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Abstract

Variety resistance is an important tool in controlling against plant pathogens. As temperatures
increase de to global warming, t@peratureresilientresistancemay play an important role in

crop protection. Howeverthe mechanisms behind temperatwsensitivity of the resistance
response is poorly understood in crop speci@sd most of our knowledge comes from studies
on the model plant Arabidopsis thaliana This project aims to further understand the

temperaturesensitivity ofBrassica napusesistance againdteptosphaeria maculans

Field anccontrolled environment expgments were dondo investigate the effects of cultivd
gene-mediated and quantitative resistance and weather on the severity of phoma stem canker.
Higher maximum June temperatures were found to be related to phoma stem canker severity;
this effect wasreduced in cultivars with good quantitative resistance. Tlgpothesis thatR
genes operate in the stems of adult winter oilseed rape plants, providing some protection
againstL. maculansvas supported by a controlled environment stem inoculation assay. A

constantly elevated temperature of 25°C appeared to redinig effect.

Suppressor of NPR1, constitutivBr§NCLL (an ortholog of anR-gene that mediates high
temperature inhibition of resistance iA. thaliang, andFocBrlwhich confers resistamcto
Fusarium oxysporurin Brassica rapawere investigated fotheir roles in the temperature
sensitivity of resistance iB. rapa TILLING mutations in the genes showed phenotypic
differences inL. maculansnoculation assayat 20°C and 23C. FocBril mutants displayed
higher susceptibility at 2& compared to thavild-type, whereadBBrsncimutants showed what

is hypothesised to be an autoimmune respoas20°C and 25C. It is postulated that, analogous
to the mechanism i. thaliang BrSNC1s a temperaturesensitive component in thB. napus

resistance response.

B. napus Rjene introgression linebopasRIm7and Topaskim4were found to be temperature
sensitive and-resilient, respectively, from cotyledon inoculation assays at 20°C and 25°C.
Differences in defence related gene expression, including pathogeretaised protein 1 PR)

(a salicylic acid inducible marker gene) were explored using qPCR arse&NAwer levels of
PRlexpression were found in Top&m7lines compared to the teperatureresilient Topas
RIm4line at 25°CFurther identification of otkr genes expressed differentially in Togaén4
compared toTopasRIm7may provide useful molecular markers that could be used by breeders
to guide their selection oB. napuscultivars with temperatureresilient resistance tad..

maculans



These three stdies provide greater understanding of different aspect8dssicadefence at
elevated temperatures;specifically inhow quantitative resistance is affected by high
temperatures, theroles oftwo specific defence related gen&SNChnd FocBrland gene
expression differences in temperatureensitive andresilientRgenes. These findings provide
valuable information that increases the scope for developing oilseed defter suitedto a

warming climate due tgreatertemperatureresilient resistance tphoma stem
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1 General introduction

1.1 Climate change impacts on crop diseases

Climate change presents a great threat to agricultural productigstens and food security.
Alongside more direct outcomes, such as quickening of plant development, climate change will
impact greatly on plant diseases (Bebber et al., 2013; Newbery et al., 2016). Current models
forecast an increase in weather variabilityd a greater incidence of extreme weather events.
Temperatures are predicted to increase in Europe, with the most substantial changes seen at
high latitudes (Northern Europe), at night and during the winter (Rosenzweig et al., 2001,
Sieboldandvon Tiedenann,2012).

1.1.1.Influence of €mperatureon crop diseases

Weather is known to be a primary factor influencing plant disease epidemics; plant pathogens
are highly responsive to humidity, rainfall and temperature (Anderson et al., 2004; Sgiubld

von Tedemann, 2012). Temperature is predicted to be the most figmit environmental factor
influencing pathogen spread and development (Sietanid von Tiedemann, 2012). Climate
change impacts on crop diseases will differ between pathosystems and geoglagations,

while many factors, from molecular to global sclwiill interact to determine the amount of
damage. Thus, the overall impact on a pathosystem will be unique (Boland et al., 2004; Garrett
et al., 2006). For these reasons, it is becoming inimghsimportant to understand how the
relationship between hsts and pathogens is affected by the weather in general and by

temperature in particular.

1.2 Resistance against crop pathogens

Plants recognise pathogens through receptors that set off aa#ligg network cascade
controlled by calcium fluxes, oxided bursts and MAPKnitogenactivated protein kinase
cascades (Bigeard et al., 2015) that lead to a defence response. Following the activation of the
defence response, a great number of cellydaocesses occur. These include the activation of
protein kirases, a rapid influx of calcium ions, an oxidative burst, leading to the production of

reactive oxygen species (ROS) and changes in hormone and gene expression (Novakova et al.,



2015). The defererelated genes that are expressed include those involvecgtrinoding

enzymesstrengthening cell wadland thebiosynthesis of antimicrobial compounds

Current understanding of the plant immune system separates it into two branches; a primary
basal defene response known as PAMP (pathogessociated molecular patte) triggered
immunity (PTI) and effecteariggered immunity (ETI). PTI recognises conserved molecules
common across many classes of microbe whilst ETI recognises and responds to effectors
produced by the pathogen to suppress PTI. Thezamg model, presded by Jones and Dangl
(2006), describes the relationship between ETI and PTI in the plant immune systefiy-Adue

model splits the resistance response into four consecutive phases; phasdPgRletected by
pattern recognition receptors (PRRSs)); ph&sépathogens deliver effectors to interfere with

PTI); phase 3 (effectors recognized byINERs, ETI) and phase 4 (loss/gain of effectors over
evolutionary timg. However, since this Zipg mo@l was proposed, advances have been made

in our understandin@f plant immunity revealing limitations to this model.

Six of these limitations were set out by Pritchard and Birch (2@)4imited molecular scope;

it excludes both other potentially sigitiint molecules (e.g. DAMPS) and otiméeractions (e.g.
nutrient exchange)2) Absence of environmental context; past and current biotic and abiotic
experiences can affedt LJf imyfulhedrésponse (e.g. whether there was prior exposure to
pathogens orterile growth and temperature)3) Ordering of events; the four phases described

by the Zg-zag model may be misleading as it suggests a highly ordered resistance response,
whereas later studies point to various signatcurring concurrently4) Timescalethe model
encompasses molecular prasses taking place in a single pkpaithogen interaction (phases 1

¢ 3) andthose occurringpver a much longer timescale as selection pressure cause the loss/ gain
of effectors (phase 4) which is potentially a sou€eonfusion5) Physical scale; the rdel may

be misinterpreted as it is ambiguous about the physical scale it describes, whilst the evolutionary
events of phase 4 take place at the population level, the molecular processes described occur
onlyin specift cellsthat arechallenged byhe pathogen 6) The model is qualitative; it is unclear

what measurements the scale of amplitude represent

Further issues with th&ig-zag model arose from confusion over the classification of resistance
against apoplasti pathogens as PTI or ETI (Thomma .ef8l11; Jones and Dangl, 2006), Stotz

et al., 2014). The classification of effector triggered defence (ETD) as an additional form of
resistance, separate from ETI and PTI was first proposed by Stotz et al. (AW 4¢pkaces ETI
when extracellular apdpstic pathogensare encountered.As well as involving different

receptors (ETI is triggered by intracellular NBRR (nucleotidbinding site leucineich repeat
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receptors)), ETD differs from ETI on several additigménts. The ETD response is delayed
relative to ETI, which is associated with fast, hypersensitive host cell death. Furthermore, with
ETD the pathogen is not killed and may resume growth following the onset of host senescence,

or if host resistance respee is otherwise compromisd&totz etal., 2014)

1.2.1.Temperature and resistance

Temperature affects many plant growth and developmental processes, such as germination and
flowering. Resistanceto pathogensis also influenced by temperature; an inasg in
temperature can lead tinhibition of defence responsanodulated by manyrRgenes (Mang et

al., 2012). Exposure of cereals tdow temperatureshas also been found tocreasetheir

resistance teseveral pathogenfGaudet et al2011;Kuwabara et aj 2012)

1.2.2.Molecular mebanisms underlying temperatusensitivity of resistance

There are limitedstudies on the mechanistic componenitisat determine how pathogen
induced defence responses are altered in response to ambient temperature changesp
plants Most of the work investigating the molecular mechanisms behind temperature
sensitivity have focused on the pathways in the model orgaisabidopsighaliana Several
factors have been found to play a key role in temperatseasitivity ofRgenes inA. thaliana
TheseA. thalianastudies provide us with the closest understanding of the temperature
sensitivity of the defence networld summaryof key papers is given ifable 1.The inhibition

of the plant defence response by increased temperatis likey to be mediated by a pathway
made up of many temperatursensitive components of defence signalling, downstream from

pathogen recognition.

1.2.2.1.Resistancegenes

It has been postulated by Zhu at (2010) thatNLRgnucleotidebinding domain leucinerich
repeaf) act as the temperaturasensitive component in plant defence respons&gpressor of
nprl-1, constitutive I(SNClis a TINB-LRRtoll interleukinl receptor nucleotide bindingite-
leucinerich repeaj resistancgR)-like gere inA. thalianawhich activates the immune response
via an associated protej@ transcriptional caepressor called Topless related 1 (TPRPR1
represses the expressiaf negative regulators of immunesponsegZhu et al., 20105NC1
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Table1l.1 Summary of key studies providing information on the pathway behind temperatisensitivity of defence responses against pathogens

Author Title Key information on temperaturesensitivity pathway
Hua et al., | Plant growth homeostasis | 1 Asbonll mutants have a miniature phenotype at 22°C but a wyijde appearance at 28°C, it was sho
2001 controlled bythe Arabidopsi8ON1 homeostasis oA. thalianagrowth requires theBONl1gene.
andBAPIgenes 1 Expression dBONland aBONZtassociated proteinRAPY) is modulated by temperature, which suggests thiaym
direct role in regulating cell expansion and cell division at lower temperatures.
1 Findings suggest that thBON1gene family may function in the pathway of mbrane trafficking in response t
external conditions.
Yang and | A haplotyp-specific resistancg 1 BON1negatively regulateSNC1lmutantbonl-1 activates defence responses, leading to reduced growth 8N&£1
Hua., 2004 gene regulated by BONZA containing accession but not in accessions without a functi®@C1 Thus,SNC1lis epistatic toBONland acts
mediates temperaturedependent downstream in the pathway.
growth control in Arabidopsis 1 SNCis under a positive feedback regulation involyiSA tenperature modulation.
1 Plant growth homeostasis, controlled BBONI involves repression of aR gene and modulation of defenc
responses by temperature.
Li et al, | The TIRNBLRR geneSNC1 Is I When introduced toA. thalianaas a transgen&NC1s expressed at a much higher level than an endogenous ¢
2007 regulated at the transcript level b this confers a dwarf phenotype caused by upregulation of defence responses.
multiple fadors 1 Three independent modes of regulation on tf#NC1ltranscript kevel wee identified: a repression by th

chromosomal structure, a feedback amplification fr&NCDn its promoter sequences, and a repressiorBeyN1




Regulation oSNC1s suggested to demonstrate a universally complex contrél @énes, causing a repressiohR

activation under norstress conditions and a robust activation of defence responses ondedkae is induced.

Wang et al., | Analysis of temperature madation Effects of a moderate temperature inciaon resistance to bacterial pathogeseudomonas syringaad two viral
2009 of plant defense against biotrophi elicitors inA. thalianaandNicotiana benthamianaere characterised. Basal aRgienemediated defence response
microbes were both inhibited, as well as the hypersensitive responses irdibg&genes against two viruses, suggesting t
temperature modulation of defence responses to biotrophic and hemibiotiogiathogens might be a gener
phenomenon.
The roles of SA and JA in temperature modulation were tested using mutants, it wastf@aimeither can induce
temperaturesensitivity by itself.
Temperature regulation of the transcript levelsEbSIand PAD4is not sufficient to cause temperatwsensitivity
of the defence responses
Zhu et al.,, | Temperature modulates plan The NBLRR type of R orlRe proteins are temperatursensitive components of plant defence responses.
2010 defens responses through NERR Alterations inSNCIA. thaliang and the tobacc&gene,N, both showed changes temperatwensitivity of defene
proteins responses.
An elevated temperatureeduces the nuclear accumulation of SNC1, which likely contributes to the inhibiti
disease resistance at high temperatures.
Wang et al., | BON1 interacts with the proteil BONlinteracts with the protein kinaseBIR1and BAK1to modulate temperaturedependent plant growth and ce
2011 kinases BIR1 and BAK1 death inA. thaliana

modulation of temperature

BIRfunctions as a negative regulator of plant resistan
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dependent plant growthand cell

death in Arabidopsis

1 Findings sugge®ON1land BIRImight modulate both PAMRand R proteirtriggered immune responses.

Mang et al., | Abscisic acid deficiency antagoniz 1 A mutant screen with ai. thalianatemperature-sensitive autoimmune mutartitonzailshowed the ABAleficient
2012 hightemperature inhibition  of mutant aba2enhances resistance mediated by tRgeneSNCHht high temperature.

disease resistance throug

enhancing nuclear accumulation

redstance proteins SNC1 and RH

in Arabidopsis
Gangpappa | PIF4 coordinates thermosenso 1 PIF4negatively regulates plant immunity, and modulation of its function changes the balance between grow
et al.,2017 growth and immunity in defence.

Arabidopsis 1 Modulation ofPIF4signaling alters temperatursensitivity ofdisease resistance

1 Ecotypes oA.thalianashow variations oPIF4signaling underlying growttefence balance

Hammoudi The Arabidopsis SUMO E3 liga 1 Atnomal and high temperatureSNCiddependent resistance responses are supresse8Izjl
etal., 2018 SIZ1 mediates the temperatur 1 Slzilalso amplifies dark and high temperature growth responses, likely thrab@®Pland upstream of geng

dependent tradeoff between plant

immunity and growth

regulation byPIF4andBRZ1




was identified by as a central mponent in temperaturesensitivity through a genetic screen
for A. thalianaheat-stable mutants. These mutants displayed the ability to retain the defence
response under elevated temperatures, which normally inhibited tlefexice response.
Furthermore, ths finding was repeated in tobacco, when a similar mutation was created in the
N gene, which confers resistance against tobacco mosaic virus. This suggests that this
mechanism is a widespread phenomenon across alNNBRgenes.Zhu et al. (2010)roposed

that a conservedsUMQ@lation (Small Ubiquitidike Modification)motif mayoperate in distant
taxa as a common mechanism for regulating temperasgeasitivity across various types of
resistanceto pathogens SIZ1 aSUMORES ligaseoperatesasanimportant positiveregulatorof
growth and as a negative regulator of the SNCidependent immune response at high
temperature (Hammoudi et al., 2018)SIZimediated SUMOylation of TPRias found to
repress its activityn A.thaliana(Niu et al., 2019)

1.2.2.2.PF4 transcription factor

SNC1 autammunity is suppressed at 28°C by a transcription factor; RfiedPIF4ranscription
factor has been found to coordinate thermosensory growth and immunityA.irthaliana
(Gangpappat al., 2017). Several assaj@eon vaious mutantA. thalianastrains found that

PIF4 acts as a negative regulator of plant immunity, and modulation of its function alters the
balance between growth and defence. Furthermore, the study identified arabwariation of

PIF4 sigalling in theA. thalianaecotypesserving to underlie growtlilefence balance. However,

as this study focused solely oh. thaliana it cannot be certain that the Plffdediated
thermosensory signalling module acts in the samg iwather plant species, includiigy naps.
Therefore, there is a need to conduct further experiments to determine whether what has been

observed inA. thalianaalso applies tmther Brassicapecies.

1.2.2.3.Abscisic acid

Several plant hormones, includiagscisic acid (ABgalicylic acigSA)ethylene ET), cytokinin

(CK and auxin AUX have been proposed to play important roles in plant thertoterance

(Mang et al., 2012). A study into the effect of temperature on the role of ABA in the defence
response by Mang et al. (2012) found tRBA antagonises resistance at increased tempeeatur

by decreasing the accumulation of resistance proteins SNC1 and RPS4 in the nucleus. The group

determined that the ABA deficient mutaaba2counteracted the inhibition of defence response
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againstP. syingaecaused by increased temperature, leading tdvanced resistace at elevated

temperaturesand accumulatiorof RPS4n the nucleus

1.2.2.4. Salicylic acid

The SA pathway plays an important role in plant defence responses against biotrophic
pathogens During thehypersensitive respons¢iB, SA is upegulated, leading to the induced
expression of pathogenesislated proteins, includind®?R1(Wang et al., 2009). It has been
suggested by Wangt al. (2009) that the temperatursensitive pathway in disese resistance is
mediated by SA. A study by Zhabat. (2016) on the temperaturdependent defence of
Nicotiana tabacumagainstcucumber mosaic virust 2 dzy R G KF G £ 26 SNJ S Y LJS
promoted SAdependent responses, whilst elevated temperature243C) upregulated genes
associated with thgasmoric acid(JA pathway.When activated SNCinduces SA accumulation

and defence responses.A positive feedbacksystem existdbetween SNCland SAwhich is

supressed by high temperatures (YargiHua, 2004).

1.2.2.5EDS1 and PAD4

Enhanced disease susceptibility 1 (EDS1)phagtbalexin deficient 4 (PAD4) are two important
signalling components in the SA pathway of the defence network (Carstens et al., 2014). Both
PTI and THRIBLRR (but not GRB-LRRJesistanceprotein-mediated ETagainst biotrophic and
hemibiotrophic pathogens are known to be centrally regulated by the HD¥I4 node
(Carstens et al., 2014). Full accumulation of SA requires the formation of thePAD&Icomplex
(Carstens et al., 2014Jhe mobilisation of thislpi K¢ &8 A& f Saa SFTFFSOUABS
(Alcazar, 2011). The roles of EDS1 and PAD4 in temperature modulation were investigated by
Wang et al. (2009). Their findings suggest that these defence regulators act as components

the temperaturesensitive pathway of the defence response, being modulated by temperature

and/or are involved in temperature regulation.

1.2.2.6.SGT1 and RAR1

SGT1 (suppressor of G2 alleleskpl) and RARL1 (required fdhlal2 resistance) have been
identified as mediators ofariousRgenes in response to pathogen effect@$ang et al., 2030

Yang et al., 2010). SGT1 and RARL1 act-tectmrs, functioning in the Heat Shock Protein 90
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(HSP9Gmediated stabilisation of practivated NBLRR protein qaplexes (Bieri et al., 2@0.

SGT1 has been found to interact with the LRR domains of certaitRRBproteins, potentially
aiding proper folding (Bieri et al., 2004; Yang et al., 2010). An investigation was done by Yang et
al. (2010), using thA. thalianamutant chilling sensitiv8, which exhibits arrested growth and
constitutively activated defence responses at goviemperatures (16°C) and not at a higher
temperature (22°C). These defence phenotypes were found to be suppressed by eds1, sgtlb and
rarl, tut not by pad4. These fimugs suggest that there is a mutual interaction between cold

signaling and the defence responses.

1.2.2.7 Heatshock protein 90

In a study on temperaturedependent seedling growth ir\. thaliang Wang et al. (2016)
demonstraed that TIR1 (an auxin g€eceptor protein) is in a complex with both HSP90 and the
co-chaperone SGT1. Furthermore, it was found that the HS®DID1 chaperone system is
NBIljdzA NBR F2NJ G4KS LI I yi Q& HIBGdayiradSor sta@dtiain 8fY LIS NJ:
the TIR1 at 29°C, a process associated with increased seedling growth. HSP90 has also been
found to be involved in plant defence responses, probably through performing chaperone
functions with SGT1 (Wang et al. 200

1.2.2.8.H2A.Z nucleosoes

Histone proteins are responsible for the nucleosome structure in eukaryotes. Nucleosomes
consist ofapproximately 146 bp of DNA wrapped around a histone octamer composed of pairs
of the four core histones (H2A, H2B, H3] &%). Kumar and Wigge (2016)id that the histone
variant H2A.Zontaining nucleosomes present a key node of regulation of the temperature
transcriptome in plants. By wrapping DNA more tightly, H2A.Z nucleosomes influence the ability
of RNA polymeraséP6l) Il to transcribe genes iesponse to temperature, thus presenting a

mechanism by which the transcriptome can be thermally regulated.

1.2.3. Temperaturesensitivity othe B. napusesistance responsagainsti_. maculans

Whilst thesemolecularstudiesoutline the situation irA. thaliana, and serve as a good reference
for our understandingthe molecular pathway for temperatussensitivity in crop plants may

differ. The pathosystem involving the pathogkaptosphaeria macular{phoma stem canker)
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and the hostBrassica napuoilseed rape) provides an increasingly watiderstood model in
the genetic study of hogpathogen interactionsAs B. napus also containsseveral well-
characterised resistance genesome of which displagemperaturesensitivity, it is a good

subject for thisstudy.

1.3.0Oilseed rapeRrassica napis

B. napud. (2n=38, genome AACC) is a member of the Brassicaceae. Derived from a naturally
occurring intraspecific cross betwe@n oleraced2n=18, CC) argl.rapa (2n=20, AA)B. napus

is allopolyploid, containig both parental sets of diploid chromosomes (Chaloub et al., 2014). A
genetic relationship betweeB. napusand the other five most widely growBrassicaspecies
(Brassica nigra, Brassica rapa, Brassieracea, Brassica juncaadBrassica carinafawasfirst
established by Woo Jarghoon (U, 1935). The triangle of Elgire 1.1.) describes how three
Brassicaspecies are derived from the interspecific crossing of three species with ancestral
genomes.The model plant species thalianais also in theBrasicaceadamily (Snowdorand

Iniguez Luy, 2012).

Winter and spring cultivars of oilseed rape differ both genetically and agriculturally (Becker et
al., 1995). Winter oilseed rape is an anmplaht, sown in the autumn and requiring vernalisation
before fowering in the spring of the following year. In Europe, most winter oilseed rape crops
are sown in late August and are harvested the following year in July (Butterworth et al., 2010).
Spring cltivars are sown and harvested in one calendar year (Butreiilid., 1999; Cruz et al.,
2007). Oilseed rape is the most commonly grown and most profitable break crop in Europe
(Finch et al., 2014). 12019, 547 000 hectares of oilseed rapeene grown in England
(Department for Environment, Food and Rural Affaitd®). C 3840% of the harvested seed

is oil, which is extracted by crushing. Oilseed rape cultivars are in two categories, those that
produce low levels of erucic acid and glucosinolatesilptlo low cultivars); and those high in
erucic acid (HEAR culirs) (Finch et al., 2014). Double low cultivars are suitable for use in the
food industry, such as for spreads, dressings and cooking oil, while HEAR cultivars are grown for
specialist industal uses and biodiesel. Plant mateniamaining afterextracton of oilis also

used for animbfodder (Finch et al., 2014).

1.3.1. Pests and diseases of oilseed rape

UK oilseed rape crops are at risk from many pests and diseases that can, in some seasons, lead

to losses of > £80 million (Gladders, 2005). Thenfiwst important fungal diseases of oilseed
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Brassica nigra

Brassica carinata Brassica juncea

Brassica napus

Brassica oleracea Brassica rapa

Figurel.1 Triangle of U depicting th@eneticinterconnection between Brassica
speciesB. rapa(AA),B. nigra(BB) and. oleracedCC) are diploids, whigjuncea
(AABB)B. carinata BBCC) an. napugAACC) are allotetraploids, each containing
two diploid ®ts of chromosomef@J, 1935). eated with BioRender.com
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rape in Europe at present are phoma stem cankemgaculangnd Leptosphaeria biglobo3a
stem rot Sclerotinia sclerotioruverticillium stem striping \erticillium longisporum black
spot Alternaria brassicae and light leaf spot Pyrenopeziza brassicagSiebold and von

Tiedemann, 2012).

1.4. Thephoma stem canket(maculan3- oilseed rape 8. napu¥ pathosystem

1.4.1.Significance of phoma stem canker

Phoma stem canker d@. napusis caused by two related filamentodsthidiomycete fungi, L
maculansand L. biglobosa.A major disease of worldwide importance, each year phoma stem
canker diseasés responsible for serious crop losses in countries whdseaid rape is widely
grown, including Europe, Canada, Australia and China (wheriglobosand notL. maculans

is currently widespread) (Zhang et al., 2013; Cai et al., 201 ¢t kit 2006a).L. maculansnd

L. biglobosdoth have a global distritiion, probably due to their ability to be transmitted on
debrisof several brassica crops (Fitt et al., 2006a). Twéing/European countries, eight African
countries, sixteen Asiaoountries, five countries in Oceania (including Australia) and regions
aaoss America have noted the occurrence of one of the two species (Fitt et al., 2006a). Both
species are found, in differing relative frequencies, in the UK, France and Germang(\dlest
2001).L. maculansas spread globally, into Canada and eastwa@®ss Europe into Poland

(Fitt et al., 2006a; Stonard et al., 2009). China faces a significant torétst oilseed rape
productionfrom L. maculangntering via imports, as the ttivars grown are highly susceptible

to L. maculangFitt et al., 2008).Losses to phoma stem canker have been estimated by Eckert
SG td ounncdpv G2 G241t Od mMcohp YAfEA2Yy 3Af 2061
the disease was estimadl to result in losses of. £80 million in 2014, despite fungicide
appliation (Cropmonitor.com). These losses occur when phoma stem canker lesions form on
stems, leading to lodging or early senescence before harvest (West et al., 2001). Whilst phoma
stemcanker is associated with both biglobosandL. maculansthe symptomsaused by the

two pathogens are somewhat differerh the UK most identifiably, stem cankers from
maculansare often located lower on the stem than the upper stem lesi@ssocated with L.

biglobosainfection (Figire 1.2.) (Fitt et al., 2006a).
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Figurel.2 Differences betweerl biglobosaand L. maculans(A) Symptoms on leaves:

lesions fromL. biglobosaare small and dark hilst L. maculandesions are large and
pale with pycnidia, (B) formation of stem cankers: thebiglobosaassociated lesions
are generally higher up the stem than themaculand®asal stem canker and (C) fungal
cultures on potato dextrose agar: the bglobosacolony tas a yellowpigment whilst
the L. maculansolony is colourless when grown on potato dextrose agar. Fitt et a
(2006b).
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1.4.2.L. maculanandL. biglobosapecies complex

L. maculanss generallyconsidered more damaging thdn bglobosa as it cases severe stem

base cankers, which result in crop lodging, early senescence and considerable yield loss (West
et al., 2001). The less damaging upper stem lesions associatet.\bitjflobosayenerally occur

only in the outer cortex (Stard et al., 2009)In the UKL. biglobosalso generally infects the
crops slightly later in the season due to Igpeoduction of ascospore@$iuang et al., 2011 Due

to their similar life cycles, in the pastmaculanandL. biglobos&ave been classed as a single
species. Separation of this species into two types (aggressive andggoessive) was first
suggested by Cunninghaf©927).The termsA-group (Tox+, aggressive) ogBup (Tox, non
aggressive were laterreviewed(Williams and Fitt1999). An RFLP awgals done by Koch et al.
(1991) on a global collection of 28 isolates found A group and B group isolates to be genetically
very dissimilarL. maculansand L. biglobosawvere later distinguished as two species due to

morphological differenes in their pseudothecia (Shoemalard Brun, 2001).

Unsuccessfuh vitro attempts to carry out mating between isolates led to the suggestion that
there are at least four geneticallyigfinct forms of the pathogen within the former species
maculans(Raixel and Balesdent, 2005). The maculansL. biglobosaspecies complex was
further separated into various suffroups, determined by their differing host ranges and
pathogenic abilitie¢Grandaubert et al., 2014). A comparative genomic analysis was cautied

by Grandaubert et al. (2014), exploring speciation in themaculand.. biglobosaspecies
complex and the role of transposable elements in reshaping genomes and the rise okspecie
with improved pathogenic abilities. The subspediesnaculan$? 6 MICE S Q> (G KS Y2 al
species on oilseed rape, was found to be the only member of the species complex to have a TE
invaded genome (32.5%). It is thought this has enabled this speciester evolve and adapt

to its host.Nanoporesequencingf both sgecies was done byuroux et al (2018, generaing

a chromosomdevel assembly for thé.. maculangeference isolateJN3.These igh-quality
assemblies and annotations loéptosphaeriggienomes wilkid progress irfuture studiesonthe

interactions between L. maculanaindoilseed raje.

