30@hrougha possible attenuation of S#ediated responses.
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Figure27 Hormone levels in Arabidopsis GH#®¥r2 plants before and after infection with Pto DC3000week

old GFRPAVR2 expressing amusreen_022%ontrol lines were infected with Pto DC3000. Leaf material was
collected before and after infection and hormone levels were measured witMGCFor every time point and

line 3 replicates were performed. Error bars represent SEM. *denote statistical significance (p<0,05) in
{GdzRSYySDE @2 1d tSHad 2yS SyLlie @SOG2N) f AyStestpo RSy 2 ¢(
both pGreen_0229%ines.,A: Jasmonic acid: IAA,C. Abscisic acid.

3.10 AVR2 expressing Arabidopsis plants display large transcriptome changes
GFPAVR2 expressing plants display phenotypes corresponding tmsBRsitive or BR
signaling mutants associated with enhanced susceptibility to (hemi)biotrophic pathogens. In
order to better understand which signaling pathways and metabolic networks are affected

by AVR2, we performed a transcriptome analysithefGFPAVR2 expressing lines.

This analysis revealed that 2060 genes are differentially expressed {A\GEPplants when
compaed with thepGreen_0229 contrdines (Figure 28 This number includes 1373 genes
that are upregulated and 687 downregulated genes. The biggest GO annotated groups for
which we observed differential expression, contain genes that are related to general RNA

and protein metabolism. However these genes areciearly linked to BRignaling.

Many of the identified genes encode transcription factors belonging to different families
such as WRKY, MYB, bZIP and bHIH transcription factors, which modulate different

developmental processes and control responses to biotic and abiotic stresses (Tsuda and
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Somssich, 2014). From the selected transcription factors, the one belonging to bHIH family
are most abundant. Several of the-bpgulated genes in this group are involved in stomata
differentiation (table6). Recently SPEECHLESHRCH)MUTEand FAMA(FMA have been
shown to positively regulate stomata lineage development (Gudesblat et al., 2012). An
increase of the expression of these may account for the abnormal stomata patterning,
observed in GFRVR2 expressing plants. Other-tggulated bHIH transcription factor
genes:BR ENHANCED EXPRESS(BBEE2, BEE3, BIMBnd PACLOBUTRAZOL RESISTANCE1
(PRE]), are encoding for BResponsive TFs involved in hypocotyl elongation. Nevertheless,
the two masterregulators of BR pathway (BZR1 and BZR2/BES1) were not differentially
expressed in GFRVR2 expressing plantélso previously examined iN. benthamiana
brassinosteroid biosynthesis includindWF5 steroid dehydrogenase (SteroidDH)
Xyloglucanendotransglucosylase / hydrolase protein 2 (XoH2)assinosteroid responsive
bHIHCIB1were not identified in our transcvriptome analysis to be differentially expressed in
GFPAVR?2 plants. Furthermorthe Arabidopsis GSHKike kinases were not found in our
microarray dataanalysisalthough the protein level ofsome of themwas affected in

presence oAVRAn transient expression assaysNinbenthamiana

Among upregulated genes, several are invell in defense responses (Tabl¢ @hese
include several genes encodingathogenesigelated proteins andantimicrobial small
proteins and peptides such as thionins adefensirs (Silverstein et al., 2005, Sels et al.,
2008), induced by JA and EBkveral upegulated defensassociated geneare involved in

JA biosynthesis, includirig-oxophytodienoate reductasend allene oxide cyclase, JARA
amido synthetasg which can explain the elevated JA level in B¥R2 expressing plants
The downregulated genes include AtCYP&Bich knockout mutant has been reported to

be more susceptible t&. syringa€Pogorelko et al, 2014a CENBLRR which recognizes the
effector ATR391L from H. arabidopsisdisn Wet0 ecotype (Goritschnig et al.2012) and
defensinglike (DEFL) family protein which has been previously reported to be -down

regulated uporP. syringaenfection in Arabidopsis (Tesfaye et al., 2013).

The transcriptome analysis Arabidopsigevealed that AVR2 modulates several signaling
cascades on the transcriptional level. The biggest group is represented by TFs which belong
to bHIH family and several of them related to brassinosteroid signaling and/or stomata

development. AVR2 through association with BSLand further so far unknown
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downstream signaling events affects these TFs. However their role in plant immunity needs

further elucidation.

Functional class Number of differentially expressed genes
Light Perception ‘ 5
Major CHO Metabolism F 27
Glycolisis

Fermentation

Gluconeogenesis

TCA Cycle

Mitochondrial Electron Transport

Cell Wall % 34
|

AW =N

Lipid Metabolism 44
N-Metabolism 1
Amino Acid Metabolism 21
S-assimilation 2
Metal Handling 8
Secondary Metaboism 25
Hormone Metabolism I 60
Co-factor Metabolism 8
Tetrapyrole Synthesis 3
Stress Response E 79
Redox Status | 16
Polyamine Metabolism 3
Nucleotide Metabolism | 14
Biodegradation of xenobiotics 4
C1 Metabolism 1
RNA Processing - 287
DNA Synthesis 54
Protein Metabolism 250
Signalling H 107
Cell Organization 44
miRNA 32
Development l 73
Transport 76
Unspecified 675

Figure28 Transcriptome analysis of GFR®VR2 expressing plant85S::GFHAVR2 plants were grown in short
day conditions.Total RNA was isolated fralhnweeks oldGFPAVR2 plants and pGreen 0229 control plants
grown in short day conditions wasent for transcriptome analysi€hart shows abundance of differentially
expressedat least 2 fold differenthan thecontrol pGreen 0229 lineShS::GFHAVR2 expressing grouped into

different functional classes. Analysis was performed with MapMan Software.
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Table6 Selected genes and the@ixpression levels in GFPVR2 expressing plants

