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Chapter 1

General Introduction

Bread wheat Triticum aestivumL.) is one of the most important and widely groeareal
crops in the world. World trade for wheat is gredlt@n for all other crops combined (Curtis,
2002). Wheat originated in the Middle East from veh& spread to North Africa, Eurasia,
western Europe, the Americas and the Southern péere (Pagesse, 2001). Cultivated
wheats are divided into three main groups: diplo(@8=2x=14; einkorn), tetraploids
(2n=4x=28; emmer, durum, Polish and Persian whaat) hexaploids (2n=6x=42; spelt,
bread, club and Indian shot wheat). Hexaploid bredskat presumably originated in
northwestern Iran or northeastern Turkey as a tresfuhybridisation between tetraploid
wheat and diploidhegilops tauschi>8 000 years BC (Feldman, 2000). Due to the polgpl
genetic structure ofriticum species and the associated genetic diversityg thiests have
successfully adapted in a variety of environmeti®ughout the world (Maratheé and
Gomez-Macpherson, 2001).

Abiotic and biotic stress factors hamper high ysetd this crop leading to great economical
losses. Biotic stress factors such as stripe Rustdinia striiformisf. sp.tritici) disease is a
challenge to traditional plant breeding programinesause of the ability to cause high yield
losses if the disease is not controlled (Tolmay)&)0 Hence, the cultivation of traditional
wheat crops in areas which are suitable for theagdis to form and spread has proven to be
devastating to wheat producers globally. Howevendpctivity in these areas can be
increased by cultivation of durable adult plantisest (APR) wheat cultivars which is the
most useful, cost-effective and environmentallgridly way to control stripe rust disease in
wheat (Lin and Chen, 2007). APR for stripe rustvimeat cultivars such as the South African
cultivar Kariega can endure infection of stripetruslike other susceptible wheat cultivars
such as Avocet S (Prireg al, 2005). Wheat cultivars that have APR againgbestrust assist
breeders in generating durable resistance. In asmtmonogenic resistance is frequently

overcome by the disease which produces new viryatitotypes able to attack previously



monogenic resistant plants. Thus, breeding progrsnpreferably breed for durability

instead of specific resistance as a counter attaskipe rust infection (Tiaat al, 2002).

Stripe rust was first reported in South Africa @96 in the Western Cape and has since then
spread to all wheat producing areas, causing cerae damage and it has cost wheat
farmers millions of rands to control the diseasedffet al, 2002). Presently, the major
wheat producing areas around South Africa are tbditerranean, winter rainfall region in
the Western Cape and the central irrigation areakiding the Northern Cape (Tolmay,
2006). Since many records of durable rust resistaliivars have been published, it might
hopefully in future aid traditional and moleculaheat breeders using marker-assisted
selection (MAS) for quantitative traits (Barianadacintosh, 1995). Willianet al (2007)
stated that the development of technologies wileéase the amount of available markers,
improve the efficiency, throughput, and cost effestess of MAS, thereby making it more
productive and affordable to many breeding prograsinAlthough markers are currently
available for relatively few traits, MAS should becorporated with traditional breeding to
exploit its impact in breeding programmes. Whendusgether with phenotypic selection,
MAS will improve response to selection for certaigits, thereby increasing rates of genetic

progress (Willianet al, 2007).

The undertaking of MAS has been welcomed with esidam and expectation in wheat
breeding programmes, generating remarkable investme the development of molecular
linkage maps and research to detect associatianede phenotypes and markers. Molecular
linkage maps have been constructed for a wide rahgeop species. There is a substantial
difference of opinion with respect to the applioas of MAS among different cereal crop
species (Ruane and Sonnino, 2007). For exampldyniarg€2003) observed a greater interest
for MAS in maize Zea maysL.) compared to wheat, due to the breeding stracand

programmes in place.

Given the abovementioned factors confronting wheaps in South Africa, a study was
undertaken to investigate the specific goals ptesem this dissertation. The aim of this

study was to determine how effective the targetal# begregant analysis (tBSA) approach



was in uncovering markers for the stripe rust tasie on chromosomes 2B and 7D
governing APR quantitative trait loci (QTL) previly reported by Ramburast al (2004).
The aims of this project would be achieved by:

i) selecting specific double haploid (DH) linesrfrahe original 150 FKariega x Avocet S
DH population based on QTL marker intervals astified by Ramburaret al. (2004),

i) pooling these into five bulks and analysing gbéebulks and controls with amplified
fragment length polymorphism (AFLP), a multi-locetdction technique for which no
sequence information of the target region is negeded

iii) validation on the individuals constituting tbe bulks,

iv) addition of putative markers to the existingkiage map and QTL analysis using the 150

individuals of the Kariega x Avocet S DH population



Chapter 2
Application of traditional and molecular plant breeding

for achieving durable rust resistance in wheat

2.1 Introduction

Wheat is one of the most abundantly produced aideeR6deret al.,, 1998) cereal crops in
the world. It is a member of the family GramineBedceae), genugiticum (Zhanget al,
2006) and has been studied intensively for a wamétagronomic traits found within the
genome (Lagudabkt al, 2001). Wheat, in the form of wild einkorfir{ticum monococcum
ssp.aegilopoideqLink) Thell.), had been harvested as early addteePaleolithic and early
Mesolithic Ages, 16 000 - 15 000 BC (Stallknedttal., 1996). Cultivated wild wheat
remains have been dated back to the early NeolAlge 10 000 BC (Zohary and Hopf,
1993). Cultivated wild einkorn continued to be lemted in the upper area of the Tigris-
Euphrates regions during the Neolithic and earlgr2e Age, 10 000 - 4 000 BC, giving way
to emmer wheat by the mid-Bronze Age (Stallknestlel, 1996).

Wild species of wheafl( urartu Tumanian ex Gandilyan), is a diploid (2n = 2x 35 Wth
one genome (AA), crossed withegilops speltoides., a diploid (2n = 2x = 14) with one
genome (BB). The fertile hybrid offspring produc&édm this cross had two genomes
comprising the tetraploid (AABB). Wild emmef.(turgidum ssp.dicoccoides(Korn. ex.
Asch & Graebn.) Thell.) is a fertile tetraploid (2n4x = 28) with two genomes (AABB).
Bread wheat T. aestivumL.), an allohexaploid (2n = 6x = 42) originatedrfr a cross
between this tetraploid and a wild emmer relafiveauschii (Cosson) Schmalh., with one
genome (DD) (Gillet al, 2004). Bread wheat has an extremely large gerairiié x 16 bp,
consisting of seven groups of chromosomes, eaalpgrontaining a set of three homologous
chromosomes belonging to the AABBDD genomes (Lafgutaal, 2001), with more than
80% repetitive DNA (Rodeet al, 1998, Francki and Appels, 2002). Wheat is dbsdrito
be one of the most complex crop species for gemettysis, due to the structure and size of
its genome (Langridget al, 2001, Francki and Appels, 2002).



2.2 Economic importance of wheat

Wheat was the first cultivated crop (G#t al, 2004) and is still one of the most important
food crops in the world (Rodet al, 1998). Wheat plays an important role in every life
during human consumption, since it provides an imseesource of proteins and calories.
Wheat is mainly grown in temperate regions and piesuapproximately 17% of all global
agricultural areas. To meet the demands of humasaiMonsumption by 2050, production
of wheat must increase at a rate of 2% annualliand that will not increase much beyond
the present level (Gikt al, 2004). Wheat is the second largest agricultarap planted in
South Africa (FAOstat database, 2007). During t88622007 season, 764 000 ha of wheat
was planted in South Africa and the projected jphaytor wheat during 2007/2008 season is
655 000 ha, which is 14.36% less than the prevéaason. The increasing wheat prices are
due to supply and demand constraints in South &ffknonymous, 2007a). In 2007 wheat
was South Africa’s second highest agricultural imgBAOstat database, 200T), order to
meet local requirements. Import prices on 17 J@972in Durban harbour was R2 394 per

ton and for Cape Town harbour R2 364 per ton (Anuoys, 2007a).

One of the main economic importances of bread wpeatuction is grain yield (Kuchedt
al., 2007). Major advances in understanding the wp&att must be achieved to increase
yields and protect crops from abiotic (heat, frasgught and salinity) and biotic stresses
(pests, viruses, bacteria and fungi) which accotartan estimated average loss of 25% (Gill
et al, 2004).

2.3Diseases of wheat

There are many different types of biotic streséed affect wheat globally (Murragt al,
1998). The Russian wheat apHuraphis noxia(Kurdjumov), is a serious economic pest of
wheat in South Africa (Liuet al, 2001). Powdery mildew is a fungal disease in athe
growing areas worldwide caused Byumeria graminisDC f. sp.tritici Em. Marchalof
(Mirandaet al, 2006). Wheat diseases that are considered té dgelmal importance include

fusarium head blight caused Bysarium graminearunschwabe [telomorp&ibberella zeae



(Schwein.) Petch] (Willianet al, 2005), stem rust (black rust) causedPRucciniagraminis
Pers. f. sptritici, leaf rust (brown rust) caused Bytriticina (Eriks.) and stripe rust (yellow
rust) caused bF. striiformis Westend. f. sgritici Eriks (Marsalis and Goldberg, 2006).

2.4 Rusts of wheat

Wheat rusts Fuccinia spp.) are destructive diseases that can be fonnohast wheat
producing areas of the world (Kolmer, 2004). In thoAfrica wheat rusts have played an
important role in wheat production in the past {enas et al, 2007). Wheat rust fungi are
dispersed in the form of dikaryotic urediniosporesich can be carried for thousands of
kilometres from primary infection locations by wincausing worldwide epidemics. Wheat
rust fungi are virulent obligate parasites withighhdegree of specificity that interact in a
gene-for-gene association with wheat. The developroEmany different pathogenic races
makes durable rust resistance complicated to aehibew virulent rust races, specific
against resistance genes on recently infected whbaatquickly increase in occurrence over
large areas, consequently making existing resistgeaes useless (Kolmer, 2005). There are
three rust diseases that occur on wheat caused garti@ular species of the rust fungus
Puccinig namelystem, leaf and stripe rust (Marsalis and Goldb28§6). Despite the fact
that these three wheat rusts originated from theesgenus, they differ in morphology, life

cycle and develop at dissimilar environmental glroednditions (Pienaar, 2004).

24.1 Stemrust (black rust)

Puccinia graminisf. sp.tritici that causes wheat stem rust, is an obligate par@&oimer,
2005and one of the most important and widespreadades of cereals, infecting wheat,
barley and triticale (Murragt al, 1998). Other alternative host plants stem rustiges on
include Agropyron distichuni., Hordeum murinuni., H. vulgareL., Lolium italicumA.
Braun non CourtoisBromus maximudRoth andDactylis glomeratal. (Pretoriuset al,
2007). Stem rust develops in warm temperaturegmafly between 18°C and 29°C, but can
occur at temperatures between 15°C and 40°C. Ststroccurs mainly on stems, however it

can be found on leaves, sheaths, glumes, awnsamdseedSymptoms begin as oblong



lesions that are usually reddish-brown in colourtHe late stages of the disease, pustules
erupt to produce numerous black spores. Severetiois with numerous stem lesions may
weaken plant stems (Marsalis and Goldberg, 20G8n3ust is a macrocyclic, heteroecious
rust and needs both cereals and barbéBerlferis vulgarisL.) to complete its life cycle
(Murray et al, 1998). Stem rust infection of barberry producesd, yellow-to-red coloured
pustules underneath the leav&pores (aeciospores) produced on barberry plafestin
wheat and a different type of spore (basidiospopsgduced on wheat infects barberry
plants. Although both hosts are needed, epidemicwlteat can develop rapidly as spores
(urediniospores) can infect the same plants on hwiihey were produced (Marsalis and
Goldberg, 2006). In temperate regions teliospoegssurvive in crop debris from previous
infected plants. However, it can survive as dormaycelium during the winter season
(Murray et al, 1998).

24.2 Leaf rust (brown rust)

Wheat leaf rust, also known as brown rust, is tlstnsommon and widespread of the three
wheat rusts (Kolmer, 2005). Alternative hosts feaflrust include meadow ru&halictrum
spp.), rue anemondsppyrumspp.) and clematisC{ematisspp.) (Marsalis and Goldberg,
2006). Leaf rust is an important disease of whepeeially in temperate climates and occurs
regularly where wheat is grown. Leaf rust developtimally at 100% humidity together
with temperatures ranging between 15°C and 22°Qr@et al, 1998) and the disease will
progress up to temperatures of 27°C. Leaf rusbrenally found on leaves although it can
infect glumes and awns. Symptoms on infected tistag as tiny, circular to oval yellow
spots on the upper leaf surface. The spots lateelde into orange coloured pustules
surrounded by a chlorotic halo. The pustules predoamerous spores that are easily
dispersed, producing an orange dust on the leédirBlack spores may be produced later
in the development of the disease, resulting imgeaand black lesions on the same leaf.
Small orange lesions are present on seed headsvbowesions do not develop into
dispersing pustules. This helps to differentiataf leust from stem rust (Marsalis and
Goldberg, 2006).



24.3 Striperust (yellow rust)

Stripe rust disease in wheat is caused by thedpbic fungudP. striiformis (Yanet al 2003;

Lin and Chen, 2007). Of the three rust diseaseghieat, stripe rust is the most damaging to
grain yields in cool, moist environments (Singthal, 2000). The worldwide distribution of
stripe rust,also known as yellow rust, is more restricted imparison with leaf and stem
rust (Boshoffet al, 2002). Stripe rust develops at lower temperajuspsimally between
10°C and 15°C and normally occurs in regions tletehpredominantly cooler climates and
are near the coast (Zadoks, 1961; Mureagl, 1998). Optimal disease progression tends to
cease at temperatures above 21°C (Marsalis andb&gld2006). Only very susceptible
varieties are at risk of infection from stripe ruhiring wet periods in semi-arid regions
(Murray et al, 1998).

2.4.3.1Economic importance of stripe rust

Stripe rust is an important disease obstructingatvpeoduction worldwide (Mcintosét al,
1995), including South Africa. The disease’s quiligpersal and ability to survive in both
summer and winter rainfall regions gives it theligbto attack susceptible high yielding
cultivars during optimal climatic growth conditiarStripe rust has a powerful impact on the
economy as a result of yield losses and costs emaals used to control the disease
(Pretoriuset al, 2001).

Yield losses due to stripe rust vary consideralmyaoyearly basis due to growth conditions,
such as inoculum pressure, weather conditions aftovar susceptibility. In 1994 reports
throughout the world showed 40 - 84% yield losddsliitoshet al, 1995). Control of the
disease on susceptible wheat cultivars affectedulsis has cost wheat farmers in South
Africa millions of rands. In 1996 Western Cape whémmers spent R28 million on
fungicides, nevertheless 5 - 50% yield losses stiturred. In 1997 farmers in the eastern
Free State spent R18 million on fungicides. In 1888ts to control the disease, excluding
yield loss and quality, on approximately 42 000n@s estimated to be R6 million (Boshoff,
2000; Pienaar, 2004). In South Africa, wheat gyaéihd losses as high as 65% were recorded



on fungicide trials for both spring and winter whedected with stripe rust (Pretories al.,
2007).

2.4.3.2Symptoms

Stripe rust disease gets its name from the typsymhptoms on mature wheat leaves
consisting of yellow-orange straight-sided pustutest occur in stripes on leaves arranged
between the veins and heads. Pustules on youngdeare scattered and difficult to
differentiate from those of leaf rust. Stripe rasturs on heads, resulting in the arrangement
of masses of spores lodged between the glume antethma (Murrayet al, 1998). The
elongated pustules are thin and differ in lengthatiMe pustules produce yellow-orange
spores. As the disease develops, tissues arourglgteles turn brown and dry, producing
necrotic tissue. Chlorosis or yellowing of leavesynbe observed. Stripe rust infected wheat
fields displaying severe symptoms are easily nabte from a distance (Marsalis and
Goldberg, 2006). At the end of the season, bladk term in necrotic tissue killed by yellow
rust pustules (Murragt al, 1998).

2.4.3.3Life cycle

Stripe rust disease is hemicyclic with only binatée urediniospores (Line, 2002) and
teliospores (Steelet al, 2001). At the end of the season telia sometinoes flesions,
germinate and produce basidiospores (Muetl, 1998), but no alternate host has been
identified (Zadoks, 1961). Stripe rust survivesvimeat as mycelium during intercrop periods
or during the asexual stage as uredinia (Line, R0®2ipe rust can endure cold temperatures
but if temperatures drop below -5°C the pathogem lea killed. Disease epidemics occur
during periods of high humidity with temperaturedvireen 10°C to 15°C. The disease tends
to be inhibited during warmer conditions (21°C) antections mainly occur during late
winter, spring and early summer by wind dispersabtber vectors (Marsalis and Goldberg,
2006). Wind disperses urediniospores over longades. Urediniospores which have not
infected the wheat can remain in a dormant stagatféteast seven days. The initial wheat

plant infected by the urediniospores on the inpiaint of infection by the disease on a crop



is known as a hot spot. A hot spot is a regulaiepaiobserved in relation to the spread of the
disease to the prevailing wind direction. Stripstriorms urediniospores in large quantities
(Murray et al, 1998).

2.4.3.4Stripe rust in the world

Stripe rust in the past was more significant inarg with cool and wet environments and is
frequently observed in northern Europe, the Meditegan region, Middle East, western
United States, Australia, east African highland$iing@, the Indian subcontinent, New
Zealand and the Andean regions of South AmeriggeStust is more significant in higher
altitude and tropical regions, such as northerricafr countries, the Himalayan foothills of
India, Pakistan and Mexico (Boshadt al, 2002). Stripe rust is destructive in the western
United States and has become increasingly morertantan the south-central states of the
United States (Yaet al, 2003). It is one of the most important and plenarust pathogens
in Europe and losses of 50 - 60% on susceptibleeties were observed during severe
disease outbreaks (Moldenhageral, 2006). Stripe rust did not occur in environmesush

as Australia until 1979 (Steekt al, 2001) and was detected in New Zealand in 1980.
Although stripe rust was detected in eastern Alistsance 1979, it was only reported in
Western Australia in 2002. The failure to move wests was probably due to quarantine
precautions, weather patterns and geographic bafiéellingset al, 2003). Stripe rust was
first reported in central Africa in northern Zaminal958 (Boshofet al, 2002).

2.4.3.5Stripe rust in South Africa

Stripe rust was first observed in South Africa indvreesburg, Western Cape, during August
1996 (Boshoffet al, 2002) and later spread to all wheat productiaasrof the country
(Ramburanret al, 2004) e.g. Western Cape, eastern Free State ad u-Natal. Stripe
rust caused considerable damage during the 1996/468son (Pretoriust al, 1997). A
decade later, stripe rust annually infects wheatlpeing regions. Disease severity depends
on favourable moisture and temperature growth ¢mmdi (Pretoriuget al, 2007). Chemical

control can be effective in some stripe rust irddcareas and was the preferred approach in
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controlling the disease in South Africa in the pddtintoshet al, 1995). It is estimated that
more than R100 million has been spent from 199&9 on fungicides to control stripe rust
(Boshoffet al, 2002).

