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Abstract

The first layer of active defence in plants is based on the perception of pathogen
associated molecular patterns (PAMPSs) leading to P&M&ered immunity (PTI).

PTI is increasingly being investigated in crop plamt®re it may have potential to
provide durable disease resistance in the field. Limiting this work, however, is an
absence of reliable bioassays to investigate PAMP responses in some species.
Presented here is a series of methods to investigate PBrassica napus The

assays allow measuring early cell signalling responses, gene expression changes, cell
wall reinforcement, metabolome changes and scoring PAMIRBced resistance.
llluminabased RNA sequencing analysis produced a genwiche survey of
transaiptional changes upon PAMP treatment seen in both the A and C genomes of

the allotetraploidB. napus

Using these assays substantial variation in PAdHPonsivenessvas observed
amongst elite varieties dB. napus.Taking this further, a genome wide asgation
study (GWAS) of the flg22 and elf18 triggered oxidative bursts, resistance to
Pseudomonas syringaend Botrytis cinereavas carried out in a population of. B
napus A substantial number of molecular markers, covering both sequence and
expressionvariation, have been identified as having significant association with

these four traits.

QTL mapping of the flg22 triggered oxidative burst in the ADxGD double haploid
cross identified a majoguantitative trait loci QT on C9 oB. oleraceamRNAseq

of the parentsled to a nonsynonymous singlaucleotide polymorphism (SNP) list

and enabled fine mapping through the addition of KASPar markers to the original
map. This produced a relatively small list of candidate genes including CYLIC
NUCLEOTIDE GATEN ICHANNEL €NGCxalso known as DEFENCE NO DEATH 2
(DND3. An insertion irArabidopsis thalian®ND2 showed phenotypic difference in

the oxidative burst between the insertion line and ©olpotentially indicating a

role for the gene in regulating earBT]I.
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Chapter 1 :

General Introduction
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1.1. The Plant Immune System

Any organism that is alive, and intends to stay so, must have an immune system.
This is no different for plants. Despiteeing surrounded bybacteria capable of
consuminghe nutrients within them, plants are thriving all around us. Plants are so
effective at defending themselves from would be pathogens that disease is the
exception rather than the norm. As organisms without mobile immunes ceitery

plant cell must be capable of detecting pathogens and mounting a defence
response. The mechanisms of pathogen detection employed by the hosareell

what define the current paradigm of plant immunity.

Active plant defence comprises two levels tbfeat detection employed by the
host. The first level involves recognition of pathogéar microbe) associated
molecular patterns (PAMPs/MAMPS) at the cell membrane by pattern recognition
receptors (PRRs) (Boller & Felix 2009; Dodds & Rathjen 20MPsR#e conserved
molecules present in entire groups of microbes that are important for the normal
life cycle of the organism (Medzhitov 1997). The resulting P&NM&ered
immunity (PTI) downstream of the PRR comprises a series of defence reactions
often sufficient to halt further pathogen growth. In response, pathogens have
evolved effector proteins which supress signalling and resistance processes within
in the plant to facilitate growth, a process called effeetoggered susceptibility
(ETS). The seqd level of pathogen detection by the host is defined as effector
triggered immunity (ETI). This is the recognition of specific effectors intended to
subvert or evade PTI that are delivered by a kexapted pathogen (reviewed in
Jones & Dangl 2006; Chistmoet al. 2006; Dodds & Rathjen 201The PTEL ETS

ETI model is summarisedfigure1.1.
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Signalling

Figurel.1 PTI, ETS and ETI.

A) PAMPs from pathogens are perceived by PRRs to initiate defence signalling. The resultant responses col
and pathogen development is arrested or slowed. B) Secreted effectors from pathogens inhibit PTI. Virulence
of effectors includescavenging PAMPs to prevent recognition, destabilising PRR complexes, preventing or sl
defence signalling and changing gene expression. C) Effectors trigger ETI when recognised by a corresponc
R genes act to identify the presence of adfic effector or to sense perturbations to defence signalling pathways
resulting ETI triggered by the R genes is often associated with localised cell death in a hypersensitive resp
and pathogen growth is arrested.
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The separation of PTIY R 9¢L g+ a AyO2MNILIANINVRREBt Ay BF |
defence, in which the level of resistance was summarised asBHH +ETI in a back
and-forth model of immune signalling (Jones & Dangl, 2006). Although a rapidly
adopted paradigm when first inbiduced, the model has since fallen out of use. The
overlap in timing and magnitude of defence responses that is shared between PTI
and ETI is huge. The effectwéak R genes that do not result in a hypersensitive
response (HR) for example is almost indigtiishable from PTI (Boller, 2009), and in
many pathogen interactions the signalling from PAMP perception and effector
perception are so intertwined as to make functional separation of the two branches
of immunity difficult (reviewed in Thomma, 2011). rfhermore the distinction
0SG6SSyYy atdBamtoréis bluyeR in some cases. For example the effector
ECPG6, a chitin scavenging-M/gslomain containing protein, is widely found across
the fungal kingdom (Bolton, 2008

A further issue with the modes that during ETS, the magnitude of PTI is depicted
as being much less than EHbwever,PTI is involved in resistance to adapted as
well as noradapted or norhost pathogens (Boller, 2009), suggesting that even in
situations where PTI signalling is reeéd, it is not redundant. For example,
FLAGELLIN SENSITIVEFI2SE knockouts in Arabidopsis thalianaare more
susceptible toPseudomonas syringae DC8Q@.v tomato (PTOJZipfel, 2004)a

host adapted pathogen with an active complement of effectors. PTI should not be
seen as a qualitative switch then, but rather signalling that continually acts to

quantitatively restrict pathogen growth.

In recent years some attempt has been made todmp the PTI/ETI model,

AyOf dzZRAYy3a RSAONALIIAZ2Yya 2F Wadza2NFIF OS AYYdzy
reducingmulti-layered plant perception systems further tpust the perception of

2PSNI I LILIA Yy 3 @dsuggest&dNyy Boled & Fefixi2008)though our

model of the plant immune system is rapidly changing, the purpose of this thesis is
primarily studyingresponses tathe classically defined bacterial PAMPs flagellin,
elongation factosTu EFTU and the fungal PAMP chitin. These three PANIPs
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neatly into the stereotypicalbigescribed model as widely distributed conserved

microbial molecules detected by cslirface localised receptdike kinases (RLKS).

1.2.0! -00 AT A 022060

PAMPPRR pairs have been identified in a growing number of diffgykamit specie
(Monaghan & Zipfel 2012). Mosturrently known plant PRRs are either RLKs or
receptorlike proteins (RLPs). The leucieh repeat (LRRRLK family XlI includes

the PRR$LSZ2and EFR(EFTu RECEPTOR)ANthaliana and Xa21in rice. These
PRRs recognise the proteinaceous bacterial PAMPs flagellin (Felix et al. 1999;
GomezGomez and Boller 2000), H#E (Kunze et al. 2004; Zipfel et al. 2006)
respectively. Xa21 was previously reported as recognisitige typel secreted
sulphated peptide Ax2XSong et al. 1995; Lee et al. 2008t this has since been
retracted and the identity of the Xa21 ligand is currently unclédS2wvas first
identified in A. thaliana (GomezGome, 1999 but functional orthologues have
been found since in other speciegth flagellin perception probably occurring in
most higher plants (Felix et al. 1999; Boller & Felix 2009; Albert et al. 2010).
FunctionalFLS2rthologues have been identified Nicotiana benthamiangHann

et al. 2007), tomato (Robatzek et al. 2007) aice (Takai et al. 2008). In contrast to
FLS2, the presence BFRand Xa2lappear to be restricted to Brassicaceae and to
rice respectively (Kunze et al. 2004; Zipfel et al. 2006; Lee et al. 2009; Boller and
Felix 2009; Schwessinger and Ronald 2012).

TRS FANRG tww ARSY(GATASRAlnked poNBed 2fAN A & A y 3
acetylglucosamine and essential constituent of the fungall wall and insect
exoskeleton,was the LysM moti€ontaining the RLP CHITIN ELICITOR BINDING
PROTEINCEBIP in rice (Kak et al. 2006). Another Lyskbntaining protein is

CHITIN ELICITOR RECERIKERKINASE CHRKLfirst identified inA. thaliana

(Miya et al. 2007; Wan et al. 2008). While ba@ERKIland CEBiPare widely

distributed amongst plant species, AtCERK1 dyduinds to chitin (ikasa et al.
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2010; Petutschnig et al. 2010; Liu et al. 2012), whereas CEBIP is the chitin receptor
in rice forming a liganthduced complex wittOsCERK®Bhimizu et al. 2010). CEBIP

like RLPsvere reported as not contributingo chitin perception inA. thaliana
(Shnya et al. 2012; Wan et al. 20081owever, recent evidence suggests the RLP
LYM2 is essential for chitin induced plasmodesmatal closure, whelT&RK1is
dispensable potentially indicating two distinct chitin perception systems (Faulkner,

2013)

Consistent with the potential existence of mygtiotein receptor complexesCERK1
has also been implicated in the recognition of the bacterial PAMP peptichgly

A. thaliana(Willmann et al. 2012). In rice, two additional Ly8UPs are important
for both chitin and PGN recognition (Liu et al. 2012a). Another IBEKILYKhas
also been recently linked to chitin perception An thaliana(Wan et al. 2012).nl
tomato, the LRARLP ETHYLENNDUCING XYLANASE RECEPTE&RKR i§ a
receptor for xylanase froririchodermaspecies (Ron & Avni 2004). Also in tomato,
the LRRRLP Vel recognises Avel from multiple straingesficillium(Fradin et al.
2009; de Jonge etl. 2012).

Other receptors for conserved microbial molecules that do not have an efféiktor
function have also been described. The lectin domain containing MANNOSE
BINDING LECTINMRBLY in pepper is an extracellular soluble receptoat binds
manno® containing molecules fronKanthomonas campestris vesicatoréand
promotes SA mediated signalling and cell de@ttwang, 2011)In wheat and
barley, cytoplasmic kinasehat confer durable broagpectrum resistance have
been identified. REACTION TO PURZCBRAMINIS RPGJisa protein kinase that

is rapidly phosphorylated after binding two ligandsthat act cooperativelyand

were enriched from spores d?. gaminis (Nirmala, 2010; 2011)in wheat, the
protein WHEAT KINASE STARWHKS] was found witin the loci forYr36 and
TILLING mutants in the gene reduced resistance to yellow rust to that of a highly
susceptible variety (Fu, 2009). These examples might illustrate how f#gjgéred
immunity, and partial resistance, outside of model systems miighbrchestrated

by highly diverse receptors.
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Identification of novel PRRs and understanding differences in PTI within diverse
species hathe potential to be applied commerciallfiaking a transgenic to disease
control and expressing foreign PRRs in gognts has been highly succesfiibr
example, the interfamily transfer oAtEFRnto tomato, which lacks a nativEFR
homolog, conferred responsiveness to -HF and increased broaspectrum
resistance to bacteria (Lacombe et al. 2010). Similarly, transdgtrigs sinensis
expressingXa2l had higher resistance against multiple strains>Xainthomonas
axonopodis (Mendes etal. 2010). These examplesso indicate that similar
downstream signalling components are shared betwdéfernt PRRs and highlight

the potential benefit of using PRRs in a transgenic approach to disease control.

1.3. PAMP Signalling

A wide array of downstream responses from PAMP perception have been
characterised (some of which are summarised in figurdr3)he earliest stages of
ligand bindingreceptor complexes comprising PRRs and interagiangners form

at the cell membraneFor the PRR$-LS2and EFR the LRRRLK BRI1 ASSOCIATED
KINASE 1BAK]) is an essential early signalling adapter. Upon ligand binding, BAK1
heteromerizes with FLS2 before transphosphorylating BOTRYTIS INDUCED KINASE 1
(BIK), active BIK1 then phosphorylatdslS2and BAK1to initiate signalling
(Monaghan, 2012). OtheBOMATIC EMBRYOGENESIS REGHREORNASE
(SERKsare also important in receptor complex formation, includiBgK1lsclosest
homolog BKK]1 and BAK1/BKKldouble mutants have extremely low PAMP
perception and high susceptibility to a wide range of pathogens (Roux, 2011).
Active FLSZBBAK1complexes are finally attenuated through tip@lyubiquitinaion

by PUB12/13 and subsequent degradation, dfLS2(Lu, 2011). Although
significantly less is known abo@ERKZignalling complexes iA. thaliang A (i Q &

phosphorylation is a requirement of signalling (Petutschnig, 2010).

22



‘'spunoduwlod [elqoJJUE JO UONBII3S 8y} pue saqoudiw Buipeaur sy wupeinu ansejdode Jo uonaisal ayl ‘uonisodap asojjed pue uubil ybnoayy
wiadlojulal |em |22 apnjoulisesudglsasasuodsal aouajep areulpiood Buljeubis suowioy (2) pue uoissaidxa auab asuaeq (9) “Buleubls dNvYd ay aremadiad
) s||a2op| pue Buieniul sy} uIyHAIBNEHEDSOY Buninsal ayL *(S) AHOGY Jo uoieAnde ay) pue (i7) apeased JdvIA e ‘(€) SMdad Jo uoieAinde ay ul synsal [ £J]
0 pa1end|3 'SdINVd 01 asuodsal Alrea [enuassa ue si ‘sjpuueyd paynuapiun 1§ se ybnoiyx _xmn.\:nwm “d¥d ay1 Jo ‘sisoikoopua Juanbasqns pue ‘jo uoneuninbignAjod
1 ybnoayy parenusness! Hyigestl yons sjuauodwod Buljeubls weansumop Jo asesjal ayl pue uonewloy xajdwod loidadal areniul 01 SdINVd Pulg sddd (T

‘@suodsagiNvd Je|n||92 10 MaIAIBAQ Z'Tainbi4

apease)
AdVIN

Deposition

aHogd

Lignification

¢sTd

. raal

23



Within minutes of PAMP perception rapid MITOGEN ACTIVATED PROTEIN KINASES
(MAPK phosphorylation,C&" influx and HO, production are observed (Boller,

2009). The identity of t8 C&* channel involved in PTI signalling is currently
unknown. As the primary candidates ar@YCLIC NUCLEOTIDE GATED ION
CHANNELE&NGCSs), which is a huge family in many plants, ari@N&3Csnay be

capable of forming functional heterotetramerfindingdirect genetic evidence for

their involvementin PTimight be difficult (Ma, 2007).

c&" influx is an absolute requirement for botthe MAPK activation and ROS
production that follows it (Segonzac, 201&s such, the massive secretion of Ca
chelatingcompounds such as oxalic acid is a highly effective virulence strategy for
many pathogens (Williams, 201T)ownstream signalling from the calcium influx
appears to be threshold gated by concentration as opposed to spiking, or a unique

calcium signature

Decisive evidence for the identity of the ahannelor channels is currently
missing.Although a growing body of research is implicating a numbeZNGQ in

PT) and the functional G4 channel in PTI may well be a hetamirameric channel
composedof different CNGCs, of whidbNDland 2 are the strongest candidates
CNGC2also known adDEFENCE NO DEATHvAs previously reported as being
essential for Cd influx and nitric oxide prodttion in response to LPS (4007). In

the study howeverDND1 knockoutsdid not directly attenuate flg22 triggered
responses. IrA. thalianag DNDland DND2both form a distinctive clade amongst
the other CNGC¢Ma, 2011) and both DNDland 2 have a strange autanmune
LIKSYy2GeLJSE IAGAY T NS {iRe i KYSyeRyer gatelzicaR SATYS
result in changes to 4, production during effectotriggered HR, with elevated
ROS that does not result in cell death, spontaneous lesion formation, and other
markers of constitutive defence including elevated SA levelseapression oPR1
(Clough,2000; Jurkowski, 200Zhis results in a general elevation in resiste to
non-adapted pathogens (Q2010; Genger, 2008). Interestingly, a fusiolCdiGC11

and 12, a gain of function mutant labelle@PR22also results in defence no death

like symptoms (Yoshioka, 2006).
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In animal systemsCNGC#rm a function channel protein at the cell membrane by
interacting to form homo and heterotetrameric units (Ali, 2007). Recently, Chin et
al (2013), demonstrated hat DND1 and 2 are both capable of forming
homotetramers, and heterdetramers with each other uplanta, when expressed

in N. benthamianaAs part of this study, they also demonstrated a novel role for
DND1 and 2 in regulating flowering tinl2ND1and 2 are predicted to mediate Ga

and K+ ion transport (Leng, 2002), antlD1knock outs show hypersensitivity to
elevated C& (Chh, 2013). Part of the Chin et al (2013) study was the
mutagenisation of theDND1 background and identification of REPRESSOR OF
DEFENCE NO DEATHRDO), which removed all of th&ND1ldefence related
phenotypes apart from sensitivity to toxic levels of Ca2+. The disparate phenotypes
of DND1being genetically separable is further evidence for @eGCstatus as a

guarded proteinalthough this hypothesis is not directly tested in Chin et al 2013.

As the possibility for heterotetrameric channels exist, and as crossing KOs in
different CNGCsisually results in seedling mortality, identifying a clear role for the
CNGCs defence hadbeen thus far been difficult. THRDDlbackground may help
alleviate this in the future, providing a means to asses mulifii& KOs without

the mortality currently seen in thBND1/2double knockouts.

One of the most characteristic PAMP responses studi¢se oxidative burst, the
rapid and transient accumulation of reactive oxygen species (ROS) within a few
minutes of PAMP perceptiofFelix, 1999) In A. thaliana the primary source of
apoplastic PAMRtriggered ROS production ar®lADPHoxidases at the cell
membrane, of whichRESPIRATORY BURST OXIDASE HOM@RBGHIDIs the

most important (Torres, 2006). The activation of RBOHD during PTI requires both
C&" binding to the Nterminal EF hand domains and direct phosphorylation of the
enzyme (Segonzac, 2011). ActivatR8OHDproduces superoxide ¢, which is
then converted tohydrogen peroxide (}D,) by superoxide dismutase.gdmb,
1997). As opposed to the massive accumulatiokid, over a period of hours seen
during a hypersensitiveesponse, PAMP responsive ROS production is usually over

within an hourandreturnsto a resting stateafterwards (Lamb, 1997).
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Despite being a characteristic response observed in many different plant species a
functional role for the oxidative burst renres unclear DubreuitMaurizi, 2011
Proels, 2010; Dunning, 2007; Nguyen, 2010; Valagrez, 201l Suggested roles

for the oxidative burst include direct anatnicrobial activity, localised strengthening

of the cell wall through crosknking glycoproteis and direct activation of defence
transcription (Levine, 2004; Lamb, 2009; Torres, 2010). RBOHD knockouts however
only have a very mild sasptible phenotype to pathogen&ecently, Dubiella et al
(2013) identified a novel role for ROS signalling in imducesistance in tissues
distal from PAMP treated ones. In the proposed model, ROS are the mobile
messenger between cells that activat€ALCIUM DEPENDENT PROTEIN KINASE 5
(CPK»which in turn leads talefence gene activatiomnd the phosphorylaion of
RBOHDIn neighbouring cells to perpetuate ROS burst acrosscal tissuesROS
signalling then might be an essential component of local and systemic resistance
but the subtleties of the signalling might be lost when lab studies predominantly
inoculate vastquantities of bacteria throughout wide areas of leaf tissue, as

opposed to natural infection with smaller more localised inoculum.

