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1. Introduction

1.1. Barley

Barley (Hordeum vulgare L.) is one of the most important cereal crops. It has played a great role in
human life in developing agriculture and civilizations because of its food and feed quality. From the
time of its domestication, barley uses have gradually changed from a food grain to feed and malting
grain (Baik and Ullrich, 2008). However, in some parts of Asia and Northern Africa, barley has still
remained as a major food source (Newman and Newman, 2006). Recently, interest in barley for food
has increased again mainly due to health claims associated to its soluble fiber content. Beta-glucans
may lower blood cholesterol by their impact on blood glucose. The latter made the barley grain a major
interest for people suffering from diabetes (Baik and Ullrich, 2008). Barley ranks fifth in crop
production worldwide after maize, wheat, rice, and soybean (FAOSTAT; http://www.fao.org/faostat).
Besides the high value of barley in agronomy and economy, with regard to its self-pollinated and
diploid nature, it has played an important role in providing insight into genetics, physiology, and plant
breeding long before Arabidopsis emerged as a model for plant scientists (Ullrich, 2010). It is still a
valuable model plant for research in other species of the tribe Triticeae like wheat and rye because of
its diploid genome and its smaller genome size (DNA content = 5.1 Gbp; Dolezel et al., 1998). So far,
a broad spectrum of genetic and genomic resources has been developed in barley that extensively
facilitated the barley and the related species genome analysis. Large collection of expressed sequence
tags (ESTs), several genetic mapping populations that provided the framework for mapping large
number of molecular markers, DNA arrays, TILLING (Targeting Induced Local Lesions In Genomes)
populations, mutant collections and several other resources have provided well established platforms
for genomic research in barley (Sreenivasulu et al., 2008 and the references therein). These
tools/resources have contributed in the relative increase of barley production. For instance,
identification of molecular genetic markers linked to the important yield related traits has led to more
efficient marker-assisted selection (MAS) and marker-assisted breeding (MAB) programs in barley.
Graner et al., (1999) developed Bmac SSR markers closely associated (1cM) with Rym4/5 locus

responsible for resistance to the barley yellow mosaic virus. This genetic marker has been used to



select for virus resistance phenotypes, thus led to highly time and cost-effective breeding programs in
winter barley cultivars. The gene was later on positionally cloned (Stein et al., 2005). Another example
could be the release of mutant cultivars of barley such as “Diamant” and “Golden Promise” with
higher yield and short-height that had a significant impact on brewing industry in Europe. “Diamant” is
a short barley cultivar produced by gamma-ray from the original parental cultivar “Valticky” that had
an increased grain yield of about 12% (for review; Ahloowalia et al.,, 2004). Despite such
improvements in barley performance, further development of barley genomic resources and their
subsequent use in breeding programs will greatly impact the present both grain quantity and quality in

barley as well as the other related crop plants.

1.2. Development of advanced genomic resources for barley genome analyses

To overcome the future human life challenges of food shortage resulting from population growth and
climate changes the existing yield level needs to be improved. Improving and exploring the full crop
plant performance depends on the identification of genetic determinants underlying agronomically
important traits and subsequent utilization in plant breeding programs to produce new genotypes with
higher productivity. For example, chromosomal locations of many important genes in barley have been
identified which yet need to be studied (Druka et al., 2011) in which the most agronomically important
ones can be targeted for map based gene isolation. Further characterization and deep understanding of
biological pathways that the genes are involved along with application of the respective knowledge in
crop breeding would eventually lead to the improvement of crop performance. For that purpose,
positional gene/QTL cloning and their detailed functional study are the indispensable gateways
towards that goal. Albeit, there are few cases of successful map-based gene cloning in barley
(Krattinger et al., 2009), the large size of barley genome and the lack of genome sequence have made
the large-scale gene cloning inefficient. Therefore, highly comprehensive genomic tools such as
genome sequence information and its key prerequisite physical map — especially for plant with large
genomes - are required to expedite biological studies and to improve performance of crop plant such as

wheat and barley. These genomic tools are now becoming achievable in wheat and barley with the
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availability of fast, low cost and high throughput sequencing approaches (Metzker, 2010) and physical

mapping technologies (Meyers et al., 2004).