Gene name Process Gene accession Fold change

MUTE (bHIH TF family) Stomata formation at3g06120.1 15,826137
SPCH (SPEECHLESS, bHIH TF family) at5g53210.1 8,033317
FMA (bHIH TF) at3g24140.1 3,7594788
POLAR (WRKY TF family) at4g31805.1 42,93739
BAS1 (PHYB ACTIVATION TAGGED SUPPRESSOR 1) BR synthesis/signaling at2g26710.1 43,612133
PRE1 (PACLOBUTRAZOL RESISTANCE1, bHIH TF family) at5g39860.1 10,251007|
SQE2 (squalene epoxidase 2) at2g22830.1 3,1898513
BEE3 | BEE3 (BR ENHANCED EXPRESSION 3, bHIH TF family) atlg73830.2 3,160635
BRH1 (BRASSINOSTEROID-RESPONSIVE RING-H2) at3g61460.1 2,6981974|
DWF3, CYP90A1 | CPD (CONSTITUTIVE PHOTO MORPHOGENIC DWARF) at5g05690.1 2,6618285
BEE2 (BR Enhanced Expression 2, bHIH TF family) atdg36540.1 2,6279106
BIM3 (BES1-interacting Myc-like protein 3, bHIH TF family) at5g38860.1 2,2372422
ACS8 | ACS8; 1-aminocycl opropane-1-carboxylate synthase Ethylene synthesis/signaling atdg37770.1 30,58587|
ATERF-1 (ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR 1) atdg17500.1 8,085126
ATERF15 (Ethylene-responsive element binding factor 15) at2g31230.1 0,2324255
ACS6 (I-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID (ACC) SYNTHASE 6) at4gl1280.1 0,2674482
MARD1 ABA synthesis/signaling at3g63210.1 14,451942
AP2 at5gb1590.1 12,236939
ABF4 (ABRE BINDING FACTOR 4) at3g19290.3 2,1088495
ABF2 {ABSCISIC ACID RESPONSIVE ELEMENTS-BINDING FACTOR 2) atlg45249.3 0,4932573
PING Auxin synthesis/signaling at2g01420.2 3,2092545
PIN3 (PIN-FORMED 3) atlg70940.1 2,4156427
AFB3 (AUXIN SIGNALING F-BOX 3) atlg12820.1 2,0387561
PINS (PIN-FORMED 5) atsgle530.1 0,21552262
JAZ3 Jasmonate synthesis/signaling at3g17860.1 7,4837193
AtTCP14 at3g47620.1 5,311182
AOC2 (ALLENE OXIDE CYCLASE 2) at3g25770.1 3,022003
12-oxophytodienoate reductase atlg17990.1 2,7030356
12-oxophytodienoate reductase atlg18020.1 2,6666212
JAR1 (JASMONATE RESISTANT 1) at2g46370.4 0,3951682
THI2.1 (THIONIN 2.1); toxin receptor binding Defense responses atlg72260.1 24,746202,
pathogenesis-related family protein atlg78780.2 12,564996
WRKY28 at4g18170.1 10,862265)
defensin-like (DEFL) family protein atlg64195.1 9,49313
PROPEP4 | PROPEP4 (Elicitor peptide 4 precursor) at5g09980.1 9,011107|
systemic acquired resistance (SAR) regulator protein NIMIN-1-related atdg01895.1 7,981215)
PAD4 (PHYTOALEXIN DEFICIENT 4); lipase/ protein binding / triacylglycerol lipase at3g52430.1 7,80937
MLO6 (MILDEW RESISTANCE LOCUS O 6) atlgs1560.1 5213156
MKS1 (MAP kinase substrate 1) at3g18690.1 2,8270638
HLS1 (HOOKLESS 1) at4g37580.1 2,411596
SEP2 (STRESS ENHANCED PROTEIN 2) at2g21970.1 0,371724]
Encodes a defensin-like (DEFL) family protein atbg18407.1 0,10996493
PIL5 (PHYTOCHROME INTERACTING FACTOR 3-LIKE 5, bHIH TF family) Response to light at2g20180.2 6,4529414
FIL1 (PHYTOCHROME INTERACTING FACTOR 3-LIKE 1, bHLH TF family) at2g46970.1 3,3035896
PIL6 {(PHYTOCHROME INTERACTING FACTOR 3-LIKE b, bHIH TF family) at3g59060.2 2,39055
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4 DISCUSSION

In this work | have tried to characterize the mode of action in the plant cell oRX&FEER
effector protein AVR2 from the oomycete pathogdéthytophthora infestansThrough
different approaches that were performed in different labsy2H screeby our collaborator

Paul Birch (JHI, DundedJR and mmunoprecipitation experiments in Arabidopsis
protoplasts followed by L®ISMS revealed that AVR2 associategth plant ser/thr
phosphatases belonging to théRI1 SUPPRESSORKE PHOSPHATASE)(B&lily. The

role of some BSL members as positive regulator of brassinosteroid signaling in plant growth
and development is well known. A comprehensive interaction study between AVR2 and the
Arabidopsis andN. benthamiama BSLs has shown the existence of very specific interaction
specificities with the importance of the hinge region and phosphatase domain for the
interaction and the absence of interaction with BSU1, a ser/thr phosphatase, only detected

in Arabidopsis so far.

In the second part of my thesis, | hawxamined the effect of AVR2 on typical
brassinosteroid andMTI responses in Arabidopsis ahd benthamiana Although, AVR2
expressing Arabidopsis plants can display a very strong developmental phenotype, typical
brassinosteroieregulated markers with the exception of stomata development were not
affected. Also early MTI signaling was not diminished, yet AVR2 behaves as a virulence
factor, increasing plant susceptibility to bacterial pathogens. By contrA$tiR2 expression

In N. benthamiana affectsthe expression o0BR marker genes. Similarly to Arabidops
influence was observed osarly MTI signalingresponsesin N. benthamiana but AVR2
inhibits INFimediated cell deattand promotes P. infestans growthn my study | provide
strong evidence for a physiological relevance of ABRR interaction but whether and to
what extent this interaction impacts Brassinosteroid and/or immune response remains
elusive. How the AvrBSL interaction is contributing tB. infestansinfection and the

underlying molecular mechanism is still obscure
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AVR2BSL interaction specificities

BSL1, 2 and 3 belong to the family of Kdiké protein phosphatases. In Arabidopsis there is
a fourth member of PPKL famiBSU1 found exclusively BrassicaceaeNo interaction has

been observed between BSU1 and AVR2 in our experiments.

