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Abstract

Marcel TC, 2007. Genetic architecture of basal restance of barley toPuccinia hordei.
PhD thesis, Wageningen University, The NetherlaWdgh summaries in English, Dutch and
French.

Partial resistance to leaf rugtyccinia hordeiOtth) in barley is a quantitative resistance that
is not based on hypersensitivity. This resistara@gers haustorium formation and results in
a long latency period in greenhouse tests. Theteagie is due to genes with relatively small,
guantitative effects, located on so called quantgarait loci (QTL). A detailed chromosome
map of barley, containing 3,258 molecular markesas constructed and used as a platform to
compare the genetic positions of QTLs across @ffemapping populations. This confirmed
that partial resistance in barley o hordeiis controlled by a high diversity of genes, each
mapping population segregating for a different aeQTLs. Another consensus map was
constructed that gathered together 775 barley etedlite markers. The introgression of
single QTL-allele or combination of QTL-alleles mear isogenic lines (NILs) allowed us to
confirm the effect of three target QTLRghq2 Rphg3andRphg4 in seedling disease tests
performed in greenhouse compartments and in fislgade tests. The use of several leaf rust
isolates revealed the clear isolate-specific eftédd@phg4 GeneRphg2was easy to detect in
seedlings of the corresponding NILs and was locateda physical region of high
recombination. The position oRphg2 was refined to a 0.1 cM genetic interval that
corresponds probably with only a relatively shdreteh of DNA. This makes it feasible to
pick the gene up from a bacterial DNA (BAC) libramynot too distant future.
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Barley leaf infected with leaf rust



General introduction

Rusts and barley leaf rust

Rust fungi (Basidiomycota, Uredinales) consist afrenthan 5,000 species of obligate plant
pathogens that possess some of the most compgegyides in the Eumycota (Hiratsuka and
Sato1982. Rust diseases cause serious economic damagewiael on agricultural, forest
and ornamental plants. These fungi are of greatast not only for the economic problems
that they cause, but also for their highly spesalirelationship with host plants. One of the
unique features of rust fungi is that they havetaive functionally and morphologically
different spore states in their life cycles. Thepitpl progression of spore states is
basidiospore NJ), pycniospores or spermatiun)( aeciospore N+N), urediospore N+N),
teliospore N+N — 2N — N). This is further complicated because, in additmthe different
numbers of spore states, they often need two uetklgroups of host plant species to
complete their life cycles (heteroecious). Someaanplete their life cycles on only one kind
of host plant (autoecious). For many rust spediks, Puccinia hordei completion of the
sexual stages is not required for perpetuatiorhefrust in nature, since the asexual stage
(uredia) may continue infinitely.

Leaf rust is an important disease of barlelprdeum vulgare..) in many regions of
the world. Yield losses up to 32% have been redoiesusceptible cultivars. The causal
agent,Puccinia hordeiOtth, is a heteroecious fungus with the dikaryatiage limited in
nature toH. vulgareand the sexual stage @nithogalumspecies. Parasitically the fungus is
confined to the source host species, except tlgdroeal inoculations with leaf rust of.
spontaneunandH. vulgareL. were successful (Anikster and Wdltl79. Telia on the main
host are profusely formed wherm@rnithogalum plants are present. D’Oliveiral960
demonstrated that 32 speciesQrhithogalumare compatible withP. hordei The center of
origin and diversification of these species coiasidt least partly with that &f. spontaneum
- the putative progenitor of cultivated barley t includes the regions where barley has been
cultivated since remote antiquity.

To initiate the dikaryotic stage, the urediospfmens a germ tube thaesponds to
topographical features of the leaf surface so ithgitows towards a stoma and recognises its
presence by responding to the ridges around theaséb lips (Heath et all997 Vaz Patto
and Niks 200]). In response to the stomatal lips, the fungusueetiplly forms an
appressorium over the stomatal opening, an infeqey that grows between the guard cells,
a torpedo shaped substomatal vesicle in the substbrspace, and an infection hypha that
grows intercellularly between mesophyll cells (Fi. Then, the fungus forms an intercellular
mycelium from which intracellular haustoria are mf@d. These haustoria are generally



CHAPTERL1

considered to be feeding structures and they dpviedon haustorial mother cells that adhere
to the plant cell surface (Mendgen et 2000. During the other, monokaryotic, parasitic
stage, rust fungi usually penetrate directly inpadermal cells and the only pre-penetration
structure is the appressorium produced by the lwsgidre germ tube (Longo et aD0§.

Figure 2. A young rust fungal colony, about 60 hours oldaioereal leaf. The sequence of development is
germination of the urediospore (U), formation of gppressorium (A) from the germ tube (GT) over a
stoma, penetration past the guard cells (GC) areetration peg (PP), formation of a substomatsilcle
(SV), growth of an infection hypha (IH), formatiaf the primary haustorium (PH), then branching and
growth of intercellular hyphae (ICH), and formatiohadditional haustoria (H). The haustorium mother
cells (HMC) are indicated in bold outline. (Drawy Br. J. Chong; Reprinted from HardE984).

Boundaries of basal resistance

Basal resistance is a term commonly used by st@ieatithors to refer to the early defence
response of plants to a pathogen attack. Basahcdefis the complement of the term of basic
compatibility, and refers to a defence system thatot based on a hypersensitive response
(Heath1991]). Basic compatibility is the state that resultnirthe capacity of the microbe to
deal effectively with the defence that plant spgqgmerform against unadapted microbial
intruders. The definition of basal resistance igtipalarly vague in plant pathology and it
would be necessary to delimit its physiological hdaries to obtain a uniform discussion
within the scientific community. A clear definitioaf basal resistance is difficult to give

12



because of our limited knowledge in the actualdgalal events that happen in the early steps
of plant defence. Also, as our understanding acdesrbe idea that plant defence systems rely
on a continuum of layered defences seems to defy-mae boundaries and definitions
(Heath2001, da Cunha et aR009.

A non-host or host resistancé®on-host resistance is the resistance shown by an
entire plant species to a specific parasite orquh (Heatl2000. Non-host resistance to
maladapted pathogens can be the result of effeativespecific defences such as physical
and constitutive chemical features. For rust futigé topography of the leaf surface is an
example of physical feature to which the fungususthde adapted for successful colonisation
(Vaz Patto and Nik001). As for chemical factors, preformed peptides aedondary
metabolites are potential deterrents against mialobfection. Such physical and chemical
responses are often referred to as the preformettsaof a non-host plant to its potential
pathogens. Additionally, there is ample geneticdemce that non-host resistance also
involves inducible defences elicited by the percepbf parasite-specific molecules (Heath
200Q 2001, Thordal-Christenser2003. Jafary et al. Z006a 20060 used the barley -
Pucciniarust model system to show that non-host resistahbarley to various heterologous
rust species was under complex genetic controlafyngenes, each with a considerable level
of rust species specificity. Their work also comigd that non-host resistance and quantitative
host resistance in barley to, respectively, hebvgmlis and homologous rust species were
mainly based on a pre-haustorial, non-hyperseesigistance mechanism and that loci for
non-host resistance tended to map to loci knowratoy also QTLs for host resistance. The
difference between non-host and host resistancgs@sale in the solidity of the recognition
leading to resistance (Thordal-Christen2893. We propose that the basal resistance of a
plant represents the inducible component of non-remsstance that occurs when a pathogen
has been able to negate the preformed barrierhandecome subject to perception by the
plant. This perception is usually triggered viaemaction between a plant receptor and a
microbe-associated molecular pattern (MAMP), alatied pathogen-associated molecular
pattern (PAMP). Then, the suppression of basalndefevill determine host-cell accessibility
to the fungal pathogen (Heail®91;, Panstrug&003 Caldo et al2006. Pathogen molecules
may completely fail to suppress plant basal defgngenerally resulting in complete basal
resistance as in the barley — rye leaf rust (na@st)hateraction (Atienza et aR004; Niks
1989, or may partially succeed, resulting in a resichesal resistance as in the barley —
P. triticina (near non-host) or ‘Vada’ P. hordei (host) interactions (Atienza et &1004
Jafary et al20063. Therefore, basal resistance could comprise botizhost and host types
of resistance.

A pre- or post-haustorial resistanc&®r rust fungi, the entry into a host cell to foam
haustorium and establish basic compatibility iredsly requires penetration of the plant cell
wall. The resistance that prevents the formatiorfuoigal haustoria has been termed pre-



haustorial actions of resistance (He&a8v4), or pre-haustorial resistance, in contrast to the
post-haustorial resistance that is usually accomegaloy programmed cell death. Then, pre-
haustorial resistance is associated with the esistof the plant to the penetration of the cell
wall by the pathogen. This type of resistance tesala polarisation of the host cell towards
the site of penetration attempt that typically ké&althe formation of cell wall reinforcements,
also called cell wall appositions or papillae (Ofdell and Panstrug2006. The presence of
papillae opposite haustorial mother cells probabtermines the fate of an infection
structure. A correlation between number of papiia€e level of aborted infection structures
has indeed been reported for the barl®; hordeiand for the wheat P. triticina interactions
(Niks 1986 Jacobsl989a 19891). It should however be mentioned, that althoughrtiajor
component of papillae is callose, other substawfeshich they are impregnated, such as
polysaccharides, phenolic compounds, reactive axymgermediates and proteins, may
contribute to the inhibition of fungal growth (Zeyet al.2002. Several genes influencing
pre-haustorial resistance have been identified,raag inherit qualitatively or quantitatively,
depending on the magnitude of their effect (Coltsal. 2007). 1t seems likely that active
signalling between the penetrating rust fungus el host plant cell will determine the
outcome of the attack, i.e. the fungus will forrhaustorium into the cell or will fail to do so
(Heath1997. We propose that the basal resistance of a astrongly associated with its
capacity to prevent cell wall penetration and hausin formation by the attacking fungus.
Nevertheless, Jacob$9894 described a post-haustorial growth retardatioR.afiticina on
wheat that was associated neither with formatiorpaillae nor with hypersensitive cell
collapse. Two possible explanations for this reqticoh of the growth of the rust hyphae are
extra-cellular components or the impediment of ieatruptake through the extra-haustorial
matrix into the haustorium. Such defence mechanismuéd also be regarded as part of the
basal resistance of a plant if based on percepfitime pathogen.

New insights into plant innate immunity

The ability to discriminate between self and nolfi-sea key feature of all living organisms,
and it is the basis for the activation of innatenume responses upon microbial infection. The
idea that concepts of immunity in animals may hpaeallels in plants was first formally
considered about 75 years ago by ChesteB3. Nearly 50 years later, Clarke and Knox
(1979 recognised that in plant species, like in animpéthogenicity is the exception rather
than the rule, and proposed the existence of rettogrand defence mechanisms in plants.
They tried to get insight into the molecular logicthese mechanisms at a time wheorhe
progress was being made by a few brave and pensistalividuals (referring to Smith
1978”, and hypothesised the existence of plant reespimr microbial molecules that are
located at the cell surface, associated with tHe wall or with the underlying plasma



membrane. Such assumptions, made several decadgearagonly being verified in recent
years as much progress is being made on the uaddnst) of the molecular organisation of
plant innate immunity (Nurnberger et 2004 Chisholm et al2009. Da Cunha et al2006
described plant innate immunity as a continuumagéted defences raised against pathogen
attempts of infection. Depending on their life ®;dhe pathogens will have to face different
layers of defence. As many other biotrophic patihggB. hordei must penetrate host cell
walls to elaborate haustoria. Penetration of thst loell wall represents the first key step
towards the establishment of a compatible intevactietween the pathogen and its host
(O’Connell and Panstrug#006. For the host plant, prerequisite to the inductid defence is
perception of the pathogenic threat. This perceptian be either direct via interaction
between a plant receptor and a microbe-associatéetaiar pattern (MAMP), or indirect via
detection by a plant receptor of microbe-inducedeawar patterns (MIMP), which are
modifications of host-derived molecules orchesttaly the pathogen (Mackey and McFall
20096.

MAMP detection serves as an early warning systemttie presence of non-self
molecules. A MAMP is a structural element from witiny molecule of a potential pathogen
that is not present in the host, therefore typjcalbn-self’, and that is perceived via direct
interaction with a host defence receptor (Mackeay sicFall 2006. MAMPs can be found in
highly conserved molecules, also called genereitets, that are essential for the viability of
the pathogen (Ingle et &006. Nonetheless, plasticity does exist within MAMBeCause a
pathogen molecule recognised via a MAMP containgtinvit may evolve in a way that
permits it to maintain its function while avoidingteraction with its cognate MAMP-
regulator (Andersen-Nissen et @aD05. Few molecule-containing MAMPs involved in the
early detection of pathogens by a plant have bdentified (reviewed in Ndrnberger and
Lipka 2005 Ingle et al.2006. The best-studied of them fig22 that interacts with the
extracellular LRR domain of the transmembrane rexepnase FLS2 (Gomez-Gomez and
Boller 2000. Arabidopsispossesses 216 receptor-like kinases (RLK) withexnacellular
LRR domain (Shiu and Bleeck&001), a significant number of which can be expectetido
involved in MAMP perception. Interestingly, Shiu &t (2004 found that rice has nearly
twice as many RLKs a&rabidopsisdoes, and that most of this expansion involveistasxe-
related genes. Nevertheless, if LRR-RLKSs are likelgonstitute a large proportion of disease
receptors that act in response to attempted peioetraf the plant cell wall (Gémez-Gdémez
2004 Chisholm et al2006, they also regulate a variety of developmental aimer defence-
related processes including cell proliferation,nsteell maintenance, hormone perception,
wounding response and symbiosis (T@W04). There can be some specificity in the plant
response to general elicitors, but not of the otidar is expected in view of the apparent plant
species or even intra-species specificity of nopengensitive resistance described by Jafary



et al. Q0063 for the barley — rusts model system. The explanatight reside with the
secretion of specific elicitors by the pathogee, éffector molecules.

Initial detection of pathogen general elicitorsoigh MAMPs and activation of a
basal defence response by the plant is only teediep in the plant-pathogen arms race. Plant
pathogens also secrete a suite of effectors thictiwely promote their virulence in host
plants. Effectors manipulate host cell structurd &mction to actively suppress its defence
system but effectors can also be recognised bpldre and elicit a subsequent defence layer.
The level of specificity at which effectors supmeabe host basal defences shows great
variation and might be determined by the host defedeterminant targeted by the pathogen.
A tempting hypothesis would be that plant defersztdrs and pathogen effectors have build-
up in an evolutionary arms race resulting in amaasing level of recognition specificity. Two
classes of effectors target each either the apoplathe cytoplasm (Kamoug006. The
primary task of apoplastic effector proteins isatetl to suppressing host defences localised in
the plant extracellular space. If successful ingbexting the plant cell wall, the formation of a
functional interface between haustoria and plaitrmembrane will permit the pathogen to
take up nutrients and to export cytoplasmic effecinside the plant cell, where they target
different subcellular compartments (Mendgen e@D0. In oomycetes, these cytoplasmic
effector proteins contain a conserved N terminatiin{f®xLR) that is essential to cross the
host membrane during export from the pathogen baust into the plant cell (Tyler et al.
2007). The RXLR motif was however not identified inXleust Avr proteins (Catanzariti et al.
2009. Some effectors elicit defences because theyagort MAMP. Other effectors elicit
defences because they produce a MIMP. A MIMP iptiogluct of the intrinsic activity of an
effector that will be recognised through the aliera of the functional state of a host
molecule (Mackey and McFall00§. This can be illustrated by the guard hypothestsch
proposes that the interaction between an R-proé@id its cognate Avr determinant is
mediated by a host protein that is the target Her @ffector function of the Avr determinant
(Jones and Takemot2004. MAMP or MIMP recognition by the host plant reteqs can
occur in the apoplast before cell wall penetration,inside the host cell after cell wall
penetration. The major class of receptor actingdenshe host cell is the well-known NBS-
LRR gene family that lead, upon recognition, togrseanmed cell death.

An intriguing and difficult to resolve question tBe estimation of the number of
secreted effectors that might be encoded by theogah. The genome sequences of several
Phytophthoraspecies allowed a first glimpse into it and regdathatPhytophthoraspecies
can encode more than 100 potentially secretedipsotarrying the RXLR motif (O’Connell
and Panstrug200§ Kamoun2006. In flax rust, 21 genes encoding secreted prsthewve
been identified in a haustorium-specific cDNA litya(Catanzariti et al.200§. Those
effectors are frequently variable between relatadrabes, even within the same species.
Mackey and McFallZ00§ compared the collection of effectors producedlpathogen as a



‘tool kit’, in which some effectors might be redward with other effectors or may contribute
to virulence on different host species.

What does quantitative resistance mean?

Plant quantitative traits are typically controllled several genes whose individual effects are
small and contribute more or less to the overalklleof the measured trait. Although in
principle, a quantitative trait could be controlléy only one gene. The study of the
inheritance of quantitative traits has become pbssivith the development of molecular
marker linkage maps that allowed to map QTLs tdi@aar genomic regions. A QTL is
characterised by its quantitative effect, the sikehich depends on the genetic background
and on its allelic form. Detection of such a quiatitie gene requires QTL-mapping software
to establish its position (Niks et @&004). A QTL represents a genomic region defined by a
confidence interval and can be the result of thecebf a single gene (Tian et 2006 or of

a complex of genes closely linked with each otliead et al.2004. Each of these genes
strictly follow Mendelian principles of inheritan@nd can be isolated by map-based cloning
provided that their effect can be reliably assesbetked, accurate phenotyping remains the
key to the successful map-based cloning of QTL-gene

Many terms and concepts have been associatedgwéhtitative resistance, such as
slow rusting, field, intermediate, quantitativecamplete, general, partial, horizontal, adult
plant, multigenic, race-non-specific resistance, €uantitative resistance should refer to all
types of resistance that behave in a quantitatia, \&s described in the previous paragraph.
Several studies have reported a linkage associagbneen genes for qualitative resistance
and loci for quantitative resistance (Geffroy et 200Q Bai et al.2003. Li et al. (L1999
reported evidence that a defeated rice resistanoe fpr hypersensitivity was acting as a
QTL against a virulent strain ofanthomonas oryzaé€On a genome wide study of rice,
Wisser et al. Z009 found also thaR-genes andrR-gene analogues (RGA) of the NBS-LRR
class were significantly associated with QTLs fasltiple diseases. Such evidence strongly
suggests that a proportion of the quantitativestasce identified in several plant-pathogen
systems results from the action of partially deddaR-genes for hypersensitivity.
Nevertheless, Wisser et a009 also reported that for a number of QTL regiorex¢hwas
no co-localising major gene or RGA identified, sagipg that another proportion of the
quantitative resistance cannot be explained bygbgrtiefeatedr-genes.

Parlevliet (978 described partial resistance of barley to leadt ras a type of
resistance that retards epidemic development infitld, although plants show a high,
compatible, infection type. Niksl982 19833 198§ demonstrated later that this resistance
was not based on hypersensitivity and ahordeiwas hampered in its ability to penetrate
cells and to form haustoria. He considered this seduced level of basic compatibility (Niks,



1982, and found similarity with the much stronger rnowst resistance (Niks983a 1983H).

Qi et al. 1998H mapped QTLs for partial resistance to barley heat on seedlings and on
adult plants of a recombinant inbred line populamd compared their position with the ones
of knownR-genes. They did not find any indication that magipons are shared betweRn
genes and QTLs for partial resistance. In that,qaasial resistance could be defined as that
proportion of quantitative resistance that contiéisuto the basal defence of the plant against
the intruding pathogen. The nature of the genedasdpg QTLs for partial resistance
remains unknown. Many speculations have been madedbon the identification of
candidate genes through co-localisation on a liakagp (Faris et all999 Trognitz et al.
2002 Ramalingam et al2003 Liu et al. 2004 Wisser et al2006 or through differential
expression between susceptible and resistant p{alas et al.2003 Gjetting et al.2004
Zierold et al.2005. A number of candidate genes have been identifi@ad a multitude of
gene families: protein kinases (receptors), WRKYYB/(transcription factors), peroxidases,
chitinases (pathogenesis-related proteins), dliaiaéStransferase, UDP-glucosyltransferase
(role in detoxificaton), etc. But to validate (sowf the candidate genes identified, the actual
isolation, cloning of genes underlying QTLs fortresistance is required.

Objectives of this thesis

The aim of the research presented in this thesss twalevelop genetic tools that permit to
study the architecture of partial resistance ofdyato leaf rust at the genome level and at the
gene level. The construction of high-density cosssnmaps of barley offer a comparative
tool between different barley genetic maps in whggnes and QTLs have already been
placed and provides a wealth of genetic markersctna be used to dissect regions of interest.
The development of sets of isogenic lines contgimialividual or combined QTLs for partial
resistance to leaf rust allows the evaluation ot @Tfects in a uniform genetic background,
partly overcoming the difficulties of identifying TR phenotypes. Isogenic lines are also
indispensable to the construction of segregatimuulations that are required for substitution
mapping and further map-based cloning experimefs.hope that this work will facilitate
the map-based isolation of a plant gene for pamisistance.
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Variation of seeds colour in the L94 x ‘Vada’ pagtidn
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Abstract A consensus map of barley was constructed basethree reference doubled
haploid (DH) populations and three recombinanteddime (RIL) populations. Several sets of
microsatellites were used as bridge markers inrttegration of those populations previously
genotyped with RFLP or with AFLP markers. Anothet sf 61 genic microsatellites was
mapped for the first time using a newly develodadrescent labelling strategy, referred to as
A/T labelling. The final map contains 3,258 markspsinning 1,081 centiMorgans (cM) with
an average distance between two adjacent loci 38 O6M. This is the highest density of
markers reported for a barley genetic map to dete. consensus map was divided into 210
BINs of about 5 cM each in which were placed 19gitative trait loci (QTL) contributing to
the partial resistance to barley leaf ruBudgcinia hordeiOtth) in five of the integrated
populations. Each parental barley combination gggesl for different sets of QTLs, with
only few QTLs shared by any pair of cultivars. Defe gene homologues (DGH) were
identified by tBlastx homology to known genes inxaal in the defence of plants against
microbial pathogens. Sixty-three DGHs were located the 210 BINs in order to identify
candidate genes responsible for the QTL effectghtEBINs were cooccupied by a QTL and
DGH(s). The positional candidates identified ameepgor-like kinaseYWVIR1homologues and
several defence response genes like peroxidagesoside dismutase and thaumatin.

Additionnal keywords: Hordeum vulgarge leaf rust; candidate gene analysis; simple
sequence repeat (SSR); gene-targeted markers (BRBOORD; skewed segregation



Introduction

Linkage maps are essential tools in identifyingageresponsible for polymorphic traits like
disease resistance versus susceptibility, for comgpahe genomes of different species, for
map-based gene isolation and for genome sequenidiegearliest type of molecular markers
used to construct genetic linkage maps were réstidragment length polymorphisms
(RFLP), which were applied in barley to genotype Iri x Franka and the Steptoe x Morex
populations (Graner et @991, Kleinhofs et al.1993. Nowadays, RFLPs have largely been
replaced by different types of PCR-based molecuolarkers such as amplified fragment
length polymorphisms (AFLP), single nucleotide pobrphisms (SNP) and single sequence
repeats (SSR). The AFLP technology was used inepand genotype the Oregon Wolfe
Barley, L94 x Vada, SusPtrit x Vada and SusPtrfebada Capa populations (Costa et al.
2001, Qi et al. 19983 Jafary et al2006a 20060. The so-called expressed sequence tags
(EST) are one of the most informative sources afetje markers because they represent
partial sequences of genes and hence, those masketdd map at the position of the
corresponding gene. The RFLP, SNP and SSR techeslage actually used to saturate the
barley genome with EST-based markers (Thiel e2@03 SSR; Sato et ak004 SNP;
Rostoks et al2005 SNP, SSR; Varshney et &006a SSR; Stein et ak007 RFLP, SNP,
SSR). Then, one of the greatest challenges is rihkegration of these different maps,
genotyped by several groups using different tealescand different mapping populations, to
produce a unified picture of the barley genomethim past, two consensus maps based on
RFLP markers (Langridge et @995 Qi et al. 1996, containing 587 and 880 markers,
respectively, and one consensus map combining 7BOPR AFLP and SSR markers
(Karakousis et aR003 were constructed for barley.

The most important use for linkage maps is to ifenthromosomal locations
containing genes and quantitative trait loci (QTdgsociated with traits of interest. QTL
analysis provides a means to map several loci andetermine their interactions in a
segregating cross (Borevitz and Chd2004). Understanding the response of QTLs in
different environments or genetic backgrounds eaal to the development of improved crop
varieties through marker-assisted selection. Ifgaees underlying the QTL are known (i.e.
the QTL has been “cloned”), then transgenic apgreacan also be used to directly introduce
beneficial alleles across intra- or inter-speciesifularies (Borevit2004). Nevertheless,
although map-based positional cloning has been tsemblate a large number of genes that
inherit according to Mendelian ratios, such clonimgonsidered problematic for QTLs since
genotypes cannot be unambiguously recognised frévangiypes of individual plants
(Remington et al2001). Notably, this is the case for QTLs involved isahse resistance. An
alternative approach to positional cloning of th@SELs is the candidate gene approach. The
most common way to identify a candidate gene thet affect the QTL for resistance directly



is to look for map cosegregation between genestefest and QTLs for resistance (Pflieger
et al. 2000). This approach has been applied in several exgets for different plant—
pathogen systems (Faris et 99 Wang et al2001; Trognitz et al2002 Ramalingam et al.
2003 Lanaud et al2004 Liu et al. 2004. However, in the end, it always remains to be
determined whether the candidate gene and the QAfLon the same position on the linkage
map by chance or indeed because the candidatergaihe is responsible for the phenotype
determined by the QTL. The process of identifyirmgnaidate genes relies on the available
information gained through the mapping of QTLs asfdgene sequences with known
function. Since biological functions are attributedan increasing number of gene sequences,
keeping gene annotations up to date with currebligations is an important task.

In this paper, we report the merge of the availdblkage mapping data of six
different barley populations with mapped QTLs fartml resistance to barley leaf rust
(Puccinia hordeiOtth) and defence gene homologues.

Materials and methods

Plant material (mapping populations)

Three recombinant inbred line (RIL) populations #mee doubled haploid (DH) populations
were used to construct a consensus map of barteyRIL populations have been developed
at Wageningen University (Wageningen, The Nethedanand consist of lines derived from
crosses between L94 and Vada (L x V, 103 linextQ@i.19983, between SusPtrit and Vada
(Su x V, 152 lines; Jafary et &0063, and between SusPtrit and Cebada Capa (Su x13C, 1
lines; Jafary et al2006h. The two DH populations consisting of lines dedvfrom crosses
between Steptoe and Morex (St x M, 150 lines; Kiefa et al.1993 and betwee®omand
Rec (OWBs, 94 lines; Costa et &001), have been developed in North America and are
reference mapping populations subject to extengemotyping and phenotyping. The third
DH population consists of lines derived from a srbstween Igri and Franka (I x F, 71 lines;
Graner et al199]), which were used to construct the first compRt_P linkage map of
barley.

Available linkage mapping data

The available data sets of the three RIL populatioconsisted predominantly of AFLP
markers (Tabld). For L x V, the segregation data of 568 markeesenobtained from Qi et
al. (19983. For Su x V and Su x CC, the segregation datb0fmarkers and of 506 markers,
respectively, were obtained from Jafary et 20063 20061). The segregation data sets of the
OWBs were downloaded from the Oregon State Unixe(€)SU) Barley Project web site



(http://www.barleyworld.org/ Most of the 769 markers downloaded for the OVdpdation

are AFLP markers (Tablg). The segregation data sets of the St x M and-lpopulations
were downloaded from the publicly available Grain€ég 2.0 databank
(http://wheat.pw.usda.gov/GG2/index.shimlhose two data sets comprised 588 and 550
markers, respectively, and consisted predominaitBFLP markers (Tablg).

Table 1. Characteristics of the six barley populations usecbnstruct the consensus map and numbers of
marker loci and defence gene homologues (DGH) dlacethe consensus map per molecular marker type

Barley populations Number of markers within populations DGH no?

Name  Type Lines RAPD RFLP AFLP SSR GeneOthef Total

LxV RIL 103 0 0 785 138 5 29 957 11
SuxV  RIL 152 0 0 420 24 2 4 450 4
SuxCC RIL 113 0 0 481 14 0 0 495 0
OWBs DH 94 5 103 594 76 14 5 797 23
StxM DH 150 11 421 0 177 11 15 635 21
IxF DH 71 0 476 0 74 7 0 557 8

! The class “gene” comprises isozyme and morphodbgiarkers, and major disease resistance genes
% The class “other” comprises simple PCR markers siscSNP, SCAR and CAPS
3 Number of defence gene homologues mapped in esmiigtion

Genetic mapping of PCR markers

DNA extraction was done according to the CTAB-bagextocol of Steward and Vid 993,
adjusted for 96-well format.

We scored an additional 235 AFLP markers segregatir. x V with 11 Pst/Msd
primer combinations. The AFLP procedure was esaiynperformed as described by Vos et
al. (19995 with some modifications according to Qi and Lindh (1997. The selectivePst
primer was labelled with IRD700 or IRD800 and th&L& fingerprints generated on a
LICOR 4200 DNA sequencer (LI-COR® Biosciences, loim; NE, USA). The following
primer combinations were run: P14M50, P14M54, P18MB14M61, P15M47, P15M51,
P15M52, P15M53, P16M50, P16M51 and P17M47, follgntime nomenclature proposed by
Qi and Lindhout 1997 and Bai et al.Z003. Additional primers were M52 (MO0 + CCC),
M53 (MO0 + CCG), M56 (MO0 + CGC), P16 (P00 + CCyla7 (P00 + CG).

A set of simple PCR markers was developed and wasgédnotype the L x V or Su x V
population. This set consists of 6 sequence chenaetl amplified region (SCAR) markers,
26 cleaved amplified polymorphic sequence (CAPS)kera and 1 derived CAPS (dCAPS:
Neff et al.1998. Primers for 16 of those SCAR and CAPS markeneweveloped based on
DNA sequences of barley genomic clones publiclyilalte in the GrainGenes databank, i.e.