1.2.1. Genome sequence

The knowledge we have gained over the past two decades in molecular biology of plant including
barley is deeply rooted in studies performed on model plants like Arabidopsis and rice. These species
have been selected as models to study the plant kingdom because of their diploid chromosome set,
small genome size, small chromosome number, short life cycle and very well developed and adapted
genetic and genomic platforms (Somerville and Koornneef, 2002). Complete access to their genome
sequence has contributed significantly to our current understanding of basic biological phenomena
within these plants. But more importantly, such knowledge could be translated into other systems like
important crop species. One such example is the pathway regulating flowering time. Biological
pathways and the genes involved in flowering promotion have been well characterized in Arabidopsis
(Boss et al., 2004). This information along with conserved synteny among wheat, rice, and Arabidopsis
eventually helped in understanding the system that regulates the pathway in wheat and in
characterizing one of the respective genes in wheat genome (VRN1 gene) (Yan et al., 2003). The gene
is referred to as critical component of environmental adaptation that has divided wheat varieties into
the winter and spring market classes. Considering such valuable achievements obtained by exploring
the high level of conserved synteny and collinearity among grasses, it was originally proposed that
sequencing of small genomes like that of Arabidopsis (Meinke et al., 1998), rice (Shimamoto and
Kyozuka, 2002) and recently Brachypodium (Initiative, 2010) could probably compensate for the lack
of genome sequence information in plants with large genome sizes. Nevertheless, numerous exceptions
in conserved synteny have also being reported (Bossolini et al., 2007; Wicker et al., 2010), thus
indicating the limitation of model plants for barley and other cereal grasses. As an example, detailed
investigation towards cloning of Lr34/Yr18 locus controlling leaf and stripe rust resistance in wheat
showed the lack of full collinearity between wheat and the small genomes of rice and Brachypodium in
the respective genomic region (Spielmeyer et al., 2008). Although the conserved synteny was of great

help to narrow down the interval of interest towards the gene, it was shown that the region carrying the



locus is absent in both rice and Brachypodium syntenic segment thus, confirming the hypothesis of less
conserved micro-collinearity for resistance (R) genes among grasses (Leister et al., 1998). Therefore,
the limitations in utilizing the conserved synteny between Triticeae and model plant reflect the need of
getting access to the crop genome sequence (e.g. barley) itself. Furthermore, the availability of DNA
sequence of barley genome has been considered as a perfect complementary component to the existing
resources noted above that provides the basic insight into genome organization, genome function,
genome evolution and in short will help understanding the biology of barley as well as the related

species within the tribe Triticeae (IBSC: http://barleygenome.org; white paper).

There are two main principles of sequencing a genome. The first option is to perform whole genome
shotgun (WGS) sequencing and the other is to follow a hierarchical clone-by-clone shotgun sequencing

procedure (Figure 1-1) as presented in the following parts.

1.2.1.1. Whole genome shotgun (WGS) sequencing

This WGS sequencing method was initially used as a standard approach for small prokaryotic
genomes. In brief, it is performed by fractioning the entire genome of the organism into small pieces,
and determining the sequence of each fragment to produce highly redundant sequence-fragments
(reads) of the whole genome. Computer tools then will be used to identify and assemble overlapping
sequence reads and to deduce a consensus sequence. This method was first used to sequence microbial
genome of Haemophilus influenzae (Fleischmann et al., 1995). The Drosophila genome was the first
eukaryote’s genome to be sequenced by WGS approach in 1999 (Adams et al., 2000). Implementation
of WGS method in rice was the initial report in plants (Yu et al., 2002). Application of this approach to
large eukaryotic genomes is an efficient way to provide immediate and quick access to a relatively
random and representative amount of genomic DNA sequence (Eversole et al., 2009). This information
will facilitate comparative genome analysis (Bouck et al., 2000), detection of polymorphism between
individuals (Sachidanandam et al., 2001), and also can be used to learn about the repetitive sequence
content of the genome of interest (Wicker et al., 2008). The main shortcomings associated with this
strategy include sequence gaps and mis-assemblies that are in part the results of repetitive DNA and
genome complexity. However, low sequence quality and inadequate assembly stringency can also
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produce mis-assembled sequences. To circumvent the problems of repetitive DNA and genome
complexity as an alternative approach so called hierarchical physical map-based sequencing (clone by

clone) has been developed as described in the following.

1.2.1.2. Hierarchical physical map-based sequencing

In this approach instead of producing the random sequence reads in a genome-wide fashion, the
shotgun sequencing of individual BAC (Bacterial Artificial Chromosome) clones are preferred (Figure
1-1). In brief, the consecutive steps of the process include BAC library development, physical map
construction, integration of physical map to genetic maps, and identification of minimally overlapped
clones as the input of sequencing phase. The method was first used in human genome sequencing
(Consortium, 2001) and has been also referred to as physical map based sequencing strategy. Several
plant genome projects considered the advantages of clone-by-clone strategy including Arabidopsis
(Initiative, 2000), rice (Yu et al., 2002), maize (Schnable et al., 2009) and Sorghum (Paterson et al.,
2009). For barley, an international sequencing consortium selected the physical-map based sequencing

strategy (IBSC: International Barley Genome Sequencing Consortium; http://barleygenome.org).

1.2.2. Physical map

A physical map is a model of a reconstructed chromosome. After sub-cloning the large genomic
fragments of the genome of interest in a genomic library, it is the aim to identify manageable,
overlapping pieces and reconstruct the individual linkage groups. Current physical map methodologies
are based on availability of the genomic BAC libraries and the possibility to detect overlaps between

BACs (Figure 1-1, A to C).

There are two main large insert cloning systems including YACs (Yeast Artificial Chromosomes) and
BACs (Bacterial Artificial Chromosomes). YACs were introduced in 1987 by (Burke et al., 1987). The
system uses Saccharomyces cerevisiae as the host and is able to carry large inserts up to 1 Mb. The
main disadvantage was the high level of chimerism within the YAC cloning system which often led to
the cloning of two or more unlinked DNA fragments in a single molecule (Luo and Wing, 2003).