1.4.3.Epidemiology of. maculans

Living as a saprophyte, maculangan survive for several years on cragbris (Figre 1.3 -1)
(West et al., 2001). During this time, ascospores are produced inside pseudothecia through
sexual reproduction. As the primary inoculum, ascospores are produced in large numbers and

can be carried many kilometres by tiénd (Figire 1.3 -2). Upon landing a host cotyledons or
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Figurel.3 The lile cycle ofl. maculansoccurring on winter oilseed rape in Europe

1. Saprophytic stage or loAgrm survival on stubble from the previous crop.

2. Sexuateproduction and production of the primary inoculum, ascospores.

3. Following the establishment of the primainfection, a short necrotrophic phas
occurs as lesions develop on host leaves.

4. The asexual cycle occurs, whereby conidia are formed.

5. A long symppmless endophytic stage occurs, during which the pathogen color
the plant, growing down from leaf tiges into the stem.

6. The pathogen undergoes a necrotrophic shift, and stem cankers develop.

Schematic fronRouxel and Balesdent (2005).
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leaves ascospores germinate, and germ tubes enter through stomata or wounds, proceeding to
colonise host tissuasymptomatically. Subsequently, a short phase of necrotrophic growth
results in leaf lesiond={gure 13 -3), within which the fungus multiplies asgadly, and single
celled conidia are produced in pycnidia. These conidia are subsequently transmitted short
distances by rahsplash (Figre 1.3 -4). Conidia are believed to be of little importance to the
pathogen life cycle in Europe (Rouxeld Balesdent 2005; West et al., 2001). A protracted
period of endophytic colonisation of the host follows the leaftsgtage when the fungus grows
endophyticaly from leaf tissues along the leaf petiole towards the base of the stem through
intercellular spaces. Tharigus moves along the petioles in vascular tissue into the stem. In the
stem, hyphae grow in the vasculaisgue before growing through the vascular walls and
colonising the cortex (Sosnowski et al., 1999fe 1.3 -5). In European winter oilseed rape
crops, this phase can last up to 9 months (Roaxal Balesdent, 2005; West et al., 2001).
Towards the end fothe growing season, the pathogen switches again to become necrotrophic,
destroying the stem base and producingrawn canker, leaving the crop highly susceptible to
lodging (Figire 1.3 -6) (Rouxeland Balesdent, 2005; West et al., 2001). It has beaygested

that the contrasting stages in the life cycle bf maculang(saprophytic, endophytic and
necrotrophic) reqgire the maintenance of a large range of genes. Thus, genes associated with
nutrient acquisition and competition with soil flora are requirkd saprophytic life, genes for
producing toxins and degradation enzymes are required for the necrotrophic stahgeares

for suppression of host recognition and defence responses are required for the intercellular

endophytic growth phase (Rouxahd Baksdent, 2005).

By studying the secreted fungal factors from extracellular apoplastic wash fluidgdufsporium
fulvuminfected tomato leaves, rather than from media cultur€dfulvum De Wit and Spikman
(1982) first concluded that a host plant is réaa for expression oAvr genes For example,
Avr9is hardly expressed whe@. fulvumis grown vitro but is highlexpressed during its
colonisation of tomato (Van den Ackerveken et al., 1994). Similarly,.theculansavirulence
genes were repressecudng mycelial growth and drastically induced during the early stages of
oilseed rape leaf infection (Rouxel et &011). Following primary leaf infection, expression of
avirulence genes reaches a peak at 7 days post inoculation (dpi) (Rouxel et Bl FH84 this
upregulation is generated ibn. maculansluringB. napusnfection was investigated by Soyer et

al (204). An epigenetic mechanism, made up of two proteins involved in heterochromatin
formation (HP1) and maintenance (DBY, was found to modale this expression, repressing

Avrexpression when the fungus is grown in axenic culture.
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The sequencing of the. maculangienome by Rouxel et al. (2011) found it to contain many
transposable elements (around 30% of the genome). AT (adenine and thyricimé&ochores,
composed of transposable elements and very few genes were found to bedhtdn of all

currently cloned avirulence genes (Rouxel et al., 2011). To date, leighaculansvirulence

genes have been clonedAvrLm1L3 AvrLm2 AvrLm3 Avrlm4-7, AvrLm59, AvrLm6
AvriLm10A/10BindAviLm1l y R & A E 2 0 KSNE K| @8, 00 ydaletRiSy G A U
2007; Parlange et al., 2009; Balesdent et al., 2013; Ghanbarnia et al., 2015; Van de Wouw et al.,
2014).

1.4.4 Effect of climate change gghoma stem canker severity

Several studies & sought to evaluate the future threat ofop diseases under global warming,
linking models of disease epidemics to climate change scenarios. Epidemics of phoma stem
canker are favoured by higher temperatures and are expected to increase in sevehigy Uit

due to climate change (Butterworth at., 2010; Evans et al., 2010). A notably informative study
was done by Butterworth et al. (2010) on the predicted impacts of climate change on crop yields
in the UK. Findings from this study suggested that \laddes from phoma stem canker could

be upto 50% in Southern England. These losses are predicted to occur because of increased
temperature, the effect of which would outweigh any increase in yield associated with increased
CQ concentration. Furthermoreghe model showed that susceptible cultivavsuld suffer the
greatest yield losses, a result highlighting the importance of successfully breeding new resistant
cultivars. Despite the many careful considerations included in these studies, it is of ing@ortan

to note that future disease risks wilkobablybe affected by both technical developments in
areas such as breeding and crop protection and evolutionary developments in thaculans
populations (Elacnd Pertot, 2014; Garrett et al., 2006; Juroszeid von Tiedemann, 2015;
Sieboldandvon Tiedemann, 2012).

1.5. Control of. maculansn B. napuscrops
1.5.1.Chemical treatments

Chemical control options agairistmaculanavailable to farmers include seed dressings, coated
fertiliser granules anduihgicide sprays applied to foliage or shid (Aubertot et al., 2006; West
et al., 2001). Foliar fungicide sprays are commonly used on crops in Western Europehghere
potential yields are high, usirggosterol biosynthesis inhibitors (EBIs) (mainlyztilas), methyl
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benzimidazole carbamates @C€s) (mainly consisting of benzimidazoles) and succinate
dehydrogenase inhibitors (SDHI) (Eckert et 2010; Sewell et al., 2016)Vhile welitimed
fungicide applications provide effective control of phoma lepbtsand substantial yield
responses, grows now face reduced treatment options. Changes in EU legislation have led to
a decrease in permissible treatmeritsat are effectiveagainst the disease (Maftoelting et

al., 2014; Sewell et al., 2016). Furthemmoapplications may become uneconomidagjlioss

profit margins decrease.

1.5.2.Cultural control

The incidence of phoma stem canker can also be reduced through cultural control practices such
as stubble removal, field selection and eradication oeotsusceptible hosts (such as volunteers

and certain weeds). The principle aim of cultural control methods is to minimise the numbers of
L. maculanascospores landing upon the oilseed rape crop. As the pathogen survives on stubble,
one way of achieving th is through effective stubble managemeftubble removal involves

the burial of oilseed rape stubble or isolating new oilseed rape crops from the stubble of
previous crops through crop rotations (Aubertot et al., 20@6keparatiordistance ofat least
500mwasrecommendedy Marcroft et al.2004 to growers of oilseed rapeAwstralia, beyond

whichthe levelof inoculum does not cause enough disease to significantly affect yield

1.5.3.Cultivar resistance

The identification oRgenes and their usin breeding programmes is an effective apach to
controllingL. maculangHayward et al., 2012). Thus, increasing resistance against the pathogen
is a key focus for many oilseed rape breeding programmes (Hayward et al., 2012). Host
resistance againdt.maculanscan be made up ajuantitative (polygenic) or majoRgenes (Fitt

et al., 2006a).

1.53.1.Quantitative resistance

Quantitative resistance is described as padiahon-race specific and is generally controlled by
several genes (quantitativedit loci). Less well understood in coarson to major R gene
resistance, quantitative resistance operates in thenstof adult plants during the symptomless

growth ofL. maculandhetween the initial leaf spot phase and stem canker developmeniif(@&ig
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1.4) (Delourme et al., 2006; Huang et &Q09).Quantitative resistance does not prevethte
plant from being colonised by thpathogenbut is able to reducehe severity ofdisease
symptomsandslow progress oépidemic (Huang et al., 2009The incompleé and inconsistent
nature of this resistance phenotypenake it difficult to studythus he mechanisms controlling
guantitative resistanceemain poorly understood(Poland et al., 20095ixhypothesesof the

mechanisms underlying were set out Bgland etal., (2009).

1) Quantitative regstance is conditioned by genes regulating morphological and developmental
phenotypes 2) Quantitative resistance logepresent mutations or different alleles of genes
involved in basal defens8) Quantitative resistancéoci are components of chemicalasfare.

4) Quantitative resistance loare involved in defense signal transductids) Quantitative
resistance loci are weak forms ofgenes 6) Quantitative resistance loci are a unique set of
previously unidentified gess It is very likely thaseveralof thesehypothessarevalid and that

mechanismdor quantitative resistanceliffer between cultivars of the same species.

In B. napusquantitative resistancagainstL. maculanss known to function in the stem tissue;
Huang et al. (2009) used=8labelledL. maculanso show how the spread of the pathogen was
restricted in a cultivar with good quantitative resistance. Quantitative resistance was observed
to operate within petioles and stem tissues, preventing or restrg the spread of. maclans

and did not operate during the development of phoma leaf spots.

Quantitative resistance is more challenging for breeders to assess and seldwrfonajor R
generesistance relying on field assessments of stem canker sgvéowards the end othe

cropping seasonHgure 15). In these assessments, it is not always clear whether canker
symptoms result from colonisation thy maculansr by L. biglobosakFurthermore, this process

is made more expensive and tireensuming de to the influence of gnotype-by-environment
interactions, which necessitate large replicated field plot experiments at various locations over
several cropping seasons (Huang et al., 2014; McDonald, 2010). Due to this method of assessing
adult plants, gantitative resistance i92 YY2yf & NBFSNNBR (2 | a Wi
(Delourme et al., 2006). It has recently been shown by Huang et al. (2014) that it is possible to
assess young plants for quantitative resistance agdinshaculansn B. napusn oontrolled

conditions usig leaf lamina or leaf petiole inoculation methods.
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Figurel.4 The two stages of colonisation &. napusby L. maculans the majorRgene
resistance is expressed during stagénicotyledons and leaves, before the formation
of leaf lesions. Quantitative resistance is expressed during stage 2, along the main v

and petides of leaves and in the stem. Schematested from Huang et al2014).
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Figurel.5 The seasonal cycle of phoma stem canker monocyclic epidemics in Eurof
highlighting the quantitative andnajor Rgenecomponents ofB. napusresistance to

L maculans Disease (phomdeaf spotting) is initiated in autumn bwgir-borne
ascospores; the pathogen spreads along the leaf petioles to reach the stem, whe
phoma stem base cankers or upper stem lesions develop by harvest. Aayegene
specific hosfpathogen interaction operas at the leaf infection and stem is rigtown.
Assessments of quantitative resistance traditionally involve examination of the-cros
section of the stem damaged by the pathogen in summer before harvest (from Fitt
al., 2006a).
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Table1.2 Major B. napusresistance genes and correspondihgmaculansavirulencegenes

identified to date. Adapted from Raman et al. (201and Van de Wouw and Howlett (2019)

B. napus L. maculangffector B. napus
resistance gene (Avr) gene chromo§ omal Referene
location
Rim1 AvrLmZ2L3 A7 AnsanMelayah et al. (1998)
RIm2 AvrLm2 Al10 AnsanMelayah et al. (1998)
Delourme et al. (2004
RIm3 AvrLms3 AT Balesdent et al. ((2002))
Rim4 AvrLm47 A7 Parlange et al2009)
RIm5 AvLm59
RIm6 AvrLn®
RIm7 AvrLmi-7 A7 Parlangeet al. (2009)
RIm8 AvrLn8
RIm9 AvrLm9 A7 Delourme et al. (2004)
RIm10 AvrLmiOA/ AvrLn10B
Rim11 AvrLm1
LepR1 AvrLepR1 A2 Yu et al. (2005)
LepR2 AvrLepR Al10 Yu et al(2005)
LepR3 AvrLml Al10 Larkan et al. (2012)
Van de Wouvet a. (2009)
RImS AvrLmS

24




1.5.3.2.Major Rgeneresistance

Major R generesistance againdt. maculangs controlled by single dominaR genes and is
expressed in cotyledons and leaves during the first symptomless phase following penetration by
hyphae from the ascgwres (Figure ) (Delourme et al., 2006). As it prevents leaf lesion
development, subsequent stem cankers do not developafiduet al., 2014). Eighteeh.
maculansrace-specificRgenes have been identified in tlge napuggenome, as summarised in
Tablel.1. Thes&kgenes are all located on thig napusA genome; to date only three have been
found on theB. junceaB genome andhone on the C genome (Larkan et al., 201.8pR3wvas

the first B. napuglisease resistance geme be cloned and was found to eode a receptoilike
protein (Larkan et al., 2013). TRémZ2resistance genglso cloned by Larkan et al. (20180
localzed in the same regiorof chromosome A10RIm2and LepR3were found to be allelic

variants of the same LRRLP locus.

1.5.3.2.1.Complex genéor-gene complementarities

The genefor-geneconcept first described by Flor (197 19tatesthat dominantRgenes encode
receptors that specifically recognise a corresponding effector, encoded Byiegene of the
pathogen, to confer resistece. Whilst this concept remains an importantfoundation in
understandingplant-pathogen interactionsenvironmental factors€.g.temperature) andther
gendic factorsadd extra layers of complicatioiihe R/ Avr system is quiteomplexin the B.
napus- L. maculangpathosystem observedredundancy inR genes against ak. maculans
effector is a clear exampléhat AvrproteinsR 2 yaléysinteract specifically with a single- R
protein (Larkan et al., 2012AvrLm4and AvrLm7are allelic variants of on&vr gene AvrLm4
7), corresponding to the twRgenesRim4andRIm7(Balesdent et al., 200Raman et al., 2013).
Furthermore, AvrLm1lalso interacts with two distinctR genes,RImland LepR3 located on
separate chromosomes (Larkan et al., 20B83quence @mparison ofAvrLmballeles found a
single point mutation to correlate with thAvrLm9phenotype. Thus, this gene was renamed as
AvrLm59 to reflect the dual specificity of this locus. The recognitiolAefLm59 by RIm9is
masked in the presence divrLm47 (Ghanbarnia etla 2018). TwAvrLm10candidates were
identified as two gene$AvrLm10Aand AvrLm10Bin opposite transcriptional orientation and

were both found to be necessary to triggRImMIONB & A A G yOS 6t SGA Gl 2dzRS)y

Such unconventional relationshipsife also been observed in other plgrathosystemsThe
reaction ofbarley powdery mildewR.g. hordei to someMla resistance alleles is controlled by

multiple genesMultiple genes arealsoinvolved in the specific interaction of wheat mildei.d.
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triti ci), in whichPm3alleles and two mildew genes control avirulence ddm3(Bourras et al,

2016) Fusarium oxysoruiisp.LycopersicencodesAvriwhichcan berecogngsed by the tonato

R genel-1 and act to suppress the recognition dkvr2 and Avr3 by I-2 and I-3, respectively
(Houtermanewl,2008).! f 2y 3 O2nS@2tdziAzy 27T miylepighad Sy a ¢
ability ofone Avrgene tomaskanother. The recognitiorof a singleAvrgene by multipldRgenes

could be a resulbf new cropsheing producedhrough interspecific hybridizatioandalso in the
breedingtechnique ofintrogresson of R genes from related speciest SGA Gl 2 dzZRSyY 2
2019).2 AGK (KS&sS 7T Gigendidi-geheytheoryAsioRIE be @tpandEr® upon to

consider current knowledge.

1.6.Molecular aspects of planefence responses B napusagainst. maculans

There are hurdles in avingfrom the model plantA. thalianato crop speciedike B. napusin
genetic studiesAlthough bothspeciesbelong to theBrassicaceae familglifficulties arise in
determininggenefunctionthrough comparingliploid and an amphidiploigpeciesB. napusas
many more genes compared £ thaliang thusone gene irA. thalianacanrelate to several in

B. napusSeveral studies have focused on the molecular mechanisms of the defesprnse

of B. napudo L. maculansincluding Sasek et al. (2012) and Haddadi et al. (2015). Becker et al.
(2017) used bothB. napusand A. thalianain an investigation of the ETD pathway. RNA
sequencing identified unigue genes and plant defence pathwagsifipto plant resistance in
B.napusagainstL. maculangLepRZX AvrLepRlinteraction over time while thé\. thalianag L.
maculanamodel pathosystem was used to functionallyaracterse the genes involvedA study

by Haddadet al., 2019 providedurther insight into the molecular mchanism of host genetic
background andRgene effectthroughtranscriptome analysien B. napudines caryingone of
four blacklegRgenes RIm2 RIm3 LepRIor LepR2in Topas or Westar backgrouttdoughout

time following an incompatible interaction with. maculans

1.6.1 B. napuskgenerecognition ofL. maculans

SinceL. maculansINRP ga o0Si¢6SSy (KS Kz2ailiQa YSazLKeff
apoplast, host recognition relies on extracellular redtgn of effectors bya class of R proteins
known asnembrane boundeceptorlike proteins (RLPshese ell surface RLPs are integtal

the cell menbraneand posses anextracellulalLRR domain and a short cytoplasmic tail lacking

a signalling motif (8tz et d., 2014). As RLPs do not possess cytoplasmic signalling domains,
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upon ligand detection, RLAsstead stimulate cellular responses through interaction with
receptorlike kinases (RLKdJigure 1.6. presents this mechanism and thegible outcomefor

B. napuschallenged withL. maculangiescribingETD.The receptoilike kinase suppressor of
BIR11 (SOBIRJis known to play a key role in Riclediated ETD as an essential regulatory RLK,
functioning specifically in receptor complexes with RLEeb(and et &, 2013; Stotz et al., 2014).
An identified RLK, BRIASSOCIATED KINASBAK) plays a key role in the general regulation

of LRRRLPcontaining plasma membrargssociated receptor complexes (Liebrand et al., 2013).
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Fgure 1.6 Possible outcomes foB. napuschallenged withL. maculanglescribing effector triggered defence

A. Rgenemediated ETD results in incompatible interactions viittmaculansExtracellular recognitioof effectors fromL. maculans

growing between mesophyll cells by RLPs can lead to a delayed host cell death, generally occurring severalidéiposh just

a few cells.

virulence, with the extensive proliferation bf maculans

than in (B). Stotz et al. (2014
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If the RLPis absent, a compatible interaction occurs, whereby the host remains alive, and the effectoribuento pathogen

If the pathogen effector is absent, a compatible interaction occurs. However, the proliferatlamtdculansnay be less extensiv




1.6.2. Erly signalling pathways in the resistance response

Compgex signalling pathways mediate early responses in the host plant cells. The initial response
to the primary recognition event takes place immediately downstream and involves the
activation of ion flixes and kD, production. Host recognition of the pathogés relayed through

a series of pathways using G proteins, differences in concentrations of cytosbbnarotein
kinases/phosphatases controlling the activity of key enzymbseads severigbiophysical and
biochemical processes to occur beforeefehcerelated genes become transcriptionally

activated.

Alongside many other cellular processes, plant responses to pathogens are regulated by
alterations in concentrations of cytoplasmic’CAmang the earliest cellular responses are¢'Ca
buxes, and tiht coordination between receptor complex activation and*®adzE S& A & LINBR
BON1 is @egulator C&*, interacting withautoinhibited calcium ATPase®and 8 ACA10/8§on

the plasma membran® regulate calciunsignalgn A thaliana(Yang et al., 2037It is thought

that early signal branching at/ just after the receptor level might be coordinated by different
C&*amplitude and/or temporal differences to stimulate diverse?@iependent signabows

into various outcomes (Seybold &t, 2014). PAMPs and effectors are both known to induce an
influx of C&" from the apoplast, causing cytoplasmic?Czoncentrations to rapidly increase.
Free C#& ions act to transduce a stimulus to target protethst guide the cellular response.
PAMPrecognition rapidly leads to an influx of extracellula?‘@athe cytosol, occurring at 30
sec- 2 min and reaching a maximum at4 ¢ 6 min after recognition (Jeworutzki et al., 2010;
Bigeard et al., 2015). Higlytoplasmic C# concentrations act as second messenger to
promote the opening of other membrane channels and transporters (BatidFelix, 2009). In

this way, influx of Garesults in an influx of Hand an efflux of K Ct, and N&, which causes
extracellular alkalinisation (after 1 mj and plasma membrane depolarization (a31min)
(Jeworutzki et al., 2010; Bigeard et al., 2015). Furthermore, highc@aentrations activate
calciumdependent protein kinases (CDPKs}-@aluced CDPKs are recpd (along with BIK1)

for the activaton (by phosphorylation) of an NADPH oxidase called respiratory burst oxidase
homolog D (RbohD). Calmodulin is also activated Bya@éd required for the synthesis aoftric

oxide (NO) (Bigeard et al., 2015).

Heterotrimeric G proteins (guanine nucleotiddénding proteins) act as molecular signal
transducers inside cells, playing a key role in transmitting signals from stimuli outside of the cell
to the interior. Their active state is dependent on whether they are baiwn@TP (on) or GDP

(off) (Zhang et al 2012). Mitogen-activated protein kinases (MAPKSs) are signal transduction
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proteins used for transducing extracellular signals from receptors to downstream cellular
responses (Bigeard et al., 2015; Innes, 2001).tANBXPK cascades have been found toypla
important roles in signalling plant defence against pathogen attack (MoiZhang, 2013).
MAPK cascades change gene expression by differentially altering phosphorylation status of

transcriptions factors in the nuelis (Pearson et al., 2001).

1.63. Resistance responses
1.63.1. The oxidative burst

The oxidative burst involves the rapid accumulation of ROS, sutydasgen peroxide(H.O;)

and NO, and is widely thought to be an early response to pathogens, beRi(&abkek et al.,
2012). NO, and itderivatives (reactive nitrogen species) are thought to act both as inducers of
defencerelated proteins and as toxins causing the death of plant and pathogen cells. Reactive
nitrogen species are involved at various stepsignal transduction. Reactivétnegen species
regulate NONEXPRESSOR OF PATHOGREEBMED GENE$NPR), a key regulator of
defence gene expression and RBOHD via cysteiigaSylation (Bigeard et al., 2015). In PTI,
the oxidative burst takes pt& within a few minutes of PAMP meiption (BollelandFelix, 2009;
Lloyd et al., 2014). Following an incompatible reaction betwkemaculansand B. napus,
however,H,O, was found to be produced much later, @&dpi (Sasek et al., 2012%totz et al.,
(unpublished)ound HO. after 7 dpi but notat 3 dpi.

A plasma membrane NADPH oxidase enzyme has been found to play a role in the oxidative burst
triggered by various plant microorganisms (Torres et al.,, 2006). During incompatible
interactions, NADPH oxida RBOHD produces supeides (@} in the apoplast of elicited cells.
O**is converted into kD, by superoxide dismutases (SOD) (Bigeard et al., 2015). NADPH
mediated ROS production is known to be regulated through signal transduction pathways such
as @lcium influx, phosphéadic acid (PA), 18-3 proteins, nitrogen oxide (NO), phosphorylation

and G proteins (Bigeard et al., 2015).

1.6.3.2.Changes in pathogenesilated protein expression

Pathogenesiselated proteins (PRs) are defined as protegmcoded by the host pht but
induced specifically in response to a pathogen or related stimuli (vandrabran Strien, 1999).

These PR proteins acairrently divided into seventeen different groups, in which classification
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is based on biochemical adtiy, protein sequenceimilaritiesand other biologicafeatures(Al

et at., 20B). Properties of these PR proteins include chitinasé,3-glucanase antifungal
proteinase inhibitorendoproteinaseandperoxidase (Sudisha et al., 2012). The PR1 grbBRo
proteins are accumlated to high levels after pathogen infection (Selitrennikoff, 2001). As
expressiorof PR1is SA responsiv@Rlis commonly used as a - $#&sponsive marker gene (Sasek
etal., 2012).

AsL. maculanswitches from endophytic to necimphic growth, an ugregulation of genes
associated with JA in thB. napushost has been found to correlate with this change in the
pathogen life stage (Haddadi et al., 2015). Several transcription factors, inclWiRRgtypes,

are upregulated inB. ngusin response td.. maculans. WRKY#®a component in the SA
mediated signal pathwayVRKY7@xpression is activated by SA and repressed by JA (Li et al.,
2004).

Genes involved in the reinforcement of cell walls ahé production of glucosinolates ar
amongst several plant defeneelated genes that are differentially expressed following the
detection ofL. maculansGenes involved in the early stages of lignin biosynthesis were also
found by Haddadi et al. (2015) twe upregulated from 4 dpi in a cqatible interaction in a
susceptible host. Coordinated lignin deposition was also observed by Becker et al. (2017) in
susceptible and resistar8. napushost cotyledons following infection with. maculansWhile
resistar hosts showed prominent and codréited deposition of lignin proximal to the infection

site and surrounding vasculature, lignin deposition in susceptible hosts was uncoordinated and

diffuse.

1.64. Role of plant hormones in defence responses

Plant hornones are well known to play an iragant role in regulating signal transduction
following pathogen recognition (Pieterse et al., 2012). The principle hormones regulating the
plant defence response are SA, JA and ET (Novakova et al., 2015). Other pitmtagolators

such as gibberells) cytokininsABAand auxins, also play a role in the modulation of plant
defence (Pieterse et al., 2012). SA is an important signal for inducing a local resistance response
and systemic acquired resistance (SAR) in plérit et al., 2011). SAR is a hadsm of induced
defence conferring londpsting protection against a broad spectrum of pathogens (Duiaadt

Dong, 2014).
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McDowell and Dang{2000) first suggested that the plant defence response varies from
pathogen to pathogen and that biotrophpgathogens activate the SA pathway while the JA and

ET pathways defend against necrotrophs (Glazebrook, 2005). However, plant responses against
hembiotrophic pathogens, such &s maculansare less understood (Bohman et al., 2004; Liu

et al., 2008).

Findngs by Sasek et al. (2012) and Haddadi et al. (2015) both suggest Bhatapusboth SA
and ET are upregulated in response to infectiorLbyaculans However, the upregulation of
hormonre biosyntheticgenes does not occur immediately following a nool@r stimulus. For
instance, genes associated with Bi@synthesiswere found to be upregulated after 1 hour,
reaching a maximum after 4 hours/lewing an flg22 stimulus iA. thalianaseedlings (Liu and
Zhang, 2004). SA production An thalianaseedIings is induced between 3 and 6 hoafter
flg22 treatment, only reaching a maximuosg 9 hours (Tsuda et al., 2008). Thiere is a time
lag of ®veral hours between the initial €aand MAPK signalling and hormone signalling

following pathogen recogniin.

