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ABSTRACT

Clubroot is a plant disease caused by the eukaryotic biotrophic path&gsmodiophora
brassicaan vegetables and crop plants within tlBzassicaceatamily. Infected plants develop

large galls in the root system while the aerial plant body is dwaafedistressd (e.g. wilting,
chlorosis, premature senescenc&ymptoms result from changes of thestQa LINAAY | NB
secondarymetabolism, alterations in host stem cell maintenance and differentiation, and
perturbations of vascular development. Clubroot disease is a worldwide problem and cannot be
controlled effectively. Existing resistance is monogeunitstable due to the genetic variability

of the pathogen andhas already been broken down in the fielthis project aims to identify
robust, quantitative measures of disease development that could be exploited in breeding
programmes to develop plants thi durable, polygenic quantitative resistance to clubroot
infection. It utilised a panel of Brassica plants (ASSYST panel) that represent the majority of
genetic diversity in current Brassica crops. Initial experiments indicated that changes in above
ground plant development might act as a namvasive measure of beleground disease
development. A largascale phenomics screen was initiated but was unsuccessful as variation in
environmental conditions within the phenomics facility resulted in highly vagiayimptom
development. Smaller scale screens were then used to examine alternative approaches. A
combination of above and beleground biomass measurements, coupled with ¢RIR assays

of pathogen content, provided precise measurements of disease developrdéd particular

note was the observation that plants with visually similar gall development varied markedly in
pathogen development and roeghoot ratio, indicating the presence of multiple underlying
mechanisms. Metabolomics methods were also usedéatifly metabolic signatures of disease
development in leaves and roots of susceptible and resistant cultivars. Together, these
approaches have the potential to act as ro@structive measures of disease development for

use in clubroot resistance breedingogrammes
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CHAPTER GENERAL INTRODUCTION

1.1. CHALLENGES OF MODERN AGRICULTURE
In a world with a steadibgrowingLJ?2 LJdzf G A2y > (2RI &Q&a OKIffSy3as

with limited available area for agricultural expansion, angtoductivity-inhibiting biotic and
abiotic factors[1][2]. Botic factors include plant damage through parasitic weeds, plant/leaf
consumption by herliores/folivore (i.e. invertebrates, mammals, birds), or plant diseases
caused by pathogenic microorganisms. Abiotic factmrdude drought, salinity, nutrient
scarcity, extreme temperatures, or high/low irradiance. Bbibtic and abiotidactorsreduce
productivity due to smaller yiekl(quantitative loss) or reduction imarket guality because of
aesthetics (e.gpigmentaton) or toxic contamination (e.gnycotoxin) (qualitative loss]].
Estimates otrop losses range between -30%[3]. Pre-harvest crop protection schemes (e.g
soil management, crop rotation, liemical treatmenf and markerassisted breeding of high
yielding cultivarghat are resistant ottolerant to biotic and abiotic stresses, and adapted to

various climate and soil conditiofig], are the twomainoptions forpreventing crop loss

Marker-assisted breeding requires information about thpproximatelocation of genes that
confer resistance. Informatiaereofcan be acquired througtesistance screens using a whole
population of different genotyped-dowever, regardless of the design of resistance scredimes

basics of resistandeequentlylie within the plant immune system.

1.2. THE PLANT IMMUNE SYSTEM

1.2.1. THE Z#6AG MODHK{.COEVOLUTION OF AVIRULENCE AND RESISTANCE GENES
Plants have evolved mechanisms to defend themselves against attankistiopialpathogens,
herbivores, and pest&omedefence mechanismare constitutively present, such agechanical
barriers (i.e. thorns or wax) or chemical compoundsth antimicrobial activity (i.e.
phytoanticipin) [4]. However, someplant defence mecanisms are activated only after
perception of an attackefMheseinducible defence mechanisrarecoordinated by thénnate
immune systemwhichworks as twebranched system. The first branoésponds togpathogen
specificcompounds, termed pathogeassocated molecular patterns (PAMPs). PAMPS are
recognised bythe hosQ tansmembranepattern recognition receptoryPRRs)which induce
PAMRtriggered immunity(PTI).In most cases PTI prevents pathogen invgsion example
through cell alkalisation via €anflux or ROS production. Ittiserefore known ason-hostor
basalresistance. The second branch of the immune system responds to pathogen virulence
factors (effectors) They arerecognisedwithin the cell by polymorphicucleotide binding
leucine richrepeat NBLRR proteins and elicit effectoitriggered immunity (ETI)whichoften

1



includes the hypersensitive response (HRcognitionof effectorscan be direct or indirectf

pathogeneffectors are not recognised e

0 KS HRR pfaiedsiheybnduce effector

triggered susceptibility (ETSJfectors and NBLRR proteins are products of a constant arms

race between pathogen and plant. Effectors evolvedame pathogen strains to ovame PTI,

and NBLRR proteingo-evolved in plants to countera effectors.The underlying genes are

avirulence (Avryenes in pathogengnd disease resistance (R) geimeplants.One R gene only
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relationship between an R genena a corresponding Avr gene isdawn as gendor-gene

resistance, but only works for biotrophic pathogens. The arms race is stijbiog, and
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(see main text for details, figure i@eated after[5])
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1.2.2. DEFENCE SIGNALLING

Induction of defence responseés mediated by aomplex interconnectedhormone signalling
network, consistingmainly of salicylic acid (SA), jasmonic acid (dAd,ethylene (ET)but also
abscicic acigdABA) auxin (IAA), gibberellic acid (GA), cytokinin (CK), brassinost¢Bisand
peptide hormones. However, involvemenit IAA, GA, CBR and peptide hormonei defence

signalling is less well understofs].
Crosdalk between SA and JA/ET

Pathogens can belassifiedoroadlyaseither necrotrophic orbiotrophicintruders The former
kills the host, and obtaings nutrients. The latter keeps the host alive whilst secutiogt
nutrient supply Depending on the type of microbial intruder, there are difiet combinations

of hormones thainduce defence responséfigurel.2). JA and ET are important for the defence
against necrotrophic pathogenand operate synergisticallyn contrast, & playsa crucial role

in defence responses against biotroptpathogens but also duringthe establishment of
systemic acquired resistance (SAR)erefore, JA/ET and SA mediated defence pathways are
generally antagonistjand rely on negative crosalk to coordinate responses againstultiple
attackerg5][6]. Interestingly, microbial pathogem®t onlyevoled effectors toovercomehost
defence, but alsthe ability to manipulatehe defencerelated signalling network of the plant

by producing hormonenimics|[6].

T — @ Figure 1.2 Simplified cosstalk between SA an

l l JAJET during attack of biotrohand necrotrophic
defence against defence against pathogens.
biotrophs necrotrophs

SA = Salicylacid, JA = Jasmonic acid, ET = Ethy



1.2.3. QUALITATIVE AND QUANTITATIVE RESISTANCE

Plant disease resistancentains a phenotypic and genetic aspect, each dividedqo#ditative

and quantitative reistance.The phenotypic aspect refers to hosuccessfully pathogen
reproduction was inhibited (i.e. partial orimpeded reproduction), and the genetic agpgene
numbers and effecthereof (i.e. monogenic witla major gene or polygenic witlhinor genes).

This results it categories as seen inlde 1.1 Therefore,qualitative resistance summarises
phenotypically complete resistance that is based on one gene with major effect on plant
defence. In contrasijuantitative resistance is defined as phenotypically incomplete resistance
that is based orthe joined effect of several genes with minor effects, each contributing

quantitatively to plant defencér].

Tablel.l Four ategories of resistance

Genetically qualitative Genetically quantitative
Phenotypically Complete resistance Complete resistance
gualitative [monogenic, major gene] [polygenic, minor genes]
Phenotypically Incomplete resistance Incomplete resistance
quantitative [monogenic, major gene] [polygenic, minor genes]

1.3. THBRASSICACHAMILY & THE IMPORTANCE OF BRASSICA CROPS

TheBrassicaceatamily isone ofthe biggestamiliesof the Angiosperms. ttontains thegenus
Brassicawith the agriculturally important specieBrassicanapus(i.e. oilseed rape or swed@,
Brassica oleraceé.e. kale,broccoli, cauliflowerBrusselssprout, cabbage, or kohlrapiand
Brassica rapdi.e. Chinese cabbagey turnip). As Brassica crops produce food and oil, they are
widely cultivated to addrss thechallenge of food and energy sustainability as a consequence
of a steadily growing worldopulation and climate changelowever, theBrassicaceatamily is
susceptble to many plant disease for exampleleaf spot, powdery mildew, downsnildew,

black leg, or clubroofThe latter is the most devastating disease in Brassica ¢8pps



1.4. CLUBROOT DISEASE

Clubroot nfection is a universal problem, and assessed as the main contributor to disease
inducedBrassicarop loss. It is found in more than 60 countries (mild, temperate, and moist
regions) with yield lossdgpicallybetween 1015% Clubrootdisease isaused by theukaryotic
obligatebiotrophic pathogenPlasmodiophora brassicgB. brassicaga member of the super
group Rhizaria within the Protista kingdd8j[10]. Due to genetic variability, numerous ains

with different pathogenicity(pathotypeg can be found globally3]. Infection occurs in all
members of theBrassicaceatamily. This incldes the generdrassicabut alsoRaphanusand
Arabidopsig8].

1.4.1. DISEASE SYMPTQBISSCEPTIBILITY AND PATHOGENICITY

Clubroot infected plants show typical abevand bebw-ground disease symptoms. Those
increase with disease severity, and lead to deathhim most severe casednfected plants
develop large galls in the root system as a consequence of extensidévigtins (hyperplasia)

and expansion (hypertrophy), whilst abegeound symptoms include wilting, stunting,
chlorosis, and premature senescence. Occasionally, early flowering is initiated, and physical
instability might occur. Agriculturally, this meansd in yield, seed number and seed/oil quality
[11]® {@YLWi2Ya NBadZdG FNRY OKIlFy3aSa Ay (KS K2
alterations in host stem cell maintenanead differentiation, and perturbations of vascular
developmentwith reduction in xylogenesig 2]. Clubroot disease symptoms depend on host
resistance and the pathogenicity of lftassicae Symptoms are either timshifted or differ in
intensities. The fact that itis not uncommon to find different pathotypes onfald, or even

within the same plant gallL3], adds morecomplexity todisease symptomsThe variation in

host responses to different clubroot pathotypes is exploited by tharopean Clubroot
Differential (ECDglassification system. The E@Dan internationally accepted system for
clasdiication of clubroot pathotypes$o enable comparisons of research resyB% It is based

on the relative susceptibility of a definite number of plant genotypes, eadBragsica rapa
Brassica napysndBrassica oleracedManypathotypes arerepresented by an ECD triplet code

(i.e. ECD 16/2/12).



1.4.2. LIFE CYCLE OF P. BRARHRAARY AND SECONDARY INFECTION

The generallyaccepted life history oP. brassicadescribes a two phase life cy¢lst][15]. The
life cycle consist of a primargot hair phasé= primary infectionand a secondary cortical phase
(= secondary infectiorgs reviewed ij16][17] (figure1.3). Throughout the whole pathogen life
cycle various different appearances Pf brassicaean be observed, starting and terminating
the life cycle as a resting spore in the sbhe resting spores have a hifé time of 3.6 years,

and are not detectiblafter 17.3 year$18].

Resting spores differ in age, and can be roughly categorized into young and mature gfiores.
are haploidSpores ar.8- 3.8umin diameter and subspherical to spheral shaped16]. The
surfa@ of young spores is covered with fibrous materidijle mature spores have spingsr].
Germination, which marks the first step in the life cyctlspends on the maturation level
Mature spores have a higher germinability compared to young spfi®F Young spore
germination is triggred by release of calcium iondature sporesrequire environmental and
biological factors instegduch as pH, humidity, tempature, and other inorganic ionResting
sporegermination is enhancedt 24°C, and between pH@and pH 7.Q8][17][20]. Different
studies suggest plant root exudates of togte. oilseedrape) noncruciferous hosts (i.e.
lolium/ryegrass)and nonhost plants(i.e. wheat)to function as additional trigger for resting
spore germination. However, die to various experimental conditions (laboratory or
field/greenhouse) contradictory results occurred Resllts of field experiments were
inconsistent and only a minimal effect of root exudates on spore germinability was observed
[21]. Under controlled laboratory conditions root exudafesm hossandnon-cruciferous host
increased germination ratef22][23][24]. Suzuki et dl19] identified a chemical elaent within
some root exudates o€rucifersand nonCrucifers that functions as a putative germinatien
stimulating factor (GSHjlowever, it was suggested not to be related to clubroot susceptibility
since it was o found inclubroot resistant cultivarOn theP. brassicagenome, a singleopy
gene Prol) was found with upregulated gene expression dugpgre germinationlt encodes

a serine protease which stimulates the germinatwithe resting sporghrough proteolytic
activity. Theenzyme exhibits high activity at 25°C and pH-6.@ (lowest activity at pH 7-8.0)
[25], which correlates with optimal field conditions for clubroot infecti@j. It is therefore

believed to play a role in pathogenicity.

Duringthe germination of resting spores, shdiving primary zoospores are released in the.soll

They are 2.85.9 um indiameter,and spindle or pyriformshaped with 2 flagella (biflagellate)

of unequal length angdhape. The short flagellum haslunt end, while the long flagellum ends

with a whiplash or tail piecfl6]. At the root hair, hese primary zoosporesncyst. During the

process, the #gella gets absorbed, the body rounds up, and a tsieped structure develops
6



(Rohr) containing aharply pointedorojectile-like rod(Stachel). With this Stachehe primary
122aLR N8 OFy FddGFOK G2 GKS K2 3&0d ®asomésslipitds, ¢ f f
mitochondria, and vesicles) into the c¢l6][3]. The injection is physical without enzyme

involvement, andermed primary clubroot infection.

Within the cytoplasm of root hairs, primary zoospogggpear as small spherical amoeba, which
develop to primary multinucleate plasmodi@ihroughsynchronousruciform nuclear divisions
and cleaving, zoosporangia are produced &mmin clusters. Zoosporangia contain secondary
zoospored26]. Each zoosporangium can release between 4 and 16 secondary zoobptres

into the rhizosgere via exit pores aat the base of the root hair lumefi6][14].

