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Abstract

Molecular markers, cytogenetics and epigenetics to characterize
wheat-Thinopyrum hybrid lines conferring Wheat streak mosaic virus

resistance

Niaz Ali

Genetic resistance to Wheat streak mosaic virus (WSMV) offers the most attractive and
environmentally safe strategy for disease control. While effective resistance in hexaploid
bread wheat (Triticum aestivum) has recently been described in only one case, the Wsm2
gene, more successful resistance has been introgressed from the related hexaploid
wheatgrass, Thinopyrum intermedium, as the Wsm1l and Wsm3 genes. In the current
study, fluorescent in situ hybridization (FISH) with genomic DNA from Th.
intermedium, Aegilops tauschii and repetitive DNA probes was applied to four breeding
populations of wheat-Th. intermedium, previously tested for WSMV-resistance. Three
different wheat-Th. intermedium recombinant chromosomes, the well-known
4Ai#2S.4DL and two novel, 1B and 3D, were identified to be associated with WSMV-
resistance. These novel introgressed genes from Th. intermedium were designated as
Wsm4 and Wsmb5 respectively. The Wsm4 gene was pinpointed to a 6% interstitial map
region on the 1BS flanked by Xgwm4144 and Xgwm1100 markers. Six new PCR-
markers, five linked to Wsm1 and one to Wsm4 were identified. Molecular markers now
provide a good coverage of the 4Ai#2S arm for effective marker assisted selection and
the new genes increase our arsenal to combat the disease.

Two highly repetitive satellite DNA families, Afa and pSc119.2, were isolated
for the first time from Th. intermedium and their diversity in respect to copies from other
Triticeae species were investigated. They showed contrasting evolutionary dynamics
leading to time dependent or independent homogenization of Afa and pScl19.2
sequences. Both repeats are excellent cytological markers and characterized the 4Ai#2S
chromosomal arm, in the alien wheat lines and the Th. intermedium genome. Southern
hybridization, with methylation sensitive and insensitive restriction enzymes and
immunostaining with anti-5-methyl-cytosine antibodies were employed to assess DNA
methylation. Overall, no massive changes were evident in the wheat genome, however
the alien arm showed reduced cytosine methylation which is characteristic for actively
transcribing chromatin.
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CHAPTER I: GENERAL INTRODUCTION

1.1 Importance of wheat

With over 650 million tons of annual production from 240 million hectares, wheat
(Triticum spp.) has become one of the most important and extensively cultivated food
crops. It is the staple food in more than 40 countries and over 35% of the global
population (Curtis et al., 2002, Matsuoka, 2011, Peng et al., 2004, Williams, 1993).
Wheat is adapted to a wide range of environmental conditions and is grown on an area
larger than assigned to any other crop and its trade exceeds that of all other combined
cereal crops (Feldman and Sears, 1981, Gustafson et al., 2009). Common bread wheat
(T. aestivum L., 2n=6x = 42, AABBDD) and durum wheat (T. durum Desf., 4x = 28,
AABB) are the two main cultivated species, bread wheat accounts for about 95% of the
world’s wheat crop, while durum and other wheats such as einkorn (T. monococcum L.,
2x =14, AA), emmer (T. turgidum L., 4x = 28, AABB) and spelt wheat (T. spelta L., 6x
= 42, AABBDD) are crops of minor economic importance and make up to 5% of the
world wheat today (Curtis et al., 2002, Dubcovsky and Dvorak, 2007,
http://www.fao.org).

Human population is expected to reach 9.4 billion by 2050. The growing needs
of worldwide food production will require greater yields from the existing cropland
without horizontal expansion or proportionate increases in the use of water or fertilizer
(Bao et al., 2009, Foulkes et al., 2011, http://www.fao.org). Environmental hazards,
urban expansion and conversion of croplands into non cropping areas are undermining
our ability to bring more land into wheat cultivation and by year 2050 will reduce the
global cropping area by 8-20% (Young, 1999, Nellemann et al., 2009). The situation can
become worse, and affect another 25% of the world’s cereal production if climate
changes and melt waters of Himalayan glaciers alter the monsoon, flooding and drought
regimes in Asia (Chakraborty and Newton, 2011).

Despite global combat of food shortages, in 2003 over 800 million people
suffered daily hunger and under nutrition, while in 2009, the highest ever level of world
hunger was recorded and 1.02 billion people were estimated to have gone hungry
(http://www.fao.org). To meet the growing demands of world’s hunger and projected
population of 2050, global food production must increase by 50% (Chakraborty and
Newton, 2011). Wheat being a universal cereal and a foremost crop plant after maize

1



and rice, supplies one fifth of all human calories. Among the crop plants, wheat is a
cheap and rich source of energy and proteins for the world population (Feldman et al.,
1995, http://www.fao.org, Kumar and Sharma, 2011, Zohary and Hopf, 2000).
Domestication of wheat was responsible for the increase in human population and the
emergence of human civilization (Heun et al., 1997, Sakuma et al., 2011).

Future food security is a major challenge for mankind, and studies for the
improvement of bread wheat as a high quality food are paramount. Since the origin of
agriculture, crop improvement has been a continuous process driven by the needs for
improved quality, yield, disease resistance and adaptation to new and changing climates.
Once the evolutionary mechanism, involved in the formation and stabilization of wheat
is unfolded, we can design better programs that will enable us to look for more efficient
ways to capitalize on traits that may play a significant role in wheat improvement, and in
feeding the ever-increasing human population (Matsuoka, 2011, Peng et al., 2011,
Purugganan and Fuller, 2009).

1.2 Early history and domestication of wheat

Perhaps some 10,000 years ago, when human population became too large, the transition
from hunting and gathering to agrarian lifestyles started, that set off the road to human
civilization (Eckardt, 2010, Feldman et al., 1995, Heun et al., 1997, Sakuma et al.,
2011). Humans turned to invest their labour in selected plant species for food and
consciously or unconsciously started the complex process of genetic selection i.e.
domestication of wild plants and animals (Dvorak et al., 2011, Parra et al., 2010, Peleg
etal., 2011, Purugganan and Fuller, 2009, Purugganan and Fuller, 2011).

Domestication is a gigantic evolutionary experiment of adaptation and speciation
performed by humans during the last 10,000 years (Darwin, 1905, Feldman and Kislev,
2007). It has given rise to increased adaptation of both plants and animals and made all
the cultivars, including wheat, human-dependent only, capable of surviving under
human agricultural niches (Brown, 2010, Diamond, 2002, Matsuoka, 2011).
Domestication not only gave birth of agriculture, but also around the same time, people
adopted a sedentary lifestyle and started living in villages (Gepts and Papa, 2002).
Triticum spp. (diploid, tetraploid and hexaploid) were the earliest domesticated species
that marked the beginning of agriculture (Ozkan et al., 2005, Purugganan and Fuller,
2009). Archaeological and phylogenetic studies suggest that south eastern Turkey-—
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northern Syria is the most likely site of cereal domestication (Heun et al., 1997, Lev-
Yadun et al., 2000). Even today the wild progenitors of wheat, barley and rye grow there
(Salamini et al., 2002) and seeds of the both wild and cultivated einkorn and emmer
have been excavated in early archaeological studies of these sites (Lev-Yadun et al.,
2000, Zohary and Hopf, 2000). As the hexaploid wheat is not directly derived from a
wild progenitor through domestication selection but from T. turgidum spp. dicoccon X
Aegilops tauschii, after the wild einkorn and emmer wheats were subjected to
domestication selection (Dvorak et al., 2011).

Domestication resulted in both genetic and phenotypic changes, which are
beneficial to crop plants for domestication and were selected by the early farmers.
These changes also differentiate domesticated taxa from their wild ancestors, and are
grouped together as domestication syndromes (Heslop-Harrison and Schwarzacher,
2011b, Matsuoka, 2011). In wheat like other cereals, all these adaptations are for two
main reasons, including those for successful germination and to facilitate threshing. In
wheat like other cereals, important traits involved in the domestication syndrome were,
loss of spike shattering and tough glumes, minimization of seed dormancy, increase in
both seed size and number, reduced number of tillers, larger inflorescences,
synchronized seed maturation, and more erect growth (Peng et al., 2011, Ross-Ibarra et
al., 2007, Vaughan et al., 2007, Zohary and Hopf, 2000). Seeds of free-threshing wheat
appeared some 8500 years ago, when a natural mutation changed the ears of both emmer
and spelt into a more easily threshed type, which later evolved and resulted in modern
free-threshing ears of durum and bread wheat (Diamond, 2002, Dvorak et al., 2006).

Despite the immense role of plant domestication in human history we still know
very little about adaptation under domestication (Ross-Ibarra et al., 2007). Once the
genomic sequencing of diploid wild progenitors (T. urartu or Ae. tauschii) is completed,
it will reveal some more details of the Triticeae genomics and genes or factors having
roles in domestication. That will be of great importance in the improvement of wheat
cultivars, exploitation of their genetic diversity and conservation of the wheat

germplasm (Peng et al., 2011).



1.3 Origin and evolution of wheat

Emergence of agricultural practices in the east Mediterranean area 10,000 ago, and its
subsequent spread around the Mediterranean Sea were known from the earlier
biogeographic studies conducted in the late 19th century. These studies also revealed
specific regions for centers for the origin of cultivated plants (Charmet, 2011, Zeder,
2008). For the genus Triticum, the centre of origin was identified in the region of the
Fertile Crescent, between the Mediterranean coast in the west and the plain of Tigris and
Euphrates in the east throughout the Syrian desert (Feldman and Sears, 1981). The wild
diploid and polyploid wheats are still widespread in this region and grow polymorphic or
mixed populations (Eckardt, 2010, Feldman and Kislev, 2007, Feldman and Sears, 1981,
Ozkan et al., 2005).

Bread wheat (genome AABBDD), has evolved from two independent
polyploidization events (Figure 1.1). The first event took place ~ 0.5 million years ago
(MYA) when the diploid A genome donor hybridized to another species of the B
genome donor resulting in tetraploid T. turgidum. The second spontaneous
allopolyploidization event took place ~10,000 years ago between the early-domesticated
tetraploid T. turgidum ssp. dicoccum and the diploid D genome donor Ae. tauschii
(Dubcovsky and Dvorak, 2007, Feldman and Kislev, 2007, Salse et al., 2008).

Triticum urartu Aegilops speltoides
2n=2x=14 2n=2x=14
AA BB
\ ~0.5 MYA /

Triticum dicoccoides
2n=4x=28
AABB
Triticum turgidum Aegilops tauschii
2n=4x=28 2n=2x=14
AABB DD
N\ '
Triticum aestivum
2n=6x=42
AABBDD

Figure 1.1: Diagrammatic representation of the evolution of hexaploid wheat. Data
obtained from Feldman 2001, Feldman & Levy 2005 and Dubcovsky and Dvorak 2007.



The pioneering work of Sears and Kihara in the early 1940s revealed that the A and D
genomes of hexaploid wheat are derived from the diploid T. urartu and Ae. Tauschii
(Feldman and Levy, 2005b, Kihara, 1944). However, the origin of B genome is still
unclear but evidences suggest, that Ae. speltoides (from the Sitopsis section) is the most
likely B genome donor. The reason for this ambiguity may be, the ancestral form does
not exist anymore or it has evolved rapidly in the allopolyploid condition (Feldman and
Levy, 2005b, Salina et al., 2006).

Polyploidization and selective pressure, exerted by man has led to a dramatic
reduction in the genetic diversity of cultivated wheat (Buckler Iv et al., 2001, Vaughan
et al., 2007, Fu and Somers, 2009, Roussel et al., 2005). Lack of cross pollination and
homoeologous recombination, imposed further genetic bottlenecks. Thus, ancestral
species remain the primary sources of genetic diversity for wheat (Akhunov et al., 2010).
However, a large amount of research over the last few decades in cereals, legumes and
other crops could not find any overall reduction in the genetic diversity of released
varieties, suggesting that introduction of new germplasm has kept pace with the loss of
diversity through inbreeding (Huang et al., 2007, Van de Wouw et al., 2010, Heslop-
Harrison and Schwarzacher, 2011b).
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1.4 Taxonomy of the Triticeae

Taxonomy has always been a fascinating but a controversial field of biology, and the
Triticeae is also no exception to this statement (Goncharov, 2011). All cereals are
members of the grass family (Poaceae), the fourth largest and ecologically dominant
family among the angiosperms with about 700 genera and 10,000 species (Gaut, 2002,
Feuillet and Keller, 2002b). The grass family is taxonomically challenging, and most
grass taxonomists recognize 6 or 7 major subfamilies within the family. The
economically important tribe Triticeae is assigned to the subfamily Pooideae (Gaut,
2002). The name Triticeae was first recognized by the Belgian botanist Dumortier in
1823 (Yen and Yang, 2009).

Most early attempts of the Triticeae taxonomy concentrated on morphological
and phytogeographic aspects (Bentham, 1882, Hackel, 1887, Melderis, 1980). However,
Kihara introduced genome analysis and cytogenetic research into Triticeae and refined
the classification and evolutionary relationships within the group (Kihara, 1930, Kihara,
1954, Kihara and Nishiyama, 1930). Lack of absolute boundaries among different
genera and unavoidable arbitrariness above the species level make the classification of
Triticeae very complex (Yen and Yang, 2009). Among the various views about the
generic classification, the stands taken by Stebbins (1956) and Loéve (1984, 1986)
represent opposite extremes. Stebbins supports keeping all species into a single genus,
while Ldve splits the Triticeae into 39 genera (see Dizkirici et al., 2010).

Nevertheless, the Triticeae is a heterogeneous group of some 400-500 diploid
and polyploid species of varying complexity. It includes both wild and cultivated genera
such as Aegilops, Agropyron, Crithopsis, Dasypyrum, Elymus, Eremopyrum, Festucopsis,
Hordelymus, Hordeum, Psathyrostachys, Secale, Taeniatherum and Triticum etc.
(Melderis et al. 1980). The genus Triticum, which is perhaps the most important genus
in the tribe, is represented by species of various ploidy levels.

Very briefly the genus Triticum, comprises six species (Table 1).
T. monococcum L., T. urartu Tumanian ex Gandilyan, T. turgidum L., T. timopheevii
(Zhuk.) Zhuk., T. aestivum L. and T. zhukovskyi Menabde & Ericz. These species are
subdivided in three sections, Monococcon, Dicoccoidea and Triticum consisting of
diploid, tetraploid and hexaploid species respectively. T. urartu exists in wild, while T.
aestivum and T. zhukovskyi exist in the cultivated form only. The remaining three

species can exist in either form (see Matsuoka, 2011).



Table 1.1: Nomenclature of wild and cultivated wheats (after Van Slageren 1994) modified from Matsuoka, 2011.

Section Triticum species and subspecies Genomic constitution Common examples
Monococum T. monococum L. AA
subsp. aegilopoides (Link) Thell. Wild einkorn
subsp. monococcum Cultivated einkorn
T. urartu Tumanian ex Gandilyan AA
Dicoccoidea T. turgidum L. AABB
subsp. dicoccoides (korn. Ex Asch. & Graebn.) Wild emmer
subsp. dicoccon (Schrank) Thell. Cultivated emmer
subsp. durum (Desf.) Husn. Macaroni wheat
subsp. polonicum (L.) Thell. Polish wheat
subsp. turanicum (jakubz) A. Léve & D. Léve Khorasan wheat
subsp. turgidum Rivet wheat
subsp. carthlicum (Nevski) A. Léve and D. Love Persian wheat
subsp. paleocolchicum (Menabde) A. Léve and D. Love Georgian wheat
T. timopheevii (Zhuk.) Zhuk AAGG
subsp. armeniacum (Jakubz.) van Slageren Wild timopheevii
subsp. timopheevii Cultivated timopheevii
Triticum T. aestivum L. AABBDD Common wheat
subsp. aestivum Bread wheat
subsp. compactum (Host) Mackey Club wheat
subsp. sphaerococcum (Percival) Mackey Indian dwarf wheat
subsp. macha (Dekapr. & Manabde) Mackey
subsp. spelta (L.) Thell. Spelt
Triticum zhukovskyi Menabde & Ericz. AAAAGG




1.5 Plant pests and their management

Since the onset of human civilization, plant diseases have been an everlasting constraint
on food production, and will continue to cause human suffering and economic losses
(Baker et al., 1997). One of the major challenges for the future has been food security.
Avoiding widespread hunger will require a substantial increase in yield from the existing
cropland. But in their efforts to meet the demands of global production, plant breeders
are finding less appropriate germplasm with desirable traits (Foulkes et al., 2011,
Mujeeb-Kazi and Hettel, 1995).

The rapid increase of human population and shrinkage of the land surface for
agricultural practices is putting all measures of food security at risk (section 1.1).
Perhaps, shielding food crops from pathogenesis is the most important factor that can
substantially increase agricultural production (Baker et al., 1997). Fungicides are
successfully applied to control the diseases, but they are too expensive particularly for
small farmers in the developing countries and are environmentally hazardous (Liu et al.,
2011). Utilization of high yielding varieties has significantly improved crop productivity,
but in plants like wheat, which was domesticated 10,000 years ago, and is predominantly
self-pollinated, this has only added to its existing genetic bottlenecks (Gustafson et al.,
2009, Matsuoka, 2011).

Studies indicate that climate plays a critical role in the evolution of both flora and
fauna, and changes in the climate may alter the entire ecological landscape (Li and Yap,
2011, Manole and Bazga, 2011). In the last 100 years, the earth’s climate has changed in
response to human activities. For example, the mean global temperature has increased
by 0.74°C and atmospheric CO2 level has raised from 280ppm in 1750 to 368ppm in
2000 (see Watson, 2001, Chakraborty and Newton, 2011). These changes have impacts
on the geographical distribution and growth of plant species as well as host-pathogen
interactions (see Coakley et al. 1999, Heslop-Harrison and Schwarzacher 2011b).

Plant diseases could potentially reduce the attainable yield by as much as 82% in
the case of cotton and more than 50% for other major crops (Oerke, 2006). Every year
about 10-16% of the global harvest is lost to plant diseases, which is equivalent to
US$220 billion. It excludes the additional postharvest losses of 6-12%, which are
particularly common in the developing world (see Chakraborty and Newton, 2011).
Although different cultural practices and use of pesticides have dramatically reduced

plant diseases, the cost, potential environmental problems, and increased tolerance
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through selective pressure are main concerns for the future (Chen, 2005, Curtis et al.,
2002). Since, the emergence of the Ug99 group of stem rust races that has reaffirmed the
need to deploy diverse and effective resistance sources to safeguard wheat production.
Ug99 races are virulent to resistance genes deployed in most wheat varieties currently
under cultivation throughout the world (Singh et al., 2008, Stokstad, 2007). It is known,
increasing genetic diversity in host populations retards the rate at which virulence
evolves. In such circumstances breeding resistant cultivars is the most practical approach
to safeguard man’s prime food sources like wheat on permanent basis (Li and Wang,

2009, Graybosch et al., 2009, Gill et al., 2011) and will be discussed below in detail.

1.6 Genetic resources for wheat improvement

When cultivated wheat was growing as a mixture of land races, there was a wide range
of variation (Feldman and Sears, 1981, Gustafson et al., 2009). Intense breeding and
selection for greater yield potential has not only eliminated the undesirable alleles but
also reduced the useful genetic variation, especially that of resistance to biotic (fungal
and insect pests) and abiotic (cold, drought and salt) stresses. In the Triticeae, the past
few decades of selection for yield alone and the failure to secure primitive cultivated
varieties, has given rise to a substantial loss of total genetic variability. Such genetically
uniform varieties cultivated over enormous areas are susceptible to devastating
epidemics (Feldman and Sears, 1981, Fu and Somers, 2009, Heslop-Harrison, 2002,
Heslop-Harrison and Schwarzacher, 2011b, Li et al., 2005a).

Fortunately, wheat genetic restoration is possible, by exploiting a vast reservoir of
genetic resources distributed across three gene pools (Ayala-Navarrete et al., 2007, King
et al., 1997a, King et al., 1997b, Schwarzacher et al., 2011, Schwarzacher et al., 1992).
The primary gene pool is constituted by two species, the tetraploid T. turgidum and
diploid Ae. tauschii, which hybridized and resulted in hexaploid wheat. Recombination
between the primary gene pool and wheat genome takes place through direct
hybridization and homologous recombination (Sehgal et al., 2011, Gill and Raupp, 1987,
Qi et al., 2007). Diploid species of the Sitopsis section, T. monococum and the
polyploid Triticum-Aegilops group, sharing one of the three genomes of wheat constitute
the secondary gene pool. Gene transfer between the two genomes takes place through
direct crosses and backcrosses with varying level of homologous exchange between the

related genome or through special manipulation strategies (Sharma and Gill, 1983, King
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et al.,, 19973, Li and Wang, 2009, Mujeeb-Kazi and Hettel, 1995, Qi et al., 2007).
Triticeae species, with genomes non-homologous to wheat constitute the tertiary gene
pool. These species are rich sources of wheat improvement, but because of their non-
homologous genomes, gene transfer is not possible by homologous recombination and
requires special techniques such as irradiation, callus culture mediated translocation or
through ph mutants etc. (see section 1.7).

Various annuals and perennials from the tertiary gene pool, especially the
Thinopyrum group have enormous genetic variability and have proven to be excellent
sources of disease resistance. Member of the Thinopyrum group have been successfully
used for the introgression of alien material especially against biotic and abiotic stresses
in the form of small segments to entire chromosomes (Ayala-Navarrete et al., 2007,
Chen, 2005, Divis et al., 2006, Fahim et al., 2011, King et al., 1997a, Li and Wang,
2009, Mujeeb-Kazi and Hettel, 1995, Qi et al., 2007, Schwarzacher et al., 2011,
Schwarzacher et al., 1992, Sharma and Gill, 1983, Wells et al., 1973) and will be

discussed in detail in the results chapter.

1.7 Introduction of alien material for useful traits

In order to develop new plant varieties with high yield potential and a broader genetic
base, breeders need some variation to initiate with (Feldman and Sears, 1981, Gill et al.,
2011, Heslop-Harrison, 2002). To a greater extent, wheat breeders have overcome this
challenge by the wise utilization of both the wild (often referred to as alien) and
cultivated Triticeae, harboring agronomically important genes for the enrichment of
wheat cultivars and for introducing novel variation (Schwarzacher et al., 1992, King et
al., 1997a, Wells et al., 1973, Wang et al., 2002, Singh et al., 2008a, Singh et al., 1998,
Divis et al., 2006). Transfer of desirable traits derived from alien sources as
chromosomal arms or segments has been a successful practice in broadening the genetic
base of wheat. There are numerous examples of gene transfers between the Triticeae
species and common wheat for varied traits such as, improved grain quality, resistance
to mites, fungi, viral diseases, drought and salinity etc. that have successfully transferred
new variation to the wheat germplasm (Heslop-Harrison, 2010, Mujeeb-Kazi and Hettel,
1995, Chen et al., 1996, Gill et al., 2011, King et al., 1997b, Larkin et al., 1995,
Carvalho et al., 2009, Ribeiro-Carvalho et al., 2004, Liu et al., 2011, Multti et al., 2011,
Schwarzacher et al., 2011).
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In intergeneric or wide-crosses, wheat is used as a maternal parent with
significant success (Figure 1.3). The procedure involves bud pollination, post-pollination
gibberellic acid treatment, 14-18 days post-pollination excision followed by embryo
culture, so that the embryo differentiates into a plantlet (Mujeeb-Kazi and Hettel, 1995).
This plantlet or F; hybrid is usually self-sterile, however in some hybrids few pollen
mother cells may undergo meiotic restitution and produce unreduced gametes. Thus rare
F1 intergeneric hybrids may be partially fertile (see Islam and Shepherd, 1980).
Nevertheless, the sterile F; hybrid on colchicine treatment results in fertile
amphidiploids (King et al., 1997a). The production of amphidiploids between wheat and
the desired species is followed by the production of individual alien chromosome
addition lines through backcrosses. The entire alien chromosomal arms can be
transferred to wheat backgrounds by exploiting the centric breakage-fusion property of
univalents. Once the homoeologous relationship of the alien chromosome carrying the
desired gene has been established the alien chromosome and a homoeologous wheat
chromosome are isolated in monosomic condition. In double monosomic plants, both
monosomes do not pair at meiotic metaphase I, and have the tendency to break at the
centromeres, followed by fusion of the broken arms, giving rise to Robertsonian whole
arm translocations (see Mujeeb-Kazi and Hettel, 1995, Qi et al., 2007).

The efficiency of alien material is determined by its ability to substitute the
homoeologous segments of wheat chromosomes. Although, linkage drag effects are less
pronounced or buffered in polyploid wheat compared to the diploids, having more
sensitive genomes to the genetic imbalance (King et al., 1992, Friebe et al., 1996a, Qi et
al., 2007, Gill et al., 2011). Still, wheat-alien compensating translocations with minimal
alien chromatin are of immense importance, as they introduce new characters and have
less likelihood of a linkage drag, which can affect the essential agronomic and end-use
quality attributes (Friebe et al., 2009, Forsstrom et al., 2002, Gill et al., 2011).

Plant breeders have been remarkably successful in developing new varieties of
all major crops, with desired traits (Borlaug, 1983). Hybrids deliver higher yields and
better quality than either of the parent alone, and this has been achieved despite the rapid
emergence of more aggressive and virulent races of pathogens, different cultivation
practices, and in a more disturbed and changing environmental conditions. In the UK,
90% increase in the yield potential of cereals is attributed to the improved varieties
released in the last 25 years having a better genetic constitution (Vaughan et al., 2007,
Heslop-Harrison and Schwarzacher, 2011b).
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Figure 1.3: Schematic representation of wide hybridization and alien gene transfer from
Th. intermedium (JJJ°J°SS genome) to T. aestivum (AABBDD genome). Cl 17884 is a
Wheat streak mosaic virus (WSMV) resistant line. This resistance is present on the short

arm of Th. intermedium chromosome 4Ai#2. Experimental lines used in the current

study were putative carriers of the same resistance. BC represents back cross, W

represent wheat chromosomes, ‘Centurk’ is a wheat cultivar. Sources: Wells et al.,

1973, 1982, Divis et al., 2006.
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1.8 Genomic research for crop improvement

In addition to population growth, the availability of arable land, water for agriculture and
global climatic changes will not only affect crop growth but will also threaten the
conservation of land under cultivation (Takeda and Matsuoka, 2008). The 20" century
has witnessed a tremendous increase in crop production, which primarily became
possible due to the application of Mendel’s principles in breeding practices (Zhang et al.,
2009). Conventional breeding practices allowed breeders to manipulate novel variations
required for resistance and productivity (Ayala-Navarrete et al., 2007, Feldman and
Sears, 1981, Fedak et al., 2001). Overall, there has been significant increase in the
productivity of important cereal crops, but now the available traditional practices of crop
improvement are no longer sufficient to meet the demands of future population or new
crop uses such as bio-fuels (Heslop-Harrison and Schwarzacher, 2011b).

The remarkable progress in crop improvement over the last decades is attributed
with good reason to the development of new genomic technologies like, next generation
sequencing, high-throughput marker genotyping, omics and an understanding of the
variation at the DNA, RNA and protein level (see Varshney and Dubey, 2009). These
new insights into the plant genome have opened up an exciting era of plant molecular
breeding. Unlike conventional breeding, that follows the paradigm of “cross best with
the best and hope for the best”, the linkage of gene for specific trait leads to more precise
and predictable breeding outcomes. In the past where the increased crop productivity
was based on improved agricultural practices and chemicals, future gains will rely on
improved genetics (see Heslop-Harrison and Schwarzacher 2011b).

This better understanding of plant genomics has been essentially possible due to
the increasing availability of genomic sequences. In some cases the whole genomic
sequence is available (e.g. Arabidopsis, Rice, Maize and Brachypodium etc.) while in
others the genome is partly available. These sequencing projects will enhance our
knowledge about the major crops (Mochida and Shinozaki, 2010). Nevertheless, major
efforts are underway to sequence the full genome of variety of organisms. The available
sequence data has made it possible to develop a variety of functional molecular markers
and is clearly shaping our approaches to key biological processes (Zhang et al., 2009,
Varshney and Dubey, 2009, Korzun, 2002, Collard and Mackill, 2008).

Genomic research is generating a variety of molecular and cytogenetic markers

(see Heslop-Harrison and Schwarzacher 2011a) that has increased the efficiency of crop
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species, and will allow breeders to perform their tasks with great ease and precision.
Molecular markers can be used to tag genes of interest, through marker-assisted
selection (MAS). In cereals MAS, has been applied to develop improved cultivars with
better traits for biomass and tolerance to biotic and abiotic stresses (Reddy et al., 2008,
Talbert et al., 1996, Ayala et al., 2001, Fahim et al., 2010b, Krattinger et al., 2011).
Genomic in situ hybridization (GISH), identifies plants that carry alien segments and can
be used in association mapping with molecular markers linked to traits of interest, which
provides a powerful system to tag genes, and allow screening of cultivars with desirable
and undesirable alleles in early generations and save valuable resources (Schwarzacher
et al., 1992, Schwarzacher et al., 1989, Castilho and Heslop-Harrison, 1995, Mukai et al.,
1993, Tsujimoto et al., 1997).

Advances in DNA sequencing projects and analytical approaches have greatly
increased our understanding of the plant genome, and there is no reason to think that we
are close to maximum possible yields, but still genomic research is in its infancy and
future goals of plant breeding are to be determined. Knowledge of the loci that influence
tolerance, high yield and domestication like traits are still not enough and needs to be
capitalize upon (Takeda and Matsuoka, 2008, Matsuoka, 2011, Stukenbrock and
McDonald, 2008). Nevertheless, production of high yielding and resistant cultivars will
remain the primary goal of most breeding programs, but integration of new genomic
approaches with traditional breeding strategies is required to put theory into practice.
This will empower breeders in their efforts to select the best available combination of
traits available within species and will help them, to solve the major issue of sustainable
agricultural production (Mochida and Shinozaki, 2010, Gustafson et al., 2009, Varshney
and Dubey, 2009, Heslop-Harrison and Schwarzacher, 2011b).

1.9 Genome organization in grasses

Recent advancements in sequencing technologies along with reduced costs, have
allowed the sequencing of five important species of the grass family. This has given a
direct access to the gene content and genomic architecture of grasses (Stein, 2007,
Devos, 2010). Major cereals diverged from a common ancestor about 65MYA (Figure
1.2) and show considerable variation in genome size. The 1C value varies significantly
among grasses i.e. 400Mb-8,000Mb for rice and wheat respectively. But, despite of the

millions years of co-evolution and enormous variation in genome sizes, member of the
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grass family show remarkable similarity in gene content and order (Bennetzen, 2005,
Luo et al., 2009, Paterson et al., 2009, Flavell et al., 1974). The sequenced data suggest,
that gene content in related genomes are not exactly the same, mainly due to non
uniform or lineage-specific evolution of genes, and frequent chromosomal
rearrangements like deletions, duplications and inversions (Devos and Gale, 2000, Ilic et
al., 2003, See et al., 2006, Devos, 2010).

Table 1.2: Structural characteristics of four sequenced genomes. Data taken from
Devos, 2010.

Species Haploid Chromosome | Gene Class | Class Il
genome | number number transposon transposon
size (Mb) content (%) content (%)

Brachypodium 320 2n=2x=10 25853 23.3 4.8

distachyon

Oryza sativa 400 2n=2x=10 28236 25.8 13.7

Sorghum bicolor 800 2n=2x=40 27640 54.5 7.5

Zea mays 2500 2n=2x=20 32540 75.9 8.6

Flowering plants have undergone one or more rounds of polyploidization (also referred
to as whole genome duplication or WGD) in their evolutionary history and that has
played a significant role in their diversification. Monocots have undergone two WGD
events prior to the divergence of cereals and other grasses (Stein, 2007, Jiao et al.,
2011). The first evidence of genomic duplication came from the analysis of the rice
genome, but was later also identified in the whole-genome sequence of Brachypodium,
Sorghum and maize (Devos, 2010, Luo et al., 2009).The sequenced genomes revealed a
considerable amount of gene redundancy and much of this is thought to be due to the
result of ancient WGDs (see Soltis et al., 2009). The total number of genes, does not
vary greatly among the angiosperms, and typically remains at around 28,000 per haploid
genome, but in maize the slightly higher numbers of genes reveal its ancient tetraploid
nature.

A significant proportion of the grass genome is repetitive DNA and for example
in wheat it accounts for up to 80% of the genome (Flavell et al., 1974b). Thus the
variation in genome sizes of grasses can be attributed primarily to the difference in the
amount of repetitive DNA (Schmidt and Heslop-Harrison, 1998b, Heslop-Harrison,
2000a, Contento et al., 2005, Bennett and Leitch, 2011). Devos (2010) compared the
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four published grass genomes (Table 1.2) and found that the class | or long terminal
repeat (LTR) retrotransposons were the most abundant fraction of these genomes. The
amount of LTR retrotransposon was related to the size of genome, while the DNA or
class Il transposons were much more constant across species and did not correlate
generally with genome size (Table 1.2 and section 1.11). Possibly this can be explained
by DNA transposon being mostly associated with gene-rich regions of the genome and
they are cut and pasted rather than replicated (for details see Paterson et al., 2009,
Schnable et al., 2009, Vogel et al., 2010).

It is interestingly the chromosomes number that provides structure for genetic
linkage groups and allows faithful replication that has fluctuated widely during the
evolutionary history of grasses (Heslop-Harrison and Schwarzacher, 2011a). Based upon
organizational features and staining properties in cytological preparations, grass
chromosomes as chromosomes in general show two distinct regions, the
heterochromatin and euchromatin (Flavell, 1986, Schmidt and Heslop-Harrison, 1998b,
Schwarzacher, 2008, Endo and Gill, 1996). Euchromatin, stains lightly in cytological
preparations and is the gene dense region of the chromosome, with high transcriptional
activity and higher levels of recombination at meiosis (Heslop-Harrison and
Schwarzacher, 2011a). In contrast heterochromatin has highly condensed chromatin that
stains strongly in cytological preparations. In general it is rich in repetitive DNA and
transposable elements (TESs). It lacks meiotic recombination and is relatively deficient in
genes, and those that are present often have decreased transcriptional activity (Vershinin
and Heslop-Harrison, 1998, Heslop-Harrison, 2003, Kubis et al., 2003a). Euchromatin
lies at the interstitial and distal regions of the chromosomes while heterochromatic
blocks often lie at the telomeric and pericentromeric regions (Figure 1.4).

Physical organization of genes and repeats, and locating them on chromosomal
regions is crucial for the understanding of genomic organization and evolution in plants
(Heslop-Harrison, 2000b). Awvailability of full genome sequences from grasses has
definitely enhanced our abilities to understand the complexity of the grass genome
organization. Nevertheless, reconstruction of the ancestral grass genome is still a major
challenge because of the frequent and ubiquitous WGD across angiosperm history.
Reconstruction of the ancestral genomes will improve our ability to resolve correlated
gene arrangements and shared ancestry of genes among closely and distantly related taxa
(Soltis et al., 2009).
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Figure 1.4: The organization and features of plant chromosome, modified from Heslop-
Harrison and Schwarzacher, 2011a.

1.10 Cytogenetic structure of wheat

Nutritional significance and the presence of large chromosomes with an average size of
~11.2p per chromosome always facilitated the cytogenetic investigation of Triticeae
(Mutti et al. 2010). The pioneering cytological work of Sakamura, Sax, Kihara and Sears
in the early 20th century, revealed the presence of three different ploidy levels in
Triticeae species. They also described the main cytogenetic characteristics of these
species, such as the basic chromosome number of seven (n=7), large chromosomes,
frequent polyploidy and the complicated reticulate pattern of relationships due to
repetitive intergeneric hybridizations (see Vershinin et al., 1994, Curtis et al., 2002,
Feldman and Levy, 2005, Heslop-Harrison and Schwarzacher, 2011a). However, not all
Triticeae members have the basic set of n=7 chromosomes. Variation exists from n=2 to
n=19 and the ancestral basic chromosome number is still uncertain (Gaut, 2002). Recent
phylogenetic reconstruction and comparative studies of grass genome structure suggest
that the basic chromosome number could be n=12 in the common ancestor of Triticeae,
rice, and sorghum. The reduction of chromosome number from n=12, in the common
paleo-ancestor was probably driven by non random centric double-strand break repair
events (Luo et al., 2009, Murat et al., 2010).
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By and large wheats have the basic chromosome number of x=7. Diploid wheat
species contain two haploid sets of seven chromosomes, tetraploid contains four and
hexaploids contain six and so on. In hexaploid wheat, these chromosomes are assigned
to A, B or D-genomes (Figure 1.5). The A and B genomes can be distinguished on the
basis of their pairing ability with the diploid A-genome (Sears, 1966). All the A, B and
D-genome chromosomes are broadly divided into either homologous (genetically
similar) or homoeologous (genetically related) groups (Sears, 1966, Schwarzacher, 1996,
Hao et al., 2011). The homoeologous groups are identified on the basis of their ability to
compensate for the dose of the lost chromosomal pair from the other genome in nulli-
tetrasomic lines (Sears, 1966).

In spite of possessing multiple sets of related chromosomes, hexaploid wheat
restricts pairing to true homologues at meiosis and behaves as a diploid. This diploid like
behavior is controlled by the Ph complex (pairing homologous) comprising of major
(Ph1) intermediate (Ph2) and few minor loci (Okamoto, 1957, Hao et al., 2011, Sutton
et al., 2003). Deletion of the single major locus, Phl, from chromosome 5B not only
allows pairing of the homoeologous chromosomes from A, B and D genomes but also
within the chromosomes of other related species and genera (Griffiths et al., 2006). This
property of hexaploid wheat is exploited to make interspecific crosses and manipulating
genes from one species to another across the whole group of Triticeae (see King et al.,
1997a, Lima-Brito et al., 2006).

Bread wheat has a haploid genome size of about 16 billion bp, organized in 21
pairs of the A, B and D genome chromosomes (Heslop-Harrison and Schwarzacher,
2011a). These chromosomes can be identified cytogenetically (Figure 1.5) using
different techniques like C-banding, molecular karyotyping, and fluorescent in situ
hybridization (Mukai et al., 1993, Endo and Gill, 1996, Schwarzacher and Heslop-
Harrison, 2000, Schwarzacher, 2003). Genomic in situ hybridization (GISH) or
fluorescent in situ hybridization (FISH) is a powerful technique for chromosomal
mapping and genomic analysis. The rapid identification of somatic chromosomes from
readily available root meristems has revolutionized cytogenetic research in wheat
(Castilho and Heslop-Harrison, 1995, Schwarzacher et al., 1989, Harper et al., 2011,
Gill et al., 2011, Schwarzacher et al., 2011). GISH using total genomic DNA as a probe
has been able to identify alien fragments or chromosomes in hybrid wheat. It is
efficiently used to identify structural rearrangements in chromosomes such as deletions,

duplications, translocations, and inversions (Anamthawat-Jonsson et al. 1990,
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Schwarzacher et al. 1992, Heslop-Harrison et al. 2003, Schwarzacher 2003a, 2003b).
GISH is combined with repetitive DNA sequences, where the unique banding pattern of
repetitive DNA along the wheat chromosomes is used to identify genome, chromosome
and chromosomal arms (Anamthawat-Jonsson and Heslop-Harrison, 1993, Bodvarsdottir
and Anamthawat-Jonsson, 2003, Forsstrom et al., 2002, Rayburn and Gill, 1986,
Contento et al., 2005).

Different cytological markers mapping to specific wheat chromosomes are
available (Castilho and Heslop-Harrison, 1995, Vershinin et al., 1994, Gill et al., 1991)
along with many other physical maps constructed for all 21 wheat chromosomes
(http://wheat.pw.usda.gov). Ideograms for the chromosomes of ‘Chinese spring’ wheat
showing physical mapping and location of different repetitive DNA (Figure 1.5) have
already been published, which greatly facilitate the identification of individual wheat
chromosomes (see Mukai et al., 1993, Castilho et al., 1996, Taketa et al., 1999, Biagetti
etal., 1999).
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1.11 Repetitive DNA and transposable elements

A major fraction of eukaryotic nuclear DNA is comprised of a variety of repetitive DNA
elements that do not encode products used by the cell and sometimes referred to as
“selfish” or “junk” DNA (Orgel and Crick, 1980, Salina et al., 2011, Kidwell and Lisch,
2000). In Triticeae, these elements account for up to 70-80% of their genome (Flavell et
al., 1974a, Heslop-Harrison, 2000a, Charles et al., 2008, Wicker et al., 2003). Recent
insights of the plant genome have revealed synteny in gene order and content, but have
shown that the repetitive DNA in their genomes varies more widely, and possibly is the
main contributing factor of interspecific divergence of genomes (Charlesworth et al.,
1994, Bennett and Leitch, 2011, Feuillet and Keller, 2002a, Gaut, 2002, Levy and
Feldman, 2002). Therefore, understanding the role and nature of these repeat elements
are of great importance for investigating the organizational and phylogenetic
relationships as well as their evolutionary dynamics (Vershinin et al., 1996, Vershinin et
al., 1995, Luo et al., 2009, Heslop-Harrison, 2000b, Kubis et al., 2003b).

Repeats are classified into two major types according to their genomic
organization (Kuhn et al., 2007). The first is composed of sequences of various lengths
and composition that occur as tandem repeats, concentrated at one or more distinct
positions in the genome and are often referred to as satellite DNAs (Contento et al.,
2005, Kubis et al., 1998, Kuhn and Sene, 2005, Murata et al., 1997, Vershinin et al.,
1996). The second type is represented by sequences with a dispersed distribution
throughout the genome and mainly consists of transposable elements (Salina et al., 2011,
Sergeeva et al., 2010, Charles et al., 2008).

Satellite DNAs (satDNAs) consist of highly repeated DNA motifs that are
tandemly organised, forming long arrays that may extend from few to tens of thousands
of kilobases (Charlesworth et al., 1994, Tsujimoto et al., 1997, Kishii et al., 1999, Kishii
and Tsujimoto, 2002, Anamthawat-Jonsson and Heslop-Harrison, 1993, Bodvarsdottir
and Anamthawat-Jonsson, 2003). Several unrelated satDNA arrays may be present in the
genome, but the main bulk of satDNAs is concentrated in the heterochromatic regions,
having no or very few actively transcribing genes (Kuhn and Heslop-Harrison, 2011,
Mutti et al., 2010). Many different satDNA families have been described in plant
species, showing species or genome specific diversity in their DNA sequence and
chromosomal distribution (Bedbrook et al., 1980, Rayburn and Gill, 1986, Vershinin et
al., 1994, Vershinin et al., 1995, Nagaki et al., 1995, Bodvarsdottir and Anamthawat-
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Jonsson, 2003, Contento et al., 2005). In the current study two highly repetitive DNA
families (pSc119.2 and Afa) as examples from the Triticeae genomes have been studied
and this will be discussed in detail in the results chapter V.

Transposable elements (TEs) on the other hand are dispersed repetitive DNA
elements. They are dynamic in nature and are capable of changing their genomic
location (Kidwell and Lisch, 2000, Kidwell and Lisch, 2001, Kazazian, 2004). They are
divided into two main classes based on their transposition intermediate (Finnegan, 1989,
Craig et al., 2002, Wicker et al., 2007). The class | or retrotransposons replicate via
reverse transcription of an RNA intermediate before integrating into the genome and
follow the “copy & paste” mechanism. The class Il or DNA transposons transpose
directly from DNA to DNA, these elements are excised from one region and reintegrated
elsewhere in the genome by “cut & paste” mechanism (Finnegan, 1989, Wessler, 2006,
Charles et al., 2008). TEs may be autonomous or non-autonomous depending upon the
presence of sequences that encode for transposase (TPase), the enzyme that catalyses
transposition activity. Non-autonomous elements lack functional TPase and their
mobility within the genome is limited to the activity of other autonomous elements
(Bennetzen, 2000, Bennetzen, 2005, Lander et al., 2001, Feschotte et al., 2002).

Most of the retrotransposons contain either long terminal repeats (LTR) at both
ends (LTR retrotransposon) or terminate at a poly-A tail (non-LTR retrotransposon) at
their 3"end (Kumar and Bennetzen, 1999, Kazazian, 2004). The LTRs contain regulatory
sequences required for the transcription of gag, pol and integrase genes within the LTR
retrotransposons. Products of these genes are required for making a cDNA copy and
reintegration of the element into a new site within the genome (Kazazian, 2004, Lander
et al., 2001). Common non-LTR retrotransposons include SINEs (short interspersed
repetitive elements) and LINEs (long interspersed repetitive elements). SINEs are non-
autonomous and their transposition is achieved through LINEs machinery (Kumar and
Bennetzen, 1999, Kajikawa and Okada, 2002, Dewannieux et al., 2003). Currently
LINEs are the only autonomous non-LTR elements within the human genome (Lander et
al., 2001).

Retroelements, mainly LTR retrotransposons make up the bulk of plant genomes,
and show a direct correlation with the genome sizes in grasses (Table 1.2). LTR
retrotransposons show genome-specific amplification, and this is one of the reasons that
the genome sizes vary dramatically and that these elements rarely show synteny even

between closely related species (Ammiraju et al., 2007). Although other reasons could
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be the short life of LTR-retrotransposons as they are removed within a few million years
(see Bennetzen, 2005). Furthermore, some chromosomal regions have been reported to
be repeat-rich because they accumulate more LTR retrotransposons, or they do not
remove them efficiently (Ma et al., 2004, VVogel et al., 2010).

DNA transposons are recognised by their short terminal inverted repeats (TIRS)
and a single open reading frame that codes for the TPase enzyme (see De Boer et al.,
2007). As the sequence specificity for the integrating DNA elements is limited to a small
number of nucleotides, therefore reintegration can occur at many sites. More often, the
daughter insertions take place in proximity to the parental copy (Kazazian, 2004). DNA
elements are classified into families on the basis of their TPase (Zhang et al., 2004).
Some of the important DNA transposons include CACTA, hAT, Harbinger and Mariner
etc. (Kapitonov and Jurka, 2008). Unlike retroelements, DNA transposon content does
not vary greatly and with few exceptions are mostly associated with the gene-rich
fraction of the genome (Devos, 2010). In humans there are no active DNA transposons
and the youngest elements are estimated to have mobilized ~37 MYA (Kazazian, 2004).

Several families of TEs are present at a time in the genomes of eukaryotes, but
their relative proportion varies, which may be due to the extent to which genomes have
been mined. In rice, Brachypodium and Sorghum, there is a strong separation between
genes and repeats, euchromatic regions consist mostly of genes and the LTR-
retrotransposons are located in the heterochromatic regions (Luo et al., 2009, Devos,
2010). Although, TEs may have a much broader distribution along the chromosome
compared to satDNAs and may be dispersed widely in the euchromatic regions (Figure
1.4) filling up the intergenic spaces (Feschotte et al., 2002, Devos, 2010, Heslop-
Harrison and Schwarzacher, 2011a). Variability of the non-genic sequences that make
the bulk of angiosperm nuclear DNA is primarily because of these TEs (Bennetzen,
2005 and Chapter V).

1.12 Epigenetics and chromatin remodelling

1.12.1 Nucleosome as the basic unit of chromatin

The packaging of the double-stranded DNA helix into the nucleosomes is similar in all
organisms (Richmond et al.,, 1984). Packaging prevents DNA from becoming

unmanageable, and ensures that it is readily available for processes such as transcription,
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replication and repair. DNA of about ~146bp is wrapped in two superhelical turns
around the core histone octamer complex, comprising of two copies of each histones
H2A, H2B, H3, and H4 (Figure 1.6). Nucleosomes are connected by linker DNA,
typically 20 to 35 bp long (Kornberg and Lorch, 1999, Heslop-Harrison, 2000b, Heslop-
Harrison and Schwarzacher, 2011a, Luger et al., 1997). Arrays of 10nm chromatin
fibres, also known as “beads-on-a-string” are folded into 30nm loops, followed by
compaction into a 250nm fibres which undergo helical coiling to form chromatid with a
width of approximately 700nm (Horn and Peterson, 2002, Robinson et al., 2006,
Maeshima et al., 2010). However, the detailed nature and consequences of packaging of
the DNA fibres into the chromosome at higher levels are not clear. Solving the higher
levels of chromatin packaging and its genetic control will lead to better understanding of
various genetic and epigenetic processes (Heslop-Harrison and Schwarzacher, 2011a).
The histone proteins are folded into globular structures, responsible for the interaction
with DNA and adjacent histones and form the nucleosome core. Each histone has a long
N-terminal tail which extends out the nucleosome core particles (Hacques et al., 1990,
Fuchs et al., 2006). The four core histones are subjected to over 100 different post-

translational modifications (see Turner 2005, 2009).

1.12.2 Epigenetic phenomena

Hereditary information present in the primary structure of DNA is faithfully transmitted
from one generation to the next in the absence of mutation. But some heritable changes
having phenotypic and evolutionary consequences do not involve any changes in
nucleotide sequence. These are grouped together as epigenetic changes (Liu and
Wendel, 2003). For example, covalent modifications of the N-termini of the nucleosome
core histones (Figure 1.6) have important roles in gene regulation (Berger, 2002). These
long N-terminal tails are subjected to a variety of post-translational modifications such
as acetylation, methylation, phosphorylation, ubiquitination, glycosylation, ADP-
ribosylation, carbonylation and sumoylation.

These modifications, together with DNA methylation (see below) control the
folding of the nucleosomal array into higher order structures. Although histones and
their modifications are highly conserved (Turner et al., 1992) recent data show that
chromosomal distribution of individual modifications can differ during cell cycle along

the chromosomes as well as among and between groups of eukaryotes (Turner et al.,
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1992, Berger, 2002, Fuchs et al., 2006, Fuchs et al., 2005, Belyaev et al., 1997). During
cellular processes the highly condensed chromatin needs to get unpacked to allow access
of different molecules to the DNA. This regulated alteration of chromatin structure is
termed as chromatin remodelling. It is accomplished by covalent modification of
histones or by the action of ATP-dependent remodelling complexes (Aalfs and Kingston,
2000, Lans et al., 2012, Flaus and Owen-Hughes, 2011).

Histone tail

Histone H1

DNA
molecule

Nucleosome core

Figure 1.6: Structure of nucleosome showing histone octamer complex wrapped around
by ~146bp of DNA (modified from http://youthknowledge.blogspot.com/2011/08/what-

are-histones.html).

1.13 Polyploidy a major force shaping the evolution of plants

Whole genome duplication or polyploidy, followed by gene loss and diploidization has
long been recognized as a major force in the evolution of eukaryotes, especially plants
(Soltis and Soltis, 2000, Soltis et al., 2009, Jiao et al., 2011). Angiosperms represent the
largest group of land plants, with more than 300,000 living species. Their widespread
occurrence and success has been attributed in part, to the potential innovations
associated with gene or whole genome duplications (Soltis et al., 2009, De Bodt et al.,
2005, Feldman and Levy, 2009, Heslop-Harrison and Schwarzacher, 2011a). Most
flowering plant lineages have experienced one or more episode of ancient polyploidy

and the frequency of polyploidy in pteridophytes could be as high as 95% (see Soltis and
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Soltis, 1999). Polyploidy, is regarded as a “special class of mutation” that takes place
through genomic doubling or through non-reducing gametes (Otto and Whitton, 2000).
Doubling of chromosome number which may involve a single genome (autopolyploidy)
or a combination of two or more genomes (allopolyploidy) has played a significant role
in plant speciation (Soltis and Soltis, 1999, Wendel, 2000).

Allopolyploidy in particular, whereby two or more different genomes are brought
together into the same nucleus, results in the variation and ultimately new species are
produced by the combination and recombination of two genomes that once were
separated by speciation in their evolutionary history (Adams and Wendel, 2005b,
Feldman and Levy, 2009, Heslop-Harrison and Schwarzacher, 2011a). Several of our
important crop plants, such as bread wheat, oat, cotton, canola, coffee, and tobacco, are
allopolyploids. In evolutionary terms, polyploid species have advantages and deliver
better than their diploid progenitors. For example polyploids are more vigorous and have
a wider ecological dominance than their diploid parental species (Gill et al., 2011,
Heslop-Harrison, 2010, Jiao et al., 2011).

Polyploidization was initially thought to be a single event leading to the
formation of new species that are genetically uniform but more recent data suggest that
new polyploid species originated from multiple events and have much broader genetic
base (Soltis et al., 2009, Soltis and Soltis, 2000, Dubcovsky and Dvorak, 2007, van de
Wouw et al., 2010). Sequence data also suggest, that the two WGDs that occurred some
319 and 192MYA in the ancestral lineages, before the diversification of extant seed
plants and extant angiosperms (Figure 1.2 and section 1.9 above) resulted in the
diversification of regulatory genes required for seed and flower development, and these
two WGDs events ultimately contributed to the rise and eventual dominance of seed

plants and angiosperms (see Jiao et al., 2011).
1.14 Epigenetic phenomena and polyploidy

Genome-wide gene redundancy not only allows the allopolyploids to tolerate more
genomic diversity compared to their progenitors, but also generates novel functional
variations that are unattainable at diploid level (Adams and Wendel, 2005a, Ma and
Gustafson, 2005). But, to ensure increased vigour and fitness in nature, newly formed
polyploid species must undergo a series of evolutionary and revolutionary changes in

their genomes (Feldman and Kislev, 2007, Feldman and Levy, 2005a, Feldman and
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Levy, 2009). They face several important challenges such as chromosomal pairing, the
effect of extra gene or genome dosage, regulatory incompatibilities, and reproductive
failures, and they need to overcome these to ensure harmonic inter-genomic coexistence
(Chen, 2007, Feldman and Levy, 2009). Nascent polyploids accomplish these
challenges, through alterations in the DNA or in chromatin structure. Although, the
nature and scale of genomic changes required for successful speciation largely remains
undetermined (Feldman and Levy, 2005b, Liu et al., 1998b, Ozkan et al., 2001, Heslop-
Harrison and Schwarzacher, 2011a).

For understanding, the evolutionary events involved in speciation, synthetic
allopolyploids have been used to investigate the early genetic changes contributing to the
diploidization process of allopolyploids (Finnegan et al., 1998, Kashkush et al., 2003,
Shaked et al., 2001). Analysis of newly synthesized allopolyploids allows identification
of genetic and epigenetic changes that are underway soon after the hybridization,
because such changes are most evident at this time (Wendel and Wessler, 2000, Ma and
Gustafson, 2005). Often the allopolyploid formation is accomplished in one step. The
alien and host genome must have a stable relationship in a single nucleus to be adapted
successfully in nature (Chen, 2007). To fit better and establish in nature, the polyploid
will undergo several genomic changes, some are rapid and non-Mendelian in nature,
occurring instantly after the formation of the allopolyploid zygote (Kashkush et al., 2003,
Levy and Feldman, 2002, Liu et al., 1998a). Other changes occur sporadically and
accumulate over a long period of time (Table 1.3) during the life of the allopolyploid
species (Wendel, 2000, Wendel et al., 1995, Chen, 2007).

Allopolyploidization has numerous genetic and epigenetic consequences that
vary considerably between different species (Finnegan et al., 1998, Soltis et al., 2009).
Some of the well documented genetic changes include sequence elimination,
chromosomal rearrangements, transpositions and deletions that can lead to altered gene
expression (Gaeta et al., 2007, Pires et al., 2004). On the other hand epigenetic changes
including DNA methylation, histone modifications and RNA interference may also alter
gene expression levels mainly via DNA methylation or activation of genes that are
usually silent at the diploid level (Soltis and Soltis, 2000, Finnegan et al., 1998,
Finnegan et al., 1996, Finnegan et al., 2000, Fojtova et al., 2001, Kanno et al., 2010).
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Table 1.3: Genomic alterations triggered or facilitated by allopolyploidy (modified
from Feldman and Levy, 2009).

