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Abstract

Plant cells employ cell surfadecalised receptors in order to perceive perturbations in their
environment. One such context, central to plant survival, is the recognition of potential
pathogens through pattern recognition receptors (PRRs). Upon regngoitiapoplastic
molecular patterns indicative of danger, PRRs induce patiggered immunity. These
molecular patterns can be of nsalf (pathogerassociated molecular patterns; PAMPS) or
modified-self (dangeiassociated molecular patterns; DAMPspors. Recognition of many
PAMPs is lineage specific due to the phylogenetically restricted distribution of the cognate
receptors. In general, PRRs can be transferred between angiosperm genomes to confer PAMP
recognition and induce quantitative, bregmbctum disease resistance. As such,-nmp
genomes represent a potential reservoir of exploitable PRRs to engineer resistance. Currently,
this approach is constrained by the limited number of characterised PRRs. With this in mind,
I sought to characterisedditional members of the leucinEh repeat receptor kinase
subfamily XII fromArabidopsis thalianga known PRRcontaining clade. | generated a range

of genetic resources to screen a range of pathogens felogéissof-resistance. Within this
subfamiy, | focused on MIK2, whose mutants show defects in pollen tube guidance, salt stress
tolerance, cell wall integrity sensingusarium oxysporumesistance and root skewing. Our
data revealed that loss BIK2 leads to defects in basal ROS production @adscriptomic
homeostasis. Moreover, we showed tmi2 mutants are differentially affected in elicitor
induced reactive oxygen species production, revealing an undescribed -bhsitat
dichotomy. Through this work, | identified thecently describeBAMP SCOOP12 is a likely
ligand for MIK2. Furthermore, analysis of transcriptional changeasik2 revealed a novel
phytocytokinelike peptide, which is transcriptionally upregulated nmik2 The insights
gained through this work further our understandifdiow plants recognise and potentiate

danger signals and integrate these into physiological responses.
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Chapterl

General introduction
1.1 Abstract

The ability to perceive and transduce apoplastic stimuli across the plasma membrane is

intrinsic to living organisms. Plants have evolved a suite of transmembrane receptor kinases
to fulfil this function. Receptor kinases can bind extracellular ligandaetngite downstream
cytoplasmic signalling, resulting in cellular responses. They are fundamental to all aspects of
plant biology with roles in development, cell fate determination, reproduction and defence.
These functions are mediated by binding of geshmus and exogenous ligands present in the
plant cells local environment. Here, | will provide an overview of our current knowledge of

plant receptor kinase biology.

1.2 Fundamentals of leuckieh repeat receptor kinase
signhalling

Receptor kinases cassof an apoplastic ectodomain connect via a single pass transmembrane

a-helix to a conserved cytoplasmic kinase don{&imu and Bleecker, 200). They represent

one of the larget gene families in plant genomes2.5% of allArabidopsis thalianghere

after Arabidopsi$ protein encoding geng¢Shiu and Bleecker, 20@L Over recent years our
understanding of how receptor kinases (RKs) function at the mechanistic level has increased
substantially. This is especially true in regard to RKighweucinerich repeat (LRR)
ectodomains, which represent approximal 50% of RBasu et al, 2010; Wuet al, 2016;
Fischeret al, 2016; Xiet al, 2019) and which | will focus uporin this text. These
mechanistic insights have been guided by a synthesis of genetic, biochemical, and structural
data(Hohmanret al, 2017; Moussu and Santiago, 2019)

1.2.1 Ligandbinding to LRR-RKs induces heterodimeric receptor
complex formation
Ectodomain interaction

LRR-RKs have bimodal distribution in eéxtomain length and can be clustered into long and
short ectodomain RK&Xi et al, 2019; Hohmann and Hothorn, 201%je current paradigm
dictates that ligand binding induces heterodimeric complex formation between & ligand
binding LRRRK - with a long ectodomainand a shapeomplementary coeceptor, with a
short ectodomain, fopently from the SERK family (SOMATIC EMBRYOGENESIS
RELATED RECEPTORLIKE KINASE) (Ma et al, 2016; Hohmanet al, 2017) In almost
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all cases the ligand acts as a molecular glue, physically interacting with the LRR motifs of
both RKs. This mechanism is shared between numerousRiRlespite recognising diverse
ligands(Sheet al, 2011; Suret al, 2013,a; Santiagoet al, 2016; Zhanget al, 2016;
Hohmannet al, 201&). In binaryin vitro interactions, the ligand generally associates with
receptor, but not the eceptor{Hohmannret al, 2017) However, the binding affinity can
increase considerably when both the receptor anea@ptor are presefBantiagoet al,

2016) An exception is PHYTOSUFOKINE (PSK) perception. PSK binding induces allosteric
changes to its receptor PSKR which stabilizes the island domain of the LRR for- SERK
recruitment, witmo physical PSKSERK interactiofWanget al, 2015)

Whilst this model is well established for the binding of small ligands, the response to larger,
folded, cysteingich peptides can also be SERIEpendent. The binding of the cysteiieh
peptides EPIDERML PATTERNING FACTORS (EPFs) to the ERECTA family (ERf) of
LRR-RKs (along with the receptdike protein TOO MANY MOUTHS (TMM)) enforce
stomatal patternin{Geisleret al, 2000; Nadeau and Sack, 2002; Shea#l, 2005; Haraet

al., 2007, 2009; Hunt and Gray, Z)(Kondoet al, 2010; Suganet al, 2010; Abrash and
Bergmann, 2010; Huret al, 2010; Abrashet al, 2011; Leeet al, 2012) Interestingly,
distinct EPFs are able to differentially promote or repress the stomatal lineage through the
same ERf recdprs in a SERKdependent mannéMenget al, 2015; Zouliaset al, 2018)
Alignment of EREPRTMM structure with resolved SERRK structures reveals that a
hairpin loop of the EPF peptides would be at the hypothetical SERK interaction interface,
potentially allowing SERK recruitmeftin et al, 2017)

The POLLEN RECEPTOR KINASE 6 (PRKG6) recognises the LURE peptides which are also
cysteinerich (Takeuchi and Higashiyama, 2018he PRK6 ectodomain binds to its ligands,
the cysteingich LURE peptides, through thet€rminal loop of the LRR domaifzhanget

al., 2017) this contrasts with other LRRKs which employ either the lateral or inner surfaces
of the LRR helix for ligand bindingHohmanret al, 2017; Zhanget al, 2017)

Much more ambiguity exists around the mechanistic basis 6LR61RK ligand binding,
however, structural, genetic and biochemical data is beginning to answer soneseof th
guestiongLiu et al, 2012; Hohmanmt al, 2017; Xiaoet al, 2019; Moussu and Santiago,
2019)

Whilst exceptions exist, in generaharacterised LRIRRKs function through a conserved
ligand-induced recepteco-receptor ectodomain heterodimerisation mechagisommannret
al., 2017).
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Cytoplasmic domain activation

The heterodimeric complex formation between ectodomains forces the cytoplasmic domains
into proximity, which then facilitates a series of autmd transphosphorylation events
resulting in receptor activatiqiwVanget al, 2008; Karlovaet al, 2009; Ohet al, 2009; Yun

et al, 2009; Schulzet al, 2010; Yaret al, 2012; Perrakéet al, 2018) Chimeric receptors

have revealed that the specificity of the signalling output is determined by the cytoplasmic
domain of the ligand binding recepiste et al,, 2000; Brutut al, 2010; Albertet al, 2010;
Hohmanret al, 2018).

It is remarkable that common SERK coreceptors are constituents of such diverse, often
antagonistic, signalling complex@da et al, 2016; Heet al,, 2018) This differential has been

most extensively studied in the context of immune and brassinosteroid signalling which both
rely on the BAK1/SERK3 (BRHASSOCIATED KINASE 1) as a ceeceptoi(Li et al, 2002;
Chinchilla et al, 2007) Interestingly, Germinal tagging of BAK1 impairs its function in
immune, but not brassinosteroid, signall{ifjoukakiset al, 2011) Furthermore, an allele of
BAK1, bakl-5, with a point mutation in the kinase domasrspecifically impaired in immune
signalling, but not in brassinosteroid signalling or cell death co(@chwessingeet al,

2011) Perrakiet al. (2018) revealed that the dichotomy betwettrese two pathways is
encoded through a differential phosphocode on BAKL1. This phosphocode is determined by

specific residues within the cytoplasmic domain of ligand binding receptors.

Not all ligandbinding LRRRKs are dependent upon SERKrezeptors. @netic evidence
suggests that sequenadated NIK/CIK/CLERK may fulfil similar functiongHu et al, 2018;
Anneet al, 2018; Cuket al, 2018&; Renet al, 201%); however structural data is still awaited.
Additional LRRRKs with short ectodomains, such as PRKs, have structural similarity to the
SERKSs, implying they could perform a similar functi@@hakrabortyet al, 2018; Xiet al,
2019)

Activation of receptor complexes triggers downstream signalling cascades, regulated by a

plethora of cytoplasmic components to potentiate or suppress RK signalling.

1.2.2 Signalling downstream of leucingich repeat receptor kinase
complexes
Receptorlike cytoplasmic kinases

Accumulating evidence shows that a diverse repertoire of RECERTKIR
CYTOPLASMIC KINASES (RLCKs) associate with LRRK complexes facilitating
downstream signal transducti@nn et al, 2013; Liang and Zhou, 2018RLCKs form part
of the same monophyletic clade of kinases as RKs, but lackramemembrane and
extracellular domainéShiu and Bleecker, 208). There are 147 RLCKSs in thrabidopsis
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genome with specific RLCKs associating with defined ERR complexes to confer
downstream signalling. RLCKs are phosphorylated by RKs within the activated RK
heterodimer(Liang and Zhou, 2018)This results in RLCK activation and subsequent
phosphorylation of downstream signalling components and response exdéciangsand
Zhou, 20B).

Within immune signalling the most notable players are BIK1 (BOTRYINSUCED
KINASE1) and related PBLs (AVRPPHB SUSCEPTIBLEIKE), which act downstream
of immune omplexes to potentiate immune signallifhgn et al, 2010; Zhanget al, 2010;
Liu et al, 201%&; Ranfet al, 2014) Additional RLCKs have been shown to function
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Figure 1.1 A model of ligand-induced receptor activation and signal transduction in plants

Plasma membrardecalised LRRRKs and LRRRLPs facilitate the perception of endogenous
exogenous molecular patterns. RKD nsi st of an extr acel-helixlam
cytoplasmic kinase domain. RLPs lack a cytoplasmic domain and form a constitutive interact
SOBIR1, an adaptor RK. Ligarunding induces heterodimerisation between the RK (or-BOBIR
complex) and a coeceptor RK, usually from the SERK family. This leads to phosphorylatio
activation of the cytoplasmic kinase domains. RKs associate with and phosphorylate
cytoplasmic RLCKs upon complex activation. The cytoplasmic sign#ién transduced via prot
phosphorylation. This can be through the direct phosphorylation of substrates by RLCKs, t
activation of sequential MAPK cascades is shared downstream of many RK con
Phosphorylation of substrates regulates planthiinity, growth and development, either directl
through secondary signalling modules.
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downstream of immune RK complexes but their roles are less pronounced, and potentially
kinase activityindependen{Shiet al, 2013; Sreekantat al, 2015; Konget al, 2016; Reret
al., 201%; Majhi et al, 2019)

Interestingly, BIK1 accumulatiois ratelimiting in immune signalling; as a consequence
BIK1 is tightly regulated at a protein le@llonagharet al, 2014) In the resting state, BIK1
protein accumulation is positively regulated by heterotrimeric G proteins (EXTANRGE
GUANINE NUCLEOTIDE-BINDING PROTEIN 2, ARABIDOPSIS & ROTEIN BETA
SUBUNIT1 armd ARABIDOPSIS GPROTEIN GAMMA-SUBUNIT1/2) and
phosphorylation by the mitogeactivated protein kinase kinase kinase kinases (MAP4Ks)
SERINE/THREONINE KINASEL1 (SIK1) and MAP4K{Liang et al, 2016; Zhanget al,
2018y; Janget al, 201%). Meanwhile, BIK1 accumulation is negatively regulated through
the E3 ubiquitin ligases PLANT BOX 25/26 (PUB25/26), which target BIK1 for
proteasomal degradation, and CALCIUMEPENDENT PROTEIN KINASE 28 (CPK28)
(Monagharet al, 2014; Wanget al, 201&). BIK1 activity is negatively regulated through

its dephosphorylation by PP2C88outoet al, 2016) Upon immune stimulation, activated
BIK1 is praected from PUB25/26 ubiquitination and subsequent degraddiianget al,
2018&). Moreover, PP2C38 is phosphorylated by MAP4K4 and dissociates from BIK1
allowing activated BIK1 accumulatiofCoutoet al, 2016; Jianget al, 201%). However,
CPK28 activity is also enhanced allowing it to phosphorylate PUB25/26, which promotes their
polyubiquitination of inactive BIKXMonagharet al, 2014; Wanget al, 2018). This leads

to a decreased pool of inactive BIK1, curtailing further activation and thus regulating the

amgitude of the immune response.

A number of direct BIK1 substrates have been identified including the NADPH oxidase,
RBOHD; WRKY transcription factors; and calcium chanr{giset al, 2014; Kadotaet al,
2014; Lalet al, 2018; Tiaret al, 2019)

Other RLCKSs shown or suggested to function downstream of RK complexes include-the BR
SIGNALING KINASEs in brassinosteroid signalling, immunity and tapetum development
(Tang et al, 2008; Sreeramulet al, 2013; Majhiet al, 2019; Cheret al, 2019) and
CONSTITUTIVE DIFFERENTIAL GROWTH 1 in brassinosteroid signalliigm et al,

2011) SHENGEN1 in Casparian strip developméAtassimoneet al, 2016) LOST IN
POLLEN TUBE GUIDANCE 1/2 in pollen tube guidandkiu et al, 2013); NFR5
INTERACTING CYTOPLASMIC KINASE 4 in nodulatiofWonget al, 2019)and CAST
AWAY in organ abscissio(Burr et al, 2011)
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Mitogen-Activated Protein Kinases

Another shared module downstream of RK complexes are MAPK cascades. A typical MAPK
cascade contains $equentially activated kinases (MAPKKK/MEKK MAPKK/MKK A
MAPK/MPK) (He et al, 2018; Komiset al, 2018) For a long time, the link between RK
complexes and MAPK activation had remained enigmatic; however, RLCKs have been sho
to activate MAPK cascade®&amadaet al, 2016; Yan et al, 2018; Biet al, 2018)
Moreover, MAPKs have been showo phosphorylate MAPKKKSs, creating a positive
feedback mechanis(Bi et al, 2018)

In immune signalling, two major MAPK cascades are activated in parallel
MAPKKK3/MAPKKK5 -MKK4/MKK5 -MPK3/MPK6 and MEKKXMKK1/MKK2 -MPK4
suggesting a point of signallingivdrgence(Meng and Zhang, 2013; Bit al, 2018).
Surprisingly, There is a high degree of convergence between MAPK cascades downstream of
different RK signalling complexesindeed MKK4/5MPK3/6 are activated downstream of
pathways controlling immunity, stomatal patterning, floral organ abscissarbryo
patterning and pollen developme(ite et al, 2018) It is still unclear how specificity is
determined. Many MPKs substrates have been idenfiflect al, 2018)

RLCKs and MAPKs represent two of the key signal transduction pathways downstream of

LRR-RK complexes. Theganpotentiate the signal from the receptor complex to orchestrate

cellular responses. Having discusslee generalities of LRIRK signalling I will move on to

di scussing the physiological roles of RKs in ser

1.3 Receptor kinases in sensing a cells local environment

Plant cells must constantly monitor their surrdngd in order to respond appropriately to

local cues. In part this is facilitated by transmembrane RKs which can detect endogenous and
exogenous signals. Perception of autocrine and paracrine signalling molecules enables cell
cell orchestration of developmtal programmes, reproduction and environmental responses
(Heet al, 2018) In addition, recognition of neself molecules mediates interactions between
plants and their biotic environmefipfel and Oldroyd, 2017) Due to the large number of

RKs within plant genomes and the imgort functions they perform, an extensive literature
exists implicating RKs in numerous biological functions. Here, | will discuss some prominent

examples.

1.3.1 Receptor kinases in development
In Arabidopsis a number of RKs regulate a diverse range of growth and developmental

processes through the recognition of endogenous lighatsubayashi, 2014; Olssenal,
201%).
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Leucinerich repeat receptor kinases

Whilst most ligands perceived by LRRKs are proteinaceous, an exception is the
brassinosteroid receptor BRI1 that recognises-proteinaceous brassinosteroils and
Chory, 1997; Hothorret al, 2011; Sheet al, 2011) Brassnosteroids regulate diverse
responses including cell expansion, senescence, male fertility, induction of flowering, fruit

ripening, and stress respongéfnget al, 2013; PlanaRiverolaet al, 2019)

The LRRRK CLAVATAL (CLV1)-type receptors, including CLV1 andARELY ANY
MERISTEM (BAM) 1/2/3 perceive peptides from the CLE (CLAVATA3/EMBRYO
SURROUNDING REGIONRELATED) family. This signalling module spatially restricts the
stem cell niche in order to control apical, floral and root meristem(k&gser and Furner,
1992; Clarket al, 1993, 1997; DeYounegt al, 2006) In the context of apical meristem
homeostasis, the primary ligand, CLV3, is excreted from apical cells amdicte the
expression of the WUSCHEL (WUS) transcription factor which would otherwise promote
stem cell fate, and meristem fasciat{@lark et al, 1995; Fletcheet al, 1999; Somssicht

al., 2016) This signalling module also plays roles in lateral root emergence, protophloem
formationand anther developmefiiazak and Hardtke, 2016)

Other members of the CLE family regulate cell fate through related RKs. The TDIF peptide
(TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR) s
independently derived from CLE41 and CLE44 and controls xylem differentiéitiongh

recognition by the LRARRK PXY/TDR (PHLOEM INTERCALATED WITH XYLEM/
TDIF-RECEPTORY)Ito et al, 2006; Fisher and Turner, 2007; Hirakastal,, 2008; Etchells

and Turner, 2010; Zhargt al, 2016; Morita et al, 2016) The receptor complex regulates

the expression of WUSCHEL rel ated HOMEOBOX 't

proliferation and differentiatio(Hirakawaet al, 2010)

CLE peptides also act as systemic signals to negatively regulate global nodulation (in
legumes)and mycorrhization through CLV1 ortholods.g. the SUNNCLE module in
Medicago truncatulp(Schnabekt al, 2005; Reicet al, 2011; Okamotet al, 2013; Iminet

al., 2018; Mulleret al, 2019)

The LRRRK ERECTA and its paralog ERECTAKE 1 recognise EPF1/2/9 in order to
regulate ovule and stomatal patternfmgrii et al, 1996; Shpalkt al, 2004, 2005; Kawamoto
et al, 2019) The EPF family consists of eleven memberAiabidopsis six of which have
been shown to interact with ERECTA family recept®apak, 2013)ERECTA is also an

important regulator of plant architecture.

LRR-RKs HAESA and HAESALIKE2 are able to promote cell walleakening and cell
separation in response to INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) family

19|Page



peptides(Jinn et al, 2000; Butenkecet al, 2003; Stenviket al, 2008; Vieet al, 2015
Santiagcet al, 2016) This signalling module plays important roles in lateral root emergence,
floral organ abscission and root cap slougt{iikgmpf et al, 2013; Shiet al, 2018)

EXCESS MICROSPOROCYTES 1 perceives the peptide TAPETUM DETERMINANT 1 in
order to promote tapetum differentiation and thus controls male reproductive development
(Jiaet al, 2008; Zhengt al., 2019)

The LRRRK SGN3/GS0O1 (SHENGEN3/GASSHOL1) is required for Casparian strip
formation (Pfister et al, 2014) The cbse homolog GSO2 plays a redundant role with
SGN3/GSOL1 in embryo cuticle developmémsuwamotoet al, 2007) SGN3/GSO1 and
GSO2 are receptors for the CIF peptides (CASPARIAN STRIP INTEGRITY FACTORS)
(Nakayameet al, 2017; Dobla®t al, 2017; Okudaet al, 2019)

CIF peptides were originally identified due to their requirement for tyeemitfation for
peptide activity(Komori et al, 2009; Nakayamat al, 2017; Doblast al, 2017) Sulfated
precursor proteins share a conservedmtif that is required for tyrosirgulfation(Komori

et al, 2009) These peptide families include the PSKs, ROOT GROWTH FACTORS (RGF)/
GOLVEN and PLANT PEPIDE CONTAINING SULFATED TYROSINE 1 (PSY1)
(Matsubayashi and Sakagami, 1996; Amanal, 2007; Matsuzaket al, 2010; Menget al,
2012; Whitfordet al, 2012)

PSK is a tyrosinglisulfated pentapeptide that promotes cell expansion and is recognised by
the RKs PSK RECEPTOR1/2 (PSKf@atsubayashi and Sakagami, 1996; Matsubayetshi

al., 2006) RGFs are recognised by RGF RECEPTOR 1/2/3 (RGFR) in the root leading to
increased abundance of the transcription factor PLETHORA, which promotes maintenance of
the root sterrcell niche(Shinoharaet al, 2016; Songet al, 2016; Ouet al, 2016) PSY1

appears to positively regulate cell expansion in a similar mannBiSKy however, the
perception mechanism remains unclear as the proposed receptor mutant still responds to PSY1
treatmen{Mahmoodet al, 2014)

Non-leucinerich repeat receptor kinases

NonLRR-RKs al® play roles in development. Examples include @&THARANTHUS
ROSEUSRLK1-LIKE (CrRLK1L) RK FERONIA (FER), which is able to recognise the
RALF1 peptide (RAPID ALKALINISATION FACTOR) in order to regulate root growth, cell
expansion and morpholodHarutaet al, 2014; Liet al, 2015) RALFs were named after
their ability to induce alkalinisation of growth media when applied to cell cultures and were
shown to inhibit growth(Pearceet al, 2001) Interestingly a subset of RALF1 induced
responses are BAKdependent, including growth inhibition, but not alkalinisatibressano

et al, 2017) The paralogous receptor, THESEUS1 (THE1), and it proposed ligand, the
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peptide RALF34, have been shown to modulate lateral root initiéflomphy et al, 2016;
Gonneatet al, 2018)

1.3.2 Receptor kinases in reproduction
Leucinerich repeat receptor kinases

To ensure successful fertilisation, pollen tubes require stimuli to guide them toward the
synergid cells(Higashiyama and Yang, 2017Related synergid cell derived LURE and
XIUQIU cysteinerich pegides promote pollen tube attracti@kudaet al, 2009; Takeuchi

and Higashiyama, 2012; Zhoegal, 2019) LURESs are perceived by the LRRK PRK6 (an
additional receptor complex has been proposed which is discussed later), whilst the receptor
for XIUQIUs remains unknow(irakeuchi and Higashiyama, 2016; Zhatal, 2017; Zhong

et al, 2019)

CrRLCKI1L receptor kinases

Despite roles in development, CrRLK1L were originally described for their roles in
reproduction. FER was the first member of the family to be cloned as a female fertility
determinaniRotmanet al, 2003; Hucket al, 2003; EscobaRestrepaet al, 2007) In fer
ovules, arriving pollen tubes overgrow upon reaching the synergid cell, which fails to rupture.
It is proposed that FER interacts with the paralogous receptors HERK1/ANJ (HERCULES
RECEPTOR KIANSE1/ANRA) to carry out this functiofGalinde Trigo et al, 2019) Other
CrRLK1L receptors are required for male reproductive sud@sssonDernieret al, 2009;

Geet al, 2017) The pairs ® par al ogous receptors ANXUR1/ 2
PAPER SEAL1/2 (BUPS) are required to prevent premature pollen tube rupture through
perception of RALF4/19 peptidésan autocrine signédMecchiaet al, 2017; Geet al, 2017)

When the pollen tube approaches the synergid cell, fedesiee RALF34 is able to displace
RALF4/19 from tle ANX/BUPS complex to impair pollen tube integrity and promote rupture.

Lectin S.domain receptor kinases

Plants also employ RKs to recognise and reject self during reproduction to promote
outbreeding. In the Brassicaceae, the determinant genes undetginglocus (self
incompatibility) encode a pollen expressed cysteicke SP11/SCR peptides and a cognate
stigmatic receptor kinase. Their interaction induces incompatibility signalling within the
stigma papilla cells leading to rejection of sgtillen (Steinet al, 1991; Nasrallalet al,

1994) These receptors exhibit allelic diversity amorgysissicacea&-haplotypegSchopfer

et al, 1999; Takayamat al, 2000)

1.3.3 Receptor kinases as sensors of the abiotic environment
Several RKs have been implicated in response to abiotic stress; however, this remains one of

the most poorly understood areas of Rihalling, potentially due to the diverse physiological
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effects of abiotic stresses. RKs are involved in response to the hormone abscisic acid (ABA),
however, the mechanism is still unclear. These include the-RRRGUARD CELL
HYDROGEN PEROXIDERESISTANT1which is required for ABA and HO,- induced
stomatal closuréSierlaet al, 2018) Moreover, RECEPTORIKE KINASEL1 is required for

full ABA sensitivity, especially ABAinduced senescenfleceet al, 2011) In these contexts,

the RKsmay perceive secondary signdisirthermore, the cle25 peptide has been shown to
regulate stomatal aperture during drouffakahashiet al, 2018) Droughtinduced root
expressed cle25 moves through the vaserdato induce ABA biosynthesis in the leaves
through BAM LRRRKSs, resulting in stomatal closure. Indeed, cle9 has also been shown to
induce stomatal closure, however in this context no long distance transport has been proposed
and cle9/10 play a role ina@natal development through the HSL1 LIRK (Qian et al,

2018; Zhanget al, 2019)

The CTERMINALLY ENCODED PEPTIDEs (CEPsplay a role in the regulation of
nitrogen homeostasis through interaction with the cognate-RRFRCEP RECEPTOR1/2
(CEPR1/2) inArabidopsis(Taleski et al, 2018) CEPs produced in roots under nitrogen
starvation, they are then transported in the xylem to the shoot where they are perceived by
CEPR1/2Tabateaet al, 2014) As a result, a phloem mobile protein is produced in the shoot,
which acts as a systemic nitrogen starvation signal promoting nitrate uptake inrittrasail
pockets(Ohkuboet al, 2017) Interestingly, in legumes CEP peptides positively regulate
nodule formation through the orthologous receptor COMPACT ROOT ARCHITECTURE?2

a further nitrogen homeostasis respofigen et al, 2013; MohdRadzmaret al, 2016)

PLANT ELICITOR PEPTIDE3 (Pep3), has been shown to promote salt tolerance via its
cognate LRRRK receptors PEP RECEPTOR1/2 (PERR@kaminamiet al, 2018) Other

RKs have been implicated in salt stress tolerance including FER and CHITIN ELICITOR
RECEPTOR KINASEL1 (CERK1); the role oER is discussed later in the context of cell wall
integrity sensing whilst the mechanism of CERK medidtéerance is unknow(Espinoza

et al, 2017; Fenget al, 2018)

1.3.4 Receptor kinases as sensors of the biotic environment
Central to plant survival is the ability to perceive and respond to pathogens. This mediated by

either cell surfag localised patterrecognition receptors (PRRS) or cytoplasmic receptors
(Jones and Dangl, 2006; Dodds and Rathjen, 2010; €pak 2015) These receptors can
directly perceive the presence of thathogens odiscern pathogemduced effects on the
host. PRRs are either RKs or recepike proteins (RLPs) which are able to perceive
apoplastic pathogeror damage associated molecular patterns (PAMPs or DAMPs) and
transduce this signal into pattemiggered immune (PTI) outpu(Zipfel, 2014; Saijcet al,
2018)

22|Page



Sensors of norself

Leucinerich repeat pattern recognition receptors

Many characterised PRRs have an LRR ectodomain:PRRs include FLAGELLIN
SENSING2 (FLS2), ELONGATION FACTORU RECEPTOR (ER), COLD SHOCK
PROTEIN RECEPTOR (CORE), FLAGELLIN SENSING3 (FLS3), XANTHOMONAS
ORYZAE PV. ORYZAE RESISTANCE 21 (Xa21) and XANTHINE/URACIL PERMEASE
FAMILY SENSING1 (XPS1), which all perceive bacterial PAMPs and belong to the LRR
RK subfamily Xlla(Songet al, 1995; GomeZxs6mez and Boller, 2000; Zipfek al, 2006;
Mott et al, 2016; Hindet al, 2016; Wanget al, 201@). The subfamily Xllais discussed in
more detail in Chapter 3. In brief, these receptors bind short epitopes of micledvad
molecules, such as the flagelierived 22amino acid flg22, to induce receptor complex
formation with BAK1 and active immune signallifgelix et al, 1999; Gomez56mez and
Boller, 2000; Chinchillaet al, 2007; Heeset al, 2007; Suret al, 2013).

RLPs lack the cytoplasmic domain of RKs and consist solely of an LRR ectodomain and
transmembrana-helix (or glycosylphosphatidylinositol (GPI) anchor). They are therefore
dependent upon RKs to transduce signalesacthe plasma membrane. LRRPSs require

the adapter SOBIR1 (SUPPRESSOR OF BIRZXor signal transductiofLiebrandet al,

2013, 2014; Gust and Felix, 2Q18i et al, 2016) SOBIR1 forms a constitutive interaction
with the LRRRLPs through the GxxxG dimerization motBi et al, 2016) In effect the
complex functions as a bidular RK. However, RLSOBIR interactions have proved
recalcitrant tan vitro biochemical and structural investigati¢gfiohmann and Hothorn, 2019)

The first PRR to be identified as a LRRRLP, C£9, from Tomato which recognises the
Passalora fulva(then Cladosporium fulvumapoplastic effector Avr@Joneset al, 1994)
Subsequently, a number of LRR_Ps have been identified which are responsible for the
perception of (predominantly) fungal/oomycete apoplastic effectors which function as
virulence factors when not recognised by the KBsutrot and Zipfel, 2017)Interestingly,

many characterised RLPs (although-foragoetn eadl | )
resistance, rather than the quantitative resistance mediated pyRKarKruijt et al, 2005;

Liebrand et al, 2013) Potentially, this is because most characterised RLPs recognise
virulence factors, which specifically indicate pathogens, rather than benign organisms,

facilitating the evolution of stronger responses.

Of note is the RLP230OBIR1:BAK1 receptor complexhat perceives the nlp20 epitope of
NECROSIS AND ETHYLENEINDUCING PEPTIDE 1LIKE PROTEINS (NLPs)YBohm

et al, 2014; Albertet al, 2015) This is of particular interest because NLPs are found in
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bacterial, oomycete and fungal pathogens, all of which are perceived in an-B&R&Ehdent

manner.

