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Summary

Many quantitative trait loci (QTLs) in different th@y populations were discovered
since 1998 for resistance B hordeiand heterologous rust species. Work on PR and
non-host resistance was continued and most efeed@ULs were introgressed to
SusPtrit genetic background. The objectives of eniristudy were: first, to evaluate
whether these larger-effect QTLs show specifiaitythieir reaction to homologous and
heterologous rust isolates; and second, to seehethdiese QTLs show plant growth
stage dependency or not. In addition there werallphworks to develop more markers
which will be used in fine mapping &nhgby using polymorphism between the QTL
donors (Vada and L94) and SusPtrit and also toicorthe fine-mapping oRphqll
andRphgl6using homozygous recombinant lines.

Evaluation of specificity of larger-effect QTLs their reaction to homologous rust.(
hordeiisolate 1.2.1) showed thRphg2on SuRphg2and L94Rphqg2had larger effect
than Rphg3 on SuRphg3 and L94-Rphqg3 In Vadarphg3, the result was not as
expectedRphqgllon SuRphgllalso had significant effect thdkphgl6on SuRphql6
in seedling disease test. The effectRghq3is small on StRphg3and L94Rphqg3
Nonhost QTL Rnhqg also had effect on homologous rust. Buhqg-Vhad larger effect
than SuRnhg-Las compared to SusPtrit.

The histology of resistance study on fungal grovevealed that the QTL-NILs varied
for infection units scored: non-stoma penetratidR), early abortion (EA), established
colonies and colony sizes (P < 0.05). Significaatiations were observed between
SusPtrit NILs and SusPtrit in EA and establishegdation units. The result illustrated
that PR QTLsRphg2, Rphg3, Rphqgldnd Rphgl6and the non-host resistance QTL,
Rnhq(Rnhg-V, had an effects on both partial resistance towaotsdhogous leaf rust,
as well as non-host resistance towards heterolo@isusts,P. triticina, P. hordei-
murini andP. hordei-secaliniAlso, it was observed that positive associati@s found
between parameter of RLP in seedling stage andprop of EA abortion at infection
sites, which indicated that there is a possibleo@aton between partial resistance
QTLs and non-host resistance QTLs. Furthermord) higgative correlation between
RLP and RIF was observed indicating that some efgbénes for resistance to these

rusts are either linked or have pleiotropic effects

Xiv



A disease test at different leaf layers (plant esqgpf homologous rust showed that
Those QTLs Rphg2and Rphgl) which were effective at seedling stage were also
effective across all plant stages with graduallgrdasing effect with plant development
as co as plants grew oldgrphg3 which had consistent effect in all leaf layers

confirmed the same result that it is a plant stagependent QTL.

For heterologous rusts, the effect Rhhg-Vwas studied on three rust speciés;
hordei-murini (Phm), P. hordei-secalini (Phand P. triticina isolate ‘Flamingo’ at
three stages (leaf layers). Infection frequencies laigher at seedling stage and
dramatically decrease as plants grow older in laiéd rust species tested on both
SusPtrit and SRnhg-V The difference between lines tends to be redwidd higher
leaf layer in all three tested inappropriate rys¢cses. However, this would be not
because of less effectiveness of Rreénq

As to the development of markers f@nhq,three co-dominant CAPS markers were
developed. According to the estimation of linkaggpnposition by RECORD, only one

marker (ABC01200-1) was mapped inside Rwméhqgregion while, the other two markers

(ABC02539-4 and ABC03559-1) mapped outsideRhéqgregion.

In the study of fine mapping of partial resistaigéLs, Rphqlhnd Rphgl6 Rphqll
was fine mapped into two genetic windows: betweaill @62 and WBE144 (0.1cM)
and WBE130 and GBMS244 (0.4cM) interval between GBI and GBMS244
flanking markers. On the other hanBphqgl6located between ABC11948 3 and
TC181991 2 markers at 3.1cM size interval.

XV



Chapter 1. General Introduction

1.0 Barley

Cultivated barleyordeum vulgard..) belongs to the family Poaceae, in hdticeae
tribe (Von Bothmeeet al. 1995. Barley is considered to be one of the foundipgcges

of modern agriculture. Cultivars are mainly classif on the basis of vernalization
requirement (spring or winter type), spike morplggiqsix row, two row and some
intermediate forms), end use (malting or feed) presence of hull on seed (hulless or
hulled) (Bardet. al.2000. This hardy crop can grow in a wide variety ovieonments
that include extremes of latitude and altitude whether crops are not adapted to
(Harlan,1976).

Barley provides an excellent system for genome mngpgnd genetic studies because of
its diploid nature, low chromosome numbem (2 2x = 14) and availability of
information on the genetics of host resistancelutting partial and hypersensitive
resistance, t®uccinia hordeilt can also be used as a model crop for the inyatsin

of the genetics and mechanisms of resistance fgpiongariate rust fungi (Zhanet al.
19949).

1.1 Barley leaf rust life cycle and infection procss
1.1.1 Life cycle

Barley leaf rust, caused by the fungal pathogeacinia hordeirepresents an important
foliar disease occurring throughout the world. Widbsses up to 32% have been
reported in susceptible cultivarsidta macrocyclic, heteroecious rust pathogen wi¢h t
dikaryotic stage limited in nature td. vulgareand the sexual stage @rnithogalum
species (Anikster1982. The life cycle ofP. hordeihas been classified into five stages
on the basis of production of different spore typ&song the five spore stages, the
urediniospore stage is economically the most dangadtach urediniospore has the
potential to infect the same host plant or anotteat plant. Symptoms of infection are
pale spots on the leaves, followed by the emergefhagange brown uredosori that

contain fungal spores (Golegaonkabd07).



After completion of the host life cycle, alterndtest and wildHordeumspp. act as a
“green bridge” for survival of urediniospores. Thesen bridge is important in the
continuation of the vegetative life cycle of thetlpmyen where the sexual cycle does not
exist (Aniksteret al.1979.

1.1.2 Infection process

Rust occurs on many species of plant, but in mast€ any one species of rust can only

infect one species of plant.

When a rust conidium (sometimes termed conidiospsexual, non-motile spore of a
fungus) lands on a plant surface, a weak, hydrojhoteraction is formed between the
spore and the cutin of the plant cell surface (@she@and May,2001). This is the
process of spore attachment which prevents theegpamn being washed off.

After attachment, the spore will germinate. Thengeation tube will elongate and try
to locate the stoma through thigmotropism (is a @moent in which an organism moves
or grows in response to touch or contact stimdlije germ tube grows in a random
manner until it reaches a ridge between epiderralis.cAt this point, it will start to
grow perpendicular to the ridge, greatly increasitsgchances of locating a stoma
(Osherov and May20017).

Once the germ tube detects ridges that match therdiions of the stomatal lips of its
host species, appressorium will be formed. It stracture that functions to both firmly
anchor the fungus and aid in penetration. Fromafipgessorium an infection peg grows
down into the plant and between the mesophyll c¢leising et al. 2000.
Subsequently, haustorial mother cells (HMC) arentt near the mesophyll cell wall.
Later on, a feeding structure called haustoriunfiorsned. The plant cell membrane
invaginates around the main haustorial body andplaee between the two membranes
is extra-haustorial matrix. Besides acting as alifeg structure, haustoria are also
important for host-pathogen communication. The fuisgus will then continue to grow

and invade the plant until it is ready for sponaliat(Voegele and Mendge&003.



1.2 Types of resistance

Resistance is defined as the ability of a host tptanreduce the growth and or

development of a pathogen. In this report, atteraptsmade to describe some of the
most commonly used classifications of host and nshhesistances of cereal crops to
rust diseases. In broad terms, resistance to atebgens can be classified based on
growth stage (adult plant resistance versus sepdéisistance), genetics (major genes

versus minor genes) and durability (durable versarsdurable).

Qualitative and quantitative (or partial) resisemare the two kinds of host resistance
that exist against this pathogen. Qualitative tasie is expressed as a hypersensitive
host response (HR) (chlorotic or necrotic spotsis klso called vertical resistance due
to its race specificity. As reported by Robinso@7@), in vertical resistance there are
single genes for resistance in the host plant (fRege and there are also single genes
for parasitic ability in the parasite (Avr-geneblypersensitive resistance is an active
defense mechanism which involves cell death sudimgnthe infection area. As a
result, the development of pathogens will be aedstand the infection will be
controlled. It is governed by major genes desighasRph(Pa) genes (Kichereet al.
2000 which are race specific and function on a gemegéne basis (Parlevlie1976h
Parlevliet,1983. The major findings of the genetic inheritancdraits (characters) by
Mendel (1865), the genetic basis of resistance lkige8 (1905), physiological
specialization in a rust pathogen by Stakman andnkee(1962), and the concept of
gene-for-gene interaction by Flor (1956), haveealabled plant breeders to develop
plant genotypes with major gene resistance. The edth which major genes can be
incorporated and the high level of protection come by them are the major reasons
for the wide use of this approach. However, ofteltivars with single resistance genes
give temporary protection, lasting only until thecarrence of a new mutant pathotype,
the increase of virulent pathotypes already presemihe pathogen population, or the

introduction of virulent pathotypes (Niks and Liraih, 20086.

Quantitative resistance or partial resistance (BRxpressed as a reduced epidemic
built-up of the leaf rust pathogen and is contibligy few to many genes (Parlevliet and
Van Ommerenl975. It is also known as non-hypersensitivity, honiad, or host basal
resistance. PR is race non-specific (Parlevlie?,§. However, some researches @i

al. 1999 Marcelet al. 2007 reported that individual QTLs for PR are racecsiieand



may function on a minor-gene-for-minor gene moée&r(evliet and Zadok4,977. PR

is durable compared to hypersensitivity resistark#inson 1984 stated the term
“durable resistance” to refer to resistance thataieed effective in a cultivar grown for
many years in wide array of environments in thespnee of the pathogen. This is due
to the difficulty of the pathogen to adapt to nplkiloci. It can be used in a breeding
program to improve the level and durability of stance of barley. Furthermore, QTLs

for PR to leaf rust can easily be accumulated (Mikal. 20003.

The nonhost resistance of barley towards leaf msilso known as nonhost basal
resistance. It is the most durable, complete amdnoon type of immunity of plants to
potential pathogens which by definition occurs linganotypes of a plant species to all
genotypes of a pathogen species (Ni37 Heath,2000. None of the individuals of
nonhost plant species allow any member of a pa@tepéithogen species to successfully
reproduce (Heatl2000. Pathogens to which nonhost resistance is efiectre called
heterologous, inappropriate or nonhost pathogémey @re called “heterologous” in this
report). This definition of nonhost resistance @ mecessarily applicable in some
occasions because some genotypes of nonhost spemiede infected by some
heterologous pathogens to a limited extent and rusgecial circumstances (Niks,
1987. A few barley accessions, for example, are in $keedling stage somewhat
susceptible to rust species like the wheat leaff fursgus P. triticina) and the wall
barley leaf rust®. hordei-murini(Phm)) (Niks, 1987 Zhanget al. 1994 Niks et al.
1996 Hoogkampet al. 1998. For such phenomenon, near nonhost (intermediate
marginal host) status has been proposed when @myaccessions are moderately
susceptible to a normally heterologous pathogerkg(Ni987). Because of its near-
nonhost status for some heterologous rust spediegjlgareL. is a useful model crop
to study the genetics and the mechanisms of resistagainst heterologous rust fungi
such ad. triticina andPhm(Zhanget al. 1994 Jafaryet al.2006.

The mechanism of non-host resistance can be a catdn of pre-haustorial (non-
hypersensitive) and post-haustorial (hypersengitesistances (Hoogkangp al. 1998.
More is known about the mechanism of nonhost r@st&t than about its genetics. The
genetics of near-nonhost resistance can be stumiectossing some rare genotypes

showing moderate susceptibility to some resistanbtypes (Niket al. 1996.



At the Department of Plant Breeding of Wageningenversity, research on PR dates
back to the early 1970s, when Parlevliet startedwork on barley - barley leaf rust
(Parlevliet,1979. Since then, many aspects of PR have been detednby using field
studies, molecular markers, QTL mapping, microscfpstology) and comprehensive
information has been collected about the geneticsraechanisms of PR in barley to
leaf rust P. horde) (Parlevliet,1975 Parlevliet and van Ommereh975 Parlevliet,
1976a Parlevliet,1976h Parlevliet and Kuiper1l977 Niks, 1982 Niks and Kuiper,
1983 Qi et al. 1998 Qi et al. 1999 Qi et al.200Q Niks et al. 2000h Marcel et al.
2007). The histological observations on infected bafiegs suggested that PR and
nonhost resistance might be due to the same merthaiNiks, 1983. A number of
QTLs in different barley populations were discowksince 1998 for resistance o
hordei (homologous rust) and heterologous rust speciel€Thl and Appendix 1.1)
and were namedphq (after Resistance tdPuccinia fordei QTL) and Rnhq (after

Resistance toaon-host QrI'L), respectively.

Table 1.1. Summary of QTLs conferring partial remse againsP. hordeiisolate
1.2.1 and heterologous rust species.

QTL Population Reference

Name Type Line
Rphqgl — Rphg6 LxV RIL 103 Qietal., 1998
Rphg2, Rphg3, Rphg4, Rphq7, Rphg8, Rphg% V RIL 103 Qietal., 1999

Rphql0, Rphg2GndRphg21
Rphq3 RphqlORphgllRphgl2andRphql3 L94 x 116-5 RIL 117 Qietal., 2000

Rphg2 Rphg3 Rphg4andRnhd LxV RIL 103 Niks et al. 2000a
Eight QTLs resistance to heterologous fusts Su x V RIL 152 Jafary et al. 2006
Ten QTLs resistance to heterologous fusts  Su x CC RIL 113 Jafary et al. 2006
7 QTLs resistance to heterologous rfists owB DH 94  Jafary et al. 2006
Rphql2Rphqgl6Rphgl7 Rphgql8andRphql9 OWB DH 94 Marcel et al., 2007
Rphq8 Rphqll Rphgl4andRphqgl5 SxM DH 150 Marcel et al., 2007
Rphql Rphg2, Rphg3, Rphg4 RphRphql7 L xV RIL 103 Marcel et al., 2008
Rphg20andRphg21

& First QTL contributed resistance to heterologasts P. triticina andPhm)
P QTLs contributed resistance to four heterologowssr. triticina, Phm, Phsandp.
persistens)



The mapping populations used in those studies sthalaag every mapping population
had different sets of QTLs, showing hardly any &grwith other mapping
populations. This indicated that QTLs for basalistesce are numerous and show a
high level of specificity.

