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Abstract

NCH1 (NRL PROTEIN FOR CHLOROPLAST MOVEMENT 1) is a plant protein postulated to play a role in
plant immunity, in addition to being a component of the plant blue light signalling pathway directly
downstream of the phaotropin blue light receptors. Confocal microscopy of mCittimgged NCH1
Arabidopsidines and bifluorescence complementation (BiFC) experimemg&istiana benthamianauggest

that in its native staté\rabidopsigprotein AtNCH1 exists as a dimer, théoee confirming the similar results
reported previously in its potato ortholS§NRL1. AINCH1 was also found to localize at the plasma membrane
both in the dark and after blue light treatment both in transgemaibidopsishypocotyls and in the transient
Nicotiana benthamianaexpression system. Preliminary confocal microscopy studies on the putative
phosphorylatiordeficient variantNCH1S60245604A g|sg exhibited similar localization in the plasma membrane
in N. benthamianaAs it was hypothesised that T could play a role il\rabidopsismmunity against the
hemibiotrophic bacteriunPseudomonas syringapv. tomato DC3000 Pst DC3000), flood assay data
suggested that double mutaichl-1/rpt2-3 plants showed inconclusive differences in impairment in immunity
againstPstDC3000 in comparison to the wild type @blants. Further perspectives to the role of NCH1 in
plant immunity include the determination of the phosphorylation state, and #& ablpotential NCH1
interacting partners, including potential hetero interactions with NRL family proteinsArabidopsis

immunity.
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1. Introduction and Theoretical Background

This first chapter provides the general introduction and theoretical background to thisatitbtiie research
conductedo the target prein NCH1, coveringrelevanttopicsand perspectiveBom the plant immunity to
the microbiology of Pseudomonasyringae and finally, to the plant photobiolog€onsequentlythis thesis
presents the background knowledge in three pajt®lant immunity,2) Pseudomonas syringasnd Pst
DC3000, and3) Plant photobiology The links between thestree topics and their relevance tihe
investigation arénighlighted and discussed in detalil.

1.1. Plant Immunity

1.1.1. Plant Immunity Models

The models to explain plant immunity have changed over firhe.earliest modern model that aimed to
explain molecular plant interactions was the gimegene hypothesisy Harold Henry Flgrwhich stated that
plant immunity was a result apecificgeneticcombinations othe host andthe pathogenFlor, 1971) The
plantpathogerinteraction was considered eitifieompatibl@ if the plant became successfully infected by the
microbevirulence factorgr elicitors (now called effectors)rfincompatibl@if the plant successfully warded

off the pathogenConsequently,dr each pathogederived avirulence genghere wagostulated to ba host
resistance or Reneto render that gene produtysfunctional and trerefore unsuccessful in infectiofiVan

Der Biezen and Jones, 1998) | n F I or st acvian gwmred s ,n e i tpdrasite sysiaymb e r
may be identified only byisount er part i n t he o (Florel971)Themmeetals® f t
suggestedhat the plantdefencegenes followed Mendelian segregation ratiise resistance gene was
dominantthein plant hostsimilarly to the dominantavirulence gene in the pathog@tor, 1971) While the
modelwas purely based on genetic analysis failéd togive molecular or biochemical explanations for the
disease phenotypes resulting from t#t@mpatible or incompatiblénteractions, oralternatively, address
instances where a single pathogen elicitor wo@dibiversally detected among a range of plant species and
familiesnon-specifically(Cook et al., 2015)t formed the basic conceptual framework tWaslaterupdated

with newer molecular modelsmsed on molecular pattern recognitésrdcoevolution in a community ecology
context Importantly, he model gave rise teermslike fiavirulenc® and ficompatibilityd that evolvedand
changedover time from their originameaningof specific genetic combationsbased on the Mendelian
genetic analysigito modernmolecularconcepts. Therefore, these conceptsstileusedoutside the original
definition as a part of the modemolecularmodels to describe theature orquality of the plantpathogen
interactions andin the relevanplant and pathogegenenomenclatureFor instancemany pathogen effector
genes areften namedvith a prefixfiAvro standingfor flavirulenc® , samilatly, theplant resistance genes
encoding fothereceptors for these effectasr e s t i R-dene$ Eurtharendretife quality of thevisible
infection phenotypein planthostsan stilbed e s cr i be d acr fftiomparmbdeth miiexes o
outsice the originaMendeliangenetic definition

The advent ofthe pattern recognition modély Charles Janewayr. providedthe biochemical framework for
the earliergenefor-genehypothesisas it described the existence of pathegesociated molecular patterns

(PAMP9 and pattern recognition receptdiRRR$ (Janeway, 1989)This model waghereforecrucial in
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explaining the compatible and incompatible interactions thrpugteinprotein recognition events, especially

the hostligand-binding receptorsecognizingpathogerderived ligandgJaneway, 1989)While the plant
immune systens fundamentallydifferentfrom the animal adaptive immunity in the way that it lacks antibody
mediated adaptive immunity and mobile immune dgflan, 2019; Spoel and Dong, Z)lit is based on the

same premises of patteracognitionas the animal immune system with tlike receptors and interleukin
receptorswherehost receptors bindxogenoudigands in order to facilitate an immune respo(@euto and

Zipfel, 2016; Medzhitov, 2013; Van Der Biezen and Jones, 1988refore, the model made significant
advances in understanding the phytopathology behind the observed compatible and incompatible plant
pathogen interactions and provided molecular expiamatased on protein biology for the principles of the

earlier gendor-gene hypothesis, in addition to also addressingthefgem&e gene model 6s we .

The mostwidely usedmodernmodel in describing plargathogen interactions and pathogenesiBezigzag
model byJones and Dan@g?006) Themodeldevelogsthe ideas ofhegenefor-genehypothesis and microbial
ligand models further into concepts like PANtiygered immunityfPTI, nowalsoknown as MAMPtriggered
immunity, MTI) andeffector-triggered immunityETI), while relating thenolecular model tthe coevolution
of both the pathogen and the plant host in an evolutionary molecular arms race for donfiharcacept of
a virulence factor from the getfer-gene hypothesisvas alsomodernised into the concept oficrobial
effectors This model alsancludespostulated mechanisms for the functions gffi@teins in plant defencéhe
guard hypothesisuggests that plant-Rr ot ei ns fAguardodo key host protei
trigger the plant immune response if theiaglee become modified. Therefoa@jrulent plant pathogens fail
to breach the plant immune system by targeting-sebular plant proteins guarded Wy-proteins where the
modification or removabf the guardee indicates the presence of a pathogenguemsly activatinghe plant

defence responsdresuling in ahostimmune reactiorfJones and Dangl, 2006)

Some of the limitations of the zigganodel include its rigid division into different plant immunity and
susceptibility phases and their respective defeatzed molecules, while in reality, these would be taking
place simultaneously in different parts of the plant, be mediated by oviedappthways, and change
depending on the pathogdBoller and Felix, 2009; Cook et al., 2015 nother criticism relates to its
qualitative approach in describing plant immunity, winleeality there would be less separation between the
alternating mechanisms of plant immunity, and the relative susceptibility/immunity would vary depending on
the pathogen in questidi€ook et al., 2015; Corwin and Kliebenstein, 20IIMis also relates to the more
realistic assumption that overall plant immunity would follow a continuous distribution, as immunity would
be quantitative and pgdenic in nature, instead of following simple Mendelian inheritance and the disease
status of a plant being a blaakdwhite division into total plant resistance and total plant susceptif@ibpk

et al.,, 2015; Corwin and Kliebenstein, 201Dther limitations include reduced accuracy in describing
pathogen strategies other than bacterial biotrophy, and its limitations degcrimitualist symbiont

relationships, noibacterial pathogens, and defence responses against herbivore(iGse&tst al., 2015)

Indeed, elationships between plardgnd microbe can take various forms, ranging from positive hedgct of
mutualistic symbioses where the host and microbe gain advantageshiassociation, to neutral, and
negativeantagonistic associations, where the microbe is pathogenic and aims toitssfieditthe expense of
the plant hos(Ben Khaled et al., 2015; Han, 201%herefore, thédea of plant immunity isrguablya more

complex issue than just defence against aggressive infeofioegative impado the hostThe current plant
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immunity modelhasthereforebeen further updatefilom the zigzagmodelsince its introduction in 200®
includeimmuneelicitors of both host and nemost origin which has led to concepts likeicrobeassociated
molecular patterns (MAMPsgnddamageassociated molecular patterns (DAMPBpller and Felix, 2009)
Thesetermsare nowused alongsider are preferredto the original concept of PAMPBsas they broaden the
scope of host molecular recognition beyond simple pathdgemed molecules, which is important for
portraying theselfnon-selfmodified self-patternrecognition event correctlyrhesealso provide a broader
platform for describingecological relationships other tharicrobial antagonismand providing a framework
through whichmutualistic associations and microbe tolerance bypliet host could be explaine@ook et
al., 2015)

Alternative models have also been proposed, including models stiesaatial immunity modgBurgh and
Joosten, 2019 ndtheinvasion mode{Cook et al., 2015)The spatial immunity moddly Burgh and Joosten
(2019)divides the plant immune systems into intracellular and extracelayars,depending on the site of
pathogen detectiohe invasion moddly Cook et al(2015)aims toaddress manffaws of thezigzagmodel|
including mutualist associationand to clarify the perspectivesmdterminology regarding the plant immune
systemIn the invasiormodel, he division into MTI and ETI hebeen replaced with a collective tefinvasion
patterntriggered responge(IPTR), therefore also including ligands other thetAMPs and effectors of
microbial origin,such asostderived DAMPsas potential immune elicito(€ook et al., 2015whichis also

in line with the MAMP-modeldescribedy Boller and Felix(2009)

This thesiglescribes and utilisébe most widely accepted plant immunity madeldate, which is the updated
zigzagmode| with chapter division according to the &i®n of the recognitioavent It alsoutilisescanonical
and standardiset@rminology from other models if applicablguch as concepts compatibility, avirulence
and R-genes In accordancevith this, it also prefers the use of the concepts of MAMRE BAMPS to the
more simplistiddea of PAMPsand therefore replaces the oldtyledterms likePTI withMTI, as done before
e.g.by Boller and Felix(2009, and Cook et al.(2015) While some fant viral proteinsand viral disease
markers are recognised by the meansTf(Couto and Zipfel, 2016}theseare beyond the scope of this thesis

andtherefore omitted

1.1.2. Extracellular Detection: Plant Basal Defences, MAMPs, and MTI

Plant tissues and the phyllosphere make convenient habitats for many microbes, as they provide a constar
supply of nutrients and water to facilitate pathogeultiplication, while also providing favourable growth
conditions and shelter frohmarshenvironmental conditions such as drought or fdtfiation. Therefore, plants

are constantly under microbial attack from different pathogens, ranging from bacteriazet@nand fungi

to viruses nematodesand herbivorous insecféu and Yao, 2018; Panchal et al., 2016) combatthese

threats plants have evolved layers of physical and molecular mechanisms to protect them from microbial
attempts to make use of thegastresources. The first line dfostdefence against plant pathogens are the
physical barriers of waxy leaf cuticéend atin, and plant primary and secondary cell walisnposed of tough

fibrous cellulose and ligninwhich all physically resist pathogen entry to the plant tissiééants also hava

ba® level of nonspecific antimicrobias, phytoanticiping present intheir tissues(Sels et al., 2008)

Collectively, thesenonspecific meansalt microbial attempts in esting the plant surfaces directias
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pathogens face hostile forces outside plant tissues such as saladighbn andlehydrationand may perish
even in a matter of hous dayson the epiphytic surfacesnot able to make their way to the safety of plant
tissues(Xin and He, 2013)Therefore, many plant pathogessterthe plantthrough wounds oanatomical
openings such deafstomata or water pores in order to reactdihepeplant tissues and multipthere(Jones

and Dangl, 2006)Some microbes, such as furagid oomycete pathogens lilkhytophtlora infestanscan
evenattempt to directly penetrate the plant primary and secondary cell walls by utilising plant cell wall
degrading enzymes such as cellulases, hemicelluladanases, and pectinag&ubicek et al., 20149r push
directly through the plargpidermisusing specialised pressegenerating tsucturesappressori@Judelson and
Blanco, 2005)

The invading pathogen will cause direct plant tissue damage and/or expose its own surface molecules an
epitopes to the plant from the moment it comes into contact with the plant tissues. Therefuentthasal
immunity against microbial pathogens is based on extracelhdat receptor molecules detectirgpth
microbial signature proteirendhostderived damagassociated molecules expected from pathogen invasion
(Couto and Zipfel, 2016)Plant basal defence responses are primarily mediated by PRRb, suinvey the

plant apoplast foiragments otonserved pathogenic molecules, such as bacterial flag@lidoglycanand
elongation factor Tu (ETU), fungal chitin and oomycete INFIelicitin proteinsthat act as danger signhals
(Birch et al., 2009; Boller and Felix, 2009; Chapa@arcia et al., 2015; Couto and Zipfel, 201Bhese types

of microbial signatures collectively comprise the MAMPs, formerly known as PAMBgfore indicate the
presence of invadingrganismsin the plant tissueg¢Boller and Felix, 2009; Jones and Dangl, 2006)
Consequentlybasal plant immunity is regarded to be associated with the innate detection of conserved, slowly
evolvingpathogen epitopes, that are integral and structuraétpathogen and canntiterefore be discarded

or extensively modifie@gasily(Jones and Dangl, 2006)

While pathogens have their own molecular MAfdiBnatures that plant PRRs can sense, there are also separate
PRRr eceptors that monitor the apopl ast for the p!
postive feedback molecules, or any other traces of physical tissue damage, that would result from pathoger
attempts to penetrate the cell wéBller and Felix, 2009; Kimura et al., 2017; Yamaguchi et al., 20)se

kinds of selfderived signals constitute the DAMPs. While many of these receptonsnkn®wn, known
examples include PEPR1/2 (recepgtfar woundingassociated peptide Pepl) and WAK1 (cell wall fragment

and oligogalacturonide receptor), among oth@&aller and Felix, 2009; Brutus et al., 2010; Kimura et al.,
2017) DAMPs detected by these receptors wouldltdsom cell walls being penetrated either chemicdily

the means of cell watlegrading enzymes (CWDG@ubicek et al., 2014 pr physically such as by herbivore

insect feedindErb et al., 2012)Therefore, thdinding of the DAMPligands to theicorrespondingeceptors

notify the plant immune system tffie abnormal presence ofodified selfderived material, such as loose
cellulose or glycanand cell wall fragmenigutin monomers, oligogalacturonidesidplant wound associated
signallingmoleculessuch as pytocytokinegBoller and Felix, 2009; Burgh and Joosten, 2019; Han, 2019

This ensures, that the plant immune system can be induced by both patmdybostderived material, and

will result in the initiation ofan immune reactiofHan, 2019) Importantly, therds also evidence for host
processes that specifically modify MAMPs and DAMPs ighort peptideshat will be recognised by plant
receptorgWang et al., 2020)
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The detection of MAMPs and DAMPs in the extracellular spaces by plant cefl tHidrers a receptor kinase
activationeventand a consequent downstream signalling casfrade the plasmamembrane to the nucleus,
where transcription factors will initiate the transcription of plant defence géhestype of plant immunity
response is termed the micretrigggered immunity, MTI élsoknown as PAMPriggered immunity, PTI),
which will eradicate the microbe before it gets a foothld@l is a nonspecific and generic immune response,
that can be elicited by different classes of pathogens from bacteria to fungi and oorfBuktesnd Flix,
2009) Therefore, itis the first layer oinducible plant immune resporss@as the plant has to regulate its energy
and resource usand reroute these limited resources to its immunity only when nece@Santo and Zipfel,
2016) A classic example of the furioh of PRRs and MAMRriggered immunity is the detection of bacterial
flagellin, for example arising frofPseudomonas syringaefection, by the plant receptor FLS2, which is
reviewed in detaiin the next chapteOther notable MAMPlant PRR pairs inclugfungal chitin and receptor
CERKZ1,andbacterialERTu peptide efrl8, and plant receptor EFfChaparreGarcia et al., 2015; Wang et
al., 2020)

1.1.3. Plant Pattern Recognition: MAMP receptors

The plant extracellulgpattern recognitioneceptoPRR)proteinsfall into two major classes) receptorlike
kinasesandb) receptotlike proteing(Wang et al., 202Qwhich arebothintroducedn Figure 1.1

The first classreceptorlike kinases(RLKSs), are singlepass transmembrane protethat function in plant
growth anddevelopment in addition to their role in immun{fyang et al., 2017As seerin Figure 1.1 (white
rectangular labelsjheyhave a threglomainproteinstructure 1) N-terminalextracellularsensing domaithat
constitutes otonserved motiffor MAMP detection2) a central transmembrane domain, &8hd Gterminal

cytoplasmic kinase that plays a role in attracting and activiiteqgroteininteractingpartners that wilkonvert

[ ]| RLK-tpe Flagellin  EF-Tu  AtPepl Chitin  Peptidoglycan  NLPs SCFE3  LPS
receptor (ﬂgzz) (elflb’) : ! d (nip20) i i
1 1 H 1 ]
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Figure 1.1. Examples of Arabidopsis PRR-proteins, their types, domain composition, and target MAMPs, associated
co-receptors and their intracellular downstream signalling components.

The pathogen MAMPs are recognized by plant PRRs facing into the extracellular space (top), while their or their
signall i ng part ne rlingdorkaing aresdeectadiirgorthee cytoplasm (bottom). Note the lack of intracellular
kinase domain in RLP-type receptors (grey rectangular labels), such as RLP21/30 and LYM1/3, and the influence of
interacting partners and the extracellular domains on the downstream signalling component/ RLCK (white oval labels)
association for the fine-tuning of the immune response. PM: Plasma membrane. Figure modified after Couto and Zipfel
(2016).
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the extracellular signahto anintracellularsignalling cascaddg8en Khaled et al., 2015FurthermoreRLK-
receptors aréurther divided into subfamilies according to thérterminal domaimmotifs, such as leucine
rich repeat (LRR) domairfer proteinbased ligandietectionLysM domains (LYM)for carbohydratédased
epitopeslike fungal chitin, lectintype PRRgor bacterial struatral components like thigpopolysaccharide
(LPS) layer, and EGFlike PRRgor detecting plant DAMP®f whichtheLRR proteins ar¢hebestunderstood
(Couto and Zipfel, 2016)

The second class of plant recepisthe receptotike proteins (RLPsWwhichhave & N-terminal extracellular
receptor domain, and a singdass transmembrane domgigee grey rectangular labels Figure 1.1).

However,unlike RLKs RLPs distinctivelack a cytoplasmidcC-terminal kinaselomainor other intracellular
signalling motifs(Couto and Zipfel, 2016xnd herefore mustassociatavith RLKs or otherkinasessuch as
SOBIR during activation by ligandhindingto mediate theidefencesignalling functiondCouto and Zipfel,
2016; Tang et al., 2017¢Consequentlytheir signallingfunction is dependent on proteimotein interactions

with other proteinshat possesiinctional cytoplasmic signalling domains.