Type of modification Effects

Revolutionary changes i. Genetic and epigenetic
(changes that follow ii. Species specific
immediately after hybridization) | iii. Cytological diploidization

iv. Regulation of gene expression levels

v. Heterotic or incompatibility effects in the polyploid

iv. Stabilization and establishment of the nascent
allopolyploid as a new species in nature

Evolutionary changes i. Accelerated evolution and increased genetic diversity
ii. Sub and neo functionalization

iii. Introgressions

iv. Biotype specific alterations

v. Flexibility and adaptability

1.14.1 DNA methylation

DNA methylation is one of the most extensively studied and well understood epigenetic
modification. It is a stable epigenetic mark and is found in the genomes of both
prokaryotes and eukaryotes (Bird 2002, Yang et al. 2004, Law and Jacobsen 2010).
DNA methylation is the conversion of cytosine to 5-methylcytosine (Figure 1.7). It can
significantly alter information present in nucleotide sequence without interfering or
modifying the pairing properties of both adenine and cytosine (Noyer-Weidner and
Trautner 1993, Selker 1999, Jeltsch 2002). Methylation of DNA is brought about by
enzymes called DNA methyltransferases (MTase) catalysing the transfer of methyl
group from S-adenosyl-methionine to cytosine or adenine residues in newly replicated
DNA (Bestor 1994, Finnegan and Kovac 2000, Jones and Baylin 2002, Singal and
Ginder, 2010). Most of the naturally occurring methylated bases in DNA are, N6-
methyladenine, N4- methylcytosine and 5-methylcytosine (Jeltsch 2002).

In prokaryotes DNA methylation plays an important role in the host restriction
modification and occurs on both adenine and cytosine bases (see Wilson and Murray
1991). While in higher eukaryotes, 5-methylcytosine is the most abundant methylated
base. In mammals most methylation is found at symmetrical CpG dinucleotides and is
estimated to account for ~70-80% of the CpG dinucleotides throughout the genome
(Ehrlich et al. 1982). Often a small amount of non-CpG methylation is seen in
embryonic stem cells (Bird 2002). The remaining unmethylated CpG dinucleotides are
mostly found upstream of gene promoters as CpG islands (Cedar and Bergman 2009,
Law and Jacobsen 2010). On the other hand, in plants methylation can be seen at
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cytosine bases in all sequence contexts as symmetrical CpG and CpNpG (H=A, T or C)
as well as non-symmetrical CpHpH sites (Meyer et al., 1994, Grafi et al., 2007, Suzuki
and Bird 2008).

In plants four main subfamilies of MTases have been identified. These include
domain rearranged methyltransferases (DRM), DNA methyltransferase-1 (MET1), DNA
methyltransferase-2 (Dnmt2) and chromomethyltransferase (CMT). DRMs are similar to
human Dnmt3, which is required for establishing methylation patterns during
development (Finnegan et al., 1998, Finnegan and Kovac 2000, Sharma et al., 2009). In
eukaryotes the different MTases known are involved in either maintenance methylation
or de novo methylation (Law and Jacobsen 2010). Maintenance methylation is the
addition of methyl group to cytosines in the hemimethylated DNA after replication.
However, methylation of cytosines in the non-methylated DNA is referred to as de novo
methylation. This process is responsible for establishing new methylation patterns that
are then maintained by maintenance MTases (Bird, 2002, Suzuki and Bird 2008, Sharma
et al., 2009).

1.14.2 DNA methylation and transcriptional repression

Despite the long held view that DNA methylation might act as a negative regulator of
transcription, the precise mechanism involved in the inhibition of transcription still
remains obscure (Finnegan and Kovac 2000, Fuchs et al., 2006, Law and Jacobsen
2010). To date three possible mechanisms have been proposed by which DNA
methylation may inhibit gene expression (Singal and Ginder, 1999). The first
mechanism explains the direct interference of methylated bases with the binding sites of
transcription factors in their respective promoter regions (Razin and Cedar 1991, Weiss
and Cedar 1997, Bird 2002). Many transcription factors recognize sequences that
contain CpG residues and methylation of these bases inhibits their active binding
(Meehan et al., 1989). But in contrast, some transcription factors are not sensitive to
methylation of their binding sites, and some do not have CpG dinucleotide in their
binding sites (Tate and Bird 1993, McGough et al., 2008). The second possible
mechanism could be the proteins that recognize methylated sites may add to the
repressive potential of methylated DNA (Boys, 1993, McGough et al., 2008, Slotkin et
al., 2009). Two methyl cytosine binding proteins 1 and 2 (MeCP-1 and MeCP-2) have
been identified and shown to bind to methylated CpG residues in all kinds of sequences
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(see Singal and Ginder, 1999). Although in vertebrates DNA methylation has been
argued to inhibit transcription initiation, methylation has also been shown to block
transcription elongation in Neurospora through a mechanism that may be mediated
through MeCP-1 or MeCP-2 (Rountree and Selker 1997). The third mechanism by
which methylation may mediate or inhibit transcription is by altering chromatin structure
(Onodera et al., 2005, Suzuki and Bird 2008, Turner 2009, Matzke et al., 2009, Law and
Jacobsen 2010). Experiments using microinjection of certain methylated and non-
methylated gene templates into nuclei have shown that methylation inhibits transcription
only after chromatin is assembled. Therefore, in addition to stabilizing the inactive state,
methylation also prevents activation by blocking the access of transcription factors
(Singal and Ginder, 1999).

Previously, small non-coding RNAs (ncRNAs) were considered insignificant and
as transcriptional noise. However, recently these ncRNAs have also been reported in
relation to establishing and maintaining the transcriptional state of chromatin (Matzke et
al., 2009, Slotkin et al., 2009, Serra and Esteller 2011). These reports provide strong
evidence that small interfering RNAs (siRNAs) and microRNAs (miRNAS) have an
active role in the suppression of many aspects of genes and mutagenic activities of TEs
(Matzke et al., 2009, Slotkin et al., 2009, Naumann et al., 2011). In such cases, these
siRNAs (24 nucleotides long) target the de novo methyltransferases DRM to
complementary DNA sequences to establish DNA methylation leading to silencing. The
mechanism is also referred to as RNA-directed DNA methylation (Law and Jacobsen
2010, Naumann et al., 2011).

Flowering plants have highly developed and elaborate transcriptional machinery
assigned for this sequence-specific gene silencing (Kanno et al., 2010). The process
require two plant-specific RNA polymerases (Pol IV and Pol V, both themselves are
related to Pol Il) that interact with proteins of the RNA interference machinery and
generates long and short ncRNAs required for epigenetic modification (Matzke et al.,
2009, Verdel et al., 2009, Naumann et al., 2011).
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Figure 1.7: Schematic representation of the biochemical pathways for cytosine
methylation, demethylation, and mutagenesis of cytosine and 5-mC, modified from
Singal and Ginder, 2010.

1.15 Wheat streak mosaic virus (WSMV)

WSMV is the type specimen of genus Tritimovirus within the family Potyviridae. Under
electron microscope, the WSMV appears as a flexuous rod shape particle of 700nm long
and 15nm wide (see Sivamani et al., 2000). The virus has a single stranded 9,384bp
positive sense RNA genome, with a 3'-polyadenylated tail. The RNA genome is
translated as a polyprotein, which is subsequently processed into at least ten mature
proteins (Figure 1.8) by the viral proteinases (Stenger et al., 1998, Fahim et al., 2010b,
Tatineni et al., 2011).

P1 is the first mature protein that enables the virus to establish symptoms,
infection and has a role in gene silencing (Choi et al., 2000, Stenger et al., 2007a). The
second protein, Helper component-Protease (HC-Pro) is required for transmission of
WSMV by the WCM and plays an essential role in viral amplification and systemic
movement (see Fahim et al., 2010b, Tatineni et al., 2011). P3 is the third mature protein

and is involved in cell-to-cell movement of the virus (Choi et al., 2005). Both 6K1 and
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6K2 are the small and least characterized proteins. However, 6K1 is believed to be
involved in host-range definition and pathogenicity, while the 6K2 appears to have a role
in RNA replication (Sdenz et al., 2000, Spetz and Valkonen, 2004). The Cylindrical
Inclusion (CI) is the largest among the processed WSMYV proteins, and it has been
reported in cell to cell movement of the virus. The viral genome-linked protein, Nuclear
inclusion “a” (Nla-VPg) has been identified with a role in host-specific infection (see
Tatineni et al., 2011). While the Nuclear inclusion “b” (NIb) protein, which is larger
than Nla is mostly found in association with the replication complexes of viral genome
in the cytoplasm of host cells, and acts as an RNA dependent RNA polymerase (Fellers
et al., 1998, Sivamani et al., 2000). The Capsid Protein (CP) protein, along with
encapsidation, plays a role in systemic movement, infection and transmission of the

virus (Lopez-Moya et al., 1999).
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Figure 1.8: Genomic map showing the organization of WSMV maodified from Stenger
et al., (1998) and Fahim et al., (2010b). The RNA genome is represented by bar with
nucleotide sequence positions below. The translated polyprotein is processed by viral
proteinases into mature proteins. The name of each protein is given inside or above the
boxes, and include P1, HC-Pro, P3, 6K1, Cl, 6K2, Nla, NIb and CP.
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1.16 Aims of the study

Wheat streak mosaic virus (WSMV) is one of the potentially devastating diseases of wheat
and often results in 100% losses of both forage and grain wheat. Lack of effective resistance
in most wheat cultivars and rapid spread of WSMV in the entire wheat growing world made
me to design a project to confront the potential new challenges of future wheat production. |
was highly interested to understand the possible genomic and evolutionary implications of
the transferred natural resistance i.e. the introgressed alien chromatin of Th. intermedium,

frequently used as a source of WSMV-resistance.

Chief aims of the project included:

e Explore potential natural sources of WSMV-resistance in wheat-Th. intermedium
hybrid lines

e Characterize the nature and size of introgressed Th. intermedium chromatin and
identify novel sources of WSMV-resistance

e Test the efficacy of known PCR-markers linked to WSMV-resistance and identify
new potential markers

e Apply PCR-based markers to assess the molecular breakpoints and loss of any
important wheat gene(s) in lines carrying wheat-Th. intermedium recombinant
chromosomes. Based on the results, the aim was to suggest potential line(s) for
future breeding and isolating the resistant gene(s)

e To understand the genomic organization, diversity, amplification and chromosomal
localization of tandemly repeated DNA sequences (Afa and pSc119.2) from wheat
and Th. intermedium and compare them with other members of the grass family

e To use repetitive DNA as chromosomal markers and find their role (if any) in alien
introgression and chromosomal re-arrangements.

e To assess genome-wide, and alien chromosome specific epigenetic modifications in

the DNA methylation patterns that may be accompanied with alien transfers
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CHAPTER Il: MATERIALS AND METHODS

2.1 Materials

2.1.1 Triticeae species and hybrids

Thirty-five diploid and polyploid Triticeae species were used in the current study. They
are listed in Table 2.1 and Table 2.2 along with their genomic constitution, ploidy level
and source they were obtained from. Pedigree analysis of the wheat-Th. intermedium
hybrid lines showing the original crosses made by Robert (Bob) Graybosch and his co-
workers at University of Nebraska-Lincoln Agriculture & Horticulture, USA is shown in
Table 2.3.

2.1.2 Germination of seed and multiplication of seed stock

Seeds were germinated in darkness at 22°C for 48-72 hrs in sterile Petri dishes
containing water-soaked filter papers. Newly emerged root tips of about 1-2cm long
were collected and processed for in situ hybridization or immunostaining experiments
(section 2.2.13). After collecting the root tips, the seedlings were transferred into new
Petri dishes and kept under the same conditions for another day or two to recover, before
they were grown in soil under greenhouse conditions of 25°C temperature and 16 hrs of
day light, in the Department of Biology, University of Leicester. Three seedlings were
grown in 3 litre pots containing well-watered compost (Scotts Professional, UK), the
same plants were used for both DNA extractions and seed multiplication. During the
flowering season, initial ears were collected to study meiosis and then 5-6 ears per plant
were bagged to prevent cross-pollination and mixing. Seeds were harvested on maturity,
labelled and then stored with desiccant at 4°C. Ears that emerged later or were not

properly bagged were discarded and not used in the study.
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Table 2.1: List of Triticeae species used in the study.

Species Line/ variety/landrace Genome Chromosome No. | Source | Remarks
(2n)
Triticum aestivum CSNI1IBT1A AABBDD 42 1 Substitution line
Triticum aestivum CS N4D T4B AABBDD 42 1 Substitution line
Triticum aestivum CS N4B T4D AABBDD 42 1 Substitution line
Triticum aestivum Beaver AABBDD 42 2 Wheat-rye translocation line
Triticum aestivum Chinese Spring AABBDD 42 3 Wheat cultivar
Triticum durum AABB 28 3 Durum wheat or macaroni wheat
Aegilops tauschii DD 14 3 Jointed goatgrass

Source 1: Steve Reader (JIC, Norwich, UK), Source 2: Plant Breeding Institute (Cambridge, UK), Source 3: Molecular Cytogenetics Laboratory 201, Seed Stock
(University of Leicester, UK).

*a Lines used in final WSMV-resistance screen with molecular markers (chapter 1V)

*b Lines used in 1BS mapping study (chapter 1V)
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Table 2.2: List of wheat and Thinopyrum lines from Robert (Bob) Graybosch (University of Nebraska-Lincoln Agriculture &

Horticulture, USA).

Population Species Line/ variety/landrace Genome Chromosome Remarks
No. (2n)
KS102 Triticum aestivum KS95H102 AABBDD 42 Wheat-Th.intermedium hybrid wheat
KS10-1 Triticum aestivum KS96HW10-1 AABBDD 42 Wheat-Th.intermedium hybrid wheat
MILL Triticum aestivum Millennium AABBDD 42 Wheat cultivar
I Triticum aestivum NO02Y5018 AABBDD 42 Wheat-Th.intermedium hybrid wheat
Triticum aestivum NO02Y5019 AABBDD 42 Wheat-Th.intermedium hybrid wheat
Triticum aestivum NO2Y5021 AABBDD 42 Wheat breeding line
Triticum aestivum NO02Y5025 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum NO2Y5003 AABBDD 42 Wheat-Th. intermedium hybrid wheat
I Triticum aestivum NO2Y5057 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum NO2Y5075 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum NO2Y5078 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum NO2Y5082 AABBDD 42 Wheat breeding line
Triticum aestivum NO2Y5096 AABBDD 42 Wheat breeding line
" Triticum aestivum NO2Y5105 AABBDD 42 Wheat breeding line
Triticum aestivum NO2Y5106 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum NO2Y5109 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum N02Y5117 or MACE AABBDD 42 Wheat-Th. intermedium hybrid wheat
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Table 2.2: continued

Triticum aestivum NO2Y5121 AABBDD 42 Wheat cultivar
\% Triticum aestivum NO2Y5154 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum NO2Y5149 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum NO2Y5156 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum NO02Y5163 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Triticum aestivum N02Y 2016 AABBDD 42 Wheat-Th. intermedium hybrid wheat
Thinopryum intermedium | Beef maker NEARVASS 42 Intermediate wheat-grass
Thinopryum intermedium | Hay maker NEARVASS 42 Intermediate wheat-grass
Thinopryum intermedium | Rostov 31 JIIFISS 42 Intermediate wheat-grass
Thinopryum intermedium | Reliant JJ°I°SS 42 Intermediate wheat-grass
Thinopryum intermedium | Manaska JIISS 42 Intermediate wheat-grass
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Table 2.3: Pedigree analysis of wheat-Th. intermedium hybrid lines segregating for Wsm1.

Population Line/variety/land race Pedigree
KS102 KS95H102 KS91H184/KS89H20//TAM 107
KS10-1 KS96HW10-1 KS91HW?29//Rio Blanco/KS91H184
MILL Millennium Arapahoe/Abilene//NE86488
Pop-I N02Y5018 C0850034//T-57/5*TAM107/3/(KS91H174/Rio Blanco/KS91HW?29//VVISTA)
N02Y5019 C0850034//T-57/5*TAM107/3/(KS91H174/Rio Blanco/KS91HW?29//VVISTA)
N02Y5021 C0850034//T-57/5*TAM107/3/(KS91H174/Rio Blanco/KS91HW?29//VVISTA)
N02Y5025 C0850034//T-57/5*TAM107/3/(KS91H174/Rio Blanco/KS91HW?29//VVISTA)
N02Y5003 C0850034//T-57/5*TAM107/3/(KS91H174/Rio Blanco/KS91HW?29//VISTA)
Pop-II N02Y5057 YUMAV//T-57/3/LAMAR/4/4*YUMA/5/(KS91H184/ARLIN S/KS91HW29//NE89526)
N02Y5075 YUMAV//T-57/3/LAMAR/4/4*YUMA/5/(KS91H184/ARLIN S/KS91HW29//NE89526)
N02Y5078 YUMAV//T-57/3/LAMAR/4/4*YUMA/5/(KS91H184/ARLIN S/KS91HW29//NE89526)
N02Y5082 YUMAV//T-57/3/LAMAR/4/4*YUMA/5/(KS91H184/ARLIN S/KS91HW29//NE89526)
N02Y5096 YUMAV//T-57/3/LAMAR/4/4*YUMA/5/(KS91H184/ARLIN S/KS91HW29//NE89526)
Pop-IlI N02Y5105 Yuma // T-57 /3/ CO850034 /4/4* Yuma /5/ (KS91H184 / Arlin S / KS91HW?29 )// NE89526 )
N02Y5106 Yuma // T-57 /3/ CO850034 /4/4* Yuma /5/ (KS91H184 / Arlin S / KS91HW?29 )// NE89526 )
N02Y5109 Yuma // T-57 /3/ CO850034 /4/4* Yuma /5/ (KS91H184 / Arlin S / KS91HW?29 )// NE89526 )
N02Y5117 (MACE) Yuma // T-57 /3/ CO850034 /4/4* Yuma /5/ (KS91H184 / Arlin S / KS91HW?29 )// NE89526 )
N02Y5121 Yuma // T-57 /3/ CO850034 /4/4* Yuma /5/ (KS91H184 / Arlin S / KS91HW?29 )// NE89526 )
Pop-IV N02Y5149 MOB8/REDLAND//KS91H184/3*RIO BLANCO
N02Y5154 MOB8/REDLAND//KS91H184/3*RIO BLANCO
N02Y5156 MOB8/REDLAND//KS91H184/3*RIO BLANCO
N02Y5163 MOB8/REDLAND//KS91H184/3*RIO BLANCO
N02Y2016 MOB8/REDLAND//KS91H184/3*RIO BLANCO

/ represents cross, * represent generation number (e.g. 3* represents F3, 4* represents F4 and so on)
Final crosses for lines in population 1-1V were made by C. James Peterson, USDA-ARS.
Sources: Wells et al., 1982, Seifers et al., 1995, Divis et al., 2006, Graybosch et al., 2009 (personal communication).
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2.1.3 Standard solutions and media

Table 2.4: Solutions and media. Unless indicated the solutions were autoclaved and
stored at room temperature (RT).

Solution

Preparation/final concentration

CTAB buffer

2% (wiv) cetyltrimethylammonium bromide, 100mM Tris-HCI, 1.4M

(pH 7.5 -8.0) NaCl, 20mM EDTA.

DNA Wash buffer 76 % ethanol, 10mM ammonium acetate. No autoclaving.

10x TE buffer ™ 100mM Tris (tris-hydroxymethylamino-methane)-HCI, 10mM EDTA
(pH 8.0) (ethylene-diamine-tetra-acetic acid).

6x Gel loading buffer

0.25% Bromophenol blue, 0.25% Xylene cyanol FF, 60% Glycerol. No
autoclaving and stored at 4°C.

50x TAE "’ 2429 of Tris-base, 57.1ml of glacial acetic acid, 100ml of 0.5M EDTA.
(pH 8.0) Final volume 1000ml with sterile distilled water.

Ethidium Bromide 1g Ethidium bromide, 100ml of sterile distilled water. No autoclaving
(10 mg/ml) and stored at 4°C.

Ampicillin 10mg/ml (dissolved in distilled water). No autoclaving and stored at -

20°C.

20x SSC (saline sodium
citrate, pH 7.0) ™*

0.3M NacCl, 0.03M sodium citrate.

10x PBS (phosphate
buffered saline, pH 7.4) ™*

1.3M NaCl, 70mM Na2HPO4, 30mM NaH2PO4.

Detection buffer (FISH)

4x SSC, 0.2% (v/v) Tween 20.

10x KPBS (potassium
phosphate buffered saline,
pH7.4)™

1.28M NaCl, 20mM KCI, 80mM Na2HPO4, 20mM NaH2PO4.

10x Enzyme buffer
(pH 4.6)™

40mM citric acid, 60mM tri-sodium citrate. No autoclaving and stored at
4°C.

1x Enzyme solution

3% (w/v) pectinase (Sigma), 1.8% (w/v) cellulase (Calbiochem), 0.2%
(w/v) cellulase (Onozuka RS) in 1x enzyme buffer. No autoclaving and
stored at -20°C.

4% Paraformaldehyde (pH
7.0)

4¢ paraformaldehyde (Agar Scientific) dissolved in distilled water. Final

volume 100ml, no autoclaving and used fresh.

Mcllvaine's buffer (pH
7.0)

0.1M citric acid, 0.2M di-sodium hydrogen phosphate.

Blocking DNA™

Autoclaved at 114°C for 5
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Table 2.4: continued

100pg/ml DAPI ™

5g of DAPI (4’ ,6-diamidino-2-phenylindole) dissolved
in Sigma water. Final volume 50ml. No autoclaving and
stored at -20°C.

50x Denhardts solution

1% Ficoll type 400 (Sigma), 1% polyvinylpyrrolidone
(Sigma) and 1% bovine serum albumin (Amersham

Biosciences). Filter sterilized and stored at -20°C.

Southern denaturing solution

0.25M NaOH, 1M HCI.

Southern depurinating solution

0.25M HCI.

Southern neutralizing solution
(pH 7.5)

0.5M Tris-HCI, 3M NacCl.

Southern Transfer buffer

0.4M NaOH.

Buffer 1 (probe detection, pH7.5 0)

100mM Tris-HCI, 15mM NaCl

Buffer 2 (probe detection)

0.5% (w/v) Blocking Reagent (Roche Diagnostics) in
buffer 1

Buffer 3 (probe detection, pH9.5)

100mM Tris-HCI, 100mM NaCl, 50 mM MgCI2

Salmon sperm DNA™

1mg/ml of sheared salmon sperm DNA.

Wash buffer 1
(Southern hybridization, pH 7.5)

0.1M Maleic acid, 0.15 M NaCl, 0.3% (v/v) Tween 20

Buffer 1
(Southern hybridization, pH 7.5)

0.1M Maleic acid, 0.15 M NacCl

Buffer 2
(Southern hybridization)

1% (w/v) Blocking Reagent (Roche Diagnostics) in
buffer 1

Buffer 3
(Southern hybridization, pH 9.5)

0.1M Tris-HCI, 0.1 M NaCl

SOB medium
(super optimal broth, pH 7.0)

20g of Tryptone, 5g Yeast extract, 0.5g NaCl, 10ml
250mM KClI. Final volume 1000ml with sterile distilled

water.

LB medium
(Luria-Bertani, pH 7.0)

10g Tryptone, 5g Yeast extract, 10g NaCl. Final volume
1000ml with sterile distilled water.

*1 Diluted with distilled water to appropriate concentration

*2 Genomic DNA  from

‘Chinese

Spring” was sheared into pieces and applied

4-20x of the probe concentration to block the repetitive DNA sequences.
*3 DAPI was diluted in water for stock of 100pg/ml and then diluted with Mcllvaine’s buffer to final

concentration of 4pg/ml.

*4 Salmon sperm DNA was denatured in boiling water for 10 mins and placed on ice for 10 mins
before adding it to the hybridization mixture.
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2.2 Methods

2.2.1 Isolation of genomic DNA

Total genomic DNA was isolated from young leaves using CTAB method (Doyle and
Doyle, 1990) with minor modifications. One gram of fresh and healthy leaves were
collected from a single individual, washed with distilled water, wrapped in aluminium
foil, frozen in liquid nitrogen and quickly grounded to fine powdered with the help of
pestle and mortar while kept cold to prevent enzymatic degradation. A half spatula of
PVP (Polyvinylpyrrolidone, Sigma) was added before the powdered leaf was taken into
a 50ml Falcon tube with 10ml of pre-heated CTAB buffer (Table 2.4) containing 50ul
of B-mercaptoethanol. Tubes were incubated at 60°C for 30 mins in a shaking water
bath. An equal volume of absolute chloroform : isoamyl alcohol (24:1) was added to
each tube and mixed by repeated inverting for 3 mins, followed by centrifugation at
5000 rpm at RT for 10 mins. The top aqueous supernatant was carefully transferred to a
new Falcon tube using 1ml blue tip cut at the end. The chloroform : isoamyl alcohol
washing and centrifugation steps were repeated once more, and then the DNA was
precipitated with 0.6 volume of pre-chilled isopropanol added to the supernatant, mixed
gently by inverting and then kept on ice for 10 mins. Precipitated DNA was spooled out
with a sterile glass rod or spun down at 3000 rpm for 3 mins, dried and washed with
5ml of wash buffer (Table 2.4) for 20 mins, and then air dried before resuspending
DNA in 1ml of 1x TE buffer (Table 2.4) at RT overnight. DNA was incubated at 37°C
for 1 hr with 2ul of 10mg/ml RNase A (Bioline) to get rid of RNA and then re-
precipitated with 1x volume of sodium acetate 3M (pH 6.8) and 2x volume pre-chilled
absolute ethanol. DNA was spun down as before and resuspended in 500ul of 1x TE
buffer at RT overnight. Adequate measures were taken at all the times to avoid
contamination of the genomic DNA samples from any DNA or dust present in the

surrounding. The DNA samples were stored in a -20°C freezer.

2.2.2 Agarose gel electrophoresis

Both genomic and PCR amplified DNA fragments (section 2.2.5) were separated by
agarose gel electrophoresis. Agarose gels [0.8 - 3% (w/v)] were prepared by boiling

agarose (Molecular Grade, Bioline) in 1x TAE (Table 2.4) and poured into sealed gel
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trays after adding ethidium bromide (final concentration of 0.5ug/ml) inside a fume
hood. Gel combs were placed to make wells and then left at RT to solidify. DNA
samples were mixed with appropriate amount of 6x gel loading buffer (Table 2.4) and
loaded along with DNA ladder, Hyperladder | (Bioline) or Q-Step 2 (YorkBio) with
known band concentrations (ladder pattern in appendix) on 7V/cm for 45-60 mins, and

visualized with GeneFlash (Syngene) gel documentation system.

2.2.3 Concentration and quality of DNA

The concentration and quality of genomic DNA were assessed through gel
electrophoresis and spectrophotometer (Helyos) at a wavelength of 260nm (Sambrook
and Russell 2001). For electrophoresis 1l DNA was loaded on 0.8% (w/v) agarose gel
(section 2.2.2), while for spectrophotometer, 1:50 sample dilutions (total volume 200ul)
of genomic DNA were used. High molecular weight DNA samples with no visible
shearing on gels and spectrophotometer O.D260/0.D.280 ratio of 1.8 or above was used
for subsequent PCR amplifications and southern hybridization experiments.

2.2.4 PCR markers and primer design

A variety of PCR markers including, repetitive DNA (transposable elements and
tandem repeats), IRAP (inter retroelements amplified polymorphism), SSRs (simple
sequence repeats), ESTs (expressed sequence tags), EST-SSRs and one RFLP
(restriction fragment length polymorphism) were used (for details see result chapters).
Unless obtained from published or unpublished studies, primer pairs were
designed using Primer 3 program (http://www.frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi) with the annealing temperature set from 50-60°C, and
optimal length of 20 bases preferably with 50% GC content for the amplification of
products between 120bp to 442bp in size, and were ordered from Sigma.
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2.2.5 Polymerase Chain Reaction (PCR)

DNA was amplified by PCR using a Tprofessional Gradient Thermocycler (Biometra)
in a 15ul reaction mixture containing 100ng of template DNA, 1x Kapa Biosystems
buffer A [750mM Tris-HCI pH 8.8, 200mM (NH4)2S04, 15mM MgCI2, 0.1% Tween
20], 1.5mM MgCI, 200uM of dNTPs (Bioline), 0.6uM of each primer and 0.5 U of
Kapa Tag DNA polymerase. Unless mentioned PCR conditions were: 94°C for 4 mins,
followed by 30 cycles at 94°C for 1 min, 45 - 62°C (depending upon the annealing
temperature of different primer sets) for 45 secs, 72°C for 2 mins, and final extension of
72°C for 7 mins was followed by holding the block at 16°C. Amplification and
polymorphism of the PCR products were analysed by 1.5-3% agarose gels (section
2.2.2). Final assessment and labelling etc. of the gels was carried out in Adobe®
Creative Suite® 3 Photoshop®.

Plasmid DNA was amplified in a final volume of 50ul containing 1x PCR buffer
[16mM (NH4)2S04, 67mM Tris-HCI, 0.1% Tween 20 (Bioline)], 1.5mM MgCI2,
200uM of dNTPs (Bioline), 0.4uM of each M13 primer, 0.5U of Tag DNA Polymerase
(Bioline) and 0.5ul of recombinant plasmid DNA. PCR cycling conditions were: 94°C
for 5 mins, 35 cycles of 94°C 30 secs, 50°C for 30 secs and 72°C for 45 secs, followed
by 72°C for 5 mins and holding at 16°C.

2.2.6 Cleaning and purification of PCR products

After analyzing agarose gels, selected PCR bands were excised, washed and purified
with the QIAGEN Minielute Gel Extraction Kit according to manufacturer's
instructions. Following the removal of residual contaminants, 1pl of the recovered DNA
was reloaded on 0.8% (w/v) agarose gel (section 2.2.2) to confirm the size and

concentration of eluted DNA, before using it in probe labelling, cloning or sequencing.
2.2.7 Cloning of PCR products

Purified PCR fragments were cloned in pGEM®-T Easy vectors, using pPGEM®-T Easy
Vector System | kit (Promega) following the manufacturer’s protocol with little

modification. The cloning site of in pGEM®-T Easy vector has a single overhanging 3’
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deoxythymidine (T) nucleotide (Figure 2.1) that can be ligated to a single base
deoxyadenosine (A) to the 3’ end of the PCR products generated by Taq polymerase.
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Figure 2.1: pPGEM®-T Easy Vector circular map (http://www.promega.com/).

2.2.7.1 Ligation reaction and transformation of competent E. coli cell

The ligation reactions were set up in a small 300ul tube. For a final volume of 10ul, 5l
of 2x Rapid Ligation Buffer (60mM Tris-HCL pH 7.8, 20mM MgCI2, 20mM DTT,
2mM ATP, 10% PEG from Promega), 0.5ul of the pGEM-Teasy vector, 1ul of T4 DNA
Ligase and 3.5ul of purified PCR product were mixed and incubated at RT for 1 hr, or
at 4°C overnight.

For transformation, 5ul of the ligation reaction was added to 50ul of the
competent E. coli (o -Select Bronze Efficiency, Bioline) cells and was kept on ice for 20
mins before a heat shock of 42°C for 45 secs, which was again followed by 2 mins on
ice. Pre warmed 900ul of SOB media (Super Optimal Broth) was added to each reaction
tube on ice and then incubated at 37°C for 1.5 hr in an orbital shaker at 230 rpm to allow
the growth of transformed competent cells. After the incubation, 50ul, 100ul & 200ul
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of culture was plated on three LB agar plates, containing 100pug/ml ampicillin, 40ug/mi
5-bromo-4-chloro-3-indolyl-p-D-galactosidase (X-gal) and 500uM isopropyl-B-A-
thiogalactopyranoside (IPTG). Plates were incubated at 37°C for 14-16hrs.

2.2.7.2 Screening of recombinant clones and isolation of transformed E. coli cells

Recombinant clone selection was based on screening for white colonies that were
indicative of pGEM®-T Easy vector with an insert. The pPGEM®-T Easy vector contains
lacZ gene (Figure 2.1) encoding for B-galactosidase, that breaks down the chromogenic
X-gal substrate and results in blue colonies. Successful transformation results in the
disruption of the plasmid B-galactosidase gene (lacZ) and colonies appear white due to
their inability to metabolize X-gal. Single white colonies were picked with a sterile
toothpick and inoculated in 10ml LB medium with 40ug/ml of ampicillin and incubated
overnight at 230 rpm in an orbital shaker at 37°C. To recover transformed E. coli cells,
750ul of medium were spin down in a 1.5ml eppendorf tube at 13000 rpm for 1 min, the
supernatant was carefully decanted and this process was repeated 3-4 times until a pellet

of appreciable size was obtained.

2.2.7.3 Purification of plasmid DNA, verification of insert size and storage of E.

coli cells

Recombinant plasmid DNA was recovered from the pellet of E. coli cells with
QIAGEN Minprep Kit following manufacturer's instructions. The size of insert was
confirmed either with PCR (section 2.2.5) using universal M13 primers (forward: 5”-
GTA AAA CGA CGG CCA GT-37, reverse: 5’-GGA AAC AGC TAT GAC CAT-3’)
or by digesting the plasmid DNA with EcoRl, to release the cloned fragment. Both M13
and EcoRI sites are located near the multiple cloning site in pPGEM®-T Easy vector
(Figure 2.1).

For restriction ~300ng of plasmid DNA (pUC19 or pGEM®-T Easy vector) was
digested with EcoRI (New England BioLabs) in a final volume of 20ul, according to
manufacturer guidelines in the presence of appropriate NEB buffer in a 37°C water bath
for at least 2 hrs. Once the clone size was confirmed, 500ul of the overnight culture was
mixed with 500pl of sterilized 50% glycerol in a 1.5ml eppendorf tube, frozen quickly
by dipping in liquid Nitrogen and kept in -80°C freezer.
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2.2.8 Sequencing of PCR amplicons and sequence analysis

Selected cleaned PCR products were commercially sequenced at Genome Enterprise
Limited (Norwich Research Park, UK), either by sending the PCR products directly
along with custom primers, or after cloning in pGEM®-T Easy vector and using
recombinant plasmid DNA (200-400ng) with universal M13 forward and or reverse
primers. All Afa-family clones were sequenced in both directions. While the dimers of
pScl119.2 sequences were sequenced with M13F or M13R and trimers, tetramers were
sequenced in both directions.

DNA sequences in the form of chromatograms were downloaded from Genome
Enterprise Limited website server, and opened using bioinformatics software Chromas
version 1.45 (Conor McCarthy, Griffith University, Australia). The DNA sequences
were copied and saved in FASTA format, the pGEM®-T Easy vector sequences flanking
the inserts were identified and deleted from the FASTA file. Multiple sequence
alignment was performed using default settings of the Jalview Multiple Alignment
Editor V 1.3 (EMBL-EBI Version) and improved by eye when necessary in BioEdit
(Hall, 1999). BLASTN search was used to screen GenBank for homologous DNA
sequences. Insertions-deletions (Indels) were excluded from the estimates as per Tang et
al., (2011). Sequences clustered in clades were compared with and without indels and
virtually no difference was observed. Phylogenetic reconstruction and estimation of
nucleotide variability (p-distance) were conducted in MEGAS5 program (Tamura et al.,
2011). The evolutionary history was inferred by using Maximum Likelihood (ML)
method based on the Tamura 3-parameter model (Tamura, 1992). Nodal support was
assessed via bootstrapping, and the bootstrap consensus tree inferred from 1000
replicates (Felsenstein, 1985). All positions containing gaps or missing data was
eliminated from the dataset by selecting the “complete deletion option” in MEGAS
(Tamura et al., 2011).

2.2.9 Probe used

pTa7l contains a 9kb EcoRI fragment of the repeat unit of 25S-5.8S-18S rDNA
isolated from T. aestivum (Gerlach and Bedbrook, 1979)and was linearised with EcoRI
before labelling (section 2.2.7.3).

pTa794 contains 410bp fragment of 5S rDNA of T. aestivum (Gerlach and Dyer, 1980).
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pScl119.2, CS13 or PET5 contain a 120bp tandemly repeated DNA sequence isolated
from Secale cereale (Mclintyre et al., 1990), T. aestivum (Contento et al., 2005) and Th.
intermedium (see Chapter V). .

dpTal containing a tandem repeat with a monomeric length of 340bp isolated from T.
aestivum was subcloned by Vershinin et al., (1994) and is homologous to pAsl
(Rayburn and Gill, 1986)and the 340bp Afa-repeat sequences (Nagaki et al., 1998a) and
isolated here from T. aestivum cv. ‘Chinese spring” and Th. intermedium (see also
Chapter V).

LTR-probe is a 500bp sequence amplified with LTR6150 and Afal-F primers. BLAST
search showed 85-95% coverage of this sequence with TEs of grasses (see below).
Cas2-probe is a 1311bp sequence of CACTA element (Caspar) from wheat related
species and present at the junction between terminal repeats and the sequence encoding
transposase (Sergeeva et al., 2010).

Total genomic DNA from Th. intermedium and Ae. tauschii was sheared to 3-5kb

pieces by autoclaving before labelling.

2.2.10 DNA labelling

DNA in situ hybridization followed the method described by Schwarzacher & Heslop-
Harrison (2000) with minor modification. Both cloned and genomic DNA was labelled
with biotin-16-dUTP and digoxigenin-11-dUTP (Roche Diagnostics) in separate
reactions, for non-radioactive detection after in situ hybridization and Southern

hybridization. Description of probes is given in the result chapters.

2.2.10.1 PCR labelling of probe

Clones of less than 500bp size were labelled through PCR amplification, using universal
M13 primers, by adding 1ul of biotin-16-dUTP or digoxigenin-11-dUTP (1mM, Roche

Diagnostics) or 1ul of water as control to the standard PCR mixture (section 2.2.5) and

amplified as described.
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2.2.10.2 Random primers labelling of probe

Single stranded DNA is amplified using a random mixture of all oligonucleotides with
the Klenow fragment of E. coli DNA polymerase | (Schwarzacher and Heslop-
Harrison., 2000). Total genomic DNA and clones larger than 500bp in size were
labelled with random primer labelling kits, ordered from Invitrogen
(www.invitrogen.com).

Genomic DNA was sheared to 3-5kb pieces by autoclaving at 110°C for 4 mins
before labelling. The fragment sizes were estimated by running the autoclaved DNA on
1% agarose gel (section 2.2.2).

Probes between 500bp-2kb were labelled with BioPrime® DNA Labelling
System (Cat. No. 18094-011) for biotin and Random Primer DNA Labelling System
(Cat. No. 18187-013) for digoxigenin incorporation. Genomic DNA and large clones of
several kb were labelled with BioPrime® Array CGH Labelling System (Cat. No.
18095-011). Labelling reactions were performed in a final volume of 50 ul, following
manufacturer’s instruction with little modifications.

Labelling was achieved with 200ng of the purified clone DNA (section 2.2.7.3)
or 1ug of sheared genomic DNA mixed with 20ul of 2.5x respective Random Primer
Solution, denatured in boiling water for 5 mins and then chilled on ice for 5 mins. To
this mixture, 5upl of 10x dNTP Mix and 1ul of 40U Klenow Fragment was added and
incubated at 37°C for 2 hrs, for biotin labelling with BioPrime® DNA Labelling
System. For digoxigenin labelling with Random Primer DNA Labelling System, 2ul of
dATP, dCTP, dGTP and 1pl of dTTP together with 1ul digoxigenin-11-dUTP (1mM)
and 2ul of Klenow Fragment (3U) were mixed with the denatured DNA mixture and
incubated at RT overnight. Labelling reactions with BioPrime® Array CGH Genomic
Labelling System involved the addition of 3ul of biotin-16-dUTP or digoxigenin-11-
dUTP (ImM), 3ul of 10x dUTP Nucleotide Mix and 1ul of Exo- Klenow Fragment
(40U) to the denatured DNA mixture. The reaction was incubated at 37°C for 2 hrs.

All polymerization reactions were stopped at the end of incubation by adding
5ul of Stop Buffer (0.5M EDTA pH 8.0). Labelled probes were purified to remove any
unincorporated nucleotides, enzyme and salts using NucleoSpin® Extract 1l Kit
(MACHERY-NAGEL), following manufacturer's instructions (http://www.mn-
net.com/tabid/1452/default.aspx) and stored at -20°C freezer.
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2.2.10.3 Testing of labelled nucleotides in probes

The efficiency of labelled nucleotide incorporation was estimated by a colorimetric dot
blot test. A positively charged nylon membrane (Hybond-N*, Amersham Biosciences)
of appropriate size (depending on the number of probes) was marked at the edge with
pencil and soaked in buffer 1 (Table 2.4) at RT for 5 mins, and then dried between filter
papers. Labelled probes (0.8-1ul) along with a positive control were micro-pipetted on
the membrane, air-dried for 5 mins and then re-soaked in buffer 1, for 2 mins. The
membrane was incubated at RT for 30 mins in buffer 2 (Table 2.4). Excess of buffer 2,
was drained and the membrane was then incubated under a plastic cover slip at 37°C for
30 mins, with 0.75U/ml of conjugated antibody solution (anti-biotin-alkaline
phosphatase and anti-digoxigenin-alkaline phosphatase, Roche Diagnostics) diluted
1:500 in buffer 1. The membrane during incubation was slowly agitated from time to
time and then washed with buffer 1. The membrane was equilibrated in buffer 3 (Table
2.4) for 3 mins and then detected with INT/BCIP (Roche Diagnostics). The stock
solution of INT/BCIP [33mg/ml 2-(4-iodophenyl)-5-(4-nitrophenyl)-3-
phenyltetrazolium chloride and 33mg/ml 5-bromo-4-chloro-3-indolyl-phosphate,
toluidine-salt in DMSO] was diluted 1:500 in buffer 3 and the membrane detected at RT
for 10-15 mins in the dark. Labelled probe(s) appeared as a dark brown dot on the
membrane due to the colorimetric reaction of the detection reagents. Labelling
efficiency was judged by colour density in comparison to the control.

The efficiency and concentration of PCR labelled probes was checked with
agarose gel, 1ul of PCR product was loaded on a 1% agarose gel (section 2.2.2).
Successful incorporation of label nucleotide was indicated by retardation of the same
size band in biotin and digoxigenin incorporated probes compared with the unlabelled
control reaction. These probes were used in both fluorescent in situ hybridization
(section 2.2.12) and non-radioactive Southern hybridization (section 2.2.16.2.1).
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2.2.11 Chromosome preparations

2.2.11.1 Collection and fixation of root tips

Newly emerging root tips of around 1-2cm length were collected from germinated seeds
(section 2.1.2) and synchronized with 20-24 hrs ice water treatment. Root tips were then
fixed in absolute ethanol: glacial acetic acid (3:1) at RT for 16 hrs. For long term
fixation, root tips were left at RT for 2 hrs in the fixative and then transferred into new

fixative, 70% or absolute ethanol and stored at -20°C for several months.

2.2.11.2 Chromosomes preparation

Chromosomal preparations were carried out as described by Schwarzacher and Heslop-
Harrison (2000). Fixed root tips were washed twice for 10 mins in 1x enzyme buffer
(Table 2.4) to get rid of the fixative and then digested at 37°C for 1 hr, with 3% (w/v)
pectinase (Sigma, 450U/ml), 1.8 % (w/v) cellulase (Calbiochem, 4000U/g) and 0.2 %
(w/v) cellulase (Onozuka RS, 5000U/g). After digestion, root tips were washed in 1x
enzyme buffer for 15 mins. Chromosomal preparations were made on clean glass slides
(SuperFrost®, Menzel-Glaser, Thermo Scientific) under a stereo microscope. A single
root tip was put in a drop of 45% or 60% glacial acetic acid, the root cap and other
permanent tissues were removed by using fine needles and forceps. The meristematic
tissue was dissected, separated and then squashed under a No. 1, 18mm x18mm cover
slip by applying thumb pressure.

For meiotic chromosomes, anthers were checked with 45% acetic acid for
appropriate stages and then fixed directly in absolute ethanol : glacial acetic acid (3:1)
at RT for at least 4hrs. For digestion, anthers were washed twice for 10 min in 1x
enzyme buffer (Table 2.4) to get rid of the fixative and then digested at 37°C for 90
mins (or until the material become soft) with the same enzyme as used for root tip
chromosomal preparation but for digesting the thick callose wall 0.4-2% (w/v)
Cytohelicase (Sigma, 3000-4000U/g, final concentration of 20-40U/ml) was added.
After digestion, anthers were washed in 1x enzyme buffer for 15 mins and
chromosomal preparations were made from single anther as above.

The cover slips (from both mitotic and meiotic slides) were removed with a

razor blade after freezing the slides on dry ice for 5-10 mins. Slides were air dried at
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RT, scanned, labelled and then used or stored at -20°C in slide boxes together with silica
gel. Slides stored at -20°C were raised to RT before pre hybridization. This was

achieved by keeping the slide boxs at 37°C for 20 min and then at RT for 10 mins.

2.2.12 Fluorescent in situ hybridization

Fluorescent in situ hybridization (FISH) was carried out according to Schwarzacher and
Heslop-Harrison (2000).

2.2.12.1 Pre hybridization

Slides were re-fixed in fresh absolute ethanol : glacial acetic acid (3:1) for 15 mins and
dehydrated with absolute ethanol twice for 10 mins. Slides were allowed to air-dry and
then incubated under a plastic cover slip with 200ul of RNase A (100ug/ml, Bioline)
diluted in 2x SSC (Table 2.4) at 37°C for 1 hr. The slides were washed in 2x SSC at RT
for 5 mins and re-fixed in freshly prepared 4% (w/v) paraformaldehyde (Table 2.4) at
RT for 10 mins and then washed twice in 2x SSC for 5 mins. Slides were then
dehydrated in a series of 70%, 85% and absolute ethanol for 2 mins and then air dried.
Before probing, slides were re-scanned for the possible loss of cells that may occur

during storage or pre hybridization steps

2.2.12.2 Hybridization

A total of 40ul probe mixture was applied per slide, containing 50% (v/v) formamide,
20% (w/v) dextran sulphate, 2x SSC, 25-100ng probe, 0.025ug of salmon sperm DNA
and 0.125%SDS (sodium dodecyl sulphate) as well as 0.125mM EDTA (ethylene-
diamine-tetraacetic acid). For genomic in situ hybridization (GISH) autoclaved genomic
DNA from ‘Chinese spring’ was added to the mixture as blocking DNA (Table 2.4).
The hybridization mixture was denatured at 80°C for 10 mins followed by immediate
cooling on ice for 10 mins. Probe and chromosomal DNA was denatured together on a
Hybaid Omniblock at 75°C for 7 mins under a plastic cover slip and slowly cooled to
the hybridization temperature of 37°C for 16-20 hrs with vibration set up to 3.

The formamide concentration, Na* ion amount in SSC and temperature of the

probe mixture determine stringency of hybridization. Unlabelled blocking DNA and
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salmon sperm DNA out-compete nonspecific hybridization, while dextran sulphate
increases the volume without diluting the probe. SDS helps the penetration of probe and
EDTA stops nucleases (Schwarzacher and Heslop-Harrison 2000). The above
concentrations of formamide and salt at 37°C allowed sequences of 75-80% homology

to form duplexes.

2.2.12.3 Post hybridization washes

Hybridization was followed by post-hybridization washes to remove the hybridization
mixture and any unbound probe. A slightly higher stringency than the hybridization
stringency was used to remove non-specific or weakly bound probes and to minimize
background signal. Cover slips were floated off by incubating the slides in 2x SSC at
35-40°C. Two stringent washes were carried out with 20% (v/v) formamide and 0.1x
SSC at 42°C of 5 mins each, an equivalent to 85% stringency. Slides were then washed

twice in 2x SSC at 42°C for 5 min, followed by cooling down to RT.

2.2.12.4 Slides detection

Slides were incubated in detection buffer (Table 2.4) for 5 mins and then blocked at
37°C for 30 mins with 200ul of 5% (w/v) BSA (bovine serum albumin, Sigma) made in
detection buffer. Hybridization sites were detected with 40-50ul of 2pg/ml streptavidin
conjugated to Alexa594 (Molecular Probes) and 4ug/ml antidigoxigenin conjugated to
FITC (flourescein isothiocyanate, Roche Diagnostics) made up in 5% BSA solution.
Slides were incubated at 37°C for 1hr in humid chamber, followed by two washes in
detection buffer at 42°C for 10 mins each.

2.2.12.5 Mounting of slides

Chromosomes were counterstained with 100ul of 4ug/ml DAPI (Table 2.4) diluted in
Mcllvaine’s buffer (Table 2.4) for 30 mins in dark. The slides were then rinsed in
detection buffer, before final mounting in 80ul of antifade solution (Citiflour, Agar
Scientific) under a No. 0, 24mm x 40mm coverslip. The slides were stored at 4°C
overnight, to allow binding of the antifade solution to the fluorophores that stabilizes

the fluorescence when viewed under the microscope.
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2.2.12.6 Photography and image processing

The in situ hybridization slides were analyzed on a Zeiss epifluorescence microscope
with single band pass filters equipped with a CCD camera (ProgRes™ C12, Optronics,
model S97790). The in situ hybridization signals were analyzed using Filter Set 10
(excitation = BP450-490, bean splitter = FT510 and emission = BP515-565) for
digoxigenin-labelled probe and Filter Set 15 (excitation = BP546/12, bean splitter =
FT580 and emission = LP590) for biotin-labelled probe whereas the DAPI-stained
chromosomes were analyzed with UV band pass filter (Filter Set 01, excitation =
BP365/12, bean splitter = FT395 and emission = LP397). Each metaphase was captured
in three different filter sets and then overlayed and analyzed using Adobe Photoshop
CS3. Only those functions that treat all pixels of the image equally were used for colour

balance and processing.

2.2.13 Immunostaining with anti-5-methylcytosine antibody combined with FISH

The immunostaining procedure was modified from Houben et al., (2003). Pre
hybridization and hybridization of the slides was carried out as described above (section
2.2.12.1 and section 2.2.12.2). After post-hybridization washes (section 2.2.12.3), slides
were equilibrated in 1x PBS 0.5% (v/v) Tween 20 at RT for 5 mins before blocking
with 5% (w/v) BSA (Sigma) prepared in 1x PBS 0.5% (v/v) Tween 20 at RT for 30
mins. Slides were then incubated under a plastic cover slip with 70 pl of monoclonal
anti-methylcytosine antibody (Calbiochem®, Cat. No. NA81) diluted 1:200 in 1xPBS
buffer at 37°C for 1.5 hrs or at 4°C overnight. Slides were then washed twice in 1x PBS
and once in 1x PBS 0.5% (v/v) Tween 20 at RT for 5 mins.

FISH hybridization and anti-5-meC sites were detected together in a humid
chamber under a plastic cover slip, using 70ul of antibodies mixture diluted in 1x PBS
at 37°C for 1 hr. For methylated sites, Alexa Fluor® 594 or Alexa Fluor® 488
conjugated goat anti-mouse secondary antibody (Molecular Probes) was diluted 1:100,
while for hybridization sites 2ug/ml streptavidin conjugated to Alexa594 (Molecular
Probes) or 4ug/ml antidigoxigenin conjugated to FITC (flourescein isothiocyanate,
Roche Diagnostics) were applied.
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Finally, slides were washed twice in 1x PBS and once in 1x PBS 0.5% (v/v)
Tween 20 at RT for 5 mins and then counterstained with 4pug/ml DAPI and mounted as
described before (section 2.2.12.5 and section 2.2.12.6).

2.2.14 Re-probing of slides

FISH/GISH and immunostained slides were re-probed to see probes with different
labels and label combinations simultaneously on the same cell following Schwarzacher
and Heslop-Harrison (2000) with little modification. Traces of immersion oil were
carefully wiped from coverslips of selected slides. Slides were kept at 37°C for 10 mins
to reduce the viscosity of the antifade mount and were removed by lifting them with a
razor blade. Slides were washed in 4x SSC containing 0.2% (v/v) Tween 20 at RT once
for 5 mins and then twice for 30-60 mins, followed by two washes in 2x SSC at RT for
5 mins. Preparations were denatured with 70% formamide 2x SSC at 70°C for 2 mins
and then dehydrated in an ice-cooled ethanol series of 70%, 85% and absolute for 2
mins and air dried. Hybridization, washes and detection then followed the standard

protocol from section 2.2.12 onward.

2.2.15 Restriction enzyme digestion

Genomic DNA from selected lines was digested with restriction endonucleases,
including isoschizomers Mspl-Hpall and BstNI-ScrFI as well as McrBC (New England
BioLabs). Several concentrations of restriction endonucleases and genomic DNA were
tested to achieve optimal digestion and matching concentrations of DNA.
Approximately 4ug of genomic DNA was digested with 5U/ug of restriction enzyme in
the presence of appropriate NEB buffer according to manufacturer's instructions in a
final volume of 20ul. Digested DNA was loaded on 1-2% agarose gels along 2ug of
uncut genomic DNA as control. Gel electrophoresis was carried out at a slow speed of
30V in 1x TAE buffer for 15hrs, and then visualized by staining with 0.5pug/ml of
ethidium bromide (section 2.2.2).
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2.2.16 Southern hybridization

2.2.16.1 Transfer of DNA onto charged nylon membrane

After gel electrophoresis, the DNA fragments were transferred onto a positively charged
nylon membrane (Hybond N*, Amersham Biosciences). Agarose gel was depurinated
for 10 mins with 5x gel volume of 0.25N HCI and denatured for 30 mins with 5x gel
volume of Southern denaturing solution (Table 2.4). Gel was then neutralized with 5x
gel volume of Southern neutralizing solution (Table 2.4) for 30 mins at RT slowly
shaking and then washed with sterile distilled water before setting up the gel for
alkaline transfer. The size of gel was reduced by cutting its edges with a scalpel and
then placed upside down in a set up for upward capillary action in a tray containing 10-
15x gel volume of 0.4N NaOH. A support was placed in the tray with a bridge on it
made of a single piece of 3MM Whatman filter paper in direct contact with 0.4N NaOH
on either side of the support for continuous capillary action. The positively charged
nylon membrane of appropriate size was marked at the edge with a pencil and soaked
with 0.4N NaOH before placing on the top of the gel. Cling film was placed around the
edge of the membrane to stop the movement of 0.4N NaOH except through the gel,
followed by 2 sheets of 3MM Whatman filter papers a bit larger in size than the
membrane and a stack of 8-10cm paper towels. On the top of paper towels about 0.5kg
weight was kept to create a constant pressure and allow the flow of liquid and transfer
of DNA fragments from gel on to the membrane. For complete transfer the gel was kept
in this set up for 16 hrs and then the efficiency of transfer was checked by re-staining
the agarose gel in 0.5ug/ml of ethidium bromide solution for 10-15 mins, washed in
distilled water for 5 mins and observed under UV light. After transfer the nylon
membrane was soaked in 6x SSC for 2 mins to remove any gel pieces, and dried
between filter papers before baking at 80°C oven for 10 mins, and then the DNA was
covalently linked to the membrane by exposure to 7x10% J/cm? of UV light (DNA side
facing up) in a UVP CL-1000 Ultraviolet Crosslinker (McKinley Scientific, UK) and
stored at 4°C before hybridization.
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2.2.16.2 Membrane hybridization

Both radioactive and non-radioactively labelled probes were used for southern

hybridization purposes.

2.2.16.2.1 Non-radioactive hybridization

For non-radioactive Southern, digoxigenin labelled probes (section 2.2.10) were used
for membrane hybridization. The membrane was re-hydrated with 4x SSC 0.5% (w/v)
SDS and pre-hybridized at 55°C for 4hrs in a Thermohybaid Hybridization oven
(Ashford, UK) using 5ml of pre-hybridization solution per 100cm? of nylon membrane
containing 5x Denhardts solution (Table 2.4), 4x SSC, 0.5% (w/v) SDS and 100ug/ml
of sheared Salmon sperm DNA (Table 2.4). The pre-hybridization solution was
discarded and replaced with an identical hybridization solution having 3-4ul
(corresponding to ~150ng) of digoxigenin labelled probe and hybridized at 55°C for 16
to 18 hrs with constant rotation.

