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1. Abstract

Plants and pathogens engage in a molecular arms race that determines infection outcomes. RNA integference is

deferce mechanisnused by both host plants and pathoghuming infection and the subsequent disease response

Recent studies have aldemonstrated that dble-stranded RNAs (dsRNAgJay an important role in triggering
defence responses to viral infection, by actingPathogen Associated Molecular Patterns (PAM#sELh are
recognisedy host plantsThere is also evidence soggesthat nonself RNAsmay alsgrotect the plants against

infection withfungal pathoges. One study observed thaiutantArabidopsis thaliandines expressing dsRNA

hairping targeting theGreen Fluorescent ProteiGEP) gene, appeared to show enhanced resistance to infection

with Verticillium dahliae However it wasunclearwhy expression of the GFP hairpinAn thalianaappeared to

protect themutantplant from infection, despite not targetitige genes of crucialirulence factors in the fungus.

In this project, wesought to validate the findings tifeseprevious studies and investtgavhetherexpression of
nonself RNAhairpirsenhancep | ant s6 resi stance to di seashethaliagne
leaves and infected the transformed plants with the plant pathegemdomonas syringa¢o test of the

introduction of the hairpin reduced the severity of disease symptoms in transformed Tdafuither explore

trans,i

whether norself RNA hairpins elicit the upregulation of defence pathways in host plants, we analysed RNASeq

data from a study that used RNA hairpins agaRstsclerotiorumin A. thaliana This analysis revealed

differentially expressed genes (DEGS) in hairpipressing versus witype plants prior to infection.

Although our disease assay was variable, when the controls succeeded, we demonstrated that the GFP hairpin did

not reduce leaf damage after syringaeinfection in transformed plants. This contradicts previous observations

of the GFP hairpin conferring protective effect ir\. thaliana However, our analysis of RNASeq data revealed

that the hairpin targeting the fungahhydrolase3 gene enhanced baseline immunityAinthaliana At 0 d.p.i.,
the hairpinexpressing line showed an upregulation of baselefence pathways compared to the viiide,

suggesting improved natural disease respons®. teclerotiorum We hypothesised that, besides reducig

sclerotiorumvirulence by targeting , the hairpin also acted as a PAMP, leading to upregulation of defence

pat hways and enhanci ng Stsolerotiggdmant 6s natur al response t

Plant pathogens pose a significant threat to global food seddatyever, the use of commercial antimicrobial

agents on crops is unsustainable due to the incredi$fitgllties associated witantimicrobial resistance, stricter

12
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legal regulations on chemical use, and the negative impacts many agricultural antimicrobials have on human
health and the environment. Therefore, RNA technology is gaining traction in the agricultural sector as a means

of developing chemicdiree disease anagement strategies.
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2. Introduction

2.1 Plant-Pathogen Interactions

Unlike animals, plants lack circulating cells and an adaptive immune system. However, through the use of a more

specialised innate immune system, plants have evolved specific responses to various pathogens and can even build

up prolonged memory for futurefections(Spoelet al.2012; Zhanget al.2024) Plant immunity can be split into
two overlapping responses: the PathegesociatedviolecularPattern Triggered Immunity (PTI) response and

the EffectorTriggered Immunit{ETI) response (Figure 1).

NRG1  ADR1  RLP23,
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(‘az‘ (‘alo

Ca?* ROS PR proteins
CNGC llllll Callose o2al e, {, '|
< © Rponn A R ) ;

N/

ADRI  Active

oligomer CNL
+ nlp20  Ca Ca¥

NDRI1 Pathogen

PN

N

PR proteins

°,u o
®u‘te s’

-
:NR(;l{
| \
|
|
|

MAPKK4/5 ® :
A4 / — CNL
Mapkye © Active™ RGO Y
. TNL .
~
s
-
7 «
/7 N
/ e \
Fs Defense gene upregulation
Nucleus
== PAMP-triggered immunity, PTI > Effector-triggered immunity, ETI = Ca?*influx
= PT1 boosts ETI = ETI boosts PTI

Trends in Plant Science
Figure 1: The PAMP-Triggered Immunity (PTI) and Effector-Triggered Immunity (ETI) pathways which
underpin the immune response of plancells PTI-related interactions are shown in purple, ETI related
interactions are shown in orange. As illustrated, the two pathways converge and potentiate the other

( Cheentg2®l2.2)

2.1.1 PAMP-Triggered Immunity (PTI) and PathogenAssociatedM olecular Patterns (PAMP)

There are manyathogerderivedmolecules that plants recognise agh®genAssociatedViolecularPatterrs

(PAMPs) and each one triggerdifferent pathways to mount an appropriate response to the type of invading

pathogen (bacterial, fungal, oomycete or virdhe PAMP Triggered Immunity (PTI) pathway in plants is the

first layer of a complex immune system that protects local and systemic tissue from invasion by a pathogen.

14
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This pathway is governed by various transmembi@attern Recognition ReceptofBRRs), which detect a
variety of PAMPs from invading pathogens in a géoregene like fashion: PRRs encoded by host resista®)ce (
genes are responsible for detecting PAMPs encoded by avirulence genes in the invading faihfeenal.
2005) Upon detection of a PAMPPRRs phosphorylate a variety of signalling molecules, which in turn
phosphorylateMITOGEN ACTIVATED PROTEIN KINASE (MAPK) proteins which activate transcription
factors, which leads to an upregulation of defence pathway @Bigesard, Colcombet and Hirt, 201%)ifferent
PAMPs elicit different signalling molecules, with the most vkelbwn signalling pathway being the response to
flg22( Fedti £@019.9 ; Bigeard, C o | Io thefig22réspoase pathwayhe ttansmembrang )
Leucine Repeat RichLRR)-receptor kinasé-LAGELLIN-SENSING2 (FLS2)associates with the regulatory
LRR-receptor kinasBRASSINOSTEROID INSENSITIVE IBRI1)-ASSOCIATED RECEPTOR KINASE 1
(BAK1) to form heteromeric coreceptors, which deflg@2in invading pathoges(Coutoet al.2016) The FLS2
BAK1 complexalso binds tBBOTRYTISIINDUCED KINASE-1 (BIK1) ( Leit 2al2duing normal cell
signalling Once bound tdlg22, the FLS2 activatesBAK1, which phosphorylate81K1, releasing itfrom The
FLS2BAK1complexintothecytosol Cout o and ZepRR#®dl2.le 2 @D IR BIKIGHembegins
phosphorylatig transmembran€&* ion channelstriggeiing an influx of C&* ions into the host plant cells,
leadingto downstream reactive oxidative species (ROS) produtijo8A%* DEPENDENT RESPIRATORY

BURST OXIDASE HOMOLOG(RBOH) proteins( Cht 2#12.1)

This influx also leads to activation @ALCIUM DEPENDENT PROTEIN KINASE(CDPK) enzymeswhich
work synergistically with MAPKE S e y & b 12d 1], thgugh heintermediatesignalling that occurbetween
PRR activation anMAPK signallingin the PTI response pathway has yet teharacterisedCouto and Zipfel,
2016) MAPKs, namelyMAPK-3, -4 and-6 have been linked to phosphorylationtraihscription factors and other
metabolites involved in the PTI responBer example, th&ranscription factoWIRE2 INTERACTION PROTEIN
1 (VIP1) which upregulates thEATHOGENESISRELATED PROTEIM (PR1) geng is one such gene that
MAPK-3 phosphorylates in response to fungal pathogens suttersisillium dahliae (Zhanget al. 2019)
MAPK-3 and MAPK-6 function redundantly sharing several keyPTl-related functions such as the
phosphorylation chminocyclopropand-carboxylic acid ACC) SYNTHASE-2 and-6 (ACS-2 and-6), enzyms
which areresponsible foconvertingf-S-adenosylL-Met to 1 ACC (Thulasi Devendrakumar, Li and Zhang,

2018) ACC isa precursor to the phytohormone ethylembich triggesthep | a nt 6 sresgbes¢te attacle

15
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from insect parasites and necrotrophic pathogPasimanabhan, Zhang and Jin, 200%PK-3, -4 and-6 have

all beenlinked to phosphorylation dfanscription factors such 8$RKY -33, which is responsible for camalexin
biosynthesisa phytoalexirthat acts as a broadly targeting antimicrobial agent agairetge obacterial and

fungal pathogengigeard, Colcombet and Hirt, 2015; Thulasi Devendrakumar, Li and Zhang,. Zxalexin

and other pytoalexirs have alsobeen linked to the synthesis of Tryptop¥derivedindolic glucosinolate§lGs),

which act as molecular triggers for callose deposition and the subsequent closure of ststriatang pathogen

entry to the host tissyeC leaty2#®I10.9; Ahuj a, Kissen and Bones, 2012;

2018; bgRPRR)

Phytohormones also play a key role in the PTI respd®akcylic Acid (SA),jasmonicacid (JA) andethylene

(ET) are the three main phytohormones involved in both PTI angftbetorTriggered ImmunityeTI) Pathway
(Changet al. 2022) Each phytohormone is upregulated in response to different types of pathogens: SA is
expressed in response to biotrophic pathogens, while JA and ET are expressed in response to necrotrophic

pathogengNguyen, Nguyen and Nguyen, 2024)

In Arabidopsis thalianaSA is produced in the chloropladiy theISOCHORISMATE SYNTHASEL (ICS1)
enzymeand in thecytosol by the avrPphB SUSCEPTIBLE3 PBS3 enzyme with chloroplastic SA being

trafficked to the cytosol by th&€NHANCED DISEASE SUSCEPTIBILITY 5EDS5H transporter protein

(I sheth20®.8 ; B e KEt169r; e tT Ra@IA.8A accumulates and binds to its cytosolic receptor
protein, NONEXPRESSER OF PBENES 1 (NPR1] We t 2&I11.2)Thi s | eads to NPR106s
nucleus, where it interacts with transcription factors inTBACG-BINDING (TGA) family, resulting in the
upregulation of SAelated defence gene@lguyenet al. 2024) SA-related defence pathways include: ROS
production {ree radicahitric oxide in particular), C& influxes and MAPK cascadgSaleem, Fariduddin and

Castroverde, 2021)

JA is producedby the plantuponbeing woundedproducinga-Lipoxygenase (LOX) enzymeshich convert
linolenic acid into JA(Nguyen, Nguyen and Nguyen, 20248T is produced wheits precursor moleculet
aminocyclopropand-carboxylic acid (ACC)is oxidised by ACOXIDASE enzyms ( Chet 2a12.The
bioactive form of JA ((+)7-iso-JA-lle) induces the formation of theORONATINEINSENSITIVE-1(COI1)

jasmonatdJAZ)-ZIM domainco-receptor complex, which triggers ubiquitination and subsequent breakdown of

16
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JAZ repressorssuch asJASMONATEINSENSITIVE-3 (JAI3), allowing for the activation of JAZepressed
transcription factors which procesih activate JAassociated resistance pathwgy€ hé n 2®I10.7, 2018; Che

et 2#€12.1)

The mainfunctions ofJA, in the form of (+)7-iso-JA-lle, areto induce the closure of stomatad tointeract with
varioussignallingmetaboltes nd ot her mol ecul es t o upr gdHelwetdey atthe pl
2 0 2 BAelicits two types of response: one targeting insect parasites and one targeting necrotrophic pathogens

(Zhanget al.2017)

In the response to insects, Ainds to a series of transcription factors in the basic Heli helix (bHLH)
groupllle, specifically:MYELOCYTOMATOSIS(MYC)-2,-3,-4,and5( J . &Ma AgI1 9 ;e tSBDAIY.2)
These MYCsupregulatethe production of glucosinolates, which, when metabolised by insects, form toxic
compounds like thiocyanates, isothiocyanates, or nitriles, killing the invading pataSite. h wet 2#®11.3 )
Additionally MYC2 and-10 have been linked to upregulation BROTEINASHNHIBITOR 1l (PIN2) and
LEUCINE AMINOPEPTIDASKELAP) genes, which plants secrete when being fed on to cause digestive tract

disruption to the invading inse€tB o ¢ te 2&10.4 )

In the response to necrotrophic pathogens, JA works synergistically with ethylepesgulatesf APETALA2/
ETHYLENE RESPONSE FACTORAP2/ERF)domain transcription factosich a£RF1, OCTADECANOID
RESPONSIVE ARABIDOPSIS 59 (ORA5@NdBASIC LEUCINE ZIPPER(bZIP) transcription factefamily

protein TGA5, which leadsto an upregulation of defence proteins suciPBANT DEFENSIN 1.2(PDF1.2)

( Zaete 2aDI1.1; Zhu, e R¥4L;Plgrik tetemsigs have been predominantly linked to antifungal
responsegStotz and and Wang, 20Q0%cting in one of several proposed mechagisoligomerising and
perforating in the cell wall of the pathogen to form pores, peptides individually perforating the membrane to form
pores, oraltering the phospholipidme mbr ane 6 s tp ensnaedaptapterived yeptides leading to

increased ROS production and programmed cell death in the funggl delssc etr @ @11 .4 )

2.1.2 Effector-Triggered Immunity (ETI) and effectors
Throughout evolution, pathogens have evolved to in#THOGEN RECOGNITION(PR) proteins and,

consequentlyblock the PTI respoesBiomolecules responsible for inhibition of PR proteins are called effectors
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(Lafl amm2al 2 0n) response to the evolution of effectors in pathogens, plants have developed

countermeasure pathways which compriseBfiector-Triggered Immunit¢ETI) Response.

TheETli s a second | ayer of,trigdered efheravhen ¢he pladétentsthe secrateel s pon s e
effector proteinghemselveor the disruption to the cellular and extracellular environments caused by effector
proteingCui et al. 2015; Coutoet al.2016) The ETIprovidesa more specific immune response, whepecific

effector proteins areecognised bycomplementaryplant resistance (R)proteins typicaly NUCLEOTIDE-

BINDING LEUCINE-RICH REPEAT(NLR) receptorf Cet 2a®I11.5pt V&I1.7; el RDR.iba

geneto-gene like fashioifJoneset al.2006) The ETlI is a far stronger and more sustained response than the PTI

(Yu et al. 2024) with somestudiessuggesting that ETI works to restgrathogersuppresse®TI responsedy

upregulating basal immuniselated pathway§loneset al.2006; Cuiet al.2015)

During normal cell signalingNL Rs ar e k e pt, howeveraupon binding to their tcamplementary
effector (orhostderivedDamageAssociated Molecular Pattepnsonformational changes within the N&Bccur
resulting in downstream signalliigB a uedt i 2ré |1 Fo) example,n Arabidopsis thalianathetwo main NLRs
involved in the response tofection with Pseudomonasyringaeare RESISTANT TO PSEUDOMONAS
SYRINGAE-2 (RPS2J and RESISTANCE TO PSEUDOMONAS SYRINGAE PMACULICOLA1 (RPM1)

( Gada 2®&I1BPML1 is activated wheR. syringae effectors AvrB and AvrRPM1triggeran accumulation of
the phosphorylatedhegative immune regulator proteiRPM1-Interacting protein 4 (RIN4)by increasing the
kinase activity of th&eceptotlike Cytoplasmic KinaseRICK)enzymg L e U 2®&I11.1e t R &2 Ki3 this
accumulation of phosphorylated RIN4 thatdetected by RPMéand leads to ETielated signallingLiu et al.
2011; Chungpet al.2011) RPS2 signalling is induced by the absence of RIN4, afthsyringaesffectorAvrRpt2
targets RIN4 fodegradatior( Ma c & te Y &@10.85)RIN4 negativly regulats RPS2 protein, the decrease in
RIN4 levelscauses activation of RPSignalling, triggering the ETI responégxtell et al. 2003; Mackeyet al.

2003)

Downstream signalling from NLR&s poorly understoadas thereis a distinct knowledgegap between the
activation of NLRs and thsubsequendefenceresponse, with little detaknown about the signalling pathways
that occur in betwee(Qi et al. 2013; Bentharret al. 2017; Suet al. 2018) Nevertheless, some detailstbe

downstreanprocess followind\LR signalling has beediscovered. For examplBPS2 leads to an upregulation
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of MAPK-3/6, which causes a global downregulation of photosynthesis genes across tlje ptant 2a011.8 )
Additionally, the transcription facto/RKY -8, WRKY -28, and/W/RKY -48 are proposed to regulate downstream
gene expressiofiom RPS2 and RPM1reportedly being regulated I§A%*-DEPENDENT PROTEIN KINASE
(CDPK)-4, -5, -6, and-11 (Jacob, Vernaldi and Maekawa, 201Bathwaysactivated by downstream signalling
of NLRs during the ETI response incluggogrammed cell deatthe hypersensitive respong®uanet al.2021)
ROS productiorfTsudaet al.2010) prolonged C# signalling(Wanget al.2021; Kosteet al. 2022)andMAPK

signalling( N aebti 2a&12.4 )

It was once thought that the PTI and ETI fornsegarate arms of the plant immune sysiéim, Song and Lee,
2022; Locci and Parker, 2024however, in recent yeais hasbecome more apparent that there is a strong
synergstic relationship between the twWdsudaet al.2010; L. Zhanget al.2023; Yuet al.2024) On one side of
this crosstalkETI signalling causes mass production of effeetargeted molecules to restore PTI signalling,
resulting in thepotentiaton of PTl-related responsesuich asROS production, callose deposition, prolonged
phosphorylation, increased accumulationpobteins such a8IK1, RBOHD and MAPKSs, biosynthesis of
defencerelated phytohormone and secondaigtabolite Daé i @d#I12.1 ; e N @ & |2 @n)the other side
of this crosstalk,ite PTI pathwayhas been demonstrated to be essential for ETI signallingeXaonple PAMP
Recognition ReceptorBave been demonstrated to in@olved in the ETI-mediatedprogrammed cell death
responsén infected tissueStudiesinvestigatingArabidopsisknockout mutants foPRR/careceptos, fls2-efr-
cerkl(feg andbakl-bkkl-cerkl(bbg), showedhat theabsencef these PRRs and PRR-oeceptors, which detect
bacterial PAMPs, led to impaired programmed cell death responses during infectiéh syittngaepv. tomato

(Ps) DC3000(Yuan, Jianget al.2021; Changpt al.2022)

2.1.3Localised and systemic acquired resistance

Upon initial infection, plants willaisean appropriate respontethe type of pathogen the local infected tissue
i this is the localized immune respongriring the localised respons8ystemic Acquired Resistance (SAR)
signalling moleculesuch as salicylic acigill accumulate in th@rimary infected leafAdamet al.2018; Kachroo

et al.2020) particularly in the peti@regionsconnecting o t he pl @@d & i 21 Bther timan

Salicylic acid,othersignalling moleculesccumulaténcluding: methytSA (MeSA)( P aertk 2&1Q.@z¢laic

acid (AzA) (Yu et al. 2013) GLYCEROL-3-PHOSPHATE(G3P)( S h & t e2a011.68ehydroabietinal (DA)

( Chat et vatlLiep radical nitric oxidefNO), and reactive oxygen species (R@&pnget al.2014)
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pipecolic acid (Pip] N § v aert o2vé31, 12-fydroxy Pip (NHPY Ha r tentaXdnll, @nene volatile§ We ni g

et 2aI1 .8ny extracellulanicotinamide adenine dinucleotide phosphafeADP) (Wanget al.2019)

Signalling molecules are transporti@dt into the apoplastia transpiratior( L iem 2 &2 1@ ihduce PR gene
expression irthe surroundinguninfected leaf tissué Ma rLu rpie z 2a0l1l18efpre being loaded into the
phloem to baransported to distal regions of the pléant ieh 2 & 12 Idtgrestingly,Lim et al. (2020) reported

that, while SA accumulation in the uninfected distal regions of the plaséssential for SAR, transport of SA

from the infected to uninfected tissue was not. Therefore, they concluded that an intermediate signalling molecule
may be being transported to induce SA production in distal regions of thg plant h 2 @& |2 Dheresult is a

long lasting systemic resistance response, with PR genes being upregulated in healtbyRissueék 22010.7 ;

VIot , Dempsey aareducK theslikefhoog of rege@tOnfegtionthe same pathogen.

