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Abstract

The wild relatives of crop plants are sources séful genes, but such genes when
transferred to agricultural crops are often assediavith deleterious traits. Because most of the
recombination and the disease resistance genedoeatized towards the ends of wheat
chromosomes, cryptic terminal alien segments, gagryust resistance genes, were transferred
from Aegilops geniculata (UM?) andAe. triuncialis (U'C') into common wheat without the usual
linkage drag. The alien segment with the leaf amst stripe rust resistance geheS7 andYr40
in translocation T5DL-5DS-5/%(0.95) was found to be less than 3.3 cM in geretigth and
spans less than four overlapping BAC/PAC cloneghefsyntenic rice chromosome arm 12L.
The alien segment with leaf rust resistance ¢eb8, transferred from\e. triuncialis, was found
to be less thar5% of the chromosome arm 2BL of wheat in T2BS-2BL(®95), further
suggesting that it is feasible to transfer smakralsegments with disease resistance genes.
Resistance genés57, Yr40 andLr58 were transferred to Kansas hard red winter whealivvars
by backcrossing and marker assisted selection.

Tillering, a key component of grain yield, and gde®lor which influences seed
dormancy and pre-harvest sprouting in wheat, arenagnically important domestication traits
in wheat. Atiller inhibition mutant with monoculm phenotype was isolated aedtitated gene
(tin3) was mapped on the distal region of chromosome3#t of T. monococcum. As a first
step towards isolating candidate gene(s)tithizand the seed color gerie-Al) of chromosome
3A were mapped in relation to physically mapped&8nd STS markers developed based on
synteny with rice. Physically mapped wheat ESTsvipled a useful framework to identify
closely related rice sequences and to establismtbe likely syntenous region in rice for the
wheattin3 and R-Al region. Comparative genomic analysis of th@88 and R-A1 genomic
regions with the corresponding region in rice lagad thetin3 gene to a 324 kb region spanned
by two overlapping BACs and tHeAl gene was mapped to a single BAC of the colinezar ri

chromosome arm 1L
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Preface

‘Wheat was the first domesticated crop and is thxengest polyploigpecies among the
agricultural crops. Together with rice and maizéeatprovides >60% of the calories for our
daily life. Wheat is best adapted to temperate regions untikeandmaize, which prefer tropical
environments. Wheat occupies 1%®foall crop area (in 2004, 210 million hectares 147
million for rice and 139 million for maize). The trade \alof wheakexceeds that of any other
cereal species, including rice amdhize: $31 billion of world trade in 200&. $13 and $19
billion for rice and maize (FAO stat database: http://dapsrg/default.jsp To meet human

needs by 2050, grain production must incregsan annual rate of 2% on an area of land that
will not increasenuch beyond the present level. Significant advantése understandingf the
wheat plant and grain biology must be achievedtoeiasebsolute yields and protect the crop
from an estimated averaganual loss of 25% caused by biotic (pests) andtialstressegeat,
frost, drought, and salinity). Genetic and genomalysis is awidely accepted method for
accelerating achievement of thedgectives, because it leverages similar work fuadirer crops
and plants and enables more rapid genetic impronerfill et al. 2004).

In the past 45 years, large improvements in gemetiential and productivity have been
made due to scientific plant breeding practicesed¥tbreeders and geneticists are striving to
replenish some of the genetic diversity by intregneg new genetic material into usable
germplasm that can be readily incorporated into awtreeding programs. This new genetic
material is found in the wild ancestors and rekdithat make up what is known to wheat
geneticists as the primary, secondary, and tertggaiye pools. In additioto food security,
understanding the fundamental genetics, moleculdrcallular biology of wheat plant, will lead

to improved human health and nutrition.
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CHAPTER 1 - REVIEW OF LITERATURE

The origin and history of wheat

The evolutionary history of cultivated wheats

Within grass family Poaceae, wheat belongs toribe Triticeae of the Pooideae lineage
along with barley, oat, and rye, whereas rice bgdoio the Oryzoidae lineage, and maize and
sorghum belong to the Panicoideae lineage (Kel@88)1

The genudriticum is comprised of an allopolyploid series at thremdy levels; diploid,
tetraploid and hexaploid. There are two speciethatdiploid level:Triticum monococcum L.,
andT. urartu Tumanian ex Gandilyai.. monococcum includes two subspecies, the cultivated
einkorn wheatT. monococcum ssp. monococcum and the wild typeT. monococcum ssp
aegilopoides (link) Thell. T. urartu exists only in a wild form. The cultivation & monococcum
Sssp.monococcum is quite limited and grown only in some mountaisgagions of Yugoslovia
and Turkey where it is used mainly for animal foddeolyploid wheat has two evolutionary
lineages one at tetraploid level and another aaplexd level. The tetraploid wheats inclu@ie
turgidum L. (2n=4x=28, AABB), andT. timopheevii (Zhuk) Zhuk (2n=4x=28, A'GG). T.
turgidum subsp.dicoccoides (Korn.) Thell is the wild form ofT. turgidum, and T. turgidum
subsp durum (Desf.) Husn (also called durum wheat) is cultidateb-species oF. turgidum. T.
timopheevii has a wild subspecied.(timopheevii spp.armeniacum (Jakubz.)), in addition to
cultivated subspecied .(timopheevii subsp.timopheevii). At the hexaploid level, there are also
two species]T. aestivum L. (2n=6x=42, AABBDD) (also called common or breateat) andr.
zhukovskyi Menab. & Ericz. (2n=6x=42, AAA'GG). No wild types exist in these two species
(Van Slageren, 1994). Although a number of speaieshe three ploidy levels have been
cultivated over the years, cultivation is now restd almost entirely to the tetraploid durum

wheat and the hexaploid common or bread wheat.

Genome donors and origin of wheat
Early cytogenetic studies suggested that the A mpesoof the tetraploids in both the lineages
were contributed by. monococcum (Sax 1922; Kihara 1924; Lilienfeld and Kihara 1R38ut



recent studies based on variation in esterasesshiidwa 1984) and variation in repeated
nucleotide sequences (Dvorak et al. 1988; 1993)stidhatT. urartu contributed the A genome
in both lineages. Dvorak et al. (1993) suggesteadl ithT. zhukovskyi, one set of A genomes was
contributed byT. urartu and the other byf. monococcum. Therefore,T. zhukovskyi originated
from the hybridization ofT. timopheevi with T. monococcum to complete the second lineage
(Upadhya and Swaminathan 1963).

The most probable B genome donor of bread wheatdamdm wheats isAegilops
speltoides. Evidence based on karyotype data (Riley et &88),%he C-banding of chromosomes
(Friebe and Gill 1996), cytological evidence (Kerbypd Kuspira 1988), the geographical
distributions of wild populations (Witcombe 1983hnd restriction fragment length
polymorphism (RFLP) analysis of low-copy and rejpeti sequences (Dvorak and Zhang 1990;
Talbert et al. 1991; Sasanuma et al. 1996; Pestbah 1998) support the idea that the S genome
of Ae. speltoides is closely related to the B genome of bread whB&smon analysis also
pointed toAe. speltoides as the B-genome donor. (Tsunewaki and Ogihara ;1988newaki
1991).

The D-genome of bread wheat was contributedé@ytauschii (Kihara 1944; McFadden
and Sears 1946). Morphological traits of synthbgzaploid wheats suggest that the direct D-
genome donor wa&e. tauschii ssp.strangulata. Additional evidence for ssgtrangulata as the
direct ancestor of D-genome of bread wheat alsoeciom the occurrence of the isozymes
amylase (Nishikawa et al. 1984) and aspartate anawosferase (Jaaska 1980). At some
unknown place, tetraploids hybridized with the digl species and generated spelt-like hulled
hexaploids. The hexaploid wheat originated from #mthropogenic expansion of tetraploid
domesticated species into the distribution are&eftauschii, implicating that all hexaploid
wheats have an origin dating after agriculture cante practice (Nesbitt and Samuel 1996;
Zohary and Hopf 1988). Although initial studiesufd no genotypic differences between
subspecies strangulata and meyerAeftauschii (Lubbers et al. 1991), based on the diversity
analysis of these gene pools, Dvorak et al. (1@88¢lusively demonstrated that the D genomes
of bread wheat are most closely related to #trarigulata” gene pool in Transcaucasia, Armenia
in particular, and SW Caspian Iran. Hence, theqyad area of the origin of. aestivum is the
southern Caspian basin. Based on the phylogeneétyss of the Acc-1 (plastid acetyl-CoA
carboxylaseand Pgk-1 (plastid 3-phosphoglycerate kinase) ganmesg Triticum and Aegilops



species, Huang et al. (2002) suggested the dipitotccum andAegilops progenitors of thé, B,

D, G, and S genomes all radiated 2.5-4.5 millioargeago (MYA). The Ayenome of polyploid
wheat diverged fronT. urartu less than halh MYA (Huang et al. 2002), anfl aestivum arose
from hybridization ofT. turgidum and Ae. tauschii only 8,000years ago (Nesbitt and Samuel
1996).

The Aegilops species

The genusfegilops L. is the most closely related Twiticum and both share an annual
growth habit. Two of the three genomes presentréad wheat were donated by two different
Aegilops species viz. Ae. tauschii and Ae. speltoides. The genusfegilops is comprised of 11
diploid species and 12 polyploid species (TableAthong the polyploidyAegilops species,
eight are tetraploids and four are hexaploids (@ab). All diploid species possess distinct
genomes and they can be easily distinguished orbaises of plant morphology. All of the
polyploid Aegilops species are derived from interspecific hybridimatand amphiploidization
involving diploid Aegilops species only. Some of the polyplddgilops species are very similar
to those of the diploid progenitors, whereas they raodified in other species (Kihara 1954).
The only other genera outside of the geAegilops andTriticum that is closely related to wheat,
has been used for wheat improvement and is a diplih a V-genome islaynaldia villosa (L.)
Schur.

History of wheat domestication

Despite the fact that the common ancestor of majops dates back to 55-70 million
years (Ahn et al. 1993; Kellog 2001), cereal domasbn has a recent history of only about 5-
12 thousand years. The domestication of grasseanbegring “the Neolithic revolution” about
12,000 years ago, when a group of humans previoliglyg as hunter-gatherers, became
sedentary food-producers, pressed by a dry andctioddte episode. The first humans to pioneer
farming practices lived in the Fertile Crescentegion that extends across modern-day Israel,
Jordan, Lebanon and western Syria, into southeasey and, along the Tigris and Euphrates
rivers, into Iraq and the western flanks of IralVheatwas the first one to be domesticated
among all the crop plants (Diamond 1997; Moord.e2@00; Gopher et al. 2002).

The first wheat to be successfully cultivated waskan Triticum monococcum Ssp.
monococcum, a diploid species with the A-genome domesticatenn its wild form T.



monococcum ssp.aegilopoides (syn.T. boeoticum) (Gopher et al. 2002; Zohary and Hopf 1988).
Although einkorn was important for Neolithic agricwe, it is, today, a relic crop and is rarely
planted or harvested. Its progenitdr,boeoticum, occurs in the central and eastern parts of the
Crescent (Zohary and Hopf 1988); it also colongesondary habitats, and feral forms occur in
the Balkans (Schiemann et al. 1951). Einkorn wagsontant for the early agriculture of Central
Europe (~7,000 cal BP) but, its cultivation starteddecline in the Bronze Age (Nesbitt and
Samuel 1996). Based on the fingerprinting data BER loci in einkorn and its wild ancestor,
the site of einkorn domestication was found to be western foothills of the Karacadag
mountains of southeast Turkey (Heun 1997).

A further important step in the evolution of mad@olyploid wheat varieties was
the domestication of emmer, which is tetraploid athérom its wild progenitofl. dicoccoides.
Wild emmer, AABB wheat with it's A genome frofi urartu, has brittle ears that shatter at
maturity into spikelets that bear relatively largeeds. Unlike their wild progenitor, all
domesticated tetraploid wheats have a non-bri#ttdis, which is more amenable to harvest as
the spikelets do not fall apart. Domesticated emwiezat,T. dicoccum, has hulled seeds and the
AABB genome that is common to other domesticatédhpéoid wheats. Emmer was the most
important crop in the Fertile Crescent until thelye®ronze Age. The archaeological record
shows that emmer was domesticaibdut 10,000 years ago (Willcox 1997). Ozkan e{24102)
suggestedhe northern part of the Fertile Crescent as ttee (i emmerdomestication, but the
absence of wild emmer populations framany areas in that region precluded more precise
identificationof the site. Investigating a more complete samplgilol emmerMori et al. (2003)
concluded that emmer was domesticatethenKarakadag mountains, northeast of Gaziantep in
Turkey. Including these materials into the reassessmenheaf previousstudy, Ozkan et al.
(2005) concluded that emmer was domesticaitber in the Karacadag mountain region west of
Dyiarbakir in southeastern Turkey and/or the Sulaimaniya regio Iran.Luo et al. (2007)
showed that the Sulaimaniya region is an unlikelgdidate site for emmer domestication and
pinpointed emmeadomestication to the Karacadag mountain region.

The last and most recent of the wheat domesticatsl the bread wheat or common
wheat T. aestivum which is most suitable for baking. The tetrapleitieat T. turgidum was
involved in a fateful experiment. an accidental ssrawvith a wild diploid speciesAégilops

tauschii) that gave rise to hexaploid wheat. Bread wheat i@ wild hexaploid progenitor in



nature; it is, therefore, a farming-associated nathybrid that has since become the world’s
leading crop. Triticum aestivum comprisesa number of forms that are either hulled or free
threshing Free-threshing bread whedt. @estivum ssp.aestivum) and clubwheat . aestivum
ssp.compactum) are the principal wheatd commerce. Hulled spelil( aestivum ssp.spelta)
was an importartereal in Europe in Roman times and the Middle Aggstodayis grown on a
very limited scale in Europe and several places#\sia. The remaining hulled wheats are
endemics of no economicsignificance. What is believed to be free-threstegaploidwheat
begins to appear in the archaeological record iatdlimas early as 8500 years ago (for review,
see Nesbitt and Samue€96).

The wheat genetics and genetic resources

Genetic stocks

Because of the polyploid nature of common wheah wwhtee related sub-genomes A, B
and D, its genome is highly buffered and toleratiesctural and numerical changes to a much
higher extent than diploid species. This plastioitghe wheat genome allowed numerous unique
cytogenetic stocks to be developed in wheat. Censide progress has been made recently
because of the availability of these cytogeneticlst. These stocks are invaluable not only for
classical genetic analysis but also for the ongaing future wheat genomics and gene discovery

in wheat.

Aneuploid stocks

The first and most important series of aneuploidsewestablished by the ‘father of wheat
genetics’ Dr. Ernie R. Sears. Among the most widaged are the monosomics (one
chromosome pair is represented by only one homelogn=6x=41) (Sears 1954), nullisomic-
tetrasomic (NT) (one chromosome pair is missing thinglloss is compensated by four copies of
a homoeologous chromosome, 2n=6x=42) (Sears 19@@a)psomics (Dt) (one chromosome
pair is represented by two telosomes for one autlisaomic for the other arm, 2n=6x=40+2t)
(Sears 1966b), and double ditelosomics (dDt) (dwernosome pair is represented by a pair of
telosomes for each arm, 2n=6x=40+4t) (Sears 19Vi83se aneuploids were very helpful in
grouping the 21 chromosomes into seven homoeologomsps with each consisting of one

chromosome from the A, B, and D genome (Sears )9@aomosomes belonging to the same



homoeologous group have similar gene content ader and can compensate for each other in
nullisomic-tetrasomic combinations (Sears 1966aadCht al. 1989). All of these were very

helpful as they provided cytogenetic markers faheaf the 21 chromosomes and most of the 42
chromosome arms. Before the advent of chromosomditg and molecular markers, these

aneuploids were the only tools that allowed mapmhgenes to individual chromosomes and
chromosome arms. Aneuploid stocks are widely usemhiast molecular mapping experiments.

The power and utility of these stocks were so rietdiitat many agronomic genes were placed
into specific chromosomes and chromosome arms gawiMost recently the NSF wheat-EST

mapping project widely used these stocks for idgnty the individual EST loci to specific

chromosomes and chromosome arms (http://wheat.devasv/NSF/progress mapping.html

Further, these aneuploid stocks are also used Her development of chromosome, and
chromosome arm specific bacterial artificial chrammes (BAC) libraries of polyploid wheats
(Janda et al. 2004; Safar et al. 2004; Kubalakbeh 2005; Janda et al. 2006).

Deletion lines

Another unique system in wheat is the developmdngametocidal factor-induced
chromosome deletion line&c factors have been identified in different relafegilops species
(Tsujimoto and Tsunewaki 1983; Endo and Mukai 1388a and Dvorak 1988; Tsujimoto and
Tsunewaki 1988). Plants monosomic for tBe chromosome in wheat produce two types of
gametes. Gametes possessing Gaechromosome are normal where gametes lackingGihe
chromosome undergo structural chromosome abersaiti@tuding deletions depending upon the
type of Gc factors used (Nasuda et al. 1999). Tresystem has been used to develop wheat
lines with terminal chromosome deletions (Tsujimattd Tsunewaki 1988; Endo and Mukai
1988; Tsujimoto and Noda 1989). More than 400 tawlestocks spanning all chromosome
regions were developed in Chinese Spring wheat hgoEand Gill (1996). These sub-arm
aneuploid stocks are an excellent tool for targgtegsical mapping of any gene of interest to a
small chromosome bin (Endo and Mukai 1988; Endo @ild1996). The deletion lines were
extensively used for gene discovery (Faris and Z&i02; Faris et al. 2003) and genome analysis
in wheat by combining the molecular markers sucRBEPs (Gill et al. 1993; Gill et al. 1995)
and ESTs (Qi et al. 2004; Akhunov et al. 2003).leDen lines of CS were extensively used in
molecular mapping and resulting in the mapping T& (about 8241), and RFLPs (about 3000)

in specific deletion bins (http://wheat.pw.usda /ga82/maps.shtml#wheat
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http://wheat.pw.usda.gov/cqgi-bin/westsqgl/map_locuis. The information gained out of these

lines helped wheat geneticists to discover numeobusmosomal structural changes in wheat
(Miftahudin et al. 2004) and most importantly thescdvery of non random distribution of
recombination and gene space along the chromos¢@®idset al. 1993; Faris et al. 2000;
Akhunov et al. 2003). These findings have beentpivim modern wheat genomics researchers

attempting to clone genes through chromosome walkin

Alien Addition, Substitution and Translocation lirse

The buffering capacity of polyploid wheat and itessability with wild related species
allows the addition of whole genomes or individobAtomosomes to the wheat genome. Wheat-
alien addition and substitution lines are very ubkeb study the effect of individual alien
chromosomes to be analyzed in wheat background fandargeted gene transfer using
chromosome engineering. Since the developmenteofittst wheat-alien addition lines (O’Mara
1940), addition and/or substitution lines for seVdrriticeae species have been isolated (for a

partial list see http://www.k-state.edu/wgrcThe utility of the substitution lines in chronoose

mapping of genetic factors determining importantoagmic traits such as vernalization,
photoperiod sensitivity, plant height, grain yiekshd quality have been extensively documented
(Law 1965; Law 1966; Morris et al. 1960-1984; Japmt al. 1999). Chromosome substitution
lines are also very useful to develop recombinabtdd mapping populations for individual
chromosomes in a common background (Law et al. ;196@pa et al. 1997; Joppa et al. 1999;
Shah et al. 1999).

Diploid inheritance and chromosome pairing control

The subgenomes in polyploid wheats are closelyeglaAlthough the gene content and
order is highly conserved between homoeologous nebsomes, recombination between
homoeologous chromosomes is prevented by the pasuippressors. The strongest effect on
pairing is associated with tHehl (pairing homoeologous) locus on chromosome arm BBL
wheat (Okamoto 1957; Riley and Chapman 1958; SaadsOkamoto 1958)hl renders a
diploid like inheritance in a polyploid genome, ithiey giving the wheat plant genetic
stabilization and fertility. The same genetic sgstis responsible for the failure of polyploid
wheat chromosomes to pair with homoeologues frolatae species and genera in hybrids
(Okamoto 1957; Riley and Chapman 1958; Sears 19Téxe are deletions of this locus in both



hexaploid phlb) (Sears 1977) and tetraploigh{c) (Giorgi 1978) wheat that allow pairing of
homoeologous chromosomes from the A, B and D gesowi¢h one another, but, more
importantly for breeding purposes, allow pairinghwhomoeologues from related species and
genera. Lack ofPhl activity in diploid relatives of wheat suggestsattiPhl arose upon
polyploidization (Riley et al. 1961. Localizatio the Phl to a 2.5-megabase interstitial region
of wheat chromosome 5B suggested ¢be2 genes of meiosis as potential candidates for the
Phl (Griffiths et al. 2006). A second distinct genetctivity affecting homoeologous
chromosome pairing was discovered by Riley et H361) whereAe. speltoides was found to
possess a dominant inhibitor of tAkl. WheatPhl suppressors with major effects were mapped
as Mendelian locon the long arms ofe. speltoides chromosome8S and 7S (Dvorak et al.
2006). The discovery oPhl gene inAe. speltoides and the deletion mutants of tRb1 gene laid
the foundation for using the system of induced heohmgous chromosome pairing for the alien
gene transfers in wheat (Riley et al. 1968a, brsS&a81).

Polyploidy

Genome doubling or polyploidy has been, and coesnio be, a potent force in plant
evolution. At least 70% of the angiosperm speci@gehundergone a polyploidization event in
their evolutionary history (Averett 1980). Moderfaqt genomes harbor evidence of multiple
rounds of past polyploidization events often folemvby massive silencing and elimination of
duplicated genes (see review by Adams and Wend8)20Vheat, the youngest polyploid crop
plant, shows the presence of extensive gross clsomal rearrangements, altered gene
expression and deletion of duplicated genes. Famgike, the cyclic translocation involving
chromosomes 4A, 5A and 7B arose after polyploithratin tetraploid wheat (Naranjo et al.
1987; Jiang and Gill 1994c,d). Gene loss and altgeme expression upon polyploidization has
been observed in synthetic hexaploids of wheatl{Klassh et al. 2002; He et al. 2003; Levy and
Feldman 2004). Thelardness (Ha) locus controls grain hardness in hexaplelteat {riticum
aestivum) and its relativesTtiticum and Aegilops species) represents a classical example of a
trait whose variation arose from gene loss after polyploidizati lllegitimate DNA
recombination, leadingo various genomic rearrangements, constitutes @ne¢he major

evolutionary mechanisms in the polyploidizatiomdfeat species (Chantret et al. 2005).



Domestication

Plant and animal domestication provided a foundatar civilization and the modern
structure of human society (Diamond 2002). Domatitia that gave rise to organisms with a
combination of novel phenotypic traits was accost@d through human selection for desirable
genetic mutations from natural populations. A betiederstanding of the genetic basis of
domestication will help to improve domesticated amigms and open opportunities for new
domestications. This will also benefit our ongoaryd future effort to domesticate energy crops

that will be equally important to the long-term wiisability of our society.

Targeted ‘traits’ for the domestication in crop phés

Cereal crops, the world’s primary food source, wammesticated from a diverse array of
grass species. Despite the independent domestictti@t occurred in different continents,
cereals have undergone a suite of similar phenotypodifications from wild progenitors,
including reduction in seed shattering and dormarsynchronization of seed maturation,
decrease in culm number and branches, and increasélorescence and seed sizes (Harlan
1975; Hancock 2004). Other traits include inflomssze or fruit size, lodging, specific colors of
the plant, seed, or fruit, perennial habit, tithgrior lateral branching, plant architecture, aretise
dormancy etc. These changes recognized as the toaties syndrome, are basic requirements
for effective seed harvest and planting and higjnain yield that made cultivation practical and
worthwhile (Harper 1977). However, the traits to taegeted for domestication in cereals
depended mainly on the crop (Table 2; for a dedaidwiew see Doebley et al. 2006).

In wheat, domestication was done at all the thile&ly levels, in diploid (2n=2x=14),
tetraploid (2n=4x=28), and hexaploid (2n=6x=42)pe The key events subjected to selection
included increase in the number of seeds, impromemnefertility, change in plant architecture,
change in seed shape, adaptation of flowering torlecal areas, loss of seed color, loss of seed
shattering, improved threshability, etc.

Genetic and Molecular Genetic analysis of Domestioa traits

Domestication of the grasses involved not onlysilection against major genes, but also
the accumulation of quantitative trait loci (QTLs)th small genetic effects, that, collectively
conferred significant changes in the target traBeme of the major genes that controlled

domestication traits are genes that confer phoiogierflowering in barley (Turner et al. 2005),
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wheat (Borner et al. 2002) and rice (Yano et a01)0the plant height genes in wheat (Borner et
al. 1996), rice ( see Khush 2001) and maize (SarleCGet al. 1999), the shattering genes in rice
(Li et al 2006, Konishi et al 2006), the free thmag gene Q (Faris et al 2003, Simons et al
2006) in wheat and seed color genes in rice an@issveeny et al. 2006; Flintham, Humphrey
1993). Most of the domestication target traits areler polygenic control. A total of five
different QTLs were detected in rice which havendigant influence on the shattering ability
(Konishi et al. 2006; Li et al. 2006). The maizengd@bl controls the complex differences in
plant architecture between maize and its progemgosinte, wherdbl (the first domestication
gene to be cloned) was quantitatively inheriteddlley et al. 1997). The massive increase in
fruit size that was a central feature of tomato dstication is contributed by a major QTL
(fw2.2) (Frary et al. 2000). The maize domestication Qddl, which provides naked grains to
maize (as opposed to the covered grains of tegsmeelarge effect QTL which segregated as a
single Mendelian locus in an isogenic backgroundelidey and Stec 1993; Dorweiler et al.
1993).

Many major domestication genes have been clonexop plants so far (Table 1; for a
complete list see Doebley et al. 2006). A notaklaure of the cloned domestication genes is
that most of the classic domestication genes ent@iescription factors that regulate other
(target) genes by directly binding to their DNAtWdugh transcription factors represent only 5%
of the plant genomes (Shiu et al. 2005; Xiong et 2005), about 90% of the cloned
domestication genes belonged to this categoryth&llseven domestication transcription factors
belong to separate families: TC®1), SBP {gal), AP2 Q), Myb3 (sh4), Hox (@SH1), bHLH
(Rc) (for a complete review see Doebley et al. 200B)e predominant role of transcription
factors in domestication mirrors their major role controlling plant development and

morphological evolution in plants (Doebley and Lonke 998).

Domestication in the present day

Green revolution
A key process in domestication was the selectidiawadrable alleles of the relatively few
‘domestication genes’. Also, modern plant breedieigains associated with novel variation in

the same genes; the variation at different gerekalacquired a major role, once the initial
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‘domestication alleles’ were fixed (Paterson et HI95b; Xiong et al. 1999). In barley, for
example, after domestication eliminated the allel@ssing brittleness of the rachis, additional
loci conditioning rachis weakness were identified decame a target for breeding (reviewed in
Kandemir et al. 2000).

Flowering time, plant height, tillering, yield, andide-scale adaptability are other
examples of domestication traits currently undéectmn for the genetic improvement of cereals
especially wheat. In rice, modern varieties cagyi photoperiod-insensitive allele of the
Se1/Hd-1 gene can be grown in any season and in most &dognel subtropical countries (Khush
2001). Breeding for early maturity has taken adagetof theef (early flowering) genes in rice
(Khush 2001). In wheat, the reduction of growthadien was achieved by exploiting tRpdl
andPpd2 genes that cause photoperiod insensitivity (regteym Khush 2001; Rajaram and van
Ginkel 1996). An orthologue and syntenic gene indyais also involved in the photoperiod
response (Borner et al. 2002; reviewed in Griffighsl. 2003).

Selection of shorter plant stature began at thendafnagriculture and continued during
the ‘Green Revolution’ (Borlaug 1983). In the 1960« 1970s, the application of large amounts
of fertilizers caused traditional wheat and riceietees to grow too tall and fall over, with
consequent major yield losses. The problem wascowee by the deployment of new semi-
dwarf lodging resistant varieties which also pamtied a higher proportion of dry matter into the
grain, leading to dramatic yield increases (revigweHedden 2003 and Khush 2001). This was
accomplished through reducing plant height by ipocating a recessive gergll, for short
stature in rice (reviewed in Khush 2001) and onthefrecessive gendzhtl or Rht2 for reduced
height in wheat (reviewed in Rajaram and van Girle£6).

A further and more recent approach to increasiegytbld potential of rice was through
ideotype breeding, where a new plant type was quneézed (Khush 1993). The proposed
modifications to the plant included a reductiontiller number, an increase in the number of
grains per panicle and increased stem stiffnesse(eed in Khush 2001). Numerous breeding
lines with desired characteristics have been dgeelaand several such lines have out-yielded
the modern high-yielding varieties by 15-20%. A iamapproach is also being used in wheat
for increasing its yield potential (Rajaram and @inkel 1996).

Genes controlling varietal difference
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In addition to genes controlling classic domesiirattraits, many genes controlling
differences between varieties of a single cropngpdrtant agronomic traits have been clearly
identified (for a review see Doebley et al. 2006pme of these genes have been discovered as
QTL, whereas others segregate as Mendelian locinfesphological and structural traits, there
are several excellent examples. Grain number éifiges between rice varieties are controlled by
grain number gene ¢nl), which encodes aoxidase/dehydrogenase that degrades the plant
hormone cytokinin (Ashikari et al. 2005). In tomale differences between varieties with pear-
shaped versus round fruits is controlledougite, a novel regulatory gene with a putative nuclear
localization signal and homology to human Von Witend factor genes (Liu et al. 2002). In
cole crops Brassica oleracea), the BoOCAL gene (a member of the MADS box family of
transcriptional regulators) appears to be involirethe unusual inflorescence morphologies of
broccoli and cauliflower, possibly due to an eatigp codon (Smith and King 2000; Purugganan
et al. 2000).

The list of known genes contributing to physiolajior biochemical differences between
crop varieties is much longer (see the review belidey et al. 2006). For example Mendel's
wrinkled seed gener), which converts the field pea into the garden, pgahe result of an
Ac/Ds-like transposon insertion that disrupts tbding sequence of a starch-branching enzyme
(Bhattacharyya et al. 1990). In maizgjlol (y1l) encodes a kernel specific phytoene synthase
that produces yellow kernels with high levels afotanoids, a precursor for vitamin A synthesis
(Palaisa et al. 2003). In rice, glutinous (‘stickyarieties lack amylase as a consequence of an
altered intron splice site in the amylase synthggise,waxy (Wang et al. 1995; Olsen et al.
2006). The soluble solids content of tomatoes,yadeterminant for the quality of tomato paste,
is influenced by a QTL namdatix9-2-5, which encodes an invertase, an enzyme that deave
sucrose into simple sugars (Fridman et al. 2004g Tolorful red and blue hues of maize
kernels, which were selected for aesthetic or calliteasons by ancient peoples, are the result of
variants in two transcriptional regulators @ndrl) (Hanson et al. 1996). The red grain color is
closely associatedith seed shattering and dormancy in rice. Theediffice between red and
white rice grain color was due to a deletion in Wigte grained rice varieties in a gene that
codes for basic helix-loop-helfkHLH) protein (Sweeney et al. 2006). While all thigd diploid
species are soft grain textured, the soft versudnieas of grains in wheat is determined by a

major polyploidization related locus calléthrdness (Ha) located on chromosome arm 5DS.
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And grain hardness results from highly conservedatians in the friabilin components
puroindoline a and b of thela locus (Giroux and Morris 1998; Giroux and Morri89Y).
Genetic variation for the seed storage proteinkedaligh molecular weight (HMW) glutenin
subunits was responsible for the differences inellasticity and ultimately on the bread making
guality of wheat (Flavel et al. 1989). Most recgn#n increase in grain protein content, zinc and
iron content in wheat was found to be associateith &wn increase in the levels of a NAC
transcription factor (NAM-B1) controlled by a qudative trait locusGpc-B1 (Uauy et al. 2006).

A detailed review on the molecular genetics of dstication can be found in Doebley et al.
(2006).

Understanding the genetic, molecular and biochdniiasis of ‘domestication traits’ is
essential to elucidate the molecular and celluéhyways in which domestication gene products
function and to further use such information fooimprovement. Furthermore understanding
the processes and consequences of domesticatibpavé the way for sustainable agricultural

systems and society.

Domestication: A way to the future

Exotic germplasm in cereal breeding

The effect of selection during domestication andthier breeding has led to the
progressive limitation of the genetic variationciop plants. Genetic erosion not only limits the
further improvement of yield and quality but alsakas wheat increasingly vulnerable to
biological and environmental stresses (Harlan 1980y example, the majority of hard red
winter wheat cultivars in the United States haverbderived from just two lines from eastern
Europe (Harlan 1987). In rice, molecular markerlgses comparing modern varieties and wild
types revealed that the cultivated gene pool hag#tdd genetic variation compared to wild
relatives (Wang et al. 1992). A comparison of S38efrequencies imH. spontaneum andH.
vulgare indicates a loss of rare alleles and a decreagenetic diversity during domestication
(Ellis et al. 2000). Even in maize, which is comse&tl to be a highly polymorphic species,
genetic diversity at random loci has dropped by 30Paverage (Buckler et al. 2001).

In wild species, favorable QTL alleles often reméaanyptic” due to several factors
including their low frequency, masking effects aleterious alleles and the negative epistatic
interactions (Xiao et al. 1998; Gottlieb et al. 2pQauter and Doebley 2002; Peng et al. 2003).
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However, QTL mapping with molecular markers in wild cultivated crosses identified
beneficial alleles derived from wild relatives (¥i&t al. 1996, 1998; Poncet et al. 2000, 2002;
Peng et al 2003). Further beneficial wild allelesr@vrecovered from transgressive segregants
that outperform the cultivated parent (Tanksley addCouch 1997). These alleles if
domesticated have the potential to contribute tmp dmprovement when introgressed into
cultivated varieties.

Traditional breeding programs have not always Isemeessful in extracting useful traits
from exotic germplasm. The use of beneficial aldiem wild species requires repeated back-
crossing to recover most of the desirable agrondraits and an efficient selection procedure to
retain the target allele from the exotic donor. ieweéhen these are applicable, linkage drag (the
associated undesirable genetic information) maypromise the final result which could further
be exacerbated in the case of complex agronomits g the existence of numerous interacting
QTLs, whose expression is also significantly infloed by the environment. These drawbacks
can in part be solved using molecular tools andhodlogies (Xiao et al. 1996. 1998; Zamir
2001).

Molecular map-based methods have been proposesinmitaneously transferring and
identifying wild QTLs into a cultivated backgrounth the Advanced back-cross (AB) QTL
method (Tanksley and Nelson 1996) molecular linkaggps are used to analyze populations
obtained by repeatedly back-crossing a wild patenta recurrent domesticated parent. The
outcome of this method is that a subset of all&esn the wild species can be mapped and
evaluated in the cultivated background (Tanksleg Bielson 1996). For example, using this
method, the yield of a highly productive rice hybhas been enhanced by the introduction of
two QTL alleles from the low-yieldin@ryza rufipogan, each increasing yield by about 17%
compared with the original hybrid (Xiao et al. 199698). A refinement of the AB QTL method
is the construction of exotic libraries (Zamir 2Q0RAn exotic library is a collection of
homozygous wild alleles represented as small oppit chromosome introgressions in the
uniform cultivated background. These librariesapermanent genetic resource that can be used
for mapping and for direct use in breeding. Theitkoh proportion of a wild genome in the
introgressed lines also reduces linkage drag effetamir 2001). Combining this strategy with
genome-wide metabolic profiling and detailed moitpbal analysis, Schauer et al. (2006)

uncovered 889 quantitative metabolic loci and 3@& that modify yield-associated traits in
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tomato. In rice, alien introgressions with manyedise resistance genes were transferred directly,

and were widely deployed in agriculture (for revisge Brar and Khush 1997).

Germplasm enhancement in wheat

A large amount of genetic variation exists in th&lwelatives of cultivated wheats which
can be exploited for wheat improvement. Many wikdatives and related species can be
successfully crossed with bread wheat (Sharma ahdl@83; Baum et al. 1992; Jiang et al
1994b; Sharma 1995). The buffered polyploid natfreommon wheat tolerates chromosome
engineering at a much higher level as compared ipioid species. Many agronomically
desirable traits, including resistance to diseasek pests, stress and salt tolerance, and winter
hardiness have been transferred from these speciebeat (for review see Zeller and Hsam
1983; Gale and Miller 1987; Knott 1987; McIntos919Islam and Shepherd 1992; Jiang et al.
1994b; Friebe et al. 1996). In addition to the abtraits, wild species of wheat were found to be
an invaluable resource for enhancing the nutritieabue of crop plants as a means of improving
human nutrition and health (Joppa et al. 1997; H&lival -personal communication). The most
notable example for this is the transfer of highigmprotein content QTL (GPC-B1) from wild
emmer wheat Triticum turgidum ssp. dicoccoides) to both tetraploid and hexaploid wheats
(Joppa et al. 1997; Mesfin et al. 1999; Chee ef@01). Molecular cloning ofspc-B1 has
suggested that the ancestral wild wheat allele dgsa NAC transcription factor (NAM-B1) that
accelerates senescence and increases Zn and @eitiorato grain protein content of 14 gkg
(Uauy et al. 2006).

The chromosomes of hexaploid wheat can be groumedseven homoeologous sets,
each group consisting of three pairs one from edche A, B and D genomes. Homoeologous
chromosomes in wheat have similar gene contentscandreplace and compensate for each
other in nullisomic-tetrasomic combinations (SeE52; 1966a). Similarly, alien chromosomes
can compensate well for the loss of homoeologougatvichromosomes. Compensating
translocations between homoeologous wheat and aleomosomes, chromosome arms, or
chromosome segments are agronomically desirableyesk noncompensating translocations
cause duplications and deficiencies that usuakygmt their use in cultivar improvement (Jiang
et al. 1994D).
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The method and ease of transferring genes frontectekpecies to wheat largely depends
on the evolutionary distance between the specieshiad. On the basis of their genomic
constitution, wild relatives of wheat can be clasdiinto primary, secondary, and tertiary gene
pools (Cox et al. 1998). The primary gene pool @ihmon wheat consists of hexaploid land
races, wild and cultivated forms of tetraploid turgidum L., and diploid D genome donor
speciesAegilops tauschii Coss. Gene transfer from these species can bevachby direct
hybridization, homologous recombination, backcmgsiand selection. Many genes conferring
resistance to diseases and pests have been tradsfising this method and several of them are
still being exploited in cultivar improvement (Metish 1991; Mcintosh et al 1995; Friebe et al.
1996).

Species belonging to the secondary gene pool ofremmwheat include the polyploid
TriticunVAegilops species that have at least one homologous genonwnmmon withT.
aestivum and the donor species of the A genome of breadatwiemonococcum L., with the
varietiesboeoticum andurartu. Gene transfer from these species by homologax@mbination
is only possible if the target gene is also locateds homologous chromosome. This group also
includes the tetraploid specids timopheevi Zhuk. with its varietiesimopheevi Zhuk. and
araraticum Jakubz. and the diploid S-genome species belongitigeAegilops sectionStopsis,
which are related to the B genome Tf aestivum. These species have contributed several
resistance genes that are used in cultivar impreméniMcintosh 1991; Friebe et al. 1996;
http://shigen.lab.nig.ac.jp/wheat/komugi/genes/mneaegsupplement2005.pdf

The tertiary gene pool includes the diploid andypldid species containing genomes that
are non-homologous to those of wheat. Chromosonmngaand recombination in common
wheat is largely governed by the gdetel, located on the long arm of chromosome 5B, which
ensures that only homologous chromosomes can padirecombine (Riley and Chapman 1958;
Sears and Okamoto 1958; Sears 1976). Thus, thetigemansfers cannot be made by
homologous recombination from these species to comwheat. However, successful transfers
could be made using special cytogenetic techniguds/ inducing chromosome translocations
using ionizing radiation or tissue culture. Evemugh such transfers may include an entire
chromosome arm or part of an arm, they have beecessfully bred into commercial wheat
cultivars because the alien chromosome arm or saigoen genetically compensate for the

missing wheat chromatin.
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For the transfer of whole chromosome arms, thericebteakage-fusion mechanism of
univalents at meiotic metaphase-l were exploiteeb(S 1952). Univalents have a tendency to
break at the centromere, followed by fusion of theken arms. When an alien target
chromosome and its homoeologous wheat chromosona® wimultaneously univalent,
compensating whole arm translocations were recdvatdairly high frequencies (Lukaszewski
1993; Marais and Marais 1994).

For the intergenomic transfer of alien segmentst thiie smaller than complete
chromosome arms in wheat, three effective meth@d® Ibeen used, irradiation (Sears 1956),
induced-homoeologous pairing (Riley et al. 1968aSéars 1972; Sears 1981) and gametocidal
chromosome—induced chromosome breakage (Endo 1088®4; Masoudi-Nejad et al. 2002).

Radiation can cause random breaks in chromosonaswili reunite at random and
result in translocated chromosomes. Sears (19&6)used ionizing radiation treatment to induce
chromosome breaks and thereby transferred a genttioming resistance to leaf rust caused by
P. recondita from Ae. umbellulata Zhuk. to wheat. Numerous successful transfers Ilsavee
been induced by this method in wheat (Sharma aruitKi966).

A gametocidal chromosome derived frévegilops triuncialis (3C) induces chromosome
mutations in gametes lacking the 3C chromosomeomneon wheat Triticum aestivum L.)
(Endo 1988b). Effectiveness of gametocidal chrommesd@C in the transfer of small rye
chromosome segments carrying rust resistance g&dsLr26 and Yr9 to wheat has been
demonstrated by Masoudi-Nejad et al. (2002).

Both ionizing radiation treatment and gametocidahes induce random chromosome
breakage and fusion of the broken segments reguitintranslocation chromosomes. The
majority of translocations were between nonhomagmls chromosomes, which led to
duplication/deficiencies and, thus, were non-corspéng and agronomically undesirable.

The third approach for transferring small, non htogous alien segments was through
induced homoeologous chromosome pairing betweesn adind wheat chromosomes. This
involves the disabling of the pairing control systef Phl gene located on 5BL of wheat. This
was done by the removal Bhl, either by a deletion (Sears 1981) or nullisontydaromosome
5B (Sears 1972), or by making use of its dominamipsessoiPh' gene ofAegilops speltoides
(Riley et al. 1958, Chen et al. 1994). By disrugtimormal meiotic chromosome pairing using a

high-pairing line ofAe. speltoides Tausch., a gene conditioning resistance to stage caused
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by P. striiformis f.sp.tritici was transferreffom Ae. comosa to wheat by induced homoeologous
recombination (Riley et al. 1968a,b). Because clmsome segments transferred by
homoeologous recombination are usually in the codeeation in the genome and compensate
well for the replaced original chromosome segmenansfers are more likely to be
agronomically desirable. Hence induced homoeologmisng has been extensively used for
transfer of alien segments to wheat (Sears 1972rsSE381; Koebner and Shepherd 1985;
Lukaszewski 2005).

