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Abstract
Previous studies have mapped resistance genes in bedege(m vulgare L), to several

heterologous rust fungiThe present study mapped resistance genes in three segregating
barley populations, Vada x SusPtrit, Cebada Capa x SuaRdriSusPtrit x Golden Promise

to three Swedish single pustule isolates of the oat stem rust pathogeniagraminisf.sp.

avenae Parental lines Vada and Golden Promise were immune to all three isolates whereas
Cebada Capa was immune to Evertsholm Raitiala but incompletely resistant to Ingeberga.
SusPtrit was susceptible to Pattala and Ingeberga but resistant to Evertsholm, only showing
pinpoint flecks. Transgressive segregation was observed in all mapping population/isolate
combination except in C&Evertsholm and SxGP/EvertshalmQuantitative Trait Loci
analysis identified ten QTLRRpgaqt to RpgaqlOspread over five chromosomd®pgaql
contributed by Vada in V/S population and Golden Promise in S/GP was effective to all three
isolates used, whitmay suggest isolate nonspecific resistance at that QTL. The two cultivars
Vada and Golden Promise had two resistance g&mgalandRpgag) in common. Other
resistance gend®pgaqs to RpgaglOwere isolate specific i.e. they were effective to one or
two isolates. Cdocation of resistance genes mapped in this study with QTLs that have
previously been mapped to other heterologous rusts in the same mapping populations
suggests that genes suchRagyaql to Rpgaq7are effective to at least two heterologaust
species. Microscopic examination showed that resistanBegtaminisf.sp. avenaejs only
prehaustorial in Vada whereas in SusPtrit both pred posthaustorial mechanisms play a

role.

Keywords: Barley,Pucciniagraminisf.sp.avenae Near norhost resistance, Quantitative
Trait Loci
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1. Introduction

Disease resistance shown by all genotypes of a particular plant species to a specific pathogen
specieds known as noitnost resistancdt is the most common form of resistance exhibited

by plants, hece its importance in scienc&o fungi such as rusts, ntnost resistance maybe
manifested as a local necrosis, which is a rapid cell death at the infediothat is
associated with restriction of pathogen growth as well as defence gene activation (Goodman
and Novacky, 1994). Such type of necrotic reaction is called a hypersersspas€Niks,

1987). The differentiation between host and -host stats is sometimes unclear (Heath
1985; Nks 1987). Within a presumedonhost plant species, there may exist a few
moderately susceptible genotypes to a normally heterologous patfi@gerologous is used

for rusts that normally cannot infebairley) Suchintermedia¢ host statuss referred to as

near northost or marginal host stat(idiks 1987; Atienza et al., 2004)

Barley Hordeum vulgard..) has been reported to be a marginal host to several heterologous
rust pathogens (Mains 1933; Niks 1987; Niksakt 1996 Atienza et al., 2004 This
marginal host status has been used to study the genetics-bbsioresistance of barley to
heterologous rusts. In 2004, Atienza and colleagues, particularly developed SusPtrit to be
exceptionally susceptible to wde stem rust, Puccinia triticing by accumulating
susceptibility allelesfrom unrelated four barley accessions that were each somewhat
susceptible at seedling stagéhe line turned out nainly to be exceptionally susceptible at
seedling stage t®. triticina (for which it was selected) but also to at least nine other
heterologous rust species. Inheritance of resistanedriticina was found to be quantitative,
with transgressive segregatiandthe progenies of crosses from which SusPtrit wastssle
showed continuous variation for level sifisceptibility. Thesaesults were confirmedy
Jafary et al (2006)vho reportedhat nonhost resistance is due to quantitative trait loci, each

with a relatively low effectSo, the QTLs together resul immunity in the otheparent

Oat stem rust caused BPyccinia graminid.sp.avenaei P.graminisf.sp. avenaes a major
constraint to oatAvenasativg production throughout oat producing continents including
Europe and Australia. For instance, Meik{ and Waern (2010) reported yield losses of up to
30% in untreated fields compared to treated fieldSweden Sexual reproduction ahe

stem rusfunguson the alternate host, barberBefberisvulgarisL.), allows recombination

of factors resulting in virulence and hence increase the ability of the pathogen to overcome
resistance in the host population (McDonald and Linde, 2002). Nonetheless, in the absence



of barberry, the pathogen survives and repoed on wild oats, volunteer oat plants and
certain grass species (Burdon et al., 1992). Changes in the pathogen populations in such areas
with no alternate hosts are caused by mutations, genetic drift as well as migration of
individuals. The ability ofP.graminis f. sp. avenaeto develop virulence for deployed
resistance genes in commercial oat varieties is of particular concern to oat breeders who now

seek more durable sources of resistance.

In barley, the oat stem rust pathogen can infect a few acoesaioseedling stage (as
exception to the rule that barley is perceived to be ahost), suggesting that barley is a
marginal host (Martens et al., 1983; Niks 1987; Niks and Dracatos, personal communication).
In early investigation, Martens and cealieies (1977) found a volunteer barley plamt which
P.graminisf. sp. avenaeinfections were first noticed. Later oa P.graminisf. sp. avenae
susceptible progeny of that voluntgaant (line 73-G1) was crossed in diallelith two
immune regular barley acessions Parkland and Wolfe(Martens et al., 1983)The
"Oprogenies wre tested and evaluated withur races obat stem rust pathogeResistance

to P.graminisf. sp. avenaewas found to be conferred by a sindeminantgene. In a recent
study, Dracatos et al., (2014) found fiwenor effectresistance genes gal- to Rpgd) in

the Yerong x Franklin doubled haploid population, which were effective in response to all
threetesteddiverseAustralianpathotypes oP.graminisf. sp. avenaghence suggesting non
pathotype specific resistanc@here is an infinite number oP.graminis f.sp avenae
pathotypes although only three were tested.a preliminary experiment, SusPtrit was
susceptible to two field isolates &f.graminisf. sp. avenae(collected near Pattala and
Ingeberga in Sweden; Niks personal communication), but resistant to a single pustule isolate
of P.graminisf. sp avenaecollected at Eveésholm. This confirms that some isolates of
P.graminisf. sp. averae are capable of establishing successful infections on SusPtrit while
other isolates are avirulent. However, isolates like Bhefm that are avirulent on SusPtrit

can infecta fewother barley accessions (Niks and Dracatos, personal communication).