2.2 RNA Immunity

RNA silencing is used ubiquitously ieukaryotes aa form of postranscriptional gene regulatioifhe term
ARNA i mmunityo cov e reficited redponsegpdthwaya thay are part of RtN the PTI and ETI
pathways. Two major pathways atbe dsRNAtriggeredPTI responsgAmari et al. 2020) and the RNA
interferencg RNAI) respons¢ F u sa r 26010.6 ; Eét @D ®he RNAI response is one application
of RNA silencingin plants, wherebyargeted RNAgrovide pathogeispecific protection forboth local and
systemic infections anttigger pathways whiclinduceprolonged immunity whereas dsRNAs in the dsRNA
triggered PTI response induces a more gersgrstemicresponse by temporarily upregulating defence pathways

to make the plant more responsive to foreign molecular pattehe @it r2ad12.4 )

2.2.1 Small RNAs (sRNAs)and their discovery

SmallRNAs (sRNAs)were first discovered i@aenorhabditis eleganshen it wagliscoveredhat thelin-4 gene
encoded a small RNA, produced from a longer hairpin intermedidiich worked to repress protein production
from lin-4 mMRNA (Lee et al. 1993; Dexheimeret al. 2020) playing a regulatoryrole in C. eleganscell
differentiation anddevelopmen{Wightmanet al. 1993; Dexheimeet al. 2020) sRNAsand RNAinterference
(RNAI) are part of an ancient pathway, believed to have evolved in unicellular orgd@foms the emergence
of the metazoan clad#0 million years ag@Brateet al.2018; Dexheimeet al. 2020) Analogous components

of the RNAinterference (RNAijnachineryare believed to haviest arisenin prokaryoteand archae¢éShabalina
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et al. 2008) It has been reported that SRNAs and RNAi may have first evolved as a means of defence against

viruses and genomic parasites such as transposable elénm@risbeatr 28010.9 )

2.2.2 sSRNAs andRNA-interference (RNAI) in plants

Messenger RNAMRNA) is the chemical message from the nuclénasiscribed r om an  ©®KAgwhiohi s md s
is then traffickedto the ribosomesThe ribosomes theread the sequence of coddhat makes up the mRNA

strand andranslatethe encoded message imiooduce proteirstrands RNA interferencg RNAI) serves as
reguatory mechanismfor metabolic pathwaysThere are several types of regulatory sRNAscroRNA
(miRNAs) and small interfering RNA$siRNAS). Both are typically generatedrom double stranded RNAs
(dsRNAs)by Dicer proteins(Wilson et al. 2013)and then loaded into Argonatf@mily (AGO) endonuclease
proteins to form the core of the RNAduced silencing complefRISC) (Hu et al.2013; Wilsonet al.2013) The

RISC complexinfluencedby the template provided by thaRNA/sSiRNA guide strandt its corewill thentarget

specific mMRNA strands fategradatior{lwakawaet al.2022)

In plants, mall RNAs (sRNAs)are an important regulator of immune pathways, playing multiple roles in genomic
regulation(Padmanabhan, Zhang and Jin, 206®y examplemiR393is an miRNAproduced in response to the

detection offlg22 and negatively regulates auxin by targeting the mRNWas encode auxin receptdransport

inhibitor response 1 (TIR1and Auxin-signalling F-Box 1 (ABF1) protein inhibiting their production
(Dharmasiri, Dharmasiet 28106 ; EPtaadimasmabh@®h; Zkanagriand
2 0 2 BilRNAs are alsinvolvedin plantmicrobesymbiosisevents For example, aring nodulation eventsith

rhizobia bacterian the roots ofleguminous plantsthe immune systemanhinderthe success of nodulation if

pl antds defences are tri ggRaddu 2all 3 ITherdioredattbthecbiacteria a ¢ ol ¢
(Ji mBueret 2®I22n) the plant have developed mechanisms to suppress the immune system during
symbiosi L @@ 2 & I2 Boj examplemiR2111is translocated to the roots to inhibit the symbiosis suppressor

TOO MUCH LOVE (TML) to allow symbiosis to occur T s iekto Ra0l1.Bou et al. (2020) reported that

miRNAs can work in an agéependent fashion, suchmaiR172bwhich represses theegative regulators for the

expression of thélg22 receptorFLS2 gene TARGET OF EAT 1 (TOE1lnd TOE2 The levels ofmiR172b

increases betweatays 2 and 6 of growth iArabidopsisthaliana leading to an increase FLS2productionas

the plant age§&Zou, Wang and Lu, 2020)
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The RNAI pathway islso used as a defence freimal andeukaryotic pathogens in the PTI and ETI pathways

TTTTITIITIT] or llllllllll:)

dsRNA l.hpRNA
1]]1 ]]][ L llillllllll
snRNA duplexes

@
RARP-mediated RISC formatlon : )
Recycling of

@ siRNA/RISC complex

5’ Target mMRNA

amplification of sSiRNA

SIRNA/mRNA complex

Degraded target
mRNA (silencing)

Figure 2: The production of gnall interfering RNAs (siRNAs) from double-stranded RNAs @sRNAS).
dsRNAs are cleaved by Dicelike enzymes (green)producing siRNAs, which are incorporated into the
RISC complex (purple) and leading to recognise and degrade target @sengelRNA (MRNA) transcripts.

Taken from Majumdar et al.(2017)

As shown inFigure2, dsRNAs released from the pathogen trigger the RiN&rference pathway by interacting
with Dicerlike Proteins (DCLs), which break down the dsRNAs into small interfering RNAs (siRNAs) to help
degrade pathogenic messenger RNA (mRNA) within the cytoseivaidied host cell§ Wh i t e h e2addl .1 ;

Ni eehtl 2a811.6 )

In the case of val infection virusesmultiply within the hosplantcell, hence why the RNAIi pathway d¢sucial
for the antiviral response in plantsMu h a nenta 22011 .Buring the antriral RNAI responsgviral-derived
SsiRNAs are generated frothe viraldsRNA intermediates, by multiple DCLs operatingogtosolicviral RNAs

in the infected cell§Wanget al. 2011) Different cladesof DCLs produce different lengths of siRNAs: DCL2
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produces 2:ht long siRNAs, DCE3 produces 24t long siRNAs and DCL4 produces-Bilong sSiRNAY Fus ar o
et 2a&I10.01ce produced, siRNAarethen loaded into AGO1 anfliGO2 (Wanget al. 2011) RNA viruses
produce dsRNAs aan intermediate step before hijacking transcriptional machindwgreforeDCL4 is the
primary DCL proteindriving the antiviral responssupported by the partially redundant function of DGIr2l-

3( Gas @it 2lDI0i.5 ; eFtu3dn@ BJL2 and-4 work to cleaveriral-derived dsRNA int@1-nt SIRNAs

to trigger targeted lysis of viral mMRNAs via RIS@ediated RNA degradation X e € 2&10.4 pt ReDiR.2)

In the case of DNA viruses, such as geminiviruseS a tea n 2a011,.84@ir genetic material localises to the
infected plant cell nucl eus wlPoagdin, 20L3)TIke ardtiwral tegpensev i r u s 0 ¢
to DNA viruses is driven by several different mechanigrhieh silenceviral gene expressiode novo One such

route requires the use of small RBIAhis defence pathway usb€ RNA-DEPENDENT RNA POLYMERASE

6 (RDR6) andcSUPPRESSOR OF GENE SILENCIN&(SGS3) proteiawhich produce dsRNAs from the DNA
virusdés genome to tri¢d®®@celti2dd0.ptoddlcThenpbédntsdRKRNASPT
profile during viral infection will also change, in part due to the produafamiRNAs. RNA POLYMERASE

Il (Pol lll) processshostderived RNAs into double stranded préeRNAs ( Deat 2&l1vhich are then
cleaved into singlstranded miRNAs by DCL{Kuriharaet al. 2004) Once siRNAs are loaded into the RISC
complex, they guide the AGO proteins at its core to bind complementary viral mMRNA transcripts, leading to the
catalytic degradation of viral RNA Mu h a nenha2d® 11 18 dhe case of miRNAsheytargethostRNAswhich
areeitherpositive regulatoref pathwaysleading to downregulation afenes that relate tmetabolic pathways

that make a plamhore susceptible to an invading pathogeWa e g 2 & |1, @& hegative regulatos pathways

that are linked to immunityelated pathwaysuch as ROS producticend phytohormone modulatiof V-a |
Torr egtr 2®B12.2 ; ek azikdd2ddence, by targeting these RNAs figgradationmiRNAscan alter a

pl ant 6s e x ptoenhanceahe plant imrhund respofideiang, Yang and Zhang, 201&nother
mechanism of DNA virus repression is epigenetic modification of viral chromatin, via-dfééted DNA
methylation (RADM)( J & b 2a0l 2. RNA POLYMERASE IV (Pol 1IV) and RNA-DEPENDENT RNA
POLYMERASEII (RDR2) work sequentially to form short dsRNA precursors, which are then processed by
DCL3 to form 24nt SiRNAs( Hu art g2@12.1 ¢ t P2 #®I2 Phese siRNAs are then loaded into AGO4 and

-6 proteins, which recruibomains Rearranged MethyltransferasgpRM?2) to viral chromatifl Coue s e @ |
2018 ; eRo2add?yyBRM2 facilitates the cytosine methylation on viral chromatin formed by DNA viruses,
such as geminivirusg€ourseyet al. 2018) Pol V also synthesises long roading (INcRNA) scaffold RNAs,

using viral chromatirasa templat Z h & n g2@11.9 ;  V eel tu 2 ahl2.Thpse INcRNAs then recruit the
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RdDM complex to target viral locf Ga | -B & g to od to &0l 1.fcjlitating the recruitment of histone
methyltransferases, such as KRYPTONITE (KYP), which deposit H3K9me2 repressive markers on viral
chromatin ( Suent 2a0 1 Jhis results in heterochromatinization of the viral rthfomosomes and

transcriptional gene silencif@GS) of the viral genomé¢ J a € k 2®11.6 )

Somefungi are also susceptible twst plant RNAi defencestudieson species of fungal pathogesach as
Botrytis cinereandVerticillium dahliaehavesuggestethat hese pathogemsayengage in a bidirectional cress

talk with their host plants, each opessiblyp assi ng RNAs derived from the other
response (pathogdn-host) orto stem the growth of invading fungal cells (htspathogen)Wanget al.2016)

The current model of this bidirectional cresdk involves the pssing 06RNAs between host apéthogercells

via extracellular vesiclesyhere the fungus passésown mRNAS to hijack the replicatianachineryof the plant

to enhance the production of fungal proteins during infection, anthisiijacking that presents plantith the
opportunity toproducesiRNAs against key fungal geneshich are then passday the planto the fungus by
extracellular vesicle Ch eentg 2a0l 2. F9r defence against pathogens in Werticillium genus, ths
bidirectional transfer of RNAs has been proven to be essential for the antifungal response during infection
( Ell eatd R&DFQfPEspite what is already known about bidirectional crosstalk between host plants and

fungal pathogens, the exact mecharsisfifRNA transfer between the two has yet tqpbeperlyidentified.

Crosskingdom signalling halseenexploited by various studiésokinginto development odlternative antifungal
strategiesDuanisAssafet al.(2022)demonstrated that applicationdfRNAs exogenously to the site of infection
can stem the growth &.cinereain the fruit, leaf and petal tissue of varidusstspeciesand can even reduce the
concentration of commercial fungicide required to inhibit fungal grofvéhkeret al.(2023)demonstrated that
genetically modifiedline of Arabidopsisthaliana expressing anRNA hairpin designed to target a key
pathogenicity factor ithe fungusSclerotina sclerotiorunfed to significantly reduced lesion sidaring infection
and an overallimproved resistance responsempared to the Cd) wild-type These two studies alone
demonstrate the two main approaches to RNAI strategies to disease manageméntudedtGene Silencing
(HIGS) (Walkeret al.2023)and Sprayinduced Gene Silencing (SIGE)D u aAnsi seatf 2 @ [2 1 both cases,
pathogenrtargetingdsRNAsare passed from the host to the pathageeaved into 222 ntlong siRNAs and
incorporatedi nt o t he RI SC compl ex i(nChteme 2a010.Bgdemd to rdutett o ge ns 6

pathogenicity RNAi-induced pathogenicity reduction in invading fungal species can be aclieoagh various
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means such atargeting pathogenicity factor geng€gvalkeret al.2023) indirectly targeting transcriptiofactors
that regulate pathogenicity factdssich as thegelgene inV. dahliag (Song and Thomma, 201,@&) by targeting
the expression oénzymes responsible f@longation and maintenance of components of the fucgjawall

(Car ¢ Redl0.5; Mo WRyIS )

2.2.3Double-stranded RNA (dsRNA) as a PAMP

In recent yearsdouble strandedRNA (dsRNA) hasalso become a widely known PAMP for the plant viral
immunity pathway dsRNAs are recognised by the plant during viral infection and activate the PTI response in a
DCL-independent manndr Ni e t 12a011.6Nucleic acid induced PTI and peptitieluced PTI signalling
pathways are different, with dsRNAs triggering 8@MATIC EMBRYOGENESIS RECEPTOR KINASE
(SERKY) coreceptoimediated signalling pathway Ni e t 12&011véhich is distinct from bacterial response
pathways dsRNAtriggered callose depositios triggered independently from ROS signallinghen
BOTRYTISINDUCED KINASE-1 (BIK1) signallingis elicited by the detection ofSalicylic Acid (SA) by
PLASMODESMATA-LOCATED PROTEIN land 3(PDLP1 and3) and C&*ion sensing bfCALMODULIN -

LIKE PROTEIN 4 CMLA4) resulting in defence upregulation such as plasmodesmata cblsumeget al.2021)

There is evidence thatnene | f RNAs al so have a o6primingd effect on
of ethylene and jasmonic acid which cause a baseline upregulation of plant immune deféficest e h e a tl .

2 0 1 Th)s increase in baseline immunity is believed to lead to improved systemic acquired resistance to infection

with pathogens in the plaftS e r-3 a maei t c 2812 dlthough few studies have investigdt hi s &6 pr i mi ng
effect in much detailsit is often overlooked as a siadfect of RNAI techniques, rather than as a viable disease
prevention toolThis priming effect may also be a confounding variable when it comes to interpreting the findings

from pathassayswhich have used RNAI to scred¢he functions ofeffectors and pathogenicity genéfsthe

siRNAs targeting these genes in the pathogen are themselves immunogenic in the host plant producing them.

2.3 The host: Arabidopsis thaliana

Arabidopsis thalianas one of the most studied model organisms for plant resdésafitial usewasestablished
before the development of modern genomics and renewed interest in the dpeogEd70sled to it becoming
a standard model species for plant science res@dodiinneefet al.2010) The first recorded use tie species

in modern science has been attributed to Friedrich Laibach, whose 1907 PhD thesis reported the number of
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chromosomes the species to b@ &ibach 1907; Koornneedt al. 2010) an observation that was confirmed by

later karyotyping studies on G6land other mutant lingkeutwiler, HoughEvans and Meyerowitz, 1984)

In plant science research, the benefitdofthalianainclude: a small nuclear genome, virtually no dispersed
repetitive nucleotide sequences, a generation time of 4 to 5 weeks and (by 1985) mutations that affect hormone
synthesis and resporsseenzyme pathways, and embryonic developmental procesgedbéen identified and
characterizedMeinkeet al.1979; Meyerowitzt al. 1985) Because of its unique properties as a model organism
various genetic toolsave been developed usiAgthaliana For examplegchemical and fast neutron mutagenesis
providethe means of carrying out forward genetic screensrandformation methods such as transpesdnced
andT-DNA insertion(by A. tumefaciensmutagenesiallow for the production ofossof-function mutatiorines

for most genesto be used imeverse genetic studi€¢Sozzaniet al. 2011)The wealth of forward and reverse
genetic studiegllowed for the development of various comprehensive genomic databasas fort hal i ana 0 s
gerome, whichhave provide a starting point for manglant genetic studieé Fr i e § n2ali 2. 5-PNA
insertional mutagenesis can be applied to forward genéticdisruptgene sequences across fhethaliana

genome, using the insertional sequence as a tag to identify the causative genotype lirfkedlfohanotype

That said, forward genetic studiasing TFDNA insertional mutagenesis A. thalianahave previously been

limited by the need to phenotype tens of thousands of indivlaak to properly characterise mutant lines, and

the limitations of gene insertion methods liIKeDNA insertion creating variation in the lines due to a lack of
homozygosity within the mutant populations produ¢ed/a e g 2#®&11 .6 ; €Cta 2 @ 12 Bowvercome these
limitations, a recent studyutatedA. thalianavia ethyl methanesulfonate (EMS) mutagenesid produced fully
characterised homozygo&S mutant(HEM) lines bysingle seed descerdfreamliing the characterisation
processy using whole genome sequencing, gndduceda HEM collection of homozygous mutants which are
genetically stable and sharable, enabling l@mcme phenotyping on a small, consistent set of sariples rert™ r e

a 12.0 2 Additionally, while theA. thalianaCol-0 genome has been sequen¢€de Arabidopsis Genome
Initiative, 2000)olderreference genomes still contained large missing segments and had a higher number of errors
due to being produced by older sequencing methods, leading to more comprehensive reference genomes being
producedusing newermore precise sequencing methods such as Oxlartbpore and HFFi sequencingWang

et al.2022) Newer reference genomes havevideda greater insight into the genome organisation and functions

of individual genes in the Cdl genome. In addition, pagenome studies have performed whole genome

sequencing of cultivarsther than CaD, to better characterise the differences within the genomaAstbhliana
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cultivars from different environments from around the world and analyse how these difédretveeercultivars
allow themto survive undethe variousiotic and abiotic stresses found in their preferred environni&iteeg

et al.2024)

2.4 The pathogen:Pseudomonas syringae

Pseudomonas syringaga grarnegative bacterium and one of the most researched andeeoeiinented plant
pathogens to date, with a broad host randéo rert i 25D I11a8d over 40 known hosipecific pathogenic strains
(Younget al.2010) As such, it serves as a highly effective model for research into: understandipgthogten
interactions, phytobacterial virulence mechanisms, adaptation of pathogens to their preferred host, microbial

evolution, ecology and epidemiolo@Xin et al.2018)

P. syringagorovides a useful insight into the emergence of disease in domesticated crops, a famous example being
the emergence of canker disease in Kiwifruit causel.lsyringae pv. actinidia@sg), in the 1980¢ Mc Ca h n

a 12.0 1 Disease emergence in crop plants has been linked to the domestication of crdyy@aryghumans

during the Holocene period 11.5 thousand years @jokenbrocket al. 2008) However this fact often limits

disease emergence studias pathogens do not typically leave evidence of emergence and diversification such as
fossils( Gi b b 2 @ 10 8anker disease is the exceptiontabost the Kiwifruit , was only domesticated in the

1930s, 50 years prior thefirst outbreaks of the diseaéeMc C a h 2 @11, .80} only making the emergence

of Psamuch easier to study, but also highlighting the economic significance Bsthelomonagenus in terms

of Psaecology and evolutiof Do rea t 2812.0 )

P. syringaehas 50 known pathovars to date, which share a common ancestor approximate3g bilion years

ago( O6 Be i &I1.Radt all pathotypes are pathogemicd some exist as plant commens@tén, Kvitko

and He, 2018)The lifecycle of pathogeni. syringaecan be split into an epiphytic phase, where they live and
potentially proliferate on the surface of a pléatnold et al. 2019) and an endophytic stage, when the bacteria

gains entry to the leaves via openings such as stomata or wounds in the epidermis to infect and cause disease in

their host plant¢ Me | ett 2&@10.6 )

Once in the apoplastic spad®, syringaehas two objectives: suppress plant immunity and alter the apoplastic

space by releasing nutrients from mesophyll cells to create a favourable environment for reprgirction
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Kvitko and He, 2018)P. syringaea | t er s t he apopl astic spadkevhewidle a pr oc
mesophyll cells release vast quantities of water and nutrients into the agéplagt Jiang and He, 2018)he

two key watersoaking inducing virulence factors employedmysyringaeare AvrEand HopM1( Aung, Ji ang
and He, e2 024482 A&vyBis secreted into the mesophyll cells via the Fipsecretion system (T3SS)

and causes lesion formation by inducing necrosis ofrtesophylicells which releagstheir contents into the
apoplasticspace Bade R&I06; Cunnac, Li ndeHopMltargetstrsHORM ihtéranterr , 200 9
7 (MIN7) TransGolgi Networkadenine dinucleotide phosphatsDP) ribosylation factoirguanine nucleotide
exchange factor, a critical component of the vesicl
modulate water availability in the apopldsX ie b 2 @11 .Bhe molecular components of the endophytic stage

of P.s y r i nlifg ayel®have been highly characterised over the years, making it one of the most well studied

pathosystems to use in hg@ant interaction research.

Entry to the leaves is met by resistance from the host, glaftathogen Associated Molecular Patterns (PAMPS)
such adlg22 on theP. syringaecell surfacearesensed by?PRRs FLAGELLIN-SENSING2 (FLS-2) receptors
in the membranes of stomatal guard cells, trigggestomatal closure and downstream signalling to upregulate

plant defences iresponse to thpathogenZenget al.2010)

P. syringaesupresses the PAMPriggered (Section 2.1) and EffectofTriggered (Section 2.2) immune
responsesusing a T3SS to introduce jasmonic acid (JA) modulating effector proteins sudlo@sl, AvrB

( Gi mdrheam & 280I11.4 ;e t LZH1dng coronatind Up p a b & RatQibhese effectors keep JA
levels high which prevents Salicylic Acid (SA) accumulation by increasing ethylene production and reducing
auxin productionf Up p a kb & p2adi0i5 ; dibnaeantez2a0l1.4 ;e tL2a@1l.5)Thi s shi fts the
metabolism by preventing various $#gnalling dependent defence genes from being upregulated such as:
PATTERN RECEPTOR®PR) PROTEINS FLAGELLINSENSITIVE2 (FLS2, ETHYLENE RESPONSE
FACTOR (ERF), CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1), SUPPRESSOR OFLEBOBIR1),
MITOGENACTIVATED PROTEIN KINASEMAPK) enzymes CALCIUM-DEPENDENT KINASEenzymes

and RESPIRATORY BURST OXIDASE HOMOLOG PROTEIRRBOHD)( Z h &n g 2a0l2.&qQronatine
secretion also causes the leaf chlorosis, by activating the chlorophgdliess®atineinduced proteiril (CORY)

genein Arabidopsis thaliandeading to chlorophyll degradatigqiBenedettiet al. 2002) inhibition of stomatal
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closure( UppaébRR®&Wi5; | chinose, Ta g,wloryiwithamhikkdiondirdoteiorgationa, 20 1

(Bender ;Chalidrez- mnd Gross, 1999)

Because oP . s y rsigmfigamce dssa widespread plant pathogen with a broad variety of hosts, it has become

an excellent model fastudyingplant defence processes and plaathogen interactiondarkowskiet al.2014)

2.5 The vector speciesAgrobacterium tumefaciens

Agrobacterium tumefaciens a gramnegative tumourinducing bacterium which infects plants through
horizontal gene transfer as its primary pathogenicity pathwayumefaciensransfers tumouinducing (Ti)
plasmids to its hostd ,ombithlerscode oncogenic genes to be expressed by the invade@Dizsetal. 2020,

8). Wild-typeA. tumefaciensauses crowagall disease by transforming plants with Ti plasmids carrying a 30 kb
virulence yir) region carrying genes that are essential for plant cell transformatién \irB, virD, andvirG),
along with accessory genes which enhance the efficiency-pfasimid transfervirC and vifE) (Zambryski,
Tempe and Schell, 1989Ji-plasmids also carry gendsatpromote the upregulation of phytohormones such as
auxin and cytokinin, whiclaccumulate and causemour formation by inducing uncontrolled cell proliferation

( SuzeukaA®0.9)

A. tumefacienwas first established as a method of stable gene introduction in the 19804 |oylaket al.(1986)
Published a protocol using a modifiadtumefacienstrain carrying a chimeric hygromycin phosphotransferase
(hph) gene. This gene conferred hygromy&irresistance to recipient leaf dissgspendedn culture withA.
tumefaciensLeaf discs were then grown in media containing hygromidia select for transformants that were
positive for thenphinsert The discs that survived weregeneratethto explantswhich werethentransferred to
soil( L1 et d &I8 While this approach is suitable for agriculturally significant crops, it is time consuming,
requires skilled labour and special&iuipment andaboratory facilities(Zhanget al. 2006) Furthemore the
regeneration step for this method can resultrimtentionaDNA modificatiors and somaclonal variation in the

progeny plant§Changet al. 1994; Cloughet al. 1998; Zhanget al. 2006)

The lack of simplifiedransformationmethods for model plants species, drove the development déobniques

One such approach was targeting embryonic plant t{ue et al.2019) Feldmanret al.(1987), first reported

stable transformation iA. thalianaseeds that had been cultivated in liquid media for 24 hoursfwitimefaciens
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carrying theneomycin phosphotransferase Il génptll), which confers resistance to kanamycin and GAltgy
identified200+ transgenic progeny from the transformed seeds by growing them on selective media containing
kanamycin, and using southern blot analysis, they discovered that all resistant seedlings had afTldaiitfone

insert, with many having several inserts, present in their nuclear (BRldmannret al. 1987)

Eventually,Cloughet al.(1998), developed a protocol for floral dipping: a stable transformatoch produces

in geneticallymodified seedsThis method iswidely usedfor A. thaliang although its transformation rate is
relatively low( Z h & n g2 & 10 Eowever, unlikefor other model species, floral dippingn®resuitedfor A.
thalianadue to its high seed production dmetause it goes througfie appropriate developmental stageallow

for transformation N a @ I e2a11.Bifferent methods vary in transformation yigllartinezTrujillo et al.