Our structurefunction analysis performed with AVR2 and several deletion constructs in
amino acid sequence of BSL2 revealed thathinge region andhe putative phosphatase
domain are required for interaction between BSL2 and AWRPlanta The alignment
between the BSUlike family members showed that BSU1 lacks a hinge region bettheen
Kelch domain and phosphatase domairich could explain the lack of the interaction with
AVR2. Howevefurther interaction analysis revealed that replacing the phosphatase domain
of BSL2 with the phosphatase domain from BSU1 also did not led to the interaction of the
chimera proteinwith AVRZdata not shown)Ne have identified amino aci@1-1018 within

the putative phosphatase domaiof BSL2 to be requirefbr the interactionwith AVR2A
sequence comparison of the phosphatase domain of BSU1 and rB&ded significant

differencesof the amino acid sequence the Gterminal part.

The interaction specificity analysis showed also that the minimal fragment of AVR2 required
for the interaction with BSL2 Iecated at the @erminal region of AVR2. This 17 amino acid
region comprises two characteristic motilSKLV and LKIK&nd deletionof either one of

them leads to abolishment of the interaction with BSL2. Receriyn et al. (2016have
shown thata similar motif KKVl present in BSUlike family memberspromotes their
homo-oligomeiisation. Furtheythe authors have showthat the KKVI motif is required for
BSUL1 function and theffective BIN2 dephosphorylatian viva In this work | have shown

that a domain comprising aa 6@563 of BSL2 is required for the interaction withVR2.
However we cannot rule out that interaction domain may extend beyond this domain,
including the KKVI motif which corresponds to aa -664 in the sequence of BSL2.
However, our interaction studies suggest that the KKVI motif alone would not be sufficient
for the interaction with AVR2. We emitted the hypothesis that AVR2, through its interaction
with the BSLs, is either stabilizing or preventing the formation of oligomers and therefore
affects the activity or substrate interaction but no difference on the oligomerisation

between BSUlike phosphatases was observed uponesgpression with AVR2 (Paul Birch,
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personal communication)still, it would be very interesting to test the interaction between
Avr2 and &k KKVI BSL2 mutant. Ultimately, a 3D structure of the AB&R2 complex would

give a better insight which amino acid residues are crucial for the interaction
complementing our structure function analysi®An attempt to express and purify
recombinant AtBSL2 and AVRZirolifor co-crystallization studies had been initiated by N.
Wagener in our lab but the expression of AtBSL2 was very difficult. In a future approach, the
expression of the minimal sequence of AtBSL2 required for the interaction with AVR2 (aa
602-1018) could help to overcome this problem. In the case of AVR2, a synthetic peptide

corresponding to the last 18 amino acid could be sufficient fecrystallisation.
What influence has AVR2 on Bignaling?

AtBSU1l andAtBSL1 have been shown to act as positive regulators of brassinosteroid
signaling in Arabidopsis (Mof@arcia et al., 2004, Kim et al., 2009). The rol&t&SL2 and
AtBSL3n Arabidopsis remains unknow®ur investigations showed that AVR2 did atier

the phosphatase activity of the BSUlke family memberswhen coeexpressedin N.
benthamiana An additional experiment would consist to measure the phosphatase activity
upon treatment with BL.However no changean AtBSU1 andAtBSL2phosphatase activity

has been observeth response to BL without AVR2 and it is very unlikely that a difference

will occur with AVR2

In presence of BLBSU1 and BSL1 were shawmlephosphorylate and inactivathe GSK3

like kinase BINZKim et al., 2009) It is hypothesized that BL increases the affinity of the
BSU1llike phosphatases towards BINZ2. Further mass spectromatrglysisfor post
translational modifications of the BSLs praord after BL treatmenand in the presence or
absence of AVR®ould bring us a step closer in understanding h8wWR2 is manipulating

the biochemical function of the BSLs.

Through its interaction with the BSLs, AVR2 influencesldp@ndent formation stomata

development and patterningKim et al. (2012) proposed a model in which active BIN2
phosphorylates and inactivats YDAa MAP kinase kinase kinase that is negatively regulating
stomataformation. The authors have shown that bikinin is counteracting the effect of BINZ2.

Similarly, in our study, bikinin was counteracting the effect of AVR2.
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Taken together thseresults indicate thatin presence oAVR2 BIN2activity increasesWe

have received an antibody from Milipore capable to detect BIN2 phosphorylated at Tyr220,
an important residue for BIN2 activity. Unfortunately, we were not able to detect this
protein in Arabidopsis (data not shown). The alternative approach which consisted to study
the effect of AVR2 on GFP/myc tagged BIN2Nn benthamianatransient assays were
inconclusive, also because we struggled to detect BIN2 protein expressiother
experiments should investigate the phosphorylation status of YDA in AVR2 expressing plants

to seef it is inactivatedwhichwould correlate with tle observed excess of stomata

The present model of BRignaling concentrates on BIN2 as a key @iRKXinase which
negatively regulates BR pathway by phosphorylating and targeting BZR1/2 for degradation.
Recent studies however showed that not only BIN2 but also other -&KRinases are
Ay@2t @SR Ay GKS . w airdaylrtiay3a LIFdGKgled Li
LIK2ELIK2NBE 0S8 . wmX . 9{mMX YR .91H owz2l K2
BZR2 transcription factors in Y2H screen (Youn et al., 2013). In this work all 10 members of
Arabidopsis GSKike kinase family have been -expressed in presence and absence of
l+wH AY (20l 002 tSI@gSad Ly LINBaSyoS 2F | gNJ
and MycASK decreases what can be a consequence of AB8R interaction. AVR2 may
influence the interaction between BSUike phosphatases and GSK& kinases other than

BIN2. However no study so far showed that they are substrates of-B&UJihosphatases.
Further in vitro kinase assays upornexpression of the GSKiRe kinases in presence and
absence of AVR2 would clarify the influence of AVR2 on the-l&8K38nasesHomologues

of all Arabidopsis GSKs were found W benthamianain BLAST searciThe protein
sequence identity between Arabidopsis aml benthamianaranged from 680%. Also

genetic studies based on the single or multiple gaind lossof function GSkBke kinases
mutants would answer the question if AVR2 is activating or suppressing the-li&&SK3

kinases.