2.2.16.2.2 Post-hybridization washes and detection

High stringency washes were carried out by washing the membrane twice in 2x SSC
0.1% (w/v) SDS at 56°C for 5 mins (64% stringency) and then twice in 0.2x SSC 0.1%
(w/v) SDS for 15 mins each at 56°C (equivalent to 82% stringency). Detection was
carried out at RT. Membranes were rinsed for 5 mins in 100 ml of washing buffer 1
(Table 2.4), followed by 100 ml of buffer 2 (Table 2.4) for 30 mins. They were then
incubated for 30 mins with 20 ml of antibody conjugate solution [anti-digoxygenin
alkaline phosphatase (Roche Diagnostics) with final dilution of 0.1U/ml in buffer 2].
After the antibody incubation, the membrane was washed twice for 15 mins with buffer
1 (Table 2.4), and then equilibrated for 5 mins with buffer 3 (Table 2.4).

The membranes were finally incubated in dark for 5 mins in with 500ul of CDP-
star solution (Roche Diagnostics) diluted 1:100 in buffer 3. The excess of CDP-Star
solution was drained and then the membrane was wrapped in a cling film and
transferred to auto radiographic cassette in complete darkness. The chemiluminescence

was recorded by keeping X-ray film (FUJI Medical X-Ray film) of appropriate size
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below the membrane. Different exposure times from 1-15 mins were given to detect all
possible signals. X-ray films were developed using automatic photographic developing
machine and scanned with EPSON Expression Pro 1600, and images were processed
with Adobe Photoshop CS3.

2.2.16.2.3 Radioactive hybridization

For radioactive hybridization the membrane was soaked in 4x SSC 0.5% (w/v) SDS and
then transferred into a hybridization bottle with 25 ml of pre-hybridization buffer
containing 5x Denhardts solution (Table 2.4), 4x SSC 0.5% (w/v) SDS and 100pug/ml of
sheared Salmon sperm DNA (Table 2.4). The membrane was pre-hybridized in a
Thermohybaid Hybridization oven (Ashford, UK) for 4 hrs at 65°C with constant
rotation.

While the membrane was in the pre-hybridization step, the radioactively labelled
probe was freshly prepared, using RadPrime DNA Labelling System (Cat. No. 18428-
011, Invitrogen) following manufacturer's instructions with little modifications. 100-150
ng of DNA was diluted in 22.5ul of water (Sigma) and denatured in boiling water for 5
mins followed by 5 mins on ice. The labelling reaction contained: 20ul of Random
primer buffer, 4ul of dNTPs (excluding dCTP), 2.5ul of a-**P-dCTP (3000Ci/mmol)
supplied by Amersham Biosciences, UK and 1ul of 40U Klenow Fragment. The
reaction was left at 37°C for 45 mins, after which the reaction was stopped with 5ul of
Stop Buffer (0.5 M EDTA, pH 8.0). To avoid radioactive contamination probes were
not cleaned for hybridization.

The pre-hybridization solution was replaced by 25ml of identical hybridization
solution and 50ul of freshly made probe. The membrane was hybridized at 65°C for 16
hrs. The hybridization solution was collected and stored at -20°C for possible re use.
The membrane was washed twice for 5 mins at RT with 50ml of 2x SSC 0.5% (w/v)
SDS, then twice with 50ml of 2x SSC 0.1% (w/v) SDS at 65°C for 30 mins, and twice
with 0.1X SSC 0.1% (w/v) SDS for 30 mins at 65°C. After the final wash, the
membranes were dried between tissue paper, wrapped in cling film and the sites of
hybridisation were visualised by exposing the membrane against X-ray film (FUJI
Medical X-Ray film) in an autoradiographic cassette with intensifying sheet (Fisher)
above the X-ray film and kept at -20°C from 20 hrs (> 250 counts/secs) to 15 days (< 30
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counts/secs). These X-ray films were then processed as described above (section
2.2.16.2.2).

For re-probing, the radioactively labelled probes were stripped by immersing the
membrane in 200 ml of boiling 0.1xSSC 0.1% (w/v) SDS for 5 mins, in a flat tray
shaking gently. The same process was repeated 3-4 times or until the radioactivity
detected with a Geiger counter was less than 5 counts/secs. These stripped membranes
were placed against X-ray film for at least 24 hrs at RT to check any radioactivity left.
In case no background signals were produced, membranes were re-probed for the

second time.

59



CHAPTER I1I: CHARACTERIZATION OF ALIEN CHROMATIN
AND ITS ORGANIZATION IN WHEAT BREEDING LINES
CONFERRING RESISTANCE TO WHEAT STREAK MOSAIC

VIRUS

3.1 Introduction

Every year, about 10-16% of the global harvest an equivalent of US$220 billion is lost
to different plant pests and diseases (section 1.5). Wheat streak mosaic virus (WSMV),
is among one of the most important yield-limiting diseases, which can cause significant
loss to both forage and grain production in wheat (Fahim et al., 2010a, Liu et al., 2011,
Schwarzacher et al., 2011) The first report about WSMV came from United States
(Mckinney, 1937), but in a short period of time, the disease has spread widely and
distributed throughout the wheat growing world (Lanoiselet et al., 2008, Oldfield, 1970,
Sanchez-Sanchez et al., 2001, Navia et al., 2006, Coutts et al., 2008, Kudela et al.,
2008). The disease is transmitted to healthy plants via an insect vector, the wheat curl
mite (WCM) Aceria tosichella Kiefer (Coutts et al., 2008). Normally yield losses vary
from 2.5-5% but in some localised epidemics can cause 100% crop failure (Christian
and Willis, 1993, McNeil et al., 1996, Stenger et al., 2002).Volunteer wheat plants, time
of infection and temperature are some important factors contributing to the severity of
the disease (Hunger et al., 1992, Bockus et al., 2001, Thomas and Hein, 2003, Thomas
et al., 2004).

3.1.1 Symptoms of WSMV

Infected plants exhibit a variety of symptoms, but the most common symptoms
associated with WSMV include, the appearance of greenish yellow streaks, rolled up
leaf margins and mosaic to severely chlorotic leafy tissue (Atkinson and Grant, 1967,
Hunger et al., 1992, Baley et al., 2001, Fahim et al., 2010a). The streaks usually run
parallel along the leaf axis and the infected plants exhibit stunted growth. The yield of
infected crop is reduced significantly, as the infected plants produce fewer tillers with

low quality grain or the plants may even remain vegetative. In more extreme cases the
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disease ends up with death of the plant and elimination of the crop (Hunger et al., 1992,
Sharp et al., 2002, Lanoiselet et al., 2008, Velandia et al., 2010).

WSMV can infect a broad range of hosts, including many cultivated and wild
species of the family Poaceae (Christian and Willis, 1993, Coultts et al., 2008). Both the
virus and WCM survive on the 'green bridges' provided by volunteer wheat and other
grasses (Coutts et al., 2008). However, environmental factors that influence plant
growth and multiplication of the WCM plays a major role in the development of
symptom and epidemics. These factors include temperature, light, soil fertility, growth
stage of the plant, time and season of infection and the genotype or cultivars used
(Hunger et al., 1992, Martin et al., 1984, Seifers et al., 1995, Baley et al., 2001,
Atkinson and Grant, 1967). Winter infections are more devastating than the spring
infection (Hunger 2004) as the mites get more time to multiply and establish its
population within the crop and to spread the disease into the neighbouring fields
(Hunger et al., 1992, Thomas and Hein, 2003).

In certain epidemics of Wheat streak mosaic, more than one type of infectious
particle is isolated from the same extract which is due to the fact, that WSMV can
interact with related viruses such as, High plains virus (HPV) and Triticum mosaic virus
(TriMV) to co-infect a single host (Seifers et al., 2009a, Stenger et al., 2007a). Both
these viruses are also transmitted by the WCM and results in more severe infection due

to disease synergism (Tatineni et al., 2010).

3.2 Transmission of WSMV

Persistent epidemics and initiation of diseases into new areas depend upon the
prevalence of infectious inocula. For WSMV, the effective transmission of the viral
propagules is achieved via two known sources, the WCM and infectious seeds (Jones et
al., 2005, Dwyer et al., 2007, Lanoiselet et al., 2008). In the absence of primary host,
both WCM and its vector over-summer on cereals and other volunteer grasses, until
wheat is available for infection (Harvey et al., 2001, Thomas et al., 2004, Thomas and
Hein, 2003).
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3.2.1 Management and control of WSMV

Lack of remedial control options (Slykhuis, 1955) and identification of only one gene of
WSMV-resistance within the primary and secondary genetic pool of wheat, makes
WSMV one of the major threat to global wheat production (Seifers et al., 2007, Divis et
al., 2006, Graybosch et al., 2009, Liu et al., 2011, Mutti et al., 2011, Schwarzacher et
al., 2011). WSMV can infect both winter and spring wheat cultivars (Langham et al.,
2001) and among cereal infecting viruses, ranks second after Barley yellow dwarf virus
(BYDV) in severity (Ellis et al., 2003). Recent studies have revealed that WSMV
reduces the root biomass and water use efficiency, making it a serious concern for
regions with limited water resources (Price et al., 2010). Of the few available options to

control WSMV, some important include:

3.2.2 Cultural practices

Outbreaks of WSMV are mainly associated with the presence of volunteer wheat and
other cereals that serve as reservoirs for both the virus and mites (Thomas et al., 2004).
Eliminating these potential sources of spread before planting can prevent or reduce the
risks of WSMV infection (Slykhuis, 1955, Christian and Willis, 1993). Late plantation
is an effective cultural practice that helps in reducing the losses to WSMV infestation
(Hunger et al., 1992). But in regions, where wheat is grown for dual purposes (grazing
followed by recovery for grain production) such wheat is grown early and are at a
higher risk of WSMYV infection and its subsequent spread in the region (Velandia et al.,
2010, Fahim et al., 2010a). In such cases, removal of volunteer grasses alone is helpful
in minimizing the sources of primary infection, but may not reduce the chances of
WSMV epidemics (Thomas and Hein, 2003).

WSMV causes chlorosis, streaking, necrosis and stunting (Graybosch et al.,
2009) that ultimately results in modification of the cell make-up, pigment
concentrations, water and nutrient uptake and gaseous exchange. These changes
altogether modify the reflection properties of wheat canopy area (West et al., 2003).
Satellite and remote sensing, that monitor the change in the reflected light from the
canopy has been used with success to monitor WSMV epidemics (Riedell and
Blackmer, 1999, Mirik et al., 2006). It provides the quickest, efficient and inexpensive
means for identifying the WSMV infection over a large area (Mirik et al., 2006).
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However, remote sensing is essentially a monitoring tool for crop losses (Richardson et
al., 2004) and is not a remedial approach for the control of WSMV.

3.2.2.1 Chemical control measures for WSMV

Utilization of chemicals is one of the most effective strategies for controlling losses to
plant diseases (De Waard et al., 1993). However, there is no chemical treatment
available for WSMV (Hull, 2004, Chen et al., 1999a, Qi et al., 2007). Often, the use of
herbicides a few weeks before the growing season is highly recommended, as it
eliminates the alternative hosts that act as green bridges (Jiang and Gill, 1994, Jiang et
al., 2005, Wegulo et al., 2008). Few miticides are effective in controlling mite
populations, but their efficiency is reduced by the habitat of mites, along with the lack
of information concerning optimum timing and conditions for chemical application
(Hein and 2010, Velandia et al., 2010). Furthermore, the persistence and mobility of
pesticides in the environment is hazardous and its cost lowers the net profits and
revenues of wheat production (De Waard et al., 1993, Chen et al., 1999a, Lu et al.,
2011).

3.2.2.2 Engineered resistance to WSMV

Recently pathogen-derived resistance or transgenic virus-resistant plant strategies have
been employed for the control of WSMV. In transgenic wheat, resistance to a virus is
derived from the expression of viral genes (Barton and Brill, 1983, Sanford and
Johnston, 1985, Sivamani et al., 2000, Fahim et al., 2012).Transgenic wheat varieties
resistant to WSMV have been developed successfully, either by disrupting the life cycle
of the virus through expression of viral coat protein (Sivamani et al., 2002) and
replicase gene (Sivamani et al., 2000) or by developing transgenic resistance based on
RNA interference (RNA1) designed to target the nuclear inclusion protein ‘a’ (Nla) gene
of WSMV (Fahim et al., 2010b). Although, transgenic wheat display considerable to
complete WSMV-resistance in controlled environments, but field trials have revealed
yield penalties and failure of some transgenic wheat to resist WSMV infestation (Sharp
et al., 2002). Nevertheless, emerging research data about the critical environmental
impacts of transgenic crops, cultural sensitivity and undetermined future do not put

transgenic crops at the forefront for practical utilization (Altieri, 2000).
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3.2.2.3 Natural resistance to WSMV

Most wheat cultivars (T. aestivum L., 2n=6x=42, ABD) lack effective WSMV-
resistance and in cases where resistance is present, it is ineffective at high temperatures
(Seifers et al., 1998, Seifers et al., 2007, Liu et al., 2011). Therefore, the exploration of
WSMV-resistance in both cultivated and wild Triticeae and its subsequent
incorporation in wheat backgrounds is of utmost importance to ensure the successful
production of wheat over the coming years (Cox et al., 2002).

Some perennial wheat grasses from the tertiary gene pool of wheat, like Th.
intermedium syn. Agropyron intermedium (Host) Barkworth and Dewey (2n=6x=42,
JJIPFPSS) and Th. ponticum (Podp.) Barkworth and Dewey (2n=10x=70, JJJJJJJ°J°J°J°)
provide large reservoirs of useful agronomic traits (Mujeeb-Kazi and Hettel, 1995, Li
and Wang, 2009, Chen et al., 1999a, Chen et al., 2003b). Both show high levels of
resistance to WSMYV and its vector, and can be readily crossed with wheat (Li et al.,
2005a, Wells et al., 1982, Harvey et al., 2003, Schwarzacher et al., 2011). These
perennial wheat grasses have been used for the enrichment and genetic diversity of
wheat (Tsitsin, 1965, Fedak et al., 2001, Qi et al., 2007, Divis et al., 2006, Multti et al.,
2011).

Many genes of disease resistance including those for WCM and WSMV-
resistance have been successfully transferred into the wheat backgrounds as
chromosomal segments (Graybosch et al., 2009, Li and Wang, 2009, Fahim et al., 2011,
Sears, 1966, Feldman and Sears, 1981). The amount of alien chromatin involved in
these transfers varies from a single gene to chromosomal arms or entire chromosomes
(Wells et al., 1973, Friebe et al., 1996b, Friebe et al., 1991, Friebe et al., 2009, Qi et al.,
2007, King et al., 1997a, Singh et al., 2008b, Singh et al., 1998, Bockus et al., 2001).
Translocations involving small alien fragments, have less likelihood of linkage drag, but
in cases may be further minimised with chromosomal engineering (Friebe et al., 2009,
King et al., 1992, Harper et al., 2011, Gill et al., 2011, Heslop-Harrison and
Schwarzacher, 2011a). This alien derived, WSMV-resistance in wheat is durable and
provides benefits in the presence of virus and has limited detrimental effects on the
essential agronomic and end-use quality traits of wheat (Baley et al., 2001, Divis et al.,
2006, Graybosch et al., 2009). In fact, the most promising sources of WCM and
WSMV-resistance have been obtained from the intergeneric crosses of wheat with Th.
intermedium (Wells et al., 1973, Mutti et al., 2011, Chen et al., 1999a, Schwarzacher et
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al., 2011, Cox et al., 2002, Qi et al., 2009). Several Th. intermedium derived lines, with
WSMV-resistance have been released as commercial wheat cultivars (Martin et al.,
2007, Graybosch et al., 2009, Mutti et al., 2011).These lines have incorporated Th.
intermedium chromatin in the form of 4DS (Wells et al., 1982, Wells et al., 1973,
Friebe et al., 1996a) or 4AS (Haber et al., 2007) chromosomal translocations. Though
the size of known Th. intermedium fragments vary considerably among different wheat
germplasm (see Friebe et al., 2009, Fahim et al., 2011 and below).

In all known sources of WSMV-resistance, the Th. intermedium chromatin has
essentially three different chromosomal origins. One source contains Th. intermedium
telosome that was initially believed to be a group-4 long arm, but later on confirmed to
be homoeologous to group-7 long arm (Friebe et al., 2009, Liu et al., 2011). The second
source is a J°-genome chromosome present in the Zhong series of wheat-Th.
intermedium amphiploids and designated as J°2 (Chen et al., 1999a, Chen et al., 2003a).
But neither of the two sources has been exploited. Previously both sources lack
compensating Robertsonian translocations (Friebe et al., 2009). However, very recently
group-7 Robertsonian translocation lines have been reported (Liu et al., 2011). The
most extensively studied source carries the short arm of the group-4 or J° genome
chromosome of Th. intermedium and is designated as 4Ai#2S (Chen et al., 19983,
Friebe et al., 2009). This source carries a compensating Robertsonian translocation, and
the chromosomal arm of Th. intermedium replaces the short arm of wheat chromosome
4D in the form of TADL-4Ai#2S chromosomal translocation (Divis et al, 2006, Friebe et
al., 2009).

3.2.3 Deployed natural resources of WSMV-resistance

To date, two genes of WSMV-resistance, named as Wsm1 (Friebe et al., 1991) and
Wsm2 (Lu et al., 2011) have been used in wheat cultivars improvement. The Wsml is a
Th. intermedium origin gene (Chen et al., 1998a). It was transferred into wheat
germplasm CI 17884 by Wells and his co-workers (Wells et al., 1973, Wells et al.,
1982, also see Figure 1.3). This resistance is present on the short arm of Th.
intermedium chromosome 4Ai#2 (Chen et al., 1998a) and provides effective resistance
against WSMV infection and WCM colonization (Chen et al., 2003a, Chen, 2005, Li et
al., 2005, Friebe et al., 2009). Commercial winter wheat cultivars ‘Mace’ contain the
Wsm1 gene (Graybosch et al., 2009). The Wsm2 gene was recently mapped to wheat

65



chromosome 3BS in C0960293-2 germplasm (Lu et al., 2011). Its origin is not clear, as
none of its parents were found resistant to WSMV. Perhaps, it is the first substantial
resistance to WSMV originating in bread wheat itself (Haley et al., 2002). The Wsm2
has been incorporated in the released winter wheat cultivars ‘RonL’ (Seifers et al.,
2007) and ‘Snowmass’ (Haley et al., 2011). Another alien derived gene of Th.
intermedium origin, the Wsm3 was mapped to the T7BS-7S#3L recombinant
chromosome (Liu et al., 2011). Homozygous lines with this recombinant chromosome
have been reported effective against WSMYV but this resistance is yet to be exploited in
wheat germplasm improvement.

Although Wsm1 confers resistance and advantages in the presence of the virus
but the original lines carrying Wsm1, were frequently associated with undesirable traits
of vyield and bread-making qualities (Seifers et al., 1995). Some wheat lines
incorporating this alien chromatin were reported to have poor performance and
significantly lower yield of 11 to 28% in the absence of virus (Baley et al., 2001, Sharp
et al., 2002). Lines involved in this study were obtained by backcrossing and
hybridization of the Nebraska-adapted winter wheat lines with Kansas developed
materials carrying Wsml (Divis et al., 2006, Graybosch personal communication).
These lines were then evaluated for potential linkage drag associated with this alien
chromatin (Divis et al., 2006 and next line). Sister-lines from six breeding populations
were assessed for agronomic and quality traits under virus-free, and under a naturally
occurring WSMV-infection. In the absence of virus, no significant difference for grain
yield was observed between resistant (R) and susceptible (S) lines. However, under
infection R-lines had a significantly higher yield compared to S-lines (see Figure
3.1A&B). In brief, no negative effects of grain yield or bread making quality were
linked to Wsm1 (Divis et al., 2006, Graybosch personal communication).

The resistance offered by Wsml, Wsm2 and Wsm3 genes is temperature-
dependent. Strains of WSMV fail to infect wheat lines incorporating either of the genes
up to 18°C (Liu et al., 2011). However, resistance offered by Wsm2 is ineffective above
18°C (Seifers et al., 2007). The Th. intermedium origin Wsm-1 gene provides resistance
to both WSMYV and TriMV (Tatineni et al., 2010). The Wsm1 resistance is effective at
higher temperatures and is stable enough to give complete protection from under field
conditions up to 20°C (Seifers et al., 1995, Seifers et al., 2006, Graybosch et al., 2009).
Recently in green house experiments lines carrying the Wsm3 gene were reported stable
at a temperature of 24°C (Liu et al., 2011).
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In this part of the study, FISH/GISH was applied, using total genomic DNA
probes from Th. intermedium and Ae. tauschii to wheat-Th. intermedium hybrid lines, to
determine the size of alien chromatin, chromosomal break point (BP) and the wheat
genome involved in recombination. Similarly, multi-target in situ hybridization was
carried out to physically map highly repetitive DNA sequences on wheat chromosomes
to characterize the specific the chromosomes and chromosomal arms involved in

translocation.

3.3 Materials and methods

3.3.1 Plant material

Wheat genotypes comprising of reference and experimental lines used in this study is
given along with their pedigree analysis in Materials and Methods Chapter II.
Experimental lines are derived from four breeding populations of Divis et al., (2006)
and designated as I, I1, 1ll and IV. Three reference lines, two resistant (R) KS95H102,
KS96HW10-1 from populations KS102, KS10-land one susceptible (S) line
Millennium from population MILL were also used as control.

Experimental lines included in this study were rated consistently as R or S to
WSMV in both green house and under field experiments (Figure 3.1A&B, also see
Divis et al., 2006). Before this study, no information was available about the
cytogenetic structure of the experimental lines (Table 3.1). However, the ultimate
source resistance in all R-lines was either KS91H184 or KS91H174, both being selected
from populations that had been randomly mated for several generations with Cl 17884
and then screened for WSMV resistance (Figure 3.2, Divis et al., 2006, Graybosch
personal communication). The Cl 17884 is a WSMV-resistance line carrying the Wsm1
gene on a chromosomal arm translocated from Th. intermedium (Wells et al., 1982 and
Figure 1.3).

All analysis of the experimental lines including the nature and size of alien
chromatin as well the identification of recombinant chromosomes was carried out in this
study (see results and discussion below). These lines (Table 3.1) as a whole are often
referred to as wheat-Th. intermedium hybrid lines in this report. For the cytogenetic and
genomic analysis, seeds of these lines were kindly provided by R. A. Graybosch
University of Nebraska-Lincoln Agriculture & Horticulture, USA.

67



Figure 3.1A: Field resistance of the winter wheat lines (A) ‘Tomahawk’ (B) N02Y5117 or ‘Mace’ (C) N02Y5003 and (D) N02Y5149 to Wheat
streak mosaic virus. ‘Tomahawk’ is a WSMV-susceptible line, while NO2Y5117 or ‘Mace’, N02Y5003 and are N02Y5149 WSMYV-resistant
lines. Source of photograph: Bob Graybosch.
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Figure 3.1B: Field resistance of the winter wheat lines (A) N02Y5149 (B) N02Y5117 or ‘Mace’ and (C) ‘Tomahawk’ to Wheat streak mosaic
virus. Line NO2Y5149 and N02Y5117 or ‘Mace’ and are WSMV-resistant lines, while ‘Tomahawk’ is a WSMV-susceptible line. Source of
photograph: Bob Graybosch.
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3.3.2  Fluorescent in situ hybridization

Information about probes used, labelling procedures and in situ hybridization are given
in M&M chapter Il (section 2.2.9-2.2.12).

3.4 Results

3.4.1 Characterization of recombinant wheat lines

Recombinant wheat chromosomes were identified with multi target in situ hybridization
using genomic and repetitive DNA probes simultaneously to the spread chromosomes.
Genomic probe revealed the presence of alien fragments, while the unique banding
patterns of repetitive DNA were helpful in identifying, and designating the recombinant
chromosomes. The same strategy was applied to identify or rule out the possibility of
any reciprocal translocation and targeting the chromosomal arm harbouring the WSMV-
resistance gene within the wild Th. intermedium genome. For each line 10-15 cells were
analysed. Length of the alien fragment was determined as the percent distance from the
centromere to the discriminating hybridization sites over the total arm length and was
calculated as, mean % arm length with standard deviation (mean + standard deviation)
from 10 recombinant chromosomes of each line.

Among the randomly selected experimental R and S-lines from the four
breeding populations (Table 3.1), 75% individuals incorporated alien chromatin of
variable sizes (Table 3.2, Figures 3.5-3.24). Genome identification of the recombinant
wheat chromosomes was facilitated by the use of Ae. tauschii genomic DNA probe,
which labelled the entire D-complement of the wheat genome (Figure 3.17B).
Additional repetitive DNA sequences were then applied to target the chromosomal arms
involved in the translocations. Successful mapping of the Afa/dpTal family (D-
genome), pSc119.2 (abundant in the B-genome with some sites on A and D-genome
chromosomes), pTa794 and pTa71l probes revealed characteristic banding patterns (see
Figure 1.5 and Mukai et al., 1993, Castilho et al., 1996, Pedersen and Langridge 1997,
Biagetti et al., 1999) that enabled recombinant chromosomes to be identified as 1B, 3D
and 4D respectively. The results (summarized in Table 3.1) are consistent with previous
findings (Friebe et al., 1991, 2009, Divis et al., 2006, Graybosch et al., 2009) and
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confirm WSMV-resistance is strongly correlated with the presence of Th. intermedium
chromatin (Table 3.1 and below).

Table 3.1: FISH screening results of the wheat-Th. intermedium hybrid lines, 75% of
the experimental lines show alien chromatin.

Sr. No Population Line Final | Recombinant chromosomes Figure list
rating | 4D [ 1B [ 3D

Reference wheat-Th. intermedium lines

1 KS102 KS95H102 R +/+ -/- 3.2
2 KS10-1 KS96HW10-1 R ++ -/- 3.3
3 MILL Millennium S -/- -/- 3.4
Experimental wheat-Th. intermedium lines

4 Pop-I N02Y5018 R +/+ +/+ 35
5 N02Y5019 S -/- +/+ 3.6
6 N02Y5021 S -/- -/- 3.7
7 N02Y5025 R +/+ -/- 3.8
8 N02Y5003 R -/- ++ 3.9
9 Pop-II N02Y5057 R +/+ -/- 3.10
10 N02Y5075 R +/+ -/- 3.11
11 N02Y5078 R +/+ -/- 3.12
12 N02Y5082 S -/- -/- 3.13
13 N02Y5096 S -/- -/- 3.14
14 Pop-IlI N02Y5105 S -/- -/- 3.15
15 N02Y5106 R +/+ -/- 3.16
16 N02Y5109 R -/- -/- +/+ 3.17
17 N02Y5117 (Mace) R +/+ -/- 3.18
18 N02Y5121 S -/- -/- 3.19
19 Pop-IV N02Y5149 R +/+ +/+ 3.20
20 N02Y5154 R +/+ -/- 3.21
21 N02Y5156 S -/- +/+ 3.22
22 N02Y5163 S -/- ++ 3.23
23 N02Y2016 R +/+ +/+ 3.24

Final rating = field evaluation response of a line to WSMV in trails (Divis et al., 2006)
+/+ = when two similar fragments are seen homozygous condition

-/- = when no fragment is detected

No heterozygous condition was found

For characterization of chromosomes see Figures 3.25 and 3.26

3.4.2 Detailed description of lines

Reference Lines

In situ hybridization (ISH) of the reference populations, revealed the presence of a
whole Th. intermedium chromosomal arm translocated on the wheat in both resistant
line KS95H102 (Figure 3.2) and KS96HW10-1 (Figure 3.3). This alien arm can be
recognized by its terminal pSc119.2 and a strong centromeric Afa or dpTal sites
(Figure 3. 26). Several other dpTal sites were consistently found on the other half of

this recombinant chromosome, of wheat origin. This recombinant wheat chromosome
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was identified as 4D and the translocation has been described previously as
AAi#2S.4DL (Friebe et al., 2009). ‘Millennium’ the reference susceptible line did not

show any detectable alien chromatin of Th. intermedium (Figure 3.4).

Population-I

FISH showed heterogeneity among the lines of population-I, in terms of both the
presence and size of the alien fragments (Table 3.1 and Table 3.2). Like the reference
resistant lines, two R-lines, N02Y5018 (Figure 3.5) and N02Y5025 (Figure 3.8) show
alien chromatin in the form of 4Ai#2S.4DL translocation. However in contrast to
reference lines, an additional small fragment of Th. intermedium is seen on another
large chromosome of NO02Y5018 (Figure 3.5). This recombinant chromosome was
identified as 1B by the specific 5S and 45S rDNA sites (Figure 3.25). This fragment is
most probably originating from the small arm of the homoeologous group-1 of Th.
intermedium and the translocation was speculated as 1Ai#1-1BS.1BL. FISH was also
able to map the small alien fragments at the distal end of 1BS chromosome in both
NOY5019 (Figure 3.6) and N02Y5003 (Figure 3.9) lines. However, these two lines vary
in their WSMV response. Line NOY5019, cannot resist WSMV infection while
N02Y5003 was consistently rated as resistant or moderately resistant in field trials (see
Figure 3.1A&B). N02Y5021, the only WSMV-susceptible line in population-I, that did

not show any Th. intermedium chromatin (Figure 3.7).

Population-11

Individuals of population Il were genetically homozygous in the sense, that all the three
resistant lines from this population including N02Y5057 (Figure 3.10), N02Y5075
(Figure 3.11) and N02Y5078 (Figure 3.12) show Th. intermedium chromatin identical
to the reference resistant lines, in the form of the 4Ai#2S.4DL chromosomal
translocation (Table 3.1). Furthermore, no alien chromatin of Th. intermedium origin
was detected in both of the tested susceptible lines N02Y5082 (Figure 3.13) and
NO02Y5096 (Figure 3.14) of this population.

Population-111
Two resistant lines N02Y5106 (Figure 3.16) and N02Y5117 or ‘Mace’ (Figure 3.18)
have been tested and have Th. intermedium chromatin similar to the reference resistant

lines. However, no large Th. intermedium fragments resembling 4Ai#2S.4DL was
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detected in WSMV-resistant line N02Y5109 (Figure 3.17A&B). The size of the
observed alien fragment was considerably larger than the recombinant 1B chromosome.
GISH with Ae. tauschii DNA indicated that a D-genome of wheat is recipient of this
alien fragment (Figure 3.17B). Multi target FISH with pSc119.2 or dpTal combined
with Th. intermedium genomic DNA recognized the recombinant chromosome as 3D,
and the translocation was speculated as 3Ai#1-3DL.3DS. FISH analysis of line
N02Y5105 (Figure 3.15) and N02Y5121 (Figure 3.19) revealed that Th. intermedium
fragments are missing in these lines. Furthermore, both these lines do not confer

resistance to WSMV in the field and were consistently rated as S-lines.

Population-1V

Similar to the reference resistant lines, the R-lines from population-1V, N02Y5149
(Figure 3.20), NO02Y5154 (Figure 3.21) and NO02Y2016 (Figure 3.24) have the
4Ai#2S.4DL chromosomal translocation. Line N02Y5149 also has incorporated another
small fragment at the distal end of 1BS arm (Figure 3.20 and Table 3.1). The 1BS
recombinant chromosome was also detected in the WSMV-susceptible lines N02Y5156
(Figure 3.22) and N02Y5163 (Figure 3.23) of population-1V.
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Reference lines

Figure 3.2: Root-tip metaphase chromosomes of the reference resistant line KS95H102
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) In situ hybridization of the total genomic DNA from
Th. intermedium labelled with digoxygenin 11-dUTP (detected in green). The genomic
in situ hybridization allows the detection of Th. intermedium-origin chromosome
segments. (C) Hybridization pattern of the pTa71 clone labelled with biotin 16-dUTP
(detected in red) showing the physical location of major 45S rDNA sites on 1A, 1B,
6B, 5D and 7D of wheat. (D) Overlay of A, B and C images, alien chromosomal arms

are indicated by arrow. Bar represents 10pm.
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Figure 3.3: Root-tip metaphase chromosomes of the reference resistant line
KS96HW10-1 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the pSc119.2
DNA sequence labelled with digoxygenin 11-dUTP (detected in green) hybridizing to
B and some A-genome chromosomes. (C) In situ hybridization of the total genomic
DNA from Th. intermedium labelled with biotin 16-dUTP (detected in red). The
genomic in situ hybridization allows the detection of Th. intermedium-origin
chromosome segments. (D) Overlay of A, B and C images, alien chromosomal arms

with the telomeric pSc119.2 sites are indicated by arrow. Bar represents 10um.
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Figure 3.4: Root-tip metaphase chromosomes of the reference susceptible line
Millennium (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the dpTal DNA
sequence labelled with digoxygenin 11-dUTP (detected in green) that hybridize
preferentially to the D-genome chromosomes. (C) In situ hybridization of the total
genomic DNA from Th. intermedium labelled with biotin 16-dUTP (detected in red).
The genomic in situ hybridization could not detect any Th. intermedium-origin

chromosome segments. (D) Overlay of A, B and C images. Bar represents 10um.
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Population-1

Figure 3.5: Root-tip metaphase chromosomes of the WSMV resistant-line N0O2Y5018
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) Hybridization pattern of the pTa794 clone labelled with
digoxygenin 11-dUTP (detected in green) showing the physical location of 5S rDNA
sites in wheat. (C) In situ hybridization of the total genomic DNA from Th.
intermedium labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of Th. intermedium-origin chromosome segments.
(D) Overlay of A, B and C images, indicating alien chromosomal arm (arrows) and
small secondary segments (arrows head) present above the 5S rDNA sites. Bar

represents 10pum.

77



Figure 3.6: Root-tip metaphase chromosomes of the WSMV susceptible-line
N02Y5019 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the pSc119.2
DNA sequence labelled with digoxygenin 11-dUTP (detected in green) hybridizing to
B and some A-genome chromosomes. (C) In situ hybridization of the total genomic
DNA from Th. intermedium labelled with biotin 16-dUTP (detected in red). The
genomic in situ hybridization allows the detection of Th. intermedium-origin
chromosome segments. Weak hybridization signals on all D-genome chromosomes
show the affinity of Th. intermedium to D-genome of wheat. (D) Overlay of A, B and C
images, alien chromosomal segments are indicated by arrows head. Bar represents

10pm.
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Figure 3.7: Root-tip metaphase chromosomes of the WSMYV susceptible-line
N02Y5021 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the dpTal DNA
sequence labelled with digoxygenin 11-dUTP (detected in green) that hybridize
preferentially to the D-genome chromosomes. (C) In situ hybridization of the total
genomic DNA from Th. intermedium labelled with biotin 16-dUTP (detected in red).
The genomic in situ hybridization could not detect any Th. intermedium-origin

chromosome segments. (D) Overlay of A, B and C images. Bar represents 10um.
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Figure 3.8: Root-tip metaphase chromosomes of the WSMV resistant-line N02Y5025
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) In situ hybridization of the total genomic DNA from
Th. intermedium labelled with digoxygenin 11-dUTP (detected in green). The genomic
in situ hybridization allows the detection of Th. intermedium-origin chromosome
segments. (C) Hybridization pattern of the dpTal DNA sequence labelled with biotin
16-dUTP (detected in red) that hybridize preferentially to the D-genome chromosomes.
(D) Overlay of A, B and C images, alien chromosomal arm are indicated by arrows.

Bar represents 10pm.
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Figure 3.9: Root-tip metaphase chromosomes of the WSMV resistant-line N0O2Y5003
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) Hybridization pattern of the pTa794 clone labelled with
digoxygenin 11-dUTP (detected in green) showing the physical location of 5S rDNA
sites in wheat. (C) In situ hybridization of the total genomic DNA from Th.
intermedium labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of Th. intermedium-origin chromosome segments.
(D) Overlay of A, B and C images, indicating alien chromosomal segments (arrows

head) present above the 5S rDNA sites. Bar represents 10um.
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Population-II

Figure 3.10: Root-tip metaphase chromosomes of the WSMV resistant-line N02Y5057
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) Hybridization pattern of the dpTal DNA sequence
labelled with digoxygenin 11-dUTP (detected in green) that hybridize preferentially to
the D-genome chromosomes. (C) In situ hybridization of the total genomic DNA from
Th. intermedium labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of Th. intermedium-origin chromosome segments.
(D) Overlay of A, B and C images, alien chromosomal arms with centromeric dpTal

sites are indicated by arrows. Bar represents 10pum.
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Figure 3.11: Root-tip metaphase chromosomes of the WSMV resistant-line N02Y5075
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) In situ hybridization of the total genomic DNA from
Th. intermedium labelled with digoxygenin 11-dUTP (detected in green). The genomic
in situ hybridization allows the detection of Th. intermedium-origin chromosome
segments. (C) Hybridization pattern of the pTa71 clone labelled with biotin 16-dUTP
(detected in red) showing the physical location of 45S rDNA sites in wheat. (D)
Overlay of A, B and C images, alien chromosomal arm are indicated by arrows. The
insert is a part of meiotic pachytene of the same line showing a fully paired Th.
intermedium arm (red) with a large Afa site near the centromere (green). Bar represents

10pm.
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Figure 3.12: Root-tip metaphase chromosomes of the WSMV resistant-line N02Y5078
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) Hybridization pattern of the pSc119.2 DNA sequence
labelled with digoxygenin 11-dUTP (detected in green) hybridizing to B and some A-
genome chromosomes. (C) In situ hybridization of the total genomic DNA from Th.
intermedium labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of Th. intermedium-origin chromosome segments.
(D) Overlay of A, B and C images, alien chromosomal arm are indicated by arrows.

Bar represents 10pm.
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Figure 3.13: Root-tip metaphase chromosomes of the WSMV susceptible-line
N02Y5082 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the pTa794
clone labelled with digoxygenin 11-dUTP (detected in green) showing the physical

location of 5S rDNA sites in wheat. (C) In situ hybridization of the total genomic DNA
from Th. intermedium labelled with biotin 16-dUTP (detected in red). The genomic in

situ hybridization could not detect any Th. intermedium-origin chromosome segments.

(D) Overlay of A, B and C images. Bar represents 10um.
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Figure 3.14: Root-tip metaphase chromosomes of the WSMV susceptible-line
N02Y5096 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the dpTal DNA
sequence labelled with digoxygenin 11-dUTP (detected in green) that hybridize
preferentially to the D-genome chromosomes. (C) In situ hybridization of the total
genomic DNA from Th. intermedium labelled with biotin 16-dUTP (detected in red).
The genomic in situ hybridization could not detect any Th. intermedium-origin

chromosome segments. (D) Overlay of A, B and C images. Bar represents 10um.
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Population-111

C

Figure 3.15: Root-tip metaphase chromosomes of the WSMV susceptible-
lineNO2Y5105 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the dpTal DNA
sequence labelled with digoxygenin 11-dUTP (detected in green) that hybridize
preferentially to the D-genome chromosomes. (C) In situ hybridization of the total
genomic DNA from Th. intermedium labelled with biotin 16-dUTP (detected in red).
The genomic in situ hybridization could not detect any Th. intermedium-origin

chromosome segments. (D) Overlay of A, B and C images. Bar represents 10um.
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Figure 3.16: Root-tip metaphase chromosomes of the WSMV resistant-line N02Y5106
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) Hybridization pattern of the pSc119.2 DNA sequence
labelled with digoxygenin 11-dUTP (detected in green) hybridizing to B and some A-
genome chromosomes. (C) In situ hybridization of the total genomic DNA from Th.
intermedium labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of Th. intermedium-origin chromosome segments.
(D) Overlay of A, B and C images, alien chromosomal arms with the telomeric
pSc119.2 sites are indicated by arrow. Bar represents 10um.
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Figure 3.17A: Root-tip metaphase chromosomes of the WSMYV resistant-line
NO02Y5109 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the dpTal DNA
sequence labelled with digoxygenin 11-dUTP (detected in green) that hybridize
preferentially to the D-genome chromosomes. (C) In situ hybridization of the total
genomic DNA from Th. intermedium labelled with biotin 16-dUTP (detected in red).
The genomic in situ hybridization allows the detection of Th. intermedium-origin
chromosome segments. (D) Overlay of A, B and C images, alien chromosomal

segments are indicated by arrows. Bar represents 10pum.
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Figure 3.17B: Root-tip metaphase chromosomes of the WSMV resistant-line
NO02Y5109 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) In situ hybridization of the total genomic
DNA from Th. intermedium labelled with digoxygenin 11-dUTP (detected in green) that

allows the detection of Th. intermedium-origin chromosome segments (C) In situ
hybridization of the total genomic DNA from Ae. tauschii labelled with biotin 16-dUTP
(detected in red) allows the detection of D-genome chromosome of wheat. (D) Overlay
of A, B and C images, alien chromosomal segments are indicated by arrows. Bar

represents 10pum.
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Figure 3.18: Root-tip metaphase chromosomes of the WSMYV resistant-line NO2Y5117
or Mace (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the dpTal DNA
sequence labelled with digoxygenin 11-dUTP (detected in green) that hybridize
preferentially to the D-genome chromosomes. (C) In situ hybridization of the total
genomic DNA from Th. intermedium labelled with biotin 16-dUTP (detected in red).
The genomic in situ hybridization allows the detection of Th. intermedium-origin
chromosome segments. (D) Overlay of A, B and C images, alien chromosomal arm are

indicated by arrows. Bar represents 10um.
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Figure 3.19: Root-tip metaphase chromosomes of the WSMV susceptible-line
N02Y5121 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the pT71 clone
labelled with digoxygenin 11-dUTP (detected in green) showing the physical location
of major 45S rDNA sites in wheat. (C) In situ hybridization of the total genomic DNA
from Th. intermedium labelled with biotin 16-dUTP (detected in red). The genomic in
situ hybridization could not detect any Th. intermedium-origin chromosome segments.

(D) Overlay of A, B and C images. Bar represents 10um.
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Population-1V

Figure 3.20: Root-tip metaphase chromosomes of the WSMV resistant-line N02Y5149
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) Hybridization pattern of the pSc119.2 DNA sequence
labelled with digoxygenin 11-dUTP (detected in green) hybridizing to B and some A-
genome chromosomes. (C) In situ hybridization of the total genomic DNA from Th.
intermedium labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of Th. intermedium-origin chromosome segments.
(D) Overlay of A, B and C images, indicating to alien chromosomal arm with telomeric
pSc119.2 sites (arrows) and small secondary segments (arrows head). Bar represents

10pum.
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Figure 3.21: Root-tip metaphase chromosomes of the WSMV resistant-line N02Y5154
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) Hybridization pattern of the pTa794 clone labelled with
digoxygenin 11-dUTP (detected in green) showing the physical location of 5S rDNA
sites in wheat. (C) In situ hybridization of the total genomic DNA from Th.
intermedium labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of Th. intermedium-origin chromosome segments.
(D) Overlay of A, B and C images, alien chromosomal arms are indicated by arrows.

Bar represents 10pm.
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Figure 3.22: Root-tip metaphase chromosomes of the WSMV susceptible-line
N02Y5156 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the pTa71 clone
labelled with digoxygenin 11-dUTP (detected in green) showing the physical location
of 45S rDNA sites in wheat. (C) In situ hybridization of the total genomic DNA from
Th. intermedium labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of Th. intermedium-origin chromosome segments.
(D) Overlay of A, B and C images, alien chromosomal segments are indicated by

arrows head. Bar represents 10um.
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Figure 3.23: Root-tip metaphase chromosomes of the WSMV susceptible-line
N02Y5163 (2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat
chromosomes fluoresces blue with DAPI. (B) Hybridization pattern of the pSc119.2
DNA sequence labelled with digoxygenin 11-dUTP (detected in green) hybridizing to
B and some A-genome chromosomes. (C) In situ hybridization of the total genomic
DNA from Th. intermedium labelled with biotin 16-dUTP (detected in red). The
genomic in situ hybridization allows the detection of Th. intermedium-origin
chromosome segments. (D) Overlay of A, B and C images, alien chromosomal

segments are indicated by arrows head. Bar represents 10pm.

96



Figure 3.24: Root-tip metaphase chromosomes of the WSMV resistant-line N02Y2016
(2n=42) after fluorescent in situ hybridization (FISH). (A) Wheat chromosomes
fluoresces blue with DAPI. (B) In situ hybridization of the total genomic DNA from
Th. intermedium labelled with digoxygenin 11-dUTP (detected in green). The genomic
in situ hybridization allows the detection of Th. intermedium-origin chromosome
segments. (C) Hybridization pattern of the pSc119.2 DNA sequence labelled with
biotin 16-dUTP (detected in red) hybridizing to B and some A-genome chromosomes.
(D) Overlay of A, B and C images, indicating to alien chromosomal arm with telomeric
pScl119.2 sites (arrows) and small secondary segments (arrows head). Bar represents

10pm.
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3.4.3 Size of the alien fragments

Most resistant lines have Th. intermedium chromatin replacing the entire 4DS arm of
wheat chromosome (Figure 3.26 and Table 3.1), and the physical BP lies in the
centromeric regions. However, small alien fragments of variable sizes are seen in both
R and S-lines (Figure 3.20, Figure 3.22). Sometime these fragments are additional to the
4D fragments in R-lines (Figure 3.5). The in situ mapping clearly showed in all 1B
recombinants, the wheat-alien physical BPs involved the distal region of wheat
chromosome (Figure 3.4, Figure 3.5). GISH revealed the sizes of the 1BS Th.
intermedium segments in line NO02Y5018, NO02Y5019, NO02Y5149, NO02Y5156,
N02Y5163, and N02Y2016 that span around 22+3.8%, 22.4+4.6%, 22.5+6%, 20+8%,
18.5+2.5%, and 21+2.9% respectively of the recombinant arm length (Table 3.2).

The Th. intermedium derived segment in line NO2Y5003 is 28.3+4.9% of the
recombinant arm. This is the largest 1B fragments found in any R or S-lines (Table 3.2)
and is followed by N02Y5149 (22.5£6%). Thus potentially the larger fragment carries
more Th. intermedium genes. Several dominant and co-dominant PCR markers also
reconfirmed the FISH results (Chapter 1V). Field resistance screen also show line
N02Y5003 is moderately resistant compared to 4D resistant lines. However, line
N02Y5149 that carries both 4D and 1B Th. intermedium chromatin is highly resistant
compared to any other lines that carry 4D or 1B alone (Figure 3.1A&B). Therefore, it is
very probable that the resistance in wheat lines NO2Y5018, and N02Y2016 may be
conditioned by the 4D alien arm alone rather than the 1BS. On the other hand, line
N02Y5109 has Th. intermedium chromatin substituting around 42.9+2.5% of the 3D
long arm. The maximum possible size of the proximal wheat arm was estimated to be
57%. Thus in all recombinant, the wheat-alien chromatin exchange involved the distal
ends of wheat chromosomes (Table 3.2).

3.4.4 Confirmation of the recombinant chromosomes

3.44.1 Chromosome 1B

GISH revealed small Th. intermedium fragments at the distal end of 1BS wheat
chromosome in several R and S-lines (Table 3.1). This recombinant wheat chromosome
has no dpTal sites but showed conspicuous sites of both 5S and 45S-rDNA, proximal to
the mapped alien chromatin (Figure 3.25). In addition, two pSc119.2 sites are evident
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on the long arm of this chromosome, while the third on the short arm. This recombinant
chromosome was confirmed as 1B, and the translocation as 1Ai#1S-1BS.1BL (Fig.
3.25).

3.4.4.2 Chromosome 3D

In situ hybridization was carried out to ascertain the presence of alien chromatin in the
WSMV-resistant line NO2Y5109. A pair of wheat chromosomes showed Th.
intermedium chromatin on the long arm distally (Figure 3.17A). This recombinant
chromosome was confined to the D-genome of wheat, by labelled Ae. tauschii genomic
DNA probe (Figure 3.17B). This fragment is larger in size than the fragments of 1B
recombinants (Table 3.2). Both 5S and 45S-rDNA do not show hybridization to this
chromosome, and a single pSc119.2 site is seen on the small arm in some metaphases.
Furthermore, three dpTal sites are seen on the small arm of wheat origin, the two distal
among these sites are the most prominent among the D-genome chromosomes (Figure
3.17). The observed banding pattern, when compared with the standard karyotype

(Mukai et al., 1993) confirms this recombinant chromosome as 3D (Figure 3.25).

3.4.4.3 Chromosome 4D

Dual colour FISH using Th. intermedium genomic and other highly repeated DNA
probes (section 2.2.9) allowed the identification of a small arm of Th. intermedium
translocated onto the chromosome 4D of wheat (for example see Figure 3.10). The
recombinant chromosomal arm of wheat origin is characterised by its dpTal banding
pattern, and neither 5S, 45S-rDNA or pSc119.2 show hybridization to the recombinant
chromosome. It shows a centromeric Afa or dpTal site, and four other dpTal sites that
are maintained on the long arm of this recombinant chromosome (Figure 3.26). This
translocation was confirmed as 4Ai#2S.4DL as mentioned in Friebe et al., (2009) for

some other WSMV-resistant lines.
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Table 3.2: Mean alien to wheat arm length ratios, calculated from ten randomly
selected recombinant chromosomes.

Population Line Rec. Final % mean % estimated Standard
chromosome | rating | alien arm wheat arm deviation
Pop-I N02Y5018 | 1B R 22.0 78.0 3.4
NO2Y5019 | 1B S 22.4 77.6 4.6
NO2Y5003 | 1B R 28.3 71.7 4.9
Pop-I1II N02Y5109 | 3D R 42.9 57.1 2.5
Pop-1V N02Y5149 | 1B R 22.5 77.5 6.04
NO2Y5156 | 1B S 20.0 80.0 8.08
NO02Y5163 | 1B S 18.5 81.5 25
NO2Y2016 | 1B R 21.0 79.0 2.9

Rec. chromosome = indicating to the recombinant wheat chromosome, where alien fragments of less than
the whole arm were observed.

Final rating = field evaluation response of a line to WSMV in trails (Divis et al., 2006).

% mean alien arm = proportion of alien to corresponding wheat chromosomal arm in percent.

% estimated wheat arm = represent the difference of total arm length and the identified alien fragments in
percent.
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Normal wheat Recombinant wheat Normal wheat Recombinant wheat
1B 1B 3D 3D
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Th. intermedium DNA
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5S tDNA 45S rDNA pScl19.2
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- =pScll9.2 - =5S rDNA - =45S rDNA - =Afa/dpTal =Th. intermedium

Figure 3.25: Identification and schematic representation of normal and recombinant
wheat chromosome 1B and 3D. (A) Sketch of the normal wheat chromosome 1B (left)
showing the unique arrangement of 5S (green) and 45S (brown) rDNA sites along with
pScl119.2 (blue). The recombinant wheat chromosome 1B (right) shows identical
banding pattern of 5S, 45S rDNA and pSc119.2, except the distal wheat region above
the 5S and 45S of the small arm is lost due to translocation with Th. intermedium
chromatin (yellow), indicated by arrow. (B) Sketch of the normal wheat chromosome
3D (left) showing three dpTal sites on the small arm and two on the long arm. The
recombinant wheat chromosome 3D (right) is identified by genomic DNA from Ae.
tauschii, the D-genome donor (not shown) and Th. intermedium together with dpTal
sequence. The dpTal sites on the short arm of the recombinant 3D are retained, while
distal two dpTal sites from the long arm are lost and replaced by Th. intermedium

chromatin (yellow), indicated by arrow.
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Figure 3.26: Identification and schematic representation of normal and recombinant
wheat chromosome 4D and Th. intermedium chromosome 4Ai#2. (A) Sketch of the
normal wheat chromosome 4D (left) showing a characteristic banding pattern of dpTal
(red) along the chromosomal arms. The long wheat-origin arm in this recombinant
chromosome (right) is characterized by four dpTal sites. While the Th. intermedium-
origin chromosomal arm (yellow) is characterised by genomic DNA from Th.
intermedium along with a centromeric Afa/dpTal (red) and telomeric pSc119.2 site
(blue), indicated by arrow. (B) DAPI stained 4Ai#2 chromosome of Th. intermedium
(left). This chromosome harbours the WSMYV resistance gene(s) and the small arm of
4Ai#2 chromosomes is used as a source of resistance (arrow). This chromosome is
characterised by a strong centromeric Afa/dpTal (red) and terminal pSc119.2 sites
(blue) on the small arm. Weak signals of both Afa/dpTal and pSc119.2 are also seen on

both arms.
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3.5 Discussion

3.5.1 Characterization of novel sources for WSMV-resistance

Physical localization of chromosomal BPs along the 1BS, 3DL and 4DS arms in lines
carrying the WSMV-resistance genes was investigated by means of GISH combined
with highly repeated DNA sequences (section 2.2.9). Previous in situ hybridization and
C-banding analysis of wheat-Th. intermedium hybrid lines mapped the WSMV-
resistance gene to Th. intermedium chromosome group-7 long arm, 2J° and more
recently to 4Ai#2 small arm. Lines incorporating 4Ai#2 segments are currently used in
cultivar improvement as the other two sources previously lack the compensating
translocation (Friebe al. 1996, Chen et al., 1999a, Friebe al. 2009). However, Liu et al.,
(2011) have recently reported a Robertsonian translocation in the group-7 lines. The
incorporation of alien derived WSMV-resistance in wheat is of utmost importance.
However, the potential of alien genes cannot be fully exploited due to different crossing
barriers in wide crosses (Mujeeb-Kazi and Hettel, 1995). The results reported here,
support the readily crossing nature of Th. intermedium with wheat (Table 3.1) and agree
with the findings of Li and Wang et al., (2009).

Resistance to WCM alone reduces the incidence of WSMV and prevents losses
of wheat yields (Harvey et al., 2003, Harvey et al., 2005, Martin et al., 1984). To date,
Wsm1 and Wsm2 are the only genes used in bread wheat improvement. However, Wsm1
is effective against the virus its vector and (Friebe et al., 2009, Li and Wang et al.,
2009). Biotypes of WCM are reported to have overcome the resistance conditioned by
the host gene (Hein and 2010). Using genomic DNA from Th. intermedium, the size of
alien chromatin was detected (Table 3.1). These recombinant chromosomes were then
targeted with repetitive DNA probes (section 2.2.9). The dpTal and pScl19.2
sequences are widely used wheat cytogenetic research due to its high copy number and
polymorphic location along the chromosomes (Vershinin et al., 1994, Contento et al.,
2005). Both have previously been useful for describing and identifying chromosomes of
wheat as they produce multiple hybridization sites on most chromosomes (Rayburn and
Gill 1986, Mukai et al., 1993, Castilho et al., 1996, Graybosch et al., 20009,
Schwarzacher et al.,, 2011). Afa and dpTal hybridize well to the D-genome
chromosomes (Rayburn and Gill, 1986, Anamthawat-Jonsson and Heslop-Harrison,
1993 and Figure 3.10) while pSc119.2 detects the B and some of the A-genome

103



chromosomes (Contento et al., 2005 and Figure 3.3). The correct identification of
recombinant chromosomes was made easy by the use of genomic DNA from Ae.
tauschii as a probe, which labelled the D-genome (Figure 3.17B). Additional
information was gained by simultaneous and sequential use of different probes on the
metaphase chromosome spreads. Up to four different probes were visualised on the
same metaphase, and has given more information than individual probes in different
metaphases. Thus re-probing enhances the usefulness of repetitive DNA, to be used as
markers for identifying the recombinant chromosome. The observed banding pattern of
dpTal and pSc119.2 in the recombinant chromosomes is in general agreement to that of
Mukai et al., (1993), Castilho et al., (1996), Pedersen and Langridge (1997) and
Biagetti et al., (1999). Hence, it was easy and fast to distinguish the recombinant
chromosomes. Here the previously characterised effective source of WSMV-resistance
was reconfirmed in the form of 4Ai#2S.ADL translocation (Friebe et al., 2009,
Graybosch et al., 2009, Fahim et al., 2011b) and report two novel sources of resistance

in the form of recombinant 1B and 3D wheat chromosomes (Table 3.1).

