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ABSTRACT

Pauline GM. BanseptBasler, 2013

A genome wide association study of resistanceth® yellow rust
pathoger(Puccinia striiformisf. sp.tritici) in elite UK wheat germplasm

Identification of marketrait association§MTA) in germplasm relevant to
breeding programia association mappin@\M) can ke an effective way to identify
loci useful for selection. This approach does not require the generation of specific
mapping populations and takedvantage of historical phenotgpdata. In the
present study,reassociatiorpanel of 327 bread wheat varieties have been assembled
and genotypedwith 1806 DArT markersGenetic structure analysis revealed a low
stratification of the panel based on geographical origin (UK versus mixegh&an
varieties)and a close relatedness between lines, which is confirmed by pedigree
information Historical evaluations againsthe yellow rust pathogen Ruccinia
striiformis f.sp. tritici (Pst)) carried in the United Kingdom between 1990 and 2009
as well as de novoevaluations against recent Pst racesehbeen collected and
analysed foMTAs.

Association scans considering histafi data focused on specific Pst
pathotypesand de novoseedling tests identified markers linked to known face
specificYrgene Yr6, Yr7, Yr9, YrlandYr32.

When evaluated against current Pst races in the field, 35% of the lines from
the panel presenteepeatedlya high level of resistance (#aUnder theDisease
ProgressCurve relativec0.2) whichis due to thegresence foseedling resistams as
well as adult plant resistansewithin the lines. AM with de novophenotypes
revealed23 MTA groups pointing to potential resistance loci, 14 of them were also
identified with historical data anglx seemed to point to adult plaresistance loci on
chromosomes 2A, 2B, 3A, 6A, 6B and 7A.

These resultsconfirm the value of AM using historical data for QTL
discovery and suggetite availability of diverse sources géllow rustresistances
within wheat elite UK germplasm.
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Chapter 1 Generalintroduction

CHAPTER I. GENERAL INTRODUCTION

1 HEXAPLOID WHEAT

1.1 Production and use

Wheat {riticum spp.) is a major cereal crop cultivated worldwide aodtributes
substantiallyto human diet and food securitWheat was ranked third in 2010 for grain
production with 651 million tons produceafter maize (844 million tons) and rice (672

million tons) (http://faostat.fao.ong Since the end ohe Second World War, wheat supply

and demandhaveincreasedsteadilyto reach record levels in recent ye@egurel-1). For
2012 the International Grains Councilorecasted production 0695 million tonsand
consumption of 684 million tonnes, the highest levelsever registered

(http://www.igc.org.ulk

A tremendousmprovement in productivity has beanhievedover the past decades,
mainly through agricultural development and adoption of gireewlution technologies
worldwide (Evenson and Gollin, 2003At the same time, greatdemands a directresult of
the growing global populatiorand changing dietary habit&Vith a projected world
population of 8.27 billon for 280, the demand for wheat is expected to average 851 million
tons(Bruisman, 2008 representing an increase of 24% comgé&mehe current level.

100 . . . . .
1960 1970 1980 1990 2000 2010

Figure I-1: Trendsin Maize, Rice and Wheat global production over the past
50 years.

(Data from FAOSTAThttp://faostat.fao.org)
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In the UK, commorwheat(Triticum aestivuni..) is the most important arabégop,
with a production of 15.3 million tons ardreagef 1.97 million hectares in 201Lovering
32.2% ofall arable land Ifttp://www.defra.gov.uk/stadtics/foodfarm. The average yield in
2011 was 7.7 tonnes per hectanMheatis predominantly growmas a winter cropwith the
spring wheat area represagtless than 5 % of thimtal UK wheat area.

Based on UK National LigiNL) and Recommended LiéRL) trials over the period
1948 2007,Mackay et al(201] showeda yield increase of 4.2 tonnes per hectaver 60
years, with yield gains from the last 20 yeatseing attributedprimarily to genetic
improvemenbf UK wheat varieties, whereas both breeding and agronomy contributed to the
precedingd0 years of yield gas.

Wheat varieties in the UK are categorized four soec a | Inabihd gloups
(http://www.nabim.org.uk giving an indication of the likelgnduse of the grain. Groups 1
and 2varieties have quality characteristics suitdblebread making andavea higher level
of protein. Millersgenerallyoffer a premium price foGroupl varietiesas theygive a more
consistenmilling performancecompared to Group. Zsroup 3 is used for cake, biscuit and
batter flour, whileGroup 4varieties, whilst tending to havhigher yields, have loprotein
levels and consequentlgre mainly usedfor animal feed. On average, 39% of the UK
production is usa for human consumptionnfainly flour production) and industry usage
(starch or biofuel production), while 42% is directednimal feed Tablel-1).

Table I-1: UK wheat supply and demand, adapted from HGCA, UK Cereal
Supply and demand, update report March 2012Kttp://www.hgca.com)).

The data presented are annual average between July 2006 and June 2011, the
number indicated in brackets correspond to home grown part.

Average %
(millions tons) total availability
Opening stocks 2034 11.3
Production 14 831 82.1
Imports 1191 6.6
Total availability 18 056 100
Human and industrial consumptior 6 817 (5 792) 37.8
Usage as animal feed 6 420 (6 256) 35.6
Seed 294 1.6
Others 74 0.4
Total domestic consumption 13 605 75.3
Balance 4452 24.6
Exports 2470 13.7

1.2 Origin and taxonomy

Wheatwasone of the first cereals to be domesticatethe Fertile Crescenh the
Neolithic period.Common wheat,Triticum aestivunmlL. (2n=6x=42) cultivated today, is

allohexaploid and evolved through two genome hybridisation3riticum species with
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closely related Aegilops species Figure 1-2 gives a possible model for the phylogeny of
Triticum aestivum however the exact speciation events and the species involved are still
debate (Salamini et al., 2002

i, . . Aegilops.tauschii
Triticum urartu Aegilops speltoides

: Goat gre
(2n=14) (2n=14) ("Zf]zg;:;;s
Genome AYAY Genome SS“BB*
Genome DD
Natural hybridization e /
and domestication
Triticum turgidum
Emmer
(2n=28)
Genome AYAYBB
\;

\\/ Natural h‘,vbri‘cliza’cicvn
‘L and domestication

Triticum aestivum
Common wheat
2n=42
Genome A"AYBBDD

Figure 1-2: Schematic description of the origin ofhexaploid wheat, Triticum
aestivum

(*) aspecierelated toAegilopsspeltoidesis likely to be the ancestor of the wheat
B not directlyA. peltoides Adapted fronGill et al. (2004)

Triticum aestivunis classified in the divisioMagnoliophyta classLiliopsida, order
Cyperalesfamily PoaceadGramineae).

1.3 Genetic structure

Among agricultural cropgyreadwheat has the largest genome size, estimated to ~17
000 Mb(Bennett and Leitch, 1995The hexaploidwheat genme consists of seven groups
of six chromosomes; each group contains a set of {pm@e ofhomeologous chromosomes
from the three ancestral genomes: A, B, and &@atedchromosomes
have similar gene content and order but are diveiigaheir repetitive DNA content. Based
on theanalyss of largetracts ofgenomic sequence from wheat, Sabot e(24105 showed
that 7.8 % of the wheat genome consist of gene derived sequences, while transposable
element (TE) sequenseake up 54.7% of the total genomaéth the Agenome preseinig a
higher TE contenthan those othe B and Dgenomes.

Despite their closedmology, homeologues are normally prevented from paaing
meiosis by thé>h1 (Pairing honeologous 1) locus on 5BMoore et al., 2000 sohexaplad

wheat behavemuch like a diploid organism at meiosis.
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In wheat, the gene distribution iariable along chromosomes, as gena®
clustered in gendch regions, separated by long stretch of TEs as demonstrated by physical
mapping(Faris et al., 2000Gill et al., 1996.

Additionally, chromosomal rearrangemsiatre relativelycommonwithin hexaplod
whed (Badaeva et al., 200’and have evenbeenencouraged by bregd) programs. The
wheatrye chromosomal translocation LBRS carrying resistance genks26, S31, Yr9
and Pm8 (Mcintosh et al.,, 1998bhas been integrated intdines developed by the
International Maize and Wheat Improvement CefCIMMYT) and largely distributed
worldwide (Rabinovich, 1998 The 5B:7B and 3B:6B translocations arealso found

frequentlyin Europearwheat(Badaeva et al., 2007

1.4 Genomic resources

A number of Triticum genomic resources have been developed or are being
developed. These include a collection of over 1 858 Dticea expressed sequence tags
(EST) available to theublic from the National Centréor Biotechnology Information
(NCBI) GenBank dbEST databade.also includesbacterial artificial chromosome (BAC)
librariesrepresenting several millions clonesd overl6 000 binmapped EST marke(8i
et al., 2003

Hexaploid wheat can tolerate the loss of whole chromosomes, arms or segments as
it can compensate by the presence f@mologouschromosome This tolerance was
exploitedto createextensivesets of aneuploids from the variety Chin&peing for each of
the 21 chromosome of wheébears, 19541966. In addition, Endo and Gil(1996
developed 436 deletion (del) lines with chromoseamgment deletions. All these genetic
stockshas been and are still widely use for cytogenetic studies, particularly to map genes or
markers to specific chromosomes, chromosome arms or chromosomal bins (region
delineated by neighbouring deletion breakpoint).

For the past 20 years, comparative gensrhias contributed greatly to the analysis
of complex genome such as the wheat genome. Studies within the grassHaatbae
shown high levels of conservation of gene content and gene ordensitiars of years of
evolution (Gale and Devos, 1998/oore et al., 1996 The concept otolinearity (gene
order) and synteny(gene contentpetween grass specipsovided a useful framework for
analysis of the wheat genome: deductions about getex content and location of putes
intron-exon boundarieased on alignments afop sequences tlully sequencednodel
genomesyere helpful in the development géneralized monocot genomic togRaterson

et al., 2009 In the pastrice served as a good model for studies involving comparative
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genomics of grass specjdsecause of its small size genome and the availability the whole
genome sequence. Howeyier recent studies, the wild gragdrachypodium distachyomhas
emergedas a better model faremperatecereals including wheatKkumar et al., 2000
Comparing to riceBrachypodium distachyois more closelyrelated towheat at biological
and phylogenetic levéGarvin et al., 2008

In 2005, the international wheat genome sequencing consortium (IWGSC) was
created with the aim of accelerating the wheat improvement by developing DNA based tools
and prodicts though the creation of a physical map anchored on the genetic map and
ultimately obtaining the complete genome sequence of hexaploid bread wheat

(http://www.wheatgenome.oygKey tothefi c hr o mbycs dhme mosome 6 strateg

by the IWGSC was the ability to flow sort nearly all the chromosomes of hexaploid wheat
vari ety 6Chi nese Springd for whi ch compr eh
resources were available. The feasipitif this strategy was demonstrated by the creation of

an ordereghysicalBAC contigmap of chromosome 38aux et al., 2008nd currently

physical mapping projects have been initiateddachwheat chromosome$lore recently,

direct sequencing of a flosorted chromosome arm has been carried out, although the
assembly is fragmented and relies greatly on conservation of syntengéoingof contigs
(Berkman et al., 20)1and a number of projects are underway toward the sequencing of the
reference wheat genotype Chin&geing (http://www.wheatgenome.org)ext generation
sequencing (NGS) technologies have also accelerated SNP disdemeexampleAllen et

al. (2017 developed a panel of 1114 singlacleotidepolymorphismqSNP) markers based

on the analysis of expressed sequence tags derived from public sequencing programmes and
nextgeneration sequencing of normalized wheat complementary DNA libraniganore

than 100,000 putative varietal SNPs have been datapagichson et al., 201p

2  WHEAT YELLOW RUST

2.1 Taxonomy and idtribution

Puccinia striiformisWestend f.sptritici Eriksson fienceforthabbreviated tdPst),
the causal agent of yellow (or stripe) rust on wheat (WYRgursently the mosglobally
damaging cereal rugWellings, 201}). Together withthe causal agents dirown rust
(Puccinia triticing), black rust (Puccinia graminisf. sp. tritici), P. striiformisf.sp. tritici
belong to the familyPucciniaceagorderUredinalesand clas8asidiomycetes

Pstis well distributedvorldwide (Wellings, 201). WYR was previously considered
to bea low temperature diseas@oreadapted to cool and wet climdsutin recent years,
isolates adapted to higher temperature emer§f¢dR occurs particularlyin northern

Europe, the Middle East, éheast African highlands, Chinthe Indian sukcontinent, the

5
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west coast of the USA, South Ane, Australia and New Zealan@aar and Prescott,
1989. Severe infection from the pathogen can reduce grain quality, grain weight, number of
grairs per spike ad plant heigh{Ma and Singh, 1996Although in most areas, the range of
yield losses observed is between 10% to 70%, the incidendeimpactof the disease
depends on the cultivar, the date of the initial infection, the disease development and
duration(Chen, 200k

Pstisolatescan becategorised intgphysiological races. A race is defined Rgelfs
et al. (1992a sa nérrandom assemblage of virulences and avirulences as determined on a
series of diRadexarediffarenti@mted by infectiogpes produced on a set of
selected plant genotypedifferentials with one or a limited numbeof racespecific YR
genes New racesare constantly emergirgs new cultivars are releasé@hen et al., 20Q9
Chen, 2005 De VallavieillePope et al.,, 2032 In recent yearsPst strains with wider
virulence and increased aggressivenessl adaptabilityhave been described in Europe,
Australia and United Statéslovmoller et al., 2008Milus et al., 2009

2.2 Life cycle

Pstis a biotrophic obligate parasite dependent on the host plaatplete i life
cycle. Pst has a heteroecious lifecycle (Figure 1-3) involving two unrelated hostsa
microcyclic asexual stage on a graateous lost and a sexual stage which occurs on an
alternative host.

The pimary host of Psts bread wheatTriticum aestivurh Until recently,Pst had
no known alternative hosHowever, n 2010, Jin et al(2010 demonstrated thderberis

spp.mayserve as alternate hosts

Uredinia releasing > Telia formed
urediospores \ Producing teliospores
Avexual Spread by contact l
cyde orwind dispersal
/ Kariogamy
Infection of 3]
primary host Melosis

¥

On primary host Buiidiospores on

Triticum aestivum basidium
Aecia Pycnia producing
Produdngaeciospores <€ Fecundation <€— pycniospores
and receptive hyphae

On alternative host Berberis spp
Figure 1-3: Schematicdiagram of the heteroecialcycle of Puccinia stiiformis
f.sp.tritici
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2.3 Symptoms

Pst can infect the green tissues of wheat but also some other cereal emgps (
Barley, Triticale) atany stage of theidevelopmentThe fungus forms round, yellearange
pustules (ured& which contain thousands afediosporegFigure |-4). Depending on the
susceptility of the variety, chlorosis and necrotic lesions appear on leaves with or without
sporulation.In severe attacks, the fungus can also affect the esmslting in the formation
of masse®f spores between the grain and the glumes

Figure 1-4: Symptoms of WYR

(@) WYR uredias on wheat seedlingphoto UKCPVS) (b) Characteristic
symptoms in stripes on adult wheat. {(ojense sporulation on highly susceptible
adult wheat. (d) Necrotic lesions adult wheat.

2.4 Mode of infectionasexual cycle

Infection starts bythe adhesionof uredniosporeson the surface of the leges with
an adhesion pad\ext, the urediosposeproduce a germ tube which grevoward the
stomaa guided by the topography of tHeaf epidernal pavementMendgen and Hahn,
2002. Once the germ tube hasachedthe stomatal openg) the funguscan form an
appresoriumwhich makesan infection pegHoweverappresoria arerarelyobservediuring
Pst infectionandareoftenunderdevelopedDe VallavieillePope et al., 1999Moldenhauer
et al., 2006 Wang et al., 2007 Alternatively, and more commonlytthe gem tubedirectly
penetrateshe stomatal cavitandsuccessivelgifferentiates intdnfection structuresvithin
the cavitye.g.substomatal vesicles, infection hyghhaustorial mothecell, penetration peg
and finally haustorium The haustorium isa sophisticatedransfer apparatuslocalized
between the mesophyll cell wall and the cell membrafiewingthe fungus tdooth deliver
effectors, which suppress the hosts defence respongellags towithdraw nutrients from
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theliving hostcells thusredirecting the metabolitow of the host(Voegele and Mendgen,
2003.

Following the establisment of haustoriain the vicinity of the stomatal cavity,
further colonisation occus through the development afecondaryhyphae within the
intercellular space betwedhe mesophyll cellsnd establisment of additional haustoria.
Eventually, the elongating hyphdead to the emergence of urediniospore initials and
pedicels in clusterunder the epidermis, from whichrediniosporedifferentiate Under

mechanical pressure the epidermisligturedreleasing sporestimthe environment

2.5 Disease developmeand epidemiology

The epidemiology of yellow rust is highly dependent on three main environmental
factors : temperature, moisture and witfi@hen, 200h Temperature affects spore
germination and infémon, latent periodsporulation, spore survival, and host resistance.
Moisture affects spore germination, infection angivival Wind plays a major role in the
spread of the disease.

The fungus overwinters on autumn sown wheat or volunteers dermant
uredinomyceliaor activdy sporulating lesionsThe latent period for stripe rust during the
winter can be up to 118 dayZadoks and Bouwman, 198%Rapilly (1979 consideredhat
temperatureunder-10eC stop pathogen development.

In the spring, as soon as daytiteeperatureseach §C, pathogergrowth can start
again to produce sporulating lesoryellow rust is spread by the uiedporespy contact
for adjacentplants and by wid over longer distance.Viable spore transmissionver
distances of mre than 800kmhave been rapted by Zadoks (196}, despite their
susceptibility to ultraviolelight.

The complete cycle from infection to the production of needicspores takeabout
two weeks under optimum conditiorSeveraldisease cyckemay therefore beompletedn

one season.

2.6  Puccinia striiformispopulationdynamicsandgenetics

Pst isthought to have originated from Transcaucasia, witepgimary hostancestor
alsooriginated. From there, theathogen would havevolved anddisperse in to Europe,
East Africaand along the mountain ranges to China and eastern IAs® believel it
reachedAmericavia land bridge oprehistorichuman migratior{Stubbs, 198b

More recently, bsides effective step by stepwind dispersal humanagency has

played an important rolenithe globalspreadof Pst Thefirst Pstdetected in Australia in
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1979, is believed to have beitroducedfrom Europe viaairplanetransportatior(\Wellings
et al., 1988 Soon afterwind carried the diseage New ZealandWellings and Mclintsh,
1990. The last century sawlso Pst progresen through the African continertowards
South Africawhere the pathogen wésst detected in 199¢@Pretorius et al., 1997

The increasing global range of Rsid regular emergence néw races with wider
virulence and increased aggressivertesaonstrates its great potential for adaptatiahfan
causingenewedepidemicsall over the globe

Until very recently, Pst was considered to reproduce exclusively asexually and the
variation of the pathogewas thought to comexclusively from mutationsThis view is
supported byhe progressiveirulenceaccumulation observedllowing theintroductionof
new racespecific host resistancef.e. successive fixation of nefactors under positive
selection)at the regional levgBayles et al., 20Q@Chen et al., 200De Vallavieille-Pope et
al., 2012 Wellings, 2007. Additionally, many genetic studgeof Pst populatiotrased on
various molecular markers system{RAPD, IGS, AFLP, SSR SRAP), support the
hypothesisas they showelbw geneticvariationandtypical clonal populatiorstructuresn
western Europ€Enjalbert et al., 2005Hovmgller et al., 2002Komjéti et al., 2003, USA
(Chen and Lme, 1993p and Australia(Steele et al., 2001 Using high density AFLP
Hovmgller and Justesen (20Q7kesolved the single step changes timee European
patha@en lineagesonfirming the stepwise mutation procésadingto the acquisitioror loss
of virulence factos and ultimately to new races.

However otherstudiessuggestdthat genetic recombination migaxist in some Pst
populations. Rlatively higher geetic diversity has been reported in Chifizuan et al.,
201Q Shan et al 1999, Middle East(Bahri et al., 200pand Pakistan(Bahri et al., 2011
Mboup et al. (2009) revealedthe presence of genetic recombination between molecular
markers suggesting the existenceadexual or parasexual cycle in Rmipulations from
Gansu provine, China The postulated ability of Pst to complete a sexual cycle seemed to be
supported bythe descriptiorof Berbeis spp.as alternative host(Jin et al., 201pand the
higher rate of sexual spe production in Asiatic genotypéaili et al., 2010.

Besidepopulation structurstudies of the WYR pathogen, effeltave been made in
genomic and functionabenomics studiesin order to identify molecular mechanisms
controlling the hos$tpathogeninteractionand particularlyeffector genes which subvert the
plant innate immune response and en#ieinfection to occurSeveral genetic libraries for
Pst have become available, including a BAC libr@iien and Ling, 2004 a cDNA library
from urediniospores@hen and Ling, 20Q4a germinated urediniospores EST libréBhang
et al., 2008 and a haustorial EST libra¥in et al., 2009. Basedon those resourcesmnd
the genome sequence Bf graminisf. sp. tritici, the wheat stem rust pathogdvia et al.

(2009 produced a preliminary physical migating1,432 Pst geneslsing next generation
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sequencingdNGS), Cantu et al(2011) provide a draft of the genome of Pst race RS0
consistingof an assembly 0f29,178 contigsavailable through GenBartoveringat least
88% of the Pst genes they alsopredicted 20,423 proteinand listed 1,088 candidate
effectorsproteinbased on comparative genetiinother sequencing projeist in progressas
part of the Fungal Genome Initia¢ at the Broad Institutéhttp://www.broadinstitute.ory/
with the objective to releasehggh quality referencesequenc®f race Ps78 from the USA
Once the reference sequenceaigilable, NGS of multiple Pstaces and comparative
sequence analysis wiffreatly help todentify candidate genes for effectors recognized by

specific resistancgenes.

2.7 Control

Wheat ellow rust epidemics can hava devastating impact on yielfiVellings,
2011, sointegrated disease cwmal in high risk conditions is essentidlhere are two main
rust control strategies:use of varietal resistance and chemical contfalditional crop
managemenmeasurecandecrease the risk of early infectiamd disease spreasuch as
controling volunteersbetween harvest and emergence of new,cdgayingsowing date
anddiversifying varietiesgrown on docal area

Chemical control is based omzole, strobilurin morpholine and succinate
dehydrogenaseahibitor fungicides(HGCA, 2013, all known to be effective to control rust
disease (Chen, 200band up to nowfungicide resistance in wheat rugdimited (Bounds
et al.,, 2012 Controlis achievedby timely foliar applicatios. Seed treatment with broad
spectrum systemic fungicidean alsoprovide early protection Despite the availability of
efficient fungicides, chemicalontrol doesnot provide an economically viablesolution for
the majority ofwheat gowing regiors, where the return omvestments low and access is
difficult (Chen, 2007Mclintosh et al., 1995 Moreover the wse of fungicidess not without
environmerdl impact and a unnecessarilyhigh usage of fungicide may favour the
emergence of pathogen resistance.

The use of resistant wheat cultigarepreserg the most efficientalternative to
control yellow rust, with the advantage$ being botheconomical and environmentally
friendly. Thanls to the breeding effort worldwigdenumerousources of resistance have been
deployed in the developmeat resistant cultivasand commereilised However, there are
many examplesf rapid breakdownof resistace geness illustratedby data gathered over
60 years inthe UK (Table I-2). Even the presence ofmultiple resistance genes within a
cultivar does not necessarjyovidelong lastingresistance

The controlof cereal rusts s particul arly marked by

fi bomo refers tothe sudden increase in the area of a resistant culiivtér a single major
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resistance geneffective against the majority of the contemporaneous Pst populdtien

fi bsD refers to tke processwherebya new pathotypevirulent on the resistance gene
t he
rapid adjustment of breeding strategies to select on somere#igiance genehich is still

deployedi n 0 b o oappeas gndl creabs & dramatiaepidemic leading toa
effective to the new pathotype

On the other hand, there are a number of exasnplhere varietal control was a
success as wheat cultivars remained resistant éir ¢tbommercial life, among thenbeben
(Christiansen et al., 20D6Alcedo (Jagger et al., 20)1Guardian(Melichar et al., 2008
Cappelle DesprefAgenbag et al., 20)2 Cadenza (personal communicatiRosemary

Bayles) Luke (Guoet al., 2008 among others

Table 1-2: Some of UK wheat cultivars that have seen their resistances
broken down in within years of release

Wyearsup to 1990referto Johnson (1992akpfter 199Ghe yearefers to the first
UKCPVS description oPstisolates virulent at adult plant stage the specified
cultivar. @ It is not clear if virulence for genes in parentheses was necessary.
Adult plant resistance gene

Cultivar Year first Year resistance G binati
name commercialized breakdown® ene combination overcome
Nord Desprez unknown 1952 Yr3a,Yrda
Heines VII unknown 1955 Yr2
Rothwell Perdrix 1964 1966 Yri, (Yr2,Yr6y
Maris Templar 1968 1968 Yrl, Yr3a, Yrda
Maris Beacon 1968 1969 Yr3b,Yrdb
Maris Ranger 1968 1969 Yr3a, Yrda, Yr6
Joss Cambier 1968 1971 Yr2, Yrll*
Talent 1971 1972 Yr7
Maris Bilbo 1970 1972 Yr3a, Yrda, Yrl4*
Maris Huntsman 1972 1974 Yr2, Yr3a, Yrda, Yrl3*
Maris Nimrod 1971 1974 Yr2, Yr3a, Yrda, Yr13*
Kinsman 1975 1975 Yr3a, Yrda, Yr6, Yrl3*
Clement 1975 1975 Yr2, Yr9
Brigand 1979 1981 Yr2, Yr3a, Yrda, Yrl3* Yrl4*
Stetson 1983 1983 Yrl, Yr9
Slgpner 1985 1985 Yr9, + Yr* unknown
Hornet 1987 1988 Yr2, Yr6, Yr9
Brock 1985 1988 Yr7, Yrl4*
Hereward 1991 1991 Yr2,Yr3a,Yrda, Yr32, + Yr* unknown
Brigadier 1993 1995 Yr9, Yrl7, + Yr* unknown
Madrigal 1995 1996 Yr6,Yr9, Yrl7
Oxbow 2000 2000 Yr9,(Yri7¥,Yr32
. Unknown (infected by WYiBblateswith
Robigus 2003 2004 virulence f(actor 9,17,):/32
Warrior 2009 2011 Unknown (infected by WYR isolates with

virulence factor 6,7,9,17,32)

3 PLANT DEFENCE MECHANISM AND DISEAS E RESISTANCE

Plants are constantly facing biotic stresbesveverthis constant exposure leads

rarely to the development diie disease as plants have developed a wide range of defence

11
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mechanism, passive as well as activeteractions between plants and pathogens are
generally classified as compatible or incompatiblecompatible interactionghe pathogen

is able to develop and spread within the plant Hoshcompatible interactionshe growth

of a pathogenis limited or stopped, resulting in reduced symptoms or the absence of the
diseaseTo allow the establishment of the disease, the pathogen must overcome constitutive
and inducible defence systems which require prior recognition between the plant and the
pathogenlUnderstanding the defence mechanisms inwbinaesistant cultivarparticularly

to WYRwould have great implicatiain breeding fordurableresistance

3.1 Constitutive @fence mechanissn

The passive or constitutiviefencesystemis composeaf physicalbarries such as
waxy cuticles and reinforcedcell walls, and chemicabarriess, which protect aginst the
initial pathogen invasn. The constitutivechemical barrier include the presencef
secondarymetabolits with antirmicrobial properties named pioanticipins (Osbourn,
1999, and antimicrobial proteirs which inhibit the growth anddevelopmentof the
pathogerincludinginhibitors of essential pathogen enzymatic activitiegdrdytic enzymes,
lectins and defensins(Boman, 1995 Broekaert et al., 1997GarciaOlmedo et al., 1998
Heath, 2000Ryan, 1990Shewry and Lucas, 1997

Constitutivedefences occurin a na specificmannerandarebelievedto participate

to horizontal or nofrace specificesistance

3.2 Inducibledefence mechanissn

Alongside preformed defencesplants possessinducible defence mechanisms
activatedfollowing the recognition of pathogenThese comprise both rapidtructuraland

biochemicakchanges.

The first visible line of defence is a cell walpposition, or papillgAist, 1979, a
deposit of callosdignin and proteins between the cell wall and the cell membrane at the site
of attempted penetration. Additionallgepositionof lignin (Vance et al., 1980 callose
hydroxyl rich glycoproteifMazau and EsquerBugayeé, 198pand crosslinking (Brisson
et al., 1994 reinforce the cell walls. Those structural modifications are believed to slow

down the pathogen by making the cell wall less digestible and the cell less accessible.

Following pathogen recognition,a modification of membranepermeability

generatingons fluxes such as export of *Kand Cl and import of H and C&" is =en.In

12
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addition changes in protein phosphorylaticand production of reactive oxygen species
(ROS) areobservedEbel and Mithéfer, 1998 The changes in ion fluxes and partanly
the increaseconcentration o€&™* in thecytoplasmareinvolvedin the activation oflefence
related genes. The accumulation of R@%drogen peroxide, superoxide anion and
hydroxyl radcal), also named oxidative burst, is a rapid reacfmecurring within minutes
of perception)of plants to infectionTorres et al., 2006 In addition to bmg toxic to the
pathogenMehdy, 1994 Peng and Kuc, 1992 ROSpromoteghe crosdinking of cellwall

in proteins(Bradley et al., 1992and activates a cascadkdefencerelatedgene expression.
Moreover,the generatiorof ROS is a characteristic feature of the hypersensitgponse
(HR), a programmed cell death respomg@ch prevens the spread of thpathogenHeath,
1998 Lamb and Dixon, 1997 however it is still unclear iROS are directly causing cell
death.

Concomitantwith the oxdatve burst,phytoalexirs and pathogenesis related (PR)
proteins aresynthesisedboth present antimicrobial propertiesPhytoalexing(reviewed by
Ahuja et al., 2012Sels et al., 2008re secondargnetabolitesvhich accumulate on the site
of infection following plantpathogeninteractionsin contrast with phytoanticipants which
are constitutiveThey are broad spectrum inhibitors and are chemically divers, atiemng
figure some terpenoids and flavonoid®R proteins(reviewed inSels et al.2008 van Loon
et al., 200pareproducedduring a planpathogen interactigriheyhave beemlassifiedin 17
PR families accordingto their biochemical properties anbdiological activity. Many PR
proteins have roles in degradingpathogen cellwall: endoeb-1,3-glucanase (PR-2),
endochitinasegPR-3 ,4 , 8, and 11) and endoproteas€PR-7). Others targethe plasma
membrane of fungal pathogefike defensin (PRL2), thionin (PR13) and lipid transfer
protein (PR14). Reinforcement of plant cell wall @9 peroxidae), productiorof hydrogen

peroxide (PR 15, 16 and bxidasegroteins) are @ditional activities related to PR proteins

Besides those localizatkbfenceresponses following the early stage of the pathogen
attack, plardg presenta more generalizeresponsdo face further colonisatigrreferred as
systemic acquired resistance (SARyals et al., 1996. Signal moleculesuch as jasmonic
acid and salicylic acidre syithesisd and act asong distance signaf® regulatea broad
spectrum of local and systemic defence mechan(stei$ and Ta, 2008.

The activedefenceresponse caaccurbothin a specific anda non specific manner
The same set of genes seems to be expresskedthirsusceptibleand resistantplants as
illustratedby microarray studie@Caldo et al., 2004Schneider et al., 201Tao et al., 20083
with differences in timing and magnitudeof response likely to explain the difference

betweercompatibleandincompatibleplantpathogerninteraction

13
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3.3 Plantpathogen irgractionandco-evolution

Active plantdefenceis highly dependent upoplantpathogenrecognition which
involvesgeneral and specific pathogelicitorsand plantmolecules

Active plant responsg to aggressionfall into two categoriesdepending on the
specificity of the planpathogenrecognition. The firstcategoryreferredto nonspecific
responseas the plant recognigeand responsito molecules common to many classes of
pathogengsreferred as pathogeassociated molecular pattel®AMPS also called MAMPS)
(Heath, 200pMackey and McFall, 2006 such as chitirpolymer derived from cell wall of
fungus (Wan et al.,, 2008 The recognition of thosegeneral effectw pasgs by
transmembrane pattern recognition receptor (PRR) tagders a norspecific defence
response commonlyeferred to as PAMRtriggered immunity (PTI). PTI is generally
sufficient to stop the majority of pathogersuccessfulpathoges, howeverare capableof
suppressig PTI through the actionf pathogen specificeffector proteinsreducingthe host
response to its basal levéBent and Mackey, 2007 For instance, plant pathogen
Phytophthora infestansecrete extracellular protease inhibitoEPI1 and EPI1@ha were
shown to inhibit and interact with the PR protein P69B subtilase of to(i#&a et al.,
2009H.

In return, plants havevolvedR proteins which directly or indirectlgtetecteffectors
produced by specific racesf pathogens triggering a racepecific response of large
amplitude referredto as effectottriggered immunity (ETI). The activation of R proteiiss
often accompanied bg hypersensitive response (HRat can block the progress of the
virulent pathogenéDangl and Jones, 20D1

Because of its spedaifty, ETI is often challenged byatural selectionUnder
selective pressurepathogenscan overcome ETI byevolving alternativeeffectors that
suppress the ETI or are no longer recognized by R profelosterman et al.,, 2008
reverting resistance response to its basal level. To counteract the pathogen evolution,
selective presse on the hosplant couldthen lead to new R proteins capable to recognize
new effectors. The evolutionary battle between plant and pathegereby efficiency of
defence response of the host population are reduced when individuals within the pathogen
population acqu& a new suppressive or evasive mechanism asdregained when
individuals from the host population evolve new recognition specificgieferredto as the

zigzagmodel(Jones and Dangl, 20f{€igurel-5).
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Figure 1-5; Evolutionary view of multi-layered molecular gant-pathogen
interactionsillustrated by the &igzagdmodel.

PAMPs: pathogemssociated molecular patternBRRs: pattern recognition
receptors; PTI: PAMPstriggered immunity; E®: effectortriggered
susceptibility; Avr: pathogenderived avirulence factprR-protein: resistance
protein ETI: effectortriggered immunity; HR: hypersensitivesponseAdapted
from Jones and Dang@R006).

3.4 Plant resistancehe molecular approach

Oneapproacho understand the molecular mechanism underlying resistamdanin
is the identification and functional analyses of genes thahandved in the resistance.

Many R-genes conferring racspecific resistancehave beerisolated fromseveral
plants speciegDangl and Jones, 20D1R-genes seem to encodeceptorsthat detect the
presence of the pathogen directly or indirectly and actisigiealling cascade, which gives
rise to resistance reactigilammondKosack and Jones, 199MDespite the diversity of
hostpathogen systemsesistince geres sharecommonmotifs, andfive major classes dr-
genes arenow recognised(Figure 1-6). The largest group ofR-gene code for proteis
characterized by the presence ohucleotide binding site NBS aralleucine rich repeat
(LRR domain).LRR domains are involekin proteinprotein interactiorand are the major
determinat of recognition specificitfFluhr, 200). The NBS regionhas been proposed to
control plant cell deatfivan der Biezen and Jones, 1998

Plant R-genes are commonly clustered in the genome and well consdygesleen
plant species(HammondKosack and Jones, 1997; Hulbert et al., 2001a; Michelmore and
Meyers, 1998)Resistance gene clustene thought to be the result of gene duplication and
wild range ofrecombinationevents; they also appear to evolve more rapidly thizer

regions of the geame(Richter and Ronald, 2000
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The highly conservednotifs in R-geneallowsthe identification ofputative R-gene

sequence homologss illustrated by the works dfleyers et al(1999 andBai et al.(20032.

A method referred as NBS profiling takedvantage of well conserved moidentified

within the NBS domain taevelopmarker systesitargetingR-genes (van der Linden edl.,

2004).
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Figure 1-6: Schematic representation of main classes &f proteins.

Someexempér R-proteirs are indicated in italiefor each group.

The Pto class is characterized ky Serine/threonine protein kinase with a N
terminal myristoylation siteThe TIR/CC NB:LRR groupincludes a nucleotide
binding site (NBS, a leucine rich repeat motif (LRR)d either a coiled coil (CC)
sequence or a Tadind Interleukinl receptor type region (TIRThesetwo classes
are thought to be localized intracellularfhe eLRRs and LRRinaseclas&sare
transmembrane protein with extracellular LRRsaddition LRR kinasepossess
a cytoplasmic protein kinase domaftinally, the SA:CC class caiies a putative
signal anchor (SA) for membrane insertion, and a putative CC domain
Adapted fronDangl and Jone®001) andJoneg2001).

HOSTRESISTANCE TO WYR

Based on the plant stafjeey areexpressed, their genetic basis and race specificity,

different types of WYR resistance have been characterifddssically a distinction is made

betweerseedlingdiseaseesistance (BR) and tle adult plant resistance (APR).
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4.1 Seedling resistance

SDR is better described all stag@ r e s;ialthoughit dsethe only type of
resistance that can bdetected at the seedling staffeence the name), full resistance
continues to bexpressedhrough all subsequestages of plant growth IR is race specifi
(Chen and Line, 1995 A racespecific resistance is characterized by being expressed by
only certain genotypes of the host species and being effeg@amesh only certain genotypes
or races of the specifipathogen(Heath, 199} it involves parasitspecific effector
triggeredrecognition processes that induce the defence mechanisms of th&plagtically,
this type ofrecognitionis said toinvolve a gendor-gene reldbnship between an avirulence
(Avr) gene in the parasite and resistance gBrge(e) in the plantFlor, 1956. SDR is also
characterized by a qualitativallcor-nothing resistanceesponseAlthough only one WYR
NBS-LRR gene Yrl10 has been cloned and no WYR avirulence genes or effectors formally
identified, it is generally accepted that most avirulence genes are likely to be what are now
cal |l ed 06ef frosttSDRsawil inalwedspetific eecognition of effector protei
by R-genes of one of the known classghis type of monogenic resistance is easily evaded
as asingle mutation in the pathogeeffector/avirulence gene&an render an gene
ineffective therefore it does not provide long term protectida.infecta hat individual
with several Rgenes a fully avirulentpathogernwould need toevade recognitiody each
gene in one generation, which is considered unlikely. However -gleries used in
combination are also present singly in some cultivars, the pathogen could become virulent to
each one in a stepwise manner rendering the pyramid ineffective. There are many examples
of wheat varietiescontaining combinations of race specifiesistances that broke down
within a few year of their releageeeTablel-2, section2.7); for examplethe resistance of
variety @Brigadiei released in1993 (Yr9 and Yrl7) broke down in 1995Bayles et al.,

2000.

4.2 Adult plantresistance

APR is only expressed as the plant matureso its reproductive phaselhe
genotypes carrying this type of resistance will appear susceptible at the seedling stage but
resistant at adult plant stage. APR can be-speeific,as exemplified byrrll, Yrl2 Yrl3
and Yrl4 or non race specifidor instanceYrl8. A nonrace specific resistance cordex
broad spectrunresistance against a range wfulent races belonging to a particular
pathogen.APR can be monogeniccontrolled by one genegr paygenic, where the
expression of two or more genedth partial effectis required to confer the full level of

resistance observedPR confer a quantitative disease resistance, associated wiHRon
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response Considering the rust infection, APR are u$palssociated with slow rusting
phenotype, which is defined as a reduce rate of developmdin¢ plathogen with a longer
latent period and a reduce rate of spore productiQoantitative resistancesave often
shown a greater field resistance and appzé&ea more durable form of resistan@dallard
et al., 2005Parlevliet, 2002

The term durable resistaneeas introduced and described by Rdphnson as a
Airesi stance that remains effective dnenti ng
favourable to the diseasd€Johnson, 1984 However this definitiondoesnot make any
statement orinferenceabout the genetic control of the resistance or its race specificity
(Johnson, 1981 Nevertheless, rust experts worldwide generally agree thasperific
APR, quantitatively inherited are more likely to provide long term resistance comparing to
race specific and/or monogemisistancéJohnson, 1988arlevliet, 2002Singh, 2012

Some APR are additionally labell®igh-temperature adult plant resistance (HTAP)
for instanceYrl8andYr36 based on the observation that resistance isexpyessed above
a certain threshold of temperatukdTAP resistance is durable and rraice specifiqChen,
2005, the effectiveness of HTAP incréag as the temperatumises over the course die
growing seasomnd plantsmature HTAP resistance reducd®th the rate and severityof
infections, as well as loweringhe amount ofsecondaryinoculum. HTAP resistance is
generally expressed as a partial resistance and its level in fields is highly influenced by
inoculum pressure arftlctuations in atmospheriemperatureThus, the HTAP resistances
may not provide adequate resistance level in cooler clgveelemonstrated bjohnson
(1992a) who evaluatedmericancultivarsWanser, Gaines, Nugaines and Luke WhAP
resistancen the UK

4.3 WYR resistances genes

At the time of writing, 52 genes for restance to yellow rust have been formally
named Yr followed by a numbgr(Table|-3) and assignedo a wheat chromosome apart
from four APR genes Yr1112,13,14. An additional 37 reported genes have been
provisionally named Yr followed by letters) (Table 1-4), pending a more definitive
characterizationMultiple alleles have been reported for 8 and theYr4 loci. Most of the
89 genesare unique as indicated by their different chromosomal locations, riduedr
specifigty and germplasm sourcélany geneswere assignedo a specific chromosome
using cytogeneticmethodssuch as evaluationof monosomicor substitutionlines. More
recently the time consuming process of chromosome location using aneuf\gtiytosh et

al., 1995 has been superseded by genetic mapping using molecular markers, which not only
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resolves the chromosome on which thegR n e resi des, but wi t h t C

coverage can give a relatively accurate hotreomosomalocation for the gene
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Table 1-3: List of designated genes for resistance t&st, chromosomal
locations, examples of genotype containing the genes and origins, types of

resistance andreferences

% RS racespecific resistance; NRNon-racespecific resistance; TSSDR
Temperature sensitive seedlidigeaseesistanceAPR Adult plantresistanceAll

APR genes are highlighted with blue background.

® Yr3b was originally reported iHybrid 46 by Lupton ad Macer (1962), but
Chen and Line (1993) found that a second gene in HySidresumably this
gene, was not located at tife3 locus,and provisionallynamed itYrH46.

°Yr4 first described asindesignated allele fovr4a and Yr4b by Lupton and
Macer(1962). In 2010, Bansal et §2010)concluded wa¥rRubis Yr4 based on
specific similarities and the presence similar molecular matkecss. Avalon,
Bolac, Emu andRubric. However, the 3BS location is not consistent with that

listed below forYr4a and Yrdb

4Yr34Bariana et al(2006) shows also a weak seedling resistance

Yrgene Alternative name IChro_m osomal Germplasm Source ResLstance References
ocation type
yii oL 2AL Chinese 166 RS,SDR  pbton and Macer Eiggé
Yr2 U 7B Kalyansona, Heines VI RS, SDR ;‘thlogngg”d Macer (1962Chen et
i3 alleleYr3a,Yrab, - undesignated ;100 o3 Minister RS,SDR  Lupton and Macer (1962
Yr3c allele
Nord DesprezVilmorin 23, Lupton and Macer (1962Chen et
Yrsa presumably/rv23 1B, 2BL CappelleDesprez RS, SDR al. (1996, Wang et al. (2006
Yr3p unknown Hybrid 46 RS, SDR ;ﬂgﬂ:ﬁgggﬁer (1962Chen
Yr3c 1B Minister, Maris Beacon RS, SDR I;Jpztlognggnd Macer (1962Chen et
Yr& presumablyyrRub 3BS Avalon, Rubric, Bolac, Emu ¢ RS, SDR Iél;%t;; 2?2”2833(1962
Yrda 6B CappelleDesprez RS, SDR I;‘:Jpztlognggnd Macer (1962Chen et
. Lupton and Macer (192Chen et
Yr4b 6B Hybrid 46 RS, SDR al. (1999
. Originated fromTriticum
presumably allelic . Macer and MacKey (19¢6Law
Yrs to Yr7andYrSp 2BL 2?§$|X1UHBUbSpSpeItaCVS' RS, SDR (1976;Zhang et al. (@09
Macer and MacKey
Yré B 7B Heines Kolben RS, SDR (1966);Elbedewy and Robbelen
(1982
. Originated fromTriticum Macer and MacKey (1966
Yr7 E)rc\a(srg;?é)\lyrgllehc 2BL durumcvs. Lumillo, Lee RS, SDR Mclintosh et al. (1981 Zhang et al.
P Thatcher (2009
2Aor 2D
(2AS2ML.2M - . Riley et al. (1968 Mclintosh et al.
Yr8 Sor 82%2?6&:;?”;??9”0“ RS, SDR (1982;Mclntosh (1983 Friebe et
2DS2ML.2MS atomp al. (1999
)
1BS Originatedfrom Secale
Yr9 (1BL.1RS cerealecvs. PetkusClement, RS, SDR Macer (197%,Zeller (1973
) Kavkaz, Ridesel 47/51
R Macer (197%;Metzger and
Yr10 YrVay, presumably Spelt wheat 415, Turkish line .
Cloned  YrMor 1BS pl178383, Moro RS, SDR (Szll(;)(?ggh (1979 Laroche et al.
Yrll R11 unknown Joss Cambier, Heine VII RS, APR Mcintosh (1983
Yrl2 R12 unknown Frontier, Mega RS, APR Mcintosh (1988
Yrl3 R13 unknown Maris Huntsman, Hustler RS, APR Mcintosh (1988
Yrl4 R14 unknown Hobbit, KadorMaris Bilbo RS, APR Mcintosh (1983
Originated fromTriticum o
Yri5s 1BS dicoccoidesaccession G25 RS, SDR GerechtecAmitai et al. (1983

Boston,Cortez

Mclintosh et al. (1996
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Chromosomal

Resistance

Yrgene Alternative name | . Germplasm Source a References
ocation type
Yrl6 2D Bersee, CappelBesprez NRS, APR Worland and Law (1986
originated fromAegilops .
Yrl7 2AS ventricosa VPM1, RS, SDR Barl_ana and Meintosh (1953
(2NS.2AS) N Jahier et al. (1996
Rendexous, Brigadier
Yrl8 Singh (1992, Dyck et al. (199%
Cloned 7DS FrontanaJupateco R NRS, HTAP Krattinger et al. (2009
Yr19 YrCom 5B Compair RS, SDR Chen et al. (1999a
Yr20 YrFie 6D Fielder RS, SDR Chen et al. (1995a
Yr21 YrLem 1B Lemhi RS, SDR Chen et al. (1995a
Yr22 YrLel 4D Lee RS, SDR Chen et al. (1995a
Yr23 YrLe2 6D Lee RS, SDR Chen et al. (1995a
YrCHA42, identical Originated fromTriticum Mclintosh et al. (1998aMcIntosh
Yra4 to Yr26 1BS turgidumK733, Chuanmai RS, SDR and Lagudah (2000
TP129,Strubes Dickkopf, Mcintosh et al. (1998aCalonnec
Y125 1D Heines Peko, Heine VII RS, SDR and Johnson (1998
Originated fromTriticum
Yr26 Identical toYr24 1B turgidum Haynaldia villosa RS, SDR Ma et al. (200}, Wang et al. (2008
R55
Yr27 YrSk 2BS Selkirk, Ciano 79 RS, SDR McDonald et al. (2004
Originated fromAegilops .
Yr28 4DS tauschiiW-219, Synthetic RS, SDR Singh et al. (2000b)
Mclintosh et al. (2001 William et
Yr29 1BL Pavon 76 NRS, APR al. (2003
Yr30 3BS Opata 85, Parula, Pavon 76 NRS, APR Mclintosh et al. (2001
Y31 2BS Pastor RS, SDR Mclintosh et al. (2008 Singh et al.
(2003
Yr32 YrCv 2AL Carstens V, Tres RS, SDR Eriksen et al. (2004
. Mclintosh et al. (2004 Zahravi et
Yr33 7DL Batavia RS, TSSDR al. (2003
Y38 YiwA 5AL WAWHT2046=AUS91389  APR zcgtgosg etal. (2004 Bariana et
originated fromTriticum .
Yr35 Yrs8 6BS dicoccoides98M71 RS, SDR Marais et al. (2008
Yr36 Origined fromTriticum
Cloned 6BS dicoccoidesRSL 65, UC1047 NRS, HTAP (Uauy et al., 2005)u et al. (2009
Originated fromAegilops .
Yr37 2DL Kotschyj Line S14 RS, SDR Marais et al. (2005a)
6A Originated fromAegilops Marais et al. (2008 Marais et al.
Yr3g Yrsi2 (6AL.6L°"6S" sharonents, Line 03524 SDR (2008;
Yr39 7BL Alpowa NRS, HTAP  Chen and Zhao (2007
5DS Originated fromAegilops
Yr40 (5DL5DS  geniculata TA5602, Chinese RS, SDR élgg%%hr);e;g:i ot al. 2008
T5MS® common wheats ' parthy '
Yr4l YrCN19 2BS Chuannong 19, Line AIM6  NRS, SDR Luo et al. (200p
6A - ]
aen qaen Originated fromAegilops .
Yr42 (SG;AL.B .6 neglecta Line 03M11971A SDR Marais et al. (2009
Yra3 2BL IDO377s=PI1 591045, Lolo RS, SDR Cheng and Chen (2010a)
Yrd4 YrZak 2BL Zak=P1607839 RS, SDR Sui et al. (200p
Yr45 3DL P1181434 RS, SDR Li et al. (2010
P1250413, RL6077 HerreraFoessel et al. (2011
s = =Thatcher*6/PI250413 AFIRS Hiebert et al. (2010
Yr47 5BS AUS28183=V336 SDR Bansal et al. (2071
Yr48 5AL e L ED I APR Lowe et al. (2011p
167(R)
Yr49 3DS Chuanmai 18 APR Seliee atel, (T
Spielmeyeeet al.,unpubished
Potentially originated from
Yr50 4BL Thinopyrum intermedium SDR Liu et al. (2012
line CH2233
Yr51 4AL AUS27854 SDR (Randhawa et al., 20)2
Yr52 7BL Pl 183527 HTAP Ren et al. (2012a)
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Table 1-4: List of temporarily designated genes for resisince to stripe rust
(Puccinia striiformis Westend) chromosomal locations, examples of genotype
containing the genes, type of resistance and references

2RSracespecific resisince; NRNon-racespecific resistance; TSEemperature
sensitive seedling resistance
®YrArefers to a phenotype controlled by several q&@MUGI, 2008.

Alternative

Chromosomal

Germplasm example and

Resistance

Yr gene . . 2 References
name location origin type
YrA 3D and unknown Avocet R RS, SDR Wellings et al. (1988
YrAlp 1BS Alpowa RS, SDR Lin and Chen (2007b
Presumably Originated from synthetic
YrC142 YI24/Yr26 1BS wheat Cl142 RS, SDR Wang et al. (2009
YrC591 7BL C591 SDR Li et al. (2009
Park et al. (1992 Bariana et al.
YrCK 2DS Cook, Sunco TSS (2001); Navabi ¢ al. (2005
YrCle 4B Clement RS, SDR Chen et al. (1995b
Originated fromSecale
YICN17 (1lBBSL 1RS cerealeR14,in line CN12, SDR ;‘é‘; e;té,‘d'l' ((22%%%
) CN17,CN18 )
YrD 6A Druchamp RS, SDR Chen et al. (19M4
YrDal 1A Daws RS, SDR Chen et al. (1995b
YrDa2 5D Daws RS, SDR Chen et al. (1995b
Yrbru 5B,6B Druchamp RS, SDR Chen et al. (1994 Chen et al.
(1996
YrDru2 6A Druchamp RS, SDR Chen et al. (1996
YrExpl 1BL Express RS, SDR Lin and Chen (2008
YrExp2 5BL Express RS, SDR Lin and Chen (2008
YrH46 6A Hybrid 46 RS, SDR Chen et al. (1996
origined fromTurgidum
YrH52 1BS dicoccoided52 RS, SDR Peng et al. (1999
YrHVII 4A Heines VII RS, SDR Chen et al. (1995b
YrMin 4A Minister RS, SDR Chen et al. (1996
YrMor 4B Moro RS, SDR Chen et al. (1995b
presumably Mclintosh et al. (1996 Chen et
YrND YrMin 4A Nord Desprez RS, SDR al. (1999
YrnsB1 3BS Lgst.7974 NRS, APR Borner et al. (2000
YrP81 2BS P81, Xu29 SDR Pu et al. (2010
1BS Originated fronSecale
YrR212 (1BL.IR9 cereale R185, R205,R212 SPR Luo et al. (2008
YrR61 2AS Pioneer 26R61 APR Hao et al. (2011
YrS 3B Stephens RS, SDR Chen et al. (1994
Yrs$2199 f’(:‘;s“mab'y 2BL $2199 SDR Fang et al. (2008
YrSN104 1BS Line Shaannong 104 SDR Asad et al. (2012
Yrsp 28 Spadiings Prolific RS, SDR ('\gg'é‘éos“ etal. (199 Gosal
YrSte 2B Stephens RS, SDR Chen et al. (1996
YrSte2 3B Stephens RS, SDR Chen et al. (1996
YrTrl 6D Tres RS, SDR Chen and Line (1995
YrTr2 3A Tres RS, SDR Chen et al. (1995b
YrTye 6D Tyee RS, SDR Chen et al. (1995b
presumably ) . Chen et al. (1996 Wang et al.
Yrv23 Yr3a 2B Vilmorin23 RS, SDR (2009
YrYam 4B Yamhill RS, SDR Chen et al. (19W4
YrZH84 7BL Annong 7959, Zhoumai 11 SDR Li etal. (2006b
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5 WYR RESISTANCE: THE GENETIC APPROACH

5.1 Conventionabreeding andnarker assisted selection

As the mosteconomicand environmentallyfriendly strategy for disease control is
genetic resistance, breedipgogramswork to create cultivars with resistance Rst The
classicalapproach includesros®s between a resistant and a susceptible cultiwaih
backcrossesand phenotypic selection atseveral stefs in order to successfullyfix Pst
resistanceHowever,the process is long and theenotypings time and resouremtensive
particularly whenselecting forpartial APR, as the plamsthave to be evaluadeat the adult
stage and gquantitative resistance is more difficult to eval{iate heritability). With this
approach, it is alsohallengingto selectfor recessiveesistancelor these reasonbteeding
prograns have concentrate their efforton major resistanceegesduring the past century.
Furthermorein order to obtain durableesistancepyramidinggeresis recommendedyut in
absence of suitable races of the pathogens to test for the prefeachindividual geneor
the resources to adopt this type of approawmnventional breedingloes not actively
implement pyramiding strategies

In the past twodecads, progress incereal genomi has resulted inthe rapid
development of molecular marleea better understanding of the gem@and the function of
genes(Gupta and Varshney, 2004Those progresseslow novel approacks in breeding
such as marker assisted séilen andgeneticengineering

Marker assisted selection (MASises molecular markerdinked with genes of
interest to select for specific traitsliminating the need for direct screenigipebner and
Summers, 2003 The main prerequisiteto MAS is a markertrait associatioMTA) study
that identifiesmarkersof interest For MAS purpose, thigleal marker systenshouldpresent
the following qualities:1l) highly polymorphic, 2high throughputo obtain good genome
coverage, Breproducible 4) costefficient for screening of large populatis@Falconer and
Mackay, 1996 Mohan et al., 1997 Besides, the marker loci must bleselylinked to the
gene of interest and be diagnostic for a wide rangrilbivars to be of use in plant breeding
programqGupta et al., 1999

MAS preserd severaladvantagexomparedto conventional breeding for disease
resistanceFirst, it eliminateghe needor disease screeningsts Secondly selectionis sped
up as plant can be evaluatedsatdling stageeven for APR Finally, subject only to the
limits of population sizejt allows selection for multiple resistancgenes a promising
approach to produce durgbksistant cultivas.

MAS is now commonplaci wheat breeding prograsall over the worldhowever,

until recently efforts have been concentrate on monogenicdrait
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5.2 Markeii trait association

WYR resistance fall into two categories:qualitative resistanceswhich are
controlled by majorR-genes; and quantitativeresistance Quantitative resistanse like
manyagronomicHy importanttraits suchas yield, yield componestandfloweringtime, are
controlled bymultiple genetic locireferred taas quantitative trait loci (QTLS)

The association of a trait with specific molecular markgese taggingallows the
description and localisation of gene or QTaf interest within the genome. Besides, it
constitutes the starting point toward rdagsel cloning and the understanding of gene
function. In adlition, MTA studies provide an insight dhe inheritance of traits: polygenic
Versus monogenic, recessive versus dominance, additive effect siadispi

Before thedevelopmenbf molecular markers, the genebesis ofqualittive and
quantitativetraits was studied through the statisticallgsia of phentypic variation within
segregatingoopulatiors. Such studies were useful to give an indication of the number of
genes underlying traitghough theydid not revealtheir location.In the late 1980s, the
development of moleculamarkersimproved the situationDNA markes facilitated the
construction of linkage masd the identification of chromosomalgions containingenes
andQTL of interest.

QTL mappingreveas significantmarker loci associated with the trait of interbgt
looking at the correlation betweermmarker allelic variationand the phenotype in a
segregatindpi-parentalpopulation. The method is based on the presence of linkage between
the marker locus and thleusative locus due to limitedcombinéon between thenMany
staistical methods have been developed for QTL mapjiegiewed by Hackett, 2002
among them figure three widely usethods:single markeranalysis, interval mapping and
multiple QTL mapping.The most commonly used populations in QTL mapping for cereal
are doubld haploid, F2 and backcross populatiofizaterson, 1996 The success of QTL
mapping greatlydepend of the population used (type and size), the marker system
(polymorphism and density of markers) and the trait (heritability and compldxitif)e past
two decads, QTL mapping using bparental mapping populations has been widely
employed to indentifyQTLs. Salvi and Tuberosg2005 reported tha@approximatelyl150
research papers reporting original QTL data were published yearly between 2000 and 2004.

In recent years, an alternatiapproach known aassociation mgpng gained in
importancg(Gupta et al., 2000 Association mappin¢AM) is a mapping approadbased on
linkage disequilibrium (LD) within a set of genotypes such as germplasm accessions and
cultivated varietiesd. D is defined as a nerandom association of alleles at different loci that
may or may not be on the same chromos{Atelurakhmonov and Abdukarimov, 20080

other word, LD describes the presence of comhimas of allel&@markers in a population at
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a higher or lower frequendphan would be expected a randomly mating populatiofn
AM, QTLs are identified by statistical associatioetween allelic variantsf a markerand
the mean of the analysed traihe main advantageof this method lies in the possibilitf
identifying markerstightly linked to a gene of interest without having to produce a costly
mappingpopulation. Positiveand negativeaspecs of the methodare discussedurther in
section6.2

Finally, bulk segregant analysiBSA) is a shortcut to QTL mappingyhich can be
used to identify marksrassociated with trait of interest locatad specific chromosomal
regions (Michelmore et al., 1991 As markers are screened on lsulf DNA from
contrasting individuals, it is not necessanbtdld acompletelinkage mapor to genotypng
an entire segregatingpopulation Markerspolymorphic between the bulldirectly tag the

genomicregiors of interest

5.3 Molecular markers

Accurate tagging ofjuantitative trait loci (Ls) and/orgenes of interestrelies on
DNA based molecular markert contrast to traditional markefs.g. morphological and
biochemical), molecular markers are not influehbg the environment and are independent
of the harvested tissue/organ or the stage of development of theAdEmtthe number of
potential DNA based markeris almost unlimited, & recently illustrated by the
development of Diversity kay Technolog (DArT) markersfor wheat(Akbari et al., 200%
and sihgle nucleotide polymorphisiSNP)discovery basedn Next-Gereration Sequencing
technologieqgAllen et al., 2011Poland et al., 201 rick et al., 2012

A molecularmarker aims to reveal a variable feature of a DNA fragment that has
two or more conformatins (alleles), at least one ohish can be reliably identifiedVhere
only one variant is unambiguously identified, the assay is a dominant assay, where all
variants present are unambiguously scored, the assaylmtoant.

There are many types ofiolecular markerspf which restriction fragment length
polymorphismgRFLPs) were the first to be develop@btstein et al., 1980 The adent of
the PrlymeraseChain Reaction(PCR)(Mullis et al., 198% gave rise tonew marker systems
including random amplificatn of polymorphic DNAs (RAPDs}{Williams et al., 1990
microsatellites orSingle Sequence RepeatSSRs) (Litt and Luty, 1989, Amplified
Fragment Length Polymorphisn{&FLPs) (Vos et al., 1995 and most recenthsingle
Nucleotide Polymorphismg§SNPs). Additionally, PCRbased markerfiave beerderived
from RAPD, RFLP and AFLPmarker systemthey are referreds Sequence Characterized
Amplified RegiongSCARS)(Paran and Michelmore, 199%equaced TaggedSites(STS)
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(Olson et al., 198%ndCleavedAmplified Polymorphic Sequenc¢€APS)(Konieczny and
Ausubel, 19938

The different marker systems usedplants have been intensively reviewglpta
et al., 1999Koebner et al., 2001Semagn et al., 200pd ablel-5 summarsesthe properties
of the majomarkersystems.

The recent molecular techniquerefers to Diversity array technology (DArT)
(Jaccoud et al., 20Q1was chosen for the present stutArT genotypingis providel as a
commercial service by Diversity Arrays Technology Pty Ltd, Canberra, Australia

(http://www.diversityarrays.com/index.htjnaind has been apjgld to a wide range of plant

species and a few animal speciésrwheat a high density arragontaining more thant®0
markers isavailable;the latest array versiondis enrichedwith D genome markerd he
genotypng servicefor wheatis providal by a subsidiary compgmamedTriticarte Pty Ltd

(http://www.triticarte.com.ay/ DArT is essentially a microarray hybridizatibased

techniqe for AFLP.DArT markers are dominambharkers wherepolymorphisns arebasd

on SNPs, insertions and diédms (INDELS) at restriction site®r large INDELS between

restriction sites.The methodologyconsists ofa genomecomplexity reduction, including

fluorescent dydabelling followed by hybridizationon a microarray chip. The chip contains

a large number oimmobilisedclonedAFLP fragments from distinct wheat genoty@esd

closely relatedrriticeaspeciesHybridisation of a test DNA sample to an individual feature

(clone), measured by above background fluoresc:¢
significant fluorescence as 000.

To specifically target R-genes, an additional molecular techniqueknown as
resstance gene analog polymorphism GA&P) is available Specific genomic DNA
sequences are amplified usidggenerat@rimers based ononservedsequencaliscovered
in cloned Rgenesfrom diverse speciesuch as leucinéch repeats (LRR) anducleotide
binding sites (NBS)Resistance gene analogsGRs) are highly norrandomly distributed in
the genome anaften mapto clusters which harboumajor resistance genew QTLs
(Hulbett et al., 2001h)Thus, they mayrovide candidate genes useful markers folMAS.

They also provide information about the organization and evolution of resistance genes and
RGAs. Usingthe RGAPtechnique, Feuillet et a{1997 isolated acandidate genkrl0 for

leaf rust resistanceMore recently the RGAP technique has been used successfully to
developed molecular markers fo¥YR resistance gené&5 (Chen et al., 2003&an et al.,

2003, Yr9 (Shi et al.,, 2008 Yr21 (Pahalawatta andChen, 2005 Yr26 (Wen et al.,
2008,Yr39 and YrAlp (Lin and Chen, 200jaOn the same principl&/an der Linden et al.

(2009 developed a new techniquamedNBS profiling to generate polymorphic markers
based on conserved NBS domain eg&hes usingn adapter primer matching restriction

site and a degenerate primer targeting a NBS domain in PCR reaction
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5.4 Mapping ofWYR resistance gesand QTLs

Mapping resistance genes constisub@e ofthe most active areaof researcion
WYR. A variety of markesystemdncluding RADP, SSR, AFLPRAGP have been uset
map Yr genes and QTLs for WYResistance. A extensive list of mapping information
available forYr genes igpresentedn Appendix1l. Someof the markers closely lirddto the
resistance gendsave been showto be useful formarkerassisted selectiorFor instance,
Yrl5,Yrl7,Yr36 wereintrogressed usin§ylAS into adapted lines and popular cultivams
the USA(Gupta et al., 201Hospital, 2009 Sorrells, 200Y. Following physical mapping
three WYR resistance gesehave beercloned Yrl0, a race specificR-genecoding for a
NBS-LRR protein(Laroche et al., 20b),Yr18/Lr34 and Yr36 involved in non race specific
resistance coding respectively for ABC transportefKrattinger et al., 200%and a protein
kinase with aSTART domain(Fu et al., 200Q Based on the gene sequerea functional
polymorphism,allele-specific diagnostic markers wereveéoped forYr18 andYr36 (Fu et
al., 2009; Lagudah et al., 2009)

In addition to markers linked t@r genes, afincreasing number dPTLs have been
describedespeciallyfor partial and durable resistance to yellow Wellings et al., 2012

An extensive list of WYR resistance QTLs is availablédppendix2.

6 ASSOCIATION MAPPING

6.1 Introduction to association mapping

Association mappingAM), also known as linkagdisequilibrium (LD) mapping or
association analysis is a population basedhodused tadetect andnap QTLs based athe
strength of the correlation between a taaitd a markerThe method dkes advantage of
historical LD to identify trait-marker relationshipsvithin a panel of individualsWhen
performed by scanningnarkers acrosshe entire genome for statistical significant
associations between a set of molecular markers and a specific phenotype, this approach is
referred to as geromewide association (GWAstudy AM studies can also be carriedt
on restricted genomic regions using a candidate gene appraaapproachwhich is
particularly relevant when candidate genes can be idenéifiddyenome wide LD is limited
(Hall et al., 201D Following a GWA studywhich identifes regiors of interest within the
genome, fine mapping studies can be undentéldncreasing the density of markersthe
identified candidate genomic regionkhis appoach potentially allowthe identification of
the causative polymorphism and candidate gene.

AM waspioneeredn human disease genetiasd the results dhousands of GWA

studies performed on the human genonage collated in a\ational Institute ofHealth
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databasé¢Hindorff et al., 2009 The statistical approaches to population association studies
developed for human geneticsvhabeen reviewed in detally Balding (2006. More
recently methods related to association mapping have beeneadapd applied to higher
plants (Gupta et al., 20Q5Hall et al., 2010 Mackay and Powell2007 Sorrells and Yu,
2009 SotoCerda and Cloutier, 20)2Supported by the rapid development of molecular
markers, the availability of high density maps and in some sageenced genomes
numerous studies related td evaluation, genome wide diversity akdM have been
published in recent years for major cropg. rice, maize and whegfotoCerda and
Cloutier, 2012Zhu et al., 2008

In wheat, association analysissteeen used to identify markdisked with numbers
of traits including milling/flour quality(Bordes et al., 2011Breseghello and Sorrells,
20068, high molecular weight glutenifRavel et al., 2006 alpha amylase activifEmebiri
et al., 201], grain yield, grain weighfMir et al., 2012 Reif et al., 201}, flowering time
(Rousset et al., 20)1earlinesgLe Gouis et al., 2002 sprouting resistanogulwal et al.,
2012, seed longevityRehman et al., 20)2 agronomidraits (Dodig et al., 2012Neumann
et al., 2011Yao et al., 2009 many disease resistances (&tagonospora nodorutviotch,
Fusarium head blight , stem rust, leaf rust, yellow rust, powdery mil§@évossa et al.,
2007 Gurung et al., 203,MMiedaner et al., 2030frommasini et al., 20Q%u et al., 2012n
So far, AM studies in wheat have provided a long list of MTAs, some of them were validated
by comparing to already known QTLs. However, no validation fomehe putativeQTLs
and no causative polymorphisrave been reported yé&ithe earliest wheat AMtudies were
based on SSR and AFLP. In recent years, high throughput genotyping techniques (e.g. DAIT
and array based SNPs) appear to be the marker systems of choice for AM, as it provides a

cost efficient wayd obtain genome wide coverage.

6.2 Association mapping versus QTL mapping in-pharental

population

AM and QTL mapping are both methods currently and widely applied to identify
MTA in plants. In this chapter the advantagend limitatiors of AM compaed to QTL
mapping are presented, starting with its benefits

First, with AM, the identification of QTLs does not require the costly and time
consuming production of large experimental populations, as association mapping can be
apply directly to a panel of indivithls such as breid) populationssubsets ofjermplasm
collections cultivated varieties, landraces or samples from natural populations.

Secondly, the higher level of recombinatimithin AM populatiors has the potential

to give higher genetic resolutiasomparing to classical {marental populationThe large
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number of recombinatioms due to many meiotic eventhat occurred throughout the
germplasm development history. Furthermore, AM populations present a wider genetic
background and give accesshimader genetic variatipmmeaning that mangllelescan be
evaluated simultaneousfgr one locus. The high resolution and the broad genetic diversity
investigated via AM are most likely to provie#fectivegene tagging markefer MAS (Yu
and Buckler, 2006

Thirdly, as AM is based on exiag collections of individuals, it is possible to take
advantage of historical phenotype data previously collected from the different genagy/pes,
illustrated by the mining of historical mukinvironment trials from CIMIYT to identify
markers linked to diease resistance in whagtrmplasm(Crossa et al., 2007Finally, as
many valuable traitsare likely to segregate within the same AM patieis possible to
investigatemany traitsthrough AM using the same panel of accession and the same

genotype data, making the approach particularly cost effective.

On the othehand AM presents someéisadvantagesomparing to QTL mapping.
Stratification or structuration of the genetic diversity within Ak population leds to
spurious associatien(Flint-Garcia et al., 2005 Pritchard et al., 2000aTo avoid false
discovery it is necessary to tak&ito accountthe subpopulation structure and individual
relatednesgkinship) when testing for MTA. Many AM methods have been developed to
correct for population structuresome of which are presented ithe section6.3.5 of this
chapter Neverthelesscorrectivemodelshave to be carefully applied as inappropriate use
can lead @ overcorrection anéhlse negativeesuls. In addition, lte necessity to correct for
population structurealso limits the possibility to detect traitstrongly associated with
population struatre, asdifferences between stgppulations are disregardékhe difficulties
arise particularlyfor traits under local adaptatiolike flowering time In order to studysuch
traits, it is advisable to limit AM to suipopulatiors.

The detection of MTA viaAM is influenced by allele frequency distribution within a
population thus causative rare allele cannot be iden{ifigdes et al., 200p In a biparental
population, the allele frequency is normally distributed around a mean of 0.5, whereas in an
AM population, allele frequencies can vary from O to 1, and powealetect association
drops away when the Minimum Allele Frequency (MAF) at a locus drops below a certain
level, making it necessary to exclude low MAF markers from the anaBisis. AM does
not performaswell as QTL mappingo identify QTLsexplaining small phenotypic vation
(low heritability) as the signal iscatteredacross numerous QTlad allelesMoreover,the
study of complex traits such as yield or drought stress via AM is made difficult as they are

greatly infuenced by phenologit charactes segregating as Wein the population(i.e.
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matuity, plant height. As a consequencetrue effecs tend to be confounekd with
phenologial effecs.

Finally, due to the generally higher rate of LD decay, MM approachrequiresa
higher marker densitthan QTL mapping bwet does not allow the construction of genetic
mapwhich complicatsthe situation in crogpeciedike wheatwhere high density consensus

maps are not available.

To overcomethe limitations of AM methodologiesusing multiparentintercross
population have been developestently Nested associatiomapping (NAM) populations
have been establishad maize (Yu et al., 2008 and Arabidopsis(Brachi et al., 2010
Multiparent advanced generation intercross (MAGIC) population wmeposed by
Cavanagh et al. (200&nd several were developed in whéduang et al., 20)2and
Arabidopsis(Kover et al., 200P Those approacheombinal classical QTL mapping and
AM, andarelikely to reduce spurious association caused by population structure and allow
the detection of rare alledevhile maintaining a high mapping resolutiand broadgenetic

diversity.

6.3 Methods in association maimg in plants

The major steps in aM study: choice of germplasm, traitneasurement,
estimation of LD, evaluation of population structure and statistical analysituateated in

Figurel-7.

31



Chapter 1 Generaintroduction

Anvociation panel
(number of F
T

I an
individuals and Q0 y der v
hoece potentialy | penetic chiversity) ) holce depencding
dased on o .\ on (D extend
o o S
or nma » S
PO Quantification ol LD
Phenotype data Genotype data - Estimotiono!
ation ¢
histonical or de Genome wide population
NOwo tait COVEtage
- . e — structure Q/K

wsing independent

Y e

Assoclation analysis
with appropriate approach

leg GLM, SA, MLM)

1

Mentification of markers tags ‘

25500at0d with a tralt of

interest

|

Validation

| Test in other poputation

Candidate gene approach)

Figure 1-7: Scheme of steps involved in association mapping studies.

Adapted from Abdurakhmonov and Abdukarimov (2008Flint-Garcia et al.
(2009; Salvi and Tuberosa (20p5

6.3.1 Choice of germplasm

The choice of germplasifior association analysis critical for the success of AM
andhighly dependentrothe purpose of the stugyhich trait is going to be studied and what
is the objedtve, for instance thévestigatomrmight want tadentify novel allelefrom exotic
germplasmor identify markers for a useful trait within elite lineowever there is little
guidanceavailable regarding criteria that could be used to assemble germpéamats for
plants. Generally, association populat®ehould present phenotypic variation for the trait
studied 8 well asoverall genetic diversityTowards this endpreliminary germplasm
evaluation including the use ofhistorical phenotype dat#& often conducted prior to
establishinga new association pandreseghello and Sorrells (2096distinguisted three
main categories of populatissuitablefor AM (germplasm bank colléions, elite breeding
materials and synthetic populations) afiscuss the suitability of eadbr AM considering
their level of LD, structurationgeneticdiversity and their suitability for studying various
traits.

Population size is another criticpbint for AM success in detecting and estimating

gene effectsLong and Langley (1999demonstrate through simulations than increasing
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population hasa more positiveeffect on power compad with increasing the number of

markers.

6.3.2 Genotype data

Any molecular markers can be used in AM studiese markers systems available
in crops are described Chapter 45.3. Neverthelesshighthroughputmarker systems such
as DArT and SNPs providing a high density genome wide coverage are favoured for AM.
Lower dersity marker typedike SSRs, which are highly polymorphic, are also of great use
to estimate population structure and pairwise relatedness among individuals.

The genotyping approactiependsmainly an the availability ofmolecular markers
for the speciesancerred. The number of markers requiiadAM is highly dependentrothe
population studied anthe extert of LD decay, as well as the resolutieought

Another important pointo take into account while looking ahe genotyping
approach is thgenotypeerror rate, as even low error rates (around 3% or less) can have
dramatic consequences for the accuracy of estimates of LD and hence Ohkéyet al.,
200)).