Previous studies have found both hypersensitive and-hgpersensitive response
mechanisms in cerealist interactions (Jafary et al., 2006, Figueroa e@ll3,Wanget al.,
2014, Dracatos et al.,, 2014). Near non host resistance in barleyinmryy based on
prehaustorial resistance in whighrmination and subsequent development otitkdiospore
germling is normal until penetration of plant cell wallsiks, 1982, 1986; Heath, 2000;
Mellersh and Heath, 2003; Dracatos et al., 2014). If teefruingus succeeds in penetrating

the cell wall and produces a haustorium, it may be arrested by a hypersensitive reaction
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which can be seen as a local necrosis on the plant tissue (Niks, 1987; Niks et al., 2007; Niks
and Marcel, 2009).The lattermecharsms of plant defence which terminate fungal growth

after cell wall penetration are referred to as post penetration-hpostorial resistance.

The mechanism and genetics of Aarst resistance in barley to oat stem rust is currently not
fully understood Understanding the genetic basis of the specificity?ofgraminisf. sp.
avenaemay not only provide insight into how non host resistance is organised but also an
explanation for its specificity. It is important to know which and whether the same or
different genes confer resistance in resistant barley genotypes like Vada, Golden Promise and
Cebada Capa. SusPtrit has hence been used to develop & Bulyniarust fungus model

to study the inheritance of ndmst resistance in plants (Jafary et aDp@ Jafary et al.,

2008, Yeo et al., 209.

The objectives of this research were quadruple: First, to determine and map genes underlying
resistance against three single pustule isolat® gfaminisf. sp.avenaean barley obtained

from three locationsn Sweden i.e. Pattala, Ingeberga and &heim. Isolates Pattala and
Ingeberga are virulent on SusPtrit whereas thetBlveim isolate is avirulent. Three regular,
hence immune cultivars (Vada, Cebada capad Golden Promise) were the other parent of
the SusPtrit mapping population. Second, to compare the Quantitative Trait Loci (QTLS)
found for resistance tB.graminisf. sp. avenaein the three mapping populations with the
QTLs that have previously beenapped in response to other heterologous rusts. Third, to
determine whether the resistance mechanisms of Vada and SusPtrit to tehdhiwveisolate,

at cellular level are based on hypersensitive or-mgrersensitive resistance. Finally, use
available segegating barley populations for fine mapping of some of the lagjéstt genes

for resistance that segregate in the Vada x SusPtrit mapping population.



2. Materials and methods

2.1 Plant material

Three mapping populatiorsse availabl€Tablel1); Vada x SusPtrit, Cebada Capa x SusPtrit
and SusPtrit xGolden Promisas well as the parental lines of each mapping population and
Alfred oat variety were subjected to oat stem rust pathogen infection experiments. Alfred oat
was used as a control to confinvhether theat stem rust pathogenfection was successful

and at a reasonable densifiwo seeds pdine were sown in plastic boxes and allowed nine
days to develop into seedlings before inoculatdrthe first leaf Each experiment was

repeated tvge.

Table 1. Plant and pathogen materials used in the study

Mapping Type of Susceptible
population population No. of lines Isolate Resistant parent parent Studied
Recombinant

Vada x SusPtrit Inbred Lines 152 Evertsholm Vada & SusPtrit None Yes
Ingeberga Vada SusPtrit Yes
Pattala Vada SusPtrit Yes

Cebada Capa x Recombinant Cebada Capa &

SusPtrit Inbred Lines 113 Eveitsholm SusPtrit None No
Ingeberga Cebada Capa SusPtrit Yes
Pattala Cebada Capa SusPtrit Yes

SusPtrit x Golden Doubled Golden Promise &

Promise Haploid 122 Evettsholm SusPtrit None No
Ingeberga  Golden Promise SusPtrit Yes
Pattala Golden Promise SusPtrit Yes

2.20at Stem Rust Pathogen

Field isolates oPuccinia graminid. sp.avenaewerecollectedfrom three different locations

in Sweden(Figure 1) These includePattala, Ingeberga and Etarolm. Ingeberga and
Pattala field isolates produced pustulesSusPtrit. For botlisolates, an isolated pustule on
SusPtrit wagollected and multiplied on ausceptibleoat variety,Alfred, in order to obtain

single pustule isolates that were virulent on SusPtrit. Thetéham single pustule isolate

was developed from a random single pustule on Alfred oat, and hence, was not seleeted to
virulent on SusPtrit. Indeed, testing of this single pustule isolate showed it to be avirulent on
SusPtrit.During sporulationon susceptibleadult oat plantsthe three single pustule isolates

were each collected separately, weighed and stored in a desiccator at room temperature.

Surplus spores were transmitted to liquid nitrogen, for possible future use.



2.3Inoculation Procedure

Nine days after sowing, tHest lower leaf of each seedling was pinned horizontally flat with

the adaxial side facing up. The seedlings of each mapping population were then inoculated
with freshly collected urediospores in a settling towi€or every box, containing 380
seedlings 6mg of urediospores mixed with 48mg of lycopodium were applied to ensure
uniform distribution of about 360 urediospores @&k . After inoculation, the seedlings were
incubated in a humidity chamber overnight at 100% relative humidity and temperature o
about 17p YC to allow germination of the sporeg3n the next dy, the plants were moved to

a greenhouseompartmentOnly one isolate inoculation was performed per day in order to

prevent cross contamination of isolates.