3.5.2 Cytogenetic basis and significance of the diverse sources of WSMV

resistance

3.5.2.1 Recombinant chromosome 4D

The identification of 4D recombinants was relatively straight forward, as most of the
currently used WSMV-resistant lines carry the 4Ai#2 chromosome in the form of
4Ai#2S.4DL translocation (Seifers et al., 1995, Divis et al., 2006, Graybosch et al.,
2009, Fahim et al., 2011). The reference resistant lines also had alien material in the
form of 4Ai#2S.4DL translocation (Figures 3.2-3.3 and Table 3.1). The successful
transfer of 4Ai#2 small arm of Th. intermedium in the form of 4Ai#2S.4DL
translocation dates back to Wells and his co-workers (Wells et al., 1973, 1982). Since
then several lines with smaller Th. intermedium fragments on 4DS have been reported
(Friebe et al., 2009). This represents the vastly exploited source of WSMV-resistance
which is widely spread across the wheat growing world (Wells et al., 1973, Seifers et
al., 1995, Baley et al., 2001, Fedak et al., 2001, Chen et al., 2003a, Cox et al., 2002,
Divis et al., 2006, Haber et al., 2007, Friebe et al., 2009, Graybosch et al., 2009).

The banding pattern of dpTal along the long arm of 4Ai#2S.4DL recombinant
chromosome provides the basis for its cytogenetic characterization (Figure 3.26 and
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section 3.4.4.3). Often all the four dpTal sites are not distinct (see Figure 3.18).
However, several GISH experiments combined with repetitive DNA probes (section
2.2.9) allowed identifying the recombinant chromosome as 4Ai#2S.4DL translocation.
The observed banding pattern of the 4DL is identical to that of Mukai et al., (1993) and
Pedersen and Langridge (1997). Several published reports describing the significance of
this translocation are available in the literature (Friebe et al., 1991, Divis et al., 2006,
Graybosch et al., 2009, Schwarzacher et al., 2011). Further, no 4D recombinants with
smaller Th. intermedium chromosomal segments or heterozygotes were observed.

The presence of centromeric Afa/dpTal sites (Figure 3.10 also see insert in
Figure 3.11) and telomeric pSc119.2 (Friebe et al., 1991 and Figure 3.20) allowed us to
further dissect this alien arm harbouring the Wsm1 gene and map cytogenetic markers
for this arm. The strategy was efficient not only for the detection of physical BP in 4D
recombinant lines, but also in identifying the alien arm carrying the Wsm1 gene in the
wild Th. intermedium genome (Figure 3.26). Centromeres are specialized regions of the
plant chromosomes, composed mainly of satellite repeats and centromeric
retrotransposons (Ma et al., 2007, Heslop-Harrison, 2000a, Heslop-Harrison and
Schwarzacher, 2011a). They are responsible for sister chromatid cohesion, kinetochore
assembly and spindle fibre attachment during cell division (Dong et al., 1998, Miller et
al., 1998, Schwarzacher, 2008, Mutti et al., 2010). Large segmental duplications,
deletions and rearrangements of centromeric DNA seem common processes governing
the evolution of centromeres (Mutti et al., 2010, Heslop-Harrison, 2000a, Ma et al.,
2007). The repetitive DNA family, Afa/dpTal sites were physically mapped to the
centromere of the Wsm1 carrying arm in both Th. intermedium and hybrid wheat lines
(Figure 3.10, Figure 3.26). This reveals the active role and involvement of Afa/dpTal as
a possible hotspot in this recombination. However, no further evidence is available at

this time and the need of future research in this regard is encouraged.

3.5.2.2 Recombinant chromosome 1B

Often small alien fragments, additional to the 4Ai#2S.4DL chromatin were observed in
the form of 1Ai#1S-1BS.1BL translocation (Table 3.1). The sizes of these fragments
vary considerably between R and S-lines (Table 3.2) and their origin is not clear (see
below). However, these fragments always involved the distal end of wheat

chromosomes in the recombination, although the individual break points are scattered
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along the 1BS arm in different wheat lines (Table 3.2). These results suggest the
existence of several recombination hot spots in the distal 30% small 1BS of wheat (see
Chapter V).

To date the value of 1BS in relation to WSMV-resistance is unknown. Although
among the seven homoeologous groups, the group-1 of wheat are well understood due
to important wheat genes (Mclntosh et al., 2010, Reddy et al., 2008) including at least
22 genes and QTL on 1B chromosome that confer disease resistance (Peng et al., 2004).
The main reason that makes breeding for resistance an attractive approach is, to stack
useful genes. The newly characterised WSMV-resistance in line NO2Y5003 (Figure 3.9)
Is representing only 28.3+4.9% of the recombinant 1BS (Table 3.2). It is effective
alone, but has the potential for further exploitation. It can be combined with other
known 4D (Graybosch et al., 2009) or the newly identified 3D (Figure 3.17 and below)
resistances to achieve the desired goals of deploying combinations of effective genes.
Nevertheless, its direct utilization as a WSMV-resistant line and breeding with other
elite germplasm should improve the durability of WSMV-resistance in commercial
wheat cultivars.

With exceptions mainly two lines, KS91H184 and KS91H174 have been used as
sources of introducing alien WSMV-resistance for almost 40-years (Wells et al., 1973,
also see Table 2.3) and several WSMV-resistant cultivars have been released
(Graybosch et al., 2009, Mutti et al., 2011). However, surprisingly the presence of
multiple alien fragments in relation to WSMV or its presence on chromosome 1B or 3D
has never been reported in literature. These fragments are present in two different
populations (see pedigree of lines M&M chapter). The only common elements of the
two pedigrees are the cultivar Rio Blanco, and the donor sources of the WSMV
resistance, KS91H184 and the related line KS91H174. Rio Blanco was developed by a
private firm, and the known pedigree is OK11252A/W76-122. The two parents were
experimental breeding lines of which no information is publicly available. Thus, the 1B
fragment might be originated from one of these donor varieties. But the precise origin
of these two resistant selections, unfortunately, is unknown (Graybosch personal

communication).
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3.5.2.3 Recombinant chromosome 3D

Field trials rated line NO2Y5109 as a consistently resistant line (Graybosch personal
communication). The GISH results also revealed the basis of this effective resistance is
associated with 42.9+2.5% of the Th. intermedium chromatin, replacing the distal end of
wheat 3DL (Figure 3.17A&B). Some important genes, including the R genes and the
stripe rust resistance gene Yr45 have been mapped on the long arm of 3D (Devos et al.,
1992, Li et al., 2011). R genes control the red grain colour trait and lie on the long arms
of homoeologous group-3. R genes are also associated with seed dormancy and have a
role in pre-harvest sprouting, which is a serious constraint to grain quality in the
temperate wheat-growing world (Devos et al., 1992). At the moment no direct evidence
is available, whether any of these genes are lost during translocation. However, this
alien chromatin has a smaller size and is represented by 42.9+2.5% of the recombinant
wheat arm (Figure 3.17A and Table 3.2). Studies conducted to investigate the negative
agronomic and end use quality traits linked with this alien fragment could discover none
(Divis et al., 2006). Furthermore, this line germinates as good as any other bread wheat
cultivar (personal observation) and therefore, it was assumed that these important genes
are being maintained. However, some of these potentials may be attributed to 3Ai#1
segments of Th. intermedium. Previously, 4Ai#2s fragments of Th. intermedium have
been described to provide benefits alone (Divis et al., 2006, Friebe et al., 2009,
Graybosch et al., 2009, Schwarzacher et al., 2011). This is also a novel compensating
translocation and this resistance can be easily transferred to any other elite germplasm.

Before the in situ hybridization, no genetic information was available about the
recombinant chromosomes 1B or 3D. Approaches using only molecular markers would
have required testing of various dominant and co-dominant markers along the 21 pairs
of chromosome arms until polymorphism was seen. However, through in situ
hybridization, it was easy to target and confirm the recombinant chromosomes.
Molecular markers were then applied for the presence of alien material and
characterization of BPs along the recombinant 1BS. Thus cytogenetic basis of resistance
provided ground for molecular approaches. These results will be discussed in chapter
V.
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3.5.3 Negative impacts and chromosomal location of WSMV-resistance genes

Many of the present day WSMV-resistant, wheat cultivars have benefited from Wsm1
of 4Ai#2 origins. However, lines that initially carried Wsm1 were associated with
undesirable traits, such as yield and bread-making qualities (Baley et al., 2001, Sharp et
al., 2002). Wild relatives that often provide diverse sources of resistance, are sometimes
associated with some undesirable traits of yield (Seifers et al., 1995, Qi et al., 2010)
segregation distortion (Zhang and Dvorak, 1990, Prins et al., 1997, Sibikeeva et al.,
2004) and flour colour (Ayala-Navarrete et al., 2007). However, when the undesirable
traits are linked to large alien chromatin, it can be successfully shortened by
chromosomal engineering while still retaining the genes of interest (Ayala et al., 2007,
Qi et al., 2007, Friebe et al., 2009).

Major segregation distortion loci exist on wheat chromosome 4D (Fans et al.,
1998). Similarly, pairing anomalies in lines carrying alien chromatin are also not rare
(Sibikeeva et al., 2004). Coincidence of the presence of multiple Th. intermedium
fragments on chromosome 1B and 4D (see Table 3.1 and Figure 3.20) and the gain of
terminal pSc119.2 sites by the small Th. intermedium chromosomal arm, involved in 4D
recombination (Figure 3.3) was ample to assume the existence of a reciprocal
translocation between chromosomes 1B and 4D (Table 3.1). However, subsequent
control FISH experiments involving Th. intermedium and 4D recombinants lines alone,
confirmed the smaller alien fragments are derived from Th. intermedium chromosome,
other than the small arm of 4Ai#2 (compare Th. intermedium arms in Figure 3.16 and
Figure 3.26B). A similar description of the small Th. intermedium arm with terminal
pScl119.2 sites in wheat-Thinopyrum addition lines is available in Friebe et al., (1991).
Furthermore, no pairing imperfections were associated in lines carrying the
4Ai#2S.4DL chromatin of Th. intermedium in the current study (see insert in Figure
3.11D and chapter V).

Nothing is known about exact location of the group-4 derived alien Wsm1 gene
(Qi et al., 2007, Fahim et al., 2011). However, Friebe et al., (2009) physically mapped
the Wsm1 gene by reducing the size of 4Ai#2 chromatin into the distal 20% of the
4Ai#2S.4DL arm. In the current study, breeding lines that retained the distal 20% of 1B
Th. intermedium fragments were rated susceptible and have shown characteristic
symptoms of WSMV (Table 3.2, Graybosch personal communication). No known
WSMV-resistance genes have been previously mapped to wheat chromosome 1BS or
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3DL (see Figure 3.25 and above). Therefore, these are potentially novel WSMV-
resistance genes, and these new genes are designated as Wsm4 and Wsmb5 for the group-
1 and group-3 origin fragments of Th. intermedium respectively. Different PCR markers
were applied and it also supported the different origin of these resistances (see Chapter
IV). The results shown here also indicate, these new WSMV-resistance genes would lie
at the distal ends of Th. intermedium to be translocated (comparing Figures 3.25 and
3.26) and span around 28.3+£4.9% and 42.9+2.5 regions of the recombinant arms (Table
3.2). However, it was difficult to estimate the exact size of these fragments after GISH
due to the complex nature of the experiment. Strongly labelled Th. intermedium DNA
may fluoresce much brighter, and may result in overestimation of the fragment size than

it may exist in real (Lukaszewski et al., 2005).
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CHAPTER IV: MOLECULAR APPROACHES TO DETECT ALIEN
CHROMATIN AND MAP THE NOVEL WSMV-RESISTANT GENE

ON WHEAT CHROMOSOME 1B

4.1 Introduction

Despite the critical role of cultural practices and chemicals in reducing the incidence
and severity of Wheat streak mosaic virus (Slykhuis, 1955, Thomas and Hein, 2003, De
Waard et al., 1993, Coutts et al., 2008) deployment of WSMV-resistant cultivars is the
most effective, economical and environmentally safe strategy for controlling the disease
(see Graybosch et al., 2009, and section 3.2.1-3.2.3).

In breeding programmes, not only the transfer of alien chromatin but also the accurate
identification the desired genes makes the introgressed alien material more attractive
and readily available to be transferred into acceptable wheat backgrounds (Gill and
Raupp, 1987, King et al., 1993, Forsstrom et al.,, 2002, Harper et al., 2011,
Schwarzacher et al., 2011).

A number of novel Th. intermedium derived WSMV-resistance sources were
characterised after a thorough cytogenetic screening using GISH (Chapter III).
Conventional exploitation of the introgressed alien material would involve hybrid
populations of acceptable wheat lines with the newly identified sources of WSMV-
resistance (Table 3.1). Further exposure to suitable stress, screening by phenotype and
finally re-confirmation by cytological procedures such as GISH (Schwarzacher et al.,
1989, Seifers et al., 1995, Divis et al., 2006, Wang et al., 2010, Heslop-Harrison and
Schwarzacher 2011b). Thus, breeding a new wheat variety may take up to 4-8 years,
and even then the release of an improved variety cannot be guaranteed (Borlaug 1983).
Therefore, conventional breeding and subsequent characterization of an improved
germplasm is rather a slow and time-consuming process (Perry, 2004, Carvalho et al.,
2009, Mangini et al., 2010). It requires time and resources that are generally beyond the
limits of most breeding programs. Thus, the practical utilization and efficacy of the
resistant sources is always minimized (Talbert et al., 1996, Reddy et al., 2008, Liu et
al., 2011).
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On the other hand, phenotype is the interaction of genotype with environment
and epidemics of WSMV are strongly influenced by environmental stimuli (Christian
and Willis 1993, Coutts et al., 2008 and section 3.1.2). Therefore, selection purely
based on phenotypic traits may result in inaccurate selection (Wang et al., 2010, Talbert
et al., 1996, Prasad et al., 2000). Strategies involving the deployment of wheat cultivars
with multiple or combinations of effective genes “stacked” together are more valued in
protecting against diseases (Ayala et al., 2007, Wang et al., 2010, Liu et al., 2011).
However, this practice relies on the availability and adequate prior knowledge of a
range of resistance genes (Larkin et al., 1995, King et al., 1997a, Singh et al., 2008a,
Singh et al., 2008b, Singh et al., 1998, Scholz et al., 2009, Mclintosh et al., 2010).
Successful deployment of several genes should prolong the resistance and make it more
durable, as it greatly reduces the probability of simultaneous mutation in the pathogen
and also lessens the selective pressure of using the same resistant gene (Li and Wang,
2009, Li et al., 2011, Qi et al., 2003, Mujeeb-Kazi and Hettel, 1995).

In practice, benefits of desired genes are multiplied by tagging them in a hybrid
background (Ayala et al., 2001, Cato et al., 2001, Peng and Lapitan, 2005, Talbert et al.,
1996, Wang et al., 2010).Therefore, inexpensive and reliable molecular tagging
approaches are required, especially when screening large segregating populations in the
early generations (Divis et al., 2006, Graybosch et al., 2009, Mangini et al., 2010).
Molecular markers (MMs) particularly, PCR-based markers provide a powerful and
diagnostic approach and has renewed optimism among plant breeders (Heslop-Harrison,
2000a, Saeidi et al., 2008, Collard and Mackill, 2008, Chee et al., 2005). PCR markers
are numerous in every genome and can be selected to be polymorphic, stable and
reproducible (Roder et al., 1998b, Rdder et al., 1998a, Talbert et al., 1996, Cato et al.,
2001, Korzun, 2002, Todorovska et al., 2005, Todorovska et al., 2001). They are
neither affected by the tissue, developmental stages nor by environmental factors
(Prasad et al., 2000, Perry, 2004). In addition, the transferable nature and reliability of
PCR based MMs in diverse backgrounds, makes them powerful tools for marker-
assisted selection (MAS) breeding programs and other screening or mapping studies
(Ganal and Rdder, 2007, Roder et al., 1998a, Reddy et al., 2008, Gadaleta et al., 2009).
Hundreds of genotypes may be assessed and cultivars with desired traits may be
selected in minimal time at low costs (Collard et al., 2008, Reddy et al., 2008, Mangini

et al., 2010). Therefore, MAS-breeding allows registration of new germplasm and its
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subsequent availability to wheat growers in a short period of time (Perry 2004, Divis et
al., 2006, Graybosch et al., 2009, Mutti et al., 2011).

The usefulness of various MMs for mapbased cloning and MAS-breeding
depends upon their proximity to the target genes (Song et al., 2005). Fortunately, many
of the important wheat or alien derived genes in wheat backgrounds have been tracked
with closely or completely linked MMs and has radically improved gene pyramiding
and MAS breeding approaches (see King et al., 1993, Talbert et al., 1996, Ayala et al.,
2001, Somers et al., 2004, Reddy et al., 2008, Li et al., 2010, Wang et al., 2010, Liu et
al., 2011, Fahim et al., 2011).

A number of MMs, most of them PCR based including restriction fragment
length polymorphism (RFLPs), random amplified polymorphic DNAs (RAPDs),
amplified fragment length polymorphism (AFLPs), simple sequence repeats (SSRs) or
microsatellites, expressed sequence tag sites (ESTs), single nucleotide polymorphism
(SNPs), resistance gene analog polymorphism (RGAP), retrotransposon-microsatellite
amplified polymorphism (REMAPS) and inter-retrotransposon amplified polymorphism
(IRAPs) have been developed over the years and are applied to cereal research (see
Korzun 2002, Todorovska et al., 2005, Collard et al., 2008). However, because of the
higher levels of polymorphism, low cost, known map locations and reliable
amplification, ESTs and SSRs are the most frequently used MMs.

ESTs are fragments of cDNA sequence complementary to mRNA and represent
parts of expressed genes. Thus, ESTs provide a short cut for new gene discoveries and
therefore, are very informative in gene tracking (Adams et al., 1991, Peng et al., 2004).
However, because of their conserved nature, genetic mapping with ESTs alone may
show low levels of polymorphism (Gao et al., 2004, Qi et al., 2007, Xue et al., 2008, Qi
et al., 2004). On the other hand, SSRs or microsatellites are sequences of 1-6bp in
length, consisting of tandem repeats. They are co-dominant markers and show
Mendelian inheritance (Roder et al., 1998a, Roder et al., 1993, Morgante et al., 2002,
Guyomarc'h et al., 2002). Unlike ESTs, they show high levels of polymorphism and
therefore, are well suited for mapping studies. They could detect even the low levels of
intra specific polymorphism in inbreeding species (Rdoder et al., 1998a, Sourdille et al.,
20044, Sourdille et al., 2001, Somers et al., 2004).

Although, natural resistance provides an attractive control strategy against
WSMV (Friebe et al., 1991, Talbert et al., 1996, Divis et al., 2006, Graybosch et al.,
2009, Schwarzacher et al., 2011), the transfer of WSMV-resistance to agronomically
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acceptable germplasm has been relatively slow, mainly due to two reasons. First, due to
scarcity of diverse and effective WSMV-resistance in wheat backgrounds i.e. wheat
lines with effective alien derived resistance (see section 3.2.3). Secondly the laborious
screening procedures, that must be carried out after successful introgression to test a
line under disease pressure (Borlaug, 1983, Ayala-Navarrete et al., 2009, Divis et al.,
2006, Mujeeb-Kazi and Hettel, 1995).

MMs as described above, offer a time and cost effective screening opportunity
to monitor the transfer of WSMV-resistance, since it relies only on identified markers
linked to the resistant gene. Therefore, it does not require rearing of the pathogen or
exposure of wheat lines to disease pressure etc. Breeding lines with potential WSMV-
resistance can be screened and selected at seedling stage without difficult pathological
tests (Talbert et al., 1996, Chen et al., 1998a, 1998b, 2003, Lu et al., 2011, Fahim et al.,
2011). However, most of the known markers are linked to Wsm1 and detect resistance
derived from 4Ai#2 chromosome of Th. intermedium only (see below).

Earlier effective WSMV-resistance was associated with two novel wheat-Th.
intermedium recombinants to the homoeologous group-1 (1BS) and group-3 (3DL)
along with other sources carrying the known group-4 resistance (see Chapter 111). The
aim of this study was to identify potential markers for WSMV-resistance screening,
confirm the origin of 1BS and 3DL resistance as novel resistances, and determine the
molecular breakpoint (BP) as well as loss of any important genes from the 1BS

recombinant lines.

4.2 Materials and Methods

4.2.1 DNA extraction, PCR amplification and gel electrophoresis

Details of the DNA extraction, PCR amplification and gel electrophoresis are given in
M&M chapter II.

Polymorphic PCR markers were applied for genetic mapping and monomorphic
markers were used to assess the polymorphism. Markers that could amplify DNA from
Th. intermedium or wheat alone, were considered dominant and those that showed
polymorphism between the two were considered co-dominant markers. List of markers
(often referred to as primer pairs) applied are given in Tables 4.1, 4.2 and 4.3.

Nucleotide sequence of the previously known and newly identified markers detecting
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Th. intermedium alien fragments along with their melting temperature, source and
polymorphism levels are given as Table 4.1 and Table 4.2, while those for BP mapping
of the 1BS recombinants are given in Table 4.3.

All 64-markers (100%) tested in this study successfully amplified one or more
loci from wheat and/or Th. intermedium. However, some markers that were previously
reported polymorphic for Th. intermedium and ‘Chinese Spring’ wheat were not useful
for the material used here (see Table 4.1). Most of the markers used here are available
in the public domain at GrainGenes database (http://wheat.pw.usda.gov). However,
nucleotide sequences for some of the publically unavailable Gatersleben Wheat
Microsatellites (GWM) markers were kindly provided by Marion S. Réder (IPK,

Gatersleben Germany).
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Table 4.1: List of published PCR markers, their melting temperature (T,) and product sizes applied for detecting Th. intermedium chromatin.

Product size

Polymorphism

Sr# Marker name Primer sequences Tm (°C) . L Source/reference
(bp) information
F: GTAGCAGGGGAAGCTGAAGA . Talbert et al., 1996.
1 STSIS | B CCGAGCTCACACGCTAATTT 60 420 Dominant 4D marker |\ o ed 1o group-4 of Th. intermedium)
F: GCCCTGCCATTGATCCCAAGCTG . Zhang et al., 2002
2 SCM4 R: TGGGCCAGGTCTTTCAGGTGACG 60 1300 No polymorphism (Iinkegd to group-2 of Th. intermedium)
F: TGCTCAATAAGAACTGGCAGAACG . i et al., 2007. (Linked to group 4 of Th. intermedium and
3 BG263898 R: GGAATCACAACTCAGGGGAAACAG 56 310 No polymorphism \?vas used withomgt restrictio?w enfyme digestion)
F: CTTAACTTCATTGTTGATCTTA . Kong et al., 2009
4 Bav3 R: CGACGAATTCCCAGCTAAACTAGACT 52 206 &288 | No polymorphism (Iinkged to group-7 of Th. intermedium)
F: AGATGGATGGTGCCTGACT . Gao et al., 2009
5 BE404744 | B AACCTCGTCTACTGCTTCG 54 - No polymorphism (linked to Bdv2 group-7 of Th. intermedium)
6 P4 F: TGACTCCAGCATTTTATGGGTG 48 500 Some polymorphism Wang et al., 2010. _ )
R: CAACATGACAAGTGTCGGTTCCT (Linked to group-2 of Th. intermedium)
7 P85 F: GCAAACCCTGTATCACTAAAG 53 i No polymorphism Wang et al., 2010. _ )
R: CAATCATGGCTCCAATAAGT (Linked to group-2 of Th. intermedium)
8 P91 F: TGTCATCCAACCATAGCAGAG 55 i No polymorphism Wang et al., 2010. _ )
R: TCGACCAGCACCATCGA (Linked to group-2 of Th. intermedium)
9 P93 F: CCATTGCCAAGGGCTGTA 58 i No polymorphism Wang et al., 2010. _ )
R: TCTTCACGCCGCTTGTTG (Linked to group-2 of Th. intermedium)
10 P31 F: TGGTGAATCTACAGCAGAAAAG 54 i No polymorphism Wang et al., 2010. _ )
R: GTGGCGTGGTTTACCTTCT (Linked to group-2 of Th. intermedium)
1 P36 F: GTCCGCCGTCAATGTCAAG 60 i No polymorphism Wang et al., 2010. _ )
R: GCCCGAACGGAGCAGTAGT (Linked to group-2 of Th. intermedium)
12 P96 F: GGCGAACAACTACTACCGTG 55 No polymorphism Wang et al., 2010. _ )
R: CAAGTAGCCCAGGGAGGAG (Linked to group-2 of Th. intermedium)
F: ATTGCTGATGACGCTGTTAT . Wang et al., 2010.
13 Por R: CTTCTCGTTGTCTTGGGTT 56 ~750 No polymorphism (Linl?ed to group-2 of Th. intermedium)
14 P68 F: TGTGCTAACTGGGCAAAACC 55 ~500 No polymorphism Wang et al., 2010. _ )
R: GAAGGCAAACGAACTCATAAA (Linked to group-2 of Th. intermedium)
15 P73 F: CGCACCACAGTTCAGCA 53 i No polymorphism Wang et al., 2010. _ )
R: CACATCGCAGGAGCAGA (Linked to group-2 of Th. intermedium)
16 P41 F: AGATAACGGTGGTGAAATG 54 i No polymorphism Wang et al., 2010. _ )
R: TGGAAGTAAAGGTAGGCTC (Linked to group-2 of Th. intermedium)
17 P17 F: CTTAGAAGTAGCCCAGCAACG 59 i No polymorphism Wang et al., 2010. _ )
R: GACTCGCAGCAGGCAAAA (Linked to group-2 of Th. intermedium)
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Table 4.1: continued

Marker

Product size

Polymorphism

Sr# Primer sequences Tm (°C) . S Source/reference
name (bp) information
18 577 F: AGCCACGAGCAGAAGAGCAC 60 ] No bolvimorohism Wang et al., 2010.
R: GAGGGCGTCGCTGTCCA pofymorp (Linked to group-2 of Th. intermedium)
19 579 F: AAAATGAAACATCTCCTCGC e 520 No bolvimorohism Wang et al., 2010.
R: AGTCAAATAACACAACCAATAAG polymorp (Linked to group-2 of Th. intermedium)
F: GCTTCTCCCCCTTCTGTAAT . Wang et al., 2010.
20 P8o R: GCAGCCAAACGAATAGTCAG 55 - No polymorphism (Linked to group-2 of Th. intermedium)
F: CACAAGGCACAAGCAGAAAA : Fahim et al., 2011.
21 WSRZ | B GTGAGCAAAGGAAGGACTGC 60 239 No polymorphism (Linked to group-4 of Th. intermedium)
F: GTTTCATGCAGATTGGCCTT ~250 : Fahim et al., 2011.
22 WSR9 | R TGTTAGGTCGTCCGATAGGG 60 ~320 Dominant 4D & 1B marker |\ i\ o4 to group-2 and 4 of Th. intermedium)
F: TCCCGGTACTTATCGAGGTG . Fahim et al., 2011.
23 WSRIL | R CCGCAAGTCTTACTGCAACA 60 200 Dominant 4D marker (Linked to group-4 of Th. intermedium)
F: TACCAATGTCTTCAGCTGCG . Fahim et al., 2011.
24 WSRI7 | R, ACTGCTCCTCCGTCTCAAAA 60 220 Dominant 4D marker (Linked to group-4 of Th. intermedium)
F: TGTTGTGACCAGTAGTGCTGC 1300 . Fahim et al., 2011.
25 WSRB5 | k. CCTCAAAAGCTGCTACGACA 60 Dominant 4D marker (Linked to group-4 of Th. intermedium)
26 CL167 F: CGGAAGGACTTCATCATCATTTGT 66 200 No bolvmoronism Fahim et al., 2011.
R: CCTCTGCTGCTTCTCCTTCTCAG polymorp (Linked to group-2 and 4 of Th. intermedium)
*1  No polymorphism: refers to when obtained PCR products were not correlated to the presence or absence of Th. intermedium chromatin as identified by GISH (Chapter

111), Dominant 1B or 4D marker: refers to amplified products from specific Th. intermedium chromatin present on 1B or 4D only.
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Table 4.2: Details of newly identified polymorphic markers that show polymorphism between WSMV -resistant and susceptible lines.

EST

Sri# Marker accession/ Primer sequences 'Io'm Expegted product Chrpmosome Source/Definition/ Bin map position

name description (°C) size (bp) assignment

*1 F: CCTAAACCCTAAACCCTAGAC N . .
27 Xpsp2530.1 EST R TTCTCACCCAACCACCAGCAGCT 55 580 (obtained) 4Ai#2S Mao et al., 1997.
. = | F: CTGACCTTTTTAGCAACGCC 1Ai and Thinopyrum intermedium RAPD marker APR5 genomic

28 | UL-Thin-1 | BUS202577 | o AGGAGTGCTGCTACGTCCAT 60 239 AAIH2S sequence

Thin « | F: GGCCGACCCGTCTTTAGTAT - Agropyron cristatum P genome repetitive DNA
29| UL-Thin-2 | ACUSILT2™ | . e ATTCTTGACTCTCTC 58 269 AAIH2S sequence

. « | F. GAATGGAGGGACACCATTTG 393 . Wheat etiolated seedling root normalized cDNA
30 UL-Thin-3 BE445831 R: CCCACAATGCTGTGTTTGTC 58 ~550™ AAIH2S (Deletion Bin 4DS2-0.82-1.00)

UL-Thin-4 x | F: ACCCTCCTCCACTGGTCAAT 334 - Wheat 5-15 DAP spike cDNA library

31 BG604678 " | b GTCTCAAGCACCCGTCATCT 5 ~890™ AAIH2S (Deletion Bin 4DS2-0.82-1.00)
32 | Xgwm1028 SSR™ 50 | ~100bp (obtained) L and Ganal and Roder 2007.

*1 is described as 1BS specific EST in Mao et al., (1997),
*2 these markers are mentioned in Fahim et al., (2011) supplementary data as non-polymorphic and were named as WSR14, 26, 30 and 50 respectively,

*3 SSR marker for 1BS, mentioned in Ganal and Réder 2007. The nucleotide sequence of this marker was provided by Marion S. Réder (IPK, Gatersleben Germany),
*4 obtained product size differed from the published size.
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Table 4.3: List of PCR markers applied for Break point (BP) mapping of the 1BS fragments along melting temperature (Ty,) and product sizes.

Sr# Marker name Type Primer sequences Tm (°C) | Expected product size (bp) Source
F: GCAGACCTGTGTCATTGGTC Bryan et al., 1997Gli-1 locus
! Xpsp3000 SSR R: GATATAGTGGCAGCAGGATACG 55 252-286 polymorphic
F: CTCATGAGTATATCACCGCACA
2 Xwmc49 SSR R GACGCGAAACGAATATTCAAGT 60 206 Somers et al., 2004
F: ATAGCATGTTGGAACAGAGCAC
3 Xwmc500 SSR R: CTTAGATGCAACTCTATGCGGT 60 185 Somers et al., 2004
F: TCTACATACGGACTGAAATGGATAC
4 Xic618 SSR R: CCTGATTGAGACTCTGGTTACATAAGACTACTC 60 250 Reddy etal., 2008.
F: GGTTTGCTTTTGCCAATTGTTCTTG ANt
5 XBF293222 RFLP R TATATGTTGGATGGGAGCAAAATCC 50 400 Reddy et al., 2008.
F: AATCACACGACCCAGTAAGTTCTC _aan*l
6 XBF474204 EST R: CTCAAGTACCTCTGCTTCAACTTC 52 480 Reddy et al., 2008.
F: CCTAAACCCTAAACCCTAGAC 5Nl
7 Xpsp2530.1 EST R TTCTCACCOAACCACCAGOAGCT 55 200 Mao et al., 1997.
F: CCAAAGAGCATCCATGGTGT _cen*l
8 XksuD14a RFLP R: CGCTTTTACCGAGATTGGTC 50 550 Talbert et al., 1994.
F: GGAGTAAGAGAAACATGCCGAA 228
9 Xwmc85 SSR R GTGCATGCATGAGAATAGGAAC 61 Somers et al., 2004
10 Xgwm0550 SSR | See*2 55 o Ganal and Roder 2007.
11 Xgwm0911 SSR See *2 55 272 Ganal and Réder 2007.
12 Xgwm1028 SSR See *2 50 116 Ganal and Réder 2007.
13 Xgwm1078 SSR See *2 55 144 Ganal and Rdder 2007.
14 Xgwm1130 SSR See *2 60 116 Ganal and Rdder 2007.
15 Xgwm1100 SSR See *2 50 227 Ganal and Réder 2007.
16 Xgwm3035 SSR See *2 60 225 Ganal and Réder 2007.
17 Xgwm4144 SSR See *2 60 191 Ganal and Réder 2007.
18 Xgwm4435 SSR See *2 60 214 Ganal and Rdder 2007.
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Table 4.3: continued

Expected product

Sri# Marker name Type Primer sequences Tm (°C) size (bp) Source

19 Xwmec230 SR | A A A 60 3, Somers et al., 2004.

0 | oo | ssn | FCACCSCAIGAICMT e
21 Xgpw1170 SSR | e e e AG 60 166 Sourdille et al., 2004.

22 Xgpw363 ssR | R G 60 242 Sourdille et al., 2004.

0 | s | ssn | SCSOMCNCTIOSMCMTIITON | w0 | e e e
2 Xgwm264 sSR | N e e 60 160 Rder et al., 1998

s | wes | e | omcorchaacectcer o0 | o |Semedm

| s | e |G ooCrerccATacTce 0 | e | Swmeaam

27 Xgpw1143 SSR E:: %E%E;%TC?A%%?ATI%TE:'&F AC\;C-SI-T 60 206 Sourdille et al., 2004.

28 | xwmcms | ssr | - ACAAAGGTGCATICGTAGA o4 s | Somersand Isaac 2004

29 Xwmc406 SSR E:: Eg;%ﬁ??ig?gg:;i’éﬁ;’:ﬁéé 60 217 Somers and Isaac 2004

30 Xgpw7059 SSR E:: ?ég?ggﬁé;géggggélggc 60 ~220 (obtained) Sourdille 2009.

31 Xgwm374 ssR | A T L e 60 180 Réder et al., 1998.

32 Xbarc128 SSR GCGGGTAGCATTTATGTTGA 60 250 Developed by P. Cregan and Q. Song

CAAACCAGGCAAGAGTCTGA

(available at http://wheat.pw.usda.gov)

*1 size was estimated from the result here, as authors have not given the expected product size,

*2 unpublished oligos see note Table 4.2,

*3 obtained product size differed from the published size.
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4.3 Results

4.3.1 Assignment of the MMs to recombinant wheat chromosomes

A total of 32 PCR markers were applied to correlate the presence of alien chromatin as
identified by GISH (see Chapter Ill) with WSMV-resistance screen of field trials
(Divis et al., 2006, also see Figure 3.1A&B) in lines given in Table 4.4. These markers
included 6 newly identified (Table 4.2) and 26 markers, previously reported
polymorphic for ‘Chinese Spring’ and Th. intermedium (Table 4.1). The initial PCR
marker screen for correlation with WSMV-resistance was accomplished using DNA
from Th. intermedium, KS96HW10-1, N02Y5003, N02Y5109 and ‘Chinese Spring’
wheat. However, final screening included thirty lines (Table 4.4). Th. intermedium,
KS95H102 and KS96HW10-1 were used as control resistant lines, while ‘Chinese
Spring’, CS N4B T4D and CS N4D T4B were used as control susceptible lines.
Among the 32-markers screened for polymorphism between WSMYV-resistant
and susceptible lines, 21-markers (65.6%) amplified one or several monomorphic loci
from both wheat as well as Th. intermedium chromosomes (Table 4.4). In some
instances a polymorphic band was seen but it could not be correlated to presence of the
1B, 3D or 4D recombinant chromosomes (Appendix 4.1) and therefore, could not be
assigned to a specific wheat or Th. intermedium chromosomes (see Table 4.1).
However, 11-markers (34.4%) were informative for correlation with WSMV-resistance
and were assigned to the homoeologous group-1 or group-4 of Th. intermedium

chromosomes (Table 4.4 and below).
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Table 4.4: Results of polymorphic PCR markers used for correlation of Th. intermedium fragments and WSMV-resistance.

Line GISH analysis™ Published polymorphic markers New polymorphic markers™
Rec. | Rec. | Rec. STS WSR2 WSR9 WSR | WSR | WSR | Xpsp3000 | P4 UL- UL- UL- UL- Xpsp2 | Xgwm
4D 1B 3D Ji5™ 11 65 17 (Gli-1) Thin-1 | Thin-2 | Thin-3 | Thin-4 | 530.1 1028
KS95H102 +/+ -/- -/- 1 1 1 0 1 1 1 1 1 1 1 1 1 # #
KS96HW10-1 +/+ -/- -/- 1 1 1 0 1 1 1 1 1 0 1 1 1 1 0
Millennium -/- -/- -/- 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0
N02Y5018 +/+ +/+ -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
NO02Y5019 -/- +/+ -/- 0 1 0 1 0 1 0 1 1 1 1 0 0 0 1
NO02Y5021 -/- -/- -/- 0 1 0 0 0 0 0 1 1 1 0 0 0 # #
NO02Y5025 +/+ -/- -/- 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1
NO02Y5003 -/- +/+ -/- 0 1 0 0 0 0 0 0 1 1 0 0 0 0 0
NO02Y5057 +/+ -/- -/- 1 1 1 0 1 1 1 1 1 0 1 1 1 # #
NO02Y5075 +/+ -/- -/- 1 1 1 0 1 1 1 1 1 0 1 1 1 # #
NO02Y5078 +/+ -/- -/- 1 1 1 0 1 1 1 1 1 0 1 1 1 # #
NO02Y5082 -/- -/- -/- 0 1 0 0 0 0 0 1 1 0 0 0 0 # #
NO02Y5096 -/- -/- -/- 0 1 0 0 0 0 0 1 1 0 0 0 0 0 0
NO02Y5105 -/- -/- -/- 0 1 0 0 0 0 0 1 1 0 0 0 0 # #
NO02Y5106 +/+ -/- -/- 1 1 1 0 1 1 1 1 1 0 1 1 1 # #
NO02Y5109 -/- -/- +/+ 0 1 0 0 0 0 0 1 1 0 0 0 0 0 0
NO2Y5117 +/+ -/- -/- 1 1 1 0 1 1 1 1 1 0 1 1 1 1 0
NO02Y5121 -/- -/- -/- 0 1 0 0 1 0 0 1 1 0 0 0 0 # #
N02Y5149 +/+ +/+ -/- 1 1 1 0 0 1 1 0 1 1 1 1 1 1 0
N02Y5154 +/+ -/- -/- 1 1 1 0 1 1 1 1 0 1 1 1 1 # #
NO02Y5156 -/- +/+ -/- 0 1 0 0 0 0 0 0 1 1 0 0 0 0 0
NO02Y5163 -/- +/+ -/- 0 1 0 1 0 1 0 1 0 1 ? 0 0 0 0
N02Y2016 +/+ +/+ -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
Chinese spring -/- -/- -/- 0 1 0] 0 0 0 0 1 0 0 0 0 0 0 0
CS N4AT4D -/- -/- -/- 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0
Manaska 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
Beef maker 1 1 1 1 1 1 1 0 1 1 1 1 1 # #
Hay maker 1 1 1 1 1 1 1 0 1 1 1 1 1 # #
Reliant 1 1 1 1 1 1 1 0 1 1 1 1 1 # #
NADT4B -/- -/- -/- 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0

*1 presence or absence of Th. intermedium fragments revealed by GISH (see section 3.4 &Table 3.1), +/+ alien fragments of similar size seen (homozygous), -/- when no alien fragments
seen, *2 polymorphic markers from previous studies, *3 newly identified polymorphic markers (see Table 4.2 for details), 0 absence of the marker allele, 1 presence of the marker allele,

# not tested .
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4.3.2 MNMs for breakpoint mapping of 1BS recombinants

Since a novel WSMV-resistance gene was mapped to the telomeric region of
recombinant wheat chromosome 1B (see Figure 3.25 chapter 111). For BP mapping of the
1BS recombinants, 32 published PCR markers were applied (Table 4.3). These markers
are mainly from three deletion bins 1BS.sat18-0.50-1.00, 1BS.sat19-0.31-0.50 and
1BS.sat.-0.31, located above the NOR region of 1BS arm
(http://wheat.pw.usda.gov/wEST/binmaps/). Initial marker screening was carried out
with Th. intermedium land race Manaska, ‘Beaver’ (1RS.1BL wheat-rye translocation
variety), N02Y5003, NO2Y5025, T. aestivum cv. ‘Chinese Spring” and CS NIB T1A
lines. However, final mapping involved nineteen lines (Table 4.5). Millennium,
N02Y5096 and ‘Chinese Spring” wheat were used as positive control, while CS N1B
T1A and Beaver were used as negative control. Manaska, NO2Y5109, N02Y5117, CS
N4A T4D and CS N4D T4B lines were included to see if of the applied markers could
amplify homoeologous group-3 or group-4 origin fragments from Th. intermedium.
Among the 32 PCR markers applied, 13 markers (40.6%) amplified one or
multiple alleles from the recombinant 1BS lines as well as from the nulli-1B line and
could not be scored for 1B (Table 4.5). However, 19-markers (59.4%) were polymorphic
and produced characteristic loci from chromosome 1BS of wheat. Most of the
polymorphic markers amplified PCR products that were comparable to the expected size
(Table 4.3 and Appendix 4.1) and were assigned to the 1BS arm of wheat (Table 4.6).
Few polymorphic PCR markers amplified multiple loci (Figure 4.3, 4.4), however only
the bands for the expected product size were scored (Table 4.6). The breakpoint between
wheat and Th. intermedium chromatin was identified by the appearance of one or several
wheat markers on the recombinant 1BS arm of wheat after taking into account its

presence-absence from the control lines (‘Chinese Spring’ and nulli-1b line).
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Table 4.5: PCR markers used for breakpoint (BP) mapping of the recombinant1BS. Yellow highlighted markers are the polymorphic markers

informative in detecting BPs and given in Table 4.6 below. Experimental lines with recombinant 1BS are highlighted.

Line GISH analysis™ Xpsp3 | Xwmc | Xwmc | Xfc6l | XBF29 | XBF4 | Xpsp2 | XksuD | Xwmc | Xgwm | Xgwm | Xgwm | Xgwm | Xgwm | Xgwm | Xgwm
Rec. | Rec. | Rec. | 000 49 500 8 3222 74204 | 530.1 | 14a 85 0550 0911 1028 1078 1130 1100 3035
4D 1B 3D

KS96HW10-1 +/+ -/- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Millennium -/- -/- -/- 1 1? 1 1 1 1 1 1 1 1 1 1 1 1 1 1

N02Y5018 ++ | +HH+ -/- 1 1 1 0 1 1 1 0 1 1 0 1 1 1 1 1

N02Y5019 -/ +/+ -/- 1 1 1 0 1 1 1 1 1 1 0 1 0 1 1 1

N02Y5025 +/+ -/- -/- 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1? 1

N02Y5003 -/ ++ -/ 0 0 1 0 1 0 1 0 1 1 0 1 0 0 1? 1

NO02Y5096 -/- -/- -/- 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1

N02Y5109 -/- -/- +/+ 1 0 1 1 1 0 1 0 1 1 1 1 1 1 1 1

N02Y5117 +/+ -/- -/- 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

N02Y5149 +H+ | HH+ -/- 0 0 1 0 1 0 1 1 1 1 0 1 0 0 1? 1

N02Y5156 -/ +/+ -/ 0 0 1 0 1 0 1 1 1 1 0 1 1? 0 1 1

N02Y5163 -/- +/+ -/- 1 1 1 0 1 0 1 1 1 1 0 1 1 1 1 1

N02Y2016 +H+ | +HH+ -/- 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1

Beaver

(1IRS.1BL) -/- -/- 0 0 1 0 1 0 1 1 1 1 0 1 0 0 0 1

Manaska H+ |+ | 4+ 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0

CS N4A T4D -I- -/- -I- 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1

CS N4D T4B -I- -/- -I- 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1

Chinese spring -/- -/- -/- 1 1 1 1 1 ? 1 0 1 1 1 1 1 1 1 1

CSN1B T1A -/- -/- -/- 0 # # 0 # 0 # # 1 # 0 # 0 0 0 1

*1 presence or absence of Th. intermedium fragments revealed by GISH (see section 3.4&Table 3.1), +/+ alien fragments of similar size seen (homozygous), -/- when no alien fragments seen, 1

presence of the marker allele, 0 absence of the marker allele, 1? most probably present, # when DNA was not available for PCR.
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Table 4.5: continued

GISH analysis *
Chr. Chr. Chr. Xgwm | Xgwm | Xwmc | Xbarc | Xgpw | Xgpw | Xbarc | Xgwm | Xucr_ | Xucr_ | Xgpw | Xwmc | Xwmc | Xgpw | Xgwm | Xbrac
Line (4D) (1B) (3D) 4144 4435 230 119 1170 363 194 264 6 8 1143 329 406 7059 374 128
KS96HW10-1 +/+ -/- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Millennium -/- -/- -/- 1? 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N02Y5018 +/+ +/+ -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N02Y5019 -/- +/+ -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N02Y5025 +/+ -/- -/- 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N02Y5003 -/- +/+ -/- 0 1? 0 1? 1 0 0 1 0 1 0? 1 0 0 1 1
N02Y5096 -/- -/- -/- 1? 1 1 1 1 0 1 1 1 1 1 ¢ 1 1 1 1
N02Y5109 -/- -/- +/+ 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1
N02Y5117 +/+ -/- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N02Y5149 +/+ +/+ -/- 1 1 0 1 1 0 0 1 0 1 1? 1 0 0 1 1
N02Y5156 -/- +/+ -/- 1? 1 0 1 1 0 0 1 0 1 1 1 0 0 1 1
N02Y5163 -/- +/+ -/- 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1
N02Y2016 +/+ +/+ -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Beaver 1

(1IRS.1BL) -/- -/- 0 0 0 1 1 0 0 1 0 1 1 1 0 0 1
Manaska +/+ +/+ +/+ 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1
CS N4A T4D -/- -/- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
CS N4D T4B -/- -/- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Chinese spring -/- -/- -/- 1 1 1 1? 1 1 1 1 1 1 1 1 1 1 1 1
CSN1B T1A -/- -/- -/- 0 0 0 1 1 0 0 1 0 1 0? 1 0 0 1 1

*1 presence or absence of Th. intermedium fragments revealed by GISH (see section 3.8.2&Table 3.1), +/+ alien fragments of similar size seen (homozygous), -/- when no alien fragments seen,
1 presence of the marker allele, 0 absence of the marker allele, 1? most probably present, 0? most probably absent, # when DNA was not available for PCR, ¢ PCR not successful for technical

reasons.
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Table 4.6: List of the polymorphic 1BS markers applied in breakpoint mapping arranged in their most probable order. Markers were grouped
into BP (breakpoints) I-1V and were ordered by the appearance of a wheat locus along the recombinant arm.

BP-I BP-I1 BP-I111 BP-1V BP-V
Line Xfc | Xgwm | Xbarc | Xgpw | XBF4 | Xgwm | Xpsp3 | Xwmc | Xgpw | Xwmc | Xwmc | Xucr Xqwm1078 XksuD | Xgwm | Xgpw | Xgwm | Xgwml | Xgwm
618 | 0911 194 7059 | 74204 | 1130 000 230 363 406 49 6 g 14a™ | 4144 | 1143 | 11007 | 028 | 4435
N02g501 - - + + + + + + + + + + + - + + A + +
NOZgSOl - - aF + aF aF aF aF aF + + + - + + + + + +
NO02Y500 _ _ _ _ _ _ _ _ _ _ _ - _ - - 2 +2 + =2
3 7 ? ?
N02g514 ; ) : ) ) 3 i . i, i, ; ; . + e + +? t o
N02§515 ] ] ] ] ) ] ] ] ] ] . ) + + ) + " + +
N02g516 > = - - - + + + + + + + + + + + + + +
N02Y201 - - ar Tr ar Tr Tr ar Tr Tr ar ar ar + Tr r + r +
6
Chlr_lese + + + + +? + + + + + + + + - + + + + +
spring
CS N1B
- - - - - - - - - - - - - -9 - -
T1A # # ? #

2- markers lost
(N02Y5018, N0O2Y5019 and N02Y2016)

5-markers lost NO2Y5163

12-markers lost
NO02Y5156

13-markers lost

N02Y5149

16-markers lost

N02Y5003

+ presence of a marker allele, - absence of a marker allele, +? most probably present, -? most probably absent, # when DNA was not used for amplification, *1 proximal markers selected from
Ganal and Rdder (2007) map that delimited the resistant gene identified on the 1BS arm of wheat (see also Figure 4.10A), *2 the most likely position of KsuD14a is between Xgwm21078 and
Xgwm4144, marker lost (bottom layer) refer to the absence of 1BS markers from a recombinant line/group, that are present in the control ‘Chinese Spring” wheat.
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Based upon the size of Th. intermedium chromatin detected with MMs, the 1BS
recombinants were divided into 5 BP groups (Table 4.6 also see Figures 4.10&4.11).
Line NO2Y5018, N02Y2016 and N02Y5019 involved the smallest while NO2Y50003
has incorporated the largest alien chromatin (Table 4.6 and Figure 4.11). Lines in BP-I
(N02Y5018, N02Y2016 and N02Y5019) have lost only the two distal markers (Table
4.6, Figure 4.11). Size of the lost 1BS arm in NO2Y5163 is also small as it has retained
most of the distal markers like Xgwm21130 and Xpsp3000 (Figure 4.10) and is placed in
BP-11 group here (Table 4.6, Figure 4.11). It was clear from the GISH results (Chapter
[11) that the lost 1BS segment in N02Y5156 (BP-I11) was larger than N02Y5163 (BP-11).
The SSR-marker Xgwm1078 also validated the GISH results (see Chapter 11l and Figure
4.11). All markers that identify BP-Il are missing in NO2Y5156 (Table 4.6). The
applied MMs have shown that the size of Th. intermedium chromatin on the 1BS arm of
N02Y5149 (BP-1V) is the second largest after NO2Y5003 (Table 4.6, Figure 4.11).
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Figure 4.1: PCR amplification pattern of the WSR9 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the ~250bp amplicons produced
by Th. intermedium and the WSMV-resistant lines with 4Ai#2S chromosomal
translocation. This marker could also amplify ~350bp product (arrow head) from Th.
intermedium and wheat lines with recombinant 1BS arm (Table 4.4). On either side of
the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.2: PCR amplification pattern of the UL-Thin-1 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the 239bp amplicons produced
by Th. intermedium, two resistant lines with 4Ai#2S chromosomal translocation and all
lines with 1BS recombinant chromosome (Table 4.4). On either side of the agarose gel
(3%) is a DNA length marker Q-Step 2.
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Figure 4.3: PCR amplification pattern of the Xfc618 marker from wheat lines and Th.

intermedium (Table 4.5). Arrow indicates the 250bp amplicons produced by lines with

no 1BS recombinant chromosome. The results indicated it is one of the most distal SSR
located on 1BS of wheat (Table 4.6). On either side of the agarose gel (1.5%) is a DNA

length marker Q-Step 2.
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Figure 4.4: PCR amplification pattern of the Xpsp3000 marker from wheat lines and

Th. intermedium (Table 4.5). Arrow indicates the 252-286bp amplicons produced by

lines with normal 1BS and lost by few lines with recombinant 1BS (Table 4.6). On

either side of the agarose gel (3%) is a DNA length marker Q-Step 2.
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Figure 4.5: PCR amplification pattern of the Xgwm1078 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates the 144bp amplicons produced by lines
with no or a small 1BS recombinant chromosome (Table 4.6). On either side of the

agarose gel (3%) is a DNA length marker Q-Step 2.
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Figure 4.6: PCR amplification pattern of the Xgpw1143 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates the 206bp amplicons produced by all
lines the recombinant 1BS chromosome except N02Y5003 (Table 4.6). On either side
of the agarose gel (3%) is a DNA length marker Q-Step 2.
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Figure 4.7: PCR amplification pattern of the Xgwm21028 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates the 144bp amplicons produced by all
lines with 1BS recombinant chromosome delimiting the resistant gene (Table 4.6). This
marker could also amplify a fragment of ~100bp from Th. intermedium group-1 derived
chromosomal segment (Table 4.4). On either side of the agarose gel (3%) is a DNA
length marker Q-Step 2.
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Figure 4.8: PCR amplification pattern of the Xgwm4435 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates the 214bp amplicons produced by all
lines with 1BS recombinant chromosome (Table 4.6). However, the amplification in
line NO2Y5005 is not very clear. This is the last (proximal) marker in Ganal and Roder
et al., (2007) map delimiting the resistant gene. On either side of the agarose gel (3%) is
a DNA length marker Q-Step 2.
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Figure 4.9: Genetic and deletion bin maps of wheat chromosome 1B modified from Reddy et al., 2008 (A), Somers et al., 2004 (B), Song et al.,
2005 (C) and Sourdille et al., 2004 (D). Few of the 1BS polymorphic markers were selected from these maps (highlighted in boxes). Relative
position of the same marker (connected by solid blue lines) varies among these maps (compare Xpsp3000=Gli-1B and Ksud14).
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Figure 4.10: Identification of BPs (colour dash lines) and mapbased position of WSMV-resistant gene (red circle in A) identified with MMs on

the 1BS arm of wheat. Position of the same marker in these maps is connected with a solid line. Maps of Ganal and Rdder 2007 (A) Sourdille et

al., 2004 with first two deletion bins (blue and green) highlighted (B) and Somers et al., 2004 (C). See section 4.5.3 and 4.5.4 above for detail.
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Figure 4.11: Genetic and physical map showing the BPs along the recombinant 1BS in
wheat-Th. intermedium hybrid lines detected with MMs. White bars representing wheat
1BS and red bars represent Th. intermedium chromosomal segments, wheat centromeres
are represented by dark circles. (A) Physical map of the wheat 1BS, indicating the
physical BPs detected by MMs in the genetic map (B) and represented as BP-1, BP-II,
BP-111, BP-1V and BP-V respectively. Physical length of Th. intermedium chromatin in
BP-1 may not be the same but this BP is identified by the same markers (see Table 4.6).
Note only polymorphic markers are used to construct the map. Order and location of the
markers along the wheat chromosome is based upon comparative analysis given in
published maps (Figure 4.9) and represent the most probable order detected here. The
Th. intermedium group-1 specific marker UL-Thin-1 co-linearity in different lines or
position is unknown but is amplified from all 1BS recombinant lines and is most
probably present in the distal region of recombinant 1BS (dark blue). Arrow indicates

the position of WSMV-resistance gene.
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4.4 Discussion

4.4.1 Efficiency of the previously known polymorphic markers and their

significance in detecting WSMV-resistance

To date, Wsm1 is the only alien derived gene used in bread wheat improvement against
WSMV (Friebe et al., 2009). Moreover, this gene is derived from a Robertsonian
translocation of Th. intermedium to wheat in the form of 4Ai#2S.4DL translocation
(Wells et al., 1973, Friebe et al., 2009). Novel WSMV-resistance was associated with
recombinant wheat chromosomes 1BS and 3DL in addition to the already known 4DS
(Chapter I11). Therefore, to identify closely linked MMs applicable across a wide range
of wheat germplasm selection and WSMV-resistance, and to analyse the Th.
intermedium fragments of 1BS and 3DL in more detail, 26 PCR markers were tested,
for their efficiency to detect Th. intermedium segments (Table 4.1). These markers were
previously reported to have shown polymorphism between ‘Chinese Spring” wheat and
Th. intermedium (Qi et al., 2007, Zhang et al., 2002, Gao et al., 2009, Kong et al., 2009,
Wang et al., 2010, Fahim et al., 2011). Recently, it was shown that dominant group-4
markers of Th. intermedium can amplify Th. intermedium chromatin from the group-2
and vice versa (Fahim et al., 2011). Therefore, the applied MMs (Table 4.1) included
those linked to WSMV -resistance originated from group-4 (Talbert et al., 1996, Qi et al.,
2007, Fahim et al., 2011), BYDV-resistance derived from group-2 (Zhang et al., 2002,
Wang et al., 2010) and group-7 of Th. intermedium (Kong et al., 2009, Gao et al., 2009).
However, neither the group-2 or group-7 markers could reveal any useful
polymorphism linked to alien chromatin or WSMV-resistance in lines applied here
(Table 4.1, Appendix 4.1). The P4 marker of Wang et al., (2010) showed polymorphism
between ‘Chinese Spring’ wheat and Th. intermedium (appendix 4.1). But, it also could
not be correlated to WSMV-resistance (see Table 4.4).