Moreover CuRel, a tomato LRRLP is responsible for perception of an extract derived from
the parasitic planCuscuta reflexgHegenauer et al., 2016)ransfer of CuRel intSolanum
pennellii conferred resistance agairt reflexa Recently, a QTlLfor resistance té&triga
hermonthican rice has been mapped to an interval containing RLPs, suggesting RLPs may

play a wider role in parasitic plant interactigBgardon, 2018)

Furthermore, although most PRRs seem to perceive their liganddydiexamples of indirect
recognition also exist. For example, the tomato LREP C£2 does not interact directly with
the nematode elicitor @AP1 or theP. fulvaapoplastic elicitor Avr2 but rather senses the
inhibition imposed by these elicitor pratsion the host protease R¢E3xon et al, 2000;
Rooneyet al, 2005; Lozanelorreset al, 2012)

WALLEASSOCIATED KINAE pattern recognition receptors

Another class of RKs genetically involved in the perception of proteinaceous PAMPs are the
WALL -ASSOCIATED KINASELIKE receptos (WAKL) 1 although ligand binding has
never been demonstratethWAKL4/SBTGSEPTORIA TRITICI BLOTCHGyas shown to
underlie resistance tdymoseptoria triticithat is dependent upon the production of the
apoplastic effectoavrSBT6by the pathoge(Saintenaet al, 2018)

Lysin motif pattern recognition receptors

Ch i t-L,4linkédiN-acetylglucosamine (GIcNAc) polymers) is the best characterised non
proteiraceous PAMP(SanchezVallet et al, 2015) Whilst chitin only makes a small
proportion of fungal cell walls, is a potent elicitor wheB sugar residues in lengtBozsoki

et al, 2017) Chitin perception is depeent upon LYKfamily receptors (LYSM
CONTAINING RECEPTORLIKE KINASES) which have LysM (Lysin motifrontaining
ectodomains. Withirabidopsisghree LYK-RKs have been implicated in chitin perception
CERK1/LYK1, LYK4 and LYK5(Miya et al, 2007; Waret al, 2008, 2012; Caet al, 2014,
Erwig et al, 2017; Xueet al, 2019) The first chitin receptor to be identified was from rice,
CEBIP (CHITIN OLIGOSACCHARIDE ELICITORBINDING PROTEIN), a GRanchored
LysM-RLP (Kaku et d., 2006) CEBIP forms a heterooligomer widsCERK1 and both are
required for chitin perception in rigghimizuet al, 2010) Interestingly, inArabidopsis a
LysM-RLP is not required for all chitimduced responses, but is essential for chitin induced
plasmo@smatal closur@aulkneret al, 2013; Chevaét al, 2019)

LysM receptors are also required for lipochitooligosaccharide (LCO) percgfldroyd,
2013) Based on the same structural backbone as chitin, LCOs are acylated

chitooligosaccharides with various functional group substitutions. LCOs act as baoterial
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fungalderived symbiosis signals (Nddctors or Myc-factors respectively). They are
important signals in the initiation of the leguimigizobium and arbuscular mycorrhizal (AM)
symbioses respective{@ldroyd, 2013)LCO perception is imptant for early responses such
as presymbiotic nuclear calcium spiking, but also ARtduced modification of root system
architecturgEhrhardtet al, 1996; Chiwet al, 2018)

Extracelllar polysaccharide (EPS) mutants of the nodule forming badt$arhizobium

loti are defective in nodule formation irotus japonicugKelly et al, 2013) These mutants
produce truncated EPS pentamerather than longer EPS polymers. Aoptessor screen in

L. japonicugdentified a LysMRK, EPS3, which appears positively regulate nodule formation
in the presence of wilthpe EPS, however, is able to inhibit nodule formation in the presence
of truncated EP$Kawaharadat al, 2015) This demonstrates that LysRKs can be EPS

receptors.

The LysM RK CERK1 also perceives bacterial cell veadlived peptidoglycan, in association

with GPFanchored RLPs LYM1/LYM3Willmannet al, 2011) Peptidoglycan is structurally
similar to chitin -1gknked GItNAovand Macetglinuraenic acdt i n g
residues and peptide links between the polydimer backbones. CERK1 has been shown to be
required forthe@r c e pt i odygluaaris detivedfroifm fungal and oomycete cell walls
(Mélidaet al, 2018)

It is apparent that LysM receptors are able to perceive a range of carbohydrate oligomers,
potentially through contexdependent differential complex formation. In the majority of cases
CERKI1/LYK1 appears to be required for Lydlype reeptor complex signalling. It is
intriguing how the same receptors are able to mediate intuitively contradictory outputs of

immunity and symbiosis.

Lectin Slomain pattern recognition receptor

LIPOOLIGOSACCHARIDESPECIFIC REDUCED ELICITATION/BULB -TYPE
LECTIN SDOMAIN RLK1-29 (LORE) is the RK responsible for perception of the bacterial
metabolite Zhydroxydecanoic acid, the active contaminant of lipopolysaccharide extracts
(Ranfet al, 2015; Kutscherat al, 2019) LORE remains the only characterised PRR in this

family and currently little is known about its function.

Pathogenexploitation of RK signalling

Interestingly, several examples have emerged of pathogens exploiting RK signalling by
producing mimetic ligands to modulate host signalling as a virulence strategy. Plant parasitic
nematodes have been shown to produce CLE,dBd CEP peptides to manipulate the host
(Wanget al, 2005; Luet al, 2009; Mitchumet al, 2012; Reploglet al, 2013; Tucker and
Yang, 2013; Ripkeet al, 2014; Eves/an Den Akkeret al, 2016; Kim et al, 2018).
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Nematodeencoded CLE peptides are able to complenfgabidopsis clemutants when
expressed appropriatefWanget al, 2005, 201Q)Moreover, the fungal pathogé&misarium
oxysporumnhas been shown to produce RALF peptides that are able to phenocopy hést RAL
when applied exogenousMasachiset al, 2016) Fusariumralf mutants fail to induce
alkalinisation in tomato plants and have reduced viruléhtasachiset al, 2016) Peptides
with homology to RALFs have been described in multiple phytopathogen gelithyesme

et al, 2017) In addition,Xanthomonas oryzaeroduces a mimic of the endogenous PSY1
peptide in order to suppress host immunity amarqmte virulence, presumably through an RK
that perceives PS¥Pruitt et al, 2017) InterestinglyOryza bngistaminataevolved a PRR,
Xa21l, that is able to specifically recognise the mimetic peptide RaxX and induce immunity
(Pruittet al., 2017; Luuet al, 2019)

Pathogens fight back

The importance of PRRs in plant immunity is highlighted by evolution of virulence factors
that suppress PTI responsBseudomonas syringaects effectors into host cytoplasm via

a type3 secretin system, these effectors are then able to influence host physiology. Unless
mentioned otherwise the effectors discussed in this section are derive@$eudomonas
syringae The effector HopB1 was found to cleave BAK1 to impair its function in PTI
signdling (Li et al, 2016) Interestingly, as BAK1 depletion leads to autoimmunity, HopB1
protease activity was specific to immaactivated BAK1, thus limitingbakXinduced
autoimmunity (Yamadaet al, 2016; Li et al, 2016) Effectors not only allow us to
understand pathogenesis, they can help our understanding of signalling mechanisms. HopAO1
was show to be a tyrosine phosphatase that targetssR&Rnpair their activatiorfMacho

et al, 2014) This revealed the importance of EFR Tyr836 in immune signalling. Studying the
protease, AvrPphB, enabled the identification of BIK1 and the PBLs which function
downstream of PRR complex¢Zhanget al, 2010) HopF2, AvrPto and the E3 ligase
AvrPtoB all target and inhibit theRR complex(Shanet al, 2008; Gohreet al, 2008;
Gimenezlbanezet al, 2009; Zhouet al, 2014) A conserved fungal effector, NIS1, targets
BAK1 and BIK1 to fulfil its virulence function showing PRR complexgeting effectors are

not restricted to bacterial pathogdéigedaet al, 2019)

Pathogens have also evolved to disguise PAMPs from the host. For example, fungal effectors
ECP6 and SLP1 compete for binding of chitin oligomers with host immune recéptors
Jongeet al, 2010; Mentlaket al, 2012; Sanche¥allet et al, 2013) Moreover, whilst the

flg22 epitope of flagellin is evolutionarily constrained, bacteria glycosylate flagellin to
disguise it from FLSZBuscaillet al, 2019) In turn, hosts have evolved a glycosidase which

is able to reveal the immunogenic epit¢Bescaillet al, 2019)
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1.3.5 Sensors of modified self
In addition to the perceptionf mon-self, plants use receptor kinases in order to perceive

modified-self as an indicator of danger, DAMPs. DAMPs can be classified as either primary
or secondary (also known as phytocytokines) depending on whether they are passively or
actively releasedy the host during infectiofGustet al, 2017) This is discussed more

extensively in Chapter 5.

In brief, these primary DAMPs are generally either cell wall components which are released
during wounding stress or pathogen invasion; or cytoplasmic components that are released
into the apoplast following plasma membrane dam@estet al, 2017) Several RKs are
involved in the perception of primary DAMP@/AK1 has been implicated in the perception

of pectinderived oligogalacturonides released during infection, although genetic evidence

remains elusivéBrutuset al, 2010)

The lectin RK, LecRK.9/DORN1 (DOES NOT RESPOND TO NUCLEOTIDES 1) is a
plasma membrane localised receptor for extracellular ATP , while Le@RK proposed as
a receptor for extracellular NATIChoi et al, 2014; Wanget al, 201b). High apoplastic
concentrations of these cytoplasmic metabolites is indicative of wounding.

Secondary DAMPs, also known as phytocytokines, are -piamted peptides that are
produced, processed or secreted in responses to danger, such as pathogen invasion. Currently
described phytocytokine receptors include the ER&s PEPR1/2, RLK7 and SYR1, which
perceive Pep, Pip and systemin peptides, respeciiMeiffaker et al, 2006; Yamaguchét

al., 2006, 2010; Krokt al, 2010; Houet al, 2014; Wanget al, 201&). These peptides are

all proposed to amplify and potentiate immusignalling through pathways apparently
conserved with LRARK PAMP receptors such as FLS2 and EFR.

Moreover, the rapiglkalinisation factor RALF17 has been shown to induce immune

responses through FEBtegmanret al, 2017)

1.3.6 Receptor kinases as sensors of cell wall integrity
Perception of cell wall integrity can be seen as part of a DAMP contirfMdmoif, 2017,

Vaahtereet al, 2019) Whilst considerable progress has been made in understaedlingll
integrity sensing in yeast, relatively little is known in plants. A suite of five transmembrane
sensorsi CELL WALL INTEGRITY AND STRESS RESPONSE COMPONENT1/2/3,
MATING PHEROMONEINDUCED DEATH PROTEIN2 (MID2) and MIDZIKE
PROTEIN 1i represent a component in yeesk wall integritysensing, essential for survival
under stresqLevin, 2011; Kocket al, 2015) These proteins consist of a highly O
mannosylated, cell waBmbedded extracellular domain, singkess transmembramehelix

and small cytoplasmic domain. These sensors cluster duringuckdte stress dninduce
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MAPK cascadegKock et al, 2015) Due to the lack of homologs jplant genomes, structural
analogy with RKs/RLPs made them promising candidates to fulfil thgMzashausen and
Haswell, 2013) Over the last decade considerable evidence has accumulated confirming a
role for RLKs in perceivingell wall integrityand actively integrating this into developmental
and defence signalling pathwa@&/olf, 2017) Below, | will attempt to outline our current

understanding.
Wall-associated kinases

The wallassociated kinases (WAKSs) form arfember RK subfamily ikrabidopsiswith all
members closely linked in a tandem rapen chromosome (He et al, 1996; De Lorenzet

al., 2011) WAK proteins have EPIDERMAL GROWTH FACTOke maotifs in their
ectodomain which facilitate the formation of strong interactions withmethylesterified
homogalacturonan analigogalacturonides (OG8) vivoandin vitro, in a calciumdependent
manner(Decreux and Messiaen, 2005hort chain OGs have long been known to function
as eligtors of DAMP triggeredmmunity, alerting the plant to tissue injyiyaviset al, 1986;
Davis and Hahlbrdg 1987; Ferraréet al, 2013) Brutus et al.(2010)provided evidence that
WAKT1 functions as an OG receptor using a domain swap approach with EFR. Interestingly,
the WAK family were also shown to be required for cell elongation, fiatgnsuggesting a
feedback mechanism betweesll wall integritysensing and growt{iKohornet al, 2006)

Catharanthus roseus stfiémily

CrRLK1L members have been described in each of the preceding sections, highlighting their
fundamental role in plant biology. TI&RLK1L subfamily contains 17 RKs iArabidopsis
whose ectodomains have hology with malectin, an ER localised-giucose binding protein
within mammalgSchalluset al, 2008; Lindneret al, 2012) They are receptors for RALF
peptides in complex with the GBhchored RLP LORELEI or its homolo@darutaet al,

2014; Stegmanat al, 2017; Mecchizt al, 2017; Geet al, 2017; Gonneast al, 2018; Xiao

et al, 2019)

THE1 was identified in an EMS screen in the celluldsécient procuste1l (prci-1)
background(Hematy et al, 2007) prcl-1 mutants have reduced dagkown hypocotyl
elongation and ectopic lignification. However, these phenotypes are partially supressed in a
theX1 background and enhanced irpd5S:THE1 background, independently of cellulose
biosynthesigHematyet al, 2007) Together, this suggedtsat THE1 may be involved in the
signalling of cellulose deficiency. Subsequently, THE1 has been shown to regulate a diverse
range of responses teell wall integrity stress imposed by the inhibition of cellulose
biosynthesigDennesst al, 2011; Van der Doest al, 2017; Engelsdordt al, 2018)
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FER is required for the maintenancecefi wall integrityduring salt stres@-enget al, 2018)
Sensing of the salinitinduced cell wall softening is proposed to be dependent upon the
interaction of FER with pectin in the cell wéflenget al, 2018; Linet al, 2018) Immediately
following salt stress cells in the elongation zone of the roots enter a quiescent phase, before
eventually resuming growth after several hd@snget al, 2013) FERdependent signalling
elicits celkspecific calcium transients, which are required to prevent elongation cell bursting
upon growth recover{fenget al, 2018) FER is also required for the second phase of the
biphasic C4 response upon mechanigarturbation ofArabidopsisroots, potentially via the
CNGC14 calcium channé¢Ehihet al, 2014) FER is also required for proper cell elongation

in Arabidopsisroots and root hairs dér mutants tend to be very short or byiBtanet al,

2010; Harutaet al, 2014) This elongation was shown to hiependent on RAPID
ALKALINISATION FACTOR 1 (RALF1), a secreted peptide which binds to FER, resulting
in its activation and phosphorylation of downstream targeisrutaet al, 2014) One
characterised phosphorylation target fsadenosine triphosphatase 2, which then reduces its
proton export rate, thus alkalising the apoplastic space and inhibiting cell elor(¢iome

et al, 2014) Potentially all these phenotypes are unified through -saliface stretch,
potentially sensed in a FEfRependat manner.

The role of CrRLK1Ls in the control of cell integrity and bursting is a recurring theme. As
discussed earlier, a lack of FER, ANJ and HERK1 at the filiform apparatus fails to induce
pollen tube rupture and ANX1/2 and BUPS1/2 differentially tagupollen tube integrity
(Hucket al, 2003; BoissotDernieret al, 2009; Duaret al, 2014; Mecchiat al, 2017; Ge

et al, 2017; Galinderrigo et al, 2019) In the context of the syrgid cell filiform apparatus,
FER/HERK1/ANJ are required for the localisation of the sepass transmembrane protein
MILDEW RESISTANCE LOCUS GLIKE7(MLO7)/NORTIA to the site of pollen tube
arrival (Kessleret al, 2010; GalindeTrigo et al, 2019) Interestingly, FER is also required

for the relocalisation of paralogous MLO proteins to the site of hyphal penetration during
mildew infection leading to the hypothesis that this localisation could be the result of

CrRLK1L-dependent perception of celaWinvasion(Kessleret al, 2010)

Recently crrlk1l mutants have been shown to phenocopy higher order mutants of a family of
apoplastic LRRextensin proteins (LRX)Draegeret al, 2015; Mecchiat al, 2017; Sedet

al., 2018; Fabricet al, 2018; Zhaeet al, 2018; Dinseet al, 2019) These proteins have-N
terminal LRRs and a variable-t€rminal extensin domain which interacts strongly with cell
wall carbohydrategDraegeret al, 2015; Hergeet al, 2019) LRX proteins directly interact

with RALFs and are required for RALF pertiem (Mecchiaet al, 2017; Zhacet al, 2018;

Moussuet al, 2019) LRX proteins have also been shown teimonunoprecipitate with the
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edodomain of FER, and are required for salt stress toleréddbaoet al, 2018; Diinseet
al., 2019) Potentially, LRX represent the nexus linking CrRLK1RALFs and the cell wall.

Leucinerich repeat RLKS/RLPs
The LRRRK STRUBBELIG (SUB) has controls tissue morphogenéSisevalieret al,
2005) however, recentlgubmutants haven been shown to be impaired in-i@8liced ROS

accumulation, gene expression, lignification and callopesigon(Chaudharet al, 2019)

A pair of homologous LRFRLKs, FEI1/2, are required for cell wall function under st{&ss

et al, 2008. While the singldeil andfei2 mutants have no obvious phenotype, the double
mutant has impaired anisotropic root growth and lignin deposition under high sucrose and
salinity conditions, phenotypes associated with defects in cellulose biosynthesisell

walls offeil/fei2double mutants had significantly less cellulose content thartyypkel roots

(Xu et al, 2008)

Brassinosteroid signalling is upregulated during cell wall weakening, specifically when there
is impaired demethyleseterfication which prevents pectissdinking and results in softer

cell walls(Wolf et al, 2012). RLP44 is geneticallyequired for this upregulation, potentially

by physically interacting with BRI1 to promote-tceceptor complex formatiofwolf et al,

2014; Holzwartt al, 2018)

Moreover, the barrier surveillance mechanism employed to ensure Casparian strip contiguity
is also a mechanism to monitor cell wall status throB@N3/GSO1 and its CIF ligands
(Pfisteret al, 2014; Dobla®t al, 2017) (This is discussed in more detail in 1.4.3.)

Further work $ required to understand the contribution of RKs to monitoring cell wall status
and integrating this information into developmental and immune signalling programmes to

regulate the dynamic cell wall matrix.

1.3.7 Concluding remarks
The work summarised here provides an overview of the emerging roles of RKs in diverse

physiological processes. Plants employ RKs to perceive autocrine and paracrine stimuli; non
self; or homeostatic perturbations in order to coordinate development andeddfe®pefully

this provides an impression of the diverse and elegant mechanisms that exist. However, due
to the crucial role of these receptors they require tight regulation to ensure they are not

aberrantly activated.

1.4 Requlation of LRRK receptokinases

Earlier | touched upon the regulation of RK signalling, particularly at the level of downstream

RLCKs. Here | will discuss further mechanisms employed to regulate receptor complex
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function at the plasma membrane. It is vital that the plant istabteintain tight control of
these receptor complexes in order to prevent precocious signalling.

1.4.1 Inter-RK regulation

BAKINTERACTING RECERTRRKINASE

The LRRRK BAK1-INTERACTING RECEPTORLIKE KINASE 1 (BIR1) was initially
identified from a libary of T-DNA mutants whose transcript levels were significant
upregulated 48 h pestoculation withPseudomonas syringge/. maculicola(Gaoet al,
2009) Mutation ofbirl causes seedling lethality through enhanced cell death and constitutive
defence responses which can be supressed by mutation of S@RiRét al, 2009) BIR1
belongs to a family of four RKs iirabidopsisBIR1-4; all of these members are able to form
constitutive interactions with BAK{Gaoet al, 2009; Maet al, 20174). In the absece of

BIRs (predominantly BIR1), BAK1 interacts promiscuously with SOBIR1, causing the
constitutive activation of defence respon¢€so et al, 2009) BIRs sequester BAK1 to
prevent erroneous interactions with signalling partiista et al, 2017; Hohmannet al,
2018). This is in accordance with the role of BIRs as negative regulators of RK signalling
(Halteret al, 2014;Blaumet al, 2014; Hohmanmt al, 2018&). The affinity of the ligand
bound receptorg(g.flg22-bound FLS2) is sufficient to displace BIR to form a complex with
BAK1 (Maet al, 201&). Interestingly, the increase apoplastic pH during immune signalling
appears to favour BAKBIR dissociation, thus potentiating immune signall{iiMa et al,
2017a). BIR2 is the only member whose interaction with BAK1 appears to be stable at higher
pH; concordant with its stronger roleaasegative regulator of PRR signalling (PTI signalling
induces apoplastic alkalinisatiofHalter et al., 2014; Maet al, 201&). Mutations in the
BAK1 ectodomain which effect function in brassinosteroid signalling in fact strengthen the
BAK1-BIR interaction, rather than directly effecting the BAkfassinosteroiBRI1
interaction(Hohmanret al, 2018&).

CATHARANTHUS ROSEUSLIM{IK1

The FERRALF signalling module has been shown to regulate immune signéBiregmann

et al, 2017) A mutant screen for restoratiaf PTI signalling in the immunocompromised
bak15 background identified a mutation in the S1P protease that processes a subset of RALF
peptideqSrivastaveet al, 2009; Stegmanet al, 2017) These processed RALF peptides are
able to negatively regulate immune signalling by inhibiting FB3&1 complex formation.

This response is FEBependent. FER is proposed to act as a scaffold protein promoting
FLS2BAK1 complex formation. Another subseft RALF peptides, including RALF17, that

lack the S1P recognition site are able to function antagonistically and promote immune

signalling(Stegmanret al, 2017)
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In addition, a mutant screen for enhanced eligitduced immune marker gene expression
isolated a mutation in ANX@Manget al, 2017) However, unlike FER, ANX1 and its paralog
ANX2 are regative regulators of flg2ihduced immunity(Mang et al, 2017) ANX1
constitutively associates with FLS2 and BAK1; however, in the presence of flg22 the BAK1
ANX1 association increases. The flgl@luced ANX1/2 sequestration of BAK1 isgposed

as the mechanism of negative regulation of PTI signalling. Given that FER and ANX1/2 have
additional functions, it will be interesting to elucidate the potential roles of other CrRLK1L

RKs and their RALF ligands in the regulation of immune reaegigmalling.

FLSANTERACTING RECEPTOR KINASE

The ectodomain of the LRRK FIR (FLS2INTERACTING RECEPTOR KINASE) was
found to directly associate with the FLS2 iniarnvitro LRR-RK ectodomain interactome
(Smakowskda_uzanet al, 2018) FLS2BAK1 complex formation is significantly reduced in
thefir mutant, which is reflected in reduced flg22luced ROS production, gene expression
and induced resistance. i) FIR positively regulates FLS2 signalling by facilitating FLS2
BAK1 complex formation(Smakowskda.uzanet al, 2018)

APEX

The same LRRRK ectodomain intexctome study identified APEX as a central component of
the interaction networkSmakowske_uzanet al, 2018) APEX associates with PEPR1r?2
vivo andin vitro and exhibits a dosdependent effect on PEPR signalling, with impaired
PEPRsignalling in overexpression and knoebut lines. apex mutants also show
perturbations in FLS2 and BRI1 signalling with a promotion of FB&K1 complex
formation and convergereduced sensitivity to brassinostergmakowska uzanet al,

2018) This suggests APEX plays a general role in HRRsignalling.

LYSM RLKANTERACTINGNASE 1

The LRRRK LYSM RLK1-INTERACTING KINASE 1 (LIK1) was identified in a yea@t
hybrid screen for interactors with CERKUe et al, 2014) The LIK1-CERKZ1 interaction was
confirmedin planta LIK1 negatively regulates chitirand flg22induced ROS prduction.
Whilst LIK1 associates with CERKZ1, it is unclear if the effect it exerts is mediated directly

through the PRR interaction.

IMPAIRED OOMYCETE SUSCEPTIBILITY1

The RK IMPAIRED OOMYCETE SUSCEPTIBILITY1 (I0S1) contains both LRRs and
malectinlike motifs within its extracellular domai(Hok et al, 2011) 10S1 differentially
regulates resistance to pathogens. Initially it was identified as susceptibility factor for the
oomycete pathogeHyaloperonospora arabidopsidigiok et al, 2011) Since it has been

found to positively regulatPseudomonas syringaesistancgHok et al, 2014; Yehet al,
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2016) 10S1 interacts wit FLS2, EFR, BAK1 and CERK1 to positively regulate PTI
responsegYeh et al, 2016) It appears to promote FLE2AK1 complex formationYeh et
al., 2016) However, IOS1 is required for some ABAnduced responses, potentially
explaining the differential role in immuni@Hok et al, 2014)

LecRW/I.2

LecRK-VI.2 has been shown to interact with FLS2 and to positively regulate PTI responses
(Singh et al, 2012; Huanget al, 2014) Surprisngly, AtLecRK-VI.2 overexpression in
Nicotiana benthamianaconfers enhanced flgazBduced ROS production, however,
overexpression iMrabidopsisdoes not have this effe(Binghet al, 2012; Huanget al,

2014) The mechanism by which PTI responses are regulated is unclear and are not necessarily

direct.

Cysteineich receptoflike kinases

CYSTEINERICH RECEPTOR KINASES (CRKs) contain P26 motifs within their
ectodomaingBourdaiset al, 2015) CRKs are transcriptionally induced biotic and oxidative
stress; howeve precise understanding of their function remains eluBaurdaiset al,
2015) Redundancy between CRKs has impaired geneticackerisation; however, over
expression of certain CRKs induces constitutive immunity and cell ¢ehtnet al, 2003,
2004; Acharyeaet al, 2007; de Oliveirat al, 2016; Yadetat al, 2017; Leeet al, 2017)
CRK28 associates constitutively with BAK1 and can also bencounoprecipitated with
FLS2 in a flg22depdendent manngfYadetaet al, 2017) Overexpression of CRK28
enhances flg2&iggered PTI responsé¥adetaet al, 2017) CRK36 also interacts with FLS2
(Leeet al, 2017) CRK overexpressiemduced cell death is dependent upon BAKadeta

et al, 2017) however, contradictory results propose that upregulation of CRKs is responsible
for cell death irbaklmutants(de Oliveiraet al, 2016) Recently, CRK2 has been proposed
to directly regulate RBOHD activity through phosphorylation of ifninal in response to
PAMP treatmen{Kimuraet al, 2019) It is currently unclear whether CRKs are functioning

to regulate RK signalling complexes or are functioning in parallel pathways.

RECEPTAQRKE PROTEIN 44
RLP44 has been shown to promote BRI1/PSKRBteceptor complex formation to positively
regulate these signalling pathways to control vascular celllfailzwart et al, 2018) It is

unclear how widely the effect is observed.

1.4.2 Regulation by kinase inhibitors
The BRI1 cytoplasmic domain interacts constitutively with a kinase inhibitor, BRI1 KINASE

INHIBITOR1 (BKI1) (Wang and Chory, 2006; Warag al, 2014) BKI1 is phosphorydted
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in response to brassinosteroid perception resulting in its dissociation from BRI1, thus BKI1
inhibits promiscuous activation of BR(Jaillaiset al, 2011)

1.4.3 Regulation by localisation
RKs are not distributed homogeneously at the plasma membrane, but instead are restricted to

specific domaingYu et al, 201%). Localisation within micrgnane domains constrains RK
interactions and plays an impantaole in regulating their functiofBurkart and Stahl, 2017,
Ott, 2017; Gronnieet al, 2018) This localisation is determined by both lipid and protein
plasma membrane constituents, as well as cytoskeletal and cell wall comf@nentseret

al., 2018; McKennaet al, 2019; Yuet al, 201%). Moreover, the dynamics, localisation and
composition of these domains is modulated during signalBigherlet al, 2017; Lianget

al., 2018; Cuiet al, 201®).

Whilst BRI1 and FLS2 share the BAK1 -ceceptor, they localise to distinct nanodomains,
which show different plasma membrane dynar(iigcherlet al, 2017) The lateral mobility

of RK nanodomains is reduced during signalling. These effects ardispedthe activated
signalling pathway, rather than a general effect on the plasma men{Bicterl et al,
2017) Recruitment into nanodomains was shown to promote signalling and inhibit
endocytosis of the LYK3 receptor Medicagoduring symbiosis signallingLiang et al,
2018) These correlations suggest and significant link betwasadomain properties and RK

function.

Whilst some nanodomains are distributed across the cell surface, other RKs localise to specific
subcellular locationfHuttenet al, 2017; Bukart and Stahl, 2017; Gronniet al, 2018; Yu

et al, 201%). The LRRRK SGN3/GSOL1 is expressed exclusively within endodermal cells
where it localises adjacent to the equatorial CASP do(Rdisteret al, 2014) It is required

for CASP domain fusion to form the contiguous Casparian strip. GSO1/SGN3 recognises the
steeleexpressed CIH2 peptides to promote CASP domain expangiakayamaet al,

2017; Doblast al, 2017) As the Cagarian strip lignifies it impedes CIF diffusion from the
steele towards the cortex. The SGABF-SERK complex is only able to successfully signal
through the polarifocalised, cortex facing RLCK SGNAlassimoneet al, 2016; Okudaet

al., 2019) This formsl andd@rgy etremuirrvewhi ch Caspari a
only promoted when its integrity is impaired, allowing CIF diffusion antbcalisation of alll

signalling component®oblaset al, 2017)

The RK ERL1 has been shown to preferentially localisgeinly formed membranes at sites
of cell division in order to perform its function in stomatal lineage determinéfoet al,
2017) Within pollen tubes the LURIEeceptor, PRKES, is tiiocalised and asymmetrically
accumulates in favour of higher LURE concentratibna response which proceeds the

morphological turning of the pollen tulf€akeuchi and Higashiyama, 2016)
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Plant cells form a symplastic continuum regulated by plasmodesmatal aperture; however,
symplastic isolation is important idevelopment and stress respongBsunkard and
Zambryski, 2017; Sager and Lee, 2Q1B)rprisingly, whilst most chitimduced responses

are CERK1depdendent, plasmodesmatal closure is CERId&pendent and relies on distinct
receptors LYK4 and LYMZFaulkneret al, 2013; Chevaét al, 2019) LYM2 and LYK4

are enriched within plasmodesmatal membranes. The-RRRBAM1/2 also localise to
plasmodesmatal membranes and are targeted by the viral effector C4 to inhibit the spread of
RNA interference and promote viral pathogen¢RigsasDiaz et al, 2018) BAM1/2 also
positively regulate plasmodesmataédiated spread of mMIRNA involved in xylem
developmen(Fanet al, 2019) The recruitment of RKs to plasmodesmatal membranes under
osmotic stress appears to be important for cafoediated plasmodesmhbtaosure and

lateral root developmerfGrisonet al, 2019) Moreover, the interactions between RKs has
been shown to differ between the plasma membrane and the plasmodesmatal membrane,
affecting their functior{Stahlet al, 2013)

1.4.4 Regulation of RKs by endocytosis

The delivery and retention of RKs within the membrane is tightly regulated. Endocytosis
regulates RK accumulation and partitioni{@laus et al, 2018) This affects signalling
duration, amplitude and specificifZlauset al, 2018) Receptoimediated endocytosis has
been documented for many RKs. Notable examplelside BRI1(Russinoveaet al, 2004;
Geldneret al, 2007) BAK1 (Russinoveet al, 2004) SERK1(Kwaaitaalet al, 2005) FLS2
(Robatzeket al, 2006) EFR (Mbengueet al, 2016) PEPR1(Mbengueet al, 2016; Ortiz
Moreaet al, 2016) CLV1 (Nimchuket al, 2011) CERK1 and LYK5(Erwig et al, 2017)
Nonractivated RKs havéeen shown to undergo constitutive cycling between the plasma
membrane and thizans-Golgi network/early endosomes in a Brefeldirs@nsitive manner

to regulate protein accumulation at the plasma memi{@aekelneret al, 2007; Becket al,

2012) In contrast, ligandhduced receptor endocytosis occurs upon receptor complex
activation, leading to multivesicular body/late endosome targeting and vacuolar degradation
(Robatzeket al, 2006; Becket al, 2012; Mbenguet al, 2016; OrtizMoreaet al, 2016)
Posttranslational modifications play a key role in this process. BAK1 constitutively
associates with the E3 ubiquitin ligases PUB12/13 which are phosphorylated by the activated
BAK1 kinase domain to promote polyubiquitination of FLS2, stimulating it®eytosigLu

et al, 2011) PUB12/13 have subsequently been shown to regulate polyubédiaitinof

LYK5 and BRI1 to promote their endocytosis; however, BRI1 phosphorylates PUB13 directly
(Martinset al, 2015; Liacet al, 2017; Zhotet al., 2018)
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1.5 Evolutionary history of receptor kinases and its link
with function

1.5.1 RKs are massively expanded in plant lineages
The cloning of the first RK from maize created excitement due to its structural analogy to

receptoftyrosine kinasg in metazoans that had already been shown to function as
transmembrane receptof@/alker and Zhang, 1990Phylogenetic analysis of RK kinase
domains reveals they form a monophyletic clade withDhesophila melanogastegene
PELLE and the INTERLEUKIN RECEPTOGRSSOCIATED KINASES (IRAKSs) found in
mammals(Halfon et al, 1995; Lemaitreet al, 1996; Qiuet al, 1998; Flannery and Bowie,
2010; Rhyasen and Starczynowski, 201 LLE and the IRAKs are cytoplasmic kinases
that lack transnmabrane domains. PELLIS the only member of this claderosophilaand

four IRAKs are encoded in the human genome. This contrasts sharply with plants where the
RK/PELLE/IRAK gene family has expanded massiveadyg(the Arabidopsis rice and oak
genomesmcode 600, 977 and 1247 RKs, respectivEdiu and Bleecker, 20@1Lehti-Shiu

et al, 2009; Gao and Xue, 2012; Fisclgral, 2016; Plomioret al, 2018) The asymmetry

in RK abundance between eukaryotic genomes suggests the expansion within plants has been

driven by positie selection to retain RK duplications.