2.4 Observations

About welve days after inoculation, the level of infection of each seedling was quantified.
The daa collected from each seedlimgluded; the number of flecks (>0.5mm) and number
of pustules per leaf appearing on the adaxial leaf surface. Thagavevebf infecion over

the two seedlingper linewas an indicatin of the susceptibility of the lines in each mapping
population Collectively, the phenotypic data obtained from each mapping population was

used tamap QTLsin that particular mapping population.

2.5QTL mapping
Quantitaive Trait Loci analysis was performeah the three mapping populationsising

MapQTL 6 software(Van Ooijen 2009 to investigate whether chromosome regions,
represented by markers were associated with resistance in baPgyaminisf. sp.avenae

To obtain a complete and even coverage of the barley genome, inéekesls of5cM were
selected. For each mapping population / isolate combination, three methods were used to
detect significant QTLs: First, Interval mapping (IN) detect putative QTLs which was
followed by selection of markers as cofactors to represent nearby significant QTLs to be used
in subsequent Multiple QTL Model (MQM) mapping. To reduce residual variance and
enhance the power to find other segregating T.second analysis with MQM mapping

was done using all indicated cofactor markers from the IM. Lastly, Restricted MQM
mapping using preelected cofactor markers was done as the final analysrgltthe QTLs

conferring resistance to the oat stem rust patheg@ates During each analysis, a LOD
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scoreof three was used as theinimum threshold to selegbeaks in the LOD profile that
indicatedsignificant QTLs From the output of the QTL mappiranalysis the following

statisticswere notedPeak markerpositionandLOD score 6 peak markersupport interval,
additive (which is the size of effect of the gene underlying the QTpgrcentage of
phenotypic variation explained by the QTIp), mean VIS valus of individuals carrying

alleles fromeach parenfmu_A & mu_B)and which parent contributed the resistance allele

2.6 Fine mapping

Two large effectresistancegenes(in Vadax SusPtri) effective to Evertsholm isolate were
identified: One on 1Hyroup &d the second one orH group. Several RILs in the VxS
populationwere susceptiblevhen infected witlthe oat stem rust pathogen because traay
neither of the twaesistanceene, one of them being RIL 15%e found thattwo previously
made crossings were useful (Table & each was segregating for either the 1H or 7H.gene
Both crosses werbetweena resistanand susceptible RILFine mappingof the two genes
has been starteout the process wilbe completd in a futire experimentThe "O progeny
seed from the cross were sown in boxesaftet nine daysthe second leaf of each seedling
was collected in a separate mitudbe for DNA isolation. On the same day as leaf sample
collection, the first leaves of theeedlings were inoculated with the single pustule isolate,
Eveitsholm (following the samaoculationprocedure as in section 2.3). Twelve days later,

thesegregatinglants werghenotyped for visible infection sites.

Table 2. Fine mapping crosses

Cross Linkage group Resistance allele donor
152 x 110 1H Vada
143 x 152 7H SusPtrit

Prior to DNA isolationfwo sets of SNP markers were developed:irst setconsisted ofL3
markers forthe region of the resistangene atlH; the second set otonsisted10 SNP
markersfor theregion of the resistanagene at 7H(Table3). Markers were developagsing
the SNP consensus map which for selected SNPthe markers flanking the SNP were
given. On those flanking markers (about 60 bp either side of the SNP), primers were
developedAppendix9), and the amplificatin product was measured in tighl-scanner, to
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visualise the pattern for Vada, SusPtrit and the heterozygous segrelysanisers
polymorphic between Vada and SusPurére selected.A few of the markers from each set
were tested on 96 planté their respective crosses, and the genotypes read in sdghher
(Appendix10& 11). Recombinant platsfor each crossvereidentified andransplanted.

Table 3. SNP markers and their positions on 1H andlifidage groups of barley as mapped
on the consensus map of VxS, CCxS and SxGP

Marker name Linkage group Position (cM) | Polymorphi¢ between
Vada & SusPtrit

BOPA2_12 31276 1H 41.931 Polymorphic
SCRI_RS_116548 1H 42.428 Polymorphic
SCRI_RS_232660 1H 42.753 Non-polymorphic
SCRI_RS_193392 1H 55.312 Non-polymorphic
BOPA1_4091643 1H 58.686 Polymorphic
BOPA2_12 30562 1H 61.160 Polymorphic
BOPA2_12 10198 1H 65.323 Polymorphic
SCRI_RS_156506 1H 67.715 Polymorphic
BOPA1_5768469 1H 74.772 Polymorphic
SCRI_RS_204611 1H 79.114 Polymorphic
BOPA1_1249541 1H 89.942 Polymorphic
SCRI_RS_139690 1H 103.271 Polymorphic
BOPA2_12 31177 1H 51.673 Polymorphic
BOPA1_71721536 7H 1.733 Non-polymorphic
SCRI_RS 201028 7H 1.818 Polymorphic
SCRI_RS_229445 7H 3.024 Non-polymorphic
SCRI_RS_207095 7H 3.460 Polymorphic
SCRI_RS 160297 7H 3.917 Polymorphic
SCRI_RS 12396 7H 5.886 Polymorphic
SCRI_RS 172655 7H 6.085 Non-polymorphic
SCRI_RS_13615 7H 6.174 Polymorphic
SCRI_RS 230959 7H 7.839 Polymorphic
SCRI_RS_42792 7H 8.055 Polymorphic

* As observed by lightscanner trials (REN)