Considering the problem associated with the system, it has been gradually replaced by the BAC
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cloning system introduced in 1992 (Shizuya et al., 1992). The Escherichia coli F-factor has been used
as vector in this system that can carry DNA inserts up to 300 kb. The recombinant vector can be cloned
and stably maintained in E. coli. The smaller capacity of the BAC system is its advantage over the
YAC system, because of its ability in maintaining small DNA fragments (compared to YAC system) it
prevents co-insertion of two or more DNA fragments in a particular BAC clone, thus precluding
chimerism phenomenon (Luo and Wing, 2003). Once provided with a high quality BAC library
(libraries), the process of building the physical map for the genome of interest can be actuated (Figure
1-1, D). In BAC clone based physical mapping, each individual clone enters in the process of so-called
fingerprinting in which unique landmarks of the BAC clones will be identified. These landmarks can
be Sequence Tagged Site (STS) or enzymatic restriction sites (Green, 2001). Each pair of physically
overlapped clones must represent a common set of landmarks due to conserved sequence originally
shared between the two. The common method of producing BAC clone fingerprints is by cleaving the
BAC DNA into reproducible fragments by help of specific restriction endonucleases (Meyers et al.,

2004).

BAC clone library
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Figurel-1. Schematic presentation of clone by clone sequencing approach: A, B and C) Extracted DNA is digested by a

chosen restriction enzyme, size selected fragments (average: 120 Kb) are cloned into a proper vector and stably maintained in

E. coli . D) Individual BAC clones are subjected to fingerprinting and physical map contig creation in which overlapped BAC



clones are identified by counting the number of fragments representing identical size (red lines). E) Physical map contigs are
anchored to their original position in the genome using genetically mapped markers. F) A minimum number of BACs
representing the entire length of each contig (MTP= Minimum Tiling Path) enter into the sequencing phase. Figure is

modified from Nils Stein (Stein, 2009)

The degree of overlap of two clones will determine the number of shared bands between every two
BACs. BAC clones in which the degree of overlap has reached a decided threshold will be assembled
as physical map contigs (hereafter FingerPrinted contigs: FPcontigs). Each FPcontig represents a
number of overlapping BAC clones from a contiguous segment of the genome. Restriction based
fingerprinting can be different in terms of the reaction biochemistry, the separation medium and the
information content (the average number of bands per fingerprinted clone). Improvements in the
fingerprinting methods were always towards an increase in information content and towards an
increase in the band resolution or the space that separates the bands (Meyers et al., 2004). The earlier
strategies applied one or two restriction enzymes for clone fragmentation and agarose or acrylamide
gel as a separation medium (Coulson et al., 1986; Marra et al., 1997). Several modifications to the
basic fingerprinting methods have been proposed including the possibility to increase throughput,
sizing accuracy and information content of fingerprinting (Hong, 1997; Zhang and Wing, 1997; Klein
et al., 2000; Tao et al., 2001; Luo et al., 2003). The current standard technology ‘high information
content fingerprinting” uses multi-enzyme restriction, multicolor labeling and separation of fragments
utilizing capillary DNA fragment analysis (Luo et al., 2003; Nelson et al., 2007). This method has been

applied for physical mapping the barley genome (Schulte et al., 2011; Stein et al., unpublished data).

Despite the pivotal role of the physical map in genome sequencing of large and complex genomes, it
can enable for several other applications. Among those, the most important one is the use of physical
map in map-based gene isolation even before the availability of whole genome sequence. Establishing
a local and region specific physical map by chromosome walking has been applied for map based gene
cloning in barley. For instance, Brueggeman et al., (2002) localized a barley stem rust-resistance gene
(Rpgl) in a genetic interval of 0.21 cM on barley chromosome 7H via high resolution genetic mapping.
BAC based physical map of the respective interval resulted in a 330-kb physical contig. Sequencing of

the corresponding physical segment and its comparison between the related susceptible and resistance
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parental cultivars revealed a candidate gene conferring resistance to stem rust in barley. Numerous
genes have been cloned and characterized by similar methodology in the large genomes of cereals
(Krattinger et al., 2009). The availability of a whole genome physical map will dramatically expedite

and extend such investigations in large cereal genomes.

Physical mapping can also be applied to study the chromosome and genome organization between
related species that is known as comparative genomics. Kim et al., (2008) developed a genome-level
comparative experimental system for the genus Oryza. BAC libraries, BAC fingerprints, BAC-end
sequences (BES), and the subsequent physical map frameworks (genome coverage of 77% to 136%)
were produced for ten genomes of different Oryza species. Kim and co-workers then aligned the
respective physical maps to the O. sativa reference sequence. Despite the extensive collinearity
between individual physical maps and the reference genome, this analysis led to characterization of the
repeat content of individual genomes - using BES data - and their possible role in genome variation
during evolution. The authors claimed that by providing the phenotypic, genetic, biochemical and
physiological information to this comparative framework, fundamental questions in biology and

agriculture can be potentially addressed.