Chromosome engineering

Although a large number of wheat-alien translocetioarrying useful alien genes were
produced, very few have been successfully incotpdranto wheat cultivars. Most of the alien
translocations either do not compensate well fa@ lkbss of wheat chromosome or contain
undesirable genetic information called linkage drag break the linkage between useful and
undesirable alien genes or to reduce the amouatieri chromatin in the wheat backgrounds,
further wheat-alien recombinants can be producednbycing homoeologous pairing (Sears
1983; Koebner & Shepherd 1985; Rogowsky et al. L9R&cently, the yellow flour color gene
in the Lophopyrum ponticum-derived introgression in hexaploid wheat has beensferred to
durum wheat to enhance the pasta color. Inducedobolbgous chromosome pairing in the
presence oPhlb mutant was used to isolate recombinant a 7A chsome with a terminal 7EL
segment containing the yellow flour color gene (@hat al. 2005). The length of the alien
segment can also be reduced by a methodology dératmus by Sears (1972, 1981). In this
strategy, reciprocal primary recombinants with tireakpoints flanking the locus of interest
were intercrossed and allowed to recombine in ttesence of the wild typ@hl locus that
permits only homologous recombination. Secondacpmdinant chromosomes with interstitial
inserts of alien chromatin into wheat chromosomesewthen selected (Sears 1972, 1981).
Translocation 1RS.1BL involving the short arm oé rghromosomdR and the long arm of
wheat chromosome 1B has been very populavhieat breeding because of its association with
increased grain yield and enhanced disease reststdhe quality defects of this translocation
have been removed by isolating recombinants with kbss undesirable rye chromatin
(Lukaszewski 2000, 2006).
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The Leaf rust and Stripe rusts of wheat

Rust disease: Importance
The genuguccinia is considered the most economically destructiveegenf biotrophic

fungi (Hooker 1967). Members of this genus areoseripathogens on all major cereal crop
species except rice. Leaf rust or brown rust angdestust or yellow rust are the most damaging
foliar diseases of wheat worldwide. Wheat stripst roccurred in 34 states and caused vyield
losses of more than 73 million bushels in the Lh$hie year 2005 when losses due to leaf rust
were about 30 million bushels. In Kansas, lossestdustripe rust were as high as 8.0% in the
year 2005 when the leaf rust caused a vyield loss 200% the same vyear

(http://www.cdl.umn.edu/loss_pdfs/0O5rustloss)pdhlthough stripe rust has been one of the

most destructive diseases of wheat in the westeitetl States, it has also become a major threat
in the Midwest and southeastern states (Line anenCl996; Chen and Moore 2002; Chen
2005). Epidemics due to stripe rust have incredsed traces during 1975 to 2000, to almost
11% in 2003 in Kansas (Kansas cooperative plamagis survey report-2005 & 2006; Figure 1).
Losses due to leaf rust are varied over time (:2@06) but some degree of yield loss is present
all the time with long term average of 4% each yedfansas. Leaf rust is the most widespread,
regularly occurring wheat disease and is found ed®r wheat is grown. In any given year, it
probably causes the maximum damage among the wingtaton a worldwide basis (Samborski
1985; Roelfs et al. 1992). Both leaf and stripgsust only reduce yield but also adversely
affect grain quality by reducing grain weight.

The rust diseases: Occurrence and symptoms

The wheat rust genuBuccinia is the largest in the ordddredinales, of the class
Basidiomycetes. There are three different types of rusts thaicktiwheat. Leaf rust, or brown
rust, is caused bRuccinia triticina Eriks (formerly known a®. recondita Rob ex Desm f. sp.
tritici) and mainly affects foliar tissue. Stripe rustysed byP. striiformis Westend., appears
systemically on leaves as linear rows producingedr on the leaf. Stem rust caused Ry
graminis Pers. f. sptritici Eriks E. Henn appears on the stems of wheat (Re¢lal. 1992). The
three species of wheat rust differ in their adaptghto temperature. Stem rust is generally

considered a warm temperature rust. Leaf rust, hen dther hand, is considered a cool
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temperature species. Stripe rust is more adapteddn cooler and more moist areas than leaf
rust (Eversmeyer and Kramer 2000; Chen 2005).

Rust pathogens: biology

All the three rusts are obligate parasites whidah laghly specialized with narrow host
ranges. Both leaf and stem rust are macrocycérifly all five types of spore stages including
urediospores, teliospores, basidiospores, pycniespoand aeciospores), and heteroecious
(having alternate host), and capable of sexuabrkpation.

Although the primary source of inoculum for leafdastem rust are urediniospores
produced on the primary wheat host, the funguschfde involves a sexual stage on the alternate
host. The alternate hosts of leaf ruBiglictrum spp.) and stem rust (Berberis spp., Mahonia
spp.) are not significant sources of the inoculwnh grovide the place for sexual recombination
of the pathogen. Pycnia are developed in the aterost which form aecia. Aeciospores are air
blown and land in the leaves of the primary hdst, d¢ultivated wheats. Uredinia of leaf rust and
stripe rust are formed in the leaves and stempeotisely, and telia are developed which give
rise to basidiospores that form pycnia in the aligg host completing the sexual cycle.

The stripe rust life cycle consists of dikaryotiedial and telial stages. Teliospores can
germinate to form haploid basidiospores. But unlike pathogens causing stem rust and leaf
rust, the pathogen of stripe rust does not havekanwn alternate hosts for the basidiospores to
infect, and thus, it does not have any known pycarad aecial stages. So, stripe rust is
microcyclic where sexual reproduction and alterinatst, are not known (Knott 1989).

The tremendous variability most likely to occurtire rust populations is due to
mutation. The pathogen produces an extraordinanybeu of spores in a single growing season
and mutations account for most or all the changesrulence in the pathogen (Samborski 1985).
Another potential source of variation is asexuabmebination that takes place when germ tubes
and hyphae fuse, called anastomosis, which predymaliows mitotic recombination
(parasexuality) (Samborski 1985). Alternate hos¢® @rovide the potential danger of sexual
recombination of leaf rust resulting in the prodoctof new races of pathogen. However, in
North America, natural infections from tA&alictrum spp. are rare and consequently are not an

important source of variation of leaf rust popuat (Samborski 1985).
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Control of leaf and stripe rusts using plant resssice
Growing rust resistant cultivars is the most effegteconomically and environmentally
friendly method of disease control (Robbelen andri1978; Line and Chen 1995).

Types of rust resistance

Resistance to diseases was broadly categorizedra®ttal and vertical by Vanderplank
(1984). Vertical resistance is where the host @Estant to some races of the pathogen and
susceptibile to other races of the same pathogas.i3 also called major gene, race specific or
gualitative resistance. Vertical resistance is iled by one (monogenic resistance) or a few
genes (oligogenic resistance). Horizontal resigamn the other hand, is called nonspecific,
non-race specific (Parlevliet 1985), quantitativedarable resistance. Horizontal or minor gene
resistance, controlled by many genes (polygenimuoltigene resistance), each with small effect
against the pathogen, and is affected by the emwiemtal conditions. In addition, horizontal
resistance does not prevent the host from beiregiedl but rather slows down the development
of the infection and thereby the spread of theadiseand the development of epidemics in the
field (Agrios 1997).

Qualitative resistance to rust disease can be lyaadegorized as seedling resistance
and adult-plant resistance. Seedling resistanagemgerally all stage resistance which can be
detected at the seedling stage, but is also exgtest all stages of plant growth. All stage
resistance or seedling resistance is typically spmeific. Adult-plant resistance is expressed at
later stages of plant growth. Durable adult plargt mesistance to rusts that is quantitatively
inherited in wheat which is also called horizome&sistance.

Seedling resistance to rusts is race specific aitovars with this type of resistance often
become susceptible because of the rapid evolufiorew races (Line and Qayoum 1991; Line
and Chen 1996). Many of the resistance genes gaiadbso far are race specific and inherited
gualitatively except very few which are race noeefic. Most of the adult-plant resistance
genes are also race specific (McIntosh et al. 198&)w-rusting genes are durable and are
mostly non-race specific and thus are effectivagnculture (Mcintosh et al. 1995).

Rust resistance genes in wheat
Genetics of Leaf rust resistance To date, 58 leaf rust resistance genes have been

designated and mapped on wheat chromosomes (revéa® Mcintosh, 1995;
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http://wheat.pw.usda.gov/ggpages/wgc/2005upd;htMcintosh  personal communication).

Twenty-nine of these resistance genes were idedtifiom different wheat cultivars, and most,
15 out of 29, were mapped to single gene loci. Emggmes were detected as multiple gene
complexes or allelic series at three different.Iddree alleles were detected in four varieties,
and were distinguished with different pathotypesd/an by different infection types
(http://www.ars.usda.gov/SP2UserFiles/ad _hoc/36@0B®sistancegenes/wir.pdf

Lr9 was the first alien leaf-rust resistance geneogrgssed fromfe. umbellulata by X-
raysinto wheat (Sears 1956). Since then, 22 leaf resistance genes were transferred from
related species into wheat (Table 3). These geres transferred by means of irradiation (Sears
1956; Knott 1961; Sharma and Knott, 1966; Mukedal., 1970; Friebeet al., 1992), by direct
genetic transfer (Dvorak, 1977; Gill and Raupp, M)9&hrough synthetic hexaploids (Kerber,
1969), or via an amphiploid bridge (Kerber and Dyt890). The genes introgressed into wheat
are located either on alien segments translocatedvhieat chromosomes or on wheat
chromosomes through recombination (Table 3). Mbshe leaf rust resistance genes that have
been reported confer hypersensitive type of segdésistance. The resistance gelnd®, Lrl13,
Lr22a, Lr22b, Lr35, Lr48 andLr49 are hypersensitive adult plant resistance genal; two
slow rusting genes designated so far are the ptant resistance genés34 (Dyck 1979; Singh
1992a) and.r46 (Singh et al. 1998; William et al. 2003) locatedammomosome arms 7DS and
1BL, respectively. The genedr27 and Lr3l show complementary gene action
(http://www.ars.usda.gov/Main/docs.htm?docid=10342Intosh et al. 1995).

Genetics of stripe rust resistance:Genetics of resistance to stripe rust has beetiestu
for a century since Biffen (1905) first demonstdatieat resistance to stripe rust in wheat follows
Mendel’s laws. Forty stripe rust resistance genidls efficial symbols have been reported so far
(http://wheat.pw.usda.gov/ggpages/wgc/2005upd;htrivicintosh  personal communication).

Multiple resistance alleles have been reportedheiyr3 andYr4 loci (Lupton and Macer 1962;
Chen and Line 1993). Most of the 40 genes are enapuindicated by different chromosomal
locations, responses to races, and wheat genotypbege source germplasm or wild species. Of
the total 40 cataloguedr genes, 10 were derived from wild species of wh@atble 4).
Resistance to stripe rust is of three types; segdidult plant and high-temperature adult-plant
(HTAP) resistanceMost of the known resistance genes confer seedésigtance. Resistance
genesYrll, Yr12, Yr13, Yrl4, Yrl6, Yr18, Yr29, Yr30, Yr34 andYr36 are adult-plant stripe rust
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resistance genes. Owing to their specific natweedling resistance genes have been frequently
overcome by new races of the pathogen (Chen andevi2@02). In contrast, non-race-specific
resistance genes are expressed at later stagésnofdpvelopment, provide a broader range of
resistance to pathogens, and tend to be more e@ufadnh seedling resistance genes. One specific
class of adult-plant resistance genes are the teigiperature adult-plant (HTAP) resistance
genes that are effective after stem elongationvameh average night temperatures remain above
10°C and day temperatures are between 25°C and (8Za¢bum and Line 1985; Milus and Line
1986a b; Line and Chen 1995). The level of resistancderoed by HTAP resistance sources is
usually rated as moderate and is affected by pjamivth stage, temperature, and humidity.
High-temperature adult-plant (HTAP) stripe rustisesice has proven to be more durable than
seedling resistance due to its non-race-specifitireaYr36 is the only catalogued high-
temperature adult-plant (HTAP) stripe rust resistagene in wheat (Uauy et al. 2005). Of all the
forty Yr genesyr18, Yr29 andYr36 are slow rusting adult plant resistance genesateatiurable

in wheat. Interestingly, durable stripe rust resise genesr18 and Yr29 are linked to or
pleiotrophically controlled byr34 andLr46, respectively (Singh et al. 1998; Suenaga et al.
2003;William et al. 2003). Further, these resistanceegesre associated with the morphological

marker leaf tip necrosis (Singh et al. 1992b; R@sew et al. 2006).

Durable Resistance to rusts

When cultivars containing the same resistance ganesdeployed over large areas,
resistance breakdown can lead to large scale emderhligh, or near-immune levels of
resistance in wheat to leaf rust and stripe russ$ achieved by pyramiding between 4 and 5
slow-rusting genes that have small to intermedsatditive effects (Singh et al. 2000). A more
durable resistance (Johnson 1988) to rusts invobl@s rusting (Caldwell 1968) genes that
affect fungal growth through a number of mechanisimduding longer latent periods,
production of fewer uredinia and smaller uredinzes (Kolmer 1996). To date, only three slow-
rusting loci have been identified with gene desiigms and established genomic locations. Two
loci show effects against leaf and yellow rust anel conferred by ther34/Yr18 complex on
chromosome 7DS (Suenaga et al. 2003) andLtd&/Yr29 complex on 1BL (William et al.
2003). It is unknown whether these loci contain egemwith pleiotropic effects against both

pathogens, or whether they contain closely linkedeg to confer the dual resistance. A third
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locus on 3BS contains the stem rust (causeH.lgyaminis f. sp.tritici) resistance geng2 and

a closely linked yellow rust resistance gafm&0 (Singh et al. 2005).

Rust resistance genes: Arrangement and organizationhe wheat genome

Often in wheat the introgressed segments transféroen wild species of wheat contain
more than one disease resistance gene becausgdbeot alien segments usually tend to be
large. Examples include tr#31, Lr26 andYr9 genes from the short arm of rye chromosome 1
in the 1BL.1RS translocation of rye (Mettin et 8873),Lr37, Yr1l7 and S 38 on theAegilops
ventricosum derived 2NS/2AS translocation (Bariana and McInt®893) and.r54 andYr37 in
the Ae. kotschyi derived 2DL/2¥ translocation (Marais et al. 2005).

Loci with two or more rust resistance genes dotarisvheat. Examples of this kind are
the resistance gene complexies34/Yr18 on chromosome arm 7DS and th@d6/Yr29 complex
on 1BL (William et al. 2003). A third locus on 3B&ntains the stem rust (caused By
graminis f. sp.tritici) resistant gen&2, and a closely linked yellow rust gee30 (Singh et al.
2005). It is unknown whether these loci contain egemith pleiotropic effects against both
pathogens, or whether they contain closely linkexeg to confer the dual resistance.

Disease resistance genes in cereals are knownc#bizie in the rapidly reorganizing
regions such as high recombination gene rich reg{brister et al. 1998). Physical mapping of
linked molecular markers to rust resistance geoggests that most of the wheat rust resistance
genes are localized towards the distal 10% of ttremmosome arms (Figure 2; our unpublished
results). The physical localization of expressesistance gene analogs on wheat chromosomes
showed that about 75% of the R genes mapped idigi@ 20% of the chromosomes; most of
the wheat R genes were present in the telomerstioielomeric regions (Dilbirligi et al., 2004).
This also was supported by physical mapping ofddthknarkers and expressed sequence tags
(ESTs) in a core set of CS deletion lines (Qi et2004). Further in wheat, recombination is also
unevenly distributed, where 90% of the recombimaticcurs in the distal regions towards the
telomeric ends of the chromosomes (Gill et al.,3t19Gill et al. 1996; Lukaszaweski and Curtis
1993; Lukaszaweski 1995). These fundamental obBensain wheat suggest that the rust
resistance genes tend to localize in the highlygatzing, recombination-rich regions of the
wheat genome. Such clustering of disease resistg&wes in a particular genomic region and

generation ohew resistance specificities by unequal crossing-@nd gene conversion have
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been frequently documented elsewhere (MichelmodeMeyers 1998; Sun et al. 2Q04ee the
review by Hulbert et al. 2001; Richter and Rond)@@)

Well-studied examples of tandem arrays are Rpé& locus in maize (Hooker, 1969;
Hulbert, 1997; Richter et al. 1995) and tdelocus in flax (Pryor and Ellis, 1993; Ellis et al.
1995; for review, see Ellis et al. 1997). Nine eliffnt-specificity tandem arrays have been
mapped at the maizZgpl locus (Hulbert, 1997). Thil locus of flax comprises 15 similar gene
clusters (for review, see Ellis et al.1997). R geteevarious viral, bacterial and fungal pathogens
are loosely clustered to form gene-rich regionpanticular genomic regions, usually in distal
regions of a chromosome. Five such gene-rich regiwere identified inArabidopsis (Holub
1997). Two different types of resistance-gene cemxgsd have been recognized. "Major
resistance complexes" (MRCs) were designated fmsetfR gene-rich regions. The second type
of complex describes the clusters of linked genesng locus (Saxena and Hooker, 1968;
Hooker, 1967 Pryor and Ellis 1993; Ellis et al. 329The complexity of R gene arrangements
might reflect the evolution of different specifies toward strains of a pathogen and even
resistance against different pathogens (Ellis et ¥I95). Intragenic and/or intergenic
recombination occurring in an allelic series oraircomplex are hypothesized to be the major
mechanism for generating new specificities (Eltisae 1995; Richter et al. 1995; Ellis et al.
1997). For example recombination within tRel gene complex in maize (Richter et al. 1995)
and theCf complex in tomato (Parniske et al. 1997) has ls®wn to generate new R gene
specificities. Genetic studies of thegl gene complex indicate a high level of meiotic absgity
among these genes (Hulbert and Bennetzen 1991mastof the genetic reassortment events at
therpl complex are associated with flanking marker exgeaibudupak et al. 1993). Sompd
variants have been identified that do not showkilagn marker exchange, presumably due to
gene conversion events (Hu and Hulbert 1994). Resie gene clustering can also be observed
on higher genomic scales than the clustered gen#yfalraditionally, these regions have been
viewed as chromosomal regions where numerous @isessstances form a group spanning
almost 20 cM (Pryor 1987). Elucidating the orgati@g structure and function of the resistance
gene clusters will lead to understanding of thelian of resistance genes and manipulation of

the host-pathogen interaction for sustainable progection.
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Molecular mapping in plants
Physical Mapping

Chromosome banding
Chromosome banding methods, especially C-bandingginally demonstrated in

mammals (Pardue and Gall 1970; Arrihi and Hsu 1Slimner et al. 1971), permitted a fast and
reliable identification of all 21 chromosome paifshe A, B, and D genomes of wheat and was
also used to identify many chromosomes from relapeties (Gill and Kimber 1974; Gill et al.
1991; Friebe and Larter 1988; Lukaszewski and Gamtal1983; Friebe et al. 1996). By
combining mitotic chromosome measurements, C-bandifered a reliable estimation of the
physical size of the chromosome deletions in Clengpring (Endo and Gill 1996) wheat.
However, chromosome banding is uninformative if thegeted chromosome segments lack
diagnostic bands. Banding polymorphism in differehieat genotypes sometimes also confuses
the identification of the alien chromosome segmente resolution limit of C-banding is also

low in the identification of small submicroscopigea introgressed segments in wheat.

In situ Hybridization

The first in situ hybridization technique was deysd by Gall and Pardue (1969) and
John et al. (1969). This allowed the localizatidrD®&A sequences directly on chromosomes in
cytological preparations that used the isotopelabprobes. Nonisotopiim situ hybridizations
were later developed in animals (Langer-Safer .e1282) and plants (Rayburn and Gill 1985).
In this technique probes are labeled with biotitadledUTP or digoxygenin and the hybridization
sites are detected by enzymatic reporter moleauel as horse radish peroxidase or alkaline
phosphatase conjugated avidin/streptavithirsitu hybridization has been extensively used with
varied modifications in the probes, with differéexels of resolution.

Genomic in situ hybridization (GISH): GISH uses genomic DNA as probe in
combination with an excess of unlabeled DNA of teeipient in the hybridization solution to
block hybridization. It can be used to analyze alwsome structure, genome evolution, and
divergence of allopolyploid species (Bennet etl@P3; Mukai et al. 1993; Jiang and Gill 1994a;
Jellen et al. 1994). GISH, either used in combaratith enzymatic color reactions as described
by Rayburn and Gill (1985) or with fluorescent agygtes (Schwarzacher et al. 1989), provided
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a direct and precise method of physical mappingsHzbnly allows the detection of alien
chromosome segments. Chromosome banding was seémslguequired to identify wheat
chromosomes involved in translocations (Friebel.e1202; Mukai et al. 1993). Nevertheless,
the size, position and breakpoint of wheat-aligrogression along with the identity of the wheat
and alien chromosomes involved in the translocati@s determined in a single experiment
using a sequential chromosome banding and GISkdgJad Gill 1993). However, utility of
GISH is limited by its failure to detect the tramshtion breakpoints close to the telomeres
because small chromosome segments are beyond swodutien limit of the technique
(Lukaszewski et al. 2005).

Fluorescent in situ hybridization (FISH): FISH uses specific DNA probes with
fluorochromes for signal detection (Langer-Safenletl982; Pinkel et al. 1986). FISH allows
different probes to be labeled with different flaohromes that emit different colors (multicolor
FISH) allowing the physical order of two or moreolpes on a chromosome to be determined
simultaneously (Lichter et al. 1990; Mukai et a093). FISH has been used successfully to
determine the physical location and distribution di$persed or tandemly repetitive DNA
sequences on individual chromosomes (Bedbrook.et%0; Rayburn and Gill 1985; 1986;
Lapitan et al. 1986; Anamthawat-Jonson and Heslapisbn 1993; Jiang and Gill 1994c). FISH
has been extensively used to determine the phylsicalion of multicopy gene families such as
the 5S and 18S-26S ribosomal genes (Skorupska &0@9; Bergey et al. 1989; Mukai et al.
1990; Lapitan et al. 1991; Leitch, and Heslop-Hami 1992; Ricroch et al. 1992; Jiang and Gill
1994c; Badaeva et al. 1996). In plants resolvingggyoof FISH can be as little as 100kb when
probes are hybridized to interphase nuclei (Jidray. €996).

BAC FISH: The use of genomic DNA cloned in large-insert ve&8Cs as probes in
FISH experiments is called BAC-FISH. BAC-FISH hameb used to physically map specific
DNA sequences and identify individual chromosonmeglants with small genomes, such as rice
(Jiang et al. 1995), cotton (Hanson et al. 1996)jglsum (Gomez et al. 1997), Arabidopsis
(Fransz et al. 1996; Jackson et al. 1998), and@@Bong et al. 2000). Although this technique
was very useful to localize the BACs of interestspecific chromosomes in rice (Jiang et al.
1996) and sorghum (Gomez et al. 1997) attemptppdyahis technique for this purpose in
wheat was not successful (Zhang et al. 2004a). filealess, BAC-FISH was useful for isolating

repeated sequences from specific chromosome regiah$or identifying molecular cytogenetic
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markers in wheat (Zhang et al. 2004a). Furthermarfew BACs were identified in wheat that
simultaneously could paint the three genomes oaplexd wheat (Zhang et al. 2004b).

Fiber FISH: A new FISH technique that uses extended DNA fibees developed
(Heng et al. 1992; Wiegant et al. 1992; Parra anddW¥ 1993) for physical mapping. In the
fiber FISH technique, genomic chromatin fibers exeended across a glass slide and a probe is
labeled as with standard FISH and hybridized toetkiended fibers. Although fiber FISH was
helpful to fill the gaps in the YAC based physicahpping ofArabidopsis thaliana (Jackson et
al. 1998) this technique has not yet been demdasdtreeliably in wheat physical mapping,

especially for characterizing wheat-alien translioces.

Large-insert clone contigs

Physical contig mapping is the arrangement of lamgert clones (YACs, BACs,
Cosmids) in a linear array that represents the Bidduence along the chromosome. YAC and
cosmid clones have been used extensively for catgigelopment. But more recently, BACs
have become popular because of their large insgadty (100-300 kb), a low rate of chimera
formation, high efficiency of long insert cloningiéh recovery, and stable maintenance of the
insert (Shizua et al. 1992; Woo et al. 1994; Warg).€1995).

Genome-wide physicamaps have provided powerful tools and infrastruetior
advanced genomics research of humansawtral model specieBhey are not only crucial for
large-scale genome sequencifiipdgkin et al. 1995; Adams et al. 2000; The Arabgls
Genomadnitiative 2000; The International Human Genome weaging Consortiur2001), but
also provide powerful platforms required for mankier aspects of genome research, including
targeted markedevelopment, efficient positional cloning, and hibhoughputEST mapping
(Zhang and Wu 2001). Whole-genome physioalpshave been constructed fGaenorhabditis
elegans (Coulson etal. 1986; Hodgkin et al. 1995Arabidopsis thaliana (Mozo et al. 1999;
Chang et al. 2001 )Drosophila melanogaster (Hoskins et al. 2000), human (The International
Human Genome Mapping Consortium 2001), rice (@aal. 1998; Chen et al. 2002), mouse
(Gregory et al. 2002) and soybean (Wu et al. 2004

Several approaches have been developed to conatnott-genom@hysicalmaps with
large-insert BACs (Gregomt al. 1997; Marra et al. 1997; Zhang and Wing 19%0 andZhang
1998; Ding et al. 1999; Zhang and Wu 2001). Ontheffirst methods was based on restriction
fingerprintanalysis of BAC clones on DNA sequencing gels (Zhand Wing 1997; Tao and
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Zhang 1998). The DNA sequencing gel-based fingetipg method(Coulson et al. 1986;
Gregory et al. 1997; Zhang and Wing 199@p and Zhang 1998; Ding et al. 1999; Zhang and
Wu 2001) has given a significantly higher resolnt{@l nt) than thaof the agarose gel-based
method (10-500 bp; Marra et 4B97; Zhang and Wu 2001)inger printing of BAC clones
using SNaPshot labeling kit and sizing of fragmergsg capillary electrophoresis facilitated
high-throughput physical mapping in wheat (Luo kt2803). Fingerprinting of the wheat D
genome using this method resulted in 11,656 con#dgshored to some 2000 markers
(http://wheat.pw.usda.gov/PhysicalMappingrhe same technique has been used to fingerprint

chromosome 3B specific BAC contigs in wheat (httpnvw.wheatgenome.oryy/

Aneuploid analysis

Nullisomic-tetrasomic (NT) (Sears 1954) and ditelogc (dt) lines (Sears and Sears
1978) are the most useful genetic stocks in Chiggseang wheat. NT lines are lacking a pair of
chromosomes and the absence of the pair is compenby an extra pair of homoeologous
chromosomes. A complete set of NT lines for all g#irs of wheat chromosomes has been
developed. However, stocks nullisomic for 2A andaB maintained as monosomic-tetrasomic
lines because these chromosomes contain major f@nemle fertility. These therefore require
cytological screening for identifying nullisomic 2and 4B plants. Ditelosomic lines lack one
pair of chromosome arms. Thirty four of the possidl2 Dt stocks are maintained in the
ditelosomic condition, but Dts for arms 2AL, 4ASAS, 2BS, 4BL, 5BS, 5DS, and 7DL are
maintained as monotelodisomics because these cbBom® arms possess essential genes.
Hence, cytological screening is necessary to séedts of these chromosome arms. Both NTs
and Dts were extensively used for breeding, clakgienetics and molecular biological analyses
in wheat. The power and utility of these stocksx@e pronounced in molecular genetic analysis
of wheat as these stocks could be used to quiddgté the DNA markers or sequences to
specific chromosomes or chromosme arms using desimdpridization or amplification without
the need for polymorphism.

Aneuploid stocks are widely used in molecular magm@xperiments. Using these stocks
many agronomic genes have been placed onto spebifemosomes and chromosome arms in
wheat. The NSF wheat-EST mapping project used thtesis for assigning the individual EST

loci to specific chromosomes and chromosome arms

(http://wheat.pw.usda.gov/NSF/progress_mapping)ht@lrrently these aneuploid stocks are
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being used for the development of chromosome, dndnwosome arm specific libraries of
polyploid wheats (Janda et al. 2004; Kubalakoval.e2005; Janda et al. 2006) which can greatly

advance research on wheat genomics.

Deletion mapping

Chromosome deletion lines isolated in Chinese §pi@5) wheat using the gametocidal
genes ofAegilops species (Endo and Gill 1996) divide individual @mosomes into deletion
bins based on the size of the terminal deletionrdvihan 400 deletion stocks spanning all
chromosome regions were developed in Chinese Spritgat by Endo and Gill (1996). These
400 deletion stocks divide the 42 wheat chromosamntessub-arm deletion bins (Endo and Gill
1996). These sub-arm aneuploid stocks are an ertdlbol for targeted physical mapping of
any gene of interest to a small chromosome bin ¢Eartti Mukai 1988; Endo and Gill 1996).
The deletion lines were extensively used for ge@pping, map-based cloning of genes (Faris
and Gill 2002; Faris et al. 2003) and genome aiglys wheat by combining the molecular
markers such as RFLPs (Gill et al. 1993; Gill et1&95) and ESTs (Qi et al. 2003; Akhunov et
al. 2003a, b). As mentioned above, deletion linE£8 were extensively used in molecular
mapping of ESTs and RFLPs _ (http://wheat.pw.usdd@B?/maps.shtml#wheat

http://wheat.pw.usda.gov/cqi-bin/westsqgl/map locui.

Genetic Mapping

DNA markers and Linkage mapping

DNA-based molecular markers are the most powerfagrtbstic tools to detect DNA
polymorphism both at the level of specific loci aatdthe whole genome level. In the past, these
markers were developed either from genomic libsaflRFLPs and microsatellites) or from
random PCR amplification of genomic DNA (RAPDs)bmth (AFLP). More recently, however,
the availability of genomic DNA and cDNA sequen¢ESTS) in the public databases has made
marker development more direct and cost effective.

RFLPs (restriction fragment length polymorphismg dragments of restricted DNA
(usually within the 2-10 kb range) separated byealettrophoresis and detected by subsequent
Southern blot hybridization to a radiolabeled DNilge consisting of a sequence homologous

to a specific chromosomal region. The locus spegiiiobes, consisting of a sequence of
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unknown identity or part of the sequence of a albgene, are obtained by molecular cloning
and isolation of suitable DNA fragments. Alternatiy probes developed for closely related
species may be used. Sequence variation affechiegotcurrence (absence or presence) of
endonuclease recognition sites is considered tthéemain cause of length polymorphisms.
DNA probes are usually maintained as plasmid closmed are constructed from cDNA or
genomic libraries.

RAPDs, AFLPs, STSs, SNPs, and microsatellites dr&®@R-based markers. RAPD
(random amplified polymorphic DNA) (Williams et &l990) markers are detected using short
(10mer) random oligonucleotides as primers to ammgenomic DNA sequences. These are
scored as dominant markers and show presence/a&bgelyenorphisms. Lack of reproducibility
and locus specificity precluded their use in patyglwheat genetics.

AFLPs (amplified fragment length polymorphism) db&NA fragments (80-500 bp)
obtained from endonuclease restriction, followedliggtion of oligonucleotide adapters to the
fragments and selective amplification by polymerabain reaction (PCR). The PCR-primers
consist of a core sequence (part of the adapteBstaction enzyme specific sequence and 1-3
selective nucleotides. The AFLP-technique simulbaiséy generates fragments from many
genomic sites (usually 50-100 fragments per reaktioat are separated by gel-electrophoresis
and generally scored as dominant markers. The AfMd3 et al. 1995) technique has been
widely used in cereals for many types of genetayases, including genetic map construction. A
key advantage of the AFLP technique is a higheraegf polymorphism and reproducibility.

Simple sequence repeats (SSRs) or microsatellisekars consist of di-, tri-, or tetra-
nucleotide repeats and DNA sequences flanking ¢peats are used as priming sites in PCR
reactions. The amplified product contains variablember of repeats and therefore
polymorphism is reflected in the variable lengtipeleding upon the species. The number of
repeats within a microsatellite is highly variaBl®ong members of the same species. Therefore,
microsatellites tend to detect a high degree oymolphism. Since SSRs are PCR-based, locus
specific and are typically codominant, they haverbextensively used to develop genetic maps
in wheat (Roder et al. 1998; Somers et al. 2004).

PCR markers used to detect STS (sequence tag@s)l aie usually designed based on

sequenced RFLP clones or from a known sequence frmmgenomic region of interest.
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Genomic sequences amplified using STS primers atmlly digested with a 4-base cutter
enzyme to reveal polymorphisms.

SNP (Single nucleotide polymorphism) markers areetlaon single base difference
within a given segment of DNA between two indivittuaPotential SNPs are identified by
sequence alignments of the target sequence betiifferent accessions of the plant material.
For gel based assays, the SNP can be targetedatyewithin the amplicon, or alternatively at,
or immediately downstream of the 3’ end of the afigaltion primers. In non-gel based assays,
SNP can be assembled by the inclusion of a fluerdgelabeled oligonucleotide probe whose
sequence incorporates at the surrounding SNP Isitg avith the standard PCR primers. In this
case two primers are labeled with different fluémamenes, and then the amplicons derived from
the alternative templates can be distinguishedheycblor of their fluorescence. Discovery of
SNPs in the human genome is highly advanced wBhniillion SNPs by early 2003. While
SNP discovery in cereals is most advanced in mdieeaillon et al. 2001), the resources for
wheat, barley and rice are now mature enough fgelacale SNP discovery.

Molecular mapping using markers involves the appion of molecular techniques to the
basic concepts of Mendelian genetics. Two critregjuirements for developing a DNA-based
genetic linkage map are a segregating mapping ptpaland a source of DNA clones for RFLP
or diagnostic primer pairs for PCR-based markersy &ype of segregating population can be
used to construct a genetic linkage map using DNa&kkers (e.g., § backcross, recombinant
inbred lines).

Developing molecular linkage maps is a valuablé todhat it can facilitate map-based
cloning experiments, quantitative trait mapping,rkea-assisted breeding, and evolutionary
studies. Since the construction of a first genaticage map in humans based on RFLP (Botstein
et al. 1980), many linkage maps using various mudganarkers have been developed for crop
species. Much effort is directed toward producirgngfic maps in grass species that are
important food crops worldwide. Numerous molecuteps have been constructed for wheat at
all ploidy levels using various DNA-based markers
(http://wheat.pw.usda.gov/GG2/maps.shtml#wheat
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Comparative mapping

Comparative mapping studies using common RFLP markave revealed extensive
conservation of gene content and order, termedesynor colinearity, among the genomes of
cereal crops such as rice, wheat, barley, rye,maize, sorghum, and others (Ahn et al. 1993;
Moore et al. 1995; Van Deynze et al. 1995; Devo$&e 2000). Given a high degree of
genome colinearity at a broader genetic level dtageat the gene level, comparative mapping
experiments could serve as an efficient tool fansferring information and resources from well-
studied genomes, such as thosé&mbidopsis and rice, to related plants. Availability of whole
genome sequence of rice made it possible to pHiysarad/or genetically map various molecular
markers in different cereal crops using informafim the rice genome (for a review see Devos
and Gale 1997; Devos and Gale 2000). Using the eteed synteny whole genome or
chromosome specific comparative maps have beenapece for wheat, maize, and sorghum
with rice (Sorrells et al. 2003; Buell et al. 2005alse et al. 2004). While some studies of
colinearity between wheat and rice at the sequénuero) level reported the occurrence of
multiple rearrangements in gene order and conigamirfetzen 2000; Feuillet and Keller 2002; Li
and Gill 2002; Sorrells et al. 2003; Francki et24104; Lu and Faris 2005) others have indicated
good levels of conservation (Yan et al. 2003; Credrgt al. 2004; Distelfeld et al. 2004; Mateos-
Hernandez et al. 2005; Valarik et al. 2006; ouuitesin Chapters Ill, V and VIII). In some
instances rice genome sequence has been a pdyensilable tool for map-based cloning of
genes in wheat (Yan et al. 2003; Distelfeld eR@D4; Uauy et al. 2006). Others have shown that
colinear regions of rice can be a useful sourcenafkers for saturation and high-resolution
mapping of target genes in wheat (Liu and Ander2@03; Distelfeld et al. 2004; Valarik et al.
2006).
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Figure 1.1Estimated losses in winter wheat production duedbrust and stripe rust damage

over a period of 30 years in the state of Kansas
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Figure 1.2Map positions of the leaf rust resistance gendlardeletion bin-based physical map
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Table 1.1Aegilops species in the tribe Triticeae

Chromosome

Species Genome(s) number (2n) Ploidy level

Ae. bicornis (Forssk.) Jaub. & Spach ] 14 2X
Ae. caudata L. CC 14 2X

Ae. comosa Sm. In Sibth. & Sm. MM 14 2X
Ae. longissima Schweinf. & Muschl. 5 14 2
Ae. mutica Boiss. TT 14 2X
Ae. searsii F:;?nmn?gr& Kislev ex S 14 ox
Ae. sharonensis Eig ghseh 14 2X

Ae. speltoides tausch SS 14 2X

Ae. tauschii Coss. DD 14 2X
Ae. umbellulata Zhuk. uu 14 2X
Ae. uniaristata Vis. NN 14 2X
Ae. biuncialis Vis. UMM 28 4x
Ae. columnaris Zhuk. UoUeIX X 28 4x
Ae. crassa Boiss X'X“DD” 28 4x
Ae. cylindrica Host CC’DD* 28 4x
Ae. geniculata Roth JuMMme 28 4x
Ae. kotschyi Bois. JUks's 28 4x
Ae. neglecta Req. ex Bertol wx"X" 28 4x
Ae. peregrina Marie & Weiller Purs’s 28 4x
Ae. triuncialis L. u'u'c'c! 28 4x
Ae. ventricosa Tausch NN'D'D" 28 4x
Ae. crassa Boiss XX DD DD 42 6x
Ae. juvenalis (Thell.) Host XX DDUY 42 6x
Ae. neglecta Req. ex Bertol QU"X"X"N"N" 42 6X
Ae. vavilovii X'aXVeggregragr 42 6X

54




Table 1.2Major domestication genes cloned in crop plants

Crop/plant

Gene/QTL

Trait

Gene product References
rice S Shattering MYB3 transcription factor Li et al. 2006
gSH1 Shattering BEL1-type homeobox gene (HOX) KonishaleR006
Hd3-a Heading date CONSTANS (CO) Kojima et al. 2002
Sl Plant height/dwarfing gene SH2-like nuclear traipgimm factors Peng et al. 1999
Rc Red grain color basic helix-loop-helix transcripti@ctor (bHLH) | Sweeny et al. 2006
Maize Tbl Plant architecture TCP transcription facor Doeldegl. 1997
Tgal Naked grains SBP-domain family transcription factor Wang et al. 2005
Wheat Q Free threshing Apatella2 transcription factor (AP2) Faris et al. 2002
Rhtl Dwarfing/plant height SH2-like nuclear transcriptifactors Peng et al. 1999
Vrnl Vernalization MADS-transcriptional factor Yan et 2003
Vrn2 Vernalization ZCCT-transcriptional regulator Yaraet2004
Vrn3 Vernalization Flowering locus T (FT) Yan et al. B00
Barley Ppd-H1 Photoperiod response Constance (CO) Turner e0@h 2
Tomato Fw2.2 Fruit size

ORFX (unknown protein)

Frary et al. 2000
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Table 1.3Leaf rust resistance genes transferred from rekgiedies to wheat

Designation Linked Origin Means of transfer Chromqsome Reference
R genes location
Lr9 Triticumumbel lulatum pollen irradiation 6BL Sears 1956
Lr18 T. timopheevii Direct transfer 5BL Dyck & Samborski 1968
Lr19 S25 Agropyron elongatum irradiation mduced 7DL Sharma & Knott 1966
translocation
Lr21 Aegilops tauschii synthetic hexaploid 1DL Rowland & Kerber 1974
Lr22a Aegilops tauschii synthetic hexaploid 2DS Rowland & Kerber 1974
Lr23 Lélg " | T.turgidumvar.durum Direct transfer 2BS Mcintosh & Dyck 19756
Lr24 S24 Agropyron elongatum | spontanous translocation 3DL Mclintosh et al. 1976
Lr25 Secale cereale irradiation m;luced 4BS Driscoll and Sears 1965
translocation
Lr26 31, Secale cereale spontaneous 1BS Mettin et al 1973
Yr9 translocation
Lr28 Ae. speltoides induced translocation 4AL Mclintosh 1982
Lr29 Agropyron elongatum homeologous pairing 7DS Sears 1980
Lr32 Ae. tauschii synthetic hexaploid 3DS Kerber 1987
Lr35 32 Ae. speltoides amphiploid bridge 2B Kerber & Dyck 1990
Lr36 Ae. speltoides direct transfer 6BS Dvorak & Knott 1990
Lr37 iz, Ae. ventricosa Spontane_ous 2AS Doussinault et al. 1983
S38 translocation
Lr38 Ag. intermedium irradiation 2AL Friebeet al. 1992
Lr39/41 Ae. tauschii direct transfer 2DS Raupp 1983; Gill &
Raupp, 1987
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Designation ;igl;?]des Origin Means of transfer Chlré)crzgzgme Reference

Lr40 Ae. tauschii direct transfer 1DS Rat;{p;)u;?)ﬁgg” &

Lr41/39 Ae. tauschii direct transfer 2DS Coat al. 1992
Lr42 Ae. tauschii direct transfer 2DS Coat al. 1994
Lr43 Ae. tauschii direct transfer 7Ds Coat al. 1994
Lr44 Lr33 T. spelta Direct transfer 1BL Dyck 1993
Lr45 Secale cereale irradiation 2AS Mukadet al. 1970
Lr47 Ae. speltoides irradiation TAS Dubcovsky et al. 1998
Lr53 T. dicoccoides Direct transfer 6BS Marais et al. 2005
Lr54 Yr37 Ae. kotschyi Centric misdivision 2DL Marais et al. 2005
Lr55 Ae. trachycaulis - 1B B rowcno-ri :Jneudri ir(?a-tliaoirso 3
Lr57 Yr40 Ae. geniculata Homoeologous pairing 5DS Kuraparthy et al. 20(
Lr58 Ae. triuncialis Direct transfer 2BL Kuraparthy et al. 2007
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Table 1.4Stripe rust résistance genes transferred frommgenald species to wheat

Designation Linked Origin Means of transfer Chromqsome Reference
R genes location

Yr5 T. spelta Direct transfer 2BL Macer et al. 1966

Yr8 S34 Aegilops comosa Homo_eplogous 2D Riley et al. 1968
pairing

Yr9 31, Lr26 Secale cereale Centric misdivision 1B Mettin et al. 1973

Yrl5 T. dicoccoides Direct transfer 1BL Grechter-Amitai et al. 19

Yr17 Lr37, 938 | Ae ventricosa Spontaneous 2AS Bariana & McIntosh 1993
transfer

Yr26 Haynaldia villosa - 1BS Yildirin et al. 2000

Yr28 Ae. tauschii Direct transfer 4DS Singh et al. 1998

Yr35 T. dicoccoides Direct transfer 6BS Uauy et al. 2005

Yr37 Lr53 Ae. Kotschyi Centric misdivision 2DL Marais et al. 2005

Yr38 Lr56 Ae. sharonensis Direct transfer 6A Marais et al. 2006

Yr40 Lr57 Ae. geniculata Hon;(;ier?rllggous 5DS Kuraparthy et al. 2007
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CHAPTER 2 - CHARACTERIZATION AND MAPPING OF
CRYPTIC ALIEN INTROGRESSION FROM Aeqgilops geniculata
WITH NEW LEAF RUST AND STRIPE RUST RESISTANCE
GENESLr57 AND Yr40 IN WHEAT

Abstract

Leaf rust and stripe rust are important foliar dses of wheat worldwide. Leaf rust and
stripe rust resistant introgression lines were ger by induced homoeologous chromosome
pairing between wheat chromosome 5D and °5Mf Aegilops geniculata (U°M9).
Characterization of rust resistant & and BGFs homozygous progenies using genomigitu
hybridization with Aegilops comosa (M) DNA as probe identified three different type$
introgressions; two cytologically visible and omwisible (termed cryptic alien introgression).
All three types of introgression lines showed samibnd complete resistance to the most
prevalent pathotypes of leaf rust and stripe mig€ansas (USA) and Punjab (India). Diagnostic
polymorphisms between the alien segment and retip@ent were identified using physically
mapped RFLP probes. Molecular mapping revealed dhgtdtic alien introgression conferring
resistance to leaf rust and stripe rust comprisesd than 5% of the 5DS arm and was designated
as T5DL-5DS-5MS(0.95). Genetic mapping with an population of Wichita x T5DL-5DS-
5M9S(0.95) demonstrated the monogenic and dominangritahce of resistance to both
diseases. Two diagnostic RFLP markers, previoushppad on chromosome arm 5DS, co-
segregated with the rust resistance in thpdpulation. The unique map location of the resista
introgression on chromosome T5DL-5DS8{D.95) suggested that the leaf rust and stripe rus
resistance genes were new and were designatadaandYr40. This is the first documentation
of a successful transfer and characterization gbtar alien introgression fromAe. geniculata

conferring resistance to both leaf rust and stryst in wheat.
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Introduction

Leaf rust or brown rust (caused Byccinia triticina Eriks.) and stripe rust or yellow rust
(caused byPuccinia striiformis Westend. f. sptritici) are important foliar diseases of wheat
worldwide. The most economical and environmentalgndly way to reduce losses due to rust
diseases in wheat is through deployment of hosttglanetic resistance. There are more than 50
leaf rust resistance genes and 35 stripe rusttaeses genes designated so far (McIntosh et al.
2005), most of which condition a hypersensitivectiem and interact with the pathogen in a
gene-for-gene fashion (Flor 1942). Virulence in fethogen population has been detected
following the deployment of many such resistanceege This necessitates a constant search and
transfer of new and effective sources of rust teste to counter balance the continuous
evolution of rust populations. The replacement ighly variable land races by high yielding,
pure-line varieties in many parts of the world hamrowed the genetic base for disease
resistance in the wheat gene pool. Diploid progenitild species and related species to wheat
have been found to be invaluable sources of additiesistance genes (Dvorak 1977; Sharma &
Gill 1983; Gale & Miller 1987; Jiang et al. 1994ri¢be et al.1996; Harjit-Singh et al. 1998).
Many genes conferring resistance to rust diseasgs wansferred fronAegilops species into
wheat (see the review by Jiang et al. 1994, Fretlzd. 1996; Marais et al. 2005).