In wheatAM, until recently, markedensitywasthe limiting factor wheathad the
fewest molecular markers available among major crdps first LD studies were based on
AFLP and SSR marker&hao et al., 20Q7/Maccaferri et al., 2005Somers et al., 2007
Following the developnreé of DArT markers, several GWA studiegere reported. Athe
same timesomewheatAM studiesavoidedthe issue ofack of genome wide markers by
focusing onsmall genomic regiongBreseghello and Sorrells, 20Q6Ravel et al., 2006
Tommasini et al., 2007 Recently several thousand SNRsarkers have been identifidxy
the wheat research community atidring 2012,a 90K SNP lllumina Infinium assayas
developed for wheat. e first 90K Infinium SNPgenotype data are expectedbe made
public at the end of 2012nd part of this SNP cohohias been mapped, the resoungt
undoubtedly boost futurdM studies.

6.3.3 Estimation of LD

Once an association panel has been assembMdstudies always start with the
determination of LD decay within an AM populatidrD can be viewed as the correlation
between polymorphisms in a population. The degree of LD present in the population
determines the resolution of the analyaigl influencesthe possibility to identify markers
closely linked to causal locusVhere LD is strong in the region of the causaius, the
chance to reveal a markiait association (MTA) with a manageable number of marigers

high, but the resolution may be low. Where LD is weak, the potential to detect MTA with the
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equivalent number of markevsll be lower, but the potential fonigh resolution is greater.
Depending of the LD observed within tpepulation, thanvestigator will be able to adapt
the density of markers needed and the accession selected.

The structure of LD is highly dependent the species, the population anee\the
locus considerefCaldwell et al., 2006Chao et al., 203(Flint-Garcia et al., 20Q3Rafalski,
2002. The differencen LD decay ratedetween species is often related to the breeding
system; in cross pollinating species, LD tends to decay faster than in self pollinating species
(Myles et al., 2009

LD is commonlycal cul ated between each pair of
(standardizedlisequilibrium coefficientor r? (correlation codfcient between the alleeof
two loci). Both parameters vary from 0 (absence of LD) {admplete LD).To visualse the
extent of LD, LD measuremestcan be plottecas afunction of genetic (in centiMorgans,
cM) or physical (in base pairs, bp) distarnged a curve fitted to estimate LD decay.
Alternatively, some software programs like TASS@radbury et al., 20Q7display an LD
heatmap of all pairwise LD mea®ments which allows examination of local variation in LD

patterns

6.3.4 Trait evaluation

Once the association panel has been defingmtentially infinite number oftraits
can be investigateddowever, the better thieeritability of the trait, the easier it will be to
detect MTAs The complexity of the trait, the accuracy of measurement and the importance
of genotype by environment interactiaill influence heritability and hencéhe success of
MTA detection.

AM of complex trais such as yieldand insect resistana@an result in nhumerous

associatios with low statistical significance To improve the resolution in genotype
phenotypeassociationone approach suggested is to dissect the complex phenotype into
several component trait(Hammer et al., 2006Kloth et al., 2012 Mapping these
components traits will result in fewer genotypieenotype associations with larger statistical
significance. This approach is illustrated by studies on yield component iLriet al.,
201]). T&king the example of WYR, instead of scoring tbeerall diseaseseverity we can
imagineseparately targetindifferent mechanism®f diseasaesistance bgcoringdifferent
components of the infection for instartbe haustoria formationthe presence oHR and the
density of pustules.

Accuracy of ienotype scoring is another important issue. Replication of individual
accessiormeasurementwithin a site isusuallyneeded to increase precision in phenotypic

measuremenand allow accounting for environmentally induced noise and measurement
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error. Additionally, replication across multiplenvironments can providenportant irsight

into the stability of the phenotype itsethe robustness of the positive association across
environmats and the importance of genotypavironment interactions. Replicated data can
then be combined to produce an estimatéhe phenotype for each accession that can be
used in the AM analysig&stimates such as the best linear unbiased predictor (BLUi&sbr

linear unbiased estimator (BLUE) are less influenced by environment and measurement

errors.

6.3.5 Population structure and statisticalmodels

Population structurvithin an association paned another serious issue as it often
lead to false positive MTAMyles et al., 2009Pritchard et al., 2000&Zhao et al., 2007
The problem arises because any phenotypic trait thalsdscorrelated with the underlying
population structure at neutral loci will show an inflated number of positive associations
(Hall et al., 201D The term structure withimn association panel refers tiee possible
presence of hidden sigvoups(stratificationat a macrdevel) and family relatedness within
subgroup also namedkinship (micro-level). Complex pattera of population structurere
engendered bygomplex breeding history in cropgene flowfrom wild speciesandartificial
and natural selection

A common practie to correct for spurious effects of population structisréo use
unlinked markershroughout the genonte estimatethe genetic variatioamongaccessios
and account for population structuséthin the association testdlany methods have been
developedo correct for genetic relatednesistee of which are commonly applied tarop
plant AM studies general linear model (GLMinethodintegrating a structure matrix Q
based either on eancestry coefficiest (method also referred as structuredeistion) or
on principal componers (also referred as PCA moddlPrice et al., 2006 and a mixed
linear mode(MLM) methodintegrating a kaship matrix K.

The first modd, structured association, involvesing a program STRUCTURE
(Falush et al., 2003 ritchard et al., 200040 identify ancestrasubpopulatiors from which
the individuas in association panel originate@lhis approach is based on &sland model
whereeach sukpopulation isassumedo bein Hardy Weinberg equilibrium The ouput
from STRUCTURE is a matrix @f subpopulation assignment for each individyab-
ancestry coefficient) The matrix Q canthen beusedas a covariatein a general linear
regressiommodel (GLM)in order to indentifysignificantMTAs. One of thedrawbacksof
this method is the intensive computation requiréml obtain the Q matrix using
STRUCTURE.
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Alternatively, the Q matrix can bebtainedfrom a principal component analysis
(PCA) acrossmarkers with a genome wide distributioPCA summarizes the variation
observed across all markers into a small number of variables, the eigenvaciiarged
number ofeigervectorsare includedin a matrix Q and usedo represent thenderlying
population structurén the association tests. PCAléss computationally demandiagd the
modek obtainechave been shown to perforsimilarly or better than STRUCTURE model
(Price et al., 2006Zhao et al., 2007 However neither PCA nor STRUCTURE models
accountfor close kinship potentially presebetweenaccessios which is critical when
accessions are being sampled within dlyigntercrossed breeding genepool.

The MLM, outlined byYu et al. (2008, is the most recent approaahd the most
promising as itallows the integration oboth types of population structurethe population
stratificationreveakd by a Q matrix and the relative kinship of individueapturel by a
kinship matrix (K). Both matrixesare then fitted into a mixelihear regressiomodel,Q is
fitted as fixed effect and Kasrandom effect The kinship matrix can be estimatédm
pedigree when available or random genetic markershowever markebased kinship
coefficiens are proven to be more accurate than pedigree based estiflbtied et al.,
2009. The nmarkerbased kinshipnatrix capture the relatednespetween each possible pair
of individuals The strength of the MLMies in its flexibility, wherebyit performs well
under many typeof population structureMany studies in plants shoawsignificant decrease
in false positives and false negaswehen corredhg for pairwise relatedness over a Q
matrix alone(Kang et al., 2008Yu et al., 2006Zhao et al., 2007 Additionally, MLM can
be adapted to the population studieddyoving eithethe Q or the K matrix from model.

6.3.6 Replication and validation

Looking at the increasing number of signifitcdiTAs published, it is becoming
crucial to validate those findings to separtite true from the false positives and provide
reliable estimate of allelic effectfhe most straight forward way to verify a putative
associatioris to evaluate the candidgtelymorphism and replicate the result in a different
population either bBparentalor independent AMpopulation.Other validation methods are
available when a candidate genes leen identified, includg the identification ofthe
causative polymorphism thin the genomic sequenend the confirmation of biological
function through transgenicmisexpression studiedrargeting Induced Local Lesions in

GenomegTILLING) or other molecular techniqae
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7  WHEAT YELLOW RUST IN UNITED KINGDOM AND UKCPVS

In the UK, WYR occursmore often in the east of the counamd in coastal areas
Lincolnshire, Norfolk, East Midlands and parts of Yorkshiage acknowledged hotspots
Severe epidemics are usually associated with siesgeptiblevarieties, mild winters and
cool most summers. Yield losses of -80% have often been aerded in susceptible
varieties(Priestley and Bayles, 1988he continuous threat posed by thisease is regularly
brought into focuswhen new isolates are fouridd overcome the major resistance genes
present in highly cultivated wheat varieties, for instaBogadierin 1994 (Bayles et al.,
2000, Robigus in 2006, Solstig@Akley in 2009, Watrrior in 2011.

The Figure -8 illustrates thecyclical nature of YR epidemics in the UK and trend

towards increasing reliance on fungicide use.
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Figure 1-8 : Incidence of yellow rust of wheat in the UK and fungicide sprays
associated

*no data were available for 1983 and 1984 for yellow rust severity
(Source data: Defra winter wheat disease surveysvwom.cropmonitor.co.uk

Pst virulence monitoring in the UK has been carried out continuously since 1963 by
the UK Cereal Pathogen Virulence Survey (UKCPVS) by collecting and pathotyping field
isolates from disease observation plotsreated field trials and disease samples sent to
NIAB from growers. Representative isolates are used in inoculated field trials to measure the
Adult Plant Resistance (APR) of candidate Recommended List (RL) cultivars.

The UKCPVSpublished the result of theurvey onan annuateport describinghe
virulence of Psisolates collected within theountry;it also offers a guideline for varieties

diversification in order to minimize the impact of epidemic within a farm.
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In its 40 years of existence, the sury&®s accumulated detailed resistance data on
every major variety of wheat grown in the UK at both seedling and adult plant stages,
recorded the emergence of previously unseen virulence on newly introduced specific
resistances.UKCPVS data provide also mangxamples of varieties which display
contrasting levels of partial resistance once the specific element of their resistance have been
matched by a virulent pathogen isolate.

8 AIMS, OBJECTIVES AND POTENTIAL APPLICATIONS

Despite the importance of whegllow rust in the UK many of the racspecific
resistances used by breeders in UK varieties remain unmapped and the relative contribution
of racespecific and partial genetic resistance to the overall performance of a variety in the
field is still poorlyunderstood.

The first objectivewasto utilise tte unique historic data resourcepresented by
historic UKCPVS APR and seedling test datanalyse the genetic architecture of resistance
to yellow rust using an association genetics approdsoh pursuit of this goal, a
comprehensivganel of contemporary and historic UK wheat varieties which have been
tested for phenotypic reaction §ellow rust isolates by the UKCPVS and during the
National List and Recommended List testini) be assembled and genpd usingDArT
markers

Based on historical phenotype, genome wide association analysis wéttedout
with the aimof rapidly reveahg the diversity of resistanc@resent within the UK elite
germplasm This metaanalysis of UKCPVS and related datashnever been carried out

before, and represents an exciting opportunity to add value to existing resources.

Beside theinvestigation of historical data, in the context of the development of a
newWYR races within the UK with a wide range of virulenciiae second major objective of
this study wasto evaluatethe association panelsing the more recent isates. This
unusually widescreening ofUK wheat varieties will show: (1) remaining sourca of
resistance to newidely virulentisolates witin the UK elite genepoolj2) allow deductions
to be made about the extended virulence profile of these isolates as well as
improved/updated gene postulations regarding older variggsprovide the means to
conduct a genome scan fesistance loci effective amst the new isolates.

A secondseries of association analgs will be conductedusing thede novo

phenotype to identify resistances Qe&tfective against current WYR races.
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To validate some of the association h#pgecific WYR races used to screen the
association panel will be used to screesoubled haploid populations (Avalon x Cadenza)
which segregate for key resistances deployed in recent years in the UK and the results of
mapping resistance ingarental population and association paehpared.
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CHAPTER II. YR ASSCCIATION PANEL

1 I NTRODUCTION

The first step of the project was tesemble a panel of winter whe@iriticum
aestivum L). varieties; mainly UK elite germplasm, that will be use in the association
mapping studies. Aariety panel henceforth referred to abeew h e at pafhYeias ,
assembled to enable mining of historic adult plant resistance data for rapid association
mapping of multipleNYR resistance factorg\dditionally, with the aim of investigating the
source of genetic structure (e.g. historical gteation and kinship) within the YR panel,
informationsuch as breeder, country of origin, pedigree were gathered for each variety.

The aims of this chapter areto present the wheat YR panel and describe the
information collected on the different wheat varieties in regard to their origin and
pedigree. Finally the characteristics of the YR panel will be discussewith respectto
association mapping studies.

2 YR ASSOCIATION PANEL

2.1 Choice of varieties studied

Since a central aim of the project was to utilise historic data on adult plant resistance
to specific isolates, the main criterion for selection of a variety to join the YR panel was the
existence of at leasine yearof adult plant resistance data as pHrevaluations carried out
under the auspices of the National and Recommended List trials and UKCPVS. Effectively,
this means varieties entered as candidates which reached at least the second full year of NL
testing, when specific isolate inoculations dirst carried out.Basedon historic data
available atNIAB, 310 varieties for which welprovenanced seeds could be sourced were
selected to comprise the core wheat YR panel. The permission of the breeder of each variety
was obtained to access, where rappate, authenticated seed stocks held by the DUS
section at NIAB, as well as historic YR data. A full description of the historic data collected
is given as part of Chapter .

The 310 wheavarieties selected have been tested in the field agaitsasitone
single UK Yellow Rust isolate between 1990 and 2009.
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An additional 17 winter varieties were included in the YR panel based on their
importance in the pedigrees of elite wheat germplasm and the availability of seeds and
genotyping information fromther projects.

The full wheat YR pnel is therefore composed of 327 wheat varieties, mainly elite
UK winter wheat varieties, but other European countries are also represadédijell-3
at the end of the chapjer

2.2 Seedcollection and multiplication

From the 327 cultivars selected, we obtained the seeds from five main collections
(seeTablell-3 at the end of the chapjesited in order of preferential sources:

- DUS wheat reference collection at NIAB, Cambridge, which contains
currently registered or protected cultivars, candidatsbmitted for
Distinctness, Uniformity and Stability test.

- BSPB collectionheld at the John Innes Centre (JIC), Norwich

- GEDIFLUX winter wheat germplasm collection conserved by Simon Orford,
JIC, Norwich (GEDIFLUX was a project supporteoly the European
Commission under the 5th Framework Programme for Research and
Technological Developmeiituropean, the summary of the results can be found
on http://ec.europa.eu/research/)

- BBSRC Small Grain Cereals CollectionJIC, Norwich

- Triticeae Genome(TG) winter wheat collection conserved by Nick Gosman
at NIAB, Cambridge, TG project is supportedby the European
Commissiorunder the 7th Framework Programme for Research and

Technological Developmelhittp://www.triticeaegenomelk.

Authorization to obtain seeds for linest registered ithe UK national list or any
European national listwas obtained from the breeders prior requesting the seeds from the
different collections.

To maximise traceability and authenticity of owoject materials, we preferred
seeds from DUS reference and BSPB collection or from controlled multiplication. By
carefully choosing the source of our seeds, we hoped to minimise the risk of drift from type
over several years of multiplication between tlate when plants were phenotyped by the
UKCPVS or during the NL RL trials and the stocks from which plants that will be geztbtyp
and de novo phenotypase taken.

Once all the seeds have been collected, 4 seeds per cultivars were sown in control
enmvronment in April 2009, vernalied for 8 weeks and grown for multiplication. Each plant

was bagged individually to minimise the risk of cross pollinisation. Homogeneity amongst
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the four plants waassessednd any offtype removed. One of the four plants was identified
as reference and sampled for genotyping work. The seeds from the reference plant
established a singlglant fully selfed lineage and were used for future multiplication. The
seeds issued fronme three other plants were bulked and used for phenotype experiments
over the course of the project.

An additional multiplication was carried out in the glasshouse in 201f@rther
increase seed stoclkmd obtain a first SSD lineage for the varieties Midiich the first

multiplication failed.

2.3 YR panel description

For each varigtincluded in the wheat YR pangelhen availablethe Application
For Protectioh (AFP) numbercorresponding to the UK application code for Plant Breeder
Right, the breeder nam#he alternative names and the NL and RL status were collected in
order to identify with certitude each variety and gather the data describing the cultivar
known under different narseParticular attention was paid to variety names known to have
been usedo refer to different varieties at different tiniee.g. Choice, Solstice, Warrior,
Marksman and Lynx.

For this step, the 6l nterrad database devel o
It summarizes information from thgK Plant Varieties and Seeds Gaeeublished by
DEFRA. The EU Common Catalogues of plant varietissp(//europa.el/and national
authorities for plants breeder right were another source of information, e.g. GEVES in
France [ittp://www.geves.frand Bunderssortenant in Germamgvv.buindessortenamt.dle

A complete listof the varieties withtheir origin year of release or first application
for plant breeder rights is availableTiablell-3 atthe end of the chapter

The great majority of cultivarén the YR panel arewheat varieties originating from
UK-based breeding programmes (254 lindm)t it also includesa minority of European
varieties (67 Ines) and a few American variedi@ lines) Apart from five spring wheats, the
panel is composed entirely of winter varietiéisis worth noting that some of the winter
wheat linedike Cadenza ar&nown to bealternative or facultative wheat which mean they
required limited vernatiation to initiate flowering(Stelmakh, 1998 facultative wheats often
derived fromspringwheat and winter wheat crosg@aun, 199). Taken togetherhts set

of varieties epresents a broad spectrum of breeders, from |a&gd companies such as

! A unique AFP code is issued to each new candidate variety upon submission of an application to
obtain plant breeders rights. Although not widely used outside the regulatory framework, the AFP
code is very useful as it establishes not only the date afdinttion of a variety but avoids the
problem of homonymy.
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Syngenta seed® small independent breeder.g. Mike Pickford. Nevertheless, three main
companies/institutes represent 67% of thanel Table 1I-1): the Plant Breeding
International Cambridge/RAGT, Nickersons/Limagrain and dmBfords/KWS. The
variely set includes cultivars from 192d4.g Carstes V, up to 2006 e.g. Warrig®) (Figure
I1-1), however the core of the panel covers primarily the past three decadest9B3B(B7
lines), 19901999 (181 lines) and 20005 (83 lins). Finally,85% of the varieties in the
YR panel were previously or are currently on the UK wheat national list (

Tablell-2). Amongstthe varietieshat have never been on the UK lists, seven were
commercialized prior to the coming into existence of the National Listing system in 1973,
four were refused UK National Listing and 18 were withdrawn during the testing process.
No application for the UK nathal list was recorded for the remaining varieties; although

they may be registered on National Lists in other European countries.
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Figure Il -1 : Decadal distribution of YR panel varieties
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Table Il -1 : Main breeders of YR panel varieties

Breeder name Line
Plant Breeding International Cambridge and associated companies Total 99
Plant Breeding International Cambridge 68
Plant Breedindnstitute/NSDO 4
Institute of Plant Science 23
Monsanto 3
Monsanto Technology LCC/Ragt seeds Ltd 1
KWS and associated companies Total 50
KWS UK Ltd /CPBTwyfords 48
KWS Lochow GmbH 2
Limagrain and associated companies Total 73
Limagrain UK Ltd/Advanta Seeds /Nickerson UK 58
Nickerson International Research 14
Limagrain Netherland BV 1
Syngenta Seeds UK 21
Elsoms Ltd UK 9
SAS Florimond Desprez 5
Other breeders representing less than 5 lines each 74

Table 11-2: Status of YR panel varieties in relation to UK national list

Status Lines
In 2012 UK national list 57
In previous UK national lists 232
Application for UK national list withdrawn 16
Application for UK national listefused 4
No applicationfor UK national list 4
Unknown 14

2.4 YR panel pdigres

Pedigrees are a valuable source ofrimfation to determine if the YRapel varieties
may carry knownYr resistance genes, as well as explaining the origin of potential novel
resistance genes. For that purpose, pedigree descsiptidhe varieties in the YRapel and
affiliated lines were collected from the following sources (cited in order of preference):

- Scottish wheat variety database(http://wheat.agricrops.org./menu.phfrom
Science and Advice for Scottish Agriculture (SASA) in Edinburgh.

- Botanical descriptions of wheat varieties
(http://www.niab.com/pages/id/147/Botanical_Descriptions_of Magetrom National
Institute of Agricultural Botany in Cambridge.

- BBSRC wheat collection pedigree report
(http://www.jic.ac.uk/GERMPLAS/bbsrc_ce/Pedw)tkibm theBBSRC Small Grain
Cereals Collectiom JIC, Norwich.

- European Wheat Database(http://genbank.vurv.cz/wheat/pedigredfom the

European Cooperative Programme Rteint Genetic Resources (ECPGR)
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- Germplasm Resources Information Network Database(GRIN), from the
United States Department ofgAculture - Agricultural Research Service. Tipasspos of
wheat linesare accessible via the National Small Grains Collection on the followmg
http://www.ars.usda.gov/main/docs.htm?docid=2884

- Journal articles related to the wheat varietiepresent in the YR panel.

Although, all traceable parental lines used and a representation of the complexity of
the crossing scheme are given, pedigree information cannot be use to describe accurately the
degree of kinship anmgy the varieties within the YRapel as the influence of selectias
well as the means of purificatiore., by SSD or doubled haploidy, which will strondlias

the degree of kinship between the parents and the final variety, are unknown or unstated.

General pedigremformation for 303of the 327varietiescomposing the YR gnel
was collected. Some discrepancies in pedigree of a single variety recorded by different
sources weraoted. In those instances, we recorded the consensus pedigree. The list of
pedigrees is available ifiablell-3. The pedigree information gathered has to be used with
caution as the ad hoc pedigree recording system by which varietal pedigrees cotime into
public domain (including arbitrary use of codes to protect identity of proprietary material)
does not apply any recognised standards that reduces the risk of error or incompleteness and
the existence of numerous homonyms (different varieties whicly tagrsame name e.g.
Lynx, Warrior) within even recent elite UK wheat germplasm means that there is
considerable scope for error.

The pedigree data were formatted for Pedigree Viewer Version: 6.5.2.0. Pedigree
viewer is a program developed by UniversityN&fw England in Australia, allowindrawing
and manipulating pedigree diagrams. The latest version can be downédaiadedollowing
link: http://www-personal.une.edu.au/~bkinghor/pedigree.htm.

The diagrams underline the relatedness of varieties in dmel.pKey varieties
include in the pedigree of modern UK can be identified by the nodes in the diagrams such as
Moulin, Haven, Consort, Charger, Lynx and Rialto. A viewing option that shows all the
relatives of a singldine emphasises the large influenoé the older cultivars such as
Cappelle Desprez, Rendezvous, Moulin, Maris Huntsman and Thatdhértunately
without the interactive functions given within the prograhe Pedigree Viewediagrams
are difficult to read Therefoe, some simplified diagims ofdescendants fanajor varieties

in the YR panelvere redrawrin Microsoft PowerBint andmadeavailable inAppendix8.
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3 DISCUSSION AND CONCLUSION

Many association panelsave been reported in wheat ahdy are generallfighly
diverseas they covera wide range of geographic aread/orinclude several germplasm
groups(landrace, breeding linewinter and spring whegtsAmong themost reporteghanel
in AM studies,we can cite thecore collectionfrom Balfourier et al. (200)7of 372 bread
wheat including landraseandvarieties covering 40 geographical aréased byBordes et
al. (2008; Le Gouis et al. (20)2Rousset et al. (201 the 96 winter wheat collection from
21 countrieexploited byNeumann et al. (20)};lIRehman et al. (20)2nd the455 European
advanced breeding linellectioninvestigated byMiedaner et al. (20)0Reif et al. (2011
Rare are thassociatiorpanes focusing on limited geographical araad limitedbreeding
period, which makes the YR panelunique. The YRpanelincluding 327 lines represena
largeand cohegntset ofelite wheat focused on UK germplasm from the past three decades.

Additionally, the YR pad is better characterized than most of the papedposed
for association mapping as wemve assembled an extensive set of information for each
variety including country of origin, breeder, pedigredternatives namehich are gathered
in a database (see database description i@haeterlll ).

The panel was assemblefth the requirementsf associatiormappingin mind. The
association panel sizeas naximized includingnot only commercial varieties but also
breeding lines that were never commercialjzeadowing he population size has a great
impact on the statistical power of association (detection of NIDoklg and Langley, 1999
In addition, a large sample sizalows capturingmore allelesOur limiting factors were the
availability of reliable seed soursendthe availability of reliablegphenotypedor yellow
rust

One of the limiting factors in association mapping is the presehgmpulation
structure andclose relatednesswvithin individuals which lead to false positive MTA.By
focussing onUK elite winter wheatgermplasm from the last three decadss wishedto
eliminate the source of majatratification (structure atmacrclevel). Breeding pod are
known to be a major source ofraification (Breseghello and Sorrells, 284). In a
collection of US wheat germplasm, two gpdypulations corresponding winter wheat and
spring wheahave been identifieChao et al., 2000 The geographic origizvas shown to
be asource ofstratification in European wheélte Couviour et al., 201 1Reif et al., 2011
Tommasini et al., 2007

Although sampling withina specific lveeding pool(UK elite winter wheatimay
havelimited population structure at the madervel, the YR panel isstill likely to present an
important population structurat the micrdevel. As statedby Breseghello and Sorrells

(20063, a typical elite breeding pool is derived from a few founders in the recenaipast
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commonly includedclosely related lines The YR panel is no exceptioas the pedigree
information revealedmany varieties used multiple tinseas parental linegsee pedigree
diagrams iMAppendix8) aswell as manysister linesfor instance Warlock 24 and Scorpion

25 (cross CadenzaW929029), Equator and Heritage (cross Charger x Equifitbeyefore

a high degree of kinshijs expectedetween ling from the YR panelnd will need to be

taken into account when running association mapping. In absence of complete pedigree
information, the degree of kinship betwedines will have to be determined based on
independeninarkers.

While the close relatedness of lines in elites populatoch as the YR panel is
detrimental to association mapping powgite populatios presentsignificant advantage
they areadapted to local growing conditions and therefore alltivgs detection of low
heritability traits Furthermore,the favourablealleles aredirectly detectedin target
populatiors, dlite lines with favourable alleleotild be directly used in breeding program and

significant markers revealed by AM can be used for marker assisted selection in progeny.
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Table Il -3; Wheat varieties included in the YR panel

AFP is the UK application code for plant breeder right given by DERRM and sw are seasonal types respectively winter wheat and spring Villieayear
indicated corresporsto the plat breeder right first applicatioprior 1989 this date was not available, instdeayear of released is indicated in reference of the
following sources (a) http://iwww.geves.fr, (b) http://genbank.vurv.czwie)v.bundessortenamt.d€he country of orign is primarily assigned based on the
country of the beeder. The seed source is timflection from vihere the seeds use to startphesent study originated.

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree SPchjirlgéee
Aarden 1573 wWw 2002 Saaten Union Recherche France TG Aardvark x Denver NIAB
Aardvark 1111 wWw 1995 KWS UK Ltd UK TG (Cadenza x Lynx 'sib") x Lynx SACA
Abbot 967 wWw 1993 Plant Breeding International Cambridge UK DUS (Avalon x Brimstone) X orfrida 'sib’ SACA
Abele 311 wWw 1980(a) Limagrain UK Ltd UK TG R 68114 x Maris Beacon BBSRC
Ac Barrie 1591 sw 2003 Agricuture and Agrifood Canada BBSRC (Neepawa x Columbus) x B\&0 SACA
Access 1266 ww 1998 KWS UK Ltd UK TG 90-15 x 916 SACA
Acclaim 972 ww 1993 Plant Breeding International Cambridge UK DUS Hussar (fr) x Beaver ECPGR
Admiral 759 ww 1992 Limagrain UK Ltd UK TG Mithras x(Hobbit x Hedgehog) SACA
Adroit 825 ww 1990 Plant Breeding International Cambridge UK GEDIFLUX (Norman x Mercia) sMoulin BBSRC
Agami 1133 ww 1996 Limagrain UK Ltd UK TG 42155-1 x Brigadier NIAB
Alchemist 1276 ww 1998 Plant Breeding International Cambridge UK DUS (Brutus x Lynx) x Rialto NIAB
Alchemy 1564 ww 2002 Nickerson International Research UK TG Claire x(Consort x Woodstock) SACA
Alsace 1429 ww 2000 Nickerson International Research UK DUS - -
Ambrosia 1462 ww 2001 Plant Breeding International Cambridge UK TG (Cantata'sib' x Genesis) x Pinder SACA
Andante 859 ww 1990 Plant Breeding Internation@ambridge UK GEDIFLUX Moulin x D172.6.4 SACA
Anglo 1267 ww 1998 KWS UK Ltd UK DUS 94-12 x 9327 SACA
Anvil 260 ww 1982(a) Limagrain UK Ltd UK TG (((TR.CA x Holdfast) x (Hybrid 46 x Viking)) x ((Chnese ECPGR

166 x Cappelle) x G12633)) x ((RM6 x Champlein) x
(Joss x ¥6603) x (RM97 x RM-49))
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Apollo 607 wWw 1988 Saatzucht Josef Breun GdbR Germany TG Maris Beacon x Kronjuwel SACA
Apostle 670 wWw 1980(a) Plant Breeding Institute/NSDO UK TG (Alcedo x Avalon) x Moulin SACA
Aristocrat 785 wWw 1992(a) PlantBreeding International Cambridge UK DUS (Rendezvous x Moulin) x Mercia SACA
Ark 1233 wWw 1997 KWS Lochow GmbH Germany DUS Greif x Ibis NIAB
Arlington 1184 wWw 1997 Pioneer HiBred USA DUS HGC146 x SVC1141 NIAB
Armada 201 wWw 1978 Limagrain UK Ltd UK TG (TP 118 x (Perdix x Hybrid 46)) x (Cpdle x Champlein) ECPGR
x ((Viking x Tetrix) x (Tetrix x Jubilegem))
Arminda 612 ww 1976(a) DJ Van Der Have BV Netherland TG Carstens 854 lbis BBSRC
Arran 1380 ww 1999 Nickerson International Research UK TG Consort x Asset SACA
Arriva 1222 ww 1997 KWS UK Ltd UK DUS (Cadenza x Lynx) x Lynx NIAB
Asagai 1543 ww 2002 Limagrain UK Ltd UK TG (Charger x Maverick) x Savannah SACA
Ashanti 1333 ww 1999 KWS UK Ltd UK DUS (Cadenza x Lynx) x Lynx NIAB x
Astron 801 ww 1990 Saatzucht F. Strube Germany TG Blaukorn Abkommling x Monopol ECPGR
Atla 862 ww 1990 Plant Breeding International Cambridge UK DUS - -
Atlanta 1477 ww 2001 KWS UK Ltd UK TG (94-32 x Consort) x Krakatoa SACA
Atoll 1122 ww 1996 Hybritech Europe SNC France TG Moulin x (Drakkar x Marathon) NIAB
Atou 111 ww 1973 Paul Guillemain France GEDIFLUX Cappelle Desprez x Garnet SACA
Avalon 287 ww 1980 Institute of Plant Science UK TG Maris Plougham x Bilbo SACA
Award 1407 ww 2000 Deutsche Saatveredelung AG Germany BSPB Tambor x Charger NIAB
Axial 707 ww 1989(a) Etablissements Claud@amille Benoist France DUS ((Talent x Maris Beacon) x Arminda) x Festival SACA
Axona 544 Sw 1983(a) DJ Van Der Have BV Netherland GEDIFLUX HPG 55266 x Maris Dove SACA
Baron 310 ww 1949(a) Limagrain UK Ltd UK TG R 68114 x Maris Beacon SACA
Battalion 1599 ww 2003 Monsanto UK TG 98ST08 x Aardvark SACA
Beaufort 878 ww 1991 Plant Breeding International Cambridge UK TG (Rendezvous x Haven) x Fresco SACA
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Beaver 692 wWw 1990 Institute of Plant Science UK TG (Hedgehog x Norman) x Moulin SACA
Belter 1445 wWw 2000 Plant Breeding International Cambridge UK DUS Blaze 'sib' x Consort NIAB
Benedict 1625 wWw 2003 Limagrain UK Ltd UK BBSRC CPBTWA48(=Challenge) x Rialto SACA
Bentley 1447 wWw 2000 SAS Florimond Desprez France TG Shango x FEB903423 SACA
Biscay 1227 wWw 2000(b) KWS UK Ltd UK TG CPBT79 x Hussar NIAB
Blaze 1029 wWw 1994 Plant Breeding International Cambridge UK TG Hussar x Beaver SACA
Bogart 1105 ww 1995 KWS UK Ltd UK BSPB - -
Boston - - 2000 Landbouwbureau Wiersum BV Netherland TG - -
Bounty 274 wWw 1979(a) Institute of Plant Science UK TG Maris ploughman x Durin SACA
Bouquet 4 wWw 1972 SAS Florimond Desprez France TG (217 x Cappelle Desprez) x Cappelle Desprez SACA
Boxer 509 wWw 1987(a) Limagrain UK Ltd UK GEDIFLUX Griffin x RPB 18170D SACA
Brando 1156 wWw 1996 KWS UK Ltd UK TG (Cadenza x Lynx) x Lynx ECPGR
Brigadier 818 wWw 1992 Limagrain UK Ltd UK TG Squadron x Rendezvous SACA
Brigand 231 wWw 1979 Institute ofPlant Science UK TG Maris Huntsman x Bilbo SACA
Brock 489 ww 1985(a) Institute of Plant Science UK TG Hobbit 30/2 x Talent SACA
Broiler 1137 ww 1996 Limagrain UK Ltd UK TG composite cross SACA
Brompton 1502 ww 2001 Elsoms Ltd UK UK DUS CWW92.1 xCaxton SACA
Brunel 1327 ww 1999 KWS UK Ltd UK TG Krakatoa x Beaufort SACA
Bryden 824 ww 1990 Plant Breeding International Cambridge UK GEDIFLUX - BBSRC
Buccaneer 1044 ww 1994 KWS UK Ltd UK DUS (Gawainx Riband) x CWW 4442/ 64 SACA
Buchan 1100 ww 1995 Limagrain UK Ltd UK TG Beaver x Hussar SACA
Buster 845 ww 1990 Limagrain UK Ltd UK TG Brimstone x Parade SACA
Cadenza 833 ww 1990 KWS UK Ltd UK TG Axona x Tonic SACA
Camp Remy 798 ww 1980(b) Unisigma GIE/Société Européenne de  France TG (362 x Atou) x Hardi SACA
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Semences Europe NV SA
Cantata 1030 wWw 1994 Plant Breeding International Cambridge UK TG Adroit x Torfrida SACA
Canterbury 1223 wWw 1997 KWS UK Ltd UK TG Riband x Lynx SACA
Cappelle desprez - wWw 1946 SAS Florimond Desprez France TG Hybride du Jonquois x Vilmorir27 SACA
Caphorn 1438 wWw 2000 Plant Breeding International Cambridge UK BSPB (S14579454 x Rialto) x Beaufort ECPGR
Capnor 1310 wWw 1999 G.A.E. Recherche France TG Fertil x ((Pluton x Armada) x Pernel) NIAB
Caprimus 783 wWw 1994(a) Plant Breeding International Cambridge UK DUS Gawain x Aquila SACA
Carlton 1343 wWw 1999 Elsoms Ltd UK UK TG CWW-92-1 x FD-92054 SACA
Carstens V - wWw 1921 Rudolph Carsten Germany GEDIFLUX (Carstens 3 x Dickkopf) x (Dickkopf x Criewener) ECPGR
Caxton 931 wWw 1992 Elsoms Ltd UK UK DUS Moulin x Riband SACA
Chardonnay 1383 wWw 1999 Nickerson International Research UK DUS Spry x Rialto SACA
Charger 939 wWw 1992 Plant Breeding International Cambridge UK TG Fresco 'sib' x Mandate SACA
Chatsworth 1258 wWw 1998 Limagrain UK Ltd UK TG Estica x Genesis SACA
Chaucer 1039 wWw 1994 Elsoms Ltd UK UK TG Apollo(deu)*Rendezvous SACA
Chequer 1249 ww 1998 Syngenta Seeds UK UK DUS Lynx x NFG-969-27 NIAB
Chester 1511 ww 2001 Nickerson International Research UK BBSRC (Havenx Hussar) x Claire 'sib’ NIAB
Chianti 946 wWw 1992 KWS UK Ltd UK TG CWW-444264 x Rendezvous SACA
Chicago 1151 ww 1996 KWS UK Ltd UK DUS Haven x Obelisk NIAB
Choice 1470 ww 2001 Plant Breeding International Cambridge UK DUS Aardvark x Abbot NIAB
Claire 1070 ww 1995 Limagrain UK Ltd UK TG Wasp x Flame ECPGR
Clement 134 ww 1974(a) Innoseed BV Netherland GEDIFLUX (((Hope x Timstein) x (Heine 7)3) x ((Riebeset5Y x BBSRC
(Heine 7)2)) x Cleo
Clove 940 ww 1992 Plant Breeding International Cambridge UK DUs - -
Comet 1270 ww 1998 Plant Breeding International Cambridge UK DUS ((Norman x D844-12)) x Haven) x Consort NIAB x
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Commodore 1081 wWw 1995 Plant Breeding International Cambridge UK BSPB Hussar x (Haven x Complex cross) NIAB
Conqueror 1813 wWw 2005 KWS UK Ltd UK DUS Robigus x Equinox SACA
Consort 882 wWw 1991 Plant Breeding International Cambridge UK TG (Riband 'sib' x Fresco)xRiband SACA
Contender 1611 wWw 2003 Limagrain UK Ltd UK BBSRC Nelson x Wasmo NIAB
Context 1331 ww 1999 KWS UK Ltd UK DUS Consortx Lynx NIAB
Convoy 1332 wWw 1999 KWS UK Ltd UK DUS (91-35 x Cadenza) x 935 NIAB
Copain 265 wWw 1977(a) Etablissements Claud@amille Benoist France TG (((Thatcher x Vilmorin 27) x (Petit Quinquin x Hybrid 4C ECPGR
X ((Thatcher x Vilmorin 27) x Fortunato) Mexique 50
Cordiale 1388 ww 2000 KWS UK Ltd UK TG (Reaper x Cadenza) x Malacca SACA
Cranley 1203 ww 1997 Plant Breeding International Cambridge UK BSPB ((Norman x D844-12) x Haven) x Hussar NIAB
Crofter 954 ww 1992 Limagrain UK Ltd UK TG Ribandx Moulin SACA
Cyber 1224 ww 1997 KWS UK Ltd UK TG (Talon x Beaver) x Lynx NIAB
Dart 1439 ww 2000 Monsanto UK DUS (Consort x Madrigal) x Consort SACA
Datum 1108 ww 1995 KWS UK Ltd UK BBSRC (Talon x Beaver) x Lynx 'sib' NIAB
Dean 732 ww 1989(a) Institute of Plant Science UK GEDIFLUX Disponent x Norman SACA
Deben 1220 ww 1997 Limagrain UK Ltd UK TG (Hunter x Buster) x Wasp NIAB
Defender 1468 ww 2001 Plant Breeding International Cambridge UK TG Classic x Charger SACA
Denver 1155 ww 1996 KWS UK Ltd UK DUS (Orestis x Lynx x Bandit NIAB
Derwent 1161 ww 1996 Pioneer HiBred USA BBSRC HGC146 x FVL158 NIAB
Diablo 806 ww 1990 Limagrain UK Ltd UK GEDIFLUX BS 934 x BS 948 SACA
Dickins 1115 ww 1995 Syngenta Seeds UK UK BSPB - -
Dickson 1411 ww 2000 Limagrain UK Ltd UK TG Abbot x Consort SACA
Director 1542 ww 2002 Limagrain UK Ltd UK TG (Charger x Maverick) x Savannah SACA
Dorial 1197 ww 1997 Secobra Recherches France DUS (Ares x Severin) x Orestis NIAB
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Dover 1550 ww 2002 KWS UK Ltd UK TG (Biscayx Aardvark)x F86Z2465-2 SACA
Drake 934 wWw 1992 Syngenta Seeds UK UK GEDIFLUX Motto x(Bounty x Galahad) SACA
Duxford 1725 wWw 2004 Syngenta Seeds UK UK DUS Solstice x Scorpion25 SACA
Dynamo 896 wWw 1991 Limagrain UK Ltd UK GEDIFLUX Hammer x Parade SACA
Eclipse 1126 wWw 1996 Syngenta Seeds UK UK TG NFC94334 x Drake 'sib’ SACA
Einstein 1376 wWw 1999 Limagrain UK Ltd UK TG NSL 91/1670 x NPL 94282 SACA
Ekla 724 wWw 1988(a) Unisigma GIE/Société Européenne de  France TG (Wizard x 1425% (1144 x Talent) BBSRC
Semences Europe NV SA
Electron 1196 ww 1997 Secobra Recherches France DUS Pastiche x Genial NIAB
Encore 881 ww 1991 Plant Breeding International Cambridge UK GEDIFLUX Apostle x Haven SACA
Equator 1463 ww 2001 Plant Breeding International Cambridge UK DUS Equinox x Charger NIAB
Equinox 983 ww 1993 KWS UK Ltd UK TG CWW 444264 x (Rendezvous x Obelisk) SACA
Estica 775 ww 1991(b) Cebeco Zaden BV/Innoseeds BV Netherland TG Arminda x Virtue SACA
Exeter 1512 ww 2001 Nickerson International Research UK TG (Flame x Brigadier) x Rialto SACA
Explosiv 1152 ww 1996 KWS UK Ltd UK DUS Talon x Hussar NIAB
Exsept 1213 ww 1997 Limagrain UK Ltd UK TG Hereward x (Moulin x Boxer) ECPGR
Extend 1464 ww 2001 Plant Breeding International Cambridge UK DUS P-1527 xConsort NIAB
Falstaff 1031 ww 1994 Plant Breeding International Cambridge UK TG (Hussar x Beaver) x Hunter SACA
Fastnet 1549 ww 2002 KWS UK Ltd UK TG Buster x Equinox SACA
Feast 1271 ww 1998 Plant Breeding International Cambridge UK DUS ((Slejpner xTorfrida 'sib’) x Beaufort) x Rialto NIAB
Fenda 811 ww 1990 A.W. PAGE Plant Breeders Ltd UK GEDIFLUX TJB 9894 x MMG 41767 SACA
Fender 1263 ww 1998 KWS UK Ltd UK DUS 93-13 x Beaver SACA
Fielder 1367 ww 1999 Pioneer HiBred - DUS (Brutus x Lynx) xRialto NIAB
Flair 1120 ww 1996 Hans Schweiger & Co. OHG Germany TG Ares x Marabu (Deu) ECPGR
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Flame 847 ww 1990 Limagrain UK Ltd UK TG Taurus x Moulin SACA
Flaxen 1400 ww 2000 Syngenta Seeds UK UK DUS NFC-6929 x NFG343613-C-A SACA
Fletum 803 wWw 1990 Semundo BV Netherland GEDIFLUX - -

Frelon 1277 wWw 1998 Plant Breeding International Cambridge UK DUS (Genial x Torfrida) x Soissons SACA
Fresco 672 wWw 1988(a) Plant Breeding Institute/NSDO UK DUS Moulin x Monopol SACA
Galahad 440 wWw 1983(a) PlantBreeding Institute/NSDO UK GEDIFLUX (Joss Cambier x Durin) x Hobbit 'Sib’ SACA
Galatea 943 wWw 1992 Plant Breeding International Cambridge UK GEDIFLUX Sicco 'sib' x Galahad ECPGR
Gallant 1766 wWw 2005 Syngenta Seeds UK UK DUS (Malacca x Charger) x Xil9 SACA
Gatshy 1546 wWw 2002 Limagrain UK Ltd UK TG Nelson x Wasmo SACA
Genesis 800 wWw 1990 Serasem Recherches France GEDIFLUX Arminda x TIB 363 SACA
Genghis 1153 wWw 1996 KWS UK Ltd UK TG Rialto x 241-420 SACA
Gladiator 1442 wWw 2000 Plant Breedindnternational Cambridge UK DUS Falstaff x Shannon SACA
Glasgow 1482 wWw 2001 Saaten Union Recherche France TG (Ritmo x ZE.90- 2666) x ZE.91.11658 SACA
Goldlace 1206 wWw 1997 Plant Breeding International Cambridge UK BSPB Consort x (Rendezvous x Haven) NIAB
Goodwill 1353 ww 1999 Limagrain UK Ltd UK TG Flame x Hunter SACA
Granta 296 ww 1980(a) Limagrain UK Ltd UK TG Cariba x Kranich BBSRC
Gulliver 1621 ww 2003 Nickerson International Research UK DUS Shamrock x Aardvark SACA
Harbour 1370 ww 1999 Syngenta Seeds UK UK DUS Consort x NFE5204 SACA
Harrier 978 ww 1993 Limagrain UK Ltd UK DUS Soldier x Beaver SACA
Harrow 1251 ww 1998 Syngenta Seeds UK UK DUS NFC-967-18 x Drake NIAB
Haven 694 ww 1990 Institute of Plant Science UK TG (Hedgehog »Norman) x Moulin SACA
Hereford 1731 ww 2004 Sejet Plant Breeding Denmark DUS Solist x Deben SACA
Hereward 736 ww 1991 Institute of Plant Science UK TG Norman 'sib' x Disponent SACA
Heritage 1443 ww 2000 Plant Breeding International Cambridge UK TG Charger x Equinox SACA

54



Chapter I.2 YR association panel

Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Hobbit 179 wWw 1977b) Institute of Plant Science UK TG ((C112633 x Cappelle desprez) x (Cappelle desprez x ECPGR

Heines 110) x Professeur Marchal) x ((Marne Desprez

VG 9144) x Nord Desprez)
Holster 992 ww 1993 Limagrain UK Ltd UK GEDIFLUX Fresco x Rendezvous NIAB
Hornet 591 wWw 1986(a) Institute of Plant Science UK TG Norman x Hedgehog SACA
Hourra 1556 wWw 2002 Adrien Momont et Fils France TG M H91-16 x M H 4864 NIAB
Hudson 982 ww 1993 KWS UK Ltd UK DUS (Riband x Rendezvousk Riband NIAB
Humber 1652 wWw 2003 KWS UK Ltd UK TG Anglo x Krakatao SACA
Hunter 828 ww 1990 Plant Breeding International Cambridge UK GEDIFLUX Apostle x Haven SACA
Hurley 1577 ww 2002 Elsoms Ltd UK UK TG V1-DH-4 /| CE 4224 SACA
Hussar 817 ww 1989 Limagrain UK Ltd UK DUS Squadron x Rendezvous SACA
Hustler 230 ww 1978 Institute of Plant Science UK TG Maris Huntsman XL 365a/25(=Durin) SACA
Hyperion 1561 wWw 2002 Nickerson International Research UK TG Aardvark x (Consort x Woodstock) SACA
Impala 970 wWw 1993 Plant Breeding International Cambridge UK TG Andante x Dean SACA
Insight 1359 wWw 1999 Plant Breeding International Cambridge UK DUS Flame x Hussar NIAB
Isengrain - wWw 1997 SAS Florimond Desprez France GEDIFLUX Apollo (Deu) x Soissons ECPGR
Isidor 1489 wWw 2002(b) Unisigma GIE/Société Européenne de  France TG Victo x UN-47 NIAB

Semences Europe NV SA

Istabraq 1426 ww 2000 Nickerson International Research UK TG Claire x Consort SACA
Jacadi 1008 ww 1994 Lemaire Deffontaines France BBSRC FLorin x Brimstone SACA
JB Diego 1737 ww 2004 Saatzucht Josef Breun GdbR Germany DUS 3351B2 xSTRU2374 SACA
Joss Cambier 88 ww 1968 Cambier Freres France TG (Heine 7 x Tadepi) x Cappelle Desprez SACA
Kador 205 ww 1977 Serasem Recherches France TG (Champlein xCappelle Desprez) x B 21 (=Versailles) SACA
Kempt 1275 ww 1998 Plant Breeding International Cambridge UK DUS (Madrigal 'sib' x Beaufort) x Consort NIAB
Ketchum 1765 ww 2005 Syngenta Seeds UK UK DUS Solstice x Xi 19 SACA
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Kinsman 178 wWw 1970s Instituteof Plant Science UK TG ((C112633 x Cappelle Desprez) x (Hybrid 46 x Cappell BBSRC
Desprez) x Professeur Marchal) x Maris Ranger
Kipling 1578 wWw 2002 SAS Florimond Desprez France BBSRC Hunter x 92054 SACA
Krakatoa 1047 wWw 1994 KWS UK Ltd UK TG Apollo(deu) x CWW444264 SACA
KWS horizon 1882 wWw 2006 KWS UK Ltd UK DUS Cordialex Robigus SACA
Lancelot 770 wWw 2002(b)  Verneuil Recherche SA/Limagrain France TG - -
Leo 826 ww 1990 Nickerson International Research UK GEDIFLUX Kristall x Marksman BBSRC
Limerick 1726 ww 2004 Syngenta Seeds UK UK DUS Solstice x Scorpion 25 SACA
Longbow 364 ww 1983 Institute of Plant Science UK GEDIFLUX TJB 268175 x Hobbit SACA
Lorraine - ww 1998 Etablissements Claudgamille Benoist France TG - -
Lynx (1) 704 ww 1980s MMG Agriseed UK TG Arminda x Norman BBSRC
Lynx (2) 856 ww 1990 KWS UK Ltd UK DUS Rendezvous x CWW442-64 SACA
Macro 1262 ww 1998 KWS UK Ltd UK TG (Orestis x 5006)x 911 SACA
Madrigal 973 ww 1993 Plant Breeding International Cambridge UK DUS Hussar x Beaver SACA
Magellan 945 ww 1992 KWS UK Ltd UK GEDIFLUX CWW-446264 x Rendezvous SACA
magnitude 1467 ww 2001 Plant Breeding International Cambridge UK DUS Classic x Charger NIAB
Malacca 980 ww 1993 KWS UK Ltd UK TG Riband x(RendezvousApostle) SACA
Mallet 1361 ww 1999 Plant Breeding International Cambridge UK DUS ((Obelisk x Haven)x Haven) x Rialto SACA
Maris Beacon 41 ww 1968(a) Institute of Plant Science UK BBSRC ((C112633x (Cappelle Desprgs) x Hybrid 46) x SACA
Professeur Marchal
Maris Freeman 103 ww 1974(a) Institute of Plant Science UK TG Maris Ranger x Maris Widgeon SACA
Maris Huntsman 66 ww 1972 Institute of Plant Science UK GEDIFLUX ((Cl1 12633x (Cappelle Desprgs) x Hybrid 46) x SACA
Professeur Marchal
Maris Templar 67 ww 1968(a) Institute of Plant Science UK BBSRC (((CI-12633 x Cappelle Desprez) x (Heines 110 x Capp ECPGR

Desprez)) x Nord desprez) x Viking
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Marksman 1687 wWw 2004 R2N/RAGT Seeds Ldt UK DUS 98STO08 x Aardvark SACA
Marshal 1078 wWw 1995 Limagrain UKLtd UK BBSRC Kontiki x Brigadier SACA
Mascot 1532 wWw 2002 Monsanto UK DUS Reaper x Rialto SACA
Maverick 1035 wWw 1994 Limagrain UK Ltd UK TG Talon x Torfrida SACA
Mayfair 1409 wWw 2000 Limagrain UK Ltd UK DUS Lynx x (Genesis x Rialto) NIAB
Mayfield 1461 wWw 2001 Plant Breeding International Cambridge UK DUS Falstaff x Ritmo NIAB
Mega 109 wWw 1974 Nickerson UK UK GEDIFLUX (Cappelle Desprez x H 2596) x 6003 SACA
Mercia 533 wWw 1986 Institute of Plant Science UK TG (Talent x Virtue) x Flanders SACA
Milestone 1199 wWw 1997 Limagrain UK Ltd UK DUS Vivant x Estica SACA
Monty 1727 wWw 2004 Syngenta Seeds UK UK DUS Robigus x NFE10035 SACA
Monument 1441 wWw 2000 Plant Breeding International Cambridge UK DUS Falstaff x Ritmo NIAB
Moulin 486 wWw 1985(a) Institute of Plant Science UK TG (CIMMYT CB 306Y70 x Maris Widgeon) x Hobbit 'sib' SACA
Napier 1147 wWw 1996 Plant Breeding International Cambridge UK GEDIFLUX Hussar (Gbr) x Lynx SACA
Newhaven 942 wWw 1992 Plant Breeding International Cambridge UK DUS - -
Nexus 1240 ww 1997 Svalof Weibull (Plant Breeders Ltd) Germany DUS Hussar x Adroit NIAB
Nijinsky 1427 ww 2000 Nickerson International Research UK TG Claire x Consort SACA
Norman 321 ww 1981 Institute of Plant Science UK TG TJB-268-175 x Hobbit 'sib’ SACA
Oakley 1658 ww 2003 KWS UK Ltd UK TG (Aardvark 'sib' x Robigus) x Access SACA
Ochre 1606 ww 2003 Monsanto Technology LCC/Ragt seeds L UK DUS 98ST31 x Cortez SACA
Odyssey 1211 ww 1997 Syngenta Seeds UK UK TG Rialto x Drake SACA
Option 1200 ww 1997 Plant Breeding International Cambridge UK GEDIFLUX Vivant x Rialto 'sib' SACA
Orestis 755 ww 1988(a) Saatzucht H. Strube Germany TG Obelisk ECPGR
Orton 1210 ww 1997 Syngenta Seeds UK UK DUS NFC4031 x Rialto NIAB
Ostara 863 ww 1990 Plant Breedindnternational Cambridge UK GEDIFLUX - -
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Oxbow 1202 ww 1997 Plant Breeding International Cambridge UK TG Brigadier x Consort NIAB
Pagan 1478 Sw 2001 KWS UK Ltd UK DUS Savannah x 993 NIAB
Parade 565 wWw 1987(a) Limagrain UK Ltd UK GEDIFLUX Granta XxMarksman SACA
Pastiche 671 wWw 1988(a) Plant Breeding Institute/NSDO UK TG Jena x Norman SACA
Pennant 1450 wWw 2000 Elsoms Ltd UK UK DUS Malacca x F392054 SACA
Phlebas 1278 ww 1998 KWS UK Ltd UK TG (89-13 x 5006) x 5006A SACA
Piranha 1541 wWw 2002 Limagrain UK Ltd UK TG Claire x Krakatoa SACA
Posit 1269 wWw 1998 Plant Breeding International Cambridge UK DUS Consort x Madrigal NIAB
Potent 1205 wWw 1997 Plant Breeding International Cambridge UK TG Spry x Rialto NIAB
PR21R60 1321 ww 1999 Pioneer HiBred USA DUSs FBP0091 x FVP0040 NIAB
Predator 1499 wWw 2001 Syngenta Seeds UK UK BBSRC Stainton x Eclipse 'sib' SACA
Prophet 867 wWw 1990 Syngenta Seeds UK UK GEDIFLUX Moulin x (Braco x VPM) SACA
QPlus 1789 wWw 2005 Nickerson InternationdResearch UK DUS Drifter x Solstice SACA
Quest 1392 ww 2000 KWS UK Ltd UK TG 94-35 x Hudson SACA
Raglan 1456 ww 2001 Mike Pickford - TG Charger x Abbot NIAB
Raleigh 933 ww 1992 Syngenta Seeds UK UK TG Motto x (Bounty x Galahad) SACA
Rampart 1272 ww 1998 Plant Breeding International Cambridge UK DUS ((Rialto 'sib’ x Torfrida) x Rialto) x Brutus NIAB
Ranger 1157 ww 1996 KWS UK Ltd UK DUS Blitz x CPB188 NIAB
Reaper 932 ww 1992 Syngenta Seeds UK UK TG Haven x NFG251 SACA
Rendezvous 585 ww 1985(a) Institute of Plant Science UK DUS (VPM1 x Hobbit 'sib") x Virtue SACA
Renown 827 ww 1990 Plant Breeding International Cambridge UK GEDIFLUX Squareheads Master*Swedish Squarehead BBSRC
Reydon 1201 ww 1997 Plant Breeding International Cambridge UK BSPB Beaufort x Haven NIAB
Rialto 858 ww 1990 Plant Breeding International Cambridge UK TG Haven'sib' x Fresco'sib’ SACA
Riband 628 ww 1989 Plant Breeding International Cambridge UK TG Norman x (Maris Huntsman x TW 161) SACA
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Richmond 1257 wWw 1998 LimagrainUK Ltd UK TG Flame x Brigadier SACA
Ritmo 955 wWw 1992 Cebeco Zaden BV/Innoseeds BV Netherland TG ((Hobbit x (Line 1320 x Wizard)) x Marksman) SACA
Rivet 1364 wWw 1999 Plant Breeding International Cambridge UK DUS (Hussar x Buster) x Beaufort NIAB
Robigus 1330 wWw 1999 KWS UK Ltd UK TG composite cross SACA
Rosario 1516 wWw 2001 Secobra Recherches France DUS Magellan x Charger NIAB
Rosette 1088 wWw 1995 Plant Breeding International Cambridge UK DUS - -
Rubens 966 wWw 1993 Verneuil Recherche SA/Limagrain France TG (MD-286 x Pernel) x Genial ECPGR
Russet 948 wWw 1992 KWS UK Ltd UK DUS (Fresco x Rendezvous) x 4442/64 NIAB
Sabre 1295 wWw 1998 Nickerson International Research UK BBSRC - -
Sahara 1649 wWw 2003 Limagrain UK Ltd UK TG Savannah x Claire SACA
Samurai 1497 wWw 2001 Deutsche Saatveredelung AG Germany BBSRC (Texel x Transit) x Lynx NIAB
Sancerre 1428 wWw 2000 Nickerson International Research UK DUS - -
Sarek 765 wWw 1992(a) W WEIBULL/Svalof Weibull AB Sweden GEDIFLUX Holger x (Maris Hunstman Rilbo) SACA
Savannah 1033 wWw 1994 Limagrain UK Ltd UK TG Riband x Brigadier SACA
Scandia 1469 ww 2001 Plant Breeding International Cambridge UK DUS Aardvark x Charger NIAB
Scorpion 25 1335 wWWw 1999 Advanta Seeds UK Ltd UK TG W929029x Cadenza SACA
Senator 1395 ww 2000 KWS UK Ltd UK TG Krakatoa x Beaufort SACA
Shamrock 1092 ww 1995 Limagrain UK Ltd UK TG Fresco x complex TIG323-3M SACA
Shango - ww 1994 Plant Breeding International Cambridge UK TG Fresco x Tiresius ECPGR
Shannon 938 ww 1992 PlantBreeding International Cambridge UK DUS - -
Slade 1204 ww 1997 Plant Breeding International Cambridge UK DUS ((Norman x D844-12) x Haven) x Consort NIAB
Slejpner 537 ww 1986 WEIBULLSHOLM Plant breeding Sweden GEDIFLUX (W 20102x CB 149 x Maris Huntsman) x Maris Bilbo ~ SACA
institute/Svalof Weibull
Smuggler 1415 ww 2000 Limagrain UK Ltd UK BBSRC W930752 x 643283 B SACA
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Soissons 834 ww 1987(a) SAS Florimond Desprez France DUS Jena x Hybride Naturel 35 SACA
Soldier 760 wWw 1980s Limagrain UK Ltd UK BBSRC Sqgaudron x Rendezvous ECPGR
Soleil 610 wWw 1985(a) Lemaire Deffontaines France TG LD339x (Joss x Top) SACA
Solstice 1282 wWw 1998 Limagrain UK Ltd UK TG Rialto x Vivant SACA
Spaldings prolific - ww 1923 - UK BBSRC - -
Spark 808 wWw 1990 LimagrainUK Ltd UK TG Moulin x Tonic SACA
Spry 937 wWw 1992 Plant Breeding International Cambridge UK DUS - -
Squadron 626 wWw 1980s MMG Agriseed UK GEDIFLUX MMG 037018 x F1(MMG 44247-1 x MMG 46688) ECPGR
Steadfast 1440 wWw 2000 Plant Breeding Internation&ambridge UK TG Drake x Madrigal SACA
Stetson 389 wWw 1983 Limagrain UK Ltd UK GEDIFLUX (TP 226 x Lincoln) xBenno SACA
Storm 1286 wWw 1998 Limagrain Nederland BV Netherland TG Apollo x Trawler SACA
SW Maxi - wWw 2002 Svalof Weibull AB/Lantmé&nnen SW Seed Germany TG - -
Hadmersleben GmbH
SW Tataros 1435 ww 2000 Lantmannen SW Seed Hadmersleben  Germany TG Rendezvous x tambor ECPGR
GmbH
Talon 728 wWw 1992(a) Nordsaat Saatzuchtgesellschaft Germany TG (Maris Huntsman x Sava) x (NS 372 x Maris Huntsman SACA
Tambor - wWw 1995 Lanltjmannen SW Seed Hadmersleben ~ Germany TG (Hadmerslebene2638478 x Taras) x Taras ECPGR
GmbH
Tanker 1234 ww 1997 Elsoms Ltd UK UK TG Beaver x Zodiac SACA
Tara 735 ww 1989(a) Institute of Plant Science UK GEDIFLUX (Clement x Marksmary Brock SACA
Tellus 1326 ww 1999 KWS UK Ltd UK TG composite cross SACA
Tempest 1028 ww 1994 Plant Breeding International Cambridge UK BSPB - -
Temple 1019 ww 1994 Innoseed BV Netherland BSPB - -
Thatcher - sw 1934(a) Minnesota Agricultural Experimei@tation USA BSPB (Marquis x Lumillo) x (Marquis x Kanred) BBSRC
Tilburi 1020 ww 1994 Hybritech Europe SNC France TG Pernel x Kurt ECPGR
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Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee

Tiller 1050 ww 1994 Syngenta Seeds UK UK BSPB Riband x Hussar SACA

Timber 1644 wWw 2003 Saaten Union Recherche France TG Terrier x Hamac SACA

Tommy 23 wWw 1971(a) Etablissements Claud@amille Benoist France TG Champlein x (Petit Quinquin x Hybrid 40) x (Thatcher x BBSRC

Vilmorin 27)

Tonic 496 sw 1985(a) Limagrain UK Ltd UK DUS RPB 8773 x RPB 9473 SACA

Torfrida 787 wWw 1992 Plant Breeding International Cambridge UK TG Rendezvous x (Moulin x Mercia) SACA

Toronto 773 wWw 1990(c) Saatzucht Streng GmbH & Germany GEDIFLUX (Disponent x WEIHENSTEPHANE®R16-67) x ECPGR
co./Saatzuchtgesellschaft Kronjuwel

Travix 1226 ww 1997 KWS UK Ltd UK DUS Rialto x Lynx NIAB

Trend 844 ww 1990 KWS Lochow GmbH Germany GEDIFLUX - -

Turpin 886 ww 1991 Syngenta Seeds UK UK GEDIFLUX - -

Urban 682 ww 1981(a) Saarzuchtwirtschafte Germany GEDIFLUX Kranich x Diplomat SACA

Vault 1273 wWw 1998 PlantBreeding International Cambridge UK DUS (Tara x Haven) x (Andante x Haven) NIAB

Vector 1414 wWw 2000 Limagrain UK Ltd UK TG Ekla x Nova x Haven SACA

Verdon 1195 wWw 1997 Secobra Recherches France BSPB Hereward x Genial NIAB

Veritas 829 wWw 1990 PlantBreeding International Cambridge UK GEDIFLUX - -

Vilmorin 27 - wWw 1928 Vilmorin France TG (Dattel x (Japhet x Parsel)) x (Hatif Inversable x Bon ECPGR

Fermier)

Virtue 276 ww 1979 Institute of Plant Science UK TG Maris Huntsman x Maris Durin SACA

Virtuose 1292 ww 1998 Institut National de la Recherche France TG (VM-713 x CF1851) x (CF1616 x G103) ECPGR
Agronomique

Vivant 1003 ww 1990 Plant Breeding International Cambridge UK DUS Boxer x Gawain ECPGR

Vuka - ww 1975 Hohenheim University Germany GEDIFLUX Fiorello x U 1(=Osjecka Sisulja) BBSRC

Warlock 24 1336 ww 1999 Limagrain UK Ltd UK TG W929029 x Cadenza SACA

Warrior (1) 994 ww 1993 Limagrain UK Ltd UK BSPB Sniper x Rendezvous SACA

61



Chapter I.2 YR association panel

Table 11-3: Continued

Variety name AFP ww/sw  Year Breeder Country Seed source Pedigree Spgl?r'géee
Warrior (2) 1865 wWw 2006 Societe R2N/RAGT France DUS CM8228 xRobigus NIAB
Wasp 776 wWw 1990(a) Limagrain UK Ltd UK TG Galahad x Boxer SACA
Welford 1449 wWw 2000 Elsoms Ltd UK UK TG CWW-9-21 x FD92054 SACA
Wellington 1048 ww 1994 Syngenta Seeds UK UK TG Haven x NFC257 SACA
Weston 1040 wWw 1994 Elsoms Ltd UK UK TG Apollo (Deu) x Rendezvous SACA
Wickham 1149 wWw 1996 Plant Breeding International Cambridge UK DUS Rialto x Morell NIAB
Windsor 1300 wWw 1998 Saatzucht Josef Breun GdbR Germany DUS Apollo (Deu) x Gawain ECPGR
Wizard 1328 wWw 1999 KWS UK Ltd UK DUS Consortx Chianti SACA
Woburn 1259 wWw 1998 Limagrain UK Ltd UK DUS Flame x Hunter SACA
Woodstock 848 wWw 1990 Limagrain UK Ltd UK GEDIFLUX Longbow x Septoria resistant selection SACA
X119 1281 wWw 1998 Limagrain UK Ltd UK TG (Cadenza x Rialto) x Cadenza SACA
Zaka 1329 wWw 1999 KWS UK Ltd UK DUS Krakatoa x 9435 NIAB
Zebedee 1545 wWw 2002 Limagrain UK Ltd UK TG Claire x Nelson SACA
Zodiac 810 wWw 1990 Limagrain UK Ltd UK GEDIFLUX Hammer x Parade SACA
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CHAPTER Ill.  YELLOW RUST HISTORICAL RESISTANCE
PHENOTYPES

1 INTRODUCTION

To study resistance to wheat yall rust in elite UK wheat germplasm, the first step
was to collect historical resistance data. These historical data consistedlwdtionsof
varietal resistance toontemporaeouswheat yellow rust isolatesonductedbetween 1990
and2010.They came pmarily from the UK Cereal Pathogen Virulence Survey (UKCPVS),
laboratory longterm project which describes and monitors virulences in the yellow rust
population and evaluates the resistance of wheat varieties on the UK Recommended List
against emerging Ylew rust isolates. UKCPVS evaluations were complemented by official
variety testing conducted in the context of national and recommended list trials. These trials
are carried out each year to determine which new candidate varieties regyisteedin the
Food andenvironmentResearchAgency (FERANationallist andthe Home Grown Cereals
Authority (HGCA) Recommendd List in the UK. The historical datallow us to look at
resistance to WYR virulence spectra which are no longer represented in curreatipogul

Chapter Il provides an extensive description othe historical resistancedata
collected and underlines the unique approach taken to analyse the data prior

association mapping

2 NIAB WYR HISTORICAL RESISTANC E DATA

WYR adult plant fieldresistancevaluations from 1990 to 20t@&ve been collected.
The resistance evaluat®noriginated from the UKCPVShe National List (NL) and
Recommended.ist (RL) testing. Thetests werecarried outin the field or in polythene
tunnels on adult plants. Each trighs inoculated with a singstisolate, theFigurelll -1
providing an overview of the organisation of the WYR testing in the UK from which the
histarical data collected originate.

As the virulence spectrum of the specific isolates used was critical to the
interpretation of the adult plant phenotypeg also collected seedling test results from the
UKCPVS defining thevirulence spectrum oPstisolaies used in the adult plants tests
Typically, these seedling tests comprised reactioa @nge of differential hosts and known

varietiesto a given isolate
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Figure Il -1: Organization of the WYR resistance evaluation of wheat
varieties in the UK

2.1 UKCPVS Adult plant resistance data

The UKCPVSadult plantresistancgAPR) data consists of an annually updated
surveyof resistance oivheat and barleyarietiesfrom the HGCA recommended listWheat
APR datahave been collatefrom 1990 t02010.From 1990 to 1993pnly thetrial means for
percentagenfection have been retrieved. From 1994 to 2Qd6t-level datafor the APR
testwere obtained.

The APR tests from the UKCPVS are inoculated tests Ratisolates selected from
isolates received by the survey over the previous season. The tests including two replicates
are sown in tussock plots and inoculated in early spring with a $dsgileolate. The disease
severity is recorded as percent leaf area infected usiniptégrmational ScaleT@blelll-1)
described byadoks (1961 The trial is assessed several times duMay and June, the
timing of the epidemic peak and therefore of scoring depending on environmental influences.
All useablescores a selected and averaged to represent the resistance score of each plot.
Up to 2001, the UKCPVS trials were conducted under polythene tunnels. From 2002, the
trials are conducted in field isolatiamurserieseach trial with a single Pssolate being

surronded by one meter high wind breaks as well as being isolated from each other by a
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large area of ryeA summary of the UKCPVS trials is published each year in the UKCPVS

annual reports.

2.2 NationalList andRecommendedlist data

The ARR test data from the UKRVS were complemergd with previously
unpublished single isolate APR data fréwationalList (NL) trials from 1990 to 200and
Recommendedist trialsfrom 1990 t02004 Plot data were recovered for trials from 1994
onward. Prior to 1994, only trial meariexpressed apercentleaf areainfected) were
available.

WYR evaluation for NL and RL testing consists of inoculated trigith two
replicates. The trials wermnducteckither in tussock plotfor oldest trialsor in drilled plots
of two one meter row for the most recent tridlbe severity of the diseas@asrecorded
several time during the epidemising the international cereal yellow rust kd@glple Il -1)
published byZadoks (196} Typically, two to three scores weselected and averaged to

represent the resistanseore of each plot.

Table Il -1: International scale usedto score the infection severity inWYR
UKCPVS and NL/RL trials

(adapted from Zadoks,1961)

_Perce_nt of Visual observation

infection

0 No infection observed

0.1 One stripe per tiller

1 Two stripes per leaf

5 Most tillers infected but some top leaves uninfect
10 All leaves infected but leaves appear green over:
25 Leaves appear halifected and half green

50 Leaves appear more infected than green

75 Very little green tissue left

100 Leaves dead, no green tissue left

2.3 UKCPVS seedling tests

Most Pstisolates used in APR tests have been characterised for the presence or
absence of virulence to a series of known (though not necessarily named) resistance genes by
means of inoculated tests of a differential set of varietteseedling stageSeedling tets
from 1987 to 2010, covering the testing period of these isolates, have been obtained from the
UKCPVS and NIAB archives. Thegrovide information defimg the virulence profile or

pathotype for each isolate.
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The seedling tests collected are primarilyuience tests based on WYR differential
hosts; they are carried out on isofateceived by the UKCPVS. Additional seedling tests on
recommended varieties were also collected when available. All the seedling tests have been
done by the UKCPVS in spomod facilities. 10 seedlings of each variety were inoculated
with specific Pstisolates and approximately 14 days later, the disease infection type was
scored on individual first leaves using a 6 points scale based on Gassner anfl$3@jb
published byZadoks (1961. The final score recorded is an average infection type calculated

from 10 individual leaves score using numeriegliivalenceTablelll -2).

Table lll -2 : WYR seedling infection key used by UKCPVS

Average

Infection type Description symptoms weighting

i No observable reaction

0 Area of chlorosis /necrosis, No pustulation

| Very few pustules of low spore production with chlorosis /necrosis
Il Pustules of low spore production with or without chlorosis /necrosis
1] Pustules of high spore production with chlorosis

v Pustules of high spore production without chlorosis

A WONPFEL O

The first system of pathotymescriptionfor WYR based on host differentiakries
was proposed by Gassner and StrdiB32. A similar system based on the proposal of
Johnson et al(1972 continues to be use nowadays by the different surveys worldwide
(Mclntosh et al., 1995 However thecomposition ofdifferential hostsseries in use varies
greatly over time and from place to plathe pathotype descriptiaa based on the response
of a set ofdifferential hoss inocuated with a single Pssolate The differentialsareselected
to carrysingle or limited resistance genes.

To test the virulence of UIRstisolates, the UKCPVS uses a set of differential host
varieties, including a common core of differentials as described by Johnson et al. (1972),
with a number of additions and subtractions made over the past three decaeftect to

local virulencechangesindthe introduction ohovel Yr genes

2.4 Historical data database and organisation

To search the historical data @uted depending on the isolapathotype, a
relational database between the resistance phenotype and the pathogen isolatee virule
profile has been created. The relational datalmageoves the miningf the historic data and
helps to select subsadf phenotypes for subsequent association analyaethermore the
database includes informati collected on wheat varieties.

The data collected have been organised in five $abkedescribes below:
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- The AVARIETYO tabl e des cgalhdrsisformatioe whe a

project (pedigree,
- The AAPT mean scoreso tabl

varieties within an adult plant trial.

coll ected during the

e contains 1

TheAd SDT S @albecontairs theellow rust scordrom seedling tests.

- The AAPT Description and Link SDTo tabl

layout, WYR isolate, source data) and gives a reference seedling test for the
pathotype definition.