ABG-, BCD-, MWG-, Hor2 and Prx2. Primers for the @ther SCAR and CAPS markers
were developed based on DNA sequences of barley BSWnloaded from the TIGR Gene
Indices databasénitp://www.tigr.org/tdb/tgi). Those EST-based markers were named WBE-
for Wageningen Barley ESTs. The primer design aolgnporphism detection was done as
described in Marcel and Nik&@04) using the Lasergene software package (DNASTAR Inc
Madison, WI, USA). Detailed information on the 38/ AR and CAPS markers presented in
this study is available online as Table ESM S

We used SSR markers to integrate the maps of xheasiey populations. The L x V
and the St x M populations were genotyped with 88 21 polymorphic SSR markers,
respectively. The segregation data for 20 additi®@®&Rs genotyped in St x M and 11 SSRs
genotyped in OWB were obtained from Varshney e{20069. The HV-, Bmac-, Bmag-,
EBmac- and EBmag- markers were amplified accordinghe PCR protocols reported by
Ramsay et al.2000 and the GBMS- and GBM- markers according to tteéqeol described
by Thiel et al. 2003. The primers were synthesised and the reverseepsi IRDye-labelled
at Biolegio BV (Nijmegen, The Netherlands). The P@Rduct was visualised on LICOR
4200 DNA sequencer. Additionally, a polymorphismsttevith 313 unmapped SSR primer
combinations (GBM-) developed at IPK (Gatersleb8&eymany) revealed 74 polymorphic
markers in L x V and/or in Su x V (i.e. 24%). Fronese 74 SSRs, 13 pairs of markers were
associated with the same consensus sequencemngsulé set of 61 unigene-based markers.
Subsequently, we mapped 49 of those GBM markeksxriv and 12 in Su x V. The primer
combinations of those 61 SSRs were unlabelled.€fbies, their PCR amplification products
were fluorescently labelled according to the A/bdling procedure before loading on gel.

A/T labelling procedure

DNA polymerases without proofreading activity gealgr catalyse the addition of a 3'-
terminal deoxyadenosine to a PCR amplification poddClark1988. This 3' overhang of an
adenosine residue in a PCR amplification produetigely used for universal cloning into a
vector with a 3'-thymidine overhang (Magnuson etl896 Zhou et al.1995 Promega).
Here, we used this strategy to fluorescently I&d€R amplification products produced by
SSR primer combinations with an adapter contaitivegappropriate IRDye to allow infrared
detection during electrophoresis. The PCR amptifica product of an SSR primer
combination (5ul) was ligated O/N at 37°C to the IRDye-labellecadapter in a ligation
mixture containing 1 UniT4 Ligase(Invitrogen), 1 pmol IRDye-700 labelled T-adapt2r,
nmol ATP, 0.25 UnitSupertacand 1.5ul 5x T4-ligation buffer (Invitrogen) in a total uaine
of 10 ul. The T-adapter is generated by mixing equal art®wi the oligo’s adT-top
[700GACTGCGTACCAATTCACT, near-infrared fluorescently bkled, (Biolegio, The
Netherlands)] and adT-botGTGAATTGGTACGCAGT"?). The bottom strand (adTbot)



contains a 5'-terminal phosphate group for efficlggation and a 3'-terminal amine group to
avoid A-tailing of the adapter.

Construction of the barley consensus map

The quality of the data sets was estimated by ngnai Chi-square test for the segregation
data of each marker. Then, we ordered twice mankgtsn individual data sets with the
program RECORD (Isidore et &003. After each marker ordering by RECORD, confligtin
data points (i.e. singletons) and other potentiebre in the marker segregation data were
identified and replaced by missing values as sugdeby Isidore et al.2003. A new
improved version of JoinMap (JoinMap 4) based daster algorithm (Jansen et 2001J),
kindly provided by Dr. Van Ooijenhftp://www.kyazma.n), was subsequently used to
calculate the six individual barley maps. Then, thiegrative function of the software
package JoinMap® 3.0 (Van Ooijen and Voorrgi®1) was used to construct a framework
map containing only the bridge markers identifietieen two or more populations. The map
distances were calculated using the Kosambi mapfingtion. Next, the six individual
barley maps were recalculated by adding the oréleheo framework markers, as given by
JoinMap® 3.0, as a “fixed order file” into JoinMdpThe final consensus map was calculated
by using the framework map as fixed backbone ortmhvthe unique loci of each individual
map were added following the “neighbors” map apphnodescribed by Cone et aR002.
The obtained consensus map was divided into 21G BfNabout 5 cM each. For the sake of
continuity of the system, we maintained as muctp@assible the BIN-defining markers of
Kleinhofs and Graner20Q0J) in their role in the present map and they kept $ame BIN
number (e.g. 1H_01 for chromosome 1H BIN number The BINs in the latter map span
about 10 cM. Each 10 cM BIN was then subdivided imto 5 cM BINs in order to obtain a
greater precision allowed by the high marker dgrsfibur map (e.g. 1H_01.1 and 1H_01.2).

Nomenclature of the markers

The AFLP marker loci were assigned with a primembmation code followed by the
fragment size as described by Qi and Lindh@@8(7) and Bai et al.Z003. The nomenclature
of the SSR markers was described in detail in feglet al. 2007). The GBR-, GBS- and
GBM- markers had been developed at IPK (Gaterslel@ermany) and correspond to
Gatersleben Barley RFLP, SNP and microsatellitekarar respectively. The prefixes, “",
“‘m” and “d” were added to marker names to indiceezyme markers, morphological
markers and major disease resistance genes follosviMlendelian segregation, respectively.
Multiple segregating bands identified with a singi®be or one primer combination were
indicated with higher case letters for RFLP marKerg. ABC151A and ABC151B) and with



lower case letters for SSR markers (e.g. BmacO@#adaBmac0040b). The rest of the marker
names remained unchanged compared to their rec@dainGenes 2.0.

Mapping strategies of defence gene homologues (DGHs

In the present paper we use the term “resistanne”der genes that specifically confer a
vertical resistance in race-cultivar-specific iaigons, like Rph- genes toP. hordei A
“defence gene” is more generally induced in a ptasponse to a pathogen challenge, such as
pathogenesis-related (PR) proteins. Analoguessidteance (RGA) and defence genes (DGA)
are genes isolated using a PCR approach with deggengrimers designed from conserved
domains of plant resistance and defence genesatesgy (Lanaud et aR004. Homologues

of resistance genes (RGH) are genes identifieddst bnalysis that shares significant identity
of the amino-acid sequence with known resistancegéMonosi et aR004). Following the
same nomenclature, we named the genetic markexeddrom ESTs homologous to known
defence genes Defence Gene Homologues (DGH).

A list of genes involved in the partial and/or Hasssistance of plants to fungal
pathogens was drawn up based on the informatioilable in the scientific literature. We
also considered the defence genes as well as eef@stance genes which were differentially
expressed between susceptible and partial or nshrbsistant barley lines (Neu et 2003
Gjetting et al2004 Zierold et al.2005 Jafary et al. unpublished data). We selectedad od
81 defence genes and five resistance genes thht exglain the QTLs for partial resistance
to barley leaf rust reported in this study (Tab®&MES?). The selected defence and resistance
genes were tBlastx in the TIGR Gene Indices dawmbAsbarley EST was considered
homologous to the gene used for tBlastx when atestaith a similar function in TIGR
database and at a tresh@d/alue< 10°. The blast analysis resulted in the identificatign
245 homologous barley unigenes. For convenientée@homologues of the 81 defence and
five resistance genes selected are considered &$ iDGhis paper. Three strategies were
followed to map a maximum of DGHs on the developadey consensus map. The first
strategy consisted in developing simple PCR markeEsed on the unigene sequences
obtained by blast analysis in TIGR. In the secdnatagy, we searched the transcript map of
barley, which is being developed at IPK, for mapp€H sequences (Stein et 2007). The
third approach consisted simply in searching ttegdiure for DGHs already placed on one of
the maps used to construct the present consengus ma

Disease evaluations at seedling plant stage

The long-time standard barley leaf rust isolatel1(2. hordeiOtth) was used to evaluate the
level of partial resistance of the 150 DH linesSofx M and of the 94 DH lines of the OWBs



at seedling stage in a greenhouse compartmentSter M, the disease experiments were
conducted in six replications in time and withircleaeplication one seedling of each DH line
was inoculated. For the OWBSs, the disease expetsneere conducted in three replications
in time and within each replication three seedliofjeach DH line were inoculated. The seeds
were sown in trays of 37 x 39 cm, each of themaiamtg two rows of 10-15 seeds. In each
tray one seed of each parental line, Steptoe anaor Dom and Recand of the control
lines, L94 and Vada, were sown. The inoculation wadormed as described by Qi et al.
(19981 with about 200 spores per €niThe latency period (LP) on each seedling was
evaluated and the relative latency period (RLP%G& calculated, relative to the LP on L94
(Parlevliet1975.

Statistical analysis

The pedigree analysis of Steptoe and of Morex vemdised with the Peditree software
package (Van Berloo and Hutt@®05. The wide sense heritabilitth?) for RLP50S was
estimated from ANOVA in the St x M and the OWB plaions according to the formuk&
= o4’ | (o4° + oo In) wheren represents the number of replicates per line. ANOMA
RLP50S revealed significant genotype and replicagiffects in both populations. Therefore,
the genotype effect of each line was extracted friibb analysis of variance and its
distribution tested for normality. The genotypeeetfwas used to map QTLs on the skeletal
maps “St x M basemap” and “OWBbase” (approximat@hl0 cM per marker interval)
downloaded from the GrainGenes 2.0 website and fileenOSU Barley Project website,
respectively. The ANOVA was performed with the Gen® 8.1 software package (VSN
International Ltd. 2005). QTL-mapping was performesing MapQTL® 5.0 (Van Ooijen
2004 according to Qi et al.1098h. A LOD threshold value of 3.1 was set for declgra
QTL (Van Ooijen1999 and a two-LOD support interval was taken as didence interval
for a putative QTL (Van Ooijeht992. The Restricted-MQM program was run to estimhee t
proportion of explained phenotypic variance andédtffiect of the alleles from each parent.
The distribution of QTLs and DGHs on the consensugp was analysed by
considering a BIN as “occupied” by a QTL when camtay the corresponding peak marker
or “occupied” by a DGH(s) when containing the cepending molecular marker(s). A Chi-
square test was realised to test the null hypahessuming independent distribution of BINs
occupied with a QTL and BINs occupied with a DGH(s)



Results
A high-density consensus map of barley

We used barley SSR markers to link barley popuiatigenotyped with RFLP and barley
populations genotyped with AFLP markers. A barlepsensus map was constructed, which
integrates 3,258 markers. This new consensus mbgrldy covers a total genetic distance of
1,081 cM with an average distance between two adjdoci of 0.33 cM. This is the highest
density of markers reported for a barley genetip neadate. After the primary inspection of
the data, 49 markers were removed because ofgkeiwed segregation. From all singletons
detected, 72% were removed after the first markdering and the others 28% after the
second marker ordering. The data set containing singletons was the one of OWB with
2.3% of its total number of data points replacedibnown values, while the data sets of Su
xV,Sux CC,LxV,StxMandI x F containedpestively 1.4, 1.2, 0.5, 0.4 and 0.2% of
singletons. One gap remained on chromosome 6Heo®thx M map only. On the original St
x M map (Hordeum-NABGMP1, GrainGenes 2.0) 42.7 cépasate the RFLP markers
ABC170A and MWG798A at the telomeric end of 6HL. vied to map markers within this
interval to improve the map integration, but we dat succeed to reduce this gap to less than
30 cM. The framework map contained 50, 95, 89,/83,66 and 79 integrated bridge markers
for the barley chromosomes 1H, 2H, 3H, 4H, 5H, 6id &H, respectively. It covered 1,028
cM with an average marker distance between twacadjdoci of 2.08 cM. The correctness of
the final consensus map was evaluated by comp#aré&IN markers order with the order of
the same markers on the BIN map of Kleinhofs arah@r 001). Marker orders between the
maps were in good agreement with solely two inesisiof markers on chromosome 3HS and
at the distal end of chromosome 5HL. ChromosomeS aHd 5S5HL were recalculated by
adding the BIN markers of Kleinhofs and Grari&(J) as fixed order in JoinMap® 3.0. The
full version of the consensus map is available asEacel file in Table ESM & The
chromosomal assignment, the genetic position, the of marker, the BIN number and the
map(s) of origin are given for each marker.

Skewed segregation of molecular markers in sixelygobpulations

Clusters of markers with skewed segregation weeatifled in all six barley linkage maps
used for this study and on all seven barley chrames (Fig.1l). The distribution pattern of
chromosomal regions associated with skewed madgregation was different from one map
to another. Xu et al1097 proposed to regard a chromosomal region as lsssgciated with
skewed segregation when four or more closely linkedrkers are significantly and
consistently deviating from the 1:1 ratio. By fallmg this proposition we associated



approximately 75% of the consensus map with regsiesved in one or more population(s).
The number of skewed markers varied from 10% of nierkers mapped in the OWB
population to 41% of the markers mapped in theH population. The | x F population also
stood out by having the most extreme marker skesyn@s chromosome 3H towards the
alleles of Igri (allele B) (Figl). In both Su x V and Su x CC map regions of skewed
segregation were observed on all the seven baHeymmsomes. It is remarkable that the
markers were predominantly skewed towards the \&igte (allele B) in Su x V while they
were predominantly skewed towards the SusPtrikea(dlele A) in Su x CC.
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Figure 1. Scatter plot representing the distribution of markeewness on the six individual barley maps,
eachdot representing one molecular marker. The chromosamersepresented tplid vertical linesalong
the map distancex{axis) and their number is indicated. The I8 (y-axis) is the log2 value of the ratio
of the number of RILs carrying the allele of pagtrine A on the number of RILs carrying the allele of
parental lineB. Markers outside the twdashed horizontal lineare significantly skewed as calculated by
chi-square test.

Map position and characteristics of gene-targetarkers

A higher level of polymorphism was obtained witmgeic SSRs than with genic SSRs. In L
x V, 82% of the genomic SSRs tested (HVM-, Bmaaenag-, EBmac-, EBmag- areBMS-)
and 52% of the genic SSRs tested @GégneNamand GBM-) were polymorphic while in St x
M 81% of the genomic SSRs and 37% of the genic S88ed were polymorphic. A set of
61 GBM- SSR markers was mapped for the first time¢his study. Those 61 markers were



distributed over the 7 chromosomes, which contagsch between 5 and 14 of them (Table
ESM $1). Since the GBM primers have been developed oleyo&ST sequences, this new
set of SSR markers represent 61 unique genes fiehwhmap position is now available. The
PCR-mixtures of the SSR markers analysed were ssfidly fluorescently labelled,
following the A/T labelling procedure.

A list of 81 defence genes and 5 resistance gdraspossibly explain the mapped
QTLs for partial resistance was drawn up (Table ES2Yland tBlastx was executed in the
TIGR Gene Indices database. For 33 of those gé&3cbarley homologues (Table ESNB)S
were mapped in one or more of the barley popul&ijomsed to construct the consensus map.
The number of those DGHs per chromosome ranged &don chromosomes 1H and 4H to
18 for chromosome 2H. This suggests a very uneigriition of the DGHs-based markers
over the barley chromosomes. On average, less ahanDGH per 45 cM was found on
chromosomes 1H, 4H and 5H while one DGH per 8-15wd8 found on the four other
chromosomes. Many of the mapped barley DGHs weganised in clusters composed of
homologous genes. Those clusters occur for perseidéke-genes on both arms of
chromosome 2H WIR3 Per2 Prx8 and Prx2), for beta-glucanase like-genes on
chromosome 3HHvVNR-R1land GIb33 and for thaumatin like-genes on chromosome 7H
(PWIR233.

Figure 2. Frequency distribution of phenotype a Steptoe x Morex
for the relative latency period of leaf rus Gl Morex =118
isolate 1.2.1 in seedlings (RLP50S) of trZ o l lstepl-(,e_:m

Steptoe x Morex populationa); and of the ] Vada =124
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The wide sense heritabilithq) for RLP50S was 0.83 in St x M and 0.84 in the Q3\/8n the
two populations the RLP50S values covered aboutahge between the susceptible line L94



and the partially resistant line Vada (F&. However, in both populations, the RLP50S
values for the parental lines were intermediate amdilar to each other, indicating
transgressive segregation, which implies that Ipatfents contributed alleles for resistance.
The genotypic effect used for QTL analysis followed normal distribution in both
populations, as expected in case of polygenic amadtifative resistance.

Table 2. Summary of QTLs conferring partial resistance asgfaileaf rust isolate 1.2.1 at seedling
development stage in two barley populations

Steptoe x Morex Oregon Wolfe Barley

QTL Chr. cM LOD Exp% Add® QTL Chr. cM LOD Exp% Add
Rphg8 7H 865 3.4 4.1 -1.16 Rphql2 2H 124.4 57 5.6 -1.11
Rphqll 2H 951 21.0 341  3.31 Rphql6 5H 160.0 139 327 270
Rphgl4 1H 116 96 129  -2.00 Rphql7 3H 522 6.6 106 155
Rphql5 6H 251 53 55 1.31 Rphql8 2H 536 5.1 6.9 -1.22

Rphgl9 4H 575 4.2 7.6 -1.32

Total 56.6 1.46 Total 63.4 0.60

! position of the peak marker on the consensus magftiMorgan)

2 Proportion of the explained phenotypic variance

3 Additive effect of the allele from Steptoe; aneeffof 1 is equivalent to a prolongation of theiaty
period of the rust fungus of 1.72 hour; a negagiga indicates that the resistance allele has been
contributed by Morex

* Additive effect of the allele frorBom an effect of 1 is equivalent to a prolongatiorttef latency
period of the rust fungus of 1.44 hour; a negasiga indicates that the resistance allele has been
contributed byrRec

Four QTLs were detected in the St x M populatiod &wve in the OWB population
(Table 2). Three of the nine detected QTLs were at a mappmwsition similar to a QTL
reported by Qi et al1099 2000 in two other mapping populations. We assumettheyt are
at the same loci and provisionally use the genegydason of Qi et alRphg8in L x V (Qi et
al. 1999 andRphgllandRphqgl2in L94 x 116-5 (Qi et aR000. The six other QTLs were at
locations in which no QTL for resistance B hordei had been reported before. We
designated them provisionally Bphql4to Rphgl9 In St x M,Rphgllon chromosome 2H
and Rphql4on chromosome 1H had the greatest effect on thetamse, while in OWB
Rphgl6on chromosome 5H was the most effective QTL. ThHeeotQTLs contributed
moderately to the level of partial resistance. Toge the QTLs identified explained 56 and
63% of the phenotypic variation in St x M and OWBspectively. As expected from the
transgressive segregation observed in FigBrein both populations the two parents
contributed QTLs with resistance alleles and QTlth wusceptibility alleles (Tabl2).



Table 3. Chi-square test on the probability of independbsitribution of QTLs and DGHs over BINs on
the consensus genetic map of barley

Clasé Observed results (O) Expected results (E) (OLE)
QTL DGH
0 0 154 (189*167)/210  =150.3 0.091
0 1 35 (189*43)/210 =38.7 0.353
1 0 13 (21*167)/210 =16.7 0.819
1 1 8 (21*43)/210 =43 3.183

i = 4.448

@ A class 0 indicates BINs unoccupied by QTL andd@H and a class 1 indicates BINs occupied by a
QTL and/or by one to several DGH(s)

® With a number of degree of freedodf)( = 1 the null hypothesis is rejected with a piliy P < 0.05

Map-based selection of candidate genes to exglai@QiLs

In this paper BINs were used to compare the positibl9 QTLs for partial resistance to
barley leaf rust with the position of 63 DGHs pb$siinvolved in the defence of plants to
fungal pathogens (Fig). Nine of the QTLs were detected in this studytioa St x M and
OWB populations while the other ten QTLs had beetected previously on L x V (Qi et al.
1998k 1999, Su x V (Jafary et ak006g and Su x CC (Jafary et &006h including L94 x
116-5, Qi et al.2000. An identical name was assigned to QTLsS mappetivin or more
populations which had overlapping confidence irdésvA BIN containing the peak marker of
a QTL was considered as “occupied”. Since a QTLpedpn several populations usually had
in each population a different peak marker, one @buld occupy more than one BIN.
Similarly, a BIN containing one or more DGH(s) wamsidered as “occupied”. The 19 QTLs
occupied 21 BINs and the 63 DGHs occupied 43 BEght BINs were co-occupied by a
QTL and by a DGH(s)Rphg6with WBE105 (peroxidase)Rphgl8with Pox, GBR1062,
GBRO0126 (peroxidase), GBR0239 (Lipid transfer prgteand GBS0864 (WIR1 protein
homologue);Rphg2with Prx2, WBE111 and GBR1182 (stress-related pdese); Rphg3
with WBE103, GBS0164 (superoxide dismutase) antdd WiBE201 (serine/threonine-protein
kinase Pelle);Rphgl with GBR0202 (PR-1 protein)Rphg8 with WBE101 (HVNR-F1);
Rphg9with GBR0192 (LR10 resistance like-proteiphg4and WBE108 (thaumatin like-
protein) were mapped next to each other in the emrisre BINs 5H_02.1 and 5H_02.2,
which was considered as a case of co-occupation.

We tested by Chi-square test the null hypothesigrasig an independent distribution
of BINs occupied by a QTL and BINs occupied by aH{§ (Table3). The null hypothesis
was rejected with a low probability, suggestinggniicant tendency to association between
QTLs and DGHs position over the consensus mapridya



Discussion
Properties and usefulness of the high-density cusemap of barley

The final consensus map comprising all 3,258 markes calculated by combining the use
of traditional software packages (Excel, JoinMap®) 3vith the use of recently developed
software packages (RECORD, JoinMap 4). The markeéerowas always under control of
fixed-order files, extracted from the framework mép guarantee that the integrated marker
order remained in agreement with the marker ordeslserved in the individual maps. The
alignment of the individual maps calculated in Bdap 4 without fixed-order files revealed
very few and limited marker reordering between thaps (data not shown). This is an
indication that the marker order is very stablejclwtcan only be achieved when the data are
almost free of errors. We believe that the visuadpection of the data sets for the
identification of errors and replacement of singtet by missing values, as proposed by
Isidore et al. 2003, plays a significant role in the stability of therker order.

AFLP and RFLP markers are the most abundant madyes on this high-density
consensus map, respectively 60 and 26% of the motalber of markers. The SSR marker
system was used to map bridge markers between dpelgtions mainly genotyped with
AFLP markers (L x V, Su x V, Su x CC and OWB) ahé bnes mainly genotyped with
RFLP markers (St x M and | x F). SSR markers repre$1% of the total number of markers
on the consensus map. Both RFLP and SSR markerdighty transferable between
populations of the same species but also betweetiespof the same family. On the other
hand, the transferability of AFLP markers is linditeo the same plant species. However, even
if common AFLP markers can be identified among pafons (Qi and Lindhout997) and
used to align genetic maps (Rouppe van der Vooal.€i997), the transferability of AFLP
markers among laboratories remains disputable. ¥é& &s criteria for the selection of
potentially common AFLP markers across populatitims co-migration of amplification
products obtained with identical primer combinasioand the localisation of markers to
similar map positions. Between the L x V, Su x \&u x CC linkage maps, developed in
the same laboratory (Laboratory of Plant BreediWwggeningen University), 271 AFLP
markers were polymorphic in at least two of thespupations. Only 3 out of 1,362 AFLP
markers mapped in the three populations at Wagenitgniversity were unambiguously in
common with the 594 AFLP markers mapped in the OpdBulation at the Oregon State
University. The barley populations developed at ¥aggen shared common parental lines
(Vada or SusPtrit) and were genotyped with at l&dstdentical primer combinations while
the OWB population had no parental line in commadthwhe other populations and was
genotyped with only 8 primer combinations identitalone of the three other AFLP maps.
This can only partly explain the near absence ofiroon AFLP markers identified between



the maps developed in different laboratories. Waiiae that differences in the assessment of
fragment sizes of AFLP bands by different laboliaware mostly responsible for the lack of
common markers identified. Differences in assesseds could result from the use of a
different visualisation system, size ladder or swprmethodology. The generation of
reference AFLP fingerprints including parental 8nfom the populations involved and
making them publicly accessible can further enhaheeidentification of common markers
between unrelated barley mapping populations stiuali@lifferent laboratories.

The lack of polymorphism observed on chromosomeo6lkhe St x M map over 30
cM may be due to sharing a common ancestor bywbeptirents. The pedigree analysis of
Steptoe and of Morex revealed that they sharelfariey lines in their ancestry: Eckendorfer,
Frew. Berg, Schladener |, Schwarze and Titan. Vésyme that the lack of polymorphism on
6HL is indeed due to shared ancestry.

Approximately 75% of the consensus map was assaciaith regions of skewed
segregation in one or more of the six integratepufaiions. In this study, no difference was
observed between the skewness of marker segregition the DH and from the RIL
populations, i.e. respectively 24 and 22% of marlgrowing skewed segregation. This does
not support the observation of Xu et dl997 who reported significantly higher frequencies
of skewed markers in RIL populations than in of@pulation structures. Skewed segregation
may arise from genetic, physiological and/or enwinental causes and the relative
contribution of each of these factors may depengamental combination and factors during
the development of the mapping population (reviewedu et al.1997).

Optimising the mapping of gene-targeted markegdants

The sequence data generated by large-scale ESé&cigdjas made it feasible to develop
molecular markers directly from genes rather thamfanonymous DNA fragments. The
development of gene-targeted markers (GTM) (Andersed LUbberstedt2003 is
particularly relevant in plant species like barliey which genome sequencing cannot be
completed at short term and for which a large nundfeESTs is available. The ongoing
development of genetic maps based on GTMs, alsedcahnscript maps, in barley by Sato et
al. (2009, Rostoks et al.20095 and Stein et al.2007 has already produced sets of 1,055
(SNP), 323 (SNP, SSR) and 1,032 (RFLP, SNP, SSRJY<;Tespectively. In this study, we
contributed 75 new GTMs to the barley community, S8Rs (GBM-markers) and 14 CAPS
and SCAR markers (WBE-markers), which will serve itaprove the available barley
transcript maps. The conversion of expressed sequieiormation into molecular markers
with a position on a linkage map is a laborious aastly process. In order to minimise the
effort and to avoid the mapping of redundant ES®mfone laboratory to another it would be
advisable to integrate all contributions on oneljgubanscript map. The construction of such
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a high-density consensus barley linkage map, iategy the individual linkage maps used to
map GTMs, could be achieved with the methodology e applied in this paper.

Among the different marker technologies availalWedevelop GTMs, genic SSRs
have proven as markers of choice for their highlityjuaand the robustness of their
amplification patterns along with their multiallelinature, codominant inheritance and
superiority in terms of transferability and comgas@ mapping in related species (Varshney
et al.2005a Parida et al200§. Nevertheless, SSR markers often produce a conmpibeture
of PCR products that requires high-resolution s#jgam on polyacrylamide gels. The direct
synthesis of a fluorescently labelled primer is w@bfive times more expensive than the
synthesis of an unlabelled priméihe use of tailed primer labelling to label PCRdurat also
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Figure 3. Locations of

19 QTLs for partial
resistance to barley leaf
rust mapped in five

individual barley linka-
ge maps and of 63
defence gene homo-
logues (DGH) on the
BIN map extracted from
the constructed high-
density consensus map
of barley. Length of
QTL bars corresponds
approximately to the
two LOD  support
intervals (from peak
marker) based on the
results of MQM. The

loci preceded by an
asterisk are BIN
markers, the 61 loci
underlined are new

genic SSRs and the 63
loci in bold are DGH-

based markers. Num-
bers on the left side
show the distance in

centiMorgans  (accor-
ding to Kosambi) from
the top of each

chromosome. The full
consensus map is
available as an Excel
file in Table ESM 8.

results in extra costs due to the elongated sitzkeofailed primers and to the requirement of a
second PCR. The economic aspect becomes espea#lyant when a large number of
primer combinations has to be tested on a smallbearof individuals. In this study, 313
unlabelled primer combinations were screened betwide parents of two mapping
populations and 61 new genic SSR markers were ndapie optimised this extensive SSR
analysis by fluorescent labelling of unlabelled P@Rtures followed by size-separation on
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polyacrylamide gels. A procedure referred to as Adbelling. Subsequently, the primer

combinations amplifying markers of interest foridnroughput applications can be directly
synthesised with a fluorescent label. Automatedusegers are widely used for DNA

sequencing, SSR analysis, AFLP analysis and regenmsetics. Thesgequencers are perfectly

suited for the high-resolution size separationgeckdn and analysis of PCR products. We
presume that the A/T labelling procedure can aésagiplied with other fluorescent dyes.

Distribution of QTLs for partial resistance to leaét on the barley genome

The level of partial resistance to leaf rust amspang barley germplasm is not only high but
also increasing due to selection against high $ewélsusceptibility by the breeders (Niks et
al. 20000. The continued increase of levels of partialggice in modern barley germplasm
implies that there is an abundance of loci carrgngh genes. The present study supports this
assumption. Each parental barley combination setgedor different sets of QTLs, with only
few QTLs shared by any pair of cultivars. In toted, QTLs were placed on the present barley
consensus map. Those results confirm the earliserghtions of Qi et al.2000 and show
that the abundance of QTLs for partial resistaserieality.