In the rhizosphere they can {igfect healthy root hairs and epidermal ce]7]. Secondary
zoospores develop into secondabjnucleate plasmodia (myxamoeba), which then actively
move between host celland invale cortical cell§28]. This is termed secondary infectioim
cortical cells,a sequence ofuclear divisions cleavage, and meiosis occduring which
secondary binucleate plasmodia turn into secondary multinucleate plasmodia, and thereafter
into numerous resting sporgd4][26]. Sexual recombination d?. brassicaevas discussed as
reason for its genetic variability, but could not be detected througgtniction fragment length
polymorphism andelectrophoretic karyotypingising a mix of 2 sgile-spore isolatesHowever,
chromosomal rearrangement was indicateff9]. Resting spores anmeleased into the soil as

soon aslie root tissue disintegrates.

Several studies have been conducted to study the range of host plants. Thergbgryp
clubroot infection wasfound in other plant families, such d&apaveraceadpoppy family),
Rosaceadrose family), and®?oaceae(true grasses]8][20][30][31]. Further studies revealed
secondary infectionof non-cruciferous plantswithout gall formation[32][33]. Secondary
zoosporeg33] and resting sporef32] could be extracted with the capability to infect Brassica
cultivars- gall formation was observedt is therefore assumed tha®. brassicaeises primary
infection as strategy for survival in case it fails to overcome plant defé¢aaghermore,P.
brassicaecould proliferate through repetitive cycles in root hairs prior to secondary infection to

increase the chance of successful cortical invasion.

For life cycle completiorR. brassicadepends on host nutrients, such as carbohydrates, amino

acids, ad lipids. The supply of those host resources is induced by a plethora of physiological and
molecular changes. The former includes rearrangement of the root vasculature to transform the

root into a strong sink. The latter summarises gradual changes in gyriamal secondary host
YSGFro2fAayYx YR FEGSNIrdGA2ya Ay K2NX2yS K2YS

growth and defence).



SOIL

Primary

CORTEX X
Plasmodia

Primary
Infection

Secondary
Zoospores

Binucleate Secondary
Plasmodium / Myxamoeba

ROOT HAIR

Figurel.3 Lifecycle ofP. brassicaé a Brassica host plant

(see main text for details)



1.4.3.METABOLIC HOBATHOGEN INTERACTION: AUXIN AND-INDOLE
GLUCOSINOLATES

Auxin is a crucial phytohormone throughout the life cycle of plants since it coordinates many
developmental and growth processes, including cell division and expansion. The most important
active member of the auxin family is indeBeacetic acid (IAA). IAA is present in all parts of the
plant, but in different concentrations. The concentration of IAA is the key to orchestrate growth
related processes, and each concentration signals differ@evelopmental information.

Therefore, IAA biosynthesis, metabolism, transport, and signalling are tightly reg[84{(25].

Clubroot infection alters IAA homeostasis. Researchers found elevated IAA concentrations in
clubroot infected root tissue compared to their controls. InitiaRy brassicaevassuspected to
synthesig IAA, butthe idea was discarded due to a lack of evide[B&[32][37]. Therefore,

subsequent investigations focussed on IAA regulation in host plants, and manipulation thereof.
IAA bosynhesisand connectiorio indolicglucosinolates

IAA biosynthesiss either Trpdependent or Trgndependent. The latter is important during
normal plant growth and utilizes a Fgpecursor (i.e. indole). The former is assumebdstress
inducedwhen more IAA is needd85]. Threeinterconnected pathways for Trggependent 1AA
biosynthesidn plantsare widely accepted34][38]: IAOx, IPA, and IANThe former is largely
restricted to theBrassicaceafamily. All pathwayare displayed in figuré.4 Awith information

about abbreviations.

Pathways containing the intermediate IAOx are interconnected to the synthesis of indolic
glucosinolates (indokGLSs). IndolGLSs belong to a group of secondagtabolites termed
glucosinolates (GLSs). GLSs derive from glucoseraadified amino acid. They contain sulphur
and nitrogen. Biochemically, there are 3 different types of GLSs depending on which amino acid
derivate (8 in total) was used for synthesatiphatic (Ala, Leu, lle, Met, or Val), aromat{®he

or Tyr), and the above mentioned indelBl.Ss (Trp). Hydrolysis products of GLSs are diverse.
Some are toxic (i.e. thiocyanate, isothiocyanate), and play a role in pathogen defence
mechanisms. Othersuch as indol&-methyl glucosinolatesare involved iHAA synthesis. The
responsible enzyme is myrosinase (figtird). Usually, it is spatially separated from GLSs, but

released upon cell damag?@9].

Studies on clubroot diseas®und increasedamounts of IAOx, IAN, and indof@methyl
glucosinolates irA. thaliana[37], upregulated myrosinase and nitrilase activityAnthaliana
andB. rapa[40][41][42], and increased transcript levels for nitrilase during gall formatioh. in
thaliana [43]. Therefore, i was assumed that indohGLSs were responsible for elevated

concentrations of 1AA in galls. However, experiments Witthalianamutant lines refuted the
9



hypothesis. A double mutant in the enzyme cytochrome P450 (CYP79B2 and CYP79B3) showed
nodifferences in gall formatiop44], and nitrilase mutant lineg\|T-genes) only showed clubroot

tolerance (itl) or delayed gall developmentif2), but no clubroot resistant phenotydd3].
IAAinactivation

IAA can be stored d@ndole-3-acetic acid (IBA) or I1Agonjugates. The latteencompasse$AA
esterlinked to sugars or IAA amidiemked to amino acids or peptides. Both types of conjugates
are also involved in transport, protection, and excess IAA detoxification/ degradStiothesis

of IAAconjugates is performed by auxin amino acid conjugate synthetaggsh belong to the
GH3 family in particular GH3.%5]. However, it is aeversible process, and conducted upon

peroxisomal -oxidation for IBA, and hydrolyses for IAA conjug§B&d.

During late stages of clubroot infection, a strong increase ofcli#ugates was observed i
rapa[46], and studies oi\. thalianarevealed pregulated genes that encode enzymes for IAA
conjugation(i.e. GH3.547]. The latter was interpreted as the plargemptto control disease
symptomg[48]. In 201§ it was postulated thaP. brassicaenight contain a protein with strong

homology to an indok8-acetic acidgsynthetase being able to conjugate 2]
IAAtransport and modulation througHdvonoids

Most plant cellxan synthesise IAA. Howeueainsport of IAAconjugatego distant sites of the

plant body is required for normal developmefithere is long distance transport through the
vasculature based on maflew, and short distance transportAA is transportedrom cell to

cell via auxin influx AUX and efflux PIN carrier, which are located in specific pattern. This
facilitates directional and polar transport of I1AA, but also allows the plant to control IAA
concentrations in cell$35]. Flavonoids have been shown to alter IAA transport activity by
modulating PIN proteins. They are a large group of secondary metabolites with diverse functions
(i.e. UV protection, plantdefence, and planinicrobe interactions), and are synthesised via the
phenylpropanoid pathway50]. Studies on clubroot iA. thalianarevealed the importance of
flavonoids as PIN modulators during gall formation. Investigations shaweaimulation of 3
flavonoids and their glycosides in galls (haringeiuercetin, and kaempferqglupregulated
transcripts of genes involved in flavonoid synthesis (i.e. chalcone synthase and isomerase during
early and late stages), amdild clubroot tolerance in mutant lines with deficiencies in flavonoid

synthesig51].

10



IAA ggnalling

IAA signalling is initiated by the -teceptor TIR1/AFB (transport inhibitogsponse 1/ auxin
signalling Fbox protein) upon the perception of auxin. TIR1L/AFB is ie®adlin the nucleus,
where the transcription of auxinesponsive genes isegatively controlled by the repressor
Aux/IAA (Auxin/Indole3-acetic acid) With low auxinlevels it blocks ARFs (auxin response
factors)together with the cerepressor TPL (TOPLE$®H therefore inhibits transcription of
auxinresponsive genedlowever, pon perception of auxirthe coreceptorsTIRIAFB interact

with the repressoAux/IAA.Theyform an E3 ubiquitin ligase SE€®A™® complexdesignatedor
degradationvia the ubiquitin/26S proteasome pathwayhis allows ARF activatidn their role

as transcription factors, they bind to the promotor through AuxREs (Auxin response el@ments
and initiate thetranscription ofauxinresponsive geneffigure 1.4 B Amongst thoseauxin
responsive genesare modulators for auxin homeostasis, for example Aux/IAA thedGH3
family (= negative feedback loofpR][53]. GH3 proteingan conjugate IAA (i.e. auxin amino acid
conjugate synthetases), but also respond to biotic (i.e. ptathogen interactions) and abiotic
stress [45][54]. For example, the enzyme GH3.5 also conjugates SA, which leads to SA
inactivation. GH3.5 is also involved in the synthesis of the phytoatexhalexif55].

Microarray data obtained from clubroot infected thaliana revealed upegulationof TIR1 and
AFBL1 transcripts, alongsigazymes of the GH3 family (i®@H3.5)47]. Differential expression
of enzymes belonging to the GH3 fanilyuld give insights on host defencedamanipulation
thereof. Thereby, pregulated GH3.%5night explainthe accumulation ofboth camalexin and

inactive IAAconjugates The former was discarded as contributing factor for clubroot disease

RS@St2LIYSyd Ay || RAFFSNBYyG addzRés GKSM48.F GGSN
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Figurel.4: IAA hosynthesisandsignallingn plants

|A| Trp-dependent and Trndependent biosynthesis of IAA in plan®olid lack arrows
indicateBrassicaceaspecific IAA synthesis of IAA, wis@@idgrey arrows show IAA pathway
also found in other plantQuestion marks highligithat underlying enzymes are unknown
known to be in bacteria (dashed linbyt assumed to be present in plants since intermedia
of biochemical reactions have been founidAintermediates, enzymes, and seconde
metabolites in green are found in Bher concentrationsduring clubroot infection

(information from[37][38]) |B| Simplified IAA signalling in plants (see main text for detai
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1.4.4. METABOLIC HFSNTHOGENTERACTION: CYTOKININ

Qytokinin (CK)is a cruciakignalling molecule since afffectsmany developmental and growth
processesincludingcell division(mitosis) shoot growth leaf senescencéelay thereof) and
nutrient movement by creating a new siskurce relationshiplt is also important for plant

pathogen interaction$56].
CKbiosynthesisn A. thaliana

Cytokinin is synthesised in root tips and then transported to the aerial plant.ddalyrally
occuring og/tokinins derive from the nucleotidadenine and contain a distinct substitute at the
Né-position of the adenine ring. The most abundant cytokiniA.thalianais zeatin It contains
an isoprenoid side chains, aedists adrans-zeatin (tZ) anciszeatin (cZ). The former is the
active form, the latter shows only limited activity. Other formiszeatin are zeatimiboside
(ribose attached to Rposition of zeatin)and zeatinribotide (ibose with phosphateroup
attached to N-position of zeatin) Biosynthesisof both trans- and ciszeatin occursthrough
plastidic MEP nfethylerythritol phosphatg¢ and cytosolicMVA (mevalonate) pathwayd§.he
former pathway is mostly used irA. thaliana Product of both pathways ithe isoprenoid
precursor DMAPPd{methylallyl pyrophosphate)For the synthesis dfans-zeatin, DMAPP is
first enzymatically converted toiPRTP (isopentenyladenosipefiphosphate) iPRDP
(isopentenyladenosing -@phosphate) or iPRMP (isopentenyladenosipefdonophosphate)
using ATP,ADP or AMPThe onversion is mediated by isopentenyltransferas#3Fgenes).
Subsequently, iPRTdnd iPRDRare hydroxylated to the ribotidetZRTP frans-zeatin-riboside
triphosphate), and ZRDP {rans-zeatinriboside diphosphate)through cytokinin trans
hydroxylase (CYP735APRMP can either be converted ®@ZRMP tfans-zeatinriboside
monophosphateYhrough the same enzyme, or to the cytokinin iP (isopentag@nine).The
conversion of tZRTP, tZRDP, and tZR\iPans-zeatin is catalysed by L@&zyme (LONELY
GUY)57]. Synthesis otiszeatinoccurs through the use of tRNA as altaima adenine donor,

and is mediated by the enzyme tRINAT(figure 1.5A).
Ckstorage in plants

The concentrations o#fctive zeatiisomers is controlled through irreversible cleavage (i.e.
cytokinin oxidase/ dehydrogenase), or through conjugation to glucose (i.e. glucosyltransferase).
Thereby, conjugation can be conducted as irreversibigyldosylation (i.e. Mlycosyleatin) or
reversible Gglycosylation (i.e. @lycosylzeatin). @lycosylzeatin is used for storage, and can be

converted back via-glucosidase activitfp6][57] (figure 1.5A).
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Cksignalling in plants

Cytokinin signal transductidn plants uses a multistep phosphorelay pathwaijch isa more
complex version of prokaryotic twoomponent response systemsdt involves receptors,
phosphotransfer proteins, and response regulatd@gtokinin is perceived vim&Rmembrane
bound hybrid histidine sensor kinageceptor @HKgene family). The receptaonsists of an
extracellular input domain, a transmembrane transmitter domain, and an intracellular receiver
domain, allowing signal input and output. Perception of cytokinin activates -auto
phosphorylatiorof the kinase, which is then transferred to hishe-containing phosphotransfer
proteins @AHP gene family).AHRproteins shuttle between cytoplasm and nucleus. In the
nucleus, they transfer phosphate to Type A and B response regulators ARRgene family.

The latter consist of a receiver and output domain, and positively regulate transcription of many
target genes. The former are responsible for feedbaiulation, and inhibit CK signalliffy]
(figure1.5B).

CKbiosynthesis by P. brassicae

Clubroot studies hypothesiseadat P. brassicasynthesises cytokinin which is thegleased into
the host cyoplasm to trigger cell divisiofb8]. Further studies postulated tha®. brassicae
requires CK for its developmeff9]. Studies showed elevated cytokinin levels in Chinese
cabbage (not distinguished between isomgi9] and A. thaliana(zeatin and iP}60] during
early stages of infection, and decreased concatiins of cytokinin in Chinese cabbag®]
alongside decreased expression of the host cytokinin eedend61] and typeA ARRsguring
late infecton stageq12]. Recent squence ompletion of theP. brassiae genome[49][62],
revealed the capacity of CK biosynthesis (i.e. isopenipylosphatedelta-isomerase), and
found two IPFrelated gene copiesPblPTand PbIPT2 encoding isopentenyltransferases
[49][62]. RNAseq data frordlubroot-infected A. thaliang showedexpression of pathogetPF
genesalongside strong downredation of host genes involved in CK biosynthegishe onset
and late stages of gall formatiofihe only hostipregulatedgenes were @lycosytransferases
[12] (figure 1.5C) SubsequentA. thalianamutant analysisiptl, 3, 5, 7) confirmed impeded
development by plasmodia when host CK synthesis is stromigiyited (e.g. delayed resting
spore formation) However, it also showed that pathogen CK hag ditifle impact on host
plants. A wildtypdike expression of cytokinin responsive gemess observed in the clubroot

infected quadruple mutant, but the phemygpe could not be restorefiL2].