1.7.Crossgtalk between signalling pathways

Induced defence mechanisms are also used to protect plants against herbivore damage as well
as br defence against pathogens. Mechanical wounding of leaf tissue is associated with
increases irET JA, andABA collectively triggering cellular senescence at the wounding site.
Thus,aK 2 aréspaise against herbivorous insects, dependantr@nJApathway, may act in

conflict with SA pathways inducing local HR and SAR responses against many plant pathogens
(Stotz et al., 2000; Malecknd Dietrich, 1999). Infection dB. napusby L. maculandias been

found to be enhanced by the concurrent feedingaaevils Ceutorhynchus pallidactyliasdC.

napi) producing more entry sites on the host plant (Alford et aDQZ; Taylor et al., 2004). The

effect of wounding on gene expression is also a concern wdoémg L. maculansnoculation
experiments for inveggations into the pathogeinduced defence response, as commonly used

inoculation methods involve woundirig) nguscotyledons

1.8.The durability of disease resistance

5dzN> 6t S NBaAradlyOS gl a FANRG RSTAyhSdecivé W2 K
RdzZNAYy 3 AdGa LINRPf2y3ISR YR 6ARSALINBIR diyse Ay |
of resistance, whether gquantitative oR genemediated, is commonly used to predict the
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durability of a cultivaragainst diseaséWhile guantitatve resistance is commonly associated

with durable resistanceR genemediated resistance is often associated twitesistance
breakdown after growth of the same cultivars over successive growing seasons. This is because
singleRgenemediated resistance isolatespecific, therefore causing pathogen populations to
rapidly adapt and increase the percentage of vimtlégsolates through selection and

multiplication (Brun et al., 2010).

Largescale growth of oilseed rape cultivars with singlgene resistaoe exerts strong selection
on populations of.. maculando adapt. Examples of this was seen following the wideead
growth of cultivars withRIm1 resistance in France, which led to a rapid decrease in the
proportion of L. maculangsolates carryingavrLiml (Rouxel et al., 2003; Zhang et al., 2015).
Hfective LepR3esistance irB. napusmaterialwasalso rapidly Istin some parts of Australia
2002,shortly after it was deployedn 2000(Sprague et al., 2006).

Another instance of a singRRgene being overcome is in the caseRdn3in Canada, where it
was introducedin B. napuscultivarsin the early 1990s praging good resistance againkst
maculans However, by early 2000s, several moderate to severe ouksr@are observed as

the pathogen evolved to overconi®im3(Zhang and Fernando, 2017).
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1.9.Aim and objectives

This project aims tdurther understandthe temperaturesensitivity of B. napusresistance
againstL. maculans A combined approach was chostm explore different elements othis
topic, with three separatelines of study The firstapproachexplores the relevancy of effect of
increased temperare on phoma severity in agriculture and how different quantitative
resistance backgroundand singleR genes caraffect this. The secondstudy takes a more
mechanistic approach to understand temperatigensitivity by investigatingBrSNC1
hypothesised @ play a roleusing reverse genetics with a TILLING population of the ancestral
diploid speies B. rapa The third approach explored differences indefencerelated gene
expression to comparemperaturesensitive andresilient introgression lineat 20°Cand 25°C.
For the purpose of this study, temperaturesilience is defined as maintainingcanstant
resistance phenotypat 20°C and 25°C, whilgmperature-sensitive resistance is lost at 25°C.
Together thefindingsfrom theseapproaches may be utilideby breeders in the development
of oilseed varieties that are better adapted twvercomethe impact of climate change on

diseasesThe three main objectives are:

1. To investigate the effects of temperature oR genemediated and quantitative
resistance aginst L. maculansin B. napusplants through field and controlled

environment experiments.

2. To investigate the contributions @NCland FocBolhomologsin the temperature
sensitivity ofRgenes irB. rapaagainstL.maculansoy conducting inoculation asgaon

TILLING mutant lined 20°C and 25°C
3. To investigat the defence response through time of temperatesensitive and-

resilientRgenes ly comparing the responses 8f napussingleR gene introgression

lines(ILs)noculated withL. maculansat 20°C and 25°C.
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2 Influence of increased temperature on phoma stem canker

2.1. Introduction

In the defence oB. napusagainstL. maculanssingleRgenes are reported to function during
the first colonisation phase in cotyledons and leaves. Thus, in théeivsmonths after drilling

in September, singlRgenes ar&known to be venimportant in defending the crop against the
phoma stem canker patheg. Quantitative resistance has been described as operating after the
initial leaf colonisation, during the send symptomless growth phase of the pathogen, before
the formation of stem cankers (Pilet et al., 1998; Delourme et al., 2006; Huang et al., 2069
mechanismdbehind quantitative resistance are poorly understood and the potential rol& of

genes in déending against the pathogen during later colonisation stages has not been explored.

Increased temperature is thought to be linked to more sevgihema stem canker in winter
oilseed rape cropsPrevious studies have agreed that in seasons experiencingtetkv
temperatures and increased rainfall, the efficacyRafenes is negatively affected, and canker
severity is greatefHuang et aJ.2018 Evans et al., 200Huang et al., 2006 otyledorassays
show clear differences betwedRgenes in their resilieze to maintain efficacy under elevated
temperatures. Less is known about how théggenes respond individually to temperature in
crops. Somevork has been done in determining which months are most significant in affecting
phoma severity; Huang et al. (28)1found phoma leaf spotting and canker severity to be linked
to October and June average temperatures, respectively. This severity analysis éxplore

the impact of maximum monthly temperatures. There is some evidence that maximum
temperatures may ifluence canker severity. A multiple linear regression analysis, on 40
datasets by Evans et al. (200 indicated that mean maximum daily tema¢ure and total
rainfall (between 15 July and 26 September) produced the best prediction of the start date of

the phoma leaf spotting epidemic for all sites and growing seasons included.

Conclusions drawn from investigations into the response of qudiviaesistance at increased
temperatures are somewhat conflicting. Huang et al. (2009) found, by analysing stes c
sections, the efficacy of quantitative resistance to be reduced when a cultivar with good
quantitative resistance was exposed to an eledatemperature of 25°C compared to 15°C.
Whilst more severe cankers were observed on the cultivar without quativé resistance at
15°C, no significant difference between the two cultivars canker severity at the higher

temperature were observed, suggesy that temperature affects the operation of quantitative
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resistance taL. maculansAn experiment by Hubbard arféeng (2018) subjecteld maculans
inoculated B. napuscultivars containing quantitative resistance to a temperature regime
designed to mimia heat wave, rising to 32°C daytime temperature forg before dropping to

18°C for hrs overnight. No differere in disease severity was found compared to plants grown

at a moderate temperature regime of 22°C daytime/ 16°C overnight; suggesting Guiaetit
resistance can maintain efficacy at increased temperatures. How temperature affects the
operation of quantiative resistance remains poorly understooBurthermore, although
guantitative resistance has been commonly described as occurritegeatstages in a plants
RS@PSt2LIYSyidsx S@Sy o0SAy3a OFfttSR WLHRdA G LIyl
operation of quantitative resistance in young plants by Huang et al. (2014) found that

gquantitative resistance appears to also be expmbat early stages of plant development.

2.1.1. Objectives

The work in this chapter aims to determine how guantitatiesistance and differenR genes
impact upon the severity of phoma stem canker of winter oilseed rape cultivars in crops,
specificaly in relation to June temperature. A cotyledon experiment was done on the same set
of cultivars to determine fifield resuts could be predictedo seeif quantitative resistance can
have any effect on the resistance response at the cotyledon stagedction ofB. napudines

with genotypes possessing a combination of gaodittle quantitative resistance an&im4
RIim7or LepR3were used in field andontrolled environment{{CE)experiments.The second
experiment in this chapter examines the effect of elevated temperature on the quantitative
resistance response during the second symptomless phase in the colonisatiorspiafte
maculanson B. napus It also investigates whethd® genes playa role in defence against the
pathogen in the stem, and how it may be affected by increased temperature from 20°C to 25°C.

Specifically, objectives were:

1. To analyse field and weathdatato see if there is a correlath between canker severitin
different cultivarsand maximunmmonthly temperature throughout the growing season

2. To assess selectd?l napudines for temperaturesensitivity and resilience i@Ecabinets
see if there i| correlationbetweenphoma canker severity scores in crops.

3. Tosee ifincreasng the ambienttemperature from 20C to 25C reduces efficacyf the
quantitative resistance response by doing stem inoculation assais imapu<ultivars with

different levek of quantitative restance, using a virulemt. maculanssolate
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2.2. Materials and methods
2.2.1. Winter oilseed rape field experiments
2.2.1.1. Experimental set up

To investigate the effects of cultivar resistance and weather on the severity of pktama
canker field experiments were run for three growing seasons (22067, 20172018 and 2018

2019) at various sites in England and France. Locations for-Z16 were Impington,
Cambridgeshire, UK (52.253824, 0.125801) and Chateauroux, France (861 3758). Oly

one site was included for 2042018 Wisbech, Cambridgeshire, UK (52.695707, 0.081937458) as
at the other site in Chateauroux, France (46.5319, 1.3758) the crop failed to establish due to
severe flea beetle damage. The field site did retablish agaifor 2018/19; two sites were used

in the UK; Callow, Herefordshire (51.994688,756194) and Wisbech, Cambridgeshire
(52.619527, 0.16128927).

Thirteen winter oilseed rape cultivamsere selected for field experimentdgble 2.1).The
rationale for the cloice of cultivars was to include current breeding lines containing different
combinations of¥ 3 2 & R 0 Aqiiantitafiv@ resistance an& genesRIm4, Rimdr LepR3as
advised by breedersCurrent UK cultivars and breeding lines werduded inthe study to
determine if temperatureresilient characteristics are present in available oilseed cultivars

l f GK2dAK Odzf GABFNE 6SNBE Of I aaAFASR | a KI @A
mechanisnsof two W 3 2 @&lliv&smay be comfetely diferent (as discussed in section 1.5.3.1)
Furthermore, other differences in the genetic backgrounds of these cultivars may also influence
their response to the environment and impact on the severity of phoma stem canker. Thus,
there areclearlimitations for this study. Nevertheless, in the absence of a set of oilseed lines
differing only in their quantitativeesistancdrait loci, this set of cultivars provide a good start

in investigatinghe effect of temperature on the quantitative resistan@sponse

Eightof the cultivars possedRgenes with a quantitative resistance background; DK Exception
(RIm7+ quantitative resistance)Cultivar A(RIm7+ quantitative resistance), AdrianRI(4+
quantitative resistance), JetNewRIn4+ quantitativeresistance)Cultivar GRIm4+ quantitative
resistance),Qultivar D (RIm4 + quantitative resistance)Cultivar F(LepR3+ quantitative
resistance) andCultivarG (LepR3+ quantitative resistance).hfee of the cultivars posse$®
genes without a quantitave resistancebackground;CultivarB RIm?, Cultivar ERIm4 and
CultivarH (LepR3 Cultivar ES Astrid contains Rogenes but has guantitative resistance
background. Cultivar Incentive, which has no kn®Rgenes oquantitative resistancewas used

as a susceptible control.
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Table 2.1 Winter oilseed rape cultivars used in this chapter with information of any
known singleRgene or quantitative resistance as indicated by breede@ailtivars were

categoised into eight groups, depending on their combinatioiR@ene and quantitative

resistance.
Rgene resistance  ‘Booduantitative resistance | WA U @dagi@tive resistance
RIm7 Group 1 Group 2
DK Exceptioh Cultivar A CultivarBt
Group 3 Group 4
Rim4 _ _ _
Adriand, Jet Neuf? Cultivar € Cultivar B2
Cultivar O
LepR3 Group 5 Group 6
Cultivar P, Cultivar G Cultivar H
None Group 7 Group 8
ES Astrit? Incentive, Cultivar P

Numbers in superscript refer to experiment in which thdtivar was used; Winter oilseed rape
field experiment and temperatursensitivity assay”, adult plantCEtemperature-sensitivity

assay?.

NPZ cultivars ar€ultivar A CultivarB, Jet NeufCultivar C Cultivar D Cultivar E Cultivar F
Cultivar GCultivar Hand Cultivar I DK Exception is from DEKALB, Incentive is from DSV, Adriana

isfrom Limagrain and ES Astrgfrom Euralis
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The field experiments were arranged in randoadidlock designs with two or three replicates.
Seeds were sown betweehugust and early September, at a density ofséBds/nt in France
and 55 seeds/mz2 in the UK. Plots were 3m x 2nCioditeauroux (2016/17)knpington (2016/17)
and Wisbechl{2017/18), and 8.6/for Wisbech (2018/19) and Callow in (2018/19)

2.2.1.2. Phomaehf spotting and stem canker severity assessment

The severity of phoma stem canker was assessed irpigiyto harvestand fifteen plants were
pulled from each plot. The stems were cut at the base, immediately above the root collar and
the area of neastic tissue caused by phoma stem canker in the eeestion was scored using

a 16 scale (Pilet et al., 1998; Delourmeadt, 2008); 1 = no affected tissue; 2 5% area
affected; 3 = 0% area affected; 4 = 5b% area affected; 5 = 70% area affded, plant

alive, and 6 = 100% area affected, stem broken or plant dead.

2.2.1.3. Weather data at field site

Monthly aveage maximum temperature and total rainfall data were obtained for the five field

site locations to assess their effects on cankeeséy Weather data were obtained from the

NASA Langley Research Centre Atmospheric Science Data Centre Surface mis@ioanidg

Solar Energy (SSE) web portal supported by the NASA LaRC POWER Project
(https://power.larc.nasa.gov/dataccesssiewer/). Avegage maximum monthly temperature

and maximum June temperature were used for analysis to investigate increased ambient

temperatures.

2.2.2. Cotyledon inoculatiesmssessment of cultivars used in field experiments at 20°C
and 25°C

To investigate the tempetare-sensitivity ofRgenes incultivars used in the field experiments
(Table 2.1), a cotyledon temperatusensitivity asay was done using. maculanssolate JN3

(AwLml-4-5-6-7-8). The assay was repeated twice, each with eight plants per treatmeatlfor
cultivars, apart from cultivars Jet Ne@ultivar Eand Cultivar Cfor which the assay was done

once.
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2.2.2.1. Preparation @f. maculansonidial suspensions

To prepare inoculum, selectdd maculanssolates were sulzultured in the centre of V8gar
plates(Appendix A.1)Plates were placed in darkness for four days. Then multiple plugs, taken
from the edges of mycelial growth, were placed on new V8 plates. After two more days in
darkness, the plates were placed iilC&cabinet (ARALAB, Portugsét to a repeated cycle of

12 hr light at 20°C and 12 hr darkness at 18°C to induce pycnidial development.

Petri dishes were flooded with distilled water, and a glass rod was used to rub along the surface
to release theL. maculansonidia. The resultinguspension was then filtered through Mira
cloth (Calbiochem, USA) into a Falcon tube. The concentratiocsnafial suspensions were
measured using a haemocytometer and diluted with sterile distilled water to provide

concentrations of 10conidia mt. Aliquots of conidial suspensions were stored2@°C.

2.2.2.2. Plant growth and inoculation of cotyledons

Seeds were sown on discs of filter paper, dampened with distilled water, inside Petri dishes.
Petri dishes were placed at 4°C fo B days to syrtwronise germination and growth. Petri
dishes were then moved to a windowsill for up to two days for germimatit an ambient
temperature of 20C Light intensity at plant height was measured to be 320 um#iEm
Seedlings were then transferred into lal ratio of John Innes number and Miracle-Gro
compostin 50-cell trays.Plants were grown in Céhambers set to a *Rour light/ 12hour
darkness cycle with a constant temperature of 20°C and a relative humidity of 70%. Fauemty
hours prior to inoculatia, plants being treated at an elevated temperature were moved into

another CE chamber, set thé same progranbut with an increased temperature of 25°C.

Cotyledons were inoculated 10 days after being placed in soil, by wounding followed by droplet
inoculdion. A sterilised needle was used to pierce two wounds on the adaxial surface of each
cotyledan. A 10ul droplet of 10conidia mt suspension was placed directly onto the wound site
using an electronic pipette (StarLa¥ilton KeynesUK). Following inagation, seedlings were

kept in the dark at high relative humidity for 24 hours. Plastic listed with water, were
placed on trays to ensure high relative humidity while wrapping the trays in black plastic ensured
darknessFollowing inoculation, truéeaves were regularly removed from seedlings to allow full

expansion of cotyledons and prevesgnescence. Plants were watered from the base.
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2.2.2.3. Assessment of symptoms

Phoma cotyledon lesions were scored atdi2 using a continuous-0 scale adaptg from that

of Koch et al. (1991) (Appendix A.@ = no darkening around wounds, as in controls; 1 = limited
blackening around wounds, lesion diameter-0.5 mm; 3 = dark necrotic lesions B%nm; 5 =
dark lesions & mm, brownish on lower surface; 6same as in 5, but less necrotic; 7 = grey
greenlesions of limited size with no or few pycnidia; 9 = large -gire@gn lesions with profuse

sporulation.

2.2.3. Effect of quantitative ariRigeneresistanceon canker severity at 20°C and 25°C
in adult plang

2.2.3.1. L. maculanssolate growth at 20°Cnhd 25°C

Growth ofL. maculangn vivowas assessed at both temperatures to ensang differences in
phenotype were not simply related to differences in pathogen growth rate. The rates of growth
of L. maculangsolates JN3 and V.23.11.9 were compared &C2@and 25°C. Mycelial disc
inoculum was placed in the centre of Petri dishes of V8 agar that were stored for 24 hours in a
dark cupboard at 20°C before transfer to t8&chamber, allowing time to grow into éfresh

agar. Six replicates were prepared per treatment.

Photographs were taken daily over alay period using Sony NEBR camera with a 40.4 to 49
mm lens. Photos were taken from a fixed height and under cdetidighting to reduce image
distortion and give colour consistency between treatmeriteage J software was used to trace,
using the freehand tool, the circumference of the isolate colony in each infgm®e(dixA.3).
This method was used to provide moaecurate results than measuring fungatius with a
ruler as isolates df. maculan®ften grow in an irregular shape rather than a perfect circle. The
dark orangev8 agar provided a clear contrast to thwite mycelia and so the areas fafngal

growth were clear to identify.

2.2.32. Plantgrowth andsteminoculation

The effect of temperature on the quantitative response and the rol&Rgenes during the
second symptomless stage of colonisation was investigated through adultBla@pustent
base L. maculansinoculation assays. Cultivapsossessing four different combinations of

genotypes were selectedusceptible background with n& genes Cultivar J; quantitative
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resistance background riegenes (ES Astrid); susceptible background Rith4(Cultivar Eand
gquantitative resistance hekground withRIm4(Jet Neuf) (Table.2). Avirulent and virulent..
maculansisolates,JN3 AvrLm4 andV23.11.9 &vrLm4, respectively, were usedPlants were
inoculated with the virulenL. maculangsolate to remove any resistance response caused by
major Rgene interactions Thus, any differences in resistance response were due to differences
in the quantitative resistance background. Plants were grown in a 1:1 ratio of MiracleGro and
John Innes No 3 compost, in 6 x 6 cm wide and 8 cm deep pote @Edbinets at constan
temperature of 20°C (12 hr light / 12 hr dark) for 6 weeksler the same light conditions as
above Plants were divided in two groups 24 hours prior to inoculation, half were transferred to
25°C, the rest remaining at 20°C. Ptantere inoculated at-8veeks bypladng a lcn¥ square
piece of sponge cloth soaked in’I@I* conidial suspension over acin cut in the stemthen

wrappingwith Parafilmto secure it in place

2.2.33. Imagebased canker severity assessment and measent of plant health

Assessment of plant health and canker severity was donevaeéks following inoculation. To
assess plant health, the following measurements were taken for each plant; leaf number, plant
height (stem base to tip of longest leaf) artdra thickness (measuredith a digital calliper). To
assess stem canker severipjeces 1cm long of the stem were cutdm belowthe inoculation

site and photographecs described in section 2.3.3Rhotos were then batclropped into

fifteen photos ofstem pieces, each measng 815 by 815 pixels, to improve accuracy before
statistical analysis. These were then analysed with Image J (Schneider et al., 2012) to determine
the percentage area of necrotic tissue discoloured by the disease to assess thigysevihe

stem cankeFigure 2.1).
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Figure 2.1 Imagebased canker severity assessment workflof@) Photos of stem

pieces for each treatment were cropped to isolate each of the individual stems to allc
more indepth statistical analysis. (B) The saturation threshold level was adjusted f
each individual image to ensure the cresstional area was totally maskeals shown
in red on the righthand side (C) Brightness and hue threshold filters were agapli
identifying necrotic tissueshown in red on théeft) and healthy green tissustown

in red on theright).
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Saturation was adjusted for each image to ensure the esestion of the stem was fully covered

in the analysis. Healthy tissueas identifial though setting the colour threshold parameters, in

HSB mode to brightness min 82, hue min 42. Settings for necrotic discoloured tissue were
brightness max 81 and hue max 41. The Analyze Measure function was then used to measure

the pixels in the filteredireas.

2.3.Results
2.3.1. Winter oilseed rape field experiments
2.3.1.1. Stem canker severity on different cultivars

Analysis of cultivar phoma stem canker severity scores (Figure 2.2) found Incentive (little
gquantitative resistance, no knowRgenes) t have the lagest canker severity (3.88), two times
greater than the cultivar Astrid with good quantitative resistance only. Cultivéad the
smallest average severity score (0.82). The greatest variance in canker severity was observed in

DK Exceptionral the smallesin Cultivar E

Cultivars with the samdR gene and classification of good or little guantitative resistance,
provided by breeders, were grouped together to allow cross comparison of cultivars (Table 2.1).
Il CAaKSNRa f St sonteshwad goheTordstifoy signifid@ntvdiiiibraidesviomen
Rgenes and goodr little quantitative resistance on average canker severity (Table 2.2). Large
differences were seen iR gene effects in cultivars without quantitative resistance; cultivars
with RIm7 RIm4 LepR3or no knownR gene were all sigficantly different to each other.
However,in cultivarswith quantitative resistance, there were ridgene effects (Table 2.2). No
significant differences were found betweeRIm7 and LepR3cultivars wth and without
guantitative resistance but were foundetween cultivars wittRIm4and no knowrRgene, with

good quantitative resistant cultivars having a significantly smaller score.

2.3.1.2. Phoma leaf spotting on different cultivars in relation tol§@ctrainfall

Rainfall was recorded for field experiment locations (Figure 2.3). A correlation coefficient was
calculated for total monthly rainfamonths Septemberto Decembe) againstthe average
phoma leaf spotting for each cultivat each field locaon. The month in which rainfall hathe
greatest impactwas found to beOctober had the highest correlation £ 0.488), followed by
November = 0.486), September € 0.328) and December£ 0.287)Appendix A.4)
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Figure 2.2 Distribution of phoma canker severity scores for winter oilseed rape
cultivars grown at five locations over three growing seasons (Chateauroux, Franc
2016/17; Impington, UK, 2016/17; Wisbech, UK, 2017/18 and 2018/19; and Hikrefo
UK, 2018/19). Each bgutot shows the mean (cross) and median (line) scores for eac
cultivar. Upperand lower box boundaries denote the 2%&nd 73" percentiles and
whiskers indicate minimum and maximum severity scores. Basal stem canker seve
(sale 06; L&Pelzer et al., 2009) was scored on fifteen plant stems sampled from ea
plot. Colours r@resent the different R genesin cultivars pink isLepR3 greenRIm?7,
blueRIm4and black no knowRgene.Shaded boxedenote cultivars with higher level

of quantitative resistance amdicated by breedersAverage scores sharing a same
letter are not statstically different P < 0.05) in a multiple comparison Fishers least

significant difference test.
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Table22CA&AKSNRa fSIFadG aArA3ayAFAOLIyOS O2YLI NRazy
thirteen winter oilseed rape cultivars grouped by singlR gene and quantitative
resistance Average scores sharing a same letter were not statistically differd?8t05

in a multiple comparison Fishers least significant difference test.

Quantitative resistance Rgene mean

Rgene No Yes

RIm7 1.53b 1.36b 1.421

RIm4 2.66¢C 1.57b 1.830

LepR3 0.82a 1.20ab 1.072

None 3.39d 1.66b 2.520
Quantitative resistancenean 2.074 1.433
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Figure 2.3 Monthly total rainfall and average maximum temperatures at field
experiment locations (Chateauroux, France, 2016/1Tmpington, UK, 2016/17
Wisbech, UK, 2017/18 and 2018/Ehd Hereford UK,2018/19).
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The total October rainfall was plotted against the me&ithe number of leaf spotger diseased
leaf for all cultivars, showingsagnificantrelationship withphoma leaf spotting (Figure4). An
exponentialfitted curve expained 99.8% of the variance in the observed lesion humbers and

was found to showsignificarce.

2.3.1.3. Effecdvf June temperature on canker severity in cultivars with good or little
guantitative resistance aridim4 RIm7or LepR3

An initial correlation analysis for canker severity score and mean monthly maximum
temperature was done to identify the month withe greatest temperature effect on phoma
stem canker severity score. June was found to have the greatest influence, wattnedation
coefficientof r = 033 Appendix A5). June is knowio be a criticaperiod in the development

of phoma stem cankethe most seves stage of the diseas¢he crown cankemccursfrom May

to July(West et al., 2001).

Regression analysis of the relationship betwdle@a greatest recorded June temperature and
phoma stem canker severity score in cropping yex0$6/17, 2018/19 and 2018/19 found
differences between cultivars (Figuré®.Thehighestmaximum June temperature was 3527
in Chateauroux, France (22 Jund Z2Pand thdowed maximum June temperature was 2389
in Wisbech (25 June 2018).

Groups 1 ad 2 (cultivars withRIm7and goodor little quantitative resistance) both have a
positive correlation, with phoma stem canker scores increasing with maximum June
temperature. This correlation was stronger in the cultivars with little quantitative resisté#ic

= 0.85 P< 0.025) tha what was seen for the cultivars with good quantitative resistai€e=(
0.52,P< 0.01).Groups 3 and 4 (cultivars witRlm4,and gad or little quantitative resistance)
showed a much weaker relationship with maximum Jteveperature & = 0.31,P< 0.01 and

R = 0.26, respectively). Group BepR3 good quantitative resistance) (cultivar B) and group 6
(LepR3little quantitative resstance) Cultivar H followed a similar trend to groups 1 and 2; both
showed positive comlation with phoma stem canker score increasing with maximum June
temperature, with a stronger correlation in cultivars with little quantitative resistarfée=(
0.8%, P < 0.025 respectively) than good quantitative resistari€e=(0.29,P < 0.05).Group7
(good quantitative resistance with no knovRgenes) (cultivar ES Astrid) showed no correlation
between canker severity score and maximum June temperafre Q.(84). Group 8 (no known

Rgenes, little quantitative resistance) showed a negative
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Figure2.4 Relationship between total October rainfall and phoma leaf spotting inciden
on winter oilseed rape plots ovethree cropping seasonat field experiment locations
Impington, Cambridgeshire (2016/17), Wisbech, Cambridgeshire (2017/13048#19) and
Callow, Herefordshire (2018/19). Theendline is an exponentialequation in the form
y=A+B*(@ where vy is lesio number and x is the total October rainfall, B.and C are
parameters to be estimated.he fitted curve explained 99.8% of the variance in the obse
lesion numbers anahows significarte (P < 0.05) Ten winter oilseed rape plants wel
collected from ach plot and assessed for incidence lof maculanstype leaf lesions.
Assessment was carried out in December when plants were around growth stage 1,10
tenth true leaf). Average number of leaf lesions per leaf was calculated. lEarsrdenote

standad errors of the means.
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Figure 2.5 Relationship between phoma stem canker severity and maximum June temperatures for experimental winter oilseedcrdpears.
Thirteen cultivars (see Table 2Mgre grown in 23 replicate blocks over three growing seasons at five locations in Chateauroux, France, 201¢
Impington, Cambridgeshire, UK (2016/17); Wisbech, Cambridgeshire, UK (2017/18 and 1018/CHljamdHerefordshire, UK (2018/19). Basal stern

canker severity (scale® L&Pelzer et al., 2009) was scored on 15 plant stems sampled from eackqidhe equations of the linesee Appendix A.
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correlation R = 0.654,P < 0.05) with reduced phoma stem canker severity at the higher

temperatures.