2004; Wanget al.2020) although incorporation of techniques such as subjecting transformant plants to drought
stresg Aé 1 2a12a dpplying resuspendesl tumefacienslrop-by-drop to developing buds &. thaliana

( Ma r {Tir rugedt | 2a8d0c4n improve the yield of transformed seeds.

Other methods of stable transformation includes vacuum infiltration, developed in 1993, which involved placing
recipient plants in a vacuum with tumefaciensoculum. Vacuum infiltration draws the-plasmid carryincA.
tumefacieninto fully grown plant reproductive tissue, resulting in a yield of 1% of seeds being tran&tjearig

et al.2006; Kauret al.2019) This method targets. thalian s ov ul e t i s s uefeeta.@99¥e monstr
when they toold. thalianatransformed via vaccum infiltration and crossed them with untransfofmibdliana

The results showed that only seeds obtained from crosses where the transformed plants were the pollen recipient,
were transgenicThough it was developed after floral dipping, vacuum infiltration is often less preferred to floral

dipping due to the need for specialist equipn{@bughet al. 1998)

To date, vacuum infiltration and floral dipping remain the two most widely used methods of transformation.
Though some debate remains over which method is more efficient, both methods target female germline tissue

(Ye et al.1999; Desfewet al.2000)and comparisons of the two methods have shown that optimal transformant

seed yield can be achieved if the plants are transformed between days 5 and 10, while floral buds are still immature

and their pistils are still open, givig tumefaciendirect access to the ovule cdllsSVi k tSomraegkur , Hnat us z k

Konka and Kononewi2id42,2 ;2 6QQa2#@l2RH a n
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2.6 Transient transformation via infiltration

Syringe infiltration was subsequently developed as one of the first rapid transisfibrmatiormethodswhich

made use of Silwett 477 to lower the surface tension Afjrobacterium tumefaciengsuspended in liquid,
increasing the uptake of exogenous DNA and overcoming the need for vacuum equifapdatet al. 1997;
Englishet al. 1997; Kauret al. 2019) The method runs on the same principle as vacuum infiltration: forcibly
injecting Agrobacterium tumefacieriato plant tissue by creating a pressure gradi€hincinska, 2021)The
method was first developed to study ptairal interactions, as an easier method to introduce the virus compared
to using insect vectois Gr i med | 1948 . Jheir study, Grimslegt al. (1986)transformedAgrobacterium
tumefacienswith Ti-plasmids carrying the genome f&@auliflower Mosaic Virus(CaMV), cultured and
resuspended the transformed bacteria and infiltrated the leavesedkdld turnip plants, which subsequently

developed symptoms @aMV infection

Schdbet al. (1997)used syringe infiltration witiA. tumefaciensarrying P358CHN48in a binary Tiplasmid

vector to transform the leaves of wilgpbe and transgenhNicotiana sylvestriexpressingobacco class | chitinase

A gene to test if they could achie'@HN48 gene silencing in the transgenic plants. Their results showed that

leaves from the wildype plants infiltrated with the P35SHN48 vector showedCHN48 expression, while
CHN48expressing plants infiltrated with the same vector showed sigdBlN#8 silencing, something that was

not observed whe@HN48expressing plants wersfiltrated with an unrelated chimeric sequefc& c h° b, Kunz
and Mei nsSchobetal (19990s7 )r esul t s i ndicat e dHN4Biafitratetdmte addi t i

the CHN48expressing leaves were silenced by the resident copies of the gene.

The original syringe infiltration protocol was improved upon, and by 2018, it had become a preferred method of
transient transformation, due to being quick and efficie™ o r keutn 2a11.80) date, several methods of
syringe infiltration exist, each with differing methodsfoftumefaciensultivation and resuspension, however the
principle is the same for all: cultivate the vector carnfngumefaciensn solid media, transfer to liquid media,
centrifuge the liquid cultures and resuspend the cells in resuspension buffer containing chemical additives to
promote Ti Plasmid transféteuzingeret al. 2013; Norkunast al. 2018; Zhanget al. 2020) A widely used
chemical additive in infiltration experiments is acetosyring@ehottet al.2011; Nosaket al.2021; Fernandez

et al.2023) which causes an upregulation of virulence genés tnmefaciengBakeret al.2005; Yoneyamat
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al. 2010) promoting the transfer of Ti plasmids to recipient plant cells and improving efficiency of the

transformatior(Nakano, 2017)

2.7 Aims and Hypothesis

In this project we aimad to investigatewhether transient expression of nonspecific,-host derived RNA
hairpins, specifically designed to target th@éreen Fluorescent Protein (GFmroduced tothe leaves of
Arabidopsis thalianaonfered a protective effecagainstinfection with Pseudomonas syringa€o investigate
this, we set outo design a protocol that coulet usedo transiently transformrabidopsis thaliandeaves with
the nonhost targetingGG-egfg®GUS hairpin T-DNA vector andthen infect the transformed plants with
Pseudomonas syringa&V/e hypothesised thahtroduction of the hairpirto the leaves ofA. thaliana via
agroinfiltration would reduce the development of disease sympidran the plants were subsequently infected

with Pseudomonas syringaa&nd lead to improved localised and systemic acquired resistance to the pathogen.
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3. Methodology

Our hypothesis was thainsiently transformd Arabidopsis thalianaxpresig RNAI hairpins targetingnonself
geneswould show enhanced disease resistatanfection with Pseudomonas syringaeompared to the
uninfiltratedwild-type Col0.

Agrobacteriuntumefaciengarrying different RNAihairpin vector TDNAs was infiltrated into the leaves .
thalianaplants. This infiltration step wasdertakerio transiently transform the leaves with thdNA hairpin

insert carried by thé. tumefaciendNext, P. syringaewas infiltrated either in the same leaf that had received the

A. tumefaciensto test for an improved localised response, or the adjacent leaf to test for an improved systemic
response to infection. This combined infiltration system was usddstowhether the introduction of RNAI
hairpins targeting the GFP gene led to improved localised and systemic acquired resisRsmgdtononas

syringaein Col-0.

Additionally, RNASeq read counts data from Walker et al. (2023) (available at:

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21y5Mas downloaded and analysed for

differentially expressed genes (DEGSs),téstwhetherthe HIGSexpressinggroup showed an upregulation of
defence pathwaypreinfection with the pathogesompared to the wildype We compared the expression
profiles of both groups to see if the differences observed correlated with the improved disease response to

sclerotiorumin the HIGSexpressing group reported in the original study.

3.1 Designing theLevel Il Golden Gate Cloning RNAIi Hairpin Constructs

RNA interferencénairpinvectorsfirst needed to beonstructed for transformation into BHO5 Agrobacterium
tumefaciensAll hairpin vectorT-DNAs were designed using GeneiodRsme andconstructed via Golden Gate

Cloning. Theywere GG-egfg*?GUS, GG-wcIPGUS and GG-Kan*GUS the control vector(Figure 3). The

foll owing genetic elements were inserted into each v

(Table 1).
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Table 1: SequencesPromotors and Terminators used in Level 2 Golden Gatd -DNA vector plasmid

construction

Position  Sequence Species of origin  Function
( 5360 )
1 Nopaline synthase promotédog™m) Agrobacterium Bacterial promoter
tumefaciens
2 Neomycin  phosphotransferase  ty Escherichia coli To confer Kanamycin resistance
Il (nptll) gene
3 Octopine synthase terminat@®CS®™) Agrobacterium Bacterial terminator
tumefaciens
4 Ubiquitin 10 promotefAtUB1(™™) Arabidopsis Plant promoter
thaliana
5 One of two marker genes:
Green Fluorescent Proteif@GFP) Aequorea victoria Reporter Gene: produces the gre
fluorescent protein
b-glucuronidasgGUS) exon Escherichia coli  Reporter Gene:anverts5-broma4-chloro-
3-indolyl b-D-glucuronide to 5-bromao4-
chloro-3-hydroxyindole
Whi ch oxi di s-ibrombd,-<
dichloroindigo producing a blue phenotyp
when oxidised
6 Ribulosel,5bisphosphate Arabidopsis Plant terminator
carboxylase/oxygenase small subu thaliana
terminator(RBSC™)
7 35S promote(353™M) Cauliflower Plant promoter
mosaic virus
(CaMV)
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One ofthreeRNAI hairpins targeting the

following genes:

35

sgelttargeting hairpin

Thewcl-targeting hairpin

Theegfptargeting hairpin

Verticillium
dahliae.
(targeting)
Verticillium
dahliae.
(targeting)
Aequorea
Victoria

(targeting)

Produce an RNA hairpin tknockdown the
production of the complementaggne in its

host organism

Nopaline synthasterminator(Noge™)

Agrobacterium

tumefaciens

Plant terminator
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Figure 3: Plasmid maps ofthe Level 2 golden gatevectors GG-wc1PGUS (a) GFP, GG-sge"GFP (b), (c)
and the control GG-KanRGUS (d), generated in Benchling.The-5806 st rand i s shown runni
586 strand is shown running count evadGbldeo Gateicoreng, Al | V €

using E. coli 50507(EC50507)backboneplasmid of 4,753 Kb.

The hairpinsveredesigned to target thé. dahliaegeneswclandsgel(from theVerticillium dahliaegenome)
andegfp(the Green fluorescent protein encoding gembg sequence ofeh hairpin washenanalysedn silico,
using SIRNA Finde(SiFi) ( L ¢ etk 2211, .8 predict offtarget matches to reference genorfteshe plant
host and fungal pathogerReference genomes for @l (GCA 020911765.2 v2.0) andl. dahliae JR2

(GCA_000400815.2 v.4.0) were sourced from the NCBI database. Positive and negative control sequences were
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generatedy extracting the first 500 bp from Chromosome 2 from\theahliaeJR2 genome and the first 500

bp of the Col0 ABF gene. These sequences served as the positive control in their native genomes and negative
controls in the reciprocal genome. Each hairpin was analysed ftargét and efficient matches in both the-Col

0 andV. dahliaegenomes. As SiFi cannot differentiate between coding anetodimg DNA in the reference
genomes, hairpins that had efficieff-target hits(those with ahigh likelihood of bindingyere mapped to the

same reference genome in BLAGTA | t s € K & 19 Alignment in BLASTdetermine whetherany predicted

efficient off-target matches were in coding or noncoding regions of the geandthéthese offtarget matches

were |ikely to disrupt the plant/ pathogendés gene expr

3.2 Transformation of Agrobacterium tumefaciens

The GGKarm*GUS (the control vector) and G&jeIPGFP hairpin vectorsvere transformed into EHA105
Agrobacterium tumefacienEHA105 Agrobacterium tumefaciensere transformedvith the construct$sG-
Kanm*GUS (the control vectorand GG-sgefPGFP, following the standard protocol outlined tofgen et al
(1988) Transformed hcteriawasplated at 5& knd another at 100 ko allow single colonies to be selected for
analysis. As awegativecontrol, untransformetdacteriawere spread onto plates, 1x 80and 1x 100 | and

incubated alongside the transformed bacteria 4 &8 48 hours.

3.3 Single colony selection and preparation of feeder cultures
After incubation for 48 hoursjngle coloniesf transformedigrobacterium tumefaciengere selectetb produce
feeder culturesfollowing the standard protocol outlined Bjanget al. (2006) Feeder cultures were incubated

at 28C and 180 RPM for 48 hours.

3.4 Confirming the presence of the hairpin in transformedAgrobacterium tumefaciens

3.4.1MiniPrep of Control Hairpin and Spectrophotometry

To ensure the transformation was success3lB ml of Agrobacteriumtumefaciensculture samples were
centrifuged at 4000 RPM for 10 minutes at room temperature. The MiniPrep was then carried out using Qiagen®
Spin MiniPrep Kit according to the standard protocol. Once extracted and purifieldf DNA wasloaded onto

a BMG-Labtech16-well LVis microplate andanalysed usinga FLUOstar Omegapectrophotomet, which

measuredhe 260:280 nm ratito determine the quality of the sampéand calculate the concentration of the DNA
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in ngk 1A 260:280 nm ratio reading of 28Bnm was considered evidence for uncontaminated purified bacterial

DNA.

3.4.2Gel Electrophoresis of Restriction Digest and PCR Products

All agarose gels were prepared for electrophoresis by adding &.@/1elford Agarose powder to 60 ml of 1X
Tris-AcetateEDTA (TAE) buffer to produce a 1% electrophoresis gdlen, 1.6 ¢ lof New EnglandBiolabs

(NEB) GelRed® DNA stain was added to the gel before it was poured into a gel electrophoresis frame to set.

Once set, the gel was placed into an electrophoresis cradle, filled with 1X TAE buffer.

All restriction digest and PCR samples were run on the gel for 30 minutes at 150 mV. After which, all gels were
loaded intothe Syngene G:Box visualisand visualisedising the Syngene softwarelThe NEB 100kB DNA
ladder was loaded into the gel into the leftmost and rightmost wells of the gel and used to theame®f the

bands produced for each sample.

3.4.22 Digestion with Dralll

Fordigestion withDralll, 2 ¢ bf DNA eachsamplewas added to 10X rCutSmart Buff@f,000 units/mDralll

(NEB®) andMiliQ water to get dinal concentration 020,000 unit® bf restriction enzyme in eadPCR tube.

Tubes were placed in a PCR machine {BRid T100M thermal cycler) and left to digest at’®for 1 hour. Once

the digest was completed, E6of 6X Purple Loading Dye was added to the digest samples. Therbi@ach

sample wa$oadedinto the wells of the gel, one well per sample. Gel electrophoresis was then used as specified

above(Section 3.4.2)

3.4.2 3 Digestion with HindllI

For digestion withHindlll, a master mix was prepared with the following reagents: MiliQ Water, Promega 10X
Multicore Buffer E, 1Qug/e IAcetylated Bovine Serum AlbumiBSA) and 10unitsé Hindlll to produce a total
volume of 120m. 19m of Master Mix was aliquoted into PCR tubes and df DNA elution was added to each
tube, making a total volume of 20 of restriction digest mix. For controlsi of the 50507backbone plasmid

was added the Master MiMiliQ was used as aegative control. Tubes were run for 2 hours &37ollowed

by heat deactivation at 85 for 15 minutes. Once the digest was complitte samples were loaded onto the gel
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andelectrophoresis was thenused pr oduce and t he .Bhagels Wweseshevishabseas i n g

specified abovéSection 3.4.2)

3.4.24 PCR of Diluted Control Hairpin DNA
As a final test for the presence of tharpin vectorT-DNA in transformedAgrobacterium tumefaciendiluted

GG-KanfGUSvector (G1.2) andsG-Kan*GUSvector (G2.2) samples were amplified using PCR.

Primers for forward and reverse amplification of a 212 bp region between the pNOS promotor and-fhe Kan
cassette in the control hairpin vectolDNA were designed using Geneious Prime and ordered from Integrated
DNA Technologies LTD Inc©The dry stockprimerswerethendissolved in the appropriate amount of nuclease
free water, as lined out by their individual IDT Preparation Instructions, to a concentration of 100 mM. Working
stocks of the primers with a final concentration of 10 mM were then prepaneertoyming a 1€fold dilution

with nucleasdree water. The Primer dilutions were then usethe PCR Master Mix.

PCR Master Mix was prepared by adding the following reagents: NEB Qo@a#® Taq 2X Master Mix,
Forward Primer 10mM, Reverse Primer 10mM and Nuclease free water making a total volumerbf 258
each sample 281 of PCR mix was added to£ lof sample GG-KanfRGUS vector (G1.2) and5G-KanfGUS
vector (G2.2) were added to the Master Mix at 1x and 10x dilution. Additionally, 1606050 7backbone was
added to PCR Master Mir one PCR tuband Nucleaséree water was added to PCR Master litxanotheras

negative contra

Samples were placed into the PCR machine-@o T100M thermal cycler) and cycled through the following
conditions: 98C denaturation for 30 seconds, 54ithealing for 1 minute, 68°&ongation for 8 minutes and 30
seconds, 95°C denaturatjoepeat 30x, 68C final elongation 5 minutes and followed by an infinite hold stage,
holding at 12C until samples were remove®CR productfor each samplevas then analysed by gel

electrophoresidoading5 pl from each samplas stated abo\&ection 3.4.2)

3.5 Transforming Arabidopsis thalianavia floral dipping

Using thetransformedAgrobacterium tumefacienmes Arabidopsisthalianaplants were transformedlith the

RNAI hairpinsvia the floral dipping methqgdollowing the protocobutlinedby Zhanget al. (2006)
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3.5.1 Growing Arabidopsisthaliana plants for transformation

Ecotype Col0 A. thalianaplants were grown in growth cabinets (PHCbi MBB2H Climate Chamber) atZ2
with a light/dark cycle of 16/8 hours and a relative humidity o#§5following the cold stratification in 0.0%
agarose atC for 24 hours as specified by Zhaagal. (2006). Col0 was planted in @m diameter pots filled
with Growmoor Multipurpose soilSeedssuspendeéh agarose were plant&iml per pot andallowed to grow
until their true leaves had emerged. After approximately 2 weeksspwoging, the young plants weerepotted to

4 plants per pot. Plants were grown fe4 8veeksuntil their floral shoots emerged.

3.5.2 Floral dipping with Arabidopsisthaliana

Plates of transformed bacteria were incubated & 8 48 hours. After single colony selectidaw salt Luria

Broth (LB) Agar(LBA) platescontaining the antibiotics rifampicin and kanamywiere stored at“& for 5 days.
Feeder culturefor each hairpin group were incubataedow salt LB brothat28°C and spun a220 RPM and left

for 48 hours After incubation, feeder cultures were placed in the fridge-f@daysbefore use

Floral dip cultureof Agrobacterium tumefaciengere prepared for a maximum of two hairpin groups at a time
over the space of-@&eeks. For each floral dip culture, the totahbof the respective feeder culture was pipetted
into a 1000 rhconical flask containing 500 Inof Low Salt LB Broth (LBB) and 500m of Kanamycin. Once
inoculated the cultures were sealed with foam stoppex&red with foil and placed in the incubator at@8at

220 RPM for 48 hours.

After incubation floral dip cultures were then centrifuged for 10 minutes at 4000 RPM, using a JA10 Rotor, to
sediment thé\. tumefaciensThe supernatant was discarded, and the bacterial pellet resuspended in a solution of
5 % sucrose and 0.0% Silwett and transferred to a sterile beaRémeeCol-0 potswere selected for dipping.

Col-0 pots were inverted, and the floral bolts dipped into the bacterial resuspensidndec@dsvhile swirling

the beakerto allowthe floral buds to be heavily coatedbacterial suspension. Pots were laid on their side on a

tray. The tray was placed inside a large biohazard bag, to retain humidity for 24 hours after the floral dip.

Once transformed, plants returned to growth conditions mentioned above. After 24 hours, plants were removed

from the biohazarthags,and the pots were stood uprigBlants were left to grow at 2C with a light/dark cycle
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of 16/8 hours for several weeks until senescence. Plants were watered until their siliques senesced, at which point

watering was halted, to cause drought stress which induced seed maturation.

3.5.3 Seed collection

Once the transformant plants had senesced, the siliques were collected in 1.5 ml Eppendorf tubes. the extract
seed, siliques werdransferred from the Eppendorf tubesatpiece of A4 paper and manually broken open by
hand. Seeds wethenseparated from the debris apdured into fresh Eppendorf tubes. Tubes were transferred

to dry storagén falcon tubes filled withsilica andstoredin darkconditionsfor two weeks.

3.5.4 Screening primary transformants

3.5.4.1 Preparing Murashige and Skoogelectivemedia plates

Murashige and Skoog selective growth media was prepared by mixingalG&Qvater, 4.3 g of Murashige and
Skoog, 10 g sucrose and 0.®%§anhydroug-Morpholineethanesulfonic ac{1ES). The pH of the mixture was
adjustedusinglM NaOH or 1M HCQ to 5.7 pH. Next, 5.2 g of agar was added tontirgure,and the media was
autoclaved. Once autoclaved, the media was opened in laminar flow hood (Air Science® USA LLC PurAir LF
Series HLF72 Model), and 50 mgi kanamycin and 100 migl_ of carbenicillin were added to the mediden,

25 petri dishes were pipetted with 20 ml of the solution each, usingPgrete before being left to set for 30

minutes under sterile conditions.