The EST-marker BG263898 was described to amplify Th. intermedium DNA
from the 4D recombinant lines (Qi et al., 2007). Similarly, WSR2 was mentioned
informative in 4A translocation lines and CL167 for detecting Th. intermedium
chromatin from both 4A as well as 4D recombinant lines (Fahim et al., 2011). However,
none of the three markers (BG263898, WSR2 and CL16) could detect polymorphism
between the WSMV-resistant and susceptible lines in the initial screening here and

therefore, were not applied in further screening and WSMV-resistance.
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Overall STS-J15, WSR9, WSR11, SWR17 and WSR65 markers proved to be
the most promising among the known markers (Table 4.4, Appendix 4.1). The results
revealed here confirm the findings of Talbert et al., (1996) who assigned STS-J15
marker to Wsm1 or 4Ai#2 of Th. intermedium and those of Fahim et al., (2011) for
WSR7, WSR11, WSR17 and WSR65 for group-4 recombinants (Table 4.1). These
markers detected polymorphism among the resistant and susceptible lines (Table 4.4)
and are linked to the Wsml gene or 4Ai#2S arm of Th. intermedium, present as
4Ai#2S.4DL translocation in most of the WSMV-resistance lines studied here. None of
these markers except WSR9 could detect alien chromatin other than 4Ai#2S (Figure
4.1). WSR9 marker amplified a PCR product of around 250bp from all the resistant
lines with 4Ai#2S arm of Th. intermedium (arrow in Figure 4.1). It also amplified an
additional fragment of around ~320bp from the 1BS recombinants including susceptible
lines NO2Y5019, N02Y5163 and resistant lines NO2Y5018, N02Y2016 (arrow head in
Figure 4.1). All tested markers were unable to detect the new WSMV-resistance genes
identified here i.e. the Wsm4 and Wsm5 (see Table 4.4). It was therefore concluded
these fragments have not derived from the known 4Ai#2S but, have most probably
originated most from the homoeologous group-1 and group-3 of Th. intermedium and is
present in wheat lines N02Y5003 and NO2Y5109 respectively (see Table 4.4, Chapter
I11 and below).

The WSR9 marker was previously reported informative for 4D and group-2
addition lines of Th. intermedium (Fahim et al., 2011). In the current study WSR9 could
identify alien chromatin present on 1B and 4D (Figure 4.1 and Chapter I11). However, it
could neither amplify the same locus from all 1BS recombinants nor could identify the
1BS resistance (Wsm4) in NO2Y5003 (Table 4.4). The sequenced PCR product of
WSR9 from both 4D and 1B recombinants, when BLASTN searched revealed it was a
DNA sequence of Pseudoroegneria stipifolia from where the primers were originally
designed by Fahim et al., (2011). Further investigation of the sequence revealed it a
repetitive DNA element (Appendix 4.1) with a potentially genome wide distribution,

and hence was not suitable for determining chromosomal origin.
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4.4.2 ldentification of new MMs linked to WSMV -resistance

In the current study five new potential ESTs and one SSR marker were identified useful
in detecting Th. intermedium chromatin (Table 4.2). These markers were able to show
polymorphism between the WSMV-resistant and susceptible lines (Table 4.4). Four of
these markers (Xpsp2530.1, UL-Thin-2, UL-Thin-3 and UL-Thin-4) are dominant
group-4 markers and amplify 4Ai#2S DNA of Th. intermedium linked to Wsm1 gene
(Table 4.2 and Appendix 4.1). Only the UL-Thin-1 amplified a PCR product of 239bp
from all 1BS recombinant lines (Figure 4.2). This marker also amplified fragments from
two resistant lines KS95H102 and N02Y5154 with only a visible 4D recombinant
chromosomes. Surprisingly, this marker has amplified a product of the same size from
WSMV-susceptible line NO02Y5021 (Table 4.4). Though the sequence-based
polymorphism cannot be rule out that was not detected. However, earlier GISH results
(Chapter 111) did not reveal any Th. intermedium chromatin in line NO2Y5021.

Beside ESTs, the 1BS SSR-marker Xgwm1028 (Ganal and Rdder 2007) also
amplified a dominant Th. intermedium locus of ~100bp. This fragment was amplified
only from Th. intermedium and three recombinant wheat lines NO2Y5018, N02Y5019
and N02Y5025 (Figure 4.7). Line NO2Y5018 and N02Y5019 have the recombinant
chromosome 1BS. However, in line N02Y5025, Th. intermedium chromatin in the form
of 4Ai#2S.4DL translocation was detected only (Chapter Il and Table 4.4). It is
noticeable, the newly identified markers also did not detect the group-3 derived
resistance (Wsm5) identified in line NO2Y5109 (Table 4.4).

The new polymorphic markers are given along the original description (see
Table 4.2). None of them have been described as useful markers for detecting Th.
intermedium chromatin before. These markers were not selected at random, but rather a
thorough approach based on combining the results revealed in published papers as well
as from the sequencing (Appendix 4.1) and cytogenetics results of this study (Chapter
I11) were applied. For example, the non-polymorphic markers from supplementary data
of Fahim et al., (2011) were employed to assess alien fragments of Th. intermedium.
The basis for testing the two ESTs (UL-Thin-3 and UL-Thin-4) that proved
polymorphic 4D markers, resided in the fact that these ESTs map in the distal deletion
bin 4DS2-0.82-1.00 (http://wheat.pw.usda.gov). Recently, the Wsml gene was
physically mapped to the distal 20% of the recombinant 4DS (Friebe et al., 2009), the
said deletion bin is located within this 20% chromosomal territory. Similarly, the UL-
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Thin-1 and UL-Thin-2 markers were tested as they are described Th. intermedium
RAPD marker and Agropyron cristatum repetitive DNA sequence respectively. Earlier,
the sequencing results of the known WSR9 marker revealed it, as a repetitive DNA
sequence (Appendix 4.1). Recently, some repetitive DNA sequences of Th. intermedium
were reported as highly informative PCR-markers in tracking WSMV-resistance (Fahim
et al., 2011). The FISH results obtained here, also revealed repetitive DNA often
occupied critical chromosomal positions and provide a fingerprint for identifying the
alien arm harbouring the Wsml gene (see Figure 3.26). Thus the importance of
combining cytogenetic and molecular data (association mapping) in developing closely
or completely linked markers for desirable traits is recommended.

4.4.3 Breakpoint mapping of the 1BS recombinants

Pre-screening of the selected markers (Table 4.3) with DNA from six lines (section
4.3.1) showed polymorphism for 19 PCR markers (59.4%) that were applied for BP
mapping (see Figure 4.11). The order of the markers and molecular breakpoints along
the 1BS recombinants is based on comparative map analysis (Figure 4.9&4.10). Since,
the Ganal and Rdder (2007) markers delimited the resistant gene in this study (Table
4.6), mapbased position of the resistant gene (Figure 4.10A) is also based on their map,
that was previously constructed with 70 recombinant inbred lines derived from the cross
of Opata x W-7984. All the results described below are based on the polymorphic 1BS
PCR markers (Table 4.6).

Eleven polymorphic markers from different sources were identified and added to
the map of Ganal and Roder (2007) in the region flanked by Ksudl4a and Xgwm4435
(see Figure 4.10A and Table 4.6). By and large, the results revealed good agreement
with the original sources for marker size and relative positions in the distal part of 1BS
(see Figure 4.9 and below). Although, there is some discrepancy in the order and
location of markers as well as few markers have given negative PCR results in the
‘Chinese Spring’ wheat (for example see XksuDl14a in Table 4.6). However, this
discrepancy is not rare in genetic maps constructed with different reference lines (see
Figure 4.9). Similarly negative PCR amplifications could be argued as modification in
the primer region that may alter primer binding sites (Rosato et al., 2012). Furthermore,
the BP-classes (BP-1 to BP-V) identified with PCR markers for the 7-recombinant lines

137



here are not in the same order as revealed in published papers (compare Figure 4.10 and
Figure 4.11).

The RFLP marker Ksudl4a of Talbert et al., (1994), which was mapped to the
distal end of 1BS in Ganal and Rdder (2007) detected multiple loci (Appendix 4.1).
Two of them were polymorphic as previously described by Reddy et al., (2008).
However, neither of the two could be mapped to the distal end of 1BS. The results
revealed here, suggest the most likely position for XksuD14a is somewhere between
Xgwm1078 and Xgwmd4144 (Table 4.6, Figure 4.11). The relative position of the same
marker also varies in different published maps (see Figure 4.9). Similarly, the order of
Ganal and Roder (2007) markers Xgwm1130, Xgwm1078, Xgm0911 (Figure 4.10A) was
slightly changed and were found as Xgm0911, Xgwm1130 and Xgwm1078 respectively
(Table 4.6). The Xfc618, Xpsp3000 and XBF474204 markers were selected as they were
described distal (Figure 4.9A) and polymorphic 1BS markers (Reddy et al., 2008).
Their location within the distal bin and order has remained perfectly the same (compare
Figure 4.9A and Figure 4.11).

The SSR markers Xfc618 and Xgwm0911 are mapped here as distal 1BS markers
(Figure 4.3 and 4.9). These results validated the position of Xfc618, which is the most
distal SSR marker in the 1BS map of Reddy et al., (2008). Surprisingly, some of the
1BS markers were also mapped on 1RS of Beaver (Table 4.5 and Figure 4.7). Indicating
the low polymorphism between wheat 1BS and rye 1RS. This high degree of
conservation could possibly be attributed to the high genic content of small arms (Peng
et al., 2004, Peng and Lapitan 2005, Sharma et al., (2009). Likewise, the SSR markers
Xgpw363 and Xbarc194 were physically mapped to ‘Chinese Spring’ wheat deletion
bins 1BS.sat18-0.50-1.00 and 1BS.sat19-0.31-0.50 respectively (Sourdille et al., 2004).
However, Song et al., (2005) mapped the Xbarc194 to the deletion bins 1BS.sat18-0.50-
1.00 (Figure 4.9). The mapping results revealed here go parallel with those of Song et
al., (2005), and suggests Xbarc194 is located distal to Xgpw363 (Table 4.6 and Figure
4.11).

Physical map data of Xgpw7059, Xgpw363, Xwmc49 and Xwmc406 has recently
become available from GENOPLANTE given by Sourdille et al., (2004) and available
at (http://wheat.pw.usda.gov/ggpages/ssrclub/geneticphysical/). These SSR markers
have been assigned to deletion bin 1BS.sat18-0.50-1.00. The results obtained here also
go parallel to those of GENOPLANTE and not only the location of makers but also its
orders correlate (Table 4.6 and Figure 4.11). Similarly, the EST-marker Xucr_6, was
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mapped within the distal 40% region of wheat 1BS (Sharma et al., 2009). It is a
dominant wheat 1BS marker (Appendix 4.1) and the current study reveal the most likely
position of this marker is within the deletion bin 1BS.sat18-0.50-1.00 (Table 4.6).

No physical map data is available for Xgwm1078 and Xgwm4144. However, the
data obtained here suggests these markers lie proximal to the markers identifying BP-11
(Table 4.6) and most likely occupy the same deletion bin. The GENOPLANTE SSR
data reveal the physical map position of Xgpw1143 within the deletion bin 1BS.sat18-
0.50-1.00. Since the deletion stock of 1B with known fraction length (FL) values (Endo
and Gill 1996) were not applied, therefore they could not be assigned exactly to a
deletion bin, but these markers were mapped proximal to the markers detecting the BP-
Il (Table 4.6). Furthermore, Ganal and Réder (2007) markers Xgwm1100, Xgwm1028
and Xgwm4435 are the most proximal markers in the current study that delimited the
WSMV-resistance gene identified on 1BS in line N02Y5003 (Figure 4.10A and Figure
4.11). The obtained results here confirm the order of these markers, but their exact
physical map position was not determined. Based upon the location of markers in this
preliminary data (Table 4.6), the most likely position of these markers could be the
proximal 1BS.sat18-0.50-1.00 or distal 1BS.sat19-0.31-0.50 bin (compare translocation
sizes chapter 11l and Table 4.6) and the resistant gene is predicted to be localized here
(see Figure 4.10 and Figure 4.11).

4.4.4 Molecular breakpoint detection of the recombinant 1BS

The applied polymorphic markers (see Table 4.6) classified the seven 1BS
recombinants into five BP categories (often referred to as BP classes, see also Figure
4.11). These markers are non-randomly distributed in these BPs and clusters are
observed that are interspersed by regions of low marker density (see Table 4.6 and
Figure 4.11). By and large, the order and location of these markers within the distal 1BS
remained as described in the original sources (Table 4.3). However, all markers could
not be mapped to 1BS nor the order and position of all markers remained the same
(Table 4.5). This discrepancy could be because of the readily and reticulate crossing and
back-crossing involved in modern wheat cultivars. Whereby, re-arrangements and
shuffling of marker positions or even loss of it is not a rare phenomenon (see Nelson et

al., 1995 and pedigree Table 2.3). Other reason for these differences could be
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previously undetected interstitial deletions (Qi et al., 2003) or mutation in the priming
sites (Rosato et al., 2012).

The GISH results given in chapter Il revealed the sizes of alien chromatin in
line NO2Y5018, N02Y5019 and N02Y2016 to be 22%, 22.4% and 21% respectively of
the recombinant 1BS. The PCR markers also revealed similar results, and placed these
lines in BP-1 missing only the two distal markers (Table 4.6 and Figure 4.11). Further,
the BP-1 is identified by Xbarc194, Xgpw7059 and XBF474204 markers. Song et al.,
(2005) mapped Xbarc194 to the deletion bin 1BS4-18 (Figure 4.9C) present in 2
deletion stocks TA4524 L9 and TA4512 L4 (Endo and Gill 1996). In these deletion
stocks the distal 48% of the satellite is missing (Qi et al., 2005). Similarly, the physical
BPs in line N02Y5156 and NO2Y5163 was calculated to be 20% and 18.5%
respectively of the 1BS arm (Table 3.2). PCR markers analysis also supported the
estimated size of line N0O2Y5156 to be larger than N02Y5163 (see Chapter Ill, Table
4.6 and Figure 4.11). However, the size of these two translocations (BP-I1 and BP-I1I)
was revealed to be smaller compared to the 3-lines in BP-I in GISH analysis (compare
Table 3.2 of Chapter 11l and Table 4.6). One reason for this discrepancy in size could be
the strong labelling of Th. intermedium DNA, as brighter fluoresce may result in
overestimation of fragment sizes than they exist in real (Lukaszewski et al., 2005).

It was interesting to see that most of the markers clustered within a small 1.5%
region of the physical map (compare Table 3.2 Chapter I1l and Table 4.6) present in line
N02Y5163 or BP-1I and absent in line NO2Y5156 or BP-I11 (Table 4.6). Previously such
clusters of markers or marker-rich regions along the chromosomes were related to
regions with predominant deletions (Gill et al., 1996). Markers Xgpw7059, Xgpw363,
Xwmc406 and Xwmc49 identify BP-11 (Table 4.6). These are the proximal 1BS markers
in the current analysis for which physical map position is known. These SSR markers
have been assigned to deletion bin 1BS.sat18-0.50-1.00 (Sourdille et al., 2004). Most of
the selected markers within this region were linked to important agronomic genes
(section 6.4). These results are consistent with the results obtained for the corresponding
region by Qi et al., (2005). They mapped 55% of the EST loci within deletion bin
1BS.sat18-0.50-1.00 indicating it as a gene rich region of the 1BS.

As mentioned in chapter 111, the estimated sizes of Th. intermedium chromatin in
NO02Y5003 was the largest followed by NO02Y5149, which is 28.3% and 22.5%
respectively of the recombinant 1BS arm. The MMs results also go parallel to the GISH
results and showed that line NO2Y5003 (BP-V) has lost most wheat markers (Table 4.6).

140



Wheat markers XksuD14a and Xgwm4144 are missing in line NO2Y5003 but present in
N02Y5149 or BP-1V (Table 4.6 and Figure 4.11). It is certain, the WSMV-resistance in
line NO2Y5003 (BP-V) is from the Wsm4 gene, that has most likely originated from the
homoeologous goup-1 of Th. intermedium (Chapter 111, see also Figure 4.10 and Figure
4.11). However, line NO2Y5149 has got the Wsm1 gene on the recombinant 4DS arm
(see Chapter I11) and the size of Th. intermedium chromatin on the 1BS arm is second
large after NO2Y5003 (see Table 3.2). Further, field resistance of N02Y5149 to WSMV
is superior than any other line having the 4D or 1B fragments alone (see Figures
3.1A&B). Thus it was concluded, line NO2Y5149 has either both the Wsm4 gene (1BS)
pyramided together with Wsm1 gene (4DS), or the introgressed 1BS alien chromatin in
line NO2Y5149 has an enhancer gene and therefore, condition superior resistance than
other experimental lines with 4D resistance alone (Figure 3.1A&B and Graybosch
personal communication). Nevertheless, the other smaller 1BS fragments of Th.
intermedium in the WSMV-resistant and susceptible lines are still worthy for further
screening. As these alien fragments may be potential carriers of some other quality or
resistant traits present on the group-1 of Th. intermedium (Hu et al., 2011, also see
Chapter 111&VI).

The Ganal and Rdder (2007) markers Xgwm1100, Xgwm1028 and Xgwm4435
delimited the resistant gene in line N0O2Y5003 or PB-V (Table 4.6). Thus taking the
order of markers in the current analysis, WSMV-resistance gene may be located
between Xgwm4144 and Xgwm1100 markers of the recombinant 1BS (arrow in Figure
4.11).

445 Application of molecular markers in breeding programmes and for

identification of resistance genes

There are no chemicals available to combat viral infections and hence genetic resistance
offer the only means of disease control (Hull, 2004). In this study a number of potential
PCR markers were identified and tested, that could be applied in WSMV-resistance
breeding and improvement programmes. Now PCR based screening will allow robust
marker assisted selection for WMSV-resistance genes from the alien Th. intermedium
and the 4Ai#2S chromosomal arm in particular. Two novel WSMV-resistance genes
from the homoeologous group-1 and 3 of Th. intermedium were identified and
designated as Wsm4 and Wsm5 translocated to wheat chromosome 1B and 3D
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respectively. Interestingly, the 1B recombinant chromosomes in lines N02Y5018,
N02Y5019, NO2Y5003, N02Y5149, N02Y5156, N02Y5163 and NO2Y2016 carried
different amounts of alien material, and these breakpoints were identified with PCR
markers (Figure 4.11). The Wsm4 resistance gene was pinpointed to a 6% interstitial
region of the Th. intermedium chromatin translocated to wheat chromosome 1BS. The
current study provides basis of isolating the WSMV-resistance gene(s) from Th.
intermedium and to conduct a more detailed analysis of the orthologous region on
chromosome 1BS, using results from the whole genome sequencing project of wheat
(http://www.wheatgenome.org/). For a more detailed discussion of the applicability of
the results to breeding programmes and the isolation of novel resistance genes see

Chapter VI General Discussion.
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CHAPTER V: ORGANIZATION AND DIVERSITY OF THE TWO
HIGHLY REPETITIVE DNA FAMILIES & DNA METHYLATION

STUDIES OF THE DIPLOID AND POLYPLOID TRITICEAE

5.1 Introduction

5.1.1 Organization and diversity of two highly repetitive DNA sequences in
Triticeae

A major fraction of eukaryotic nuclear DNA is comprised of repetitive non-coding
DNA sequences that exist in the form of interspersed or tandem repeats and is present
ubiquitously throughout the genomes (see Feng et al.,, 2010 and Chapter 1). The
Triticeae, a heterogeneous group of some 400-500 diploid and polyploid species
(Melderis, 1980), are characterized by large genome sizes ranging from 5500-17000Mb
(Flavell et al., 1974b, Bennett and Leitch, 1995b). Repetitive DNA accounts for more
than 70-80% of their genomes while single copy DNA may account for less than 1% of
the their genomes (Smith and Flavell, 1975, Heslop-Harrison, 2000a, Charles et al.,
2008). Thus the Triticeae members have two to five fold of repetitive DNA compared to
the human genome, with similar or even higher degree of complexity and content of
repetitive DNA (Stein, 2007).

The genome sizes in plants are remarkably diverse, with a 2350-fold variation
among the angiosperms alone (Bennett and Leitch, 1995a, Bennett and Leitch, 2011). In
flowering plants, total number of genes (~28000 per haploid genome) is relatively
constant, while the repetitive DNA varies greatly (Caldwell et al., 2004, Devos, 2010)
and contributes mainly to the variation in genome sizes analysed (Wicker et al., 2003).
These repetitive DNA sequences may occur as satDNAs, concentrated at one or more
distinct positions in the genome (Anamthawat-Jénsson and Heslop-Harrison, 1993,
Vershinin et al.,, 1994, Contento et al., 2005) or with a widespread and disperse
distribution throughout the genome in the form of transposable elements (Wicker et al.,
2009, Kuhn et al., 2010, also see chapter I).

The vast majority of the cereal repeat elements are derived from LTR-
retrotranspon (Bennetzen et al., 1998) capable of rapid genomic turn over (Bennetzen et
al., 1998, Heitkam and Schmidt, 2009). The process seems to be irrevocable, as there is
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no efficient mechanism to reverse colonize or delete the repeats (Bennetzen et al., 1998,
Devos, 2010) and thus the percentage of a genome comprised by repetitive DNA,
reflects the evolutionary history of that species (Langdon et al., 2000). Thus these
elements have a major role in the interspecific divergence of species since their origin
from a common ancestor (Schwarzacher, 2003b, Charlesworth et al., 1994, Schmidt and
Heslop-Harrison, 1998b, Shapiro, 2005) and understanding their role and nature are of
great importance. Repetitive DNA, which was once considered as “junk™, is now
revisited as major player of genome evolution and understanding phylogenetic
relationships (Vershinin et al., 1995, Kejnovsky et al., 2009, Kuhn et al., 2010).

However, in spite of the recognized importance and the well-characterised role
of few repetitive sequences their overall biological significance still remains obscure
(Kuhn et al., 2007, Kuhn and Sene, 2005, Shapiro, 2005, Nagaki et al., 1998a, Nagaki
et al., 1998b). For example, some repetitive DNAs are involved in chromatin and
chromosomal packaging (Vershinin et al., 1995, Heslop-Harrison and Schwarzacher et
al., 2011a) while others are found at the centromeres and telomeres of chromosomes,
having a significant role in replication and stabilization of telomeres (Moyzis et al.,
1988, Ma et al., 2007, Schwarzacher 2003a). Repetitive DNA is abundant in eukaryotic
centromeres, and comprises mainly large arrays of centromeric satellites interspersed
with retrotransposons (Ma et al., 2007, Mutti et al., 2010, Heslop-Harrison and
Schwarzacher, 2011a) although they vary in abundance and arrangement both within
and among species (Wu et al.,, 1991, Wu et al., 2004, Orgel and Crick, 1980). In
addition, some repetitive DNAs play an important role in pairing and recombination
during meiosis, resulting in chromosomal rearrangements and are involved in regulation
of gene expression (Kubota et al., 1997, Schwarzacher and Heslop-Harrison, 1991,
Schmidt and Heslop-Harrison, 1998b, Heslop-Harrison, 2000a, Schwarzacher, 2003).
Some repeats are transcribed efficiently and few such as, ribosomal RNA genes have
well understood function (Gerlach and Bedbrook, 1979, Wu et al., 1994, Alexandrov et
al., 2001). With the availability of genomic sequence data, it is becoming more evident
that certain repeats (such as e,g, the CACTA DNA transposon elements) are integral
parts of important agronomic genes and are valuable sources of genetic diversity
(Studer et al., 2011).

Repetitive DNA sequences vary in length from a few to tens of thousands of
base pair units tandemly arranged to form large arrays of up to several thousand
kilobases (Charlesworth et al., 1994, Henikoff, 2000, Jin et al., 2004, Kuhn and Heslop-
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Harrison, 2011, Schwarzacher, 2003b). Often long arrays of different repeat units
coexist in the same genome referred to as library of satDNAs (Mestrovi¢ et al., 1998).
Several arrays of unrelated satDNAs may be present and mainly concentrate in the
heterochromatic regions, either around the centromere, at interstitial or subtelomeric
regions (Mutti et al., 2010, Kuhn et al., 2007, Kuhn et al., 2009).

In cereals, tandemly repeated DNA sequences were first described in rye
(Bedbrook et al., 1980). Since then, several members of tandemly repeated DNA
families have been described in other Triticeae members (Rayburn and Gill, 1986,
Mclntyre et al., 1990, Anamthawat-Jonsson and Heslop-Harrison, 1993, Hagras et al.,
2005, Kishii et al., 2001, Kishii and Tsujimoto, 2002, Nagaki et al., 1998b, Tsujimoto et
al., 1997, Contento et al., 2005). Some of the families are so-called species or genome
specific (Vershinin et al., 1994, Anamthawat-Jonsson and Heslop-Harrison, 1993,
Nagaki et al., 1995) others have a much wider distribution indicating that they evolved
before the split of the various Triticeae species (Contento et al., 2005, Bodvarsdottir
and Anamthawat-Jonsson, 2003, Tang et al., 2011).

5.1.2 Afaand pScl119.2 sequences in Triticeae

Afa and pSc119.2 are two highly abundant, tandemly repeated DNA sequence families
in the Triticeae (Rayburn and Gill, 1986, Mcintyre et al., 1990, Anamthawat-Jonsson
and Heslop-Harrison, 1993, Nagaki et al., 1999, Contento et al., 2005, see also Figure
1.5 chapter 1). Afa, the so-called D-genome specific repeat was first cloned from the
diploid D-genome as pAsl (Rayburn and Gill, 1986). Later, the same sequence was
isolated from other Triticeae members, with different names such as pHcKB6
(Anamthawat-Jonsson and Heslop-Harrison, 1993), dpTal (Vershinin et al., 1994) and
Afa, isolated from a variety of Triticeae members (Nagaki et al., 1995, 1998a, 1998b,
Tsujimoto et al., 1997).

Nagaki et al., (1995) assigned the name “Afa” to a family of the Triticeae
repetitive DNA sequences, with an average length of ~340bp and Afal restriction site
(GTAC) at 150" bp position of every monomer. However, different Triticeae species
analysed, revealed conserved size of the monomer unit, but the copy numbers and
restriction sites varied among different genomes (Nagaki et al., 1998). For example, the
D-genome contains 100-fold more copies of Afa sequence than the B-genome of wheat

(Tsujimoto et al.,, 1997). Afa-family is extensively applied in wheat cytogenetics
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research, as it produces unique in situ hybridization signals on sub-telomeric and
interstitial regions of all D-genome chromosomes (Rayburn and Gill 1986, Mukai et al.,
1993, Vershinin et al., 1994, Schwarzacher et al., 2011, see also Figure 1.5 Chapter I)
and can be used to identify recipient wheat chromosomes and alien chromatin transfers
(see chapter I11). To date, 96 Afa-sequences from 14-diploid and polyploid Triticeae
members have been isolated (http://www.ncbi.nlm.nih.gov/nuccore/?term=afa).
However, no Afa sequences from Th. intermedium have been described or submitted to
the GenBank database so far (NCBI search result of 01-03-2012).

The repetitive DNA sequence of rye origin, pSc119.2, makes another highly
important family of satellite DNA in Triticeae (Mclintyre et al., 1990). It is a family of
120bp repeat units, present in the major heterochromatic blocks of wheat and rye
chromosomes (Taketa et al., 2000, Contento et al., 2005). This sequence was originally
cloned form rye as pSc119 and was the first cereal repetitive DNA sequence to be
cloned (Bedbrook et al., 1980). It was sub cloned as pSc119.1, pSc119.2 and pSc119.3
(Mclntyre et al., 1990) and sequence analysis revealed only the pSc119.2 contains the
120bp repeat unit sequence (Mclintyre et al., 1990, Vershinin et al., 1995). Later in situ
and Southern hybridization results, accompanied with PCR and sequencing showed the
presence of these repeat units in different diploid and polyploid Triticeae members
(Mukai et al., 1993, Schwarzacher et al., 1995, Castilno and Heslop-Harrison, 1995,
Contento et al., 2005 and below). Similar to Afa-family, this sequence is also applied in
wheat cytogenetic research, as this sequence is part of the large sub-telomeric and
intercalary heterochromatic blocks in hexaploid wheat (see Figure 1.5 and chapter Il1).
Around 90 members of the pSc119.2 repeat units have been isolated form 16-diploid
and polyploid Triticeae species. However, no pSc119.2 sequence has been isolated from
Th. intermedium (NCBI BLAST search result of 01-03-2012).

The aim of this study was to characterize and isolate two major repetitive DNA
sequence families (Afa and pSc119.2) from ‘Chinese Spring’ and Th. intermedium. The
amplified sequences were cloned and their sequence diversity and phylogenetic analysis
carried out in order to follow the evolutionary history of these sequences through events
like speciation and polyploidization. In addition both repeat types were applied as
probes in FISH to investigate their chromosomal distribution and physical mapping of

an alien chromosomal segments incorporating resistance gene.
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5.1.3 Methylation patterns of repetitive DNA sequences in Triticeae

The lower C values in Arabidopsis and significantly higher values among the grasses is
revealed by the fact that they contain 20-30% to more than 70% of their genomes made
of repetitive DNA (see Flavell et al., 1974, Taketa et al., 2000, Salina et al., 2011, and
Chapter 1). Most of such DNAs, as described above have little to no direct function for
the host genome. Thus the bulk of plant nuclear DNA exists as genomic parasites
(Nagaki et al., 1998a, Schmidt and Heslop-Harrison, 1998, Heitkam and Schmidt, 2009)
and thus, is epigenetically silenced through cytosine methylation, to protect the host
genomes from their possible deleterious effects (Finnegan, 1989, Finnegan et al., 1998,
Suzuki and Bird, 2008, Law and Jacobsen, 2010, Lisch, 2009). Cytosine or DNA
methylation is a stable epigenetic mark, found in the genomes of both prokaryotes and
eukaryotes (Finnegan and Kovac, 2000a, Waterhouse et al., 2001, Bender, 2004) and
plays a significant role in genome organization and in regulating gene expression (Lisch,
2009, also see chapter | and below).

Bread wheat, a recent allopolyploid originated some 10,000YA through
intergeneric hybridization (Sears, 1966, Feldman and Levy, 2009, Eckardt, 2010,
Sakuma et al., 2011). Being a polyploid, it can tolerate genomic changes that are not
attainable at the diploid level (Sears, 1966, Feldman and Kislev, 2007). Further, the
great success of polyploids is owed to their ability to select the finest possible
combinations of genes that controls a trait from their donors (Dubcovsky and Dvorak,
2007, Kashkush et al., 2002, Levy and Feldman, 2004). However, presence of two or
more genomes within one nucleus exerts a considerable stress or “genomic shock™ on
the newly formed species (McClintock, 1984, Josefsson et al., 2006, Gaeta et al., 2007,
Yaakov and Kashkush, 2010). Evidence of a wide range of genetic and epigenetic
alterations including deletion events such as elimination of non-coding, low copy and
high copy DNA sequences, gene conversion events and changes in the rDNA loci, have
been well documented in both natural and synthetic polyploids (see Gaeta et al., 2007).
The natural and synthetic allopolyploids contain 2-10% less the amount of DNA than
the sum of their diploid progenitors, indicating that DNA elimination occurs soon after
allopolyploidization events (see Feldman and Levy, 2009). Further, it has been
demonstrated that stress or unusual environmental stimuli like hybridization and tissue
culture may cause heritable changes of cytosine methylation (Feldman and Levy, 2005b,
Matzke et al., 2009, Slotkin et al., 2009). In plants, hybridization followed by the
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accumulation and rise in the activities of transposable elements (TEs) is well
documented (Comai et al., 2003, Josefsson et al., 2006, Tsukahara et al., 2009). It is
believed, hybridization introduces novel TEs into a host, lacking effective silencing
mechanisms and thus results in increased TEs activity and other disruptions (Agren and
Wright, 2011) and below.

5.1.4 Methods of assessing DNA methylation

A number of techniques are available for detecting genomic content and patterns of 5-
mC distribution and a number of others are rapidly evolving (Singal and Ginder, 1999,
Jeltsch, 2002, Yang et al., 2004). Early techniques for assessing total genomic 5-mC
levels relied on digesting DNA into single nucleotides and then quantifying them either
with high performance liquid chromatography (Wagner and Capesius, 1981), thin-layer
chromatography (Bestor and Verdine, 1994) or liquid chromatography (Friso et al.,
2002). Later, global methylation patterns were quantified using restriction fragment
length polymorphism with methylation-sensitive restriction enzymes combined with
Southern hybridization (Bird and Southern, 1978, Kubis et al., 2003a). Over the recent
years, several other techniques such as the use of chloracetaldehyde that detect DNA
methylation levels in a fluorescent assay, bisulfite sequencing and immunostaining with
anti-methylcytosine antibody etc. have been developed (see Yang et al., 2004, Singal
and Ginder, 1999).

Several protocols based on bisulfite deamination reaction have been developed
and used to detect 5-mC content. Most of these protocols use sodium bisulfite in a
chemical reaction, which can selectively deaminate cytosine but not 5-mC to uracil
(Frommer et al., 1992). The resulted primary sequence change in the DNA then allows
differentiation of cytosine from 5-mC. Once the reaction has completed, the sequence
differences between the methylated and unmethylated bases can be exploited by direct
sequencing (see Yang et al.,, 2004). Methods based on bisulfite deamination are
valuable, require a smaller amount of DNA are not labour intensive. However, these
methods are usually limited as they can only study a single gene or locus at a time and
sequencing is still out of reach in many of the developing countries.

The aim of this study was to exploit Southern hybridization with methylation
sensitive and insensitive restriction enzymes and immunostaining with anti-5mC

antibodies to investigate possible genomic disruptions that may arise from alien gene
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transfers in these wheat-Thinopyrum hybrid lines. Though, Southern hybridization has

the disadvantage of being laborious and need large amounts of high quality DNA, but it

reveals comparative assessment of the DNA methylation patterns across different

genomes. Here, both these techniques were employed so that DNA methylation levels

may be assessed and compared at the global level as well as to investigate possible

changes in methylation patterns of the volatile component of Triticeae genomes (TEs

and satellites).

5.2 Materials and Methods

5.2.1 DNA extraction, restriction enzyme digestion and gel electrophoresis

Total genomic DNA was extracted from the Triticeae species as described in M&M

chapter 1.

The DNA was digested with restriction endonucleases, including

isoschizomers Mspl-Hpall and BstNI-ScrFI as well as McrBC (New England BioLabs).

A summary of the restriction sites for each enzyme is given below (Table 5.2).

Restriction digestion and gel electrophoresis conditions were as described earlier in
M&M chapter II.

Table 5.1: List of Triticeae species used in the study.

Species Line/variety/ Genome | Remarks
land race
T. durum AABB Durum wheat or macaroni wheat
Ae. Tauschii DD Jointed goatgrass
Th. intermedium | Manaska JIISSS Intermediate-wheat grass, source of WSMV-resistance
T. aestivum Chinese Spring | AABBDD | Wheat cultivar
T. aestivum Millennium AABBDD | WSMV-susceptible wheat cultivar
T. aestivum KS96HW10-1 AABBDD | WSMV-resistant line with recombinant 4D chromosome
T. aestivum NO02Y5003 AABBDD | WSMV-resistant line with recombinant 1B chromosome
T. aestivum NO2Y5117 AABBDD | WSMV-resistant line with recombinant 4D chromosome
(MACE)
T. aestivum NO02Y5109 AABBDD | WSMV-resistant line with recombinant 3D chromosome
T. aestivum N02Y5163 AABBDD | WSMV-susceptible line with recombinant 1B chromosome
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Table 5.2: Summary of the restriction site(s) and methylation sensitiveness of Mspl,
Hpall, BstNI, ScrFl and McrBC endonucleases.

Enzyme Restriction site Site(s) cut Site(s) not cut
Mspl 5-CCGG-3' CCGG "MCCGG
C"CGG "CCGG
"C"CGG
Hpall 5'-CCGG-3' CCGG MCCGG
"MCCGG C"CGG
MC"CGG
BstNI 5-CCNGG-3' CCNGG
MCCNGG
C™CNGG
"C"CNGG
ScrFl 5'-CCNGG-3' CCNGG C™CNGG
"CCNGG MC™CNGG
McrBC 5"PUmC (N40.3000) PUmC'3I PUmC (N40.3000) PUmC PuC (N40_3000) PumC
Pu"C (N4o-3000) PU™C Pu™C (Nio-3000) PUC
Pu™C (N40-3000) Pu"™C Pu"C (N40-3000) PuC
Pu"C (N40-3000) Pu""C PuC (N4o-3000) Pu"C

MC: methylated cytosine, "™C: hemi-methylated cytosine, Pu: purine bases (A or G)

Sources: Yoder et al., 1997, Jeddeloh et al., 1998, Liu et al.,1998, Stewart and Raleigh 1998, Kubis et al., 2003, Han
et al., 2003, Xu et al., 2009, Yaakov and Kashkush 2010, Cohen-Karni et al., 2011 and Mette et al., 2002.

5.2.2 Primer design, PCR amplification and amplicons purification

New primers were developed and applied to amplify at least one complete repeat unit of
Afa and pSc119.2 sequences (Table 5.3). The primers design and PCR conditions were
the same as described in M&M chapter II.

5.2.3 Cloning and sequence analysis of the Afa and pSc119.2 sequences

Eluted PCR products of Afal, F25/R147 and pSc119.2-AF/AR from ‘Chinese Spring’
and Th. intermedium were cloned and their sequences were analysed as described in
M&M chapter 11 (section 2.2.7-2.2.8). For Afa-family, 20 clones of Th. intermedium
and ‘Chinese Spring’ were sequenced, while for pSc119.2 sequence, 24 clones from

each were sequenced.

5.2.4 Insitu hybridization and Immunostaining

For in situ hybridization and immunostaining see M&M chapter Il (section 2.2.11-
2.2.12).
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5.2.5 Southern hybridization

For Southern hybridization see M&M chapter 11 (section 2.2.15).

5.2.5.1 Probes for Southern hybridization

For probes detail see M&M chapter Il (section 2.2.9).

Table 5.3: List of PCR primers used to amplify repetitive DNA sequences.

CACATGTA

Sr# | Primer Sequence Tm Source
name (°C)
1 F25 GTGCTGATGACCGASACG 60 Contento et al., 2005
R147 GCACTCGCAGTTTTGGCCG
2 F106 CGGTGAGTGATAGTCCACG 60 Contento et al., 2005
R208 GGGGTCCCGGAGTGATTTCC
3 R42 CCCCGGGGTGCGTTTACG 60 Contento et al., 2005
4 AS-A GATGATGTGGCTTGAATGG 58 Nagaki et al., 1995
AS-B GCATTTCAAATGAACTCTGA
5 pSc119.2-A | F: GGATTGCAAGGCCAGAATCG 60
R: GTGCGTTTACGTGTCGGTC
6 pSc119.2-B | F: AGGTAATCTTCCAACAGGTG 60
R: AAATCACCCCGGTACCC
7 pSc119.2-C | F: CTTCCAACAGGTGCATGGT 60
R: AATCCCCGGATCAGCATAG
8 pSc119.2-D | F: AGGATCCTTGGCTATGCTGA 60
R: ATCTGGATTGAAGACACACCTC
9 Afal F: GATGATGTGGCTTTGAATGG 58
R: TCGGAATTCATTTGTAGTGC
10 Cas2probe F: TCATTGTCTTCCATCATAACC 55 Sergeeva et al., 2010
R: GTCGTCCTACATAAACCCTTC
11 LTR6150 CTGGTTCGGCCCATGTCTATGTATCCA 53 Teo et al., 2005

Note: the underlined T is indicating to the singly bp difference between AS-A of Nagaki
et al., (1995) and the here designed Afal-F primer.
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5.3 Results

5.3.1 PCR amplification of Afa and pSc119.2 sequences

Both sets of Afa primers (Nagaki et al., 1995 and Afal) were applied to amplify Afa-
family sequences from ‘Chinese Spring’ and Th. intermedium. However, primers and
conditions described in Nagaki et al., (1995) amplified the incomplete repeat units of
260bp only (Appendix 5.1). Complete Afa repeat units of 340bp were amplified with
Afal primers developed in this study by aligning dpTal (Vershinin et al., 1994) and
another related sequence of pHcKB6 (Anamthawat-Jonsson and Heslop-Harrison, 1993).
Forward primer (Afal-F) was designed within dpTal and reverse (Afal-R) from
pHcKB6. The comparison revealed, sequence of the Afal-F primer varied from Nagaki
et al., (1995) AS-A by only one base pair (see Table 5.3).

The positions of forward and reverse Afal primers within the long array Afa
units are indicated (Figure 5.2A). As expected, Afal primers amplified the tandem
arrays of Afa-family repeats from both ‘Chinese Spring’ and Th. intermedium. The
amplicons were comprised of monomer, dimers and multimers (Figure 5.1A) in the
form of a ladder which is characteristic of the repetitive DNA sequences (Vershinin et
al., 1994, Kubis et al., 2003, Kuhn et al., 2005). Smears are usually seen in repetitive
DNA amplification however, it was successfully reduced by manipulating the extension
time in PCR reaction. These smeared fragments are presumably representing some of
the incomplete repeat units present in the long arrays of the Afa-family sequences, as
well as dispersed single or double units throughout the genome (Nagaki et al., 1995,
Contento et al., 2005). In some instances when higher amounts of DNA were used
smears re-appeared (personal observation). The monomers, dimers and trimers obtained
with Afal primers pair, corresponded in size to around 260bp, 400bp and 600bp
products respectively (Figure 5.1A and Figure 5.2B). These amplicons were compared
with the 1015bp sequence map of pAsl (Rayburn and Gill 1986) given in Nagaki et al.,
(1995). The results were parallel to those given in the map for product size. Thus,
prominent bands from both ‘Chinese Spring’ and Th. intermedium were cloned (arrow
in Figure 5.1A) with enough confidence of the target satellite sequence. The Southern
hybridization results has revealed fewer copies of Afa-family in Th. intermedium
genome than ‘Chinese Spring’ (see below) and PCR results confirmed these findings

too (compare higher PCR bands in Figure 5.1A).
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Four newly developed primers were applied in conjunction with the published
F25-R147, F106-R42 and F106-R208 (Table 5.3) to amplify pSc119.2 sequences from
‘Chinese Spring’ and Th. intermedium. New primers were designed according to their
anchoring position within the original pSc119.2 sequence (Mclintyre et al., 1990) and
are distributed throughout the unit. The positions of pSc119.2-AF/AR are shown along
the complete pSc119.2 sequence only (Figure 5.3A) as the amplicons of pSc119.2-
AF/AR and F25/R147 (Figure 5.3B) were cloned and analysed (see below). The new
primer pairs (Table 5.3) proved very robust and amplified the tandem array of pSc119.2
sequence in the form of a ladder from both Th. intermedium and ‘Chinese Spring’
(Figure 5.1B&C).

For investigating the higher order repeat structure, various combinations of the
primers were used that included different combinations to the original design (compare
lanes A, B, Cand D with E, F, G, H, I, J, K, L, M, N and O in Figure 5.1B&C). All
primer combinations except three amplified PCR products and the complex banding
patterns indicate that repeat units are present in all sorts of combinations of head-head,
head-tail and tail-tail with possible degeneration in their long range organization. It was
interesting to see that different combination resulted in polymorphic PCR products that
varied significantly between ‘Chinese Spring” and Th. intermedium (see Figure
5.1B&C). A possible explanation could be the indels of different elements within the
long arrays of the sequence, although is no sequence data is available to prove this.

Primer combination pSc119.2-CF/CR and pSc119.2-BF/CR (lane C and I in
Figure 5.1B) resulted in almost identical amplification (Figure 5.1B). Reverse primer
pSc119.2-CR was common between the two lanes, indicating the products in both lanes
are amplified most probably by pSc119.2-CR alone, giving further evidence of inverted
repeat units. Further, the FISH and Southern hybridization results have shown the
existence of relatively low copy number of pScl119.2 in Th. intermedium genome
(Figure 5.9 and below). However, PCR showed almost identical pattern of amplification
form both ‘Chinese Spring’ and Th. intermedium with some primer combinations (see
lanes A, G, Q, Rand S in Figure 5.1B and 5.1C).
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5.3.2 Sequence analysis of Afa and pSc119.2 repeats

Prominent bands of Afal (arrow in Figure 5.1A), pSc119.2-AF/AR and F25/R147 (dimers,
trimers and tetramers from lane A™ and R” in Figure 5.1B and 5.1C) were cloned and
sequenced from ‘Chinese Spring’ and Th. intermedium. Out of 40-Afa clones 33 were
sequenced successfully with M13F and M13R and were 99% or above identical. Out of 48
pScl119.2 clones, 46 clones including monomers, dimers or even complete trimer were
sequenced successfully. Only 2 clones were short corresponding to incomplete repeat
units. Overall 9 clones were not suitable and were omitted from further sequence analysis.

Sequencing of Afal products (arrow in Figure 5.1A) resulted in a sequence of
around ~590bp long (Figure 5.2B). Primer sequences were deleted and the remaining
sequence of 551bp long, comprised of one and a half repeat unit (338bp and 213bp) was
further evaluated (Figure 5.2B). The repeat units of both Afa (331-340bp) and pSc119.2
(116-119bp) family sequences were arranged in head-to-tail organization (Figure
5.2A&5.3A). Start of both monomer units was taken arbitrarily and was just after the
Afal-F for Afa-family sequences (Figure 5.2A&B) and within pSc119.2-AF primer
sequence for pSc119.2 monomers (Figure 5.3A&B). Monomers of both Afa and pSc119.2
families were aligned (see multiple sequence alignment files Appendix 5.1) and generated
consensus sequences (339bp and 118bp) were used for homology search and database
mining.

A total of 248 BLAST hits (within 68 genomic and 20 BAC clone sequences)
showing 85-100% identity were obtained for Afa sequences (see Appendix 5.1) while for
pScl119.2 a total of 177 BLAST hits (within 80 genomic sequences) displaying 72-98%
homology were obtained. Out of the 80 pSc119.2 homologous sequences, 73 sequences
were already described as Triticeae satellites and repeats while the remaining 7 sequences
are published as RAPD or genomic AFLP sequences (see Appendix 5.1) and are reported
here as pScl119.2 related sequences. However, neither all Afa nor pScl119.2 hit
sequences could be used in this analysis as most published Afa sequences are 260bp
long only. Furthermore, the start point of some published Afa and pSc119.2 sequences
was in the middle of sequences isolated here.

For phylogenetic analysis, sequences that showed ~90% coverage of the query
files were used (see homology search tables Appendix 5.1). A total of 141 Afa-family
sequences (including 33 sequenced units and 109 hits from NCBI) homologous to the
original pAsl monomers, and 127 pSc119.2 units (including 83 sequenced and 44 hits
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from NCBI) were analysed. Afa is an AT rich (64%) sequence while pSc119.2 is a GC
rich (53.4%) sequence. Afa contains both direct and indirect repeats along with one or
two Afal sites (GTAC). The longest inverted repeated region is 29bp (Figure 5.4A). The
length of complete repeat unit in all sequenced clones was from 331-340bp (see
multiple sequence alignment file Appendix 5.1). However, the position of Afal site was
variable. Thus the present results are consistent to those previously obtained (Tsujimoto
et al., 1997, Nagaki et al., 1998). Few of the Afa units isolated here were internally
polymorphic and contained EcoRI- restriction sites (Appendix 5.1). Similarly, pSc119.2
sequence has two Tagll (GACCGA) restriction sites, a 13bp inverted repeat region and
a 14bp direct repeat region within the 118bp unit (Figure 5.4B).

5.3.3 Phylogenetic analysis

Phylogenetic analysis of the Afa and pSc119.2 families was carried out by Maximum
Likelihood (ML) method in MEGAS5 (Tamura et al., 2011). The analysis involved 141
and 127 nucleotide sequences of Afa and psc119.2 respectively. Afa-family sequences
showed strong sequence grouping that was evident from the deeply branched
phylogenetic tree, with high bootstrap support values (Figure 5.5). Unlike Afa-family,
pScl119.2 sequences did not show strong sequence grouping. Further, the tree was not
deeply branched and nodes were with low bootstrap values (Figure 5.6). Comparison of
the evolutionary history of the both repeat families (Figure 5.5&5.6) revealed some
insights of the Triticeae genomes. Homogenization and amplification events were
inferred to have involved both new and ancestral repeat units. A model, leading to the
homogenization of both repeat units in Triticeae genomes was proposed (Figure 5.7, for
further detail see discussion).

Overall, Afa sequences clustered into three large clades A, B and C (Figure 5.5).
Clade-A comprised of 50 sequences exclusively of H. vulgare origin, and were
subdivided into two sub-clades (sub-clade A1&A2). The sub-clade Al contains
sequences predominantly of H. vulgare chromosome-3 origin, while sub-clade A2
contains mostly sequences from chromosome-5 (clade A Figure 5.5). Clade B included
69 sequences, and was further divided into three sub-clades (B1, B2 and B3). By and
large, clade B was dominated by sequences of wheat origin (TA= T. aestivum, CS=
Chinese Spring). However, it also included sequences of Ae. tauschii (AE), H. vulgare
(HV), Th. intermedium (Thin), T. turgidum (TT) as well as T. urartu (TU). The clade-C
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included 22 sequences, including those of T. turgidum and T. urartu (sub-clade C1) and
T. aestivum (sub-clade C2). The Afa-family sequences from T. aestivum (TA or CS) and
H. vulgare (HV) and Ae. tauschii (AE) clusters significantly (see clades A&B Figure
5.5) but those of Th. intermedium (Thin), T. turgidum (TT) and T. urartu (TU) did not
and are dispersed throughout the tree (Figure 5.5). The results indicated clustering of
Afa sequences heavily relied on copy number of the repeat present. These results are
consistent with the results obtained for the same family sequence by Tsujimoto et al.,
(1997) and Nagaki et al., (1998).

For convenience, clusters of the pSc119.2 sequences were divided into four
main clades D, E, F and G (Figure 5.6), although clades E and F are not very clearly
separated. Clade D included 34 sequences, and can be divided into three sub-clades, D1,
D2 and D3. Clade E is comprised of 46 sequences and was subdivided into five sub-
clades, E1-E5. Similarly, clade F included 29 sequences and clade G is comprised of 18
sequences exclusively of Hordeum vulgare origin. Except Th. intermedium (sub-clade
D1) and Hordeum vulgare sequences (clade G) and few T. aestivum sequences (sub-
clade E5), no significant sequence clusters were evident in all analysed pSc119.2
sequences (Figure 5.6). All Th. intermedium sequences were isolated during this study
and were 95% identical, while Hordeum vulgare sequences of clade G were identified
in BACs (Appendix 5.1) and were present in head-to-tail organization. Therefore, these
sequences showed low diversity and significant grouping. The original pSc119.2 repeats
(Mcintyre et al., 1990) were grouped at the middle of the tree together with Th.
intermedium sequences isolated here (sub-clade E3, Figure 5.6). Similarly, other
pScl119.2 sequences that made the sub-clades and positioned close to one another
mostly (but not always) belonged to the same species or cloned as dimers, trimers or
tetramers (compare sub-clades C1 & D2, Figure 5.6) or were amplified with the same
primers (for example sub-clade D1&D2 Figure 5.6 are amplified by pSc119.2-AF/AR)
or arranged side by side in the sub-clades (sub-clades D1-E1 Figure 5.6). It was evident
that sequences from all species are distributed throughout the tree with no effect of the
ploidy level or domestication. Unlike Afa-family sequence, variation was independent
of the copy number in a genome. These results are similar to those obtained previously
in species such as T. monococcum, T. tauschii or L. mollis where the pScl119.2
sequences are not abundant (Mukai et al., 1993, Cuadrado et al., 1995, Contento et al.,
2005).
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5.3.4 Insitu hybridization (ISH)

ISH with Afa, dpTal and pSc119.2 sequences revealed distinct fingerprints for the
chromosomal arm (4Ai#2S) that carries the WSMV-resistance gene in hybrid wheat
lines (see chapter I11). Therefore, not only were these repetitive sequences were isolated
from ‘Chinese Spring” and Th. intermedium (see above), but also applied to karyotype
Th. intermedium and identify the origin of chromatin transferred in both hybrid wheat
lines as well as in the wild Th. intermedium genome (Figure 5.8, see also chapter IlI).
The Afa-family sequence when used in conjunction with pSc119.2 sequence (Figure
5.9) confirmed the alien arm that carries Wsm1 gene, identified by strong centromeric
Afa and terminal pScl119.2 sites (arrow in Figure 5.9).The karyotype of Th.
intermedium shows at least two pairs of chromosomes carrying centromeric dpTal sites
(Figure 5.8) and prominent bands chromosomal arms representing interstitial
heterochromatic blocks. However, weak hybridization signals along the euchromatin on
few chromosomes was also seen, suggesting the presence of complete or degenerate

repeats dispersed throughout the chromosomes (see Figure 5.8,5.9 and below).

5.3.5 DNA methylation

Genome wide DNA methylation patterns of diploid and polyploid Triticeae species
(Table 5.1) was assessed by immunostaining with anti-5-mC and Southern
hybridization. Immunostaining was combined with in situ hybridization using
Afa/dpTal and pSc119.2 repeat units or with the total genomic DNA of Ae. tauschii and
Th. intermedium probes. Southern hybridization was carried out with Afa, pSc119.2,

LTR-probe and Cas2 probes (see below).

5.3.5.1 Immunostaining with anti-5-mC antibody

The only diploid species analysed here by immunostaining with anti-5-mC antibody,
was Ae. tauschii (2n=14). Almost all analysed metaphases (95%) of Ae. tauschii
chromosomes showed uniform methylation along all fourteen chromosomes (Figure
5.10). However, the centromeric regions of most and telomeric regions of the long arm
chromosomes including some, but not all, dpTal sites showed low levels of methylation
(see Figure 5.10). On the other hand, the methylation pattern of the hexaploid wheat T.
aestivum ‘Millennium’, N02Y5075, N02Y2016 (ABD, 2n=6x=42) and Th. intermedium
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(JJ°S, 2n=6x=42) was observed to be uneven (Figures 5.11-5.14). The vast majority
(~90%) of analysed metaphases (at least 10 for every line) showed uneven and patchy
distribution of the methylated cytosine with many centromeres showing low DNA
methylation (see Figures 5.11-5.14). Regardless of the presence or absence of Th.
intermedium chromatin, all analysed hexaploid wheat chromosomes showed some
minor differences in the intensity of methylation signals between them (e.g. compare
Figures 5.11, 5.13 and 5.14). Most chromosomes show heavy methylation in their sub-
telomeric and pericentromeric regions containing the heterochromatic blocks (see
Figures 5.10-5.14). The effects of polyploidization were evident in the immunostaining
results. For example, the D genome chromosomes, that showed uniform distribution of
methylated cytosine as diploid Ae. tauschii (Figure 5.10) showed a much more uneven
distribution of DNA methylation in the context of hexaploid wheat T. aestivum
‘Millennium’, presenting chromosomal regions with high and low DNA methylation
signal (compare Figure 5.10 and Figure 5.11).