To relay the message of extracellular ligdnidding all the way to the nucleus, receglike cytoplasmic
kinases RLCK$orm the next step in the intracellular signalling cascadevib@e ovallabels inFigure 1.1.).
RLCKsfunction in the downstream signalling below thekgland RLPs to connect them with the cytoplasmic
signalling cascadeandconsequentlyintegratedifferentligand-binding signalgo fine-tune theMTI-response,

as they interact with different receptors with differential affini{@suto and Zipfel, 2016; Wang et al., 2020)
A well-studiedexample of RLCKs i8IK1 (also seen ifrigure 1.1) involved in flagellinflg22 sensing It is
activated by phosphorylation during ligabthding and becomesreleasednto the cytoplasm to activate

downstream cascades as a functional kif@aeg et al., 2017)

A classicexample ofa PRRprotein signalling event is the recognitionth& 22-amino acid fragmenrfis22
epitope by thelant RLK-PRR FLAGELLIN SENSITIVE2 (FLS2) which also demonstrates all these layers
of interconnected signalling networkBoller and Felix, 2009; Jones and Dangl, 2006; Wang et al.,)2020
Bacterial motility organ protein flagellin is such an essential integral and structural pathogen signature, that its
recognition is widely conserved among plafigen Khaled et al., 2015igure 1.2 presents thaierarchy of
the cellular events duringdAMP-PRR binding, such aBLS2 ligand-binding, and the negative regulatory
loopsinvolved in the attenuation of thaefencesignalling for homeostasisThe binding ofthe bacterial
flagellin MAMP flg22 to the receptor FLSPresented on the blue backgroundrigure 1.2) initiates an
activating conformational change the receptqgrwhich triggers théneterodimeric FLSBAK 1 (BAK1, aka.
SERK3) complexformation at the plasmamembrane After this, thecytoplasmicRCLK BIK1 joins the
complex and becomes phosphorylated by the bound BAdgtey background ifrigure 1.2). In turn, BIK1
phosphorylates both FLS2 and BAK1, and as a R(BK(1 is released into theytoplasm to phosphorylate
or otherwise promote the activation fafrther downstreamsignalling targetssuch as calciurdependent
protein kinases (CDPKs) and the mitogptivated protein kinase (MAPK) cascafigeen background in
Figure 1.2). In addition to flg22signalling,BIK1 RCLK is shared by a couple of different plamAMP and
DAMP PRRs andhereforeis an early MTI signal integratdiCouto and Zipfel, 2016)rhe activated FLS2
and BAK1 reeptors are internalised and recycled through vesicle traffickinghariate endocytic pathway,
which suggests potentialfeedback mechanism to control the duratiothefreceptor activatioiBozkurt et

al., 2015; @uto and Zipfel, 2016 \MTI by fls22 signalling is also characterised by the initial signature ROS
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burst, which has both direct antimicrobial effects and signalling functions: This is initiated by activated BIK1
phosphorylating a membraf®und NADPHoxidase RBOHD, therefore activatingdind changing the redox
state of the cytoplasin the course of the ROS buf§outo and Zipfel, 2016BIK1 also stimulates calcium
channel activation, and €dons flow into the celltriggering the activation adDPKs which further initiates

a calciumdependent activation of the cytoplasmic signalling compon@nMang et al., 2020)As free
cytoplasmicBIK1 is anactive kinase, cytoplasmgignallingcascadearemediated bywo parallelmitogen
activated protein kinase (MAPKJascadg which will eventuallyactivate WRKYtranscription factors in the
nucleus(red background irigure 1.2) in order to stimulate the transcription of plant defence genethand
consequentroduction of antimicrobial agentsplant hormones and other signalling molecules (yellow
background irFigure 1.2) (Couto and Zipfel, 2016)

TheresultingMTI responsaims to halt themicrobial invasion before it gets a foothold of the plant,vaith
enough sensitivitand scalability in order to avoid excess, uncontrollable immune reaatiolnesutoimmunity
(Couto and Zipfel, 2016)Therefore, MTI isconsideredd be themilder version of the plant immune reaction,
and does not involve cell deatbr hypersensitive responsehile still resulting in increased plant immunity
and systemic immunity signallingones and Dangl, 2006JheROSburst triggerssignalling forthe closing
of stomata, which wilform an anatomical raer for pathogen entryCouto and Zipfel, 2016)n order to
provide further mechanical barriers, thkant reinforcesdts cell wallsdirectly at the location of the initial
infectionto hinder pathogen entry tbecells(Xin and He, 2013)Cell wall reinforcement is achieved through
increased cell wall synthesispmponentrosslinking and callose depositi¢els et al., 2008; Wang et al.,
2020) Antimicrobial defence genes stimulated by the signalling cascpdmaoe the biosynthesis of
phytoalexirs, such as camalex{€orwin and Kliebenstein, 201 Hurthemore systemic changes are achieved
through plant hormone signalligee yellow background iRigure 1.2), especially satiylic acid (SA), and
involve theinhibition of plant growth hormones such as auxin and brassinostewdiits$h are antagonistic
with systemicSA signalling(Couto and Zipfel, 2016Plant hormone signalling by Si& further detailed in

sectionl.15.
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Figure 1.2 Arabidopsis MTI signalling pathways during flg22 MAMP recognition, and their negative feedback
regulation.

Overview of the plant MTI inducing signalling pathways during bacterial flagellin MAMP flg22 detection, and the related
negative feedback loops to tightly control the duration and scale of the immune response. This includes the initial
MAMP binding by the PRR FLS2 at the plasma membrane (blue background), and the consequent heterotrimeric
PRR signalling complex (FLS2-BAK1-BIK1) formation and activation through phosphorylation (grey background), the
activation of cytoplasmic signalling transduction cascades (green background) by BIK1-dependent phosphorylation
and/or activation of calcium-dependent protein kinases (CDPKs) and the MAPK-cascade, transcriptional regulation
(red background) in the nucleus by the modification of transcription factors (e.g WRKYSs), and the systemic plant-
wide hormonal signals (yellow background). PRR: Pattern recognition receptor; MAMP: Microbe-associated
molecular pattern; RLCK: Receptor-like cytoplasmic kinase, TF: Transcription factor, P: Phosphate; JA: Jasmonic
acid, SA: Salisylic acid. Figure modified after Couto and Zipfel (2016).
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1.1.4. Intracellular Detection: Compatible and Incompatible interactions,
ETS and ETI

As MTI is detrimental for pathogen survival and viability withive plant tissuespathoges participate in
biochemical warfardo attenuate and reverse thl@antimmunity signalling cascaddsefore they result in a
full-blown plantimmune responsglones and Dangl, 200&s shown irFigure 1.3. Effectors are defined as
microbederived molecules that aim to influence the plant immune system, either for mutualistic symbiotic or
antagonistic associatiofCook et al., 2015)and they arecharacteristicallyhighly polymorphic between
different pathogens and their pathovéBsrrett and Heil, 2012)Therefore, theyrea specialised functional
adaptation that facilitaggthe pathogerentry and spread into the surrounding tisswesd population growth
within the plantphyllosphergCook et al., 2015; Upson et al., 2018here arewo potentialoutcomesghat

can result from the pathogen utilising effectapthe pathogen may either succeed in its attack against the
plant, resulting ira compatible interaction aradfectortriggered susceptibility ETS), or b) it may bedetected
interfering with the plant immunity, resulting in avirulenaed incompatibility by plant effectortriggered
immunity ETI). When a pathogen manages to overcome plant immunity through the use of intracellula
effectors, the interaction between the pathogen and the hastreéexred to as a compatible interaction, and
the pathogen will be successful in infecting the plaminsequentlyesulting inETS (Flor, 1971; Jones and
Dangl, 2006)

Plant proteins crucial for the MAMRiggered immunity or other parts of the plant immune respansk
immunerelated signallingre prime targets for pathogigrfluencein order tofacilitatepathogen presenead
multiplicationwhile undetectedly the plant immune system, and therefthie same protein targets are shared
by multiple pathogenand their effectoréWin et al., 2012)Consequently, gaogen effectors aim to modify,
inhibit the activity or synthesisof, targetthese compaentsfor degradationor otherwise render them

dysfunctionalBoller and Fek, 2009; Kamoun, 2006)ndeed, many pathogen effectors are preteddifying
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Figure 1.3 Basic dynamics of plant-pathogen interactions and the relationship between MTI and ETI responses.

While plants detect pathogen presence from the free extracellular pathogen signature MAMPs with their PRR-
receptors, pathogens may interfere with this recognition process by utilising intracellular effectors that will target the
plant MTI-pathway. However, the plant may detect the presence of microbial effectors or the chemical modifications
made by these effectors with their intracellular R-proteins, such as NB-LRR receptors, triggering ETI and a stronger
immune response than the more generic MTI response. Figure modified after Li and Zhang (2016)



20

enzymes such as kinases, dephosphorylases, and ubiquitinases. Other types of effectors include toxins, ar
plant growth regulators, plant hormonespbytchormonemimics For example, the bacteriuPseudomonas

syringaeutilises all theseneans as its invasion strategyyd pathogenes{Xin and He, 2013).

Pathogen effectors are administered into the plant tissues by a variety of methodsieGatie bacteria,

such as the maibiotrophicPseudomonaspecies, utilise a specialised anatomical apparatus called the Type 3
secretion system (T3S8)indeberg, 2012)which typically secretes up to -3 different effectorstahe time.

While this is quite a meagre number in comparison to fungi and oomycetes, which, can produce-é@én 300
different effector proteins at a given instance and utilise specialised anatomical structures called haustoria tha
form close intracelldr associations with their target ceksienthe lower number of bacterial effectors is
enoughto manipulate host immunitfConsequently, almost any stage of the MABMgnalling cascade can be
interfered with byPseudomonas syringge. tomatoDC3000 effectors- either by extracellular or intracellular
meangXin and He, 2013)For Pseudomonas syringge. tomatoDC3000, these will be detailed in section

1.2.2 The number and type of effectors a patholgasalsodepend on the ecological niche of ¢hpathogen.
Someplant pathogens are ecological generalists that can infect various plants and plant families as their life
strategy,consequentlyrelying on high effector numbers or structuraltyjore adaptablegeneral effectoref

which targets are shardgy many plant families withmoderatesimilarity. For example,the oomycete
Phytophthorec i n n a mastrange sovers over 1000 plaintsn numerous unrelataexa(Barrett and Heil,

2012) These general effectqriherefore shouldinteract with their targets ia less specific manndghan
specialist pathogen effectof®arrett and Heil, 2012)nterestingly,a humanand animapathogersecretome

study by Blanco et al. (2018ndeedfoundgeneralist bacteria to utilisecretegroteins withflexible protein
conformatiorsandprevalenintrinsically disorganizedegimns, thereforeable to accommodatelarger number

of targets providing amolecularexplanation tothe greateradapt abi | ity of gener al
proteins to various hostih contrast to ecological generalists, specialist pathog#éhgheir diversifiedstrains

and pathovars have evolved into occupying specialist niches, infecting very limited host ranges such as plant:
of a particular species or familfrhis is exemplified byhe numerousPseudomonasyringaepathovarghat

differ from each ther only in theirhost preferencefXin et al., 2018) While the compatibility and nen
compatibility of the interactions are more Heandw h i t e t han generali stsé, th
plants with their vast but specific effectdGorwin and Kliebenstein, 2017Therefore plant pathogens-
whethera generalist or a specialistwith a compatible sebf effectorst o t h e intracellulargnimsné
receptorggenefor-gene recognitionyvill stumble in their attempts armcomedetected by plandefences
resulting in avirulencand asuccessfuplant immune reactiohy ETI (Corwin and Kliebenstein, 2017; Jones

and Dangl, 2006)

To sensahe presence gfathogenic effectoris the intracellular landscapes aiodrigger the ET, plants have
evolved intricatentracellularreceptorsystemscalled resistance (R) proteitizat cansense the presence of
pathogen effectors either directly or indirectly by monitorikgy plant immunity components for
modifications.The cytoplasmidr-proteins often belong to thgroup of intracellular nucleotideinding site
(NBS) proteins, that have characteristic leegiich repeat (RR) domainsfor ligandbinding similarly to
extracellular PRRsThese form the group oNB-LRR (also known as NLIRreceptors and amurrently the
most widely understoodass of NBS protein@Vang et al., 2020 hese planR-proteins may employ various
molecular strategies for detecting pathogen effectors, which are detailegliie 1.4. These fall broadly into

categories ofl) direct recognitiorof the effector 2) throughguard proteinsgquard hypothesjgJones and
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Figure 1.4 Molecular strategies for plant R-proteins and examples of their function.

Plant R-protein strategies in the recognition of intracellular pathogen effectors, example plant R-proteins and their

target effectors, and possible examples of corresponding animal immune proteins with similar functions. 1) Direct

recognition: the cytoplasmic NB-LRR binds the pathogen effector ligand directly. 2) Guard: the NB-LRR guards a

molecular target and triggers a defence response if the target is modified by the pathogen effector(s). 3) Decoy: NB-
LRR guards a molecular facsimile of an effector target and triggers an immune response if the decoy becomes modified

by pathogen effector action. 4) Integrated decoy: similar in function to nr. 3, but the decoy is an integral part of the

R-protein. Figure after Jones et al. (2016).
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Dangl, 2006), or 3-4) through molecular decoysiécoy hypothesjsvan der Hoorn and Kamou{2008).
According to the guardhypothesis R-proteinsguard thetarget protein for podranslational modifications
(Jones and Dangl, 2006} classic example of this i&rabidagpsis protein RIN4 guarded bythe Rprotein
RPM1: RIN4 is targetedby Pseudomonas syringaeffectors AvrRpl and AvrB for ribosylation and
phosphorylationbut RPM1 will detect theemodificatiors, thereforetriggering ETI(Redditt et al., 2019R-
proteins may alsdake the shape of intracellular decoy protefhat arestructurally reminiscent of the
signalling cascade components, whidnsequenthyinterceptgeneralistavirulent effectors and triggehe
immune response, leading to the ETI and hypersensitive resp@msder Hoorn and Kamoun, 2008hese
decoy proteins are thought to arise frgemeticduplication eventsconsequent functionegadundancyetween
the protein@nd the coevolution betwegtantETI and ETSAs plant immune proteins are overcobyanore
sophisticategbathogen effectors, new ones evolve and the old onesinti®rgoa separate evolutionary path
into decoys(van der Hoorn and Kamoun, 2008)herefore, there may bR-proteins monitoring for
modifications in the decoy bait, or the decoys becoming integrategant® of theR-protein stuctureitself
(Jones et al., 2016)

As millennia have passed, the-ewolution of the plant immune system and plaghogen has given plants the
intracellular means to monitor against the pathégattempts to interfere with thBITl, which puts an
evolutionary selection pressure on the pathogen to demelegl effectors to remain undetected by the plant
immunity. Thi is often referretb as the red queen hypothessganisms need to constantly evolve in order
to maintain the status quo. This is exemplified byziggagmodelof plantpathogen interactiondones and
Dangl, 2006) illustrated in Figure 1.5. After the pathogens evolve new effectors that result in plant
susceptibilityby ETS, the plant needs to evolve newgRnes or other resistance molecules to kgephe
immunity and initiatesuccessfuETI before succumbing to infection and perishing on a population Gkales

and Dangl, 2006)The evolutionary zigzag between the host immunity and susceptibility or periods of plant

MTI ETS ETI ETS ETI
High
A
...................................................... “ Threshold for
HR
0 4 Pathogen \\ Pathogen .
[+F]
3 N effectors \‘ effectors W
Y I \ \ \
(] 1 AN \ Ny
gl 1 N Re MERG .
= I \\ “ Avr-R X
o 1 ‘\\ \\
E 1 V S Avr-R \
LY
- V o AN Threshold for
........ 'VA,\, USRS T Y, Y7
: \\ \ resistance
Low | MAMPs u “

Figure 1.5 The zig-zag model of plant immunity and plant-pathogen interactions.

The model shows the relative strength of the plant immune response (Y-axis) depending on the type and location of
MAMP-perception (X-axis): early extracellular detection of the pathogen will give rise to a milder MTI-response,
whereas intracellular effectors elicit a strong and specific ETI-response, involving the hypersensitive response and
consequent controlled cell death. Over time, red queen dynamics develop, and the plants and pathogens will undergo
co-evolution, resulting in alternating periods of host susceptibility by ETS and immunity by ETI. Figure after Jones and
Dangl (2006)
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ETland ETS, is the basis of the red queen dynamics between the plant and the pathdtiemiresconstant
molecular arms race between the pathogen the plan{tiast 2019; Jones and Dangl, 2008pwever, it is
important to note that the red queen dynansicsmore pronounced with specialist pathogens with tight
coevolutionary relationshipwith their host plantsnd the contrary may be true in the case of generalist
pathogens: instead of tightlyogpled coevolution with a single host species and/or plant family, the
evolutionary associati@would appear more like a network, involving various host species in various extents
and at different time@arrett and Heil, 2012)

As a result of the red queen dynamics, different faakeant immunity face differential selection pressures
by the pathogen effector evolutiGhones and Dangl, 20Q@)hile structurapathogerMAMP moleailes such

as flagellin and chitin cannot be easily or quickly replaced by the pattogeake them unrecognisable by
the plant PRRghe evolution ofndividual effectors is more rapid, as these will be employed to hide the traces
of structural moleculethat cannot be replaced. These effectbeseforefunctionto interfere with the plant
immune system directly, or targeathogerMAMPs themselvegor modification in order to avoid detection

by theplant extracellular receptof€ook et al., 2015)Avirulent effectors thathe plant hosts recognise more
widely will be evolutionarily disfavouredat the expense opathogenmolecules that still facilitate ETS
Thereforegspecially in the case of specialist pathogens infecting only a narrow host range, effector evolution
may be rapidCook et al., 2015; Upson et al., 20E)dgive rise to vastly functionally redundant effectors
(Xin and He, 2013)

1.1.5. Mechanisms of the Plant Immune Responses and Systemic Acquired

Resistance

Theoriginal zigzagmodel(seen irFigure 1.5) hypothesisethe plant immune reactionglTl and ETI, to give
rise to differential levels of immunitgJones and Dangl, 2008} owever, many processes and molecules
perform parallel or overlapping funiehs during the immune reaction, and therefore, anags théooundaries

of strict MTI-ETI dichotomy(Cook et al., 2015)Therefore, it is important to note, ttdifferentplantdefence

processeare often shared as a part of the spimenomenon anare not necessarily mutually exclusive

In contrast to the generiarly interventiorresponse of the MTIETI will culminate instrongspecialised
defence responses both locally and in distas sif¢he plant The lbcaldefenceaesponse in the infected tissue
involvesthe programmed cell death of the affected(sglknown as the hypersensitive respo(isR). Ths
pathogerriggeredcontrolled apoptosis effectively functiottscontain and limit thepread of the infection to
the surrounding tissues by barricading the pathogen to the affecteghdrstarving the pathogen of nutrients
and water, while simultaneously activating other pathogemekited (PR) genesthe production of
phytoalexins angblant cell wall component&Xin and He, 2013)MTI and ETI alsogive rise to systemic
immunity within plantsSystemic acquired resistan@®AR) primes the distaites forthesecondarpathogen
infection, providing the plantswith a systemicresistance that can last up to mon#rsl also provide
transgenerationaksistace against pathogefikachroo and Robin, 2013; Liu et al., 201This mechanism
of systemic pathogen resistance and tissue primidgdendent on SA, which is synthesiseddoghorsmae
synthase in the chloroplasisad/or phenylamine ammonigase pathwayn the cytosollLu and Yao, 2018;

Wildermuth et al., 2001)mportantly, systemic resistance can also be induced artificially in a laboratory setting
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with chemicals and molecules structurally reminiscent of plant systemic resistance molecules SA(@els
et al., 2008)

The pathways of SAR initiation amdobileimmune signal mobilisatioare gesented ifrigure 1.6. The initial
SAR signal originates from the local tissues facing the pathogen and starts with the productionnofusAR
compounds, that includg azelaic acid and with its derivative glycef®phosphate (G3Ph) dihydroabetinal
amine (DA), andt) SA and its volatile derivative methghlicylate (MeSA)which also functions as a mobile
signal and movewith thephloem sagKachroo and Robin, 2013; Lu and Yao, 2018pst azelaic acidics
locally, and is converted into G3P, which in turn is modified into a currently unknown mobile signalling
component that moves in the plant tissues associated withféRdin(Kachroo and Kachroo, 20200his is

a rapid reaction, which starts within64hours of initial pathogen contagachroo and Robin, 2013)n
addition to this, ky defence gendbat encode for components of various defemtated and/or antimicrobial
functions such asPR genesare upregulated during the systemic respoiige currently known plant RR
proteins have structurally and functionally diversproducts ranging from direct antimicrobialssuch as
antifungals, chitinases, glucanagegathogen membrar@ermeabilizing gentsand components that regulate
ROS,and furtherto proteins that aid with th@ant cell wall rigidificationprocess and physical defen¢ésshi

et al., 2021; van Loon et al., 2006; Sels et al., 2008 known plant PRroteinsand their functions are
summarised iMable 1.1. PR gene expressiondgpendent on the SAR signalling, as in mufarbidopsis
plants lacking the SA receptor gen¢BR1(NONEXPRESSOR OF PATHOGENERELATED GENES 1)
NPR3andNPR4 these genes are not-pgulatedBacker et al., 2019)

Jasmonic acid (JA) is anothkeey plant defence hormone, whighimportantfor defence responsegainst
herbivorous insect@ogether withabscisic acid, ABAandnecrotroplc bacterigltogether with ethylenejand
hasan antagonist effect onthe plant SApathwaygCouto and Zipfel, 2016; Lu and Yao, 20187 and SA
controlled pathways arthereforemutually exclusive and will affect one another negativétyriguingly,
biotrophic and hemibiotrophipathogensuse thisfeatureto their advantage andlter the plant systemic
signalling with their owrsecretedpblant hormone mimics in order to manipulate the course of the immune
reaction and to shift the equilibrium of the immune response away froam@diated SAR to a less harmful
JA respnsefor the bacteriun{Xin and He, 2013)Pst DC3000 for example, is known to use a phytotoxin
functionally similar to the furteonal plant hormoneamino acid conjugate jasmonic acigoleucin (JAlle)
calledcoronatine to achieve thialso triggeringpther aberrantr mistimedplant responsefmvourable for the
pathogen invasion, such as stomatal ope(Beng et al., 2012; Lu and Yao, 2018herefore plant defence
networks their controlhubs and overall dynamigsovide an important target for pathogafluence, as will

be discussed more in detail in the neixapter
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Figure 1.6 Interconnected mechanisms of plant systemic acquired resistance.