Recently, the steps betweeRLS2nd the oxidative burst have been elucidated to a
greater degree. In a resting statBBOHDs found in complex with the PRRES2
and EFRand upon ligand bindinBIK1phosphorylatesRBOHDand releases it from
the PRR complexKédota 2014). The phosphorylation dRBOHDby BIK1 is
independent of its phosphorylation by oth€@PIs, but both appar to be required
for a ROS burssuggesting two levels of regulation RBOHare presentDubiella,
2013;Kadotg 2014) The current model dRBOHDBignallings found in figurel.3.
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Within five minutes sequential phosphorylation of MAPKSs is observed in response
to flg22, and n A. thaliana there are two distinct cascades following flg22
treatment, MEKKMKK4/5MPK3/6 and MEKKIMKK1/2MPK4 (Nicaise, 2009).
Immediate downstream targets of the phosphorylatétPKsinclude severaWWRKY

transcription factors, including/RKY33which act to initiate defenctranscription

Large scale transcriptional changes oceuthin 30 minutes of PAMP tréaent.

The change represents shift into defence gene expression anddsupled with
general dowrnregulation of many genes associated with photosynthesis and
development (Navarro, 2004). Interestingly, the early transcriptional response to
different PAMPSs highly similar, suggesting a stereotypical response to diverse
stimuli (Libault, 2007; Boller, 2009; Zipfel, 2006; Navarro, 2004).

PAMP signalling invokes and is dependent upon multiple defence hormone
signalling networks. The crosstalk between PAMIcgation signalling and the
classical defence hormones ethylene (ET) salicylic acid (SA) and jasmonic acid (JA) is
extremely complicated, with significant spatial and temporal variation in the
interactions (Spoel, 2008; Spoel, 2012). FIg22 is known teédpid and transient

SA production (Mishina, 2007), as well as ET production within 30 minutes (Felix,
1999). FLS2 expression is also dependent upon ET signalling (Boutrout, 2010).
Neither of these hormones or JA is required for PAMP application to éenduc
quantifiable resistance to some pathogens however (Zipfel, 2004; Tsuda, 2008).
Crosstalk between PTI and auxin signalling is also observed within the first hour of
PAMP perception. The antagonism between PTI and auxin is mediated by different
factors induding the miRNAA393 which targeltRllike proteins and the effect SA

has on stabilising auxin repressors (Navarro, 2006; Wang, 2007). There also exists
significant unidirectional antagonism of PTI through brassinosteroid (BR) signalling,
even if the unérlying mechanics of the interactions are unclear (Albrect, 2011;

LozaneDuran, 2012).

Changes in cell wall metabolism and reinforcement are common signatures of
PAMP signalling. I £ £t 24S RSLI2aAria I NE3)YlcandlhadSa 2 7F

form distinctpapillae between the cell membrane and cell wall. The elioging of
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beta glucans is catalysed by callose synthases, of which PMR4 is known to play a
key role in responses to PAMPs Kidat al. 2007). PMR4 mutants & thaliana

show significantly morgrowth of P. syringaepv. tomato (Pto) DC3000 hretan

WT Col0 highlighting the impodnce of callose in immunity (Haret al. 2007).
Lignification is a mechanism of cell wall reinforcement that occurs through the
oxidative crosdinking of the monoligans into long chain polymers of insoluble
lignin (Vanholme et al. 2010). Thgrlin biosynthetic gene€INNAMYL ALCOHOL
DEYDROGENASEGADBCO and CINNAMYL ALCOHOL DEYDROGENES3B®&

are upregulated during interactions with certairaphogens (Tronchegt al. 2010).

1.4. The Brassicas

Brassica napug¢Oilseed rape or Canola a good candidate for the transfer of
fundamental research fromA. thaliana Both species are members of the
Brassicaceaghere is avealth of genetic and genomic resources avaédbl krassica

crop improvement ad the oilseed crop isf increasing importance worldwide (Fitt,
2008).A. thalianaandthe brassica diverged from a common ancestor over 17 MgA (

14 A; Yang et al 2006).A genome triplication event 16 MYAand subsegent
speciation produced the three diploid brassicBsleracea, B. rapand B. nigra(fig 1.

4 B). Hybridisation of thé8. rapa¥’! Q 3 Sy 2 YBSolegaged!K Qi @Sy 2 YS LINE R
the tetrapolid B. napusl0,000 years ago. As such, modern oilseed rape contains the
complete A and C genomesBirgpa andB. oleraceaespectively. The relationships
between the brassica species have been summarised over the past century by the

WENAFY3IES 2F 5.Q 0FAI n. v 6W QI wmpo

Although similarity to the modeA. thalianaaids in annotation and chromosome
assembly, extensive gene loss has occurred since the divergence Brbdsicacea
GhQbSAf X HAMhaliarageGeAVd Expedt Sidapies of it withinB. napus

but in many cases gene loss has resulted in fewer functional homologues. For
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example Yang et al (2012) identified sifinctional copies of FATTY ACID
DESTURASERAD3J inB. napugut only four ofFAD2.

Genetic diversity amongst commercial varietasB. napuss often considered to
be very low. The species originated from hybridisation events within a limited
geographical range relatively recently (Mei, 2011). Furthermore intensive breeding
for oil quality and resistance traits using a limited geoel from elite lines may

have reduced genetic variation considerably (Hasan, 2006).

Polyploidy within the brassicas results in genomic complexity. As such sequencing
the brassicas has been difficult. There is no published and widely availabépus
gerome as yet. The genome Bfassica rapawhich contributes the A genome &
napus has been published (Wang, 2011). Progress on establishing a C genome is

ongoing, but is currently unavailable.

Bancroft et al (2011) developed B. napusSNPFlinkage map of 23,037 markers
based on expressed sequence tag (EST) polymorphisms assembled into a
pseudmolecule scaffoldsThis unigene reference has subsequently been used for
large scale mMRNA seq experiments witlin napus and the process has bee
adapted to take into account polyploidy by sorting reads between genomes by

using interhomeologous polymorphisms (Higgins, 2012).
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A Ancestral Brassicacea |:|
| 18 mya
[ |
Ancestral Arabidopsis |:| Ancestral Brassicacea I
|
Genome Triplication
| 16 mya
B. rapa B. nigra B. oleracea
A genome B genome C genome 4 mya
A. thaliana B. napus 10,000 ya
A + B genome

H 1N Y

B B. nigra
‘BB’ 2n=16
¢ Black Mustard \
B. juncea B. carinata
‘AA BB’ 2n=36 ‘BB CC’ 2n=34

Indian mustard Ethiopean mustard

B. rapa B. napus B. oleracea
‘AA’ 2n=20 —» ‘AACC' 2n=38 <& ‘CC’ 2n=18
Qilseed Rape Kale, Cauliflower,

Swede Cabbage, Broccoli,
Brussel Sprouts

Chinese Cabbage

Figurel.4 Evolution of the brassicacea.
A) Overview of the divergenas Arabidopsis thalianand the brassicas, and subsequent speciation of the di

brassica genomes. B) The triangle of U summarising the relationships of the diploid brasgieasifgraande
oleraced and the allotetraploid hybridisations between timgJuncea, carinatand napug
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The extent of the genomiearrangements and gene loss betweBnnapusand its
progenitor speciesB. rapa and B. oleraceais unclear. Parkinet al (1995)
demonstrated that syntheti®. napugan interspecific hybrid of modermapa and
oleraceg when hybridizing with moderrB. napusdoes display clear alignment
between the progenitor andB. napuschromosomes, suggesting that at the
chromosomal leveat leastthere is a high homology betweendhspecies. At the
molecular level however, the extent of gebg-gene rearrangement between the
species is largely unknown at present. As stich,accuracy ofising therapa or

oleraceagenome as aapusreference, or vice versa unknown.

A wide arrayof genetic resources and germplasm exist for mapping studies within
the brassicas. Quantitative trait loci QTL mapping of defence traits is
commonplace irB. napusand examples include QTLs fxlerotinia sclerotiorurm

the Huashang 5 x J7005 and theodghu 821 x Ba&®D4 crosses (Wu, 2012; Yin,
2010, Leptosphaeria maculansesistance QTLs in many different mapping
populations (for example, Kaur, 2009; Delourme, 2004; Dion 1995) and QTLs for
resistance toPyrenopeziza brassicae the Darmor x Yudalross (Pilet, 1998). QTL
mapping of resistance traits @lso commonin B. oleraceajncluding a QTL for
Agrobacteriumtumefacienssusceptibility in thedouble haploid (DHA12 x Green
5dz1 S ONR A& O{ LI NNRBG> HnANNAGLAED ¢ feifig hphye & a
susceptible toAgrobacteriumand this has since become a standard transformation
line for B.oleracea This cross might be particularly relevant for investigating PTI as

the QTL governs resistance to a Aowst pathogen.

The OREGIN diversiget is a collection of oilseed rape germplasm displaying
differential quality characteristics in flowering time, oil content, pod shatter and

resistance fig 1.5, http://www.oregin.info). Mapping populations for thesdiverse

traits have been built up and all of them share a common female parent, Temple.

As such the variety Temple could be considered eé0Got B. napus
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MC169 & WOSR
Pod shatter resistant
POSH LINE

Canard _DH ¢ forage Lesira & WOSR
rape Low N, P & K content Hairy — pest resistance
at seedling
establishment

Temple ©

NUE OTHERS ¢
TN1|-‘:i5hd\ iV;{dOSR High oil Good rooting ability BnaDFFS
Logw éLS Good autumn vigour Early flowering TN

Early vigour TN/BnaDFFS
TN172 ¢ WOSR
Early vigour

Contrasting P/N types
Figurel.5 Genotypes used in OREGHersity set.
The mapping project has Temple as the common parent in multiple crosses.
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MRNA sequencing is increasingly being used withinbifassicadfor large scale
transcriptomics and sequencing experiments. Using the unigene reference
developal by Higgins et al (2012), Illumina sequencing of 84 divBrseapus
accessions enabled a large scale genome wide association study (GWAS) of oll
quality traits (Harper, 2012). Because the SNP reference for the GWAS was based
around mRNA seq, expressioavél of every unigene was also collated. This
transcription information could be used in a further association study with the
phenotypic data to identify novel loci vene expression directly correlated with the

trait of interest. As the first example ofsitkind, Harpeet al. termed the process
GFraaz2o0Al GABS NI yaONRLIG2YAOa¢éd YR (KS LN
science where there is often a lack of genomic information and mRNA seq can
quickly, and increasingly affordably, identify polymorphemongst a population.
Whether the association mapping panel developed by Haegper. can be used to

characterise quantitative resistance and PTI linked traits remains to be seen.

There is a need to identify sources of durable and effective partiabteexe to
commonBrassicgpathogens such aeptosphaerianaculans Sclerotiniasclerotiorum

and Botrytis cinerea(Aubertot et al., 2006)Although strairspecific resistanceRj

genes provide extremely strong levels of disease control, this effectiveness can be
rapidly lost, for example, in the breakdown BiImtmediated resistance within five

years of deployment (Sprague, 2006). Conversely, lines with strong quantitative disease
resistance have often been deployed for longer periods of time, such as in the
9dzNR LISty Odzf GAGIFNI WWSG bSdzFQ 6KAOK 41 & GAF
used in breeding program®day (Delourme, 2006). Developing the tools to identify

potential sources of durable quantitative resistance has proven difficult however.

Although limited work has been done assaying natural variation in PAMP responses,
assays such as the measurement of oxidative burst have been utilised to map key
components of PITwithin crop species (Valdé®pez et al. 2011). Substantial
variation exists iFLSZbundance and specific binding capacity for flg22 between a
range of differentA. thalianaecotypes and other species of tigrassicaceaand

this variation has been sk to directly correlate with seedling growth inhibition
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by flg22 (Vetter, 2012). Furthermore sequence analysisFbE2within the
Brassicaceaeevealed highewariationin the LRR domain betwedBrassicag56%
universal amino acid identify) than in allggeencedA. thaliana ecotypes (98.8%
identity) suggesting the brassicas might represent diversity in PTI not present in the

model system(Dunning et al. 2007
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1.5. Research Aims

The research presented here is part of larger direction to understand variation
PAMPRtriggered Immunity at the population level, to transfer fundamental
knowledge of immunity from models into crop species and to use this
understanding and modern technology produce more pathogen resistant crops

in the future. The central hypothesis underlying this wider body of work is that PTI

IS a major determinant of quantitative resistance in the figdthough likely to be a

major factor in most planpathogen intet OG A2y azX GKS O2y (i NR O dzi 7
AOASYOGATAO Y2RSt (G2 Wjda yiAdGrGAdS NBaraid
be determined.There are numerous difficulties within this overarching hypothesis.
Primarily this hypothesis cannot be testddectly: studying PTI in abstract from all

other aspects of defence and development, particularly when so many unknown
PAMPs and PRRs are likely to exist, is impossible. This central hypothesis is beyond
the scope of a single research project, and has enams aspects that cannot be

addressed here.

There are severamallerunknowns within the current literature that this thesis is
attempting to address. At the outset of this project there had been no reported
studies using the PAMPs flg22, elfl8 and CSB. inapus Whether or not the
brassicas respond to the same PAMPsAaghalianais not clear, although chitin
treatments are known to have an effect on field resistanthere have been no
previous reports of measuring PAMP responses in brassica, althougty
pathogen response assays might be applicable to PAMP treatnented, and
whether B. napusresponds to PAMPs in the same mannerAasghalianahas not
been reported. There were no published PAMP responsive genes identified and
relatively little work on wholegenome transcriptional responses to PAMPs or

pathogens havemerged.

Surveying natural variation in PAMP responses had not been reported, evAn in
thaliana, at the outset of the project. Whether or not natural variation in PTI can be

used in a GWAS to identify meaningful genetic variation that gives rise ¢vsdiv
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resistarce phenotypes also needs to beldressed. The usefulness of the Harpeal.
(2012) association mapping panel for characterising truly quantitative traits is also
unknown. The involvement of PTI in previously characterised QTLs for resjstance
particularly theAgrobacteriumresistance QTL on C9 Bf oleracegSparrow, 2009), is
unknown. Why theB. oleracedine AG1012s notably susceptible to multiple ndmost
pathogens is also a challenge to be addregSgahrrow, 2009)

The extent PAMP peeption and PTI contribute to partial resistance in the field is
also unclear. Whether or not assays recording PAMP response can predict pathogen

resistance is also unknown.

1.6. Research Questions:

1. Can methods to study PTlAnthalianabe used irB. napu®

2. What transcriptional changes are seen upon PAMP treatnre8. napu3
How is the transcriptional response of a tetraplomrganised between
homeologous genomesPlow does the gene expression profile Bf napus

compare toA. thalian&
3. Are PAMResponsepolymorphic between genotypes & napus?

4. Can PAMP responses predict disease resistance scores in a populdsion of

napus?

5. Is the susceptibility of th8. oleracedine AG1012 and its parent GD a result

of an impairment in PTI?

6. Can genes regulating PAME&sponses and disease resistance within

Brassica napugopulations be identified using a GWAS approach?
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1.7. Research Objectives:

With these questionsin mind, the researchpresented herehad the following

objectives:
1) Develop a tod{it of assays to study PTI Brassicaspecies

The assays should cover early molecular signalling events, metabolomics
changes, déwall reinforcements and PAMRduced resistanceThe body
of work should produce a reference useable by brassesaarchers in the

future.

2) Use mRN#&eq to capture the transcriptional changes PAMP treatment induces

in Brassica napus

The PAMRiInduced transcriptomecan act as a reference foBrassica
research in the future, and consideration about how the PAMP induced
transcriptome is regulated as a result of tetraploidy needs to be taken into

account.
3) Assess the natural variation in PAM@&sponses betweerBrassicdines.

The extent to which PAMRsponses are polymorphic amongst populations
of B. napusare unknown. Th@ossibility that PAMP r@enses could predict

resistance needs to be assessed.
4) Performa GWAS of PAMP responsesBnnapus

Test the feasibility of using the Harpet al. (2012 B. napusmapping panel
for PTI and resistance traits. Identify the underlying genetic polymorphism

that gives rise to any variation in PTI
5) Map PAMP responses in thig. oleraceaA12 x GD cross

Understand why the lineAG1012 has high susceptibility tanon-host
pathogens, and assess the possibility this is duamjpairmentin PTI.Use

QTL mapping to identify PTI relevant polymorphism in the cross, and
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produce a candidate gene list by combining next generation sequencing and

fine mapping.
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Chapter 2 :

Materials and Methods

40



2.1. Materials

2.1.1 Plant materials and growth ¢ onditions

Brassica napus
Seeds for allB. napus cultivars from the OREGIN (Oilseed Rape Genetic

Improvement Network) diversity projechitp://www.oregin.info), and seed from

the association mappinganel of diverseB. napuslines was kindly provided by
Colin Morgan (JIC, Norwich, JUK

Most B. napusused in this study was grown in a lit glasshouse with a 16 hour
photoperiod at 18°C/12°C day/night temperaturgsapproximately 100 pmol s

! B. napus from the association mapping panel were grown in containment
glasshouses to limit pathogen exposu@asshouse grown plants were maintained
by George Aris and Damian AlgBome experiments (as described where relevant)
usedB. napusgrown in controlled environmnt rooms(CERYr growth cabinets set

to a 16 hour photoperiod with 18°C/12°C day/night temperatusgs500 pmol nif

s', unless otherwise statedAll B. napusgrown in growth cabinets were surface
sterilised in 10% sodium hypochlorite for five minutes followed by repeated (at
least 3 times) rinsing in 10% EtOH before beinggaeninated on 1% MS media for

five days prior to transplant intsoil.

B. napusused in sedling growth inhibition experiments were cultured in liquid MS
media on a shaker within a growth cabinet set #4016 hour photoperiod at

18°C/12°C day/night temperatures.

B. oleracea

Seed from theDHA12xGIB. oleraceanapping population wre kindly provided by
Penny Sparrowrad Judith Irwin (JIC, Norwich, UBubstitution lines of Alfvere
kindly provided by Dr Graham Teakle, (Warwick HRI, CoventryBU#lgracea

growth conditions and surface sterilisatiorere asdescribed above foB. napus

Arabidopsis thaliana
All A. thalianaseed of theCol0 ecotype were provided by Hefin Schoonbeek
(JIC, Norwich, UKAIl SALK linesised in the study were ordered frofNASC
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Nottingham, UK All A. thalianaused in experimentsn this study vere grown in
growth cabinets set to a 16 hour photoperiod at 18°C/12°C day/night temperatures

unless otherwise stated

A. thalianaseed was surfaced sterilised as described abov8 farapusA. thaliana
seed were stratified in #D for two days at 4°Gefore beingpre-germinated on 1%
Murashige andkoog (MS)media. After 35 days they were then transferred &

thalianamix soil.