3.5.4.2 Seed sterilisation

Cleaning solution was prepared by adding 50% water with 50% bleach and 0.05% Tween. InBjwidunalorf
tubes of seed were sterilized by adding 70% ethanol for 1 miftiéewards, ¢hanol was pipetted from the tubes,
then seeds were resuspended in cleaning solatidrvortexed every 2 minutés 10 minutes. Tubes wetbken
centrifuged to pull seeds to the bottom of thbe,and the cleaning solution was pipetted off. To remove any
remainingcleaning solutionseeds were washed three times, or urgéicbf any yellow colour by adding 0l

of MiliQ and vortexing. Aftera third wash, seedgeretransferrednto falcon tubesand remaining excesgater

wasremoved
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Once the seeds were sterilised, 0.05% agarose was added to each falcon tube. The contents of each falcon tube
was pipetted onto MS plates, one plate per tube. Plates were then sealed with parafiim and gl&ded &t 5

day cold stratification.

Selected seeds were plated onto selective media to select seeds carpfang-timenmpatibleKan® cassette present

in thevectorT-DNA backbone After 7 daysof growth, surviving seedlings (T1 plants) were transferred to soil,
and screened fothe hairpin marker gene phenoty(®ection 3.5.4.6

3.5.4.3 Growing Primary Transformants

T1 seedon media were moved into a growth cabinet falaysat 2CC, with a light/dark period of 16/8 hours.

At the end of 7 days, viable plantlets were replated on to fresh MS plates until their true leaves emerged.

3.5.4.4 Transferring viable transformants to soil

Once the transformamlant® t rue | eaves had e meb gmevidepotsoh@owmeoer e tr al
Multipurpose soil The pots were kept in propagator trays to maintain humidity. Once the plants showed signs of
bolting, they were placed into plastic AR#stem tubes. The ARA system kept frabidopsis thaliandloral

bolts reproductively isolated to prevent crpsdlination and induce seffollination. This ensured that any second

generation (T2 seeds) were homozygous for the hairpin insert.

3.5.4.5 Using PCR to screen transformants fohairpin vector T-DNA

T1 plants were screened for the presence of the hairpin using the PHIRE Plant Direct PCR Kit. DNA was extracted

from Col0 (negative control) and T1 plants by taking a 0.5 mreaf disc sample froreach of theplants and

suspenthg themin PHI RE Di |l uti on Buffer, accor dNexiglo mbl oft he man
forward-reverse primer pairs amplifying tipgantcompatible KaR cassette, present in all our GoldgateLevel

2 constructs, was added to 2X PHIRE buffer and Nucl&asewater. A control master mix was prepaaed un

as a separate PCRsing ACT2 primerstargeting the Ced ACT2 geneto confirm the presence of plant DNA

in the sample¢Table2) The recommended cycling protocol .was use;:
The initial denaturatiorstep wador 5 minutes at 98°Cipllowed by 40 repetitive cycles ofdenaturatiorfor 5

seconds a98°C, annealing for5 seconds (temperature dependent on the primer pair esedhsion for 20

seconds at PZ, followed bya final extension step for 1 minutEheannealing temperatures set to 6€.When

using KanR primers and 60°C using ACT2 primers.
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Table 2: Primer Sequences

Primer Name Sequence Expected Product Size bp
HS-P-Kan-F GAGTACGTCCTCGCTCGATG 632 bp

HS-P-KanR ACGTTGAAGGAGCCACTCAG

ACT2-F ATGGCTGAGGCTGATGAT 495 bp

ACT2-R CTAACCGGTTGTACGACC

Gel electrophoresis was used to analyse PCR products, using dihfitéd purified vector plasmid as a positive
control, with an expected band size of 495 fip,the Kart-targetingprimer master mix and Ced DNA as a
positive controlwith an expectethand size of 632 bpyhen using ACT2 primers. Nuclease free water was used

as a negative control for bothaster mies.

3.5.4.6 GUS staining oftransformant leaves

The GUS exonencodes for theéb-glucuronidase enzymaeavhich converts Sbromo4-chloro-3-indolyl-b-D-
glucuronideto 5-bromao4-chloro-3-hydroxyindole 5-broma-4-chloro-3-hydroxyindole is white in coloyrbut
when oxidised, itforms 5 , -dibkpmo4 |, -dicNjoro-indigo which produces the characteristitue pigment
phenotype in the leave3o visualise this marker phenotypeaveswere bleached of chlorophylthentreated
with oxidising agentsutlined in the Sigma&ldrich GUS kit(SigmaAldrich Co.LLC, 2016) Leaf samples from
T1 replicatesthe progeny ofTO0 floral boltstransformedsia floral dipping, and leaf samples fromild-type Col-

0 transformed with the Level 2 vector plasmid via syringe infiltration, were destained as per theA®igoia
GUS kit protocol aftetheir respectiveéransformation and growth periodsol-0 wasusedas a negative control
and A. thalianagenetically modified with P35S::UidAo stably express theUS exon were destainedas a

positive control.

Once treated the leaves were left fadaks in 100% ethanol at room temperatukeefore visualisatioby light

microscopy
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3.5.4.7 Light Microscopy of transformant leaves

After 7 daystransformanteaves were removed from 18®ethanol and placed on glass slides witB&dlycerol.

Slides were mounted ontoLacia Microsystem®M Series Rdigital widefield dissection lightmicroscopeand

the field of view was adjusted between 10x to 40x to search the leaves for signs of GUS expression. Images of

the whole leaf were capturedinga 200 CR light microscope camera

3.6 Disease assay witPseudomonas syringae

3.6.1 Growing Arabidopsisthaliana for infiltration

Arabidopsis thalianaCol-0 ecotype seedserecold stratified(Section3.5.1). Following cold stratification, il

of Col-0 seeds in agarose were spread on soilim pots. Cel0 was grown at 2Z on al6/8-hourphotoperiod

eitherin a growth room using a climate computer to control the light intensity ratios (umol/m2/s) and photoperiods

(hours) (see Tabl®) or in PHCbi MLR-352H Climate Chamber growth cabin€&ection 3.5.1

Table 3: Light Wavelengths and intensities used to cultivatérabidopsisthaliana

Wavelength Blue light Green light Red light Far red

(nm) (450495 nm) (495570 nm) (620750 nm) (700-800 nm)
Intensity 36 45 35 30
(umol/m?/s)

After 1-week of growth, seedlings were separated into their own individual pots, 1 per plant and were grown for

an additional 2 weeks.

3.6.2 Infiltration with Agrobacterium tumefacienor transient hairpin expression

To transiently transform Cd leaf tissue with the G@gfg*"GUS and GG-KarRGUS vector plasmids, leaves
were infiltrated withAgrobacterium tumefaciertsy syringe infiltration following the protocol outlined #hang
et al. (2020) A. tumefacienwas grown for 48 hourat 28C on Yeast Extract BrothYEB)-induced mediathen
resuspended wash solution prepared by combinikiiQ with MgCl, and 20 mM acetosyringonBesuspended

bacteriawere then dilutedo an ORgo0f 0.5 usingnfiltration solution prepared with filter sterilisédo sucrose,
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Silwett-L77 and 20 mM acetosyringond he following adjustment® the original protocolvere made: the Ceol
0 plants were grown under a 1618ur light/dark cycle at 2Z in propagator trays and the infiltration step was

carried out in a CAT2 hood.

Col-0 leaves were infiltrated with EHA105. tumefacienshat were either wildype (as a negative control) or
carrying the GEegfg®GUS or GG-KanfRGUS vector plasmids. Mock infiltrations were performed with sterile

infiltration solutionwith added sterile MiliQ water in place of bacterial resuspension

3.6.3 Screening infiltrated Col-0 leaves for transienthairpin expression usingPCR
After 5 days postinfiltration, leaf samples were taken and analysed with the PHIRE Plant Direct PCR Kit as

outlined abovéSection3.5.4.9.

3.6.4 Infiltration with Pseudomonas syringae

Col-0 was infected with the bacteria following the protocol specifiedray et al. (2013) Col-0 plants were
grown under a 16/8our light/dark cycle at 2ZC in propagator traysP. syringaeplatesgrown on Luria Broth

Agar (LBA) plates containind0 pg/mlof rifampicin for 48 hours at Z&, after which single coloniewere
selectedor culture in LB Broth (LBB) containing50 pg/mlof rifampicin. Liquid cultures were incubatddr 24

hours at28°C and 180 RPM. Liquid cultures were then centrifugaad the pellet resuspendedtiliQ. The
resuspended bacteria was diluted to ande@f 0.02andintroduced ta3-4 randomly selecte@ol-0 leaves via
syringe infiltration. Infiltrations were carried out in a CAT2 hood and mock infiltrations were performed with
sterile MiliQ. After infiltration, arandomized block design was implemented so the trays were a mix of different

treatments, taontrol for environmental variation in the growth cabinets.

3.6.5 Visual assessment dPseudomonas syringagisease symptoms
Plant disease symptoms were scored 5 daysipfestion with Pseudomonas syringa€ol0 plants were

photographed with a Canon EOS 2000 camera mounted to a stand using a plain background.

Photographs of each planeretaken 1 d.p.i and 5 d.p.i, and disease severity was visually assessed based on two

symptoms: the level of chlorosis and physical leaf damage. Symptoms were scored on a scale of-1itite10 (1

to no symptoms, 10most of or the entire leaf area affected). For each replicate, fixed effects such as whether the
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leaves had been infiltrated with. syringae andconfounding variablessuch agperforation damage from the

syringe or visual matches to bite marks from fungus gnat lawererecorded.

For theP. syringaeonly infiltrations(Section 3.64), mock and infiltrated plants were photographed 1 d.p.iand 5
d.p.i and their chlorosis levels were visually scored on day 5 as described above. Infiltrated leaves were then
removed and photographed as described above. The photos were then analysgdJdinttntalculate the % of
chloroticto-healthy tissueas outlined inPride et al. (2020) Visual scoresvere then correlated with the %
chlorosismeasurementsiy calculating the range and average % chlorosis seen for visual setbesotest

whether visual assessment can provideaecurate a measurement of disease symptmngparable to the

measurements calculatedimageJ.

3.6.6 Combined infiltrations

Once the infiltration protocols fakgrobacterium tumefacier{Section 3.6.2andPseudomonas syring&C300
(Section 3.6.4)ere established, the two assays were combined into a single experiment through transforming
Arabidopsis thalianawith the GGegfd®GUS and G&KanfGUS hairpins and then infecting the plants with

syringae(Figure4).
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a) b)
Agrobacterium tumefaciens-only infiltration Pseudomonas syringae-only infiltration

c) d)
Batch 1: Combined infiltration (localized) Batch 7: Repeat of Combined infiltration (localized)

e)
Batch 2: Systemic infiltration

Created in BioRender.com bio

Figure 4: The five different infiltration experiments performed in this project. Arabidopsis thalianawas
infiltrated with: (a) Agrobacteriumtumefaciensonly (transient transformation), Pseudomonas syringae
infiltration (infection assay) (b), A. tumefaciensand P. syringaein the same leaf (initial localised assay) (c),
P. syringaeinfiltrated in the adjacent leaf to the leaf infiltrated with A. tumefacienginitial systemic assay)

(d), A. tumefaciensand P. syringaein the same leaf (epeatlocalised assay) (e).

For the initial localized and systemic infiltration experimeftdhalianaplants weregrown in a growth room
(Section 3.6.1) andiue to limited capacity.thalianaplantsfor thetechnical replicate of the localizédfiltration

had to begrown inPHCbi MLR-352H Climate Chamber growth cabinets (Section 3.B.1alianaplants grown

in the growth roongrew at afasterratethan those grown in the growth cabineds theage at whictthe plants
were infiltrated varied between3Bweeks Additionally, there was variation in growth rates for plants grown in

the growth room, resulting in visible disparitiadeaf size To accountdr this, plants werselectedor infiltration
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on the basis of thephysiological agetheir leavesad to bevisibly large enough taover the entire head of a

needless syringavith some room left around the edges

Between 34 leaves ofecipientCol-0 planswere infiltrated with one of thre&grobacterium tumefacierstrains:
untransformed wildype (EHA105), transformed to carry th&G-egfg®GUS hairpin vector TDNA (GFP or
transformed to carry the GEan*GUS control vector IDNA (Ctrl.HP). A group of Col0 plants were infiltrated
with sterile infiltration solution mixed wittMiliQ as a negative control (Water.l) for the transformation step.
These treatments were designed was to test whether transient expression eétfg'"@&&S hairpin upregulated
baseline immunity by measuring if there veesignificant difference between symptoms in the hairpin compared

to the water infiltrated plants.

After 5 days, leavewerethen infected withP. syringaereturned to the growth cabinets under a randomised block
design to avoid symptom scoring hi&ol-0 was left to grow foan additionab-daypostinfectionand assessed

for disease sympton{Section 3.6.7).

During theinitial localized infiltration,5 biological replicates for each treatment were ysed the leaves were
infiltrated as specified above with resuspendedumefaciensliluted to an Olgy of 0.5. During the technical
repeat of théocalized infiltration to improve the statistical power of the data, the number of biological replicates
was raised from 5 plants to 10 per treatment. Additionallljustments were made to reduce the instance of
confounding variables such est andfungus gnatsTrays were dried after soialg for 30 minutego 1 hour in
water. Additionally,a higher Olgoo of A. tumefaciengppeared to be correlated with an ednjypersensitive
response in the leaves befétesyringaeinfectionduring the initiallocalized infiltration which confounded the
subsequent assessment symptom severity after infectiorPwitywringae Therefore to reducthe effect of this
confounding variablen theresults A. tumefaciensvasdiluted to a lower Okyof 0.025 before beingpplied

to A. thalianaduring the agroinfiltration step

During theinitial (and only) systemic infiltration, 10 biological replicates were used for each treatmentigroup

ensure the results had strong statistical poaret,the leaves were infiltrated as specified above with resuspended

A. tumefaciendiluted to an Olgy of 0.5.
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3.6.7 Statistical analysis of disease scores for combined infiltrations

Visual Scores for chlorosis and leaf damage for eashywasmodelled using mixed model analysis in R using
the Ime4 packag@/ersion: 1.137)( Bat e s. Analgsis af /arianceANOVA) tess wereused tocompae
modek, to determinevhichfactorsthey differed on significanthandthe simplest model was obtained via process
of elimination. The model of best fit was then assessed withsthoc Tukeytest,and a clustered letter display
was obtainedor each treatment grouiflustrating any significant differencdsetween themlf mixed model
analysis showed thatant score were not significantly impacted by random factarsdwherethe data was not
normally distributed, a Kruskalallis test was performed, followed by a pbsic Dunntest with an adjustept

valueof 0.05.

The average leaf damage and/or chlorosis scores were calculated for each group and plditechtot with
standard error bars and the clustered letter display for each group inckidgdhe ggplotpackageVersion

3.5.2)(Wickham, 2016)

There were a few instancediere the leaves had bekeavily damaged from factors such as repeated physical
strain rot due to excessive moisture or damagen fungus gnat larva® the point where symptoms were
completely obscured. In these instances, replicates were excluded from the data set as there was no way to

accurately score their symptoms

In the case of early disease symptoms causeddrgbacterium tumefaciengfiltration, preinfection with
Pseudomonas syringathe score$or leaf damage and chlorosis 5 d.p.i frtumefaciensvere subtractetfom

the scores for leaf damage and chlorosis 5 d.p.Pfayringaeproducing an overall scoffer each individual
replicate Model of best fit for theoverall scoredor leaf damage and chlorosis was calculated in the same way
described abova.he average result for each treatment group was calculateddbrtreatment grodfpom these

overall scoreralues.

3.6.8 Differentially Expressed Genes (DEGs) Analysis
Using the RNASeq data froivalkeret al.(2023)a study that compared the different responses to infection with
Sclerotinia sclerotiorumin wild-type (Cot0) and a HIGSexpressing line AT1703 of Arabidopsis thaliana

(2023)was analysedising iDEP 2.0 (found ahttp://bioinformatics.sdstate.edu/idgpéd extract differentially
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expressed genes and identify upregulated/downregulated pathways, followed G iilie() Bioconductor
packagdVersion: 3.20.0fMarc Carlson, 2024h Rto link the extracted genes to the specific pathways identified

in iDEP 2.0.

3.6.8.1IDEP 2.0

The RNASeq expression matrix d&talkeret al.(2023)was preprocessed by retaining genes that had a minimal
Counts Per Million value of 0.5, in at least 2 libraribata was automatically normalised at the sarlel in
iDEP, and the normalised dataset was quality checked to ensure there were no sampiadestblat would

cause the data to not reflect the biological variation across replicates in thet.data

The normalised dataasthentransformed using Variance Stabilizing Transforma{ié8T), as there were >10
samples to analys¥'ST is a more aggressive filtering method allowing for the removal of lowly expressed genes
to reducethe possibility of noise in the processed data. The algorithm was set to substitute missing expression

values by calculating the median expression value of any affected genes across the entire dataset

The transforme@xpression matrix data was then analysed for DEGs using the DEG1 and DEG2tdhsG1

analysis DESeg2was used with atandard~alse Discovery Ratg-DR) cutoff valueof 0.01 andminimum fold

change filter value set to 2. The experimental design was set assf¢es Tabld):

Table 4: Experimental Design for Differentially Expressed Genes Analysis in iDEP 2.0

Comparison Time point

Wild-type only 0d.p.rF2d.p.i
2d.p.r3d.p.i
0d.p.r3d.p.i

AT1703only 0d.p.r2d.p.i
2d.p.F3d.p.i
0d.p.i3d.p.i

Wild-type vsAT1703 0d.p.i
2d.p.i

3d.p.i
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Gene Set Enrichment Analysis (GSEA) ®éne Ontology &O) termswas performedusing the fuly ranked
expression matrix for each comparison at time pointp0, @ d.p.i and 3 d.p.iThis design allowed us to follow
the disease response over time for the Awdhalianalines, compang the two lines at each time poiahd
highlighting which pathways were being differentialig- and dowmegulatedn the AT1703plants compared to

Col-0.

For DEG2 analysidDEGs foreach comparisoweresorted by foldchange For the wildtype vsAT1703at 0
d.p.i comparison group, the top6 DEGswith the most significanp-adjustedvalues(transformed using the
negative bas&0 logarithm (I o g were) Iabelledusing theset FDR cut-off value of 0.01. This allowed
visualisation of thdEGs that showed the mostatisticallysignificant increase or decredaeexpressionWhere
potential outlier DEGsvere seelin the data, théabelling threshold in iDERor the volcano plotsvas increased

to 50 thesdabellinggenedor further functional analysis.

The enriched genesset cont ai ni ng t he fay eanhecsniparifoN §dupidbwnlbaded R
wasthenused to compare tlemriched DEGs sédentified forAT1703vs WT at time points 0 anddp.i, plotting
Venndiagramdo displaythe number of genes beirgpnsistently up/downregulated across kotte points The
intercept() function fronthe dplyr() packagewas then used to extract the genes consistently up/downregulated
and the list was used to filter these genes out of the enriched genegdishg only the genes that were

differentially regulatedn O d.p.i or 2 d.p,inot both

3.6.8.20ntology of enriched genes

Once the enriched gene lists wélered, they were further analysealidentify their pathway ontologysing the
GO.dh() (Version: 3.20.0)packagein R. Once ontology was identified, the enrichplot() library was used to
producedot plotsshowing the ratio othe totalgeneswith a Radjusted value of 0.05,belonging to each of the

identified pathways
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4. Results

4.1 Predicting off-target matches to thehairpin sequences in the genomes @rabidopsis thalianaand

Verticillium dahliae

Off-target matchem this contextreferedto sequencewithint he host or p,oothdrthaheheds gen
intended target of siRNAgroduced from these hairpin sequences could potentially birifftoient hits were

predicated off target matchesieh siRNAshada highprobability ofbindingto. Thiscould havepotentially led

to RISGmediated degradatioaf nontargetmRNAs, if the matches occurred within coding regions of the

genome Furthermore, ifoff-target matches occur in genes within the host or the pathogen that affect their
viability, it could negatively impact the results of a pathogenicity agsagnitigate this riskthe sequence afach

hairpin was compared against the reference genomes for thed Gulotype of Arabidopsis thaliana
(GCA_020911765.2 v2.0) anterticillium dahliaeJR2 (GCA_000400815.2 v.4,Q)singsiRNA Finder(Figure

5).
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Figure 5: Total number of potential non-target siRNA-binding loci (blue) andthe number of potential non
target siRNA-binding loci (green) as predicted by siRNA findeiin the reference genomes Ced ecotype of
Arabidopsis thaliana(GCA_020911765.2 v2.0) an¥erticillium dahliae JR2 (GCA_000400815.2 v.4.0pr
the hairpin sequences of GGvc1-GUS, GG-sgeIPGFP and GG-egfg®GUS,). Control sequences of the
first 500 bp from Chromosome 2 of theV. dahliaeJR2 genome and the first 500 bp of the Ced ABF gene
were used.All hairpins have been compared to themselves in the forwardomplement to ensure the

program was working.
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As shown in Figuré, the hairpin sequences of G@&1"PGUS and GGegfp?GUS had ngredictedoff-target
hits in the Col0 orV. dahliaegenomes. However, the hairpin sequence ofSg&I"GFP showed 71 total off
target hits to th&/. dahliaegenome, 42 of which were predicted to be efficient. For theOQmnome there was
1 efficient ofttarget hit for the hairpin sequence of @§ef*GFP in its forward complement and an additional
6 total offtarget hits for the hairpin it its reverse complement, 4 of whiere efficient hitsEfficient hits from
the GG-sgeIPGFP hairpin to thé\. thalianaandV. dahliaegenomes were analysed in BLASThe results for
BLAST comparison to the Cdl andtheV. dahliaegenomsiillustrated that the predicted efficient hits were not
in the sequences of any knoganes anthereforewould not lead to off targgtosttranscriptional gene silencing

in either the hogplantsor the invadingpathogen

4.2 Infiltration with Agrobacterium tumefaciens

4.2.1 Validating the presence of hairpin vectofT-DNAs in Agrobacterium tumefaciens

Agrobacterium tumefaciensas transformed with: G@&gfg*GUS, GGwcIGUS or GG-Kan*GUS (control
vector)vector -DNAs. To confirm transformation single colies of A. tumefaciensarrying each hairpin group
had theirDNA extraced. DNA samplesvere then amplified using the primers #{8NR-F and-R, which
amplified a 632bp region of the KanR cassette present in each of the Level 2 Golden Gate WaitiedGG-

egfd*GUS, GGwcI'PGUS orGG-Kan*GUS (control vector) plasmids were amplified alongside the single colony

extracts as a positive control. Af ter isbdeusinggel ct i o n,

electrophoresis.
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Figure 6: Gel electrophoresisof single colony PCRamplified samples fromtransformed A. tumefaciens
colonies Each sampled colony had beenarrying one of theLevel 2 Golden gate vector plasmids GG-
egfgPGUS, GGwc1PGUS or GG-KanRGUS (control vector). Nuclease free watewas usedas a negative
(-) control. Purified vector plasmids (GG-egfg®?GUS, GGwcl®™GUS or GG-KanRGUS) of known
concentrations extracted fromE.coli were usedas positive (+) controls for each colony samplén samples

= 3).Ladder size: 10 Kb.