Methylation levels and pattern of Th. intermedium was also uneven and
comparable to those of hexaploid wheat lines (compare Figure 5.11 and Figure 5.12).
Though, some regions of Th. intermedium chromosomes also show much higher
methylation signals than others (Figure 5.12). To associate any modification in the
global DNA methylation level (if any) in the lines used in this study, the methylation
levels of wheat line ‘Millennium’ lacking alien chromatin was compared with
N02Y5075 and NO2Y2016 having 4Ai#2S chromosomal arm (see Chapter Ill and 1V).
In meiotic prophase, the DNA methylation levels of the Th. intermedium arm were less
or similar to the average wheat chromatin (arrows in Figure 5.13). However, the
translocated Th. intermedium arms show low levels of methylation in mitotic metaphase
(arrows in Figure 5.14). The ‘Millennium’ has no alien chromatin, and most of its D-
genome chromosomes showed DNA methylation levels similar to the other wheat

chromosomes (Figure 5.11).

5.3.5.2 Southern hybridization

Cytosine methylation was also analyzed by comparative hybridization to genomic DNA
restricted with endonucleases (Table 5.2). The isoschizomers Mspl and Hpall recognize
the same restriction site (CCGG), but differ in their sensitivity to cytosine methylation.
Hpall is sensitive to methylation of either cytosine (except when the external cytosine is

hemi-methylated i.e. methylation is on one strand of DNA), whereas Mspl cannot
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cleave when the external cytosine is fully or hemi-methylated (Yoder et al., 1997, Liu et
al., 2001, Han et al., 2003, Xu et al., 2009, Yaakov and Kashkush, 2010). The BstNI
and ScrF1 identify CCNGG as restriction site (N=A or T), but BstNI is insensitive to
methylation (Cohen-Karni et al., 2011), whereas ScrFl is sensitive to methylation and
cannot digest the DNA if the internal C is methylated (Mette et al., 2002, Fulnecek et
al., 2009). McrBC was applied to assess asymmetrical CpHpH methylation (H, may be
any nucleotide but G), it recognizes and cleaves DNA at 5'-Pu™C (Nag.3000) Pu™C-3'
sites (Pu=purine bases) containing at least two half sites of the form (G/A)™C (Stewart
and Raleigh, 1998). These recognition sites can be separated by 40bp-3kp, however
optimal separation is 55-103bp (Stewart et al., 2000, Kubis et al., 2003b). McrBC does
not act upon unmethylated DNA, each of the half sites must contain at least one ™C in
for McrBC to cut, and that may be on the same or opposite strand. Therefore, if the
DNA is hemi methylated it should still be cleaved by McrBC (Gowher et al., 2000,
Irizarry et al., 2008). McrBC cuts between each pair of half-sites, the cutting positions
are distributed over several base pairs approximately 30bp from the methylated base
(Stewart and Raleigh 1998) therefore when multiple McrBC sites are present in DNA,
the cleavage sites may overlap and result in a smear rather than sharp banding pattern
(Panne et al., 2001, Panne et al., 1999).

a). Whole-genome DNA methylation patterns of the Afa-family sequence in diploid
and polyploid Triticeae

There are no CpG or CpNpG sites, within the consensus Afa sequence generated with
33 clones isolated here (see multiple sequence alignment of Afa-family Appendix 5.1).
However, in 7 clones (out of 33) a CCGG site and in one a CCNGG site was observed.
Mspl digestion confirmed the presence of the CCGG site in Afa and produced a ladder
pattern after Southern hybridization (2" lane for each DNA of Figures 5.15 and 5.16
right). The existence of smears and ladder pattern organization of DNA in lanes
restricted with ScrFl and BstNI and hybridized with Afa-family (4™ and 5 lanes for
each DNA Figure 5.15&5.16 right respectively) indicates more frequent CCNGG sites.
The expected fragments sizes after digestion, in presence-absence of methylated
cytosines at these symmetrical CpG and CpNpG sites are shown (Figure 5.2C). The

presence of at least one CpG or CpNpG site in the tandem array of Afa-family results in
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a variety of fragment multiples of 340bp, the smallest one is 340bp itself (Figure
5.2A&5.2C).

Regardless of the ploidy level or alien introgression, in the diploid D-genome
(Ae. tauschii), tetraploid AB-genome (T. turgidum), hexaploid JJ°S-genome (Th.
intermedium) and various ABD-genomes (T. aestivum) the Mspl and BstNI restrictions
(2" and 5" lanes for each DNA in Figures 5.15&5.16 right) generated a ladder like
banding pattern in all analysed lines except T. turgidum that contain less copies of Afa
sequences (B, Figures 5.15 right). However, Hpall has digested the DNA to a little
extent. In all lines high molecular weight DNA (above 10kb) with a little smear is
visible (Figures 5.15&5.16 left). This suggests heavy levels of methylation at the overall
CpG sites and of the Afa-family specifically, as evident after Southern hybridization
(Figures 5.15&5.16 right). ScrFl which cleaves the unmethylated CCNGG sites (4"
lanes for each DNA in Figure 5.15&5.16) showed overall more digestion indicating less
methylation at CpNpG than at CpG sites (Figure 5.15&5.16 left) in Th. intermedium
and other wheats. In all lines a smear is seen after Southern hybridization with Afa
sequences, however in Th. intermedium a weak ladder like banding pattern was
observed (see star in H, Figure 5.16 right) indicating the CCNGG sites of Afa are less
methylated in Th. intermedium genomes compared to other diploid and polyploid
Triticeae members (see 4™ lane for each DNA in Figure 5.15&5.16 right).

The weak smeared signal with McrBC indicates the small proportion of asymmetric
methylation present in all Triticeae genomes (6™ lanes for each DNA in Figure
5.15&5.16 left and right). Further, Afa-family is abundant in the D-genome, while scarce
in the AB-genome of wheat (Vershinin et al., 1994, Nagaki et al., 1999) and the present
Southern hybridization results reconfirm the previous findings (compare B and C in Figure
5.15 right).

b). Whole-genome DNA methylation patterns of the pSc119.2 sequence in diploid
and polyploid Triticeae

The consensus 118bp pSc119.2 sequence of both ‘Chinese Spring’ and Th. intermedium
has two CCGG sites at 53-56bp and 81-84bp (arrows in Figure 5.3C). However, in
some clones both sites are modified to CCNGG by a single nucleotide insertion (see
multiple sequence alignment of pScl119.2 sequence Appendix 5.1). The expected

fragments sizes after digestion, in presence-absence of methylated cytosines at these
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symmetrical CpG and CpNpG sites are shown (Figure 5.3D). In case, where both these
sites are digested in the monomers, fragments corresponding to 28bp and 90bp are
generated, while fragments of 118bp if only one of the two corresponding sites are
digested in adjacent monomers (a dimer), and longer fragments of 145bp if only two
sites are digested (e.g. at 53 and 199bp) within a dimer (Figure 5.3D). By considering
three adjacent monomers (a trimer) fragments corresponding to 208bp, 236bp and
264bp are resulted by the different combinations of cutting sites within each monomer.
Thus if four adjacent monomers are taken into account, the variety of cutting sites will
produce various fragments including mentioned above, and larger fragments of 324bp,
354bp and 382bp respectively and so on (see also Figure 5.3D).

Overall genomic digestion (Figures 5.17&5.18 left) are the same as for previous
experiment (Figures 5.15&5.16 left). Mspl and BstNI restrictions (2™ and 5™ lanes for
each DNA in Figures 5.17&5.18 right) generated a ladder like banding pattern in all
analysed lines except Ae. tauschii (C, Figures 5.17 right). This is because pSc119.2
repeat family is abundant in the B-genome rather than the D-genome (Rayburn and Gill
1986, Vershinin et al., 1994, Tsujimoto et al., 1997, Taketa et al., 2000). Mspl targets
CCGG sites and is sensitive to external cytosine methylation ("CCGG or "CCGG)
while BstNI targets CCNGG sites and cleave the target in any context (Table 5.2).
Therefore difference in the intensity of restriction fragments of pSc119.2 was evident
(compare bands of 200-1000bp in Figure 5.18 right). The intensity of observed Mspl
and BstNI restriction fragments in ‘Chinese Spring’ and T. turgidum was more or less
uniform (A and B Figure 5.17 right).

Similar to Afa-family restriction pattern (Figures 5.15&5.16 right left) both Hpall
and McrBC have restricted DNA to a very small extent in all species (see 3™ and 6™
lanes for each DNA in Figures 5.17&5.18 left). Hpall is sensitive to methylation but
digest CCGG sites when the external cytosine is hemimethylated (Jeffrey 1996, Liu et
al.,1998) and McrBC can digest asymmetric methylation sites even if they are not on
the same strand (Table 5.2). Both Hpall and McrBC show almost no restriction of
pScl119.2 sites in case of ‘Chinese Spring” and T. turgidum (see A and B in Figure 5.18)
but show a little smear in wheat-Th. intermedium hybrid lines (3 and 6™ lanes for each
DNA in Figures 5.17&5.18).

The FISH results indicated pSc119.2 sequence is one of the major components of
the Triticeae heterochromatin (see Chapter 111), where most of the TEs and satDNA

reside and are epigenetically silenced (see Chapter | and above). The Southern
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hybridization results with Hpall and ScrFl also go parallel, as Hpall and ScrFI could
generate only low levels of smears and not the ladder pattern (3™ and 4" lanes for each
DNA in Figures 5.17&5.18) that Hpall and ScrFI could have generated otherwise, if the
pSc119.2 sequence was not heavily methylated (see Table 5.2 and 3™, 4™ lanes Figures
5.17&5.18). Further, these results also revealed that pSc119.2 has predominant
symmetric methylation as Hpall and ScrFl showed minimal digestion in their CCGG
and CCNGG recognition sequences (3™ and 4" lanes for each DNA in Figures
5.17&5.18).

c). Whole-genome DNA methylation patterns of the LTR-probe in diploid and
polyploid Triticeae

Afa-family sequences were recognised as part of, or flanked by a variety of TEs in
several wheat and barley BACs (see Figure 5.4C). Similar TEs between ‘Chinese
Spring’ and Th. intermedium were amplified and isolated with Afal-F and the TE-LTR
specific primer, LTR6150 (Teo et al., 2005) combination. A distinct PCR product of
around 500bp (Appendix 5.1) amplified was sequenced from both ‘Chinese Spring’ and
Th. intermedium each. Although only four clones (two from each) were sequenced, still
they showed 78.9% homology between those of ‘Chinese Spring’ and Th. intermedium
(see multiple sequence alignment Appendix 5.1). The Th. intermedium sequenced
clones displayed maximum homology (95.2%) between them. BLASTN search of the
consensus sequence (488bp) hit many TEs (both class-1&I1) of wheats including those
of Ae. tauschii, T. durum and T. aestivum (GenBank accession numbers AY534123,
EF560592-91 and AB061329) with 95%, 93% and 91% sequence identity and 100%
query coverage respectively. Therefore, the Th. intermedium origin clone was named as
LTR-probe and applied in hybridization, to assess possible changes in the TEs
component of wheat-Th. intermedium hybrid lines in response to intergeneric
hybridization.

No CCGG or CCNGG sites were observed in the consensus sequence (see multiple
sequence alignment Appendix 5.1). But being part of a TE, still much diversity in terms
of sequence and methylation context was expected in the genomes of both wheat and
Th. intermedium. Comparative genomic restriction resulted in a quite similar pattern of
digestion among different genomes (e.g. compare Figures 5.19&5.20 left with Figures
5.17&5.18 left). Both Mspl and BstNI produced degenerate ladder pattern in the
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analysed lines indicating some adjacent and interspersed TE copies (2" and 5" lanes for
each DNA in Figure 5.19&5.20 right). However, it was interesting to see the
methylation sensitive Hpall produced a smear across the whole length of the gel,
indicating demethylation and the presence of overlapping restriction sites that result in
smaller fragments and not a ladder pattern (3" lanes for each DNA in Figure 5.20&5.20
right). The Mspl enzyme which tolerates the internal cytosine methylation only (Table
5.2) revealed difference between ‘Millennium’, lacking alien fragments and other
wheat-Th. intermedium hybrid lines (compare 2™ lanes for each DNA in Figure
5.19&5.20 right). The lower bands of 200-600bp are absent in ‘Millennium’ but present
in wheat-Th. intermedium hybrid lines (see F with G, H, I and J in Figure 5.20 right).
This may be indicative of the possible genomic shuffling resulted from demethylation
or reawakening of the TEs. However, no visible difference was evident in the Mspl
digestion patterns of ‘Chinese Spring’ and ‘Mace’ (compare 2™ lanes in A and E in
Figure 5.19 right). The ScrFl, which cleaves unmethylated CCNGG sites, produced a
smear in all lines including ‘Chinese Spring” and ‘Millennium’ (4™ lane for each DNA
in Figures 5.19&5.20 right). Suggesting all CoNpG sites are not demethylated (compare
ScrFl and BstNI 4™ and 5" lanes for each DNA in Figures 5.19&5.20 right). The
asymmetric methylation is insignificant across the Triticeae (Fulnecek et al., 2002) and
so was evident, by the low levels of smears in the McrBC restriction (6" lanes Figure
5.20&5.20 right).

d). Whole-genome DNA methylation patterns of the Cas2-probe in diploid and
polyploid Triticeae

By and large, the hybridization pattern of a CACTA DNA transposon Cas2-probe
(Sergeeva et al., 2010) did not reveal any major differences in relation to the presence
of alien fragments (see below). The comparative restriction pattern of total genomic
DNA was more or less identical to those seen in other gels (e.g. compare Figures
5.21&5.22 left with Figures 5.15&5.16 left). Similar to the LTR probe (mentioned
above), degenerate and uneven ladder like patterns were obtained in lanes restricted
with Mspl and BstNI (see 2" and 5" lanes for each DNA in Figure 5.21&5.22 right)
indicating dispersed, but also some adjacent interspersed CACTA elements . However,
the differences in the intensity of bands resulting from Mspl digestion alone were

apparent in different genomes suggesting copy number variation (compare ABD, AD,
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D, JJ°J genomes in A, B, C and D of Figure 5.21 right). Higher bands of 2.5kb and
above are seen in wheat-Th. intermedium hybrid lines but not in the ‘Chinese Spring’ or
‘Millennium’ (compare 2" lanes of A and F with E, G, H, | and J in Figures 5.21&5.22
right). Similarly, the bands obtained from BstNI restriction are not very clear and
comparable in all analysed lines (5™ lanes for each DNA in Figures 5.21&5.22). Smear,
running across the whole length of gel, is seen in lanes restricted with ScrFI (4™ lanes
for each DNA in Figures 5.21&5.22) indicating the lack of methylated cytosines in
CCNGG sequence context. However it is present in all lanes and could not be correlated
to the presence of alien chromatin. Hpall which is sensitive to the methylation of both
cytosines in CCGG sequence, unless external cytosine is hemimethylated also showed a
smear (3" lanes for each DNA in Figures 5.21&5.22 right). Furthermore, the smears
resulting from McrBC restriction was also seen in all lines irrespective of alien
introgression or different genomes restricted (6" lanes for each DNA in Figure
5.21&5.22), which confirms the low levels of asymmetric methylation across the grass

genomes (Fulnecek et al., 2002).
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Figure 5.1: Agarose gel electrophoresis, images are inverted to show the faint bands
present in some lanes. (A) PCR amplification pattern of Afa-family from ‘Chinese
Spring’ and Th. intermedium. Arrow indicates the PCR product cloned and sequenced.
(B & C) PCR amplification pattern of pSc119.2 sequences in ‘Chinese Spring’ and Th.
intermedium. Every first well (from A-S) contains ‘Chinese Spring’ and the second Th.
intermedium DNA, respectively. Dimers, trimers and tetramers from A” and R™ were

sequenced and used in phylogenetic analysis.

(B) Lanes A: Primer pair pSc119.2-AF/AR, B: pSc119.2-BF/BR, C: pSc119.2-CF/CR,
D: pScl119.2-DF/DR, E: pSc119.2-AF/BR, F: pSc119.2-AF/CR, G: pSc119.2-AF/DR,
H: pSc119.2-BF/AR, I: pSc119.2-BF/CR, J: pSc119.2-BF/DR.

(C) Lanes K: pScl19.2-CF/AR, L: pScl19.2-CF/BR, M: pScl119.2-CF/DR, N:
pScl119.2-DF/AR, O: pScl119.2-DF/BR, P: pScl119.2-DF/CR, Q: F106/R208, R:
F25/R147, S: F106/R42. Three primer sets including two of Contento et al., (2005) and
one described here failed to amplify PCR products (lane P, Q and S). On either side of
the agarose gel (1.5%) is a DNA length marker HyperLadder (A) or Q-Step 2 (B & C).
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Figure 5.2: Organization of the Afa repeats monomer within ‘Chinese Spring’ and Th.
intermedium genomes. (A) Head-to-tail organization of the 340bp Afa repeat units is
represented by the coloured bars. Numbers along the bars represent nucleotide
positions. Only three monomers of the tandem array are shown. Positions and
orientations of the Afa primers are indicated with arrows. (B) Primer pair used to
amplify the complete 340bp repeat unit. Lengths of fragments correspond to actual PCR
products confirmed with sequencing. (C) The sizes of few expected fragments after
digestion in presence or absence of methylated cytosines at CpG and CpNpG sites in the
Afa sequence. Right angle arrows (in Figure A) pointing to the target sequence of CCGG
and CC(N)GG for methylation-sensitive and insensitive restriction enzymes.

Note: The position of priming sites and orientation of primers is based on consensus
sequence. No CCGG or CCNGG site exists within the consensus sequence. However, in
the 33 sequenced clones of ‘Chinese Spring’ and Th. intermedium 7 clones contained a
CCGG sites while in 1 clone a CCNGG site was observed. The CCNGG site are shown
based on the results obtained with BstNI and ScrFI enzymes here (see 4" and 5" lanes
for each DNA in Figure 5.15&5.16).
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Figure 5.3: Organization of the repeat monomers within the complete pSc119.2
sequence (Mcintyre et al., 1990). (A) Head-to-tail organization of the tandem repeat
units is represented by coloured bars. Numbers inside bars indicate the length of
monomer units and along the sides represents nucleotide position. Dashed lines (1-
166bp) represent a relatively unrelated sequence present in the pScl19.2 sequence
(Mclntyre et al., 1990). Arrows represent the position and orientation of pSc119.2-AF
and pSc119.2-AR primers only. (B) Primer pairs used to amplify the 118bp repeat units.
Lengths of fragments correspond to actual PCR products confirmed with sequencing.
(C) Restriction map of pSc119.2 sequence isolated form wheat and Th. intermedium. The
tandem array of 118bp repeat units is represented by solid coloured bars. Arrows are
pointing to the target CCGG and CCNGG sites for Mspl-Hpall and BstNI-ScrFI
restriction enzymes. Numbers above the repeat units (coloured bars) indicate the
position of CCGG or CC(N)GG sites found within the consensus sequence. (D) The size
of few expected fragments after digestion in presence or absence of methylated
cytosines at CpG and CpNpG sites in the 118bp repeat unit family.
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Figure 5.4: Sequence dotplot analysis of the consensus Afa (A) and pScl119.2 (B)
sequences. Arrows pointing to the 29bp inverted and 14bp direct repeat region found in
Afa and pSc119.2 sequences respectively. (C) Organization of Afa-family sequences in
a BAC clone (GenBank number AY643843) of H. vulgare. The consensus Afa
sequence is plotted (vertical) against the BAC sequence (horizontal). The diagonal lines
(above) indicate the inversely and directly arrange 6 Afa units in the BAC, represented
by solid blue bar (1bp -119490bp). Three CACTA elements (red) were found in the
BAC, the one in the middle (37193-90472bp) had other mobile elements nested in it
(represented with black dots). The flanking regions to the CACTA elements also
contain other mobile elements (copia, gypsy, LINEs etc.). Solid black bars below the

BAC representing the relative position of Afa units.
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Figure 5.5: Molecular phylogenetic analysis of Afa-family sequences by Maximum
Likelihood method. The bootstrap consensus tree inferred from 1000 replicates is taken
to represent the evolutionary history of the taxa analyzed. Branches corresponding to
partitions reproduced in less than 50% bootstrap replicates are collapsed. The
percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test is shown next to the branches. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. Branches without numbers
received bootstrap values smaller than 50%. The analysis involved 141 nucleotide
sequences either isolated here or from GenBank. All positions containing gaps and
missing data were eliminated. Clone names are composed of an abbreviated species
name, plus the clone serial number. In case of published sequences abbreviated species
name is followed by GenBank number, plus clone serial number. Solid black diamond
represents H. vulgare sequences, open diamond represents T. urartu and T.
monococcum sequences, solid black squares represent T. aestivum sequences isolated
here, while open squares represent T. aestivum sequences from the database, all Th.
intermedium sequences are represented by solid blue circles and were isolated here,
solid blue triangles represents Ae. tauschii, open triangles represents Ae. speltoides,
solid inverted triangles represents T. turgidum and open inverted triangles represent

Elymus trachycaulus sequences.
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Figure 5.6: Molecular phylogenetic analysis of pSc119.2 sequences by Maximum
Likelihood method. The bootstrap consensus tree inferred from 1000 replicates is taken
to represent the evolutionary history of the taxa analyzed. Branches corresponding to
partitions reproduced in less than 50% bootstrap replicates are collapsed. The
percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test is shown next to the branches. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. Branches without numbers
received bootstrap values smaller than 30%. The analysis involved 127 nucleotide
sequenceseither isolated here or from GenBank.All positions containing gaps and
missing data were eliminated. Clone names are composed of an abbreviated species
name, plus the clone serial number. In case of published sequences abbreviated species
name is followed by GenBank number, plus clone serial number. Solid squares
represent T. aestivum sequences isolated here, while open squares represent T. aestivum
sequences from the database, solid circles represents Th. intermedium sequences
isolated here, open circles represents Secale vavilovii, solid black diamond represents T.
monococcum, solid blue diamond represents the pSc11.2 sequences of Mcintyre et al.,
(1990), open diamonds represents Ae. speltoides, solid black triangles represents H.
vulgare, solid green triangles represents H. chilense while open triangles represent H.

bulbosum sequences.
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Figure 5.7: Phylogenetic relationships and homogenization models of pSc119.2 (A) and Afa-family sequences (B). Both sequences are
widely distributed among Triticeae members and show different sequence diversity. In pSc119.2 sequences no clusters from the same
species nor deep branches are seen in the DNA sequence trees (Figure 5.6) indicating that the common ancestor probably had multiple
sequences with a range of variation most of which is maintained within the species of today. Thus there are no strong homogenization
events. Afa-family sequences show species and chromosome specific clusters in the DNA sequence tree (Figure 5.5) and branching is

evident of strong homogenization events. Copies in the species with high copy number of Afa sequences have amplified from a few

selected units from the ancestor.
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Figure 5.8: Root-tip metaphase chromosomes of Th. intermedium (2n=42) after
fluorescent in situ hybridization (FISH). (A) Th. intermedium chromosomes are
appearing blue with DAPI fluorescence. (B) Hybridization pattern of the dpTal DNA
sequence labelled with digoxygenin 11-dUTP (detected in green) that hybridized
preferentially to the D-genome chromosomes of wheat. (C) Hybridization pattern of the
pTa7l clone labelled with biotin 16-dUTP (detected in red) showing the physical
location of major 45S rDNA sites. (D) Overlay of A, B and C images. Bar represents
10pm.
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Figure 5.9: Root-tip metaphase chromosomes of Th. intermedium (2n=42) after

fluorescent in situ hybridization (FISH). (A) Th. intermedium chromosomes are
appearing blue with DAPI fluorescence. (B) Hybridization pattern of the pSc119.2
DNA sequence labelled with digoxygenin 11-dUTP (detected in green). (C)
Hybridization pattern of the Afa DNA sequence labelled with biotin 16-dUTP (detected
in red). (D) Overlay of A, B and C images, the chromosomal arms harbouring WSMV -

resistant gene are indicated by arrows. Bar represents 10pm.
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Figure 5.10: Root-tip metaphase chromosomes of Ae. tauschii (D-genome, 2n=14) after

immunostaining with anti-5-mC antibody and fluorescent in situ hybridization (FISH).
(A) Ae. tauschii chromosomes are appearing blue with DAPI fluorescence. (B)
Methylated cytosine sites were detected with anti-5-mC antibody (detected in green).
(C) Hybridization pattern of the dpTal DNA sequence labelled with biotin 16-dUTP
(detected in red). (D) Overlay of A, B and C images. Bar represents 10um.
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Figure 5.11: Root-tip metaphase chromosomes of T. aestivum ‘Millennium’ (ABD-
genome, 2n=42) after immunostaining with anti-5-mC antibody and fluorescent in situ
hybridization (FISH). (A) ‘Millennium’ chromosomes are appearing blue with DAPI
fluorescence. (B) Methylated cytosine sites were detected with anti-5-mC antibody
(detected in green). (C) In situ hybridization of the total genomic DNA from Ae.
tauschii labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of D-genome chromosomes. (D) Overlay of A, B and

C images. Bar represents 10pm.
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Figure 5.12: Root-tip metaphase chromosomes of Th. intermedium (JJ°S-genome,
2n=42) after immunostaining with anti-5-mC antibody and fluorescent in situ
hybridization (FISH). (A) Th. intermedium chromosomes are appearing blue with DAPI
fluorescence. (B) Methylated cytosine sites were detected with anti-5-mC antibody
(detected in green). (C) Hybridization pattern of the pSc119.2 DNA sequence labelled
with biotin 16-dUTP (detected in red). (D) Overlay of A, B and C images. Bar

represents 10pum.
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Figure 5.13: Pachytene chromosomes of the WSMV resistant-line NO2Y5075 (2n=42)

after immunostaining with anti-5-mC antibody and fluorescent in situ hybridization
(FISH). (A) Wheat chromosomes are appearing blue with DAPI fluorescence. (B)
Methylated cytosine sites were detected with anti-5-mC antibody (detected in green).
(C) In situ hybridization of the total genomic DNA from Th. intermedium labelled with
biotin 16-dUTP (detected in red). The genomic in situ hybridization allows the
detection of Th. intermedium-origin chromosome segments. (D) Overlay of A, B and C

images, alien chromosomal arms are indicated by arrows. Bar represents 10um.
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Figure 5.14: Root-tip metaphase chromosomes of the WSMV resistant-line N02Y2016

(2n=42) after immunostaining with anti-5-mC antibody and fluorescent in situ
hybridization (FISH). (A) Wheat chromosomes are appearing blue with DAPI
fluorescence. (B) Methylated cytosine sites were detected with anti-5-mC antibody
(detected in green). (C) In situ hybridization of the total genomic DNA from Th.
intermedium labelled with biotin 16-dUTP (detected in red). The genomic in situ
hybridization allows the detection of Th. intermedium-origin chromosome segments.
(D) Overlay of A, B and C images, alien chromosomal arms show reduced methylation

and are indicated by arrows. Bar represents 10um.

181



A B C D E

A B C D E

( "4 \ 1 \ [ \ \
1 234567 8 910111213141516 1718 19 20212223 242526272829 30

. m - - 'H ‘- - -

- - - - -

2500
2000

1500
1250
1000
800
600
500
400
300
200
100

Lanes 1, 7, 13, 19, 25 undigested
Lanes 3, 9, 15, 21, 27 digested with Hpall
Lanes 5, 11, 17, 23, 29 digested with BstNI

( N[
1 234 567

NS N f N/ A\

8 910 1112131415161718 19 20 212223 24 2526 27 28 29 30

2500
2000

1500
1250
1000
800
600
500
400
300
200
100

Lanes 2, 8, 14, 20, 26 digested with Mspl
Lanes 4, 10, 16, 22, 28 digested with ScrFI
Lanes 6, 12, 18, 24, 30 digested with McrBC

Figure 5.15: Gel picture of the genomic restriction (left) and Southern hybridization (right) with radioactively labelled Afa-family
sequence of DNA from (A) T. aestivum ‘Chinese Spring’ ABD-genome, (B) T. turgidum AB-genome, (C) Ae. tauschii D-genome, (D) Th.

intermedium JJ°S-genome, (E) T. aestivum ‘Mace’ ABD-genome.
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Figure 5.16: Gel picture of the genomic restriction (left) and Southern hybridization (right) with radioactively labelled Afa-family
sequence of DNA from (F) T. aestivum ‘Millennium’ ABD-genome, (G) KS96HW10-1 ABD-genome, (H) N02Y5003 ABD-genome, (1)
N02Y5109 ABD-genome, (J) T. N02Y5163 ABD-genome.
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Figure 5.17: Gel picture of the genomic restriction (left) and Southern hybridization (right) with radioactively labelled pSc119.2 sequence
of DNA from (A) T. aestivum ‘Chinese Spring’ ABD-genome, (B) T. turgidum AB-genome, (C) Ae. tauschii D-genome, (D) Th.
intermedium JJ°S-genome, (E) T. aestivum ‘Mace’ ABD-genome.
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Figure 5.18: Gel picture of the genomic restriction (left) and Southern hybridization (right) with radioactively labelled pSc119.2 sequence
of DNA from (F) T. aestivum ‘Millennium’ ABD-genome, (G) KS96HW10-1 ABD-genome, (H) NO2Y5003 ABD-genome, (I) NO2Y5109

ABD-genome, (J) T. NO2Y5163 ABD-genome.

185



A B C D E A B C D E

r AN 4 N 7 N f A4 \ rf N/ N/ N 7 N [ \
1 234567 89101112131415161718 1920 21222324252627282930 1 234567 89101112131415161718 1920 21222324252627282930

10000 10000

3000
2500
2000 |

3000
2500
2000

1500 1500

1000
800

600

1000
800

600

400 400

200 200

Lanes 1, 7, 13, 19, 25 undigested Lanes 2, 8, 14, 20, 26 digested with Mspl
Lanes 3, 9, 15, 21, 27 digested with Hpall Lanes 4, 10, 16, 22, 28 digested with ScrFI
Lanes 5, 11, 17, 23, 29 digested with BstNI Lanes 6, 12, 18, 24, 30 digested with McrBC

Figure 5.19: Gel picture of the genomic restriction (left) and Southern hybridization (right) with radioactively labelled LTR-probe of DNA
from (A) T. aestivum ‘Chinese Spring’ ABD-genome, (B) T. turgidum AB-genome, (C) Ae. tauschii D-genome, (D) Th. intermedium JJ°S-

genome, (E) T. aestivum ‘Mace” ABD-genome.
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Figure 5.20: Gel picture of the genomic restriction (left) and Southern hybridization (right) with radioactively labelled LTR-probe of DNA
from (F) T. aestivum ‘Millennium” ABD-genome, (G) KS96HW10-1 ABD-genome, (H) N02Y5003 ABD-genome, (1) N02Y5109 ABD-
genome, (J) T. NO2Y5163 ABD-genome.
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Figure 5.21: Gel picture of the genomic restriction (left) and Southern hybridization (right) with radioactively labelled Cas2-probe of DNA
from (A) T. aestivum ‘Chinese Spring’ ABD-genome, (B) T. turgidum AB-genome, (C) Ae. tauschii D-genome, (D) Th. intermedium JJ°S-

genome, (E) T. aestivum ‘Mace” ABD-genome.
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Figure 5.22: Gel picture of the genomic restriction (left) and Southern hybridization (right) with radioactively labelled Cas2-probe of DNA
from (F) T. aestivum ‘Millennium’ ABD-genome, (G) KS96HW10-1 ABD-genome, (H) N02Y5003 ABD-genome, (1) NO2Y5109 ABD-
genome, (J) T. NO2Y5163 ABD-genome.
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5.4 Discussion

5.4.1 Repetitive DNA sequences

The results indicated pSc119.2 sequences are as ancient as the Triticeae itself as they
are present in most Triticeae lineages (Figure 5.6, see also Mcintyre et al., 1990,
Contento et al., 2005). Significant variation of pSc119.2 sequences exists throughout
the Triticeae. Dispersion of repeat units form the same species is evident in the tree
and there are not clear or well-supported clusters except in a few instances (e.g. see
sequences in Clade E, Figure 5.6). There seem to be no genus or species specific120bp
repeats, and it was speculated that the sequence variation was already present in the
ancestor as well as in the Triticeae species of today confirming conclusions derived by
Contento et al., (2005). Chromosomal origin was not assigned to any of the pSc119.2
sequences, still it could be argued, and that if the chromosomal origin was known the
sequences would still be as dispersed as they are now (Figure 5.6). However, to prove
this hypothesis, BACs and sequences with chromosomal annotations are mandatory
that are becoming increasingly available in the public databases and from the wheat
sequencing project (http://www.wheatgenome.org).

It was presumed the ancestral Triticeae had multiple master copies and a range
of variants of the 120bp repeats (Figure 5.7A). Since Triticeae split into sub families
about 50-70MYA (Murat et al., 2010), different species inherited multiple copies of
pScl119.2 sequences and that diversity is maintained at large even today (see T.
aestivum sequences in Figure 5.6). One possible explanation of maintaining this
diversity could be that the sequences are present in the major heterochromatic blocks
of Triticeae chromosomes (Mukai et al., 1993, Taketa et al., 2000, Badaeva et al.,
1998, Cuadrado and Jouve, 1995) and show heavy cytosine methylation in diploid and
polyploid species at the chromosomal level except for the very large blocks in rye
which have amplified after the divergence of rye (Contento and Schwarzacher
unpublished data and below). Therefore, chromosomal regions with multiple copies of
the variants do not undergo recombination and are transferred as blocks to maintain the
original diversity. Comparative analysis of pSc119.2 sequences revealed a diverging
pattern of evolution. Single nucleotide polymorphism is present along the entire
sequence at intra and interspecific levels (see multiple sequence alignment Appendix

5.1). There is no strong homogenization of pSc119.2 sequences within or among
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191closely related species (Figures 5.5&5.6A). Thus molecular drive leading to
concerted-evolution of repeats is time independent for pSc119.2 sequences (Pérez-
Gutiérrez et al., 2012, Contento et al., 2005).

Extensive distribution of Afa-family sequences in Triticeae genomes is evident
from their chromosomal positions (Figures 5.7&5.8). They exist not only in the
telomeric/sub-telomeric but also in the interstitial regions of chromosomes (Mukai et
al., 1993, Castilho and Heslop-Harrison, 1995, Pedersen and Langridge, 1997, Biagetti
et al., 1999, Carvalho et al., 2009, Nagaki et al., 1998b). Afa-family sequences of
related genomes clustered in the tree (Figure 5.5). Copy number as well as
chromosomal origin has a huge impact on sequence groupings (see clade A Figure 5.5).
These results are consistent to those of previously obtained for other Afa homologous
sequences (Tsujimoto et al., 1997, Nagaki et al., 1998b). Afa-family sequences have
undergone several episodes of amplifications and deletions in their evolutionary
history (Nagaki et al., 1995, Tsujimoto et al., 1997). Thus the enormous variation in
copy number among Triticeae members could be assigned to such events (Nagaki et al.,
1999, Vershinin et al., 1994). However, other mechanisms such as their incorporation
in autonomous TEs may also result in their rapid turnover. Indeed, several BACs were
found, where Afa-sequences were flanked or inserted into TEs (Figure 5.4C) and were
amplified with PCR using Afa and LTR primers (Appendix 5.1 and above). However,
some chromosomal regions are reported to be repeat-rich as they can efficiently
accumulate repeats or they are inefficient in removing them (Ma et al., 2007, Ma et al.,
2004, Vogel et al., 2010).

The low sequence diversity of Afa-family sequences in different Triticeae
genomes may be the result of recent amplifications (Nagaki et al., 1998a, 1999).
However, PCR reaction may also be influenced towards the amplification of certain
subsets of the repetitive DNA sequences as a small amount of DNA is used as template
for amplification, which could potentially affect the estimation of diversity (Tang et al.,
2011, Nagaki et al., 1998a). This limitation was overcome, by using two rounds of
PCR and the eluted fragments from both reactions were sequenced (see above).
However, no significant variation in the sequencing result was evident (see multiple
sequence alignment of Afa-family sequences Appendix 5.1). Furthermore, the results
here also revealed, Afa sequences are not only genome or species specific but also
show chromosomal specificity in their distribution (compare sub-clades A1&A2 Figure

5.5). It is very likely that the Afa-family sequences present on the same chromosome
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have multiplied from the same or very few and closely related master copies (Figure
5.7).

It was difficult to predict when the first relic of Afa-sequences amplification
has occurred in Triticeae. However, Nagaki et al., (1998a) believed, the S-genome of
Ae. speltoides as the possible ancestor, as it contains few and highly diverged copies.
But in this analysis Afa-family were predicted as much older component of the
Triticeae genomes. Intact tandem array of Afa-family sequences were identified in
several whole genome shotgun sequences of rice (for example see GenBank accession
number AACV01030552). Indicates the ancestor of the grass family contained Afa-
sequences before its split into subfamilies some 65MYA (see Figure 1.2, Chapter ).

Rapid expansion and homogenization of variant repeats of satDNA is a major
event in species diversification (Kuhn et al., 2008). Sequence of the Afa-family exhibit
species as well as chromosome specific clusters (compare sub-clade Al and A2 Figure
5.5). Sequences from the genomes with high copy number clusters significantly while
those with few copies do not cluster (see T. turgidum sequences in sub-clade B2 and
C1 Figure 5.5). Presumably, the Afa-family sequence of today have been amplified
several times using a limited number of master copies (Figure 5.7) and therefore,
display species and chromosome specific repeats grouping (sub-clade Al and A2
Figure 5.5). It is evident, Afa-family sequences both at the intra and interspecific levels
have undergone strong homogenization events and the molecular forces leading to the

concerted-evolution of sequence family is time dependent.

5.4.2 Insitu hybridization

At present, the Afa-family (Rayburn and Gill, 1986) and pScl119.2 sequences
(Mclntyre et al., 1990) are extensively applied as cytological markers in Triticeae
research for detecting alien chromatin in hybrid wheat backgrounds (Mukai et al.,
1993, Castilho and Heslop-Harrison, 1995, Carvalho et al., 2009). Here, both repeat
families were applied not only to detect the recombinant wheat chromosomes (see
Chapter I1I) but also in mapping of WSMV-resistance gene in the wild Th.

intermedium genome (Figure 5.9).
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5.4.3 DNA methylation

5.4.3.1 Immunostaining with anti-5-mC

Cytosine methylation is a stable epigenetic mark and has a prominent role in plants
regulatory machinery, including silencing TEs and other repetitive DNA sequences as
well as in the expression of endogenous genes (Finnegan et al., 1998, Finnegan et al.,
2000, Kubis et al., 2003a). Stress tolerance is largely associated with changes in the
levels of cytosine methylation (Chinnusamy and Zhu, 2009, Finnegan and Kovac,
2000b, Bender, 2004). Previous studies have reported rapid and reproducible
alterations in the DNA methylation in response to allopolyploidization events (Yaakov
and Kashkush, 2011). Therefore, the focus of this study was to correlate possible
effects of interspecific hybridization (see Chapter I1I) in relation to changes in levels of
DNA methylation.

Methylation levels of diploid and polyploid Triticeae (Table 5.1) was assessed
with both anti-5-mC antibody and methylation sensitive restriction enzymes in
Southern hybridization (see below). Since, the D-genome of most lines included in this
study was the recipient of Th. intermedium chromatin (see Chapter 111&IV). Therefore
methylation pattern of the D-genome was studied both at diploid and polyploid level.
The B-genome component of wheat is the largest among the three wheat gnomes
(Gustafson et al., 2009) and it was also the recipient of small Th. intermedium
fragments (Chapter Il and Table 5.1). Therefore, T. turgidum (AB-genome) was
included in the study to compare changes originating from the AB-genome alone in
response to alien introgression.

The immunostaining with anti-5-mC antibody showed uniform methylation
pattern along most of the Ae. tauschii chromosomes (Figure 5.10). However, as
reported polyploidization induce alteration of cytosine methylation (Salmon et al.,
2005, Xu et al., 2009). The immunostaining results also consistently showed all
polyploids species irrespective of the genomes involved exhibited uneven and patchy
distribution of the methylated cytosines along the chromosomes (Figures 5.11-5.14).
Effects of the allopolyploidization events were obvious, the D-genome that show
uniform 5-mC in the diploid state showed unevenly distributed 5-mC signals at the
polyploid level (compare Figure 5.10 and Figure 5.11). In flowering plants,
interspecific hybridization acts as a stimulus and causes heritable changes of cytosine
methylation (Slotkin et al., 2009, Feldman and Levy, 2005b, Matzke et al., 2009).
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Therefore, the recipient D-genome and the introgressed alien arm were targeted
(arrows in Figure 5.13&5.14) by combing ani-5-mC antibody with total genomic DNA
from Ae. tauschii and Th. intermedium (see Figures 5.11&5.14).

Methylation patterns of the D-genome was assessed in ‘Millennium’ which
lacks alien chromatin (Table 5.1) and most of its D-genome chromosomes exhibited
DNA methylation levels comparable to the other wheat or Th. intermedium
chromosomes (compare Figure 5.11&5.14). Possible alterations of the 5-mC levels
were studied in the complete alien arm using both mitotic and meiotic spreads (Figures
5.13&5.14). This introgressed alien arm is present in the form of 4Ai#2S.4DL
chromosomal translocation in the lines analysed here and is the vastly deployed source
of natural resistance against WSMV (see Chapter 111&1V). So far, genes conferring
resistance to WSMV, WCM and the fungus Tapesia yallundae have been mapped to
the same chromosomal arm (Chen et al., 1998a, Friebe et al., 2009, Qi et al., 2010,
Schwarzacher et al., 2011). However, still other genes of agronomic and bread making
quality may be present on the same arm (Divis et al., 2006 and Chapter I1I).

In both plants and animals, most of the methylated cytosine is found in
heterochromatic regions (see Chapter | and above), where repetitive DNA and TEs are
abundant (Heslop-Harrison, 2000b, Turner, 2009, Grafi et al., 2007). Conversely,
reduced methylation levels are characteristic features of the actively transcribing
chromatin (Kubis et al., 2003, Josefsson et al., 2006, Argen and Wright 2011, Yaakov
and Kashkush 2011). Hypomethylation is very well documented and associated with
actively transcribing genes (Heslop-Harrison 2000a, Josefsson et al., 2006, Argen and
Wright, 2011, Yaakov and Kashkush, 2011). DNA methylation levels of the Th.
intermedium arm were found more or less similar to the average wheat chromatin at
meiotic pachytene (Figure 5.13). Notably, the alien arm show significantly reduced
levels of 5-mC in mitotic metaphase (arrows in Figure 5.14). Due to time constraint,
the same experiment with meiotic spreads was not repeated (as flowering season is
once in a year). However, reproducible results of reduced DNA methylation were
obtained using mitotic spreads from different lines at different times (results not
shown). Thus, the prospect for expression of transferred alien genes is given at the
global chromatin level (arrows in Figure 5.14). It needs to be seen now that DNA
methylation is low at the gene level and can be maintained in the hybrid backgrounds.
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Except the green alga Chlamydomonas, that exhibits the most unusual pattern
of DNA methylation, abundant in the exons of genes rather than in repetitive DNA and
TEs (Feng et al., 2010), all other plants DNA employ methylation as a conserved role
in silencing genes, endogenous selfish elements and other non-coding regions
(Chinnusamy and Zhu, 2009, Finnegan and Kovac, 2000a, Suzuki and Bird, 2008).
However, the levels and patterns of DNA methylation vary considerably among
different species (Bender, 2004, Kato et al., 2003, Law and Jacobsen, 2010). Plant
genomes are incredibly large (see Bennett and Leitch, 2011) with a vast majority of
their DNA being potentially deleterious and selfish (Feldman and Levy, 2005, Matzke
et al., 2009, Slotkin et al., 2009, Yaakov and Kashkush, 2011). However, most if not
all of these elements are epigenetically silenced (see Chapter | and above).

The lack of activity in repetitive DNA and TEs is due to highly evolved
mechanisms that plants have, to recognize and silence the repetitive DNA that act as a
genomic immune system (Huda and Jordan, 2009, Slotkin and Martienssen, 2007). Not
only are these elements silenced, but they are also remembered and maintained over
generations (Lisch, 2009). Allopolyploids formation is accompanied by a variety of
evolutionary and revolutionary genomic changes (Feldman and Levy, 2009). Previous
studies have reported rapid and reproducible alterations in the DNA methylation
patterns in the early stages of the life of nascent allopolyploid species (Yaakov and
Kashkush, 2011). In the genome of model plant Arabidopsis, reawakening of silenced
transposable elements and burst of retrotransposon was associated with reduced DNA
methylation (Tsukahara et al., 2009). Hybridization introduces novel TEs into a host,
lacking effective silencing mechanisms and thus results in increased TEs activity
(Argen and Wright, 2011).

Therefore, genomic methylation pattern of the repetitive DNA and TEs was
investigated using methylation sensitive restriction enzymes, which was presumed,
would be the first component to be triggered to such genomic changes (alien
introgression). However, by and large no massive alterations of the genomic
methylation patterns were revealed. Some changes may be associated with the alien
chromatin, such as the appearance of extra bands (see stars in Figures 5.16&5.18 right,
and above) or increase-decrease in the smears resulting from restriction of overlapping
sites (compare Figures 5.21&5.22 right) or the existence of low CCNGG methylation
in the Th. intermedium, evident in the Afa-family blot restricted with ScrFI (compare
4" lane in D with A, B, C, E and F-J Figures 5.15&5.16 right). These all are indicative

195



of the demethylation around some unknown regions in the wheat genome and may
have many evolutionary implications in terms of regulating gene expression, especially

the resistant genes in case of Th. intermedium genome (see also chapter V1).
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CHAPTER VI: GENERAL DISCUSSION

6.1 Novel sources of WMSV-resistance in Th. intermedium chromatin

transferred to wheat

In this study, wheat-Th. intermedium derivatives that conferred effective WSMV-
resistance in both green-house and field trials (Divis et al., 2006) were screened with
fluorescent in situ hybridization (Chapter 111) and molecular markers (Chapter 1V), that
allowed determination of the nature and size of Th. intermedium chromatin in these
lines. Molecular cytogenetics with repetitive DNA probes that have characteristic
banding patterns for most wheat chromosomes (see Chapter I, Fig 1.5) was very
effective in identifying the recipient wheat chromosomes (Chapter 11, Figures 3.24 and
3.25). Subsequent selection of molecular markers for breakpoint mapping could
concentrate on the identified chromosome arm (Chapter IV, Table 4.5) rather than
needing a genome wide approach of testing for the 42 different wheat chromosome
arms. In most of the resistant breeding lines tested here, the previously known Th.
intermedium group-4 derived resistance translocated to wheat chromosome 4D, was
identified as a whole short arm translocation (Chapter 111, Table 3.1), but also potential
novel resistances were associated with the group-1 and group-3 of Th. intermedium
translocated as small fragments to wheat chromosomes 1BS and 3DL respectively (see
IV). The transfer of desirable genes and development of crops with durable and non
race-specific resistance constitute the core objectives of plant breeding (Ayala-
Navarrete et al., 2007, King et al., 1997a, Krattinger et al., 2011, Mujeeb-Kazi and
Hettel, 1995, Schwarzacher et al., 1992). Often, translocations involving small alien
fragments are preferred due to the less likelihood of linkage drag, compared to addition
or substitution lines (Carvalho et al., 2009, Friebe et al., 2009, Lukaszewski, 2000, Qi
et al., 2007). However, not all larger alien fragments are disadvantageous, they may
potentially introduce more variation. The short arm of Th. intermedium chromosome
4Ai#2 has no, or unrevealed negative effects and under field conditions is stable and
provides complete protection against WSMV and its vector the WCM (Chen et al.,
19994, Divis et al., 2006, Graybosch et al., 2009, Schwarzacher et al., 2011). The same
alien arm (4Ai#2S) also carries the resistance gene(s) for the notorious fungal pathogen
Tapesia yallundae along with those of WCM and WSMV-resistance (Chen et al.,
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2003a, Li et al., 2005b, Mutti et al., 2011). Recently, other resistance genes, such as
the Lr19/Lr25 and Lr24/Lr26 complexes have also been mapped to the long arms of
Th. ponticum chromosomes 7 and 3, that are transferred as blocks (Li and Wang,
2009). In contrast, the smaller introgressed fragments may not supply the additional
resistances and might not retain the desirable traits for which they are selected (see
recombinant S-lines Chapter I11).

Currently Wsm1 and Wsm2 are the two genes used in cultivar improvement and
both genes show temperature dependency. However, Wsml provides superior
resistance and can provide protection above 18°C, while the resistance offered by
Wsm2 fails at 18°C (Graybosch et al., 2009, Multti et al., 2011, Seifers et al., 1995,
Seifers et al., 2007, Seifers et al., 2006). Often, WSMV interacts with High Plains
virus (HPV) and Triticum mosaic Virus (TriMV) to co-infect a single host, that causes
severe damages due to synergistic interaction (Mette et al., 2002, Seifers et al., 2009b,
Stenger et al., 2007a). However, it has been shown that the released cultivar ‘Mace’
(from the same populations as studied in the current work) that carries the Wsm1 gene,
resists the co-infection of WSMV and TriMV up to 19°C and prevents disease
synergism (Tatineni et al., 2010).

All known sources of WSMV-resistance that only carry the short arm of Th.
intermedium chromosome only, exhibit characteristic symptoms of WSMV at 27°C
(Fahim et al., 2010Db, Seifers et al., 1995) and the resistance offered by Wsm2 can only
be exploited by planting wheat in months with cool autumn temperatures (Lu et al.,
2011, Martin et al., 2007). However, wheat substitution lines that carry the entire Th.
intermedium chromosomes exhibit stable WSMV-resistance even at 27°C (Seifers et
al., 1995, Fahim et al., 2011), suggesting the presence of further resistance genes in Th.
intermedium. This urges the need for more effort to exploit the potential in Th.
intermedium, and the results shown here provide the first concrete evidence of new
WSMV-resistance genes, designated as Wsm4 and Wsmb5 present on the homoeologous
group-1 and group-3 of Th. intermedium chromosomes respectively (Chapter 111 for
detail).

Presence of the 4D recombinant chromosome has always been correlated with
WSMV-resistance in the field (Divis et al., 2006, Qi et al., 2007, Wells et al., 1982,
Wells et al., 1973). However, lines N02Y5003 and NO02Y5109 without a 4D
translocation, but with the largest distal alien chromatin insertion corresponding to the
28.3+4.9% and 42.9+2.5% of the recombinant 1BS and 3DL arms also showed
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WSMV-resistance (see Chapter I1l). In contrast, experimental lines without alien
chromatin (N02Y5021, NO2Y5082, N02Y5096, N02Y5105 and N02Y5121) and lines
with small 1BS fragments (NO2Y5019, NO2Y5156, NO02Y5163) do not show
resistance. However, the WSMV-susceptible lines with small 1BS fragments identified
in this study, are still worthy for further screening to other biotic and abiotic stresses,
as recent studies have revealed the presence of quality and resistance genes on the
group-1 of Th. intermedium (Hu et al., 2011). Additionally, they provide useful tools
for mapping the Wsm4 gene (see below).

6.2 Molecular markers detecting Th. intermedium chromatin and

confirmation of novel WSMV-resistance genes

To ensure maximum exploitation of the known and novel WSMV -resistance and their
earliest availability to wheat growers, a number of previously known PCR markers
linked to the resistance were employed to facilitate MAS-breeding approaches (see
Chapter 1V). PCR-based marker analysis is reliable, time and cost-effective as well as
convenient in terms of manipulation and application (Collard and Mackill, 2008,
Korzun, 2002, Todorovska et al., 2005). ESTs-derived markers are very useful in
determining the homoeologous relationships of chromosomes from different grass
species by comparative mapping (Heslop-Harrison, 2000b). Therefore, EST-markers
are extensively used as an effective tool for genetic analysis in Triticeae (Liu et al.,
2011, Peng et al., 2004, Qi et al., 2007, Wang et al., 2010). Recently, ESTs from the
interspecific conserved exonic regions designed for wheat group-4 chromosomes were
reported to be useful in amplifying the group-2 chromatin of Th. intermedium and vice
versa (Fahim et al., 2011). Furthermore, it is also known that PCR often amplifies
products from orthologous genes simultaneously, however the amplicons show length
polymorphisms (Hu et al., 2011). Therefore, to overcome any potential shortcoming
that may appear from the low levels of polymorphism and the conserved nature of
ESTs present on different homoeologous groups, the study concentrated on 26-EST
markers previously tested and reported polymorphic for Th. intermedium and ‘Chinese
Spring’ in the literature (Fahim et al., 2011, Gao et al., 2009, Kong et al., 2009, Qi et
al., 2007, Wang et al., 2010, Zhang et al., 2002). These included group-2, group-4 and
group-7 derived dominant ESTs-markers (see Chapter 1V). Polymorphism for some of

these markers was successfully established in the material used and 6 new polymorphic
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markers were identified. Thus a good selection of markers is now available for large
scale screening of WSMV-resistance (see Chapter 1V) in marker-assisted WSMV-
resistance breeding and gene pyramiding

Another aim of the marker analysis was to ascertain the novelty of 1B and 3D
resistances, and that it is not the known Wsm1 gene derived from 4AiS#2S that could
transfer through translocation. Two approaches were followed, first extensive
cytogenetics using GISH and repetitive DNA sequences were applied and the 4Ai#2S
and 4D chromosomes in lines carrying the recombinant 1B and 3D chromosomes, were
found intact (Chapter Il for detail). Secondly, known markers linked to 4D derived
resistances were used (see above), in order to identify the resistance genes on 1BS and
3DL if they have a common chromosomal origin. The PCR markers screen also
supported the different origin of these resistances. Apart from the group-4 derived
markers none could reveal useful polymorphisms in the lines applied here (Chapter 1V,
Table 4.1 and Appendix 4.1). Group-4 markers amplified DNA from the group-4
recombinants only, except the WSR9, but could not identify useful polymorphism for
alien-derived resistance associated with 1BS or 3DL (see Figure 4.1, Chapter IV).

Consequently, both the cytogenetics and MM results confirm the newly
identified recombinant chromosomes in line N02Y5003 and N02Y5109 as recipients
of novel WSMV-resistance genes, designated as Wsm4 and Wsm5. However, none of
the known markers showed linkage to 1BS or 3DL resistance. Therefore, attempts
were made to find linked markers to the newly identified genes, but only one potential

marker for the 1B resistance was identified (Figure 4.11).
6.3 Molecular breakpoints detection in the recombinant 1BS

The recent advances in DNA sequencing projects and analytical approaches have
greatly increased our understanding of the grass genome (Devos, 2010). Accumulation
of the genetic markers, combined with the availability of large sets of DNA sequence
data have made it possible to carry out comparative genomic studies in the grass family
(Feuillet and Keller, 2002b, Heslop-Harrison, 2000b, Hu et al., 2011, Peng et al.,
2004). Among the various MMs, microsatellites offer an attractive and reliable
approach for wheat mapping studies because of their high degree of polymorphism
(Roder et al., 1998b, Roder et al., 1998a, Somers et al., 2004, Song et al., 2005,
Sourdille et al., 2001, Mangini et al., 2010). In the current study 32-MMs were applied
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thoroughly, that were distributed across the three distal deletion bins of wheat above
the NOR of 1BS (see Chapter 1V, Table 4.3).