14



A Methylerythritol Mevalonate
phosphate pathway pathway
(MEP) (MVA)

L |

IPP isomerase

dimethylallyl
pyrophosphate
(DMAPP)
|
Adenosine Adenosine
mono-phosphate di/tri-phosphate
(AMP) (ADP, ATP) tRNA
l isopentenyltransferases l isopentenyltransferases
(/PT-genes) (IPT-genes)
v
isopentenyladenosine- isopentenyladenosine- prenyl-tRNA
5’-monophosphate 5’-diftriphosphate
(iPRMP) (iPRDP, iPRTP)
v
cytokinin trans-hydroxylase l cytokinin trans-hydroxylase Cis-prenvl—
iPR (CYP7354) {CYP735A) tRNA
%7 Trans-zeatin-riboside Trans-zeatin-riboside
isopentenyl- monophosphate di/triphosphate
adenine (iP) (tZRMP) (tZRDP, tZRTP) . A
Cis-zeatin-riboside
monophosphate
(cZRMP)

LOG-enzymes l
v

trans-zeatin <

cis-zeatin
N-glucosyl- cytokinin N-glucosyl- O-glucosyl-
transferase oxidase transferase | transferase
v \'
N-glycoside Cleavage N-glycosyl- 0-glycosyl- [> storage
zeatin zeatin

Control  Infected

L I> Degradation IPT-genes - |:|
cvezzsa M [ |

B C 106genes [ ]
O-glycosyl-transferase [N |

Arik-genes [ [

AHK receptor anp-genes [ [N
) Type A ARR-genes - :|

®
:fp) P. brassicae IPT-genes Zl -
AHP protein ] )
o P. brassicae IPP-isomerase |Z| -

®
[ 1]

®

type-A ARRs _)
g) I:l downregulated - unchanged
type-B ARRs not expressed [l vpregulated

Figure 1.5: Cytokininisisynthesis and signallifgegend on next page]
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[Legend toigurel1.5]

|A] Simplified losynthesis and inactivation/degradationto&ns-zeatin in plants. Underlyin
enzymes involved in clubroot disease development are highlighted in gree®itjlifiedCK
signalling in plant$C| Differential geneexpression with focus in CK synthesis, inactivat

and signalling during clubroot infection. Data obtained fridr2]
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1.4.5.METABOLIC HOBATHOGEN INTERACTION: CARBOHYDRATE METABOLISM
Plant growth and the ability to react to changiagvironmental conditionslependshighly on
photosynthesis, and allocation of photosynthates. The latter is mediated by the vascular system.
The ascular system of higher plants can be defined as distribution network for wateientst

and photosynthates between source agihk tissues. Source tissues are photosgtithorgans

such as mature leaveand sink tissues either ngghotosynthetic orgas (i.e. roots) or organs

with high demand in carbohydrates but low prodivity rates (i.e. immature leavegs3].

In healthy plants, fixed carbdend-product of Calvin cycle and driven by photosynthefs@h

source tissues is first stored in chloroplasts (insoluble starch) and vacuoles (soluble sucrose), and
then mobilised as sucrose foransport overshort- and longdistances througlthe phloem into

sink tissuest(anslocation)[63]. Thereby, ploem loading and unlafing is perforned by sugar
permeasedransportersof the SWEET gene familg sink tissues,eceived carbohydrates are
hydrolysed byinvertases osucrose synthase$roducts of this hydrolysis reaction are hexose
monomers and UDBlucose/fructose, respeiwvely [64]. They are either used to driveetabolic
processes promoting both growth andd#opment (e.gglycolysis)or stored for future needs

(e.g starch storage in amyloplas{$g] (figure 1.6 A

Translocation of carbohydrates frommource tosink organsis an important factorfor sink
metabolism. Itunderlines the importance of source activity for plant performance. However,
not all source organs equally supply all sink organs. Instead, a preferential supply is apparent.
Differentialdistribution of carbohydrategssimilate partitiming) is driven by proximity€lative
distance and vascular connection) between sink and source organs, and competition between
multiple sinks. The latter is defined as sink strength, and describes theitapf sink structures

(size and carbohydratstoring activity) to compete fareceiving photosynthatesHowever the
carbohydrate supply is slowed down when a strong sink is not alletabolise carbohydrates
quickly enough(sink limitation) Thesesynchronised sourcaink activities result in a balance
between shoot and root growthshootroot ratios). Synchronisation relies on communication,
which includes physical (e.gurgor pressure in the phloem) and chemical signéeg.
phytohormones and cartthydrates). Those signals have an impact on photosynthetic activity
[63] (figure 1.6B).

Photosynthesis is a tightly regulated process responsive to changing environmental conditions
and variable needs of sink organs during growth. Adjustments include increesgression of
photosynthetic actitty. They can be shorbr longterm, and rely on sinknediated feedback.
Shortterm feedback control of photosynthesis is biochemicaindtudesthe redox control of

key components of the photosynthetic apparatus (R&l1 and PSI transcription), and the rate of
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triose phosphatéutilisation during sucrose and starch synthesis. If a sink has a higher demand
in carbohydrates, photosynthesis will increase in the responsible source.ofgésmediates
enhanced translocatin of photosynthates. Lontgrm feedback control of photosynthesis is
based on genetic regulation. Many photosynthesis genes (including Rubisco) are responsive to
sugar depletion and abundance. The regulation of their expression follows aciefshine

model [65]: Enhanced sink demands causes reduced sugar levels in source amais,
respond with the upregulation of faminegenes. Subsequent sugar abundance in sink tissues
activates feasgenes. This promotes Banced use of sugars. Phytohormones (i.e. Cytokinins,

or Auxin)stimulate or inhibit of photosynthates partitioningdi.genes for loading or unloading

the vasculature)63][66].

A SOURCE B
Photosynthesis
light reaction + calvin cycle f
. ‘eedback
Photosynthesis ()
Chloroplast Vacuole allocation
(insoluble starch) {soluble sucrose) Above-ground SOURCE LEAVES SINK
biomass leaves
| SUCROSE | Teedback
::13 Ph‘ohem g feedback Wadlef allocation
rough sugar permeases an . ) an
via physical + nutrient of photosynthates
transporters (SWEET genes) chemical signals ontale
SINK Bel g
Hydrolysis: invertases and synthases low-groun ROOT Total
biomass {SINK) biomass
glycolysis storage
(for growth and development) (as starch in amyloplasts)

Synthase
Sucrose ———pp UDP-glucose + UDP-fructose

Invertase

Sucrosg —————p hexose monomer

Figure 1.60verview of sugar allocation and sowsiek equilibrium
|A] Overview of sugar allocation from source to sink tissue in healthy plants
|B|] Overview of feedbackontrolled sourcesink balance in healthy plantsa model of the

interrelationship between photosynthesis and plant growth

1 Starch and sucrose synthesis a@npeting processes. Triofphosphate is the photosynthetic eqatoduct of the

Calvin cycle, and used for starch and sucrose synthesis. The former takes place in the cytosol, the latter inside the
chloroplast. Triosgohosphate incorporates inorganic phosgh, which needs to be recycled to the reactions of
photosynthesis. Inorganic phosphate is released during starch and sucrose synthesis, and accumulates in chloroplasts
and cytosol. A phosphate/ triogghosphate translocator (stoichiometric antiporter) imee membrane ensures the

export of triosephosphate into the cytosol and import of inorganic phosphate into the chloroplast. Increased
photosynthesis causes excessive accumulation of triose phosphate in chloroplasts with difficulties to export those
quickly into the cytosol. Starch synthesis is therefore enhanced while sucrose synthesis remains the same. As a result,
leaf starch content rises. This ismbilised during the night, and ensures-going carbohydrate allocation.
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Distorted sourcesink balance in clubot-infected plants

P. brassicaeompletely dependstothe host for nutritional purposes. To ensure a reliable supply
of host resources, the pathogen transforms the root into a metabolic sinkddvohydrates
[67]. AQubroot infectedhost plants (i.e.A. thalianaand B. rapg exhibit altered carbohydrate
metabolism and partitioningd68][69]. Studies showed an increased rate of carbohydrate
translocation from leaves to roots/galB9], reduced sugar (sucrose, glucose, and fructose) and
starch content in leavel$9][70], and increased concentrations giicose and fructose in roots
[70]. The ate of photosynthesis and stomatal conductance wagntl to be reduced irA.
thaliana with unchangedmaximum capacity of photosynthedi89]. Molecular studies using
clubroot infected root tissuef A. thalianarevealed upregulated gene expression for sucrose
and starch sythesis (e.g. sucrosseynthase)[61][71] and extracellular invertase$72][71].
Furthermore, it could be shown that many SWEET genes are differentially expresgsg d
clubroot infection. InA. thaliana increased levels S@WEET 1and 12 (sugar permease for
bidirectional transport of sucrose and hexose) was observed in phloem cells of hypoedtyds
leads to local distribution of sugars towards the pathodjéh]. Studies inB. rapashowed the
upregulation of6, 7 and3 SWEET gends roots, hypootyls, and leaves, respectivel]y0].
Observations of altered sugar translocation are in line with higical examinations of clubroot
infected hypocotyl/root tissues k. thaliana Those examinations elucidatettreased phloem
formation during the proliferate stage of gall formation, increased phloem bundle complexity
with the number of phloem bundlesnghanged alongside increased meristematic activity of

the vascular cambiurand reduction of xylogenesjg3].

Different studiesfound the disaccharide trehalose to be synttsesi byP. brassicaeising the

enzyme trehalos&-phosphate synthasgTPS)[74]. Recent sequere completion of the

LI ( K 2 geSoyn€l4D][62] revealed the existence & TPS gene®bTPSB) and ore single

gene encoding trehalose phosphate phosphat@@]. PbTPSIvas upregulated during gall
formation. Initially, it was thought, that accumulating trehalose might be exported/released
FNRY (KS LI GK23Sy Ayid2 LIXIyd OStfta (G2 AyidaSNF
effect on sugar metabolism could be obged. Only trehalase activityplant enzyme to

hydrolyse trehalose) was increased in infectedt tissue[74].
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1.4.6. METABOLIC HFSNTHOGENTERACTION: SALICYLIC ACID

Salicylic aciz-hydroxybenzoicacidSAisacrucial phytohormone for the activation of defence
responsesipon attack of biotrophic pathogent is a phenolic compound, amynthesisedn
chloroplass via 2 pathway with chorismic acid anthe amino acidphenylalanine as starting
points. Subsequently, SA is transported in to the cytosol, where it undergoes several
modifications Modificationsgenerally inactigte cytosolic SAeducingthe level of active SA
when immune signalling is not required. Glycosylation performed bgl@®syltransferase
generates SA -® -D-glucoside (SAG), and methylation through the activity ofSA
methyltransferase creates volatilemethylSA (MeSAMeSAis extremely phloeramobile due

to its hydrophobicity andduring plant defenceised to signal pathogen attacks from the side of
infection to more distant plant areadn those distant areast triggers systemic acquired
resistancg SAR) when converted back into SA by MeSiaraseg75].

SAmethyltransferases in plants belong to tledass I| SABATH protein fanglg unique family

only found in the plant kingdorfv6]. InA. thaliana SAmethyltransferases arencoded by the

gene AtBSMT1 Recat findings [77] indicated that P. brassicaepossesses a SA
methyltransferase, structurally unrelated to those of plants, with SABATHKke actvity. It is
encoded by the gene PbBSMT. During clubroetliated gall formationin A. thaliang
accumulationof SA and MeSA could be detected in both leaves and fdw former contained

the highest level. Experiments demonstratéioit MeSA in leaves originated from the root, and
suggested thaP. brassicaaffectsMeSA movement from the root to leaveEherefore, it was
hypothesised thaP. brassicasecretes its S#nethyltransferase into the host cell, where it turns

the plant ddence signal SA into MeSA. Unable to initiate plant defence mechanisms, MeSA is

then transported into leavedn leaves MeSA gets either emitted or converted back to SA.

The hypothesis of failed activation of defence responses could potentially expldiar ea
microarrayfindings.The analysis showethat the majority of defenceelated genes were not
differentially expressed, and the ones that showed different expression levels were mostly
downregulated[61]. A different study showed that theusceptibleA. thalianawildtype Col0
induced large JA andeak SA responses during clubroot disease, andetkagenous application

of SA reduced clubrodatiseasesymptoms Subsequently, synergistic effects between SA and JA

pathwayswere suggested’8].
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1.4.7. METABOLIC HGNTKDGEN INTERACTION: JASMONIC ACID

Jasmonic acid (J&)a crucial phytohormone for the activation of defence responses upon attack
of necrotrophic pathogens. It originates from-linoleic acid, which itself derives from
galactolipids of chloroplast membraneSynthesis follows the octadecanoid pathway, starting
in chloroplasts and terminating in peroxisomesghe final stepn JA biosynthesis is catalysed by
the enzyme JAR1 (jasmonic acid amino synthef@®}) JAR1 is a member of the auimduced
GH3 family, in particular GH3.11, and activates JA upon conjugetidvlle [80]. During
clubroot infectionin A. thaliana transcripts for GH3.11 were dowegulated[61][47][81], and

the A. thalianamutant linejarl showed increased susceptibilif§2].

1.4.8. METABOLIC HFBAITHOGEN INTERACTION: BRASSINOSTEROIDS (BRS)
BRsare a group of phytohormones essential for plant growth and developmEnmis includes
maintenance of meristem sizes, cell division and elongation, vasdiffarentiation (i.e.
xylogenesisand phloem genesis)r transport and partitionilg of carbohydrate$83][84][85].