In recent studies, BZR1 has been proposedplay a key role at the cross section of
Brassinosteroid and ImmunesponsegLozaneDuran et al., 2013).BZR1 and BES1 share
88% of amino acid sequence identignd were often considered as having largely
overlapping function.Protein blast search performed with Arabidopsis BZR1 and BES1

protein sequences againgdl. benthamianadatabase resulted inthe identification of
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NbBZR1/BES1 homologughich share 87% and 81% similarity with ArabidopsiZR1 and
AtBES1respectively. In light ofthe role of BZR1 as ositive regulator of brassinosteroid
responses andiegative regulator of MTI responses in Arabidopsigould be necessaryo

test the phosphorylation status of BZR1 presence of AVR2in both Arabidopsis and\.
benthamiana. In Kim et al (2012) the authorsproposed that, vihen BR levels are IQBIN2
phosphorylates and inactivates YDAIgihreduces MAP kinase 3 and @ctivity which in

turn leads to higher SPCH activignother bHIH transcription factor, and increasgdmata
number. The transcriptome analysi®f AVR2 expressing Arabidopsis plamdicates that
several bHIH transcription factorsamong themSPCH, FMA, MUT&I positive regulators of
stomata formatia, are upregulated. Therefore, an effect of AVR2 on these transcription

factors could eventually help further to understand its mode of action in Arabidopsis.

Thestomata phenotype observed in AVR2 expressing Arabidopsis plants is contrasting with
the phenotypeobtained upon expression &VR2 in potato plant§Thurnbull et al., 2017)n

these plants, the stomata density was clearly reduced compared tetramsgenic plants.
Furthermore, the authors interpreted further morphological traits such as twisted stems,
curled leaflets and reduced number of leaflas the result of an activation of the BR
signaling pathway, similato that observed inBRI1 or DWF4 overexpressing plants
(Thurnbull et al., 2017)This discrepancy in the observed phenotypes suggests that AVR2

interaction with BSUike phosphatases has opposite effects in Arabidopsis and potato.

BR pathway is so far poorly understoodSplanaceaespecies. InThurnbull et al. (2017)
severalBRresponsivemarker genes were identified in potatpontranscriptome analysief
AVR2 expressing plants and control plants treated wih Ejp-regulated BRresponsive
genes includea bHIHencodinghomologueof AtCIBland AtHBI1 namedStCHL1Expansin
8 (SEXPS8),chlorophyll ab binding protein associated with light harvesting G&8B5Q)
subtilisinlike protease (F69F)and small auxin upregulated RNA 67 Y8tJR6)( Alsoone
down-regulatedBR responsive genggibberellin2-oxidase (S8A20x), was identified The
transcriptome analysimdicates that AVR2auses the activation dBR signalingn potato

plants(Turnbull et al., 2017).

In my work,gene expression analysis upon BL treatment were performé&d imenthamiana

plants transiently expressing GRWR2. Several marker genes have been identified to be
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differentially expressed inN. benthamianaupon BL treatment. That includeSterol
reductase (DWF5), Steroid dehydrogenase (SteroidDH), Xyloglucanendotransglucosylase /
hydrolase protein 2 (XTH2pd CRYPTOCHROMEERACTING BASIC HELIX LOOP HELIX 1
(CIB1/bHIH63)The brassinosteroid biosynthesis gensterol reductas€dDWF5 and Steroid
dehydrogenasgSteroidDH were shown to be downregulated in control plants upon BL
treatment what most likely is a result of negative feedback loop similar to that observed in
Arabidopsis. Tobacco plants overexpressing-&¥R2 on the other hand showed slight
increase in transcript level of these gend®ecent papers indicated that several bHIH
transcription factors are involved in Bignaling that includes BEB1 CB1L and HBI1
(Friedrichsen et al., 2002, Lozabaoran et al., 2013, Wang et al., 2009, Malinowsky et al.,
2014). Moreover BEE2,Rll and HBI1 appeared to negatively regulate the PTI responses
(Malinowsky et al., 2014). Turnbull et al. (2017) showed that AVR2 upregulates the
expression of StCHL1 which is a homologous to Arabidopsis HBI1 and CIB1. Transient
expression of AVR2 or StCHIKIN. benthamianaenhanced the leaf colonization d?.
infestansand suppressed INFhediated cell death (Turnbull et al., 2017). In our study we
showed that AVR2 downregulates the expressiorCtBlupon BR treatmentOverall,our
geneexpression analysis indicates that AVR2 has an inhibiting effect -oagBRited gene
expression irN. benthamianavhat is opposite to the effeallescribed in AVR2 expressing

potato andN. benthamianglants in the Thurnbull et al., 2017 paper.

One of our working hypothesis was that, through its interaction with the BSLs, AVR2 disturbs
downstream signaling involving BIN2 and the transcription factors BZR1/BZR2 (BES1) and
resulting in a change in the expression ofBRponsive genes. In our study we have shown
that AVR2 does not influence Bependent dephosphorylation of BES1 transcription factor

in different experiments performed in Arabidopsis andNn benthamiana In Arabidopsis,

this effect could be explained by the fact that AVR2 does not interact with BSU1, maintaining
the signaling pathway operationalhis possibility draws into question the soundness of the
approach tostudying virulence function and mode of action of AVR2 in a plant species in
which P. infestanss not adapted. Indeed,lt is hypothesized that most effectors that are
involved in hostspecific interactions have evolved together with their targets as a result of
strong selection for effective pathogenesfss a direct consequence, a failure to colonize a
plant species may be due to the lack of effectors capable to manipulate or interfere

efficiently with plant function, most likely because they are unable to interact with and
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properly manipulate host target proteins. Such phenomenon of-ewenlved resistance can
also serve to explain the nemost resistance of Arabidopsis #s infestansin this line, it

would be interesting to perform additional experiments in an Arabidopsislmutant

However, the experiments performed M. benthamianan which AVR2 is able to interact a
priori with each member of the BSL family, suggest thad&iendent activation of AtBES1 is

truly not affected or that BES1 activation is independent on B3Lé@nthamiana

What effect has AVR2 on plant immune responses?