2.4.3.6Disease control

Wheat producing countries around the world affedigdstripe rust have important wheat
breeding programmes in place to produce wheat tigsieesistant to stripe rust (Murray

al., 1998). Although chemical control is used to cohstripe rust, it is expensive and
harmful to the environment (Singét al, 2000). Plant breeders have developed genetic
resistance within wheat cultivars to a varietyustrraces. Some resistant cultivars are highly
effective with the result that many races commoth@past are almost non-existent today. In
many situations varieties remained resistant foeehio four years before showing signs of
susceptibility. However, mutation in stripe rusioal for development of new races.
Therefore, wheat breeders are constantly monitasidgcultivars for sustained tolerance to
the pathogen, in addition to developing new cutswaith improved resistance to new and
old stripe rust races (Marsalis and Goldberg, 2006)

2.4.3.7Genetic resistance to stripe rust

There are numerous types of resistances descriredefeals, with two major resistance
types, specific resistance and nonspecific resistaBpecific resistance is often effective and
is generally under monogenic control. However, pgéms can easily overcome specific
resistance, leading to yield losses (Teral, 2002). Nonspecific resistance is polygenically
controlled and is often less effective. Howevernsmecific resistance is considered to be
durable (Boukhaterat al, 2002). A particular form of polygenic resistansPR, giving a

high level of protection that is expressed onlpdult plants but not during seedling stage. In
some instances high yields appear to be incompatitth APR (Boshoftt al, 2002). Stripe

rust resistance can also be grouped into seedhdgA®R. Seedling resistance is effective
throughout the growth cycle of the plant and fokoa gene-for-gene relationship (Imtieiz

al., 2003) but expresses low infection types in gagdksts. This type of resistance is short
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lived in the field since stripe rust has the apitd mutate and infect plants with new virulent
strains (Singhet al, 2001). Plants that are susceptible during segditage but show
resistance during the adult plant stage are de=stal having durable APR which is effective

in the control of stripe rust disease (Imtetzl., 2003).

Development of resistant cultivars to control rijust disease is the preferred method of
control (Lin and Chen, 2007) and is an economical anvironmentally safe method to
reduce crop losses. The development of durablsetagsicultivars to stripe rust requires the
availability of the desired genetic resources, adeustanding of the genetics of the host-
pathogen interaction and suitable methods to etili® desired genes (Imtiat al, 2003).
Plant breeders are interested in APR as it is aoftgarded to have the potential for durability
(Johnson, 1988; Chen and Line, 1993), particuldhgse APR genes that have been
characterised to be slow rusting genes (Sieghl, 2000). Understanding the genetics of
resistance to disease is important for planningsese in breeding programmes, identifying
resistance genes, understanding genetic divensidydaveloping genetic markers to assist in

selection (Imtiazt al, 2003).

2.5Breeding strategies

251 Traditional plant breeding

Traditional plant breeding programmes use phenotyiparacteristics for the identification of
genetic variation (Langridge and Chalmers, 2004pb&@ demand for wheat production is
increasing, placing pressure on breeding programmetevelop elite cultivars which are
adaptable to different environments without compsimg grain quality, agronomic
performance or resistance to pathogens causingstisgFrancki and Appels, 2002). Global
wheat breeding programmes over the last forty yemde major progress in improving yield
potential, stability and development of durablestasit cultivars for many different types of
pathogens (Francki and Appels, 2002; Williatral, 2005).
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25.2 Molecular plant breeding

Although traditional plant breeding has made comsidle contributions during the last few
decades, major progress has been seen in biotegyn@nd molecular biology. This
scientific progress has shown an increase in utatetsg and characterising traits important
to plant breeders at molecular level (Willilnhal, 2005). One of the benefits of molecular
breeding programmes compared to traditional brgeghogrammes is that selection based
on phenotype has moved to selection based on gendiituane and Sonnino, 2007).
Molecular plant breeding programmes have assistedffectively developing improved
wheat varieties, using biotechnology for genomeewagpression studies and comprehensive

mapping initiatives (Francki and Appels, 2002).

A major objective of wheat breeding programmesust resistance (Bariaret al, 2001),
especially stripe rust, as it is the most damagpngrain yields in cool, moist wheat planting
regions (Singtet al, 2000). Therefore the development of stripe rasistant cultivars is the
most effective and economic method of managingestmiist (Yaret al, 2003; Lin and Chen,
2007). Several APR genes to stripe rust have begorted (Barianat al, 2001). There are
40 genes which have been identified as conferringesrust resistance at 37 loci in wheat
and catalogued a¥rl throughYr37 and 23 temporarily designated genes were idedtifie
(MclIntoshet al, 2005; Liet al, 2006) and integrated into commercial cultivafelfitoshet
al., 1995). For rust resistance, selection in thet pass based on seedling and/or field
responses of breeding populations (Bariahal, 2001). Presently, breeding programmes
base selection on durable APR (Lin and Chen, 208if)ough breeding programmes prefer
durable resistance, breeding for APR is complexiandlves the late developmental stage of
expression, potential multigenic control and higivieonmental variation (Varshnest al,
2004). Molecular breeding programmes attempt tlisatimolecular markers which are not
influenced by the environment to tag genes respndor APR against stripe rust and
develop molecular markers as simple molecular ttmldreeders to use in the introduction
of APR into new wheat cultivars (Boyd, 2001).
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2.6 History of wheat genomics

Since man started cultivating wheat as a domestip, ¢hey have tried to improve wheat
using visual phenotypic outcomes to determine reguiesults. Centuries later we are still
trying to improve wheat with more tools that aid abservations of phenotypes and
genotypes (Gill and Friebe, 2002). In the early @92he nuclear genome of wheat was
analysed based on chromosome pairing behaviounta@nspecific hybrids, which provided
information on genome constitution, phylogeny amdlation of Triticum and Aegilops
species (Sax, 1922). Wheat aneuploids were useleirl930s to initiate the cytogenetic
analysis and gene mapping of individual chromosames of wheat (Sears, 1954). Later in
history, in the 1970s, the substructures of whéabraosomes were analysed using modern
staining methods to construct karotypes of wheatyfrn and Gill, 1986). In the 1980s,
restriction fragment length polymorphism (RFLP) lgss was used for genetic linkage
mapping in wheat (Chaet al, 1989). By the end of the century, productiondefetion
stocks were used to develop physical maps basednaolecular markers for all 21
chromosome pairs (Gilet al, 1996). Molecular markers are heritable unitkdoh with
economically important traits that molecular planteders use as selection tools (Varshney
et al, 2004). These selection tools improve the undedihg of the wheat genome (Ro@er
al., 1998; Lin and Chen, 2007). Since wheat has gelaggenome, genetic analysis of
guantitative disease resistance using closely tinkarkers provide an alternative means for
the selection of APR in molecular breeding prograsrand can be done in the absence of
pathogens (Bariaret al, 2001).

2.6.1 Molecular marker system technologies

Molecular markers are polymorphic when there isatemn between the DNA sequences of
individuals under study and are merely an indicatosequence polymorphism. Sequence
polymorphism between individuals is attributabletb@ insertion or deletion of multiple
bases, or single nucleotide polymorphisms (SNPsrghheyet al, 2004). The most
powerful analytical tools to detect DNA polymorpmisboth at specific loci and whole

genome level are molecular markers (Somers, 2004jumber of molecular markers are
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being used in breeding programmes, neverthelessogte associated with MAS are the main
restriction to their widespread use by plant bresd&Villiam et al, 2007). Molecular
markers have been used for many applications int fieeeding, such as estimating genetic
diversity, fingerprinting, MAS and genetic linkagepping (Guptat al, 1999) to produce
advanced lines from desirable crosses (Somers,)28@lecular markers have been made
available by numerous researchers globally and rbégusignificantly contribute to further

improve plant breeding (Williarat al, 2005).

2.6.2 Low-throughput molecular markers

2.6.2.1Restriction fragment length polymorphism

RFLP are co-dominant markers capable of identifywvayiable DNA fragment sizes
(Varshney et al, 2004). RFLPs have been used for genetic fingenpg, cultivar
identification (Winsch and Hormaza, 2002), germplavaluation, as an indirect selection
criteria and genetic mapping (Poehlman and Slef685). RFLPs use endonuclease
restriction enzymes that cleave genomic DNA at sigeaucleotide sequences called
restriction sites to produce restriction fragmeift&arshney et al, 2004). Restriction
fragments are identified by Southern blotting, @teque by which fragments are separated
by agarose gel electrophoresis according to sizetramsferred to a membrane (Southern,
1975; Varshnegt al, 2004). The membrane is made either from nitfomse or nylon and
contains the immobilised DNA that hybridises withradioactive labelled DNA probe
(Varshneyet al, 2004). Alternatively, fragments can be visualis@her by pre-treatment or
post-treatment of the agarose gel, using stainiathaus such as ethidium bromide staining,
silver staining (Kochert, 1994) or using digoxigefDIG), a labelled DNA probe (Morioka
et al, 1999). The restriction sites vary between irdlals due to deletions, insertions,
mutations and methylation modification between dathiw restriction sites (Appelst al,
1986).

RFLPs are time-consuming and automation is diffictdsulting in the method not being

used regularly within plant breeding programmeslafge quantity of DNA is used in
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comparison to the polymerase chain reaction (PGRed techniques (Weising and Kahl,
1997). RFLPs, in comparison with some of the PCBeldamarker techniques, obtained
lower levels of polymorphism (Williamst al, 1990) and are limited to low copy sequences
(William et al, 1997) which is not sufficient in wheat (Gugaal, 1999). Usually less than
10% of RFLP loci are polymorphic in wheat limitirigeir use for molecular analysis of
agronomic traits (Meet al, 2001). Several RFLP-based maps of bread whéeheror
groups of homoeologous or for the entire chromosgmeaps, have been published (Pehg
al., 2000).

2.6.2.2Random amplified polymorphic DNA

Random amplified polymorphic DNA (RAPD) is a PCRsbd marker technique (Varshney
et al, 2004), where random segments of genomic DNAaanplified with a single decamer
(10-mer) primer of arbitrary nucleotide sequenoeompatible pairing between primer and
template, deletions of primer sites and deletiond esertions between primer sites are
considered to be accountable for polymorphism (Welsd McClelland, 1990; Williamest
al.,, 1990). Since RAPD analysis does not need infaonatif the targeted DNA sequence
(Williams et al, 1990) it is mostly used to compare DNA of biolmaisystems that has not
been tested before. A major disadvantage of uskigds is non-reproducibility due to a low
annealing temperature, causing unspecific bindingrioners (Varshnet al, 2004). Most
RAPD markers are dominant although some rare cartorh RAPD markers have been
observed (Roy, 2000).

Advantages of RAPD technique include that it iSdaand requires small amounts of DNA
with no radioactivity (Botha and Venter, 2000). R2d’have been successfully used to map
leaf rust resistance genés9, Lr24, Lr28, Lr29 and Lr34 (Schachermayet al, 1994;
William et al, 1997). However, as with RFLPs, RAPDs are notsefull in wheat as with
other crops, due to low levels of polymorphism wittvheat (Guptat al, 1999).
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2.6.2.3Amplified fragment length polymorphism

Amplified fragment length polymorphism (AFLP) tediogy was originally developed and
described in the early 1990’s by Zabeau and Vo83L9wvorking at Keygene, as a genetic
fingerprinting technique. AFLP analysis is a PCRdthDNA marker analysis system and is
a highly sensitive method able to detect polymampis in DNA throughout the whole
genome (Voset al, 1995). AFLP analysis is based on the amplifaratof subsets of
genomic restriction fragments using PCR (Savelleball, 1999). Genomic DNA is digested
by two restriction enzymes, one rare cutter (EgoRI) and one frequent cutter (elgsd)
producing DNA fragments of different lengths (Metsal, 1995).

Vos et al (1995) stated the principle for using two resioic enzymes is the following:

0] The frequent cutter will produce DNA fragments whimplify well and are in
the most favourable size range for separation oatdeing gels.

(i) By using the rare cutter the amount of fragmentpldied is reduced, since only
the rare cutter and frequent cutter fragments amgified, limiting the amount of
selective nucleotides needed for selective amptifin.

(i)  The use of two restriction enzymes makes it posdibllabel one strand of the
double stranded PCR products.

(iv)  Using two different restriction enzymes gives theeapest flexibility in
manipulating the number of fragments to be amglifie

(v) Large numbers of different fingerprints can be getezl by the various

combinations of a low number of primers.

Adapters are ligated to the ends of the DNA fragmdn create a template DNA for
amplification. The sequence of the adapters andatieining restriction site function as
primer binding sites for subsequent amplificatioh tike aliquot of genomic restriction
fragments (Savelkowdt al, 1999). Adapter-specific primers have extensmmsheir 3’ ends
of selective nucleotides which can only prime DNaAthesis from a subset of the restriction
sites (Varshnegt al, 2004). Only restriction fragments in which nwatldes flanking the

restriction sites match the selective nucleotidé$ e amplified. Selective amplification
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using one nucleotide extension amplifies one outoaf of the adapter-ligated fragments,
whereas selective amplification using three nualieoextensions in both primers amplify
one out of 4 096 of the adapter-ligated fragmeRtdymorphisms obtained from AFLP
analysis are due to (i) mutations in restrictidessi (i) mutations in sequences adjacent to the
restriction sites and complementary to the selegbiwmer extensions and (iii) insertions or
deletions within the amplified fragments (Savelketlal, 1999). Sequencing gels or even
ordinary denaturing polyacrylamide gels (PAGE) ased to separate PCR products, which
are visualised by silver staining. Alternativelyjnpers are labelled either by radioisotope
(P*) or fluorescent dye so that the AFLP can be visadlby autoradiography or fluorescent
imaging methodologies, respectively (Mueller andiféfbarger, 1999).

The AFLP technique, like most other techniques,disadvantages. AFLP analysis amplifies
dominant markers and is time consuming compareditaple sequence repeat (SSR)
analysis, laborious and more expensive comparether PCR-based techniques. It requires
good quality DNA to guarantee complete enzymatigesiiions because non-reproducible
variation in DNA profiles occurs when DNA is pattyadigested (Varshnegt al, 2004).
The advantages compared to other marker technslagie that it is highly efficient in
revealing polymorphisms (Shaat al, 1999) and has higher reproducibility, resolutand
sensitivity on the whole genome level than othehtéques (Wolfe and Liston, 1998). AFLP
analysis obtains a higher number of amplified potsl50-100), increasing the probability
of detecting polymorphisms as compared to othekerasystems (Varshnest al, 2004).
AFLP analysis utilises infinite amounts of loci whican be analysed with different primer
combinations. The AFLP analysis is able to diff¢éise amongst genotypes which is not
obstructed as a result of their bi-allelic natupeeéence or absence) (Maclell al, 1996)
and shows intra-specific homology (Powedlal, 1996). Compared with other DNA marker
systems, the AFLP technique requires no sequefmeriation (Ma and Lapitan, 1998).

AFLP analysis simultaneously detects a large nunobexmplification fragments which is
useful for mapping, especially in regions contagngenes of interest (Peegal, 2000). Due
to high levels of polymorphisms AFLP analysis hasdme predominantly beneficial in the

study of genetic variation in strains or closelyated species of plants and population
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genetics to determine differences within populaiand in linkage studies to generate maps
for QTL analysis (Wolfe and Liston, 1998). Wheastalarge and complex genome as a
result of both 90% repetitive and highly methylal¥dA sequences and having a polyploidy
ancestry.Sseé, a methylation sensitive restriction enzyme isferred for AFLP analysis in
wheat compared tdecoRIl, a methylation insensitive restriction enzymey Bvoiding
fragments that terminate in methylated sites, lyighethylated repetitive DNA is avoided
and while the number of fragments amplified is @t the number of polymorphisms
identified is increased (Doniet al, 1997).

2.6.2.4 Microsatellites

Microsatellites or SSRs or simple tandem repeafké$ (Archibald, 1991) is a PCR-based
marker system (Jacadt al, 1991). SSRs are polymorphic loci present in gagndNA of
one to four base pairs (bp) tandem repeats (e.@TAT) (Turnpenny and Ellard, 2005). It
has been estimated that repeats longer than 2@dyp every 33 kb in plants (Varshnet
al., 2004). Loci are amplified by PCR using primet8 ¢ 25 bp long) which are specific for
conserved nucleotide sequences flanking regionspdats of two to four bp (Manifeset

al.,, 2001). SSRs are highly abundant and evenly ilolig&d, highly polymorphic, co-
dominant, easily assayed by PCR and accessibléodugblished primer sequences (Saghai-
Maroof et al, 1984; Varshnegt al, 2004) and has made significant contributionplemt
genetic studies. Microsatellites are restrictedntoaspecific and intragenomic analysis and
are therefore suitable for comparative analysigoorintrogression studies involving wild
species related to wheat (Gupth al, 1999). SSRs are locus-specific in most species
(Taramingo and Tingey, 1996) and an extensive tei§aneeded to screen the whole genome
with SSR markers in attempts to identify markersad@ene with an unknown chromosomal
location. The research effort and cost thereforeolired restrict their use in many
laboratories (Browret al, 1996). SSR primers are useful for rapid and etewdetection of
polymorphic loci and information could be used #mveloping a physical map based on

these sequence tags (Varsheegl, 2004).

19



Compared with RFLPs, SSRs are easier to handlegtfestive, appropriate for automation
and can be used on a larger scale. SSRs haveyabead developed in various crop species.
SSRs are abundantly found in eukaryotic genomes exuless a greater level of
polymorphism in hexaploid bread wheat than anyrotierker system (Mat al, 2001). One
of the first SSR maps for wheat was developed byeRét al (1998) which consisted of 279
microsatellite loci amplified by 230 primer setevBnty nine of these primer sets were
integrated and efficiently analysed for mappingpmses on genomic DNA of wild emmer
wheat,T. dicoccoideqTriticum turgidum(L.) Thell. ssp.dicoccoidegKoern)Thell.] (Pengpt

al., 2000). This map played a role in tagging and pirapgenes for a variety of agronomic
traits such as the yellow rust resistance gémé52in wild emmer wheat (Pengf al, 1999)
andYrl5 transferred into wheat from. dicoccoidegMa et al., 2001). Approximately 570
SSR primer sequences were available in 2005 foatyléhich is a small number relative to
the genome size of wheat (Soagal, 2005). Although the International Triticeae Mayp
Initiative (ITMI) was the first organisation to plidally fund research on the linkage map of
bread wheat and more than 1 000 markers have bepped, significant gaps remain in
some linkage groups (Sometsal, 2004; Anonymous, 2007b).

2.6.2.5Sequence specific PCR markers

The conversion of multi-locus marker types suchA&Ps and RAPDs through cloning,
sequencing and primer design to sequence spedciikars successfully deal with problems
of reproducibility, high-throughput and co-migragiamplification products (Lotteringt al,

2002). Cleaved amplified polymorphic sequences (8ARre based on the restriction
enzyme site variation in DNA fragments producedAfyR and are co-dominant markers.
Sequence information for the primers can come faogene bank, genomic or cDNA clones,
or cloned AFLP/RAPD fragments (Varshney al, 2004). Paran and Michelmore (1993)
resolved the problem of RAPD reproducibility by isleérg sequence characterised amplified
region (SCAR) markers from the initial RAPD markdos the Dm resistance genes in
lettuce. They defined SCARs as “a genomic DNA fragtmat a single genetically defined
locus that is identifiable by PCR amplification ngia pair of specific oligonucleotide

primers”. The two ends of the RAPD amplified prodare cloned and sequenced and used
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as primers for the amplification of the single fragnts or SCARs. SCAR markers can be
dominant or co-dominant. SCAR markers are moreodymible than RAPDs, can be
developed into plus/minus arrays where electrogi®rées not required and show less
variability among different thermocyclers and whdifferent DNA polymerases are used
(Paran and Michelmore, 1993; Schachermetyral, 1994; Roy, 2000). The inability to
convert RAPD markers to SCARs have however beearteg (Venter and Botha, 2000).
This is probably due to the fact that annealing &hort primer (10 bp) to a long template
results in the middle base pairs annealing moretlyighat those one the 3' and 5’ ends
(Chen and Wu, 1997). This results in a specifienpri that contains two bases that are not
complementary to the template. The incidence oétitpe sequences might also play an
important role, as it causes the specific primartplify homologous loci located on another

chromosome which gives rise to a similar bandingepa (Penner, 1996).