A key innovation of plant RKs is the transmembrane structlke.sequences with the
canonical transmembrane structure have been identifi€thanophyceaémplying that this
conformation predated tlaarophyteland plant divergence, however all known RK kinases
in chlorophyte genomes are cytoplasn(iehti-Shiu et al, 2009; Delauxet al, 2015;
Nishiyamaet al, 2018; Han, 2019)It should be noted that not all plant RK kinases have
transmembrane domains as RLCKs belong to this clade.

RK extracellular domains are diverse in their biochemistrgbling the binding of a wide
range of ligands. Itis likely that the canonical RK structure arose due to multiple fusion events
between kinase domains and ancestoral R{LHti-Shiu et al, 2009) This may have
provided a source of innovation in signaling networks; linking novel inputs to exant response
networks. This fusion is predicted to have occurred twelve times since the divergence of
Arabidopsis rice and poplalLehti-Shiu et al, 2009) Interestingly, whilst the ancestral
RK/PELLE/IRAK kinase was likely active, approximatly 20% of RKs in plants are predicted
to be kinasenactive based on sequen(@astellsand Casacuberta, 2007; Gish and Clark,
2011)

1.5.2 Expansion rates of RK subfamilies vary and are linked to

biotic stress responces
Whilst the RK family has expanded in plants, there is considerable variation in expansion rates

between RK cladeiShiuet al, 2004; LehtiShiuet al, 2009; Sakamotet al, 2012; Fischer
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et al, 2016) The rate of lineagspecific subfamily expansion correlates with RK function.
Subfamilies with defenceelated functions show more rapidoaxsionHanadeet al, 2008;
Lehti-Shiuet al, 2009; Fischeet al, 2016) This is hypothesised to be due to the dynamic
evolutionary landscape created by hpathogen ceevolution(Hanadeaet al, 2008) There is

a correlation between RK transcriptional responsivity to biotic stress and subfamily expansion
rate (Leht-Shiuet al, 2009, 2012)For example the LRIRK subfamily XI and subfamily

Xlla contain a similar number of genes; however they show very different evolutionary
signatures(Fischeret al, 2016) Subfamily XI LRRRKs - which perceive endogenous
ligands- show ancient duplication and ortholog retention between genomes. However, LRR
RK subfamily Xlla- which contains PRRs shows much more rapid evolution with recent

expansion in parellel lineagéSischeret al, 2016)

Signatures of positive selection are enriched withe ectodomains of LRRKs, suggesting
ectodomains are evolving faster than other dom@iseheret al, 2016) There is a positive
correlation between the rate bRR-RK subfamily expansion and evidence of positive
selection. Indeed, lineage specific expanded subfamilies ofRRRhowed a nearly 1ld
increase in positively selected codofi&scheret al, 2016) An example of this rapid
evolution is the fixation of an adaptive allelerdfS2in Arabidopsig(Vetteret al, 2012)

Taken together these evolutionary fingerprints can guide our intégmetdtRK subfamily
function, especially in attempting to identify clades of RKs that function in biotic stress
tolerance, potentially functioning as PRRs.

1.6 Use opattern recognition receptarin the field

Crop diseases significantly diminish agticwal productivity (Savaryet al, 2012) These

losses can be mitigated through chemical controls, however, some of these have potential
deleterious environmental consegees, resulting in restricted usa@gillocks, 2012)
Genetic resistance introduced through molecular breeding technologies can contribute to
overconing many of these issuéBanglet al, 2013) However, its application is limited by
regulatory restrictions and public mistrEickerstorferet al, 2019; Fernbackt al, 2019)
Conventional breeding programmes have long exploited natural variation in cell surface
receptors to enhanced resistance, highlighting the value of extending elicitanitiecoim
commercial system@outrot and Zipfel, 2017) | will now briefly explore the potential for

transgenic deployment of PRRs in crop protection.

As many PAMPs are recognised by evolutionarily recent, lineage specific receptors,
interfamily transfer of PRRs is a promising option in order to fortify crop gendBwter
and Felix, 2009; Boutrot and Zipfel, 201Qurrent evidence suggests that -RR and LRR

RLP PRRs can be successfully transferred between faneles, between monocots and
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dicots, without the requirement to transfer any other signal transduction components
(Lacombeet al, 2010; Holtoret al, 2015; Schoonbeek al, 2015; Schwessinget al, 2015;

Albert et al, 2015; Luet al, 2015; Wanget al, 2016; Boschiet al, 2017; Kunwaret al,

2018) This makes their transfer a feasible and attractive approach.

Currently due to regulatory constraints, very few PRR transgenic plants have been tested under
field condiions; however, under controlled conditions, PRRs from-ecrop genomes have

been used to confer quantitative, brepectrum disease resistan@outrot and Zipfel,

2017) Examples include the transfer of RLP23 frétrabidopsisinto potato resulting in
enhanced resistance 8elerotiniasclerotiorumand Phytophthora infestanfAlbert et al,
2015)and ELICITIN RESPONSE, an LRRLP fromSolanum microdontuntat recognises
Phytophthora/Pythiurelicitin, also confers enhanced resistanck.tmfestansn potato(Du

et al, 2015) Perhaps the best example is Brassicacead. RR-RK, EFR, which has been
transferred into tomato, potato, rice and wheat to confer resistance to pathogens with an active
elf18-epitope (Lacombe et al, 2010; Holtm et al, 2015; Schoonbeelet al, 2015;
Schwessingeet al, 2015; Luet al, 2015) Indeed, the resistance in potato and tomato has
recently been confirmed in field trialBoschiet al, 2017; Kunwaet al, 2018)

The success of these approaches has incentivised the identification of addifiemally-
specifici PRRs in order to engineerogr disease resistance.

1.7 Identification of PRRs

Below | will outline a range of biochemical and genetic approaches that have been employed

to identify PRRs. Despite the identification of evolutionary signatures of PRR containing
subfamilies, it remaina considerable challenge to identify novel PRRs and their cognate
ligands. The limited number described stands testament t@Btusrot and Zipfel, 2017)

1.7.1 Forward genetics
Within species natural variation has been used to map PRRs such as RLP1/RECEPTOR OF

ENIGMATIC MAMP OF XANTHOMONAS (Jehleet al, 2013) RLP32(Fan, 2016)FLS3
(Hind et al, 2016) VERTICILLIUM WILT DISEASE RESISTANCE PROTEIN{Fradinet

al., 2009) RESPONSIVENESS TO BOTRYTIS POLYGALACTURONASE®Zhanget

al., 2014) and RLP3(QqZhanget al, 2013) This approach has been successful but relies on
genomic resours, preexisting geneticalhdetermined phenotypic variation and, depending

on the species, can be very costly in terms of time, plant growth and genotyping.

Where phenotypic diversity within a species is limited, introgression between species can
augmentvariation. Eshed and Zam(it995)introgressed regions &olanum pennellin the
domesticatedS. lycopersicuncv. M82 genome(Chitwood et al, 2013) S. pennelld s

insensitivity to csp22 (a 22mino acidepitope of bacterial coldhock protein) and the
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phytocytokine systemin allowed the mapping and cloning of the cognate receptors, CORE and
SYR1 (Wang et al, 2016, 201&). Inversely the same introgression lines were used to
identify CuRel inS. pennellii(Hegenaueet al, 2016)

Mutagenesis screens can be used where no standing phenotypic variation exists. Indeed this
approach was used to clone some of the first PRRs including the RQRuif RK FLS2
(Joneset al, 1994; Gémefs0mez and Boller, 2000)Whilst ethyl methanesulfonate
mutagenesis was useditlentify FLS2, transposetagging was used to identify ©f(Jones

et al, 1994; Gomezxs6me and Boller, 2000)An advantage of this approach is having the
ability to select the genetic background for the screen, for example they can contain
geneticallyencoded reporters. Prominent examples are LORE1 and DORN1 which were both
identified throgh loss of cytoplasmic calcium influx in mutagenized-G% (Choi et al,

2014; Ranfet al, 2015) Indeed the effectiveness of this approach has been demonstrated
multiple timese.g.identification of 57efr mutants encoding 37 different alleles in an mutant

screen for elfl8nsensitivity(Nekrasowet al, 2009)

1.7.2 Reverse genetics
With increasing understanding, we can begin to more accurately predict candidate receptors.

Use of T-DNA insertional mutants lead to the identificatiore#fR, RLP23 and XPS1, which
perceive bacterial elf18, nlp20 and xup25, respectipfel et al, 2006; Albertet al, 2015;
Mott et al, 2016) Moreover, RLK7, the receptor for tipdytocytokine PIP1 was identified
by screening mutants of RKs closely related to other phytocytokine rec@dtmrset al,
2014) Similarly, CERK1 inArabidopsiswas identified through a screen of RLKs with
ectodomain sequence similarity to the previously idetifthitin binding RLP, CEBIP, in
rice (Miya et al, 2007)

Where stable mutants do not exist, transient approaches can be appimdnAof VIGs

(virus induced gene silencing) constructs was used to silence every RK and RLP within the
N. benthamianagenome to identify RXEGL an RLP conferring recognition of the
Phytophthora sojaeapoplastic effector XYLOGLUCANSPECIFIC ENDGBETA-1,4-
GLUCANASE 1(Wanget al, 201&). This resource will undoubtedly prove fruitful in the

identification of orphan ligands iN. benthamianan the future.

1.7.3 Biochemical approaches
Genetic approaches are limited by rdoepedundancy. Biochemical approaches can help

overcome this I imitation. A |l abelled Iligand
approach relies on a high liganeceptor affinity, or the crosslinking of the ligand to the

receptor, to enable quurification. Several PRRs have been identified using labelled ligands,
including PEPR1 and CEBIP which were identified usitt§ radiolabelled, photo
crosslinkable ligandglto et al, 1997; Yamaguchéet al, 2006; Kakuet al, 2006) The
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labelled ligands were applied to suspension cell cultures, crosslinked to the receptors by UV
light, and subsequently identified from SIPAGE gels. Bnilar approaches can be applied
using ligand labelled beads to purify the receRetutschniget al, 2010) A limitation of

these approaches in that they would struggle to identify low abundance receptors. In an
attempt to overcome this a library of tobacco-Bells has been generated overexpressing
LRR-RKs in order to screen with labelled ligands, this has successfully been used to identify
the RGF, CEP and CIF receptdis@bataet al, 2014; Shinoharat al, 2016; Nakayamat

al., 2017;Shinohara and Matsubayashi, 2Q17)

Interestingly, in mammalian cell cultures CRISPR activation screens have been used to
differentially overexpress endogenous candidate receptors in a population ¢Ehelget

al., 2018) A fluorescently labelled ligand was applied to the cell population which was
subsegently sorted based of fluorescence. Fluorescent cells were predicted to be
overexpressing the cognate receptor. They were then sequenced to identify which promoter
regions the gRNAs were targeting. Whilst not applied to plant system this approach has
advantages over cDNA ovegxpression libraries which are resource intensive to generate and

maintain.

However, the approach can be taken fitlyitro with the use of recombinantly expressed
receptor ectodomains to identify interactors. Gel filtration banused to separate LRR
ectodomains, and bound peptide(s), from a peptide library pool, the associated peptide can
then be identified using maspectrometry(Songet al, 2016) This approach led to the
independent discovery of the RGF receptors as well as rediscovering thd B¥saAd PXY-

TDIF interactions. The recombinant ectodomains can also be bound to beads, this approach
was used to identify a negueptide agonist of CLEBAML1 interaction using a fluorescently
labelled peptide and higihroughput microscopyShinohara and Matsubayashi, 2007;
Shinoharaet al, 2019) One could also envisage a chi@sed array approach to identify

interaction in a highihroughput manngiKatz et al, 2011; Szymczakt al, 2018)

Many LRRRKs and LRRRLPs displayigandinduced complex formation with SERK-co
receptors. Identification of RKs/RLPs which show ligand dependent interaction with BAK1
was used to identify CSPR, an RLP involved in the recognition of CSP22; however genetic

evidence suggest this might notthe recepto(Sauret al, 2016; Wanget al, 2016).

FER was identified as a wdidate receptor for RALF1 through a RALkKiduced
phosphoproteomics approagtiarutaet al, 2014) This was possible due the rapid ligand
induced phosphorylation of receptor cytoplasmic domains. As with all the aforementioned
approaches, candidate receptors need to be confirmed using a variety of biochemical

approaches to corroborate binding and confirm it is specific.
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1.8 Concluding remarks

In summary, receptor kinases allow plant cells to respond to a plethora of environmental

stimuli. In the case of leucifdch repeat receptor kinases this appears to be through a
generally conserved mechanism of ligdndding induced receptor complex
heterodimerisation. This induces cytoplasmic signalling via recéigocytoplasmic kinases

and mitogeractivated protein kinase cascades to bring about diverse responses. Receptor
kinases, and there signalling pathways are tightly etgdlin order to prevent aberrant
signalling activation. This is especially true in the case of patezmgnition receptors where

tight control of costly defence responses is essential. Further characterisation of RK signalling
can help us to understarmhd manipulate how plants develop and respond to their

environment.

1.9 Aims of this thesis

In this thesis | focus on the characterisation of Ahgbidopsisleucinerich repeat receptor

kinase subfamily XIlI in immune signalling. This subfamily contaires platterrrecognition
receptors FLS2, EFR, and XPS1, whose cognate ligands have been idgatfieekGomez

and Boller, 2000; Zipfett al, 2006; Mottet al, 2016) Several members remain undescribed
but represent putative, Bagespecific, PRRs. Using complementaggin and lossof-
function approaches | attempt to identify novel PRRs within this family. Additionally, | focus
on detailed characterisation of one member of this subfamily, MIK2, to investigate its role in

immune homeostasis and response to diverseamaental stimuli.

41|Page



Chapter 2

Material and methods

2.1 Materials

2.1.1. Plant materials

Arabidopsis thaliana

Wild type or mutanArabidopsis thalianghereafterArabidopsi$ lines used in this study are

in Col-0 (Columbia) or W= (Wassilewskija) backgrounds. Details of mutants are shown in

Table 2.1and transgenic lines are shown in Table 2.2

For soilgrown plants seeds were sown directly on compost and plants were grown under

controlled conditions: 21 °C; 10 h (short days) oh1fbng days) photoperiod; 75% humidity.

In vitro growth was performed on Murashige and Skoog medium (MS; 4 Alincluding
vitamins) (Duchefa) supplemented with 1% sucrose. Seeds were vapour sterilized using
chlorine gas for 5 h prior to stratificati at 4 °C for at least 2 days. Subsequently plates were

transferred to growth conditions: 22 °C; 16 h photoperiod.

Table 2.1 Arabidopsismutant alleles used in this study

Mutant allele Ecotype Publication Identifier
sobirl-13 Col-0 (Leslieet al, 2010) SALK 009453
bak1:5 Col-0 (Schwessingeet al, 2011)

bakl4 Col-0 (Kemmerlinget al, 2007) SALK_116202
peprkl Col-0 (Yamaguchiet al, 2006) SALK 059281
peprz3 Col-0 (Krol etal., 2010) SALK 098161
rbohd Col-0 (Torreset al, 2002)

eds12 Col-0 (Falket al, 1999)

sid21 Col-0 (Nawrath and Métraux, 1999)

ndrl-1 Col-0 (Centuryet al, 1997)

bak11 Col-0 (Li et al, 2002) CS6125
bak13 Col-0 (Kemmerlinget al, 2007) SALK_ 034523
irx1-6 Col-0 (HernandezBlancoet al, 2007)

agh12 Col-0 (Ullah et al, 2003) CS6536
mik2-1 Col-0 (Wanget al, 2016) SALK 061769
mik2-2 Col-0 (Van der Doest al, 2017) SALK_ 046987
mik2-3 Col-0 (Colemaret al, 2019) GABI_208H02
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mik2-4 Ws-2 FLAG_518G04

efr-1 Col-0 (Zipfel et al, 2006) SALK 044334
fls2c Col-0 (Zipfel et al, 2004) SAIL 691 C4
mik2-like-1 Col-0 (Van der Doeet al, 2017) SALK_112341C
mik2like-2 Col-0 (Van der Doeet al, 2017) GABI_031G02
xii2-1 Col-0 SAIL_373_EO4
xii2-4 Col-0 SALK_025037C
Xxii3-1 Col-0 SALK_ 101474
Xpst2 Col-0 (Mott et al, 2016) SALK 101668
Xpst3 Col-0 GABI_781A02
Xpst4 Col-0 GABI_544A06
xpso, 4 Col-0 This publication CRISPRCas9
Xpst6 Col-0 This publication CRISPRCas9
Xii5-1 Col-0 GABI_415H04
Xii5-2 Col-0 SALK_150420
xii4, 3 Col-0 This publication CRISPRCas9
xii4, 4 Col-0 This publication CRISPRCas9
Xii6-1 Col-0 SAIL_31_F02
Xii6-2 Col-0 SAIL_837_D03
mdist2 Col-0 (Wanget al, 201) GABI_090F03
mdis2 Col-0 (Wanget al, 201) SALK_004879
pxl2-2/mikl  Col-0 (Fisher and Turner, 2007) SALK_ 095005
Table 2.2 TransgenicArabidopsislines used in this study
Transgene Background Publication
p35S::APOAEQUORIN Col-0 (Knight et al,, 1991)
pUBQ10::APOAEQUORIN#8  Col-0 (Ranfet al, 2014)
pUBQ10::APOAEQUORIN#31 Col-0 (Ranfet al, 2014)
pBIK1::BIK1-HA Col-0 (Liu et al, 2013)
p35S::RBOHDBFLAG Col-0 (Kadotaet al, 2014)
p35S::MIK2GFP mik2-1 (Sharon and Sharon, 2015)
p35S::MIK2GFP (kinase dead) mik2-1 (Sharon and Sharon, 2015)
p35S::EFRGFP efr-1 (Machoet al, 2014)
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Solanaceous species

Nicotiana benthamianawas usedfor transient Agrobacterium tumefaciensediated
transformation. Seeds were sown directly on compost and plants were grown under controlled
conditions: 24 °C; 16 hours light and 8 hours dark (long days); 55% hunfitgnum
lycopersicumwas grown undethe same conditions for phenotyping. The Moneymaker
background (LA3310) contains the introgression of the TOBACCO MOSAIC VIRUS 2
resistance gene (Solyc09g018220) for ease of grolvdmsgenics lines generated in this

study are listed in Table 2.3.

Table 2.3 Transgenic tomato lines developed in this study

Transgene AGI Vector Copy Identifier
number

X3 AT3G47090 pEarleygate103 2 #4

X3 AT3G47090 pEarleygate103 1 #12
XPS1 AT3G47110 pEarleygate103 2 #2
XPS1 AT3G47110 pEarleygate103 1 #4

X116 AT3G47580 pEarleygate103 1 #2

X6 AT3G47580 pEarleygate103 2 #6

XI5 AT3G47570 pEarleygate103 2 #1

X115 AT3G47570 pEarleygate103 3 #4

2.1.2. Bacterial and fungal materials
Escherichia coli

E. coli strain DH10B (F mcrA gpmrr-hsdRMS-mcB C)  lacB @M1 BacXdd recAl
endAl araD 1 3 Qaradp() 7697galU galK rpsL nupG - érantet al, 1990) was used for

cloning purposes.

Agrobacterium tumefaciens

A. tumefacienstrain GV3101 was used in this study for transient transformatiorNof
benthamianaand stable transformation éfrabidopsis GV3101 carries the helper plasmid
pMP90 and is Rifampicin and Gentamycin resis{afain Larebekeet al, 1974; Koncz and
Schell, 1986)
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Pathogen isolates
Pathogen isolatassed in this study are listed in Tabld.2.

Table 2.4 Pathogen isolates used in this study.

Selection
Species/Strain Source markers
Pseudomonas syringae pv. tom: KAN
(Benderet al, 1987; Brookset al, 2004)
DC3000 COR RIF

Xanthomonas perforans pv.-B8  Brian Staskawicz (UC Berkley, USA) RIF

Xanthamonas vesicatoria PR biotech., ES.
Botrytis cinerea strain CH94 PR biotech., ES.
Sclerotinia sclerotiorum PR biotech., ES.

Brigitte MauchMani (Uni of Neuchatel,

Plectosporella cucumerina BMM
CH)

2.1.3. Antibiotics

Stock solutions werstored at20 °C, except for Rifampicin, which was stored at 4 °C (Table

2.5). Working concentration indicates the final concentration used in the selective media.

Table 2.5 Antimicrobials used in this study.

Antimicrobial Stockconcentration Working concentration

Carbenicillin (Carb) 100mgmrin H 0100 ¢lg. mL
Gentamycin (Gen) 10mgmt!in H O 20 9. mL
Kanamycin (Kan) 50mgmttin H O 50 e¢g. mL
Rifampicin (Rif) 10 mg.mL*in methanol 50 €@ . mL
Spectinomycin (Spt)  100mg.mri n H O50 €d@g. mL

Nystatin 250mg.mti n H O25 eg. mL
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2.1.4. Antibodies

Antibodies used in this experiment are listed with their respective dilution in T&ble 2.

Table 2.6 Antibodies used in this study and their working dilutions

Target Dilution Secondary Source

U-P44/42 MAPK 1:4,000 Rabbit 9101 (Cell Signalling)
URBOHD 1:1,000 Rabbit AS15 2962 (Agrisera)
UFLS2 1:1,000 Rabbit (Schulzeet al, 2010)
UBAK1 1:5,000 Rabbit (Rouxet al, 2011)
UpSer612 BAK1 1:2,000 Rabbit (Perrakiet al, 2018)
UBRI1 1:1,000 Rabbit (Heeseet al, 2007)
UGFRHRP 1:5,000 - s¢9996 HRP (Santa Cruz)
UrabbitHRP 1:10,000 - A-0545 (Merck)

2.1.5 Peptides
Peptides were synthesised by EZbiol@3, USA) and diluted in ddiD before being stored

at-20 °C (Table Z).

Table 2.7 Synthetic peptides used in this study

Peptide Amino acid Reference

flg22 QRLSTGSRINSAKDDAAGLQIA (Felix et al, 1999)

elf18 acetytMSKEKFERTKPHVNVGTI (Kunzeet al, 2004)
Pep3 ELKARGKNKTKPTPSSGKGGKHN (Yamaguchiet al, 2010)
SCOOP12 PVRSSQSSQAGGR (Gully et al, 2019)
JRP4 AMRPFPDPVDEIRLLFQALQRGPVRGSGRNGCTNIPRGSGRCI

nlp20 AIMYSWYFPKDSPVTGLGHR (Bbhmet al, 2014)
Xup25 LIPEGKVAVTTTQAATERKPLEQPR (Mott et al, 2016)
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2.1.6in silico resources
In silicoresources used in this work are listed in Tab®e 2.

Table 2.8 In silico resources used in the study

Resource Function Reference
TMHMM2.0 Predicting transmembrane helices. (Kroghet al, 2001)
_ Visualising RNA expression )
Genevestigator (Zimmermanret al, 2004)
databases

iTOL Phylogenetic tree visualisation (Letunic and Bork, 2019)

UGENE Alignments and phylogenies (Okonechnikowt al, 2012)
Benchling [Biology Software].

Benchling in silico cloning/ sequencing alignments (2019). Retrieved from
https:benchling.com.

FIJI Image analysis (Schindelinet al, 2012)

WEBLOGO Creathg sequence logos (Crookset al, 2004)

Quantprime Designing gPCR primers (Arvidssonet al, 2008)

SUBA4.0 Subcelluladocalisation predictor (Hooperet al, 2017)

Phytozome Genomic resources (Goodsteiret al, 2012)

Visualising publicly availablexpression

eFP Browser data

(Waeseet al, 2017)

Panther14.1 Gene Ontology enrichment analysis (Mi et al, 2019)
SignalP5.0 Predicting signal peptides (Almagro Armenterogt al, 2019)

Retrieved from

BioRender Figure drawing https://biorender.com

2.1.7. Oligonucleotides
Oligonucleotides were ordered diluted to 100 uM (aqueous) and sto2@i°al. These were

further diluted to 10 uM in ddbD prior to useOligonucleotides are listed in Appendix table
1-2.
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2.2 Methods

2.2.1 Molecular biology methods
Genotyping PCR

Genotyping PCRs were performed using REDEXTRAGAMP™ PLANT TISSUE PCR
KIT (Sigma Aldrich) following the manufacturers instructions. In hreeémall piece of leaf
tissue was placed into 58 of REDEXTRACT-N-AMP™ extraction buffer and heated to
95 C for 10 min then diluted in 501 REDEXTRACT-N-AMP™ dilution buffer (1:1
dilution). 1 m of the resultant DNA extract was then added to el FICR mixture (50% (v/v)
REDEXTRACT-N-AMP™ PCR reaction mixture, 0.4M forward primer, 0.41M reverse

primer). The same PCR programme was used as for Qiaygmolymerase listed below.

Polymerase leain reaction (PCR)

PCRs were performed either usiid\Q DNA POLYMERSE (Qiagen) or PHUSION

HIGH-FIDELITY POLYMERASE (New England Biolabs) (for high fidelity applications)
according to the manufacturerds i nsdanarecti ons. P (
outlined in Table 2 and 210.

Overlapping extension polymerase chain reaction was used to generate the chimeric receptors.

In brief, primers were designed to amplify the respective fragments with an overlap of ~ 25

bp between adjacent modulestédoprimer length should not exceed 50 bp). The resultant

PCR products were gel extracted and used as the template for subsequent PCR amplification

with peripheral 36 and 506 primers (in this cont

20 cycles using PHBIONA high-fidelity polymerase.

Table 2.9 General Qiagen Tag touchdown PCR programme

Stage Temp. (C) Time (sec)
Initial denaturing 95 60

Denaturing 95 20
35 cycles |Annealing 58A 53 20

Extension 72 70(~60 sedb?)
Final extension 72 600
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Table 2.10 General Phusiord Tag touchdown PCR programme

Stage Temp.(C) Time
Initial denaturing 08 60 sec Gel
Denaturing 98 15 sec extraction
35 cycles Annealing 58> 53 20 sec and plasmid
Extension 72 30 sec.kB purification
Final extension 72 600 sec Gel
extraction
and plasmid purification were performed using MACHAREAGEL NUCLEOSPIN® Gel
and Plasmid kits respectively, accordingtothemaf act ur er 6 s i nstructi on

RNA extraction and cDNA synthesis

Arabidopsis seeds were vapour sterilised, sown on ¥ strength MS media, stratified and moved

to growth conditions as previously descried. Three days later seedlings were transferred into
transpaent 24well cell culture plates (Greiner Bidne) containing 50@L of liquid MS (2

seedlings per well). Seedlings were grown for a further 9 days. The day prior to elicitor
treatment media was exchanged to avoid osmotic shock. Elicitor treatments viemege:r

by addition of the MS media with or without the elicitor. 4 seedlings per sample were flash

frozen in liquid nitrogen in 2 mL tubes and homogenised using 3mm glass beads in a SPEX
CERTI PREPE PULVERI ZER AND CELL LYSER 2010 G

whilst ensuring that the samples remained frozen.

Nucleic acids were extracted by the addition of @@0TRI reagent (Merck) and 2061
chloroform followed by vigorous vertexing. Samples were subsequently centrifuged at 13,000
g for 20 min at 4°C after whit 550 of the upper phase was transferred into a tube
containingan equal volume giropan2-ol (550mm), mixed by inversion and allowed to stand

at room temperaturfer 5 minwhilst nucleic acids precipitated. The samples were spun again
for 20 min a4 °C (13,000 g). The resultant pellet was washed infB0®% ethanol prior to
drying.

Genomic DNA was removed by DNAse treatment using AMBION TURBO EMREE KIT
(ThermoFisher). Total RNA concentrations were measured using a nanodrop

spectrophotometer.

2.5 ng of total RNA was then used to synthesise complementary cDNA using oligoDT

primers to anneal polyadenylated RNA using the REVERTAID FIRST STRAND CDNA
SYNTHESI'S KIT (Ther moFi sher) according to m
cDNA was tten diluted 2€fold prior to gPCR.
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Quantitative PCR

gPCR was performed using LIGHTCYCLBR480 SYBR GREEN | (Roche) according to
manufacturer o6s i nrd ofr2dfold dilded £DNA Wwas addleditce M |, 4
LIGHTCYCLERa& 480 SYBR GREEN | MASTER MIXRoche) with 0.51 of each forward

and reverse primer (1®M) creating a 10r total reaction volumeAnalysis was performed

in a CFX96 TOUCH REALTIME PCR DETECTION SYSTEM (Biorad).

Cloning

Goldengate modular cloning was performed using Type IIS réstriehzymes which cut
outside their recognition site allowing seamless recombin@fitgberet al, 2011; Engleet

al., 2014) Appropriate modules were combined with 200 ng of the acceptor plasmid at a 2:1
molar ratio. The DNA was then combined with i¥ognate restriction enzyme (10ris,
ThermoFisher), 1.5 T4 ligase buffer (NEB), 0.5 T4 ligase (400 U, NEB) and 1n
10x BSA (diluted 100X stock, NEB), the total reaction volume was then made upnio 20
with ultrapure water. This reaction mixture was then incubated for 3 min°&t &7d 4 min

at 16°C for at least 26 cycles, followed by heating t6G@nd 80C sequentially to inactivate
the enzymes. The resultant mixture was ttramsformedinto Escherichia coliDH10b
chemically competent cells (heat shock transformdtib@ se at 42°C) prior to appropriate

selection and confirmation by sequencing.

