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Abstract

The phytopathogenic fung&aisarium oxysporurh sp.lycopersici(Fol) causes vascular wilt
disease in tomato. During host colonisatibo) secretes multiple effector proteins into the
xylem sap, including fourteen SIX (Secreted In Xylem) proteins. Three of these SIX proteins
function as the avirulence determinants Avrl (S1X4), Avr2 (S1X3) and Avr3 (SIX1) recognised
by tomato resistance prate I, -2 and 13, respectively. Despite identifying th& resistance
gene, which encodes a leucineh repeat receptor protein, its corresponding avirulence gene
remains undeterméad. This work initially aimed to identifavr7 by evaluating unteste8lIX

genes and novel effector candidates. Effector candidates from transcriptomic analysis of
infected tomato roots were assessedAgaobacteriummediated ceexpression with-7 in
Nicotiana benthamiand-7-dependent leaf cell death would indicate recognition. None of the
examined candidates exhibitdd7-dependent cell death, bu#IX6 induced cell death
independently of-7 (Chapter 2). This observation prompted experiments to chesac& X6

functionin planta

In collaboration with Daniel Yu from the Williams Laboratory at ANBgl SIX6 was
expressed irE. coli and the recombinant protein purified for functional analyses. Purified
recombinantFol SIX6 induced cell death ilN. benthamianaand tomato (Chapter 3).
Subsequently, SIX6 homologues frof1 oxysporumff. spp. cubenseTR4, melonis and
vasinfectun{Foc, FomandFov SIX6) were expressed and purified, and found to induce cell
death responses k. benthamianand tomato (Chapter 3). Testing purifieol, FocandFom

SIX6 proteins in foliar tissues of representatives from multiple taxonomic families
(Solanaceae, Cucurbitaceae, Brassicaceae and Leguminosae) revealed broad yet differential
plant sensitivity (Chapter 3). Notabli#pl and Fov SIX6 induced stronger cell death in the

corresponding tomato and cotton hosts than vice versa.

VIGS of known plant defenesignalling components iiN. benthamianavas used to test
whetherFol SIX6-induced cell death might constitute a plant immune response. VIGS targets
included pattern recognition geceptors BAK1 SOBIR1, and mitogeactivated protein
kinases WIPK and SIPK. VIG8ediated depletion of these signalling components failed to
attenuate Agrobacteriumamediated Fol SIX6-induced cell death (Chapter 4). These
experiments were complemented by challenging mutant tomato lines compromised in defence
signalling with Fol SIX6 protein. The ethylenmsensitiveNeverripe mutant andsuntl

mutant deficient in EDSinediated resistance exhibited eddath responses comparable to



wild-type controls following SIX6 infiltration (Chapter 4). These findings suggested SIX6

induced cell death through a mechanism distinct from these plant defence pathways.

A microscopic investigation of cellular responses leading to $tdaced cell death revealed
that Fol SIX6 protein causes stomatal opening in tomato Mndenthamianaefore visible

cell death (Chapter 5). Physiological measurements demonstratdebttitX6 infiltration
significantly increased stomatal conductance and transpiration radlebé@mthamianseaves,
regardless of light conditions (Chapter 5). Confocal fluorescence microscopy following
Agrobacteriuramediated expression of a vacutéegetedfluorescent protein revealed that
SIX6 treatment caused vacuolar shrinkage and leakadgeldanthamiandeaf epidermal cells
(Chapter 5).

An examination of the effect &fol SIX6 onN. benthamianand tomato roots showed tliadl

SIX6 protein caused electrolyte leakage (Chapterlr6)vitro growth assays on medium
supplemented with purifieBol SIX6 protein resulted in significant inhibition of primary root
elongation in tomato seedlings (Chapter 6). These findings suggest SIX6 exerts physiological

effects on root tissues that may contribut&abpathogenicity during infection.



Abbreviations

ABA abscisic acid

ACC synth|laminocyciloprbpagéic acid sy
ADR1 activated disease resistance
At MPK3 Ar abi dopsmist dageadri ivana d ki nase€
At MPK®6 Ar abi dopsmist dagradri ivana d ki nase€
Avr avirulence

BAK1 BRlalssoci ated receptor Kkinas¢
ccC coi-¢ @idl domai n

CCGNLRs coi-¢ @idl domain NLRs

CERK1 chitin elicitor receptor kin
CNL coi-¢d @b c | eboitniddien gr ilcehu crienpee at
CTR1 constitutive triple response
DAMPs damaagsesoci ated mol ecul ar patHt
DNA deoxyribonucleic acid

dpi days post infiltration

DTT dithiothreitol

EDS1 enhanced di sease susceptibil
EI N2 ethylene insensitive 2

EI N3 ethylene insensitive 3

ERFs ethylene response factors
ETI ef f ectiogrger ed |1 mmuni ty

ETR1 ethylene receptor 1

ETS ef f ectigrggesrcepti bil ity




FLS2 flagellin sensing 2

Fg Fusarium graminearum

Foc F. oxyfsposfm.einse

Fof F. oxyfspbsmaogari ae

Fol F. oxyfspbym.mpersi ci

FOLD Fusarium foxygmw.0 pduesli cdomai n
Fom F. oxyfspmomep.oni s

Fon F. oxyfsposgmeium

FOSC Fusarium axgsip®s ueno mp | e x

Fov F. oxyfspoeamp.mnfectum

Fv Fusarium verticillioides

HR hypersensitive response

JA jasmonic acid

k b kil o base pairs

LB/ LBA |l ysogeny broth/ |l ysogeny bro
LIC ligation-independentloning

LOV locus orchestrating victorin

LRRKs | eugiimédr repeats receptor kina
LRRPs |l eugiimcédr repeatsreceptor prot
LS i nspeei fic

MA MP s mi craosbseoci ated mol ecul ar pat
MA P K mi t eagcetni vat ed protein kinase
MAPKSs mi t eagcetni vat ed protein kinase
ML RKs Mal ekt k@ receptor Kkinases




MS Mur ashige and Skoog

NEP1 NEPZLlike proteins

NIPs Nodulin-26-like intrinsic proteins

NLPs necrosis and ethyleAaducing peptidd-like proteins

NLRs nucl eboitniddien gr ilcehu crienpee at pr ot e
NHR No-host resistance

NRG1 N requirement gene 1

oD optical density

PADA4 phytodkeé&xcnent 4

PAMPs pat h-ageonci ated mol ecul ar pat
PBL31 PBSIli ke 31

PCD programmed cell deat h

PCR pol ymerase chain reaction
PDB potato dextrose broth

PG pol ygal acturonase

PIPs plasma membrane intrinsic proteins

PRRs pattern recognition receptor
PTI patterggered i mmunity

RALFs rapid alkalinisation factors
ROS reactive oxygen species

SA salicylic acid

SAG101 seneszecei ated gene 101
SAP Straessssoci ated protein

SDPAGE sodi um -dwldelkcgytle pol yacryl ami




SI PK sal i cyilnducaecd dpr ot ein kinase
SI1 X secreted in xylem

SOBI R1 suppr essaoirntoefr aBcAKIln g er &c @apts e
SRLK seldcompatibiil keykrepasptor
SRLKs Sl ocus receptor kinases

TIPs tonoplast intrinsic proteins

TI R tol Il /i At erelcepkion

TI-RLRs Tol | /i nlt errdceeupktionr cytosol ic
TNL tol |l /i fAlt e relcreewpdt liogboi tniddien gr il cehu cri
TRV tobacco rattle virus

VCGs ve get eotmpwd iggbddpg s vy

VI GS vi inmnduced gene silencing
VPEs vacuolar processing enzymes

VSP vegetative storage protein

WA K wabhkbsociated kinase

WA K's wabhbsociated kinases

Wl P K wou-ndduced protein kinase
XIPs X intrinsic proteins




Tabl e of Contents
Decl arati on 1
Acknowl edgement s 2
Abstract 4
Abbreviations 6
Li st of Figures 18
List of Tabl es 22
Chapter 1: Introduction 2 &
1.1 Pl ant pathogens 24
1.1.1 Plant pathogens 24
1.1.2 Fungal Pat hogens 24
1. Fu3arium 25
1. Fudarium oxysporum 25
1. Fusarium foxygpopEOEI Ci 27
1. Foenfection process 28
1.1.7 Disease sympt oms 29
1.2 Plant i mmunity 31
1.2.1 Plant I mmunity: A Gener al 031
1.2. hoddn resi sgtmencter:um tharoraider ag 31
1.2.2.1 PRRs 33
1.2.2.2 I nductRKosn aonfRPAETRR by LRR 36
1. 2. 3spreocsitf i ¢ resi stsgprecd:f iRatrhecsg 37

10



1.2.3.1 Resistance proteins
1.2.3.2 I nduction o-NLESI and ce

1.2.3.3 I nduction oNLHSTI and ce

1.3 Pathogen effectors
1.3.1 Fungal effectors in pathoge
1.3.2 Fungal effectors causing ce
1. Fo8ffectors and their function

1.3.4 Tomato genesFalonferring res
1.4 Aims of the research project

References

Chap2Agtrt empt s t cAvirediefnetcitfoyr Rgheeae i imon
oxXxyspfor usnrt.openrashblca t he i1Sllead&i &ncand

pl ant cell deat h
2.1 Introduction
2.2 Materials and Methods
2.2.1 Plant growth conditions
2.2.2 Testing oAvr7 candidates
2.2.3Fol genomic DNA extraction protocol
2.2.4 Total RNA extraction and cDNA synthesis
2.2.5 Ligation Independent Cloning (LIC)
2.2.5.1 Amplification of target sequences
2.2.5.2 Preparation of the LIC Vector

2.2.5.3 T4 DNA polymerase treatment

11

39
41
4 3

44

47
49
56
59

60

7/

78
79
79
79
79
80
80
82
82

82



2.2.5.4 Annealing 83

2.2.6E. colitransformation 83
2.2.7 Colony screening 83
2.2.8 DNA sequencing 84
2.2.9 Transformation ohgrobacterium 84
2.2.10Agrobacteriummediated gene expression 84
2.3 Results 85

2.3.1 Coeexpression of candidafevr7 genes witH-7 in N. benthamiana 85

leaves
2.4 Discussion 90

2.4.1 Testing of sevefivr7 candidates has not enabled the identification = 90

Avr?

2.4.2Fol SIX6is an effector that causes cell death 93
References %4
Appendix 2.1 Map of pSL vector used in this study 98
Appendix 2.2 Map of pSLG vector used in this study 98

Appendix 2.3 Primers used for amplification of the target sequéwe ¢andidates) 99

Appendix 2.4 Ceagroinfiltration ofAvr7 candidates anld7 in N. benthamiana 10

leaves

Appendix 2.5 Agroinfiltration of-7 andFol SIX6in Nicotiana benthamiankeaves 10 9

Chapter 3: Fol SIX6 is a cell deathinducing effector 110

3.1 Introduction 11

3.2 Materials and Methods 13
3.2.1 Plant material 13

12



3.2.2 Bacterial strains and vectors 13

3.2.3 Purification of plasmid DNA 12
3.2.4 DNA gel electrophoresis 11
3.2.5 Purification of DNA from PCR samples 12
3.2.6 Transformation d&. coli 12
3.2.7 Transformation dkgrobacterium(GVv3101) 15
3.2.8 Colony PCR screening 1%

3.2.9 SDSPAGE (Sodium Dodecybulphate Polyacrylamide Gi1 @
Electrophoresis)

3.2.10 Generation of binary vector constructdigpgtion-independentloning 1 @
(LIC)

3.2.11Agrobacteriummediated gene expression 17
3.2.12 Generation of protein expression constructs by Golden Gate clonir 1 T
3.2.13 Preparation and infiltration of recombinant SIX6 proteins 18
3.3 Results 19

3.3.1Agrobacteriuramediated expression &bl SIX6 and its homologues 19

induces plant cell death
3.3.2Fol SIX6 protein induces cell death in tomato 12

3.3.3 DTT treatment but not heat treatment affects the cell-tdedihing 13
activity of Fol SIX6 protein

3.3.4 Homologues d¥ol SIX6 induce cell death responses of different 13

intensities
3.3.5Fal SIX6 induces a variety of responses in different plant species 12

3.3.6FomSIX6 andFoc SIX6 proteins induce similar responses compared 1 3

to Fol SIX6 with some variations

13



3.3.7 SIX6 proteins from different ff. spp. induce stronger cell deathinthe 1 8

corresponding host plants than in Aoost plants
3.4 Discussion 150
3.4.1Fol SIX6 is a semspecific cell deathnducing protein 150

3.4.2Fol SIX6 homologues cause cell death and other phenotypes in diffe 1 3

plant families

References 18
Appendix 3.1 Plant species used in the study 18
Appendix 3.2 Gene blocks used in the study 16
Appendix 3.3 Primers used in this study 16

Appendix 3.4 Agroinfiltration ofol SIX6 and Avrl Fol SIX4 used as a positive 1 @
control) into leaves of tomato cv. M82 (which carried the | gene) did not induce
cell death response

Appendix 3.5 Protein gel blot of 6xH{EB1-FolSIX6 protein at various steps durin 1 8
its purification, probed using HR&bnjugated antHis antibodies

Appendix 3.6 Agroinfiltration of protein extracted from a veataly control into 10

leaves ofN. benthamian@aomato did not induce a cell death response

Appendix 3.7FolS|1 X6 protein 100 e€g/ ml and v17 0
varieties Currawong and WW2249

Appendix 3.8 Leaves of banana lines resistant or susceptibte{bR4 were 17T
infiltrated withFocS1 X protein (100 g/ ml), N L

Chapter 4: Is Fol-SIX6-induced cell death a plantdefence response? 172
4.1 Introduction 173
4.2 Materials and Methods 179
4.2.1 Plant material 179
4.2.2Fol SIX6 protein infiltration in tomato and. benthamiana 179
4.2.3 VIGS constructs used M benthamiana 180