As shown in Figures, each single colony oA. tumefacien®NA sample showed a band at 682 for the

amplified region of the Kdhcassette present in each of the Level 2 Golden Gate vE&HAs, matching the
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band shown for the purified vectors in the positive controls. The nudieseseater showed no band. The results
of this PCR reaction indicated that the glycerol stocks eiimefaciensach hairpin group used for transformation

of A. thaliang were carrying th&-DNA vectors for each hairpin

4.2.2 Screening for hairpin vectorT-DNAs in infiltrated leaves

Col-0 leaves were transformed wifigrobacterium tumefaciermarrying the GGegfg®GUS hairpin vectoiT -

DNA, via syringe infiltration. To assess if the hairpin veCteDNA was present in the infiltrated leaves, leaf

DNA extracts were amplified using PCR, with the samekA®-R pri mers wused to confir
presence as used in the sinfletumefaciensolonies (Sectio®.2.1). Nucleasdree water and extracted DNA

from one of the mocinfiltrated plants were used as negative controls and purifie@@@GUS hairpin vector

T-DNA was diluted 1€fold and used as a positive control.
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Figure 7: Gel electrophoresis ofAgrobacterium tumefacienifiltrated leaves. A negative(-) control sample
(nucleasefree water), and positive (+) control samples of purified vector plasmid (1/10x GG-egfg*GUS )
and 9J (mock infiltrated leaf) , were compared to ColO replicates 7G, 7J, 7S, 9E, 9H, 9l infiltrated withA.

tumefacienscarrying GG -egfg?GUS plasmid.(n samples =6). Ladder size: 10 Kb.

As shown inFigure 7, amplification of leaf DNA extracts from infiltrated GOl plants using the $KAN-R
primers, produced a band of 632 bp for replicates 7G, 7J, 7S, 9E, and 9, indicating@@etig"GUS hairpin
vector FDNA was present in the infiltrated leaves. Timdicates thathe infiltration process was successful in

introducingA. tumefaciengto the apoplast of the leaf tissue 5 days {fiitration.
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4.3 Using PCR to screen T1 transformants for the GGegfp®GUS vector

Arabidopsis thalianafloral bolts were transformed using\grobacterium tumefaciens contain the G&
egfgPGUS vectorThe progeny seed3 1) from these transformed plantgre initially grown on selective media
before transfer on to soil. To confirm transformation of surviving T1 plants, DNA samples were taken and
amplified using PCR primers: 38FP which amplified a 1.2 kb region of the hairpin and ACT2 primers which

amplified a 465 bp fragment of the GOIACT2 gengFigure8).
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Figure 8: Gel dectrophoresis screeningpf DNA samples fromleaves ofA. thaliana transformed with the
GG-egfp™GUS insert. Controls were nucleaséree water (negative control), GGegfpGUS level 2 vector
(positive control for JH-GFP primers), Col-O0 DNA (positive control for ACT2 primers). Leaf samples were
taken from biological replicate first generation transformant (T1) A. thaliana plants : -4, -6, -7, -8, -9. (n

samples =5). Ladder size: 10Kb. PCR bands using GFPspecific Primers and ACT2 primers (control).

As shown in Figur®, there were bands present at 465 bp for all T1 DNA samples, excém @6-egff*"GUS

6 sample which showed no bandwicating that the actin gene and that there was good quality plant DNA present

in four out of the fiveT1 leaf samples and in the positive control. The Level 2 vector positive control showed a
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band for the JHGFP primers at 1.2 kb, indicating that the vector was present in the control sample and that the
vector specific PCR reaction worked. However, in each T1 plant leaf DNA sample there was no band at 1.2 kb,

indicating that the vector could nbe detected in the T1 plants.

4.4 Light Microscopy of T1 transformant leaves

The GUS marker gene carried on the vectors used impthjsct produces @®-glucuronidase enzyme which
converts Sbromao4-chloro-3-indolyl-b-D-glucuronide to Soromao4-chloro-3-hydroxyindole which forms the
bl ue col our e-dibranompdichiarodndido wbeNjoxidised through GUS stainingl plants that

hadsuccessfullypeen transformed with ti@G-egf@*GUS hairpin vectoT-DNA, wouldhavecontairedthe GUS

gene which wouldhaveackedas a marker to distinguish transformed plants from urfwamed plants.

I . /

4

Figure 9: Light microscopy of GUS stainedfirst -generation transformant (T1) GG-egfg?GUS Arabidopsis

thaliana leaves Col-0 was used as aegative(-) control) (a), and the following T1 biological replicates were

screened:-4 (b),-6 (c),-7 (d),-8 (e),-9 (f). (n samples = 5).

As seen in Figur®, none of the TArabidopsighalianaleaves (6f ) s h o we d -dibroinaidi, sieNjbro5 , 5 Nj

indigo after GUS stainingnd did not differin colour from the untransformed Cdl controlleaves(a). This

indicated that the original T1 plants (G&fF*"GUS4, GGegfg*GUS6, GGegfg*GUS 7, GGegff*GUS8,
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and GGegfg®GUS-9) were not transformed with the G&gfPGUS hairpin vectoT-DNA. This was consistent

with the PCR results observed for the same plants (F&ure

As there were no G@gfg®GUS lines generated via stable transformation, further wepkoringthe protective
effectof the GG-egfg®GUS T-DNA vector inA. thalianaagainst pathogen infection was, instead, investigated

via transient transformatioof the hairpin into CaD.

4.5Light Microscopy of syringe infiltrated leaves
As a positive control transgenic P35S::Uidivabidopsis thalianaleaves were destained and oxidised.
P35S::UidA is genetically modified to ubiquitously express the GUS exon, controlled by a 35S promotor, leading

to consistent production of tiieglucuronidase enzyme in the leaf tissue.
B C D
E F G H

Figure 10: GUS-stained Arabidopsis thalianaeaves fromwild -type (Col-0) compared toa transgenicGUS

A

expressingline (P35S::UidA). Samples included biological replicates from plantsCol-0 1.2 (a), Col0 1F.2

(b), Col-0 2 (c) and Col0 2.1 (d) and P35S::UidA 1(e), P35S::UidAA(f), P35S::UidA-B (g), P35S::UidAC

(h).
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As shown in FigurelO the P35S::UidA leaves had strong blue pigment, which was visible to the naked eye,

indicating the presence of the marker phenotype, compared to contraypélcCot0 which showed no pigment.

To determine if the GUS marker phenotype was expressed after transient transformation, leaves transformed via

syringe infiltration with GG-egfd?GUS were screened using GUS staining, 5 daysipfistation.

Infiltrated 9l

Figure 11: Light microscopy of Arabidopsis thalianaleaves from biological replicatessyringe infiltrated
with GG-egf@®GUS (7D, 7G, 7J, 7N, 7S9E, 9H and 9) or mock infiltration solution ( 7Q, 9F.1, 9F.2, 9F.3

9G.1, 9G.2,9J and 9Q

As shown in Figurdl, leaves in the syringe infiltrated group showed no visual difference to the mock group,
i ndi c at i-dibgpmaé4h, adicNjoEo-indigdjmay not have been present in the leaves. This could indicate that
the hairpin has not been introduced, however thigradicts the PCR results for these same infiltrated plants
which indicate the presence of the hairpin in the leaves (FigurAl@ynatively, it is possible that thé-
glucuronidase enzyme was not expressed at a sufficient teeeéforeGUS stainingoroduced no discernible

blue pigment phenotype
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4.6 Infiltration with Pseudomonas syringae

Infection of Arabidopsis thalianavith Pseudomonas syringaeas undertaken via syringe infiltration of leaves.

This experiment was conducted to test wheithfdtration could successfully introdude syringadnto the leaves

of Arabidopsis thalianand cause symptoms of chlorosis and leaf damage. This experiment also served to test

visual and computerised scoring methods to see if the two produced comparable results.

The syringe infiltration method proved to be highly effective at achieving disease symptensyohgadn the

leaves(Figure 12)

Average Disease Index Scores 0-10 for Col-0 Infected with P.syringae

b

e

Metric

. Score

Average Score

nno Mock

Condition
a)
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Average % Chlorosis for Col-0 Infected with P.syringae

b

20

Average Score

Imno ook
Condition

b)
Figure 12: Averagevisual symptomscores (110) (a)compared to average % chlorosiscalculated in ImageJ

(b) for Arabidopsis thalianainfected with Pseudomonas syringa@nno) compared to water infiltrations

(Mock).

The results from the statistical analysis (FiguBe-ft) show that average disease index scores and average
chlorosis levels (as a % of total leaf area) measured using ImageJ showed a significantly higher level of chlorosis
in infected plants than mock plants. The higher level of chlorosis in the infeletets compared to the mocks

demonstrated that the infiltration wikh syringaeachieved disease symptoms in the leaves of0Col

4.7 Combined disease assay

4.7.1 Localized caoinfiltrations
Local cainfiltrations involved infiltrating3-4 leaves of a CeD plant with one of thre&grobacterium tumefaciens

strains and then, after 5 days, infecting the same leave®wsiringaebefore monitoring the plants for disease
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symptoms for an additional 5 days (10 days in total). The aim was to test whether transient transformation with

the hairpinhad any impact othe plant8localised response to the pathogen.

In the first local infiltrationexperiment Col0 plants in treatment groups: GFP.l, EHA105.1 and Water.l, showed

a significant amount of leaf damage at the end of the experiment in comparison to the uninfected control group
(GFP.M). The group infiltrated with the GKRanfGUS (control vector) was excluded as only two replicates
survived the infiltration process. Statistical analysis of the data for the remaining groups was used to determine
any significant variation in leaf damage scores between treatments (FB)ur€hg results for average leaf
damage assessment, show that GFP.M (which received the hairpin\&tzx but not theP. syringaé showed
significantly lower average leaf damage scores compared to the groups that were infiltraedtwitbfaciens
(EHA105.1 and GFP.I) andP. syringagindicating that inoculation with the pathogen produced significant disease
symptoms. However, GFP.I did not differ significantly from EHA105.1 and Water.l treatments, which had
received untransformed. tumefaciensr the sterile infiltration solutigrbefore being infected witR. syringae

(Table 5) This indicates that the presence of -8@FPGUS vectorT-DNA in the leaf tissue did not confer

protection againd®. syringadnfection.
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Table 5: Disease Index scores for the initial localised infiltration

Summary of leaf damage scores for-OdBatch 1

Treatment Average SE Maximal Minimal CLD
bound Bound
EHA105.1 6.250 0.750 8 5 a
GFP.I 6.000 0.707 7 4 a
GFP.M 2.800 1.020 6 0 b
Water.| 5.800 0.374 7 5 a
Summary of chlorosis scores for @Batch 1
EHA105.1 5.000 0.408 6 4 a
GFP.l 2.500 1.040 5 0 ab
GFP.M 1.400 0.980 5 0 b
Water.| 4.000 0.548 6 3 ab

Col-0 Batch 1 Leaf Damage Scores 5 d.p.i
X5.dpi.Leaf. Damage Treatment + (|(1. Block)}+(|(1. Fungus.gnats})

a
7.54 a
3
e - Treatment
= 3.U7
(,8, B3 eHatos)
8 B3 crel
c B3 crem
$ - Water.|
B 254
&
[
0.04
n=4 n=4 n=5
EHA105.1 GFP.I GFP.M
Treatment
a)
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Col-0 Batch 1 Chlorosis Scores 5 d.p.i
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o
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EHA105.1 GFP.I GFP.M Water.|
b) Treatment

Figure 13: Average visual leaf damage (a) andchlorosis (b) scores(1-10) for the first round of Col-0
combined local infiltrations, 5-d.p.i with P. syringae

As shown inFigure 13, @spite the trend seen for leaf damage, the average chlorosis levels observed did not differ
significantly for the GFP.I, EHA105.1 and Water.l groups (which were infected Rvigyringag¢ compared to

the GFP.M group (which was not infected witlP. syringag (Figure Bb). This indicates thasimilar disease
symptomswere observed for the uninfected control group compared to the infected groups. The two control
treatments, Water.l and GFP.M did not show significantly different chlorosis from one anothethewgh

Water.l only received?. syringaeand GFP.M only received GEgfd*GUS carryingA. tumefaciensThis
indicated that our focal treatment could not be te$tedsignificant differences in chlorosis levels this

experiment.

In conclusion, the results show that there was no significant difference between the positive and negative control
groupsfor chlorosis However,the results from the leaf damage assaglicates thaintroduction of the GG
egfd®GUS T-DNA vectordoes not provide protection frofh syringaenduced leaf damag@®verall, the matter

of whetherthe introduction of the hairpin provides protection agdhslyringaevas inconclusive from the results

of this test.

A repeat experiment was conducfedthe localised infiltration assay. Early leaf damage and chlorosis symptoms

after infiltration withA. tumefaciensvereobserved aneverescored using theamevisual scoring methodsed
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for the P. syringaedisease assafrigure Ba-b), with the sterile infiltration solutionreatment(Water.l) group

servingas a negative control.
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Col-0 Batch 7 Agroinfiltration Leaf Damage Scores 5 d.p.i
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Figure 14: Average visual leaf damage (a) and chlorosis (b) scores1@)for Arabidopsis thalianaplants 5

d.p.i with Agrobacterium tumefaciens
As shown in Figure4a-b introduction ofA. tumefaciensprior toP. syringadnfection, appeared to elicit disease

associated symptom&eaf damage (Figure4h) was consistently highcrossall treatment groups (Ctrl.HP,

EHA105, GFP and Water). Mixemiodel analysisfollowed by a poshoc Tukeytest revealed that infiltration
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with sterile infiltration solution (Water.l), showed the lowest average leaf damage scores and this was significantly
lower than the average leaf damadpservedn leaves infiltrated with G&Kan*GUS (Ctrl.HP). However, both

the Ctrl.HP and Water.l groups did not differ significantly from infiltration with untransforfemimefaciens
(EHA105) orA. tumefaciensarrying GGegfg*GUS (GFP) The average leaf damage scores for these groups
overlapped with that of the control hairpin and sterile infiltratidntsan and with one another. The results show

that the Ctrl.HP treatment group had a significantly hidgnezl of leaf damage compared to the Water treatment
group but the EHA105 and GFP showed a similar level of damage to the Ctrl.HP and the Water group, not differing
significantly from either. This indicates that tumefaciensaused leaf damage in G| regardless of whether it

was untransformed or carrying one of the haifpiBNA inserts.

Chlorosis showed a different trend (Figuréb), with the Ctrl.HP and EHA105 treatment groups showing a
similarly higherlevel of chlorosis compared &ach otherAdditionally, the GFP and Water treatmegroups
showed significantly less chlorosis than the Ctrl. HP and EHA105 treatment groups. This indicates that the Ctrl.HP
and EHAL105 treatments induced significantly higher level of chlorosis than the Water or GFP treatments. The
fact that the GFP treatment showathilar levels of chlorosis to the Water treatment and significantly lower
chlorosis level compared to the Ctrl.HP and the EHA105 treatments indicates tAatttimeefaciensarrying
GG-egfd®GUS was lesprone to eliciting plant defence pathways than untransfornadmefaciensind the

strain carrying G&anfGUS.

The early emergence of symptoms was accounted for by analysing disease severity as difference scores, calculated
by subtracting leaf damage and chlorasisresobtained5 d.p.i with A. tumefaciengrom the corresponding
scoresobtained5 d.p.i with P. syringaeinfection (Table 6) These difference scores were then modelled with

linear mixedeffects modelstaking the symptom scores fromA. tumefaciengnfiltration at 5 dp.i into
consideation as covariates during model selection. The modelsestfit for leaf damage and chlorosis were
subsequently analysed using a post Tukey test. The Ctrl.HP group was excluded, as leaves infiltratedwith
tumefacienscarrying GGKanfGUS diedafter agroinfiltrationand were unusable for subsequentsyringae

infection.
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Table 6: Disease Index scores for the technical repeat of localised infiltration

Summary of average differential leaf scores (scores-Pestidomonas syringaefiltration 1 scores post

Agrobacteriuntumefaciens) for Ced Batch 7

Summary of leaf damage scores for-OdBatch 7

Treatment Average SE Maximal bound Minimal Bound CLD
EHA105.I 1.000 0.309 2 0 a
GFP.I 1.500 0.289 2 1 a
GFP.M 1.380 0.183 2 1 a
Water.| 1.500 0.428 3 0 a

Summary of chlorosis scores for @Batch 7

EHA105.1 1.140 0.261 2 0 a
GFP.l 1.500 0.645 3 0 a
GFP.M 0.875 0.611 5 0 a
Water.| 4.670 1.12 9 1 a
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Col-0 Batch 7 Leaf Damage Scores 5 d.p.i
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Figure 15: Average visual leaf damage (a) and chlorosis (b) scoresXQ) for the repeat of Col-0 combined

local infiltrations, 5-d.p.i with P. syringae

Leaf damage symptoms were observed after agroinfiltration prior to infiltratiorPwiyringagFigure 4a) and

mixed model analysis revealed tlia¢ leaf damage observed 5 d.p.i withtumefacienkad a significant impact

on the variation observed in the leaf damage scores 5 d.pPwsyringagFigure Ba). The results of the pest
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hoc Tukey test revealed that the average leaf damage scores did not differ significantly across any of the treatment

groups.

Chlorosis symptoms were observed after agroinfiltration prior to infiltration Ritlyringae(Figure #b) and

mixed model analysis revealed tlia¢ chlorosisobserved 5 d.p.i withh. tumefacienkad a significant impact on

the variation observed in the chlorosis scores 5 d.p.iRigyringagFigure Bb). Like the leaf damage results,

the results of the po$toc Tukey test revealed that the average chlorosis scores did not differ significantly across

any of the treatment groups.

The GFP.M and Water.l groups did not differ significantly from one another in terms of leaf damage or chlorosis.
The results do not prove, nor do they disprove that the introductigh timefaciensr the GGegfg*GUS or
GG-KanfRGUS hairpins provided arlgcalisedprotective effect again§. syringaeinfection, as the results were

likely confounded by the leaf damage and chlorosis symptoms causgfilttgtion with A. tumefaciens

4.7.2 Systemic infiltration

To test whether the introduction of G&gfd"GUS conferred systemic resistanc®tsyringagCol-0 plants were
syringe infiltrated withAgrobacterium tumefaciensnd Pseudomonas syringa&nlike the local infiltration
experiments detailed aboy®ection 4.7.1)thePseudomonasyringaewas introduced into the leaves adjacent to
the leaves that had been infiltrated withtumefaciensAs before, leaves were agroinfiltrated and left for 5 days.
Plants were then infected with syringaein the adjacent leaves, before being left an additional 5 days. Leaf

damage and leaf chlorosis was visually scored as a measurement of disease progression
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Table 7: Disease Index scores for the initial systemic infiltration

74

Summary of leaf damage scores for-OdBatch 2

Treatment Average SE Maximal bound Minimal Bound CLD
Ctrl.HP.I 1.820 0.698 7 0 a
EHA105.1 1.360 0.491 5 0 a
GFP.l 2.600 0.777 8 0 a
GFP.M 1.550 0.455 4 0 a
Water.| 1.000 0.539 6 0 a
Summary of chlorosis scores for @Batch 2

Ctrl.HP.1 1.180 0.423 4 0 a
EHA105.1 2.000 0.426 5 0 a
GFP.I 1.700 0.731 7 0 a
GFP.M 1.360 0.364 4 0 a
Water.| 0.545 0.157 1 0 a
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Figure 16: Average visual leaf damage (a) and chlorosis (b) scores-1Q) for the first round of Col-0

combined systemic infiltrations, 5d.p.i with P. syringae

Col-0 showedow level signs of both leaf damage and chlorosis (Figusatd). However, statistical analysis

revealed that there was no significant difference between the average leaf damage or chlorosis scores between
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mock and inoculated plants. Therefore, the results did not prove or disprove that the introduction of GG

egf@PGUS hairpin via agroinfiltration confesystemic protectiofrom infection withP. syringae

4.8 Differentially Expressed Genesanalysis of published genomes

The original premise of this project was to investigate whether resistaviedtitollium dahliaecould be achieved

in Arabidopsis thalianausing Hostinduced Gene Silencing to target the genes for: the transcription $aetbr
and the bludight sensing complegomponentvcl. Additionally, this project aimed to test whether HIGS using
GG-egfd®GUS (containing a neapecific hairpin), could improve baseline immunityAnthaliang providing
enhanced resistanceVYodahliae Floral dipping was used toytand create hairpin expressing linegothaliana
seeds carrying the hairpins GgfgPGUS, GGKanfGUS, GGsgeIPGFP and G@vcIPGUS, with the intention

of running a disease assay withdahliag followed by an RNASeq analysis and a Differemi&@xpresedGenes
(DEGS) analysis to identify the genes active in the haiegpressing lines and compare them to wylde Cot0
during infection. Once the DEGs were obtained, the intention was to analyB&E@® andcharacterise the
functions and the pathways they were part of, to better understand how the introduction of a hairpin altered and

potentially improved theV.gahlasnt sd response to infectioa

Transformant seeds were not obtained after floral dipfBegtiors 4.3 and4.4), however a similar study by
Walkeret al.(2023) published the read counts data from RNASeq analysis that they carried out when investigating

the use of HIGS to improw&. thalianaresistance t&clerotina sclerotiorum

Walker et al. (2023) published read counts data containthg expression profile fahetwo A. thalianalines
representing thgenes being expressatithree time points during an infection assay with the white mould fungus
S. sclerotiorumThese lines were Cdl, a wildtype strain, and\T1703 a hairpinexpressing line that produte

an RNAI hairpin targeting th&nhydrolase3 gene, a key pathogenicity factor $1sclerotiorum We aimed to

test whether, in line with previous literature, if t#r1703 lines showed signs of downregulation for
photosynthesis androwthrelated pathways in favour of an upregulatiaf stress response genes before

inoculation with the pathoge

DEGswere calculated foeach comparison groyfpable 4)across 68 d.p.i(Table §
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Table 8 Total number of up/downregulated DEGs for the Wild-type and AT1703 across 03 d.p.i,

individually and compared to each other

Comparisons Up Down
Wild -type only

0d.p.ito2d.p.i 2629 2790
2d.p.i to 3d.p.i 555 1001
0d.p.ito3d.p. 1759 2308
AT17030nly

Od.p.ito2d.p. 2586 2636
2d.p.ito 3d.p.i 57 169
0d.p.ito3d.p.i 1992 2440

AT1703vs. wild-type

0d.p.i 1761 835
2.d.p.i 1861 1261
3d.p.i 904 346

iDEP utilizes the DESed@R sizefactor normalisatiorwhen preprocessing data. This method is a sani@lel
normalisation and scales each sangpl¢hat the relative median ratio of counts equalsnéking the read counts
data comparable across samples regardless of sequencing depth or librdilyisizenoves sample levbiases
in the biological replicatefsom factors such as library size or sequenceldaptiensureshe normalised data set

reflects true biological variatio®uality control was performed on the normalised RNASeq dataset, to ensure the
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% read counts and normalised expression waeress each chromosome was consistent acrossrefigidual

replicatesn the original datgFigure 17).