Significance of the candidate gene analysis faniolpa QTL

The main challenge of GTMs development is to asdecsequence polymorphisms with
phenotypic variation. Several authors already mdpPé@&Ls on linkage maps that contain
GTMs (Chen et al200% Faville et al.2004 Pajerowska et ak009. This may allow the
identification of associations between markers #natbased on genes with known or putative
function and QTLs for agronomic traits. The canthdgene approach has often been used to
characterise disease resistance loci. Numerousgeveved in pathogen recognition, signal
transduction and defence have been isolated. Toadily, analogues of those resistance
(RGA) or defence genes (DGA) are used to identépdidate genes (Pflieger et aD0Z;
Lanaud et al2004. More recently, a procedure based on the seleafohomologues of
genes involved in plant defence by blast analysas applied to identify candidate genes
(Pajerowska et al2005. We propose to name those genes Defence Gene lbljues
(DGH). In this study, eight BINs were co-occupieg & QTL and by a DGHY(s) involving
genes that encoded receptor-like kinase (RLWJIR1 homologues and several defence
response genes like peroxidases, superoxide disenatad thaumatin. Those results indicate
striking similarities with previous reports, wheagenes with such functions also tended to co-
localise with QTLs for disease resistance in wiagdt in rice (Faris et al.999 Wang et al.
2001, Ramalingam et alk003. In wheat, theWIR1 gene has a function in increasing the
adhesion of the membrane to the cell wall in cdspathogen attack (Bull et al992. In



barley, WIR1and WIR1 homologues were induced upon inoculation with thet pathogen
Blumeria graminid. sp.hordei(Jansen et aR005 Zierold et al.2005 and with the non-host
pathogerP. triticina (Neu et al2003. It is often assumed that DR genes like thoseding
peroxidase (PR-9), superoxide dismutase and thauniilg protein (PR-5) are potential
candidates to explain the QTLs for quantitativeistasce to plant pathogens. Peroxidase
(H20,) and superoxide dismutase,{Qare reactive oxygen intermediates (ROIs). R@h&eh
been implicated in signal transduction as wellrathe execution of defence reactions such as
cell wall strengthening and a rapid hypersensitwaction (reviewed in Hickelhoven and
Kogel 2003. But the role of ROIs in the establishment andnteamance of either host cell
inaccessibility or accessibility during attack byfungal plant pathogen is not yet fully
understood. The vacuolar peroxide®ex7 was implicated as a susceptibility factor in the
response of barley to attack By graminisf. sp. hordei enhancing successful haustorium
formation (Kristensen et aR001). Prx7 mapped in the same region of chromosome 2HL
(Giese et al1993 asPrx2, which is another peroxidase gene locus identifeed aandidate to
explainRphqgzin this study. The mildew haustorium promoting effef Prx7 (Kristensen et
al. 200)) qualifies peroxidase genes as candidates for @drysartial resistance #®. hordei

However, it always remains to be determined whetteicandidate gene and the QTL
map in the same position on the linkage map by @han indeed because the candidate gene
really is responsible for the phenotype determibgdhe QTL. For instance, many of the
mapped barley DGHs were organised in clusters cepgpof homologous genes. DR gene
families are often organised in complex loci ascdesd by Muthukrishnan et aR@01). So
the fact that a DGH is co-segregating with a QTlegloot mean that this DGH is the gene
underlying the QTL. Remarkably, a cluster of DGHapmed in the centromeric region of
chromosome 6H was composed of homologues of genes Very different families like
At4g22240, pBI-1, Sod, HYNR-F6 and PAL. This regminchromosome 6H might represent
a gene rich region. We also performed a Chi-sqtgste which showed that the distribution of
the 19 QTLs for partial resistance to barley laadtrwas significantly associated with the
distribution of the 63 DGHs mapped on the presentsensus map. It implies a tendency of
QTLs and DGHs to co-segregate, and might suggeststtme of the co-segregating DGHs
are indeed responsible for the phenotype determiyettie QTLs. At the end, fine-mapping
experiments are necessary to locate precisely nipdicdated candidate gene and the QTL
locus. Transcriptome profiling can confirm the itwement of the gene in the biochemical
pathway leading to the phenotype observed butneilldemonstrate conclusively whether the
candidate gene is the gene determining the traiati@n in the mapping population. The
evidence that a candidate gene is really respan$iblthe trait variation can be definitively
demonstrated by genetic transformation experiments.



Note

Tables ESM are available with the online versiorthaf article (DOI: 10.1007/s00122-006-
0448-2). All the mapping data and segregation dathe three RIL populations, L94 x Vada,
SusPtrit x Vada and SusPtrit x Cebada Capa, usedrtstruct the high-density consensus
map of barley, have been deposited in the Grain&2redatabase.
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Abstract A microsatellite or simple sequence repeat (SSRiseasus map of barley was
constructed by joining six independent genetic ntagsed on the mapping populations ‘Igri x
Franka’, ‘Steptoe x Morex’, ‘OWBRec x OWBDom’, ‘Lanx Canada Park’, ‘L94 x Vada’
and ‘SusPtrit x Vada’'. Segregation data for mictelite markers from different research
groups including SCRI (Bmac, Bmag, EBmac, EBmagGgWeNamescsssr), IPK (GBM,
GBMS), WUR (GBM), Virginia Polytechnic Institute §#M), and MPI for Plant Breeding
(HVGeneNamg generated in above mapping populations, werd use¢he computer pro-
gram RECORD to order the markers of the individirdage data sets. Subsequently, a fra-
mework map was constructed for each chromosomategrating the 496 “bridge markers”
common to two or more individual maps with the hefiphe computer programme JoinMap®
3.0. The final map was calculated by following &ighbours” map approach. The integrated
map contained 775 unigue microsatellite loci, fré@8 primer pairs, ranging from 93 (6H) to
132 (2H) and with an average of 111 markers p&atjie group. The genomic DNA-derived
SSR marker loci had a higher polymorphism inforomatcontent value (average 0.61) as
compared to the EST/gene-derived SSR loci (aveda4f®). The consensus map spans 1,068
cM providing an average density of one SSR markerye1.38 cM. Such a high-density
consensus SSR map provides barley molecular brggatimgrammes with a better choice
regarding the quality of markers and a higher poditp of polymorphic markers in an
important chromosomal interval. This map also affére possibilities of thorough alignment
for the (future) physical map and implementatiohaplotype diversity studies of barley.

Additionnal keywords: molecular markers; genetic map; EST-SSRs; barl@ysensus map



Introduction

Molecular genetic maps of crop species find a waié uses not only in breeding but also in
genomics research. For instance, molecular gemedips have been extensively used for
comparative genomic studies, throwing light on gee®rganisation in grasses in general and
in cereal crops in particular. Molecular geneticpsare also used for the identification and
mapping of genes and quantitative trait loci (QTIEs) morphological, physiological and
economic traits of crop species.

In barley, the first molecular genetic maps comgailRFLP markers (Graner et al.
1991 Kleinhofs et al.1993 and over time, PCR based molecular markers bedhee
dominant marker type (see Varshney et 2004. Among different types of molecular
markers available for barley, microsatellite or glensequence repeats (SSRs) have proven to
be the markers of choice for marker-assisted seledtMAS) in breeding and genetic
diversity studies. This is largely because theyimegsmall amounts of sample DNA, are easy
to detect by PCR, are amenable to high-throughpalyais, co-dominantly inherited, multi-
allelic, highly informative and abundant in genonfeswell et al1996 Gupta and Varshney
2000. The value of microsatellite markers for both et diversity studies and for barley
breeding was demonstrated as early as 1994 (Satgraof et al. 994, Becker and Heun
1995 Liu et al.1996 Struss and Pliesk&998. Later, comprehensive microsatellite genetic
maps integrating 242 SSR loci and 127 SSR loci weepared by Ramsay et a2000 and
by Li et al. 003, respectively. In the majority of the studies m@med above, the SSR
markers were developed after screening small ingeriicrosatellite enriched genomic
libraries for SSR motifs. In recent years, howeveecause of the availability of large
expressed sequence tag (EST) datasets for a nuhpkmt species and the development of
several bioinformatics tools, it has been posdibledentify and develop SSR markers from
ESTs (Pillen et al200Q Thiel et al.2003 Ramsay et ak004 Varshney et al2006g. The
SSR markers derived from ESTs are commonly knowtE&3-SSRs”. The development of
such markers, in contrast to the earlier genomRsS% easier, faster and cheaper (Varshney
et al.20053.

Ideally, a molecular genetic map should be dengmpulated with PCR-based
markers. This is especially important as barleyogans research increasingly involves map-
based gene cloning projects that require accufiate,genetic maps to correctly position a
gene of interest between closely linked flankingkees (Stein and Gran@004). To further
facilitate such studies, efforts are currently um@s to prepare sub-genomic physical maps
with the eventual objective of capturing and seqguen the barley gene-space
(http://phymap.ucdavis.edu:8080/barley/index.jsp

Although several hundreds of microsatellite markease been developed, they have
been mapped in several mapping populations thag wrartheir level of polymorphism




(Varshney et al2004. To increase the density of microsatellite maskavailable on the
overall barley genetic map and to provide relativeations, the present study aimed to
construct a consensus genetic map integratingvalladle SSR-marker data. This goal was
achieved by employing common markers (RFLP, AFLB 8%R) on each chromosome to
anchor the chromosome maps from different populatidhe final consensus map included
775 microsatellite marker loci offering a signifitamprovement over any single population
genetic map. The distribution of different types ®R loci and the PIC values for the
markers are discussed.

Materials and methods
Mapping populations

A total of six mapping populations were integraietb a single consensus map. These
included two recombinant inbred line (RIL) poputets and four doubled haploid (DH)
populations (Tabld). The RIL populations have been developed at thigokatory of Plant
Breeding, Wageningen University, The Netherlandg] aonsist of L94 x Vada (L x V)
developed by Qi et al190983 and of SusPtrit x Vada (Su x V) developed by Ja& al.
(20069. The two DH populations Steptoe x Morex (St x amd the Oregon Wolfe Barleys
(OWBSs), developed in North America, are referenapping populations and subjects of
extensive genotyping and phenotyping. The St x Mugetion is the product of the North
American Barley Genome Mapping Project (NABGMP)didhofs et al1993 and the OWB
population was developed by Costa et2D0(0). The Igri x Franka DH population (I x F) was
developed by Graner et al99]). The Lina xHordeum spontaneu@anada Park (Li x Hs) is
a DH population from Svalof Weibull and was used ¢RI (Ramsay et ak000 to
genetically map 242 SSR marker loci.

SSR markers and segregation data

Several sources of SSR markers, listed in Tahleand mapped in different mapping

populations were used to prepare the barley mitgbisa consensus map. These markers
included both marker types, derived from genomicAlDd¢$ well as from genes or ESTs. More
than ten designations have been assigned to thadesrs by the laboratory that developed
the markers (Tablg, Tables ESM § ).

The segregation data of 968 marker loci mapped m ¥ and of 450 marker loci
mapped in Su x V were obtained from Marcel et 2D0{). Those data sets predominantly
consisted of AFLP markers, but also included 138 24 microsatellite loci, respectively
(Tablel). Two barley segregation data sets were doaddd from the publiclgvailable



Table 1 Summary of individual mapping data used to comrstiie microsatellite consensus map of barley

Population Name of the mapping population Type of Number Total number Predominant Number of Number of SSR markers in common with

number population of lines of markers marker type SSR markersother mapping populations

n=0 n=1 n=2 n=3 n=4
1 L94 x Vada (Lx V) Fo RIL* 103 968 AFLB 138 57 38 19 17 7
2 SusPtritx Vada (Sux V) Fs RIL 152 450 AFLP 24 12 0 2 8 2
3 Steptoex Morex (Stx M) DH? 150 694 RFLP 218 110 70 17 15 6
4 OWBRgec X OWBpom (OWB) DH 94 995 AFLP 230 156 34 17 16 7
5 Igri X Franka (X F) DH 71 695 RFLP 139 54 60 10 9
6 Lina X H. spontaneur(Li X Hs) DH 84 418 SSR 307 195 68 22 15 7

Total 584 135 29 20 7

! Recombinant Inbred Line

2 Doubled Haploid

3 Amplified Fragment Length Polymorphism
* Restriction Fragment Length Polymorphism

> Simple Sequence Repeat



GrainGenes 2.0 databagetp://wheat.pw.usda.gov/GG2/index.shinfor the St x M and | x
F populations, respectively. Those two data seidgmninantly consisted of RFLP markers, to
which the segregation data for 218 and 139 micetigat loci (Table 1) were added,
respectively. Another set of segregation data wawntbaded from the Oregon State
University (OSU) Barley Project web sitettp://www.barleyworld.org/ for the OWBs. Most
of the markers mapped in the OWB population are Rkharkers, but the segregation data
for 230 microsatellite loci could also be obtain@able 1). Within the latter set of 230
microsatellite loci, 34 are new scssr (SCRI-SSR) tecently integrated into a SNP map of
barley (Rostoks et a005 and provided by Joanne Russell. Finally, the exgafion data of
418 marker loci, 307 being microsatellite loci, mpag in Li x Hs were provided by Luke
Ramsay (Tablé&).

The genotyping data for all the SSR loci mappedlifferent mapping populations
have been appended as Table ESM S

Marker ordering in the individual maps

The recently developed computer program RECORD @aret al20059 was used to order
the markers from the six individual linkage datéssevhich comprised from 400 to 1,000
markers per set (Tabld). RECORD employs a marker-ordering algorithm based
minimisation of the total number of recombinatioreets in any given marker order. The
linkage groups were sorted by graphical genotypmiylicrosoft® Office Excel 2003. The
ordering of markers with RECORD was repeated thirees for each individual linkage map.
Between each two marker orderings, singletons ahérgpotential errors in the marker
segregation data were identified by visual inspectf graphical genotypes. The identified
singletons (a single locus in one progeny line tygiears to have recombined with both its
directly neighbouring loci) were replaced by migswalues as suggested by Isidore et al.
(2003 and Van Os et al20058.

Production of the framework map

The RECORD software package does not offer theilpibigsto integrate different marker
data sets. The integration module of the softwaekage JoinMap® 3.0 (Van Ooijen and
Voorrips 2001) could also not be used directly because it camaoidle sets of several
thousands of segregating markers. Then, the irttegrfanction of JoinMap® 3.0 was used to
construct a framework map for each chromosome aontp only the bridge markers
identified between two or more populations. A badgarker was considered as such when it
had an (almost) identical name and a similar mapitipa in the different mapping
populations concerned. Markers with the same ndrae rhapped to different positions in
different populations were not considered to be mom The obtained framework maps



contained 45, 86, 82, 54, 69, 68 and 79 integraredge markers for the barley linkage
groups 1H to 7H, respectively. Those 496 bridgekerar consist of 191 SSRs, 160 AFLPs,
139 RFLPs and 6 genes mapped by function spanndf#t tM with an average density of
one marker every 2.1 cM. All markers were assigieed chromosome during the marker
ordering procedure. For each chromosome, the fthtbridge markers were assembled and
the corresponding framework map calculated sedgrateoinMap® 3.0. The values used to
calculate the maps ranged from 0.2 to 1.0 for t@®L(logarithm of odds) threshold and from
0.400 to 0.490 for the recombination threshold,eteiing on the linkage group. The map

distances were calculated using the Kosambi magdpimgfion.

Table 2. Details on microsatellite loci integrated into t@nsensus map

Microsatellite

Source of markers

NumbemDeveloping laboratory  References

code of loci
AF, BAC BAC end sequences 4 SCRI (R. Waugh) Rarasay.200Q
Cardle et al2000

Bmac, EBmac  Genomic DNA libraries 157 SCRI (R. Waugh) Ramsay et2000
(AC repeats)

Bmag, EBmag Genomic DNA libraries 135 SCRI (R. Waugh) Ramsay et2000
(AG repeats)

Bmg Genomic DNA library 2 SCRI (R. Waugh) Ramsagle2000

EBmatc Genomic DNA library 6 SCRI (R. Waugh) Ramsay et 2000
(ATC repeats)

GMS Genomic DNA libraries 12 IPK (D. Struss) Struss and Plieske
(GA and GT repeats) 1998 Li et al.2003

GBMS Genomic DNA libraries 119 IPK (M. Réder, M. Li et al.2003
(GA and GT repeats) Ganal)

HVM Majority from genomic 34 VPISU (M.A. Saghai Saghai Maroof et al.
DNA and some from Maroof) 1994 Liu et al.1996
genes Li et al.2003

HVGeneName Barley genes 7 MPIZ (M. Heun) Becker and H&905

HVEMBLName Barley genes 17 SCRI (R. Waugh), Ramsay et aR000

Univ Bonn (K. Pillen) Pillen et al.2000

GBM Barley ESTs 246 IPK (A. Graner), Thiel et al.2003

Varshney et aR006a
WUR (R.E. Niks) Marcel et al2007
scssr Barley ESTs 34 SCRI (R. Waugh) Ramsay @084
Rostoks et al2005

WM Wheat microsatellites from 2 SCRI (R. Waugh), Ramsay et aR000

genomic DNA libraries VPISU (M.A. Saghai Liu et al.1996

Maroof)




Construction of the SSR consensus map

The final map comprising all 3,610 markers was waked based on the “neighbours” map
approach described by Cone et @a0d2. A new improved version of JoinMap based on a
faster algorithm (Jansen et aR00l) was kindly provided by Dr. van Ooyen
(www.kyazma.n). The six individual barley maps were recalculabydadding the order of
the framework markers, as given by JoinMap® 3.0a &xed order file” into this improved
version of JoinMap. Then, the framework map serasda fixed backbone onto which the
unique loci of each newly calculated individual magre added. For a target locus, the two
nearest flanking bridge markers shared by the freorie map and by the map to integrate
were identified and the coordinate of this locusswealculated relative to the ratio of the
intervals defined by the flanking bridge markerglo®two maps. In such a way, an integrated
map of 3,610 markers was obtained from which therdioates of 775 unique microsatellite
loci were extracted. In the final microsatellitaegrated map of barley the position of BIN
markers, as defined by Marcel et &007), are given as reference. Mostly, the same BIN-
defining markers and numbers as defined by Kleimtaofd Graner2001) were maintained.
Each 10 cM BIN was subdivided into two 5 cM sub-BIN

Polymorphism Information content (PIC)

The PIC is a tool to measure the informativenesa given DNA marker. The PIC value is
generally calculated using the following formulan@ferson et all993.

K 2
PIC=1-YP
=1

wherek is the total number of alleles detected for a osatellite andPi the frequency of the
ith allele in germplasm investigated.

The PIC value for the SSR markers developed atdRK WUR was calculated using
the above formula. However, the PIC value for aamij of the markers integrated into the
microsatellite consensus map was taken from thginai publications in which the
corresponding markers were first reported (TahleOther publications reported PIC values
of SSR markers calculated on different sets ofeyalihes and cultivars (Matus and Hayes
2002 Ivandic et al.2003 Karakousis et aR003 Sjakste et al2003 Malysheva-Otto et al.
2009. Those PIC values were compiled in Microsoft® iCHf Excel and identical
microsatellites (identical name) between markes sadre identified and aligned. For each set
of values, microsatellites in common with the omeported in this paper were used to
calculate a correlation coefficient.



Results
Consensus microsatellite map

The present barley microsatellite consensus magaicena total of 775 microsatellite loci
mapped with 688 microsatellite primer combinatidnsone or more of the six barley
populations used (Fid, Tables ESM § ). In total 191 SSR markers were in common, i.e.
they were mapped in at least two mapping populat{@ablel). A total of 584 SSR marker
loci were mapped only once in a particular mapgiogulation, while seven SSR marker loci
were mapped in five mapping populations. The RECO&Der of those markers that
segregated in more than one population was higbhsistent between the six individual
mapping data sets. On the consensus map, linkamye gtH had the highest number of
markers (132) with an average marker density 1/&éM93ollowed by linkage group 7H (127)
with an average marker density 1/1.24 cM (TaBleLinkage group 6H had the smallest
number of markers (93) and the lowest marker dgrisitl.75 cM) was observed on linkage
group 5H. Although all linkage groups had a mordess uniform distribution of SSR loci,
some gaps of 14-22 cM without microsatellite mankere observed on the distal ends of
linkage groups 5H and 6H (Fid). Clustering of microsatellite markers at centrome
regions was observed with 33.5% of the markers domn5.6% of the BINs. In total, the
consensus microsatellite map of barley had 1,068gevilome coverage with an average
density of one microsatellite per 1.38 cM. The Bidrker order of the present consensus
map was inspected for inconsistencies with theroofiehe same markers on the BIN map of
Kleinhofs and Graner2Q001) and of the Steptoe x Morex and Igri x Frankadigd& maps. The
marker orders between the maps were in good agreemith only two inversions of markers
on chromosome 3HS and at the distal end of chromedsHL. Chromosomes 3HS and 5HL
were recalculated by adding the BIN markers of iiefs and Grane2(01) as fixed order in
JoinMap® 3.0. The present SSR consensus map wasa#itmed with the SSR maps
developed by Ramsay et aP0Q0 (GrainGenes: “Barley, LxHs”) and by Li et ak003
(GrainGenes: “Barley, Steptoe x Morex, SSR”). Th8RSmarker orders were highly
consistent between all maps. Nevertheless, difea®in the order of markers were observed
within the centromeric BINs of the linkage groupsni the present consensus map and from
the map of Ramsay et aRQ0Q. The primer sequences for the SSR loci integratea the
consensus map, wherever possible, are given ireTe®M & and the genotyping data for all
the SSR loci are given in Table ESNA.S

Nomenclature of SSR loci

Several SSR developing laboratories have desigriaeed SSR markers by their own codes
(or code systems) (Tab®. The SSR markers that mapped in more than on@in@popula-
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Figure 1. A microsatellite consensus map of barldyofdeum
vulgare derived from six independent genetic maps. Aetioel map
with common markers was constructed using JoinM&® and
used to fit the markers from the six individual maghe BIN
markers, as defined by Marcel et &007 are inbold. The loci
preceded by an asteriskare BIN markers, which are not
microsatellites. The remaining loci are micros@tlmarkers. Co-
segregating markers are listed next to each othanvertical line on
the right side of the chromosoméumbers on the left sidghow the
distance in centiMorgans from the top of each clusmme.Colour
intensity inside the barsndicates the density of microsatellite
markers per BIN. Detailed information about theserkars
including the name of microsatellite loci, the am@some position,
the repeat motif, the PIC value (if available) ahd contact of the
developing laboratory are available in Table ESWM vghile the
primer sequences for the mapped SSR loci are élaiia Table
ESM 2. The genotyping data for all the mapped SSR lgei a
available in Table ESM 3 Additionally, all the supplementary data
are available at GrainGenes under the URL
http://wheat.pw.usda.gov/pubs/2007/varshney/




tion are in the present study termed as commorgéridarkers, as these have been used to
prepare the consensus map. In fact, the integratigeveral genetic maps depends on the
number and on the distribution of common bridge kees between the individual maps.
However, while checking the segregation data forkers in different mapping populations,
several inconsistencies were found in the designatif the same SSR marker mapped in
more than one mapping population. In order to na&nthe uniformity and avoid confusion,
we made some slight changes in the designatiomsapiped SSR loci and recommend the
community to use the same in the future (Table ESIY] For example, the Bmac, Bmag,
EBmac, EBmag, EBmatc and GBM microsatellite locravall identified with a suffix of four
digits (e.g. Bmac29 becomes Bmac0029). SimilaHg, GMS and GBMS microsatellite loci
were identified with a suffix of three digits (e @BMS2 becomes GBMS002), and the HVM
microsatellite loci were identified with a suffiX two digits (e.g. HVM4 becomes HVMO04).
Multiple segregating bands identified with one rogatellite primer pair have been usually
indicated with lower case letters; for example, tvamds (loci) for the Bmac0040 SSR marker
(primer pair) became Bmac0040a and Bmac0040b. Hemvehe same letter was often
assigned to different loci identified with the sammcrosatellite primer pair in different
populations. Those markers were renamed in a watydistinctive letters were assigned to
different loci (Table ESM 8.

Microsatellite repeat motifs

Out of 775 SSR loci integrated into the consensap, imformation on occurrence of the SSR
repeat motif was available for 768 SSR loci. Mdmart 55% of SSR loci (435) for which
repeat information was available, consisted of dieatide repeat motifs (NN) (Table ESM
S1). Compound microsatellites occur when two différf88Rs, separated by a few base pairs,
are amplified with the same primer pair. In thesprg study, compound microsatellites
consisted in a majority of NNs and were the seaondt common type of SSR loci (163 loci,
21%) integrated to the consensus map. The trintideeNNN) and tetranucleotide (NNNN)
repeat motifs were present only in 16.5% (128) @0 (28) of the SSR loci, respectively.
The remaining repeat classes, i.e. mononucleotide Pentanucleotide (NNNNN) and
hexanucleotide (NNNNNN), were represented by lkas 1% of the SSR loci.

Polymorphism Information Content (PIC) value

The PIC value measures the informativeness of engdNA marker over a set of genotypes.
Therefore, the PIC value of SSR markers available given window on the consensus map
is a good indicator of their potential usefulndsst this reason, we compiled the PIC value
available for the SSR markers, from the originatigts, in the Table ESM1SThe PIC values



are comparable between the different sets of mitetiges because they have been calculated
based on similar panels mainly composed of Eurogmaeding lines. Overall, the SSR
markers that mapped on linkage group 7H had theelsigaverage PIC value (0.59) followed
by the markers mapped on linkage groups 2H andrBE.SSR markers located on 1H had on
average the lowest PIC value (0.53). The majorit$8R markers (>54%) for which a PIC
value was available had a PIC value of >0.50 amdiab6% of the SSR markers had a PIC
value of >0.75. The genomic DNA-derived SSR maitker had a higher PIC value (average
0.61) than the EST/gene-derived SSR loci (averagf®) QFig.2).
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Figure 2. Distribution of the polymorphism information conte(PIC) value of genic and genomic
microsatellites. The markers are classified intarfgroups having PIC values, (1) less than 0.2b, (2
between 0.25 and 0.50, (3) between 0.50 and Ondb(4 more than 0.75.

In general, the dinucleotide SSRs had the highé&t Wlue (average 0.58) as
compared to mononucleotide (average 0.47), trimticle (average 0.46), tetranucleotide
(average 0.43), pentanucleotide (average 0.50) eorartucleotide (0.41) markers. The
compound microsatellites had the highest PIC vahise3.59 (average).

The compiled PIC values for microsatellite loci thie SSR consensus map was
compared to the PIC values obtained for the sanceosatellite loci in other studies and on
different panels of barley cultivars (Tallg The highest correlation coefficient between PIC
values ( = 0.70) was obtained with a worldwide collectidr983 accessions. About 60% of
those 953 accessions are from European origintfigeaccessions used to calculate the PIC
values compiled in our study. Lower correlation fioents were obtained with the sets of
barley breeding lines from other continents. Thedst correlation coefficient (= 0.30) was
obtained with the set of wild barley accessiddsgpontaneuincollected in Israel.



Functional SSR markers

Although SSR markers developed earlier were thotggbe associated with retrotransposons,
recent analysis on SSRs in genomic and EST sequiataehave shown that microsatellite
sequences also occur in genes (Morgante eP@2. Several gene (EST)-derived SSR
markers (= genic SSR markers) have been develapdthiley recently. Unlike markers
derived from genomic DNA, a putative function cae 8educed for gene-/EST-derived
markers (Varshney et a0053. Therefore, they represent a functional classnofecular
markers (Andersen and Lubberstetli03. The functional SSR markers include earlier
published genic SSR markers (Saghai Maroof €t94 Becker and Heuht995 Pillen et al.
2000 and recently developed EST-derived SSR markehse(et al.2003 Rostoks et al.
2005 Varshney et al2006a Marcel et al2007). In total, 44% of the SSR marker loci (339)
placed on the consensus map are genic/functiord&S.

Table 4. Correlation coefficients between the polymorphisformation content, or PIC, values compiled
for the SSR loci of the consensus map, calculateskoeral sets of European barley cultivars, aadiic
values obtained in previous studies, calculatedifferent sets of barley accessions

Germplasm description Common marRer<orrelation Reference
coefficient
953 accessions through the world 44 0.70 Malysletta-et al.2006
37 Latvian cultivars 57 0.47 Sjakste et20)03
40 Australian breeding lines 55 0.43 Karakousl.€2003
96 North-American breeding lines 37 0.37 Matus Hagles2002
52 H. spontaneunaccessions 30 0.31 Ivandic et2003

1 Number of microsatellite loci common between tlf&RSconsensus map and the study considered for
which PIC values were available

2 Correlation coefficient between the PIC values pibed for the SSR consensus map and the PIC values
obtained for the study considered

Discussion

Since the advent of molecular marker and linkagepmay technologies the number of
marker loci placed on genetic maps is increasimppe&ntially. In crop plant species such as
rice, maize and soybean, several high-density gen&ps are available (Phillips and Vasil
200]). Dense genetic maps are very useful for planedees to help identify molecular
markers closely linked to the genes or QTLs ofrtheerest (Varshney et &20060. Further,
dense genetic maps are important to prepare cbasge local or genome wide physical
maps, for map-based cloning and for genome sequgngiojects. Since microsatellite
markers are currently preferred over other molecoiarkers for a variety of reasons, high



density microsatellite maps, such as those devdlapeice (McCouch et alR002, maize
(Sharopova et aR002 and wheat (Somers et aD04), are very useful.

Features of the barley SSR consensus map

Although a large number of SSR markers are avalabbarley, they have been developed
and mapped in different mapping populations. Igealll markers should be mapped in the
same mapping population. However, the limited payphism in current mapping
populations has not allowed all possible SSR martebe mapped onto a single genetic map.
An alternative way to prepare a dense SSR genedig im to combine the different and
available genetic maps by exploiting common bridgmarkers. Consensus maps including
various types of molecular markers have been dpeeldefore in several species, e.g. barley
(Langridge et al1995 Qi et al.1996 Karakousis et aR003, tomato (Haanstra et dl999),
wheat (Somers et @004, pearl millet (Qi et al2004 and potato (Van Os et &00§. We
have derived the most extensive consensus SSR frizgrley so far. The map displays the
genetic position of microsatellites at a densityl@8 cM) that should enhance their
application in both plant breeding and physical piag. Despite the dense average spacing of
the markers, some gaps on the distal ends of lekggups 5H and 6H occur. These may
reflect regions of high recombination. A lack of nkers in these regions was observed in
other genetic maps of barley (Kleinhofs etl#93 Qi et al.1998a Ramsay et ak000.