14



4.2.4 VIGS assay iN. benthamiana

4.3 Results

4.3.1 Virusinduced gene silencing &AK1, SOBIR1lor WIPK andSIPK
does not reduce the cell death response induced by expresbalrsdK6

in N. benthamiana

4.3.2 Mutations affectingDS1and ethylene perception do not reduce the

cell death response induced Byl SIX6 in tomato

4.4 Discussion

4.4.1Fol SIX6-mediated cell death is not dependent on defence signallii

References

Chapter 5: Fol SIX6 induces stomatal opening and increases leaf transpiration

5.1 Introduction
5.2 Materials and Methods
5.2.1 Plant Materials

5.2.2 Preparation of epidermal peels and measurements of stomatal le

and aperture

5.2.3 Gas exchange measurements
5.2.4 Measurement of electrolyte leakage from leaf discs
5.2.5 Confocal fluorescence microscopy of mTurquolaéglled vacuoles

5.2.6 Preparation d¥ol inoculum
5.2.7Fol pathogenicity test
5.3 Results

5.3.1Fol SIX6 causes stomatal openingNicotiana benthamiana

5.3.2Fol SIX6 causes stomatal opening in a ligidependent manner and

increases transpiration

5.3.3Fol SIX6 protein causes electrolyte leakage in leaveés. of

benthamiana ash tomato

5.3.4Fol SIX6 causes vacuolar shrinkage

5.3.5 ABA has a minor effect on the abilityledl SIX6 to open stomata, bt
does not appear to affect cell death induction

5.3.6Fol SIX6 does not cause stomatal opening during infection

5.4 Discussion

15

180
182
182

185

187
187
190

201
202
207
207
207

208
209
210
211
211
211
211
214

215

217
220

224
225



5.4.1Fol SIX6 induces stomatal opening 225

5.4.2Fol SIX6 protein causes vacuolar shrinkage 228

5.4.3 ABA has a minor negative effect Bal SIX6-induced stomatal 229

opening but a positive effect on cell death induction

5.4.4Fol infection fails to induce stomatal opening 230
References 231
Appendix 5.1 Coding and protein sequence of vactalgeted mTurquoise?2 237

Appendix 5.2 Stomatal response to Agrobacterinadiated expression &bl SIX6 238
and Avrl Fol SIX4)

Appendix 5.3 Microscopic analysis of radish and zucchini stomata from leaves 239
infiltrated with Fol SIX6

Appendix 5.4 Disease symptoms in M82 tomato 21 days after inoculatiofrelith 240

race 3

Chapter 6: Functional analysis of the effect oFol SIX6 protein on roots 241

6.1 Introduction 242

6.2 Materials and Methods 243
6.2.1 Measurement of ion leakage frbmbenthamianaoot sections 243
6.2.2 Measurement of ion leakage from tomato root sections 245
6.2.3 Tomato root growth measurement 246

6.3 Results 247
6.3.1Fol SIX6 protein causes electrolyte leakage from roots.of 247

benthamianand tomato
6.3.2Fol SIX6 protein inhibits primary root elongation and promotes the 249

formation of secondary roots of tomato

6.4 Discussion 255
6.4.1Fol SIX6 causes electrolyte leakage in rootdlobenthamianand 255
tomato
6.4.2Fol SIX6 affects root growth in tomato 257
References 259

Appendix 6.1 Primary root lengths and secondary root numbers used to genere 262
Figure 6.5

16



Appendix 6.2 Primary root lengths and secondary root numbers used to genere 263
Figure 6.6
Appendix 6.3 Primary root lengths and secondary root numbers used to genere 264
Figure 6.7
Appendix 6.4 Primary root lengths and secondary root numbers used to genere 265

Figure 6.8

Chapter 7: General Discussion 266
7.1 Avr7 gene identification efforts and prospects 267
7.2 SIX6 cell deathinducing activity: potential for novel herbicide 268

development

7.3 SIX6 cell deathnducing activity: independence from some defence 270
pathways and future genetic approaches to test others

7.4 SIX6 impact on leaves: stomatal opening, water loss and the inductic 271

leaf cell death

7.5 SIX6 impact on root systems: physiological disruption 273
7.6 Concluding remarks 274
References 277

17



Li st of Figures

FiguryBudadi um oayse®rwmlt diseases in econol
tomat o, banana, cotton and water mel on.

Figure 1.2 The life cycle ofF. oxysporum

Figuryei 4de&8se symptoms of tomato Fusarium wil

FigurdoAiodgt resistance. mechanisms in plants

Figur:eDi Yeb5 sitegextorfacpdlalnulexcre pt mmenend downst:r
signalling.

FigueHoStpeci fic resistamatehongerh ainntsenr a it ipd

FigurBl &nt i mmune retreipggoesedndmmadmniecy or
Fi gu8&€el-BRLR i mmune signalling in plants.
Fi gu92€CNLRs in plant i mmunity and cell death
Figur0eA orlaphi cal i1l GFoitmtaenn @t iodn tdared ttomat R/

FigurleGrla.plhi ¢ represent/atproot eifn.t he predict ec

Figur@&r @phlic representation of Ligation I nde

Figure 2.2 Schematic representation of the-pIZ vector andAvr7-candidate constructs in
pSL and pSLG.

Figure Pat3 erns of aNgr obiennftihleatanni @asnhaon used i n
Figure 2.4 Co-agroinfiltration ofAvr7 candidates and7 in N. benthamiandeaves
Figure 2.5 Agroinfiltration of I-7 andFol SIX6in Nicotiana benthamiankeaves

Figure Cx.11 deat h rAgsrpdmrsEdeadridaatesdc deBoplr eSIsX ® n

and its homol ogues.
Figur®buBt 2pl e sequEokte&SmKb6gmomelind g wd s .

Figur8D®AGBE analysis of SI X6 proteins during

18



FigurEeod3.X6 pr ot ei n cNau sbeesntehealdii tadneaat b . i n

Figure 3.5 Effects of heat and DTT treatments on cell death induce8dby51X6 in N.

benthamiana.

Figur@elBlL 6death induced by Nrebembhamnandl X6

Figur€o®8l.X6 causes cell death in some plant
response in other species.
Figureof®l 6 causes cell death in some plant
response in other species.
Figurrfo8l 6 causes cell death in some plant
response in other species.
FiguresieX. d®&duses wilting and curling of cotyl

FigureA JrBphic comparkschomnddost Xé enhf ectf $ eofer

s p i es.

()
(¢

Fi gur eReX.olmbA opFeonatnkloS 1 X6 proteins induce stror
in their respective plant hosts.

FigureCeld.llldeath redgpdhXxebafimX@cegdotoggi ns i n t

cotton.

Fi gur eCo3mplagd i son of SI X6 sequences expressed
study.

Figureh3d.logenetic distribution of plant spec

Figure 4.1 Simplified diagram showing where BAK1, 2) SOBIR1 3) EDS], 4) ethylene and
5) Arabidopsis orthologues of tobac@ddPK andSIPK act in Arabidopsis defeneggnalling
pathways leading to cell death.

FigurAnd4ow®erview of Nt hlee V1uUusSenk atnod yt eisnt t he r €
def enecleat e dF ogbd Maesd iiant ed cel | deat h.

19



Figur¥i dunsdduced Gene Silencing (VIGS) with C
of VIMNGS bemnt.hami ana

Figur¥éi dunsduced Gene Silencing ( WBAKR)OBtl dlt i ng
oWl PKnSll R o3|l X@di ated &el bedeadtdmi ana

Figur€ehlhl 5death ref&Fpdinse pmatueied ibryfi |l trati oo

l i nes.

Figur®i mplle il lustration of various ion chan
of i on movement in guard cells, Il eading to s
Figuréi smpkRe il lustration of aquaporin invol

and cl osing.
Figure 5.3 Simple illustration of the role of ABA in stomatal closure.

FigureSto.mat al por e | engt h and wiNMitchotmaasu!
bent hamifaina Faa8keX6 wpt &t ei n.

Figuréas. &xchange measNir emeinasa oibrefhitllatarmasta eod
Fo3l X6 protein.

Fi gbr.éeasur ement of electrolyte | eakldge fro
bent haomi atnoamat o pl akRo$l Xn.f i | trated with

FigurEo®¥Hl.X6 protein indubNiesositamathénopami amg:

Figurg8t 8m&t al Ndapertiimg ai e nd d@mem @I | 6 amd ac
is not an artefact of heteralogous protein e

Figur®8l 6 9causes stomatal opening in tomato.
Figuredo3] X6 causes dimdepemsiemlt e sltiognatt al oper
Fi gbrd@l X6 causes el dct behylhemaanieasakage i n

FigureSiIxX6lxzauses el ectiehyes | eakage i n t om:

Figuredgo8l] X8 causes vaduobent dlmiakage in

20



FigureRep.elad ed application of ABRo3diXd .not st c

Fi gureABhA Itmauses a small reductRkFaSd Xibn st omat @

Figuretho.mag al behavi.our during infection
Figurde®&sdrement of elNMctbondtyrhomwilcEradoamge fr om
Figurde®&s 2r ement of electrolyte | eakage from

FigurdMeésGaliencgt r ol yt e | eMN.k abgeen tfihmaam mrandb@tds wo ft h
SI XeCoonrt r ol

Fi gur.e Me.adsluecitnrgoleyt e | eakage fronFo$dooers of

control

Figure Meassurement of primary root | engths a
seedlings grown onFafBd Xi6a paronveatinnri .ng BSA,

Figure Meaur ement of primary root | engths a

seedlings grown onFafBd Xi6a paronveatinenri .ng BSA,

Figure Meadurement of primary root | ength anc
M82 growstoenigahf medi a FO®IhX@& i poiromtyweaBrégA, or

Figure Meadurement of primary root | engths a
seedlings -gromevmgiom mad if,a FoodInX l&iofAd NOG oBISAS8

or water

Figure Phehotypes of tomato seedlings after 2

Fo3l X6 protein or water.

FigurBogsilbl e models for the induction of |I|e

21



Li st of Tabl es

Table 1.1.List of effector proteins reported to dateHal.

Table 2.1 List of effector candidates encoding small, secreted mostly cysiemeroteins,
excluding those already tested Asr7 candidates, that had transcript per million values
exceeding or equal to that 8fX13during Fol infection (Sun et al., 2022).

22



Chapter 1: Introduction

23



1.1 Plant pathogens
1.1.1 Plant pathogens

Many biotic and abiotic factors influence plant growth. Biotic factors include insects, weeds
and plant pathogens, including parasitic plants, nematodes, oomycetes, fungi, bacteria and
viruses, while abiotic factors consist of high or low light stresdy biglow nutrient stress,
flooding, high humidity, salt stress and drought stress. Any of these factors can adversely affect
plant development, quality and productivity. Plant pathogens have been classified into three
categories based on their feeding hamd reproduction. Biotrophic pathogens feed and
reproduce on living plant tissué¢semibiotrophic pathogens start feeding on living host tissue

like a biotroph, but in later stages of infection, they kill host tissue and feed and reproduce on
the dead tissue using secreted enzymes such as cellulases, pectinases and proteases to break
down the plant cell wall and access nutrients from the dead cells (Mayer et al., 2001). In
contrast, necrotrophic pathogens kill plant tissues at the beginning of infdei@gmns try to

stop pathogen invasion by using defence mechanisms targeted to the pathogen's lifestyle and
mechanism of pathogenesis. Pathogen success, called a compatible interaction, is an infection
that results in plant disease and the production of pathogen propagules. Conversely,
pathogen failure, called an incompatible interaction, is an attempted infection that is slowed or
halted by the plant and results in the failure or limited ability to produce new pathogen

propagules.

1.1.2 Fungal Pathogens

Examples of biotrophic fungi include tlgysiphaleswhich caus@owdery mildewsand the
Pucciniales, which cause rust diseases. Examples of hemibiotrophic fungi, include
Magnaporthe oryzgewhich causes rice blast diseas®lletotrichum spp., which cause
anthracnose diseases dnaksarium oxysporumyhich causes wilt diseasBotrytis cinerea,

which causes grey mould, is an example of a necrotrophic fungus. Pathogenic fungi reproduce
and spread through spores, which are carried by different means suichl awater, insects,

soil or human activities, with some dispersal mechanisms enabling rapid dissemination of
spores across widespread areas. The ability of pathogens to spread over vast areas in a relatively
short period of time has a major effect on ¥ied of affected crops and a lot of economic

consequences.
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Fungal diseases of plants are usually managed by the development of genetically resistant plant
cultivars, the application of biological control agents, such as antagonistic microorganisms,
environmental controls or the strategic use of chemical fungicidesever, the increasing
prevalence of fungicideesistant strains highlights the urgent need for sustainable, integrated
disease management practices that combine multiple control measures to enstgamiong
efficacy. Advances in molecular biology, teammiptomics and genomics are revolutionising our
understanding of fungal pathogenesis and plant immune responses, enabling the identification
of pathogenicity factors and host resistance mechanisms. These insights are paving the way for
innovative solutios, such as genome editing and molecular breeding, to enhance crop
resilience. Therefore, elucidating the molecular and biochemical pathways underpinning
fungal pathogenesis remains important for the development of targeted, effective and
sustainable diseasnanagement strategies.

1.1.3Fusarium

ThegenusFusariumcontains species that range from pathogens on plants and arthropods and
opportunistic pathogens on mammals. Many -Boiine species oFusarium have been
recognised as significant plant pathogens and are found all over the Wodd énd Smith
1984), although more prevalent in tropical and subtropical ecosystems (Summerell, 2019).
There are no less th&90 phylogenetically different species in tiEnusFusariumand most

of them lack a formal nam&eiser et al., 201Bummerell, 201P The genus also contains 20
species complexes that contain at least 60 different subspefiemae speciale@Ma et al.,
2013; Gei ser et ehdl,h 2015; 3uninaell, 2@ Some of éhe Imost
prevalent plant pathogens in the geaws found inthe Fusarium oxysporumand Fusarium
solanispecies complexe®géan et al., 2012

1.1.4Fusarium oxysporum

Members of thé-usarium oxysporurapecies complex (FOS@)e found in agricultural soils

across the worldPlantpathogenic members of the FOSC are capable of causing a range of
diseases across a broad spectrum of plant hosts, including root and bulb rots as well as vascular
wilts. Hosts include numerous economically important field crops, vegetables and otalame

Some of the economically important crops severely affectdd byysporunnclude banana,

date palm, oil palm, chickpea, beans, melon, soybean, cotton, onion, cucurbits, brassicas,
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legumes and members of the Solanaceae such as tomato, chilli, eggplant and cape gooseberry
(Michielse and Rep, 2009; Ma et al., 2013).