In this study, we aimed to evaluate the influence of AVR2 on typical MTI responses in
Arabidopsis and in the host &f. infestans, N.benthamian& Arabidopsis, no influence on
flg22-induced MAPK activation, ROS burst &RKlexpression has been observed in AVR2
expressing plants. Albrecht et al. (2012) showed that inhibition of fig@@uced ROS burst

and FRKexpression in Arabidopsis was observed dnlyhe case of 24h pretreatment

with BL. A similar prereatment with BLin AVR2 expressing plants followedybflg22
treatment has not beendone andthis experimentcould eventually reveal a suppressing
function of AVR2 oMTI signalingAnother explanation is, like in the case of-gulated
responses, flg2zihduced immune responses are not suppressed duette presence of a

functional BSU1 and the absence of its interaction with AVR2.

In N. benthamianano BSU1 ortholog has been identified and our interaction studies suggest
that AVR2 is able to interact with all the members of the Bit¢lphosphatases. Still, none

of the tested earlyMTHresponses induced by flg22 or an elicitin (MAPK activation, ROS burst
and expression oMTI genes) are altered in presence of AVRZmentioned previouslya
LINSBGNBI GYSy( ¢ A (-KegaspermindsgplRation EHoddHbe pesfadiedNn
benthamianato eventually uncover the effect of AVR2 on early PTI events. Albrecht et al.
(2012) showed thaBR signaling inhibits flg2a8duced signaling downstream of the FLS2
BAK1complex. Morerecently,it has been demonstrated that BZR1 and HBI1 are negative
regulators of plant immune responses (Fan et al., 2014, LoRaman et al., 2013 BZR1 is
involved in suppression of immune signaling by BR and induces the expression of several
WRKY TFs that negatively control early immune responses. HBI1 overexpression leads to

reduced MAMRriggered responses and enhancedsceptibility 6 Pto DC3000In line with
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the results in Arabidopsis, Thurnbull et al. (2017) showed that the expression of AVR2 in
potato upregulatesStCHL1and gairand lossof-function experiments withNbCHL1in N.
benthamianahave confirmed the role of this transcription factor in promoting disease and
in suppressing immunity, illustrated by the inhibition of INRduced cell death. Although,
expression of CIBAHLH63was downregulated in my gene expression studies, additional
experiments shouldbe performed to determine exacthhow the expression of ik
transcription factor and other BResponsive bHLH transcription factors affected in AVR2
expressing plants. It would be also interesting to elucidate if AVR2 affectacthaty of

BZR1since it has not been performed in this study.

Further, Thurnbull et al. (2017) showed thdll. benthamiangplants transiently expressing
AVR2 display suppression of MTI marker genes includi§CRE3and NbWRKY pon
treatment with culture filtrate ofP. infestansin our study, flg22ri -megaspermirtreated

N. benthamianaplants expressing AVR2lid not show the suppression dibACRE3and
NbPTI5The culture filtrate used in Thabull et al., is a mixture of different elicitors and it
might explain the discrepancy with our results. However, the use ofdeéihed, individual
MAMPs such as flg22 and elicitin should be more favorable for the detection of a
suppressing effect than using a complex mixture of elicitors that might trigger different
branches of MTI pathwaynother resut in Thurnbull et al., wasthat flg22 andthe culture
filtrate of P. infestansare suppressing the expression BRinducedgenessuch as StCHL1,
StEXP8, StASAURG67, STCAB50 and StP9F anbiadyBEhesisassociated genes StDWF4
and StSTDHin potato plants. It would make sense to perform similar analysisN.in
benthamianaplants expressing AVR2.

In this work it has been demonstrated that AVR2 is able to suppress-iidfeced PCD iN.
benthamiana We have correlative evidence through the structure function analysis with the
AVR2 deletion constructs that the interaction between AVR2 and BSLs is important for the
suppression of INFihduced PCDBesides INF1, would make sense to test if AVR2aiso
suppressing®CD associated witcT| responses. Several RXLR effectors have beem sthow
interfere not only with MTI but also with ETI including Avh172 and Avh6 Rrosojag\Wang
etal., 2011).

86



Discussion

Another aspect that would be interesting to follow up is related to the avirulence function of
AVR2.Saunders et al. (2012) showed that AVR2 associatesSt8L1 in planta and this
association is perceived by R2 protein what further triggers HfR. interaction studies
performed between AVR2 and Arabidopsis or potato BSL2, revealed that the last 18 amino
acid of AVR2 sequence were sufficient for the interaction and for suppression of INF1
induced cell death. A next step would be to determine whether this motif is also sufficient to
trigger R2dependent HR. Moreover, these association studies could also help to better
understand how AVRIXe (Lokossau et al., 2009) evades recognition by R2 while keeping its
virulence function.AVR2like is also able to associate with BSL1, 2 an@C3 Jantsch,
personal communication) but the minimal motif required for interaction is not known. AVR2
and AVRz2ike differ only by 13 amino acid residues, 5 of these substitutions are located in
the Gterminal part. While the KKLV motif is conserved, the LKIKG motif is replaced by a
LQSKG motif in AVHRRe. The hypothesis is that these mutations could play a key role in

evasion of R2 recognition.

Our infection assays performed with 35S::¥HR2 expressing plants revealed that these
plants are more resistant tdhe necrotrophic fungusAlternaria brassicicoleout more
susceptible to the hemibiotrophic pathogenB. syringaepv tomato DC3000 and
Phytophthora capsiciThe latter one however is not a natural pathogen of Arabidopsis and
future work should include infection assays with for examptyaloperonospora
arabidopsidis an oomycete which is a natural pathogen of Arabidop$s far,no
homologue of AVR2 was foundhtyaloperonospora arabidopsisdig doing alast search.
Since expression ® GFPAVR2 under the 35S promatéhas a severe developmental
phenotype it complicates the elucidation othe mode of actionof AVR2in plant
susceptibility For this reasonye have generded GFPAVR2 expressing lines without any
visible developmental phenotypasing anestradiol inducible systemPreliminary results
showed that these lineturned out to be more susceptible tB. syringaeDC3000but this
effect was much less pronounced and not statisticsignificantwhen compared to the 35S
expressing plants (data not showedjince inducible AVRXpressinglines are better
reflecting the natural infection conditionsdditional experiments with the same range of
pathogens tested with the constitutivdVR2 expressintines, coupled to transcriptome

changes analysis would perhaps help to understand better the mode of action of AVR2.
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A main question that remains unanswered is the role of BSLs in plant immunity. My work
suggests that AVR2 is inhibiting the function of BSLs. Therefore, BSLs seem to be positive
regulators of the resistance against pathogens sucB.asfestangandP. syringae.