In the process of designing a tool for genome synteny analysis Soderlund et al., (2006) aligned the
physical map of maize and two species of Sorghum against genome sequence of rice. The availability
of BAC end sequences and markers with known sequence could provide anchor points of the
respective physical maps to rice genome. Using this information, the authors could analyze and
visualize the recent and ancient duplications existing among the studied genomes. Another example is
reported by Gregory et al., (2002) who aligned the mouse physical map aided by BAC end sequences
against human genome. The authors succeeded to improve the physical map of mouse genome and
identifying the conserved syntenic blocks between the two genomes in an advance resolution.
Moreover they suggested the usefulness of human genome to be used as framework in construction of

the other evolutionary related mammalian genome physical maps.



Utilization of a physical map to develop a detailed cytogenetic map of the genome of interest has also
been reported. Islam-Faridi et al., (2002) used BAC clones underlying the Sorghum physical map to
develop the BAC-FISH based cytogenetic map of Sorghum chromosome 1. Such resource is extremely
useful for determination of chromosomal landmarks like centromere and heterochromatin and studying
of recombination frequency across genome. The usefulness of a physical map in structural genome
variation, marker development and repeat identification that have been reported for instance by van der

Vossen et al., (2000), Kidd et al., (2008) and Cardle et al., (2000), respectively, are also considerable.

All applications introduced and listed above will be feasible only after integration or anchoring of the
physical map to a genetic map. Therefore, genetic anchoring plays a major role in the efficiency of the
physical map. Various anchoring approaches are briefly introduced in the following parts with focus on

barley genome

1.3. Anchoring of physical to genetic map

"Every genome sequence needs a good map" (Lewin et al., 2009). A physical map becomes a good and
effective map only after anchoring to a robust genetic map. Only then, the position and relative order
of the FPcontigs along each chromosome can be determined and the full potential of a physical map
can be explored. A genetic linkage map determines the order and location of genes/markers along each
chromosome based on meiotic recombination. Mapped genes/markers can be used to screen BAC
libraries underling the physical map to reveal BAC/marker relationships. The corresponding BAC
contig will be subsequently placed in the respective marker position on the chromosome and the
correct contig orientation may be determined (Figure 1-1, E). Physical/genetic map integration has
been performed for several animal and plant genomes, for instance, human (McPherson et al., 2001),
mouse (Gregory et al., 2002), rice (Chen et al., 2002), Sorghum (Klein et al., 2000), maize (Coe et al.,
2002), and wheat (Paux et al., 2008). For barley genome, different genetic maps have been developed
before the inception of the current study that renders the potential resource for barley genome physical
map anchoring (section 1.3.1). In the following sections, first the barley genetic maps, potential marker
resources for physical map anchoring will be described. The approaches by which a physical map can
be aligned against the genetic map will also be reviewed.
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1.3.1. Genetic map resources of barley — the framework of anchoring of the physical map

Several genetic maps have been developed and reported for barley genome over the last decades.
These include different marker sources (from Restriction Fragment Length Polymorphism (RFLP)
markers to DArT marker) (Graner et al., 2010) for which several mapping populations have been
developed (Tablel-1). In this section, the recent high density genetic maps published for the barley
genome and available at the starting time of the current study will be reviewed (Tablel-1). Our
objective was to select among those the genetic maps originating from gene-targeted markers and the

maps that fit to the PCR-based anchoring workflow of the present study.

In order to construct a high density genetic map and to genetically map genes responsible for abiotic
stress, Rostoks et al., (2005) performed a genome—wide gene-based SNP discovery on barley genome.
A set of 1,338 unigenes differentially expressed in response to a variety of abiotic stresses were re-
sequenced in eight different barley accessions and were mapped in three different doubled haploid
(DH) mapping populations. This analysis generated a consensus map comprising of 1,237 loci, length
of 1,211 cM and with 1 locus per cM average resolution. Wenzl et al., (2006) used a hybridization-
based technology so called Diversity Arrays Technology (DArT) (Jaccoud et al., 2001) to generate a
consensus map using six DH population and three recombinant inbred line (RIL) populations. Analysis
of 2,935 markers (2,085 DArT, 850 other loci) produced a map that spanned 1,161cM with an average
resolution of 0.7 + 1.0 cM. The hybridization based technology applied to develop this class of markers
and the anonymity of majority of the respective markers preclude the possibility of being directly used
in our PCR-based anchoring method. Stein et al., (2007) applied the consensus map method to take the
advantages of achieving high level of polymorphism by combining diverse and non-related
germplasm- the parents of the mapping populations. The authors reported a gene based consensus map
(here in this study called as IPK map) consisting of 1,055 ESTs based markers (total 1,055 loci: 607
RFLP, 190 SSR, and 258 SNP) generated from three different doubled haploid (DH) mapping
populations. The number of markers per chromosome ranged from 107 to 179, the total length of map
is 1118.3 cM with average marker interval of 0.9 cM. In total 200 common markers were shared

between the individual maps. With regards to the application of gene based genetic marker in this map,
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Table 1-1. Overview of some genetic maps of barley