Although there is no sexual reproduction in the FOB&izontal gene transfer contributes
significantly to pathogenic strain diversificatiobairenceet al., 2015; Van Dam and Rep,
2017; Gordon2017;Czislowski et al., 2018Simbaqueba et al., 2018; Liu et al., 2DTBhe
parasexual cycle has also been linked to genetic diversification via heterokaryon formation,
which assists mitotic genetic exchange between two separate nuclei (Glass et al., 2000; Di
Pietro et al., 2003). Vegetative compatibility laeistrict heterokaryon formation by only
allowing hyphae from vegetatively compatible isolates to fuse and form heterokaryons.
Individual isolates ofF. oxysporummay be members of different VCGs (Vegetative
Compatibility Groups), which are genetically distinct from each other and are basically distinct
subspecies within the FOSC, each with a monophyletic distribution (Elias and Schneider,
1991).

Economically importantormae specialefff. spp) of F. oxysporumncludeF. oxysporunt.

sp. lycopersici(Fol), which infects tomato plants, blocks the vascular system and ultimately
leads to wilting and plant deathigure 1.1A)F. oxysporuni. sp.cubens€Foc) which infects
banana plants and causes Panama disease also known as Banana wilt (Figure. 1.1B),
oxysporunf. sp.vasinfectur(Fov) whichleads toFusarium wilt in cottonKigure 1.1Cand

F. oxysporunf. sp. melonis(Fom) or niveum(Fon) which cause wilt disease in muskmelon

and watermeloiFigure 1.1D).
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Figure 1.1Fusarium oxysporuncauses wilt diseases in economically important crops like
tomato, banana, cotton and watermelon.

(A) Fusarium wilt caused by Fol in field-grown tomato (taken from
https://extension.umd.edu/resource/fusaritt-tomatoeshomegarder). (B) Wilted
Cavendish banana plant infected Fgyc race 1(Pegget al.,2019).(C) Wilted cotton plants
infected byFov (Davis et al., 2006).X) Wilt of a watermelon plant caused Bgn (Egel and
Martyn, 2007.

1.1.5Fusarium oxysporunt. sp.lycopersici(Fol)

Fol specificallyinfects tomato plants and is considered one of the mp=irtant diseases of
tomato. Three races, numbered 1, 2 and 3, have been desciitmédTiheyare distinguished
by their differential capacity to infect tomato cultivars with one or more resistance gehes.

race 1 was described by Bohn and Tucker (1939Fahthce 2 was discovered by Alexander

and Tucker (1945). Both races have been reported from agricultural regions across all

continentsFol race 3 was initially detected in Queensland, Australia in 1978 (Grattidge and

O'Brien, 1982). During the 198050l race 3 was responsible for devastating losses of yield in
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Australia. Race 3 has since spread to most parts of the world, including the USA and South
America (Volin and Jones, 1982; Valenzubleeta et al., 1996; Reis et al., 2005).

1.1.6Fol infection process

Fol begins its life cycle as spores or mycelium in the soil (Figure 1.2). The germinating fungus
secretes several enzymes, including polygalacturonases, xylanases and proteases to facilitate
entry of fungal hyphae into the ro@gckman, 1987Michielse and Rep, 200®erincherry et

al., 2020) Hyphae then advance across the root cortex and start colonising xylem vessels
(Figure 1.2). In an effort to combat this invasion and avoid the spread of the fungus to adjacent
xylem vessels, plants form tyloses and secrete gums and -pehtigels, whit lead to
clogging of the vesselsyGdeta and Thomma2013). The combined effect of pathogen
colonisation and plant responses results in blockage of xylem vessels, causing water stress and
wilting symptoms to appear in lower leaves (Figure 1.2). Duringviiron the xylem, the
pathogen switches to necrotrophy and secretes toxins and virulence factors that promote plant
cell death (De Sain and Rep, 2015). Wilting and cell death spread to the entire plant which
eventually dies from the disease (Figure 1.2k Tungus colonises the dead plant and fungal
spores are released into the sé&ibl demonstrates remarkable environmental persistence
through the production of chlamydospores, which are specialised survival spores that can
remain dormant in soil for up three decades before germinating under favourable conditions

(Griffiths, 1973)and initiating new infections (Figure 1.2).
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Figure taken from Agrios (2005).

1.1.7 Disease symptoms

Fusarium wilt of tomato is characterised by yellowing of the leaves, commencing with the

bottom leaves and moving to the top (Figure 1.3AE disease symptoms can advance rapidly,

causing progressive wilting, stunting, leaf death and ultimately death of the plant in severe

infections (Figures 1.3B and 1.3C¢jost plant defence responses, including the formation of
callose, gels anBalloonlike outgrowthscalled tyloseswhich serve as barriers against the
spread of the infection but disturb the flow lo¢twater, can be visualised as vascular browning
(Figure 1.3D).
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Figure 1.3Disease symptoms of tomato Fusarium wilt.

(A) Initially, yellowing appears on a few leaves of #ha-infected tomato plan{B) and(C)

After the spread of the fungus, disease advances rapidly, causing progressive yellowing, wilting
and leaf death that eventually encompasses the whole paAtlgngitudinal section through

a Fol-infected tomato plant shows browning of the vascular system andPpititos were
sourced fronhttps://plantpath.ifas.ufl.edu&gcout/tomato/fusariurwilt.html.
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1.2 Plant immunity

1.2.1Plant Immunity: A General Overview

Plants are constantly exposed to a wide range of pathogens in their growth environments. While
pathogens have evolved numerous strategies to infect and cause disease, plants have developed
complex immune systems to defend themselves. Plant diseases r@mmaajor factor
contributing to reduced yields and economic losses in key agricultural crops gldmally.
mitigate these impacts, various disease resistance strategies have been implemented in
commercial crop breeding programs to lower disease incidenceb@wst productivity.
Developing diseaseesistant crops continues to be a crucial area of research. However, plant
immune responses are highly intricate, involving multiple layers of defence to prevent
infection. Pathogens, in turn, have adapted to bypassippress many of these defences,
increasing their chances of successful infection. As a result, scientists are increasingly focused
on studying planpathogen interactions at the molecular level. This includes exploring how
plants identify harmful micdees, which defence pathways are activated upon detection and

how pathogens attempt to evade these responses.

When a pathogen attempts to infect a plant, the outcome can go one of two ways: either the
pathogen successfully enters, colonises and multiplies within the plant while suppressing
immune responses, resulting in disease, or the plant detects the ininydexativates defence
mechanisms and halts the infection, resulting in disease resistance. Disease resistance is

generally categorised into either Rbast or hosspecific resistance.

1.2.2 Nonrhost resistance: a broaespectrum barrier against pathogens

Non-host resistance (NHR) is a crucial aspect of plant immunity, representing the inherent
ability of the vast majority of plant species to resist infection by most potential pathogens. This
broadspectrum form of resistance can protect against prospgutfegens regardless of
specific plant genotypes or cultivatdgath, 2000SenthitKumar and Mysore, 2013; Lee et

al., 2017;Fonseca and Mysore2019). NHR represents a fundamental aspect of plant
immunity, relying on two primary mechanisms to proteenpd against potential pathogens
(Heath, 2000; SenthKumar and Mysore, 2013). The first mechanism, constitutive resistance,
comprises preformed physical barriers including cell walls, thorns, trichomes, spines, cuticles
and chemical barriers such as waxkatex, oils, resins, sticky compounds and antimicrobial

secondary metabolites, that function regardless of pathogen presiémnbdrger and Lipka,
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2005) These surface structures and chemical barriers create obstacles to pathogen entry
(Underwood, 2012). Plants constitutively produce many antimicrobial compounds such as
saponins, glucosinolates and phenolics that provide chemical defence against agads ra
microorganisms @sbourn, 1996; VanEtten et al., 1994; Bednarek and Osbourn,.2009)
Additionally, plants constitutively express various antimicrobial proteins, including defensins
and thionins, which exhibit broegpectrum activity against potéad invaders Broekaert et al.,

1997, Stotz et al., 2009 hese constitutive defences form the first layer of protection and are
constantly maintained without requiring pathogen detection to initiate their formation (Figure
1.4).

The second mechanism involves pattern recognition receptors (PRRs) that recognise and relay
pathogen presence to the plant (Jones and Dangl, 2006). These cell surface receptors recognise
conserved molecular patterns associated with pathogens, includihgg@aassociated
molecular patterns (PAMPs) or more broadly, micrabsociated molecular patterns
(MAMPs) and damageassociated molecular patterns (DAMPSs) caused by pathofieted

damage to plant tissues (Boller and Felix, 2009; Zipfel, 2014; ChdKksdig, 2016). Upon
recognition, PRRs initiate complex signalling cascades that activate various defence responses
throughout the plant, collectively called pattériggered immunity (PTI) (Couto and Zipfel,

2016). Widely studied PRRs include FLS2, whigerceives bacterial flagellin, EFR, which
recognises the bacterial elongation factor Tu{iff, and CERK1, which mediates recognition

of chitin, a major component of fungal cell walls (Gor@&amez and Boller, 2000; Zipfel et

al., 2006; Miya et al., 2007 The activation of these receptors initiates humerous cellular
responses, such as the production of reactive oxygen species, calcium signalling, activation of
mitogenactivated protein kinases and extensive transcriptional reprogramming, which
collectivdy inhibit pathogen growth and spread (Figure 1.4) (Li et al., 2016). While
constitutive resistance provides immediate protection, PTI offers a more flexible response that
can be activated upon pathogen detection. The combination of constitutive defesh&H a

forms a comprehensive and effective defence system that enables most plants to withstand most
microbial challenges in their environment and underpins the phenomenon -foston
resistance. Consequently, successful pathogen colonisation represeqdsion rather than

the norm, which in turn led to the evolution of hepecific resistance.
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1.2.2.1 PRRs

Plant pattern recognition receptors (PRRs) are vital components of the innate immune system,
detecting conserved molecular signatures from microbes or signals of cellular damage to
trigger defence responses. PRfediated recognition can result in both lkepectrum
immunity through detection of conserved pathegesociated molecular patterns (PAMPS)

and racespecific immunity, as exemplified by receptors such as the tomatioadfi Cf9
proteins that recognise specifttadosporium fulvuneffectors Avr4d ad Avr9, respectively
(Joosten et al., 1994; Thomas et al., 1997). These receptors are classified into several major
types based on their structural features and ligand specificities, including leichimepeat
receptor kinases (LRRKS), receptotike proteins (RLPs), LysMontaining receptor kinases,
malectinlike receptor kinases (MLRKSs), wadlssociated kinases (WAKSs), andidsus
receptor kinases (SRLKSs) (Figure 1.5). LIRKs, such as FLS2 and EFR, are among the most
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extensively studied; FLS2 perceives bacterial flagelenved peptide flg22, prompting
immune signalling, while EFR recognises the bacterial elongation factor Tu peptide elf18
(Macho and Zipfel, 20D4(Figure 1.5). The activation of these receptors commonly involves
co-receptors like BAK1 (BRIdassociated kinase 1), a leucieh repeat receptor kinase that
functions as a central signalling hub in plant immunity by heterodimerising with activated
PRRs to enhance receptor complex formation and amplifyndtream signalling. RLPs, such

as the tomato G4 and Cf9 receptors, recognise fungal effectors like Avr4 and Avr9 through
association with ceeceptors, including SOBIR1 and BAK1, leading to immune activation
(Liebrand et al., 2013; Huang et al., 202Big(re 1.5). In fungal pathogen detection, LysM
receptor kinases like CERK1 are central; CERKL1 binds chitin fragments generated from fungal
cell walls, which is crucial for triggering defence responses against fungi such as
Colletotrichumand Magnaporthespp. (Miya et al., 2007). WAK1 has been implicated in
sensing pecthuerived oligogalacturonides from the cell wall, although recent evidence has
challenged this direct receptligand relationship (Herold et al., 2025). However, recent
studies by Herol@t al. (2025) have cast doubt on this function, questioning direct binding and
suggesting alternative recognition mechanisms or accessory proteins may be involved (Herold
et al., 2025). Notably, WAKs can provide rag@ecific resistance in crops; for exdmpthe
Brassica napusRlm9 resistance gene encodes a W€ (WAKL) receptor kinase that
triggers BAKX and SOBIRlindependent cell death following recognition of the
Leptosphaeria maculamsvrLm59 effector (Larkan et al., 2020), while tB¢b6gene in wheat
confers resistance t@dymoseptoria tritici(Saintenac et al., 20L8Malectinlike receptor
kinases (MLRKSs), which resemble animal malectin proteins, also participate in carbohydrate
recognition, though their exact ligands are still under investigg@uerreiro and Marhavy,
2023)(Figure 1.5). SRLKs are mostly known for their role in the-selbmpatibility response

but demonstrate the extensive diversity of the receptor faiy Kk ay ama & )l sogai
Collectively, these PRRs form a sophisticated surveillance network, often working in concert
or crosstalk, to detect various MAMPs, effectors, or DAMPs and activate immune signalling
pathways such as MAPKs, ROS production, and transcriptional reprogngnihacho and
Zipfel, 2014) (Figure 1.5).
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1.2.2.2 Induction of PTI by LRR-RKs and LRR-RPs

Leucinerich repeat receptor kinases (LAEKs) and leucineich repeat receptdike proteins
(LRR-RLPs) are key components of plant immune systems, primarily responsible for detecting
external signals such as PAMPs, DAMPs, and effectors. As described, &®2 detects
bacterial flagellin (flg22), while EFR recognises elongation factoiTERelf18), and the
tomato Cf proteins (such as-@fand Cf9) recognisé€ladosporium fulvuneffectors Avr4 and

Avr9, respectively (Macho and Zipfel, 2014; Liebrandlet2013; Huang et al., 2024).

Crucial to the signalling function of LRRKs and LRRRLPs are caeceptors and regulatory
proteins that facilitate or modulate immune activation. BAK1 (B&&ociated kinase 1) is a
central cereceptor for both LRFRKs and LRRRLPs. Upon ligand perceptidby receptors

such as FLS2 or EFR, BAK1 forms heterodimeric complexes with the activated receptor,
facilitating receptor activation through phosphorylation events that trigger downstream
defences, including MAPK cascades (Chinchilla et al., 2007; Heesle 2007). Similarly,
LRR-RLPs such as the tomato Cf proteins also associate with BAK1 to transduce immune
signals (Liebrand et al., 2013).