Therefore, BRare involved in functions overlapping with auxin.
BRbiosynthesisind inactivation

BRbiosynthesis is complex, and ihves 3 interconnected pathways with campesterol (CR) as
primary precursoi(figure 1.7 A). Campesterotan be converted to campestanol (Chijd via
castasterone (C$) brassinolide (BL9the most active members of BRavo parallel pathways
operate between CS and BL, termed early and late C6 oxidation pathway. They are usually
summarised as Chependent BR biosynthesis. @ilependent BR biosynthesis is performed

by the C22 hydroxylation pathwawhose final intermediate gets fed into the late C6 oxidatio
pathway. Key enzymes of all 3 pathways BET2 (DETIOLATED 2), and several cytochrome
P450 enzymes, such as CPD (CONSTITUTIVE PHOTOMORPHOGENESIS ANPDODVFARFISM
(DWARF 4), ROT3 (ROTUNDIFOLIA3, or CYP90C1), CBR6OKIXBRASSINOSTER®ID
OXIDASE 1), and BR6A@R.biosynthesis is controlled through a feedbadp and auxin. While
elevated auxin stimulates BR biosynthesis @&/F4, high levels of BR inhibitanscription

genes involved in BR biosynthe§is. DWF4 [83][85].

BR can be inactivate@nzymaticallythrough hydroxylation by hjroxylase BAS1 (PHYB
ACTIVATIONAGGED SUPPRESSOR1), sulfonation by sulfotransferase BNST3 (BRASSICA NAPL
SULFOTRANSFERASE 3), glycosylation by glycosyltransferase UGT73C5, and acylation b
acyltransferases DRL1 (DWARF AND ROUND1)LEREN1 (brib ENHACED1) and BIAl
(BRASSINOSTEROID INACTIVABIBS].
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BR signalling

BRs are perceived by the main receptor BRI1 (Brassinosiessdsitive 1) and its paralogs
BRL1 (BRillkkel) and BRL3 (BRIke3). All three belong to the group of LRRKIEUCINRICH
REPEAT RECEPTOE KINABEeceptors. After BR binds to the extedlular domain of BRI1,

the cytoplasmatic kinase domain phosphorylai#sil (BRI1 KINASE INHIBITOR 1). BKI1 then
dissociates from the plasma membrane, and thereby allows BRI1 to recruitréseptor BAK1
(BRIZASSOCIATED RECEPTOR KINA&E&mber & the SERKs (SOMATIC EMBRYOGENESIS
RECEPTOR KINASES) subfamily @@ILURRctivated BAK1 phosphorylatéd CKs (membrane
bound receptotlike cytoplasmic kinases), such as BSKI1S(BRIALING KINASE 1) and CDG1
(CONSTITUTIVE DIFFERENTIAL GROWFiti then activate BSU1 (BEBUPPRESSOR 1).
Thereafter, BSU1 inactivates the negative regulator BIN2 (BRASSINOSNSEQIBITIVE 2)
through dephosphorylation, which results in accumulatiofi the previously inhibited
transcription factors BZR1 (BRABOLIRESISTANT 1) and BERI¥EMSSUPPRESSOR 1,

or BZR2)Both BZR1 and BES1 d¢han induce or repress the transcription afarget genes
[83][85] (figure 1.7 B).

BRs and clubroot

Alterations in BR homeostasis contribute to gall formation during clubroot infed®educed

gall formation could be observed in clubreofected A. thalianamutant linesbril-6 and det2
[82][81], as well as in the infected wildtype after treatment with an inhibitor of BR biosynthesis
[81]. Laser microdissectionoupled with nicroarray analysis of individuahlargedroot cells
harbouring defined developmental stages Bf brassicadi.e. small and big plasmodia in
enlarged cells of inner and outer cortex layer, respectively) could detect plasmediamted
transaiptional changes of genes involved in BR synthesis and sign@lihgA summary of
differential gene expressioobtained from this studysinglecell analysis technique instead

the common bulk tissue techniqufg1] is displayed in figur&.7 C and DHowever, it must be

stated that technical difficulties limited replication in the study.
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for clubroot infectedA. thalianalLegend on next page]

23



[Legend to figurd..7]:

|A] Simplified BR biosynthesis pathwayBlack arrows shownain routes of Chlependent
(early and late C6 oxidation), and-@Nependent pathways (C22 hydroxytat); grey arrows
their interconnection. For simplicity, only aselection of intermediates with catalysir
enzymesare indicated|B| Simplified BR signhihg pathway, whik relies on a cascade ¢
phosphorylation and dephosphorylation mediated bgveral kinasesEnzyme activity it
AYRAOI (SR ¢ A [CKTranskriBtonte SedulisNselécted enzymes involved in
synthesisand inactivationthat are differentially expressed during clubroot infection A
thaliana Information obtained from[81] |D| Transcriptome results of selected enzym:
involved in BR signalling that adifferentially expressed during clubroot infection M

thaliana Information obtained fron81]
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1.4.9. DISEASE CONTROL

Severabtrategies can been applidd tackleclubroot disease. Soil management strategies are
the most common ones. Applications lishe, calcium, boron, and some nitrogendiastiliser

(e.g nitrate-nitrogen, calcium cyanamidegimingto increasesoil alkaliniy (ow concentration

of hydrogen ions)For the mineral soil constituestcalcium and boron, tadies showed a
retarding effect onprimary zoospores to reach root hair, and to mature within them
[3][86][87][88]. Additionally, boron isuspected tde somewhereinvolved in the inhibition of
secondary infectio3][86]. A more direct control measure for clubroot is thpplication of
agrochemicals (i.e. epoxydor[B]. However, the useof most agrechemicalsis generally
restricted due tcenvironmental legislations. Indirect biological contodlclubrootoffers typical
husbandry methods such as crop rotation with Aawst cultivars, and intercropping with trap
plants (i.e. Raphanus sativy8p], but alsoimprovedsanitisation of field rachinery[88]. But
despite all scientific efforts, most field approaches to tackle clubroot tane-consuming,
prohibitively expensive when appd on larger scale, and not always effective. In,féoey
never eliminate clubroot, and once infestation is established, it immediately diminishes the
value of land8]. Growth of clubroot resistant Brassica cultivars on fields is the most successful

and sustainable strategy to prevent accumulatiolPobrassica@ soil[90].

1.4.10. CLUBROOT RESISTANCE GENES

Three ecotypes oA. thaliana(Ze0, Tsu0 and Ta0) showed hypersensitive responses in roots
FFGSNI AYFSOGA2Y SAGK | aAy3atS alLB2NB Ayz2O0dzZ dz
necrotic boundaries around infected cells inhibited invasion Rof brassicae Genetic
examinations revealed alleled a dominant single nuclear gene termed RPB1 (REACTION TO
PLASMODIOPHORA BRASSICAE 1), which is localized on chrorfiijohedr, otheregions

were detected on the chromosomes PHALtl), 4 PbAt4), and 5 PbAt5.1 and PbAt5.2

conferring clubroot resistancg92]. However, necrosis of neighbouring cells to prevent
secondary infection was never observed in resistant Brassica cultivars. Only deposition of callose

at the penetration side oP. brassicaevas visible to inhibit primary clubroot infecti¢@3].
Genetic resistance in Brassica cultivars

Brassicecultivars have a complex genome. Accordingttte theory of U [94], interspecific
breeding of the diploid specieB. rapa(genome AA)B. nigra(genome BB), and. oleracea
(genome CC) allowed the creation of 3 new Brassica species with tetraploid geridmes.
species includ®. junceagenome ABB),B. napuggenome AACC), aldl carinata(genome
BBCC)loday, as a result of constant hybridisation of Brassica speitlesccurring polyploidy

there is a huge genetic and morphological diversityunravel the genetic makgp of Brassica
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plants,genetic maps have been constructéhey are known as genetic ligeamaps, sinceney

link specific phenotypesj@antitative traits, QT) to a section on the genome that correlates with
those phenotypes (quantitative trait loci, QTQTLs are used for git breeding before the
actual underlying genes are identified and sequencHierebre, QTLs can contain single or

multiple genes with strong aveak effectq7].

Most clubroot resistancegenesor QTLswvere found in European fodder turnipB.(rapassp.

rapifera), LI} NI A Odzf  N¥ @8 Ay GKS fAySa aDSENARIF wész a{Af23l
or QTLs were then usexssource for breedinglubroot resistancénto B. rapassp.pekinensis

(i.e. Chinese Cabbag®), napugi.e. oilseed rape) anB. oleracedi.e. cabbaggkale)[90]. Due

to advances in genetic analydisose progenyspecies (i.ecomplex bacicrosses oinbred and

DH lines) can be ogpared to genetic linkage maps Bf rapato find other clubroot resistance

genes(for example in95]). B. rapaand B. napudodder typesusuallycontaindominantand

pathotypespecific genesThose dominant genese strongin B. rapaand weakin B. napusin

contrast B. oleraceaffers recessive but mainly unspecific gemg@gng resistance to a broad

spectrum of patiotypes[96]. Table 1.2 displays a selection of QTEw pathotypespecific

clubroot resistancewhich were foundn B. rapaor their progeniesin all cases the underlying

molecular defence mechanism is unknown.

GaSyRSt ¢ NBaradl yos

The most populaNB & A &2 G I yOS 3 &nd Bamediafted theShytiRSduléva. napus

GaSYyRStéd LY HnnnZ GaSyRSté¢ g a adzO0O§tma TdzEf £ & Ay dN
FANRG GAYGSNI 2AfaSSR NI LIS NBaAal!l yRrgpaRCBOt dzo N2 G &
04 xB. oleracedECB15 intercrossed with the high yielding. napusit CI £ O2y ¢ ® DSy SGAOI f
contains one dominant, pathotypgpecific gene and two recessive geri@s]. However, the

defence mechanism is unknown to the general scientific comtyu(itlke Diederichsen,

personal communication/ dzf G A @ GA2y 2F daSyRSf égythaskle i NSI § SR I 2
clubroot disease. It is resistant to a broad spectrum of pathotypesdbetto the existence of

compatible clubroot pathotypes, it was onmgcommended for severeipfested soi[90]. Over

theyear§ (G KS daaSy RSt ¢ otieBpjadt lingslwih the NtBnRon fo gultizate them

as last resort (i.ewinter oilseed rapedCracket). Reports emerged (espedlg from Canada),
statingthatY 2y 23Sy A O daSyRSt¢ NBaAradlyOS aidrNIla G2 oNBl
the pathogen[98]. Thereforenovel sources of qualitative and quantitative clubroot resistance

is required.
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QTL
Name

Crrl

Crr2
Crr3
Crrd
CRa
CRb
CRc

CRd

CRk

PbBal.l
PbBa3.1
PbBa3.2
PbBa3.3
PbBa8.1

Rerd

Rcr8

Rcr9

Tablel.2 Selected QTLs found B1 rapaor progenies thereof99][100][101][102][103][104][95][105]

Linkage
group

AO08

A01
A03
A06
A03
AO03
A02

A03

A03
A01
AO03
A03
A03
A0S

AO3

A02

AO08

number

2

Gene

name

Crrla (major)
Crrlb (minor)

Bra001160, Bra001161,
Bra001162, Bra001175

Bra012541, Bra019413,
Bra019412, Bra019410,
Bra019409, Bra019273
Bra022069, Bra022071,
Bra026556, Bra032996

Bra020936, Bra020861

structure

TIR-NBS-LRR

TIR-NBS-LRR

TIR-NBS-LRR

TIR-NBS-LRR

TIR-NBS-LRR

27

Resistance to

Ano-01 and Wakayama-01

Ano-01 and Wakayama-01
Ano-01

Ano-01 and Wakayama-01
Pb2

Pb4

M85 and K04

Pb4

M85 and K04
Pb2, Pb7
Pb2, Pb7
Pbl0

Pb7

Pb4

Pb2,3,5 6and 8

canadian pathotype 5x

canadian pathotype 5x

Reference

Subawe et al., 2003, 2006

Subawe et al., 2003, 2006
Hirai et al., 2004

Subawe et al., 2006
Matsumoto et al., 1998
Piao et al., 2004
Sakamoto et al., 2008

Pang et al., 2018

Sakamoto et al., 2008
Chen et al., 2013
Chen et al., 2013
Chen et al., 2013

Chen et al., 2013
Chen et al., 2013

Yu et al., 2017

Yu et al., 2017

Yu et al., 2017



1.5. SCOPE OF PHD THEAIKES AND OBJECTIVES

¢KS t K5 LINE 2SO0 dird waygts igasufe quarititetivegrésistandezn order to
generatenew generations of croplants with durable polygenic clubroot resistance. The project
followed up physiological and molecular methods with destructive and-destructive
approaches, which were applied to both belownd aboveground plant material ofa

population ofdifferent Brassica cultivars inoculated with known concentration® obrassicae

Chapter 1(general introduction) givean overview othe topic, while chapter 2 (materials and

methods)explains the methods and lists the materials used during the PhD project.

Chapter 3s focussing on physiological methods performed at two different phenomic platforms
to (1) quantify early and for the human eye not visible abgreund plant responses to below
ground clubroot disease, and to (2) link clubroesistanttolerant phenotypes (physiology and
morphology) with resistance genes (genotype) eventually. Plant development, growth, and
performance was monitored by frequent application of Adestructive imaging and weighing

techniques.

Chapter 4describesan endpoint screen, involvingbiomass measurementgall scoringand
total disease quantification based on gRTR. The former was conducted to extract information
about sourcesink distortions within a population oplants showing different disease
phenotypes The latte was performedo test depth and accuracy aimolecular clubroot assay.
For the assay, gene copy numberdPobrassicaén DNA samples of clubroot infected Brassica

cultivars were calculatedht the end the results of all 3 measurements were compared.

Chapter 5explores the ptential of metabolomics approaches toanderstand resistance and
susceptibility in host plants during clubroot infection. The anahlysis focussed on key stages
of clubroot disease (i.e. primary, early secondary, and late secorofagtion) using leaf and

root material. Both tissue types, all time points, and 2 genotypes were compared.

A summary of all findigs together with technicdimitations is discussed in chapter 4 (general

discussion).

28



CHAPTER RIATERIALS AND METHODS

2.1. BIOLOGICAL MATERIAL

2.1.1. CLUBROOT PATHOTYPE

Resting spores oPlasmodiophora brassicagere originally isolated from galls of infected
Brassica oleraceim Penyrheol (South Wales) and classified as 16/2122 according to the
European Clubroot Definition (ECI2D6]. The uiversally susceptible Chinese Cabbage Wong
Bok was used as host plant in Sheffield. Galls were collected at 56 days after inoculation with 50

ml of 1C¢ spores/ml, and stored aR0°C until required.