Very few genes for resistance to diseases and tthies transferred from non-progenitor
(other than A, B and D genome diploids) speciesehaeen used in wheat germplasm
enhancement due to undesirable linkage drag amdl ngduction (Jiang et al.1994; Friebe et al.
1996). With the availability of sensitive detectitathniques involvingn situ hybridization and
densely mapped molecular markers it is now poss$tbtéetect, map and estimate the size of the
alien introgressions conferring resistance to redunkage drag as much as possible (Young and
Tanksleyl1989; Jiang et al. 1993, 1994; Friebe et al. 19&en et al. 1998; Dubcovsky et al.
1998; Chen et al. 2005; Lukaszewski et al. 2005).

The ovate goat gragsegilops geniculata Roth (syn.Aegilops ovata L.) was found to be
an excellent source of resistance genes againsiuggpests and diseases (Dhaliwal et al. 1991,
1993; Gale and Miller 1987; Harijit-Singh & DhaliwaD00; Harjit-Singh et al. 1993, 1998). Rust
resistance of\e. geniculata was transferred to wheat by induced homoeologdwentosome
pairing between chromosomes %& Ae. geniculata and 5D of wheat (Aghaee-Sarbarzeh et al.
2002). Previous attempts to characterize a fewhefimtrogression lines with genomiie situ
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hybridization (GISH) and simple sequence repeaR{S8arkers showed that tiRh'-mediated,
induced homoeologous recombination resulted in tthasfer of 5SML to an unidentified
chromosome of wheat (Aghaee-Sarbarzeh et al. 2002)selected five other introgression lines
derived from the same crosses, all showing simdsistance reaction to both stripe rust and leaf
rust, for backcrossing and further cytogenetic amadecular characterization. In this paper, we
report the cytogenetic, molecular and genetic dtaraation of BGFs and BGFs derived

homozygous introgression lines with resistanceotih beaf rust and stripe rust.
Materials and Methods

Plant Material

All of the introgression lines were developed bgssing disomic substitution line DS
5M9(5D) with the Chinese Spring (C®h' stock (Chen at al. 1994) and crossing thevith
susceptible bread wheat cultivar WL711 (Aghaee-&adh et al. 2002). Resistant ¢ plants
from the above crosses were backcrossed to WL74aih agpd some selected B% plants that
had no obvious effect on plant growth and develagmeere selfed to develop Bk (TA5599,
TA5600, TA5601, TA5603) lines and a few others wérgher backcrossed and selfed to
generate BeFs (TA5602) lines (Table 1).

Introgression lines with resistance against leat and stripe rust were selected in each
generation by screening the progenies under aafifiast epidemic conditions in the field at the
Punjab Agricultural University, Ludhiana, India. &hselected B&s and BGFg resistant
introgression lines were further screened for tihesistance reaction against the most virulent
races of leaf rust and stripe rust (Table 2) atthrsas State University, Manhattan, USA.

The five rust resistant wheak. geniculata introgression lines along with the resistant
substitution line TA6675 (DS5/(5D)), the susceptible recurrent parent WL711 atiginal rust
resistance donor accession (TA10437)Ae&f geniculata (2n=28, WU'M®M?) and Chinese
Spring were used for cytogenetic and molecularadtarization using GISH and restriction
fragment length polymorphisms (RFLPS).

For genetic analysis and molecular mapping of &af stripe rust resistance, the highly
susceptible hard red winter wheat cultivar Wichitas crossed as the female with the
introgression line (TA5602) with smallest alien @t T5DL-5DS-5MS(0.95). An k

population of 111 plants derived from onggfant was used for genetic and molecular mapping
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of the rust resistance. Nullitetrasomic stocks rafug-5 chromosomes of CS wheat (Sears 1954,
1966a) were used to map the rust resistant intssgras to specific chromosomes. All the plants
were grown in the square pots filled with Scottsttddéviix 200 (Sun Gro Horticulture Canada
CM Ltd).

Leaf rust and stripe rust screening

The leaf and stripe rust reaction of all the intesgion lines and parental lines was tested
by screening the plants at two-leaf seedling andtgdant stages. For testing the leaf rust
response, five pathotypes (PRTUS6, PRTUS25, PRTUSBBIMQ, MCDL) (for
virulence/avirulence formulae see Long et al. 2Gfi(Ruccinia triticina Eriks were used. Isolate
KS2005 ofPuccinia striiformis Westend. f. sptritici was used for screening the plants for stripe
rust reaction. Isolate KS2005 belongs to race P&X{%irulent on Lehmi, Heines VII, Produra,
Yambhill, Stephens, Lee, Fielder, Expregs3-AVS, Yr9-AVS, Clements, and Compair).

The F, population, along with the parents, Wichita and thtrogression line TA5602,
were inoculated with stripe at the two-leaf seagllstage and the same plants were inoculated
with leaf rust race MCDL at the adult plant staigestudy the stripe rust and leaf rust resistance
segregation.

Urediniospores for each race was suspended ino&alf0 mineral oil (Chevron-Phillips
chemical company) and atomized onto the plantsdi®gs and adult plants inoculated with
stripe rust were kept in the dark dew chamber foh@urs at 12 £ 2 °C. After inoculation, plants
were kept in growth chambers that were set at I&ffCand 14°C night temperatures with 16 hr
photoperiod. Seedlings and adult plants inoculat&ti leaf rust were incubated in a dew
chamber for 18 hours at 18°C. Plants were theneplan a greenhouse at 19-21°C, with
supplemental sodium vapor lighting. The infectigpes (ITs) of stripe rust were scored 20 days
after inoculation. For leaf rust the IT scoring widtne 10-12 days after inoculation. Infection
types for leaf rust and stripe rust reaction atibeg stage was scored according to the modified
Stakman scale of Roelfs et al. (1992) and at gulaht stage, the rust reaction was scored
according to the modified Cobb scale (Petersonl.e138) as illustrated in Mclintosh et al.
(1995).
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Molecular characterization and mapping

Genomicin situ hybridization was used to monitor the size ofdhen introgression in
the rust resistant translocation lines. GISH wasedaccording to Zhang et al. (2001) usfey
comosa (2n=14=MM) genomic DNA as probe and CS genomic Da$/blocker.

RFLP probes that detect orthologous alleles amaxgsB, 5D and 5M chromosomes
were used to identify and map the introgressed satgn DNA isolation, and Southern
hybridizations were done according to Kuraparthple(2006). A total of 11 RFLP clones and
one cDNA of grain soft protein (GSP) were used deniify and map the rust resistant
introgressions fromAe. geniculata in wheat. RFLP markers were selected based on the
previously  published map locations in the geneticnd a physical maps
(http://wheat.pw.usda.gov/GG2/maps.shtml#whdatibcovsky et al. 1996; Gill and Raupp
1996; Nelson et al. 1995; Qi and Gill 2001).

RFLP clones

All BCD and CDO clones were provided by Dr. M.E.n®tls (Cornell University,
Ithaca, NY, USA); PSR clones were from Dr. M.D. &&lohn Innes Centre, Norwich, UK); and
ABC and ABG clones were provided by Dr. A. KleinkofWashington Sate University,
Pullman, WA, USA). FBB clones and cDNA of GSP wet#ained from Dr. P. Leroy (INRA,
France).

Results

Rust reaction of the introgression lines

At the seedling stage, th&e. geniculata accession TA10437, disomic substitution line
DS5M(5D) (TA6675) and all the introgression linehowed resistant to moderately resistant
reactions to leaf rust, whereas the recipient whelitvar WL711 and Wichita were susceptible
(Table 2; Fig. 1a). All the introgression lines atie parents showed a clear hypersensitive
resistant reaction to the isolate KS2005 of striget at the seedling stage, whereas the wheat
cultivars WL711 and Wichita were highly susceptiplable 2; Fig. 1b).

At the adult-plant stage, the parental accessiokeofieniculata, DS5M(5D) and all the
introgression lines were completely resistant (Ingpmesitive flecks) to all the leaf rust races
tested (Table 2, Fig. 2a). Cultivars WL711 and Wa&lwere highly susceptible to the above
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races of leaf rust except that WL711, havibdl3, showed a resistant reaction to PNMQ
(avirulent onLr13) (Fig. 2a, Table 2). Introgression lines and theisistant donor parents
(TA10437, TA6675) were completely resistant (asesd®d by their hypersensitive reaction),
whereas the parental cultivars WL711 and Wichitaeweghly susceptible to isolate KS2005 of
stripe rust (Table 2, Fig. 2b). All the introgressiines showed similar ITs typical of substitution
line (TA6675) to both leaf and stripe rusts at &glant stage (Table 2; Fig. 2a, Fig. 2b).

The R, population derived from the cross Wichita x TA5605DL-5DS-5MS(0.95))
was inoculated with stripe rust at the two-leafddeg stage, and the same plants were screened
with leaf rust race MCDL at the adult-plant stagibe segregating.Fpopulation showed clear
ITs of resistance and susceptibility to stripe ngsilate KS2005 at seedling stage and ITs of
resistance and susceptibility to leaf rust race MG adult plant stage. All the stripe rust
resistant k plants were resistant to leaf rust and all thecepigble plants to stripe rust were

susceptible to leaf rust.

Characterization of leaf rust and stripe rust regait introgression lines

Cytogenetic characterization of introgression linssgAe. comosa DNA as probe in the
GISH experiments showed that the lines having bedfi and stripe rust resistance had three
types of introgressions of chromosome % Ae. geniculata in wheat. In the first type, a
complete chromosome arm and part of the other aas derived from 5®of Ae. geniculata
(Fig. 3). The second type of rust resistant intesgion line possessed only a part of the
chromosome 5K No introgression of chromosome SMould be detected using GISH in the
third type of resistant introgression lines. Altdl types of introgressions, including those with
progressively smaller introgressed segments shosimgar ITs to different races of leaf rust
and stripe rust in the translocation lines, temédyi indicated that the leaf rust and stripe rust
resistance genes are located in a contiguous amygl small introgressed segment from
chromosome 5Mof Ae. geniculata in wheat.

In order to establish the nature of the rust rasisintrogression, previously-mapped
RFLP probes (http://wheat.pw.usda.gov/GG2/mapsli¢hiheat Dubcovsky et al. 1996; Gill
and Raupp 1996; Nelson et al. 1995; Qi and Gill120@hich detect orthologous alleles among

the A, B, D and M genomes were selected for chramesmapping. Based on the published

map positions, 11 RFLP probes and one cDNA of G&Pppimg to homoeologous group-5
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chromosomes, were used. All three types of intrssjom lines, parental lines, CBh) andAe.
geniculata (TA10437) were digested with five different restion enzymes Qral, EcoRlI,
EcoRV, Hindlll, Xbal) to identify introgressed segments in each rasisline using diagnostic
polymorphisms between wheat and chromosomé. 3RFLP marker FBB323 mapped at the
distal end of chromosome 5DL, although producing ltiple bands, showed distinct
polymorphism between 5Mand wheat homoeologous group-5 chromosomes. Onbk o
introgression line (TA5600) out of five showed ttteomosome arm 58 specific alleles with
RFLP probe FBB323 (Table 3). This indicated that st resistance in all the lines was due to
the introgression of short arm of 8Nb one of the chromosomes in wheat. The RFLP mgirke
FBB276 and GSP mapped at the telomeric end of absome arm 5S (Dubcovsky et al. 1996;
Gill and Raupp 1996) showed the diagnostically pawyphic marker alleles of chromosome
5MY in all three types of introgression lines (Fig, Zable 3) which confirmed that the rust
resistance in all translocation lines was due ®ittirogression of a part of chromosome arm
5M9S of Ae. geniculata in wheat.

Previous reports indicated that CS contains thogges of GSP, one in each of the A, B
and D genomes (Jolly et al. 1996; Tranquilli et 2099; Turner et al. 1999). However, the
absence of two low molecular weight marker all@&$5SP in the substitution line (TA6675)
(Fig. 4a) showed that the disomic substitution lim&s nullisomic for two group-5
homoeologous chromosomes, either 5B and 5D or SA5h or 5B and 5A. This was also
evident from the absence of multiple marker alleieEBB323 in the substitution line TA6675.
To identify the specific wheat chromosome involedhe gene transfer nullitetrasomics of CS
were used. Because the introgression lines weaie/iti. 711 background and the nullitetrasomics
are in a CS background, the marker that showeddsig polymorphic alleles between WL711
and translocation line TA5602 (T5DL-5DS-88(0.95)), yet remained monomorphic between
WL711 and CS, was used to map the rust resistardgiression of 5N5 to specific wheat
chromosome using CS nullitetrasomics. Of the twokers that diagnostically identified the
5M9 segment in line TA5602 (T5DL-5DS-58|(0.95)), GSP showed three monomorphic alleles
between WL711 and CS (Fig. 4a), whereas FBB276 sigwelymorphic and variable number
of marker alleles between CS and WL711. Southebritligations of group-5 nullitetrasomics
with the GSP probe showed that the lowest molecukight allele belonged to 5D, the allele

with a slightly higher molecular weight is from olmosome 5A and the allele with the highest
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molecular weight belonged to chromosome 5B (Fig. Zbe absence of the lowest molecular
weight allele and presence of 88pecific allele suggest that the rust resistarfidgeogenicul ata
was, in fact, transferred to chromosome 5D of wireatl three types of introgression lines (Fig.
4a).

Rust resistant introgressions were characterizéial espect to the fraction length of CS
chromosomal deletions using physically mapped Rih&kers of homoeologous group-5
chromosomes. The chromosome bin location of allrtiagkers has been reported previously
(Gill and Raupp 1996; Qi and Gill 2001) except FBB3and ABC310 previously genetically
mapped on 5D and 5B, respectively, were placetiendistal deletion bins 5DL-5 (FL 0.76) by
combining the maps of Gill and Raupp (1996) andsbiel et al. (1995). Translocation
breakpoints in the introgression lines were deteetiibased on the presence or absence of
diagnostic polymorphisms between chromosome$ @&MWe. geniculata and 5D of wheat for the
physically mapped RFLP markers and cDNA of GSP l@d&h Fig. 5). Introgression line
TA5599 showed diagnostically polymorphic allelesr fall markers except CDO400 and
FBB323, which were mapped distally in the physitap (Fig. 5, Table 3). Because BCD351
showed the diagnostic polymorphism and it was mappée¢he CS deletion bin 5DL1-0.60-0.72,
the breakpoint of the translocation TAMEDL in line TA5599 was present in this deletioim b
(Fig. 5). Likewise, the breakpoint of the transkima T5DL-5DS-5MS in line TA5601 was
present in CS deletion bin 5DS5-0.67-0.78, becansethe proximal marker (BCD187bh the
short arm diagnostically identifying the intrognesswas mapped in this deletion bin (Fig. 5,
Table 3). The third type of alien introgression,iethcould not be detected using GISH, showed
diagnostic polymorphism only for markers GSP, BCB&hd FBB276 (Table 3). Because all
three of these markers were mapped in the deléiobDS2-0.78-1.00, the breakpoint of the
translocation between 5\and 5D in introgression lines TA5602 and TA5603 \weesent in the
deletion bin 5DS2-0.78-1.00 (Fig. 5)o distinguish the alien introgression in TA560bnfr
those in TA5602 and TA5603 we used the fractiomtlerof their introgressed segment of 5M
to designate the translocation. Thus, the transtota were designated in introgression line
TA5601 as T5DL-5DS-5R6(0.75) and in TA5602 and TA5603 as T5DL-5DS?SK0.95) (Fig.

5, Tablel).
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Genetic and molecular analysis of rust resistance

An F, population of 111 plants from Wichita x T5DL-5D$%5(0.95) was screened at
the two-leaf seedling stage with stripe rust isola62005 and at adult plant stage with leaf rust
race MCDL. The F population segregated 81 resistant and 30 subtemiants, which was a
good fit for monogenic segregation ratio of 3:1isTimdicated that the stripe rust and leaf rust
resistance in T5DL-5DS-518(0.95) was monogenically inherited and that thet rasistance
was dominant. In addition, all the stripe ruststsit F plants were resistant to leaf rust ance
versa. This indicated that the leaf rust and stripe raststance in 586 segment was conferred
either by two independent closely linked genes yralsingle gene with a pleiotropic effect.
Molecular mapping of the RFLP clone FBB276 and cDbBlane GSP in the Jpopulation
showed the co-segregationAd. geniculata specific marker alleles of both the markers wité t
leaf and stripe rust resistance. This suggestddhbaranslocated segment/Ad. geniculata in
introgression line TA5602 (T5DL-5DS-58(0.95)) did not recombine with wheat chromosome
arm 5DS, further confirming the association of mesistance with 588 translocation and its

map location on chromosome arm 5DS.

Discussion

The present study reports the genetic and molecodgoping of the leaf rust and stripe
rust resistant introgression in an population. GISH and molecular characterizatiomgis
physically mapped RFLP markers showed that the atensfers conferring rust resistance were
of three different types, based on the size obarssion of 5Mchromosome into chromosome
5D of wheat. The specific wheat chromosome involuedranslocation was determined by
mapping the diagnostic polymorphic alleles in CSlitetrasomics of group-5 homoeologous
chromosomes. All the rust resistant translocatioesl showed that the introgression of%Mas
to chromosome 5D of wheat and the smallest intssjoa of 5MS with leaf rust and stripe rust
resistance in line T5DL-5DS-518(0.95) (TA5602) was less than 5% of the chrommsarm
5DS of wheat. The unique and new map location efalien introgression on chromosome 5DS
suggested that the leaf rust and stripe rust esgist genes reported here were new and were
designated.r57 andYr40, respectively.

Molecular mapping of the smallest translocationhwitist resistance using physically

and/or genetically mapped RFLP markers revealed tina novel introgression with rust
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resistance in line T5DL-5DS-518(0.95) maps in less than 20% of the distal regicihe short
arms of group-5 chromosomes of wheat (Fig. 5, T@8hldBecause the smallest genomic DNA
segment that could be resolved using GISH is 2banibase (Mb) pairs (Mukai et al. 1993), the
absence ofde. comosa (MM) GISH signals in the introgression line T5DDS-5MYS(0.95)
suggests that the alien introgression conferringehaust resistance in this line is less than 25
Mb pairs of DNA. Because hexaploid wheat contdiidd00 Mb of DNA (Bennet and Leitch
1995) and the total length of all the wheat chrooness is 235.4 um (Gill et al. 1991), 1 um of a
wheat chromosome corresponds to about 72 Mb of DMkai et al. 1991). Considering that
the length of wheat 5D chromosome is 10.4 um wittaian ratio of 1.9 (Gill et al. 1991), the
total amount of DNA of chromosome 5D correspondg48.8 Mb. The absence Aé. comosa
GISH signals in introgression lines TA5602 and TB36suggest that the alien introgression in
T5DL-5DS-5M'S(0.95) is less than 3.5% of the distal chromos@me 5DS (Fig. 5). The
observation and estimation of the introgressechadiegment size in the present study is also
supported by the resolution limits of fluorescen8B which is estimated to be about 3-4% of
the recombinants in wheat (Lukaszewski et al. 20D08¢alization of recombination breakpoint
in the distal part of the chromosome arm 5DS iDI%DS-5MS(0.95) is further supported by
the physical and genetic map positions of the diaion RFLP markers BCD873, FBB276 and
GSP on the distal telomeric end of 5DS (http://vilpeausda.gov/GG2/maps.shtml#wheat
Dubcovsky et al. 1996; Gill and Raupp 1996, Qi &ilil 2001, Nelson et al. 1995, Tranquilli et
al. 1999) (Fig. 5) .

From the U- and M-genome cluster species ofTth&ceae, only the diploid U-genome

(Aegilops umbellulata, 2n=2x=UU) and M-genomeA¢é. comosa) donors ofAe. geniculata were
used to transfer novel rust resistance genes ihtatvIn a ground-breaking alien gene transfer
for germplasm enhancement in crop plants, Sears6jlt9ansferred.r9 from Ae. umbellulata

into wheat using irradiation. This compensatingnstacation was later found to be a
homoeologous chromosome transfer T6BS-6BL-6UL S&861, 1966b; Friebe et al. 1995).
Yr8 andS 34 were transferred fromde. comosa into wheat by utilizing induced homoeologous
pairing effect ofAe. speltoides (Riley et al. 1968a, 1968b). This transfer wasrl&und to be of
the non-compensating type, with structurally reaged chromosome segments of chromosome
2M translocated onto chromosomes 2D or 2A of wifeaebe et al. 1996; Nasuda et al. 1998).
Although diploid U and M genom@éegilops species were used in alien gene transfers for
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germplasm enhancement, resistance gene transferse.ofeniculata in wheat were not
unequivocally characterized and catalogued for géasm release. Results from the present
study showed the successful transfer and charzatiem of three differentPh’ induced
genetically compensating homoeologous transferehobmosome 5# of Ae. geniculata to
chromosome 5D of wheat. The present study also stidire precise transfer of novel leaf and
stripe rust resistance genes fré& geniculata to bread wheat in translocation line T5DL-5DS-
5M9S(0.95).

Most wheat derivatives with resistance genes frdmnaspecies had limited use in
practical breeding because of cytological instapiif alien chromosome segments incorporated
in non-homoeologous regions or because of the diakaf the undesirable genes on the large
alien segments (Friebe et al. 1996; Nasuda e©8B)1 Three effective methods have been used
for the intergenomic transfer of genes in wheagdiation (Sears 1956), induced-homoeologous
pairing (Riley et al. 1968a, b) and gametocidaloanwsome—induced chromosome breakage
(Endo 1988, 1994; Masoudi-Nejad et al. 2002). @f ttwree methods, induced homoeologous
pairing is the method of choice. Because chromossegnents transferred by homoeologous
recombination are usually in the correct locatiaonthe genome and compensate well for the
replaced original chromosome segment, transfersnare likely to be agronomically desirable.
However, even with homoeologous recombination |ehgth of the alien segment may be large
either due to non-random distribution of recomboratLukaszewski 1995; Lukaszewski et al.
2004; Qi et al. (2006); Rogowsky et al. 1993) ore do the fact that most of the alien
chromosome is highly rearranged and only a smghheat is available for recombination as was
the case with 2M chromosome transfer (Nasuda €1988). Sears (1972, 1981) suggested a
method for further reducing the length of the abegments. In this strategy, reciprocal primary
recombinants with breakpoints flanking the locusntérest were intercrossed and allowed to
recombine in the presence of the wild typal locus, which permits only homologous
recombination. Secondary recombinant chromosomés smallest interstitial inserts of alien
chromatin into wheat chromosomes were then seld&edrs 1972, 1981). Lukaszewski (2000,
2006) used this method to reduce the size of ryenshtin in wheat.

The present results demonstrate the phenomenohaifmay be termed as “cryptic alien
introgression” that may have gone undetected becalthe methodological limitations of alien

introgression research often based on cytologicgthods and rarely a few molecular markers.
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Because disease resistance genes are mostly lonateel terminal recombination-rich regions
of the grass chromosomes (Leister et al. 1998;ilgbet al. 2004; Qi et al. 2004) the detection
of the small terminal alien introgressed segmemsymg disease resistance genes will be
difficult using cytological methods alone. By sdirg rust resistant lines which had no obvious
effects on plant growth and development from prim@acombinants and characterizing those
lines using GISH and physically and genetically pepRFLP probes, we detected cryptic alien
introgression and identified one very small andeidransfer T5DL-5DS-5K6(0.95) (TA5602,
TA5603) with leaf and stripe rust resistance gedesrevealed by the small size of the alien
introgression (less than 3.5% of distal 5DS) oroolosome 5DS, our results suggest that it is
possible to transfer novel and useful genetic Wdrg from wild species without the usual
linkage drag. Furthermore, if more than one gerledated on the alien segment as is the case
here then these ‘cryptic alien introgressions’effective resistance pyramids that will behave as
single mendelian factors in breeding. As additiogahes are discovered in the specific alien
segments, they may be recombined and deployedpas gane complexes in agriculture.
Homoeologous group-5 chromosomes of wheat contaleaat seven catalogued genes
for rust resistance. Except forf19, whose arm location is unknown on chromosome 5&stm
of the resistance genes were mapped on the long @irfmomoeologous group-5 chromosomes
(Lr18 and Yr3 on 5BL, Lrl and S30 on 5DL and Yr34 on 5AL) (see

http://www.ars.usda.gov/Main/docs.htm/docid=10842nly two leaf rust resistance genes have

been mapped on the homoelogous chromosome arm wBeatt.Lr52, a major gene conferring

a broad-spectrum wheat leaf rust resistance, wagp@thal6.5 cM distal to the microsatellite
marker Xgwm443 on chromosome arm 5BS of wheat (Hiebert et al.5200 Another
uncatalogued major gene with a broad-spectrumsistance to leaf rust at adult-plant stage was
also mapped 16.7 cM proximal té&gwnmd43 on chromosome arm 5BS (Obert et al. 2005).
However, the uniqueness of these two genes wasneajuivocally demonstrated. In this study,
mapping of a major leaf rust resistance gene aside rust resistance gene in the distal region
of chromosome arm 5DS suggests the presence efr @itinserved orthologous R gene loci in
5DS or the distal genomic region of 5S is rich igéhes. Precise genetic mapping using RFLP
markers that produce orthologous alleles in themlmsome arms 5S is necessary to characterize

such regions.
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Wheat stripe rust disease causedPotriiformis has become increasingly destructive
since the late 1990s and severe damage to whesgddny stripe rust was reported on all the
continents (see the review by Chen et al. 2002nQ@85). PST-100 accounted for 33.4% of the
total PST races. Furthermore, more than 96% @fithlates belonged to the group of races
with virulences toYr8, Yr9, and other resistance genes, which caused widebmteipe rust
epidemics in the U.S from 2000-2005 (Chen and Pen2®®6). The isolate KS2005 used for
stripe rust screening in the present study belorigadce PST-100 and was high temperature
tolerant partly explaining its occurrence in theitbocentral U.S (Milus et al. 2006). All the
introgression lines reported in the present stualyeca resistant reaction to isolate KS2005 both
at seedling as well as adult plant stage (TableH2hce, the wheake. geniculata stripe rust
resistant introgression lines, especially T5DL-58MS(0.95) is an excellent germplasm that
could be used in wheat breeding programs in the fdrSdeveloping stripe rust resistant wheat
cultivars.

Based on the location of linked leaf rust and strijust resistance genes in the
chromosome arm 5DS, which is known not to carry ahyhe previously catalogued linked
genes, these genes were designatéd andYr40, respectively. The other sources of resistance
carrying resistance to leaf rust and stripe rus6/Yr9 (Mettin et al. 1973) and.r37/Yr17
(Bariana and Mclintosh 1993), have been overcompablyotypes of these two rust pathogens.

Yr40 andLr57 would be useful in replacing the defeated souotessistance.
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Figure 2.1 a. Leaf rust (race: MCDL) reaction ok tparents and wheae. geniculata
introgression lines at the seedling stage. b. &mist (race: KS2005) reaction of the parents and
the wheatAe. geniculata introgression lines at the seedling stage
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Figure 2.2 a. Leaf rust (race: MCDL) reaction o€ tparents and the wheag geniculata
introgression lines at the adult-plant stage. bp&trust (race: KS2005) reaction of the parents

and the whea#e. geniculata introgression lines at the adult-plant stage
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Figure 2.3GISH pattern of mitotic metaphase chromosomesawistocation T5NS-5ML-5DL

in introgression line TA5599 using total genomic AMf Ae. comosa as probe. NMtgenome
chromatin of Ae. geniculata was visualized by green FITC fluorescence, whenebgat
chromosomes were counterstained with Propidiunde@Pl) and fluoresce red. Arrows point to

the translocation breakpoint between the’Bvid 5D chromosomes
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Figure 2.4 RFLP analysis of introgression linesSauthern hybridization pattern &coRI-
digested genomic DNA of parents and introgressines| probed with a cDNA of wheat grain
soft protein (GSP). b. Southern hybridization pattef probe GSP t&coRI-digested genomic
DNA of homoeologous group-5 aneuploids of Chingseng.
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Figure 2.5Physical map of chromosome 5D of wheat and infe¢8H and RFLP marker-
based physical maps of recombinant wh&at-geniculata chromosomes 5Mand 5D in a
WL711 background. In the inferred physical mapshef introgression linede. geniculata 5M°
chromatin is indicated by grey blocks. Empty blockpresent the 5D chromosome. The 5D
physical map constructed based on Gill and Rauppg)l Nelson et al. (1995), Qi and Gill
(2001).
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5DL8-0.72-0.76 —» :L‘ Xcdo400

5DL5-0.76-1.00 — Xfbb310, Xfbb323
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Table 2.1Description of wheat stocks used in the presemlystu

TA number PAU number  Generation Designation Descripion
TAG675 BTC 3, 11 Not known DS5M(5D)* Substitutiané
TA5599 T550 BGFs TSMS-5ML-5DL Translocation line
TA5600 BTC91l BGFs DS5M(5D)* Translocation line
TA5601 T598 BGFs T5DL-5DS-5MS(0.75)** Translocation line
TA5602 T756 BGFe T5DL-5DS-5MS(0.95)** Translocation line
TA5603 BTC102 BGFs T5DL-5DS-5MS(0.95)** Translocation line
TA10437 Acc3547 - BUIMIMY (2n=2x=28) g?:}'gf; gfgin";‘;'ata
TA2009 - - - Wichita
TA4325-152 - - - WL711

TA3812 : - . Chinese Spring wifPh' gene
TA2761 i i MM (2n=2x=14) Ae. comosa

(diploid M-genome species)

**Numerical letters in the brackets indicate thachion length of chromosome arm 5DS estimated bas&iS deletion bin
based physical map of Gill and Raupp (1996); Qi @iik(2001)
* It is not confirmed whether the missing A-genomearker alleles of probe GSP in these lines aretduaullisomy for

chromosome 5A or due to homoeologous translocaitween 5A and 5B.
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Table 2.2 Seedlirfgand adult plaﬁtinfection types (ITs) of wheake. geniculata introgression lines and cultivars inoculated with

five races oPucciniatriticinaand one race d?uccinia striiformis

Leaf rust Stripe rust
Cultivar/line PRTUS6 PRTUS25 PRTUSS35 MCDL PNMQ KS2005
(source of resistance) Adul Ul Adul Adul Adul Adul
. ult . ult . ult . ult . ult . ult
seedling plant Seedling plant Seedling plant Seedling plant Seedling plant Seedling plant
(Dgéﬁﬂ6(75|53)) nt tR 2+C tR 2+C tR 2+C tR :2C tR ‘N OR
(TSM;-SAgE/Png'5DL) nt tR 2+C tR 2+C tR 2C tR ;1C tR N 20R
DEQI\S/I‘?(%(I)D) nt tR 12 tR 2+C tR 2+C tR ;1C tR ;1C OR
(T5DL-5I;§-556|\C/)P18(0 75)) nt tR 2C tR 2C tR 1+C tR ;2C tR ;AN OR
(T5DL. 5;2?56,\%(0 o5y M R 2C R 2+C R 2C R 1C R AN OR
(T5DL-5T|5A85-65C|)\;°P?S(O 95)) nt tR 2C tR 2+C tR 1+C tR ;1C tR 0;1N OR
TA10437 nt tR 1C tR X tR 2+C tR :1C tR 1+ OR
TA2009 nt 90S 4 90S 4 90S 4 90S 4 90S 4 70MS
TA4325-152 nt 90S 4 nt 4 90S 4 90S 33C 5MR 3 70MS
TAM107
(susceptible wheat nt 90S 4 90S 4 90S 4 90sS 4 90S 4 90MS-S
cultivar)
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Table 2.2: Footnote

|Ts of seedlings were scored according to the nemtli§takman scale of Roelfs et al. (1992) as ititet! in McIntosh et al.
(1995). The seedling ITs are 0 = no uredinia oeothacroscopic sign of infection, ; = no uredinia mall hypersensitive necrotic
or chlorotic flecks present, ;N = necrotic areatheut sporulation, 1 = small uredinia surroundechbgrosis, 2 = small to medium
uredinia surrounded by necrosis or chlorosis (giskamds may be surrounded by necrotic or chlodoticder ), 3 = medium uredinia
with or without chlorosis, 4 = large uredinia wittlicchlorosis, X = heterogeneous, similarly disttéaliover the leaves, C = more
chlorosis than normal for the IT, + = uredinia sahat larger than normal for the IT, nt = not testddange of variation between
ITs is recorded, with the most prevalent IT listiest (1C, 12, or ;2C).

b At the adult plant stage ratings are based omibdified Cobb scale (Peterson et al. 1948) andidtecHisease severity
(percent leaf area affected) and infection type;r® uredinia or other macroscopic sign of infatfjiotnmune); t = traces ( small

hypersensitive necrotic or chlorotic flecks); Resistant, MR = moderately resistant; MS = modeyatesceptible; S = susceptible.
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Table 2.3Characterization of introgression lines using ptaiy mapped RFLP and cDNA wheat clones ( “+” addridicates the

presence and absence of diagnostically polymotpdricis between wheat and chromosomé &i\e. geniculata)

Wheat-Ae. geniculata introgression lines

Clones TA6675 TA5600 TA5599 TA5601 TA5602, TA5603
DS5M(5D) DS5MY(5D)  T5MYS-5ML-5DL  T5DL-5DS-5MS(0.75)  T5DL-5DS-5MS(0.95)
GSP + + + + +
FBB276 + + + + +
BCD873 + + + + +
BCD1871 + - + + -
BCD1087 + + + - -
PSR128 + + + . -
BCD351 + + + - -
CDO400 + + - - -
FBB323 + + - - -
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CHAPTER 3 - ACRYPTIC WHEAT- Aegilops triuncialis
TRANSLOCATION WITH LEAF RUST RESISTANCE GENE
Lr58

Abstract

Genes transferred to crop plants from wild spearesoften associated with deleterious
traits. Here we report a molecular marker-assidtgdction of a cryptic introgression with a leaf
rust resistance gene transferred frofegilops triuncialis into common wheat. One
agronomically desirable rust resistant intrograsdine was selected and advanced to;BC
from a cross hexaploid wheafé. triuncialis. In situ hybridization usingde. triuncialis genomic
DNA as a probe failed to detect the alien introgi@s. The translocation line was resistant to the
most prevalent races of leaf rust in India and Kan$senetic mapping in a segregating F
population showed that the rust resistance was gemaally inherited. Homoeologous group-2
RFLP markersXksuF11, XksuH16 and Xbgl23 showed diagnostically polymorphic alleles
between the resistant and susceptible bulks. Tiea &lansfer originated from homoeologous
chromosome recombination. The. triuncialis-specific alleles ofXksuH16, XksuF11, Xbgl23
and one SSR markeicfd50 co-segregated with the rust resistance suggetaighe whea#e.
triuncialis translocation occurred in the distal region of ochosome arm 2BL. This
translocation was designated T2BS-2BL{2.95). The unique source and map location of the
introgression on chromosome 2B indicated that #a# fust resistance gene is new and was

designated.r58.
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Introduction

Leaf rust or brown rust (caused Bwccinia triticina Eriks.) is one of the most common
diseases affecting wheat production worldwide. Dgw@ent and deployment of resistant
cultivars has been the most successful, envirorafigrsound and economically viable approach
to combat leaf rust. Incorporating host genetidstaace to this pathogen into adapted elite
germplasm lines is therefore a major objective alstmwheat breeding programs. Numerous
resistance genes have been identified and intregdemto released cultivars (Mcintosh et al.,
1995; Mclintosh et al., 2005), yet the continuousrgance of new races of the pathogen has
been a substantial challenge to breeders attemfatipgoduce cultivars with durable resistance.
Thus, it is necessary to continue to identify fartsources of resistance and incorporate them
into elite breeding lines. Wheat has a narrow deretse, and its wild relatives can be used as a
source of new genes for disease resistance (Dva&@K7; Sharma and Gill, 1983; Gale and
Miller, 1987; Jiang et al., 1994; Friebe et al.9)

Several strategies have been used for transfealieg segments that are smaller than
complete chromosome arms into wheat from non pritgewild species. Sears (1956) used
radiation treatment to transfer a leaf rust resistagenel(r9) from Aegilops umbellulata Zhuk.
to wheat. Recently, Masouid-Nejiad et al. (2002pleited the action of gametocidal genes to
transfer alien chromosome segments to wheat. Baoiizing radiation treatment and gametocidal
genes induce random chromosome breakage and fo$itime broken segments resulting in
translocation chromosomes. The majority of trarsions were between nonhomoeologous
chromosomes, which led to duplication/deficienceesd, thus, were non-compensating and
agronomically undesirable. Alien genes from nongprotor species have been transferred to
wheat through induced homoeologous chromosome ngaitbetween wheat and alien
chromosomes (see the review by Friebe et al., 1986g et al., 1994) by making tRhl gene
ineffective. This was done either by using mutanholl alleles of theéPhl gene (Sears 1972,
Sears 1981) or by usirfeh', an epistatic inhibitor of th@hl gene fromAe. speltoides Tausch
(Riley et al., 1968a,b). These transfers were gealBt compensating because they involved
homoeologous recombination. However, their agrocatesirability depended upon the size of
the alien segments transferred that determinedd#lggee of linkage drag (Jiang et al., 1994;
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Friebe et al.,, 1996). Small interstitial secondaegombinants could be isolated by further
chromosome engineering using the primary recomténéBears, 1972, 1981; Lukaszewski,
2000, 2006). The identification and characterizatad a cytologically undetectable primary
recombinant, with a cryptic wheae. geniculata Roth introgression, suggested that it is feasible
to transfer small alien segments without linkagegdiKuraparthy et al., 2007b).

Aegilops triuncialis L. (2n=4x=28, W'C'C'), a non progenitor tetraploid species, was
found to be an excellent source of resistance tows pests and diseases (Dhaliwal et al., 1991;
El Bouhssini et al., 1998; Romero et al., 1998;jit&ingh and Dhaliwal, 2000; Martin-Sanchez
et al., 2003). Previously, rust resistancefef triuncialis was transferred to wheat using the
induced homoeologous pairing effect of #t¢ gene (Aghaee-Sarbarzeh et al., 2002). Genomic
in situ hybridization (GISH) and simple sequence repeaR(S8arker analysis identified only
one leaf rust resistant whe#: triuncialis recombinant, consisting of most of the completé 5U
chromosome with a small terminal segment derivethf6AS (Aghaee-Sarbarzeh et al., 2002).

Rust resistance ofe. triuncialis also was transferred to wheat without inducing
homoeologous pairing between chromosomes of whehia triuncialis (Harjit-Singh et al.,
2000b; Aghaee-Sarbarzeh et al., 2001). In one fasf resistant line an introgressée.
triuncialis segment was identified on chromosome arm 4BS (&et&arbarzeh et al., 2001).