Majority marker type Majority marker system

Reference?® Marker 2 Loci cM Population 3

Gene based  Non-genic PCR based Hybridization based
Z%Sgg;‘s etal, SNP,RFLP,AFLP,SSR x 1237 1121 LH, OWB, SM x x
Wenzel et al., N . " "
(2006) DArT, RFLP, SSR, STS 2935 1161 Multiple
Stein et al., (2007) EST X 1055 1118 SM, OWB, IF X X
Varshney et al., x x
(2007) SSR 775 1068 OWB, SM, IF
Marcel et al., (2007) RFLP,AFLP,SSR X X 3258 1081 Multiple X X
Hearnden et al., N Barque-73 * CPI . .
(2007) SSR, DAIT 1000 1100 71284-48
Potokina et al., < <
(2008) TDM 1596 1010 SM
Sato et al., (2009) EST x 2890 ? HNH602 x
Close et al., (2009) SNP x 2493 1099 Multiple x

D Listed and introduced in the chapter.

2 Marker showed in bold represent markers with the highest number among all marker types of the respective genetic map.

% Abbreviations: LH (Lina x HS92), OWB (Oregon wolf barley recessive x dominant), SM (Steptoe x Morex), IF (Igri x Franka), HNH602 (Haruna Nijo x H602). Multiple represents

application of more than three populations for the respective genetic map formation

Table is modified from (Graner et al., 2010)
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the PCR-based SSR and SNP markers can be utilized for PCR-based physical map anchoring in the
current study. Varshney et al., (2007) has explored a collection of 2,832 non-redundant ESTs, for SSR
motif identification in which 3,122 non-redundant SSR-ESTs were identified. Of those, for 754 SSRs a
primer set was designed. Only 185 EST-derived SSRs revealed polymorphism between parental
genotypes of three DH populations and led to construction of a map with 1,068 cM map length. These
markers have also been included in the integrated map constructed by Stein et al., (2007). Marcel et al.,
(2007) compiled a set of 3,258 markers including RFLP, AFLP, and SSR markers from six different
mapping populations to construct a consensus map with the length and resolution of 1,081 cM, and
0.33 cM, respectively. Only 2% of the markers (mainly SSRs) were originated from EST sequence
data, hence referred as gene-targeted markers and the rest are from anonymous DNA fragments. In
order to avoid the limitation of order accuracy associated with integrated maps Li et al., (2010), and
Hearnden et al., (2007) developed a high density barley genetic map composed of 1,000 loci (558
SSRs and 442 DArT markers) using a single mapping population with a map length of 1,100cM. The
main disadvantages of the map for the current study are anonymity of markers (only 15% of the
markers were gene based markers). In addition almost half of the markers were hybridization based
(442 DArT markers). Potokina et al., (2008) developed a set of 1,596 transcript derived markers
(TDMs) on a single DH mapping population derived from parental genotypes barley cv. Steptoe and
cv. Morex. The polymorphism between the parental genotypes and across the progenies was detected
based on signal intensity revealed on Affymetrix microarrays corresponded to the expression level of
the respective genes. Considering the hybridization based system that was used for marker
development in this analysis, the map has perhaps a high potential to be used in hybridization based
library screening and subsequent physical map anchoring (section 1.4.1.2). As a complementary
marker resource for IPK map, a high density transcript linkage map of barley derived from a single
population developed by Sato et al., (2009) is considered (here in this study called as Okayama map).
The authors have developed 10,336 primer sets using 3'-end EST sequences of barley cv. ‘Haruna
Nijo’ and an ancestral wild form accession ‘H602’ which were also crossing parents of the mapping
population. Using 93 DH individuals, a set of 2,890 PCR-based markers were developed. The total
map length was 2136 cM with an average 421 markers per chromosome. As the authors declared,
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although the level of missing data and segregation distortion for some loci are considerable, the map
quality was not affected as the LOD threshold was 5. Marker information of a high density integrated
map (Close et al., 2009) was available for this study. .A total number of 2,943 EST based SNP markers
were genotyped in 4 different DH populations using Illumina GoldenGate assay. This map (hereafter
Close et al-map) was used as the genetic framework to develop another genomic resource for barley,
the so called “barley genome zippers” which will be introduced in section 1.3.2. Regarding the specific
primer combination applied in the genotyping technology, the direct use of these markers in our
screening platform was not considered. To summarize, although all genetic maps described have been
developed to fulfill different goals, they have the potential of being employed for the purpose of
physical map anchoring. However, with regards to the physical map anchoring strategy decided for the
current study (PCR-based anchoring approach; see section 1.4.1.1 for details), and the priority
of anchoring gene containing physical contigs as mentioned above, only two of such maps including
EST based barley genetic maps developed by Stein et al., (2007) and Sato et al., (2009) will be

considered for physical map anchoring of barley chromosome 2H.