The consensus SSR map contains almost all typ8SBfloci, however, dinucleotide
and compound (mainly containing different dinuciéetSSRs) microsatellites (56 and 21%,
respectively) occurred in higher proportion thae thnucleotide (16.5%) and other types of
microsatellite. The most likely explanation forghbservation is that the majority of SSR loci
integrated in the consensus map were derived frenomic DNA libraries that had been
screened only for dinucleotide SSR probes (Ramdagl.e200Q Li et al. 2003. The
availability of different types of SSR loci in avgn region (chromosome interval) will
facilitate selection of the SSR repeat motifs afich in a particular region of interest.

It is important to note that whenever possible, phiener sequences for the mapped
loci were compiled and given in Table ESM. S\vailability of the primer sequences for a
total of 580 SSR loci, approximately 75% of allilattegrated in the consensus map, at one
place should accelerate the use of SSR markerarleybbreeding activities. The primer
sequences for 172 SSR loci (170 loci mapped inhreag et al2006aand Marcel et aR007,
two unpublished loci) have been made availableublip domain for the first time. Primer
sequences for the remaining 194 SSR loci can b&reat from Andreas Graner (for GBM
loci) and Marion Roder (for GBMS loci), as per Maaé Transfer Agreement (MTA) basis.
However, one marker (Bmac0029) is commercialisé@ genotyping data made available for



all the 775 SSR loci (Table ESM3Bwill allow the community to extend the datasethwi
their own dataset in future.

The majority of the SSR marker loci integrated de tonsensus map have high
information content. For instance, about 54% of 3#&R loci for which the information was
available have a PIC value >0.50. The compoundtlamdlinucleotide microsatellite loci had
higher PIC values than the trinucleotide and otippes of SSR loci. This is probably due to
the fact that only 12% of the compound and 37%hefdinucleotide SSR loci were derived
from ESTs or genes (Ramsay et200Q Li et al. 2003, while a much larger proportion of
the trinucleotide (98.3%), tetranucleotide (90%@ntanucleotide (100%) and hexanucleotide
(80%) SSR loci were derived from ESTs or genesd[Tétl al.2003 Varshney et al20063.
Since ESTs or genes represent the transcribednegiothe genome (transcriptome), which
are considered more conserved portions of the gendmanscriptome-derived markers
generally have a lower polymorphism content (Vaeshet al.20053. Nevertheless such
markers are supposed to be more transferable betetged species (Varshney etZ4050).
Thus, depending on the objective, genomic DNA-d=ti®SR markers with higher PIC value
(for breeding purpose) or EST/gene-derived SSR enarwith a lower PIC value (for using
across the cereal species) may be selected fronprsent consensus map. The highest
correlation coefficientr(= 0.70) obtained with the 953 barley accessionsutih the world
further demonstrates the robustness of the PlGesatompiled for microsatellite loci on the
consensus map.

Accuracy of the consensus SSR map

Although consensus maps represent the densesblgogsnetic maps, accuracy and quality
of the developed consensus map is very importanitgousers. In order to construct an as
accurate and precise consensus map as possiblenien of improved map construction
programmes were used in the present study as cethparearlier studies (Karakousis et al.
2003 Somers et al2004 Qi et al. 2004. For instance, the recently developed computer
program RECORD (Van Os et #0059 was used for ordering the markers from the six
individual linkage data sets and the linkage growpsge sorted by graphical genotyping with
help of Microsoft® Office Excel 2003. The programRECORD employs a marker-ordering
algorithm based on minimisation of the total numb&recombination events in any given
marker order (Van Os et a20053. To be more accurate, the ordering of markerd wit
RECORD programme was repeated three times for imaolidual linkage map. During the
visual inspection of graphical genotypes, occureenicsingletons and other potential errors in
the marker segregation data were identified. Becausst singletons are scoring errors, these
were replaced by missing values as suggested Hgrésiet al. 2003 and Van Os et al.
(20058. The elimination of singletons solves most of tredering ambiguities during the



mapping process, as the risk of cleaning data pdinatt were not erroneous has a very limited
effect on the marker ordering. The order of markergiven by RECORD is better than the
order of markers as given by traditional linkage ppiag software programmes like
JoinMap® 3.0 and the simultaneous use of both progres improves the construction of
genetic linkage maps (Vromans et2007).

A bridge marker is more reliable since it has atmmson several populations. In case
a mistake occurs in the map of one population, diver may be partly corrected by the
position on the map of the other population. Thaefthe accurate identification of those
bridge markers is of high importance and much &tienvas placed on assigning identical
names to the bridge markers among the data sethelrsets of marker segregation data
obtained for different mapping populations, mangoimsistencies especially in naming a
particular SSR locus were found. Therefore, we eatggl a slight modification in designation
of SSR loci (Table ESM B. We propose to use those designations of SSRiroftiture
studies in order to achieve a uniform convention.

Subsequently, with the corrected segregation dadandgth correct bridge markers, the
final consensus map was calculated following theighbours” map approach described by
Cone et al. Z002. In order to allow comparison of this map witthet genetic maps, the
barley BIN markers also have been integrated (Kigim and GraneR001, Marcel et al.
2007).

While utmost precautions were taken in preparirggdbnsensus map, there could be
some disagreement in the order of closely linkeckera between the individual maps within
some chromosome intervals. Such a disagreementbmaiue to the quality as well as the
guantity and distribution along the chromosome t@ bridge (common) markers used for
preparing the consensus map, or to mapping popuokatalgorithm and stringency criteria of
computer programmes. For example, the mapping papok for which the consensus map
has been prepared have different numbers and alitfeéypes of progeny lines. In smaller
populations, the chance that informative recombinamgeny lines are present in the
population to accurately position markers is lovilean in larger populations. Also, the
amount of recombination accumulated in RILs exceabdsin DH lines. Further, even for a
given mapping population, different markers wergpe using different subsets of progeny
lines in different laboratories. Therefore, therasaf the consensus SSR map must consider
that the marker order is conditioned by severalofaclike the progeny lines used and the
position of crossovers along chromosomes withinpitegieny lines. The precise fine marker
order may differ slightly in other populations amskers may need to verify the order of closely
linked markers in their mapping and breeding pojports. However, we consider the order of
the 496 bridge markers used to construct the frasrlewf the consensus map to be highly
reliable. The average distance between two conisedotidge markers is equal to one marker
per 2.1 cM, which shows the resolution of the mag the scale to which marker inversion



may occur. This resolution is less than half tlze sif the 5 cM sub-BINs. The sub-BINs are
therefore a reliable reference for users of thesensus SSR map to select markers of interest.

About 10% of consecutive pairs of bridge markeesraore than 5 cM apart, mostly in
the distal parts of the linkage groups. Distancssvben pairs of consecutive bridge markers
are much smaller around the centromeres becaussupgressed recombination in the
centromeric regions (Kinzel et &000. Differences in the order of markers between the
SSR consensus map and previously published mapes tverefore mostly observed around
the centromeres.

Implications of the SSR consensus map

The present SSR consensus map has brought theitsnabpresently known barley SSR
markers together to provide a good estimation la#tikee order and distance between them.
The consensus map integrates already publishedh&B&@roof et al1994 Becker and Heun
1995 Liu et al.1996 Struss and Plieske998 Ramsay et ak00Q Li et al. 2003 Thiel et al.
2003 and very recently developed (mainly GBM and sdBsistoks et al2005 Varshney et
al. 2006a Marcel et al2007) barley SSR markers.

The primary use of the consensus map is in molecoépping of traits and MAS in
plant breeding. The precise marker order over stftmdmosome intervals (<5 cM) may not
be that important to select progenies by markestessapproaches. Marker order of stretches
of more than 5 cM, the size of a sub-BIN, is moetevant for that purpose. Here the
consensus map provides a large number of markerg dhe length of each chromosome.
This marker density allows a wide selection of measkthat can be used to genotype
individuals for detection of recombinants, fixatiohloci to homozygosity, restoration of a
recurrent genetic background or composition of dempgenotypes combining several
particular alleles (Varshney et aP004 Langridge and Chalmer2004). Further, the
information available on PIC value for a large n@mbf markers will help users to select the
most polymorphic markers from a region of inter@stthe genetic map. A putative function
associated with genic-SSR loci makes them a use$olurce for assaying functional variation
in germplasm collections and natural or breedingupetions (Varshney et a0053. The
integrated genic-SSR loci will not only be usefulbarley genetics and breeding, but also for
such activities in other cereals, as this clasS®Rs are highly transferable among (closely)
related species (Varshney et2005a 20050).

The integrated SSR map could also help anchorriergng physical map of barley
(http://phymap.ucdavis.edu:8080/barleyrhose SSR markers with known genetic location
could be used to screen BAC libraries allowing plositioning of BACs or BAC contig(s)
onto the genetic map. Thus, the present consenS&s rBap provides an opportunity to
correlate genetic and physical maps (Varshney. 20863.




In conclusion, we have brought together the vasjomnta of mapped barley
microsatellite loci into a single consensus genet@p. The map provides molecular breeding
strategies with a better choice of genetically teda high quality SSR markers, and, as a
result, a higher probability of detecting polymarpmmarkers in any target chromosomal
interval. In addition, it offers an opportunity atign established genetic and phenotypic maps
with the emerging barley physical map and to itétiaaplotype diversity and association
studies with user friendly and informative molecufaarkers at a higher than previously
possible resolution.

Note

Tables ESM are available with the online versiorthaf article (DOI: 10.1007/s00122-007-
0503-7). Details on all the possible features ef 88R markers integrated in the consensus
map are given in Table ESMLSThe primer pairs for the SSR markers are giveiable
ESM 2, while the genotyping data for all the SSR locrdndeen provided in Table ESM8.S
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Abstract Partial resistance to leaf rug®yccinia hordeiOtth) in barley is a quantitative
resistance that is not based on hypersensitivitys flesistance hampers haustorium formation
resulting in a long latency period in greenhoussisteThe three most consistent QTLs
uncovered in the L94 x ‘Vada’ mapping populationrevéntrogressed by marker-assisted
backcrossing into the susceptible L94 backgroundhti@ain near isogenic lines (NILs). We
also developed the reciprocal Vada-NILs for thecepsbility alleles of those QTLs. The
QTL Rphqg2affected latency period &f. hordeimore than the QTLRphg3andRphqg4 The
NILs confirmed the contribution oRphg2to partial resistance by prolonging the latency
period by 28 hours on L9Rphg2and shortening the latency period by 23 hours aday
rphg2 On the basis of flanking RFLP-based markBshg2appeared to be located near the
telomeric end of of the long arm of chromosome 2Rl,a physical region of high
recombination, making it the target QTL for map-dxhsloning. Microscopic observations on
the NILs confirmed the non-hypersensitive naturahef resistance conferred Rphg2 A
high-resolution genetic map of thiphg2region was constructed using a population of 39
sub-NILs with overlapping L94 introgressions in 8& background across the regi®phqg2
mapped about 1 cM proximal from tiiLa locus. By bulked segregant analysis and use of
synteny with rice we developed additional markensd fine-mappedkphg2to a genetic
interval of 0.11 cM that corresponds to a streticbeguence of at most 70 kb in rice. Analysis
of this rice sequence revealed predicted genesdergdwno proteins with unknown function,
retrotransposon proteins, peroxidase proteins apdotein similar to a MAP3K. Possible
homologues of those peroxidases and MAP3K in baaley candidates for the gene that
contributes to partial resistanceRohordel

Additionnal keywords: Hordeum vulgargBlumeria graminisf.sp. hordei quantitative trait
locus (QTL); comparative mapping; substitution magp



Introduction

Genetic dissection of a character of interest isssential step towards the map-based cloning
of the gene(s) underlying this character. Map-badeding, also called positional cloning, is
the process of identifying the genetic basis ofgamt phenotype by looking for linkage to
markers whose physical location in the genome avn(Jander et aR002. Although map-
based cloning is still considered as time-consunang laborious, the availability of the
whole genome sequencesArabidopsis(Jander et aR002 and rice (Xu et ak005 greatly
facilitates its process. For example, the occueenicextensive synteny among cereal crops
allows the use of the rice genomic sequence forpemative genome analysis (Devag05.
Map-based cloning has been used to isolate a targwer of genes that inherit according to
Mendelian ratios but it has been considered proafenfor quantitative trait loci (QTLS)
since genotypes cannot be unambiguously recogffteetd phenotypes of individual plants
(Remington et al2001). A QTL gene is characterised by its quantitatfiect, is dependent
on the genetic background and on its allelic foemd requires QTL-mapping software to
establish its position (Niks et &004). The development of QTL-near isogenic lines (NILs
allows the evaluation of a QTL in a nearly unifogenetic background, overcoming the
difficulties of identifying QTL phenotypes. In a QINIL, the target QTL becomes the major
genetic source of variation because of the absehather segregating QTLs. The QTL is
considered Mendelised (Alonso-Blanco and Koorn#&€iQ). Then, by developing multiple
sub-NILs with overlapping introgressions across tirget region, substitution mapping can
effectively dissect the QTL (Paterson et H990. Indeed, most successes in cloning plant
QTLs have been obtained by following this approgdivi and Tuberosa005.

At Wageningen University, the partial resistancebafley Hordeum vulgarel..) to
leaf rust Puccinia hordeiOtth) is studied since 1973. The measurementtehdy period of
the rust fungus has been shown to be the mosbkelénd effective method to quantify levels
of partial resistance in a greenhouse test (Neerawal Parlevlieii978. A population of 103
Fo recombinant inbred lines (RILs) was developed fiross between L94 and ‘Vada’' (Qi
et al. 19983. L94 is a line from an Ethiopian landrace extrgnmsusceptible to barley leaf
rust. ‘Vada’ is an obsolete Dutch cultivar develdfeom the crossHordeum laevigatumk
‘Gold’ (Dros 1957, which has a high level of partial resistancé”tchordei(Neervoort and
Parlevliet1978 Niks 1982. QTL mapping in L94 x ‘Vada’' identified six QTLEIi et al.
1998h. The three QTLs that showed the largest and owstistent effect (i.dRphg2 Rphg3
and Rphgg were introgressed into the susceptible L94 bamkgd by marker-assisted
backcrossing to obtain NILs (Van Berloo et2001). RphgZ2is located on chromosome 2HL
in the 2L1.0 region described by Dilbirligi et &005. The 2L1.0 region is one of the largest
gene rich regions in wheat and barley and is higlglytenic between those two cereals. The
Rphg2locus, together with the powdery milde®lmeria graminisf.sp. horde) resistance



geneMlLa (Giese et al1993 and the barley leaf strip@yrenophora gramin@aresistance
geneRdgla(Thomsen et all997 Arru et al.2002, has been transferred to European barley
cultivars from the ‘botanical’ barley linédordeum laevigatum(Jensen and JargensE®o2).
Rphg3is located near the centromere of chromosome 6tHRyphg4is on the satellite
chromosome 5HS.

The objective of this study was to characterise rosopically, microscopically and
molecularly the three most consistent QTLs idesdifin order to select the best candidate for
cloning a gene for partial resistance to barleydest. Information on the size of the effect of
each QTL in its NIL-background and on recombinati@yuencies in the three QTL regions
are the basis on which to make this selection. géretic region oRphg2was saturated with
molecular markers available in the literature, bifoiving a bulk segregant analysis and by
making use of the synteny between rice and barfeyally, the gene for quantitative
resistance to leaf ruRphqg2and the powdery mildew resistance gétiea were fine-mapped
by substitution mapping.

Material and methods
Disease evaluations at the seedling stage

In all experiments, we used the long-time stand@rdhordeiisolate 1.2.1, which is a
monospore culture derived from isolate 1.2 (Pa¢l976. The inoculum preparation and
the inoculation were performed as described by Blagtal. 2007). The latency period (LP)
on each plant was evaluated by estimating the gé€nohours) at which 50% of the ultimate
number of pustules became visible. The relativenieg period on seedlings (RLP50S) was
calculated relative to the LP on L94 seedlings, nehe94 was set at 100, as described by
Parlevliet (975.

We used the aviruler. graminisf.sp. hordei isolate C15, kindly provided by Dr.
M.S. Hovmgller (Danish Institute of Agricultural i8aces, Slagelse, Denmark), to map the
resistance gendiLa on our set of sub-NILs. The seeds were sown ystod 37x39 cm, each
of them containing two rows of 32 seeds. Four seeele sown for each genotype. The
susceptible barley cultivar ‘Manchuria’ and the msagenic line PalladILa were included
in each box. The first leaf of each seedling wasdihorizontally on the soil, adaxial side up,
and trays were placed in a settling tower. Leavdected with powdery mildew were
collected from plants of ‘Manchuria’ and the sponesre blown on two-weeks old seedlings
by air compression within the settling tower. Eddx received an average density of about
20 spores per mm After seven days incubation in a greenhouse comeat where the
temperature was set at 20°C day — 18°C night wathdurs of light and a relative humidity of
60%, the infection types (IT) were scored accordmghe 0—4 scale proposed by Mains and



Dietz (1930. MlLa confers an intermediate reaction type characefigean IT 3. The sub-
NILs with an average IT < 3.5 were considered toycthe Vada-allele oMlLa while the
sub-NILs with an average IT > 3.5 were considececairry the L94-allele dfllLa.

Near isogenic lines development

NILs were previously developed through a markersésd backcross programme by
incorporating the barley leaf rust resistance QRipsq2 Rphg3andRphqg4(Qi et al.1998h
into a L94 susceptible genetic background (Vand®edt al.2001). The obtained L94Rphg2
and L94Rphg3NILs were crossed and, in the frogenies, microsatellite markers were used
to select a new NIL containing both QTLs in homaayg condition. To verify their quality,
the L94-NILs were genotyped with an additional elevamplified fragment length
polymorphism (AFLP) primer combinations that resdltin 226 AFLP markers in L94
x‘Vada’ (Marcel et al2007).

The same procedure was applied to develop theroeapNILs containing the L94
allele ofRphg2 Rphg3 Rphg4andRphqg6in the genetic background of ‘Vada’'. Twenty AFLP
primer combinations were selected to screen the @g@eration of the Vada-NILs. These
primer combinations resulted in 157 amplified frans that occurred in L94 but not in
‘Vada'. Only L94 amplified fragments were informadj since all plants in the backcross
population carried at least one allele from theuresnt parent, ‘Vada’'. For the next backcross
generations, we used only the primer combinationglifiying AFLP markers which detected
L94-derived fragments in the previous generatiotdifonally, 10 microsatellites and 9 locus
specific PCR markers were used to cover areaseofiéimetic linkage map uncovered by the
AFLP markers or to monitor the introgressions dagythe target QTLs. In the BC
generation, microsatellite markers were used tecsal line with the L94 alleles &phg2and
Rphg3 The selected BLline was selfed to obtain a new NIL containing tb@TLs in
homozygous condition.

The RLP50S on the L94-NILs and Vada-NILs was euvaldian six experiments. Each
experiment contained five seedlings per genotype.

Microscopic characterisation of the L94-NILs

The reaction of L94, ‘Vada’ and NILs were charaisted by fluorescence microscopy. The
experiment was conducted by inoculating ten segsliof each genotype, sown in a single
tray, with theP. hordeiisolate 1.2.1. Middle segments of 3-4°dinom the first leaves of two
seedlings per genotype were collected at 110 h@ast-inoculation (hpi). The eight
remaining seedlings were used to measure the LBPach genotype. This experiment was
performed two times. The collected segments weoegssed for fluorescence microscopy



(Rohringer et al1977 but instead of Calcofluor we used Uvitex 2B fdaising (Ciba-
Geigy). The preparations were examined at 100x -Ox4@nagnification with an
epifluorescence microscope Axiophot | (Zeiss, GewypaFrom 62 to 132 (average 98)
infection units per leaf segment were scored ara$stied according to their stage of
development (Nik4982. Infection units that had not formed any hausiamother cell were
ignored. Infection units that formed a primary ttfen hypha and no more than six haustorial
mother cells were considered as early abortedctiofe units with more than six haustorial
mother cells were classified as established. Nectaist cells displayed a golden yellow
autofluorescence. The number of infection unitsoeissed with host cell necrosis was
recorded. We measured the longest diameter of thableshed colonies by eye-piece
micrometer.

Conversion of RFLP markers to locus specific PCRkers

Twenty-three primer pairs were designed on barsyriction fragment length polymorphism
(RFLP) sequences to develop markers flankRghg2 Rphg3 and Rphg4 The DNA
sequences were downloaded from the GrainGenes ada&talfittp://wheat.pw.usda.
gov/GG2/index.shtml The optimal annealing temperature of each prinpair was
determined by gradient-PCR. The generated PCR ptedii parental lines L94 and ‘Vada’
were then digested with 24 restriction enzymes (84R: Bai et al.2004) in order to detect
polymorphism. If after testing those 24 restrictemzymes no polymorphism was detected,
PCR products were sent for direct sequencing (BaseClLeiden, the Netherlands). Primer
design and sequence analysis were done with thergerse software (DNASTAR® 6.1 Inc.,
Madison, WI, USA). The DNA extraction and PCR prbae was done as described in
Marcel and Niks Z004. Detailed information on the locus specific PCRrkers used in this
study can be obtained from Marcel et aD{7).

The sequences of two additional primer pairs wétained from Hori et al.2005 for
k00345 and from Mohler and Jaho@®96 for MWGO097.

Marker assisted selection with microsatellite meske

We searched within the mapped barley microsatellfféarshney et al2007) to find
additional co-dominant markers within thBphg2 Rphg3 and Rphg4 regions. The
microsatellites used for the marker assisted seledtMAS) of Rphg2 were GBM1012,
GBM1475, GBMS216 and GBMS128b and for the MAS Rphg3 were Bmac0018,
Bmag0009, HVM14, HVM22a, HVM65, HVM74, GBM1063 an&BM1076. No
microsatellite was found within thiephg4introgression. PCR conditions were according to
Varshney et al.2007). The primers were synthesised and the reversaepsi IRD-labelled at



Biolegio BV (Nijmegen, The Netherlands). The PCRoduct was loaded on a 5.5%
denaturing polyacrylamide gel (5.5% Ready to usé¢ I@atrix, KB Plus, Westburg) and
visualised on a LI-COR 4200 DNA automated sequeficeCOR® Biosciences, Lincoln,
NE).

Bulked segregant analysis with AFLP

A bulked segregant analysis (BSA) was performedh VWELP primer combinations on the
parents, L94 and ‘Vada’, on the NIL L3phg2and on a susceptible and a resistant pool of
RILs derived from L94 x ‘Vada’'. The pools were camspd of equal volumes of AFLP pre-
amplification products of seven RILs having the t#eles for the markers flankingphqg2
and of eight RILs having the Vada-alleles for thens flanking markers, for the susceptible
and the resistant pools, respectively. The AFLBdrprints were generated as described by
Marcel et al. 2007). The analysis was conducted exclusively VAti/Msd restricted DNA.

AFLP markers were converted to locus specific PGiRkers according to the method
of Brugmans et al2003.

Comparative mapping in rice and barley

We performed targeted synteny-based marker saiorédr theRphg2locus following the
procedure proposed by Perovic et @&0d4. The blastn function of the KOME database
(http://cdna0l.dna.affrc.go.jpKikuchi et al. 2003 was used for the homology search
between barley expressed sequence tags (EST)@ndones. The barley ESTs used for this
search mapped distally to the microsatellite GBM3L4A the transcript map of barley (Stein
et al. 2007. The predicted rice coding sequences of the ifiemt bacterial artificial
chromosome (BAC) clones were used for blastn arslpsthe barley TIGR Gene Indices
database htp://www.tigr.org/tdb/tgi/index.shtipl Annotation and gene prediction of rice
BAC sequences was obtained from the TIGR Rice Gendamowser web page
(http://www.tigr.org/tigr-scripts/osal web/gbrowsedj. The barley EST with the highest
homology to each predicted rice gene, above aliblesE value< 10"°, was selected as
candidate probe for genetic mapping.

Substitution mapping with sub-NILs

Two BCGS; plants were identified that were heterozygous ttee DNA introgressions
spanning theRphg2region. Their BGS, progenies were genotyped with the microsatellites
GBM1475 and GBMS216 to select Vard#hq2 and Vadaphg? and to identify plants that
recombined within the introgression. Ten 8 seedlings per recombinant line were tested



with the flanking microsatellites to identify planin the progenies that were homozygous for
the recombined marker allele. Those plants werleddb obtain sub-NILs. Sub-NILs are
therefore homozygous lines that have recombinetiinvithe segment introgressed in the
corresponding NIL. All sub-NILs were genotyped wét molecular markers located distally
to GBM1475 to construct a high resolution genetapnof theRphg2region. The sub-NILs
were subjected to disease tests. The LP.diordeil.2.1 was estimated in two experiments
on five seedlings per sub-NIL. The IT agairit graminis C15 was estimated on four
seedlings per sub-NIL.

Total DNA was extracted from leaves of the BScCand BGS; plants following a
method based on alkaline (NaOH) solution descripetivang et al. 1993, adjusted for 96-
well format. This simple method allowed extractiDylA from a large number of plants in a
limited amount of time, which suits to the scregnof large populations needed to identify
rare recombinants.

Statistical analyses

Linkage analyses were done with JoinMap® 3.0 (Vamed and Voorrip2001) applying
the Kosambi’'s mapping function. QTL-mapping wasf@ened using MapQTL® 5.0 (Van
Ooijen 2009). Interval Mapping (IM) was run and markers at tt@D peaks were taken as
cofactors for running the restricted-MQM mappingtheoel (rMQM). The proportion of
explained phenotypic variance was estimated wighrkhQM results.

The analyses of variance with RLP on NILs and sullbsNand percentage of early
abortion and colony length on NILs were performethvienStat® Release 8.2005. A
Duncan’s multiple range tesP (< 0.05 was used to compare all pairs of means between
NILs. The LSD os (least significant differencd? < 0.05 was used to declare the mean of a
sub-NIL significantly different or not from the meaf ‘Vada’'.

Results

Construction of QTL-NILs containing L94 and ‘Vadatrogressions

Two sets of NILs were generated in the genetic gpazknds of L94 and ‘Vada’' (Fid). Van
Berloo et al. 200]) developed NILs containing the QTIRphg2,Rphg3and Rphg4in the
susceptible background of L94. Genotyping with 2#8v AFLP markers resulted in an
average distance between adjacent markers of 4.hmdrevealed one unwanted ‘Vada’
introgression at the telomeric end of chromosomerBER4-Rphg3and two unwanted ‘Vada’
introgressionenchromosome8H and6H in L94-Rphg4 L94-Rphg4wasbackcrossed fourth



-rphg2
-rphg3
-rphg4
-rphg2+ 3

L94-Rphg2
L94-Rphg3
L94-Rphg+4
L94-Rphg2+ 3

L94

Figure 1. Graphical genotypes of 4 NILs
carrying the Vada-allele of QTLs or
combination of QTLs in the susceptible
L94 genetic background and of 5
reciprocal NILs carrying the L94-allele of
QTLs or combination of QTLs in the
partially resistant Vada genetic
background. The name of a QTL is
indicated at its approximate position on the
corresponding linkage group. The size of
the introgressions (in cM) are indicated on
the right side of the chromosome bars. %
donor is the estimated percentage of donor-
derived genome remaining in the
corresponding NIL.
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time to the recurrent parent L94 in order to selaghinst the two unwanted ‘Vada’
introgressions. A NIL combining the two QTIBphg2andRphg3was successfully selected
with microsatellite markers in a segregatingpfogeny derived from a cross between L94
Rphg2and L94Rphq3(Fig. 1).

Reciprocal Vada-NILs were generated by selecting dosingle donor genome
introgression carryingRphg2or Rphg6at the BG generation an®phqg3or Rphg4at the BG
generation. The 157 AFLP markers used to selec¥#ua-NILs did not reveal any unwanted
L94 fragment. The average distance between twaandfadAFLP markers was 5.6 cM. Plants
containing interesting recombination events forefmapping the QTLRRphg2and Rphqg3
were identified and retained during the selectioocess (i.e. Vadaphg?, VadarphgZ and
Vadarphg?). As counterpart to the L94-NILs, also a Vada-Ntmbining the QTLRphg2
andRphqg3was selected in the B@eneration. All BG and BG selected plants were selfed to
select for NILs with homozygous introgressions.

On seedlingsRphg2prolongs the latency period Bf hordeimore tharRphg3

The effect of a QTL may depend on its genetic bemkgd and different QTLs may have
different size of effect. Therefore, it is necegstr evaluate the phenotypes of the NILs
before embarking on map-based cloning experim@&resenhouse disease test on seedlings is
a fast and reliable method for the phenatypvaluation of the QTL-NILs irrepeated
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Figure 2. First leaf of barley seedlings from the susceptilrie L94, the NILs L9Rphg2and Vadaphg2
and the partially resistant line ‘Vada’ at 182, 2385 and 297 hours after inoculation (hai) wethhordei
1.2.1. For each line, the same leaf area is shdvioua different time points. The latency period the
corresponding seedlings were 190, 208, 205 and@gi&, respectively.

experiments. In the RIL population, Qi et dl998h identified Rphg2andRphqg3as being the
two QTLs with the greatest effect in the seedlinggs, while they identifiedRphg4 and
Rphg6only in the adult plant stage and in the fielde®valuation of the NILs confirmed that

73



Rphg2had a significant effect in seedlings (Tatle~ig. 2). Rphg2prolonged the LP by 28
hours on L94Rphg2while the alternativephg2-allele shortened the LP by 23 hours on Vada-
rphg2 In the NILs,Rphqg3did not have a significant effect in seedlings paned to the
parental lines L94 and ‘Vada’' (Tahl®. NeverthelesRphg3prolonged the LP by 9 hours on
L94-Rphg3while the alternative allele shortened the LP byolrs on Vadaphqg3 The
combination of Rphg2 and Rphg3 in the same NILs background resulted in levels of
resistance higher than the ones of any NIL withirgle QTL introgression (Tabld).
However, these differences were not always stediyi different. In L94 and in ‘Vada’
background, both introgressé&phqg2and Rphg3alleles, orrphg2 and rphg3 alleles, even
resulted in a relative latency period (RLP) similarthat on ‘Vada’ and L94, respectively. It
indicates that these two QTLs explain nearly al ¢fenotypic variation observed at seedling
stage. As expected on the basis of the results et @. (19980, the LP of the rust was on
seedlings of L94Rphqg4 Vadarphqg4 and Vadaphg6 not significantly different than on L94
and Vada, respectively (Tahl.