In addition to BAK1, LRRRLPs require SOBIR1 (suppressor of B#RJl for signalling
because they lack intrinsic kinase activity. SOBIR1 is a constitutively active retigptor
kinase that functions as an essential adaptor protein, formirgspoeiation amplexes with
LRR-RLPs at the plasma membrane (Liebrand et al., 2013; Bi et al., 2016). Upon ligand
perception, SOBIR1 recruits BAK1 to form a tripartite recef8@BIR1-BAK1 complex that
enables signal transduction (Liebrand et al., 2013; Postma et0ab).2This SOBIR41
dependent mechanism is essential for ERIEP signalling; for example, Vel detection of the
Verticillium Avel effector and Cf protein recognition &. fulvumeffectors both require
SOBIR1 for immune activation (Liebrand et al., 2013; Boshoven et al., 2015). Notably, some
WAK -mediated racspecific resistance, such &sassica napuRim9 recognition of the
Leptosphaeria maculangdvrLm59 effector, functions independently of both BAK1 and

SOBIR1, demonstrating alternative signalling mechasifLarkan et al., 2020).
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EDS1 (enhanced disease susceptibility 1) plays a crucial role in amplifying immune signals
downstream of both LRIRKs and LRRRLPs, often linking receptor activation to effeetor
triggered responses and acting as a bridge between PTI and ETI (DonguskandZ0aq ;

Pruitt et al., 2021). In contrast, BIR1 (BAKiteracting receptelike kinase 1) functions as a
negative regulator within these signalling pathways. BIR1 interacts with receptor complexes
to prevent unwarranted activation, thereby maintainmmune homeostasis and preventing
autoimmunity (Gao et al., 2009; Liu et al., 2016). The balance between positive regulation by
BAK1, SOBIR1, and EDS1, and negative regulation by BIR1, ensures appropriate immune
responses while preventing excessive or ingpate immune activation (Van der Burgh and
Joosten, 2019; McCombe et al., 2022).

1.2.3Host-specific resistancePathogen strainspecific resistance

When pathogens evolved the ability to bypass both constitutive and inducible components of
northost resistance, hespecific resistance came into play. Hepecific resistance refers to

the ability of certain genotypes or cultivars within a plant speoessist specific races or
strains of a particular pathogema der Burgh and Joosten, 201Bffectors may include
secondary metabolites, small RNAs (SRNASs) or secreted proteins that are often small and
cysteinerich (Stergiopoulos and de Wit, 2009;eRarse et al., 2012)eiberg et al., 2013
Depending on their function, they are secreted into the apoplastic space or translocated into
host cells, where they interfere with immune responses and facilitate pathogen colonisation
(Dou and Zhou, 2012)

Effectors commonly function by suppressing PTI or otherwise reducing plant defences by
degrading or counteracting constitutive barriers. This mechanism, whereby effectors promote
successful pathogen colonisation, is known as efféaggered susceptibty (ETS) (Jones

and Dangl, 2006). In response to this evolutionary pressure, plants have developed specialised
receptor proteins, known as resistance (R) proteins, that can recognise and respond to specific
pathogen effectors. When an R protein succegsfetlognises an effector, it activates a robust
defence response termed effedraggered immunity (ETI) (Jones and Dangl, 2006) (Figure

1.6).
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This type of resistance often follows a gdoegene model (Flor, 1971), where a specific plant
resistance ) gene enables recognition of a pathogen isolate carrying the corresponding
avirulence Avr) gene (now often referred to as an effector gene) (Jones and Dangl, 2006). The
presence of both a functionBlgene in the plant and its matchiAgr/effector gene in the
pathogen leads to an incompatible interaction and plant disease resistance. Conversely, if the
pathogen lacks th&vr/effector gene or the plant lacks the correspongiggne, a compatible
interaction and successful plant infection occur (JonesDamyl, 2006). For instance, the
tomatoCf-4 R gene enables recognition 6ladosporium fulvunisolates carrying thévr4

effector gene, triggering a strong defence response, including the hypersensitive response (HR)
(Thomas et al., 1997).
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1.2.3.1 Resistance proteins

Plants employ various membraarchored immune receptors such as recdimrkinases
(RLKs) and receptelike proteins (RLPs). These receptors typically possess extracellular
leucinerich repeat domains that detect pathegesociated molecules or effert at the cell
surface. They initiate signalling cascades internally through kinase domains or through
partnerships with coeceptors MicCombe et al., 2092Wall-associated kinases (WAKSs) are

a subset of RLKs that sense damage signals (DAMPs) and pramotene pathways by
forming heterodi mers with other receptor kin
ability to perceive pathogenic threats (Ngou et al., 2021). Similaflgc® receptor kinases
(SRLKSs) participate in immune responses, oftentigouting to pathways of ETI, expanding

the repertoire of receptanediated defences (Ngou et al.,, 2021). In addition to these
extracellular receptors, plants' intracellular resistance proteins known -4RR8 are also
fundamental components of effectoggered immunity (ETI). These proteins typically
feature a tripartite domain architecture: artelminal domain, either a Toll/Interleukin
receptor (TIR) or coileaoil (CC), which initiates intracellular signalling; a central nucleatide
binding (NB) dmain, acting as a molecular switch that is activated by ATP or ADP binding;
and a Gterminal leucineich repeat (LRR) region that confers specificity for recognising
pathogen effectors (Gabriels et al., 2007). Upon effector detection, conformatiotsahstié
NB-LRR proteins activate defence pathways, including localised cell death, which restricts
pathogen growth (Gabriels et al., 2007). Together, these different classes of resistance proteins
work synergistically to detect pathogens, hypersengitivisponse, ROS burst, MAPK
cascade, hormonal response and SAR response (Figure 1.7). The coordination among NB
LRRs, RLKs, RLPs, WAKs, and SRLKs forms a complex network for effective and resilient
plant immunity (Yuan et al., 2021; Ngou et al., 2021) (Fegl.7).
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1.2.3.2 Induction of ETI and cell death by TIRNLRs

TIR-NLRs (Toll/interleukinl receptor nucleotide binding leucineh repeat proteins) are a
specialised class of intracellular immune receptors in plants that play a role in pathogen
recognition and activation of immune signalling pathways (e.g. RRSDeslandes et al.,
2003) These NLRs are sometimes organised in pairs, consisting of sensor NLRs that directly
or indirectly recognise pathogen effectors, and executor NLRs that trigger immune signalling
once activation occurs (Wang et al., 2023; Yu et28124). Sensor NLRs frequently contains
integrated domains derived from host effector targets, such as WRKY or kinase domains,
which serve as decoys or bait for pathogen effectors, enhancing detection sensitivity. Their
function heavily depends on sevesajnalling components, notably EDS1 (enhanced disease
susceptibility 1), SAG101 (senescerassociated gene 101), and PAD4 (phytoalexin deficient
4). These proteins form complexes that transduce signals downstream of TIR domains,
facilitating the activatio of defence responses. TIR domains possess NADase activity, which
catalyses the cleavage of nicotinamide adenine dinucleotide (NAD+) into various products,
including cyclic ADRribose and other cyclic ADRbose derivatives, which are believed to

act as scond messengers in immune signalling. These molecules can promote calcium fluxes
and other downstream responses critical for amplifying immune activation including
hypersensitive cell death, production of deferalated hormones such as salicylic acid,
activation of defence gene expression, callose deposition at infection sites to reinforce cell
walls, and the initiation of systemic acquired resistance (SAR) that primes the entire plant for
enhanced defence against future attacks (Wang et al., 2023a¥u2€24).

Additionally, signal transduction often involves paired NLRs, with sensor NLRs responsible
for recognising specific pathogen effectors directly or indirectly, and executor NLRs that
execute the immune response, such as inducing hypersensitive cell ddpéin.NLRs, such

as ADR1 (activated disease resistance 1) and NRG1 (N requirement gene 1), serve as essential
mediators that amplify or relay the signal initiated by sensor NLRs, often working in concert
with EDSEPAD4-SAG101 complexes. For example, NRGHa&ADR1 are auxiliary proteins

that help propagate signals downstream of-WIER activation, ultimately leading to defence

gene expression and programmed cell ddatiuielis and Adachi, 2022Yhese helper NLRs

can operate as either single or paired units, forming immune networks that confer robustness
and specificity to plant immune responses (Ngou et al., 2021). Integrative domains within
NLRs can also enhance immune specificity by actindea®ys or novel sensors for pathogen
effectors, further diversifying the plant's immune repertoire. Overall, TIR domains with
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NADase activity work together with helper signalling proteins like EDS1, SAG101, PADA4,
ADR1, and NRG1, and with the modular structure of NLRs. This interaction shows the

complexity and sophistication of plant immunity (Figure 1.8).
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1.2.3.3 Induction of ETI and cell death by CENLRs

Coiled-coil nucleotidebinding leucinerich repeat receptors (GCELRs) constitute a
substantial class of intracellular immune receptors in plants that play roles in detecting
pathogerderived effectors and activating immune responses. These receptdraractarised

by an Nterminal coiledcoil (CC) domain, a central nucleotitdnding (NB) domain, and a-C
terminal leucineich repeat (LRR) region (Adachi et al., 2019; Adachi and Kamoun, 2022;
Wang et al., 2023; Yu et al., 2024). Upon recognition of $ipesffectors, CENLRs undergo
conformational changes that trigger their activation. A key feature of maryL&S, such as
ZAR1, is their ability to form large resistosome complexes (Bi et al., 2021). Specifically, ZAR1
forms a pentameric resistosome theerts into the plasma membrane, creating a pore that

f unct i on spermeable &han@d, |thereby facilitating a rapid influx of calcium ions
essential for downstream signalling and cell death programs (Bi et al., 2021). Helper NLRs,
such as ADR1 andNRG1, which also belong to the @@.R family, facilitate signal
transduction and amplify defence response. Sometimes helper NLRs also undergo a similar
oligomerisation process upon activation, forming resistosomes that directly serve as calcium
channels, ltereby amplifying the calcium signalling necessary for immune responses. This
multimerisation and pore formation allow €NLRs to act as both sensors of pathogenic
effectors and active executors that modulate ion fluxes at the plasma membrane, effectively
translating pathogen detection into cellular defence actions. Additional NLRs, such as NRCs,
collaborate within these signalling networks, further fimeing immune responses. In
summary, CENLRs are adaptable immune receptors that can attach to timeerebirane and

form pores that let calcium in, which is vital for starting a strong immune response in plants
(Adachi et al., 2019; Bi et al., 2021) (Figure 1.9).
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1.3 Pathogen effectors

Effectors are produced by various pathogens, including viruses, bacteria, fungi, oomycetes,
nematodesinsectsandeven parasitic plantdiere, | will primarily focus on fungal effectors

that induce plant cell dea#is part of their virulence strategy
1.3.1 Fungal effectors in pathogen nutrition and the avoidance of recognition

Effectors exhibit remarkable diversity in structure, function, and mechanisms of action. A
single pathogen species can secrete dozens to hundreds of effectors, constituting a highly
complex repertoire of virulence factors. Structurally, effectors enconspaes$ cysteingich

proteins, large modular proteins, enzymes with defined catalytic domains, proteins containing
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hostmimicking motifs, as well as intrinsically disordered or unstructured proteins.
Functionally, they include proteases and peptidases, kinases and phosphatases, E3 ubiquitin
ligases, transcription factdike proteins, and enzymes that modify nucleidacThe effector

not only functions in theuppression of plant immunity, as explained previously, but also plays

a role in pathogen nutrition (Zhang et al., 2022).

Many effectors actively reprogram host metabolism and physiology to increase the availability
of sugars, amino acids, and other metabolites in the apoplast or vascular tissues. For instance,
in Fusarium oxysporurh sp.lycopersicj several Secreted in Xylem (SIX) proteins contribute

to virulence beyond recognition by resistance gedke§landSiX6effectors have been shown

to influence host physiology, altering water and nutrient balance in the xylem to create
conditions favourable for fungal proliferation (Gawehns et al., 2014; van der Does et al., 2008).
Similarly, effectors fronCladosporium fulvumsuch a#\vr2 andAvr4, protect fungal hyphae

from plant defence enzymes, including proteases and chitinases. While their pril@digsro

in suppressing apoplastic defence, this indirectly ensures continued nutrient leakage and
accessibility for the fungus (van den Burg et al., 2006; van Esse et al., [2G8é)maize smut
fungusUstilago maydisthe effectorCmulis an enzyme that diverts chorismate away from
making salicylic acid (a defence signal). Th
metabolism toward normal growth processes, which provides more nutrients for the fungus
(Djamei et al., 2011). The rice blast fursjMagnaporthe oryzaalso deploys a wide effector
repertoire. For examplévrPizt interacts with a rice E3 ubiquitin ligase to suppress immunity

and sustain colonisation, while other effectors manipulate the expression of host SWEET sugar
transporters, thereby enhancing the efflux of sugars into the apoplast for fungal consumption
(Pak et al., 2012; Chen et al., 2010). More broadly, apoplastic effectors across fungal
pathogens commonly prevent host reinforcement of cell walls or occlusion of vasssuay, ti
processes that would otherwise restrict nutrient access. By protecting feeding structures such
as haustoria, or by manipulating host transport and metabolic pathways, these effectors ensure
a continuous supply of assimilates for the invading fungiigs, effector activity is intimately

tied not only to suppression of host defence but also to the manipulation of host nutrient

allocation, a dual strategy that underpins the success of many fungal pathogens.

Fungal pathogens need to hide their molecular fingerprints to avoid triggering plant immune
responses. The most critical issue for fungi is chitin which is a major cell wall component that

plants recognise as a danger signal through receptors like CERKdvefcome this, many
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fungi secrete LysM effector proteins that act like molecular sponges, soaking up chitin
fragments before plants can detect them. A classic example is Ecp6 from the tomato pathogen
Cladosporium fulvumwhich has three LysM domains that can simultaneously bind three chitin
chains with extremely high affinity, effectively hiding them from plant surveillance (de Jonge

et al., 2010). Similarly, the rice blast fungMagnaporthe oryzaesesSlpl, another LysM
effector that shields chitin during infection, and mutants lacking this protein are much less
virulent because the plant quickly spots the invasion (Mentlak et al., 2012). These camouflage
strategies are essential because they give pathabgess critcal early hours to establish

infection before the plant's defences kick in.