2.1.2 Pathogens used and culture conditions

Pseudomonas syringae pv. tomato

PTOstrains DC3000 and DC30arcG luxCDABE (Fan et al., 2008grevkindly
provided by Dr Jun Fan (JIC, Norwich,. M)P. syringaewere streaked from
glycerol stocks on plates of Kings Broth (KB) media with or without selection and

placed in an incubator set ®8°Cfor two days prior to use in disease assays.

Botryti s cinerea

Botrytiscinereastrain BG.10 and aGREEN FLUORESECENT PRGHBIMdged
strain in the same background was kindly provided by HankSchoonbeek (JIC,
Norwich, UK)AIl B. cinereastrains were grown on Potato Dextrose agar (PDA) at
21°C with no selection. Some strains were cultured on 1/5th PDA as described in

the disease assays below.

Sclerotinia sclerotiorum
Sclerotinia sclerotiorumisolated from pea plants in 2009vas provided by Jee
Thomas (NIAB, Cambridge, UBglerotiniavas cutured from dried sclerat placed

on PDA plates grown &t1°Cfor three days prior to use in a disease assay.

2.1.3 Culture Media used

Some of the media produced in this study was produced by the JIC media kitchen.

Most plates were 1% agar unless otherwisdestia

42



KB media
Proteose peptone 20g/L

Glycerol 10mL
K2HPO4 1.6g/L
pH 7.2 (with NaOH)

LB media
Yeast extract 5g/L
NaCl 10g/L
Tryptone 10g/L

pH 7 (with NaOH)

PDA
Potato Dectrose Age39g/L

MS media

Murashige and Skoog medium 4.4l1g
(includingvitamins)
Sucrose 30d-

2.1.4 Antibiotics

Where necessary media was supplemented with antibiotics at the following
final concentrations:

Kanamycin  50mg/L
Gentamcin  25mg/L
Rifampicin ~ 50mg/L
Streptomycin 50mg/L

2.1.5 Plant Growth Mixes

Peat and Sand

85% Fine Peat

15% Girit

2.7kg/m3 Osmocote -8 months
Wetting Agent

4kg/m3 Maglime

1kg PG Mix

Cereal mix

40% Medium Grade Peat
40% Sterilised Soil
20% Horticultural Grit
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1.3kg/m3 PG Mix 146-18 + Te Base Fertiliser
1kg/m3 Osmocote Mini 18-11 2mg + Te 0.02% B
Wetting Agent

3kg/m3 Maglime

300g/m3 Exemptor

2.1.6 Chemicals

General Chemicals
General purpose chemicals were from SigMddrich (St. Louis, MO, USA) unless

otherwise stated.

PAMPs

Flg22 (QRLSTGSRINSAKDDAAGLQIA) and eBKE@EERTKPHVNVGTIG) peptides
were ordered from Peptron (http://www.peptron.co.kr, Korea) andsespended

Ay aiSNRARfES I nuhod tSLIWARSaAa 6SNBE RADGARSR

stored at-20°C before use.

(@]]

The chitin used in this study was Crab shell chi@S{supplied aNACOSY by

Yaizu Suisankagaku Industry CO (Yaizu, Japan). The CSC was dissolved in sterile H20
(10% w::v) on a shaker overnight and autoclaved before beingikef® or 100g/L
aliquotsat -20°C.

Buffers

Protein extraction (Lacus Buffer)

TRISHCI 50 mM pH7.5

10 mM MgCI2

15 mM EGTA

100 mM NacCl

2mMDTT

1 mM NaF

1 mM NaMO

0.5 mM NavO3

30 mM bglycerephosphate
0.1% NRO with 0.5 mM PMSF
1% protease inhibitor cocktalil
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DNA Extraction (Shorty buffer)

0.2M Tris/HCL pH 9
0.4M LiCl

0.025M EDTA

1% SDS

Gel Electrophoresis Loading Buffer

0.1M EDTA

0.1% bromophenol blue
0.1% xylene cyanol
30% glycerol

2.1.7 Primer design and s ynthesis

Primers used were either previously published as workin@rassicaspecies or
were designed using the software Primek&..0 (Untergrasser, 2007, 20)2
Genotyping primers were designed using the SAHBNA primer design tool
(http://signal.salk.edu/tdnaprimers.2.htni KBioscience Competitive AlleBpecific
polymerase chain reactioffKASParprimers were designed with assistance from
Judith Irwin (JIC, Norwichll primers were alered from SigmaGenosys (Sigma

Full list of primers used in this study can be found in tail8s
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2.2. General Molecular Methods

2.2.1 Plant genomic DNA isolation

50mg of leaf tissue homogenised using a TissueLyser LT (Qiagen, West Sussex, UK).
DNA was isolated either using a DNeasy Plant Mini Kit (Qiagen) according to

Y ydzZFlF OGdzNBENR& AYyaAdNHzOGA2y A 20N oShorty I YSi
buffer was addd to the homogenised leaf tissue before a second homogenisation

step. A further 450ml of Shorty buffer was then added and the samples were
centrifuged at 13,000 rpm for 5 mins. 350mls of the supernatant was transferred to

a fresh tube containing 350ml o$dpropanol before a further centrifugation at

13,000 RPM for 5 mins. The supernatant was decanted away and the pellet was left

to dry for 2 minutes. The dry pellet was-saspended in 100ml TE and was left on a

shaker for 30 mins at room temperature. ThBNA was diluted 10x in water, with

4ul of the diluted mix used in PCR reactions.

2.2.2 Plant RNA isolation and g uantitative RT -PCR

Leaf discs (d=4mnijom five week old plantsvere vacuuranfiltrated with HO or

PAMP solutionsampledand flash frozen in liquid nitrogen at various time points
thereafter. RNA was extracted from homogenised tissue using a TissueLyser LT
(Qiagen) and purified using an RNeasy plant 4kiini(Qiagen) according to
YIydzFl OG dzNBND& Ay a i Nzdad vith Wutbd DNvitee DNade Y LIt S &
6! YOA2Y U | OO2NRAY3I (G2 YIydzZFlI OGdzZNENR& Ay a

2.2.3 First strand cDNA synthesis

O5b! gl a aeyukKSaAraSR FNRY W >3 G241t wb
oligo(dT) or 2 pmol of gene specific primers and 1ul 10mM dNTP enexadded to

the extracted RNA and diluted to 13 pl with sterile water. The mixture was heated

to 65°C for five minutes before being incubated on ice for at least one minute. The
contents of the tube were collected by brief centrifugation and 4ul of 5Xt Fir

strand buffer (Invitrogen), 1ul 0.1M DTT, 1l of RNaseOUT Recombinant RNase

Inhibitor (Invitrogen) and 1pul Superscript Il RT (Invitrogen) were added to each of
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the samples. The samples were incubated at 50°C for thirty minutes, before being

deactivatedby heating at 70°C for fifteen minutes.

2.2.4 Quantification of n ucleic acids

DNA was quantified using a spegifmtometer measuring the OD266f the
sample in water. RNA was quantified using a Picodrop (Picodrop Ltd, Cambridge,
UK) or a NanoDrop NIDOOO (Therm Scientific, Wilmington, DE, USA) by measuring
the OD260 / OD280 of the Sample.

2.25 gRT-PCR

20ul reaction volume PCRs were setup in awell white PCR plate (Thermo
Scientific, UK) and gFPICR was performed using a Chromo 4 gPCR machine (Bio

Rad) with SYBRBreen RIPCR Master Mix (Sigma). Relative transcript levels were
determined at each time point from cycle threshold (CT) values according to the

Hk/ ¢ YSGK2R dzaAy 3 9 CHmduction dvas ldeteMdhddSlyBS y OS @

comparing transcript levels in PAMIRRated samples with water treated controls.

2.26 PCR

PCR was performed using Tag DNA Polymerase (Qiagen) in a final reaction volume
of 20ul (25 ng DNA template, 0.5 pM primers, 0.2 x polymerase buffer, 1.25 units
Taq polymerase, 9.2 mM dNTPs, and water to 20 RCR had an initial
denaturation step at 94°C for 2 minutes followed by 35 cycles of 94°C for 15 s, 58°C
for 15s, 72°C for 1 minute. The PCR ended with a final elongation at 72°C for 10
minutes. Visualisation of nucleic acids was achieved by addingaghrlg buffer to

DNA samples before loading onto an agarose gel containing ethidium bromide.

2.2.7 Genotyping

SALK -DNA insertion lines were genotyped using gene specific primers and a T
DNA insertion specific border primer LBb1 (Ta)lewhen PCR products veerun
on an agarose gel single bands indicated homozygosity with and without the insert

and double bands indicated heterozygosity.
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2.3. PAMP-Response Assays

2.3.1 Oxidative b urst

ROS measurement was performed with a luminol/peroxidassed assay
essentially as desibed in Felix et al. (1999). Leaf discs (d=4 mm) were cut with a
cork borer from 5Sweekold B. napusplants or 4 week oldA. thaliana plants and
incubated in 200 pL sterile water in a-@@ll plate for 24hr. The water was drained

and replaced by a solam containing 34 mg/L (0.2 nM) luminol, 20 mg/l
horseradish peroxidase (HRP) and the PAMP to be tested. The luminescence was
recorded as photon count in 100 reads over a@dute period using a Varioskan
Flash plate reader (Thermo Fisher Scientific, VéaithMA, USA).

2.3.2 MAP kinase phosphorylation

Leaf discs from -eekold B. napusleaveswere vacuurAanfiltrated with sterile

water and incubated at room temperature. After 16 hours, PAMP2ZftuM,

elfl8 1uM or CSC 1g/L) or an equivalent volume of water adtked. Samples were

taken at variousime points after treatment and flash frozen in liquid nitrogen.
Frozen samples were kept on ice and ground using a TissueLyser LT (Qiagen) and
thawed in Lacus buffer with 100 nM Calyculin A (LC laboratories
http://mwww .Iclabs.com, Woburn, MA, USA) added immediately before use. The
homogenates were centrifuged for 30 minutes at 16,000 g and filtered through
aANI Of 20K ¢20Ff LINRPGSAY S@Sta ¢SNB | dz
were loaded in 3XxLDS loading fauf(Invitrogen), separated by SIPAGE on a 12%
acrylamide gel (Invitrogen) and transferred to a nitrocellulose membrane with an

blot transfer system (Invitrogen). Total protein was visualised by staining with
Ponceau solution. The blot was blocked wat% (w/v) BSA (Sigma) in TB&een

(0.1%) for 2 hours before three washes in -B&en (0.1%). Phosphmi4/42

MAPK (Erk1/2) (Thr202/Tyr20egbbit monoclonal antibodies (NEB) diluted 1:2000

in TBS were incubated overnight accordingrid y dz¥ | CpiotumdSioldnvad by
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an antirabbit-HRP conjugated antibody (Sigma) for two hours. The blot was
revealed with ECL Plus Western Blotting Detection System (GE healthcare) with a 2

minute exposure.

2.3.3 Callose staining

Leaves were infiltrated with PAMP solution ojCHusing a 1 ml needleless syringe
and leaf discs (d=4mm) were taken after 24 hours from within the infiltrated zone
but distal from the wounded inoculation site. The discs were cleared 7% EtOH

for 1 hour, 95% EtOH with 1&kaloroform for 16 hours, tn 100%EtOH for 2 hours.

The final wash in 100% EtOH wapeated until all chlorophyll was removed. The
samples were rehydrated sequentially for 30 min each in 70% EtOH, 50% EtOH and
67 mM K2HPO4 at pH 11. Callose was stained in a 0.01% (w/v) aniérsohltion

in 67 mM K2HPO4 at pH 9.5 for 1 hour. The leaf discs were mounted in 70%
glycerol/30% stain, and viewed under a Nikon Eclipse 800 microscope. Callose foci

within the frame of a single image (magnification x10) were counted

2.3.4 PAMP Induced Lignific ation

Wounded Leaf Surface Lignin Stain

Leaf discs (d=10mnay leaf strips §pproximately60x30mm)were surface sterilised

with 70% EtOH and rinsed with,® in sterile conditions. Each leaf disc was
wounded using forceps and transferred to 30 iFaD or PAMP solution overnight.

Leaf discsvere cleared as abee (see callose deposition) amcnsferred to a 2%

(w/v) phloroglucinol (Pomar et al., 2002) solution in 20% HCI. The stained leaf discs

were photographed after 5 minutes.

Seedling Root Lignin Staining

Sterile seeds were prgerminated on 0.6% MS media fordays before being
transferred to liquid MS media. After 1 day in liganedia the respective treatment
of H20 +/ Isoxaben, oiPAMP (elf18/flg22LSE +/- Isoxabenwas added and the
seedlings wre incubated for 2dours at room temperature. The seedlings were

then stained with 2% phloroglucinol in 20% HCI for 3 minutes and mounted in 7:3
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(v:v) glycerol : HCL. The stains were observed under the using the Nikon Eclipse 800

brightfield microscope

Thioglycolic acid precipitation

Leaf discs (d=10mm) were surface sterilised with 70% EtOH and rinsed,®ith H
sterile conditions. Samples were vacuumfiltrated with HO or various PAMP
solutionsand floated in water until sampling at various time gsiafter infiltration.
Pigmentation and soluble phenolics were removed through repeated incubation
with absolute methanol over a course of three days. Following thés dleared
tissue was dried at 5& for one day before the dry weight of the sample was
recorded. Each sample was suspende®.Bml 10% hioglycolic acid (TGA) in 2M
HCL before being heated for 4 hours at 100°C. These were then vortexed,
transferred to a fresh tube and centrifuged at 14,000 g for 15 minutes. The
supernatant was decanted antheé pelletre-suspendedn 0.5ml HO before being
centrifuged again at 14,000g for 10 minutes. The resulting supernatant was then
decanted out and the pellet was then suspended in 0.5ml 1M NaOH and vortexed
to solubilise the TGA derivatives. These wa@ibated overnight at 4°C. The next
day the solutions were centrifuged at 14,000g for ten minutesfore the
supernatants were decanted into a fresh tube along with 0.2ml concentrated HCL.
These were kept on ice to precipitate for 1 hour before the suptmt was
decanted. The pellet was then dissolved in 1ml 0.5M NaOH, and absorbance at
486nm was recorded, with final data presented as absorbance at 486 nm per gram

of sample dry weight.

2.3.5 Seedling Growth I nhibition

Seeds were prgerminated on 1% water agdor 48 hours before transfer to 250
ml glassflasks containing 200 ml liguid MS media. PAMP solutions or water were
added and the seduhgs left shaking (60 RPM) 21°C with 12 hour light and 12
hours dark conditions. Fresh weight was recorded 10 dégs aansfer to liquid

media.
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2.4. Pathology Methods

2.4.1 PAMP-induced r esistance

Where the intent was to assess éheffect a prior PAMP treatmenhad on
subsequent pathogen growtbompared to a water controlPAMPs (typically flg22
100nM, elf18 100nM CSC 1gMgre either vacuumnfiltrated or syringenfiltrated

24 hours before pathogen inoculation. In the case of stem inoculations, 5ul of

PAMP solution was applied to a wounded site 24hr prior to inoculation.

2.4.2 Botrytis cinerea

Inoculum Prep aration

Fresh PDA plas of B. cinereawere prepared from glycerol stocks maintained-at
70°C. When a matt of aerial hyphae wasarlyvisible 10ml0.05% tween 2@vas
added and the sporesndhyphae disturbed by abrasion withe flat side of a glass
pipette. The spore solution was collected and spore density counted with a
haemocytometer Suspensions were usually diluted to approximately 1 % 10
spores/mlfor storage at 4°C. The spore solutionsre stored at 4Cand used 3

daysof collection.

Leaf Disc Assay

A 200 m suspension of 2.5 x $@pores/mlwas spread evenly on a fresh plate of
1/5th potato dextrose agar (PDA) and incubated at 21°C. Twlentyhours later,

agar plugs (d= 4mm) from the colony were transferred to thetreeof 20mm leaf
discs which were incubated in closed (but not tightly sealed) square petri dishes in a
growth cabinet with high humidity at constant 21%2.least 12 leaf discs weresed

per treatment/genotypétime point in each experiment.Lesion sizevas recorded

3dpi.

Whole Leaf Assay
Where the whole leaf was utilised for disease assbyaves ofB. napuswere
severed at the stem and immediately wrapped in damp blue tissue paper. Leaves

were arranged on top of petri dishes within a large covered tiidled with wet
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tissue paper. 5uL droplets af2.5 x10° spore solution in ¥ PDere placed on the
adaxial surface of the leaf. The sealed tray was placedgrowthcabinetwith high

humidity at constant 21°C. Lesion size was recorded 3dpi.

96-well Plate Based Quantification of GFP Tagged B. cinerea

Strains ofB. cinereaexpressing GFP undarconstitutivepromoter were quantified
fluorometrically during assays looking at the effect of host derived metabolites on
pathogens. In tfs case 5ul ba 2.5 x 1®spores/ml suspension were pipetted into a

96 well plate filled with various metabolite samples50% PDBFluoresence at
512nm after excitation at 471nm was recorded daily over 3 days using a Varioskan
Flash plate reader (Thermo Fisher 8tifec, Waltham, MA, USA).

2.4.3 Sclerotinia sclerotiorum

Inoculum Preparation
Sclerotinia sclerotiorumvere stored as dried sclerots, and cultured on 1/BDA
plates with a dried sclerot placed in the centr@of suspensions were prepared

as described ab@/for B. cinereafrom plates

Leaf Disc Assay
The &say was performed as described aboveBocinereadeaf disc assays but was

scored on a scale of3. The scaleorresponds to:

[.  No lesion
II.  No spreading lesion beyond inoculated region
lll.  Lesion@<=10mm,
IV. Lesion@>10mm, emergence of some aerial hyphae.
V. 5-Leaf disc fully consumed by pathog&h €20mm) with
extensive aerial hyphae

Disease was usually scored 3dpiwias necessary to closely monitor symptom
progressiong in some casemeasurementshad to be made 2dpi after very rapid

pathogen growth.
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2.4.4 Pseudomonas syringae

Inoculum Preparation and Infiltration

All P. syringaestrains were culturedon Kings Broth (KB) agar with 25 mg/ml
kanamycin and 50 mg/ml rifampicin for two days at 28°C. A sampleedbacteria

was transferred to liquid KB with the same antibiotics and incubated fdrolBs at

200 rpm and 28°C. The bacterial solution was diluted to OD600 of 0.02 in 10 mM

MgC} and vacuuminfiltrated into leaf discs.

CFU counting

Leaf discs (0.5mmih diameter were placed inil of KB broth and ground using a
GenoGrinder 2000 (Thomas Scientific, NJ, US&f. disc suspensiongere diluted
serially with KB and plated on KB agar plates with selection. Plates were incubated

at 28°C with colony numbsrcounted the next day.

Luminometric Quanitif ication of P. syringae

Luminometric quantification of thd>st DC3000luxABEand Pst DC300 hrcG
luxCDABKEtrains was recorded by measuring emitted photons over 3 sectyods

a bmm diameter leaf disc in a FBLuminometer (Berthold Detection Systems,

Pforzheim, Germany).