1.3 Description of QTL Parental lines

The QTLs that were studied in this thesis were redpjin different mapping
populations (Table 1.1). L94 x Vada is a recombinabred lines (RIL) mapping
population consisting of 103 lines. L94 is a lfirem an Ethiopian landrace, with black
and naked seeds and is extremely susceptible leydaaf rust P. horde). ‘Vada'’ is an
obsolete Dutch cultivar developed from the crassrdeum laevigatumk ‘Gold’, with
white, covered seeds, and has a high level of FR tmrdei(Neervoort and Parlevliet,
1978.

The Steptoe x Morex mapping population is a doumdgploids (DH) population
(Kleinhofs et al.1993. Steptoe is six rowed feed-type barley (Muir atithn, 1973.
Morex is a six-rowed cultivar used as standard he American malting industry
(Rasmusson and Wilcoxsol979.

The Oregon Wolfe Barley (OWB) population is a daibbploid spring barley
mapping population derived from; ECostaet al. 2001). The two parents are Dom
(containing dominant morphological marker stock) aRec (containing recessive
morphological marker stock) (Wolfé972).

1.4 Development of a research line susceptible teterologous rusts

Earlier screens of barley accessions for suscéptito P. triticina andPhm(Niks et al.
1996 Hoogkampet al. 1998 allowed identification of several accessions ttadwed
some degree of susceptibility to these rust fuAgienzaet al. (20049 made crosses
between barley accessions which exhibited relatiigh number of pustules and/or
high infection types when infected withtriticina and Phm Then they tested the, F
lines for susceptibility td°. triticina and Phmat the seedling stage. They selected the
most susceptible fplants and grown to adult plant stage and crobségeen the two
crossing combinations to obtain double cross (Di@ntgs. Each DC plant was grown to

develop DC-$glines by selfing. The most susceptible plants iwithe most susceptible



DC-S lines were selected and selfed for several cywiésout selection. Later, they
challenged susceptible DG-fnes withP. triticina andPhm The DC-g line with the
highest number of pustules per leaf and the highésttion type (IT) was selected and
named SusPtrit (Sus = Septible, P =Puccinig, trit = triticina) and SusPmur (Sus =
Sugeptible, P =Puccinia, mur = hordemurini), respectively (Atienzat al. 2004).
SusPtrit is not only exceptionally susceptible Ro triticina and Phm but is also
susceptible to several other heterologous (inap@i®) rust fungi; however, it is fully
resistant to several other grass rust fungi, sgctha leaf rust funguB. reconditaof
rye, suggesting that the nonhost defence mechanismSusPtrit are not totally
weakened (Atienzat al. 2004). This line was as susceptible Rohordeias line L94.
SusPtrit was used as a recurrent parent in NILgldpment program for the QTLs of
our interest. (i.e. PR QTLsRphg2 Rphq3 RphglhndRphgl6and Nonhost resistance
QTL- Rnhq.

1.5 Development of QTL-Near isogenic lines (NILs)

After the mapping of the QTLs by different group searchers, the study was
continued with the incorporation of the most cotesis QTLs into SusPtrit (Atienza et
al. 2004) to obtain Near Isogenic Lines (NILs) bwriker assisted selection (MAS).
These NILs allow a detailed study on the effecteath QTL of our interest under

uniform genetic background.

The most promising and widely cited benefit of neoolar markers in plant
improvement is MAS (Masojc,2002. Given the lengthy breeding cycle and
considerable resources needed to incorporate diseastance, molecular markers for

specific traits can significantly improve the eifiocy of resistance breeding.

In the backcross program, positive selection watpaed to select plant(s) for further
backcross to ensure the QTL of interest is intreggd into the receiver plant, SusPtrit.
If QTL donor plants have additional QTLs other thha QTL of our interest, negative
selection was performed to eliminate the additid@@ls from being introduced into
the recipient genome. Selection for target QTLs agdinst additional QTLs was
performed using two or more flanking markers aomemended by Visschest al.
(1996. The flanking markers used in our QTL-NILs deysteent program are listed in
Table 1.2.



After 5-6 backcross and successful introgressio@OL of interest and getting rid of
the undesirable QTLs, the genetic background oeit8id introgressed region will not
interfere or the interference will be small enoughnot hamper the detection of the

QTL by phenotyping.

Table 1.2. Flanking markers used for the markersessb selection of NILs for five
target QTLs (Ye02009

Flanking markers

QTL Chrom. Position* Proximal markers Distal markers
(cM) Name Type Position Name Type Position
(cM) (cM)
Rphg2 2H 152.0 P15M51 SCAR 152.0 GBMS216 SSR 153.5
Rphg3 6H 62.2 GBM1212 SSR 55.1 ABG388 CAPS 724

WBE103 CAPS 613

Rphqll 2H 95.1 Bmag0125 SSR 89.8 GBM1062 SSR 95.7
GBMS244 SSR 102.7
Rphql6 5H 160.0 ABG391 CAPS 156.3 ABG390 CAPS 161.0
GMS002 SSR 183.0
Rnhq 7H 84.1-85.8 SKT1 CAPS 85.8 GBM1303 SSR 86.6

* Peak marker position,

1.6 Organization of the report

This thesis presents three different preliminandis on the association between host

and nonhost resistance of barley.

Chapter 2: Unraveling possible association betwedRQTL for partial resistance and
nonhost resistance.
The first focus is on the effect of QTLs resistatwéomologous and heterologous rust
species. Seedlings of QTL-NILs were challenged wiiree heterologous and one
homologous (host) rust species. We tried to evalwdtether QTLs of our interest,
Rphg2, Rphqg3, Rphqgll, Rphgasd Rnhgmay show specificity in their reaction to
homologous and heterologous rust species. Also vauated the mechanism of
resistance, especially whether the resistance sedba@n hypersensitivity or non-
hypersensitivity. We studied the histology of irtfen of Phm, P.hordei-secalini (Phs),
and P. triticina in each QTL-NIL. Various components of infection rereevaluated,
including non-penetrating, early abortion, the patage of established colonies (with

sporogenic and without sporogenic tissues) andhgadze of infection units.



Chapter 3: Evaluation of plant stage dependency of QTLs to hoologous and
heterologous rust pathogen isolates
QTL-NILs were grown to have different developmergtdges, from first leaf to flag

leaf. This helped to determine the plant stage miggecy of the QTLs of our interest.

Chapter 4: Marker development for Rnhg, a non-host resistance QTL

The main goal of this experiment is to develop R®R based molecular markers using
information from Potokinaet al. (200§. The newly developed SCAR and CAPS
markers mapped aroumthhqcan be used in fine mappingRhhq

Chapter 5: Fine mapping of the partial resistance QTLsRphgll and Rphgl6

The objective of this study is to fine-mdpphglland Rphgl6using homozygous
recombinant lines. The homozygous recombinant e challenged witR. hordei
isolate 1.2.1. The phenotypic data together withogypic data generated previously
were used to pin poilRphgllandRphql6

Chapter 6: General discussion and summary

Findings about specificity and mechanisms of hostl aon-host immunity are
discussed in this chapter. The possible role artdr@aof QTL for resistance to
homologous and heterologous rust fungi as welhaduture use of the QTL-NILs are

explained.



Chapter 2. Unraveling possible association betwedpTL for partial
resistance and nonhost resistance.

2.0 Introduction

Partial resistance is usually considered as a thitgpe of disease resistance, to which
pathogens not easily adapt. Plants that are gartedistant can still be infected by the
pathogen, but they show a much reduced rate ottinfe compared to susceptible
plants, caused by a lower rate of colonizationHg/fungus (Parlevliet,975 Niks and
Rubiales2002 Niks and Marcel2009. As QTLs can confer certain level of resistance
by their accumulated effects, the adaptation adthggen to make each QTL resistance-
allele ineffective is more difficult than to makes} one gene ineffective in case of
monogenic resistance (Lindhod002, particularly when each QTL-gene encodes a
different gene product.

Near-isogenic lines (NILs) differing with regard thsease QTLs provide valuable
material for a more detailed study into the genésis of quantitative resistance.
Development of such NILs allows the evaluation @®L in a nearly uniform genetic
background, overcoming the difficulties of ideniify QTL phenotypes (Marcedt al.
2007). QTL-NILs do not only provide a better estimate the effect of single QTL
alleles, but also provide a better insight into Q@ pathogen and QTL x environment
interactions. Furthermore, QTL-NILs may providetargng point for the unraveling of
functional genes underlying these loci and posdielyiseful for positional cloning (van
Berlooet al.2001).

This study uses the NILs developed for partialstasice QTLRphg2, Rphg3, Rphgll,
andRphqgl6 and a nonhost resistance Q Rnhq to evaluate whether these relatively
large-effect QTLs may show specificity in their e¢gan to homologous and
heterologous rust isolates. Also, to evaluate tleehanism of resistance at tissue and
cell level, especially whether the resistance isedaon hypersensitivity or non-

hypersensitivity (for those rusts of course to Wahioe QTL is effective.
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2.1 Materials and methods

2.1.1 Plant materials

NILs with SusPtrit genetic background (Table 2.49 daving resistance QTLRphQq2
Rphq3 Rphqll, RphgléndRnhg(Rnhg-VandRnhg-L), were used for this study.

Table 2.1. QTL-NILs used in this study

QTL-NILs Donor line
Rphg2-BGS, Vada
Rphq3-BGS Vada
Rphqll-s.EBGS Steptoe
Rphql6-BGS Dom
Qnh.L-R.BGS, L94
Qnh.V.R.BGS Vada

The parental lines for each respective NILs weetss a reference. FBphg2-BGS,
and Rphg3-BGS, besides SusPtrit and Vada were used as referefde,L94-NILs
(L94-Rphg2and Rphqg3 and Vada-NILs (Vadaphg2 and fphqg3) were included as
well. For the histology assays, host plants cooedmg to the rust species under

observation were added as a reference.

2.1.2 Inoculum

Four isolates of rust fungi were used (Table 2Zn2infection studies. These pathogens
were multiplied on their respective host speciedisied in Table 2. Urediniospores

were collected and dried in desiccators for 5-7sdagfore used for inoculation.

Table 2.2. Rust isolates used in this study

Pathogens Host plant Common name

P. hordeiisolate 1.2.1
P. hordei-murini
P. hordei-secalini

P. triticina isolate “Flamingo”

Hordeum vulgare
H. murinum
H.secalinum

T.aestivum

Barley leaf rust
Wall barley leaf rust
Meadow barley leaf rust

Wheat leaf rust
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2.1.3 Genotyping QTL-NILs

Genotyping of each quantitative trait loci-near gesoic lines (QTL-NILS) was
performed before sowing to confirm the introgressid donor resistant allele by using
molecular markers flanking the QTL region (Tabl8)2For this purpose DNA of each
QTL-NILs was isolated following the CTAB isolatianethod according to Wareg al.
(1993.

Table 2.3. List of markers used in genotyping ofLENILS.

Name(s) Chrom. Type °Tm RE(s) Linked QTL
besV76P5D5AR  2H ASPCR 56 - Rphg2
k00345 2H CAPS 56 Sdu | Rphg2
scP15M51-204 2H SCAR 56 Rphq2
ABG388 6H CAPS 58 Nla Il Rphqg3
WBE201 6H CAPS 58 Mnl | Rphqg3
GBM1212 6H SSR Rphqg3
HVM14 6H SSR Rphg3
GBS0512 2H CAPS 58 Aci | - (Hpy99 I) Rphgll
TC134748 2H CAPS 47  Apol = Xapl Rphqgll
GBM1062 2H SSR Rphqgll
GBMS244 2H SSR Rphqgll
DsT-33 5H SCAR 45 - Rphql6
Scsnp03275_2 5H CAPS 65 Balll Rphgl6
GMS002 5H SSR Rphql6
MWG2031 1H CAPS 55 Mwo | Rnhq
SKT1 1H CAPS 60 Alu Rnhq
WBE101 1H CAPS 52  HpyCH4 IV Rnhq
GBM1303 1H SSR Rnhq

2.1.4 Phenotyping QTL-NILs with homologous rust isate

Seeds of QTLs-NILs were sown in 37 x 39cm boxetsvim rows along with reference
lines. Depending on the availability of seeds, 4e2ds were sown for each NIL. Once
the primary leaves are fully grown (7-8 days) thegre fixed horizontally with adaxial
side up to obtain an equal spore distribution dfierleaves. The secondary leaves (if
any) were clipped. The inoculations were carrietivaith freshly collected spores &%
hordeiisolate 1.2.1. A total of 3.5 mg of spores was ysedbox. The inoculum was
diluted 10 times with lycopodium spores before ddsbver the tray using the
inoculation tower to obtain uniform spore distribat On each box one object slide
was placed for spore germination check. The inaedleboxes were placed in a

humidity chamber to incubate the spores overnighiqurs) at 100% relative humidity
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in the dark at 1%. After incubation, the inoculated boxes were sfarmed to a
greenhouse compartment where the temperature & $dt+ 3C with 30-70% relative
humidity. The experiment was carried out in twolicgtions. The latent period (LP)
was measured one week after inoculation. The LRBAS then calculated with the

following formula:

LP50 = T1 + (T2- T1) x _(N100-2-N1)
(N2-N1)
T1 = the time just before 50% of the pustules are meatu
T2 = the time just after 50% of the pustules are neatur
N1 = number of mature pustules at T
N2 = number of mature pustules at T
N100/2= half of the total mature pustules number
To normalize the results, the relative latencyq®f(RLP50S) was calculated relative to
the LP50S of SusPtrit which set at 100 (Parleviiét5.