2.7 Histological determination of the mechanism of resistance

SusPtrit, Vada,Cebeco(oat), and Alfred (oat) were inoculated tiviEveitsholm isolate
(single pustule)About 6seedlings per accession were inoculated. Six days after inoculation,
four leaf samples per accessi@ach about 3cm longyere collected. Théwo remaining
seedlings were used to check for the macroscopic infetpms. Thecollectedleaf samples
were then stained with Uvitex meth@diks 1982;Hoogkamp et al., 19980 determine the
percentage ohon-penetrating infection units,early abortion,established colonieand the

degree of hypersensitive reacti@ssociated with the infection units (visible as auto

11



fluorescence)On averaggeb0 infection units were evaluated on each of the four leaf samples
under a Zeiss Axiophot photo microscope withaailine bludfilter. The infection units were
classified in ifve groupsas described by Niks and Kuiper (1983)he groups included; Non
penetrating,early abortion (with less than six hyphae) without necrosis, early abortion
associatedvith necrosis, establishemblonies(when at least one infection hyphae had more
than six branchesyithout necrosis and establishedlonies associate@ith necrosis The
experiment was repeated twicEhe results ofearly abortion, per accession, dased on
approximately50 infection units x 4 leaf sam@é x 2 replicates = 40infection units.The
proportion of norpenetrant infection units was calculated by dividing the number of non
penetrants with the total number of infection unftise proportionof the early abortionlass

was obtained by dividing the number e&rly aborted infectiorunits with the sum of
infection unitsthat penetrated the stomdé&arly aborted + established).
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3. Results

3.1 Genetic analysis of resistance

Parental lines Vada and Golden Promise were completely immune to the three single pustule
isolates ofPuccinia graminid.sp avenae whereas CebadaaPa was immune to Ewusholm

and Pattala buhcompletelyresistant to the Ingelga as each individu@lebada @pa plant
developedh fewvisible infection sitegVIS = flecks plus pustulesypon infection with that
pathotypgTable4). SusPtrit on the other hand showed high susceptibility to both Pattala and
Ingeberga but resistancettee Evertsholm isol#e, which was manifested by several pin point
flecks of less than 0.5mm diame{@iable4; Figure 3. Susceptible Alfred oat cultivar which

was used as a contrdevelopedmore pustulesthan SusPtrit and any other susceptible line
forming part of the mapping populations us&te pustules on Alfred oatere difficult to

count because they tesdito merge togetheil ransgressiveegregation was observed in the
progeny ofall mapping popul@on/isolate combinations except with Etgrolm/ CCxS and
ISXGP. Infection levels rangd from completelyimmune to highly susceptibl@-igure 1)

This continuous quantitative variation is an indication of polygenic inheritance of resistance
to the oat stem rust pathogen isolates in the populatitowsever, # lines were in the CCxS

and SxGP mapping populations were resistainén infected with #Zertsholm SP isolate,
suggesting presence of the same resistance gene or QTLghinrSbsPtrit and Golden

Promise oiCebada @pa parents

Table 4: Reaction of Parental lines to thrf8eedishisolates ofP.graminisf.sp.avenae

Parental line Isolate Reaction of parents
Vada Eveitsholm Immune
Pattala Immune
Ingeberga Immune
SusPtrit Eveitsholm Resistant
Pattala Susceptible
Ingeberga Susceptible
Cebada @pa Eveitsholm Immune
Pattala Immune
Ingeberga Partially resistant
Golden Promise Eveitsholm Immune
Pattala Immune
Ingeberga Immune

13



Figure 1. Segregatiorof linesin the Vada x SusPtrit populatida Puccinia graminisf.sp.
avenae- isolateEvertsholm.A, Vada (immune). BSusPtrit (esistant with several pinpoint
flecks). C, RIL 38 (large fleckd), RIL 106 (flecks and pustules)

Figure 2. Reaction of SusPtrit tesingle pustule isolates of oat stem rust pathogen.
Evertsholm (Left)Jngeberggmiddle) andPattala(Right).
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3.2QTL analysis of mapping populations

Previously mapping populations of VxS (152 recombinant inbred JireHs), CCxS
comprising of 113RILs and SxGP (122 douldehaploid lines DHs) were genotyped with
5020 single nucleotide polymorphism (SNP) markdise position of each polymorphic
marker was inferred frommecombinations(Yeo et al., 2014 Martin-Sanz, unpublishgd
Relative marker positions were calculated to form an integrateshsensus ap. QTL
analysis usingohenotypic data was performed to determine whichitothe barleygenome
represented by markers are significantly associated with resistance to thgyasigle oat

stem rust isolate$attala, Ingeberga and Etsdrolm.

Prior to the QTL analysisjalues ofVIS for the first and second replicate were adjusted by
multiplying or dividing bya factorto make the average values approximately the same, so
that both replicates would weigh equally heavilyheT correlation coefficients between
replicates weralsocalculated to establish theiedility of the phenotypic datdor each pair

of replicatesa positivecorrelationof a least0.7 was achieveTable5).