Table 1. Relative latency period at seedling stagé®ofiordeiisolate 1.2.1 on barley RILs and NILs that
differ for Rphggenes

Recombinant Inbred Linés Near Isogenic Lines

Fitted valué ~ Mear? s.e Mear? s.e.
L94-Rphq2 110 109 2.17 116° 1.80
L94-Rphq3 108 108 1.10 106" 1.80
L94-Rphg4 102 103° 1.93 100 2.07
L94-Rphq2+3 117 118 0.91 126° 1.77
L94 - 10 1.44 100 1.77
Vadafphg?2 113 116 1.23 115%° 1.83
Vadaphg3 115 109 1.68 125 2.12
Vadarphg4 121 124 1.93 12% 1.87
Vada+phg6 122 124 1.88 128 2.19
Vadatphq2+3 106 106° 1.83 106° 2.54
Vada - 124 1.51 127 1.80

! According to Qi et al.1998H

2 Theoretical value calculated based on the RIL-faifmn mean and the allelic effect of each QTL as
determined by MapQTL® 5.0

® Mean value of the RILs carrying the QTL(s) allelensidered and the QTL(s) allele of the recurrent
parent at the other QTLs predicted from regressimdel; means followed by a common letter are not
significantly different according to Duncan’s téBt< 0.05

* Standard error estimates

®> Mean value of the considered NIL predicted fromression model; means followed by a common letter
are not significantly different according to Duntsatest P < 0.05



Microscopic observations confirm th
pre-haustorial type of resistance conferr
by Rphqg2

The ranking of the genotypes on the ba
of microscopically assessed percentac
of early aborted colonies and sizes

established colonies were similar to tt
ranking on the basis of th
macroscopically assessed levels of pari
resistance (Fig.3). ‘Vada’ and Vada-
rphg3 caused the highest RLP (Figa),

and had a high percentage of eal
aborted colonies (Fig3b) and a short
diameter of established colonies (F3g).

A high degree of early abortion withot
plant cell necrosis is indicative of th
failure of haustorium formation by th
infection unit, which results in low level
of infectibility by P. hordeias observed
on ‘Vada’' (Niks1982 19833 1986. L94-

Rphg2and L94Rphg2+3had significant
macroscopic and microscopic effects «
the level of partial resistance (Fi§). The

percentage of early aborted colonies
L94-Rphg2was not significantly different
from the one in L94 in this experimer

Figure 3. Histograms of the relative latency
period at seedling stage, or RLP508); ¢the
proportion of early aborted colonies associated
(%EA+N) or not (%EA-N) with host cell
necrosis 1§); and the length of established
colonies in micrometersun) (c) after infection
with P. hordeiisolate 1.2.1 on L94, ‘Vada’ and
on QTL-NILs. For microscopic observations,
leaf segments were sampled 110 hours after
inoculation. Similar letters on bars indicate that
the means do not differ significantly according
to Duncan’s testR < 0.05.
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but was in quantity three times higher than in LR44-Rphg3or Vadarphq2+3 (Fig. 3b).
About 69% of the early aborted colonies in LRghg2were not associated with host cell
necrosis, confirming the predominantly pre-haustotype of resistance conferred by this
gene. The total proportion of colonies (early aborand established) associated with host cell
necrosis ranged from 16% for Vadahg2to 53% for Vadaphg2+3. However, the necrosis
occurred frequently as only one cell in relativédyge established colonies, and was not
particularly strong in ‘Vada’ or NILs carryinRphg2 and Rphqg3 This suggests that the
necrosis was not a relevant factor explaining el of partial resistance conferred by the
QTLs. The four lines carrying the L94 allele®yphg2had consistently a lower RLP (Figg),

a lower percentage of early aborted colonies (Biy.and a longer diameter of established
colonies (Fig3c) than the four lines carrying the Vada-allelérphqg2
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Figure 4. LOD profiles ofRphg-2 Rphg-3and Rphg-4along the genetic distances of the L94 x ‘Vada’
genetic linkage map, at the seedling stagregn solid ling and at the adult plant stageed dash ling
obtained by restricted-MQM mapping with the dataQofet al. (9980. Marker names are on the left side
of the chromosomes and the genetic distances bettmae consecutive loci (in cM) are indicated on the
right side of the chromosomes. Markersbiold are locus specific PCR markers converted from RFLP
markers mapped on the physical maps of Kiinzel €@00.

Selection oRphgZ2as the target QTL to clone a gene for partiaktasce

Nine of the twenty-three primer pairs designed arldy RFLP sequences were converted into
locus specific PCR markers and mapped in the L99%ada’ population (Marcel and Niks
2004 Marcel et al.20079). Three of the mapped primer pairs gave directusece
characterised amplified region (SCARparkers (13%), ABG458A, MWG618 and MWG835,
while the 6 others gave cleaved amplified polymarpdequence (CAPSnarkers (26%),



Prx2_Acil, MWG2200 Avd, MWG2068 HadlIl, cMWG679 BssK, ABG388 Nlalll and
MWG502_Hpall. With the exception of cMWG679, all markers magpn the vicinity of the
target QTL. The CAPS marker cMWG679 mapped at ¢karteric end of chromosome 6HS
in L94 x ‘Vada’ (data not shown) while the corresding RFLP marker had been mapped 60
cM proximal on that same chromosome arm (Granat. 4991). MWG2200 and MWG2068
flankedRphg2on chromosome 2HL (Fig) and delimit a physical region of high recombina-

Table 2. Genetic distance between the converted RFLP maflarking the three QTLs and estimation of
the physical to genetic ratio within the markeemgls based on previous studies

QTL Marker interval Genetic distance (cM)Physical to genetic ratio (Mb/cM)

Kinzel et al2000 Stephens et a2004

Rphg2 MWG2068-MWG2200 7.4 ~1.1 1.8
Rphg3 ABG458A-ABG388 19.2 <42.0 28.8
Rphg4d MWG502-MWG835 9.2 <0.3 0.9

Table 3. Locus specific PCR markers developed from barl&F€homologous to predicted genes from
rice chromosome 4

Name Type Chr. Restriction  Tm (°C)' Primer sequences (5’ — 3)
enzyme(s)

WBEO0O1 SSR 2H - 56° F: acgcacccgcccctgtttatct

R: gctgccgtcgaggagggtgtte
WBE11G¢ CAPS 2H Hadll; Acil 60° F: gcaggaagcgaaggtggcaatagc

R: ccgaacagggaaacaccgacgaac
WBE11F SCAR 2H - 60° F: ggggctcatccgcatcttctt

R: tcagcaatcacggcaactaaacaa
WBE11Z CAPS 3H Mwol 61° F: ctcgcccccttecgectacttcectc

R: atctccgggtectgetggctecte
WBE113 CAPS 2H Mbal 61° F: tcctegcecctcttcatcatectca

R: gtagctgcccttcecctegttcac
WBE114 CAPS 2H Hpall; Mspl 58° F: ggcgacctccagcgtatc

R: gtggttcggtccttgatgag
WBE115 SCAR 2H - 61° F: ggcggtcggcatcgtccagt

R: atgcgtccacaaaaccaatcttca
WBE116 dCAPS 2H Msd 61° F: gggccggtcaccacgctctac

R: ctacctccacttcaatcggcegatta

! Optimum annealing temperature determined by grad€R

2 Data obtained from Marcel et a2007)



tion of 1.1 to 1.8 Mega-bases per centiMorgan (Mb/€Table 2). ABG458A and ABG388
flankedRphg3and mapped on both sides of the centromeric regfiamromosome 6HFig.
4). They delimit a physical region of suppresseandaination of 28.8 to 42.0 Mb/cM (Table
2). MWG502 and MWGB835 are closely linked Rphg4on chromosome 5HS (Fig) and
delimit a physical region of very high recombinatwith less than 0.9 Mb/cM (TabB.

Rphqg2is the easiest QTL to detect in seedlings of teesponding L94-NIL and
Vada-NIL (Tablel; Fig. 2). Microscopic observations confirmed the pre-hauisk type of
resistance conferred Bphg2(Fig. 3). On the basis of flanking RFLP-based markByshqg2
appeared to be also located in a physical regidnghf recombination (Tabl®), making it the
QTL of choice for map-based cloning.

Marker saturation of the region containiRghg2by BSA and synteny-based approaches

To efficiently identify molecular markers linked Rphg2 on the distal end of chromosome
2HL, a BSAwas performed by using AFLP on resistant and suixdeppools of L94 x
‘Vada’ RILs and on the NIL L9Rphg2 By using a total of 48Psi/Msd primer
combinations, 8 AFLP markers were identified thatevpresent only in the resistant pool, in
‘Vada’ and in L94Rphq2 and 5 AFLP markers were identified that were presaly in the
susceptible pool and in L94. All 13 AFLP markersppad in the L94 x ‘Vada' RIL
population within the 4.6 cM ‘Vada’' genomic segmemiogressed into L98phg2 Two
previously mappedeEcoR/Msd AFLPs, E40M32-402 and E42M48-376, and one new
Pst/Msd AFLP, P15M53-435, were successfully converted iohe CAPS and two SCAR
markers designated caE40M32-402, scE42M48-376 aRd5¥53-435. In L94 x ‘Vada’,
caE40M32-402, scE42M48-376 and scP15M53-435 mappéke expected position of the
corresponding AFLP markers.

We further saturated the region Rphg2with molecular markers by exploiting the
synteny between rice and barley. The alignmenthef genomes of major grass species
indicated a syntenic relationship between thigiceae chromosome 2 and the rice
chromosomes 4 and 7 (Moore et H195 Devos2005. The blastn analysis of barley ESTs
identified a region on rice chromosome 4 as beymgenic with the region dRphqg2 The rice
target region was covered by a contig of four BA@hes spanning a physical distance of 562
kb: OSIJNBa0088H09, OSINBa0070M12, OSINBa0039K2483uNBbh00220J19 (Fi&C).

We designed 19 primer pairs based on the sequenfcd® barley ESTs with highest
homology to 19 predicted rice genes (316 Expect < 3.18% from the four rice BACs.
Eight of the 19 primer pairs designed were congem¢o locus specific PCR markers and
mapped in the L94 x ‘Vada' population (Tab®. Seven markers (WBEOO1, WBE110,
WBE111 and WBE113 to -116) mapped on barley chrames2HS within the L94 genomic
segment introgressed in Vadehg2 (Fig. 5b,9, while the eighth(WBE112: Expect = 3.10)
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Figure 5. Alignment of two genetic linkage maps covering Ryghg2region on barley chromosome 2HL
with the homologous region on rice chromosome 4 flilst map §) was constructed using a population of
103 RILs derived from the cross L94x'Vada'. Micrtddites GBM1475 and GBMS216 (ibold) were
used to screen a population of 923 plants, andethating 39 sub-NILs used to construct the secuag
(b). The seven markers derived from rice ESTs (WBEOWBE110, WBE111, WBE113, WBE114,
WBE115 and WBE116) allowed alignment to a rice talscontig of 557.5 kb comprising four BAC
clones ¢). Arrows between If) and €) indicate the position of homologues present m tlce sequence.
Genetic distances (cM) observed for specific irdénare shown inaj while the number of recombination
identified between consecutive markers are show)inPhysical scale (Kbp) in rice is indicated on the
right in (c).

mapped on chromosome 3HS. Those EST-based markems designated WBTE for
Wageningen_Brley EST. WBE110 was the best barley homologue to twalipted rice
genes on OSJNBa0088H09 that encode exocyst subxmi0 proteins and WBE114 was the
best barley homologue to three predicted rice gemesOSINBa0039K24 that encode
peroxidase proteins. Except for an inversion betWwaBE110 and WBE113, the order of the



WBENr markers on the barley high-resolution map (Big. was in agreement with the order
of the predicted genes on rice chromosome 4.

Altogether, the employed strategies saturated ¢lggon of Rphg2with an average
density of one marker per 0.14 cM. Thirty-six maskenapped within the 5.2 cM L94
genomic segment introgressed in Vaphg?2 (Fig. 6): 8 EcoOR/Msd AFLPs identified by Qi
et al. 19983, 13 Pst/Msd AFLPs identified by BSA (this study), 2 RFLPs eented into
locus specific PCR markers (this study), 7 EST-tasarkers developed by synteny with rice
(this study), MWGO097 obtained from Mohler and Jah@d@®96, k00345 obtained from Hori
et al. 005 and 4 SSRs obtained from Varshney et 2007). Only the 29 most distal
markers mapped within the ‘Vada’ genomic segmetnbgressed in L9Rphqg2(Fig. 6).

Substitution mapping plac&phqg2to a genetic interval of 0.11 cM

The genetic fine-mapping of a target locus is aseesal step preceding the map-based
isolation of a gene. We screened 923,8Geedlings (i.e. 1,846 gametes) segregating for the
L94 fragments introgressed in Vadehq2 or in Vadarphq? with the microsatellites
GBM1475 and GBMS216. A set of 39 seedlings wastified that recombined between
these two markers, implying a 2.1% recombinatide (&ig.5b). This is two times less than
the original 4.6 cM genetic interval calculatedvibetn those markers in the L94 x ‘Vada’
map (Fig.58). The disease test on sub-NILs resolMephg2in a single, incompletely
dominant gene co-segregating with the AFLP markei$M51-204, P14M50-225 and
P14M54-252 (Fig6). Sub-NILs with an RLP value statistically sigodintly lower than the
RLP on ‘Vada’ were considered to carry the L94lalef Rphqg2 while sub-NILs with a RLP
value not statistically different from the RLP oviada’ were considered to carry the Vada-
allele of Rphg2 The two resulting groups of sub-NILs, disting@dhaccording to their
phenotype, did not show any discrepancy with theesponding genotypes (Fi§). The
minimum difference between RLP50S values of two-Niits carrying different alleles of
Rphg2was equal to 6 (i.ev031002 and v030902) corresponding to a prolongatibthe
latency period of the leaf rust fungus of approxehall hours, while the average difference

Figure 6. (Next page). Graphical genotypes, leaf rust (lgteperiod, RLP50S) and powdery mildew
(infection type, IT) phenotype means, and RLP50PL®ofile for NILs and sub-NILs covering the L94
introgression on Vadghqg2 NILs. Open bars represent homozygous L94olid bars represent
homozygous Vada angrey barsrepresent intervals containing a recombinationnevRLP50S values
significantly different from the RLP50S value onetltpartially resistant line Vada are underlined
(4.43<LSyx<8.38). Missing values are indicated by a *. Thenhar of recombinants identified between
two consecutive markers is indicated within eaclikerainterval on the chromosome bar. The markers in
bold were used to identify recombination eventsimitthe L94 introgressions of Vadphq2 and Vada-
rphgz”. The putative positions (Rphq: andMiLa are indicated by solid areas on the chromosom



between sub-NILs carrying different alleles Rphg2was equal to 14 corresponding to a
prolongation of approximateB6 hours.QTL-mappingwith thephenotypicandgenotypicdata
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CHAPTER4

of the sub-NIL population also indicated P15M51-2044M50-225 and P14M54-252 as
peak markers forRphg2(Fig. 6). Two EST-based markers, WBE114 and WBEL115, fldnke
these three AFLPs in a genetic interval of abolil @M that corresponds to a rice syntenic
stretch of sequence of 31.4 to 69.7 kbp. The maskeer in the sub-NIL population agrees
with the one on the L94 x ‘Vada’ map (Figa,) and no inconsistency was found between

the phenotype and the genotype of the 39 sub-Nflgs 6).

The powdery mildew resistance gevia also segregated in the 39 sub-NILs. On the
basis of the infection types (Fig), MILa was fine-mapped distal to the microsatellite
GBMS216 within the 1.2 cM chromosome segment diffgpbetween Vadaphg2 and Vada-
rphq?’ (Fig. 6). Additional marker analyses explained the IT df 6bserved on v010101 by
the presence of a remaining L94 fragment carrylireglo gene that segregated in the /SC
generation of Vadaphq? (data not shown). The genetic distance betweertwbeAFLP
markers flankingnlo, among the 157 AFLP markers used to select thea\Ndtds, was 28
cM. This is one of the biggest gaps observed betwe®e adjacent AFLP markers used to
select the Vada-NILs. The NILs and 38 other subg\did not have this unwanted L94

fragment on chromosome 4HL.

Figure 7. First leaf of barley
seedlings from the susceptible
control ‘Manchuria’ &) and the
NIL Vada+phg2 (b) showing
an IT of 4, from the cultivar
‘Vada' (c) and the sub-NIL
v40102 @) showing an IT of 3
characteristic of the avirulence
to MlLa, and from the line L94
(e showing an IT of O
characteristic of the presence of
mlo. The pictures were taken
12 days after inoculation with
B. graminisisolate C15.

82



Discussion

Verification of QTLs for partial resistance Bo hordeiin NILs of barley

Recent technical advancements and refinements alytaxal methods have enabled the
molecular dissection of loci responsible for theeec control of quantitative traits (Salvi and
Tuberosa2009. Nevertheless, the reliability at which a QTLesff can be assessed is the
cornerstone towards the map-based isolation otitttkerlying gene(s). Out of the six QTLs
for partial resistance to barley leaf rust ideatifby Qi et al. 19980, the three loci explaining
most of the variation (i.e. more than 15% per Qhiayve been introduced into NILs and
reciprocal NILs (Figl). Compared with the results obtained on the Rlpytation (Qi et al.
19980, our data on NILs confirm the substantial effecRphg2on LP ofP. hordeiand the
lack of effect ofRphg4in the seedling stage (Tahlg. In the RIL population the effect of
Rphg2 had been assessed as 35% of the phenotypic wariatihereas in the NILs this
proportion appeared to be about 50%. The consisteditrobust nature d®phg2in spring
barley was confirmed by its appearance in a retiekbge disequilibrium (association)
mapping study on West-European spring barleys (naa et al2006 and its detection in
the mapping population derived from a cross betw8asPtrit and ‘Vada' (Jafary et al.
20063. In the RILs, the phenotypic effect &phg3was stronger than observed in NIL
backgrounds (Tabl&). Apparently, the size of the effect Bjphg3depends on interaction
with other genes, in particul&phqg2 Indeed, the RLP on Vadghq3was similar to the RLP
on ‘Vada’, indicating the absence of effectrphq3 alone, while the RLP on Vadahg2+3
was lower than the RLP on Vadghqg2 (Tablel), indicating a substantial effect gfhg3in
presence ofphg2 This was confirmed by the proportion of early @e0d colonies and the
length of colonies microscopically measured on ¢hlN$_s (Fig.3). It is surprising that this
interaction was not detected in the RIL populatianyhich Qi et al. 19980 instead reported
an interaction betwedRphglandRphg2

Partial resistance is due to a prehaustoriallyngcthechanism and is not based on
hypersensitivity (Niks1982 1983a 1986. But the confirmation that individual genes for
partial resistance fit to these criteria has ndween demonstrated to our knowledge. The
percentage of early aborted colonies on Efghg2was three times higher than the percentage
of early aborted colonies on L94, while the peragetof early aborted colonies on L94-
Rphg3was similar to that on L94 (Fi@®). Depending on the genotype, a varying proportion
of colonies were associated with host cell necrolisvertheless, the necrosis occurred
frequently as only one cell in relatively largeadsdished colonies, and was not particularly
strong in ‘Vada’ or NILs carryindqkphg2andRphqg3 The fact that 69% of the early aborted
colonies on L94Rphg2 were not associated with necrosis confirms tRahqg2 confers
predominantly a pre-haustorial type of resistande. thordei



In conclusion, onlyRphg2has a clear effect in the logistically convenisaedling
stage and is an ideal candidate for map-basedtimol@xperiments at this plant stage.
However, the phenotypic effects &phg3 and Rphg4in L94 genetic background were
confirmed at the adult plant stage in repeated fiedls (this thesis, Chapter 5), making these
two QTLs possible targets for map-based isolati@peaments at the, logistically less
convenient, adult plant stage.

Construction of a high-resolution genetic map attddlomeric end of chromosome 2HL

RFLP probes have been used to construct the ddradsy linkage maps (Graner et 5991,
Kleinhofs et al.1993, which have then been used to integrate diffebamkey genetic maps
(Langridge et al1995 Qi et al. 1996 Karakousis et al2003 Marcel et al.2007) and to
anchor barley physical maps (Kinzel et 200Q Stephens et ak004. However, RFLP
markers are becoming too labour intensive and tioressuming to be used in large scale
experiments and their conversion into locus specRICR markers greatly helped the
introgression of QTLs into the respective NILs. Teenverted RFLP markers were also
decisive to estimate recombination frequenciesiwithe QTL regions on the barley physical
maps (Kinzel et al200Q Stephens et al2004. On the basis of flanking RFLP-based
markers,Rphg2was localised in a physical region of high recoration (i.e. 1 to 2 Mb/cM)
(Table2). SinceRphqg2was also the easiest QTL to detect in seedlingbl€n), it became
our QTL of choice for map-based cloning. Two sig&e were employed to further saturate
the introgressions of L9Rphg2and Vadaphqg2 with molecular markers; a BSA approach
and a synteny-based approach.

AFLP assays generate a high level of polymorphisd allow the simultaneous
identification of a large number of amplificatiomoducts. Those properties are suitable to
identify molecular markers within a restricted @giof the linkage map by BSA. Following
this strategy, we successfully identified 13 AFLBrkers within the 4.6 cM ‘Vada’ segment
introgressed into L9&Rphq?2after testing 48sti/Msd primer combinations. This number of
markers identified is about as expected on theshafsthe number of markers found by Qi et
al. (19983 in the same DNA segment; they found 6 AFLP markafter running 25
EcoR/Msd primer combinations. Three of the AFLP markergnified by BSA co-
segregated witlRphg2(Fig. 6). Those markers are of utmost interest to iderBiAC clones
and to construct a physical map spanriRpng2 The conversion of these markers into locus
specific PCR markers will facilitate this process.

A syntenic relationship between rice chromosomend the long arm of barley
chromosome 2H has been reported by several aufhwsre et al.1995 Schmierer et al.
2003 Devos2009. This syntenic relationship was confirmed in a&tudy in which seven
barley ESTs identified by homology to predictecergenes from four chromosome 4 BAC



clones mapped in the vicinity &phqg2(Fig. 5). Micro-colinearity among the regions in rice
and in barley was well conserved. Neverthelessnersion was observed in the order of the
EST-based markers WBE110 and WBE113. Many stuéjesrted such small translocations
while saturating regions of barley leaf rust resise genesRph7 rphl6 and Rph5
respectively (Brunner et @003 Perovic et al2004 Mammadov et al2005. Other reports
indicated more complex deviation from micro-colingaduring fine-mapping QTLs for
malting quality and for resistance to Fusarium higlaght (Han et al1998 Liu et al.2008.

Finally, the 36 molecular markers identified in ttaeget region surroundinBphqg2
were used to genotype a population of 39 sub-NHdta generate a high-resolution genetic
map of the region.

Feasibility of cloningRphqg2

Rphqg2is located on chromosome 2HL in the 2L1.0 regibhis region was described by
Dilbirligi et al. (2005 as a gene-rich region with a high level of simifjabetween wheat and
barley. Within the 2L1.0 region of barley, the myiof Rphg2was described as having the
highest amount of recombination events (Dilbirligi al. 2005. Still, the amount of
recombination observed in our segregating populatib 923 BGS; plants was two-fold
reduced compared to the amount of recombinatiorrgbd earlier in the RIL population.

The LP on the 39 sub-NILs was estimated two timegive seedlings per line. We
needed data from those two experiments to sepawvatsignificantly distinct groups for LP
that unambiguously placed the locus of the genporesble for the QTL effect between
markers WBE114 and WBE115 (Fi§). The assessment of the effectRpphg2is not as
straightforward as it is for major disease resistagenes that typically inherit according to
Mendelian ratios. Yet, we anticipate that the atade of the effect dRphqg2is large enough
to pursue the map-based cloning procedure.

Rphqg2was fine-mapped as a single, incompletely domigang, in a 0.11 cM genetic
interval flanked by two EST-based markers (i.e. VABE and WBE115). In rice, the
homologues of WBE114 and WBE115 delimit a physio#trval of 31.4 to 69.7 kb. The
incertitude is due to WBE114 being the best blagtrfior three different predicted rice genes
encoding peroxidase proteins on the BAC OSJNBaOQ39KIn barley, the
megabase/centimorgan relationship in the syntemgcval is estimated at 1.1 to 1.8 (TaB)e
suggesting a physical interval of 121 to 198 kbud ht should be relatively easy to build a
BAC contig and to close the gap between WBE114\WigE115 using a BAC library. Two
of such libraries are already available in bark@ydultivars ‘Steptoe’ and ‘Cebada Capa’ (Yu
et al. 200Q Isidore et al.20095. Nevertheless, to maximise the chance of phygical
identifying the gene underlyingphq2 we are currently constructing a new BAC libramyn
the partially resistant cultivar ‘Vada'.



Identification of candidate genes in rice and indyato explainRphqg2

Knowledge of the biological role of genes underyi@TLs for disease resistance remains
limited and at present the only clue is obtainedhsy identification of candidate genes that
co-incide with the QTLs. Two broad classes of gesmxerned with plant defence are those
involved in the recognition process and those w@adlin the defence-response process. It has
been reported that modification of a monogenic1gmecific resistance gene can give rise to a
partial resistance gene (Li et &4D99. After inspection of all predicted genes desaibethe
refined Rphg2 syntenic interval in rice, we did not find any halogue of such a major
disease resistance gene. However, in the samengyméeget interval, genes involved in the
defence-response process were identified. Six gtextlirice genes on OSJNBa0039K24
encode for peroxidase proteins, three of whichhem@ologous to WBE114. Genes of this
peroxidase cluster might be candidates to expgng2 Several authors already reported the
association between peroxidase genes and locidantgative resistance (Faris et 4099
Ramalingam et al2003. Recently, the peroxidase gene lodux2 was identified as a
candidate to explaiRphg2(Marcel et al2007). We also identified in the rice syntenic region
another predicted gene with high sequence sinjlaota mitogen-activated protein kinase
kinase kinase (MAP3K). Members of the MAP3K famaye crucial for early defence
signalling and cellular stress response to badtarid fungal pathogens (Asai et aD02.
Nevertheless, the gene responsibleRphg2effect in barley might also have no counterpart
in rice. A wheat-rice comparative genomics analysdicated that gene evolution occurs
preferentially at the ends of chromosomes (Sed. &086. Telomeres are hot spots for all
types of recombination. As a consequence, chromesdaose synteny from each other at a
faster rate in such high-recombination regions. édwer, rearrangements in resistance gene
regions that reduce microsynteny has often predetite straightforward identification of a
candidate gene by proxy (Brueggemann e2@02 Brunner et al2003 Perovic et al2004).

In barley, theRphg2 locus has been transferred to European cultivesm fthe
‘botanical’ barley line Hordeum laevigatumtogether with the tightly linked race-specific
resistance genebliLa and Rdglafor resistance to powdery mildew and to leaf strip
respectively (Giese et a993 Arru et al.2002. In this studyMlLa mapped distally from
RphgZ2ruling out the possibility that the same gene=sponsible for quantitative resistance to
leaf rust and qualitative resistance to powderydevil. Arru et al. 2002 mappedRdgla
about 10 cM proximal fromrRphg2 In a leaf stripe disease test, LBfhg2was also as
susceptible as the susceptible parent L94 (N. Ramiclpersonal communication) excluding
as well the possibility thaRphg2and Rdglaare the same gene. In barley, about 16 race-
specific resistance genes for leaf rust (designaasdRph loci) have been reported
(Franckowiak et al1997. None of them mapped on the long arm of chromasah (Qi et
al. 1998h. Nevertheless, a major gene for resistance falisahas been detected at the distal



end of chromosome 2HL in an introgression from lhudbous barley graskl. bulbosum
(Pickering et al.2000. It would be interesting to determine whether tHe bulbosum
resistance to barley leaf rustallelic toRphg2or not. In another study, Jafary et &0069
mapped a QTL for resistance to a heterologousspestiesP. persistensat the same position
asRphqg2 This suggests the interesting possibility thad TL determines basal resistance
not only toP. hordej but also to one or more rust taxa to which baites (near) non-host
species.
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The verification of QTLs for partial resistance to Puccinia hordei
in NILs of barley confirms an isolate-specific effet
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Abstract Partial resistance is characterised by a reducesl oh epidemic development
despite a susceptible infection type. Partial tasse typically inherits polygenically, each
gene adding to the level of resistance. Partiaktasce is considered race-non-specific and
durable, fitting the concept of ‘horizontal’ resiste. However, detailed observations of the
partial resistance to leaf rud®yccinia hordeiOtth) in barley KHordeum vulgarg revealed
small cultivar x isolate interactions suggesting a minor-gene-foremgene interaction
model, similar to the so-called ‘vertical’ resistan Three consistent quantitative trait loci
(QTL) that were detected in the cross susceptiBié k partially resistant ‘Vada’' have been
incorporated separately into L94 background to iobteear isogenic lines (NILs). Three
isolates were used to map QTLs on seedlings ot 8dex ‘Vada’' population and to evaluate
the effect of each QTL on adult plants of the reipe NILs under field condition®Rphg2
had a strong effect in seedlings but almost nocefie adult plants against all the isolates
tested, confirming previous results indicating tRghg2is plant stage dependent, while
Rphqg3was effective in seedlings and in adult plantaltéhree isolates. HoweveRphgdwas
effective in seedlings and in adult plants to twolates but ineffective in both development
stages to the third one, demonstrating a clearraptbducible isolate-specific effect. The
resistance governed by the three QTLs was not @$sdcwith a hypersensitive reaction.
Those results confirm the minor-gene-for-minor-gemedel suggesting specific interactions
between QTLs for partial resistance &dordeiisolates.