Orange: Pathogen contact initiates the intracellular release of 18-carbon fatty acids (C18 FA) from the plasma
membrane, which stimulates azelaic acid (AA, abbreviation in this figure only) production, and its further processing
into G3P. G3P is further processed into a signalling molecule (currently unknown, termed G3P* in the figure) that will
move systemically together with the protein DIR1. In the distal tissues, successful SAR requires an intact leaf cuticle.

Red: Pathogen contact stimulates lysine conversion into pipecolic acid (Pip), priming the tissues for SA accumulation.

Blue: Simultaneously to lysine conversion, dihydroabetinal amine (DA) accumulates. While DA and AA may move to
some extent from the local tissues, DA and PIP initiate the local synthesis and accumulaltion of SA, whose volatile
derivative, methyl-salicylate (MeSA) is thought to be the mobile systemic signal. MeSA may be converted back into
SA in distal sites, which is sensed by SA-receptors NPR3 and NPR4, which prime the distal sites against infection by
stimulating TGA and WRKY-transcription factors.

The systemic SA-signal is thought to remodel the chromatin, which can also bring about transgenerational epigenetic
memory of the infection for the progeny.

Figure after Kachroo and Robin (2013).
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Table 1.1 Examples of plant pathogenesis-related (PR) proteins, induced by the plant systemic acquired resistance.

Table compiled from Sels et al. (2008) (a), van Loon et al. (2006) (b), and Joshi et al. (2021) (c). Items on grey
background are putative PR-proteins.

Type membera.¢

Gene

symbols

b

Typical
size
kDa

Properties2.b.c

Proposed
target(s)

NicotianatabacumPR-1a yprt 15 Antifungal ¢ Unknown 2
yPra Fungal § -1,3
NicotianatabacumPR-2 [gns2 30 B-1,3-Glucanase 2¢ anIguiai -a’ . ;
(glb)] -
m NicotianatabacumP, Q  ypr3,chia  25-30 Chl:c,a\/s,sfl(iLT; il’“' Microbial chitin 2
NicotianatabacumR yprd, chid ~ 15-20  Chitinase (class I,I1)3¢  Microbial chitin 2
m Nicotianatabacum$S ypr5 25 Thaumatin-like 2.¢ Microbial
membrane 2
m Solanurm {yc.:opefs:wm yp:rﬁ_, {”S 8 Proteinase-inhibitor ¢ Unknown* 2
Inhibitor | (‘pin’)
Unknown* 2
Solanum|, ersicum .
PR-7 gg:p ypr7? 75 Endoproteinase ¢ W Frermalarell el
walls?®
: : Chitinase (class Ill) 3¢
PR-8 C"C”r?_'ssam’“s ypr8,chib 28 Chitin 2
chitinase Lysozyme °
Unknown* 2
Nicotianatabacum
ypr9, prx 35 Peroxidase 3¢ Plant cell wall
lignin-forming peroxidase lignification
catalysis? ©
Petroselinum crispum . .
PR1 ypri10 17 Ribonuclease-like 2:¢ Unknown* 2
Nicotianatabacum ypri1
hi ' 40 Chitinase (class I) 2 Micraobial chitin?
class V chitinase chic
Raphanus raphanistrum e Microbial
m Rs-AFP3 ypri2 5 Defensin membrane?
Thionin 3¢
Arabidopsisthaliana X Microbial
THI2.1 yprt3, thi ° Membrane membrane?
permeabilization ©
Lipid-transfer protein 2-¢
Hordeum vulgare LTP4  ypri4, It 9 Membrane M'Cr;:b'a' i
permeabilization, =
lipid catabolism©
Oxalate oxidase 3¢
Hordeum vulgare OxOa .
(germin) ypr1s 20 Superoxide dismutase Unknown* 2
activity °
Oxalate oxidase-like 2-©
Hordeumvulgare OxOLP ypri16 20 Superoxide dismutase Unknown* 2
activity °
Unknown* 2
Antiviral, antifungal ©
Seu Nicotianatabacum = - Pathogen cell
. PRp27 yer Proteinase-like walls? ¢
.
activity Plant signalling?
C

*: No in vitro antimicrobial activity reported?
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1.2. Pseudomonas syringae and Pst DC3000

1.2.1. Pseudomonas syringae and Ps pathovars

Pseudomonas syringdBs) is a rodshaped grarmegative bacterium and one of the most common crop plant
pathogenglobally (Lu and Yao, 2018; Xin et al., 2018)s numerouslifferent pathovars cause bacterial speck
disease in almost all economically significant crop plants, infecting notable fruitandpsesh produckke
tomatoes and peppers from the fan8lyianaceaeand exotic fruits like mangoesd kiwifruitsamong others

i of which kiwifruits have been affected by a significant bacterial bleeding canker outbreak in New Zealand,
Asia, Chile and southern Europe since 2Q@8Cann et al., 2017; Rooney et al., 2020; Xin and He, 2013; Xin

et al., 2018)The bacterium is motile with its polar flagelidnich facilitate swimming and swarmin¢Xin and

He, 2013) In the affected plantandtissues, classi®s symptoms include chlorosis and locatizeecrotic
wounding with distinctive watesoaked lesions as the pathogen secretes effector proteins into the host and
induces the accumulation of fluid into the apopl&dizabeth and Bender, 2007; Xin et al., 20183 it has

the ability to nfect the whole phyllosphere including fruits, leaves and stems, the bacterial speck disease results
in the overall reduced fithess of the mother pkamd consequerconomic losses: Bsinfection in the fruits

is a significant reason for crop rejection due to bacterial spoilage and reduced ofutidyfresh produce

(GutiérrezBar r anquero et al ., 2019; R2o0. Clvarez et al

Different plant pathogen strains, such as in the cags species, tend to exhikat large variety in the plants

they infect, and strains that seem otherwise the same appear to differ only in their host preferences: Thes
classes of pat hogen strains that exhibit di ffere
abbreviat d  fA(Bradbuby, 1983)There are over 6Bs pathovars wittonly slight differences in their host

plant preference, makingPs with all its pathovars collectively a number 1 on the-1@plist of bacterial
pathogengGutiérrezBarranquero et al., 2019; Mansfield et al., 201®)aboratorymadetomato pathovar

with rifampicin antibiotic resistanc®seudomonas syringae. tomatoDC3000(PstDC3000, has become a
popular and stcessful model system for bacterial pathogens, as it can infect the modeA@hittopsis
thaliana(Cuppels, 1986; Whalen et al., 199Ihis ArabidopsisPseudomongsathosystem hasnceprovided

great insights into plafgathogen interactions and bacterial effector functifexslitated by the vast amount

of researchperformed onthe Arabidopsismodel plant(Xin and He, 2013) Therefore,the Arabidopsis
Pseudomonagathosystem is ideal for the studies on the links of plant immuitityother plant functionand

well-studiedsignalling pathwayssuch adight signalling.
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1.2.2. Pseudomonas syringae: Genetic Mechanisms of Virulence

As can be deduced from its ecological niche as a specialist plant pathogest D@&3000 genome encodes
various mechanisms to interfere with the plant immune system, including highly specialised effectors and
phytotoxins. With a complete genome sequesinee 2003Buell et al., 2003)thePstDC3000 genome has

been thoroughly analysed for the presence of effector genes and other virulence mechaitbrhayelgiven

great insight into the moleculatrategie®f bacterial virulence. To successfully infect plants and avoid being
detected by the different layers and mechanisms of plant imm&sitipC3000 utilises 34 effectors, whereas
otherPspathovarssuch a$. syringaepv. japonica,may use as little as only 9 effect¢tsndeberg, 2012)
Thesebacterial effectors arecollectively called Type3 effectors (T3E), as they are administered Hoy t
bacterial type3 secretion system (T3SSharacteristic for Gramegative bacteriéLindeberg, 2012; Lu and

Yao, 2018) T3SS injection pilus acts aswigsge, that injectshe secretedffectors directly into the plant cell
cytoplasm, and its components are encoded iPgtgenome in the conserved effector locus (CERgng et

al., 2012) The importance of T3Es is thatllectively, all the differenteffectors can practically jam any stage

of the MAMP triggered immunity, as seenhigure 1.7 andTable 1.2: they can, for example, inhibit PRR
complex formation and MAMP recognition, interfere with the cytoplasmic defence signalling and MAPK
cascade, tamper with mRNA processing, modifyprBteins, re-route vesicle traffic, interfere with
mitochondrial functionandtarget chloroplasts for inhibition of ROS production and SA biosyntlixgiset

al., 2018) In an organismal scale, these changes can translate into abnormal plant hormone production anc
signalling patterns, and abnormal timsngf normal plant responses all necessary for the pathogen life
strategyand viability(Panchal et al., 2016; Xin et a2018)

Coronatine (Cor) is one of the most importdétgt phytotoxins and is largely accountable for the plant
symptoms during the disease cycle, including chlorosis that results from chlorophyll degradation, and abnormal
plant responses, such as sttathapening and downregulation of SA signalling. It is a polyketide compound

and a functional mimic of the bioactive plant defence horran@o acid conjugate JAe, which in plants

confers resistance against necrotrophic pathogens and insects, ot amtagonistic to the SA signalling
normally activated by hemibiotrophs likst (Katsir et al., 2008; Toum et al., 201&)or phytotoxin yields

many favourable outcomes for the pathogen, such as the openingpeniey of stomata (as ROS and MTI
typically cause rapid stomatal closure as a mechanism of physical barrier defence) which facilitates further
pathogen entry from the leaf surfag@sum et al., 2016)Iin addition to this, it can lead to the prevention of

MTI and consequent SAR, which together incré@sivirulence and fecundity, and result in increased disease

symptoms in the plarfGeng et al., 2012)

In normal healthy plant cells, JAe hormone conjugate performs the switch of resource allocation between
defence and growth, as JA is a negative regulator of vegetative growth and a positive indicator of tissue
damage, in addition to its role in biotic sgesignalling(Katsir et al., 2008)In order to facilitate pathogen
invasion and to be able to multiply in the apoplast without being targeted by the plant immune system, Cor
functions to reroute signalling towards a less harmful direction for the pathogen: as SAR would be detrimental
to Pst a mistimed JAmediated immunity compromises MTI and plant defences appropriate for hemibiotrophic
bacterial pathogens likest(Geng et al., 2012While Cor has multiple targets within plant cells, it functions

mainly through the suppression of SA by mimickingll®and agonistically activating the cellulahBx
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Figure 1.7 Pseudomonas syringae and genetic mechanisms for virulence.

Red background denotes known Pst DC3000 effectors, and yellow background denotes known effectors from other
Ps pathovars, blue rectangular items are host target proteins. Note how Pst effectors can interfere redundantly with
practically all steps and components of the plant immune system: 1) MAMP-recognition and RLCKs, 2) the MAPK-
cascade, 3) ETl and SA-mediated immunity protein EDS1, 4) Gene transcripts, 5) Vesicle trafficking and vesicle cargo,
6) the cytoskeleton, 7) R-protein RIN4 and 8) chloroplast processes, and 9) mitochondrial processes. Figure after Xin
and He (2013).
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Table 1.2 Overview of Pst DC3000 Effectors.

Left Known Pst DC3000 Type-3 Effectors, their plant targets and target processes, and if available, other information
on the particular effector featured in this thesis. Right Pst DC3000 effectors with unknown plant host targets. Tables
modified and compiled from Xin et al. (2018), and Xin and He (2013).

Ty:esgngf::::tzrs Host target Host process Other Pst DC3000
= Effectors With
- 4= Unknown Plant
AvrB RIN4, MPK4, =i | See Fig. 1.4. Targets
HSP90, RAR1 COMPIEX " and Fig. 1.7, @ AVIE
AvrE PP2A - Hopl1
See Fig. 1.4.
AvrPphB BIK1, PBS1, PBLs MTI ARG ERy ) HopAA1-1
RIN4 RIN4 complex ~ See 1.7, ) HopAA1-2
AvrPto See Fig. 1.4 HopR1
FLS2, EFR, BAK1 MTI and Fig. 1.7, @ HopQ1
RIN4 RIN4 complex  See 1.7, @ HopY1
FLS2, CERK1, HopO1 [
=
AVIPtoB BTIS. BAKA MTI See 1.7, M g 2
=
FEN, RHopAD1 ETI HopV1 s 8
- ABA HopAO1 ]
See Fig. 1.4 HopA1 SR
AvrRpm1 RIN4 RIN4 complex AR P D
and Fig. 1.7, @) HopH1 S o
w 3
EDS1 EDS1 See Fig. 1.7, ® (7]
AvrRps4 HopC1 o
WRKY TFs MTI See Fig. 1.4. e 5
o
MPK4,MPK11 MTI L g'
AUX/IAA Auxin HopY1 S
AVIRpt2
See Fig. 1.4. Hop$1
RIN4 RIN4 complex and Fig. 1.7, @
M HopAM1
EDS1 EDS1 See 1.7,
HopA1 @ HopK1
- Proteasome
HopAF1 MTN1,MTN2 Ethylene
HopAl1 MPK3, MPK6, MPK4 MTI See Fig. 1.7, 2
HopAM1 = ABA
HopAO1 - Proteasome
HopB1 BAK1 MTI
HopBB1 JAZ JA
HopD1 NTL9 ETI
HopE1 MAPB5 Microtubule
BAK1, MKK5 MTI 956 Fig. 1.7, @
HopF2
RIN4 RIN4 complex  SeeFig. 1.7, ?)
- Proteasome
HopG1 L .
Kinesin Actin
- SA
Hopl1
s HSP70 Chloroplast See Fig. 1.7,
HopK1 - Chloroplast
- Proteasome
HopM1 .
MIN7 Waterbalance  See Fig. 1.7, (8
HopN1 PsbQ Chloroplast See Fig. 1.7,
HopQ1 = Cytokinin
HopU1 GRP7 and GRP8 Gene transcripts  See Fig. 1.7, (@)
HopW1 Actin Actin
HopX1 JAZ JA
JAZ JA
HopZ1ia GmHID1 Phytoalexin SeeFig. 1.7, 3
Tubulin Microtubule See Fig. 1.7, 3@
HopZ1b GmHID1 Phytoalexin SeeFig. 1.7, 3
HopZ4 RPT6 Proteasome
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protein and JAlle receptor COI1 that functions as the substrate adapter of the E3 ubiquitin ligd$€'SCF
This ubiquitin ligase plays a role thetargeted degradation of proteins with Jasmodate (JAZ) domains,
which aretherepressors of the SA pathway through MY(G&ng et al., 2012; Katsir et al., 2008jowever,
Cor hasalso been found to have 166@tld higher bioactivity than normal JAe in tomato plants, causing
further magnification of the SA signalling perturbati@mda significantshift in the plant systemic defence

hormone equilibriun{Katsir et al., P08).

As C3 and C4 plants close their stomata for the night when plant defences are naturally downregulated,
stomatal closure also acts as a barrier for pathogen penetration. To prolong the time window of the temporally
coordinated invasiorRst can utilise itseffectors and phytotoxins to hijack the host immune system and to
force the plant to perform abnormal responses favourable for the pathogen, both when outside and inside th
plant tissues. As night is ideal fBstmotility and cooler ambient temperatumceurages water condensation

and mist on plant surfaces, Cor can be useddtin the epiphytic phase to force the stomata open against the
normal diurnal stomatal cycle and block the MTI induced closure s{gaalchal et al., 201650me of these

plant pathways targeted Hyst Cor phytotoxin intriguingly involve the plant circadian clock pathways
ultimately governed by plant photoreceptors. For instance, Cobéws found to negatively regulate the
Arabidopsiscircadian clock genes by reducing the amplitude and extending the period of clock components in
a JA receptedependent manner, therefore reprogramming the plant circadian clock for increased
pathogenesisPst strains lacking Cobiosynthesiggenewere also found less virulent in plants grown on a
diurnal cycle and the disease phenotype appears to be at least partialiddigémden{Gao et al., 2020;
Panchal et al., 2016)

1.2.3. Pst DC3000 Life Cycle

Oncea plantpathogen is inside the plant tissuhe course otheinfectionwill depend on thdife strategy and
nutritional requirementsf the pathogenBiotrophic pathogenswhich evolutionarily originate from plant
mutualistsevolving pathogenidraits, complete their life cyclesolelyin live plants whereasnecrotrophic
bacteria which in contrastevolutionarily originate from saprotroplggining the ability to infect live plagt
kill the host plant tanultiply in the dead plant tissugganes and Dangl, 2006j{lowever,PstDC3000 is an
example of a hemibiotrojph pathogenhemibiotropls exhibitboth biotrophic and necrotrophic phasiestly
startingby infecting live plantsand multiplying in liveplanttissues, but then switching strategiesover the

course otheinfectionandeventuallykilling the plant(Xin and He, 2013)

Following its hemibiotrophic ife cycle Figure 1.8), the Pst colonisation of a plant can be divided into
epiphytic and endophytic phasesR2 o CI v a r e. PstECBO0Gstarts jts ineCtidrepiphytically on
the surfaceof healthy plantgFigure 1.8 A). Bacteria are transmitted thehealthyleaf surfacefrom infected
plantsby rain and liquid dropletsand high environmental humidity promotes infecti@nce on the leaf
surface(Figure 1.8 B), the bacteriaare motile anditilise quorum sensing and phetimd chemotactic cues to
swarminsidethe plant tissues through natural opeys such aspenstomataor wound site®y utilising their
flagellaefor swimming(Figure 1.8 C). Alternatively,Pstcan alsemployspecialice nucleation proteins as a

virulence strategy in order tdirectly inflict wounds on the host plants and to make entrancesviift
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colonisaton (Xin et al., 2018)Unlike many othelPs strains and pathovais the wild, the laboratory strain
PstDC3000is aweak epiphyte and most vulnerable when in touch withatiieticenvironmen (Feil et al.,

2005) Therefore, thephyllosphere and the apoplaate the ideal environmers for Pst DC300Q andthe
endophytic phasimside the plant tissugs characterised bgggressivébacteriaimultiplication( R2 o Cl v ar
et al., 2014)Figure 1.8 D). Through the extensive use i effectors to attenuate plant defencibg Pst
population willenter its exponential growth phase untibictesits peak and plateasi As plantnutrierts and
otherresources becomnlecally depleted with the increasing bacterial populatoad activity (incl.secreted
phytotoxins andeffectors) the infection will shift tothe necrotrophic phase and plant tissues will become
visibly chlorotic and necroti¢Xin and He, 2013}Figure 1.8 E).