Table 5: Correlationbetweerreplicates of each mapping population/isolate combination

Population Pathotype Replicates Correlation coefficient
VXS Eveitsholm 1&2 0.700
Pattala 1&2 0.788
Ingeberga 182 0.682
CCxS Pattala 1&2 0.741
Ingeberga 182 0.712
SxGP Pattala 1&2 0.860
Ingeberga 1&2 0.741
1&3 0.770
2&3 0.756

3.2.1Vada X SusPtrit, VXS

In this mapping population, a total of fiv@TLs were found to confer resistance to the oat
stem rust pathogen isolates ugedjure 3; Appendix 1; Apendix7). OneQTL mapped on
the short arm of 1Hyroup (53cM) was effective to all three isolates whereas the remaining
four QTLs detected in this population were effective to two isaldtesaddition, the
resistance allelesevecontributed by Vada excefor the QTL mapped at the top thie short
arm of 7H (6¢cM), where SusPtrit donated the resistance allele in response to baithBwer

and Pattala.
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Ingeberga

Group Position Locus IOD mu A mu B % Expl Additive Donor
1H 53 E33M54-266-414#5 543 583779 372453 11.5 10.5663 Vada
2H 87 E33MA1-229-26082 364 56313 393109 7.5 8.50104 Vada
6H 54 E35M55-219-23586 7.5 604609 351633 16.4 12 6488 Vada
7H 126 E35M61-256-132 349 563089 393161 7.2 8.4964 Vada

Evertsholm

Group Position Locus IOD mu A mu B % Expl Additive Donor
1H 53 E33M54-266-41485 505 42482 620355 12.5 18.1352 Vada
7H 6 E37M50-435-61 537 550626 43.1783 13.4 -18.836 SusPtrit

Pattala

Group Position Locus IOD mu A mu B % Expl Additive Donor
1H 53 E33M54-266-414#5 2.5 283398 125602 227 7.89983 Vada
2H 87 E33M61-229-260#2 445 248862 16.034 7.1 4.4261 Vada
6H 54 E35M55-219-235#6 419 247043 16216 6.6 4.24416 Vada
TH 6 E37M50-435-61 5.04 152728 250837 8.8 -4 90545 SusPtrit
7H 118 E33M61-184-130 34 242421 16.0223 6.1 4.105891 Vada

Figure 3. Significant QTLs conferring resistance to three single pustule isaatesccinia

graminis f.sp. avenaein the Vada x SusPtrit population.umA and mu_B are mea¥lS

values ofRILs carrying alleles oBusPtrit and Vada parents respectively

3.2.2Cebada Gapa X SusPtrit, CCxS
QTL analysisin the CCxSmapping population detected four resistance Q3ju®ad over

three barley chromosomdgigure 4; Appendix b Two separate QTLs were mapped on 6H

while the other two QTLs were each mapped separately on 2H anth8HQTL mapped on
2H was effective to bbtPattala and Ingeberga while the QTLs on 3H and 6H wetige

to only Pattala or Ingeberg@here was a tendency for the 6H linkage group to have multiple

peaks Appendix 3, which may suggesseveralsmall effect genes distributed in that

chromosonal region At all four QTLs,the alleles forresigance werebtained from Cebada

Capa parenand susceptibility alleles from SusPt(Eigure4).
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Ingeberga

Group Position Locus LOD mu A muB  SeExpl. Additive Donor
2H 135.33 E33ME1-121 4.33 S9e.5051 507251 13.6 22,89 Cebada capa
BH 80.43 E38M54-401 3.32 54,1464 53.0882 11.7 20.5291 Cebada capa
Pattala
Group  Position Locus LOD mu A muB  SeExpl. Additive Donor
2H 135.33 E33ME1-121 6.21 50.1888 21.428% 18.8 1437959 Cebada capa
3H 157.41 E35ME1-71 3.14 45.0004 25.6213 8.7 10.1855 Cebada capa
6H 141.41 E32M55-102 4,13 474551 24.1707 11.7 11.6422  Cebada capa

Figure 4. Significant QTLs conferring resistance to two single pustule isolat®iodinia
graminisf.sp. avenaein the Cebda Capa x SusPtrit populationumA and mu_B are mean

VIS values ofRRILs carrying allele®f SusPtrit and Cebada Capa respectively.

3.2.3Golden Promise X SusPtrit, SxGP

A total of three QTLs were mappad the SXGRFigure5; Appendix6) on genomiayroups
1H, 2H & 6H. All three QTLs were effective to Ingeberga wholdy one QTL (1H) was
effective to Pattalan addition to the QTL on 1H group, QTdnalysis with averageumber
of pustuleqAvPust)alsodetecteda minor effectQTL on the short arm of 7HAppendix6)
effective to PattalaJnlike the QTLs on 1H, 2H and 6bin which resistance originated from

Golden Promise, resistance to Pattala on 7H was contributed by Spafrnii(Figure5).
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_Ingeberga
Group  Position Locus LOD mon A muB % Expl Additive Donor

1H 55173 SCRI_RS 147042 51 312772 14973 12.8 §.15211 Gaolden Promise
H 182788  SCRI_RS 196748  4.35  30.8230 154243 113 7.70079 Golden Promise
6H 74173  BOPAl ABCOB769 548 329403 133009 139 8.82421 Golden Promuse

Pattala
Group  Position Locus IOD mou A muB %Expl Additive Donor

1H 50.826 BOPA2 12 10314 827 319401 194615 276 15.0015 Golden Promise

Pattala (AvPust)

Group  Position Locus IOD mo A muB % Expl Additive Donor
1H 56.826 BOPA2 12 10314 473 103232 0.57883 154 487218 Golden Promise
TH 13464 SCRI RS 140481 3.13 157481 93272 0.8 -3.8762 SusPtrit

Figure 5. Significant QTLs conferring resistance to two single pustule isolat®iodinia
graminis f.sp. avenaein the SusPtrix Golden Promisgopulation. na_A and mu_B are
meanVIS values ofdouble haploid lines carrying alleles 8uisPtrit andGolden Promise

respectively.