Success have however been reported with the dewelapof SCAR markers for wheat.
Dedryveret al. (1996) reported a SCAR-marker developed from a BARarker forLr24,
whilst a RAPD-SCAR marker was developed for the athaphid resistance gerign2
(Myburg et al, 1998). The construction of a SCAR is however lioited to the use of
RAPD technology. Xtet al. (2001) reported on the conversion of AFLP markiedsed to
the Vf gene in apples to a SCAR marker. As is the catie RAPDs, the internal sequences
from both ends of the AFLP marker were used togiegtie 25 bp SCAR primers.

A sequence-tagged site (STS) is a short uniqueesegu200 - 500 bases long) amplified by
PCR that identifies a known location on a chromosolts sequence does therefore not occur
anywhere else in the genome. STSs can be ampbifeBCR from a genomic library or
genomic DNA (gDNA) using specific oligonucleotideirpers (Olsonet al, 1989). As a
result, a single band will be obtained with eleptroresis, corresponding to the size of the
target region. Once constructed, STS primer sefer ohdvantages of safety (no
radioisotopes), relative ease and greater througivpile incorporating the advantages of
PCR (Martinet al, 1995). STS primers developed in cereals are patlsntransferable
between related species, as is the case for RHldMseftet al, 1994).

21



Schachermayet al. (1997) developed a RFLP-STS markerlfot0, whilst Hu et al. (1997)
was successful in developing a RAPD-STS marketherpowdery mildew resistance gene
Pmlin wheat. Shaet al.(1998) managed to develop chromosome specific{Bh%er pairs
from polymorphic AFLP fragments. Priret al. (2001) succeeded in the conversion of a
fragment accociated withr19 to a dominant STS marker. From their studies ¢abee clear
that not all AFLP products will be suited for comsien. One of the disadvantages of this
technique is the requirement to isolate and develagkers for each new crop (Bradyal,
1996).

Another sequence specific marker is single nudeopolymorphism (SNP) which is an
abundant source of sequence variation betweenithdils that can be targeted for molecular
marker development. SNPs are single base nuclestidstitutions (A, C, G or T) and are
abundant in plant genomes. SNPs have the advaotaggomation and can be screened in a
digital format analysis, enabling high-throughpoalysis (Wanget al, 1998). It is expensive
to develop SNPs, since each DNA locus has to beesegd and suitable PCR primers need
to be designed. Primers are used to amplify a sparding fragment from all other possible
genotypes. Fragments produced from possible geestgipe sequenced and compared with
one another to determine the SNP for each haplofypeshneyet al, 2004). Of all the
molecular marker technologies available, SNP preduthe greatest marker density
(Edwards and McCouch, 2007).

Different methods are used to identify SNPs witl@ingenetic locus, such as direct
sequencing, single-strand conformation polymorphigmemical cleavage of mismatches and
enzyme mismatch cleavage (Varshretyal, 2004). SNPs are frequently used for finding
markers close to or within a gene of interest aaml loe used to detect functional nucleotide
polymorphism. Development of SNP markers requinesvkedge of DNA sequence in an
individual followed by re-sequencing in other véigs to find variable base pairs.
Alternatively, direct sequencing of SNPs can beetteped through ecotilling with the CEL |
enzyme (Comaet al.,, 2004) or by denaturing high pressure liquid amatography (DHPLC)
measuring small rare differences from PCR amplifeduences which are hybridised to a
reference sequence (Kwok, 2001). In addition to SiRelopment, both DHPLC and
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ecotilling are viable technologies for SNP detettidhere is a large number of other SNP

assay technologies being developed and no singleochés superior to the others.

The benefits of SNP assays include increased spEagkenotyping, lower cost and the
parallel assay of multiple SNPs (Edwards and Mc@Gp2607). The development of newer
markers such as SNPs and the availability of neeehnnologies such as DNA chips and
microarrays will accelerate genome mapping anditgggf genes in this polyploid crop for
efficient wheat breeding programmes (Guptaal, 1999). A novel approach was used to
develop primers to amplify and sequence gene fratgrfer fine mapping and targeted SNP
analysis using rice-wheat gene colinearity in tbgion especially from th&ol boron
toxicity tolerance locus of the hexaploid wheat @ae. SNPs identified were used to
generate markers closely linked Bol on the distal end of chromosome 7BL. SNPs were
observed between the two cultivars Cranbrook anibéfid, at a low frequency (one every
613 bp). Furthermore, SNPs were distributed ungvantl were limited to only two genes
(Schnurbusclet al, 2007).

2.6.3 High-throughput molecular markers

DNA-based marker methods such as AFLPs, RAPDs dfrdPR are dependent on gel
electrophoresis and associated with difficultiecanrelating fragments on gels with allelic
variants (Jaccoue@t al, 2001) and are thus characterised as low-thraughds a result
high-throughput (not dependent on gel electropheydsybridisation methods of nucleic
acids immobilised on solid states (DNA chips) weeeeloped to replace gel-based analysis
systems. High-throughput genotyping such as DNA@aicays (Lipshutet al, 1999) allow
simultaneous analysis of hundreds of thousand$igdraicleotides attached to a solid silicon
surface in an ordered array to create a microaifhg. DNA or RNA sample is amplified
using PCR to allow the attachment of fluorescelahbelled nucleotides and then hybridised
to the array. Each oligonucleotide or cDNA on thawaperforms as an allele specific probe.
Ideal matching sequences hybridise more efficiemtiganating a stronger fluorescent signal
than mismatched combinations. The fluorescent gaee measured by high resolution

fluorescent scanning and analysed electronicalhys tallowing the identification of
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heterozygous base pair mutations, insertions atetiales (Cheeet al, 1996). Microarrays
were developed to genotype SNPs (Watl, 1998). Initially DNA chips that analyse
SNPs required prior DNA sequencing (Jaccetidl, 2001).

To avoid sequencing, Diversity arrays technologa(D") were developed for detection of
specific DNA fragments derived from the total gemomBNA of an organism or a population
of organisms (Jaccougt al, 2001). The advantages and disadvantages of A& Bharker
analysis as a alternative array-based method isst effective marker technology which
produces extremely high quality data needed foin-dignsity mapping. In addition, the ease
in which sequences of the markers are obtainedwalarge-scale alignments between
genetic and physical maps. This makes DArT the awethf choice especially for species
with high levels of genetic variation, when limitéidancial resources are available or for
complex polyploid genomes that may not be amenébl¢he whole-genome sequence
approach (Wittenberg, 2007). DArT analysis was usedype hundreds to thousands of
genomic loci in parallel within the hexaploid geroraf bread wheat. DAIT generated a
large number of high-quality markers in wheat (98.&llele-calling concordance and
approximately 95% call rate). The genetic relattops among bread wheat cultivars
revealed by DAIT coincided with knowledge generataith other methods (SSR, RFLP and
AFLP) and even closely related cultivars could Istimguished (Akbariet al, 2006). A
comparison between the different low and high-tglgaut molecular marker systems
discussed in sections 2.6.2 and 2.6.3 is giveralnld2.1.

2.6.4 Molecular markersin plant breeding

MAS in the developed world has not yet producedrddsesults for crops in commercial
breeding programmes (Somegs al, 1999). When applying MAS as a tool for genetic
improvement in developing countries certain crétegire taken into consideration, namely
financial costs, benefits compared with traditionaleeding or other biotechnology
applications, development costs of MAS and appboabf MAS taking into consideration

intellectual property rights (Ruane and Sonnin®@70
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Table 2.1  Comparison between different molecular arker technologies (Edwards
and McCouch, 2007)
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RFLP No Yes Moderate Moderate Yes No 1 to few Ractige isotope
Polyacrylamide
AFLP Yes Yes Moderate Moderate No Yes Many .
gels/capillary
Polyacrylamide
SSR Yes No Low Moderate Yes Yes 1 to about 20 .
gels/capillary
SNP Yes No Variable Highest Yes Yes 1 to thousand Variable
DArT™ Yes Yes High Moderate No Yes Many Microarray
CAPS Yes Yes Variable Moderate Yes Yes Single Aspgels
SCAR Yes No Low Moderate Yes/No Yes Single Agamgsis

The main reason to move toward PCR-based markersmamly SSR marker maps is the
potential to use the maps in plant breeding program (Guptaet al, 1999; Ruane and
Sonnino, 2007).

Gene pyramiding for a single important trait througAS allows breeders to identify the
presence of multiple genes/alleles related to glesitrait, particularly when alleles do not
individually exert detectable effects on the expi@s of the trait (Koudandét al, 2000).
However, if several genes are closely linked to eoolar markers, molecular breeding
strategies can be used to produce lines with gembinations. Detection of recessive genes
in traditional breeding programmes is done throwgifing to detect individuals with
recessive alleles for the target trait. Marker&duh to recessive alleles allow breeders to
avoid the selfing step and progeny testing in baxsdsapproaches (Williaet al, 2007).

The intended application, ease and cost involvedtle main factors that influence the

choice of marker system (Gup& al, 1999). In areas where seasonal and geographical
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considerations are taken into account, markersigeoan advantage in identifying traits
which are only screened in certain seasons or gpbgral regions due to the presence of
biotic or abiotic stresses. Difficulties in QTL detion and interactions between QTL and the
environment may make markers unreliable for trbgsow a certain threshold heritability
estimate (Williamet al, 2007). The advantage of molecular marker tectgiedois that
(some techniques) small amounts of DNA are requatieaving high-throughput analysis for
early selection (Roy, 2000). Analysis during eaglgnerations to test quality parameters
requires a large number of seed where MAS can bé based on protein profiles or DNA
based markers. Early detection using genetic aisatgs be done using seeds or young plant

tissue, which improves selection efficiency (Witlizt al, 2007).

In general, the development of molecular markeriselil to one particular gene appeared to
be more challenging for a gene derived from the awtgene pool, compared to markers
linked to the genes that originated from a wildatiele of wheat (Schachermagt al, 1997).
This is due to the large genome size of bread wheeg low levels of molecular
polymorphisms within the species and the overwhagnpresence of repetitive sequences
(William et al, 1997). A comparative genetic study among sdniteceaespecies by Pengf

al. (2000), using molecular markers, detected sliginilarities among certain genes,

indicating possible transfer of genes from wild ahiato bread wheat.

There exist many examples of the application ofenalar markers in wheat breeding. Garg
et al (2001) found that AFLPs delivered the highest banof polymorphic fragments per
assay, followed by RAPDs and SSRs, but that SSReedsd the highest polymorphic
information content (PIC) in wheat. In contrasthBet al (1999) found that the PIC values
were similar for RFLPs, AFLPs and SSRs in wheatvélloet al. (1996) indicated that the
marker index, which is a product of the number a@fymorphic loci in the analysed cultivars
and the average PIC values were low for RFLPs &Ris$ut high for AFLPs.

Even though polymorphic SSR markers detected 22f&tian within the wheat genome

(Ma et al, 1996), it was speculated that SSR markers ctactdmore polymorphic alleles

per marker than RFLP (Ma and Lapitan, 1998). HoweS8&R markers are the only markers
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available in wheat that are amenable to large sygdications, which is a requirement in all
molecular breeding programmes. Since it is vitaldanarker to be co-dominant and robust
SSR analysis is useful in MAS (Williarat al, 2007). However, AFLP markers do not
require DNA sequence information, as is the cask &TS-PCR and SSR markers and the
developmental costs required for marker developraemttherefore much lower. Compared
to RFLP or other PCR-based marker systems, AFLRel&ively fast, reliable and cost-
effective (Ma and Lapitan, 1998). The differentleonlar marker techniques contributed
significantly to the development of plant genetiaps (Guptaet al, 1999) and the
identification of DNA markers for useful genes sum$Lr41 (Lottering et al, 2002) and
Lr19 (Prinset al, 2001) for leaf rust anBmlcfor powdery mildew resistance (Haet al.,
1999).

2.6.5 Doubled haploids

Plants produced by natural or artificial doublirfgcbromosomes of haploid plants are called
doubled haploids (DH) (Prerat al, 2004). DH offer a major advantage by its abiliby
acquire homozygosity, reducing the time neededléweloping homozygous lines in cross-
pollinated crops and can be used to produce hyimed (Rajhathy, 1976). Thus, the use of
DH populations reduces the breeding cycle by acatehg the development of homozygous
lines (Kott, 1997), as compared to other breediogufations (Premet al, 2004). DH
populations can be continuously propagated, whiichva different research groups to work
with the same genetic material and all generatéal cantribute to a common database (Burr
et al, 1994). The development of DH populations depemnighe availability of haploid
plants, since it is a prerequisite for DH plantdaration. In the 1920s naturally occurring
haploid plants were discovered. Apart from natyrgifoduced plants which are rare and
confined to a few species the use of haploid plavese not a practical technique until
methods were developed for controlled productiorhaploid plants (Kimber and Riley,
1983). Haploid plants are produced either by imptecdic or intergenic crossing followed by
the elimination of selective chromosomes, for exti@mgrossing barley or wheat with maize
(Zhu and Wu, 1979). In the early 1960s the devebamnof tissue culture techniques gave

way to haploid plant production by vitro culturing of unfertilised ovules (gynogenisis) or
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from mature or immature pollen grains (androgehiéBossoutrot and Hosemans, 1983).
However, anther cultures produce low frequencieshaploids, making it difficult to

differentiate diploids from DH which regenerate frahe same somatic tissue of anther
walls. The production of DH populations using antleeltures is time consuming and

laborious for use in breeding programmes (Pe¢al., 2004).

In traditional breeding programmes homozygosityagsomplished after selectively selfing
for several generations, taking up to 10 - 12 yemmsending on the crop (Allard, 1960).
Homozygosity for qualitative and recessive traste@ven more difficult due to many loci and
masking of recessive alleles in heterozygous pléAtemet al, 2004). Considerations
should be taken into account for selection in thsecof mutations, normally recessive in
nature, or qualitative traits controlled by recessalleles (Maluszynsket al, 1995). Since
haploids express recessive genes, transgressivegsats for recessive traits are recovered

by doubling the chromosomes and making them diploid

DH have been used for many different approachef ssc mutation breeding, disease
resistance studies, biotechnological gene transfelecular breeding etc. DH populations in
combination with molecular breeding using DNA-baseethods such as RFLP and AFLP
analysis are being used in plant breeding prograsnasea result of the large range of
applications (Prenet al, 2004). DH are being used in studies for genkalyes and

interactions (Maet al, 2007) and provide the plant breeder with a higkffycient marker

aided selection tool. Since DH are homozygous fbtoai, they are frequently used for

genetic mapping (Preet al, 2004).

2.6.6 Bulk segregant analysis and targeted bulk segregant analysis

In order to use high-density molecular maps fordigsi on genome organisation, the
conversion of linkage maps to physical maps needh tdone. This has become feasible due
to the development of techniques for manipulatibtacge DNA fragments. Physical maps
can confirm the order of DNA markers in the targegion and by determining the

relationship between genetic and physical distartbes influencing the choice of strategy to
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be used (Grandillo and Fulton, 2002). The imporaaot targeting strategies such as bulk
segregant analysis (BSA) described by Michelnairal (1991), tBSA and fine mapping is
indicated by the vast amount of techniques whickehessisted in the development of these
targeting processes. Different types of molecularkers have been developed, varying in
their cost, ease of generating markers, depentahbitid long term usefulness in assisting
these targeting strategies. Many mapping populatibave been developed, to take
advantage of different molecular marker approaemesto increase the subsequent power of
the maps generated (Bennetzen, 2000).

BSA was introduced in an effort to simplify the miiéication of markers in the absence of
near-isogenic lines (Melchinger, 1990). BSA wasiatly proposed for screening qualitative
traits known to express variation at a single loctitarge effect (Giovannoret al., 1991).
The method involves grouping of individuals (calledglks) from two phenotypic extremes
from a segregating population. Due to the simpliaihd low cost of the BSA technique, it
was initially proposed for screening more complait$ and is often restricted to segregating
generations which are simpler and cheaper to pediwch as 4 DH, backcross or similar
populations (Giovannoret al, 1991; Mackay and Caligari, 2000). DNA isolatedni the
parental lines and two bulks is screened with DN kars. Polymorphisms between the two
bulks are derived from regions of the genome tbatat share similarity between individuals
that made up the bulks. According to Michelmore9d)9 the arbitrary nature of the pooled
segregants will ensure that the chance of identjfya molecular marker that differentiates
between the segregating offspring is heighteneceréfbre, the rest of the genome is
randomly contributed by the parents and should shoywolymorphisms between the bulks.
The method is important due to its ability to idBnimarkers associated with the trait of

interest without the need for full map construct{bangridge and Chalmers, 2004).

However, selected markers used in BSA should beataple when screening with PCR-
based marker assays. AFLP markers in particulae pasved to be suitable for these assays.
A disadvantage posed by BSA compared to genetic amaysis, is that genetic distance
between the marker and trait is not provided. Hlvgays necessary to check the marker/trait

associations by screening the individuals fromgbpulation to confirm that the marker is
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reliable for the trait of interest. Screening oflividuals is usually done to validate the
expected marker pattern. BSA has been widely usddhas become an important method in

marker development programmes (Langridge and Chia|r2804).

In several studies, a BSA approach led to the ifiestion of DNA markers linked to useful
genes in wheat, apparently irrespective of the tfpmarker system. Harét al. (1999) were
able to link an AFLP marker to powdery mildew rémnce. Williamet al. (1997) used BSA
for the detection of QTL associated with leaf nestistance in wheat. Kdlliket al (2001)
reported on the use of bulked leaf samples (oppdsethter bulking of DNA) from
individual white clover plants for the assessmdngenetic diversity with the use of AFLP
analysis (Gustine and Huff, 1997). The bulking lainp material rather than bulking of DNA
has been successfully used in various studies (@xésvskiet al., 1997). BSA is a fast
method to identify molecular markers closely linkiedgenes of interest (Lin and Chen,
2007).

Targeted BSA is a modification of BSA which was eleywed as a tool for marker
enrichment in the target regions of selected chsmmes (LUbberstedit al, 2002). This
method minimises the experimental effort in analgsiarge numbers of putatively linked
markers and enables the selection of closely limkadkers without analysing all individuals
of the mapping population. Targeted BSA in compmariso conventional BSA is more
effective as a result of narrowing the target ragiby enriching markers and reducing the
amount of work in future mapping (Ble et al, 2000). Duale et al. (2000) stated using tBSA
on QTL analysis could be effective for identifyiolpsely linked markers in targeted regions,
especially if combined with AFLPs. They reportedttithe saturation of two chromosome
regions conferring resistance genes linked to sag& mosaic virusSCMV1and SCMV3
was successful using SSR and AFLP markers by satgine@gions using tBSA in European

maize Zea mays..).
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Figure 2.1 A graphical representation of a hypothical tBSA approach to target the

region between markers M2 and M3.
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BSA can be used in combination with different tairgg strategies in order to target specific
regions of a chromosome around a gene of inte@st. application is the use of existing
marker data, as depicted in Figure 2.1. In stemdrker data (M1 to M4 for the resistant
parent and ml1 to m4 for the susceptible parentjiertwo parental lines (for e.g. a disease
resistant and disease susceptible parent) are knBwrthermore, both phenotypic and
marker data for the offspring of the segregatinguypation is known. During step 2,
individuals are selected to represent the extregsestant and extreme susceptible bulks.
Individuals are selected based on phenotypic damailér to the traditional BSA approach)
as well as known marker data. Individuals in théreae resistant bulk contain all four
markers flanking the gene of interest. These markes associated with the resistant parent
(M1 to M4). Individuals of the extreme susceptiblgk contain the four markers around the
gene associated with the susceptible parent (mi4do During step 3, in an attempt to target
the region between the two flanking markers closeshe gene of interest (M2 and M3), a
narrow down bulk is constructed for which indivitkiavere chosen that had recombinations
within the M1 and M2 region, as well as the M3 & region.