If individual replicateshowedan inconsistent % of readfignedto eachchromosomehis wouldhaveindicated
mapping bias or sample contaminatiokdditionally, if individual replicates shoed an inconsisten75"
percentile of normalised expressifor each chromosome this woulldhvealsoindicated possible mapping or
gene annotation biaSurthermore, if therevasa variaby inconsisten®o of readsor 75" percentile of normalised
expressionbeing aligned to mitochondrial or plastid DNA this woblalveindicated contamination from a high

count of organelle RNAeads.
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mitochondrial and chloroplastic DNA) in the Arabidopsis thalianaTAIR10 genome (a) and thedisruption

of expression across thérabidopsis thalianaT AIR10 genome after normalisation(b). Mitochondrial RNA

is given as Mt and Chloroplastic RNA is given aBt.
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As shown in Figure 17oththe percentage of read counts per chromosamuk?5" percentile of normalized
expression suggexdthat the read countsereconsistentlydistributed across th&. thalianaTAIR10 reference

genomefor each samplandicating the datwasof good quality.

The read counts data wdmenenriched in iDEPAnNalysis ofread counts data for in the witgpe (Cot0) showed
thatseveral pathways were uand downregulated group across the different time points of-they 3nfection

assay withs. sclerotiorun{Figure Ha-c).
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Figure 18: Gene Set Enrichment Analysis (GSEA) of GO terms using the fyliranked expression matrix
for Col-0 at time points: 62 d.p.i (a), 23 d.p.i (b), 03 d.p.i (c). Upregulated pathways(left) and

downregulated pathways(right). False Discovery Rate (FDR) of 0.01.
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S. sclerotioruns upr esses the plantés i mmune response by secre
downregulates salicylic aci¢SA) production in the infected tissugValker et al. 2023) This leads to an

upregulation of auxin due to the antagonistic relationship betwegim and SA Col0 is susceptible t&.
sclerotiorumand, as shown in Figureé31the response from G6l begins between 0 d.p.i and 2 d.p.i, where the

plan® photosynthesiselated pathways were upregulatetiile its stresgespons@athwaygo foreign organisms

andhypoxia, were downregulated (Figur8a). From 2 d.p.i onwards, the plant appeared to detect the pathogen

(Figure Bb ) causing the plantsd response to |ight sti mul
downregulated, and chemical detoxification pathways to be heavily upregulated, as well as tHadsgintaasis

pathways, likely to activate the jasmonatediated pathways. Finally, by 3 d.p.i, it appears that the plant was

being overwhelmed by the pathogen. As shown in Fig8ee there was a sharp downregulation in biotic and

abiotic stress pathways, as well as a sharp upregulation of cell wall biosynthesis pathways but adsgraalixig

related pathways, indicating the pathogen has transitioriexitecrotrophic phase and begun secretingwall

lytic enzymes as well as oxalic acid. This will haveelik inhibited salicylic acid production causing an
upregulation of auxi n, | eadi ng t aelatedhgeowth pathwalyses well met a b o |
as causinghe plantdo upregulate celvall biosynthesis genes mesporseto the breakdown of their cell walls at

the site of infection.

In contrastAT1703plants, exhibited a greater resistance phenotype to the pathogen (HEauaj)e
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Figure 19: Gene Set Enrichment Analysis (GSEA) of GO terms using the fyliranked expression matrix
for AT1703 at time points: 0-2 d.p.i (a), 23 d.p.i (b), 03 d.p.i (c). Upregulated pathways (left) and

downregulated pathways (right).False Discovery Rate (FDR) o 0.01.
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As shown in Figurd 9, AT1703shows an upregulation of photosynthesis andgalle related pathways and a
downregulation of abiotic and biotic stress related pathways during2h@. @i period just like Cot0. At this

point in the infection, streswlated pathways were downregulated on a similar scakeTiv03(Log, Fold
Change of 24) compared to Ced (Log Fold Change of ). Additionally, the growth and photosynthesis
pathways were being upregulatedAim1703(Log, Fold Change of 24) to a simlar level to Col0 (Log. Fold
Change of %), during this time, indicating a similar base level of normal plant growth metabolism during this
time frame. Over the 2 d.p.i to 3 d.p.i period, unlike-Gpothe AT1703plants began to upregulate immunity
related pathways, rather than just responding to the chemical stimuli from the pathogen. The plant upregulated
biotic stress response pathways, specifically pathways relating to infection from a pathogen, as wall as cal
formation and wound healing, likely at the site of infection to iretiee leaf lesions induced by the infection
process and contain the pathogen within the callused tissue. By 3 d.p.i, liRetBelplant upregulated cell wall
biosynthesis, likely to repair damage induced by the pathogeiykhts time,it alsoappears to have resumed

normal growth metabolism.

Wa | le & r(2a0 2r8pdrts a visible reduction in the lesion size induce8 Isclerotoriouninfection inAT1703
compared to CeD (Figure 20). Therefore, a comparison of the pathways regulated differentéTiti703
compared to CeD, across the three time points, was conducted to highlight how the two lines responsed

differently toS. sclerotioruninfection (Figure2la-c).
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Figure 20: Lesion size for Col0 compared toAT1703infected with S. sclerotiorumat: O d.p.i (a), 2 d.p.i (b),

3d.pi(cxWal keetr 2#812.3)
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Figure 21: Gene Set Enrichment Analysis (GSEA) of GO terms using the full ranked expression matriar

AT1703compared to ColO at time points: 02 d.p.i (a), 23 d.p.i (b), 03 d.p.i (c). Upregulated pathways

(left) and downregulated pathways (right).False Discovery Rate (FDR) o€ 0.01
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As shown in Figurelab, AT1703plants show a sharp upregulation of chemical response and detoxification
pathways € d.p.i and a sharp downregulation of photosynthesis related pathways in comparisor0to Col
Upregulation of detoxification and downregulation of photosynthesis wasmatking that was observed in the
susceptible CeD until 2-3 d.p.i (Figurel8). Thus, the response froAIr 1703differs at first, asphotosynthesis

was downregulated and stress and immunity related pathways are upregudatedi@fore inoculation) rather

than at 2 d.p.i like in the response observed in@dlhe upregulation of RNA metabolism AT17030 d.p.i

indicates that the expression of thehydrolase3 targeting hairpircoincides with this upregulation of baseline
immunity pathways, therefore there may be a link between the expression of the hairpin and improved resistance,

even before the plant is infected with the pathogen.

Based orthe results GSEA analysi€ol-0 was unable to maintain a prolonged detoxification response, which
was only triggered -3 d.p.i By 3 d.p.i the detoxification responsa Col-0 had been surpassed by the auxin
signalling and cell wall regeneration pathways, indicating a failed detoxification response. Unli@e th®l
AT1703plants appea&dto maintain a prolonged detoxification response throughout-thd.p.i. period (Figure
19%b-c), and their photosynthesis and growetated pathways remain significgntiownregulated across the 3
day period This indicates a more efficient and prolonged respon$e salerotiorumas observed bwalker et

al. (2023)in their original pathogenicity assay.

To furtheranalysethe difference in responses between-CandAT1703to S. sclerotiorumthe topDEGs from

time points 0 d.p.i and 2 dipvere investigate@igure 22).
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Figure 22: A volcano Plot of the Top 25 Differentially Expressed Genes of Gél vsAT17030n 0 d.p.i. ()

and 2 d.p.i (b) with an FalseDiscoveryRate (FDR)of < 0.01.
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The volcano plots in Figure&2allowed the most significantly upregulated DEGs twisaalisedby their adjusted
p-value(p.adj) allowing the top 25 most significantly up/downregulated DEGs to be dispMyleeh comparing
AT1703to ColO across the two time points, five DEGs wadentified that ardinked to functions in plant
immunity: PSEUDORESPONSE REGULAT@GR(PRR3), ACCELERATED CELL DEAT (ACD6) and

GLUTATHIONE STRANSFERASES U3 ANJ7 (GSTU3ndGSTU7)

Additionally, we noticedhere were three highly downregulated outlier DEGkp.i,with high log2 fold change
but below the <log10 (p.adjvalue: 25).Theseoutlier DEGs were AT1G05333AT3G44130ndAT2G22121
(Appendix7). AT2G22122wasalso highly downregulated 2 d.p.i, along with another outlier BHGG05523
The function of these DEGsereinvestigated, howeverpart fromAT3G22121AT1G05523andAT3G44130
mostof these outlier genes do not have a characterised funatitire A. thalianagenome. Furthermoré¢he
functional annotations ofAT3G22121 AT1G05523and AT3G44130were foundto lack any established

connectiongo the identifiedsignificantlydownregulated pathways AT17030 d.p.i and 2 d.p.i.

Some of the same DEGar AT1703compared to Ced wererecorded as being significantly fdewrregulated

both 0 d.p.i and 2 d.p.it was concluded thahese genes were niotlly being differentially expressesks they

were expressed both before and during infectiioticating that they were not being expressed edkex result

of transformation with the hairpior due to infection witl$. sclerotiorumThereforethe inclusion of these genes

in further analysisof the identified DEGswvould not have accurately representdte expressional differences
betweenAT1703and Col0 before and during infection. Venn diagrams were used to illustrate the number of
overlapping DEGs identified fohT1703vs Col0 at time points 0 and 2 (Figur8)2allowing thenumbergenes

being consistently up/downregulated across both time points\isiaised
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AT1703 vs Col-0 Upregulated 0 dpi

AT1703 vs Col-0 Upregulated 2 dpi

a)

AT1703 vs Col-0 Downregulated 0 dpi

AT1703 vs Col-0 Downregulated 2 dpi

b)
Figure 23: Venn diagrams showing the number of gendseing upregulated (a) and downregulated (b) on 0

d.p.i compared to 2 d.p.iOverlapping regions indicates the number of genes up/downregulated across both

time points, if any.

Across the @ d.p.i period, 37 genes were consistently upregulatedlitivO3compared to Cel, while 120

genes were consistently downregulaf8uese genes were removed from the enriched geraliisting the genes
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that were only differentially expressatione of the two time points (prer postinfection) to be analysedhese

remaining DEGs for each time point were counted and recorded gbé=9.

Table 9: Number of differentially expressed genes (DEGs) being upregulated and downregulatedAi 1703

compared to Cot0, 0 and 2 d.p.i

Time point (d.p.i) Upregulated Downregulated
0 232 241
2 358 573

Once identified, the remaining DEGs were then analysed using Gene Ontology (GO) enrichmengdioalysis
for the most significantly up/downregulated DEGs to be linked to the pathways showrpathhaysanalysis
(Figure 2). Combined with the pathways enrichment, GO enrichnaaatysisprovided a multidimensional
perspectiveof the data, by highlightingvhich genes weréranscriptionallyactive and the specific metabolic

pathways they belonged.
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Figure 24: Gene Ontology of the top 2&lifferentially expressed genes (DEGs) with an adjustepvalue of
< 0.05that have been up/downregulatedn AT1703compared to Col0 on: 0 d.p.i (a-b) and 2d.p.i (¢d). Dot
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As with thepathwayenrichment analysi it appears thatompared to Ced, AT1703significantly upregulated
stress related genes even before infection with the fungusgmficantlydownregulagdcell-cycle related genes,

on 0d.p.i. On 2 d.p.i, it appears that most upregulated genes eghjodtae associated with one of three GO terms:
Quercetin 7O-glucosyltransferasactivity, quercetirB-O-glucosyltransferasactivity or manganese ion binding
(Figure 2c). Additionally, large numbers of genes related to growth, auxin signalling, the cell cycle and cell wall
biomolecule synthesiweresignificartly downregulated 2 d.p.i (Figurel@-d), consistent witlihe obsenations

madein the pathway enrichment analysis (Fig@is.
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5. Discussion

It has been previously reported thainself RNAscan have a priming effect on baseline immunity in plants

( Whi t et @a ldlgading to improved systemic acquired resistdogevadingpathoges( Ser-F amai c a
et 2#®I2 Prgvious work in the lab hasiggestethat GGegfd?GUS conferred a significant level of protection

to infection withVerticillium dahliaewhen it has been stably transformed iAtahalianavia floral dipping.

Theaim of this project wato design a protocol that could transierttignsformArabidopsis thaliandeaves with
nonself RNA hairpingargeting the GFP gerandtest whether the introduction of ti@&G-egfdGUS hairpin

could lead to improvelbcal and systemiacquiredresistance tthe model plant pathogétseudomonas syringae

5.1 Headline results
This project successfully achievetsehse symptomisom Pseudomonas syringae Arabidopsis thalianan a
pathogenicity assay for the first time in the.l&groinfiltration was achieved without r i gger i ng t he

defence pathwayandT-DNA wasdetected in recipient leaf tisstleoughPCR.

The combinedinfiltration assayshowever showedvariable resultsThe first localised infiltration assay showed
that agroinfiltration could be achieved without triggering a defence response, followed by infiltratioR. with
syringaewhich indicatedthat introduction of the G@gfd*GUS does not reduce the amount of leaf damage

causedy infection withP. syringae however the results were inconclusive for chlorosis.

The second localised infiltration assegntradicted the findings of the firshs the control$or assaying leaf
damageandchlorosis,exhibited disease symptorafterthe agroinfiltration step Thisconfounded the results of
the pathogenicity assay witR. syringae as agroinfiltration triggere@ hypersensitive respongefore the

pathogen wastroduced demonstraig thateven disarmedgrobacterium tumefacierstrains can still elicit an

immune response

Finally, thesystemicinfiltration assay was inconclusive as disease symptoms were not achieedyoingae

infection, demonstrating that infiltration with concentratfedsyringae(ODgsog 0.02) does not always lead to

successful development of disease symptoms.
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Table 10 Summary of the key findings in this project

Experiment Plants had lea Plants showed lea Disease Protection Protection

damage  after chlorosis after symptoms hypothesis car observed

agroinfiltration? agroinfiltration achieved? be tested?
Disease test NA NA YES NA NA
Agroinfiltration  NO NO NA NA NA
test
Localised 1 NO NO YES YES NO
Localised 2 YES YES YES NO NA
Systemic 1 NO YES NO NA NA

5.2 Agroinfiltration of hairpin-carrying Agrobacterium tumefaciendnto the leaves of Col0 leads to
transient transformation

The results from the agroinfiltration test indichteatagroinfiltration can successfully transform leaves with-GG
egf@*GUS. The PCRresultsshowedamplifiedbandsmatchingthe hairpinT-DNA in the DNA extracts from Cel

0 leaves that had been agroinfiltrated with @@-egfg*GUS, GGwc1™GUS and GGKan*GUS hairpins. The
results from agroinfiltration assays with hairarryingAgrobacterium tumefaciershowed that infiltration can
introduce the hairpin vectd-DNA to the recipient leaf tissue. This is in line with findings from previous studies
using agroinfiltration methods iArabidopsisand other model specied/roblewskiet al. (2005)demonstrated
that agroinfiltation of lettuce leaves with suspension®\ofumefacienscarrying the GUSxon, with an Olgy

of 0.3 to 0.8 showed optimal levels of Gié8on expressiod-10 days posinfiltration. They also noted that
penetrability of the leaf tissue greatly impacted the success of agroinfiltrationAwitialianabeing easily
penetrated by agroinfiltration, going on to demonstrated thatOCslowed the highest level of transient
expression out of all thArabidopsisecotypes they teste@Vroblewski, Tomczak and Michelmore, 200%)
similar study inSolanum lycopersicum lused agroinfiltration to introduce a construct carrying the GUS exon
conjoined to the promotor for the phosphate starvation §BM@SEPHOSPHATE ISOMERASETEPI1) to act

as a diagnostic tool for phosphate starvation in the plaht® nh 2 & I1 l8n)et al.reporedthat they successfully
induced GUS expression in the leavesSalfypoersicumand expression levels directly correlated with the time

spent in phosphatgeficient conditions, making this system a useful diagnostic tool (2@H8gjtionally, recent
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studies withTropaeolum majysanother plant in thBrassicaleorder that is related tA. thaliang demonstrated
successfulise ofagroinfiltration to introduce marker genes such as the luciferase enzyme, the GUS exon and
Yellow Fluorescent ProteifY FP) (Pitzschke, 2013b)TheyconcluddthatT. majuswas highly compatible with
screening methods for these common marker genes and may be useful in RNAI studi&sthsiimnaderived

DNA constructs due tthehigh level of genetic conservation betweka two speciefPitzschke, 2013b)

Our results show the hairpin vecttiDNA was present in DNA samples from the leaves, analysed with PCR.
is possible that the detection of the hairpin in the PCR gel was only indicative of thecarcyang bacteria being
present in the leave3here are no studies thadve tested foAgrobacteriunpersistencén the leave®f Col-0
after agroinfiltration howeverone study reportedthat 2.3 x 16g*(f.m.) colony forming units (CFUDf A.
tumefaciensvereisolated from the leavesf agroinfiltrated pakchoéven 9 d.p.{ Xe&t 2&a10.8dditionally,
while thePHIRE Plant PCR Kimay not be designed to lyse bacteiti@oes contain a dilution buffer designed
to lyse plant cell wallsthe protocol requires a denaturation step &C(Thermo Fisher Scientific, Inc, 2014)
and the cell walls of bacteria are generally considered to be easier to lyse than those of pl@heoeltse, a
the leaves were taken 5 d.p.i, it is possible that magg@rryingA. tumefaciensvere still presemvhenDNA was

extracted from the leavessmplesleading to the banding pattern ohsst in the PCR gel.

The use of PCR to screen for the hairpinbés presence i
the hairpinds piiedoesmat smdicate if thzMairpinf sequence has lmegratedinto the

pland s g eontramsaibed intdsRNA hairpinsAdditionally, as discussed above, tgpearance of bands for

the hairpin in the PCR gebuld havebeen from residua\. tumefacienpresent in the leaf tissu&he hairpins

were originally designed to be conjoined to marker genes (either the GUS eagfpgene) which would have

provided visual indicators of transgene expression, had the plants been grown from seeds transformed via a stable
method of transgene introductisuich as floral dippingThe plants used in the combined infiltration assays,
however, were wildype Cot0 that had the hairpins introduced via a localised syringe infiltration me@od

attempts to use GUStaining on leaves transformedtivGG-egfd?GUS showed no signs of the GUS genotype

being expressedis transient expression leads comparatively lower yields of transgenic product in a restricted
section of leaf tissu@arabaget al.2012; Zhanget al.2020) andit only lasts for 17 days in plantéJones 2003)

it is possible that the Cd) transformed with this methatid notexpress enough-DNA to produce théevels of

the Glucuronidase enzyme needed for the expected blue pigment marker pheftay@&S stainingThis is
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consistent with previous literature because, while syringe infiltrateom be used to introduce marker genes
encoding fluorescent proteins to track different metabolic pathwayisatina benthamiand S p ae tk 2810 .6 )
Agroinfiltration has been deemed by some as an unsuitable method for speciesAutttabana( L e u zeétnger

a 12.0 1daie to lower protein yields being expressed from insédBINA ( Zh enh RDHI12.1)

In conclusion, the hairpin vectd-DNAs can successfully be introduced into the plant via agroinfiltration and
were confirmed to be present in DNA extracts from transformant leaves. Future work should aim to develop a
more efficientscreening method for hairpin expressardoptimise the system to ensure maker gene expression

is achieved

5.3 Infection with Pseudomonas syringaéa syringe infiltration

Col-0 pants infiltrated withP. syringaeshowed symptoms 5 d.p.with the infection originating and spreading

from the leaf tissue that the bacteria was introduced into. Our observations are consistent with previous studies
looking into P. syringaeA. thalianainteraction studie¢ B oeth 2a10.2 ; elt s2dillgla; e A w202 .0 ;

Nobkt 2a812.1 ;etLZ2H2.2 gt RRa&OI2whgre syringe infiltration was used to introduce the pathogen

into the leaves, with the benefit of bypassing the epiphytic phaBeofringaé s | i f ecy cihggheand i nt
bacteria directly into the intracellular spgé&atagiri, Thilmony and He, 2002)nfected Col0 leaves all showed

the characteristic formation of a watevaked lesiof Kat agi ri , Thi | monyeta2dl0l®g , 200
d.p.i, followed by chlorosis of the surrounding tisgidittal et al. 1995)by 5 d.p.i. Furthermore, the disease

symptoms (chlorosis) observed in tRe syringaeonly disease assays showed that infected0Cekhibited

significantly higher levels of chlorosis than the mock-Gaelhich showed virtually none. This trend was observed

both when measured using visual scoring and when measuring the ratio of -teealloyotic tissue using

ImageJ.