1.3.2. Grass genomes synteny - application in marker development and anchoring

Members of the grass family Poaceae have diverged from a common ancestor 50-70 million years ago
(Bolot et al., 2009). This evolutionary period resulted in a substantial divergence in genome
organization of grasses including chromosome number and genome size. For example, the genome of
bread wheat (1.7 * 1010 bp) is 40 times larger than that of rice (4.3 * 108 bp) (Keller and Feuillet,
2000). Despite this diversity, comparative genetic and genomics have demonstrated that related plant
species display extensive conservation in gene content and order (conserved synteny and collinearity)
(Paterson et al., 2000; Schmidt, 2002). The term “conserved synteny” reflects co-localization of groups
of genes on evolutionary related chromosomal segments in two species, whereas collinearity is more
specific form of synteny which indicates preservation of gene order in a syntenic region between
species over the time of evolution (Abrouk et al., 2010). Since early studies of comparative genomics
(Bonierbale et al., 1988; Berhan et al., 1993; Devos et al., 1993), conserved genomic synteny and

collinearity have been employed as useful concepts and tools in plant genomics. This includes map
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based gene isolation and gene annotation of big and less-studied genomes such as wheat and barley by
taking the advantages of small but well-investigated genome like that of rice. An important application
of collinearity in map based gene isolation was the development of genomic tools such as conserved
orthologous sequences (COS) markers (Fulton et al., 2002; Liewlaksaneeyanawin et al., 2009; Quraishi

et al., 2009).
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Figurel-2. Phylogenetic relationship among grass species. Divergence times are given in million years on the branches of

the phylogenetic tree. Image from Bolot et al., (2009).

In grass, these markers are being developed by availability of rice genome sequence as model genome
and large collections of ESTs from other cereal species. The alignment of these ESTs with rice genome
sequence can help to predict corresponding location in the genome of interest based on synteny
concept. The alignment would also help in identification of intron/exon boundaries in order to provide
a possibility for intron-spanning primers design enhancing the chance of SNP detection in the target
genome (Quraishi et al., 2009).Considering the genome relation concepts noted above, Mayer et al.,
(2011) have explored the full potential of conserved synteny and collinearity existing between barley
and its relatives to develop a novel synteny based genomic resource for barley. To develop this

synteny-based resource, the integrated gene based genetic map developed by Close et al., (2009) was
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used as the genetic framework to establish a synteny derived virtual gene order map for barley genome.
Such virtual gene order maps or “genome zippers” (Figurel-3) were generated after shotgun 454-
sequencing of flow sorted barley chromosome/chromosome arms producing 1- to 2-fold of sequence
coverage. After masking repetitive DNA, such chromosome specific sequence data could be compared
to the entire genomes of three sequenced grasses including rice, Sorghum, and Brachypodium in order
to detect the homologous genes in the corresponding genomes. Integration of detected homologous
genes with gene - based markers of the framework genetic map led to the construction of a virtual
linear gene model for each barley chromosome in which a precise genetic location for grass syntenic
genes can be predicted in barley chromosomes (Mayer et al., 2011). The number of genes for which
their linear order are predicted along each barley chromosome differ from 2,304 genes for chromosome
6H to 3,616 genes for 2H. In case of chromosome 2H on average ~ 22 genes / 1 ¢cM have been order
along the chromosome which makes it a valuable resource for marker development and physical map

anchoring of chromosome 2H.
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Figurel.3. Partial view of the virtual gene order map (genome zipper) of barley chromosome 2H (Mayer et al. 2011):
Upper part) Repeat masked low pass shotgun sequencing of individual chromosome/chromosome arms obtained from flow -
cytometry were used to identify the homologus genomic regions in the related sequenced grass genomes. Lower part)

Detected homologous genes and the associated shotgun reads were integrated with a gene based genetic map (close et al.,
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2009) that lead to form a virtual gene order map for each individual barley chromosome. Corresponding gene based sequence

information (barley ESTs) were added to the barley gene models as additional supports. R stands for 454 shotgun reads.

1.4. Anchoring of physical to genetic map methodologies

1.4.1. Experimental methods of anchoring a physical map

The experimental methods of library screening/physical map anchoring can be basically categorized
into two classes; PCR-based and hybridization based approaches, each of which can be further divided
into single vs multiplex marker assays (Figurel-4). In all methods the genetic markers will be
connected to the respective BAC clones through the process of library screening, thus placing the

BACs and the related FPcontigs to the position of the markers in the genome.

Methods of Anchoring a Physical map
Experimental In-silico (virtual)
PCR based Hybridization based
Single Marker Multiplex Assays Single Marker Multiplex Assays
(Multi dimensional (Multi dimensional pooled library screening  (BAC colony filters (BAC colony filters and
pooled library screening) using Illumina Golden Gate Assay) screening) Microarrays technology)