In order to prevent detection of new markers witthie M1 and M2 as well as M3 and M4
intervals, individuals are selected to have both &t m1l markers for the M1 and M2
interval and both M4 and m4 markers for the M3 &Ml interval. The presence of both
parental alleles in these regions will theoretica@liminate detection of differences in these
regions. Any markers that are only amplified in tleeistant parent, extreme resistant bulk
and narrow down bulk should theoretically be targgthe region closest to the gene of

interest.

2.6.7 Quantitative Trait Loci Analysis

A QTL is a location on a chromosome which is coesd to regulate an organism's
phenotype for a quantitative trait (Collagtal, 2005). Quantitatively inherited traits have a
strong genetic component but which, under normaditmns of measurement, cannot be
shown to be controlled by individually recognisedil Expressions of these traits are usually

influenced by the environment. QTL mapping makes thetection, localisation and
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characterisation of genetic factors contributingthie variation of polygenically inherited
traits feasible (Young, 1996). In order to perfo@iL analysis, a plant breeder needs two
critical sets of information. Namely, a linkage mathe genome of the species and a good
method available to measure (such as leaf infecttmres) how the trait of interest varies
among plants (Ramburan al, 2004).

Individuals in a segregating population whose tnai$ been measured and which have been
genotyped are crossed. The trait and genotypdseofpgroduced offspring are determined as
well. There are other experimental approaches wiitlhgive the same result, but all QTL

analyses rely on a linkage map and reliable tras&snres (Guzman-Novedal, 2002).

To visualise how the data is analysed, researamasgyenetic markers dispersed along the
chromosome at a given location. The DNA sequentédsese markers vary between the two
copies of the chromosome (Collatlal, 2005). The chances of recombination occurrirg ar
high if the markers are far apart and low if therkeas are close together (Boag&e al,
2002).

Using a computer programme, the variation in thé ts correlated with each marker. If the
trait is always high with a certain sequence of arkar and always low with another
sequence, then the gene for the trait is probdblsecto the marker on the chromosome. If
the variation in the trait is more or less randomneilation to the marker, then there is little or
no linkage between the trait and that chromosoogation. The level of association between
the trait and location is called a logarithm of eddOD) score (Manlyet al, 2001). Most
guantitative traits have high LOD scores for twddar locations in an organism's genome.
There are of course exceptions to this. The higherLOD score, the more significant a
chromosomal region may be in regulating the tfHitese chromosomal locations probably
do not code directly for a particular trait, butstead for factors which shape the trait
(Gershenfelcet al, 1997).

Knowing the positions of QTL would allow for theausf MAS for traits difficult to manage

by a traditional breeding programme (Aratsal, 2004). However, QTL analysis in wheat
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has been limited as a result of the large genomeeaid abundant repeated sequences. The
genetic dissection of complex traits is one ofrtiast difficult and most important challenges
facing science today (Lin and Chen, 2007). By kmmgmvhich chromosomal locations are
important, researchers can conceivably track heeir thenetic manipulations are affecting
the regulation of the trait (Snage al, 2001). Many QTL have been detected in the wheat
genome, for example Fusarium head blight (Habetleal, 2007), APR for stripe rust
(Ramburaret al,, 2004; Pringt al, 2005), etc.

2.6.8 Genetic mapping

One of the most important applications of molecutaarkers is mapping of the whole
genome. Molecular genetic maps of whole genomescbas allelic variation at individual
marker loci, have been constructed for all majapsr(Somers, 2004). Before the use of
PCR-based markers, the construction of wheat genetps had been slow as a result of the
low level of polymorphism in wheat (Chad al, 1989). The importance of genetic maps for
different crop species has gradually increasedesihey were first introduced in the 1980s.
RFLP markers were first used to produce wheat geneps (Chaet al, 1989; Devos and
Gale, 1992) and soon after, PCR-based markers ug=e for the construction of genetic
maps, including RAPDs (Williamet al, 1990), AFLPs (Vogt al, 1995) and SSRs (Réder
et al, 1998; Gupteet al, 1999). Traditional plant breeding needs to as®lthousands of
plants in a short period of time at low cost. SSBrikars and high-throughput capillary
electrophoresis are beneficial for use of MAS iedaling programmes (Sometsal, 2004).
The ITMI has supervised and managed various intits around the world to provide

genetic mapping information for wheat (Francki #&ppels, 2002).

A genetic map is more effective in molecular bregdif it is densely populated with
markers.This provides molecular breeding strategies withrenchoice in the quality of
markers and more probability of polymorphic markieran important chromosome interval.
The first microsatellite map in wheat possessedricgosatellites (Rodezt al, 1998). This
marker density is useful for QTL and gene mappimg,is limiting for the precise transfer of

QTLs between different genetic backgrounds. Spedifi, the limitation comes from the
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lack of polymorphic markers immediately flanking BT Research in wheat genomics has
increased the use of genetic maps, especially prlmaged gene cloning efforts. Map-based
cloning requires an accurate, fine genetic mapteectly position a gene of interest between

close flanking markers (Somessal, 2004).

2.7 Previous studies on a Kariega x Avocet S DH populian

A project was approved by the Agricultural Resedcuncil - Small Grain Institute (ARC-

SGI) in 1999 to use molecular methods to detect @Hponsible for stripe rust APR using
DH populations (Pretoriugt al, 2007). Prinset al. (2005) developed a DH mapping
population from a cross between Kariega and AvdetAvocet S (Figure 2.2) is an

Australian stripe rust susceptible wheat cultivad éhe South African cultivar Kariega is a
hexaploid hard red spring wheat cultivar (Prsl, 2005). Kariega (Figure 2.3) has a high
yield potential with high protein content, a higillihg number and excellent baking quality

and is ranked top of the class for milling and bgktharacteristics (Barnaed al, 2002).

Kariega expresses complete APR to stripe rust withasing any yield (Ramburaet al
2004; Prinset al, 2005) and is therefore of particular interestMioeat breeders. APR in
Kariega could assist in developing new approacbesontrol stripe rust and develop a
linkage map for breeding programmes. Analyses uAiPB to stripe rust field data identified
two major QTL QYr.sgi-7D and QYr.sgi-2B in Kariega. QYr.sgi-7D was located on
chromosome 7D and assumed to be the APR ¢gai€ QYr.sgi-2B was located on
chromosome 2B associated with a chlorotic and/aratie response. Two minor QTL
(QYr.sgi-1A and QYr.sgi-4A were additionally identified on chromosome 1A a#A
respectively in the resistant cultivar Kariega (Rananet al, 2004; Prinset al, 2005;
Moldenhaueet al, 2006; Pretoriust al, 2007).

Mapping results indicated that the most closelidoh marker to the 7D QTLQYr.sgi-7D
was the SSR locupvm?295-7Dlocated at ~10 cM. Due to the low level of polyplism on
the 7D chromosome the construction of a dense d@kaap for this chromosome was
prevented, resulting in markers flanking 34 cM avirayn each other foQYr.sgi-7D
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Figure 2.3 A leaf of Kariega indicating adult plantresistance to stripe rust.
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(Ramburaret al, 2004). Thd_.r34/Yr18 complex is present on chromosome 7D (Siegal,
2000) and is linked to the geh#n. In the study of Ramburaet al. (2004), theLtn gene
mapped 12 cM away from the SSR markKemwm295—7Cclosest to the@Yr.sgi-7D QTL
region. It was not achievable to mapB4 in the DH population due to the presence and

perplexing effects of othéir genes.

Due to Kariega's pedigree it is highly likely thiaie Yr18 gene is linked to th@®Yr.sgi-7D
QTL region. A second major QTL was located on closome 2B. It was postulated that
stripe rust resistance genes on 2BS incMd#/, Yr31 andYr32 However, the relationship
between these genes @r.sgi-2BQTL region, Yr27, Yr31 and Yr32 still need to be
determined (Ramburaat al, 2004).
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Chapter 3

Increased marker resolution for adult plant stripe rust

resistance QTL regions in Kariega

3.1Introduction

Stripe rust resistance is important in wheat breggrogrammes since it is a major disease
hampering production of wheat globally (Bosheffal, 2002). Adult plant resistance (APR)
to stripe rust has been reported in many cultif@esiana and Mclintosh, 1995) including the
South African cultivar Kariega (Ramburanal., 2004). Since stripe rust develops rather late
in the season (Zadoks, 1961), selection for strig resistance has been based either on
seedling tests in the greenhouse and/or field resgmof breeding populations (Bariagta
al., 2001). Breeders observed differences in levelesistance at seedling and adult plant
growth stages. Most breeders select for resisthased on field tests, since the environment
plays a major role on stripe rust pathogens of wflgae, 2002). The application of durable
guantitative resistance requires extensive fiedtirig in a breeding programme and this type
of resistance is generally more difficult to brefed than specific qualitative resistance
(Castroet al, 2002). The methodology of testing different typd# disease resistance may
include pathological seedling or adult plant gremrge tests, field tests and molecular DNA
markers. Molecular markers can aid in pyramidingeation and detection of resistance
genes in breeding programmes through marker-adsssttection (MAS) (Hysing, 2007).
Closely linked markers provide an alternative meforsthe selection of important APR
genes for stripe rust in breeding programmes, ngakipossible to determine resistance in

the absence of stripe rust pathogens (Boyd, 2001).

Molecular plant breeding advances have providedymaals over the past few years for
genetic analysis. The use of these techniques nmbic@ation with each other can improve
and accelerate the development of genetic analbysisroviding valuable information in a
shorter period of time (Somees al, 1999). Specific genes can be targeted througlusle of
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gene targeting strategies such as bulk segregaysan (BSA) and targeted BSA (tBSA).
BSA (Michelmoreet al, 1991) is a method which compares two pooled D¥dfples of
individuals from a segregating population origingtfrom a single cross. Individuals within
each pool share an identical trait of interest,dvatrandom for all other genes (Dul3le, 2002).
The tBSA method is a tool for marker enrichmenttle target regions and was first
described by Liubberstedt al in 2002. The tBSA approach reduces the time sacggor
analysing large numbers of putatively linked maskand allows the selection of closely
linked markers without analysing all individuals tie mapping population. Different
techniqgues can be used in combination with BSA/tB84y. amplified fragment length
polymorphism (AFLP) and simple sequence repeat [SBfRe AFLP method is widely used
in mapping of wheat as it produces high levels olymorphism and the procedure is
relatively simple. AFLP markers seem to be the nafitient way to find markers tightly
linked to resistance genes (Cample¢lal, 2001). Yuet al (2004) reported SSR markers are
particularly useful for constructing comparativarnfrework maps for wheat species, since

they amplify closely related markers to providelarang of chromosomes.

In a previous study two major quantitative tratil@QTL) (QYr.sgi-2BandQYr.sgi-7D and
two minor QTL QYr.sgi-l1Aand QYr.sgi-4A against APR for stripe rust in the South
African cultivar Kariega were identified based oralysis of field data for APR to stripe rust
(Ramburaret al, 2004; Prinset al, 2005). Ramburaet al (2004) detected low levels of
polymorphism on chromosome 7D, resulting in marKknsking a region of 34 ¢cM around
the QYr.sgi-7DQTL region and higher levels of polymorphism omachosome 2B, resulting
in markers flanking a region of 25 cM around Q¥r.sgi-2BQTL region. Markers more
closely linked to the 2B and 7D QTL regions aredseefor the construction of a dense
linkage map. Thus the aim of this study was to rdeitee how effective the tBSA approach
was in uncovering additional AFLP markers for tlieghd 7D QTL target regions. This was
achieved by i) selecting specific double haploicH{Dlines from the original 150 ;F
Kariega x Avocet S DH population based on QTL markatervals as identified by
Ramburanet al. (2004), ii) pooling these into five bulks and arsithg these bulks and
controls with AFLP, a multi-loci detection techngfor which no sequence information of

the target region is needed, iii) validation on thdividuals constituting these bulks, iv)
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addition of putative markers to the existing linkagnap and QTL analysis using the 150
individuals of the Kariega x Avocet S DH population

3.2 Materials and methods

3.2.1 Plant material

Kariega [pedigree: SST44{CI13523(Agent)/3*T4(AnZ&}4500.2/Sapsucker S] is a hard
red spring wheat cultivar with APR to stripe ruBtdtoriuset al, 1997). Avocet S is a soft
white spring wheat cultivar susceptible to stripstr These two parental lines were used to
develop a DH population using the wheat x maizérigpie (Ramburaet al, 2004) with a

F, plant derived from Kariega as a female and Av&cas a male parent. The DH population
consisted of 150 lines and segregated for APR ripestust (Prinset al, 2005). Seed of
parental lines and the DH population was plantegats in the greenhouse to generate leaf

material for DNA extractions.

3.2.2 DNA isolation

Fresh young leaf material was harvested in thenfpagse and ground using a mortar and
pestle to a fine powder after adding liquid nitrog&otal genomic DNA was isolated using
the CTAB (hexadecyltrimethylammonium bromide) DNgbliation method (Saghai-Maroof
et al, 1984). Approximately 25@1 of fine powder and 75@I CTAB buffer, pH 8.0 [100
mM Tris-HCI (tris (hydroxymethyl) aminomethane hgdhloride), 1.4 M NaCl, 20 mM
EDTA (ethylenediaminetetraacetate), 2% (w/v) CTAR% (v/v)B-mercapthoethanol] were
incubated at 65°C for one hour. An additional 30M®f chloroform:isoamylalcohol [24:1
(v/v)] was added followed by centrifugation at 1@0Qy for five minutes. DNA from the
aqueous phase was precipitated with pO&opropanol and incubated at room temperature
for 20 minutes followed by centrifugation at 12 G9@r five minutes. The supernatant was
discarded and tubes drained upside down. The pdlEBNA was washed by adding 50D
ice-cold 70% (v/v) ethanol, followed by incubatidor 20 minutes at room temperature.

Tubes were centrifuged at 12 0QGor five minutes and the supernatant discardetetBe
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were air-dried for one hour and re-suspended ogbtrat 4°C in 20Qul TE buffer, pH 8.0
(10 mM Tris-HCI, 1 mM EDTA).

Following overnight re-suspension, Qufj/ul DNase-free RNase was added to the DNA
followed by incubation for two hours at 37°C. DNAasvextracted from the solution by
adding 0.75 M ammonium acetate and an equal vohinehloroform:isoamylalcohol [24:1
(v/v)]. After gentle mixing, tubes were centrifugati12 000y for five minutes. DNA from
the upper agueous phase was precipitated overaigi20°C with 50Qul ice-cold absolute
ethanol. Following overnight incubation, tubes weeatrifuged at 12 009 for 15 minutes
and the supernatant discarded. Pellets were wastied with 500l ice-cold 70% (v/v)
ethanol through centrifugation at 12 0§Gor ten minutes. The supernatant was discarded
and the pellet air-dried at room temperature arglspended in 50l TE buffer, pH 8.0. The
guantity and quality of the DNA was estimated byasweing absorbencies at 260 nm and
280 nm using a spectrophotometer and by visual eoisgn with known concentrations of
standard bacteriophage lambda DNA (100 - 40QuingGenomic DNA was separated
through a 0.8% (w/v) agarose gel using 1 x UNTAR (@M Tris-HCI, 2 mM EDTA, pH
adjusted to 7.4 with acetic acid) buffer at 60 Y 46 minutes. DNA samples were diluted to

a final concentration of 200 nd/and stored at -4°C until further use.

3.2.3 Construction of bulks

For the purpose of this study, five bulks were tamsed, namely an extreme resistant,
extreme susceptible, narrow down 7D (+7D+2B), 7D+2B) and 2B (-7D+2B) bulks. R
Prins used stripe rust phenotypic data generateRadmburaret al (2004) in combination
with molecular marker data generated by Peinal. (2005) to identify DH lines to be used in
each of the five bulks. Phenotypic trait test dataring leaf infections from stripe rust were
ranked from highest to lowest for the selectedstast trait (Ramburaet al, 2004). Figures
3.1a-3 depicts which individuals were pooled inhehalk. The extreme resistant bulk was
constructed from seven DH lines selected within IBemost resistant lines based on all
phenotypic scores. All of them had Kariega alldl@sthe closest markers to the 7D QTL
(Ltn andgwm?295 Figure 3.1a) and 2B QTlgwm148ands12m60aFigure 3.1a), except for
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DH 73 for which the marker information @fwml48was lacking and12m60ahad an
Avocet S allele. However, this individual met thaditional criterion for being in the most
resistant bulk based on its phenotypic score. @a® taken to choose individuals that had
both Kariega and Avocet S alleles for the minor Q&gions (4A and 1A) to avoid detecting
these regions during the tBSA approach. Howevewais not possible to obtain an equal
number of individuals that met the specified créesf the bulk with and without the minor
QTL. This was a problem encountered throughous#iection of individuals for the various
bulks.

The extreme susceptible bulk consisted of indivislgaosen within the 17 most susceptible
lines based on all phenotypic scores. All of thises also had Avocet S alleles for the 7D
and 2B QTL intervals and a mixture of parentallafiefor the 4A and 1A regions (Figure
3.1b). Both the extreme resistant and susceptibi&ksbwere chosen based on their

phenotypes, but marker information was used tala#di its integrity.

In an attempt to target the region in the 7D QTteimal (tn-gwm29%, a narrow down
+7D+2B bulk was constructed for which individualene chosen that had recombinations
within that region, with Avocet S alleles for markeneighbouring this region (i.gwm111
and cfd46,Figure 3.1c). The presence of both parental allglebe 2B, 4A and 1A QTL
regions theoretically eliminated their detectiontims bulk. Individuals in this bulk had
relatively high to medium phenotypic scores andias therefore decided to create another
bulk targeting 7D which had a relative high leagéainfected (LAI) phenotype with no

medium scores.

Ramburanet al (2004) previously showed that the 7D region isnprily explaining the
variance in leaf area infected observed in the DOipumation, which indicated a partial
resistance reaction in contrast to the hyperseesigésponse reaction of the 2B region. The
+7D-2B bulk had individuals that had Kariega akefer a larger region surrounding the 7D
QTL (Ltn-gwm295-gwm111Figure 3.1d). In this bulk care was also takenekelude
individuals carrying the 2B QTL and once again atore of 4A and 1A QTL-carrying and

non-carrying regions were achieved.
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In order to target the 2B QTL only, a -7D+2B bullswconstructed consisting of individuals
with 2B QTL Kariega allelesgfvm148-s12m6Qdrigure 3.1e), but lacking the 7D QTL. Both
parental alleles for the 4A and 1A regions weres@né Individuals present in this bulk in
general had a high hypersensitive response adfipitally as described by Ramburanal
(2004) for the 2B QTL region. Equal proportions génomic DNA from the selected
individual DH lines were used to create the fivékblof a final concentration of 200 qdy/

each and stored at -4°C until further use.

3.24 AFLPanalysis

Msd-primers were screened in combination witkd-primers. Names were given beginning
with m and s forMsd-primers andSsé-primers, respectively. Primer pair combinations
(Tables 3.1 and 3.2) that have not been used tstremh the existing Kariega x Avocet S
linkage map (Ramburaet al, 2004; Pringet al, 2005) were selected to screen parental lines
and bulk samples. Primers and adapters were syselelsy Integrated DNA Technologies,
Inc, USA. Oligonucleotides used for adapters weotygrrylamide gel electrophoresis
(PAGE) purified. Adapters were prepared by mixirguienolar amounts of both strands,
heating for 10 minutes at 85 in a waterbath and leaving the mixture to coolidd@o room
temperature. AFLP analysis was performed accordind/os et al (1995), with minor

modifications (Herselman, 2003).