We selected one leaf rust resistant introgressmenderived from the wheate.
triuncialis cross of Harjit-Singh et al. (2000) for furtherckarossing, molecular characterization
and mapping of the alien introgression. Here, vp@rethe identification and molecular mapping
of the cryptic whea#e. triuncialis rust resistant translocation using cytogeneticrantecular

mapping in a segregating population.
Materials & Methods

Plant material

The introgression line was developed by crossing shsceptible hexaploid wheat
cultivar ‘WL711" with rust resistanfe. triuncialis (TA10438, PAU#3549) and backcrossing the
resultant frwith WL711 (Harjit-Singh et al., 2000; Aghaee-Sadsh et al., 2001). Leaf rust
resistant BGF; plants were selected, backcrossed further to WLAAd selfed to develop
BCsF1:1 lines. In the B@F; and BGF; generations leaf rust resistant plants with falhplement

of wheat chromosomes were selected for furtheringelfln the backcross and segregating
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generations, selection for rust resistance was rmadereening the seedling progenies using the
Indian races 77-5 (avirulent on plants witt®, Lr19, Lr24, Lr25 and virulent ori.rl, Lr3, Lr10,
Lr13, Lrl5, Lr20, Lr23, Lr26, Lr30 Lr33, Lr36, Lr48 and Lr49) and 104-2 (avirulent fokr9,
Lr15, Lr19, Lr24, Lr25 and virulent forLrl, Lr3, Lr10, Lr13, Lr14, Lr16, Lr17, Lr18, Lr20, Lr23
andLr26). The same plants were screened as adults untdmiarrust epiphytotic conditions at
Punjab Agricultural University, Ludhiana, India. &BGF;; resistant introgression line with
normal plant growth and development was selectellfarther screened for resistance to five
leaf rust races (for virulence/avirulence formutae Long et al., 2000) of U.S.A at Kansas State
University, Manhattan, USA (Table 1).

One leaf rust resistant whe&: triuncialis introgression line (TA5605) along with the
original Aegilops triuncialis accession (TA10438), Chinese Spring (CS) and theernpal
cultivars WL711 and Jagger were used for cytogeragtd molecular genetic analysis.

The hard red winter wheat cultivar ‘Jagger (sewgllsusceptible to leaf rust races

PRTUS25 and MCDL of U.S.A) was crossed as a femwdle the introgression line (TA5605).
A total of 118 F plants were used for genetic analysis and moleaui@oping of leaf rust
resistance. From each Blant, 18-20 k seedlings were screened for leaf rust reactiothet
seedling stage. All the plants were grown in theasq pots filled with Scotts Metro Mix 200
(Sun Gro Horticulture Canada CM Ltd).

Screening the plants for leaf rust reaction

The seedling and adult reactions of the paremaislinoculated with the five leaf rust
races are shown in Table 1. Rust inoculations,batian of the infected plants and rust scoring
followed Browder (1971). All Fplants, their parents and line TA5605 were indedavith race
PRTUS25 at the two-leaf seedling stage to screesdgregation of rust reaction. For progeny

testing, 18-20 fseedlings from eachyplant were grown and screened with the same race.

Molecular characterization and mapping

Genomicin situ hybridization was used to determine the size efaten introgression in
line TA5605. GISH was as described in Zhang et24l01) usingAe. triuncialis genomic DNA
as probe and Chinese Spring (CS) genomic DNA dgckér.

Based on previous reports on the association ancbsomes 5A (Aghaee-Sarbarzeh et
al., 2002) and 4B (Aghaee-Sarbarzeh et al., 20@h) Ae. triuncialis derived rust resistance, we
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initially selected 9 and 14 SSRs mapping on chrames5A and 4B of wheat, respectively, for
characterizing the introgression line. Bulk segregmalysis (BSA) with distally mapped RFLP
markers that detect orthologous alleles among tmeet genomes were then used to
diagnostically identify markers and chromosomes@ased with the rust resistance. Three
DNA-bulks each for resistant and susceptible phgrest were made by pooling the DNA of 10
homozygous resistant and 10 susceptiblplants. These DNA bulks along with DNA from the
susceptible cultivars WL711 and Jagger and TA568Eewdigested with six restriction enzymes
(BamHI, Dral, EcoRIl, EcoRV, Hindlll and Xbal). DNA isolation, Southern blotting and

hybridizations were as reported in Kuraparthy et(2007a). In the first attempt a total of 17
RFLP markers mapping distally on homoeolgous grbugnd 2 (Appels 1996; Sharp 1996;
http://wheat.pw.usda.gov/GG2/maps.shtml#wheatvere used for BSA. To physically

characterize the wheat-alien translocation in [I&5605 and determine the translocation
breakpoint with respect to the fraction length & @Geletion bins, 18 RFLP markers mapping
distally in homoeologous group-2 chromosomes ofatt{Pelaney et al., 1995; Nelson et al.,

1995; Dubcovsky et al., 1996; Sharp, 1996; Erayetaal., 2004) were used. A total of 34 SSRs
physically and/or genetically mapped on the longsaof homoeologous group-2 chromosomes
(Roder et al., 1998; Sourdille et al., 2004; Sonatral., 2004) were used for molecular mapping
of the rust resistant introgression to a specificomosome in TA5605. The RFLP and SSR
markers diagnostically identifying the. triuncialis segment in TA5605 were mapped in the F

population to genetically map the leaf rust resiséa

Linkage Analysis

The computer program Mapmaker (Lander et al., 19€r3ion 2.0 for Macintosh was
used to calculate linkage using the Kosambi mappumgtion (Kosambi, 1944) with an LOD
threshold of 3.00.

Results

Rust reaction of the introgression line

At the seedling stage, the introgression line shibweclear, hypersensitive resistant
reaction (Fig. 1a) to leaf rust races PRTUS6, PRA%J&d MCDL, and a susceptible reaction to
races PNMQ and PRTUS35 (Table 1). The recipient avrmultivar WL711 was highly
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susceptible at the seedling stage (Table 1; Fig.Llae TA5605 was resistant (Fig. 1b) to races
PRTUS6, PRTUS25, MCDL and PNMQ at the adult-plaage but was susceptible to race
PRTUSS35 (Table 1). Cultivar WL711 (havihg13) was highly susceptible to all races of leaf
rust except PNMQ (avirulent drr13) at the adult-plant stage (Table 1).

Segregation for leaf rust reaction was analyzeddsgening the fand F; populations at
the seedling stage using race PRTUS25. Theldats and progenies showed clearly different
infection types (ITs) for resistance (; to ;1C)dausceptibility (3+ to 4) (data not shown).

Genetic analysis of rust resistance

The k, population of 118 plants developed from JaggeA3605 segregated 86 resistant
: 32 susceptible plants, a good fit for dominannogenic (3:1) segregation. Progeny of these F
plants when tested with race PRTUS25 gave 34 hogoasyresistant, 52 heterogygous resistant
and 32 homozygous susceptible lines. This furthhelicated that leaf rust resistance in the

introgression line was monogenically inherited.

Molecular characterization of the alien introgressn

No signal could be detected in the introgressioa TA5605 wherAe. triuncialis DNA
was used as probe in thesitu hybridization experiments (data not shown). Thdicated that
the introgressede. triuncialis chromatin in the leaf rust resistant translocalié®605 was very
small and cytologically undetectable.

None of the tested 23 SSRs of chromosomes 5A antldified theAe. triuncialis-
specific introgression in the translocation line 5685 (data not shown). This suggested that
either the leaf rust resistant introgression in 8% is different from previous reports of
Aghaee-Sarbarzeh et al. (2002) and Aghaee-Sarbatzah (2001) or the marker density might
not be enough to detect the leaf rust resistargneéssion ofAe. triuncialis in TA5605. Bulked
segregant analysis of the homozygous resistant sarsteptible ¥ bulks was used for
chromosome mapping and tagging of the leaf russtead introgression using distally mapped
RFLP markers. Of the initial 17 RFLP markers foimu@ologous group 1 and 2 used in the
BSA, 13 were polymorphic between Jagger and TA560@B one or more restriction enzymes.
None of the seven polymorphic RFLP probes of horogewus group-1 chromosomes identified
the diagnostic polymorphism between resistant arsg¢eptible bulks. Probe KSUF11, mapped
on homoeologous group-2 chromosomes of wheat, ifsishtliagnostically polymorphic alleles
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between the resistant and susceptible bulks. Thgmpophic fragments detected by probe
KSUFL11 in the resistant bulks were specificAm® triuncialis with all the six enzymes used in
BSA (Table 2). This indicated the presenceédeftriuncialis chromatin and its association with
rust resistance in the translocation line TA5605.

We further selected 18 additional RFLP markers #ete genetically and/or physically
mapped on the homoeologous chromosome arm 2L faracterizing the translocation in
TA5605. The diagnostic marker patterns of soménefihformative probes are given in Table 2.
From this set of markers two RFLP probes KSUH16 B&d.23 further showede. triuncialis-
specific diagnostic polymorphism between resistart susceptible bulks with all six enzymes
used (Table 2). Probe KSUH16 detected the replacerok one of the wheat group-2L
chromosome alleles, by tie. triuncialis homoeologous chromosomé)(® line TA5605 (Fig.
2). FurthermoreAe. triuncialis specific alleles of RFLP probes KSUH16, BG123 &8UF11
co-segregated with leaf rust resistance in thenfapping population. This unequivocally
indicated that the rust resistance of the transimecaline TA5605 was derived from
homoeologous group-2 chromosomedAef triuncialis, and the introgression occurred onto the
homoeologous chromosome arm 2L of wheat through odeshtdgous recombination. The
diagnostically polymorphic alleles between resist@md susceptible bulks generated by RFLP
markers XksuD23, Xbcd410 and Xpsr609 were not specific toAe. triuncialis (Table 2)
suggesting that these markers were linked with rtret resistance and physically mapped
proximal to the breakpoint of the whe&t- triuncialis translocation.

The wheat-alien translocation in line TA5605 wasysitally characterized and the
translocation breakpoint was determined with resp@the fraction length of the CS deletion
bins based on the presence or absence of diagmmjimorphisms between chromosomés 2
of Ae. triuncialis and group-2 chromosomes of wheat using physicalipped RFLP markers.
None of the markers, physically mapped in the deidbins 2L-0.69-0.70, 2L-0.70-0.76 and 2L-
0.76-0.85, diagnostically identified tiAe. triuncialis segments (Table 2; Fig. 3) in line TA5605.
Only three KksuH16, XksuF11 andXbg123) out of 10 informative RFLP markers mapped in the
deletion bin 2L-0.89-1.00 diagnostically identifigde Ae. triuncialis-specific chromatin in
translocation line TA5605. This suggested that bineakpoint of the translocation in line
TA5605 was located in the deletion bin 2L-0.89-10d@he consensus physical map and that the
size of the introgressed segment was less thandfO¥te long arm of wheat chromosome 2L
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(Fig. 3). Because the deletion bin 2L-0.89-1.0C@isensus map was the same as the deletion
bin 2BL6-0.89-1.00 of 2B (Delaney et al., 1995) theogressed segment is actually less than
10% of the long arm of wheat chromosome 2BL.

To identify and establish the specific wheat chrearoe involved in the whede.
triuncialis translocation in TA5605, physically and genetigatiapped homoeologous group-2,
chromosome-specific SSR markers were used. Owlg50 of 34 SSR markers surveyed
diagnostically identified theAe. triuncialis-specific segment in TA5605¢cfd50 amplified a
single, high-molecular-weight band specificAe. triuncialis in TA5605, and a low molecular
weight band in Jagger. Molecular mapping in thg@épulation showed that the. triuncialis-
specific allele ofXcfd50 cosegregated with the leaf rust resistance gemeideisly Xcfd50 was
mapped physically and genetically to the distalae@f chromosome arms 2BL and physically
in 2DL of wheat (Sourdille et al., 2004). To alleeahe Xcfd50 allele associated with rust
resistance to specific homoeologous group-2 chromes SSR markers were further used for
molecular mapping. Of the 34 SSRs surveyed formolphism between TA5605 and Jagger,
three were codominant, six were dominant and 24ewwest polymorphic. Four dominant
(Xgwm365, Xgwm?265, Xgwmb01, Xcfd267) and the three codominant SSR markeigvm311,
Xgwm294, Xbarc76) and four RFLP markers<ksuD23, XksuH16, XksuF11 andXbgl123), were
then mapped in the ;Fpopulation to identify linkage of the rust resista gene with
chromosome-specific SSRs. None of the SSRs spetufichromosome 2A Xgwm365,
Xgwm265, Xgwm?294, Xbarc76) and 2D Kgwm311) showed linkage with the leaf rust resistance
gene or with the diagnostic markexksuF11l, XksuH16 and Xbgl23, thus suggesting the
diagnostically polymorphic allele ofcfd50 was associated with chromosome 2B. Hence, the
rust resistance gene frofe. triuncialis in TA5605 was in chromosome arm 2BL. The identity
of the Ae. triuncialis chromosome arm (Z2U or 2CL ) involved in the translocation T2BS-2BL-
2'L(0.95) is unknown.

Discussion
In the present study, we report the identificataord molecular mapping of a small alien
translocation with a leaf rust resistance genesteared fromAe. triuncialis to wheat without
disruption of the normal bivalent pairing controBecause thePhl gene suppresses

homoeologous pairing between wheat and alien chsomes, such a transfer of alien chromatin
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was unexpected. There are two possible mechanmnise origin of wheat-alien translocations.
One is through spontaneous breakage and reuniomhe&t and alien chromosomes during
introgressive hybridization. The second is throdgimoeologous pairing and recombination
between homoeologous chromosomes. The moleculakemadata showed that wheat
homoeoloci were substituted by alien homoeoloc iprecise recombination-like manner (Fig.
2).

Spontaneous transfers due to low level of pairiegenfrequently observed in hybrids of
hexaploid wheat ande. triuncialis (Romero et al., 1998; Harjit-Singh et al., 1998)d of
hexaploid or tetraploid wheat ai@. peregrina (Yu et al., 1990; Spetsov et al., 1997). Although
wide variation existed among various homoeologohgmosomes and genotypes, meiotic
pairing frequencies, as high as 80-85% were obdemewheat /Ae. geniculata hybrids
(Cifuentes et al., 2006). This low level of pairimgwheat / alien hybrids was used to transfer
Hessian fly resistance (Martin-Sanchez et al., 20&83d cereal cyst nematode resistance
(Romero et al., 1998) genes frake. triuncialis, and powdery mildew resistance (Spetsov et al.,
1997) and root knot nematode resistance (Yu etl@B0) genes fromhe. peregrina to wheat.
Such low levels of chromosome pairing in wheat wedesses could be due to partial homology
between wheat and alien chromosomes, or to inéftawtss of théPhl gene in preventing
homoeologous chromosome pairing in the distal nggtombination gene-rich regions of wheat.
Romero et al. (1998) and Martin-Sanchez et al. 32@&peculated that transfers derived from
wheat /Ae. triuncialis hybrids could be due to the ability of the C-genameuppress thEhl
diploidization mechanism (Kimber and Feldman, 198¥wever, such an effect might not be
the case in the present work, because a low ldvehmmosome pairing was observed in the
wheat /Ae. triuncialis hybrid originally used to transfer the rust remnste (Harjit-Singh et al.,
2000b). Previously, Jena et al. (1992) reportedsgpentaneous introgression of chromosomal
segments conferring resistance to brown planthofmmen Oryza officinalis Wall Ex Watt
chromosomes to those Of sativa L.

We identified one rust resistant alien translocatine (TA5605) with a cytologically
undetectable alien segment froke. triuncialis. Based on GISH and molecular mapping, we
previously described a method for estimating tlze sif alien introgressions (Kuraparthy et al.,
2007b). The translocation in the present study dexribed as T2BS-2BL120.95). Because

the specific homoeologous group-2 chromosomAeotriuncialis involved in the translocation
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was unknown we identified the donor chromosome 'as here' refers toAe. triuncialis
chromosome. We termed this small introgression,eteaded by cytological analysis as a
‘cryptic alien introgression’ (Kuraparthy et alQ@7b). The ‘cryptic’ nature of th&e. triuncialis
introgression in T2BS-2BLY2(0.95) was supported by molecular mapping, wheilg three of
10 otherwise informative RFLPs in deletion bin 2BL.89-1.00diagnostically identified thée.
triuncialis chromatin (Table 2; Fig. 3). A nonconventional aedination mechanism was
speculated for such introgressions in rice (Jera.etl992). It is not known if a cryptic alien
introgression can occur in the absence of a chissmaeiotic association in wheat, but the
precise exchange indicates a recombination likateve

PreviouslyXksuH16 was placed in bin 2L-0.85-0.89 antdsuF41 was mapped in the
distal deletion bin 2L-0.89-1.00 in a consensusspa map of homoeologous group-2
chromosomes (Delaney et al., 1995). This ordeiighiy unlikely because most of the genetic
maps indicated thaxksuF41 was proximal taxksuH16 (Nelson et al., 1995; Gill et al., 1991;
Gale et al., 1987; Sharp, 1996) ai#isuH16 incorrectly was placed in the deletion bin
apparently due to the lack of polymorphism betwbemoeoalleles in the physical mapping
experiments of Delaney et al. (1995). The absehdeagnostically polymorphic alleles between
the resistant and susceptible bulks X#ésuF41 and the identification ofe. triuncialis-specific
alleles byXksuH16, and by the most terminally mapped markigl23 of Dubcovsky et al.
(1996), suggest that the whesg-triuncialis introgression in TA5605 is a terminal transferrOu
results also suggest thétsuF41 should be proximal t&¥ksuH16 and thaixksuH16 is in deletion
bin 2L-0.89-1.00.

Identification of cryptic alien introgressions witlisease resistance froAe. triuncialis
in the present study and froke. geniculata reported previously (Kuraparthy et al., 2007b)
suggest that it is feasible to transfer diseasstease genes with the minimal linkage drag from
wild species by selecting rust resistant backcaesvatives with no obvious effect on plant
growth, and by characterizing lines using GISH tardhinally mapped molecular markers from
genetic and physical maps. Using this strategyshmved conclusively that cryptic wheat-alien
introgressions with rust resistance can be producedheat.

Previously, for the detection and characterizatbreritical recombinants in targeted
chromosome engineering, diagnostic cytological @ndholecular markers specific to the

chromosome or chromosome arm targeted for aliee ggamsfer were used (Lukaszewski and
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Xu, 1995; Lukaszewski, 2000; Igbal et al., 2000;eQal., 2007). However, characterization and
mapping of cytologically undetectable cryptic ali@mrogressions from wheat-alien direct
crosses require rapid and efficient strategies sischulked segregant analysis (Michelmore et
al.,, 1991). Using BSA, we not only quickly detectdte wheat chromosome involved in
TA5605, but also identified thée. triuncialis-specific segment associated with leaf rust
resistance gerler58 in T2BS-2BL-2.(0.95).

Cryptic wheat-alien introgressions, especially teahsegments are the most desirable
and feasible translocations for transferring dise@sistance genes in wheat, because disease
resistance genes are mostly located in the termieabmbination-rich regions of grass
chromosomes (Leister et al., 1998). The physicahllpation of expressed resistance gene
analogs on wheat chromosomes showed that aboub7#% R genes mapped in the distal 20%
of the chromosomes; most of the wheat R genes preigent in the telomeric or subtelomeric
regions (Dilbirligi et al., 2004). This also waspported by physical mapping of linked markers
and ESTs in a core set of CS deletion lines (Qalgt2004). In wheat recombination also is
unevenly distributed, where 90% of the recombimabacurrs in the distal regions towards the
telomeric ends of the chromosomes (Gill et al., 3t9Qukaszaweski and Curtis, 1993;
Lukaszaweski, 1995). Furthermore, homoeologousmbatation appears to be highly localized
and occurs distal to homologous recombination (ketial., 2000; Lukaszewski et al., 2003,
2005). Wheat-alien transfers were mostly deriveaimfrsingle crossover events. Only two
breakpoints were detected by a single RFLP markarsample of eight wheat-rye recombinants
for the 1RL arm of rye probed with 36 RFLP markdRogowsky et al., 1993). All
recombination events were restricted to the didi8% of the arm in wheat-wheatgrass
recombinants with wheat streak mosaic virus resteta(Qi et al., 2006). Kuraparthy et al.
(2007b) provided further evidence for such trarssferhere the smallest wheaggilops
geniculata cryptic terminal introgression withr57 andYr40 was found to be less than 3.5% of
the chromosome arm 5DS. Identification of such teamnsingle breakpoint transfers needs
molecular or cytological markers mapped at or nds telomeric ends of the wheat
chromosomes. Physically and genetically mapped RFLPand SSRs
(http://wheat.pw.usda.gov/GG2/maps.shtml#wheatand bin-mapped EST  markers

(http://wheat.pw.usda.gov/NSF/project/mapping_dial) could be an ideal resource for such
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markers. The rice genomic sequence also may belusetlevelop markers if the wheat-rice
synteny is conserved in such regions.

Although the resistance gehes8 transferred fronfe. triuncialis to wheat in the
present study has not been deployed in any cultiviaulence to this gene exists in races
PNMQ and PRTUS35 (Table 1) of North America. Thiege races are virulent dor58 both at
seedling as well as at adult plant stage (Table&aigh virulence to genes transferred to wheat
from Aegilops tauschii (Lr39 and Lr4l) and T. monococcum (an unnamed gene in
KS92WGRC23) has been detected prior to deploymetitese genes in agriculture (Hussien et
al., 1997; Raupp et al., 2001). In each of thesesg, virulence was found Ruccinia triticina
race PNMQ. Interestingly the race PNMQ is also leinti to the genekr9 andLr24 that were
transferred to wheat fromegilops umbellulata and Thinopyrum ponticum. The presence of
virulence to new genes derived from wheat relatmasr to development of resistant cultivars
will limit the usefulness of these genes unless/ thee deployed in combination with other
effective genes for resistance to leaf rust. Ideation of markers (SSR mark&icfd50, RFLP
markersXksuH16, Xbgl123, XksuF11) linked toLr58 provide a tool to incorporate this gene into
pyramids that include other effective resistanagege

Homoeologous group-2 chromosomes of wheat contaisaat 19 catalogued genes for
leaf rust resistance. Except farll (2A) andLr35 (2B) whose arm location is unknown, most of
the resistance genes were mapped on the shortarimemoeologous group-2 chromosomes
(see_http://www.ars.usda.gov/Main/docs.htm?doci@4P) Only three leaf rust resistance genes

have been mapped to homoeologous chromosome arof ®heat, and all three were derived
from wild related species. Resistance gém88 mapped on chromosome 2AL was a non
compensating translocation froAgropyron intermedium (Friebe et al., 1993). Resistance gene
Lr54 mapped on 2DL was derived from a whole arm traraglon fromAe. kotschyi (Marais et
al., 2005).Lr50 mapped on 2BL was introgressed fréniticum timopheevii subsparmeniacum
(Brown-Guedira et al., 2003). Furthermore, chrommoscarm 2L contains at least three stripe
rust resistance gene¥rd, Yr7 andYr37) and five stem rust resistance ger@® @llelic series,
16, 20, S21 and S28) (see_http://www.ars.usda.gov/Main/docs.htm?dobitB49. In this

study, mapping of the leaf rust resistance da® in the distal region of chromosome arm 2BL

suggests the presence of either conserved orthadogdoci in 2L or the genomic region of 2L
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is rich in resistance genes. Precise genetic mgppsmg linked RFLP markers that produce

orthologous alleles in the chromosome arms 2L ¢es&ary to characterize such regions.
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Figure 3.1 Rust resistance in introgression lin&8@6 with T2BS-2BL-2.(0.95).
a. Leaf rust (race: PRTUS25) reaction of the parant TA5605 at the seedling stage.
b. Leaf rust (race: MCDL) reaction of the paremd a&A5605 line at the adult stage.
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Figure 3.2Molecular mapping of rust resistant introgressi@B3$-2BL-2L(0.95) using bulked
segregant analysis. Southern hybridization patémEcoRV-digested genomic DNA of parents
and bulks from homozygous resistant and suscefibdants using probe KSUH16. The RFLP
fragments diagnostically polymorphic between resistand susceptible bulks are indicated by
arrows. The WL711 allele of KSUH16 replacedAsy triuncialis specific allele is indicated with

an asterisk.
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Figure 3.3Physical map of chromosome 2B of wheat and infei&@8H, RFLP and SSR

marker-based physical map of recombinant wieattriuncialis chromosomes 2B and
WL711 background. In the inferred physical maphef introgression line T2BS-2BL'L20.95),

Ae. triuncialis 2' chromatin is indicated in grey. The solid blackds represent the C-banding

pattern of chromosome 2B. The 2L consensus physiegl was based on Delaney et al. (1995),
Nelson et al. (1995), Dubcovsky et al. (1996), $H{a©96), Sourdille et al. (2004) and Erayman
et al. (2004). Markers used in the present stueyshown in bold.
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Table 3.1Seedling and adult-plarfitreactions of TA5605 and parents. * Resistancetolel3

Leaf rust race

Cultivar/line
(source of PRTUSG6 PRTUS25 PRTUS35 MCDL PNMQ
resistance) Adul Adul Adul Adul Adul
. ult . ult . ult . ult . ult
Seedling plant Seedling plant Seedling plant Seedling plant Seedling plant
TA5605
(T2BS-2BL- ; 5MS ; 5MS 4 90S 1 5MS 3+C 5MS*
2'L(0.95))
WL711 3+ 90S 4 90S 4 90S 4 90S 3+ 5MS*
Jagger nt nt 3+C nt 3+C nt 3+ 80MS 3C nt
Wichita 4 90S 4 90S 4 90S 4 90S 4 90S
(control)

105



Table 3.2 Diagnostic RFLP marker patterns in the resistand @wsceptible bulks and

introgression line TA5605. “W” indicates a WL711ed, “J” indicates a Jagger allele andL"2

indicates aAe. triuncialis specific allele, and ‘W/J’ either Jagger and/or MWWL1 allele(s)

(diagnostically not polymorphic between resistard ausceptible bulks)

CS deletion bin

Diagnostic polymorphism

Wheat- Ae. triuncialis

Clone location Resistant Susceptible | introgression line
bulk bulk T2BS-2BL-2L(0.95

KSUDS8 21.-0.69-0.70 W/J WA W
KSUF15 21.-0.70-0.76 WA W/J W
KSUE16 2L-0.76-0.85 W/J (WA W
KSUD22 21.-0.76-0.85 W/J W/J W
BCD135 2L-0.76-0.85 W/J (WA W
KSUH9 2L-0.89-1.00 WiJ W/J W
KSUF41 21.-0.89-1.00 W/J WiJ W
CDO678 2L-0.89-1.00 Wi/J Wi/J W
FBAS 2L.-0.89-1.00 WA WA W
BCD410 21.-0.89-1.00 W J W
KSUD23 21.-0.89-1.00 W J W
PSR609 21.-0.89-1.00 W J W
KSUH16 21.-0.89-1.00 b J 2L
KSUF11 21.-0.89-1.00 P J 2L

BG123 21-0.89-1.00 ‘P J 2L
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CHAPTER 4 - MUTATIONAL AND COMPARATIVE GENOMIC
ANALYSIS OF WHEAT- Aegilops geniculatRUST RESISTANT
INTROGRESSION USING WHEAT ESTs AND SYNTENY WITH
RICE

Abstract

The wild relatives of crop plants are sources @ffulsgenes, but such genes transferred to
agricultural crops are often associated with delatis traits. Previously, the highly effective leaf
rust and stripe rust resistance gehes7 and Yr40, were transferred fromegilops geniculata
(UM9) into common wheat in the form of a small wheaaltranslocation T5DL-5DS-
5M9S(0.95) with no obvious effects on plant growth amoiphology. Identification of leaf rust
and stripe rust susceptible mutants after treatnweith ethyl methanesulphonate (EMS)
indicated that leaf rust and stripe rust resistaimcd5DL-5DS-5MS(0.95) was due to two
independent genes. Molecular characterization ysiygically mapped ESTs of the deletion bin
5BS6-0.81-1.00 identified eight ESTs diagnosticaltecting theAe. geniculata segment in
T5DL-5DS-5MS (0.95). Genetic mapping of the ESTs in a dipldigenome E population
suggested that the alien segment size in T5DL-5M%80.95) corresponds to less than 3.3 cM
in genetic length. Comparative genomic analysiagisiheat ESTs and rice BAC/PAC sequence
indicated a high level of colinearity between tl&tal region of chromosome arm 12 of rice and
the genomic region spanning the57 and Yr40 genes in wheat. Tha&e. geniculata segment,
with leaf rust and stripe rust resistance gdoes and Yr40, spans less than four overlapping
BAC/PAC clones of the syntenic rice chromosome aéh. A rust susceptibléde. geniculata
accession was identified and used to develop a mgygopulation for segregation analysis and
the molecular cloning dfr57 andYr40 using a shuttle mapping approach. A BAC contithwi
29 overlapping BAC clones die. tauschii was anchored to the alien segment in T5DL-5DS-
5M9S(0.95) for establishing a BAC-based physical nmaghé&Lr57 andYr40 genomic region.
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Introduction

Wild relatives and related species are an imporsanrce of genes for broadening the
genetic variability of host-plant resistance to maliseases in wheat. Due to suppressed and
restricted homoeolgous chromosome recombinationwdst wheat and wild species
chromosomes, the transfer of a target gene fromilé nelative (often referred to as alien
species) to a crop plant is difficult and oftenaupanied by unacceptable wild traits because of
linkage drag. Various procedures for chromosome ipodation, generally referred to as
“chromosome engineering” have been developed tocowee linkage drag and reduce the size
of the alien chromosome segment transferred toop ptant genome. The identification and
characterization of cytologically undetectable @ignrecombinants, with cryptic wheat-alien
introgressions with rust resistance, suggests ithatfeasible to transfer small alien segments
without the usual linkage drag and further chrormesangineering in wheat (Kuraparthy et al.
2007b, c).

Cryptic wheat-alien introgressions, especially ieahsegments are the most desirable
and feasible translocations for transferring dise@sistance genes in wheat (Kuraparthy et al.
2007b, c) because disease resistance genes atg tnoated in the terminal gene-rich regions
of grass chromosomes (Leister et al., 1998; Dithiret al., 2004; Qi et al., 2004). In wheat
recombination is unevenly distributed. Ninety patcef the recombination occurs in the distal
regions towards the telomeric ends of the chromeso(®ill et al., 1993; Lukaszewski and
Curtis 1993; Lukaszewski 1995). Furthermore, hornfumggmis recombination appears to be
highly localized and occurs distal to homologousorebination (Luo et al, 2000; Lukaszewski et
al. 2003; Lukaszewski et al. 2005) and wheat-aliansfers mostly derived from single cross
over events.

Characterization of a wheat-alien chromosome tcaasion includes the identification of
the translocated chromosome, localization of treakpoint, and estimation of the amount of
transferred alien chromatin. Identification and reloterization of a cytologically invisible,
wheat-alien introgression needs the distal moskenarmapped at or near the telomeric ends of
wheat chromosomes. C-banding was applied to dateramount of alien introgression based on
diagnostic banding polymorphism (Lukaszewski andt&fson 1983; Lapitan et al. 1984; Friebe
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and Larter 1988). However, banding techniques armfermative because of a lack of
diagnostic bands and the existence of confusingdibgnpolymorphism in different wheat
genotypesin situ hybridization, using species-specific and dispensgubtitive DNA sequence
as probes, was later used for characterizing whlgsi-translocations (Appels and Moran 1984;
Rogowsky et al. 1991; Lapitan et al. 1984). Genomisitu hybridization (GISH) using total
genomic DNA, either in combination with enzymatmar reactions as described by Rayburn
and Gill (1985) or with fluorescent conjugates (Balzacher et al. 1989), provided a direct and
precise method of physical mapping. However, gsslution level of GISH is too low to reveal
the presence of some distally located breakpoihtkaszewski et al. 2005). DNA-based
molecular markers offer a method to identify andarelsterize cryptic alien introgressions.
However, the resolution level and saturation ofcheomosomal regions with molecular markers
in existing wheat maps is not adequate for thippse (Dubcovsky et al. 1998; Rogowsky et al.
1993; Young and Tanksldp89).

Currently, more than 600,000 wheat expressed segutags (EST) sequences
representing 128,000 unique transcripts are degbsitin  public  databases
(http://www.ncbi.nlm.nih.gov/dbEST//dbeST_summatml) by the National Science

Foundation (NSF)-funded wheat EST project and othéslic and private entities. A set of
wheat deletion lines was used to locate more tl&e@0D EST loci to specific chromosome bins
by the wheat NSF-EST project (Qi et al. 2004). H8I sequences and mapping data provide a
valuable resource for genome analysis, identifocatf candidate genes of interest, predicting
the biological function of the genes, and compaeagienomic analysis in wheat.

Although, the grass family originated approximatBh-70 million years ago (Kellogg
2001), comparativenapping studies using restriction fragment lengdhymorphism markers
have revealed extensive conservation of gene cbatehorder, termed synteny or colinearity,
among the genomes of cereal crops such as ricegtwbarley, rye, oat, maize, and sorghum
(Ahn et al. 1993; Keller and Feullet 2000; Mooreaktl995; Van Deynze et al. 1995; Devos and
Gale 2000). The conservation of gene order witthe grass family provides a unique
opportunity to transfer information from the contplg sequenced genome of rice to other grass
species. Comparative analysis of the wheat aredgeamomes was conducted by investigating
the syntenic relationships of bin-mapped ESTs wh#h rice genomic sequence (Sorrells et al.
2003; Conley et al. 2004; Franki et al. 2004; Hossa al. 2004; La Rota and Sorrells 2004;
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Linkiewicz et al. 2004; Munkvold et al. 2004; Peeigal. 2004). Although the remaining EST
sequences have not been mapped, the existing gyméneen rice and wheat, and other cereals
can be exploited to target the trait of interesthwespect to the rice genomic sequence. This
could enable marker enrichment in map-based cloamdjor candidate gene analysis for the
target trait in wheat. Although some studies ofirerity between wheat and rice at the
sequence (micro) level indicated good level of eovation (Yan et al. 2003; Chantret et al.
2004; Distelfeld et al. 2004), many have reportesl daccurrence of multiple rearrangements in
gene order and content (Bennetzen 2000; Feuiletatler 2002; Li and Gill 2002; Sorrells et
al. 2003; Francki et al. 2004; Lu and Faris 20@a)linear regions of rice can be a useful source
of markers for saturation and high-resolution magpof target genes in wheat (Liu and
Anderson 2003; Distelfeld et al. 2004; Valarik et2006; Mateos-Hernandez et al. 2005).

Our goal is the genetic analysis and genomic tergeif the translocation T5DL-5DS-
5M9S(0.95) and developing genetic and molecular ressufor the map-based cloning of the
leaf rust and stripe rust resistance geheS7 and Yr40. Previously, we identified and
characterized wheae. geniculata Roth. translocation line T5DL-5DS-5%8(0.95) with leaf and
stripe resistance genés57 andYr40 (Kuraparthy et al. 2007b). Th&e. geniculata segment
with rust resistance genes was estimated to bethess3.5% of the chromosome arm 5DS in
T5DL-5DS-5M'S(0.95) (Kuraparthy et al. 2007b). In the preseatlg we report the genetic
analysis of rust resistance using mutagenesis ambngic targeted mapping of the alien

chromatin using comparative genomic analysis.
Materials & Methods

Plant material

Leaf and stripe rust resistant introgression limese derived by crossing disomic
substitution line DS 55D) with the Chinese Spring (C®h' stock (Chen at al. 1994) and
crossing the Fwith susceptible bread wheat cultivar WL711 (Agh&aebarzeh et al. 2002).
Five BGFs (TA5599, TA5600, TA5601, TA5603) and one B¢ (TA5602) lines resistant to
leaf rust and stripe rust were developed by badsing, selection and selfing (Kuraparthy et al.
2007b). The five rust resistant whe's- geniculata introgression lines along with the resistant
substitution line TA6675 (DS5/(5D)), the susceptible recurrent parent WL711 atiginal rust
resistance donor accession (TA10437)Aef geniculata (2n=28, JU'MM9), and Chinese
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Spring were used for cytogenetic and molecularadtarization using ESTs and synteny with
rice.

An F; population of 118 plants developed from a croga/éenTriticum monococcum L.
subsp monococcum (TA4342-96) andT. monococcum subsp. aegilopoides (link) Thell.
(TA4342-95) was used for the genetic mapping ofvitneat ESTs and STS (sequence tagged
sites) markers developed from wheat-rice synteny.

A total of 10 accessions d#e. geniculata were screened for the leaf and stripe rust
reaction at the seedling stage (Table 5). AmBpping population of 200 plants was developed
by crossing a susceptible accession TA1800 withsh mresistant accession (TA10437) A#.

geniculata for segregation analysis bf57 andYr40.

Ethyl methanesulfonate treatment and recovery of tamnits

1,400 seeds of TA5602 were presoaked in 0.05 M pitaie buffer (NabPO, +
NaHPQ,) for 8 hours then treated in a 0.35% (v/v) soltad ethyl methanesulphonate (EMS)
in the same buffer for 16 hours at 20C. The EMIBtEm was aerated by gentle agitation on a
shaker during treatment. Treated seeds were washradning tap water for 1 minute to remove
the EMS solution from the surface. Seeds were dpieefly with paper towels and seeded
immediately in root trainers with regular soil mix the greenhouse. The Mlants were
maintained at 20-24°C under a supplemental fluemstghting with a 16/8 hour day/night
cycle.

From each M family, about 6-12 M seedlings were grown and screened for mutants
compromised in rust resistance; [lants were tested for their reaction to race MGiblLleaf
rust at adult-plant stage just after the boot eewmrg. Procedures for rust inoculation,
incubation, and scoring of reactions were as desdripreviously (Kuraparthy et al. 2007b).
Susceptible M plants were propagated by self fertilization teelep homozygous, susceptible
mutant lines in the M In the Ms generation 8-12 plants from each plant were tested for their

reaction to stripe rust isolate KS2005 of race R8U-and race MCDL of leaf rust.

Wheat-rice synteny

The terminal region of homoeologous group-5S chomee arms is syntenic to the
distal region of chromosome 12L of rice (La Rota &orrells 2004; Sorrells et al. 2003) and
was targeted for comparative genomic analysis.ty#wo unique wheat EST sequences that

111



mapped in the deletion bin 5BS6-0.81-1.00 (httgh&at.pw.usda.gov/cgi-
bin/westsgl/map _locus.qgi were used to search the rice genome database
(http://tigrblast.tigr.org/euk-blast/index.cgi?peoj=0sa) using BLASTn (Altschul et al. 1997).

Sequences in the target region of the rice genoare ®also used as queries in BLASTn searches
of the wheat EST database. The Institute for Geod®aisearch (TIGR) wheat gene index TaGl
release 10.0 (http://tigrblast.tigr.org/jgias used to study the level of synteny and hogyotd

the unmapped wheat ESTs with the syntenic rice BA@sterial artificial chromosomes) and
PACs (R artificial chromosomes) physically spanning tm&7 andYr40 genomic region. Wheat
EST sequences with high levels of homology (E w&lless than e-15) to sequences selected
from the specific BACs/PACs of chromosome 12L oEnwvere used to design primers for EST-

based STS markers. Primer design was done witheP3isoftware (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgiand amplicons of 160-400 bp were targeted.

Polymerase chain reaction (PCR) amplifications werdormed in 25+ reactions with
2.5ul of 10x magnesium-free PCR buffer, 1U50f magnesium chloride (25 mM), 2.0 of
dNTPs (2.5 mM each dNTP),d each forward and reverse primer (10 pmip)/and 100 ng of
DNA in a PTC-200 thermal cycler (MJ Research). Rrimnnealing temperatures varied from 50
to 60°C depending on the primers. All PCR produatse resolved in 1% agarose gels with 1X
Tris—borate EDTA (TBE) buffer and visualized usetidium bromide staining. After verifying
the fragment sizes of the PCR products from EST-®agers in agarose gels, fragments were
eluted using a NucleoTrap® Gel Extract Kit (BD Bestwes Clontech, Palo Alto, CA) as per the
manufacturer’s instructions. Purified PCR produetswguantified using a NanoDrop ND-1000
UV-VIS spectrophotometer (Agilent Technologies,PAlto, CA, USA) and ligated to$§™T
Easy Vector System | (Promega, Madison, WI) acogydo the manufacturer’s instructions. For
all PCR products, excess salts were removed by dihiafysis using 0.025 pum dialysis
membranes (Millipore, Billerica, MA). The ligatedxture was transformed into competent cells
of E. coli strain DH10B (Invitrogen, Carlsbad, CA) by eleginoation using a Cell-Porator (Life
technologies, Invitrogen, Carlsbad, CA). The transfation product was then mixed with SOC
medium and incubated in a shaker for 1 hour at 3fgproximately 8-15 ul of this incubated
mixture was inoculated on Luria-Bertani (LB) medintaining carbenicillin and X-gal. Ten to
20 white colonies of each transformant were sefeeied grown in liquid LB containing 50

mg/ml carbenicillin for 8-12 hours. Plasmid DNA waslated from three well-grown cultures
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for each transformant using a Qiagen Plasmid Mini(Riagen Inc., Santa Clarita, CA) as per
the manufacturer’s instructions. Positive clonegewigentified through sequence alignment

using  bl2seq of NCBI_(http://www.ncbi.nlm.nih.gblast/bl2seqg/wblast2.cgiand positive

clones were PCR amplified using the standard Mir8g The PCR product was purified using
QIAquick PCR Purification kit (Qiagen Inc., Santdafta, CA) as per the manufacturer’s
instructions. About 50 ng of PCR product was theedufor molecular genetic mapping. All
markers that showed polymorphism betw&emonococcum andT. aegilopoides were mapped
genetically in the Fmapping population. Southern hybridization and RFhapping was done
as reported previously (Kuraparthy et al. 2007T&e computer program Mapmaker (Lander et
al. 1987) version 2.0 for Macintosh was used tcudate linkage distances using the Kosambi

mapping function with an LOD threshold of 3.00.

BAC filter hybridization

A total of 302,976Ae. tauschii BAC and BIBAC clones in five BAC/BIBAC libraries,
representing a 8.5x coverage of the wheat D genbang been developed by Dr. J. Dvorak’s
group at University of California, Davis

(http://wheat.pw.usda.gov/PhysicalMapping/progtessl). Recently, using an automated, high-

throughput fingerprinting technique, a total of @8] contigs were developed for the D genome
of wheat (http://wheatdb.ucdavis.edu:8080/wheatdibhe BAC/BIBAC clones from these
libraries were arrayed on high-denditters. Hybridization of fragments to the filtevgas under

the same conditions as RFLP hybridizations desdribeKuraparthy et al. (2007a) except that
for detecting the array background, sheared andlddbbacterial genomic DNA was also
included in the probing process. Positive clonegsewelentified and used as queries for
identifying the Ae. taushii BAC contig in the wheat D-genome physical mapptajabase
(http://wheatdb.ucdavis.edu:8080/wheajdb/

Results

Characterization of the wheat-Ae. geniculata intraggsion lines using ESTs
In order to identify more markers that diagnosticadentify the Ae. geniculata segment
in T5DL-5DS-5MS(0.95) and assist in genomic targeting of thenasiegment with respect to

deletion bins of wheat and rice genomic sequeneeused EST markers physically mapped in
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the deletion bin 5BS6-0.81-1.af Chinese Spring (CS) wheat (http://wheat.pw.usoldcqi-
bin/westsqgl/map_locus.qgiESTs bin mapped in the CS deletion 5BS6-0.80-Wére selected
in the present study, because the alien segmeetvgas physically less than 3.5% of the

chromosome arm 5DS (Kuraparthy et al. 2007b). l[euréimong the three distal deletion bins of
homoeolgous group-5 chromsomes, the 5BS6-0.81vta@0smaller than the deletion bin 5DS2-
0.78-1.00 and bigger than the 5AS deletion bin 5A%B-1.00 (http://www.k-

state.edu/wgrc/Germplasm/Deletions/delindex.htn@f the 32 ESTs used, 12 were either

monomorphic and/or produced multiple bands, 20 ESWsved polymorphism between wheat
and Ae. geniculata with one or more of six restriction enzymes usedhie RFLP analysis. All
polymorphic EST markers diagnostically identifiedhet Ae. geniculata chromatin in
translocations TSMS-5ML-5DL (TA5599) and T5DL-5DBH5(0.75) (TA5601) (Table 1). This
confirmed the previous observation that #e geniculata introgression in translocation line
TA5601 was at least 25% of the chromosome arm SD¥#heat (Kuraparthy et al. 2007b) as the
ESTs used in the present study were mapped inisted d9% of wheat chromosome arm 5BS.
From the 20 polymorphic wheat ESTs, only eight dasiically identified theAe. geniculata
chromatin in the translocation T5DL-5DS-&840.95) suggesting that the alien segment size was
smaller than 19% of the chromosome arm 5DS (Tapleg. 1, Fig. 2).