2.1.2. PATHOGEN EXTRACTION

Clubroot spore preparation waserformed following Mithen and Magrath (19928]. Galls of
infected Chinese Cabbage Wong Bok were homogenized., ditered through 3 layers of
muslin, and centrifuged (30 min, 7750 x g, 4°C). Soil, starch and plant tissue were removed from
the pellet with a spatula, and the remaining sporessuspended in diD. The centrifugation

step was repeated to remove additional soil, starch and plant tissbe inoculum was stored

at 4°C until required with a maximum storage time of 4 weeks. For each experiment a new

inoculum was prepared.

2.1.3. DETERMINATION OF SPORE CONCENTRATION

For the determination of spore concentration, a staining solutj@f7] containing 9.5 pl
ethidium bromide (50 pg/ml) and 0.5 pl calcofluor white (100 pg/ml) was prepared, mixed with
10 pl of a 106old diluted spore stock (10 pl spore stock + 990 w@Hand 10 ul loaded onto

a haemocytometer. Spore density was determined via fluorescence roagppgBX51 Olympus)
using excitation at 400 nm and detecting emission at 455 nm. Walls of active spores showed
intense blue fluorescence as calcofluor white binds chitin.-Mahle spores could be identified
through red fluorescence as ethidium bromide smMaot excluded from the spore and stained
DNA red. Living spores were counted in 4 squares (1 square = 0.084 amch the average
number of spores calculated. Spores per ml were determined with the equation: avetfe

X 1000 x 100

2.1.4. BRASSICA GHNPES

Seeds of different Brassica cultivars were kindly provided by the universities of Nottingham and
York fable 2.]). Bothsets contained genotypes used for associative transcriptomics by lan
Bancroft, published in108]. Amongst the listed cultivars wad/inter Oilseed Rap€racker.
Cracker is @escendant of théB. napuggenotype Mendeland thereforegenetically equipped
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with the dominantd a SY RSt ¢  NJ.aHowetier, yiue So aanbtyr& consequence of
breeding procedures, 16 /&’ 2 F S| -0 K (i GiKnéitlcddthiS$ tN8 clubroot resistance
gene (Elke Diederichsen, personal communication). Asidtseshe majority of experiments

were carried out aime-courseexperiments

Table 2.1: List of Brassica cultivars

. BnASSYST .
Plant Name Species NASSYS Source Experiment
number
Brassica
Cauliflower : NA Enza Zaden Phenomics Trial 3
oleracea
Chinese Cabbage . Seedaholic, Phenomics preliminary
Brassica rapa NA . . .
Wong Bok Ireland series 142, Trial 1, Trial 3
Brassi
Kohlrabi rassica NA Enza Zaden Phenomics Trial 3
oleracea
) ) Phenomics Trial 1-3,
Winter Oilseed Brassica napus | NA Scotland End-point screen,

Rape Cracker

Oilseed Rape Apex

Winter Oilseed
Rape Bravour
Oilseed Rape
Verona

Winter Oilseed
Rape Tapidor

Oilseed Rape Eurol

Oilseed Rape
Lembkes
Malchower
Oilseed Rape Jet
Neuf

Winter Oilseed
Rape Baltia
Oilseed Rape
Coriander
Oilseed Rape
Dippes

Winter Oilseed
Rape Ramses
Oilseed Rape
Moana
Oilseed Rape
Q100

Ragged Jack Kale

Siberian Kale

Oilseed Rape
Westar 10
Oilseed Rape
Karoo-057
Spring Qilseed
Rape Manty-028
Oilseed Rape
NO1D-1330

Brassica napus
Brassica napus
Brassica napus
Brassica napus

Brassica napus

Brassica napus

Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus

Brassica napus

BnASSYST-040
BnASSYST-048
BnASSYST-053
BnASSYST-099

BnASSYST-101

BnASSYST-108

BnASSYST-121

BnASSYST-133

BnASSYST-137

BnASSYST-139

BnASSYST-168

BnASSYST-186

BnASSYST-204

BnASSYST-209

BnASSYST-211

BnASSYST-240

BnASSYST-256

BnASSYST-257

BnASSYST-258
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University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham + York

University of
Nottingham + York

University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham + York
University of
Nottingham
University of
Nottingham
University of
Nottingham
University of
Nottingham
University of
Nottingham

Metabolomics

Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen

Phenomics Trial 2 set 1,
End-point screen

Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen
Phenomics Trial 2 set 1,
End-point screen
Phenomics preliminary
series 1+2, Trial 1, Trial 3

Phenomics Trial 1

Phenomics Trial 2 set 2
End-point screen
Phenomics Trial 2 set 2
End-point screen
Phenomics Trial 2 set 2
End-point screen
Phenomics Trial 2 set 2
End-point screen



Plant Name

Spring Oilseed

Species

Brassica napus

BnASSYST
number

BnASSYST-257

Source

University of

Experiment

Phenomics Trial 2 set 2

Rape Monty-028 Nottingham End-point screen
Oilseed Rape . University of Phenomics Trial 2 set 2
B BnASSYST-258
NO1D-1330 rassica napus : Nottingham End-point screen
Oilseed Rape . University of Phenomics Trial 2 set 2
B BnASSYST-259
N02D-1952 rassica napus . Nottingham End-point screen
Spring Oilseed . University of Phenomics Trial 2 set 2
B BnASSYST-2
Rape Erglu rassica napus NASSYST-263 Nottingham End-point screen
Winter Qilseed . University of Phenomics Trial 2 set 2
Rape Bronowski Brassica napus | BnASSYST-273 Nottingham End-point screen
Oilseed Rape Ceska | Brassica napus | BnASSYST-274 Un|v§r5|ty of Phenon_mcs Trial 2 set 2
Nottingham End-point screen
. . University of Phenomics Trial 2 set 2
Oilseed Rape Duplo | Brassica napus | BnASSYST-275 Nottingham End-point screen
Winter Oilseed . University of Phenomics Trial 2 set 2
Rape Topas Brassica napus |~ BnASSYST-283 Nottingham End-point screen
. . University of Phenomics Trial 2 set 2
Swede Vige Brassica napus | BnASSYST-401 Nottingham End-point screen
. University of Phenomics Trial 2 set 2
Swede Huguenot Brassica napus | BnASSYST-410 Nottingham End-point screen
i ity of Phenomics Trial 2 set 2
Swede Tina Brassica napus | BnASSYST-436 Unlv_er5|ty © .
Nottingham End-point screen
Winter Oilseed Brassica napus | BnASSYST-527 Elsoms Seed all

Rape Temple

2.1.5. PLANT GERMINATION

Brassica seeds of different cultivarsugplementary table 1, Appendixwere placed on
moistened filter pger in aluminium folcovered Petri dishes in a growth chamber for 3 days (20
+2°C day/ 1& 2°C night).

2.1.6. TRANSPLANTATION AND INOCULATION OF HOST PLANTS
Germinatedseedlings were transplanted into wellatered compost (one sslling per plant

pot), and inoculated with a sporsolution of a defined concentration or mock inoculated with
water. Control and inoculated seedlings were then transferred into a greenhouse (AWEC or
IBERS) or phyto chamber, and bottom watered in traysHe first 23 weeksto allow disease

establishment.
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2.2. PLANT HARVEST AND VISUAL ASSESSMENT OF DISEASE SEVERITY
2.2.1. DESTRUCTIVE HARVEST

Unless stated, all experiments were terminated with a destructive harvest at 51 dpi. This
included root excavation with subsequent root washing under tap water. Plants were visually
assessed (photographs of root and shoot) and scored for absve belowground clubroot
symptoms. Gall size scoring was performed following the clubroot classification system, where
roots are rated on a scale between 0 angtl®9] (table 2.2). For molecular measurements of
infection, leaf and/or root tissue was collected, divided 200400 mg subsamples, snap
frozen in liquid itrogen, and stored at80°C until requiredThe remaining aboveand below
ground material was collected and placed in a drying oven (5 days at 65°C) for biomass

measurements.

2.2.2. DISEASE SCORING
Gall size scoring was performed following the clubrdassification system, where roots are
rated on a scale between 0 andB09]. Typical pictures and scores of galls were takem

chapter 4 and shown below for different oilseed rape varieties.

Table 2.2 Clubroot classification system

Cracker Apex NO01D-1330

0 1 2 3
No gall formation and A few small and Intermediate sized Severe clubs on main
other clubroot disease separate globular or clubs root including side
symptoms spindle-shaped clubs roots; affects more
on main root or side than half of the root
roots system
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2.3. EXPERIMENTAL OUTLINE

2.3.1.PHENOMICS

Four phenomics screens were performed at two different locations: AWEC at the University of
Sheffield, and IBERS at the University of Aberystwyth in Wales. For phenomics screens at IBERS,
an automated Lemnatech conveyor system was used to mopltott phenotypeparameters
non-destructively at specific time points throughout the experimefitphenomics screen at

AWEC was conductedthout ascanneisystem Table2.3gives an overview of the experimental

outline and environmental condition.

2.3.2.METABOLOMICS

Two metabolomics scresmvere performed. All screens followed the same experimental outline
and identical environmental conditions in a controlled environment chamber (see 2abfer
details). Metabolomics experiment 1 was performed wittstlective harvestising one oilseed

rape genotypet 3 different time points: 11 dpi (TP1), 35 dpi (TP2), and 50 dpi (TP3). Time points
were picked to represent primary and secondary (early, late) infection. During each destructive
harvest leaf and root ntarial was collected, immediately sndimzen in liquid nitrogen, and
stored at-80°C until required. Metabolomics experiment 2 wamducted as a timeourse
experiment. Leaf material was taken at 11 and 35 dpi, and destructive harvest performed at 50

dpi by collecting both leaf and root material.

2.3.3. ENEPOINT DISEASE SCREEN

Two endpoint disease screens wereonducted in semcontrolled greenhouse conditions
(AWEE at the University of Sheffield) (stble 2.5 for details). The former was destructively
harvested on two days with immediate sampling {remt and sampling on same day), the latter
was subdivided into 5 sets of 6 oilseed rape varieties. Seedlings waresplanted and
inoculated with 1 day difference (i.e. set 1 on day 1, set 2 on day 2, etc.), and harvested at 51
dpi. This staggered planting procedure allowed all samples torbeepsed on the same

timescale.
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Table: 2.3Experimental outline fophenomics

Experiment Genotype Treatment Soil Type Pot size Environmental Conditions Watering Measurements
- Start: 51 dpi (end-point)
- Semi-controlled greenhouse - Visual scoring of above- and
AWEC - Control (H20) - 20+ 2°C day/ 18 + 2°C night below-ground symptoms
relimj‘nar 3 - Dilution series: - 12h photoperiod - Photographs of phenotype
fen,es P 2” (3 biological 6.25 % 10" - 6.25 _ 40-55% day/night humidity - Root sampling for DNA assay
Winter replicates) x 10% spores/ml - 200 pmol PAR m-? x s-" irradiance M | {control, low spore (6.25 x 10?)
€ - 100 ml - Levington M3 tungsten light bulbs, sodium halide | 0 ;Sl‘('ja N and high spore (6.25 x 10°
compost Medium: 9.5 x with winter spectrum b Rl spores/ml), primary and
- 1100 grams/ 9.5x11.5cm 2??12 ) secondary root)
-21- it
pot - Semi-controlled greenhouse alternatzd
- Control (H20) - 16+ 2°Cday/ 14 + 2°C night . ‘
6 - Low spore {6.25 x - 10h photoperiod - Start: 9 dpi until end (51 dpi)
AWWEC Trial 3 (6 biological 1(_12 spores/ ml) - approx. 40% day/night humidity . \ggtni;sussfe(npd()t :;i;g)ht)
inter replicates) - High Spore (6.25 x - 150 pmol PAR m-2 x s-" irradiance oo na-p .
10° spores/ml) Tungsten light bulbs, metal halide - Visual scoring (end-point)
- 100 ml with early summer spectrum
- Start; 14 dpi until end (51 dpi)
- Water use (pot weight), daily
- Transpiration via thermal
- Control (H:0) - Automated imaging at 29 dpi, 43 dpi, and
IBERS 5 - Low spore (6.25 x - unregulated greenhouse with manual 50 dpi
. " " 2 - idity: % .
Trial 1 (4 blgloglcal aﬂ ri:p;ores/(rglz)5 :!umudltyt. 60-i22)0+/2°c ; - correction ~ Area and height of plant by
Summer replicates) 1gh >pore 15.£5 X ) - lemperature: 292 ay Top taking RGB pictures at 90° and
10® spores/ml) - Levington 180° angles
-70ml gjr:chit mix 15x15x 20 - Biomass (end-point)
. P cm with - Visual scoring (end-point)
-ratio 1:2 5|ight|y
-1100grams/  tapered base - unregulated greenhouse - Automated - Start: 20 dpi until end (51 dpi)
IBERS 14 pot - Humidity: 50 10 % - Bottom - Water use (pot weight), daily
Trial 2 set 1 biological - Control (Hzo) : - . - .
rial 2 se (3 biologica - Temperature Aug-Sept.: 20 + 6°Cday = - Corrected for - Transpiration via thermal
Early autumn | replicates) - Low spore (6.25 x o ) . imagi 2 2
p 107 spores/ m) - Temperature Oct.: 18 + 3°C day biomass increase|  IMagingat 28, 39, 42, 45, 47,
and 49 dpi for set 1
- High Spore (6.25 x Area andphei ht of plant b
s I - unregulated greenhouse - Automated " E P ¥
IBERS 15 10° spores/ml) i taking RGB pictures at 45°, 90°,
Trial 2 set 2 biogical |50 - Humidity: 50 + 10 % - Alternated 180°g I p g
(3 biologica - Temperature Sept.: 20 * 6°C day - Corrected for ol angles )
Lotegutumn | replicates) biomass increase| - Visual scoring (end-point)

- Temperature Oct.-Nov.: 18 £ 2°C day
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Table 2.4 Experimental outline for metabolomics and transcriptomics

Experiment Genotype Treatment Sail Type Pot size Environmental Conditions Watering Harvest + Sampling
1 - Destructive harvest for TP1 (11 dpi),
Metabolomics (3 biclogical TP2 (35 dpi), and TP3 (50 dpi)
experiment 1 replicates) - Leaf discs of 10 mm diameter
- Phyto chamber _ - Manual - Root sampling (< 0.2 g)
- Control (H20) - Levington M3 - 20+ 2°C day/ 18 + 2°C night 0-20 dpi:
-6.25x 10 compost Medium: 9.5 x - 16h photoperl_od - bottom - Collection of leaf material for TP1
spores/ml - 1100 grams/ 9.5x11.5cm - 40-55% day/night humidity 31-51 doi: (11 dpi), and TP2 (35 dpi) without
-50 ml pot - 300-400 umol PAR m-2 x s-° T oa Pl P P
irradiance alternated uprooting
Metabolomics ) 2 ) - Destructive harvest for TP3 (50 dpi)
iment 2 (3 b"?log'cal with collection of leaf and root
experimen replicates) material
- Leaf discs of 10 mm diameter
- Root sampling (< 0.2 g)
- Visual scoring for TP3
Table 2.5 Experimental outline for endoint diseasescreens
Experiment Genotype Treatment Soil Type Pot size Environmental Conditions Watering Harvest + Sampling
End-point 33 - Destructive harvest at 51 dpi
screen 1 (3 biological - Visual scoring (end-point)
replicates) - semi-controlled greenhouse v | - gho:ograp?s 0f<er(1)d2—pomt phenotype
- Control {H:0) - Levington M3 -2082°Cday/ 18 2°Cnight ;’8‘;‘“ ) ; B.°° samp ":f( 0.2g)
- 6.25x 10° compost Medium: 9.5 x - 18h photoperiod bznttonfl. - Biomass (end-point)
. ;%orrnels/ i ) lifo grams/ | 95x1lsem - ;g:i?oda:q/;'i;;hr:r? ':;“,’ - 21-51dpi: - Destructive harvest at 51 dpi
30 P irradiancs alternated - Visual scoring (end-point)
End-point (3 biological - Photographs of end-point phenotype
screen 2 replicates) - Root sampling (< 0.2 g)

35
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2.4. PHENOMICS

2.4.1. THERMAL IMAGINBROCEDURE, DATA ACQUISITIORNNUFSIS

A heated screen (Bio Green Heating Mat (FHAM@0 x 120 cm, 140 W) with black and corrugated
polythene sheeting from Jewsons) was placed 1 m behind the conveyor belt in the greenhouse.
Plants passed by individually on the conveyor in front of théoumly heated background
(approx. 2530°C), and thermal images were taken using either a VarioCAM HiRes 640x480
(Jenoptik AG, Germangpectral range 7514 um) or a ThermaCAM SC660 Wes (FLIR Systems

AB) camera in a 45° angle.