3.2.4.1Restriction digestion and ligation of genomic DNA

Approximately 1.Qug of genomic DNA of each sample was digested with Misd (New
England Biolabs) and 1Msd buffer [50 mM NaCl, 10 mM Tris-HCI, 10 mM Mggll mM
1,4 dithiothreitol (DTT), pH 7.9] at 3T for five hours. AfterMsd digestion, restriction
fragments were further digested with 5%8ké (Amersham Bioscience), followed by
overnight incubation at 3T. Ligation of adapters was done by adding a swiutiontaining
0.4 mM adenosine triphosphate (ATP), 50 piutsld-adapter, 5 pmoBsé-adapter, 1 x T4
DNA Ligase buffer (66 mM Tris-HCI, pH 7.6, 6.6 mMd@€l,, 10 mM DTT, 66 mM ATP)
and 1 U T4 DNA ligase (USB Corporation), followeg dvernight incubation at 2€.

46



Table 3.1Msel AFLP adapter and primer sequences used in this atly

Adapter

Sequence

Msd-adapter

5-GACGATGAGTCCTGAG

3'-TACTCAGGACTCAT-5'

Primer Sequence (5' - 3') Primer Sequence (5'- 3')

Msd+0-primer 5-GATGAGTCCTGAGTAA-3'

Msd+3-primers
m31 GATGAGTCCTGAGTAAAAA m55 GATGAGTCCTGAGTAACGA
m32 GATGAGTCCTGAGTAAAAC m56 GATGAGTCCTGAGTAACGC
m33 GATGAGTCCTGAGTAAAAG m57 GATGAGTCCTGAGTAACGG
m34 GATGAGTCCTGAGTAAAAT m58 GATGAGTCCTGAGTAACGT
m35 GATGAGTCCTGAGTAAACA m59 GATGAGTCCTGAGTAACTA
m36 GATGAGTCCTGAGTAAACC m60 GATGAGTCCTGAGTAACTC
m37 GATGAGTCCTGAGTAAACG m61 GATGAGTCCTGAGTAACTG
m38 GATGAGTCCTGAGTAAACT m62 GATGAGTCCTGAGTAACTT
m39 GATGAGTCCTGAGTAAAGA m63 GATGAGTCCTGAGTAAGAA
m40 GATGAGTCCTGAGTAAAGC m64 GATGAGTCCTGAGTAAGAC
m41 GATGAGTCCTGAGTAAAGG m65 GATGAGTCCTGAGTAAGAG
m42 GATGAGTCCTGAGTAAAGT m66 GATGAGTCCTGAGTAAGAT
m43 GATGAGTCCTGAGTAAATA m67 GATGAGTCCTGAGTAAGCA
m44 GATGAGTCCTGAGTAAATC m68 GATGAGTCCTGAGTAAGCC
m45 GATGAGTCCTGAGTAAATG m69 GATGAGTCCTGAGTAAGCG
m46 GATGAGTCCTGAGTAAATT m70 GATGAGTCCTGAGTAAGC T
m47 GATGAGTCCTGAGTAACAA m71 GATGAGTCCTGAGTAAGGA
m48 GATGAGTCCTGAGTAACAC m72 GATGAGTCCTGAGTAAGGC
m49 GATGAGTCCTGAGTAACAG m82 GATGAGTCCTGAGTAATAT
m50 GATGAGTCCTGAGTAACAT m85 GATGAGTCCTGAGTAATCG
m51 GATGAGTCCTGAGTAACCA m86 GATGAGTCCTGAGTAATCT
m52 GATGAGTCCTGAGTAACCC m87 GATGAGTCCTGAGTAATGA
m53 GATGAGTCCTGAGTAACCG m88 GATGAGTCCTGAGTAATGC
m54 GATGAGTCCTGAGTAACCT m90 GATGAGTCCTGAGTAATGT
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Table 3.2Ssel AFLP adapter and primer sequences used in this gty

Adapter Sequence
Ssdé-adapter 5-TCGTAGACTGCGTACATGCA-3'
3-CATCTGACGCATGT-5'

Primer Sequence (5' - 3')
Ssé+0-primer 5- GTAGACTGCGTACATGCAG-3'

Ssé+2-primers
s19 GTAGACTGCGTACATGCAGSA
s20 GTAGACTGCGTACATGCAGSC
s23 GTAGACTGCGTACATGCAG A
s24 GTAGACTGCGTACATGCAGC
s25 GTAGACTGCGTACATGCAG G

3.2.4.2Pre-amplification reactions

Pre-amplification reactions were performed in bOreaction mixtures containing Rl
template DNA from undiluted restriction/ligation xtures, 30 ng of each pre-amplification
primer Msd-primer+0 andSsé-primer+0 (Tables 3.1 and 3.2)], 1 x Promega pdyase
buffer, 2 mM MgC}, 200uM 2’-deoxynucleoside 5'-triphosphates (ANTPs) an@20J
GoTad Flexi DNA Polymerase (Promega, Madison, WI, USA)l PCR-amplifications
were performed using a PCR thermal cycler (DNA BaddYAD™, BIO-RAD, USA) using
the following cycling programme: an initial denattion step at 94 for 5 minutes,
followed by 30 cycles of @€ for 30 seconds, 36 for one minute and 7€ for one minute
and a final elongation step at °€2 for five minutes. The quality and quantity of pre
amplification reactions were estimated by sepamatiwough a 1.5% (w/v) agarose gel in 1 x
UNTAN buffer at 60 V for 45 minutes. Based on elephoresis results, pre-amplification
reactions were diluted accordingly (1:20 to 1:50)hwl x TE buffer (pH 8.0) prior to

selective amplification.
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3.2.4.3Selective amplification reactions

Selective amplification reactions were performedaintotal of 20l reaction volumes
containing 5ul of diluted pre-amplification DNA, 1 x Promega polerase buffer, 2 mM
MgCl,, 200uM dNTPs, 10Qug/ml bovine serum albumin, 30 Msd-primer+3, 30 ngSse-
primer+2 and 0.75 U GoT&dFlexi DNA Polymerase. Selective amplification wasiated
with denaturation at 94°C for five minutes, follodvby one cycle of 94°C for 30 seconds,
65°C for 30 seconds and 72°C for one minute. Theealmg temperature was lowered by
1°C per cycle during the next eight cycles afterot25 cycles were performed at 94°C for
30 seconds, 56°C for 30 seconds and 72°C for onatmifollowed by one final elongation

step at 72°C for two minutes.
3.2.4.4Denaturing polyacrylamide gel electrophoresis

Selective amplification reactions were mixed with @ of formamide loading dye [98%
(v/v) de-ionised formamide, 10 mM EDTA pH 8.0, ®0%w/v) bromophenol blue, 0.05%
(w/v) xylene cyanol] and denatured at 95°C for fimenutes. Mixtures were immediately
placed on ice prior to loading. PCR productgu(5n total for each sample) were separated
through a 5% denaturing polyacrylamide gel [19:dylaenide: bis-acrylamide, 7 M urea and
1 x TBE buffer (89 mM Tris-HCI, 89 mM Boric acid, @M EDTA)]. Electrophoresis was
performed at a constant power of 80 W for approxéhyawo hours.

3.2.4.5Silver staining for DNA visualisation

Polyacrylamide gels were silver stained accordmghe protocol of the Silver Sequence™
DNA Sequencing System manual supplied by Promeigane®l gels were left upright to air
dry overnight and photographed by exposing phofdgcapaper (ILFORD MULTIGRADE
IV RC DE LUXE) placed under the gel, to dim lighdrfapproximately 20 seconds. This
produced a negative image of the same size and ssathe gel. AFLP fragment lengths
were determined by comparison with a 100 bp DNAl&adPromega).
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3.25 Targeted bulk segregant analysisto identify markers closely linked to quantitative
trait loci

The five bulks (extreme resistant, extreme susiolptnarrow down +7D+2B, +7D-2B and
-7D+2B) were used together with the parental lifiteariega and Avocet S) for screening
with AFLP markers. The parental lines and bulk saspvere screened using 184 selected
primer pair combinations and ran in adjacent lamesa polyacrylamide gel. The gel was
initially scored for each of the primer pair comdtions that produced a clear, intense band
in the resistant parent (Kariega) and extreme taegtibulk but not in the susceptible parent
(Avocet S) and extreme susceptible bulk. In addjtibe tBSA approach was implemented
to assist in targeting QTL regions, depending oetvr the putative marker had the desired
banding pattern which might be linked to either #i& or 2B QTL regions. Markers that
were possibly linked to the 7D QTL region were stdd based on a pattern where bands
were additionally to the resistant parent and ex¢reesistant bulk present in the narrow
down +7D+2B and +7D-2B bulks and absent in the -ZB-bulk, susceptible parent and
extreme susceptible bulk. For the 2B QTL regionskees were selected that showed a
pattern where bands were present in the resistenf extreme resistant bulk, the narrow
down +7Dx2B and -7D+2B bulks and absent in the +ZB/bulk, susceptible parent and
extreme susceptible bulk (Figure 3.2). Primer pambinations that met these criteria were
then tested on all individuals constituting a sfieddulk it was originally detected in and

only those that amplified in all were used to sdtwe rest of the 150 individuals of the DH

population.
Kariega Avocet S Extreme Extreme Narrow +7D-2B -7D+2B
(resistant  (susceptible resistant  susceptible Down
parent) parent) +7D+2B

7D Marker A - - -

2B Marker = - - -

Figure 3.2 Expected banding patterns in the two arental lines and five bulk samples
for markers that were derived from the 7D and 2B YQTL regions using
tBSA.
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3.2.6 Genetic linkage mapping of putative AFLP markers

In the present study data obtained from the tBSAr@gch was added to the existing
Kariega x Avocet S linkage data set produced on19dines (Ramburaet al, 2004; Prins

et al, 2005), which was further curated in 2006 (R. ®npersonal communication). The
absence of a band in one parent was treated gsdbence of the other parental allele at that
locus. Data was analysed using Map Manager QTXwsoft version b20 (Manlet al,
2001). Linkage at p < 0.05 was considered sigmfiessing the Kosambi mapping function
(Kosambi, 1944) in Map Manager. Markers were adddtie existing linkage map using the
“distribute” function of Map Manager. To avoid iaflon of the map length (Castiglioat

al., 1999) double crossovers were checked and remeliete necessary. The best order and
map position of the markers were confirmed usirgggbftware programme Record (Van Os
et al, 2005). Linkage maps were drawn using MapChar{\2oorrips, 2002).

3.2.7 QTL mapping

Ramburan et al. (2004) detected two major QTL for APR to stripestrun the
Kariega x Avocet S DH population on chromosomesaP 7D using different phenotypic
values. In the present study, Map Manager QTX Hdan{y et al, 2001) was used to
confirm the positions of the 2B and 7D QTL regiams the linkage map containing the
newly mapped AFLP markers. Interval mapping (IM)swdone using a single trait of the
Ramburanet al. (2004) study i.e. mean host reaction type forlfin@d data. A LOD
threshold of 3.0 was chosen for declaring a puta@V L significant.

3.3 Results

A total of 184 AFLP primer pair combinations weested on the two parental lines and five
bulk samplesSse primers s19, s20 and s23 were tested with akctetl Msd primers
(Table 3.1) whileSsé primers s24 and s25 were tested wiisd primers in Table 3.3
previously not tested by Ramburah al. (2004). A total of 79 of the 184 (42.9%) AFLP

Ssd/Msd-primer combinations tested on the parental lewed bulk samples detected 105
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Table 3.3 Primer pair combinations used to screengrental lines, five bulk samples,

individuals comprising the bulks and the entire DHpopulation

Number  Marker Possible Individuals  Tested on 150  Most probable
of ID chromosome constituting individuals map position

putative identity bulks samples

markers
1 s19m35a 2B + + 2B
2 sl19mdla 2B - - /
3 s19mb56a 2B - - /
4 s19m68a 2B - - /
5 s20m34k 7D - - /
6 s20m34l 2B - - /
7 s20m34n 2B - - /
8 s20m38a 2B + + 2B
9 s$20m38b 7D + + 7D
10 s20m53g 2B + + 2B
11 s20m58a 2B - - /
12 s20m66a 2B - - /
13 s20m86g 2B - - /
14 s20m88a 7D + + 7D
15 s20m88c 2B + + 2B
16 s$23m32f 2B - - /
17 s23m44a 2B - - /
18 s23m49a 2B - - /
19 s23m52a 2B + + 2B
20 s23m53d 2B + + 2B
21 s23m54a 2B + + 2B
22 s23mb56a 2B - - /
23 s$23m70 2B
24 s24m64a 2B + + 2B
25 s24m88a 2B - - /
26 s25m49 2B - - /
27 s25m6la 2B - - /
28 s25m61b 2B - - /
29 s25m64b 2B - - /
30 s25m82d 2B + + /
31 s$25m86h 2B - - /
32 s25m86g 2B - - /

+ = markers showing expected segregation patterns
- = markers not showing expected segregation patter
/ = not tested
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putative markers that could discriminate betweenekireme resistant and susceptible bulks.
Of these, 32 (Table 3.3) were identified as truedadates when considering the 2B and 7D
specific bulks as well (Figure 3.2). These 32 pwammarkers were amplified by 27 (14.7%
of the total AFLP markers tested) primer combinadioTwenty-nine of these markers were
identified as possible candidates for mapping t@miosome 2B and three to chromosome
7D. After validation of these 32 markers on alliinduals constituting the five bulk samples,
11 promising markers were identified (Table 3.3)e3e markers discriminated between all
individuals in the extreme resistant and susceptiilks. Nine of these markers met the
criteria of all the bulks and its individuals (i.present in most of the individuals of the
narrow down +7D+2B bulk, present in all individuakthe -7D+2B bulk and absent in all
individuals of the +7D-2B bulk) for th@Yr.sgi-2BQTL region. This suggested that the nine
markers should map to th@Yr.sgi-2BQTL region. Two of the 11 promising markers met
the criteria for possible mapping to t@Q&'r.sgi-7DQTL region. These two markers showed a
banding pattern where fragments were present int imasviduals of the narrow down
+7D£2B bulk, present in all individuals of the +72B- bulk and absent in all individuals of
the -7D+2B bulk. This suggested that these two srarkhould map to th@Yr.sgi-7DQTL

region.

The 11 putative markers, amplified using nine (4&0%he total AFLP primers tested) AFLP
primer combinations, were further validated on thst of the individuals of the;FDH
population consisting of 150 individuals. Mappinagtal for the 150 individuals of the DH
population was scored and placed in a binary systere the presence of a Kariega or
Avocet S allele was denoted as A for Kariega anfbrBAvocet S, respectively. Data was
placed in Map Manager QTX b20 and analysed usimg dilrated Kariega x Avocet S
linkage map of Prinet al. (2005). Ten of the 11 putative markers mapped itioee
chromosomes 2B or 7D. The one marker that was apiped $25m82y§ showed linkage to
the distal end of the short arm of chromosome 2B8cbuld not be placed on the map with

accuracy.
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Eight of the eleven putatively identified AFLP mark mapped to chromosome 2B of which
five mapped within the previously identifiedY@Qsgi-2BQTL region. Six markers mapped
within a 23 cM interval on the distal end of theogharm of chromosome 2B. Markers
s20m38aands23m53dmapped to opposite sides of margam148(Figure 3.3), previously
shown to be significantly associated with mean heattion type for final field data as well
as leaf area infected of ther@sgi-2BQTL region.

Marker s20m38amapped 2 cM and23m53d3 cM from markergwm148 Another two
markers $20m88cand s20m53y mapped to the long arm of chromosome 2B, outthde
previously indicated ®@r.sgi-2BQTL region.

Two of the AFLP markers mapped to chromosome 7Dwloich one mapped within the
previously identified Qr.sgi-7DQTL region. Markeis20m38bmapped 9 cM from the SSR
markergwm295and 20 cM from th&tn gene on chromosome 7D (Figure 3.4). The other 7D

marker,s20m88amapped to the distal end of the long arm of chisonte 7D.

QTL analysis was conducted using the newly consttl2B and 7D chromosome maps. The
mean host reaction type for final field datait was used for QTL analysis. The positions of
the QYr.sgi-2Band QYr.sgi-7D QTL on chromosomes 2B and 7D were confirmed using
interval mapping with additional genotype data e from eight AFLP markers on

chromosome 2B and two AFLP markers on chromosome 7D

Interval mapping for chromosome 2B indicated a pe@b score of 23.9 linked to marker
s23m53d This position explained 52% of the phenotypiciatawn. Marker s23m53d
(Figure 3.5) mapped 3 cM away from the SSR magwem148 previously indicated to be
the closest marker to th@Yr.sgi-2BQTL region spanning 25 cM on chromosome 2B.
Results from the present study indicated thatQlve.sgi-2BQTL region spanned a 21 cM
region between markes23m54aandpsp3030Gon chromosome 2B.
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Interval mapping for chromosome 7D indicated a pe@B score of 6.84 for the gemnén.
This position explained 19% of the phenotypic Mawsia The newly mapped marker
s20m38h(Figure 3.6) mapped 20 cM away from the gene with a LOD score of 2.65,
explaining 8% of the phenotypic variation. TQ¥r.sgi-7DQTL region mapped in the same
region as previously reported by Rambueaial. (2004). In the present study tQ&'r.sgi-7D
QTL region spanned a 40 cM region between mar&&31 ands20m38bon chromosome

7D, with the latter mapping just outside the QTgioa.

3.4 Discussion

Successful application of MAS in traditional whdateeding programmes requires the
identification of molecular markers tightly linkeéd the gene of interest. Furthermore, since
selection for APR to stripe rust is difficult, cldg linked markers provide an alternative
means for the selection of resistant gene(s)/QThreeding programmes in the absence of
pathogens. In the present study, AFLP technology used in combination with tBSA to
identify markers more closely linked to two APR QTQYr.sgi-2BandQYr.sgi-7Din the
Kariega x Avocet S DH mapping population. The tB&#proach involved the selection and
bulking of DH individuals based on existing marldata of flanking markers as well as
phenotypic trait data in order to enrich the 2B @BdQTL regions.

The AFLP marker system proved to be effective ureading polymorphisms and was able to
add marker information to the existing Kariega o8&t S linkage map. In general, the
AFLP marker results of the present study have omefil the value of AFLP analysis in
combination with tBSA as a reproducible, fast (lesge needed to screen as compared with
BSA) and cost effective approach. Should a trad#id3SA approach of screening parental
lines against the extreme resistant and susceytiibles, have been followed in the present
study, 105 putative markers would have been idedtif(amplified by 79 primer
combinations). Therefore, based on screening akmd bulks only, 42.9% of the AFLP
primer combinations tested would have looked promgiand would have been tested on the
individuals comprising the bulks samples. Howevéren the narrow down +7D+2B, +7D-

2B and -7D+2B bulks were taken into considerationly 14.7% of the initially tested
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primers combinations, looked promising. The nunmifguutative markers was reduced from
105 to 32 and only 27 AFLP primer combinations hadbe tested on the individuals
comprising the bulk samples. This reduction made #pproach more time and
cost-effective. These results confirmed resultsioled by Dul3lest al (2000) who reported

that the advantage of tBSA approach compared to Bfproach is that the method
minimises the experimental effort in analysing &armmumbers of putatively linked markers
and enables the selection of closely linked marketisout analysing all individuals of the

mapping population.