2.1.5 Phenotyping QTL-NILs with heterologous rustsolates

The QTL-NILs were grown as described above (Se@idm4) except that in this case
susceptible host plants were included. Ten to tevalays after sowing, completely
unfolded primary leaves were fixed horizontally lwithe adaxial side up, and
inoculated with approximately 7-10mg of sporesIp@x using a settling tower (Atienza
et al. 2004). For each QTL-NIL and reference lines, two seegfliwere inoculated of
which one seedling was sampled for histologicadist as described below. The
second seedling was used for macroscopic phenatypifier inoculation, the boxes
were incubated as described in section 2.1.4. Badasross contamination of rusts, the
settling tower and other tools were cleaned witkothanol before and after use. LP
was measured six dayBH9 and eight daysRhmand P. triticina) after inoculation.
Additionally, the level of infection was quantifidny estimating the following traits:
infection frequency (IF, pustules/@mflecks (F, non- sporulating infection sitesfym
frequency of visible infection sites (VIF, IF/totamount of visible infection sites/én
and TotF (total amount of visible infection sitesfy by using a metal frame with 1 ém
window to elucidate the existing difference amohg tines. RLP50S and Relative
Infection Frequency (RIF) were calculated by sgttile RLP50S and RIF of SusPtrit to
100 as stated abovAnalysis of variance for both RLP50S and RIF wasied out
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using GenStat statistical software (11.1th editiéitl) genotypes were grown in one box

and the experiment was carried out in two reploseti

2.1.6 Histological evaluation of pathogenesis

Preparation of leaf samples for fluorescence Micraopy

Seven days after inoculation, the flecks start t® \bsible. Leaf segments of
approximately 2-3cm long from the middle of primdegaves were collected from each
plant-rust combination and put in separate tubesleCed leaves were prepared as
whole mount for fluorescence microscopy accordmérohringeret al. (1977, except
that Uvitex 2B (Ciba-Geigy) was used instead ofcGtilior. Labels for each line were
written on strip of paper using pencil to avoid wag away by water and alcohol
during staining. The leaf segments were immedidirgd and bleached by boiling for
1.5 minutes in a water bath in lactophenol-ethgfhi v/v). Some boiling stones were
added to the water bath and one stone to eacle afiie to prevent sudden eruptions of
the contents of the tubes,. After the leaves wéradhed, the lactophenol-ethanol was
poured off and they were washed 1x 30 minutesharedl (50%) and in 0.05N NaOH
(2g/1), respectively one after the other. The wdsleaf segments were rinsed 3x in
water and soaked for 30 minutes in 0.1 M Tris/HCfféxr (pH 8.5). After 5 minutes of
staining in a solution of 0.1% Uvitex in the sam#fér, they were rinsed thoroughly 4x
in water and then washed for 30 minutes in a smiutf 25% glycerol. Finally, to
prepare the slides, small drops of glycerol werdeddon the slide before the leaf
samples were put along the longitudinal axis ofgsh@e and the leaves samples were
embedded on slide with the adaxial side facingTien the slide cover was carefully
placed on the samples (taking care that no air lesbbetween cover glass and leaf

sample).

Observation of infection units under UV-Microscope

For ease of inspection, different classes of imdectinits were set based on status of
infection unit where an infection unit is describad non-penetrating (NP), early

aborted (EA) and established (Niks981, 1982, 1983 The established class was

further classified into two classes based on theselof colonies development that is,
those with sporogenic tissues and without sporagessues. The preparations (slides)

were adjusted (screened) under UV-microscope witkilQ. The detailed observation
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and scoring were done with a 10x10 and 40ridynification. The preparations were
screened starting from one of the corners and ngolorizontally along longitudinal
axis of the leaves. The outmost stomatal rows wgobuded from observation to avoid
possible border effects. Also overlapping and inéecpoints close to air bubble were
ignored. The infection hyphae were scored as “&stanl” type (more than six
haustorial mother cells) or “early aborted” typa\img six or less haustorial mother
cells). Established infection sites were measuggdttfeir longest diameter using the
eye-piece micrometer. A total of 50 or more infectsites per plant-rust combination
were scored. Pictures were taken using a canonrpsingg A620 digital camera and
Axiovision LE 4.6 software. The data collected warelyzed using GenStat statistical
software (11.1th edition).

2.2 Results

The host plants were not included in the statistoalysis as their averages were much

higher and adding them would make it impossiblaligiinguish differences between
the parental lines.

2.2.1 Effect of PR and nonhost resistance QTLs towds homologous rustP.hordei
isolate 1.2.1.

QTL-NILs with partial resistance QTLs and nonhossistance QTLs had longer LP

than on susceptible reference line, SusPtrit. Asvehin Fig. 2.1, all SusPtrit NILs had

higher RLP50S compared to reference line, SusPtrit.
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Fig. 2.1 RLP50S oP. hordeiisolated 1.2.1 on SusPtrit NILs and the referemesslat
seedling stage.
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Rphg2had an effect on SBRphg2and L94Rphqg2,which increased the RLP50S with
6.5% and 5.7%, respectively. However, the effed®piiq2is not as expected in Vada-
rphg3 This could be due to error in LP measurement.

Based on RLP50S, SusPtrit NIL witRphg3 also had longer LP than SusPtrit,
indicating that, this QTL contributed to the effest PR of SURphg3 Furthermore, it
has effect in resistance in Vadahg2and L94Rphqg3

Other partial resistance QTL&phglland Rphql6 showed significantly (P<0.05)
higher RLP50S on Su-Rphqgll and Su-Rphql6, respégtias compared to SusPtrit.

On the other handRnhgQTL on SuRnhg-Vhad relatively positive effect on resistance
than that of SIRnhgL. However, both SUiRnhg-Vand SuRnhgL had 3% and 2%
higher RLP50S than SusPtrit, indicating tRathgalso had effect towards homologous

rust.

2.2.2 Effect of partial resistance and nonhost resiance QTLs towards
heterologous rust isolates

The parameters measured in macroscopic observagom RLP50S and RIF, while in

microscopic observation; four infection statuse®nfpenetrating, early aborted,

established infection units and colony size) weeasured. Measuring the LP of the

heterologous rusts was difficult because on rasidiaes not all flecks give rise to

uredia and the presence of chlorosis covering fitiecsites. However, attempts were

made to score carefully as not to increase expeataherrors.

There were no sufficient infection (flacks) obsehan Vada and Steptoe with all three
tested rust fungi. However, very few numbers witing sporulation period was
observed on Vada witRhs while on Steptoe with all three rust species.réheere

typically large pustules which could be &f hordeiisolate 1.2.1 and they were

excluded from counting.

The RIF of SusPtrit NILs with PR QTLs ranges fro® % (SuRphqg3 to 63% (Su-
Rphql§ on seedlings infected by. triticina (Fig. 2.2). On SusPtrit, the number of
pustules is higher as compared to QTL-NILs, thaamse on NILs small number of
flecks were observed. SusPtrit -NILs (both fromthaxsd nonhost QTLs) had higher
infection frequency foP. triticina compared td®>hsandPhm SuRphqg3had lower RIF
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for Phsand higher foPhmas compared to SRphg2and SuRphgll SuRphqgl6had
about 40% RIF by botRhsandPhm

The NILs with SuRnhg-Vhad lower infection frequencies than those withRainqL
in case of infection wittPhmandPhs while they do have similar effect ¢h triticina
(Fig. 2.2).
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Fig.2.2 RIF ofP. triticina, Phmand Phson QTL-NILs and reference line at seedling

stage.

As shown in Fig.2.3, SuRphg2, Su-Rphq3u-Rphglland Su-Rphgléhad longer
RLP50S orP. triticina relative to SusPtrit.
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Fig. 2.3 RLP ofP. triticina, PhmandPhson SusPtrit NILs and reference line at seedlingesta
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Rphg3on SuRphg3had longer RLP ofhmas compared to compared to other PR
QTLs. ForPhs Rphg2had higher RLP50S followed bigphg3and Rphgllon Su-
Rphg3and SuRphqllrespectively (Fig. 2.3). HoweveRphg3on SuRphqg3had lower
RLP compared to other PR QTLs Bhs

Nonhost resistance QTIRnhq on SuRnhg-Vand SuRnhg-L,showed an effect on
RLP for infection three tested inappropriate rystces, with more effect from Su-
Rnhg-V

On the SusPtrit NILs it was observed that the pedege of non-penetrating (NP)
infection units (this non-penetration of infectionits was recognized by the absence of
substomatal vesicle (SSV)) & triticina and Phm on average, were almost twice as
high as in the susceptible line, SusPtrit (Fig; 2@pendix 2.4 and Appendix 2.6). For
Phs on the other hand, the percentage of non-penegratiiection units showed no
significant differences. Higher percentage of N whserved in S&phqg3for bothP.
triticina, for PhmandPhshigher values were in SRphq2.In case of non-host SusPtrit
NILs, SuRnhg-Vhad higher percentage of NP than that ofRaing-L for the three
rusts species tested (Fig. 2.4; Appendix 2.4-2.6).
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Fig. 2.4 Proportion of NP infection units (perceygeof infection units which fail to
enter stoma and make branch)Roftriticina, Phmand Phson SusPtrit NILs

and reference line at seedling stage.
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In near isogenic lines with PR QTLs, the percent@igEA infection units ranged from
28% in SuRphqgl6to 35% in SurRphg2for P. triticina. However, the percentage of EA
was higher in case of other two inappropriate rapecies (foPhsit ranges from 56%
to 63%) and (foPhmranges from 45% in SRphql6to 56% in SIRphqg2(Fig. 2.5;
Appendix 2.4-2.6).

The EA infection units in NILs with non-host QTLRi{hg were below 40%, except
that SuURnhg-Von Phs had about 43%. Furthermore, Rahg-Vhad relatively higher
EA than that SIRnhg-Lin all three rusts species tested (Fig.2.5).

Large proportions of infection units &hs were arrested before forming branches,
though data not shown the same was observed fectioh withP. triticina andPhm
In general, QTL-NILs had higher proportions of EA eompared to SusPtrit when

observed through microscopy.
M EaPt M EaPhm EaPhs

70.0 1
60.0 A
50.0 A
40.0 A
30.0 1
20.0 A
10.0

0.0 = T T T T T T I.-

Proportion of early abortion

Lines

Fig. 2.5 Proportion of EA infection units & triticina, Phmand Phson SusPtrit NILs

and reference line at seedling stage.

The established colonies were classified accortbridpeir phase of development in to
two categories, namely, those with sporogenic ésSWST) and without sporogenic
tissues (WOST). There is a significant variationwsen QTL-NILs and susceptible
line, SusPtrit, in proportion of established infestunits with and without sporogenic

tissues at seven days after inoculation.

19



B Pt-WST ® Phm-WST Phs-WST

nihdknl

& & N4 O
A\ AN \(\Os &N

80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

Established colonies

7 ’ \g\
N & &

Fig. 2.6a Proportion of established infection umitth sporogenic tissues (WST) Bf

triticina, PhmandPhson SusPtrit NILs and reference line at seedlingesta

In NILs with partial resistant QTLs, less than haffestablished colonies in SusPtrit
were with sporogenic tissues in all tested rustigse(Fig. 2.6a), while in case of that of
established infection units without sporogenic uess (Fig. 2.6b), the percentage is

higher forP. triticina as compared to SusPtrit (Appendix 2.4; 2.5 and 2.6)

As shown in Fig. 2.6a and 2.6b, SusPtrit NILs hegdr percentage of established
infection units for all tested inappropriate rupesies as compared to reference line,
SusPtrit. From all tested NILs, lower percentagéssiablished infection unitsP(
triticina 49.0%,Phm29.5% and®hs23.6%) were observed in NIL wifRphg2
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Fig. 2.6b Proportion of established infection unitghout sporogenic tissues @f.

triticina, PhmandPhson SusPtrit NILs and reference line at seedlingesta

In NILs with Rnhg(SuRnhg-Vand SuRnhg-L), the proportions of established colonies
with sporogenic tissues were lower than in Susktigicted with all three inappropriate
rust species, while the percentage is higher thanaf SusPtrit for established colonies

without sporogenic tissues (Appendix 2.4; 2.5 ai&).2

There was significant difference in colony sizethbavith and without sporogenic
tissues between NILs containing PR QTasd SusPtrit infected withe. triticina.
However, the colony size difference between NILd SasPtrit infected witiPhmand
Phs was only for infection units with sporogenic tiss while for infection units
without sporogenic tissue the sizes were almostpawable with SusPtrit, but showed
some more chlorosis (Fig. 2.7 and 2.8; Appendix 2.8 and 2.6).

The colony size of infection units with sporogetissue on SiRnhg-Land SuRnhg-V
infected with all tested rust species are relagivelver than SusPtrit, but higher than
PR QTL containing NILs (Fig. 2.7). For infection itsnwithout sporogenic tissues,
there is significant difference f@t. triticina, while the difference is negligible féthm
and Phs (Fig. 2.8). This difference indicates variation time resistance of nonhost
reaction to inappropriate rusts among them.
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Fig. 2.7 Colony size of infection units with spoeogc tissues oP. triticina, Phmand
Phson QTL-NILs and reference line at seedling stage.
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Fig. 2.8 Colony size of infection units without spgenic tissues oP. triticina, Phm
andPhson QTL-NILs and reference lines at seedling stage.

2.2.3 Correlations between measured components asistances for tested rusts

The association in prehaustorial resistance wasitiigal by calculating correlation
coefficients ) among the infection parameters measured for ghantisistance and
nonhost resistance to tested rust species. In #s® ©of association, a negative
correlation would be expected between RLAPtdordeiand FVIS of other rust fungi.
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As a result, higher negative correlation was ob=rvetween relative latency period
(RLP) of P. hordeiisolate 1.2.1 and relative infection frequency (R&F P. triticina,
PhmandPhs indicating that some of the genes for resistancinese rusts are either
linked or have pleiotropic (the genetic effect ofiagle gene on multiple phenotypic
traits) effects. The higher negative correlatiorsvedso observed between parameters

measured from those tested inappropriate rust f{iraple 2.4).