Two methods were used &xtract leaf temperature data from the images: an automated (figure
2.1A) and a manual approach (figuzel B). For the automated approaclhfeshold method),

plant positions were estimated (horizontal black line) and a temperature threshold set. The
former was used to remove all pixel values corresponding to pot + conveyor at the picture
bottom, the latter to segment plant pixel values from the heated backgth For the manual
approach gpot method), 25 equally sized regions of interest (ROI) were migmlated on leaf
images, and the average temperatures calculated. The automated approach was more rapid,
but excluded data from leaves that were positioned below the horizontal black line. R studio

was used for data analysis. The wdidw is displayed ifigure 2.2,

For comparison of camera performances, thermal images of winter oilseed rape Temple from
both thermal cameras were analysed accordimghe spot method (see chapte).3The output

data is seen in figur@.1 C. Theresults showed a good coreglon (93.7%), and regression
analysis gave a slope close to 1 with an intercept of +1.2. The VarioCAM HiRes was used for

further experiments.
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Figure 2.1: Approaches of thermal data extraction and comparison of camera models

|A| Three images of oilseedape plants with varying leaf positions imaged using Vario(
HiRes and the baseline position for automated thermal data extraction shown as solid
line |B| Image of oilseed rape plants with regions of interests for manual thermal
extraction usilg ImageJ and FLIR software |C| Linear regression of spot measurement r

from images using VarioCAM HiRes and ThermaCAM SC660 Wes.
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IBERS

Imagel
FLIR software

Excel

e ™
Plotting data:
dpi versus average leaf temperature

— Rstudio —>

N /
S ™~
Plotting data:
P> Temperature difference
from control versus dpi
- J

Figure 2.2: Worlow of thermal image analysis following the manual spot method
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2.4.2.PLANT WATER USE DURING DISEASE DEVELOPMENT
2.4.2.1. AUTOMATED APPROAWATA ACQUISITION AND ANALYSIS

Plant water use at IBERS was monitored daily using an automated pot weighing system. For
system calibration, plant pots were filled with 1100 grams ohpost, and watered until 100%
saturate. The weight corresponding to 80% saturation was then calculated, and used as
reference value for automated watering. The watering system could water from above, below

(into a tray) or both.

Plant pots with seedlings were weighed daily before and after watering with water use
calculated as the difference between the two values on consecutive days (Bdiwg Water

was then added to return the total pot weight to the reference value (figu88). The approach
turned out to be problematic since the use of a fixed reference point did not account for
increasing plant biomass during the experiment. As the biomass increased, the soil moisture
content decreased. To compensate for this, the biogriasrease over time was estimated based

on area and height data, and the watering reference point modified to adapt to plant growth
(figure 2.3 C). Water evaporation from the soil was measured usingosiyl pots evenly

distributed in the greenhouse.

Water use data was analysed in R studio. Daily water use measurements were smoothed using
a rolling average with a central 7 day window to remove noise and decrease data complexity.
The maximum use was calculated as the average of the 6 largest valuesnd tekien to reach

this maximum was determined when water use approached 90% of the maximum value (figure
2.4A). Cumulative water use was also calculated (figqudd3). Figur€.5summarizes the work

flow.
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A

POT WEIGHING POT WEIGHING POT WEIGHING POT WEIGHING
before watering after watering before watering after watering

| WATERING WATERING
\ 4 D \
Water Use

Day 14 Day 15 >

Winter Oilseed Rape Temple C Winter Oilseed Rape Eurol
[without biomass correction] [with biomass correction]
4900 T 5200
4800 -| !N\I\
5100
—. 470041
20
e
E’-’ 4600 A 5000
Q
= 4500
4900
4400
4300 4800+
T T T T T T T T T T .
17 27 37 47 24 29 34 39 44 49  [dpi]

Figure2.3: Automated watering at IBERS

|A] Watering scheme at IBERS |B| Watering RAW data shows repetitive procedure

weight before and after watering, always returning to a fixed reference value (solid red

|C| Watering RAW data with reference value adjusted to increased plamhassduring the

experiment.
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A 600 - Maximum

«+—100%
<+ 95%

400 1

Water use [g]

200 1

9000

6000 -

3000 -

Cumulative Water use [g]

O 4
10 dpi 20 dpi 30 dpi 40 dpi 50 dpi

Figure 2.4: Example for water use analysis

|A| Water use of oilseed rape Temple (uninfected) measured using the automated wat
system (grey line). A rolling average (central 7 day window) is shown as connected re
the maximum value with 10% tolerance as solid and dashed horizontal black lines, a

time taken to reach the maximum as solid vertical black line |B| Cumulative water use
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IBERS

Water use: Pot weight
differnce after and before
watering

Excel/
Rstudio —

Select window size

!
—|>[ Plotting data ]<1—

Figure 2.5: Worllow for water use analysis (IBERS)
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2.4.2.2. MANUAL APPROAOATA ACQUISITION AND ANALYSIS

Pots were saturated with water by standing in a tray for 60 min. Excess water was then allowed
to drain for 30 min. The pots were weighed to give the saturated soil + pot + plant weight. Pots
were weighed again after 24 h &er + soil + pot + plant weight) and the difference taken as the

water use figure 2.6). The plant biomass gain in this period was negligible.

Data was investigated in R studio by calculatinggoitit and cumulative water use, and testing

for statisticd significance.

PLANT POT WEIGHING PLANT POT WEIGHING
(well watered plant) (plant after water use)
WATERING WATERING
(water until flow-through) (water until flow-through)
WATER REMOVAL

from tray

| 60 min 30 min 24 hours >

Figure 2.6: Manual watering scheme (AWEC)

43



2.4.3. PLANT AREA AND HEIGHT MEASUREMENTS

PROCEDURE, DATA ACQUISITION, AND ANALYSIS

RGB pictures were taken daily from two angkesefable 2.2) of each plantandboth the plant

height and average area measured. A rolling average, maximum value and time to reach the
maximum value were calculated as described in se@idt2 In most cases the area reached a
maximum and then declined. If the plants were stithwging at the end of the experiment, the

final area value was used as the maximum value (figufe Oneway-ANOVA was implemented

to compare the impact of treatment on different cultivars. Fig@r@showsthe work-flow.

A | soooo
Maximum value « 100%
7777777777777777777777777777777777777777777777777777777777777777777777777777 < 95%
60000
_ =
£ 2
E (i
< | 40000 o
g g
<
o
20000 3
o
o
0
B 80000 Maximum value
< 100%
---------------------------------------------------------------------------- <+ 95%
60000 Final value « 100%
= g
£ S
: G
- 40000 o
g e
< O
20000 B
o
o
0
C | soo00 _
Final value 4+ 105%
<+ 100%
Maximum value
B 60000 ————M = £100%
E
£ 3
—1 40000 m
m o
Q [}
;: a
&
20000 Q
>
)
0
10 dpi 20 dpi 30 dpi 40 dpi 50 dpi

Figure 2.7Example for aredata analysis [Legend on next page]
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[Legend to figure 2]7

|Al -|C| Area data of two oilseed rape varieties and one Kale cultivar (grey line) mea:
using RGB images. A rolling average (central 7 day window) is shown as connected r
Final andmaximum value are indicated as solid horizontal lines of grey and black ci
respectively. Dashed horizontal lines represent the area when values approached 95%
maximum value (black), or when values werg% bigger than the final value (greyinat and
maximum area data was picked individually for each plant depending on the growth ¢
on harvest day.

|A| Area data of oilseed rape Temple (uninfected). RAW data shows a curve with platee
to stop in plant growth at the end of the experimenhaximum value = final value. Tl
maximum value was used for statistical analysis |B| Area data of oilseed rape Ci
(uninfected). RAW data displays a plateau with subsequent decrease due to natur.
wilting before the end of the experiment: maximuvalue > final value. The maximum val
was used for statistical analysis. |C| Area data of Ragged Jack Kale (uninfected). RA
illustrates a continuing area increase without plateau due to ongoing plant growth on he

day: maximum value < final ee. The final value was used for statistical analysis.
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IBERS

IBERS

Excel/
R studio

R studio

<J—[Select window size ]

If plant still growths on harvest day:
final value = maximum value

nmil|

—l>[ Plotting data

Figure 2.8: Worllow for area and height data analysis (IBERS)

| S
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2.5. ENEPOINT DISEASEREENS

2.5.1. SAMPLE HOMOGENISATION AND DNA EXTRACTION

Mortar and pestle versus bedaeater homogenisation with 2 stainlesgeel beads (3 mm
diameter, Atlas ball + bearing CO. LTD.) was tested for optimal sample pulverization prior to DNA
extraction. Five pl of DN&xtracts were confirmed by gel electrophoie®n 1% agarose gels
stained with ethidium bromide (figur2.9). Beadbeater QIAGEN TissueLyser Il yielded little or

no genomic DNA (figur29 A) compared to grindings using mortar and pestle (figueB). As
molecular analysis required large numbers of samples to be processed, further development of
the beadbeater method was tried. Using a different model (MP FastR#[ 5G), genomic

DNA could be obtained from both freedeied (figure2.9C) and sap-frozen (figure2.9D) plant

material. However, samples with reduced water content pulverised quicker and better.

DNA extraction was performed using a modified CbA&ed protocol originally published in
[110]. Unless stated, all centrifugation steps were performed for 10 minutes at 12,000 x g and
4°C (SANYBAWK 15/05 Refrigerated), and all chemicals purchased from Sigriah and
Fisher Scientifidzor DNA extraction, the homogenate was mixgth 1.0 mlpre-cooled CTAB

free buffe? and 30 pl 2Vlercaptoethanol, then incubated on ice (10 min) and centriflig&fter
centrifugation the supernatant was discarded, and the pellet mixed ®@@ pl preheated
(65°C) CTABuffer®, 24 pl2-Mercaptoethanol, and 6 pl RNase (30U/mg). Subsequently, the
mixture was incubated in a heating block for 50 minutes at 65°@,saitnple inversion every 10
minutes. After centrifugation, the supernatant was transferred into a new reaction tube, mixed
with anequal volume othloroform: isoamyl alcohol (24:1) via shaker incubation (10 minutes,
room temperature) (VortexGenie 2, MO B Laboratories, Inc.), and centrifuged again. The
upper aqueous phase was then transferred into a new reaction tube to repeat the chloroform:
isoamyl alcohol (24:1) treatmenthereafter, 2/3 volume preooled isopropanol was added to

the upper aqueous pdse for DNA precipitation ovaright (20°C) After precipitation d
samples were centrifuged, and the pellet washed with 3 ethanol washing steps (100%, 75%, and
70% Ethanol). DNA was then dried at room temperature and dissolved in 50 phiffditor

nuclease free water.

2 2% Polyvinylpyrollidone (w/v), 0.25M NaCl (v/v), 0.2M-H@ (v/v), 0.05M EDTA (v/v), pH 8.0
3 2% Polyvinylpyrollidone (w/v), 1.4M NaCl (v/v), 0.1M-F@& (v/v), 0.02M EDTA (v/v), 2% CTAB (w/v),
pH 8.0
40.01M Tris (v/v), 0.001M EDTA (v/v), pH 8.0
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10,000 bp

1500 bp

1000 bp
800 bp

300 bp
200 bp

Homogenisation

Chinese Cabbage Wong Bok
6.25 x 10* spores/ml

Winter Oilseed Rape Temple
control plants

Hyper prim. sec.
Ladder! root root

Hyper ~ Prim. sec. Hyper
Ladder Vv root root

Ladderl 1 2 3

10,000 bp

2000 bp
1500 bp

prim. root Hyper
ladder! 1 2 3

prim. root

bead-beater

1% Agarose in 1x TAE buffer stained with EtBr

mortar and pestle bead-beater

bead-beater

method (QIAGEN Tissuelyser Il) (MP FastPrep-24™ 5G) (MP FastPrep-24™ 5G)
Sample snap-frozen snap-frozen freeze-dried (5d) snap-frozen
status in LNz in LNz and LN: in LNz
Program 2 x15 min manual grinding 2 x 30 sec 2 x 30 sec
27 Hz 10 meter/sec 10 meter/sec

Figure 2.9: Sample homogenisation methods

|A] -|D| 1% agarose gel pictures of 5 pl genomic DNA after

application of diffe

homogenisation methods: |A|] Homogenisation of shipzen root samples using bea

beater model QIAGEMNssueLyser Il at 27 Hertz for 2 x 15 minutes prior to DNA extrac

No genomic DNA is visible |B| Homogenisation of sfragen root samples using mortar ar

pestle achieved good results |C| Homogenisation of fredred root samples using beac

beatermodel MP FastPrep4™ 5G at 10 meter per second for 2x 30 seconds prior to [

extraction obtained genomic DNA |D| Homogenisation of sifiezen root samples using th

same beaebeater model and program achieved similar results.
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2.5.2. DETERMINATION OF DNA CONCENTRATION

DNA concentration was measured using QudnPico Green dsDNA quantitation reagent
(Molecular probes by life technologies), and fluorometry with excitation at 485 nm and emission
at 545 nm (Fluorimeter BMG FLUQstptima). Two pl of undiluted DNA samples were mixed
with 98 pl 1x TE buffer pH 7.5 and 100 pl of a-&00 diluted Pico Green solution. A calibration
standard (0, 10, 25, 50, 75, and 100 ng/pl) was prepared from herring sperm DNA-(Sigma
Aldrich), and gantified via photespectrometry. After quantification, all DNA samples were

diluted to 10 ng/pl and stored at20°C until required.