Of the 32 ESTs, 31 were surveyed for polymorphistwken the parents of the diploid
A-genome mapping population. A total of 25 ESTseweolymorphic betweei. monococcum
subsp.monococcum (TA4342-96) andT. monococcum subsp.aegilopoides (TA4342-95) with
one or more restriction enzymes. Of these, onlywéie mapped in the segregatingoépulation
where 15 showed linkage and the polymorphic fragmehtwo EST markersXBE443842 and
XBF201102) were unlinked at an LOD score of 3.0 using thesétobi mapping function. The
genetically mapped EST markers gave a genetic rhapg.4 cM in length (Fig. 1). From the 15
genetically mapped ESTs, only eight diagnosticalgtected theAe. geniculata segment in
T5DL-5DS-5M'S(0.95) (Fig. 1). All the ESTs that diagnosticaifigntified theAe. geniculata
segment in T5DL-5DS-58%(0.95) mapped distal to those that did not (FIgESTs identifying
Ae. geniculata segment in T5DL-5DS-588(0.95) spanned 3.3 cM of genetic lengthTin
monococcum (Fig. 1).

Identification ofAe. geniculata chromatin in T5DL-5DS-5K6(0.95) by only 8 ESTs out
of the 32 physically mapped ESTs and the totalketierlength of 3.3 cM spanned by these
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diagnostic ESTs suggest that tAe. geniculata segment is very small. This confirms the
previous analysis (Kuraparthy et al. 2007b) sugggsthe size ofAe. geniculata segment in
T5DL-5DS-5MS(0.95) is less than 3.5% of the chromosome arm 5DS

Wheat rice synteny

Comparative genomic analysis using physically andénmetically mapped ESTs of the
deletion bin 5DS2-0.78-1.00 were used to targetulseresistance gene in the alien segment and
study the macrocolinearity in the57 andYr40 genomic region. Out of 32 unique wheat ESTs
previously mapped in the deletion bin 5BS6-0.8101(Qi et al. 2004), 15 (46.9%) had
significant homology to sequences in the termiegiaon of rice, chromosome arm 12 (Table 2,
Fig. 3), five had no obvious orthologous sequernicegce and the remaining 12 had significant
hits elsewhere in the rice genome, including othegions of chromosome 12 (Table 2).
Although five of the 15 ESTs that showed a highelesf sequence similarity with BACs/PACs
of chromosome 12 of rice, their homologous sequenteice were not annotated because there
was no predicted function assigned (Table 2; Tdhle

Of the initial 14 genetically resolved markersghdi showed high homology with

genomic sequence of chromosome 12 of rice (Fig.aBle 2). Comparison of the order of the
mapped ESTs that had high homology with rice chsonte 12 showed that the order of the
genetically resolved ESTs is consistent with thespdal order based on the order of orthologous
rice sequences on chromosome 12L (Fig. 3). Furthexnthe orientation of the telomeric end of
the wheat chromosome 5DS corresponded well withdlmeneric end of chromosome arm 12L
(Fig. 3). Out of the eight ESTs that were colineath syntenic rice genomic sequence, Six
diagnostically identified thede. geniculata segment in T5DL-5DS-58%(0.95). Of these six
ESTs, four XBE606637, XBE637485, XBf293016 and XBF200555) were homologous to BAC
OSJNBa0063N15 and on&XEE636954) was homologous to the overlapping region of rice
BACs OSJNBa0063N15 and 0J1119 EO02. The other ESKem#&BF474606 showed a high
level of homology to rice BAC 0J1268_DO02 (Fig. B)though XBF200555 mapped proximal to
the markerXBE636954 in the genetic map, its homology only to rice BAXSIJNBa0O063N15
suggests that the region spanning these two macketd have been rearranged in wheat relative
to the syntenic rice sequence (Fig. 3). Becausentbst proximal EST marker diagnostically

identifying the Ae. geniculata segment in T5DL-5DS-58%(0.95) showed homology to
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sequences in the rice BAC 0J1268 D02, and there theee overlapping syntenic BACs distal
to BAC 0J1268 D02 (Fig. 3), the syntenic regionhaf alien segment in rice is more than three
BACs in size, and the breakpoint of T5DL-5DS®3D.95) is located in either BAC
0J1268 D02 or its proximal BAC 0J1559 CO07 of rice.

To further localize the wheae. geniculata translocation breakpoint to a specific BAC
or region within a single BAC, we selected four gesequences from these two rice BACs (three
from 0J1268 D02 and one from 0OJ1559 C@Y)identify wheat EST/TC (tentative contigs)
showing significant homology. Primer pairs wereigesd for each selected wheat EST/TC
(Table 3) and PCR products were cloned, sequermeédised as probes in the RFLP analysis.
Except XSTS5S12, all four STS markers developed were single-copyeg in each wheat
genome and were used for molecular characterizamohmapping. MarkeXSTS5S3, although
polymorphic between wheat ad@. geniculata, did not show thée. geniculata specific alleles
in the substitution line or in all the introgregsitines, suggesting that this marker mapped
elsewhere in the wheat genome. Although bXBIS5 and XSTS5S11 diagnostically
identified Ae. geniculata-specific alleles in the translocation lines T5M@L55DL and
T5DL-5DS-5MS(0.75), they could not detect th&e. geniculata segment in T5DL-5DS-
5M9S(0.95) (Fig. 2c). The STS mark¥6TS-5S11, developed based on rice gene sequences
from 0J1268 D02, genetically mapped immediatelyxipnal to the EST markeXBF474606
(Fig. 3), which diagnostically identified th&e. geniculata segment in T5DL-5DS-58#%(0.95).
Because the EST markeXBF474606) diagnostically identifyingAe. geniculata segment in
T5DL-5DS-5M'S(0.95) showed significant homology with sequenfresn the same BAC
0J1268 D02 (Table 2, Fig. 3), axiBF474606 was the most proximally mapped diagnostic
marker in the T5DL-5DS-5R$(0.95) genetic map (Fig. 3), the whéat- geniculata
translocation breakpoint is located in this BAC.urtRermore, since the homologous rice
sequences of markeX8F474606 andXSTS-5S11 are 9.4 kb apart in the rice BAC 0J1268 D02
(http://www.tigr.org/tigr-scripts/e2k1/osal/pseuddB view.pl?BAC=0J1268 D02 the
translocation breakpoint in T5DL-5DS-88(0.95) is actually located within this intervaigF
3). Consistent with this observation markex®F474606 and XSTS5S11 flanking the

translocation breakpoint were 0.2 cM apart in theat genetic map (Fig. 3). Considering the

high level of wheat-rice synteny in the57 andYr40 genomic region, all these results suggest
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that theAe. geniculata introgression is less than 3.3 cM in genetic Iereytd physically spans
less than three overlapping syntenic rice BAC/PAdbes of chromosome arm 12L.

Comparative genomic analysis involving similariggasches of the predicted rice gene
sequences from the syntenic BACs against the wipea¢ index showed that, out of total 47
predicted rice genes, 38 had homologues in whdahe&3e, 32 have known function, five were
expressed proteins, and one was a hypotheticaiprffable 4). This suggested that about 81%
of the predicted rice genes had significant homadsgin wheat, although, the physical
localization of the corresponding ESTs/tentativatgs in wheat is unknown (Table 4). The

putative function of these rice genes showing thiginology with wheat are given in Table 4.

Mutagenesis and Mutant characterization

From each of the 820 Mplants, 6-12 M plants were grown and screened for rust
reaction at the adult-plant stage. One leaf rustegtible and one stripe rust susceptible M
families were identified in the rust screening. Abd-6 M; plants from each susceptible; M
plant were screened for leaf and stripe rust reacseparately for progeny testing of the M
mutants. Stripe rust screening was done at thdisgeas well as the adult-plant stage. Leaf rust
screening was done only at adult-plant stage. Themh 06-31-125-4 was highly susceptible to
stripe rust both at seedling as well as at adaltipktage (Fig. 4, 5) and showed moderately
resistance reaction to leaf rust (Fig. 4). The othatant 06-31-666-5 was highly susceptible to
leaf rust but resistant to stripe rust (Fig. 4)isTéuggested that leaf and stripe rust resistasce |
probably was due to two independent genes in thaslwcation T5DL-5DS-5R$(0.95).
Molecular characterization of the mutants with dexadly mapped, diagnostic ESTs showed that
the Ae. geniculata-specific allele of markeXGSP was deleted in mutant 06-31-125-4 (Fig. 6a,b)
suggesting a possible deletion mutation spaniid. No changes or deletions were observed
for the Ae. geniculata-specific alleles of the diagnostic market&€SP and XBF393016 in the
other susceptible mutant 06-31-666-5 (Fig. 6a,bygsesting the leaf rust susceptibility in this
mutant could be due to a point mutatiorLi®®7 or might involve small interstitial deletions not
identified by any of the markers used in the stuthe presence of moderate leaf rust infection in
the stripe rust susceptible mutant 06-31-125-4 witghdeletion mutation also suggests that there
could be at least one additional adult-plant lest resistance gene in T5DL-5DS-*$¢0.95).
The absence of th&e. geniculata-specific alleles for the distally mapped mark&E606637 in
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the mutant 06-31-125-4 suggests that the deletiothis mutant is probably at a terminal
location (data not shown). Furthermore, the strpgt susceptible mutant 06-31-125-4 was
resistant to leaf rust and the mutation was dudetminal deletion in 06-31-125-4, thus,
resistance genér57 is probably located proximal to stripe rust resise geneYr40 in
T5DL-5DS-5M'S(0.95).

Shuttle mapping: Genetics and mapping in Ae. gerata

In order to identify a rust susceptible accessibAe geniculata and develop a mapping
population segregating for thag57 and Yr40, a total of 10 differenfe. geniculata accessions
including the donor accession (TA10437)Leb7 andYr40 were screened for their reaction to
leaf rust and stripe rust at the seedling stagdy Gme accession TA1800 (originally collected
from Kirklareli province of Turkey) showed suscdyiity whereas the remaining accessions
were resistant to both leaf and stripe rust raested (Table 5, Fig. 7). Screening the accession
TA1800 at the adult-plant stage with leaf rust rREETUS6 showed infection type of 60S (data
not shown) suggesting further that this accessouidcbe used for segregation analysis 7.
An F, population of about 200 plants was developed lmgsing TA1800 as female with rust
resistant accession TA10437 as a malg.s€edlings are being grown to screen for the

segregation of leaf rust resistance gertey at adult-plant stage.

Towards BAC based physical mapping of the Lr57 aridlO genomic region

Because the grain soft protein gene (GSP) is pres®ra single copy in each wheat
genome, we used GSP as probe to screen the BA&ibf Ae. tauschii. Screening resulted in
the identification of BAC 065-26K2. A database sbausing the positive BAC 065-26K2
identified one BAC contig (ctg5649) (Fig. 8a) inettwheat D-genome physical mapping
database http://wheatdb.ucdavis.edu:8080/wheatfti¢ BAC contig ctg5649 consists of 29
fingerprinted overlapping BAC clones Ag&. tauschii (Fig. 8b). The individual BAC clones are

being fingerprinted to identify a minimum tiling tpaand to further extend the BAC contig

length using probes developed from BAC end sequence

Discussion
The presence of genetic loci that give resistancmaore than one disease is known in

wheat. For example, thier34/Yr18 complex on chromosome 7DS (Suenaga et al. 2008) an
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Lr46/Yr29 complex on 1BL (William et al. 2003) arfd2/Yr30 on 3BS (Singh et al. 2005).
Although S2 andYr30 are independent genes, it is unknown whetherederust and stripe rust
conferred by thd.r34/Yr18 and Lr46/Yr29 loci contain genes with pleiotropic effects agains
both pathogens, or whether they contain closelkelinh genes that confer dual resistance.
Multiple genes with resistance to different dissaséwheat are particularly common in alien
segments transferred to wheat. For example, 3t8/Lr26/Yr9 complex in the wheat-rye
1BL-1RS translocation (Zeller 1973; Mettin et a@73), Yr17/Lr37/38 in the 2NS-2AS
wheatAe. ventricosa translocation (Bariana and Mcintosh 1993) ans4/Yr37 in the wheatAe.
kotschyi 2DL-2& translocation (Marais et al. 2005) (See

http://www.ars.usda.gov/Main/docs.htm?docid=10342 the complete list of rust resistance

genes and their linkages). So far, only 8181/Lr26/Yr9 complex has been studied in detail.
Based on mutation and recombination analysis Magd. €2005) showed that the leaf, stripe,
and stem rust resistance in tB8&1/Lr26/Yr9 complex was due to three independent genes that
were located distally in the 1BLIRS. Our mutation analysis using EMS showed th&7 and
Yr40 are independent genes in the translocation T5D&-58S(0.95) (Fig. 4, 5). Furthermore,
isolation of a mutant that showed moderate sudméfytito leaf rust at adult-plant stage also
suggests the presence of an additional leaf resitamce gene in T5DL-5DS-58(0.95) (Fig.

4). We tentatively named this genela&en. The presence of more than one rust resistanae gen
in the distal region of 1BL (Mago et al. 2005) ahd presence of more than one resistance gene
in wheat 5DS reported in the present study, sugdhat resistance genes exist as clusters in the
distal regions of the wheat chromosomes. This ebsien is in agreement with previous reports
of the localization of resistance gene analogudberdistal deletion bins of wheat on a genome-
wide scale (Dilbirligi et al. 2004; Qi et al. 2004} lustering of complex R gene loci carrying
multiple genes with detectable resistance functimnge been reported previously (Botella et al.
1997; Parniske & Jones 1999; for a review see Huklteal. 2001). The clustering of different
genes that are involved in specific signal trandacpathways have also been observed in
plants (see for a review Hulbert et al. 2001) Geremalysis and comparative genomic analysis
of the translocation T5DL-5DS-5¥(0.95) using mutagenesis and wheat-rice syntethneifirst
steps in developing genetic and genomic resourcescharacterizing these regions and
understanding the genomic organization and evalutib disease resistance gene clusters in

wheat.
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Morphological and molecular similarities support timonophyletic origin of grass
species (Kellogg 2001). The presence of large Blatlkcolinear markers among different grass
subfamilies (Ahn et al. 1993; Gale and Devos 1998yos and Gale 2000; Keller & Feullet
2000; Moore et al. 1995; Van Deynze et al. 1995)ehastablished the conserved synteny
between wheat and rice. The conservation of gederowithin the grass family provides a
unique opportunity to transfer information from tb@mpletely sequenced rice genome to other
grass species. Previously, comparative analysteeofvheat and rice genomes investigated the
syntenic relationships of bin-mapped ESTs with tle genomic sequence without prior
knowledge of the genetic order of EST loci withind(Sorrells et al. 2003; Conley et al. 2004;
Franki et al. 2004; Hossain et al. 2004; La Rotd &orrells 2004; Linkiewicz et al. 2004;
Munkvold et al. 2004; Peng et al. 2004). In thesprd¢ study, by genetically resolving the 15
EST loci spanning 27.4 cM allowed us to determireedolinearity between wheat and rice at the
macro level in the genomic region of wheat rusistaace genelsr57 andYr40.

The wheat homoeologous group-5 chromosomes have beewn to be the least
conserved of all the homoeologous groups compareite chromosomes (Sorrells et al. 2003;
La Rota and Sorrells 2004). Our results contrattist notion. We observed exceptionally good
colinearity between wheat and rice at the genoeggon spanning the entire length of the alien
segment in translocation T5DL-5DS-88(0.95) (Table 2, Figure 3). Such a high level of
conserved synteny between wheat and rice at theolenel was also observed in the same
genomic region containing thida locus of wheat (Chantret et al. 2004). Howeveegfient
breaks in the colinearity between wheat homoeolsggoup-5 chromosomes and syntenic rice
chromosomes were also observed both at the macselagas micro level (Lu and Faris 2006).
In another study, an exceptionally high level ofeatirice microcolinearity was observed in the
genomic region containing the wheatnalizationl gene {rnl) enabling the map-based cloning
of Vrnl (Yan et al. 2003). The high level of synteny oliedrat theHa locus region (in the
present study and by Chantret et al. 2004) andvthé region (Yan et al. 2003) and the low
level of colinearity atTsnl region (Lu and Faris 2006) suggest that complexraiaand
microcolinearity exists between the wheat homoemlisggroup-5 chromosomes and the rice
genomic sequence.

Genome synteny is much more complicated than pusiyathought (for a review, see

Delseny 2004). In general, colinearity among thesathgenomes is better in the proximal
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regions of the chromosomes than in the distal regiGAkhunov et al. 2003a). The ends of
chromosomes seem to be particularly rich in colitgaxceptions. This increase seems to be
associated with the higher gene density and hightys of recombination observed in the
telomeric regions of the large genomes of the daée species (Akhunov et al. 2003b). High
recombination rates were also associated with henifrequency of colinearity interruptions
among wheat homoeologous chromosomes in the distabns relative to the centromeric
regions (Akhunov et al. 2003a). In agreement wiiis general trend at the macro level, most
wheat-rice microcolinearity studies have also sh@@ad conservation in the proximal regions
of wheat chromosomes (Roberts et al. 1999; SanMagjua. 2002; Yan et al. 2003; Distelfeld et
al. 2004). Breaks in wheat/rice microcolinearityrevérequently observed in studies involving
the distal regions of the wheat genome, such akriti€ak region (Feuillet and Keller 1999), the
S2/X1/X2/A1 region (Li and Gill 2002), or thBpgl region (Kilian et al. 1997). Comparative
genomic analysis at the whole-genome level betwderat and rice also indicated an increase in
the divergence of gene sequences physically locatear near the telomeric ends of wheat
chromosomes (See et al. 2006). Tih&7 andYr40 region analyzed in this study however, does
not follow this general pattern, and shows goodraualinearity with rice despite its distal
location on chromosome arm 5DS (Fig. 3). Excepttifier duplications, conserved wheat-rice
synteny at théda genomic region of wheat was also observed at ticeolavel (Chantret et al.
(2004). Furthermore, the relative sizes of thergeaic regions in wheat and rice showed good
conservation (Chantret et al. 2004) unlike the gan&end of considerable expansion of
intergenic regions in wheat relative to rice. Tusprisingly high level of conservation of wheat-
rice synteny on the distal region of 5DS is of d¢desable interest for understanding the
biological and evolutionary processes underlyinghsaxceptional colinearity among grasses.
The partial genetic map of ESTs and STS markerstarahchoring to the rice sequence is the
first step in characterizing this important regiorcereals.

Molecular mapping of the wheae. geniculata translocation T5DL-5DS-58%(0.95)
using wheat ESTs and STS markers developed frontersyrwith rice suggested that the alien
segment size is approximately 3.3 cM in genetigilenBecause 1 cM of genetic length at the
Ha locus region accounts for about 170 Kb (Tranqutlial. 1999; Chantret et al. 2004), the
genetic length of 3.3 cM reported in the presentlgt corresponds to 561 Kb. Because the
breakpoint of the wheake. geniculata translocation in T5DL-5DS-58%(0.95) is located in the
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rice BAC 0J1268 D02 and the orientation of therteddc ends of wheat 5DS corresponds to
the telomeric end rice chromosome 12L, Asegeniculata segment in T5DL-5DS-58%(0.95)
spans four BAC/PACs of rice if we consider the &ase of conserved synteny between wheat
and rice in this region. Because the syntenic caaig spans four BAC/PACs and the total size
of these four BAC/PACs (OSJNBaO063N15= 109.22kb;243204 = 78.6; BAC
0J1119 E02=124.6; 0J1268 DO02= 146.58Kkb) is theD@5h, theAe. geniculata segment size

in T5DL-5DS-5M'S(0.95) corresponds to 459.00 kb of rice sequeAlthough the sequenced
wheat BAC 109N23 (101 kb) corresponded well in ®iohsize and colinearity with rice BAC
OSJNBa0063N15 (109.22 Kb) in the comparative genoamalysis, Chantret et al. (2004)
predicted an approximately 75% increase in the rarrobgenes present in wheat relative to the
orthologous region in rice due to duplication egertience, it is also possible that the.
geniculata segment in T5DL-5DS-588(0.95) could be larger than the 459.00 Kb predict
based on syntenic rice BACs.

Disease resistance genes are known to evolve fidsterother genes (Michelmore and
Meyers 1998). In cereals, resistance genes arershmwe organized in rapidly reorganizing
genomic regions (Leister et al. 1998). Becauseethagsidly reorganizing regions are in the high-
recombination, gene-rich, distal regions of whdatomosomes, the decay in colinearity may
limit synteny-based cloning of disease resistarareeg in cereals. Three disease resistance genes
have been cloned in wheat. No rice genes are h@oo$otoLr10 (Feuillet et al. 2003) dtr21
(Huang et al. 2003) at the nucleotide level. Riemgs homologous tBm3 (Yahiaoui et al.
2004) are located in nonsyntenous regions. No deadidate genes were identified for barley
stem rust resistance geRpgl (Kilian et al. 1997) either. Because the genoragion spanning
the alien segment withr57 andYr40 showed an exceptionally high level of colineabtween
wheat and rice at the macro level in the presentysand at microlevel by Chantret et al. (2004),
we are optimistic that the candidate gene approaald be useful for cloning the rust resistance
genes. Among the four syntenic rice BACs that spdror57 and Yr40 at least two rice
annotated genes coding for protein kinases, indblire disease resistance, showed high
homology with wheat ESTs (Table 4).

A major difficulty for map-based cloning of diseassistance genes from alien sources
is that the alien chromatin does not recombine wihwheat homoeologues. Consequently,

developing genetic stocks to facilitate the clomriguch genes is difficult. Nevertheless, several
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methods that demand considerable time and resouoidd be used for molecular cloning of
targeted genes in alien segments transferred toatwhRecombination between alien
translocations and a wheat homoeologous chromosmanebe achieved to some extent by
inducing recombination in aph-1 mutant background. Lukaszewski (2000) induced
recombination between wheat and rye segmentspgh-la mutant background, which allowed
limited mapping of DNA markers and the rust resiseagenes on 1RS (Mago et al. 2002). Data
from a mapping population involving the ‘Petkuséry1BL-1RS translocatiors(31, Lr26, Yr9)

and 1R from ‘King II' rye ér31, 1r26, yr9) failed to separate the rust resistance genegliSah

al. 1990). By using recombination and mutagenédego et al. (2005) established that the rust
resistant geneSr31, Lr26 andYr9 are independent genes and are located in thd chgian of
the chromosome TI1BILRS. Lack of conserved synteny with rice in thigioa and the
considerably large size of the deletions were sttegeto pose challenges to clone the rust
resistance gene§&@1, Lr26, Yr9) using map-based cloning (Mago et al. 2005). TheatAe.
geniculata translocation T5DL-5DS-58%(0.95) with Lr57 and Yr40 however, offers
considerable advantages for cloning the rust mstst genes for the following reasons. The alien
segment with rust resistance genes in T5DL-5D8EM95) is smallest of all the wheat-alien
terminal translocations with rust resistance. Unlike whole-arm translocation of TIBRS of
rye, the translocatede. geniculata segment in T5DL-5DS-588(0.95) is submicroscopic and
estimated to be approximately 0.56 Mb. Furthermatesat-rice synteny is well conserved in the
region that spans the alien segment in T5DL-5DSEM95). This could help us either to use
rice sequence information for candidate-gene arsafysd/or for saturation mapping in the map-
based cloning of the resistance genes. The numeustsusceptible mutants and the mapping
population developed at the 4x level between twiferdint Ae. geniculata accessions could
facilitate the map-based isolation of rust resistagened r57 and Yr40. Because the total
number and organization of rust resistance genesldnspecies is unknown, genetic mapping in
the donor wild species combined with use of genetitants and candidate-gene analysis in the
targeted genomic region could be an efficient alive for cloning rust resistance gehes7
andYr40 in wheat. Such a methodology, where mapping amwirn are done at different ploidy
levels is called “shuttle mapping” and was usedy\srccessfully to clone leaf rust resistance
geneLr21 (Huang et al. 2003).

123



The hardness locusig) is a crucial genetic locus on wheat chromosomg Gattern et
al. 1973;Law et al. 1978) that determines the softness gehsuwdness of wheat, an important
agronomic quality trait of hexaploid wheat (Sym&83; Baker 1977; Giroux and Mori998).
Besides quality, théla locus has been implicated in the polyploidizatainvheat where only
one locus in the D genome has been retained (Gattal. 2005; Gautiet al. 2000). Although
sequencing individual BACs containing thia locus at all ploidy levels revealed the genetic
mechanism of the deletion of tipena andpinb genes (Chantret et al. 2005), the biological and
evolutionary processes leading to polyploidizatielated gene loss in wheat is not understood.
The wheatAe. geniculata translocation T5DL-5DS-58%(0.95) harbors thela locus of wheat
(Kuraparthy et al. 2007b; see chapter V). Establig a much larger BAC contig, sequence,
functional genomic resources spanning lteelocus, and evolutionary analysis is required for
investigating those questions. Genomic targeted pmgpof the wheat-alien segment in
T5DL-5DS-5MS(0.95) using wheat ESTs and conserved wheat-yiotesy reported in the
present study is one of the first steps to devslagh resources.

Except for the very few translocations, most wradegn translocations are of limited
value to agriculture because of linkage drag. Alsmiaeat-alien terminal translocation with less
linkage drag could be produced in wheat (Kuraparétyal. 2007b, c). These ‘cryptic’
translocations are feasible in wheat, because ideask resistance genes in wheat are mostly
located in the distal regions (Leister et al. 198dbirligi et al. 2004; Qi et al. 2004) and
homoeologous recombination is highly localized taiga telomeric ends of the wheat
chromosomes (Luo et al. 2000; Lukaszewski et @32Q005) where wheat-alien transfers were
mostly derived from single crossover events (Rodggwet al. 1993; Qi et al. 2007). Such small
alien transfers with disease resistance were dgteict rice (Jena et al. 1992). Although a
nonconventional recombination mechanism was spezlfar such introgressions in rice (Jena
et al. 1992) the exact mechanism leading to suahsters is not understood. Molecular
characterization of the alien segment in T5DL-5M'S(0.95) using physically and genetically
mapped ESTs and genomic targeted mapping with eegpehighly syntenic rice genomic
sequence in the present study would pave the wayfuimre work in understanding the

molecular genetic basis of the origin of the cryptheat-alien translocations.
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Figure 4.1 Molecular characterization of the translocation TSEDS-5MS(0.95) using
physically and genetically mapped ESTs of the d@iebin 5BS6-0.81-1.00 of CS. In both the
genetic map and the inferred physical map of T5DIS®MS(0.95) markers that
diagnostically identify thede. geniculata segment in T5DL-5DS-58%(0.95) are indicated in
green and those that could not detect the alien segmemtl. The STS markers were developed

based on synteny with rice
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Figure 4.2 RFLP analysis of introgression linesg&STs and STS markers.

a. Southern hybridization pattern obral-digested genomic DNA of parents

and
introgression lines probed with BE499835
b. Southern hybridization pattern dEcoRV-digested genomic DNA of parents and
introgression lines probed with BF474606
c. Southern hybridization pattern dflindlll-digested genomic DNA of parents and
introgression lines probed with STS-SC3L11
d. Southern hybridization pattern obral-digested genomic DNA of parents and

introgression lines probed with BF200555
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Figure 4.3 Comparative genomic analysis of the Gemley mapped wheat ESTs and STS

markers encompassing the57 andYr40 gene region with physical map of the terminal oegi

of rice chromosome 12L. In the genetic map, markesdiagnostically detect the alien segment
in T5DL-5DS-5MS(0.95) are in green. Markers that are highly eyiat to the colinear rice

genomic sequence are indicated in bold. Syntenge BAC/PACs spanning th&e. geniculata

segment in T5DL-5DS-588(0.95) are indicated in green filling. Rice BA&hcompassing the
wheatAe. geniculata translocation breakpoint in T5DL-5DS-88(0.95), is indicated in bold

letters. Wheat-rice syntenic positions are indidatéth arrows. The top of each map is towards

the telomere and the bottom is towards the centreme
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Figure 4.4 Rust reaction of the EMS mutants
a. Stripe rust (race: KS2005) reactions of the EMSantg and the whed#te. geniculata
introgression line T5DL-5DS-5%8(0.95) at the adult-plant stage
b. Leaf rust (race: MCDL) reactions of the EMS mutaatsl the wheafe. geniculata
introgression line T5DL-5DS-5%(0.95) at the adult-plant stage
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Figure 4.5Stripe rust (race: KS2005) reactions of the parantsthe EMS mutant at the seedling
stage.
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Figure 4.6 RFLP analysis of the rust susceptibli¢amts using diagnostic markers
a. Southern hybridization pattern BamHI-digested genomic DNA of parents and mutants
probed with GSP
b. Southern hybridization pattern BamHI-digested genomic DNA of parents and mutants
probed with BF393016

136



Figure 4.7 Rust reactions of the. geniculata accessions used for developing segregating
mapping population.
a. Leaf rust (race: MCDL) reactions of tle. geniculata accessions at seedling stage

b. Leaf rust (race: PRTUS35) reactions of A& geniculata accessions at seedling stage
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Figure 4.8 Physical mapping of thier57 and Yr40 region using Ae. tauschii BACs.
Autoradiograph shows the hybridization pattern odlbpg GSP orAe tauschii Hindlll BAC

library arrayed on a membrane.
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Table 4.1Characterization of introgression lines using pbay mapped ESTs. (“+” and “-*
indicates the presence and absence of diagnogtp@ifmorphic bands between wheat and
chromosome 5Mof Ae. geniculata).

EST Marker Wheat-Ae. geniculata introgression lines
TA6675 TA5600 TA5599, TA5601f TA5602
BE444854 XBE444854 + + + + +
BE404135 XBE404135 + + + + -
BE591279 XBE591279 + + + + -
BF473571 XBF473571 + + + + -
BE637485 XBEG637485 + + + + +
BE636954 XBE636954 + + + + +
BE499184 XBE499184 + + + + -
BF293016 XBF293016 + + + + +
BE499835 XBE499835 + + + + -
BF474606 XBF474606 + + + + +
BE443842 XBE443842 + + + + -
BE606637 XBE606637 + + + + -
BG314328 XBG314328 + + + + -
BF201102 XBF201102 + + + + -
BE606535 XBE606535 + + + + -
BG262914 XBG262914 + + + + -
BF293305 XBF293305 + + + + +
BF146054 XBF146054 + + + + -
BF200555 XBF200555 + + + + +
TC259123 XSTS5R + + + + -
TC238022 XSTS5S11 + + + + -
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Table 4.2Nheat ESTs of the deletion bin 5BS6-081-1.00 urdBLIASTn searches with the rice
genome sequence indicating the similarity levahefwheat ESTs with rice BAC/PACs

Syntenic relationship with rice
EST/TC Marker
Rice
E value Rice BAC chromosome
BE444854 XBE4448542 2.4e-111 OSJNBa0064G16 2
BE404135 XBE404135 1.1e-128 P0043B10 1
BE591279 XBE591279% 3.4e-113 P0421H07 1
BF473571 XBF4735712 5.0e-119 OSJNAb0015J03 10
BE637488 XBE637485% 2.4e-79 OSJNBa0063N15 12
a OSJINBa0063N15
BE636954 XBEG636954 2.3e-115 0J1119_E02 12
BE499184 XBE499184 3.0e-83 0J1249 F12 2
a OSJINBa0063N15
BF293018 XBF293016 7.9e-41 O3 INBbOOL1NLE 12
BE499835 XBE499835 3.0e-96 P0605D08 2
BF474606 XBF474606% 3.0e-264 0J1268 D02 12
BE443842 XBE443842 5.3e-25 OSJNBb0101110 12
OSJINBa0063N15
BE606637 XBE6066372 1.5e-53 0J1119 EO02 12
OSJNBbO0O11N16
BG314328 XBG3143282 2.0e-51 0J1261C08 3
BF201102 XBF201102 1.2e-211 0J1122 GO7 12
BE606535 XBE606535% 4.9e-45 0J1584 D02 12
BG262914 XBG262914 0.046 OSJNBa0091J19 3
BF293305 XBF293305% 3.7e-37 OSJNBa0014K08 1

140




Syntenic relationship with rice
EST/TC Marker E value Rice BAC chro?ri((:)iome

BF200558 XBF200555% 6.1e-30 OSJNBa0O063N15 12
BE404486 XBE404486° 6.8e-109 0J1005_A08 5
BE494952 XBE494952 0.00058 OSJINBa0077J322 5
BE403857 XBE403857 none none none
BE499622 XBE499622 1.9e-73 0J1323_A06 8
BE443751 XBE443751 2.2e-07 OSJNBa0016C14 12
BG263064 XBG263064 1.5e-10 OSJINBb0013K10 9
BG604620 XBG604620 5.7e-28 0J2056_HO1 2
BG312568 XBG312568 0.064 0J1202_D10 12
BE591734 XBE591734% 1.1e-48 OSJNBb0101110 12
BF474459 XBF474459 9.0e-180 P0498H04 8
BG263797 XBG263797 0.0032 OSJINAaOO64E16 3
TC259123 XSTS 552 1.5e-149 83]1223:883 12
TC238022 XSTS5S114 9.4e-113 0J1268_DO02 12

&Markers used only in the genetic mapping
® Shows very high sequence similarity with rice BR&C sequence, but homologous sequence

in rice was not annotated and no function was ptedi
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Table 4.3Wheat-rice synteny based STS markers used for cearang and genomic targeting the introgressina T5DL-5DS-

5M9S(0.95)
. . Fragment size
Marker Source® Forward primer (5'—3") Reverse primer (3—3') Ta (°C) (o)
Y
XSTS-5S2 TC259123 CTTCCAACAGCCGAGATCAT CTGGTATCTCGGTAGAGC 60 202
XSTS-5S8 CV772140 CTTCAGGATGGGCCAGTTTA GAGCACGAGARECAATAG 55 175
XSTS-5S511 TC238022 | TTGGATGTCGGAGGAAGAACGCTTGACTCCAAAGGACTCG 60 197
XSTS-5512 | Tc267961 | GAGGTGTGCTTCCTCTTTGC| CCCACTCGATCATTCATCCT 60 208

®Designations of CVs (GenBank) and TCs (TIGR) aBefember 2006
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Table 4.4Wheat ESTs reported in the syntenic rice BAC/PA&sognic region that spans the

alien segment in the translocation T5DL-5DS5§0.95) and the rice othologous genes with

functions and physical location in the distal regad chromosome arm 12L.

Wheat _ .
b Locus identifier Putative function
EST/TC"®
BAC: 0J1268_D02

CK195153 :

(2.7e-18) LOC_0s12g43750 expressed protein

?;%Oezgé)z LOC_0Os12g43760 transposon protein, putative, unclassified
CV7721468 . .

(7e-104 LOC_0s12g43770 hypothetical protein
CK210549 :

(1.9e-07) LOC_0Os12g43780 expressed protein
CEQK 27%1)17)6 LOC_0Os12g43790 ocs element-binding factor 1, putative, expressed
TC268335 _

(6.7e-15) LOC 0s12g43810 expressed protein
TC258118 . :

(3.6€-66) LOC 0s12g43840 ankyrin-1, putative, expressed
TC269522 . :

(4.6e-12) LOC_0s12g43870 hypothetical protein
CD883454 :

(8.8e-17) LOC_0s12g43880 expressed protein

'Eng?éggf)l LOC_0s12g43890 GNS1/SUR4 membrane protein, putative, expressed
Tééf_ggf LOC_0s129g43930 RING finger protein 5, putative, expressed
TC258118 LOC Os12g43940 ankyrin repeat and protein kinase domain-contaipnagein
(4.6e-89) 1, putative, expressed
T(f ggZZBE?SZ) LOC 0s12g43950 BEL1-related homeotic protein 30, putative, expeess
TC238022 . :

(3.1e-120) LOC_0Os129g439/0 epoxide hydrolase 2, putative, expressed
2?25(26952)6 LOC_0s129g44000| ubiquitin-conjugating enzyme E2 W, putative, expesb
BAC: 0J1119_EO02
IZC 1265416776? LOC_0Os12g44020 purple acid phosphatase precursor, putative, esedes
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Wheat

Locus identifier

Putative function

EST/TC"®
Té%?gé;’ LOC_0s12g44060 nitrate and chloride transporter, putative, expdss
TC270164 ATP binding protein, putative, expressed (Putateceptor
(1.9e-283) LOC_0Os12944090 like protein kinase-in wheat)
TC251798 . :
(4.4e-135) LOC_0s12g44100 peptide transporter PTR2, putative, expressed
TC268048 .
(8.1e-31) LOC 0s12g44130 Collagen protein 50
TC(Z: 2335? LOC 0s12g44150 plasma membrane ATPase 1, putative, expressed
C'A(‘gt%?()? LOC 0s12g44160 oxidoreductase, putative, expressed
(ESK 222938;3 LOC 0s12g44170 ATP binding protein, putative, expressed
T€262067 LOC 0s12g44180 nodulin-like protein, putative, expressed
(2.0e-95)
TC235454 .
(3.16-189) LOC 0s12g44190 ATPase 3, putative, expressed
T(g2526952)6 LOC_0s12g44000 ubiquitin-conjugating enzyme E2 W, putative, expegbs
CV763062 LOC_0s12g44200 retrotransposon protein, putative, unclassified
(3.4e-30)

BAC: OSIJNBa0O063N15
T(Cligfﬁfggo LOC _0s12g44210 | cell division protein AAA ATPase family, putativexpressed
TC254862 .
(6.56-91) LOC_0s12g44230 expressed protein
TC267569 LOC Os12q44240 BGGP beta-1-3-galactosyl-O-glycosyl-glycoproteintative,
(1.5e-130) expressed
1;226:(335725)7 LOC 0s12g44250 synaptobrevin family protein, expressed
TC240750 . - .
(1.1e-05) LOC 0s12g44260 dnaJ domain containing protein
TC275647 , . . .
(0.00057) LOC 0s12g44270 glycine-rich cell wall protein precursor, putative
TC241432 . .
(2.16-22) LOC 0s12g44280 conserved hypothetical protein
T(Szgélgé)z LOC 0s12g44290 cytochrome P450 71D7, putative, expressed
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Wheat

Locus identifier

Putative function

EST/TCP®

T(§2223851)2 LOC 0s12g44300 monovalent cation proton antiporter, putative, esged

TC235550 LOC Os12q44310 9,10-9,10 carotenoid cleavage dioxygenase 1, petati

(7.9e-269) expressed

T(g%225286)7 LOC_0s12944320 ATP binding protein, putative, expressed

-(I-ZC 122717275:;’ LOC_0Os12g44330| serine/threonine-protein kinase PRP4, putativeresged

TC276165 _

(1.0e-101) LOC_0s12g44340 ATMAP70-2, putative, expressed

TC264048 : .

(2.4e-47) LOC_0s12g44350 actin-1, putative, expressed

(E;/Z?esgg)z LOC_0s129g44200 retrotransposon protein, putative, unclassified

-(I-ZC § 2'2175917) LOC_0s12g44360 sodium/hydrogen exchanger 7, putative, expressed
BAC: P0243A04

CA658897 .

(1.2e-14) LOC_0s12g44370 expressed protein

Ilc 22 3219353? LOC_0s12g44380 sucrose transport protein SUC4, putative, expressed

CK211432 :

(3.6e-122) LOC_0Os12g44390 TTN8, putative, expressed

TC242797 dium/hvd ) _ -

(2.3e-151) LOC 0s1244360 sodium/hydrogen exchanger 7, putative, expresse

@Closest EST-based STS markers placed in the linkeages
® values in the brackets indicate the e-value
“Designations of ESTs (GenBank) and TCs (TIGR) dsefiruary 2007
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Table 4.5 eaf rust and stripe rust reactions of #ee geniculata accessions at seedling stage

Ae. geniculata Leaf rust Stripe rust

accession MCDL PNMO PRTUSIE 52005
TA1702 1 1 1 1+
TA1711 1 1+ 1 o
TA1800 4 3 3+ 3
TA1802 1C 1 14C ot
TA1813 2 1 1+ ot
TA1816 2 1 1 142
TA1821 2+ 3 2 o
TA2040 1+ nt nt o
TA2652 1+ 1 nt "
TA10437 12 1+ ot 1420

Table 5 Footnote

2|Ts of seedlings were scored according to the netiStakman scale of Roelfs et al. (1992) as
illustrated in Mcintosh et al. (1995). Seedling Are 0 = no uredinia or other macroscopic sign
of infection, ; = no uredinia but small hypersensitnecrotic or chlorotic flecks present, ;N =
necrotic areas without sporulation, 1 = small unedsurrounded by necrosis, 2 = small to
medium uredinia surrounded by necrosis or chlor@gisen islands may be surrounded by
necrotic or chlorotic border ), 3 = medium urediwigh or without chlorosis, 4 = large uredinia
without chlorosis, X = heterogeneous, similarlytdlmited over the leaves, C = more chlorosis
than normal for the IT, + = uredinia somewhat latpan normal for the IT, nt = not tested. A

range of variation between ITs is recorded, withniost prevalent IT listed first
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CHAPTER 5 - MARKER ASSISTED TRANSFER OF LEAF RUST
AND STRIPE RUST RESISTANCE GENESLr57, Lr58 AND Yr40
INTO HARD RED WINTER WHEATS ADAPTED TO KANSAS

Abstract

Leaf rust and stripe rust can cause significarltlj@sses every year in most of the wheat
growing regions of the USA. In the Southern Greain? (SGP), one of the most important
bread wheat-growing regions of the world, yieldsks are often caused by leaf r(Rticcinia
triticina) and, more recently, significant losses due tipetrust (caused bl. striiformis) have
occurred. Although host-plant resistance is thetnegsnomical and environmentally friendly
method of disease control, resistance is oftentdhvad due to selection for virulence in the
dynamic pathogen population. The whéatiilops geniculata introgression T5DL-5DS-
5M9S(0.95), with stripe rust resistance gevid0 and leaf rust resistance gehes7, is an
effective source of resistance against most iselatéhe rust pathogen in Kansas and India. The
small wheatAe. triuncialis translocation T2BS-2BL¥2(0.95) with leaf rust resistance gelnes8
provides a seedling resistance. Rust resistancesges7, Yr40 andLr58 were transferred to the
hard red winter wheat (HRWW) cultivars Jagger aner@y adapted to the SGP, specifically to
Kansas, by standard backcrossing. Molecular magttor phenotypic selection at the seedling
stage for rust resistance were used to select dlokcloss I plants with rust resistance for
further backcrosses and selfing. HRWW germplasnih wit57, Yr40 and Lr58 will provide
breeders in the SGP with adapted lines having ditiadal source of resistance that could be
used to develop durable rust resistance eitherene gleployment or gene pyramiding. Three
backcrosses were made to developsB(plants and homozygous B plants are currently
being selected based on the diagnostic DNA markéosnozygous BgF,.; and BGF, pants

with rust resistant genes will be evaluated infiblel for subsequent germplasm release.