Figurel-4. Current methodologies of physical to genetic map anchoring

1.4.1.1. PCR-based BAC library screening (single and multiplexed assay)

A commonly used method for identification of BAC/marker relations and anchoring physical to
genetic map is PCR-based screening of large insert libraries using
PCR-based genetic markers. In this approach, rather than carrying out PCR as many as the number of
clones present in the library, the library can be condensed into pools in a specific manner to reduce the
overall PCR reactions needed to identify a particular BAC clone. Therefore, the efficiency of PCR-

based screening can be dramatically improved by constructing Multi dimensional (MD) pools of the
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respective BAC libraries. The optimal pooling dimension (D) and the number of pools depends on the
redundancy of the library, the number of clones and the desired rate of false positive marker/BAC
relations were studied by (Barillot et al., 1991). These authors suggested that in practice, those
dimensions greater than five are usually not efficient with PCR-based markers. For example, (Barillot
et al., 1991) performed an analysis to identify the best pooling dimension for the CEPH (Centre
d'Etude du Polymorphisme Humain) YACs library which contains 72,000 YACs and is 10-fold
representative. The optimal pooling dimension was three while the dimension four gives almost
equivalent results in terms of the number of false positive marker/BAC relations. In addition, the three
dimensions needs less PCR reaction to identify a YAC address. PCR-based anchoring approach has
been used in several plant genomes including Sorghum (Klein et al., 2000), maize (Yim et al., 2007),

soybean (Wu et al., 2008) and for Aegilops tauschii (You et al., 2010) physical map anchoring.

The Illumina Golden Gate Assay also known as OPAs (Oligonucleotide Pool Assays) are originally
developed as a highly parallel SNP genotyping platform of genomic DNAs (Steemers and Gunderson,
2005). The application of Illumina Golden Gate Assay in BAC library screening was initially reported
by Luo et al.,, (2009) to provide an alternative approach to the single marker library screening
described above. The idea was to increase the throughput of the PCR-based library screening by
simultaneous screening of up to about 1,500 genetic markers. Luo and co-workers applied this
technology to genotype the BAC pools for the presence or absence of the corresponding SNP alleles,
thus identifying the BACs carrying the respective SNPs. One year later, an improvement for the
method was reported (You et al.,, 2010). A computational algorithm was integrated into a newly
developed software tool, FPCBrowser, for analyzing pooling data and BAC address deconvolution.
Although, the strategy is fast, easy and cost efficient as the authors claimed, access to the high number
of perfect SNP markers (in OPA format), robust physical map and creation of the specific format of the

pooled library are the crucial prerequisites for the strategy.

1.4.1.2. Hybridization based BAC library screening (single and multiplexed assay)

Screening a BAC colony filter (by single or multiple markers) or application of microarrays
technology both follow the basic principle of hybridization of two complementary single stranded
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nucleic acid molecules. This leads to identifying the genetic markers/BAC clones relations for the
subsequent physical map anchoring. BAC filters and the radioactively labeled DNA fragments are the
two prerequisites to perform the hybridization based screening. The filters can be screened either by
individual or by combination of different labeled probes (multiplex assay). For the sake of throughput,
labeled probes can be pooled and then hybridized to colony membranes (Madishetty et al., 2007).
Individual BAC clone/marker relations will be identified through the process of de-convolution. This
method has been used in a number of organisms including mouse (Cai et al., 1998), rice (Yang et al.,
2003), maize (Gardiner et al., 2004) and chicken (Romanov et al., 2003). The microarray technique is
also based on hybridization of two complementary single stranded nucleic acid molecules, one of
which is immobilized on a matrix (Southern et al., 1999). Microarray technology has been previously
used in various biological studies including large scale DNA mapping (Poustka et al., 1986),
sequencing (Cantor et al., 1992), and gene expression profiling (Schena et al., 1995). Recently, Liu and
co-workers (Liu et al.,, 2011), used this technology to identify the gene/BAC relationship for
subsequent use in genetic anchoring of barley genome physical map. They used Agilent microarrays of
barley unigenes by hybridizing to BAC DNA pools originated from a 3D pooling system to identify
the marker/BAC relations. Such highly multiplexed BAC screening approach displayed a very time

and cost-effective alternative to the conventional BAC/Marker identification procedures.

1.4.2. In-silico (virtual) anchoring of physical map to the genetic map

In-silico anchoring refers to all analyses run via computer tools performing DNA sequence homology
search to place the contigs to their initial chromosomal location on the genome. The method uses the
available sequence information to improve contig building and anchoring of the evolving physical map
of the genome of interest (Virtual library screening). The prerequisite would be the availability of
sequence information - the output of genome survey sequencing such as the determination of BAC end
sequences - bounded to the FPcontigs with which the respective FPcontigs can be anchored to the
genetic markers with known sequence. (Yuan et al., 2000) used the approach for map integration in
rice sequencing project. They cleaned and filtered the available EST and BAC end sequences from

repetitive sequences and then searched all available rice genetic markers; thereby connected the BACs
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(physical map skeleton) to the genetic map. They could anchor 418 markers to a collection of BAC
clones, supported by experimental verification. A BAC based physical map of papaya was constructed
and integrated with the genetic map and genome sequence (Yu et al., 2009). The entire papaya BAC
library of 39,168 BAC clones was either end-sequenced or full length sequenced. Paired ends from
32,397 BAC clones provided anchor points for alignment of the physical map with genome sequences
and integration of the genetic and physical maps. Similar approach also was used for physical map
orienting in grapevine (Lamoureux et al., 2006), upland cotton (Xu et al., 2008) and soybean (Wu et
al., 2008). Consequently, the strategy can be considered as a complementary method for the wet lab
library screening in the course of physical map anchoring given the availability of attached sequence

information.
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1.5. The aims of the study