96-well Luminometric Quanitification of P. syringae

In larger assays involving infiltrating Lux tagged strairt syringaea 96 well plate
assay was used. Leaf discs (5mm diameter) werateftb on 100uL O after
vacuuminfiltration (as described aboveyhe luminescence was recorded as photon
count in2 seconds per wellising a Varioskan Flash plate reader (Thermo Fisher
Scientific, Waltham, MA, USA).
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2.5. Metabolomic Methods

2.5.1 Metabolite Extractions

Crude Metabolite Extraction

The method of metabolite extraction was based on that described by Meuwley and
Metraux (1993) which was designed to maximise the amount of free and
conjugated SA and camalexin extracted. Approximately 150mg (or 4xkain
discs) were placed in a 2ml round bottomed Eppendorf futssh frozen in liquid
nitrogen and then homogenised tissue using a TissueLyser LT (Qiagen). This was
suspended in 500uL @t and 100uL of the internal standard, ortfamisic acid at
1ng/uL. The samples were homogenised again using the TissueLyser LT (Qiagen)
before being centrifuged for 5 mins at 12,000g. The supernatant was decanted into
a fresh tube and the pellet was homogenised again with 500uL of 90@-MEhe
methanol suspension was thecentrifuged for 5 mins at 12,000g with the resulting
supernatant pooled into the ethanol extraction. The pellets were discarded. The
organic solvents were evaporated under reduced pressure usin§peedVac
(ThermoScientific) andare was taken to ensutbe samples did not compiely dry

out.

Organic Phase Extraction

500uL ethyl acetate was added to the extracts before mixiigprously and
centrifugingat 12,000g for 2 minutes. The organic phase of the supernatant was
then collected. These steps were repeated by adding a further 500uL ethyl acetate
with approximately 900uL of the organic phase collected at this point. The pooled

organic phases were thezvaporated to dryness using the Speed Vac.

Aqueous Phase Extraction

The aqueous phase contains conjugates of phenolic compounds that had to be
hydrolysed before further analysis. The procedure we used was suitable for
hydrolysing esters and glycoside®0pL 12M HCL was added to thgueousphase

(with an approximate final HCL concentration of 4M) before heating at 80°C for 60

minutes. The samples were then allowed to cool to room temperature. 100uL of
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the internal standard, orthanisic acid was then add to the samples and the

liberated phenolics were extracted as for theganic phase extraction listed above.

252 HPLC

Sample preparation

Sample preparation prior to HPLC was performed by Lionel Hill (JIC). 12Q¥. Me
was added to each sample, vortexed aambther 120uL of watewere added. This

was mixed again before brief centrifugation at 12,000 rpm. 200uL of the
supernatant was remeed and inserted into glass HPu@ls. Internal standasd

used were 4.387uM Orthoanisic acid mixed with a secondary stdnofa33.3uM
camalexin. When HPLC runs were set up to specifically look for SA a 10uM salicylate
in 50% MeOHstandardwas used. Where runs were set up to specifically look for

scopoletin a 0.1mM scopoletin in 50% MeOH standard was used.

HPLC Analysis

HPLGnalysis was performed by Lionel Hill (JIC) as described b&tmples were
analysed on a Surveyor HPLC system attached to a DecaXPplus ion trap MS (both
Thermo). Separation was on a 100x2mm 3u Luna C18(2) column (Phenomenex)
usinga gradient of methanolersus 0.1% formic acid in water, run at 250uL-fin

and 30°C.

Detection was by light absorbance and electrospray MS. Absorbance spectra were
collected from 206600nm, and additionally singl@avelength chromatograms at
298nm (bandwidth 9nm) and 320nm @dwidth 19nm). Positive and negative
mode electrospray MS data were collected in separate runs as the instrument is
slow when collecting both at the same time, leading to inadequate spectra
measured per chromatographic peak. In positive mode runs, theumsnt was set

up to collect full MS from m/z 162000 and datadependent MS2 of the most
abundant precursor ions at an isolation width of m/z 4.0 and 35% collision energy.
Dynamic exclusion was used to ensure that after two spectra had been collected in
0.5min, the precursor would be neglected in favour of the next most abundant
precursor for a further 0.5min; this maximises the amount of precursor ions for
which MS2 data are available. Additionally, in positive mode, the instrument
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collected targeted MSRI G F2NJ 0KS GNYyaArAdAzya wHnamib

(orthot YAAA O | OARO | Yy Ragmemtoabgvelnyze50 (sibgojmo f S
Targeted MS2 was carried out at an isolation width of m/z 3.0 and a collision energy

of 35%.

In negative mode, the instruménvas set up to collect full MS and dadependent
MS2 as for positive mode, but additionally targeted MS2 of precursor ion m/z 137

at an isolation width of 3.0 and 35% collision energy.

Spray chamber conditions were 50 units sheath gas, 5 units aux®g&; 8apillary
temperature, and a spray voltage of 3.8kV (positive) or 3.5kV (negative) using a

steel needle kit.

2.5.3 Metabolite Effect on Pathogen Growth

To assess the ability of PANRIuced metabolites to inhibit pathogen growth
agueous and organic extracts froB. napustissues at various time points and
treatments were collected as described above and mixed with a 50% PDB growth
media. Specific quantification of different pathogerira;ns subsequently is

describedelsewhere
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2.6. Analytical Methods

2.6.1 lllumina -based RNAseq

RNAsamplessent for analysisvere composed of RNA pooled from 8 different
biological replicates per treatment and tinpoint. The samples were analysed by
Glagiow Polynomics at the University of Glasgow, prepared according to lllumina
TruSeq RNA Sample Preparation Guide using the lllumina TruSeq RNA sample
preparation kit starting with fig of total RNA. For the library validation, the library
concentration was raasured with Qubit, followed by quality assessment with a
Bioanalyser and library quantification with Kapa kit using Optikon PE&H
machine. The libraries were then sequenced on lllumina Genome Analyser IIx
(GAlIx), and the raw fastq data files contagigualitypassed 73base long reads,

were generated for each sample separately with CASAVA software.

2.6.2 Aligning lllumina reads to B. napus
pseudomolecules

Reads wereaaligned with Mag v0.7.1 (Li et al. 2008) against a pseefErence
sequence specially developed fBr napusas described in Higgiret al. (2012).
Reads were aligned to the pseudomolecule assembly version 4 (Bancroft, 2011).
This comprises two variantd around 90,00@rassicaunigenes representing the A

and C genome homoeologues for each. The Maq pileup files were parsed to count
aligned reads and calculate a normalised RPKM value (reads per kilobase per million
mapped reads) for each unigene variamrassicaunigenes were functionally
annotated by programmatic reference to a ptemputed BLASTN analysis versus

the TAIR1@\. thalianagene models.

2.6.3 PAMP-induced transcriptome analysis

Any unigene with less than 0.02 RPKMaaly time point or treatments was
removed before further analysis. Fold expression data was calculated between 1
and 0 hours, and 3 and 0 hours, and converted to log2 expredRimn.data was

deposited in the EMBL short read archive under accession numb@4B&76.
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2.6.4 Mapman Analysis

The unigene expression dataset annotated with TAIR9 AGI numbers was adapted
for use in the Mapman program in the following ways. Only a single AGI number
could be inputted into the program, so redundancy (as a result of homeologous
copies of the gne in B. napusor false positive BLASTN hits) was removed by
including only the unigene with the highest basal expression at theiyédn point.
Expression was converted to log2 reads per million and inputted into Mapman
using theA. thalianaaccession nmber references as described by Thimm et al.
2004. Specific MAPMAN modules used in the analysis were the Metabolism
Overview, RLKs (Shiu, 2001), Transcription Factors and the Cellular Response

Overview module.

2.6.1 Association Genetics

Association mapping waserformed as described by Harpet al (2012).A mixed
linear model Genome Wide Association Study (GWAS) was run using TASSEL (Trait

Analysis by aSSociation, Evolution and Linkageww.maizegenetics.ngt Trat

data used was the predicted mean of eathit. SNP data was produced as
described in Harper et al 2012, with alleles below a frequency of 0.05 omitted
leaving 62,980 SNPs assigned to the A and C genome pseudomolecule assembly
(Bancroft,2011, Higgens@2). The Traits, kinship matrix (Harper, 2012 and SNP
map were entered into Tassel V.3.0 (Bradbury, 2007) to run a mixed linear model to

give the statistical significance of the association and the trait being investigated.

2.6.2 QTL Mapping

For QTL mappinde lines of the double haploiB.oleracea ssp alboglab@ & ! mH €
A12DHd) andB.oleracea ssp italid ¢ DNB Sy 5 d@yw&e udésl 5Boubhan et al
(1996 producedan original restriction fragment length polymorphism (RFLP) map
of this cross, and this populatiomas subsequently used to develop an integrated

map with additional amplified fragment length polymorphisms (AFLP) and simple
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repeat sequence (SSP) marketsoaincluded (Sebastian, 2000). The integrated
AFLFRFLP map ayailable from http://www.brassica.info/CropStore/maps.php
used in this study can be seémfigure 2.1 and 2.2Quantitative trait loci were

identified using MapQTL version 5 (Van Ooijen, 2@8Kking a LOD threshold of 3.0.

2.6.3 Prediction of codon use changes of A12xGD SNPs

Codon use of the SNPs within A12 and GD, used to produce-synonymous (NS)

SNP list, were created by a custom script courtesy of Martin Tdi€k Norwich,

UK) The scrip aligned unigene sequenciom the B. napusconsensuswith A
thaliana cDNA sequence to identify the most likely ORF for the unigene. A12 and
GD consensus unigene sequences were then aligned in the predicted ORF to
produce a NS SNP list.

2.6.4 Genotyping with KASPar markers

Genotyping the A12 x GD cross using KASPar markers was performed by Richard
Goram DNA was amplified using a Kbioscience (now LGC Genomics) HC16
KERNROBOfSNE 4A0GK t/w O2yRAGAZ2YE &St | OO:
was stampedn to 96 well PCR plates using a FluidX DNA stamper then dried. Each
sample then had PCR mastermix dispensed on to it using a Kbioscience Meridian
liquid dispenser. A BMG Pherastar plate reader was used to measure final

fluorescencewith KlusterCaller sbfiare used for genotyping.
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2.6.5 Sequence alignments

A number of different programs were used for the alignment of DNA and AA
sequences. Extraction of specific unigene sequences, individual reads and predicted
consensus sequence for A12 and GD mRNA seq was done in (Vald&in1.13;

Milne, 2013).Allignment of reads betweenA. thaliana and Brassica unigenes,
prediction of codons and AA sequence prediction was done in Genious software

(version 1.1; created by Biomatters), or Clustal X (version 2; Larkin, 2007).

2.6.6 Statistical Tests Used

The Specific statistit tests used are described in the text, and were primarily
performed in either excel agenstat(Version 15.2)For mapping multiple repeats of

the same trait, predicted means were generated for each line based on at least 4
complete experiments (each witat least 8 internal biological repeats). The
predicted means were generated using a mixed linear model in Genstat taking line
as a fixed variables, and experiment and plate FdOand ROS assays) as random

variables.

2.6.7 Bioinformatics Tools U sed

Table 4summarises the bioinformatics tools, and associated websites used in this

study.
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Chapter 3 : Methods to Study PAMP-
Triggered Immunity in  Brassica napus
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3.1. Aim

Theresearch presented in this chapter had the aim of developing the techniques
needed to investigate PTI Brassicaspecies. This was broken down into three
main objectives. The first was the development of robust assays to explore PAMP
responsesin B. namus @ NA S & & inditligydalySc@ll signalling events,
transcriptional changes, physiological changes at the cell wall and the effects o
PAMP treatment on development and pathogen resistanddie second objective
was to characterise the genome widemnscriptional changes seen upon PAMP
treatment usingmRNAsequencing includinganalysis of the genes and pathways
that are upor downregulated ly flg22 inB. napusand to begin to understand how

a genomewide transcriptional response of this nature d¢®ordinated within a
complex genome. The final objective was to look at the natural variation of PAMP
responses within a subset of genetically diverse lines and to assess the feasibility of
QTL mapping and GWAS of PAMP respondésassica

3.2. Introduction

Quantifying immune outputs downstream of PRRs are the primary means for
assessing PTFor example apid MAP kinase (MAPK) phosphorylati@# " influx

and an oxidative burst are PTI responses that occur within minutes following PAMP
perception (Boller &elix 2009). TheseARIPresponses have been demonstrated

in species as diverse as grapevine (Dub#dailrizi et al. 2010), barley (Proels et al.
2010),B. oleracea(Dunning et al. 2007), tomato (Nguyen et al. 2010) and soybean
(ValdésLopez et al. 2011).

Before modern PTI/ETI and PAMP/MAMP terminology became widely, ased
number of earlyexamples of responses to chitin or chitosan have historically been
shown in rice cell cultures including measurement of plasma membrane ion fluxes,
phytoalexin accumulabn and chitinase expression (Kishimoto et al. 2010; Kuchitsu

et al. 1997; Yamada et al. 1993; Nishizawa et al. 1999).

Substantial transcriptional changes occur rapidly upon PAMP treatment and specific

marker genes can be used to quantify PAMBponsiveess (Zipfel et al. 2004;
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Navarro et al. 2004; Zipfel et al. 2006; Wan et al. 20B&MPresponsive genes
have notpreviously been pholishedin B. napus but there is a wealth of reported
early induced marker genes for interactions wigblerotinia sclerabrum (Zhao,
2009 Yang, 200pand P. syringae(Stearns, 2012jor example. These are likely to
be effective PAMPresponse marker genes as wellarge scale transcriptome
analysis is a powerful method for identifying novel PAM&ponsive genes, and has
been carried out inA. thaliang soybean and rice (Akimofbomiyama et al. 2003;
Navarro et al., 2004; Zipfel et al. 2004; Valdépez et al. 2011)Microarrays
developedfor B. napushave been used tnvestigate genome wide transcriptional
responsedo pathogens includingclerotinia (Zhao, 2009 and also one published

study looking at the response Bf napugo chitosan (Yin, 2006).

Callose deposition has alé®quently been used to evaluate PAMP responsHse
role of callose deposition in resiste@ against importanBrassicgpathogens such
asLeptosphaeria maculapnXanthomonas campestris pv. campes#igl Sclerotinia
sclerotiumis still largely unknownLuna et al (2011) highlightl how variable
callose depositio can be, with changes in tempéuae and growth conditions
affectingthe ability to mount the responsdts usefulness then as a discriminatory
tool to investigate different brassica genotypes might be limitddgnification is
another pathogen response, but is relatively underrepresentn the literature
because of a lack of durable assays for it. Lignificatigh tifalianaroots mediated
by isoxaben has been quantified using a phloroglucinol based assay (Deness, 2011),
and flg22 treatment does increase vascular lignification in ledtns (Adams
Phillips, 201D

Assessing metabolomeide changes after PAMP infiltration or pathogen infection

is rare in the literature. Specific metabolites have been quantified after PAMP
treatment however, including widespread measurementled hormores ethylene

and SAFelix, 1999Tsuda, 2008 andthe reduction inauxin (Spoel, 20Q8Navarro,
2006). Shenke et al (2011) reported flg22 to increase levels of the metabolites
scopoletin, a phenolic compound, and camalexin, a phytoalexin. Glucosinolate

production is also commonly studied as a resistance mechanism against pathogens
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in BrassicagMithen, 1992), and it would be interesting to see the overlap between

PAMP and pathogeresponsive glucosinolates.

An assay for PAMP responsiveness widely used is ##dBed resistance (PIR).
The protective effect of PAMP treatment, or crude bacterial/fungal prapans,

on subsequent pathogen growth has been demonstrated clearhj.irthaliana,
where the application of flagellin or its derived peptide flg22 reduced the
subsequent growth of the bacterial pathogens Pto DC3000 (Zipfel et al. 2004) and
Xanthomonas aapestris pv. campestri€Sun et al. 2006), the fungu& cinerea
(Ferrari et al. 2007) and the oomycdtlyaloperonospora arabidopsidisabro et al.
2011). In other plant species, flg22 has been shown to induce resistance to Pto
DC3000 on tomato (Nguyen at. 2010) andSclerotinia sclerotiorunon soybean
(ValdésLopez 2011). Mcetylchitooligosaccharides can induce resistance to

Magnaporthe grisean rice (Ning et al. 2004).

In order to assess the variability of some of the PAMP responsdrassica
varieties, linesfom the OREGIN diversity set were usedtaining traits of interest

to breeding programs hftp://www.oregin.info). In this diversity panel the line

Temple is the common female parent in multiple crosges1.9. As suchit is the
ideal background to develop PAMP response assays in, as any contrast in response
between Temple and another line in the panel can be investigated in a mapping

population.
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3.3. Results

3.3.1 The Oxidative Burstin Brassica napus

Dose esponse curves were produced for flg22, elf18 and ©@S@entify optimum
concentrations of PAMP for the oxidative burst assEye optimum concentrations
for the bacterial peptide PAMPs wagtween 50 andlOOnM, with no significant
increase in ROS pastishpoint €ig 3.1A, B.). This isimilarto previous findings i
thaliana (eworutzi, 201Q. The optimum concentration of CSC was 1mg/ml with
significant inhibition of the responses seenragher concentrations. This may be a
result of long chain pgkaccharides in the crude crab shell preparation inhibiting Ca
> influx, a necessary prerequisite upstream of ROS signalling. ithaliana
(Segonzac,20)® L{iQa I faz2 LkRraaAioftsS GKIFG &adzOK KA
N-Acetyl Glucosaminesequester H,O, itself or inhibit exogenousperoxidases
necessary for quantification of the ROS. 100nM elf18 and flg22 and 1mg/ml CSC

were utilised in most subsequent experimentsiess otherwise stated

The relative magnitude and timing of the oxidativer$t varied between different
PAMPS. flg22 consistently triggers a larger oxidative burst tifa8 at the same
concentration. The relative abundance of the different PRRs B napusis
unknown. Hficiency of RBOH activation and signalling output fromows PRR
complexesmay also differbetween cultivars The peptide triggered ROS was
between five and tedold more than the CSC triggered R@& 3.2 A-B), likely a
result of the impurities within the crude crab shell preparations as discussed above.
In all three cases #D, levels returned to resting state levels within 45 minutes of
PAMP treatmentf(g 3.2 A-B).
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Figure3.1 Dose response curves of the PAMIRygered oxidative burst irBrassica napus
The oxidative burstoseresponsecurves following treatment with(A) flg22 (B) elfd8 (C)CSC. Data is total
RLU observeadver 35 minutesin leaf discsfollowing PAMP application at different concentratiori3ata
represent summation of RLU readings ats#¢ond intervals over a period of 35 minut&sror bars are the
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In order to determine the best delopmental stage for ROS assays leaf discs were
taken from cotyledons, the first true leaf or second leavefoaf week old Temple
plants and treated with flg22 or CSC. There was no significant variation in total ROS
observed between the different leaves response to either PAMRig 3.3 A). In

subsequent assays the second leaves were usually selected for all ROS assays.