Additionnal keywords: virulence spectrum; linkage map; QTL mapping; syistic
interaction



Introduction

Plants have developed different resistance stedeigi protect themselves against invading
pathogens. Such resistance can be qualitative evelrged by one major gene or quantitative
and governed by one to several minor genes, thealded quantitative trait loci (QTLS).
Resistance conferred by most major genes prevemgaf growth after the parasite has
entered the host plant cell, and is accompaniesulgide of the penetrated cell or cluster of
cells surrounding the site of challenge, a phenameknown as hypersensitive response
(HR). This HR-based resistance occurs upon diredndirect recognition of a pathogen
specific effector, known as avirulencAvf) gene, by a host resistand®) (gene. Genetic
variation in pathogen populations féwr genes leads to race-specificity of this type of
resistance. In partial resistance, minor genes&jyi stop fungal growth during the process
of cell wall penetration (Niks and Rubialez002 Collins et al. 2007). Unlike in
hypersensitive resistance, defended plant cellsirealive. Partial resistance was considered
isolate-non-specific and durable, and therefoteditvan der Plank’s concept of ‘horizontal’
resistancel963 1968. However, detailed observations of the partialstance to leaf rust in
barley revealed small cultivax isolate interactions (Parlevlit978 Parlevliet and van
Ommerenl1985. Parlevliet and Zadoksl977) explained these interactions by assuming a
minor-gene-for-minor-gene interaction, similar teetso-called ‘vertical’ resistance. They
even argued that the minor-gene-for-minor-generacteon would explain the durability of
this polygenic resistance (Parlevii032).

More recently, Qi et al.1099 and Niks et al.Z000g mapped QTLs in the L94 x
‘Vada’' barley population against two and four diffet leaf rust isolates, respectively. Qi et
al. (1998h 1999 found that the three largest-effect QTLs werestsiently effective against
both isolates but seven small-effect QTLs were @&ffgctive against one of the two isolates
tested, suggesting an isolate-specific effect. Mikal. 0003, however, found no evidence
for isolate-specificity after testing this mappimppulation with four isolates. Isolate-
specificity of QTLs has also been observed in ofilant-pathosystems than barley-leaf rust
(Leonards-Schippers et dl994 Caranta et al1997 Arru et al.2003 Chen et al2003
Rocherieux et aR004).

Arru et al. 003 suggested the existence in plants of separate gasses conferring
either race-specific or race-non specific resigtaicdifferent strains of pathogens. However,
in all the studies reviewed, the QTLs consistestifgctive against all isolates tested were
always those having the highest effect on resistadte individual effects of genes
controlling plant quantitative traits are often rhumaller than the effects of the environment
(Pooni and Kearsef2002, underlining the importance of confirming a QTffeet across
independent experiments. This also raises the iquest the reliability of declaring small-
effect QTLs isolate-specific while large-effect Qfbave not shown specificity so far. The



use of near isogenic lines (NILs) to test for iselspecificity would allow to test
simultaneously for the effect of several isolatesl @& use more replications since fewer
plants are needed per experiment. With NILs, tifiecebf each QTL can also be determined
without the interaction with other QTLs and theiahle genetic background in the mapping
population lines.

The aim of this research is to investigate whetlaeger-effect QTLs for partial
resistance show specificity in their reactions wbgposed to different isolates of barley leaf
rust. NILs containindRphq2 Rphg3andRphg4(Van Berloo et al2001, Marcel et al2007)
were tested with a set of 24 hordeiisolates from which three were selected. The three
selected isolates were used to map QTLs at seestigg in the RIL population derived from
the cross between L94 and ‘Vada' and to test thesNit adult plant stage under field
conditions.

Material and methods Table 1. Country of origin and collection date of
Puccinia hordeisolates
Plant and fungus material Isolate name Origin Collected
1.2.142 The Netherlands 1971
A set of 103 E recombinant inbred 2186 Monospore of 1.2.1 1986
lines (RILs) derived from the cross3 Wales 1979
. Israel 1979
between the leaf rust susceptible Iine9 Kenya 1977
L94 and the partially resistant cultivarqg Greece (Crete) 1979
‘Vada’ was used to map QTLs for 17-2 The Netherlands 1973
barley leaf rust resistance at seedling8 The Netherlands 1974
stage (Qi et al.1998). Through a 22 France 1974
marker-assisted backcross programm@,41 The Netherlands 1974
Van Berloo et al.Z001) and Marcel et 251 ’ It,aly 1980
] 26> Finland 1980
al. (2007 incorporated the QTLs 8.1 Morocco 1981
Rpha2 Rphg3 and Rphg4 into L94 59 Greece 1984
background to obtain NILs. L9Bphq2 202 Israel 1976
L94-Rphg3 and L94Rphg4 contained Achterberg’0l The Netherlands 2001
‘Vada' introgressed fragments of 4.6,Cordoba Spain 1999
226 and 10.8 centiMorgans (CM)’IVPZOOO The Netherlands 2000
respectively. The three NILs WerelvI ) Morocco 1986
_ ~ 7 “Uppsala Sweden 1999
evaluated at seedling stage in % ellow mutant Australia unknown

greenhouse compartment and at adult
plant stage in the field. ! P. hordeiisolates used for mapping QTLs on seedlings

A set of 21 leaf rust isolates was? P. hordeiisolates used for field experiments




Table 2. Differential series of barley lines carryi applied on seedlings of thirteen barley

differentRph-genes lines and cultivars to determine their
Line Rphgene symbdl Previous name  Virulence spectra (Tablé). Most of the
L94 - thirteen barley accessions tested (T&l)le
Sudan Rphl.a Rphl belong to the regular differential series for
Peruvian Rph2.b Rph2 barley leaf rust (CliffordL985 Niks et al.
Estate Rphs.c Rph3 20008. The inoculation was performed as
Gold Rph4.d Rph4 X ) .

Magnif 102 Rphs.e RphS described in the next section and 10 to 12
Bolivia Rph2.r, Rph5.f Rph2, Rph6 days later, infection types (ITs) were sco-
Cebada Capa Rph7.g Rph7 red according to the scale of McNeal et al.
Tunisian 17 Rph7.ac, RphC (1971 modified by Shtaya et al20063.
Egypt 4 Rph8.h Rph8 Lines with ITs 0-3 were regarded as
Hor 2596 Rph9.i Rph9 resistant, 4-6 as moderately resistant and
Trumpf Rph9.z Rph12

7-9 as susceptible. All isolates were
multiplied in separate greenhouse

1 H H .
Rphgene symbols are given according 10 compartments on the susceptible barley
recommendation of Franckowiak et d@907, and tc

_ line L98. Once collected, the spores were
the allelic tests of Zhong et akq03 for Rph5.fand dried in a desiccator and stored at —80°C
Borovkova et al. 1998 for Rph9.z 'ed In a desiccator and stored at — '

Tunisian 34 RphD

Disease evaluations at the seedling stage

Before inoculation, urediospores were taken from-+B0°C freezer and thawed in 38-42°C
water. The first leaf of each seedling was fixedizantally on the soil, adaxial side up, and
trays were placed in a settling tower. Then 3 mguddiospores diluted 10 times with
lycopodium spores were dusted over each tray, tieguih about 180 rust spores per’cm
After incubation overnight (8 hours) at 100% relatihumidity in a dark dew chamber at
18°C, the seedlings were transferred to a greehoaimipartment at 20+3°C with 30 to 70%
relative humidity. The latency period (LP) on eadedling was evaluated by estimating the
period (hours) at which 50% of the ultimate numbkpustules became visible. The relative
latency period of seedlings (RLP50S) was calculatddtive to the LP of L94 seedlings,
where L94 was set at 100, as described by Pal€¥b&5.

In a preliminary greenhouse evaluation, we evatudbe NILs with the twenty-one
isolates of the pathogenic fung®siccinia hordei(Table 1). Four seeds of each NIL and
parent, L94 and ‘Vada’, were sown in trays of 37x89. One tray per isolate was used, and
three series of evaluation were necessary to lestwenty-one isolates. In each series the
isolate 1.2.1 was used as a recurrent standard.

A subset of thre®. hordeiisolates, selected for their differential effeloefween NILs
containing different QTLs, was used to map QTLseeadlings of RILs. For each isolate four



seedlings per RIL and 24 seedlings of L94 and ‘Vadere evaluated in two consecutive
experiments.

Disease evaluations in the field

The NILs were tested in the field in 2003 and 2884inst the three selected leaf rust isolates
17, 26 and Uppsala, and against our standard eéstldt1. The trial design was a split-plot in
two to four replicates, depending on seed suppith isolates on main plots and barley lines
on subplots. Replications within plots were arrahgs blocks. Within each replication the
order of the subplots was randomised. The mairsphare separated from each other by a
distance of 100-200 m cultivated with oat in 20081 avith winter wheat in 2004. Each
subplot of a barley accession consisted of thres f@bout 50 seeds per row) sown at 0.25 m
interval and alternated with similar subplots of.&owing in the field was done on 21-23
April for the two experiments. For each isolate, @6ts containing five seeds of the
susceptible genotype L98 were spray-inoculatetiéngreenhouse and incubated overnight at
a relative humidity of 100%. Before sporulationtbése spreader plants, on 1-2 June, the
pots were placed uniformly in the field and remoegght days later. The climatic conditions
were more favourable to initiate the epidemics @02 than in 2004. In 2003, three disease
assessments were performed at 18, 23 and 29 daypkHcement of the spreader pots (dpi),
and in 2004, four disease assessments were pedoam25, 30, 36 and 41 dpi for isolate
Uppsala and 25, 36, 41 and 45 dpi for isolate267and 1.2.1. Per assessment, three random
tillers were sampled per subplot to count the nunddemature rust pustules on the three
upper leaves. After the last disease evaluatiaorespof the four isolates were collected from
the field. Their virulence spectrum was determiasddescribed earlier and compared to the
virulence spectrum of the isolates used in thergreese seedling tests.

A logarithm transformation (Ln-scale) was perfornwedthe data collected according
to the formula Ly=In(P+1), where P = number of rust pustules, tesBathe condition of
homogeneity of variance. The transformed data wesed to calculate the Area Under
Disease Progress Curve (AUDPC) according to theadta AUDPC =X (tis1) — t) (Y1) +
yi) I 2, where t= first assessment date of two consecutive assgdsny = disease severity
on assessment dafet.1) = second assessment date of two consecutive ass#ssand 1)
= disease severity on assessment dat¢ A Duncan’s multiple range test was performed
with GenStat® Release 8.1 (VSN International 2005 to compare all pairs of means.

Map construction and QTL mapping

A data set of 958 morphological and molecular marlsegregating in the 103 RILs of L94 x
‘Vada’ was used to construct a dense marker magheotbarley genome. This data set has



previously been used as a component of a highdyetmisensus map of barley (Marcel et al.
2007, and is predominantly composed of AFLPs (709 mek and microsatellites (138
markers). JoinMap® 3.0 (Van Ooijen and Voorrgi¥1) was used for linkage grouping and
map construction. Linkage groups were assignedhg¢ocorresponding barley chromosomes
according to previously published maps (Qi etl@P8a Marcel et al.2007). Map distances
were calculated using the Kosambi’'s mapping fumcti®d skeletal map with 210 uniformly
distributed markers (approximately 5 cM per maikéerval) was extracted. All the markers
on the skeletal map fitted in the dense map duthedfirst or exceptionally the second round
of JoinMap® 3.0. This skeletal map was used for @hhlyses in a previous study by Shtaya
et al. 006H and in the present study.

The wide sense heritabilithq) for RLP50S was estimated from ANOVA according to
the formulah® = o, /( o’y + o°Jn) with the genetic variance’;=(MS-MS)/n, the
environmental variance’s= MS, MS the mean square and n the number of replicates per
RIL. ANOVA on RLP50S revealed significant genotypad replication effects with all
P. hordeiisolates tested. Therefore, the genotype effeeash line was extracted from the
analysis of variance and used to map QTLs on teketk map. The ANOVA was performed
with the GenStat® 8.1 software package (VSN Intéonal Ltd. 2005. QTL mapping was
performed using MapQTL® 5.0 (Van Ooij@d04). Interval Mapping (IM) was run and, in
the region of the putative QTLs, the markers with highest LOD values (peak markers)
were used as co-factors for running a multiple-Qi&pping programme, the MQM method
(Jansen and StadB94). When LOD values of some markers on other regreashed the
significance level, the MQM was repeated by addimgse new ‘peak markers’ as co-factors
until a stable LOD profile was reached. The resgdeMQM method (rMQM) was used to
determine the values of the LOD, phenotypic vasigtiadditive effect and the confidence
interval for the detected QTLs. After a genome-wpgemutation test on each set of data, an
LOD threshold value of 2.9 fdP. hordeil.2.1 and 26, of 3.0 fd?. hordeil7 and Uppsala
and of 3.1 folP. hordei24 was set for declaring a QTL.

Results
Characterisation of the 21 barley leaf rust isalate

The 21 leaf rust isolates were classified accordmgheir virulence/avirulence pattern on
seedlings of the differential series of barley asgans and for their latency period on the
NILs with individual Rphggenes. This virulence characterisation distingedlskixteen races
of P. hordei(Table 3). None of the resistance genes was effective It®.ahordeiisolates
because isolate 28.1 was virulent to all resistaymees tested. The results of this survey
helped to control the identity of the isolatesaddater in the field.
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Table 3 Resistance/Susceptibility pattéof 21 P. hordeiisolates according to their infection type onféedéntial series of barley lines carrying

differentRphgenes and classification of the same isolatesrditpto their latency period on QTL near isogdiries

RphD Rph7.g Rph7.acRph3.c Rph9. Rph9.z Rph5.e Rph8.h Rph2.Rph2.b Rphl.a Rph4.dRacé Class

RphC Rph5.f

28.1 S S S S
M7 S S S S
13 S S S S
Uppsala S S S S
18 S S S S
Achterberg’01 _ S S S

9 S S S S
5.1 S S S S
202 S - S S

IVP 2000 S S S S
17 S S S S
121-86 S S S S
25 S S S S
26 S S S S
Cordoba MR S S S

29 MR S S S

3 S S S S
1.2.1 S S S S
Yellow Mutant S S S S
24 MR S MR S

22 S S S S

”
R I R N S I BV RV S 7

1
2

3
4
5

6
7

© ©O© O ©

10
11
12
13
13
14
15
16

2>3
2>3
2=
2=3
2>3
2=3
2>3
2=3
2>3
2>3
2=3
2=3
2=3
2<3
2=3
2>3
2<3
2>3
2>3
2>3
2=3

! Lines with infection types 0-3 are resistant (Rjes with infection types 4—6 are moderately tasis(MR); lines with infection types 7-9 are

susceptible (S)
2 Different races are distinguished by differentiiénce spectra

%2 > 3:Rphg2prolongs LP more thaRphq3 2 = 3:Rphg2andRphq3prolong LP to similar extent; 2 < Bphg2prolongs LP less thaRphg3

“ Different seedlings showed contrasting infectigmes

‘ S110O40 103443 0141034531V 10S|



was about similar to the RLP50S on LB#hq3(9 isolates) and a third class for which the
RLP50S on L94Rphg2was lower than the RLP50S on LBphq3(2 isolates). Qi et al.
(1998h 1999 reported thatRphg4 is ineffective in seedlings to isolates 1.2.1 &l
However, Uppsala had a significantly higher RLPS®SL94-Rphg4than on L94 (Tabld).
Based on those observations, the leaf rust isolhfes26 and Uppsala were selected for
further studies on the isolate-specificity of QTLlsolate 17 (second class) had a similar
RLP50S on L94 as on the NILs (Tab# However, the level of partial resistance of the
cultivar ‘Vada’ against isolate 17 was still highdicating that the resistance of Vada to this
isolate might be due to different QTL(s) than time®that are effective against other isolates.
Isolate 26 (third class) had a significantly higiRirP50S on L9Rphg3than on L94 while
the RLP50S on L9&Rphg2was similar as on L94 (Tab#, in contrast to isolate 1.2.1 (our
standard isolate). Finally, isolate Uppsala, ong¢hef most aggressive isolates tested, had a
significantly higher RLP50S on L9RBphg3and on L94Rphg4than on L94 (Tabld). The
virulence spectra of the three selected rust isslatere different, indicating distinct races
(Table3).

Table 4. Relative latency period of seedlings (RLP50S) 6#. Vada and NILs measured against the
P. hordeiisolates 1.2.1, 17, 26 and Uppsala

1.2.F 17 26 Uppsala
L94 100 100 100 100
L94-Rphq2 104 100 102 102
L94-Rphg3 98 102 108 104
L94-Rphg4 96 99 100 105
Vada 128 119 125 127

' L94 is set at RLP50S = 100
2 An asteriskindicates that the mean differs significantly fréme mean of L94 (LS

Construction of a dense marker map of L94 x ‘Vada’

The 958 markers segregating in L94 x ‘Vada' werseasbled into 7 linkage groups
corresponding to the 7 barley chromosomes 1H to Mbineologous to the wheat
chromosomes 1 to 7. The new L94 x ‘Vada’ dense arankap had a total map length of
1,088 cM with an average distance between two @utise loci of 1.1 cM. This represents a
substantial improvement compared to the previopshlished linkage map of L94 x ‘Vada’
that covered 1,062 cM with an average distance detviwo consecutive loci of 1.9 cM (Qi
et al. 19983. The distribution of 235 neWst/Msd AFLP markers was more homogeneous
compared to the distribution of the previous F6loR/Msd AFLP markers (Marcel et al.
2007). The three gaps larger than 20 cM reported betQil. (9989 on chromosomes 1H,
3H and 7H have been reduced in this new map. On& af them, on chromosome 1H,



remained larger than 10 cM. The average markeamtist on the extracted skeletal map used
for QTL mapping in this study was 5.2 cM. The mapdths and marker order were highly
consistent with those of the high-density molecutap constructed by Qi et all9983 and

the high-density consensus map of barley consuubte Marcel et al. Z007). All the
mapping data and segregation data of this new L9%ada’ linkage map have been
deposited in the GrainGenes 2.0 database (BaryxL\Vada, 2006).

QTL mapping confirms the isolate-specificity of dheffect QTLs in seedlings

To investigate the isolate-specificity of individ@TLs for partial resistance in seedlings, the
L94 x ‘Vada’' segregating population was challenggtth the three virulenP. hordeiisolates
17, 26 and Uppsala (Tablg. Raw data obtained from Qi et al908h 1999 were available
for isolates 1.2.1 and 24.

The wide sense heritability g Isolate 17
(h® for RLP50S was 0.84 with .

P. hordeil7, 0.88 withP. hordei26 g 201 1.94 = 100 Vada = 121
and 0.89 withP. hordei Uppsala. 7%15 l l
The RLP50S values @?. hordeil7 ¢ 1
and 26 slightly exceeded the ranc * 5
0 == S m—

between the susceptible line L94 ar B = e e
the partially resistant line ‘Vada RIPS0S
(Fig. 1a,h, but those forP. hordei
Uppsala did not (FidlLo).

The genotype effect wa:
extracted from ANOVA and usec : | g i
for QTL mapping. A total of eight 2 ;| l

QTLs were detected with one ¢ “ 5. H HH H
o 0 0

more of the leaf rust isolates teste

Isolate 26

Number of Lines

99 102 105 108 111 114 117 120 123 126 129 132 135 138 141 144

(Table 5). The QTLs with a RIPS0E
Figure 1. Frequency distribution of ¢ Tsolate Uppsala
phenotypes for the measures of leaf rust ]
20
resistance in seedlings (RLP50S) wid ( 1.94 = 100 Vada = 125

isolate 17, If) isolate 26 anddj isolate
Uppsala, in 103 RILs derived from the
cross L94 x ‘Vada'. Values of L94 and
‘Vada' are shown by ararrow. The
values indicated on the-axis are the % 102 105 108 11 14 W 12 13 1%
average values of each categ RLPS0S

iR l

Number of Lines




significant LOD value with IM and/or with rMQM (T#&b5), explained together 59%, 39%,
56%, 60% and 72% of the phenotypic variance folateol.2.1, 24, 17, 26 and Uppsala,
respectively. The QTLRphg2andRphg3explained most of the phenotypic variance with all
isolates, while the other QTLs contributed moddyate the total level of partial resistance.
The resistance allele of seven QTLs originated fithwn partially resistant parent ‘Vada’,
while the resistance allele Biphgl7originated from the susceptible parent L94.

Three of the QTLs identified®Rphql Rphg2andRphqg3 were effective against all five
isolates, confirming the results of Qi et d998h) who first identified them against isolate
1.2.1. A fourth QTLRphqg7 was effective to isolate 24 with a LOD value abtive threshold
(Table 5). At the same linkage group position Bphq7 was indicated, we also found
consistent LOD peaks between 2 and 3 to the otheriolates (Tablé&; Fig. 2). The four
other QTLs,Rphg4 Rphgl7 Rphg20and Rphg21 had an effect to only one or two of the
three isolates tested in this study (TabJeOne QTL,Rphgl?7 was at a mapping position
similar to a QTL reported in the Oregon Wolfe Bgdeopulation (Marcel et ak007). We
assume that it is at the same locus and providjonaé the same gene designation as Marcel
et al. 007. Rphg20and Rphg21lwere at locations in which no QTL for resistanoePt
hordei had been reported before. Surprisingly, the QTawrg an effect to one or two rust
isolates but not to the others were not detecte¢dd thie IM method (LOD values below 2)
while they were detected with LOD values up toBith the rMQM method (Fig2).

Synergistic interactions between QTLs corroboratesalate-specific effect

The isolate-specific effect &#phq4 Rphql7 Rphg20andRphqg2lobserved by QTL mapping
was associated with strong discrepancies betweenegults obtained by IM and by rMQM
methods (Fig2), questioning the reliability of declaring thos& (3 isolate-specificRphgl7
and Rphg20had the greatest contrast between LOD values lesédcliby IM and by rMQM
methods (Tabl&; Fig. 2). Rphgl7had only a significant effect to isolate 26 @phg20to
isolate Uppsala but each QTL had also a peak LOOevaetween 2 and 3 to isolate Uppsala
and 26, respectively.

We determined whether the presence of other QTltsargenetic background had an
influence on the effect dRphgl7to isolate 26 and dRphqg20to isolate Uppsala (Fidda,h.
Here, the effect of a QTL refers to the averagéedihce of LP in hours between the RILs
carrying the resistance allele and the RILs cagyhe susceptibility allele at the LOD peak
marker of that QTL. The presence of the resistallete of Rphg2 Rphg3 Rphg4or even
Rphqg20increased the effect &phql7against isolate 26 from Rphq3 to 9-fold Rphgj
when compared to the presence of the susceptilaligte of those QTLs (Fig3a). In a
similar way, Rphg20had an effect against isolate Uppsala only in phesence of the
resistancallele of Rphg2or Rphgl? andtheresistanceallele of Rphg3increasedhe effect
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LOD profile

Figure 2. LOD profiles of five barley leaf rust isolates alsted by interval mapping (IM), above tleaxis, and by restricted multiple-QTL mapping
(rMQM), below thex-axis, along the linkage map constructed with il Ix ‘Vada’' RIL populationDashed vertical lineseparate the seven barley
chromosomesSolid horizontal linesndicate approximately the LOD threshold for sfgr@ince anddashed horizontal linea LOD of 2. Names of the
identified QTLs are given with an arrow indicatitige approximate position of their peak marker. Tinee boxes on thg-axis represent the ‘Vada’
fragments introgressed into L94 background to dgvaliLs.
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Table 5. Summary of QTLs for partial resistance to fivef leest isolates at seedling development stage

QTLs
Rphqgl
Rphg2
Rphg3
Rphg4
Rphq7
Rphql?
Rphg20
Rphg21

Chr.

7H
2H
6H
SH

cM
46-122
187-192
53-63
5-16
101-138
54-60
7679
36-56

P. hordeil.2.1 P. hordei24 P. hordeil7 P. hordei26 P. hordeiUpp.

IM®  rMQM* IM  rMQM IM rMQM IM  rMQM IM  rMQM

2.9 1.6 3.2 25 4.2 5.4 3.4 2.6 3.1 4.4
9.4 171  11.8 19.1 108 16.7 9.2 223 133 26.1
8.7 140 59 10.0 4.0 8.0 5.4 12.4 4.6 10.9

2 - - - 1.5 6.9 2.7 6.8 - -

2.1 09 338 53 25 2.1 2.1 2.1 2.0 3.0

- - - - - - 0.3 8.2 0.0 2.1

- - - - - - 0.4 2.8 1.3 7.6

- - - - - - - - 1.3 3.9

! Raw data obtained from Qi et a1998h 1999
% Position of the two-LOD confidence interval basedthe results of rIMQM mapping on L94 x ‘Vada’ marknap
% LOD value obtained with the interval mapping methealues in bold are above the LOD treshold
4 LOD value obtained with the restricted-MQM methwdtues in bold are above the LOD threshold

® Data are presented only when LO with IM or with rMQM

® The resistance allele was contributed by L94



Rphg20when challenged with isolate Uppsala is consistéttt the fact thaRphg4is not
effective against that isolate. The interactionsesed confirm an effect d&phqgl7against
isolate 26 and an effect ®®phg20against isolate Uppsala. Those results corrobdrete
isolate-specific effect oRphg4 Rphgl7and Rphg20 and suggest a synergistic interaction
between any pair of QTLs expressed in a same gdnatkground.

H Susceptibility allele [ Resistance aiIcl\:i Figure 3. (a) The effect of the

resistance allele of Rphql7

10 | (prolongation of LP in hours)
9 b against isolate 26 in the genetic
8 | background of RILs having the
| susceptibility or the resistance

. allele of Rphg2 Rphg3 Rphg4

— or Rphg20 and b) for Rphg20
against isolate Uppsala in the
L genetic background of RILs

. : - : | having the susceptibility or the

Rphq2 Rphq3 Rphq4 Rphq20 resistance allele of Rphg2

Rphg3 Rphgdor Rphql7

s’}

Effect of Rphgl7against isolate 26

c.n

n 1

Rphq2 Rphg3 Rphq4 Rphql7

Effect of Rphq20 against isolate Uppsala

[
—_o e bW e e O =] D
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The isolate-specificity oRphqg4is confirmed under field conditions

The NILs with individual Rphggenes were used to verify the QTLs under agricailtu
conditions. The three selected isolates, 17, 26Upmbala, and the isolate 1.2.1 were used to
determine the effect dRphq2 Rphg3andRphag4in their NIL-background in the field. This
experiment was conducted two times, in 2003 arRDiv.

Against isolate 1.2.1Rphg3and Rphg4had a significant effect in 2003 and 2004,
while Rphqgzhad a significant effect in 2004 only (F#p,0. The effect oRphg3was always
stronger than the one Bjphqg4 Those results do not agree with the ones of @l.€19980),
who found that, on adult plants of the mapping patan, Rphg4was the most effective



QTL. This disagreement indicates tiigthqg4is not consistently expressed in the RILs and in
its NIL-background. Against isolates 17 and Bphg2did not always have a significant
effect, whileRphg3andRphg4always had a clear and significant effect on #well of partial
resistance (Figdc,d,e,j. Againstisolate Uppsala, however, the only QTL having aisicant
effect in 2003 wafkphq3(Fig. 4g), while none of the QTLs had a significant effac2004
(Fig. 4h). Nevertheless, L9®phg3was the NIL with the lowest AUDPC against isolate
Uppsala in 2004 (Figih).

As expected, the partially resistant ‘Vada’ had tbeiest AUDPC with all four
isolates (Fig4). The AUDPC of L94Rphqg2was significantly lower than the AUDPC of L94
against one isolate in 2003 (26; Figp and against two isolates in 2004 (1.2.1 and 1g,; F
4b,d, indicating that the effect dRphg2introduced in L94 background is weak in adult
plants, and that different environmental conditi@as influence its phenotypic expression.
The AUDPC of L94Rphg3was significantly lower than the AUDPC of L94 austithe four
isolates in 2003 and against three isolates in 206é AUDPC of L94Rphg4was always
significantly lower than the AUDPC of L94 againsblates 1.2.1, 17 and 26 but not signifi-
cantly different against isolate Uppsala, demotisigathe isolate-specificity oRphqg4at the
adult plant stage and confirming the results olet@iearlier by QTL mapping on seedlings.

In the field, the contamination of one or sevesalates by another local isolate could
dramatically change the results and their integti@t. To confirm their identity, samples of
the four isolates were collected in the field after last disease assessment of 2003 (data not
presented). Seven barley lines from the differérsgaies evaluated earlier were chosen to
compare the virulence spectra of the four isolakés. infection types of the collected isolates
corresponded to the infection types observed eavhethe seedlings (Tab®. Because the
infection types were similar, the contaminatiorilad experiment by a local leaf rust isolate is
not likely. In commercial barley fields in Wagenerg barley leaf rust is indeed not an
abundantly occurring pathogen.

Discussion

Since Parlevliet and Zadok$977) proposed and discussed the hypothesis of minoe-fm -
minor-gene interactions, it partly remained an opeestion whether individual QTLs for
partial resistance can be effective to some rades pathogen and ineffective to others.
Several authors mapped QTLs in a segregating pogulavith different isolates of a same
pathogen (Qi et all999 Niks et al.2000a Arru et al.2003 Chen et al2003 Rocherieux et

al. 2004). In each case, they found that the QTLs that vedfiective against all the isolates
were always those with the highest effect on rasist. The present research was aimed to
determine whether larger-effect QTLs for partiadistance to leaf rust in barley may show
specificity in their reaction to differet. hordeiisolates.
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We determined the virulence spectra of 21 isolatea barley differential series and
their latency period on near-isogenic lines thaheearried a different minor gene for partial
resistance (Tabl8). The virulence spectra for isolates, as far atetebefore, were generally
in agreement with earlier data (Parlevliet et1881 Niks et al.1989. Our data indicate
different specificities foRph7.g(Cebada Capa) aRbh7.aqTunisian 17), which belong to a
multiple allelic series mapped on the short arnclmfomosome 3H (Chicaiza et dl1996
Graner et al.200Q Isidore et al.2009. Interestingly, RphD had the widest range of
effectiveness, and was only overcome by isolaté. ZBphD has been identified in a barley
land race from Tunisia (viz., Tunisian 39) andas allelic toRph3 Rph7or Rph9(Yahyaoui
et al.1989. As far as we know, this gene has not been asdigma chromosome yet.