In addition to the mechanisms of infection, also the timing of the bacterial invasion is important to ensure the
maximal viability and virulencefor the Pst As many plant processes, including the immune reactare
regulated by lightandthe plantimmune reactions involveolecularcomponents such as ROS and SA made
in the chloroplastén the daylight (Kangasjéarvi et al., 2012; Kimura et al., 2017; Wildatmet al., 2001)
pathogensangain an advantage by infecting thestplants at timesthey arenaturally the most vulnerable
and unable to achieve peak immunityR2 o C| v a r e.Zhemfore PstiDC3000 DaBtd @ set of
photoreceptors thahonitor for differentlight conditions and times of the gathese include thélue light
receptaes, such as LOWomainreceptorsBLUF, PYP and cryptochrometyo bacteriophytochromesr red
light detection and a lightactivated proton pump proteorhodopéirR2 o C| v ar e SudiesbyRa& lo. z
Alvarez et al(2014)andSantamae-Hernando et al(2018)foundthat white and blue light wavelengttis
addition tohigh irradiation discouragedPstmatility , inducedhe bacterial 3SS geneand promotedethering

to the plant surfacestogether withbacterialbiofilm formation. In contrastjower light intensitiesdarkness
and monochromatic red light promotéécterial mobility, swarmingbehaviour and more severe disease
phenotypeandtriggered areductionin the coronatinephytotoxin productionThereforethe pathogens need
to divide the phases of invasion into the motile ploagside the plarand static phasessidethe plant tissues,
asthe timing of the infection is importarandcorrectly timedlagellar motility will determine the outconud

the irfection Mostbacterialmovement musbccuroutsidethe peak daylight hourfor the pathogent make

it to the safety of the@hyllosphere befor¢ghe plant regains its full immune powier the daylight and the
attachmenand quorum sensirig full daylight conditions also primes the pathogenT86Seffector injection

in order to suppress the peak immunmvtyenoptimal light conditions are present for the pldins also notable,
that rootinfecting Pseudomonaspecies, namel. putidaand P.fluoresces, have been found ttack the
LOV domain blue photoreceptors, providifigther evidence for the importance of the environmental light

cuesin thevirulence ofthe phyllospheric pathogsrsuch a®stDC3000( R2 o Cl varez et al
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Figure 1.8 Pseudomonas syringae life cycle and compatible interaction in planta.

A simplified schematic diagram detailing a compatible interaction between Ps and a host plant, and the course of the
infection (not to scale). a) Infection will start on the leaf surface of a healthy plant; b) bacteria are transmitted to the
top of the leaf, and initiate the motile phase and swarming behaviour; c) the pathogens invade the plant through wound
sites or open stomata, or alternatively, utilise their effectors to initiate stomatal opening; d) Ps multiplies in the apoplast,
which is its favoured habitat, while simultaneously suppressing both inter- and intracellular plant signalling through
effectors and phytotoxins; e) Plants develop the characteristic disease phenotype, including necrotic lesions and
chlorosis. Figure after Xin and He (2013).
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1.3. Plant Photobiology
1.3.1. Plant Photomorphogenesis

Photomorphogenesis refers to plant growth and developmearesponse to the visible liglmortion of the
electromagnetic spectrurtt involvesplant photoreceptorspecific to particular wavelengths of visible light,
whichallow the gathering of environmental informationorderto trigger downstream signalling cascades for
the optimal regulation of the plant genomic plasti¢iplta and Carvalho, 20157 hereforethe higherplant

life cycleinvolves several lightlependenphase changgKim et al., 2017)The first lightdependenprocess

for the plant is the relight-dependenseed germinatigrwhereabrief environmentafed light signal functios

as thetriggerfor germinationin many specie¢éBae and Choi, 2008 he germination conditions determine
the first photomorphogenic life strategy decisiseeleft yellow frame i WT, i Figure 1.9): inthedarkness,

the nasentwild type seedlingwill go through skotomorphogenesis and grow a tall hypocotyl in the search of
light, with its apical hook turned inwards to protect the folded cotyledons during growth through the soil layers
(Perrella et al., 20204t this stagethe seedling is etiolated and coloured whitepale yellow De-etiolation

and phasehangdrom the seedling stage thejuvenilevegetative stateccurs when the seedling senses light
for the first time This triggers the massive lightlependenttranscriptomeremodelling and chromatin
reorganizatiorandchanges the plant from dagrtown etiolatedphenotype to photosynthesising liggrown
de-etiolatedphenotypgPaik and Huq, 2019Puring deetiolation, thehypocotyl extension stopthe apical
hook uncurls and the cotyledonspand and flattenand the plant colour turns grewiith the conversion of
chloroplast precursor etioplasts into functional chloroplésiis et al., 2017; Wu, 2014ps seen ifrigure

19(right yellow frame, AWTO0)

The stark differences between the etiolated aretidéated phenotypes have allowbéthoroughresearch of

the photomorphogenicegulatory genesand theirconsequentletermination as positive or negative factors of
photomorphogenesis, as showrFigure 1.9. Mutants in positive regulators of photomorphogenesis, such as
phytochrome or cryptochrome photoreceptors, signalling nodes, and positive transdaptors, appear to

be undergoing skotomorphogenesis even if grown in (ighm et al., 2017; Wu, 2014)The opposite is true

for the negative regulators of photomhogenesis, which are, for example, key E3 ubiquitin ligase components
that degrade the light signalling proteins in the dark. These mutants have a distinctive phenotype seen ir
darkness: the seedlings are coloured pale or white as they are etiolapddartmorphologically detiolated

as if they had sensed ligtitvu, 2014)Therefore, photomorphogenioutations affectlifferent steps irthe
plantsignal transductiopathway from the light receptoproteirs to thedownstream signalling components,
signalling nodesndsignalintegratos, and their negative regulatory loops to photomorphogemesiwoting

transcription factors, as shownHhigure 1.10.

As light is among thenost important environmental factors for the pl@gém et al., 2017)roughly 1/3 of the
Arabidopsisgenome is controlled im light-depenént fashion(Ma et al., 2001) Photoreceptors gather
environmental information that will direct the organisvide decision making and commitment from one life
phase to another: the transitions have to be rmaifdy and they are irreversible, and therefdte cost of a

badly timed life phase commitment is reduced viability and reduced number of seeds at best, and death a
worst.Photoreceptoinputand other environmental information cango®led andissessed isignalling nodes

and signal integrato points. One major signalhg node for plant photoreception is tiit ONGATED
HYPOCOTYL 5 HY5) bzZip transcription factorwhich is the mainphotomorphogeniswitch controlling
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Figure 1.9 Examples of normal photomorphogenesis in Arabidopsis, photomorphogenic mutants, and their

phenotypes.

Wild type example seedling phenotypes in dark (black background) and light (yellow background) are shown inside
yellow frames. Negative photomorphogenesis regulator-mutants (green background) exhibit de-etiolated phenotype
in the dark, whereas positive regulator mutants (red background) exhibit etiolated phenotype in the light. Figure after

Wu (2014).
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Signal transduction from the initial light signal (left) and its detection by photoreceptors to the removal of negative
regulators (E3 ubiquitin ligase complexes) and stimulation of positive transcription factors and signal integrators. All
these factors will alter the gene expression and result in transcriptional reprogramming, which underpins
photomorphogenic development and de-etiolation. Compare with Figure 1.9 above. Figure after Xu (2020).
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hypocotyl extension and interacts with 3000 gene(loee et al., 2007he defaulin the darkis thenegatve
regulation andiestabilisation of HYSranscription factothrough targeted degradation, and only sufficient
sum of the environmentdhctorscan promote hypocotyl growth by removing the negative regulation and
stabilising HY5. hy5 mutants have long hypocotyls regardless of light conditions, but hy5 also exhibits
functional redundancy e.g. with transcription factor Hgkl, 2020) The key regulatobehind the targeted
HY5 degradation and suppression of photomorphogenesis in thésdailk COPISPA E3 ubiquitin ligase
which is a negative regulator of photomorphogenéste Figure 1.9 and Figure 1.10). Light-dependent
photoreceptor signalling cascadéserefore function to inhibit COP1SPA repressoffunction to allow the

expression of photomorphogenic gei€sn et al., 2017)

Once the plant has sensed light and gone througétidlation, tle plant will simultaneously start the
entrainment ofts circadian clockusingits cryptochrome and Zeitlupiamily photoreceptor¢Paik and Hugq,
2019; Wu, 2014)Theseedling will alsdegin tooptimise its growthfor the establishment of the seedling and
correct its growth habit to maximise photosynthesis: this directional gramdisolar trackingand shade
avoidanceare mediated by phototropins and phytochromes, respec{Batyand Choi, 2008; Kutschera and
Briggs, 2016) In too high light conditions, photoreceptors coordinate photoprotecHamt flavonoid
biosynthesis i$JV-B light stimulatedand plays a role in plant photoprotection antbaring (Jenkins, 2014)
while the chloroplasts undergphot2mediated photorelocation and avoidance moven€oetsugu and
Wada, 2007,)Photoreceptors will also play a role in gwrect timing ofphase changes the plant, which is
especially important for annuals. Vegetative growth therefore constantly optimised to maximise
photosynthesis antb gather resources and energy for future spread by sexual or asexual reproduction
addition to this, phytochromgsryptochromes, and Zeitlugamily photoreceptortime the reproductionby
adjusting flowering time taorrectlytime the pollination, caalinate the time of seed setting, and in perennials,
aid with cold acclimation(Paik and Hug, 2019; Perrella et al., 2020)
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1.3.2. Plant Light Receptors and Light Signalling

As plants are sessile organisms and must rely on the plasticity of their genome for their survival, light provides
a vital environmentalcue for plant growth and development. Therefore, to gather important information
regarding their surroundings and tguéate this genomic plasticity to make the most out of their fixed habitat,
higherplants have evolved five classes of specialised photoreceptors to assess the wavelength, duration an
direction of light(Christie et al., 2015; Jenkins, 201Redand farredlight receptos phytochromes AE (phy

A-E), blue light (BL) andUV-A receptors phototropins dnd2 (photl and pho)2 cryptochromed and 2

(cryl and cry2)and zeitupe family photoreceptors ztfkfl and lkp2 andfinally, the UV-B receptor UVR8
(Christie et al., 2015; Jenkins, 2014; Paik and Huq, 2G93een ifrigure 1.11. According toPaik and Huqg

(2019) all 5 classef photoreceptors share three key similarities despite their molecular differences and
different mode®f action:1) the ability to convert photon energy input into photoreceptor activation through

a conformational change in the proteR) the ability to relay the activation information forward in the
signalling chain through proteiposttranslational modificationsand 3) the ability to self-regulate through
receptor desensitisation and negative feedback lo@ak and Hug, 2019)

A typical photoreceptor structure consists of an apoprotein frgitheut the pigmentandthe chromophore,
which is asmdl organic cofactor pigmentmolecule that absorbs light. Together they comprise the
photoreceptor holoproteinyherethe smdl light-dependenthemical reactions within thehromophoreare
transformel into large structural and functional changes in the protein stru®boreceptors and their
cofactors are presentedkigure 1.11. Phytochromebind phytochromoliin asits cofactor andBL receptors
phototropins Zeitlupes and cryptochromebind flavin-basedcofactos as their main chromophgorsuch as
flavin mononucleotide (FMNin Zeitlupe$ or flavin adenine dinucleotide (FADin phototropins and
cryptochromeg(Bae and Choi, @8; Christie et al., 2015)n contrast taall the other plant photoreceptors,
the UV-B photoreceptotJVR8 does not have an inorganic chromophaisits photoreceptive function is
mediated bya triad of aromatiamino acidryptopharresiduegChristie et al., 2012; Jenkins, 2014)

Wavelength 280 315 400 500 563 660 730 nm
—>
Light Colour
(Perceived visible light RED FAR-RED

and non-visible UV)

'
Photoreceptor I Phytochromes I
Chromophore Phytochromo-
T ags
| p I | FMN I MTHF bilin

Figure 1.11 Overview of plant photoreceptors, their approximate absorbed wavelengths, and their bound chromophore
cofactors.

Figure compiled after Heijde and Ulm (2012) and Folta and Carvalho (2015) .
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Plant photoreceptors have specialisegéaoceive different wavelengths of visitdead UV light, originating
from the suras white light Therefore, ight wavelength and intensity determine the exact cellular patangy

responses activated the plant ch.

Phytochromes

Phytochromes are the main red light sensors in plaritiEh detect red and fared light at600-750 nm with
their covalently attached linear tetrapyrrole phytochromobilin chromopMn@ginski et al, 2011; Paik and
Hug, 2019) There areif/e distincttypes consisting gbhytochromes#\-E, of which PhyA plays a distinct role
from the resduring deetiolation photolabilePhyA israpidly degraded in lightwhereas PhyHE areall stable
(Bae and Choi, 2008The photoreceptor is synthesised in the cytosol in the inactif@mrandis a dimerin

all conditions activationby red light and the consequent photoigoisation of the chromophore induces the
photoconversion of the full photoreceptor into the active f®fim with exposedinteraction surfaces and
localization signalgBae and Choi, 2008Furthermoreectivationalsotriggers the proteinelocalizationfrom
the cytoplasm to the nucleus the nucleus, Phyisitiate the degradtion ofbasic hek-loop-helix (bHLH)-
transcription factorsphytochrome interacting factor®If9, and inactivatethe repressoand light signal
integrator CORSPA (as seen previously ifrigure 1.10), thereforeremoving negative regulation and
promotingand stabilisingpositive photomorphogenic regulators, suchLA$, HY5 and HYH and HFR,
resulting in lightdependengene transcriptio@Paik and Hug, 2019; Perrella et al., 2020)

The activePfr absorbs different wavelengths of lightthe Prform andwill be consequentlghotoconverted
back intoinactivePr in farred light or darkess rapidlyresulting in constantly changing pools of active and
inactive Phys invarious ratios termed photoequilibria The cellular Pfr-Pr photoequilibriumis crucial in
assessing thexactlight environment experienced by the sdtir key plant life strategy desions including
deetiolationmediated by PhyA, among othdRivadossi et al., 2008; Sakuraba et al., 20PA)ytochromes
are alsovital for the plant shade avoidance reaction,regural conditions such as canopy shade filter red
wavelengths out from sunlight, enriching the remaining light passing through the leavesthavelengths
Excessfar-red light gives the plant information about being shaded thereforeencouragesypocotylor
stemgrowthto gain access to sunligand greater photosynthetic efficien®aik and Huq, 2019Dther major
functions involvethe sequentiakenescence of older shadedves(Sakuraba et al., 2014; Ueda et al., 2020)
andthe control of flowering time whenhe high Pfr to Prratio promotes flowering ifong-day plants while
inhibiting it in shortday plantqPerrella et al., 2020There is also evidence for Phys as environmental multi
sensrs, integrating informationot only from the light conditions alone but afsam temperatug, functioning

as athermosensor forontrolledcold acclimationresponséPaik and Huq, 2019; Perrella et al., 2020)
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Blue Light Signalling: Zeitlupe family

The Zeitlupefamily consistsof three memberthat exhibitpartial functional redundancyeitlupe (ztl), lov
kelch protein (Ikp2) and flavibinding kelchrepeat fbox1 (fkfl), all of which contain ghotosensory.OV
domainwith an FMN cofactorsimilarly to phototropinsan F-box E3 ukiquitin ligasedomain and a kelch
repeat domain for proteiprotein interactionsas seen ifrigure 1.12 (Christie et al., 2015)They function
mainly in the plant circadian clockcircadian entrainment and flowering tinfer example ztl regulateskey
components othe circadian clock, such asyclin DOF factors andfkfl bindsa flowering time regulator
GIGANTEA and signalling componetd ultimatelyinduce FFdependent flowerin@Christie et al., 2015)

Blue light Signalling: Cryptochromes

Cryptochromesryl andcry2 are flavoproteins, whitbindFAD as the primary chromophore, and a methenyl
tetrahydrofolate (MTHF) as an antenna chromophm&dethe photolyasehomology region (PHR) dornmmi
Signalling functions are performed by the cryptochroméefninal (CCT)domainin response to light
activation as seen ifrigure 1.12 (Christie et al., 2015¥ry1 haskey functions in destiolation and hypocotyl
growth suppression, whereas cry2 controls photoperiodicity and flowering (@inistie et al., 2015)
Phylogenetically, theyoriginate from photolyaseswvhich mediate lightdlependentDNA repair in cells
therefore ArabidopsisCRY3 is a DNArepair proteimand not a functional photoreceptfiantini and Facella,
2020)

BL activationleads toreceptorphosphorylation and consequent dimerization and nuclear body formaition
inside the nucleu¢Christie et al., 2015)The cry2 receptor also exhibiteapid desensitisation by targeted
degradationwhile bothphotoreceptortrigger negative feedback bgctivating inhibitorsBlue light inhibitor

of cryptochromes1 (BIC1(Christie et al., 2015; Paik and Huq, 201@pwnstream signalling is mediated by

activaton ofpostive regulators, such as cryptochromteractingpbHLH (CIB) transcription factorgside the
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Figure 1.12 Schematic representation of the domain structure of the three plant BL photoreceptor families.

Cryptochromes: Photolyase homology region (PHR), cryptochrome C-terminus (CCT).

Phototropins: Light-oxygen-voltage-s ensi ng 1 & 2 ( L OV1 &2id JUhalices,anda €germinal
Ser/Thr kinase domain.

Zeitlupe: LOV-domain, F-box (F), Kelch-repeat.
Figure after Christie et al. (2015).
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nuclear bodigsthe PIFtranscription factors shared with Physteraction with the negative regulator COP
SPA, plant hormone auxirgnd theforementioned feedloh proteins BICgFantni and Facella, 2020; Paik and
Hug, 2019)

UV-B and UVR8

UVB resistance locus 8UVR8) functions mainly in photoprotectionagainstUV-B, inducing flavonoid
sunscreen synthesispregulated DNA repa&ndphotomorphogenesi{denkins, 2014)UVR8 monomeris a
7-bladed betgropeller protei, andin the inactivehomalimer, the monomers are superimposatd held
together by salt bridgeslectrostatic interactiorend hydrogen bond<€hristie et al.2012) UVR8 does not
possess a separate chromophore, but/theB light receptionis mediatedy a triad of conserved tryptophan
residues in thaimer interfaceprotonats the salt bridges holding the dimer togethegleasing the active
monomersnto the cytosofrom the inactive dimefChristie et al., 2012Monomersaccumulatén the nucleus,
where theybring about the changes in gene expresbioimteracting with COP1 and stabilising HYfGrther

initiating significantgene expression charggndchromatinremoddling (Jenkins, 2014)

1.3.3. Blue Light Signalling: Phototropins and Phototropin Signalling

The phototropinfamily has two members iArabidopsis photl and photPHaga et al., 2015Wwhich absorb
blue and UVA light at wavelengthat 320-500nm. They are hydrophilic membra@ssociated proteins that
localize to the plasmamembranein fluorescent tagging experiments anddergo rapid activation and
consequent autophosphorylation when illuminated Bith(Christie et al., 2015, 2018phot photoreceptors
alsoexhibit dynamic relocatation patterngn response to lighPhotlrelocalizesnto the cytoplasm and into
cytosolic strand, whereasphot2 mostly maintainsits position at theplasmamembrane whilea smadl
subpopulation of thphot2receptorsinderg@strafficking into the Golgi apparat€hristie et al., 2015; Kong
et al., 2006)

Functionally, fhots allow the determination of light direction and the modulation of plant growth response by
transforming the lightnduced receptor activation patterns into plant hormone gradientsisthesresult of

the photdependentdirection of plant hormoneauxin fluxes within the plant tissperesuling in
photomorphogenic growth responsad ultimately, the optimisation and maximisatiaf photosynthesis
(Christie et al., 2015; Haga et al., 2015; Pedmale and Liscum,.Bi§ii)phot BLreceptorexhibitredundant
functionsin plant photomorphogeneassuch as phototropisratomatal opening, chloroplast accumulation, and
leaf flattening However, while photl functions in low to moderate lightpt2is morespecialised taetect

high light intensities to initiate photoprotective responses, such as chloroplast avoideime( Gabuz et
2012; Suetsugu and Wada, 201Qonsequently, the photoreceptexpression patterns are albght-
responsive While photl photoreceptor expression is downregulategsponse to BLphot2 expression is

light-inducedconsistent with its role in photoprotective signalingsa buz et al ., 2012)
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The photstructure(seeFigure 1.12) involvesa) two LOV (light-oxygenvoltage) domaineOV1 and LOV2

that contain theon-covalently attachedxidisedFMN chromophoreandtherefore directlysense BLand a
regulatory linker between these two domains that function in prpteiininteractionssuch asith 14-3-3

proteins b) a LOV2 linker region that plays a role negulatory modifications hr ough it gelixx onse
c) a C-terminal AGCVIII-type serine/threoninekinase which is activated through the phosphorylation
reactions within the activation lodhristie et al., 2015, 2018 the dark, the@hotoreceptor is folded in a

way that the kinage sictive site is obstructednd therefore inactivgFigure 1.13 A). Activation by BL
functions as the att of the phophotocycle, triggerin@ covalentdarkreversiblecysteinyladduct formation
betweenthe FMN chromophoreand a cysteineesidue(Cys966) within a conserved 13 helix of the LOV2
domainapoprotein as shown irFigure 1.14 A. The 3¢-helix is a type of protein secondary structure, where

the arrangement of the amino acids in the hetioaformationis more tightly woud, with 3 residues per turn

in contrast t03.6 residues per turn id-helices. In addition to this, the helix comes with almost 0.5A taller
helical rise and at least 0.4A higher helical pitch per turn thaalices, therefore making it also longer and
thinner in comparison toU-helices (Vieira-Pires and Morai€abral, 2010)and promot i ng tF
flexibility . The mnformational changes in the LO\@mainthereforefurthertranslate intahe unfoldingand
displacemenbftheCt er mi meixan@d Ut he A6U helix bet wegposindt@eV 1l a
functionalkinase domainas showrin Figure 1.13 B (Christie et al., 2015; Konold et al., 2018his then

leads to the recepta@utophosphorylatiorevent an activaed signalling state and the dissociation of the
photoreceptor from thplasmamembrane and its interacting partners, suchkl3 (Christie et al., 2015;

Haga et al., 2015)The activation also changes tlight absorption pattern of the photoreceptodarkstate
phototropin absorbboth BL andUV-A light ata peak of 450nm (LOVaso State), whereaa photobleached
recepto absorbs light only dt/VV-A region with a peak at 39im (LOVsgo State), as shown iRigure 1.14 B.

a) Dark: Inactive b) Light: Active

Ser/Thr Kinase

@ Substrate
® Phosphate

h 4 Active site

Figure 1.13 Phot-activation is initiated by a light-dependent conformational change in the protein.