Table 2.4 Correlation coefficients ) among infection parameters measured from
four rust fungi.

Parameters RLPPh RIFPt EAPt RIFPhs EAPhs RIFPhm EAPhm
RLP P. hordeiisolate 1.2.1 1.00
RIF P. triticina ‘Flamingo’ -0.81 1.00

EA P. triticina ‘Flamingo’ 0.85 -0.84 1.00
RIF P. hordei-secalini  -0.87 0.93 -0.86 1.00
EA P. hordei-secalini 0.94 -0.91 0.90 -0.93 1.00
RIF P. hordei-murini  -0.92 094 -0.86 0.98 -0.92 1.00
EA P. hordei-murini 0.81 -0.79 0.87 -0.80 0.91 -0.76 1.00

Note RLP = relative latency period, RIF = relativeanfion frequency, EA =
percentage of early abortion

Furthermore, the higher positive correlatiaon 0.81 to 0.94) was also observed
between RLP oP. hordeiisolate 1.2.1 and EA d®?. triticina isolate 'Flamingo’,Phm
andPhs(Table 2.4) Correlation between RIF @&f. triticina isolate “Flamingo” and RIF
of PhmandPhswas also higher. In general, higher positive asdimei was observed
between different parameters measured (RLP, RIé,E&), indicating that there is a
possible association between partial resistancenttative trait loci and nonhost

resistance quantitative trait loci.

23



2.3 Discussion

The present work was aimed to investigate the Bpiegiof the three effective PR

QTLs and a nonhost resistance QTL toward homologmus heterologous rust
isolates. For this purpose, QTL-NILs seedlings v@8tisPtrit genetic background was
challenged withP. hordeiisolate 1.2.1P.hordei-secalini, P. hordei-murirand P.

triticina isolate ‘Flamingo’.

Against P. hordeiisolate 1.2.1,Rphg2 Rphg3, Rphqgllnd Rphqgl6significantly
increase the LP observed in Bphg2 SuRphq3,SuRphglland SuRphqgl6as
compared to SusPtrit. The effect®phg3in the seedling stage was smaller than that
of the other three PR QTLs (Fig. 2.1). This is gnement with the previous studies
(Qi et al. 1998; Qi et al. 1999 Marcelet al. 2007). On the other hand, the effects of
non-host QTLs (both on SRnhg-LandSu-Rnhqg-\f were not statistically significant.
However, they have positive effect on resistaneeatdsP. hordei

The macroscopic observation revealed that all $uisRiLs had lower RIF and
longer LP as compared to SusPtrit. Of these Nikhwel RIF were observed in lines
with Rphg2(for P. triticina, PhmandPhn), Rphq3(for Phg and Rphqgli(for Phm).
Nonhost resistance QTLs, showed nonhost resistanc&uRnhg-V, havingd5%
RLF for bothPhmandPhs,while the percentage was the same withRairg-Lfor P.

triticina.

Concerning, microscopic observations, the distrdsubf infection units type based
on counting of 50 infection units per plant revealed differencesdeen QTL-NILs
and SusPtrit foP. triticina, Phs,andPhm These differences could be in proportion
of non-penetration, EA, formation of sporogenicsiis and colony sizes. The
proportion of NP for both PR QTL NILs and nonhostlONILs was significantly (P
<0.05) higher than SusPtrit's fdt. triticina and Phm. For Phs, the effect did not
show significantly higher values. The highest ageraalue of NP was observed in
SusPtrit-NILs containindRphg2(Su-Rphqg3 for both Phmand Phs, however, forP.
triticina it was observed in NILs containiiRphg3(SuRphqg3.

Of the four infection unit classes studied in thigperiment, it seems that EA and

established infection units appeared to be thenpeters with the largest contrasts
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between lines to see the existing variation amdreg NILs containing PR QTLs
(Rphg2, Rphg3, Rphgll, Rphg}6 non-host QTL,(RnhgV and Rnhgi) and
susceptible line, SusPtrit. Thus, higher propogiai EA were observed on NILs
containingRphq2QTL except in Vadaphq3 for all inappropriate rust species. The
occurrence of large proportions of EA combined whiibst cell necrosis has been
reported as a typical feature of nonhost reactiikg, 1982. On non-host plant,
infection units are arrested between formation aigtorial mother cell (HMC) and
first haustoria often accompanied with limited allapse (Niks1982. In his early
abortion study, Niks1982 reported that the EA in partially resistant baréeedling
resembles the nonhost reaction. In the presenttresuticularly on SufRphg2and
SusRphqgll EA infection units agree with this fact (Appen@x4; 2.5 and 2.6).

Significantly larger proportions of establishedaroes with sporogenic tissues were
observed in SusPtrit as compared to SusPtrit Nlitls RR and non-host QTLs (Fig.

2.6a). Microscopical observations made in this wtad the mechanism of non-host
resistance confirm that for a large part of theistaace is pre-haustorial. Large
proportions of colonies were arrested before HM@mgttion. Even, when the

colonies were established, they were smaller ia isizpartial resistance QTL-NILs as
compared to SusPtrit (Fig. 2.7 and 2.8).

The possible association between partial resistaargk non-host resistance, the
correlation of the effects between partial resista®TLs and non-host resistance
QTL towards homologous and heterologous rusts wedyzed. There was high
negative correlation between RLP mfhordeiand RIF ofP. triticina, PhmandPhs
Also, high positive correlation between RLPRafhordeiand EA ofP. triticina, Phm
andPhs(Table 2.4) was observed. This suggested that deses dual effectiveness
to both rusts, or close linkage of genes showiad tiiiere is an association in genetics
of resistance tPhmandPhs As stated in Hoogkamgt al. (1998, Niks et al. (2000
and Jafaryet al. (2000, this significant association between paramdi@r$R toP.
hordei and the loci for resistance to inappropriate hédgaus rusts revealed that

these two traits are associated with each other.

In general, the result of current study illustratedt partial resistance QTLRphg2,
Rphqg3, Rphgll and Rphga6éd the non-host resistance QRnhq,in barley, have
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an effects on both partial resistance towards hogmls leaf rust, as well as non-host
resistance towards heterologous leaf ruBtshordei-muriniand P.hordei-secalini
Furthermore, higher positive correlation was obsérlietween parameter of relative
latent period in seedling stage and proportion afyeabortion at infection sites,
which indicated that there is a possible associatietween partial resistance QTLs
and non-host resistance QTLs. Higher negative lztioe was also observed between
RLP of P. hordeiisolate 1.2.1 and RIF d?. triticina, Phmand Phs indicating that
some of the genes for resistance to these rustsitlwer linked or have pleiotropic

effects.
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Chapter 3. Evaluation of plant stage dependency @TLs to homologous
and heterologous rust pathogen isolates

3.0 Introduction

The responses of different barley genotypeB.tbordeiwere assessed in greenhouse
tests at seedling growth stages and in the fiellatt plant growth stages (Parlevliet,
1975 Parlevliet and Kulievit 1986 Marcel et al. 2008; Yeo, 2009. For these the
long-time standard barley leaf ruBt hordeiisolate 1.2.1 was used to evaluate the
level of partial resistance. Partial resistandeeigeved to be one of the components of
basal resistance, which provides the first line deffence against adapted and

unadapted microbial intruders.

The effect ofRphg2 Rphglland Rphgl6are plant stage dependent (Mareelal.
2007, that they are effective only at seedling stagehq3on the other hand has a
strong and consistent effect at both seedling at plant stagedknhqis a QTL for
nonhost resistance, and was effectivébomandPhsat seedling stage (Jafaey al.
20069. The objective of this research is to see whetitese QTLs show plant growth
stage dependency by using their NILs.

3.1 Materials and methods
3.1.1 Plant materials

We used the same QTL-NILs with SusPtrit genetickbemund for resistance QTLs
were used in Chapter 2 for this study, except imRPhgl6 The QTLs-NILs seeds

were sown together with their respective referdmees. The sowing was done two
times a week to ensure sufficient plants of eachSNIL and reference lines at the
required stage and was extended for eight weekeave different plant stages. For
each QTL-NIL and reference lines, 2 and 3 seedpectively were sown in a pot of
14cm diameter. At the™Bweek, the seeds were sown in boxes (39cm x 37ciegs

were used at seedling stage (Chapter 2) for tiperaxent. The plants were raised in

the greenhouse compartments in three replications.
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3.1.2 Inoculum

Eight different stages of plants for each partedistance QTL-NIL were inoculated
with barley leaf rusP. hordei,isolate 1.2.1For SuRnhq only three different growth
stages were testdel triticina, Phmand Phs plants with first leaves, second leaves
and third leaves because the adult plants ardasati® these inappropriate rusts. For
inoculation of those plants at each stage, Ifadh6rdeil.2.1) and 2mg (heterologous
rusts) of spores diluted 10 times with lycopodiupores was used as inoculum for
each pot. Then, the inoculum was sprayed over ldiggpas uniformly as possible.
These inoculations were not performed in the settiower. For those plant materials
at seedling stage, they were inoculated as desciib&€hapter 2. The plants were
then placed in a humidity chamber overnight (8 Bpat 100% relative humidity in
the dark at 18°C to allow the spores to germinafeer incubation, the plants were
transferred to a greenhouse compartment whereethperature was set at 14 +°3C
with 30-70% relative humidity.

3.1.3 Data collection and analysis

Five to eight days after inoculation, when the atifen flecks appear, observation
zones containing proper density of flecks werendigdéid by marker. The observations
started when the susceptible line showed theriedure pustules. The latency period
(LP50) of three to five plants per QTL-NILs and téamthree plants per parental line
per stage in three replications and averages wamsidered to reflect the level of
partial resistance for each QTL-NILs and donordin€or all lines two leaves per pot
per plant stages were scored.

For heterologous rusts, the frequency of visibkedton sites (VIS; the number of
both flecks and pustules per 9rand infection frequency (IF; the number of pussul
per cnf) following Jafaryet al. (2006 were evaluated as described for seedling
disease test in Chapter 2. Also, the latency p€iti&J of the fungi on each plant was

evaluated.
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3.2 Result
3.2.1 Plant stage dependency of partial resistantTQs

All lines tested show an increase in LP from thanpry leaf up to the flag leaf.
However, the LP of susceptible check, SusPtrit, ieager than the QTL-NILs and

other parental lines which carry resistance geAppéndix 3.1 and 3.2).

LPs for SusPtrit were the shortest, averaging fi®@® to 200 hours from first leaf to
forth leaf (Appendix 3.1). Compared with SusP1tR, differences were slightly larger
for QTL-NILs (201 to 240hrs), Vada NILs (218 to 2b&) and L94-NILs (205 to 248
hrs) across all leaf layers (growth stages) (Appe8dl).

Rphqg2: From first leaf to third leaf layer&phg2has longer RLP thaRphqg3and up
to second leaf layers comparedRphqgllon NILs with SusPtrit genetic background
(Fig.3.3) Its effect starts to gradually decrease from sdcand fourth leaf layer
onwards on L94Rphg2and SusRphg2.In general, the effect d&®phg2in SusRphqg2
and L94Rphqg2is not significant above forth leaf layers (Fid-33.3; Appendix 3.1).
On the other hand, in Vada background NIL withg3 longer LP was observed after
six leaf layer due to the presenceRpfhg2 Its effect was lower thaRphq3from first,
second and forth leaf layers (Fig. 3.1).

Rphg3: The effect of this QTL is gradually increasedeatfthird leaf stage showing
consistent effect in all developmental stages (Bif)-3.3), except in Vadgehg2 The
effect ofRphg3was lower tharRphg2on L94-Rphqg2from first to second leaf layers
(Fig. 3.2). It is also, lower thaRphg2andRphgl1from first leaf to third leaf layers
on SuRphg2and SuRphqgl1] respectively (Fig. 3.3). On the sixth leaf layies,effect
becomes equal t®&phg2and Rphgllon SuRphg2,and SuRphqll,respectively.
However, its effect increases afterwards (Fig 3I8)Vada-NILs withrphg2 the
effect of Rphg3was higher than that wittphq3 up to forth leaf layers though it has
lower effect at third and sixth leaf layer afterdsu(Fig. 3.1).

Rphqgll: The effect ofRphgllon SuRphgllwas higher than SBphg3from first
leaf to third leaf layers (Fig. 3.3). As plants grdigher, the RLP of S&phqll

increased as in other QTLs-NILs.
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Fig. 3.3 RLP50 of Sirphg2,SuRphg3and SuRphqgllrelative to SusPtrit infected
with P. hordei

3.2.2 Plant stage dependency of nonhost resistar@&Ls (Rnhg-V)

Effects of SuRnhg-V to the three inappropriate rust fungi were assedsgd
determining the relative latency period (RLP) amanber of macroscopically visible

infection sites.

The level of infection established by inappropriatests rage from immune (no
pustules and less than three flecks pef)dm susceptible. Infection frequencies are
higher at seedling stage and dramatically decraagaglants grow higher in all three
rust species tested (Table 3.1). The uredia sizefe€ted leaves was small and had

chlorosis on SUIRnNhg-VNILs at seedling stage as compared to that of tAusP

As shown in Table 3.1, for infection witR. triticina, effect of Rnhg-V showed
significant effect on Su-Rnhg-V only at second Istaige. In case &*thmat first leaf
stage, the effect is not significant; however thewees positive effect at second leaf
stage. It had positive effect on RLP at first ardosd leaf stage fd?hs However,
the effect seems to decrease at second and thirgteges. In general, the effect of

Rnhg-Von SuRnhg-Von RLP tends to decrease with increment in leaériay all
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three tested inappropriate rust species. Pareinil'Vada showed no sporulating
uredia on bothP. triticina and Phmexcept very few ofPhs as a result RLP was not

scored for this line on those two rust species i@ 32).