Rphg2andRphqg3showed differential interactions in their levefspartial resistance,
suggesting a “quantitative” isolate-specificity thiese two QTLs. Based on the results of Qi
et al. (1998h 1999, we did not expecRphg4to have an effect on the level of partial
resistance at seedling stage. Indeed, the genadhagnificant effect on LP of isolates 1.2.1
and 24. However, the significantly longer LP ofléde Uppsala on seedlings of L®phq4
compared to seedlings of L94 suggested an isopsteHtc effect of this QTL at seedling
stage (Tabled). These results were contradicted by the resuitsilmed on the mapping
population and on the NILs evaluated in the fidgdlate Uppsala was selected for the effect
of Rphg4in seedlings, whereas later this isolate distisiged itself for having overcome
Rphqgdin seedlings and in adult plants. The isolate 48 selected becauRphg2andRphqg3
did not have a significant effect compared to L8d the isolate 26 because oRphq3had a
significant effect. But, in the mapping populati®®phg2andRphg3were detected against all
the isolates, an&phg2always explained a higher percentage of variatiod always had a
stronger additive effect thaRphqg3.Apparently, four seedlings per NIL P. hordeiisolate
combination were too few to obtain a reliable eation of the effect of each QTL in its NIL
background under greenhouse conditions. TestingNthe under field conditions provided
more reliable results since the disease build-yplgcyclic, each life cycle of the pathogen
exponentially amplifying the small effect of indiial QTLSs.

To investigate the isolate-specificity of partigsistance further, the L94 x ‘Vada’
segregating population was challenged with theetlite hordeiisolates, viz., 17, 26 and
Uppsala, and data on isolates 1.2.1 and 24 wesnaksed. With the interval mapping
method, three QTLsRphqgl Rphg2 Rphg3 had a significant effect to the five isolates Mhi
one QTL Rphqg7 had only a significant effect to isolate 24. Thas already been reported by
Qi et al. (999 who claimed the isolate-specificity Biphqg7at seedling stage. However, by
IM a LOD peak higher than 2 was consistently obsératRphq7with all isolates (Fig2)
and by rMQM Rphg7had a significant effect to two isolates, 24 angpshla (Table),
indicating thatRphg7was not really isolate-specific but at most varggantitatively in its



effect to the different isolates. With the rMQM rnetl the LOD profiles of the five isolates
were surprisingly less consistent than with thenidthod (Fig2). The most surprising were
the four QTLs having a significant effect by rMQMnile they remained undetected by IM
(Rphg4 Rphqgl7 Rphg20 Rphg?2). It is remarkable that those four QTLs happermede the
four QTLs detected with one or two rust isolatesrmt with the other isolates. For the other,
constant, QTLs a consistent peak was seen fosalhtes with the IM and with the rMQM
methods, even ifRphql was not always significant with the rMQM methodt the
chromosomal location dRphg4 LOD peaks of 1.5 and 2.7 to isolates 17 and 2&ady
suggested the effect of this QTL by IM. Howeveis tivas not the case f&phql7 Rphq20
and Rphg21 On chromosome 3HRphql7 has previously been reported in a linkage
disequilibrium study (RLP4, Kraakman et 2006 and in the OWB population (Marcel et al.
2007). In the linkage disequilibrium, OWB and L94 x ‘§& mapping populations the peak
marker of the LP prolonging gene mapped to the gamsédion (within 1 cM) of the barley
consensus map of Marcel et &007). The linkage disequilibrium population was inated
with isolate 1IVP2000 and the OWB population wittolege 1.2.1. Our data suggest that
Rphql7is not effective to isolate 1.2.1, implying thatdifferent cultivars different alleles are
involved in the level of resistanc&phq20 and Rphg21represent new loci for partial
resistance to barley leaf rudRphg20was co-locating, but in repulsion phase, with the
powdery mildew resistance gendo (Qi et al.19989 and with the quantitative resistance to
scaldRrsg2(Shtaya et al2006h, which are both segregating in L94 x ‘Vada'. Tiherease

in number of detected QTLs from the IM to the rMQMthod can be due to an increase in
power or to an increase in the type | error rae @ QTL is indicated at a location where
actually no QTL is present) (Janse®94). Simulation studies demonstrated that the chahce
a type | or type Il error (i.e. a QTL is not dett} is higher in interval mapping than it is in
simultaneous mapping of multiple QTLs (Jansen e1294). The use of marker cofactors in
MQM mapping strongly reduces the genetic variatinduced by nearby QTLs (Jansen
1994. It is less clear however, how a marker cofacketermined on one chromosome will
affect the detection power of QTLs on other chroomoss. But one can imagine that cofactor
analysis will be more powerful to detect unlinkedl@ with epistatic effect since the
variation of possible QTL on other chromosomes agressed on marker cofactors. We
confirmed this hypothesis by showing thiphgl7and Rphg20had synergistic interactions
with the most consistent QTIBphg2 Rphg3andRphg4 and between each other (F&). A
synergistic effect means that the combined effédhe administration of two compounds
may be greater than the sum of the two effects. Glheerved synergistic interactions of
Rphgl7andRphg20with other QTLs validate the effect of those loai the level of partial
resistance, and implies that: 1) MQM mapping il more powerful to detect QTLs than
interval mapping, 2) that QTLs can show isolatectfmaty at seedling stage and 3) that
epistasis between QTLs probably plays an importstin partial resistance.



The results obtained in the greenhouse on seedtifigise RIL population and the
results obtained in the field on adult plants & MILs were generally in good agreement with
previous reports (Qi et afl998h Niks et al.20009. Rphg2 having a strong effect in
seedlings (Fig.2) and almost no effect in adult plants (F#), was clearly plant-stage
dependent, whillRphg3was always effective and not plant stage dependdrd isolate-
specificity ofRphg4on seedlings was also confirmed on adult planteerfield experiments.
Rphg4 had an effect on seedlings against only two issldt7 and 26, to whicRphqg4
explained 18% and 10% of the total variation expdi by the significant QTLs. On Nllis
the field, the effect oRphg4on the level of partial resistance was always laighinst isolates
17 and 26, moderate against isolate 1.2.1 and ahgamst isolate Uppsala.

The differences found in the effect Bphg4between isolates are consistent with the
minor-gene-for-minor-gene model of Parlevliet arabl@dks (977, which suggests specific
interactions between QTLs for partial resistancel &uccinia hordeiisolates. In their
integrated concept of disease resistance, Patlemid Zadoks 1977 considered that all
genes for true resistance in the host populatidretiaer they are major or minor genes, are
considered to interact in a gene-for-gene way withes for (a)virulence, either major or
minor, in the pathogen population. The isolate-sp#y of Rphgdis consistent with the idea
that QTLs for partial resistance encode proteirg Htt as pathogenicity targets interacting
with specific elicitor proteins from the pathog&uo, while partial resistance appears isolate-
non-specific on the whole, the individual QTLs cargmg this resistance appear to interact in
a gene-for-gene manner and could be overcome hyath@gen.

Polygenic, quantitative resistance is believed lyiglurable. However, there is hardly
any experience with large-scale usage of quanttagsistance over a long period to confirm
this statement (Lindhou2002. If QTLs for partial resistance function in a geior-gene
manner, as non-durable genes associated with adgysitive response do, the durability of
partial resistance becomes questionable. Howewer,fact thatRphg2 and Rphg3 were
effective against isolate Uppsala whiRphg4was overcome by the same isolate suggests
that, if the pathogen succeeds in breaking downmdhistance of a QTL, this success does not
necessarily imply that it will succeed in neutralgsthe effects of the other QTLs. This is of
importance for the durability of partial, polygeniesistance because when one or several
genes for quantitative resistance become ineffediyainst the pathogen, a subset of genes
conferring a certain degree of quantitative reasawill always remain. So, the sum of the
actions of each individual QTL against a pathogaceror isolate forms a “multiple-gene
barrier” very difficult for the pathogen to overcemA multiple-gene barrier is composed of
minor genes interacting in a minor-gene-for-mineng way with the pathogen. If individual
minor resistance genes can be overcome by the geththe remaining genes that form the
multiple-gene barrier will confer a sufficient ldwa resistance to reduce the rate by which
the new virulence factors will spread through walted areas.



In summary, the results revealed several impoffigatures of quantitative resistance
againstP. hordeiin barley. Some of the genes underlying QTL maynivelved in defence
responses to particular isolatesRofhordeiand others may be more commonly involved in
defence responses to a broader range of isolaszsuBe partial resistance is governed by
several genes with different degrees of isolateifipity, the minor-gene-for-minor-gene
interaction model seems more stable than the manoggene-for-gene interaction model.
The apparent synergistic interactions between QiEL&lso intriguing in respect of the
underlying resistance mechanisms. The knowledggeokt sequences underlying the QTLs
would offer prospects for understanding their pbé&rstructural relationship and to gain
insight into the basis of this form of durable dise resistance.
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General discussion

Introduction

In the past years, many genes that control Mendélats, or major genes, have been cloned,
but the genes underlying quantitative traits (neror genes) are still hardly understood at the
DNA level. The tendency of genetic background ftusnce the expression of phenotypes of
most if not all Mendelian traits suggests that mang genetically complex. The genetic
dissection of such complex traits and the idergtfan of underlying minor genes at the DNA
level has great potential in revealing the functdigenes that remain uncharacterised so far.

Large-scale genome sequencing projects are gemgrati wealth of genomic
information that require the automated predictiod annotation of genes and gene functions.
A large proportion of predicted genes cannot bectionally annotated with the methods
available (genes with an “unknown” function) angraportion of the predicted genes and
annotated functions are likely to be erroneousuii@vel the true biological function(s) of a
gene, direct experimental procedures are requitedugh forward or reverse genetic
approaches. While forward genetics seeks to fimdgbnetic basis of a phenotype or trait,
reverse genetics seeks at identifying the functiba cloned segment of DNA or a protein
sequence. Forward genetics aim at identifying #@eg encoding for a determined function,
while reverse genetics aim at identifying the fumttof a cloned segment of DNA or a
protein sequence. In this thesis, we followed mageld cloning and candidate gene
approaches (forward genetics) to get more insigfiot the nature and function of minor genes
for basal resistance Ruccinia hordein barley.

In the previous chapters of this thesis, we presktiwo barley consensus maps with
3,258 molecular markers and 775 microsatellite er@krespectively. We used the first map
to compare the position of QTLs for partial resise to leaf rust across barley populations
and to identify candidate genes to explain thoséQThe second map constitutes a great
resource of mapped microsatellite markers for lyadeeeders and scientists, and proved
useful in the identification of markers closelyk&d to our target loci. We also developed two
sets of near-isogenic lines (NILs) containing indal or combined alleles of QTLs in
susceptible and in resistant genetic background®s& NILs were instrumental in the
initiation of a map-based cloning approach anchi high-resolution mapping of one minor
gene,Rphg2 In the present chapter, we will discuss the nuthapy followed to construct
high-density consensus maps, and the function oflidate genes identified as well as the
possible nature of QTLs for partial resistance.



The construction of high-density consensus linkagmaaps

To date, most genetic analyses to identify genggorgsible for polymorphic traits, whether
they have a Mendelian or a quantitative, polygameritance, in barley mapping populations
or in barley linkage disequilibrium panels, havemg@erformed with RFLP, SSR and AFLP
molecular markers. Thus, the knowledge accumulaledng the past 15 years through
phenotyping and genotyping a number of mapping ladions relies on the availability of
genetic linkage maps giving the precise positionthafse molecular markers. GrainGenes
(http://wheat.pw.usda.gdpyus an international database for genetic and genanformation
about Triticeae and serves as both a data reppsitat information hub (Carollo et &009.
For barley, no less than 51 linkage maps, 5 consaittkage maps, 242 genes and more than
400 QTLs have been deposited or recorded in Graia&eEach mapping population has
been genotyped with various sets and types of rat@eanarkers and in each of those
populations only a limited set of genes and QTles segregating. Then, one of the greatest
challenges is the integration of these differenpspaften constructed by different research
groups using different techniques and different pimag populations, to produce a unified
picture of the barley genome. In the past, two eosss maps based on RFLP markers
(Langridge et al1995 Qi et al.1996, containing 587 and 880 markers, respectively, @me
consensus map combining 700 RFLP, AFLP and SSRarsa(Karakousis et a2003 have
been constructed for barley. More recently, DiaB0g merged the previously constructed
consensus maps to obtain a higher-density of marker

Major problems encountered when constructing aseoesus map with large and
multiple data sets are the often limited numbetocf that have been mapped in common
between the individual data sets, the nomenclaititeci that may differ between data sets,
the accuracy of individual data sets determinedhaypopulation type, population size and
data quality, and the excessive computation timeithrequired for the huge data sets that are
subject of the integration effort. A data set ofesal thousands of markers cannot be analysed
with an average mapping software. In Chapterand 3 of the present thesis, we used
microsatellites to integrate the maps of severdepamapping populations and to construct
high-density consensus maps. Microsatellite markeegsamong the most popular molecular
markers that can be developed from ESTs. Theirlpapuis largely due to the fact that they
require small amounts of sample DNA, are easy teaicdoy PCR, are amenable to high-
throughput analysis, co-dominantly inherited, maltelic, highly informative, abundant in
genomes, and highly reproducible between labs (Pateal. 1996 Gupta and Varshney
2000. We proposed a 7 steps method to construct aensnos map gathering several thou-
sands of genetic markers (FI). The proposed method relies on improved map ooctsin
programmes (RECORD: Van Os et 20053 JoinMap® 4.0http://www.kyazma.r)l and on
the “neighbours” map approach described by Comad €002).




1. Data collection
checking data quality (° test)

‘ RECORD + Excel ‘

@

2. Primary Marker Order

checking for errors & replacing singletons

| RECORD +Excel |

s

3. Secondary Marker Order

replacing singletons

| JoinMap® 4 + MapChart |

4. Individual maps

extracting bridge markers exfracting unique markers

JoinMap® 3

5. Framework map
integrating bridge markers

l JoinMap® 4 ‘

<

6. Individual maps
using the framework map as fixed order

7. Barley Consensus Map

fitting the unique markers

Figure 1. Flow chart of the method used to
construct the consensus maps of barley. The
numbersrepresent the different steps and the
grey arrowsthe computer programs used for
calculations

Step 1.A chi-square test is run on the individual datts $e identify the regions associated
with distorted segregation and to remove isolatackars showing significant skewness.

Step 2.The markers of each data set are ordered witpritgramme RECORD and sorted by
graphical genotyping in Microsoft® Office Excel temove singletons (i.e. conflicting data
points) and other potential errors.

Step 3.Thestep 2is repeated to ensure that a minimum number ofgmnemain in the data
sets before constructing the map.

Step4.The individual maps of each data set are caladilaiéh the (Monte Carlo) maximum
likelihood mapping option of JoinMap® 4.0.

Step5.The individual maps are aligned in MapChart© 22identify bridge markers in
common between at least two linkage maps. The eérndgrkers are extracted from the data



sets and used to calculate a framework map usmgntkegrative function of the regression
mapping method available in JoinMap® 4.0.

Step 6.The individual maps of each data set are recdkdlavith the (Monte Carlo)
maximum likelihood mapping method by adding theeordf the framework markers as a
“fixed order file” into JoinMap® 4.0.

Step 7.The framework map served as fixed backbone ontizhwthe unique loci of each
newly calculated individual map are added followihg “neighbours” map approach.

The construction of (ultra) high-density consenmaps requires adequate tools and
techniques to reduce the computation times whikpkey the accuracy of the constructed
maps as high as possible. For the needs of théopgé@mome sequencing consortium, which
aims at elucidating the complete DNA sequence efpbtato genome, Van Os et @009
constructed an ultra-dense genetic linkage map matirly 10,000 AFLP loci. To reach this
objective, new tools were developed (Van Os e2@b5a 2005h. The first one, SMOOTH,
identifies and removes singletons from genetic nmappata sets. The second one, RECORD,
optimises the ordering of a large number of locigenetic linkage maps in a limited amount
of computation time. RECORD employs a marker-orggrialgorithm based on the
minimisation of the total number of recombinatioreets in any given marker order. The
removal of singletons by graphical genotyping (SM®{can only handle backross ang F
populations) together with the use of RECORD alldws to efficiently prepare our data sets
before map integration in JoinMap®, which appearbé the only software option available
that allows to integrate datasets of populations/dd from crosses between different pairs of
parents (Stam993. It has already been reported that the simultasese of RECORD and
JoinMap® 3.0 improves the construction of genetitkdge maps (Wenzl et aR00§
Vromans et al2007). The release of JoinMap® 4.0 in August 2006 effleanother tool to
handle large amounts of data. The (Monte Carlo) imam likelihood algorithm
implemented in JoinMap® 4.0 allowed a very fast patation of our data sets.

Recently, Wenzl et al2006 proposed an alternative procedure to construagh-
density consensus map of barley, comprising 2,885 using a combination of RECORD,
JoinMap® 3.0 and several purpose-built perl scrifise main steps proposed for map
construction are essentially the same as presentealr study: preparation of quality-
filterered datasets, construction of component mapsstruction of a skeleton map and
fitting remaining loci on the rigid skeleton maphély obtained a map that integrates 850
“traditional” loci, mostly RFLP and SSR markersalsresent on our consensus map, with
2,085 DArT loci from ten different mapping poputats. This effort demonstrated the power
of DArT assays and provides a first bridge betweenexisting genetic knowledge of barley
and DArT markers produced by hybridisation-basechrnelogies. An alignment of the



markers in common between the consensus map pedsenChaptel of this thesis and the
consensus map released by Wenzl et 2006 is presented in Figurg. Map length and
marker order are influenced by many factors, inclgdhe frequency of double recombinants,
the occurrence of errors in scoring and data inputd changes in local or general
recombination behaviours. The degree of map exparsinded to be slightly higher in the
consensus map of Wenzl et &006. The marker order between the two maps is asaewh
consistent with most of the ambiguities concentradéeound the centromeres. The most
conflicting marker on chromosome 6H was ksuA3B. Tpwsition of this marker on
independent linkage maps (Kleinhofs etl#193 suggests that the position on the consensus
map of Marcel et al.2007) is the most reliable one.
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Figure 2. Alignment of two high-density barley consensus sa@pomparison of locus positions shared
between the consensus map of Marcel et2007) presented in Chapté of this thesis, containing a
majority of AFLP, RFLP and SSR loci, and the comsesnmap of Wenzl et al2Q06, containing a
majority of DArT loci and 850 other loci. The pasit of each shared locus between the two maps is
highlighted by gpair of dots connected by a line

Co-localisation of known major genes and mapped QT4 in barley

The first aim of the high-density consensus mapasfey presented in this thesis was to offer
a comparative tool between different barley genetaps in which genes for resistance to



P. hordeihave already been placed. Previously, Qi et1#980) compared the position of
known major genesRphgenes) and partial resistance QTRpligloci) to P. hordeiusing a
barley integrated RFLP map. They concluded thatetiveas no indication of shared map
positions between eleven major resistance genesiarTLs for partial resistance identified
in the L94 x ‘Vada’ mapping population. Since théwp additionalRph loci have been
mapped, i.eRphl6.aeandRph19.ah(lvandic et al.1998 Park and Karakousi®002, and a
literature survey indicated that QTLs identifiedtimrteen additional studies could also be
placed on the present barley consensus map (Sebaki998 Qi et al.1999 Kicherer et al.
200Q Qi et al.200Q Backes et al2003 von Korff et al.2005 Jafary et al2006a Jafary et
al. 2006h Kraakman et al2006 Rossi et al.2006 Marcel et al.2007 Jafary et al.
unpublished; Marcel et al. unpublished). The nortatoce of theRph loci follows the
recommendations of Franckowiak et d41997). We extended the analysis of Qi et aBg8h
by placing most loci for resistance to barley laadt identified so far on the new consensus
map (Fig.3). The most striking conclusion of this exercisa@arns the abundance of QTLs
on the genome of barley. This evidence was alrgaulyointed by several authors (Qi et al.
200Q Jafary et al2006a Marcel et al2007), who have shown, one after the other, that each
parental barley combination segregates for diffesets of QTLs, with only few QTLs shared
by any pair of cultivars. Among the 29 barley geromegions conferring quantitative
resistance to leaf rust, only 6 were detected imentiban two different barley cultivars, viz.
three on the long arm of chromosome 2H and one é@acthe centromeric region of
chromosomes 3H, 6H and 7H (FR). The paucity of QTLs segregating in common intisa
that the frequency of the resistance allele fotiplaresistance genes is either very low or very
high. Nevertheless, we can note that the four Qdétected by linkage disequilibrium in a
panel of 148 barley cultivars were all supportedh®s/overlapping position of QTLs detected
in individual mapping populations (Kraakman et 2006. Other QTLs were confirmed
across mapping populations that share an idengaetntal line, viz. L94 x ‘Vada’ and
SusPtrit x ‘Vada’ (Qi et all998h Jafary et al20069, and L94 x (L94 x Cebada Capa) and
SusPtrit x Cebada Capa (Qi et200Q Jafary et al20068. Finally, the performance of NILs
evaluated in Chaptersand5 of this thesis also confirmed the effect of th@EELs.

About half of the majoRphresistance genes shared map position with a QdmeS
QTL studies have been performed in field experimamider natural leaf rust infection
(Spaner et all998 von Korff et al.2005 Rossi et al2009. If the natural inoculum consisted
of a mix of virulent and avirulent rust isolatesa®ph gene segregating in the investigated
population, then thi®phgene would appear as a “QTL” in the study. Anyhownsidering
that the confidence intervals of QTLs cover morantl35% of the consensus map and that
genes are more likely to be clustered in genesegions, there is no reason to think that loci
for qualitative and loci for quantitative resistascto leaf rust in barley are associated and
evolutionary related to each other.
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Figure 3. (Previous pageBIN map extracted from the high-density consensus map dépalisplaying
the position oRphloci for hypersensitivity resistan@m the left side of chromosome barwd the position
of Rphqloci for partial resistancen the right side of chromosome haffiename on QTL barkas three
components: the reference number, the name ofuttieas that gave the resistance allele and thbédsy
LOD value recorded for the QTL. The references(ay®i et al.1998h (2) Spaner et all998 (3) Qi et al.
1999 (4) Kicherer et al2000; (5) Qi et al.2000; (6) Backes et aR003 (7) von Korff et al.2005; (8)
Jafary et al2006a; (9) Jafary et alk006h (10) Kraakman et ak006 (11) Rossi et ak00§ (12) Marcel
et al. 2007 (13) Jafary et al. unpublished; (14) Marcel et @published. The QTLs discovered by
association mapping are represented bgeacovering the area associated with resistaand by abox of

2 cM around the most associated mark@rey colorationwithin chromosome barsepresent the area
covered by the confidence intervals of QTLs. Thddg8in bold are DGH-based markers. Thder on the
left end sideof the figure indicates the distance in centiMaig#éaccording to Kosambi) from the top of
each chromosome.

In Chapter4 of this thesis, we focused on the high-resoluti@apping of quantitative
resistancéRphqg2located near the telomere of chromosome 2HL otl&’aTheRphqg2locus
has been transferred to European cultivars from ‘Huganical’ barley line Hordeum
laevigatumtogether with the tightly linked race-specificistance genebllLa andRdglafor
resistance to powdery mildew and to leaf stripspegtively (Giese et al993 Arru et al.
2002. In this studyMILa was mapped distally froRphg2excluding the possibility that the
same gene is responsible for quantitative resistémdeaf rust and qualitative resistance to
powdery mildew. Arru et al.2002 mappedRdglaabout 10 cM proximal from the peak
marker ofRphg2 In a leaf stripe disease test, LBfhq2was also as susceptible as the
susceptible parent L94 (N. Pecchioni, personal comaoation) excluding as well the
possibility thatRphg2andRdglaare the same gene. Those observations suppadeadhat
partial/quantitative resistance, based on a pretbaal mechanism with the formation of
papillae, and qualitative resistance, based on at-lpmustorial mechanism with
hypersensitivity, are distinct and not associatét each other.

Co-localisation of defence gene homologues with magd QTLSs in barley

The level of partial resistance is related to thdufe rate of haustorium formation (Niks
1982 1983a 1986. Failed haustorium formation is associated wistpiffa formation. The
contact between the haustorial mother cell withdék wall, and possibly the contact of the
penetration peg with the plant cell membrane is dhtecal stage in which the failure or
success of the haustorium formation seems to lrdeted. A very susceptible line (L94) is
much less able to stop haustorium formationPwmccinia hordeithan a cultivar with high
level of partial resistance (‘Vada’). Still, line94 has a substantial level of prehaustorial
resistance to the two inappropriate rudtdritici andP. hordei-murini(Niks 1983a 1983h
Hoogkamp et al1998. Therefore, L94 is perfectly able to block haustm formation by



rusts and to form papillae. This suggests thatdeénce machinery” in L94 is as good as in
Vada, but the difference between ‘Vada’ and L94asv easily this defence is activated or
suppressed. Considering the above observations,fuihetions of the candidate genes
identified in Chapter2 of this thesis, receptor-like kinase (RLKJIR1 homologues,

peroxidase, superoxide dismutase, and thaumatitmeirefence response underlying partial

resistance are discussed.

Table 1.Comparison of the number of members within severdtigene families known to be involved in

the defence response to pathogensrabidopsisand in rice

Gene Family Function Arabidopsis  Rice Reference
Detection
NBS-LRR Resistance protein 149 <500 Meyers €2G03
Monosi et al2004
RLK/Pelle Resistance protein 610 <1132 Shiu & Bkex2003
Shiu et al2004
RLK-LRR* Resistance protein 240 384 Shiu & Bleeck@d1
Morillo & Tax 2006
WAK/WAKL * Resistance protein 26 125 Verica e2803
Zhang et al2005
Signalling
PR-9 Peroxidase Multifunctional 73 138 Bakalovi@ake2006
MAPKKK Signalling molecule 60 Nakagami et 2005
MAPKK Signalling molecule 10 ’ Nakagami et 2005
MAPK Signalling molecule 20 17 Nakagami et2005
Reyna & Yang2006
WRKY Transcription factor >70 > 100 Dong et 2003
Zhang et al2005
AP2/ERF Transcription factor ? ? Gutterson et24104
bzIP Transcription factor 82 94 Qu & ZI2006
Myb Transcription factor 189 182 Qu & ZI2006
Response
SOD Antioxidant 7 ? Alscher et &002
PR-5 thaumatin Antimicrobial 21 30 Shatters Jrle2@06
WIR1 Unknown 0 3 Mauch et al1998

Schaffrath et al2000

! Subfamilies of the RLK/Pelle gene famil{;Subfamily of the AP2 gene family' Probably an

underestimation since the small size of those preteamper their detection

In Arabidopsis RLKs belong to a large gene family (RLK/PelleXhwmore than 610
members (Tablel) (Shiu and BleeckeR003. More than 400 of those members have a



domain configuration resembling transmembrane tecepimplying a major contribution of
this class of proteins in the perception of cetfate signals in plants. RLKs regulate a wide
variety of developmental and defence-related psE®sThe fact that RLKs are membrane
receptors associated with the recognition of baidter fungal pathogens (Song et 4895
Feuillet et al.1997 Gomez-Gomez and Bolle200Q Sun et al.2004 match a putative
function of QTL genes in the perception of penaraattempts by the barley leaf rust fungus
at the barley cell membranROF1is a wall-associated RLK which was recently idéedi as

a novel type of dominant disease-resistance prataiferring resistance to a broad spectrum
of Fusarium races iMrabidopsis (Diener and AusubeP005. ROF1 is member of the
WAK/WAKL gene subfamily to which roles in both ddepment and stress-response
signalling have been attributed. Diener and Aus(®@05 hypothesised that WAKs/WAKLs
are involved in both abiotic and biotic stress oemes through their tight association with the
cell wall and possibly through the perception @& thosening of the adhesion of the plasma
membrane to the cell wall. In compatible combinagiothe fungus successfully induces such
loosening of the attachement between plasma memlaad cell wall. It was proven earlier
that the expression of cell-wall associated defensach as extracellular hydrogen peroxide
generation and callose deposition, also dependsdbasion between the plant cell wall and
the plasma membrane (Mellersh and He2d01). As for the WAKs/WAKLs, Bull et al.
(1992 speculated a function of tM¢IR1generelated to the adhesion of the membrane to the
cell wall in case of pathogen attack. PWIRL1 isrgegral membrane protein induced in wheat
by the non-host pathogefrysiphe graminisf. sp. hordei (Bull et al. 1992. In barley,
homologues oiWIR1were also found to be induced upon inoculatiornilie host pathogen
Blumeria graminid. sp.hordei(Jansen et aR005 Zierold et al.20095 and with the non-host
pathogerPuccinia triticina (Neu et al2003. Because of their function, RLKs aidiR1are
plausible candidates to explain QTL function fortgé resistance. This hypothesis implies
that the plant perceive intruding microbes IRehordeiand that QTL-alleles from resistant
lines may encode for proteins that have a roleghténing the binding between membrane
and cell wall in the plant.