Gat eway entry cloning was {JEROR ocQlommgdKit usi ng t he
(ThermoFi sher) following the manufacturers instr
ENZYME MIX (ThermoFisher)was then used to catalyse theitro recombination between

an attL siteflanked entry clone and a destination vector (containing attR sites) to generate
expression clones according to the manufacturer
was alwag pEARLEYGATEL03 (Earley et al, 2006) As pENTRD-TOPO and

PEARLEYGATE103 both have KAN resistance the entry clone was digested prior to

recombination, where possiblsing Mlul (New England Biolabs).

2.2.2 Biochengalmethods

Immunoblotting assays

Plant tissue was ground in liquid nitrogen prior to boiling in 2x Laemsartiple buffer (4%
SDS, 20% glycerol, 10%-@hercaptoethanol, 0.004% bromphenol blue and 0.125 M Tris HCI,
(10 m.mg* tissue)) for 10 min at 9&. The samples were then spun at 13,000 g for 5 min
prior to loading and running on SEFAGE gels of an approptie concentration. Proteins
were transferred onto PVDF membrane (ThermoFisher) (Wet trainsieernight, 30 V;
semidry transfer 1.5 h, 25 V) and blocked for 1 h with 5% (w/v)-fa¢e milk powder in 1%
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TBS buffer with 0.1% (v/v) Twee0 (TBST) prior tdncubation with appropriate antibodies
in the same 5% milk buffer under gentle agitation.

Membranes were incubated with primary antibodies overnight & 4r ~2 h at room
temperature before being washed 3 times for 5 min in TBST. Subsequently memi@enes
incubated with the secondary antibody for ~1.5 h at room temperature. Membranes were

washed 3 times in TBST for 15 min before detergent was removed by transfer to 1% TBS.

Western blots were developed using chemiluminescent PIERCE ECL PICO WESTERN
BLOTTING SUBSTRATE (ThermoFisher) or SUPERSIGNAL WEST FEMTO
MAXIMUM SENSITIVITY SUBSTRATE (ThermoFisher) and imaged with lighénsitive
X-ray film (Super RX, Fujifilm) or with a LAS 4000 IMAGEQUANT SYSTEM (GE
Healthcare). Staining of the blotted membravith Coomassie Brilliant Blue was used to

confirm loading.

Co-Immunoprecipitation

Fifteen to twenty seedlings were grown in wells of-adl plate for 2 weeks in liquid MS
media with gentle agitation. The MS media was replaced the night before tre&eeiing
were treated with rM elf18/SCOOP12 for 10 min before flash freezing. Tissue was ground
and proteins extracted in 1:1 (v/v) powdered tissue:extraction buffer (50 mNHCtipH

7.5, 150 mM NaCl, 10% glycerol, 5 mM dithiothreitol, 1% proteabébitor cocktail (Sigma
Aldrich), 2 mM NaMoO,, 2.5 mM NaF, 1.5 mM activated BN&D, and 1 % IGEPAL). For
immunoprecipitation GFHFRAP AGAROSE BEADS (ChromoTek) were incubated with
extracts for 3 hr at% and washed 3 times in wash buffer (50 mM-H&I pH 7.5, 150 mM
NaCl, 10% glycerol, 5 mM dithiothreitol, 1% protease inhibitor cocktail (P9599, Sigma
Aldrich), 2 mM NaMoQO,, 2.5 mM NaF, 1.5 mM activated N&0. and 0.1 % IGEPAL)
before adding Laemméiample buffer and incubating for 10 minutes at 95 °C. Detection was
carried out by SDS PAGE and western blots uasiigAK1 anda-GFP antibodies.

2.2.3 Transformation and transient expression
Transient expression in N. benthaminana

Agrobacterium tumefaensGV3101 was used for all transient expression experiments, and
were transformed by electroporation. 10 ml liquichiedia cultures containing the appropriate
antibiotic were inoculated from a bacterial colony and grown overnight@t Zgiltures were
then spurdown (2500 g10 mir) and resuspended in 10 mM Mgé6blution and the O.lo
adjusted to 0.2. The subsequent bacterial suspension was then syringe infiltratdd into
benthamiandeaves at least 24 h prior to leaf disk collection for reactivgemxyand calcium

measurements.
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Transformation of Arabidopsis thaliana

Stable transgenic lines #8irabidopsis thalianavere generated using the floral dip technique
(Clough and Bent, 1998)n brief 400 ml cultures of dmedia were inoculated with from
overnight cultures oAgrobacterium tumefacierGV3101 containing the plasmid of interest
growing in the presence of the appropriate antibiotics. These 4@ultates where then
grown overnight, spudown (2500 g) and resuspended in 200 ml 5% (w/v) sucrose solution.
Immediately prior to dipping, 5001.1 Silwet L-77 was added to the solution to decrease
surface tension. Young flowering plants, with many irumainflorescence buds, were then
dipped for 45 seconds prior to being covered and kept out of direct light for 24 h. Seeds were

harvested and selected accordingly.

Transformation of Solanum lycopersicum (Performed by Matthew Smoker, TSL)
Transformatiorof tomato was performed by the tissue culture support team at TSL lead by
Matthew Smoker. The method used was leaf disk transformation, as described byedtlorsch

al. (1985) Transformant explants were sefed in tissue culture using 15 mg.l
phosphinotricin. T1 transformants were screened for expression of the transgene as evidenced
by a correctly sized band on aGFP western blot, preferential lines were then copy number
genotyped by IDNA GENETICS (Nwich, UK) using duplexed tagman gPCR to assay the
guantity of the BAR selection marker from the pEarleygate103 vector used against a tomato

housekeeping gene. Preferentially single copy transformants were selected.

2.2.3 Physiological assays

Reactive oxygn species measurement from leaf disks

Leaf disks were harvested from -weeekold Arabidopsisplants grown under short day

conditions or 4veekold N. benthamianatsi ng a 4mm di ameter biopsy pl
Mi |l texE). Leaf di s ks Owntofdistilledwatartinemtbite ®ave-r ni ght on
plates (Greiner BidDne). Prior to ROS measurement the water was removed and replaced

with ROS assay solution (108M Luminol (Merck), 20ng.mL?! Horseradish peroxidase

(Merck)) with or without the addition of eliors. Immediately following the addition of the

assay solution light emission was measured from the plate using a HIGH RESOLUTION

PHOTON COUNTING SYSTEM (HRPCS218, Photek) equipped with a 20 mm F1.8 EX DG

ASPHERICAL RF WIDE LENS (Sigma Corp).

ROS burst fom seedlings

Plate grownrArabidopsisseedlings were individually transferred into a sterile whiteveé-

plate containing 15@i full strength MS media, covered with a transparent lid and returned
to growth conditions for an additional 5 days. The d=fpte the ROS measurement the liquid

MS media was replaced with 20@ distilled water. Immediately before ROS measurement
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the water was removed and replaced wibl2 ROS assay solution (0.5 pMa12 (WAKO
chemicals), 20ng.mi** Horseradish peroxidase (Merck)) with or without the addition of

elicitors. Photon emission was then measured as described previously.

DAB staining

3 , -daNjinobenzidine (DAB) staining was performed according to procedures described
previously with modiftations(de Oliveiraet al, 2016) Briefly, the excised plant tissues were
immersed in DAB solution (1 mg.mMIDAB (MERCK) in 10 mM NaHPQ, and 0.05% (v/v)

Tween 20). 8mples were vacuuwin filtrated and then incubated for the appropriate time.
Subsequently, samples were transferred to DAB destaining solution (ethanol, acetic acid and
glycerol in a ration of 3:1:1) and incubated in destaining solution at room temparatilire
complete destaining with replacement with fresh solution. Pictures were taken under a

dissecting microscope with samples in 10% glycerol.

Measurement of cytoplasmic calcium concentration

Leaf disks were collected as described above, however, theyfleated overnight in the

dark in 20mM coelenterazine (Merck). The following morning coelenterazine solution was
replaced with 100n water and rested for a minimum of 30 min in the dark. Readings were
taken in a VARIOSKANM MUTIPLATE READER (ThermoFisér) using the injector to add

50 m of 3x concentrated elicitor solution or mock. Seedlings were grown as described in the
ROS assay and MS media was replaced with coelenterazine solution as described for leaf
disks.

Conversion into cytoplasmic calcium @amtration was performed using the formbé&ow
(Allen et al, 1977; Knightet al, 1991; Van Der Luigt al, 1999; Mithdfer and Mazars, 2002)

‘where L

Lo = luminescence intensityZ per-second

Lmax= total amount of luminescence over the course of the experiment

KR = dissociation constant for the first €#on to bindaequorin(2 x 1 M)
KTR = dissociatiorconstant of the second €#on to bind aequoris5 M)

Values for KR and KTR were degd by Van Der Luitt al.(1999)

Sealling growth inhibition
Arabidopsisseeds were sterilised and sown%arMsS plates prior to transfer to liquidMS
media as described previously. Seedling were transferred individually into sperate wells of

transparent 48vell tissue culture plates (Greiner B@ne) containing 5001 of liquid MS
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media with/without elicitor addition. The plates were then transferred ttathe growth
conditions for an additional 10 days before seedlings were dried and weighed.

Relative lignification (performed by the Hamann Lab, NTNU, NO)

At 12 h after treatment, seedlings were harvested in 70% EtOH and stained for lignification
using phloroglucinotHCI as describe@Dennesset al, 2011) For determination of lignin
deposition in the root elongation zone, pictures were taken with a Zeiss Axio Zoom.V16 stereo
microscope. Phlorogucinatained areas wer quantified using ImageJ software and
normalized to the total root area photographed, while the root length was kept equal in all

images. The ratios obtained are plotted as fold change compared@Go Col

Rosette growth under salt stress (performed byTesterink lab, UVA, NL)

Soil-grown plants (11 h photoperiod; 22; 70% humidity) were transferred to pots which
were saturated with 4 | of either 0 or 75 mM of NaCl solution. During the experiment, all
plants were watered with rainwater from below. Coniditg measurements confirmed that

salt levels stayed stable during the experiment.-R@akold plants were harvested and dried

at 68°C for 1 week to determine dry weight. Genotypes were randomised across trays using
a randomized block design.

Root skaving/hypocotyl growth

Vapoursterilised seeds were sown on square plates with MS medium; 1% sucrose; 0.8% agar
(unless otherwise stated) supplemented with/without respective treatments. The seeds were
stratified for 2 days at 4°C, and incubated for 9 d#y22°C under a 16 h photoperiod, in an
upright position under a 10° angle relative to the direction of gravity. Forgtavn
hypocotyl growth seedlings seeds were left in the light for several hours to promote
germination, prior to being wrapped inlfohn exception to this is root angle in response to
NaCl/Sorbitol treatment, here seedlings were germinated on media without treataet, 4

old seedlings were then transferred on to plates containing the treatment (75 mM NacCl; 150

mM sorbitol; or mock).

2.2.4 Pathogen assays
Spray infection with Pseudomonas syringae

Pseudomonas syringagltures were grown over night in liquid KB media (20*&&ptone;

1.5 9.l KoHPQy; 1.5 g.FMgSQA 7,.8; 1% glycerol (v/v)). Cultures were then spun down at
3,000g ad the bacterial pellet was resuspended in 10 mM Mgiiltion and the Ogxo
adjusted to 0.2. Immediately prior to spray inoculation-aefegkold plants 0.04% Silwet-L

77 was added as a surfactant. \Weditered plants were then sprayed homogeneouslyespra
with the inoculum and covered with a cloche for 3 days. On third day leaf disks were taken

from the 3 youngest full expanded leaves form each plant and homogenised in 10 mM MgCl
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using the Geno/grinder (2x 3 mm glass beads per sample, 1500 RPM)tiéndikeries was
then generated in 10 mM MgCind plated onto KB media containing the appropriate
antibiotics.

Alternatively, a qPCR based quantification of bacterial biomass wagRisssland Somssich,

2016) In brief, total DNA was extracted using the FASTDNA SPIN KIT FOR SOIL (MP
Biomedicals) accordingto¢h manuf acturerdés instructions.
relative transcript abundance 15 ng of total DNA was used following the same protocol as
outlined earlier. The abundance Beudomonaslerived, oprF operon, DNA was then
normalised to the plant deed DNA, At4g26410

Xanthamonas infection

A Xanthamonas vesicatorfield isolate was used for inoculations belonging to PRB biotech.
Bacterial lawns were grown on NGA media (13'qutrient broth, 8 gl glucose, 15 g}

agar) for 48 hours in theadk. The bacteria were subsequently resuspended in water to reach
0O.Dso=1.2. 3.5weekold tomato plants were liberally spray inoculated and covered for 3
days to retain a high humidity. The cloche was then removed to allow the disease to progress.
Plantswere then assessed leaf by leaf to assess symptom severity.

To achieve more quantitative results, the pathogarthomonas perforari®-4B (previously

known asX. axonopodis pv. vesicatojiavas used which has rifampicin resistanie.
perforansT4-4B was grown overnight in liquid NYGB media (5'¢gbactepeptone, 3 d.}

yeast extract, 2% (v/v) glycerol, 1 mM magnesium chloride) &C4&fore being spudown

and resuspended in water to Qdo= 1.2. 0.008% Silwet 177 was added immediatelyiqr

to dip inoculation. Inoculated plants were then left covered for 3 days and then uncovered for
an additional 5 days prior to bacterial quantification. Bacterial growth was quantified by
blending whole leaves in distilled water. The subsequent dilstkoies was then plated on
NYGB media supplemented with rifampicin and nystatin and incubated °@ &8 2 days

before colony counting.

Sclerotinia infection

Liquid Potato Dextrose Broth media (Fischer scientific) cultures were inoculated from fresh
Sclewtinia sclerotioruncolonies growing on Potato Dextrose Agar plates (Fischer scientific).
These were grown for 7 days at’@4with gentle shaking. Prior to inoculation the culture was
blended and water was used to adjust the optical density tg63=D6. Plants were spray

inoculated and covered for 5 days before symptom scoring.

Plectosporella infection
Threeweekold soilgrown plants were spray inoculated with a suspension of 4°x 10

spores.mt(Delgad-Cerezcet al, 2012; Jord&t al, 2016) The progress of fungal infection
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was quantified by qPCR as described earlier. Genomic DNA was isolated and primers were
used which amplified thBcBMM b-tubulin andArabidopsishiomass was calculated using
primers targeting UBC20 (AT5G2576@)elgadeCerezoet al, 2012)

2.2 3 Statisticaimethods

Statistical analyses were perfordngsing Graphpad Prism unless otherwise stated.
Graphical representations
Unless otherwise stated:

9 Luminescence curves are plotted as the mean for each time point and error bars
represent the standard error of the mean.

1 Column data are plotted asatter plots showing individual data points with a line
representing the mean, and error bars representing a standard deviation.

In order to determine the likelihood that differences observed between sample means are
reflective of differences between pdation means, a range of statistical analyses were
performed. All these analyses are based on the null hypothesis that samples were drawn from
populations with the same meanv&ues reported state the likelihood that, for the given

sample size, the samag are drawn from populations with the same mean value.

Initially it was determined whether the data is normally distributed, and thus if parametric or
nontparametric analyses should be applied to the dat&oknogorovSmirnov test for
normality was usetb determine that probably that the data were taken from a population with

a normal distribution.
If the assumption of normality was satisfied:

In order to test for a significant difference between two sample meanswaaiyvb

test was performed. If cormpsons were made between multiple sample means a one

way Analysis of Variance (ANOVA) was performed. If the amay ANOVA

indicated, a significant probability that the data are taken from populations with

different means (p<0.05), a multiple comparisoatjmc test was performed. To test

for significant di fference between multiple
performed. If multiple sample means are being compared to a single cortin|

but notto eachothea, Dunnett 6s Post .hoc test was perfor

If the assumption of normality was not satisfied:
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A MannWhitney test was used to compare two samples and a Ki&Kas test

was used to compare the multiple samples. IfKhaeskalWallis test indicated a

significant difference between sample populatn' s a Dunnds nestl ti pl e
was used to identify which samples differed
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Chapter 3

Characterisation of thArabidopsis
thalianaleucinerich repeat
receptor kinase subfamily XI|

3.1 Summary

Plants employ celburface localised receptors edllpattern recognition receptors (PRRs) to

perceive the presence of pathogen associated molecular patterns (PAMPs) and damage
associated molecular patterns (DAMPS) in their environment. PAMP/DAMP perception
induces pattentriggered immunity (PTI) which pmotes resistance to pathogens, thus
promoting plant fithess. Therefore, plants have evolved numerous PRRs to recognise a diverse
range of PAMPs/DAMPSs. It is becoming apparent that the recognition of many PAMPS is
lineage specific due to the limited phy&ogetic distribution of their cognate receptors. Over

the last decade, several PRRs have been transferred between plant species and families to
confer PAMP recognition in plant otherwise blind to them, which increased-bpmadrum,
guantitative diseasesistance. As such, nammop genomes represent an exploitable reservoir

of PRRs that can be used to engineer disease resistance in crops. However, this approach is
currently limited by the number of characterised, farmgcific, receptors. Here, | aimed t
characterise thArabidopsis thaliandeucinerich repeat receptor kinase subfamily Xl as a
promising source of PRRs. | demonstrate that the cytoplasmic domains of members of this
family are able to produce outputs indicative of PTI. In light of thesenising results, |
generated genetic resourceg\mabidopsis thalianand tomato t@nable theharacteriation

of the undescribed members of this receptor kinase clade using paraled-fasstion and

gainof-function approaches in the context ofedise resistance.

3.2 Introduction

Plants rely on passive and active defences in order to resist attack by pa(bageet al,
2013; Cooket al, 2015) Acti ve defences depend wupon the

presence of the pathogen and to respond accordingly. To this end, plants employ both cell
surface and cytoplasmic immune receptors to detect the signatures of pathogen (@eadion

et al, 2015) Cellsurface pattern recognition receptors (PRRs) survey the apoplast for the
presence of noself elicitors (.e. microbial derived) or modifiedelf (.e. host derived)

elicitor molecule¢Saijoet al, 2018) PRRs can be divided into two classes: i) receptor kinases
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(RK), which consist of an apoplastic liganohding domain, single pass transmembrane

helix and a cytoplasmic kinase domain, and ii) receldterproteins (RLPs), which lack the
cytoplasmic kinase domain and rely on adaptor RKs for signal transduction. In the current
paradigm, PRRs perceive elmitmolecules which act as molecular glues to induce the
recruitment of a shape complementaryreceptor(Hohmannet al, 2017) This receptor
complex activates downstream signallinmpducing, among other responses, reactive oxygen
species (ROS) production, cytoplasmic calcium influx and defence gene expression

ultimately culminating in enhanced resistance.

Many of the RKtype PRRs that haymeen identified contain leucifrich repeat (LRR) motifs
within their ectodomainéBoutrot and Zipfel, 2017; Saijet al, 2018) LRR-RKs represent
the largest family of RKs in plants, with 225 eneddn theArabidopsis thalianghereafter
Arabidopsis unless indicated) genomghiu and Bleecker, 2081 Gou et al, 2010;
Smakowska.uzanet al, 2018) Fourteen subfamilies have been defined within LIR&S
based on the phylogeny of the kinase dorf@imiu and Bleecker, 2081 LRR-RK subfamily
Xlla, which contains the weBtudied PRRs FLS2 and EFR, potentially represents a rich
source of novel PRRs. The first cloned e PRR, XANTHOMONAS ORZAE PV.
ORYZAE RESISTANCE 21 (Xa21), also belongs to subfamily XBanget al, 1995) It
originates fromOryza longistaminataand confers resistance ¥Xanthomonas oryzae pv.
oryzae(Xoo) in rice ©. sativg. Xa21 functions as the receptor for s@gd RaxX peptide
from XanthomonagPruittet al, 2015; Luuet al, 2019) RaxX is a virulence factor produced
by Xanthomonaso mimic the host PSY1 peptide and consequently suppress host immunity
(Amano et al, 2007; Pruittet al, 2017) However, Xa2dmediated recognition of RaxX
activates immune signalling, leading to host resistdReaitt et al, 2017) Following the
identification of Xa21, GémeBomez and Bolle2000) cloned FLS2 (FLAGELLIN
SENSINGZ2) from Arabidopsisa PRR which recognises antdrminal 22amino acid motif
from flagellin, known as flg2ZFelix et al, 1999) Both the receptor and the ligand are
evolutionarily ancient and are conserved in plants and -gigative bacteria, respectively
(Boller and Felix, 2009; Han, 2019)his was followed by the identification of@ated LRR
RK from Arabidopsis EFR (EFTU RECEPTOR), which recognises an-da@ino acid
minimal epitope of bacterial elongation factor Tu known as €KiLBzeet al, 2004; Zipfel

et al, 2006) However, unlike FLS2, EFR is restrictedBoassicaceadZipfel et al, 2006;
Lacombeet al, 2010)

Since then, multiple PRRs have been identified from this family. These include XPS1
(XANTHINE/URACIL PERMEASE FAMILY SENSING 1) fromArabidopsighat perceives
xup25, a 2Eamino acid motif derived fromRseudomonas syringaanthine/uracil permease

(Mott et al, 2016) Other characterised members come f@wlanaceouplants(Veluchamy
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et al, 2014) The tomato $olanum lycopersicunLRR-RK FLS3 recognises an unrelated
flagellin epitope, flght28 (Clarkeet al, 2013; Hindet al, 2016) Meanwhile, the tomato LRR
RK CORE is the receptor fahe highly conserved nucleic acminding motif RNR1 of
bacterial coldshock proteins (CSPs), specifically the&@fino acid epitope cspZBelix and
Boller, 2003; Waneet al, 2016).

The LRRRK subfamily Xlla is the most expanded clade of -RRs within land plant
genomegFischeret al, 2016; Dufayaret al, 2017) The majority of these genes have arisen
relatively recently through leage specific expaions, indicative of the eevolutionary arms

race between host recognition and pathogen evasion. Furthermore, members of subfamily
Xlla in Arabidopsis thalianare all norArg/Asp-type protein kinases, a feature that has been
correlated with immune functin across eukaryoté®ardicket al, 2012) Takentogether, this

suggests that the LRRK subfamily XII represents a promising source of PRRs.

Whilst FLS2 is evolutionarily conserved, other receptors are lineage specific in their
distribution, with lineages that lack cognate receptors being blind RAREPS. Interestingly,
several examples show that these linespecific PRRs can be successfully transferred
transgenically between plant species and families, leading to increased broad spectrum,
guantitative disease resistaritdendeset al, 2010; Lacombet al, 2010; Afrozet al, 2011,
Bouwmeesteet al, 2014; Tripathiet al, 2014; Holtoret al, 2015; Schoonbeedt al, 2015;
Schwessingeet al, 2015; Duet al, 2015; Albertet al, 2015; Luet al, 2015; Hacet al,

2016; Wanget al, 2016; Boschiet al, 2017; Kunwaret al, 2018) This is particularly well
documented for EFR which has been transferred Aoaibidopsigo Nicotiana benthamiana
tomato, potato%. tuberosuim wheat Triticum aestivurp and rice(Lacombeet al, 2010;
Holtonet al, 2015; Schoonbeeak al, 2015; Schwessinget al, 2015; Luet al, 2015; Boschi

et al, 2017; Kunwaret al, 2018) The success of this approaghs surprising considering

the millions of years of evolutionary divergence betwRrssicaceaand the recipient plants
(Kumaret al, 2017) and indicate that PTI signalling components are functionally conserved
across these plant families. ConsistenigXa21 am AtEFR recruit homologous signalling
components, suggesting functional conservation of immune signalling components
downstream of distinct LRRK-type PRRs between monocots and diggtslton et al,

2015) Therefore, the restricted phylogenetic distribution of many PRRs and the relative ease
of their crossspecies transfer makes PRRswoncrop genomes an exploitable reservoir of
immune receptors that can be used to engineer quantitative, broad spectrum disease resistance
in crops(Boller and Felix, 2009; Boutrot and Zipfel, 201R)otably, the transfer of EFR into
potato and tomato provided significant control of diseases caused by the HRatstimia
solanacearunand Xanthomonas perforaria field conditions(Boschiet al, 2017; Kunwar

et al, 2018)
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To test if additionalArabidopsisLRR-RK subfamily XII members play a role in PTI,
potentially as PRRs, | used a chimeric receptor approach to assess if their cytoplasmic domains
are able to activate P-like responses. | could show that the majority of this family are indeed
able to indue PTHike responses. Interestingly, my resulté\nabidopsisandN. benthamiana
however reveals surprising differences in the kinetics of PTI outpiatgng demonstrated
functionality of the cytoplasmic domainshh benthamiand,transferred the unchacterised
LRR-RKs fromArabidopsisinto tomato to test for a gaf-resistance phenotype. In parallel,

| generated and characterised higher orderdbganction mutants imArabidopsisto test if

the loss of these genes would lead to enhanced disesspthility.

3.3 Results

3.3.1 LRR-RK subfamily XIl from Arabidopsis thaliana
The LRRRK subfamily XII consists of two clades, Xlla and Xllb, which contain 8 and 2

members in the Cé) genome respectively, and which were numbered based on theirrpositio
within the genome (coloured magenta and turquoise within the phylogeny respectively) (Fig.
3.1). With one exception, all subfamily Xlla RKs Arabidopsishave long ectodomains,
indicative of a function as ligarinding receptor. The exception AT5G33890 which
appears to have arisen from a recent duplicatideF&t It is only present ii\. thaliana, it is

not present in the closely relatAdlyratagenomgDufayardet al, 2017) Unlike EFR which

has 21 leucingich repeats, AT5G39390 has a short extracellular domain with only 1 LRR
due to a large ectodomain deletion. This indicates that AT5G39390 may not function as a
ligand-binding receptor. Interestingly, only two meenb of Arabidopsis thaliand.RR-RK
subfamily XIlI are conserved outsidBrassicaceae(Dufayard et al, 2017) The well
characterise@&LS2receptor is present in all angiospdineages examineHan, 2019) and

X2 (AT2G2413Dis conserved at least within the core eudi¢Digayardet al, 2017)
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Figure 3. 1 Phylogeny of Arabidopsis thalianaand Solanum lycopersicumeucinerich repeat
receptor kinase subfamily Xlla and Xllb.

Phylogeny generated based on the alignment of the aminoeagidrsce of the kinase domain from the
A. thaliana(blue) andS. lycopersicur{green) proteomggischeret al, 2016) Sequences were aligned
using MUSCLE and a tree was generated using PhyML maximum likelihood withdtf. The tree
was visualised using iTO[Letunic and Bork, 2019)Subfamily Xlla = magenta, Subfamily Xllb =
turquoise. Bold text indicates characterised proteins. The kinase domaAintladliana CrRLK1L
FERONIA was used as an outgroup. Blue nodes represei b80tstrapping support (100 iterations
performed)
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3.3.2XII12 expression appears to be roespecific
Consultation of publicly available expression data suggestXHtzais highly induced by salt

stress and is primarily expressed within root tig8leeet al, 2006; Winteret al, 2007; Kilian

et al, 2007; Aokiet al, 2016)(Fig 3.2 ab). Consistent with this, | was only able to clofi&

cDNA from RNA extracted from Na@feated seedling roots (75 mM NacCl for 6 h); no PCR
product was obtained from untreated seedling RNA. Notably, a high resolution root
transcription map showXll2 is predominantly expressed in BASIC LEUCINHPPER 6
(bZIP6) positive cells through a developmental time series (Fig. JBrajly et al, 2007;
Waeseet al, 2017) The bZIP6 transcription factos & marker of phloem pole pericycle cell
identity (Leeet al, 2006; Bradyet al,, 2007) It would be interesting to confirm this expression
profile using reporter constructs and to explore the possibility otygad specific functions

of Xl12. XII2 orthologs in poplar and tomato share this root specific expre@aikins et

al., 2009; Consortium, 2012; Waeskal,, 2017)(Fig. 3.2 de). Retention of both the coding
sequence and its expression profile across evolutionary time scales suggests that both are
under positive selection. Taken togethers tta suggests that XII2 is recognising a PAMP
from microbe(s) present in the rhizosphiegotentially upon phloem invasion. Alternatively,
XII2 could recognise an endogenous pepiigmtentially one that is involved in response to
salt stress or phloemobile.

3.3.3 Is xup25 a PAMP recognised brabidopsi®
During the course of this project, Mett al. (2016)identified a novel PAMP, xup25, derived

from a xanthine/uracil permease family protein fr@seudomonasyringae They used a
bioinformatic approach to identify regions of tRseudomonas syringggroteome that
showael evolutionary signatures indicative of recognition by host immune recépto@ann

et al, 2012) Having identified xup25, they employed a reverse genetic approach to identify
XPS1, a member of LRIRK subfamily Xlla, as its receptor (Mott et al., 2016). To confirm
whether | could bserve xup25nduced PTI outputs | performed lumidohsed measurement

of reactive oxygen species production. ROS production was measuredhbyhities butising

a microtiterplate based assay for peroxidase activity. Under our conditions, | was unable to
observe xup2bnduced ROS production, unlike the flg22 positive control (Fig. 3.3a). As
several elicitors induce weak ROS productiery(cellobiose(Souzaet al, 2017), | decided

to measure cytoplasmic calcium influxke ROS production, | was unable to observe any
xup25induced cytoplasmic calcium influx; meanwhile the flg22 positive control prodaced
clear response (Fig. 3.3b). To test later responses, | assayed seedling growth in the presence
of xup25 to determine whether | could observe the xtip@6ced growth inhibition reported
(Mott et al., 2016). There was no statistically significant diffeesim seedling mass between
mock and xup25 treatments, unlike flg22 treatment which resulted significant in growth
inhibition (Fig. 3.3ed).
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My results are in accordance with another recent publication that also failed to deteet xup25
induced responsefEckshtainLevi et al, 2018) One could envisage an environmental
dependency to xup25 responses, for example govexiiiexpression. As | was unable to
observe xup25 activity | was unable to verify whether this response wasd&dindent.

3.3.4 The cytoplasmic domains of most members of theabidopsis
LRR-RK subfamily XlI can induce early outputs indicative of PTI

in Solanaceae
Previous work has shown that the ectodomain of {HM® confers ligandinding specificity,

whilst the cytoplasmic domain defines downstream signalling specifitiiy et al, 2000;

Albert and Felix, 2010; Albertt al, 2013; Holtoret al, 2015; Hohmanmt al, 201&). To
dissect ligand binding from downstream signalling function, chimeric receptors were
generated with the transmembrane and cytoplasmic domain of each respective member of
ArabidopsisLRR-RK subfamily XII fused to the EFR ectodomain (Fig 3.4a). The chiane
receptors were subsequently expressedil.ilbenthamianaising Agrobacteriuramediated
transient expressiolN. benthamiandacks the cognate receptor for elf18. | exploited elf18
blindness inN. benthamianao look for a gain of elfl&ensitivity in leaes transiently
expressing the chimeric receptors (Fig 3.4 b). Initially, | used ROS production as an early
output associated with immune signallihg.benthamiangeaves transiently expressing GUS
were unresponsive to elf18, however, transient expresdidull length EFR was able to
confer elf18 sensitivity and elicit ROS production (Fig. 3.4 c). The EFR:FLS2 chimeric
receptor could also induce eltt®pendent ROS production. In order to determine the
specificity of the response | created a chimeriepsar with the BRASSINOSHROID
INSENSITIVEL (BRI1) transmembrane and cytoplasmic domainand Chory, 1997)
EFR:BRI1 did not confer elftéhduced ROS production (Fig. 3.4c). Withe exception of
EFR:XII2, all chimeric receptors fromrabidopsisLRR-RK subfamily XlII induce ROS
production in response to elf18 treatment (Fig. 3.4 c¢). | was unable to convincingly observe
expression of the EFR:AT5G39390 chimera (Fig. 3.4 b); andiéedlthis RK from further

analysis.
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Figure 3.2 Publlcly available expression data showing the root specific expression profile A2
and its orthologs

(a)Expression profile 0AT2G24130n Arabidopsis(Schmidtet al. 2009 (b) Expression in response
to salt stress (Kiliaet al.2007) (c) Root cell type specific expression profilddR2G24130 (Bradgt
al. 2007) (dExpression of th&II2 orthologSolyc07g00592h S. lycopersicunte) Expression akll2
ortholog Potri.006G181200n Populus trichocarpaAll data taken from ePlar{iVinter et al, 2007;
Fucileet al, 2011; Waeset al, 2017)
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Figure 3.3 Reanalysis of the PAMP xup25 irArabidopsis thaliana

(a)Elicitor-induced ROS production in leaf disks fromwgekold ColO rosettes. Man + S.E.M.