Because leaf expansion and cell wall remodelling requires reducing environments
and NADPH oxidase activiiy may have been that exnding regions of the leaf
would havea differentROS response after PANIBatment. To test this flg22 and
CSC triggered oxidative bumsas measuredn leaf discs from four different regions

of the leaf (proximal, distal, edge and middleNo significantdifference between

leaf disc samplingegionswas seen for either PAMRJ 3.3B).

As the CSC preparatiomas not sterile the effect of two different sterilisation
methods on the efficacy of the CSC was tested. Autoclaving and filter sterilisation
had no significant effect on the ROS produced after flg22 or CSC treatrfigr.3

C). This result also indicates that the activity of the crab shell preparation is not a
result of remaining bacterial peptide PAMP&rom bacteria in thecrabs gut for
examplg as activity was maintained after autoclaving. sAlbbsequentassays using

CSC were performed with autoclaved solutions.

In order to understand the relative magnitude of the oxidative burst between
Temple andhe A. thalianareference genotype Cdl the oxidative burst between

the two species was looked at it in response to flg22, elf18 and CSC. There was no
difference in the background )8, production in water treated samples between
Temple and Ced (fig 34 A-C). There was a significant (P=<01@sluction in ROS in
response to flg22 between Temple and -Oalith the B. napusvariety producing

about 70% of the ROS seenAnthaliana(fig 3.4A). No significant difference was
observed in total ROS produced in response to elfl8 and CSC betweewdhe t
genotypes(fig 3.4A-C) The oxidative bursts observed tine reference genotype

Temple are approximately equal in magnitude to those observed #®.Col
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3.3.2 Map kinases are rapidly phosphorylated after flg22
treatment in B. napus

MAPK cascades are the sequential phosphorylation of MAPKKKs, MAPKKs and
finally MAPKs (Tena et al. 2011) Ainthaliang two distinct cascades are activated
following flg22 treatment, namefMEKKsVKK4/5MPK3/6 and MEKKIMKK1/2
MPK4/11(Tena et al. 2011; Bethke et al. 201P)ing antibodies raised against
human P42/44 Erkl thePAMRdependantphosphorylation of MPKs iB. napus

was investigatedMAPK activation could be observed within five minutes of flg22
treatment comparedto water treated controls and was maintained at 15 minutes
post flg22 treatmentffg 3.5. The approximate sizes of the phosphorylated proteins
correspond toMPK3(44 kDa) andMPK6(48 kDa) inA. thaliana However, here

may only be very weasonservation of signalling roles, expression patterns #ied

interactionsof MPKs btweenA. thalianaand B. napugLiang, 2013).

3.3.3 PAMP-Induced Callose Deposition in B. napus

To investigate callose deposition B1 napus leaf tissue was stained with aniline
blue 24 h after infiltration with H20O, flg22 or CSHynificantly more callose
depositswere seenafter PAMP treatment thamafter water control in Templéfig
3.6 A,B). As the number of deposits were less tlaaml more sporadic across the
leaf disc tharin some published studigiuna, 201Xor example) anotheB. napus
genotype, POSH MC169 was also investigafdus line has a stroeg ROS
response to flg22han Templgfig 3.22)so more extensive callose deposition might
also have been observed in &ignificantly more callosgepositswere observed in
POSH MC169 than Temple in response to both flg22 andfigS8C7 (C,D). This
might suggest that Temple has partial impairment in Callose deposition, or
potentially that there is very wide genotypic diversity in PAMP responsive callose

deposition betweerB. napugyenotypes.
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Figure3.6 Callose deposition ifB. napus
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callose between Temple and POSH MC169 by total deposit counts (C) and microscopic co
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3.3.4 PAMP-Induced Seedling Growth Inhibition

PAMP applicatioran inhibitseedling growth irA. thalianaand otherBrassicaceae
(Dunning et al., 2007; Vetter et al. 201R).Temple gnificant growth inhibition can
be seen in response to flg22, elf18 and C&C3(7 A, G, andthe effect is dose
dependent (i 37 B). Growth in PAMP media also often resulted in high
anthocyanin deposition within the cotyledons compared to water treatedtrols
(fig 37 C). This highthroughput assay could be readily applied to laspale

screens for quantifying PTI withiBrassicgpopulations.

3.3.5 PAMP-Induced Lignification

Lignin has been reported to accumulate during pathogeeractions(Lee, 2001,
Mohr, 2007, and within the vasculature ok thalianacotleydons infiltrated with
elf18 (AdamsPhillips, 201Q)Toinvestigate the possibility of PAMPs inducing lignin
in the absence ofa pathogen PAMPInfiltrated leaf strips were stained with
phloroglucinol, a stainspecific for crosslinked lignans(Pomar, 2002) PAMP
treatment alone never resudd in observable lignin above water controls. In
combination with wounding however, PAMP treatmehd result in extensive lignin
deposition around the wound siterore extensivehan the wounding alonef(g 3.8

A, B).
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A) Seedling growth inhibition d. napusn liquid MS media containing H20, flg22 (100 1
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vascular lignification stainingn B. napus.

A) Leaf strips of Temple wounded with forceps and submerged in H20 or PAMP solt
24hrs kefore clearing and phloroglucinol staining. Wound sites are labelled with arro
20mm leaf discs wounded with forceps and treated with flg22 (100nM) before lignin st
with phloroglucinol. C) Phloroglucinol stain of 6 day old Temple seedlingsesgédnin H2(
and flg22 100nM for 24hours prior to staining. D) Phloroglucinol stain of 6 day old 1
seedlings submerged in H20 and flg22nM with or without Isoxaben 0.32mM for 24
prior to staining.
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To investigate PAMP induced lignin in root uss seedlings germinated in liquid
media and transferred to PAMP media for 24 hours prior to sampling were cleared
and stained with phloroglucinol. FIg22 treated seedlings displayed vascular lignin
deposition with very little lignin staining in cortical epidermal root tissuedi@ 3.8

C). It was reported that Isoxaben, a gluconase inhibitor graventsnormal cell

wall development and mimics cell wall damagmuld induce extensive root
lignificationand would serve as a good positive control for a root lignin phenotype
(Deness, 2011)o see if PAMP treatment enhanced isoxaleduced lignification

of root tissues, Temple seedlings were treated with combinations of flg22 and
Isoxaben 24 hours priorotsampling. Flg22 treatment did not increase isoxaben
induced lignification(fig 3.8 D). Isoxaberinduced lignification had a different
distribution to flg22 treatmenbeing found &tensively spread throughout different

root tissueswith the exception of le root tip(fig 38 D).

As phloroglucinol staining is a qualitative measurement it was necessary to try and
get an accurate quaitation of PAMRinduced lignirobserved in leaf discén order

to quantify absolute lignin content a thiglycolic acid préeifion method was
developedfrom (Mohr, 2007)et al. The method first extracts insoluble lignin
before acid hydrolysis results in the release of lignans, which can then be quantified
by recording absorbance at 486nt 6 hours after PAMP infiltration ére was
significantly more flg22 and CSC induced lignim thater treatment or wounding

(fig 3.9 A). Wounding alone did not result in increased ligniiohr et al (2007)
identified the optimum time to record®’st DC300thduced lignin was 72 hours post
inoculation. To investigate this lignin quantification was performed on leaf discs at a
later time point of 72 hours. At this time point flg22 treatment did result in higher

levels of lignification (fig 3.B), but this was not observed for CSC treatment.
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Figure3.9 Lignin quantification in PAMP treateBrassica naputissue.
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3.3.6 lIdentifying PAMP -responsive marker genes in
Brassica napus

Two different approaches were used to identify PAMBponsiveB. napusgenes

that could be used as PTI markers. A first approach was to focBsassicagenes
previously reported as being induced during the interactionBofnapuswith S.
sclerotiorumat early time points after infection (Zhao et al. 2009), orBamapus
orthologues ofA. thalianagenes ugregulated upon treatment with flg22 (Zipfel et

al. 2004).The expression of a range of candidate marker genes was assessed and of
theseBnMPK3, BnMPKahd BnWRKY 3@ere consistently ugegulated upon flg22

and CSC treatmentfig 3.10 A-C) making them effective markers for PAMP

responses ifBrassicas.

3.3.7 Genome wide changes upon PAMP treatment in B.
napus

In a second approach, we investigated genemide changes in expression through
lllumina sequencing of total RNA extracted from leaves treated for 0, 1 or 3 h with
100 nM flg22. mRNAeqguence reads were aligned to tBe napugpseudomolecule
assemblyand quantified as the number of reads per kB per million mapped reads
(RPKM) Bancroft, 2011Higgins et al 2012). There were 59,118 unigenes in the A
genome and 61,594 unigenes in the C genome with sufficient expression (>0.002
RPKM) at all three time pointsotbe included in the analysiAgpendix ).
Annotation of theB. napusunigenes was performed using BLASTN analysis of the
unigene sequence against the TAIR. $halianagenome database using arvglue
threshold of 1E30. Substantial changes in gene mgsion wereobserved after
flg22 treatment withapproximately 35% dB. napuggenesincreasing or decreasing
more than two fold after 3 h (Table 1J.he number of unigenes up or down
regulated was higher at 3 hours than 1 hour post PAMP treatment (Tablé4 list

of flg22regulated genes provides a valuable source of candidate marker genes for

investigating PTI iBrassicas.
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Figure3.10 PAMP-responsive marker genes i. napus.
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3.3.8 Co-ordination of PAMP -Responsive Transcription
Between the A and C Genomes

As a tetraploidB. napuscontains the complete A and C genomes of ance®ral
rapa and B. oleraceaesulting in multiple copies of the same gene found between
orthologous chromosomes. In order to understand better howtedraploid
coordinates a specific transcriptional response to an external stimuli, a comparison
of the expression profiles was made betweé¢he A and C orthologs of flg22
induced genes. Most unigenes that were-nggulated more than 4old on PAMP
treatment had a similar expression pattern between orthologous copied,there
was a highly significant (p<0.0001) correlation between A and C genome
orthologous gene expressioffig 3.11 B). The correlation is greatethree hours
compared to one hour post PAMPeaitment (ig 3.11 A, B). A large number of
flg22 respnsive unigenes werestill genome specifichowever, with predicted
homeologous copiesat being ceexpressed togetherfig 3.11 C. This might be
due to the higher false positive mtat two fold expression change®r mis

annotationof unigenesafter BLAS@&nalysihowever.

3.3.9 Functional Characterisation of up -regulated
unigenes in B. napus

Consistent with their phylogenetic relationship, the high degree of synte
between the two species allowannotation of the B. napusunigenes withA.
thaliana accession numbersThis allows the characterisation of unigenes using
bioinformatics resources that have been developed around the model species. In
order to understand the functional roles of flg22 responsive genesAthihaliana
geneontology (GO terms database was usdd annotate theB. napusunigenes

In the upregulated unigenes there was an enrichment of genes associated with
transport, response to stress arsignal transductionfig 3.12A, B).GOterms more
often associated with the genes dowrgulated by flg22 ere linked to electron
transport, cell organisation and biogenesis, development d@DNA or RNA
metabolism (fig 3.1, B).
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Correlation of log2 fold expression fBr napusunigenes present in both the A and C genomes at (A
hour and (B) three hours after PAMP treatment. C) Genome specific up regula®mapusinigenes
Numbers indicate number of unigenes two four fold up or downregulated three hours after flg:
treatment in B. napusUnigenes are grouped into A genonspecific(blue), C genome speciffoed) or
unigenes caup or down regulated between orthologous copies (purple).

89



transport
response to stress
signal transduction

A Genome

unknown biological processes

protein metabolism

response to abiotic or biotic stimulus
DNA or RNA metabolism
developmental processes
transcription,DNA-dependent

cell organization and biogenesis
electron transport or energy pathways

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

transport

signal transduction

response to stress

unknown biological processes
protein metabolism

response to abiotic or biotic stimulus
DNA or RNA metabolism
developmental processes
transcription,DNA-dependent

cell organization and biogenesis
electron transport or energy pathways

C Genome

0.2 0.4 0.6 0.8 1 1.2 1.4 16

Ratio Up-regulated genes / Down-regulated genes

Figure3.12 Functional characterisation of flg22 responsive genegiassicanapus.

Ratio between flg22 upegulated and dowsregulated unigenes within specific &@rm categories. Bars in t
indicate categories thaare enriched in the upegulated genes. Bars in green indicate categories that were eni
in the flg22 down regulated genes.



The annotation oB. napusunigenes withA. thalianaGOTerms also allowed the
sub-cellular location of the associated pesh to be identified. Unigenes up
regulated by flg22 compared to down regulated genes saw an enrichment of
proteins localising to the raleus, extracellular space andlgi apparatusf(g 3.13.

This perhaps indicates that a large number of transcriptiantdrs are being
expressed at this time (includingany WRKranscription factordAppendix }) as

well as the secretion of defence linked gersesh aschitinasesinto the apoplast
many examples of whichre upregulated inB. napusby flg22(Appendix 3. Over
represented in the dowsregulated genes are proteins localising to the chloroplast
(fig 3.13), which is aonsistentobservation amongst whole genome expression

analysis after PAM#®Peatment (Navarro, 2004).

Using theB. napusunigenes andA. thaliana annotations Mapman (Thimm et al.
2004) was used to identify processes and gene families that were expressed or
down-regulated by flg22 Notable clusters of ugegulated genes correspond to
enzymes involved in phenylpropanoid lignin and glucalste metabolic pathways

(fig 3.14A). The WRK¥ranscription factor family was alssironglyup-regulated by
flg22 (fig 3.15B). There was a downegulation of pathways involved in
photosynthesisstarchregulation and carotenoid syntheqitg 3.14A, B.

Significant upregulation of LRIRLKS was observed, including most of familyfigll (
3.15 A). The orthologues of the LFERKS-LS2, EFR, BAKS% well as the LysiRLP
LYM2and LysMRLKCERK1wvere all upregulated to a similar extenafter flg22
treatment, whereas the LRRLKBRIL1 (the brassinosteroid receptor) was not

affected in its expressiorii§ 3.15A, 3.15).
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3.3.10 PAMP Induced Resistance in B. napus

Therestriction of pathogen growth following PAMP infiltration is a common assay
in many different systemsincluding A. thaliana (Zipfel, 2004) Nicotiana
benthamiana(Hann, 2007, tomato (Nguyen, 2010koybean(ValdésLépez 2011
and rice (Ning et al. 2004)To assess the role of PAMP application in inducing
disease resistancén B. napus we developed assays around the use of three

different pathogensP. syringaeB. cinereaand Slerotinia sclerotiorum

P. syringaeDC3000s a commonly studgtbacteriumin model systems and strain
that constitutively expresses thd UXCDABBEoperon (UXhrcG) has been
developed andused in highthroughput disease resistance screensAinthaliana
(Fan et al. 2008)Io avoid potential ETI responses in bacterial assays a Pto DC3000
hrcG strain lacking a functional typéaree secretion systemvasgeneratedin the
LUXCDABE backgrounBoth strains are luminescent and quantifiable with a
photometer, although the HrcQloes have a slightly lower of luminescence for the
same number of bacteridi§ 3.17 A). There was eery clearsimilaritybetween the
lumines@nce and bacterial number B. napudeaves over a thre€ay timecourse
following the inoculationof both straing(fig 3.17B, C). There was approximately
50-fold increase in LUXrelG photon counts over 3 days, similar to that previously
reported for the HrcG mutant in A. thaliana (Hauck et al.2003). Growth was
significantly reduced after 100 nM flg22 treatment compared to the water

infiltrated control fig 3.18 A, B.
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of Psedumonas syring:

(A) Luminescence of bacterial suspensions (OD 0.02) or liquid medi@ro(@&h of Pt
DC3000 LUXCDABE in Temple over three days. The correlation between CFU
was highly gnificant (R2 = 0.89%2 (C) Growth of Pto DC3000 LUXCDABE- fim
Temple over three days. The correlation between CFU and RLU was highly sit
(R2 = 0.9412). Error bars on the RLU are the standard error of 16 biological re}
Error bars orthe CFU are the standard error of 6 biological replicates.
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Figure3.18 PAMRInduced resistance iBrassicanapus

A) Growth of Pto DC3000 hreldxCDABE after PAMP treatment by measuring faitatons recored
over 5 seconds of sampling. B) Heat maPtf DC3000 hreQuxCDABHfiltrated Temple leaf dis
(D=20mm) three days after infiltration recorded by NightOwl Imaging software. The scale
fluorescence is indicated on the bar on aethide. flg22 (100 nM), elf18 (100 nM) and CSC1
g/L) treatments reduce sympins caused byBotrytis cinereaD) Symptoms caused bSclerotini
sclerotiorumwere not reduced after infiltration with flg22 (100 nM), elf18 (100 nM) or CSC (:
Scat corresponds to -No lesion, 2no spreading lesion,-@sion ,<= 10mm, 4 lesion >hfn, 5 Lea
disc fully consumewith extensive aerial hyphaé.indicates a significance (p<0.01) biest betweer
PAMP and water treatment.
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In order to investigatehe effect of PAMP préreatment on fungal pathogens @&.
napus the ability of flg22, elf18 and CSC to restrict symptom developmer. of
cinerea and S. sclerotiorumwas determined Consistent reduction in disease
symptoms caused bB. cinereafter PAMPreatment was measuredand this was
always greatest after CSC applicatitig 8.18 G. No decrease in symptoms caused
by S. sclerotioruncould be observed after PAMP treatmefig(3.18 ), which may
be due to thestrongvirulence of the strain usedn Temple It will be interesting to
test if PAMP treatment can affect disease caused by less virulent straifs of
sclerotiorum.Our results nevertheless demonstrate that PAMBuced resistance
provides a quantifiable measure of PTIBn napus which could be extended to

screening with other PAMPs and/or pathogens.

3.3.11 PAMP Induced Metabolome Changes in B. napus

Quantifying the increase in defence related metabolitesild be used t@ssesshe
innate immune response inrassicasA preliminary investigan was carried out

on PAMP induced metabolites iB. napus.In order to understand the effect of
flg22 treatment on the metabolme as a whole, HPLC and mass spectrometry was
performed on flg22 treated or untreate®. napustissue at 6 and 48 hours post
infiltration. Metaboliteswere extractedn organic phase solution (free metabolites)
and aqueousphase after acid hydrolysis (for phenolic compounds, glycosides and
other conjugates)After flg22 treatment nearly 10% of all uniqyeaks identified

by mass spcweretwo fold greater or less after PAMP treatment at 6 hours in both
organic and aqueous extractions (table).6The effect of PAMP treatment was
greatest at48 hours, with 12.4% and 9.3% individual peaks more than two fold
greater in organic anéqueous respectively, with 16 and 18.1% down regulated
more than two fold {@ble 6. This suggests that flg22 treatment does trigger large
metabolome changes iB. napusand it would be interesting to identify some of

the inducedor repressed metabolites
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As well as looking at metabolome wide changése induction of specific
metabolites previously reported to be flgzBsponsive was also investigate8A
has been reported tde induced at the earliest sigs of PAMResponsein A
thaliana (Mishina, 2007, Tsuda, 2008 B. napusflg22 did induce an increase in
SA levels at 6 hours post flg22 treatment, an oeee-fold increase over water
controls €ig 3.19 A, B). This igonsistentwith the level of induction previously
reported in A. thaliana by Tsuda et al, 2008.Interestingly, there was also an
increase in the level of SA in the aqueous extraction, suigpgethat the level of SA
might be a result of de novosynthesis instead of the hydrolysis of stores of
glycosylated SAi¢ 3.19B). By 48 hours post PAMP treatmg8A levelsreturned
to the background level seen in ndreated samples, suggesting a tsaent SA

burst after flg22 prception.