Analysis of position and parallelism based on cultRgenes compared cultivar groups wigh
against susceptible cultivar Incentive. Cultivars vidtm7(P < 0.01) and_epR3P < 0.05) both
had significantly different slopes, but nBtm4cultivars(P= 0.061). The intercept was found to
be significantly different to Incentive for all cultivaRim7(P< 0.001)RIm4(P< 0.05) and.epR3
(P<0.01).

2.3.2.Cotyledon inoculatiolassessment of cultivars used in field experimen2)at
and 25°C

Quantitative resistancehas been described as being effective oimholder plants although
findings that quantitative resistance can also be expressed in youngetsiifollowing petiole
inoculation of22-day old plants)disputes this (Huang et al., 2014)o further investigate if
quantitative resistance may play a roleBnnapusotyledondefence against. maculangt an
elevated temperature oR5°C a cotyledon assay was carried otlib separatehe effect of
temperature on the fungal growtto the effect on the resistance responde maculangrowth

on agar was compared 20°C and 28C(Figure 2.8)All cultivars withRgenes maintained their
resistance toL. maculansvhen inoculated with an avirulent isolate at ZDand 23C at the
cotyledon stagdFigure 26). This suggests that tHegenes in these cultivars show temperature
resilience A significant difference between the two temperatures was found for DK Exception
(RIm7 good quantitative resistancefultivar GRIm4 good quantitative resistare), Cultivar D
(RIm4 good quantitative resistancequltivar GLepR3good quantitative restance), ES Astrid
(good gquantitative resistance), Incentive (little quantitative resistance) an@uhivar 1 A
susceptible response (interpreted as a scorb)>was observed for cultivars ES Astrid (good
quantitative resistance) and Incentive (littleantitative resistance) at both temperatures, and

in Cultivar I(little quantitative resistance) at 2&.

To test if cotyledon assays could be used to pretiietimpact of high June temperature in crops,

a correlation regression analysis was done betw&®d| £ dzS 3ISYSNI GSR F2NJ
correlation coefficient for disease severity scores and maximum June temperature against the
differences in mean lesioregerity scores from cotyledon assays atQ@&nd 25°C (Figurerp.

For the nine cultivars included in this study, no relationship was observed betwed# vhkie

and the difference in mearR¥ = 0.00).This data shows that quantitive resistancealoes ot

operate at the seedling stage.
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Figure2.6 Average lesion score {9 scale) assessed at 12 days poxiculation on cotyledons of oilseed rape cultivars included in field experiments

assessed in contrt#dd environment experiment at 20°@nd 25°CTwelveday-old seedlings were inoculated withmaculangsolate IN34Av1-4-5-6-7-8) by

wounding followed by droplet of T@onidial suspension. The assay was repeated twice, each with eight plants per tné&dma!l cultivars, apart from e

Neuf, Cultivar Eand Cultivar Cfor which the assay was done onéaterisks denote significantetweenlesion severity a0°C and 25°C P < 0.05)Error

bars indicate the standard error of the mean.
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Figure2.7 Qoefficient of determination (R?) for the relationship between maximum
June temperature and canker severity for each cultivar, plotted against the difference
in means from the cotyledon inoculation assesent for that cultivar at 20°C and 25°C
For the cotyledon assay, 4ay-old seedlings were inoculated with maculanssolate
JN3 Av1-4-5-6-7-8) by wounding followed by droplet of 1l conidial suspension. To
calculate the relationship between phoméem canker severity and maximum June
temperature for each cultivar, field experiment data from five locations over thres
growing seasons in Impington, Cambridgeshire (2016/17); Wisbechbridigashire
(2017/18 and 1018/19) and Callow, Herefordshire (2098/ivere assessed for
correlation with basal stem canker severity. Phoma stem canker severity was sco

on 15 plant stems sampled from each plot (scate Q&Pelzer et al., 2009).
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2.3.3 Effect of quantitative anBgene resistance on canker seweat 20°C and 25°C
in adult plants

2.3.31. Effects of increased temperature from 20°C to 25°C on growth rate of
maculangsolates JN3 and V.23.11.9.

The twoL. maculanssolates used in this study, JN3 and V.23.11.9, were gro@@f&tand 25°C
and mesured every 2fours for 5 days to determine the effect of temperature on their growth
(Figure 28). JN3 grew slightly faster at 25°C than at 20°C, whereas V.23.11.Ontadjiaally

higher growth at 20°C. However, neither of these differences were foohe significant.

2.3.32. Imagebased canker severity assessment

The effect of increased temperature, from 20°C to 25°C, on canker severity for four winter
oilseed rape ultivars with different resistance profiles was determinesix weekdollowing
inoculation with avirulent(JN3)or virulent (V.23.11.9 isolatesof L. maculangFigure 2.9).
CultivarJet Neuf RIm4 good quantitative resistance) showed the least severe canker at both
temperatures for both avirulent and virulent isolates. No significdifference was seen
between the temperatures for the treatment with the avirulelbt maculanssolate JN3 (11.3%

and 24.6% necrosis for 20°C and 25°C respectively); however, the virulent isolate produced
significantly greater levels of necrosis at 25°C 1% compared to 20°C (37.1%ultivareES

Astrid (Quantitative resistanceno known R genes) performedwell againsisolate JN3 at 20°C

with an average necrotic area of 31.8%. However, fibdgstance appeared ttmse efficacy at

25°C, with over twice amuch necrotic tissue area (83.7%). When treated with isolate V23.11.9,

a significant difference was also seen betwethe temperatures (63.7% and 84.8% necrotic
tissue for 20°C and 25°C, respectivabyltivarE(RIm4 low quantitative resistance) alsoshed

a significant difference between the two temperatures when treated with the avirulent JN3
isolate (46.3% and(63% necrotic tissue area 20°C and 25°C respectively). When treated with
the virulent isolate, this temperature effect was reversed, withtistecally significant greater
levels of necrotic tissue area (90.7%) found at 20°C, compared to 69.4% aCA6%ar | (no
knownRgenes and little quantitative resistance) does not exhibited any significant temperature
effect. AsCultivar Ihas no knavn Rgenes, it is susceptible to both isolates. When inoculated
with the JN3, the necrotic tissue area was 66% and 58.4% at 20°C and 25°C, respectively. When
inoculated with the V.23.11.9, it was 94.7% and 83.3% at 20°C and 25°C, respectively. Neither of

thesedifferences were significant.
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Figure2.8 Effects of increased temperature from 20°C to 25°C on the radial growtt
rates ofL. maculangsolates JN3 and V.23.11Mycelial discs were transferred from
fungd colonies onto V8 media Petri dishes and place@knabinets set to a constant
temperature of 20°C or 25°C. Photographs were taken daily at regular time points
5 days, after plants had been acclimatised in cabinets fénrg8An average radiwgas
calculated from the area of each colony at each time point; the area was determin
by measuring the area of fungal growth on Image J. Radial growth rate was estima
by linear regression. An ANOVA was performed to determine if temperature affect:
radial growth rate(P= 0.322) and= 0.971) for JN3 and V23.11.9 respectively. Erro

bars indicate standard error of the mean.
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Figure 2.9 Canker severity in four winter oilseed rape cultivars at 2086d 25°C
inoculated withL. maculansgsolates IN34vrLm4 (A) or V23.11.95vrLm4 (B).Plants
were inoculated at @veeks by wrapping a sponge soaked in” bil! conidial
suspension over a dm cut in the stem with Parafilm. Sectionsrh long of the stm
were cut 1cm above the inoculation site and photographed at 6 weeks pos
inoculation. Mean percentage area of necrotic tissue in stem sections was calcula
from the area of tissue discoloed from the disease and total area analysed on Image.
A totd of 15 plants per treatment for each cultivar were assessed. Error bars indice
standard error of the mean. Average scores sharing a same letter are not statistice

different (P< 0.05) in anultiple comparison Fishers least significant difference.test
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2.3.33. Plant health assessment of four oilseed rape cultivars at 20°C and 25°C

Plant health assessments founabry little differences between temperatuse(Table 2.3).
Althoughsome diferences were seen in stem diameters, this will not impacfithdingsof this
studyasit does not affect the percentage necrotic area calculate8 Astrid, susceptible to both

JN3 and V23.11.9, grew better at 20°C than at 25°C; plants grew taller and had more leaves.
However, the stem diameter was about the samoe plants inoculated with V23.11.9 at both
temperatures.Cultivar Egrew better at 25C than 20°C when inoculated with JN3 and when
inoculated with V23.11.9. All three categories of plant growth were greater at 25°C than at 20°C.
Little difference was foush for Cultivar Igrown at 25°C or 20°C when inoculated with JN3,
although plants grevbetter at 20°C than at 25°C when inoculated with V23.11.9.

2.4. Discussion

2.4.1. Phoma stem canker severity is linked to weatidivars containingRlm4 RIm7
andLepR3respond to maximum June temperatures differently

This study confirms the findings of previous work on the effect of temperature and wetness on
phoma stem canker severity. Total October rainfall shows a correlation to leaf spotting, a
relationship thathasbeen found in previoug (Huang et al. 2018)//hist warmer average June
temperature show correlation to phoma stem canker, a stronger positive relationship was
observed for the maximum June temperature recorded and phoma stem canker severity score.
This is a new observation that backs the suggestion that more cultivars will require temperature
resilience in order to perform successfully in years experiencing high June temperatures, as are

predicted to increase with climate chanffevanset al, 2007; Pullens et al., 2019

Cultivars withRgenesRIm7 RIm4andLepR3espond differently in their levels of phoma canker
severity to maximum June temperatures. Cultivars \Rtin7showed a positive correlation with
canker severityncreasingvith temperature. However, this could be due to the higher levels of
L. maculangsolates withavrLm7present in France (in which the field site experiencing the
highest maximum June temperature was locatedjher than being demperature-sensitiveR
gene effect A recent study d the avirulencefrequencies present in 3Q. maculanssolates
sampled in Le Rheu, France fousPb6 to show virulence againRim7(Boussetet al., 2020)
Cultivars withLepR3had the lowest average canker score, but also showed a positive

relationship with maximum June temperatures.
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Table 2.3 Effect of increased temperature from 20°C to 25°C on average plant height,
leaf number and total stem diameter of four winter oilseed rape cultivarspoulated

with avirulent JN3 or virulent V.23.11.9 isolates bf maculans

Isolate Jet Neuf ESAstrid Cultivar E Cultivar |
20°C 25°C 20°C 25°C 20°C 25°C 20°C 25°C
JN3 Height (cm) 304 293 26.3 259 334 359 271 279
Leaf number 63 64 49 48 59 56 7.4 6.9
Stem diameter (mm) 4.2 44 43 36 46 49 54 53
V23.11.9 Height (cm) 279 28.3 265 255 30.2 34.6 23.I* 29.8
Leaf number 53 57 51 48 6.00 53 7.9 7.6

Stem diameter(mm) 4.3 38 41 42 47 50 44 49

Tocompare the difference between variablefor IN3 use least significant differences (at 5.0%)
between heights = 2.014; leaf numbers = 0.576 and for between stem diameters % 0046
compare the differences between variables V23.11.9 use least sigrifant differences (at

5.0%) between heights = 2.558; leaf numbers = 0.632 and for between stem diameter§ = 0.59
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Qultivar E(RIm4and little quantitative resistance) was found to show an insignificant correlation
between maximum June temperatures and canker seve@witivarE also had the second
highest average canker severity; this could be due to a significant levelrafculasisolates in

the fields with virulence again®Im4 Analysis of. maculanspopulations from 13 sites, 11 of
which were in the UK by Huang et §018) found mean frequencies AfrLm4to be 41%, less

than that of AvrLm7which was found to be 100%. §hsuggests thaRIm4genemediated
resistances would be partially rendered ineffective, explaining the higher canker severity seen

in Cultivar E

2.42. In cultivars with low quantitative resistance and no knBenes, a lower
temperature is more conducive to canker development

A significantnegative correlatiorof phoma canker severity and maximum June temperatures
was seen for cultivar Incentive which lacks any knowiR gene and has low quantitative
resistance(Figure 2.5)Cultivar E(RIm4 low quantitative resistance) also had a statistically
significant (P < 0.05) greater amount of necrosis at 20°C compared to 25°C when inoculated with
the virulent isolate ofL. maculangFigure 2.9)This could be due to thke. maculangrowing

more rapdly at lower temperature. Alternatively, it may be a result of a more optimal
temperature for PAMP triggered resistance, a lower plant response to the effeijgeredHR
bought around byRgenes. Higher temperatures (23£32°C) have been reported &nhance

PAMP signalling (Cheng et al., 2013).

2.4.3. Temperatureesilience observed icontrolled environmentotyledon assays is
not mirrored in the field

No relationship between cultivar resilience to increased temperature at the cotyledon stage and
relationship to maximum June temperatures in the field was observed. This is not surprising as
the effect of quantitative resistancleas not previously been obsesd at the cotyledonstage.

The lack of correlation betweeseedling cotyledorinoculation assays and field results could
also be due to multiple other factorsuch as dferencesin avirulence genes L. maculans
isolatespresent in the natural environent to thoseused in the I, other climate conditions

such as rainfgligreater variation in temperaturesind effects of other pathoges and pests
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2.44. SingleRgenes also operate in the stems of adult plants

Results from the field experiment suggdbat R genes are operating alongside quantitative
resistance in June to influeathe level of phoma stem canker. Through inoculating adult plants
directly into the stem, any resistance brought about Rgenes operating in the leaves was
circumvented in e CE adult plant assay. Anmaculanssolate, avirulent tadRIm4 was found

to cause significantly less necrotic tissue in the stem of an adult inoculated and grown at 20°C
compared to at 25°C. An isolate virulentRtm4was also included, thus eliminag anyRgene
effect, caused significantly more necrotic tissue to develop GiC2compared to 25°C. This
suggests thaRIm4has a protective effect against the pathogen in the stems of adult pldmis.
hypothesiscontradicts current beliefs,which descibe singleRgenes as operating in the leaves
of young plants during the autummRi{mmerand van den Berg, 199ZFitt et al., 206a8). To
confirm thishypothesis more adult plant stem inoculations could be done using near isogenic

lines withor without sinde Rgenes.

2.45. Quantitative resistanamayact asa mechanisnto protectRgene resistance at
high temperatures

Field experiments suggest that quantitative resistance may act to reduce the effect of increasing
maximum June temperatures on the phontara canker sverity when combined witRRgenes

This correlatiorbetween maximum June temperaturand phoma stem canker severityas
weaker forRIm7andLepR3ultivars withgood quantitative resistance compared to those with
poor quantitative resistanceNhen quantitative resistage is present in a cultivar (ES Astrid)
with no knownRgenes, no relationship with maximum June temperature is seen. These findings
suggest that gantitative resistance showtemperatureresilience in crops and can buffer to a

pll yiQa NBaAAaGlIyOS NBalLlRyaS F3FAyad KAIK GSYL
resistance response-dowever, in theCEstem inoculation assay cultivars ES A#d (good
quantitative resistance) and Jet Neuf (good quantitative resistanceRdmd were both found

to have a significantly lower amount of necrotic tissue &iC0ompared to 2%. This suggests

that, under a sustained temperature of 25, the efficacy of quantitative resistance is reduced.

One possible explanation for the differee in performance of ES Astrid in the field &b#
cabinets could be the period in which the plant is exposed to elevated temperatures. Whilst
gquantitative resstance appearsto provide a mechanism to reduce the effect elevated
temperatures, this may é broken down if this higher temperature is sustained over a long
periodof time.
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2.46. CombinindRgenes and quantitative resistance in cultivars providertbst
effective resistance in hot environments

Results from both field experiments ar@Eassag suggest that by combining temperature
resilientRgenes, such d@Im4 Rinv andLepR3with a high quantitative resistance background,
protection of oilseed rape cropagainstphoma stem canker disease at elevated temperatures
may be increasedrurthermae, the CEassaysuppors the hypothesisthat both quantitative
and R gene resistanceoperate in the stemof adult plants protecting againstL. maculans
infection. BothRIm4and quantitative resistance efficacy can be seen to be redudesh plants
are sibjected to a prolonged elevated temperature 286°C.In years experiencing warmer
summers, as have been predicted to result from climate changbé UK, a @mbination of
temperatureresilientRgenes and a high quantitative resistance background wilehaired to

protect oilseed crops from phoma stem canker.

It is notknownif higher levels ofjuantitative resistancare linkedwith areductionin fithess.A
review byBrown (2002pn yield penalties of disease resistance in crepggestedhat plants
with high quantitative resistanceould suffer from dithess penalty The evidence behind this
proposalcame fromthe observations of/anderplank(1984)that quantitativeresistancecan be
lost due to masking by singigenesor if not exposed to the patigen.Quantitative resistance
genescould belinked to genes involved in yield, resulting in linkage drapege resistance
geneswere to be introgressedViore research is needed in this area to fully understand any
potential pay offs in important traitsuch as yield that may be linked to greater levels of

gquantitative resistancén oilseed against phoma stecanker.
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3 Role ofSNCi1n the temperaturesensitivity oRgenes in

Brassicaapaagainst_eptosphaeria maculans

3.1. Introduction

Amongst the corhination of factors described in Chapter 1 determining temperaggasitivity

of resistance, NLR proteins are believed to plagyrole. NLRs have been proposed to act as a
temperaturesensitive component in the plant defence responseoasrseveral NLRgenes in

I AAYAT I N YIYYSNE RSaAaONAOSR o0& ®wKdz SG Ff d 0OH
Zhu et al. (2010) suggestthat a conservedSUM@lation motif operates in distant taxa as a
common mechanism for regulating temperatusensitivity acoss various types of disease
resistance. IrA. thalianaa SUM@lation mutant,sizl, was found to displagNCidependent
autoimmunity at both 22C and 28C, which was EDS1 dependent at both temperatures
(Hammoudi et al., 2018)AtSNCl1is involved in tempetare sensitivity of plant defence
responses irA. thaliana Thesnctl mutant of A. thalianais constitutively activated in defence

and has a dwarf phenotype; both phenotypes are lost at higher temperatures (Yang, 2004;
Zhang, 200 hu et al., 2010). The. thalianagenome contains an RPP4/ RPP5 cluster with eight
NBSLRR genes on chromosome 4, one of whighi$NC1

FocBolis a single dominant gene conferring resistance to yellow wilt disease, caused by
Fusarium oxysporunim B. oleracea(Shimizu et aJ.2014). FocBols described as temperature
resilient up to 26- 28°C, thus it is hypothesised to be a temperattgsilient allele. Following

the fine mapping and cloning éfocBola candidate orthologue iB. rapa(Bra012683 was
identified and designa&d FocBri(Shimizu et al., 261).

In B. rapa two duplicated genesccur; ae is believed to ban orthologue ofAtSNCland is
thus referred to as BrSNC1Bra012689 and the othe is FocBrl A correspondindocus inB.
napusis less clear as its genomarisre complicatedln the work presented in this chapter, the
roles of BIa\Cland FocBrlare investigated in the defence response Bf rapaagainstL.
maculansat 20°Cand 25C It is proposed thaBrSNCActs as temperatursensitive component
of the defence response iB. rapain a manner analogous t8NC1lin A. thaliana FocBl
expressionis also postulated to be affected by increased temperatditee findings provide
knowledge on two genes indicated toe involved in the temperatureependence of the

defence response.
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B. rapa(AA, Dl Hthre @rkestral specieand origin of the A genome B. napuswasused in
this studyfor several reasongsit is diploidit has simplegenetics andess potential fogenetic
redundancythan B. napusand has a well sequencegenome (reverse gengcs requires
sequence information on the target gen@) TILLING population f&0-18, an inbred line of the
B. rapasubsp.triloculariswasproduced by RevGen an$ed in this studyR0-18 is selffertile,

produces many seeds per plant and has a simgilawth pattern toA. thalianaand oilseed rape
cultivars makes it an attractive system for as well as studies related to yield and quatgyrir
B. napugqStephenson et al., 20)1(B. rapawas previously identified as a host for maculans
(Rouxel ad Balesdent, 2005) and this study confirthe R-0-18 line to be a goad host, this

finding will help enable future studies understand thmlecular mechanisms behir8rassica

resistance

The NBARC (nucleotidéinding adaptor shared by APAFR proteinsand CE) domain is
found at the centre of trimodular R proteins, (van ddezen and Jones, 1989). This domain is
made up of three suldomains: an NB domain, ARC1 and ARC2 (Albrecht and Takken, 2006). The
NB-ARC domain is a functional ATPase modulé,ismucleotidebinding state has been found

to regulate activity of the Rrptein. The NB subdomain forms a catalytic nuclectidading and
nucleotidehydrolysing pocket, converting ATP to ADP (Tameling eR@0D2). The NBRC
domain of two tomato I(ycopersicon esculentuniR proteins-2 andMi-1, and likely of related R
proteins, was shown to function as a molecular switch whose state (on/off) depends on the
nucleotide bound (ATP/ADP) (Tameling et 2002). Two -2 autoactivating mutants with
specifc point mutations in the conserved motifs of the MBC domain resultedn
autoactivating proteins that induced a pathogeamependent HR. The mutants were defective

in ATP hydrolysis, but not in ATP binding, suggesting that théo@lri®l state of the Riptein

is the active form that triggers defence signaling (Tamelind. £2@06).

3.1.1. Objectives

1. To cetermine susceptibilitandtemperaturesensitivity ofB. rapaR-0-18 wild-type and
BrSNCandFocBrITILLING mutants to. maculans

2. To arry out backcrosses for each TILLING mutantémpve unlinked mutations

3. To phenotype andperformmolecular characterisatioan B. rapaTILLING mutants

4. To determine gene expression differences in homozygBuSNCHhNnd FocBriTILLING

mutants toexploremolecular mechnisms of action

63



3.2. Materials and methods

3.2.1.Sequence alignments and comparisodeducedprotein sequences for
hypothesisedSNCDbrthologs inB. rapaB. napusndB. oleracea

The coding sequences of seve&lliCicandidates inB. rapa B. napusand B. oleraceavere
identified using a BLAST search in EnsemblPlants EskiBoland AtSNCltemplates. The
coding sequences were aligned using ClustalW. InterPro®eanused topredict protein
domainsfrom the amino acidsequence®f NLR geneSMARTa $mple ModularArchitecture

Research Toolyas used tadentify andannotate proteindomainsin B. napusgyenes of interest.

3.2.2.Phylogeneti@nalysis of th6&NChndFocBoloci

Phylogeneticanalysiswas doneon SNCLlits five homologs imA. thaliang candidate SNC1
homologsin B. rapaandB. napusFoBl in B. oleraceaa FoBolcandidate gene iB.rapaand
two candidateFocBohomologs irB. napugo compare the sequences and inform how distinct
they are from each othelPhylogenetic Analysis by Maxam Likelihoodvas done using MEGA
(version 10.1.5). A 5@Bootstrap test of phylogeny was carried out using the TaniNeamodel

of Maximum Likelihood @mura and Nei, 1993).

3.2.3. Selection d8. rapaTllLLING mutants FocBrlandBrSNCgenes of integst

The RevGenUK database (www.jic.ac.uk/technologies/gensamidces/revgenukilling-
reversegenetics) was searched for mutations in thiexBrl (Bra012683 and BrSNC1
(Bra012689 candidate genes in th8. rapaline, Ro-18. Two TILLING lines with missen
mutations were selected in thEocBrlcandidate gengfocBrtl1 (Homozygous, Gly245Arghd
focBrt2 (Heterozygous, Val241Met). Both mutations lie in the-AHBC domain oFocBri
focBrl-1 lies in theP-loop region,whereasfocBrt2 is locatedjust beforethe P-loop domain
(Table3.1). A TILLING mutant line witlglstaine to arginine substitutionin the P-loop of theNB-
ARQGomain ofBrSNCivas also selected, this genotype will be referred tBascl In two of
the three TILLIN@wutants(focBrt1 andBrsncl) a glycinds substitutedfor another amino acid
in the P-loop. Glycine substitutionkavepreviously been shown to havesggnificant effect on
the phenotype due to its importance in protein function (Perry et al., 20B@jthermore,it is

thought that NBARC domaim of R proteins function as a molecular swit¢he on/off mode of
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which is determined by whatucleotide (ATPor ADP)is bound tothe P-loop (Tamelinget al.,
2006).

3.24. Genotypic and Ipenotyptc characterisationf TILLING mutant lines

Plants were grown to seed production and phenotypes of each mutant line were observed at
various time poing throughout the growth stagesKompetitive Allele Specific PCR (KapSP
genotyping technology (LGMjddlesex UK) was used to confirmutant genoypes and to aid
backcrossingTable3.2 gives the sequences provided faetSNPspecific KASP laesign assay

mix. DNA was extracted from young leaves usimg DNAMITE Plant Kit (Microzone L.td.
Haywards Heati YO F2ff 2g¢Ay 3 { KS ong.IFylloeit éxiiadibids sadpies A Y &
were analysed for quality and concentration usaiganodrop NBEL000 spectrophotometeand

diluted in PCR water to 25 ngl. 25 ng of higiguality DNA was used per reaction. Genotyping
reactions were run and read on thegyikent Technologies Mx3000P instrument with Low ROX as

per the specific guidelines for that instremt provided by LGC. Positive controls, i.e. samples of

known genotype, and netemplate controls were included in each assay.

KASP thermal cycling condit®dwere set to the following: step 24°C for 15nin; step 2 94°C
for 20 se¢step 3 61°C for 6Gsec (repeat steps-3 to give a total of 10 cycleby touchdown
PCRdropping the temperatureby - 0.6°Cper cycleto achiewe a final annealing temperaterof
55°C) step 4 94°C for 20 sestep 5 55°C for 60 sec (repeat stepd4
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Table 3.1 Information on the three mutations inB. rapa R-0-18 TILLING lines produced by

RevGen UK

Mutant Gene ID RevGen IC Base Amino Acid Information
Change Change

focBrll ~  grap1268: JI33099a GGG>AGG G>R  Mutation inP-loop motif
Homozygous

Conservedmutation in

FOCBIE2I0CBIE2 b 01268t 1310882 GTG>ATG VoM NBARC domain
Heterozygos

BISNWBINCl g 201268 31301430 TGGSTGA  G>R  Mutation inP-loop motif
Heterozygous
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Table3.2 Sequences provided to LGC for KASP primer design containing polymorphisms

for mutant and wildtype genotypes

Genotype Sequence submission for KASPner design

AATTCAGTGTTGCGCTTGGATTCTGAGGATGTGAGAATGGTGHIGH!
focBri-1 GGCCTTCAGGGATTGGTAAGAGTATCATAGCGAGAGCTCTTTTCAC

TTAGAAGCAATGAATTCAGTGTTGCGCTTGGATTCTGAGGATAKGA
TGGGGATTGTGGGGCCTTCAGGGATTGGTAAGAGTATCATAGCGA

focBrl-2

GAGGCAATGAATCAATTGTTGTGCATTGAATCTGAGGAAGCTABGAA
GGATTGTAGGGCCTTCAGGGATTGGTAAGACTACCATAGCAAGAG!

Brsncl
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25 times (a total of 26 cycles)); step 6. read plate at less than A@&€each run, a further KASP
recycling cycle was donesing the following conditions: step 1. 94°C for 20 sec; step 2. 57°C for

60 sec (repeat stepsa to give a total of 3 cycles).

Seeds of mutant lineBrsncl and FocBrt2 were grown to maturity and backcrossed with the R
0-18 TILLING background two timesremoveunlinkedmutations besides those being studied
(Figure3.1). As thdocBrl-1 seeds provided by RevGenUK weeey slow growing and had male
sterility, only one bakcross was carried out. KASP markers were used to identify and select

heterozygouglantsproduced from the cross which were then used for further backcrossing.