Some fungal effectors are remarkably efficient because they can affect multiple host processes
with a single enzymatic activity, particularly when they target enzyme families or proteins with
broad cellular roles. An excellent example of thiBeplfrom Ustilago maydisthe corn smut
fungus. Pepl is a secreted peroxidase inhibitor, but rather than blocking just one specific
peroxidase, it inhibits an entire family of plant peroxidases. Hemetsberger et al. (2012) showed
that this broad inhibitory activitgreates a cascade of beneficial effects for the pathogen: it
suppresses the oxidative burst by reducing reactive oxygen species (ROS) accumulation,
prevents lignin deposition in plant cell walls (since lignification requires peroxidase activity),
maintainstissue penetrability for fungal hyphae, and protects the fungus from oxidative
damage. All of these outcomes, immune suppression, enhanced colonisation, and improved
nutritional access, stem from one effector targeting multiple members of the peroxidase

enzyme family.

Effectorinduced host cell death is a strategic virulence mechanism predominantly utilised by
necrotrophic fungi, which deliberately trigger host tissue necrosis to facilitate nutrient
acquisition and disease progression. Necrotrophs secrete specitiorsffeat manipulate host

cell death pathways, causing the host plant to undergo cell death or necrosis, thus transforming
healthy tissue into resourceh dead tissue that supports pathogen proliferation. In the case of
hemibiotrophic pathogens, whichitially establish infection in living host tissue (biotrophy),
effectors play a crucial role in their transition to necrotrophy. During early infection stages,
these pathogens may evade host defences and maintain host cell viability; however, as infection
progresses, they secrete necrastkicing effectors that induce targeted host cell death. This
switch from a biotrophic to a necrotrophic lifestyle involves a deliberate manipulation of host

cell death pathways, allowing the pathogen to exploit necrssigd for expansion and nutrient
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access. The ability to induce cell death at specific stages is thus a key virulence strategy that
determines the success of hemibiotrophs in completing their infection cycle and underscores
the importance of effectors in modulating host immunity and a#dl decisions. In summary,
effectortriggered host cell death is a fundamental virulence strategy for necrotrophic fungi and
hemibiotrophs during their transition from biotrophy to necrotrophy, enabling them to
overcome host defences, access nutrientseatablish persistent infectionee and Rose,

2010).

1.3.2 Fungal effectors causing cell death

Fungal pathogens deploy diverse effector proteins to induce cell death in plants as part of their
infection strategyMany fungal pathogens produce necrosis and ethyleheing peptide 1
(NEP1}like proteins (NLPs) that directly disrupt plant cell membranes, causing widespread
necrosis in host tissues which then act as a substrate for fungal nutrition. Examples include
BcNEPlandBcNEP2from Botrytis cinereeandMpNEPlandMpNEP2from Moniliophthora
perniciosa (Gijzen and Nurnberger, 2006; Schouten et 2008). Some cerafolatanin
proteins, such as BcSpll froBotrytis cinerea(Frias et al., 2011) represent another class of

cell death elicitors.

However, a particularly intriguing class of fungal effectors operates through an inverse gene
for-gene relationship, where pathogen recognition by the host leads to susceptibility rather than
resistance. In these cases, effectors trigger R protediatedcell death as a pathogenicity
mechanism, exploiting the host's own defence machinery for the pathogen's benefit. A
prominent example of this phenomenon is the ToxA protein, an extracellular effector produced
by the wheat pathogdparastagonospora nodoruroxA triggers cell death specifically in
wheat cultivars carrying thEsnlgene, which encodes a nucleotlniading leucinerich repeat

(NLR) protein (Faris et al., 2010). Mechanistically, ToxA appears to interact with TaNHL10,

a wheat homologue of Arabidopsis NDR1 that is required for Rpml and-rRediated
resistance triggeredy AvrB, AvrRpm1, and AvrRpt2. Like NDR1, TaNHL10 is a type Il
membraneanchored protein with its-@&rminus positioned extracellularly. It may facilitate the
translocation of ToxA intthe cytosol, where it is subsequently recognised by Tsnl, leading to
necrosis (Dagvadorj et al., 2022). This represents a sophisticated hijacking of the host's
resistance machinery, where the pathogen has evolved to exploit components normally

involved indefence responses.
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TheP. nodorunpathosystem provides another example througBtimdgene, which encodes

a wallassociated kinase (WAK) that serves as a target for the fungal effector Tox1. This
interaction demonstrates how WAKs can function either in resistance or as susceptibility
targets, depending on the pathogen effector involvedetSit., 2016).

Beyond the ToxATsn1 system, other NLR genes have been shown to function as susceptibility
factors in inverse ger@r-gene interactions. In Arabidopsis, th®V1 (locus orchestrating
victorin effects 1) gene encodes a coitaxdl NLR protein that mediates sensitivity to victorin,

a cyclic pentapeptide toxin produced ®gchliobolus victoriagwhich causes Victoria blight

on oats (Lorang et al., 2007). Rather than binding victorin directly, LOV1 acts as a guard
protein that monitors the thioredoxin TR¥5,the actual target of victorin (Sweat and Wolpert,
2007; Lorang et al., 2012). When victorin binds FRX LOV1 becomes activated and triggers
cell death alongside typical defence responses such dsdeRe induction and camalexin
accumulation, thereby pmoting disease development. This system has particular historical
significance in oats, where théb gene conferring victorin sensitivity appears to be identical

to Pc-2, a gene that provides resistance to crown rust caud@ddaynia coronatd. sp.averae

This situation exemplifies how a single gene can confer resistance to one pathogen while

simultaneously rendering the plant susceptible to another (Faris and Friesen, 2020).

Another wellstudied example involves thec gene in sorghum, which also belongs to the
coiled-coil NLR family and governs sensitivity to Pt@xin from Periconia circinata the
causal agent of milo disease (Nagy and Bennetzen, 200&pxrCis a hybrid molecule
composed of a peptide linked to a chlorinated polyketide. When Pc recognitesiiGt
initiates programmed cell death accompanied by various cellular disrspticluding mitosis
inhibition, chromatin condensation, electrolyte leakage, amaspimm ion flux (Dunkle and
Macko, 1995). Interestingly, tHeclocus resides within a cluster of NLR genes that frequently
undergoes unequal recombination, spontaneously generatigxPEnsensitive variants at
notably high rates while simultaneously producing allelic diversity (Nagy and Bennetzen,
2008). Togetherwith the ToxATsnl interaction, these examples demonstrate how
necrotrophic pathogens have evolved to hijack plant resistance mechanisms that normally

function against biotrophic pathogens(is and Friesen, 2020).
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1.3.3Fol effectors and their function

TheFol genome has been organised into 15 chromosomes, out of which 11 are considered core
chromosomes and four are considered linegugeific (LS) chromosomes based on
comparative genome analysis withgraminearun(Fg) andF. verticillioides(Fv) (Ma et al.,

2010). Several LS regions were also found on a number of conserved chromosomes. The LS
chromosomes and regions are rich in transposons and genes related to pathogenicity that are
only present in th&ol genome and not in tHeg or Fv genomes (Ma et al., 201. A number

of these genes encode proteins found in the xylem skplonfected tomato plantRepet

al., 2004;Houterman et al., 2007; Schmidt et al., 20M)st of theseSIX (secreted in xylem)

genes are found on LS chromosome 14alf strain 4287, whichs a mobile pathogenicity
chromosome that can transfer, albeit at a very low frequency, topationgenic isolate d.
oxysporumn a different VCG and convert it into a strain pathogenic on torfMéoet al.,

2010; Schmidt et al., 2013yan Dam et al., 20370f these 14 SIX proteins, SIX1 (Avr3),

SIX2, SIX3 (Avr2), SIX5, SIX6 and SIX8 have been shown to be required forFalll
pathogenicity on susceptible tomato plants (Rep et al., 2004; Houterman et al., 2009; Gawehns
et al., 2014, 2015; Ma et al., 2015; Aalders et al., 2024). Interestingly, SIX4 (Avrl) does not
contribute td~ol pathogenicity on susceptible tomato plants, but has been found to suppress |
2- and F3-mediated resistance (Houterman et al., 2008). In contrast, the SIX4 ortholdégue in
oxysporunt. sp.conglutinanshas been shown to contribute to pathogenicity on Arabidopsis
(Thatcher et al., 2012).

Avr2 andSIX5are adjacent genes that are transcribed divergently from a shared pr@uaoter

et al., 2018)Avr2 is detected by the2 resistance protein, which is a cytosolic protein. This
suggestvr2 acts in the cytosol of the host plant d8imonset al., 1998; Houterman et al.,
2009).1n plantacytosolic expression d&vr2 alone was found to be sufficient to indueg-|
mediated cell death iN. benthamianand tomato, but both effectors were required @r |
mediated~ol resistance in tomat@go et al., 201851X5 was found to interact with Avr2 and
facilitate its movement from one cell to another via plasmodesmata, which contributes to

virulence in susceptible plani€ao et al., 2018).

SIX6is expressed at early as well as late stages of infection and requires a living host to induce
its expression (Gawehns et al., 20189] SIX6contributes to pathogen virulence as plants
inoculated withFol SIX6deletion mutants showed greater plant weight and a lower disease
index compared to plants inoculated with wijghe Fol (Gawehns et al., 2014lowever, in a
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different study, a strain d¥ol containing a deletion &1X§ SIX9andSIX11did not display a
decrease in virulence (Vlaardingerbralal, 2016).S1X6is presenin otherformae speciales

of F. oxysporunthat infect melon, cotton, watermelon, passion fruit and cucuthleens et

al., 2009 Chakrabarti et al., 201 Gawehnt al., 2014)The SIX6gene inF. oxysporunt. sp.
phaseolwas found to be positively associated with the induction of wilt symptoms in soybean
(Lanubile et al., 2016) ardiX6 was shown to play a role in virulence in watermeidacting

F. oxysporunf. sp. niveum(Niu et al, 2016) and cucurbinfecting strainForc016 of F.
oxysporunt. spradicis-cucumerinun{Van Damet al, 2017). HoweverSIX6deletion strains

of F. oxysporunt. sp.melonis(Fom) showed no loss of virulence on melon plants compared

to wild-type strains, suggesting thakX6does not play aote in virulence inFom (Li et al.,

2020) SIX6 homologues are also present @olletotrichum (Gawehnset al., 2014).
Collectively, these studies underscore the cordepiendent and, in certain instances,
paradoxical role of SIX6 if. oxysporunpathogenicity. While targeted gene deletion analyses
across multiplformae speciale®iave demonstrated a measurable contribution of SIX6 to
disease phenotype severity, other investigations indicate functional redundancyspeldst
dispensability of this effector. The absence of an observable virulence phendigbstmins
harboring combinatorial deletions of multi@#Xgenes $1X§ SIX9 andSIX1) suggests that
compensatory effector networks or parallel virulence mechanisms may obscure the individual
contribution of specific effectors under defined experimental conditionsu@itagerbroek et

al., 2016). Similarly, the failure to detect attenuation of virulencg®X6deletion mutants of

F. oxysporunt. sp. melonisindicates that SIX6 functionality may be contingent upon host
genotype, the collective effector complement of the pathogenic strain, or the discrete infection
microenvironment occupied by the pathogen (Li et al., 2020). Collectively, these observations
demonstrate that SIX@nediated pathogenic contribution is highly contingent upon the genetic
architecture and phydmgical state of both the pathogen and host system, thereby highlighting
the inherent complexity of effector biology and the inherent limitations of reductionist-single

gene knockout methodologies for comprehensive elucidation of effector funcptanta

The SIX8 effector is translocated into host cells (Tintor et al., 2020) where it proRates
pathogenicity by interacting with the tomato TPL1 (TOPLESS 1) and TPL2 proteins and
enhancing their function as transcriptionatrepressors of genes involved in plant defence
(Aalders et al., 2024). Th8IX8gene exists in multiple copies within tkel genome, with

copy numbers ranging from one to thirteen copies among diffEcdstrains (De Sain et al.,
2015). LikeSIX3andSIX5 theFol SIX8gene is arrangkin a divergently transcribed pair with
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a putative effector gene designalR8lL1(PSEL-like 1) (Ayukawa et al., 2021; Sun et al., 2022,
2025).PSE1(Paired withSIX8 encodes a small cystetnieh protein secreted By. oxysporum

f. sp. conglutinans(Focn) that, together withFocn SIX8 suppresses phytoalexased
defences in Arabidopsis (Aykawa et al. 2021). It is possible that PSL1 promotes {toe cell
cell movement of SIX8, similar to the role of SIX5 in promoting the-twettell movement of
SIX3 (Avr2). A PSElorthologue is present iRol, but it is paired with &IX8homologue
designatedsIX8bthat is neither transcribed nor translated (Schmidt et al., 2013; Sun et al.,
2022).

Beyond the welcharacterised SIX effector proteitxl also produces extracellular proteases

that play an important role in overcoming chitindsesed defence of tomato. Two of these
proteases, the fungalysin metalloprotease (FoMepl) and the subtilisin serine protease
(FoSepl), work together to inactivate ahibinding domaircontaining chitinases, which are
among the plant's primary antifungal defences (Jashni et al., 2015). FoMepl1 is closely related
to a similar metalloprotease foundrnverticillioidesand can be detected in the xylem sap of
infected tomato plants, indicating it is actively secreted dufiolinfection. Interestingly,
neither protease alone is particularly effective at disabling plant chitinases. FoMepl can only
partially cleave one type of chitinase (the class IV enzyme SIChil3), while FoSepl on its own
has minimal effect. However, when bothofeases are present together, they completely
remove the chitirbinding domains from two major tomato chitinases (SIChil and SIChil3),
cutting them at different positions on theirtBrminal regions. This cleavage reduces both the
enzymatic activity and antifungal potency of these defence proteins. The importance of this
cooperative protease activity becomes clear when looking at deletiontsn@tains lacking

just one of the two proteases show only minor decreases in virulence, but double mutants
lacking both FoMepl and FoSepl are significantly less pathogenic, causing much milder
disease symptoms that are comparable to Amomtulated plargt. This demonstrates that the
synergistic action of these two proteases is essential for the full virulerke# oh tomato
(Jashni et al., 2015).