147



Introduction

Leaf rust caused byPuccinia triticina (Eriks.) and stripe rust caused [Buccinia
striiformis Westend. f. sptritici are very severe fungal diseases of wheat worldwAitbough
some yield loss from leaf rust is reported in a# tvheat-growing areas of the world every year,
yield losses from stripe rust have been very sicgiit and severe in the past decade especially in
the Mid-West and Pacific North West wheat growingas. For example, in 2003 in Kansas, 1.3
% and 10.6 % of wheat losses were due to leaf arsd stripe rust, respectively

(http://www.ksda.gov/plant_protection/content/18@/611). In addition to yield losses the

quality of grain is affected. Lower protein accuatidn after the diversion of starch to the
pathogen and accumulation of cellulose resultsentuced nutritional content of the product
(Agrios 1997). Breeding for resistance is one & thost successful ways to protect wheat
varieties against leaf and stripe rusts. The teansff rust resistance genes is a common strategy
for varietal development in wheat-breeding programtie USA. Although a total of 58 leaf rust
resistant genes and 40 stripe rust resistant gameesatalogued to date only a handful of these
resistance genes have been deployed in agric(lMicentosh et al. 2005; Mcintosh-personal
communication). Rapid changes in the virulence atteristics of rust populations poses a
continuous threat to the effectiveness of the mgstust resistant genes deployed in agriculture.
A constant search for new and effective sourcesusif resistance and their transfer into wheat
cultivars will counter balance the continuous etiolu of rust populations.

Development of durable resistance to rust diseasaesheat has been proposed as a
potential alternative (Johnson 1983, 1988). Appneacto increase the durability of resistance
include development of different genes for différgeographic regions and gene pyramiding.
The gene deployment strategy requires an abundznetective rust resistance genes and has
not been implemented in the US Southern Great #[&GP). Although major genes often have
been cited as the underlying cause of resistarstakiity (Ahn and Ou 1982), strategies for
developing durable resistance mediated by majoegérave been proposed (Ou 1985). These
approaches depend upon carefully characterizingefistance spectrum of the genes in question
and combining them such that the gene ‘pyramiéfiective against target pathogen population.
The strategy of combining or pyramiding multipldéeetive major resistance genes in the same
plant is based on the premise that multiple mutatio virulence would be required to overcome

the gene pyramid. Both gene deployment and geranpgimg need the development of isogenic
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lines in the adapted cultivars for targeted resistagenes to be deployed or pyramided.
Combining multiple resistance genes in the samet pliatransferring additional resistance genes
into a cultivar already with an effective resistargene is difficult using conventional breeding
methods because of dominance and epistatic eff#ctgenes governing disease resistance.
Moreover, genes with similar reactions to two orenmaces of the rust pathogen are difficult to
identify and transfer through conventional appr@sctHowever, the availability of DNA-based
molecular markers closely linked with each of tesistance genes makes the transfer of multiple
genes into same plant highly feasible and effeqtiRegerson 1991). Molecular marker-assisted
selection (MAS) offers the unique advantage thaeathoreeders can follow all the possible
resistance genes in any breeding program duringvauldevelopment (Dekkers and Hospital
2002; Dubcovsky 2004)

Previously, we transferred rust resistance geras fegilops geniculata Roth andAe.
triuncialis L. into wheat in the form of wheat-alien transltcas. The wheafe. geniculata
translocation T5DL-5DS-5R$(0.95) with leaf rust resistance gehe57 and stripe rust
resistance gen&40 was mapped on chromosome arm 5DS and tagged WwitR Rharkers<gsp
and Xfbb276 (Kuraparthy et al. 2007b). The whe%- triuncialis translocation T2BS-2BL-
2'L(0.95) with leaf rust resistance gehes8 was mapped on chromosome arm 2BL and tagged
with RFLP markers<ksuH16, Xbgl123 andXksuF11 (Kuraparthy et al. 2007c). The objective of
the present study was to transfer these alienressitance genes from spring wheat germplasm
to hard red winter wheat (HRWW) cultivars througitkcrossing and MAS.

Materials & Methods

The two most popular wheat cultivars of the SGRy@agnd Overley, were selected as
recurrent parents for backcrossing. The HRWW caitivagger was released by Kansas Sate
University in 1994. Jagger is a bronze-chaffed]yearaturing, semi-dwarf cultivar with high
grain protein content and good baking quality. Altbh Jagger has good stripe rust resistance
and was resistant to leaf rust at the time of sged is now fully susceptible to the prevaleifle
rust races in the SGP_(http://wheat.colostate.edlighy.pd). The HRWW cultivar Overley was

released by Kansas Sate University in 2004. Ovasleybronze-chaffed, early maturing, semi-
dwarf cultivar with excellent yield potential ansl characterized by large seed, and outstanding
milling and baking quality. Overley is resistantleaf rust due td_r39, originally transferred
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from Ae. tauschii Coss. and is moderately resistant to stem  rust
(http://www.oznet.ksu.edu/library/crps|2/L924. pdf

Two spring wheat germplasm lines T5DL-5DS¥¢0.95) (TA5602) and T2BS-2BL-
2'L(0.95) (TA5605) derived fromAe. geniculata and Ae. triuncialis, respectively, are in a
WL711 background (Kuraparthy et al. 2007b, c). Gdasm line TA5602 is the source of leaf

rust resistance genés57, and stripe rust resistance gend0. Germplasm line TA5605 is the

source of leaf rust resistance gan&8 (Kuraparthy et al. 2007b, ¢). WL711 is an Indiaft s
white spring wheat cultivar highly susceptible ¢afl rust and stripe rust. However, WL711 has
the adult plant resistance gdoEl3 which is resistant to race PNMQ of leaf rust. AlighLr57
was resistant to all the leaf rust races of Karasas India (Kuraparthy et al. 2007b), virulent
races were found in Kansas for the leaf rust rascs gener58 (Kuraparthy et al. 2007c).

The initial crosses were made between the recupargnts (Jagger and Overley) as
females and the donor germplasm lines (TA5602 &b05) as male parents in the fall 2004 in
the greenhouse. In subsequent yeargldnts were grown in the greenhouse and backaasse
male parents to the recurrent parents;B@lants with rust resistant genes7, Yr40 andLr58
in both Jagger and Overley backgrounds were selesteer by phenotypic selection at seedling
stage or by the presence of diagnostically polymiarNA markers. Rust resistant B&; and
BCsF; plants were developed by the same backcross arfsl &d to select for BE; plants.

To characterize the genetic compositionHaf locus in the germplasm lines withr57
andYr40, cDNAs of the Puroindoline &{na-D1) and b Pinb-D1) genes were used as probes in
the RFLP analysis. DNA isolation and probe prepanatSouthern blotting and hybridization
were done as reported in Kuraparthy et al. (2007a). survey parental polymorphism,
germplasm line TA5605 and Overley were digestech veitx different restriction enzymes
(BamHI, Dral, EcoRlI, EcoRV, Hindlll, Xbal) and TA5602, Jagger and Overley were digested
with four different restriction enzymeBial, EcoRI, EcoRV, Hindlll).

The leaf rust reaction of the recurrent parentgdéa Overley) and germplasm lines
(TA5602, TA5605) was tested by screening the plattéwo-leaf seedling stage using four
pathotypes (PRTUS25, PRTUS35, PNMQ, MCDL) (for l@nce/avirulence formulae see Long
et al. 2000) ofP. triticina. Backcross derivatives in the Jagger backgroune wereened with
leaf rust race PRTUS25 at the seedling stage flectseg backcross jFplants with leaf rust
resistance genkr58. After selecting the fplants either using phenotypic or MAS, backcross
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derivatives were vernalized for six weeks. Afternadization, two backcross; Fplants were

planted per pot filled with regular green houseé sox and grown in the greenhouse.
Results

Marker-assisted transfer of Lr57 and Yr40 from T5DADS-5MS(0.95) to Jagger and
Overley

Previously, leaf rust and stripe rust resistanceegker57 andYr40 were transferred from
Ae. geniculata into wheat where the wheat-alien introgression QI%DS-5MS(0.95))
genetically compensated due to homoeologous recmtibh between wheat and alien
chromosomed.r57 andYr40 are dominant resistant genes located on chromosoméDS of
wheat (Kuraparthy et al. 2007b). Screening the g&asm line (TA5602) havingr57 andYr40
with leaf rust and stripe rust isolates suggedtetl these genes are highly effective against rusts
at the adult plant stage. Howevér57 was moderately resistant to leaf rust races teated
Kansas State University (Kuraparthy et al. 200Bzyeening the recurrent parents for leaf rust
reaction at the seedling-stage showed that racd4JBR5 and MCDL were virulent on Jagger
(Table 1; Fig. 1a) and races PNMQ and PRTUS35 wiendent on Overley (Table 1; Fig. 1b).
Because the source germplasm itself was modenagigtant to leaf rust races (Table 1) and the
rust resistant genes in heterozygous condition Ignesbw an intermediate reaction, selection of
rust resistant backcross plants would be very difficult in another backgnou Thus, the DNA
marker grain soft protein (GSP) diagnostically idfging the Ae. geniculata segment was used
for the MAS ofLr57 andYr40 into Jagger and Overley.

Previously, the RFLP marker GSP mapping on chromes®DS, was found to
diagnostically identify theAe. geniculata segment in TA5602 (Kuraparthy et al. 2007a).
Southern hybridization indicated that the GSP prdeected polymorphism between TA5602
and the two recurrent parents with all four enzymisstriction enzymeEcoRI, which produced
codominant polymorphic alleles between TA5602 dredrecurrent parents, was used for RFLP
analysis of the Fplants of each backcrosg generation. The high-molecular-weight allele @& th
marker GSP specific tBe. geniculata segment of TA5602 was scored for the presenda of
andYr40 and selection of rust resistantptants in each backcross generation. In each baskc
F1 generation 13-20jFplants were grown, B, plants with resistance genks57 and Yr40

were selected for selfing based on the presen&M88 specific allele of marker GSP in both
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cultivar backgrounds (Fig. 2a, b). The & plants homozygous for tHe57 and Yr40 will be
selected based on the marker alleles of GSP ahtyevddvanced to homozygous &, lines.
Endosperm texture is primarily controlled by thardness (Ha) locus on the short arm of
chromosome 5DHa is a simply inherited character and, althoughrttan locus is referred as
hardness, softness is in fact a dominant trait. Maeiness of hard wheats was due to the
presence of nonfunctional alleles of three gdhies-D1, Pinb-D1 and Gsp-1 at theHa locus
(Symes 1965; Baker 1977; Law et al. 1978). Theatdde. geniculata translocation line used to
transferLr57 and Yr40 was actually a homoeologous translocation of clasome segment
5M9S replacing 5DS of wheat (Kuraparthy et al. 200Ba&cause the nature and composition of
the Ha locus with respect t®Pina-D1 and Pinb-D1 genes is unknown in the origindle.
geniculata accession, we analyzed the type of polymorphisat éxisted aHa locus in the
translocation line by using cDNAs dPina-D1 and Pinb-D1 genes as probes. Southern
hybridization indicated that thRina-D1 and Pinb-D1 genes were deleted in the rust resistant
introgressions including the translocation (TSDLSBBM’S(0.95)) line used in the present study
(Fig. 3a, b). However, the presence of one copit eathePina-D1 andPinb-D1 genes in donor
accession offe. geniculata and their absence in the translocated segmentVi¥55in line
TA5602 suggest that these genes were deleted’igeviome and they were retained in tie U
genome ofAe. geniculata. Further, because the mutations and/or deletidpir@d-D1 andPinb-
D1 in wheat confers hard grain texture, deletion ldse genes in T5DL-5DS-58(0.95)
suggests that germplasm lines containing Akegeniculata segment with thé.r57 and Yr40
genes will give hardness to wheat. This furtherliegpthat transfer of the alien segment with
Lr57 andYr40 to Kansas winter wheats does not impair theiriguegquirements because most

wheats grown in Kansas are hard red winter wheats.

Transfer of Lr58 from T2BS-2BL-2.(0.95) to Jagger and Overley

Previously, leaf rust resistant gebeb8 was transferred frome. triuncialis into wheat
where the introgressed alien segment WitB8 was genetically compensating and was due to
homoeologous translocation between wheat and ahemmosomes. The new leaf rust resistant
genelLr58 is a dominant seedling resistance gene locatedhoomosome arm 2BL of wheat

(Kuraparthy et al. 2007c). Screening the germpléism (TA5605) withLr58 using leaf rust
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suggested that virulent races to this gene exigtainsas. No virulence could be found in India
(Kuraparthy et al. 2007c). Screening for leaf masiction at the seedling stage showed that races
PRTUS25 and MCDL, which were avirulent brb8, were virulent on Jagger (Table 1; Fig. 1b)
suggesting that any of these two races could be tesecreen for the rust resistantgtants in

the backcrossing program. Both the resistant gexsmplline TA5605 and the recurrent parent
Overley showed similar reaction to all four leastruaces tested (Table 1; Fig 1b) suggesting that
selecting resistant backcross derivatives at tkelsgy stage using these four leaf rust races is
not possible in the Overley background. Thus, DNé&rkars were used to transfer &8 into
Overley background through MAS.

Standard backcrossing was used to transfB8 into Jagger where Jagger was used as
female parent in all the backcrosses. Sixteen té20lants were grown in each backcross F
generation and screening was done using leaf acg PRTUS25 at the seedling stage. As
expected for single-gene segregation, about hali@backcrossFflants were resistant to leaf
rust race PRTUS25. Subsequent selections for theepce ofLr58 in the ks for further
backcrosses and selfings were based on the ldafeardion at seedling stage to race PRTUS25.
At present, the BgF; plants withAe. Triuncialis-derivedLr58 were selected for selfing. The
same screening and selection will be used to sélectozygous Bg, plants and to isolate
BCsF4 lines with leaf rust resistant gehes8.

Previously, the RFLP marker KSUH16, mapping onronfosome 2BL,
diagnostically identified theAe. triuncialis segment in TA5605. Probe KSUH16 detected
polymorphism between the two parents with five eney. Restriction enzymecoRV, which
produces codominant polymorphic alleles between 60&85and Overley, was used for RFLP
analysis of the backcross plants of each backcross §eneration. The low-molecular-weight
band specific to thée. triuncialis segment of TA5605 was scored for the presenda %8 and
selection of rust resistant backcross flants. At present, the BE: plants withLr58 were
selected for selfing based on the presendseofriuncialis specific alleles of RFLP marker (Fig.
4).

Because both the rust resistant source germplasa TA5602 and TA5605 were in a
spring wheat background and the recurrent pareate winter wheats, resistant backcross F

were further selected for winter type. Rust resistaackcross f£plants that were winter types
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were used for further backcrossing and/or selfibgn after vernalization winter types could be
easily identified because they flowered much l#ian the spring types.

BCsF, plants homozygous for the alien rust resistancegjerb7, Yr40 andLr58 will be
selected based on the diagnostic RFLP marker patted will be advanced to homozygous
BCsF,.4 lines. These B¢z and BGF, lines with Lr57, Yr40 and Lr58 in both backgrounds
Jagger and Overley will be used for agronomic eatads in the field and for subsequent

germplasm release.

Discussion

Introgression of the rust-resistance geheS7, Yr40 and Lr58 from a spring wheat
background to winter wheat varieties adapted tosidanis needed to provide germplasm with
these genes to wheat breeders. These genes wesétrad into two highly adapted Kansas
wheats Jagger and Overley through backcrossind/ekisl

The improvement and the efficiency of MAS dependight linkage between the target
gene and the marker, achievable by identifying marlas close as possible to the gene. In the
case of linked markers, identification of new mask&om saturated maps and also flanking
markers is needed to find the tightly liked markinsachieving efficient transfer of the target
gene. If sufficiently close flanking markers aret mgailable, using a single, linked marker for
MAS gives a reasonable amount of uncertainty intthaesfer of a target gene in the breeding
programs. ldeally, the gene sequence itself isbbst marker for MAS of the target gene. For
most of the agronomic genes in wheat, gene sequamdethe nature of sequence variation
associated with phenotypic variation is unknownwdeer, the transfer of a target gene located
in an alien segment will be efficient and accuratediagnostically polymorphic DNA marker is
located in the alien segment. Because the aliemeeignormally does not pair and recombine
with wheat chromosomes the entire alien segmenrgrintas single Mendelian factor. The
presence of a DNA marker allele specific to theralsegment always carries the target gene.
Therefore the development of DNA markers diagnaéiiicidentifying the alien segment is
required. The considerably large size of the alBWA in the translocation lines makes the
identification of such markers practical.

Several alien segments with rust resistant genes haen tagged with DNA markers
(Dubcovsky et al. 1998; Helguera et al. 2000, 2@IR)5; Mago et al. 2002; Seah et al. 2001).
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Although few of these alien segments with ruststesice were transferred to adapted wheats
(Helguera et al. 2003), most germplasm lines/catiwvith alien segments have an agronomic
penalty because of linkage drag (Helguera et @320005; Knott 1968). Further chromosome
engineering is necessary to improve agronomic cheniatics of these germplasm/cultivars with
large alien segments (Lukaszewski 2006; Zhang.&1045). However, the HRWW germplasm
lines withLr57, Yr40 andLr58 developed in the present study could be very bgefagriculture
because the alien introgressed segments with esstance were very small in size with less
undesirable genetic information (Kuraparthy et28l07b,c). Furthermore, no obvious effects on
plant growth and development were observed in ¢fected rust resistant backcross derivatives
in the present study, suggesting that the isogknés with Lr57, Lr58 and Yr40 could be
potential source for breeding wheat varieties wit resistance.

Gene complexes with resistance to more than omasksare known in wheat;,34/Yr18
(Dyck 1977; Singh 1992),r46/Yr29 (Singh et al. 1998; William et al. 2003; Suenagale
2003) andYr30/S2 (Spielmeyer et al. 2003; Singh et al. 2005). Althio Yr30 and S'2 are
independent genes (Singh et al. 2005; Hayden €084), it is not fully known whether the
resistance in thé&r34/Yr18 and Lr46/Yr29 complexes is due to independent genes or due to
pleiotropic effect of a single gene. The presenicenore than one independent rust resistance
gene is particularly common in segments transfefrech wild species of wheat for example
S31/Lr26/Yr9 from rye (Zeller 1973; Mettin et al. 19730¢37/Yr17/S 38 from Ae. ventricosa
Tausch. (Bariana & Mcintosh 1993) ahd54/Yr37 from Ae. kotschyi (Marais et al. 2005).
Because the other sources carrying resistance ab rlest and stripe rustl.r26/Yr9 and
Lr37/Yr17, have been overcome by pathotypes of these twopaistogens (Mcintosh et al.
1995),Yr40 andLr57 would be useful in replacing the defeated soudfe®gsistance in wheat
breeding. As additional genes are discovered insihecific alien segments, these isogenic
germplasm lines may be recombined and deployedp@es gene complexes in agriculture.

Grain hardness in wheat is one of thest important characteristics affecting milling,
baking andend-use qualities. Soft-textured wheats are dsedtakes, cookies and pastries,
whereas hard wheats are generabgd to make bread (reviewed by Morris and Ros&)199
Wheat grain hardness is a simply inherited traittcmledby theHa locus (Symes 1965; Baker
1977) mapped to the short arm of chromosome 5D tévtatet al. 1973Law et al. 1978).
Because the whede. geniculata translocation T5DL-5DS-58%(0.95) used to transfér57
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and Yr40 to Kansas wheats in the present study was a hdogme translocation of
chromosome segment 3Bl replacing 5DS of wheat (Kuraparthy et al. 200@gnetic
composition of Ha locus in the translocated 58 segment was investigated. Southern
hybridization using?ina-D1 andPinb-D1 cDNA probes showed that these two gene sequences
were deleted in the chromosome %Vof Ae. geniculata. Because the deletion or mutated form
of Pina-D1 andPinb-D1 gives hardness to wheats (Symes 1965; Baker 1%V et al.1978),
theoretically, the germplasm line TA5605 and thekibeoss derivatives with deletdtina-D1
andPinb-D1 genes should be hard textured wheats. Thus,ahsfar of 5SMS segemenrthaving

Lr57, Yr40), with deletedPina-D1 andPinb-D1 genes, does not impair the quality requirements
of the hard winter wheats. A majority of winter aggring wheats growing in USA are hard

wheats (http://www.smallgrains.org/WHFACTS/growtd#m). In Kansas, more than 95% of the

winter wheat grown is hard wheats (http://www.kgo&/statisticy. The translocation
T5DL-5DS-5M'S(0.95) in winter wheat germplasm will be very usefot only for Kansas but

for the most wheat-breeding programs in the US.|®@@pent of Lr57 and Yr40 may not be
possible in the soft wheat growing areas of US#d soft grain texture is the primary criteria in
those regions. However, the leaf rust resistance geansferred frome. triuncialis could be
used in either of the wheat types sincelttts8 is located on chromosome arm 2BL of wheat.
Most efforts in rust resistance breeding have himtted towards incorporating single
genes. Wheat varieties with only one or few majesistance genes have a tendency to
breakdown as unpredictable changes occur in theeqamposition of the pathogen populations.
Leaf rust resistance has been particularly sheedliin wheat cultivars with single seedling
resistance genes (Mcintosh et al. 1995). Effortgehlaeen made to develop durable partial
resistance via the slow rusting non race-speaifst resistance genes34 andLr46 (Dyck 1977;
Singh 1992; Singh et al. 1998). However, deploynuérat least one of these slow rusting genes
carried some yield penalty (Singh and Huerta-Espi®®7). Combining major genes that have a
wider spectrum of resistance should also providestance for a longer period of time to an
increased number of races than single leaf rusistaege genes (Johnson 1983). The
development of molecular markers and isogenic lifmesrust resistance genes will facilitate
combining these genes with additional leaf rusistasce genes. An alternative strategy that can

be used to extend the useful life of these majoregewill be to combine these genes with the
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slow-rusting gene&r34/Yr18 and Lr46/Yr29 for which molecular markers are now available
(Bossolini et al. 2006; Suenaga et al. 2003: Williet al. 2003).
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Figure 5.1 Leaf rust reaction at the seedlingesta
a. Rust reaction of the recurrent parents and germplaees to race PRTUS25
b. Rust reaction of the recurrent parents and germplees to race PRTUS35
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Figure 5.2 Marker assisted transfel.ob57 andYr40 from TA5602 into Jagger and Overley.
a. Southern hybridization pattern BEoRI-digested genomic DNA of parents and#8C

plants in Jagger background probed with GSP.
b. Southern hybridization pattern BEoRI-digested genomic DNA of parents andJBC

plants in Overley background probed with GSP.
BCsF; plants selected for the presenceéd\efgeniculata derived resistance genlexb7 and Yr40

are indicated with an asterisk
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Figure 5.3 RFLP analysis éfa locus in the whea#e. geniculata translocations lines
a. Southern hybridization pattern Dfal digested genomic DNA of parents and

introgression lines usingina-D1 as probe
b. Southern hybridization pattern Dral digested genomic DNA of parents and

introgression lines usinginb-D1 as probe
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Figure 5.4 Marker assisted transfelLo$8 from TA5605 into Overley using KSUH16 as probe.
Southern hybridization pattern BEoRV-digested genomic DNA of parents and4BCplants in
Overley background. B4F, plants selected for the presencé\eftriuncialis derived resistance
geneLr58 is indicated with an asterisk
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Table 5.1Seedling reactions of TA5602, TA5605 and parents to leaf.ru

Leaf rust
Cutivar/germplasm
PRTUS25 PRTUS35 MCDL PNMQ
WL711 4 4 4 3+
T5DL-5DS-5M'S(0.95) _
(TA5602) 2C 2+C 2C ;1C
T2BS-2BL-2L(0.95) ,
(TA5605) ’ 4 X 3+C
Overley 0; 4 2C 4
Jagger 3+C 3+C 4- 2+C

Footnote

#Ts of seedlings were scored according to the netiStakman scale of Roelfs et al.
(1992) as illustrated in McIntosh et al. (1995)e@eg ITs are 0 = no uredinia or other
macroscopic sign of infection, ; = no uredinia buortall hypersensitive necrotic or chlorotic
flecks present, ;N = necrotic areas without spdiata 1 = small uredinia surrounded by
necrosis, 2 = small to medium uredinia surroundeddzrosis or chlorosis (green islands may
be surrounded by necrotic or chlorotic border 3, Bedium uredinia with or without chlorosis, 4
= large uredinia without chlorosis, X = heterogameaimilarly distributed over the leaves, C =
more chlorosis than normal for the IT, + = urediseenewhat larger than normal for the IT, nt =
not tested. A range of variation between ITs i®rded, with the most prevalent IT listed first.
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CHAPTER 6 - IDENTIFICATION AND MAPPING OF ATILLER
INHIBITION GENE ( tin3) IN WHEAT

Abstract

Tillering is one of the most important agronomiaits in cereal crops because tiller
number per plant determines the number of spikegaaicles per plant, a key component of
grain yield and/or biomass. In order to characeeti'e underlying genetic variation for tillering,
we have isolated mutants that are compromisedieniig ability using ethyl methanesulphonate
(EMS)-based mutagenesis in diploid wheatit{cum monococcum subsp.monococcum). The
tillering mutant,tiller inhibition (tin3) produces only one main culm compared to the tyijee
with many tillers. The monoculm phenotypetiof3 is due to a single recessive mutation. Genetic
and molecular mapping in an population of diploid wheat located thi®@3 gene on the long
arm of chromosome 3A One codominant RFLP mark¥psr1205 cosegregated wittin3 in the
F, population. Physical mapping of PSR1205 in a §€thonese Spring deletion lines of group-3
chromosomes placed thi@3 gene in the distal 10% of the long arm of chrommos@A, which
is a recombination-rich region in wheat. The imalions of the mapping ¢fh3 on chromosome
arm 3A"L are discussed with respect to putative ortholofyin3 in the 3L colinear regions

across various cereal genomes and other tilleraitgtin grasses.
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Introduction

Changes in plant architecture have been centréhéodomestication of wild species.
Tillering or the degree of branching determinesaslarchitecture. The architecture of the shoot
system affects a plant’s light harvesting potentia¢ synchrony of flowering and seed set and,
ultimately, the reproductive success of a planbdslbranches and/or tillers arise from axillary
shoot meristems and tiller buds, respectively, WhHarm in the axils of leaves on the primary
shoot axis. Isolation and characterization of mistanvith altered patterns of shoot
branchingf/tillering showed that they can affect theristem initiation, as inateral suppressor
(Is) (Schumacher et al. 1998hdblind (bl) (Schmitz et al. 2002) of tomatpinhead (Lynn et al.
1999) andevoluta (rev) (Lynn et al. 1999; Otsuga et al. 2001) of Aralpisis or meristem out
growth as inmore axillary growth (max) (Stirnberg et al. 2002) ardicreased apical dominance
(dad) (Snowden et al. 2005) of Arabidopsis, aadhosus (rms) of pea (Sorefan et al. 2003); or
both as insupershoot/bushy of Arabidopsis ( Tantikanjana et al. 2001; Tamijkaa et al. 2004)
andteosinte branchedl (tb1l) of maize (Doebley et al. 1997) amnoculml (mocl) of rice (Li et
al. 2003). Cloning and characterization of variogenes that affect lateral shoot branching or
tillering indicated that many of them are regutgtelements such as MYB transcription factors
(blind-tomato ), GRASS family transcription factorsatéral suppressor-tomato, lateral
suppressor-Arabidopsis andmonoculml-Rice) (Schumacher et al. 1999; Li et al. 2003),
Homeodomain-leucine-zipper transcription factorevdluta-Arabidopsis) (Lynn et al. 1999;
Otsuga et al. 2001) and the TCP family of DNA-bngdtranscriptional regulatorgepsinte
branchedl-maize) (Doebley et al. 1997).

In cereals, tillering is controlled mostly by a noen of quantitative trait loci (QTL) (for
review see Li and Gill 2004). In wheat, althougBkiagle gene responsible for tiller inhibition
was mapped on chromosome arm 1AS (Richards 1988InSxyer and Richards 2004), most of
the underlying variation for tillering was found e controlled by QTL. Kato et al. (2000)
showed the presence of minor QTL for tillering asated with the vernalization genér(A) on
chromosome 5A of wheat. In spring wheat, QTL withngicant effect on tiller number per
plant were found to be located on 6AS and 1DS (Liale 2002). Using an intervarietal
chromosome 3A-specific recombinant inbred line paton of winter wheat, Shah et al. (1999)
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mapped a significant QTL (R19.4%) for tillering on chromosome arm 3AL. Buckrkh
(2002) reported a major QTL for tillering 1&30.6%) in barley on chromosome arm 3HL.
Furthermore, a mutant locus affecting tillerihmgy number of tillers (Intl), was placed on 3HL
in the morphological map of barley (Franckowiak @P9In rice, a QTL displaying 46.16%
heritability for tillering also was mapped on chrasome 1 (Wu et al. 1999), which is syntenic to
group-3 chromosomes afiticeae (Ahn et al. 1993; van Deynze et al. 1995; Gallegal. 1998;
Sorrells et al. 2003). Tiller per plant mutatiomsl&QTL affecting tillering were mapped in the
other genomic regions besides group-3 chromosoi@&gtoceae species. In barley, a recessive
mutationcul2 was mapped to the proximal region of chromosome &L (Franckowiak 1996;
Babb and Muehlbauer 2003). The monocuint)(gene was mapped to the proximal region of
chromosome arm 6RL of rye (Maleyshev et al. 2001dentification and characterization of
tillering mutants in barley (Franckowiak 1996; kekowiak and Lundqvist 2002; Babb and
Muehlbauer 2003), rye (Maleyshev et al. 2001) acel (Li et al. 2003) indicated that tillering is
simply inherited at the diploid level.

We produced an array of mutants ifriticum monococcum subsp. monococcum
(Dhaliwal et al. 1987; our unpublished results)otigh chemical mutagenesis using ethyl
methane sulphonate (EMS) and screened for mutatitsaitered tiller number in iMgeneration.
Among these, théller inhibition (tin3) mutant is of particular agronomic interest beeaus3
plants almost completely lose their tillering alyilproducing only one main culm in contrast to
the multiple tillers in wild-type plants. Preciseapping and isolation of the mutant loci
controlling tillering is important to exploit thenderlying genetic variation in tillering for cereal
crop improvement. The objective of this study wasonduct chromosome, genetic and sub-
genomic physical mapping of then3 gene using molecular methodologies combined with
unique wheat cytogenetic stocks.

Material and methods

Plant material
Triticum monococcum subsp.monococcum is a domesticated diploid wheat, very closely
related to Triticum urartu Thum., the diploid A-genome donor of polyploid e T.

monococcum subsp.aegilopoides is a wild form of Triticum monococcum subsp.monococcum.
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Both accessions ahonococcum subsp.monococcum (TA4342-96) andl. monococcum subsp.
aegilopoides (TA4342-95) were originally obtained from the I&e B.L. Johnson of University
of California-Riverside, California, USA.. monococcum subspmonococcum (TA4342-96) was
mutagenized using ethyl methanesulphonate (EMS)taddunesis and mutant isolation is as
reported previously (Dhaliwal et al. 1987). monococcum subsp.aegilopoides (TA4342-95)
was used as a second polymorphic parent in theesaavolving théin3 mutant. Both the lines
are maintained by the Wheat Genetic and GenomiouRess Center, Kansas State University,
Manhattan, USA.

Reciprocal crosses were made betweertiti3emutant and TA 4342-95. From thie3 x
TA4342-95 cross, an FHpopulation of 89 individuals generated in sprir@)2, was used for
molecular mapping. A population of 398 fplants was grown from the reciprocal cross
(TA4342-95 xtin3), and only 100 Fplants were scored for phenotypic segregation studies.
Individual plants were grown in the square potsrihert International Horticultural Supplies,
Earth City, MO, USA) filled with Scotts Metro Mix® (Sun Gro Horticulture Canada CM Ltd).
Plants were grown in a growth chamber with 16 hadfidgght and 8 hours of darkness and with
diurnal temperatures of 13-18°C. Tiller data warded twice; once at first internode detection
stage and second time at flag leaf sheath extenslimge (for growth stage description see
Zadoks et al. 1974). >plants with single culm were characterized asrmathetin3 phenotype,
whereas plants with more than one tiller were aergid as wild-type.

Ditelosomic lines (Sears and Sears 1978) of grogpf®mosomes, in which a specific
chromosome arm pair is missing, were used to ifleritagments hybridizing to specific
chromosome arms. For deletion bin mapping oftith&gene, eight lines of Chinese Spring (CS)
with terminal chromosomal deletions in the long siof group-3 chromosomes (Endo and Gill
1996) were used. Four deletion lines for 3AL ana teach for 3BL and 3DL were used.
Included in the four 3AL deletion lines were TA45R8 (3DS-3/3AL) and TA4536-L5 (5BS-
5/3AL), which had much smaller terminal deletionghe long arm of chromosome 3A (Qi et al.
2003). Physical mapping localizéth3 into the smallest consensus deletion bin to furthe
leverage the mapping and genomic information frdv@ NSF-funded wheat EST mapping

resource (http://wheat.pw.usda.gov/cqi-bin/wesisafi locus.ch

168



Molecular mapping of tin3 gene

DNA isolation: Freshly collected leaf tissue was frozen and giounliquid nitrogen.
About 10-15 ml of extraction buffer (0.5M NaCl, M1Tris-Hcl, 50mM EDTA, 0.84 %( wi/v)
SDS) (pH 8.0) was added to the ground tissue arubated at 65°C for 30-45 min. About 15
ml of chloroform: iso-amyl alcohol (24:1) was add&ad mixed vigorously and centrifuged at
8,000 x g for 15 min. DNA was precipitated by adpih5 volumes of ice cold 95% ethanol to
the supernatant. The DNA pellet was washed andated in 70% ethanol, dried, dissolved in
TE buffer and quantified either on a 0.9% agarasleog by using a NanoDrop ND-1000 UV-
VIS spectrophotometer (Agilent Technologies, Palim ACA, USA).

Microsatellite analysis To genetically map th&n3 gene, a total of 295 microsatellite
markers were selected on the basis of the mapigusiin common wheat (Roder et al. 1998);
Gupta et al. 2002; Somers et al. 2004; Guyomart'al.e2002a, b). PCR reactions were
performed as described in the above reports. Irergénpolymerase chain reaction (PCR)
amplifications were performed in 25 pl reactionshv@2.5 pul 10x magnesium-free PCR buffer,
1.5 pl magnesium chloride (25 mM), 2.5 pl dNTP$ (@M each dNTP) and 1 pl each forward
and reverse primer (100 pmol/ul) and 75 ng DNA iRT&C-200 thermal cycler (MJ Research,
Waltham, MA, USA). SSR primer annealing temperatwaried from 50 to 60°C, depending on
the primer. Amplified products separated in 2.5hhresolution agarose (Gene Pure HiRes
Agarose, ISC BioExpress, USA) gels made with 1xTB#Eer 3 hours at 65V, amplified
products were visualized by ethidium bromide stagni Some of the amplified products were
resolved using 6.5% KB Gel Matrix supplied by LI-CORin a LI-COR 4200 DNA sequencer
(LI-COR Biosciences, Lincoln, NE, USA) following éhmanufacturer’s instructions. PCR
reactions for SSR markers analyzed through the @RGnachine were the same as described
above except that fluorescence-labeled forward kil3rimers were used for PCR with a total
reaction volume of 10 pl.

Restriction enzyme digestion anBFLP analysis In order to find a closely linked
marker and to use it to localize thi@3 gene into a deletion bin, a total of 18 RFLP ckone
previously mapped on the long arms of group-3 Clmsomes
(http://wheat.pw.usda.gov/iGG2/maps.shtml#whé&svos et al. 1993a; McGuire and Qualset

1996; Dubcovsky et al. 1996)) were selected forodyrmporphism survey and subsequent
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mapping studies. Eighty-eight, fndividuals from the crossin3 x TA4342-95were used to
genetically map th&én3 gene using RFLP probes.

About 20 pg of DNA was digested with 40 units oflenucleaseHcoRI, EcoRV, Dral,
HindlIll, Scal or Xbal) in the presence of an appropriate buffer, BSAI0(v/v) and RNAase
(0.01 v/v) for a total volume of 35 pul. After 16 imcubation at 37°C, the reactions were stopped
by adding 8 ul of gel-loading buffer (0.25% bromephl blue, 30% glycerol in water). Digested
product was then resolved in a 0.8% agarose gekenuathg 1x TBE (Tris, boric acid and
EDTA) on a horizontal gel apparatus for 18hr at 2BNA was transferred to Hybond™N
membranes (Amersham Biosciences, GE Healthcare,) @6¢ording to the standard protocols
of Sambrook et al. (1989).

Prehybridization was done at 65°C for 14-16 hra solution containing 5x SSPE (0.15
M NaCl, 0.015 M NgH,PO,, 0.1 M EDTA), 10x Denhardt’s solution (0.2% Figo# mg/mi
BSA; 2 mg/ml polyvinylpyrrolidine (PVP), and 0.25 giml salmon sperm DNA. The
prehybridization solution was replaced with 15 nilhybridization solution (5x SSPE, 10x
Denhardt’s solution, 1% sodium dodecyl sulphate§g@2nd 10% dextran sulphate, 0.5 mg/ml
salmon sperm DNA). Probes were labeled withP dCTP by the random hexamer method
(Feinberg and Vogelstein 1983), purified througipt@&elex G50 spin columns, denatured for 4
min, and added to the membranes. After 18-22 hrsybfidization, membranes were given a
brief wash with 2x SSC and 30 min followed by a Wwadth 2x SSPE (0.1% w/v SDS), and
subsequently washed twice for 30 min with 0.5x SE®RE% w/v SDS). Hybridizations and all
the washes were done at 65°C. Membranes then weosed to X-ray film for 3-7 days.

Linkage Analysis

The computer program Mapmaker (Lander et al. 19&r3ion 2.0 for Macintosh was
used to calculate linkage distances using the Kbsamapping function (Kosambi 1944) with an
LOD threshold of 3.00.

Results

Morphology and inheritance of tin3 gene
Thetin3 mutant plants almost completely lost their tilhgriability, producing only one

main culm, in contrast to the multiple tillers irladvtype plants (Fig. 1a). Mutant culms were
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much stronger and leaves were much stiffer andedatan the wild-type plants. Spikes were
much larger (Fig. 1b) and occasionally producedisttertiary spikelets. Seed size was bigger in
thetin3 mutants than the wild-type plants. Awns were nyostinkled intin3 mutant compared
to the wild-type plants (Fig. 1b).

The R hybrid between the mutantin3 and T. monococcum subsp.aegilopoides
showed the wild-type phenotype with many tillerdyieh indicated that thé&in3 gene with
monoculm phenotype is recessive to the wild typ&h(vmany tillers). The ¥ population
segregated 67 wild type and 22 mutant phenotypeghwwas a good fit for the monogenic
segregation ratio of 3:1. Thus, the mutant pherotyas due to a single recessive gene that
affects tillering inT. monococcum. Reciprocal crosses involving the mutant and TA498
showed the wild-type phenotype in the &d segregation of 78 wild-type and 22 recessive
plants giving a monogenic segregation ratio ofi8:the k. This result indicated that the mutant

phenotype was conferred by a single recessive augkne.

Microsatellite analysis

A total of 295 genetically mapped, A-genome speaificrosatellite markers were used
to survey the polymorphism between two paremits3 mutant (in T. monococcum subsp.
monococcum acc. TA4342-96 background) dmmonococcum subsp.aegilopoides (accession
TA4342-95). Out of 295 SSRs surveyed, 27 SSR markere amplified using fluorescence-
labeled forward primers and their PCR products wesslved in a LI-COR DNA sequencer.
The remaining 268 SSRs were amplified using unlabeprimers and PCR products were
separated in 2.5% high resolution agarose gels. thef total 295 SSRs surveyed for
polymorphism, 75 SSRs showed null alleles in batrepts, suggesting that the transferability of
bread wheat SSRs to the A—genome diploids is aBé18%. From the 220 SSRs that were
amplified in one or both parents, 93 SSRs showdgnpmphism (42.3%) between the two
parents. Of the 93 polymorphic SSRs, 61 (65.6%)ewa-dominant and 32 (34.4%) were
dominant in nature. Of these dominant SSRs, 72%S3RBs) were dominant faim3 parent,
whereas 28% (9 SSRs) were dominant for TA 4342&3Brp.

Molecular mapping of the tin3 gene using SSR and EFF markers

Genetic mapping
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A total of 38 SSR (32 co-dominant and 6 dominangrkars were mapped in an F
population of 89 individuals from the cros3 x TA4342-95. At an LOD score of 3.0, the
Mapmaker’'s ‘group’ command identified th#&n3 locus grouping with two SSR markers
Xcfa2076 andXwmcl69. These two co-dominant microsatellite markersictvivere genetically
mapped on the long arm of chromosome 3A, showeskdiokage (4.7 cM) with then3 locus
(Fig. 2). However, they were not physically mapjpethe deletion bins of CS wheat (Sourdille
et al. 2004). We used RFLP markers that could slothiologous alleles in the group-3
chromosomes to find a closely linked marker anghgsically map thein3 gene using newly
characterized deletion stocks specific to the gi®ughromosomes. Because SSR markers
Xcfa2076 and Xwmcl169 were mapped distally on the long arm of chromos8adGupta et al.
2002; Somers et al. 2004), we used 18 RFLP matkatswere previously genetically mapped
on the long arms of homoeologous group-3 chromoso@BA of the two parents was digested
with six restriction enzymesDfal, EcoRI, EcoRV, Hindlll, Scal and Xbal). Sixteen probes
(88.89%) detected polymorphism between the tworpaneith at least one enzyme, whereas the
remaining two clones were monomorphic. Seven RFLBrkers were mapped in the
abovementioned J/population with only 88 individuals. All seven rkars showed the same
map order and relatively same marker distances aseviously reported group-3 chromosome
maps (http://wheat.pw.usda.gov/GG2/maps.shtml#whebtcGuire and Qualset 1996;

Dubcovsky et al. 1996). One RFLP markepsr 1205, co-segregated with then3 locus in the
above E mapping population (Fig. 2). The PSR1205 probeciwiproduced a single band in
both the parentin3 and T. monococcum subsp.aegilopoides (TA4342-95) also showed clear

monogenic codominant marker segregation ratio 2ifl1(p=0.01) in the Fpopulation.