- The ASDT Description and hPsaedlingp test p e 0 t

collected (year, WYR isolate, source data) as well as the pathotype description
of the isolate for the virulence factor selected.
The five tables have been upleado a Microsoft Office AccesdB and logical
relationships implemented asutiitrated inFigure lll -2. Table -1 summarizes the different
fields used in hHe database. This organization perntiie designof logical queries for

instance to select APT data inoculated with isolategainingspecific virulence factors.

i

Figure Il -2 : Schematic of WYR SDTAPT NIAB Database from Microsoft
Office Accesdncluding relationships between tables.
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Table Il -3 : Description of WYR SDT-APT NIAB Database fields

Fields

Description

AFP

ALTERNATIVE_NAME

AFP numbera unigue numerical codgiven to a varietyipon submission of an applicatior
for plant breeders rights
Alternative names known for a variety

APT_ID Unique identifier for each APT

APT_LAYOUT Trial layout (field isolationpolythene tunnel or spreader bed)
APT_MEANSCORE Averagepercentyellow rust severity for each variety within an APT
APT_NUM Number given to APT the year it was conducted

APT_TYPE Origin of the APT (UKCVPS\ational List trial or Recommendedtist trial)
APT_YEAR Year of APT

BREEDER Name of the breeder

CODE_BREEDER
COUNTRY_BRREDER

Original code for the variety given by the breeder
Country of the breeder

DART Auvailability of DArT genotype data at NIAB (Yes or No)
GENERAL_PEDIGREE Pedigree collected
ISOLATE_ID WYR isolate identifier

ISOLATE_NUMBER
ISOLATE_YEAR

Number given to WYR isolate in order of reception each year
Year of collection of the WYR isolate

NL_STATUS Status of the variety with respect to the 2010 NL
PATHO_consensus SDT identifier for a consensus pathotype
PATHO_single SDT identifier for a single virulence test

PATHOTYPE_UKCPVS
REF_FOR_YEAR

Pathotype defiedby the UKCPVS and published in UKCPVS reports
Reference used for the VARIETY_YEAR (SACA, NIAB, UfgbBankvurv.c3

SDT_ID SDT identifier, unique.
SDT_SCORE Score SDT using 0 to 4 scale
STD_SCORE_UKCPVS  Score SDT done in paralle theUKCPVSAPT if available
SDT_TYPE Type of SDT (virulence test or resistance evaluation)
SDT_YEAR Year of SDT
VARIETY_NAME Variety common name
VARIETY_ID Variety identifier, unique.
VARIETY_YEAR Year plant breeder right application or first year of commercialisation of a variety
WHEAT_TYPE Seasonal type of a variety (winter wheat, spring wheat or unknown)
Yrlto YrA Presencef a specific virulence factor, fo
factorvirL,onold means oé&b s?éonntecafin s presence of V
YR_GENES Yr genes known and suspected to be present in a vadséyl on literature
3  DATA ANALYSIS

3.1 APR data analysis

Prior to analysis, APR data were validated to remove duplicate recbhds.

historical APR data collected came from artificially inoculated trials with seletd

isolates. For UKCPVS testBstisolates are selected every year to represent the most recent
emerging pathotypes, but they do not fully represent the natural virulence frequencies
present within the UKPstpopulation. Some pathotypes will be overrepresented while others
will be underesmated. While Pst isolates used in NL/RL trials can be considered
representatives of the most predominant pathotypes at the time of testing, only a limited
number of varieties have been repeatedly evaluated over the Me#Rd. trials therefore
provide alargely incomplete varietyear matrix which does not allow investigation of the

evolution of variety performance over time. The limited number of varieties tested in any
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given year also precluded conducting meaningful association scans using datasets fro

individual isolateyear APT and drove us instead to aggregating data over tests and years.

To derive means from a gappy matrix with common controls, a varieREML
corrective modelasimplemented in GenStat 13(Rayne et al., 20Q9were tested in order
to obtain aBest LinearUnbiased Predictor (BLUP) for each variety and dataset considered
The adjusted means from those modeland mean +BLUPWill be used directly in the
association mapping analysis. The adjusted mean is an estimation of the intrinsic resistance
value of eah line.

Because of computational constraints (power and memory), the analysis have been
done in two steps.

To start, a simplified model including fixed effects was used in order to evaluate the
effect of replicate within trial. Secondly, a more complardel was fitted to obtain an
adjusted mean for each variety representative of the genetic variation while controlling other
sources of variation e.g. year, layout, isolates. The objective of the model here is not to
investigate the biological background the variations observed but only to obtain an
adjusted mean for each variety suitable for association mapping.

To study the replication effect within trial, plot data from 1994 to 2010 were
analysed using REML. The following model was tested:

(. 1)

@ is the historical WYR severity of the varietyri,the trial j,in block ku is the
overall mean is the effect of théivariety; “Yis the effect of thérial j (isolate
effect is confounded with trial effect heré); is the effect of the & bloc within
the trial j; Q is the residualVarieties, trials and blockvere treated as fixed

factors.For the analyses, severity data are transformed usjfgt) to obtain a
near normal distribution.

To obtain an overall adjusted mean for each variety, a model including alvdawo
interactions waditted; threeway interactions were not included because of computational
limits. As we were constrained orower and memory, all components of the model were
fitted as Random. Thus, in presence of lot of missing data, the Bayesian approach seems to
be most appropriate as means are weighed and adjusted depending of the data available. In
other words, if only oner two scores are available for a variety, BidJP will tend to be

closer to zero in order to reflect the uncertainty of the evaluation. On the other hraadyif
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data are available, the uncertainty decreases and the estimations will be kept further from
zero as the confidence on the estimation is higlledel (11. 2) isused as a starting point, it

is then adapted to each subset of data studied by dropping teansla not improve
significantly the model. Terms are dropped individually based @htast on the deviances

between two models.

()

w t o Y 0 06 wY wd wd YO YO 006 Q

@ is thehistorical WYR severity of the &fiety i, tested against isate |, in a
trial with a layoutm; in year n;u is the overall meany is the effect of the ith
variety;'Y is the effect of theust isolatd; 0 is theeffect of thelayout m ¢ is
the effect of the year np'Y, @0 , w06 ,Y0D ,YO ,0 06 are all two way
interaction between main effect® is the residual All components were
treated as randorfactors.For the analges, severity data are transformed using
log(x+1) to obtain a near normal distribution.

3.2 Seedling test analysidetermination of virulence factors

Based on the seedling data collected, the virulence of the isolates used in APR tests
was investigated. Ongoing evolution of the differensiaties used by the UKCPV34dble
III-4) means that the full description of virulence spectrum against all differential hosts ever
used contains some missing data. Therefore the pathot@sisblates for the purposes of
this study was described in terms of virulence of the common core of differential varieties
for which a complete dataset was availalllabje Ill-4). For example, to determine if an
isolate has the virulence facteir3 againstYr3a and Yr4a, the respnses to Vilmorin 23,

Nord Desprez and Cappelle Desprez were examined in this order of preference.

Isolate virulence spectire given based on 12 coregenes {rl, Yr2, Yra+Yr4da,
Yr3b+Yrdb Yr6, Y7, Yr8, Yr9, Yrl0, Yrl5, Yrl7, Yx32/irulence for Avocet R, Strubes
Dickkopf, Suwon 92/0Omar and Spalding prolific were also included to define pathotypes
despite a limited numbenf testing years as they are used in internatisoaleys (Chen,

2005 De Vdlavieille-Pope and Line, 1990Finally, the virulence respons seedling stage
aganst four UK wheat varietig Solstice, Robigus, Claire and Cadenza, were added to the
virulence definition.

The presence of specific virulence factors was determined based on the scores in
seedling test s as foll ows: ai.f Psrceosreent SOT (5D,
Indeterminate if 2 < SDT score > 3.hé&htwo or more seedling tests for a single isolate
were available @onsensus virulence profile wdecided, and inconsistencies between two

tests for a specific virulence were shown as undetenin
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Table Ill -4 : Virulence factors describing the Pst isolates and differentials
used

@ Yr genes referring toqChen and Line, 1992(Chen and Line, 1993b(Bayles,
200)),(Boshoff et al., 200 (Eriksen et al., 2004 (Chen, 200y, (Hovmgller,
2007 and(Lin and Chen, 2009

Years differential used in virulence test between 1990 and 201C

SISl uy IS W WY W Wi W~

Virulence Yr gene  Differentials associated with krown $188 828858 8l8l8lsl8lglglglslglglE

factor associated Yr genes in parenthese& B T T Ed T Tt T I E! e IR IR A IR IR IR I IR I

Virl Yrl Chinese 166Yrl) )| x| x| x| x| x|x|x]|x|x|x]|x|x|x]|x|x|x]|x|x|x

Vir2 Yr2 Kalyasona {r2) x| x| x| x| x|x]|x|x]|x x| x| x
Heines VII (Yr2,Yr25,YrHVI) X x| x| x| x|x|x]|x

Vir3 Yr3a +Yrda Vilmorin (Yr3a, Yr4a | x| x| x| x| x| x|x]|x|x]|x]|x]|x
Nord Desprez\r3a, Yrda4 x| x| x| x| x| x| x|=x]x|x]|x|x]|x
Cappelle Despre2/t3a, YrdaAPR sl el el sl sel | =
Yrle)

Vird Yr3b+Yrdb  Hybrid 46 (Yr3b Yrdb) x| x| x| x| x| x| x| x| x| x| x| x| x| <] x| x| x| x| x

Viré Yr6 Heines KolbenXr2, Yrg x| x| x| x| x| x]|x|x|x|x|x]|x|x|x|x|x]|x]|x]|x]|x|x
Heines Peko Y(r2, Yr6,Yr25 < | x| x| x| x| x]|x|x]|x|x]|x

Vir7 Yr7 Lee (Yr7,Yr22,Yr23 x| x| x|x|x x| x| x| x| x|x]|x|x]|x|x]|x]|x]|x
Brock (Yr7, APR Yr1 x| x x| x| x| x| x x| x| x| x| x| x| x
Reischerberg 42Y(7, Yr2§ x x| x| x|x|x|x
Tommy (Yr7) x x| x| x

Vir8 Yr8 Compair(Yr8, Yr19 < <[ x| x| x|x|x]x|x]|x x

Vir9 Yr9 Kavkaz x 4 Federartior¥(9) x| x| x| x| x| x| x x| x| x| x| x| x|x|x|x
Clement {r2, Yr9, Yr25, YrCle x| x x x| x| x| x| x|x]|x|x]|x

Virl0 Yr1l0 Moro (Yr10, YrMoj) x| x| x|x

Virl5 Yrl5s Yr15 AvocetNIL (Yrl5) x| x| x| x| x|x]|x|x]|x

Virl7 Yrl7 VPM1 (Yrl7) x| x| x| x| x| x|x[x|[x|x]|x x
RendezvougYrl?) x| x| x| x x| x| = x| x| x|x|x]|x x
ReaperYrl?7) x| x| x|x]|x x| x| x| x| =
Brigadier {(r9, Yrl13j x| x| x| x|x|x]|x]|x x| x| x| x| x| x| x|x]|x

Vir32 Yr32 Carstens V Yr32, Yr25 x| 55 o x| ox o x| x o x| x|

VirA YrA Avocet R {(TA) < x| x| x|x

VirSd YrSd Strubes DickkopfYrSdYr25 < x| x| x| x

VirSo YrSo Suwon92/Omar (¥So) < x| x| x|x

VirSP YrSP Spalding Prolific {rSP x x| x| x| x]|x|x]x

VirRob - Robigus X| x| x| x]x|x|x|x]|x

VirSol - Solstice x| x| x| x| x| x|x|x|x]|x

VirClaire - Claire X| x| x| x| x| x|x|x

VirCad - Cadenza x| x| x| x|x|x x| x| x| x| x| x|x]|x|x|x]|x

The seedling tests collected represent onlyhilgaly selectedsolates used in APR

tess. Therefore althoughtheyare all derived from the natural URstpopulation, virulence

frequencies in this set of isolates do not reflect natural virulémeopiencies They are

simply usel to identify the virulence profile of isolates used in APR tests.

Based on the pathotypes defined aboveisdates whose pathotgs all match

certain criteria will begrouped and APR tests including thogeupedisolatesjointly

analysed. Thigrouping of APRs is key to the task of association mapping using historical

APR phenotype data as a typical APR test involves inoculatian elverage db2 varieties

- a number too low to give any statistical poweavhereas the sum of varieties inoculated

with isolates matching a given criteridnf o r i nst ancYel, Yii2y Yra+¥rdag n t

Yr3b+Yrdh Yréd0 (t o t ak e o inrmeay retwrcrésulte foraa majdrity df varieties

on

in the panel. This presumed signal increase due to increase in panel size may be eroded by

the introduction of greater error in adjusted APR means calculated from grouped tests. This
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will be discussed in relatioto actual resultsbtained in Chapter VI. Fdhe purposes of this
chapter, the analysis of seedling tests is mainly descriptive and aims to identify subsets of
data representing a suitable number of varieties for association mapping.

4 RESULTS

4.1 Adult plart test datadescriptive analyse

Data from atotal of 3L3 WYR adult plant testsvere collected coveling 245
UKCPVS and 73 NL/RL trials from 1990 to 2010able lll-5), which together represent
20,932 data points. On average, 64 lines were tested each year in NL/RL trials and 40 each
year in UKCPVS trials. The distributiosf the raw severity scores ranges from 0% to 72.5%
and is skewed toward logeverity scoregFigurelll-5). Two thirds of the scores were less
than 5% severity. In 4162 of the ,806 varietytrial combinations, no symptom of su
(Severity= 0%) was observed. This is not surprising for two reasons. Firstly, the tested wheat
lines are potential commercial varieties (proposed for National listing or recently
commercialized), so it is to be expected that their level of resistanbe fairly high.
Secondly, in keeping with its mission as a forwhoking virulence monitoring study,
UKCPVSs pathotype selections often include isolates with an unusual virulence spectrum
which (at the time of isolation and testing) may only be viruleinb small humber of
cultivars.

The complete dataset represents 574 lines evaluated in at least one yealPagainst

A total of 310 of those lines were included in the YR Panel.
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Table lll -5: Summary APR data collected between 1990 and 2010.

Observations related to lines in the YR panel are indicated in parentheses. (a)
Infection levels from 2001 UKCPVS trials were nioicluded as the WYR
epidemics within those trials were too low; (b) Starting in 2004 Rie
evaluations were carried out usirgplate mixtures instead of single isolaseso

RL trials were only collected until 2003; () a similar manner\L trials were

only collected until 2004 due to the introduction of isolate mixtures into NL
evaluatiors garting in 2005

) Total ] Pst isolates
Lines tested . Trials
observations UKCPVS NLRL  Total
1990 125 (93) 1212 (1053) 29 22 5 24
1991 75 (69) 669 (639) 20 11 5 11
1992 71 (66) 803 (778) 25 16 5 17
1993 86 (63) 816 (678) 22 16 6 19
1994 85(78) 870 (828) 24 18 6 23
1995 83 (69) 714 (630) 20 14 6 20
1996 98 (81) 947 (846) 24 18 6 23
1997 117 (95) 585 (475) 10 4 4 8
1998 96 (80) 711 (631) 17 11 5 16
1999 102 (84) 516 (455) 13 10 3 12
2000 95 (83) 620 (564) 16 12 4 16
2004(a) 65 (52) 260 (208) 4 0 4 4
2002 118 (101) 805 (720) 20 10 5 14
2003 143 (125) 992 (920) 18 10 4 13
2004b) 94 (61) 610 (478) 14 10 4 14
2005c) 52 (52) 520 (520) 10 10 0 10
2006 49 (49) 343 (343) 7 7 0 7
2007 41 (41) 205 (205) 5 5 0 5
2008 39(39) 117 (117) 3 3 0 3
2009 44 (38) 220 (190) 5 5 0 5
2010 53 (30) 371 (210) 7 7 0 7

Each trial has been inoculated with a sinBk isolate. Of the 313 trials, only a
limited number have been carried using the same isolate as a total Bé28@ateshave
been used over thgears Figure ll1-3). The 202 isolates used in APR tests have been
isolated between 1987 and 2009; however each year is not repossgurally Tablelll -6).
71% of the isolates originated from samples received by the UKCPVS between 1989 and
1999, while 27% represent samples frod@€o 2009.
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Figure Il -3: Frequency of Pstisolates uses

Table lll -6: Year of isolations of the 20Pstisolates used in APR tests
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isolates

The evaluation of lines against different virulence factors does not allow a simple
compilation of data for analysis. Depending of the isolate, contradictory resistanceatevels
observed. The pm®menon is illustrated ifrigure Il -4 by cultivar Brock, which appears
susceptible and highly resistant within the same year of testing partidnld®98 and 2003
in NL/RL trials. Those observations emphasise the importance to gather the data based on
the virulence profile.

Additionally, Figure Ill-4 illustrated a strong trial effect within yeadue to the
inclusion in the same year of isolates virulent on wider and narrower spectra of lines.

Despite the confounding isolate effeleigurelll -4 suggesalsothe presence of year
effect, for instance 1993 and 1999 trial means show a low level of WYR infection, while
1994 and 2002r®w higher rust severity scordsarge annual fluctuains can be observed
in WYR severity score, as rust infection is highly influenced by climatic conditions
(temperature, hygrometry). For instari@ayles et al. (2002xplained the low level of WYR
infection in 2000/2001 season by the combination of a wet autumn, severe winter and wet
spring.In our dataset, the yearly environmental effect on WYR réigvis confounded with
isolateand variety effects, as each year is represented by a different set of varietiest and

isolates.
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Moreover the date of scoring selected each year will affect the percent of infection
recorded; later assessments are mé&stylito show higher levels of infection as the WYR
infection is not static but progresses throughout the growing season until the total senescence
of the plants

Finally, the layout of the trial§in spreader beds or tussock plot, in the field or under
polythene tunnelsmay influence the severity scoresThe different experiment layouts
affect the spread of the disease, first because of spatial organization plots and spreaders,

secondly because of the mieclimatic conditions created.

NL/RL trials
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Figure Il -4: Average WYR severity in trials collected between 1990 and
2010 and severity observed on cv. Brock

4.2 Replicateeffect withinAPR trial

The analysisusing the model KI.1) describedpreviously showed nosignificant
effect of the replications within trigfor daa collected from 1994 to 2010 -(Rlue from
Wald statistic =1),hHe relevant output from Genstaiigilable inAppendix3.

75



Chapter IlI: Yellow rust historical resistance phenotypes

In the absence of a replicate effect, henceforth, all analyiidse done on means
of varieties fromeach tial. Analysing the means instead of the plot data has the advaotage
bringing the dataset from 2832 to more manageable 12,906 data poimtsregards to

computational power and memory required

4.3 Estimation ofline resistance value from APR data

The descriptive analysis of APR data demonstrated the major environmental effects
that can affect the evaluation of the resistance of varieties and that the mean infection level
obtained for eachariety depended on thigolates the year (climatic conditions, date of
scoring) and the layout of the test. Therefore, to obtain a single adjusted mean value per
variety,model (II. 2) was fitted to the complete dataset.

The term Isolate (fR and Layout (k) did notsignificantly improve model (Il.2)
basedn G2 test on deviance difference, and so the model was simplified as follows:

@ t w o oY wd wo YO YO 00 Q

(Genstat output is available Appendix3)

Adjusted means obtaingatesented a smoother distribution comparing to the raw
data (Figure 111-5), they varied between 0 and 17.6%. 44% of the YR panel lines are

represented by adjusted severity less than 1% which corresponds to a high level of
resistance, most probably explained by the presence of Rgjemes.
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Figure Il -5: Distributions of all historical rust severity scores prior
correction including 12,906 data points (raw data) and distribution of rust
severity score for each cv tested after statistical adjustment integrating the
year, the isolate ad the layout effects (adjusted means)

By comparing the adjusted resistance value obtdimed the fitted model with the
HGCA WYR resistance scores published for varieties in the Rigyrelll-6), a moderate
correlation was observed’#0.57). Thus, it demonstrates the usefulness of our model to
provide a meaningful resistance value for each varitgeasonably good correlation was
expected as thdGCA ratings are derivepartly from NIAB inoculated trialgesults.

Among the varieties highly resistant based aur adjusted score figure many
varieties rated resistant (score 7 to 9) by HGCA when last registered on the recommended
list: Xil9, Malacca, Deben, Option, Gatsby, Zebedee, Alchemy, Claire and others, a
complete list is available iAppendix4. However a few lines were scored 5 anoyHGCA
like Solstice, Duxford, Tonic, Mega admada. The discrepancies between our resistance
estimation andHGCA can be explained in the case of Solsaoel Duxford by the very
recent downgrading of these varieties b9 4 poi nt s due to the emer ge
race, which was only represented in 2009 and 2010 historical phenotyp&laatarieties
Armada and Megare known to carry théPR geneYrl2 the virulence forYrl2 was

frequent when those two varieties were scored by HGCA in the 1970s and 1980s, since the
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virulence forYrl2 seems to have disappear@bsemary Bayles personal communication)

therefore the recent evaluations showed a higher level of resistance in those varieties.

Talon + __’__Stetson

¢-Atou

talstic 4004 G ¢ ¢ Savannah
alstice ~ Apmada

Tonic \ B4 48 4 < ¢

¢ ¢ & leprer—
Brock

HGCA WYR resistance score

A 2 Brigadter

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
LoglO(Severity %)

Figure 1l -6: Correlation between adjusted rust severity and HGCA score for
varieties from the recommended list.

Thetrend linein blackhas for equation y5.8653x + 8.0757

A corresponding discrepancy is seen at the other end of the scale, whereby varieties
such as Stetson and Talon which show highly susceptible adjusted mean severities had a last
score of 9 on the HGCA scale. However, those scores were given prior 1992 rmoictake
into account data generated using isolates which overcame resistance iwathetes
during 19922010.

Among the most susceptible lines are known susceptible lines withgenes such
as Vuka but also varieties with specific resistageeeghat have been overcome by specific
UK isolates such Clementr(2,Yr9, Slgpner (Yr9), Brigadier {r9, Y7), Ritmo (Yrl),
Savannah¥(r1,2,3,4,9,1), Thatcher Yr7).

4.4 Seedling testdescriptive data analysis

302 seedling tests W@ been gatherefbr the 202 Pstsolates used in adult plant
tests. For most of the isolates (141), only one seedling test was available. For remaining 61
isolates, two or more tests were available which led to the determination of a consensus
pathotype, however many intsistencies were observed between repeated tests. Where
contradictory infection types were observed, the specific virulence factor was noted as

AfUndeter mi nedo.

Table Il -7: Virulence factor observed from sedling tests within the 202Pst
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isolates used in historical trials, based on consensus profile.

@ The presence of virulence factor is stated as undetermined in absence of
virulence testing, infection type between 2 and 3 or inconsistency between two
seeding tests.

Isolates with virulence factors

Present Absent  Undeterminet?

Virl 179 17 6
Vir2 187 7 8
Vir3 195 1 6
Vird 154 33 15
Viré 104 83 15
Vir7 24 158 20
Vir8 0 112 90
Vir9 162 27 13
Virl0 0 39 163
Virl5 0 61 141
Virl7 125 53 24
Vir32 77 78 47
VirA 31 6 165
VirSd 41 2 159
VirSo 31 13 158
VirSP 0 54 148
VirRob 15 37 150
VirSol 11 43 148
VirClaire 41 41 120
VirCad 6 130 66

A large prtion of the isolates were described as undetermined for several virulence

factors particularly fowir8 (differential host cv. Compai'r8+Yr19), vir10 (differential host

cv. Moro Yr10+YrMon), virl5 (differential hostYrl5 Avocet NIL Yrl5), virA (differential

host Avocet R YrA), virSd (differential host Strubes Dickkopf YrSdrYr25), virSo
(differential hostSuwon92/0OmaiYrSqg, andvirSp (differential hostSpalding ProlificYrSB,

as the corresponding differential hosts have not been consistently tested opastti2®
years Tablelll-7). The virulence factarvirl, vir2, vir3, vird, vir6, vir7randvir9 present a
more consistent data coverage over the gasades. Generally, the isolates present a high
frequency ofvirl (88.6%),vir2 (92.6%),vir3 (96.5%),vir4 (76.2%) andvir9 (80.2%). Only
51.1% of the isolates were shown to be virulentYfid (presencef vir6), and 11.9% were

virulent onYr7 (presencef vir7).

61.9% of the isolates weretermined to beirulent on Yrl7 (presenceof virl?),
and 26.2% were not virulent orrl7 (absencevirl?). Despite the absence of systematic
testing forYrl7 before 1994, only 11.9% of the isolates are undetermioedifl7 as we
were able to determine the virulence based on the infection response obtaireities
Rendezvous, Reaper and Brigad&8.1%of the isolates were virulent ofr32 (presencef

vir32), 38.6%avirulent(absence ofir32) while 23.3% remimed undetermined.
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Virulence was not detected for the following genes or gemebinationsYr8+Yrl9,
Yr10+YrMor, Yrl5andYrSP

The remaining virulence factossrA, virSd, virSo have been tested systematically
only between 1998 and 2003. Thus those virulence factors have been elucidated for only 44
isolates within our dataset. Despite a limited number of tests, the results showed that a large
proportion of the UK isolates fromt&1990s present virulence for thied, YrSdandYrSao

The virulence of a limited number of isolates has been evaluated against major UK
wheat varieties Cadenza, Solstice, Robigus and Claire. From the 202 isolates used in APR
tests, 52 have been testediagt Robigus, 54 on Solstice, 82 on Claire and 136 on Cadenza.
Virulence has been identified at seedling stage in six isolates for Cadenza and 41 isolates for
Claire, 15 isolates for Robigus and 11 isolates for Solstice. Although virulence has been
identified at the seedling stage, Claire and Cadenza remained resistant in the field against all
isolates tested during this study.

Based on the presenabtence of virulence factovirl, vir2, vir3, vird, vir6, vir7,
vir9, virl7 andvir32, the isolates used in APR tests have been grouped in 37 pathotypes
(Table 111 -8), excludingthe 86 isolates where at least one virulence factor wededsas
undetermined.
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Table lll -8: Pathotype of the isolates from historic APR tests

Number of
isolates

1,2,3,4,6,7,9,17,32 1
1,2,3,4,6,7,9,17- 1
1,2,3,4,6,7,9;-,32 2
1,2,3,4,6,7, --,32 1
1,2,3,4,6,9,17,32 14
1,2,3,4,6,9,17,-- 13
1,2,3,4,6,9,--,32 5
1,2,3,4,6,9,--, -- 7
1,2,3,4,6,-,17,32 2
1,2,3,4,6;,-, --,32 1

1

2

1

Virulence profile

1,2,3,4;,,7,9,17,32
1,2,3,4;,7,9,17--
1,2,3,4:;,7,9,—-, -
1,2,3,4;-9,17,32 10
1,2,3,4;,-9,17,- 13
1,2,3,45,-9,--,32
1,2,3,4;-9,--, -
1,2,3,45,--,-,32
1,2,3;6,7,9,-, --
1,2,3;,6-9,17,32
1,2,3;,6-9,17,--
1,2,3;,6-,9,--,32
1,2,3;-,-,9,17,32
1,2,37,--9,17,--
1,2,37--,9,--,32
1,2,3;--9,--, -
1,2,3;,-,-,-,17,32
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=
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1-,3,4,6;9,--,32
1-,3,4,6;,-,--,32
-,2,3,4,65,9,--,32
-,2,3,4,65,-,17,32
-,2,3,4;,7,9,--,32
-,2,3,4;,7,9,--, --
-2,3,4:,-9,--, -
--,3,4,65,-,17,32
--,3,4,65,-, --,32
At least one virulence factor
undetermined
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4.5 Derivation of means based on datasets satisfying different

virulence criteria

Using the information collectedn Pst isolateghe adult plant dasetwasdivided
into subsets based dtifferent virulence criteria and adjusted means were derfoed
association mappingCarrying out association analysis @imulencebased derived means
instead of the complete set has several advantages. Firstly sanoa@ewntal variations can
be eliminated from the model such as the isolates effects or pathotype effects to obtain a

more reliable estimation of the variety resistance.
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Secondly, the QTL detection via association analysis can target spgajenes by
analysing well defined pathotypesFor instance in the case of thpathotype
fi1,2,3,4,6,n07,9,17,8Rassociation mapping can potentially identify QTL associated with
Yr7 but none should be associated witfrl,Yr2, Yr3,Yr4, Yr6, Yrand Yr32 The signal
linked to the presence ofr7 should appear more detectable as it is not diluted with the
action of theYr genes cited in the pathotype. However, it should be noted thatraygnes
or QTL not cited in the pathotypes are also potentially preserdetedtable.

A number of 80 lines have been chosen as arbitrary minimum to define a subset of
data that will be analysed via association mapping. Statistical power to detect genetic
associations generallglecreases with the number of lines analyflsshg and Langley,
1999.

45.1 Derived meanbased on isolate

From the complete datasé®g isolates which have been tested on more than 80 lines
included in the YR panel have been identif{@blelll -9). The corresponding trialsere

usedto derive adjusted meavhich will be usedor association mapping analysis.

Table Il -9: Pstisolates testecdn more than 80 lines from the YR panel

@ virulence profile defined by UKCPVS following the reception of the isolate.

Isolate Virulen((:ac)a profile YR p::;\tildlines Nutrrr:;e;r of Year tested
1990505 1,2,3,4,7 190 1 1991,1993 t01998,2003,2004
199324 1,2,3,4,6 95 5 1994 to 1998
199354 1,2,3,4,6,9 95 5 1994 to 1998
1994519 1,2,3,9,17 137 6 1995t0 2000 (except1999
199631 3,4,6,CV 122 5 1997, 20030 2005
1996502 1,2,3,6,9,17 174 8 1997t0 2002
199828 1,2,3,4,6,9,17 94 4 1999,2003, 2004
199896 1,2,3,4,6,9,17 127 6 1999 to 2002
1998108 3,4,617,CV 101 5 1999to 2002
200041 1,2,3,49,17,CV 124 7 2001 to 2004
200270 1,2,3,9,CV 93 3 2003 to 2005
200284 3,4,CV 93 3 2003 to 2005

Despite having been artificially inoculated with a single isolate, it is important to
remember when interpreting data from APR tests and postulating resistance genes in lines
that contamination of trials by natum@ktpopulations cannot be completely excluded. Such
contamination by naturaPst populations with virulence folrr9 and Yrl7 were obvious
based on cv. Brigadier in year 1996, 1997 and 1998, for the isolates5099099324,

199354 and 199419. For examplecv. Brigadier inoculated with isolate 19805 presents
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a severity score of 0% from 1991 to 1995, but in 1996 and 1997, the severity observed were
respectively 14.5% and 13.5%. Knowing Brigadier &8 andYrl17, severity over 10% in

tests with isolate 990-505 which does not has virulence ¥n9 andYrl7, implied that some
contamination occurred from natural population carrying the virulence combination
Yr9+Yrl7. Some level of natural contamination is likely to occur each year, although this
will not always be detectable.

45.2 Derived means basedn virulence on UK wheat varieties

Based on virulence at seedling stagettmee UK wheat varietiestwo data subsets

have beeidentified (Tablelll -10) from which adjusted means have beenived

Table Il -10: subset of data based on virulence to four UK wheat varieties

Virulence profile at Number Isolate YR panel Year tested
seedling stage trials number lines
Vir Robigus/ avir Solstice 15 9 155 2001 to 2005, 2007 to 2010
Vir Claire 76 41 290 1991 to 2006, 2009, 2010

The first subset groups trials based on virulence to Robigus and avirulence on
Solstice at seedling stage. Robigus was on the RL between 2003 and 2011 and was first rated
3 then 2 on the HGCA scale (susceptible). Despite its poor resistance rating, Raugus
been shown to be resistant to soRstisolates from the 2000s at seedling and adult plant
stage, from which it can be deduced that Robigus carries an unknown source of seedling
resistance and potentially an APR resistance. Solstice was on the RRG8@muntil 2012,
its HGCA rating started at 9 and dropped to 4 in 2010 when a new highly viRdenatce
overcame Solstice resistance at adult stage. Little is known about Solstice resistance;
however it must include a seedling stage resistance compimerddition to an APR
component. By investigatingials inoculated with isolates virulent on Robigus and avirulent
on Solsticeat seedling stage we aim to reveal QTLs conferri
raceo, among which malye ffi Jalret QdTd mnace.ome b
The second subsgtous trials based on the virulence on the cultivar Claire. Claire
is a resistant variety released in 1999 which maintained an HGCA score of 9 (maximum
resistance) until now. It is believed to carry seedling resis®Yr2, Yr3, Yr4, Yr25 and
another unknown seedling resistance g@rmavis, 200§. In additionClaire was found to
exhibit quantitative APR, controlled byfour QTLs, one of which corresponds t6rl16
(Powell, 2010.
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4.5.3 Derived meansbased on pathotype description

Five pathotypesepresented by more than 10 isolates have been used to interrogate
between 96and 198 varietieg(Table 111-11). Adjusted mean&ave beerderivedfor each
pathotypeto carry association mapping analysis. With those subsets, we will investigate
specifically QTL linked to the known resistance g&mgb + Yr4b, Yr6, Yr7,Yrl7andYr32

as well as unknown resistance genes.

Table Il -11: Subset of data identified based on main pathotypes

Number YR Year tested
) ) . Isolate
Virulence profile trials panel
number .
lines
1,2,3,4,6,n07,9,17,32 20 14 189 1992 to 1994,1999 t02002, 2009, 201(
15 141 1992 to 1994, 2000, 2002, 2004 to 200
1,2,3,4,6,n07,9,17,n032 13 2009,2010
1,2,3,4,006,107.9,17,32 19 10 187 1992 to 1994, 2(;(()):;802005, 2007, 200¢
1,2,3,4,n06,n07,9,17,n032 15 13 92 1996 to 2000
1,2,3,n04,n06,n07,9,17,n03 19 13 166 1995 to 2000, 2006

5 DIsScuUsSION

5.1 APR dataset and estimation of resistance value

The dataset collected from historical WYR evaluations is extensivepresers 21
yearsof adult stage testing so a total of 313 APR trials, including 202 WYR isolates and 574
wheat elite linesHowever, the dataset includes many missing détiah will influence the
estimation of resistance value.

(1) Not all lines have been testechatst all isolatesOn average a variety bdbeen
tested against 17 isolatdmcaus@ach year new isolates representing the latest virulence are
substitutedfor older isolatesn keeping with the main purpose of the UKCPVS and NL
testing regime to contirously update evaluatiaf the WYR epidemic risk in the UK.

(2) All lines have not been tested each year. On average, lines have been in test less
than 3 years, the number of year tested depends of course of the date of release of the variety
and its rehtive commercial success and longevity. For instance, Hereward was first released
in 1991 and remained on the RL until 2010 therefore 20 years of testing are available. On the
other end, Acclaim was tested to enter the NL in 1995 but was not retainednthume
year of testing is available for this line. Similarly to the highly incomplete Line x Isolate
matrix, the incomplete Line x Year matrix limits the accuracy with whieh resistance

value can be estimated for each variety.
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To complement and ead the historical data therefore, #ié lines included in the
YR Panel have been evaluated at seedling stage and adult stage againsPstig@ates
the result of those evaluations are presented in theOmeyiter V.

With these caveats in mindresistance estimate of each variety was obtained based
on a restricted maximum likelihood (REML) model including year, isolate and layout
factors.

5.2 Isolate virulence at seedling stage

The presence of many environmental variations in the historic datégatght the
importance of analysing data in subgreup obtain more reliable estimatef resistance
value by removing some variation from the equation.

With this aim, isolates used in each APR trial were identified anddivesponding
seedlingvirulence testresults werecollected. The data from dotal of 302 seedling tests
werecollected;they cover the 20Pstisolates used in APR tests.

5.2.1 Limitation to the definition of virulence profile

The virulence evaluations did not include the identicab$elifferential hosts each
year,making difficult to obtain an extended virulence profile common to each isolate. The
UKCPVS differential set is adapted each year (1) to represent recently discover resistance,
(2) to use a more reliable or commonly useffedential. For instangeCadenza and Solstice
were added respectively in 1993 and 2002 to the UKCPVS differential set as they were
highly resistant to contemporafyst races, although their source of resistance are still
unknown.Some virulence factors were tested for only a short period of time sudh8as
virlo0, virl5, virA, virSd and visu Other virulence factors were evaluated based on several
differential hosts; it is thease forYr2, Yr3, Yr6, Yr7, YrandYrl7. For insance virulence
for Yr2 was tested based on Heines VII until 198Avas then replaced by Kalyasona as
another resistance specificity was identified in Heines VII using an isolate fronudgcua
(Calonnec et al., 1997however Heines VIl did not differentiate European isolates. In the
case ofYrl7, Renderous, Reaper and Brigadier were added to VPM1 as alternative
differential hosts, in an attempt to elucidate the virulence praffiteore isolates.

This approach is not perfect; there is a great uncertainty about resistance genes in
differential set as illustrated by Heines VII. The reliability of definition of pathotypes
depends on the extent of knowledge about the genetic resigtatice differential set for
each virulence factor. One can never be certain that two hosts used as alternative
differentials known to share one or more genes, are not differing in some other unknown

genes. Thereforehere is a risk for some isolateslie declared wrongly avirulent fofr2,
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Yr3, Yr6, Yr7, YrandYrl7. This risk has to be bear in mind when examining the virulence

profile defined.

In our attempt to define the virulence profile of isolates used in APR tests, we
observed many contradietoinfection types between seedling tests, meaning an isolate was
found virulent for a specific virulence factor in one test and avirulent in another test. The
inconsistencies observed can have different origin: experimental error (isolates and /or
differential host misidentified, error in data recording), use of alternative differentials, cross
contamination during testing and drift from the original isolate following several
multiplication cycles. The UKCPVS isolates are not specifically isolated frorimmgles
pustule but directly from leaf samples presenting several pustules. Therefore, nRdtiple
clones with distinct virulence can occasionally form a single isolate. Several cycles of
multiplication of mixed isolates can lead to the selection of a fipetne with a virulence
profile slightly different from the original isolate.

In case of contradictory observations, the isolates was classified as undetermined for

the virulence factor considered, thus limiting uncertainty of the virulence definition
5.2.2 Virulence factors in isolates used in APR tests

The isolatesused in APR testgpresent a high frequencfmore than 60%)of
virulence factorsirl, vir2, vir3, vir4, vir9 andvirl7. A little more than halbf the isolates
were shown to be virulent forré (presence vir6)38.1% of the isolates were virulent on
Yr32(presenceir32), and12%were virulent ory'r7 (presenceir7).

Based on UKCPVS reports from 1990 to 2010, the frequency of spétiific
virulence within he WK can be followed sincd 969 (see Appendix 5). The surveys
confirmed the presence of virulence farl, 2, 3, 3b, 44, 4b, 6, 7, 9, 17and 32 in natural
Pstpopulationsover the last two decades.

Pathotypes with virulence for the rust gefveg, Yr2, Yr3, YrandYr6 were fairly
frequent in the UK during the pasitree decadesand were also well represented in the
UKCPVS and NIRL inoculated test8ased on UKCPVS reports, virulence a2 andYr3
were present in the quasi totality of isolates since 1977. While the virulence ttgdoen
Yrl progressively increased to reach 90% in early 1990s. The frequentw ofaried
between 16% and 100%imilarly, the virulence folYr6 varied greatly, oscillating between
1% and 98% during the last three decades.

Despite its first identificatio in the mid1970s,Yr7 frequency remained low in
natural populationin the UK However isolates carryingr7 virulencewere often used in

inoculated trials
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Virulence forYr9was first detected in 1981 in the UK, since isolaiegdent onYr9
has becom predominantand has been well represented in inoculated tridisolates
presenting the virulence fofrl7 were not detected before 1994 in the (Bayles et al.,
2000, in conjunction to the cultivation of varieties witfrl7, the frequency ofYrl7
virulence pse quickly to reach 100% in 1999.

Virulence forYr32 (cv Carstens V) was detected prior1946 in the Netherlands
(Roelfs et al., 1992and was likelyto bepresent within theJK around the same period of
time asPstisolates have been shown to migrate between France, Netherland auid the
(Hovmgiller et al., 2002 Carstens V wafirst tested by the UKCPV$ 1994 and irulence
for this cultivar was rather high (75%} then decreased to an almost undetectable level in
1998before reoccurring at a very high level in 2001. Siies virulence forYr32has been
maintained at a high frequency.

Consistently with UKCPVSnho isolates used in APR testarry the virulence factor
vir8, virl0 or virl5 but some unertainty remains atheywere nottested systematically over
the past 20 yearsdditionally pathotypes virulent oMr8 andYrl0have been found in other
west European countries in recent years (eurowheat.org).

No isolates used in APR tests were found to be virulent on Spalding Prali§g)(
which is not surprising since only one UK isolate with this resistance has beendiatecte
2003. Furthermore the virulence was absent in West European countries until 2011.

Despite a limited number of tesksr virulence factorsvirA, virSd and virSo, the
results demonstrated a large pairtUK isolates from late 1990s present virulence for the
YrA, YrSdand YrSa Those virulence factors are likely to be present in most UK isolates
sampled from the last two decades. Based on EuroWheat database (eurowheat.org), the three
virulence factors remaideat high frequency ilDenmarkand France between 1993 and
2011.

The virulence forYr5 has not been tested on UK isolates by the UKCPVS since
1984. However it is known that virulence r5 is rare(Stubbs, 198 thus it isunlikely to
find a UK Pstisolatesvirulent onYr5. Moreover, no isolate virulent orr5 was detected in

other west European countries between 1993 and 2011(eurowheat.org).

Isolates virulent on Cadenza at seedling stage have been detettedarly 1990s
but none of them were able to infect significantly Cadenza at adult stage. Cadenza has been
evaluated each year since 1990 and has always shown a high level of registaede|d.
Its long lasting resistance includes seedling stage components as well as an adult stage
component.

Similarly many isolates virulent on Claire at seedling stage have been identified but

none of them affected Claire at adult stage. Sinceliémase in 1999, Claire has been widely
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grown nonetheless yearly resistance evaluation show a maximum of 2% of infection. Thus

the resistance present in Claisas thought to be durable according to the definition of

Roy Johnson(Johnson, 1979 Unfortunately, Claire adult plant resistance was finally
overcome in 20212012 foll owing the emergence of a new
raceo. PQGlaireoresistance hadtalsosroken down in Négaland

15 of 55 isolates tested on Robigus were virulent at seedling stage as well as adult
stage. VirRaob first evaluatl in natural population in 2004 and was present in 31% of the
isolates received by the UKCPVS, VirRob increased progressively to reach 100% in 2010.
Therefore VirRob is most likely to be present at a high frequency in isolates used in APR
tests in the 200s.

11 isolates tested on Solstice were virulent at seedling stage, however only the
isolates post 2007 were also virulent at adult stage confirming the presence of a seedling
resistance and an adult plant resistance in Solstice. VirSol was found aexdbim natural
population in 2002 and 2003 by the UKCPVS, it then decreased to an undetectable level

before quickly rising again and reaching a frequency of 98% in 2010.

5.2.3 Pathotype of isolates used in APR tests

Based on virulence factdr, 2, 3, 4,6, 7,9, 17 and32, the isolates used in APR tests
were grouped in 37 pathotypes. 86 of the isolates were not classified as the complete
virulence profile was not available. The five most frequent pathotypes used in APR tests and
chosen for further analysis eespond also to the most frequent pathotypes sampled between
2000 and 2010 in the UK based @&uroWheat database (the figure summarizing the
pathotypes frequency fno eurowheat.org is available ifyppendix 6). Thusthe subset of
data focusing on those pathotypes will provide a good representation of the WYR virulence
present in the UK during the first decade of Xdd century.
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CHAPTER IV. YELLOW RUST DE NOVO RESISTANCE
PHENOTYPES

1 INTRODUCTION

To obtain an updated view of thYR resistances present in the YRnel and to
highlight resistance ges efectiveagainst currenPstisolates in the UK, the YR panelaw
assessed for seedling resistance in cdett@nvironmentestsand adult plant resistanoe
field tests with selected PSK isolatesof recent originin parallel to thisle novaresstance
survey of the compte panelthe virulenceof isolates€03/7, 08/501 and 08/2&asevaluated
on anextended set ofiost differential varieties. Additionallyusing sec al | ed 6di agno
markers, the presence of geive$§, Yr9andYrl7wasinvestigated within the YRamel.

Through de novoresistance test, molecular analysis and extendedirulence
tests we wish to discover if the YR panel includes (1) major well characterized seedling
resistances e.gYr6, Yr7, Yr9and Yrl7 (2) uncharacterized seedling resistance effective
against the current UK Pst isolates, (3) quantitative adult plant resistance effective

against the current UK Pst isolates.

2 M ATERIALS AND METHODS

2.1 Plant material: YR @nel, dfferential hosts, reference varieties for

WYR resistance

The completerR panelincluding 327varietieswaspreviouslydescribed in Chapter

An extended set of WYR differentidosts wasassembled and used to refine the
virulence spectrum description of Pst isolates used in de novo phenotyping

This extended differential host series compriteddy commonly usedeuropean and
Americandifferential hoss complemented withthirty control and reference varieties with
unknown Yr genes and recently described resistances and thus can be used tte evalua
virulence on most of the raspecificYr genes already described in the literature apart from
12 for which we could not obtain seeds from reference cultig@amelyYr28,Yr31, Yr35,
Yr37, Yr38, Yrd0, Yrd4l, Yrd42, Yrd5, Yrd7, Yr50, Yr&dnd Yr52). The seeds for the
differentials and reference cultivars were provided by the UKCPVS, the USDA small grain

collection, Dr Xiaming Chen in University of Washington State (Zak, ExptB$33779,
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Dr Lesley Boyd in John Innes Centre UK( Alcedo, Guardi&hg comgete list is available
in Appendix7.

In addition, thePstisolates from the project were evaluated against the WYR near
isogenic lines developed by the Plant Breeding Institute (University of Sydney, Australia) in
the Avocet susceptible backgroufWlellings et al., 2004 a list is available idppendix7.

2.2 Pathogen, spores production and conservation

2.2.1 Pathogen

Three mairPstisolates known as thé So | Dt8i/ 2l ABrocko 03/ 07 and
08/501 WYR isolatesvereused in seedling and adult plant resistance tests to evaluate the
YR panel. Those isolatasriginatedin the UK, having been received by the UKCPVS in
2003 and 2008 and selected use inNationalList andRecommended.ist trials because of
their specific combination of virulenseA mixture of those three isolates has been used in
2009, 2010 ad 2011in NL and RL trials. The UKCPVS defined the virulence spectrum of
the isolates as described in fhablelV-1.

Table IV -1: Pathotypes of Pst isolatessed to evaluate resistance in YRanel

cultivars.

(Adapted from UKCPVS reports 2004 and 2009)
Isolate  Origin Yr genes and reference cultivars
Code  vear County Cultivar  Virulence Avirulence

08/21 2008 Cambridgeshire Solstice 1,2,3,4,6,9,17,32,Solstice7,8,15,Brock, Timber
08/501 2008 Cambridgeshire Timber 1,2,3,4,6,9,1,Timber 7,8,15,32,Solstice
03/7 2003 Lincolnshire Brock 1,2,3,4,7(17),Brock 6,8,91532 Solstice,Timber

Freezedried, vacuum sealed ampoules of spores were obtained from the UKCPVS.
In addition to the reevaluation of the three main isolates used for de novo phenotyping, to
verify the actual virulences present in the inoculated field trials at the timenrigin case
of significant natural infection, a small number of tissue samples were takersessun.

From those samples, Rsblates were retrieved and pathotyped.

2.2.2 Increase of Urediniospores
2.2.2.1 Large scale production

To produce the adequate inoculattee different tests, the spores were multiplied in
isolation in a controlled environment on the WYR susceptible cultivar: Victo or the

respective susceptible cultivars Solstice, Timber and Brock.
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The susceptible cultivar was sown in plastic modils rays (7 x 5 cells of 5 x
5cm), the seeds were arranged in 7 nam@ms. The trays were then placed in a disease free
growth chamber (GC) or a glasshouse prior to inoculation. The growth conditions are
described irChapter 1V.2.3

When coleoptiles emerge 887 following Zadoks et al. (197%4decimal code for
growth stagg a maleic hydrae solutionat 0.1 @l (SigmaAldrich) was applied to the soil
surface, at the level of one litre per tray. Maleic hyittazpermits the first foliar leaf to
develop and remain ereuthilst suppresisg growth of secondary leaveaklus prolongng
sporulation(Rowell, 1984.

When the seedling reached GSlilst led fully expandedl, eachseedling tray wa
placed in gpolythene baginoculated with a spor&lc mixture (1 part spores, Jfart talc)
and incubated following the method describedChapter 1V.2.3 Each Pstisolate was
multiplied in a separate isolation growth chamber to prevent-cargsmination.

To collect the spores, channels, consisting of light metal strips (4 x 50 cm)laigere
between rows of seedling§igure IV-1). Once sporulation started, 10 to 14 days post
inoculation (DPI), the spores were knocked off the leavegebyly tgping the plants with a
plastic stick and collected from the metal strips. The spores could be collected evé&y 2 to
daysover atwo weekperioduntil the leaves were dry

2.2.2.2 Small scale multiplication

Small scale multiplications of the Piolates collected in the field were carried out
to pathotype them. The susceptible cultivars were sown in indiviiam pots (Stewart
Plastics Ltd.) fitted with a central tube allowing air flow from to bottom of the pot up to the
soil surface. Maleic hydrazgdsolution (0.1g/l) was applied at GS07 and plant grown in a
free disease growth rooomtil inoculation. The seedlings were inoculated at GS11 manually
by brushing a spore/talc mixture or simply rubbing infected leaves on the dirsagdant.
Next, the pots were covered with individual perspex domes (Stewart Plastics Ltd.) and
incubated at 8°C for 48 h, before being moved to an isolation plant propaBat&ard
Manufacturing Co. Ltdjor individual smallpots FigurelV-1). Thepropagator consists of a
bench with air flow system and artificial lighting. Filtered and humidified air continuously
circulates from beneath the pots through the fitted tube to the top of the dome where 2 small
apertures allow the air to escape. Thelaw creates a constant positive air pressure in each

dome preventing spore transfer and crasstamination between pots.

91



Chapter V: Yellow rustde novaesistance phenotypes

Figure IV-1: WYR spores production

(a) Large scale multiplication in muitiell trays with metal stripes(b) 12 cm
pots and dome used famall scalespore multiplication, (c) Burkard system.

When sporulationoccurred urediniosporesvere collected by tapping the rusted
plants overa piece of smooth dry paper and transferred irgb ttébes for storage, before

being used in seedling test.

2.2.3 Creation of short-term working stocks and reference stocks for long

term storage

For short term conservation, up to 3 months, and immediate use for seedlings tests,
the spores were conserved infhiilled test tubes closed with cotton wool, at 4°C in a
vacuum desiccator containing silica gel crystals. This was the preferred method of
conservation for spores used in seedling tests.

If the spores were not to be used within 2 months, to keep thenfutiore
multiplication or for reference, approximately 5 mg of spores were placed in a glass
ampoule, freezdried for 24h and vacuum seal@the ampoules were stored at 6 °C. Sealed
in this manner, the spores could be conserved for several years andiyetinmieir
germinebility,

Using the long term conservation method, we created reference stocks of 20 to 30
ampoules for each of the original isolates, each reference stock being the result of one round
of multiplication from the UKCPVS ampoulesn a seletive susceptible cultivar. The
ampoule stocks were used throughout the project to multiply spores needed for the different
tests, limiting the risk of genetic drift due to successive multiplications.

Spores from ampoules were not used directly in segptdisis as we preferred to use

spores not older than 2 months to inoculate seedling tests or transplants.
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Figure IV -2 : Spore conservation.

(a) Vacuurrdesiccator (b) test tube and vacuum sealed glspoules containing
WYR spores, (c) Reference collection of WYR conserved in sealed glass
ampoules

2.3 Seedling tests: evaluation of yellow rust resistance at seedling

stage

2.3.1 Seedling test management

To evaluate the resistance of the varieties from the YR panel at seedling stage
against some UKPstisolates, threeseedling test were conducted on the YR panel, two
usi ng A SolPstisolate@andatd 8 /d2 Lsi ng t hasold@eBr ocko 07/ 03

The sedling tests were sown in 96 cell trays (34 x 52 cm) or 77 cells trays (29.5 x
60 cm), each cell constituting an experimental unit. Seven to ten seeds were sown in each
cell in order to obtain a minimum of three plants for each cultivar at GS11 to iteand
evaluate the average host response. Each seedling test was composed of 2 replicates
organized in a complete randomized block. Following the observation of an edge effect
during the first seedling test, the outer cells of each tray were then filleddvgcard
susceptible varieties.

Once sown, the trays were place in a disease free glasshouse or a growth room prior
inoculation. Indirect contact withmaleic hydrazyde wasvoidedby rinsing benches prior
placing the trays to germinate. Alternativelettrays were placed on support to avoid direct
contact with the bench so the chemical will not influence the reaction to the pathogen. When
the seedlings were between GS11 and GS12, the average height of the seedlings was
recorded. At this point, plots thi average seedling size less than 5 cm, limited number of
seedlings (less than 3) or discoloration were discarded.

Following the measurements, the trays well watered and placed in individual
polythene bags. 20 cm plastic sticks were placed at each ofrther trays to avoid contact

between the bag and the plants during the incubation. A dpb®e: talcmixture was
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prepared and then 3g of the mixture per tray, equivalent to 0.15g spores and 2.85g of talc,
was distributed in an individual glass jar. Ugian air-blown spore inoculators, each tray

was inoculated individually with the contents afjar Figure IV-3). The bags were then
sealed and placed in an incubator at 8°C, during 24 to 48 hotins, dark. The bag operates

as a dew chamber to keep a high humidity level and provides favourable conditions for spore

germination.

Figure IV -3 : Seedling test.

(a) Glass jar containing spore/talc inoculum mixture and air blow inoculators
consisting of a puffer bulb and a nozzle. (b) Seedling test in growth chamber at 21
DPI. (c) Seedling plot sporulating ready to be asskss

After the incubation, the seedling trays were removed from their bag and placed in a
growth room under the following conditions: 11°C at night and 18°C during the day.
Depending o the growth chamber, the lighting was composed of high pressure sodium
lamps (400W), metal halide lamps (40&/) or a mix of both. The lamps wesetto a 16h
day/ 8 h night cycle.

Table IV-2: YR panel seedling tests and experimental conditions.

Varieties  Edge of

Pstlsolate Date ) Pre-inoculation  Postinoculation Assessment
tested discards
. November 299 (77 Glasshouse Growth chamber 17DPI
08/ 2108« 2009 per tray$ No Sodium lamps Sodium lamps
Growth chamber 17DPI
08/ 21065« March2010 o1/ 60 yeq Glasshouse = o/ i metal
per tray3 Natural light .
halide lamps
Growth chamber 19DPI
o 308 60 Growth chamber .
03/ 07 #fl June2011 per tray3 Yes Sodium lamps Sodium + metal

halide lamps

2.3.2 Seedling test assessment

Depending on the isolate and the environmecdalditions of the testlablelV-2),
the tests were scored between 14 to 19 days post inoculation (DPI). The variety Victo was
placed in each tray as susceptible control and to help choosing the most suitable scoring
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date. The infection type was assessed on the first leaf of the seedling two times for
consistency. Disease assessments followed the O to 9 infection Epgcdring system
(TablelV -3 andFigurelV -4) describedy McNeal et a(19717).

The consistency of the scorbstween replicates was checked at the end of the
second scoring. In case of large variation between replicates, the score for selected varieties
was checked a third time.

Lines with an average IF score < were classified resistant and based on a gene for
gene relationship were expected to present at least one seedling resldtexwith IF>6

were considered susceptible and vals&were interpreted as intermediate response.

Table IV-3: Description of IF scale and class of host response used to
evaluate yellow rust seedling resistance

(Adapted from Roelfs et al., 1992

Mc Neal IF Disease symptoms
0 No visible infection
1 Necrotic flecks without sporulation
2 Necrotic area without sporulation
3 Trace sporulation with necrotic and chlorotic arei
4 Light sporulation with necrotic and chlorotic area
5 Intermgdiate sporulation with necrotiad
chlorotic area
6 Moderate sporulation with necrotic and chlorotic
area
7 Moderate sporulation with chlorosis

Abundant sporulation with chlorosis
Abundant sporulation without chlorosis
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Figure 1V-4: lllustration of seedling test infection types 1 to 9 using the
McNeal scale (0 IF is not represented)

2.4 Evaluationof Pstisolates wrulence

The extended virulence profiling of thEstisolates followed the same protocol
describedn preceding sectianThe objectivein this case being tdefine the pathotype or
virulencespectrumof a Pstisolates using differential host We usedsuchtess to define in
detail the pathotype of the istés used in seedling testsd adult plant test but alsoto
define the pathotype dbolates recoved from the field. In some cases, the number of
replicates was limited to one because of low spore availability.

2.5 Adult plant testsevaluation of yellowust resistance at adult plant

stage

2.5.1 Field trial management

The YR panel was sown in 3 replicated blocks during the 200 and 2012011
growing seasonn NIAB trial groundsin Cambridge, UK. Within each block approximately
3g of seeds of each cultivarere sown by hand in tussock plots. The tussock plots were 50
cm apart and organised I rows Spreader plots with a mixture of susceptible varieties
Victo and Vuka were evenly sown throughout the trial at a dension@épreader plofor
4.3testplots.

Each randomised block was surrounded by 1m high plastic netting acting as
windbreak to limit the spread of spores to and from netuidig.

A minimum of 10 meters of rye was sown around the trial to isolate it from other

trials. Following the obsertimn of an edge effect due to the wind breaks, during the first
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season of trials (2062010), a discard edge of barley was sown around each block for the
201062011 season.

Dspreader plo Dvariety tested plot ‘ wind breake DDiscard plot sown with barley in 2010-2011 season

Figure IV -5: Schematic layout ofadult plant yellow rust resistance trials

Trials were inoculated at around GS30 by transplanting seedlings infected with the
selectedPstisolate in the field. Sporulating seedlings were produced following a similar
method to the large scale spore proguct Susceptible variety Victo was sown in clumps
(10 to 15 seeds per cell) in 77 (29.5 x 60 cm) or 96 cell trays (34 x 5Maigic hydrazide
was applied to encourage sporulation. Once the seedlings started to sporulate, they were
transferred from thergwth room to an outside covered area (e.g. barn or cold glasshouse) to
harden for a few days prior to field transplantation. The seedling plugs were finally planted
by hand with a trowel on opposite edges of each spreader plot, with a minimum of 2

transpénts per spreadetots.

Figure IV-6 : Adult plant test

(@) Spreader plot with two PST inoculated transplants in March 2010. (b)
Overview of adult plant test with windbreaker in March 2010. (c) View of one
replicate of an adult plant test in May 2010.
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Table IV -4: Description of the adult plant test setup

Varieties . Inoculated . Edge of
Season tested Sowing date transplant transfer Pstisolates discard
2009 205 28 October 25 March 2010 08/ 21 ASol s No
2010 2009 2 transplarg per spreader plot
08/ 31 ASol s
08/501 ATi mli
o 308 28 October 23 March 2011 03/07 ABroc Yes
1 tranplant of each per spreader
plot

2.5.2 Field trial assessment

Yellow rust disease was recorded quantitatively and qualitatively, usiag
respectivaneasures ofeverity andield hostrespons¢HostR)

Severity corresponds tthe percentage of leaf area infected by the disease and was
assessed die entire plousing the modified Cobb scalPeterson et al., 1948-igurelV -7
illustrates severity scoring. Lés were classified as followebased on their severity value
0-5% was interpreted as highly resistant,-20% resistant, 240% intermediate 460%
susceptible, 61.00% highly susceptible.

The field host response describes the type of disease reaction (0, R, MR, MRMS,
MS, S) on a sbpoint qualitative scale from immune (0) to susceptible [@ple IV-5).

Each host response was associated to a numerical constant allowing the estimation of an
average host response within trial and the analysis of the data via analyse of variance. An
average host response inferior to 0.5 was interpretegsistant, while an average host

superior to 0.7 was interpreted as susceptible

5% 10% 20% 40% 60% 100%

Figure IV -7: lllustration of severity assessments using Modified Cobb scale

(Source http://wheatdoctor.cimmyt.ojg
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Table IV-5: Description of field host response score

Code Host response Description Const_ant
associated
0 Immune No visibleinfection on plant 0
Resistant Visible chlorosis or necrosis, no uredia are present. 0.2
MR Moderately Resistant Small _uredla are present and surrounded by either chloroti 0.4
necrotic areas
MRMS  Intermediate Variable sized uredia are presesdme with chlorosis, necrosi 0.6
or both.
MS Moderately Susceptible Medium sized uredia are present and possible surrounde 0.8

chlorotic areas.

Large uredia are present, generally with little or no chlorosis

S Susceptible no necrosis.

The level of yellow rust infection was recorded repeatedly during the spring to
record both early and late infection and to allow the calculation of Area under Disease
Progress Curve (AUDPC). The AUDPC was calculated using the formula proposed by
Campbelland Madder{1990 :

(IvV-1)
@ @ - A
1 5$0# — 0] O

Where@ is the rust severity of the ith not; is the rust severity of the i+1th
note O Ois the number of days between the ith note and the i+1th note

Relative AUDPC (AUDPC) values were calculated for each variety as a percentage
of the mean AUDPC value of spreader plots. Lines with AUDPCr value@®0, 0.210.40
and 0.410.60 were regarded as possessing high, moderate and low levels of fiethcesist
respectively. Lines with AUDPCr above 0.60 were regarded as susceptible, although value
between 0.61 and 0.80 could indicate the presence of low level APR.

The date of growth stage GS45 (flag leave sheath swollen) and GS50 (ear
emergence) were alsecordedrespectively in 2010 and 2011, to take into account the
development stage effect on rust severity. Additionally, straw length was recorded after

flowering for each variety.
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Table IV -6: Description of the adult plant test assessments

Frequency severity / host

Season  Period of scoring !
response scoring

Additional phenotypes

2009 17May to 18 7 davs /15 davs Date GS45
2010 June Y Y Straw length primary tiller
2010 22 May to 23 Date GS50
2011 June 10 days / 15 days Straw length primary tiller

25.3 Retrieval of Pst isolates from led samples and small scale spore

production

A small number of leavegresenting active sporulatingsionswere collected from
the field trials in 2010 at the end of the experiment, to control the virulence in the field.
Following the methods given by the UKCPM&stisolates were retrieved from the samples.
Spores were produced at a small scale and a seddbigy with a limited set of WYR
differentials was realized.

2.6 Detection ofYr geneausing molecular markers

DNA was extracted from each variety of the YR panel as well as control following
the protocol describeth Chapter V.To identify some knowrYr genes present in the YR
panel, published linked markets Yr5, Yr9 and Yrl7 were tested and apetl to the YR
panel.All theseYr genes are carried by alien introgressi¥ns(from Triticum spelta Yr9
from Secale cerealeand Yrl7 from Aegilops ventricosaand the markers selected tag the

respective introgressed segments.
2.6.1 Assays forYr5

Two assays were tested to identify the presend@®fThe first assay uses a CAPS
marker described by Chen et 003, a detailed protocol is available in the website
http://maswheat.ucdavis.edlihe second assay uses STS marker described by Snaith et
(20079).

Two primers pairs were tested from Chen et(2003h) assay(Table IV-7), to

enable the use of a ABI DNA analyser to resolve the amplification products, the reverse
primer STS10 was labelled with #luorescent dye 6-carboxyfluorescein (AM). PCR

were carried out in 20ul reaction volume, containing |\ of each selected prime200

UM of each deoxynucleoside triphosphates (dNTP), 1UrFadtstart Taq(Roche), 2ul
Faststart10x buffer with MgC} and approximately20ng of DNA. The reaction conditions
were 95°C for 6 min; followed by 45 cycles of 95°C for 3@&5°C for 30s and 72 for

1min. A final step of extension at 72°C for 10 min was added at the end. After amplification,
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5ul was used to check the success of amplification on agarose gel. 0.25ul of restriction

enzymeDpnll (NEB) equivalent to 2.5U and 1 pl of 10X NEB buffeeme added to 9 pl of

the remaining PCR product, samples were incubated at 37°C for 2 h. Finally, digestion

products were separated either in 2.5% agarose gel containing ethidium bromide or using an
ABI 3730xI DNA analyser. Restriction profile was resolwatter UV light on the agarose

gel. Alternatively, major fragments were resolved using the software GeneMapper version 4

when the ABI analyser was used.

Table IV-7: Primers and product expected forYr5 CAPS marker described
by Chen et al(2003H

Major restriction
Primer pair Sequen¥&s 5 PCR products expected fragments after
restriction by Dpnll
182 and 102 bp in absenc
of Yr5
289 bpin presence o¥r5
182 and 102 bp in absenc
of Yr5
289 bpin presence o¥r5

STS7 (forward) GTA CAATTC ACC TAG AGT 472 bp in absence off5
STS10(reverse) CAA ACT TAT CAG GAT TAC 478 bp in presence of5

STS9 (forward) AAA GAA TAC TTT AAT GAA 433 bp in absence f5
STS10(reverse) CAA ACT TAT CAG GAT TAC 439 bp in presence of5

The primer pair S19M9300 F/R from Smith et a{2007) wastested TablelV-8).
PCR were carried out in 10pul reaction volume, containingVb of forward and reverse
primers, 200 uM of each dNTP, 1U Bhststart TagqRoche), 1l Faststart10x buffer with
MgCl, and approximately 10ng of DNA. The reaction conditions were 95°C for 6 min;
followed by 40 cycles of 95°C for 30683°C for 30s and 72°C for 20s; with a final extension
at 72°C for 10 min. After the PCR, 5ul of the amplification was used to reveal the presence

/absencef 100bpamplification on agarose gel.

Table IV -8: primers and product expected forYr5 STS marker described by
Smith et al. (2007

PrimerPair Sequen®&s 506 PCR product
S19M93 TAATTGGGACCGAGAGACG 100 bp in presence o5
100 F/R TTCTTGCAGCTCCAAAACCT 2 poorly amplified fragments in absenceYaob

2.6.2 Assay forYr9

The presence of thér9 gene was evaluated indirectly by idifyring the presence of
the 1BL1RS translocation,Yr9 being introducedwith the translocation. The 1BLRS
translocation was assayed using thalominant marker developed for rapid detection of the
translocation in winter wheat, as describedibyrroidmont (1998TablelV-9). Theassay is
a multiplex PCR were carried out in 10yl reaction volume. The reaction mix contained 1uM
of each primer (O11B3, O11B5, SECA2 and SECA 3), 200 uM of each dNTP, 0.4U of
Faststart Taq (Roche), 1ul Faststart 10x buffer with MgC} and approximately 10ng of
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DNA template. The reaction conditions were 95°C for 6 min; followed by 35 cycles of 95°C
for 30 s,60°C for 30s and 72°C for 1 min; with a final extension at 72°C for 10 min. The

amplification products were detected after migration on a 2.5%agarose gel.

Table 1V-9: Primers and expected product sizes for 1BLLRS translocation
assay designed by de Froidmon(tL998

Locus Target P””.‘er Sequercde 50 PCR
pair product
Low molecular weight  0O11B3 GTTGCTGCTGAGGTTGGTTC
Glu-B3 (wheat 1BS) ™" 1 ;i nin gene 011B5 GGTACCAACAACAACAACCC  0360P
. SECA2  GTTTGCTGGGGAATTATTTG
SECIb (rye 1RS) ¥-secalin gene SECA3  TCCTCATCTTTGTCCTCGCC  412PP

2.6.3 Assay forYrl?

Yrl7was identified based on the SCAR marker&I5 developed by Robert et al.
(1999. The primer sequences are available for research purposes upon request to Francoise
Dedryver (INRA, Le Rheu, France). The PCR reaction was carried out in 10 ul solution. The
reaction mix containeduM of the forward and reverse primers, 100 uM of each dNTP,
0.5U of Faststart TagqRoche),1ul Faststart10x buffer without MgGl 2ul Faststart5x GC
mix, 25 uM of MgCl and approximately 10ng of DNA template. The amplification program
was 95°C for 6 minfollowed by 35 cycles of 95°C for 1 mif4°C for 2 min and 72°C for 1
min; with a final extension at 72°C for 10 min. The amplification products wetected
after migration on 2%agarose gelln presence of'rl7, a band around 580bp should be

observed.

2.7 Data analysis of YR panel seedling and adult plant test

GenStat 18 Edition (Payne et al., 20Q9vas used to perforrihe statistical analysis
on phenotypic dataets. Analysis of variance using REMivere performed on infection
type,host responseust severity and AUDPC From thefitted model, theadjusted mean for
each varieties based on BLWiRre obtainedWhen necessaryhe data were transformed
using bg (x+1) transformation to achieve near normality (x being the score recorded).

The model fitted for seedling test isfalowed:

(IV-2)
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w isthe infection type of the varietyii bloc k, in the sulbloc (tray) p u is the

overall meanm is the effect of the ith variety is the effect of the tk bloc; %

is the effect of the pth sdfoc within the bloc k ‘Q is the residualVariety,
block and sukblock were treated as random factors to obtained variance
components to calculate adjusted means based on BLURed\ effect model
was used to look at significance of effects based on Wald statistic.

The model fitted for APR test is as followed:

(IV-3)

@ isthe severity, the host response or the AUDPC of the varigtyploc k | is

the overall meang is the effect of the ith variety is the effect of thetk bloc;

G correspond to the measure of the plot growth stage (GH50 or GH43) and is
used agovariate in the model2 is the residualVariety and blockvere treated

as random factors to obtained variance components and calculate adjusted means
based on BLUP. A fixed effect model was used to look at significant effect based
on Wald statistic

To compare the geneticd. heritable) and environmental (i;eon heritable) source
of variationwithin a trait heritability was calculated. Replicated dataWiNR resistance
phenotype was used to estimate genetic varidinceanderror variance(( ) within a trial.

Heritability (i) was calculated as follow:

(Iv-4)

R K
E AT KTK 3

Wherg, , A and, represent theariances genetic (variety), phenotypic
and residual respectively is the number of replication per line. The
estimates of variancr A andA were obtained from G&tat output
after fitting a simplified random model including only variety and bloc
effects.

To obtain an adjusted resistance scoreljathetwo seedling tests inoculated with
Pst08/21and?2) thetwo APR tests, data were combin&the following model was fitted:

(IV-5)

W t @ Y ™ Q

« is the yellow rust score (infection type at seedling test, AUDPCr or average
severity) for the variety i, in bloc k, in trial j; p is the overall meanis the effect

of the ith variety; Yis the effect of the jth trial{b is the interagon beween

the test and the varietyQ is the residualA fixed effect model was used to look

at significant effect based on Wald statistic. Varieties, block, trial thed

interactions were treated as random factors to calculate adjusted means based on
BLUP.
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To compare the genetic and environmental source of varidtgween trials

heritability was calculateds followed:

(IV-6)
e X okrh &
A
Lo A
A ., , A representrespectively the variances genetic (variety),

phenotypic, environmental and residual. is the variance of
block.varietycomponentO The estimates of varianderA , A andA
wereobtained from GenStat output after fitting random model

(IV-5).

The correlation cefficient (°) between infection type aseedling stage, host
response at adult stage, severity in the field and AUDR&e calculated in Rcran.r

project.org/).

3 RESULTS

3.1 Extended virulence profile distisolates

The threePstisolates used tevaluate the current resistance of the YR panel have
been tested at seedling stage against a large set of differentials hosts and reference varieties
containing diverse sources of resistamgminst WYR Table IV-10, Table IV-11, Table
V-12).

The virulence profiles published by the UKCPVS were confirmed. The profiles
were completed for most of thumberedYr genes effective at seedling stage, only a few

could not be tested as seed from the reference varieties were not obtained

The #ASol st iiswrulentancyelo?2, 38,8b,4a,4b,6,9,17,20,21,25,
26,27,32, A, Sd HVIlI and avirulenbn Yr 5, 7, 8, 10, 15, 24, SP. Virulenceof this isolate
onYrl9,Yr22,Yr23 andYrMor remains unknown as there is no differential host containing
those genes in isolationn addition 08/21 was shown to be virulent on varieties Paha
(YrPal, YrPa2, YrP3g3 Prodira (YrPrl, YrPr2), Druchamps Yr3a, Yr4da, YrD, YrDru,
YrDru2), Daws(YrDal, YrDa2, C591(YrC591)and Alpowa(YrAlp, APRYr39),

The ABrock racebdrl®Bd 3,44 4b,7\21,2223,25126,27,0 n
32, A, Sd HVII and avirulent onYr 5, 6, 8, 9, 10, 15, 24, SP. As in the previous case,
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virulence onYrl9 Yr20, YrMorcould not be determinedhe virulence forYrl7 remains
uncertain as the isolate was avirulémterage IF 3.5pn differential VPM1 forYrl7, while
it was virulent(average IF 6.5pn Rendezvous a variety known to carryrl7- andthe
0 A v o ¥ré7tisdgenic line (Yrl7/6* AvS.) Contaminatiorby other isolatess unlikely as
the seedling test was carried in a growth room entirely dedicated to isolate 03/07. However
the UKCPVS tests on 03/07 collected for historical analysis showed contrasting response for
the virulence tovrl7, the test from 2003 showed avimt® forYrl7 based on VPM1 and
Rendezvous , while the tests from 2004 and 2005 showed virulentd dhased on VPM1
and Rendezvoudt is possible the susceptible reaction on the isogenidlim¢he resistance
seenon VPM1 (Yrl?) is due to additional irulence genes within th@stisolate as the
European differentialPM1 (Yrl7). However, it is more likely that there is a problem with
the seed stock &fPM1. Alternatively, the difference of IF response observed on differential
hosts Hyak, VPM1Yr17/6*Avocet and Rendezvous in seedling may be due to unfavourable
experimental condition for the expressignL7 and a genetic background effect. Moderate
variability of the expression ofrl7 was observed bRariana et al. (20QlandBariana and
Mclintosh (1994 based on the environmental conalitiand genetic background, cultivars
with Yrl7 under low light intensity and low temperature tend to appear more susceptible.
Therefore the isolate Brock can be virulent Yorl7 but the expression ofrl7 was not
expressed fully in Hyak, Rendezvous aNdl7/*6Avs. Similar contradiction between
Yr17/6*Avs and VPML1 IF were observed hgwis (2006.

In addition, the testeveakd the virulence of 03/7 on cvs PalfdrPal, YrPa2,
YrPa3) Druchamps(Yr3a, Yrda, YrD, YrDru, YrDru3, Alpowa (YrAlp, APR Yr39),
IDO377S(Yr43), Zak (Yr44) and DawgYrDal, YrDa3.

TheATimber race 08/501 is virulent orYr 1, 2, 3a, 3b, 4a,4b, 6,9, 17,20, 21, 25,
26, 27, A, Sd HVII and avirulent onyr 5, 7, 8, 10, 15, 24, 32, SP. Again, virulenceis
unknown forYrl9 Yr22, Yr23and YrMor. Moreover 08/501 present a high virulence on
Yamhill (Yr2, Yrda, YrYam)Paha (YrPal, YrPa2, YrPa3)Produra (YrPrl, YrPr2),
DruchampgYr3a,Yrda,YrD, YrDru, YrDru3, Daws(YrDal, YrDa32, Alpowa(YrAlp, APR
Yr39 andC591(YrC591).

The three isolates showed contrasted response agaistghress, 7, 9, 32, 4344
and cvs Produra, Express, Brock, Robigus, Timber and Solstice. All three isolates were
virulent onYr 1, 2, 3,4, 25,26,27 and cv Paha, Druchamps, Daws and Alpowa and all three
were avirulenbn Yr 5, 8, 10, 15, 4SPand cvs Tres, Tyes, BatavR181434 (=205) and
CadenzaThe observation of susceptible response at seedling stage in cultivar carrying APR
e.g. Guardian,Alcedo, Cappelle DespreZDpata and isogenic lines withirl8 confirmed

thosecvs will be usefulto identify the effectiveness of theiPRin the field.
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We observed some cfhioting results between differentials folyrl7, Yr27 and
Yr32

Differential host VPM1 and Hyak fovrl7 provided contradictorynfection type.
For instance with isolate 08/21,RM 1 washighly susceptible (score IF 9) but Hyalas
resistant (IFR3.5). Hyak is likely to carry an additional source of resistapasially effective
against UK isolates.