2.5.3. PBPRIMER DESIGN

Quantification ofP. brassicady quantitative reatime polymerase chain reaction (qiPTCR)
required a primer pair that amplified a unique sequence conserved in the genoRenéssicae

not present in Brassicas or contaminating microbes. Ribosomal RNA genes were considered as
a suitable amplicon (high sequence stability and specificity) to distingeisteen pathogerP.
brassicaeand Brassica host plant. Eukaryotes contain 80S ribosomes which consist of a small
(40S) and a large (60S) subunit. While the small subunit is composed of an :§8neN2900
nucleotides) and 33 proteins, the large suburidintains a 5.8S RNAL60 nucleotides), a 28S

RNA (4700 nucleotides), 5S RMNj&ne (120 nucleotides) and 46 proteins. The genes of both
subunits except for the 5S rRNA are organized in a cluster with intergenic spacer (IGS): one
external transcribed spac&y 9 ¢ { 0 G GKS Of dZAGSNDa aidl NIAy3
spacer (ITS) in between (ITS1, ITS2). Each cluster is a tandem repeat, and separated by non
transcribed cluster (NTS)gqure 2.10).

All publishedP. brassicaeRNA gene cluster sequencesre identified using the NCBI database,
aligned with the program MEGAG6.06, and checked for areas with little sequence variation. The
longest and most complete sequence (Japanese GenBank Accession Number AB526843) was
eventually taken as reference for prér design using the online program Primer3Plus. The
designed primer pair covers the 5.8S rRNA gene. dfrassicadlanked with partial ITS1 and

ITS2, and amplifiesmoduct of 216 bp lengthfigure 2.10) Each primer contains one positional
sequence variation (IUPAC code) to ensure the application for several pathotypes without losing
much specificity. Primer and product sequence were aligned using BLASTN against the NCBI
databaseg no matches with availde Brassica genomes and otherbrassicasequences were

found. Recently (2 years after primer design), the GenBank Accession Number AB526843 was
removed from the NCBI data base due to its chimeric nature. It was found, that approximately
75% of the largeibosomal subunit contained another Cercozoan sequence, most likely derived

from nonparasitic Glissomonadidd 11]. However, Piprimer and amplicon sequences sitill

49



aligned correctly with the 5.8S rRNA sequenceR drassicaen the NCBI data base (i.e. 100%
match with KX430463).

2.5.4. PBPRIMER TEST

The annealing temperature of RBS1F and PHTS2R were obtained from a gradient PCR
ranging from 56°C to 60°C. Subsequently, the primer pair was tested for specificity in a
conventional 3step-PCR. For both PCRs, 3 pl of DNA extracts of clubroot idf@ftemese
Cabbage Wong Bdkvere amplified using the PCR kit from Bioline. The reaction contained 2.5
U/ul Tagpolymerase, supplier PCR buffer (1x final concentration), 2.5 mM M@Ql mM
dNTPs, and 0.2 umol of each primer in a total volume of 50 |RsR&re performed with an

initial incubation at 95°C for 5 minutes, then 30 cycles of 95°6660/ 59°C, and 72°C each for

30 seconds with a final extension step of 5 minutes at 72°C. PCR products (5 pl) were confirmed

by gel electrophoresis on 2% agaeagels stained with ethidium bromide (figu2ell).

5 Qultivar frompreliminary phenomics experiment at AWEC described in chapter 3. Manual
homogenisation and CTABNA extraction according &ection 2.5.1.
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rRNA CLUSTER REPEAT 1 ) . rRNA CLUSTER REPEAT 2

Pb-ITS1-F Pb-ITS2-R Tl

3199 bp - 3218 bp 3393 bp - 3414 bp
(20 bp) (22 bp) -

llll174bplll

ITS1 ITS2
B A85268431 3106 bp - 3247 bp 3409 bp - 3570 bp
(141 bp) (161 bp)

partial ITS1 '," 5.8S rRNA “\\ partial ITS2
33— Pb-ITS1-F —
C 5.8S rRNA 5 GAACAATSCTAGCCGAAACA 3 )

4 3 AGAAACTCACAGCCAARGACAA 5

Figure 2.10: PPBrimer pair alignment based on the gene sequence AB526843.1

|A] Ribosomal RNA gene cluster of eukaryotes. Sequences are organised in tagpgeated unitsOne cluster unit contains external transcribed spacer (t
green), 18S rRNA (blue), internal transcribed spacer 1 (ITS1, yellow), 5.8S rRNA (blue), internal transcribed spagelt@v),T8”] 28S rRNA (blue). Units ¢
connected via not#transcribedspacers (NTS, orange) |B| 80S cluster of the Japanese isolate NGY (AB526843.1) used as referepiiméordeign. |C| 5.8<

rRNA gene (blue) with partial ITS 1 and 2 (yellow), amplified by Pb primer pair (red arrows).
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A Primer name Characteristics

5'-GAACCATSCTAGCCGAAACA-3' (20 bp)
Tm: 60.1°C, GC: 50%, IUPAC nucleotide code S: Gor C

Pb-ITS1-F

Pb-ITS2-R 5'-AACAGRAACCGACACTCAAAGA-3' (22 bp)
Tm: 58.9°C, GC: 40.9%, IUPAC nucleotide code R: Aor G

60.0°C - 56.0°C
N\ Y O Y Y Y]
& o S, > ¥ o O S 59.0°C
O AR A RIS e PR,
QQ}\’ /\(}) 4‘Q\ /\(Jo’ 6@ (.f"% Q\z\(f’ 3 4:" < Hyper primary secondary Hyper
NP P e S S LadderV  NTC root root LadderV

500 bp 500 bp
400 bp 400 bp
300 bp 300 bp

2% Agarose gel in 1x TAE stained with EtBr

D PCR step Temperature Time Number of cycles
Initial denaturation 95 °C 5 min 1
Denaturation 95 °C 30 sec
Annealing 59 °C 30 sec 30
Extension 72°C 30 sec
Final extension 72°C 5 min 1

E Component Volume/tube Reaction concentration
10 x PCR buffer (Bioline) 5ul 1 x PCR buffer (Bioline)

50 mM MgCl: (Bioline) 2.5yl 2.5 mM MgCl: (Bioline)

10 mM dNTPs 1l 0.2 mM dNTPs

10 uM Forward Primer 1l 0.2 uM Forward Primer
10 uM Reverse Primer 1l 0.2 uM Reverse Primer
Template DNA 3l

5_U_/ pl Tag polymerase 0.5 ul 2..5'U/ ul Tag polymerase
(Bioline) (Bioline)

dH20 (nuclease free, Ambion) 36 ul

Figure 2.11: Plprimer test with DNA from clubroot infected Chinese Cabbage Wong Bo

[Legend on next page]
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[Legend to figure 2.11]

|A| Pb-primer characteristics |B| 2% agarose gel (80 V, 1.5 h) of control (no template
amplified DNA (5 pl) from gradient PCR with Pb primers (annealing temperature6G&C)
IC| 2% agarose gel (80 V, 1.5 h) of amplicons (5 pl) from a selected PCR (an
temperature: 59°C) to test Rfrimer specificity. The amplicon is in a band at 216 bp D]
condition |E| Mix of PCR components for a total volume of 50 ul using the PCR kit

Bioline.
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2.5.5. PREPARATION OF DNA STANDARD FOR qRT
2.5.5.1. CLONING OF®BNE INTO pGEMEASY VECTOR

Genomic DNA of primary root samples from clubroot infected Chinese Cabbage Wong Bok was

amplified with Pkprimers (see sectio.5.3. Amplicons were then purified using QIAquick PCR

LJAZNA FAOF GA2Y 1AG OovL! D9b0OX T2freatasAyilDuriiedS Y I ydzF I O
PCR product (approx. 30 ng DNA) was ligated into 1 pl pl&ady using 1 pl T4 DNA Ligase

(Bioline) with 5 pl of the supplier Ligation buffer in a total reaction volume of 10 pl. The ligation

was performed overnight at 4°C with ptigg and negative control, and terminated next day

with enzyme inactivation at 65°C (healbck) for 10 min. Subsequently, 2 pl of each ligation

product was transformed into 50 pl competef.coli51 ph OSft f-shockd30lsecK S| (i

incubation at 42°C, watdrath). Bacteria were then cultured on sterile*™Bmediunf with X

gal solutior, and incubated overnight at 37°C. White colonies were picked, and cultivated in 5

ml sterile liquid LB"™ mediunt overnight at 37°C for a mipirep using QIAprep Spin Minigre

1AG ovL!D9bovz F2fft2¢6Ay3a GKS YIydZFlI OGdzNBENRA Ayadl

summarized irffigure2.12and further explained in 2.5.5.2.

60.4 g Tryptone + 0.2 g yeast extract + 0.2 g NaCl + 0.6 g agar + add 40 mpdttH7 (NaOH) + 40 pl
Ampto0

7 X-gal stock: 100 mg-¥al + 2 ml DMF; working solution: 50 pl2@H+ 20 pl Xjal stock

81 g Tryptone + 0.5 g yeast extract + 0.5 g NaCl + add 10CGénkghH 7.0 (NaOH) + 100 pl Afip
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Ligation > Transformation
—— s 1 _ D

- Pb-primer product - vector + Pb product l: E.coli DH5a

- vector + control insert

- positive control i
(supplier control DNA) SRy vecton
. + C—
- negative control (dH-0) —y
(- vector control: pUC19 ) I
Mini-Prep
pGEM-t-easy + Pb &
e hi | Restriction
Hyper ~ _PUriMix _ hyper Hyper ~__WhiteColony __ pale Blue enzymeidigest
LaddervV 1 2 Ladder V Ladder IV 1 2 3 Colony 1

Amplicon purification after Restriction enzyme digest
Pb-primer PCR with EcoRI

2% Agarose in 1x TAE buffer stained with EtBr

Figure 2.12: Cloning overview |

|A| 2% agarose gel (80 V, 1.5h) with 5 pl of purifieddptplicons afte conventional PCR wit
Pbprimer |B| lllustration of cloning steps: Ligation of fmplicon into pGEM-easy, Pb
construct transformation intoE.coliDH®', bacteria cultivation in solid and liquid A"B
medium, Pkconstruct extraction (minprep), and resiction enzyme digest for insert removi
IC| 2% agarose gel (80 V, 1.5 h) with 5 plEddR| restriction enzyme digest showed
fragment, matching the virtual cloning result: 2997, 138, and 98 bp.
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2.5.5.2. INSERT CONFIRMATIGRROUGH RESTRICTION ENZYME DIGEST AND SEQUENCING
AnEcdRlrestriction enzyme digest was conducted for insert confirmation. The multiple cloning
side (MCS) of pGEMeasy contains twdecdr| restriction sides (figur2.13 A); the Phinsert a

third one (figure2.13B and C). Fragment sizes of 2997, 138, and 98 bp were expected using the
virtual digest function of Serial Cloner V2.5 software (figi8 D). ForEcdrl digest, 2 pl of
plasmidDNA was mixed with 0.5 jHcdl (Bioline), 1.5 pl reaction buffer H, add5 pl BSA

buffer in a total reaction volume of 15 pl. The mix was then incubated for 1h at 37°C with
subsequent enzyme inactivation at 65°C for 20 min. Thereafter, gel electrophoresis was

performed to confirm the cloning succedgure 2.12 C)

ClonedsequencesHE.colDH3 colony 13) were then sent to the Core Genomic Facility Sheffield

for sequenang with T7 and SP6 primer (figueel4 A). Sequence analysis was performed by
aligning pGEM-easy sequence and the expected insert sequence with cleegdences using
BioEdit software and online NCBI blast. Cloned sequences for colony 3 aligned 99% in reversed

orientation with the expected insert sequence and the MCS of pGESy.
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C

& l 1 Start D
Apal 14
Aatll 20
Sphl 26 Serial Cloner V2.5 Restriction Report
bstz) | 31 pGEM-t-easy + Pb
Ncol 37
) Bstzl | 43 + EcoRI
PGEM-T-easy vector . IsV:ct||| :g 4000  s—
(3015 bp) T | EcoRl | 52 w— | 2997 bp
P 2000  sm—
Spel 64
FcoRl 70 1000
Notl 77 800  m—
BstZ 77 600  w—
Pstl 88 400 sm—
Safl 90
Ndel 97 200  —
. Sacl 109 w— | 138 bp
B BstXl 118 100 o— —— 98 bp
LoNsit | 127
EcoRI EcoRl EcoRl

T7 Primer Pb-ITS1-F 5.85 rRNA Ph-ITS2-R SP6 Primer
L LR bl Foommmm e 1
. 78 bp 216 bp 99 bp
____________________________________________________________________________________________________________________________ .I
393 bp

5 —_CGAATTGGG CCCGACGTCGCATGCTCCCGGCCGCCATGGCGGLCGCGGG | AATTCGAT(T)GAACCAT(S)CTAGCCGAAACACAACTAAAGTTCCATACAT

T7 Primer EcoRl Pb-ITS1-F
ACATACATGTTACAACTCTTAGCAATGGATATCTTGGTTCTCACAACGATGAAGAACGCAGCGAACTGCGATACGTAGTGCGAATTGCAG | AATTCAGTGAATCATCAAATCTTTGAACGC
EcoRlI

AAGTTGCGCTTCCGAGATACCCTTGGAAGCATGCCTCTTTGAGTGTCGGTT(R)CTGTT(A)ATCACTAGTG | AATTCGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGCGTT

Pb-ITS2-R EcoRl
GGATGCATAG CTTGAGTAT_

SP6 Primer
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Figure 2.13: Cloning overview Il
|A] Empty vedor pGEMt-easy with
all restriction sides within the
multiple cloning side (MCHcdrl is
highlighted in red

|B|+|C| Overview and theoretical
nucleotide sequences of the MCS
pGEMt-easy+Pb. The Hhsert is
shown in blue, Piprimer in yellow,
SP6 and'7 primer in green, and a
3 EcdRl restriction sides in red

ID| Virtual restriction report for

pGEMt-easy+Pb usingcdrl



2.5.5.3. INSERT AMPLIFICATION USING T7 AND SP6 PRIMER

Circular (supercoiled plasmid) and linear ON&@ments had different takeff times during gRT
PCRSFor linearisationMCS + Pb of pGEMeasy were amplified with T7 and SP6 prirtiigiure
2.14A). The PCR reaction contained 0.025 U/ulgalgmerase (NEB), supplier PCR buffer (1x
final concentration), 0.2 mM dNTPs, and 0.2 pmol of each primer in a total volume of 50 pl
(figure 2.14 ). PCRs were performed with an initial incubation at 95°G® faminutes, then 30
cycles of 95°C, 45°C, and 72°C each for 30 seconds with a final extension step of 5 minutes at
72°C (figure.14 Q). Subsequently, galectrophoresis was performefigure 2.14 Band the
amplicon extracted from the 2% agarose gel usigquick Gel Extraction Kit (Qiagen) following
0§KS YI ydzF I Ol dzNBuxK2a5 A) Yudng Nailzxiiastidnyoaly the longer (upper)
amplicon was removed from the gel whilst ignoring the smaller contamination. The extracted
amplicon was then tesd via conventional PCR with-PiS1F and PHTS2R primer (figure.15

B).