Physical mapping of the tin3 gene using deletionds
In order to leverage the genomic information andlgadeveloped in the wheat EST

mapping project (http://wheat.pw.usda.gov/cqgi-begtggl/map_locus.ggit was important to

physically map thetin3 gene using at least the core set of Chinese Sggtegion lines used in
that project. Physical mapping of the3 gene using the co-segregating marKpsr1205 as a
probe on a set of deletion lines revealed ti® maps in the chromosome deletion bins 3AL-5
(FL 0.78-1.0), 3BL-7 (FL 0.63-1.00) and 3DL-3 (FL8Q-1.00) of 3A, 3B and 3D chromosomes
of wheat, respectively (Fig. 3). In a consensussfuay map of the group-3 chromosomes of

wheat (Delaney et al. 1995) th@3 gene is positioned in the distal 20% of the longsa We
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also used two new aneuploid lines, TA4526-L3 (3D®AR) and TA4536-L5 (5BS-5/3AL) of
3AL with smaller deletions for higher resolutionysical mapping. The chromosome arm 3AL
with same new terminal deletion is present in Hotés, because identical sets of 3AL-specific
EST fragments were missing in both lines (Qi e2@D3). Both deletion lines TA4526-L3 (3DS-
3/3AL) and TA4536-L5 (5BS-5/3AL) had much smalleeletions of less than 10% of the
chromosome arm 3AL distal region (Qi et al. 200@)e Xpsr1205 marker showed diagnostic
polymorphism in these two new deletion lines alsm.(3), indicating that th&n3 gene was
actually located in the distal 10% of the long arihchromosome 3A (Fig. 2).

Previously Shah et al. (1999) suggested that chsome arm 3AL of hexaploid wheat
also carries genetic factor(s) affecting tillerifidgne RFLP markeXbcd141, which co-segregated
with another RFLP markeKbcd372, showed significant association with the tilleritigit
(R=19.4%) in a recombinant inbred chromosome lineufaifpn of chromosome 3A of wheat
(Shah et al. 1999). We used BCD372 as a probeiiromapping population to explore the
orthologous relationships between tillering QTLadmomosome arm 3AL of wheat (Shah et al.
1999) andin3 of T. monococcum subspmonococcum. Mapping showed thatbcd372 is located
about 38.8 cM proximal to th&n3 gene (Fig. 2).

Discussion

Tillering is an important component of grain yiétdcereals. Identification and molecular
characterization of genes involved in tillering am essential prerequisite to elucidate the
molecular mechanism of tillering for cereal croppmovement. The genetic and molecular
mapping of théin3 mutant reported here provides a starting pointffermolecular dissection of
this trait in wheat.

Using the chemical mutagen EMS we isolated an aofagnutants inT.monococcum
subsp.monococcum including some with altered number of tillers. Amgothe tillering mutants,
tin3 is of particular agronomic interest becaugeratduces only one main culm compared to 20-
30 tillers produced by the wild typ&.monococcum subsp.monococcum. The tin3 mutant
showing larger spike (Fig. 1), increased grain Wweignd darker leaves shows the agronomic
importance of such loci and potential need to ustdedd the molecular mechanism of tillering
for wheat improvement. Althougin3 does not produce more than one tiller, the strongkn,
darker leaves and crinkled awns are a few of thephwogical similarities that this mutant
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shares with the barley mutaioiv number of tillersl (Intl) mapped on 3HL (Franckowiak et al.
1996, Babb and Muehlbauer 200B8)1, however, differs fromin3 by producing 2-3 tillers and
also shows irregular rachis internode lengths.

Segregation in Fpopulations of reciprocal crosses betwgaB x T. monococcum subsp.
aegilopoides (TA4342-95) showed thatin3 is a single recessive nuclear gene that is
compromised in normal tillering ability. This resuidicates that tillering is simply inherited in
diploid wheat, as has been reported in other dipbareals such as barley (Franckowiak 1996;
Franckowiak and Lundqvist 2002; Babb and Muehlb20€3), rye (Maleyshev et al. 2001) and
rice (Li et al. 2003). The lack of many mutantstthee compromised in tillering ability in
hexaploid wheat might be due to the polyploid rmatof wheat where the expression of
functional homoeoalleles could be genetically conga¢ing for the nonfunctional mutant locus.
Identification and characterization of such simipligerited genes in diploids or putative diploid
donors of polyploids will easily allow cloning aratharacterization of orthologous alleles for
tillering not only in polyploid wheat genome butthre Triticeae as a whole.

We employed SSR markers for chromosome and arm inqab thetin3 gene. Of the
total 295 wheat A-genome specific SSRs surveyeolta??0 (74.58%) showed transferability to
the A-genome diploids. A higher transferability §8Bof B-genome SSRs to the diploid species
Aegilops speltoides, Ae. longissima, andAe. searsii, representing the S genome was reported by
Adonina et al. (2005). SSRs froAe. tauschii to the D genome of wheat showed a still much
higher level of transferability of 92% (Guyomar@&hal. 2002a). Alhough our study involved
only two A-genome diploid progenitors, the resutidicated that among the polyploid A, B and
D genome SSRs, the A-genome SSRs were comparatiesly transferable to their
corresponding diploid progenitors. Our present wtaldo showed that out of 220 SSRs that
amplified PCR products, 42.27% were polymorphiovaein the two parents used. The level of
polymorphism of SSRs reported here was intermedidten compared to 33% reported
between the parents of ITMI population (Guptale2802) and 60% polymorphism observed
between Courtot and Chinese Spring (Guyomarc'h 2082a).

Because the submicroscopic deletions of Chineséngpare actually the result of
terminal chromosome deletions (Endo and Gill 19%6)y gene of interest can be mapped
physically in chromosome bins by simply mappindyeitthe closely linked proximal marker or

the co-segregating marker(s) in the deletion liteshe present study the nearest RFLP markers
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proximal to thetin3 gene areXbcd131 and Xbcd1431 which are 10.6 cM proximal to then3
gene.However one RFLP markerXpsr1205, showed co-segregation with the3 locus in the
same E population (Fig. 2). This marker arich3 showed no segregation distortion in the F
population, and the markefpsr1205 further shows all the three orthologous allelesvimeat
(Fig. 3). Hence, we used PSR1205 as a probe tagallysnap thein3 gene.

Physical mapping of then3 gene using the co-segregating marKpsr 1205 as a probe
on a set of CS anueploid stocks including two neletibn lines (TA4526-L3 (3DS-3/3AL) and
TA4536-L5 (5BS-5/3AL)) with terminal chromosome e@bns revealed thdatn3 maps in the
distal 10% of the long arms of group-3 chromosowiewheat (Fig. 2 & Fig. 3). Deletion-bin
based physical mapping of th3 gene using CS deletion lines is important to kribe
genomic location ofin3 gene on chromosome 3A with respect to recombinatia gene space.
Comparisons of the physical maps with recombinatiased maps led to the discovery that gene
density and recombination at the distal regionthefwheat chromosomes is very high (Werner
et al. 1992; Gill et al. 1996; Akhunov et al. 2008here gene density in such regions is
comparable to that of rice (Feuillet and Keller 229rhe same trend of higher recombination in
the distal 20% of the long arms of group-3 chromes® was also demonstrated unequivocally
by Delaney et al. (1995). Thus, physical mappingir8 in such high recombination regions of
the genome could allow us to undertake the mapebatming oftin3 gene. Furthermore,
deletion bin mapping ain3 gene in a defined set of deletion lines used bFEST mapping
project (http://wheat.pw.usda.gov/cgi-bin/westsa@imliocus.cgi Qi et al. 2003) of wheat will

allow us to access the deletion bin mapped ESTwmagkers and comparative genomics tools
such as macro and micro colinearity between rickvaineat (Sorrells et al. 2003). Because the
group-3 chromosomes of wheat show a good levelobhearity with chromosome 1 of rice
(Kurata et al. 1994; van Deynze et al. 1995; Skmret al. 2003, Liu and Anderson 2003)
deletion bin mapped wheat ESTs could be leveraiedre¢o fine maptin3 and/or to explore the
possible candidate genestwf3 from the syntenic BACs of the rice genome segeenc

So far, no orthologous mutant(s) defective in tilg ability has been reported on
chromosome arm 3AL of hexaploid wheat. Howevela mapping study aimed at exploiting the
intervarietal crop genetic variation, Shah et 4099) mapped a QTL determining tiller number
on chromosome arm 3AL using recombinant inbred rolmsome lines of 3A developed from a

cross between Cheyenne and chromosome substitin@Cheyenne (Wichita 3A). The RFLP
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marker Xbcd141, which cosegregated with another markéocd372, showed significant
association with the tillering trait (R19.4%) in the above RIL population. The mapping of
Xbcd372 about 29 cM proximal tdin3 gene in our mapping studies (Fig. 2) indicates tha
QTL reported on 3AL (Shah et al. 1999) amB gene ofT. monococcum subsp.monococcum
may not be true orthologs. However, the converseatso not be ruled out because the QTL
cover relatively larger regions of the chromosomes.

Identification and mapping of then3 gene on chromosome arm 3AL of diploid
wheat has significance in the light of the consérsgnteny widely reported in the comparative
analysis of grasses (Devos and Gale 2000; Soetld. 2003). Gene order is well conserved
between wheat, barley (Devos et al. 1993a, c; Dudlgoet al. 1996) where the genomes of
distantly related cereals such as maize, riceandtrye can be divided into linkage blocks that
have homology to corresponding segments of the inge@ome (Ahn et al. 1993; van Deynze et
al. 1995). Conservation of effective gene orthelag the Triticeae were well documented
between wheat and barley in the case of vernadzaienesvrnl andVrn2 (Dubcovsky et al.
1998) and the photoperiod geRpdl (Snape et al. 1996). With respect to tilleringgrasses,
gene orthologies have not been demonstrated uregplly. In addition to thdin3 mutant
reported here, a mutant with intermediate tillerimgpit, low number of tillersl (Intl) was
mapped on 3HL of barley (Franckowiak 1996). It iilmgher speculated that the QTL TILL-1
(R?=30.6%) mapped on the long arm of chromosome 3HKBorlin 2002) could be associated
or identical with the major genatl of 3HL. Although, no orthologous RFLP markers were
reported forntl, the morphological similarities and arm locatiaggest thatin3 andIntl may
be orthologs. In rye, a mutant locus affectingtitig monoculm (mc) was mapped on the long
arm of chromosome 6R (Malyshev et al. 2001). The fhat theXpsr1205 locus could be
detected on chromosome arm 6RL having a recipsptahslocated 3L segment (Devos et al.
1993a, c¢) and the common norm of reduced genetimmbination in the proximal regions of
Triticeae chromosomes (Werner et al. 1993; Gill et al. 19®6unov et al. 2003; Lukaszewski
1992; Devos et al. 1993a, b; Lukaszewski et al42@tdicates thatmonoculm (mc) of rye might
be a putative ortholog ofin3 of T.monococcum subsp. monococcum. Because a recessive
mutationcul2 was also mapped to the proximal region of chrommesa@arm 6HL (Franckwiak
1996) it would be interesting to see the true dapwmf mc of rye using the RFLP markers
associated within3 reported in the present study aad?2 of barley (Babb and Muehlbauer
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2003). In foxtail millet Getaria italica), a major QTL (R=28.1%) for tiller number was mapped
at a genetic position of 115 cM on chromosome Vufet al. 2005). Cross species comparative
genomic analysis of the markers in that criticglioa of foxtail millet shows an extreme level of
colinearity with long arm of chromosome 1 of rié@efos et al. 1998). Furthermore, among the
many reported QTL affecting tillering in rice, a jo@QTL was also mapped on the long arm of
chromosome 1 (Wu et al. 1999) of rice. It is versil established that the wheat chromosome
3L is syntenous to the long arm of chromosome dcef (van Deynze et al. 1995; Sorrells et al.
2003). The above reports and mappingin® on 3AL of T.monococcum subsp.monococcum
indicate that, cereal chromosomes that are colinesyntenic to the long arms of group-3
chromosomes ofriticeae carry one or more genetic factors affecting tiigr Although the
orthologous relationships between the QTL and/otamiuloci affecting tillering are not fully
established, the mapping of th@3 gene of wheat in the present study will enablendefe
comparative mapping of the orthologous tilleringi@e across the grass species described above.
Precise mapping and isolation of the mutant loaitiedling tillering is important to exploit the
underlying genetic variation for tillering for cedecrop improvement. Even more importantly
cloning those genes of agronomic importance wilthfer elucidate the molecular and cellular
pathways in which these gene products function.

The diploid nature of. monococcum with smaller genome size of 5,700 Mb compared to
16,000 Mb of bread wheat (Arumuganathan and Ea9®l]1 Bennet and Smith 1976), the
existence of a very high level of polymorphism f@NA based markers, the availability of a
large BAC library (Lijavetzky et al. 1999), the mhgal map location of thé&in3 gene in a
recombination-rich region of wheat and the extemsoonservation of synteny between
homoeologous group-3 chromosomes of wheat and dsome 1 of rice (Ahn et al. 1993; van
Deynze et al. 1995; Sorrels et al. 2003) makediti®egene a potential candidate for isolating

tillering gene(s) using map-based cloning.
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Figure 6.1 Morphological features otin3 mutant and wild typel. monococcum. Fig.la
Comparison of tillering abilities between wild-typadtin3 mutant plants at maximum tillering
stage. Fig. 1b Comparison of inflorescence or spikphology between wild type arth3

mutant ofT. monococcum.

wild type tin3 tin3  wild type
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Figure 6.2Genetic mapping ofin3 gene ofT. monococcum (left) in reference to the physical
(deletion) maps of chromosome arm 3Alght). Orientation of the genetic map with respect to
centromere is done by comparing the positions efmtlarkers<bcd372, Xbcd131 and Xpsr1205
reported in Dubcovsky et al. (1996) where ti of the map is towards the centromere. Mutant
locus affecting tillering t{n3) is represented ibold. Each section of the 3AL physical map
represents a bin delimited by deletion breakpogxjsressed as fraction of arm length from the
centromere. The fraction length (0.81-0.90) of tithe new deletion lines 3DS-3/3AL and 5BS-
5/3AL was tentatively based on Qi et al. (2003).
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Figure 6.3Deletion bin based physical mappingtof3 gene by mapping co-segregating RFLP
marker Xpsr1205 in Chinese Spring group-3 aneuploid stocks. Aadmrgraph shows the
southern hybridization pattern of RFLP probe PSE1@0 Chinese Spring’s ditelosomics (Dt)
and deletion lines of group-3 chromosomes. Thetiblmdength (0.81-0.90) of the two new
deletion lines 3DS-3/3AL and 5BS-5/3AL was tentalwbased on Qi et al. (2003).
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CHAPTER 7 - GENOMIC TARGETING AND MAPPING OF
TILLER INHIBITION GENE ( tin3) OF WHEAT USING WHEAT
ESTs AND SYNTENY WITH RICE

Abstract

Changes in plant architecture have been centréhéodomestication of wild species.
Tillering or the degree of branching determinesasrarchitecture and is a key component of
grain yield and/or biomass. Previouslyiléer inhibition mutant with monoculm phenotype was
isolated and the mutant geria®) was mapped in the distal region of chromosome 3L of
T. monococcum. As a first step towards isolating a candidateegientin3, the gene was mapped
in relation to physically mapped ESTs and STS nrarkleveloped based on synteny with rice.
In addition, we investigated the relationship o€ ttvheat region containingn3 with the
corresponding region in rice by comparative genoamalysis. Wheat ESTs that had been
previously mapped to deletion bins provided a usefumework to identify closely related rice
sequences and to establish the most likely synteremion in rice for the whe#ih3 region. The
tin3 gene was mapped to a 324 kb region spanned bgvwertapping BACs of rice chromosome
arm 1L. Wheat-rice synteny was found to be exceptlyg high at thein3 region despite being
located in the high-recombination, gene-rich regadrnwheat. Identification of tightly linked
flanking EST and STS markers to the3 gene and its localization to highly syntenic ri&&Cs
will assist in the future development of a highoteion map and map-based cloning of tind

gene.
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Introduction

While the angiosperm (flowering plant) lineagehsught to be about 200 million years
(MY) old, thepoaceae family which includes a very diverse set of cegadcies diverged from a
common ancestor only about 50-70 million years #&gellogg 2001). This diversity is
manifested in huge differences in nuclear DNA cottevhich varies from 430 Mb in rice to
5700 Mb in diploid wheatflriticum monococcum (Arumuganathan and Earle 1991). Despite
these large differences in genome size and chrom@swmmber, extensive conservation of gene
content and order, termed synteny or colinearitys wbserved in the first comparative RFLP
maps constructed for wheat and rice (van Deynzg. di995). The genomes of distantly related
cereals like oat, rice, and maize can be dividad Imkage blocks that have homology to
corresponding segments of the wheat genome (Ahh £993; Moore et al. 1995; van Deynze et
al. 1995éb). The degree of genomic similarity observed atrttacrolevel among grass genomes
coupled with the assumption that the essential comapts of growth and development are
conserved among plants led to the notion that coatipa mapping experiments could serve as
an efficient tool for transferring information amelsources from well-studied genomes, such as
that of rice, to related plants. Further, compagatow-resolution genetic mapping of shattering
guantitative trait loci (QTL) in the orthologousrgenic regions in sorghum, maize, and rice led
to the notion that domestication of diverse cereads/ have involved mutations in genes for
same traits (Paterson et al. 1995). This suggdabktedmany structural and functional parallels
appear to have persisted since divergence of ceft@ath a common ancestor, and synteny could
allow the cross-referencing among plant genomes. Bést examples of the use of macrolevel
conservation of synteny in plants were the clorofghe Rht genes responsible for the green
revolution in wheat (Peng et al. 1998) and the idgrof genes for the staygreen phenotype in
rice based on the cotyledon color phenotype aaltyrdescribed by Mendel (Armstead et al.
2007).

Since genomics and gene discovery in hexaploid twiseaonfounded by a genome size
of approximately 17,300 Mb (Bennett and Leitch 1986d an abundance (80%) of repetitive
sequences (Wicker et al. 2001; SanMiguel et al220QDet al. 2004) the use of a small genome

as a reference is a natural choice for positiof@licg of agriculturally important genes using

186



comparative genomic approaches (Yan et al. 2008jre@tly, there are more than 550,000

wheat expressed sequence tag (EST) sequences, 8088 unique sequences

(http://www.tigr.org/tigr-scripts/tgi/T_index.cqgifecies=wheat deposited in public databases,
providing an excellent resource for mapping gereset of wheat deletion lines has been used
to locate 7,873 unigue ESTs into chromosome binsi (& al. 2004;
http://wheat.pw.usda.gov/NSF/progress_mapping)htAithough the remaining EST sequences

have not been physically or genetically mappedstarg synteny between rice and wheat, as
well as other cereals, can be exploited to tergbtiposition ESTsn silico based on orthology
with sequences in the rice genome (La Rota ancelBo2004). Using such information wheat-
rice comparative maps have been constructed fothallwheat chromosomes (Sorrells et al.
2003) and conserved synteny between wheat andhasdeen used for gene mapping and gene
discovery in wheat. The positional cloning of thaeat vernalization gengRN1 (Yan et al.
2003) is a good example of using information frdra tolinear regions in rice and sorghum to
facilitate the cloning of a wheat gene. Most impatly, synteny between wheat and rice has
been successful in some cases in finding new marfteu and Anderson 2003) and for fine
mapping (Distelfeld et al. 2004) of the targetedeayer region in wheat.

In order to characterize the underlying geneticatam for tillering in wheat, recently we
identified a tiller inhibition genetif3) in diploid wheat that was compromised in tilleraigjlity
(Kuraparthy et al. 2007). Then3 mutant produces a single monoculm phenotype casdptar
the wild typeT. monococcum with more than 30 tillers (Kuraparthy et al. 200Genetic and
physical mapping suggested that tim@ gene was located in a high-recombination and gehe-
region of chromosome arm 3AL of wheat suggesting feasible to clone th&n3 gene using
map-based cloning (Kuraparthy et al. 2007). Ingtesent study we report the genomic targeting
and mapping ofin3 gene using wheat ESTs and synteny with rice. ©Ong-term goal is to
achieve the map-based cloning of tim® gene. The objectives of this study were to fine itingp
tin3 gene, examine microcolinearity in tha3 region between wheat and rice and to explore the

possible candidate genes fo3.
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Materials & Methods

Plant material

For mapping the physically mapped wheat ESTs anfl @a@rkers developed based on
synteny with rice, an Fpopulation of 88 plants reported in Kuraparthyakt(2007) was used.
For fine mapping thein3 mutant was crossed as a female with monococcum subsp.
aegilopoides (TA4342-95) and afpopulation of 468 plants was grown for segregasinalysis.
The F, population segregated as 369 wild type and 10&ss#¢e monoculm plants which was a
good fit for the monogeneic segregation of tilm& gene. Only the recessive fraction (107 plants
with mutant phenotype) of the,Rpopulation was used for molecular mapping using th
previously reported markers. Because the membraintee initial i, population of Kuraparthy
et al. (2007) were exhausted, angopulation of 118 plants derived from a crdssl8 x T.
monococcum subsp. aegilopoides (unpublished) was used for ordering the STS marker
developed based on synteny with rice.

In order to study whether there are any local cluswmal rearrangements at tte3
locus, we tested the map order of the orthologdigdea of the linked markers @in3 in the
diploid D-genome donor speciésgilops tauschii. An F, population of 118 plants derived from
a cross between AL8/78 x TA1604 was used for mddéecuapping.

EST/STS mapping and wheat-rice synteny

Physically mapped wheat ESTs of the deletion bih538.78-1.00 of Chinese Spring
(CS) and markers developed based on synteny waghwere used for molecular mapping of
tin3. DNA isolation, Southern blotting and hybridizatizvere done as reported in Kuraparthy et
al. (2007). DNA of the parents of the diploid wheapping populations was digested with six
restriction enzymedJral, EcoRI, EcoRV, Hindlll, Scal andXbal) for polymorphism study.

Comparative genomic analysis using physically aedetjcally mapped ESTs with rice
BAC/PAC sequence was done to establish the synémaly macrocolinearity in the genomic
region encompassing thm3 gene of wheat. Full length cDNA or tentative cgréequence of
the mapped ESTs were extracted using the The dtestibr Genomic Research (TIGR) wheat
gene index TaGl release 10.0 (http://tigrblastdigy/tgi). These sequences were then used to
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search the rice genome database (http://tigritarsbitg/euk-blast/index.cqgi?project=03aising
BLASTN (Altschul et al. 1997) to identify the synte rice BAC/PACs. Sequences in the target
region of the rice genome were also used as quaTi®. ASTn searches of the wheat EST

database _(http://tigrblast.tigr.org/fgito identify additional unmapped wheat ESTs the¢ a

potentially linked tain3 and to develop STS markers for further mappinggambmic targeting
of tin3. Amplicon development and probe preparation andseguent steps were done as

described in chapter Ill.

Linkage Analysis

The computer program Mapmaker (Lander et al. 19&r3ion 2.0 for Macintosh was
used to calculate linkage distances using the Kbsamapping function (Kosambi 1944) with an
LOD threshold of 3.00.

Results

Candidate gene mapping

Thelateral suppressor of tomato (Schumacher et al. 1998),apical meristem protein of
petunia (Souer et al. 1996)pnoculml of rice (Li et al. 2003) antkosinte branchedl of maize
(Doebley et al. 1997) are the cloned genes involmelhteral branching or tillering in plants.
These candidate genes were analyzed for their iasocwith thetin3 gene or to its colinear
rice chromosomal regions. BLASTn searching of ¢hegquences against rice genomic
sequence database showed that lateral supprdsgoof(tomato (GRAS family transcription
factor protein) and no apical meristem (NAM) of @t (a novel class of proteins with
conserved N-terminal domain), showed significantmblbgy to sequences on the rice
chromosome arm 1L. Of the two other candidate geggiencesnonoculml of rice, which is a
GRAS family transcription factor, was located onrachosome arm 6L of rice and the
orthologue ofteosinte branchedl of maize was mapped on chromosome 3 of rice. Wheat
homologues of.s andNAM were used to develop STS markers for moleculampmapof tin3.
Although, XSTSWNAMS5 produced multiple bands, the polymorphic fragmeas not linked to
thetin3 in the F, population at an LOD of 3.0. The STS marke€B{SWLS5) developed from
lateral suppressoiL§) of tomato mapped 37.1 cM proximal tm3 and cosegregated with a

previously reported RFLP markxbcd372 on chromosome arm 3A (Fig. 1).
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EST and wheat-rice synteny based mapping

Out of 25 ESTs of deletion bin 3AL5-0.78-1.00, twetwo (88%) were polymorphic
between the diploid parentsn3 andT. aegilopoides. Only ten polymorphic EST markers were
used for mapping. Combined with the previously nepmarkers of Kuraparthy et al. (2007)
these markers gave a genetic map of 75.3 cM (BigCamparative genomic analysis of the
genetically mapped ESTs with the rice genome sempishowed that out of the eleven ESTs
mapped, eight had significant homology to the @dinrice genome sequence (Table 1, Fig. 1).
The other three EST markerXBE428994, XBE406551, and XBF293186) showed high
homology with non-colinear rice sequences (Tablekyept for two EST markerXBE604885,
XBE637664), the order of the genetically resolved coline&TE is consistent with the physical
order of the orthologous rice sequences on chromesarm 1L (Fig. 1). Further, the orientation
of the telomeric end of the wheat chromosome 3lkesmonded well with the telomeric end of
chromosome arm 1L of rice where the distal regibrBlo correspond to the distal region of
chromosome arm 1L of rice (Fig. 1). This indicatédt macrocolinearity at the orthologous
region proximal to th&in3 gene is well conserved between wheat and rice.

The EST markerXBE488620) tightly linked totin3 in the genetic map showed high
sequence homology to the BAC P0466H10 which waspelistally at 167.2 cM on the long
arm of rice chromosome 1 (Fig. 1, Table 1). SiKB&488620 mapped distal to th@en3, and the
centromere to telomeric end orientation of the emmt wheat-rice orthologous regions
corresponded well (Fig. 1), we selected the riceegeequences within BAC P0466H10 and its
proximally mapped overlapping BAC P0614DO08 for fieit comparative genomic analysis and
genomic targeting din3. Annotated gene sequences from rice BACs were asegleries in the
BLASTn searches of the wheat EST database (hifpblést.tigr.org/tg). Of the 15 gene
sequences of BAC P0466H10 11 (73.33%) showed signif homology to wheat ESTs where
as 75% (12) of the total 16 gene sequences of tA€ B0614D08 were significantly

homologous to wheat ESTs (Table 3). These rexitstively suggested that microcolinearity is
also well conserved between wheat and rice in @moic region spanningn3 gene of wheat.
Only one wheat EST homologous to rice gene arnmadépeat-containing protein (TC240391)
of the BAC P0466H10 was physically mapped on thedenlogous group-5 chromosomes by
the wheat NST-EST mapping project (http://wheatysda.gov/cqgi-bin/westsqgl/map_locus)cgi

For further genomic targeting of thm3 gene, STS markers were developed from the wheat
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ESTs that were showing high homology with rice geeguences from the above two BACs. Of
the three STS markers developed, two were from 6946 and one was based on sequences
from P0614D08 (Table 3). All the three STS marksrewed polymorphism with one or more
restriction enzymes used. Genetic mapping in th@dpulation showed that the STS marker
XSTSTR3L4 developed from Rho-GTPase-activating protein casgged with theXBE488620
and mapped 0.6 cM distal tm3 (Fig. 1). The gene sequence of Rho-GTPase-actiyatiotein
(TC269390) in rice was located 2.77 kb proximalthe homologous sequence (pyrroline-5-
carboxylate reductase, TC254523) of wheat EST ma(B&488620, their cosegregation in the
genetic map suggests the conserved microcolinearitg other STS markeXSTSTR3L17
produced multiple bands and the polymorphic fragmevere not linked tdin3 and mapped
elsewhere in the genome. However, the STS mafs€6TR3L6 developed from wheat ESTs
that were homologous to gene sequence of BAC POB3.diapped 3.5 cM proximal to the3
gene in the genetic map (Fig. 1). Genetic map oofithese wheat STS markers was consistent
with the physical order of the orthologous rice usatpes on chromosome arm 1L, further
confirming the conserved microcolinearity. Becal$8TSTR3L6 mapped proximally and
XBE488620 mapped distallytin3 gene was localized in the rice genomic region spantwo
overlapping BACs P0614D08 and PO466H10 of chromasbin

Since macro- and microcolinearity at the genomgiam of tin3 gene spanned by two
overlapping BACs P0614D08 and P0466H10 of chromasdm was well conserved, this
genomic region in rice was analyzed for the presearfcpossible candidate genes involved in
tillering or lateral branching in plants. Three datate genes involved in lateral branching or
tillering in plants were identified, no apical meem (NAM)-like protein, Rho-GTPase-
activating protein-like, and a GRAS family trangtion factor containing protein (Table 3).
Since the wheat STS marketSTS TR3L4) homologous to Rho-GTPase-activating protein-like
of PO466H10 was mapped 0.6 cM distaltio3 this gene cannot be a candidate fm3.
BLASTnN searching of the remaining two candidateuseges as queries in the wheat EST
database_(http://tigrblast.tigr.org/fgresulted in the identification of an EST CA72136@h
significant homology (1.3e-27) to GRAS family tranption factor. However, the homology of
the EST CV771545 with rice NAM-like protein was rsignificant (3.5e-0.06).
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Fine mapping

A total of 468 F; plants derived from a cro$3 x T. monococcum subsp.aegilopoides
was phenotyped for tiller numbéFhe F, population segregated 369 wild type and 107 mutant
phenotypes, which was a good fit for the monogeegregation ratio of 3:1. Only the mutant F
plants (107 plants) were used for fine mapping gisomeviously reported linked marker
Xpsr1205. The tin3 specific allele of the markeXpsr1205 cosegregated with the mutant
phenotype in all the mutant Blants (Fig. 2), suggesting th&psr1205 is very tightly linked

marker tatin3.

Mapping in the D-genome

Since markerXpsr1205 cosegregated with mutant phenotype in the higlolugsen
mapping population of 468,Mplants, the genomic region @3 was studied for possible
chromosomal rearrangements and suppressed recdiobinan F, population of the diploid D
genome derived fronfegilops tauschii accessions AL8/78 x TA1604 was used to map the
markersXbcd131, Xpsr1205 and XBE488620 which were mapped in the genomic regiorting
gene. Marker order and relative marker distancalandiploid D genome map were same as in
the tin3 F, mapping population, suggesting that there wereDINA rearrangements in the
genomic region oftin3. However, the genetic distance between markgosr1205 and
XBE488620 was much longer in the D genome than in the A gen@Fig. 1). Since the marker
alleles ofXpsr1205 and XBE488620 showed clear monogenic codominant segregatiohanAt
genome, relatively less genetic distance betweerkersaXpsr1205 and XBE488620 in the A
genome compared to the D genome indicated thatttenbination could be mildly suppressed
in thetin3 region in the A-genome mapping population.

Discussion
As a first step towards isolating a candidate gémetjn3 gene was mapped in relation to
physically mapped ESTs and STS markers developsedban synteny with rice. Tightly linked
flanking markers were identified that will assistfuture development of a high resolution map.
In addition, we investigated the relationship o€ ttvheat region containingn3 with the
corresponding region in rice by comparative genoamalysis. Wheat ESTs that had been
previously mapped to deletion bins provided a usiefumework to identify closely related rice

sequences and to establish the most likely synteremion in rice for the whe&h3 region.
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Of all the homoeologous groups in wheat comparedrite chromosomes, the
homoeologous group-3 chromosomes have been shoba tioe best conserved (Sorrells et al.
2003; La Rota and Sorrells 2004). Our results agnée this notion and the data in this study
confirm the synteny reported for 3AL of wheat and df rice (La Rota and Sorrells 2004,
Sorrells et al. 2003) because we observed goodhezoity between wheat and rice at the
genomic region spanning the3gene of wheat (Table 3, Fig. 1). Of the total EQhd STS
markers mapped in the genetic map, 80% were coliteeaice chromosome 1, where these
markers also showed very high level of homologytheir orthologous rice sequences. The
conservation of the order of the genetically resdlwheat EST and STS markers relative to
their orthologous sequences in the rice genomeestigat the macrocolinearity in thie3
region is well conserved. Comparative genomic aislgf the annotated rice sequences from
rice BACs P0466H10 and P0614D08 as queries in BltAsearches of the wheat EST database
TIGR wheat gene index TaGl release 10.0 (httprbitast.tigr.org/tgl) showed that 73-75% of

rice sequences had corresponding homologous intwterdatively suggesting the conserved
microcolinearity at théin3 genomic region (Table 3). It is interesting toentitat the level of
homology at thain3 genomic region is less than what was observetieaR{Al gene region.
This observation is in agreement with previous repseuggesting that wheat genomic regions
with high recombination rate show perturbationssymteny with rice (Akhunov et al. 2003)
becausdin3 gene was mapped distal to tReA1 gene or to its linked distal markers on the
distal region of the chromosome arm 3AL (Kuraparthty al. 2007; see Chapter VIII).
Nevertheless the level of homology within tie3 gene region was still much higher than what
was expected based on a general observation tla¢adaty among the wheat genomes is better
in the proximal regions of the chromosomes thathéndistal regions (Akhunov et al. 2003). The
ends of the chromosomes were found to be partigutenh in colinearity exceptions because
these regions were associated with the higher dgensity and higher rates of recombination
observed in the telomeric regions of the large ge®of the Triticeae species (Akhunov et al.
2003; Roberts et al. 1999; SanMiguel et al. 2002, ¥t al. 2003; Distelfeld et al. 2004). Breaks
in wheat/rice microcolinearity were frequently obh&sl in studies involving the distal regions of
the wheat genome, such as th&/Tak region (Feuillet and Keller 1999), tHah2/X1/X2/Al
region (Li and Gill 2002), or th&pgl region (Kilian et al. 1997). Comparatiggnomics
analysis at the whole genome level between wheatrige also indicated an increase in the
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divergence of gene sequences physically locatedrabear the telomeric ends of wheat

chromosomes (See et al. 2006). Althotigi3 is located at the distal high-recombination gene
rich region of wheat, high level of conservationndfeat-rice synteny at this region suggest that
the present results are an exception to the ablbsereations. Exceptions to the idea that distal
regions are less conserved than proximal regiorre @&kso reported by Chantret et al. (2004).
These exceptional observations are of considelatdeest in understanding the biological and

evolutionary processes in the cereal genome ewolulihe partial genetic map of ESTs and STS
markers and anchoring this map to rice sequendeeidirst step to characterize this important

region in cereals.

Since the initial comparative mapping experimemtf rice, wheat and maize (Ahn et
et al. 1993) and the recently constructed genonde womparative mapping between wheat and
rice (Sorrells et al. 2003; La Rota and Sorrell®480conserved wheat-rice synteny was used in
gene mapping and gene discovery. The rice genoquesee was a potentially valuable tool for
map-based cloning of the vernalization gene VRNAn(¥t al. 2003) and a grain protein content
(GPC) gene (Distelfeld et al. 2004; Uauy et al. @0®However, more extensive use of wheat-
rice synteny has been the use of colinear regidnsce as a useful source of markers for
saturation and high-resolution mapping of targetegein wheat (Distelfeld et al. 2004; Mateos-
Hernandez et al. 2005; Valarik et al. 200@gntification of flanking markers ton3, mapping
of tin3 to specific genomic location in wheat chromosommne 3AL and its genomic targeting to
two overlapping BACs P0466H10 and P0614D08 sugdesitat physically mapped EST
sequences of wheat and wheat-rice synteny washedpul in molecular mapping and targeting
of thetin3 gene.Liu and Anderson (2003) were also able to levetagesynteny of chromosome
3BS of wheat and 1S of rice to enrich the markesr the QTL for resistance to FHB. Since the
markers flankingin3 were from highly homologous sequences of theseBAGs with the size
of 176.53 kb (P0466H10) and 147.5 kb (P0614D08)ptnsical size of th&n3 BAC region in
rice could be less than 324 kb. Because the mitraaoity is also conserved within the BAC
region orthologous tin3 gene, the present results could pave the wayftindr high resolution
mapping, candidate gene analysis and moleculaimgasftin3 gene in wheat.

The degree of genomic similarity observed at thecrolavel among grass genomes
coupled with the assumption that the essential coapts of growth and development are

conserved among plants led to the notion that coatipa mapping experiments could serve as
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an efficient tool for transferring information amelsources from well-studied genomes, such as
that of rice, to related plants. Further compagatow-resolution genetic mapping of shattering
guantitative trait loci (QTL) in the orthologousrgenic regions in sorghum, maize, and rice led
to the notion of convergent domestication of ceresdps by independent mutations at
orthologous loci (Paterson et al. 1995). Howeuss,recent mapping data (Li and Gill 2006) and
our studies reported here including comparative pimgpof candidate genes for tillering loci do
not support this hypothesis. The candidate homofog major gene, lateral suppressor (Gras
family transcription factor) of tomato mapped 3@M proximal to thein3 gene (Fig. 1). In rice
a major gene controlling tillering was found to d&eayrass family transcription factor (Li et al.
2003). Its non-colinear map location on chromos@noé rice with respect tin3 gene of wheat
suggests that different genes or genetic systeegaolved in the tillering of cereal crops. The
Ls andMocl genes encode putative transcriptional regulatbteeoplant-specific GRAS family
(Bolle 2004). Recent evidence also suggest that eesnof the GRAS gene family encode
transcriptional regulators that have diverse fuomgiin plant growth and development such as
gibberellin signal transduction, root radial pattag, axillary meristem formation, phytochrome
A signal transduction, and gametogenesis (BollaleR000; Day et al. 2003; Fu et al. 2002,
Greb et al. 2003; Wen et al. 2002;; for a revieve ®olle 2004). Consistent with these
observations bioinformatic analysis identified 5RAS genes in rice (Tian et al. 2004). This
partly indicates that the paralogous sequencesRA%sgenes could have different functions in
different plants there by challenging the convetgiymestication of crop plants with respect to
tillering or lateral branching. Although convergetimestication has not been unequivocally
demonstrated for major domestication traits in alsrefunctional gene orthologs have been
reported for the genes controlling varitetal diéfleces. For example the green revolution genes
Rht-B1/Rht-D1 and maizedwarf-8 are orthologues of Arabidops@Ebberellin insensitive (GAI)
gene (Peng et al. 1998), and genes involved ivéhealization in wheat and barley (Yan et al.
2006; Yan et al. 2004; Fu et al. 2005). Cloning ahdracterization ain3 in wheat could shed
more light not only into the genetics and domesibeaof tillering in wheat and cereals but also
could lead to the better understanding of the geastution.

Most of the cloned genes involved in the laterahighing or tillering are found to be
transcription factors (Schumacher et al. 1999;tlale2003; Lynn et al. 1999; Otsuga et al.
2001; Doebley et al. 1997). In the genomic regibhir® there are two putative transcription
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factors, the grass family transcription factor Ipx@tein in BACP0466H10 and the NAM-like
protein genes in P0614D08 (Table 3). However, alisehhigh level of sequence similarity
expected for these two developmental genes makesatididate gene approach difficult for
cloning thetin3 in wheat. Nevertheless, genomic targeted mappitig®in the specific
syntenic rice BACs delimited by closely linked menk oftin3 is a first step in molecular

cloning oftin3 in wheat.
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Figure 7.1 Genetic mapping ©h3 gene using wheat ESTs and STS markers and itevadigt
with the BAC/PAC-based physical map of collineaerchromosome 1L and the diploid D
genome map. The top of each map is towards theareate and the bottom is towards the
telomere. In th@. monococcum map, all the markers that were mapped in the ptestedy are
in bold, and the markers that are highly syntemithe colinear rice genomic sequence are
indicated in green. Orthologous genes among theiepare connected by arrows. All STS

markers were developed based on syntenic rice gersaguence.
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Figure 7.2Fine mapping of thé&in3 gene using the mutang Blants. Autoradiograph shows the
southern hybridization pattern of RFLP probe PSR1@0 few of the monoculm fplants. The

tin3 specific allele of the markeé{psr1205 is indicated with an arrow.

Xpsr1205-tin3 —»

201



Table 7.1 Syntenic relationships of the wheat E®&IT6SRFLP markers genetically mapped in the regnmompassingin3 gene with
rice genome sequence. (na-not applicable)

Syntenic relationship with rice

EST/TC Marker Rice Genetic position| Physical position
E value Rice BAC on chromosome| on chromosomel
chromosome
1(cM) (bp)

B1027B04 38389995-
TC237943 XSTSWLSG 6.6e-287 B1065E10 1 147.5 38756345
TC268056 B1027B04 38389995-
Xbcd372 2.7e-122 P0018C10 1 149.1 38756345
41807392-
TC253444 XSTSTR3L6 3.6e-63 P0614D08 1 167.2 41925745

PSR1205 XPSR1205 0.0016 OSJNBbh0O069N01 4 na na
41925746-
TC254523 XBE488620 3.7E-135 P0466H10 1 167.2 42095418
41925746-
TC269390 XSTSTR3L4 4.2E-118 P0466H10 1 167.2 42095418
TC251929 18609821-
XBE604885 2.3e-30 B1108H10 1 73.4 18709760

TC271773 XBEA06551 1.56-30 | OSJNBaO095NOG 3 na na
TC269241 42582381-
XBE444864 4.4e-64 P0401G10 1 170.4 42723237
TC238164 42582381-
XBE490274 1.6e-35 P0401G10 1 170.4 42723237
P0401G10 42582381-

TC236864 XBE442875 3.8E-59 P0483G10 1 170.4 42723237
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EST/TC

Marker

Syntenic relationship with rice

Genetic position

Physical position

E value Rice BAC Rice on chromosome| on chromosomel
chromosome
1(cM) (bp)
TC262720 XBE428994 3.9E-92 OSJNBbh0081K01 3 na na

BF293186 XBF293186 2.3e-75 | OSINBa0025B05 7 na na
P0408G07 38756346-
TC257361 XBE637664 3.0e-2 OSJINBa0048101 1 150.7 38874806
TC272982 0.00079 P0483G10 42723238-
XBE443132 1 170.4 42865873
TC253918 3.0e-178 P0458E05 42865874-
XBE494622 1 176.3 43007184
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Table 7.2vheat-rice synteny based STS markers used fortiagghetin3 gene. (TC- tentative contig)

Marker Source Forward primer (5'—3") Reverse primer (3—3") A Fr'agment

(°C) size (bp)
XSTSTR3L4 TC269390 CCACACTAGGCAGGCTCTTC CAGCAAGATGCAGAGGATCA| 60 195
XSTSTR3L6 TC261350 ATGGCTTCTACGCATGGAGT TGTTGATATGGCGAGCTGAG| 60 220
XSTSTR3L17 | TC244162 TGATGAACATGACAGCAGCA TTCTTTATGGCGAGCAATCC 60 199
XSTSWNAMS | TC218530 TACGGCGAGAAGGAGTGGTA ACTCGTGCATGATCCAGTTG| 60 214
XSTSWMEPC | TC256332 TGTTAAGAGGGATGGCCTTG GAAAGGCAATGGAATGTCGT| 50 230
XSTSWLSG TC237943 CAGCTGTCAGCAATGCAAAT TCGTGATCATCCACACCAGT | 60 224
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Table 7.3Wheat ESTs reported in the syntenic rice BACs PBU®6and P0614D08 which

spans thé&in3 gene of wheat and the rice othologous genes witbtions and physical location

in the distal region of 1L

Wheat
Locus identifier® Putative function
EST/TC* ¢
BAC: PO466H10

I7C 823314245 LOC _0s01g71830 glucan endo-1,3-beta-glucosidase GV, putativeresged
25%7622’55)6 LOC _0s01g71850 Putative far-red impaired response protein
IGC 25’5173%? LOC _0s01g71860 glycosyl hydrolases family 17 protein, expressed
TC232396 . .