A schematic graphic portraying the conformational changes during phot-activation, from A) inactive conformation in
dark, to B) active conformation that underpins phot ser/thr-kinase function. Figure after Kimura and Kagawa (2006).
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Figure 1.14 Inactive and active photl-photoreceptors absorb light in distinct patterns.

A) The light-dependent cysteinyl adduct formation between the FMN chromophore and the Cys-966 residue (orange)
within the conserved 33 helix of the Arabidopsis phototropin LOV2-domain (pictured) underpins the change in its
activity in response to BL. Note the deformation of the chromophore structure (dashed arrow) from linear conformation
to a convex shape during the formation of the covalent thiol bond between the chromophore and the apoprotein.

3D figures constructed using the PyMOL Molecular Graphics System, Version 1.6, Schrddinger, LLC, according to the
Protein Data Bank Phototropin1G28.pdb and Phototropin 1JNU.pdb files (2013).

B) Relative absorbance during phototropin LOV domain photocycle, with dark-state molecule LOV,s (black) absorbing

light both at UV-A and BL ranges with a peak absorption at 450 nm, and the BL-activated LOV3g, molecule exhibiting
absorption only at the UV-A range with a peak absorption at 390 nm. Figure after Christie et al. (2015).
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1.3.4. NRL Proteins

NPH3RPT2-LIKE (NRL) family of proteins consists of proteins withe eponymousliPH3 domain which

is postulated to plag role in proteirprotein interaction¢Christie et al., 2018; Zhang et al., 2018here are
33 NRL family proteins in angiosperms such Asabidopsis someof which havephotosignallingandbr
organogenesiselatedfunctions based on thmodulationof auxin fluxesand their directionCelaya and
Liscum,2005; Christie et al., 2018\ subfamily of hreeproteinsout of 10ArabidopsisNRLs with assigned
functions have been discovered to interact directly with phatsliating plant blue light response signalling
events downstream of phoéihd the restihg plant responsesletailed inTable 1.3: NON-PHOTOTROPIC
HYPOCOTYL3 (NPH3 syn. RPT3 ROOT PHOTOMORPHISM 2RPT2, and NRL PROTEIN FOR
CHLOROPLAST MOVEMENT 1 NCH1, syn NRL31, AtSR1IP1)(Christie et al. 2018; Suetsugu et al.,
2016a) These NRLproteins modulate both auxtlependent andndependent branches of the phot signalling
(Suetsugu et al., 2016a)

NPHS3 which is the best characteris’@RL proteinof the family, functions to regulatphotlactivation and
phototropism, whileRPT2 functions independently of auxigradientsthrough the regulation of NPH3
(Christie et al., 2018; Suetsugu et al., 2018&agir mutants show defectsthme shoot or root phototropispor
leaf positioningand expansigras the proteins function in directing aukiormonefluxes in response to light
(Christie et al., 2018; Suetsugu et al., 20188)H3 hasa) an N-terminal coiledcoil domain,b) an NPH3
domain andc) a Gterminal BTB-POZ (ric-a-brac tramtrack broadi pox virus zinc finger domain, (see
Figure 1.15) thought to play a role as a substrate agtdpt a cullintype E3ligase, CRL3PH3thatappears to
target photl in BLPhotl1function can be directed by ubiquitinatiorodifications as polyubiquitination results
in the degradation of the photihile in contrastmonoubiquitination initiates thehotoreceptosub-cellular
trafficking procesg(Choi et al., 2014; Christie et al., 2018; Suetsugu et al., 20T6a) Gterminal end is

required for phophotorecepir interaction anglasmamembrane associati@€hristie et al., 2018)

Table 1.3 NRL-subfamily protein requirements and assigned functions in various phototropin-mediated responses in
Arabidopsis.

+ : The process is dependent on the protein in question ; - : The process is independent of the protein.
Table modified after Christie et al. (2018).

A e NRL Proteins Required
NPH3 RPT2 NCH1
Phototropism + +
Petiole positioning + +
Leaf expansion + +
Chloroplast accumulation + +
Chloroplast avoidance - = -
Nuclear avoidance - - -
Stomatal opening - - -
Destabilization of chloroplast Lhchb mRNA +
Inhibition of hypocotyl elongation i
Circadian control of PS Il photosynthetic efficiency i




44

Many NRL family proteins appear to be modified arposttranslationafashion. For examplé\PH3 hasa
well-established activity pattern characterised by phosphorylation in the dark or by relesetasitization in
continuous light stimulus, and lighependent dephosphorylation BL (Christie et al., 2018) This
modification is reversible and depends ondhgbientlight conditions.n etiolated seedlingghosphorylated
NPH3functions by directly associating with photl from itde@minusat theplasmamembranéPedmale and
Liscum, 2007) During the first positive phototropisipnwhen the hypocotyl senses light with its photl
photoreceptorphotl undergoes ligkdependent autophosphorylation and controls the phosphatase performing
the dephosphorylation dghe interacting regulatoNPH3 Dephosphorylabn of NPH3 in response tdBL
activates itJeadng to the dissociation diPH3and photlfrom each otherandthe consequentelocalization
of theseproteins(Christie et al., 2018; Haga et,a2015; Pedmale and Liscum, 200@hotlrelocalizes into
the cytosol andcytoplasmic strand@/Nan et al., 2008while NPH3 exhibits arapid relocalizationresponse
into cytoplasmic microdomainshich disappear both during continuous irradiation @nthe dark(Haga et
al., 2015) However, to finetune the plant responses in continuous irradiatioth KPH3andRPT2constitute

a protein complexogether withthe activated photl photoreceptduring the second positive phototropism
thatoccursin continuoudight (Christie et al., 2018; Haga et al., 20IR)ereforeRPT2functionsto modulate
photlandNPH3activity in constant lighfor receptor desensitizatidilaga et al., 2015)

While most NRLproteinsoutside of thgghotdependensubfamilyof NPH3, RPT2andNCH1 have unknown
functions, some of themave been found teegulateauxindependenplant development and organogengsis
and exhibiting partial functional redundaneith each otherNPH3with RPT2 andRPT2in turnwith NCH1
(Christie et al., 2018; &uter et al., 2021Putside this subfamily, relatedRL proteinscalledNAKED PINS

Dla Db DIl DIl DIV
BTB/POZ Coiled-coil
DI DII DIl DIV .

BTB/POZ
DI DIl DIII DIV

BTB/POZ

]t t
100 200 300 400 500 600 700

aa.
Figure 1.15 NRL-protein subfamily members exhibit conserved domain structures.

Schematic representation of three key NRL protein family members protein domain structures, showing the BTB/POZ-
domain, conserved NPH3 domain regions (DI-DIV), coiled-coil domains, and the relative protein sizes in number of
amino acid (aa) residues. Purple and red dots represent the approximate locations of the putative dimerization and
phosphorylation sites on the NCH1 protein, respectively. Note the similarity between NCH1 and RPT2 proteins, and
the lack of the C-terminal coiled coil domain. photl: Phototropin 1, NCH1: NRL PROTEIN FOR CHLOROPLAST
MOVEMENT 1. Figures after Celaya and Liscum (2005), Suetsugu et al. (2016), and Suetsugu and Wada (2017).
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IN YUCCA (NPY, aka.NRL6-7 andNRL20-21) areauxin efflux transporterthat control auxin movement
during plant development and gravitropism, and DEFECTIVE ORGANIZEDBTRIARIES3 (DOT3,syn
NRL23) affects leaf shapand vein patterniy direcing auxin fluxes during leaf morphogenesis and leaf vein
formation (Christie et al., 2018; Suetsugu et al., 2016ajeed, DOT3 and anoth&RL protein, MACCHI
BOU4 (MAB4, syn. NPY1) have been suggested to exhibit at least partial redundanciWRi#3 (Reuter et
al., 2021) yetis not part of the cor®lRL subfamily consisting oNPH3 RPT2andNCH1. OneNRL protein
with a known functionSETHG is an essentiagprotein for pollergerminatiorand pollen tube formatioduring

flower pollination and fertilizatiorfChristie et al., 2018; Huang et al., 2013)
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1.3.5. NCH1 in Plant Light Signalling

NCH1and the functionally redundaRPT2exhibit partially overlapping roles in the amindependent branch
of photdownstream responses, especially in reguldtieghloroplast accumulatioSuetsugu et al., 2016a)
The structure oNCH1, with orthologsSINRLL1 in potatoSolanumtuberosum(He et al., 2018; Yang et al.,
2016)and MpNCH1 in Marcantia polymorphdiverwort, is typical to theNRL proteins and very similar to
that of RPT2 as seen ifrigure 1.15. The protein structure included a BTB-POZdomain, and) anNPH3
domain (conserved regiondV) (Suetsugu and Wada, 201 NCH1 is alsoknown to exhibitE3 ubiquitin
ligasesubstrate adapter activififle et al., 2018; Zhang et al., 2014)

As blue light signalling through photl provides a key cue for plants thereforecontrolling a range of
physiological responsedlCHL1 functions as aignalling nodecombining the phophotoreceptor signalling

input about the environmental BL conditiongh theauxinindependent chloroplast accumulation movement,
seeFigure 1.16 A (Christie et al., 2018; Suetsugu et al., 201&)nsguently, NCH1 couples these light
signals into physical movement provided by the intracellular cytoskeleton, made of a specialised type of actin,
chloroplast (cpactin (Suetsugu and Wada, 2016; Suetsugu et al., 20CP)1 thereforefunctions to optimise

the chloroplast accumulatiofseeFigure 1.16 B) to promote light harvesting in favourable light conditions
andto help thechloroplastgo navigate to the top of threesophyll cells to maximise their light captkeng

and Wada, 2014However, NCH1s not involved in the phofwotective photanediatedoranchincluding the
chloroplast avoidance reactioor stomatal openinfSuetsugu et al., 2016dh the intracellular environment,

NCH1 localizes in the cytoplasmic side of the plasthsmamembrane similarly to phots amNPH3 (Christie

A) g B)
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Figure 1.16 Light signalling pathways and plant immunity are connected through chloroplasts.

A) Flow chart of light reception pathways from the initial light signal (top) to photoreception by photl and subsequent
downstream signalling by NRL proteins. Photosynthetic machinery and photoreception are hypothesised to converge
at NCH1, which determines chloroplast accumulation movement, as chloroplasts also mediate defensive functions
against pathogens.

B) Chloroplast movement types, including the photosynthesis-maximising accumulation and photoprotective
avoidance responses. Chloroplast accumulation response governed by both NCH1 and the functionally redundant
RPT2 occurs in low BL conditions. In contrast to this, chloroplast avoidance reaction involving phot2 signalling
independent of NRL proteins occurs in damagingly high light intensities, causing the chloroplasts to escape to the
peripheries of the cells, with the topmost chloroplasts sacrificing themselves to shade both other chloroplasts and the
nucleus to protect them from photodamage. Figure B after Suetsugu and Wada (2007)
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et al., 2018)but wnlike in the case of phots alNPHS3, the preliminary rsults suggesfiCH1 does not exhibit
dynamic lightinducedlocalizaion patterns. In additiorthe potatoortholog SNRL1 has been reporteid
function as a homodimer (He et al., 2018). Bioinformatics analysis has also revealbif; tiatas putative

phosghorylation sites and dimerization sitesarked irredin Figure 1.15.

1.3.6. Convergences of Plant Light Signalling and Immunity: Chloroplasts
and NCH1

Chloroplastsplay amultifacetedrole in plant defence responsédhloroplastphotosystem®SIl and PShre
centmal tothe generation anthanagement of RQ%&vhich is an essential intracellular immunity signal during
the plantMTI and ETlresponse$Lu and Yao, 2018)ROS is generated as a dangerous side product by the
photosynthetic light capture and electron transport processes in the presence of excess photsmalbut
guantities ROS is also required fareveraimmurity-relatedfunctions:1) it is used in signalling for defence
gene activation?) utilized directly as an antimicrobial3) it triggers cell wall rigidification 4) it is required
for antimicrobial, e.g. phytoalexin productids) Forthe HR and) the cellularlipid peroxidation leading to
the HR; 7) for vesicle traffickingprocessesand8) for the internalisation and trafficking of PRRs afteT|
receptor activation(Lu and Yao, 2018) As plants attempt to minimise ROS genematiin normal
circumstances, immunity signallingust shift this balance from tight control ov&OS productionat the
chloroplast photosystems towatgher toleranceand generén of more cellular RO%vailablefor immune
responsgSowden et al., 2018Yherefore, bcauseROS is an importargignallingfactor forimmunity, Pst
effectorshaveconsequenthpeen found to downregulate photosynthesis and &Similationvery early on
during the infectiontheir effectos were found téarget muiclearencoded chloroplagargeted genes (NECGs)
to reducephotosynthesiselated gene expressi@amd to diminish the MTkignature ROSwurst(de Torres
Zabala et al., 2@). Similarly, metabolic modelling founglant photosythesis to be downegulated bythe

oomycetegpathogerPhytophthora infestansffectors during infectiofBotero et al., 2018)

Chloroplasts are very dynamic organelles alsdexhibit movement patterns and morphology changes outside
the binary accumulation/avoidance movement patterns. During pathogen challenge, chloroplasts have bee
reportedto generate sbmafilled projectionscalled stromules, which can link the chloroplasts with different
intracellular organelles including the nuclgi@aplan et al., 20155tromules are often seen in response to
stress includingthe externalapplication of plant signalling molecules such as RB®, and SA andhave
thereforebeen proposed to provide connections digmalling and transpoftinctions(Caplan et al., 2015;
Kumar et al., 2018; Savage et al., 20dthjleed Caplan et al. (2015pund stromulesto bea positive HR
signal during ET|] but not dumg a lover intensity MTI. Chloroplasts also exhibit distinct movement and
morphology change patterns duritige plant ETIresponse: The first step is the upregulation of chloroplast
stromules, the second is the initiation of stromol@ucleusconnections, third is the physical chloroplast
movement and perinuclear clustering, and the last one the accumulation of defatexkproteins and ROS
into the nucleus beforeommencingthe cellular HR (Caplan et al., 2015)Therefore, chloroplasts and
stromules are thought to be a potential positive feedback mechanism to tinigbi&t, while also containing
and linng the affected cdll s .ahiseispossibly forcell-to-cell communicatiorwith the surrounding cells
after HR(Caplanet al., 2015)
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An example on the proposed mechanism and function of the stromules duritgpETinmunity(Caplanet

al., 2015)is presented ifrigure 1.17. Tobacco mosaic virus effector p50 is bound by chloroplast protein N
receptor interacting protein 1 (NRIP1), whigtoves out from the chloroplasito the cytoplasnto associate

with the p50effector. The p5SGNRIP1 complex is recognized lige guardNB-LRR R-protein Nas a type of
indirect recognition, as the guardee NRIP1 bridges the connection betweepribteiR and the p50 effector

and thep50 effector can only be sensed if NRIP1 is present. Relocalization of NRIP1 into the cytoplasm and
theN receptor activation initiate the pimmunity signalling and the chloroplast stromule formation. Stomules
bridge the spél difference between the sigaaloducing chloroplast and the signal receiving nucleus, and
therefore cytoskeletal framework of actin and myosin XI and other cytoskeétgtracting proteins (e.g. actin
anchoring protein WIT) ensure physical proximitgtlveen the chloroplast and the nucleus. As chloroplasts
are the source of prdefence signalling molecules such as SA and ROS during ETI, the physical proximity
between the stromule/chloroplast and the nucleaseases the local concentration of chloreptaoduced
pro-immunity signalling components (ROS, SA, NRIP1) in the areas immediately surrounding the .nucleus
Furthermore, cytosolic ROS and &#gnals promote further stromule formation from the chloroplasta
positive feedback mechanisitherefore thehigh prodefence molecule concentration in the perinuclear area

is important to initiate a further positive feedback loop between the chloroplast and the nucleus, eventually

culminating in a successful ETI defence signalling and response includittiRi{Caplan et al., 2008, 2015)

BL signalling and chloroplast movement machinery are well connéctiaaid plants with photl-dependent
processegoordinating andgolymerisingshortfilament cp-actin andphot2dependenavoidanceprocesses
depolymerisiig cp-actin for avoidance movemer{Kong et al., 2020)On the chloroplastouter envelope,
CHUP1 protein provides nucleation andconnection points for the actin filaments, linkinge plasma
membrane and chloroplasts togethshile BL regulates CHUPdistribution in a phetlependent manner

(Kong et al., 2020; Suetsugu et al., 201@t)omule movement is also mediated by the actin cytoskeleton, and
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Figuré 1.17 Model for chloroplast stromule function in pro-immunity signalling during ETI.

1) Chloroplast protein NRIP1 relocalizes in the cytoplasm and forms a complex with TMV effector p50 (black dashed
arrows), and this complex is recogni zelRR bajfed NR) Strbroute fognaten
commences, with the actin cytoskeleton and their interacting proteins (e.g. WIT) anchoring the stromule into the
nuclear envelope. 3) The transport of pro-defence molecules, e.g. SA and ROS (black arrows), from the chloroplast to
the cytoplasm, increasing local concentration of pro-immune and pro-HR signals in the areas immediately surrounding
the nucleus, initiating 4) a positive feedback loop (red arrows) and 5) the ETI pro-defence signalling together with HR
and systemic signalling into the surrounding tissues. Figure after Gu and Dong (2015) and Caplan et al. (2015.
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interestingly,the chloroplast movemeiaissociated protei@HUP1 has also been found tme an important
factor forchloroplast morphology anstromule regulation during pathogen challergfeiplknockout plants
have been reported to exhibitonstitutive stromule phenotype with highates of HRn comparison to wild
type cells(Caplan et al., 2015)

As chloroplasts are believed tvolutionarily originate from the endocytosis event of a photosynthetic
prokaryote(Zimorski et al., 2014fhere is intriguing new evidence of chloroplasts having retaneteability

of their singlecelled pokaryote progenitors to contribute to immunity against other incoming microbial
threats.Savage et al. (202%pund chbroplasts to mobilise, accumulate and associate with the oomycete
haustorial membrane durir®gy infestansinfection in 40% of the examindel.infestanshaustoriaThis active
movement response was lightlependent but actidependentand the chloroplasteturned to the haustoria
after attempts to pull them away from it using optical tweezers. They also exhibited an increased number of
stromules in comparison to the metrkated cellshat were alsdlirected towards the heptithogen interface.
However,the expression of a pathogeneffector that dowsregulatesMTI in Nicotianabenthamianawvas
found to result in a reduced number of stromules, providing further evidenteir defenceelated function
(Savage et al., 2021yVhile the genetic mechanisms of these chloroplast movwgragierns are unknown and
the possibility of pathogen effector interference cannot be excli@kage et al., 2021gellular components

regulating chloroplast movement couldfmgentialtargets for pathogen effectors during ETS.