3.24.1. Segregation test by KASP marker analysis

To check if seeds produced by selfffagB1-2/focB1-2 to generateBGF: segregated in the
expected 1:2:1 ratio, KASP marlanalysis was carried out on th@.FSeventyFocB1-2 BGFR
seeds were sown andaf samples were removed at two weeks for KASP anady€ikisquared

test was therperformed on the resultingenaypes

3.2.5 Assessingemperaturesensitivity of TILLBImutant lines
3.25.1. Cotyledon inoculation assay2@°C and 25°C

Inoculation assays were carried out at 20°C and 25°C to determine the tempesatusivity
of the three genotypes resulting from mutations in thecBrlandBrSNCgenes in comparison
to the wildtype Ro-18 line.Tendayold cotyledonsof Brsncl, focbrl-1 and FocBr12/focBrl-2
were inoculated using thevounding and droplemethod, described in section 2.22with 10/
conidial spores mi of L maculansisolate IN3 AviLml-4-5-6-7-8). Twelve days following

inoculation, the resulting lesiongere assessed as described in section 232.2.

3.25.2. True leainoculation assay &0°C and 25°C

For the second assay, 70 seeds offBEocBr12/f ocBrt2 (produced from selfing heterozygous
BGF: plant) were sown.A segregating populatiofior BraNCL/ Brsncl was alsoplannedand a
BCF plantwas selfed However, the plant was severely overcome by aphid infestation and the

seeds produced wertund to be of insufficient quantity and unviable.
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BG Ro0-18 v BrSNC1
BISNC1BrSNC1 BrSNC1Brsncl
KASP
(]
BG R-0-18 BGR
BISNC1BISNC1 v KASP to seléc
heterozygotes
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heterozygotes
BISNC1Brsncl

Figure3.1 Scheme of KASP markassisted backcrossdsetween B. rapa TILLINGines
focBr1-1 (A) focBrt2 (B) andBrsncl (C) to Ro-18 wildtype to remove unlinked
mutations. Superscript denotes @S in which plants were usetgotyledon inoculation

assay at 20°C and 25%Crue leaf inoculation assays at 20°C and 25°C.
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Once the plants had reached the third true leaf stage (corresponding to 1,3 on the growth stage
key forB. napugAppendix A7) and were28 days old),L.maculangisolateJN3) was inoculated

onto the second and third leaves by woudtbplet inoculation.lnoculation was carried out in

the same way as previously described but with a couple of adaptions made for the larger plants.
Before wounding, the area surrounding the wound sites were gently rubbed using a damp cotton
swab, to prevent the conidial susp&on from rolling off the waxy leaf surface. Using a-pre
sterilised needlethree to sixwounds were made on each of the sedoand third true leaf
depending on the leaf size. At 14 dpi, leaves were photographed, lesions were aoorézhf

discs were taken for pathogen DNA quantification

3.2.6. L. maculanguantification

Levels of.. macuhinsDNAweredetermined for each treanent usingguantitative realtime PCR
chainreactions.Leaf disc samples (8 mm diameter) taken from the wound sites of infected
plants with a Rapi€Core biopsy punch (ProSciTed@huringowa Central, Austrajiat 14 dpi
Samples were placed in 2 ml skitecrewcap Eppendorf tubes, along with 3 sterile metal
beads. Samples were submerged in liquid nitrogen before storag@0aC. Frozen tissue was
ground into a fine powder using a Retsch Mixer Mill (Ret€aktleford UK). From this stage,

the DNAMITEIBnt DNA Extraction Kit (Microzone Limited, Sussex, UK) was used to extract DNA
following the protocol provided. DNA was quantified using a Nanodrop-10dD

spectrophotometer and diluted to 20 ng/ul with nuckeafree water.

Quantitative realtime polymerse reactions were prepared with maculanspecific primers
(Table3.3) using an Agilent Technologies Stratagene Mx3005Rime@lPCR machine (Agilent
Technologies Reaction mixtures werprepared to a total volume of 20 ul containing; 10 pl
SYBR greamrady mix (Brilliant Il Ultreast SYBR Green QPCR Master Mix with low ROX, Agilent
Technologies), 6.3 ul nucleaBee water (Qiagen), 0.6 puL (10 uM) forward primer, 0.6 pL (10
UM) rever® primer and 2.5 ul of sample DNA (20 ng/ul). The thermocyclimgramme was an
initial denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 15 sec, 60°C for 30 sec
and 72°C for 36 sec. A dissociation curve measurement cycle was perforiosdniglmain
thermocycling. All reactions were prepared in duplean the plate and each plate was also
duplicated. A standard Hold dilution series of. maculan®NA (10,000/ 1,000/ 100/ 10/ 1 pg)
was included for each plate to give a standard cufieeal DNA (pg) was calculated automatically

using the MxPro QPCRBfsvare (Agilent).
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Table3.3. Primers used in this chapter

Gene F primer R primer Source
L.mac CTTGCCCACCAATTGGATCCCCT, GCAAAATGTGCTGCGCTCCAGG Liu et al.2006
Blraarosll\;%éQ AGATGTCGTTGAGAAGTCTGATAC TTGTTGTTCTGTTATCATGGGATTA Miyaji etal., 2017

BrPR1 TACCCTTCGAACACGTGCAA AGCTTTGCCACATCCGAGTT This work
Bri%clzr6188 CGATAGGTATTCGAATTTGAGTCT TCCACACTGTTGTTTGTACTGAGTT Miyaji etal., 2017
. Miyaiji et al., 2017
BrActin CGGTCCAGCTTCGTCATACTCAGC AAATGTGATGTGGATATCAGGAAGC

72



3.2.7. Gene expressn analysis
3.2.7.1. RNA isolation

Levels oPR1, FocBrlandBrSNCivere measured and compared between the mutant lines and
R-0-18 wild-type. Five replicates were produced for each genotype. Four leaf discs (8 mm
diameter) were taken from young healthgaves of fomweekold plants with a Rapi€ore

biopsy punch (ProScidie) for each sample. Samples were placed in 2 ml skirted szapw
Eppendorf tubes, along with a zirconium oxide (5 mm) grinding ball (Retsch). Samples were
submerged in liquid nitrogebefore storage at80°C. Frozen tissue was ground into a fine
powder wsing a Retsch Mixer Mill (Retsch). From this stage, the E.Z.N.A. ® Plant RNA Kit (Omega
Biotek) was used to extract RNA following the protocol provided. An additional step to remove
DNAwas incorporated into the protocol, with the DNase | Digestion Sete@ Bietek)

following the steps provided. RNA was quantified using a Nanodrop-109D

spectrophotometer (Labtech International, UK).

3.2.7.2. cDNA synthesis

RNA samples were dilutedd A § K 59t/ ¢l GSNJ 62 LINRBRdzOS vy >f¢
containy’ 3 wm > JThe2qPCRBID CBMNA Synthesisviig used for reversganscriptase of

MRNA as per the protocol. TE buffer was used to dilute the cDNA samples by 1:20, producing
templatesfor PCR and qPCR. Samples were store20aC.

3.2.7.3.Polymerase Chain Reaction

Genes were amplified using specific forward and reverse primers (3&hléA master mix was

prepared for each gene made upof2q w9 5 ¢ I Ij >0[{ AE2YNIDOF{NF abljiiER Yi S

> NBOSNBS LINA YSNI oRvnu >[a oS WI[F G § [ D5 bl Xi SINT | gy
into sterile 0.2 ml PCR tubes and placed in the PCR machine. The cycle program was an initial
denaturation step (2 min at 94°C), 35 amplificatigules (94°C for 45 sec, 55°C for 45 sec and

72°C for 45 sed@nd final extension (72°C for 5 min). PCR products containing REDTaq were

observed in d.4 % agarose gel electrophoresis run at\bfr 120 min.
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3.2.7.4. Quantitative PCR

The expression levelof genes of interest wermeasuredusing quantitative PCRyith two

technical replicates per sample. Specific primers used are givenindfablap H >f 2 F &l Y
gla | RRSR G2 wmn >f 27F {Fast SYBRAGE&RSYPCK Mdsterdith NA £ £ A
26 wh-X ! 3Af Syl ¢SOKWa2 INRL 0T >F 2fF WNKNYS NI
PCR machine (Agilent Mx3000P QPCR System, Cheshire UK) was set to run the following cycling
profile; 1 cycle of denaturation at 95°C for 3 min, 40 afigaliion cycles of (95°C for 15 sec and

60°C for 1 min) and cycle of (95°C for 1 min, 55°C for 30 sec and 95°C for 30 sec). After each

cycle the amplified product was logged automatically by measuring the fluorescence.

3.2.7.5. Analysis of expressiomizh

The expression @PR1, BSNChndFocBrigenes was assessédm the gPCR result analysis.

The expression profilder each genotyp@ S NBE O f Odz Cid$ R dZBNIRg¥ned KS n
Ctactin)] and-n Ctvaluew pGt=(Cttreat. gene- Cttreat. Actin)- (Ctcontrol. gene- Ctcontrol.

Actin)] respectively,obtained byMxPro (Mx3005Pyersion4.10, Stratagene, United States)
software. Thedata were statistically analysed usi@enStat (19 edition) software. The up
regulated genes werdefined as dold-change greater than 2 witR<0.05 anda fold change of

0.5 or less wasised to define dowwnregulated genes whe® < 0.05. A general ANOVA with
Fisher's least significant difference (LSD) procedwss then performed to determine

significarce betweentreatments.

3.2.8. Phytohormone analysis

Leaves were taken fromveekold wildtype Ro-18B. rapaplants as well aBrsncl andfocBrl-
1. Five plants of each line were santhlavith two young leaves taken from each plaweighed
and thenflash frozenin liquid nitrogen. Samples were sent on irg to DynaMo M@\nalytics
facility (University of Copenhagen, Denmark) where sample extraction was performed as

previously describeth GroRRkinsky et a{2014) andlonescu et al(2017) given below

Frozen gound samples were extracted twice withethanol (1250 pL, 80%) followed by 30 min
AyOdzo | GA2Yy G n [/ ®@)Hakndnate Wasindluded s ad ifiterpal staldifd. 5 ¢
I FGSNI OSYUNRFAdAIFIGA2Y O6mMp YAYS HAgGa@BcoBRmnaI n
(Phenomex, Strata C48 200 mg/3 ml) using vacuum. The eluate was evaporated to dryness

74



and samples dissolved in 20% methanol and filtered (0.22 um, Millipore) by centrifugation (5
min, 3,000 rpm). Samples were subsequently analysed by-MSIQgQ to quantify
phytohormone levelsPhytohormones were analysed in biological triplicates by UHPLKIS Q

on an AdvanceTNUHPLC/EVOQTMEIiteME instrument (Bruker) equipped with a18

reversed phase column (Kinetex 1.7 u-&B3, 10 cm x 2.1 mm, 1.7 pparticle size,
Phenomenex) by using a0%% formic acid in water (v/v), pH 4.0 (solvent Ajethanol (solvent

.0 ANFRASYG G L Ft2s NIGS 2F non YicgowBY |
(15 min), 50% (2 min), §000% B (0.1 min), 10086(2.9 min), 10610% B (0.1 min), anti0% B

Op YAYO® [/ 2YLI2dzyRa 6SNB A2yAl SR o0& 9{L 6AGK
and negative mode, respectivelfhe teated probe temperaturevas 350°C and the cone
temperature 300C. Quantification was based on response factors radatd (2H6) JA. The
AYRAGARIZ £ K2N¥X2ySa 6SNB Y2yA(i2NBR o0l aSR 2y
B pd oMM 8T ! .13 L0 Hco B Mpo T =+=BITSI/dEOL
OHH B Mon wmT =+ 6 TIAA (+)A766 13D [1M\Y;TP, (F) 2ah o 13 HOV]; BBZT

(+) 222 > 136 [15 V]; DHZR, (+) 354 > 222 [15 V]; tZ7G/ItZ9G/IZOG, (+) 382 > 220 [17 V]; tZR (+)
352 > 220 [15 V]. tZ7G, tZ9G, and tZOG were distinguished based on retention times in

comparison to lhose of known standards.

3.3. Results

3.3.1.ldentification and squence alignment of hypothesis8MCDbrthologs inB. rapa,
B. napusandB. oleracea

In A. thalianaColumbia,SNC1s positioned on chromosome 4 (At4), within a cluster of seven
TIRNBSLRR clasggenes(Noel et al., 1999 When theAtSNCXoding sequence was searched
against theB. rapagenome sequence, the top two closest matches wBra012689and
Bra012688 both of which are positioned on chromosome AQ@8hen a BAST search was done
against theB. napuggenome sequence, most of the syntenic regions were on C07, with several
also in the A chromosome. Two of the closest sequences viBTr@C079g34000and
BnaC07g33980D

TheFocBolocus is located on C7 Bf oleraceavhich has collinearnjtwith At4 (Pu et al., 2012).
When theFocBoZXoding sequence was searched againstBheapusgenome sequence, it was

found to be highly syntenic witBnaC07g3399and BnaC07g34000Analignmentwith DNA
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coding sequences of AtSNC1 FocBol, Bra012689 Bra012688 BnaC07g33990and
BnaC07g33980Bhowed synteny between #se genes of interest (Appemxds.])

3.3.2.Phylogeneti@analysiof SNC1FocBolknd their candidate orthologs

Phylogenetic analysis by maximum likelihood predicted #adBolits homologFocBrlin B.
rapa and partial putative homolog, BnaC07g34000@nd BnaC07g33990n B. napusform a
clade AtSNCIand it six closely relateB genes on At4 irA. thalianaare shown to be closely
related, as would be expected. The candidate homologat8lClin B. rapaand B. napus,
Bra01268%nd BnaC079g339800respectively are separate from the At4 cluster, but closer to
SNC1hanFoc®l. The two branchegredicting phylogeny dSNChAndFoc®1 are distinct from
each other (Figur8.2).

The amino acid seggncesof AtSNC1FocBl1 and BrSNC1ivere analysed using InterProScan to
predict their domains. All three genes were foundhave very similar characteristics (Figure
3.3). All three genes had similar lengths ainhilarspatial distribution of TIR, NBRCand LRR
regions.From this study, and previous analysis by Shimizu et al., (2015) it is hypothesised that
two B. rapagenesBra01268%ndBra012688re homologs oAtSNChAndFocBoXespectively.
Figure 3.4 shows how these genes are hypothesised Entigoland SNChomadogs inB. rapa

The amino acid sequences BfiaC07g34000Bnd BnaC07g3399@ere input into the SMART
protein domain annotatiorweb server, to determine their domainBnaC07g3399®&as found

to contain LRR domains, whiBnaC07g34000bada TIRNBS domainThese wo geneswere
hypothesisedto together make up a TINBSLRRRlike gene that is a putative ortholog of
FocBolEvidence for this suggestias threefold: 1these genes together make up a NBS
LRRRlike gere; 2) BnaC07g34000And BnaC07g3399@are positionednext to each other on

the genome 3) alded together, the sum of the base pairs adds up to 3,957, which is close in
length to FocBol(4,420bp) These two genesnay have resulted from a single gene being
disrupted in the cuivar Darmor bzhgenerated through non homologous recombinationan
incomplete genome assembhAlternatively, the gene could encode a protein made up of an
aminoterminal ard NBS domain with no LRR domain. There are 21 of thegéBSRroteins in

A. thaliang although their function is unknown, it is suggested that they may act as adaptors or
regulators of TIRIBSLRR and coiledoil-NBSLRR proteingMeyers et al., 2002ylcHale et al.,
2006) RFPCR could be used tesolvethis questionthrough compaing the expression levels

of BnaC07g34000Bnd BnaC07g33998sboth would be the same if part of the same gene.
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Figure3.2 Phylogeny ofSNCXand closely related genes) i. thaliana, FocBolin B.
oleracea and candidate homologs oSNCland FocBolin B. rapaand B. napus
Phylogenetic analysis was carried out by Maximum Likelihood with 500 bootsTitzps.
phylogeny was inferred through the Tamtuxei model of Maximum Likelihood
(Tamura and Nei, 1993). &hree is drawn to scale with branch lengths showing the
expected numbeof nucleotide substitutions per codon. Numbers represent bootstrag

values. Analysis was performed in MEGA.
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ATSNCL

1 METASSSGSR RYINFPSFRG EDVEDSFLSH LLEELRGEAT TFIDDEIERS RSIGPELLSA

61 TEESRTATVI FSENYASSTW CLNELMVEIHE CYTNLNOMVI PIFFHVDASE VEEOTGEFGE
121 VFEETCEAKS EDEEDSWEDA LAAVAVMAGY DLREWPSEAA MIEELAEDWVI. RETMTPSDDF
181 GDLVGIENHI EATESVLCLE SEEARTMVGI WGEISGIGKST IGRALYSKLS IQFHHRAFIT
241 YESTSGSDVS (MELEWEREL LSEILGOEDI EKIEHFGWEQ RLEDOQEVLIL LDIVDSLEFL
301 ETLVGEAEWE GSGSRIIVIT ODROLLEAHE IDLIYEVEFP SEHLALTMLC RSAFGEDSPP
361 DDFEELAFEV AFLAGNLPLG LSVLGSSLEG RTEEWWMEMM PRLENGLNGD IMETLEVSYD
421 RLHQEDODMF LYTACLFNGF EVSYVEDLLE DNVGFTMLTE ESLIRITPDG YIEMHNLLEE
451 LGREIDRAKS KGNPGERRFL TNFEDIHEVY TEETGTETLL GIRLFFEEYF STRPLLIDEE
541 SFEGMRNLOY LEIGYYGDLF OSLVYLPLKL. RLLDWDDCPL ESLPSTFERAE YLVNLIMEYS
601 KLEKLWEGTL PLGSLEEMNL EYSNNLEEIP DLSLATNLEE LDLVGCESLV TLESSIONAT
661 ELIYLDMSDC EELESFPTDL NLESLEYLNL TGCPNLENFP ATEMGCSIVD FPEGRNEIVV
721 EDCFWNENLP AGLDYLDCLT RCMPCEFRPE QLAFLNVRGY FHEELWEGIQ SLGSLEGMDL
781 SESENLTEIP DLSEATELES LILNNCESLY TLPSTIGNLH RLVELEMEEC TGLEVLPTDW
841 NLSSLETLDL SGCSSLESFP LISTHIVWLY LENTATEEIP STIGNLHRLV RLEMEECTGL
901 EVLPTDVNLS SIETLDLSGC SSLESFPLIS ESIEWLYLEN TATEEIPDLS EATNLENLEL
961 NNCESLVTLP TTIGNLOKLY SFEMEECTGL EVLPTDVNLS SIMILDLSGC SSLETFPLIS
1021 TRIECLYLON TAIEEVPCCI EDFTRLTVIM MYCCORLETI SPNIFRLTEL ELADFTDCRG
1081 VIERLSDATY VATMEDHVSC VPLSENIEYI WDELYEVAYL QEHFSFENCF KLDEDARELIL
1141 LRSCFEPVAL PGEEIPEYFT YRAYGDSLTY IWVPQSSLSON FLEFEACVWY EPLSEGEGEY
1201 PFLEVWWGFN GEINOESFSK DAELELCETD HLFFCSFEFR SEDLPSELNF NDWVEFEFCCS
1261 NRIKECGVRL MYWSOEENND OTTESEERME MTSGTSEEDI NLPYGLIVAD TGLAALNMEL
1321 SLGOGEPS55 TSLEGEALCY DYMITEEQODE GIPILEPVSG N

Bra012689

1 METVIMSRRF HSFFYTHNNFF HAVEGELFEN EEKPYTTPSPE FEDWYEFFFC RRLSALFEDV

61 NRYLPIRKAT NIVESESYAS SSWCLNMELVE IHECYMEVDQ TVIPIFYGVD PSIVREUTGE
121 FGEAFGETSE GTTEDEEDRW MRALAEVANM AGEDLONWCN EANLIDETAD NVSNELITPS
181 NYFGDFVGVE AHIEAMNQLL CIESEEABMY GIVGPSGIGE TTIARALFSQ LSSEFHYRAF
241 LAYRRTIODD YGMELCWEER FLSEILCORKE LETCYLGVWE ORLELEEVLI FLDINDDVEL
301 LETLVGRTEW FGSGSEITVI SODROLLEAH DIDLVYEVEF PSEDVALEML. CRSAFGONSP
361 PNGFMELAVE VAKLAGNLPL GLNVLGSSLR GRGEDEWMEM MPELENYLDG EVEETLEVSY
421 DELDGEDQEL FLFTAFARLF NGVOVSYIED LLGDSWNTGL ETLADESLIE ITSNETIEMH
431 NLLHELAREI FRAESINNPG EBRFLVIVED IRDVETDETG TETVLGLYEN ALEIEEPFSM
541 DEESFEGMCN LOFLIVEDYY GYWWVPOGELH LPOGLFYLPR ELELLEWDGY PSECLPSNFE
601 AEYLWVELEME NSSLEELWEG TLPLGRLEK]L. TMSWSTYLEE LPDLSNAESL EEVYLDRCTS
661 LVTFPSSION LHKLRELDLE GCTELESFPT LINLESLEYL NLEECSRLEN FPOIYINSSO
721 GFSLEVEGCF WHNNLCGLDY LGCIMRCIPC KFRPEQLIGL TVESNMLERL WEGMOCLGSL
781 EMMDVSSCEN LTEIPDLSMA PNLMYIRLNN CESLVTVPST IGSLCELVGL EMEECTMLEV
841 LPTDVNLS5L RTLYLSGCSRE LESFPOISRS IASLYLNDTA IEEVFCCIEN FWELSELSMS
901 GCERLENISP NFFRLESLHL VDESDCGEVI TVLSDASIEA EMSIEDHFSL IPLEENTEER
961 YEDGADIDWA GVSENFEFLN FNNCFELDRD ARELITRSYM EPTVLPGGEV PTYFTHRASG
1021 NSLAVTLPQS SLEJDFLGFE ACTAVEPPNE AETPYWVOMGL EWYFRGRSSV HHFTVYHHSF
1081 EMDEDHLIMF HFGFPLEEVN YTSSELDYIH VEFEYCYHEY ACSDIYGPDS HTOPCLMSLE
1141 MIKGCGLRELL NLSGSPYGAY RISETEYSQQ SGESDRESGR SNERMREMMVRE TSEEPSSLLC
1201 GETGANTRLM TPNLELSLGD GETSTUMSLR SLIPS5S55DSS5 SRFHGDGAFL RHSLSPSEPC
1261 FSGEAFNPMI TEQODTDTHF WDQSSSPOLI TFLR

Bra012688

1 MDFSLCELLY FPVMDNIVED TEDEUILWKD HSKLEHPLFL SWRYDVFPSF SGEDWEESEL

61 SHLLEELHRE SINTFIDHGI ERSEPIGPEL LSATRESRIS TWVWVESENYAS SSWCLNELWE
121 IYESFEELNQD MVIPVFYGLD PSHVREDTGE FGEAFMVSC] GETDDEEDWW IQALAEVANM
181 AGEDSRNWSD ESNMIERTAN DVSNELLITP SNDFGDFVGI EAHLEAMNSY LELDSEDVEM
241 VGIVGPSGIG ESITARALFS HLSSOFHYEA FVSYERTIOD DYGMELEWEE (QFLSEILSOE
301 EVELFHLGAV E(RLFHEEVL IVLDDVDDVE LLETLVGEITG WEGLGSEIVY ITEDEDLLEL
361 HEKIDLVYEVD YPSENLALOM FCRCSFGONS PPDGFMELAV EVANLAGNLP LGLNVLGSSL
421 RGEDEEEWME LLPRLEDGLD GEIEETLRVS YDELECEKDQE VEFLYTACLLN GEEVDYIKNL
481 LGDSWVGMGLR TLADESLIRT TPSERTWNMH SLLOKLGEEI WVRAESIYNPG ERRFLVDSED
541 TICEVLAENLG TEWVLGMYFN TSELEEALFY NEESFEGMEN LTFLEVYEEW SRESGEGRLC
601 LPRGYVYLPR KLRLLYWDEY PLTFMHFNFE AEILVELTME NSKLEKLWDG VOFPLRSLEETL
661 RLDGSTELKE IFDLSNAINL EELNLWGCTS LMTLPSSIEN LNEKLEEVSME GCTEIEARLPT
721 NINLGCLDYL NLGGCSELER FPOQISONISG LILDGTSIDD EESSYLENIY GLTELDWNGC
781 SMRSMPLDFR SENLVYLTMR GSTLVELWDG VOSLGNLWVRL DLSGCENLNF FPDLSEATTL
841 DHLELNDCES LWLPSSION LEKLTRLEMD GCTELEVLPT DVNLESLEYL DLIGCSNLES
901 FPRISENVSE LYLNGTATEE DEDCFFIGNM HGLTELVWSY CSMEYLPSSF CAESLVEFSW
961 PGSKLEKILWE GIQSLGSLRT IDLSGCDSLE EIPDLSTATS LEYLDLTDCE SLVMLPSSIR
1021 NLKKLVDLEM EGCTGLEVLF NDVNLVSLND YFNLSGCSRL RSFPOISTSI VYLHLDYTAT
1081 EEVPSWIENI SGLSTLTMRG CEEKLEEVASN SFELESLLDI DESSCEGVRT FSDDASWVTS
1141 NNEAHQPVTE EATFHLGHST ISAENRASLE SWSPSFFNPM SCLEFONCEN LDODARELIL
1201 QSGFEHAVLP GEEVHPYFRD QACGTSLTIS LHESSLSLOF LOFEACILLE PPTGYPSYRY
1261 ACTGVWWYFR GERNIHNWVCI IVDLCWVAHL WWFHFEVCLE EEVNCHPSEL DYNIDMVEEFE
1321 SESEHRIEGC GVRLINVSPS EDGSCTSSET QYEDOCGESD MENGRSEERL GMALTSEKSS
1381 KLLRGSDTLV CDIHOFEFGA ¥

Figure3.3 Protein seqences ofSNC1n A. thalianaand BrSNCAnd FocBrlin B. rapa
are similar TIR regions are in green, NBRC regions are in blamdLRR domains are
orange. TILLIN@&utations in Bra012689(BrSNC}Y and Bra012688(FocBrl-1) are
highlighted inyellow, resuling in changes given in Talld to the NBARC domain
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AtSNC1
4,897bp

A. thaliana
RPP4 Atdg169000 Atdg16940 Atdg16960
B e e (S (e B e T o e S s S G G S
SNC1 Atd4g16920 RPPS Sidp Adapted from Yi and Richards, 2007
B. oleracea FocBo1
4,420bp
E1E2 E3 E4 ES E6 ET E8 E9 E10
Shimizu et al, 2015
B. rapa BrSNC1 (Bra012689) FocBrl (Bra012688)
3,885bp 4,206bp
[ — N — ™ i S - ———
BnaC07g34000D (LRR)
B. napus BnSNC1 (BnaC07g33980D) 1,806bp
2,106bp [ I EEE—
LA - BnaC07g33990D (TIR-NBS)
2,151bp
I . I .