(n=16) (b) Elicitorinduced cytoplasmic calcium influx in GOl seedlings expressing AEQUORIN.
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by Tukeys Poshoc test. Error bars indicate S.D.
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| repeated the transient expressioiNirbenthamiandines stably expressing the cytoplasmic
calcium reporter AEQUORINSegonzaet al, 2011)and monitored elfl8hduced changes

in cytoplasmic calciuntoncentration. A similar trend was observed as for ROS production
(Fig. 3.4 d).

Considered together these results suggest that the cytoplasmic domains of most members of
LRR-RK subfamily Xl from Arabidopsisare capable of inducing outputs indicative ofl PT

when expressed heterologouslyfNnbenthamianasupporting their proposed roles as PRRs.

3.3.5 Generation of stablérabidopsistransgenic lines expressing
EFR:XII chimeras

While the early responses of cytoplasmic calcium influx and ROS productidd. in
benthamianare indicative of PTI, they are not sufficient to conclude the cytoplasmic domains
are capable of inducing resistance to a pathogen. To address this questiareneaating
stable transgeniérabidopsislines expressing the chimeric constructs indfrdbackground

to perform elfl8nduced resistance assays. This has proved challenging due to silencing of
the transgene which has hampered my ability to obtain letenset of stable transgenic

lines.

Nevertheless, in the T1 generation | collected 4 leaf disks from 12 independent transgenic
lines expressing each chimeric construct in &fe background. | observed intriguing
differences in the kinetics and dynamaf=lf18induced ROS production (Fig. 3.5 a). As in
transient expression M. benthamianghe chimeric receptors from subfamily Xlla were able

to induce PTiike ROS production, unlike the EFR:BRI1 chimera (Fig. 3&.dn addition

to quantitative dierences in cumulative ROS production, | observed that the kinetics of elf18
induced ROS production in the chimeric receptors differed. ROS production varied
temporally; elfl8nduced ROS production was delayed in EFR:XPS1 and EFR:XII6
expressing lines anchore rapid in EFR:XII3 and EFR:XII5 relative to EFR:FLS2 (Fig 3.5
a,d). Caution should be taken when interpreting these results as the protein levels are unknown
and the differences could be artefacts of chimera generation. More detailed characterisation
of the lines is required in homozygous T3 lines with similar expression levels. Whilst |
observed these differences in elib8uced ROS production, flgaBduced ROS production

did not appear to be affected, suggesting that the effect of chimera expiesspecific to

elf18 and does not generally affect elicitoduced ROS (Fig 3.5 e).
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Figure 3.4 Chimeric receptors with the ectodomain of EFR reveal the signalling outputs of the
kinase domains fromAt LRR-RK subfamily XI | in N. benthamiana

(a) Models of the chimeric constructs generated. (b) Western blot showing the expression of the
chimeric receptors transiently expressedNinbenthamiangc) Cumulative 100 nM elfl-&hduced
reactive oxygen species productionNn benthamiandeaf disks transiently expressing the chimeric
receptors over 40 min. (d) Cytoplasmic calcium influx quantified as cumulative relative light emission
induced by 100 nM elf18 applicationtb benthamiana/35S::AE@af disks transiently expssing the
chimeric receptors.

Line represents the mean and error bars represent 95% confidence intervalsway oRROVA
indicated significant differences between groups. Consequently a Dunnett's multiple comparisons test
was run to compare the mean otleg@opulation to the GUS negative control. * indicates a significant
difference (p<0.0001) from the GUS negative control
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The EFR:BRI1 chimera is unable to induce cytoplasmic calcium influx or ROS production,
indicative of PTI. | wanted to test the atyil of the chimera to activate elfliiduced
brassinosteroid signalling. To this end, | assayed @ffd8ced gene expression éfr/EFR
andefr/EFR:BRI1 T2 segregating transgenic lines selected on phosphinothricin (PPT). | pre
treated plants with 2 uM bsainazole for 24 h to inhibit native brassinosteroid biosynthesis
(Min et al, 1999; Asamiet al, 2000, 2001; Nagatat al, 2000) The brassinosteroid
responsive gene&SAURL5(Nakamuraet al, 2003) was specifically induced by elfl8
applicaton inefrf/EFR:BRI1 (Fig. 3.5 f), whilst the PTI marker geR®K1(Asaiet al, 2002;
Robatzek and Somssich, 200&as specifically induced iefr/EFR (Fig. 3.5 g). Going
forward it will be esential to repeat this assay and perform eifiiced BES4

dephosphorylation to support the activation of brassinosteroid sign@fiimgt al, 2002)

3.3.6 Kinase activity of Xlla LRR-RKs is differentially required for

ROS and calcium signalling
To test whether kinase activity is required for subfamily Xl function | generated kileask

versions of three characterised RKs, namely ERpBfel et al, 2006) FLS2(GomezGomez

and Boller, 2000and MIK2 (Wanget al, 201@; Van der Doegt al, 2017; Colemaet al,

2019) distributed throughout the XII phylogeny. Kinadead variants were generated by
mutating the catalytic aspartic acid to a neutral asparagine residue, thereby abolishing their
kinase activity. The kinasgead receptors were transientiypeessed itN. benthamianalhe
kinasedead cytoplasmic domains of EFR* (* denotes kinase dead) and EFR:FLS2* were both
able to elicit elfl8nduced ROS, but with delayed peak ROS production and reduced
cumulative ROS production compared to EFR and EFR2FERy. 3.6 ab, d-e). A similar
phenotype can be seen for cytoplasmic calcium influx in EFR* (Fig 3.6 c¢), however, elf18
induced cytoplasmic calcium influx was almost abolished in EFR:FLS2* (Fig. 3.6 f). This
contrasts with MIK2 where mutation of kinasetigity abolishes both ROS production and
calcium influx (Fig. 3.6¢). In all cases, the receptors with wilgbe or mutated cytoplasmic
domains accumulate to similar levels (Fig. 3.6 j). This points to a differential requirement for

kinase activity in aller to activate early PTI response, even amongst closely related RKs.
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Figure 3.5 Chimeric receptors with the ectodomain of EFR reveal the signalling outputs of the
kinase domains fromAt LRR-RK subfamily Xl when stably expressed inArabidopsis

(a) 100 nM elfi8nduced ROS production in leaf dskrom 5weekold T1 plants. (b) Gmulative

ROS production, (c) maximum ROS production per min and (d) time of peak ROS production from (a).
(e) 100 nM flg22induced ROS productioim leaf disks from 5 week old T1 plants. Elfil@luced (d)
SAUR15and (e)FRK1 expression in T2 plants selected on PPT before transfer to liquid media. All
plants were treated for 24 h with 2 pM brassinazole prior to 1 h treatment with 1 uM elf18 or mock.

All experiments performed once. (a,e) Values = mean (n=12), error bars = S.EEMBdbrepresents
the mean and error bars represent S.D. Awag ANOVA indicated significant differences between
groups. A Dunnett's multiple comparisons test was rucotapare the mean of dagopulation to
EFR:BRIL (d) Bar represents median and error bars represent interquartile range
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Figure 3. 6 Kinase activity is differentially required for activation of PTI -like outputs from
subfamily Xl kinase domains when transiently expressed itN. benthamiana

(a,d,g) 100 nM elf18nduced ROS production in leaf disksNf benthamiandransiently expressing

RK constructs. Mean value £S.E.M. (n=16) Repeated 3 times with similar results. (b,e,h) Integrated
ROS productions from (a,d,g) error bars represent S.D. Lower case letters represent significant groups
as determined by Tukey's multiple comparisons tesd.(0%) (c,f,i) 100 nM elfl8nduced cytoplasmic
calcium influx in leaf disks ofN. benthamiana/35S::AEQeaf disks transiently expressing RK
constructs (n=12) (j) Western blot confirming the expression of the RK constructs. Experiments were
repeated 3 timrewith similar results.
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3.3.7 Gain of function in tomato
EFR can be successfully transferred to tomato to confer elf18 sensitivity and quantitative,

broadspectrum disease resistance (Lacombe et al., 2010). EFR is a member of a clade of
Arabidopsid. RR-RK subfamily Xlla genes, more similar to one another than any tomato RKs
(Fig. 3.1). We hypothesised that this clade of RKs may be PRRs which perceive PAMPs which
tomato has no receptor for, like EFR. Expression of these RKs in tomato may confer
recognitionof novel PAMPSs in tomato, resulting in enhanced disease resistance. We therefore
decided to express these RKs in tomato (the transformation was performed by Matthew
Smoker and the TSL transformation support team). My confidence in this approach was
bolsteed by the functionality of the cytoplasmic domainsSalanaceagFig 3.4). The

challenge with this approach is that the sources of putative PAMPs is unknown.

Transgenic tomato plants were generated using the pEarleygate103 expressiqEadetor

et al, 2006) Plants were selected based on RK accumulation assayed by western blot, and
whenever possible single insertion events were selected (as determined by iDatidsgen
Norwich, UK). Where possible the two most promising lines were selected for further
characterisation (Fig 3.7 a), unfortunately the second line expressB)gkll3#4, does not
accumulate, potentially it has been silenced (Fig 3 XIEg#4 showsslight chlorosis in young
leaves relative to other genotypes (Fig 3.7 a).

Initially, | spray inoculated fouweekold plants with Sclerotinia sclerotiorum- a
necrotrophic fungal pathogen with broad host raigore, 1952) Disease symptom severity

was assessed on a scale of 0 to 4 with 0 being asymptomatic and 4 being complete leaf necrosis
or abscission (Fig. 3.8 a). The score was averaged over the second, third and fourth true leaves
of the plant. There was no reproddeillifference in disease symptom severity between any

of the transgenic lines (Fig. 3.8 b). | also determined relative mass between genotypes
following S. sclerotioruninfection. The heterogeneity within genotypes makes me reluctant

to conclude anything &m the statistically significant differences observed (Fig 3.8 c). Indeed,

for the relative mass of113#12 and XPS1#2there appears to be a bimodal distribution in
relative mass (Fig 3.8 c). This could suggest that the infection is not homogeneous. An
alternative hypothesis is that during tissue culture or transformation mutations affecting

resistance or growth were introduced in these lines which are still segregating.

Subsequently | performed dip inoculation wKhnthomonas campestfiw. vesicatoriaand

scored symptom severity on a scale of 0 to 5 with 0 being asymptomatic and 5 being complete
leaf necrosis or abscission. The liKdl5-1 had significantly reduced disease symptom
severity compared to the Moneymaker control (Fig 3c). &lowever, thisvas not the case

for the second independent transgenic IXiés-4 (Fig. 3.9 b). As withSclerotiniainfection,

there is considerable heterogeneity in symptom severity within genotypes making it difficult
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to draw conclusions. To gain more quantitativeeation measurements | switched to using
Xanthomonas perforari&ace T4 (previously known &s axonopodipv. vesicatorig, which,

due to rifampicin resistance, is more amenable to assaying bacterial growth through colony
forming unit assessment on plat&ne transformant from each line was selected in order to
reduce the phenotyping workload and a previously published tomato line expressing EFR was
included as a resistance conffichcombeet al, 2010) | was unable to replicate the enhanced
resistance oKlI5-1 to Xanthomonas campestniw. vesicatoria(Fig. 3.9 d). There was no
significant difference betweeamy of the transgenic lines (Fig 3.9 d), howevdt3#12 and

XII6#1 showed statistically significant reductions in bacterial populations relative to the
untransformed control (Fig 3.9 d). Surprisingly, | was unable to observe the published
enhanced resahce in the EFR expressing (Fig 3.9lddcombeet al, 2010) Upon further
investigation, it became evidethiat theEFRtransgene was silenced (data not shown). | have
since reselected EF&xpressing plants that are elfiésponsive (Fig 3.9 e). It would be
preferable to repeatanthamonasnfection assays using a functional resistant control for

comparison.

Finally, with the pathogemBotrytis cinereastrain CH94,l observed significantly reduced
symptom severity in th&l13#12, however, | also observed that many of the lines appeared
significantly more susceptible than the untransformed control (Fig 3.1@)eXperiment has

only been performed once and requires repetition.

Taken together these results do not unambiguously identify soffa@isistance in any of the
transgenic lines, however, some of the differences merit further investigation, espeeially th
Botrytisinfection. Moreover, the materials described represent a valuable resource for future

characterisation.

3.3.8 Loss of function inArabidopsis
In parallel with the ganof-function studies in tomato, | sought to characterise the impact of

loss ¢ LRR-RK subfamily XII function on immunity in Arabidopsis. With this aimDNA
insertion lines were characterised &if the LRRRK subfamily XIl members (Table 2.1).

The location of the insert was confirmed-DNA lines were preferentially selected it
insertion within the ligandbinding ectodomain of the RK) and gene expression was analysed
by gRT-PCR using primers spanning the intron within the cytoplasmic domain and normalised
to ACTIN7(AT5G09810)Fig. 3.11 ab). | was only able to obtain Ct vakiander 30 in Cel

0 for 3 genesXlI3, XII5 andXl16, and of these onlXl16 seemed to show a reduction in RNA
levels (Fig. 3.11 b). Given our current understanding of {HRsignalling, a major exonic
disruption in the ectodomain of a ligand binding receptor should render -functional
(Hohmanret al, 2017) Therefore, | decided to perform sequantitative RTPCR across the

T-DNA insertion site in order to confirm transcript disruption and Us€d@IN7as a loading
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control (Fig. 3.11 c). For most of theONA lines, | saw a loss of transcript, apart frepst

3. This could be due to only a short fragment of tHENA inserting, or contamination of the
cDNA with wild-type DNA. Moreover, th«ii3-1 ACTIN7loading contrb shows weaker
amplification than the other genotypes. This needs to be repeated in case the abskBce of
transcriptin xii3-1 is due to issues witkii3-1 cDNA.

In order to tackle potential genetic redundancy between receptors, higher order mutants we
generated. The LRIRK Xllb RKs MIK2 and MIK2-like share 59% amino acid identity, the
mik2-1 mik2like-2 double mutant has previously been publisf\éah der Doe®t al, 2017)
Subfamily Xlla members X3, XII5 and XlI6 all share >72% amino acid sequence identity
and are tightly linked on chromosome 3 (all within a 187 Kb interval). | was able tdfydenti

a recombination event betwegi8-1 andxii6-1, however, aXII5 and Xll6are only separated

by 1.5 Kb, | used CRISRRas9 mediated mutagenesis to krrockXII5 in thexii3-1 xii6-1
background and generatedewxii5 alleles with early stop codonsi¢f-3.12 ac). In addition,

| generated a quadrupbei3 xpsl xii5 xii6é mutant to knoclout the entire cluster on
chromosome 3, however, as this genotype has only recently been confirmed it is not included
in all subsequent pathogen assays.

Initially 1 assayed susceptibility tBseudomonas syringgery. tomato DC3000 COR(Pto
DC3000 COR using a gPChased methodRoss and Somssich, 2016fnhanced
susceptibility of thefls2, bak15 and, to a lesser extergfr mutants was observable as
increased”to DNA relative toArabidopsis(Fig 3.13). However, none of the other mutant
lines tested showed any consistent differences in susceptibility comparedd @Rl 3.13).

xii5-1 showed a tendency towards enhanced susceptibility, however, this was not reproduced
in the triple mutankii3-1 xii5-3 xii6-1 (Fig 3.13) .

As there is no reason to assume a cognate PAMP would be predes¢udomonas
challenged the mutants with the fungal pathoféectosphorella cucumerinpv. BMM
(PcBMM). agbX2 andixr1-6 were used as hypesind hypesuseptible controls respectively
and | elected to excludés2 andefr mutants from this analysis as their cognate PAMPs are
not present withil’cBMM (GomezGomez and Boller, 2000; Zipfet al, 2006; Herndndez
Blancoet al, 2007; DelgaddCerezoet al, 2012) Interestinglypak15 is hypersusceptible to
PcBMMsuggestinghe involvement of LRRRKs/-RLPs in resistanc@lordéet al, 2016)
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Figure 3. 7 Morphological documentation of transgenic tomato lines and elf:-hduced ROS
production

(a) Photographs of 32 day old tomato plants. (b) Western blots demonstrating the accumulation of the
transgenes in tomato leaf tissue from 2 independent plangepetype. CBB staining was used as a
loading control
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Figure 3.8 Transgenic tomato infection withSclerotinia sclerotiorum

(a) Disease scoring index used to quantify infection severity. (0 = asymptomatic (not shown) ; 1 = small
lesions; 2 = large lesions; 3 = Majority of the leaf is necrotic; 4 = abscission/complete necrosis (not
shown)). (b) represent two independent repéisaif disease symptom severity scores following spray
inoculation with S. sclerotiotum. (c) Mass of inoculated plants relative to mock treatment following S.
sclerotiorum infection. Bars = mean., Error bars = S.D. Krugkallis tests were performed on the

dat a

and

wher e a

significant
comparisons test was performed to determine significgrangps (P<0.05) denoted by tlosver-case

di

alphabet. Experiments were performed twice with similar results.
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Figure 3.9 Xanthomonasinfection and reselection of elf18ensitivetransgenic tomates

(a) Disease scoring index used to quantify infection severity. (O = asymptomatic (not shown) ; 1 = few
lesions; 2 = many lesions; 3 = <5086 the leaf area necrotic; 4 = >50% of leaf area necrotic 5 =
complete necrosis/abscission). (b,c) Disease symptom severity scores following spray inoculation with
Xanthomonas campestris pv. vesicatoria (d) CFU following dip inoculation with X. perfbdaisach

value represents the mean of three technical replicates and represent the combined data from 3
biological replicates. (e) &M elf18-induced ROS production in leaf disks from-@2y-old tomato

plants

Lines = mean., Error bars = S.D. One way ANOVAs were performed on the data and where a significant
difference between groups was observed @) (Eukey's multiple comparisons test was performed to
determine significance groups (P<0.05) denoted by therlowe as e al phabet or (e)
comparison test compared to Moneymaker
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Figure 3.10 Transgenic tomato infection with Botrytis cinereastrain CH94

Disease symptom severity scores following spray inoculationBattytis cinereaCH94. Each value
represents an individual plant, averaged over 3 leaves. (Phenotyping performed by Rosa Perez,
PRB,ES)

Lines = mean., Error bars = S.D. Gnay ANOVAs were performed on the data and where a
significant difference between gnasiwas observed a Tukey's multiple comparisons test was performed
to determine significance groups (P<0.05) denoted biother-casealphabet.
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Figure 3.11 Characterisation of ArabidopsisLRR -RK subfamily XII mutants

(a) Models showing the location of mutations within uncharacteris&@NA (dark triangles) and
CRISPRCas9induced mutations (light triangles) (b) RJPCR based quantification of gene
expression using primers spanning thée@ninal intron. The expression ofl @enes was shown
relative to Col0. Only those genes where a -@dlue <30 were included. This experiment was
performed once. The line represents the mean of the technical repl{cates:PCRusing primers
across the IDNA insertion site and IMCTIN7 (AT5G09810) as a loading contrdihis experiment
was performed onc&II2 could not be detected by RACR in untreated seedlings
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Figure 3.12Novel CRISPRCas%induced mutations in ArabidopsisLRR -RK subfamily XIlI

(a,d) Genomic sequences of Xal5 and (d)XPS1showing the site of the guide RNAs and the predicted
site of doublestranded break formation (boxes). (b,e) Genomic sequences of tie &al novel
CRIPRSCas9induced alleles of (bXII5 and (e)XPS1. (c,f) Amino acid sequences of the @band
novel CRISPRCas9induced alleles of (cXII5 and (f)XPS1.The last amino acid in the alignment is
due to the gain of early stop codons.
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Whilst the efficacy of the infection can be demoatgd by the controls, none of the initial
mutants tested displayed a significant fungal biomass (Fig. 3.14 a). Repetition of the assay
with the quadrupleii3 xps1 xii5 xiibmutants revealed that both lines showed an increase in
fungal biomass, comparabhath bak15 (Fig 3.14 b) Whilst the difference biomass was not
statistically significant; the difference is symptom severity scores is statistically significant
(Fig 3.14 ed). This result merits further investigation. It would also be interesting tatep

the assay with theii3 xii5 xii6 triple mutant to test whether this also has enhanced

susceptibility, this was not done initially due to the timing of mutant generation.

As with the tomato assays no unambiguous-tdgesistance has been identifigd the
Arabidopsis subfamily Xl mutants assayed. The recent results showing enhanced

susceptibilityPcBMMin thequadruple mutants warrants further investigation.
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Figure 3. 13 Spray infection of Arabidopsis thalianaLRR-RK subfamily XII mutants with
Pseudomonas syringaav. tomatoDC3000 Cor

(a) Quantification of bacterial biomass relative to plant biomass at 3 dayinfeasion with 16
CFU.ml! assessed using qPCR. Each value representadha of 3 technical replicate@neway
ANOVAs were performed on the data and where a significant difference between groups was observed
a Tukey's multiple comparisons test was performed to determine significance groups (P<0.05) denoted
by the lower caselphabet.
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Figure 3. 14 Spray infection of Arabidopsis thalianaLRR-RK subfamily Xl mutants with
PcBMM

Plants were spray inoculated with a suspension of %4sg6res.mt PcBMM (a-b) Quantification of

PcBMM DNA relative to Arabidopsis UBC2lat 5 D.P.l. assessed using qPCR. Values represent
biological replicates from a pool of at least 4 plantsl\®hotographs and disease symptom severity
scores taken 11 D.P.lagb1}2, andirx1-6 were included as susceptible and resistant controls
respectively. One way ANOVAs were performed on the data and where a significant difference
between groups was observed a Tukey's multiple comparisons test was performed to determine
significance grops (P<0.05) denoted by the lower case alphabet.wkre performed by Lucia Jorda,

UPM, ES)
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3.4 Discussion
3.4.1 Subfamily Xlla LRR-RKs as potential PRRs

The LRRRK subfamily XII contains multiple described PRRs. Uncharacterised genes in this

subfamily represent a putative source of novel PRRs that can be explored using reverse genetic
approaches. The work presented here provides evidence thalRKR8ubfanily Xl
cytoplasmic domains can induce responses indicative of PTI, further supporting the potential
role of these RKs as PRRs. Moreover, it demonstrates that the cytoplasmic domains are
functional inSolanaceasuggesting that these putative PRRs coulddpoyed in crops. The
materials generated represent a valuable resource for further characterisation with diverse

pathogens.

3.4.2 Chimeric receptors as an approach to characterise cytoplasmic

domain output
The fact that the chimeric receptors were ablenduce PTike responses indicates that the

RKs may be PRRs. Nevertheless, | have still been unable to tesirelfic®d resistance in
stable transgenic lines, which would further support this. While the early responses such as
ROS are indicative of R, they are not limited to PTI. Application of ligands to plants
overexpressing RKs involved in development, such as HAESA/HABEE 2, can also
induce ROS production and cytoplasmic calcium inflButenkoet al, 2014; Olsonet al,
201%). Many other RKs activate ROS production; for example, SHENGEN3/GASSHOL1 acts
upstream of RBOHF in Casparian strip lignificatitiee et al, 2013; Pfisteret al, 2014)
Therefore, exogenous application of CIF peptides (the cognate ligands of
SHENGEN3/GASSHO1), could lead to ROS production in any tissues expressing all
signalling pathway components. Cytoplasmic calcium influx is a ubiquitodssansitive
response, not unigue to PTl as it is induced in other RK signalling pattiidelalcoet al,

2010; Feij6é and Wudick, 2018)

Moreover, by generating chimeric receptors with the EFR ectodomain, | am assuming SERK
dependency. The current paradigm implies that elf18 application will induce heterodimeric
receptor compbe formation between the EFR ectodomain and SERK ectodomain, bringing
the cytoplasmic domains into proximiidiohmannet al, 201&). SERKdependency is a
reasonable assumption because characterised members-&KB&bfamily Xl are ERK-
dependentd.g. EFR, FLS2, FLS3, CORE and Xa2@Qhinchillaet al, 2007; Rouxet al.,

2011; Cheret al, 2014; Hind et al, 2016; Wanget al, 201&). It is possible that some of
these RKs recruit different emceptors to activate signalling, thus the outputs generated by
the chimeric receptors may not be representative of cymtadomain outputs in the native

RK configuration.
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3.4.3 Quantitative differences in output a potential for PRR
engineering?
Assuming that the uncharacterised members of subfamily XII are PRRs, the differences in the

ROS kinetics is intriguing as it ggests specificity in cytoplasmic domain outputs. Going
forward, lines with comparable protein accumulation need to be tested to ensure that the
differences observed are not an artefact of protein accumulation. Despite current evidence
suggesting that sigdling components are generally conserved, it is probable that PRRs have
different affinities for thenfHolton et al, 2015) It would be of interest to investigate whether

the stronger, sustained signalling outputs of some chimeric receptors, such as EFR:XII5, could
translate into enhanced pathogen resistance. If this were the caslkel ipwvide a platform

to optimise PRRs for improved pathogen resistance.

3.4.4 Kinase activity requirement for RK cytoplasmic domain

function
The results presented here suggest that kinase activity is differentially required for the

activation of ROS mduction and cytoplasmic calcium influx. In EFR:MIK2, kinase activity

is essential for function, whilst it is only partly required for the functions of the EFR and FLS2
cytoplasmic domains in terms of early signalling outputs. However, the amino acid
sulstitution could have caused structural perturbations in the cytoplasmic domain,
independent of the loss of kinase activity. Whilst | tested expression of the construct, it could
be important to demonstrate that this point mutation does not affect plasmirane
localisation of the receptors.

Both EFR and FLS2 lack the highly conserved Arg/Asp motif within the cytoplasmic domain,
which is present in MIK2. It would be interesting to test whether the mutation of this positively
charged arginine alleviatesatlabsolute requirement for kinase activity. It has been proposed
that noARD kinases have weaker kinase activity, and are less dependent upon it for their
function (Schwessinger and Ronald, 2012)/e must also remember that these experisnent
are overexpression in a heterologous system, which may affect functionality. This approach
would have to be applied more widely to draw strong correlations about the kinase
requirements of RKs. The kinaselependent function of RK cytoplasmic domainkighly
relevant as ~20% of RKs lack residues essential for kinase fufCasitells and Casacuberta,
2007)

3.4.5 Gainof-resistance as an approach to identify novel PRRs
In general, the pathogen assays with tomategu@hallenging. There was a huge amount a

variability in disease severity within a genotypend within individual plants. This

heterogeneity precluded quantification of differences in infection severity, especially when
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looking for a quantitative phengig. It would be preferable to have larger sample sizes or
more a quantitative measurement of pathogen growth, rather than assaying disease symptom
severity.

One interpretation of the lack of a phenotype in any of the lines in respdbssderotiorum

is that these receptors do not recognise a PAMP from this pathogen. It would be valuable to
have a functional positive control, such as RLP23, which confers resistaBcéetotinia
sclerotiorumin potato(Albert et al, 2015) This would demonstrate that under the inoculation

conditions used ceBurface immunity can significantly affect resistance.

Pathogens also actively disguise and sequester PAMPs from host receptors ito inhib
recognition(Mentlak et al, 2012; Sanche¥Xallet et al, 2013; Buscalillet al, 2019) This

could advocate in favour of the gaififunction approach. Pathogens would probably be
evolutionarily naive to recognition by nemost PRRs and consequently not disguise the

cognate PAMPs.

However, there is the possibility that the receptors are not functional in tomato. Whilst the
work with the chimeric receptors suggests that the cytoplasmic doméaims i@&ceptors are
functional inSolanaceagit is still possible that the ectodomain of the receptor is not shape
complementary to the orthologous-@xeptor in tomato.

Further repetition of infection witlBotrytis is required, preferably in more quaatite

manner (such as measuring lesion diameter or fungal biomass). Nevertheless, in the assays
performed X113/12 showed a statistically significant reductiorBiatrytis cinereassymptoms.

The difference betweeBclerotiniaandBotrytisis unexpected ahé pathogens are closely
related smne might expect many molecular patterns to be conséaselemet al, 2011)
Potentially this difference is due to the different inoculation techniques, witBdhgtis
inoculum containing spores whilst thHeclerotinia inoculum consisted of homegised
mycelium. Larger fragments of homogenised mycelium may give the pathogen an advantage
during establishment; rendering eslirface activated defences ineffective, compared to the

more vulnerable germinating spore.

It was surprising that | only sathe enhanced resistance Xanthomonas campestrgs/.
vesicatoriain one of the two independent lines express{ii%. This could be due to lower
expression in the second liké5#4 (Fig 3.7 b). Furthermore, the phenotype was not observed
in the more quantitative measuremenXahthamonas perforarmace T4 assay, where only
the transgenic lineX116#1 and X113#12 showed a decrease in bacterial growth compared to
the untransformed camol. It is also possible that a PAMP may not be conserved between the
two Xanthomonaspecies. Without the EFR resistant control it is difficult to interpret whether

these differences in bacterial growth are what would be expected.
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3.4.6 Merits and limitationsin planta expression of RKs to assess

function
The spatial resolution and level of expression can have an impact upon protein function. In

the context of trying to identify a gawf-function in the tomato lines overexpression could
help amplify poéntially weak quantitative differences in susceptibility; however, in the
context of the chimeric receptors it may lead to inappropriate signalling outputs that would
not occur if the RK was present at physiological levels. In addition there is the |itgsbiai
C-terminal tagging affects RK functigiNtoukakiset al, 2011; Hurset al, 2018)

One of the major challenges that | faced in tmisject was the silencing of transgenes
especially in theefr background The silencing of transgenes has been ascribed to two main
mechanisms: 1/ RNAlirected DNA methylatioRdDM) leading to transcriptional gene
silencing and 2posttranscriptional ge silencingn which mRNA is degrade(Bijenet al,

2001) It has been widely noted that RdADM leads to hypermethylation of the viral 35S
promoterresulting in silencing of gee expressiofScheidet al, 1991; Kilbyet al, 1992)

The RdDM machinery leads td specific hypermethylation génomiaegions homologous

to 24 nucleotide small RNA moleculessulting in heritable silencing of the methylated region
(Matzkeet al, 2015) In transgeniglantssmall RNAs can be generated whiolap to ther-

DNA andcorrelate wih DNA hypermethylabn and transgene silencirfdupeet al, 2019)
Potentially problems with silencing can be reduced by using endogenous promoters which
may be less prone to silencirgjthough empirical evidence for this is laakiThe severity

of the problem may be exacerbated ingfrel background which contaired leasbnepROK2

T-DNA integration(Alonso et al, 2003) pROK2contains a 35S promoter sequence, if 24
nucleotide sRNAs complementary to the 35S promoter are already being produced in this
background it will lead d the transinactivation of the new 35S promoter integrations
(Daxingeret al, 2008) It may have been advantageous to usefamutant lacking this T

DNA (for example a CRISPR mutamt a SAIL mutan{Sessiongt al, 2002). However, not

all lines were silenceduggesting thadther factors, such as the site of integration also play an
important role in this proces#&n alternative vector could also have been used with an
alternative promoter, such as an endogenous ubiquitin promoter, which may be less

susceptibldgo silencing.