In addition to its function in phatignalling,there is some evidence for theectrole of NCH1 in immune
functions in plantsintriguingly independent of thele of NCH1 in BL signalling andchloroplast function
Investigations byhang et al., (2014ndHe et al. (2018)eportedNCH1 to function as a ubiquitiiE3 ligase
substrate adapter, performing the targeted ubiquitinatigriaoftimmune targets. However, whilde et al.
(2018)hypothesisethepotatoorthologof NCH1, SNRL1, to be a negative regulator pfo-immune response
componentsthereforepreventing autoimmunity and a typé HR, INFI1-triggered cell death (ICD)n the
absence of pathogen challengbhang et al., (2014pund AtNCH1 to be a positive regulator of plant defence
response, removing the repression of SARIcing genes such &DS1in response to pathogénduced C&'
flux. Furthermorethe potatoortholog SNRL1 was also found to be a susceptibility efaBtor, meanmg a
plantprotein targeted by theathogeri in this case theomyceteP.infestang effectors(He et al., 2018; Yang
et al., 2016)suggestingNCH1 having an immuity-related function evolutionarily important enough for the
pathogen to evolve a specialised effector protieir renderingNCH1 dysfunctional. The experimental

evidence for the role dICH1 in plant immunity will be reviewed more closelysactior4.1.
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1.4. Experimental Aims and Strategies

This report describes the theoretical background of the plant imamehghotoreceptor biology, and strategies

and approaches taken to characterise the links between plant blue light and immunity signalling. The main ain
of this project is to gaim better understanding dhe links between plant BL and immunity signallity

studying the potential significance AfNCH1 proteinin Arabidopsis thalianammunity. This work entailthe
biochemical characterisation of ttNCH1 proteinand investigation of its involvement in these pathways.
Therefore, the experimental foci of the project can therefore be divided into two main bratjcties:
biochemical properties and protein biology of the target pré&&#\\iCH1, and2) the role ofAINCH1 in plant
immunity againsPseudomonas syringg¥. tomatoDC3000Q

The main experimental strategies in the struefunetion studies of th&ICH1 proteinare as followsa)
studies on the subellular localization o AtNCH1 in response to light, by uiling fluorescent protein mGit
tagging and timéapse confocal microscopy in stalitansgenicArabidopsishypocotyls and following the
localization of theluorescencdaggedmCit-NCH1 proteinfrom darkgrown etiolated seedlings to sustained
10 minute BLirradiationy b) analysis of the literatureoncerningdimerization of the potatorthologSNRL1,
and the introduction of synonymous mutations toAtNCH1 proteinby mutagenesis PCR to create functional
NCH1P28NK42QBIEC vectors;c) use of théooth constructed BiF€ectors in the dimerization studiesNE€H1,
and to study the effects of dimerization mutations D28N and K42Q osutteellular localizaion of the
NCH1 protein d) investigation of theNCH1 phosphorylation tatus by the introduction of putative
phosphorylation site mutatiohsCH15692AS604Atg produce an initidbinary vectoiconstruct fothefuture study

of the roles of @erminalphosphemutations on th&lCH21 phosphorylation status, intracellullacalizaion
and dimelzation status e) investigation of the effects afchl BL signalling mutations on plartiacterial
disease resistance usiAgabidopsisPstDC3000 pathosystem.

Plant pathology and infection studies were conducted ofrt@dopsignodel systenby developng modified
flood assay methabased onhoseoriginally devisedby Ishiga et al(2011, 2017)The methodwerebe used
with themodel plant pathogelPseudomonas syringae. tomatdC3000 to monitor the susceptibility of wild
type (WT) Columbia (Cot0) ecotypeArabidopsisand variousichland NRLmutantArabidopsisplants to
infection. These assays were conducbedplantswith the rpt2 mutant background to prevent potential
functional redundancy betwe®&tCH1 andRPT2proteins
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2. Materials and Methods
2.1. Bioinformatics

Sequence information on the selects@bidopsisgenes was gathered frohe Arabidopsisinformation
Resource (TAIRwwwArabidopsisorg) and Genbank with theNCH1 gene locus number AT5G67385, and
splice variant AT5G67385.1 used produce the protein sequendeor RPT2 the gene locus number
AT2G30620 was used, and ftddPH3, locus number AT5G64330. All nucleotide-amino acid translations
were done from coding sequence information using Benchhiag.35SSPYNE/SPYCHEIFC vectors,

sequence information was gathered fr@®anbanksequencedatabase with ID EU796372.1. Plasmid maps

were constructed using Benchling.

For theNCH1 proteirexpression profiles iArabidopsigissues and organs, BAR eFP ePlzatwser(Sullivan
et al., 2019; WaesPeriman et al., 2021; Winter et al., 200/s usedThe computational prediction of the
NCHZ1 subcellular localizatiomas done usinBAR eFP ePlant/eCelirowser with data from the SUBcellular
location database fokrabidopsisproteins, SUB4 (Hooper et al., 2017)Similarly for theNCH1 protein
protein interactions chart, the BA®Rabidopsisinteractions viewer database was used, originally intedu
by GeislerLee et al. (2007and last updated in November 20&80incorporating data fronBiomolecular
Interaction Network DatabasBIND (Popescu et al., 2007, 200@nd localizaébn data from SUBA4Hooper
et al., 2017)The omputationaNCH1 crystal structure was predicted usiihg machine learning/Al protein

structure prediction tool AlphaFold (Senior et al., 2020)

EMBOSS Pepinfo was used to generate amino acidacteaistic overview plot fothe AINCH1 protein
Hydropathy plots were made using EMBOSS Pepwindow and Kyte and Doolittle methodology, with an amino
acid window of 19%a to predict potential transmembrane domains and helices from the translated sequences
detailed aboveSeparate probability plots were generated for transmembrane regions using TMHMM 2.0
(Krogh et al., 2001)A phylogenetic tree foNCH1 and related NRIproteins was made using PANTHER 16.0

(Mi et al., 2021)

The putative phosphorylation sitesthe AINCH1 protein were screenéusilico using PhosPhAt 4.8atabase
(Heazlewood et al., @D8), using protein prediction search with t#¢NCH1 TAIR accession number
AT5G67385.1.

Multiple sequence alignment betwetNCH1, AtRPT2 andAtNPH3 was done using Clustal Omé&éevers

et al., 2011)with protein sequence data from UniProt database.
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2.2. Localization of NCHL1 protein in Arabidopsis thaliana

Sterile Plant Tissue Cultures: ¥2MS (Murashige-Skoog) Medium

Sterile halfstrength Murashig&koog ¢ MS) plant tissue culturenedium (1 L, pH 5.9 was madeby
dissolving0.222% (w/v)of MS basal saltéSigma Aldrich, Missouri, US) and.5% (w/v) sucrosé double
distilled HO while stirring. The pH of the solution was adjusted to 5.6 ugimiM MES and0.5 mM Tris,
andfinally, 1% (w/v) of planttissueculturecompatible agar (Sigma Aldrich, MissoudS) was addedThe

final volumewasadjusted to 1 lusing doubledistilled HO, and the resulting solutiomasbottledin 500mL
quantities in 1L volume bottleThe bottles were autoclaved for sterilization using the standard 121°C for 30
min cycle, after which the media was poured on 12cm x 12cm square Petri(@igkiasr AG, Kremsmunster,

Austria) in sterile lateral flow hood conditions, and stored°@ #idge conditions until use.

Arabidopsis thaliana Seed Sterilisation and Sterile Tissue Cultures

Transgenic homozygousrabidopsisseeds of genotyp®CH1::mCitNCH1(pDEST, hygromycinmesistant),
courtesy of Dr. Noriyuki Suetsugu (University of Tokyayd NPH3: GFP-NPH3 courtesy of Dr. Stuart
Sullivan (University of Glasgow)were sterilised using methodology kshiga et al. (2017)The sterilised
seeds contained in mafluge tubes wereold stratifiedin dark +4°C conditions for 3 days. After this, they
were plated on 12cm x 12cm squédtetridishes(Greiner AG, Kremsmiinster, Austriagjith %2 MS medium
(see above)in a density of 16 seedlings per plate. Shaledblateswere kept inthelaboratory ambienight
conditionsfor 1 h to initiate germination, aftavhich they were wrapped ialuminiumfoil and grown in the

dark for 3 daysitroom temperature.

Confocal Microscopy and Time Lapse Imaging

For confocal microscopy, tlaark-grownetiolatedhypocotylswere mounted on microscope slideslerared
safelight NPH3: GFP-NPH3 plants(courtesy of Dr. Stuart Sullivan, University of Glasgomere used as a
positive controlThe samples were scannédaged and BL treated using a Leica S8 confocal microscope, and
pictures recorded as-&acks.The experiment was repeated three times for bifiH1::mCitNCH1 and
NPH3: GFP-NPH3genotypes.

For all irradiation and scanning, the confocal laser powerset® 5%For confocal microscopy, settings of
500530 nm were used for the collection gfeen fluorescent proteirGEP and mCitrin (mCit) protein
fluorescence Chloroplast autofluorescence cancelling was@660-800nm. It is important to pay atteion

to the excitation spectra of the fluorescent proteins used (GFP and mCit) and the action spectrum of phots, a
the same BL treatment is enough to provide BL treatment for both fohatsivate the BL signalling pathway

and GFP in the case of the camtproteinNPH3, but not for mCit with whichseparate BL and fluorophore

excitationwavelengthsre requiredluring imaging at 488 nm and 514 nm respectively
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For studies on the dynamiMCHZ1 proteinlocalizationin Arabidopsishypocotyls the confocal microscope
laser scanning was used as a sourdBlofrradiation In this methoddescribed inTable 2.1), thefirst step
was the imaging step, with thmonfocal microscope set to scan the samplEs-dayer Z-stack with the
wavelength apprapate for the chromophor@88 nm forGFP or514 nm formCitrin). After this, the second
step was the Bltreatment, wheréhe sample was irradiated wistconfocal microscopblue 488 nm laser for

5 minutes. In the third stepthe microscope was set to acthe same cells again as alager Zstack after
which the fourth step was a second BBéatment, and the last one atack imaging stefherefore, wer the
course of theprotocol theimagingwould be repeated 3 times, resulting in 3 images, aBdninute BL
treatmentwould be dondgwice. The confocal settingawere maintainedconstant for all the samples to ensure
even blue light treatmenthe final adjustment of imaggscluding the sepat@n into 3 channels, and image
brightness and contrast adjustment, was performed using FlJI soffeaiadelin et al., 2012)sing the same

settings to all images in the experiment.

Table 2.1 Confocal microscope protocol and parameters for time lapse imaging during NCH1 localization experiment.
Above: Confocal microscope settings for the imaging steps and Z-stack scans.

Below: Protocol for the sample imaging and BL treatment scans during the dynamic protein localisation experiment.

1024 x 1024 px
0 600
Line average 6
15 steps at 1 um step, total 14 pm

3x
GFP/YFP smart gain 393,6%
I I Il ] e
GFP samples mCit samples
Imaging: Z-stack scan 2min 20s 488 nm 514 nm
BL treatment 5 min 488 nm 488 nm
Imaging: Z-stack scan 2min 20s 488 nm 514 nm
BL treatment 5 min 488 nm 488 nm

Imaging: Z-stack scan 2min 20s 488 nm 514 nm
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2.3. NCH1 Dimerization

Site Directed PCR Mutagenesis of Putative Dimerization Mutant nch1P28\N-K42Q

The putative dimerizatiedeficient nchl variant nchP28NK42Q was constructed using PCslte-directed
mutagenesifo mutagenize putative sditidge sites at D28 and K4 follows(with the mutatednucleotide
in bold and underlined

D28N: F-primer sequence

56 TTCTTC TCAAGAAGTATCTAGT AATGT CACCGT TCATGTAGGAG - 30

D28N: R-primer sequence

[®))

58 CTCCTACAT GAACGG TGA CAT TACTAG ATACTT CTT GAG AAGAA - 3
K42Q: F-primer sequence
586 GCTTCGTTTTCACTGCAC CAGTTT CCACTCATGTCAA - 360;

K42Q: R-primer sequence

56 TTG ACATGA GTG GAAACT GGT GCAGTG AAAACGAAGC i 36.

For PCRthermocycler settings, séd?PENDIX 1. Thesamples wer®pnl treated Promega, WisconsjiJS)

after PCRo remove any leftover templag@d purified using a PCpurification kitQIAquick (Qiagen, Hilden,
Germany) The doublemutantconstructs were amplified usirfBubcloning Efficie ¢ y EH 5 Ebscherichia
coli cells (Thermo Fisher Scientific, Massachusetts, US), purifisthg aMiniprep kit (Qiagen, Hilden,
Germany) and sequenced (Eurofins Genomic Services, Wolverhamptgntoldénfirm thepresence of

mutations.

PCR methodology was also used to incorporate the desired Gémssmmblycompatible overhangs to the

nchP28NK42Qfragment:

35SSPYNE &35S SPYCEForward primer sequence

o

5067 GGCGCGCCACTAGTBATCCATGTCAGCAAAGAAGAAAGATCTI

35S SPYNEReverse primer sequence:

501 ACTTTTGCTCCATCCCGGGAGAGTGTCTCCGATCTTT 3 6

35S SPYCEReverse primer sequence:

5061 CGTATGGGTACATCCGGGAGAAATAGAGTGTCTCCGATCTITT3 6

where italicised part is vecta@pecific, underlined is a reconstituted restrictioa @anH| for forward primer
and Smad for reverse primer), and bolded MCH1 specific sequencdzor PCRthermocycler settings, see
APPENDIX 1.
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Gibson Assembly of the NCH1 fragment and BiFC vectors

The PCRproducechchP2NK42Rinsertalreadyhadrestrictionsite compatibl@verhangs for Gibsoassembly.
Therefore, both the insert and tB#C vectors35SSPYNEand35SSPYCHWalter et al., 2004yvere double
digested usind@@anH| and Smad restriction enzyme (both by New England Biolabs, Massachusetts, US) to
ensure directional ligatioof thench1P28¥42Qinsert and theector The insert and vector wecembinedusing
Gibson assembly byNEBuilder HiFi Assembly Mix (New England Biolapb$/assachusetts, YSs per
manuf act ur e rwithsaninserstd-vectocratio af 8:&letermined using a molar ends calculator

be 75 ng of insert to 100 ng of vectdo monitor for the incorpotan of thenchP?8VK42Q insert in the35S
SPYNE35SSPYCEvector,samples of both the empty vector andlibation reaction product wergsualised

on a 0.8% agarose gel witEB 1 Kb Plus DNA Ladder marke(dlew England Biolabs, Massachusetts, US).

The same Gibsoassembly protocol was used dombire boththe targetNCH1 fragmentsWT NCH1 and
nchP28NK42Q with the desire5SSPYNEand35SSPY CEvectors Positive controtonstructs35SSPYNE
NPH3and35SSPYCENPH3werekindly offered byMr. Franco Veglian{University of Glasgoyw The ready
combinedBiFC constructswhich are large low copy number plasmidgreamplifiedusingNEB 50 Hi g
Efficiency (New England Biolabs, Massachusetts,,p8)ifiedwith Miniprepkit (Qiagen Hilden, Gemany)

and sequenced (Eurofins Genomic Services, Wolverhampton, UK).

Transient expression system: Agrobacterium Transformation and Infiltration of N.

benthamiana leaves

Luria-Bertani (LB) broth and agdpH 7.2),were made from granulated growth medimcentratefiLB-Broth
Granulated andfiLB-Agar Granulated (both Melford Laboratories, Suffolk, UK) respectively, according to
the manufacturerds instructions. The wnelbattlesiaoch wa

autoclaved for sterilization using the standard 121°C for 30 min cycle.

Electrocompetent GV310Agrobacteriumcells (50ul aliquots in microfuge tubes, stored 480°C) were
defrosted on ice, after which 50 ul of 10% glycerol was addetidacélls. Desired plasmids used for the
transformatior(seeTable 2.2) were diluted to 100 ng/ul concentratiohtotal of200 pl of plasmid was added

into the microfge tube containing the cells, after which the cells were incubated on ice for 30 min. The cells
were then transferrednto icecooled Bio RAD (Hertfordshire, UK) electroporation cuvettes, and
electroporated using BIidRAD GenePulser XcellMicrobial systemwi t h  t he mansef act
Agrobacteriuntumefascienwaveformsettings. After electroporation, 900 pl of iceoledLB broth(Melford
Laboratories, Suffolk, UKyvas added to the cuvette, and the resultingwas transferrednto fresh sterile
microfuge tubes. The tubes were tidacedin a 28C shaking incubator for a minimum of 2 hours, and 20 p
and 200 pl volumes of these transformed cells were plated orwprmed kanamychgentamicin
(concentration for keamycin 50 jg/mL media, gentamicin 25gimL) double antibiotic LBagar(Melford
Laboratories, Suffolk, UKPetridishes (@cm, St e r i | i nHishel ScientifimMassachusetts, )JUShe
resulting plates were sealed using Parafilm (Amcor Rlidrjch, Switzerland) and incubated m28°C

incubator for 2 days.
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The tacterial solution foN.benthanana infiltration was prepared as follows. One colony of the desired
transformedAgrobacteriumwas picked fronthefresh plates using a steripéasticloop anddiluted irto 5mL

of LB broth (Melford Laboratories, Suffolk, UK)ncluding gentamicin (25 gimL of LB-broth) and the
selection antibiotidkkanamycin(50 pg/mL LB) andincubated overnight ia 28°C incubator. Thesuspended
cells were centrifuged the next disya Sorvall Legend centrifge (Sorvall Thermo Scientific, Massachusetts,
US) for 10 mins at 3500 rprand resuspended i® mM MgCl> 10 mMMES (pH 5.6)infiltration buffer. The
resulting solution waslacedin a50 mL Falcontube(Greiner AG, Kremsmdnster, Austriahd the bacterial
solution was measuredssing an Eppendorf Biophotometer (Eppendorf, Stevenage, @KJ adjusted for
optical density©Degog) of 0.4.As BiFC techniqueequires both the correspondiB§SSPYNEand35SSPYCE
vectorsto be present anco-infiltrated at the same time into the same leaf &sthe desired\grobacterium
solutions were mixed ifh:1 ratioof 35SSPYNEand35SSPYCEvectorsin thefollowing combinations Table
2.2):

Table 2.2 BiFC co-infiltration combinations for studying NCH1 protein dimerization in planta.

Table shows the genotypes of the Agrobacterium infiltration solutions. The solutions are always co-infiltrated in
corresponding 35S-SPYNE + 35S-SPYCE combinations to introduce both N- and C-terminal halves of the YFP-
reporter into the plant cells simultaneously.

1 35S-SPYNE-NCH1 WT 35S-SPYCE-NCH1 WT

2 355-SPYNE-NCH1D28N-K42Q 355-SPYCE-NCH1D28N-K42Q

3 35S-SPYNE-NPH3 35S-SPYCE-NPH3 (Positive control)
4 35S-SPYNE (Empty vector) 35S-SPYCE-NCH1 WT (Negative control)
5 35S-SPYNE- NCH1 WT 35S-SPYCE (Empty vector) (Negative control)
6 35S-SPYNE (Empty vector) 35S-SPYCE (Empty vector) (Negative control)

After mixing theco-infiltration solutions, the bacterial suspension was let sit on the bench for at least an hour.
After this, theN.benthamiandeaves were infiltrated from the abaxial side wittmll disposable Luesyringes,

the infiltrated area sketched on the leaf using a permanarker, and the infiltrated plants moved into SANYO
growth chambers (16h day/ 8h night cycle conditions, with thdideytemperature set to ZBand humidity

to 60%, and nightime temperature to 28 and 70%) for 3 days to allow the transient expogssf the desired

BiFC proteins before harvesting of leaf tissue discs for confocal microscopy and Western blots.

Confocal Slide Preparation and Mounting of Leaf Samples on Microscope Slides

For confocal microscopy, leaf discs (20.8cm) were harvested by punch method. The leaf disexweare

treatedusing a syringeand with themountedabaxial side up on thglassmicroscope slides.
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Confocal microscopy

The samplesvere imaged using a Leica S8 confocal microscope tlamplictures recorded as-&acks.The
confocal settinggTable 2.3) were maintainedconstant for all the sampleghe experiment was repeatgd
times. The final adjustment of images, including the separation into 3 charamelsimage brightness and
contrastadjustmentwas performed using FIJI softwgi®chindelin et al., 2012)sing the same settings to all

images in the experiment.