Defence response (DR) genes are involved in thet pdafence upon attack by
microbial or insect pests. It is often assumed DRtgenes like those encoding peroxidase
(PR-9), superoxide dismutase (SOD) and thaumd&e-protein (PR-5) are potential
candidates to explain the QTLs for quantitativeistasce to plant pathogens. However,
because the “defence machinery” in L94 is as gaothdVada’, it is more likely that the
QTLs for partial resistance . hordeiplay a role in the recognition or early signallimigthe
defence response rather than a role in the expressithe resistance. Peroxidase@) and
superoxide dismutase {0 are reactive oxygen intermediates (ROIs). ROIgehheen
implicated in signal transduction as well as in ¢ixecution of defence reactions such as cell
wall strengthening and a rapid hypersensitive readreviewed in Hickelhoven and Kogel



2003. But the role of ROIs in the establishment andintemance of either host cell
inaccessibility or accessibility during attack byfungal plant pathogen is not yet fully
understood. Genes encoding different types of peases, in different plant species, have
been shown to promote susceptibility to fungal &adterial pathogens (Kristensen et al.
2001, Coego et al2005 Chen et al2006g, suggesting that the pathogen uses early signals
generated during the oxidative burst for the selecactivation/suppression of host factors
required for mounting a compatible interaction. Qofethose peroxidases, the vacuolar
peroxidasePrx7, was implicated as a susceptibility factor in teeponse of barley to attack
by B. graminisf. sp. hordei, enhancing successful haustorium formation (Kniséa et al.
2007). Prx7 mapped in the same region of chromosome 2HL (Gaétsal. 1993 as Prx2
which is another peroxidase gene locus identifisdaacandidate to explaiRphg2 The
mildew haustorium promoting effect &frx7 (Kristensen et al2001) qualifies peroxidase
genes as candidates for QTLs for partial resistéam€& hordei In this view,Prx7 might be
considered a compatibility factor that increasesceptibility of the plant. This factor would,
as a ligand, be recognised by the invading pathoged this recognition could result in
suppression of an innate defence system of the.plan

The use of synteny for the dissection of QTL regian

Cereals have widely differing genome sizes randingh 450 Mb for rice to 5,000 Mb for
barley and 16,000 Mb for hexaploid wheat (Arumughaa and Earld991). This genome
size variation is partly caused by differencesloidy level, but is mainly due to differences
in the amount of repetitive DNA. Nevertheless, canapive genome analyses revealed a high
degree of conservation of gene content and orderdes cereal species that allowed the use
of cereals with smaller genomes as genetic mod&d®ie et al.1995 Devos and Gal200Q
Devos 2005. In particular, the recent sequencing of the igemome (International Rice
Genome Sequencing Proje2005 has provided researchers an efficient tool fayssr
genome gene isolation (Xu et a005.

In Chapter4 of this thesis, we focused on the high-resolut@apping of quantitative
resistanceRphg2located in the telomere region of chromosome 2HLVada'. By cross
comparison of sequenced ESTs from barley and gereskcted from the rice sequence a
number of EST-based molecular markers were plagettha vicinity of Rphg2 Then, the
alignment of a high-resolution barley genetic maghwhe sequence of rice resolved the
interval containing the gene responsible Rphg2to a homologous rice stretch of sequence
of at most 70 kb. Six predicted rice genes encogergxidase proteins and another predicted
rice gene with high sequence similarity to a mitogetivated protein kinase kinase kinase
(MAP3K) were identified as candidates to explRphqg2 Barley ESTs with high homology
(10'* < E value < 18% to the candidate genes identified in rice werentb by blastn



analysis, suggesting that homologues of the riagegie@are present in barley. The linkage
association betweeRphg2and peroxidase genes was already observed in thé¢ f2@&lies
presented in Chaptérof this thesisRphg6andRphql8 on the short arm of chromosome 2H,
were also associated with stress related peroxsdase several authors reported as well such
associations between peroxidase loci and genegutamtitative resistance (Faris et H#.99
Ramalingam et al2003. Members of the MAP3K family are crucial for earlefence
signalling and cellular stress response to badtarid fungal pathogens (Asai et 2D02.
These key signalling molecules are the first congmbrof MAPK cascades. MAPK cascades
minimally consist of a MAP3K-MAP2K-MAPK module th&t associated in various ways to
upstream receptors and downstream targets (reviawdkagami et al2005 Pedley and
Martin 2009. The ROI-induced activation of MAPKs has beenretalas evidence that also
ROI act upstream of MAPKSs.

Table 2. Cloned quantitative trait loci (QTL) in plants

Species Trait QTL Gene Function Reference
Arabidopsis Flowering time EDI CRY2 Cryptochrome  El-Assal et #2001
Arabidopsi$  Gluc. structure GS-elong MAM2 MAM synthase Kroymann et &003
Arabidopsis Root morphology BRX BRX TF Mouchel et al2004
Arabidopsis Flowering time FLW1 FLM TF Werner et al2005
Arabidopsis Transpiration efficiency TE1 ERECTA LRR-RLK Masle et al2005
Arabidopsis  Gluc. hydrolysis ESM1 MyAP  Myrosinase AP Zhang et &006
Barley! Photoperiod Ppd-H1 Ppd-H1 Pseudo-resp. Turner et aD05
Maize Apical dominance Thl Thl TF Doebley et al1997
Maize' Flowering time Dwarf8 Dwarf8 TF Thornsberry et &001
Rice Heading time Hd1l Sel TF Yano et al2000
Rice Heading time Hd3a Hd3a Unknown Kojima et al2002
Rice Heading time Hd6 CK2x Protein kinase = Takahashi et 2001
Rice Heading time Ehdl Ehd1l B-type resp. Doi et aR004

Rice Salt tolerance SKC1 SKC1  Sodiumtransp. Ren et &005

Rice Seed dormancy DOG1 DOG1 Unknown Bentsink et aR006
Rice Grain productivity Gnla CKX2 Cytokinin o/d  Ashikari et aR005
Rice' Grain weight/length GS3 GS3 Unknown Fan et aR006
Tomato Fruit weight fw2.2 OFRX  Unknown Frary et aR000
Tomato Fruit shape Ovate Ovate  Unknown Liu et al2002
Tomato Fruit sugar content Brix9-2-5 Lin5 Invertase Fridman et #2004

Abbreviations: Gluc., Glucosinolate ; TF, Transtidp factor; LRR-RLK, leucine-rich repeat receptie
kinase; Myrosinase AP, Myrosinase associated profitype resp., B-type response regulator; Sodium
transp., Sodium transporter ; Cytokinin o/d, Cymiki oxidase/dehydrogenase; Pseudo-resp., Pseudo-
response regulator

! without formal complementation



Nevertheless, disruptions in the colinearity betweiee and Triticeae species can
severely compromise the use of synteny for the baged isolation of genes. The degree of
gene order conservation may vary, depending orrég®n, and is unlikely to be perfect
(Rostoks et al2005g. This is mostly due to the presence of multigé@amailies and to the
occurrence of chromosomal and genic duplicationsvfl®@ and Gale2000. Plant gene
families are very unequal within and between pkpdcies in terms of number of members
and of evolution dynamic (TablB. For example, resistance gene homologues are rknow
undergo rapid and dramatic rearrangements betvedated species (Leister et 4098. Such
disruptions in colinearity between resistance gewgions has often prevented the
straightforward identification of a candidate gdxyeproxy for large cereal genomes, such as
wheat (Yahiaoui et aR004 and barley (Brunner et &003 Perovic et al2004. Notably,
extensive efforts to clone the barley stem rusistasce gendRpgl by synteny with rice
provided excellent flanking markers but failed iel¢f the gene because it does not seem to
exist in rice (Brueggemann et @002. The rice genome is indeed a good source of marke
to saturate barley or wheat genomic regions bunhsde be more promising for the isolation
of genes that are evolutionarily more conservedll§Keet al. 2005. Brachypodium
distachyorhas recently been proposed as a new model fos firastional genomics, because
it is self-fertile, has a short life cycle (less thmonths), a small stature, simple growth
requirements, a small genome size (~355 Mb) anldidipccessions are available (Draper et
al. 2001). The phylogenetic position &. distachyorbetween rice and Triticeae crops makes
this species a promising alternative to rice fanparative genomics and gene discovery in its
larger genome relatives (Draper et2001; Hasterok et al2006§. However, although genetic
and genomic tools are developing rapidly Bordistachyonthe usefulness of that species for
cross-genome gene isolation still remains to betyaly demonstrated.

Nature of genes responsible for quantitative traits

Plants use a variety of strategies to defend thieseagainst microbial attacks. One
important defence mechanism is the recognitionlbptpgresistanceR) genes of the presence
of specific pathogen effectors dwr gene products that leads to a hypersensitive nsgpo
Most of theR genes for hypersensitive resistance that have isetated belong to the same
gene family, the nucleotide binding site leucinginepeat (NBS-LRR). In the barley — barley
leaf rust system, more than 31 major gerigsh(genes) conferring hypersensitive resistance
have been identified (Franckowiak et #097. TheseRph genes have been mapped to 10
distinct loci (Fig.3) but none of them has yet been isolated. The relsgaesented in this
thesis focused on another plant defence systendlmseninor genes or QTLs that act in a
pre-haustorial, non-hypersensitive manner. Onengtamnclusion of our work is that there is
a great diversity of QTLs for partial resistancelaaf rust in the barley genome, with 52



QTLs, delimiting 29 genomic regions, that have bakmtified in the 14 studies reviewed
(Fig. 3). It seems therefore natural to wonder whethethal minor genes explaining those
QTLs belong to a unique gene family as megjenes do, or belong to many different gene
families implicated in the defence response. If anigenes for partial resistance can be
explained by only one gene family, members of thekKMRelle family are attractive
candidates because a multitude of them are fourglaimt genomes (Tabl®&) (Morillo and
Tax 2006, and because they have already been identifiddirddP-receptors (Nurnberger et
al. 2009 and as candidate genes in the present study {&@t2pHowever, the large number
of candidate genes identified does not clearly icapé any single gene family in particular.
We therefore favour at the moment the alternatiypothesis, that QTLs for disease
resistance are conditioned by genes of differeturea

Proof of gene discovery has been obtained forast|80 QTLs in plants, mostly in
rice andArabidopsis(Table 2). Among them, several are transcription factorab{& 2).
Transcription factors are a group of proteins ttattrol cellular processes by regulating the
expression of downstream target genes (Qu andZfi@. Four families of transcription
factors have been implicated in the defence respamisplants to pathogens (Tabig
(Gutterson and Reub@004 Thurow et al2005 Zhang and Wang005 Chen et al20061).
Also, several of the minor genes isolated are gehaaknown function (Tabl&), suggesting
that cloning QTL genes is promising for the funoibunderstanding of plant genomes.

Partial resistance is usually considered as a thurgipe of disease resistance, to
which pathogens not easily adapt. As QTLs can coafeigh level of resistance by their
accumulated effects, the adaptation of a pathogememder each QTL resistance-allele
ineffective is theoretically more complex than &mder just one gene ineffective in case of
monogenic resistance (LindhoR002), especially when each QTL-gene encodes a differen
(type of) gene product. In Chaptdr we presented evidence that individual QTLs can be
effective to one isolate but ineffective to anottsaiate ofP. hordei This is consistent with
the minor-gene-for-minor-gene hypothesis propose®drleveliet and Zadokd 977). In the
field experiments, the fact that only one QTL beedneffective toP. hordeiUppsala while
the other QTLs remained effective also indicated the pathogen cannot overcome all QTLs
at once. The isolate-specificity of QTLs suggestsegain plasticity and diversity of the
underlying supposed partner genes, i.e. the tatgptent genes and the corresponding
pathogen effectors. Rubiales and NiR8F0 suggested that durability may depend as well on
a combination of genes affecting different mechasiof resistance. If the hypothesis that
QTLs for partial resistance are explained by midtigenes of different nature can be proven
right, this could be another factor explaining therability of this type of resistance. As
highlighted by the results presented in Chapteepistasis seems also to be an important
component of the genetic architecture of partisistance. Moore et al2Q05 explained that
epistasis creates dependencies among the genesatwark providing a sort of genetic



buffering against the effects of mutations. Thiffdning helps to stabilise complex traits like
partial resistance so improving its durability.

Concluding remarks

Thanks to the tools developed, we learned that Qdt_partial resistance to leaf rust are very
abundant in the barley genome with different sétQ®Ls segregating in each mapping
population tested. Many QTLs act in epistasis amlividual QTLs can have a specific effect
to only some isolates of a same fungal species Wwhs however not the case Rphg2that
does not seem to depend on such epistatic intengcthaving a conserved effect in different
genetic backgrounds, and was effective to all tesldested. This gene is therefore a good
candidate for cloning and verification by completagion in the future. We also learned that
Rphqg2is explained by a single gene with an incompletiginant effect. And we confirmed
thatRphg2has a predominantly non-hypersensitive resistameeghanism that is likely to be
involved in the basal resistance of barley to teaf. We hope that this work will facilitate the
map-based isolation of a plant gene for partiaktasce.
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Summary

Partial resistance of barleH¢rdeum vulgarg to the pathogenic barley leaf rust fungus
Puccinia hordeis based on a non-hypersensitive, pre-haustoeahamism of defence. There
is evidence that the pathogen find it very difftcid adapt itself to partially resistant barley.
This is borne out by the observation that the taste is durably effective, whereas other
types of plant resistance can become ineffectiveadigptation of the pathogen population.
The barley —P. hordei relationship serves as a model system for manyerofiant-
pathosystems, where a similar form of resistancst®x

The partial resistance results from the cumulagiffect of several genes, each with a
small effect. The locations of these genes on tréep chromosomes are called QTLs. The
barley cultivar ‘Vada’ has a high level of parti@sistance, which is based on at least six
QTLs. Three of them have a relatively large eff@st.backcrossing, these three genes have
been incorporated into the extremely susceptille 1194 (called Near-isogenic lines, NILS)
(Chapter 4). We also developed reciprocal NILs incorporatthg susceptibility alleles of
those QTLs from the L94 into ‘Vada’' background. $&@eNILs allowed measurement of the
effects of the individual genes in a constant genkackground Chapters 4 & 5. We
compared the position of QTLs for partial resise&ano five barley populations, each
consisting of the progeny of two parental barleyes Chapter 2). This indicated a
surprisingly large diversity in such genes: onlwf@TLs that were discovered in one barley
accession also contributed to partial resistan@mother accession.

Although partial resistance generally is effectieeall genotypes of the pathogen
species, the NILs proved clearly that individual LQTmay be effective to one but not
effective to another strain of the pathog€&hdpter 5). Since cultivars with a fair-to-high
level of partial resistance carry several QTLstfos trait, ineffectiveness of one of the QTLs
to some strain of the pathogen does not lead tgEiensusceptibility of that cultivar, since
the remaining QTLs still restrict the pathogen teekatively low epidemic development. So,
the race-specificity of individual QTLs has no detim adverse consequence for the
resistance level of the cultivar.

The NILs also allowed to determine the precisetpmsiof the QTL with the greatest
effect, Rphg2(Chapter 4). This gene is located at the tip of the long afrf@hromosome 2H
where we could pinpoint it to an interval of onlyoait 0.1 cM flanked by two markers. These
markers had been developed by using the simildr#yween barley and rice in that
chromosomal region. The availability of the compl®&NA sequence of the rice genome
helped to find similar sequences in barley at h@gols chromosomal regions.

GeneRphgZ2offers the best perspectives for cloning and secjog a gene for partial
resistance, and hence, understanding its moledulation in plant defence to such a



specialised pathogen & hordei The gene has a relatively large phenotypic eftecthe
resistance level of barley #®. hordeiand is located in a chromosomal region with a high
frequency of recombination. Each centiMorgan on timkage map around the gene
corresponds probably with only a relatively shdreteh of DNA. This makes it feasible to
pick the gene up from a bacterial DNA (BAC) libranynot too distant future.

The fine-mapping oRphg2involved several molecular and genetic stratediesing
that work it turned out to be feasible and usetulirttegrate linkage maps of six barley
mapping populationsGhapters 2 & 3). Each of those populations had been construated o
the basis of RFLP markers, AFLP markers and/or 3fRkers. Quite many markers
segregated in more than one of the six populatialh@ying combination of those maps into
one new, integrated map, consisting of over 3,2@@kers Chapter 2). This is the highest
density marker map of barley published thus fapdrant in this integration work was to
determine the map position of SSR markers in (addit) mapping populations and the
development of new SSR markers. This class of marke highly polymorphic and
technically easy to apply. Combining SSR markeadedm several laboratories, including
ours, resulted in the construction of a consensys, nvhere map positions of almost 800 SSR
marker loci have been put togeth€hépter 3). The incorporation of many markers based on
gene or EST sequences in the constructed conserequs provided a means to compare the
distribtution of QTLs with the distribution of defee gene homologues. It led us to the
identification of candidate genes to explain theege basis of partial resistance.



Samenvatting

Partiéle resistentie van gerdidrdeum vulgarg tegen de pathogene dwergroestschimmel
Puccinia hordeberust op een niet-overgevoeligheidsreactie véoratming van haustoria in
de plantcel. Kennelijk is het voor het pathogeereiljk zich aan te passen aan partieel
resistente gerst. Dat blijkt uit het feit dat dsiseentie duurzaam effectief is, terwijl andere
soorten plantresistentie ineffectief kunnen wordeoerdat de schimmel populatie zich wel
aanpast. De gerst P. hordei relatie dient als modelsysteem voor vele andesntpl
pathogeencombinaties, waar een dergelijke resistemtn ook voorkomt.

De partiéle resistentie wordt veroorzaakt doordushulatieve effect van verscheidene
genen, die elk een klein effect hebben. De plaatsear deze genen zich op de
gerstchromosomen bevinden worden QTLs genoemdgescultivar ‘Vada’ heeft een hoog
niveau van partiéle resistentie, welke gebaseerd msen combinatie van tenminste zes QTLS.
Drie ervan hebben een relatief groot effect oprinetau van partiéle resistentie. Door middel
van terugkruising werden deze drie genen ingebrackle zeer vatbare gerstlijn L94, wat
resulteerde in bijna-isogene lijnen (NIL$Jdofdstuk 4). We ontwikkelden ook de reciproke
NILs, waarin de vatbaarheidsallelen van die QTlt4.84 werden ingebracht in de genetische
achtergrond van ‘Vada’'. Deze NILs werden gebruikt loet effect van de individuele genen
te bepalen in een constante genetische achter@Hmuldstukken 4 & 5). We vergeleken de
positie van QTLs voor partiéle resistentie in vjopulaties van gerst, die elk de
nakomelingschappen waren van twee oudéteofdstuk 2). Hieruit bleek dat er een
verrassende diversiteit in genen bestaat die lg@raaan partiéle resistentie: slechts enkele
van de QTLs die ontdekt werden in de ene gersthgregen ook in een andere gerstlijn bij aan
partiéle resistentie.

Hoewel partiéle resistentie in het algemeen e#éas tegen alle genotypen van de
pathogene schimmel, toonden de resultaten met e dilidelijk aan dat individuele QTLs
effectief tegen het ene genotype van de schimmeinefiectief tegen andere genotypen
kunnen zijn Hoofdstuk 5). Omdat gerstrassen met een behoorlijk niveau paiéle
resistentie meestal verscheidene QTLs voor die nsd®p bezet hebben met het
resistentieallel, impliceert ineffectiviteit vanréean de QTLs tegen een of andere variant van
de schimmel niet dat de plant dan volledig vatbaardt. De overige QTLs beperken nog
steeds het pathogeen en de epidemische uitbreidiagyan. Daardoor is de specificiteit van
individuele QTLs voor varianten van de schimmeltndirect dramatisch voor het
resistentieniveau van dat gerstras.

De NILs hielpen ook om de precieze positie te bapaikan het QTL met het grootste
effect, Rphg2 (Hoofdstuk 4). Dit gen is gesitueerd bij de top van de langs aran
Chromosoom 2H, waar we het konden lokaliseren im &®kje van ongeveer 0.1 cM,



geflankeerd door twee merkers. Deze merkers heleeontwikkeld door gebruik te maken
van de gelijkenis in DNA tussen gerst en rijst vodat chromosoomsegment. De
beschikbaarheid van de volledige DNA basenvolgole rijst was nuttig om soortgelijke
basenvolgordes te vinden in het gerst DNA op hogwmlthromosoomsegmenten.

GenRphg2biedt de beste perspectieven voor isolatie ennvatgordebepaling van
een gen voor partiéle resistentie, en daardoor begrip van de moleculaire functie daarvan
in de verdediging van de plant tegen gespeciatigearicro-organismen aB. hordei. Het
gen heeft een relatief hoog fenotypisch effect eprtiveau van resistentie van gerst teBen
hordei en is gesitueerd in een chromosoomsegment met hege frequentie van
recombinatie. Dat betekent dat elke centiMorgan dep genetische kaart rond het gen
waarschijnlijk correspondeert met slechts eenieflibrt stukje DNA-sequentie. Dit moet het
in de nabije toekomst mogelijk maken het gen tedemin een bacteriéle DNA (BAC)
bibliotheek.

Voor de fijn-kartering vanrRphg2 werden verscheidene moleculaire en genetische
strategieén toegepast. Daarbij bleek dat het mjkgeh gewenst was om de genetische
koppelingskaarten van zes gerstpopulaties te ietegrHoofdstukken 2 & 3). Elk van die
kaarten waren gebaseerd op RFLP, AFLP en/of SSKemserVrij veel van de merkers
splitsten uit in meer dan een van de zes popujatras het mogelijk maakte de kaarten te
combineren tot een nieuwe, geintegreerde kaart,mder dan 3200 merkerloci omvat
(Hoofdstuk 2). Dit is de meest merker-dichte genetische kaant gerst die op dit moment
gepubliceerd is. Het was voor dit werk belangrijk de kaartpositie van SSR merkers te
bepalen in additionele populaties, en om nieuwe B8Fers te ontwikkelen. Dit type merker
is namelijk zeer polymorph en technisch eenvoudete passen. De combinatie van SSR
merkergegevens van verscheidene laboratoria, iefluset onze, resulteerde in de
ontwikkeling van een consensus genetische kaartopade posities van bijna 800 SSR
merkerloci zijn samengebrachiidofdstuk 3). De uitbreiding van de merkerdatasets met
merkers die gebaseerd zijn op gen- of ESTsequevgiesshaft mogelijkheden de distributie
van QTLs over het genoom te vergelijken met deitigie van “defence gene homologues”.
Dit zijn sequenties met homologie met genen dieok&en zijn bij resistentiereacties van
planten tegen pathogenen. Deze vergelijking letdtee identificatie van genen die wellicht
een rol spelen in de genetische basis van parégistentie.



Résumé

La résistance partielle de I'orgelgrdeum vulgare au champignon pathogéne de la rouille
des feuilles de I'org€uccinia hordeiest basée sur un mécanisme de défense pré-halustoria
qui n'est pas lié a une réaction d’hypersensibilltéa été constaté que le pathogene a
beaucoup de difficultés a s’adapter a des lignéegyeal partiellement résistantes. Cela se
traduit par le fait que la résistance partielleraaifet durable alors que d’autres types de
résistance des plantes aux maladies devienneficacds aprés adaptation du pathogene. La
relation orge -P. hordeisert de systeme modele pour plusieurs autresepta@thosystémes
dans lesquels des formes de résistance similairetest.

La résistance partielle est le résultat de I'effemulatif de plusieurs genes, chacun
d’entre eux ayant un effet réduit. Les positionscds genes sur les chromosomes de l'orge
sont appelées QTLs. Le cultivar d’'orge « Vada »naiwveau de résistance partielle élevé qui
découle de I'effet d’au moins six QTLs. Trois d'eneux ont un effet relativement large. Par
rétrocroisement, ces trois genes ont été incorptags la lignée sensible L94 résultant en des
lignées presque isogéniques (NILEhapitre 4). Nous avons aussi développé les NILs
réciproques en incorporant les alleles sensiblesedeQTLS, provenant de L94, dans le fond
génétigue de « Vada». Ces NILs ont permis de meslas effets de chaque gene
individuellement, dans un fond génétique const@hipitres 4 & 5). Nous avons compareé la
position des QTLs de résistance partielle proverdmtcing populations d’orge, chaque
population étant constituée de la descendancedelid@ées parentales d’org€l{apitre 2).
Cette comparaison a révélé un nombre et une digessirprenante de genes : seulement
guelques QTLs, qui ont été découverts dans unesiored orge, contribuaient également au
niveau de résistance partielle d’'une autre acaessio

Méme si la résistance partielle est globalemeritafé contre tous les génotypes
d’'une méme espece de pathogéne, les NILs ont mlaitedémontré que, individuellement,
les QTLs peuvent avoir un effet contre une souchpathogéene et étre inefficaces contre une
autre souche de ce méme pathogétieapitre 5). Puisque les cultivars avec un niveau de
résistance partielle élevé possedent généralergieprs QTLs pour ce caractere, I'absence
d’effet d'un QTL contre une ou plusieurs souches githogéne ne conduit pas a une
sensibilité complete de ce cultivar; les QTLs aett continuent de restreindre le
développement épidémique du pathogene. Par consgdjaéfet spécifique des QTLs contre
certaines souches d’'un méme pathogéene n’a pasrdgaquence dramatique sur le niveau
global de résistance du cultivar.

Les NILs ont également permis de déterminer latiposprécise du QTL ayant I'effet
le plus importantRphqg2 (Chapitre 4). Ce gene est situé a l'extrémité du bras long du
Chromosome 2H sur lequel nous avons pu le localiges un intervalle d’a peu prés 0.1 cM,



flanqué par deux marqueurs moléculaires. Ces margumt été développés en utilisant la
ressemblance entre l'orge et le riz dans cetteoréde chromosome. La disponibilité de la
séquence ADN complete du génome du riz a aidédanitification de séquences d’orge
similaires dans la région de chromosome homologue.

Le geneRphqg2 offre la meilleur chance de cloner et de séquengergene de
résistance partielle, et ainsi, de comprendre satifin moléculaire dans la défense des
plantes contre les pathogénes spécialistes tel® gnerdei Ce géne a un effet phénotypique
relativement important sur le niveau de résistatedorge aP. hordeiet est situé dans une
région de chromosome ou la fréquence de recombimagst élevée. A proximité du gene,
chaque centiMorgan de la carte génétique correspooiothblement & un fragment d’ADN
relativement court. Cela rend réalisable I'identifion du géne a partir d’'une banque de
grands fragments d’ADN (banque BAC) dans un futache.

La cartographie fine ddRphg2 a impliqué plusieurs stratégies moléculaires et
génétiques. Durant ces travauy, il s'est avéréiplaset utile d’intégrer les cartes génétiques
de six populations d’orgeChapitres 2 & 3). Les cartes génétiques de chacune de ces
populations ont été construites avec des marquebis?, AFLP et/ou SSR. Un nombre
conséquent de ces marqueurs était en ségrégatisrptissieurs populations, ce qui a permis
de combiner leurs cartes génétiques en une neuvaite, intégrée, contenant plus de 3.200
marqueurs Chapitre 2). Parmi les cartes génétiques d’orge publiéesjaure cette nouvelle
carte intégrée est celle qui a la plus importardesidé de marqueurs. Pendant ce travail
d’intégration, il s’est avéré primordial de détemsni la position génétique de marqueurs SSR
dans plusieurs populations et de développer deaauwmarqueurs SSR. Cette catégorie de
marqueur est trés polymorphe et techniqguementefaciltiliser. La combinaison des données
de marqueurs SSR provenant de plusieurs laboratgireompris le notre, a résulté dans la
construction d’'une autre carte intégrée dans ldgest donnée la position de pres de 800
lieus de marqueurs SSRHapitre 3). L'incorporation dans ces cartes génétiques &g de
marqueurs développés a partir de séquences deayeikEST a permis de comparer la
dispersion des QTLs avec la dispersion d’homologieegiénes de défense. Cela a rendu
possible l'identification de génes candidats powpliguer la base génétique de la résistance
partielle.
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Seminar Prof. Nicola Pecchioni: QTLs and candidate genes for acclimatisation-related traits in the Nure x Tremois barley cross 07 Dec 2004
Seminar Prof. Dr. Sophien Kamoun: Reprogramming the host: The effector secretome of Phytophthora infestans 05 Oct 2005
Seminar Prof.dr. Masahiro Yano: Uncovering genetic control of flowering time in rice 26 Jun 2006
»  Seminar plus
» International symposia and congresses
Agrogene Seminar (Paris, France) 27-28 Feb 2003
9" International Barley Genetics Symposium (Brno, Czech Republic) 20-26 Jun 2004
11™ International Cereal Rusts & Powdery Mildew Conference (Norwich, England) 22-27 Aug 2004
Plant & Animal Genome XIV Conference (San Diego, United-States) 14-18 Jan 2006
Plant & Animal Genome XV Conference (San Diego, United-States) 13-17 Jan 2007
»  Presentations
Disease Resistance in Plants (Wageningen): presentation 14-16 Oct 2002
EPS Theme 2 Symposia 2003: presentation 12 Dec 2003
9" International Barley Genetics Symposium (Brno, Czech Republic): poster & paper 20-26 Jun 2004
11" International Cereal Rusts & Powdery Mildew Conference (Norwich, England): presentation 22-27 Aug 2004
Plant & Animal Genome XIV Conference (San Diego, United-States): poster 14-18 Jan 2006
NWO-ALW meeting Lunteren 2006: poster 03-04 Apr 2006
Plant & Animal Genome XV Conference (San Diego, United-States): presentation 13-17 Jan 2007
» IAB interview 01 Jun 2005
»  Excursions
Breeding Company Nunhems May 2006

Subtotal Scientific Exposure

16.3 credits*

3) In-Depth Studies

date

» EPS courses or other PhD courses
Disease Resistance in Plants (Wageningen) 14-16 Oct 2002
Functional Genomics (Utrecht) 25-28 Aug 2003
Signaling in Plant Development and Defence: towards Systems Biology (Wageningen) 19-21 Jun 2006
Gateway to Gateway Technology (Wageningen) 20-24 Nov 2006
» Journal club
member of a literature discussion group at the Plant Breeding Group 2002-2006
» Individual research training
Subtotal In-Depth Studies 7.2 credits*
4) Personal development date
»  Skill training courses
PhD Scientific Writing (CENTA, Wageningen) 21 May-05 Jul 2005
»  Organisation of PhD students day, course or conference
Organisation of the Lab-Trip of the Laboratory of Plant Breeding and PRI groups 01 Jun 2006
»  Membership of Board, Committee or PhD council
Subtotal Personal Development 3.3 credits*
TOTAL NUMBER OF CREDIT POINTS*‘ 32.8

Herewith the Graduate School declares that the PhD candidate has complied with the educational requirements set by the
Educational Committee of EPS which comprises of a minimum total of 30 credits
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Chapter 2, Figure 3 (Pages 36-37)
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Chapter 4, Figure 2 (Page 73)
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Chapter 4, Figure 7 (Page 82)
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