FoRnt2 is a secreted ribonuclease family protein (encoded by FOXG_ 12372 dtdhmat
contributes to fungal virulence on tomato. The protein contains-smminal signal peptide

and a conserved RNase T2 domain with two critical active site residues (His80 and His142)
that are essential for its RNéegrading activity. FoORNnt2 expressigrstrongly induced during
infection, peaking at 8 hours paabculation and the protein localise to both the cytoplasm

and nucleus of plant cells after secretion. Whilketiten of FoRnt2does not affect fungal

51



growth or conidiation, it significantly reduces virulence on tomato. @ analysis revealed

that FoORnt2 dowategulates 1,463 plant genes enriched in defeeleged pathways, including
hormone signaling (auxin, ethylene, ABA), MAPK signalling, and minos biogenesis.
Unlike other effectors, FoRnt2 does not induce cell death but instead suppresses plant
immunity by degrading defengelated RNAs, thereby promoting fungal infection (Qian et al.,
2022).

FolSvpl (encoded by FOXG_11456) is another secreted effectoFbthat is essential for

full fungal virulence on tomato. The protein contains both a signal peptide for secretion and a
nuclear localisation signal, which allows it to enter the plant cell nucleus. A key aspect of
FolSvpl function is the acetylation of lyeid67 (K167) by the fungal enzyme FolArd1, which
protects the protein from degradation. Without this acetylation, FolSvpl becomes marked for
destruction at three other lysine residuesutting in approximately 75% reduction in protein
levels. Once secreted into the plant, FolSvpl targets SIPR1, a tomato defence protein normally
located in the apoplast. FolSvpl binds to SIPR1 and relocates it into the nucleus, preventing
SIPR1 from genating CAPEL, a defenesgnalling peptide that would normally enhance
plant immunity. The K167 acetylation continues to protect FolSvpl from degradation within
plant cells, allowing it to complete its immusappressing function. Experiments show that
delding theFolSvplgene or mutating K167 to prevent acetylation significantly reduces the
fungus ability to cause disease, while mutations that mimic acetylation maintain full virulence.
This demonstrates that a single acetylation event on one amino acid is essenttaidesfal

fungal infection (Li et al., 2022).

Fol produces eight polygalacturonases, but two dominate the secreted PG activity. Pgl
(encoded by FOXG_14695) is the major endopolygalacturonase that cleaves pectin chains
internally, showing the highest expression levels when induced by galacturonic ad&d. Pgx
(encoded by FOXG_15415) is the major exopolygalacturonase that degrades
oligogalacturonides from chain ends to produce smaller fragments and monomers. Together,
these enzymes account for approximately 90% of total secreted PG activity, working
synergstically to degrade pectin. Despite their importance in pectin degradation, individual
deletion of eitheipgl or pgx6did not significantly reduce virulence on tomato plants, even
though the @pgl mutant showed dramatically ¢
16% reduction in total activity. However, t
10% of wildtype RG activity and was significantly attenuated in virulence, with only 40%

plant mortality after 30 days compared to nearly complete mgrtaiih wild-type or single
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mutants. Thidayer chromatography confirmed that the double mutant produced far fewer
pectin degradation products. Complementation with infagt fully restored virulence.
Interestingly, fungal colonisation levels and plant defence gene expression were similar across
all strains, suggesting these PGs contribute to symptom development rather than tissue
colonisation. This demonstrates that the camabliaction of endo and exopolygalacturonases

is essential for full virulence dfol (Bravo Ruiz et al., 2016)

Tomleffector fom Fol functions primarily as a detoxification effector, encoding a tomatinase
enzyme t hatomatne,g paedtargifungal saponin produced by tomato plants as a
defence mechani s-4omatiiyoma/facilitatesaHe ipathogems akility to

infect and cause disease in tomato hosts. Although not essential for pathogenicity, the presence
and activity of Tomlsignificantly contribute to virulence, as disruption of the gene delays
disease progression while overexpression accelerates symptompdexeioThe genome of

Fol contains at least five tomatinasecoding genes, suggesting a redundant system that
enhances the fungus's capacity to overcome plant defences. Ohvaraliacts as a virulence

factor that helps the pathogen evade host chemical defences, enabling successful infection
(ParejaJaime et al., 2008).

Fol-milR1 is a microRNAlike RNA (milRNA) produced by thdol that functions as a
virulence effector by crossing kingdom boundaries to suppress plant immunity. Unlike
conventional protein effectorbpl-milR1represents a novel pathogenicity strategy where the
fungus exports small RNA molecules directly into tomato host cells during infection. Once
inside plant cellsi-ol-milR1targets and cleaves the mMRNASIyFRG4(Solyc06g007430), a
gene encoding a CBinteracting protein kinase essential for tomata disease resistance.
The pathogenic importance &ol-milR1 is demonstrated through genetic studies: fungal
knockout mutants show attenuated virulence on susceptible tomato cultivars, while
overexpression strains cause disease even in resistant plants. The discbotrpidtlas a
transkingdom RNA effector expands our understanding of ptethogen molecular warfare
beyond proteirbased interactions and suggests that ekoggdlom RNA interference may be

a conserved evolutionary strategy employed bwerde pathogens to subvert host immunity

and achieve successful colonisation (Ji et al., 2021).

Recently, Sun et al. (2022) have expanded the possible effector reperkmtdpidentifying
40 candidate effector genes, which included 13 of the 14 charact8tisgenes $IX4was
not present inFol 4287) and 27 novel effector gene candidates (Table 1.1). One of these
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secreted effector genefol-EC19 encodes a secreted guaspkcific ribonuclease that
induces cell death when expressediootiana benthamianalrwo other effector geneBpl-
ECl4andFol-EC2Q encoding a secreted glucanase and a secreted trypsin, respectively, can
suppresBaxinduced cell death as well as cell death responses triggeré@/Byr2 and

I/Avrl in N. benthamiandSun et al., 2022). The identification of these effectors underscores
the diverse strategies employedHnl to manipulate hosmmunity. Some effectors promote

cell death while others suppress immune responses to enable sustained infection (Sun et al.,
2022).

Table 1.1. List of effector proteins reported to date irol.

géfﬁgtor SEtf;fS;or Size (aa) | Cysteines | References

SIX1 Confirmed 284 8 Rep et al., 2004

SIX2 Putative 232 8 van der Does et al., 2008
SIX3 Confirmed 163 2 Houterman et al., 2009

SIX4 Confirmed 242 6 Houtermaret al., 2008

SIX5 Confirmed 102 6 Ma et al., 2015

SIX6 Confirmed 22 5 9 Gawehns et al., 2014

SIX7 Putative 163 2 GonzalezCendales et al., 2016
SIX8 Putative 141 2 Schmidt et al., 2013

PSL1 Putative 111 9 fyukawa ’e;glz.,22021

PSE1 Putative 106 9 Ayukawa et al., 2021

SIX9 Putative 114 6 Schmidt et al., 2013

SIX10 Putative 149 2 Schmidt et al., 2013

SIX11 Putative 110 8 Schmidt et al., 2013

SIX12 Putative 127 10 GonzalezCendales et al., 2016
SIX13 Putative 293 12 Schmidt et al., 2013

SIX14 Putative 88 6 Schmidt et al., 2013

SIX15 Putative 79 9 gﬂﬁ:&iﬁ??mes&ef ol ,20162 0
Fol Avel Confirmed 124 4 gi;r?g\?:neétagli,zzogé

RALFB Confirmed | 49 4 Iﬂgysr;’ligt :t' . |.2,0210716

FoMEP1 Confirmed 632 5 Jashni et al., 2015

FoSEP1 Confirmed 414 1 Jashni et al., 2015

54



FoRnt2 Confirmed 263 11 Qian et al., 2022
FolSvpl Confirmed 315 9 Li et al., 2022
PG1 Confirmed 371 10 Bravo Ruiz et al., 2016
PGX6 Confirmed 464 11 Bravo Ruiz et al., 2016
Toml Confirmed 370 5 ParejaJaime et al., 2008
Fol-milR1 Confirmed N/A N/A Jietal., 2021
Fol-EC14 Putative 113 4 Sun et al., 2022
Fol-EC19 Putative 211 6 Sun et al., 2022
Fol-EC20 Putative 204 7 Sun et al., 2022
FOXGR_015522 | Putative 79 9 Sun et al., 2022
FOXGR_015533 | Putative 114 3 Sun et al., 2022
FOXG_10949 Putative 107 8 Sun et al., 2022
FOXG_10950 Putative 152 9 Sun et al., 2022
FOXG_11033 Putative 226 0 Sun et al., 2022
FOXG_05750 Putative 265 12 Sun et al., 2022
FOXG_05755 Putative 157 3 Sun et al., 2022
FOXG_18699 Putative 96 10 Sun et al., 2022
FOXGR_007323 | Putative 86 0 Sun et al., 2022
FOXG_10672 Putative 198 13 Sun et al., 2022
FOXG_04863 Putative 300 8 Sun et al., 2022
FOXG_04805 Putative 132 8 Sun et al., 2022
FOXG_02829 Putative 149 16 Sun et al., 2022
FOXGR_021626 | Putative 294 3 Sun et al., 2022
FOXG_08899 Putative 148 1 Sun et al., 2022
FOXGR_010884 | Putative 264 0 Sun et al., 2022
FOXG_11745 Putative 183 4 Sun et al., 2022
FOXG_10138 Putative 261 2 Sun et al., 2022
FOXGR_025639 | Putative 61 2 Sun et al., 2022
FOXG_16600 Putative 164 0 Sun et al., 2022
FOXG_13233 Putative 131 4 Sun et al., 2022
FOXG_13248 Putative 248 6 Sun et al., 2022
FOXG_14607 Putative 275 7 Sun et al., 2022
FOXG_14684 Putative 168 14 Sun et al., 2022
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1.3.4 Tomato genes conferring resistance ol

Out of fourteen SIX genes, three are known to encode effectors recognised by tomato plants
carrying corresponding resistance gerldge | (immunity) gene, introgressed fro®olanum
pimpinellifolium, encodes a LRMRP (Catanzariti et al., 2017) (Figure 1.10) thpbvides
protection againskol race 1 through recognition of the SIX4 effectbenceSIX4is also

known as Avrl (Houterman et al., 2008)The 1-2 gene, also introgressed froi8.
pimpinellifolium(Stall and Walter, 1965), encodeS@-NLR (Simons et al., 1998) that confers
resistance téol race 2 through recognition of tis#X3 effector protein, also known #@s/r2
(Houterman et al., 2009) (Figure 1.10).

Two genes have been identified that confer resistance agaihsice 3, one fronsolanum
pennelliiaccession LA716 (Scott and Jones, 1989) and the otherSrgmennelliaccession
P1414773 (McGrath et al., 1987). Initially, both genes were cilidut additional analysis
indicated that they were not identical (Lim et al., 2006). [FBgene from LA716 encodes an
SRLK (Catanzariti et al., 2015), while the gene from P1414773 was reriafed shown to
encode a LRRRP (GonzaleXendales et al., 201@Figure 1.11). Thd-3 resistance gene
confers resistance through recognition of $%1 effector (Rep et al., 2004), also designated
Avr3, but the effector recognised by Iremains unknow(Figure 1.10) Thel-7 gene provides
resistance against all three races$-of (GonzalezCendales et al., 2016), in part because the
SIX4(Avrl) gene carried by race 1 cannot overcome the protection conferied dyspite
suppressing resistance mediated lbaydl-3. Resistance conferred by thandI-7 resistance
genes has been shown toHi@S1dependenfHu et al., 2005; GonzaleZendales et al., 2016)
and the induction of cell death bWyhas been shown to H&AK1 and SOBIR1dependent
(Catanzariti et al., 2017).
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1.4 Aims of the research project

The I-7 resistance gene encoding an LLRR has been identified in tomato (Gonzalez
Cendales et al., 2016), but the corresponéioigAvr7 gene has not. Th&vr7 gene could be a
SIXgene or a novel effector gefiée initial goal of my project was identify and characterise

the Avr7 gene fromFol. All were screened before using RNA sequencing to identify LS genes
encoding small, secreted proteins for subsequent testingN®nsequencing experiment had
already been conducted bi resistant and susceptible tomato plan&sddys postnoculation

with Fol race 3(GonzalezCendales, Catanzariti and Jones, unpublished). It showed early
expression of th&1Xgenes as well as some other possible effector genes. Initially, my project
involved cloningAvr7 candidate genes into a plant expression vector and screening them for

cell death induction following cagroinfiltration withl-7 in Nicotiana benthamiankeaves.

During this screening work, | discovered tlsX6triggered plant cell death by itself. | then
decided to pursue characterisatiostfg so the second and ultimately main aim of my project
was to obtain an improved understandingbf6function. Previous findings abouiol SIX6
reveal that it contributes to pathogen virulence (Gawehns et al., A0adyient expression of
SIX6was also reported to reduce cell death and ion leakage triggereeelpression of-2

and Avr2 in N. benthamiandeaves(Gawehnset al., 2014), but this result was based on a
version of SIX6 encoding a protein that lacked a signal peptide and containetkrn@al
truncation, and is not supported by the work described in this thEsisSIX6contributed to
pathogen virulence, therefore, remained uncl€ae. overall objective of my research was to
gain a better understanding®iX6function and the mechanism underlying its contribution to

pathogen virulence. The specific aims of the project were to:

1. Identify theAvr7 effector gene fronfrusarium oxysporurfi sp.lycopersici.

2. Use recombinant SIX6 protein to characterise itsaedithinducing activity in a range
of plant species.

3. Investigate whether the cell death inducedby/SIX6 is a defence response.

4. Examine howFol SIX6 affects plant physiology by analysing its role in stomatal
opening and vacuolar dynamics in leaf epidermal cells.

5. Investigate the effects &fol SIX6 on root tissuesyhich are the primary site fdtol

infection in tomato plants
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Chapter 2: Attempts to identify the Avr7
effector gene fromFusarium oxysporunt. sp.
lycopersicienable the identification ofSIX6 as

an inducer of plant cell death
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2.1 Introduction

Many plant pathogens secrete small proteins known as effector proteins that facilitate
colonisation of the host plant and interfere with its defence mechar@&misljecket al., 2006;

Kamoun, 2006, 2007; Hogenhout et al., 20@8chum et al., 2018Mostf ungal aeef f ect o
secretegbroteins of less than 300 amino acids and mangyateinerich (De Witet al., 2009).