Figure3.4 Genes observed iB. rapaandB. napushypothesised to be separateocBoland SNCbrthologs, identified
in B. oleraceaand A. thaliana respectively Note that B. hapusgene predictions are much shorter than the gene

predictions in the other species.
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3.3.3. Genotypic and phenotypic characterisation of TILLINGnhlines

Phenotypes were observed for-&18, fodorl-1, focBri2 and Brsnd plants (Appendix B). R
0-18, BrsnclandfocBrkt2 had the same healthy phenotyp&hefocBrl-1 mutant had a much
shorter stature, with rounded leaves and a faceted stem. Flowering mvash delayed
compared to thewild-type, and when flowers were produdeby focBrkl plants, they were
found to be male sterile. Figur@5 shows hese dwarf plants alongsideo-18 wildtype.
Analysis of segregation using Shuared test on plants produced from selfing a heterozygous
FocB1-2 BGF; plant, using genotypesoafirmed with KASP marker analy$aund a2 value of
0.7941(Figure 3.6)Ast?is less than the test value 5.99, there is therefore not statistically

significant deviations from a 1:2:1 segregation ratio

3.34. Temperaturesensitivity assessment of mutant lines
3.34.1. Cotyledon temperate-sensitivity assessment

Results from inoculation assays found clear differences in temperaemsitivity for the three
genotypes resulting from mutations in thcBrland BrSNCHenes in comparison to the wild
type Ro-18 line. All four lines showeddher severity scores ab2C compared to 2T (Figure
3.7) which isexpectedasresistance genesften displaytemperature-sensitivty. Ro-18 showed
a resistant phenotype, with an average lesion score of 2.6 & .Z0his resistandaroke down
at 25°C with a significantly higher mean score of 7B88snd displayed the highest resistance
phenotype at both temperatures, with an averageose of 1.8 at 20°C and 5.8 at 25
significantly lower than the wiltlype at theat 25°C supporing the hypothesis tht BrSNC1
plays a role in temperaturesensitivity of the resistanceesponse ConverselyfodBrl-1 had a
more susceptible phenotype compared to the wijgbe, even aR0°C The mean lesion score at
20°C forfocbrl-1 was 7.7, which rose to 8.9, a signifitdifference, at 28C. The heterozygous
line for mutantFocBri2 had a mean score of 3.3 at Zn) not significantly different to the wid

type. At 25C, the mean score for heterozygdescBri2/f ocBr2 plantsrose to 8.6.

3.34.2. True leatemperaturesensitivity assessment

Lesionphenotypesfollowing inoculation wh an avirulent isolate oE. maculanat 20°C and
25°Con true leaves of42-day-old B. rapa mutant genotypesBrsncl focBrl-1, focBrl-2,
segregating-ocB1-2 wild-type and wildtype (R-0-18) can be seen to differ iRigure3.8.
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A Wild-type focBri-1

Figure3.5 Phenotypic differences in growth stature dbcBrl-1 compared to Ro-18
wild-type (A) ThredocBrl-1B. rapaplants from RevGenUK (right) and twaR8 wild-
types B. rapaplants (left). (B) Wildype Ro-18 B. rapa (left) homozygous TILLING
mutant linesBrsncl(centre) andiocBrl-1 (right).
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Mutant

(aa)
Heterozygous
(Aa)
Wild-type
(AA)
Non template
control ———
AA Aa aa
(wildtype) (Heterozygous) (Mutant)
Observed (o) 20 33 15
Expected (e) 17 34 17
Deviation (0 - e) 3 -1 -2
Deviation? (d?) 9 1 4
d’/e 0.5294 0.0294 0.2353

x2=d*e=0.7941

Figure3.6 Analysis of segregation using Géguared test on fants produced from selfing a heterozygocB1-2 BGFR: plant, using
genotypes confirmed with KASP marker analy#is -2 is less than the test value 5.99, there is therefore not statistically signtfic

deviations from a 1:2:1 segregation ration oreth % leve(P> 0.5)
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Figure3.7 Average lesion score {9 scale) assessed cotyledons Bf rapaTILLING
mutants and Ro-18 wild-type, following wound inoculation withL. maculangsolate
JN3 at 12 daygost-inoculation. Error bars indicate the SEM. PlantsBofrapa(wild-
type Ro-18, TILIING line mutant genotypBssndl, focBrl-1 and FocBrl-2/f ocBrl-2
were inoculated withl0’ conidial spores per ml df. maculanssolate JIN3AviLml-4-
5-6-7-8). Barsrepresent mean lesion score calculated from ten biological ikpsrage
scores sharing a same letter are not statistically differdh&(0.05) in a multiple
comparison Fish& least significant difference tedtrror bars indicate the standard

error of the mean.
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Figure3.8 True kBaves ofB. rapamutant lines and the wildtype Ro-18. Photographs
were taken 14 days po$toculation withan avirulentL. maculangsolate. Prior to
inoculation, plats were grown at 20°C for two weeks, transferred to the assessmel
temperature for two weeks, wounthoculated with a conidial suspension of’ bl of

L. maculangsolate JN3 AviLml-4-5-6-7-8), before a further tweweek period for
symptom developmentPlants were grown in controlled environment chamber, set to
12 hours light/ dark.
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The effect ofncubating inoculated plants at an elevated temperature of 25°C had a similar effect
on the resistance phenotypes on these older plants as was describadopsty for the
cotyledonassayHowever the differences betweerBrsncland the wildtype appear geater in

the true leaf assay (Figure 3.9) compared to the cotyledon assay (Figuréhis. May be due to
agerelated resistance in the wiltype. As befoe, every genotype showed greater severity of
the disease at the higher temperature (Figu#®). However, the differences observed were
more pronounced than in the cotyledon ass&o-18 leaves inoculated with JIN3 produced an
average lesion severity sconé4.6 at 20°C, and 7.5 at 25°Cwes seen itthe cotyledon assay,

this was found to be significaat the 5% level.

Lesions on the leaves drsncl plants were consistently observed to be smaller at both
temperatures. These scores were significanthydr than those observed on thedr18 wild
type, with an average lesion score of 1.6 and 2.2 aC28id 25°C respectively € 0.05).The
fodBr1-1 mutantagain showed higher levels of lesion severity compared to e &wildtype,
with mean scores of 6.9 and 7.9at 20°C and 25°C respectiveRodrl-2 did not display a
statistically significant different score in its resistance phenotype compared to thetypitd
However, theFocBri2 segregatingvild-type did have a lower level of disease atQ@onpared

to the wildtype

3.3.5 Pathogen DNAuantification

L. maculan®NA quantity for each mutant line was determined using gPCR to assess the effect
of the mutations on pathogen biomass at°@0and 28C and to provide a more quantitative
comparison of mtant effect on pathoga growth (Figure3.10). Whilst the different genotypes
were found to contain differing levels of pathogen DNA, only oneBiremcl, was found to have
a significant difference at the 5% leweimpared to the wildype. The amount opathogen DNA
in R0-18 samples weréound to be very similar at both temperatures, with 128j at 20C and
1253pg measured at 2&. NeitheifocBrl-1 nor focBrl-2 had a significantly different quantity
of pathogen DNA compared to the wilgpe at either emperature. Plants containing a mizn

in Brsnd had lower amourg of pathogen DNA to the wilt/pe at both temperatures. At 2C
Brsncl had more than skfold less pathogen DNA thandRl8, and almost half as much at’25
No significant difference ingthogen DNA was found between thedawemperatures foBrsndl.
These similarities in DNA quantity could be duehe maximum amount of pathogen biomass
being constrained by the size of the leaf diflte fungal pathogen may be restricted from
growing beyod a certain level due to lack of nutrientalternatively,there may be similar

biomass, but differences in symptom development on different genotypes.
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Figure3.9 Average lesion score {9 scale) assessenn 40-day-old B. rapaTILLING

mutants and Ro-18 wild-type, following wound inoculation withL. maculangsolate

JN3 at 12 days poshoculation. Error bars indicate the SEM. PlantsBofrapa(wild-
type Ro-18, TILIING line mutant genotypBssncl, focBrl-1, focBrl-2 and FocBri2

were inoculated with 10 conidial spores per ml df. maculanssolate IN3AviLm1-4-

5-6-7-8). Average scores sharingsame letter are not statistically differer?& 0.05) in

a multiple comparison Fish@rleast significantifference test.
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Figure3.10 Amount of L. maculan®©DNA present in four 8nm leaf discs taken directly from inoculation sites Bf rapaplants 14 days post
inoculation. Plants ofB. rapawild-type Ro-18 andmutant genotypesBrsnclfocBrtl, focBri2 and FocBri2 were inoculated with 10conidial

spores per ml ofL. maculanssolate IN3AviLml-4-5-6-7-8). Average scores sharing a same letter are not statistically diffePent)(05) in a
multiple canparison Fishe® least significant difference test.
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3.3.6 Gen@xpression analysis
3.3.61 PRIlgene expression

PR1is known to be regulated by maculans(Becker et al., 201 Haddadiet al., 2018; Sasek et

al., 2012 and a correlation betweerPR1expression and SA productidollowing inoculation

with an avirulentisolatewas shown bySasek et al(2012) Therefore,expression ofPR1was
assessed tinvestigateif the mutationscaused an effect on theotyledonsdefence response
PR1expression was agessed irBrsndl, focBrl-1 and segregating-ocBri2 genotypesrelative

to expression in R-18 wildtype (Figure3.11). An ANOVAompn / G @I £ dzSa PR dzy R
expression in healthy plants difed significantly between mutangenotypesand the Ro-18
wild-type (AppendixB3). However, as all the average-vpgulated expression folchanges were
below a twefold difference to the wid-type, and all average dowregulated wereundera 0.5

fold difference, this difference was not deemed toltielogically meaningful in this study

3.36.2BrSNCandFocBrlexpression analysis

SNClexpression was assessedBrsndl, focBrl-1, focBrt2, FocBri2/ focBrt2 and FocBri2
genotypes relatig to expression in8-18 wildtype (Figure3.12). An ANOVA omnCt values
found levels oexpression oBISNCivas not affected by genotyp® & 0.6)(Appendix B4).

FocBL expression waslso assessed iBrsnd, focBrl-1, focBrt2, FocBri2/ focBrt2 and
FocBri2 genotypes relative to expression iroRL8 wildtype (n =5) (Figure3.13). FocBrlwas
significantlyaffected by genotypeR < 0.001) between mutant lines(Appendix B4 and B5
respectively. However, all the average tqggulated expression folchanges were below a two
fold difference to the wildtype, and dl average downregulated wereunder a 0.5fold

difference, this difference was not deemed to toebe biologically meaningful in thisusty.
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Figure3.11 PR1expression ofB. rapaR-0-18 TILIING lines ctaining mutations in
BrSNCHNnd FocBrlrelative to the Ro-18 wild-type Samples were taken from healthy
leaves of 4@ays oldplants with five biological replicates per genotygars represent
mean expression, relative to expression in the-B3 wild-type. Data were normalised
to the housekeeping gene actigp ICt@ | £ daSt= GtRRI1- CtActin) treatment- (Ct

PR CtActin) control). Error bars indicate standard error of the mean.
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Relative BrSNC1 expression
o

Mutant genotype

Figure3.12 Figure 4.13 BrSNCExpression oB. rapaR-0-18 TILIING lines containing
mutations inBrSNCAhnd FocBrlrelative to the Ro-18 wildtype. Samples were taken
from healthy leaves of 4@ays old plants, with five biological replicates per genotype
Bars repesent mean expression, relative to exps@on in the F-18 wild-type. Data
were normalised to the housekeeping gene actin. Ct@ | f dzSt= EtBySNC1 Ct
Actin) treatment- (CtBrSNCACtActin) control). Error bars indicate standard error of

the mean.
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Relative FocBr1 expression

Mutant genotype

Figure3.13 FocBrlexpressionn B. rapaR-0-18 TILIING lines containing mutations in
BrSNCAandFocBrIrelative to the Ro-18 wild-type. Samples were taken from healthy
leaves of 4@ays old plants, with five biogical replicates per genotype. Bars represent
mean expression, relative to expression in the-B8 wild-type. Data were normalised
to the housekeeping gene actimp )€t | £ dzSt= @tfFqeBrl- CtActin) treatment-

(CtFocBr1 CtActin) control). Error bars indicate standard error of the mean.
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3.3.7. Pant hormone analysis

The quantities of various plahormones were measured inveek oldB. rapaTILLING mutant
linesBrsnclandfocBrl-1, as well as the 88-18 wildtype. The three genotypes were found to
show clear differences in several phytohormones whilst others were present in similar amounts

(Figue 3.14).

Total cytokinins were not found to differ significantly between genotypes)(204), the highest
level of total cytokinins were seen in the wilgbe, with 1722 nmol/g fresh weight, whilBrsncl
had the lowest level with an average of 962 nngolfesh weight. No significant difference was
also found for levels ddAbetween any of the genotypg® = 0.423. BrsnclandfocBrl-1 were
found to contain similar levels @A with 5757 and 5798 nmol/g fresh weight respectively,
whilst Ro-18 had 2365 1mol/g fresh weightNo significant difference was also found for levels
of indole-3-acetic acidlAA)between any of the genotype® € 0.245), all of which had similar
levels 608.9, 610.0 and 683.6 nmol/g fresh weightHmsncl R-0-18 andfocBrl-1 respectively.
Similarly, no significant difference was found fearhinocyclopropanel-carboxylic acid (ACC)
(the direct precursor oET), with 15546, 17271 and 19395 nmol/g fresh weight ®0-18,
focBrl-1 andBrsnclrespectively.

Brsnclhad more than dhreefold greater volume of indol8-acetaldehyde (284@&mol/g fresh
weight)compared to the wiletype 854 Gmol/g fresh weight) which was found to be statistically
significant(P < 0.05).ThefocBrl-1 mutant was not found to diffeisignificantly from the wd-
type, with an average of 1168nol/g fresh weightBrsnciwas also found to contain significantly
higher P < 0.01) levels of -hdoleacetamide, with an average 2846 nmol/g fresh weight
compared to854 and 1165nmol/g fresh veight found for the wiletype and focBrl-1

respectively.

ABA levels were present in much lower levels compared to other hormones analysed.
Significantly higher amount cABAwas found in the wildype plants (90.60hmol/g fresh
weight) (P< 0.01) compared tftocBr1-1 andBrsncImutants, which were found to have avages

of 22.96 and 34.7hmol/g fresh weight respectively.
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3.4. Discussion

3.4.1.SNCHhandFocBrlorthologshave been identified iB. rapathe putative
orthologous geneof FocBolandFocBrlin B. napuss disrupted

Findings from sequence analysis and phylogenetic tree construetibto the identification of
an ortholog of thetemperaturesensitiveSNCIgenein B. rapa BrSNCL1 It was hypothesised
that this ortholog of SNCHhcts as a temperaturesensitive component of the defence response,
as SNCihas previously been found to behave An thaliana(Zhu et al., 2010)FocBrlwas
previously identified as a potential ortholog teocBolin B. rapaby Shinzu et al., (20%).
Phylogenetic analysis in this chaptexaffirmed this hypothesig-ocBrland BrSNCEhow high
levels of sequence similarity, and it is suggested that they malupkcatedgenes, resulting in
neofunctionalisatiorafter the duplication event. It is hypothesised thafocBrlis amore recent
addition to the genomeequivalent toFocBoln B. oleraceaand that itmay confer a beneficial

temperatureresilientphenotype.

A putative ortholog ofocBriwas identified irB.napusandappears tabe split intotwo partial
genes. BnaC07g3399Was found to contain LRR domains, wiBleaC07g34000bas TIRNB
domairs. Furtheranalysis of theSNClcandidategenein B. napugBnac07g33980suggestd
that it is a truncated pseudogenemerely containing @ LRR domairGene studies iB. napus
are more complicated than iB. rapa B. napusis an allotetraploid species with a complex
genome (Song et al., 20L0'heB. napuggenome is the product of a hybridization betweBn
rapa(2n = 20, A genome) argl deracea(2n =18, C genomelJ( 1935. Brassica ancestoege
also known to have undergone two duplication and two triplication eve@tsmsequently there
are manyduplicated regions in thd3. napugienone (Jenczewski et al., 201L.3/ore analysis will
need to be carried out in th8. napuggenome to identifyBrSNC1future investgations could
look instead to the A genome f&rSNC1

3.4.2.Gain d functionBrsnclhas aemperatureresilient autoactivatedefence
phenotype loss of functioriocBrl-1 mutants showncreased susceptibility

A previous study by Tameling &t (2006)showed that mutations to the #bop region of the
NB-ARQlomain inRgenes catimpair ATP hydrolysikading to autoactivation and induction of

the defence response. Therefore, it is not surprising that the two TILLING lines with mutations
lying in the Hoop BrsnclandfocBrl-1) have a significantly distinct resistance phenotype to the
wild-type. The hypothesised effects aBrsncland focBrt1 mutants in the NB subdomaigre

shown in Figure 3.1%o such differences the defencaesponsenere observedor the focBrl-
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2 mutant; this also is expectedsthe mutation lies before the #op in the NBARC domaiand

involves a conserved amino acid change

The experiments described in this chaptipport the hypothesis thaa gain of function
mutation in BraNC1provides agreater level of resistance against an avirulent isolateLof
maculansthat is effectiveat 25°C.In the wo inoculation assaygarried out at 20°C and 25°C
on cotyledons andrue leaves oblder plants with mutant genotype&rsndl plants produced
significanty smaller lesions than the wikype, signifying a stron§TDresponse. Moreover,
Brsncl plants hadsignificantly less pathogen DNA present compared to the-typd in
inoculated leaf tissue This suggess$ that Brsnclis an autoactvated mutant, similar to the
autoactivated mutations investigated by Tameling et al. (2006). Furthermore, phenotypic
responses match those observedsinclgain of function mutant irA. thaliang as opposed to
other constitutively resistant mutantsncldoes not exhiliispontaneous lesions (Zhang et al.,
2003).However, thePRIexpression of th®&rsnciwas lower than expected, Li et al. (2010) found

PR1levels to be significantly higher amct1 A. thalianamutants compared to the wildype.

SNCIis an mportant activator of the defence pathway and is generally kept to very low levels
of expression, preventing downstream signalling from inducing the resistance resgamsef

the proteins that negatively regulateéSNCls encoded byBON1 A loss of funébn Atbonl-1
mutant was found to found to activate defence responsesl have a dwarf phenotypén
AtSNCicontainingecotypes However jn alossof-functiondoublemutantwith sncl-11, lacking
both afunctional SNCland BON1Imutants the dwarfbonlphenotype was supresed and the

enhanced resistance was lost (Yang et al., 2004)

Therefore, from the phenotypes described in this studyYlayg et al(2004), it was expected

that focBr1-1 plants, which showed dwarf phenotypes and had a mutation in a poteBh&T1
homolog, would show a similar autoactivated resistant phenotype. However, this was not the
case;higher levels of susceptibility were observedfdeBrl-1 mutants at both tempertures.

Thus, he mutationin focBrl-1, is hypothesised to be a losd-functionresulting in ADP binding
ontheNB! w/ R2YIFIAYyZ STFFSOGAGStE YIAYyUlAyAy3a |y
the defence response would not be activated resulting in a susceptible response. The dwarf
phenotype may be a result of another mtitan generated in the TILLING process, highlighting
the necessity to carry out further backcrosses on the mutant lines. Alternath@irimay be
involved in a different pathway t&NC1These findingsadd weight to the hypothesis that
BrSNCHhcts as demperature-sensitive component ahe defence responsi B. rapa FocBrl

is alsgpostulated to benvolved inaresistance response pathway.
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Figure3.15 Model of the NBARC domain functioning as moleaular switch in the

regulation of Rprotein-mediated signalingand hypothesised effects oBrsncland
focBrl-1 mutantsonits function. In the off state the NBARC tightly binds ADP and this
interaction is stabilized by the LRR domain. (1) Upon effeetognition, the LRRIB-
ARC interaction is disturbedkducing itsaffinity for ADP. (2) This reduced affiliiads

to a rapid dissociation of ADP. (3Jhe empty state binds ATRriggerng a
conformational changehis causes disruption of theTIRNB-ARGnteraction. This on
state cannow activate signaling, leading to induction defence responses. (4)
Hydrolysis of the bound ATP by intrinsic ATPase acsiwitghesthe protein to the off
state. The stephypothesised to baffectedin Brsncl(gain offunction)and (focBrk1)

loss of functiormutantsin the P-loop of theNB subdomain are indicated

Schematic adapted from Tameling et al., 20
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3.4.3. ABAnay be part of the mechanism

Both indole-3-aldehydeand 3indoleacetamide are intermediatéa the produdion of IAAvia
different pathwayqTAA andCYP79B(Sugawara et al. 2003 owever, significantly high levels
of both these intermediatesdid not appear to cause any increasel#A in Brsncl plants.
Downstream enzymes could be compensating Hyher levels of thesdntermediates, thus

maintaining similar 1AA levels the wild-type.

Alternatively, hese intermediatesould beprecursorsfor other products.In crucifers, indolic
secondary metabolites, made up of indole or indodéated ringswith at least one sulphur atom,
are known to play an important role in pathogdafence (Bottcher, 2014; Howlett et al. 0D1).
These phytoalexins are associated with tB&Dresponse, accumulating 1 or 2 days after
infection byL. maculangRouxekt al., 1989 Rouxekt al., 1991).

ABAwas significantly reduced in bofrsnclandfocBrl plants. ABA can play severales in
plants, including protecting against drought stress through closure of stomata. ABA has also
been found to have an antagonistdfect on Brassinosteroid$élegand Blumwald 2011).L.
maculansproduces ABAvhen growing inB. napusduring the biotrophic stage of infection
(Darma et al., 2019) hE reason for this is unclear, although it is postulatieak it may benefit

the fungus by inhibiting the growth of other microorganismsor through delaying leaf
senescenc¢hus allowinghe fungustime to grow into the stemABA is known to supreSNC1
expressionthus low levels may activate resistance (Figure Edfure studies ofocBrl-1 and
Brsnclgenotypes could investigate how the levelsphytohormonesdiffer compared to the

wild-type during the resistance response.
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4 Gene expression associated with the defence response of

temperaturesensitive andresilientB. napusRgenes

4.1. Introduction

The changes in gene expression following compatible and incompatible interactiBnaabus
and L. maculanshave been studiedn both pathogen and host. These investigations have
identified and analysed the expression of key genes @ataml with the deénce response
through time following theactivation of ETD pathwaySeveraRgenes irB. napusare known
to display temperaturesensitivity. However, the temperaturesensitivity of ths resistance
response hanot been studied. Moreoer, the effects of temperatursensitive breakdown in

the resistanceresponsesuch as which genes are-ugr downregulated are unknown

Temperature has a large impact on platgfence responseswith resistance often breaking
down at increased temperates. The pathways involved in this inhibition at increased
temperature are unclear in crop plants, although the temperatseasitivity pathway in the
model plantA. thalianais becoming more understood®udiesin A. thalianahave identified
intracellularimmune receptor NLR genes and SAeisigkey components in the mechanism

behindhigh temperature inhibition othe defence respons@hu et al., 2010; Wang et al., 2009)

Therefore, in investigating the temperature sensitiviti the defence response iB. napus
against_. maculansgenes associated with SA aréntérest Expression dPR1is SA responsive,
thus PR1is a commonly used as a marker géoeSA(Sasek et al., 201Z)he antifungal group
of PR proteinsPR1 accumulate to highconcentrations locally after pathogen infection
(Selitrennikoff, 2001). When inoculated with an avirulent isolate.ohaculansPR1was found

to be significantly upegulated from 5 dpi (Sasek alt, 2013.

Three types of cotyledon assaysvere done to explore thed@mperaturesensitivity of the
resistanceresponse inB. napusagainstL. maculansThe first assay identified temperature
sensitive andresilientlines from Topadls by comparing tkir resistance phenotypeat 20°C
and 2%C The second study compared éefte related gene expression through time between
the temperaturesensitive andresilientlines at 20C and 25C with gPCR analysis. The third
study used RN&equencing to further investigate differences in the defence respoof the

two lines.
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The point method of cotyledon inoculation is often used in defence response studies dB.the
napusc L maculangathosystem. Apotential issue with this method of inoculation is that the
cause of the specificity of the resistancéigmotypes has not been testedVhilst it is
hypothesised that the resistance phenotypes result only from an infaatR gene specific
interaction, it is possible that the observed defence response could also result from other, non
specific molecules proaed by the fungus during itsulkure. This alternative, nosspecific
induction of the resistance responsmay becaused by recognition odPAMPS bypattern
recognition receptord¢eadngto PTI (de Wit., 2016As both theRgenes andAvrgenes, present
in the B. napusan L. maculangsdates used in these studies are known, the compatibibty
each interactioris knownprior to inoculation.To investigatelesion phenotypes resulting from
non-specific triggerand those resulting from a specifia’r-Rgene interactionare compared in

this study

4.1.1. Objectives

1. Totest the effect ofinoculatingB. napusotyledons withL. maculangulture filtrate on

the phenotypichost response

2. To determine any differences in temperatusensitivityof responses td.. maculans

betweenLepR3RIm2 RIm4andRIm7in B. napussingleRgenellsat 20°C and 25°C.

3. To compare expression BR1anda putativeFocBolhomolog,BnaC078§399Q between

temperature-sensitive andresilientB. napusingleRgenellsat 20°C and 25°C.

4. To compare the defencesponse of temperatursensitive andresilientB. napussingleR

genellsat 20°C and 25°C through time using RB&Y analysis.
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4.2.Materials and Methods

4.2.1.Response th. maculansulture filtrate cotyledon inoculatiom B. napus

L. maculangsoate 9997 AvrLm24-7) was grown in GambofpB5 medium by inoculatin§00

mL of mediumwith 600> bf a conidialspore suspension (8&pores/mL). A control medium

was also prepared without the pathog€AppendixA.1). The media was incubated for 10 days

at 26°C under continuous shaking (130 rgfapgalgrowth in media shown ikppendixC.1).

The solution was passed througistarile 0.22 um MILLEX GP PES membrane filter unit (MERCK
Millipore, Cork, IRL)he singleRgenelLTopasRIm7produced by Larkaet al.(2016)and the
susceptible doubldaploid Topas line, were uset@@ledons were inoculated with the control
medium, L. maculangulture filtrate and conidibsuspensions, using the method described in

2.22, withten biological replicates per te¢ment.

4.2.2. Temperatursensitivity oRgenes in Topas introgression lines and cultivars
4.2.2.1. ©tyledon inoculation ssays at 20°C and 25°C

Cotyledon inoculation assays at’#0and 25C weredonewith L. maculanssolates JNBAwLml-
4-5-6-7-8) ard 9979 (AvrLm24-7) to identify temperaturesensitive andesilientRgenes from

a set ofB. napudls, containingRIm2, RIm4, RIm@r LepR3produced by Larkast al. (2016).
These R genes were each introgressed into a common susceptible dotidetbid Topas
backgroundline through reciprocal baekrossing resulting insingleR gene ILs. B. napus
cultivars containing the same set Bgenes were also included to check the responses; Bristol
(RIm2, SurpasdepR3}, AdrianaRIm4, ExcelRIm7 and Roxe(RIm7). Bristol, Surpass, Adriana
and Excel are commonly used as a differential set to deterrtine Avr genes present irL.
maculangsolates.CultivarRoxet washe source of thdRlIm7backcrossed into Topa3-heRIm7

in Excel comes from the cultivari@anand may be a different allekeom cultivar Roxet

Cotyledons wre grown and inoculated as described in section 2.2.2 under the same growth
conditions.At 24 hours prior to inoculation, plants being treated at an elevated temperature
were moved into aother CE chamber, set to the same prograenwith an increased
temperature of25°C.Tenday oldB. rapaseedlings were inoculated by the wouintbculation
method described by Huang et al. (201jsease assessment wadane 12 dpi usinga 09 scale
produced by Larkan et al. (201&ndadapted from that of Koch et al. (1991) (Append.2).
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Table4.1 List of experiments in this chapter with host plant and pathogen matéutised.

Cotyledon inoculation
experiment

B. napusmaterial used

L. maculanssolate used

Response th.. maculans
culture filtrate

Identification of temperature
sensitive andresilientRgenes
at 20°C and 25°C

PR1andBnaC07g33990
expression analysis at 20°C
and 25°C

RNASeq analysiat 20°C and
25°C

Topas, TopaRIm7

Topas, TopaRIm2 TopasRim4

TopasRm7, Topas_epR3Bristol
(RIm32, SurpassLepR3J, Adriana
(RIm4, ExcelRIm7), RoxetRIm?)