In thisregard, bsl mutants should be more susceptible to these pathogérise bsul, bsl3,

bsl2 and bsI3 Arabidopsis mutants are available at the Notthingham Arabidopsis Seed
Collection (NASC). All the single mutantsas wellasthe doublebsul bslimutant, kindly
provided by Joanne Chory (SALK Institute, San Diego USA), display a normal growth
phenotype. In the literature, dsul bsllmutant in which BSL2 and BSL3 expression was
downregulated by RNAiased techniqguebsugmutant) showed a severe dwarf phenotype
with abnormal stomata patterning (Kim et al., xx) resembling to AVR2 expressing plants. |
have generated several double and triple mutantombinations bsl1/bslI3, bsl2
heterozygous/bsl3, bsll/bsl2heterozygous/bsidwever it was impossible to obtain double

and triple knockout mutants with homozygouss|2 although, Mora-Garcia et al. (2014)
descrite the obtention of absl2 bsl3mutant that displayeda dwarf phenotype, epinastic
cotyledons and different degree of symmetry breakdown and cotyledon fusi®hese
observations suggesthat BSL2 and BSL3 can complement the function of BSU1 and BSL1
but BSU1 and BSL1 do not complement the function of BSL2 and BSIi8st set of
pathoassays wittbsl1l/bsRheterozygouddsiB and bsl2 heterozygous$l3 mutants revealed

that these lines areslightlymore resistant toP. syringaenfection, what would support our
hypothess that functional BSLs are positively regulating resistance aghasibiotrophic
pathogens.

However,the functional redundancy between BSLs, the difficulty to obtainddf$snction
mutants coupled with the role of BSLs in plant growth and development renders the study of
a role of this family of proteins in Arabidopsis immunity very difficult. A possibility to
overcome this problem would be to use an induciBiBAI based approach (Detlef Weigel,
MPI for Developmental Biology, Tubingen GER) or newly developed €RiSRIhnology
(Zhang et al., 2014).

Plant defenseassociated hormones are playing an important role dignaling and
establishment of resistance toward pathogens with different life sty@ur hormone
measurements are in agreement with previous studies and the observed
susceptibility/resistance phenotype. AVR2 plants showed higher auxin and JA levels, which

negatively regulates Shediated immune responses during the infection with syringae
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and positively regulates immune responses against necrotrophic pathogens suéh as
brassicicola(Shigenaga and Argueso, 2016jowever,the difference in hormone levels
between control and AVR@xpressing plants is not very strong and not obvious in weak
AVR2 expressing lines such as line #2. Therefore, we also formulate the hypothesisethat t
increased susceptibility tB. syringaeand P. capsicin AVR2 expressing linesuld be due to

the excess of stomata which are natural entry places for bacterial or fungal pathogens.
However, the stomata phenotype in AVR2 expressing plants should equally favor the
infection byAlternariag by contrast to our results showing that AVR2 expressing planta were

more resistant tahis pathogen.

Transcriptome analysis revealed thatvariety of defenseelated genes are differentially
expressed in AVR2 plants when compared to control empty vector lines. This includes
several defenshitike, pathogenesiselated and NB_RR proteinsFrom selected TE8EE2
which is upregulated in AVR2 plantgas show to negatively regulate the lant immune
responses (Malinovsky et al., 2014).seems that JAregulated defense genes are -up
regulated in AVR2 expressing plants, in association with a higher level of JA and its presumed
role in antagonizing SA signaling and favofmgnfestangolonization during the biotrophic
phase.lt has been shown thatl. arabidopsidisiaRxL44 targetsnd causes the degradation

of MED19a a subunit of the mediator complex regulating the interaction between TFs and
RNA polymerase Il in eukaryotes, thereby attenuatfgnducedimmune responsesvhile

JA/ET signaling is increased didarabidopsidiggrowth faster (Caillaud et al., 2013).
However, the transcriptome analysis in AVR2 expressing Arabidopsis plants did not produce
a clear picture about which immune pathways are affected and how the activation and
suppression profile of immunitgssociated genes would be beneficial fer infestans
growth. Public databases such as the the Arabidopsis transcriptome genome express
database (SALK) contain several thousand sets of transcriptome change analyses in
Arabidopsis, performed in wild type and mutant plants submitted to different
developmental, environmental conditions and treatments. A matalysis with the
transcriptomic data generated in AVR2 expressing plants could eventually reveal mutants or
treatments displaying similar changes in the gene expression profiles and help to better
understand which metabolic pathways are targeted by AVR2 and the biological relevance for

P. infestanslisease.
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By performing transient cexpression of AVR2 and Arabidopsis GSK% imenthamianal

have showrthat the amount of BIL{BIN2Like1JASk decreased while the amount &IL2
(BIN2Like2)/ASKand ASKI increased.Severalstudies indicate that GSKike kinases may

also be involved in regulating plant immune responsdhe tiple GSK3 mutant
bin2/bill/bil2 was reported to exhibit reducefig22-induced RO$roduction (LozaneDuran
etal.,2013.{ G YLIFt S Ifo ovnvablzakes@®8 NEBdzA I §¥
phosphorylates and activates gluceSe@hosphate dehydrogenase (G6RWhich provides