3.3Comparison of QTLs mapped in the three segregating populatios

First, for each mapping population (VxS, CCxS and SxGP), the QTLs for resistance to the
two or three (in the case of VxS) isolatesRofgraminisf.sp avenaewere mapped in their
respective biparental linkage mapiqure 3; Figure 4; Figure)5In the next step, the QTL
positions in theindividual linkage maps were converted to the positions on the integrated
map of Aghnoum et.al (2010) (Figur®). Unfortunatéy, the markers mapped in the
population of SxGP were not mapped in the integrated map used. Nonetheless, fair
calculations of the positions of QTLs in SxGP were made with the use of the consensus map
(including VxS, CCxS and SxGP) and the VxS map by yadaal (2006).Resistanc&)TL

regions of the three isolates and / or in different populations were considered to be same if
there was overlap between their LaDconfidence intervals on the integrated map. In total,
there were ten chromosomal regions associated with resistandele@stione isolate of
P.graminisf.sp. avenag(Figure 6). Five resistance QTLs were effective to only isolate and
four were effective to two isolates. Only one QTL was effective to all the three isolates.
Seven out of the ten QTLs were found in only ohehe three populations. Three QTLs
mapped in two populations: QTRpgalmapped on 1H in V/S and S/GP was effective to all
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three isolates; QTIRpgag2on the 2H was found in V/S and CC/S and was effective to two
isolates, Ingeberga and Pattala; QRjbgaq5 donated by SusPtrit, at the top of the short arm

of 7H group was effective to isolates Pattala and &keim in V/S and S/GPF{gure §.

This may suggest that the resistance to oat stem rust pathogen in V/S & CC/S and VIS &
S/GP at such mapped loci on 12H and 7H is due to the same gene, which is effective to

two or three (in the case Bpga) isolates.
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Figure 6. Locations of QTLs associatedith resistance to three Swedish isolates of oat stem rust patRogemia graminisf.sp avenaein three barley mapping
populations, VxS, CCxS and SxGP. This integrated map was constructeghbgpumet al.,201Q Initially, the QTLs for each mapping pdption were mapped in the
respective biparental linkage map. The length of the coloured solid bars indicates tHedobfidence intervals (with their corresponding peak markers in the same colour)
while the QTL lines are extended to the LQxonfidencentervals. On each QTL label is the name of the parental accession which contributed the resistance allele, LOD
score value from rMQM and letters that represent the isolategdminisf.sp.avenag(l for Ingebrga, P for Pattala and E for BExgtiolm) .The distances on the ruler are in
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3.4 Pre and Posthaustorial resistance toP.graminisf.sp. avenae

Microscopic examination ofP.graminis f.sp. avenaeinfected leaf samples of barley
accessions, Vada and SusPtrit and two oat accessiebgco and Alfred revealed that the
spores of were able to geminate, find stomata, produce appressoria, substomatal vesicles and
hyphae(Figure7). However, some sporelings did not penetrate the stomata (Fgurdhe
percentage of nepenetrating infeedn units varied from 20% to 77%with Alfred oat
having significantly morenon penetranunits than the other three accessi¢hable 6)
Immunity in Vada was mainly due to prehaustorial resistgrtgure 7B) with relatively

15% of the penetrated infection units gettiegtablishedTable §. Necrosis did not play a

role in Vada immunity but contributed to resistance in SusPtrit, with at least 64% of the
established infection units being associated with necrosis (10.1%iguyrg 7E). Such
hypersensitive reaction associated with established infection units is calledapesirial
resistance. Large colonies of established infection units, with diameter of at least 84um,
covered the leaves of susceptible oats, Alfred @ableco(Figure D). Established colonies

on susceptibleoats were much largerthan the established colonises observed on either

resistanbarley accessiorTéble §.

Table 6. Average proportionof infection units of P.graminis f.sp. avenaeat three
development stages on two barley lines and two oat lifesvalues in brackets are average
proportions of early aborted sporelings associated with siscro

Colony diameter

(um)

Rep Accession Phenotype Non-pen EA (+N) EST(+N) (-N) (+N)

1 Vada Immune 0.32a 0.85 (Op 0 7.12 é .

1  SusPtrit Resistant  0.28 0.690.04p  0.64 8.31 11.4
Very

1 Alfred susceptible  0.77 0.11 (O 0 85.64 €.
Very

1 Cebeco susceptible  0.3% 0.10 (Op 0 77.12 é .

2 Vada Immune 0.27a 0.84 (Op 0 6.33 é .

2 SusPtrit Resistant 0.2a 0.4 (Op 0.71 9.13 8.97
Very

2  Alfred susceptible  0.57 0.05 (O 0 84.64 €.
Very

2 Cebeco susceptible  0.42a 0.03 (Ox 0 84.72 e .

Nonpen stands for nepenetrating infection units. EA stands for Early abortion, EST stéords
Established colonies. (+N) = Diameter of established colonies associated with necMjsis.sigze

of established colonies not associated with necrosis. Colony diameter was measured at magnification
of 40x. Rep stands for replicat®alues in eachcolumn followed by the same letter are not
significantlydifferent OO0 . 05) according to Duncanodés multiple
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Figure 7. Development stages &fuccinia graminis f.sp. avenae- Eveitsholm Isolate. A,
Non-penetrating infection unit on Alfred oat. B, Early abortion without necrosis on Vada. C,
Early abortion with necrosis on SusPtrit. D, Macroscopic Established colony without necrosis
on Cebeco oat. E, Macroscopic Established colony wittosescon SusPtrit.
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4. Discussionand Conclusion

Previous studies have mapped resistance genes / QTLs in barley to several heterologous rust
fungi (Jafary et al., 2006, 2008; Dracatos et al., 2014). Results from these studies have shown
a high diversity of no#host resistance genes to unadafactinia pathogens with different

but also overlapping specificities. To my knowledge, the present study is the second to report
on the mapping of resistance genes in barley to the oat stem rust pathogen after a recent
publication by Dracatos et al (2014). Theirsearch identified five minoeffect genes
effective to three diverse Australian pathotyped$aframinisf.sp avenaein the Yerong x

Franklin population In the current study, QTL mapping detected a total of ten QTLS,
Rpgaql to RpgaqlOwhich segregatedf resistance to three Swedish isolateB.gfaminis

f. sp.avenaen three mapping populations i.e. VxS, CCxS and SxGP. Such loci were found

spread over five barley chromosomves 1H, 2H, 3H, 6H and 7H (Figui®.