The trend between visual scores and hedlthghlorotic ratio values indicates that tRe syringaeinfiltrations

were successful and significant chlorosis was clearly observed in the infected plants.

5.4 Use of visual scoring compared to analysis with imaging software
The results fronP. syringaénfiltration assays demonstrate that both visual scoring and measuring the % chlorosis

using ImageJ provides comparable results when used to measure disease progression in tandem. However, this

98



99

combined approach only works if the leaves remain intact by the end of the diseaselmtbaysombined
infiltration assaysa significant amount of leaf degradation occursamthe possibility of using ImageJ to score

leaf symptoms was unfeasiblas theleaveshad toremain mostly intact to measure their total area. While
subjective, on its own, visual scoring can still be a useful measurement: it was widely used in the decades before
computational analysi@Vhalenet al. 1991; Kunkelet al. 1993; Adamet al. 1996; Volkoet al. 1998)and steps

can be taken to reduce assessor bias and humar{ erdr J a t r2e UL dHowever, visual assessments are

still limited by factors such as: scientific transfetdpidue to their subjectivene¢sMa t bt e2adl2.thd

amount experience and training an assessor has in evaluating disease syBgtoetn 2013; El Jarroudt al.

2015)and the process is still less accurate and prone to human error, even when using standardised scoring systems
such as standard area diagrams improve the precision of théJdatas 1971; Olmsteagt al. 2001) The
subjective nature of visual assessments means that having reliable computational methods to provide
complementary measurements alongside them can be useful to validate subjective results and produce
transferrable dataAs we observed at the end of our combined infiltrations, visual scoring and computational
methods cannot always be used to support the results of one amatitbermore, our results from o.
syringaeonly infiltrations demonstrate that a visual scoring system and a computerised image analysis method to
compare disease symptoms can produce similar results, something that has been reported before in previous
studies( Boe tk 2a010.8 ; H et nZ012dBgwever, computational methods are not infalliblégital
assessment can be rendered unfeasible due to confounding variables such as leaf degradation, something that has
previously been reporteid studies using similar digital disease assessmmathods( Ma r @ t e2012.A)

common confounding variable with digital imaging is image colour and intensity, sometimes making it hard to
distinguish infected tissue from healthy tisstejsingdigital systems to fail to detect andcuratelymeasure the

area of infectionBlanchette, 1982)Later studies have also found that the disease symptoms themselves can
confound the results of digital assessments. For instance, infected tissues can appear in various colours, while
healthy plant organs naturally vary in colour, making it challengindifital assessment methods to distinguish

between healthy and infected tisgu€ h uentg 0 ®19.7 )

In conclusion, digital and visual assessment methods both have their drawbacks, but when combined, they
provided a reliable way to score disease progression iR.tegringaeonly assays, by using digital assessment
to validate the observations made using visual scoring. Had it been possible to visually and digitally assess disease

symptoms for the combined infiltration experiments, the precision of the measurenaetgsmnd accuracy of
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the results could have been improved. Future studies should aim to optimise a digital assessment method which

complements visual assessment, while accounting for the confounding effect of factors such as leaf degradation.

5.5 Infiltration of hairpin -carrying Agrobacterium tumefaciengdid not confer localised resistanceto

Pseudomonas syringae

Transient transformation of GOl leaves via agroinfiltration withgrobacteriumtumefaciengarrying the GG

egfPGUS T-DNA vectormay not confer localised resistance to infection vReudomonasyringae

As shown by our results for our first localised infiltration, we successfully achieved disease symptoms, but the
introduction of the hairpin did not provide a protective effagainstP. syringae The firstlocalised infiltration
experiment clearly indicated thatfiltration with P. syringaesignificantly impacted the level of leaf damage
exhibited by infiltrated plants, as the GFP.M treatment group, which did not recei. agyingae showed
significantly lower leaf damage compared to those groups that were infébtedindicated that infiltration with

P. syringaesuccessfully induced disease symptontee success of the infection is further supported by the Water.

| group, which was infiltrated witliliQ mixed with sterile infiltrationsolution followed byP. syringae this

group showedbtatistically similar levels of leaf damage to GFP.I and EHA105.1, the groups that had been
infiltrated with bothA. tumefaciengandP. syringae As each of these treatments had significantly higher leaf
damage compared to GFP.M, it can be concluded that the increase in leaf damage was the result of infiltration

with P. syringae

Niehl et al. (2016)reported a priming effect, where treatment with Poly(l:C) (a dsRNA analog) triggers ethylene
accumulation and subsequent upregulation of antiviral pathways .@ois worth noting, however, that this
study also reports variable sensitivity to Polyjli€ differentA. thalianaascensions, with Cd) showing a low
log-fold change of ethylene production compared to other lines. Furthernheret al. (2016) reported that
bacterial derived RNAs had to be intact to elicit an immune response-id, @blen assaying for PTI responses
elicited by treatment withP. syringaederived RNAsThis could, in part, explain why this priming effect may not
have been triggered . thalianawhen hairpinsvereintroduced via agroinfiltration 86-DNA. There have been
several proposed mechanisms of nonself RNA recognibgn PRRs in plants: extracellular sensing,
endomembrane sensing and intracellular sen@itighl et al. 2019) so logically,if the T-DNA vectors have

successfully integrated t he hfareign RNARairpins they ertcddghould | ant c e
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be sensed at some point between its transcription in the nucleus to its translation in theHytesar,as there

was no reduction in the disease symptoms developed after infectio®® watyringaein leavesthat had been
agrdnfiltrated with GGegfgPGUS, it appears thahe RNA hairpinsvere nosensedy the recipient Ce0. This

may havebeendue to the hairpins being degraded into siRNAs beforeweey sensed by PRRand they may

not elicit this priming effecin this form,as thesiRNA sequencemay betoo ambiguous to be recognised as-non
self. This is a possibility as RNA sensing by PRRs has been shown to occur in-j@#plendent mannéNiehl

et al. 2016; Daset al. 2020; Huanget al. 2022) and DCLs 14, which are responsible for producing-rand
SsiRNAs from dsRNA hairping Ni e th 12&11,.8r¢ localised to the nuclesSc hawu #10.2 ; etPaalp.
2003; Geats 2aD1@.5 | i it r 220dQwihigh is not a region of the cell that has been proposed to be
involved in PRRmediated recognition of foreign RNAEBherefore, iis possiblehe GGegfd*GUS hairpin may
have been broken down into siRNAs by the plant RNAi machinery before thaffigked to a region of the cells
where it wouldotherwisebe sensed as a PAMP by the transformed céllimately, transformation with
agroinfiltration was proven ttransfer the hairpifT-DNA vectors toA. thaliang and disease symptoms were
achieved when infiltratingvith P. syringadn thefirst localisedinfiltrations so the fact that there appeared to be
no protective effect conferred by the presence ofsstindsRNAsmay not be due to @ansuccessfubxpression

but, insteada lack ofdetectionof the RNA hairpins by the transformant leav&lernatively, it is possible that

the doublestranded GGgf®GUS RNA hairpin does not induce an immune respofbés is possible asa
previous study usingsRNAsto targetthe cyp3gene inFusariumgraminearumdoes not elicit the PTI response

in Hordeum vulgard K o e th 2 @11 Anpther possibility is that enhanced disease resistance was not observed
in Col-0 infiltrated with GGegfg?GUS as the introduction of the hairpin did not induce an upregulation in any
pathways relevant to defence against bacterial patho§eegious studies have demonstrated that dsRNA is
perceived as a PAMP for the antiviral respofidiehl et al.2016; Niehlet al.2019; Amariet al.2020) however

this is a distinctly different pathway from the antibacterial respdns¢u aentg 2a0l 2. THerefore, the
introduction of GGegf@*?GUS may have elicited antiviral associated pathways wdittinot hinder the progress

of disease when Cdl was infected withP. syringae

While the experimental procedures wemimisedfor each stepthe combined infiltration disease assay system
developed in this study ifmited in terms ofreproducibility. In this study, we found that infiltration witA.
tumefaciensan variably elicit chlorosidPlants in our second localized infiltration experimaritich had been

infiltrated with A. tumefacienshowed a significantly higher level of chlorosis than plamthie Water.l groups
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which only receivedMiliQ mixed with infiltration solution before they were infected wikh syringae This
contrasted with our first localised infiltration experiment, where chlorosisggusinfiltration was not observed.
Mixed model analysis revealed that the scores obtained for leaf damage and chlorésfdtratien with P.
syringae significantly impacted the variation of the scores obtainedip@iitation. This indicates that symptom
scores associated with tumefaciennfiltrations confounded the results of tRe syringaedisease assait is
unclear from our results whi. tumefacienseems to elicit chlorosis in some cases but not others, however
tumefaciendias been reported to variably cause a hypersensitive response inAlamtsefacienss known to
induce plant defences such as induction of mitegdivated protei kinasesNIAPKs), defence gene expression,
production of reactive oxygen species (RQ®)crosisof infiltrated tissueand hormonal adjustmenfkuta and
Tripathi, 2005; Pitzschke, 2013ahich is a major drawback of methods that utilizé iR a neatn 2aD12.2\)
study similar to oursBuscaillet al.(2021)usedNicotina benthamianan an combined infiltratiorprotocolwhich
they named thei A g r o mo n a.dnotheis stuslytheynacknowledge that, despite being fomtogenic, the
strain ofA. tumefacienased in this study can still trigger immune responsés menthamianasuch as cytokinin
upregulation which canconfoundthe results of a disease assay \Atlsyringag( B u s e & i2#12akgne of
the key indicative symptontf P. syringaeinfiltration is chlorosisbut cytokinin overproduction induced BBy,

tumefaciengan also induce chlorosis in the leave#othaliana( Wa a g 2@11.5)

In conclusionthe results of the first localised infiltrations indicated that agroinfiltration of0delves with GG
egf@*GUS does not confer protection agaissyringae howeveithe reproducibility of these resultstincertain
due to the highly variable resultsfrom the repeat experiment&uture work should aim t@ptimise the
agroinfiltrationstep to identify the causes of leaf damage and chlorosis 5 d.p.i and adjostrthimed infiltration

disease assay protocadslimit theimpact ofthese confoundingariables.

5.6 SystemicAcquired Resistanceo Pseudomonas syringagas not observed in CaD leaves infiltrated with

hairpin -carrying Agrobacterium tumefaciens

Disease symptoms were not achieved in the systemic infiltration experiment, as leaves infiltrafedyvittgae
in all infected treatments (GFP.I, Ctrl.HP.I, Water.l| and EHA105.1) did not show significant leaf damage or

chlorosis symptoms when compared to the mock inoculated treatment (GFP.M).
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Visual inspection of the infiltrated leaves (Appen8jxshowedhat most of the samples that were infiltrated with
P. syringaedid not show the expected symptoms of a waterked lesion 1 d.p.i followed by chlorosis of the
leaves 5 d.p.i. The lack of any symptoms indicates that the infiltrationRyislgringaewas unsuccessfuPost

hocanalysis of bth the leaf damage scores and the chlorosis ssbhoeged no significant difference between the

average scores for all treatment grocgeffirming the lack of variatiom the data

The insignificant difference betwedhe averagdéeaf damage and chlorosisores across treatment grodipat
had only received the infiltration solution prior to infection withsyringae(Water.l) compared to the groups

that received bothA. tumefacienandP. syringae means that thieypothesicould not be tested in this experiment.

Future work orthis project,shouldensurethe P. syringae inoculunis tested for viability before performing the

systemic infiltration to ensure disease symptoms are achievbd leave$ d.p.i

5.7 Use of Host-Induced Gene Silencing to improveArabidopsis thalianaresistance to Sclerotinia

sclerotiorum

To investigate the baseline transcriptional changes that occur in the host plant when expressingtpagietigen
RNA hairpins (HIGS), RNASeq data was taken from a studWhikeret al.(2023)whichcompared the response

of two Arabidopsis thaliandines to infection withSclerotinia sclerotiorunfwhite mold), one that was witype
(Col-0) anda mutantine (AT1703 which expressed a hairpin tageting thehydrolase3 gene In the study, it

was observed thaaT1703plants were able to mount a more effective response to infection with the fungal
pathogen than wild type plantd/alker et al's (2023) primary focus was the differenceAiil703and Col0's
expression profiles, postfection withS. sclerotiorumThey concluded that differences seen eéh@®p.i. caused
AT1703s improved resistance to the fungdswever, our results, focussing on 0 d.p.i {priection) and 2 d.p.i,

show that théAT1703line differs inbaselineRNA metabolism from Cel even during normal plant metabolism.

We hypothesised that expressifighydrolase3 targeting RNAI hairpins iAT1703plants before infection with

S. sclerotiorumwould shift their expression profiledglay fungal colonisation andllow for a faster defence
response. This woultlave been reflected inthe differentially expressed genes and pathwayith AT1703
showing an earlier downregulation of auxegulated pathways and an earlier upregulation of stress resistance

and detoxification pathways. The DEGs analysis supped this hypothesis,as it was observed that
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PSEUDORECEPTOR REGULATOR 3 (PRR&ps upregulated on 0 d.p.i. PRR3 interacts WitklING OF

CAB EXPRESSION 1 (TOC1)a circadiarclock associated transcription factor which functions during the
evening photoperiod by repressing the CIRCADIAN CLOBRSOCIATED 1 (CCA1) morning photoperiod
circadian regulator, wi t h (H5R &8 Hamzei, ROL4APRRBihasclsoThee@ 1 6 s
demonstrated to physically associate with TOPLESS (TPLs) &herelated transcriptional repressor proteins,
potentially forming part of a corepressor complex with TRManget al.2013; Liet al.2019) TPLs and TPL

related repressor proteins function in plant immunity to balance the gowfg¢hce tradeff, by complexing with

a vast array of other transcription factors to regulate jasmonate and auxin signalling, during stress and immune
responsegSainiet al. 2022) The fact that PRR3 was upregulated at 0 d.pAiTii703indicates the plandstress
respons@athways had already been induaedjuiring TOPLESS and PRR3 to help balance growth with defence
pathways.This is consistent with the pathways enrichment analysis which shows the activation of stress and
defencerelated pathways iAT1703at O d.p.i. Overexpression of PRR3 has been linked to a delay in flowering
time under longday conditiongMurakami, Yamashino and Mizuno, 200&pwever early flowering time is a
widely adopted strategy by plants to ensure successful reproduction even under envirdiiauzartat al.2016)

and biotic stresgKorveset al. 2003) The fact that PRR3 was upregulated at a time when defence and stress
related pathways were being upregulaseghports our other evidence thhe plants had begun to shift their
metabolism away from prioritising growth and upregulated their defence pathways even before infection, at 0
d.p.i. However, it is unclear if this early upregulation of defence pathways and downregulation of photissynthes
and growth is caused by the expression of the hairpin or the disruption of native DNA from insertion iopithe ha

T-DNA.

Our results for GO pathway analysis 2 d.p.iAdr1703shows a significant downregulation in: auxin response,
plant growth, the cell cycle and cell wall biomolecule synthesis, following this similar trend of reduced auxin and
stunted growth in response to infection, indicating #&fl703plants can mount a more effective immune
response t&. sclerotiorunthan Col0, likely because the plants defence pathways are being upregulated sooner
than in Col0. This is consistent witpreviously reported literatur@s arly pathogen detection is important for
mounting an effective disease response in planBsi @ it n2a012.Euythermore, athogens that evade early
detection, have improved virulence in their host. For exampliralianaperception oBotrytis cinereehas been

linked to theRAC FAMILY-7 (RAC7 GTPasegene which, when overexpressed, leads to a delay in pathogen

perception during infection, enhancing fungal colonisation and even makiRg\@eoverexpessingRAC*OX)
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lines more susceptible to bacterial infectiofsG a rSm2teot 2ad 2 Apother example isRalstonia
solanacearuma gramnegative bacteriayvhich evades early detection by its host, through use of a-Tipe
Secretion System (T3S3) secrete effector molecules into host cells, supressing recognition and response
pathways Ch a e h &28012.Because of its virulence and ability to evade early detediosplanacearum
infects over 310 species of plarttelonging to 42 plant familiesausing annual crop yield losses that range from
20 to 100%(Wanget al. 2023) Other species such Bs syringaeuse mechanisms such as antigenic variation,
secreting the alkaline protease (Apréhzymeto break down its ceburface flagellin monomers to evade
detection by th&LS2receptor{f Petl 2#&11.4; d&ta 2 ® 12 POhis was shown bielet al.(2014)which
showed thafAprA-deficient strains evoked a significantly higher level of expression of the host deédaies
gened-LG22-INDUCED RECEPTORIKE1(FRKL) ( Y el 2 & |1ahdPATHOGENESISRELATEDL (PR-

1) (Papeet al.2010)than the wildtype DC3000, demonstrating how the timing of detection by the host plant can
improve or reduc®. syringa@ s v i r ul e n c eXyklla fastidiogds anottieepathogen,which primarily
infects grapevine, and evades early detection of the pathogen by synthesizing a high molecularargigbhO

as part of its celsurface lipopolysaccharides, extending 30 nm away from the cell surface effectivadyngna
the cells from detection by host cell PRRs to delay PRRa pi e & v 280l 1. &gpicavoliet al. (2018)
demonstrates the importance of early detection,-astf@en deficientwWzy) mutant strains oK. fastidiosavere
detected 8 hours pestfection and elicied thetypical antibacterial pathways such as reactive oxygen species
(ROS) bursts, activation of salicylic acid (Sfediated pathways, and upregulation of pathogemekited (PR)
genes, whereas wiltype X. fastidiosawasnot detected until 24 hours pesfection and instead of triggering
antibacterial pathways, its colonisation of the xylem tniggabiotic stress pathways such as drought and

wounding response pathwayghichgr eat |y i mproved t hthehHosipglanter i ads col oni

In the study bywWalker et al. (2023), S. sclerotiorunmay have been detected earlier Ay 1703because the
inhibition of Anhydrolase3 impairedits ability to colonise its host S. sclerotiorums a rapidly progressing
disease in the leaf tissue, with symptoms being obsergedl{i.i depending on the host pldnH u &n 2 10 .8 ;
Abuy g u2fdll.8 et Xidd2 8. kclerotiorunevades early detection by secreting extracellular enzymes
such asAnhydrolase3, a phospholipase enzyme which breaks down the cell walls of its host during early
infection, making them more permeable to other secreted pathogenicity factors such as oxa\el&eicet al.

2023) Oxalic acid is a key pathogenicity factor which increases host susceptib8itgtterotiorunby inhibiting

the ROS burst responéeC e sest n2ad [0abid supressing SA production leading to an overexpression of auxin
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(Walkeret al.2023) Overexpression of auxin has been linked to susceptibility to various pathogens in different
plant species, as it supresses the PTI resporide v aertr 2a&l2.As)such, axin modulation is a common

mode of attack by various pathogeRsr instance, prstressing Zea mays seedlings with Bipolaris spp. resulted

in high levels of auxin present in the growimsg plant
(Y o uesta2ad |2 Wsjilago maydiss another pathogemhich uses auxin modulation, by secreting an effector
proteinNaked1(Nkd1) thatbinds to auxin transcriptional @epressors TOPLESS/TOPLE®S8ated (TPL/TPRS)

leading to derepression of auxin in maize plants, increasing host susceptibility to (hemi)biotrophic pathogens
( Na v aertr 2dx|22Befause of the rolenhydrolase3 has in auxin modulatigiypotheticallyS. sclerotiorum

should have beenless able to colonise the invaded tissueAiil703due to the inhibition of pathogens
Anhydrolase3 by the 1703RNAi-hairpin (Wa | ked r 2a012.Bdeed, their first figure (Figurg0) shows a

visible reduction in lesion formation in the leavesAdfl703compared to CeD (Wa | le ¢ r2a 12 .Bgreased
resistance to fungal colonisation By sclerotiorunin AT1703is further supported by the large ratios of genes
related to auxirsignalling and auxitontrolled pathways that are being downregulated 2 d.p.i. compared-to Col

0. This indicates that th&T1703plants detected the pathogen earlier and, in response, shifted their metabolism
away from growth, downregulating auxin production and prioritising defence metabalisgduction in auxin
signalling and pathways is a key plant disease respa@s various hosts infected with different pathogens show
downregulation of auxin signallindror exampleprevious studies with rice plants demonstrated that infection
with Magnaporthe spgungi leads to dwarfism and reduced cell elongation, which was associated with a decrease
in auxin biosynthesis gene expression and a significant increase in auxin signalling inhibition related genes
( Domientg2adl0.9 ; e 1 i2a M. ggimilarly, studies on Clubroot diseagtigsmodiophora brassicaén
Brassica napuslants carrying clubroot resistance geRerl show a significant downregulation of auxin
biosynthesis and cell growth, morphogenesis and development, while immunity related pathways controlled by
jasmonate and ethylene and other defensive pathways such as deposition of callose and biosynthasis of ind

containing compounds showed a significant upreguldtiadhleu 2#®11 .4 )

On 23 d.p.i for Col0, defence responses in the plant such as: toxin response/detoxification, sulphur and indole
metabolism, and glutathione pathways are activated. These pathways are all controlled by JA and ethylene
signalling ( Z h eert g 2a011.1 , 2018et a0lilvedishtaseviree phytohormones responsible for
controlling responses to necrotrophic fuflgadmanabhan, Zhang and Jin, 2009; Nguyen, Nguyen and Nguyen,