The tBSA approach seems to be effective even thdif§bulties were experienced during
construction of the bulk samples. Since the origmapping population consisted of only
150 individuals it was difficult to select DH linegith the correct marker profile for the
targeted region (e.g. 7D or 2B) that also had amkequmber of Kariega and Avocet S
background alleles in the non-target region of #cific bulk. One such example is the
narrow down +7D+2BYrQTL bulk in which the area betweentn and gwm?295 is
specifically targeted. Seven of the eight recombinindividuals with a resistance
phenotypic score had the Kariega¥®TL region and only one individual the Avocet S
alleles. This might explain why only two markersrevenapped to the 7D chromosome. This
emphasised the need to screen the individuals ésimpra bulk separately, once putative
markers have been identified. Successful applicatd the tBSA approach requires
experience and the development of the correct atipul type which can be laborious and
time consuming from both the breeding and molequéaspective (Semaggt al,, 2006).

Validation of the 32 markers identified during teereening of the parental lines and bulk
samples on all individuals constituting the fivelkosamples, identified 11 promising
markers of which 10 mapped to either chromosomeoRBD. The tBSA approach was
efficient since 10 of the 11 markers (91%) putdsivielentified after screening of the
individuals constituting the bulk samples mappeeitbher chromosome 2B or 7D. Even the
one marker that was not placed onto the map shewe@ linkage to chromosome 2B. Since
91% of the AFLP markers identified by tBSA mappeithia the pre-selected 2B and 7D

chromosome regions, tBSA seems to enrich marketsriet regions while substantially
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reducing the subsequent mapping effort. Similanltesvere obtained by Dul3& al. (2000)
who used the tBSA approach to saturate two chromesregions in maize. Two major
genes conferring resistance to sugarcane mosais were previously identified on
chromosomes 3 and 6 using a combined QTL and B$*oaph. Both these chromosome

regions were further enriched using SSR and AFLFera in combination of tBSA.

The efficiency of the strategy in the current studgs furthermore confirmed after five
markers mapped within the previously identifi@Yr.sgi-2Band one within the previously
identified QYr.sgi-7D QTL regions. Even though only two markers were eaddo
chromosome 7D, this result was not surprisings known from the literature (Desai al,
2006) that the D chromosomes of wheat show lowl$ewe polymorphisms leading to low
marker density on these chromosomes. The tBSA approan be used to add closely linked
markers to target chromosomes, especially low Ipegfmorphic chromosomes such as the
7D chromosome with areas low in marker numbers. ofngicating factor in genetic
mapping using a random markers approach is thataisechromosomes are more
polymorphic than others. Once an initial map ispiace, it often produces results in
unnecessary detail in highly polymorphic regionsl @ontinues to result in gaps in other
chromosome regions (Campetlal, 2001). In the current study this was also trsecaince
more markers were added to the more polymorphicB®mosome compared to the 7D
chromosome. Even though a low number of markerg &dded to the existing map, the use
of AFLP analysis in combination with tBSA in thissdertation has been proven useful in

closing gaps on the 2B and 7D chromosome regions.

Following the tBSA approach, markes®23m53dmapped 3 cM from markegwm148
previously shown to be significantly associatedhwitean host reaction type for final field
data as well as leaf area infected of thér Qgi-2BQTL region. The LOD score fagqwm148
was 20.1 and 25.1 fos23m53dindicating that the application a23m53din a MAS
programme would be expected to give improved resiiarkers linked more closely to a
gene of interest are useful in increasing the iefficy of gene isolation by reducing the
region of interest on a specific chromosome ansl ¢thn be an important consideration for

attempts to clone and sequence genes. Even thoumghmiarkers were added to the 7D
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chromosome, both mapped outside @¥ér.sgi-7DQTL region. Markeis20m38bmapped 9
cM from the SSR markegywm?295and 20 cM from thd.tn gene previously shown to be
associated with the trait of interest on chromosa@ie Although these markers will not be
useful for MAS, the tBSA approach succeeded to @adu additional markers to the low
density marker region of the 7D chromosome.

AFLP primer combinationrs20m38was of particular interest since it amplified menk
within or closely mapped to both the targeted 2RI &iD QTL regions. This primer
combination could be useful in a MAS breeding paogme to detect the presence or absence
of either a 2B and/or 7D QTL regions. Since AFLPrkeas are not adapted for large-scale
application in plant breeding, these markers shaulditure be converted to SCAR or STS

markers which would help to reduce screening costs.

In summary, this dissertation has evaluated theotigd-LP analysis as markers for targeted
mapping approaches. The combination of AFLPs antBSA approach has proved to be
useful in the identification of a QTL, the placerhehclosely linked markers to known QTL

and targeting chromosome areas with low marker rusb
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Chapter 4

General conclusions and recommendations

This study aimed at targeting QTL regions assodiatgh APR to stripe rust identified in
South African wheat cultivar Kariega. Results frdhs study indicated that the tBSA
approach proved to be efficient in combination witre AFLP multi-locus profiling
technigue to uncover additional markers for thea&®l 7D QTL target regions. Although
184 AFLP markers were screened in the present stieyAFLP marker system proved to be
effective in revealing polymorphisms and was abladd marker information to the existing
Kariega x Avocet S linkage map. Despite the diffies experienced in finding enough DH
lines for a specific bulk that also had an equahber of Kariega and Avocet S background
alleles in the non-target region of a specific htlBSA yielded markers in the target region.
AFLP analysis in combination with tBSA was shownbi reproducible, faster and a more
cost effective approach compared to a tradition@ABapproach. A reduction of 28.2% of
AFLP primers that needed to be tested was achiéladlation of the 32 markers identified
after bulk screening on all individuals constitgtithe five bulk samples in which they were
identified, pointed out 11 true candidates, emiagithe need to screen the individuals
comprising a bulk separately, once putative markerge been identified in the bulks. The
tBSA approach was efficient in enriching markerghe target region, while substantially
reducing the mapping effort, since 10 of these larkers (91%) mapped to either
chromosome 2B or 7D. Even the one marker that waplaced onto the map showed some
linkage to chromosome 2B. Five markers mapped withé previously identifiedQYr.sgi-
2B and one within the previously identifi€lYr.sgi-7DQTL regions. A complicating factor
in genetic mapping using a random marker approadhdt certain chromosomes may be
more polymorphic which was also the case in thusl\gtsince more markers were added to

the more polymorphic chromosome 2B compared torabsmme 7D.
Although a low number of markers were added toetkisting map, these markers succeeded

in increasing marker resolution on the 2B and 7#Qdaregions. Markes23m53dmapped 3

cM from markergwm148previously shown to be significantly associatethwhe Qrr.sgi-
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2B QTL region. The LOD score fagwm148was 20.1 and 23.9 f@23m53dndicating that
the application 0623m53dn a MAS programme may give improved results. Etresugh
two markers were added to the 7D chromosome, baitped outside th@Yr.sgi-7DQTL
region. Markers20m38bmapped 9 cM from the SSR marlgagm295and 20 cM from the
Ltn gene previously shown to be associated with thi &f interest on chromosome 7D.
Although these markers will not be useful for MABe tBSA approach succeeded to add
two additional markers to the low density markegioa of the 7D chromosome. Several
other traits have been shown to be associated thith.tn gene, including thé.r34/Yr18
slow rusting region (Lagudabkt al., 2006) and adult plant powdery mildew resistance
(Spielmeyeret al, 2005). Lagudalet al. (2006) developed a sequenced tagged site marker,
csLV34 and established that the genetic linkagevdetn csLV34 and Lr34/Yr1l8 was
estimated at 0.4 cM. Since they indicated that drogiion products form thesLV34locus
was “diagnostic” forLr34/Yr18 also accociated withtn and theQYr.sgi-7D QTL, this
sequence tagged site marker should be added tprélsent linkage map and tested for its

applicability as useful marker for tlg@Yr.sgi-7DQTL.

AFLP primer combinationrs20m38was of particular interest since it amplified menk
within or closely mapped to both the targeted 2RI aiD QTL regions. This primer
combination could be useful in a MAS breeding paogme to detect the presence or absence
of either a 2B and/or 7D QTL region. Indicationg #inat a large number of AFLP primer

combinations need to be screened to successfatigfer a specific QTL interval.

This study underlined the value and integrity & Kariega x Avocet S mapping population,
its partial linkage map and the initial QTL analys&he findings of Ramburaat al (2004)
were validated in this study as its applied knowketed to an improvement of the maps in

the major QTL regions.

In order to improve the mapping of new markerstandurrent linkage map using the tBSA
approach, phenotypic and marker data for the 2B7dhdTL regions are currently being
extended from the initial 150 DH population to axtemded 256 DH population. The

extended population, in combination with the imm@dvlinkage maps will allow the
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identification of additional lines (possibly alsecombinants) that can be used to improve the
‘designer’ bulks for another round of tBSA. The inoscent Kariega x Avocet S chart has
already been improved with the addition of DAYT markers (R. Prins, personal
communication). The new bulks would consist of undlials with markers linked closer to
the QTL regions of interest. An extended populats&mould eliminate the problems
associated with background markers due to thedoimdH population size (150 individuals)

used in this dissertation.

An additional outcome could be the development BLR-derived STS/SCAR markers that
could lead to cheaper markers that are more saifabIMAS.

The validation of Ramburan et al's (2004) work wallso result in more confidence in
expanding the set of individual DH lines that arerently being used in host-pathogen
interaction studies which aim to unravel the resise mechanisms of the individual QTL

and its interactions.

In general we can conclude that this study has shinat tBSA of a complex trait can be

successfully applied to identify markers in they&region.

64



Literature Cited

Akbari, M., P. Wenzl, V. Caig, J. Carling, L. Xia, S. Yang, G. Uszynski, V. Mohler, A.
Lehmensiek, H. Kuchel, M.J. Hayden, N. Howes, P. &p, P. Vaughan, B.
Rathmell, E. Huttner and A. Kilian, 2006. Diversity arrays technology (DArT) for
high-throughput profiling of the hexaploid wheathgene. Theoretical and Applied
Geneticsl13: 1409-1420.

Allard, R.W., 1960. Principles of plant breeding. John Wiley and Shbits, New York. pp
67-72.

Anonymous, 2007aSA Graaninligtingsdiens. Koring Fokus/Wheat Fo2Es6

Anonymous, 2007bhttp://wheat.pw.usda.gov/ggpages/maps.h@ited September 2007.

Appels, R., C.L. Mcintyre, B.C. Clarke and C.E. May, 1986. Alien chromatin in wheat:
ribosomal DNA spacer probes for detecting specificleolar organizer region loci
introduced into wheaCanadian Journal of Genetics and Cytol&§; 645-657.

Araus, J.L., G.A. Slafer, M.P. Reynolds and C. Roy02004.Physiology of yield and
adaptation in wheat and barley breeding. In: Phygio and biotechnology
integration for plant breeding. Nguyen, H.T. andBlum (eds). Marcel Dekker Inc.
New York, Basal. pp 1-49.

Archibald, A.L., 1991. Molecular biological approaches and their posségplications. In:
Breeding for disease resistance in farm animalsef©WwB. and R.F.E. Axford (eds).
CAB International, Wallingford, U.K. pp 100-122.

Bariana, H.S. and R.A. Mcintosh, 1995 Genetics of adult-plant stripe rust resistance in
four Australian wheats and the French cultivar ‘Hgb-de-Bersée’Plant Breeding
114: 485-491.

65



Bariana, H.S., M.J. Hayden, N.U. Ahmed, J.A. BellP.J. Sharp and R.A. Mcintosh,
2001.Mapping of durable adult plant and seedling rasis¢s to stripe rust and stem

rust diseases in whed#ustralian Journal of Agricultural Resear&®: 1247-1255.

Barnard, A.D., M.T. Labuschagne and H.A. van Niekek, 2002.Heritability estimates of
bread wheat quality traits in the Western Cape ipog/of South AfricaEuphytica
127: 115-122.

Bennetzen, J., 2000.Genetic fine-mapping technology. In: Applicatiod molecular
markers in plant breeding. Haussmann, B.I.G., Hadiger, D.E. Hess, C.T. Hash
and P. Bramel-Cox (eds). Training manual for a semiheld at IITA, Ibadan,
Nigeria, from 16-17 August 1999. International Gsdpesearch for the Semi-Arid
Tropics (ICRISAT), Patancheru 502 324, Andhra Psadéndia. pp 57-60.

Boake, C.R.B., S.J. Arnold, F. Breden, L.M. Meffert M.G. Ritchie, B.J. Taylor, J.B.
Wolf and A.J. Moore, 2002.Genetic tools for studying adaptation and the evmhu
of behaviour American Naturalisi60: S143-S159.

Bohn, M., H.F. Utz and E. Melchinger, 1999 Genetic similarities among winter wheat
cultivars determined on the basis of RFLPs, AFLRd 8SRs and their use for
predicting progeny varianc€rop Scienc&9: 228-237.

Boshoff, W.H.P., 2000.Control of foliar rusts of wheat in South Africaitiv special
emphasis orPuccinia striiformis f. sp. tritici. Ph.D. thesis, University of the Free
State, South Africa.

Boshoff, W.H.P., Z.A. Pretorius and B.D. van Niekek, 2002.Establishment, distribution

and pathogenicity oPuccinia striiformisf. sp.tritici in South Africa.Plant Disease
86: 485-492.

66



Bossoutrot, D. and D. Hosemans, 198&ynogenisis inBeta vulgarisL.: from in vitro
culture of unpollinated ovules to the productiondafubled haploid plants in soil.
Plant Cell Reportgl: 300-303.

Botha, A.M. and E. Venter, 2000.Molecular marker technology linked to pest and
pathogen in wheat breedirfgouth African Journal of Scien8é: 233-240.

Boukhatem, N., P.V. Baret and D. Mingeot, 2002Quantitative trait loci for resistance
against yellow rust in two wheat-derived recombinambred line populations.
Theoretical and Applied Genetit4: 111-118.

Boyd, L., 2001. Wheat resistance to South AfricdPuccinia striiformis f. sp. tritici
pathotypes: BSPP Fellowship Report. The Newslefténe British Society for Plant
Pathology. (BSPP News Spring - Online Edition) NemB8.

Brady, J.L., N.S. Scott and M.R. Thomas, 199@NA typing of hops KHumulus lupulus)
through application of RAPD and microsatellite nerksequences converted to
sequence tagged sites (STEuphyticadl: 277-284.

Brown, S.M., M.S. Hopkins, S.E. Mithcell, M.L. Seror, T.Y. Wang and R.R. Duncan,
1996.Multiple methods for the identification of polymdrig simple sequence repeats
(SSRs) in sorghum Sorghum bicolor(L.) Moench]. Theoretical and Applied
Genetic93: 190-198.

Burr, B., F.A. Burr and E.C. Matz, 1994. Mapping genes with recombinant inbreds. In:
The maize handbook: Genetic protocols. Freelingaii V. Walbot (eds). Springer-
Verlag, New York, Inc. pp 249-254.

Campbell, A.W., G. Daggard, F. Békés, A. Pedler, MV. Sutherland and R. Appels,

2001. Targeting AFLP-DNA markers to specific traits andramosome regions.
Australian Journal of Agricultural Resea&?2: 1153-1160.

67



Castiglioni, P., P. Ajmone-Marsan, R. van Wijk andM. Motto, 1999. AFLP markers in a
molecular linkage map of maize: co-dominant scoand linkage group distribution.

Theoretical and Applied Genetie9: 425-431.

Castro, A.J., X. Chen, P.M. Hayes, S.J. Knapp and .R. Line, 2002.Coincident QTL
which determine seedling and adult plant resistancstripe rust in barleyCrop

Science42: 1701-1708.

Chao, S., P.J. Sharp, A.J. Worland, E.J. Warham, R1.D. Koebner and M.D. Gale,
1989. RFLP-based genetic maps of wheat homoeologouspgrochromosomes.

Theoretical and Applied Genetié8: 493-504.

Chee, M., R. Yang, E. Hubbell, A. Berno, X.C. HuangD. Stern, J. Winkler, D.J.
Lockhart, S.M. Morris and P.A.S. Fodor, 1996. Accessing genetic information

with high-density DNA arraysScience274: 610-614.

Chen, X. and R.F. Line, 1993Inheritance of stripe rust (yellow rust) resistamnt the wheat

cultivar Carstens VEuphytica71: 107-113.

Chen, X. and R. Wu, 1997. Direct amplification of unknown genes and fragtsehy

uneven polymerase chain reacti@enel85: 195-199.

Collard, B.C.Y., M.Z.Z. Jahufer, J.B. Brouwer and E.C.K. Pang, 2005An introduction
to markers, quantitative trait loci (QTL) mappingdamarker-assisted selection for

crop improvement: The basic concefdaphytical4?2: 169-196.

Comai, L., K. Young, B.J. Till, S.H. Reynolds, E.AGreene, C.A. Codomo, L.C. Enns,
J.E. Johnson, C. Burtner, A.R. Odden and S. Henikdf 2004. Efficient discovery

of DNA polymorphisms in natural populations by Hhioig. Plant Journal37: 778-
786.

68



Curtis, B.C., 2002. Wheat in the world. In: Bread wheat improvement gmoduction.
Curtis, B.C., S. Rajaram and H. Gdmez Macphersas)(eg-~ood and Agricultrure
Organisation of the United Nations, Rome. pp 71-88.

Dedryver, F., M-F. Jubier, J. Thouvenin and H. Goyau, 1996.Molecular markers linked
to the leaf rust resistance gene4 in different wheat cultivarsGenome39: 830-
835.

Desai, A., P.W. Chee, J. Rong, O.L. May and A.H. Rerson, 2006.Chromosome
structural changes in diploid and tetraploid A gees of GossypiumGenome49:
336-345.

Devos, K.M. and M.D. Gale, 1992. The use of random amplified polymorphic DNA
markers in wheaflheoretical and Applied Genetiég4: 567-572.

Donini P., M.L. Elias, S.M. Bougourd and R.M.D. Kodner, 1997.AFLP fingerprinting
reveals pattern differences between template DN#aeted from different plant
organsGenome&d0: 521-526.

Duf3le, C.M., 2002.Development and fine mapping of markers closelidd to theScmv
resistance locscmvlandScmvZn European maizeZga mayd..). Doctorate Thesis,

University of Hohenheim, Germany.

Duele, C.M., A.E. Melchinger, L. Kuntze, A. Stork andT. Lvbberstedt, 2000.Molecular
mapping and gene action 8tni andScn2, two major QTL contributing to SCMV
resistance in maiz€lant Breedingl19: 299-303.

Edwards, J.D. and S.R. McCouch, 2007Molecular markers for use in plant molecular
breeding and germplasm evaluation. In: Marker-gssiselection: Current status and
future perspectives in crops, livestock, forestng dish. Guimaréaes, E.P., J. Ruane,
B.D. Scherf, A. Sonnino and J.D. Dargie (eds). (FROme). pp 29-50.

69



FAOstat database:http://faostat.fao.orgCited October 2007.

Feldman, M., 2000.The origin of cultivated wheat. In: The world whdmok: a history of
wheat breeding. Bonjean, A.P. and W.J. Angus (éds)oisier Publishing, Paris. pp
3-56.

Francki, M. and R. Appels, 2002. Wheat functional genomics and engineering crop

improvementGenome Biolog®: 1013.1-1013.5.

Garg, M., S. Singh, B. Singh, K. Singh and H.SDhaliwal, 2001. Estimates of genetic
similarities and fingerprinting of wheat$r{tium species) and triticale cultivars using

molecular markerdndian Journal of Agricultural Sciencél: 438:443.

Gershenfeld, H.K., P.E. Neumann, C. Mathis, J.N. Giwley, X.H. Li and S.M. Paul,
1997. Mapping quantitative trait loci for open-field beta in mice. Behavior
Genetic27: 201-210.

Gill, B.S. and B. Friebe, 2002Cytogenetics, phylogeny and evolution of cultichteheats.
In: Bread wheat: Improvement and production. Seriles FAO Plant Production and
Protection Series. Curtis, B.C., S. Rajaram an&bmez Macpherson (eds). (FAO:
Rome). pp 71-88.