New tools have been developed in recent years based on machine learning to predict fungal
effectors with a high accuracy, including EffectorP 1.0, 2.0, and 3.0 with 73%, 89% and 91.7%
accuracy, respectively (Sperschneider et al., 2016,; Bdé&¥schneider and Dodds, 2022).

The comparative genomic studies by Ma et al (2010) wah Fg and Fv genomes have
identified lineagespecific LS) regions rich in transposable elements found only inFtile
genome and not in tHeg or Fv genomesFurther analysis revealed that these LS regions are
primarily located on chromosome 14, which was designhated as a pathogenicity chromosome
due to its essential role Kol virulence. This chromosome harbours several Secreted In Xylem
(SIX) genes, which were first discovered by Rep et al. (2004) through proteomic analysis of
xylem sap frontol-infected tomato plants. Initially, only a few SIX proteins were identified,

but subsequent studies by Houterman et al. (2007) and Schmidt et al. (2013) expanded this
repertoire to 14 SIX proteins (SIx14). These SIX proteins function as effectors that either
promote fungal virulence or trigger resistance responses in tomato plants carrying the
corresponding resistance genes, highlighting the critical role of chroreoddmin host

pathogen interactions.

A mo n g e 14 BIX genes, three were found to correspond to avirulefag genesAvrl,
Avr2 andAvr3,which are recognised by their corresponding resistdRlogened, 1-2 andl-3

in tomato (Simons et al., 1998; Rep et al., 2004; Houterman et al., 2008, 2009; Catanzariti et
al., 2015, 2017)An additionalresistance gene designated, encoding deucinerich repeat
receptor protein (LRHRP), has also been identified in tomato ®gnzalezCendales et al.
(2016) but the correspondirigol Avr7 genehas not. The main purpose of the work described
in this chapter was to try to identiBnr7. Previous tahis work, Ann Maree Catanzariti and
Pierrick Bru in the Jones Lab had screeB8&d1(Avr3), SIX3Avr2), SIX4Avrl), SIX5, SIX8,
SIX8H, SIX9, SIX18ndSIX14asAvr7 candidatesind concluded that none of them was7
(Catanzariti, unpublished; Bru, 2017)X8, SIX6, SIX7, SIX11, SIXaAdSIX13remained to

be testedindRNAseq data generated from RNA extracted ffevhinfected tomato roots at 2

days posinoculation had enabled the identification of several novel effector candidates (Jones,
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unpublished) that could also be tesfEhlis chapter reports the screening of the remai8ixg
genes and two novel effector candidgenes because of their location arpathogenicity
chromosome 14 alvr7 candidates byAgrobacteriumamediated ceexpression with-7 in
Nicotiana benthamianandlooking for cell death induction indicative of effector recognition.

2.2 Materials and Methods

2.2.1 Plant growth conditions

For all agroinfiltration experiment$yicotiana benthamianalants were cultivated in 10 cm
pots containing Martin's potting mix (Martins Fertilizers, Australia). Plants were maintained at
21°C under a controlled light cycle of 16 hours of light and 8 hours of darkness in a growth
chamber with 6855% relative hundity.

2.2.2 Testing ofAvr7 candidates

Candidate genes were amplified by PE®Iymerase Chain Reactioad then ligated into a
binary vector (pSL or pSLG)Mector maps are shown in Appendices 2.1 and fa2the

transformation.
2.2.3Fol genomic DNA extraction protocol

Fungal biomass was producég growing cultures in potato dextrose broth (PDBhe
resulting mycelia were harvested by passing the culture through four sheets of Miracloth and
subsequently allowed to dry in afpproximately 200 mg of the dried fungal tissue was flash
frozen with liquid nitrogen and promptly crushed using a mortar and pestle. The ground
material was combined with 1 ml of extraction buffer (containing 200 mMdlripH 8.0],

50 mM EDTA [pH 8.0],200 mM NacCl, 2% w/v sodium fMurylsarcosiate, and 0.1% v/v-2
mercaptoethanol) and gently homogenised. This mixture was transferred to 1.5 ml
microcentrifuge tubes and incubated at 65°C for 30 minutes. After cooling to ambient
temperature, the samples were mixed with an equivalent volume of midm@form:isoamyl
alcohol (25:24:1) until homogenised, followed by centrifugation at 6,000 g for 10 minutes. The
upper aqueous phase was carefully collected and subjected to a second extraction with an equal
volume of chloroform:isoamyl alcohol (24:1)ftAr gentle mixing and centrifugation under
identical conditions (6,000 g, 10 minutes), the resulting DNA precipitation was initiated by

adding an equal volume of isopropanol to the collected supernatant. To maximise DNA
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recovery, the solution was stored at 20°C for 1 hour. The high molecular weight DNA, visible
as a white precipitate, was collected by centrifugation at 6,000 g for 10 minutes. The
supernatant was discarded, and the DNA pellet was purified through mwhighes with 70%

(v/v) ethanol. Finally, the DNA was air dried to remove residual ethanol and reconstituted in
sterile, deionised water (Jaime Simbaqueba, PhD thesis, The Australian National University,
Australia, 2017).

2.2.4Total RNA extraction and cDNA synthesis

Total RNA was extracted fronfFusarium oxysporunanfected tomato roots using the
ISOLATE Il RNA Plant Kit (Bioline, Cat # BI@&2077), following the manufacturer's
instructions. Complementary DNA (cDNA) was synthesised from the extracted RNA using the
SensiFASE cDNA Synthesis Kit (Bioline, Cat # BIB85054), according to the protocol
provided by the manufacturer.

2.2.5Ligation Independent Cloning (LIC)

A summary of the LIC procedure is shown in Figure 2.1 and described in detail in sections
2.2.5.1t02.2.5.4.
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2.2.5.1 Amplification of target sequences

Genomic DNA (gDNA) or complementary DNA (cDNAyasused to amplify target DNA
sequencessenomic DNA was utilised for target sequences lacking introns, whereas cDNA,
synthesised from RNA extracted froffol-infected tomato roots, was used for targets

containing intronsPCR was carried out using 8 ¢l of 5
MO0O530S), 2 ¢ of c¢cDNA or gDNA (10 ng), 8 ¢l
reverse insess peci fic LI C pri mer ( Ap p e AFdielity DNA. 3 ) , 0
Polymerase (NB , Cat # M0530S), i n a fi nmleasdree | u me

water. PCRs were heated to 98°C for 30 s, followed by 30 cycles of template denaturation at
98°C for 10 s, primer annealing at 56°C for 20 s and product extension at 72°C for 10 s and
followed by a final extension of 72°C for 10 min before holding at 4t entire reaction

was then analysed by electrophoresis on a 1.2% (w/v) agarose gel containing RedSafe Nucleic
Acid Stain (iNtRON Biotechnology, Cat # 21141). Desired PCR products were purified from
gels using a Zymoclean Gel DNA recovery Ko ResearctCat # D4000) Purified PCR
products were then used in LIC as described in sections 2.2.5.3 and 2.2.5.4 and shown in Figure
2.1A and C.

2.2.5.2Preparation of the LIC Vector

The LIC vector(pSL or pSLG)was cut withSnaBI to remove theecdB gene and generate a

l inearised plasmid with blunt ends. The di g¢
containing 1 €g vector, 1.5 ¢l SnaBf(NEBOCat#Cut Sma
R0130S) and incubated for 1 h at 37°C. The digestion reaction was analysed by electrophoresis

on a 0.8% (w/v) agarose gel and the linearised vector was purified from the gel using a
Zymoclean Gel DNA Recovery Kit (Zymo Reseafcht # D4000L The purified linearised

vector was then used in LIC as describredactions 2.2.5.3 and 2.2.5.4 and shown in Figures

2.1B and C.

2.2.5.3T4 DNA polymerase treatment

T4 DNA polymerase treatment allows the formation of 15 nucleotide overlaps between the
vector and the Il nsert owing to its 36 to
deoxyguanosine triphosphatdGTP) to the vector reaction or deoxycytidine triphosphate
(dCTP) to the insert reaction to prevent the removal of more than 15 nucleotides (Figure 2.1).

Reactions were performed wusing 200 ng of V €
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polymerase (NEB, Catk10203g , 1 €l of 10X NEBJM02D3SF f eXx 1. 1o f
10X BSA (NEB, Cat #89000 |, 1 ¢l of 25 mM N©442SdaB/éckor ( NEB,
reactions or dCTP (NEB, Cat # N035d86) insert reactiong a final volume of 1& Imade

up usingnucleasdree water Reactions were incubated at 22°C for 30 minutes and then

incubated at 75°C for 20 min to inactivate the enzyme.
2.2.5.4Annealing

Annealing of vector and insert overl aps was
ratio of 3:1 of insert to vectdFigure 2.1C) The reaction was incubated at 22°C for 30 min

and then either stored at 4°C or used immediately for transformatioB.intoi.
2.2.6E. coli transformation

CompetentcellsdE.colist r ai n D H5 Uhouse usiag the ardtecol Behle (2018,

The LI C annealing reaction was addiecdbattdo 50 ¢
on ice for 30 min, heat shocked at 42°C for 30 sec in a water bath and incubated on ice for 2
min.Then, 500 ¢l of Lysogeny Broth (LB; 10 g t
ml media) was added and the cellsreincubated at 37°C for 1 h with shaking at 200 rpm.
Finally, 200 ¢l of the transformed <cells w
suppl emented with 50 ¢g/ ml ghdt37tC&iguaerayl@).i n and

2.2.7Colony screening

Colonies of putative transformants were screened for the presence of the desired insert using
PCR with inserspecific primers (Appendix 2.3). Cells from each colony were suspended in

4 0 nacleasdreewater P CR was performed using 2 ¢l o f
(Bioline, Cat #BI0O-21109 , 0.5 ¢l of 10 &M -dpecifiovmimed and
(Appendix 2.3), 3 ¢l of the cell suspensi on

Cat #BIO-21108) in a final volume of 16 Imade up usingucleaefree water Cycling
conditions were as per the manuf acheatingatr 6 s r e
95°C for 2 min, followed by 30 cycles at 95°C for 15 sec for denaturation, 54°C for 15 sec for
primer annealing and 72°C for 10 sec before holding atBi€ remaining colony suspensjon
which produced a band of the right size, was
and grown overnight in a 37°C shaking incubator. FavorPrep Plasmid DNA Extraction Mini

Kit (Favorgen, Cat # FAPDE3D®Was then used to isolate the plasmid DNA from the bacterial
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culture. The concentration of the plasmid DNA was then measured with a SpectraMax

QuickDrop Spectrophotometer (Molecular Devices, LLC, USA).
2.2.8 DNA sequencing

For DNA sequencing, 15 ¢l of plasmid (100 ng.
pri mer (1.6 pmol/el) were sent to the ANU
sequencing. All binary vector constructs were checked to ensure that no RER hexd

occurred and, for pSLG vectors, that the inserted gene was in frame with the GFP tag.

2.2.9 Transformation of Agrobacterium

Transformation of plasmid DNA intAgrobacteriumwas done using electrocompetent cells of
Agrobacteriumstrain GV3101 ¢ontaining pMP90 and the pSOUP helper pla3rthdt were

prepared iFhouse using the protocol describedWgise (2013 Electrocompetent cells were

taken from the80°C freezer and thawed on ice, and 20 ul of electrocompetent cells were added

to a precooled microcentrifuge tube containing 100 ng of plasmid in 40 plucfeasdree

water The entire reaction mixture was then transferred to-a@uked electroporation cuvette

with a 0.2 cm gap (Bi®Rad) and electroporated using a MicroPulser Electropof@io-Rad)

with 2.5 kV electromotive force, 200 qq resi
electroporation, 500 ul LB was added to the cuvette and the entire reaction mixture was then
transferred to a microcentrifuge tube and incubated at @8ttCshaking at 250 rpm for 2 h.

Al iquots of 50 to 100 Ol were then plated o
(25 €g/ ml) and Rifampicin (50 e€g/ ml), and |

appeared after 2 days were screened by colonydQiRscribed in section 2.2.7.

2.2.10Agrobacteriummediated gene expression

Binary vector construcis Agrobacteriunstrain GV3101containing pMP90 and the pSOUP

helper plasmidjvere used for expression of proteindNinbenthamiandeaves as described by

Ma et al. (2012).A single transformed colony was-s&reaked on LB agar containing
Kanamycin (50 e€g/ml), Gentamycin (25 g€g/ ml)
2 days at 28°C. Cells were then scraped from the LB agar and resuspended in infiltration
medium(10 mM MES pH 5.6, 10 mM Mge&land 200 uM acetosyringone) to an OD at 600

nm of 1.0 and kepat room temperaturen the dark for2 hours before infiltrating intiN.
benthamiana leaves. Four to fiveweekold N. benthamianaplants were used for

agroinfiltration. Two to three leaves per plant and four spots on each leaf were infiltrated with
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AgrobacteriumA needle was used to prick the abaxial side of the leaf, and then a 1 ml syringe
without a needle was used to infiltrate tAgrobacteriumsuspensionSingle strains of
Agrobacterium such as thévr7 candidate andMLA10-CC, were infiltrated without further
dilution. For cainfiltration experiments, strains okgrobacterium,such asl-7 and Avr7
candidate ot andAvrl, were mixed in a 1:1 ratidnfiltrated plants were kept at 25°C in a
growth room with a 14our photoperiod at a light intensity of 250 umof st and relative
humidity of 6665%for 8 to 10 days.