(3.6e-14) LOC_0Os01g71870 ligA, putative
A(\Ii88le5_zr£11§3 LOC_0Os019g71900 transposon protein, putative, CACTA, En/Spm szl
1522?(;85;)2 LOC _0s01g71930 glycosyl hydrolases family 17 protein, expressed
AL816041 . .

(1.1e-15) LOC_0s01g71940 hypothetical protein
0?891(2316 LOC_0s01g71950 expressed protein
TC244162 . n .
(1.5e-101) LOC_0Os01g71960 ERCC4 domain containing protein, expressed
céfgzelg%o LOC_0s019g71970 | GRAS family transcription factor containing prateexpresseq
T(fgggflgg LOC_0s01g71980 Rho-GTPase-activating protein-like, expressed
T(g %24153?3 LOC_0s01g71990 pyrroline-5-carboxylate reductase, putative, esped
-I(-g 320535% LOC_0s01g72000 armadillo repeat-containing protein, putative, resged
TC251863 :

(2.0e-13) LOC _0Os01g72009 expressed protein
CD490623 .

(3.5e-49) LOC _0s01g72020 BOP2, putative, expressed

BAC: P0614D08

TC251667 LOC 0s01g71650 glucan endo-l,3-beta—g|ucos_|dase, acidic isoforecymsor,
(5.7e-65) putative
TC235738 LOC 0s01q71670 glucan endo-1,3-beta-glucosidase GlI precursogtwat,
(3.3e-149) expressed
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Wheat

Locus identifier?

Putative function

EST/TC* ¢

19C§§5171?§ LOC_0s01g71680 glucan endo-1,3-beta-glucosidase GlI precursdgtiwe
Ig%glfgg LOC 0s01g71690 recA protein, expressed

(ixglgg)l LOC 0s01g71700 amino-acid permease C1039.01, putative, expressed
%/276172%1 LOC_0s019g71710 amino-acid permease C74.04, putative, expressed
T($2610§g)5 LOC_0s01g71720 GABA-specific permease, putative, expressed
Té:é?eogf)Z LOC_0s01g71740 amino-acid permease C584.13, putative, expressed
321/352172(?),)1 LOC_0s019g71760 amino-acid permease C584.13, putative, expressed
11053?3124(; LOC 0s01q71770 heterogeneous nucle:):priggggdcleoprotein 27C, patati
CélKZZleO??;‘r)Z LOC_0s01g71780 nucleotide binding protein, putative, expressed
cégézlgg)s LOC_0Os019g71790 NAM-like protein, putative, expressed
(igNgfjg)G LOC Os01g71800 1-O-acylceramide synthase precursor, putative
11C1233’14242£)1 LOC_0Os019g71810 glucan endo-1,3-beta-glucosidase GV, putativeresged
2-5123314;,45 LOC_0Os019g71820 glucan endo-1,3-beta-glucosidase GV, putativeresged
3?22;386)0 LOC_0s01g71599 hypothetical protein

®Designations of ESTs (Genbank) and TCs (TIGR) d3eazfember 2006
Pclosest EST-based STS marker placed in the linkeayes

¢ values in the brackets indicate the e-value

Ymapped to 5BL, 5DL and 4AL by wheat NSF-EST mappirgject
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CHAPTER 8 - TARGETED GENOME MAPPING OF A WHEAT
RED SEED COLOR GENE USING WHEAT ESTs AND SYNTENY
WITH RICE

Abstract

Seed dormancy is either tightly linked or pleioiogtly controlled by seed color in wheat,
because most of the red-seeded wheats are tolergreharvest sprouting in comparison to
white-seeded wheats. Seed color in hexaploid wiseaintrolled by the dominant red seed color
genesR-A;, R-B;, andR-D; located in orthologous positions on chromosomesaBddl, 3BL,
and 3DL, respectively. Previous mapping effortsvedmb that R loci were mapped in an 8-12 cM
interval flanked by orthologous alleles of RFLP ks Xbcd131 andXabcl74 on chromosome
arm 3L. By using wheat ESTs and synteny with riwe, identified one co-segregating STS
marker and one closely linked EST markeRt#, in an RIL population of Langdon x Langdon
(DS TDIC3A). Comparative genomic analysis indicatddht, except for a very minor
rearrangement of gene sequences in wheat relativied, macrocolinearity is well conserved
between the consensus distal deletion bin of wBed.80-1.00 and rice chromosome arm 1L.
Although the genomic region at the R loci showethparatively less conservation of synteny
compared with its adjacent regions, the R gene la@aized into a single BAC of rice using
collinear flanking markers. Physical mapping of By, gene using tightly linked markers on a
set of deletion lines specific to the long armg@fup-3 chromosomes indicated that the red seed
color genes are located in the distal region (lkeaa 10% of the chromosome arm 3L), which is

a high-recombination, gene-rich region in wheat.
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Introduction

Cultivated wheats can be divided into red or wihyiges based on the seed color. Red
seed color is ubiquitous among the wild ancestbrsutiivated wheats. Red-kernel wheats are
usually more resistant to preharvest sprouting (RtH& white kernel wheats (Dyck et al. 1986;
Flintham and Gale 1995). Thus, red seed color leas lused in wheat breeding programs as a
marker for resistance to PHS. The association leetviRHS and seed color might be due either
to the pleiotropic effect of the genes controllseed color or to the tight genetic linkage between
these genes with PHS. Many efforts have been madeentify quantitative trait loci (QTL)
controlling seed dormancy and preharvest sproubigyance in wheat (Anderson et al. 1993;
Flintham et al. 2002; Groos et al. 2002; Kato e2@D1; Mares and Mrva 2001; Roy et al. 1999;
Zanetti et al. 2000). QTL in similar chromosomatdtons were identified in various studies,
indicating similar alleles controlling seed dormarand PHS tolerance. Although not much is
known about the exact relationship between seeshalocy and PHS, the influence of seed color
on seed dormancy was unambiguously demonstrategheat (Watanabe & lkebata 2002;
Torada & Amano 2002; Flintham 1993; Flintham 2000).

The pigment contributing to wheat seed color (pajdiene) is produced through the
flavonoid synthesis pathway (Miyamoto and Evers8&8 Grotewold et al. 1994) in contrast to
the red pigment in rice grains (proanthocyanidyntiseisized through the anthocyanin pathway
(Winkel-Shirley 2001; Oki et al. 2002). Cloning aoldaracterization of different seed or grain
color genes suggested that most of them are tiptiscal factors, for example the Myb
transcription factor of rice (Sweeney et al. 2006l)2 zinc finger proteins and anthocyaninless2
of Petunia and Arabidopsis (Kubo et al. 2002).

Seed color in hexaploid wheat is controlled by dleeninant red seed color geresAl,
R-B1, andR-D1 located in orthologous positions on chromosomesaBAL, 3BL, and 3DL,
respectively (Sears 1944; Allan and Vogel 1965;2det and Silbaugh 1970). Previous mapping
efforts showed that the loci were mapped in an 8-12 cM interval flankeddothologous alleles
of RFLP markersXbcd131l and Xabcl74 on homeologous chromosome arm 3L of wheat
(Flintham and Humphray 1993; Flintham and Gale 1988son et al. 1995; Nalam et al. 2006).
Despite extensive mapping efforts, either the DNArker density of thdr-Al region is far
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lower than that required for map-based cloningherd was significant segregation distortion in
the mapping populations used (Nelson et al. 19%86am et al. 2006). Therefore, other mapping
approaches should be pursued to find closely lirdked informative molecular markers for R
loci in wheat.

Recently the National Science Foundation (NSF)-&dh@heat EST project and other
public and private entities have generated mora 8@0,000 expressed sequence tags (ESTS)
from wheat and closely related species
(http://www.ncbi.nim.nih.gov/dbEST/dbEST summarght In the wheat NSF-EST project

more than 16,000 EST loci were mapped to spediffornosome deletion bins by using a panel
of the chromosome deletion lines (Qi et al. 2004 EST sequence and mapping data provide
a valuable resource for genome analysis, identifinaof candidate genes for traits of interest,
prediction of biological function of genes, and garative genomic analysis. Comparative
mapping experiments among wheat and other memlbdise @oaceae including rice, barley,
rye, oats, and maize have revealed remarkableasitigk in gene content and marker colinearity
at the chromosome (macro) level (for review, seed3eand Gale 2000). The genomes of
distantly related cereals such as oat, rice, andex@n be divided into linkage blocks that have
homology to corresponding segments of the wheabgen(Ahn et al. 1993; Van Deynze et al.
1995, 1998). Furthermore, comparative genomic amaletween wheat and rice at the sequence
(micro) level indicated good levels of conservatidfan et al. 2003; Chantret et al. 2004;
Distelfeld et al. 2004). Most of the studies repdrthe occurrence of multiple rearrangements in
gene order and content (Bennetzen 2000; Feuilidtkatier 2002; Li and Gill 2002; Sorrells et
al. 2003; Francki et al. 2004; Lu and Faris 200&vertheless, the rice genome sequence is a
potentially valuable tool for map-based cloninggaines in wheat (Yan et al. 2003) and/or a
useful source of markers for saturation and higioltgion mapping of target genes in wheat
(Liu and Anderson 2003; Distelfeld et al. 2004; bta-Hernandez et al. 2005).The objective of
the present study was to localize the red seed gelleeR-A; to a specific genomic region and

identify closely linked markers using wheat ESTd aynteny with rice.
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Materials & Methods

Plant material

An F, population of 120 plants derived fromiriticum monococcum L. subsp.
monococcum X T. monococcum subsp.aegilopoides (LINK) THELL. was used for ordering the
EST and STS markers and exploiting the high let@odymorphism available in diploid wheat.
Eighty three recombinant inbred lines (RILs) depeld by Joppa and Williams (1988) were
used for the molecular mapping of tReAl of wheat using ESTs and STS markers that were
mapped in the genomic region of seed color gene.FApopulation of 328 plants derived from
Langdon (LDN) x LDN-DIC3A (disomic substitution @t dicoccoides chromosome 3A for 3A
of LDN) was used to identify closely linked marképdR-Al.

Since Chinese Spring (CS) wheat possesses onlyfumaional gene R-D1) on
chromosome 3DL (Sears 1944; Allan & Vogel 1965; ayer and Silbaugh 1970R-D1 was
physically localized with respect to CS deletionsby using terminal deletions of chromosome
3DL of CS developed by Endo and Gill (1996). Linkedlecular markers were used to further
physically map thdR loci using CS deletion lines. Ditelosomic linee&8 and Sears 1978) of
group-3 chromosomes, in which a specific chromos@me pair is missing, were used to
identify fragments hybridizing to specific chromos® arms. For deletion bin mapping of Re
Al gene, eight lines of Chinese Spring (CS) with teaihchromosomal deletions in the long
arms of the group-3 chromosomes (Endo and Gill 1988e used. Four deletion lines for 3AL
and two each for 3BL and 3DL were used. Includethénfour 3AL deletion lines were TA4526-
L3 (3DS-3/3AL) and TA4536-L5 (5BS-5/3AL), which haduch smaller terminal deletions in
the long arm of chromosome 3A (Qi et al. 2003). fAints were grown in a regular greenhouse
soil mix at 20 to 24°C under supplemental sodiurpevaighting with a 16/8 hour day/night

cycle.

Grain color evaluation
Five to ten clean seeds of each line or plant weeked in 5% (w/v) sodium hydroxide

(NaOH) solution for 30-45 minutes in a 10 mL gldsst tube and placed against a white
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background. Grain color was classified as red atemhith reference to the white durum wheat

cultivar Langdon and red wheat line Langdon (dic3A)

Molecular mapping of R-Al gene

A total of 18 simple sequence repeat (SSR) markessiously mapped in the distal
region of chromosome arm 3AL of wheat (Roder etl8P8; Gupta et al. 2002; Somers et al.
2004; Guyomarc'h et al. 2002) were used for mapph#d in the RIL population. The PCR
reactions for SSR markers were performed as desthip Kuraparthy et al. (2007).

We used three RFLP probes (BCD131, ABC174 and B@D)jL4hat were previously
reported to be linked with R loci on chromosome &Imof wheat. Physically mapped wheat
ESTs of the deletion bin 3DL3-0.81-1.00 of Chin&eing (CS) and markers developed based
on synteny with rice were used for molecular magpmdiploid and tetraploid wheat mapping
populations. DNA isolation, Southern blotting, ahgbridization were done as reported in
Kuraparthy et al. (2007). DNA of the parents of theloid and polyploid mapping populations
was digested with six restriction enzym&ydl, EcoRI, EcoRV, Hindlll, Scal, and Xbal) for
polymorphism study.

Comparative genomic analysis using physically agkegjcally mapped ESTs with rice a
BAC/PAC sequence established the synteny and maarearity in the genomic region
encompassing the red seed color gene of wheat. I&udth cDNA or tentative consensus
sequences of the mapped ESTs were extracted usnghe Institute for Genomic Research

(TIGR) wheat gene index TaGl release 10.0 (htigrhitast.tigr.org/tgj. These sequences were

then used to search the rice genome database //fltptast.tigr.org/euk-

blast/index.cgi?project=ospiising the BLASTn program (Altschul et al. 199@)identify the

syntenic rice BAC/PACs. Sequences in the targebnegf the rice genome also were used as
gueries in BLASTn searches of the wheat EST dagalia$p://tigrblast.tigr.org/tgj/to identify
additional unmapped wheat ESTs that are potentialked to theR-Al and to develop STS

markers for further mapping and genomic targetihB-&1 gene. Amplicon development, probe
preparation and subsequent steps were as desoriddpter 3.
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Results

Mapping in diploid wheat

Previous reports suggested that hioci were mapped in an 8-12 cM interval between
markers Xbcd131 and Xabcl74 on the long arms of homoeologous group-3 chromesom
(Flintham and Humphray 1993; Flintham and Gale 198fson et al. 1995). Because these two
markers were mapped distally on the long arm of ¢mwiogous group-3 chromosomes, we
selected 28 EST markers from the deletion bin 3ALA-1.00 for molecular mapping in the F
population of diploid wheat. Becau3e monococcum subsp.monococcum and T. monococcum
subsp.aegilopoides are both red grained, no phenotypic segregatioiRfAl was observed in
the k population. Of the 28 ESTs surveyed, 23 (82%) wmslymorphic with one or more
enzymes. Of these, 13 ESTs were mapped in thentrseely which gave a genetic map length
of 105.7 cM (Fig. 2). Included in the same map Was RFLP markers and one SSR marker
that was previously mapped (Kuraparthy et al. 200fly two EST markersXBF474820 and
XBE493800) were mapped in the interval flanked Kigcd131 and Xpsr1205 (Fig. 2), a region
that encompasses tRdoci.

Wheat-rice synteny

Comparative genomic analysis of these geneticallpped ESTs with the rice genome
sequence showed that nine ESTs had significant logydo the syntenic rice genome sequence
(Table 1). All these markers were mapped proxirmahe markeXbcd131. Except for two EST
markers, the order of the genetically resolved EST=nsistent with the physical order of the
orthologous rice sequences on chromosome arm Y. 2fi Furthermore, the orientation of the
telomeric end of the wheat chromosome 3L correspoell with that of chromosome arm 1L
of rice, where the distal region of 3L correspotalglistal region of chromosome arm 1L of rice
(Fig. 2). Macrocolinearity in the region proximal R-Al gene is, thus, well conserved between
wheat and rice. However, no significant rice hongolas sequences were found for the two EST
markers XBF474820 andXBE493800) mapping in the region flanked pcd131 andXpsr1205
(Table 1; Fig. 2). The other two EST markeMBE518446 and XBE497740) showed high
homology with noncolinear rice sequences (Tabld g RFLP markerXbcd131 andXpsr1205
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flanking the seed color gene region did not show la@mologous sequences in the syntenic
region of rice. This tentatively suggested the vidne® synteny at or in the immediate genomic
region of theR-Al locus was not highly conserved.

Based on the wheat-rice synteny map (Fig. 2), fiwe BACs physically mapped in the
region orthologous t&®-Al were selected for STS marker development (Tahl®©2}he eight
STS markers developed, six were polymorphic betvaggioid parents, oneXSTS-SC3L11) was
monomorphic, and oneXETS-SC3L13) produced multiple bands. Out of six polymorphiESS
markers, only five were mapped in the diploid whestpping population. Except for marker
XSTS-SC3L8, the other five showed a genetic order similathett of the homologous sequences
in the rice BAC based physical map (Fig. 2). Thastffurther suggesting the colinearity in this
region is well conserved between wheat and ricehat macrolevel. Comparative genomic
analysis of the annotated rice sequences fromBAE P0504E02 as queries in the BLASTnN
searches against the wheat EST database, TIGR wjwa index TaGl release 10.0
(http://tigrblast.tigr.org/tgl showed that 85 % of rice sequences had correspgphdmologous

in wheat, tentatively suggesting the conserved onminearity at theR-Al genomic region
(Table 3).

Molecular genetic mapping of R-Al gene in tetrapdoivheat

For segregation analysis and molecular mappinh®RtAl gene, a RIL population and
an k, population derived from the cross LDN-DIC3Ashowitantrasting seed color phenotypes
was used (Fig. 1). Initial molecular mapping wasa@asing genetically and/or physically
mapped SSRs (Roder et al. 1998; Gupta et al. ZB@2ers et al. 2004; Guyomarc'h et al. 2002)
and the ESTs and STS markers of Thenonococcum map that mapped in the genomic region of
seed color gene. Out of 23 SSRs surveyed six (2666¢ polymorphic between the tetraploid
parents LGD and LGD-DIC-DS3A and were mapped inRfle population. SSR marker order
agreed with their previous mapping positions (RBg. One additional STS markeK{TS
SC3L29) not mapped in th&. monococcum F, population was mapped in the RIL population
(Fig. 3). All RFLP and STS markers mapped in theesgenetic positions as expected based on
T. monococcum map (Fig. 3, Fig. 2). The STS mark&8TS SC3L29 cosegregated with the seed
color geneR-Al and the EST marketBE493800, which cosegregated with STS mark¥&'S
C3L2 and XSTS'SC3L3, and mapped 0.6 cM distal to tReAl gene in the RIL map (Fig. 3).
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However, all the six linked markers including tReAl gene showed significant segregation
distortion at p<0.05 where an excess of LGD-TDIC3B&illeles were observed (Fig. 3).

In order to resolve the markers cosegregating whth R-Al region (due to
segregation distortion), amn population of 349 plants derived from cross LGILG@D- DIC
DS3A was used for molecular mapping. Mapping shothatXSTS-SC3L29, which mapped 1.8
cM proximal toR-Al and XBE493800 was 2.6 cM distal to th&Al gene (Fig. 3). The F
population segregated 258 red seed and 91 white@@notypes, which was a good fit for the
monogenic segregation ratio of 3:1. Both linked kees also showed a clear monogenic
codominant marker segregation ratio of 1:2:1 (p%p.lh the K population, indicating no
segregation distortion &A1 locus in the Fpopulation and the accurate map distances.

Previous reports indicated that RFLP marKabcl174 mapped close to thie loci on the
distal side in wheat (Flintham and Humphray 199Bitkam and Gale 1995; Nelson et al. 1995).
BLASTnN searching of th&abcl74 marker sequence against the rice BAC/PAC sequeatze
suggested thaXabcl74, which codes for a ribonucleoprotein, showed Jggh homology (e-
value: 3.7e-232) to an annotated sequence in teeBAC P0504E02. Because the proximally
mapped markeXSTS-SC3L29 was developed from an orthologous sequence framatiove
BAC, the seed color gerieAl is targeted in the BAC P0504E02, which in turpaésitioned at

164.1 cM on chromosome arm 1L of rice.

Physical mapping of the R-Al gene using deletionds

R loci were previously mapped on the distal regibthe long arm of the homoeologous
group-3 chromosomes of wheat (Flintham & Humphra93 Flintham & Gale 1995; Nelson et
al. 1995). Since Chinese Spring wheat possessis ame functional gene RFD1) on
chromosome 3DL, evaluation of the CS deletion linégshe 3DL for seed color phenotype
suggested that deletion line 3DL3-0.81-1.00 wadevbeeded, suggesting tiatoci map in the
distal less than 20% of the chromosome arm 3L adathPhysical mapping of tHeAl gene
using closely linked flanking marker probes STS-BZBand BE493800 on a set of deletion
lines also revealed that tiReAl gene maps in chromosome deletion bins 3AL-5 (F8.0),
3BL-7 (FL 0.63-1.00), and 3DL-3 (FL 0.81-1.00) diromosomes 3A, 3B and 3D of wheat
respectively (Fig. 3, Fig. 4). In a consensus ptajlsnap of the group-3 chromosomes of wheat

(Delaney et al. 1995), th&Al gene is positioned in the distal 20% of the lonmghsa

214



Furthermore we used two new deletion lines, TA4B363DS-3/3AL) and TA4536-L5 (5BS-
5/3AL) of 3AL with smaller deletions for higher wation physical mapping. In both lines has
the same new terminal deletion because identidal ae 3AL-specific EST fragments were
missing in both lines (Qi et al. 2003). Both dealatlines had much smaller deletions of less than
10% of the distal region of chromosome arm 3AL @Dial. 2003). Both the markeXSTS
SC3L29 and XBE493800 showed diagnostic polymorphism in these two neletabm lines (Fig.

4), indicating that theR-Al gene was actually located in the distal 10% of Ity arm of
chromosome 3A (Fig. 3). BecauseBl of 3BL andR-D1 of 3DL are orthologues oR-Al
genes, mapping d®-Al in the new deletion lines suggest that Bieci are physically located in

the distal 10% of the homoeologous chromosome &rf 8vheat.

Discussion

In the present study, the red seed color ges&l of wheat was mapped within an
interval of 4.4 cM flanked by one EST and one ST&ker developed based on synteny with
rice. A highly polymorphic mapping population oktliploid wheafl. monococcum was used to
resolve the wheat ESTs and identify markers lirkieitheR gene region. The red seed color gene
was genomically targeted with respect to a synteite genomic sequence and physically
mapped in the distal high-recombination gene-regdiian of chromosome arm 3L of wheat.

Preharvest sprouting is the germination of graithenmother plant under untimely rainy
conditions during maturation and before harvesth@igh a number of genetic, physiological,
and environmental factors determine the level @hprvest sprouting tolerance in wheat, the
effect of seed dormancy has a greater influencethas trait (Flintham and Gale 1995;

http://maswheat.ucdavis.edu/protocols/PHS/indeX.hided grain color is associated with seed

dormancy. Dyck et al. (1986) reported that seedndocy was dependent on red color in two
populations of random inbred lines of spring bredteat. The role of the red seed genes in
resistance to sprouting was demonstrated in doryni@sts of near-isogenic red-grained lines of
spring wheat (Flintham and Gale 1995). Since tlt@girmolecular mapping oR genes on the
long arms of group-3 homoeologous chromosomestf@dm and Humphray 1993; Flintham and
Gale 1995; Nelson et al. 1995; Nalam et al. 2006@) progress has been made for further
mapping and genomic analysis. A major impedimentlifaited molecular mapping of thR
genes has been segregation distortion (Nalam €086) and lack of polymorphism in the
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mapping populations used (ME Sorrells-personal camioation; Flintham and Gale 1995;
Nalam et al. 2006). Using ar fhapping population derived from highly polymorphitploid
A-genome parental species, we overcame the probleiimited polymorphism available in
polyploid wheat. Also, because of the lower ploldyel and less-complex DNA hybridization
patterns, a greater number of co-dominant marketis & higher degree of confidence were
mapped inl. monococcum than would have been possible to map in polypldat. Although
the R-Al gene did not segregate in the diploid wheat mappmpulation used a high level of
polymorphism facilitated the development of a degseetic map using ESTs and STS markers,
which, in turn, facilitated the identification ofarkers mapping in the genomic regionRAl
gene (Fig 2). Newly added markers in the regiothefseed color were then used to mapRhe
Al gene in segregating populations of tetraploid dumheat. A high level of polymorphism
and diploid nature of. monococcum andAe. tauschii was also exploited for map-based cloning
of agronomic genegrnl, Vrn2, Vrn3 andLr21 (Yan et al 2003, 2004, 2006, Huang et al. 2003)
and for genome analysis in wheat (Chantret eR@04, 2005; Li et al. 2004). In the present
study the problem of segregation distortion in RM&s overcome by using an population of

a cross LGD / LGD-DIC DS3A. Both, the gene and the linked markers showed the expected
segregation ratios in this population suggestirgy lifallelic nature of the J/population had a
masking effect on segregation distortion.

Since the discovery of synteny in the grass fantilg rich genetic information of rice
has been exploited to map the genes of other cergiaé. RFLP markers from the corresponding
region of the rice genome were used directly to gepes of other cereal crops (Van Deynze et
al. 1998), or DNA of probes developed from largsein clones of rice were used for mapping
(Kilian et al. 1997). Recently, sequence-based @atye mapping has become possible
because of the rapid progress of rice genome sempge@and cereal EST projects. Although
complexity in macro- as well as microcolinearityeen wheat and rice at different orthologous
positions has been reported (Bennetzen 2000; Eewhd Keller 2002; Li and Gill 2002;
Sorrells et al. 2003; Francki et al. 2004; Lu arali$=2006), wheat-rice synteny has been very
helpful in genomic targeting and marker enrichnmarddult-plant leaf rust resistance gerd6
(Mateos-Hernandez et al. 2005), Q@ihs.ndsu-3BS for fusarium head blight resistance (FHB)
(Liu and Anderson 2003), and grain protein confelRC (Distelfeld et al. 2004) genes in wheat.
Conserved wheat-rice synteny was also used to dlmmeernalizatiorVRN1 gene using map-
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based cloning (Yan et al. 2003). Mapping of &1 gene to a specific genomic location in
wheat chromosome arm 3AL and its genomic targetmga specific rice BAC P0504E02
suggested that the physically mapped EST sequ&ficelseat and wheat-rice synteny was very
helpful in molecular mapping d&-Al. Our data confirm the synteny reported for 3ALwdfeat

and 1L of rice (La Rota and Sorrells 2004) anddtiectiveness of the rice genome as a base for
targeting a gene of interest. Liu and Anderson 8Glso were able to leverage the synteny of
chromosome 3BS of wheat and 1S of rice to enriehntlarkers near the QTL for resistance to
FHB.

The homoeologous group-3 chromosomes have beemddoe the best conserved of
all the homoeologous groups in wheat comparedc® chromosomes (Sorrells et al. 2003; La
Rota and Sorrells 2004). Our results agree with lotion because we observed good colinearity
between wheat and rice at the genomic region spgrtheR-Al gene of wheat (Table 2, Figure
2). Comparative genomic analysis of annotated semuences from rice BAC P0504E02 with
the TIGR wheat gene index TaGl release 10.0 (Hitptdlast.tigr.org/tgi) showed that 85 % of

the rice sequences had corresponding homologugkeat, tentatively suggesting the conserved
microcolinearity at thér-Al genomic region (Table 3). Although complex miciowearity due
to inversions and insertions/deletions was obse(kadet al. 2005), similar studies at the FHB
resistant QTL region on 3BS of wheat also showedetkistence of macrocolinearity with rice,
which enabled marker enrichment in tQés.ndsu-3BS region (Liu and Anderson 2003). The
absence of sequence homology with the collinea sequence for few of the mapped wheat
ESTs in the genetic map (Fig. 2) suggests thateeithese wheat EST sequences were
translocated in wheat from nonsyntenic locatiomghey might have substantially changed since
the divergence of wheat and rice. The homologawes sequences might also have been deleted
after wheat-rice divergence. Although recombinatizas been implicated in the sequence
divergence between rice and wheat (See et al. 20@®)itimate recombination has also been
shown to be involved in the deletion of gene segasiin the distal regions of wheat (Chantret et
al. 2005).

Physical mapping of thR loci using the closely linked flanking markers S$63L29
and BE493800 as probes on a set of CS anueplaissiocluding two new deletion lines with
terminal chromosome deletions revealed thaRkeci map in the distal 10% of the long arms of

group-3 chromosomes of wheat (Fig. 3, Fig. 4). Datebin based physical mapping of tRe
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genes using the CS deletion lines is importantntmnkthe genomic location of thHe genes on
chromosome 3A with respect to recombination andeggmace. Comparisons of the physical
maps with recombination-based maps led to the de&sgahat gene density and recombination at
the distal regions of the wheat chromosomes is wegly (Werner et al. 1992; Gill et al. 1996;
Akhunov et al. 2003) where gene density in sucloregis comparable to that of rice (Feuillet
and Keller 1999). The same trend of higher recoatimn in the distal 20% of the long arms of
group-3 chromosomes also was demonstrated une@liyydxy Delaney et al. (1995). The gene
density of the orthologous wheBAl gene region in rice is also very high. Twenty seve
predicted genes in the 137.45kb sized rice BAC RHEBQ that spans the seed color gene of
wheat (Table 3). The overall gene density of thiCBregion is one gene for every 5 kb. The
orthologous region in wheat was shown to be a geheregion with 490 kb per cM (Erayman et
al. 2004). Physical mapping &A1 in less than 10% of the distal region of chromosdsh
suggests thaR genes are physically located in the high-recontlmnagene-rich regions of
wheat. These regions of the wheat are suitablehi®map-based isolation of genes in wheat.
Thus, physical mapping dR loci in such high recombination regions of the geerocould
facilitate the map-based cloningiRgenes.

The red seed color of wheat has relevance in theysdf polyploidy and quantitative
inheritance in plants also. Wheat, an allohexaplad complex forms of gene and genome
evolution and function (He et al. 2003; Kashkuslale002; Kashkush et al. 2003; Chantret et
al. 2005). The seed color locus is one of the magyonomic loci where all three orthologous
genes are functional even after 10,000 years ofatvpelyploidization. (Huang et al. 2002;
Flintham and Humphray 1993; Flintham and Gale 1988son et al. 1995). Although different
wheat cultivars posse$sgenes ranging from zero to all three copies, dlil wpecies of wheat
(at all ploidy levels) possess functiomblleles, indicating strong positive selection ptas for
the red seed color in wild species and suggestiag) theR locus was under domestication
related selection pressures. OrthologBugenes show additive effects where the intensithef
red seed color depends upon the number of fundtadiedes present at the R gene loci (Nilsson-
Ehle 1909;Flintham and Humphray 1993; Flintham and Gale 199&lson et al. 1995). This
additive action oR gene expression in polyploid wheat helped sole aiithe main conflicts in
genetics by Nilsson-Eale in 1909. Genomic targeta@ping of the red seed color in the present

study is the first step towards map-based clonirtbis gene in wheat which, could lead to better
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understanding of the gene evolution, expressioh vaspect to polyploidy, domestication, and
guantitative inheritance of agronomic genes. Funtioee, identification and molecular
characterization of genes involved in seed colat darmancy is an essential prerequisite to
elucidate the molecular mechanism of grain develmnand seed dormancy for cereal crop
improvement. Genetic mapping and genomic targetihnged seed color gene reported here
provides a starting point for the molecular dissectof these agronomically important

domestication traits in wheat.
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Figure 8.1 Seed color phenotype of the durum wheat cultivargdan and the Langdon durum

substitution with chromosome 3A substituted by 3ATaticum turgidum subsp dicoccoides

Langdon Langdon-TDIC DS3A
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Figure 8.2 Genetic mapping of tiReAl gene region in diploid wheal .(monococcum) using

wheat ESTs and STS markers. The top of each ntagvegds the centromere and the bottom is
towards the telomere. In th& monococcum map, markers that are highly syntenic to the
colinear rice genomic sequence are indicated iargr®rthologous genes among the two species

are connected by arrows. All 3AL-STS markers wereetbped based on syntenic rice genomic

sequence.
(]
[}
a
g
Dist Marker P
chl g
=z
@B 114.1 e
a o
XSTS-SCRE -
78 -—— § 1464 oM
XBES45526 a
%
2 472 cM
195 -—— o
3
§ 150.7 oM
g
06
1.1 ff 5
1.7 /_ 2 151.0 cM
$.1 &
1.1 4 E
1 ? y 7 > 5 1510 cM
086 A NBE$OS5775 o
35 NBES18446 3 .
06 Jf H-Wb sersesons g ‘
55 XBRs7472( & 0
5.6 / | b ses97730 1| B
77 f ASTS-SCR G 2
0.0 /-_ I 3
35 /_—~ XEFS$74820 S oo
29 ALY sersezenn P
1.7 X8 ' 2 k
4.7 /:' p iy g 1615 oM
47 Xper 205 2
136 - Acfa2078 él_
Xsmraa §| 1638 cM
B35 — %l 164.1 cM
Apsr1202 B 3
U % 167.2 cM
g
0]

F, population

T. monococcum x T. aegilopoides Rice chromoesome arm 1L

225



Figure 8.3Genetic mapping of th&®-Al gene of Langdon durumeft) in reference to the
physical (deletion) map of chromosome arm 3Alglft). The top of the map is towards the
centromere. Each section of the 3AL physical mgmasents a bin delimited by deletion
breakpoints expressed as a fraction of the armthefngm the centromere. The fraction length
(0.81-0.90) of the two new deletion lines 3DS-3/3ahd 5BS-5/3AL was tentatively based on
Qi et al. (2003). In the Langdon RIL-based map, ke showing segregation distortion are
indicated by an * (significant distortion B&0.05) where DIC3A indicates markers exhibiting an
excess of LGD-TDIC DS3A alleles.
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Figure 8.4 Deletion bin-based physical mappin&@1 gene by mapping linked EST marker
XBE493800 in Chinese Spring group-3 aneuploid stocks. Aadmrgraph shows the southern
hybridization pattern of EST probe BE493800 on €eeaSpring ditelosomics (Dt) and deletion
lines of the group-3 chromosomes. The fractiontler@.81-0.90) of the two new deletion lines

3DS-3/3AL and 5BS-5/3AL was tentatively based oretal. (2003).
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Table 8.1Syntenic relationships of the wheat ESTs and RFBaFkers genetically mapped with rice genome sequienttes region

encompassing thie-Al gene. (ha-not applicable)

EST/TC

Marker

Syntenic relationship with rice

Physical position

_ Rice Genetic position
E value Rice BAC on chromosome 1
chromosome| on chromosome 1
(bp)
BG263696
TC270002 XSTS-SC3L8 1.7e-104 P0614D08 1 167.2 cM 41807392- 4192
TC232827 27560927-
XBE445539 3.3e-61 OSJNBb0063G05 1 114.1 cM 57735754
TC263947 P0698A10 38264509-
XBF201776 7.8e-125 P0471B04 1 147.2 cM 38389994
TC254390 P0491F11 38051947-
XBF145691 9.0e-177 OSJINBb0008G24 1 146.4 cM 38154181
TC235328 P0696G06 39260166-
XBE494632 1.2e-140 PO674H09 1 154.6 cM 39402912
TC232339 39066640-
XBM137713 5.8e-100 B1078G07 1 151.0 cM 39260165
TC237792 P0408G07 38756346-
XBE497571 6.2e-11 P0434C04 1 150.7 cM 38874806
TC237568 38874807-
XSTSSC3L7 | 1.9e-200 P0434C04 1 151.0 cM 38962973
39914113-
TC237615 | vBEA05775 | 9 6e.34 PO456E05 1 157.6 cM
' P0456E05 40026333
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EST/TC

Marker

Syntenic relationship with rice

Physical position

E value Rice BAC Rice Genetic position on chromosomel
chromosome| on chromosome 1 (bp)
TC247766 XBE518446 3.2e-81 OSJINBb0094P23 8 na na
40829470-
BF485004 XBF485004 2.7e-29 P0482D04 1 160.4 cM 40911748
TC234928 40911749
XBF474720 1.1e-196 OSJNBa0093F16 1 161.5cM 41053437
BE497740 XBE497740 3.8e-68 P0510C09 8 Na na
41384715-
TC253312 XSTSSC3L9 | 6.5e-162 P0492G09 1 163.8 cM 41439799
BCD131 Xbcd131 2.2e-59 0J1365 D04 7 na na
BCD1431 Xbcd1431 - - - - -
BF474820 XBF474820 0.00074 0J1506_A04 9 na na
TC265912 XSTS-SC3L29 | 1.2e-157 PO504E02 1 164.1 cM
BE493800 XBE493800 0.992 OSJNBa0059J06 11 - -
41574904-
TC273647 XSTSSC3L2 | 1.4e-89 B1150F11 1 164.1 cM 41647930
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Syntenic relationship with rice

EST/TC Marker . . ) Physical position
. Rice Genetic position
E value Rice BAC on chromosomel
chromosome| on chromosome 1 (bp)
41574904 -
TC238077 XSTS-SC3L3 1.0e-183 B1150F11 1 164.1 cM 41647930
41439800-
TC254021 Xabcl74 3.7e-232 P0O504E02 1 164.1 cM 41574903
ABC166 Xabcl166 4.8e-17 P0698A06 6 na na
PSR1203 Xpsr1203 - - - - -
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Table 8.2wvheat-rice synteny based STS markers used fortiaggthe seed color gene. (TC- tentative contig)

Marker Source Forward primer (5'—3’) Reverse primer (3—3") A Fr.agment
(°C) | size (bp)
XSTSC3L2 | TC273647) AGACATTTGAGCGGAGGAAA | TATGCTGCGTGTTCTTCAGG 60 216
XSTSC3L3 | TC238077) AATTTGCGAGGACGATTCAC ACCACCGTCTTCTTTGGTTG 60 249
XSTSSC3L7 | TC237568) TGAGAATGCTGAAGGACACG | GGCTGGATCTGTCGATTTGT 60 235
XSTS'SC3L8 | TC270002] ACCATCACCGTGCTCTTCTC | GTGAAGCTAGCCGCTCAAAT 60 171
XSTSSC3L9 | TC253312] CCCTCATCTGCCACCATACT | CACGCCCAGGTAGGTTATGT 55 202
XSTSSC3L11 | TC244291] GTTATTGCCGACATGCACAG GAGTAGAATTGCCCCACCAA 60 199
XSTSC3L13 | TC237544] GAAACCAGGCATGAACCATT | TGGGTGAGGAAGAAGGATTG| 60 204
XSTSC3L29 | TC265912] AAAGAAGGGAACCCCAAAGA | GCTGCCCTTCAACTCTTGAC 60 165
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Table 8.3Wheat ESTs reported in the syntenic rice BAC POB24tBat spans the red seed color

gene of wheat and the rice othologous genes witttions and physical location in the distal

region of 1L.

Wheat . . : :

EST/TC®® Locus identifier Predicted rice sequence
TC265912 - ini i

(1.26-157) LOC_0Os01g71050 MSP domain containing protein, expressed
céSKéizgg)s LOC_0s01g71060 xylanase inhibitor TAXI-IV, putative, expressed
T(fi?gj)o LOC_0s01g71070 xylanase inhibitor TAXI-IV, putative, expressed
T(i:2112568§)4 LOC_0s01g71080 xylanase inhibitor TAXI-IV, putative, expressed
T($26:Z6g§)0 LOC_0s01g71090 xylanase inhibitor TAXI-IV, putative, expressed
T(gé?gg? LOC_0s01g71094 basic 7S globulin 2 precursor, putative, expressed
TC244291 LOC 0s01g71100 expressed protein, Leucine Rich Repeat family jmnpte
(3.3e-136) expressed

((:glg: %33;58??)2 LOC _0Os01g71106 NBS-LRR disease resistance protein, putative,esgad
TC244291 LOC_0s019g71114 disease resistance protein RGA4, putative, expdess
(3.4e-131)

%g%zsggf LOC 0s01g71130 xylanase inhibitor TAXI-III, putative, expressed
%?%253‘}3)6 LOC 0Os01g71140 xylanase inhibitor TAXI-IV, putative, expressed
CA502482 ' '

(7.7e-14) LOC 0Os01g71150 hypothetical protein

B((Zgézsglgf LOC 0s01g71160 xylanase inhibitor precursor, putative, expressed
TC233413 i

(1.26-06) LOC_0Os01g71170 expressed protein

TC248674 '

(3.4¢-28) LOC_0Os019g/1180 PPR986-12, putative

T(gé?ggf OC 0s01g71190 | Photosystem Il reaction center W protein, putatexgressed
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Wheat

Locus ldentifier

Predicted rice sequence

EST/TC* ¢
TC254021 . . .

(3.7e-232) LOC_0s01g71200 Ribonucleoprotein, putative, expressed
TC240116 .

(1. 2e- 25) LOC_0Os01g71210 expressed protein

hydroxyproline-rich glycoprotein family protein, fative,
(ig 32%(%6 LOC_0s01g71220 expressed
’ RING zinc finger protein, putative, expressed

TC238598 LOC 0s01g71230 Nascent polypeptm!e-assomqted complex alpha stibkai
(2.6e-80) protein 3, putative, expressed
TC248924 LOC 0s01q71240 Calcium-transporting ATPase 11, plasma membrane;typ
(4.2e-101) putative, expressed

BJ266629 .

(1.1e-17) LOC_0Os01g71250 expressed protein

CNO011199 .

(2.56-29) LOC_0Os01g71256 expressed protein

CV765494 .

(0.00039) LOC_0Os01g71262 expressed protein

TC235279 LOC 0s01g71270 Eukaryotic peptide chain release factor subunif peative,
(4.5e-177) expressed

CA741458 :

(9.9e-11) LOC_0Os01g71040 expressed protein

TC237660 | LOC 0s01g71280 | Glycerol-3-phosphate dehydrogenase, putativeessed
(1.9e-258)

®Designations of ESTs (Genbank) and TCs (TIGR) d3emfember 2006
PClosest EST-based STS marker placed in the linkeayes

¢ Values in the brackets indicate e-value

94 Syntenic to previously reported distally mapped RFnarkerXabcl74

233