Table 3.1. RIF of S&RnhgV, SusPtrit, and L94 infected witt, PhmandPhs

Lines P. Triticina (Flamingo)  P. hordei-murini P. hordei-secalini
1 2 3 1 2 3 1 2 3
Su-Rnhqg-V 66.3 38.0 33.0 375 220 180 39.7 337 250
Vada 2.1 - - - - - 6.0 2.0 -
L-94 73.1 47.0 39.5 63.0 570 53.0 773 69.0 63.0
SusPtrit 100. 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 3.2. RLP50 of SBRnhqgV, SusPtrit, and L94 infected witPt, PhmandPhs

Lines P. Triticina (Flamingo) P. hordei-murini  P. hordei-secalini

1 2 3 1 2 3 1 2 3
Su-Rnhqg-V 101 105 103 102 104 103 104 103 103
Vada - - - - - - 117 122 -
L-94 103 105 108 103 105 109 101 103 107
SusPtrit 100 100 100 100 100 100 100 100 100

3.3 Discussion

Adequate standardization of plant age, inoculum signand quality, and
environmental conditions is required to recognize differences in susceptibility. In
this research, the environmental conditions duplamt growth prior to inoculation,
during exposure of inoculated plants to dew, andhdupost-dew development were
sufficiently defined and controlled to provide aoceptable level of variation in

disease development attributable solely to enviemal factors.

The influence of plant development on disease tagsig is a crucial break in our
understanding of plant—pathogen interactions. Blarg generally more susceptible to
disease in early than in late phases (Develey-Rivaénd Galiana2007). This may

reflect an increase in resistance over time, widimgs already resistant to a pathogen
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increasing their ability to control infection andl@nization at a precise growth phase.
Alternatively, a host plant susceptible to a vinilpathogen at early stages of growth

may acquire disease resistance during its developme

Near-isogenic lines (NILs) differing with regard dtisease resistance QTLs provide
valuable material for a more detailed study irite genetic and molecular dissection
of the mechanisms underlying the emergence of skseasistance during host
developmentSuch NILs allows the evaluation of QTL in a neaulyiform genetic
background, overcoming the difficulties of ideniifg QTL phenotypes (Marcet al.
2007). QTL-NILs do not only provide a better estimate the effect of single QTL
alleles, but also provide a better insight into Q@ pathogen and QTL x environment

interactions.

In this study, three most effective QTL-NILs withustrit backgroundRphqg2,
Rphqg3, and Rphqll contributed in resistance to homologous rust wesed to

evaluate the effect of each QTL at different pldewelopment stages.

As shown in Fig. 3.3Rphg2on SuRphg2had higher effect from first to third leaf
layers as compared Bphqg3on SuRphq3 Its effect starts to relatively decrease after
fourth leaf layers in SusPtrit background NIERphqgzis effective at seedling stage
and gradually lose its effect as plant grows highée effect olRphg3on SuRphqg3
consistently increases from first leaf layer to lagilant stage. This consistency in
effect indicates that this QTL is stage independ@mtthe other hand&iphqgllon Su-
Rphqgllhad no as such statistically significant differefimen Rphg2and Rphg3 o
SuRphg2 and Su-Rphg3,respectively. It tended to have an effect interratdi
betweerRphg2andRphq3(Fig. 3.3).

In previous studies (Nikst al.200(a; Marcelet al. 2008 it was reported thaphq2
had a strong effect in the seedling stage but almmeffect in adult plant stage, while
Rphg3was effective in seedling and adult plant stagegcating thatRphg3is plant
stage independent. Also it was reported (Y2009 that, Rphgllwas effective in
seedling stage. However, in present study, it wasewed that those QTLs which
were effective at seedling stage were also effecieross all plant stages with
gradually decreasing effects as plants grew olfleis could be because, previously,
these QTLs were reported to be plant stage depehaeause they were mapped at
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seedlings but not at adult stage. Here we used Whexe only the QTL of interest is
in the plant material. So, this may indicates i@ QTL which was reported to be
plant stage dependent may not be as reported iegrate evaluated individually in
a NIL due to the fact that QTLs do function throaghthe plant stage but its effect is
smaller than other detected QTLs in a mapping @ which may suppressed its
detection using MapQTL. However, the effectRghq3is consistent in all leaf layers
observed, indicating that this QTL is plant stagéependent as reported in previous
studies. As far aRnhgis concerned, S&nhg-Vhad positive effect in resistance at

first leaf layer; however, its effect seems to dase as plants grew older.
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Chapter 4. Marker development forRnhq, a non-host resistance QTL

4.0 Introduction

Molecular markers are applied extensively in fundatal research like QTL mapping
and map-based cloning. They are useful in devetppasistant cultivars, especially in
developing cultivars with pyramided resistance geftgastroet al. 2003. Although
many markers linked to resistance genes are knoften the closest markers are not
sufficiently tightly linked, therefore, identificain of additional markers is required
before marker-aided selection or initiation of nised cloning can be considered.
With the development of molecular marker technidiesamplified fragment length
polymorphisms (AFLP) saturated genetic maps becaore commonly available for
a great number of plant species (\&sl.1995.

Rnhqis a QTL for nonhost resistance, which was mappetliks et al. (20003 in
L94 x Vada RIL populations. This population wadially constructed to study partial
resistance against barley leaf ruBt fiorde) but it also segregates for the level of
resistance to inappropriate rust fuliimandP. triticina both at macroscopic level
(Zzhanget al. 1994 and at microscopic level (Hoogkangp al. 1998. Rnhq, was
mapped on the long arm of chromosome 1 (7H), iscéffe toPhmand to a lesser
extent toP. triticina at seedling stage (Niks et aD003.

Work on Rnhgwas continued and a near isogenic line with L9d4kgeound was
created. Fine mapping using homozygous recombinanoteened from crosses
between resistant NIL LOBRnhgand susceptible L94 was done by van DYR{7). A
NIL with Vada allele in SusPtrit background is newailable, but there is also one
NIL with the L94 allele in SusPtrit background.

Rnhgwas found to be effective towardg.triticina, andP. persistendy Jafaryet al
(2009 and effective td®hm and Phs by van Dijk (2007). The later author did not
reconfirm the effect oRnhqtowardsP.triticina. The author reason that the resistance
to P. triticina was found using a L94xVada derived RIL populatinstead of the

L94xL94-Rnhgpopulation which he used for characterizatiolRohq
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van Dijk (2007 used molecular markers like SCAR and CAPS madkeverted
from AFLP markers mapped in L94 x V population @ial. 1998 and SSR markers
to fine-mapRnhqg Currently,Rnhqwas fine mapped into a genetic window of 0.78
cM between the GBM1359 and SKT1 markers (Fig. MDOre markers are needed to
give a higher resolution dRnhgposition.

TH
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Fig 4.1 The 0.78 cM genetic window of Rnhq flank®BM1359 and SKT1 (van
Dijk, 2007).

Therefore, the objective of the present study deeelop more markers which will be
used in fine mapping dknhq

4.1 Materials and methods

4.1.1 Primer design and marker generation

According to Potokineet al (2008, Affymetrix microarray can be used to profile
individuals from segregating populations and adelyadentify polymorphic genetic
markers called transcript derived markers (TDM)e TFDM were integrated into a
barley consensus map (Aghnoetal. 2010. A total of 22 TDM were selected to be
used for marker development (SCAR and CAPs). Theyewmapped within the
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region ofRnhgflanked by WBE101 and GBM1303. The size of theaegs 2.6 cM

in the Barley Integrated Map 2007 and 5.3 cM in Bagley Integrated Map 2008. A
total of 61 primer combinations we designed usheg@DNAstar software. A gradient-
PCR was performed for each pair of primers in ortterdetermine the optimal
annealing temperature, following the PCR mix showi\ppendix 4.1.2 (a). Using
the optimal annealing temperature the primer paése used to prime Vada, L94 and
SusPtrit parental DNA. A SCAR is observed when puayphism is observed
between the parental lines PCR products. If nat,RER products with a clear single
band were sent for Quicksh¥tsequencing. The sequence information then was used
to search for presence of SNP, which was expldiedhe development of CAPS or
derived-CAPS (dCAPS) markers. Suitable restricemzymes were identified with
the dCAPS finder program hitp://helix.wustl.edu/dcaps/dcaps.hfmlOnce the

appropriate restriction enzyme had been identifted, polymorphism was verified
between the parental lines ‘Vada’, L94 and SusPEthe markers were then mapped
using RECORD (van Ost al. 2005 on L94 x Vada or Vada x SusPtrit mapping

population.

4.2 Result

Forty one out of 61 primer combinations showed dfinption after gradient PCR.
However, only 31 primer combinations were repeatabl obtain PCR product of
Vada, L94 and SusPtrit DNA (Appendix 4.1.1) by gsithe optimum annealing
temperature. There were no SCAR markers obtained. ACR products of the 31

primer pairs were sent for sequencing.

Out of the 31 primer pairs, only 3 primer pairs, @®B.200-1, ABC02539-4 and
ABC03559-1, can be developed into CAPS markers I€Tabl; Fig. 4.2). No
polymorphism was observed on the other 28 priméspaABC01200-1 (83.9cM),
was mapped near the peak marker SKT1 Rsthq while ABC02539-4 and
ABC03559-1 were mapped proximal (79.3 cM) to amgtadi(87 cM) from the peak
marker (Fig. 4.3).
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Table 4.1. New markers developed in this studyRioihqg

Primers Annealing RE Marker type Position Recognition site
(’C) (cM)
ABC02539-4 60 Ddel CAPS (co-dominant) 79.3 GGCC
ABC01200-1 60 Spel CAPS (co-dominant) 83.9 ACTAGT
ABC03559-1 60 Bfal CAPS (co-dominant) 87.0 CTAG

ABC01200-1 ABC02539-4 ABC03559-1

Fig. 4.2 Profile of markers developed fnhq
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Fig. 4.3 Map order of newly developed molecular kess (Blue color), Red = the
peak marker of the QTL.
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4.3 Discussion

After the invention of polymerase chain reactio@ @ technology, a large number of
approaches for generation of molecular markers cbase PCR were detailed,
primarily due to its apparent simplicity and higholpability of success. The
development of PCR-based markers has been wideg tor the construction of
genetic maps and has greatly changed the prosfmcipplication of molecular
markers to study populations and to acceleratedbrg€Rafalskiet al. 1991 Rafalski
and Tingeyl993.

Advantages of CAPS markers include the involven@nPCR requiring only low
quantities of template DNA (50-100ng per reactiding, co-dominance of alleles and

robust.

Accordingly, the development of new molecular maskaroundRnhq permits the
construction of high-resolution genetic maps toipws the QTLs more accurately.
Based on the estimation of linkage map position REFCORD, the two newly
developed co-dominant CAPS markers (ABC02539-4 ABL03559-1) mapped
outside theRnhq region. These three markers (ABC02539-4, ABC01208nt
ABC03559-1) were mapped at distance of 3.5cM (pnak), 1.1cM and 4.2cM
(distal), respectively from peak marker, SKT1. Ofege three markers, only
ABC01200-1 is within the boundary of the flankingarkers (WBE101 and
GBM1303) which van Dijk Z007) used to search for recombinants. Their accurate

position need to be confirmed using substitutiompnag.

To conclude, a total of 3 new CAPS markers wereetbped forRnhq They may
increase the resolution of the current genetic arap maybe useful of fine mapping
of Rnhg More new markers are desirable. The developménhewv molecular
markers aroundRnhqgregion provided good flanking markers to be usedrian in

fine mappingRnhq
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Chapter 5. Fine mapping of partial resistance QTLd&Rphqgll and Rphgl6

5.0 Introduction

Quantitative trait locus (QTL) mapping is a highdifective approach for studying
genetically complex forms of plant disease resttanVith QTL mapping, the roles
of specific resistance loci can be described, sgpEsificity of partial resistance genes
can be assessed, and interactions between resigganes, plant development, and
the environment can be analyzed (Youh§96. The accuracy of QTL mapping is
dependent on the density of markers, the accurathyedrait analysis, the size of the
population used and the size of the explained waniaf the QTL (Van Ooijen, 1999
cited in Lindhout2002).

The mapping of leaf rust resistance genes and ifabation of molecular markers
closely linked to them can facilitate the transiad pyramiding of resistance genes in
barley breeding programs through marker-assistézttgan. It also may provide a

foundation for map-based cloning strategy.

Rphglland Rphgl6were assigned to barley chromosomes 2H in Stepth®nex
population and 5H in OWB mapping population, resipety (Marcel et al. 2007).
Substitution mapping done by Kuijker2009 using seven strategic recombinant
families for Rphgllregion helped to narrow down the genetic interméb i0.8 cM
between molecular markers Uni19962 and GBM1062 &iA). RegardindRphql6,
Bouchon 2009 used 12 strategic recombinants families for fimgpping and found
that Rphql6should be between MWG2249 and GBS0408, a genétidow of 3.6
cM (Fig. 5.1B). The genetic window &phgllandRphqgl6obtained was determined
by using progenies from a limited number of hetggozis recombinants. The
respective QTL is still segregating in those matsriHeterozygous recombinants can
be used for fine mapping purpose. However, them lisitation in providing good

statistical support.
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Figure 5.1. Substitution mapping Rphql1(Kuijken, 2009) (A) and oRphql6
(Bouchon, 2009) (B).