3.4.7 Lossof-function as an approach to identify novel PRRs
No differences in susceptibility were observed between any of the single, uncharacterised

LRR-RK subfamily XII mutants and Cdl, using either the bacterial pathodgeto DC3000
COR or the fungal pathoggAacBMM. However, the quadruple subfamily XII mutant showed

a quantitative enhancement in susceptibilitPt8MM, comparable wittbak15. It would be
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interesting to investigate this further to determine whether the xiifl#ii5 xii6 mutants also
have the same phenotype. The cognate ligand for XPS1, xup25, is not préseBivii so

it should not confer resistan¢®ott et al, 2016) It would be logical to test whether the
quadruple mutants show weaker PTI induction in responBeBdM extracts. This would
support the recognition of a PAMP froRtBMM. The lack of phenotype in lower order
mutants may be because the RKs are contrigwdditively to resistance through redundant
perception of the same, or different PAMPs frBoBMM.

For the mutants that show no phenotype, this suggests that these RKs do not play a significant
role in these pathosystems. Either they do not recogigdviP from these pathogens, or the

recognition does not confer enhanced resistance to the host.

To overcome issues with small effects being masked by stronger players, for example FLS2
in Pto resistance, | am currently generating a complete kiootlof sufamily Xlla in the
fls2c efr cerki2 backgroundMiya et al, 2007; Xinet al, 2016) Hopefully this will remove

background pa&ern recognition and potentially reveal more subtle differences.

3.4.8 Concluding remarks
None of the work presented here identifies a novel PRR within subfamily XIl. However, the

work with the chimeric receptors provides support for the hypothesis that they are PRRs. The
expansi o#hi ke 6 6EE R 8rpssicaceaandivdtes that thesreceptors have

been selectively retained, potentially due to the ability to recognise a pakigsreret al,

2016)

In general, the resources generated in bwtiato andirabidopsiswill prove valuable to the
community in the attempt to characterise the remaining members of this family. They require

further phenotyping with a diverse range of pathogens.
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Chapter 4

Phenotypic characterisation ofik2
reveals oles in cell wall integrity
perception, root growth, pathogen
resistance and regulation of
reactive oxygen species production

Parts of this chapter have been published in a manuscript Van dezt2b€2017), all figures
that contain data that was na@rgrated personally are indicated clearly in the figure legend.

4.1 Abstract

Plant cells actively perceive and respond to perturbations in their local environment through

cell surfaceocalised receptors. In the context of stress responses, the sigoaisised are
molecular patterns indicative of danger. These can baelbrpathogerassociated molecular
patterns (PAMPSs), or setferived molecular patterns which are released or produced during
stress or wounding, which can be damagsociated molecal patterns (DAMPS) or
phytocytokines. Here, | report further characterisation of the leuwherepeat receptor
kinase (LRRRK) MIK2. Genetically, MIK2 is a key regulator of a diverse environmental
responses. Indeenhik2 mutants are shown to have sifigantly impaired responses to biotic
and abiotic stresses including cell wall damage, salt stress, resistd#natmmand biotic
elicitors. Moreovermik2 mutants exhibit elevated RBOHflependent background reactive
oxygen species (ROS) production, demonstrating a constitutive impairment in ROS
homeostasis. Constitutive ROS dyshomeostasis is mirrored by transcriptomic perturbations in
mik2 Most surprisingly MIK2 differentially regulates ROS production in an elicitor
dependent manner. Discriminating between highly conserved signalling pathwigs,

highlightsan unexplained dichotomy in pattern recognition receptor signalling.

4.2 Introduction

4.2.1 Cell vall integrity sensing
Plant cells are surrounded by a wall, primarily consisting of complex carbohydassstra,

2010) This wall provides mechanical strength to resist external and internal pressure, protects
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against biotic and abiotic stresses, and represents the interaction interface with surrounding
cells(Wolf et al, 2012). It is imperative that the plant cell wall integrity is maintained desp
constant challenges imposed during cell expansion and 8ivefsand Hofte, 2014)To this

end the cell requires constant feedback abmeit wall integrity in order to induce
compensatory responses. Whilst we are still relatively naive about how plaetsedbis, an
important role for receptor kinases (RKs)cil wall integritysignalling is emergingWolf,
2017)(Discussed in Chapter 1).

In order to study cell wall damage in a controlled manner genetic or pharmacological cellulose
biosynthesis inhibition is often usddatenoet al, 2016) Cellulose deficiency leads to
dwarfism and reduced dagtown hypocotyl elongatiofRefrégieret al, 2004) A genetic
screen in the cellulose deficigimc1-1 background identified a mutation in the receptor kinase
THESEUSA(THEY) that was able to partially complement reduced -@goewn hypocotyl
elongation, whilst not affecting ltelose biosynthesigHematyet al, 2007) This suggested

that RKs can play a role asll wall integrity sensors. Recently, the LRIRK STRUBBELIG

was also shown to positively regulate responsesceitulose biosynthesis inhibition
(Chaudharyet al, 2019) Many cellulose biosynthesis inhibitiemduced responses are
reminiscent of immune respons@famannet al, 2009; Dennesst al, 2011)(i.e. reactive
oxygen species (ROS) production, jasmonic acid accumulation, lignin and callose deposition,
defence gene expression, and growth inhibition). Indeed, as cell wall damage is part of the
DAMP-triggered immune continuum, additional RKs presumably play undescribed roles in

this fundamental process.

4.2.2 The role of ROSn plant immunity and the regulation of
RBOHD

Induced apoplastic ROS production plays a key role in plant stress responses, including biotic
interactions and cell wall dama@#/aszczalet al, 2018) Whilst their precise roles are poorly
defined they contribute to important physiological processes including promoting the
polymerisation of cell wall constituents, acting as secondary signalling molecules, and also

directly functioning as amicrobials(Waszczalet al, 2018)

Intracellular ROS is primarily derived from chloroplasts, peroxisomes and mitochondria as
by-products of electron transgachains and oxidative activitfApel and Hirt, 2004) Their

levels are elevated when these processes are perturbed during stress. Due to the harmful nature
of these reactive molecules in living cells, mechanisms éewked to maintain homeostasis
including ROS scavenging enzymes such as catalases and ascorbate peroxidases as well as a

reservoir of organic antioxidants, which are able to buffer ROS |éVigider, 2017)

In contrast apoplastic ROS in land plants is primarily generated through the dedicated

enzymatic activity of plasma membraloealised NADPH oxidases from the respiratory burst
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oxidase homolog (RBOH) family. Thfamily contains 10 members Arabidopsis thaliana
(Groomet al, 1996; Torres and Dangl, 2000RBOHSs transfer electrons from cytosolic
NADPH or FAD to apoplastic oxygen to form© O™ is subsequently converted to®4

either spontaneously, or through the catalytic activity of superoxide disniMtittser, 2017)

The 10Arabidopsissoforms are differentially expressed and havenhewmplicated in diverse
biological functions including defence, morphogenesis, reproduction, development, organ
abscission and mechanosensfrgremanet al, 2003; Monshauseet al, 2007; Takedat

al., 2008; Miilleret al, 2009; Leeet al, 2013, 2018; BoisseDernieret al, 2013; Kayaet

al., 2014, 2015; Kadotet al, 2015)

In the context of immunity, the most highly exgged isoform, RBOHD plays a dominant
role, supported by RBOHF, and both contribute to ROS production induced by beth cell
surface and cytoplasmic immune recept@i®rreset al, 2002; Moraleset al., 2016) An
important physiological function of RBOHBerived ROS in immunity is pattetriggered
stomatal closure which is RBOH@ependen{Mersmannret al, 2010; Macheet al, 2012)
However, execution of stomatal closure in response to elevatedr@OABA requires both
RBOHD and RBOHF (Kwak et al, 2003; Chateret al, 2015) Patterntriggered
plasmodesmatal closure is also RBOH&®=ndent{Chevalet al, 2019)

In addition, RBOHD/F act downstream of cell wall damage where they are required for
compensatory lignificatio(Hamannet al, 2009; Dennesst al, 2011) In addition to local
responses, RBOHD has been shdwiplay a crucial role in systemic signalling in response
to a diverse range of both biotic and abiotic stre@ddier et al, 2009; Evangt al, 2016)

Similar to their mammalian homologs, all RBOH enzymesehsx transmembrane domains,
FAD- and NADPHbinding sites and a functional oxidase dom@{adotaet al, 2015)
RBOHD, the best characterised memloé the family, is tightly regulated at the post
transcriptional level through calciudependent and-independent mechanisms. The
requirement of G in RBOHD regulation was demonstrated by pharmacological experiments
(Kadotaet al, 2004, 2014; Segonzat al, 2011; Ranfet al, 2011) C&*can bind to EF
hands within RBOHD to directly regulate its activity, but alsovates calciurrdependent
protein kinases, which have been shown to phosphorylate tieemihus to promote its
activity (Ogasawarat al, 2008; Boudsocet al, 2010; Dubielleet al, 2013)

Independent of calcium, the cytoplasmic kinase BIK1 and MAP4 kinase SIK1 have been
shown to function downstream of immune RK complexes, phosphorylating distinct residues
at the Nterminus of RBOHD to promote ROS producti{anet al, 2014; Kadotat al, 2014;
Zhanget al, 201&). There appears to be a tstep regulation of RBOHD with initial, rapid
BIK1-mediated phosphorylation, which is the proposed to prime RBOHD for calcium
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dependentegulation(Kadotaet al, 2015) However, substantial crosalk exists between the
two mechanisms: 1/cytoplasmic Taflux is impaired inrbohd mutants, 2/exogenous ROS
application can induce calcium influx, and 3/calcidependent kinases regulate BIK1
stability (Ranf et al, 2011, 2014, Liet al, 2014; Monagharet al, 2014, 2015) Upon
activation, RBOHD clustering and mobility within the membrane is increfdad et al,
2014)

Reciprocal chimeric fusions between theddminal regulatory domain and thet&minal
catalytic domain of RBOHF and RB@khowed that RBOHF function and localisation are
determined in both elements of the protgieeet al, 2013) Currently it is unknown whether
the same is true for RBOHD function. Recently, CRi&pendent phosphosites on the C
terminus of RBOHD have been proposed to regulate fitstifon, suggesting that regulation

occurs at both termini of the protgikimuraet al, 2019)

4.2.3mik2 - a multifaceted mutant
The leucinerich repe&(LRR) RK MIK2 belongs to the subfamily LRRK Xllb, which is a

poorly characterised clade of LRRKs. The only membef other than MIK2i to be
characterised i©sXIK1 which positively regulates resistancedanthamonas rice through

an unknown mechmasm (Hu et al, 2015) The LRRRK subfamily XIIb is the second most
expanded LRRRK subfamily in angiosperm genomes with massive expansion in the apple,
poplar, oak and soybean genanfghou et al, 2016; Fischeet al, 2016; Plomioret al,

2018) MIK2 has been implicated in processes including pollen tube guidance, salt stress
tolerance, cell wall integrity ssing and response td-asariumderived elicitofWanget al,

2016b; Julkowskeet al, 2016; Van der Doest al, 2017; Colemaset al, 2019)

MIK2 was initially described as a component of a peleecific receptor complex for the
synergid celderived LURE peptide§ facilitating pollen tube guidance to the female
reproductive organf/Nanget al, 2016). MIK2 (MALE DISCOVERERINTERACTING
RECEPOR LIKE KINASE 2) was identified in a screen for interactors of MALE
DISCOVERER1/2 (MDIS1/2). The LRIRKs MDIS1/2 were previously isolated in a reverse
genetic screen for male infertility conferred by kindse a d , 6domi nant negat.i
pollenexpessed RKs. Wangt al. (201&) also identified MIK1/PXL2, the receptor for
CLE42(Mou et al, 2017) in the same yeastvo-hybrid screen and proposed that MDIS1/2
consttutively interact with the unrelated LRRKs MIK1 and MIK2 and synergistically
perceive LURE peptides. Nevertheless, it must be noted that atdshekk publication
identified an alternative receptor, PRK6, which has since been confirmed by an indépenden
group and the PRKBURE complex has been structurally resolvéBakeuchi and
Higashiyama, 2013,&Zhanget al, 2017; Zhonget al, 2019) which raises questions about the
actual role of MIK2 in LURE perception.
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SubsequentlyMIK2 (there named EUCINE-RICH REPEAT KINASE FAMILY PROTEIN
INDUCED BY SALT STREgBSvas identified in a genomeide association study for rosette
growth under salt stregqdulkowskaet al, 2016) A SNP within the promoter oMIK2
significantly associated with rosette growth under mild salt stress. Julk@wvsia (2016)
went on to demonstrate a positive correlation between ecdpendenMIK2 expression

levels and salt stress tolerance.

Moreover, Colemaret d. (2019) showed that MIK2 is required for the perception of a
Fusariumpeptide fraction (EnFOE). In order to elucidate the perception mechanism, they
identified a nonresponsive mutariere L(FUSARIUM ELICITOR REDUCED ELICITATION

1) using an EMSnutagenised population of an aequorin calcium reporter line. The causal
SNP mapped to an early stophtK2.

Here, | characteriz®IK2 as a key regulator of respgas to cell wall damageik2 mutants
showed reduced defence gene expression, lignin deposition and jasmonic acid accumulation
(Van der Doest al, 2017) | show thatmik2 mutants show enhanced root skewing under
control and salt stress conditions. The involvemeMI#f2 in rosette growth under salt stress,
proposed by Julkowskeat al.(2016) is confirmed irmik2 mutants. Hypothesising that these
phenotypes were linked by defectsall wall integritysensing, susceptibility to theltwall
damaging pathogefrusarium oxysporupmwas assessed andk2 mutants were found to be
hypersusceptible. However, a closer inspection of immune responses revealgldKihat
differentially regulates elicitemduced ROS production, revealing a puzzldichotomy.
Furthermore,mik2 mutants show constitutively elevated RBOldBpendent ROS in the
absence of treatment. This exposes a dyshomeostasiski) which is reflected in
transcriptomic perturbations. The transcriptome highlighted an overre@éserdf genes
encoding extracellular and plasma membrane proteins involved in biotic and oxidative stress
responses upregulated mik2 Taken together, loss ®flIK2 function illustrates a nexus
linking cell wall damage responses, salt stress tolerapog,growth, response to biotic

elicitors, and disease resistance to ROS and transcriptomic homeostasis.

4.3 Results
4.3.1MIK2 is required for responses to cellulose biosynthesis
inhibition
Prior to my arrival in the laboratory, a revegenetic screemf LRR-RK mutants was

established to identify novel receptors involved in the perceptiocelbfwall integrity
perturbations. The pharmacological inhibitor of cellulose biosynthesis, isoxaben (ISX) was
used to generate cell wall damage in a controllednearrom this screen, one LR,

MIK2, was identified agxhibitingimpaired responses to ISX. MIK2 stood out as the only

member of LRRRK subfamily Xl that showed consistently impaired FXuced
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expression of the immune marker g&¥P81F2(Fig. 4.1a). This response was not specific

to ISX, but was shared with other cellulose biosynthesis inhibitors such as 2,6
dichlorobenzonitrile (DCB) and thaxtomin (TXT) ( Fig. 4.1(blpgetsuwet al, 1974, Scheible

et al, 2003; Bischoffet al, 2009) However, mild osmotic stress caused by treatment with
400 mM mannitol did not indud8YP81F2expressionn either Col0 ormik21 (Fig 4.1 b).
Multiple alleles ofmik2 displayedimpaired induction of the defence marker geR&¥1,
CYP81F2andAT1G51890n response to ISX treatment, strengthening the genetic evidence
(Fig 4.2 a; a model of athik2alleles ued is given in Fig. 4.1 cmik21 is alsoimpaired in
ISX-induced jasmonic acid accumulation and lignin deposition (Fig-4)2 Bogether, these
data demonstrate that MIK2 is an important regulator of responses triggedlyse

biosynthesis inhibion.

| did not find evidence of genetic redundancy between MIK2 and its paralog,-Nkd2n
ISX-induced gene expression (Fig 4.2 d). Moreover, | found no genetic evidence that other
components of the MDIMIK complex (Wang et al, 201&) play any role in regulating
cellulose biosynthesis inhibitieimduced genexpression (Fig 4.2 e).

Taken together, these results show MHE2, like THE1andSURB is required forresponses
to cellulose deficiency, and, as such, genetically regutaiessall integritysensing

4.3.2mik2 mutants display a root skewing phenotype
Serendipitously, whilst growing seedlings on vertical plars,Dieuwertje Van der Does

noticedthat mik2 mutants display a leftward root skewing phenotype relative te0GBig

4.3 ad). Whilst considerable natural variation in root skewing has beseredd, very little

is known about the genetic architegtwnderlying thesdifferences(Vaughn and Masson,
2011; Toalkt al, 2018) Many of the welicharacterised root skewing mutants have defects in
cortical microtubule organisation and consequential cellulose fibril orientation, but no such
differences could be observedrik21 (Van der Doe®t al, 2017) However, recent work

has shown that defects in npolar cell wall components can also lead to a root skewing
phenotype compable withmik2 (Safferet al, 2017) which provides further support tdiak

between CW sensing and root growth angle.

4.3.3mik2 mutants have impaired to salt stress tolerance
Julkowskeet al.(2016)identfied a polymorphism within the promoter BRK2 significantly

associated with natural variation in rosette growth under salt stPabsicly available
expression data shows tHdtK2 is upregulated transcriptionally in response to salt stress
(Kilian et al, 2007; Aok et al, 2016) mik21 andmik2-2 mutantsshow a reduction in rosette

dry weight relative to mock under mild salt stress, confirming a role for MIK2 in salt stress

tolerance (Fig 4.4 a).
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Figure 4. 1 MIK2 is a major regulator of marker gene expression induced by cellulose
biosynthesis inhibition.

(a,b) Expression of the defence marker ges@®81F2n Arabidopsisl3-day-old seedlings. Expression

was normalised tb)-BOX (AT5G15400(a) Seedlings weredated with 0.6 uM ISX for 9 h treatment,
expression is shown relative to mock. Data points are the mean of 3 technical replicates, 2 biological
replicates per genotype and the line represents the mean. Dashed line represents the mean fold change
inCol0.( b) Seedlings were mock treated, or treated
400 mM mannitol (Man) for 9 h. Data shown indicate 3 technical replicates. Error bars show S.D.
Experiment was repeat 3 times with similar results (Other replicatespgei@med by D. Van der

Does). Pvalues are derived from unpairetests. (c) Gene models wiik2 T-DNA alleles used in this

study (Figure modified from F. Boutrot).
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Figure 4.2 MIK2 is a major regulator of multiple responsesto cellulose biosynthesis inhibition
unlike MIK2 -like and other components of the MDIS/MIK complex

(a,de) Expression of the defence marker gef@sCYP81F2, FRKEandAT1G51890n Arabidopsis

13-day-old seedlings treated with 0.6 uM ISX for 9 h treatmyaelative to mock. Expression was

normalised taJ-BOX (AT5G15400Data shown indicate 3 technical replicates. Experiment was repeat

3 times with similar results (Data for (a) from D. Van der Does) (b) Jasmonic acid (JA) accumulation

in 6-day-old Arabib psi s seedl ings, mock treated or treated wit
Hamann lab, NTNU, NOR). (c) Relative lignin deposition in root elongation zoneday6ld

Arabi dopsis seedlings, mock treat edphioroglucinoeat ed with O
HCI staining. (Data from T. Hamann lab, NTNU, NOR)YP81F2expression in 18lay-old seedlings

treatedwith 0.6 uM ISX for 9 h treatment, relative to mgetormalised tdJ-BOX (AT5G15400in

mutants of (d) thé1IK2 homologMIK2-like and (§ theMDIS-MIK complex(a-e) Error bars represent

S.D., bar represents mean. (a)dLower case letters represent significance groupings (p<0.05) from

oneway ANOVA followed by Tukeys Podtoc test. Pralues are derived from unpairetests. (bc)

P-values are derived from unpaireddst.
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Figure 4.3 The absence of MIK2 results in enhanced root skewing

(a) Diagrammatic representation of the root skewing demonstratingatues indicate skewing the

left (clockwise) relative to the gravity vector whiiste values indicate skewing to the left. Angles were
measured to the root tip.-)) Root skewing of @lay-old seedlings grown in an upright position (10°)

on MS +1% sucras 0.8% agar. Error bars represent S.D., bars represent the mean and lowercase letters
represent significance groupings (p<0.05) from-aray ANOVA followed by Tukeys Podtoc test.
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Figure 4. 4 The absence of MIK2 results inimpaired rosette growth under NaCl stress and
enhanced NaClinduced root skewing

(a) Dry weight of soidgrown NaCltreated plants as percentage of the dry weight of untreated plants.
Data points represent the mean of independent experiments (each erpar@®). A Freidman test
indicated a significant difference between genotypes, lower case letter letters represent significant
groupings based on Dunnés mul ti pl e-dayoldseadlingss o n
grown an upright positior.0°) on MS +1% sucrose, 0.8% agar relative to the addition of 75 mM NacCl.
Error bars represent S.D., bars represent the mean and-daserletters represent significance
groupings from onevay ANOVA fol |l owe-dobyt stk ey p ©0armca 2) .
Arabidopsis seedlings were grown in an upright position on % MS agar medium without sucrose,
supplemented with or without 75 mM NaCl or 150 mM sorbitol. (n=20) Experiment repeated three
times with similar results. Ralues are derived from unpairetest. (Data for (a,c) from I. Koevoets
UVA/WUR, NL).
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It has previously been shown that salt stress causes rightward root skewind ifWawiget

al., 2007; however, | observed that this change in root angle was more pronoumoéin

than Col0 (Fig 4.4 b). The effect was much less when grown on sorbitol with the same
osmotic potential, suggesting it is not due to the osmotic effect (Fig 4.4 c).résaie show
thatmik2 mutants are more sensitive to salt stress, supporting previous findings that natural

variation inmik2 expression governs salt stress tolerance.

4.3.4mik2 mutants are more susceptible téd-usarium oxysporum

infection
Pathogens can cause considerable disruption to the cell wall during inf@aiceteet al,

2018) As MIK2 appears to positively regulate responses to cell wall damakieh overlap
with immune responséswe sought to investigate whethmik2mutants are more susceptible
to infection. As seen ihapter3, mik2 mutants do not show enhanced susceptibility to
Pseudomonas syringgev. tomato DC3000 COR or Plectosphaerella cucuenina BMM
(PcBMM). In addition, it was previously found thatik2 mutant plants are not affected in
resistance against the powdery mildew spe@igi®vinomyces orontandErysiphe pisor to

the downy mildewHyaloperonospora arabidopsididoco2(Humphryet al, 2010; Van der
Does et al, 2017) Neverthelessmik2 mutants showed enhanced susceptibility to the
hemibiotrophic fungal root pathogdfusarium oxysporumsolate Fo5I6 as shown by
increased leaf chlorosis and whole plant decay (Fig-#) a

Thus, MIK2 appears to be differentially required for pathogen resistance. The enhanced
susceptibility toFusariumis consistent with the recent results from Coleratal. (2019)

which show that MIK2 is required for the perceptionFafsariumderived elicitor. This
suggests that the difference is not due to cell wadigrity perception, but rather PAMP
responsivity. This could either be due to impaired recognition of a PAMP or a secondary

signal.

4.3.5 mik2 mutants exhibit impaired flg22induced ROS production

Whilst MIK2 is required forcellulose biosynthesis inhiion and salt stress responses, it was
logical to test other environmental stimuli. |1 decided to test PAMP responsivityikia
(Sharon and Sharon, 2015; Colengdral, 2019) Humphwy et al. (2010)identified MIK2 as

part of a fungal pathogemesponsive regulon. This supports in house R¥pdatggenerated

by Dr Marta Bjornson)which showgthatMIK2 is upregulated by a plethora of biotic elicitors
(Fig. 4.6 a). Moreover, Yadett al. (2017) demonstrated that MIK2 protein levels were
significantly upregulated in the plasma mear® in response to flg22 treatment (Fig. 4.6 b).
Together, these data suggest a role for MIK2 in response to biotic stimuli, in line with the

recent finding thaMIK2 is required for the perception oFaisariumderived elicitor,
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In order to test this,first investigated whethenik2mutants exhibited perturbations in flg22
induced ROS productiomik2mutants showed a significant reduction in flgg8uced ROS
production (Fig. 4.7 ajThis phenotype was first observed in Dr Milena R¢2@15). An
allelism test provided further evidence that thi&2 mutationwas causal (Fig 4.7 b). In order

to test fo redundancy between MIK2 and MIKike, the double mutant was phenotyped, it
resembledmik2 (Fig. 4.7 ¢) Whilst | observed a trend towards a stronger phenotype in the
double mutant this was not statistically significant. Therefore, | decided to prodded w

characterisation of thmik2single mutant.

To further understand the role of MIK2 in flg22duced responses, | investigated other PTI
outputs. However, | could not discern a difference in flgiced MAPK phosphorylation,
seedling growth inhibition, or ultimately induced resistance (Fig. 4c® &lo obvious
differences in the protein levels of FLS2, BAK1 or RBOHD could be observed imik
mutant (Fig. 4.9 #). Moreover, neither flg2thduced FLSZBAK1 complex formation nor
phosphorylation of the downstream recepike cytoplasmic kinase IB1 (visualised as
BIK1-HA bandshify appear to be impaired mik2 (Fig. 4.9 ed). Therefore MIK2 seems to
specifically regulate the ROS responklewever,because the difference is quantitatithes
fact thatit is not observed in other assaysuld al® be a limitation of the threshold or
sensitivity.

4.3.6 MIK2 differentially regulates ROS production in response to

diverse elicitors
| decided to determine whether thek2 ROS phenotype was also apparent in response to

other immune elicitors. Initially tested the 1&mino acid Elongation FactdiU derived
epitope, elfl8, which is recognised by EERpfel et al, 2006) | observed impaired ROS
production inmik2 comparable to that observed with flg22 (Fig 4.10 a). | could confirm the
impaired ROS production imik2-4 in the Wassilewskija (W&) backgroundWs-2 lacks a
function FLS2 receptor and is thus blitml flg22, so the flg22 response cannot be tested
(GémezGbmezet al, 1999) (Fig 4.10 d).

In order to test whether MIK2 s regulates ROS production triggered by LREP receptor
complexes, testednlp20induced ROS. NIp20 is recognised by the RLUSZBIR1:-BAK1
receptor complexAlbert et al, 2015) There is also a reduction in nipitluced ROS
production inmik2,suggesting that the phenotype is shdreveen LRRRK andLRR-RLP
receptors (Fig 4.10 b,e).
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Figure 4.5 MIK2 is required for resistance to the fungal root pathogenFusarium oxysporum

Percentage of chlorotic leaves per plant (a), and percentage of decayed plants (b) after infection of the
roots withF. oxysporumsolateFo5176 (a) Chlorotic leaves per plawere determined 10 days after
inoculation withF. oxysporum(b) Decayed plants were determined 3 weeks after inoculation. Data
points represent the mean of independent experiments, each consistirgOopladts (eb) The bars

represent the average fdur independent experiments, each consisting of n i4@M@lants per
genotype. Error bars represent S.D., bars represent the mean and lowercase letters represent significance
groupings (p<0.05) following oreay ANOVA followed by Tukeys Podtoc test. (D& from N.

Tintor, UVA, NL).
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Figure 4.6 MIK2 is induced at both the RNA and protein level in response to treatment with
biotic elicitors

(a) Transcriptional response K2 to a range of biotic elicitors in whole seedlinggpa time course

(5 to 180 min). Ch8 = 1 uM chitooctaose, elf18 = 1 pM elf18, flg22 = 1 uM flg22, LPS = 1 yM 3
hydroxydecanoic acid, nlp20 = 1 uM nlp20, OG =100 pgioligogalacturonides (d.p. 146) , Pepl

=1 uM Pepl. (Data from M. Bjornson). (b) $p@l counts from plasma membrane enriched fractions
of four-weekold Arabidopsis plants sprayed with 10 pm flg22 peptide or water and rosette tissue
harvested at 720 min-Walue derived from an unpairedest. PIP2;3 was included as a PM control
(Data &tracted from Yadetat al. (2017)).

101|Page



Q

10001
- - Col-0
=
£ - mik2-1
2
@' —— mik2-2
S 500
g
3
o
o
w
0
. 0
b O 1 o W & w o
— -— o~ o~ o o A
Time (min)
b
800+ —— Col-0
Tg = mik2-1
= 600+ - mik2-2
o
‘5400 . mik2-1*/
(=) -
B mik2-27*
3
o
5 200-
[72]
0
v "
0 T T T T T T -1 1
w (=] w0 (=) wn (=] w0 o
- -— (o] o~ (] [ <
o Time (min)
1250+ - Col-0
= - mik2-1
£ 1000+ o
3 = mik2-like-2
DZC 750 . mik2-1
& mik2-like-2
S 500
=
S
o
@ 250~
o

5

L] 1 1
e w o w
- - o

Time (min)

T T
(= Ll
(2] (4]

°
=

25000- b b
- 20000
)
o~
o € 150001 -
ZE s
[}
2 $ 10000 N
=] 'y
S 5000
[ |
0 r r
S A a2
o @@ ‘(\\\ﬂ’
Genotype
250007 & b b b
— 20000
2 H
o _’515000- oll"®
= HH
= S 10000 4
E oo =§| w
o [ ]
5000 - N y
0 r r r T
) a2 AN
& N N4 A
¢ & & v
@ @@
Genotype
p=0.03
40000+ a b c b
300001 ¢
5 - 4a

Cumulative RLU
(40m

20000 3 -
AMQ A
100004 ; afjss h 4

R
A
N WA A
o & s
S N N Nafns
¢ W €
& &
&
Genotype

Figure 4.7 MIK2 is required for a wild -type flg22-induced ROS response

(ac) 100 nM flg22induced ROS production from leaf disks taken froweekold rosettes. Error

bars on curves regsent S.E.M. ((a) n=32; (b) n= 20; (c) n=24). Plots on the right show the integration

derived from the plots on the left, horizontal lines show mean with S.D. Lowercase letters indicate

significance groups based on enea y

ANOVA

f ol | owehibc tdsty (a,d) tepeatgdéas

least three times with similar results (b) performed once. (Data for (b) from F. Boutrot)
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Figure 4.8 MIK2 does not appear to be a regulator of other fj22-induced responses

(a) Mass of terday-old seedlings grown MS media with the addition of respective concentrations of
flg22. Mass shown relative to mock. A tweay ANOVA found a significant effect of treatment
p<0.0001; however, there was no significant interaction betweeotgpe and treatment suggesting no
significant difference in genotype response to flg22 (p=0.1661) so no multiple comparison was
performed. (n=12). (b) 100 nM flg2iaduced phosphorylation of MAP kinase in-day-old seedlings.