2024) The expression profile at 2 d.p.i to 3 d.p.i in©akhich indicates the plantsere mountinga defence
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respons@gainst a necrotrophic pathogenhisfits with the findings ofprevious literaturewhere itwasreported

that oxalic acid is secreted at low levels during early infection (the biotrophic phase) and is heavily upregulated
during late infection (the necrotrophic phagklang et al. 2018) This is further supported by results of the
pathways analysis frolAT1703compared to CeD from 2 d.p.i onwards which indicates that oxalic acid was

being produced in the apoplast by the fungus, as there is a strong upregulation of oxoacid metabolism. The DEGs
from the 2 d.p.i timepoint also indicate thia¢ plant is responding to the fungal necrotrophic pHaseexample,

the ACD6 was downregulated 2 d.p.i. This protein associates with cell surface receptors such as FLS2 and acts as
a membrane channfgr C&* ions, its activity regulated by SA levels within the cell, which are in turn, augmented

by C&* levels controlled by channels such as ACDB6, creating a positive feedbaglokeniatingSA signaling

inthe cell( L u n debte 2 &2 Buhdberget al.(2025)also notes that ACD6 hyperactivity in plants leads to a
reduction in growth, faster leaf senescence and fewer seeds being produced, leading to an overall reduction in
reproductive fitness. ACD6 gaiof-function mutants show an enhanced resistande. teyringaephenotype,

along with spontaneous patches of cell death across the leaves, and show a sharp upregulation of defence pathways
which require SA as the sole activator or as a crucial coactifai®maette 1a919.9n 2 d.p.i, ACD6 was
downregulatedn AT1703plants suggesting a decrease in SA signalliag thiswould haveledto a decrease in

ACDG6 expression( Laut 2a10.3 ; eZ hzaNIg#hjs is consistent with the pathway analysis as on 2 d.p.i
oxoacid metabolism pathways are being upregulated, indicatirgaheis responding toxalic acidpresent in

the infected tissue, which inhibits SA product{orC e sest n2z I0V0a; | le ¢ r2 & 12 i@dicatingthatAT1703

was successfully infectednd engaged in a hegathogen crosstalk interactiomith S. sclerotiorum

Hypothetically, ifAT1703was unable to inhibinhydrolase3, then it would be just as susceptible as-Cod

the inhibitory effect that oxalic acidecreted bys. sclerotiorumhas on salicylic acid, which would cause an
upregulation of auxin signalling and a downregulation of stress and detoxification response pathways. However,

the DEGs analysis shows a clear upregulation of GSTU3 and GSTU7 at 2 d.p.i indicating that detoMgic

being upregulated GSTU36s specific function has yet to be ful
highly versatile enzymes, which work in detoxification pathways by catalysing the conjugation of xenobiotic
glutathionefatty acids (GSH) to electrophilic compourideming more soluble peptide derivativésL a berto ua |

2 0 1, Wwhjch are then sequestered in the vacuoles for further hydrolytic degrgd@@ionmneitn2s®11.1; Ugal de
et 2a812.63TU7 is better characterised, with recent studies providing evidence that it is often upregulated in

response to oxidative stress, characterised by the release of ROpHad td 2a012.G$TU7 has also been
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demonstrated to be induced by an increase of salicylic acid levels in thé &#se p [2a8010.4nH has been
observedto be upregulated irA. thalianainfected with the fungal pathogeMternaria brassicicola During
infection with A. brassictola, GSTU7 has been reported be involved in host defenad A. thalianaby
mediating the catalytic breakdown of the fungal cell waMu k h e t j2 e EL.OXalic acid does not directly
induce GSTproduction, howeveit doescauseredox imbalances by inducing latéage ROS burstsSi eg h a |
2 0 2 I2aching of C#& ions from the cell wall§ C e sest n 24 1Q .@nJl programmed cell deatkim, Min and
Dickman, 2008) Each of these processes produce large amounts of secondary ROS as byproducts , which are
scavenged by GSTs, including GSTU7A kBt 2a012.63TU3 and-7, which arecontrolled by SA, were
upregulated at 2 d.p.i. whéhsclerotiorumlikely startedprodudéng high levels obxalic acid, whichwvas taken

up bycellsin AT1703and affectedtheir SA levels. Despite ACD6 inhibition, the celsill maintained SA
signalling, indicatinghat AT1703plants wererespondingo the xenobiotic nature of the oxalic acichis was
further supported by the GO pathway analygischrevealedhere was significant upregulation of genes related
to the response to oxoacid and detoxification pathwapd t7¥03compared to the wildype Cot0 2d.p.i.There
wasalsoclearly a downregulation of auxin signalli@gl.pi, indicating thaAT1703plantswere able tanetabolise

and break down the oxalic acid being produced by Shesclerotiorumbefore it reach#g a high enough
concentrationin the cytosol to significantly downregulatalisylic acid production. The results indicdtthat
AT1703was still able to properly regulate auxin levels to shift metabolism towards immunity and etgssses.
This is in line with the immunitgrowth tradeoff described in previous studies, as the downregulation of these
specific pathways: growth, auxiiggalling, the cell cycle and cell wall biomolecule synthesis related pathways
has been reported to be downregulated in favour of immueltged pathwayé J u beatu 2aD11.3 ; e tC haul

2014; et i2®dNg; eAt. 24&12.D)

Further evidenceéhat AT1703was able to overcome the effects of oxalic acid mmuint aneffectiveimmune
responsdo S. sclerotioruris the upregulatiomf quercetinsynthesisat the 2 d.p.i timepointGene Ontology
analysis revealed that the most significantly upregulated gedgsifell into one of three categorieQuercetin
7-O-glucosyltransferase activit@Quercetin 30-glucosyltransferasactivity or manganese ion binding. Quercetin
is aflavanol a special subclass of flavonoidkim et al. 2018) the biosynthesis of which was shown to have
been significantly upregulated 3 d.p.iAT1703(Figure 21c). Flavonoidaredirectly and indirectly involved in
various stress and signalling responses in pi@itghet al. 2021) Quercetinsin particularhave been reported

to be produced in response to oxidative stress, the release of reactive oxidative species (ROS), which occurs when

10¢€



109

tissue homeostasis has been disturbef@tiprs suclassurroundingcells undergoing programmed cell death, or

when the plant is undergoing drought striedd a k a beaty 28 ® Ith @Uercetins mitigate the effects of drought

and oxidative stress, i mproving the hodétthalprigdynt 6s t ol
scavenging ROS in the vacuoles, chloroplast, cytoplasm, mitochondria, and cell wall, before they accumulate and
become cytotoxic to plantcellsJ un a e t 2R R &t P d.p.i withS. sclerotiorumAT1703shows increased

production ofQu e r ¢ e-tainm-o-gh@dosyltransferase enzymaeshich are part of theridine diphosphate
glycosyltransferas€UDP glycosyltransferas@&1 or UGT71) class of enzymashich catalyse the transferof

glycansugars from activated donor molecules to quercetinveringi t i-@a n d-O-@uircetin glucosides

by adding glycosyl groups to (WaaigRdi2&ycpdylatignrabtheps at
3dydroxyl(OH)posi ti on reduces qu eMagadtal.p0803andchangewits soldkdlity,t act i
allowing quercetin to be transported from the endoplasmic reticyllgit 2D 11t8the cellwall Agat i al

2 0 1 20 é&uercetin glucosides are known to be transported to the cell wall viatésd€porter proteins which

competitively blocks auxin transport to the cell w@llA g @ t 2 811, .8ojnething that has been demonstrated

to inhibit plant statur¢ Ye nh 2#&11 4 ; Laou®, F e r n a.Mhisandicatesthat ti@ upregflaton 202 2)
of glycosylation at the 360OH and 760H positions of qgu

allowing AT1703plants to switch into its detoxification pathways.

The purpose of the upregulatioof manganese bindinggenes2 d.p.i remains obscure. Similar studies with
hemibiotrophic pathogens, such\asrticillium dahliaedo report an accumulation of manganese ions, however
the role of manganese binding remains undedte t 2a12.3tddieshave shown an increase in manganese
and zinc ions, with zinc being used as a defence against invading patllogensc ted e 2@l 2.Blgwever,
manganesdoes noseem to have the same cytotoxic effect on fungal pathogens gs Biect 2a12.Fhat
said, manganese is known to activate enzgatalysed reactions including phosphorylation, decarboxylation,
reduction and hydrolysis reactions affecting processes such as lignin biosyfBhesidl, 1988)which has been
identified as a key defence against fungal infection, providing a physical barrier against fungal pe(B&diem

et al. 1988; Ghazanfaet al. 2022) Lignification has been found to be significantly increased in responSe to
sclerotiuminfection in various hostliveira et al. 2015; Liuet al. 2021; Cacet al. 2022) andA. thalianais
known to deposit lignin in response to pathogen infect{bnset al. 2018) Therefore we can hypothesigbat
lignin may have beedeposited in response to infection wih sclerotiunin AT1703and this may explain the

upregulation in manganese ion binding that was obseiedever,there was no evidence from the DEGs
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analysis that lignin depositimtcurredn AT1703 so this cannot be concluded from the available data. To further
investigate whether lignification was enhancedirl703compared to Ce0, the disease assay would have to be
repeated using appropriate methods to visualise and quantify the level of lignification in infected leaf samples,
such asWeisnerstainingfollowed by an acetyl bromide assdy| nedtu 2a12d Fouriertransform infrared

spectroscopy L e Tehtazdhll.7 )

As for the outlier DEGs, it is possible that the insertion ofAhbydrolase3 targeting hairpinT-DNA disrupted

the lociof AT1G05333AT3G44130and AT2G22121 There have been genetically modifieeDNA insertion

lines of A. thalianareported to have inserts transferred frAmumefaciensear the loci containingT1G05333

and AT2G22121(The Arabidopsis Information Resource (TAIR), 2007; National Center for Biotechnology
Information, 2014) Therefore, it is possible that the insertion of Armhydrolase3 targeting hairpirmay have
inserted near these outlier geneso6 | oATl702conparedéou s e d

WT (which has nobeen transformgdhence why they were identified as DEGs.

Walkeret al.(2023)concluded that the enhanced resistané sxlerotiorunobserved irAT1703was due to the
expression of thé&nhydrolase3 targeting hairpin, leading to an improved disease resposé.2.i. However,

the results of our DEGs analysis illustrate that, on O d.p.i-iffeetion), AT1703plants showed significant
downregulation of photosynthesis and grostated pathways and significant upregulation of stress response
pathways compared to G0! The results also showed a significant difference in RNA boditan in AT17030

d.p.i compared to Ceéd. We concluded that thiatroduction of theAnhydrolase3 targeting hairpin, led to an
upregulation of stress tolerance and defence pathwayisfption inAT1703 which may have enhanced their

general baseline immunity and contributed to their impralisghse responsgoninfection withS. sclerotiorum

5.8 Use of a strict False Discovery Rate when performing Differentially Expressed Genes analysis

A False Discovery Rat@-DR) describes the proportion of positive results obtained that may be false positives as
a percentage of the overall number of resultsially an FDRis set to 0.05. This would allow for 5% of the
positive results to be false positives. However, the number of genes we identified after Variance Stabilizing
Transformation (retaining genes with a minimum Counts Per Million of 0.5 and a presence inAtilzasges)

was 20,233. Given the large size of the datassefDR of 0.05ould haveed to~1,012 genethat were not

significantly differentially regulatetb havebeenfalsely identified as DEGs.
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Therefore, a more conservative FDR of 0.01 which only allows for a maximum of 1% of the data to be falsely
identified as DEGSs, was used to ensure the results of our DEGs analysis represented true biological differences
between CeD and theArabidopsis thalianal703 (AT1703)HostInduced Gene Silencing RNixterference

hairpin expressing line that was compared in this study.

5.9 The importance of offtarget prediction and accounting for similar confounding variables

The outlier DEGs that were observed for topps@djustedvaluesshowedexpression levels th&ll outside of

the range of10 to 10log fold changeobserved for the rest of the dafdl outlier DEGs were part of the
downregulated genes identified in the data$éese outliers warranted furthgecrutiny asthey experienced a
much higherlog; fold changecompared to the other downregulated DEGs which we believed may have been

related to the introduction of tinhydrolase3 hairpininto theArabidopsis thaliangenomeat these loci

It is difficult to say anything conclusive as the function of these DE@sgely unknownbarringAT3G22121
andAT3G44130the former of which has a regulatory role in cold acclimafioni wed r2id|2ahd the latter

of which has been partly categorised as 4ok and associated interaction domains containing pr@tiitional
Center for Biotechnology Information, 2024gemingly belonging to thelbox protein family which are involved

in various regulatory pathways for photomorphogenesis, circadian clock regulatiemcseeipatibility, and
floral meristem and floral organ identity determinatfod & it r2 & IQ FMowever, it is clear that the outlier DEGs
are all on chromosomes3l indicating that they may be within neighbouring loci, and the fact that there are
known T-DNA insertion lines ofArabidopsisthalianawithin the loci containindAT1G05523AT1G05333nd
AT2G22121(The Arabidopsis Information Resource (TAIR), 2007; National Center for Biotechnology
Information, 2014)it is possible that the insertion of tAahydrolase3 targeting RNAI hairpirhas disrupted the

loci containing these five outlier genes, or their regulatory genes, causing them to appear to béhblging
downregulated iT1703compared to CeD. SinceCol-0 wasnot transformed, ifAT1703hadsome frameshift
mutations as a result @3FDNA insertion,the expression profiles at these loci may have differed simply because
Col-0 did not have these mutatioature studies can look to verify this by sequieg theAT1703genome and
looking for T-DNA insertion sites on chromosome$ landinvestigate whether these sites are within, or near the

loci containing these outlier DEGs.
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If the hairpin insedd into the loci of these five outlier genes, then this would highlight the importance of
accounting for unintended sigdfectson host plant genomes whamnroductionRNA hairpinsfor HIGS. While

not the exact same thing, it was important in phiggectto predictany potential matches to the hairpin in both the
Col-0 genome an¥erticillium dahliaegenome. Our results showed that, even though there were some predicted
off-target matche# the Col-0 genomeo the GG-sgeIPGUS hairpn, further analysis with BLAST confirmed

that this was in aon-coding region of the genonaad therefore the hairpin did not bind to any other gene, other
thanits target.In the case o#alkeret al. (2023)the only way to determine where in thethalianagenome the
Anhydrolase3 hairpin T-DNA insertedinto would be through whole genome sequencing ofAth&703plants

and mappingthe T-DNA insertion siteswith matching the hairpinThe genomeor AT1703was not fully
sequenced bWalkeret al.(2023)nor was the sequence of tAehydrolase3 hairpin published, which leaves us

unable to confirm whether the hairpin has inserted into or near the loci of the identified outlier DEGs.

Future studieshould aim to fullysequene the AT1703genomeand map thd-DNA insertion pointandother
unexpected changes to the genowcsused by the introduction of th&nhydrolase3 hairpin through
transformation withAgrobacterium tumefacienadditionally, future studies shouliim tobetter characteristhe
functions of AT1G05523 AT1G05333AT3G44130and AT2G2212investigate why these genes might show
heavy downregulatioim AT1703before and during infection wit8. sclerotiorunand test whether these genes
are heavily downregulated in other hairgixpressing lines of. thalianaand tosee i f t her eds

between hairpiT-DNA insertion and the function of these genes.
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6. Conclusion

Our hypothesisvasthat thetransient transformatioof the non-self GGegf@®GUS RNA hairpininto the leaves
of Arabidopsis thalianavould greatlyimprovet h e présiastantestdfection with Pseudomonas syringae
We also hypothesised that stable transformatighefnhydrolase3 targeting RNAinterference hairpin into the
genome ofrabidopsis thaliandoy Walkeret al.(2023)would causemupregulation ilaselinedefence pathway
expression, before infection witBclerotinia sclerotiorum contributing to the previously reported improved

disease response observethia hairpinexpressinghT1703

Our results indicate thatansformation viaagroinfiltration with the GGegf@*GUS hairpin does not confer
improvedlocalisedresistance to infection witR. syringaen the leaves of Cel, though further optimisation of

the agroinfiltration ané. syringadanfiltration stepsf our combined infiltration disease assay protocol is required

to account foconfounding variables such Astumefacienglicitedsymptoms of leaf damage and chlorosis; pre
infection withP. syringae Further optimisation of thB. syringaeinfiltration steps of our combined infiltration

disease assay protocol is required to test whether this method of transient transformation can confer systemic

acquired resistande the pathogen.

Finally, we concluded thatable introduction oAnhydrolase3 targeting RNAthairpinsdid appear to induce a
shift in the expression profile &T1703compared to that of Cdl preinfection with S. sclerotiorumand this
upregulation of stress and defence related pathways may have contributedoteerall enhanceddisease

resistance phenotype observedValker et al's (20233tudy:

Finally, the results from our DEGs and GO pathways analysis expand on the findiWgdkef et al. (2023)by
demonstrating that there is a clear difference between the badeferecemetabolism of theAnhydrolase3
hairpin-expressingAT1703line of A. thalianacompared to CeD, preinfection with S. sclerotiorum This
difference may have contributed to the enhantisgiase resistance phenotype observedTai703in the original
study. Our resultssupport the hypothesthat, not only does th&nhydrolase3 targeting RNAihairpin have the
desired effect of reducing the virulence&f sclerotiorunin AT1703but thatits introduction into the genome
may have led to an overall upregulation of plant defence pathmégs to infection, during normal plant

metabolism generally i mproving infdcton pl ant sd overall resi st
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The significance of this work is such that we have reported successful introduction et Wectors for the
GG-egfd®GUS, GGwcIPGUS and G&am*GUS RNAI hairpins into the leaves af thaliana Subsequently,
the results of our combined infiltration disease assays for localised resistdita¢ethat agroinfiltration with
GG-egfd®GUS T-DNA, does not confer resistanceRosyringaen A. thaliana In contrast, our DEGs analysis
of the data provided bWalker et al. (2023) indicates that stable introduction of RNAI hairpiasgeting the
Anhydrolase3 gene inS. sclerotioruminto A. thaliang may induce theipregulation of defence pathways prior
to infection,improving the overall response tofection Overall ourresultsindicak thattransientransformation
of A. thalianawith RNAI hairpins by agroinfiltratioomay not confer a comparable level diSeaseesistanceo

stable transformation &. thalianaas observed bwalker et al (2023)

The use of RNAinterference to primérabidopsis either by stable or transient introduction of RNA hairpins,
shows great potential for developing chemiitak methods for pathogen resistanceammercial crogplants.

With the rise of antimicrobial resistance, particularly in fungi against fungicides, there is an urgent need for the
agricultural sector to develop effective, chemitae methods for disease mitigatimneconomically important
crops.The appeal of transient transformation over stable methods is that they avoid the need for complicated
genetic modificatiomprotocolswhich are timeconsumingmay require expensive specialist equipmentafiteh

produce a low yield of transformed seedé& have observedn previous our previous researthatA. thaliana

lines stably transformed with nespecific RNAkthairpins can potentially improve resistanceMerticilium

dabhliae If this priming effect can bachievedn a model species suchAsthalianatransformed witha transient
methodof hairpin introductionsuch as agroinfiltration, then it may inform future research intadvelopment

of transient transformation with RN#airpins as a loveost, chemicafree method to protect economically
important crops from a wide range of pathogens (bacterial, fungal and viral alike). However, this system first
needs to be optimised for use An thaliana This project lays the groundwork fdurther optimisation of
agroinfiltration to introduc@on-pathogen targetinbairpin vector TDNAs into A. thalianaleaves to induce the
upregulation of baseline defence pathways and prime theggaimssubsequent infection withraodel pathogen

such a$. syringae
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7. Limitations

Our second localised infiltratioresults highlight the need for further optimisation of the combined infiltration
disease assay protocol to limit the impact of confounding variables and ensure the reproducibility of the results
from our first localised infiltration experiment. At presetite reproducibility of our results are limiteds
successful introduction of G@gfgPGUS T-DNA-carrying Agrobacterium tumefaciensto the leaves of
Arabidopsisthaliana was only achievedoccasionallyand was sporadically accompanied by the presence of
confounding variablesuch adeaf degradation frorthe emergence of fungus gnat larvaé and physical stress
from repeat infiltrationgs well as premature chlorogisinfiltration with Pseudomonas syringaeurthermore,

our reliance on PCR screenings to infer whether priming has occurfedhalianaleaves againd®. syringae
infection, was limited irthe sense that we could only detect whether theeGf@PGUS T-DNA was present in

the leave$ we could not differentiate whether it was from remainfngumefaciens the leaves or if ihad been

integrated ito the A. thalianal eaf cel |l sd genomes.

To improwe the reproducibility of theesults adjustments to theombined infiltration assaysould include: a
higher number of biological replicatés improve the precisioand enhance statistical power of the disease
scoring analysisand injecting the leaves with doublstranded small RNAs derived from the @GfF*GUS
hairpin, rather thamapplication withA. tumefacienso reduce the likelihood afbservingconfoundingvariables

such as premature bactesiatiuced chlorosisAdditionally, to help better detewthether thentroductionof the
GG-egfgPGUS in recipienf. thalianaleaveded tosuccessful transient transformation, RNASeq could be used
5-days posinfiltration, to detect whether siRNAs derived from the hairpin sequence are present, which would

indicatetransientexpression of th&-DNA vector.

Furthermore, our ability to assess disease progression and severity was limited by the use of visual symptoms,
which were easily confounded by the presence of factors such as fungus gnats, rot and perforation damage from
the syringe infiltration processolimprove our assessment of disea$er visual scoring of the infiltrated leaves,

we coul dbébve taken the | eaP.swirmaspdsantin tleenntectec 8saus toseed t h e
there was a significant difference between the titie. &fyringaebacteria observed between the mock infiltrated

groups and the groups infiltrated with the hairpin.
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8. Appendices

Growth Room

Appendix 1: Col-0 3-weeks postsewing, grown under the same environmental conditions in a growth room

(left) and in a growth cabinet (right).
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Appendix 3: Col-0 plants from the first round of local infiltrations. Plants have been infiltrated with:
Agrobacterium tumefaciens either untransformed (EHA105.1) or carrying (GFP.l and GFP.M) or with

sterile infiltration solution (Water.l). Figure shows plants 1 (a) and 5 days posinfection (b) with

Pseudononas syringae.
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1d.p.i 5d.p.i

Appendix 4: Col-0 plants from the first round of localized infiltrations agroinfiltrated with GG -KanRGUS

ld.p.iand 5d.p.i
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Appendix 5: Col-0 plants from the second round of localized infiltrations agroinfiltrated with GG

KanRGUS 1 d.p.iand 5 d.p.i