Therefore, the main goal of this experiment isdofecm the fine-map oRphqglland
Rphql6using homozygous recombinant lines generated fr@rprevious materials.
Homozygous recombinant lines are more suitable it®@ glear and statistically

significant result on fine mapping.
5.1 Materials and methods

5.1.1 Plant materials

Thirty-four and 32 Fhomozygous recombinant lines derived from a cress/den
Steptoe x SusPtrit and Dom x SusPtrit, respectjwedye used for this study. Parental
lines such as Vada, L94, Steptoe, Morex, Dom, Red, QTL-NILs ofRphglland
Rphgl6(QTL11-s-R-BCsS; and Su-QTL16-BES,, respectively) were also included
as a reference in each fine mapping population.
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5.1.2 Pathogen material and phenotyping of the St&us and Dom x Sus

The spores oP. hordeiisolate 1.2.1 were multiplied on susceptible bafieg L94.
Spores were collected and dried for short peried (fys) until used for inoculation.
Seeds of the homozygous recombinant lines were sowoxes (37 x 39 cm) along
with the reference lines. Ten to twelve days affewing, the first seedling leaves
were fixed in horizontal position, the adaxial sideing up. The inoculations were
carried out by using 3.5 mg spores per box regulima deposition of about 200
urediniospores per c¢nas described by @it al. (1998. The inoculum was diluted 10
times with lycopodium spores before to be dusteel the tray. The dusted tray was
placed in humidity chamber to incubate the sporesrroght (8 hours) at 100%
relative humidity in the dark at 8. After incubation, the seedlings were transferred
to a greenhouse compartment where the temperaageet at 14 +°8 with 30-70%
relative humidity.

The relative latency period at seedling stage (RIS)%vas then calculated relative to
the latency period (LP) of SusPtrit, where SusRtats set as 100, as described by
Parlevliet (979. The disease test was in 3 replicatesRphqll and 2 replicates for
Rphql6 The genotype and phenotype data were used tordegethe new genetic
windows ofRphgllandRphql6 respectively.

To determine whether there was a genotypic effacRbP50S within homozygous
recombinants, an unbalanced ANOVA design was padr Lines within one

family were grouped according to their genotype (&ABB) and this was used as a
blocking factor. A genetic effect was consideredb® present in a family at a

significance level of P = 0.05.

5.1.3 QTL mapping

As a complement, the set of homozygous recombinsed were treated as a mapping
population. QTL analysis in both populations weegf@rmed by using MapQTL® 6
(van Ooijen,2009 software programme. In order to map QTLs forgtasice to rust
species, interval mapping (IM) which combined tb#ected phenotypic data and the
genotypic data, was performed in all replicationd ¢the average separately. The IM
allowed us to see which markers had a high (i.eD£0D and/or significant (i.e.

LOD>3) LOD score. Such markers were then selecsecbéactors and an Automatic
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Co-factor Selection (ACS) was performed to retaity the most significant co-factor.
With the set of co-factors retained, multiple QTlapping (MQM) was run. If new
peak markers were detected, new cofactors werectedleand a new ACS was
performed before repeating the MQM analysis. Whenadditional peak markers
were noticeable (i.e. stable LOD profile), a reséd MQM was run to characterize
the detected QTLs: LOD value, percentage of theattan explained. Significant
LOD thresholds at level of 5% were obtained by mgrpermutation test (PT) on
data sets. The position of the QTLs was determibgdcalculating the 2-LOD
intervals:

* [LOD of the peak marker] - 2it gives an interval of positions in which the

QTL is located with an error rate of 0.05.

The genetic distance between the flanking markérespective QTL (i.e.Rphqll
and Rphql6§ was calculated by dividing the total number afambinants with the
total number of gametes used in the recombinaatsen.

5.2 Results
5.2.1 Fine mapping oRphqgll

The identification of homozygous recombinants wadgmed from a F6 population
derived from a Steptoe x SusPtrit cross in whRRphqgllis segregating. 730
heterozygous plants were screened for recombinativent between the CAPS
marker GBS0512 and SSR marker GBMS244 flankingdfe region. There were a
total of 91 recombinants obtained and revealedretgedistance of 6.2cM between
flanking markers (Fig. 5.2A).

The previous studies (Ye@p08 Kuijken, 2009 in the Steptoe x SusPtrit population
give important clues th&phgl1lis positioned in the region between GBM1062 and
Unil9962 (Fig. 5.1A). The molecular markers of speiaterest, which were reported
by Kuijken Q009 as an important candidate to explain the pantedistance

conferred byRphqgllwas also situated in between this region.
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The lines ST112.2.1, ST42.2, ST95.1 and ST64.1 eectuded from analysis (both
ANOVA and MapQTL® 6), because they only have org@ication phenotypic data.
Also, lines ST66.1 (with genotype BB) ST107.1, SB445T17.1, ST14.1, ST45.1
and ST6.2 (with genotype AA) showed RLP50S whichtaaict with their genotype

and excluded from analysis.
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According to analysis of an unbalanced design u§egStat regression, plants with
genotype AA for marker (s) in between estimatedaregyof QTL, showed a lower
RLP50S compared with lines having the resistanotygre BB of Steptoe at the same
marker (Table 5.1). Significant differences in RDB5were observed between
genotypic groups with AA and BB.

Table 5.1 Mean RLP50S of homozygous recombinaeslcarrying the SusPtrit AA
allele or Steptoe BB allele

Marker (s) Genotypes RLP50SSD (5%) P-value

WBE129/TC161220 1/WBE144AA 100.8 2.95 <0.001
BB 109.2

ABC18091 1 AA 103.3% 2.71 <0.001
BB 110.7°

With the help of genotypic and phenotypic data ioleté from these homozygous
recombinants, it was observed tl&phqgllhad two genetic windows flanked by
markers Unil9962 and WBE129/TC161220 1/WBE144 (@)land WBE130 and
GBMS244 (0.4cM), respectively (Table 5.2).

The attempt to fine maRphqgllwas also carried through QTL mapping approach.
The homozygous recombinant lines were treated raa@ping population. MapQTL
analysis showed that the LOD score values of egglicates were lower than 3, while
that of average was greater than 3. The peak nsadbemerved after we run ACS and
rMQM were Unil9962 and ABC18091 1 (Fig. 5.2B).

According to synteny with rice, it was observedtttiee physical sizes of the two
genetic windows oRphgllare approximately 22kb and 43kb, respectively. Ige a
tried to find the candidate genes found in the gerneindow flanked by Uni19962
and WBE129/TC161220 1/WBE144. They are glutathipeeoxidase and serine
racemase. On the other genetic window which iskédrby GBMS244 and WBE130,
protein kinase and SHR5-receptor-like kinase weuad.
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Table 5.2 Results of the genotyping and phenotygiRIg?50S) of the homozygous

recombinants in whicRphqgl1lis segregating selected for this study. The oodi¢he

markers* and the genetic distances are based amethiegenetic map obtained in this

study.
Lo N — ™ N A
'\I LDl oI N oo| 1N HI ‘—*I <
38 8/8 228 3/5 8 & 8 8lg & &
S g 9| g N g Jd a| S @ 9 9 DYl 49 o 0
®» o 4| <d 9 oW 5 W5 3 = 8 o|d g =
aa] m o| ¢ ®) O O O m O m o m RLP50S
O <« B> F =2 F =2/ F F O F «|2 xx O (Sus)
Lines 00 19 19|22 22 23 23 23|24 24 31 33 35|58 59 6.
ST101 B A 102
ST104.1 100
ST52.1 97
ST55.1 99
ST68.1 103
ST2.2 105
ST4.1 106
ST16.1 107
ST60 105
ST78.1 107
ST92.1 106
ST11.1 107
ST13.1 111
ST49.1 114
ST50.1 110
ST71.1 111
ST96.2 104
ST3.1 A 117
ST43.1 114
ST101.1 106
ST35.1 113
ST115.1 104

* Yellow area = SusPtrit introgression, Pale blu8teptoe introgression, Blue line =
location of the QTLRphqgll A= represent homozygous SusPtrit allele, B= regmée

homozygous Steptoe allele, U = Unknown, Red colerdihes with data from one
replication, Blue colored = lines with phenotypmta conflicting with genotypic data,

Markers in green are newly included markers.
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5.2.2 Fine mapping oRphql6

Thirty one recombinants in the region Bphgl6have been identified so far and
progeny lines of those recombinants were selecteddmozygosity. These identified

homozygous recombinants were used for fine mapping.
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Bouchon,2009 reported thaRphql6is found in the region between MWG2249 and
GBS0408 (Fig. 5.1B).

Before the start of analysis, lines Dom196.3, D@nlDom111.3, Dom 113.2,

Dom201.7, and Dom98.4 were excluded because they dray one replication data.

According to the analysis of an unbalanced desginguGenStat regression, plants
with resistant genotype AA for marker (s) in betweestimated region of QTL,

showed a higher RLP50S (107.1) compared with lihasing the susceptible

genotype BB of SusPtrit (100.8) at the same mgikaile 5.3).

Table 5.3 Mean RLP50S of homozygous recombinamslicarrying the Dom AA

allele or SusPtrit BB allele

Genotypes Marker RLP50S
AA ABC9095/MWG2249 1073

BB ABC9095/MWG2249 1008
LSD (5%) 1.90
P-value <0.001

As shown in the Table 5.4, new molecular markersewecluded between flanking
markers ABG391 and GBS002 to increase the resolutiothe genetic map. We
found that theRphql6was estimated to be between ABC11948 3 and TC181991
(3.1cM).

Again the homozygous recombinant lines were treated mapping population and
subjected to QTL mapping analysis. Unlike to Rphah& analysis showed that the
LOD score values of each replicate and the avenage higher than 3 (Figure 5.3B).
The peak marker was MWG2249. However, ABC9095 wlas aollocated with
MWG2249. Also, after we run rMQM we found that thewas other marker
(ABC11948_3) with LOD score value more than 3.

Based on synteny with rice, it was observed that fghysical distance dRphql6

genetic window is 175kb. The candidate genes founthe genetic window are

oxidoreductase and glutathione S-transferase.
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Table 5.4 Results of the genotyping and phenotypRigP50S) of the homozygous
recombinants in whiclRphql6is segregating selected for this study. The
order of the markers and the genetic distancebased on the new genetic

map obtained in this study.

Lines
Dom110.7
Dom142.4
Dom117.1
Dom164.6
Dom140.6
Dom70.2
Dom137.4
Dom121.6
Dom18.6
Dom11.5
Dom127.6
Dom128.13
Dom149.13
Dom180A.5
RelD23.5
Fdom41.2
Dom205.1
Dom89.2
Fdom15.3
Dom49.14
Dom112.6
Dom6.2
Dom160.1
Dom172.2
Dom129.7
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U U

Lime area = SusPtrit introgression, Gary area = Dotrogression, A= represents
homozygous Dom allele, B= represents homozygou®tBusllele U = Unknown,
Red box = putative location dRphql6é Red color = lines with data from one
replication, Blue color = newly included molecufaarkers.
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5.3 Discussion

For bothRphgllandRphgl6the information obtained from previous studies (d&hr
et al. 2007 Yeo, 2008 Kuijken, 2009 and Bouchon,2009 gave an important
indication on which genetic region to focus usingspective homozygous
recombinants. The fine map obtained in this studywed that, in both cases, the
QTLs were mapped in new positions which is differéom Kuijken 009 and
Bouchon 2009, respectively.

Rphqllis fine mapped into two genetic windows flanked byi19962 and
WBE129/TC161220_1/WBE144 and WBE130 and GBMS244bi@ab.2). The
genetic windows are now 0.1cM and 0.4cM, respelgtiviccording to synteny with
rice, the physical sizes of the two genetic windeivRphqgllare approximately 22kb
and 43kb, respectively. The candidate genes foarte genetic window flanked by
WBE144 and K14 are glutathione peroxidase and seratemase. Glutathione
peroxidase (GPX) is a family of multiple isozymehkigh catalyzes the reduction of
H,O,, organic hydroperoxides and lipid hydroperoxidesng glutathione as a
reducing agent, and thus helps to protect the egjsnst oxidative damage (Flohé
and Gunzler1984, while serine racemase is an enzyme that degdssine in
plants, suggesting that the main physiological fiamcof plant serine racemase might
be to degrade serine to reduce D- serine (Sugimiotd 2009. In the other genetic
window flanked by GBMS244 and WBE130, protein kmasd SHR5-receptor-like
kinase were found. Protein kinase induced by coltisalt stresses while receptor-like
kinase (RLK), named SHR5 which may participateignal transduction involved in

the establishment of plant—endophytic bacteriaaution, respectively.

For Rphql6the QTL was estimated to be in a genetic winddé®.bcM and found in

between the newly included molecular markers wiBCA1948 3 and TC181991 2
(Fig. 5.3A and Table 5.4).This attempt of fine miagpmanage to reduce a total of
0.5 cM from the previous genetic window (3.6 cM,uBbon,2009. However, it

seems like the present result did not further fimagp the QTL. This could be due to
the position of MWG2249 and ABC09095. In previousngtic map these two
markers were resolved, however, in present newtgenap, they did not resolve.
This is because there was no recombination wasifbetween these two markers. In

the future study, in orders to deeply studphql6é more molecular markers are
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needed in the region of 3.1 cM between MWG2249 ABLC09095. Based on
synteny with rice, it was observed that the physatiatance ofRphql6genetic
window is 175kb. The candidate genes found in thenetic window are
oxidoreductase and glutathione S-transferase. @eddmtase involved in signal
transduction, and growth regulation, while glutatieé S-transferase used as chemical

defense in plants.
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Chapter 6. General discussion and summary

6.1 General discussion

Partial resistance to leaf ru®.(horde) in barley is a quantitative resistance that is
not based on hypersensitivity. This resistance aspaustorium formation resulting
in a long latency period in greenhouse tests. Faod one most consistent QTLs
contributed resistance to homologous and hetera®gasts, respectively, were
introgressed into the susceptible barley reseairod SusPtrit by marker-assisted
backcrossing, to obtain quantitative trait lociinésogenic lines (QTL-NILS). In a
QTL-NIL, the target QTL becomes the major genetiarse of variation because of
the absence of other segregating QTLs (Mastal.2008.

In previous studies, Qet al. (1998, 1999, Niks et al. (20003 identified Rphg2as
being one of the QTLs with the greatest effectha seedling stage arRphqg3 as
plant stage independent QTL, while Mareglal. (2007 and Yeo (2008) identified
Rphglland Rphgl6as effective QTLs at seedling stage, in SxM and ORIB

population, respectively.