Based on Selkich arttie isogenic liné/r27/6* AvS, thetestedisolates are virulent
on Yr27, however cv CianoT79 carryindr27 appeagd resistance against (& and
presenéd an intermediate response against 03/7 and 08/501. Ciano T79 is likely to carry an
additional resistance gene providing some protection aghm4&iK isolatesSimilarly, Mac
Donal (McDonald and Linde, 20Q2hoticed a difference ofr27 expression depending of

the Pstisolates as well as the cv.

Finally, although08501 would beclassifiedasavirulent onYr32based on the host
response orCarstes V, the isogenic line'r326* AvS gave a lesslearcutresponse with an
intermediate IF

These observations underline the fact that differential varieties which are known to
possess the same resistance gene still differ throughoueshef the genome and these
differences may include additional resistance genes that respond to additional unknown
avirulence factors present in isolates and can never therefore be considered fully equivalent.
This problem is the main driver behind thevelepment of isogenic series containing small

introgressions carrying singul#r genes.
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Table IV-10: Host response observed on official differential hosts at seedling
stageagainstPstisolates used on YR anel

R: resistant IF<4; SsusceptibldF>6, I:
intermediate response the average IF score is indicated in parentheses

intermediate IF between 4 and 6, for

08/21 03/7 08/501
Yr gene Solstice Brock Timber
race race race
Chinese 166 Yrl S S S
Kalyansona Yr 2 S S S
Heines Kolben Yr2, Yr6 S R S
Yamhill Yr2,Yrda, YrYam 1(4.5) 1(5) S
Heines VI Yr2, Yr25,YrHVII S S S
Heines Peko Yr2, Yr6, Yr25 S 1(4) S
Vilmorin 23 Yr3a,Yrda S S S
Nord Desprez Yr3a, Yrda + S S S
Hybrid 46 Yr3b, Yrdb S S S
T. speltaAlbum Yr5 R R R
Fielder Yr6, Yr20 S R S
Lee Yr7, Yr22, Yr23 R S R
Compair Yr8, Yrl9 R R R
Federation x4/Kavkaz Yr9 S R S
Riebesel 47-51 Yr9 - R S
Clement Yr2,Yr9,Yr25, YrCle S R S
Moro Yr10,YrMor R R R
Boston Yrl5 R R R
VPM 1 Yrl7 S R S
Hyak Yri7 R 1(4) 1(6)
Lemhi Yr21l S S S
Carstens V Yr32, Yr25 S S R
Paha YrPal, YrPa2, YrPa3 S S S
Produra YrPr1,YrPr2 S R S
Tres YrTrd, YrTr2, Yr32 R R R
Tyee YrTye R R R
Strubes Dickkopf Yr25, YSd S S S
Spalding Prolific YrSp R R R
Express YrExpl,YrExp2 +APR R S R
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Table IV-11. Host response observed on isogenic lines at seedling stage
againstPstisolates used on YR panel

R: resistant IF<4; S: susceptible B>I: intermediate IF between 4 and 6, for
intermediate response the average IF score is indicated in parenthegesiot

tested.
o 0821 0317 08501
WYR near-isogenic line Yr gene Solstice Brock race Timber
race race

Avocet S none S S S
Avocet R YrA S S S
Yrl/6* AvS Yrl S S S
Yr5/6* AvS Yr5 R R R
Yre/6* AvS Yré S 1(6) S
Yr7/6* AvS yr7 R S 1(4)
Yrg8/6* AvS Yr8 R R R
Yr9/6* AvS Yr9 S R S
Yrl06* AvS Yr1l0 R R R
Yri56* AvS Yrls R R R
Yrl7/6* AvS Yrl7 S S S
Yri86* AvS Yri8* S S S
Yr24/6* AvS Yr24 R R R
Yr266* AvS Yr26 S S S
Yr27/6* AvS Yr27 S S S
Yr32/6* AvS Yr32 S I(4) I(6)
YrSH6* AvS YrSP R R R
Jupateco S none - - S
Jupateco R Yrlg S - S
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Table IV-12: Host response observed on complementary varieties at seedling
stage againsPstisolates used on YR panel

R: resistant IF<4; S: susceptible IF>6, | intermediate IF between 4 and 6, for
intermediate response the average IF score is indicated in parsntliedieated

adult plant resistance, for which the virulence has not been tested as the test were
carried out on seedlings; (¥yCkis a temperature sensitive resistance thus the
virulence on this specific gene cannot be evaluated in our testing casditio

adult plant resistance

8/21 03/7 8/501
Yr genes/QTL Solstice Brock race Timber

race race
Cappelle Deprez Yr3a, Yrda,Yrl6* + S S S
Druchamp Yr3a,Yr4a,YrD, YrDru, YrDru2 S S S
Mini ster Yr3c, YrMin 1(6) S S
Madrigal Yr6,Yr9,Yrl7 S R S
Hornet Yr6, Yr9 S R S
Tommy Yr7 R S R
Brock Yr7, Yrl4* R S R
Guardian Yri3*Yr29* S S S
Rendezvous Yrl7 S 1(6) S
Opata 85 Yrl8*,Yr27,Yr30* S 1(6) S
Cook Yri8* YrCK(a) S S S
Talon Yr32 S R R
Oxbow Yr32 + S R R
Ciano T79 Yr27 R 1(6) I(5)
Selkirk Yr27 S S S
Batavia Yr33,YrA,YrBatl,YrBat2 R R 1(4)
Alpowa (WA 7677) Yr39*, YrAlp, S S S
IDO377S Yr43 R S R
ZAK Yr44 (=YrZac) R S R
P1181434 (=205) Yr45 R R R
C 591 YrC591 S 1(6) S
Daws YrDal, YrDa2 S S S
Cadenza unknown R R R
Claire unknown 1(5.5) 1(6) S
Robigs unknown S R R
Solstice unknown S R R
Timber unknown R R S
Warrior (RAGT) unknown 1(4) R 1(4)
Alcedo QTL 2DL+ QTL 4BL* [S S S
LalBahadur none S S S

3.2 Seedling tests

3.2.1 Seedling test with Brock isolate 03/7

308 varieties from the YR panel have been tested adas68/7 at seedling stage.
Four varieties have to be removed from the test because of poor germination. The isolate was
highly virulent on Brock (IF=8.5). The IF from the seedling tests Wi$h03/7 displaysa
positively skeweddistribution Eigure IV-8). 66.1% of the varieties were highly resistant
with an IF< or =3 and only 18.1% of theriedies were susceptible (IF>6).

Amongst the highly resistant varieties, we observed varieties Withenes not
overcome by the isolates 03/07 such as Bostohg, Rialto (Yr9), Brigadier {(r9, Yrl7),
Charger Yr6) and Haven Xr6, Yr9). The highfrequency ofresistance in the YR Panel is
likely to be due to the presenceMa@in many lines. In fact, the 97 lines diagnosed to have

Yr9 based on the 1BLRS molecular marker (see sectiii.2 hadan average IF inferido
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2. Only Derwent was diagnosed wilfr9 but gavea susceptible reaction (average IF =8)
which might be explained bynaerror in sowing.BesidesYr9, many lines in the YR panel
are likely to carryyr6 for which the isolate 03/7 is avirulent explaining the low susceptibility
observed such as Shan®t4,Yrg§, Norman {r6).

Among the highly susceptible varieties we found lines carryfing i.e. Camp
Remy, Thatcher, varieties witheffectiveresistance.e. Husler {(rl), Joss CambiefYr2+
Yr3), Avalon(Yr4), Prophe(Yrl7), Armada(Yr27), Carstens (Yr32), and varieties with no
seedling resistance i.e. Vuka, Soissons.
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Figure IV -8: Distribution of infection type in seedling test 19 dpi withPst
03/7

The analysis of variance based on REML showed a negative component of variance
for subblock (tray),therefore the sublock effect was eliminated from the final model. The
analysis showedsignificant difference in IF (p<0.001) between varieties, a significant

replicate effect was observedable IV-13) but theheritability in the trial was very high
(0.97.

Table IV-13: Analysis of variance of infection type at seedling stage against
WYR 03/07

@ numeraor degree of freedom‘,z) significanceprobability from Wald tests
based on all fixed effect modéjf? estimate of variance component from random

model; @ standard error based on random mod@l;heritability based on
simplified random model

Score Source  n.d.f? F.pr? Est.® s.é? H2®

IF 19dpi  Variety 303 <0.001 6.7217 0.5609 0.973
Block 1 <0.001 0.0272 0.0401
Residual 0.362 0.0289

3.2.2 Seedling tests with Solstice isolate 08/21
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299 and 317varietiesfrom the YR panel have been tested agaist08/21 at
seedling stage in November 2009 and March 2010 respectively. Three varieties were
removed in each test becausfepoor germination. The IF from the seedling tests \Wigh
08/21 displays a bimodal stribution Eigure 1V-9), characteristicof the presence of
gualitative resistance. The test run in 2010 presented a higher average IF score, compared to
the test run in 2009. The changes in experimental condition e.g. tempefigfotiag,
presence of discard edges may explain the changengitsgn intensity, particularly the
lighting during incubation. In addition, powdery mildew contamination was observed at the
end of the second teshd may have influencatle development of WYR symptoms.

Despite the wide virulence profile of 08/21, mddl{ elite lines presented highly
effective seedling resistancbetween 18.7 and82.4%and of the varietiepresented aiF<
or =3 depending of the test considergdinong the resistant varieties weuhd several
varieties with Yr7 for which the isolate isvérulent i.e. Tommy, Thatcher, Brock and
varieties with unknown resistance i.e. Ochre, Pennant, Hereford, Timber. The virulence on
Solstice was intermediate with IF =6 in 2009 test and IF=5.5 in 2010 test.

41.2%to 42.3 %of the vaieties were susceptibl(IF>6) toPst08/21, among them
are varieties with no seedling resistance (Vuka,s8ois), varieties witl'r genes overcome
by the #fASol st ivelp Galahad(¥rl),aJoss :Cambid¢f¥ra+Yr3), Biscay
(Yr2+Yr3+Yrl?7), Shango (Yr4+ Yr6), Slejpne (Yr9), Apollo (Yr9), Prophef(Yrl7), Chianti
(Yrl?7) and WindsorYr32+ Yr2).
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Figure IV -9: Distribution of infection type at 17 dpi in seedling tests from
November 2009 and March 2010 withPst08/21

The analysis of variance using REML showedsignificant difference in IF
(p<0.001) between varieties, as well as a blefé&ct (trait) in both testsTablelV-14). The
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trait effect is linked with the position of the tray within the growth chamber, with trays
positioned in the back of the growth chamber generally showing less sporulation.

Despite the block and stidock effects, le triak presengd of high heritabilityof 0.92 for

the first testand 0.93or the second test.

Table IV -14: Analyse of variance of infection type from seedling tests against
Pst08/21

W numerator dgree of freedonf,Z) significanceprobability from Wald testbased
on fixed effect modef,f’) estimate of variance component from random mo(éi)el;
standard error based on random mo@éheritability based omandom model

Score Source nd.fY F.pr.® Est.® s.é? HZ®
Test 2009 Variety 296 <0.001 5.473 0.4927 0.915
IF 17 dpi  Block 1 <0.001 0.0526 0.0955
Tray 8 0.012 0.0528 0.0434
Residual 0.973 0.0817
Test 2010 Variety 313 <0.001 4.1968 0.3621 0.929
IF 17 dpi  Block 1 0.041 0.0019 0.0116
Tray 12 0.028 0.0268 0.0218
Residual 0.0622 0.0508
Tests Variety 316 <0.001 3.4954 0.3553 0.807
combined Test 1 <0.001 0.0783 0.1189
IF17 dpi Test.Variety 292  <0.001  1.2742  0.1433
Residual 0.859 0.0494

A relatively low correlation was observé@étween the two tests {80.46) (Figure
IV-10) which emphasizes the influence of climatic conditions prior and post inoculation on
the development ohe disease. Temperature and light (intensity and lengthihpcelation
also varied between tests. The first one was sown in late auwmen light and heat were
supplemented. The second one was sown beginning of the spring, no supplemental light was
avdlable and the temperature control was limited. After inoculation, both tests were
transferred into a growth chamber, with similar temperature set up, however, to help the

development of symptoms the lighting was modified by adding metal halide lighting.
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Figure IV-10: Correlation IF score between seedling tests inoculated witRst
08/21

Plot of the adjusted means from seedling tests inoculatedPstd8/21 using the
jitter function from R ywww.r.project.org). Linear regression line in blue.

To obtain a single rust evaluation for isolate 08/21 at seedling stage, the IF scores
from both tests were combined and an adjusted mean based on BLUP was obtained after
fitting a model including test effect as describethesectior®.7. The results of the analysis
of variance showed as expected a significant tests effect, suggesting the symptoms intensity
was generally superior in the second test. This tends to confirm the usefulness of
improvement made to the seedling test managemetmielen the two tests (higher light
intensity post inoculation and presence of disatdde$. The analysis of variance showed
also some interaction between variety and fEablelV-14). As illustrated inFigurelV-10,
some varieties showing a resi st antcorelafid ( | FO
Context, presented a susceptible response i
situation was also observed for instance for Norman (IF test 2009=7.5, and IF test 2010=3).
The presence of significant interaction suggests that the differeficexperimental
conditions affected the development of the disease unequally in all varieties. The heritability

over the two tests remained high despite the obvious presence of interactions.

3.2.3 Comparison of seedling scores against isolates 08/21 and 03/7

Using adjusted means obtained from GenStat, the IF observed for each variety

against isolate 08/21 aigblate 03/7 were compareigurelV-11).
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A large part of the varieties presented a higher susceptibility against 08/21 which can
be explained partly by the additional virulence factors identified in 08/21, particuledly
andvir9. 94 lines identified by the red square in the figuere susceptle against 08/21
and resistant against @3/ Among them, 49 have the 1BRS translocation witN'r9 based
on the genetic marker frorde Froidmont (1998see sectior.7.2. The 50 remaining
includes seven lines known to hawe6 (Charger, Comet, Kinsman, Longbow, Maris
Freeman, Shangosde Appendix 3 for postulated genes and references) &dlines
diagnosed to haverrl7 based on the genetic marker fradRobert et al. (2000 No
diagnostics markers is available fr6, however we expected a greater number of lines to
carryYré.

A small part of the varieties had a higher resistance with 08/21 which can be
explained by the presence of virulerfactorvir7 in 03/7. Eight lines identified by the green
square on the figure (Brock, Camp Rernipatcher Tommy, Cordiale, Ekla, Vilmorin 27,
Spark) were highly susceptible against 03/7 and resistant against 08/21. Four @rtbekn
CampRemy, Thatcher, Tommy) are known to carryr7, the remaining lines are likely to
carryYr7 also considering the wild virulence profile of 08/21.

The difference of IF observed between the two seedling tests are supported by the
differences in virulence profile of tHestisolates, particularly fo¥r6, Yr7, YrQwe were not
able toconclude concerning the virulence of 07/3Yri7 . Additionally, the two isolates
presented contrasting virulence frd3 andYr44, however those genes are not likely to be
present in thaJK winter wheat asfr43 andYr44 have been identified in American spring
wheat, IDO377s and ZAK respectively. Nothing indicated in the pedigrees a common

ancestor between those American lines and the YR panel lines.
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Figure IV-11: Comparison of IF scores with isolates 08/21 and 03/7

The plain line corresponds to IF 03/7 =IF 08/21, the dashed lines delimited the
area where IF08/21 = I63/7 + 2 sandard errarThe upper left corner (red) of the
chart includewarieties highly resistant against 03/7 and susceptible against 08/21.
The lower right corner (green) of the chart includes varieties susceptible against
03/7 and highly resistant against 08/21.

3.3 Adult tests

3.3.1 Disease pressure and progression in field trials

Two adult plants testsalve been carried out on the YBnel in 2010 and 2011. The
first one was inoculated witRstisolates 08/21 characteristic of the Solstice race. The second
was inoculated with threBstisolates (08/21, 03/7 and 08/501) representurrent races
from the UK, Solstice, Brock and Timber racgespectively The progression of the disease
was followed from late May to end of June. The spreader plots composed of the mix of two
susceptible varieties Victo and Vuka were scored in catijpm to varieties in test. The
average severity in spreader plots (208 plots in 2010 and 225 plots in 2011) provides an
indication of disease pressure in the field as well as availability of inoculum. In both trials,
the disease severity on spreadergieas particularlyigh over the period of scorin§igure
IV-12), demonstrating the success of the inoculations and the availability of inoculums in
quantity within the field. In 2010, the rust severityserved in spreader plots was 39% on

the 17 May andprogressed up to 83 % the 18 June. In 2011, despiex@eptional dry
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spring, the disease progressed quickly within the spreader plots to reach 67 % on the 22

May, then the disease evolved slowly up to 76% the 23 June.
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Figure 1V-12: Evolution of disease severity (% Cobb scale) in adult plant
tests for selected varieties and spreaders plots.

The spreader plotsorrespond to a mix of cWgicto andVuka. The plain lines
represent the 2010 trial inocuddt with 08/21. The dashed lines represent the
2011trial inoculated with three P&olates 08/21, 03/07, 08/501.

3.3.2 APR with Solstice isolate 08/21

3.3.2.1  Virulence present within the field trial

The YR panel was evaluated agaifdistice race 08/2ih an inocul#&ed field trial in
2010. A high infection of Solstice wa®bserved Figure IV-12). No symptoms were
observed on Brock, Timber and lines with7 suchas Thatcher and Lee. Therefdte
isolate present within the trial is likely to be 08/21 inoculated, additionally no obvious
contamination from natural Pst rao@as revealedased on differential hosts sown within
the trial. Virulence test ofPstisolated from spreader leaves showed a similar virulence
profile to 08/21 the test showedirulence forYr genesl,2,3,4,6,9,17,20,25,32,Sahd
avirulence forYr genesb,7,8,10,15,SPintermediate responseere observedor Yr27 and
YrA

The trials includedlso differential lines for the adult plant resistanamdenic lines
Yrl86* AvS and Jupateco RY(18 presented rainfection severity between 70 to 90%
(Cobb scale) on the 4 June 2010 (middle scoring datd)then dried quickly as they are
spring varietie and flowered earlier than the YR panel linEsose observations highlighted

the low efficiency ofYrl8against UK isolates when included singularly in cv.
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The adult plant resistance gervad.1, Yrl2, Yrl3andYrl4 described on European
wheat in theUK in the 60 and 70s are most likely overcome by 08/21 as high level of
infection were observed at the end of Jomevariety supposed to carry thagenes:Joss
Cambier and Heine VHor Yrll, Mega and Nordesprezfor Yrl2 Maris Huntsman and
Kinsmanfor Yr13 Avalon and Hobbifor Yr14.

3.3.2.2  Severity score and host response

The progression of the disease was followed between 17 May and 18 June, six
severity scores using the Cobb scale and three host resgmames have been collected over
this period of timeAlthough we disposed of six scores for severity, the analysis focused on

three scores: the first from the 17 May, the intermediate from the 4 June and the last from the
18 June.
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Figure 1V-13: Distribut ion of average severity scores and host response for
three dates of scoring in inoculated trial with 08/21.
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The severity scores evolved greatly between the 30 days of s¢brjuge IV -13).
The first scoring date showed a limited rust severity within the trial with an average of 2.2%,

the scores spread from O to 40%. The middle date showed intermediate rust severity with an

average of 17.9% and the scores went from 0 to 90%. The final scoring presented a high

infection of 39.3%the scores were between 0 and 108#sed on the final score, the YR
panel presented a homogenous distribution of WYR severity, 94 varieties arerbagibignt
(severityO020%),

to moder at el

susceptible

y resi

(severity

stant

050 %) .

137

The analysis of variance based on REML as implemented in GenStat 13th showed

significant differences in severity (p<0.001gtlwveen the YR panel lines across the three
scoring datesT@ablelV-15). A replicateeffect was exhibited for the intermediate score dates

(p<0.001) andthe last score date (p=0.007), probably reflecting variation in inoculums

density. The heritability value increased from 0.83 to 0.98 and 0.96 between the first and

middle/end score dates reflecting a better establishment of the disease at the latBlodates

evidence of the influence of the plant stage GS45 on the disease score was revealed by the

analysis, thus the covariate GS45 was removed from the model to obtain an adjusted mean.

Table IV-15: Analyse of variance of rust severity (% in Cobb scale) from
adult plant test inoculated with Pst08/21

@

numerator dgree of freedonf? significanceprobability from Wald testbased

on fixed effect modef? estimate of variance component from random mddel;
standard error based on random moﬁéheritability based osimplified random

model i indicated the factor presented a negative variance component estimate,
thus was remove from the random model.

Score Source nd.f? F.pr.® Est.® s.é% H=®
Severity  Variety 292 <0.001 0.09706 0.01012 0.825
First Block 2 0.071 0.00037 0.00061

score GS45 1 0.265 - -

Log(x+1) Residual 0.0619 0.0039
Severity  Variety 292 <0.001 0.3787 0.03187 0.971
Middle Block 2 <0.001 0.00103 0.00117

score GS45 1 0.142 0.00002 0.00005
Log(x+1) Residual 0.0338 0.00213
Severity  Variety 292 <0.001 0.3953 0.03441 0.957
Last Block 2 0.007 0.00083 0.00104

score GS45 1 0.639 - -

Log(x+1) Residual 0.0533 0.00335
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The field host response evolved as the disease progressed during thg[Sgasen
IV-13). Many varieties were classified of resistant (0.2) to moderately R (0.4) in the first
scoring date. As more sporulating lesions appeared in thamgjlines passed in the classes
of intermealiate (0.6) to moderate susceptible (0.8). The last scoring date is marked by a
regression of ling inclasses intermediate to moderately susceptible as the scores focused on
the top leavegenerally healthier. Only rare lines in the YR panel displayedtally
immune HostR (0), for the last scoring date, only the cvs. Ochre, Hurley, Benedict, Trend
and Vector were showingn immune response in all blocks. On the opposite side of the
scale, rare were the cvs showingusceptibleHostR(S), only cvs. Jacadilburi, Lynx (afp
704), Agami,Slejpnerand Axial exhibit a constant susceptible response within the trial. It
indicates that the YR panel linesytside the fivecited, present some source of resistance
againstPst08/21.

Comparing lines over three score dates, significant differences in HostR (p =
<0.001) were observed amongst ¥R panel TablelV-16). No significantreplicate effect
was shown. The plant stage GS45 did not appeared to influence significantly the HostR. A
similar pattern was observed for the heritability of HostR scores as for severity scores, the
heritability increased between the first and the sednd scores.

Table 1V-16. Analyse of variance of host response from adult plant test
inoculated with Pst08/21

B numerator dgree of freedont? significanceprobability from Wald testbased

on fixed efect model® estimate of variance component from random mddel;
standard error based on random mo@l;heritability based ora simplified
random modeli indicated the factor presented a negative variance component
estimate, thus was remove frohetrandom model.

Score Source nd.f F.pr.? Est.® s.é% H=®

Host R. Variety 292 <0.001 0.04823 0.00516 0.804

First Block 2 0.063 0.00028 0.00042

Score GS45 1 0.179 0.00003 0.00005
Residual 0.0353 0.00222

Host R. Variety 292 <0.001 0.04768 0.00437 0.915

Middle Block 2 0.06 0.00011 0.00016

Score GS45 1 0.101 0.00001 0.00002
Residual 0.0133 0.00083

Host R. Variety 292 <0.001 0.04382 0.00402 0.915

Last Block 2 0.691 - -

Score GS45 1 0.182 0 0.00001
Residual 0.0121 0.00076
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3.3.2.3 AUDPCr

The AUDPC was calculated based on sboring dates between 17 May andJli@e
2010 and divided by the average AUDPC of the spreader plots (AUDPC=2250) to obtained
therelative AUDPC (AUDPCr)Only cv.AC Barrie and Oakley presentedhigher AUDPC
respectively 2307 and 2258C Barrie is a spring varieties from Canada with known high
susceptibility while Oakley is a UKvariety also recognized for its susceptibility to UK rust
isolates. The distribution of AUDPCr is bimodal, characgtic of the presence of qualitative
resistance for the lower scores and more quantitative resistances for thesbigheiFigure
IV-14). 67 varietis presented an AUDPCr inferidgo 0.1. Among them we foundhrieties
with seedling resistame. Timber,Cyber, Ekla, Buster, Cadenza, Ochre, Mala¥¢a.also

recognized long lasting resistant lines with APR such as Deben, Camp Remy and Claire.
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Figure IV -14: Distribution of Area under the disease progress curve relative
calculated between 17 May and 18uhe in inoculated trial with Pst 08/21.

The analysis of variance on the AUDPCr scef®wed significant differences
between lines of the YR panel (p<0.001). A significant replicate effect was also highlighted.
No evidence of GS45 influence on the AUDPCr score was demonstrated. The heritability of
AUDPCr was particularly high (0.97).
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Table IV-17: Analyse of variance of AUDPCr from adut plant test
inoculated with Pst08/21

(€8]

numerator dgree of freedon{,z) significanceprobability from Wald testbased

on fixed effect modef,f’) estimate ofvariance component from random mod@l;
standard error based on random moﬁéheritability based osimplified random

model
Score Source nd.f? F.pr.® Est.® s.é? HZ®
AUDPCr  Variety 292 <0.001 0.049957 0.004596 0.968
Block 2 <0.001 0.000239 0.000259
GS45 1 0.175 0.000001 0.000005
Residual 0.00491 0.00031

3.3.2.4 Correlation between rust assessments

The correlation coefficier(r’) was calculated between all the WYR scores collected
in the fieldtrial 2010 TableV-18). Thecorrelation within severity scores decrease over
time. Similar pattern is observed within HostR scores. Generally we found a best correlation
between middle and end date than between start and middle date which reflect the low
yellow rust infection at the first dat&he correlation between the HostR scorel dme
severity scores progressed from 0.14 to 0.70 over the three dates scored in parallel of the rust
epidemicdevelopment.

We remarked a particularly high correlation between the AUDPCr and the
intermediate severity score of 0.95. The middle severityescould therefore be used

instead of AUDPCt to look at slow rusting

Table IV-18: Correlation coefficient R? betweenyellow rusts assessments in
inoculated trial with 08/21.

Sev: severity, HostR: host respen start: score on 17 May 2010, middle: score on
4 June 2010, end: score 18 June

R srt | made | Sevend | "G | ‘ae | 'end | AUPPCI

Sev start

Sev middle 0.432
Sev end 0.228 0.697

Host R. start 0.141 0.399 0.374

Host R. middle 0.147 0.493 0.600 0.344

Host R. end 0.193 0.568 0.704 0.358 0.728

AUDPCr 0.472 0.952 0.813 0.421 0.540 0.630

3.3.3 APR with a mix of 3 isolates 08/21, 03/07 and 08/501
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3.3.3.1 Virulence within the field trial

The YRpanel was evahted against a mix of three Pstlates 08/21, 03/7, 08/501
in an inoculated field trial in 2011. Those three isolates were chosen to represent a wide
range of virulence. The Brock race 03/7 has the virulenc&foand APRYrl14 and the
Timber race 08/501 is the virulent on Timber, which complemented the Solstice race 08/21
already extended virulenceggilte: Yr1,2,3,4,6,9,17,32,Sd,5o0lstice.

The WYR infection was evaluated between 22 May a8dJune 2011Kigure
IV-12). Symptoms were observed on Brock, Thatcher (differential ho3triorand Timber,
but the severity score were fairly low even for the last scoring degpectively 4%, 13%
and 23%. Virulence on Solstice was observed, the average severity score progressed from
3.6 to 50% at the end score date. Those observations support the presence of an extended set
on virulence within the 2011 trial comparing to 20 &0 symptoms were observed on
Brock and Timber in 2010. The average level of infection in 2011 was lower than in the
field trial 2010, average severity in 2011 was 22§ainst 39% in 2010 at the end date.

The difference in severity between susceptibléetias Solstice, Timber and Brock
may have several originl) a difference of fitness between the three isolates, Solstice isolate
08/21 is believed to be more aggressive than other UK isolates, for instance the latent period
in our seedling tests appedr generally shorter with 08/21 comparing to the 03/7; 2) an
earlier contamination of the field trial by a race similar to Solstice as sporulation pustules
were observed on spreader plots prior the field inoculation and the Solstice race was
predominantn 2011 within the UK. 3) Timber and Brock may possess additional minor
yellow rust resistances not overcome by their respective isolates.

The trials included also differential lines. The presence of virulence against seedling
resistancerr2, Yr6, Y7, Yr22 Yr23, Yr25wvas confirmed based on the high level of severity
observed on Lee and Heines Peko. No virulence was observéd Oh. spelta album Yr8
(Yr8/6* AvS andCompair) Yrl0(Moro) andYrl5(Boston).

Additionally Alcedo (APR QTL on 4BL)and Opata (APR'r18 Yr27, APR Yr30),
two cvs with adult plant resistance were totally resistant, demonstrating the high efficiency
of their respective APR combinati®against UK isolates. Guardian (APR13 APRYr29
was also evaluated and showed ttesise (Severity =20%).

We also remarked a low infection on Vilmorin 23 and Hybrid 46 suggesting the

presence of efficient APR within those differential hosts.

3.3.3.2  Severity score and host response

The progression of the disease was followed between 22 Magaddne 2011,

four severity scores using the Cobb scale and two HestRes have been collected over this
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period of time. Although we disposed of four scores for severity, the analysis focused on
three scores: the first from the 22 May, the intermedrata the 9 June and the last from the
23JuneThe HostR was scored at the intermediate and last scoring date.

Severity scoresn the 2011 field trialprogressedetween the 30 days of scoring
(FigurelV-15). Thefirst scoring date showed a limited rust severity within the trial with an
average o#4.5 %, the scores rangémm 0 to50%. The middle date showed intermediate
rust severity with an average b2.0% and the scores went from 0 to 90%. The final scoring
presentedan intermediatehigh infection 0f22.0%, the scores were between 0 and 100%.
Based on the final score, the YR panel presented a skewed distribution toward low severity,
181 varieties showed a severity 020 %, corre
response. 55 varieties appeared moderately susceptible to highly lscégverity
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three dates of scoring in inoculated trial with three isolates (08/2103/7,
08/501).

As the virulence mfile of the mix of isolates used for inoculation in 2011 was more
extensive tharfPstisolate 08/21 alone, a higher number of intermediate to resistant response
(equivalent to severity >30) was expected comparing to the 2010 trial. However the intensity
of symptoms observed at the end of the epidemic in 2011 was lower than in 2010. The low
symptom intensity observed in 2010 was most likely due to the exceptional weather
conditions observed in spring 2011, with extensive drought in April and May affebgng t
plant growth in great extend. The average date for GS50 in 2011 was the 21 May, while in

2010 the average date for an earlier stage GS45 was on the 24 May.

Analysis of variance based on REML showed significant differences in severity
(p<0.001) betweethe YR panel line for the threscoring date {able IV-19). A replicate
effect was exhibited for all score date. The heritability value increaseddretive first and
the last score, reflecting a better establishment of the disease at the later dates. Evidence of

the effect of the plant stage GS50 were showed at the intermediate scoring date (p=0.03).

Table 1V-19: Analyse of variance of rust severity from adult plant test
inoculated with mix of isolates (08/21, 03/7, 08/501)

@ numerator dgree of freedon{,Z) significanceprobability from Wald testbased
on fixed effect modef? estimate of variance component from random motel;
standard error based on random moﬁéheritability based omandom model

Score Source ndf? F.pr.® Est.® s.é¥ H2®
Severity Variety 307 <0.001 0.16396 0.01458 0.910
First Block 2 <0.001 0.00114 0.0013

score GS45 1 0.079 0.00002 0.00007
Log(x+1) Residual 0.0483 0.00277
Severity Variety 307 <0.001 0.25525 0.02343 0.950
Middle Block 2 <0.001 0.00113 0.00127

score GS45 1 0.034 0.00011 0.0002
Log(x+1) Residual 0.0439 0.00252
Severity Variety 307 <0.001 0.37531 0.03129 0.969
Last Block 2 0.018 0.00036 0.00048

score GS45 1 0.925 - -

Log(x+1) Residual 0.0365 0.00209

The fieldHostR was evaluate at the two latest scoring date. The HostR distribution
was similar for both scores. For both dates 9 June and 23 June, the average nominal HostR

ranged from 0.1 t0 0.9
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None of the YRpanellines demonstrated a totallyusceptibleHostR (1) reflecting
the presence of minor resistance within almost all YR panel lines. 11 lines showed a constant
immune response among them Contender, Malacca, Ochre, Vector and Gatsby. 50 to 51% of
the cvs have an average HostR between 0.51 tocd@respondig to an intermediate
response (MSMR).

Based on thanalysis of variance, significant differences in HostR (p = <0.001) were
observed amongst the YR pan&hbleV-20) for both date. No significant replicate effect
was shown. The plant stage GS50 did not appeared to influence significantly the HostR. The
heritability of HostR was high for both dates (08@l 0.91).

Table IV-20: Analyse of variance of host response from adult plant test
inoculated with mix of isolates (08/21, 03/7, 08/501)

@ numerator dgree of freedopt? significanceprobability from Wald testbased
on fixed effect modef?) estimate of variance component from random mo(f.’fel;
standard error based on random mo@eheritability based omandom model

Score Source nd.fd Fpr.@ Est.® s.éY H2®
Host R. Variety 307 <0.001 0.04232 0.00385 0.891
Middle Block 2 0.428 0 0.00004
Score GS50 1 0.351

Residual 0.0155 0.00088
Host R. Variety 307 <0.001 0.03971 0.00356 0.904
Last Block 2 0.388 0 0.00004
Score GS50 1 0.898

Residual 0.0126 0.00072

3.3.3.3 AUDPCr

The AUDPC was calculated based on faaoring dates betwee2? May and23
June P11 and divided by the average AUDPC of the spreader plots (AUDREGF28
obtained theelative AUDPC (AUDPCr)Only cv.AC Barrie andSlejpner(Yr9) presented a
higherAUDPC respectively 2650 and 2317. The distribution of AUDPCr is skewed toward
low AUDPCr scoresKigure IV-16). 149 varieties preented an AUDPCr inferioto 0.1;
among them we found Timber and Brock as well as varieties with seedling resistance and

adult resistance similar to 2010 trial.
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Figure IV -16: Distribution of Area under t he disease progress curve relative
calculated between 22 May and 23 June in inoculated trial with three isolates
(08/21, 03/07, 08/501).

The analysis of variance on the AUDPCr score showed significant differences
between lines of the YR panel @€0) (TablelV-21). A significantreplicate effect was
also highlighted. There was no evidence of the effect of the GS50 on the AUDPCr score.
The heritabiliy of AUDPCr was patrticularly high (0.96).

Table IV-21: Analyse of variance of AUDPCr from adult plant test
inoculated with mix isolates (08/21, 03/7, 08/501)

@ humerator dgree of freedonf? significanceprobability from Wald testbased
on fixed effect model?) estimate of variance component from random mddel;
standard error based on random moﬁéheritability based omandom model

Score Source nd.f?  F.pr.® Est.® s.é” H=®
AUDPCr  Variety 307 <0.001 0.034644 0.002926 0.959
Block 2 <0.001 0.000096 0.000111
GS50 1 0.254 - -
Residual 0.00467 0.000268

3.3.3.4 Correlation between rust assessment

Thecorrelation coefficient {) was calculated between all the WYR scores collected
in the field trial 2011 TableIV-22). Thecorrelation within severity scores decrease over
time. The correlationvalue between middle and end dat@as higher (0.80)han between
start and middle dai®.61), reflectinghe low yellow rust infection at the first dafhe two
HostR scoregpresented an intermediated correlation of OTB2 correlation between the

HostR score and the severity scoresgpessed from 0.27 to 0.37 from the intermediate to
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the last scoring date. The correlation coefficient was particularly high between the AUDPCr
and the intermediate severity score of 0.95. The middle severity score could therefore be
used instead of AUDRQo look at slow rusting

Table IV-22: Correlation coefficient R? betweenyellow rusts assessments in
inoculated trial with mix isolates (08/21, 03/7, 08/501).

Sev: severity, Host R: host response, stadreson 22 May 2011, middle: score
on 9 June 2011, end: score 23 June 2011.

2 Sev Sev Host R Host R | AUDPCr
R Sev end
middle middle

Sev start

Sev middle

Sev end

Host R middle

Host R end

AUDPCr

3.4 Comparisorof de novaadult plant tests

An analysis of variance using REML as implemented in Gensthwa8 carried on
the average severity score between three scoring dates from both field trials. The results of
the analysis of variance showed as expected a significant tests effect, as the symptoms
intensity was generally inferior ithe second test. Thenalysis of variance showed also
some interaction between variety and teBable IV-23) which reflect the presence of
additional virulence in 2011 fié trial, the presence of potential interaction between rust

isolates and generally genotype by environment interactions.

Table IV-23: Analyse of variance of for combined APR field trials

@ numerator dgreeof freedom @ significanceprobability from Wald testbased
on fixed effect modef,*q') estimate of variance component from random mo(él)el;
standard error based on random moﬁbheritability based omandom model

Score Source n.d.f  F.pr.® Est.® s.é? H2®)

Average Variety 323 <0.001 0.23394 0.02163 0.875

severity  Test 1 <0.001 0.0253 0.03612

log(x+1) Test.Var 276 <0.001 0.05752  0.00577
Residual 0.0281 0.00119

The visual comparison between the severity scorthatlastscoring date in field
2010 and field 2011 highlighted a few varieties with contradictory respoRgps€IV -17).
For instance lines surrounded by a green rectangle in the chart were highly resistant in 2010

but developed symptom in the 2011 field trial as a result of the additional virulence factors.
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On the other hand, varieties with intermediate to high levedusteptibility in 2010 trial
presented a limited infection in 2011 trial (in the red rectangle inFibare IV-17),

suggesting the presence of negative interactions betstesolates and the varieties.
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Figure 1V -17: Comparison severity last scoring date between field trial 2010
and 2011

The upper left side of the chart (green) includes varieties highly resistant against
08/21 in 2010 and which developed symptoms when inoculated with therenix

of Pstisolates in 2011. The lower right side of the chart (red) includes varieties
susceptile against 08/21 in 2010 trial which showed limited symptoms in the
2011 trial inoculated with a mix of isolates

3.5 Comparison of seedling tests and de novo adult plant tests

TheFigurelV-18 showedhe adjusted IF scores obtained from the two seedling tests
inoculated withPst 08/21compared to the average adjusted severity scores in field trial 2010
inoculated withPst08/21. From the chart we can identify varieties with potential source of
adult resistance, the green square contained 34 lines with an IF>6 at seedling stage and an
average severity <20%d able IV-24), some are fairly old lines such as Copain and Maris

Huntsmanpthers are fairly recent such as Brompton, Humber and Award.
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Figure IV-18: Pst08/21 seedling IF scoresersus severity adult plant scores

The plotted scores are adjusted means obtained after fitting a random model as
described in section 2.7. Tlgeeen rectangle identified lines with potential source
of adult plant resistance against P&/21.

To obtain asingle rust resistance evaluation for both APR tests, the average severity
score from both tests were combined and an adjusted basaa on BLUP was obtained
after fitting a model including test effect as described in the se&i@anSimilarly, an
adjusted IF was obtained from the three seedling tests inoculatedPsti@8/21 andPst
03/7. The adjusted mean from seedling tests and APR tests tieel pigainst each others in
Figure IV -19, highlightinglines with potential source of adult resistance (orange recjangle
against the mixture of current Hsblates tested. 30 lines felt in this category, of those 10
were similar © the one identified with only Pst isola®&/21. The introduction of the IF
score against 03/7 is the estimation of the overall seedling resistance score lowered the
adjusted IF of many lines withré and Yr9. Therefore the number of lines with source of
adult plant resistance is most likely underestimated.

Note the adjusted scores for each line at seedling and adult plant stage are available
in Appendix4.
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Table 1V-24: List of varieties with a potential souree of adulte resistance
effective againt 08/21 (Solstice race):

Adj. IF seedling Adj. average severity

tests with Pst 08/21 trial 2010
Anglo 6.44 6.78
Armada 6.21 0.41
Atla 6.39 6.47
Award 6.92 7.70
Brompton 7.16 4.04
Capnor 6.21 18.85
Carstens V 7.16 19.73
Caxton 6.92 18.59
Charger 6.68 15.53
Chicago 6.68 291
Comet 7.02 11.89
Convoy 6.68 5.73
Copain 8.11 14.08
Dart x 6.44 12.98
Drake 6.39 17.99
Electron 6.21 13.45
Explosiv 7.39 16.17
Exsept 6.68 16.12
Falstaff 6.21 16.09
Galahad 7.39 15.04
Galatea 8.11 15.10
Genesis 6.92 10.58
Harrow 7.39 14.25
Humber 6.68 5.24
Longbow 7.39 12.62
Maris Huntsman 6.92 16.17
Matfield 7.63 18.39
Predator 7.16 14.17
Shannon 6.92 8.57
Soissons 7.39 6.63
Spry 7.87 15.01
SW Maxi 6.21 0.30
Tambor 7.16 2.00
Toronto 6.21 3.79
Trend 6.21 0.11

130



Chapter V: Yellow rustde novaresistance phenotypes

80

=
o 0 *
- >
E 60
=
~l o ‘e
2 % 50 .: ‘o .
R . * "
- -
;o‘_; 10 - S » ry
-2 Py Y W o ** .
25 ¢ o 3 o, Y
P . - “ -
T = 10 3 @ % P $ -
- ¢ % § % grapss
®,, = t. «* ‘. 4 — e $
£ 01' ¢ \’:& R 4
& 10 . ‘“o: afs og. 2
= ’00 z"’o.o p > . &
- ’ 9
0 1o m*um Poadgsds ol e

0 | 2 6 8 9

Adj. lr all seedling tests

Figure IV-19: Adjusted IF scores from three seedling tests combined versus
adjusted severity scores from 2010 and 2011 field trials.

The plotted scores are adjusted means obtained after fitting a random model as
described insection 2.7. Theorange rectangle identified lines with potential
source of adult plant resistance against all isolates tested.

3.6 Comparison of de novo APR testdhistorical APR

The rust resistance against curr@stisolates evaluated iriefd trial in 2010 and
2011 were compared visually to historical data resistesumes(see Chapter Il for
historical data description and adjusted mean calcu)afiigure IV -20). Somesimilarity
were found, many historically susceptible lines appeared also susceptible in the de novo
evaluations such as Ac Barrie, Clemesigjpner Vuka, Hornet, Blaze, Travix. In addition,
many historically resistant lines appeared to have maintained a high level of resistance
against current yellow rust isolates, for instance 140 lines have an average severity score
<5% in both dataset. B comparison highlighted also some obvious contradictions.
Varieties carryingr'r7 such as Thaher, Tommy, Camp Remy would be classified as highly
resistant based on de novo field evaluation however the historical data showed a lower level
of resistance eflecting the lack of strong virulence fofr7 in the de novo evaluation.
Furthermore, higher susceptibility was observed in many lines when evaluated against
currentPstisolates comparing to the historic evaluation, as demonstrated by Vivant, Warrior
(afp994), Weston, Dart, Chaucer and Diablo. The increase in susceptibility is supported by a

wider virulence profile of current Pgtolates comparing to older isolates ensied.
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Figure IV-20: Adult plant resistance scores from historical data versus
severity in de novo adult plant tests.

The data plotted are adjusted means, de novo data correspond to the average
severity between first, intermediate and final score dates for trial 2010 and trial
2011. To ease the comparison, historic data were transformed to match the Cobb
scale (equivalentobb scale =2.7 x score with International scale).

3.7 Molecular markers

3.7.1 Assays forYr5

Preliminary tests with primer pair ST6/ STS10 provided weak amplifications.
Therefore, this primer pair was discarded and replaced by7STSIS10. Similar probém
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with the primer pair STS / STS10 have also been observed in other laboratory as stated in

the web sitéhttp://maswheat.ucdavis.edu

Using primer pair STS/ STS10, several differential hosts were kaaied A great
diversity of restriction profiles were observed on agarose gel as illustrakégure [V -21.
Unfortunately, none of the band observed were specific of linesYwgle.g. isogenic line
Yr5/6* AvS andT. spelta Alboum. For instance, Heines Peko, Nord Desprez, Cappelle
Desprez and Hees Kolben presented similar restriction profile on agarose gel to lines with
Yr5. As Cappelle Desprez is known not to caymp and entered in the pedigree of many
European wheat, the diagnosticsyo® CAPS marker from Chen et 20030 is most likely
to be limited in European wheat.

I 2 3 4 5 6 7 8 9 1011 12 131415 1617 18 19 2021 2223 24 1

304 )l\l )

|(n||,|'

Figure 1V-21: Yr5 assay with primer pair STS7 / STS 10 after digestion by
Dpnll on European WYR differential hosts.

Agarose gel 2.5%, 1Yr156* AvS; 2: Yr186* AvS; 3: Chinee 166; 4: Compair;
5: Heines Peko, 6: HeingVIl; 7: Kavkaz; 8: Kalyasona; 9: Nord Dsprez; 10:
Reichesberg; 11: Rieesel 4751; 12: VPM1; 13: Strubes Dickkopf; 14:
Suwon/Omar ; 15: Mirgter; 16: Jupateco R; 17Yr5/6* AvS; 18: T. Spelta
Album; 19: Heins Kolben; 20: Cappelle Bprez; 21:Hybrid 46; 22: Moro; 23:
Lee; 24: Vilmorin 23; L: HyperLadder IV (Bioline).

Using anABI 3730x| analyser, the YR panel cultivars and WYR differential hosts
were classified based dhe size of the restriction fragmenincluding the reverse primer
Sequence ST-3$0. Only two fragment sizes were identified using GeneMapper V.4. One
fragment vas evaluated to be 285bp and was found.igpelta Album and the differential
hosts presenting a similar profile T spelta Alboum on the agarose gel. The alternative
fragment size was 98bp and was found among others in Heines VII, Compair and VPM 1.
The varieties of the YR panel are distributed almost equally in the two classes; the 185bp
band was present for 149 lines while the 98bp band was present linési{TableV-25).

The 98bp and 285bp fragments detected by ABI analysis are most likely equivalent to the
102 and 289 bp fragments described by Chen €é2@D30 minus the 4bp included in the
restriction site of Dpnll (GATC).
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Table 1V-25: Distribution of major restriction fragments obtained after
digestion by Dpnll of amplification using STS7 /STS10 primers in YR panel

Band 285pb Band 9&p None detected
Varieties in YR panel 149 147 31

The primer pairS19M93100 F / R fromSmith et al. (2007 was also tested on
differential hasts. As expected a 100bp fragment svamplified in lines with Yr5 e.g.
isogenic lineYry/6* AvS andT. spelta Album. Similar band were aso amplified in many
other differential hets that do not carryyr5 (Figure IV-22). The amplification of 100bp
fragmens in lines fairly common in pedigree of EuropearmeatSuch & Cappelle Deprez
and Hybrid 46 render thimarker selessto identify Yr5 within the YR panel. Therefore the
STS markerS19M93-100 ha not been tged on the complete panel.

L1 2 3 4 8§56 7 89 101112 1314151617 18 19 2021 2223 24 L

100bp

Figure 1V-22 Yr5 assay with primer pair S19M93100 F/R on WYR
European differential hosts

Agarose gel %, 1 Yrl56* AvS; 2: Chinee 166; 3: Heines Pekp4: Kavkaz; 5
Nord Desprez 6: Riebesel 47-51; 7: Strubes Dickkopf, 8: Minister, 9: Yr186*
AvS; 10:Compair; 11Heines VII; 12: Kalyansona; 13:Reichesberg 14:VPM1,
15: Suwon/Omar 16: Jupateco R; 17Yr5/6* AvS; 18: T. Spelta Album; 19:
Heines Kolben; 20: Cappelle DBprez; 21:Hybrid 46; 22: Moro; 23: Lee; 24:
Vilmorin 23; L: HyperLadder IV (Bioline).

3.7.2 Assay forYr9

The preence oflBL.1RS rye trarslocation includingYr9 have been evaluated via a
multiplex PCR developed bge Froidmont (1998on European differentiahosts The
differential hats for Yr9, Kavkaz and Ribesel 4751, amplified a 412bp fragment
charactest i ¢ o f -Secdalegemeyoeated on IR The European WYR differential
which do not haveYr9 amplified a fragment of 636bp chateristic of the wheat low
molecular weight glutenin gene located orS1LEDnly dfferentials Kalyansonaand Jupateco
R provided a mixed profilevith both bandsmost likely due toDNA contaminatioras all

wheat lines studiedre inbreed lines and should be homozygouwadl &tcus.
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T00bp

40 bﬁ[vp

Figure IV-23: Amplification products from 1BL.1RS assy from De
Froidmont (1998

Agarose gel 2.5%.:1Prophet; 2 Quest 3: Steadast; 4: Storm; 5. Weston; 6:
Xil19; 7: Kavkaz; 8: Ketchum; 9: Vilmorin 23; 10: VPM 1; HyperLadder IV
(Bioline).

When applied to the YR panel ligghe multiplex PCR dtinguished 104 line with
the 1RS translocation fromrye (band 412bp) {Table IV-26), thus carrying Yr9. Those
varietiesrepresent 32 % of the YR panel. Among the smplifying the 412bp productve
recognize varietesuch Haven, Hasr, Brigadier andSlejpner known to haveYr9. Four
lines (Fender, Conqueror, Maverick and Glasgow) appears heterozygote as they amplified a
412bp product and a 636bp. The presence of heterozygote suggests some dmrarofna
the DNA may have occurred during the extraction and PCR process or it originated from an

impure seed source as the YR panel is exclusively composed of inbred lines.

Table IV-26: 1BL.1RS markers distibution for YR panel lines

Presence of Absence of Heterozygous
translocation translocation 412bp and No amplification
412bp band 636bp band 636bp present
Varieties in YR
panel 104 213 4 6

3.7.3 Assay forYrl7

We used the primers SC15 for Yrl7 developed by Robert et a2000 on
European WYRdifferentials hosts and the YRapel lines. The PCR geraded a DNA
fragment of ~580bp in the VPM 1 line (differential fgrl7) and line with ¥17 such as
Hussar, Brigadier, Rendezvous and Madrigal. No fragment was amplified in European WYR
differentialswith othersYr genes. A total of 132 lines from the YRngh amplified the 580
fragments linked t&'rl7 (TablelV-27).
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L 1 2 3 4 % 6 7 8 91011 12 131415 16 L

GO0bp

Figure 1V -24. Amplification product sfrom SC-Y15

Agarose gel 2%. :1Windsor; 2 Scorpion 25 3: Woburn; 4: Hunter; 5:
Woodstock; 6: Hunter; 7: Zaka; 8: Cockpit; 9: Wizard afp1828; 10: Riband; 11:
Senator; 12: Warlock 24; 13: Armada; 14: negative control (water); 15: Warlock
24; 16: VPM 1, L:HyperLadder IV (Bioline).

Table IV-27: Marker SC-Y15 applied tothe YR panel lines

Presence of Absence of Not tested
580bp product amplification
Varieties in YR
panel 132 175 20

4 DisScuUsSsION

4.1 Seedling resistance in YR panel

The YR panel was evaluated as seedfitagyeagainst two Psisolates representing
the current virulence in the UK, Brock isolate 03/7 virulentyonand Solstice isolate 08/21
virulent on a wide range ofr geneswith the exceptiornof Yr7. The test allowsaus to
highlight the presence of seedling resistance within the YR p&n224 lines tested against
03/7 test and 89 lines in tested against 08/21 had an infection type inferior to 4 (immune to
moderately resistant). 63 varieties presented a consististanegresponsglF <4) against
both isolates.

The virulence profile of the isolates differed f6r7, Yr6and Yr9, furthermore a
difference of response was observed on American line ZACH and IDO3778 carrfiag
andYr44respectively. Extended seedling test confirmed the avirulence of Brock isolate 03/7
for Yr genesb, 6, 8, 9, 10, 15, 24 and SPand the avirulence of Solstice isolate 08/21Yor
genesb5, 7, 8, 10, 15, 24 and SP. The IF type obtained against both Pisblates
complemented by pedigree information and the markers datéroand Yr1l7 provide an

insight concerning the presence of race spetifigenes.

4.1.1 Source of seedling resistance against Brock isolate
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4111 Yr9

Many qualitative resistances against Brosklates 03/7 can be explained by the
presence o¥r9in YR panel lines as confirmed by the molecwdasay for the translocation
1BL.1RS. Based on the assay, 98 lines tested against 03/7 have the transisheion
contains the resistance geMe9. 97 lines diagnosed to havér9 based on the 1BLRS
molecular marker had an average IF infetm2 Only Derwent was diagnosed wivtn9 but
present a susceptible reaction (average IF =8). An error in sowing might have occurred.

The presence of the 1BIRS wasconfirmed by the DArT genotype data in 104 YR
panel lines (see Chapter 5, 5%tbé& DArT markers obtained froffriticarte are linked to
the presence/absence of the translocatiGw Alchemy wasdiagnosed with the 1BILRS
translocation based on Beoidmontmarkers but the DArT genotype indicated the contrary,
Alchemy presented an intermediate IF of 5 when tested against 03/7 isolate suggesting the
absence o¥r9. The marker will need to be retested on newly extracted DNA from Alchemy
as some coaminations of the DNA may have occurred during the extraction and PCR
process explaining the contradiction. The four varieties presenting an heterozygote profile
for the marker (Conqueror, Glasgow, Maverick, Fender) do naaap carry the 1BILRS
trandocation based on the DArT genotype, additionally they presented an intermediate to
susceptible IF (4 to 8.5) when tested against 03/7. The presence of a band characteristic of

the translocation in the assay is most likely due to DNA contamination.

Most of breadwheatcvs with Yr9 are believed to derivedlom Triticum aestivum X
Secale cerealev. Petkudinesproduced in German{Zeller, 1973 such as Aurora, Kavkaz,
Benno, Ribkesel 47-51. Aurora, Benno andavkaz fad the translocation 1BLRS while
Riebesel 47-51 is a substitution line where the chromosome 1R from rye is substitute entirely
to the chromosome 1B from wheat. Based orptaigree informaon collected for the YR
panel,the origin of Yr9 in the panelcan be retracetb three main varietieslaven (11
derivative withYr9), Squalron (25 derivatives withYr9) andClement (10derivatives with
Yr9) (seeAppendix8 for pedigree diagrams The wheat cv. Clementas assessed in NIAB
trials between 1972 and 1975 but never recommendefl in Clement most likely
originatedfrom Riebesel 47-51 present in its pedigree. The wheat Squadron was developed
by Miln Master (now part of Limagrain) and registered in the Nlthie 1980 but never
recommendedittle is known about its pedigree. The wheat Haven was developed by the
Institute of Plant Science in Cambridge and recommended in the UK between 1990 and
1996; however its HGCA yellow rust resistance score was only 3 éptibte) due to the
high virulence frequencies againét9. Haven is most likely to have inherit&9 from

Riebesel 47-51 present in the pedigree of Hedgehog, one of its parental ltexgehog
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appeared also in the pedigree of Adminat9d), Hornet {r9) and BeaverYr9). Benno was
an additional source &fr9in the YR panel for StetsoiY(9), Dean ¥r9) and TorontoYr9).

Yr9is believed to have been first introduced in the UK in the cultivar Clement in the
1970s,Yr9 virulent pathotypesvere detectedn 1975 The deployment of Cvs withr9 in
the UK such as Stetson (RL 1983984),Slejpner(RL 19861991), Hornet (RL 1987991),
Apollo (19981994), Beaver (1990995) has been followed by an increase of pathotypes
with virulence for this gene, for instamsevere epidemics were observed in 1988 and 1989
(Bayles et al., 1990 ThereforeYr9 is ineffective in theUK; however several current
varieties are still carrying the 1BLRS translocation. Besides multiple disease resistance
(Yr9, Sr31, Lr2§ that are not always durable, the alien chromatin from rye provide abiotic
resistance and some yield advanta@étiareal et al., 1998 Villareal et al., 199% which

could explain its contiued use.

4112 Yr6

BesidesYr9, many YR panel lines are likely to carwré and display a resistant
infection type against Brock isolate. The rapecific resistance genéa6 was released in
the UK cultivas early 1960 Yr6 is known to be present in two welpresented cvs in the
pedigree of YR panel lines: Mouliwhich appeared in the pedigree of 138 YR lines and
Norman {/r6) which appeared in 135 YR lineseg Pedigree diagramsAppendix8).

Yr6 was also postulated in Hornéfr@, Yr6, Yr9), Longbow {frl,Yr2, Yr6), Haven
(Yr6, Yr9), Lynx afp 856 (Yr6, Yr9, Yrl7), Madrigal {¥r6, Yr9, Yrl?), Charger Yr3, Yr6,
Yr32+4), Encore Yr3, Yr6, Yr9, Yr32), Equinox {r6, Yr9, Yrl7), Hunter {¥r3, Yr6,Yr9,
Yr32), Rialto (¥r6, Yr9, Comet ¥r3, Yr6, Yr9, Yr32+), Shaago (Yr4, Yr6), Cadenzar6,
Yr7), Riband ¥r6) and SparkYr6) based on mujles seedling tests against Psilates
with contrasting virulencéBayles, 2001Hovmgller, 200122007 Johnson, 20Q1Pathan et
al., 2008 Singh et al., 2008 All those lines except Spgaiand Riband presented a resistant
response against Brock isolate 03/7. The difference in isolates and environmental conditions
between the present study and previous tests report8thbk et al. (2008andHovmgller
(2007 could explain the difference observed. The expressiorYréfis known to be
influenced by environmental conditigiWellings, 198§, (Dubin et al., 198Ppas well as
isolates(Elbedewy and Robbelen, 1982Alternatively an error in seed source could not be
excluded.

Virulence againstYr6 is common on the UK, theaghotypes frequencies varied
greatly year toyear (see Appendix 5) most likelg association with surface cultivated of
wheat carryingr'ré, Norman (RL 19811994), Longbow (RL 1983989, Hornet (RL 1987
1991)(Bayleg and in recent year Solstice (RL 26p&sent) (the presenceYf6in Solstice
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was postulated from evaluation of double haploid population between Solstice and Robigus).
In 2010, pathotypes with virulence foir6 represented 98% of the isolates tested Hey t
UKCPVS.Yr6is therefore inefficient agaitsurrent YR isolates in the UK.

4113 Yrl7

As the virulence tests of Brock isolate forl7 on several differential hosts did not
provide a consistent response ard7 is often present in combination wifré and/orYr9
within cvs, we were not able to conclude whether the presend@l@fwithin the lines
explains part the resistance response observed in many lines tested against Brock isolate.

Yrl7 originated fromAegilops ventricosawas transferred to thieexaploid wheat
line VPM1 on chromosome 2A in conjunction to resistance genes to leafr8sand stem
rust Sr38in a cluster(Doussinault et al., 2001The variety Roazon registered in 1976 in
France was the 1§t to carry this clusterln the UK, Yrl7 was first introduced in cv
Rendezvous (RL 198¥990) then largely deployed in cv Hussar (RL 19989) and
Brigadier (RL 19931999). Virulent pathotypes were first detected in 1994 in Denmark and
UK (Bayles et al., 2000 since pathotypes virulent ofrl7 have been predominant in the
UK.

A SCAR maker developed byrobert et al. (1999to identify the clusteof gene
Yrl7/Lr37/Sr38was tested on the YR panel. The presenc¥raf was postulated in 132
lines (representing3 % of the308 lines tested from the Ypanel) based on the molecular
marker. The diagnostic ofr17by marker was in agreement with praw$ postulations from
Singh et al. (2008 Hovmgller (2007 and Pathan et al. (200&or 14 cultivars (Hussar,
Brigadier, Torfrida, Beaufort , Reaper, Abbot, Equinox, Madrigal, Savannah, Biscay,
Smuggler, Andante, Chianti, &rhet), however Caxton and Armada were postulated to carry
Yrl7 but did not amplified a specific fragment. As the marker used is dominant, a problem
with PCR amplification cannot be excluded. To confirm the negative results, the PCR
amplifications will hae to be repeated in a second set of DNA extraction. The difference in
diagnostic can also be explained by a recombination between the marker ¥nti7loeus.

The marker SCY15 is estimated to be 0.8cm away from the resistanc¥rd&rmy Robert
et al. (200Qas one recombinant was found in a F2 population between VPM1 and Thesee.

The result shars that a large part of the YR panel BriieveYrl7and by extensio
VMPL1 in their pedigreeln spite of the fact thahe resistance was ovaroe mid 1990s,
many varieties registered in national list in 2000s for instance Battalion, Hyperion still carry
Yrl7. The continued presence ®f17 within current commercialized suggests there is a
neutral or positive effect of the translocated fragment filsmventricosaon agronomic
value. Dyck and Lukow (198Bshowed a higher kernel protein level but lower dough

mixing properties. The presencelaB37 in association t&'rl7is another explanation for the
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coninued presence ofrl7in Western Europe ds37 still provide resistance to some leaf

rust races and can be used in combination with other rust resistance gene.

The repatrtition of IF observed in seedling test against Brock isolate depending of
genotypescore forYr9 (based on DArT genotype) andrl? (based on SCAR marker
SCY15) is presenteth Figure IV-25 and suggest tha¥rl7is generally associated with a
higher level of resistance, a&17 in often present in combination withir6é and/or Yr9.
However 11 lines withYrl7 showed susceptibilitywhich reflects most probably the
ineffectiveness ofYrl7 against Brock isolate instead of unfavourable experimental
conditions for the expression §f17 in specific genetic backgrounds as mentionetha
virulence test results on Brodolates (sesecton 3.1).

IF against WYR 03/7

kv feenn| e

R ||||Il|

- -Yr17 Yr9,- Y8, Yr17

Figure IV -25: Dot plot of infection type observed against Brock isolates 03/7
depending of genotype foiyr9 and Yrl17

4.1.1.4 Other source of resistance again®rock isolate

19 YR panel lineswere resistant against the Brock isolate (IF 03/7<4) and
susceptible against the Solstice isolafés 08/21>6)but did not carryYr9 and/or Yrl7
(determined with molecular markgrsThose lines Axial, Caxton, Charger, Chicago,
Consort, Dickson, Electron, Except, Harbour, Kinsman, Leo x, Longbow, Oakley, Option,
QPlus Roligus, Rosette, Shango and Talon) potentially cdr§ or an uncharactiesed
resistance gene effectiegainst 03/but 08/21. Among them we found lines known to carry
Yr6 such as Kinsman, Charger, Longbow but also lines unlikely to carry Yr6 such Robigus
and Consort as they were susceptible in seedling tests carried by the UK@R\Vhates
without Yr6 virulence.
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4.1.2 Source of seedling resistance against Solstice isolate
4.1.3 Yr7

Some qualitative resistances against Solstice isolates 08/21 can be explained by the
presence o¥r7 in YR panel lines alone or in combination with other ge&g.originated
from durum cv Lumillo and was transferred to Thatcher and derivatives cvs Talent, Lee and
Hardi. By comparingeedling tests with 03/7 and 08/24n lines can be postulated to have
Yr7: Brock, Camp RemyThatcher Tommy, Cordiale, Ekla, Mihorin 27, Spark, Vault,
Dynamo (IF with 03/7 <6 and IF with 08/21<4) . Brock, CaRgmy, Thatcherand Tommy
are known to carryyr7, the remaining lines are likely to carir7 considering the wild
virulence profile of 08/21. Ekla and Vault are likely to havieeritedYr7 from Talent {r7)
(FigurelV-26) .Cordiale and Spanay havenheritedYr7 from CadenzaX(r6,Yr? (Pathan
et al., 2008 and Tonic Yr7) (Singh et al., 2008(Figure IV-27). No link can be made
betweenYr7 and Vilmorin 27 and Dynamo. Vilmorin 27 is a fairly old cv. developed paor
Thatcher, so it is unlikely it carry'r7. Vilmorin 27 is also a parental line of Cappelle
Desprez. Resistance in those cultivars may be due to uncharacterized resistance gene(s) for
which virulence differ between 03/7 and 08/21.

Yr7 is expected to be present in additional YR panel lines in m@tbn with Yr6
and/orYr9. Cvs carrying thos&'r genes combinations present a resistant response against
both WYR isolates tested. For instance, cv. Cadenza was postulated tgréang Yr7 by
Pathan et al. (2008Based on pedigree and the seedling tests, Tara is likebrtpYr7 in
addition toYr9.

The virulence frequency againét7 remained low in the UK, over four decades of
virulence survey, the frequency of pathotypes Withvaried from 0 and 36% between 1967
and 2010 geeAppendix5). In 2011 and 2012, a spike ¥r7 virulence was observed by the
UKCPVS following the emergence of am&VYR race named Warrior. The afitior race
combined virulence foY'r6, Yr7, Yr9andYrl7. Yr7 used singularly proved to be inefficient
for many years; however in combination wit6, it provided a high level of resistance
against almost all UK isolates. Only a fest isolatesfrom the 1990s presented the
virulence combinatioriYr6+Yr7. As today, the Warrior race is predominant in the UK

rendering the combination of resistant®+Yr7 totally inefficient.
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Figure IV-26: Pedigree of cv. Thatcher and descendants

Presence and absenceYoP andYrl7 based on DArT genotype anttl7 assay

from Robert et al. (1999ar e i ndi cat e¢i aasb sfeymOdced wefd
Yrl7, -, & r 170 aYe9sred presenceofrl?, A-fr ®r e sYe%amde o f
absence ofYrl7, AYr 9, Yr 179 apdYe3 2fordndeteonfnateyr
genes in parentheses are frBathan et al. (2008Hovmgller(2007), Singh et al.
(2008, Hovmgiller (2001p and Johnson (2004 cvs ae colored based on the IF
observed against 03/7 and 08/21 at seedling stdgee: for IF (03/7x4
(resistant) and IF 08/21>6usceptible)yiolet for IF (03/7x4 (resistant) and IF
08/21<4 (esistant)red for IF (03/7)>6 (susceptible) and IF 08/21&4sistant),
greenfor IF (03/7)>6 (Susceptible) and IF 08/21>6 (susceptid&ck for IF
between 4 and 6 in one of the test.
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Figure IV-27: Pedigree of cv. Cadenza and descendants

Presence and absenceYoP andYrl7 based on DArT genotype anttl7 assay

from Robertetal. (2000 ar e i ndi cat e¢di aasb sfeymdcmed wefd
Yrl7, -, % r 170 aYo9smed presencendfrl?, Afr ®r e syfeQamde o f
absence ofrrl7, AYr 9, Yr 17¥9apdyds 2fordnedeteonfnateYr
genes in parentheses are frBathan et al. (2008Hovmagller (2007, Singh et al.
(2008, Hovmgller (2001k andJohnson (2001 cvs are colored based on the IF
observed against 03/7 and 08/21 at seedling stdgee: for IF (03/7x4
(resistant) and IF 08/21>@usceptible)yiolet for IF (03/7x4 (resistant) and IF
08/21<4 (esistant)red for IF (03/7)>6 (susceptible) and IF 08/21<4 (resistant),
greenfor IF (03/7)>6 (Susceptible) and IF 08/21>6 (susceptid&ck for IF
between 4 and 6 in one of the test.
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4.1.4 Source of seelihg resistance againsboth Pstisolates tested

Thirty five varietieshave been found resistaiE O4) agai ns't both isol at
03/7 and Solstice 08/21, apart rare case, their resistance genes are unknown.
One of the possibilities is that they carry a combination of resistance gehe¥r6
and Yr7+Yr9. This is probably true for a few varieties like Cadenza and Tara (see previous
paragraph), however based on pedigree informa¥onis not likely to have éen deployed
in a wide range of varieties. An evaluation of those varieties with the newly emerged
Warrior race from the UK (virulent owir 1, 2, 3,6, 7,9, 17,32, SP would help to validate
this hypothesis.

The second possibility to explain thenstant esistaninfection type ighe presence
of seedling gen&'r 5, 8, 10, 15, 24, SPor resistance fromcvs Batavia {33, YrA, YrBatl,
YrBatd, Tres (YrTrl, YrTr2, Yr32 Tyee(YrTye or 205 (Yr45 as both WYR isolates tested
were avirulent on thee cvs. Howevemutsiderare occurrences, none of tife genes cited
are known to have been used in UK breeding progtdovmgller (200J evaluated 141
European wheats at seedling stage usingP4&6isolatesout found no indication of the
presence oY¥r5, Yr7,Yr8,Yrl0 and Yr24

Yr5 is originated fromTriticum speltacv Album and provides a high level of
resistance against most WYR races. Yr5 was also reported to be present in several accessions
of spelt whea{Kema, 1992 Virulence toYr5 rarely occurs in most wheat producing area.
Kema (1992 reported thatYr5 has been use sporadically in Dutch breeding programs.
However Smith et al. (200yindicated thatYr5 wasnot present in European cultivaio
find if Yr5 was present inthe YR panel, wo molecular markers foiYr5 identified
respectivelyby Smith et al. (200/andChen et al. (2003kin crosses betweeh speltacv
Album and American cv Lemhi were tested in a subsehefYR panel. As European
wheat varieties withduy'r5 e.g.Cappelle Desprez, Nord Desprez, Heines Kolben, Vilmorin
23 amplified similar bands t®@. speltaAlbum, we concluded that the two markers tested
were notuseful to diagnose the presenceYob in the YR panel. Although the markers
developed byChen et al. (2003bwas not perfectZhang et al. (200%elieved the marker
would be useful for gene postulation in association studies because of the limited number of
original source. An additional marker has been reported/'féroy Sun et al. (2002and
could be tested on the YR panel. Nevertheless the SSR mégken501reportedwas
estimated to be 10.5 to 13.3cM away from the resistance gene loci, theredage m

recombinations could occur during the breeding process reducing the diagnostic potential.
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Yr8 originally from Aegilops comos#as translocated on chromosome 2D in wheat
Compair D/2M). Additional translocation lines 2A/2M, 2D/2M and 3D/2M were obtdine
from Chinese spring, Maris Widge@md Hobbitsib (Miller et al., 1988,(Mcintosh et al.,
1982. Compair was deployed in the UK in 1960s, 10 years later the efficiency of the
resistance fronYr8 was reassessed as a few virulent pathogens have been identified in the
UK. Since Yr8 was not reported in further cvs from the Uirulence forYr8 was also
detected in the past decade in the south of FrédeeVallavieillePope et al., 20)2and
more recently in Sweden, Denmark and Germany (eurowheat.org).

YrlOoriginated fromT. speltacv 415 and was deployed in the American cv Moro in
the 1960s, soon & virulent pathotypes were reported in the USA. Pathotypes virulent on
YrlOwere also detected in recent years in Denmark, Germany and Sweden (aucrghe
There is naeport of use o¥rl0in European arieties(Smith et al., 2002

Yrl5 originated fromTriticum diccocoides accession G25 and was identified in
1970s (GerechtetAmitai et al., 1989 Yrl5is known to be preseim a few Danish lines
and French lineBoston Cortez, Agrestis and Legro(Hovmaller, 2007, apart from Ochre
(pedigree Cortez x 98ST31) none of the YR lines seems to be related to those Vériies.
is effective over a wide range of yellow rust race worldw{@den, 2005 however isolates
virulent onYrl5were detected in Denmark in early 2qBvmagller and Justesen, 200.7a

YrSPwas identified in English cultivaBpadlings prolific from the 19tkentury.
Pahotype virulent on Spalding prolific have been reported in most geograpacin the
UK, the virulence forYrSPwas not tested systematically by the UKCPVS apart between
1998 and 2005. Only one isolate virulent on Spalding prolific has been ideirtitieel 2003
survey. It is not know if Spalding has been use as source of resistance in European breeding
programs. Allelic tests showed thétSPlocated on chromosome 2B is likely to be allelic to
Yr5andYr7 (Zhang et al., 2009

Yr24is derived from a durum wheat K733 and was identified in a synthetic wheat
from Australia(MciIntosh and Lagudah, 20p(No link can be made between the synthetic
wheat from Australia and the YR panel latberefore,Yr24is not likely to directly explain
the resistance observadowever,Yr24was described recently, many virulent pathotypes for
this gene are already reported, for instance in Cijina et al., 201, East Africa
(Hovmoller, 2012, and USA(Wan and Chen, 20)2Prior the present study, no URst
isolate has been tested for theirulence onYr24, thus it is not knownYr24 remained
efficient in the UK against a wide range of raceet al. (2006aYyeported thal'r24is likely
allelic toYr26andYrCH42 based on allelic tests.

Both Pstisolates 03/7 and 08/21 were also avirulent on AustraliaBatavia {Yr33,

YrA, YrBatl, YrBatd and American cvs Tresy(Trl, YrTr2, Yr32 Tyee(YrTye and 205

(Yr45. None of those varieties are known to have been use in European breeding programs.
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Thus resistance gen¥&s33, YrBatl, YrBat2, YrTrl, YrTr2, YrTye, Yid® not ikely to be
present in the YRamel.

Molecular markers have been reported for many WYR resistance genes including
Yr5, Yr8,Yr10 Yrl5 andYr24 (Sun et al., 2002 (Chen and Zhgo200%, (Wang et al.,
2002,(Peng et al., 20Q{Peng et al., 1999and could be tested to confirm the presence of
specific resistance gene within the YR panel and their fregesenc

The third possibility to explaithe consistent resistance against Brock and Solstice
isolates is the presence of uncharacterised resistance gene(s) or gene combination(s) outside
of the Yr genes known to be avirulent on both isolates. Thereforee siinthose resistant

cultivarsrepresent potentially new sources of resistance.

4.2 Adult plant resistance in YR panel

Through two year of inoculated field trials, we collected two separate phenotypes
related to resistance, first the descriptive host respsc@e which relates to the defence
response induced in the plant. Secondly, the quantitative severity (or percent of infection)
was scored several times during the season. The severity score can be related to the fitness of
the pathogen and the intensitiming of the plant responsghich restrain the development
of the pathogen. Based on the severity scores, the AUDPCr was calculated for.éach cv
order to identify slow rusting resistance, those easd resistance retard the pathogen
development and delay spore production. In both years, in our experiment the AUDPCr was
highly correlate to the intermediate severity score, therefore the intermediate severity score
can be examine to identify slow rugdiresistance.