Camalexin and scopoletin are two other compounds previously reported to be
induced byflg22 (Shenke, 2011)Higher levels of camalexin in the organic phase
were observed at 6 and 48 hours post flg22 treatmdig 8.20 A). No change in
camalexin in aqueaisamples was observed (fig 38D Despite clear peaks being
identified in the water controls, there was no observable scopoletin in any of the
flg22 treated samplegfig 3.20 B). This might be a result of its comaption during

the oxidativeburst (Leving1994). There was no increase in glycosylated scopoletin
(scopolin) at 6 hours post flg22 treatment, but there was approximately 50% more
hydrolysed scopoletin at 48 hours post flg22 treatment compared to watetraisn

(fig 3.20 B).
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In order to see any direct fungpxic effect of extracted metabies from PAMP
treated samplescompared tocontrol extractions, the growth oB. cinereain the
extracts was recorded for three days pasbculation Germinatingsporesof GFP
taggedB. cinerean the absence of metabolites rapidly grew in the liquid media
with increasing fluorescence observed until 3dfig (3.21 A, B).All extracted
metabolite solutions, at both 1 and 0.01% concentration, saw limited or no growth
of B. cineregast germinationfig 2.21A, B). There was no discernible difference in
the effect ofmetabolites fromPAMP treated extracts and water treated controls on
the growth ofB. cinereaThe presence of EtOH at equivalent volume to the extracts
slowed the growth oB. cinereaat both 1 and 0.01%g 3.21A, B) In order to see

an effect of PAMP treated metabolites compared to water controls it may be
necessary to lower the concentration of the metabolites even further below that
used. A difference may also be seen when the rbelites are applied only after
spores have germinated, as there maybe metabolites expressed at a basal level that

inhibit germination, as gposed to growth of the pathogen.
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Figure 3.21 Growth of B. cingea in metabolite extractions afte
flg22 treatment.

Fluoresence ofjerminatingB. cinereaspores 2.5x16 sporegml) in MS media in
96-well plate over three days in a range of different metabolite solutions.
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3.3.12 Natural Variation in PAMP Responsiveness in B.
napus

Further to the demonstration that theB. napusvariety POSH MC169 had
significantly higher PAMP inducible callose than the variety Tenigl8.6 C, D)

the variation in the oxidative burst betwedB. rapuslines was investigated. TH&
napus cultivars investigated arepresent in the genetic diversity set OREGIN
containing traits of interest to breeding progms (http://www.oregin.info).
Qubstantial variationwas foundbetween cultivars in the oxidativeurst respons to
flg22, elfl18 and CSdig(3.22 A-D). Some cultivars such as POSH MC169 gave a
consistently strong response to all three PAMfRg 8.22 A-C, red bar). Notably,
cultivars with a strong response to one PAMP did not necessarily give astron
response to other PAMPs. Ningyou, a cultiveat is verysusceptible td_. maculans

(Fitt et al. 2008), had a high response to flg22 and very low responses to elf18 and
CSCfig 3.22A-C, yellow bar). In contrast, Capitol responded strongly to elf18 and
CSC but very weakly to flg2&y(3.22A-C, green bar). No significant variation was

found in the background levels ob® between accessiondig 3.22D).

106



noASuiN
691D N Yysod
a|dwa)
adey'say'e
CLTNL
SYINL
Jopide}
)0y
pieue)
Ajzziio
BUOJIA

Hi| 1031ded

8
~
junod uojoyd |ejoy)
uononpoid sOY

fig22

— 800
600 1
400 -

0 4

>

0T

A

69T N Ysod
Jonden
Ajzzin
CLTINL
pieued
ajdway
@}oy

H| noASuin
adey'say’e
BUOIIA
Jopidey

SPINL

2388 °

(s0TX unod uojoyd |er0))
faa) uononpoid sOy

CSC

|oaide)
adway
69TJ N Ysod|
adeysay'e
Jopide]
CLTNL
1300y
BUOIIA
Ajzzuo
SPINL

il noASuiN
pieued

o
<

{:0TX 1unos uojoyd |ejo})

o

02
=

o ©o o o
m o~ - (o]

uonanpoad sOY

L o

uonanpoid sOY

pieue)
10y
adey'say'e
noA3uiN
[oyided
Ajzzin
69TJ N Yysod

SYTNL
BUOIIN
lopide]
ajdway
CLTINL

(:0T 1unod uojoyd |ejo} )

(@]

Figure3.22 Variation in PAMP responses betwedh napuscultivars.

A-D) Oxidative burst in response to flg22 (100 nM), elf18 (100 nM) or CSC (4 ¢
H20 treatment. Data is expressed as total photon counts over 40 minutes with

bars representing the standarérror of 8 biological replicates. Cultivars discusset

the text are highlighted in the following colours: Temple (blue), POSH MC169 |

Capitol (green), Ningyou (yellow).
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3.4. Discussion

In this chapter a range of techniquebave been developedto enable
characterisation ofthe PAMP responsen B. napus The assays cover early
molecular events occurring within the first hour of PAMP perception,
transcriptional and metabolomic changes within three hours, cell wall
reinforcement observed over days dnmethods to investigate the increase in
pathogen resiance PAMP perceptiocauses The assays developed here have
wide applicability in many different future studies, andsihoped that tools such as
the PAMP induced transcriptome will be a valuablsowgce to the brassica
research community in the futur&he remainder of thiproject is to take some of
these assays and assess the natural variation betvieassica genoptypesand to
investigate the genes giving rise to this variatigssuch only a few of these assays
areused again within this project, and their suitability as mapping tools is discussed

here.

The observation that the oxidative burst is highly polymorphic between cultivars of
oilseed rapef{g 3.22) is important. As a ligh throughput response, quantitation of
the oxidative burst lends itself well to large population genetics, including QTL
mapping and associative transcriptomi@is approach has beatemonstratedin
soybean, where Valdekzopez et al (2011) used the dative bust in esponse to
flg22 o map fourQTL between parents with variation in quantitative resistance.
With a wealth of mapping populations with segregating quantitative resistance in
brassicaspecies, including the recently fine mapped Tapidoor xy)n cross (Qiu,

2006) it would be interesting to see how diverse these lines are in PAMP response.

At least two separate MAPKs are phosphorylated within five minutes of PAMP
treatment and the two bands correspond in size to AtMPK3 and AtMPHK&sIt
been suggested byianget al 2013) that the functions of MAf3 betweenA.
thalianaand Brassica may not be entirely conserveddentifying the exact MAPKs
that have been phosphorylated in our study then, would require significantly more

work. It would be nteresting to see if elf18 and CSC also lead to a similar response.
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The assay is nohighthrough-put and therefore notamenable to QTL or GWAS

studies.

PAMP inducedatlosedeposition has been observed in many different systems, but
may not be suitable tven handling multiple genoptype#.is high throughput, but

the assay is unreliable with largetiin-genotype variation (fig 3,6ad). Luna et al
2011 reported that callose deposition varied substantially with environmental
conditions and the timing osampling and warned oflrawing conclusions on
defence related signalling based on callose alghéhoughan attempt has been
made to quantifythe callose here (fig 3.®, c) it is ultimately a qualitative
measurement based on the presence or absencealibse. As variation existed in
0KS aAl S 2F AYRAODGARdzZ f RSLIardas | YSI &ad:
fewer, larger deposits might be more physiological relevant than many smaller
ones. This issue may be solved by assessing the relativesitiyten the callose stain
across samples instead of total deposfegs seen in Luna, 2011 for example).
Nevetheless the difference between Temple and POSHMC169 is striking,
potentially indicatingimpairmentin PAMP and wound induced callose in the line
Temple, which should be considered if any of the mapping populatidrese it is

parentare to bescreened.

Examples of PAMiAduced lignification are rare in the literatur@®damsPhillips
2010 is an example)but it is more frequently observed duringathogen
interactions Mohr, 2007, Lee, 2001 Three different methods were developed
here for assessing PAMRduced lignin.The phloroglucinol staining used here did
capture PAMRnduced lignification, but thisis difficult to quantify directly.
Flurometric measurements of the red stain are difficult, not least because of the
insolubility of lignin resulting in a suspension of insoluble lignans instead of a
consistent solution.Phlorogluwinol staining of woundedeaf tissue did reveal
enhanced lignification after PAMP treatment, but onily conjunction with
wounding (fig 38, A, B. It is unclear if the combination of PAMP plus wounding
resulted in higher lignification because of the cumulative effect of wound an
PAMP signalling, or a result of increased penetration of the PAMPs after cuticle

damage.This result might suggest that PAMP perception is involved in the normal
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wound responses in leaf tissue, as any open wound in natural environments would
be flooded wvith flagellinexpressing microbed.he interaction between JA mediated
wound responses and FLS2 signalling is unclear, with Dennes et al (2011) reporting
JA as having an inhibitory effect on cell wall dam@gé/D)mediated lignification

In the same studRBOMW mutants were reported to have decreased CWD induced
lignification, suggestinga complex interplay between ROS and JA mediated
responses at wound sites. How PAMP perception or PAMfggered ROS
production interacts with lignification processes renmito be studied in model

systems.

Absolute quantification of lignin through a dglycolic acid precipitation method

did show an increase in flg22 triggered lignin production at 24 and 72 hours post
PAMP treatment, but this was not consistent with CSdiegoon, which might be

a result of the lower efficacy of the CSC preparation used (as sdéigrB8i@A). If the
assay were to be developed furthanvestigating the temporatlynamicsof the
response would be necessary to identify optimum sampling candit All three
methods of assessing lignin trialled here would be amenable to high throughput
study inBrassicgpopulations. As lignification responses have been suggested to be
essential in resistance th. maculans(Fitt, 2008), looking at the diversitgf
pathogen, PAMP or wounding induced lignifcation segregatingpopulations
displaying quantitative resistance (for example Darmor x Eurol (Huang, 2009))
might be fruitful. As ROS is reported to enhance wound induced lignin (Denness
2011) it would alsobe interesting to observe the lignification phenotype of POSH
MC169, which produces high® in response to all PAMPEg(3.22 and has a high

pod shatter score, a result of elevated lignification between the valve margins of
seed pods (Ostergaard, 2006

Identifying PAMP responsive marker genes was essential, and genes previously
reported as being wpegulated early in the interaction witBclerotiniaZhao, 2009)
did show a similar expression pattern on flg22 and CSC treatment at 1 and 3 hours
after gpplication (fig 3.0). MPK3, MPK4and WRKY33nhave all been reported
previously as being upegulated by flg22 i\ thaliang (Navarro, 208). Although

we saw maerate levels of induction of 4 to 8 fold for these genes, some genes
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have been reported withignificantly higher levels of induction which might serve
as bettermarkers including~RK1At2g17700and NHL10(Albrecht, 2012 L,ozane
Duran, 2013) All three of the marker genes selected are core components of PTI
signalling and might be expected to haaeimilar level of inductiobetween flg22

and CSC (fig 3.10

The genomewide transcriptomics of PAMP treatdgl napugissue has produced a
valuable resource for th8rassicaesearchcommunity. Such extensive changes to
the expression profile oB. napus where approximately 3% of all genes were
more than fourfold up or down regulated by flg22, are similar to what has been
reported before inA. thaliana(Navarro, 2004).The list of up and down regulated
genes annotated with TAIR descriptions adittclosestA. thalianaBLAST hit might
be useful for identifying new marker genes. From the W8sRKY2&ppears to be a
very strong candidate all 6 copies across the two genomes areragulated more
than 1000 fold, suggesting it is strongly inducedl aonsistent betweercopies
(Appendix1). Other good candidates includATNRT2 6annotated as a nitrate
transporter inA. thaliang and AT1G51800.1a LRRRLK. The expression profiles of
these putative marker genes need to be studied further under a wider range of

time points and PAMP / pathogen treatments.

The genes showing induction or repression by flg22 treatnieaadly agree with

the transcriptonal changes reported iA. thaliana and rice: a general down
regulation of photosynthetic and energy pathwaysc@nsistentlyobserved, as is

the high expression of genes functionally annotated as being involved in transport
and stress responseAkimoto-Tomiyama et al. 2003; Navarrd al., 2004;).The
observation that many nuclear localised proteins are induced at early time points
(fig 3.13) is another hall mark of early flg2flgged expression changes (Navarro,
2004).

The expression dataset as ipiesented here can also be used for further analyses.
The observation that the PRR&£S2, EF&d CERK®Are all similarly ugeguated
while BRI1is not (fig 3.1% might be used to identify other novel PRRs. AnyRRR
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or LYSM RLK showing a similar expsgon pattern to these PRRs could be identified

and studied further.

The annotation of theB. napusunigene models withA. thaliana identifiers has
allowed for functional analysis, but care must be taken that similar function is not
assumed for homologougenes between the two species (Liang, 2013). It is likely
that many BLAST hits Bf napuggenes are not hitting the most functionally related
target, especially for large gene families like the WRKY transcription factor. The
annotations must be taken as guide until propealignmentsof B. napuggenes of
interest andA. thalianasequence is performedOther potential issues arise from
functionally annotating drassiccaxpression set witi\. thalianadata. In the case

of udng MAPMAN analysis for example, homoeologous copies within the A or C
genome were discarded a huge of loss of potentially valuable candidate genes.
Approximately 10% of the genes showing greater th&aol8 up-regulation have no

clear homology t@. thdianagenes (Appendix 1).

As a tetraploigdthe genetics oB. napuss more complicatedhan A. thaliana and

to begin to understand how complex transcriptional responses are mounted across
a polyploidy organism a correlation of the expression level of dlogous genes
between the A and @enome was carried out (fig 3.L1IMost homologous pairs
were up or down regulated together suggesting a high comwation of the
regulation betweerhomologous genesThis analysis could be taken a lot further in
subsequat work, including the conservation and polymorphism of key nodes in PTI
signalling such asLS2potentially looking at homologas expression level angene

or promoter sequencalivergence PAMRInduced expression changes might be a
great model system for investigating transcriptional regulatioBimapusecause

of the high selection pressures on PRRs (Monaghan, 2012) and the potential benefit
of diversification of PAMIPecognition domains beteen redundant horeologous
copies.It would also be interesting to investigate the handful of genes that show
opposing levels of expression between homologs, althouwgimy of these may be

false positives as a result of extremely low basal expregsippendx 1).
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PAMRInduced resistance was assessed in thbesssicapathogensP. syringae B.
cinereaand S sclerotorum. P. syringaehas the advantage of being heavily studied
in A. thalianaand genetic resources exifgr it. TheDC3000 LUXCDABE Hgiin

is ideal for assessing PIRbmassicalacking a TTSS and growing relatively well on
the crop. Quantifying luminescence is a rapid means to measure bacterial growth
that lends itself well to large scale mapping programs. Significant reduction in the
growth of this pathogen was observed aftéreatment with flg22 (fig 3.18
Assessing3. cinerealesion size is another high throughput technique, although
quite variable between biological replicates. Significant reduction in symptoms was
observed after RMP treatment, particularly after CSC applicatifig 3.18). No
increase in resistance t& sclerotorum. was observed however after any PAMP
application. This may be a result of experimental conditions, where the
sclerotorum. was at optimum viruleoe and growing to rapidly to observe
moderate increasem resistance after PAMP treatment. A rangeSoéclerotorum.
isolates existhowever and it may be possible to find less virulent isolates.
Alternatively, it might be that the variety Temple worked here is particularly
susceptible to the strain, and assessing PIR 8zlerotorum. might be sucessful

on a more resistant line. Ideally maculansvould also have been included, as the
most destructive pathogen ddrassicasvorldwide (Fitt, 2008)but no viable PAMP
induced resistance assapuld bedeveloped for the pathogen. As maculanslso
takes a long time to develop, over a period of weeks, the impadaated dose of
PAMPs at a very early time point on the ultimate phenotype reconeedains to

be seen.

From the initial pilot experiment into PAMRduced wholemetabolome changes
there is potential to expand further and begin to characterise many of upe
regulated compounds.It is encouraging that the metabolites SA and camalexin
both known to be upregulated by PAMRsvere found in the extractednetabolites

(fig 3.19 3.2). The dataset does however contradict the guiously published
result that €£opoletin is induced by flg22 (Shenke, 2011). Although an increase in
PAMP treatedaqueous samples at 48hoursas observedwhich is likely to be a

combination of scopoletin and aclydrolysed scopolinin the organic extractions
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there was no detectablescopoletinpresent in any flg22 treated sample, despite
producing cdar peaks in tB water control.Levine et all (1994) suggest that the
cellularscopoletinis consumed in the oxidative burst by peroxides, but we still see
no scopoletin at 48 hours after PAMP treatment, whei®Hevels are assumed to
be much lower. Differences betweerthe study presentechere and the Shenke
(2011)experiments are the timing of recording at 24 hours post treatment, and the
extraction methodwhich used solid phase extraction caidges, which may result

in higher retention rates of scopoletin. As theyl diot partition the scopoletin into
organic and aqueous phases, it might be thidhe aqueous and organic data were
combined a single extraction of our samples would reveal an increase in total

scopoletin in flg22 treated samples.

The very large differece in PAMP responses measured betw&mapuscultivars
indicates that PTI could readily be mapped to test associations with quantitative
disease resistance. The identification of molecular markers associated with
guantitative disease resistance would l# considerable benefit inB. napus

breeding programs.

There are many different assays that have been reported in the literature that have
not been developed here, but may well be applicable toBrassica
Ethylene biosynthesis is one of the classiethods to measure flg22 response,
(Felix, 1999)Similarly lon fluxes and eary&* influx are key assays for PTIAn
thaliana (For example, Segonzac 201These are only possible onceguaroin
transformedBrassicdines are available, and this wastrwithin the scope of this
project. It would also be possible to screen a range of different PAMPs outside of
flg22, elfl8 and CSC. Peptidoglycan asidjogalacturonidescould be easily

screened in brassicas as Wa$ different preparations ofhitin or chitosan.

A range of assays have been developeB.imapughat dissect the PAMP response
at multiple levels, from early signalling to the induction of resistanidee tools
described here can haveidespread applicability in therassica research and

breeding communitySome of these tools have high throughput applicability and
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will be used in the following chaptets characterise PAMP responsiveness and

resistance in differenbrassicgpopulations.
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Chapter 4 : Association Transcriptomics of
PAMP Responsesand Pathogen Resistance
In Brassica napus
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4.1. Aim

The objective of the research presented in this chapter was to perform a genome
wide association study (GWAS) of PAMP responses and resistance withih the
napus association genetics panel developed by Bancroft and Andrea Harper
(Harper, 2012). The four traits to be mapped were the oxidative burst in response
to flg22 and elf18, and resistance to tlpathogensB. cinereaand P. syringae
These traits were phenotyped in 84 lines before previously identifSingle
Nucleotide Polymorphism (SNP) and Gene Expression Markers (GEMSs) in the
population were used in a GWAS to identify significant associations with the
observed phenotypic variation. Finally the correlation between PAMP responses
and resistance igliscussed as well as initidescriptionof significantly associated

genes.