CBB staining was performeass a loading control (c) 1 pM flg22 induceekistance t@seudomonas
syringaepv. tomatoDC3000 PstDC3000) in 4weekold plants. Water or 1 uM flg22 were infiltrated

one day prior to infiltration withPst DC3000 (O.Dsoo = 0.0002). The bacterial populat was
determined 3 days later. (Data for (c) from F. Boutrotc)(&xperiments were repeatedexst three

times with similar results.

103|Page



~ ~N Vl'
a 2 2 g ¥ g
°© = = 3] o
o S 1S < =,
aFLS2
70Kda! e MR WD @ <AL
aBAK1
b CBB
~ N
o \ ) Q
z ¥ £ 3
O & & <R
rokio SRR [<re0nD
aRBOHD

CBB
C
Col-0 § mik2-1 bak1-4
- + - - 4+ - + 100nM flg22
“‘FLSZ‘ FLS2 IP
a-BAK1
a-FLS2
Input
a-BAK1
d mik2-1

mik2-1 BIK1-HA BIK1-HA
100nMfig22 0 10 0 10 O 10 min

a-HA

CBB

Figure 4.9 Loss of MIK2 neither results in changes in FLS2, BAK1 or RBOHD accumulatio nor

affects FLS2BAK1 complex formation and subsequent phosphorylation of the downstream
RLCK BIK1.

(a-b) Protein levels in Ced andmik2-1 12-day-old seedlings. CBB staining of the membrane is shown
as a loading control. (¢) (Data from M. Roux)-@amunoprecipitation of BAK1 with FLS2 upon flg22
treatment in 13lay-old seedlings (d) (Data from F. Boutrot) flgi®luced bandshift in BIKHA in
14-day-old seedlings.
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To investigate whether this reduction was specific to id®Rtaining receptor complexés
tested response tet8/droxydecanoic acid, a bacterial metabolite recognised by the lectin S
domain receptor kinase LORE@Ranf et al, 2015; Kutscheraet al, 2019) The 3
hydroxydecanoic acithduced ROS response was also reducethik? showing that the
phenotype was not specific to LRf®ntaining receptor complexes or to proteinaceous
elicitors (Fig 4.10 c,f).

| then tested the function of MIK2 in ROS production triggered by DAMPs. Surprisingly,
when testing the proteinaceous DAMP Pgpsitinderived oligogalacturonides (d.p.-18)
andthe cellulosederived disaccharide cellobiose, | observed a surprising increase in €licitor
induced ROS production imik2 (Fig 4.11 af). This is particularly striking in the case of
cellobiose where nROS production could be previously measured in@ot Ws2 (Souza

et al, 2017) however, | observed rapid peak in ROS production imk?2 alleles (Fig 4.11

c,f). In addition to the elevated levels of ROS productiomik?,there is a temporal shift with
ROS productiompeakingearlier, which is particularly evident in response to Pep3 (Fig 4.11
a). | séected Pep3 as a representative example of an elicitor whose ROS response is negatively
regulated byMIK2, and assayed Pejrsduced PTI outputs. No difference in Fieduced
MAPK phosphorylation were observed (Fig 4.12 a). | obgkevslight increase iep
induced seedling growth inhibition in omeik2 allele at higher peptide concentrations (Fig
4.12 b). There was also no observable differend@sRR1or PEPR2expression levels (Fig
4.12 c).

In order to assay ROS production in a more physiologicdibyaat context | performed DAB

(3 -DiamNjpobenzidine) staining duriRcBMM infection. The role of RBOHD in pathogen
induced ROS production can be seen through the absence of brownish deplositd (Rig

4.13) However, there are no discernible diffieces between Cdl and themik2 mutants. If

this is pursued in future work a higher order PTI mutaat bakt5/bkkt1/cerkt2) should

be includedin order to determine whether the ROS is due to recognition by cell surface
receptorgXin et al, 2016).

Taken together, these results show &2 is differentially required for elicitemduced

ROS production. Despite testing biochemicaliyerse elicitors, perceived by
phylogenetically and biochemically diverse receptors, | am not able to identify a clear
correlation withMIK2 function. Currently] am not able to define a mechanistic explanation
for the dichotomy seen witklIK2 acting as both a positive and negative regulator of elicitor

induced ROS production.
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Figure 4.10 mik2 mutants have a reduced RO3®esponse to the multiple elicitors

(a-f) Elicitor-induced ROS production from leaf disks taken from-fiveekold rosettes. Error bars on
curves represent S.E.M. Plots on the right show the integration derived from the plots on the left,
horizontal linesshow mean with S.D., lowercase letters indicate significance groups basedwayone
ANOVA f ol | owe d -hbotestTTuektmentovih (2d) 00 nM elf18; (b,e) 1 uM nlp20 (c,f)

1 uM 3-hydroxydecanoic acid. {@) n=32; (df) n= 16. (ac) Experimenthave been repeated at least

3 times with similar results. {f§ Experiments have been performed once.
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Figure 4. 11 mik2 mutants differentially regulate elicitor-induced ROS responses

(af) Elicitor-induced ROS productiofiom leaf disks taken from-#veekold rosettes. Error bars on
curves represent S.E.M. Plots on the right show the integration derived from the plots on the left,
horizontal lines show mean with S.D., lowercase letters indicate significance groups baseavap
ANOVA foll owed -hoytesT Grkatment with fao)sltuM AtPep3; (b,e) 100 pdg.ml
oligogalacturonides (c,f) 10 mM cellobiose-dan=32; (df) n= 16. (ac) Experiments have been
repeated at least 3 times with similar resultsf) @@xperiments have been performed once.
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Figure 4. 12 MIK2 does not appear to be a regulator of Pep3nduced MAPK phosphorylation
and seedling growth inhibition

(a) 100 nM Pep3nduced phosphorylation of MAP kinase in-d@y-old ssedlings. CBB staining was

performed as a loading control. (b) Mass ofde3-old seedlings grown MS media with the addition of

respective concentrations of Pep3. Mass shown relative to mock. AvaywoANOVA found a

significant genotypéy-treatment interetion suggesting that the genotypes responded differently to

the treat ment s. Lowercase |l etter represent significar
performed within treatment groups (p<0.01) Error bars represent S.D., bar represent thé&)mean.
PEPR1/2expression in 12lay-old seedlings grown in MS media assessed by gPCR. Bar indicates the

mean. (ab) Experiments were repeated three times with similar results. (c) Experiment was performed

once.
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Figure 4. 13 DAB staining for ROS production during PcBMM infection

Fourweekold plants were sprayed with and 4%Xpores mF PcBMM and then stained 48 hpi

overnight with DAB.
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Figure 4.14 MIK2 negatively regulates RBOHD-dependent background ROS production

(arb) Background ROS production from leaf disks taken frome®kold rosettes measured using a

luminol-based assay. (a) Error bars represent S.E.M.; n =16 (b) Integration of data from (a) Error bars

represent S.D., |l owercase
following a oneway ANOVA (p<0.0001).
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4.3.7 Constitutive upregulation of background ROS imik2
Intriguingly, whist performing eliciteinduced ROS assaytsvas observed thatik2 mutants

exhibit enhanced background ROS production with mock treatment when no elicitor was
added first observed byDr. Freddy Boutro)). This phenomenon became striking when
measured over longer time periods (Fig 4.48).aCharacterisation of this background ROS
revealed that it was RBOHBependent (Fig 4.141a). MIK2-like does not appear to show a
redundant role wittMIK2 in negativey regulating background ROS production (Fig 4.15 a).

I hypothesised that thmik2 phenotype could be due tuarding by cytoplasmic receptors
creating autoimmunity (Rodriguez et al, 2016) However, impairing salicylic acid
biosynthesis omutatingcomponentgequired for the function athe two main classes of
cytoplasmic immune receptors, EDS1 and NDR1, did not abolish the enhanced background
ROS inmik2(Fig 4.15 bc).

As the background ROS is RBOHi2pendent, | hypothesised that the phenotype could be
dueto the misregulation of an RK or RLP signalling pathwaymik2. As many of these
receptors are dependent upon SERK coreceptors, | assayed the figkt wiutations on
background ROS imik2.Whilst notstatisticallysignificant, | reproducibly saw a gutitative
reduction in background ROS imik2-1 bakt5 compared tanik2 1 (Fig 4.16 a). Conversely,

| saw an increase imik2-1 bakt4 and mik24 bakZl1 relative to mik2-1 and mik24
respectively(Fig 4.16 bc). Whilst bakl5 is a dominant negative pointutation that impairs
the function of LRRRKSs containing the Ty¥la residug(Schwessingeet al, 2011; Perraki
et al, 2018) bak1}4 andbakl-1 arenull mutans that hae weak autoimmunity and enhanced
cell death(Li et al, 2002; Kemmerlingt al, 2007; Heeset al, 2007) This autoimmunity
could explain the enhanced background RORikP-1 bakt4 andmik24 bakZ®1.

As mik2 shows enhanced Pépduced ROS production anBaklnull mutants are
hypersensitive to Pep treatmefYamada et al, 201&), | hypothesised that Pep
hyperresponsivity could underlie the enhanced background ROS. However, the background
ROS was still apparent in tmeik2-1 peprtl pepr23 triple mutantsuggesting this is not the

case (Fig 4.16 d).

As these ROS measurements were all performed in leaf disks, | was keen to establish whether
the woundingand cell wall damaggenerated during leaf disk collection was required for this
enhanced background ROBo test this, | performed ROS assays on seedlings grown in 96
well plates. There, | was still able to observe a significant increase in ROS produatik&-in

1 compared to CeD (Fig 4.16 €e). In seedlings, ROS productionmik2-1 bakt4 was still
enhared relative tanik21 andmik21 bak15, which were not significantly different (Fig

4.16 ef). The background ROS production mik2 seedlings was also still RBOHD
dependent. DAB staining ofik2-1 bak14 seedlings corroborates the enhanced ROS
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observedy luminotbased measurements (Fig 4.16 e). However, no notable differences could
be observed between G@landmik2 seedlings following DAB staining, potentially due to
limited sensitivity, masking quantitative differences (Fig 4.16 f).

Taken togetherhese results show a constitutive enhancement in background ROS that is not
dependent upon wounding during leaf disk collection. This ROS is dependent upon the
NADPH oxidaseRBOHD but appears to be independent of SA or cytoplasmic immune
receptors. This RO®roduction is greatly enhanced by the loss of BAK1 but may be
diminished in thébak15 mutant background. This data paitdward the dyshomeostasis of

a BAK1- and RBOHDdependent LRARRK or LRR-RLP signalling pathway(s) imik2,

which does not appear te PEPRbased.

4.3.8 Late ROS production inbaklis MIK2 -dependent

All the elicitor-induced ROS production shown so far has immediately followed elicitor
addition. Whilst performing ROS assays withk1l mutants, which show reduced elicitor
induced ROS production, | serendipitously observed a strong second ROS bhekl in
mutants relative to their respective wilgpe (Fig 4.17 @). As expectedhaklmutants show
reduced elf18nduced ROS production in the first 60 min (Fig 4.17 a), however, after the first
hour a second ROS response was observedkftnull mutants (Ky 4.17 b).Notably, this
response was observed in alDNA bak1null backgrounds testedd. baktl, bak13, bakt

4), but not inbak15 (Fig 4.17 bc). | was keen to test the effectrafk2 lossof-function on

this second ROS responseizk1.As expectd, within the first hour flg2zihduced ROS was
reduced inmik2-1 andbak¥4 (Fig 4.17 d) An additive effect of the two mutations can be
seen with the weak ROS responseniik2-1 bakt4 (Fig 4.17 d). After 2 h, ROS production

in bakX:4 increases again, pking approximately -3 h after elicitor addition. However, this
response was not observed in thi&2-1 bakt4 background, revealing it is MIk#8ependent.
This MIK2-depdendency is also observed in response to @Hfy84.17 ef). flg22 and elf18

both induce reduced initial ROS burstsrnik2 (Fig 4.7; Fig 4.10 a,d}o investigate whether
this is responsible for the abolition of the second ROS bursik@ bak] | assayed Pep3
induced second ROS burst. Despite early Arg@ced ROS being enhancedmik2-1 (Fig

4.10 a), the second ROS burstill apparent irbak1-4 - wasabolished irmik2-1 bakt4 (Fig

4.18 a). Furthermore, the same trend can be seen with chitin (Fig 4.18 b), despite the receptor
complex being SERKndependenfShanet al, 2008; Schwessinget al, 2011)
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Figure 4.15Background ROS inmik2 does not show redundancy with MIK2like and is NDR1-,
EDS1-, andSID2- -independent .

(a-c) Background ROS production from leaf disks taken fremegkold rosettes measured using a
luminol-based assay. (a) n=24;¢bn=16
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Figure 4.16 Background ROS inmik2 is enhanced inbak1-4

(a-d) Background ROS produoh from leaf disks taken from-&eekold rosettes measured using a
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In an attempt to determine whether this response was due to the sustained PAMP presence
throughout the experimentmade usef the competitive inhibitor of elf18 signalling, elf12
(Kunzeet al, 2004) After 30 min of 100 nM elf18 application the solution was exchanged
for either 10 mM elf12 or 100 nM elf18. | was able to obsemesshhanced ROS akInull
mutants following both treatmentBig 4.18 ed). | observed a reduction the bak1lsecond
ROS burst following elf12 treament, relative to continued elfl8 treatmé¢hig 4.18 ed).
While this experiment is natonclusive it points towards the late peak beingjpahdent of
sustained elicitor treatment and may be indirectly dependent on elf18 signEfiénmajority

of EFR has been endocytosed within 1 h of elf18 treatment, howitterisl known about
how lorg endocytosed EFR remaisignalling activ§ Mbengueet al, 2016) this could mean
the second ROS burst is induced by Eidghalling complexes formed before elf12 treatment
EFR endocytosis is impaired k1 mutants whictalsoperturbs interpretation of the results
(Mbengueet al, 2016)

Due to the timing, | hypothesised that HeEond RO$esponse could be thesult of elicitor

induced production, processing or secretion of a phytocytokine that acts as a secondary signal.
bakl mutants may: 1/ produce more of this secondary signal, or 2/ be hypersensitive the
secondary signal. Yamaeaal (Yamadaet al, 201&) reported thabaklnull mutants were
hypersensitive to Peppeatmentin a PEPRdependent manner. They proposed this guards
against depletion of BAK1 by pathogen effectors during infectid®ropeps are also
transcriptionally upregulated and processed upon biotic elicitor treatBeatelset al, 2013;
Yamadaetal., 201&). Therefore] decided to investigate whether the enhanced second ROS
burst inbak1:4 was PEPRlependent. The second ROS response to flg22 was comparable in
bak14 andbak14 peprtl pepr23 suggesting it is PERRdependenfFig 4.18 e).

These results describe a novel late ROS responisakibnull mutants, which is not apparent

in bakx5. This response is conserved between diverse elicitors and may contribute to a
mechanism guarding against pathogeediated BAK1 depletionThis response apars to

be MIK2-dependentPot enti ally this could be due to the
perception is MIK2depdendent.
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Figure 4.17 Late second ROS production irbakl1is mik2-depdendent

(a-b) ROS measurement aftee addition of 100 nM elf18 in leafisks of 5weekold Arabidopsideaf

disks n=16 (a) first 60 min; (b) 6860 min after elicitor addition (c) Integration of the data in (b), bar

= mean, error bars =S.D:-Wal ues are derived fr om Dtashraldiet s 6 s
to the respective wildype control ¢) 100 nM flg22induced ROS production in leaf disks from 6
weekold rosettes. (n=24)ef) 100 nM elfl8induced ROS production in leaf disks frorwgekold
rosettes. (l&-f) The first B hour after elicitor addition has been removed to aid visualisateme{(f)

Error bars represent S.E.M.
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Figure 4. 18 Late second ROS production inbakl is mik2-depdendent in response to multiple
elicitors, is not abolished by treatment with the competitive inhibitor elfl2and is PEPR
independent

(a) 1 uM Pep3 (b) 2 mg.mf Chitin and €) 100 nM flg22induced ROS production in leaf disks from
six-weekold rosettes. (@) Initial 100 nM elf18 treatment wasplacedafter 30 min with the indicated
treatment of 100 nM elf18 or 10 mM elf12. Erroars represent S.E.M. (n=24). The first 1 h after
elicitor addition has been removed to aid visualisation.
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4.3.9 Themik2 bakldouble mutant is dwarf
Interestingly, | obserwkthat themik2-1 bakt4 double mutant shows rosette dwarfing (Fig

4.19 a). Whilst théakl-null mutants have been shown to have a mild dwarfing phenftype

et al, 2002; Heet al, 2007) there appears to be a strong epistatic interaction betwin

1 andbak4. This is also the casn the Ws2 ecotype (Fig 4.19-b). The effect appears to

be unique tdaklnull mutations asnik21 bakt5 does not show this phenotype, nor does
mutation ofmik2in rbohD which alsohas an autoimmune phenotyf{iéadotaet al, 2014)

(Fig 4.20). Due to the role of BAK1 in brassinosteroid perception, | wanted to establish
whether the dwarf phenotype could be due to a hyposensitivity to this hormone. Accumulation
of the brassinosteroid receptor BRL1 and Chory, 1997is similar between Ced andmik2-

1 (Fig 4.21 a)bakZ-4 clearly had reduced hypocotyl growth on @@ brassinazole (BRZ)

due to reducelrassinosteroidensitivity (Fig 4.21 bjAsamiet al, 2000) Whilstmik2alleles
showed no significant difference from @lwhen grown on BRZ they did show slityh
enhanced hypocotyl elongation under mock conditions. Therefore, they appear to have a
slightly higher relative sensitivity to BRZ treatment (Fig 4.2d)cHowever, there was no
significant difference between the sensitivitybak14 andmik21 bakt4, implying that the
double mutant is not more sensitive to BRZ, and thus has comparable brassinosteroid
sensitivity withbak%4 (Fig 4.21 d). Moreover, Cd), mik21 and mik22 all showed the
characteristic root curling when grown on 5 nM brassinolidéh@ypresence of 2M BRZ),

whilst bak1-4 exhibited impaired brassinolide sensitivity evident as root waving, comparable
with mik21 bak14 (Fig 4.21 e). Taken together, this indicates tmi#21 bak14 is as
sensitive to brassinosteroids as ltlak1-4 single mutant, suggesting that the dwarfism is not
the result of impaired brassinosteroid sensitivity. The cause of the increased dwarfism

observed imik2 bak14 thus remains to be determined.

4.3.10 Precocious senescencenmk?2
It also became apypent in older plants (greater than-gigekold rosettes) that there was a

mild, but noticeable precocious senescenagrik? This phenotype was documented but not
investigated any further (Fig 4.22). Pep signalling has been shown to positively regulate
senescend@&ully et al, 2015) however, the phenotype appears to be still present iniltie

1 peprtl pepr23triple mutant (Fig 4.20)The cause of the precocious senescebserved

in mik2remains to be determined.

4.3.11 Transcriptomic perturbations inmik2
As it became apparent thatk2 mutants display many constitutive phenotypes, including the

enhanced background ROS, it became of interest to investigate whether theflecasd in
transcriptomic perturbations mik2-1. To this end, microarray analysis was performed by Dr.

Dieuwertje van der Does on thirteday-old seedlings grown in MS media. There was a
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strong and significant downregulationMfK2 transcriptsn mik2-1 relative to ColO as would

be expected (Fig 4.23 a). A selection of the genes differentially expregsédih based on

the microarray was confirmed using fRCR (Fig 4.23 k). In order to determine clusters

of genes differentially expressedrimk2, | performed Gene Ontology (GO) enrichméi

et al, 2019) Taking a commonly used catf f -6ofd chénge, | selected all gene
differentially expressed imik2-1. | searched for GO term enrichment under the categories
6Cel l ul ar componenté for | ocalisatiwmk and
upregulated genes (n=9%ppendix table Bare significantly enricheith genes whose protein
products are predicted to be extracellular or plasma memhvealised (Fig 4.24 a). In
parallel, there was a significant undepresentation afipregulatedyenes with intracellular

and organelle specific annotations (Fig 4.24M@ny of themik2 phenotypes seem to point

to misregulation of the extracellular/plasma membrane environment; the transcriptome

supports that conclusion.

When GO enrichment analysis was performed
f unct itersmidvolved im lsiotic interactions, defence and reactive oxygen species are
enriched (Fig 4.24 c). This is in line with the many phenotypesik® mutants in defence
related and constitutive ROS production.

No GO term clusters were significantly enridtie the downregulated genes {feAd relative
to Col0) either for localisation or function, likely due to the smaller number of genes;(n=24
Appendix table 4)

| was particularly interested in whether these transcriptomic perturbations were downstream
of the enhanced background ROS productiomik2, and the signalling components | had
found to affect it namely RBOHD and BAK1. Accordingly, | select&¢RKY3as a marker

gene, because it is amongst the most significantly upregulated geméde2iand has been

used as a reporter gene previouSpuzaet al, 2017) WRKY30 is upregulated imik2
compared to WT, and gRFPCR shows that this upregulation is maintainecik2 rbohd

mik2-1 bak*4 andmik2-1 bak15 relative torbohd, bak14 andbak-5, respectively Fig 4.24

d). AlthoughWRKY 30s only one marker gene, this suggests that the enhanced background

ROS is either genetically downstream or parallel to the transcriptomic perturbations.

The transcriptome reveals perturbations inrtiik2 mutant in keeping wit the phenotye
observed in the mutarthese transcriptomigerturbationgppear to be upstream of some of
the phenotypes observed, therefovetHer characterisation of these transcriptomic difference

may prove fruitful inunderstanding the role afik2.
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a Col-0 bak1-4

C Ws-2 mik2-4 bak1-1 bak1-1

(a-b) Rosettes of (a)-eekold and (b) Sweekold plants grown under short day conditions. (€) 7
weekold inflorescences grown in lorday conditions
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Figure 4. 20 Reduced rosette growth is specific tmik2-1 bakt4

Imagesof 8-weekold rosettes grown under shaldy conditions
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Figure 4. 21 mik2 mutants do not show an impairment in brassinosteroid sensitivity

(a) BRI1 protein levels in Cdd andmik2-1 12-day-old seedlings. CBB staining of tmeembrane is
shown as a loading control.-&) 7day-old seedlings grown on %2 MS + 1% sucrose)iDarkgrown
hypocotyl length in the (b) presence and (c) absence of 2 UM brassinazole (BRZ). (d) Relative root
growth 2 uM BRZ length/ mock length. (e) Ragrowth of #day-old seedlings in the presence of 2

UM BRZ and 5 nM brassinolide. Blue, green and red dots represent biological replicates.
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Figure 4.22mik2 mutants show precocious senescence
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Eldest 11 leaves fromweekold rosettes grown under short day conditions.
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Figure 4. 23 Transcriptomic perturbations in mik2

(a) Volcano plot showing the transcriptomic perturbationsik-1 Vs Col0 in 13day-old seedlings

grown in MS media. Microarray analysis was performed using the AgitE2600 microarray (Data

from D. Van der Does). (B) Expression of selected genesnfrthemik2 microarray data in :@ay

old seedlings grown in MS media assessed by qPCR. Bars represent mean, where shown error bars
represent the S.D.. Lowercase |l etters represent signi
comparison test follomig a repeated measures ANOVA. (BT1G58225; (c) AT3G02840;

(d)PROPEP3aNd (e)AT5G24240
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Figure 4. 24 Characterisation of the mik2 transcriptomic perturbations

(a-c) All genes with >4 fold upregulation (n=97) were entergd the PANTHER14.1 to perform Gene
ontology (GO) enrichment analysis to identify functional clusters significantly upregulataikan

The xaxis indicates the enrichment score®§10 (P value)] (the P value indicates the possibility of
significant enichment based on a false discovery rate on >0.05) for each GO item cautie (ab)

Analysis based on the cellular component: (a) overrepresented (b) underrepresented GO terms (c)
analysis based on biological function {)RKY30expression in 12lay-old seedlings grown in MS

media assessed by qPCR. Bar indicates the mean and error bars represent the S.D. P values are derived
from t-tests.
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Log: (Fold Subfamily b L
a AGl change sakamoto et al. Name Name ocus FC
mik2/Col-0) (2012) Identifier

AT4G23310 12.80 DUF26 CRK23 RLPA43 | AT3G28890 12.63
AT4G23150 10.43 DUF26 CRK7
AT4G04510 7.10 DUF26 CRK38 RLP7 | AT1G47890 | 9.57
AT4G23280 6.10 DUF26 CRK20 RLP20 | AT2G25440 | 7.96
AT5G38250 5.86 LRK10L2 RLP41 | AT3G25010 6.01
ATAG23140 5.44 DUF26 CRKG
ATAG04500 5.44 DUF26 CRK37 RLP23 | AT2G32680 | 5.27
ATSG01550 5.33 L-LEC LECRK-VI.3 RLP28 | AT2G33080 | 3.70
AT1G79680 4.92 WAK WAKL10 RLP49 | AT4G13900 3,52
AT4G11890 4.68 DUF26 singleton | ARCK1
AT4G11470 4.62 DUF26 CRK31 RLP21 | AT2G25470 | 3.27
AT1G66460 4.32 RLCKVI RLP53 | AT5G27060 3.05
AT1G65790 431 SD1a ARK1 RLP38 | AT3G23120 | 3.02
AT5G60900 4.13 SD2b RLK1
AT4G23230 3.85 DUF26 CRK15 RLP40 | AT3G24982 | 2.94
AT5G20690 3.74 LRRIIl PRK6E RLP56 | AT5G49290 | 2.75
AT5G24100 353 LRRIII RLP46 | ATAG04220 | 2.72
AT5G12000 3.48 RLCKIXb
AT3G45860 3.48 DUF26 CRK4 RLP42 | AT3G25020 | 2.72
AT4G23220 3.39 DUF26 CRK14 RLP39 | AT3G24900 | 2.67
AT1G21240 3.39 WAK WAK3 RLP52 | AT5G25910 | 2.65
AT2G19190 3.29 LRRIa FRK1/SIRK
AT1G35710 3.27 LRRXIIb MIK2-like RLP11 | AT1G71390 | 2.60
AT1G61550 3.22 SD1b RLP48 | AT4G13880 2.60
AT4G04490 3.13 DUF26 CRK36 RLP44 | AT3G49750 | 2.56
AT1G74360 2.95 LRRXb NILR1
AT1G51890 2.94 LRRIa RLP35 | AT3G11080 | 2.52
AT3G03870 2.36 L-LEC LECRK-VI.1 RLP50 | ATAG13920 | 2.18
AT3G45320 2.86 L-LEC LECRK-1.1
ATAG23160 2.86 DUF26 CRK8
AT5G47850 2.84 CR4L CCR4 5
AT1G16150 2.71 WAK WAKLA 15 R"=0.32 (p=0.0001)
AT2G18470 2.70 PERK PERK4 . .
AT5G65600 2.69 L-LEC LECRK-IX.2 C L = .
AT1G51620 2.64 LRRla S 3 104
AT5G35390 258 LRRIIl PRK1 50
AT4G17660 2.56 RLCKVIla - I
AT1G51820 247 LRRIa SIF4 g s
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AT1634420 234 LRRXc mik2-1/Col-0)
AT3G42830 233 LRRIIl PRK3
AT4G23190 2.32 DUF26 CRK11 d 20~ ,
AT4G18250 220 LRK10L2 R*=0.44 (p=0.001)
AT2G30940 224 RLCKV -
ATAG23260 2.23 DUF26 CRK18 §; :c: 154
AT2G31830 217 X2 SOBIR1 g3
AT1G67520 2.13 SD1a s Q
AT4G21380 213 sDla ARK2 < x 104
AT2G32800 2.09 L-LEC [ECRK-5.2 L
AT5G38240 2.07 LRK10L2 E’N % 5
AT3G16020 2.06 SD1a RFO3/CES101 = 2
AT5G58940 2.05 RLCKIV CRCK1
AT5G01950 2.05 LRRVIII-1 0 T T T !
AT1G51800 2.03 LRRIa 1051 0 1 2 3 a
AT1G16110 2.02 WAK WAKLE Log,(Fold change
AT4G23210 2.02 DUF26 CRK13 mik2-1/Col-0)
AT5G38210 2.01 WAKLRKI0L1 | [RK10L3

Figure 4.25RK and RLP encoding genes upregulated imik2-1 and comparisons with thebak1
bkk1 transcriptome

(a) RKs and (b) LRRRLPs transcriptionally upregulated >4 fold imk2-1 relative to Col0. Bold
highlights members of the DUF26/cysteinen RKs. (ed) Corelation between (c) whole
transcriptome and (dyRKstranscriptionally upregulated in boithik2 andbak1/bkk1
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4.4 Discussion

4.4.1 Direct or indirect effects for MIK2
The plethora of phenotypes mik2 raises the question whethmik?2 effects are a déct, or

indirect consequence of MIK2 absence at the plasma membrane. MIK2 has the characteristics

of a ligandbinding receptor with a long ectodomain containing 23 leudtferepeats and

has a cytoplasmic domali ink ecéa pia dengeoerostieirsd nvd u c i |
proximity with BAK1 (Chapter 3). No member of LRRK XlIb has been characterised
extensively; however, closely related receptors in HRRsubfamily Xlla and Xl are ligand

binding receptors recognising short proteinaceous ligands. Thatipbfer MIK2 to act as a

ligand-binding receptor is discussed further in Chapter 6.

MIK2 could also play a direct role as a regulator by physically interacting with receptor
complexes to control their function. Current work is establishing an impodiarfor higher

order macromolecular RK complexes which play important roles in governing RK signalling
(discussed in Chapter 1). However, this seems unlikely as the receptor complexes are
biochemically very diverse.

Many RKs have to be tightly regulatem ensure homeostasis and prevent cell d@dgtret
al., 2007; Kemmerlinget al, 2007; Gacet al, 2009; DomingueEerreraset al, 2015) The
absence of MIK2 at the plasma membrane could alter the availability or interactivity of MIK2
associated proteins, whicre themselves responsible for the phenotype. This remains a

hypothesis.

Moreover, many of the genes differentially expressetik®-1 encode proteins involved in
biotic and oxidative stress responses, suggesting that some of the these differentially
expressed genes are responsible for the phenotypes observed and merit further investigation.

However, this does not explain how this differential stestdye transcriptome arosenmk?2.

4.4.2 Cell wall integrity sensing
The important role oMIK2 in controling the responses tellulose biosynthesis inhibition

have been confirmef(Engelsdorfet al, 2018) Counterintuitively, Engelsdost al. (2018)
found that PEPR signalling negagly regulates responsestllulose biosynthesis inhibition
Potentially the enhanced ROS response to PepikBcould be linked to impairedell wall
integrity sensing irik2 It would be interesting to see the responseetiulose biosynthesis
inhibition in amik2-1 peprl pepranutant to see whether it resembles eithé&2-1 or peprl

pepr2which have impaired or enhanced responses, respectively.

The most parsimonious hypothesis would be that MIK2 acts as a positive regulator by

recognising a phytgtokine that is released durirggllulose biosynthesis inhibitiorthus
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amplifying the response. However, we cannot exclude the possibility that the impealired
wall integrity sensing is a pleiotropic effect due to the absence of MIK2.