Sp6/TFamplicon concentrion was measured via NanoDrop (Thermo Scientific NanoDrop 8000
Spectrophotomete), and the molecular weight of one copy calculated according toDNé
sequence (figure 2.13 C, figure 2.16 The molecular weight was then converted into nano
grams per copy to calculate the number of Sp6amiplicons in the stock solutiofinally, a
dilution series was prepared as DNA standard in-gRRs: 10, 100, 100Dx1¢, 1x 10, and
1x1C copies/ul.

 Data not shown. gRIPCR machine overheated and switched off, only leaving a frozen computer screen
showing an image of a partial run
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A Primer name Characteristics
7 orimer 5'- TAATACGACTCACTATAGGG -3' (20 bp)
P Tm: 48.0°C, GC: 40%
SP6 primer 5'- ATTTAGGTGACACTATAG -3' (18 bp)
Tm: 41.0°C, GC: 33%
B Hyper MCS + insert
Ladder V 1 2 3 4 5 6 NTC

2% Agarose gel in 1x TAE stained with EtBr

C PCR step Temperature Time Number of cycles
Initial denaturation 95°C 5 min 1
Denaturation 95°C 30 sec
Annealing 45 °C 30 sec 30
Extension 72°C 30 sec
Final extension 72°C 5 min 1

D Component Volume/tube Reaction concentration
10 x PCR buffer (nes) 5ul 1 x PCR buffer (nes)

10 mM dNTPs 1l 0.2 mM dNTPs

10 uM Forward Primer 1pl 0.2 uM Forward Primer

10 uM Reverse Primer 1pl 0.2 uM Reverse Primer
Template DNA (20 ng/ul) 1ul

5 U/ pl Taq polymerase 0.25 ul 0.025 U/ pl Tag polymerase
(NEB) (NEB)

dH:0 (nuclease free, Ambion) 40.75 pl

Figure 2.14: DNA standard preparation for the ¢FOR; Part 1

|A| Characteristics of T7 and SP6 primer |B| 2% agarose gel (90 V, 70 min) of amplicc
ul) from a selected PCR with SP6 and T7 primer using ficeg8¥ + Pb as template. Tw
amplicons are seen. The stronger band represents the expected amplicon with 393 b
was subsequently gaxtracted |G PCR condition |[PMix of PCR components for a tot;
volume of 50 ul using the PCR kit from NEB.
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Gel extracted PCR product
of T7 and SP6 primer

PCR product of MCS with

MCS + insert

1

Hyper
Ladder V

Hyper

2 Ladder V

Pb-primer
5.8S rRNA

Hyper == Hyper

Ladder V 1 2 NTC  LadderV
500 bp 500 bp
400 bp 400 bp
300 bp 300 bp
250 bp 250 bp
200 bp 200 bp
100 bp 100 bp

2% Agar

ose in 1x TAE stained with EtBr

C T7 Pb-ITS1-F 5.85 rRNA Pb-ITS2-R SP6
| | —
e i
216 bp
R i i
393 bp

Molecular weight of sequence:

242 862.35 Da per copy
4 x 10 - ng per copy

Figure2.15: DNA standard preparation for the gRTR; Part 2

|A| 2% agarose gel (80 V, 1.5 h) of

-gakracted T7/SP6 amplicons (5 pl), showing a banc

393 bp |B| 2% agarose gel (80 V, 1.5 h) of PCR products (5 pl) amplified with-phienéb

pair, showing a amplicon at 216 bp |C| Graphic of T7/SP6 amplicons alongside the

molecular weight of the sequence.
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2.5.6. gRPCR, DATA ACQUISITION AND ANALYSIS

All gRTPCR reagents were pipetted using a robot (QIAgility with supplier software, QlAgen), and
the reaction performed with a RotagBene 6000 thermal cycler (Corbett Research) running with
RotorGene QRex software (QlAgen). Each ¢fROR reaction contaide).8x RotoiGene SYBR®
Green master mix (QlAgen, Cat No. 204074), and 0.5 uM primer miX$BB and PHTS2R)

in a total volumeof 10 pl (figure2.16A). As template 1 ul Brassica gDNA (5 ng/ul) or 1 ul clubroot
ITS standard (X000 million copies/ulwas used. qRPCRs were setp as 3step-PCRs with

initial incubation at 95°C for 5 minutes, followed by 45 cycles of 95°C, 59°C, and 60°C each for
30 seconds (figur@.16 B). Primer specificity was verified by assessing melting curves of PCR
products. Ttal quantification ofP. brassica@ clubroot/mock inoculated Brassica cultivars was
calculated by referring plant sample takéf values to a clubroot standard curve (ta&# values
versus LOG10 ITS copy numbers) (figuté C).
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A Component Volume/tube Reaction concentration
2x SYBRgreen master mix 4l 0.2x SYBRgreen master mix
2.5 yM Primer mix 2ul 0.25 uM Primer mix
5 ng/ul gDNA 1l 0.5 ng gDNA
dH:0 3l
B PCR step Temperature Time Number of cycles
Initial denaturation 95 °C 5 min 1
Denaturation 95 °C 30 sec
Annealing 59 °C 30 sec 45
Extension 60 °C 30 sec

Excel

R studio

Figure 2.16: qRPQR reaction, program, and woflow of data analysis

[Legend on next page]



[Legend to figure 2.16]

|A| Table of gRTPCR components

|B| Table of gRTPCR program

|C| Work-flow of qRTPCR data analysis
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2.6. METABOLOMICS

2.6.1.METABOLITE EXTRACTION FOR UNTARGETED PROFILING

Metabolite extraction followed the procedure of Pétriacq publishedlib?]. Freezedried leaf

and root samples were weighed, put into 2.0 ml staiek reaction tubes containing 2 stainless
steel beads3 mm diameter, Atlas ball + bearing CO. ), T&nhdkept in liquid nitrogen before
homogenisation. Samples were homogenised using a-beater (QIAGEN TissuelLyser IlI) for 2
min at 30 Hz. Subsequently, 1 ml-ma@d extraction buffel’ was added to the powder, and
mixed (beaebeater, 2 min, 30 Hz) to obtaimoth polar and norfpolar components. Samples
were then centrifuged for 10 minutes at 17,00@>and 4°C. Theupernatant $upernatant 1,
approx. 800 ul) was transferred into a new 2.0 ml dafik reaction tube, and the pellépellet

1) re-suspended in 50 ul extraction buffer (beatbeater, 2 min, 30 Hz) with subsequent
centrifugation (10 min, 17,000 x g, 4°C). The resulting supernaapefnatant 2approx. 400

pl) was pooled with the first ondigure 2.17 A). Thereafter, the combined supernatant (agp
1200 ul) was vortexed, centrifuged (15 min, 17,000 x g, 4°C), split into 2 x 500 ul aliquots, and
placed under vacuum witnedium heat in a centrifugal evaporator (Thermo Scientific SpeedVac
Plus SC210A, Savant, UK) attached to a Refrigerated Vami(RVYT100, Savant, UK) until

completely dry (approx. 2h). Dried samples were then store8@{tC until required.

Prior to UltraPerformance Liquid Chromatography (ULPC) quadrupledirfigght (QTOF) Mass
Spectrometry (MS), samples weresespended 200 pl resuspension buffét, sonicated in a

water bath at 4°C (Thermo Scientific) for 20 minutes, vortexed, and centrifuged (15 min, 17,000
X g, 4°C). Thereafter, 180 pl supernatant was transferred into a glass bottle with insert (LCMS
Certified Vials, Wars, UK). Additionally, 5 pl supernatant was taken from each sample and
mixed in a separate glass bottle with insert as quality control (QC) (figure 2.17 BROfwe

each tissue type was uséide. QC1 for root, QC2 for leaf, QC3 for root + leaf)

10 Methanol:dHO: formic acid, 95:4.9:0.05 (v:v:v)
11 Methanol:dHO: formic acid, 50:49.9:0.1 (v:v:v) for exp. 1, and 953408 (v:v:v) for exp. 2
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A 500 ul extraction buffer
+

2 min 30 Hz
+
approx. 800 pl supernatant 10 min, 17,000 x g, 4°C
supernatant 1 supernatant 1 pellet 1 supernatant 2
+ +

pellet 1 T pellet 2
J

combine approx. 400 pl supernatant 2
with 800 pl supernatant 1

B 5 ul supernatant

180 pl supernatant

=
J 0

200 pl sample

Figure 2.17: Metabolite extraction and preparation for UIOFMS
|A] Graphic of metabolite extraction |B| Graphic of sample preparation for UHLOFMS.
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2.6.2. UNTARGETED METABOLOMIC PRGMWRGGTOF MS

Metabolic profiles of root and leaf methanol extracts were determined on an ACQUITY Ultra
Performance Liquid Chromatography (UPLC) connected to a SYNAPT G2 HDMS qTOF mass
spectrometer with electrospray source for ionisation (ESI) (Watdanchester, UK).
Chromatographic separation was performed using a UPLC BEH C18 column (2.1 x 50 mm, 1.7
pm, Waters) with a preolumn (VanGuard, 2.1 x 5 mm, 1.7 um, Waters) that separated
compounds at a flow rate of 400 pl MinThe mobile phase consisted solvent A (reverse
osmosis water: formic acid, 99.95%: 0.05%) and B (acetonitrile: formic acid, 99.95%: 0.05%) with
the following gradient applied:-8 min 535% B, & min 35100% B, holding at 100% B for 2

min, 810 min 1065% B. Column and gradiemiatrix were kept at constant temperature (45°C)

with an injection volume of 10 pl. All metabolites were detected in negative) (B8isation

mode Eee table 2.5 for settingsover a mass range of 8200 Da, using a scan time of 0.2
seconds with the instrument operating in sensitivity mode (MS full scan). Buffer (50% Methanol)
was injected between treatment3.he system was controlled by MassLynx software version 4.1
(Waters,UK).

Table 2.5: UPLETOFMS settings

Setting ESI-
Capillary Voltage [kV] -3

Sampling Cone Voltage [kV] -25
Extraction Cone Voltage [kV] 4.5
Source Temperature [°C] 120
Desolvation Temperature [°C] 350
Desolvation Gas Flow [I/h] 800
Cone Gas Flow [I/h] 60

2.6.3. DATA ACQUISITION AND STATISTICAL ANALYSIS FOR UNTARGETED PROFILING

RAW data was acquired from MassLynx software version 4.1 (Waters, UK), and converted into

/| 5C F2NXYI G WaaNEHRIEKS HdEy OlA2y AYy al da[e8yE® ¢KS NBA
according to tissue type (i.e. root and leaf), and analysed separately. Analysis was performed in

R studio using the packages XQWE3] and MetaboAnalystiRL14]115]. The former was used

for basic data processing, the latter for statistical analysis.

66



XCMSn R studio

Detection,alignment, assignment, and identification of peaks was perforosidg XCMS. Initial

peak detection used the centWave option, selecting signals above 10 counts and an expected
peak width between 82 seconds. The detected peaks were deployed to correct for differences
in retention time using the the ObiWarp option witl'z bin size 0.1. Peaks were therakgned

and grouped, requiring peaks to be present in a minimum of 3 samples. Missing peaks were filled
in. At each stage the results of parameter choice and output were viewed and checked.
Examples are shown in figur2.18. Subsequentlyunderlying peak data was extracted,
containing mean Rt, mean m/z, total ion counts (TICs), features, and count data of features in

each sample.
MetaboAnalyst in R studio

The peak data was loaded into MetaboAnalystiediannormalised,cuberoot transformed

and paretoscaled Rincipal component analysis (PG¥gs used to visualise the variance in the

data with the contribution of individual components displayed in a scree plot. PCs that explained

the biggest fraction of total varianagere visualised in PCAplotsO9 wa ! bh+! & 064! R2Yy
0.05) were carried oub determine which factors contributed significantly to the differences in
variance between the samples.n®way ANOVAs (p < 0.05) with Benjantiimichberg false
discovery rate arrection (FDR) were performed tdentify features that differed significantly
between treatment groups(e.g. significantly up or down, displayed in Venn diagram).
Subsequently, pok2 O (1Sa40G&4 O0CA&aKSNRA [-¢hanges tdiculatedinp v &
t-tests (p < 0.05performed. A workflow chart of both basic data processes and statistical

analysis is displayed in figure 2.19.
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Figure 2.18: Examples of adjustments performed during basic data processing in
Displayed are root samples of exp.1 |A| Chromatogram after retention time correction
Diagram of adjusted retention time. Adjustments range betweth sec. and +10 se{C|

Chromatogram during peak identification steps. Coloured points highlight identified [

|ID] Chromatogram withselected peaks
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Figure 2.19: Worllow of untargeted metabolite analysis
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