The sizes of the seven Th. intermedium group-1 derived translocations were
compared (Table 4.5). Firstly, the sizes of these translocations cytogenetically were
estimated using GISH measuring the Th. intermedium chromatin along the
chromosome in percentage and ranked them in order of size (Chapter Ill, Table 3.2).
As deletion stocks with known fraction length (FL) values (Endo and Gill, 1996) were
not applied in this study, therefore physical length measurements of the recombinant
chromosomal arm to the lost wheat arm cannot be correlated directly with MM.
However, the genetic map position of some MMs is published (Reddy et al., 2008,
Somers et al., 2004, Song et al., 2005, Sourdille et al., 2004b, Sourdille et al., 20044,
also see Chapter IV section 4.4.5). Hence, an attempt was made to order the MMs on a
combined map and estimate the genetic position of each breakpoint (compare Figure
4.11, and 4.9 Chapter 1V). The two results however differ slightly in the ranking of the
breakpoints (compare Figure 4.11 and 4.10 Chapter IV) and while line N02Y5003
contains the largest alien fragment with both estimates, the other fragment sizes are
ranked differently. The differences between estimated size based on cytogenetic
methods and MMs are common (Ayala et al. 2009, Friebe et al. 2009). The fluorescent
in situ hybridization signal is often very large and extends beyond the physical
boundary of the chromosome giving overestimation of signal width, particularly with
small fragments (Lukaszewski et al., 2005). Because chromosomal condensation
during metaphase is uneven along chromosomes and can vary between early and late
metaphases and is influenced by the duration of the metaphase arresting pre-treatment
before fixation, fragment size depends on the stage and overall lengths of the
chromosomes measured (Schwarzacher and Heslop-Harrison, 2000).

To identify BPs and map-based position of the newly identified WSMV-
resistant gene in line NO2Y5003, two approaches were used. Firstly, the polymorphic
were applied markers to develop a consensus map corresponding best with the physical
data and showing the least postulated rearrangements of markers between lines, and
then the map was used to identify the breakpoints (see Figure 4.11 and Table 4.6
Chapter 1V). Secondly, to reconfirm the order and interval of MMs, the markers order
obtained here was compared to published 1B maps (Figure 4.9). Absence of a marker
from a recombinant line and its presence in another provided the basis of identifying a

break point interval (Table 4.6, Figure 4.11). Further the authenticity of markers was
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confirmed by their presence-absence in the nulli-1B line and ‘Chinese Spring’. To
double check and refine the BP intervals, comparative map analysis of the 1B
published maps was carried out (see Figure 4.9, 4.10).

The present results indicated that all recombination (Table 4.6, Figure 4.11)
involved the distal 28.3% region of the physical 1BS and no recombination in the
proximal regions toward the centromere (see also Chapter Ill). Thus, suggesting the
presence of recombination hot-spots along the distal 1BS. Sharma et al., (2009) studied
the physical distribution of 68 recombinant breakpoints on the 1R and 1S, and mapped
all recombination within the distal 40% of the physical arm. Similar results of low
recombination frequency close to the centromeres compared to the telomeres have
been reported for the group-1 of wheat (Sourdille et al., 2004a). Endo and Gill (1996),
recognized that most of the hot spots along wheat chromosome exist at the junction of
heterochromatic and euchromatic regions. They also identified localized hot spots with
relatively inert adjacent regions in a few wheat chromosomes including the NOR

region of IBS.

6.3.1 Physical and map-based position of the novel WSMV-resistant gene on

1BS arm of wheat

The micro-collinearity of genetic markers (Bennetzen, 2005, Luo et al., 2009, Paterson
et al., 2009, Qi et al., 2009) was evident in the MMs analysis of the homoeologous
group-1 of wheat, Beaver and Th. intermedium (compare Figure 4.3-4.7). Initially
Beaver (1RS.1BL) was used as a control 1BS line. However, the low polymorphism
between wheat 1BS and rye 1RS was well pronounced (Table 4.5). That could be
attributed to the high gene density along the small arm of group-1 chromosomes (Peng
et al., 2004, Sharma et al., 2009).

The precise physical map location of the newly identified WSMV-resistance
gene was not detected. However, with enough confidence, it is not located within the
distal 20% of the recombinant 1BS arm (see Chapter Il1). These results are consistent
to those obtained by Wells et al., (1983) by analysing a less desirable disomic
substitution line. They reported the location of WSMV-resistance gene towards the
centromere rather than toward the distal end in the Th. intermedium chromosome.
Friebe et al., (2009) mapped the Wsm1 gene to the distal 20% of the recombinant 4DS.
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However, as Wsml is a group-4 derived gene, therefore these results do not contradict
to those of Friebe et al., (2009).

Finally, the resistance gene was pinpointed to a ~6% region of the recombinant
1BS arm (comparing translocation sizes of alien fragments in R and S lines, Table 3.2
Chapter I1l). The Ganal and Rdder (2007) markers Xgwm1100, Xgwm1028 and
Xgwm4435 delimited the resistance gene in line NO2Y5003 (see PB-V, Table 4.6
Chapter 1V). Thus taking the order of markers in these results this resistance gene is
flanked between Xgwm4144 and Xgwml1100 markers (Table 4.6, Figure 4.11).
However, if the order of the Ganal and Rdder (2007) map is followed (in the absence
of recombination) then the resistance gene would lie between Xgwm0911 and
Xgwm1100 markers (Figure 4.10A).

6.4 Significance and potential of the novel resistance genes derived

from Th. intermedium

Since the 1960s, at least 15-genes for fungal or viral resistance have originated from
Th. intermedium chromosomal segments (Li and Wang, 2009). Though, Th.
intermedium is a member of the tertiary gene pool of wheat, the results with GISH
(Chapter 111), PCR markers (Chapter 1V) and repetitive DNA studies (Chapter V) show
the shared homology of Th. intermedium and wheat, especially to the D-genome. The
present results indicated Th. intermedium has more potential to be exploited, it does not
cause meiotic instability (see Chapter I11) and once the Th. intermedium fragments are
transferred, they show reduced cytosine methylation (Chapter V, and below), a
characteristic of the actively transcribing chromatin (Bender, 2004, Law and Jacobsen,
2010, Schmidt and Heslop-Harrison, 1998a). Furthermore, no significant epigenetic
changes were revealed in the current study that are often associated with intergeneric
crosses and alien chromatin transfer (see Chapter V and below).

Plant breeders have been remarkably successful in manipulating novel
variations required for resistance and productivity (Borlaug, 1983). Though, some of
the high vyielding cultivars suffer from low resistance, while many of the highly
resistant cultivars show poor agronomic performance (Ayala-Navarrete et al., 2007,
Divis et al., 2006, Schwarzacher et al., 1992).
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This natural WSMV-resistance derived from the group-4 is currently the most
important source of resistance available to wheat breeders (Friebe et al., 2009,
Graybosch et al., 2009). The basis for such wide utilization is effective resistance, and
the lack of linkage drag which could potentially depress the essential agronomic and
end-use quality traits (Divis et al., 2006, Mutti et al., 2011, Schwarzacher et al., 2011).
Alien material introduces new diversity at the expense of wheat genes (Chen et al.,
19994, King et al., 1997a, King et al., 1997b, Mujeeb-Kazi and Hettel, 1995, Wang et
al., 2010), but sometime the inserted fragments replace important wheat quality genes
(Ayala-Navarrete et al., 2007, Friebe et al., 2009, Liu et al., 2011, Qi et al., 2007).

Two novel WSMV-resistance genes were identified (Chapter Il and above),
time constraint allowed us neither to develop MMs linked to 3DL resistance nor to
exploit the available markers to determine the BP (Chapter 111 and above). Of the seven
homoeologous groups, the group-1 of wheat is well studied and most understood.
Primarily, clusters of important agronomic genes (Endo and Gill, 1996, Mclintosh et al.,
2010, Reddy et al., 2008) including at least 22 genes and QTLs have been found on
chromosome 1B that confer disease resistance (Peng et al., 2004). The value of 1B in
relation to WSMV-resistance has never been documented before (Chapter Ill and
above) so it is important to check for possible linkage drag. Indeed, some PCR markers
that were previously reported as flanking important agronomic genes were lost from
the recombinant 1BS arms. For example Xpsp3000, a dominant marker, applied in
MAS-breeding for three genes including Gli-1 gene (Bryan et al., 1997) Yr10 (Wang et
al., 2002) and Snnl (Reddy et al., 2008) was lost and replaced by Th. intermedium
chromatin in a few susceptible lines as well as from the resistant line N02Y5003
(Table 4.6). Similarly, on the genetic map the Glu-3, Pm8, Lr26, Sr31 and Yr9 loci are
positioned above the dominant EST-marker Xucr_6 (Sharma et al., 2009). The current
results revealed that the Xucr_6 marker is lost by the WSMV-resistance line
N02Y5003 (Table 4.6).

Nowadays, Wsm1 confers resistance and disadvantages (Divis et al., 2006,
Graybosch et al., 2009). However, original sources that carried Wsm1 were frequently
associated with undesirable traits such as yield penalties and poor bread-making
qualities (Baley et al., 2001, Seifers et al., 1995, Sharp et al., 2002). The subsequent
backcrosses and hybridization eliminated the potential negative effects of the

introgressed Th. intermedium chromatin (Divis et al., 2006). The importance of similar
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crossings is highlighted, to restore the desirable wheat genes while maintaining the
WSMV-resistance of recombinant chromosome 1BS.

Reduction in the size of alien translocations through chromosome engineering
has been met with great success (Ayala-Navarrete et al., 2007, Friebe et al., 2009,
Lukaszewski, 2000, Qi et al., 2007). Recently the group-1 substitution lines of wheat-
Th. intermedium were exposed to stripe rust pressure and were reported as potential
sources of Sr-resistance (Hu et al., 2011). In the same study the authors also reported
the presence of a novel high molecular weight glutenin (Glu) subunit of Th.
intermedium origin. Earlier, when line N02Y5003 was analysed for the potential
negative agronomic and bread making quality traits, none were discovered (Divis et al.,
2006). Sequence data also suggest, gene families are more or less conserved across
different taxa of grasses (Heslop-Harrison and Schwarzacher 2011a) except some
genes, like storage proteins and disease resistance which expand in a lineage-specific
manner across grasses (Leister et al., 2004, Xu et al., 2008, Devos 2010). Therefore,
the possible presence of further genes on the introgressed arm harbouring the WSMV-
resistance as lineage specific genes is speculated.

The same Th. intermedium arm harbouring the Wsm1 gene, and identified with
terminal pSC119.2 sites (Friebe et al., 1991, and Chapter Ill) has been used to enrich
wheat cultivars of diverse backgrounds for almost 40 years now (Wells et al., 1973).
Studies indicate, pathogens mostly stay ahead of the hosts in their co-evolutionary race,
probably due to their relatively short life and abundance (Zhan et al., 2002). The
current strains of fungi and viruses are evolving much faster to adapt to changing
environmental conditions (Hovmgller et al., 2011). The genetic information of most
plant viruses including WSMV are encoded in their single stranded RNA genome
(Fahim et al., 2010b, Stenger et al., 2007b, Tatineni et al., 2011). The lack of
proofreading activity in RNA viruses tends to be the main reason for their high
mutation rate and enormous adaptability (Elena and Sanjuan, 2005). The increased
virulence of fungi may be deduced from their ability to produce 2-3 times more spores
than they would produce earlier, and infect cultivars that were previously resistant
(Hovmgller et al., 2011). The Ug99 races have been shown previously, to overcome
the resistance of more than 23 catalogued wheat stem rust-resistant genes (Singh et al.,
2006, Mclntosh et al., 2008, Liu et al., 2010). Similar mutations in the RNA-genome
of WSMV or in the resistant gene Wsm1 may potentially put all the deployed sources

of WSMV-resistance with Wsm1 at risk or even render it ineffective. Therefore, the
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best means to improve resistance would be to stack the novel group-1 or group-3
derived resistances in a germplasm carrying the known 4DS resistance. Such
deployment of the combinations of effective “stacked” genes should reduce the
probability of simultaneous mutation events in the pathogen as well as in the resistant
genes.

Therefore, the newly identified sources of WSMV-resistance in this study are
extremely important, especially for gene pyramiding. It is reasoned with enough
confidence that this study will be helpful, not only in MAS-breeding but may also
provide an opportunity for targeted-gene cloning. Still, the development of new linked
markers to these novel genes is importance and, so that the lack of markers will not
hamper their effective utilization.

Production of high yielding and resistant cultivars remains the primary goal of
wheat breeding (Wells et al., 1973, Feldman and Sears 1981, Borlaug 1983). However,
despite successful introgression, the actual value of hybrids remains obscure. However,
integration of new genomic approaches with traditional breeding strategies may further
multiply the value of identified desirable traits (Heslop-Harrison et al., 1990, King et
al., 1993, 1997a, Graybosch et al., 2009, Schwarzacher et al., 2011). The better
understanding of plant genomics has been possible due to the availability of large sets
of genomic sequences (Varshney and Dubey 2009, Mochida and Shinozaki 2010). It
has made it possible to develop a variety of functional molecular markers detecting
desirable traits and is shaping our approaches of the plant breeding (Schwarzacher et al.
1989, Miflin 1999, Gutterson and Zhang 2004, Varshney and Dubey 2009, Heslop-
Harrison and Schwarzacher 2011b).

Alien fragments continue to allow transfer of major traits into wheat varieties
through crossing. Although timescales are long, the new characters are unique and
benefits exceed any linkage drag in appropriate selection programmes. The importance
of future research and directed efforts to combine different sources of known and novel
resistances against WSMV is recommended (Wsm1, Wsm2, Wsm3, Wsm4 and Wsm5
the latter two are identified in this study) in a single genotype to safeguard wheat
against the threats of WSMV.
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6.5 Repetitive DNA sequences in wheat and Th. intermedium

chromosomes

In this study, diversity and the contrasting evolutionary dynamics of two repetitive
DNA sequences from Th. intermedium and ‘Chinese Spring’ were investigated. To
date, many members of the repetitive DNA families have been isolated from the
Triticeae (Bedbrook et al., 1980, Rayburn and Gill 1986, Mclintyre et al., 1990,
Anamthawat-Jonsson and Heslop-Harrison 1993, Vershinin et al., 1994, 1995,
Cuadrado et al., 1995, Tsujimoto et al., 1997, Nagaki et al., 1998a, Contento et al.,
2005). Until recently, members of the repetitive families isolated, and their phylogeny
or chromosomal distribution studied alone. However, fewer attempts have been made
to understand the phylogeny of different repeat types (Anamthawat-Jonsson and
Heslop-Harrison 1993, Tang et al., 2011) or focus on mechanisms of concerted
evolution (Perez-Gutierrez et al., 2012) for different Triticeae repeat types. An attempt
was made to bridge this gap by isolating two important repetitive DNA sequences (Afa
and pSc119.2) from Th. intermedium and ‘Chinese Spring’, undergoing different
selection and homogenization mechanisms (Figure 5.7). In addition, their
chromosomal distribution was studied (Figure 5.9 and Chapter 1ll) along their
phylogeny (Figure 5.5 and Figure 5.6) and has given a comparative insight of both
repeat types (Figure 5.7). Further, these repeats were used as finger prints to target
alien introgression and their methylation pattern was studied (see Chapter I1l, V and
below).

No function was ascribed for pSc119.2 sequences in the published data,
however Afa-sequences were repeatedly found in BACs as integral part of resistant
genes (GenBank accession EF567062, is Lrl genomic region). The Afa repeats were
found as component of some Caspar elements associated with gene and regulatory
regions influencing gene expression (Wicker et al., 2003). Afa-family sequences were
also seen at the centromere of wheat-Th. intermedium hybrid lines and Th.
intermedium itself (Figure 5.9). Thus Afa-sequences provide a hotspot for
recombination between wheat and Th. intermedium (see Chapter IlI). Sequence
analysis of Afa revealed two penta-nucleotide motifs 5-CAAAA- 3', previously
reported from rye heterochromatin and were considered to be involved in crossing over

and transposition (Appels et al., 1986, Grotewoldet al., 1991). More recently, similar
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functions were proposed for the same motifs in Flying Dragon satellites sequences
(Felice et al., 2006).

6.6 DNA methylation of wheat-Th. intermedium hybrid lines

Organization of chromatin plays an important role in gene expression (Suzuki and Bird
2008, Slotkin et al., 2009, Turner 2009). Heterochromatin is highly condensed
compared to euchromatic regions and is not easily accessible for transcription.
Therefore, the same nucleotide sequence may be either well-expressed or not at all
depending on where it is located (Heslop-Harrison, 2000b, Bender, 2004, Matzke et al.,
2009). Most methylated cytosine is found in heterochromatic regions, where most of
the repetitive sequences and transposable elements are found (Kubis et al., 2003, Fuchs
et al., 2006, Grafi et al., 2007, Lisch, 2009). DNA methylation is essential for normal
development in higher eukaryotes. It reduces the transcriptional noise of mobile and
other invading DNA and thus reduces the potential negative impacts of transposition
(Finnegan 1998, Argen and Wright 2011). On the other hand, in plants cytosine
methylation has a significant role in the regulatory machinery throughout the
development. It has been recognized that stress or unusual environmental stimuli like
interspecific hybridization or tissue culture may cause heritable changes to the cytosine
methylation in plants and has evolutionary consequences (Feldman and Levy 2005,
Matzke et al., 2009, Slotkin et al., 2009). Reduction in methylation level was reported
to be associated with conspicuous effects on morphology, development and fertility
(Finnegan et al., 1998, Kashkush et al., 2002, 2003, Jin et al., 2008, Feldman and Levy
2009). In addition processes such as vernalization, flower and seed development and
stress tolerance are largely associated with cytosine methylation (Chinnusamy and Zhu
2009). For example, in Arabidopsis, hypomethylation results in pleiotropic phenotypic
and developmental disorders (Finnegan and Kovac 2000, Bender 2004). Thus, like
other higher eukaryotes DNA methylation plays dual role in plants, providing defence
against endogenous selfish elements and regulates gene expression (Finnegan 1998,
Heslop-Harrison 20003, Slotkin et al., 2009). Similarly, aberrant DNA methylation has
been associated with other conspicuous effects on morphology, development, fertility,

aging, mental health abnormalities and diseases such as cancer (Finnegan et al., 1998,
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Kashkush et al., 2002, 2003, Yang et al., 2004, Jin et al., 2008, Feldman and Levy
2009, Murgatroyd et al., 2009).

Polyploidization plays a major role in the evolution of plants. Allopolyploid
species can tolerate genomic changes that are either unattainable or unfavourable at the
diploid level (Feldman and Levy 2009). Wheat is remarkably stable, and tolerates wide
genomic changes, such as gain or loss of chromosomes (Sears 1966, Feldman and
Sears 1981), that may be one of the contributing factors for the lack of radical
modification in the DNA methylation patterns. In case of Afa-family or pSc119.2
sequences, it is known these elements comprise the oldest components of the Triticeae
genomes (Vershinin et al., 1994, Nagaki et al., 1999, Contento et a. 2005). Therefore,
irrespective of the alien introgression, not only the sequence itself, but the methylation
pattern is also conserved (Figures 5.15-18).

Similarly, all polyploidization events are not necessarily accompanied with
rapid genomic changes. For example in newly synthesized allotetraploid and
allohexaploid cotton, no rapid genomic changes were recorded (see He et al., 2003).
The recent availability of DNA sequence data from the A and B genomes of wheat has
made it possible to trace the footprints of TE insertion in the two genomes (Salina et al.,
2011). Studies have shown that the majority of the TEs actively proliferated in the A
and B genomes some 0.5-0.6MYA, before the allopolyploidization events. They
further concluded, the polyploidization events did not enhanced or repressed the
transposition of mobile elements (Charles et al., 2008). The presence of at least two
independent methylation codes (CpG and CpNpG) might be related to the fact the
plants are sessile and require a fine adaptation of their genomes to environmental
conditions (Jeltsch, 2002).

Hybridization introduces novel TEs, for which the host genomes lack efficient
silencing mechanisms (Argen and Wright, 2011). However, the FISH (see Chapter I11)
and preliminary sequence data of repetitive DNA (Chapter V) revealed the existence of
largely unknown affinity between the Th. intermedium and wheat. It is reasoned to
believe, if such significant homology in sequence context of repetitive DNA and other
TEs is present on a higher scale (compare multiple sequence alignment files Appendix
5.1), between wheat and the Th. intermedium, less background effects will be evident
in the hybrids as most of the TEs and repetitive DNA could be efficiently silenced.
Such a possibility will increase the significance of Th. intermedium as an invaluable

source of important genes for wheat improvement. The aim is, genes to be transcribed
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as they show lineage-specific amplification (Leister et al., 2004, Xu et al., 2008, Devos
2010, Heslop-Harrison and Schwarzacher 2011, also see arrows in Figure 5.14), while
the TEs and other repetitive DNA are more widely present and are effectively silenced.

Some 10,000YA, humans started a gigantic evolutionary experiment of
adaptation and speciation (Darwin, 1905, Pringle, 1998, Eckardt, 2010). Humans
consciously or unconsciously selected wheat, a crop of immense significance. The
success of which, as a modern cultivated crop is evident from the fact that it has spread
geographically more than any other crop in a very short period of time, and is able to
thrive under extreme environmental conditions (see Peng et al., 2011 and Chapter 1).
Wheat has achieved this enormous plasticity by compensating for genetic bottlenecks
by conserving high variability from its ancestors and by rapidly generating new
diversity (Dubcovsky and Dvorak, 2007).
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Figure 4.1: PCR amplification pattern of the STS-J15 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the ~420bp amplicons produced
by Th. intermedium and the WSMV-resistant lines with 4Ai#2S chromosomal
translocation. On either side of the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.2: PCR amplification pattern of the Xpsp3000 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the ~250-286bp amplicons
produced by the WSMV-resistant lines with 4Ai#2S chromosomal translocation. Arrow
head indicate another polymorphic band but it could not be related to the presence or
absence of Th. intermedium chromatin. On either side of the agarose gel (2%) is a DNA
length marker Q-Step 2.
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Figure 4.3: PCR amplification pattern of the P4 marker from wheat-Th. intermedium

hybrid lines (Table 4.4). Arrow indicates a DNA band, present in only few WSMV-
resistant lines. On either side of the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.4: PCR amplification pattern of the WSR2 marker from wheat-Th.

intermedium hybrid lines (Table 4.4). Arrow indicates a DNA band, present in all lines

except nulli-4D line. On either side of the agarose gel (2%) is a DNA length marker Q-

Step 2.
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Figure 4.5: PCR amplification pattern of the WSR11 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the ~200bp amplicons produced
by Th. intermedium and the WSMV-resistant lines with 4Ai#2S chromosomal
translocation. On either side of the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.6: PCR amplification pattern of the WSR17 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the ~200bp amplicons produced
by Th. intermedium and the WSMV-resistant lines with 4Ai#2S chromosomal
translocation. On either side of the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.7: PCR amplification pattern of the WSR65 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the ~1300bp amplicons produced
by Th. intermedium and the WSMV-resistant lines with 4Ai#2S chromosomal
translocation. On either side of the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.8: PCR amplification pattern of the UL-Thin-2 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the ~269bp amplicons produced
by Th. intermedium and the WSMV-resistant lines with 4Ai#2S chromosomal
translocation. On either side of the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.9: PCR amplification pattern of the UL-Thin-3 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the ~550bp amplicons produced
by Th. intermedium and the WSMV-resistant lines with 4Ai#2S chromosomal
translocation. On either side of the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.10: PCR amplification pattern of the UL-Thin-4 marker from wheat-Th.
intermedium hybrid lines (Table 4.4). Arrow indicates the ~890bp amplicons produced
by Th. intermedium and the WSMV-resistant lines with 4Ai#2S chromosomal
translocation. On either side of the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.11: PCR amplification pattern of the Xwmc500 marker from wheat lines and

Th. intermedium (Table 4.5). Arrow indicates ~350bp amplicons produced by all lines

except Manaska (Th. intermedium). On either side of the agarose gel (1.5%) is a DNA

length marker Q-Step 2.
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Figure 4.12: PCR amplification pattern of the Xwmc49 marker from wheat lines and Th.

intermedium (Table 4.5). Arrow indicates 206bp amplicons produced by few lines. On

either side of the agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.13: PCR amplification pattern of the Xbarc194 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 166bp amplicons produced by lines with

normal or small 1BS alien fragments. On either side of the agarose gel (1.5%) is a DNA

length marker Q-Step 2.
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Figure 4.14: PCR amplification pattern of the XBF293222 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates ~400bp amplicons produced by all lines.
On either side of the agarose gel (1.5%) is a DNA length marker Q-Step 2.
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Figure 4.15: PCR amplification pattern of the XBF474204 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 480bp amplicons produced by lines with
normal or small 1BS alien fragments. On either side of the agarose gel (3%) is a DNA

length marker Q-Step 2.
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Figure 4.16: PCR amplification pattern of the Xgwm0550 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates ~150bp amplicons produced by all lines
except the nulli-4D line. On either side of the agarose gel (1.5%) is a DNA length
marker Q-Step 2.
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Figure 4.17: PCR amplification pattern of the Xpsp2530.1 marker from wheat lines and

Th. intermedium (Table 4.5). Arrow indicates 100bp amplicons produced by lines except

Manaska. Arrow head indicates the polymorphic band produced by lines with 4Ai#2S

chromosomal arm. On either side of the agarose gel (3%) is a DNA length marker Q-

Step 2.
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Figure 4.18: PCR amplification pattern of the Ksud14a marker from wheat lines and Th.

intermedium (Table 4.5). Arrow indicates ~550bp polymorphic band produced by most

lines with small 1B alien fragments. On either side of the agarose gel (1.5%) is a DNA

length marker Q-Step 2.
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Figure 4.19: PCR amplification pattern of the Xgwm0911 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 272bp amplicons produced by lines with
normal 1B chromosome. On either side of the agarose gel (1.5%) is a DNA length
marker Q-Step 2.
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Figure 4.20: PCR amplification pattern of the Xgpw1170 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 166bp amplicons produced by most lines
except Manaska. On either side of the agarose gel (1.5%) is a DNA length marker Q-
Step 2.
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Figure 4.21: PCR amplification pattern of the Xwmc85 marker from wheat lines and Th.

intermedium (Table 4.5). Arrow indicates 228bp amplicons seen in most of the lines

except Manaska. On either side of the agarose gel (3%) is a DNA length marker Q-Step

2.
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Figure 4.22: PCR amplification pattern of the Xgwm1130 marker from wheat lines and

Th. intermedium (Table 4.5). Arrow indicates 116bp amplicons produced by lines with

normal or small 1B alien fragments. On either side of the agarose gel (1.5%) is a DNA

length marker Q-Step 2.
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Figure 4.23: PCR amplification pattern of the Xgwm4144 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 191bp amplicons produced by lines with
normal or small 1B alien fragments. On either side of the agarose gel (1.5%) is a DNA
length marker Q-Step 2.
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Figure 4.24: PCR amplification pattern of the Xwmc230 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates ~230bp amplicons produced by lines with
normal or small 1B alien fragments. On either side of the agarose gel (1.5%) is a DNA

length marker Q-Step 2.
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Figure 4.25: PCR amplification pattern of the Xgwm1100 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 227bp amplicons produced by lines with
normal or small 1B alien fragments. On either side of the agarose gel (3%) is a DNA

length marker Q-Step 2.
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Figure 4.26: PCR amplification pattern of the Xbarc119 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 208bp amplicons, on either side of the

agarose gel (3%) is a DNA length marker Q-Step 2.
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Figure 4.27: PCR amplification pattern of the Xgwm3035 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 225bp amplicons, on either side of the
agarose gel (2%) is a DNA length marker Q-Step 2.
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Figure 4.28: PCR amplification pattern of the Xgpw363 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates ~200bp amplicons produced by lines with
normal or small 1B alien fragments. On either side of the agarose gel (3%) is a DNA

length marker Q-Step 2.
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Figure 4.29: PCR amplification pattern of the Xwmc329 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 118bp amplicons, on either side of the

agarose gel (3%) is a DNA length marker Q-Step 2.
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Figure 4.30: PCR amplification pattern of the Xucr-8 marker from wheat lines and Th.
intermedium (Table 4.5). Arrow indicates 165bp amplicons, on either side of the agarose
gel (3%) is a DNA length marker Q-Step 2.
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Figure 4.31: PCR amplification pattern of the Xgwm374 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 180bp amplicons, on either side of the

agarose gel (3%) is a DNA length marker Q-Step 2.
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Figure 4.32: PCR amplification pattern of the Xgwm264 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 160bp amplicons, on either side of the

agarose gel (3%) is a DNA length marker Q-Step 2.

226



o

- =
[ -
o0g<
eEmoggoghgggo q—g%v
IfoovovvLvLLLLLOLINGOS 5 P+
O FTX2X2>2>>>>>>>> 502 2 =22
ocof2aanNNNNNNNNN T E £
NZ=ZO00O0O0O0O00OO0O0O0VE8NNEW
¥X=222222222Z2Z2Z20=20000

FEIee

e
-
—
-
=
—
p—
—

!

— -

Y

-..'..!.?,i'!. i

Figure 4.33: PCR amplification pattern of the Xwmc406 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 217bp amplicons produced by lines with
normal or small 1B alien fragments. On either side of the agarose gel (3%) is a DNA

length marker Q-Step 2.
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Figure 4.34: PCR amplification pattern of the Xgpw7059 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates ~220bp amplicons produced by lines with
normal or small 1B alien fragments. On either side of the agarose gel (3%) is a DNA

length marker Q-Step 2.
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Figure 4.35: PCR amplification pattern of the Xucr-6 marker from wheat lines and Th.
intermedium (Table 4.5). Arrow indicates 1100bp amplicons produced by lines with
normal or small 1B alien fragments. On either side of the agarose gel (3%) is a DNA

length marker Q-Step 2.
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Figure 4. 36: PCR amplification pattern of the Xbarc128 marker from wheat lines and
Th. intermedium (Table 4.5). Arrow indicates 250bp amplicons, on either side of the

agarose gel (3%) is a DNA length marker Q-Step 2.
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Figure 4.37: Multiple DNA sequence alignment of the WSR-9 marker sequence from hybrid wheat lines and Th. intermedium (Manaska).

Sequence name of each species is followed by -A or -B and -9F, which indicates the amplicons amplified and sequenced from the recombinant 4D

(given as A) or 1B recombinant chromosomes (given as B) respectively, both products were sequenced with WSR9 forward primer.
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APPENDIX 5.1

Figure 5.1: Inverse gel image of recombinant plasmid DNA digested with EcoRI
restriction enzyme. Arrow indicates DNA fragment observed in few Afa sequence of Th.
intermedium, indicative of the internal polymorphism. On either side of agarose gel
(1.2%) is DNA length marker Q-Step 2.
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Figure 5.2: Inverse gel image of PCR amplification. Arrow indicates a DNA fragment
of ~500bp produced by LTR6150 and Afal-F primer pair. (Lanes A: ‘Chinese Spring’,
B: Th. intermedium).

hinese spring

hinese spring
Th. intermedium
Th. intermedium

Figure 5.3: Inverse gel image of Afa-family sequences amplified with Nagaki et al.,
(1995) primers. The arrow indicates a DNA fragment of 260bp.
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Table 5.1: List of pSc119.2 homologous sequences in EMBL-EBI database (30 March,
2012). Consensus sequence of 118bp monomer units was used in BLASTN search.

Sr# Accession Description Max Total  Query E value™ Max
score™™  score™ coverage™ identity™
1. AJ517292.4 Secale vavilovii satellite DNA, p42-237 187 430 100% 2e-44 98%
2. AJ517290.4 Hordeum chilense satellite DNA, p147-1716 172 493 100% 4e-40 96%
3. AJ517288.3 Hordeum bulbosum satellite DNA, p147-3711 172 526 100% 4e-40 96%
4. AJ517271.4 Secale vavilovii satellite DNA, p106208-204 170 291 100% 1e-39 92%
5. AJ517289.4 Hordeum chilense satellite DNA, p147-4115 159 450 100% 2e-36 93%
6. AJ517269.4 Secale vavilovii satellite DNA, p25208-182 152 258 100% 3e-34 96%
7. AJ517276.4 Aegilops umbellulata satellite DNA, p25208-157 152 273 100% 3e-34 96%
8. AJ517286.4 Avena sativa satellite DNA, p25208-2022 147 271 100% le-32 95%
9. AJ517236.4 Hordeum brachyantherum satellite DNA, p10642-188 145 414 100% 5e-32 96%
10. AJ517263.4 Aegilops squarrosa satellite DNA, p25208-1517 143 271 97% 2e-31 94%
11. AJ517277.4 Aegilops umbellulata satellite DNA, p25208-168 141 264 100% 6e-31 95%
12. AJ517258.4 Triticum monococcum satellite DNA, p10642-133 140 254 100% 2e-30 96%
13. AJ517261.4 Aegilops squarrosa satellite DNA, p25208-1315 138 267 99% 8e-30 92%
14. AJ517272.1 Aegilops umbellulata satellite DNA, p2542-091 138 138 79% 8e-30 93%
15. AJ517260.4 Secale cereale satellite DNA, p25208-099 136 251 99% 3e-29 92%
16. AJ517251.1 Aegilops squarrosa satellite DNA, p25147-2726 136 179 98% 3e-29 96%
17. AJ517253.4 Triticum aestivum satellite DNA, p25147-2322 134 262 99% 9e-29 90%
18. AJ517239.1 Hordeum bulbosum satellite DNA, p25208-021 134 134 79% 9e-29 91%
19. AJ517235.1 Hordeum chilense satellite DNA, p25147-1716 134 134 79% 9e-29 91%
20. AJ517231.1 Hordeum bulbosum satellite DNA, p2542-134 134 134 79% 9e-29 91%
21. AJ517264.4 Triticum aestivum satellite DNA, p25208-1618 132 265 99% 3e-28 92%
22. AJ517259.4 Triticum monococcum satellite DNA, p10642-155 132 247 100% 3e-28 96%
23. AJ517285.4 Avena sativa satellite DNA, p25208-1921 132 222 100% 3e-28 92%
24, AJ517278.4 Aegilops umbellulata satellite DNA, p25208-179 132 247 99% 3e-28 92%
25. AJ517249.4 Aegilops squarrosa satellite DNA, p25147-2524 132 299 100% 3e-28 96%
26. AJ517293.1 Secale montanum satellite DNA, p25147-081 131 173 100% le-27 92%
27. AJ517270.4 Secale vavilovii satellite DNA, p25208-193 129 244 100% 4e-27 90%
28. AJ517267.4 Secale cereale satellite DNA, p25208-2325 129 220 100% 4e-27 90%
29. AJ517240.4 Hordeum bulbosum satellite DNA, p25208-032 129 249 100% 4e-27 90%
30. AJ517262.4 Aegilops squarrosa satellite DNA, p25208-1416 127 238 99% le-26 90%
31. AJ517274.1 Aegilops umbellulata satellite DNA, p25147-135 127 127 78% le-26 90%
32. AJ517291.4 Secale vavilovii satellite DNA, p106208-215 125 172 100% 5e-26 96%
33. AJ517268.4 Secale cereale satellite DNA, p25208-2426 125 231 100% 5e-26 89%
34, AJ517242.4 Hordeum brachyantherum satellite DNA, p25208-054 125 226 98% 5e-26 92%
35. AJ517273.1 Aegilops umbellulata satellite DNA, p25147-124 125 164 100% 5e-26 96%
36. Z75561.1 Triticum aestivum telomere-associated DNA (PSR2152) 125 342 100% 5e-26 84%
37. AJ517243.4 Hordeum brachyantherum satellite DNA, p25208-066 123 215 100% 2e-25 90%
38. AJ517241.4 Hordeum bulbosum satellite DNA, p25208-043 122 209 100% 6e-25 89%
39. AJ517250.1 Aegilops squarrosa satellite DNA, p25147-2625 122 122 76% 6e-25 90%
40. AJ517266.4 Triticum monvum satellite DNA, p25208-1820 118 208 97% Te-24 90%
41. AJ517254.1 Secale cereale satellite DNA, p25147-1918 118 163 99% Te-24 96%
42. AJ517284.1 Avena sativa satellite DNA, p2542-3021 118 157 99% Te-24 96%
43. AJ517275.1 Aegilops umbellulata satellite DNA, p25147-146 118 118 78% Te-24 88%
44, AJ517233.1 Hordeum bulbosum satellite DNA, p25147-1413 116 155 100% 3e-23 96%
45. AJ517282.4 Secale cereale satellite DNA, p25-315 114 200 97% 9e-23 89%
46. AJ517287.4 Avena sativa satellite DNA, p25208-2123 114 208 100% 9e-23 88%
47. AJ517238.1 Hordeum bulbosum satellite DNA, p25147-1312 113 155 100% 3e-22 93%
48. AY551004.1 Triticum aestivum RAPD marker Pm6-X1 111 374 99% le-21 85%
49. AJ517265.4 Triticum aestivum satellite DNA, p25208-1719 111 199 100% le-21 86%
50. AJ517248.1 Secale cereale satellite DNA, p2542-3425 109 109 T7% 4e-21 87%
51. AJ517283.1 Avena sativa satellite DNA, p2542-2920 109 109 79% 4e-21 86%
52. AJ517247.1 Secale cereale satellite DNA, p2542-3324 107 107 79% le-20 85%
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http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=0&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
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http://www.ncbi.nlm.nih.gov/nucleotide/27817663?report=genbank&log$=nucltop&blast_rank=1&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817663
http://www.ncbi.nlm.nih.gov/nucleotide/27817661?report=genbank&log$=nucltop&blast_rank=2&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817661
http://www.ncbi.nlm.nih.gov/nucleotide/27817659?report=genbank&log$=nucltop&blast_rank=3&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817659
http://www.ncbi.nlm.nih.gov/nucleotide/27817657?report=genbank&log$=nucltop&blast_rank=4&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817657
http://www.ncbi.nlm.nih.gov/nucleotide/27817660?report=genbank&log$=nucltop&blast_rank=5&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817660
http://www.ncbi.nlm.nih.gov/nucleotide/27817655?report=genbank&log$=nucltop&blast_rank=6&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817655
http://www.ncbi.nlm.nih.gov/nucleotide/27817511?report=genbank&log$=nucltop&blast_rank=7&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817511
http://www.ncbi.nlm.nih.gov/nucleotide/27817517?report=genbank&log$=nucltop&blast_rank=8&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817517
http://www.ncbi.nlm.nih.gov/nucleotide/27817641?report=genbank&log$=nucltop&blast_rank=9&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817641
http://www.ncbi.nlm.nih.gov/nucleotide/27817510?report=genbank&log$=nucltop&blast_rank=10&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817510
http://www.ncbi.nlm.nih.gov/nucleotide/27817512?report=genbank&log$=nucltop&blast_rank=11&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817512
http://www.ncbi.nlm.nih.gov/nucleotide/27817647?report=genbank&log$=nucltop&blast_rank=12&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817647
http://www.ncbi.nlm.nih.gov/nucleotide/27817508?report=genbank&log$=nucltop&blast_rank=13&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817508
http://www.ncbi.nlm.nih.gov/nucleotide/27802952?report=genbank&log$=nucltop&blast_rank=14&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802952
http://www.ncbi.nlm.nih.gov/nucleotide/27817649?report=genbank&log$=nucltop&blast_rank=15&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817649
http://www.ncbi.nlm.nih.gov/nucleotide/27802947?report=genbank&log$=nucltop&blast_rank=16&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802947
http://www.ncbi.nlm.nih.gov/nucleotide/27817646?report=genbank&log$=nucltop&blast_rank=17&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817646
http://www.ncbi.nlm.nih.gov/nucleotide/27803108?report=genbank&log$=nucltop&blast_rank=18&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803108
http://www.ncbi.nlm.nih.gov/nucleotide/27803104?report=genbank&log$=nucltop&blast_rank=19&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803104
http://www.ncbi.nlm.nih.gov/nucleotide/27803100?report=genbank&log$=nucltop&blast_rank=20&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803100
http://www.ncbi.nlm.nih.gov/nucleotide/27817650?report=genbank&log$=nucltop&blast_rank=21&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817650
http://www.ncbi.nlm.nih.gov/nucleotide/27817648?report=genbank&log$=nucltop&blast_rank=22&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817648
http://www.ncbi.nlm.nih.gov/nucleotide/27817516?report=genbank&log$=nucltop&blast_rank=23&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817516
http://www.ncbi.nlm.nih.gov/nucleotide/27817515?report=genbank&log$=nucltop&blast_rank=24&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817515
http://www.ncbi.nlm.nih.gov/nucleotide/27817507?report=genbank&log$=nucltop&blast_rank=25&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817507
http://www.ncbi.nlm.nih.gov/nucleotide/27803140?report=genbank&log$=nucltop&blast_rank=26&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803140
http://www.ncbi.nlm.nih.gov/nucleotide/27817656?report=genbank&log$=nucltop&blast_rank=27&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817656
http://www.ncbi.nlm.nih.gov/nucleotide/27817653?report=genbank&log$=nucltop&blast_rank=28&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817653
http://www.ncbi.nlm.nih.gov/nucleotide/27817642?report=genbank&log$=nucltop&blast_rank=29&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817642
http://www.ncbi.nlm.nih.gov/nucleotide/27817509?report=genbank&log$=nucltop&blast_rank=30&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817509
http://www.ncbi.nlm.nih.gov/nucleotide/27802954?report=genbank&log$=nucltop&blast_rank=31&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802954
http://www.ncbi.nlm.nih.gov/nucleotide/27817662?report=genbank&log$=nucltop&blast_rank=32&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817662
http://www.ncbi.nlm.nih.gov/nucleotide/27817654?report=genbank&log$=nucltop&blast_rank=33&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817654
http://www.ncbi.nlm.nih.gov/nucleotide/27817644?report=genbank&log$=nucltop&blast_rank=34&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817644
http://www.ncbi.nlm.nih.gov/nucleotide/27802953?report=genbank&log$=nucltop&blast_rank=35&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802953
http://www.ncbi.nlm.nih.gov/nucleotide/1419163?report=genbank&log$=nucltop&blast_rank=36&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#1419163
http://www.ncbi.nlm.nih.gov/nucleotide/27817645?report=genbank&log$=nucltop&blast_rank=37&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817645
http://www.ncbi.nlm.nih.gov/nucleotide/27817643?report=genbank&log$=nucltop&blast_rank=38&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817643
http://www.ncbi.nlm.nih.gov/nucleotide/27802946?report=genbank&log$=nucltop&blast_rank=39&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802946
http://www.ncbi.nlm.nih.gov/nucleotide/27817652?report=genbank&log$=nucltop&blast_rank=40&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817652
http://www.ncbi.nlm.nih.gov/nucleotide/27803120?report=genbank&log$=nucltop&blast_rank=41&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803120
http://www.ncbi.nlm.nih.gov/nucleotide/27802963?report=genbank&log$=nucltop&blast_rank=42&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802963
http://www.ncbi.nlm.nih.gov/nucleotide/27802955?report=genbank&log$=nucltop&blast_rank=43&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802955
http://www.ncbi.nlm.nih.gov/nucleotide/27803102?report=genbank&log$=nucltop&blast_rank=44&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803102
http://www.ncbi.nlm.nih.gov/nucleotide/27817658?report=genbank&log$=nucltop&blast_rank=45&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817658
http://www.ncbi.nlm.nih.gov/nucleotide/27817518?report=genbank&log$=nucltop&blast_rank=46&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817518
http://www.ncbi.nlm.nih.gov/nucleotide/27803107?report=genbank&log$=nucltop&blast_rank=47&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803107
http://www.ncbi.nlm.nih.gov/nucleotide/45331337?report=genbank&log$=nucltop&blast_rank=48&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#45331337
http://www.ncbi.nlm.nih.gov/nucleotide/27817651?report=genbank&log$=nucltop&blast_rank=49&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817651
http://www.ncbi.nlm.nih.gov/nucleotide/27803117?report=genbank&log$=nucltop&blast_rank=50&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803117
http://www.ncbi.nlm.nih.gov/nucleotide/27802962?report=genbank&log$=nucltop&blast_rank=51&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802962
http://www.ncbi.nlm.nih.gov/nucleotide/27803116?report=genbank&log$=nucltop&blast_rank=52&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803116

Sr# Accession Description Max Total  Query E value™ Max
score™  score” coverage™ identity™
53. AJ517234.1 Hordeum chilense satellite DNA, p25147-1514 107 107 79% le-20 85%
54. AF227454.1 Bromus tectorum clone 15 microsatellite sequence 105 105 72% 5e-20 88%
55. AM285293.1 Secale cereale AFLP marker E-ACT/M-CAA/303 102 306 100% 6e-19 90%
56. AJ517280.1 Aegilops umbellulata satellite DNA, p106208-1911 102 102 T7% 6e-19 85%
57. AJ517245.1 Leymus mollis satellite DNA, p2542-167 100 179 100% 2e-18 97%
58. AJ517281.1 Aegilops umbellulata satellite DNA, p106208-2012 100 139 96% 2e-18 96%
59. AJ517279.1 Aegilops umbellulata satellite DNA, p106208-1810 100 139 96% 2e-18 96%
60. AJ517256.1 Secale cereale satellite DNA, p25147-123 98.7 98.7 7% 7e-18 84%
61. AJ517246.1 Leymus mollis satellite DNA, p2542-189 98.7 172 99% 7e-18 97%
62. AJ517229.1 Hordeum bulbosum satellite DNA, p2542-101 95.1 163 98% 8e-17 96%
63. AJ517255.1 Secale cereale satellite DNA, p25147-3231 93.3 132 100% 3e-16 96%
64. AJ517244.1 Leymus mollis satellite DNA, p2542-156 93.3 933 7% 3e-16 82%
65. AJ517230.1 Hordeum bulbosum satellite DNA, p2542-123 87.8 170 100% le-14 93%
66. AJ517227.1 Hordeum brachyantherum satellite DNA, p2542-2213 87.8 168 97% le-14 95%
67. AJ517232.1 Hordeum chilense satellite DNA, p2542-145 84.2 159 97% le-13 92%
68. AJ517228.1 Hordeum brachyantherum satellite DNA, p2542-2415 84.2 168 97% le-13 93%
69. AJ517257.1 Aegilops squarrosa satellite DNA, p10642-177 84.2 166 96% le-13 94%
70. AJ517237.1 Hordeum brachyantherum satellite DNA, p2542-2112 82.4 163 100% 5e-13 90%
71. EF455902.1 Triticum aestivum AFLP BHW15-21 genomic sequence 75.2 116 97% 8e-11 90%
72. EF455889.1 Triticum aestivum AFLP BHW9-2 genomic sequence 75.2 121 97% 8e-11 89%
73. EF455887.1 Triticum aestivum AFLP BHWS8-2 genomic sequence 75.2 117 97% 8e-11 86%
74. EF455886.1 Triticum aestivum AFLP BHWS8-1 genomic sequence 75.2 752  81% 8e-11 T7%
75. EF455882.1 Triticum aestivum AFLP BHW17-22 genomic sequence 75.2 121 97% 8e-11 91%
76. EF455883.1 Triticum aestivum AFLP BHW17-23 genomic sequence 71.6 117 97% 9e-10 89%
77. AJ517252.1 Triticum aestivum satellite DNA, p25147-2120 71.6 110 100% 9e-10 96%
78. EF455900.1 Triticum aestivum AFLP BHW14-(4)-1 genomic sequence 69.8 112 97% 3e-09 86%
79. EF455888.1 Triticum aestivum AFLP BHW9-1 genomic sequence 69.8 112 97% 3e-09 86%
80. HQ213958.1 Hordeum vulgare clone pHv-1457 repeat region 68.0 212 90% 1e-08 88%
81. EF455915.1 Triticum aestivum AFLP BHW31-4 genomic sequence 68.0 130 61% 1e-08 88%
82. EF614977.1 Triticum aestivum AFLP BHW50-2 genomic sequence 66.2 66.2 81% 4e-08 75%
83. EF455898.1 Triticum aestivum AFLP BHW14-(3)-1 genomic sequence  66.2 108 97% 4e-08 86%
84. EF455894.1 Triticum aestivum AFLP BHW15-22 genomic sequence 66.2 112 97% 4e-08 89%
85. HM536205.1 Hordeum vulgare clone pHv-961 repeat region 53.6 105 86% 3e-04 72%
86. X16097.1 Barley relic DNA HVTO06, tandemly repeated seq 51.8 51.8 78% 9e-04 72%
87. Z68784.1 Hordeum compressum satellite DNA (ID pCOM2_2) 46.4 464  33% 0.037 85%
88. X16095.1 Barley relic DNA HVTO1, tandemly repeated seq 39.2 392 82% 55 70%

*1 Max score: refers to highest alignment score of a set of aligned sequences
*2 Total score: refers to sum of aligned scores of all sequences for the subject sequence
*3 Query length: refers to coverage of query sequence within homologous sequences

*4 E value: number of alignments expected, lower E value (high number following e-) indicates more reliable results
*5 Max identify: refers to the highest percent identity for a set of alighed sequences
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http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=1&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=1&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=2&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=2&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=0&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG7GXSXW01N&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://www.ncbi.nlm.nih.gov/nucleotide/27803103?report=genbank&log$=nucltop&blast_rank=53&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803103
http://www.ncbi.nlm.nih.gov/nucleotide/8489256?report=genbank&log$=nucltop&blast_rank=54&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#8489256
http://www.ncbi.nlm.nih.gov/nucleotide/121490365?report=genbank&log$=nucltop&blast_rank=55&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#121490365
http://www.ncbi.nlm.nih.gov/nucleotide/27802960?report=genbank&log$=nucltop&blast_rank=56&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802960
http://www.ncbi.nlm.nih.gov/nucleotide/27803114?report=genbank&log$=nucltop&blast_rank=57&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803114
http://www.ncbi.nlm.nih.gov/nucleotide/27802961?report=genbank&log$=nucltop&blast_rank=58&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802961
http://www.ncbi.nlm.nih.gov/nucleotide/27802959?report=genbank&log$=nucltop&blast_rank=59&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802959
http://www.ncbi.nlm.nih.gov/nucleotide/27803122?report=genbank&log$=nucltop&blast_rank=60&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803122
http://www.ncbi.nlm.nih.gov/nucleotide/27803115?report=genbank&log$=nucltop&blast_rank=61&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803115
http://www.ncbi.nlm.nih.gov/nucleotide/27803098?report=genbank&log$=nucltop&blast_rank=62&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803098
http://www.ncbi.nlm.nih.gov/nucleotide/27803121?report=genbank&log$=nucltop&blast_rank=63&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803121
http://www.ncbi.nlm.nih.gov/nucleotide/27803113?report=genbank&log$=nucltop&blast_rank=64&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803113
http://www.ncbi.nlm.nih.gov/nucleotide/27803099?report=genbank&log$=nucltop&blast_rank=65&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803099
http://www.ncbi.nlm.nih.gov/nucleotide/27803096?report=genbank&log$=nucltop&blast_rank=66&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803096
http://www.ncbi.nlm.nih.gov/nucleotide/27803101?report=genbank&log$=nucltop&blast_rank=67&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803101
http://www.ncbi.nlm.nih.gov/nucleotide/27803097?report=genbank&log$=nucltop&blast_rank=68&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803097
http://www.ncbi.nlm.nih.gov/nucleotide/27802948?report=genbank&log$=nucltop&blast_rank=69&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802948
http://www.ncbi.nlm.nih.gov/nucleotide/27803106?report=genbank&log$=nucltop&blast_rank=70&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803106
http://www.ncbi.nlm.nih.gov/nucleotide/134154150?report=genbank&log$=nucltop&blast_rank=71&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154150
http://www.ncbi.nlm.nih.gov/nucleotide/134154137?report=genbank&log$=nucltop&blast_rank=72&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154137
http://www.ncbi.nlm.nih.gov/nucleotide/134154135?report=genbank&log$=nucltop&blast_rank=73&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154135
http://www.ncbi.nlm.nih.gov/nucleotide/134154134?report=genbank&log$=nucltop&blast_rank=74&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154134
http://www.ncbi.nlm.nih.gov/nucleotide/134154130?report=genbank&log$=nucltop&blast_rank=75&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154130
http://www.ncbi.nlm.nih.gov/nucleotide/134154131?report=genbank&log$=nucltop&blast_rank=76&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154131
http://www.ncbi.nlm.nih.gov/nucleotide/27803118?report=genbank&log$=nucltop&blast_rank=77&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803118
http://www.ncbi.nlm.nih.gov/nucleotide/134154148?report=genbank&log$=nucltop&blast_rank=78&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154148
http://www.ncbi.nlm.nih.gov/nucleotide/134154136?report=genbank&log$=nucltop&blast_rank=79&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154136
http://www.ncbi.nlm.nih.gov/nucleotide/322875501?report=genbank&log$=nucltop&blast_rank=80&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#322875501
http://www.ncbi.nlm.nih.gov/nucleotide/134154163?report=genbank&log$=nucltop&blast_rank=81&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154163
http://www.ncbi.nlm.nih.gov/nucleotide/148729651?report=genbank&log$=nucltop&blast_rank=82&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#148729651
http://www.ncbi.nlm.nih.gov/nucleotide/134154146?report=genbank&log$=nucltop&blast_rank=83&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154146
http://www.ncbi.nlm.nih.gov/nucleotide/134154142?report=genbank&log$=nucltop&blast_rank=84&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154142
http://www.ncbi.nlm.nih.gov/nucleotide/303325230?report=genbank&log$=nucltop&blast_rank=85&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#303325230
http://www.ncbi.nlm.nih.gov/nucleotide/19098?report=genbank&log$=nucltop&blast_rank=86&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#19098
http://www.ncbi.nlm.nih.gov/nucleotide/1165019?report=genbank&log$=nucltop&blast_rank=87&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#1165019
http://www.ncbi.nlm.nih.gov/nucleotide/19096?report=genbank&log$=nucltop&blast_rank=89&RID=MG7GXSXW01N
http://blast.ncbi.nlm.nih.gov/Blast.cgi#19096

Table 5.2: List of pSc119.2 homologous sequences from EMBL-EBI database (30
March, 2012). Mclntyre et al., (1990) sequence of 611bp was used in BLASTN search.