Gill, B.S., R. Appels, A.M. Botha-Oberholster, C.RBuell, J.L. Bennetzen, B. Chalhoub,
F. Chumley, J. Dvor, M. lwanaga, B. Keller, W. Li, W.R. McCombie, Y.
Ogihara, F. Quetier and T. Sasaki, 2004A workshop report on wheat genome
sequencing: international genome research on vdoesortium.Geneticsl68: 1087-
1096.

Gill, K.S., B.S. Gill, T.R. Endo and E.V. Boyko, 196. Identification and high-density

mapping of gene rich regions in chromosome growp Wwheat.Genetics143: 1001-
1012.

70



Giovannoni, J.J., R.A. Wing, M\W. Ganal and S.D. Taksley, 1991.Isolation of
molecular markers from specific chromosomal intEyvasing DNA pools from
existing mapping populationblucleic Acids Researctf: 6533-6558.

Golembiewski, R.C., T.K. Danneberger and P.M. Sweay, 1997. Potential of RAPD
markers for use in the identification of creepiremtgrass cultivar€rop Scienc&7:
212-214.

Grandillo, S. and T.M. Fulton, 2002. Approaches to gene mapping. In: Molecular plant
biology (practical approach series, volume 1). Gittim, P.M. and C. Bowler (eds).
Oxford University Press. pp 101-136.

Gupta, P.K., R.K. Varshney, P.C. Sharma and B. Ransh, 1999.Molecular markers and
their applications in wheat breediriglant Breedingl18: 369-390.

Gustine, D.L. and D.R. Huff, 1997. Genetic variation within and among white clover
populations from managed permanent pastures ofntivéheastern USACrop
Science37: 524-530.

Guzman-Novoa, E., G.J. Hunt, J.L. Uribe, C. Smith ad M.E. Arechavaleta-Velasco,
2002.Confirmation of QTL effects and evidence of genelixninance of honeybee
defensive behavior: Results of colony and individoahavioral assay€Behavior
Genetics32: 95-102.

Haberle, J., M. Schmolke, G. Schweizer, V. Korzurk. Ebmeyer, G. Zimmermann and
L. Hartl, 2007. Effects of two major fusarium head blight resis&@QTL verified in
a winter wheat backcross populati@rop Sciencé7: 1823-1831.

Hartl, L., V. Mohler, F.J. Zeller, S.L.K. Hsam and G. Schweizer, 1999ldentification of

AFLP markers closely linked to the powdery mildegsistance geneBmlc and

Pm4ain common wheafl{iticum aestivuni.). Genome42: 322-329.

71



Herselman, L., 2003.Genetic variation among Southern African cultidageanut Arachis

hypogaed..) genotypes as revealed by AFLP analySigphytical33: 319-327.

Hu, X.Y., HW. Ohm and I. Dweikat, 1997. Identification of RAPD markers linked to the
gene Pml for resistance to powdery mildew in whedheoretical and Applied
Genetic94: 832-840.

Hysing, S.-C. 2007.Genetic Resources for Disease Resistance in WRdaD. thesis,

Swedish University of Agricultural.

Imtiaz, M., M.G. Cromey, J.G. Hampton and M. Ahmad, 2003. Inheritance of durable
adult plant resistance to stripe ruBu€cinia striiformisf. sp.tritici) in ‘Otane’ wheat
(Triticum aestivun New Zealand Journal of Crop and Horticultural Saer31: 23-
31.

Jaccoud, D., K. Peng, D. Feinstein and A. Killian2001. Diversity arrays: A solid state
technology for sequence information independentogging. Nucleic Acids
Researct?9: 4e25.

Jacob, H.J., K. Lindpaintner, S.E. Lincoln, K. Kusumi, R.K. Bunker, Y.P. Mao, D.
Ganten, V.J. Dzau and E.S. Lander, 1991.Genetic mapping of a gene causing
hypertension in the stroke-prone spontaneously risgpsitive ratCell-Cambridge
67: 213-224.

Johnson, R., 1988Durable resistance to yellow (stripe) rust in whasad its implications in
plant breeding. In: Breeding strategies for resistato the rusts of wheat. Simmonds,

N.W. and S. Rajaram (eds). CIMMYT, Mexico, DF, 5.

Kimber, G. and R. Riley, 1983 Haploid angiosperm&otanical Review29: 480-531.

72



Kochert, G., 1994.RFLP technology. In: DNA-based markers in plambilips R.L. and
I.K. Vasil (eds). Kluwer Academic Publishers. p38-

Koebner, R., 2003 MAS in cereals: green for maize, amber for ric#l, gd for wheat and
barley. In: Marker-Assisted Selection: A fast tradokincrease genetic gain in plant

and animal breeding?roceedings International Workshgpp 12-17.

Kolliker, R., E.S. Jones, M.Z.Z. Jahufer and J.W. Brster, 2001.Bulked AFLP analysis
for the assessment of genetic diversity in whitevet (Trifolium repensL.).
Euphytical21: 305-315.

Kolmer, J.A., 2004. Wheat rusts. In: Encyclopedia of plant and croperse. R.M.
Goodman (ed). Marcel Dekker Publishers. pp 1-4.

Kolmer, J.A., 2005. Tracking wheat rust on a continental scale. InotiBi interactions.
Schulze-Lefert P. and E. Farmer (ed®)rrent Opinion in Plant Biolog®: 441-449.

Kosambi, D.D. 1944 The estimation of map distances from recombinatelnes.Annals of
Eugenicsl2: 172-175.

Kott, L.S. 1997.Application of doubled haploid technology in breegliof oilseedBrassica
napus Crop Sciencé&1: 28-32.

Koudandé, O.D., F. Iraqi, P.C. Thomson, A.J. Tealand J.A.M. van Arendonk, 2000.
Strategies to optimize marker-assisted introgressd multiple unlinked QTL.
MammalianGenomell: 145-150.

Kuchel, H., K. J. Williams, P. Langridge, H.A. Eagks and S.P. Jefferies, 200Genetic

dissection of grain yield in bread wheat. |. QTLabsis. Theoretical and Applied
Geneticsl15: 1029.

73



Kwok, P.Y. 2001.Methods for genotyping single nucleotide polymaspis.Annual Review
of Genomics and Human Genetit235-258.

Lagudah, E.S., H. McFadden, R.P. Singh, J. Huerta4$pino, H.S. Briana and W.
Spielmeyer, 2006 Molecular genetic characterization of the34/Yr18slow rusting

resistance gene region in whekteoretical and Applied Geneti@44: 21-30.

Lagudah, E.S., J. Dubcovsky and W. Powell, 2000WWheat genomicsPlant Physiology
and Biochemistr9: 335-344.

Langridge, P. and K. Chalmers, 2004.The principle: Identification and application of
molecular markers. In: Biotechnology in agricultmed forestry, molecular marker
systems in plant breeding and crop improvement. 86l L6rz H. and G. Wenzel

(eds). Springer-Verlag Berlin Heidelberg. pp 12914

Langridge, P., E.S. Lagudah, T.A. Holton, R. AppelsP.J. Sharp and K.J. Chalmers,
2001.Trends in genetic and genome analyses in wheaatziaw. Australian Journal
of Agricultural Research?2: 1043-1077.

Li, Z.F., T.C. Zheng, Z.H. He, G.Q. Li, S.C. Xu, XP. Li, G.Y. Yang, R.P. Singh and
X.C. Xia, 2006.Molecular tagging of stripe rust resistance g¥ngH84in Chinese
wheat line Zhou 8425BT heoretical and Applied Geneti¢42: 1098-1103.

Lin, F. and X.M. Chen, 2007.Genetics and molecular mapping of genes for rpeeisc
all-stage resistance and non-race-specific highpégature adult-plant resistance to
stripe rust in spring wheat cultivar Alpowaheoretical and Applied Genetidd4:
1277-128.

Line, R.F., 2002.Stripe rust of wheat and barley in north Amerigaetrospective historical
review.Annual Review of Phytopatholod9: 75-118.

74



Lipshutz, R.J., S.P.A. Fodor, T.R. Gingeras and D.JLockhart, 1999. High density

synthetic oligonucleotide array®ature Genetics Supplemezit: 20-24.

Liu, X.M., C.M. Smith, B.S. Gill and V. Tolmay, 20QL. Microsatellite markers linked to
six Russian wheat aphid resistance genes in whbatretical and Applied Genetics
102: 504-510.

Lottering, J.M., A-M. Botha and R.F. Klopper, 2002.AFLP and RAPD markers linked to
leaf rust resistance gehe41 in wheat.South African Journal of Plant and Sab: 1-
6.

Lubberstedt, T., V. Mohler and G. Wenzel, 2002Function of genetic material - Genes

involved in quantitative and qualitative resistarféegress in Botang3: 80—105.

Ma, J., R. Zhou, Y. Dong, L. Wang, X. Wang and J. i&, 2001.Molecular mapping and
detection of the yellow rust resistance g&m26 in wheat transferred fromriticum

turgidumL. using microsatellite markerBuphytical20: 219-226.
Ma, W., M.W. Sutherland, S. Kammholz, P. Banks, PBrennan, W. Bovill and G.
Daggard, 2007.Wheat flour protein content and water absorptioalysis in a

doubled haploid populatiodournal of Cereal Sciencés: 302-308.

Ma, Z-Q. and N.L.V. Lapitan, 1998. Comparison of amplified and restriction fragment

length polymorphism in wheaCereal Research Communicatio2: 7-13.

Ma, Z-Q., M. Roder and M.E. Sorrells, 1996 Frequencies and sequence characteristics of

di, tri and tetra-nucleotide microsatellites in wh&enome39: 123-130.

Mackay, 1.J. and P.D.S. Caligari, 2000 Efficiencies of  and backross generations of
bulked segregant analysis using dominant markingp Sciencd0: 626-630.

75



Mackill, D.J., Z. Zhang, E.D. Redoiia and P.M. Colowt, 1996. Level of polymorphism
and genetic mapping of AFLP markers in riG&nome39: 969-977.

Maluszynski, M., B.S. Ahloowalia and B. Sigurbjornson, 1995.Application ofin vivo

andin vitro mutagenisis technique for crop improvemé&ntphytica85: 303-315.

Manifesto, M.M., A.R. Schlatter, H.E. Hopp, E.Y. Siérez and J. Dubcovsky, 2001.
Quantitative evaluation of genetic diversity in \@ahegermplasm using molecular
markersCrop Sciencél: 682-690.

Manly, K.F., R.H. Cudmore and J.M. Meer, 2001.Map Manager QTX, cross-platform
software for genetic mappinglammalian Genom#&2: 930-932.

Marathee, J.P. and H. Gomez-Macpherson, 200Future world supply and demand. In:
The world wheat book: A history of wheat breedir§pnjean, A.P. and W.J. Angus
(eds). Lavoisier Publishing, Paris. pp 1107-1116.

Marsalis, M.A. and N.P. Goldberg, 2006. Bringing science to your life: Leaf, stem and
stripe rust diseases of wheat. College of Agriceltand Home Economics, New
Mexico State University. Guide A-415 pp 1-8.

Martin, J.M., L.E. Talbert, S.P. Lanning and N.K. Blake, 1995. Hybrid performance in
wheat as related to parental diversiGrop Scienc&5: 104-108.

Mcintosh, R.A., C.R. Wellings and R.F. Park, 1995Wheat rusts: an atlas of resistance
genes. CSIRO, East Melbourne, Australia. pp 1-200.

Mcintosh R.A., K.M. Devos, J. Dubcovsky, W.J. Rogey, C.F. Morris, R. Appels and
O.D. Anderson, 2005.Catalogue of gene symbols for wheat: 2005 suppieme
http://www.wheat.pw.usda.gov/ggpages/wgc/2005upd.Eited July 2006.

76



Melchinger, A.E., 1990.Use of molecular markers in breeding for oligogedisease
resistancePlant Breedingl04: 1-19.

Michelmore, R.W., 1994 Molecular approaches to manipulation of diseasstexe genes.
Annual Review of Phytopatholo§§: 865-870.

Michelmore, R.W., I. Paran and R.V. Kesseli, 1991ldentification of markers linked to
disease-resistance genes by bulked segregant ianadysapid method to detect
markers in specific genomic regions by using sedqjieg populationsProceedings of
the National Academy of SciendeksSA) 88: 9828-9832.

Miranda, L.M., J.P. Murphy, D. Marshall and S. Leath, 2006.Pm34 a new powdery
mildew resistance gene transferred fréwgilops tauschiiCoss. to common wheat
(Triticum aestivuni..). Theoretical and Applied Geneti@43: 1497-1504.

Moldenhauer, J., B.M. Moerschbacher and A.J. van deWesthuizen, 2006 Histological
investigation of stripe rusP{ccinia striiformisf. sp.tritici) development in resistant
and susceptible wheat cultivaPlant Pathologys5: 469-474.

Morioka., H., K. Kobayashi, M. Tachibana and J. Imanishi, 1999. Co-localization of
HSV-1 DNA and ICP35 protein by situ hybridization and immunocytochemistry.

Journal of Electron Microscop48: 621-62.

Mueller, U.G. and L. Wolfenbarger, 1999.AFLP genotyping and fingerprintingrends in
Ecology and Evolutiod4: 389-394.

Murray, T.D., D.W. Parry and N.D. Cattlin, 1998. A colour handbook of disease of small
grain cereal crops. London, U.K., Manson publisHitdy pp 1-192.

77



Myburg, A.A., M. Cawood, B.D. Wingfield and A-M. Botha, 1998. Development of
RAPD and SCAR markers linked to the Russian wh@hidaresistance gene in
wheat.Theoretical and Applied Genetié§: 1162-1169.

Olson, M., L. Hood, C. Cantor and D. Botstein, 1989 A common language for physical
mapping of the human genom8cience245: 1434-1435.

Pagesse, P., 200Wheat: its genetic diversity, history and prospett: The world wheat
book: A history of wheat breeding. Bonjean, A.RdaN.J. Angus (eds). Lavoisier
Publishing, Paris. pp 1131-1184.

Paran, I. and Michelmore, R. W., 1993.Development of reliable PCR-based markers
linked to downey mildew resistance genes in lettutlkeoretical and Applied
Genetics85: 985-993.

Peng, J.H., A.B. Korol, T. Fahima, M.S. Réder, Y.IRonin, Y.C. Li and E. Nevo, 2000.
Molecular genetic maps in wild emmer whegtiticum dicoccoidesGenome-wide
coverage, massive negative interference, and peatatjuasi-linkage.Genome
Research0: 1509-1531.

Peng, J.H., T. Fahima, M.S. Roder, Y.C. Li, A. Daha, A. Grama, Y.l. Ronin, A.B.
Korol and E. Nevo, 1999.Microsatellite tagging of the stripe-rust resis@argene
YrH52 derived from wild emmer wheafriticum dicoccoides and suggestive
negative crossover interference on chromosome TBeoretical and Applied
Genetic98: 862-872.

Penner, G.A., 1996 RAPD analysis of plant genomes. In: Methods ofogea analysis in
plants. Jauhar, P.P. (ed). CRC Press, Boca Rgha2b]-268.

Pienaar, L., 2004.Assessment of adult plant resistance to stripe iusivheat. M.Sc.

Dissertation, University of the Free State, Southca.

78



Poehlman, J.M. and D.A. Sleper, 1995Breeding Field Crops."4edition. lowa State

University Press, Ames, lowa. pp 473.

Powell, W., M. Morgante, C. André, M. Hanafey, J. \6gel, S. Tingey and A. Rafalski,
1996.The comparison of RFLP, RAPD, AFLP and SSR (miatelite) markers for
germplasm analysi$/olecular Breeding: 225-238.

Prem D., K. Gupta and A. Agnihotri; 2004. Doubled haploids: A powerful
biotechnological tool for genetic enhancement ofsesd Brassicas In: Plant
biotechnology and molecular marker. Srivastava,, FASNarula and S. Srivastava
(eds). Kluwer Academic Publishers, Dordrecht, Ne#imels and Anamaya publishers,
New Delhi, India. pp 18- 30.

Pretorius, Z.A., C.M. Bender and Z. van der Linde,2001. Analysis and improvement of
resistance in bread wheat to stripe rust causeBuayinia striiformis f. sp. tritici.

Final Report to Winter Cereal Research Trust, Séditica.

Pretorius, Z.A., K.W. Pakendorf, G.F. Marais, R. Pins and J.S. Komen, 2007.
Challenges for sustainable cereal rust controldatls Africa. Australian Journal of
Agricultural Research8: 593-601.

Pretorius, Z.A., W.H.P. Boshoff and G.H.J. Kema, 197. First report of Puccinia

striiformis f. sp.tritici on wheat in South Africdlant Diseaseé1: 424.
Prins, R., J.Z. Groenewald, G.F. Marais, J.W. Snapand R.M.D. Koebner,2001.AFLP

and STS tagging otrl9, a gene conferring resistance to leaf rust in whea
Theoretical and Applied Genetit93: 618-624.

79



Prins, R., V.P. Ramburan, Z.A. Pretorius, L.A. Boyd W.H.P. Boshoff, P.H. Smith and
J.H. Louw, 2005.Development of a double haploid mapping populasiod linkage
map for the bread wheat cross Kariega x Avocebdhith African Journal of Plant
and Soil22: 1-8.

Rajhathy, T., 1976.Haploid flax revisitedZeitschrift Fur Pflanzenzucfi6: 1-10.

Ramburan, V.P., Z.A. Pretorius, L.A. Boyd, P.H. Smih, W.H.P. Boshoff and R. Prins,
2004. A genetic analysis of adult plant resistance tgstrust in the wheat cultivar
Kariega.Theoretical and Applied Genetit68: 1426-1433.

Rayburn, A.L. and B.S. Gill, 1986.Molecular identification of the D-genome chromossm
of wheat.Journal of Hereditaryr7: 253-255.

Roéder, M.S., V. Korzun, K. Wendehake, J. Plaschkeyl.H. Tixier, P. Leroy and M.W.
Ganal, 1998.A microsatellite map of wheakteneticsl49: 2007-2023.

Roy, D., 2000.Plant breeding. Analysis and exploitation of véoia Alpha Science
International Ltd, India. pp 701.

Ruane, J. and A. Sonnino, 2007Marker-assisted selection: Current status andrdutu
perspectives in crops, livestock, forestry and fishMarker-assisted selection as a
tool for genetic improvement of crops, livestockyestry and fish in developing
countries: an overview of the issues. Guimar&eB,,El. Ruane, B.D. Scherf, A.
Sonnino and J.D. Dargie (eds). (FAO: Rome). pp 3-14

Saghai-Maroof, M.A., R.M. Biyashev, G.P. Yang, Q. Aang and R.W. Allard, 1984.
Extraordinary polymorphic microsatellite DNA in Ibay: species diversity,
chromosomal locations and population dynamiPsoceedings of the National
Academy of SciencédSA) 91: 5466-5470.

80



Savelkoul, P., H. Aarts, J. de Haas, L. DijkshoornB. Duim, M. Otsen, J. Rademaker,
L. Schouls and J. Lenstra, 1999.Amplified-fragment length polymorphism
analysis: The state of an asburnal of Clinical Microbiology37: 3083-3091.

Sax, K., 1922.Sterility in wheat hybrids. Il. Chromosome behavia partially sterile
hybrids.Genetics7: 513-550.

Schachermayr, G., C. Feuillet and B. Keller, 199™Molecular markers for the detection of
the wheat leaf rust resistance gém#0 in diverse genetic background$4olecular
Breeding3: 65-74.