4.2. Introduction

Association genetics is emerging as a powerful tool to identify the genetic basis of
phenotypic diversity. The approach takes underlying polymorphism within a large
population and correlates the SNPs withim quantitative traits of interest. Since

the first GWAS study investigating aggated macular bone degeneration in 2005
(Klein, 2005)the approach has become very common in human genetics studies.
High profile eamples include investigations into humawolutionary origins (Lim
2008;Garrigan 2006), success in school (Rietveld, 2013) and resistance to infectious
disease (Chapman, 2012). These studies typically investigate a high number of
sequenced individuals rging from around 100, for example the population of 96
used inKlein et al (2005), to over 10@O, such as the 126,559 transcriptomes used

in Rietveld et al (2013), allowing powerful statistical associations to be identified.

GWAS are increasingly beiagplied in plant research. Atwell et al (2010) published
a GWAS of 107 different phenotypesAn thaliana, including 23 defence related
traits such as recognition of the effectéwrRPM1PstDC3000 growth and aphid

fecundity. The results demonstrated th&WAS was possible within relatively
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complex plant genomes, although issues including polyploidy and population

structure between related lines are likely to complicate studies in plants.

GWAS have also been applied in crop plants. In Rice, an Affyi8étRxarray of
44,100 SNPs used to genotype 413 individuals was used in a GWAS to find loci
involved in phenotypes as diverse as flowering time, plant height\dagihaporthe
grisearesistance (Zhao, 2011). In maize, GWAS of traits such as leaf architecture,
kernel oil content and resistance to southern leaf blight have been performed (Tian,
2011; Li, 2013; Kump, 2012). In the latter study, Kump et al (2012) identified 6 RLKs
associated with defence within previously identified QTLs for quantitative
resistane, potentially indicating the power dhe method to identify novel PRRs
within crop species. In barley, 500 diverse cultivars were genotyped using an array
of 1,536 SNPs across a number of barley expressed sequence tags (ESTs) and used
in a GWAS to iderfyi variation behind morphological characteristics including
anthocyanin colouration and ear altitude (Cockram, 2010). Both the maize and
barey studies have been run using a relatively small number of SNP markers

however, limiting the ability to find novelssociations.

The further refinement of GWAS studies in these crops, and the development of

new GWAS populationss limited by a low number of identified SNP markers and

the lack of reference genomes to order them against. Advances in mRNA
sequencing technologies may help here as they are enabling high throughput SNP
identification protocols coupled with relativelyapid assembly of reference
sequences. mMRNgeq has another advantage of quawiifg variationm transcript

abundance as well as in nucleotide sequence, providing another potential source of
F3a20AF0A2y (2 LKSYy2(0@LIA O RyYaOMA LWKABA Q&ElQ
Harper et al (2012) who first used the method in a GWAS of oil quality traigs in

napus aplant with no previouslypublished genome.

In the Harperet al study, a pseudomolecule reference sequence Birnapusvas
produced by orderinghe illumina reads from the mRN#eq data against unigene
sequences arrangedn a preexisting SNP map. A panel of 84 lines was sequenced,

relatively few for a GWAS study, and these were selected from diverse genetic
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backgrounds representing seven diffetesrops types. The reads had an average
depth of coverage of 34.9 reads and 101,644 SNPs were identified across 11,743
unigenesin total. Howeverwith such a small population it was necessary to only

run GWAS using alleles found in greater than 5% ofpiyigulation in order to
prevent excessive false positives, reducing the number of Shescould be
mappedto 62,980. Using this SNP reference and unigene expression data they were
able to map loci known to be important for low erucidic acid content (teees

ERU1 and ERU2) and low glucosinolate content (HAG1), demonstrating a successful

proof of concept for usingssociative transcriptomics apolyploid crop species.

Many questions still remain about using tliee napusassociation genetics panel

develgped by Harper et lahowever. The two phenotypes investigated are both
relatively simple, conferred by single loci in the A and C genomes. Furthermore

both traits have artificially selected allelism present within the sequenced
population as deletons in ERMX 9w! H YR 1! D RSTFAYS WOl Yy
with superior quality oil found in most modern varieties. As such the robustness of

this mapping population to identify novel markers has not been tesisohg a

genuinely quantitative phenotype with nargviously characterised allelism. In this

study then, the association genetics panel developed by Harper et al will be used to

try and identify the genetic variation, botin sequence and expressiothat

underlies quantitative variation in PAMP responsel pathogen resistance.
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4.3. Results

4.3.1 Overview of Associative Transcriptomics Method

Four high throughput defence related traits were studied using GWAS: the flg22
and elf18 triggered oxidative bursts; resistanceRseudmonas syringae DC3000
LUXCDAB hrgCand resistance tdB. cinerea Phenotyping was performed four
times for each tré, and the final GWAS was run usithg predicted mean from a
mixed linear modein GENSTATaking line as a fixed model, and experiment and
plate (for ROS and DC3000 assays)random variables. Error bars in figures
depicting the predicted mean show the standard error of that mean. For each trait
a GWAS was performed using both SNP and GEM data, with results for each

presented separately.

4.3.2 Associative Transcriptomics of the f 1g22 Triggered
Oxidative Burst In B. napus

Significant variation in the oxidative burst was observed in the lines of the
associabn genetics panel (fig 41There wasgenerally goodreproducibilty
between phenotyping repeats, however one of the repela#sl higher than usual
variability between biological replicatesThe strongest responding line, NO1D
1330, had approximatelyen-fold more total luminescence than the weakest

responders Rocket x Lizard and Primor (fig 4.1).
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Figure4.1 The flg22 triggered oxidative burst in the association genetics mapping pan8ra$sica napus.

Total RLU observed over a 40 minutes time period. Data represent the predicted mean of 4 separate experiments each

biological repeats. Error bars show standard error of the predicted mean.
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A GWAS was run on the phenotypic data using the SNP and GEM information to
identify the most significant markers. Significant peaks were observed for both SNP
(fig 4.2) and G® markers for this phenotype (fig 4.3). SNP markers can achieve
significance through linkage to a causative gene, so true SNP markers must be
clustered together around a given log We see this effect here with clusters seen

on A3, A6, A7, C3 and C4, alilgh their significance is lower thdhe other traits
studied (fig 4.2). There were over 230 SNP associations to this phenotype with
significance above 005 (Appendix3, table 15. The top 50 significantly associated

SNPsre summarisedh table 6.

Beause expression can vary greatly between closely linked genes, a clustering
effect is not expected with GEM markers, as seen in fig 4.3. Furthermore the
candidates identified through th&sEM GWASmay be the causative gene of
interest. Amongst the tofb0 significantly associated GEM markers @K34nd

TIR1 defence related genes previously studiedAnthaliana(table 8). Also within

this list are PTR3involved in defence against bacteriand WRKY21(Appendix
4).The expression ofCTR1a negative egulator of ethylene signalling, was also
significanty associated with ROS response. Taehaps indicas that ethylene is

as essential for PTI B. napusas it is iPA. thaliana(Boutrot, 2012).

Although noSNP inFLS2or RBOHDwas found at high enagh abundance in the
population (5% to be included as a SNP markers, the expression variatibh$2,
the receptor for flagellin,is significantly associateavith the magnitude of the
oxidative burst with a gralue of 0.0037Appendix4). This can be serin greater

detail in figure4.4which plots expression against the flg22 triggered ROS score.
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SNP Significance (p)
JCVI_12463:129  4.63805E-06
JCVI_30759:518 1.72962E-05
JCVI_14795:1676  6.0592E-05
JCVI_30759:467  7.03307E-05
JCVI_33304:460 9.7997E-05
JCVI_30759:465 0.000100777
JCVI_10078:234 0.000103876

JCVI_2719:644 0.000119581
JICVI_7991:117 0.000126515
JCVI_12463:180 0.000188997
JCVI_12463:46 0.000210779
JCVI_33238:546 0.000235035
JCVI_11365:304 0.000251921
JCVI_13874:348 0.000272146
EX103538:405 0.00032358
JCVI_15947:250 0.000329204
JCVI_7991:149 0.000333365
CX192962:751 0.000387208
JCVI_3665:541 0.000414794
JCVI_29979:45 0.000447605
JCVI_1857:838 0.000454572
JCVI_23132:470 0.000454814
JCVI_3059:300 0.000476159
JCVI_8179:311 0.00048658
JCVI_20940:51 0.000487824
ICVI_7974:322 0.000499072
JCVI_2942:202 0.000501406
JCVI_6684:249 0.000506844
JCVI_14575:174 0.000530956
JCVI_2097:359 0.000541575
JCVI_583:233 0.000568781
JCVI_3961:297 0.000570532
JCVI_5214:926 0.000575748
JCVI_16241:957 0.000591545
JCVI_7974:498 0.000605492
JCVI_6767:295 0.00060789
JCVI_34009:584 0.000641444
JCVI_26740:389 0.000648
JCVI_36253:302 0.000657875
JCVI_27578:176 0.000672756
JCVI_14056:572 0.000696867
JCVI_12748:700 0.000709697
JCVI_17868:1294 0.000715694
JCVI_36898:123 0.000745433
JCVI_7541:361 0.000762134
JCVI_9864:532 0.000763114
JCVI_22578:590  0.00076909
EV196300:116 0.000777252
JCVI 10269:592  0.000787063

Table7 The 50 SNP markers most significantly associated with
flg22-triggered oxidative burst.
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Unigene At Accession

Tair 10 Annotation

Significance (p)

C_ICVI_27731 AT3G58680.1
A_EV025046 AT5G19360.1
C_ES914047 AT5G55940.1
C_JCVI_21002 AT2G26590.1
A_ES914047 AT5G55940.1
C_EVD25046 AT5G19360.1
A_JCVI_23682 AT3G17465.1
C_JCVI_9798 AT5G15450.1
A_JCVI_21002 AT2G26990.1
A_EX096842 AT5G01750.2
A_EV085469 AT5G57890.1
A_JCVI_18851 AT3G26170.1
C_JCVI_19563 AT2G33585.1
A_JCVI_15910 AT1G20670.1
A_EV174841 AT3G60245.1
C_JCVI_17889 AT1G65790.1
C_EX115551 AT4G15030.1
C_CD826806 AT5G07300.1
A_JCVI_26945 AT4G28025.1
A_JCVI_6339 AT5G64370.1
C_EE424660 AT1GO08510.1
C_JCVI_26802 AT1G08220.1
A_JCVI_7256 AT2G25730.1
A_JCVI_28242 AT1G48920.1
A_AM389775 AT2G26590.1
C_JCVI_19110 AT1G23190.1
A_JCVI_31949 AT1G16040.1
C_AM389775 AT2G26990.1
A_JCVI_2920 AT1G06460.1
A_EE424660 AT1G08510.1
C_JCVI_23682 AT3G17465.1
C_JCVI_26123 AT1G08510.1
C_EX096842 AT5GD1750.2
A_DYD0D9852 AT2G38140.1
A_JCVI_17151 AT2G16570.1
A_JCVI_117 AT1G06400.1
A_JCVI_28763 AT4G24920.1
A_JCVI_13023 AT1G27330.1
C_EX099001 AT4G35290.2
A_DYD13286 AT3G20000.1
A_JCVI_8950 AT4G02580.1
C_JCVI_11858 AT2G44450.1
A_JCVI_41863 AT4G19110.1
C_JCVI_2920 AT1G06460.1
A_JCVI_25962 AT2G31650.1
C_JCVI_36897 AT1G30510.2
C_EV225069 AT5G0S250.1
C_JCVI_29480 AT5G15570.1
C_JCVI_30615 AT3G62580.1

DNA binding / transcription coactivator
CPK34
EMB2731
FUS12 (FUSCA12)
EMB2731
CPK34
RPL3P
ATP binding / ATPase/ nucleoside-triphosphatase
FUS12 (FUSCA12)
unknown protein
anthranilate synthase
CYP71B19
unknown protein
DNA binding
structural constituent of ribosome
ARK1 (A. THALIANA RECEPTOR KINASEI)
unknown protein
BON2 (BONZAI 2)
unknown protein
PYD3
FATB
unknown protein
unknown protein
nucleic acid binding
FUS12 (FUSCA12)
intramolecular transferase, phosphotransferases / phosphoglucomutase
unknown protein
FUS12 (FUSCA12)
ACD32.1
FATB
RPL3P
FATB
unknown protein
PSRP4 (PLASTID-SPECIFIC RIBOSOMAL PROTEIN 4)
ATASE (GLN PHOSPHORIBOSYL PYROPHOSPHATE AMIDOTRANSFERASE 1)
ARA2
protein translocase
unknown protein
GLUR2
TOM40
ABP1 (ENDOPLASMIC RETICULUM AUXIN BINDING PROTEIN 1)
hydrolase, hydrolyzing O-glycosyl compounds
ATP binding / protein kinase/ protein serine/threonine kinase
ACD32.1
DNA binding / nucleic acid binding / protein binding / zinc ion binding
oxidoreductase
KIwIi
KIN2 {COLD-RESPONSIVE 6.6)
TIR1 (TRANSPORT INHIBITOR RESPONSE 1)

5.03852E-07
1.05455E-06
1.65894E-06
2.7296E-06
2.85154E-06
2.88844E-06
3.0706E-06
3.83963E-06
5.21696E-06
5.53029E-06
5.794E-06
7.30209E-06
7.59054E-06
8.94854E-06
9.33652E-06
1.17288E-05
1.25555E-05
1.27226E-05
1.29215E-05
2.3193E-05
2.76187E-05
3.06004E-05
3.52152E-05
3.74878E-05
3.85741E-05
3.97447E-05
4.0678E-05
4.07758E-05
4.21348E-05
4.25751E-05
4.36266E-05
4.46127E-05
4.5128E-05
4.76562E-05
5.61025E-05
5.72757E-05
5.77192E-05
5.80481E-05
5.82597E-05
5.88256E-05
7.10612E-05
7.40008E-05
7.43966E-05
7.89312E-05
8.22618E-05
0.000158275
0.000204063
0.00022008
0.000251224

Table8 The 50 most significantly associated GEM markers for the flgkiyerec

oxidative burst.

Unigenes inthe A or C genome are annotated with their predictacabidopsishomolog accessic
number and Tair 10 annotation.
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Figure4.4 FLS2 expression correlates with the flg22 triggered ROS burst in diff@eagsica napusarieties

Phenotyping scores represent the predicted mean of four separate experiments, each with 8 biological repeats. Errochteshieditandard error «
that mean. RPKM is the expression of the unigene-1€X¥10 (FLS2) in reads paillion as calculated in the mRM#&q of every line in the associat

mapping panel.
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A number of significant GEM markers include genes related to auxin signalling and
flowering  time. FUSCA12/COP12/CSN2,a negative regulator  of
photomorphohgenesis, ahABP1,an auxin binding protein are both significantly
associated with ROS production. The expression of the negative regulator of auxin
signalling, AXR3is also significantly associated with ROS. Auxin signalling and PTI
are well known to be antagonistipathways (Navarro, 2006), but it is interesting
that mRNA level of these developmental related genes at the seedling stage is
associated with a defence related phenotype within the adult plant§ (Beeks

old). The flowering time associated genf&A2, RIGIDAand MAF4 are also
significantly associated with the flg22 triggered oxidative bulgtpendix4). BON2
(BONZAI 2), a gene previously identified as promoting growth and repressing cell
death pathways (Yang, 2005), is also significantly associatedorésence of many
geneslike BON2, AXRand ABP1lin the associations suggests that interplay and
antagonism between development and defence might be a major determinant

behind the variability in PTI observed betwdamassicavarieties.

4.3.3 Associative transcriptomics of the elf18 triggered
oxidative b urst In B. napus

Significant variation in the elf18 triggered oxidative burst was observed in the lines
of the assciation genetics panel (fig 4.5 here was strong reproducily between
phenotyping repets. The strongest responding line, York, had approximately 20

fold more total luminescence than the wesdt responder Bienvenue (fig 4.5

Many significant peaks werobserved for both SNP (fig #.8nd GEM m&ers for

this phenotype (fig 4.)¢ Significah clusters of SNP markers can be seen on most
chromosomes, but standout peaks are observed on Al, 85ml C1, C5, C8 and
C9 (fig 4.5 There were over 1686 significant SNP associations to this phenotype
with significance above 005 (Appendix3, table 15). This is a lohigher thanthe

flg22 triggered oxidative burst (fig 3}.table 15), most likely a result of extremely
high similarity between the phenotgpscores over the four repeatsThe top 50

significantly assoated SNPs can be seen in table 9

128



600000

500000 +

400000 -
300000 +
200000 +

N1y |ejol

o

100000 H

BOA
Wojay J2aungs Wyl
L0 ay {Jafings wLIM

199MSE]|Y
ZN uoneEsuas

uey
OEET ATON
soumg

[ETE]

dng
se’&ﬁ”“
JE||915

eys
1 ;\ 12|10 e aunef
epnj

IA
Ajuopy

I|] wa|

oAelq
1a|0uqej)
eljeq

e[ pagtey
T hoAuery
BUOJIIA

aaea_gu! 3')’0 pidey

0T Jejsa

[oOqUBIa0g BYdSIIaqIS
euele

12uJage)

Jauuipn X uouueys
uok U3 g

saddig

E!\OPEJ)] B)SUaA0|S
Jouue

l O?J 1|u5ps JauneJg

Ja? elI0D)
azlld SIS UaapIaqy
LQ)PIN Xsngunjo)

|d J_
UOgEJV X eqinba
ULION
alpUBLIWIOY X Jaguiy
JO ST

ojde)
J0B1UO0) X EDU|
ssajdx; X Um0

a\de|5 exsde|s
nNap 1af
S)as1e|

saowlds JaBuuols aua0ln

¢ noAueny)
Lom;

ueol ow IN|01|d|9j)
JamoL e wa

agemo:) X eLIaque)
98& ojjod 'HOd

xassg Jem
JBZI'| X 15 1a)poa
anoa\ll(

JBIDQH |esi JpEW

S35 WeyY

ofeaep X uoinHy

aleleN ewnyngy

(ss} 101017

JEUE
i noASUIN
||uje:| umod

a Ly |
adey eueow ‘eUBOy
ojy|og
1900y
Jowu
jouanzny
eje
daleg
BJedseg X UasueH
oldweyy uoaaq
e
c noa\gu%xg cg-xady

|1 Buenyssuoyz
eal Bl 9AN0D
ofE|]

OOTD
nuauaig

Figured.5 The elf18 triggered Oxidative Burst in the Association Genetics Mapping Panel.