Sr. Accession Description Max  Total Query E value™ Max
score ™ score™ coverage identity™
1. AJ517288.3  Hordeum bulbosum satellite DNA, p147-3711 502 1875  72% le-138  96%
2. AJ517290.4  Hordeum chilense satellite DNA, p147-1716 477 1711 72% 5e-131  96%
3. AJ517289.4  Hordeum chilense satellite DNA, p147-4115 428 1614  71% 2e-116  93%
4. AJS17236.4  Hordeum brachyantherum satellite DNA, p10642-188 385 1477 70% 2e-103  95%
5. AJ517292.4  Secale vavilovii satellite DNA, p42-237 374 1454 72% 4e-100  98%
6. AY551004.1 Triticum aestivum RAPD marker Pm6-X1 343 1330 71% 7e-91 85%
7. Z75561.1 Triticum aestivum telomere-associated DNA (clone PSR2152) 327 1234 70% 5e-86 87%
8. AJ517271.4  Secale vavilovii satellite DNA, p106208-204 304 1155  72% 6e-79 91%
9. AJ517249.4  Aegilops squarrosa satellite DNA, p25147-2524 295 1018  72% 3e-76 93%
10. AJ517253.4  Triticum aestivum satellite DNA, p25147-2322 291 1010 72% 4e-75 93%
11. AJ517286.4  Avena sativa satellite DNA, p25208-2022 269 978 2% le-68 92%
12. AJ517276.4  Aegilops umbellulata satellite DNA, p25208-157 269 971 2% le-68 92%
13. AJ517261.4  Aegilops squarrosa satellite DNA, p25208-1315 269 960 2% le-68 92%
14. AJ517291.4  Secale vavilovii satellite DNA, p106208-215 266 899 2% le-67 87%
15. AJ517264.4  Triticum aestivum satellite DNA, p25208-1618 260 958 2% 6e-66 92%
16. AJ517277.4  Aegilops umbellulata satellite DNA, p25208-168 260 974 2% 6e-66 95%
17. AJ517269.4  Secale vavilovii satellite DNA, p25208-182 255 911 2% 3e-64 91%
18. AJ5172404  Hordeum bulbosum satellite DNA, p25208-032 255 908 2% 3e-64 91%
19. AJ517263.4  Aegilops squarrosa satellite DNA, p25208-1517 255 942 71% 3e-64 92%
20. AJ517260.4  Secale cereale satellite DNA, p25208-099 253 927 2% 9e-64 90%
21. AJ517258.4  Triticum monococcum satellite DNA, p10642-133 244 908 2% 5e-61 89%
22. AJ517270.4  Secale vavilovii satellite DNA, p25208-193 242 857 2% 2e-60 89%
23. AJ517278.4  Aegilops umbellulata satellite DNA, p25208-179 242 877 2% 2e-60 92%
24. AJ517262.4  Aegilops squarrosa satellite DNA, p25208-1416 242 844 72% 2e-60 89%
25. AJ517259.4  Triticum monococcum satellite DNA, p10642-155 237 890 2% 7e-59 89%
26. AJ517268.4  Secale cereale satellite DNA, p25208-2426 228 825 2% 4e-56 89%
27. AJ517242.4  Hordeum brachyantherum satellite DNA, p25208-054 223 799 2% 2e-54 96%
28. AJ517243.4  Hordeum brachyantherum satellite DNA, p25208-066 214 760 2% 8e-52 96%
29. AJ517285.4  Avena sativa satellite DNA, p25208-1921 212 778 2% 3e-51 92%
30. AJ517287.4  Avena sativa satellite DNA, p25208-2123 210 753 2% le-50 88%
31. AJ517266.4  Triticum aestivum satellite DNA, p25208-1820 206 733 71% le-49 93%
32. AJ517267.4  Secale cereale satellite DNA, p25208-2325 205 765 2% 4e-49 88%
33. AJ517282.4  Secale cereale satellite DNA, p25-315 197 716 71% 6e-47 94%
34, AJ517265.4  Triticum aestivum satellite DNA, p25208-1719 197 684 2% 6e-47 84%
35. AJ517241.4  Hordeum bulbosum satellite DNA, p25208-043 197 720 2% 6e-47 90%
36. AJ517245.1  Leymus mollis satellite DNA, p2542-167 181 641 2% 5e-42 94%
37. AJ517251.1  Aegilops squarrosa satellite DNA, p25147-2726 181 637 71% 5e-42 96%
38. AJ517293.1  Secale montanum satellite DNA, p25147-081 178 621 71% 6e-41 93%
39. AJ517230.1  Hordeum bulbosum satellite DNA, p2542-123 178 589 67% 6e-41 93%
40. AJ517231.1  Hordeum bulbosum satellite DNA, p2542-134 172 567 66% 3e-39 98%
41. AJ517272.1  Aegilops umbellulata satellite DNA, p2542-091 170 571 67% 9e-39 92%
42. AJ517246.1  Leymus mollis satellite DNA, p2542-189 168 610 72% 3e-38 93%
43, AJ517273.1  Aegilops umbellulata satellite DNA, p25147-124 168 546 66% 3e-38 92%
44, AJ517254.1  Secale cereale satellite DNA, p25147-1918 167 581 71% le-37 96%
45, AJ517228.1  Hordeum brachyantherum satellite DNA, p2542-2415 167 564 65% le-37 93%
46. AJ517227.1  Hordeum brachyantherum satellite DNA, p2542-2213 167 571 66% le-37 95%
47. AJ517235.1  Hordeum chilense satellite DNA, p25147-1716 163 533 66% le-36 92%
48. AJ517274.1  Aegilops umbellulata satellite DNA, p25147-135 163 531 66% le-36 91%
49. AJ517257.1  Aegilops squarrosa satellite DNA, p10642-177 163 562 66% le-36 94%
50. AJ517237.1  Hordeum brachyantherum satellite DNA, p2542-2112 161 553 67% 5e-36 90%
51. AJ517233.1  Hordeum bulbosum satellite DNA, p25147-1413 159 533 68% 2e-35 90%
52. AJ517250.1  Aegilops squarrosa satellite DNA, p25147-2625 159 529 66% 2e-35 93%
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http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=1&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=1&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=2&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=2&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=0&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://www.ncbi.nlm.nih.gov/nucleotide/27817659?report=genbank&log$=nucltop&blast_rank=1&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817659
http://www.ncbi.nlm.nih.gov/nucleotide/27817661?report=genbank&log$=nucltop&blast_rank=2&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817661
http://www.ncbi.nlm.nih.gov/nucleotide/27817660?report=genbank&log$=nucltop&blast_rank=3&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817660
http://www.ncbi.nlm.nih.gov/nucleotide/27817641?report=genbank&log$=nucltop&blast_rank=4&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817641
http://www.ncbi.nlm.nih.gov/nucleotide/27817663?report=genbank&log$=nucltop&blast_rank=5&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817663
http://www.ncbi.nlm.nih.gov/nucleotide/45331337?report=genbank&log$=nucltop&blast_rank=6&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#45331337
http://www.ncbi.nlm.nih.gov/nucleotide/1419163?report=genbank&log$=nucltop&blast_rank=7&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#1419163
http://www.ncbi.nlm.nih.gov/nucleotide/27817657?report=genbank&log$=nucltop&blast_rank=8&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817657
http://www.ncbi.nlm.nih.gov/nucleotide/27817507?report=genbank&log$=nucltop&blast_rank=9&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817507
http://www.ncbi.nlm.nih.gov/nucleotide/27817646?report=genbank&log$=nucltop&blast_rank=10&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817646
http://www.ncbi.nlm.nih.gov/nucleotide/27817517?report=genbank&log$=nucltop&blast_rank=11&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817517
http://www.ncbi.nlm.nih.gov/nucleotide/27817511?report=genbank&log$=nucltop&blast_rank=12&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817511
http://www.ncbi.nlm.nih.gov/nucleotide/27817508?report=genbank&log$=nucltop&blast_rank=13&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817508
http://www.ncbi.nlm.nih.gov/nucleotide/27817662?report=genbank&log$=nucltop&blast_rank=14&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817662
http://www.ncbi.nlm.nih.gov/nucleotide/27817650?report=genbank&log$=nucltop&blast_rank=15&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817650
http://www.ncbi.nlm.nih.gov/nucleotide/27817512?report=genbank&log$=nucltop&blast_rank=16&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817512
http://www.ncbi.nlm.nih.gov/nucleotide/27817655?report=genbank&log$=nucltop&blast_rank=17&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817655
http://www.ncbi.nlm.nih.gov/nucleotide/27817642?report=genbank&log$=nucltop&blast_rank=18&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817642
http://www.ncbi.nlm.nih.gov/nucleotide/27817510?report=genbank&log$=nucltop&blast_rank=19&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817510
http://www.ncbi.nlm.nih.gov/nucleotide/27817649?report=genbank&log$=nucltop&blast_rank=20&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817649
http://www.ncbi.nlm.nih.gov/nucleotide/27817647?report=genbank&log$=nucltop&blast_rank=21&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817647
http://www.ncbi.nlm.nih.gov/nucleotide/27817656?report=genbank&log$=nucltop&blast_rank=22&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817656
http://www.ncbi.nlm.nih.gov/nucleotide/27817515?report=genbank&log$=nucltop&blast_rank=23&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817515
http://www.ncbi.nlm.nih.gov/nucleotide/27817509?report=genbank&log$=nucltop&blast_rank=24&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817509
http://www.ncbi.nlm.nih.gov/nucleotide/27817648?report=genbank&log$=nucltop&blast_rank=25&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817648
http://www.ncbi.nlm.nih.gov/nucleotide/27817654?report=genbank&log$=nucltop&blast_rank=26&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817654
http://www.ncbi.nlm.nih.gov/nucleotide/27817644?report=genbank&log$=nucltop&blast_rank=27&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817644
http://www.ncbi.nlm.nih.gov/nucleotide/27817645?report=genbank&log$=nucltop&blast_rank=28&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817645
http://www.ncbi.nlm.nih.gov/nucleotide/27817516?report=genbank&log$=nucltop&blast_rank=29&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817516
http://www.ncbi.nlm.nih.gov/nucleotide/27817518?report=genbank&log$=nucltop&blast_rank=30&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817518
http://www.ncbi.nlm.nih.gov/nucleotide/27817652?report=genbank&log$=nucltop&blast_rank=31&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817652
http://www.ncbi.nlm.nih.gov/nucleotide/27817653?report=genbank&log$=nucltop&blast_rank=32&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817653
http://www.ncbi.nlm.nih.gov/nucleotide/27817658?report=genbank&log$=nucltop&blast_rank=33&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817658
http://www.ncbi.nlm.nih.gov/nucleotide/27817651?report=genbank&log$=nucltop&blast_rank=34&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817651
http://www.ncbi.nlm.nih.gov/nucleotide/27817643?report=genbank&log$=nucltop&blast_rank=35&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27817643
http://www.ncbi.nlm.nih.gov/nucleotide/27803114?report=genbank&log$=nucltop&blast_rank=36&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803114
http://www.ncbi.nlm.nih.gov/nucleotide/27802947?report=genbank&log$=nucltop&blast_rank=37&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802947
http://www.ncbi.nlm.nih.gov/nucleotide/27803140?report=genbank&log$=nucltop&blast_rank=38&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803140
http://www.ncbi.nlm.nih.gov/nucleotide/27803099?report=genbank&log$=nucltop&blast_rank=39&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803099
http://www.ncbi.nlm.nih.gov/nucleotide/27803100?report=genbank&log$=nucltop&blast_rank=40&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803100
http://www.ncbi.nlm.nih.gov/nucleotide/27802952?report=genbank&log$=nucltop&blast_rank=41&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802952
http://www.ncbi.nlm.nih.gov/nucleotide/27803115?report=genbank&log$=nucltop&blast_rank=42&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803115
http://www.ncbi.nlm.nih.gov/nucleotide/27802953?report=genbank&log$=nucltop&blast_rank=43&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802953
http://www.ncbi.nlm.nih.gov/nucleotide/27803120?report=genbank&log$=nucltop&blast_rank=44&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803120
http://www.ncbi.nlm.nih.gov/nucleotide/27803097?report=genbank&log$=nucltop&blast_rank=45&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803097
http://www.ncbi.nlm.nih.gov/nucleotide/27803096?report=genbank&log$=nucltop&blast_rank=46&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803096
http://www.ncbi.nlm.nih.gov/nucleotide/27803104?report=genbank&log$=nucltop&blast_rank=47&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803104
http://www.ncbi.nlm.nih.gov/nucleotide/27802954?report=genbank&log$=nucltop&blast_rank=48&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802954
http://www.ncbi.nlm.nih.gov/nucleotide/27802948?report=genbank&log$=nucltop&blast_rank=49&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802948
http://www.ncbi.nlm.nih.gov/nucleotide/27803106?report=genbank&log$=nucltop&blast_rank=50&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803106
http://www.ncbi.nlm.nih.gov/nucleotide/27803102?report=genbank&log$=nucltop&blast_rank=51&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803102
http://www.ncbi.nlm.nih.gov/nucleotide/27802946?report=genbank&log$=nucltop&blast_rank=52&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802946

Sr. Accession Description Max  Total Query E value™ Max
score " score™ coverage " identity™
53. AJ517238.1  Hordeum bulbosum satellite DNA, p25147-1312 158 558 71% 6e-35 93%
54. AJ517232.1  Hordeum chilense satellite DNA, p2542-145 158 528 65% 6e-35 90%
55. AJ517284.1  Avena sativa satellite DNA, p2542-3021 158 533 68% 6e-35 91%
56. AM285293.1 Secale cereale AFLP marker E-ACT/M-CAA/303 156 1052  72% 2e-34 89%
57. AJ517275.1  Aegilops umbellulata satellite DNA, p25147-146 154 501 66% 7e-34 89%
58. AJ517229.1  Hordeum bulbosum satellite DNA, p2542-101 152 538 67% 2e-33 96%
59. AJ517239.1  Hordeum bulbosum satellite DNA, p25208-021 149 497 65% 3e-32 89%
60. AJ517234.1  Hordeum chilense satellite DNA, p25147-1514 145 459 66% 3e-31 87%
61. AJ517283.1  Avena sativa satellite DNA, p2542-2920 143 484 66% 1e-30 91%
62. AJ517281.1  Aegilops umbellulata satellite DNA, p106208-2012 143 511 70% 1e-30 88%
63. AJ517279.1  Aegilops umbellulata satellite DNA, p106208-1810 143 511 70% 1le-30 88%
64. AJ517280.1  Aegilops umbellulata satellite DNA, p106208-1911 140 504 70% le-29 88%
65. HQ213958.1 Hordeum vulgare clone pHv-1457 repeat region 136 629 67% 2e-28 70%
66. AJ517256.1  Secale cereale satellite DNA, p25147-123 136 434 63% 2e-28 89%
67. AJ517255.1  Secale cereale satellite DNA, p25147-3231 136 428 63% 2e-28 94%
68. AF227454.1 Bromus tectorum clone 15 microsatellite sequence 134 472 68% 6e-28 88%
69. HM536205.1 Hordeum vulgare clone pHv-961 repeat region 131 724 67% 8e-27 75%
70. AJ517248.1  Secale cereale satellite DNA, p2542-3425 127 416 65% 9e-26 85%
71. AJ517247.1  Secale cereale satellite DNA, p2542-3324 127 410 66% 9e-26 84%
72. AJ517244.1  Leymus mollis satellite DNA, p2542-156 127 394 62% 9e-26 96%
73. AJ517252.1  Triticum aestivum satellite DNA, p25147-2120 114 360 63% 6e-22 94%
74. EF455889.1  Triticum aestivum AFLP BHW9-2 genomic sequence 113 385 71% 2e-21 79%
75. X16096.1 Barley relic DNA HVTO02, tandemly repeated seq 113 281 60% 2e-21 71%
76. EF455887.1  Triticum aestivum AFLP BHW8-2 genomic sequence 107 371 71% 9e-20 78%
77. EF455882.1  Triticum aestivum AFLP BHW17-22 genomic sequence 107 374 71% 9e-20 79%
78. EF455900.1  Triticum aestivum AFLP BHW14-(4)-1 genomic sequence 104 353 71% le-18 7%
79. EF455894.1  Triticum aestivum AFLP BHW15-22 genomic sequence 104 358 71% le-18 78%
80. EF455888.1  Triticum aestivum AFLP BHW9-1 genomic sequence 104 358 71% le-18 7%
81. EF455883.1  Triticum aestivum AFLP BHW17-23 genomic sequence 104 364 71% le-18 78%
82. EF455915.1  Triticum aestivum AFLP BHW31-4 genomic sequence 98.7 467 43% 5e-17 88%
83. [EF455902.1  Triticum aestivum AFLP BHW15-21 genomic sequence 98.7 349 71% 5e-17 7%
84. EF455898.1  Triticum aestivum AFLP BHW14-(3)-1 genomic sequence 98.7 338 71% 5e-17 76%
85. EF455886.1  Triticum aestivum AFLP BHWS8-1 genomic sequence 98.7 353 71% 5e-17 7%
86. AY642926.1 Hordeum vulgare BAC CC24_14, complete sequence 98.7 285 67% 5e-17 70%
87. EF614977.1  Triticum aestivum AFLP BHW50-2 genomic sequence 95.1 329 71% 6e-16 76%
8s. FN564430.1 Triti_cum aestivum chromosome 3B-specific BAC library, 89.7 155 24% 2e-14 75%
contig ctg0464b
89. DQ257591.1 Horde_um vqlgare subsp. vulgare clone 29-2-LB flanking T-  84.2 209 62% le-12 70%
DNA insertion sequence
90. DQ175913.1 Horde_um vqlgare subsp. vulgare clone 29-22A-LB flanking T- 84.2 209 62% le-12 70%
DNA insertion sequence
91. AY188331.1 Triticum monococcum DV92 chromosome 5AL BAC 231A16, 80.6  80.6  26% le-11 74%
complete sequence
92. AF354658.1  Triticum aestivum isolate AGT-CAGTS scab resistance-linked 80.6 207 33% le-11 86%
AFLP fragment gene sequence
AY485644.1  Triticum monococcum phosphatidylserine decarboxylase, 788 788  26% 4e-11 73%
ZCCT2, ZCCT1, and SNF2P genes, complete cds, nucellin
93. pseudoge_ne, _com'plete sequence, putat!ve transposase, _
phosphatidylinositol phosphatidylcholine transfer protein
sec14 cytosolic-like protein, and phytochrome P450-like
protein genes, complete cds, and unknown genes
94. FN564426.1 Tritif:um aestivum chromosome 3B-specific BAC library, 77.0 184 24% le-10 80%
contig ctg0005b
95, GQ184456.1  Triticum monococcum clone BAC AM10001, complete 75.2 75.2 24% 5e-10 73%
sequence
AF326781.1  Triticum monococcum actin (ACT-1) gene, partial cds, 752 222 26% 5e-10 74%
96. putative chromosome condensation factor (CCF), putative

resistance protein (RGA-2), putative resistance protein
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http://www.ncbi.nlm.nih.gov/nucleotide/27803107?report=genbank&log$=nucltop&blast_rank=53&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803107
http://www.ncbi.nlm.nih.gov/nucleotide/27803101?report=genbank&log$=nucltop&blast_rank=54&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803101
http://www.ncbi.nlm.nih.gov/nucleotide/27802963?report=genbank&log$=nucltop&blast_rank=55&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802963
http://www.ncbi.nlm.nih.gov/nucleotide/121490365?report=genbank&log$=nucltop&blast_rank=56&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#121490365
http://www.ncbi.nlm.nih.gov/nucleotide/27802955?report=genbank&log$=nucltop&blast_rank=57&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802955
http://www.ncbi.nlm.nih.gov/nucleotide/27803098?report=genbank&log$=nucltop&blast_rank=58&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803098
http://www.ncbi.nlm.nih.gov/nucleotide/27803108?report=genbank&log$=nucltop&blast_rank=59&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803108
http://www.ncbi.nlm.nih.gov/nucleotide/27803103?report=genbank&log$=nucltop&blast_rank=60&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803103
http://www.ncbi.nlm.nih.gov/nucleotide/27802962?report=genbank&log$=nucltop&blast_rank=61&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802962
http://www.ncbi.nlm.nih.gov/nucleotide/27802961?report=genbank&log$=nucltop&blast_rank=62&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802961
http://www.ncbi.nlm.nih.gov/nucleotide/27802959?report=genbank&log$=nucltop&blast_rank=63&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802959
http://www.ncbi.nlm.nih.gov/nucleotide/27802960?report=genbank&log$=nucltop&blast_rank=64&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27802960
http://www.ncbi.nlm.nih.gov/nucleotide/322875501?report=genbank&log$=nucltop&blast_rank=65&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#322875501
http://www.ncbi.nlm.nih.gov/nucleotide/27803122?report=genbank&log$=nucltop&blast_rank=66&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803122
http://www.ncbi.nlm.nih.gov/nucleotide/27803121?report=genbank&log$=nucltop&blast_rank=67&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803121
http://www.ncbi.nlm.nih.gov/nucleotide/8489256?report=genbank&log$=nucltop&blast_rank=68&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#8489256
http://www.ncbi.nlm.nih.gov/nucleotide/303325230?report=genbank&log$=nucltop&blast_rank=69&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#303325230
http://www.ncbi.nlm.nih.gov/nucleotide/27803117?report=genbank&log$=nucltop&blast_rank=70&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803117
http://www.ncbi.nlm.nih.gov/nucleotide/27803116?report=genbank&log$=nucltop&blast_rank=71&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803116
http://www.ncbi.nlm.nih.gov/nucleotide/27803113?report=genbank&log$=nucltop&blast_rank=72&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803113
http://www.ncbi.nlm.nih.gov/nucleotide/27803118?report=genbank&log$=nucltop&blast_rank=73&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27803118
http://www.ncbi.nlm.nih.gov/nucleotide/134154137?report=genbank&log$=nucltop&blast_rank=74&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154137
http://www.ncbi.nlm.nih.gov/nucleotide/19097?report=genbank&log$=nucltop&blast_rank=75&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#19097
http://www.ncbi.nlm.nih.gov/nucleotide/134154135?report=genbank&log$=nucltop&blast_rank=76&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154135
http://www.ncbi.nlm.nih.gov/nucleotide/134154130?report=genbank&log$=nucltop&blast_rank=77&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154130
http://www.ncbi.nlm.nih.gov/nucleotide/134154148?report=genbank&log$=nucltop&blast_rank=78&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154148
http://www.ncbi.nlm.nih.gov/nucleotide/134154142?report=genbank&log$=nucltop&blast_rank=79&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154142
http://www.ncbi.nlm.nih.gov/nucleotide/134154136?report=genbank&log$=nucltop&blast_rank=80&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154136
http://www.ncbi.nlm.nih.gov/nucleotide/134154131?report=genbank&log$=nucltop&blast_rank=81&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154131
http://www.ncbi.nlm.nih.gov/nucleotide/134154163?report=genbank&log$=nucltop&blast_rank=82&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154163
http://www.ncbi.nlm.nih.gov/nucleotide/134154150?report=genbank&log$=nucltop&blast_rank=83&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154150
http://www.ncbi.nlm.nih.gov/nucleotide/134154146?report=genbank&log$=nucltop&blast_rank=84&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154146
http://www.ncbi.nlm.nih.gov/nucleotide/134154134?report=genbank&log$=nucltop&blast_rank=85&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#134154134
http://www.ncbi.nlm.nih.gov/nucleotide/55792421?report=genbank&log$=nucltop&blast_rank=86&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#55792421
http://www.ncbi.nlm.nih.gov/nucleotide/148729651?report=genbank&log$=nucltop&blast_rank=87&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#148729651
http://www.ncbi.nlm.nih.gov/nucleotide/300681466?report=genbank&log$=nucltop&blast_rank=88&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#300681466
http://www.ncbi.nlm.nih.gov/nucleotide/78172453?report=genbank&log$=nucltop&blast_rank=89&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#78172453
http://www.ncbi.nlm.nih.gov/nucleotide/76097565?report=genbank&log$=nucltop&blast_rank=90&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#76097565
http://www.ncbi.nlm.nih.gov/nucleotide/30090029?report=genbank&log$=nucltop&blast_rank=91&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#30090029
http://www.ncbi.nlm.nih.gov/nucleotide/19032787?report=genbank&log$=nucltop&blast_rank=92&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#19032787
http://www.ncbi.nlm.nih.gov/nucleotide/45357051?report=genbank&log$=nucltop&blast_rank=93&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#45357051
http://www.ncbi.nlm.nih.gov/nucleotide/299109310?report=genbank&log$=nucltop&blast_rank=94&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#299109310
http://www.ncbi.nlm.nih.gov/nucleotide/238836898?report=genbank&log$=nucltop&blast_rank=95&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#238836898
http://www.ncbi.nlm.nih.gov/nucleotide/15088543?report=genbank&log$=nucltop&blast_rank=96&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#15088543

Sr. Accession Description Max  Total Query E value™ Max
score " score™ coverage " identity™
(RGAZ2) and putative nodulin-like-like protein (NLL) gene,
complete cds, and retrotransposons Josephine, Angela-2,
Angela-4, Heidi, Greti, Angela-3, Fatima, Erika-1, Angela-6,
Angela-5, Barbara, Isabelle, Erika-2, and Claudia
97. X16095.1 Barley relic DNA HVTO1, tandemly repeated seq 752 128 48% 5e-10 70%
98 DQ904440.1  Triticum monococcum subsp. aegilopoides clone BAC 734 141 26% 2e-09 73%
’ ThBACS, complete sequence
99 AY054376.1 Hordeum vulgare Sukkula retrotransposon long terminal 66.2  66.2 14% 3e-07 80%
’ repeat, partial and complete sequences
100. Z68784.1 Hordeum compressum satellite DNA (ID pCOM2_2)

*1 Max score: refers to highest alignment score of a set of aligned sequences
*2 Total score: refers to sum of aligned scores of all sequences for the subject sequence
*3 Query length: refers to coverage of query sequence within homologous sequences

*4 E value: number of alignments expected, lower E value (high number following e-) indicates more reliable results
*5 Max identify: refers to the highest percent identity for a set of aligned sequences

Table 5.3: List of species with total number of pSc119.2 sequences in EMBL-EBI
database (30 March, 2012). Consensus sequence of 118bp monomer units was used in
BLASTN search.

Sri# Name of species Copies
1 Secale vavilovii 05
2 Secale cerale 10
3 Secale montanum 01
4 Hordeum chilense 05
5 Hordeum bulbosum 09
6 Hordeum brachyantherum 06
7 Hordeum vulgare 04
8 H. compressum 01
9 Aegilops squarrosa 07
10 Aegilops umbellulata 10
11 Triticum monococcum 02
12 Triticum aestivum 18
13 Triticum monvum 01
14 Avena sativa 05
15 Bromus tectorum 01
16 Leymus mollis 03
Total 88
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http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=1&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=1&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=2&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=2&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=0&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=MG2XDK9J01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://www.ncbi.nlm.nih.gov/nucleotide/19096?report=genbank&log$=nucltop&blast_rank=97&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#19096
http://www.ncbi.nlm.nih.gov/nucleotide/115392331?report=genbank&log$=nucltop&blast_rank=98&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#115392331
http://www.ncbi.nlm.nih.gov/nucleotide/27446715?report=genbank&log$=nucltop&blast_rank=99&RID=MG2XDK9J01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#27446715
http://www.ncbi.nlm.nih.gov/nucleotide/1165019?report=genbank&log$=nucltop&blast_rank=100&RID=MG2XDK9J01S
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GGCCAGAATCGGCCAAAACTGTGAGTG - TTGATGACCGACACGTAAACGCACCCC-GGGGTTCOTCAATCOTGGAAATCACTCCGG - GACCCCAAAACAGTGAGTAATAGTCCACGAAACG

Figure 5.4: Multiple DNA sequence alignment of pSc119.2 sequences isolated from
‘Chinese Spring’ and Th. intermedium using default settings of the Jalview Multiple

Alignment Editor.
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Consensus

GGCCAGAATCGGCCAAAACTGCGAGTGTTGACGAC - COGACACGTAA+CGCACCCCGGGGTT-COGTCAAACGTGGAAATCGCTCCGGGACCCCAAAACAG - TGAGTAATAGTCCACGAAACG

Figure 5.5: Multiple DNA sequence alignment of pSc119. 2 sequences (downloaded from EMBL-EBI database) using default settings of

the Jalview Multiple Alignment Editor.
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Table 5.4: List of Afa-family sequences downloaded from EMBL-EBI database (30
March, 2013). The 339bp of consensus Afa family sequence was used in BLASTN

search.
Accession Description Max Total Query E Max
score™  score™ coverage™ value™ identity™
1. ABO003692.1 Elymus trachycaulus DNA, species specific tandem repeat sequence 502 1525 100% 6e-139 96%
2. EF567062.1 Triticum aestivum cultivar Glenlea clone BAC 1648_464 disease resistance 491 911 100% 1le-135 92%
protein (Lrl) genomic region
3. JF758493.1 Triticum aestivum clone 1144N5 genomic sequence 489 1845 100% 4e-135 92%
4. EF081031.1 Triticum turgidum subsp. durum clone BAC 466G24 genomic sequence 489 1257 100% 4e-135 92%
5. EF081030.1 Triticum urartu clone BAC 404H6 genomic sequence 489 1257 100% 4e-135 92%
6. FM242578.1 Triticum aestivum, storage protein activator (spa) locus region, D genome, 466 846 100% 4e-128 95%
clone BAC Ren2409K09
7. DQ249273.1 Hordeum vulgare subsp. vulgare cultivar Morex BAC 631P8, complete 466 4693 100% 4e-128 94%
sequence
8. D30736.1  Aegilops squarrosa repetitive DNA sequence 464 1341 100% 2e-127 91%
9. FJ477093.1 Hordeum vulgare cultivar Cepada capa Rym4 and MCT-1 genes, complete 462 1413 100% 5e-127 90%
cds
10. FJ477092.1 Hordeum vulgare subsp. vulgare cultivar Haruna Nijo Rym4 and MCT-1 455 4759 100% 8e-125 90%
genes, complete cds
11. AF446141.1 Aegilops tauschii LZ-NBS-LRR class RGA, NBS-LRR class RGA, HCBT- 452 2114 100% 1e-123 95%
like putative defense response protein, and putative alliin lyase genes,
complete cds, and unknown genes
12. AY643843.1 Hordeum vulgare subsp. vulgare clones BAC 519K7 and 799C8 hardness 450 2310 100% 3e-123 91%
locus region
13. AF474072.1 Hordeum vulgare sp. vulgare cultivar Morex BAC clone 773k14, complete 450 1068 100% 3e-123 93%
sequence
14. AY661558.1 Hordeum vulgare subsp. vulgare elF4E gene locus, complete sequence 450 1.265e+04 100% 3e-123 91%
15. FJ436983.1 Triticum aestivum cultivar Chinese Spring hexose carrier, LR34, 448 2086 100% le-122 91%
cytochrome P450, lectin receptor kinases, and cytochrome P450 genes,
complete cds
16. FJ436985.1 Triticum aestivum cultivar Renan Lr34 locus, partial sequence 448 1336 100% le-122 91%
17. FJ436984.1 Triticum aestivum cultivar Glenlea Lr34 locus, partial sequence 448 2086 100% le-122 91%
18. HQ213964.1 Hordeum vulgare clone pHv-1631 repeat region 446 983 100% 4e-122 90%
19. AF474373.1 Hordeum vulgare subsp. vulgare BAC 259116, complete sequence 446 1624 100% 4e-122 93%
20. AF427791.1 Hordeum vulgare Mla locus, complete sequence 446 3851 100% 4e-122 90%
21. FJ436986.1 Aegilops tauschii Lr34 locus, partial sequence 443 1345 100% 5e-121 91%
22. AY268139.1 Hordeum vulgare BAC 184G9, complete sequece 443 635 100% 5e-121 90%
23. AY853252.1 Hordeum vulgare telomeric chromosome 7H region, complete sequence 441 3580 100% 2e-120 93%
24. HQ213965.1 Hordeum vulgare clone pHv-1982 repeat region 439 1028 100% 6e-120 90%
25. HQ213961.1 Hordeum vulgare clone pHv-874 repeat region 439 873 100% 6e-120 91%
26. EUB812563.1 Hordeum vulgare subsp. vulgare Rpg4 gene, complete sequence, RGA1 439 1669 100% 6e-120 92%
(RGAL) gene, complete cds, Rpg5 gene, complete sequence, PP2C (PP2C)
gene, complete cds, and ADF3 gene, complete sequence
27. AF488415.1 Triticum monococcum chromosome 7Am BAC 5K14 complete sequence 439 1343 100% 6e-120 93%
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http://www.ncbi.nlm.nih.gov/nucleotide/156152300?report=genbank&log$=nucltop&blast_rank=2&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#156152300
http://www.ncbi.nlm.nih.gov/nucleotide/332079227?report=genbank&log$=nucltop&blast_rank=3&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#332079227
http://www.ncbi.nlm.nih.gov/nucleotide/124007150?report=genbank&log$=nucltop&blast_rank=4&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#124007150
http://www.ncbi.nlm.nih.gov/nucleotide/124007149?report=genbank&log$=nucltop&blast_rank=5&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#124007149
http://www.ncbi.nlm.nih.gov/nucleotide/226434266?report=genbank&log$=nucltop&blast_rank=6&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#226434266
http://www.ncbi.nlm.nih.gov/nucleotide/82466446?report=genbank&log$=nucltop&blast_rank=7&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#82466446
http://www.ncbi.nlm.nih.gov/nucleotide/487901?report=genbank&log$=nucltop&blast_rank=8&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#487901
http://www.ncbi.nlm.nih.gov/nucleotide/218664765?report=genbank&log$=nucltop&blast_rank=9&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#218664765
http://www.ncbi.nlm.nih.gov/nucleotide/218664762?report=genbank&log$=nucltop&blast_rank=10&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#218664762
http://www.ncbi.nlm.nih.gov/nucleotide/21636160?report=genbank&log$=nucltop&blast_rank=11&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#21636160
http://www.ncbi.nlm.nih.gov/nucleotide/55276709?report=genbank&log$=nucltop&blast_rank=12&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#55276709
http://www.ncbi.nlm.nih.gov/nucleotide/20152972?report=genbank&log$=nucltop&blast_rank=13&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#20152972
http://www.ncbi.nlm.nih.gov/nucleotide/56155206?report=genbank&log$=nucltop&blast_rank=14&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#56155206
http://www.ncbi.nlm.nih.gov/nucleotide/224365600?report=genbank&log$=nucltop&blast_rank=15&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#224365600
http://www.ncbi.nlm.nih.gov/nucleotide/219814401?report=genbank&log$=nucltop&blast_rank=16&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#219814401
http://www.ncbi.nlm.nih.gov/nucleotide/219814397?report=genbank&log$=nucltop&blast_rank=17&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#219814397
http://www.ncbi.nlm.nih.gov/nucleotide/322875507?report=genbank&log$=nucltop&blast_rank=18&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#322875507
http://www.ncbi.nlm.nih.gov/nucleotide/18652401?report=genbank&log$=nucltop&blast_rank=19&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#18652401
http://www.ncbi.nlm.nih.gov/nucleotide/20513849?report=genbank&log$=nucltop&blast_rank=20&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#20513849
http://www.ncbi.nlm.nih.gov/nucleotide/219814405?report=genbank&log$=nucltop&blast_rank=21&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#219814405
http://www.ncbi.nlm.nih.gov/nucleotide/30421164?report=genbank&log$=nucltop&blast_rank=22&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#30421164
http://www.ncbi.nlm.nih.gov/nucleotide/63147801?report=genbank&log$=nucltop&blast_rank=23&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#63147801
http://www.ncbi.nlm.nih.gov/nucleotide/322875508?report=genbank&log$=nucltop&blast_rank=24&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#322875508
http://www.ncbi.nlm.nih.gov/nucleotide/322875504?report=genbank&log$=nucltop&blast_rank=25&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#322875504
http://www.ncbi.nlm.nih.gov/nucleotide/211728809?report=genbank&log$=nucltop&blast_rank=26&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#211728809
http://www.ncbi.nlm.nih.gov/nucleotide/33321028?report=genbank&log$=nucltop&blast_rank=27&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#33321028

Accession Description Max Total Query E Max
score™ score” coverage™ value™ identity™

28. HQ213962.1 Hordeum vulgare clone pHv-1390 repeat region 435 829 100% 7e-119 91%

29. HQ213963.1 Hordeum vulgare clone pHv-1468 repeat region 434 970 100% 3e-118 88%

30. HM536207.1 Hordeum vulgare clone pHv-1123 repeat region 434 1061 100% 3e-118 89%

31. FN564434.1 Triticum aestivum chromosome 3B-specific BAC library, contig ctg0954b 434 4085 100% 3e-118 93%

32. ABO022728.1 Leymus racemosus DNA, tandem repetitive Afa-family sequence, 430 545 98% 3e-117 97%
clone:pLrAfa3

33. FN564431.1 Triticum aestivum chromosome 3B-specific BAC library, contig ctg0528b 426 964 98% 4e-116 96%

34. AB022731.1 Leymus racemosus DNA, tandem repetitive Afa-family sequence, clone: 426 541 97% 4e-116 97%
pLrAfa6

35. AY663392.1 Triticum aestivum cultivar Renan clone BAC 930H14, complete sequence 425 802 100% le-115 90%

36. AM932685.1 Triticum aestivum 3B chromosome, clone BAC TA3B95F5 421 698 100% 2e-114 88%

37. AB022727.1 Leymus racemosus DNA, tandem repetitive Afa-family sequence, 417 543 98% 2e-113 96%
clone:pLrAfa2

38. AB022725.1 Psathyrostachys juncea DNA, tandem repetitive Afa-family sequence, 417 539 98% 2e-113 96%
clone:pPjAfa3

39. ABO022723.1 Psathyrostachys juncea DNA, tandem repetitive Afa-family sequence, 417 538 98% 2e-113 96%
clone:pPjAfal

40. HQ213959.1 Hordeum vulgare clone pHv-496 repeat region 416 901 100% 7e-113 89%

41. AY943294.1 Hordeum vulgare subsp. vulgare clone BAC 673114, complete sequence 416 919 100% 7e-113 88%

42. AB022730.1 Leymus racemosus DNA, tandem repetitive Afa-family sequence, clone: 416 527 97% 7e-113 96%
pLrAfa5

43. FN564430.1 Triticum aestivum chromosome 3B-specific BAC library, contig ctg0464b 414 779 100% 2e-112 87%

44, AB022726.1 Leymus racemosus DNA, tandem repetitive Afa-family sequence, 412 530 98% 8e-112 96%
clone:pLrAfal

45. FN645450.1 Triticum aestivum chromosome 3B-specific BAC library, contig ctg0011b 407 1919 100% 4e-110 94%

46. AP009567.1 Hordeum vulgare subsp. vulgare genes for putative iron-deficiency specific 407 867 100% 4e-110 90%
4 protein and putative ethylene-responsive transcription factor, complete
cds

47. AB022729.1 Leymus racemosus DNA, tandem repetitive Afa-family sequence, 405 547 98% 1e-109 100%
clone:pLrAfa4

48. AM932689.1 Triticum aestivum 3B chromosome, clone BAC TA3B63N2, 3 unordered 392 3026 99% 8e-106 90%
pieces

49. Z721645.1 Hordeum chilense genome-specific DNA 383 426 100% 4e-103 89%

50. EU660892.1 Triticum aestivum clone BAC 1354M21 cytosolic acetyl-CoA carboxylase 381 709 100% 1le-102 91%
(Acc-2) and putative amino acid permeases genes, complete cds

51. AY642926.1 Hordeum vulgare BAC CC24_14, complete sequence 376 376 83% 6e-101 89%

52. CT009625.1 Aegilops tauschii 369 718 99% 9e-99 93%

53. CR626926.1 Aegilops tauschii 369 718 99% 9e-99 93%

54, EU626553.1 Triticum urartu clone BAC 261N5, complete sequence 367 1087 99% 3e-98 85%

55. AB022724.1 Psathyrostachys juncea DNA, tandem repetitive Afa-family sequence, 367 500 98% 3e-98 97%
clone:pPjAfa2

56. HQ213960.1 Hordeum vulgare clone pHv-580 repeat region 365 731 100% 1e-97 91%

57. FM242576.1 Triticum aestivum, storage protein activator (spa) locus region, B genome, 365 699 100% 1e-97 93%

clone BAC Ren0871J20
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http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://www.ncbi.nlm.nih.gov/nucleotide/322875505?report=genbank&log$=nucltop&blast_rank=28&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#322875505
http://www.ncbi.nlm.nih.gov/nucleotide/322875506?report=genbank&log$=nucltop&blast_rank=29&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#322875506
http://www.ncbi.nlm.nih.gov/nucleotide/303325232?report=genbank&log$=nucltop&blast_rank=30&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#303325232
http://www.ncbi.nlm.nih.gov/nucleotide/300681517?report=genbank&log$=nucltop&blast_rank=31&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#300681517
http://www.ncbi.nlm.nih.gov/nucleotide/6729093?report=genbank&log$=nucltop&blast_rank=32&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#6729093
http://www.ncbi.nlm.nih.gov/nucleotide/300681497?report=genbank&log$=nucltop&blast_rank=33&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#300681497
http://www.ncbi.nlm.nih.gov/nucleotide/6729096?report=genbank&log$=nucltop&blast_rank=34&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#6729096
http://www.ncbi.nlm.nih.gov/nucleotide/58533118?report=genbank&log$=nucltop&blast_rank=35&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#58533118
http://www.ncbi.nlm.nih.gov/nucleotide/194239069?report=genbank&log$=nucltop&blast_rank=36&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#194239069
http://www.ncbi.nlm.nih.gov/nucleotide/6729092?report=genbank&log$=nucltop&blast_rank=37&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#6729092
http://www.ncbi.nlm.nih.gov/nucleotide/6729090?report=genbank&log$=nucltop&blast_rank=38&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#6729090
http://www.ncbi.nlm.nih.gov/nucleotide/6729088?report=genbank&log$=nucltop&blast_rank=39&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#6729088
http://www.ncbi.nlm.nih.gov/nucleotide/322875502?report=genbank&log$=nucltop&blast_rank=40&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#322875502
http://www.ncbi.nlm.nih.gov/nucleotide/62868802?report=genbank&log$=nucltop&blast_rank=41&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#62868802
http://www.ncbi.nlm.nih.gov/nucleotide/6729095?report=genbank&log$=nucltop&blast_rank=42&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#6729095
http://www.ncbi.nlm.nih.gov/nucleotide/300681466?report=genbank&log$=nucltop&blast_rank=43&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#300681466
http://www.ncbi.nlm.nih.gov/nucleotide/6729091?report=genbank&log$=nucltop&blast_rank=44&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#6729091
http://www.ncbi.nlm.nih.gov/nucleotide/300681572?report=genbank&log$=nucltop&blast_rank=45&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#300681572
http://www.ncbi.nlm.nih.gov/nucleotide/169635836?report=genbank&log$=nucltop&blast_rank=46&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#169635836
http://www.ncbi.nlm.nih.gov/nucleotide/6729094?report=genbank&log$=nucltop&blast_rank=47&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#6729094
http://www.ncbi.nlm.nih.gov/nucleotide/194239084?report=genbank&log$=nucltop&blast_rank=48&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#194239084
http://www.ncbi.nlm.nih.gov/nucleotide/18840?report=genbank&log$=nucltop&blast_rank=49&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#18840
http://www.ncbi.nlm.nih.gov/nucleotide/188038071?report=genbank&log$=nucltop&blast_rank=50&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#188038071
http://www.ncbi.nlm.nih.gov/nucleotide/55792421?report=genbank&log$=nucltop&blast_rank=51&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#55792421
http://www.ncbi.nlm.nih.gov/nucleotide/109450922?report=genbank&log$=nucltop&blast_rank=52&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#109450922
http://www.ncbi.nlm.nih.gov/nucleotide/61656777?report=genbank&log$=nucltop&blast_rank=53&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#61656777
http://www.ncbi.nlm.nih.gov/nucleotide/188509864?report=genbank&log$=nucltop&blast_rank=54&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#188509864
http://www.ncbi.nlm.nih.gov/nucleotide/6729089?report=genbank&log$=nucltop&blast_rank=55&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#6729089
http://www.ncbi.nlm.nih.gov/nucleotide/322875503?report=genbank&log$=nucltop&blast_rank=56&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#322875503
http://www.ncbi.nlm.nih.gov/nucleotide/226434273?report=genbank&log$=nucltop&blast_rank=57&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#226434273

Accession Description Max Total Query E Max
score™ score” coverage™ value™ identity™

58. AB003259.1 Triticum urartu DNA, tandem repetitive Afa-family sequence, clone 354 487 98% 2e-94  97%
pTuAfal

59. FN564435.1 Triticum aestivum chromosome 3B-specific BAC library, contig ctg1030b 352 420 82% 7e-94  90%

60. AY146587.2 Triticum turgidum subsp. durum Pm3 locus, genomic sequence 352 1126 99% 7e-94  91%

61. AB003261.1 Triticum urartu DNA, tandem repetitive Afa-family sequence, clone 351 480 97% 2e-93  97%
pTuAfa3

62. AY485644.1 Triticum monococcum phosphatidylserine decarboxylase, ZCCT2, ZCCT1, 345 345 74% 1le-91 91%
and SNF2P genes, complete cds, nucellin pseudogene, complete sequence,
putative transposase, phosphatidylinositol phosphatidylcholine transfer
protein sec14 cytosolic-like protein, and phytochrome P450-like protein
genes, complete cds, and unknown genes

63. AY951945.1 Triticum monococcum TmBAC 60J11 FR-Am2 locus, genomic sequence 343 343 2% 4e-91 91%

64. AB003264.1 Triticum urartu DNA, tandem repetitive Afa-family sequence, clone 343 442 98% 4e-91 90%
pTuAfa6

65. AB003256.1 Aegilops triuncialis var. triuncialis DNA, Afa-family tandem repeat 340 458 98% 4e-90 94%
sequence, clone: pAsAfa2

66. AB003260.1 Triticum urartu DNA, tandem repetitive Afa-family sequence, clone 336 455 95% 5e-89 94%
pTuAfa2

67. AB003258.1 Aegilops triuncialis var. triuncialis DNA, Afa-family tandem repeat 336 460 98% 5e-89 95%
sequence, clone: pAsAfa3

68. AB003257.1 Aegilops triuncialis var. triuncialis DNA, Afa-family tandem repeat 336 460 98% 5e-89 95%
sequence, clone: pAsAfa3

69. AB003262.1 Triticum urartu DNA, tandem repetitive Afa-family sequence, clone 331 464 98% 2e-87 97%
pTuAfad

70. ABO003255.1 Aegilops triuncialis var. triuncialis DNA, Afa-family tandem repeat 331 449 98% 2e-87 94%
sequence, clone: pAsAfal

71. AB003229.1 Secale cereale DNA, tandem repetitive Afa-family sequence, clone Afa- 315 315 62% 2e-82  93%
cerd

72. X76300.1  Triticum aestivum (Chinese spring) tandemly repeated DNA sequence 313 363 82% 6e-82 97%

73. AB003263.1 Triticum urartu DNA, tandem repetitive Afa-family sequence, clone 302 424 91% le-78  95%
pTuAfab

74. AB003247.1 Triticum aestivum DNA, tandem repetitive Afa-family sequence, clone 297 297 62% 5e-77  92%
Afa-TCS3

75. AB003245.1 Triticum aestivum DNA, tandem repetitive Afa-family sequence, clone 295 295 62% 2e-76  91%
Afa-TCS1

76. AB003242.1 Aegilops speltoides DNA, tandem repetitive Afa-family sequence, clone 293 293 61% 6e-76  91%
Afa-spe3

77. AB003243.1 Aegilops speltoides DNA, tandem repetitive Afa-family sequence, clone 289 289 61% 7e-75  90%
Afa-sped

78. D82989.1  Triticum monococcum DNA, tandem repetitive Afa-family sequence, clone 289 289 62% 7e-75  90%
Afa-mon3

79. AB003228.1 Secale cereale DNA, tandem repetitive Afa-family sequence, clone Afa- 288 288 62% 2e-74  90%
cer3

80. AB003252.1 Hordeum vulgare DNA, tandem repetitive Afa-family sequence, clone Afa- 286 286 61% 8e-74  90%
vur2

81. AB003222.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 286 286 62% 8e-74  90%
clone: Afa-6DCSL3

82. ABO003217.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 286 286 62% 8e-74  90%
clone: Afa-5DCSL1

83. AB003212.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 286 286 62% 8e-74  90%
clone: Afa-4DCSL5

84. Z54373.1 Hordeum vulgare repetitive DNA 286 435 96% 8e-74  90%

85. ABO003235.1 Triticum turgidum subsp. durum DNA, Afa-family tandem repeat 280 280 62% 4e-72  89%
sequence, clone: Afa-durl

86. AB003206.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 280 280 62% 4e-72  89%

clone: Afa-3DCSL4
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http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=1&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=1&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=2&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=2&HSP_SORT=1#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=4&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=0&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=0&HSP_SORT=0#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Get&ALIGNMENTS=100&ALIGNMENT_VIEW=Pairwise&DATABASE_SORT=0&DESCRIPTIONS=100&FIRST_QUERY_NUM=0&FORMAT_OBJECT=Alignment&FORMAT_PAGE_TARGET=&FORMAT_TYPE=HTML&GET_SEQUENCE=yes&I_THRESH=&MASK_CHAR=2&MASK_COLOR=1&NEW_VIEW=yes&NUM_OVERVIEW=100&OLD_BLAST=false&PAGE=Nucleotides&QUERY_INDEX=0&QUERY_NUMBER=0&RESULTS_PAGE_TARGET=&RID=NKA27YJV01S&SHOW_LINKOUT=yes&SHOW_OVERVIEW=yes&STEP_NUMBER=&WORD_SIZE=11&DISPLAY_SORT=3&HSP_SORT=3#sort_mark
http://www.ncbi.nlm.nih.gov/nucleotide/3779128?report=genbank&log$=nucltop&blast_rank=58&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779128
http://www.ncbi.nlm.nih.gov/nucleotide/300681568?report=genbank&log$=nucltop&blast_rank=59&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#300681568
http://www.ncbi.nlm.nih.gov/nucleotide/145338208?report=genbank&log$=nucltop&blast_rank=60&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#145338208
http://www.ncbi.nlm.nih.gov/nucleotide/3779130?report=genbank&log$=nucltop&blast_rank=61&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779130
http://www.ncbi.nlm.nih.gov/nucleotide/45357051?report=genbank&log$=nucltop&blast_rank=62&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#45357051
http://www.ncbi.nlm.nih.gov/nucleotide/63098615?report=genbank&log$=nucltop&blast_rank=63&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#63098615
http://www.ncbi.nlm.nih.gov/nucleotide/3779133?report=genbank&log$=nucltop&blast_rank=64&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779133
http://www.ncbi.nlm.nih.gov/nucleotide/3779125?report=genbank&log$=nucltop&blast_rank=65&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779125
http://www.ncbi.nlm.nih.gov/nucleotide/3779129?report=genbank&log$=nucltop&blast_rank=66&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779129
http://www.ncbi.nlm.nih.gov/nucleotide/3779127?report=genbank&log$=nucltop&blast_rank=67&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779127
http://www.ncbi.nlm.nih.gov/nucleotide/3779126?report=genbank&log$=nucltop&blast_rank=68&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779126
http://www.ncbi.nlm.nih.gov/nucleotide/3779131?report=genbank&log$=nucltop&blast_rank=69&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779131
http://www.ncbi.nlm.nih.gov/nucleotide/3779124?report=genbank&log$=nucltop&blast_rank=70&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779124
http://www.ncbi.nlm.nih.gov/nucleotide/3779098?report=genbank&log$=nucltop&blast_rank=71&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779098
http://www.ncbi.nlm.nih.gov/nucleotide/431945?report=genbank&log$=nucltop&blast_rank=72&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#431945
http://www.ncbi.nlm.nih.gov/nucleotide/3779132?report=genbank&log$=nucltop&blast_rank=73&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779132
http://www.ncbi.nlm.nih.gov/nucleotide/3779116?report=genbank&log$=nucltop&blast_rank=74&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779116
http://www.ncbi.nlm.nih.gov/nucleotide/3779114?report=genbank&log$=nucltop&blast_rank=75&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779114
http://www.ncbi.nlm.nih.gov/nucleotide/3779111?report=genbank&log$=nucltop&blast_rank=76&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779111
http://www.ncbi.nlm.nih.gov/nucleotide/3779112?report=genbank&log$=nucltop&blast_rank=77&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779112
http://www.ncbi.nlm.nih.gov/nucleotide/3779057?report=genbank&log$=nucltop&blast_rank=78&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779057
http://www.ncbi.nlm.nih.gov/nucleotide/3779097?report=genbank&log$=nucltop&blast_rank=79&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779097
http://www.ncbi.nlm.nih.gov/nucleotide/3779121?report=genbank&log$=nucltop&blast_rank=80&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779121
http://www.ncbi.nlm.nih.gov/nucleotide/3779091?report=genbank&log$=nucltop&blast_rank=81&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779091
http://www.ncbi.nlm.nih.gov/nucleotide/3779086?report=genbank&log$=nucltop&blast_rank=82&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779086
http://www.ncbi.nlm.nih.gov/nucleotide/3779081?report=genbank&log$=nucltop&blast_rank=83&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779081
http://www.ncbi.nlm.nih.gov/nucleotide/1771081?report=genbank&log$=nucltop&blast_rank=84&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#1771081
http://www.ncbi.nlm.nih.gov/nucleotide/3779104?report=genbank&log$=nucltop&blast_rank=85&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779104
http://www.ncbi.nlm.nih.gov/nucleotide/3779075?report=genbank&log$=nucltop&blast_rank=86&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779075

Accession Description Max Total Query E Max
score™ score” coverage™ value™ identity™

87. AB003205.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 280 280 62% 4e-72  89%
clone: Afa-3DCSL3

88. AB003201.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 280 280 62% 4e-72  89%
clone: Afa-2DCSL3

89. EU934206.1 Hordeum vulgare subsp. vulgare cultivar Vairogs 1H(5) Mla region 538P8 279 438 97% le-71  90%
locus genomic sequence

90. EU934204.1 Hordeum vulgare subsp. vulgare cultivar Sencis 1H(5) Mla region 538P8 279 435 97% le-71  90%
locus genomic sequence

91. EU934199.1 Hordeum vulgare subsp. vulgare cultivar Malva 1H(5) Mla region 538P8 279 435 97% le-71  90%
locus genomic sequence

92. EU934189.1 Hordeum vulgare subsp. vulgare cultivar Dzintars 1H(5) Mla region 538P8 279 438 97% le-71  90%
locus genomic sequence

93. EU934188.1 Hordeum vulgare subsp. vulgare cultivar Druvis 1H(5) Mla region 538P8 279 435 97% le-71  90%
locus genomic sequence

94, AB003223.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 279 279 62% le-71  89%
clone: Afa-7DCSL1

95. AB003215.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 279 279 62% le-71  90%
clone: Afa-4DCSL8

96. AB003199.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 279 279 63% le-71 89%
clone: Afa-2DCSL1

97. DB82991.1  Triticum monococcum DNA, tandem repetitive Afa-family sequence, clone 279 279 61% le-71  90%
Afa-mon5

98. Z54374.1 Hordeum vulgare repetitive DNA 279 417 96% le-71  90%

99. ABO003226.1 Secale cereale DNA, tandem repetitive Afa-family sequence, clone Afa- 277 277 62% 4e-71  89%
cerl

100. AB003225.1 Triticum turgidum subsp. durum DNA, Afa-family tandem sequence, 277 277 62% 4e-71  89%

clone: Afa-7DCSL3

*1 Max score: refers to highest alignment score of a set of aligned sequences

*2 Total score: refers to sum of aligned scores of all sequences for the subject sequence

*3 Query length: refers to coverage of query sequence within homologous sequences

*4 E value: number of alignments expected, lower E value (high number following e-) indicates more reliable results
*5 Max identify: refers to the highest percent identity for a set of aligned sequences

Total 5.5: List of species with total number of Afa sequences in EMBL-EBI database
(30 March, 2012). The 339bp Afa repeat unit was used in BLASTN search.

Sri# Species copies
1. Triticum durum (34)
2. Triticum urartu (10)
3. Triticum aestivum (6)
4. Triticum monococcum (6)
5. Hordeum vulgare (6)
6. Leymus racemosus (6)
7. Hordeum vulgare subsp. vulgare (5)
8. Aegilops speltoides (5)
9. Aegilops comosa (5)
10. | Secale cereale (4)
11. | Aegilops triuncialis var. triuncialis (4)
12. Psathyrostachys juncea 3)
13. | Aegilops tauschii 1)
14. Elymus trachycaulus 1)

241
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http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779084
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http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779068
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http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779059
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http://blast.ncbi.nlm.nih.gov/Blast.cgi#1771080
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http://www.ncbi.nlm.nih.gov/nucleotide/3779094?report=genbank&log$=nucltop&blast_rank=100&RID=NKA27YJV01S
http://blast.ncbi.nlm.nih.gov/Blast.cgi#3779094
http://www.ncbi.nlm.nih.gov/nuccore
http://www.ncbi.nlm.nih.gov/nuccore
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Figure 5.6: Multiple DNA sequence alignment of Afa-family sequences isolated
from ‘Chinese Spring’ wheat and Th. intermedium using default settings of the

Jalview Multiple Alignment Editor.
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Figure 5.7: Multiple DNA sequence alignment of the LTR sequences isolated from ‘Chinese Spring’ wheat and Th. intermedium, with LTR
specific and Afa-1F primer combination. Sequences were aligned using default settings of the Jalview Multiple Alignment Editor.
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