Rpgaql(1H) mapped in V/S and S/GP -tmcalises withRpgal and RpgaZ2 previously
mapped by Dracatos and his colleagues (2014) and were effective to aR.gmaminisf.sp.
avenaesolates tested in the Yerong x Franklin populatidppendix8). Likewise,Rpgad.

was also effective to all three isolates (Pattala, Ingeberga and Evertsholm) used in this study,
which may suggest that resistance as Q@TL is not isolate specificRpgagloccurs in
several barley accessions for example Vada, Yerong and Golden Pbanisat in Cebada

Capa and FrankliResistance oRpgag2(2H) andRpgaqg4(7H) could have also been isolate
nonspecific because analysis of QTLs effective to Evertsholm in V/S revealed a hint (on 2H
& 7H), which was similar to the significant QTL peakgetted for Pattala and Ingeberga in

that population (Appendix 1). Failure to detect a significant peak could have been a matter of
experimental error and that the data was not good enough. Alternatively, it could be that in
the QTL analysis, the number BiLs showing susceptibility to Evertsholmay have been

too low toresult in a significant LOD valyeelative to the probably small effect of the gene
Therefore, the smaller an effect, the more observations needed to obtain a significant
indication for such a gen&he remaining QTLsRpgag3and Rpgaq5to RpgaqlOwere
effective to one or two isolates, which suggests isolate specific resistance okegissmce

genes.

Isolate specific resistance in the present research was also demonstrated by the different
reaction of SusPtrit to the oat stem rust pathogen isolates used. SusPtrit was susceptible to
Pattala and Ingeberga but resistant to Evertsh8imsPtrit was selected to be exceptionally
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susceptible to rust fungi (Atienza et al., 2004), therefore its resistance to Evertsholm in the
currentexperimentsvas remarkable. In fact, the resistance gepgaqg5,(mapped on top of

the short arm of 7H) origated from the SusPtrit parent in both V/S and S/GP populations.
The SusPrit allele at this QTL reduced the number of visible infectionfsitéao isolates

but much more for Evertsholrfin VxS) and less for Pattal@ppendix 4). Such kind of
differentid isolate specific resistance is called quantitative isolate specifinityhich the
resistance gene has a stronger effect against one isolate and a weakeagaifsttanother
isolate but it $ effective to both isolate®Rpgaqbis not effective tdngeberga in both VxS

and SxGP population®kpgag5could be the same gene reported by Jafary et al. (2008)
effective to wheat leaf rust. In both studies, SusPtrit is the donor of the resistance allele. Still
on 7H,Rpgag4contributed by Vada was mapped thie second half of the long arm of 7H.
Rpgadmay celocate with similar loci that have been mapped by Jafary et al (2006, 2008) in

Vada in response t@.hordeiandP.triticina.

Histological examination demonstrated that Vada is completely resistdre tmt stem rust
pathogen with a very high proportion of early aborted infection wiitsh are not associated
with necrosisSuch nornecrotic resistance mechanism to oat stempasgiogens referred

to as prehaustoriaksistanceOn the other hand, resistance in SusPtrit was bothgore
posthaustoriawith early abortednfection units (without necrosisand established colonises
associated with necrosiShe lack of resistance genes in Alfred and Cebeco patkes them
very suseptible toP.graminisf.sp.avenae which can be seen &ggemacroscopic pustules

the leavesThe difference in infection frequency on Alfred and Cebeco was due to the low

stoma penetration on Alfred.

In summary, the current study has shown that resistariegtaminisf.spavenadn barley is
polygenic, involving two or more minor effect genes, each with a small effect. So, the QTLs
together result in the relative immunity of Vada, Cebada Capa argdeG@romise. This
polygenic resistance contrasts with the monogenic resistance reported by Martens et al.
(1983). Furthermore, quantitative resistance in V/S, CC/S and S/GP was indicated by
transgressive segregation, as some lines were more susceptibBugiatrit. The current
research haslustrated that resistance to oat stem rust pathogen could be isolate specific, as
SusPtrit was resistant to Ev@rolm and susceptible to Pattala and Ingebefdso, this
research hashown norisolate specific restance at certain QTLs (for instanéggaq) in

barley as previously demonstrated by Martens et al (1983) and Dracatos et al. (2014). The

co-location of resistance genes mapped in this study with QTLs that have previously been
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mapped to other heterologowsts(Appendix8) suggestshat such genes are effective to at
least two rust spées Histological analysis showed that resistancB.graminisf.sp. avenae,
is only prehaustorial in Vada whereas in SusPtrit both pre and posthausteciaanisms
play arole. For future researchhé two resistancgenes,RpgaqXRpgag5 effective to
Eveitsholm could be fine mapped and this is work that is already undetweayuld also
recommendnvestigationinto barley adult plant resistance Rograminisf.sp.avenado see if

the same or different QTlaze involved in both seedling and adult plant resistance.
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Appendix 1. LOD profiles of Vada x SusPtrit Population
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Appendix 2: LOD profiles of Cebada Capax SusPtrit Population
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Appendix 3: LOD profiles of SusPtrit x Golden Promise Population
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Appendix 4: Effect of Rpgag5contributed by SusPtrit to three P.graminisf.sp.
avenaeisolatesused in the present study.