Total RLU observed over a 40 minutes time period. Data represent the predicted mean of 4 separate experiments each lagica8 t@peat:

Error bars show standard error of the predicted mean.
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Like the GEM associations found with flg22 Rtb&re are many defence related
candidates significantly associated with the elf18 ROS. Among the most significant
include PLDALPHA, Implicated in response to bacterial and fungathogens
(Zhao, 2013; Pinosa 201FPS5RESISTANT TO PSEUDOMONASGRNRBY a
well-studied R gene i\ thaliang and FLS2table 1Q Appendix4). Many genes
linked with development and auxin signalling are associated inclugMg2731,

AIR12and ARA2again {able 10.

Like with the flg22 triggered ROS associations, ngamnes reported to be at the
interface between development and defence trad#s have been found here.
These mclude BON2again andASB1/WEI7involved in ethylene sensitivity and

regulating auxin signalling in root formation (lvanchenko, 2008).

Quite strking in the list of significant associations with the elf18 triggered ROS
phenotype is the number of homeologous genes with similar significance.
Homeologous copies 0EMB2731, MAF4, AT1G45180d At4G21910are both in
within the top 50 most significant ges (able 10, and this trend is consistent
amongst many of the significantly associated GEM markers (Appdhdbhisis
probably a result of reads that cannot definitively be sorted to a specific
homeologue, and are countetivice. This would bringg homeologous copy up to

the same level of significance as tinee association.
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SNP Significance (p)
JCVI_5426:540 2.93087E-06
JCVI_1025:584 4.50754E-06
JCVI_28348:789 5.12596E-06
JCVI_29522:293 5.56471E-06
JCVI_5247:487 6.2173E-06
JCVI_13361:82 6.42292E-06

JCVI_15377:1688 6.69973E-06
JCVI_38356:525 7.31677E-06
JCVI_2212:243 8.6665E-06
JCVI_23376:605 9.63102E-06
JCVI_36053:423 1.00229E-05

JCVI_B81:120 1.02311E-05
JCVI_5290:556 1.02804E-05
JCVI_8575:309 1.12247E-05

JCVI_23722:450 1.13565E-05
EV177399:325 1.16122E-05
JCVI_1808:875 1.21808E-05
JCVI_3889:520 1.21953E-05

JCVI_B81:123 1.23611E-05
JCVI_3212:212 1.28127E-05
JCVI_3899:441 1.37983E-05

JCVI_23130:527 1.42493E-05
JCVI_3889:483 1.57841E-05
JCVI_5247:383 1.75291E-05
JCVI_19553:415 1.79794E-05
JCVI_13518:295 1.85222E-05
JCVI_5094:417 1.87421E-05
JCVI_12883:369 1.92393E-05
JCVI_3551:1149 2.19148E-05
JCVI_21901:84 2.23527E-05
JCVI_2264:609 2.24584E-05
JCVI_25931:123 2.32199E-05
JCVI_29040:87 2.48486E-05
JCVI_2663:639 2.51861E-05
JCVI_10273:403 2.594E-05
JCVI_2252:631 2.81779E-05

JCVI_21063:1013 3.07329E-05
JCVI_5259:761 3.09681E-05
ICVI_7772:797 3.16895E-05
JCVI_3889:384 3.27666E-05
JCVI_22224:496 3.34445E-05
JCVI_11571:333 3.36876E-05
EE443270:357 3.41695E-05
JCVI_38604:822 3.43997E-05
JCVI_21141:402 3.4431E-05

EX088011:31 3.48116E-05

JCVI_16818:353 3.49917E-05

ICVI_3734:127 3.50523E-05
JCVI 58:655 3.55971E-05

Table9 The 50 SNP markers most significantly associated with the e
triggered oxidative burst.
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Unigene At Accession Tair 10 Annotation Significance (p)
C_EXD91048 AT3G54730.1 unknown protein 1.71904E-14
C_ES914047 AT5G55940.1 EMB2731 1.80926E-14
A_ES914047 AT5G55940.1 EMB2731 3.76229E-14
C_ES268132 AT1G45100.1 RNA binding / nucleic acid binding 7.32148E-14
A_ES268132 AT1G45100.1 RNA binding / nucleic acid binding 7.73893E-14

A_JCVI_40926 AT2G02790.1 calmodulin binding 1.21328E-13
AICVI_B71 AT5G65070.1 MAF4 (MADS AFFECTING FLOWERING 4) 3.54364E-13
A_JCVI_11056 AT3G07390.1 AIR12 2.59681E-12
C_JCVI_671 AT5G65070.1 MAF4 (MADS AFFECTING FLOWERING 4} 6.24476E-12
A_JCVI_1851 AT3G15730.1 PLDALPHA1 (PHOSPHOLIPASE D ALPHA 1) 1.5042E-11
C_ES266017 AT1G53290.1 transferase 2.2318E-11
AJCVI_117 AT1G06400.1 ARA2 3.00854E-11
C_EE470178 AT1G25220.1 ASB1 (ANTHRANILATE SYNTHASE BETA SUBUNIT 1) 7.77244E-11
A_EV091400 AT3G21350.1 transcription regulator 8.05593E-11
A_FV085469 AT5G57890.1 anthranilate synthase 2.94776E-10
A_JCVI_2237 AT1G09560.1 GLP5 (GERMIN-LIKE PROTEIN 5) 3.53722E-10
C_DYD17708 AT2G47240.1 catalytic/ long-chain-fatty-acid-CoA ligase 4.94744E-10
A_JCVI_13747 AT3G04830.1 unknown protein 6.65704E-10
A_EV176450 AT2G47400.1 CP12-1 1.03983E-09
A_JCVI_20466 AT4G05530.1 oxidoreductase 1.70143E-09
A_JCVI_19685 AT5G39990.1 acetylglucosaminyltransferase 3.64933E-09
A_JCVI_29249 AT5G17090.1 unknown protein 4.18488E-09
C_EV223893 AT3G15640.1 cytochrome-c oxidase 4.65741E-09
C_JCVI_12512 AT1G70090.1 transferase, transferring glycosyl groups 6.33108E-09
A_DW997756 AT1G11750.1 CLPP6 7.12515E-09
A _EE550992 AT5G17600.1 protein binding / ubiquitin-protein ligase/ zincion binding 7.40341E-09
C_EV098999 AT1G12220.1 RPS5 (RESISTANT TO P. SYRINGAE 5) 8.87237E-09
A_JCVI_7814 AT3G17000.1 ubiquitin conjugating enzyme 9.05235E-09
A_ES908224 AT1G62660.1 hydrolase, hydrolyzing O-glycosyl compounds 1.16419E-08
A_ICVI_9934 AT1G16445.1 S-adenosylmethionine-dependent methyltransferase 1.29198E-08
C_EE481041 AT5G58340.1 DNA binding 1.42845E-08
A_ICVI 27469 AT1G11790.1 amino acid binding / prephenate dehydratase 1.56064E-08
A_JCVI_25395 AT5G64140.1 RPS28 (RIBOSOMAL PROTEIN 528) 1.58125E-08
C_CV432194 ATA4G21910.2 antiporter/ drug transporter/ transporter 1.59674E-08
A_JCVI_2288 AT5G16310.1 ubiquitin thiolesterase 1.65854E-08
A_ICVI_21967 AT4G21910.2 antiporter/ drug transporter/ transporter 1.70819E-08
C_JCVI_18490 AT5G54970.1 unknown protein 1.80783E-08
C_JCVI_3099 AT1G52400.1 BGL1 (BETA-GLUCOSIDASE HOMOLOG 1) 1.89881E-08
A_EE432561 AT5G04480.1 unknown protein 1.93631E-08
A_DY003910 AT2G17430.1 calmodulin binding 1.99908E-08
C_JCVI_1094 AT5G16330.1 unknown protein 2.15685E-08
A_JCVI_21419 AT2G42470.1 unknown protein 2.32729E-08
C_ICVI_20724 AT3G06700.1 structural constituent of ribosome 2.33359E-08
A_JCVI_4113 AT3G54400.1 pepsin A 2.34432E-08
C_JCVI_ 16168 AT1G13930.1 unknown protein 2.39287E-08
A_JCVI_26945 AT4G28025.1 unknown protein 2.45331E-08
A_JCVI_6138 AT1G75380.1 unknown protein 2.55095E-08
A_JCVI_38115 AT1G05210.1 unknown protein 2.59932E-08
C JCVI 21419 AT2G42470.1 unknown protein 2.94059E-08

Table 10 Top 50 most significantly associated GEM markers for the etfiggerec

oxidative burst.
Unigenes in the A or C genome are annotated with their prediétebidopsishomolog accession numk
and Tair 10 annotation.
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4.3.4 Associative Transcriptomics of B. cinerea resistance
in B. napus

Identifying novel genes responsible for resistancéBtainereais traditionally very
difficult. No typical R genes are known to work againg tlecrotrophic pathogen

and the majority of resistance is described as gehjic, quantitative resistancés

such previous QTL mapping experiments have rarely foamy genes which
contribute in a significant way to a resistance phenotype. Because of this,
association genetics, which finds an abundance of associations each with a small
phenotypic effect, might be an ideal method to understand the allelic variation tha

gives rise td. cinerearesistance in crops.

We see significant variation in the symptoms causedbginereaacross the lines

of the association mapping panel (fig8}. The most resistant lines were Victor,
Ragged Jack and Quinta, with Ka@f&y andWestar 10 the most susceptible.
Westarl0 has previously been published as being susceptildle toaculanstem
canker development, another fungal pathogen with necrotrophic life cycle stages
(Zhao, 2009).

Significant SNP clusters could be found acrossggnome, with weltlefined clear
peaks observed on Al, A2, A5, A8, C1 and C59jigrtotal over 341 SNP markers
were significantt@ble 11, table 15, Appendix3). 913 significantly associated GEMs
were identified fig 4.1Q table 15, Appendix4). A very high number of genes
associated with flowering time are found amongst the GEM associations including
FT(FLOWERING LOCUSAGL20AGAMOUS LIKI) andAP1(APETALA 1japle

14). This might perhaps be expected, Jsresponsive related genes are often
linked with the induction of flowering, and many significantly associated GEMs are
linked directly taJAor ET signalling includingALP.
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Figure4.8 Botrytis cinerearesistance in the association genetics mapping panel.

Lesion size 3dpi with agar plugs of Botrytis cinerea in 20mm leaf discs .

Data represent the predicted mean of 4 sppanagsisxeac

with between 8 and 16 biological repeats. Error bars show stethdrror of the predicted mean.
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SNP Significance (p)

JCVI_28491:830 1.50517E-05
JCVI_20199:88 3.28878E-05
JCVI_40480:1060 3.3126E-05
JCVI_27253:128 3.97008E-05
ICVI_2306:434 4.39665E-05
JCVI_2306:440 4.39665E-05
JCVI_2306:507 4.39665E-05
JCVI_2066:257 5.03472E-05
JCVI_35224:178 6.48976E-05
JCVI_2066:85 6.66713E-05
JCVI_3124:419 6.709E-05
JCVI_35224:143 7.14014E-05
ICVI_41844:798 7.39818E-05
JCVI_18398:579 8.31989E-05
JCVI_3670:857 9.64896E-05
ICVI_4689:182 9.64896E-05
JCVI_4689:299 9.64896E-05
JCVI_18006:1587 0.0001006
DY015167:397 0.000102614
JICVI_25167:62 0.000103108
JCVI_2306:384 0.000105547
JCVI_6942:539 0.000131825
ICVI_6942:466 0.00013414
JICVI_6942:481 0.00013414
JCVI_6258:761 0.000138379
JCVI_26002:1218 0.000140836
JCVI_6942:991 0.000146546
JCVI_358959:1603 0.000148665
JCVI_6942:640 0.000154251
JCVI_11003:171 0.000164753
JCVI_4992:323 0.000166232

ICVI_26441:775 0.000178779
JCVI_25470:556 0.000179601
JCVI_11003:666 0.000180566

JCVI_6942:196 0.000183721
JCVI_6942:198 0.000183721
JCVI_26002:39 0.000150436
JCVI_4854:693 0.000154088

JCVI_11015:1886 0.000201093
JCVI_29656:461 0.000204223

JCVI_8133:335 0.000206322
JCVI_35899:1597 0.000208647
JCVI_22084:521 0.00021456

JCVI_5376:523 0.000224081

ICVI_4992:314 0.000225451

JCVI_3933:110 0.000234189

JCVI_2306:536 0.000236624
JCVI_12766:101 0.000237403

EV145122:279 0.000259139

JCVI_5840:1477 0.000263843

Tablel1l The 50 SNP markers most significantly associated witr
Botrytis cinerearesistance
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Unigene At Accession Tair 10 Annotation Significance (p)
C_JCVI_40108  AT1G65480.1 FT (FLOWERING LOCUS T} 1.52394E-12
A_JCVI_40108  AT1G65480.1 FT (FLOWERING LOCUS T} 1.80287E-12
A_JCVI_31384  AT5G60360.1 AALP 5.53002E-09
C_JCVI_2518 AT2G45660.1 AGL20 (AGAMOUS-LIKE 20) 6.21268E-09

C_ES989775 AT4G19350.1 EMB3006 EMBRYO DEFECTIVE 3006 2.45756E-08
A_EV091356 AT2G45660.1 AGL20 (AGAMOUS-LIKE 20) 4.70707E-08
C_JCVI_31384  AT5G60360.1 AALP 5.91898E-08
A_JCVI_39987  AT5G19010.1 ATMPK16 6.51164E-08
C_JCVI_16293  AT5G60710.1 protein binding / ubiguitin-protein ligase/ zincion binding 1.10967E-07
A_EX100045 AT5G22850.1 pepsinA 1.46354E-07
C_EV145529 AT5G59880.1 ADF3 (ACTIN DEPOLYMERIZING FACTOR 3) 4.35267E-07
C_JCVI_5007  AT5G37740.1 unknown protein 5.26445E-07
A_JCVI_4782 AT2G01520.1 unknown protein 5.69856E-07
A_JCVI_26231  AT5G55990.1 CBL2 8.88772E-07
C_JCVI_4782  AT2G01520.1 unknown protein 1.0176E-06
C_JCVI_42533  AT1G07600.1 MT1A (METALLOTHIONEIN 1A) 1.07723E-06
C_EL589622 ATAG02425.1 unknown protein 1.16037E-06
C_EV195750 AT5G03910.1 ATATH12 1.17811E-06
A_JCVI_6943 AT1G23860.1 SRZ-21 1.21813E-06
C_JCVI_13458  AT1G04400.2 CRY2 (CRYPTOCHROME 2) 2.15941E-06
A_DWS99E159  AT5G60370.1 unknown protein 2.18403E-06
A_JCVI_11438  ATAG24730.2 hydrolase/ protein serine/threonine phosphatase 2.19441E-06
A_JCVI_18380 AT2GA3820.1 UDP-glycosyltransferase/ transferase, transferring glycosyl groups 3.35929E-06
A_JCVI_23335  AT3G11520.1 CYCB1 3.48492E-06
C_EV163457 AT4G34590.1 GBF6 3.48689E-06
C_DY026614 ATAG22890.5 unknown protein 4.8461E-06
C_JCVI_28976 AT5G05610.1 DMA binding / protein binding / zincion binding 4.94209E-06
C_JCVI_29467  AT2G44230.1 unknown protein 5.04202E-06
C_JCVI_7295  AT3G07310.1 unknown protein 5.11867E-06
C_EE558140 AT1G79570.1 ATP binding / protein kinase/ protein serine/threonine kinase 5.12351E-06
C_JCVI_26073  AT2G04350.1 catalytic/ long-chain-fatty-acid-CoAligase 5.1783E-06
A_JCVI_24096  AT1G26930.1 unknown protein 5.35296E-06
A_JCVI_18970  AT5G53440.1 unknown protein 5.78395E-06
A_JCVI_5649 AT3G15510.1 ATNAC2 6.72174E-06
C_EV110599 AT4G21910.1 antiporter/ drugtransporter/ transporter 8.42444E-06
C_JCVI_33010 AT3G18295.1 unknown protein 8.51336E-06
A_EEA47559  AT5G08520.1 DMA binding / transcription factor 9.23496E-06
A_EV049523 AT2G43370.1 RMA binding / nucleicacid binding 9.77757E-06
C_DY020927 AT5G60120.1 TOE2 1.05277E-05
A_JCVI_13341  ATAG01480.1 inorganicdiphosphatase/ magnesium ion binding / pyrophosphatase 1.19053E-05
C_JCVI_39987  AT5G19010.1 ATMPK16 1.22561E-05
A_JCVI_40790 AT1G78130.1 carbohydrate transporter/ sugar porter/ transporter 1.28833E-05
A_JCVI_17091  AT3G01470.1 ATHE-1 1.32174E-05
A_JCVI_19610 AT5G18660.1 PCB2 (PALE-GREEN AND CHLOROPHYLLB REDUCED 2) 1.41322E-05
A_JCVI_33137  ATI1G55160.1 unknown protein 1.43844E-05
A_EV054282  AT2G45740.1 unknown protein 1.46954E-05
C_EE425481 AT3G06145.1 unknown protein 1.90548E-05
A_JCVI_28953 AT5G59660.1 ATP binding / kinase/ protein serinefthreonine kinase 1.94059E-05
A_JCVI_13763  AT1G69120.1 AP1(APETALAL) 2.0978E-05
A JCVI 24083 AT4G02450.1 unknown protein 2.22149E-05

Table 12 Top 50 most significantly associated GEM markers Rwotrytis cinere:

resistance.

Unigenes in the A or C genome are annotated with their predidiedbidopsisiomolog accession numkt
and Tair 10 annotation.
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4.3.5 Associative  Transcriptomics  of Pseudomonas
syringae resistance in B. napus

The lines of association genetics panel were next inoculated Rith DC3000
LUXCDABIrcG. The assay measured tiheminescence of the strain in the liquid
meda surrounding each leaf disc (eigter repeat) with fluorescence recorded at
day 0, 1, 2 and 3. The trait that was mapped was the predicted mean fold increase
of luminescence for each line between day O (witaim hour of inoculation) and

day 3. Increases in luminescence betwd&o andtwenty eightfold was observed
within the association mapping panel. Darmor, Slapska Slappy and Rocket were
highly resistant to the pathogen and Siberische Boerenkool and Br&atmenittkohl

were the most susceptible.

There are relatively fewer distinct SNP peaks associatedRvilgringaeresistance
compared to other traits, but peaks on A4, A10, C4 and C9 ared&i¢e and well
defined €ig 4.12, table 13, table 1}k In total202 SNPs were significantly associated
with the trait. GEM markers were also relatively sparse across the genome with 512
significant hits foundtéble 14). This is likely a result of the variability within the
phenotyping.

In the absence of &aTSSanda significant reduction in the delivery of effectors, we
expect to be identifying candidate GEMs not linked to any specific R gene, as was
the case when Pst resistance was mapped using GWASHhaliana(Atwell, 2010).
Defence related candidates incimg AtMKK6 and UDRGIlucosyltransferasare
amongst the most significantly associated, and again, like the other traits studied,
there is an abundance of genes linked to development and flowermadyding
BON2, TMECand SPA3Table 4).
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