NADPH and is essential for maintainitige cellular redox state. Furthermoyethey
demonstrate thatactivationof G6PD enhances early PTI responses. These results provide a
preliminarymechanistidink betweenAVR2BSLs interaction and plant immunity through the

manipulation ofthe activity ofsomeASKs

The effect of flg22 and BL on the activation of the GSKs in the presence/absence of AVR2
should be done in a next step to further confirm the current results and generate novel
working hypothesis. In Arabidopsisirther experiments should investigate how these ASKs
contribute to plant immunitythrough generation of losand gain of function mutantsn
different combinations It would also be necessamp perform similar investigation and
experiments withN. benthamianaGSKs. A BLAST search with Arabidopsis GSKs against the
N. benthamkiangrotein database revealed that there are homologues present in tobacco
witch share approximately 80% sequence similarity with AthGSKs. Using native tobacco GSKs
as it is a natural host d?. infestansvould be advantageous in understanding how AVR2
could affect BIN2 and other GSKs and how it contributes tsi@Rling and plant immune

responses.
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5 SUMMARY

Oomycetes are deepranching eukaryotes that includéyaloperonospora arabidopsidihe

causal agent of downy mildew on Arabidopsis thalianaPbytophthora infestansvhich
causes potato and tomato late blight. In silico analysis predicted that the genome of several
oomycete species encodes for a large number otated RXLHBEER effectors that are
assumed to manipulate host cellular functions as part of their infection strategy. A novel
area of research in plants is centered on the antagonism between signaling pathways
regulating plant growth and development and plant immunity. These ewaks are
potential targets for the pathogen. The P. infestans effector AVR2 interacts with-I&8U1
phosphatases, which are known to be positive regulators of Brassinosteroid signaling. In this
thesis, | have used a combination of biochemical, molecular biology and reverse genetic
approaches to characterize the molecular function of AVR2 in both a Nostepithamian

and northost (Arabidopsis thaliana) plant speciesdfofinfestansThe expression of AVR2 in
Arabidopsis leads to plants having a dwarf phenotype and abnormal stomata density. The
phenotype is consistent with a defect of the brassinosteroid signalling pathway. However,
transcriptome change analysis and activation studies of theeBRlated key transcription
factor BES1 and marker genes showed, except for genes involved in stomata biogenesis, no
deregulation by AVR2. Only the protein expression level of some GSKs @gASKKand
P{YL> | FrLYAt& 2F (1AylLaSa AyOtdzZRAy3a YSYoS
Brassinosteroid signaling, was modulated. AVR2 did not interfere with the early stages of
MAMPinduced immune signaling responses e.g. calcium and oxidative burst; post
translational MAP kinase activation and transcriptionatragulation of MAMHFnNnducible
genes in Arabidopsis andl. benthamiana However, AVR2 interfered with immunity
associated programmed cell death M1 benthamiana and caused higher susceptibility to
biotrophic pathogens includind®. syringaeand P. capsiciand increased resistance to

nectotrophicA. brassicicolan Arabidopsis.

Altogether, these results identify AVR2 as the first effector from a filamentous plant
pathogen that targets components of the BR signaling pathway and potentially exploit the
antagonistic cross talk between plant growth and development and innate immunity.
However, the mechanism by which AVR2 manipulates plant immunity through its interaction

with BSLs remains elusive. The comparative study of effector activity in thdasinA.
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thaliana and the hosN. benthamianauncovered apparent differences in the effect of the

effector and draws into question the utility of Arabidopsis as a model system to elucidate
the virulence function of AVR2. On the other hand, the specific interaction of AVR2 with
AtBSL13 but not AtBSU1 offers the possibility to use the effector as a molecular probe to

decipher fundamental cellular mechanisms regulated by individual BSLs.
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6 Zusammenfassung

Oomyceten sind tiefverzweigte Eukaryoten, wie Higaloperonospora arabidopsidider Erreger des
Falschen Mehltaus auf Arabidopsis thaliana, deleytophthora infestansder Kartoffel und
TomatenY NJ dz(i ¥ Ndzf S @ SAvalyseh bagei vofus| dfiss das Gehdinamehrerer
h2Y&@O0SGSyallST ASa FTNN SAyS NEFEfétorerykbdief fon depei & 2 3 ¢
'y3aSy2YYSy 6ANRI RIFada aAS RAS 1 SftfdZ NNBy Cdzyl i
manipulieren. Ein neuer Bereich der Pflanzenforschung konzentriert sich auf den Antagonismus
zwischen Signalwegen zur Regulation von Pflanzenwachstum und Entwicklung und der
t FELYyT SYyAYYdzyAGNGd 54848 2S0O0KaSt 6AN] dzyISy &AYR
infestansEffektor AVR2 interagiert mit BSBUK y £ A OKSY 6. {[ 0 t K2aLKIdlFasSy
dass sie positive Regulatoren des Brassinosteroid§BfRalwegs sind. In dieser Arbeit habe ich eine
Kombination aus biochemischen, molekularbiologischen und re¥e8sy SG A a OKSy | yaNid Tl S
verwendet, um die molekulare Funktion von AVR2 sowohl in einer WirtspflhZzeefthamianaals
auch in einer NichWirtspflanze (A. thaliana) von P. infestans zu charakterisieren. Die Expression von
l+wH AY ! NFOAR2LJAAA FNKNI | dz | ¢S NHbtd €e@mA ISy t Fi
t KNy2Ge LISy RSNJ I dzOK 06 SA -Signghvey zubeédFadhieniist. Eivfe Analided & A
@2y ¢NI yalNRLIGI2YNYRSNHzy 3 S yegamftBn ! 1 G§ A SA SNHzy 34 a G dzi
{ OKf NaaSt GdNIF yail NRA LI A andrkefgenenizeidich jedo¢h{abgeseemvbrs @2 y
Genen, die an der StomaBiogenese beteiligt sind, keine Deregulierung durch AVR2. Nur das
Genexpressionsniveau einiger Glycogensynthéisasen (GSK), einer Familie von Kinasen die unter
Anderem unterhalb von BSLs im Brassinostefodl 3y | 4 S3 gAN] Sy > 6 dzZNRS Y2Rd
'{YL dzy R ! { Y1t ® ! +wH AY (i SNFisdNdeteNInSunghtw@iénjz.BrA i RS\
der Akkumulation von Calcium und reaktiven Sauerstoffspezies, detrpostationalen MAP
KinaseAktivierung und der transkriptionellen Hochregulation von MAM@&uzierbaren Genen in
I N} 0AR2LJAAE dzyR b® 0SyilKI YAl ydssozienshRdgtakmiarted NI S !
Zelltod inN. benthamianalzy R @S NHzNE I OKGS Ay ! N)F 6AR2LIAA& SAYS
Pathogene wie z.B. Pseudomonas syringae Phytophthoracapsi@i2 4 A S SAYyS SNXKI K( S
gegen den nektotrophen Pildternaria brassicicola
Lya3asSalyd 1SA3Sy RASaS 9NHSoyAaAaasS ! zwh | fa RSy
Pflanzenpathogens auf, der auf Komponenten desSBfRalwegs abzielt und die antagonistische
Wechselwirkung zwischen Pflanzenwachstum temdwicklung einerseits und angeborener
LYYdzy AGNG FyYRSNBNBESAGA | dz&aydziil G 5SNI aSOKI yAaYe
seine Interaktion mit BSLs manipuliert, bleibt jedoch noch unklar. Die hier gezeigte vergleichende
' viSNEJzZOKdzy 3 RS NJ PFiFeSthnNRENWiIlt A. thaidna dnd derh WIKR S Y
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benthamianaoffenbarte offensichtliche Unterschiede in der Wirkung des Effektors und stellt den