Isolate Marker name LOD mu A mu_B % Expl.  Additive
Evertsholm E37M5043561 5.37 5.50626 43.1783 13.4 -18.836
Pattala E37M5043561 5.04 15.2728  25.0837 8.8 -4.9
Ingeberga E37M5043561 0.08 44.89 47.46 0.2 -1.29
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Appendix 5: Linkage map of Cebada Gpax SusPtrit
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Appendix 6: Linkage map of SusPtrit x Golden Promise
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Appendix 7: Linkage map of Vadax SusPtrit
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Appendix 8: Summary of resistance QTLs effective to three isolates of oat stem
rust pathogen compared to QTLs previously mappedo other heterologous rusts

Linkage group

Position (cM)

Proposed QTL
name

QTLs mapped previously toother
heterologous rusts

1H 48- 68 Rpgaql Rpgal& Rpga2(Dracatos et al 2014)
2H 937 118 Rpgag2 P.triticina (Jafary et al ., 2006)
LP_Rpcqg5 (Niks et al., 2015)
Rphg2(Jafary et al.2006,2008)
131- 156 Rpgaq9
3H 130- 145 Rpgag6 Rpcg6(Niks et al., 2015)
6H 391 67 Rpgaq3 P.graminis f.sp. tritici and P.graminis
f.sp. lolii)) and P.triticina. (Jafary et
al.,2006)
4971 76 Rpgaq7 Rphg3(Jafary et al., 2008)
777 111 Rpgaq8
72-107 Rpgaql0
7H 07 43 Rpgad P.triticina (Jafary et al.,2008)
10371 132 Rpgad P.hordei and P.triticina (Jafary et

al.,2006, 2008)
Rpsnhqg4Niks et al., 2015)
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Appendix 9: List of Primers

Linkage group

Name primer

Sequence ( in 5---> 3' order)

1H BOPA2_12_3117-F | ATCATAGCAGGAGGCCAGAGG

1H BOPA2_12_3117-R | AGGTTGGAACACCCCCTGT

1H SCRI_RS_11654% | GATGGAGTGACCTGTTAGACTGCA

1H SCRI_RS_11654& | ATGGCTCTTCAAGAACGTCATG

1H BOPA2_12_ 31274 | GTCTGCGCCATGACAGCC

1H BOPA2_12_3127&R | CGCTGTTCTCTTTGCACTCATAG

1H SCRI_RS_232666 | GATCAAGCTGTTGCTGCAGC

1H SCRI_RS_23266& | ATAACAAGAATGCTAACTCCAGAGTTT
1H SCRI_RS_19339F | ATGAACTAATATTGCATCTAGACAACTTAC
1H SCRI_RS_19339R | ACTAAATGCAATTCTGTACCCATTATAG
1H BOPA1_4091643F | CTTGAGGGCTTCACTCACAGTG

1H BOPA1_4091643R | GCCCGGATATGCCATGCT

1H BOPA2_12_3056F | GCTGCTCATGTTATCCAATCTTG

1H BOPA2_12_3056R | GCAGGAACATGCCGGCTG

1H BOPA2_12_1019% | GAGTTCAGCAGCTTCAGCTGTAC

1H BOPA2_12_10198&R | AGCACCTTCTACCGCTCCATC

1H BOPA1_5768469F | TGTTCAAGCAAATATCACAGTCTCA
1H BOPA1_5768469R | CATTGCTAACATCAGAAGGTGGA

1H SCRI_RS_20461F | ATCGAAGACCGAAAGTATTCGAG

1H SCRI_RS_20461R | GAGTAGGACTGGGAGATGCTAGTG
1H BOPA1_1249541-F | CACCATCAACGTTACACGGAAC

1H BOPA1_1249541-R | GTGTGTTAGTGTGAGGATGGTGAA

1H SCRI_RS_13969¢ | ATTGTTGGCACCCATAAAAAGTC

1H SCRI_RS_13969& | CCACTGGAACCAACCAAAAGA

1H SCRI_RS_156506 | CTCTTTCCTGAGCTTGTATAACATGT
1H SCRI_RS_15650& | CATGTTCGGCATGAGGCCT

H BOPA1_71721536F | TAAGAAGCAGCTGATAAGCTTGATT
H BOPA1_71721536R | ACGGCCAACTAGCAGCTAGTC

H SCRI_RS_22944% | AACCGGCACTACCCTGAAATTA

H SCRI_RS_22944% | AAGCACTAGAGGACTTCATCCAGTT
H SCRI_RS_1239¢ | TGGTAGAAACATACACAAAGTTGTACTACT
H SCRI_RS_1239&R | CGTCCCAAAATAAGTGGCTCA

H SCRI_RS_23095% | CGGAGGAATCGAGGATCGTA

H SCRI_RS_23095® | GCTGGATCTGTGCCTTTGGT

7H SCRI_RS_4279F | GATCAGTTGGGAAAGCACACAA

7H SCRI_RS_4279R | GTGCATCTGTAGGTTCCTATGCTAA
7H SCRI_RS_17265% | GGCTCCTGGTGCACTATGGA

7H SCRI_RS_17265R | GACGAACCGCCTTGCTCA

7H SCRI_RS_1361% | CAAGCTGAAGAACCTCGCC

7H SCRI_RS_1361R | ATGGCAAAGTCCGCCCAG

7H SCRI_RS_20709% | CGCTGGCACGGGCCTCT

7H SCRI_RS_20709R | CTCCACTGGGGCATGTGG

7H SCRI_RS_16029F | AACGTGGTTGATTACAAACTGATCT
7H SCRI_RS_16029R | ACAGTAAAAATTATGGAGTCCACTGATATA
7H SCRI_RS_201028 | AGGCATTCAAGAGCTACCTTGAG

7H SCRI_RS_20102& | TCCTACAGCAGCATGGTCGTC
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Appendix 10: Phenotype and genotypes of progenies of cro$5§2x110(1H geng
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