Table 2.3 Confocal microscope settings used for the imaging and Z-stack scans during the BiFC dimerization
e

xperiment.
| speed |

1024 x 1024 px

600
Line average 6
Laser/ Excitation Wavelength 514 nm, 5%
Collection Wavelengths 500-530 nm
Chloroplast autofluorescence
660-800 nm
cancelling

10-15 um stack depending on
the size ofthe imaged cell,
1 um step size

2X

YFP smart gain 393,6%

Western Blots from Infiltrated N.benthamiana Leaf Tissue

For Western blots3 leaf discs (80.8cnper infiltrated leafcorresponding to the leaves imaged indbefocal
pictures were harvested by punch method. The leaf discs, 3 per microfuge tube, weifeoffashin liquid
nitrogen and stored #80°C freezes.

Protein extraction from the leaf tissue was done by adding 1602x Laemmli sampld&duffer (125mM Tris

pH 6.8, 4% SDS, -hé&céaptapthanal).804%bromopheddkblub, diD) andgrinding the
frozen leaf discs in the buffer usingradl plasticmicrofuge tube pestle until homogenous. The samples were
boiledusing a+95°C heat block for 5 min, after which the samples were spun in a tabletop microcentrifuge at
full speed 13 000 rpm for 5 min. After centrifugation, the supernatant was transferred into fingsiofuge

tubes to wait for loadingnto gels

7.5%acrylamidegels were hangtastusingthe0.75mm glass slide frames a@adyel casting kiby Bio RAD.
The gels were loaded using 15 pl of each sample and 5 ul of Thermo PageRulreRlained10-250 kDa
(Thermo FisheiScientific) proteinladder, andhe SDSPAGE wasrun in 1x SDSRunning buffer(25 mM
Tris, 190 mMglycine,3.5 mMSDS, dHO). The gel was transferred ord®Whatman® Protran®itrocellulose
membrangCytiva, Sheffield, UK usinga semidry Bio RAD Transblot Turbo Transfesystem following
manufacturerdés instructi ons and The membrame wasstained veth  w ¢

PonceatS/ acetic acid solution to examine the protein staining@aded inside a plastic sleeve to visualise



58

Rubisco large subunit (RbcL) as a laaglicontrol Themembraneavas blockedor 1h in room temperatui@n
a shakeusingamembrane blocking solutiomade 0f8% Marvel skimmednilk powdersuspendeé 0.1 mM
pH 7.4TBS-T [10% TBS(137 mM NaCl, 27 mM KCI, 100mM Tris, dH.0), 0.5% Tween20iH-0O].

The primary antibodyeitherant-rHA (monoclonalmouse 1:10 000 dilution catalogue# 26183 Invitrogen
ThermoFisher, lllinois, US) or antrcMyc (monoclonalrabbit, 1:5000 dilution catalogue# C3956, Sigma
Aldrich, Missouri, US depending on th&rgetprotein tagn questionwasadded to the 8% blocking solution
and incubatedvernight in +4C, after which the membrane was washed twice in-TB& 10 minutes. After
this, the secondary antibody was addatheranti-mouse2° (1:10 000 dilution, Promega, Wisconsin, U&)
anti-HA, or anti-rabbit2° (1:10 000 dilution, Promega, Wisconsin, U&) antrcMyc. The blotwasincubated
in the secondary antibody solutionroom temperature for-2h. The final washes were done with FTB$hree
times, for 10 minutes each, after which tiet was rinsed with TB$137 mM NacCl, 27 mM KCI, 100 mM
Tris, dHO). The development and visualisation of the blere donewith a Fusicn chemiluminescence
imaging systengVilber Lourmat Francg, usingPierce® ECL Plus (Thermo Scientifidllinois, US) Western

blotting substrate kihk c cor di ng to the manufacturerdéds instruct
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2.4. NCH1 Phosphorylation

Site Directed PCR Mutagenesis of Putative Phosphorylation Mutant nch15602A-S604A

The putative phosphorylatiodeficient nch156024S6044nsert with restriction site overhangsas constructed
using PCR sitalirected mutagenesisA plasmid containing theputative phosphorylationdefective
nch15602AS6044sequencecourtesy of Dr. Noriyuki Suetsugu, University of Tokywes modifiedto contain
Kpnl and BanHlI restriction site overhangsThe primer sequences wees follows with the mutated
nucleotide in bold and underlinedand added restriction sites italicised and underined

nchlinsert:
F-primer sequence

56 AAAA GGTACCTTATGT CAG CAAAGAAGAAAGATCT - 30;

R-primer sequence

56 AAAA GGA TCC TCA AGC AAT AGC GTG TCTCCGA - 36

For PCRthermocycler settings, séd?PENDIX 1.

Ligation of the AtNCH15602AS604A insert and NPH3::AtNCH1 -GFP vector

The PCRproducedch5602AS604insertwith the added overhangand thepEZR(K)LChinary vector(courtesy

of Dr. Noriyuki SuetsuguUniversity of Tokyo) containing theNPH3:NCH1 -GFP, were doubladigested

using Kpnl and BanHlI restriction enzymes (both by New England Biolabs, Massachusetts, US) to ensure
directional ligation of the insert and the vecfbine insert andhevector were combined usifig! ligase(New

England Biolabs, Massachusetts, W@)h an insertto-vector ratio of 3:1, determined using a molar ends
calculator to b&0ng of insert to 100 ng of vectdrhe resultig mix was incubated foriatroom temperaure,

after whichthe resulting mix was used to transfohEB 50U Hi gh Efficiency (1
Massachusetts, UF). coli cells for amplification. The plasmid wasurified using aMiniprep kit (Qiagen,

Hilden, Germany)and sequenced (Eurofins Genomic Services, Wolverhampton, Wi€)ding the
NPH3::GFP-nch15602AS604A
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Transient expression system: Agrobacterium Transformation and Infiltration of

N.benthamiana leaves

The method useth this experiment wasimilar to one detailed befoie thefi Tr ansi ent expr es
Agrobacterium Transformation and Infiltration of N.benthamidn& a vsectiod NPH3:: nch15602AS604A .

GFP, NPH3: AtNCH1 WT-GFP and the positive contralPH3: AINPH3-GFP plasmidswere usel for the
Agrobacterium transformation and he transformed Agrobacterium cells were plated on pwwarmed
spectinomycirgentamicin (concentration fepectinomycirt00ug/mL media, gentamicin 25g/mL) double
antibiotic LB-agar (Melford Laboratories, Suffolk, UK)Petri dishes (@cm, St er i | i nEish&rher m
Scientific, Massachusetts, JSThe resulting plates were sealed using Parafilm (Amcor Plc., Zirich,
Switzerland) and incubated @&28°C incubatorfor 2 days.

NPH3: nch1S602AS604AGEP, NPH3: WT AINCH1-GFP and the positive contrdiPH3: AINPH3-GFP were
transiently expressdd plantautilising electroporatiotransformedAgrobacteriaandN. benthamiananodel
system10mM MgCl. 10mM MES (pH 5.6)infiltration buffer solution was used to suspendAlgeobacteria

with the desired plasmids directly from tlieesh plates containing a bacterial lawrand the resulting
Agrobacteriumsolutionwas transferrethto a 50 mL Falcontube(Greiner AG, Kremsmiunster, Austrialhe
bacterial solution was measutfed optical density usingnEppendorf Biophotometer (Eppendorf, Stevenage,
UK). and adjusted for optical density of @ot infiltration. The bacterial suspension was let to sittwntiench

for at least an hour. After this, tiebenthamiandeaves were infiltrated from the abaxial side witimL
disposable Luesyringes, the infiltrated area sketched on the leaf using a permanent marker, and the infiltrated
plantswere moved into quboards, where they were kept in constant darkness under a humidifier dome in room
temperaturdor 3 days to allow the transient expression of the desired proteins before harvesting of leaf tissue
discs for confocal microscopy and Western blots.

Confocal Slide Preparation and Mounting of Leaf Samples on Microscope Slides

For confocal microscopy, leaf discs (80.8cm) were harvested by punch method. The leaf discs were vacuun
treated using a syringe, mounted abaxial side up on the glass micreBdepd\ll steps from the harvesting
of thedark-adaptedissue disc$o mounting on microscope slides were donéer red safelight for confocal

microscopy.
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Confocal Microscopy: Localization of the Putative Phosphorylation deficient NCH1 protein in

N.benthamiana Leaf Tissue

The samples were scanned using a Leica S8 confocal microscope and pictures recindézliamgesvith

following settinggTable 2.4):

Table 2.4 Confocal microscope settings used for the imaging and Z-stack scans during the NCH1 phosphorylation
experiment.

1024 x 1024 px
| speed | 600

4

488 nm, 5%
500-530 nm

Chloroplast autofluorescence
660-800 nm

cancelling

GFP smart gain 390%

The final adjustment of imagecluding the separation into 3 channels, and image brightness and contrast
adjustment, was performed using FI1JI softw@ehindelin et al., 2012)sing the same settings to all images

in the experimenfThe experiment wadone once andot repeated.
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2.5. Flood Assay of Pst DC3000-Infected Arabidopsis thaliana
seedlings

Ki nBAggar and Kingdéds Broth Media for Pst DC3000 B

Ster il & agarimediyi g1 L pH 7.9 was madeby mixing 2% (w/v) of peptone(Sigma Aldrich,
Missouri, US) indoubledistilled H,O with amagneticstirrer.8.61198 mMof Ko;HPO: (1.5 g/L) and12.46178
mM MgSQr (1.5/1) (both by Sigma Aldrich, Missouri, US) was added, together With(v/v) of glycerol
(Thermo Scientific, Massachusetts, U8hd mixed until homogenously suspended. Findll§6 (w/v) of
agarwas added. The final volume was adjusted towith doubledistilled HO, and the resulting solution
wasbottledin 500 nlL quantitiesin 1L volume bottlesThe bottles were autoclavear fsterilization using the
standard 121°C for 30 min cycle, after which the mediasligistly cooled,andin the case of theew protoco|
the desired antibioti(50 pgrifampicin/mL medig wasadded The resulting medigvaspoured on round Petri
disheg@9cm,St e r i | i nHishel Stientifim Massachusetts, JiiSsterile lateral flow hood conditions

and theplates stored in°€ fridge conditions until use.

Sterile Kingds br ot hbanteidsuspansiow eukuresiay chigi2§b (a/v) of beiptqne i d
(Sigma Aldrich, Missouri, US) in doublgistilled HO with a stirrer8.61198 mMof K.HPO (1.5 g/L)(Sigma
Aldrich, Missouri, US)and1% (v/v) of glycerol(Thermo Scientific, Massachusetts, Ure addedandall

mixed untilhomogenously suspended. The final volume was adjusted to 995 mL using-distibéa HO,

and the resulting solutiowasbottled. The bottles were autoclaved for sterilization using the standard 121°C
for 30 min cycle, after whicthe solution was cooleahd5mM filter-sterilizedMgSQ, (5 mL of 1M solution)

was added posdterilization to avoichigh temperaturénducedcloudiness and the effect on t@®gqo of the

broth For the new protocohn antibiotic $0 pgrifampicin/mL media)wasalsoadded.

Flood assay of Arabidopsis thaliana seedlings: Protocols derived from Ishiga et al. (2011) and
Ishiga et al. (2017)

The flood assay metld used was optimized over the course of the investigatiod thesewo protocols
(called Aol d protocol 0 aredumiarised Wigue2.b. A andB, with keyr e s p
differences highlighted on grey backgrowmthe new protocol

In the originalold protocol,Arabidopsis thalianAVT Col-0, nch11 andrpt2-3 single mutanandnchi-1/rpt2-

3 double mutant seedgourtesy of Dr. Stuart SullivanUniversity of Glasgow were sterilisedusing
methodology byshiga et al. (2017)The sterilised seedsontained in microfuge tubgserecold-stratifiedin
dark+4°C conditions for 3 days. After this, they were plated on 12cm x 12cm sRae#aidishegGreiner AG,
Kremsmunster, Austriayvith ¥2 MS + 0.5% (w/v) sucrosemedium(seesection2 . 2 A St er il e P
Cultures: 2MS (Murashig k 0 0 g ) Mim d density®ft leastl6 seedlings per plat€he plates were
sealedrom the sidesising Micropordgape(3M, Minnesota, USandplaced incontrolled environment cabinets
onalong day 16h daylight intensity measuredt 266 umol n? s?) /8 h night cycle in 22C temperature and

grown for 1014 days
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Pseudomonas
> syringae DPI0: Sample and
DC3000 Culture > weigh 4 seedlings >
Ax.:m__mu._u-d:.. i Flood the immediately Grind the plant Incubate
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Figure 2.1 Comparison of the old and new flood assay protocols.

A) New protocol on the top, and B) Old protocol on the bottom. Steps shaded in grey indicate changes and improvements to the new protocol.

Adjust for
Log(cfu/mg)

Adjust for
Log(cfu/mg)
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For the new protocolArabidopsis thaliansseeds courtesy of Dr. Stuart Sullivan (University of Glasgow),

were sterilised and colstratified similarly to the seeds theold protocol. However, the media was changed

into the MS medium (see section 2.2 ASteBSkodoeglP| Madi d
without sucrose angblated on 12cm x 12cm sgre Petri dishes (Greiner AG, Kremsmdnster, Austria) in a
density of 16 seedlings per plaft the age of 7d, the seedlings were visually assessed for similar size, and
similar seedlings were transplanted on round ¥ MS medium p@®es(St e r i | moFisheTeientific,
Massachusetts, JSat a density of 8 seedlings per plate using sterile autoclaved forceps. After this, the
seedlings were grown for one more week, so that the flood assay could be perfornedutiyis-day old

seedlings.

In theoriginal old protocol,Pseudomonas syringge. tomato Psf) DC3000cells (courtesy of Dr. Lingfeng
Xia, University of Glasgowf r e s hl y pi ¢ k Babar plataveme geownkovemighduspended id0
mL of King's brothand stored n 30 mL Uni ver s al FishebSeientific, Slassachusetis,n E
UsS), after which the cells were centrifuged @nSorvall Legendcentrifuge (Sorvall Thermo Scientific,
Massachusetts, U$yr 10 mins at 3500 rpm. The pelleted cells were resugzem10 mM MgCl, 10 mM
MES (pH 5.6) solution the ODgoo of the solution wasmeasured usingan Eppendorf Biophotometer
(Eppendorf, Stevenage, UK) aadjusted to 0.2, corresponding to 1%&€u. The final concentration of the
flood assay solution was adjed to 1x10cfu by further diluting the solution with0 mMMgCl, 10 mMMES
(pH 5.6)into 1/100 ofODeo=0.2 andadding0.025% Silwet L77 surfactant (OSI Specialties InCgonnecticut,
US). In contrast to the original protocdbr the new protocolthe Pst DC3000 cells were grown overnight
suspended in 10 mL of King's brotlrifampicin antibiotic (50 pg/mLmedig in order to ensure the selection
of thePstDC3000 cells.

According to the original protocol, tHest DC3000inoculation of plates was performétside laminar flow
hoodsby flooding10i 14-dayold WT Col-0, nch1-1 andrpt2-3 single mutant andch1-1/rpt2-3 double mutant
Arabidopsis thaliangplants (courtesy of Dr Stuart Sullivan University of Glasgoywwith the flood assay
solution for 1 min without shaking, after which the bacterial suspension was decanted away, and the plates
were driedbriefly, for about 10 mininside the laminar flow hood with lids off\fter this, plants were either
harvested foDPIO samples, or incubatédrther inSANY O growth roomg16h day/ 8h night cycle conditions,

with thedaytimetemperature set to 26 and humidity to 60%, andighttime temperature to T& and 70%)

until later harvesting at desired DRhe new protocol followed this same methodology, except for the age of

the Arabidopsisplants used, which was always 14d.

In the old methodseedlings were harvested and weighed and lysed imL1Eppendorfmicrofugetubesfor

the calculation of the logarithm of colorigrming units per mg tissue (cfu/md)ilutions up to 16 were made

using thel0 mM MgCh 10 mM MES (pH 5.6) buffeand theses e r i a | diluti onsBagaer e |
plates, with three 10 pl spots of each solution plated per dilutiorDPtr, dilutions of 16-10“ were plated,
whereas foDPI1-6 the dilutions of 18-10° range were plated to acquire a good resolutimrcdlony counts.

The resulting inoculated plates were incubate2B°C for 2-3 days, after which the colonies were counted and
recorded.The rumber of colonies, dilution and the exact weight of the harvested tissiugsed to calculate

the final logaribm of colonyforming units per milligram of tissue, lagcfu/mg).
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For the calculation ofolony-forming units per mg tissue (cfu/miy) the newmethod the collection of plants

for sampling was done similarly 1shiga et al. (2011)Foursimilar seedlingger plate were harvested and
weighed.For DPI > 0, the harvested plants were surface sterilised with £%flr 3 min and rinsed with

double distilled and autoclaved sterile®{ and ground with sterile autoclaved ceramic mortars and pestles
until homogenous. The homogenized tissue was pesuted in 5 mL of sterile water, which was used as the
initial sample. This sample was then further diluted i@hmM MgChk 10 mM MES (pH 5.6puffer as a serial

dilution on 96well plates:Dilutions up to 16 were made and theserial dilutions were pit e d o m® Ki n
agar plates, with three 10 pl spots of each solution plated per dilution. For DPIO, dilutions td“@ere

plated, whereas for DP{a the dilutions of 18-10° range wereplated for better resolutiorThe resulting
inoculatecagarmlates were incubated in 28°C fef82lays, after which the colonies were counted and recorded.
The number of colonies, dilution of the sample and the exact weight of the harvested tissue was used tc
calculate the final logarithm of colosfgrming units pemilligram of tissue, logy(cfu/mg).Each plate and the

pooled sample of four seedlings were treated as a single biological replicate, as these plates were independe

in terms of the plants and tiRstsolution used from other plates.

Visual Assessment of Pst Infection

For the visual assessment experiment, old protdoobfassay methodology was applied for the inoculation

of the full plates oMWT Col-0 Arabidopsis,courtesy of Dr. Stuart Sullivari0-14-day old seedlings were
infected with Pseudomonas syringgav. tomato DC3000 as per the old protocol, but instead of tissue
harvesting, the progression of disease symptoms was followed by taking representative photographs witt
Canon EOS 1000D digit LR camer a (Canon Inc., Ota, Japan) wi
course of the infection DPIO to DPI6. To ensure even photograph quality, a mount was used for the camera

and the distance of the camera was set to 50 cm from the plates.

Statistics: F-t e s t and Stestdent 6s T

To determine whether thdifferences seen in thitood assay resultsetween WT CeD andnchl1/rpt2-3
double mutanfArabidopsisplants were statistically significaniMicrosoft Excel(Office 365-version)with

additional AnalysisToolpakaddin was used

Firstly, thefiF-test Two-Sa mp | e f o roptighavithiaaanfddensednterval (alpha) of 0.0&s applied

to find whether the variances of the two flood asatasets were simila and to help decide which variation
of St u-testotusesWhan the varianadshe two data setwere found similariiSt u d e-testfors T
Two Factors Assumingdtial Variance8 o pwith aoconfidence interval (alpha) of 0.@&s appliedThe

two-tailed value was then used as Fhealue.
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3. Biochemical Characterisation NCH1
3.1. Introduction and Bioinformatic Analysis

As discussed isectionl.4, the key outconsf this studyinvolved thecharacteriationNCH1 proteinfor its
biochemicalproperties, such asubcellularlocalization and potential dynamic relocalization movement in
response to BL stimuluprotein dimerization and phosphorytat. Theseobjectivesvereachievedising both
in silico andin vivo methodology This chaptertherefore presents the workarried out to providéurther
biochemical background for the studies regarding the rolGifil in plant immunityand introducse the

potential underlying mechanisms underpinningNi@H1 proteinfunction

NCH1is a proteircoding gene located ahe Arabidopsischromosome FseeFigure 3.1 A). The genomic
DNA length is 3228 basgairs (bp)of which the coding sequence length is 1815apd tlkere are 5 known
splice variants oNCH1, pictured inFigure 3.1 B. Computational crystal structure models predicted with
AlphaFold(Senior et al., 202Quggest th&lCH1 proteincrystalstructure to bglobular anccharacterised by
alphahelices openloopsand disordered regionwith very little betapleatedshees, as seen ifrigure 3.1 C.
During Arabidopsisdevelopment and life cycle, tHeCH1 transcript appears to kibe most abundarly
transcribedn the seedling hypocotyl during early seedling establishifidapikova et al., 2016)as seen in
Figure 3.2. This is surprising, asre might expecthe highest transcript levels in the main photosynthetic
tissues, such as leaf lamirzand secondarily in other abogeound photosynthetic tissues buas petioles and
stemswhich would beconsistentvith the function in chloroplast accumulation movement and photosynthesis
maximisationHowever, as these angicroarraymeasurenRNA transcript levels, thénal functionalprotein

expressiorievels areunknown.