Schachermayr, G., H. Siedler, M.D. Gale, H. Winzele M. Winzeler and B. Keller,
1994.|dentification and localization of molecular markdinked to the.r9 leaf rust

resistance gene of wheaheoretical and Applied Genetié8: 110-115.

Schnurbusch, T., N.C. Collins, R.F. Eastwood, T. $ton, S.P. Jefferies and P.
Langridge, 2007. Fine mapping and targeted SNP survey using riceawvlyene
colinearity in the region of thBol boron toxicity tolerance locus of bread wheat.
Theoretical and Applied Genetit45: 451-461.

Sears, E.R., 1954The aneuploids of common whedlissouri Agricultural Experiment
Station Research Bullet#i72: 1-58.

Semagn, K., A. Bjgrnstad and M.N. Ndjiondjop, 2006An overview of molecular marker
methods for plantdfrican Journal of Biotechnolody: 2540-2568.

Shan, X., T.K. Blake and L.E. Talbert, 1998. Conversion of AFLPs to sequence-tagged-

site PCR marker®?lant and Animal Genome VII Conferend®-22 January, 1998,
San Diego Abstract. pp 81.

81



Shan, X., T.K. Blake and L.E. Talbert, 1999.Conversion of AFLP markers to sequence-
specific PCR markers in barley and wheBteoretical and Applied Geneti@8:
1072-1078.

Singh, R.P., J.C. Nelson and M.E. Sorrells, 2000Mapping Yr28 and other genes for
resistance to stripe rust in whe@top Science0: 1148-1155.

Singh, R.P., J. Huerta-Espino and M. William, 2001Slow rusting genes based resistance
to leaf and yellow rusts in wheat. Eastwood, R.,H8llamby, T. Rathjen and N.
Gororo (eds)Wheat Breeding Society of AustralRroceedings of the Assembly 10,
16-21 September 2001, Mildura, Australia. pp 108:10

Snape, JW., R. Sarma, S.A. Quarrie, L. Fish, G. Gida and J. Sutka, 2001.Mapping
genes for flowering time and frost tolerance ineeds using precise genetic stocks.
Euphytical20: 309-315.

Somers, D.J., 2004Molecular marker systems and their evaluationckneal genetics. In:
Cereal Genomics. Gupta P.K. and R.K. Varshney (eddhiwer Academic
Publishers. pp 19-34.

Somers, D., G.R. Akow, P.J. Raney, V. Prabhu, G. §éin-Swartz, R. Rimmer, R.K.
Gugel, D. Lydiate and A. Sharpe, 1999Developing marker-assisted breeding for
quality and disease resistance trait8imassicaoilseeds. 18 International Congress,
Canberra, Australia. pp 34.

Somers, D.J., P. Isaac and K. Edwards, 200A. high-density microsatellite consensus map

for bread wheatT{iticum aestivunL.). Theoretical and Applied Geneti@¢99: 1105-
1114.

82



Song, Q.J., J.R. Shi, S. Singh, E.W. Fickus, J.M.d8ta, J. Lewis, B.S. Gill, R. Ward and
P.B. Cregan, 2005Development and mapping of microsatellite (SSRykes in
wheat.Theoretical and Applied Geneti@40: 550-560.

Southern, E.M., 1975.Detection of specific sequences among DNA fragsieaparated by

gel electrophoresigournal of Molecular Biolog®8: 503-517.

Spielmeyer, W., R.A. Mclntosh, J. Kolmer and E.S. bhgudah, 2005.Powdery mildew
resistance and.r34/Yrl8 genes for durable resistance to leaf and stripg ru
cosegregate at a locus on the short arm of chromes® of wheatTheoretical and
Applied Geneticd11: 731-735.

Stallknecht, G.F., K.M. Gilbertson and J.E. Ranney,1996. Alternative wheat cereals as
food grains: Einkorn, emmer, spelt, kamut, andctle. In: Progress in new crops.
Janick, J., (ed). ASHS Press, Alexandria, VA. pf-130.

Steele, K.A., E. Humphreys, C.R. Wellings and M.JDickson, 2001.Support for a
stepwise mutation model for pathogen evolution ustalianPuccinia striiformisf.

sp.tritici by use of molecular markelant Pathologys0: 174-180.
Talbert, L.E., N.K. Blake, P.W. Chee, T.K. Blake ad G.M. Magyar, 1994.Evaluation of
‘sequence tagged site’ PCR products as moleculgkergain wheatTheoretical and

Applied Genetic87: 789-794.

Taramingo, G. and S. Tingey, 1996.Simple sequence repeats for germplasm analydis an

mapping in maize Genome39: 277-287.

Tian, D., M.B. Traw, J.Q. Chen, M. Kreitman and J.Bergelson, 2002Fitness costs d®-
gene-mediated resistanceArabidopsis thalianaNature423: 74-77.

83



Tolmay, V.L., 2006.Genetic variability for Russian wheat aphduraphis noxiaresistance
in South African wheat genotypes. Ph.D. thesisveksity of the Free State, South
Africa.

Turnpenny, P.D. and S. Ellard, 2005Emery’s Elements of Medical Genetié&dinburgh;
New York: Elsevier/Churchill Livingstone, 2005, 12dition. pp 1-416.

Van Os, H., P. Stam, R.G.F. Visser and H.J. Van E¢R005.RECORD: a novel method
for ordering loci on a genetic linkage mdjmeoretical and Applied Geneti@42: 30-
40.

Varshney, A., T. Mohapatra and R.P. Sharma, 2004Molecular mapping and marker
assisted selection of traits for crop improvemdnt. Plant biotechnology and
molecular marker. Srivastava, P.S., A. Narula andSBvastava (eds). Kluwer
Academic Publishers, Dordrecht, Netherlands andm#aya publishers, New Delhi,
India. pp 289-330.

Venter, E. and A-M. Botha, 2000. Development of markers linked @iuraphis noxia
resistance in wheat using a novel PCR-RFLP appro@bhoretical and Applied
Genetics100: 965-970.

Voorrips, R.E., 2002. MapChart: software for the graphical presentatbrinkage maps
and QTL.Journal of Heredity93: 77-78.

Vos, P., R. Hogers, M. Bleeker, M. Reijans, T. vade Lee, M. Hornes, A. Frijters, J.

Pot, J. Peleman, M. Kuiper and M. Zabeau, 1995AFLP: a new technique for
DNA fingerprinting.Nucleic Acids Resear@8: 4407-4414.

84



Wang, D., J. Fan, C. Siao, A. Berno, P. Young, Rafolsky, G. Ghandour, N. Perkins,
E. Winchester, J. Spenser, L. Kruglyak, L. Stein, L Hsie, T. Topaloglou, E.
Hubbell, E. Robinson, M. Mittmann, M.S. Morris, N.N. Shen, D. Kilburn, J.
Rioux, C. Nusbaum, S. Rozen, J. Hudson, R. Lipshuti. Chee and S. Lander,
1998. Large-scale identification, mapping and genotgpiof single-nucleotide

polymorphisms in the human genonfecience280: 1077-1082.

Weising, K. and G. Kahl, 1997 .Hybridization-based microsatellite fingerprintiog plant
and fungi. In: DNA markers: Protocols, applicai@nd overviews. Caetano-Anollés
G. and P.M. Gresshoff (eds). Wiley-Liss, Inc. NearkK. pp 27-54.

Welsh, J. and M. McClelland, 1990.Fingerprinting genomes using PCR with arbitrary
primers.Nucleic Acids ResearctB: 7213-7218.

Wellings, C.R., D.G. Wright, F. Keiper and R. Loughman, 2003.First detection of wheat
stripe rust in Western Australia: evidence for eeifign incursion.Australian Plant
Pathology32: 321-322.

William, H.M., D. Hoisington, R.P. Singh and D. Goralez-de-Leon, 1997Detection of
guantitative trait loci associated with leaf russistance in bread whe&enome40:
253-260.

William, H.M., R.P. Singh, R. Trethowan and M. van Ginkel, 2005. Biotechnology
applications for wheat improvement at CIMMYTurkish Journal of Agriculture and

Forestry29: 113-119.

William, H.M., R. Trethowan and E.M. Crosby-Galvan, 2007. Wheat breeding assisted
by markers: CIMMYT’s experienc&uphytical57: 307-319.

85



Williams, J.G.K., A.R. Kubelik, J. Livak, J.A. Rafalski and S.V. Tingey, 1990. DNA
polymorphisms amplified by arbitrary primers arefus as genetic markerblucleic
Acids Research8: 6531-6535.

Wittenberg, A.H.J., 2007.Genetic mapping using the diversity arrays teabagl(DArT):
application and validation using the whole-genonmezjuences ofArabidopsis
thaliana and the fungal wheat pathog®&tycosphaerella graminicolaPh.D. thesis,
Wageningen University, Netherlands.

Wolfe, A.D. and A. Liston, 1998 Contributions of PCR-based methods to plant systies
and evolutionary biology. In: Plant Molecular Systdics Il. Soltis, D.E., P.S. Soltis
and J.J. Doyle (eds). Boston, Kluwer. pp 43-86.

Winsch A. and J.I. Hormaza, 2002 Cultivar identification and genetic fingerprintirgd

temperate fruit tree species using DNA markergphytical25: 59-67.

Xu, M., E. Huaracha and S.S. Korban, 2001. Development of sequence-characterized
amplified regions (SCARs) from amplified fragmeertdth polymorphism (AFLP)
markers tightly linked to th€f gene in appleGenomeit4: 63-70.

Yan, G.P.,, X.M. Chen, R.F. Line and C.R. Wellings,2003. Resistance gene-analog
polymorphism markers co-segregating with tie&5 gene for resistance to wheat
stripe rustTheoretical and Applied Geneti@96: 636-643.

Young, 1996.QTL mapping and quantitative disease resistang#ants.Annual Review of
Phyotopathology4: 479-501.

Yu, J.-K., M. La Rota, R. V. Kantety and M.E. Sorrdls, 2004.EST derived SSR markers

for comparative mapping in wheat and ritdolecular Genetics and Genomi2g1:
742-751.

86



Zabeau, M and P. Vos. 1993Selective restriction fragment amplification: angeal method
for DNA fingerprinting. European Patent Office, fightion 0 534 858 Al, bulletin
93/13.

Zadoks J.C., 1961.Yellow rust on wheat in epidemiology and physiatogpecialization.
Tijdschrift fur Plantenziekte7: 69-256.

Zhang, L.Y., C. Ravel, M. Bernard, F. Balfourier, P. Leroy, C. Feuillet and P. Sourdille,
2006. Transferable bread wheat EST-SSRs can be usafyphfglogenetic studies
among the Triticeae speci@heoretical and Applied Genetitd3: 407-418.

Zhu, Z. and H. Wu, 1979.In vitro production of haploid plantets from the unpollirthte
ovaries ofTriticum aestivunand Nicotiana tabacumActa Academia Sinicé: 181-
183.

Zohary, D. and M. Hopf, 1993.Domestication of plants in the Old World, the amigind

spread of cultivated plants in West Asia, Europe] the Nile valley. 2 ed. Oxford
University Press, New York. pp 16-91.

87



Summary

Stripe rust, caused byuccinia striiformisWest. f. sp.tritici is one of the most damaging
diseases of wheaT(iticum aestivumL.) globally. The South African wheat cultivar Kega
expresses APR and has retained yield levels addedta commercial production, which is
of great importance to plant breeders. A Kariegavacet S partial linkage map has made a
significant contribution to understanding the gersetinderlying APR to stripe rusY() in
Kariega. Two majorYrQTL with indications of different resistance mecisams were

identified on chromosomes 2B and 7D.

In this study we investigated the effectivenesglehtifying AFLP markers closely linked to
the YrQTL using a targeted bulk segregant analysis (tB&#groach in Fdoubled haploid
(DH) individuals. Individual Kariega x Avocet S Dhhes were characterised and bulked
based on stripe rust phenotypes and DNA markelegiefiles. In agreement with standard
BSA, an extreme resistant bulk (both QTL preseidD+2B) and extreme susceptible bulk
(both QTL absent: -7D-2B) were constructed basegloenotypic data and verified with
marker allele data. Three additional bulks (+7D-ZB)+2B and narrow down +7D+2B with
marker recombinations in 7D QTL interval) were domsted based on a combination of
phenotypic and marker data, with a strong emphasithe presence or absence of marker

alleles representing a specific QTL interval asunexyl by a specific bulk.

A total of 184 AFLP primer combinationS¢¢ and Msd) were tested on the two parental
lines and five bulks. Thirty-one of these primemtmnations detected 32 putative markers
that could discriminate between the extreme resistad susceptible bulks and that were
putatively linked to either the 7D or 2B QTL regsom\fter validation of these markers on all
individuals used in the extreme resistant and eérsusceptible bulks, nine markers were
identified that were present in the extreme restsaad the specific -7D+2B bulk, but absent
in the extreme susceptible bulk. Another two maskeere identified that were present in the
extreme resistant, +7D-2B and narrow down +7Dx2Bk$yubut absent in the extreme

susceptible bulk. These markers were mapped oet@xfsting Kariega x Avocet S partial
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linkage map using Map Manager QTXb20. Six AFLP neaskmapped within or close to the
QYr.sgi.2Band one close to ti@Yr.sgi.7DQTL regions.

The tBSA approach was efficient since 10 of theriatkers (91%) putatively identified after
screening of the individuals constituting the bsfimples mapped to either chromosome 2B
or 7D. AFLP analysis in combination with tBSA wd®®/n to be reproducible, faster and a
more cost effective approach compared to a traditi@SA since tBSA lead to a reduction
of 28.2% of primers that need to be tested. Folowhe tBSA approach, marke23m53d
mapped 3 cM from markegwm148previously shown to be significantly associatedhwi
mean host reaction type for final field data aslwvasl leaf area infected of theYQsgi-2B
QTL region. This resulted in an increase in LODrectvom 20.1to 23.9 using interval
mapping. Even though two markers were added tG@Ehehromosome, both mapped outside
the QYr.sgi-7DQTL region. Markeis20m38bmapped 9 cM from the SSR marlgwym295
and 20 cM from thé.tn gene previously shown to be associated with thie af interest on

chromosome 7D.

In summary, the combination of AFLP analysis anB®A approach has proved to be useful
in the identification of QTL, the placement of ats linked markers to known QTLs and
targeting chromosome areas with low marker numiedscations are that a large number of
AFLP primer combinations need to be screened toesstully target a specific QTL interval

for increased map resolution.
Keywords: amplified fragment length polymorphism (AFLP)oubled haploids (DH),

interval mapping (IM), linkage mapping, marker-ag=il selection (MAS),
targeted bulk segregant analysis (tBSA).
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Opsomming

Streeproes, wat detuccinia striifformisWest. f. sptritici veroorsaak word, is een van die
koringsiektes wat wéreldwyd die grootste skade annk (Triticum aestivumL.) veroorsaak.
Die Suid-Afrikaanse koring kultivar Kariega bevatlwasse plant weerstand (APR) teen
streeproes asook kommersieél aanvaarbare opbrekkgsviwat baie belangrik vir
plantetelers is. ‘n Kariega x Avocet S gedeeltelk@ppelingskaart het ‘n betekenisvolle
bydrae tot kennis aangaande die onderliggende iganetn APR teen streeproe¥r) in
Kariega gemaak. Twee hoof streeproes kwantitatievemskap lokusseY(QTL), met
aanduidings van verskillende weerstandsmeganisnseespp chromosome 2B en 7D

geidentifiseer.

Die doeltreffendheid om geamplifiseerde fragmengte polimorfisme (AFLP) merkers wat
naby aan die&rrQTL gekoppel is te identifiseer deur gebruik te kngan geteikende massa
segregerende analise (tBSA) in &ubbel haploide (DH) individue, is in hierdie std
ondersoek. Individuele Kariega x Avocet S DH lyrse gekarakteriseer en op grond van
streeproes fenotipes en DNA merker alleel proflgtfenekaar gevoeg. Ooreenkomstig met
standaard massa segregerende analise (BSA) itehs weerstandbiedende poel (beide QTL
teenwoordig: +7D+2B) en ‘n uiters vatbare poel deeQTL afwesig: -7D-2B), gebaseer op
fenotipiese data en bevestig met merker alleel da@mgestel. Drie addisionele poele (+7D-
2B; -7D+2B en ‘n kleiner geteikende +7D+2B poel megrker rekombinasie van die 7D
QTL interval) is op grond van ‘n kombinasie vandgpiese en merker data, met ‘n sterk
klem op die teenwoordigheid of afwesigheid van reeréllele wat die spesifieke QTL

intervalle verteenwoordig, soos deur die spesifigb@l vereis, saamgestel.

‘n Totaal van 184 AFLP voorvoerder kombinasi8s€ andMsd) is op die twee ouerlyne en
vyf poele getoets. Een-en-dertig van hierdie voerder kombinasies het 32 moontlike
merkers wat tussen die uiters weerstandbiedendatbare poele kon onderskei en moontlik
aan of die 7D of die 2B QTL gebiede gekoppel iggegpoor. Nadat hierdie merkers op al
die individue wat gebruik is om die uiters weersttaiedende en vatbare poele saam te stel

bevestig is, is nege merkers geidentifiseer watienuiters weerstandbiedende poel en die
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spesifieke -7D+2B poel teenwoordig was, maar afgvess in die uiters vatbare poel. Die
ander twee merkers wat geidentifiseer is, wasweerdig in die uiters weerstandbiedende
poel, +7D-2B en kleiner geteikende +7D+2B poeleanafwesig in die uiters vatbare poel.
Hierdie merkers is op die bestaande Kariega x AvBcagedeeltelike koppelingskaart
gekarteer deur van Map Manager QTXb20 gebruik takm&es van die AFLP merkers het
binne of naby di®Yr.sgi.2Ben een naby di@®@Yr.sgi.7DQTL gebiede gekarteer.

Die tBSA benadering was effektief aangesien 10dianl1 merkers (91%) wat aanvanklik,
op grond van toetse op individue wat gebruik is dien poele saam te stel, as moontlike
merkers geidentifiseer is, of na chromosoom 2B Of gekarteer het. AFLP analise in
kombinasie met tBSA was ‘n meer herhaalbare, vemen koste-effektiewe benadering in
vergelyking met tradisionele BSA aangesien 28.2%dei voorvoerders getoets is met tBSA
in vergelyking met BSA. Gebaseer op tBSA resultagt, merkes23m53d3 cM van merker
gwm148 voorheen aangetoon as betekenisvol gekoppel i@agethiddelde gasheerreaksie
tipe vir die finale veld data asook blaaropperdakeinfekteer van di®Yr.sgi-2BQTL
gebied, gekarteer. Dit het gebaseer op intervaékag tot ‘n verhoging van die LOD telling
vanaf 20.1 na 23.9, gelei. Alhoewel twee addisiemeérkers op chromosoom 7D gekarteer
is het beide buite di®Yr.sgi-7DQTL gebied gekarteer. Merke20Om88bhet 9 cM van die
mikrosatelliet merkergwm295 en 20 cM van dieLtn geen, voorheen aangetoon as

geassosieer met die geteikende eienskap op chromgbogekarteer.

Opsommend is gevind dat die kombinasie van AFLPlissmaen ‘n tBSA benadering

bruikbaar is vir die identifisering van QTL, dieaging van naby gekoppelde merkers aan
bekende QTL en die teikening van chromosoom aresidaa merker getalle. Resultate dui
daarop dat ‘n groot aantal AFLP voorvoerder komsiies getoets moet word om spesifieke

QTL gebiede suksesvol te teiken vir verbeterdetkaaplusie.
Sleutelwoorde: geamplifiseerde fragment lengte polimorfisme, diblbaploiede,

geteikende massa segregerende analise, intervalterikgr

koppelingskartering, merker-ondersteunde seleksie,
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