Looking at the host response of the last scoring date, 84 cvs presented constantly an
immune to moderately resistant response (average HostR < 0.5) in 2010 and 2011 with
reduce uredias or no uredias. Of the 84, 56 carried a seedlingnesistgainst Solstice
isolate explaining the resistant host response observed. 10 were gusdgptible at
seedling stage e(g. Toronto, Armada, Electron, Chicago, Convoy, Award, Tambor,
Brompton, Explosiv and Maris Freeman) and 18 presented an intetmadisponse at
seedling stage, therefore suggesting the presence of highly efficient APR in those 28
cultivars. For the cultivars with intermediate response at seedling stage, the resistance
observed in the field could have resulted from either APR owuradentified seedling

resistance (not fully expressed in our experimental condition) or both.

Looking at severity ®re at the end of the season and AUDPCr, some level of

resistance was observed at adult stage in most of cvs. Only AC Barrie presefatdédPCr
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superior to 1 (meaning an infection superior to the spreader plots) and can be qualified of
highly susceptible. A limited number of cvs were susceptible based on their AUDPCr, as

only 20 cvs in 2010 and 12 cvs in 2011 had an AUDPCr superior t®f.the other hand,

many c¢cvs were resistant to highly resistant,
and 87 cvspresentedp er cent age of final infection 020%
carrying seedling resistance identified in seedlirgiste 38 to 43 % of the resistant lines

observed in the field showed on intermediate to susceptible IF at seedling stage (IF<6).
Respectively 12 and 23 cvs susceptible at seedling stage were resistant in the field based on
severity and AUDPCr. Thereforge highlighted the presence of slow rusting resistance

within the YR panel.

Pathan et al. (200&valuated European cultivars at seedling stage and adult plant
stage against an Australian isolatePafccinia striiformisf. sp. tritici, theyobservedalso a
high level of adult fant resistance in cvs with intermediate responseNonopol, Alcedo,
Transit) to susceptible response (i.e. Astron, Charger, Spark, Moulin, Cadenza) at seedling
stage. Similarly,Hovmgller (2007 evaluated 141Europeanwheats against sever&lst
isolatesat seedling and adult plant stage and identified medium level of APR in several cvs
among them were linas the YR panel Hereward, Windsor, Shango, Reaper, Hussar.

Johnson (2000highlighted the presence of durable resistance in several European
cultivars in 1980 (Hybride de Bersee, Bouquet, Cappelle Desprez, Caribo, Holdfast, Hybrid
46, Little bss, Maris Widgeon), many of which entered in the pedigree of YR panel lines.

In recent years, several genetic studied focusedunableresistance in European
cultivarsand highlighted many QTL for APR in European lines related to the YR panel.

Using deived lines from Cappelle Desprez excluding the seedling resistaimde
(Yr3a+Yr4g, Agenbag et al. (20)2investigated the genetic basis APR present in
Cappelle Desprez. They identified four APR QTLs (2AS, 2DS, 5B,)G#fective against
SouthAfrican Pstisolates. The QTL on 2D8 believed to be the APR gelel6. Cappelle
Desprez is present in pedigree of at least 232 YR panel linemdt=i from pedigree
viewer), it is a parental line of Maris Marksman, Maris Beacon, Mega, Bouquet, Kador, Joss
Cambier, Atou,Arminda and Hobbit and therefore appears in all their descendants (see
pedigree diagrams iAppendix8). CappelleDesprez showed low level of resistance in the
field at the end of 2010 but a high level in 2011. Thereforelikedy some of those QTLs
are present in the YR panel and participate to resistance in the field against current UK
isolates.

Mallard et al. (200pidentifiedfive QTL for APR in Camp Remy (1BS, 2AL, 2DS,
5BL, 5BL). In our evaluation Camp Remwas resistant over the two years of
experimentationCamp Remy derived from a cross includingo well represented sin the

pedigree ofYR panele.g. Cappelle Desprez and ThatcheeeFigure IV-26). Therefore
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APRpresent in Campgemymayalso be found imanyYR panel linesThe QTL on 2DS is
thought to be APR genérl6inherited from Cappelle Desprez.

Paillard et al. (201Ridentified one APR QTL in Apache on chromosome 4B
Apache derived from Camp Remy, Axial aad additional unknown component. Axial was
highly susceptible in field trial 2010 while it showed a low level of resistance in 2011

Dedryver et al. (2009dentified three stable QTLs for APR in cv Rer(@sS, 3BS,
6B) and one in Recital3DS). Some parental lines of Renan and Recital are includdiei
pedigree ofthe YR panele.g. Maris Huntsman andPM1 for Renan,Heines VII and
Tadornafor Recital; thus some of those APR QTL could be présethe YR @nel

Jagger et al. (20}lidentified quantitative APR in cvs Alcedo (2DL, 4Bland
Brigadier (3BL, 5A), however the QTLs detected in Brigadier provided only low resistance
level. Brigader is included in the YR panel but appeared to be susceptible in bottrifitdd
in 2010 and 2011. Alcedmédigree (Record x Poros ) x Carstens Vlkntered in the
pedigree ofApostle (see pedigree diagramsAppendix8) whichwas highly resistant tio
at seedling and adult stage against current UK isolates. Consequently, QTL from Alcedo
may participate to the quantitative field resistance found in the YR panel.

The UK cultivar Guardian also in the YR panel was found to carry three QTL for
APR (1B, D, 4B), the QTL on 1Bis believed to be durable resistance g&n29 Yr29
confers a partial resistance, showing a slow rusting phenotype that is not associated with a
strong necrotic respongBosewarne et al., 2006ingh et al., 2001 Despite Guardian is not
well represented in the YR panel, the presencéra® and APR QTLs in Guardian, a UK
cultivar from 1982 developed by Advanta UK (now part of Lgman), suggestshose
sourcs of APR resistance have been introduced in UK breeding programs. Guardian
pedigree IeraetM-46/MarisRanger//Siet€Cerros66/MarisRanger) includes also Heines
Peko and CappeDesprezia Maris Ranger.

Carstens V is another cv thought to have APR resistdhewis, 200§ and which
have been used extensively in European breeding progkagus, 2001 Eriksen et al.,
2004. Carstens V is known tbave at least three races specific resistance efficient at
seedling stagéCalonnec et al., 200Zhen and Line, 1993aYr32 was identified on 2AL
(Eriksen et al., 2004 Yr4 or Yr3, Yr25and YrSdwere also postulated based on multiple
seedling testqLewis, 2006. Using bulk segregant analysis, three locus influential on
Carstens V adult resistance were identified on 1BL, 2AL and 4DS. Carstens V presented a
moderate to low level of resistance in the field trial in 2010 and 20a&dstens V and its
direct descendanCarstens VIII are present in the pedigree of many YR panel lines in
particular in Apostle (via Alcedo), Fresco (via Monopol), Parade (via Granta), Boxer and
Wasp (via Griffin). Consequently some of the quantitative resistance observed in the field

couldoriginate from Carstens V.
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Claire is also known for its durable resistarfPewell et al., 2009 and have fou
QTLs for APR (2 in 2DL, 2BL, 7BL), one QTL on 2DL is likely to iv¢16 and the other
QTL on 2DL is likely to be similar to the 2DL QTL from AlcedBowell, 2010. Claire
presented a high level of resistance in the field trial in 2010 and 2011 and has foalparent
line Flame and Wasp. Those two lines carrying also high to moderate APR resistance and
both include Carstens V and Cappelle Desprez in their pedigrees.

4.3 Conclusion

Based on seedling tests with twRst isolates, molecular markers and pedigree
analysis,resistance genesr7, Yr6, Yr9and Yrl7 have been identified in the YR panel,
however they have limited breeding value because virulence for all occurs at relatively high
frequency in many European countries. Nevertheless, the information presentedlifousef
plant breeders in rationalizing germplasm enhancement programs. Additionally, resistant
cultivars against Brock isolate 03/7 and Solstice isolate 08/21 have been identified and are

potential source of uncharacterized resistance.

The extended viraince testing of the threstisolates used in National testing
between 2009 and 2011 showssthatYr genesl, 2 3a, 3h 4a,4h 6,7, 9, 17, 20, 21, 22,
23, 25 26, 27,32, A, Sd, HVII were not efficient against at least one of the current UK
isolates tested. Additionally, the test confirmed tfiagenes5, 8, 10, 15, 24 SP are still
providing a high level of resistance against the UK isolates 03/7, 08/501 and 08/21.
Furthermore, sefing resistances present in cvs, PafieP@l, YrPa2, YrPa3)Druchamps
(Yr3a, Yrda, YrD, YrDru, YrDru2 IDO377S {r43), Zak (Yr44), Daws {frDal, YrDa2),
Yamhill (Yr2, Yrda, YrYam)Produra YrPrl, YrPr2), Express(YrExpl, YrExp2, APRynd
C591(YrC591),revealed to be inefficient against at least one of the UK isolates.t€stlyd
cvs Tres YrTrl, YrTr2, Yr32)Tyes /rTye) Batavia {r33,YrA, YrBatl,YrBat2) P1181434
(=205) and Cadenzare carryingYr gene or a combinatioof Yr genesefficient against all
isolatesat seedling stage

The evaluation of disease resistance of the YR panel at adult stage against Solstice
isolate in 2010 and a mix of current UK isolate in 2011 demonstrate the presence
guantitative field resistance in mosf the lines. Additionally we identified cultivars
possessing specific APR which are potentially important sources of yellow rust resistance for
use in wheat breeding programs. Based on pedigree information, the YR panel may include
APR originated from Catens Vand Cappelle Desprezbut not exclusively. However
additional genetic studies will be necessary to characterize the APRs present in the YR panel

and evaluate their diversity.
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Nevertheless, in the light of the emergence in 2011 of aP&wace nanely the
fWarriord race virulent on cv Warrior, with additional virulence onYrSP and the
combination of virulenc&'r 6, 7,9, 17 a new evaluation of the YR panel would be needed to
confirm that the resistant cultivars identified at seedling stage ardssaige will maintain

their resistance.
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CHAPTER V. YR PANEL GENOTYPING, POPULATION
STRUCTURE AND LINKAG E DISEQUILIBRIUM
ANALYSIS

1 | NTRODUCTION

With historic APR data ande novoevaluations of the full wheat YR panel against
modern Pst isolates described in the preceding chapters, we dispose of extensive WYR
resistance data. In order tonduct GWA scans, genotype datvering the entire wheat
genome at an appropriate density is needdithough a SNP array with several hundred
informative wheat SNPs has recently been repdi@who et al., 2010 the availability of
DArT arrays for some years has meant that this platfeasthe most coseffective way of
sampling genomavide across théreadwheat genomeluring the execution of the work
described heréAkbari et al., 2006White et al., 2008 For this reason, DArT was chosen
for genotyping the wheat YR panel. Success in GWA mapping depends critically on
matching the LD decay rates observed with an@mate marker density, and in controlling
adequately for any population structure evident in the selected panel.

Therefore, objective of this chapter is to explore the genetic diversity, the
population structure and LD characteristics of the YR wheat panel. In addition, we
present an exemplar GWA scanfor straw length to choose the appropriate association

analysis model for ou wheat panel and genotype&ataset.

2 M ATERIAL AND METHOD

2.1 Plant material

The 327 varietiesrom the wheat YR panelere selected to be genotyped. The
composition of the YR panel is as described previously in Chapter 2. In addi8on
European WYR differentials obtained from the UKCPVS were genotyped to provide a

control for major race specifiér genes.
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2.2 DNA extraction and quality check

DNA was extractedin 96-well microtube collection racks from Qiagen or 2ml
eppendorf tubesising a modiied microprep protocol fronfrulton et al. (1996 50-100mg
(1cnf) of leaf tissue has been collected from 2 week old wheat seedlings andliplace
80C freezer prioto extraction. A 2mm stainless steadanl was added to each tube and the
samples were disrupted mechanically for 8Cat 30 hertz using a SpexCertiprep
GendGrinder 2000. The tubewere briefly spin down at 1500gin a Sigma Qiagen 45C
centrifugeto prevent contamination prior adding 500ohifresh extraction buffeto lyse the
cells.

The extraction buffer was prepared on the day of the extraction by adding 50 ml of
lysis buffer stock solution (0.2 M Tris HCI pH 8.0, 0.05 M EDTA pH 8.0, 2M NaCl, 2%
CTAB), 50ml of extraction buffer stock sdlan (0.35 M Sorbitol, 0.005M EDTA pH 8.0,
0.1M TrisHCI pH 8.0), 20ml Sarkosyl stock solution (5% Sarkosyl w/v) and 0.4g
sodiumdisulfite. To reduce the viscosity, the buffer was placed in the 28rem at 65°C
and 240yl of ribonuclease flom Qiagen (100myml) was added to the mix. The tubes were
sealed properly and shake an additionak®® the GenoGrinder at 30 hertz, spinnediaga
and incubated at 65°C for 60 mifihe tubes were inverted half way through.

Once the incubation time was off, the tubesypéacel in the fridge at 4°C, 10 mito
cool down. 300 pl of chloroform: isoamyl alcohol (24: 1) mixture was added to each tube
and mixed by shakg the tubes for 5 minThe samples werhen centrifuged at 15009 for
Smnand 400c¢l of enaferded irs new wmites 40014 isdpropanolzd°C
was immediately added to precipitate the DNA. The tubes were inverted 10 times; at this
stage the nucleic acids became visible. The DNAs welleted by centrifugatioat 6000g.

The supernatant was discaddand the pellets washed twice with 1ml of ethanol at 70% and
spundown at 6000dor 7 min. After discarding the ethanstpernatantthe pellet were dried

for 1h under the fume hood and finally eluted in 50 ul of TE buffer (0.0tisHCI pH 8.0,
0.001M EDTA pH 8.0),

The quality of the DNA samples wasntrolled on a gel after extraction following
Diversity Arrays Technology (DArT) quality check guidance. DArT requires 20 pl of DNA
solution at 56100ul/ng with minimum shearing and high digestibility by trestriction
enzymeMsd. The quality control consisted of an electrophoresis on a 0.8% agarose gel of
the genomic DNA extracted to verify the integrity of the DNA and the absence of shearing.
The quantity of DNA was evaluated by comparing the intengithebands on the gel with
NEB lambda DNAsolutions at 20, 50 and 100 ng/pTrhe extracted DNA was also digested

with the restriction endonucleabtsel from NEBduring 2h aB87eC and the completeness of
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digestion was checked on 0.8% agarose gel. Theps shsure the absence of contamination
which could impact the complexity reduction step from the DArT procedtigeire V-1
illustratesthe DNA quality and quantity check.

The DNA concentration of a tenth of the samples was also quantified on a
NanoPhotometer (Implen) tensure an accurate quantification from tels. The typical
yieldrangedfrorb 0 t o 100 ng/ ¢l

A B

o
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o
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Samples 1to 11 L1 Samples 1to 11
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Figure V-1: Example of high quality DNAs for DART genotyping

DNA stained with ethidium bromide on 0.8% agarose gel visualised under UV
light A. DNA genomic from 11 variedi s , & | ambda D20Ag/uht 100, 50 and

B. DNA after digestionbylsd,L 1 : Hyper LadderE from Bioline

The extraction was repeated until the required qualitp®rT for eachsamplewas
obtained

2.3 Genotyping

2.3.1 Genomewide coverage with DArT markers

The set of 327 varieties incliedl in the YR pnel, together with 18 yellowust
differential varieties were genotyped using the WHesit (Tad) high densityDArT array
v.3 from Diversity Arrays Technology Pty Ltd in separate services. Wheat DArT genotyping
is provided by TriticartePty Ltd. in Australia (http://www.triticarte.com.au)DArT was
chosen for the present work as the most efficient and mature (at the time this study was
initiated) technology that could offer unbiased geneawde coverage of the haploid
wheat genomégAkbari et al., 2006 In addition the latest array v.3 has been enriched to
increase coverage of the D genome of bread wheat. The D¥arkers are binary and
dominant markers. Polymorphisms, based on SNPs and INDELs at restratpme
cutting sites and large INDELs within restrictidragments, are revealed through detection
of binding (or not) of the target to a selthte array oimmobilised polymorphic fragments
(Jaccoud et al., 2001
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2.3.2 Genotyping for Rhtl, Rht2, Ppdl loci, 1BL.1RS and 2NS.2AS

translocations

The panel was genotyped using four primer pairs specific for causative
polymorphisms at th&htl(RhtBlaandRhtB1lb) andRht2(RhtDlaandRhtD1b) loci, so
that allelic status at the two most important sdmarfing loci used in European wheat
could beascertained. The assay used was developadfithelm (201). Primer sequences

and PCR conditions are showmAppendix9.

The potent photoperiod insensitivity elé PpdDla is caused by a 2kb deletion in
the PRR gene homoeologue at fpdD1 locus and primers specific for this causative
polymorphism were used to detect the presence/absence of the deletion in the panel as
described byBeales et al. (2007 Primer sequences and PCR conditions are shown in
Appendix10.

The presence of the 1BL.1RS translocation was assayed using -tlemgwant
marker developed for rapid detection of the translocation in winter wheat, as debgrde=d
Froidmont (1998 The same assay was used to detect X¥n® gene carried on the
translocationgee Chapter IV for details).

The presence of introgressed segment including resistance YeligsLr37 and
Sr38 from Aegilops ventricos2N chromosome in the hexaploid wheat 2A chromosome
(2NS.2AS translocation) was assayed using the dominant markatlSGeveloped by
Robert et al. (1999 The same assay was used to deddt7? gene carried on the

translocatior(see Chapter IV for details).

2.4 DArT Consensus map

To assess the extent of linkage digdibrium (LD) and to facilitate the analysis of
association mapping results, the construction of a consensus map including DArT markers
was necessary.

A consensus map was build from four genetic maps including DArT markers as well
as SSR, SNP and STS rkarrs:

- Genetic maps from crosses containing at least one UK elite parent line:

0 Avalon x Cadenza (markers data available from WGIN website
http://www.wgin.org.uk and Allen et al. (201), map created in
MapDisto(Lorieux, 2012,
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0 Solstice x Robigus (markers data from Wheat Triticarte DArT array v3
provided by Dr. Anna Gordon NIAB, map created in Mapdisto),
o Claire x Lemhi (map provided b®r. LesleyBoyd NIAB, map created
using MapMaker/ExggLander et al., 1987
- Genetic map fronthe RIL populationUC1110 x PI161075QLowe et al.,
20118; this map was selected as it includes an extensive number of DArT

markers from Wheat Triticarte array version 3.

Cosegregting DAIT markers from each map wereluded tomaximise the number
of DArT markersin the consensus map.

The information from the multiple linkage mapssintegrated in a consensus map
using MergeMap OnlindWu et al., 2008 usingthe following order ofconfidence: (1)
Avalon x Cadenza, (2) Robigus x Solstice, (3) Claire x Lemhi antC10)110 x P1610750.
Maps (1), (2), (3) were weighted 1 each while map (4) was weighed BeDAGGER
algorithms (http://cran.tproject.org/web/packages/DAGGBERMmplemented as a package
for the R environment Ifttp://www.Rproject.org/ was also tested aBndelman (2011
highlighted its efficiency comparing to MergeMap. However the presence of many
cosegregating markers created ordering conflicts that could not be resolved using DAGGER,
therdore MergeMap was preferred over DAGGER for the present study.

The new consensus map includes DArT, SSR, SNP and STS markers. The map
published bySomers et al. (20Q04was used as the reference map for the chromosomal
orientation. Furthermore, thewweeonsensus map was compared to the DArT consensus map

developed byCrossa et al(2007 to highlight possible discrepancies.

To complement the consensus map created in MergeMap, DArT markers without
map position were placed in the consensus map when they were closely correlated to

mapped markers based on estimated pairwise atimelcoefficient 7.

2.5 Linkage disequilibrium analysis

As a measure of linkage disequilibrium (LD), we calculated the correlation
coefficient(r’) between each pair of loci using the software program TASSE(B8a@ibury
et al). Only markers assigned to a single chromosomal location in the consensus map and
with a minimum allele frequency >0.05 were included in the analysis. The significance of
the LD pairwise LD (Pvalue) was computed using the default setting in TASSEL. To

evaluate the extent of LD decay, was plotted against genetic distances for intra
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chromosomal pairs corresponding to each genome. A second degreelaamisweighted
scatterplot smoothing)curve was then fitted in R and the intercept between the critical value
of r* and the fitted curve was used as measure of LD decay. The critical valtievas r
estimated following the procedure suggeste®i®seghello and Sorrells (2006ks he 95%
percentile of the square rooted distribution of unlinked marker pairs e.g. inter
chromosomal pairs. Beyond the critical value, LD is likely caused by real physical linkage.
Additionally, the extend of LD decay was evaluated based on the modrateof LD

r’=0.2 to ease the comparison with published studies.

2.6 Population structure

The program STRUCTURE, which implements a Bayesian algorithm to estimate the
number of historical subpopulations present within a variety panel, was used. The basic
algorithm (Islanebased model) was describedPrjtchard et al. (2000aand an extensio
to the model incorporating admixture within subpopulation was later introdiedash et
al., 2003. The principal output is the Q matrix assigning fractional membership of each of K
historical subpopulations to each member thé panel. The Q matrix provides a
representation of substructure within a variety panel which can then be used as covariate in
association mapping.

The software STRUCTURE version 2.3 was run varying K (the postulated number
of subpopulations) from 1 to 3, with a burn in of 500,000 cycles and a Markov Chain
Monte Carlo (MCMC) phase of 2,000,000 cycles. Two runs for each K value were
performed. To prevent bias in the estimation of population structure, we used a subset of
DArT markers that have a pairwige<0.6 and a minimum allele frequency (MAF) >0.1.

The optimum number of syfiopulations K was determined using both the ad hoc
procedure introduced bfritchard et al. (2000aand the rate of change of likelihood
distribution method developed IBvanno et al. (2005

In addition, the examination of population structure was undertaken using Principle
Component Analysis (PCA) in R (http://crajpmoject.org/). The main principgbmponents
were plotted in R to assess and visualise the association of distinct germplasm pools with
specific traits of interest. The analysis was done on the same subset of DAIT markers used
with STRUCTURE (r2<0.6 and MAF>1) i.e. 442 noedundant marks.
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2.7 Population genetic diversity

The software Powerbtker version 3.25Liu and Muse, 2006was used to
determineallele frequencies, polymorphism information content (PIC) and gene divefsity
each marker. The calculation of PIC and gene diversity for each mresikeaccording to the

formulae:

(V-1)

0 06 p 0

(V-2)

"QQEXNL Q1 ip QO O c0 0

0 and0 are theproportions of the population carrying the ith and jth alleles

2.8 Preliminary association analysis with height

To test the usefulness of the YR panel for association mapping and select the most
appropriate model to apply in order to limit spurious assiociatdue to population structure

and kinship, we used plant height data from the 2010 and 2011 YR panel field trial.

2.8.1 Phenotype data: height

The average straw length of lines in the YR panelseasedirom each plotn adult
plant resistanceests carried ir2010 and 2011 (see Chapter IV section 2.5). GeriStat
Edition (Payne et al., 2009vas used to perforrthe statistcal analysis on the phenotypic
data. Analysis of variance using REMkas performed and aadjusted mean based on

BLUP was obtained for each line aftdtifig the following model:

(V-3)
W t @ Y o Q
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w is thestraw lengthfor the variety i, in bloc k, in trial j; 1 is the overall mean;

@ is the effect of the ith variety;"Y is the effect of the jth trialXy is the
interaction baveen the test and the varipti) is the residualA fixed effect
model was used to look at significant effect based on Wald statistic. Varieties,
block, trial and their interactics were treated as random factors to calculate
adjusted means based on BLUP.

To compare the genetic and environmental source of varidt@ween trials

heritability was calculateds followed:

(V-4)
S TR,
A
R R A
xEADA — —
(@]
. A .. K, represent respectively the genetic (variety), phenotypic,

environmental and residualariancesf is the variance of block.variety
comporent. O is the number of plstper variety, s the number ofials? The
estimates of variance fér , A andA were obtained from GenStat after fitting
random model

(IV-5).

2.8.2 Association analysis

Associations with height were tested using TASSEL Standalone version 3.0
(Bradbury et al., 2097 A naive model as well as models incluglicorrection for population
structure were testedTdble V-1). The Q matrix for K=2 (two subpopulations) from
STRUCTURE was included in a general linear model (GLM). Alternatively, a matrix
including the seven first principal components which explain approximately 25% of the
variation was used to control population stunet Furthermore, a mixed linear model
(MLM) was applied including a kinship matrix (K matrix) supplemented or not with a
structure matrix (Q matrix) in the model. The K matrix representing the proportion of shared
alleles between individuals was obtairiedTASSEL from spaced markers (MAF >0.1 and
r’<0.6). The underlying equation for the five models tested is:

(V-5)
® t OGOL®WOL -
Y is the phenotypic observation term, u is the intercept, a is thedfeffect

related to the marker, b is the vector of the fixed effect related to population
structure, v is the vector of random effects due to relatedness among the lines and

O is the residual effect. X i sruttiree mar ker all el e mat
matrix either from STRUCTURE software or PCA. K is the kinship coefficient
matrix.

Table V-1: Summary of statistical models used to test the data for marker
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trait association

Qs refersto the structure matrix from STRUCTURE a@pca refers to the

structure matrix based on PCA.

Model Statistical model Type
Model 0 fY=0+ Xa + U GLM
Model 1 Y= O+ Xa + Qs b + GLM
Model 2 Y= 0+ Xa + Qpca b GLM
Model 3 Y= 0+ Xa + Kv + UMM
Model 4 Y= 0+ Xa + Qs b + MLM
Model 5 Y= 0+ Xa + Qpca b MLM

Only markers with MAF of 0.05 were investigated to limit spurious association of

phenotypes with minor alleles. The efficiency of the different methods employed to correct

for spurious association was compared visually ugirantilequantile(Q-Q) plots.The GQQ

pl ot s hows Ildgh(P-valuds)sobargenende wide association scan plotted against

t he e xlpge(Pivaduds) under the null hypothesis of no association.

Significant associatiohwere detected based arP-value thresholaf U = 0 .Thel .
use of an djusted corrective threshold for multiple testingsaalso investigated. The

Bonferroni threshol d

the number of tests, for instance in our study a 5% Bonférttareshold is calculated as

f o 7 thenprobabilitylevele dividedsy i ng i

0.05/number of markers tested. However, since DArT markers are often correlated with each

other this is likely to be excessively conservatiVberefore, an alternative threshold for
multiple tests based on false discoverter@DR) or Qualue was tested using Qvalue

software(Storey, 2002 FDR is known to exert a less stringent control on false discovery

compared with the Bonferroni correcti@enjamini and Yekutieli, 2001

3 RESULTS

3.1 Genotyping

3.1.1 DArT markers

A total of 1806polymorphic, genme wide DArTmarkers were scored on the panel.
Atr Rt (97200 xande wiPgnat ed

Mar ker prceef( X®)s,

DAr T

respectively from rye, triticale and wheat. Based on Triticarte assignment, 249 markers were

located on genome A, 50h@enome B and 88 on genome D, 78 markers were assigned to

multiple locations, 890 markers were not assigned to a chromosome as they were newly

developed markers (coded wRillowed by six digits) present on the Triticarte array version

3. Crossa et al. (200Q7already developed a consensus map based on eight genetic maps
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available from the Triticarte web site htp://www.triticarte.com.ag/ however, the
component maps were generated using previous arrays and the consensus map only includes
273 DAIT markers scored on the YR panel using the Version 3dinaylimited availability

of map locations for DAIT markers and in particular the absence of any public mapping data
for a majority of markers from the Version 3 array at the outset of this project, underlined the
necessity to develop an improved consensus maps including marketséramay v.3.

3.1.2 PpdD1 2kb deletion

We ascertained the allelic status of each entry in our panel for the most common
photoperiod insensitivity allelepdD1a manipulated by breeders to verify if its distribution
reflected a possible geographic divisionvien the UK lines (254 lines) and the European
lines (67 lines) composing the YR panel.

Each of the lines tested amplified a single product demonstrating the quality of
DNA. The deletion was present in only nine varieties of the YR panel: Axial, Isengrain
Isidor, Lorraine, Soissons, Caphorn, Frelon, Hurley, Ritmo. All these lines except Ritmo are
French or include French lines as direct parent. The 318 remaining YR panel lines amplified
the fragment characteristic of the absence of the deletion.

3.1.3 Rhtland Rht2

We genotyped the variants at two mapittgenesRhtlon 4B (alleleRhtBlaand
RhtB1b) and its homologue on 4Bht2 (allelesRhtD1a and RhtD1b)(Table V-2) using
assays developed bWilhelm (201). RhtBla (wild allele e.g. tall) appeared to be
predomirant in the YR panel, 291 lines amplified the fragment characteristic foaltbis.

While RhtD1b (semidwarf allele) is the most common variant Rint2was found in 251 of
327 varieties.

We also detected 9 lines heterozygous Rintl and 2 for Rht2 which was
unexpected as all lines included in the YR panel are known to be inbred lines thus in
principle, homozygous at all loci. A problem with DNA purity or a cross contamination
during the multiplication of the lines rather thaeterozygosi® p e rof teevdrieties may
explain this result. For this reason, the heterozygote genotypes are indicated as missing for

the purpose of association analysis.
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Table V-2: Presence of products fromRht assays on the YR panel lines

Rht2 assay
Rht-D1a RIEDIb | phib1a +RhED1b No
(semidwarf amplification
(tall allele) allele) (heterozygote)
Rht-Bla (tall allele) 56 240 0 5
fshst;y Rht-B1b (semidwarf allele) 11 0 0 0
Rht-Bla+RhtB1b (heterozygote) 0 7 2 0
No amplification | 2 0 0

3.1.4 1BL.1RS translocation

The presence of the 1BIRS rye trarslocation (including Yr9) in the panelwas
evaluated via a multiplex PCR developed d&/ Froidmont (1998 108 lines showed the
band characteristic dhe 1RS translocation from rye (band 412bfsee Chapter IV section
3.7.2), however four of them appeared heterozygous as they also amplififrdgtiment
specific to 1BS.

Comparing the PCR assay to DArT markers, we observed 97 DArT markers with a
correlation coefficient’rgreater than 0.7 (11 FP20 tPt and 66 wR) with the presence of
the 412bp fragment. Therefore 5% the entire set of DiaFkers are tightly linked to the
presence/absence of the 1BL.1RS translocation. The maximum correlation value of 0.99 was
observed for 51 markers. The correlation did not reached 1 as Alchemy was diagnosed with
the translocation based on the PCR assaytheuDArT data showed clearly the absence of
the translocation in Alchemy. Furthermore, the lines thought to be heterozygous did show
DArT markers characteristic of the presence of the 1RS chromosome. Based on DArT
markers, a total of 104 YR panel lineslude the rye translocation 1BL.1RS.

3.1.5 Alien introgression 2NS2AS from Aegilops ventricosa

The presence of the alien segment 2ZM& from A. ventricosecarrying resistance
genesYrl?, Lr37 and Sr38in the YR panel lines was evaluated using the dominaWRSC
markerdeveloped byRrobert et al. (1999132 lines showed band characteristic (580 bp) of

the alien introgression (see Chapter IV section 3.7.3).

3.2 Consensus map

A consensus magwas built from four genetic mapsasing the MergeMap program.
The map obtained includes 2449 marké&&nT, SSR, SNPSTSand gene basedarkers)
covering 4576 cM spread over 24 linkage groupab(eV-3, the complete map is presented
in Appendix11). DArT markers represent 72% of the mappa. There were several gaps
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in the map coverage notably on chromosome 1D, 2A, 2D, 3D, 4A, 4D, 6D and 7D, which
were also observed in at least one of the individual genetic maps.

Table V-3: Consensus map, markers and linkage group length in cM

Chromosome
and linkage Genome A Genome B GenomeD
group (LG)
Markers cM Markers cM Markers cM
1 148 174.0 115 246.1 100 155.5
2 127 281.6 186 218.9 69 162.7
3 96 198.5 327 313.0 106 157.1
411Gl 128 184.9 50 114.7 24 126.0
41.G2 - - 6 32.9 - -
5 86 248.7 162 225.03 37 258.2
6 127 205.4 159 161.8 22 146.8
7LG1 164 249.3 142 216.0 49 280.5
7LG2 - - 7 7.8 12 11.1
Total 876 1542.4 1154 1536.2 419 1297.9

The spread of the new consensus map (4576 cM) is relatively high comparing to
widely used consensus map fr@omers et al. (20042569 cM) andCrossa et al. (2007
(2149 cM). This is most likely an artefact of the MergeMap algorithm ,udeddelman
(2011 using simulation noticed a 46% inflation of linkage group length generated by
MergeMap. Thereforehe genetic distance from the new consensus map must be interpreted
with caution. One solution to overcome this issue could be to rescale the consensus map to

the average length i.e. 2468 cM of the four maps used to build it.

A moderate to high correspondence between the present consensus map and the map
from Crossa et al. (20Q7vas observed for chromosomes 1A, 1D, 2A, 2B, 3A, 3B, 5A, 5D,
6A, 6D, 7A and 7D. The consensus maps for chromosomes 1B, 2D, 4A, 5B and 7B
presented limited correlation. The presence of translocatioRSi0750(1BL.1RS)(Lowe
et al., 2011pand chromosomal rearrangements in Claire (5BL.7BL) (Lesley Boyd personal
communication) and Avalon (5BL.7BL) (Simon Griffith personal communication) created
unusual recombination pattertisat could explain the differences observed for 1B, 5B, 7B.
Additional, unidentified translocations may be at the origin of other inconsistencies between
consensus maps. Furthermore, low frequencies of recombination were observed in
chromosomedgA and 7Ain Robigus x Solstice map most likely due to the presencde of
diccocoides segments in the Robigus genome, and therefore the genetic distance between
markers was undestimated in the chromosomes specified. Consequently the consensus

map will have to beised with caution.
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Because of the low number of common markers between the two consensus maps,
we were not able to compare the order of DArT markers on chromosomes 3D, 4B, 4D, 6B
and 6D.

The consensus map included 722 DArT markers scored on the YR pabelére
assigned to a unique location and 37 to several locations within the genome).

3.3 Population structure

3.3.1 Subpopulation based on STRUCTURE

The number of historical subpopulations composing the YR panel was investigated
using the Bayesian based clustigrapproach implemented BTRUCTURE Figure V-2).
The LnP(D) value increased continuously without significant change in slope as K (the
postulated nober of underlying subgroups) was varied from 1 to 15. Therefore the ad hoc

statistic @K (rate of <change Evardnodtalk2005i hood)

According t o @K approach, the optimal value of

-50000 T 12

-55000

- 10
-60000

-65000

o
AK

mPD)

-70000 +
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-80000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure V-2: Estimating the most probable number of subpopulations (K)
based on Bayesian clustering foK = 1 to 15

In red, lefthand axis: mean Iolikelihood of the data (L#(D)) perK generated
from STRUCTURE prograngPritchard et al., 2000aln blue, righthand axis:
mean absolute difference of the second order rate of change with resigeceto
pK of L nP( Eyannb ethll (2006iThregd hocs t a t K suggested
K =2 as the most likely number of clusters.

3.3.2 Principle ComponentAnalysis

A PCA was run using 442 spaced DArT markersm@asubset used with
STRUCTURE), to further investigate the population structure. The first 10 eigenvectors
from PCA explained 30.4% of the genetic variation; the first three components accounted for
7.3%, 4.5% and 3.4% of the variation respectively. TlesdgPC1 versus PC2, PC1 versus
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PC2 and PC2 versus PC3 do not differentiate clear subgroups within thpanéR lines
(FigureV-3). Neverthelessa fewvarieties detached from the main cloud in PC1 versus PC2
(bottom left on the graph) and they include spring wheats AC Barrie, Axona, Tonic and their
descendants (Cadenza, Spark, Scorpion 25, Warlock 24, Xi19), some of which are known to

be alternative whas.

10
w
°

Figure V-3: Plots of the first three principal components with spaced
markers, PC1 versus PC2, PC1 versus PC2 and PC2 versus PC3.

To illustrate why 442 spaced markers were used to invespga@ation structure,
PCA done on the full dataset including all 1806 DArT markers is shovAigureV-4. In
this figure, we observe an artificial structuration itvi@ groups according to ¢éhpresence or
absence of the 1BLRS translocation. However, this entire translocation behaves as a single
(though physically large) recombinational unit, so the use of 97 of the 1806 (~5%) of all
DArT markersnoted in Section 3.4 as tagginghe translocation gives a 9@ld redundant
weight to this single genetic locus.

This is an extreme case, but DArT markers are documented as being more generally
prone to clusteringAkbari et al., 2006Marone et al., 2019btherefore when analysing the
population structure based on any, but especially DArT, genotypic data, it is important to

selectspaced markers to avoid spurious structuration.
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3. Complete dataset: 1806 markers b. MAF =0.1, r*=0.6, 442 DArT markers
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Figure V-4: Differentiation of genotypes based on the first two principal
components when PCA applied to the full genotype versus skimmed genotype
dataset.

(a) PCA derived from 1806 DArT markers, including redundant markers (b) PCA
derived from 442 spaced DArT markers baseds6.6 and MAF=0.1

3.3.3 Structure factors

The Bayesian algorithm for detecting population stratification implemented in the
software STRUCTURE showed two clear suiipuations in the panel. The first two
principle components from the PC#ere used to visualise these two qdpulations in 2B
diversity space. The first principal component (PC1) captures the separation between
sulpopulatons 1 and 2 very clearlFigureV-5 a). The factors country, breeder and decade
were assessed as putative sources of population struEheesounty in which the variety
was bred was the most powerful explanatory faffayureV-5 b). Linesbred in continental
Europeformed a small groufargely separate fronthe UK lines. The other factors we could
have hypothesized to play a role in creating or reinforcing population stratification i.e.

decade of release or breeding programme did not appear to cluster in PCA space
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Figure V-5: Distribution of the YR panel lines according to the first two
principal components, classified by subpopulations, decades, breeders and
countries.

(a) Classification by subpopulatias defined in STRUCTURE program (K=2);
(b) Classification by decade; (c) classification by breeders (breeders represented
by less than 5 lines are not coloured; INPS: Institute of Plant Science; PBI: Plant
Breeding Institute, previously INPS); (d) classification by country of breeding.

Looking at the molecular assays carried out on YR panel lines, we investigated the
distribution of adaptative gen&htl, Rht2, Pg-D1 and alien introgressions carrying yellow
rust resistance gene¥r9 (1BL.1RS translocation) and’rl7 @A fragment from
A.venticosa) in subpopulationsHigure V-4 and Figure V-6). Using spaced markers, the
translocation 1BL.1RS does not appear preferentially associated with one or other of the two
historical populations revealed by Bayesian analysis or the structure revealed by the first
principal components Hgure V-4). The dwarfing allele RhtB1lb and the photoperiod
insensitivty allele Ppd-D1awere both rare in the YR panel lines therefore they could not be
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associatedvith a specific sulpopulation.

While the dwarfing allel@htD1bwas highly

frequent in the YR panel lines, the wild type allBletD1laseems to be most associated with

subpopulation 1 and continental European varieties. The alien fragment ca¥rlings

present in greater frequency in subpopulation 2.
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Figure V-6: Distribution of the YR panel lines according to the first two
principal components, classified by allelic variation forRhtl, Rht2, PpeD1

and Yrl7 assays

(a) Classification based drhtldiagnostic assay; (b) Classification basedrom2
diagnostic assay; (c) classification based Bpd-D1 diagnostic assay; (d)

classification based o¥irl7 diagnostic assay.

Linkage disequilibrium analysis

Parwise LD between all combinations of markers from the consensus DAIT map

was calculated, 11,699 from intchromosomal pairs (referred as linked markers), 162,056

from

(correspondingo 6.3% of the linked marker pairs) were in complete L&1). 47.2%

interchromosomal
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(5,525) of the intra&chromosomal marker pairs showed significant LD (p<0.01) and the
average offor all intrachromosomal pairs was 0.159.

Significant interchromosomal LD was alsdetected in 19.9% of the marker pairs,
highlighting the presence of population structure and the potential risk of spurious-marker
trait association.

The plot of LD over genetic distance showed tHatextenedto 16.7cM based on
the critical valueof r? (TableV-4). LD decayed more rapidly in the-fenome as judged by
the genetic distance to criticdl value 0f9.4 cM compared to the A (15.2 cM) or B (21.0
cM) genomes, although it should be noted thatD-genome LD decay rate was estimated
with lower accuracy since less markers were available and the D genome map contained

many cosegregating markers.

Table V-4: Overview of LD in the wheat genomes A, Band D based on DArT
markers in the YR panel

(a) Average pairwisé ffor intra-chromosomal marker pairs, (b) average pairwise
r* for inter-chromosomal marker pairs, (c) criticlas describetby Breseghello
and Sorrells (2006b

2
DArT Mean r? mﬁﬁﬂer d Critical Extend of LD for Extend of LD
markers linked (a) (b) r?(c) criticalr2incM  forr2=0.2in cM
A Genome 219 0.0923 0.0152 0.059 15.2 8.2
B Genome 240 0.0763 0.0125 0.046 21.0 9.4
D Genome 131 0.4047 0.0151 0.063 9.4 53
Al 590 0.1587 0.0146 0.057 16.7 7.3
genome
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Figure V-7: LD parameter r? plotted against the genetic distance in cM for
the whole genome

The horizontal dashed line indicated the 95% percentile of the distribution of
unlinkedr? referred as critical value of.rThe black curve is the second degree
LOESS curve fitted to the plot.
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3.3.5 Genetic diversity and allele frequencies

For the 1806 DArT markers scored across the 327 lines from the YR panel, the
frequency f o ivedetectiom bfdybritditadion {o the BArT feature in question)
ranged from 0.006 to 0.988. 257 DArT markers had a minimum allele frequency inferior to
0.05 and will not be used for further analysis.

For the 1549 DArT markers remaining, a fairly low mé@guency of missing data
was observed (1.99%). The PIC values computed on the complete population ranged from
0.03 to 0.38 with a mean of 0.27. The gene diversity ranged from 0.03 to 0.5 with a mean of
0.33. The observed values of PIC and gene diverstg slightly lower in subpopulation 2
defined by STRUCTURE (for K1: PIC=0.27, gene diversity=0.34; for K2: PIC=0.21, gene
diversity=0.26), reflecting a lower genetic diversity in population focused on UK lines (K2)

compared to population with lines of mierigin (K1).

3.4 Preliminary association

3.4.1 Phenotype

The plant height of 324 YR panel lines was evaluategellow rust field trials in
2010 and 201by measuring the average straw length of each plot which represents three
replicates per lineThe frequeng distribution of straw length scores shows a near normal
distribution both yearsHigure V-8) reflecting the presence of one dwarfing gene in the
majarity of the lines; 255 YR lines have been diagnosed with one oRtii# and Rht2
dwarfing alleles (se€igureV-9). Towardthe higher values a secargt normal distribution
could be visualized, representing tall lines with wild type allelefRfurl and Rht2 56 YR
lines have been diagnosed with both wild type alleles.
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Figure V-8: Distribution of average straw length in field trial 2010 and 2011.
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The average height was 64.2 cm in 2010 and 73.8 cm in 2011, which represents a
significant difference of 9.6 cm (p<0.001 frontest). As the primary purpose of the trial
was to evaluate yellow rust resince, the plants were highly stressed and the presence of the
disease was likely to stunt their growth. As the disease intensity was greater in 2010, the
plant growth might have been affected to a greater extent in 2010. The difference in plant
height canalso be partly explained by drought stress; both spring 2010 and 2011 were
notably dry, however the 2011 trial received irrigation in May which may have prevented

severe drought symptoms.
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Figure V-9: Box plot of adjusted height in relation toRht1 and Rht2 alleles

The figure illustrates the difference of height observed in the YR panel lines in
relation to dwarfing alleles fronRhtl and Rht2 gene respectivelRhtB1lband
RhtD1b RhtBlaand RhtDlaare the wid type alleles associated with a tall
phenotype,RhtBhet and RhtDlhet indicated the amplification of fragments
characteristic of both alleles.

The analysis of variance using REML as implemented in Gegsiairms the
presence of significant trial effect (Table V-5). There were also significant interactions
between thetrials and the varieties whiclprobably illustrates differences in varie@l
resistance to drought and yellow rust. Despite the variable environmental conditions

between trials, theverall heritability (H?) remains moderalig high.
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Table V-5: Analysis of variance of height datagrom field trials 2010 and 2011
using the REML adjustment procedure

@ nominal cegree of freedom(;z) significanceprobability from Wald testbased
on fixed effect modef,f’) estimate of variance component from random mo(éi)el;
standard error based on random mo@eheritability based omandom model

Score Source ndfY Fpr.® Est.® s.é9 H2®)
Straw Variety 323 <0.001 56.48 4.98 0.672
Length Trial 1 <0.001 48.76 69.01

Both Trial.Var 276 <0.001 5.35 1.04

Year Residual 18.21 0.77

Following the analysis of variance, an adjusted mean based on BLUP (Best Linear

Unbiased Predictor) was obtained from Genstat and used for association mapping analysis.
3.4.2 Association analysis

Associations betweebb49 DAIT markers with MAF>0.05 and the height adjusted
mean were tested using six statistical models. The assoditimeernthe Rht2markerand
height was also teste®&htland Ppd-D1 markerswere removed from the analysis as they
were present in low allele frequencRare alleles are known to induce bias in the
calculation of MTA Pvalue and are likely to cause false positive.

Depending on the corrective model, the significant mattiegtr associations detected
varied from 17 tol20 at a P al ue t hr e s h(dableV-6p Using the highlyo 1
conservative 5% Bonferroni correction threshold (0.05/1549) for multiple compsiristo
17 markers were significantly associated with height. Based on 10% FDR, 1 to 165 markers
were associated with height. However the FDR threshold has to be interpreted with caution
as the distribution of palues obtained from AMs were highly disexfidue to the presence
of manyredundant markers in the dataset, it was difficult to obtain a meaningful estimate of
the null di st reiwhichtsiessentialgnethe aaoeldtian of FDRG

The highest Pralue in all models related t@ht2 markes for allelesRhtDlaand
RhtD1b(TableV-6).

P-values (transformed tdlog;o(P)) observed in the different models have been
plotted against expectdd value from a normal distribution to create &Qlot Figure
V-10).The QQ plots allow visual comparison of the effectiveness of the models in
correcting for population structure. Without population structure, we shoulthesdevalue
uniformly distributedbetween 0 and 1 and only true associations should deviate from the
diagonal. The first € plot presenting the-fPalues from the naive model shows actual P
values systematically above the diagonal, illustrating a significant overestimatiorabfd2
(bssedonPral ue threshold of U= 0.01, 769 of 154

The second € plot includes the Walues from each of the five correction models tested.
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All correction models gave an improvement compared to the naive model. Then®dM

with the structure matrix Qpca corrected more effectively than the GLM model with Qs. The
Q matrix for the two subpopulations defined in STRUCTURE software captured only a
small part of the actual population structure, while the seven Principal @emganodelled
population structure far more effectively. MLM models 3 to 5 including Kinship present the
best distribution of Ralues as they include a kinship matrix representing the relatedness of
the individuals within the population. Based on theige collected from the YR panel
lines, we already highlighted key varieties such as Moulin, Cappelle Desprez, Squadron,
Norman, and Hobbit which appeared in the pedigree of many lines. Thus the major
structuration of the YR panel is likely to result fromariety relatedness and less from
historical subpopulations. Comparing the three MLMs, model 5 including the kinship
matrix (K) and the structure matrix Qpca seems to perform thgB&atue from the model
followed closely the expected normal distribat of Pvalue), it decreases the number of
probable false discoveries over model 4 and 3.

Table V-6: Number of markers with significant marker traits associations
and P value associated witliRht2 genes

Rht2 No of significant markersfor different threshold
P-value
Model U= o U= o.BonferoN pp 109
5%
Model 0: Naive 4.43 10% 945 769 300 1262
Model 1 GLM with Qs 3.23 10 260 120 17 165
Model 2 GLM with Qpca 2.05 10%° 186 82 7 74
Model 3MLM with K 1.41 10% 131 34 1 4
Model 4 MLM with Qs and K 3.57 10'° 156 56 2 35
Model 5MLM with Qpca and K 6.54 10" 140 17 1 1
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Figure V-10: Q-Qplot of ilog (P-value) obtained from the association
mapping models applied to heights.

a. QQ plot for naive model; b. @ plot for corrective models

Based on MLM correction models, theht2 marker was consistently significant
marker using a 5% Bonferroni threshold, none of the other six Déarkers on
chromosome 4D (i.e. linked to ti#ht2gene) appeared above the threshold of significance.
DArT marker wP19067 on 4B which mapped 15.3 cM frdRhtl on our casensus map,
was the only other markers passing the Bonferroni threshold. Below the Bonferroni
threshold, but stillwith U= 0.001 markers on leromosomes 1B, 2A, 3B, 5B, 5D, 7B
presented significant associati(see list of association hits in Appendi®) and explaing

between 2.1 and 4.6% of the phenotypic variation, whildRtht2 marker explained between
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14.5 to 20.3 % of the phenotypic variatidependingof the corrective model. ThRht2
marker used is based on a causal SNP for a notable dwarfing gene and ehierefor
expected to present a high level of significance.

4 DiscuUsSION

4.1 Construction of a 244fbcus consensus map of hexaploid wheat

integrating v3 array DArT markers

The consensus map developed in the present study has a high average démsity of
markersper cM and includes an extensive number of DArT markers (1744), 22&ioh
are novel DArT markers from the wheat DArT ark8; The different genomes A, B and D
are represented respectivély 37%, 47% and 16% of the mapped DArT markers. Limited
consenssl maps have been published for hexaploid wheat since the construction of a reliable
consensus map is made difficult by the size and the hexaploidy of the wheat genome as well
as the presence of translocations and chromosomes rearrangements, many ofewdtiith a
unrecognized. Two consensus maps are used as reference in many association mapping
publications, (1) the map developed 8omers et al. (2004which includes 1235
microsdaellite loci distributed over 269 cM (one marker per 2.2 cM); (2) the prdeveloped
by Crossa et al. (2004vhich includes 1644 markers (813 DArT a@81 SSR, AFLP or
RFLP) distributed on 2149 cM (one marker per 1.3.dMith respect to those two maps, the
present consensus map represents a large improvement as it has a greater number of markers
(2449 versus 1235 and 1644 markers) and includes novel SNPs developbienbgt al.
(2011). Compared tdCrossa et al. (200/the present map contains novel DArT markers
from the latest DArT array v3 (used to genotyp® of the four populations underpinning
the present consensus map). Additionally, the D genome coverage with DArT markers is
improved; 284 markers in the present consensus versus 66 markeossa et al. (2007

The new consensus map allows assigning 722 DArT markers scored on the YR
panel, a great improvement comparing to2i8 markers mapped in the map fr@mssa et
al. (2007, providing the meanso interpret more results from the association analysis.
Furthermore, the opportunity is afforded to select additional markers to enrich regions of
interestwhere associated DArT markers lie in close proximity to SSR and SNP markers.

Recently,Marone et al. (2019aleveloped a high density consensuwep for durum
wheat (A and B genomes) including 1898 loci (1185 DArT, 388 SRR, 166 EST derived loci
and 159 other markers) distributed on 3059 cM. Despite the absence of information on the D
genome, this new consensus map is a valuable resource fordiéxalpéat as it appesato
be fairly reliable given the high correspondence between the map position of genomic

markers and physical positions givenfnancki et al. (2000andGadaleta et al. (2009The
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assignment of 712 DArT to specific deletion bins Fnancki et al. (2009also provides
valuable information allowingo ascertairthe position of DArT markers from the previous
DAIT array v2, aligning genetic map and estimating the coverage of DNA markers across
the wreat genome.

4.2 Genetic diversity of the YR panel

A set of 1549 DArT markers were used to characterize the genetic diversity of 327
elite varieties of hexaploid wheat. The average PIC and gene diversity values in the YR
panel were 0.27 and 0.33 respectivehhick was consistently lower than other wheat
association populations genotyped with DArT markers. For exar§pdeart et al. (2097
calculated the \seragePIC value of 355 DArT markers in 7G&orldwide landraces to be
0.43;Le Couviour et al(201]) estimated the genetic diversity (average PIC) in a set of 252
DArT markers in 195 Western European elite wheat to be 888son et al. (203Zound
an average PIC value of 0.31 and gene diversity of 0.39 from 900 DArT markers in a panel
of 251 US winter wheat enriched for Fusarium head blight resist@hegig et al. (2001
calculated a mean PIC value of 1637 DArT markers to be 0.40 in 111 elite Chinese lines. As
the YR panel is composed of elite germplasm it is expected its genetic divetsityaaer
than landrace populations as $todart et al. (2097 however genetic diversity in the YR
panel appears lower than many elite populatioms fdifferent countries. A reduced genetic
diversity of elite UK germplasm was also highlighted \bite et al. (2008compared to
elite Australian andJS lines White et al. (2008explained the less diverse gene pool in the
UK by the long adaptation of wheat landraces to the UK environment followed by the
selection in the late & entury of well adapted lines creagia narrow genetic base, with the
subsequent introgressions of traits from European, US and Japanese material involving
backcrossing to maintain a UK tolerant ideotype which would have limited the gene pool

expansion from those introductions.

4.3 Population sucture of the YR anel

The population structure of the panel was examined through STRUCTURE and PCA
using a set of 442 neredundant DArT. The results of the two approaches were consistent as
the two ancestral populations identified via STRUCTURE were sdparated on the first
PC vector. However the identification of K=2 is likely to be an underestimation of the real
popul at i o nK nethad wiEvaono et,al. (8905is known to underestimated K
where the genetic differentiation between subpopulatisrweak (Waples and Gaggit,

2009. It is therefore appropriate to think of K=2 as having identified the uppermost level of

structure in a hierarchically structured population.
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Of three potential factors investigated leading to population structure (decade,
country of selectin and breeding company), the country in which the variety was originally
selected had the greatest influence. We saw a division of wheat germplasm into groups from
the UK and from continental countries (France, Germany and Netherland). This division is
not surprising asclimatic, agronomic and markedifferences between the UK and
continental Europe dictate the varietal selection. Our findings are consistent with studies on
European wheat collectionRoussel et al. (2005eported geographical variation as a main
factor of genetic structure in a historical European panel including 480 varieties released
between 1840 and 2000. Recently, subdivisions between UK and western European
countries were reported in elite germplasm collectio.®&yCouviour et al. (20)landReif
et al. (2011 Neither the deade of breeding nor the breeding company appeared to explain
the population structure of the YR panBloussel et al. (2005and White et al. (2008
reportedtemporal changeis wheat diversity respectively in European and UK germplasm
over the last century. However, these superficially divergent findings are not necessarily
mutudly exclusive. TheRoussel et al. (2005and White et al. (2008 studies covered a
longer period of time (184R000 and 1922004 respectively) compared to the present study
which focused mainly on the last three decadesRanasel et al. (200%ighlighted a lower
diversification in recent times.

We can speculate that the consolidation of the breeding industry in the last decades
into just a handful of European seed hou$@&'$, Syngenta, Limagrain and RAGT being
the predominant contributors to the YR panel) coupled with the crossing agreement which
allow breeders to use any varieties on National Lists to develop new lines means any

putative genetic footprint of an individulateeding programme is now too weak to observe.

4.4  Major gene differences across the YR panel

The genetic composition of the panel was additionally examinedansthall set of
markers diagnostic for major pleiotropic alleles controlling flowering tiPpd(D1a) and
height RhtBla/b and RhtDla/b) and for two widely used translocations 1BL.1RS and
2NS.2AS.

Flowering time in winter wheat is dependent on three key groups of genes
controlling the vernalization reqgsi pemerste,0 phot
(Worland, 1995 In our study, we focused dApdDla, a major genallele controlling
photoperiodinsensitivity (Beales et al., 20Q7Photoperiod insensitive genes are thought to
give an adaptative advantage in south and central Europe as photoperiod insensitive winter
wheat varieties benefit from early floweringdatheir consequent earlier maturation helps

them to avoid the effect of hot dry summéWorland et al., 1998 Our allelic analysis
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reveal that the majority of the lines in the YR panel except a few lines of French origin carry
the photoperiod sensitive allelepd-D1, which is consistent with previous resultse
Couviour et al. (2011 studying a parieof 195 western European elite wheat varieties
highlighted the high frequency of photoperiod sensitive alRgdD1 in German and UK
germplasm contrasting with French varieties. Eaiirland et al. (1998looking at the
phenotypes of 120 Europeavheat varieties for photoperiod sensitivity revealed that French
varieties mostly photoperiod insensitive, while the majority of UK were photoperiod
sensitive.

According to the catalogue of wheat gene symbols available online
(http://www.shigen.nig.ac.jp/wheat/komugi21 Rhtgenes involve in reducing plant height
have been identifiedRht1to Rht 23, howeverRhtl (also namedrhtB1) and Rht2 (also

namedRhtD1) have been the most widely used irdmting program over the past 50 years.

The dwarfing alleleRhtB1b and RhtD1b were both derived from the Japanese variety
Norin 10 which was used in US breeding programs in the 1950s in order to improve lodging
resistance in winter wheat. Soon after f&to Norman Borlaug and the CIMMYT, both
alleles were deployed worldwide and it is estimated that over 70% of commercial wheat
varieties contain at least one of these two all@@sns, 1998 Both allelesRhtB1b and
RhtD1b are semdominant and have similar effect on the plaaight (reduction of 20 cm
(Flintham et al., 1997. They are generally introduced singularly in commercial wheat as the
combination ofRhtB1lb and RhtD1b produced a strong effect on plant height and is
generally associated with a decreased of the agronomical value of the (/sligty 1989.

In our panel, nly 17% of the lines carriethe wild type for both genefRbHtBla RhtD1a)

and no double dwarRhtB1b_RhtD1b) wasdetectedAdditionally the dwarfing allelé&ht

D1b appeared predominant ovaRhtBlh with the combinationRhtBla RhtD1b
representing 7™ of the varieties. We also noticed tRittD1aallele was mainly associated

with nonUK varieties. This result is consistent with the result presentddebyouviour et

al. (2011} as they found th&htBla_RhtD1b combination mainly in UK varieties and the
RhtB1b_RhtDla combination in French varieties. The specific usRlafD1b in the UK is
thought to be the result of historical breeding practice with the introducti@ht@1bin the

UK via PBI in early 1970, which predominated wheat breeding in the UK.

The short arm of chromosome 1R from ryge¢ale cereajeis one of the mds
widely utilized sources of alien chromatin in wheat breedBeum and Appels, 1991the
wheatrye translocation having been considered favourable for agronomic performance of
wheat because it carries genes for disease resigtiariebe et al., 1996 insect resistance
(Marais et al., 1994and high yeld potential(Kim et al., 2004 Villareal et al., 1998
However its agronomic benefits have been inconsistent across wheat class and genetic

background (reviewed blyelley et al. (2003 for review) and 1RS is also known to reduce

177


http://www.shigen.nig.ac.jp/wheat/komugi/

Chapter V YR panel genotyping, populatigtructure and linkage disequilibrium analysis

breadquality making. In a reviewRabinovich (1998 highlighted the presence of 1RS
translocation in more than 300 genotypes worldwide, the major source namely 1BL.1RS
originating from a cross with rye cv Pektus and German wheat in the 1Rd0sr et al.
(2002 looked at 502 recent European varietiard identified the prsence of 1BL1RS
translocation in 49% of northern European lines (mainly UK lines), the translocation was
also present in western and central Europe but at a lower frequertbye fmesent study,

32% of the YRpanel lines presented the 1BL.1RS translocaliut they were not associated
with a specific geographic origin. The 1BL.1RS derived from Pektus is known to carry the
resistancegenesPm8/Sr31/Lr26/Yr9but the resistances to leaf risR6, powdery mildew

Pm8 and yellow rustYr9 were already ovemne in Europe in early 1980s, thus other
selective advantages must explain the continued use of the 1BL.1RS translocation within
Europe.

The 2NS.2AS translocation, a fragmeiit 25-38 cM from the short arnof Aegilops
ventricosachromosome2N translocated in bread wheat chromosome PA&guera et al.,
2003, is anothetimportant alien translocation that was widely exploited in wheat breeding
as it possessla complex of resistance to rust87/Sr38/Yr17(Mcintosh et al., 1995anda
cyst nematodeesistanceCre5 (Jahier et al., 1996The 2NS fragment was first introgressed
into wheat cultivar VPM1 and was later transferred in parallel to resistance to eye spot
controlled byPchlon chromosome 7DS to commercial cultivars in France, UK and USA. In
Australia, the translocation was initiaused to provide rust resistance. Using rust resistance
postulation tests, the translocation including the resistance clus3@/Sr38/Yrl7was
shown to be fairly common in European wheat and UK wheat (between 10% to 23% in
studies fromPathan et al. (2008Hovmgller (200 and Singh et al. (2008. Similarly a
high frequency (40%) of the translocation was revealdtie YR panel and particularly in
the UK groupusng molecular markers. The predominance of the introgras8NS.2AS
from Aegilops ventricosdcarrying resistance gene for the three wheat rusts) in UK wheat
group compared to the continental group in addition to the quasi absdppdDia (major
photoperiod insensitive allele) suggeshat breeders responddd local climatic and
pathogen pressurésdependently of their affiliation. The result of this local adaptation is a

reasonably well differentiated (yet homogeneous) UK genepool versus continental genepool.

45 Extent of LD

The level of LD is a determinaméctor for the success of an association mapping
approach, the presence of LD between unlinked markers can lead to false disdageries
unlinked markers can be fodircorrelated to causal loci) and the level of LD decay 4intra
chromosomal due to linkage téemined the mapping resolution. In presence of a fast LD

decay < 1cM over chromosomal distances, the resolution of association mapping would be
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rather high at the condition we disposed of high density marker coverage. On the other hand,
with a slow LD deay ~10 cM, the chance to identify a marker linked to the causal loci are
greater, assuming the same marker coverage, the drawback being a lower resolution.

In the present panel, using genome wide DArT markers, we demonstrated an
extensive amount of LD bseten unlinked markers, 19.9% of inishromosomal pair of
markers were in significant LD according to TASSEL. The leegnss particularly high
comparedo others studies. Only 5% of unlinked markers were in significant LD in a set of
170 elite spring whet from CIMMYT (Crossa et al., 20078.1% in a set of 478 elite
germplasm from the USA and Mexi¢Ghao et al.2010, 3.2% in a set of 90 winter wheat
from 21 countrie§Neumann et al., 20)1The high level of LD for intechromosomal in the
YR panel can be explaéd by the population structure, the high level of relatedness
illustrated by pedigree information and the relatively low diversity of the panel. However it
is difficult to compare the amplitude of LD level obtained in our study with results obtained
in others studies as the size of samples, the marker system as well as the methods used to
estimate significant LD vary greatly.

In the YR panel, the LD extend is fairly high 7.3 cM or 16.7 cM depending on the
estimation method; the first one is evaluatedrfe0.2, the second is based Breseghello
and Sorrells (2008b? critical value, in the present study critica0.06. Therefore we have
a reasonable chance to detect significant loci using our DArT genome wide coverage.
Considering only DArT markers with MAF of 0.05 (1549), our average marker coverage is
one DAIT marker every 3 cM. In reality as DArT markers have a tendency to cluster
(Akbari et al., 2006Semagn et al., 200Bbour coverage is slightly lower. Recenifiarone
et al. (2012p analysed the sequence of 2000 wheat DArT markers and showed that
approximately 12% of the sequences were truly redundant (corresponding to nearly identical
sequences), which explain the clustering. Despite the apparent adequacy between marker
coverage andlD decay, some region of the genome remains uncovered as many gaps have
been observed in the genetic map; this will need to be kept in mind when interpreting the
results from AM.

The LD decay observed in this study is in the range of reported estimates fo
genomewide studies focussed on wheat elite germplaBemson et al. (203%howedan
average LD decay of 9.9 cor r’=0.2, evaluated with DArT) ewidering 251 US elite
winter wheat.Reif et al. (2011 saw an extend of LD up to ZM in a population of 455
European soft wheat, using SSR markethao et al. (2000 based on SNP data,
demonstrated LD decaying from half of its initial value within 6 to 10 cM raagaiyalent
r’ ~0.15 to 0.2)in a panel of 478 elite wheat from USA and Mexid¢dowever other
populations showed a faster LD dechgumann et al. (20)¥ound that mean LDRlecayed

permanently below?0.15 within 4cM in a set of 96 winter wheat originated fra2i
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different countriesThe difference observed in LD decay can be explained by a difference in
diversity sampled within eagbanel;several studies highlighted thaD extended for longer
distances in subpopulatig@hao et al., 201Bomers et al., 2007

4.6 Structure information and association mapping

It is well known that population structure lead to spurious associati@ssociation
studiesas it creategorrelaton between causal factors and (unlinked) caosalmarkers
(Lander and Schork, 199&Ro0senberg and Nordborg, 20Q061aving acknowledged the
presenceof at least two subpopulatiogghe poolsn the YR panel based on geographical
origin, several strategies can be considered for future association studies. (1) The association
analysis can be condectwithin subpopulations to minimize false positives due to structure
as seen in barleyCpmadran et al. (20)Jor ingance focused the analysis on tveovs
barley) but this approach will reduce the sample size and most likely the genetic diversity,
decreasing therefore the power of the association. This last issue can be resolved by
increasing the sampling from respeetipools. (2) Alternatively, we can rely on corrective
modelsas many statistical solutions have been proposed to control population structure
(Devlin and Roeder, 199@rice et al. Pritchard et al., 2000kvu et al., 2006 We followed
the second option in the present study; the challenge was then to select the optimal

association model for our population.

4.7 Association mapping and statistical correction

In addition to historical population structure, the complex evolutionanpesetiing
history in wheat give rise to complex familial relationships which can also lead to false
positive results in AM studies. Therefore to reduce the risk of false positive, an estimate of
both population structure and familial relatedness may hav@etincluded in association
analysis.

In the present study, in addition to a naive model without correction presenting an
extensive number of false positive, five corrective models controlling either population
structure, family relatedness or both, wiergted using plant height, a trait easy to follow and
well characterized in European germpladine most appropriated models for the YR panel
appeared to be thmixed linear mode{(MLM) (Yu et al., 200pintegrating a kinship matrix
(K) either alone(Model 3)or with Qpca structure matrix based on Pvo(el 5. The
kinship matrix defines the degree of genetic covariance among individuaoarsts for
fine relatednessamong individual Modek 3 and 5 performed the best in reducing
cofounding populatin structure and relatedness bias, wittaRie distribution most closely

resembling a uniform distributio.he large influence of the kinship matrix in tRevalue
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distributionemphasise the importance of family relatedness within lines in the YR pagel
observatioris not surprising as the pedigree information revealed that many varieties share
the same parental linefor instance Rialto and Hussar are the parent of 18 and 17 varieties
in the YR panel respectively (see pedigree diagramgpendix8). Limited AM studies on
wheathawe examined several corrective models; however the ugeLdM with Q matrix
andbr MLM with Q and K matrix seems to be the most common appesdBlordes et al.,
2008 Breseghello and Sorrells, 20Q8burung et al., 201 XKulwal et al., 2012Le Gouis et

al., 2012 Miedaner et al., 20tNeumann et al., 201Dgbonnaya et al., 200&ehman et

al., 2012 Yu et al.,, 2012h Several authors reported a greater numbers of associated
markers with GLM using a Q matrix than for MLM with a Q matrix and a K variance
covariance matrixMalosetti et al., 2007Neumann et al., 2011Pozniak et al., 2022
RecentlyLe Couviour et al. (20)1discussed the use of different Q matrix (with variable

level of caancestry(K) to optimize the asociation for specific traits.

4.8 Significance level and multiple testing

Another problem we face in association mapping is multiple testing, as we are
testing numerous hypotheses (one for each marker) in the same dataset. For instance with
100000 markers, the expectation predicted that approximately 5000 markers will
demonstrate a nominahPal ue O0. 05 from chance al one, mak i
true associations from the false. Accordingdd®\Wan et al. (2007 how to properly adjust
for multiple testing is one of the major contentiogsues in statistical genetics. We
approach this issue in two waydne method of adjusting for multiple tests is the Bonferroni
correctionwhich adjustthecad f f val ue to decl are significan
of test performed (critical®al ue = U/ n u mb e rButthis metted hiave begn t e st €
criticised because it assumes independence of all markers which is not true for closely linked
markers, therefore the method appears overly conservatiasgociation mapping studies
(Zoliner and Pritchard, 2005An alternative approach is to control the false discovery rate
(FDR), the method allows estimating the proportion of significant tests that will be false
positive based on the distribution ofvBlue. It has been shomthat this method in more
powerful than the Bonferroni correction at the condition there is enough independent
markers(Benjamin and Hochberg, 199%abatti et al., 20035torey, 2002

Using this Bonferroni correction we find that ofyt2presented significant MTA
using the best performing MLM (namely model 3 and 5), showing that hits above the
corrected threshold are very believalfé¢ .FDR values of 0.1, we estimated that between 1
to 4 MTA were significantRht2 figured on the top of the lishiaddition to wR#402 on
5BL, SGY15 on 2ASand marker wR#220 which is assigned to multiple locations (3D and
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7A). When it is difficult to conclude about w220 as the MTA may come from mixed
signals from different genomic regions, the MTA associatigd wPt4402 and S&Y'15 are

likely to be real Griffiths et al. (2012 detected height QTLs on 2AS and 5BL irpairental
populations, these populations include influential lines from the YR panel (Avalon x
Cadenza for 2AS; Avalon €adenza and Charger x Badger for 5Bh)addition, SCY15

was shown to be tightly linked and in strong LD in experimental wheat populations to
gwm359 (Rhoné et al., 2007 a marker lying just below the QTL detected in Avalon x
Cadenza population, which provides an additive effect between 2.2 to 3.3 cM. In our dataset,
FDR of 0.1 provide a highly stringent threshdidt doesnot bring a realimprovement
compaing to the Bonferroni threshold, #se high number of redundant markers skewed the
estimation of FDR.For instance, by removing the-values linked to the 1BL.1RS

translocation, additional markers are found significant based on FDR.

5 CONCLUSION

During the last decade, the complex organization (ahdrganization) of wheat
breeding program shaped a complex genetic structure in UK winter wheat elite germplasm.
Investigating the 327 wheat varieties composing the YR panel, with a large set of DArT
markers (1806 in total counting redundant and low frequency marker), we showed a
relatively narrow genetic diversity, a high level of LD and a small population stratification
based on geographical origin (UK and continental Europe). The rate of LD desay livee
with the markers density making likely the detection of significant association within the
panel. The association mapping tests with plant height highlighted large confounding effect
due close relatedness within lines and showed that the MLMatmm performed well in
reducing those confounding effects. The large number of varieties and markers available in
the YR panel make it possible for an investigator to initiate a gemadeassociation scan
with nothing more than a phenotypic screenplace.In the following chapter, we will
focussed on resistance to yellow rust but we can imagine to exploit the YR panel via
association mapping for a vast range of segregating traits (multiple disease resistance, yield,

flowing time, grain quality) as liistrating in the present chaptdéor plant height.
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CHAPTER VI. GENOME WIDE ASSOCIATION SCA NS FOR
RESISTANCE TO WHEAT YELLO W RUST

1 | NTRODUCTION

Association Mapping (AM) arose in medical research and is increasingly applied in
crop species.The method allowsdentifying QTLs within a panel of individuals based on
historical linkage desequilibriunThere are severabenefits of association mapping over
mapping in biparental crosses. AM allows to investigate simultaneously multiple
quantitative traits (any thaary in the panel under study) and examine more than two alleles
per locus (all that occur at reasonable frequency in said panel). In addition, AM is time and
cost saving over the development ofplirental population for mapping studies. Where the
populdion consists mainly of elite varieties in which considerable resource has been
invested in the accurate measurement of yield, agronomic and quality traits, further saving
can be achieved by using historical phenotypic datasets for detecting -tnaitker
associations. The UKCPVS and NL/RL trials in the UK constitute a valuable resource of
historical yellow rust resistance data for wheat lines registered in the UK and/or evaluated in
official pre-registration tests (see Chapter lll). These data were defiged adult plant
trials inoculated with selected Pst isolates, which represent the most up to date Pst virulence
profile in the UK at the time of testing and have been pathotyped at seedling stage against
control varieties and'r differential hosts by th&]KCPVS. Partitioning this vast amount of
historical data and derived means based on different virulence criteria allowed us to target
distinct resistance components via association analysis. To do this, we assembled an
association panel of 327 elite whearieties(for which historical YR data was availaple
named the YR panel (see Chapter Il). The evaluated materials represent the most advanced
products of UK wheat breeding programs in the last three decades and are expected to carry
a high proportion ofrelevant, desirable alleleSherefore, identification of markerait
associations should be of practical benefit to breeders.

The first objective of the study was to investigate the feasibility of using partitioned
historical data to identify QTLs linkkto yellow rust resistance at adult stabksing this
approachweintended taeveal the diversity of yellow rust resistance present in the UK elite

germplasm.

Yellow rust is one of the most damaging diseases of wheat worldwide and is

particularly renowed for its great propensity to evolve novel virulences and virulence
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combinations. The UKCPVS has illustrated the continuous evolution of Pst populations
within the UK since late 1960s and has shown in recent years the emergence of new races
with ever wicer virulence spectra. In this context, the YR panel was evaluated against more
recent isolates for which little historic data had yet accumulated (see Chapter V).

The second objective of the study related in this Chapter was therefore to conduct
associton analyses usinge novophenotypes thus identifying resistance QTL effective

against current WYR isolates.

Finally, to validate some of the association hits, the Avalon x Cadenza doubled
haploid population which segregates for resistances deployedént years in the UK was
screened at seedling stage against selected Pst isolates and QTL for resistance were detected

using interval QTL mapping.

2 MATERIALS AND METHODS

2.1 Plant material

2.1.1 YR panel

As described irChapter 11,327 elite wheat lines werelected for the present study.
The lines were chosen based on the historical WYR resistance evaluation carried out at
NIAB over the last 20 years or for their relevance in the pedigree of modern UK winter
wheat varieties. The panel comprised essentialhter wheat varieties bred over the past

three decades and adapted)t6 growing conditions.
2.1.2 Mapping population

The Avalon x Cadenza (AxC) mapping population was used to identify QTL related
to WYR resistance. The population is made of 201 doubled hgjéiillines, derived from
the F, progeny of a cross between cvs Avalon and Cadenza, was developed by Clare
Ellerbrook, Liz Sayers and the late Tony Worland (John Innes Centre), as part of a Defra
funded project led by ADAS. The parents were originally chose contrast for canopy
architecture traits) by Steve Parker (CSL), Tony Worland and Darren Lovell (Rothamsted
Research)The population has been widely used by the UK research community to study the
genetic basis for several traits includihgadingdate height andsoil-borne cereal mosaic
virus resistanc€Griffiths et al., 2009 Griffiths et al., 2012 and the most recently published
AXC genetic linkage map contains 490 SNP markers as well as 212 SSR and 227 DArT loci
(Allen et al., 201L Seeds of AxC lines were provided by Lesley Fish at the John Innes

Centre.