In present study, evaluation of QTL-NILs at seegllatage confirmed th&phg2had
a significant effect on RLP in seedlings stagePorordeiisolate 1.2.1. It prolonged
the LP by 12, 15 and 11 hours on, Bphqg2, Vadarphg3 and L94Rphg2
respectively as compared to SusPtrit (Appendix. RBhq3on SuRphg3had higher
effect in seedlings compared to L8phqg3 On the other handRphglland Rphql6
prolonged the LP by 11 and 10 hours onRfirglland SuRphql6 respectively
(Appendix 2.3). For QTL-NILs witiRnhq(SuRnhqgit) which was from parental line
L94 did not have significant effect, indicating theahas lower effect ofP. hordei
However, SurRnhg-Vseems to have significant effect due to the peseafh ‘Vada’

allele as compared to SusPtrit (Appendix 2.3).

As to the study of heterologous rust funBi, triticina isolate ‘Flamingo’,Phs and
Phm Rphg2had significant effect thaRphg3 Rphqlhnd Rphgl6on RIF of P.
triticina and Phm Appendix 2.4; 2.5 and 2.6). Regarding microscopisenvations,

pre-haustorial types of resistances were confemgdRphg2, Rphqg3, Rphgland
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Rphgl6on SuRphg2,SuRphqg3,SuRphqgll,and SuRphgl6 respectively, due to
high percentage of early abortion as compared teP®8il (Fig. 2.5) This high
percentage of EA is an indicative of the failure hustorium formation by the
infection units in all rust speciesRelative to susceptible check line, SusPtrit, the
percentage of EA is higher for Rnrhqg-Vby P. triticina, Phmand Phs indicating
that there is influence of partially resistant dohoe genes on these rusts. However,
for SuRnhg-Lthe differences were not statistically significaaxcept folPhs In L94
and in ‘Vada’' background, both corresponding NlladHarger percentage of EA
(Appendix 2.4; 2.5 and 2.6). In general, the obse@rvesults revealed that the
underlying resistance mechanism cloud be mainlgdas EA of infection units and
to some extent associated with low host cell nésraund established sites, which
was also observed as chlorosis macroscopically.

In previous studies it was reported tHaphg2and Rphgllhad significant effect at
seedling stages, whiRphg3had consistent effect in all growth stages. In shugly, it
was also observed that, all QTLs hade effect acatisplant stages with gradual
decrease in effects as plants grew older (Fig.aB@ 3.3). Previously, these QTLs
were reported to be plant stage dependent bechegevere mapped at seedlings but
not at adult stage. As a result it becomes diffitmiconclude that their effect is plant
stage dependent. This could be due to the fact timatQTL do function throughout
the plant stage but it's effect is smaller thaneotdetected QTLs in a mapping
population which may suppresses its detection uslagQTL and/or the QTL may
have a negative interaction with other QTLs. Rphqg3on the other hand, the effect
is consistent in all leaf layers observed, indiggitithat this QTL is plant stage
independent as reported in previous studies. Teetedf Rphg3in Vadarphqg2 was

also seem to perform as expected (Fig. 3.1).

In disease test of inappropriate rust species raetkeaf layers with nonhost QTL,
Rnhg,on Su-Rnhg-V,it was observed that the infection frequency waghéi at first
leaf layer and decrease as plants grew older.

With the attempt to saturate thBRnhg regions with more markers through
development of more CAPS and SCAR markers, only pginer pairs showed

amplification after gradient PCR. Of those amptifigrimer pairs we could managed
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to develop only three (ABC02539-4, ABC01200-1 and(G®3559-1) co-dominant

CAPS molecular markers.

The fine-mapping of partial resistance QTRphgllandRphl6 using homozygous
recombinants, the genetic distance between thepertive flanking markers was
narrowed to 6.2cM and 11.1cM, respectively. Basegloenotypic and genotype data,
it was observed thatkRphqllfine mapped into two genetic windows between
Unil9962 and WBE129/TC161220 1/WBE144 (0.1cM) andBBA30 and
GBMS244 (0.4cM), whileRphgl6located between ABC11948 3 and TC181991 2
(3.1cM).

6.2 Conclusion/Future research

In the experiment to see specificity of QTLs, itsnabserved that partial resistance
QTLs, Rphg2, Rphqg3, RphgXind Rphgl6and the non-host resistance QRnhq,
had an effects on both partial resistance towasdhogous leaf rustP. hordei
isolate 1.2.1, as well as non-host resistance tsvdreterologous leaf rust®.
triticina isolate "Flamingo",P. hordei-muriniand P. hordei-secalini Furthermore,
high positive association was observed between iRldeedling stage and proportion
of EA at infection sites, which indicated that thes a possible association between
partial resistance QTLs and non-host resistancesQTr_plant stage dependency of
QTLs study it was observed that none of the QTlespant stage dependent though
they do have variation in effects. For this itlstieeds to be confirmed. Marker
development for fine mapping &nhqwas ended with only three CAPS markers and
should be repeated to get more markers. The finpeduoae in this experiment showed
that, Rphgllsplited into two genetic windows of 0.1cM and OMcn this both
regions, significant differences in RLP50S wereerbsd between genotypes with
AA allele and BB allele, indicating that this QTh these regions is effective. The
genetic window ofRphql6is 3.1cM which is still relatively large to proceedth
physical mapping. It would be interesting to pemfoa similar study on this QTL by

using homozygous recombinants already identifietthig study.
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Appendices

Appendix 1.1 Summary of QTLs conferring partial resstance against leaf rust
isolate 1.2.1 of different parley populations.

A. Seedling
QTL Peak marker LOD Chr. Intg. % Expl Add. Donor Source
Map08 Effect
Rphql E39M61-372 3.2 7H 82.9 3.1 -1.5 Vada Qietal, 1998
Rphqg2 E38M55-251 14.2 2H 147.9 27.5 -3.7 Vada Jafary et al., 2008
Rphg3 E37M33-574 16.0 6H 60.7 21.0 -3.9 Vada Qietal., 1998
Rphg4  E38M54-247 14.7 5H 15.6 25.3 -14.4 Vada Qietal., 1998
Rphg5 E35M61-368 3.0 4H 83.3 4.0 -5.6 Vada Qi etal., 1998
Rphg6 E41M32-83 4.6 2H 32.3 7.9 -8.0 Vada Qietal., 1998
Rphq7 E35M48-160 3.0 5H 112.6 2.8 -1.1 Vada Marcel et al., 2008
Rphqg8 Amy2 3.4 7H 88.1 4.1 -1.2 Morex Marcel et al., 2007
Rphqg9 E40M32-123 4.4 7H 105.9 10.4 -6.4 Vada Qietal., 1999
Rphql0 E35M54-548 2.7 4H 19.3 5.1 -4.3 Vada Qi etal., 1999
Rphgll MWG503 21.0 2H 89.6 34.1 3.3 Steptoe Marcel et al., 2007
Rphql4 E42M51-113 3.2 1H 9.1 5.4 -1.7 Vada Jafary et al., 2008
Rphgql5  ABC152A 5.3 6H 22.2 55 1.3 Steptoe Marcel et al., 2007
Rphgql6 Bmag0113i 11.4 5H 169.9 27.0 2.6 Dom Jafary et al., 2008
Rphql7 MWG844B 5.1 3H 59.6 11.9 1.7 Dom Jafary et al., 2008
Rphql8 GBM1251 3.1 2H 50.4 8.1 -1.4 Rec Jafary et al., 2008
Rphgl9 Bmac0303c 3.7 4H 65.5 7.3 -1.3 Rec Jafary et al., 2008
Rphgq20 E33M58-504 2.8 4H 110.9 2.1 -1.3 Vada Marcel et al., 2008
Rphg21 P15M53-163 3.9 1H 58.1 34 -1.3 Vada Marcel et al., 2008
Rnhq 9.5 7H 30.0 Niks et al, 2000
B. Adult stages
QTLs Chr. Population Qietal. 1998 Qietal. 1999 Qietal 2000 Niks et al, 2000
LOD Exp% LOD Exp% LOD Exp% LOD Exp%
Rphg2 2H L94xV 3.0 4.1 5.3 10.9 3.0 4.0
Rphg3 6H L94xV, L94 x 116.5 10.7 174 6.5 13.7 10.1 20.2 10.7 17.0
Rphg4 5H L94xV 14.3 25.4 45 9.1 14.3 25.0
Rphg5 4H L94xV 3.1 4.3 3.1 4.0
Rphgé 2H L94xV 5.3 7.7 5.3 8.0
Rphg8 7H  StxM 4.7 9.4
Rphg9 7H L94xV 4.2 7.1
Rphgl0 4H L94xV, L94 x 116.5 3.1 6.1 3.1 55
Rphqgl3 L94 x 116.5 3.7 9.2
Rphgl5 6H StxM 1.8 3.2
Rphgql7 3H OWB 3.4 5.0
Rphql8 2H OWB 3.0 11.0
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Appendix 2.1 Genotype of QTL-NILs

2.1.1 Genotype oRphg2-NILs

Sdu | scP15M51- HVM54 HVM40 Bmag0223 GBMS035 GMS006
Rphg2 k00345 besV76P5D5AR 204 SSR-12  SSR-21 SSR-31 SSR-117  SSR-135
L94 AA AA AA AA AA AA AA AA
SusPtrit CcC CC=AA CC=AA CcC CcC CcC CcC CcC
Vada BB =CC B- B- BB BB BB BB BB
Su-Q2-BC5S1.1 AA BB BB BB BB BB BB BB
Su-Q2-BC5S1.2 AA BB BB BB BB BB BB BB
Su-Q2-BC5S1.3 AB BB BB BB BB BB BB BB
Su-Q2-BC5S1.4 AA BB BB BB BB BB BB BB
Su-Q2-BC5S1.6 AB BB BB BB BB BB BB BB
Su-Q2-BC5S1.7 AB BB BB BB BB BB BB BB
Su-Q2-BC5S1.8 AA BB BB BB BB BB BB BB
Su-Q2-BC5S1.9 BB BB BB BB BB BB BB BB

2.1.2 Genotype oRphg3-NILs

Mnl | Nlalll HVM14 GBM1212
Rphg3 WBE201 ABG388 SSR-56 SSR-108
L94 AA AA AA AA
SusPtrit CC=BB CC CC CC=AA
Vada BB B- BB BB
Su-Q3-BC6S1.1 BB BB BB BB
Su-Q3-BC6S1.6 BB BB BB BB
Su-Q3-BC6S1.7 BB BB BB BB
Su-Q3-BC6S1.9 BB BB BB BB
Su-Q3-BC6S1.12 BB BB BB BB
2.1.3 Genotype oRphqgl1-NILs
Aci | Apo | GBMS244 GBM1062
Rphqgll GBS0512 TC134748 SSR-123  SSR-127
SusPtrit CcC CcC CcC CcC
Steptoe DD DD DD DD
Su-QTL11.s-F2.BC5S1.6 DD DD DD DD
Su-QTL11.s-F2.BC5S1.8 DD DD DD
Su-QTL11.s-F2.BC5S1.12 DD DD DD
2.1.4 Genotype oRphg16-NILs
snp03275_2 GMS002

Rphqgl6 Bgl Il Dst-33 SSR-100
SusPtrit CC CcC CcC
Dom EE EE EE
Su-Q16-BC6S1.9 EE EE EE
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2.1.5 Genotype oRnhg-L-NILs

HpyCH4lV Mwo | GBM1303
Rnh-L WBE101 MWG2031 SSR-90
L94 AA AA AA
SusPtrit CC=BB CC=BB CC
Vada BB BB BB
Su-Qnh.L-F2.BC5S.9 AB AA BB
2.1.6 Genotype oRnhg-V-NILs
HpyCH4lV Mwo | Alu | GBM1303
Rnh-V WBE101 MWG2031 SKT1 SSR-90
L94 AA AA AA AA
SusPtrit CC=BB CC=BB CC=AA CC
Vada BB BB BB BB
Su-Qnh.v-F2.BC5S1.3 BB X BB BB
Su-Qnh.v-F2.BC5S1.6 BB X BB BB
Su-Qnh.v-F2.BC5S1.7 X BB BB
Su-Qnh.v-F2.BC5S1.10 BB X BB
Su-Qnh.v-F2.BC5S1.12 BB X BB
Su-Qnh.v-F2.BC5S1.13 BB X BB BB
Su-Qnh.v-F2.BC5S1.14 BB X BB BB
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Appendix 2.2 Histology

2.2.1 Ingredients for preparation of lactophenol slution
250ml lactic acid
500ml glycerin
250ml 20% phenol solution

Then keep in refrigerator

2.2.2 Preparation of 0.1M Tris/HCI buffer (pH 8.5)
Dissolve 12.1gm Tris in 800mlJ@
Adjust pH to 8.5 with HCI (25%)
Add HyO till volume is 1 liter
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Appendix 2.3 Mean LP and RLP50 of byP. hordei isolate 1.2.1 of tested lines at
seedling stage.

Lines

LP RLP

Vada
Vada+rphg2
Vadarphg3

213.4e 114.1e
210.7de 112.7cde
202.4cd 108.2bcde

L94
L94-Rphg2
L94-Rphqg3

187.6ab 100.3a
197.6abc 105.7abc
190.3ab 101.8ab

Steptoe
Dom

211.1de 112.9de
193.7abc 103.6ab

SuRphg2
SuRphg3
SuRphqll
SuRphql6
SuRnhg-L
SuRnhg-V
SusPtrit

198.7bc 106.8abcd
194.0abc  104.0ab
198.0abc 106.0abcd
196.4abc 105.2ab
190.5ab 101.8ab
191.9abc 102.6ab
187.0a 100.0a
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Appendix 2.4. Mean RLP, RIF and percentage of infamn units by P. triticina

isolate ‘Flamingo’ of tested lines per classes dhfection units: Least

significance differences (F-test) among the meanfettion units within

each class is presented as a resulted from OneAN@WVA.