bdziT Sy @2y ! NI oAR2LIAAA fa& a2RStftaegadsSy 1 dzNJ ! dr
der anderen Seite bietet die spezifische Interaktion von AVR2 mit ABSbgr nicht AtBSU1, die

al 3t AOK1SAGE RAS&ASY 9FFST02NI I fa Y2t SdgdierterNBa 2 ¢
1 StftdzZ NNBYy aSOKFIyArAayYSy 1dz gSNBSYyRSyod
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Appendix

8 APPENDIX
Table7 List of primers used in this study
AVR2_for CCCGAATTCCTGCATGCAGCTCCAGGTGC
AVR2_rev CCCGCGGCCGCTTAACTCCTCTTGTCACCC
attB1 GGGGACAACTTTGTACAAAAAAGCAGGCT
attB2 GGGGACCACTTTGTACAAGAAAGCTGGGT
AthBSU1lattB1 for AAAAAGCAGGCTHATGGCTCCTGATCAATCTTATCAATATCC
AthBSU1lattB2_rev AGAAAGCTGGGTITTATTCACTTGACTCCCCTCGAGC
AthBSL1attB1_for AAAAAGCAGGCTcaATGGGCTCGAAGCCTTGGCTACATCC
AthBSL1attB2_rev AGAAAGCTGGGTTTCAGATGTATGCAAGCGAGC
AthBSL2attB1_for AAAAAGCAGGCTTAATGGATGAAGATTCGTCTATGG
AthBSL2attB2_rev AGAAAGCTGGGTTTCACATCCAAGCCAGAGAACC
AthBSL3attB1_for AAAAAGCAGGCTATATGGATTTGGATTCTTCAATGG
AthBSL3attB2_rev AGAAAGCTGGGTTTTATATCCAAGCAAGAGAGCC
gSAURAC for TGAGGAGTTTCTTGGGTGCT
qSAURAC rev AAGTATGAAACCGGCACCAC
qSAURGS for TGCCCTCAAGAGGAAAAGAA
qSAURGS rev TCAACCGTGTAAACCACGAA
gqRTCPDBF1 TTGCTCAACTCAAGGAAGAG
gqRTCPDR1 TGATGTTAGCCACTCGTAGC
qRTDWF4F1 CATAAAGCTCTTCAGTCACGA
gRTDWF4R1 CGTCTGTTCTTTGTTTCCTAA
gAct_for AGTGGTCGTACAACCGGTATTGT
gAct_rev GAGGAAGAGCATACCCCTCGTA
gFRK21_for ATCTTCGCTTGGAGCTTCTC
gFRK1_rev TGCAGCGCAAGGACTAGAG
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pDONRor
pDONRev
qRFNbDWFSfor
gRFNbDWF5ev
gRTFNbSteroidDHor
gRTFNbSteroidDFev
gqRFNbXTHZor
gRFNbXTHzZev
gqRFNbExpAifor
qRFNbEXpATev
gqRFNbCIB1/bHIH630r
gRFNbCIB1/bHIH63ev
AVR253-116-frw:
AVR266-116-frw:
AthBIN2frw
AthBINZ2rev
AthBIN21-frw
AthBIN21-rev
AthBSLB63-frw
AthBSLAB50rev
AthBSL268frw
AthBSLB33rev
AthBSLB02-frw
AthBSLBH35frw
AthBSLD00-rev

AthBSL266-rev

TCGCGTTAACGCTAGCATGGATCTC

GTAACATCAGAGATTTTGAGACAC

TGGCGGAGAGTCAGTTGGTA

CAGACCCATCGGCAAGAACA

GCTTTTGTTGTATAGCCCTGCAT

TCAAAGCAGAAGAAAGCAAAGCA

GGTTCGATCCATCCGCTGAT

TGGGTACTTGGTCCACGTAGA

AGGGTGTTTGCCTGGTTCAA

TGGTGAAGGGGAGGATTACAC

AGTATGGCTCAACGCCAGTT

TGATACAGGTGCGCTAGTGG

AAAAAGCAGGCTTCATGGTCGATAATGGGGAATTTGAG

AAAAAGCAGGCTTCACCATGGGATTCAGTCTGAAGGAT

AAAAAGCAGGCTTCATGGCTGATGATAAGGAGATG

AGAAAGCTGGGTCCTATTAAGTTCCAGATTGATTCAA

CAACTCGAAAAGAAATCCGTTGTATGAAT

GGATTTCTTTTCGAGTTGGTGTACCAAGAA

AAAAAGCAGGCTTCATGGCCCAAAGAAGGTTATAGCTCA

AGAAAGCTGGGTGTTACCTTGCTGCTGTTGCACTTTCT

AAAAAGCAGGCTTCACCATGGCGGCAACAAATTCTCCACCAG

AGAAAGCTGGGTGTTACTTCTCAATCGATGCAGCAAGA

AAAAAGCAGGCTTCACCATGATTCGTCTTCATCATAGAGCT

AAAAAGCAGGCTTCACCATGGTGGAGTATCTTGTTGAAGCA

AGAAAGCTGGGTGTCAGTCAGGCCCAAAAGTAACCAA

AGAAAGCTGGGTGTCAATGAATGAGCTTAGGTACCACTAC
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Table8 MS analysis of Immunoprecipitation of GFR/R2 (provided by @

Name

BSL1

BSL2; BSL3

Function

Ser/TheProtein

Phosphatase

Ser/TheProtein

Phosphatase

Uniprot

Q8L7US

Q9SJF0; Q9SHENISHS2

WNY (& OK?O
Peptide identified in

14 days old 28days old

plants plants
7 2
12 8
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