184



Chapter VI Genome wide associationans for resistance to WYR

Cadenza is a resistant varieggistered on the RL between 1994 and 1998 and rate
a9 and 8for WYR resistancen the HGCA scale (resistant). Since it was withdrawn from
the RL, the UKCPVS has continue to evaluate Cadenza against new WYR races, although
no isolate habeen found to beirulent on Cadenza at adult stage yet. A few isolates from
early 1990s were found to be virulent on Cadenza at seedling stage. Thus Cadenza resistance
most likely includes seedling as well as adult stage componBathan et al. (2008
postulated the presence of the resistaygreesyr6 andYr7in Cadenza.

Avalon is a UK variety registered on the RL between 1980 and 1992, believed to
carry seedling resistancér3b+Yr4b (formerly Yr4) and the adult plant resistand&l4.

However both of these resistances are overcome by modéeRstisolates.

2.2 Phenotypic data

2.2.1 Historical data on YR panel

The collection of historical yellow rust adult plant resistance data from the UKCPVS
and NL/RL trials has been extensively describe@liapter lll. Fromthis extensive dataset,
twenty subsetsustable for AM were identified based on virulenodteria (TableVI-1) and
adjusted means using BLUP were derived in Gensthagalescribed i€hapter Ill section
3.1

185



Chapter VI Genome wide associationans for resistance to WYR

Table VI-1: Description of historical adult plant datasets from which
adjusted means have been derived for AM studies.

& the virulence profile provided for each Pst isolate and patleoty based on
historical seedling tests collected (see Chapter Il for historical data description
and pathotype definition), vir: presence of virulence factor, avir: absence of
virulence factor, ?: indeterminate virulence (either the virulence folttgene
specified has not been evaluated or the evaluations were contradictory or
inconclusive),® heritability calculated from a random model fitted to obtain
derived means @ genetic variance / sum of variance components).

. N No.
Virulence Description: . G derived Heritability °
criterion name of Pst isolate and virulence profile criterion
means
None
(all historical - 310 0.42
data)
1990505 (vir 1,23,4,7/ avir 6/ ?9,17,32) 190 0.55
199324 (vir 1,2,3,4,6,cv/ avir 7,9/ ?17) 95 0.59
199354 (vir 1,2,3,4,6,9/ avir 32/ ?7,17) 95 0.58
1994519 (vir 1,2,3,9,17/ avir Yr4,6,7,39) 137 0.75
199631 (vir 3,4,6,32/ avir 1,2,7,9,1) 122 0.56
. 1996502 (vir 1,2,3,6,9,17/ avir 4,7/ ?32) 174 0.80
Pst isolate® - :
199828 (vir 1,2,3,4,6,9,17/ avir 32/ ?7) 94 0.89
199896 (vir 1,2,3,4,6,9,17,32 avir 7) 127 0.86
1998108 (vir 3,4,6,17,32/ avir 1,2,7,9 101 0.58
200041 (vir 1,2,3,49,17,32/ avir 6,7) 124 0.67
200270 (vir 1,2,9/ avir 6/ ?3,47,17,32) 93 0.84
200284 (vir 3,32/ avir 9/?1,24,6,7,17) 93 0.73
no7 (vir 1,2,3,4,6,9,17,32 avir 7) 189 0.64
Pathotype no7no32(vir 1,2,3,4,6,9,17/ avir 7,32 141 0.67
regarding no6no7(vir 1,2,3,4,9,17,32/ avir 6,7) 187 0.66
nine Yrgenes® " no6no7no32(vir 1,2,3,4,9,17/ avir 6,7,32) 92 0.83
no4no6no7no34\vir 1,2,3,9,17/ avir 4,6,7,3) 166 0.71
Pathotype vir Robigus/ avir Solstice 155 0.60
regarding : .
vir Claire 290 0.47

three UK lines

2.2.2 De novodata on YR panel

The YR panel has been evaluated against recent Pst isolates at seedling stage and at
adult plant stage in two consecutive ye&bapter IV providegn extensivalescription of
these evaluations. Adjusted means based on BLUP were derived from each assessme

(TableVI-2) following the analysis in Genstat'1as described in Chapter VI section 2.7.
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Table VI-2: Description of de novoresistance evaluation from which adjusted
means have been derived for AM studies.

Phenotype Assessment description

IF08/21 Infection type scored at 17 dpi from two seedling te
inoculates with Pst isolates 08/21

IFO3/07 Infection type scored at 19 dpi from one seedling -

inoculated with Pst isolates 03/07

AUDPCr2010 Area under the disease progress curve relative to spreade
percent infection, calculated between 17 May and 18 .
2010, in field trial 2009/201Mhoculated with 08/21

AUDPCr2011 Area under the disease progress curve relative to spreade
percentage of infection, calculated between 22 May anc
June 2011, in field trial 2010/2011 inoculated with a mix
three Pst isolates (08/21, 03/07, 0&/50

Sev2010start Disease severity (in % leave surface infected) scc

Sev2010mid respectively 17 May, 4 June and 18 June 2010, in field

Sev2010end 2009/2010 inoculated with 08/21

HostR2010start Host response scoredspectively 17 May, 4 June and 18 Ju

HostR2010mid 2010, in field trial 2009/2010 inoculated with 08/21

HostR2010end

Sev2011start Disease severity (in % leave surface infected) scc

Sev2011mid respectively 22 May, 9 June and 23 June 2011, in field

Sev20l1lend 2010/2011 inoculated with a ntixe of three Pst isolate:
(08/21, 03/07, 08/501)

HostR2011mid  Host response scored respectively 9 June and 23 June 20

HostR2011lend field trial 2010/2011 inoculated with a ntixe of three Pst
isolates (08/21, 03/0D8/501)

2.2.3 Mapping yellow rust resistance in a biparental mapping population

AxC was evaluated at seedling stage against two UK Pst isolates used to evaluate the
YR panel:
(1) 08/21 was found virulent on Avalon and avirulent on Cadenza. 08f2ésents
the recent fASolstice raceo fr omTableW-3)Utk whi ct
wasfirst isolated in 2008 then spread rapidly throughout the UK to be the predominant race
in 2009, 2010 and 20)(Hubbard and Bdgs, 2009201Q 2011).
(2) 03/07 was found virulent on Avalon and avirulent on Cadenza. 03/07, which

represents the ABrock r aeswrdencefoirsandBocki at ed i n

Both isolates have been evaluated against an extended set of differential host

(Chapter IV sections 28nd 3.1) TableVI-3 summarizeshe virulence profile observed.
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Table VI-3: Virulence profile of isolates used in evaluation of AxC population

? Indeterminate virulence for thé gene specified.

Pst isolate Pathotypefrom extended test
08/21 Virulence forYr 1,2,3a+4a,3b+416,9,17,2Q1,25,26,27,32,A,S@Robigus,
Solstice

Avirulence forYr 5,7,8,10,15,24,SMBrock
?Yr 19,22,23,Mor
03/07 Virulence forYr 1,2, 3a+4a,3b+4b,7,21,22,23,25,26,27,32, ABdck
Avirulence forYr 5,6,8,9,10,15,24,SBolstice,
?Yr 19,20,Mor

The seedlings tests ahe AXC population were carried out following the same
protocol described for the YR panel@hapter IV section 2.3 he tests were sown using 96
cells trays, including discard rows around the edge of each tray. Each test was composed of
three replicates organized in a complete randomized block. The experimental conditions for

each test arprovided inTableVI-4.

Table VI-4: Description of seedling tests carried out on AxC population

Pst . . o
isolate Linestested Score Date Experimental conditions
. May Pre and poshoculation in growth
08/21 201 AClines  17DPI 2011 chambers16 hours light (mixed metal
. July halide and sodium lamps)
03/07 201 AxC lines 20DPI 2011 18°C day/11°C night

2.3 Genotype data

2.3.1 YR panel

The YR panel was genotyped with 1806 DArT markers from DArT array v3, five
genes based marker®htBla, RhiBlb, RhiDla, RhiD1lb, PpdD1a) and two alien
introgression based marker (1BL.1RS, 2AS.2NS) as previously described in Chapter V.

To facilitate the interpretatioof genomewide association scamsrriedon the YR
pane) a consensus map including DArT, SSR and SNP markers was devatogesicribed
in Chapter V section 2.0ur consensus map included 722 DArT markers scored on the YR
panel (685 assigned to unique location and 37 to several locations within the genome).
Additionally, based on pairwise correlation within the YR panel, 356 additional DArT
markers were assigned a chromosomal position. The genome coverage of DArTs with
known chromosomal location was variable, with sparse coverage on 2A, 4B, 4D, 6D and 5D.
Marker density was greater on chromosomes 2B and 3B. The number of mapped markers
was greatest on the B genome, followed by the A genome and the D genome.

A DArT consensusnap communicated byndrzej Kilian (Triticarte) in January

2012 was also consulted to locate DArT markers of interest.
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2.3.2 AxC DH population

The AxC populatiorhas been genotyped with microsatellitd3ArT markersfrom
array v2and SNPs. The mappindata arefreely available from the Wheat Genetic
Improvement network (WGIN) websitéhttp://www.wgin.org.uky and cerealdb website
(http://www.cerealsdb.uk.nefWilkinson et al., 201p

2.3.3 Conversion of the wPt3695 DArT marker into a SCAR marker

Based on the wPt3695 marker sequence available from Triticarte
(http://www.triticarte.com.ay/ a new PCR based marker (STSW8B®5) was developed
(TableVI-5) and genotypeton the YR panel as well as AXC population in ordedd@tineits
map position and test it effects in thepairental population.

The adapted marker is a domina8equenc&haracterised Amplified Region
(SCAR) marker amplifying a 457bp fragment. PGRadions were carried out in 10pl
reaction volume, containing 1puMf eeach primes (AdartwPt3695F/R), 200uM of each
dNTP, 0.4U of Faststart Taqg (Roche), lulFaststart 10x buffer with MgC} and
approximately 10ng of DNA templatélhe reaction conditions wer@s5°C for 6 min;
followed by four touchdown cycles where the annealing temperature was decreased by 0.5°C
at each cycle starting at 68°C (95°C for 30s, 68683C for 30s, 72°C 1 min); 30 final cycles
with a constant annealing temperature of 66°C (95°C@er 86°C for 30s, 72°C 1 min) and
a final extension at 72°C for 10min. The amplification products were detected after
migration on a 2% agarose gel.

The genotype (presence/absence) obtained with the adaptkdriwas identical to
the wPt3695 DArT genotyp for 319 lines out of 323 YR panel lines testély one
variety (Extend) amplified a fragment when the associated clone was not detected by
Triticarte. Three lines (Chatsworth, Dynamo and Arran) did not amplify the fragment while

the wPt3695 clone wasdetected by Triticarte.

Table VI-5: Primers and product expected forSCAR marker developed from

wP1t-3695
Primer Pair Sequeng&s 56 PCR product
AdartwPt3695F TGCAGCATCCACATTCTCAT A 457 bpfragment or
AdartwPt3695R TGCAGGGTGGAGTGCACA  a poorly amplified smearcorrespond to

the presence or absence of wP3695
respectively
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2.4 Genetic map for AXC DH population

A linkage mapincluding DArT markerswas developed forthe AXC population
using the program MapDisto 1.7.5 bethorieux, 2012. For the map construction,
individuals with high frequency of missing data (<0.2), markers with high frequency of
missing data (<0.4) and/or high segregation distortion (p=0.001) n@ereved.Loci were
assembled into linkage groups using likelihood odds (LOD) of 6.0 and a maximum
recombination frequenc{RF) threshold of 0.3. The linkage groups were ordered using the
Seration algorithm and the Sum of Adjacent Recombination Fnetes(SARF) criteria
availablein MapDista The Kosambmapping function was used to calculate map distances
(cM) from recombination frequencyCo-segregating markers have been progressively
removed from the magkeeping the markers with lower missing datawedwer a record of
the location of all markers was kept to allow a comparison with the GWA scans. Finally,
potential genotype errors detected by MapDisto at a threshold of 0.01 have been replaced by
missing data.

2.5 Statistical analysis

The historical and daovo data were analysed respectively in Chapters Ill and IV,

and adjusted mearlerived.

ANOVA of AxC population seedling tests were carried out with GenSt8t 13
Edition (Payne et al., 2009 The model (V1) was fitted and the adjusted mean for each
variety was obtained to carry QHnalysis.

(VI-1)

& isthe infection type of the varietyiin bloc k p is the overall meanp is the
effect of the ith varietyd is the effect of thetk bloc; Q is the residual.

To compare the genetfte. heritable) and environmental (i.e. non heritable) ssurce
of variation within a test heritability was calculated. Replicated dataWiYR resistance
phenotype was used to estimate genetic variainceanderror variance{( ) within a trial.

Heritability (i) was calculated as follow:
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(VI-2)

R K
E AT KTK 3

Where, , A and, represent th@ariances genetic (variety), phenotypic
and residual respectivelyr is the number of replication per line. The
estimates of variander A andA were obtained from G@&tat output

The segregation ratio between the resistant and susceptible response groups was
tested for its compatibility witho n o geni ¢ e x pstatiste.t i ons using 6

2.6 Association mapping

Marker trait association (MTA) tests with yellow rust resistance data were
performed within TASSEL v.3.0 softwafBradbury et al., 2007 Markers with MAF<0.05
were removed from the association scans. Adjusted means for the adult plant scores,
percentage of infection, severity and AUDPCr, were transformed using log(x+1) prior to
analysis to follow anear normal distribution.

The mixed linear model (MLM) was applied, integrating a kinship matrix (K) and a
structure matrix (Qpca) derived from seven principal components as this model appeared to
be the most efficient for removing the confounding efidwe to the YR panel population
structure(see Chapter V section 3.4 for more details on population structure of the YR panel
and evaluation of alternativéAM modek). A set of 442 nowedundant DArT markers
(r*>>0.6, MAF=0.1) were used to compute the K &mta matrix in TASSEL.

Based on (1) map location (P. Bansept consensus map and Andrzej Killian
consensus map) and (2) pairwise LD, the markers with an associatanePless than 0.01
were grouped into QTLs. Only groups with at least one MTA witralge<0.001 for any
score considered are reported.

We acknowledge a-Palue threshold of 0.01 is relatively low and may include false
positives due to multiple testing. However as discussed in the previous chapter, the
alternative thresholds provided by the Bonferroni correction and the FDR were both
excessively conservative due to the high redundancy and non independence of the markers in
our dadaset. In addition, the MLMhas a known tendencto reduce greatly the MTA
significance level even for real association.

The MTAs were additionally scored based on the corrective Bonferroni threshold of

5% to identify the highly significant markers.

191



Chapter VI Genome wide associationans for resistance to WYR

2.7 QTL detection in biparental populations

QTL analysis of seedling tests were performed using the R/qtl padkiage/¢ran.¢

project.org/web/packages/atl/index.hjmla QTL mapping softwaremiplemented in R

environment. The QTL were detected based on interval mapping function using a Haley
Knott regression The LOD threshold of detection was derived from one thousand
permutations. Percentages of variation explainddwere estimated fromirggle marker
analysis with the formula-102°°" where n is the number of lines tested and LOD is the
logarithm of the odds ratio.

3 RESULTS AND DISCUSSION

3.1 GWA scans on historical data

Considering all scores analysed for genetic association in the present study
(historical andde nov9, 464 markers with at least one MTA awv&ue<0.01 were found.
Based on map location (markers within a 10cM interval) and pairwise 4D.§), these
marlkers have been grouped in 108 potential QTLs. Of these, 38 included a MTA significant
at 0.001 Pvalue thresholds and were assigned a chromosomal locatiblel/1-19). Three
other groups presented significant MTA av&ue<0.001 but were unmapped. Only MTAs
belongingto the36 groupsare presented further. A complete list of markers with significant

MTA within these groups is availabile Appendices 3 and 14.
3.1.1 Analysis by isolate

The set of 1806 DArT markers was reduced to conserve a MAF op@idisto the
analysisof each isolatespecific phenotype. Depending on the isolate considered (thus the
number of varieties evaluated), between 1384 and 1505 DArT markers were analysed. A
total of 111 markers were shown to be associated with resistance to one or more Pst
isolate(3, but many of these were redundant. Seventeen markers were found to be highly
correlated (#>0.8) to marker SE&¥'15 linked toYr17 (list in Appendix 15).Similarly 51
DAIT markers on 3DS mapping within 2.8 cM interval, were found associated with
resistanceo five Pst isolates (19988, 1998108, 200841 200270 and 20084) (see list in
Appendix 15). The 119 MTAs were distributed in 20 groupab(e VI-6), of which four
included markers highly significant using the Bonferroni correction threshold (P
value<0.00003)Some MTA groupswere specific to one Pst isolate, for instance groups
2A1, 2A2, 2D1, 6A1 and 7B3thers were detected with four or morelages like 2B1,
2B4, 3B, 4A and 4D1.

Table VI-6: Groups of MTAs associated with twelve Pst isolates and statistics
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from the MLM

2 chromosomal location from P. Bansept consensus ‘Mapromosomal location
based on LD within YR panef,chromosomal location from A. Killian consensus
map, ° effect based on allele 1 (presence of the DAIT clone) and transformed
scores e.g. log (percent of infection+djnarker with a low frequency not tested
with all isolates, * Pvalue<0.01, ** Pvalue<0.001, *** RPvalue<0.0001, B 5%
Bonferroni correction

Allele

Group Major MTA cM Significant isolates  r? Effect® distribution

1/0

N 200041 54 +0.196 30/90
1B1 WPt2694 36.6 2002708 17.9 +0.450 17/73
o 199324 115 +0.338 4450
2AS.2NS WPE744900 12.0 s Ly sl PR
2AS2NS SCY15(Yrl7) - 199354+ 79 -0.282 49/45
2A1 WPt1657 712a 1998108* 88 -343 88/12
2A2 WPE4021 unknown  1994519** 99 -0.347 73/55
199354 11.9 -0.280 33061
. 19965028 12.0 -0.323 70/103
2Bl wPt2293 84.2 199828** 134 -0.341 41/53
199896*+B 133 -0.367 50/77
- . 1998108~ 10.6 -0.402 10/91
282 WPE1489 536 200041* 51 -0.240 15/108
1990505+ B 87 -0.200 45/145
199324% 148 -0.400 15/80
199354% 133 -0.400 15/80
g . 199631+ 108 -0.249 41/81
2B4 WPE3695 180.6 1998108* 79 -0.286 28/73
200041* 68 -0212 42/82
2002708 19.7 -0.423 40/53
200284** 12.8 -0.286 40/53
2D1 WPL6419 49.7° 1996502** 67 +0.378 150/19
- . 1990505+ 54  +0.153 135/54
2Db2 WPE667054 101.2 1998108** 114 +0.317 75/25
. 199324* 12.0 -0.330 57/37
381 tPE7594 1325 199354** 70 -0.260 57/37
1998108 108 +0.503 14/87
y ) . 199828* 81 +0.650 8/86
bl WPE741820 85 200270* 101 +0.533 12/80
200284** 12.4  +0.489 12/80
1990505+ 41 0257 17812
. 199631* 60 -0.344 100/13
aA WPEB657 20.7 200270% 123 -0.580 81/12
200284 11.0 -0.454 81/12
- N 1998108 63 -0.331 89/11
4D1 RheD1a/b 205 199896+ 59 -0.445 116/10
- . 1990505+ 39  +0.180 174/15
582 WPE8604 57.2 199324* 7.9  +0.400 88/6
; . 200270 83 -0.785 86/7
583 WPE3763 94.7 200284** 126 -0.794 86/7
199631* 81 -0.332 111/8
] . 1998108* 64 -0.380 95/5
6B1 WPt2424 83.2 200270* 76 -0.4528  85/6
200284** 147 -05179 856
. 1996502 49  +0.294 17/157
7AL WPE740561 40.6 1998108** 101 +0.428 7194
1990505 40 +0.121 78/101
7B2 WPt4814 113.1° 200041%* 79  +0.198 51/67
200270* 78  +0.255 37/53
7B3 WPL0752 141.6° 19945198 22 +0.544 83/48
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3.1.1.1 Factors influencing MTA detection in historical data

The specificity of association with one or a limited number of pathotype(s) may
suggest race specificity of the putative underlying resistance factor. Howevantogant
to remember that many factors coutdluence the significance of a marker in association
studies, including the heritability of the trait in question, the number of genes controlling the
trait of interest, the effect of the marker itself (majaelitative effect or smaller quantitative
effect) as well as the allele frequency of the marker. Therefore if a resistance gene is not
detected, it does not necessarily mean the gene was not present and/or not efficient; it is

equally possible that confading factors may have limited its detection.

With many genes involved, the signal for one specific gene can be diluted to an
undetectable level. In the case of yellow rust, it is known that many genes influence the
resistance response at the adult sté@gethe time of writing 52Yr genes for resistance to
yellow rust has been formally named, 37 of which are seedling resistances with major effect,
15 are adult plant resistances likelypresent a smaller quantitative effect (see Chapter |
section 4.3 fo complete list). Additionally a large number of QTLs have been described as
contributing to yellow rust resistance (see Appendix 2 for list of QTLs). Taking only the YR
panel into account, we highlighted Chapter IV the presence of race specific resistance
genesYr6, Yr7, Yr9andYrl7. Additionally, we noticed the rare occurrenceYofl5 (Boston,
Ochre)and YrSP (Spalding Prolific) as well as the presence of uncharacterized sources of
adult plant resisince. Furthermore based on the literature review, seedling resistance genes
Yrl, Yr2, Yrd, Yr3b Yrda, Yrdb, Yr25, Yr32and adult plant resistance geréd1, Yrl2,

Yrl3, Yrl4, Yrl@re also known to be present in some pdvel lines (see Appendix 3 for

Yr genes postulated in YR panel lines). Only with this brief description, we identified 17
genes likely to control the resistance response in historical data. Considering that in the
presentanalysis we are looking in turn at different subsets of the YRI gk different
isolates, the set of discoverable YR resistance genes in each analysis is likely to vary as a

function of the different Pst isolate specificities and the subsets of varieties tested.

For a similar marker effect, alleles at a low frequeay less likely to be detected
compared to alleles at balanced frequency as they would provide a stronger overall signal.
As we are investigating different subsets of the YR panel, allele frequencies are different for
each isolate/marker combination, whilimit the chance to observe a constant significant
MTA.

Finally, our analyses are based on adjusteglans derived from unbalanced

historical data with low to intermediate levels of heritabilifjalfle VI-1). The great
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influence of climatic conditions on yellow rust epidemic (environmental factor), the presence
of natural contamination of inoculated trials as well as the specificity of varesjabnse to
environmental condition (genetic x environmental factor) explained the reduced level of
heritability observed. It is known the power of detection of a MTA increases with trait
heritability thus the chance of detecting a specific effective gelh@ot be equal for each
data subset.

3.1.1.2 Detection ofYrl17

Taking the example of the major race specific gérie identified by markers in the
group 2AS.2NS, significant MTAs were detected with two isolates -P49and 199354
(FigureVI-1). Despite a well balanced distribution, MTAs f6rl7 were not detected with
isolate 199631 which is known to be avirulent &frl7. The yellow rust scores for varieties
carrying the allele specific to the translocated segment 2AS.2NSAagiops ventricosa
(SGY15) ranged from 0 to 0.78, 0.89 and 1.21 respectively for the isolates2499993
54 and 19981 (Figure VI-1). As Yrl7 is a seedling resistance gene with major effect,
percentages of infection above 5% (equivalent to a 0.78 YR score after transformation) are
not likely when tested against isolates avirulentyoh?. This observation suggests either the
presence of crossontamination of historical trials with isolates virulent agafgt7 or the
presence of varietiesithout Yrl7wi t hi n t he | i n e sallele (peesecadfi ng
segment 2NS fronegilops ventricoga The realityis likely to be a combination of both
these factors.

In Chapter Il section 4.51, waighlighted the presence of contamination by natural
WYR population virulent orYré andYrl7in yea 1996, 1997 and 1998 for the isolates1993
24 and 19934, this is also true for trials inoculated with 186

When carrying out the GWA scans on isolate 1293nd 199%4, the STS marker
SCGY15 from Robert et al. (1999was not the most significant markéraple VI-7), as we
misdiagnosed five varieties using the assay and the genotype was missing for 20 lines ( 6%
of the YR panel). Looking at DArT markers in the 2AS.2NS group, it was obvious
Glasgow, Hyperion, Shamrock were wrongly diagnosed to carry the 2AS.2NS segment.
Conversely, Rampart and Rosette were likely to carry the 2AS.2NS segment (as judged by
DArT marker profile but did not amplify the specific A5 fragment characteristic ds
presence. Markers wiBR42, wPi669721, wP8464 and wRB8676 appeared to be perfect
markers for the 2AS.2NS introgression and by extensiolfbr in the YR panellt should
therefore be possible to use a one or more of this group of DAIT mamkBis8%42
wPt3676, wP669721wPt3676 or wPt8464wPt3676) as calominant markers to
diagnose the presence BAS.2NS introgressionFinally it is interesting to notice that

despite presenting the strongest MTA, marker-w900 was not a perfect marker Yrl7
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against isolate 19924 (Rvalue=0.0009). Looking at the complete panel, %4900
misdiagnosed four varieties (Astron, Option, Ranger and Veritas) and had 11 missing data

points.
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Figure VI-1: Combined box plots and dot plots of YR rust scores for each
isolate depending of the genotype for S@15 marker specific of 2AS.2NS
translocation carrying Yrl17

Allele 2AS: absence of segment 2NS includvig 7, allele 2NS: presence of
segment 2NS includinyrl7, p: P-value from MLM association test; n: number
of allele in each subset. The red dots are adjusted means for each line included in
the test. The scores presented are transformed scoredo@.dpercent of
infection+1). The isolate used to inoda@ahe trials from which adjusted means
were derived and its respective virulence Yot 7 is indicated on the top of each

boxplot.
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Table VI-7: Significance of MTA for selected markers associated with'rl7

SC-Y15 | wPt-8242 | wPt-669721 | wPt-8464 | wPt-3676 | wPt-744900

Allele associated

with resistance 1(580bp) | 1 1 1 0 0

P-value for

199324 0.010 0.005 0.004 0.004 0.004 0.0009

P-value for

199354 0.006 0.006 0.005 0.005 0.005 0.005
3.1.1.3 Absence of detection o¥r9

Despite the testbeingdone with Pst isolates avirulefdr Yr9 namely 19934,
199631, 1998108 and 200:84, no markers linked to the translocation 1BL.1RS carrying
Yr9 was detected. The dot plots of adjusted means for the four isolates avirul¥r® on
showed high YR scores (susceptibility) in some lines carryirtg(Figure VI-2), which is
not expected a¥r9, a major seedling resistance gene, should provide a complete protection
against the four isolates. Those observations could have two orifjirisaéed estimas of
the YR scores for some of the lines due to the highly unbalanced historical dataset, (2) the
presence of contamination of some field trials with Pst isolates viruleMr@nLooking
back at the raw data, many trials inoculated WitB avirulent isdates presented natural Pst
infection with virulence folYr9, based on the high percentage of infection observed on lines

carryingYr9 e.g. Clement, Haven, Hornet.
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Figure VI-2: Combined box plots and dot fots of transformed YR scores for
isolates avirulent onYr9in lines with and without the 1BL.1RS translocation

Allele 1BS: absence of segment 1RS includig; allele 1RS : presence of
segment 1RS includingr9; p: P-value from MLM association test; number of

allele in each subset. The red dots are adjusted means for each line included in the
test. The scores presented are transformed scordsge(gercent of infection+1).

The isolate used to inoculate the trials from which adjusted mean were derived
and its respective virulence f¥r9 is indicated on the top of each boxplot.
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3.1.2 Analysis by pathotype and identification of resistance matching
virulence factors 4, 6, 7 and 32

Depending on the pathotype considered (and thus the number of varieties evaluated),
between 1475 and 1561 DArT markers were analysed. A total of 51 markers were identified
to be linked with resistance to one or more pathotype(swaamd distributed in 1MTA
groups Table VI-8). Two groups included markers significant using the Bonferroni
correction threshold (Ralue<0.00003)these groups pointed to QTLs on 2B (group 2B4)
and 7B (group 7B3).

Many MTA groupswere specific to one pathotype, for instance groups 2B1, 2B2,
and 2D3, which may again seem saggestii pat hot y p e of the praarlyingi ci t y
resistance locusHowever,the same remarks made for the isolate based analysis section
3.1.1.1 areapplicable to pathotype based analysis. The detection of an MTA in historical
datasets is influenced by many factors (heritability, number of gene involved, number of
varieties testedmarker frequency ect), thus the absence of detection of an MTA is not
synonymous of the absence of a QTL. Moreover, the use of pathotype instead of isolate
description to sort the historical data, introduced an additional source of variation as
virulencefactors not identified by virulence testing can segregate amongst the Pst isolates
included in each pathotype.
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Table VI-8: Groups of MTAs associated with specific pathotype definition

2 chromosomal locatiofrom P. Bansept consensus ma&chromosomal location
based on LD within YR panél,chromosomal location from A. Killian consensus
map,° effect based on log(YR score+1), *alue<0.01, ** Rvalue<0.001, ***
P-value<0.0001, B 5% Bonferroni correction.

. Score and 2 c A_Ilel_e .
Group Major MTA cM significance r Effect (i;gtrlbutlon
2A2 wPt4021 unknown no4no6no7no32* 8.38 -0.317 94/60
2B1 wPt2293 84.2° no7* 4.65 -0.182 71/115
2B2 wP+1489 53.62 no7* 3.68 -0.242 22/166
no7** 6.72 -0.259 53/136
B4 whtes  1806" 0O 1073 0280 5730
no4no6no7no32** 6.85 -0.290 46/120
2D2 wPt667054 101.2° no7** 8.37 +0.288 135/51
3B2 wPt6785 210.02 no7no32* 6.99 -0.235 57/77
3B3 wPt10537 272.2% no6éno7no3% 16.38 -0.462 30/58
3D1 wPt741820 8.52 noéno7* 3.83 +0.265 21/165
4D2 wPt8657 20.52 no7no32*** 11.47 +0.205 124/15
5B1 wP+0708 15.2° no6éno7no3% 1421 -0.452 62/29
5B2 wPt8604 57.2°8 noéno7* 4.67 +0.275 169/16
6A2 wPt-9584 62.1° no4no6no7no32 6.99 -0.382 147/17
631 whtze2e 832" g 490 033 170m1
7B3 WPLO752 141.6° nobno7no32*** 17.21 +0.578 59/30

no4no6no7no32***B 15.69 +0.458 103/55

The association scans with our pathotypes target four virulence factors
corresponding to a few race specific genes known to be present in the YR panétdine (
Yr6, Yr7 and Yr3R Thus though our pathotype based analysis, we aimed to identify these

specific genes.

3.1.2.1 Virulence factor 4

Virulence factor 4 is based on response observed on the differential host Hybrid 46
and was formerly thought to be specific Yo4. According toLupton and Macer (1962
Hybrid 46 arries two resistance genés3 allele bandYr4 allele bbased on their allelism to
Yr3 allele aand Yr4 allele ain Cappelle Desprez. We used the nomencla¥i@b+Yr4b
throughout the thesis based on thobservationshowever thdocation and number @fenes
mediating susceptibility to the virulence factor 4 remain uncertdorland (1988 located
Yr4 on chromosome 3B. Lat&€hen and Line (1993ksuggested Hybrid 46 does not carry
Yr3b and reported that Hybrid 46 has two resistance genes naymély and YrH46.
SubsequentlyChen et al. (1996showed using crosses between Hybrid 46 and a set of

aneuploidgsthat Yr4b and YrH46 were on chromosome 6B and 6A respectively. They also
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showed that¥'r3aandYr3cpresent in Nord Desprez and Minister respectively mapped to 1B.
Recently,Bansal et al. (20)0identified a seedling resistance gevitRubin cv Rubric
located to 3BS. Based on markers polypiism and seedling tests with an Australian
isolate, they suggestédrRubwas present in Hybrid 46 and Avalon, and was likely to be
Yr4.

I n our dat aset, only pathotype fino4no6no7no.
genes controlling resistance againsuldnce factor 4 present in Hybrid 48r8b, YrH46,

Yrdb or YrRub).The pat hotype Ano4d4no6no7no3206 specificall
potentially consistent with previous reports of the locatiorYidi46, but no markers were
identified on 3B (Chromosonessigned t&rRub) or 6B (chromosome assigned\oib).

Marker wPt9584 presented the higher MTA in group 6A2 and the allele providing
resistance Al1l0 was frequent i n)(Figure&/I-3)Y R panel (
Furthermore allelelwas pr esent i n ¢ VvY40 (Hybsdt 46, Avtloa,d t o car r )
Claire, Dynamo, Flame, Hereward, Moulin, Savannah and Shango, see Appendix 3). As
Moulin and Hybrid 46 appear in the pedigree of many YR panel lines, it would not be
surprising to f i ¥ alto chii gdhs & o mEkarseinclustey 6AZH ufs ,
may point toYrH46 on 6A. However the skewed distribution of YR scores toward low
values and thhighly unbalanced allelleave question marks over the reliabiliiythis MTA

(FigureV1-3).

nodnobno7no32
wPt-9584

P=0.0007
n=17 n=147

10
1

(U]
|

Figure VI-3: Combined box plots and dot plots of YR rust scores for wPRt
9584 specific of the pathotype fino4no6no7n0320

Allele 0: absence diybridisation to DArT clongAllele 1 : positive detection of
hybridisation to DArT clongp: P-value from MLM association test; n: number

of genotypes in each allelic class. The red dots are adjusted means for each line
included in the test. The scorpsesented are transformed scores e.g. log(percent
of infection+1).
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3.1.2.2  Virulence factor 6

Virulence factor 6 is considered equivalent to virulenceri@rin the present study
The presence/absence of virulence factor 6 is determined based on infectiobsgped
on differential hosts Heines KolbeNr@, Yrg or Heines PekoY(r2,Yr6,Yr2% in conjunction
to avirulence foiYr2. Thus the absence @if6 in a particular isolate may be causedvrg5,
howeverYr25is believed to be widely spread in Europeaniates (see Chapter Il section
4.4) and is not likely to participate to the resistance of Heines Peko against UK isolates.
Hovmgller (2007 indicated thatYr25 does not confer yellow rust control in North West
Europe as the matching virulence is close to fixation in present Pst population. Additionally
Yr25was assigned to chromosome (Calonnec et al., 199And no MTAs were detected
on chromosome 1D (all analyses considered).

Yr6 is believed to be weltepresented in the YR panel as previously discussed in
Chapter IV section 4.1.1.2, and was mapped to chromosome 7BElblegewy and
Robbelen (198R based on crosses with susceptible monosomic lines. Apart from its
assignment to chromosome arm 7BS, little is known about tteencisomal location of r6,
the mapping ofYr6 in Avalon x Cadenza population will therefore shed some light on this
matter (see section 3.2.1.3).

MTA group 7B3 was identified using two pathotypes avirulenYo®and included
a highly significance marker (wi752) likely to be linkedrr6. Looking at distribution of
YR scores based on wB752 alleles Figure VI-4), allele O is associated with lower YR
score on average for the three pathotypes aviruletréf ino6 no 7 0, Afino6no7n
Ainod4no6no7no0320) , while the invewWN®déo7 s o0bse
Among the lines carrying allele 0, figgd many varieties known to car¥ré e.g. Haven,
Norman, Hornet, Comet, Cadenza, Madrigal, Lynx afp 856, Hunter, Equinox, Shango, Rialto
and differential host Heines Kolben and Heines Peko. However allele O is also found in
varieties withoutYr6 such asBrock, Thatcher; and some lines postulated to camy
(Moulin, Charger, Riband and Spark). Thus wB52 does not constitute a diagnostic
marker but is likely to be closely linked ¥r6. Increasing the marker density within the

vicinity of wPt7052 mayidentify a diagnostic marker.
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Figure VI-4: Combined box plots and dot plotsof YR rust scores for wPt
0752 with five pathotypes

Allele 0: absence of hybridisation to DArT clgn&llele 1 : positivedetection of
hybridisation to DArT clongp: P-value from MLM association test; n: number

of genotypes in each allelic class. The red dots are adjusted means for each line
included in the test. The scores presented are transformed scoteg égrcent

of infection+1).

3.1.2.3 Virulence factor 7

Virulence factor 7 is assumed to equate to virulenc&if@in the present studylhe
presence/absence of vir 7 is determined based on infection type observed on four differential
hosts Lee Yr7, Y122, Yr23, Brock (Yr7), Reischerberg 42Y{7, Yr25 or Tommy {r7).

Thus the absence of vir 7 may be associated Wi#2, Yr23or Yr25. For the same reasons
mentioned in previous paragrap¥ir25 is not likely to participate to the resistance of
Reischerberg 42 against Uikolates.Yr22 and Yr23 have been identified in Lee against
North American Pst isolates b@hen et al. (1995a)and were assigned respectively to
chromosomes 4D and 6D. The presenc&rafin Lee has been reported Macer (197%

and is based on evaluation against UK isolates, but he pointed out that the designation was
not proven by a complete set of diallel crosses. Therefore the effectiveng22 ahdYr23

against UK isolates cannot be ruled out. Nevertheless no MTAs weaatbon 6D (where
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Yr23 was assigned) in the present study. On the other hand, some MTAs were detected on
4D with pathotype Ano7no0320 -108and109®6 whiel ) a's
do not carry the virulence factor 7 (group 4D2). These MTA wely be consistent with the
reported location o¥r22 but in absence of precise map location and knowledd@es in

the Yr panel carryindr22, we are not able to confirm it.

Yr7 is believed to be present in the YR panel but at a relatively low frequency based
on postulationgnade in Chapter IV section 4.1.Accordingto infection type observed at
seedling stage against isolate 08/21 and 03/07, ten lines are thought t&/daeipne
(Brock, Camp Remy, Cordiale, Ekla, Spark, Tara, Thatcher, Tommy, Tonic, Vault) and up to
63 lines could carryr7in combination with another effectivér gene as Cadenz¥rg,Yr?).

Yr7 mapped to chromosome 2BL, 21cM from the centromere accotdihgw
(1976 and is believed to be allelic to yellow rust resistance g¥ngsindYrSP(Zhang et
al., 2009. Three MTAs groups were detected on 2B e.g. 2B1, 2B2 and 2B4. Considering
group 2B4 was found associated with isolate 19@B avirulent onYr7 in the previous
analysis, it is not likely to be lild to Yr7. Markers from group 2B2 mapped to 2BS
(position 53.6cM in our consensus map, see Appendix 11). Marker-2208 (highest
significant marker on group 2B1) was not mapped on our consensus map but was located on
2BL on consensus map from A. Killian (position 84.1cM), \@P93 was also located on
2BL in the consensusap developed bilarone et al. (2012aAdditionally, in Marone et
al. (2012a)map, wP£2293 was 6.1cM away from SSR marker wmcl75 which is
associated withYr7 in cvs Camp RemyMallard et al.,, 2008 Looking at the allelic
distribution of wP{2293, allele 1 which is associated with resistance, was presenéin 13
lines within the YR panel. Among these, only Ekla was postulated to ¥aryyhile allele
0 was presenh eightlines postulated to havér7 (Cadenza, Tonic, Cordiale, Brock, Camp
Remy, Spark, Tommy, Tara). Thus, we conclude that22P8 is not linkd to Yr7. WPt
732882 was the second marker in group 2B1 and is highly correlated with2@®@t(f
=0.81), allele 1 was associated with resistance and was present in 129 lines, seven of them
were postulated to carryr7 (Cadenza, Tonic, Cordiale, Brock, i8a Remy, Thatcher,
Ekla). WPt-732882allele 1 was also present ¥17 differential host Lee, but no genotype
was available for Spark, Tommy and Tara. Thus, we conclude that32882 is probably
loosely linked toYr7. Similarly to Yr6, to identify a marke able to distinguish clearly
varieties with and withou¥r7, a higher marker density close to w2882 would be

needed.
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Figure VI-5: Combined box plots and dot plotsof YR rust scores for wPt
(MTA group

Allele 0: absence of hybridisation to DArT clgn&llele 1 : positive detection of
hybridisation to DArT clongp: P-value from MLM association test; n: number
of genotypes in each allelic class. The retsdwre adjusted means for each line
included in the test. The scores presented are transformed scoteg grcent

2293 andwPt-7 3 2 8 8 2

of infection+1).

3.1.2.4 Virulence factor 32

Virulencefactor 32is based on response observed on the European differential host

2B1) with pathotype

Carstens Vhowever it may cover several resistance genes considering studie€tiem
and Line (1933 andLewis (2006. Stubbs (198breferred to one presumed resistaneaey

in Carstens V a¥rCV. Based on segregation tests in crosses between Carstens V and

susceptible linesChen and Line (1993aoncluded three resistance genes from Carstens V

(YrCV1, YrCV2, YrC\)3were effective against selected North American Pst isolates. While

in Australia, according tdMcintosh et al. (1996 only one gene was detected against

Australian Pst is@ltes. In 2003, using an Australian isoldeksen et al. (200ddentified a

major race specific gene in Carstens V nam@éty2, which was presumed to be equivalent
to YrCV. Yr32was then mapped in cv. Senat on chromosome arm 2#&lirnva 5¢M interval
between SSR marker wmc198 and wmci8tiksen et al., 2004 Later, Lewis (2006
postulated the presence of seedling resistarmesye25, Yr32YrCV, YrSDand mayberr3
or Yr4 in Carstens V using an array of 26 European Pst isol#t82 and YrCV were

considered to be distinct in this latter study contrasting with Eriksen et al. (2004

postulation. Thraghout this thesis, we used the nomenclatr2 throughout the thesis as

equivalent toYrCV.

Yr32 is believed to be present in at least 11 lines from the YR panel based on

literature review (Charger, Comet, Consort, Encore, Hereward, Hunter, Oxbow,uRobig

Vivant, Windsor and Carstens V, see Appendix 3 for gene postulation). As Carstens V,
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Consort and Charger are present in the pedigree of many lines, we ¥g#ct be present

at a high frequency in the YR panel. Only one marker on 2A-@0RP1) preseted a

significant MTA (Rvalue =0.0003)WPt4021allele 1 was associated with [owéR scores
(resistance) wi t h t hé Figura VI{6)obutypneap @ositodwas 6 n o 7 n-
available. Allele 1 was present in 180 YR panel lines, among them were found ten lines
postulated to have’r32 However Carstens V which is known to carry Yr32, was

genotyped withallele 0 for genotype It is noteworthy that in the Quality Control data

supplied, Triticarte assigned an average P score of 0.75 fed@2Rtgenotype, meaning it

may contain a higher rate of scoring error. Normally, Triticarte recommé&hdcare of 0.8

for high reliability. Apart from Robigus (YR score 0.423), lines postulated Wi#2 had a

YR score |l ess than O0.15 with pathotype fino
resistant response (1.4% infection). Among the lines with alleleerk also many lines

without Yr32such as Vuka, AC Barrie, Slejpner, Brock and Tonic.
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Figure VI-6: Combined box plots and dot plots of YR rust scores for wPt
4121 against pathotype fino4no6no7n0320

Allele 0: absence of hybridisation to DArT clgn&llele 1 : positive detection of
hybridisation to DArT clongp: P-value from MLM association test; n: number

of genotypes in each allelic class. The red dots are adjusted means for each line
included in the test. The scores presented are transformed scoteg grcent

of infection+1).

WPt+4021 may point to a séstance gene specific wr 32, however considering the
information we dispose of, this is difficult to conclude with certaid§?t-4021will need to
be located on a map integrating SSR markers to compare its locatiorir@2tt-urthermore
a seedlingdst with Pst isolates differing for vir 32 would help with the postulatio¥r82

in YR panel lines.
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3.1.3 Analysis based on virulence response against selected varieties
3.1.3.1 Pathotype virulent on Claire

Claire is a variety released in 1999, susceptible at s®pdtage against common
UK isolates but resistant at adult stagewis (200§ postulated Claire has five seedling
resistancgenesYr2, Yr3, Yr4, Yr2%as wdl as another unknown seedling resistance gene. In
addition, Claire was found to exhibit quantitative APR, controlled by four QTLs, one on
2BL, two on 2DL and one on 78owell, 2010. Despite being grown widely in the UK,
Claire maintained its adult plantresishc e unt i | 2012, when the new e
race reduced its level of resistance in the field.

By sorting the historical data based on the virulence for Claire at seedling stage, we
aimed to focus the association scan toward Claire APR. Neverthéleskpuld be
remembered that the trials used to derived mean
been inoculated with isolates with mixed virulence for major genes known to be present in
the YR panel e.g/r6, Yr7, Yr9Yrl7, Yr32(see Chapter IV séon 4 for more details).

After application of a MAF threshold of 0.05, 1540 of 1806 markers were included
in the association analysis with pathotype AViru
be | inked with resi st aandcwere tisiribupad ovesig MVApe fAvir Cl
groups TableVI-9) assigned to chromosomes 2B, 3D, 4D, 6A and 7éneNof the MTAS
seemed related to Claire adult plant resistance identifiétbioell (2010. Marker wP2293
(MTA group 2B1) and wR8695 (MTA group 2B4) mapped respectively 17.5 cM and 45.8
cM away from marker wP%190 associated with the 2B QTlofm Claire(Powell, 2010 on
the consensus map from A. Killian (Triticartelnstead of identifying adult plant resistance,
the most significant markers pointed to seedling resistance as all MTA groups except 3D and
4D were also detected de novoseedlingtests(see sections 3.2.1 and 3.2.2). The presence
of major YR genes within the YR panel, effective agasmhe Pst included in the dataset,
has probably masked the action adult plant QTLs with more moderate effect. Additionally,
the adult plant QTLs found inl@re may not be deployed at a large frequency in the YR

panel, which could limit even more their detection.
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Table VI-9: Groups of MTAs associated with pathotype virulent on Claire at
seedling stage

2 chromosanal location from P. Bansept consensus rifaphromosomal location
based on LD within YR pané“l,chromosomal location from A. Killian consensus
map,° effect for allele 1 given in log (percent of infection+1),-¥&ue<0.01, **
P-value<0.001, *** Rvalue<0.0001, B 5% Bonferroni correction

Allele Markers
Group Major MTA cM P-value r? Effect® distribution significant
1/0 in group
2B1 wPt2293¢ 84.1° 24563 3.20 -0.139 116/170 lof2
2B4 wPt-3695**B 180.6? 1.55E6 7.77 -0.249 74/216 50f9
3D1 wPt740662 8.5% 3.58E3 2.99 +0.196 35/248 27 of 51
4D1 RhtDla/b¥ 43.92 491E3 2.78 -0.166 ?3317[)()?;; lofl
6A2 wPt3965 55.4% 6.29E3 2.58 +0.190 24/265 30of 14
7A1 WPt74056F 40.62 6.92E3 250 +0.167 34/256 lof2

3.1.3.2 Pathotype virulent on Robigus and avirulent on Solstice

Robigus is a variety commercialized in the UK between 2003 and 2011, it is
susceptible at seedling stage and adult stage against most UK Pst isolate but it is believed to
carry some seedling resistance and potentialty adult stage resistance based on the
infection observed against limited UK isolates in historical data (see description of historical
data collected in Chapter llIHovmgller (2007 postulated the presence of resistance gene
Yr2andYr32in Robigus using seedling test against 16 Pst isolates of vamigirs. Solstice
was commercialized in the UK between 2@0®1 2012 and presented a high field resistance
until 2008 when amew racenamed A Sol sti ce raceod0 overcame
Solstice resistance is unknown, however all isolates virulent on Solstice were also virulent
on Robigus at seedling stagé&kosemary Bayles, NIAB. Personal communication),
suggesting Robigus ar#blstice mayshare a common seedling resistance gene with Solstice
carrying an additional seedling resistance
Solstice pedigree (Vivant Rialto) suggests it may have inheritétB2 from Vivant andYr6
from Rialto.

By sorting the historical data based on the virulence for Robigus and avirulence for

\

Sol stice at seedling stage, we aimed to foc:

and reveal the seedling resistance differentiating Robigus from Solstice.

After application of the usual MAF threshold 0.05, 1590 DArT markers were
included i n t he association anal yswese of
identified to be linkedvith the pathotype and were distributaeerfive MTA groups ([Table
VI1-10) assignedo chromosomes 1B, 2B, 5B and 6A. None of those MTAs point to seedling
resistance we suspected (based on pedigree) to be present in Soiétisdpcated on 7B,

Yr32is likely to be on 2A. Additionally except for group 5B2, all MTA groups were also
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detected irde novoadult plant test against isolate 08/21 representing the Solstice race which

excludes them as potential candidates for Solstice seedling resistance. The MTA group 5B2

does not refer to a resistance in Solstice neither as Solstice allele f@604,11) is

associated with a +0.289 effect (increased susceptibility). Therefore the dataset based on

virulence response against Robigus and Solstice failed to identify tbkngeeesistance

overcome by

- Alow frequency of the Solstice resistance gene in the subset of varieties tested,

t he

new

i Sol

- A low heritability of the phenotype $h0.60)

- Insufficient marker covege in the region of the pertinent resistance loci

st

Y

ceo

- A high number of loci contributing to the phenotype.

race,

Table VI-10: Groups of MTAs associated with the pathotype virulent on
Robigus and virulent on Solsticeat seedling stage

2 chromosomal location from P. Bansept consensus fahromosomal location
based on LD within YR panetl,chromosomal location from A. Killian consensus
map,° effect linked to allele 1 based on log (YR score+1);Vaue<0.01, ** P
value<0.001, *** Rvalue<0.0001, B Ralue fitting the 5% Bonferroni correction
threshold (0.05/1590=3.2-&)

Group Major MTA cM p-value r Effect® Alll%es M;\lriérs
in group
1B1 wPt2694 37.6° 1.74E3 6.36 +0.234 41/110 lofl
2B2 wPt1489 53.6% 6.44E3 4.66 -0.256 18/135 20f4
2B4 wPt3695 180.6% 3.90E6 12.80 -0.326 53/102 50f9
5B2 wPt8604 57.2 1993 6.09 +0.289 138/15 30f6
6A2 wPt3965 55.42 1.21E3 6.45 +0.329 13/141 30f14

for

3.1.4 Analysis including all historical data and comparison with analysis

based on virulence criterion

The derived mean frorall mergedhistorical datacovered 310 varieties in the YR

panel. Within that subset 270 markers had a molecular variant at a freqéi&96yoo less,

leaving a total of 1541 usable markers.

Sevenmarkersfrom three MTAs groups were identified; they were located on 1A,

2B and 4D Table VI-11). Five markersfrom 2B were highly significant Bonferroni

threshold 5%). Only wP3695 was mapped in our consensus map, on 2B at 180.6 cM. The

four others markers were highly correlate®.9) to wPt3695 suggesting they mapped to

nearby loci.
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Chapter VI Genome wide associationans for resistance to WYR

Table VI-11: Significant MTAs detected with merged historical data for 310
varieties

2 chromosomal location from P. Bansept consensus fahromosomal location
based on LD within YR pané“l,chromosomal location from A. Killian consensus
map,° effect linked to allele 1 based on log (YR score+1);VaRie<0.01, ** P
value<0.001, *** Pvalue<0.0001, B ®alue fitting the 5% Bonferroni correéch
threshold (0.05/1541=3.2-&)

Group  Chr. Highest MTA cM r? Effcect Alll%es
1A2 1A WPH+665174* 11.4cM® 22  -0.14 124184
2B4 2B WP+3695**B 180.6° 9.3 -0.25 81229
2B4 2B wPt669273**B  180.6*° 10.0 -0.25 80/225
2B4 2B wPt732666**B  180.6*° 9.3 -0.25 81/229
2B4 2B wPt733641***B  180.7*° 9.1 -0.24 83224
2B4 2B wPt743307**B  180.6*° 9.3 -0.25 81228

. R ] 246(Rht
4D1 4D RhtD1lab 43.9 2.3 -0.18 D1b)/59

Despite covering a larger number of varieties, the genome wide scan using the entire
historical dataset, identified fewer resistance QTLs comparing to scans focused on a specific
isolate orpathotype TableVI-12), which emphasises the advantage of the virulence profile
approach. By focussing on a specific virulence profile, the heritability of the trait (YR score)
was improved as the number of genetednining yellow rust resistance within the YR
panel line was artificially limited, therefore increasing the chance to identify specific
resistance QTLs. The heritability of YR scores from the complete dataset was estimated to
be 0.42, while heritability #whin the data subsets corresponding to one isolate or a strict
pathotype varied from 0.55 to 0.8@rossa et al. (2007using international mukHi
environment trials for rust association studies acknowledged that the variation of pathogen
races in different trials was likely to reduce the identification of-speific resistances
Therefore it may suggest the three MTA groups detected on 1A, 2B and 4D using all
historical data identified resistance effective against a wide range of isolates and are likely to

be more durable.

209



Chapter VI Genome wide associationans for resistance to WYR

Table VI-12 Summary markers traits association detected with historical
data

P-value <0.00005 in dark bluey\Rlue between 0.0001 and 0.00005 in purpte, P
value between 0.001 and 0.0001 in redvalue between 0.01 and 0.001 in
orange, na: not tested because MA&s inferior to 0.057 chromosomal location
from P. Bansept consensus mépphromosomal location from A. Killian
consensus mayg, some markers from the group had a low allele frequency

(MAF<0.05)
Dataset analysed and avirulence associated
&= &
~ |
RIS BRI >l |5|s Il -
o Dl e N B R o B R KN I I I N B R Il Bl =
- P R R R e I Y B R A RN ISR I I
-1 121NN [ S| )=l sl ol=l=|S]|S o
S| © ™ v =l |l=]S =S |S|3 =
SIS sl =]3 SlalelalSizlzIB|I S| £
SlEls[S|S|=313|8|c|a| |8 S|d|N|® 5]
9%><U‘“'S‘Goo%w<r‘°m"om‘888_
2l 223|892 |8|s|=s|=]2|5|2|2|< 7]
MTA groups Zlo|z | Ib|d|p|RI2|=9(8]3|= Sls|=]| o @
. No. |=]2|9 2<% |Q| |35 2la| el & 3
and location on Slo|R 22|85 o | N9 |« c|&| @ ®
; markers S22 o N | o Q| o =
chromosome in cM AR ] — Y e < 24
- | A Slo Sl IS >
o3 o
N ~ c
1A2 (11.414.8) 4 I-I
1B1(37.6")
2AS-2NS(11.9409) 17
2A1(61.671.29) 5°
2A2(-) 1
2B1(84.19 2
2B2(53.553.69 4
2B4(179.5180.6Y) 9
2D1(48.7°) 1
2D2(101.2") 1
3B1(125.2132.5") 7
3B2(210.6210.3) 3
3B3(272.2281.5) 2
3D1(5.88.6% 52
4A1(18.423.49) 3
4D1(43.9% 1
4D2(-) 1 (Yr22)
5B1(15.2" 2
5B2(57.265.6% 6 .-,
5B3(94.7°) 3¢ na|na|na|na
6A2(55.062.7) 14°
6B1(72.983.%) 7°
7A1(40.6°) 2
7B2(109-119.57) 4
7B3(141.6143.0°9) 1 .I

Using the isolate and pathotype approaches, we were able to identify markers
associated with major resistance géfié, Yr7, Yrl7and Yr32 while the analysis on the
complete dataset did not show significant association with these genesMDAlgroup
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2B4 including five highly significant markers (wWiB69273,wPt-732666, wR{733641, wRt
743307 and wPi3695 was detected with the complete dataset #madisolate/pathotype
approach. This QTL is likely to point to a resistance with major effect effectivesigai
wide range of UK isolatesVPt+3695was mapped on 2BL (180.6cM) on otwnsensus
map As 2BL is rich in yellow rust resistance gen¥sy, YrSP, ¥7, YrV23 Yr43 Yr44, Yr
S2199 and QTLs it is difficult to narrow MTA group 2B4 to any specific knowesistance
gene orQTL; however 2B4 is not likely to b¥r7 as MTA was detected with 19%D5, an
isolatevirulent onYr7. To investigate further 2B4 QTL, we developed a STS marker for
wPt3695, allowing us to locate and test the effect of the markek@ rAapping population
(seesection 3.3 for details

Besides the major resistance gelNes, Yr7, Yrl7Yr32,and QTL2B4 with large
effect, the GWA scanan selective subset of historical data, identifi@hdditionalpotential
resistance QTg&, spread aoss the genome which suggests a large diversity of resistance loci
within the YR panel. Chromosome groups 2 and 3 had the highest number of MTA groups (6
and 4) while group 1 and 6 only presented two MTA group each. Less MTA groups were
detected in GenoenD and A comparing to genome B which is partly due to the difference of
marker coverage between genome (Genome D presenting less independent polymorphic
DArT markers comparing to Genomes A and B).

Many MTA groups point to chromosome arms wh¥érgenes have been previously
reported 1BSYr 9,10,15,24,26,Alp,H52,CIIA2AS (Yr 8,17), 2BS (Yr Z, 31, 41/CN19,
P81), 2BL (Yr 5,7, SP,V23,43, 44,5199, 2DS {/r 8, CK), 2DL (Yr 16,37), 4DS {fr 29,
5BL (Yr Exp3, 6BS {¥r 35,3 and 7BL {r 6, C59) (seeYr genes Tables .4 and 1.5 in
Chapter | forreferences). Other MTAs point to chromosome arms without mapped Yr genes
1AS, 3BL, 3DL, 4AS, 5BS, 6AS, 7A8nd could represent novel resistance loci. However
they could also represeliir genes not assigdeo a specific arm (YrDal on 1A, YrS and
YrSte2 on 3B, Yr HVII, Min, ND on 4A, Yr19 and YrDru on 5B, YrDru2, YrD, YrH46 on
6A) or one of many WYR resistance QTLs identified (see list in Appendix 2).

As limited Yr genes and resistance QTLs have been nthppeng DArT markers,
we showed with the examples ¥F7 and Yr32 it was difficult to compare the MTAs
detected from this study with other resistance studies. Although our consensus has proven to
be useful to compare the location of DAIT markers with th@arkers (e.g. SSRS)
previously reported. Only resistances known to be present within the YR panel can be
identified positively. To understand the role of the region identified in the genome and reveal
their true linked with known QTLs andr genes, eacMTA will need to be investigated

further.
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3.2 GWA scans orle novadata and QTL analysis

Responding to the deployment of new resistance genes in wheat varieties, Pst has
shown its great potential for evolution by successively acquiring new virulence facesrs
the past decades in the UK (see Appendix 5 for evolution of virulence factors in the UK).
Recentl vy, a new race named the nSol sticeo
resistant UK wheat varieties. Therefore a new question arose: are thencesistientified
with historical data efficient against current Pst isolates? Or do they represespeate
resistance overcome by new Pst isolates. To answer those questions, the YR panel was
evaluated against recent Pst isolates covering a wide camiyellence at seedling stage and
at adult plant stage. In parallel of the seedling tests on the YR panel, theddoapleid
population Avalon x Cadenza was evaluated at seedling stage against the same Pst isolates to

help the validation of some MTAs.

321 ABrock isolated seedling tests

3.2.1.1 GWA scan on the complete panel

308 YR panel lines were evaluated against RBsiate 03/07, the genome wide
association scan with infection type observed on revealed 126 markers associated with
seedling resistance. The markers were distributed over 9 MTA groups located on
chromosomes 1A, 1B, 2B, 3B, 6B anB (TableVI-13).

Table VI-13: MTAs detected in the YR panel at seedling stagagainst Pst
isolate 03/7

2 chromosomal locatiofrom P. Bansept consensus maphromosomal location
from A. Killian consensus map, *Palue<0.01, **Pvalue<0.001, ***R
value<0.0001

MTA Alleles No.
Highest MTA cM r*  Effect 1/0 Markers
group _
in group
1A1 wWPt+4676** 16.62 39 -1.78 22/286 50f6
1BS1RS wPt+8930***B 9.2° 11.4 +2.86 203/99 1(1)g§f
1B2 WPt-3465** 135.6* 3.7 +1.30 108/191 lofl
2B1 wPt-2293* 84" 26 -0.97 129/175 lof2
3B1 wPt+5072 131.5° 2.3 +1.09 112/194 20f7
6B2 wPt-3207** 109° 3.7 -1.70 283/23 40f4
7B1 WPt743645** 3.08 42 -1.80 275122 20f2
7B3 wPt0752** 141.6* 3.7 +1.47 192/105 lof2

102 of the markers identified on 1B were correlatée(5) to the 1BL.1RS marker
from de Froidmont (1998(see Appendix 15 for complete list), therefadentifying the
resistance genér9. The markers linked with 1BL.1RS translocation (MTA group 1B55)
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explained between 4.3 to 11.4 % of the phenotypic variaw®t3930 presented the highest

significance level (Ralue =8.3 18%, but was not a perfect diagnostic marker Yao® as

allele 0, associated with lower infection type, was also present in Ochre and Boston which

carry resistance gerérl5on 1BS, a major resistance gene effective against Pst 03/7. 27

markerswere perfect diagnostic markdos the presence of the rye chromosome ErRIS)

within the YR panel but presented different levels of missing genotypes which influenced

their levelof significance, among them are fF859 (RPvalue=.4 10°, 2 genotypes missing)
tPt8754 (RPvalue=.3 10°, 4 genotypes missing)Pt2550 (Rvalue=6.4 10°, 6 genotypes
missing)and wP9883 (Rvalue=.4 10°, 1 genotype missingpllele 1 from rPt7959, tPt

8754, and tP{2550 indicates the presence of the rye chromosome arm, while allele 1 for

wPt9883 indicates the absence of the rye translocation. By combining the genotype for

DArT markers rR7959 and wR9883, we are able to create a virtuaidmorinant marker

(Figure VI1-7), which identified either the presence of the rye chromosome arm 1RS or the

presence of the wheat chromosome arm 1BS.

IF SDT Pst 03/7 IF SDT Pst 03/7
1BL.1RS de Froidmont
P=4.710° P=1.7107
o o
X n=207 n=101 23 n=198 n=100
'-.r o N .-- <3 .-,D . t
& o g: “Derwent] & ] o: o Derwer
o g
~ ot
o - oo 0 — *0
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Figure VI-7: Combined box plots and dot plots of infection type observed on
the YR panel lines with Pst isolate 03/7 for MTA group 1B RS

The first box plot A1BL.1RSO0 esaamiBS t he
from the line with the rye chromosome arm 1RS based on the genotype of four
DArT markers from MTA group 1B3RS: rP17959, tP18754, tP{2550 and wRt

9883. fide Froidmontod corresponds to the
developed byde Froidmont (1998 rPt7959 wPt9883 combined the genotype

for DArT markers rR7959 and wR8883 to create a co dominant marker. O:
hybridisation to DArT clone not detectetl: positive detection of hybridisation to

DArT clone;p: P-value from MLM association test; n: number of genotyipes

each allelic class. The red dots are adjusted infection type for each line. The high
infection type in Derwent is likely due to an error in the seedling test, while

Al chemy has been genotyped
de Frodmmt 0 assay.
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3.2.1.2 GWA scan on lines without 1BL.1RS translocation

As the presence of the rye chromosome arm 1RS and the strong efié& ai
infection type may prevent the detection of other resistance QTLs on 1BS effective against
Pst 03/7 such a¥rl5 Yrl0, Yr24, an additional scan was done with the 207 lines without
the rye translocation. 1518 DArT markers with a MAF 0.05 were included iaghexiation
analysis. 12 markers were found significant and assigned to chromosomes 2B, 3B and 7B
(TableVI-14). No MTA was found on 1B which suggests the resistance géri€s Yrl5
andYr24located on 1BS are either not present in the YR panel lines or arartoto be
detected. It is the case ¥f15 which is present in Boston and Ochre but no other lines are

known to haveYrls

Table VI-14: Comparison of MTAs detected in the complete YR panel and
in the subset of lines without the 1BL.1RS translocation against Pst isolate
03/7 at seedling stage

*P-value<0.01, **Rvalue<0.001, ***Rvalue<0.0001
P- value for GWA scan
207 lineswithout

Highest MTA Group 309 lines 1BL 1RS
wPt4676 1A1 4.0 104 0.014
wPt8930 1BS1RS 8.3 1010% nc
wPt3465 1B2 6.2 10% 0.12
wPt2293 2B1 4.1 10°+ 1.9 10%*
wPt0950 2B3 0.014 4.3 10%*
wPt5072 3B1 6.2 10°* 1.0 103+
wPt3207 6B2 5.7 10%** 3.0 10°*

wPt743645 7B1 3.0 10%* 1.3 10%*
wPt4814 7B2 0.024 1.6 10°*
wPt0752 7B3 6.9 10% 7.2 108 %+

Besides markers linked ¥r9, the GWA scan with seedling test with 03/7 detected a
highly significant marker on 7BL (wRi752) which is likely to b&'r6 as 03/7 is avirulent on
Yr6. The same marker has been identified using historical data with pathotypisslates
avirulent onYr6. However wR0752 does not distinguish all the cultivars with6 (see
section 3.1.2.2)Despite the high heritability of the infection type<£0.97) and the large
number of varieties tested (309 and 207), we did not succeed to identify a usablstiiagno

marker, most likely because of the relatively low DArT marker density on 7BL.
3.2.1.3 Validation of MTA group 7B3 in mapping population Avalon x Cadenza
As the precise map location %f6 is not knownwe evaluated the doulddaploid

populationAvalon x Cadenza again$tst isolate 03/7 tonap Yr6. Cadenza is believed to
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carry seedling resistancéré and Yr7 (Pathan et al., 2008 The assignment ofr6 to a
genetic map including DArT markers will allow us to validtte association found on 7BL
as beingyr6.

The distribution for infection ye scored on the 201 AxC doudbleaploid lines was
bimodal (FigureVI-8). All Cadenza seedlings were resistant (IF= 1 or 2). Avalon seedlings
were suseptible (IF between 6 and 8). ANOVA showed a significant genotype effect and no
significant block effect ANOVA outputs are available iAppendixL6). Consequently
adjusted means were obtained and used for QTL detection. A high heritability within the test
was observed #0.98). Chisquared analysis showed that resistant and susceptible lines
segregated in a 1:1 ratio supportitiee hypothesis of a single gene (p=0.46ce Chi
squared goodness-fit results in Appendix 16).

Cadenza

100

90 - T Isolate 03/07

80 1 — (vir Yr4, Yr7 avir 1r6)

70 - -
£ 60 ‘
& 50 - - Avalon -
E 40 - &

30 I

20 - —

A ]llik N B

0 1 2 3 4 5 6 7 8 9

Infection type

Figure VI-8: Distribution of infection type at seedling stage in Avalon x
Cadenza DH lines inoculated with Pst isolate 03/7

A total of 611 markers were included in the AXC genetic map used to detect yellow
rust resistance QTLs. The mancluded 26 linkage groups representing the 21 wheat
chromosomes. Using an interval mapping approach, a major QTL from Cadenza was
detected on 7BL and a minor QTL from Avalon was detecied®B (Table VI-15). No
interaction were observed between the two QTLs. QTL on 7BL explained 60.6 % of the
phenotypic variation and is presumed toYo6, a major seedling resistance gene effective
against Pst isolat 03/7. This QTL designates a similar chromosomal location to MTA
groups 7B2 and 7B3 (wiX752, wP#4814) identified by association mappifi€igureVI1-9).

Thus we confirmed MTA wP®752 and wR#814 identifiedYr6.
On the other hand, the minor QTL on 2BL from Avalon was not detected by

association mapping, probably because of its small effect.
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Table VI-15: Summary of resistance QTL in AXC against yellow rust Pst 03/7

QTL were identified by interval mapping, the threshold of detection was
determined using a 1000 permutation test (LOD threshold 5% ZB@&)val of
confidence for QTL position using Bayesiastimate as implemented in R/qtl

Origin of Peak
Chr. resistance | 95% confidence interval® | position Nearest LOD | R? Ger_le
allele (cM) marker associated
2BL Avalon XBa%aogigg\gZiﬂz)?’g? 148.0 | XBS00010361| 4.2 8.7 | unknown
7BL Cadenza XBS&%%ZS??KA";“SW 45.0 gwms77 | 543 | 60.6| Y6
AxCQTLon 7BL
lod
Consensusmap 7BL
- N W e o
MTA group <M marker - - - = = =
5=l 1 1 1 1
782 109.0 wPt-741191 © £ §
782 113.2 wPt-4814 -
782 119.2 vPL-5646 £\
/82 119.4 wPt-9987 : \
R R €
WREDIAT ] b N i i s e st e
1 1 R A e
138.4 gwm5S77 R : e o
141.2 wPt-6657 o : 2
783 141.6 WPt-0752** : )
gwmS77 === PSR SH RSN, -y
: J
157.7 WwPt-0600 g N
e VOG0 racssitliBA o e icpirasion syt S e s =
X §

Figure VI-9: Comparison of 7BL QTL in AxC population and MTAs in YR
panelidentified at seedling stage against Pst isolate 03/7

The dashed line in AXC QTL indicated threshold of detection at 5% error, the blue
rectangle shows the 90% interval of confidence for the QTL. The marker
highlighted in red were detected by GWA mapping.

322 fAiSol stice isolatedo seedling tests
3.2.2.1 GWA scans on YR pael

317 YR panel lines were evaluated at seedling stage against Pst isolate 08/21. The
genome wide association scan with infection type revealed 17 significant MTAs. The MTA
were located orchromosomes 2A (group 2A1), 2B (groups 2B3 and 2B4), 3B (group 3B3
and 6A (groups 6A1 and 6AZJ @bleVI-16). MTA group 2B4 presented the highest level of
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significance and could explained up to 10% of the phenotyai@tion, it includes five

markers mapped on 2B, the same already highlighted with the analysis of historical data.

Table VI-16. Groups of MTAs detected at seedling stage against Pst isolate
08/21

2 chromo®mal location from P. Bansept consensus riahromosomal location
from A. Killian consensus map. P-value<0.01, ** P-value<0.001, *** P-
value<0.0001BP-value fitting the 59%Bonferronithreshold

No.
MTA Major MTA cM > Effect Alleles Markersin
group 1/0 group

2A1 WPt1657* 71.6% 29 -1.03 263/53 20f5
2B3 wPt9350* 123.7% 3.2 +0.98 177/138 20f3
2B4  wPt3695***B 180.6° 8.7 -1.59 86/231 50f9
3B3 WP+10537* 272,22 29 +0.83 116/193 20of2
6A1 wPt0228* 17.3° 29 +0.99 184/129 30f3
6A2 WP+664552* 62.7% 22 -090 259/51 3o0fil4

Considering the wide virulence profile
virulence profile on Chapter IV section 3.1) and its avirulencerfds,7,8,10,15,24,SRhe
GWA scans on infection type should allow us to detect seedling resistanan 2BL
known to be present in 11 lines of the YR panel or more. Two MTA groups were found on
2BL (group 2B3 and 2B4). On our consensus map;92B0 (group 2B3) mapped i@3.7
cM and is between 11.1 and 14.2 cM away from SSR markers wmc175, gwm501, cfd73 and
gwm120 linked to resistance geive7 in cv CampRemy (Mallard et al., 200band cv
Apache(Paillad et al., 201 Figure VI-12). Group 2B4 mapped 68.2 cM away from the

SSR markers wmc175 and is likely to represent a different seedling resigtme

IF SOT Pwt 00/21 IF SOT Pwt 0&/21 IF SOT Pwt 00/21 IF SOT Pwt 08721
wPr1.09%0 wPt.8693 wP1.915%0 wht.369%

P=58 10" { P=0.31 [ P=1.510

i
10

n=287 n=27 1 =177 ne138 =-n

- ~ -

(3 genotypes mussing) [4 genotypes messng ‘.‘._;rw‘{,'; s mesamg |} U genotypes missimg
Figure VI-10: Combined box plots and dot plots of infection types observed

at seedling stage in YR panel against 08/21 depending of genotype for the
MTA groups 2B3 (wPt-0950, wPt8693, wPt9350)and 2B4 (wPt3695).
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3.2.2.2 Validation of MTA group 2B3 in mapping population Avalon X Cadenza

A direct validation of the MTAs on 2B was difficult based on published studies due
to the lack of DArT markers in published genetic maps. To resolve the problemeneecidt
to mapYr7in Avalon x Cadenza population as its genetic linkage megrporating DArT
SSR and SNP markerg/Pt9350 and wP10950, associated with MTA group 2B3, were
mappedon theAxC genetic map.

The AxC doublel haploid populatiorwas evaluated at seedling stage agaisit
isolate08/21 The distribution for infection type wdsimodal FigureVI-11). All Cadenza
seedlings wereesistant (IF=2 or 3). Avalon seedlings were susceptible (IF between 7 and 9).
ANOVA showed a significant genotype effect and a significant block effect (ANOVA
outputs are available in Appendix 16). Consequently adjusted means were obtained and used
for QTL detection. Chisquared analysis showed that resistant and susceptible lines
segregated aa 1:1 a ratio supporting the hypothesis of a single gene (p=0.83) (see Chi
squared goodness-fit results in Appendix 16).

100

90 + Isolate 08/21

80 —— (vir Yr4,Yr6 avir ¥Yr7)

70 + ;

60— — Avalon ——
Cadenza n

50 +—
0 V
40 —

,;O T
20 +

h—
O Tt T BT U R ESS Ero = =l AT P
4 5 6 7

Infection type

DH lines

Figure VI-11: Distribution of infection type at seedling stage in Avalon x
Cadenza DH lines inoculated with Pst isolate 08/21

Using an interval mapping approach, a major QTL was detected on 2BL and a minor
QTL was also detectedn 4B (Table VI-15), both resistance QTL were inherited from
Cadenza. However, we suspect the (minor) QTL on 4B is an artefact caused by the presence

of a high levebf linkage disequilibrium between markers from QTL 2BL and 4B.
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Table VI-17: Summary of resistance QTL in AXC against yellow rust Pst

08/21

QTL were identified by interval mapping, the threshold of detecticas
determined using a 1000 permutations test (LOD threshold 5% %igt&yval of
confidence for QTL position using Bayesian estimate as implemented in ‘R/qtl.
QTL 4B is likely to be an artefact from QTL 2BL due to high linkage
disequilibrium between nnigers from 2BL and markers from 4B

Origin of

Peak

Chr. resistance | 95% confidence interval® | position Nearest LOD | R? Gene
marker associated
allele (cM)
Xwmcl75XBS00010012
2BL Cadenza (118.2119.8cM) 118.7 | XBS00009989| 66.0 | 75.7 Yr7
4BP Cadenza XBS0009480XBS00010409 20.6 | XBS00009915| 7.32 | 16.2 None

(0-28.6 cM)

be Yr7. This QTL designates an identical chromosomal location to MTA group 2B3 (wPt

The QTL on 2BL explained 75.7 % of the phenotypic variation and is presumed to

0950, wP19350) identified by associationappingwith the de novcoseedling test with 08/21

(FigureVI1-12). In addition, based on A. Killian consensugp, MTA group 2B1 (wpR293,

wPt732882) identified by association mapping with historical data is likely to located
between marker wFi950, wP{9350. Thus, as suspected MTA groups 2B1 and 2B3

corresponds to thér7 locus.
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Figure VI-122 Comparative location of QTLs identified in bi-parental
populations Apache x Taldor, Camp Remy x Recital and Avalon x Cadenza
with GWA mapping hits on 2BL

The QTL positions are indicated by orange rectangles and significant MTAs are
indicated by coloured arrows on the consensus map, blue for 2B1, red for 2B3 and
dark green for 2B4. No marker from MTA group 2B1 were included in our
consensus map however basmd A. Killian map (Triticarte), 2B1 should be
located between w1950 and wR8350 from group 2B3. MTA group 2B2 is not
represented as it points to 2BS.