Topas, TopaRIm4 TopasRim?7,
TopasLepR3

TopasRIm4 TopasRim7

99-97 AvrLm24-7)

JIN3 AvrLm14-5-6-7-8)
99-79 (AvrLm24-7)

IN3 AvrLm14-5-6-7-8)

JIN3 AvrLm14-5-6-7-8)
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a 09 scale adapted from that dfoch et al. (19910Appendix A.2)ILs were thendentified as

temperature-sensitiveor -resilientbased upon this phenotypic sessment.

4.2.22. Effect of temperature on growth rate bf maculansolates

The growth rates of the two isolates used in the assay, JN3 a7®,9& 20C and 25C were

compared by measuring the radius of the culturegit@es were grown on V8 ag®etri dishes

from mycelial disc inoculum. Mycelial plugs ahf diameter were removed from the growing
perimeter of isolates grown on V8 agar and plgosdh mycelia face downon the V8 agar

surface These dnorisolates wee previously grown in darknesit 18/ = LINE RdzOSR T NP

10’ >t conidial spore suspensions, revived from storage2@iC.

4.2.3.Expression analysaf PR1andBnaC07g3399at 20°C and 25C
4.2.3.1. Plant growth

Plants were grown and inoculated described in section 2.2 Pwo leaf discs (8 mm diameter)
were taken from the wound sites of infected cotyledons with a R&mde biopsy punch
(ProSciTechgt 0, 1, 4 and 7 dpBamples were placed in 2 ml skirted se@p Eppendorf tubes,
along with a zirconium oxide (5 mm) gting ball (Retsch). Samples were submerged in liquid
nitrogen before storage a80°C. Frozen tissue was ground into a fine powder using a Retsch

Mixer Mill set to 25 Hz fot min (Retsch).

4.2.3.2. RNA isolation, DNAse treatment and cDNA synthesis

RNA wa extracted from cotyledon samples stored-80°C. Tissue samples were homogenized

in TRl Reagent (Merck, Darmstadt, Germany) (1 ml pet(Dmg of tissue) in a Retsch Mixer
Mill (Retsch, UKih 2ml sterilised screveap tubes. Following complete homogdeation, the TRI
Reagent® Protocol was followed using the reageym®n The resulting supernatant was
RAaaz2ft dSR digtyylpyrecarbonated (DEPC) water (MERK, UK). A Nanodrop
spectrophotoneter (Labtech International, UK) was used to quantify the RNA. RNA was stored
at-80°C.

RNA samples were diluted with DEP@tedwatS NJ &2 LINRRdzOS y >f whb!
alYLES O2yidlAyAy3d m >3 2F wb! & | datheDNSal wb
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GNBFGYSYyG 2F wb! alyYLXSad ! 5blasS RAISaldAzy
free DNase 10x reaction bufferandf 2 F wbl aS FNBES 5blasS G2 St
solutions were then incubated at 37°C for 30 min after which geetion was ended by adding

M >f 2F wvwm 5bl asS a2 L), U Sadnies dafe thien iNCRbESdTE = |
65°C for 10 min tinactivate the DNase. Beforeverse transcriptas€CR, the treated samples

were first heated to 70°C for 5 min then ded on ice for 5 minSynthesis of cDNA waene

using the gPCRBIO cDNA Synthesis Kit, as per the protocol. TE buffer was usedthediDNA

samples by 1:20, producing templates for PCR and gPCR. Samples were s0&@.at

4.2.3.3.Quantitative PCR

Expression levels of genes of interest wemeasuredusing quantitative PCR, with two technical
replicates per sample. Specific pams used are given in Tabldmd H >f 2 F al YL
I RRSR G2 wmn >t 27F { tra-mast SMBR Srgen YROAR MasteNixtwithldwy’ (i
wh- 2 1 3AtSyid ¢SOKy2t23A84803 p >f LINAYSNI YAE
machine (Agilent Mx3000P QPCR System, Chesbik§ was set to run the following cycling

profile; 1 cycle of dnaturation at 95°C for 3 mir0 amplification cycles of (95°C for 15 sed a

60°C for 1 mipand 1 cycle of (95°C for 1 mis5°C for 30 sec and 95°C 89 sec). After each

cycle the amplified product was logged automatically by measuring the fluorescence.

4.2.3.4. Analysis of expression data

Expression ofPR1and BnaC07g3399@vere assessed from the gPCR result analysis. The
expression profiles for eaggenotype and temperature treatment analysis were calculated from

0 K €top f 26 Ctgpne- Ctactin)] and-n €t |  daSt= @tfrgat. gene- Ctireat. actin)

- (Ctcontrol. gene- Ctcontrol. actin)] respectively, obtained by MxPro (Mx3005Prsien 4.10,
Stratagene, United States) software. The data were statistically analysed using Gen'Stat (19
edition) software. The upegulated genes were defined havinga foldchange greater than 2

with P <0.05 and a fold change of 0.5 or less was usatkfine downregulated genes wheR
<0.05.A general ANOVA with Fisher's least significant difference (LSD) procedure was then done

to determine significant differences between treatments.
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Table4.2 Primers used in this chapter

Gene Forward primer Reverse primer Reference
PR1 TCAGCGCCGTGAACCTTT  TGAAGGCATTCTCCATTGC  Liu et al(2007)
BnaC07g33990 Al\‘jl?‘pt?dtf“l’m
(FocBobutative ~ CGACATGGCATTCGATTTTGA( TCCACACTGTTGTCTGTACTG '{;gfna '
ortholog)
BnActin CTCACGCTATCCTCCGTCT  TTCTCCACCGAAGAATGC™  This work
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4.2.4. RNASeq analysis

Transcriptome analysis by RNAq at 0, 1, 4 and 7 dpi df. maculansJN3 inoculated
temperature-sensitive andresilientcotyledonsof B. napudLs wagloneto examine differences

in the defence response of the two lines at'@0and 25%C.Plants were grown iCEchambers

set to a 12hour light/ 12hour darkness cycle with a constant temperature of 20°C and a relative
humidity of 70% for 10 day#t 24hours pior to inoculation, plants being treated at 25°C were
transferred to another CE chamber, set to that temperature with all other conditions kept the
same. Terday oldB. rapaseedlings were inoculated as previously described in section 22.3.
larger number of plantsthan neededwere grown for each treatmentfrom this stock, five

biological replicatefrom different cotyledonsvere taken for eal treatment.

Four leaf disc§8 mm diameterwere taken from the cotyledonsf each plant (two leaf discs
per ctyledon)and prepared following the methodology described previously in sectioi.3.2.
Frozen tissue was ground into a fine powder using a Retsch Mixer Mill (Retschjhisretage,

the E.Z.N.A.® Plant RNA Kit (OmegadBijpwas used to extract RNAllbwing the protocol
provided. An additional step to remove further DNA was incorporated into the protocol, with
the DNase | Digestion Set, (OmegatBlg following the stps provided. Eluted RNA from each

sample waglividedinto three aliquots for quatification, quality checking and Rh&&q.

Five replicates were initially produced for each treatment/ time point. RNA was quantified using

a Nanodrop NELOOO spectrophotomtr (Labtech International, UK) and a Qubit 3 fluorometer.

The concentration andchtegrity of the four replicates with the highest quality RNA was also
determined on a Bioanalyzer (Agilent 2100 Bioanalyzer, Agilent Technologies, USA), run on RNA
nano chipgAgilent Technologies, USA), at Warwick Genome Facility. The three replicates for
each treatment/ time point with thereatestRNA integrity (RIN) values were then submitted to

the GENEWIZ New Jersey facility for library preparation andsetjfencing (lllumina F8eq).

4.2.41. InitialRNASeqdataanalysis

Preliminary RNAeq dataanalysis was carried out by David Hughesah&msted Research.

The reference sequence f@. napusgenomewas for Darmor bzh andias taken fromthe

EnsemblPlants genome dtitps://plants.ensembl.org/Brassica_napus/Info/Indewith files

downloaded fromftp://ftp.ensemblgenomes.org/pub/plants/releasd5/.../brassica _napus

The fungal reference genome wéor the same JN3 isolatieat wasused in he cotyledon assay

and was taken fromhttp://fungi.ensembl.org/Leptosphaeria maculans/Info/Indewith files
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downloaded from ftp://ftp.ensemblgenomes.org/pub/fungi/release

45/.../leptosphaeria_maculans

The RNAseq processing pipelin@as as followsStep 1)Trimmomaticto clean/trim the raw
fagq data files.Step 2)HISAT20 map the reads for each RN&eq sample to thé.napus
reference.Step 3)featureCountsto estimate transcript abundancestep 4)BioConductor R
package DESeg2to analyse the transcript abundance tabl&eps 13 were done on
w2 i KFYadSRQA . Dheinitidl wodkddn#instiépfagas so donen Galaxy, and later

workwas dondocally in R.

4.3 Results
4.3.1. Response to. maculansulture filtratein B. napusotyledoninoculation

A cotyledon inoculation assay ®bpasRIm7and Topas was done to chei€kesion phenotypes
produced in cotyledon assagevelop inresponse toa specificinteraction betweenRlm7and
Aviim4-7. It was found thathesecannot be replicated by secreted molecuf@®duced byl

maculansduring in vitro growth.

Cotyledons in Figure 4.1.A only show some chlorosis following treatment with the medium
control.Figure 4.1Bshows no difference between phenotypes on susceptible Topas istant
TopasRIm7cotyledons following inoculation with ehculture filtrate.In Rgure 4.1C, astrong
phenotypic difference can be seen betweestyledons ofthe susceptible Topas and resistant
TopasRIm7 lines following inoculation with conidial suspensiomrde grey dsionson the
cotyledons of the susceptid Topasline show a clear differencto the smalldark lesions,
associated with a strong HR@sistance respons®n Topaskim7 Theresponses tdhe culture
filtrate inoculation(Figure 4.1.Bwere lighter in colouhad more diffuse borders compared to
the resistance responsegroduced on TopaRIm7inoculated with the conidial suspension
(Figure 4.1C)

No quantitative differences were found in lesion severity following culture filtrate inoculation
on Topas and TmsRm7(Figure 4.2). Renotypes producedrom conidial suspension were
found to be significantly different between Topas and Tofis7 (P < 001). Significant
differences were also found between phenotypes produced from culture filtrate and those from

conidial suspension, for both Topas and asRIm7(P< 001).
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A.
Medium control

B.
Culture filtrate

C.
Conidial suspension

Figure4.1 Phenotypes offopas and TopaRIm7B. napuscotyledons hoculated with
culture filtrate or conidial suspensiomf L. maculans(AvrLm4-7) or a medium control
Cotyledons oB. napussusceptible Topalne andintrogression line TopaRIm7, were
point inoculated {0 days olylwith (A) medium contro] (B) culture filtrate and (O
conidial suspension &f. maculansolate 9979 (AwLm2-4-7). Photographs of resulting

phenotypes vere takenll days following inoculation.
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Figure 4.2 Average lesion score {9 scale) assessed on cotyledons Bf napus
introgression lines TopaRIm7and Topas, following point inoculation with a coniali
suspensioror culture filtrate of L. maculanssolate 9979 (AwLn2-4-7) and a medium
control. Assessient was carriedut at 11 days posinoculationwith 10 pl of 10 ml?*
medium control,culture filtrate orconidial suspensiarTen biological replicas were
included per treatmentError bars indicate the SEM. Average scores sharing the sar
letter are not significantly different B f ndamo Ay | Ydzt G AL

unprotected least significant difference test (9 df).
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Figure4.3 TopasRIm7displays a temperaturesensitive defence response phenotype

Topas-LepR3

at 25°C; resistance of TopasLepR3 and TopasRim4 is temperature-resilient.
Cotyledons othe susceptible doubletiaploid background Topas liaedsingleRgene
B. napusTopas introgression lineRim7 Rim4or LepR3 and were point inoculated
with 10l of 10 spores/ml conidial suspensisof L. maculanssolate INFAv1-4-5-6-
7-8). Cotyledons photographed at 12 days post inoculation. Seedligge grown at
20°Cor 25°C for 13 days, prior to which all were grown at 20°C.
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4.3.2. Temperaturesensitivity oRgenes in Topas introgression lines and cultivars
4.3.21. Cotyledon inoculation assay at 20°C and 25°C

Cotyledon inoculation assayweredone at 20°C and 25°t© determine temperaturesensitive
and-resilientRgenes from the set d8. napusiopas ILs and differential cultivatg.25°Ca clear
difference in the phenotype of Topd&&m7 compared toTopasRIn¥ and TopadepR3
following inowlation with an avirulent.. maculangsolatewas seenlesions were significantly
larger, showing a saeptible phenotype(Figure 4.3) However, at 20C TopasRIm7had a
resistant responseTopasRIm4and Topad epR3showed clear resistance responses aoth

20°C and 25°@\s expected, e susceptible control, Topas, showed a susceptible response at
both 20°C and 20°C

Quantitative difference defence responses betwedropadls (LepR3RIm2 Rim4andRIm7)

and the differential set of cultivargt 20°Cand 20°Gvere assessedo determinetemperature

sensitivity of resistance response uslngnaculanssolate IN3(AwLml-4-5-6-7-8) (Figures 4.4
and 9979 (AwLn2-4-7) (Figure4.5). Rim4wasfound to be temperatureresilient, in both Topas
RIm4and in thecultivar Adriana(containingRm4) when inoculated with both isolate¥N3 and
99-79. LepR3wvas also found tde temperatureresilient, in Topas.epR3and in the cultivar
Surpass (containingepR3when inoculated with IN@Gs99-79 does not havévrLm1 it cannot

be used to determine temperatureesilience oLepR3the correspondingrgens.

TopasRIm2 and cultivar Bristol RIm2 both shoved a clear susceptiblephenotype when
inoculated with JN3, this wass expected athe isolate does not contaiAvrLn? (Figure4.4).
For this reason, isolate 989 (AvrLm2 was also included in the assay, whmbduced astrong
resistancephenotype in TopasRIm2 (Figure 4.5). However, inultivar Bristol cotyledons,
inoculation with 9979 showed only an intermediate resince fhenotype (taken as a lesion
severity score of 5) #5°C Furthermore, this resistance responsastemperature-sensitive,

asthe differencebetweenseverity scoreat 20°Cand 25Cwas significant.

RIlm7was foundto displaysignificantly moresevere symptoms at 25°C compared to 20°C with
both L. maculanssolatesin TopasRIm7 Following inoculation with.. maculanssolateJN3, the
average lesion severity for TopRém7was 3.0 at 20C increasingo 6.3 at 25C Similarly,
average severity scosaesulting from inoculation with isolate 9® were 3.6 at 28Cand 6.7 at
25°C Cultivar Roxet(containing RIm? also showed temperatursensitivity when it was

inoculated with JN3
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However, in cultivar ExcdRlm7behaved in a temperatureesilient manmer when inoculated

with both isolates, displaying a clear resistance response at both temperatures with no
significant difference betweeseverity scores @20°Cand 25C Average lesion severity scores

at 20°Cwere 12 and 1.1 when inoculated witisolates IN3 and 999, respectively. This only

marginally increased at 26, with severity scores 1.8 and 1r8spectively.

Thus,RIm7was determined to be temperatureensitive in the TopaRIm7ILand in cultivar
Roxet from which theRIm7wasintrogressedor the TopasRim7line (Larkan et al., 20)6nd

temperatureresilient in cultivar Excel.

4.3.2.2 Effectof temperature on growth rate df. maculansolates

Growth ofL. maculansvas assessed at temperatur@8°Cand 25Cto ensure differences in
phenaype were not just related talifferences inpathogen growth rate. Both isolates used
showed no significant differences in their growth rate between the two temperatures (Figure

4.6).
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Figure4.4 Average lsion score (0 scale) assessed on cotyledonsBxfnapusTopas
introgression lines, containing.epR3RIM2, RIm4and RIm7, and a differential set of
cultivars containing each of thesRgenes following wound inoculation with 10ul of

10" mI? conidial sispensionof L. maculanssolate JNJAv1-4-5-6-7-8) at 13 dpi Four
wound sites were assessed per plagkightbiological replicates were included feach

of the introgressionlines andsix biological replicateswere included foreach the

differential st of cultivars for each assand each asay which wadone twice. Bars
represent mean lesion scoend eror bars indicate the standard error of the megh.
P<0.05, **P<0.001)
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Figure4.5 Average lesion score (@ scale) assessed on cotyledonsBxfnapusTopas
introgression lines, containingepR3RIM2 RIm4and RIm7, and a differential set of
cultivars containing each of thesRgenes, following wound inoculation with 1Ql of

10" mI? conidid suspension of.. maculanssolate 9979 (AwLnm2-4-7) at 13 dpi. Four
wound sites were assessed per plagight biological replicates were included for each
of the introgression lines and six biological replicates were included for each tl
differential set of cultivars for each assay, and each assay which was daeeBars
represent mean lesion scoend eror bars indicate the standard error of the medh.
P<0.05, *P<0.01, **P< 0.001)
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Figure4.6 Increased temperature from 20°C to 25°C had no effect on the growth. of
maculansisolates (A) JN3 P = 0.26)or (B) 99-79 P < 0.66) Mycelial discs were
transferred from fungal colonies onto V8 media Petri dishes and placed in controll
environment cabinets set to a constant temperature of 20°C or 25°C. Colony radius v

determined by measuring the diameter of fungal growth.
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4.3.3.Expression analysisBR1andBnaC07g33990

The expression oPRland BnaC079g3399(previously identified a a partial putative homolog

of FocBoland FocBr) were measured intemperature-sensitive(TopasRIm? and -resilient
(TopasRIim4and Topad.epR3 B. napussingleR genelLsat 20°C and 25°@t 1, 4 and 7 dpi
following incompatible interactiors. A contrastl Yy I f @ aA & ¢ IChvaluRRfgrde 2y
susceptibleTopasIL treated with awater mock or with the JN3 isolate oE. maculansNo
significant differencavas foundbetween the two treatmentgor both PR1and BnaC07g339®

expressior(Appendix C.2 and C.3herefore,Topas mock samples were not included in graphs.

4.3.3.1 PRlexpression analysis

There was a significant influence of genotype and time (dpiPBiexpression as well as
significant temperatureby-time, genotypeby-time and temperatureby-genotype-by-time
interactions (Table 4.3Y.hegreatestdifference in expression per tima PR1for all genotypes
occurredbetween 1 andl dpi at 20C (Figure 4.7 he strongest expression BR1occurred in
TopasLepR3whichreached a peak at 4 dpi with2086698fold changeincreaseat 20°Canda
767571increaseat 25°C TopasRIim7had al126263fold change at 20°C and 1285 25°CPR1
expression at 1, 4 anddpi was analysedat 1 and 7 dpno significant differences were found
betweengenotypes, butifferences wergound at 4 dpi At 4 dpi,no significantdifferencein
PRlexpressionbetween20°C and 2%C was found for TopaRIm4and Topad.epR3 both of
which displagd a temperatureresilient phenotypeA significant reduction iRR1expression at
25°C, compared to ZC, was found for TopeRIm7 which also has a temperaetsensitive

defence phenotypdFigure 4.8)

4.3.3.2.BnaC079g33996xpression analysis

There was a significant influence of genotype and time (dpi) on rel&iv@C07g33990
expresan, as well as significant temperatubg-time interaction (Table 4.4)The greatest
differencesin BnaC07g3399@xpressiorbetweenlines were observed at dpi(Figure 4.9)At
25°C at 4 dpi, BnaC079g3399Was significantly down regulated in Togabn4and TopasRIim7
(Figure 4.10).The susceptible Topas line showed a very similar leveBrmdC079g33990
expression at 2@ and 28C TopasLepR3vas found to have the greatest expression levels of
BnaC07g3399at 4 dpi 20°C, with average expression fold chamd&4.
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Table4.3 ANOVA test to evaluate the effect of temperature (20°C or 25°C), genotype
(RIm7, RIm4, LepR3and susceptible Topas introgression lines)catime (1, 4, or 7 dpi)

on relative PR1expressiondf Degrees of freedom

Source df Mean square  Fvalue P-value
Temperature 1 1.62 0.35 0.557
Genotype 3 64.10 13.83 <.001
Time 2 1913.2 412.92 <.001
Temperaturex Genotype 3 2.26 0.49 0.693
Temperaturex Time 2 65.66 14.17 <.001
Genotypex Time 6 19.78 4.27 0.001
Temperaturex Genotypex Time 6 14.38 3.1 0.011

Error 53
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Figure4.7 PR1expression of singl&k geneB. napusTopas introgression lineRIm?7,
Rim4and LepR3and the susceptible Tpas line at 1, 4and 7days post inoculation
with L. maculangsolate JN3 AwLml-4-5-6-7-8) relative to an uninoculated control
Inoculation was done by point inoculation, with 10 0" spores/ml conidial
suspension. Seedlings were grownaY 20°®r (b) 25°C (constant) for 13 days, prior
to which all were grown at 20°C. The expression valu®Rdivere assessed upon the
qPCR result analysis gf €t@ | t dzSt= @yPR1- CtAdin) treatment- (CtPR21 Ct

Actin) control).Analysis of differences at 4 dpi shown if Figure 4.8.
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Figure 4.8 Relative PR1expression isless at 25°C compared to 20°C at 4dpi for
temperature-sensitive Topaskim7following inoculation with an avirulent isolate of

L. maculansPlants were grown at 20°C for 10 days, before half vexq@osedto an
elevated temperature of 25°Cft&r an initial peiod of 24 hrto allow plants to adapt
to the new temperature, all plants were inoculated by point inoculation, with 10ul o
10" sporesml? conidial suspension of isolate JNSa(LM1-4-5-6-7-8). Bars represent
mean expression relative tonauninoculated controlcalculated from at least three
biological replicatesn Ct@ |  dz&t= GtRR1- CtActin) treatment- (CtPR1 CtActin)
control). Error bes indicate standard error of the mean. For each gene, differen
lowercase letters indicatesignificant differencesbetween mean values (general
l'bh+! gAGK CAAKSNREOO)SI &G aA3IYyAFAOI yi
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Table4.4 ANOVA test to evaluate the effect of temperature (20°C or 25°C), genotype
(RIm7, RIm4, LepR3and susceptible Topas introgression lines) and time (1, 4, or 7 dpi)

on relative BnaC07g3399@xpression df Degrees of freedom

Source df Mean square  Fvalue P-value
Temperature 1 2.2 0.69 0.409
Genotype 3 44.15 13.81 <.001
Time 2 37.70 11.8 <.001
Temperaturex Genotype 3 3.67 1.15 0.34

Temperaturex Time 2 35.75 11.18 <.001
Genotypex Time 6 5.88 1.84 0.111
Temperaturex Genotypex Time 6 2.91 0.91 0.496

Error 48
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Figure4.9 BnaC07g3399@xpression of singldk geneB. napusTopas introgression
lines RIm7, RIm4and LepR3and the susceptible Topas line at 1, 4 andi@ys post
inoculation with L. maculangsolate JN3 Av1-4-5-6-7-8). Inoculation was done by
point inoculation, with10 pl of 10 sporesml? conidial suspension. Seedlings were
grown at(a) 20°Cor (b) 25°C (constant) for 13 days, prior to which all were grown a
20°C. The expression valuesBofaC0793399Were determinedfrom the gPCR result
analysis of-n €t @ f dz&t =@t BnaC079g33990 Ct Actin) treatment - (Ct
BnaC07g3399@tActin) control).Analysis of differences at 4 dpi shown if Figu4.
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Figure 4.10 Relative BnaC07g3399@xpressionin B. napussingle R gene Topas
introgression linesRIm7, RIm4 and LepR3and the susceptible Topas line atdays
post inoculation withL. maculangsolate JN3 AwLml-4-5-6-7-8).. Plantswere grown

at 20°C for 10 days, before half wengposedo an elevated temperaturef@5°C. Ker

an initial period of 24 hto allow plants to adapt to the new temperature, all plants
were inoculated by point inoculation, with 10pl of ipores/ml conidial suspension of
L. maculanssolate JN3AwLmM1-4-5-6-7-8). Bars represdrmean expession relative to
an uninoculated controlQF £ Odzf F i SR FNRY |G f St é&taCtld K
BnaC079g339®- O Actin) treatment- (CtBna@®79g33990 CtActin) control). Error bes
indicate standard error of the mean. For each gene, different lowercase letters indice
significant diferencesbetween Y S|y @I f dz§8a o03SySNX t ||
significant testP < 0.05).
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4.3.4.RNASeq analysis

RNAseq was done to investigate differences in defence responsds. ofapusplants with
temperature-sensitive andresilientRgenesTopasRIm7and Topaskimi, respectively. Samples
were taken at four timepoints, 0, 1, 4 and 7 dpi, after inoculation withlthenaculangsolate

JN3. An initial data quality assessment fourre sample 4 Odpi controb RA & LJ I & SR
represented sequeB® S & Q ¢ KA OK idodoihaS RN Itidd nadt ustéiwith any other
samples in the subsequent analysis and was therefore exclirdedthis preliminary analysis

Mappingthe sequences foundverall alignment rates were about 80%.

4.3.4.1. Sample paration and clustering

Ideally, aPrincipal Coordinates AnalygBCoA) plot of the samples should show separation
between different treatments and clustering of replicates. The plot in Figure 4.11 shows clear
separation between @pi (D0O) and Hpi (D1) and between Mpi (D1)and 4/7dpi (D4/D7).A
PCo/lot for just the 4and7 dpi (D4/D7) samples (Figure 4.12) shows separation betvikhan

(L4) andRIm7(L7), and some separation betweemgi (D4) and dpi (D7).

4.3.4.2. Expression of selectedhgs

Figure 4.13 shows the Idited expression of siB. napusgenes of interest, across the 16
treatments. PR1was selected as a marker for 8Ad two homologs ofPDF1.2vere used as
markers for JAET signalingPR1and one of the PDF1.2homologs(BnaC08236200 showed
similar trends irtheir expression levelacrossreatments from 4 dpithey were upregulatedn

both TopasRim7and Topadkim4at 20°Cand25°C Lower levels oPRlandPDF1.2Zxpression

was observed in Topa@Im7lines compared to TopaRkIm4at 25°C The otherPDF1.ZQene
(BnaA079g32130pshowed a different expression pattern across samples; upregulation occurred
earlier at 1 dpi. FocBnl (BnaC079g33990D a partial putative homolog of FocBol
BnaC079g3398D andBnaC07g34000Dbad lower levelsof expressiorand appear to be more

constant across the treatments

4.3.4.2. Significant genes

As expected, large numbers of genslBow achangein expression with timefollowing
inoculation (Table 4.5) A smalleryet significantnumber showed achangein expression
betweenRIm4andRIm7and between20°Cand25°C
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Figure4.11 PCoA plot of the samples shamg clear separation between 0dpi (D0) and 1
dpi (D1), and between Hpi (D1) and 4/7dpi (D4/D7). Note that day O controlgluster

separately.
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Figure4.13 The logfitted expression (or abundance) of sB. napuggenes of interest,
across the 16 treatmentsThe genes of interest included in this analysis weRl
(BnaC03g4547M), PDF1.Z5ene family BnaA07g32130Dand BnaC02g23620Dthe
putative partial homolog ofFocBolin B. napus (BnaC07g33990DandSNC1
G LJa S dzR ABh&C0%&3980Bnd BnaC07934000D
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Table45Thenumd SNE 2 F & &A 3y A fivaniain ¢iiectsth3nys Sxdperimeht2 NJ G K S

Effect p-value Upregulated Downregulated
1 dpivs Odpi 10M10 3137 3857
4 dpivs 0dpi 10M10 2029 1710
7 dpivs Odpi 10M10 1412 1405
RInv7 vsRIm4 0.05 939 1001
25°Cvs D°C 0.05 324 611
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4.4 .Discussion

4.4.1. Response to. maculansulture filtrate inB.napuscotyledons

Resultsfrom the cotyledon inoculation assay comparing defence phenotypes following culture
filtrate and pathogen inoculatiomemonstratethat an intact hostpathogen interaction is
required in order to produc@&vr-Rgene specific resistance phenotyp®ghilst iroculation with

L. maculansculture filtrate caused small, pale lesions with diffuse edges to form on both
susceptible and resistant Pas lines, the phenotype was clearly different to that produced
following a compatible reaction withathogenisolates. This phenotype cannot be mimicked by
using culture filtrates of the avirulent pathogen, confirming that effectors produced during
infection cause a differential response on susceptible and resistant genofiiis$n agreement
gAGK RS 2 fndir@sithatoeffestors are responsibléor differential resistance and
susceptibilityphenotypesandthese effectors are only present in patpeninfected plantsand

are not produced when the pathogen is growrvitro.