4.4.3 Root skewng

Whilst there is well documented natural variation in root skewing, little is known about the
underlying mechanistic bagigaughn and Masson, 2011; Teaslal, 2018) Root skewing is

a complex trait, considerably influenced by the emwinent, phytohormones, stress, and the
precise chemistry of the growth substr@eeret al, 2000; Qi and Zheng, 2013; Yaagal,
2015; Schultzt al, 2017; Swarbreckt al, 2019) Many welldescribed skewing mutants are
defective in the alignment of cortical microtubules, and subsequently cellulose fibril co
alignment, resulting in helical growth. Helical growth combined with thigmotropic
interactions with the solid media is beligvi® result in deviation in root growth angle from
the vertical (Rutherford and Masson, 1996However, microtubule alignment was
indistinguishable inmik21 vs Col0 (Van der Doeset al, 2017) suggesting another
mechanism underlies theat skewing phenotype. There is a link between salt stres4(Na
balance and root skewing, but again there is no clear mechanistic unders{ghdinet al,

2006 Schultzet al, 2017)

The RK FERONIA also has a role regulating root skewing, howéemutants skew to the
right, and the mechanistic basis of this is still unc{&ihet al, 2014)

Going forward, it would be interesting test whethemik21 rbohdmutants also have a root
skewing phenotype or whether root skewing is dependent upon the elevated background ROS.

4.4.4Fusarium resistance
Initially we hypothesised that the enhanced susceptibilBugarium oxysporumwas beause

of the impairectell wall integrityperception. However, the recent finding of Colerstal.

(2019) implies that MIK2 is required for the perception ofasariumderived elicitor or
potentially for the perception of an endogenous ligand released upon treatment with the
Fusariumextract (Discussed further in Chapter 6). This could explain why othestrmuinic
pathogens such #&BMM do not have anik2 phenotype. It is interesting that susceptibility
phenotypes were not observed with any of the other pathogens tested given the perturbed
response to multiple elicitors imik2 (Humphry et al, 2010; Van der Doest al, 2017)

Multiple explanations for this discrepancy exist; it may be due to the balance between hypo
and hypersensitivity to different elicitors. However, diifference in flg22induced resistance

was observed (Fig 4.08 C). It is also possible that as the difference in elicitor responses appears
to be ROS specific, as RBOHdierived ROS does not play a significant role in all

pathosystemgMoraleset al, 2016) Another explanation is that the constitutive expression
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of defence genes or ROS accumulatiomik2may mask any enhanced susceptibilitynik2

Finally, it may simply be that MIK2 plays an important role in resistance to root, but not foliar
pathogens. Discriminating among these possibilities is another avenue for future work in this
project.

4.4.5 MIK2 differently regulates ROS production in response to

diverse elicitors
The dichotomy revealed in elicitimduced ROS is intriguing. Taking flg22 and Pep as

illustrative examples, their signalling pathways to activate RBOHD are thought to te high
conservedCouto and Zipfel, 2016; Saigt al,, 2018) Both form ligandinduced PRRBAK1
complexes, both induce the phosphorylation and activation of the cytoplasmic kinase BIK1,
the same BlIKidepdendent phosphosita® required for RBOHD activation, and both induce
cytoplasmic calcium influxLu et al, 2010; Liuet al, 2013; Sunet al, 2013; Kadotaet al,

2014; Tanget al, 2015) There have been some suggestions of differential requirements for
intracellular calcium store between FLS2 and PEPR signalMe et al, 201h). This
highlights the possibility that the calciudependent regulation of RBOHD is differentially
affected inmik2.In the future it would be important to test the calcium responseskinas
assayed by Colemast al. (2019) There is also the possibility that other mechanisms of
RBOHD regulation could differentially effect Pepnd flg22 induced ROS production,
including SIK1, CRK2or PBL13mediatedphosphorylatior{Lin et al, 2015; Zhanget al,

2018; Kimuraet al, 2019) The role of SIK1, CRK2 and PBL13 in Ramuced responses

has not been reported. It is possible that the same mechanism is responsible for the differential
elicitor-induced ROS and the backgnd ROS. Levels of RBOHD imik2 and Col0 are
comparable implying that difference is caused by-rastslational regulation (Fig 4.09 b).
However, we cannot exclude the possibility that constitutive RB@ERendent ROS
production levels are equivalentetiveen mik2 and Col0 and there is impaired

sequestration/detoxification of ROSnmik2.

Very few genetic components have been described that differentially regulate responses to
elicitors. Interestingly, it has recently been reported that BIK1 whilstiyely regulating
RK-PRR signalling, negatively regulates RPRR signalling, which is probably mediated by
differential preference for RLCK@Vanet al, 2019) | saw the same trend of reduced flg22
induced ROS imik2in response to both flg22 and nlp20 (Fig 4.7 a; Fig 4.10 b,e). Moreover,
jasmonic acid perception is required for Pépduced ROS production, but not for flg22 or
elf18-induced ROS production, however, this difference could be mediated by the expression
levels of PEPR1, moreover, there was no reported difference in jasmonic acid lew&® in

(Van der Doe®t al, 2017; Holmeset al, 2018) However, ho known dichotomy based on
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receptor/ligand phylogeny, biochemistry, function or downstream signalling correlates with
the differential responses seemiik?2.

4.4.6 Why are the differential phenotypes ROS specific?

Itis of note that differential eliciteinduced phenotypes seemiik2seem to be ROS specific.

It may be that the constitutive ROS observenhik2is relevant to this phenotype. This could

Opri med some weaker respons os, whistthavimg tlkes t hose i
opposite effect on stronger responses that may saturate RBOHD activitydn@uothe other

hand, it is possible that the effectraik2is not specific to eliciteinduced ROS production,

but rather that ROS is the only phenotyy®ere the quantitative difference is in the dynamic

range of the assay. Some of the assays many not have been sensitive enough to detect

guantitative differences.

It would also be interesting to quantify PTI phenotypes that are RB@#endent such as
elicitor-induced plasmodesmal and stomatal clogiersmannet al, 2010; Machcet al,

2012; Chevakt al, 2019) However, resistance st DC3000COR was not impaired in

mik2 upon spray infection, which suggests that stomatal immunity is not impaired (Chapter
3). Whilst never tested, one can hypothesise thatiriiliced lignification is RBOHD
dependentChezenet al, 2017) Going forward it could be illuminating to test whether flg22
and Peginduced lignification is differentiallyféected inmik2 This could mirror the impaired
cellulose biosynthesis inhibitieimduced lignification irmik2 (Fig 4.02 c)

4.4.7 Transcriptomic changes
The transcriptomic perturbations imk2 suggest a form of autoimmunity due to the steady

state upreglation of biotic stress responsive genes. It would be interesting to investigate
whether some of the genes differentially regulatedikR are responsible for the phenotypes
observed; especially, as many of them are located in the apoplast or plasmemeemb
including many RKs and RLPs (Fig 4.2%5 Indeed, it is important to consider that the
effects seen irmik2 may be pleiotropic effects due to autoimmunity. Many genes have
previously been incorrectly characterised as negative regulators of immndumtyto

autoimmunity caused by guardifi§odriguezet al, 2016)

The transcriptome is reminiscentlmdkl bkkisilenced plant¢de Oliveira et al., 201Fig

4.25 c). De Qveira et al.(2016)propose that the upregulation@RKs is responsible for the
autoimmunity inbakl bkkl Many of the sam€RKs are upregulated imik2 (Fig 4.25 d).
Potentially there is an additive effect in tm&2 kak1double mutant (although not as strong
as inbakl bkk) which results in the dwarf phenotype. Endoplasmic reticulum glycosylation
pathways supredsakl bkkicell death(de Oliveira et al., 2016)t would thus be interesting

to test whethemik2 phenotypes are also dependent upon these.
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Although the upregulation o¥WRKY30in mik2 is not RBOHDdependent, it would be
interesting to know what the global effect on thi2 transcriptome would be if elevated
background ROS was abolished. This would advance the goal of deciphering the hierarchy
between the transcriptional changes and elevated basal R@&2imutants.

4.4.8 Involvement of the MDIS/MIK complex

Under the onditions used, | have found no evidence that other components of published
LURE peptide receptor complex, MDIS1/2 and MIK1 (also known as PXL2), are genetically
implicated in themik2 phenotypes studied here. It may be that there are other genetically
related receptors that are fulfilling the role of MDIS1/2 and MIK1 in the tissues studied.
Additionally, MIK2 may be a constituent of different receptor complexes in the different

tissues and physiological contexts.

Nevertheless, due to the publication of @ternative receptor, PRK6, supported by an
independent study and structural d@takeuchi andHigashiyama, 2016; Zharej al, 2017;
Zhonget al, 2019) it is possible that the MDI®IIK complex is not part of the LURE
receptor. Moreover, it is highly surprising that two LIRRs which are phylogenetically
distantly related, MIK1/PXL2 and MIK2¢an play a partially redundant role within the
receptor complex. Recent structural data has also identified CLE42 as a ligand for
MIK1/PXL2 (Mou et al, 2017) which is consistent with the ligands of closely related
receptors.

In conclusion, geneticallyMIK2 is a key regulator of many environmental responses.
However, it is &0 required to maintain ROS and transcriptional homeostasis. Further work

is required to gain insight into the mechanistic basis of these phenotypes and the relationship
between them. It remains to be seen whether they arise due to loss of an undiddtk2red

l i gand signalling pat hway or whet her MI K2
autoimmunity, which may itself generate timék2 phenotypes. Either or both explanations

could explain thenik2 phenotypes.
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Chapter 5

The JRPs represent a novel farafl
phytocytokinelike peptides

5.1 Abstract

Plants employ small apoplastic peptides, known as phytocytokines, to potentiate and modulate

immune signalling through cedlurface localised receptor complexes. These peptides have
been shown to both positiyeand negatively regulate plant immunity, analogous to metazoan
pro- and antiinflammatory cytokines. Plant genomes encode hundreds of short open reading
frames with the potential to function as phytocytokines, yet relatively few have a described
function Here | report the identification of a novel family of endogenous peptides, tentatively
named JRPs. These peptides are transcriptionally induced by biotic and oxidative stress.
Sequence similarity suggests that JRPs are present inAlstenid and Rosid lineages.
Notably, exogenous JRP4 application results in BAlKpendent but SOBIRihdependent
immune outputs, indicating that JRPs are perceived by anRIRR aken together these data
suggest that JRPs represent a conserved family of signallingleoepth phytocytokine

properties.

5.2 Introduction

I will use this opportunity to provide a summary of current knowledge and paradigms in

damageassociated molecular pattern signalling in plants followed by a concise introduction
to the research questiv addressed.

5216 Sel f veesfi® nhont he 4dGthanger hypothe

involvement of self in immune signalling
Plants employ a sophisticated, mityered innate immune system to guard against microbial

invasion(Jones and Dangl, 2006; Coekal, 2015) The ability to reognise a threat is key

to mounting a successful i mmune response. I n t he
versusnors el f 6 discrimination first arose in metazoa
years was refined (Burrtetp1941hJanewny 19923 Meglzhitov and d e | 6
Janeway, 2002)This stated that microbiaerived molecules (foreign, neself) could act as
immunogenictriggers, whilst hostlerived molecules could be tolerated by the immune

system. The term pathogassociated molecular pattern (PAMP) was coined to refer to the
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nonself molecules that were recognised by the immune sy@tadzhitov and Janeway,
1997)

However, this model failed to consider that sidfived molecules can also elicit similar

immune responses, but in the absence of foreign elicitors. This lead Ma{Zifgér 2002)

to propose the Odanger mumdires |system vad évolMed tp r o p 0 S
recognise molecules indicative of danger, independent of their origin-d&aled
immunostimulatory molecules are known as darreggociated molecular patterns (DAMPS).

Many DAMPs are recognised by the same classes of cédicsureceptors as PAMPs, and

signal through conserved pathwd$sijoet al, 2018) This suggests that the immurystem

has evolved to recognise both DAMPs and PAMP

Intuitively, many DAMPs are passively reledsduring stress, wounding and infection
through physical and/or chemical damage; the action of pathogen derived hydrolyses; or cell
deathinduced releaséGustet al, 2017) In the context of the plant cell wall, these include
oligogalacturonides and cellobiose derived from cell wall polyniEesrariet al, 2013;
Souzaet al, 2017) However, the abundance oftaglasmic molecules in the apoplast also
indicates tissue disruption. These include, but are not limited to eATP, eNAD(P), HMGB3
and glutamatéZhang and Mou, 2009; Chivasaal, 2009; Choet al, 2014, 2016; Wangt

al., 201'b; Toyotaet al, 2018) Collectively, these are known as primary DAMPs.

A second class of proteinaceous DAMPSs, recently termed phytocytokines, are actively
synthesised, processed, and/or released upon woundiaggerdgerceptioflLuo, 2012; Gust

et al, 2017) They act as a feedback mechanism to modulate immune signalling through cell
surfacelocalised receptor kinas€Segonzac and Monaghan, 2019)

5.2.2 Modulation of plant immunity by phytocytokines
Amplification of immune signalling thorough positive feedback

Tomato SYSTEMIN was the first signalling peptide to be identified in plants, representing a
watershed moment in plant signalling resedféarceet al, 1991; Ryan and Pearce, 1998)
SYSTEMIN is synthesised as 2@@nino acid precursor, PROSYTEMIN, which is then
proteolytically processed to release the biologically activafBno acid epitope SYSTEMIN
(McGurl and Ryan, 19925YSTEMIN has been proposed to act as a mobile signal to elicit
paracrine signalling in response to herbivore attack and thus amplify and transduce the
herbivory signal(Ryan and Pearce, 1998)espite its early identification, its receptor, the
leucinerich repeat receptor kinase (LFRK) SYR1 (SYSTEMIN RECEPTOR1), has only
recently been cloneWarg et al, 201&).

Many, but not all, characterised phytocytokines consist of a ~20 amino acid mature peptide

released from longer precursor proteins (known as proproteins; or preproproteins if they also
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contain an aminderminal signal peptide). Theyeaausually part of protein families, which in
certain cases redundantly bind the same receptor coliiidgsubayashi, 2014; Segonzac and
Monaghan, 2019)They are rich in serine, proline and glycine residues, similar to their
growthrelated counterpartdou et al, 2019) Generally they are transcriptionallyduced
during immune signallingHou et al, 2019; Segonzac and Monaghan, 2019)

The archetypal phytocytokines are PLANT ELICITOR PEPTIDES (R&asjels and Boller,

2015) Peps are derived from the carboxyl -géino acids of approximately 1@0nino acid

Propep proteinsArabidopsis thaliana(Arabidopsis hereafter unless stated) contains 8
paralogous Peps that exhibitveise expression patterns, with 3 of them being strongly
induced by biotic and wounding stré¢Bartelset al, 2013) However exogenous application

of any Peps induces immune signalling, promoting resistance to a broad range of bacterial,
oomycete and fungal pathogens, as well as herbiybhaffaker et al, 2006; Yamaguchet

al., 2010; Fluryet al, 2013; Liuet al, 2013). Pep18 can all be perceived by PEP
RECEPTORL1 (PEPR1) in CG6l, with PEPR2 also contributing to the recognition of Pep1/2
(Yamaguchiet al, 2006, 2010; Krolet al, 2010; Tanget al, 2015) Propeps like
PROSYSTEMIN, lack a canonical signal peptide and were thought to be released from the
cell upon wounding. Propepl associates with the tonoplast membrane and is cleaved by
METACASPASEA4, enabling its release in damaged ¢elinderet al, 2019; Sheret al,

2019) METACASPASE4 is activated by the prolonged elevation of calcium levels in
damaged cells. Nevertheless, total disruption may not be required because Pep3 release into
the apoplast can be promoted by treatment with isoxaben (a cellulose biosynthesis inhibitor)
and Pep2, potentially suggesting a feedforward loop in Pep sign@imgadaet al,, 2016;
Engelsdoriet al, 2018)

In terrrs of their perception, Peps acrmolecular glue to induce heterodimerisation between
PEPR1/2 and SERK (SOMATIEMBRYOGENESIS RECEPTOR KINASE) emceptors,

and signal through a shared pathway with PAMP receptors FLS2 (FLAGELLIN SENSING
2) and EFR (ELONGATION FACTOR TU RECEPTORJchulzeet al, 2010; Rowet al,
2011; Liuet al, 2013; Tanget al, 2015; Couto and Zipfel, 2018ntriguingly, some Peps
also have @erminal extensions, which block eggtor complex formatioim vitro, where they

act as competitive inhibitof§anget al, 2015) however, the biological relevance of this has

yet to be demonstrated.

Pep3 induces salt stress tolerance, and the loss of the PEPR1 receptor results in a significant
decrease in salinity toleranfdakaminamiet al, 2018) The shared role in biotic and abiotic

stress tolerance contributes to the idea of danger perception, rather than specificiig to bio
stress. The function of Peps as positive regulators of innate immunity is conserved across

angiosperms; for examplgmPepl (an ortholog in maize) is able to induce resistance to the
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fungal pathogen€ochliobolus heterostrophusdColletotrichum gramicola (Huffakeret
al., 2011; Loriet al, 2015)

In a similar manner, two additional families of peptides that amplify immunity have recently
been identified: PAMARNDUCED PEPTIDES (PIPs) and SERINEHCH ENDOGENOUS
PEPTIDES (SCOOPs), which contain 11 and 14 members, respectively, in idg€ame
(Hou et al, 2014; Vieet al, 201%; Gully et al, 2019) Unlike SYSTEMIN and Peps,
SCOOPs and PIPs both leacanonical signal peptides. Both PIPs and SCOOPs induce
patterntriggered immune (PTI) responses and enhance resistance to bacterial and fungal
pathogenqgHou et al, 2014; Gullyet al, 2019) PIP1 has been shown to amplify flg22
induced defence@ouet al, 2014; Olssort al, 201%). In both peptide families, the active
epitope is encoded towards thaegEminal of the preproprotein. Whilst homologs of PIP1 can
be found in many monocot and eudicot geno(hiesl et al, 2014) the SCOOP family seems

to beBrassicaceaspecific(Gully et al, 2019) PIP1 is perceived by the receptor RLK7 from
the LRRRK subfamily Xl; however, the receptdfor the SCOOP peptides awaits
characterisation (Chapter 6). Nevertheless, both are Bddfendent (BRASSINOSTROID
INSENSITIVEI-ASSOCIATED RECEPTOR KINASE 1/SERK3), a-ceceptor for many
LRR-RKs (Houet al, 2014; Gullyet al, 2019)

In addition to signalling peptides, many antimicrobial peptides are produced duriitgy bio
stress and wounding@ampo<t al, 2018) The best known of which beig to the conserved
CYSTEINERICH SECRETORY PROTEIN, ANTIGEN 5, AND PATHOGENESIS
RELATED-1 (CAP) superfamily. These have long been used as markers of immunity and
sequester sterols to inhibit microbial grovwamiret al, 2017) In addition to restricting
pathogen growth, the 1dmino acid @&erminus of the PR1 protein was shown to accumulate
in tomato in respase to wounding and methyl jasmonate treatr{@henet al, 2014). This
peptide known as CAPEL was shown to activatellR€&lresponses through a yet unknown
receptor(Chienet al, 2015) This provides an interesting example of a peptide fulfilling a

duel role of direct antimicrobial activity and immune amplification.

Some phytocytokines appear to induce distinctive resgmyrsuch a8EA MAYSMMUNE
SIGNALLING PEPTIDE 1 (ZIP1), which surprisingly is unable to induce ROS production or
MAPK phosphorylation(Ziemann et al, 2018) However, it can induce salicylic acid
accumulation and subsequent pagdia cysteine protease activity, vdh cleaves the

precursor PROZIP1 leading to the release of active ZIP1, creating a positive feedback loop.
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Modulation of immune signalling through phytocytokines

Rapid alkalinisation factors

RAPID ALKALINISATION FACTOR (RALF) peptides are best charactedger their roles

in apoplastic alkalinisation, reproduction and growth regulation thr@ A THARANTHUS
ROSEUSRECEPTOR KINASE 4LIKE receptorMurphy and De Smet, 2014) mutation

in the RALFprocessing protease, SIesuls in PAMP hypersensitivitfStegmanret al,

2017) PAMP treatment resulted in the rapid cleavage and apoplastic release of RALF23.
RALF23 was then able to inhibit PRiependent responses by impairing PBAK1
complex formation. It does this through binding to FER, wimahe absence of RALF23 acts

as a scaffold to promote PREAK1 complex formation. Conversely, the majority of RALF
peptides lack the S1P cleavage site, including RALF17. RALF17 induces immune signalling
in a FERdependent manner. Thus, one clade of peptitas antagonistic roles in immune
signalling, similar to what is seen with EPIDERMAL PATTERNING FACTORS in stomatal
spacing(Zouliaset al, 2018)

Sulfated peptides in the modulation of immune signalling

PHYTOSULFOKINES (PSKs) are a family of sulfated pentapeptides that promote cell
expansion and growth through the LBRKs PSKR1/2 and the SERK -teceptors
(Matsubayashi and Sakagami, 1996; Matsubayeshil, 2002, 2006; Sttuhrwohldit al,

2011) Surprisingly, given their role in growth promotion, PSK expression is upregulated
during immune signalling where they appear to play a role intivegaross talk with PRR
triggered responsdtgarashiet al, 2012) The exact meclmism is unclear, but involves the
negative regulation of salicylic acid signalling, either through enhancement of jasmonate or
auxin signalling(lgarashiet al, 2012; Mosheet al, 2013; Mosher and Kemmerling, 2013)
This can have inverse outcomes in pathology with PSK signalling impairing necrotophic, or

promoting biotrophic pathogen growth respectii@ipsheret al, 2013)

Another sulfated peptide, PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1
(PSY1) has been shown to have overlapping functions with PSanoet al,, 2007; Mosher

et al, 2013; Mosher and Kemmerling, 201Becently the biotrophic pathog&anthomonas
oryzaepv. oryzaehas been shown taqduce a quasdentical mimic of PSY1 as a virulence
factor to supress immunitfPruitt et al, 2017; Luuet al, 2019) In the hostpathogen co
evolutionary arms race, rice has evolved a receptor which is able to differentiate this peptide,
RaxX21, from the endogenous PSY1, to elicit immune respdBsegiet al, 1995; Pruittet

al., 2015; Luuet al, 2019)
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IDAlike peptides

The INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) peptide promotes floral organ
abscission through a pair of homologous -RRs HAESA/HSL2(Jinnet al,, 2000; Butenko

et al, 2003; Stenvilet al, 2008; Santiaget al, 2016) In addition, peptides from the IDA
family have been implicated in cell separation during lateral root emergence and root cap
sloughing(Kumpf et al, 2013; Shet al, 2018) There are 7 paralogs of IDA Arabidopsis
and two of these, IDL6 and IDL7, are strongly upregulated by biotic eliditbeset al,
201%, 2017; Wanget al, 201&). Cotreatment with IDL7 impaired flg2thduced ROS
production and supressed defence gene expre@diert al, 2017)whilst IDL6 promoted
pectin degradation and susceptibilityReeudomonas syringg@/anget al, 20174). Whilst
initially paradoxical, Pseudomonas syringagas been shown to trigger HAESA/HSL2
dependent cauline leaf abscissi®atharkaret al, 2017) Potentially the upregulated IDL

peptides could be promoting this abscission, which is proposed to be a deéehemism.

In conclusion, in the context of immunity many propeptides are transcriptionally upregulated
to fulfil roles in sustaining and potentiating the danger signal. Whilst many of these exist, it
should not be assumed that all upregulated peptidatvpls regulate immunity. Plants
dynamically regulate their autocrine and paracrine signalling network in order to insure
proportionate responses to the presence of danger to maximise fecundity. Moreover, these
peptides are distributed in a heterogenamlisilar landscape where the presence (or absence)

of corresponding cell surface receptors defines the ability to perceive and respond to these
stimuli. Teasing apart the relative contributions of these multimeric peptide families will be
challenging, espally due to the potential considerable crodk between different peptides.

This is much better explored in vertebrate immunity where a plethora of betargt@nti
inflammatory cytokines provide a biological precedent for such a complex, coefexident

network of immunomodulatory stimulLin and Leonard, 2019)

5.2.3The role of small peptides inmik2
Mutants of the LRRRK mik2 exhibit constitutively elevated ROS production that is

dependent upon the NADPH oxidase RBOHD, and is reduced ibatkie5 background
(Chapter 4). In additionmnik2 mutants show differerally perturbed elicitoinduced ROS
production. Transcriptomic differencesmmk2are enriched in upregulated genes that encode
apoplastic or plasma membrane proteins, and proteins with roles in biotic stress (Chapter 4)
Taken together, these results kcbundicate constitutive aberrant activation of SERK

dependent RK signalling pathway(s)nmk2

I hypothesised there could be a continual upregulation of a phytocytokimekih To
investigate this, | identified transcripts of small proteins upregulatedk2 This revealed a

number of candidate phytocytokines. Here, | describe the preliminary characterisation of a
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family of four peptides (hereafter named JRPSs), which appear to function as phytocytokines.
JRPs are transcriptionally responsive to a eamfgoiotic elicitors and synthetic JRP4 induces
BAK1-dependent, SOBIRhdependent, early immune outputs when applied exogenously.
Together, my data identifies the JRPs as a novel family of phytocytokine that is perceived in
a BAK1-dependent manner.

5.3Results

5.3.1Multiple genes encoding potential small secreted peptides are

upregulated in mik2
As an approach to investigate potential aberrant regulation of RK signalling moduli&g,in

| decided to look for candidate phytocytokines transcriptionally upregulatedkia All
annotated <15@mino acid sequences lacking predicted transmembraneirdomeere
extracted from the Araportll proteor(ierogh et al, 2001; Chenget al, 2017) Where
corresponding probes were present on the microarray, expression data was gathered for these
transcripts irmik2-1 relative to ColO. | did not include the requirementrfa signal peptide

as several characterised phytocytokines, including PROSYSTEMIN and PROPEP lack
canonical signal peptidésicGurl and Ryan, 1992; Handeral, 2019; Almagro Armenteros

et al, 2019)

To evaluate the likelihood of these sequences representing novel phytocytokines additional

information was gathered on &eaf the genes:
1/ The localisation of the peptides was predicted using SUB@#hOperet al, 2017)

2/ The Gtermind amino acid was identified for each of the sequences. It has been proposed
that Gterminal amino acid His/Asn residues are required for peptide binding with the
conserved 6RxRR subfanily Xl eig.riPepRPERRs and IDAHAESA);
however, recent ark has questioned the universality of this findiBgnget al, 2016; Okuda

et al, 2019)

3/ The number of cysteine residues was calculated to determine if the peptides were likely to
for disulphide bridges, important determinants of tertiary strugiMisubayashi, 2014)

Peptides with multiple cysteine residues are known as cysiempeptides.

4/ Transcriptomic response of the genes to NaCl, isoxaben, and flg22 were gdtbaged
al., 2015; GigliBiscegliaet al, 2018)

The 30 genes, meeting these criteria, withgtrongest upregulation mik2-1 are shown in
Table 5.1. This list includes the known phytocytokines PROPEP3, PROPIP1 and IDL6 as well
as the antimicrobial peptide ARACINNewkermanset al, 2015; Bartels and Boller, 2015;

Vie et al, 201%). However, the list also includes proteins highly unlikely to be recognised
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by cellsurface receptore(g. AT5G65080/MADS AFFECTING FLOWERING 5 a paralog

of FLOWERING LOCUS C(Ratcliffe et al, 2003). However, some of the candidate
phytocytokinesmerited further investigation. Within the list of candidates, | identified two
similar sequences (AT2G31335 and AT1G06135; 47% amino acid identity), which have
predicated apoplastic localisation, two cysteine residues, and are sheanf#dacids).

5.32 JRP-like sequences are present in botRosidand Asterid
lineages
A. thaliana Col-0 contains two additional sequences wdimilarity to AT2G31335 and

AT1G06135. All together, these were named JRRitcording to their position within the
genome (JRPAT1G06135; JRP2/AT1G06137; JRP3/AT2G31335; and JRP4/AT2G31345).
JRP3 has a truncated hydrophobic signal peptide (Fig 5.1 A). The JRPs are conserved within
Brassicaceaavith the fourArabidopsisproteins representing four clades of JRPs (Fig 5.1 B).
Due tothe single exon and short length of JRPs, there is an increased risk they will be
overlookedduring proteome annotationshich are optimisedb avoid false positive&Zhou

et al, 2013) There are no conserved tyrosine residues, suggesting the peptide is not sulfated;
however, there are proline residues which could be hydroxylatachbinosylated(Fig 5.1

a) (Matsubayashi, 2014)JJRP4 was used as a reference to identify similar sequences in
Viridiplantaeproteomes. Simdlr sequences were found acrBsstapetalagroteomes within
proteins inAsteridgenomes, such &olanum tuberosurmndDaucus carotaas well as the
Rosids(which containBrassicaceagthese lineagediverged ~117 million years ago (Fig
5.2)(Kumaret al, 2017) Interestingly, there seems to be a hydrophokier@inal extension

on many of the proteins which has been losBiassicaceadFig 5.2). The two cysteine

residues show 100% conservation in all the sequences (Fig 5.2).
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Table 5.1 Thirty most-highly upregulated transcripts in mik2-1 encoding proteins <156amino

acids in length, without predicted transmembrane domains.

Bold highlights the JRP peptides. Red indicates either predicted extracellular localisatmomical

signal peptide. Magenta represents maximum fold change in expression.

138|Page



. & fa 5 3
2 2 30 32 M B 3B 40 42 «

JRP1-AT1G06135.1
JRP2- AT1G06137.1
JRP3- AT2G31335.1
JRP4- AT2G31345.1 F

]

Predicted signal peptide

: : : R
- p p T
s

b Tree scale: 0.1 — %
)
o
o @ N
3 8 1
° 9 g SR
=] g § &
%, % o g S &
£ ) § ® N
0 S ¥ 5
O")\; 3 QI‘OA\’ M) 1R
4"6/, 2, 8 & ‘\q‘) 666\3
o Rg, b g A
257 5, % ] & #0007
008, %, £ aha.885
Cagra.sgszsoou
Bostr.25219s50346

JR
G ATy
g?;ub"lo S13s.¢
9,6'16010975
m.o > m,
Carubv10025457043 ‘0, ¢
6955 %
e
NP
N 57
395’ o ¥ A
S 23 &
& ~ D%
o 4 0 3% @
00 ] ~ o 7 ‘o
< Ng® %o O
& S < a O, "\s\
< o % ~ s ‘90
g 2 2 &
f o o
e 9o ES
© o %
w

Figure 5.1 JRP sequences ifBrassicaceae

(a) Alignment of 4 JRP paralogs in tAeabidopsisproteome using MUSCLE. Consensus mode =
Clustalw, Cdouration = ClustalX (b) Phylogeny of JRBsquences in thBrassicaceaddentified
using BLAST against the PHYTOZOME12.1.6 proteome database (Comparison matrix: BLOSUMG62,
E-value threshold < 1§ using JRP4 as the reference sequence. Sequences wegdl algjng
MUSCLE and a tree was generated using PhyML maximum likelihood with LG matrix. Red indicates
Arabidopsis thaliangroteins. The tree was visualised using iTOL (Letunic and Bork, 2019). Blue dots

represent >80% bootstrapping support (100 iteratp@ntormed)
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Figure 5.2 JRP sequences from Viridiplantae

Sequences were identified from the PHYTOZOME12.1.6 proteome database (Comparison matrix:
BLOSUM®62, Evalue threshold < 1® and were aligned using MUSCLE. Consensus sequence
definition was strict 75% conservation. Colouration = ClustalX
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