Avalon x Cadenza QTL was observed with infection type against Pst 08/21. The
dashed line in AXC QTlindicated threshold of detection at 5% error.

Looking at the allele distribution of the markers in grap3 (Figure VI-10),
despite presenting a lowenlue, wP{0950 seems to be the closest to a diagnostic marker
for Yr7. The resistance allele Al0 was found on
known tocarry Yr7 (Brock, Cadenza, Camp Remy, Cordiale, Ekla, Thatcher, Spark, Tonic,
Tommy and Vault) and nine lines are not likely to ha&r@ given their intermediate to
susceptible response against 08/21 isolate (Vuka, AC Barrie, Prophet, Chicago, Hurley,
Copain , Apollo, Bouquet, Hyperion)The remaining varieties Cyber, Fastnet, Orestis,
Pagan, Soleil, Vector and Virtuoseere resistant against 08/21 isolate and may cérry
Except for Copain, the lines in the pedigree of Thatcher and Cadenza carrypusitines
allele were resistant against 08/21 and 03/7 (lines outlined in violétgure VI-13) or
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resistant against 08/21 and susceptible ag@i®st (lines outlined in redh Figure VI-13).
WPt0950 allele 1 was transmitted from Thatchéfrl) to its descendants carryingr7,
while Cadenzanherited the allele from Toni¢¥¢7) andtransfered ito Cordiale.
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Figure VI-13: Pedigree diagrams of Thatcher and Cadenza descendants
including their genotype for wPt+0950

wPt0950 indicates the presamof allele 1 in théine; NT indicates the genotype
information forwPt+0950 was not available. The colour code related to infection
type response against 08/21 and 03/21 isolates as already described in Chapter IV
Figure 1V-27.* Hyperion genotype doasot fit the pedigree information fofrl7

and wP#0950, which suggests a pedigree error or a genotype error.
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3.2.3 Adult plant test

The YR panel was evaluated against selected Pst isolates in the field in 2010 and
2011. The 2010 trial was inoculated with 08/2%s ol at e representing tFh
while the 2011 trial was inoculated with a mix of isolates representing Solstice (08/21),
Brock (03/7) and Timber (08/501) races.

When analysing all the AP scores (AUDPCr, Severity and Host response), 86
markerscorresponding to 23 MTA groups were associated with at least one yellow rust
scores in the field{able VI-18). Greater associations {Rlue<0.001) werebserved on
chromosomes 1A, 2A, 2B, 3B, 3D, 5D, 6A and 6B. The wide spread of the MTAs over the
genome highlighted a great diversity of genes contributing to the resistance response.
Considering the gaps in genome coverage, we would expect even a igueatter of loci to
participate to the yellow rust response.

Several MTA groups were already detected at seedling stage against 08/21 and/or
03/7, they represent race specific, seedling resistances: 1A11RB8S2A1, 2A3, 2B3
(Yr7), 2B4, 6A1, 6A2 and 6B2 (s@ableVI-19for visual help).

Five highly correlated markers assigned to 2B (group 2B4) were consistently
associated to rust resistaneéh all scores, they are identical to the markers point out in
seedling test with 08/21, and in historical data. Therefore they may represent a QTL
effective at all stage and efficient against a wide range of isolates.

When comparing the 2010 and 20%é&ld trials, common MTAs were found in
chromosomes 1A, 2B, 3A, 4A, 5A, 5B and 6A highlighting potential QTLs efficient against
the three Pst isolates tested. Some MTAS in chromosomes 1A, 2A, 3D, 4D, 5D, 6B and 7A
were specific of field trial 2010 inoculatewith Solstice isolate 08/21 and may represent
resistances overcame by isolates 08/501 and 03/07, alternatively those resistance may still be
effective in 2011 but not detected. Other MTAs in chromosomes 1B, 3B, 4A, 4D, 5B, 6B
were specific of field triaR011 inoculated with a combination of Pst isolates (08/21, 03/07,

08/501) and represent QTLs effective against the three Pst isolates.
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Table VI-18. Groups of MTAs detected for yellow rust resistance scores in
the field against current Pst isolates

3 chromosomal location from P. Bansept consensus trappmosomal location
from A. Killian consensus mag, number of scores for which the MTA was

detected in 2010 and 2011 ,*-vRAlue<0.01, ** PRvalue<0.001, *** R
value<0.0001
Major MTA
. Allele
g,;/rlzuAp Z%ibeggﬂl Marker Score cM r? distrlil/)gtion
1A1 6/0 wPt4676**B Sevmid2010 16.5 5.8 20/273
1A2 4/0 wPt665174* Sevend2010 11.4° 4.5 124/168
1A3 3/2 wPt666607*** AUDPCr2010 67.5% 5.4 234/52
1BSorlBsS 0/2 wPt5740* HostRend2011 93.3% 2.7 196/96
1B1 1/0 wP+2694* HostRmid2010 37.6° 25 66/221
2A1 2/0 WPt1657** Sevstart2010 71.2% 3.8 243/48
2B2 3/3 wP+148% HostRmid2011 53.6 a 2.8 35/269
2B3 2/3 wP+0950***B Sevend2010 118.1° 6.2 27/263
2B4 716 wPt3695***B HostRmid2011 180.6° 12.7 82/226
3A1 2/1 WP+5476*% HostRend2011 196.8% 2.6 289/1
3B2 0/4 wPt6785** Sevmid2011 210.32 2.6 117/178
3D1 4/0 wPt1336* Sevmid2010 8.52 3.4 250/43
4A2 1/2 tPt-9400 Sevmid2011 85.2% 2.7 282/24
4D1 1/0 RhtD1a/b* HostRstart2010 43.9% 2.6 225b/64a
5A4 2/3 wPt1165* Sevend2011 25.5% 3.1 265/37
5B1 0/1 wP+0708* AUDPCr2011 15.2° 2.9 221/81
5B4 1/3 wP+1548* Sevend20d 125.3° 2.7 20/272
5D 2/0 wPt732418* HostMid2010 13.2% 3.9 226/67
6A1 32 wPt0228* AUDPCr2010 1732 45 169/120
6A2 3/2 wPt66455% Sevstart2010 62.7% 2.9 241/44
6B1 710 wP+4893* HostRend2010 72.8% 3.3 236/48
6B2 0/1 wP£3207** HostRmid2011 108.7° 4.1 283/23
7A1 1/0 wP+740561* Sevstart2010 40.6% 2.9 34/259

FigureVI-14 illustrated graphically the results from the GWA scans with AUDPCr,
severity scores and HostR scores. Many MTAs for HostR and severity were similar within
the same trial. Likewise, MTAs for BDPCr were matching MTAS for severity scores or
HostR within the same trials, which was expected given the correlation observed between
scores (see Chapter IV, sections 3.3.2.4 and 3.3.3.4). Despite targeting restricted components
of rust resitance, HostRarely provided higher level of significance compared to severity
scores and AUDPCr, only associations from group ZB4and 6B1 were more significant.

The Figure VI-14 also illustrates the lack of marker coverage in several genomic
regions (2A, 5D, 6D).
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To identify MTAs associated specifically with APR against Solstice isolate 08/21, a
second GWA scan was run with 2010 field trial scores including only 174 lines which
showed an intermediate to susceptible response at seedling stage against f#®@dn(in
type > 5). This additional scan identified markers in MTA groups 2A1, 2B4, 3A1, 6A1l, 6B1
and 7A1 and suggests those groups are linked to resistance genes expressed specifically at

adult plant stage.

3.3 Toward the identification of MTA group 2B4

Group2B4 includes the five most significant markers (¥8B95, wPi733641, wRt
7326666, wRB692273,and wPi743307) in GWA scans with historical datde novo
seedling test against 08/21 as welldessnovoAPT. Only wPt3695 was included in our
consensus magposition 180.6 on 2BL) based on UC1110 x P1610750 genetic map from
Lowe et al. (2011h)Ythe other markers were in high LD with w#895.

To confirm the map location and identified the resistance underlying MTA group
2B4, we designed a PCR marker based on the clone sequence of DArT mark&9a/Pt
available from Triticarte. The clone sequences for the other markers of the group were not
availabk. Using the sequence, we design specific primers and obtained a dominant marker
matching the DArT genotype for 99% of the lines tested.

As Avalon and Cadenza carried opposite alleles for-3@26, and Cadenza is
known for its durable yellow rust resistare; we used the AxC population to map the
STSwPt3695 markerand tested if it was linked to a seedling resistance in Cadenza using
AXxC seedlingest against 08/21.

195 AxC lines and the parental lines were genotyped with the adapted PCR marker
STSWPt3695 Cadenza amplified a fragment of 457bp (allele 1) while Avalon did not
amplify the fragment (allele 0). 115 AxC lines amplified the 457bp fragment. The marker
segregation was slightly distorted within the population (p=0.012) and mapped to a linkage
group loosely linked to the long arm of 2A. The linkage group includes markers with
significant segregation distortion and marker known to map to the long arm of several
homeologues from the group 2 e.g. gwm382, gwm526, wmcl81 (see linkage map in
Appendix 17). Therefore, we suspected markers from the group 2B4 to map to multiple loci
of the chromosomagroup 2. Looking at A. Killian consensus map, two markers of the
group, wP{743307 and wPT32666, also mapped to multiple locations 123.3cM on 2B and
101.2cM on 2D. The three other markers, 8895, wP{733641, and wP§692273,
mapped or2B position 129.9cM.
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No significant QTL was detected in AXC with marker STS®695 (LOD=0.12) at
seedling stage against Pst 08/21. Timi-3695 was not linked to a resistance in Cadenza.
Several reasons can explain this result:

- A recombination betweethe resistance gene identified by association mapping
and marker wRB695 may have occur in Cadenza ancestors, so the link between
the resistance gene and the marker was lost in Cadenza. Both parental lines
Axona and Tonic carry also the wB895 allele Jassociated to resistance.

- As wPt3695 may be present in several homeologues of the group 2, the
positive effect associated with wB695 (group 2B4) in association genetic
study may not be linked with 2A locus but may result from loci located in
chromosore 2B and/or 2D.

- Alternatively, MTA with wPt3695 may be a false discoveBlatt et al. (201D
emphasise through simple simulations, the possibility to observe positively
misleading associations when studying a trait due to multiple factors using a
single locus model that assume unlinked non causal markers are not correlated
with the causal factor. In the present study, we applied a corrective model which
should reduce the false discovery due to correlation between causal factor and
unlinked causal faor. However, our model looks at each marker individually
without taking into account the presence of multiple factors (potentially

correlated) and their interactions.

Nevertheless, the investigation of pedigree gives some arguments to support a real
association between wB695 with a yellow rust resistance gene. Except for lines in
Cadenza pedigree and other rare lines, the origin of36®% can be traced to Carstens
and most of the lines carrying allele 1 present an intermediate to resistance response at
seedling stage against 08/21 and a high resistance at adult stage. The pedigree diagrams
(FigureV1-15) showed wRB695 positive allele was transmitted:

- to Apostleand its descendant via Alcedo,

- to Flame and Claire and their descendants via Caribo and Giriffin,

- to Parade and its descendant via Caribo and Granta

- to Arminda and its descendants via Carstens 864.
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Figure VI-15 Pedigree diagrams of Arminda, Apostle, Armada and
Marksman descendants including their genotype for wR8695

The genotype for wP3695 & indicated in redwPt3695 presence of allele 1,
no: presence of allele Oyt: genotype not available. The colour code relates to
infection type response against 08/21 and 03/21 isolates: for IF (03/7)<4
(resistant) and IF 08/21>6 (Susceptibl@plet for IF (03/7)<4 (resistant) and IF
08/21<4 ( resistantyed for IF (03/7)>6 (susceptible) and IF 08/21<4 (resistant),
greenfor IF (03/7)>6 (susceptible) and IF 08/21>6 (susceptiddgck for IF
between 4 and 6 (intermediate response) in oteedtest.
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Figure VI-15 continued
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Claire and Alcedo are both known for theurableYR field resistance in Europe
and the QTLs underlying their resistance have been investigated respectivatygey et al.
(2011 andPowell (2010. Both varieties presented a QTL on 2DL with major effect directly
related to SSR marker gwm301 whichggest their common origin. The comparison
between A. Killian consensus map and the linkage maps Claire x LamdhiAlcedo x
Brigadier Eigure VI-16) suggests markers from MTA group 2B4, wi3307 and wPt
732666, point to the same QTL on 2D. Additionallggger et al. (20)1reported the
resistance from 2D QTL was detected at adult stage but was also likely to be expressed at
earlier stage. The intermediate response at seedling stage observed in many lines-with wPt
3695 can be the result of a similar partial expression afadhee adult plant resistance.

Based on these observations, we suggest allele 1 from markers of group 2B4 point to
a 2A locus in Cadenza background which is not linked to a resistance gene, while allele 1 in
Carstens V descendants point to a 2D locus linkedn adult plant resistance with main
effect, expressed partially at seedling stage. MappingV@1t8695 in Alcedo x Brigadier
and Claire x Lemhi would help to confirm this hypothesis. We suspect the group 2B4
represented also a locus on 2B, but fartimvestigations will be needed to know if this locus
is linked to an additional resistance.

Consensus map 20L Claire x lemhi Alcedo x Brigadier
A. Killian (Triticarte) QTLAPR.2Da) Q.Pst jic.2D
(Powell 2010) (Jagger et al. 2010)
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Figure VI-16: Comparison 2DL QTLs identified in bi-parental populations
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Alcedo x Brigadier, Claire x Lemhi with major MTA group 2B4 in YR panel

The QTL positions are indicated by orange rectangles and significant MTAs are
indicated by green arrows on the consensus map. For illustration purpose only a
subset of DArT marker in the consensus map are represented here.

4 CoMPARISON GWA sSCANS AND CONCLUSION

All the MTA groups identified with historical data arme novophenotypes are
summarized inTable VI-19. Consideing the Yr genes and QTLs already published (see
literature review forYr genes and Appendix 2 for QTLs), we mapped theses using the
locations given by the authors and use our consensus map to overlay the positions of the
markers showing significant assation. When a published locus and a MTA mapped to a
similar | ocation, we VYrgeineast eadhigdEneciitly t he
transferred from alien species suchYa88 Yr32 were excluded of the postulations since
there are not likely todpresent in the YR panel. Furthermore, we considered the extended
virulence profile of Pst isolates 08/21, 03/7 and 08/501 and excluded seedling resistances not
effective from MTA groups identified ide novophenotypes. Fanstance, race specifi¢ér
geneYrDalissue from American cultivar Daws is allocated to chromosome 1A. However,
Daws resistance was shown ® dwercome by the recent UK Rsplates 08/21, 08/501 and
03/07 in extended virulence tests, therefore the QTLs identified on 1A arettiketya new
resistance gene

When the MTAs were mapped on A. Killian consensus map which contains
exclusively DArT markers, it was not possible to compare the MTA position to published
locus with other marker systems.

Although, our consensus map congia large number of markers (DArT, SSR,
SNP), it was not always possible to relate published QTLs/genes to DArT markers,
especially when the QTLs/genes were mapped using AFLP and RAGP markers. Thus the
postulated column remains empty for many MTA groupspide QTLs andrr genes have
been identified for almost all chromosome arms.

Additionally, all significant DArT markers were compared to DArT markers found
associate with yellow rust resistance in CIMMYT elite spring wheat via association mapping
(Crossa et al., 2007Where a common marker was found MTA ESW is indicated in the

col umn AaYnrd gQ@TnLeos.

Table VI-19: Summary of MTAs detected with historical data andde novo
phenotypes

The highest Pralue for each group is presentedvdtue <0.00005 in dark blue,
P-value between 0.0001 and 0.0000%urple, Pvalue between 0.001 and 0.0001
in red, Pvalue between 0.01 and 0.001 in orange&hromosomal location from
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P. Bansept consensus mémghromosomal location from A. Killian consensus
map, ¢ markers with low allele frequency (MAF<0.05) notstied with all
phenotypes® markers from 2B4 were first assigned to chromosome 2B based on
our consensus map but it appears they mapped to multiple homeologues from
group 2. HISTO includes all the GWA scans done with historical data. APT
includes all the ®/A scans done with different scores (Sev, HostR, AUDPC),
SDT includes a single scan for each seedling test. "APT 2010 S lines" is the result
of the scan done with lines susceptible at seedling stage against 08/21.

°QTLs mentioned mapped within 10 cM bEtMTAs identified on our consensus
map, the QTLs refer tBarianaet al. (2010 for Janz,Powell (2010 for Claire,
Jagger et al. (20)Ifor Alcedo, Agenbag et al. (2032for Cappelle Desprez,
Christiansen et al. (20p@or Deben, Wasmo and Kri#jallard et al. (200bfor
CampRemy,Rosewarne et al. (201Zor Avocet and PastoDolores Vazquez et

al. (2013 for StephensHao et al. (2011 for Pioneer 62R61. MTA ESW
identified MTAs detected in CIMMYT elite spring wheat Byossa et al. (2007

No map location was available fofr genes underlined. Postulations in bold
correspond to examples described in details elsewhere in this chapter.

_ » Ly Sw|S el d g4
S | = °s |8 5 & Pl 8 |s8lcgIRE| R 55,
6 | O] 2% [FE| =5 2|5 (°8|kz|En| & S
< < < ©
1A1 | 1AS | 104217 | 6 WPt4676 -
1A2 | 1AS | 11.4148° | 4 wPt665174 X X -
1A3 1AS | 67.571.0° 3 WPt+666607 X Qyr.sunlA Janz
1BS1RS| 1BS 0-93.4° 102 (wPt8930, 1BL.1R¢ X | Yr9,Yr10Yr15,Yr24
1B1 | 1BS 376° 1 wPt2694 -
1B2 | 1BL| 13608 | 1 WPt3465 Yred, Yoz MTA
zzﬁz 2AS | 11.940° 17 ""Fg'g_ﬁ%oo* Yr17, MTA ESW
QYr.ufs2A Cappelle
2A1 2AS 61.671.2% 5¢c WPt-1657 Desprez, QYrst.ofr
2AS Stephens
2A2 2A unknown 1 wPt4021 Yr32
2B1 | 2BL 84.1° 2 wPt2293 Yr7,Yr5,YrSP
2B2 | 2BS | 53.553.6° | 4 wPt-1489 X | Yr27,Yr31MTA ESW,
283 | 2BL |118.1123.7| 3 oy YIS, CTSPMTA
2oe | 280 | masisos| 5 | PSS Qe zoa e
2D1 | 2DS 48.7° 1 wPt6419 -
2D2 2D 101.2° 1 WPt667054 -
3A1 | 3AL 196.8° 1c wPt5476 X YrTr2
3B1 | 3BL |125.21325°| 7 tP+7594 MTA ESW
3B2 | 3BL |210.0210.3*| 3 wPt6785 YrS, YrStg
3B3 | 3BL |272.2281.5| 2 wPt10537 YrS, YrSt2
3D1 | 3DS | 5.886° | 52 | WPt741820,wht MTA ESW
1336
4A1 | 4AS | 18.423.4%* | 3 wPt8657 YrHVII, YrMin, YrND
4A2 4A | 85.085.2* | 3c tPt-9400 X -
4D1 | 4DS 43.9% 1 RhtDla/b Yr22Yr28
4D2 4D unknown 1 WPt+731627 -
5A1 | 5AS 2557 1 wPt1165 X MTA ESW
5B1 | 5BS 15.2° 2 wPt0708 X -
5B2 | 5BS | 57.265.6° | 6 wPt8604 -
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o = 4 * o g o Svl|lS a0l I 89
= = S (g8 52 F|lo|ENRE|IRE|IR 50,
5 G £S |23 SE 215 08|y E ©5
£ £ T |5 E<|% % > &
583 | 5BL | 94.7° 3c WPt3763 -
5B4 | 5B |125.3128.0°| 9 WPt1548 X X X QYr"”ra;fB"'l Camg
emy
501 | 5DS | 13.2° 2 WP1732418 ]
a g QYr.ugabAS Pioneel
6A1 | 6AS | 93173 | 3 WPt2228 X x | x oo
6A2 | 6AS | 55.062.7° | 14 Q&T?&%&Z‘SZ x | x x | QTL6AS Avocet
g Qyr.sun6B
681 | 6BS | 72.983.22 | 7 ‘C’V';tt_igé' x | x Janz QTL Deben
Wasmo, Kris
682 | 6BL | 108.2113.9 | 4c WPt3207
7A1 | 7As | 40.6b 2 | wpt740561 X
781 | 7Bs | 3033° | 2 | wPt743645 ;
a . Yr39QTL 7BL Pastor
782 | 7BL | 109.0119.5 | 4 WPt4814 OTLAPR 1B Gl
7B3 | 7BL | 141.6143.00| 1 WPE0752 Y16, QTL 7BL Pastor

14 MTA groups detected using historical data were also detected with de novo

QTLAPR.7B Claire

phenotypes, confirming the value of GWA scans on historical data and our statistical

approach. Seven of the common MTA groups (2A1, 2B1, 2B4, 3B1, 3B3, 6A2, 7B3) were
identified in l'i kely to
with major effect likeYr6 (7B3) andYr7 (2B1). Nine MTA groups identified were only seen
with historical data and may represent resistance genes overcome by the reisaatEst

like Yrl7, Yr32 Alternatively the locus identified may still be efficient but not detectable in

seed]l

ng tests

and

ar e

repr

de novodata as their effect may be masked by other genes or their allele frequencies in the

complete YR panel may be limited. It is also worth ring¢ historical scans identified three
MTA groups specific to adult plant resistance identified with seedling susceptible lines with
Pst 08/21 (APT 2010 S lines). On the other end, 11 MTA groups were detected ordg with
novodata, the high heritabilityfale novophenotypes, in conjunction to a higher number of

varieties tested are likely to have improved the power of detection by association mapping.

to be associated witthownYr genes locus such &s240n 1B (1BS1RS and 1B2) which is

In addition toYr6, Yr7, Yr9, Yrl7andYr32 some significant DArT markers proved

closely linked to gwml11Zakari et al., 2008and gwm498Li et al., 2006a)YrH52 on 1B
(1B2) which is closely linked to gwm1l and gwm{8n and Chen, 200jaYrl5on 1B

(1BS1RS ) closely linked to gwm3@hague et al., 1999Yr31 on 2BS closely linked to
wPt6268 (Rosewarne et al., 201BearwPt-1489 (grop 2B2)andYr39on 7BL linked to
gwml13XLin and Chen, 2007b(see consensus map Appendix 11 for SSR locations).
Furthermore, the GWA scan proved to detect QTLs originated from lines linked with the YR

panel (CamgRemy, Claire,Cappelle Desprez, Deben, Wasmo, Alge@dable VI-19)
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providing an independent validation. Finally, when compared to the association analysis of
historical bread wheat germplasm carried @ypossa et al. (2007 ten significant DArT
markers (WRB465 1B2, wR6207 2AS2NS, wPt1489 2B2, wRB350 2B3, wRB378 2B3,
wPt0950 2B3, wR8845 3B1, wPRil336 3D1, wRB401 3D1, wPRtl165 5A1) were
common with the present study, suggesting that similar resistance genes have loged depl

in CIMMYT elite germplasm and UK breeding germplasm.

Many MTAs could not be linked to published QTLs aftdgenes, mainly because a
difference in marker system used and limited mapping information for DArT markers. To
help with the validation of MTAwe could consider genotyping the YR panel with markers
linked to QTLs from mapping populations and study their polymorphism within the YR
panel as well as their LD with markers detected by association genetic. Alternatively, as
illustrated with STSWR8B6% (group 2B4), significant DArT markers can be adapted to PCR
markers and map in4{parental populations presenting resistance to yellow rust. However, to
design specific PCR primers, DArT clone sequences are required. During our research
project, only aimited number of sequences were available.

Finally, MTAs detected witldle novoadult plant trials 2010 and 2011 aeffective
sources of field resistance against @hdvirulent Pst isolates 08/21 (Solstice race). Since the
end of our projecta newracem a med A War r i or 0ntheUKendlprasented mer ged i
an evenwider virulence profile. In addition to the virulence factor of the Solstice race, the
Warrior race which was predominant in the UK in 2012 is virulent %rv, YrSP and
reduces the adult piaresistance of Claire and Warrigrersonal communication Rosemary
Bayles). Therefore some of the M$Aletected in 2010 and 2011 may have lost their
effectivenes in the field, in particular MTA group 2B3 which related to ¥Yh@/Yr5/YrSP
locus and MTA goup 2B4 which related to an APR QTL locus in Claire. This drastic
change in Pst populations within thk is a reminder that when studying disease resistance,
we are working in a constantly evolving context. Therefore, it would be advisable to update
reguarly the YR panel evaluations with new Pst isolates to follow the durability of the loci

identified by association mapping.
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CHAPTER VII. CONCLUSIONS AND PERSPECTIVES

1 CONTEXT

To feed the world population expected to reach 9. 3 billion in 20%) estimated
that agricultural output will have to increase by 70 percent bet@@@sand 2050(FAO,
2006. This implies annual cereal production alone would have to grow by almost one billion
tonnes. These challenges will have to be met with limited arabieitanease, potentially
lower inputs andn a changing environment likely to bring new biotic and abiotic threat
Therefore, the increase of production will have to rely heavily on crop improvement to
increase yield potential. A strategic target of bregdin food securitys to enhance genetic
resistance in cultivatecrops(CIMMYT, 2011). Yellow rust is a major wheat pathogen and
regular rust epidemics worldwide proved to be a major threat for yield stgbilifings,
2010. The development of resistant varieties appears to be the most environmentally
friendly and efficient way to control yellow rust. Howeyéhe great adaptability of Pst
populations in conjunction to the wideange cultivation of genetically similar varietibas
limit the efficiency ofconventionabreeding approachvhich relied heavily oselecting for
onemajor resistance ge based on phenotyp&/ellings (2010 reports little progress have
been made in containing the worst effect of yellow rust epidemics over the past &0ltyear
is becoming increasingly apparent that specific selection strategies are needed to enhance
durability of rust resistanceGene pyramiding constitutes one of the most promising
prospects to create durable disease resistances by selecting for twie sesigiance genes

against a pathogens using markers assisted selection.

To effectively develop and deploy resistance based on diverse yellow rust resistance
genes, it is important to determine their chromosomal locations and develop diagnostic
markers for markerassisted selection. It is where association mapping comes handy.
Comparing to QTL mapping in {garental population, association mapping allows to
investigate simultaneous multiple sources of resistance and is likely to identify markers
relatedto locus of interest with an improved resolution. Additionally it is a cost effective
method since there i®0 need to develop expensivefmrental mapping population. Instead
varieties from different germplasm collections can be assembled directly dte e
association panel. The cost efficiency can be even increased when historical phenotype data

are already available.
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Within the UK, the UKCPVS constitute a valuable resource of historical evaluation
of elite germplasm against a wide range of Pdaies. Taking advantage of those data we
intended to identify markers linked to specific resistance genes using an exclusive approach
based on Pst seedling stage virulence profiles and access the diversity underlying yellow rust
resistance in UK elite begling lines. Additionally, in the light of a new emerging Pst race in
2008, namely the ASolsticed race, with a wide vi
include de novoevaluations and identify resistance loci efficient against the current Pst

populations.

2 A NEW ASSOCIATION PANEL FOCUS ON UK GERMPLASM: YR

PANEL

One of the main achievements of this project is the creation of the YR panel, a new
association panel focus on UK elite wheat from the past three decades including 327 lines.
The YR panein conjunction of its genotype with 1806 DArT markers constitute a unique
resource to forward UK wheat breeding. One can do an association study and identify MTAs
for many traits segregating within the YR panel with nothing more than a new set of
phenotys. Many traits of agronomical interest could be looked at with minor investments.
Following this principle Neumann et al. (20} 5tudied twentyagronomic traits in the field
on a core collection of 96 accessions, the same collection was used later to study seed
dormancy, seed longevity and preharvest sproiRefpmarArif et al., 2012 Rehman et al.,

2012. Crossa et al. (200Tooked at multiple disease resistances and agronomic traits in two
sets of CIMMYT elite spring wheat.

What makes the YR panel so unique is that it represents fairly recent breeding lines
adapted to the UK growing envirommi. Other association panels have been studied but
they sampled either a wider growing area (455 soft wheat from continental Europe for
(Miedaner et al., 2090195 elite wheat from western Europe foe Couviour et al., 201},

a longer breeding history (94 UKhesat varieties from 1845 up to 200&hite, 201}) or
simply focussed on diversity (96 winter wheat from 21 cour{idesmann et al., 20)1
INRA bread wheat core collection of 372 accessi@uafourier et al., 200)j. Allele of
interest identified within the YR panel could be grated rapidly and easily into UK
commercial variety with limited breeding effort as varieties carrying the alleles are

themselves adapted to the market and the local growing conditions.

In addition to the seeds and the genotypes, a significant ambimfidbronation has

been gathered concerning the YR panel lines. Each varaete evith its passport data
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including its origin (country and breeder), its year of release, its alternative names (code
breeder and synonymous) and its pedigree information. &lielgave been stored in a
searchable database including historical yellow rust resistance data from the UKCPVS.
Pedigrees have been formatted fpedigree viewer(Kinghorn, 1994, allowing the
visualisation of extended links between varieties included in the YR panel but also with a
wider set of historical varieties. This information has shown to be valuable to retrace the

origin of specific alleles and estimate their spread within the UK germplasm.

3 ASSOCIATION MAPPING FOR DISEASE RESISTANCE AND

HISTORICAL DATA © ANEW APPROACH

Although the use of historical data for association studies is often cited of great
value, in practice limited studies using historical data have been reported. To my view, three
majors factor will influence the success of association mapping with betatata: the
completeness of the dataset (matrix yemety or triatvariety), the heritability of the trait
studied (qualitative versus quantitative inheritance and degree of genetic by environment
interaction) and finally the number of varieties irt#d in the panel (the number of lines is
fixed by the availability of historical data and may be a limiting factor).

One of the major references of association mapping in wheat is the study done by
Crossa et al. (20Q7using international mukgnvironment trials to identify MTAs with
resistance to stem rust, leaf rust, yellowtrpowdery mildew and grain yield. Using this
fairly balanced and extensidgataset on 170 CIMMYT elite spring wheat, they identified
multiple LD clustersbearing multiple host resistance genes; most of whielo@ated with
genomic region previously reged with resistance genes or QTIGnckram et al. (2000
used replicated registration variety data for 32 qualitative morphological traits available for
200 to 500 elite barley cultivars and reported the GWA mapping for 15 of thérite
(2011 explored the feasibility of associatiomapping using historical data and concluded it
was possible to conduct successful association studies in wheat and barley using historical
phenotypes, however he observed a lack of power in his wheat population (204 UK winter
wheat varieties) to discoverTQ for quantitative traits (yield, protein content, specific
weight, Hagberg falling number) using a highly incomplete ypd@motype matrix. He was
more successful with his barley population as he studies essentially botanical descriptors
independent ofite environment and his marker density was greater. Redtorhjiak et al.

(2012 demonstrated that unbalancedtbrical data were a useful resource for discovery of
MTAs in durum wheat using GWA mapping as they were able to identify genomic region

previously identified for cadmium and yellow pigments coloration, but they also highlighted
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the fact that unbalanced tdaand variation affecting measurement of the phenotype would

make it difficult to detect QTL with small effect on highly quantitative trait.

In the present study, we explore a highly unbalanced dataset of yellow rust
resistance evaluations recorded twe UKCPVS. As our focus was on maximising the
number of varieties included in the panel, sometimes only one year of testing was available
for a selected line; which will have limited the estimation of variance and covariance
between years and therefonmilied the accuracy of the estimated phenotypic value via linear
modelling. Taken these considerations into account, we chose to calculate and use a
phenotypic value based on BLUP for AM, the BLUP had the advantage to reduce the
uncertainty brought by a lev number of replication, by shrinking the estimated value in
function of the number of data point available for each variety. Additionally, to overcome
the limits introduced by the polygenic nature of yellow rust resistance and the high
environment x gertgpe inteaction due to the diversityf Pstisolates tested, we considered
a new approach and partitioned the historical dataset based on Pst isolate virulence criterion
knowing which isolates were used in trials and their virulence profile. By usirg thi
approach, we increased artificially the heritability of the trait andéidriie number of gene
participating to the phenotype compared to the analysis including the entire dataset.
Furthermore, we were able to target the discovery to locus specifiertain virulence
factors and/or isolates. Although the number of lines tested was reduced in partitioned data,
we indentified a higher number of significant MTAs compare to theartitioneddataset.

These observations resonate withumann et al. (20} findings as they noted that fewer
loci were detected for complexigheritated or lowheritability traits.

Using targeted analysis, a total 28 MTA clusters were identified, 21 of which
would have failed to be detected using a classical approach. We also successfully attributed
five MTA groups to known raespecific Yr genesY(r6, Yr7, Yrl7andYr32)and QTL (2D
Claire and Alcedo).

The compagon of scans with unbalanced historical data and scans with balanced de
novo data provides a further validation of our methodology (data partitioning and phenotypic
value estimation) as we identified 14 common MTA clusters.

We demonstrated we were ableitentify genes/QTLs with major effect, but a
doubt remained as if we were able to identify loci providing partial resistance, many of the
MTA clusters identified by AM remained unaffiliated. Further investigation will be needed

to determine if any of thBITAs detected are linked to known quantitative QTL or genes.

GWAS using historical disease resistance evaluations has proven to be a cost

effective approach to identify QTL linked to yellow rust rapecific resistance and a
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similar method could be appbto brown rust and mildew data from UKCPVS. No further
investment will be needed as the same panel and genotyping data can be exploited, only time
will be required to collect and organized neatly the historical data from paper archives.

4  SOURCE OF YELLOW RUST RESISTANCE AGAINST RECENT PsT

ISOLATES

The emergence of the ASolsticed race in
Yr6, Yr9, Yrl7and Yr32 accentuated the need to obtain an updated view of the YR panel
resistance level. Therefore the YR panelswevaluated a seedling stage and adult stage
against recent UK isolates.

The comparison of seedling tests with isolates 03/07 (Brock race) and 08/21
(Solstice race) in combination to genotype for alien introgression including race specific
resistancesYr9 from 1BL.1RS andyrl7 for 2AS.2AN) and thorough review of pedigree
information, demonstrated many UK lines presented race specific resistanceyYfene
(minimum of 5%),Yr9 (32 %) andyrl7(40%), additionallyYr7 was postulated to be present
in at leastLO varieties. Unfortunately, all these resistance genestduken in the UK over
the past 50 years (UKCPVS reports frequency virulence summarized in Annexe 5). Only the
combinationYr6-Yr7 was still providing an efficient protection until 2011. In 20ilie
Awarrior o race 0ré@niryyronyglanyrB2uasaedentified i tberUK
and rendered ineffective the gene combinafiasYr7.

To my knowledge, we reported the first GWA scans on yellow rust seedling tests.
These scans proved te Iparticularly powerful at identifying raepecific gene'r6, Yr7
andYr9. All three MTAs were independently validated, markers linkedrébwere found in
high LD with diagnostic marker developed tby Froidmont (1998and markers forr6 and
Yr7 were found within theYr6 and Yr7 QTL intervals detected in mapping population
Avalon x Cadenza.

Prior to this projectyr6 was only assigned to chromosome 7B o map position
was available, therefore we showed that AM and seedling tests with Pst isolates with
targeted virulence profile could be of great use to map manyspamficYr genes for which
mapping information is limited. In principle, using the saapproach and the Pst isolate
collection from the UKCPVS, we could m3fy genesYrl, Yr2, Yr3a+b, Yr4a+bandYr32

asthose genes are known to be present in relatively high frequencies in the YR panel.
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The evaluation of the YR panel in the field agaissiate 08/21 in 2010 and the
mixture of isolates 08/21, 03/7, 08/501 in 2011, proved the current UK breeding germplasm
included a high level of field resistance against recent Pst isolates. By comparing with
infection type at seedling stage we deducei B the lines minimum presented a source of
APR.

The GWA scans with field scores identified a total of 23 loci participating to field
resistance, suggesting the sources of resistances within the YR panel were generally diverse.
Some MTAs were identicabtthose detected with seedling tests, thus pointed to seedling
resistance (MTAs on 1AS, 1BS, 2AS, 2BL and 6AS). Other MTAs were likely to be specific
of APR as they were not identified at seedling stage or they were detected within varieties
lacking majorseedling resistance (MTAs on 1BS, 2AS, 2BL, 3AL, 3BL, 3DS, 4DS, 5AS,
5B, 5DS, 6AS, 6BSand 7A).

Those results suggest there is a diversity of resistance sources within the UK elite
germplasm effective against recent UK isolates that could be exptoita@ate lines with

durable resistance using gene pyramiding.

5 INCREASING THE EFFICIENCY AND THE RESOLUTION OF

ASSOCIATION MAPPING

While perfect markers were detected ¥® and Yrl7 due to the high level of LD
create by alien introgression, we onlyritifed markers loosely correlated witr6, Yr7,
andYr32 Furthermore, many of the MTAs detected presented a limited level of significance.

In addition to the locus frequency within the population, the inherent effect of the
locus (large or smaé#ffect) and the heritability of the phenotype, two other factors influence
greatly the detection and the significance level of MTAs: the marker system (density and

homogeneity of marker coverage) as well as the statistical model used.

DArT was chosen fothe present work as the most efficient and mature (at the time
this study was initiated) technology that could offer unbiased gemadeecoverage of the
hexaploid wheat genomeHowever, DArT showed some limiions. Mapped DArT
markers were unevenly distributed in the genome, (1) the marker density was greater on
genome B, (2) the marker coverage of several chromosomes was sparse, (3) DArT markers
presented a high degree of clustering. Similar observations havernage bySemagn et al.
(2006b) Peleg et al. (20Q8Akbari et al. (2005 Francki et al. (2009 Marone et al. (2012b
and Marone et al. (2013a The uneven coverage biased the MTA discoveries toward

genomic region with higher marker density. In addition, the marker number was limited,
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with 1806 markers, we could achieve at best a density of one marker every 3cMthighile
marker density was considered sufficient to identify MTAs taking into account the slow LD
decayobserved within the YR panel (Chapter V), it is not adequate to detect causative
mutations or tightly linked markers usable as diagnostic ma®aeo et al. (2010
estimated that at least 17,500 markers eveislyiduted in the wheat genome are needed to
detect MTAs within an interval of 0.2 cM of a causative mutation. This amount of markers
were not available at the start of our project, but since the situation has greatly improved. We
saw in 2012 the developmieof a wheat iSelect SNP chip including 90,000 SNP markers.
Although, the mapping information, the uniformity of distribution and the redundancy of
these SNPs are yet to be disclosed, this new-stdte-art resource will undisputedly
improve the markecoverage, increase the discoveries of MTAs and improve the resolution
of AM studies. | am happy to say that the YR panel have been integrated in a new project
and will be genotyped shortly with the new SNP chip.

Genotyping by sequencing is another stggtthat could be explored to increase the
marker coverage for association mappikdghire et al. (201)1and Poland et al. (2012
demonstrated that genotyping by sequencing in species with large genome including wheat

was now feasible.

The second important factoo tconsider for improving MTA detection is the
statistical model applied. In the present study, we used a two steps modelling approach. The
first step was to obtain a BLUP for each variety by integrating environmental effects (year,
trial, and bloch. The ®cond step test for association between a single marker and the
phenotypic value estimate (BLUP) and include a correction for population structure to limit
the risk of false discoveries.

While this approach is widely accepted in plant genetics, it isomesways
restrictive. First, we are studying a polygenic trait using a single locus model which could be
a source of spurious associati@tlatt et al., 2010 but also limit the detection of multiple
loci. For instance, adding a marker with main effect as covanateallow the detection of
more MTAs. Additionally our approach does not allow the detection of potentially important
interactions between QTLs (QTL X QTL) or between a specific QTL and the genetic
background (QTL x genetic background). Including an ategon component in the model
could for instance identify valuable haplotypes for useviAS; it may also allow the
identification of inhibitor of resistance. Secondly the two steps approach limits the
estimation of QTL x environment interaction (GBWNei etal. (2010 in sugarcaneompared
simple association model with model accounting simultaneous for population structure, GEI

and spatial variation and concluded that association mapping failing to account for GEI
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would have low value in breeding prograras they found many. A nice example of
improved model for multlocus trait in wheat is provided by the studyMiedaner et al.
(2010, they applied a onetep approach including a twdimensional scan for pairwise
interaction effect among major loci and showed an improvement in the proportion of
genotypic variance explained and identified useful epistatic interaction between reduce
height gendRhtD1 andFusariumhead blight resistance locksbl

6 VALIDATIONOF MTAS

A total of 38 MTAs clusters were identified in our studies. Although we included
population structure correction within our model and considered a higher significance
threshold (only markenith at least one ®alue<0.001 were reported) to limit the detection
of spurious associations, some false discoveries may remain. Therefore, an independent
validation of MTAs is useful; we showed three ways to validate some of the associations:

- Testing he effect of the marker identified by AM in a-firental population
(example ofYr6, Yr7 and wPt3695), which is the only option available foe
novoQTLs.

- Demonstrating a high correlation between a marker detected by AM and a
diagnostic marker (exampt Yr9andYrl7)

- Colocalizing MTAs with published QTLs/genes based on common markers
(example ofYr7in Camp Remy and Apache, and QTLs from Claire, Alcedo)

Only a few MTAs groups from our study were validated as we faced some
difficulties due to the mask system. First, DArT markers are relatively recent and only
limited mapping studies used DArT. Secondly, many DArT markers were not mapped which
made the comparison of MTAs with published QTL/genes impossible. Thirdly, DArT
genotyping is only availablas a multiassay from Triticarte and does not allow single
marker genotyping in the lab. Therefore to be used locally either for mapping purpose or
application of MAS, DArT markers need to be adapted in PG&sed assay. The
development omonopoleassayusing the sequence of DArT marker was used for3626,
our most significant MTAs, but could not be extended to other markers as limited DArT
sequences were available. Over the past three years, things have improved greatly; more
mapping studies are pustied with DArT markers, more DArT markers are mapped and
more DArT sequences have been released. In addition the availability of Chinese spring
genomic draft genome assembly may give access to the genomic sequence surrounding
DArT marker clone and can allothe design of calominant SNP assay.

A valuable addition to the present work would be to design rptesoassays for all

significant MTA groups based on the newly available sequences and map thepaiartial
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populations segregating for rust resiseamesponse. The genotyping of the YR panel with
SSR linked to yellow rust QTLs and their comparison with DArT genotypes will also help
with the validation of MTAs.

7 BEYOND ASSOCIATION MA PPING

The ultimate goal of MTA discoveries is to identify markers ulstef developwvheat
lines with durableyellow rust resistanceria MAS. The consensus is that to achieve
durability, several resistant loci must be considered, however the usefulness of major R
genes is sometimes questioned. The utilization of two tefee®-genes in combination can
enhance resistance durability, but according $mgh (2012, sucha strategy much be
strictly followed by all breeding programs for a long lasting success, as the release of
varieties which carry the samedenessingly will undermine this approach. Alternatively,
durable resistance can also be achieved through pyramiding several minor or partial
resistancgenes Implementing gene pyramiding, CIMMYT has developed wheat lines with
near immune levels of adyitant resistance based onMpartial rust resistance genes that
have small to intermediate, but cumulative effg&ingh et al., 2000a)Other examples in
European wheat showed that long lastiegstancecan result of the presence of several
major racespecific resistance genes-{fenes) in conjunction with adult plant partial
resistance loci(PRene), for instance inultivar Cappelle Despreglohnson, 1984 Camp
Remy (Mallard et al., 200p Renan(Dedryver et al., 2009and Apache(Paillard et al.,

2012.

Using the results from our study, we could use the makers linked to major resistance
genesYr6, Yr7, Yr9,and Yrl7to avoid the introduction of these majorgenes and
concentrate the breeding effort on resistance locttiiiiksh at adult stage. Alternatively, we
could intentionally select some seedling resistance loci to be introduced in complement of

adult plant resistance loci.

It is also worth nahg that the availability of markers for majorgenes may allow
studyingpotential yield drag and yield depression associated with the ineffective resistance
genes present in the YR paniélthe ineffective Rgenesprove to beassociated with a yield
depressiorlike it has beerseen for leaf rustesistance.r9 (Ortelli et al., 1995 it will

provide an additional argument to avoid them in future breeding programs
Finally having identified as many as 38 loci involved in yellow rust resistance give

the means to breeder thiversify the source of resistance present within their range of

varieties, this will improve the resistance durability at the national level.

243



Chapter VII Conclusions and Perspectives

Beyond MAS, which rely on almost perfect markers, we could also implement a
genomic selectiompproach direcyl with the results from our GWA scans against recent
isolates. Significant markers add novgphenotypes can be used to build a model predicting
the breeding value of the lines (in our case the potential resistance level of a line). Half of the
YR panel ould be used as a training population and half can be used to validate the model.
After validation, the model can be used in subsequent breeding populations developed from
YR panel line or related lines to select individuals with the best genotypic yeeslire
(i.e. the best combination of molecular alleles providing resistance) without having to
phenotype them.
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Appendices

APPENDIX 1: Mapping information available for Yellow rust resistance genes

& Symbolfor traits and genes associated'tajenes

Yr followed by a number or letter: reaction to Yellow rust
Pmfollowed by number or letter: reaction to Powdery mildew,
Srfollowed by number or letter: reaction $em rust,

Lr followed by number or letter: reactionlteaf rust,

Bdvl reaction to barley yellow dwarf virus,

Glilb: gliadin 1h

GpcB1: Grainproteincontent,

Ltn andLtn2: Leaf tip necrosis,

Ppd photopeiod response,

Rht8 Reduce height,

RspLemresistance to barley yellow rustccinia striiformisf.sp horde)
Rg1 Red glume colour,

Vgal virginiamycinlike antibiotics gene

® Molecular markers acronyms

AFLP: amplified fragment length polymorphism

CAPS cleaved amplified polymorphic sequence

RAPG: resistance gen dag polymorphism

RAPD: random amplification of polymorphic DNAs
RFLP:restriction fragment length polymorphisms
SCAR:sequence characterized amplified region
SSR:single sequence repeat

SNP: single nucleotide polymorphism

STS: sequence tagged site

2d
— — -
Yr gene Mappmg information #: genes ar)d markers linked toYr genes, Marker References
flanking markers and genetics distance systent
Yrl-2cM-Pmdg
Yri Yrl-16.5 cM- Sr48 Xfba-2A - 1.3 cM- Xstm673acag 1.1 cM  RFLP Mcintosh and Arts (1996
-Yrl
vrsa YIV23- 9.4 cM- Xwmc35628 SSR Wang et al. (2006
(YrV23) : getal
Yr4
(YrRub) Yr4-2.9cM-cfb353062.4cMbarc 75 SSR Bansal et al. (2030
Yr 5 completely linked with RGAP Xwgp 17, 19 and-2B, Yan et al. (2008
Yr5s Xwgp17-2B was converted into@APS PCR marker forr5, RGAP, Chen et al. (2003b)
Yr5/S19N93140- 0.7 cM- S23M4%310, 2 STS markers were  AFLP
derived from those 2 AFLP markers Smith et al. (200)
Y7 Yr7 closely linked withSr9g SSR Mcintosh et al. (19811
Yr7 - 5.3 cM- Xgwm526:2B Yao et al. (200B
Yr8 Yr8 andSr34located on the translocation 2M frohe.Comosa - Friebe et al. (1996
g;iaggtllzlrjga Sr31, Lr26 located on the translocation 1RS from Mago et al. (2002
Yo Yr9- 3.7 cM- Xgwm5821BL, SSR, RGAP \é\ﬁr‘e‘i o "’(‘;O%)(LJO)E
4 RAPG markers Xwgp 4, 7, 8 and 9 coincident with )
Yr10 Yr10-2 cM-Rgl, Metzger and Silbaugh
(Yrvav) Yrl0- 1.2cM- Xpsp30001BS- 4cM - Glilb, SSR, STS (1970,Wang et al. (2002
STS marker S26142 co segregate witkirMoro Smith et al. (200R
Yri5 égwm33-18 -4.5cM-Yrl5-4.7cM- UBC199- 5.6 cM Nor- SSR, RAPD Chague et al. (1999
Yri6 grobable gene ord&ht8- Ppdl- 36 cM- Yrl6- 25cM- Da-Su Worland et al. (1988
Yr17 closely linked td.r37, Sr38and SCAR marker S§'15,
Yri7 developed from RAPD marker GP15580, and to Xpsr158Nv, SCAR Robert et al. (1999

Yrl7linked withVVgal, PCR assay based on Vgal gédike ,RAPD

sequence was developed Seah etal. (2001
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Appendices

APPENDIX 1 Continued

Mapping information #: genes and markers linked toYr genes,

Marker

Yrgene flanking markers and genetics distance systen? References
Yr18linked withBdvl Lr34, SSR, gene .
Yr18linked Xgm295.1 and Xwgm44, based gll:]gnha(:l:g?al 20m3
Yrl8 Xgwm120-7D - 0.9 cM- Yr18/Lr34/Pm38- 0.7 cM- Xgwm295  marker enag ’
Spielmeyer et al. (2005
Cloned 7D, based on Lagudah et al. (2009
6 genebased markers tor34/Yr18 named cssfr 1 to 6 , deletion and Mcglntosh ot al' (2009
Yr18 completely linked with.tn, Pm38 Lr34 SNP i
Yr21l Pahalawatta and Chen
(YrLem) Yr21-0.3 cM- YrRpsLem RGAP (2009
Yrl5-4 cM- Yr24, Mclntosh and Lagudah
Yr24 Xbarcl1871B - 2.3 cM- Yr24- 1.6 cM- Xgwm4981B, SSR (2000,
(YrCH42)  Yr26,Yr24,YrCH42likely to bethe same gene Li et al. (2006
Gene ordeivrl5- Yr24- Xgwm11-1B Zakari et al. (2008
Yr26- 1.9 cM- Xgwm11/Xgwm181B- 3.2 cM- Xgm413,
&ZSH 4z) XWel771201B1-03 cM-Xwel73-14 cM-Yr26-6.7cM-  SSR,STS taeta ;IZO(%OB
Xbarc1811BL- 3.0 cM- Xwmc419 getal
Yr27 Yr27 closely linked withLrl3, Lr23, Yr31(seeYr31), RELP McDonald et al. (2004
(YrsSk) Yr27associated with Xcdo152B and Xcdo405%B Singh et al. (2008
Yr28 Yr28 closely linked withXmwg6344DS RFLP Singh et al. (2000b)
Yr29 completely linked wittLr46,
Xwmc44-1B - 1.4 aVl - Xbac24prot- 9.5 cM- Yr29/Lr46 -2.9 cM William et al. (2003
Yr29 - Xbacl7R1B, AFLP, SSR ' ’
Xgwm44-1B - 3.6 cM- Yr29- 2.1 cM- XtG818/XBacl7R1B
Yr29 completely linked td.nt2 Rosewame edl. (2009
Yr30 Yr30 closely linked withSr2andLr27 - Mclntosh et al. (2008
Yr31llocated in or near a cluster of resistance genes including
Lr13, Lr23, YrSp,Sr10 .
yr3l Recombination value¥r31-Yr27=0.148;Yr31- Lr23=0.295; ) Singh et al. (2008
Yr27-1r23=0.131
Yr32 Xwmcl982A- 2 cM - Yr32, .
(YrCv) Yr32 coincident with AFLP marker M62/P2B56 AFLP, SSR Eriksen et al. (2004
Yr33 Yr33flanking markers Xgwm11¥D and Xgwm4377D SSR Nazari and Wellings (2008
Yr34 .
(YIWA) Xgwm410.25A-8.2 cM-B1-12.2 cM- Yr34 SSR Bariana et al. (2006
Yr35linked with Lr53 .
2(\;2558) Xgwm1916Bi 18.9 cMi Yr35i 3 cMi Lr537 1.1 cMi Xcfd  SSR '\D":&i'ﬁozta?é gg?%oll
6B1 3.4 cMi Xgwm506B )
Xucw68-6B - Xucw69-6B/Xbarc101-6B/Yr36 - Xucw66-6B, Uauy et al. (200p
gg’ge g Yr36is 2-4 cM proximal toGpeB1 ﬁ\ISDRéFFLP'
Yr36 mapsbetweenXucw129andXucw148(0.02 cM). Fu et al. (2009
Yr37 Yr37 linked with Lr54 - Marais et al. (2009a
Yr38 . . .
(Yrs12) Yr38linked with Lr56 - Marais et al. (2006
Yr39 Yr39 closely linked to RAPG markers Xwgp36 and Xwgp45 RAPG Lin and Chen (2007a)
Yr 40completely linked withGsp Lr57, Xfbb276andXbcd873
RFLP, Kuraparthy et al. (2007
Yr40 CAPS markeXLr57/Yr40-MASCAPS16 CAPs Kuraparthy et al. (2009
Yr4l Yr41- 0.3 cM- Xgwm410,Yr41- 7.9 cM- Xgwm374,Yr41 - SSR
(YrCN19) 12.3 cM- Xwmc477,Yr41-21.2 cM- Xgwm382 Luo et al. (2009
Yr42 Associated with.r62 - Marais et al. (2009
Xwms50:2B 17 11.6 cMi Xwgpl102Bi 4.4 cMi Yr43i
Yra3 5.5cMi Xwgp1032Bi 12.8 cMi Xbarc1392B SSR Cheng and Chen (201pb
Yrd4 XSTS7/8Kr51 12.7 cMi Yr44i 3.9 cMi Xwgpl00i 1.1 cM .
(YrZak) Xgwm501-2B SSR,STS Sui et al. (2009
Xbarc63D1 0.9 cMi Xwmc6563D1 6.9 cMi Xwpl1183Di .
Yr45 4.8 cMi Yr451 5.8 cMi Xwp1153D SSR Lietal. (2010
Close linkage witiXcfd71-4D andXbarc984D estimated at Hiebert et al. (2010
Yra6 4.4cM, andXcfd23-4D at 5.2 cM (all on the sanséde ofYr46) SSR HerreraFoessel et al.
Xgwm1654D/Xgwm1924D 1 0.4 cMi Yr46/Lr67 (201)
Pleiotropicwith Lr37
Yr47 5 +/- 2 cM proxmal toLr52 {Bansal et al. 2071
Co-segregated withrn2, Be495011 Xcfa21495AL,
Yr48 Xgpw2181a5AL, Xwmc74-5AL, andXwmc4105AL SSR Lowe et al. (2011b)

Xwmc7275AL T 4.4 cMT Yr481 0.3 cMi Xwms29E5AL
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APPENDIX 1 Continued

Mapping information #: genes and markers linked toYr genes,

Marker

Yrgene flanking markers and genetics distance systen? References
. . Mcintosh et al. (2011
Y49 Xgpw73213D/Yr491 1 cMi Xgwm1613D SSR Spielmeyer et
al. unpublished
Wwgp47- 1.1 cM- YrAlp - 2.8 cM- Y15 - 0.4 cM- 15.2 cM-
YrAlp Xwgp48- 2.4cM - Xwgp49- 1.9 cM- Xwgp50- 4.9 cM- YrH52 SSR, RGAP .
- 2.8 cM- Xgwm181B - 1.1 cM- Xgwm11-1B Lin and Chen (2007a)
SSR, SCAR
YrC591 Xcfa20-40-7B - 8.0 cM- YrC591- 11.7 cM- SCG-P35M48 derived Li et al. (2009
from AFLP
YICK YrCK_fIanklng markers XgdmOO05(distal) and Xwmc190 SSR Bariana et al. (2001
(proximal).
Located in therr24/Yr26region close tXbarc1871B and
YrC142 Xgwm2731B SSR Wang et al. (2009
YrExpl Xwgp781B - 4.2 cM- YrExpl- 3.4 cM- Xwmc631:1D SSR Lin and Chen (2008
Xgwm6395B - 9.2 cM- Xwgp81-5B - 1 cM - YrExp2- 0.7 cM- .
YrExp2 Xwgp82-58 SSR Lin and Chen (2008
Yrl5-9.6¢cM - YrH52 - 1.4 cM- Nor-1B - 0.8 cM- Xgwm264a SSR . RFLP
YrH52 - 0.6 cM- cM - Xgwm?264a- 0.6 cM- Xgwm18, AFLP’ ' Peng et al. (1999
YrH52 in interval Xgwm359 1 cM - P55M53b, Xgmw273a RAPD’
2.7 cM-YrH52 - 1.3 cM- Xgwm413(Norland UBC212a) Peng et al. (2000
S11M17- 2.3 cM-_L1k10- 3.8 cM-YrMoro/S26M47- 1 cM -
YrMoro S13M63, STS marker derived from AFLP fragment S26M47 RFLP,AFLP Smith et al. (200p
YrnsB1 Xgwm4933B -21 cM- Yrns-B1, SSR Borner et al. (2000
Yrns-Blin interval Xgwm4933B - 2.5 cM- Xgwm13293B Khlestkina et al. (2007
YrPS1 Xgwm4292Bi 1.8 cMi YrP81i 4.1 cMi Xwmc7702B SSR Pu et al. (201p
YrS2199 Xgwm1202BL - 11.0 cM- YrS2199 0.7 cM- Xdp269, SSR
YrS2199andYr5 are likely to be the same gene or allelic genes Fang et al. (2008
YrSpP YrSpP- 10.9 cM- Xwmc4412B SSR Guan et al. (2005
YrZH84 Xwmc2767B - 0.6 cM- Xcfa20407B- 1.4cM- YrZH84 - 4.8 SSR Li et al. (2006D

cM - Xbarc32
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APPENDIX 2: List of QTLs for Yellow rust resistance published

Peak marker or

Suspecte!

Chr. QTL name OTL interval Origin Phenotype R2 Type Yr gene Ref.
1A Qyr.sunrlA Xgwml64 Janz APT 0.07 RS e
1A QYrid.ui-1A  X377889XLMW1 IDO444 APTIT 0.09 HTAP af

. APT Sev
1A Xfball8b Recital AUDPC 0.09 g
1A Qyr.sgilA  s15m19DBs23m18E Kariega  APT Sev IT 060162' u
1AL  QYrst.orr1lAL wPt4399 Stephens APTIT 0.12 ac

1AL  QYr.caaslAL wPt2406Xwmc59 Naxos APT Sev 0.08 w

1AL wPT-6005wWPT-4709 Pastor APT Sev IT 0.04 y
1B Qyr.sunlB Xbarc80 Kukri APT 0.04 e
1BL Xgwm259 Pavon 76 APTIT 0.35 Yr29 ad

Xpsr305P39/M382,

1BL P36/M361 CD87 APT 0.09 APR Yr29 b

1BL QPst.jic1B Xwmc735 Brigadier APT 0.05 m
APT

1BL QYrex. Xwmc631:Xwgp78 Express AUDPC IF 0.09 HTAP o]
1BL QPst.jiclB Xgwm818Xgwm259 Guardian APT Sev IT %24% Yr29 r
1BL XP35/M55LTN Attila APT Sev %1127 Yr29 X
1BL Yr46 csLV46-Xgwm818 Pastor APT Sev IT 0.16 Yr29 y

QYr.caas . .
1BL.1RS 1BL.1RS Xiag95 Shanghai APT Sev 0.08 w
1BS wPT-8168wWPT-6240 Pastor APT Sev IT 0.05
XUgwm353

1DS QYr.caaslDS Xgdm33b Naxos APT Sev 0.05 APR w
2A Qyr.sun2A 117454 Kukri APTIT 0.13 RS
2A  QYrtm.pau2A Xwmcd0Zxwmcl7o HAUL4087(T. APT Sevanc o 1, app ag

monococcum) IT
APT Sev
2AL QYR2 Gwm356 Gwm382 Camp Remy AUDPC 0.13 f
Xwmc 198a,Xwmc  Solist and
2AL 170b, Xwme 181 Wasmo APTIT 0.4 Yr32 ah
Xgwm382¢ . APT Sev
2AL XBarc122 Recital AUDPC 0.04 g
. Xgwm382a APT Sev
2AL  Qyr.inra2AL Xgwm359 Camp Remy AUDPC 0.26 APR q
APT Sev
2AL Xgpw4496 Taldor AUDPC 0.03 S
2AS  QYrufs2A wPt733314wPt000: C2PPelle ot ey 1T 0.37 a
Desprez
2AS  QYrst.orr2AS wPt+0003 Stephens APTIT 0.19 ac
2AS Xwmc 407 Kris APTIT 0.27 Yrl7 ah
. Xgwm512 APT Sev
2AS  QYr.inra2AS2 Xgwm400b Renan AUDPC 0.45 SDR Yrl7 g
] . APT Sev

2AS QYr.inra2AS1 XDupw210Xcfd36 Recital AUDPC 0.09 g

2AS QYr.osu2A Jagger APT Yrl7 h

2AS YrR61 Xbarc124Xgwm359, Pioneer 62R6. APT IT 0.56 k

2AS  QYr.ucw2AS wPt5839 P1610750 APT Sev IT 0.02 p

2AS  QYr.inra2AS Xcfd36b-Xcnl127 Apache APT Sev 0.24 SDR Yrl7 S
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Appendix 2 continued

Peak marker or - Suspecte:
Chr. QTL name OTL interval Origin Phenotype R2 Type Yr gene Ref.
AUDPC
2B QVrid.ui-2B.1 wPt9668Xgwmd29  IDO44s  APT ﬁe" an %1235’) HTAP af
2B QVrid.ui-2B.2 Xgwma29Xbarc9l  IDO44s APT ﬁe" an %133i HTAP af
2B Qyr.sgi2B.1 Xgwml148s12m60A  Kariega  APT Sev IT 0(51476_ u
2B Qyr.sgi2B.2 Xpsp3036s16m40A  Kariega APTIT 0.07 u
P36/M435,
P37/M531,
2BL - P35/M385. Katepwa SDT - SDR Yr7 b
P35/M374.
P36/M494-
2BL - P31/M501 Cranbrook SDT - SDR Yr7 c
) APT Sev
2BL QYR1 Gwm47d Gwm501 Camp Remy AUDPC 0.46 Yr7 f
Xwmcl49,
2BL Xwme3l7a Deben APTIT 0.21 ah
QYrag.cad . APT Stripe .
2BL 2BL Xwmcl75Xwme332  Aquilera number 0.61 j
2BL  QYr.inra2BL Xwmc245Xwmcl75 Camp Remy APT SDT  0.47 SDR Yr7 q
2BL  QYr.inra2BL Xcfd267-Xcfd73a Apache APT Sev 0.52 SDR Yr7 S
AUDPC
2BL QTLAPR.2B wPt9190-Xwmcl75 Claire APT Sev IT 060284_ t
2BL  QYr.caas2BL wPt-8460wPt3755 Naxos APT Sev 0.12 w
Xgwm619
2BL Xgwm1027 Avocet S APT Sev 0.06 RS X
2BS Q;Eé'oz”' WPt0408 Stephens  APTIT 0.1 ac
2BS QYR3 Cdo405bcd152  Opatags ~FTSevant g4 Y27 f
AUDPC '
. Xfba70-Xfbb67c, APT Sev
2BS  QYr.inra2BS Xgwm210aXfbb67¢ Renan AUDPC 0.12 g
2BS QYZFé"é'ia“ Xwmcl54Xgwm148  Luke APTIT 037  HTAP i
2BS Qgggazu Xgwm148Xbarc167  Luke APTIT 041  HTAP i
2BS QYrcaas2BS Xbarc13Xbarc230 Pingyuan 50 APT Sev %%% n
2BS  QYr.ucw2BS wmc474 UC1110 APT Sev IT 0.05 p
2BS  Qyr.inra2BS Xgpw3032Xcfd50a Camp Remy Qigﬁgv 0.475 APR q
XP32/M62 .
2BS XP88/M64 Attila APT Sev 0.07 Yr27 X
2BS Yr31 Yr31 (phenotype) Pastor APT Sev IT 0.16 Yr31 y
2D QPst.jic2D Xgwm652Xgwm692 Guardian APT Sev IT %272' r
6.5 to
2DL Xgwm349 Fukuhokomug APTIT 96 ab
2DL  QPstjic2DL Xgwm320 Alcedo APT SDT  0.37 SDR m
2DL  QTLAPR.2Da Xgwm301-Xwmcl167 Claire APT Sev IT 0603:52' Yrl6 t
. 0.08- QTL
2DL  QTLAPR.2Db Xgwm539EST22 Claire APT Sev IT 0.23 Alcedo t
2DL  QYr.caas?DL wPt6752Xcfd47 Naxos  APTSev  0.03 QTL
Guardian
2DS QYr.ufs2D Xgwm102wPt Cappelle  APT Sev IT 0.08 Yrl6 a
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Appendix 2 continued
Peak marker or - Suspecte:
Chr. QTL name OTL interval Origin Phenotype  R2 Type Yr gene Ref.
664520 Desprez
Xwmclll
2DS YrKat Xwmc025a Katepwa APT 0.12 APR b
SDR
2DS YrCK XgdmO005Xwmc190 Sunco SDT - temperatur d
sensitive
. APT Sev
2DS QYr.inra2DS Xgwml1l02gwm539 Camp Remy AUDPC 0.4 APR YR16 ¢
3A wWPT-6422wWPT-7890  Avocet APT Sev IT 0.02 y
3B QVYrid.ui-3B.1 X345897wPt3921 IDO444 APTIT 0.1 HTAP af
3B QYrid.ui-3B.2 X379646Xgwm299 IDO444 APT Sev  0.09 HTAP af
3B wPT-2458wPT-0036 Pastor APT Sev IT 0.05 Yr30 y
APT Sev
3Bc Xgwm131bkXbcd131 Renan AUDPC 0.06 g
QYrex.wgp APT
3BL 3BL Xgwm299-Xwgp66 Express AUDPC IF 0.27 HTAP o]
3BS Xgwm389 Oligoculm APTIT %Ozi Yr30 ab
3BS XPstAATMseCAC2  Pavon 76 APTIT 0.06 Yr30 ad
3BS  QYrAlt.syau Xgwm389Xbarc238  Alturas APTIT %3:546 HTAP ae
3BS Qyr.sunr3B wP+6802 Kukri APTIT 0.05 e
. APT Sev
3BS QYr.inra3BS Xgwm533 Renan AUDPC 0.07 g
3BS QYr.uga3BS.1 wPt2557 Xbarc133 AGS 2000 APTIT 0.05 k
3BS QVYr.uga3BS.2 Wpt'7‘°é%07%3 WPt AGS2000 APTIT 007 K
3BS QYr.uga3BS.3 wPt+1612wPt7486 AGS 2000 APTIT 0.05 k
3BS QYr.ucw3BS gwm533.1 UC1110 APT Sev IT 0.22 p
APT Sev anc
3D QYR6 Cdo407 ksuA6 Opata85 AUDPC 0.12 f
. APT Sev
3DS Xgwm456- Xgwm55b Recital AUDPC 0.08 g
XBarcl125 . APT Sev
3DS Xgwm456a Recital AUDPC 0.12 g
4A  QYrb.uir4A  wpt2983wPt8275 Rio Blanco ¢ ﬁe" an %12% HTAP af
4A Qyr.sgi4A.1  s21m40As22m55A Kariega  APT Sev IT 00'028 4 u
4A Qyr.sgi4A.2  s13m94BRs18m47B  Avocet S APTIT 0.24 u
4B QYr.ufs. 4B Xgwml65Xgwm495  Palmiet  APT Sev IT 0.09 a
4B QYrrb.ui-4B Xgwm165Xgwm495 Rio Blanco APTIT 0.07 HTAP f
4B QPst.jicdB  Xgwmb539Xgwm349 Guardian APT Sev IT 06018 4 r
. APT Sev
4B QYr.inra-4B Xgwm6 Apache AUDPC 0.15 APR S
4BL Xgwm538 Oligoculm APTIT (())01?2 ab
4BL  QYrpl.orr-4BL 312980 Platte APTIT 0.09 ac
4BL Xgwm495 Avocet S APTIT 0.09 ad
4BL  QPst.jic4BL Xwmc692 Alcedo APT 0.11 m
4BS  QYrst.orr4BS wPt5265 Stephens APTIT 0.11 ac
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Appendix 2 continued
Peak marker or - Suspecte:
Chr. QTL name OTL interval Origin Phenotype R2 Type Yr gene Ref.
4DL Xwmc399 Oligoculm APTIT %%% ab
4DL  QYr.caasADL Xwmc331:-Xgwml65 Bainong 64 APT Sev 0.08 APR Yr46 v
4DS wPT-4572wPT-6880 Pastor APT Sev IT 0.04 y
APT Sev ant
5A QYR5 Fbb209 abg391 Opata85 AUDPC 0.15 f
PAU5088 T. APT Sev anc
B5A QYrtb.paubA  Xbarcl5kXcfd12 boeoticun) T 0.24 APR ag
BA QPst.jieBA  Xwmc752Xgwm786  Brigadier APT 0.04 m
5AL QYr.osub5A Jagger APT h
5AL  QYr.caasSAL Xwmc410-Xbarc261 Pingyuan 50 APT Sev %%% n
5AL Yr48 cfa2149 P1610750 APT Sev IT 0.1 Yr48 p
QYr.caas wPt19035AL - Shanghai
SAL 5AL.2 Xwmc7575AL 3/Cathirg  APTSev 003 W
5AL wPT-0837wPT-5231 Pastor APT Sev IT 0.05 y
58 QYrufs5B  wPt71laxbarc7d  C2PPElle ooy 1T 0.05 a
Desprez
5B Qyr.sunr5B wPt3030 Janz APTIT 0.07 e
5B QYrid.ui-5B  X63541-Xbarc59 IDO444 APTIT 0.07 HTAP af
SDR
5B  QYr-term5B.2 Xwmc604Xwmc253 Flinor SDT 0.33 temperatur i
sensitive
WPt665267
5B QYr.uga5B Xgdm152 AGS 2000 APTIT 0.05 k
5BL Xwmc415 Oligoculm APTIT %0126-3 ab
SDR
5BL QYr-term5B.1 Xbarc89Xgwm67 Flinor SDT 0.37 temperatur i
sensitive
QYr.inra- Xgwm499 APT Sev
5BL 5BL.1 Xgwm639c Camp Remy AUDPC 0.235 APR q
QYr.inra Xgwm604 APT Sev
5BL 5BL.2 Xgpw1082 Camp Remy AUDPC 0.315 APR q
QYr.caas ) . Shanghai
5BL 5BL .3 wPt2707Xbarc275 3/Catbird APT Sev  0.05 w
5DL Xgwm583 Octane APT Sev IT 0.6 I
6AL  QYrpl.or-6AL 378849 Platte APTIT 0.06 ac
6AL Xgwm617 Avocet S APTIT 0.08 ad
wPt671561 wPt Pioneeer
6AS  QYr.ugabAS 7840 62R61 APTIT 0.07 HTAP k
QYrex.wgp APT
6AS 6AS Xgwm334Xwgp56 Express AUDPC IF 0.32 HTAP o]
6AS wWPT-2573wPT-0959 Avocet APT IT 0.02 y
6B Qyr.sur6B wPt8183 Janz APT 0.05 e
. APT Sev
6B QYr.inra6B  Xcdo276Xgwm193 Renan AUDPC 0.04 g
6BL XPSIAGEMSeCGAL - bai 76 APTIT  0.14 ad
Xgwm58
Xwmc397,
6BL Xwmc105b, Wasmo, — jprip 02910 ah
Deben, Kris 0.25
Xwmc341
6BL wPT-6329wWPT-5176 Pastor APTIT 0.03 y
6BS Xgwm935.1 Oligoculm APTIT 0.04 ab
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Appendix 2 continued
Peak marker or - Suspecte:
Chr. QTL name OTL interval Origin Phenotype  R2 Type Yr gene Ref.
6BS QYr.caas6BS Xgwm361Xbarcl36 Pingyuan 50 APT Sev %%% n
6BS Qgggag‘s Xwmc487Xcfd13  Bainong 64 APTSev 005  APR v
6BS Qggga;s Xwmcl04wPt0259  Naxos APT Sev  0.04 w
QYrst.wgp 0.32
6BS 6BS. Xbarc10 1Xbarc136  Stephens APTIT 0.45 HTAP z
QYrst.wgp 0.25
6BS 6BS 2 Xgwm132Xgdm113  Stephens APTIT 0.43 HTAP z
6DL  QYrufs6D Xgwm325xbarci7s C2PPEe ooy 1T 0.06 a
Desprez
APT Sev an(
6DL QTR7 Bcd1510 ksuD27 W-7984 AUDPC 0.13 f
. APT Sev
7A Xbcd129bXfbal27c Recital AUDPC 0.08 g
7A Qyr.sgi7A  s19m89Gs18m47B Kariega APTIT 0.11 u
7AL wPT-2260wPT-2501  Avocet APTIT 0.03 y
7AS  QYrst.orr7AS wPt4319 Stephens APTIT 0.15 ac
7AS QYr.caas7TAS Xbarcl27Xbarcl74 Jingshuang 1¢ APT Sev 0.06 APR \Y
7AS wPT-4172wPT-8149  Avocet APTIT 0.02 y
7B Qyr.sur7B wPt+3723 Kukri APT 0.09 e
7BL Xwmcl66 Oligoculm APTIT %%29 ab
7BL Xgwm611 Tiritea APT Sev IT 0643(;0 |
7BL  QTLAPR.7B wPt1069wPt-9925 Claire APT Sev IT 060173' t
QYr.caas ) Shanghai
7BL 7BL.1 wPt8106-Xbarc176 3/Catbird APT Sev  0.09 w
QYr.caas D Shanghai
7BL 7BL.2 Xgwm57 7-wPt4300 3/Catbird APT Sev  0.06 w
XP32/M59 .
7BL Xgwm344 Attila APT Sev 0.03 X
7BL wPT-3190wWPT-1475 Pastor APTIT 0.07 y
7BS Xgwm935.3 Oligoculm APTIT %%}5 ab
7D Qyr.sur7D wPt+3328 Janz APTIT 0.12 Yrl8 e
7D Qyr.sgi7D Xgwm295Ltn Kariega  APT Sev IT 060299' APR Yrl8 u
7DS QTL-7DS Xgwm295.1 Fukuhokomug APTIT %121 Yrl8 ab
P36/M412-
7DS XWmcA05b CD87 APT 0.15 APR Yrl8 b
) APT Sev anc
7DS QTR4 Wg834 bcd1438 Opata85 AUDPC 0.14 Yri8 f
7DS Xgwm44 Octane APT Sev IT Oblggo Yrl8 |

Chr. chromosome, Ref. Reference for the QTL and mapping population: (a) Yrl6DH70
(Cappelle Desprez derived line) x Palmiet RIL p@jgenbag et al., 2032 (ab) Fukuhe
komugi x Israeli wheat Oligoculm DH pofSuenaga et al., 20p3(ac) Stephens x Platte
RIL pop.(Dolores Vazquez et al., 201Zad) Avocet S x Pavon 76 RIL pgpVilliam et al.,

2009, (ae) Alturas x Taichung 29F1,F2,F3 pdghao et al., 2012 (af) Rio Blanco x
IDO444 RIL pop.(Chen et al., 2002 (ag) PAU14087 x PAU5088 RIL pofChhuneja et
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al., 2008, (ah) Kris x Deben, Krisx Wasmo, Solist x Deben DH po@hristiansen et al.
(2006, (b) CD87 x Katepwa DH pop(Bariana et al., 20Q1(c) Cranbrook x Halberd DH
pop. (Bariana et al., 2001 (d) Sunco x Tasman DH pofBariana et al., 20Q1(e) Kukri x
Janz DH pop. (Bariana et al., 2030 (f) ITMI(Opata85 x synthetic W984) and Camp
Remy x Michigan amber Rlpop. (Boukhatem et al., 2002(g) Renan x Recital RIL pop.
(Dedryver et al., 2009 (h) Jagger x 2174 RIL pogFang et al., 2001 (i) Flinor x Ming
Xian 169 F1, F3 pop(Feng et al., 2001 (j) Luke x Aquilera F2,F3 podGuo et al., 2008
(k) Pioneer 26R61 x AGS 2000 RIL pogHao et al., 201} (I) Octane x Tiritea DH pop.
(Imtiaz et al., 2004 (m) Alcedo x Brigadier DH pop.(Jagger et al., 20},1(n) Pingyuan 50
X Mingxian 169 DH pop. (Lan et al., 201 (o) Express x Avocet S RIL poglLin and
Chen, 2009 (p) UC1110 x PI1 610750 RIL pogLowe et al., 2011h)(q) Camp Remy x
Recital RIL pop(Mallard et al., 200§ (r) Guardian x Avocet S F2, F3 pdMelichar et al.,
2008, (s) Apache x Taldor DH pogPaillard et al., 2012 (t) Claire x Lemhi DH pp. .
(Powdl, 2010, (u) Kariega x Avocet S DH pop(Ramburan et al., 2004(v) Bainong 64 x
Jingshuang 16 DH pogRen et al., 2012¢)Yw) Naxos x Shangh&/Catbird RIL pop.(Ren
et al., 2012h)(x) Attila x Avocet S RIL pop(Roswarne et al., 2008(y) Avocet S x Pastor
RIL pop. (Rosewarne et al., 201,Az) Stephens x Michigan Amber RIL pgjsantra et al.,
2008,
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APPENDIX 3: Statistical analysid bistorical data (Genstat output)

Output from Genstat obtained from modl&ll (test replicate)

Model

Variate:LOG10(x+1)

Fixedterms variety+trial+ trial.replicate
Data point:17248

Residual variance model

Term Estimate s.e.
Residual 0.0933 0.00103
Tests for fixed effects
. . e F
Fixed term Wald statistic n.d.f. F statistic probability

Variety 24325.54 438 55.54 <0.001
Trial 5169.7 204 25.34 <0.001

Replicatewithin 108.82 205 0.53 1

trial

Output from Genstat obtained from model 111.5 on ¢néire data set

1

1

1

Model
Variate:LOG10(x+1)

Romterm:

variety+yearvariety.yearvariety.isolate+variety.layougear.isolateyear.layout+isolate.layout

Data point:12907

Estimated variance components

Rom term Component S.e.
Variety 0.08781 0.00740
Year 0.00750 0.00449
Variety.year 0.02897 0.00183
Variety.isolate 0.02897 0.00099
Variety.layout 0.00777 0.00128
Year.isolate 0.00766 0.00117
Year.layout 0.00634 0.00279
Isolate.layout 0.00276 0.00097

Residual variance model
Estimate s.e.