4.4.2. Phenotypic assay; temperatigenstivity of LepR3RIm2 RiIm4andRIm7

RIm7was found to behave differently in different cultivahsthe Topas lland the cultivar Reet
(from which it was introgressetb the Topas IL)RIm7showed a clear temperatursensitive
phenotype, breaking down at 25°C in cotyledon asdaysontrastRIm7in cultivar Excel (whose
RIm7 originated from the cultivar Caiman) showed strong tempererinsensitivity at 25°C,
leading to the suggestion thalhere are two separate alleleff. has been previously suggested
that differences in temperaturesensitivity and virulencenay bedue to background effects of
the cultivar (Huang et al., 2014)jo confirm if there are twodifferent alleles, cloning oRInv
from both genetic sources should be doared genetic sequences comparetihis information

would beusefulto breeders in increasing the understanding of effecRgenes

4.4 3. Responses of teperature-sensitive andresilientRgenes followinga
incompatible reaction witth.. maculanat 20°C or 25°C

Findingsfrom the gRCRPR1expression studysupport the interpretation of the cotyledon
inoculation assay at 2@ and 28C. Taken together, Top&m7can clearly be identified as
having a temperaturesensitive defence response. In contrd&pasRIim4and Topad epR3an
both bedescribed asemperatureresilientat 25°C. TopasLepR3asastrongerPRIexpression

evencompared to thetemperatureresilientRIm4 It is postulated that this coulde because
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LepR3which codesfor an RLP, belongs a different class dRgenesto RIm4and RIm7which
are likely wall-associated kinaskike WAKLSLarkan et al., 2019Yherefore, TopaRkimdwas

selectedas the temperatureresilient candidate to bincluded in theRNAseq assay.

RNAseq analysis also revealed lovexpressiorievels ofPR1and PDF1.ZSA and ET hormone
markers respectivelyih TopasRim7lines compared to TopaRkim4at 25°CEven though Eand

JA pathways are known to act antagonistically to the SA pathway, this incré2RéandPDF1.2
expression at 4 dpi, following the recognitionlofmaculang&\vrLm47, is supported by previous
studies(Becker et al.2017T ~ | O 2012 .Die pisdibleexplanationfor this resultcouldbe

an additional wound response caused by the inoculation prodassvestigating the defence
responsesn B. napusagainstL. maculansHaddadi et al. (2016) and Becker et(2017) used

the pointinoculabn mS i K 2 R ¢ K S NJ2012) chose@Snfiltrafedtyleboihgh order

to inducethe defence response simultaneously in a greater number of plant cells. Whilst both
point inoculation and infiltration inoculation areommonly used in studying the defen
responsa, both methods involve wounding the plant, thus initiating the wound response
alongside the defere response. The wound response involves increases in ET, ABAral
inducewound healingat the wounding si (Stotz et al., 2000). This mayddga some potential
confusion in gene expression studies, as these JA and ET pathways may cautalkcross
confliction with the SA defence response pathway. However, by including mock controls, this

issue is reduced, amgsults can be analysed.

Sasek et [a(2012) found a simultaneous induction of SA and ET pathways following the
recognition of AvrLml1in B. napusplants; and suggested it could relate to the pathogens
contrasting infection stages, transitioning from an mgyomatic infection stage to lesion
formation. Becker et al (2017) also observed high leveRRifand PDF1.2xpression at 7 dpi
following incompatible interaction. By using laser microdissection and quantitative PCR, they
were able to identify spatialrgdients of gene activity in respam$o L. maculansaround the site

of infection. Through measuring the distribution BR1and PDF1.2 they discovered an
antagonistic spatial relationship between SA aneEJAsignaling pathways in resistant host

cotyledms.

Indolic glucosinolates have beshown to be essential falefence against pathogenas well as
promoting callose formation (Buxdorf et al., 2013; Clay et al., 2@@2ker et al (201 7pund a
marker for hdole glucosinolatesCYP79B2wvas most highly expressedn tissue next to the
infection sitewith highcombined SA and JAT signaling=rerigmann and Gigolash\{i014)also

found thatjoint application of SA and phoduced the greatestxpression oé keytranscription
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factor for indolic glucosinolatesd=rom these studieand prdiminary analysis of RN#eq data, it
is hypothesised that theaccumulation of phytoalexins derived from antifungal indolic
glucosinolatesire higher in the temperatureesilientTopasRIm4lines than in the temperature

sensitive TopaRInv line.

Future analysis of this RNSeq data will explorand compare th@ene expression profiles over
time in temperatureresilient Topaskim4and temperature-sensitive TopaRIm7at 20°C and
25°C Genes whose log fitted expression correlate well with that of candigatessuch aPR1
and PDF1.2will be identified. Genes differentially expressed between°@0and 2%C and the

transcriptional changes between temperatusensitive andresilientILswill be explored

4.4.4.PCoA plat showchangesn pathogen lifestage

The RNAseq PCoA plots displayckear separation between @pi, 1 dpi and4/7 dpi, this could
reflectthe change of lifestagesthe pathogen goes througfollowing inoculationL. maculans
starts off as a biotroph, howeverybt/7 dpi the pathogerappearsto have switchedto its
necrotrophic stageHaddadi et al, (2017) found genes associated with SA and JA production to
be upregulated at the initial and late stages of infection, respectiasly, maculangransitioned

from biotrophicto necrotrophic dunng the infection oB. napusotyledons However, this was
observed slightly later, at§8 dpi.Ma et al., (2018) foundxpression oAvrLmilby L. maculans

lead to enhanced induction of cell deathctingas a virulence mechanisto support ths

transition frombiotrophy to necrotrophy

4.45. Expression o0BnaC07g3399% temperaturedependnt in TopasRIim4and Topaskim7

In B. napusBnaC079g3399Was identified as a putativpartial honolog of FocBoland FocBrl
However, this gene was split in two Darmor bzh. Following an incompatibfe/r-R gene
interaction at 25°C, relative expression level80&C079g3399@ere found todecreaseat 4 dpi

in TopasRIm7and Topagkim4but not in Topad.epR3 This differenceni expression could be
becausd_epRdelongsto a different class dRgene toRIm4andRIm7 LepR3vas found tocode
for an RLP whered&®Im4andRIm7map closely taRIm9which was recently found to be a WAKL
gene (Larkan et al., 2016; Stotz et al., 2018; Larkan et al., 2019). RLP and WAKlgssitlyd
have different defence response pathwayature studiescould useplants with CRISP®Gas9
mutations in BnaC07g3399@o investigate its rolein the temperaturedependence of the

defence response in lines containing WAKLs and RLPs.
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5 General Discugm

This thesis aimed to explore some of the factors affecting the abilByassicglants to defend
againstL. maculansat increased temperaturesWith climate change, maximum summer
temperatures and frequency of extreme weather eveats likelyto increase This chapter will
discuss the main findings from this projestd propose future researciResults from the field
study pointed to high maximum June temperatures to be linked to more severe phoma stem
canker, as we see more extreme weather dueltmate change this could increase the severity
of the diseaseTo effectively prepare winter oilseed cultivars against the threat of future disease
in a warming climate it is necessary to understand the temperasamsitivity of the resistance
response ad use this information to improve the defence responses of crbps: the results

of this studymay help in developing more temperaturesilientcropswill also be discussed.

5.1.Increasedeémperatureeffectsthe efficacy oboth Rgene mediated and

guantitative resistance against maculani the stems oB. napugplants

This studysuggestghat Rgenesalsooperate in the stems of adult winter oilseed rape plants,
providing some protection against the phoma stem canker pathogé@hapter 2 This
protection appeared tde reducedn plants grown at a constantly elevated temperature of 25°C
(Figure 29). CEexperimenswere supportedby field experiment results, which found maximum
June temprature to be carelated to phoma severityFigure2.5). Ths findinghighlightsthe
importance of understanding the mechanism of temperatsamnsitivity. Although severaR
genes inB. napusare known to display temperaturgensitivity, these genes areurrently
described as onlgperatingthroughout autumnwhen, in the UKtemperatures are not generally
high enough to affect their efficacy. Future experiments shoulddbee with nearisogenc
material, withor without Rgenes, to confirm thilypothesisFor this assay, it is suggested that
the TopadlLsproducedby Larkan et al. (2016) could be used. In this,d#dferent Rgenes could
be assessed for their efficacy agaibsiaculang the stems of adult plants. Inoculation should
be donefollowing the method of inoculating the stems directly to circumventéiffects of any

Rgenes operating in the leaves.

Previous studies have investigated the effect of increased temperature on caiardit

resistancereaching different conclusions. The results from 8iisdy could help explain these
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differences in finding. Both experiments done by Huang et @006; 2009 usedconstant
temperature regimes inCEsettings,as was theCEexperimentdescribedhere in Chapter 2
(section 2.2.3.2) Findings fromthese CEexperiments are generally in agreement with the
hypothess that quantitative resistanc@rovides a mechanism to redutie effect ofelevated
temperatures (Huang et al., 2006Huang et al., 2009)Hubbard and Peng (2018) set the
temperature conditions to mimic the heat waves that occur in Canadian Prairiesjaikad
increasing temperature from sevenrhour nighttime period at 18°C to reachsevenhour day
time of 32°C.Their fndings support the field experiment data in this study, showing no
correlation between canker severity and maximum June temperaturectdiivars with only
guantitative resistance. Therefore, it is suggested that quantitativéstasce maintains its
efficacy when increased temperatuignot sustained for long periods of tim&his may ben
effect of acircadian clock regulation of plaimmunity, in which somedefense related genes

and closuref stomataare modulatedn a ciradian mannefHua, 2013RodenandIngle 2009.

Alternatively, the differenceseen in the results of these studies on QR could be due to the
cultivars contaimg different forms of QRHubbardand Peng (2018) suggestttt the cultivars
included in their studymay containgenes responsible for QR agaihstmaculanghat are
sepaate from thoseassociated with physiological responses to temperatlifeegenesbehind

the QR in the cultivarDarmor andeS Astrid, both of whiclvere weakened in efficacy at 25
could be linkedwith physiological responses to temperaguiThis could be determined in a
future experiment usin@€Echambers set to different elevatedinperature regimed-rom these
CEand field experiments, it isoncluded that ombining temperatureresilient R genes and
quantitative resistance provides the beptotection againstL. maculansthe phoma stem

canker pathogen at increased temperature

5.2. BISNCHhppears tplay a rolen the temperaturesensitivityof B. raparesistance

againstL. maculans

Candidate orthologs of the temperatwsensitiveAtSNCand temperatureresilientFocBolin
B. rapawere investigatedor their involvement in theemperaturesensitivity of the resistance
response againdt. maculansMutants of these BrSNCXhnd FocBrlgeneswere assessed for
temperaturesensitivity of the defence response at 20°C and A&¥&apter 3) Mutations in
candidateFocBoland SNC1lorthologs are hypothesisedo have opposing effects iB. rapa
resistance taoL. maculas. A temperatureresilient autoimmune phenotype was observedan

putative gain of functiorBrsrcl mutant, while a more susceptible phenotype was observed for
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the loss of functin focBrt1 mutant (Figures 3.7a 3.10). These results shed some light on the
medhanism behind the temperatureensitivity of resistance iB. rapa with BrSNCindicated

to be involved in the temperaturdependence of the defence response.

The hypothessed pathways, following activation of the defence response,BoBNC1Brsncl
andfocBrtlat 20°C and 25°&@&egiven in Figure 5.1n the wildtype Ro-18 line, the resistance
response is temperaturgensitive. At an increased temperature of 25°C, tasee is lost; this
could be due tomultiple components of the temperatursensitive pathway, such abe
thermoregulatory switch from immunity to growth,controlled by PIE as described by
(Gangpappa et al., 2017). In tBesncimutant, this resistance mains effective at 2% it is
hypothesisedthat increased temperature does not inhid&rsnclprotein expressioras it is
autoactivated(Figure 3.11ylue to a mutation in theP-loop region of the NBARC domairof
Brsnd. The dowmstream pathway followingraincompatible RAvrproteininteraction inFocbrt
1 mutants is hypothesised to not be activated due to thatation in theP-loop region of the
NB-ARC domairof focBrtl, causingit to be functionally switched off from activatinipe

downstreampathway. Alternatively,FocBrimay operate in a different pathway.

Most autoimmune mutants are associated with dwarfism Aod spontaneous cell deatfvan
Werschet al., 2016) While Brsnclplants showed an autactivated autoimmune resistance
response when inocated with an avirulent. maculanssolateat 20°C and 25°Ghis was not
constitutively expressed, in a manner seenbioth overexpressing angoint-mutation A.
thaliana SNCldwarf mutants (Zhang et al., 2003Brsnclplants also show the same growth
phenotype as theR0-18 wild-type. Therefore, there are no apparent fitness fafs for this
heightened resistance responsdowever, the mutant lines were grown {DEcabinetsso a

reduction in fithess may not be apparent.

The next steps in this study wile to carry out firther backcrossedto confirm whether the
phenotypes are due to the selected mutatiQremd segregatiotests forBrsnclandfocBrkl.
Hormones and expression of defence response related genes shouoiédmuredollowing an
incompatiblereaction in wild-type, Brsncland focBrkl genotypes.This would confirmthe
phenotypic responsedescribed in this study (sectioB8s3.4.1and3.3.42) andhelp characterise
the pathway of temperatureesilient defence responsé.would also be benefial to determine
if the wild-type Ro-18 line has resistance t& oxysporumif so focBrt1 wouldbe hypothesised

to also havencreased susceptibility tB. oxysporum
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A) Wildtype B) Brsnc1 C) focbr1-1
Immunity Growth
N o

&20“0 &25“0 &20“0 &25“0 &20‘0

—IBrSNC1—  — BrSNC1 — Brsncl Brsnc1 focBri1-1
EDS1/PAD4 EDS1/PAD4 EDS1/PAD4 EDS1/PAD4 EDS1/PAD4

S A SA SA SA SA
Re3|stance Susceptlble Autoimmunity Autolmmunlty Susceptible

Figure 5.1 Proposed pathways follwing activation of the defence response for
BrSNCBrsnclandfocBrkl at 20°C and 25°CA) Wildtype siuation; in analogy toA.
thaliana, it is hypothesized that EDS1/PAD4 act downstream of BrSNC1 and activate
biosynthesis leding to resistanceThe Rgene in Ro-18 is unknown and therefore the
pathway to resistance is unknown (dashed lin&&e defence response is supressed at
25°Chy multiple components of the temperatwsensitive resistance respongB) In
the BrsncImutantthis resistance remins effective at 25°C, it is hypothesisecreased
temperature does not inhibiBrsnclexpression as it is autoactivated due to a mutation
in the Rloop region of the NBARC domain d@rsnc1(C) In thé=ocbrtl mutant, Focbrl

is hypothesised to be inawated due to the mutation in the-®op region of the NB
ARC domain dbcBrt1, causim it to be functionally switched off from activating the
downstream pathwayThe blue, red or black arrows indicate pathwdayat occurat
20°C, 25°Cor whichare indgoendent of temperature, respectively. Arrow thickness

indicate the amount of protein awfity. Figure ceated with BioRender.com
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5.3. Temperaturesensitive andresilientB. napugplants show differences otefence

related gene expressidollowing inoempatibleL. maculan#teraction.

Differences in the resistance response at 20°C and 25t€@gferatureresiient TopasLepR3
and TopasRm4 compared tothe temperaturesensitiveTopasRIm7were characterised both
phenotypically and ithe expression ofhe SA markePR1(Chapter 4). RN#&eqwasalsodone
on temperatureresilient TopasRIm4and TopasRim7with findings from peliminary analysis
supporing the PR1expression analysi®R1is upgegulatedfrom 4 dpi RNAseq analysis also
revealedlower leels of PR1land PDF1.2xpressionn TopasRIm7lines compared to Topas
Rim4at 25°C

The next step fointerpreting this RNAseq data wilbe toidentify genes thatare differentially
expressedn temperaturesensitive andresilientTopas llcesistancaesponse at 20°C and 25°C.
Differentially expressed genes associated whth SAmediated signaling pathwaf Fmediated
signaling pathway and dJAediatedsignaling pathwawvill be of particular interesand will allow

usto create expression pfides overtime.

5.4. Applicationdor developingpilseed cultivars wittemperatureresilientresistance

to phoma stem canker

Findingsof this study point towardsnultiple factors that carnnfluence aB. napugplant®@ ability

to defend against.. maculanat elevaed temperaturesvhichmaybe utilisedto improve the
resiliencethe crop to thisdisease Theresults in Chapter Bighlight that temperatureresilient
elements are present in existing cultivars the forms of quantitative resistance and
temperatureresiient R genes, such aRIm4and LepR3The observation that high maximum
Junetemperatures increase the severity gghoma stem cankersould be usedo identify
cultivarswith increased temperature resiliencBurthermore, breedesmay be able taise this

to increasethe temperature resilience of future cultivars through crossing selections and field

assessments

BrSNCis hypothesised to play keyrole in temperaturesensitivityof the defence response in

B. rapa The next step would be to identify honologous gene iB.napusandthen generat a
mutant that would hypothetically displaya similar temperatureresilient autoimmune
phenotype Although efforts to engineer disease resistance crops have so far been met with
issues relating to associated fitreegost, new studies are exploring strategies with a more

targeted approach. One sudpplicationhas beendesigned to express defence proteins with
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minimal adverse effects on plant growth and developméxt et al., 201} Based on the
knowledge that trankation of key immune regulators, such as TBF13, are rapidly and transiently
induced uporLJl G K2 3Sy NB O2QIVA&ASRYSE I OXwa ACamindutiBlle 2 T 0 ;
promoter and two pathogemesponsive upstream open reading frames (UORFs) of the TBF1
gene was produced. Applying this TBfaksette leads to the UORFsTBRddiated translatioal

control over the production o$nct1 in A. thalianaallows broad-spectrum disease resistance

to be engineered without reducing plant fitness.

Additional componentsthat contribute to temperaturesensitivity in B. napusmay yetbe
discovereqd RNAseq amalysis results should help discovery oimore genes associated with
temperatureresilience that may be selected forlmeeding programmes fduture cultivarsor
used to engineer temperatureesilient crops Differentially expressed genes temperature
resilient Topaskim4(compared to temperaturesensitiveTopasRIm7) could be useful markers
for selecting the most suitable genotypes when developing oilseed cdtivitih temperature

resilientresistance td_. maculans

55. Conclusions

To summarisethe results of this study increase our understanding of how the resistance
response of oilseed plants agairist maculansare affected by temperature and may aid in
developing more temperatureesilient crops for the futureHigh maximum Junemperatures
appear to increase the severity of phoma stem cankaut cultivars with highetdevels of
quantitative resistance anchore temperatureresilientRgenes may be betteable to defend
against the diseasparticularlyas we experience hotter summers. As well as ensuring future
cultivarscontain thesequantitate andmajor R generesistance traits already in use, breeders
may also look towards marker selection fimmperature resilience once these are known.
Greater undestanding of theBrSNCfene could also provide potential pathways towacdsps

that are better ableto defendagainstpathogens as climate change brings about increases in
summer temperaturesin this waythe future production of oilseed in the UK and Eurapay

be made more sustainable indtface of a changing climate.
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Figure5.2 Applications for developing oilseed cultivamgith temperature-resilient
resistance to phoma stem cankdased on the outcomes of this stud¥igure created

with BioRender.com
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Appendix

A.l Pathogen culture media

V8 agar media wasrepared in 500nl Duran bottles. Once autoclaved, the solution was left to
cool to 50°C, at whh point 20 units/ml penicillin and 40 units streptomycin was added to reduce

bacterial contamination. Agar was then poured ior Petri dishes.

V8 Agar (400nl)

8 g Agar
0.8g CaC®
80 ml V8 juice

320ml Distilled deionised water

DI YO2NHQ& 00gnM) YSRALF o wmn

3.16 gGambor@ B5 with vitamins (Duchefa)
30 g of saccharose

10mM MES buffer, pH 6.8

138



A.2. Phenotypic scoring guide for cotyledon assessmenB.aiapusdefence response against
L maculansusing the scoring methoddapted from Koch et al. 1991), using a schematic from
Larkan et al(2016

0: no reaction

1: 0.5-1.5 mm, dark

2:1.5-225 mm, dark
Hypersensitive

response 3: 2.25 — 3 mm, dark/gray

-3 —4.5 mm, dark/gray

Intermediate 5-4.5— 6 mm, distinct dark border

@ ® ¢ o .

6. 4.5 - 6 mm, diffuse border with grey-green tissue collapse

7: 6 mm, diffuse border with grey-green tissue collapse
MNo hypersensitive

response ) )
- Profuse sporulation, lesion =6mm

- Profuse sporulation and/or near-complete cotyledon collapse
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A.3. L. maculanscolony growing on V8 media, with the outline of mycelial growth traced

freehand on Image J, to measure the area of growth to determine the radius.
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A 4. Correlation analysis for carde severity scoreand autumn monthly Rainfall

Month Cankercorrelation coefficient
September rainfall 0.32&%
October rainfall 0.4878
November rainfall 0.4860
December rainfall 0.2871

A 5. Qrrelation analysis for canker severity score and meamaximum temperaturefor each
month of the growing season.

Month Canker correlation coefficient

Sepgember temperature 0.2521

October temperature 0.17%

Nowvember temperature 0.188
Maytemperature 0.2701
Junetemperature 0.3332
Julytemperature 0.26(8
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A6. Estimated parameters for the simple linear regression equation y = aTriax where a

is the intercept and b is the slope.

Group a b
1 -2.23 0.1322
2 -2.68 0.1534
3 -0.53 0.0809
4 3.54 -0.0337
5 -0.62 0.0673
6 -2.06 0.1056
7 1.12 0.0238
8 7.82 -0.1563
R gene a b
LepR3 -1.1 0.0801
None 4.47 -0.0663
Rim4 0.35 0.0575
RIm7 -2.38 0.1393
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A.7. Oilseed rape growth stages (Sylvestgradley and Makepeace 1985)

0 - Germination and emergence

1 - Leaf production

1,0- Both cotyledons unfoldg

1,1- First true leaf

1,2- Second true leaf

1,5- Fifth true leaf

1,10- About tenth true leaf

1,15- About fifteenth true leaf

2 - Stem extension

2,0- No internodes (‘rosette")

2,5- About 5 internodes

3 - Flower bud development

3,0- Only leaf buds msent

3,1- Flower buds enclosed by leaves
3,3- Flower buds visible from above
3,5- Flower buds raised above leaves
3,6- Flower stalks extending

3,7 - First flower buds yellow (‘yellowbud")
4 - Flowering

4,0- First floweropened

4,1-10% all buds opeed

4,3- 30% all buds opened

4,5-50% all buds opened

4,7-70% all buds opened

4,9-90 % all buds opened

5-Pod development

5-Pod development

5,3-30% potential pods
5,5-50% potential pods

5,7- 70%potential pods

5,9- All potential pods

6 - Seed development

6,1- Seeds expanding

6,2 - Most seeds translucent but full size
6,3- Most seeds green

6,4 - Most seeds greeforown mottled
6,5- Most seeds brown

6,6- Most seeds dark brown
6,7 - Most seeds lack but soft
6,8- Most seeds black and hard
6,9 - All seeds black and hard
7- Leaf senescence

8 - Stem senescence

8,1- Most stem green

8,5- Half stem green

8,9- Little stem green

9 - Pod senescence

9,1- Most pods green

9,5- Half pods green

9,9- Fewpods green

143




B.1. DNA sequence alignment the three SNCalleles inA. thaliana, B. rapaand B. napu$ and threeFoBrlalleles (inB. oleraceaB.rapaand B. napus.
Colours indicatdranslational coding for amino acids

1 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

Identity

1. Bra012688 (FocBr1)

2. BnaC07g33990D (FocBn1)
3. FocBo1

4. ATAG16890 (AtSNC1)

5. BnaC07g33980

6. Bra012689 (BrsNC1)

Identity

1. Bra012688 (FocBr1)

2. BnaC07g33990D (FocBn1)
3. FocBo1

4. AT4G16890 (AtSNCT)

5. BnaC07g33980

6. Bra012689 (BrSNC1)

Identity

1. Bra012688 (FocBr1)

2. BnaC07g33990D (FocBn1)
3. FocBo1

4. ATAG16890 (AtSNCT)

5. BnaC07g33980

6. Bra012689 (BrSNC1)

Identity

1. Bra012688 (FocBr1)

2. BnaC07g33990D (FocBn1)
3. FocBo1

4. AT4G16890 (AtSNCT)

5. BnaC07g33980

6. Bra012689 (BrSNC1)

Identity

1. Bra012688 (FocBr1)

2. BnaC07g33990D (FocBn1)
3. FocBol

4. ATAG16890 (AtSNC1)

5. BnaC07g33980

6. Bra012689 (BrSNC1)

Identity

1. Bra012688 (FocBr1)

2. BnaC07g33990D (FocBn1)
3. FocBo1

4. AT4G16890 (AtSNC1)
5.BnaC07g32980

6. Bra012689 (BrSNC1)




B2 Phenotypic observations dB. rapaR-0-18 TILLING mutants

TILLING e (direct RevGen) Phenotype
Ro0-18 Healthy plant
focBri2 Healthy plant
focBri-1 Dwarfed phenotype

Faceted stem
Late flowering
Rounded leaves

Brsnd Healthy plant
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B3. ANOVA test to evaluate the effect of genotyp@réncl focBri-1, focBrl-2, FocBri2 and
FocBr12/focBrl2) on relative PR1expressioncompared to Ro-18 wild-type. df Degrees of

freedom
Source df Mean square Fvalue P-value
Genotype 5 3.051 4.22 0.007
Error 23 0.724
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B4. ANOVA test to evaluate éheffect of genotype Brsncl focBri-1, focBrl-2, FocBri2 and
FocBr12/focBrl2) on relative BrSNCExpression compared to 18-18 wild-type. df Degrees

of freedom
Source df Mean square Fvalue P-value
Genotype 5 0.438 0.74 0.6
Error 23 0.617

B5. ANOVA test to evaluate the effect genotype Brsncl focBri-1, focBrl2, FocBri2 and
FocBr12/focBrl-2) on relativeFocBrlexpression compared to&-18 wild-type. df Degrees of

freedom
Source df Mean square Fvalue P-value
Genotype 5 5.8061 566.77 <.001
Residual 23 0.01024
Total 28
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C.1.Gambord2 B5 media inoculated with_. maculangleft) and the control without fungus

(right)
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C2. Contrast performed for mock ant. maculansnoculated Topas lines foPR1expression

analysis
Source df S.S. m.s. Fvalue P-value
treatment 1 48.86 48.86 1.18 0.284
Residual 46 1911.39 41.55
Total 47 1960.26

C3. Contrast performed fomock andL. maculansnoculated Topas lines foBnaC07g33990

expression analysis

Source df S.S. m.s. Fvalue P-value
Treatment 1 6.31 6.31 1.17 0.286
Residual 36 193.388 5.372

Total 37 199.699 5.397
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