2.3. Results

2.3.1 Co-expression of candidateAvr7 genes withl-7 in N. benthamianaleaves

The gene$IX2 SIX6 SIX7, SIX11 SIX12andSIX13were selected for analysis based on their
characteristic properties as secreted in xylem (SIX) proteins. These proteins are distinguished
by their cysteingich composition and relatively compact structure, with each comprising
fewer than 300 amino aci@sidues. While the gen€O©XG_2250%ndFOXG_17276wnere
incorporated into the analysis based on their genomic localisation to chromosome 14, which
has been characterised as a pathogenicity chromosomévi&Rltandidate genes were PCR
amplified fromFol gDNA (SIX2 SIX11, SIX12, FOXG_225@hdFOXG_1727%or cDNA

(SIX6, SIX7AandSIX13 and cloned into pSLAppendix 2.1)and pSLG Appendix 2.2) binary
vectors via LIC as described in section 2.2.5 (Figure 2.1). DNA sequencing of the genes in
these constructs (Figure 2.2) showed there were no PCR errors and that the coding sequences
cloned into pSLG constructs werefimame with the coding sequence of tBderminal GFP

tag. The binary vectors were then transformed Agmbacterium tumefaciersrain GV3101
(containing pMP90 and the pSOUP helper plagmésd described in section 2.2.9
Agrobacteriumtransformants were then used forplantaexpression othe Avr7 candidates

either alone or together with7 via agroinfiltration as described in section 2.2.10. The-{L

binary vector constructed liyonzalezCendales et al. (2016) was used for expressidr7of
(Figure 2.2).
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pL--7

CaMV 358 TMV omega I-7 CaMV 35S
promoter leader terminator
pSL-Avr7 candidate
CaMV 355 TMV omega Avr7 Candidate CaMV 355
promoter leader terminator

pSLG-Avr7 candidate

CaMV 35S TMV omega
promoter leader

Avr7 Candidate CaMV 35S
terminator

Figure 2.2 Schematic representation of the pill-7 vector and Avr7-candidate constructs
in pSL and pSLG.

Two positive controls foR-generelated celldeath induction were used in these experiments.
A binary vector plasmid enabling plantaexpression of thautoactiveMLA10 CC domain

was used as one positive control for cell death induction (Bai et al., 2012). Binary vector
plasmids pkl and pl-Avrl were used in cagroinfiltration experiments as a positive control

for cell death induced by the-@xpression of | and AvriQatanzariti et al., 2037

Two to three leaves per plant and four spots on each leaf were infiltrated as follows. 1)
infiltrated with Agrobacteriumcontaining the pSL or pSLG construct, 2)inéltrated with

equal amounts oAgrobacteriumcontaining the pSL or pSLG construct afsgrobacterium
containing thel-7 construct, 3) infiltrated withAgrobacteriumcontaining theMLA10-CC
construct, 4) canfiltrated with equal amounts @fgrobacteriuncontaining théAvrl construct

and Agrobacteriumcontaining thd construct.Infiltrations were carried out in two different
patterns A and B to help avoid position effects. Whilst the positions dfitAel0andl/Avrl

control infiltrations remained the same, the positions oA& candidate infiltration and the

Avr7 candidaté -7 co-infiltration were interchanged (Figure 2.3)
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candidate i (control)
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!

Infiltration pattern A Infiltration pattern B

Figure 2.3 Patterns MNf hgnmtoheavidsta ati on used

To help avoid any posit(iAAnBwdfecusedtiwo agrdi
exper i merAtvsc atneds tdian g s fdeerat pno 9 snidlulce i wetd7.li n t he
The il 1 ustr atuisa mgwaBshdaReprsdrdal/t gy . bi orender . co

Representative results of these infiltration experiments are shown in Figure 2.4 and results from
replicate experiments are shown in Appendix ¥vhilst the MLA10-CC andl/Avrl positive
controls consistently showed cell death, no cell death was observedSX®&SIX7, SIX11,
SIX12, SIX13, FOXG_225@® FOXG_17276nere expressed either alone or together Wwith

7 (Figure 2.4 and Appendix 2.4). These results suggest that none of these candidateg .was
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pSL-SIX2 pSLG-SIX2
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y

Avrl R VAvrl

pSL-SIX12
N /1217 MLA10-CC
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pSL-SIX13 pSLG-SIX13
SIX13/1-7 M

(E) Kok MLA10-CC

Avrl /Avrl

pSLG-FOXG-22509
MLA10-CC

22509 IAvrl B 22509/1-7 I/Avrl

pSL-FOXG-17276
(G)

17276/1-7 I/Avrl

Figure 2.4 Coagroinfiltration of Avr7 candidates andl-7 in N. benthamianaeaves

Co-agroinfiltration of pSkI-7 and Avr7 candidate genes in pSL or pSLG constructiNin
benthamiandeaves. Leaves of each plant were also agroinfiltrated Awitid candidate gene
constructs alone as a negative control aRLA10-CC construct as a positive control. Leaves
were also ceagroinfiltrated withpL-l1 andpL-Avrlas an additional positive contrgh) SIX2

(B) SIX7 (C) SIX11 (D) SIX12 (E) SIX13 (F) FOXG_22509and (G) FOXG_17276
Photographs were taken 8 days after infiltration.
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Although none of the abovaentionedAvr7 candidates showed cell death when agroinfiltrated
alone or ceagroinfiltrated withl-7, SIX6 showed cell death when agroinfiltrated alone and
when it was ceagroinfiltrated withl-7 (Figure 2.5 and Appendix 2.5). This surprising result
does not excludeol SIX6as a candidate fakvr7 but suggests there is a pathogenicity target
or receptor ifN. benthamianahat is targeted by or recognidesl SIX6to trigger a cell death

response.

pSLG-SIX6

SIX6/1-7 MLA10-CC i SIX6/1-7 MLA10-CC

/Avrl

Figure 2.5 Agroinfiltration of 1-7 and Fol SIX6 in Nicotiana benthamiandeaves

Co-agroinfiltration ofl-7 with pSL- SIX6or pSLGSIX6gene inN. benthamianéeaves. Leaves
of each plant were also agroinfiltrated with pSIX6or pSLG SIX6alone as a negative control
andMLA10-CC as a positive controLeaves were also eagroinfiltrated with pkl andpL-
Avrlas an additional positive contrélhotographs were taken eight days after infiltration.

2.4 Discussion

2.4.1Testing of severmvr7 candidates has not enabled the identification ohvr7

The -7 resistance gene from tomato was identified by GonZaermales et al. (2016), and
accordi ng tfoo-gerelhypotiesis (Fjoe 1951), there should be a corresponding
Avr7 gene in the pathogen. Previous work by AMaree Catanzariti and Pierrick Bru in the
Jones Lab showed thatX1(Avr3), SIX3(Avr2), SIX4(Avrl), SIX5, SIX8, SIX8H, SIX9, SIX10

and SIX14were notAvr7 (Catanzariti, unpublished; Bru, 2017). In the work reported here,
seven additionalAvr7 candidate genes comprisin§IX2, SIX7, SIX11, SIX12, SIX13
FOXG_2250andFOXG_17276@vere found not to induce cell deatiNnbenthamianéeaves

when coeagroinfiltrated withl-7. These results suggest that none of these genes corresponds to

Avr7. However, no tests were carried out to determine whetherltfiemethe candidat@vr7
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genes were transcribed or translated following agroinfiltration. Originally;PRR
experiments were planned to check for transcript production following agroinfiltration, and
protein gel blot experiments were planned with -&@fP antibodies to test forrgiein
production following agroinfiltration with pSLG constructs. However, the findings fath
SIX6, discussed belowesulted in a change in project direction and these tests were never
carried out. In the absence of results from these tests, thadititht none of the candidate

genes tested correspondier7 cannot be regarded as conclusive.

Many other effectors and effector candidates have been identiffenl that could be tested
asAvr7 candidates, includingol Avel RALFB, andPSE1,described in sectiond3. In a
recent study, Sun et al (2022) used deep RNA sequencing of tomato infectedralithee 2
isolate to identify 40 candidate effector genes that were highly upregulated diaiing
infection, including 14 that had already been testefvag candidates, leaving 26 candidate
effectors that could be tested in future includ?®L.2 FOXGR_015522ndFOXGR_015533
located on pathogenicity chromosome(Tdble 2.1).
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Table 2.1. List of effector candidates encoding small, secreted mostly cystemeh
proteins, excluding those already tested aévr7 candidates, that had transcript per
million values exceeding or equal to that 061X13 during Fol infection (Sun et al., 2022).

Gene Name Lineage Specific Protein Length Cysteine Residues Protein Domain/Homology
PSL1 YES 111 9 PSE1homologue
PSL2 YES 106 9 PSE1homologue
FOXGR_015522 YES 79 9

FOXGR_015533 YES 114 3

FOXG_10949 NO 107 8 Hydrophobin
FOXG_10950 NO 152 9 Hydrophobin
FOXG_11033 NO 226 0

FOXG_05750 NO 265 12 LysM domainx2
FOXG_05755 NO 157 3

FOXG_18699 NO 96 10

FOXGR_007323 NO 86 0

FOXG_10672 NO 198 13 PAN/Appledomainx2
FOXG_04863 NO 300 8

FOXG_04805 NO 132 8

FOXG_02829 NO 149 16 Glucanase
FOXGR_021626 NO 294 3

FOXG_08899 NO 148 1

FOXGR_010884 NO 264 0

FOXG_11745 NO 183 4

FOXG_10138 NO 261 2 PeptidaseG1 family
FOXGR_025639 NO 61 2

FOXG_16600 NO 164 0

FOXG_13233 NO 131 4 Ribonucleas&1
FOXG_13248 NO 248 6 Trypsin
FOXG_14607 NO 275 7 MetalloproteasMEP1
FOXG_14684 NO 168 14
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Other approaches, such as chemical mutagenesis, could also be utilised to Alatify
Chemical mutagenesis could be used to induce deletion mutafdé thiat could be screened

for pathogenicity on otherwisesistant tomato plants carrying?, i.e. for loss of Avr7.
Genome sequencing of independent mutants could then beougkzhtify candidate genes
deleted or mutated in all or most mutants (excluding mutations in genes known to control
effector gene expression). These candidates could then &é feisthe ability to induce 7-
dependent cell death M. benthamianas described above. A similar approach was used by
Li et al. (2020) to identify candidate avirulence genestripe rust Puccinia striiformisf. sp.

tritici ).

2.4.2Fol SIX6 is an effector that causes cell death

The Fol SIX6gene induced cell death when-agroinfiltrated withl-7 but also induced cell

death when agroinfiltrated alonBigure 2.5. This was a surprising finding that, despite not
excludingSIX6as anAvr7 candidate, raised many questions about SIX6 funcRoevious

work onFol SIX6showed that it contributed to pathogen virulence (Gawehns et al., 2014).
However, the finding that SIX6 induces cell death makes a role in suppreséin-ariduced

cell death in-2 tomato plants, as proposed by Gawehns et al. (2014), untenable. Consequently,
the roleSIX6plays in pathogen virulence became unclear. The remainder of the work described
in this thesis was aimed at obtaining a better understandirgl & X6 function and the role,

if any, that SIX6induced cell death might play kol pathogenicity.
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Appendix 2.1 Map of pSL vector used in this study.

1..1 origin

pSL 2.xdna - 8898 nt

_|_

2104.. 2123 LICAF

2181...2232 TMV omega leader
22492338 PR-1a 5P|

24192319 start

23192331 cloning 'site|

2954, 2974 LICZR
3200...3200 unkown base

Appendix 2.2 Map of pSLG vector used in this study.

pSLG 2.xdna - 7606 nt

2108...2127 LICAF
2187...2236 TMV omega leader
2253...2339 PR-1a SP|

2323.. 2323 start

[Wiarev_3881_3041]
2865..3584 GFP
(35853787 35S terminator]
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Appendix 2.3 Primers used for amplification of the target sequenc@vr7 candidates).

Primer

Sequemrcde 50

pSL-SIX2-Forward

ATCTTCTCACTCTACGAACCCGGCTGGGGATTCT

pSL-SIX2-Reverse

TCCTCTCCAAATTACGICATGTACACCTTGACTGCGA

pSLG-SIX2-Reverse

CCTTTACTCATATACGTCCCTCCAGAGCCACTGTACACCTTGACTGCGACGCA

pSL-SIX6-Forward

ATCTTCTCACTCTACGEGTCCCCTTGCTCAAACC

pSL-SIX6-Reverse

TCCTCTCCAAATTACGITACTCCCAAGACCAGGTGT

pSLG-SIX6-Reverse

CCTTTACTCATATACGTCCCTCCAGAGCCACCTCCCAAGACCAGGTGTAGGCA

pSL-SIX7-Forward

ATCTTCTCACTCTACCATACCTATGCTCGACCTATTT

pSL-SIX7-Reverse

TCCTCTCCAAATTACGITAACTTTGAATCCGGAGC

pSLG-SIX7-Reverse

CCTTTACTCATATACGTCCCTCCAGAGCCACACTTTGAATCCGGAGCCGAT

pSL-SIX11-Forward

ATCTTCTCACTCTACCATCAATATATGTTGCTCCTCCTTTG

pSL-SIX11-Reverse

TCCTCTCCAAATTACGTCAGATGCAGGGTCTATTGAG

pSLG-SIX11-Reverse

CCTTTACTCATATACGTCCCTCCAGAGCCACGATGCAGGGTCTATTGAGAATGC

pSL-SIX12-Forward

ATCTTCTCACTCTACGICCAGTTGTCTCAGCGTTGG

pSL-SIX12-Reverse

TCCTCTCCAAATTACGTCAGGAGTGGCATAGCTTGG

pSLG-SIX12-Reverse

CCTTTACTCATATACGTCCCTCCAGAGCCACGGAGTGGCATAGCTTGGGCTTC

pSL-SIX13-Forward

ATCTTCTCACTCTACGGAGTTAGAGGTGTCTGATTTGTC

pSL-SIX13-Reverse

TCCTCTCCAAATTACGITACTGTACAGTAGCCTCCCA

pSLG-SIX13-Reverse

CCTTTACTCATATACGTCCCTCCAGAGCCACCTGTACAGTAGCCTCCCACTGT

pSL FOXG17276Forward

ATCTTCTCACTCTACCCTGCGCCGAGGATGCAAA

pSL FOXG17276Reverse

TCCTCTCCAAATTACGITAGTTCCAGCTGCAGGGA

pSLG FOXG17276Reverse

CCTTTACTCATATACGTCCCTCCAGAGCCACGTTCCAGCTGCAGGGAAC

Note: LIC adapter sequences are shown in green.
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pSL-SIX7
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SIX11

pSL-SIX11
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pSL-SIX12
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pSL-SIX13
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