0.0277 0.00073

Term

Residual

Deviance:2*Log-Likelihood
Deviance d.f

-21178.06 12897
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APPENDIX 4: Summary yellow rust evaluations on the YR panel ligesiotype forRhtl, Rht2, Ppd1, 1BL.1RStranslocation Yrl7 (introgressed
fragment 2NS.2Ap

The Yr gene postulations come from the following publications (Pathan et al., 2008(b) (Singh et al., 2008 (c) (Hovmgller, 2007, (d) (Roelfs and
Bushnell, 1985 (e) Wheat yellow rust UKCPVS reports 1989 to 2010(Hipvmaller, 2001h)(g) (Mallard et al., 200% (h) (Lewis, 2009, (i) (Johnson,
19923, (j) (Bayles, 200}, (k) (Eriksen et al., 2004 () (McIntosh et al., 1995

* Alchemy was wrongly diagnosed with th@anslocation 1BL.1RS usirdge Froidmont (1998marker.

** the presence of the introgressed segment 2NS based on DArT markers is indicated in parenthesis to complement thkeB QARbiypgRobert et al.,

1999 or when contradictions were observed with DArT markers.

— —_ © o S d - |o
2 2 wel s¢ | s% 3 3 o2 5848 5 |2 |2 |R R | |3 0
= 253 8% | 23, = a €SB 85T S8~ ~|8|z~|2~|a~Dd~ 3o
2 = E%3 85 | 2285 | 2 2 BE 58805195 65|05 |85 |8 |858% 32
< ) B < 5 >N O < < i CcolRkEl-Rlac|lac|>®| 26|00 @ o2
o s BRY 52 | Su> < e BS [Besld~-|2~|a~|a~ |37 |8 - ||~ 3
g > 27 &7 | ER g s “5 EgCle L |2 (2 |3 |3 |E |8 =
o @ % — = s s = T
Aarden 1B ?(Yrl7) Rht-Bla ? PpdD1 3.7 2 - - 0.1 - 124 | - 0.5
Aardvark 1B No Yrl7 | RhtBla| RhtD1b PpdD1 0.8 3 | 36| 002|001 09 0 03| 0.1
Abbot 19971999 | 6-6 1B Yrl7 RhtBla | RhtD1b PpdD1 23 | 35| 63028 011|546 | 10 | 0.7 | 0.6 Yrl7 (a)
Abele 1IR(Yr9) | Ano Yrl7) | RhtBla | RhtDla PpaD1 - - 3.4 | 0.15 - 25 - 06 | -
Ac Barrie 1B No Yrl7 RhtBla | RhtD1la PpdD1 152 | 64 | 74| 1.01| 1.12| 89.3| 929 | 0.9 | 0.7
Access 20022007 | 3-4 | 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 59 | 06| 36| 038 032|635| 40.2| 0.7 | 0.6
Acclaim 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 0.9 1.1 (76| 044 | 028| 59 | 341| 0.6 | 0.6
Admiral 19921995 | 4-4 | 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 3 15(31|031|0.16| 44.1| 195| 05| 0.5 Yr9(b)
Adroit 1B No Yrl7 RhtBla ? PpdD1 1.1 - 6.5 - - - - - -
Agami 1R(Yr9) Yriz RhtBla| RhtD1b | PpdDl | 3.6 | 1.2 | 8.3 | 0:82| 058 | 87.2| 65.3| 1 | 0.6
Alchemist 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 3.2 11| 6.9 | 047 | 0.27 | 50.7 | 37.4| 0.7 | 0.6
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(0] a c < o) o) g o= X 8 (= =} g g : -8
£ B BS4 SE | &% E g 22 1828 |2 (8 |8 |S |S |8 |3 23
z s E83 8% | 898 | 2 B 52 2880283526352 (53|5383 35S
& 2 B3d 2o | 3NE g g 5T IBEghds8as|al|z8(58|28|p8 >F
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> > I - £& £ 2 3 [ L ol [T |= g |2 L
Alchemy 20062012 |8.49 1B* No Yrl7 RhtBla | RhtD1b PpdD1 01 (49| 23| 0.01| 0.02 0 1.3 | 0.2 | 0.3
Alsace 1B No Yrl7 RhtBla | RhtD1b PpdD1 2.3 2 6 0.24 | 0.15| 268| 10 | 0.5 | 0.5
Ambrosia 20052010 | 5-6 | 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 24 | 29| 6.7 035]| 0.32| 529 34.8| 0.7 | 0.6
ante 1B Yrl7 RhtBla | RhtD1b PpdD1 04 | 35|86 |025|011|632| 63 | 0.7 | 0.3 Yr17(b)
Anglo 1B Yrl7 RhtBla ? PpdD1 27 | 15|64 |011| 009| 119| 156 | 0.5 | 0.6
Anvil 18 | Anovii7) | SN |RmeDlath| Ppabl | - | - |55[002| - (32| - |o04] -
Apollo 19881994 | 3-8 | 1R(Yr9) | NoYrl7 | RhtBla| RhtDla | PpdD1 26 | 12| 72| 0.79| 0.18| 84.4| 28.1| 0.8 | 0.6 Yr9 (a,b)
Apostle 1B No Yrl7 RhtBla | RhtD1b PpdD1 02 | 15| 19| 0.01| 0.01 0 0 02| 0.1
Aristocrat 1B Yrl7 RhtBla | RhtDla PpdD1 0.8 4 | 49 - 0.02 | - 3.2 - 0.6
Ark 1B No Yrl7 RhtBla | RhtD1b PpdD1 01 | 74| 41| 0.01| 0.01 0 0 02| 0.1
Arlington 1R(Yr9) No Yrl7 | RhtBla| RhtD1b PpdD1 22 | 06| 79| 034|024 49.8| 203 | 06 | 0.5
Armada 19781985 | 4-7 1B No Yrl7 | RhtBla| RhtDla PpdD1 06 | 79| 6.2 0.01| 0.01| 0.9 1 0.4 | 0.3 Yrl2,Yr27(a)
Arminda 1B No Yrl7 | RhtBla| RhtDla PpdD1 04 | 25| 38002001 1.3 0 03| O Yr13(d)
Arran 1B No Yrl7 RhtBla | RhtD1b PpdD1 01 |11(34|001|001| 03 0 02| O
Arriva 1B Yrl7 RhtBla | RhtD1b PpdD1 19 (15| 48| 0.22| 0.17| 474 | 20.3| 0.6 | 0.6
Asagai 1R(Yr9) Yriz RhtBla| RhtD1b | PpdDl | 0.1 [ 01| 36| 015/001| 96 | 0 |04 | 0.2
Ashanti 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 1 06(31|002|004| 38| 41 | 04| 04
Astron 1B No Yrl7 | RhtBla| RhtDla PpaD1 5.8 - 6.7 | 0.31 - 54 - 06 | -
Atla 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 16 | 06| 64| 008| 0.15| 128 | 195| 05| 0.5
Atlanta 1B Yrl7 RhtBla | RhtD1b PpdD1 04 | 11| 62| 029| 01 |57.2| 222 | 0.7 | 0.6
Atoll 1B No Yrl7 | RhtBla| RhtD1b PpdD1 32 | 49|69 0.28|0.16|509| 17.8| 0.6 | 0.5
Atou 19731979 | 88 1B No Yrl7 | RhtBla| RhtDla | PpdD1l 2 49| 6.9 | 039 009|632 79 | 0.6 | 0.5 Yr3, Yr16(d)
Avalon 19801992 | 4-8 1B No Yrl7 RhtBla | RhtD1b PpdD1 24 | 74| 45| 034|022 63.2| 289| 0.7 | 0.5 Yrd, Yrl4(e)
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£ E [Bol S | 8% g 2 23 8848 |3 |8 |8 | |2 I8 |3 28
T c -3y 8¢ @xx @ e S8 |2sRlagldalsalsalfalEalealen c T
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s 0 o< g @ >N ¢ 1 IBcolRkelFs|las|las|zs| 28|88 & o2
e s 599 58 Sy > = < Bs Be8a~ |37~ |7 |87 |87 (7T £ 8
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Award 1B No Yrl7 RhtBla | RhtD1b PpdD1 23 (84|69 0.1 | 013|166 195| 04 | 0.5
Axial 1B No Yrl7 | RhtBla| RhtDla | PpdDla | 29 | 35| 74| 06 | 0.35( 933 | 468 | 1 | 0.7
Axona 19852000 | 7-9 1B No Yrl7 RhtBla | RhtDla PpdD1 0.7 2 451 005|005 17.1| 1.2 | 04 | 0.3
Baron 1R(Yr9) No Yrl7 RhtBla | RhtDla PpdD1 - - 74 | 0.29 - 44.9 - 0.6 -
Battalion 20072012 | 6-8 1B Yrl7 RhtBla | RhtD1b PpdD1 1.5 15| 24| 023|007 | 48 | 124 | 0.7 | 0.5
Beaufort 19951998 | 59 | 1R(Yr9) Yrl7 RhtBla | RhtDla PpdD1 1.4 - 55| 044 001|578| 06 | 0.8| 04 Yr9, Yrl7(a,b)
Beaver 19901995 | 3-4 | 1R(Yr9) | NoYrl7 | RhtBla| RhtD1b PpdD1 41 | 06| 64| 038|016 46 | 17.8| 0.7 | 0.5 Yro(b)
Belter 1B Yrl7 RhtBla | RhtD1b PpdD1 18 | 35| 55| 0.24( 0.05|386| 10 | 05| 0.6
Benedict 1B Yri7 RhtBla | RhtD1b PpdD1 05 (06| 38|001|015| 0O |253| 02| 0.6
Bentley 1B No Yrl7 RhtBla | RhtD1b PpdD1 36 | 49| 6.7 033| 041|478 | 46.8| 0.6 | 0.6
Biscay 20012003 | 4-5 1B Yrl7 RhtBla | RhtD1b PpdD1 4.2 3 411 039]| 017 | 46.2| 299| 0.7 | 0.6 Yr2,Yr3,Yrl7(c)
Blaze 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 85 (11| 64| 05 | 045|635 39.7| 05| 0.6
Bogart 1B Yrl7 RhtBla | RhtD1b PpdD1 0.9 - - - - - - - -
Boston 1B No Yrl7 RhtBlb | RhtDla PpdD1 0.3 15(12) 002|001 01 0 0.2 0 Yrl5(c)
Bounty 19791983 | 7-8 1B 2no Yri7) B?gib RhtD1b | PpdD1 - - | 26]003| - 69 | - | 04| -
Bouquet 19721980 | 8-8 1B ? RhtBla | RhtD1la PpdD1 - - 5.7 | 0.25 - 50.7 - 0.5 - Yr3, Yrl4,Yrl6?(d)
Boxer 1B No Yrl7 RhtBla | RhtD1la PpdD1 0.2 15 4 0.04| 0.01| 4.2 06 | 04| 03
Bro 1B Yrl7 RhtBla | RhtD1b PpdD1 1.7 15| 57| 024|021 38 | 299| 0.6 | 0.5
Brigadier 19931999 | 1-9 | 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 7 06| 43| 0.74| 0.54| 84.6 | 65.3| 0.8 | 0.7 Yr9, Yr17(f)
Brig 19791988 | 47 | 1B | Ano Yrl7) BFigtjrb RhtD1b | PpdDl | - - |45]025| - |503| - |06] -
Brock 19851991 | 2-8 1B No Yrl7 RhtBla | RhtD1b PpdD1 12 (84| 19| 0.01| 0.04 0 26 [ 02| 04 Yr7,Yrl3(e)
Broiler 1B Yrl7 RhtBla | RhtD1b PpdD1 05 | 25|26 |011| 005|236| 41 | 05| 0.6
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Brompton 20052008 | 89 | 1R(Yr9) | NoYrl7 | RhtBla| RhtD1b | PpaD1 | 02 [ 21|72 005] 01 [ 107 10 | 0.4 | 0.4
Brunel 1R(Yr9) Yri7 RhtBla| RhtD1b | PpadD1 | 22 | 21|81 033] 01 | 334 115| 07| 05
Bryden 1R(Yr9) | NovYri7 | RhtBla| RhtDib | PpdD1 | 09 | 21| 33| - |oo01| - 0 - o1
Buccaneer 1B NoYrl7 | RhtBla| RhtD1b | PpdD1 | 5.2 [ 84| 79[ 041| 024[69.2| 203| 08] 0.6
Buchan 19992003 | 3-4 | 1R(Yr9) Yri7 RhtBla| RhtD1b | PpdD1 | 96 | 0.6 | 3.8 | 038| 03 | 424 37.4| 0.7 | 06
Buster 19952000 | 9-9 1B NoYri7 | RhtBla| RhtDib | PpdD1 | 0.2 | 06| 24| 005|001| 34| 0 [04]| O Yr1(c)/YrHVII(b)
Cadenza 19941998 | 89 1B NoYrl7 | RhtBla| RhtDla | PpdD1 | 02 | 2 | 21[001]001] © o [02] o Yr7(b)/Yr6,Yr7(a)
Camp Remy 1B NoVYrl7 | RhtBla| RhtDla | PpdD1 | 2.8 | 79| 22| 001|001 0 | 02 |02 0.2 Yr7(g)
Cantata 1B NoVYrl7 | RhtBla| RhtDib | PpdD1 | 26 | 49| 22| 012 006 22.7| 10 | 04| 0.6
Canterbury 1B Yri7 RhtBla| RhtD1b | PpdD1 | 49 | 15| 57| 0.26| 0.13| 305 22.2| 0.6 | 0.6
Caphorn 1B Yri7 RhtBla| RhtD1b | PpdDla | 42 | 15[ 6.7 | 052 0.17 [ 69.2] 222 0.8 | 0.6
Capnor 1B Yri7 RhtBla| RhtD1b | PpdD1 | 34 | 15| 6.2 | 026 | 0.49| 38.7 | 57.4| 0.8 | 0.6
Cappelle Desprez| | 150! O | 35 | 1B NoYrl7 | RhtBla| RhtDla | PpdDl | - | 74| 6.7 | 0.28|008]60.1| 7.9 | 0.6 | 0.5 | Yr3,yri6(d)/Yr2,Yr3,Yr25(h)
Caprimus 1B No Yrl7 | RhtBla| RhtDla PpdD1 08 | 25| 48| 039 0.08 | 44.7 | 115 | 0.8 | 0.7
Carlton 1R(Yr9) No Yrl7 | RhtBla| RhtD1b PpdD1 34 | 11| 74| 064 | 023 81.3| 26.3|[ 09| 0.6
Carstens V 1B No Yrl7 | RhtBla| RhtDla PpaD1 17 | 84| 72| 0.22| 0.3 | 50.9| 28.1| 0.7 | 0.6 | (Yr3,Yr4),Yr25,Yr32,YrSD(h
Caxton 19961998 | 7-8 1B NoVYri7 | RhtBla| RhtD1b | PpdD1 1 4 | 69| 02 ]006]|454| 52 | 05/ 05 Yr9,Yr17(b)
Chardonnay 1B Yrl7 RhtBla | RhtD1b PpaD1 4 1169 039|026 | 60.1| 31.7| 0.8 | 0.6
Charger 19972004 | 7-9 1B NoVYri7 | RhtBla| RhtDib | PpdD1 | 03 | 3 [ 6.7 | 02 | 0.16| 33.4| 222 07| 05 Yr6(b)/Yr3,Yr6,Yr32(c)
Chatsworth 1B NoVYri7 | RhtBla| RhtDib | PpdD1 | 01 | 2 | 45| 002|001| 52| 0o [03]| O
Chaucer 1B Yri7 RhtBla| RhtD1b | PpdD1 | 25 | 3 [ 74| 068 0.86| 88.6 | 79.6| 0.7 | 0.8
Chequer 1R(Yr9) | NovYri7 | RhtBla| RhtDib | PpdD1 | 26 | 11| 55| 04 | 027 66.4| 31.7[ 08| 05
Chester 1R(Yr9) Yri7 RhtBla| RhtD1b | PpdD1 | 05 | 2.1 | 41 ] 005|002 4 | 19 | 03] 04
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Chianti 1B Yrl7 RhtBla | RhtD1b PpdD1 1.7 15[ 69| 054 | 029 | 62.7| 474 | 0.8 | 0.6 Yrl17(b)
Chicago 1B No Yrl7 RhtBla | RhtD1b PpdD1 25 2 6.7 | 0.05| 0.03| 5.2 1 04 | 0.5
Choice 1B Yrl7 RhtBla | RhtD1b PpdD1 1.8 2 31| 014 0.14| 258 | 169 | 0.6 | 0.6
Claire 19992012 |859| 1B NoYrl7 | RhtBla| RhtDib | PpdDL | 01 | 45| 34| 005|001| 39 | 02 [ 03] 03 er‘(ﬁ)‘vﬁ{ﬁ)’ Yr2s,
Clement 1R(Yr9) No Yrl7 | RhtBla| RhtDla PpdD1 176 | 11| 76| 082 | 0.37| 903 | 68.7| 1 | 0.7 Yr2, Yro(i)
Clove 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 1.4 11| 45| 028| 03 | 474 | 278| 0.6 | 0.5
Comet 1B Yrl7 RhtBla | RhtD1b PpdD1 02 | 06| 7 |007|0.09]|354|126| 06| 0.5 Yr3,Yr6,Yr9,Yr32(c)
Commodore 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 19 | 1.1 | 5.7 - 0.15| - 178 | - 0.5
Conqueror 20112012 | 5-6.5 1B Yrl7 RhtB1b | RhtDla PpdD1 39 | 84| 74 - 0.06 | - 3.2 - 0.3
Consort 19952009 | 59 1B No Yrl7 RhtBla | RhtD1b PpdD1 09 | 25| 6.7 | 0.27| 0.13| 53.5| 15.6 | 0.6 | 0.6 Yr32 (1)
Contender 1R(Yr9) No Yrl7 | RhtBla| RhtD1b PpdD1 03 | 06| 38| 002001 O 0 02| O
Context 1B Yrl7 RhtBla | RhtD1b PpdD1 0.8 15| 48| 0.14| 0.03| 305| 32 | 0.6 | 0.5
Convoy 1B Yrl7 RhtBla | RhtD1b PpdD1 0.6 2 6.7 | 0.07| 0.07| 11.8| 10 | 04 | 04
Copain 19801981 | 3-3 1B 2Ano Yrl7) | RhtBla| RhtDla PpdD1 - - 8.1 | 0.15 - 354 | - 05| -
Cordiale 20042012 | 5-8 1B No Yrl7 RhtBla | RhtD1b PpdD1 09 | 74|17 |001|012| 09 | 17.8| 04 | 0.6
Cranley 1R(Yr9) Yrl7 RhtBla | RhtD1b PpaD1 03 | 1.1 - - 0.07 - 6.3 - 0.4
Crofter 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 2.4 15| 57| 02 | 0.05( 11.9 1 04| 04
Cyber 1B No Yrl7 RhtBla | RhtD1la PpdD1 2.3 2 1.7 | 0.01| 0.01 0 0 0.2 0
Dart 1B Yrl7 RhtBla | RhtD1b PpdD1 0.7 11| 64| 015( 0.01| 258| 0.6 | 0.6 | 0.4
Datum 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 0.2 | 01| 6.9 - 0.04 - 2.5 - 0.4
Dean 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 1.7 11| 55| 0.06 | 0.02| 9.4 02 | 04| 03
Deben 20012009 | 99 1B No Yrl7 RhtBla | RhtD1b PpdD1 01 | 69|48 |001|001| 1.7 02 | 03|01
Defender 1B Yrl7 RhtBla | RhtD1b PpdD1 09 | 35| 38| 005|005 2.7 32 | 04| 05
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Denver 1B Yri7 RhtBla| RhtDib | PpdDl | 1.4 | 2 | 64| 0.48 | 048|664 | 65.3| 0.8 | 0.7
Derwent 1R(Yr9) | NoYri7 | RhtBla| RhtD1b | PpdDl | 24 | 84| 74| 033] 026|503 | 28.9| 0.6 | 0.5
Diablo 1R(Yr9) | NoYri7 | RhtBla| RhtDla | PpdD1 | 25 | 06| 73| - |07 | - |[707| - |08
Dickins 1B Yri7 RhtBla| RhtDib | PpdDl | 05 | 3 [ 64| - |002] - [ 06| - |03
Dickson 20042005 | 4-4 1B No Yrl7 | RhtBla| RhtD1b | PpdD1 | 27 | 2 | 6.7 | 041 0.24 | 55.1| 29.0 [ 0.8 | 0.7
Director 1R(Yr9) Yri7 RhtBla| RhtD1b | PpdDl | 0.1 | 06 | 22 | 015|001 | 166 0 | 0.4 0.1
Dorial 1R(Yr9) | No Yr17 Bigib RhtD1b | PpdD1 | 04 | 01| 7.9 | 039|023 | 48.2| 25.3| 0.7 | 0.6
Dover 1B Yri7 RhtBla| RhtDib | PpdD1 | 06 | 25| 24| - |003| - [ 06| - |03
Drake 1R(Yr9) Yri7 RhtBla| RhtDilb | PpdDl | 15 | 11| 6.4 | 0.26 | 0.15| 34.6 | 17.8] 0.6 | 0.5
Duxford 20082012 |4.78] 1B NoYrl7 | RhtBla| RhtD1b | PpdD1 | 08 | 2 | 24| 048] 0.18| 455 27.8| 0.7 | 05
Dynamo 19951997 | 9-9 1B No Yrl7 | RhtBla| RhtD1b | PpdD1 | 04 | 6.4 | 36| 002] 001| 1.1 | 06 | 02| 03 Yr3,Yr4,Yr25(h)
Eclipse 1B Yri7 RhtBla| RhtDi1b | PpdDl | 08 | 2 | 6 | 016|008 20.7 | 156| 05| 0.5
Einstein 20032012 | 57 1B No Yrl7 | RhtBla| RhtD1b | PpdD1 | 1.7 | 3 | 55| 029| 0.45| 44.7 | 17.8| 06 | 0.6
Ekla 1B NoYrl7 | RhtBla| RhtDla | PpdD1 | 2.2 | 74| 19] 001|001 0 [ 0o |02 01
Electron 1B No Yrl7 | RhtBla| RhtD1b | PpdD1 | 0.1 | 35| 62| 0.24| 001| 195| 06 | 0.4 | 0.3
Encore 19951997 | 89 1B No Yrl7 | RhtBla| RhtD1b PpaD1 07 | 11| 5 [013|0.15( 32.3| 238 0.7 | 0.6 Yr9(a)/Yr3,Yr6,Yr9,Yr32(b)
Equator 1B Yri7 RhtBla| RhtD1b | PpdDl | 02 | 11| 55| 0.18| 006| 25 | 63 | 05 05
Equinox 19972004 | 4-6 | 1R(Yr9) Yri7 RhtBla| RhtDib | PpdD1 | 1.5 | 06 | 4.1 | 0.21| 011 32.3| 156 0.5 | 0.6 | Yr9,Yr17(a)/Yr6,Yr9,Yr17(c)
Estica 1B NoYrl7 | RhtBla| RhtDla | PpdD1 | 0.7 | 1.1 | 2.6 | 0.04| 0.01| 166 02 | 0.4 | 0.2
Exeter 1B Yri7 RhtBla| RhtD1b | PpdDl | 03 | 6.4 | 48 [ 0.02| 001| 23 | 06 | 03] 0.2
Explosiv 1B Yri7 RhtBla| RhtDib | PpdD1 | 03 | 38 | 74| 021|006 36.7| 124 | 05 | 0.4
Exsept 1B No Yrl7 | RhtBla| RhtD1b | PpdD1 | 03 | 25| 6.7| 02 | 003| 305] 32 | 05| 04
Extend 1B No Yr17 2 RhtD1b | PpdD1l | 26 | 7.9 | 7.2 | 029 | 0.18| 50.3| 31.7| 0.7 | 0.6
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Falstaff 1R(Yr9) | Yrl7 | RhtBla| RheD1b | PpdDl | 23 | 1.1 | 6:2| 0.25| 0.16 | 283 | 17.8| 05 | 05
Fastnet 1R(Yr9) | Yrl7 | RhtBla| RheD1b | PpdDl | 0.4 | 06| 22| 002|001 2 | 0 |02 01
Feast 1R(Yr9) | Yrl7 | RhtBla| RhtD1b | PpdDl | 36 | O | 67| 056| 0.3 | 645 36.1| 0.8 | 06
Fenda 1B NoYrl7 | RhtBla| RhtD1b | PpdDl | 1.4 | 74| 65| - |001| - | 06| - | 03
Fender 1B NoYrl7 | RhtBla| RhtD1b | PpdDl | 02 | 4 | 25| 001|001 0 | 0 |02 01
Fielder 1R(Yr9) | Yrl7 | RhtBla| RheD1b | PpdDl | 1.7 | 00| 41| 031] 0.21] 50.7 | 24.1| 0.7 | 05
Flair 1B NoYrl7 | RhtBla| RhtDla | PpdDl | 9.4 | 8.8 | 8.6 | 0.69| 0.39 | 77.4| 29.9| 06 | 06 vri(c)
Flame 19941996 | 89 | 1B NoYrl7 | RhtBla| RhtD1b | PpdDl | 0.4 | 35| 24 | 004 0.01| 20 | 0.2 | 04| 02 Y12,Yr4,Yr25(h)
Flaxen 1B Yri7 | RhtBla| RheD1b | PpdDl | 2.4 | 1.1 | 48 | 041| 02 | 72.2| 27.8| 0.7 | 05
Fletum 1B NoYrl7 | RhtBla| RhtDla | PpdDl | 14 | 49 65| - |002| - | 06| - | 03
Frelon 1B Yri7 | RhtBlb | RhtDla | PpdDla | 0.6 | 64| 4.1 | 0.14| 001 17.2| 06 | 05 | 0.2
Fresco 1B NoYrl7 | RhtBla| RhtD1b | PpdDl | 22 | 69| 7.2 | 0.33| 0.05| 632| 7.9 | 08| 0.6 | (Yr3,Yr4), Yr25 YrSD(h)
Galahad 19841992 | 46 | 1B NoYri7 | RhtBla| RhtDib | PpdDl | 26 | 79| 74| 021| - | 283| - | 06| - | Yri(b)/(Yr1)Yr3,Yrd Yr25()
Galatea 1B NoYrl7 | RhtBla| RhtDib | PpdDl | 25 | 74| 8.1 | 024|012 | 31.1| 14.2| 06 | 05
Gallant 20092012 | 46 | 1B NoYrl7 | RhtBla| RhtD1b | PpdDl | 18 | 74| 48| - | 016| - |289| - | 06
Gatsby 20062009 | 99 | 1R(Yr9) | NoYrl7 | RheBib| RhtDla | PpdDl | 0.1 | 01| 26 | 003 0.01]| 25 | 0 | 02| O
Genesis 19931996 | 55 | 1B NoYrl7 | RhtBla| RhtD1b | PpdDl | 2 | 59 | 6.9 | 0.12| 0.06 | 28.4 | 124| 06 | 06 YrHVII(b)
Genghis 1R(Yr9) | Yrl7 | RhtBla| RheDib | PpdD1 | 1.8 | 1.0 | 64| 0.38| 0.27 | 462 | 36.1| 0.7 | 06
Gladiator 20042011 | 89 | 1R(Yr9) | Yrl7 | RhtBla| RhtDib | PpdDl | 0.3 | 1.1 34 | 001]| 0.02| 03 | 1 | 02| 03
Glasgow 20052011 |452| 1B Y{(lrzg’;o RhtBla| RhtDla | PpdDl | 43 | 7.4 | 7.4 | 0.41| 0.37 | 692 | 441 | 0.7 | 06
Goldlace 1B Y17 | RhtBla| RheD1b | PpdDl | 1 | 35| 3.6 | 0.08| 0.05| 7.6 | 26 | 04| 0.4
Goodwil 1B NoYrl7 | RhtBla| RheDib | PpdDL1 | 1 | 15| 2.2 | 0.07| 0.06| 286| 63 | 05 | 04
Granta 1B Ano Yrl7) | RhtBla | RhtDla PpaD1 - - 2.4 | 0.06 - 9.1 - 05| -
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Gulliver 1B Yrl7 RhtBla | RhtD1b PpdD1 03 | 06| 19| 0.01 - 0.3 - 0.4 -
Harbour 1B No Yrl7 RhtBla | RhtD1b PpdD1 11 | 25| 74| 0.28| 0.12 | 55.3| 15.6 | 0.7 | 0.6
Harrier 19981998 | 4-4 | 1R(Yr9) Yrl7 RhtBla | RhtDla PpdD1 5.7 11 (72| 038 0.21 | 62.7| 278 | 0.6 | 0.5
Harrow 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 42 | 06| 74| 023 0.13| 22.7| 156 | 0.7 | 0.5
Haven 19901996 | 3-3 | 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 4.7 11| 48| 042| 011| 70 | 124 | 0.7 | 04 Yr6, Yr9, APR(f)/Yr9(b)
Hereford 1B No Yrl7 RhtBla | RhtD1b PpdD1 1.8 15 2 0.1 | 0.03| 13 1.3 | 04| 04
Yr3,Yr32(c)/
Hereward 19912010 | 49 1B No Yrl7 RhtBla | RhtD1b PpdD1 1.4 3 431017 | 0.1 | 354 | 17.8| 05| 0.6 Yr3,Yr4,Yr25,Yr32,YrSD(h)
Heritage 1B Yrl7 RhtBla | RhtD1b PpdD1 14 2 | 69| 029|019 38.7|29.9| 06 | 0.7
Hobbit 19771981 | 2-2 1B No Yrl7 RhtBla | RhtD1b PpdD1 79 | 79| 69| 048| 033 69.2| 41.1| 0.8 | 0.6 YrHVII(b)
Holster 1B Yrl7 RhtBla | RhtD1b PpdD1 0.9 3 81| 025|0.14|514| 289| 08| 0.6
Hornet 19871991 | 2-9 | 1R(Yr9) No Yrl7 | RhtBla| RhtD1b PpdD1 84 | 11|69 |074|079| 774 | 71.3| 0.7 | 0.6 Yr2,Yr6,Yro(i)/Yro(b)
Rht
? 3 - - - -
Hourra 1B 2(Yr17) | gia+p | RNEDLD | PpdDL | 3.7 | 2 0.33 47.4 0.7
Hudson 1B Yrl7 RhtBla | RhtD1b PpdD1 09 [ 35| 45(013| 001|118 0.2 | 05| 0.2
Humber 20072011 |7.59| 1R(Yr9) Yri7 RhtBla | RhtD1b PpdD1 05 (01| 6.7 0.07| 008| 12.7| 156 | 05| 0.6
Hunter 19931997 | 8-9 | 1R(Yr9) No Yrl7 | RhtBla| RhtD1b PpdD1 04 | 06| 26|006|001|141| O 05| O Yr9(a,b)/Yr3,Yr6,Yr9,Yr32(c
Hurley 1B No Yrl7 | RhtBla| RhtD1b | PpdDla | 0.1 | 64| 5 | 001|001 O 0 02| 01
Hussar 19921999 | 5-9 | 1R(Yr9) Yri7 RhtBla | RhtD1b PpdD1 15 | 01| 43| 04 [ 045| 749 | 49.7| 0.8 | 0.5 Yr9, Yrl7(f)
Hustler 19781984 | 3-5 1B No Yrl7 | RhtBla| RhtD1b PpdD1 64 [ 79| 64| 05 | 012|635 22.2| 0.9 | 0.6 Yrl(b)
Hyperion 20062007 | 56 1B Y\r(lrzg;o RhtBla | RhtD1b PpdD1 3 15| 6 | 0.23|0.08| 383|124 08| 0.6
Impala 1B Yri7 RhtBla | RhtD1b PpdD1 0.7 4 | 74| 037|035|50.7| 374 | 0.7 | 05
Insight 1B Yri7 RhtBla | RhtD1b PpdD1 1 25(29|007|001| 82| 06 | 04| 0.3
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Isengrain 1B No Yrl7 | RhtBlb | RhtDla | PpdDla | 1.3 | 84 | 76 | 0.23| 0.04( 59 | 52 | 06 | 0.6
Isidor 1B 2Ano Yrl7) B?.gt;-b RhtD1b | PpdDla | 32 | 88 | - - 0.42 - 471 | - 0.5
Istabraq 20042012 |7.99 1B No Yrl7 | RhtBla| RhtD1b PpdD1 02 | 45| 24(002|001| 42| 02 | 03] 0.1
Jacadi 1B No Yrl7 | RhtBla ? PpdD1 69 | 74| 64 | 0.31| 0.06 | 60.1| 7.9 1 |06
JB Diego 20082011 | 6-9 1B No Yrl7 | RhtBla| RhtD1b PpdD1 06 | 11| 44| 0.05|0.02| 82 1 04| 05
Joss Cambier 19681972 | 3-6 1B No Yrl7 | RhtBla| RhtDla PpdD1 31 | 79|81 |069| 032813441 08| 0.6 Yr2, Yr3, Yrll(d)
Kador 19771981 | 4-8 1B 2no Yrl7) | RhtBla | RhtDla PpdD1 - 88 (81| 029| 006|578| 79 | 05| 05
Kempt 1B Yrl7 RhtBla | RhtD1b PpdD1 2.2 11| 72| 052 | 054 | 68.7| 65.7| 0.7 | 0.6
Ketchum 20092012 |3.98 1B No Yrl7 | RhtBla| RhtD1b PpdD1 3.3 2 | 34 - 0.27 | - 348 | - 0.6
Kinsman 19761980 | 34 1B No Yrl7 RhtBla | RhtDla PpdD1 54 2 84 |041)| 021|621 | 178| 06 | 0.4
Kipling 1R(Yr9) | NoYrl7 | RhtBla| RhtDlb | PpdD1 | 0.1 | 1.1 | 3.1 | 009 0.06|228| 8 | 04| 06
Krakatoa 1R(Yr9) No Yrl7 | RhtBla| RhtD1b PpdD1 03 | 06| 76| 031 0.18 | 496 | 37.4| 06 | 0.6
KWS horizon 1B No Yrl7 RhtB1lb | RhtDla PpdD1 22 | 49| 48 - 0.14 - 19.6 - 0.6
Lancelot 1B Yrl7 RhtBla | RhtD1b PpdD1 0.9 11| 81| 031|031 395]|34.8| 0.7 | 05
Leo 1B No Yrl7 RhtBla | RhtD1b PpdD1 09 | 25| 6.9 - 0.06 - 10 - 0.7
Limerick 1B No Yrl7 RhtBla | RhtD1b PpdD1 0.1 2 24| 0.14| 0.04| 40 79 | 05| 05
Longbow 19831989 | 3-6 1B No Yrl7 | RhtBla| RhtDla | PpdD1 35 2 | 74]1019(006| 20 | 6.3 | 0.6 | 05 Yri(f) /Yr, 2, 6(j)
Lorraine 1B No Yrl7 | RhtBla| RhtD1lb | PpdDla | 04 | 54| 29 | 0.02| 0.01| 3.2 0 03| 0.1
Lynx (1) 1R(Yr9) | 2no Yri7) B?gib RhtD1b | PpdD1 - - | 76092 - |844| - 1| -
Lynx X (2) 1R(Yr9) Yri7 RhtBla| RhtD1b | PpdDl | 04 | 06| 5 | 0.33|0.14|57.8| 156 0.7 | 0.6 | Y6, Yr9, YrL7(f)/Yr9, Yri7(b
Macro 1B Yrl7 RhtBla | RhtD1b PpdD1 01 | 01|15|005| 06 |21.8|64.1| 0.8 0.6
Madrigal 19972003 | 3-4 | 1R(Yr9) Yri7 RhtBla | RhtD1b PpdD1 36 [ 06| 55|052| 035|638 46.8| 0.8 | 0.6 Yr6, Yr9, Yr17(f)
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Magellan 1B Yrl7 RhtBla | RhtD1b PpdD1 04 | 11| 73 - 0.11 - 156 | - 0.6
Magnitude 1B Yrl7 RhtBla | RhtD1b PpdD1 07 | 45| 34(0.02]| 0.01| 11 1 0.2 | 0.5
Malacca 19992009 | 89 1B No Yrl7 RhtBla | RhtD1b PpdD1 0 491 26| 001|001 01 0 02| O
Mallet 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 06 (01| 45(003|027| 74 |36.1| 05| 0.6
Maris Beacon 1B No Yr17 ? RhtDla | PpdD1 88 [ 79| 7 03 | 019 | 54 | 354 | 0.7 | 0.7
Maris Freeman 19741979 | 3-3 1B 2Ano Yrl7) B?.gt;-b RhtDla+b| PpdD1 - 2 | 76| 024| 0.14 | 56.7 | 145| 05| 0.5
Maris Huntsman | 19721983 | 4-6 1B No Yrl7 | RhtBla| RhtDla PpdD1 32 | 69| 69| 019 0.07| 40.3| 124 | 06 | 0.6 Yr2, Yr3, Yrl3 (Yr16) (d)
Maris Templar 1B No Yr17 ? RhtDla PpdD1 42 | 2969 033|001|529| O 0.6 | 0.1
Marksman 20082010 | 5-8 1B Yrl7 RhtBla | RhtD1b PpdD1 21 | 15|29 |019| 0.12| 51.4| 195| 0.7 | 0.6
Marshal 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 34 | 15| 53| 046| 027 | 63.8| 27.8| 0.7 | 0.5
Mascot 20062009 | 5-6 1B Yri7 RhtBla | RhtD1b PpdD1 5.2 2 | 74| 039|0.22|535| 329 0.7 | 0.6
Maverick 1B Yrl7 RhtBla | RhtD1b PpdD1 8 54| 53| 043| 028|549 | 374| 05| 05
Mayfair 1B Yrl7 RhtBla | RhtD1b PpdD1 16 (15| 48| 01 | 003| 135| 3.2 [ 05| 05
Mayfield 1B Yri7 RhtBla | RhtD1b PpdD1 2 3 | 76| 022| 01 | 454|222 | 06| 0.6
Mega 19741977 | 56 1B No Yrl7 RhtBla | RhtDla PpdD1 06 | 29 6 0.22| 0.17 | 498 | 31.7| 05| 05 Yrl2
Mercia 19861997 | 7-9 1B No Yrl7 RhtBla | RhtD1la PpdD1 0.7 | 54| 22| 002| 002]| 43 1 04| 04
Milestone 1B No Yrl7 RhtBla | RhtD1b PpdD1 01 | 11| 26| 023|004|446| 52 | 05| 05
Monty 1R(Yr9) No Yrl7 RhtBlb | RhtDla PpdD1 56 | 11| 76| 049| 024|684 | 21.1| 0.7 | 0.6
Monument 1B Yrl7 RhtBla | RhtD1b PpdD1 14 | 35 6 |0.18| 0.08| 30.5| 15.6 | 0.6 | 0.6
Moulin 19851986 | 4-9 1B Ano Yrl7) BF:ngt;rb RhtD1b PpaD1 - - 7.2 | 042 - 69.2 - 08| - Yr3,Yr4,Yr6(a)
Napier 20002007 | 3-4 | 1R(Yr9) Yri7 RhtBla | RhtD1b PpdD1 37 | 06| 31| 027|032|542| 374| 07| 05
Newhaven 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 19 (06| 81| 042| 043| 59.6| 458 0.7 | 0.6
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Nexus 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 3.8 11| 45| 038| 042 60.1| 436 | 0.7 | 0.6
Nijinsky 20042008 | 8-8 1B No Yrl7 RhtBla | RhtD1b PpdD1 0.2 2 23| 021]002|46.1| 26 | 0.6 | 0.3
Norman 19811994 | 4-4 1B No Yrl7 RhtBla | RhtD1b PpdD1 3.5 2 53| 0.36| 0.03| 354 1 0.7 | 0.5 Yr6(b)
Oakley 20072011 | 1.86 1B No Yrl7 RhtBlb | RhtDla PpdD1 4.7 2 76| 098 | 063| 90.3| 65.7| 0.9 | 0.6
Ochre 1B Yrl7 RhtBla | RhtD1b PpdD1 0.3 0.1 05| 0.01( 0.01 0 0 0.2 0
Odyssey 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 2.2 11| 34| 045| 0.12| 63.5| 124 | 0.7 | 0.5
Option 2001-2006 | 9-9 1B No Yrl7 ? Rht-D1b PpdD1 0.1 11| 74 | 032| 0.07 | 47.4 5 0.6 | 0.5
Orestis 1B No Yrl7 RhtBla | RhtDla PpdD1 1.4 451 34| 001|026 09 | 458| 04 | 0.7
Orton 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 5.2 06| 79| 042 0.27| 50.7 | 34.8| 0.6 | 0.6
Ostara 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 0.7 11| 53 - 0.01 - 0 - 0.1
Oxbow 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 3.1 11| 69| 046 | 0.17 | 71.8| 27.8| 0.8 | 0.7 Yr32 (e)
Pagan 1B Yrl7 RhtBla | RhtD1b PpdD1 0.2 11| 19| 0.01| 0.01 0 0 0.2 | 0.1
Parade 19871989 | 9-9 1B No Yrl7 RhtBla | RhtD1b PpdD1 0.4 2 2.2 | 0.01| 0.01 0 0.2 | 0.2 ] 0.2
Pastiche 19891992 | 8-9 1B No Yrl7 RhtBla | RhtD1b PpdD1 0.8 54| 22| 0.01| 0.01 0 0 0.2 0 YrHVII(b)
Pennant 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 0 0.1 26| 0.01( 0.01 0 0 0.2 | 0.1
Phlebas 1B Yrl7 RhtBla | RhtD1b PpdD1 1.4 15( 74| 021|0.15| 50.7| 178 | 0.6 | 0.6
Piranha 1B No Yrl7 RhtBla | RhtDla PpdD1 0.1 11| 53]0.04| 001 32 06 | 0.3 0.2
Posit 1B Yrl7 RhtBla | RhtD1b PpdD1 1.4 11 (81| 042 0.27 | 62.1 | 46.8 | 0.7 | 0.6
Potent 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 1.2 1.1 (79| 038 007 | 474 8 0.7 | 0.5
PR21R60 1B Yrl7 RhtBla | RhtD1b PpdD1 25 | 25| 73|062| 046| 722| 56 | 09 | 0.7
Predator 1B Yrl7 RhtBla | RhtD1b PpdD1 0.6 15(72| 02 [ 0.11| 238| 99 | 0.6 | 0.6
Prophet 1B Yrl7 RhtBla | RhtD1b PpdD1 05 (84| 81|058|043| 776 53.4| 09| 0.6 Yr17(b)
QPlus 20092010 | 6-9 1B No Yrl7 RhtBla ? PpdD1 2.1 15| 6.2 - 0.11 - 10 - 0.5
Quest 1B Yrl7 RhtBla | RhtD1b PpdD1 2.7 15| 57027 | 016 | 41.7 | 24.4| 0.6 | 0.6
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Raglan 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 2.3 15(74|029|011| 54 | 156 | 0.7 | 0.6
Raleigh 1R(Yr9) Yrl7 RhtD1b PpdD1 0.4 1.1 6 03 | 011|424 99 | 06 | 04
Rampart 1R(Yr9) '\éow\i;l; RhtBla| RhtDib | PpdDl | 35 | 0.6 | 81| 05 | 039|659 39.7 | 0.8 | 0.6
Ranger 1R(Yr9) No Yrl7 | RhtBla| RhtD1b PpdD1 07 | 01| 41|028|021|555|341|05]| 0.6
Reaper 19962000 | 3-4 1B Yrl7 RhtBla | RhtD1b PpdD1 63 | 69| 6 | 035|044 (529|534 0.7 | 0.6 Yr3,Yrl7(c)/Yrl7(a)
Rendezvous 19871990 | 99 1B Yrl7 RhtBla | RhtD1b PpdD1 08 | 59| 6 |031|034(601|436| 0.7 | 05 Yrl7(e)
Renown 1B No Yrl7 | RhtBla| RhtD1b PpdD1 12 | 49| - - 0.03| - 1 - 0.6
Reydon 1R(Yr9) Yriz RhtBla| RhtD1b | PpdDl | 51 [ 06| 57| - |034| - |348| - |05
Rialto 19952001 | 4-6 | 1R(Yr9) | NoYrl7 | RhtBla| RhtD1b | PpdD1 | 3.1 | 11| 5 | 042 0.14|66.8| 19.6| 0.7 | 0.6 Yr9(a,b)/Yr6,Yro(c)
Rib 19892008 | 4-7 1B No Yrl7 RhtBla | RhtD1b PpdD1 43 | 74 6 0.17) 003| 131| 19 [ 04 | 05 Yr6(b)
Richmond 20032006 | 7-8 1B Yrl7 RhtBla | RhtD1b PpdD1 0.2 3 | 24]|002|001| 34 1 | 04|04
Ritmo 1B 2Ano Yrl7) | RhtBla| RhtD1lb | PpdDla | 6.4 - 6.7 | 0.52 | 0.24 | 65.9| 289 | 0.9 | 0.6 Yri(f)
Rivet 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 25 | 0155|032 023|503]| 27.8| 0.7 | 05
Robigus 20032011 | 2-3 1B No Yrl7 | RhtBlb| RhtDla | PpdD1l 57 | 28| 69| 0.89| 057 | 93.3| 68.7| 0.9 | 0.6 Yr2,Yr32(c)
Rosario 1B Yrl7 RhtBla | RhtD1b PpdD1 2.2 2 | 79| 036| 042 | 542|529 | 0.7 | 0.6
Rosette 1B ’\23191)7 RhtBla| RhtD1b | PpdD1 | 09 | 2 | 7.4 | 052| 047 | 758| 56 | 0.9 | 0.6
Rubens 1B Yrl7 RhtBla| RhtD1b PpdD1 09 | 74| 72| 041| 029| 66.5| 49.3| 0.8 | 0.6
Russet 1R(Yr9) | NoYrl7 | RhtBla| RhtD1b PpdD1 17 | 15| 62| 029|019 535|289 | 05| 0.6
Sabre 1B Yrl7 RhtBla| RhtD1b PpdD1 59 [ 84| 79| 043| 0.21|60.1| 222 0.7 | 0.4 YrHVII(b)
Sahara 1R(Yr9) | NoYrl7 | RhtBla| RhtD1b PpdD1 03 | 15| 22| 001|002| O 02 | 02|01
Samurai 1B Yrl7 RhtBla | RhtD1b PpdD1 1.3 11| 72| 043|019 629 | 19.6 | 0.6 | 0.6
Sancerre 1B No Yrl7 | RhtBla| RhtD1b PpaD1 0.7 | 54|24 |001|001| O 0 02| 0.1
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7] o c < o) g g L= X 8 = — g g : -8

£ E Bi4 S8 | &% z z e2 18848 |2 |8 |8 |2 |2 |8 |3 2%
z s E83 8% | 898 | 2 o 52 2880283526352 (53|5383 35S
g ¢ Bg2 v 5N ¢ & & 3T BEghEE8|a8|a8|38|38(L8|p8 >
¢ : p8s 52 | E27 | g | 5 | &% EsY2 3 S5|s|E |l |5 % > 8
> > I = £: £ = § S8 ¥ |u [T |= féé § g |2

Sarek 1B NoYrl7 | RhtBla| RhtD1b | PpdDl | 1 | 74] 49| - |007| - | 10 | - | 05

Savannah 19982006 | 45 | 1IR(Yr9) | Yrl7 | RhtBla| RhtDla | PpdDl | 67 | 11| 31| 028 008| 29.4| 79 | 05 | 0.4 Yrg\,(\r(%i;((rlf)'/\\((rrg',\\((rri%(c)
Scia 1B NoYrl7 | RhtBla| RhtD1b | PpdDL | 03 | 2 | 55| 0.3 | 0.12| 44.7| 222 | 06 | 0.6

Scorpion 25 | 20032003 | 99 | 1B NoYrl7 | RhtBla| RhtD1b | PpdDL | 0.3 | 15| 34| 0.03| 002 | 11.8| 1.9 | 0.4 | 0.4

Senator 1R(Yr9) No Yrl7 | RhtBla| RhtD1b PpdD1 26 | 06| 86| 049 | 028|604 | 37.4| 0.7 | 0.6

Shamrock | 19992003 | 7-8 | 1B YrY1r71§')\‘° RhtBla| RhtDla | PpdD1 | 02 | 25| 53 |003| 003| 83 | 5 | 06| 0.7

Shango 1B NoYrl7 | RhtBla| RhtD1b | PpdDl | 25 | 2 |81 0.34| 0.08| 44.1| 126 | 0.6 | 05 Yra,Yr6(c)

Shannon IR(Yr9) | NovYrl7 | RhtBla| RhtD1b | PpdDl | 16 | 1.5 | 69| 011| 0.06| 17.1| 7.9 | 06 | 05

Slade 1B Yri7 | RhtBla| RhtDib | PpdDl | 1.2 | 35| 5.7 | 0.05| 0.04] 207| 5 | 06| 0.6

Slejoner 19861991 | 25 | 1R(Yr9) | NoYrl7 | RhtBla| RhtDib | PpdDl | 144 | 2 |67 092|098 |872| 84 | 1 |08 Yro()

Smuggler 20042005 | 99 | 1B Yri7 | RhtBla| RhtDib | PpdDl | 0.2 | 35| 38| 0.01] 0.01] 03 | 0 | 02| 0.1 YL Yri7(c)
Soissons 19952000 | 58 | 1B NoYrl7 | RhtBlb| RhtDla | PpdDla | 1.6 | 88| 74| 005| 0.1 | 195| 13.7| 05| 06

Soldier IR(Yr9) | Yrl7 | RhtBla| RhtD1b | PpdDl | 0.8 | 0.6 | 49 | 0.47| 0.33 | 72.2| 56 [ 08| 07

Soleil 1B | ?(NoYrl7)| RhtBla| RhtDla | PpdDL | - | - |L7]001| - | 09| - |02]| -

Solstice 20022012 |359| 1B NoYrl7 | RhtBla| RhtD1b | PpdDl | 03 | 15 5.7 [ 0.7L| 0.29 | 722 | 46.8 | 0.8 | 0.6

Spaldings prolific 1B NoYrl7 | RhtBla| RhtDla | PpdDl | 06 | 2 | 2.2 | 0.01| 005| 0.4 | 10 | 0.3 | 05 YrsP()

Spark 19931999 | 68 | 1B NoYrl7 | RhtBla| RhtDla | PpdDl | 1.2 | 64| 2.4 | 006| 01 | 7.0 | 7.9 | 0.4 | 05 Yré(ab)
Spry 1B Yri7 | RhtBla| RhtD1b | PpdDL | 0.6 | 1.5 | 7.9 | 0.19] 0.13| 28.6 | 15.6| 05 | 0.5

Squadron 1R(Yr9) | NovYrl7 | RhtBla| RhtD1b | PpdDl | 25 | 1.1 | 6.9 | 051 | 0.38 [77:6| 56 |08 0.6

Steadfast IR(Yr9) | Yrl7 | RhtBla| RhtD1b | PpdDL | 22 | 06| 6.7 | 054 | 0.12| 62 | 195| 0.7 | 0.6

Stetson 19831984 | 9-9 | 1IR(Yr9) | NoYrl7 | RhtBla| RhtDla | PpdDL | 6.7 | 2 | 6 | 059 032 | 71.2| 196 | 0.7 | 05

Storm IR(Yr9) | NoYrl7 | RhtBla| RhtD1b | PpdDl | 09 | 15| 64| 02 | 01 | 56.7| 156 | 05 | 0.4
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7] o c < o) g g L= X 8 = — g g : -8
£ B BS4 SE | &% z 3 ez 8848 |8 |18 (8 [S [S |8 |3 23
z s E83 8% | 898 | 2 o 52 2880283526352 (53|5383 35S
g 2  Bgg © 5N ¢ & & 3T BEghEE8|a8|a8|38|38(L8|p8 >
z § B33 82 | g2 | ¢ | § | &2 Begs BT |97|ST|ET | T8 > 8
> > I = £: £ = § S8 ¥ |u [T |= S |8 g |2
SW Maxi 1B ?(No Yrl7) | RhtBla | RhtDla PpdD1 - - 6.2 | 0.01 - 0.5 - 0.2 -
SW Tataros 1B Yrl7 RhtBla | RhtD1b PpdD1 0.8 49 (55| 0.02( 001| 0.9 0 0.3 0
Talon 19911992 | 9-9 1B No Yrl7 RhtBla | RhtD1b PpdD1 5.4 25164 | 04 | 019| 621| 253| 05| 0.4
Tambor 1B No Yrl7 RhtBla | RhtD1b PpdD1 1.5 69| 72| 0.06| 0.1 4.9 79 | 04| 05
Tanker 2001-2005 | 57 | 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 4.2 06| 34| 032( 016|509 253| 0.7 0.6
Tara 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 0.3 15| 38| 001| 0.01| 0.9 0.2 | 04 ] 0.2
Tellus 1B Yrl7 RhtBla | RhtD1b PpdD1 0 45 (6.2 | 042 0.37]| 66.4 | 62.6| 0.7 | 0.5
Tempest 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 0.4 1.1 - - 0.09 - 7.9 - 0.5
Temple 1B No Yrl7 RhtBla | RhtD1b PpdD1 29 | 59| 53 - 0.28 - 50.3 - 0.7
Thatcher 1B No Yrl7 RhtBla | RhtDla PpdD1 123 | 79| 22| 001|015 0.1 | 222| 0.2 | 05
Tilburi 1B Yrl7 RhtBla | RhtD1b PpdD1 69 | 45| 38| 053|046 | 783 | 66.8| 1 0.8
Tiller 1B Yrl7 RhtBla | RhtD1b PpdD1 2.7 - - - - - - - -
Timber 20072009 | 89 1B No Yrl7 RhtBla | RhtD1b PpdD1 0.6 25| 22(001|008| 02 | 124 | 0.2 | 05
Tommy 1B No Yrl7 RhtBla | RhtDla PpdD1 3.7 74| 2.4 | 0.01| 0.03 0 1.2 | 0.2 | 0.3
Tonic 19851995 | 4-9 1B No Yrl7 RhtBla | RhtDla PpdD1 0.4 2 2.2 | 0.01| 0.01 0 0.8 | 0.2 ] 0.2 Yr7(b)
Torfrida 19931994 | 9-9 1B Yrl7 RhtBla | RhtDla PpdD1 0.5 4 411|028 041| 399|626 | 0.7 | 0.7 Yr17(b)
Toronto 1R(Yr9) No Yrl7 RhtBla | RhtDla PpdD1 1 11(6.2]| 009|002 7.2 1 04| 04
Travix 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 9.7 11| 6.2 | 044 | 0.39 | 66.4 | 37.4| 0.7 | 0.6
Trend 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 0.7 | 29| 6.2 | 0.01| 0.65 0 71.3| 0.2 | 0.6
Turpin 1R(Yr9) Yrl7 RhtBla | RhtDla PpdD1 0.7 11| 69| 035| 06 | 621| 645 | 0.7 | 0.5
Urban 1B No Yrl7 RhtBla | RhtDla PpdD1 48 (84| 7.2 | 0.3 0.1 | 59.2 8 0.8 | 0.6
Vault 1B Yrl7 RhtBla | RhtD1b PpdD1 02 (79| 35(001|0.01| 03 06 | 0.2 | 0.3
Vector 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 0 0.1( 19| 0.01(0.01 0 0 0.2 0
Verdon 1B No Yrl7 RhtBla | RhtD1b PpdD1 14 | 6.9 - - 0.07 - 124 | - 0.5
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(0] a c < o) o) g o= X 8 (= =} g g : -8
£ B BS4 SE | &% E g 22 1828 |2 (8 |8 |S |S |8 |3 23
z s E83 8% | 898 | 2 B 52 2880283526352 (53|5383 35S
g ¢ B35 @ o ¢ g & 5T IBEghds8as|al|z8(58|28|p8 >F
z § pB8S 58 | 27 | | § | Bg BeEoTBT|S (S| ETE LS > 8
> > I = £: £ = § S8 ¥ |u [T |= S |8 g |2
Veritas 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 1 1.1 - - 0.02 - 1.9 - 0.5
Vilmorin 27 1B ?(No Yrl7) | RhtBla| RhtDla PpdD1 - 74| 24| 0.14| 002| 329| 0.2 | 05| 0.2
Virtue 19791985 | 34 1B 2ANo Yrl7) B?_gt;-b RhtD1b PpdD1 - - 55| 0.39 - 62.1 - 0.8 -
Virtuose 1B Yrl7 RhtB1b | RhtDla PpdD1 02 | 74| 41|001|001| O 0 0.2 | 0.1
Vivant 1B No Yrl7 | RhtBla| RhtD1b PpdD1 15 2 6 | 081|065 76 | 71.7| 0.9 | 0.6 Yr32(1)
Vuka 1B No Yrl7 | RhtBla| RhtDla | PpdDl1 | 115 | 82 | 82 | 0.66 | 0.26 | 76.5| 22.3 | 0.9 | 0.5
Warlock 24 1B No Yrl7 RhtBla | RhtD1b PpdD1 02 | 15| 31| 0.03|002| 56 32 | 04| 03
Warrior (1) 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 1 11| 6.9 - 0.62| - 65.7 | - 0.6
Warrior xxx(2) 20112012 | 8.49 1B No Yrl7 RhtBla | RhtD1b PpdD1 0.7 | 12| 41 - 0.01 - 0.8 - 0.3
Wasp 1B No Yrl7 RhtBla | RhtDla PpdD1 09 | 69| 45| 0.09| 0.01]| 18.2 0 04 | 0.2
Welford 20042008 | 6-7 | 1R(Yr9) No Yrl7 RhtBla | RhtD1b PpdD1 12 |11 5 0.38| 0.16 | 659 | 19.5| 0.7 | 0.5
Wellington 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 21 | 11| 6.7 | 053|052 778|503 | 0.7 | 0.6
Weston 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 15 (11| 64| 057| 071|844 | 774| 08| 0.6
Wickham 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 08 | 0.6 | 55|044| 042| 722 | 53.4| 0.8 | 0.5
Windsor 1R(Yr9) No Yrl7 | RhtBla| RhtD1b PpdD1 0.3 2 | 74| 096 | 054|813 68.7| 0.7 | 0.7 Yr2,Yr32(c)
Wizard 20032006 | 4-5 1B Yrl7 RhtBla | RhtD1b PpdD1 19 (15| 64| 031|0.11| 509 | 196 | 0.8 | 0.6
Woburn 1B No Yrl7 RhtBla | RhtD1b PpdD1 1.2 2 36| 0.1 | 005|20.7| 32 | 05| 0.5
Woodstock 1B No Yrl7 RhtBla | RhtD1b PpdD1 0.7 | 74 | 6.1 - 0.01 - 0 - 0.1
X119 20022010 | 99 1B No Yrl7 RhtBla | RhtD1b PpdD1 0 15| 2.2 | 0.02 | 0.04 5 32 | 04| 03
Zaka 1R(Yr9) Yrl7 RhtBla | RhtD1b PpdD1 14 (01| 69| 047|025|601|411| 06| 0.6
Zebedee 20072010 | 99 1B No Yrl7 RhtBla | RhtD1b PpdD1 01 [ 54| 41|003|002| 56 19 | 04| 0.6
Zodiac 1R(Yr9) | NoYrl7 | RhtBla| RhtD1b PpdD1 05 | 0.6 | 34| 0.07| 002|128 0.6 | 0.4 | 0.2 Yr9(b)
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APPENDIX 5: Virulence frequency observed (%) from WYR isolates tested by the
UKCPVS from 1977 to 2010.
(Adapted from UKCPVS reports from 19802610)
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APPENDIX 6: Frequency of pathotype sampled in the United Kingdom

Source Eurowheat.org

f ™y
Frequency of pathotypes sampled
from United Kingdom
100 - - M [123----3-17-] (Brigadier 11
] i W [1234---9-17-] (Brigacier I}
1 - O [123-6--3-17-] (Lynx [)
?5: u ‘ i W [12346--9-17-] (Lynx !I)
—_ ] O [1234---3-17.32] (Robigus 1)
E W [123----3-17 32] (Rohigus )
21 W [12346--8-17 32] (Cakley)
g 50: O [-2--678----] (Mediterranean BE16)
g i O [-2--6789---] (Wwheat aggressive)
@ 1 O [----678-10--] (Triticale agaressive [)
w ] M [-2--675-10--] (Triticale agaressive I)
25 ] B [--346----32] (Tulsa)
1 O [123467-9-17 .32] (Warrior/Ambition)
] W [123-6789-17 32] (Kranich)
] O Cther
’ 2000 2001 2002 2003 2004 2005 2006 2DID?' 2005 2009 2DI1D 20|11
M=49  M=31  N=35 N=30 N=50 N=45 MW=27  N=25 NM=21 N=42 Ne=dd N=27
\_ (] Global Rust Reference Centerj
Frequency of pathotypes sampled
United Kingdom
from 2000, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 2009 and 2010
234, ,,.% ,17132]
[1,2,3,4%6, , .9 ,17,32]
,2,3,46, , .9, ,17, ]
1,234, ,..9 7, ]
23, ,,..9 ,1132]
1,23, 6 ,.% A7, ]
M23,,,,.% A7, ]
Mnz234, 1, .9 ,17132]
.2,3,467, .9, ,17,32]
23 ,,:,.9 , , 1
123467, 9 7, ]
[,.34,,,, ,A132]
Mnz3,,,..s , J32]
23, .6 , .9 ,17,32]
M234 04, » s 1
234 ,,,, , , 1
M234,,,.9% , ,1
23486 ,.9 , , ]
[ T |
w [1.2,, .6 ,.9 , , 1
5[1,2,,,,,,9. |
;[1,2,,,,,,, s 432]
<
.23 6,9 A7, ]
[23 5,54, o7, 1
[,.3467,,, , ,32]
[oddhynn o 320
[.3,.,..% /a7, ]
[.3.,,:,,, , ,32]
P I I I |
[ovsvvans s 432
23, 6 ..9 , , 1
M23, 6 ,,, , , 1
M23,,.17,.9% A7, ]
23, 1.9 ,,1
23, 04y, » 4 1
2346 ,,, a7, ]
Mnz234, 1.9 , 32]
234 1,,, A7, ]
Mnz234,,,,, ,1732]
1,234 ,,,, 7, 1
234, ,..9 , J32]
023 &b, oo 1
6 é ‘WID 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0
Frequency [%]
(c) Copyright Eurchvheat, 2009
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APPENDIX 7: List of differentiahost varietiegontrol tested in extended virulence tests of
Pst isolates used in de noviegmotype

WYR official differential hosts tested

@ Differential series described {iChen, 200y (Bayles et al., 2001® Yr genes
referring to  (Chen and Line, 1992 (Chen and Line, 1993b)(Chen et
al.),(Bayles, 200} (Boshoff et al., 200R(Eriksen et al., 2004Chen, 200, (Lin
and Chen, 2009

Differential host Differential series© Yr genes?

Chinese 166 Europe/ USA Yrl

Kalyansona Europe Yr2

Heines Kolben Europe Yr2, Yré

Yamihill USA Yr2,Yr4a, YrYam
Heines VII USA Yr2, Yr25,YrHVII
HeinesPeko Europe Yr2, Yr6, Yr25
Vilmorin 23 Europe Yr3a,Yrda

Nord Desprez Europe Yr3a, Yrda +

Hybrid 46 Europe Yr3b, Yrdb

T. speltaAlbum Europe Yr5

Fielder USA Yr6, Yr20

Lee Europe/ USA Yr7, Yr22, Yr23
Compair Europe/ USA Yr8, Yrl9
Federation x4/Kavkaz Europe Yr9

Riebesel 47-51 USA Yr9

Clement Europe/ USA Yr2,Yr9,Yr25, YrCle
Moro Europe/ USA Yr10,YrMor

Boston UK Yrl5

VPM 1 Europe Yrl7

Hyak USA Yrl7

Lemhi USA Yr21

Carstens V Europe Yr32, Yr25

Paha USA YrPal, YrPa2, YrPa3
Produra USA YrPr1,YrPr2

Tres USA YrTrd, YrTr2, Yr32
Tyee USA YrTye

Strubes Dickkopf Europe Yr25, YSd

Spalding Prolific Europe YrSp

Express USA YrExpl, YrExp2 +APR
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APPENDIX 7 continued

Reference varieties included in extended virulence test

*Adult plant resistancet additional unnamed resistance factors present

Reference variety Country Yr genesQTL Reference
Cappelle @sprez France Yr3a, Yrda,Yrl6* + (Agenbag et a) 2019
Druchamp France Yr3a,Yr4a,YrD, YrDru,  (Chen and Line, 1993b)

YrDru2 (Chen et al., 1994

(Chen et al., 1996
Minister Belgium Yr3c, YrMin (Johnson, 1992b
Madrigal UK Yr6,Yr9,Yrl7 (Bayles and Stigwood, 20p1
Hornet UK Yr6, Yr9 (Bayles and Stigwood, 1991
Tommy France Yr7 (Bayles and Stigwood, 1991
Brock UK Yr7, Yrl4x (Johnson, 1992a
Guardian UK Yrl3*,Yr29* (Melichar et al., 2008

(Bayles and Priestley, 1983
Rendezvous UK Yrl7 (Bayles and Stigwood, 1995
Opata 85 Mexico Yrl8*,Yr27,Yr30* (McDonald et al., 2004

(Singh et al., 2000b)
Cook Australia Yrl8*, YrCK (Navabi et al., 2006

(Park et al., 1992
Talon Germany Yr32 (Hubbard and Bayles, 2011
Oxbow UK Yr32 + (Bayles et al., 2003
Ciano T79 Mexico Yr27 (McDonald et al., 2004
Selkirk Canada Yr27 (McDonald et al., 2004
Batavia Australia Yr33,YrAYrBatl,YrBat2 (Nazari and Wellings, 2008

(Zahravi et al., 2003
Alpowa (=WA 7677) USA Yr39*, YrAlp, (Lin and Chen, 2007a)
IDO377s USA Yra3 (Cheng and Chen, 2010a
ZAK USA Yr44 (=YrZac) (Sui et al., 209)

(Cheng and Chen, 201pb
P1181434 (=205) Afghanistan  Yr45 (Li et al., 200
C 591 India YrC591 (Li et al., 2009
Daws USA YrDal, YrDa2 (Chen et al., 1995b)
Cadenza UK unknown (Hubbard and Bayles, 201
Claire UK unknown (Hubbard and Bayles, 2011
Robigus UK unknown (Hubbard and Bayles, 2011
Solstice UK unknown (Hubbard and Bayles, 201
Timber France unknown (Hubbard and Bayles, 2011
Warrior (RAGT) UK unknown (Hubbard and Bayles, 2011
Alcedo Germany QTL 2DL, QTL 4BL* (Jagger et al., 20)1
Lalbahadur India none (Singh et al., 1998
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APPENDIX 7 continued

List of near isogenic lines

(a) Differential series described in Ch@007) Bayles et al(200J). (b) Variable
responses observed bifferent institutes worldwideresented by Collins Waig
at the 2011 Borlaug Global Rust Initiative workshop.

Include in Variable
WYR near-isogenicline  Yr gene Parent donor differential series response

(a) observed (b)
Avocet S none - - -
Avocet R YrA - Europe -

Yrl/6* AvS Yrl Chinese 166 - Yes (+Yr18?)

Yr5/6* AvS Yr5 Triticum speltaAlbum North America  Yes (+Yr18?)
Yr6/6* AvS Yré Oxley - -
Yr7/6* AvS Yr7 Lee - -
Yr8/6* AvS Yr8 Compair North America -
Yro/6* AvS Yr9 Clement North America -

Yr10/6* AvS Yr10 Moro - Yes (+Yr18?)
Yrl5/6* AvS Yrl5  T.dicoccoides/763-251 Europe -

Yrl7/6* AvS Yrl7 VPM 1 - Yes (+Yrl8?)
Yrl8/6* AvS Yrl8 Jupateco R - -
Yr24/6* AvS Yr24 gﬁggﬂﬁ’égﬁggﬁ) - -
Yr26/6* AvS Yr26 T. turigidum - -
Yr27/6* AvS Yr27 Opata 85 - -
Yr32/6* AvS Yr32 Carstens V - -

YrSP/6* AvS YrSP Spaldings prolific - Yes (+Yr18?)
Jupateco S none - - -
Jupateco R Yrl8 - - -
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APPENDIX 8: Pedigree diagrams

Presence/ absence Y99 and Yrl7 based respectively on DArT genotype afrd7assay fromRobertetal. (2000ar e i ndi cat edi ad sfemicleo v
of Yro Yrl7, -, ¥ r 1 7 0 aYw9speesence o¥rl7, A-fr ®r e sYe9nabsenceoolrl?, AYr 9, Yr 17 YAT, 2ferndetereninaielr

genes in parentheses are sourced from several publicaaihsin et al. (2008Hovmgller (2007, Singh et al. (2008 Hovmgller (2001hb) Johnson (2001

Yr gene in red indicated an inconsistency between the pedigree the presendé gétte

1- Hedgehog Haven descendants

2- Squadron descendants

3- Clement descendants

4- Benno descendants

5- Moulin descendants

6- Hobbit descendants

7- Apodle descendants

8- Armada Wasp descendants

9- Lynx x(2) descendants

10- Arminda descendants

11- Admiral, Fresco Consort descendants
12- Rendezvous descendants

13- Marksman (Maris marksman) descendants
14- Cadenza descendants

15 Thatcher descendants

16- Maris huntsman descendants

17- Normandescendants

18 Rialto descendants

19 Beaver descendants

20- Charger descendants
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1.Hedgehog and Haven descendants
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Y917 '
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22-

MMG 442 47 IXMMGA668 8
2. Squadron descendants ISR 16
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yede: x mo ¢ '
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3. Clement descendants

({[Hope x Timstein) x Heines VI x
(Riesebel 57 41 x Helnes VII)) x Cleo

Clement
Yr9,-
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Yro,-
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Yro -
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Windsor
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4. Benno descendants

Zorba (Yr9) x Carstens VIll

Benno (Yr9)

Hereward
Toronto
Yr9.- Dean
4 Yr9,-
Impala
-vrl7
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