Line RLP RIF Status of infection (%) Colony size (um)
NP EA Established With ST W/o ST
With ST* W/o ST

Vada i * 29.0g 71.0g * * * *
Vadafphq2 o 6.4’a 24.2f  69.6fg * 6.42 * 1.8
Vadarphg3 117.3f 7.22 24.5f  66.2fg * 9.3a * 2.1
L94 108.2bcde 69.2e 7.5ab  32.0c 21.5bc 39.0g 5.4de 2.3abcd
L94-Rphqg2 113.9¢f 38.8c 14.0cde 48.0e 18.0b 21.5bc 4.6bc 2.0ab
L94-Rphq3 108.0bcde 33.4c 12.0cd 39.0d 20.0 29.0de 4.0ab 2.0ab
Steptoe 118.0f 0.0’ 32.0g 68.0fg * * * *
Morex 114.2¢f 22.2b  15.5de 64.0f * 20.5bc * 2.0ab
Dom 112.3def 13.1ab 14.0cde 63.5f 6.1a 16.0b 4.0ab 3.1efg
Rec 110.1cdef 34.0c 11.5bcd 47.0e 17.5b 24.0cd 3.8a 2.7cdef
SuRphqg2 106.5bcde 37.8c  16.0de 34.5cd 19.0bc 30.0de 5.0cd 2.6bcdef
SuRphqg3 106.0bcde 55.8d 17.0e  31.5c 22.0bc 29.5de 4.8cd 2.5bcde
SuRphqgll 106.4bcde 57.7d 16.0de 32.3c 23.0bc 28.7de 5.1cd 2.8defg
SuRphql6 104.4bcd 63.0de 15.0de 28.0bc 19.5bc 37.5fg 5.9e 2.9defg
SuRnhg-L 100.6b  64.2de 10.0abc 22.5ab 29.4d 38.0g 7.0f 3.2fg
SuRnhg-V 102.6bc  64.2de 13.0cde 30.0c 24.5cd 32.0ef 7.0f 3.5gh
SusPtrit 100.0b 100.0 7.0a 21.0a 52.5 19.5bc 8.1 3.9h
8860 (Wheat) 92.3a 194.7 * * * * * *
LSD (5%) 8.1 9.8 4.0 5.8 5.2 5.6 0.7 0.6
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

* Sporogenic tissue,
" Data only from one replication,
W/o = without

** No sporulation/no flecks,

* Excluded from analysis
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Appendix 2.5. Mean RLP, RIF and percentage of infeémon units by Phs of tested
lines per classes of infection unifs Least significance differences (F-

test) among the mean of infection units within edlelss is presented as a
resulted from One-way ANOVA

Line RLP RIF Status of infection (%) Colony size (um)
NP EA Established With ST W/o ST
With ST*  W/o ST

Vada 121.3 2.3%a 19.7fg 80.4h * * * *
Vadafphq2 111.3%e 4.5’a 17.3def  76.3gh * 8.0b * 2.0ab
Vadarphg3 114.1ef 15.2ab 15.5cdef 74.1gh * 10.4bc * 2.2ab
L94 101.7b 77.5 10.0ab 22.5a 35.5e 32.0f 5.8ef 3.1lde
L94-Rphg2 103.7b  42.5def 12.0abc  70.0fg 10.0abc 8.0b 5.1cde 2.4bc
L94-Rphg3 102.7b  32.6cd 11.0abc 64.5ef 1l1.5abcd 13.0bcd 3.9a 2.4bc
Steptoe 116.3f 5.1a 22.89 75.0gh * 2.3a * 1.9a
Morex 112.9def 22.5bc  18.9efg 65.2ef * 16.0de * 2.4bc
Dom 109.0cd 54.0efg 15.2bcdef 61.0cde 12.2bcd 12.4bcd 5.2cde 2.4bc
Rec 104.7bc  61.9g 14.0abcde 60.5cde 15.2d 11.0bcd 5.4de 3.1e
SuRphqg2 104.9bc 31.2cd 14.6bcde 63.3def 7.7a 16.4de 4.6 3.1e
SuRphqg3 102.0b 29.4bcd 12.5abcd 56.3cd 15.5d 13.9cde  4.6bc 2.7cd
SuRphqll 104.0bc 39.1de 14.5bcde 57.0cd 9.0ab 18.8e 4.0ab 3.2e
SuRphql6 102.2b  40.8de 14.0abcde 55.5c 13.7cd 16.5de 4.7cd 3.3e
SuRnhg-L 102.2b  57.1fg 9.0a 39.8b 14.1cd 37.1 5.0cd 3.4e
SuRnhg-V 102.9b 45.7def 12.0abc  43.2b 15.5d 29.3f 4.7cd 3.4e
SusPtrit 100.0b 100.0 11.2abc  26.4a 34.0e 27.7f 6.1f 3.5e
H. secalinum 90.6a 299.2 * * * * * *
LSD (5%) 4.7 14.7 4.5 6.5 3.9 4.9 0.7 0.4
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

X Sporogenic tissue,
" Data only from one replication,
W/o = without,
* Excluded from analysis

70



Appendix 2.6. Mean RLP, RIF and percentage of infémn units by Phm of tested

lines per classes of infection unitsLeast significance differences (F-

test) among the mean of infection units within eelelss is presented as a
resulted from One-way ANOVA

Line RLP RIF Status of infection (%) Colony size (um)
NP EA Established With ST W/o ST
With ST*  W/o ST

Vada ok 3.8 19.5h 80.5h * * * *
Vadarphg2 103.4bcde 9.1a 15.4cdefg 76.6gh * 8.0b * 1.8a
Vadarphg3 103.5bcde 11.0a 16.0defgh 73.8g * 10.6bc * 2.2abc
L94 100.6bc  82.5cd 10.2ab  22.8a 35.0 32.0j 5.8cd 3.1lefg
L94-Rphg2 104.7de 30.0ab 11.7bc  68.9f 11.6ab 8.5b 5.1bc 2.4cd
L94-Rphg3 103.3bcde 55.9bc 11.7bc  59.6d 12.0ab 16.7ef 3.9a 2.4bcd
Steptoe 112.79  3.87 23.6 74.7g * 2.0a * 1.9ab
Morex 109.7fg 11.0a 18.7fgh  65.4ef * 14.4de * 2.6cde
Dom 102.9bcd 44.8ab 14.5cd 61.3de 10.82 13.5cde  5.2bc 2.2abcd
Rec 100.9bcd 50.6bc 14.7cde 59.9d 15.5bc 11.3bcd 5.4bcd  3.05efg
SuRphqg2 104.6de 30.3ab 14.7cde 56.1cd 10.42 19.2fg 4.6ab 3.1fg
SuRphqg3 106.9ef 39.7ab 12.3bcd 56.0cd 11.2a 20.6gh 4.6ab 2.7def
SuRphqgll 104.2cde 31.2ab 13.2bcd 52.7c 11.4ab 23.0hi 4.0a 3.29
SuRphql6 102.4bcd 40.7ab 14.3bcd  45.2 16.7cd 24.0i 4.7ab 3.39
SuRnhg-L 103.2bcde 55.3bc  10.3ab  37.8b 15.7bc 36.5 5.1bc 3.4g
SuRnhg-V 103.0bcd 44.5ab 12.2bcd 38.5b 20.5d 28.8j 4.7ab 3.3g
SusPtrit 100.0b  100.0d 7.0a 34.2b 29.5 29.9j 6.1d 3.59
H. murinum 96.0a 184.3 * * * * * *
LSD (5%) 3.4 325 3.7 4.8 3.9 3.1 0.7 0.4
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

* Sporogenic tissue,

" Data only from one replication,

W/o = without,
** No sporulation and flecks,
* Excluded from analysis
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Appendix 3.1 Mean RLP* of tested lines at differenteaf layers byP. hordei isolate
1.2.1 Least significance differences (F-test) presemted resulted from
One-way ANOVA.

Lines g 2nd 3rd 4th 5th  6th 7th F
Vada 118 130 130 132 12¢ 124 128 127
Vadarphgq2 110" 123° 118* 122* 120® 116 @ 119° 118
Vadarphg3 109" 118* 119" 119* 123° 116 121 @ 123°
L94 o8 102  104°  104° 10 99.7 102° 109"
L94-Rphg2 108 114% 110" 117 106°® 103" 105" 108"
L94-Rphg3 102" 111 114 118 109" 114° 112% 117
Steptoe 113 121 127 124°  119%* 115 115%* 119«
Morex 108" 118°"  119°"  120% 11 1107 110 113°
Su-Rphg2 108°* 106" 107 106" 106 107° 107 111°
Su-Rphg3  102° 104° 105"  106° 107 107° 109" 118°
Su-Rphgl1l 104* 105® 107 105" 106° 107° 108" 112°

SusPtrit 100®°  10G° 100} 100° 100 10¢*  10C° 100°
LSD (5%) 5.3 7.7 10.6 11.2 9.9 3.7 8.8 10.8
F-test <001 <001 <.001 <001 <001 <001 <.001 <.001

* Means followed by a common letter are not sigmwifitly different according to
Duncan’s LSD test (P<0.05)
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Appendix 3.2. Latency period of SuRphg2, SuRphg3 and SuRphqll relative to
SusPtrit infected with P. hordei isolate 1.2.1

—&— Su-Rphg2 —a— Su-Rphg3 —a— Su-Rphgll —«— SusPtrit

250 -

235 ~

Latency period

190 ~

175

1st 2nd 3rd 4th 5th 6th 7th F

Leaf layers

F = Flag leaf, Y axis = Latency period (in hr), aXd& axis leaf layers.
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Appendix 4.1 Summary of primer pairs used for marke development

Annealing Amplification
Nr Primers Tm Vada SusPtrit L94 Remarks
1 ABC02163 63 Clear Clear Weak
2 ABC03894-1 65 Weak Clear Clear
3 ABC03894-3 63 Clear Clear Clear
4 ABC03894-4 63 Clear Weak Weak
5 ABC05815-1 63 Clear Weak Weak
6 ABC06283-1 63 Clear Clear Clear
7 ABC06793-4 63 Weak Clear Clear
8 ABC06968-1 63 Clear Weak Clear
9 ABCO07088-1 65 Clear Clear Weak
10 ABCO07088-2 63 Clear Clear Weak
11 ABC10242-2 63 Clear Clear Clear
12 ABC11086-1 63 Clear Clear Clear
13 ABC11086-3 63 Clear Clear Clear
14 ABC11086-4 63 Clear Clear Clear
15 ABC17403-1 65 Weak Clear Clear
16 ABC18212-1 65 Clear Clear Clear
17 ABC18212-2 65 Clear Clear Clear
18 ABC06968-3 58 Clear Weak Clear
19 ABCO07088-3 58 Weak Clear Clear
20 ABC10242-1 58 Clear Clear Clear
21 ABCO07183 58 Weak Clear Clear
22 ABC07248 58 Clear Clear Clear
23 ABC17403-3 58 Weak Weak Weak
24 ABC01200-1 60 Clear Weak Clear
25 ABC01200-2 60 Clear Clear Clear
26 ABC01200-4 60 Clear Clear Clear
27 ABC02539-1 60 Clear Clear Weak
28 ABC02539-4 60 Clear Clear Clear
29 ABC03559-1 60 Clear Weak Clear
30 ABC02539-3 58 Clear Clear Clear
31 ABC07022-2 58 Weak Weak Clear

74



Appendix 4.2 PCR conditions used for the developmeénf SCAR and CAPS
markers and SSR and PCR profile.

a) PCR mix used for the development of SCAR and EAfarkers and PCR profiles.

Components Volume fiL)
H20 (autoclaved) 18.4
PCR buffer S-taq (10x) 25
dNTPs (5mM) 1.0
Forward primer (5 pmol/uL) 1.0
Reverse primer 1.0
SuperTaq polymerase (5 unjtk) 0.1
DNA 1.0

Total volume 25

b) PCR mix used for SSR PCR profile

Components Volume fiL)
MilliQ H 20 (autoclaved) 6.6
10 X SB (Super buffer) 1.0
dNTPs [5mM] 0.4
Primer mix F+R [Spmol(l] 1.0
Tag-polymerase (SuperTaq (5)/ 1.0
DNA (50nghl) 1.0

Total volume 10




Appendix 4.3 An overview of all molecular markers sed in mapping Rnhq in this

study.
Pop Chrom. Type Marker intMap2008 Current Pattern Source
name Position

(M)
LxV 7H AFLP E40M40-105 78.819 77 .48 L94 Qi etal., 1998
LxV 7H AFLP E33M61-357 83.739 78.95 Vada Qi etal., 1998
LxV 7H ABC02539-4 79.33
LxV 7H AFLP E41M32-698 85.293 79.59 L94 Qi etal., 1998
LxV 7H AFLP P15Mb52-384 81.559 80.01 Vada  Marcel et al., 2007
LxV 7H SSR Bmac0224 84.531 80.50 Codom Marcel et al., 2007
LxV 7H AFLP E35Mb55-271 80.297 81.06 Vada Qi etal., 1998
LxV 7H AFLP E39M61-372 82.891 81.19 L94 Qi etal., 1998
LxV 7H CAPS WBE101 83.065 82.58 Codom Marcel et al., 2007
LxV 7H GBM1359 82.70
LxV 7H SKT1 82.80
LxV 7H AFLP E35Mb4-224 85.782 82.97 L94 Qi etal., 1998
LxV 7H ABC01200-1 83.90
LxV 7H SSR GBM1303 88.352 85.60 Codom Marcel et al., 2007
LxV 7H Gene mn 88.352 85.65 Vada Qi et al., 1998
LxV 7H ABC03559-1 87.00
LxV 7H AFLP  E35Mb55-450 89.152 87.22 Vada Qi etal., 1998
LxV 7H AFLP P15M47-156 89.958 88.06 Vada  Marcel et al., 2007
LxV 7H SSR GBM1428 92.219 90.49 Codom Marcel et al., 2007
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