ThefunctionalWT NCHL1 proteinis 604 aa long, with a molecular weight of 67.6 kida an isoelectric point
of pl=8.09 Further breakdown of residue characteristics can be sedéigure 3.3, which shows the
distribution of different types of amino adidsidua throughout th&lCH1 proteinsequence. Thamino acid
composition analysisf theNCH1 proteindoes not appear to hightigany notable features particular areas
of the proteirdistinctively different from the resas regions enriched with hydrophobic residuéght suggest
the presence of transmembrat@mains.As mentioned beforand portrayedn Figure 1.15, the functional
domainsof NCH1 are the Nterminal BTBPOZ domain, and the @&rminalNPH3 domain with putativd=3
ubiquitin ligaseadapter protein functio Phylogenetic analysisf NCH1 performedusing PANTHER16.0
(Mi et al., 2021)and shown inFigure 3.4 revealed theevolutionaryrelationships between different NRL
proteins As expected, the analysis returned 3demembers of thBIRL subfamily ofNCH1 (syn. SR1IP},
RPT2and NPH3 (syn. RPT3) togethe with the expected more distant relatives such as WiYeins and
SETH6and DOT3 as discussed sectionl.3.4 andletailed in the literature previougighristie et al., 2018)
From this @ta, it is interesting to note hdAMCH1 settlesamong the NRIproteinsin comparison ttNPH3and
RPT2 and how itis more closely related tBPT2thanNPH3. This finding isalso confirmed by literature,
with analysis bySuetsugu et a{2016a)finding thatNCH1 andRPT2belong to the same clade of proteins,
unlike NPH3.
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and 100. Some regions with low pLDDT
may be unstructured in isolation.

Figure 3.1 Bioinformatic analysis of the NCH1 gene locus, exon structure and protein crystal structure.

A) Location of the NCH1 locus (AT5G67385) on chromosome 5 of the Arabidopsis genome, and B) the known NCH1-
gene alternative splicing patterns r ecor dermlexmnsintakigrRy.
Figures generated with the BAR-ePlant browser (Winter et al., 2007).

C) Computational NCH1 crystal structure, predicted using machine learning/Al protein structure prediction tool
AlphaFold (Senior et al., 2020).
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Figure 3.2 NCH1 transcript expression patterns in Arabidopsis organs and tissues during development.

Numbers refer to the sample clustering method used in the original literature. Figure constructed from large-scale
microarray data by Klepikova et al. (2016) and generated with BAR-Arabidopsis eFP Browser (Winter et al., 2007),
gene ID AT5G67385.

Figure continues on the next page.
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Figure 3.2 (continued)
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Figure 3.3 Amino acid residue characteristic analysis of AINCH1 protein.

Residue analysis was generated with EMBOSS Pepinfo, showing the distribution of different amino acids according to
residue characteristics such as polarity (polar and non-polar side chains), and residue charge (charged, positive and
negative), and size (tiny, small and large aromatic side chains, on the next page), throughout the NCH1 protein
sequence.

Figure continues on the next page.
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Figure 3.3 (continued)
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3.2. Subcellular Localization of NCH1 in silico and in vivo

The subcellulatocalizaion of NCH1 wasstudied using botim silico andin vivo methodology Firstly, the
proteinlocalizaion was studiedn silico: BAR eFP ePlanbrowser(Sullivan et al., 2019; Waederiman et
al., 2021; Winter et al., 200%Was used tgredict the subcelluldocalizgion according to théioinformatic
sequence informatigrand thecomputational subcellular prediction algontlusing SUB\4 databaséHooper
et al., 2017) pictured inFigure 3.5 A, prediced a cytoplasmic(localization scorel6) and/or aplasma
membranglocalization score 12jpcalizaion for theNCH1 protein with lowest localization scores for the
cytoskeleton, th&R, peroxisomes, theacuole and extracellulanatrix (localization score O foall). Nuclear
localization (score 10), Golgi apparatus (scd®, plastids including the chloroplasts (scasg and
mitochondria (score 4) fall between these extremberefore, a cytoplasmic ptasma membranassociated
localization would be a probabgite for the NCH1 protein Proteinprotein interactions mag-igure 3.5 B)
generated with BAR\rabidopsidnteractions viewer databa@eislerLee et al., 20073uggestdNCH1 to be
a partner irproteinproteininteractiors with at leastthreeproteins an immuneand stressignallingrelated
serine/threonine kinasAtSR1 (Lumba et al., 2014; Zhang et al., 2014piquitin E3 ligasecomponent
CULLIN3 (CUL3) (Zhang et al., 2014)and surprisingly, a telomere protection prein FOT1 homolog
POT1A locusAT5G05210(Rossignol et al., 2007)

As the photoreceptor photl and the related prow#i3 are membranassociated but not transmembrane
proteins (Christie et al., 2018)the NCH1 piotein sequencevas analysed for hydreghy and potential
transmembrane domainEhe hydroathyplot (EMBOSS Pewindow) for theNRL proteinsNCH1, RPT2and
NPH3protein can be seen kigure 3.6, and a window of 19raino acidswas used as thisrecommended as
the optimal hydropathy windovor the detection of transmembrane domains accordikyte and Doolittle
(1982) The NCH1 hydropathy plot has peak valless than 2andthe probability plotmarks no potential
sites for transmembrane domaittgetheisuggeshg that theNCH1 proteindoes not have any transmembrane
domains. Howeverthe related NRLproteinsRPT2andNPH3 show peak values of above 2, which directs
attention to these regionshereforea separate probability plgenerated usingMHMM 2.0 (Krogh et al.,
2001)was performedor the presence of transmembrane domairSigare 3.7. From theséwo sources of
data,it can be deduced, thiite NCH1 proteinis unlikely tocontain any transmembrane regioRsrthermore,

the probability plot highlights possibingle passtransmembrane domains for bd&®IPT2andNPHS3: in the
N-terminusof NPH3and in the @erminus ofRPT2 While there is no experimental evidence for membrane
spanningdomains norother means ointegral membrane attachment for either of these proteins, there is
evidence for membrane associatfon NPH3 through apositively chargegbolybasicC-terminal motif This
motif bindsplasmamembrane phospholipidsd becomes displaced light-dependenphosphoylation and
consequeni4-3-3 protein interation during lightactivation(Reuter et al., 2021)Thesechargedpolybasic
motifs might be highlighted in the plats potential transmembrademains and therefore exist for bodiPH3
andRPT2 However the probability of transmembrane domains is difficult to predict accurately, as the results
depend on the computational algorithm used and therefore vary depending on the program used, as exemplifie
by analysis by e.damano et al. (2015)n addition to thisalgorithms such as the one usedTMHMM 2.0

may interpretN-terminal signal peptides erroneously as transmembrane regions
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Figure 3.5 NCHL1 is predicted to localize into the plasma membrane and/or cytoplasm, and interacts with at least 3
other proteins.

A) Computational prediction of the NCH1 protein localisation inside the Arabidopsis cell according to SUBA4-database.
Figure generated with BAR-Arabidopsis Cell eFP Browser after SUBA4 database by Hooper et al. (2017), gene ID
AT5G67385.

B) Protein-protein interaction interactome for NCH1 (AT5G67385, in the centre). Figure modified from BAR
Arabidopsis Interactions viewer database, originally introduced by Geisler-Lee et al. (2007).
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Figure 3.6 Hydropathy plots for the prediction of potential transmembrane domains in three Arabidopsis NRL subfamily
member proteins, NCH1, RPT2, and NPH3.

The figures were generated using EMBOSS Pepwindow, following the Kyte & Doolittle methodology, with the amino
acid residue number reflected on the x-axis and the relative hydropathy parameter on the Y-axis. The window size
used is 19 amino acids.
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Figure 3.7 Probabilities and placements for potential transmembrane domains in three Arabidopsis NRL subfamily
proteins NCH1, RPT2, and NPH3, based on protein sequence data.

The figures were generated using TMHMM 2.0 (Krogh et al., 2001), with amino acid residue number reflected on the
x-axis and the probability of transmembrane domains on the Y-axis. The plot above the curves (between 1 and 1.2)
shows the calculated best prediction. Red: Predicted TM domain; Blue: Inside the cell; Pink: Outside the cell.
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The in vivo localizaion and potential movement MCH1 proteinin response tBL was studied using
transgenic lines cirabidopsis thalian@xpressing mCitrineaggedNCH1::mCitNCH1(pDEST, hygromycin
resistant), and treating theday old etiolated seedlings with a confocal laseB&t¥n wavelength to activate
phototropin signallingand consequently, the NRiroteins downstream in the signalling cascade. The related
proteinNPH3 from the same NRIfamily of proteins was used as a control and as an example of a protein
undergoing dynamitelocalization in response to a BL stimu(ltaga et al., 2015Based on the results from
the bioinformatic analysis, it was hypothesisidt theNCH1 proteinwould either localize to the cytoplasm

or associate with thelasmamembrane similarly to theelated membranassociated NRproteinsNPH3and
RPT2 Furthermore, adlPH3 exhibits a dynamic relocalization pattern, the protein movement would be
tracked in response to a prolonged Biladiation stimulusThe experiment was designed so that the same
initially etiolated cells could be visualised at multiple time interbaif®ore andiuring BL irradiation:before
irradiation(t=1), at 5 min (t=2) and at 10 min (t=3) interyadeeFigure 3.8 A. The use of confocal laser in
the excitation of the phbtphotoreceptohas several benefits, such as the precise control of BL wavelength,
and the monitoring and visualisation of single cells in-timaé, allowing highquality data gathering.
However, a drawback of the method is that the intensity of the irradiation chanoteasured with a
conventional light meter.

The resultswhich werewitnessed consistenttyver three independent repeatslicatedWT NCH1 localizes
atthe plasmamembrane both in BL and darknd&sgure 3.8 B) anddoes not exhibia dynamiclocalizaion
patternin response to BL irradiatiofMhis is important, as this contrasts wiith relativeproteinNPH3 which
has a wellcharacterisechovement patterand was therefore used as a positive coniBiH3localizes atthe
plasmamembranén darkness butapidly concentragsinto brightcytoplasmicfoci in response to Bl(Haga
et al., 2015) Overall, the consistent static position at flasmamembraneseen in multiple replicates
including in the dimerization studies in the negttion implies thatNCH1 does notequiredynamic protein
relocalizationto medate its normal function iBL -dependenthloroplast accumulatiot hasbeensuggested
that NCHL1 proteinperforns an E3 ubiquitin ligasesubstrate adapter functighle et al., 2018; Zhang et al.,
2014) and thereforeNCH1 proteincould mediatethe chloroplast accumulation movemehtough the
regulation ofother proteins or intermediatespecificallythe BL-dependentlegradation of targethrough the
26Sproteasomasystem While unlikely to affect thdocalizaion of NCH1 protein the technical execution of
the experimentould be improved by visualisirtgypocotylcells of the same cell typthe NCH1-expressing

cells inFigure 3.8 B are corical cells, whereathe NPH3expressingells areepidermal cells.
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Figure 3.8 NCH1 localization is not influenced by BL.

A) Strategy graph for the study of the localization of WT NCH1 protein in etiolated hypocotyls, and potential
relocalization movement in response to prolonged BL stimulus for the time lapse experiment presented in 3.8B. PM:
Plasma membrane.

B) NCH1 localization does not change in response to blue light. Representative confocal micrographs showing a time
lapse series of etiolated transgenic Arabidopsis seedlings during irradiation with blue light. These transgenic seedlings
express either NCH1::mCit-NCH1 (NCH1) or NPH3::GFP-NPH3 (NPH3). White arrowheads on the NPH3 sample
show the relocalization of NPH3 protein into bright foci in response to blue light. T1: Etiolated state before irradiation,
T2: After 5 min of BL irradiation, T3: After 10 min of BL irradiation. Sc al e bar 100&m
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3.3. Site-Directed PCR Mutagenesis: Putative Dimerization Mutant
nch1D28N-K42Q

As He et al. (2018jound putative dimerization sites D28 and K#&ming a salt bridgén the NCH1 potato
(Solanum tuberosumortholog SNRL1, a bioinformatics approach was used to compare potato and
ArabidopsisNCH1 sequence data to find the corresponding residues irAthakidopsisNCH1 protein
Comparison of the sequence information revealed that the sites were coyeedvbereire, theArabidopsis

NCH1 proteinhad the same D28 and K42 amino acid residutdseeatamepositions as the potatwrtholog

The355SPYNEand35SSPYCEvectors(acronyms fosgit YFP N-terminal/C-terminal fragmenexpression
areconvenient molecular genetic toalsedfor the study of two interacting proteinseadily visible in real
time when visualized with confocal microscofWalter et al., 2004)The basistructure of the vectors (see
Figure 3.9) containA) a cauliflower mosaic viru85Spromoter for the constitutive expression of the target
protein,B) a multiplecloning site (MCS)C) a protein affinity tagcMyc in 35SSPYNEandhaemagglutinin
(HA) in 35SSPYCR useful for e.g. detection, purification, and/or Western blotting of the prodasyellow
fluorescent protein (YFP) fluorophoigsplitinto its Nterminal and @erminal halvesandE) nospromoter,

a kanamycin resistance gemp{ll) as an antibiotic selection markand anosterminatorin the Gterminus

of the vectorThe most important feature of the vector is its split YFP fluoooptihe 35SSPYNEvectorhas

the Nterminal halfof the YFP fluorophorewhereas th@5SSPYCEcontainghe Gterminal half of the YFP
Therefore, thee vectors are specifically made to study protein dimerization, as the split halves of the
fluorophore reconstitute the functional Y,Rihd consequently emit a fluorescent signal evthen the halves
would come sufficiently close together, such as during protein dimerizati@ngene of interege.g.NCH1,
nch1P28\K42Q) g [igated to the Nterminal side of the split YFP fluorophoiaside theMCS (Walter et al.,
2004)

To make the BiFC constructs for-gtfiltrations and dimerization experiments, the angipDONR WTNCH1
template had to be mutagenized to contain the DR8RQ double mutations and combined with the empty
BiFC vectors35SSPYNEand35SSPYNE To introduce the corresponding dimerization mutations into the
ArabidopsisNCHL1 gene, sitadirected PCR mutagenesis approach utilising mismatch primers was used to
perform the residue changes at the dimerization sites D28 and K42 to make the putatiizatiim deficient

mutant nchP28NK42Q construct. The mutations were introduced one at a time on the templatdGMT

*
ly cMyc

*

HA

Figure 3.9 The schematic structure of the 35S-SPYNE and 35S-SPYCE BiFC vectors used in this study.

Note the site for the placement of the gene of interest (*) inside the multiple cloning site.

35S: Cauliflower mosaic virus promoter; MCS: Multiple cloning site; cMyc: cMyc tag; HA: Haemagglutinin tag; YFP:
Yellow fluorescent protein; NosT: Nos-terminator; nptll: Kanamycin resistance for selection. Figure after Walter et al.
(2004).
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sequence contained in a pDONR plasmid, courtesy of Dr. Noriyuki Suetsugu University of Tokyo, and the

resulting mutations were confirmég sequencing (see red branchrégure 3.10).

As the particular35SSPYNE and 35PYCE vector construcs usedcame with aPHOT1 gene fragment
ligated inthem(see blue branch dfigure 3.10), the PHOT1fragmentswvereremoved bydigesing the vector
usingBanH| and Smad restriction enzymes, viging the separate vector aRHOTlinsert fragments. These
were then separated using gel electrophoresis and subsequent gel extraction to chtlosesondiy vector

ready to be ligated with thech1P28NK42Q double mutation fragment

After thedesired fragmentsge., WT NCH1 and thedoublemutantnch1P28MK42Qweresuccessfully made, the
fragmentswere combined with themptyBiFC vectors35SSPYNEand35SSPYCEusing NEBuilder HiFi
Assembly(New England Biolabs, Massachusetts,)UBhis yielded the WTNCH1 BiFC constructs35S
SPYNEWT NCH1and35SSPYCEWT NCH1, and the double mutanbnstructs35SSPYNEnch1P28NK42Q
and35SSPYCEnchP2\VK42Q seen as banshifts on DNA gel electrophoresis the ligated product appears
heavier than the nodigated vector (Figure 3.11). These constructs weraised for Agrobacterium
transformations ando-infiltrations, detailed inthe next section For the plasmid maps of tH85SSPYNE
nch1P28\K42Q and35SSPY CEnch P28NK42Q plasmids, seBigure 3.12. For BiFCexperiments, thenapty 35S
SPYNEand35SSPYCEvectors were kegbr negative controls, anfdPH3BIFC construct85SSPYNBENPH3
and 35SSPYCENPH3 courtesy of Mr. Franco Vegliani (University of Glasgowlere usedor positive

controls.

| PDONR NCH1 WT TEMPLATE |
1 \ +VE CONTROLS:
35S-SPYNE-NPH3

| D28N | 35S-SPYCE-NPH3

D28N-K42Q 35S-SPYNE-NCH1 WT
DOUBLE MUTANT 35S-SPYCE-NCH1 WT \
BIFC-VECTORS: - Agrobacterium-
35S-SPYNE-NCH1-D28N-K42Q TRANSFORMATION

355-SPYCE-NCH1-D28N-K42Q

A 7 /'

EMPTY 35S-SPYNE
EMPTY 35S-SPYCE —_— "\’,'IEEE.'}";;Y
1 CONTROLS

35S-SPYNE-phot1
35S-SPYCE-phot1

Figure 3.10 Cloning strategy for the BiFC vectors used in this study.

Strategy graphs for the creation of the BiFC constructs 35S-SPYNE-nchl D28N-K42Q, 35S-SPYNE-nchl D28N-
K42Q.

Red: Site-directed mutagenesis of the WT NCH1 pDONR template for point mutations D28N and K42Q, and the
creation of the double mutant nchl D28N-K42Q.

Blue: Preparation of empty 35S-SPYNE and 35S-SPYCE vectors from a 35S-SPYNE-PHOT1 constructs by removal
of the PHOT1 fragment by double-digestion, gel electrophoresis and gel extraction of the empty vector to be used for
the creation of both the WT NCH1 and the double-mutant nchl BiFC constructs.

Green: The completed nchl D28N-K42Q BiFC vectors created from the double-digestion of both the fragment and
the vector, and combination by Gibson assembly into Agrobacterium transformation-ready BiFC constructs.
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A)

NICKED CIRCULAR - ___ | —NICKED CIRCULAR

SUPERCOILED -
| — SUPERCOILED

B)

NICKED CIRCULAR -

SUPERCOILED -

Figure 3.11 Results of the Gibson assembly reaction can be visualised as an electrophoretic mobility shift in the DNA
gel electrophoresis.

a) Pre- and b) post- Gibson assembly BiFC plasmids, 35S-SPYNE WT NCH1 and 35S-SPYCE WT NCH1, and the
double mutant constructs 35S-SPYNE nchl D28N-K42Q and 35S-SPYCE nchl D28N-K42Q were visualised using
DNA gel =electrophoresis on a 0. 8% acgn&ralsavere takgrebefore tietG@sori
Assembly reaction, containing only vector + insert in dH,O. As the plasmids are mostly in circular and in nicked circular
(single-stranded break) configuration, the markers are not representative of their true size, and been omitted.

M: Marker ladder, YN: 35S-SPYNE; YC: 35S-SPYCE, DKDK: nchl D28N-K42Q
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Figure 3.12 Plasmid maps for 35S-SPYCE nchl D28N-K42Q and 35S-SPYNE nchl D28N-K42Q.

The bifluorescence complementation (BiFC) vectors 35S-SPYNE and 35S-SPYCE with the putative dimerization mutant nchl D28N-K42Q made using NEB HiFi Assembly. Dimerization of the
target protein brings the N- and C-terminal halves of the yellow fluorescent protein (YFP) together, resulting in a fluorescence signal during confocal microscopy. MCS: Multiple cloning site, left and

right borders.



























































































