Chromosome 2H is the biggest among the seven barley chromosomes. During the current study, the
physical map anchoring to this barley chromosome will be carried out to complement the efforts of
developing a genome-wide genetically anchored physical map of barley. Moreover, chromosome 2H
contains loci controlling a variety of agronomically and commercially important traits. These include
genes responsible for reproductive development, time to flowering, reproductive frost tolerance, and
disease resistance (Costa et al., 2001; Pillen et al., 2004; Reinheimer et al., 2004; Turuspekov et al.,
2004; Dilbirligi et al., 2005; Li et al., 2005; Jafary et al., 2006; von Korff et al., 2006; Marcel et al.,
2007; Jafary et al., 2008; Vu et al., 2010). Access to an anchored physical map of the chromosome will
expedite the detailed study of traits noted above. Therefore, the main objectives of this study are as

follows:

1- Establish a first version anchored physical map of chromosome 2H of barley paving the way
for map-based cloning of genes located on this chromosome, and to provide the basic
information for clone-by-clone sequencing strategy of barley genome.

2- Explore the potential of anchoring the barley genome physical map based on grass genome
collinearity.

3- Utilize the genetically anchored physical map to determine the pattern of recombination

frequency along chromosome 2H.
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2. Material and Methods

2.1. Plant material and DNA samples

To perform genetic mapping of newly developed markers (see section 2.4), a doubled haploid (DH)
mapping population originated from a cross between barley cv. Morex and Barke was used. The parent
genotypes were used for initial detection of polymorphisms. The population comprised 93 genotypes
(SubDate_Tablel) and has also been used to construct a consensus map for barley as has been reported
before (Close et al., 2009). The map was utilized as framework to develop a virtual gene order map
(genome zippers) for barley genome (Mayer et al., 2011). Previously extracted parental and population
DNA using the method described by (Graner et al., 1991) were used for initial polymorphism detection

and population genotyping.

2.2. Polymerase Chain Reaction (PCR) and gel electrophoresis

Concerning the physical map anchoring approach used in this study (section 2.3), for initial
amplification test of each primer set, and for marker development process (section 2.4), PCR
experiments were carried out. Except for High Resolution Melting (HRM) curve analysis (section
2.4.3) and for dCAPS markers development (section 2.4.2), a common standard PCR profile was
applied. The PCR reagent mixture consisted of 1 pl of genomic DNA (20ng/ul), 1 ul of 10 x PCR
buffer, 1 ul of dNTP mixture (2mM each), 1 pl of primers mix (5 pmol/ pul each), 0.05 pl of HotStar
Tag DNA polymerase (Qiagen, Hilden, Germany), and 5.95 ul of ddH,O. All fragments were
amplified using the following touch-down PCR profile: an initial denaturing step of 15 min at 95 °C
was followed by 40 cycles with denaturation at 94 °C for 30 s and extension at 72 °C for 1 min. The
annealing temperature was decreased in 1 °C increments from 65 °C in the first cycle to 60 °C after the
5th cycle and was then kept constant for the remaining 35 cycles (always 30 s). After 40 cycles a final
extension step was performed at 72 °C for 7 min. PCR amplifications were carried out using GeneAmp
PCR system 9700 (Applied Biosystems). PCR products were checked by 1.5% agarose gel

electrophoresis at 80 (\V/cm) for 90 min in case of genomic DNA test. For BAC pool DNA analysis,
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the electrophoresis time was reduced to 17 min to fit the gel size since for these experiments the

Electro-Fast® Gel System; model AB-0826 (http://www.abgene.com) was used.

2.3. PCR-based screening of multi-dimensional DNA pools of a barley BAC library

In order to integrate the barley genome physical map with the genetic map of chromosome 2H, a PCR-
based physical map anchoring approach was established by which BAC clones underlying physical
map contigs harboring the respective genetic markers were identified. PCR markers originated either
from two transcript maps published by (Stein et al., 2007) and (Sato et al., 2009) or were newly
developed on the basis of information provided by a virtual linear gene order map (“barley genome
zipper”, (Mayer et al., 2011) (see section 2.4.1). All primer sets were initially tested for PCR
amplification efficiency and specificity on barley cv. Morex genomic DNA applying the standard PCR
protocol (section 2.2). Only primer pairs that passed this step of quality check were subjected to PCR-
based library screening. The next prerequisite of the PCR-based anchoring approach - a pooled BAC
library - was obtained from the barley BAC library HYVVMRXALLeA (Schulte et al., 2011) by a
commercial service provider (Amplicon Express, Pullman, WA, USA). Multidimensional pooling
systems reduce the number of PCR reactions required to screen a complex BAC library for the BAC
address harboring the respective marker. The pooling system of Amplicon Express involved 3D

pooling schemes of Superpool and Matrix pool design (details: www.amplicon-express.com). In brief,

the original library contained 147,840 BAC clones arranged in three hundred eighty-five 384-well
plates. All plates were collected into 55 superpools (SPs), each containing 7 consecutive 384-well
plates of the library (Figure 2-1). For each superpool, the individual 7 plates, the respective 16 plate
rows across all 7 plates and the respective 24 plate columns also across all 7 plates were initially
pooled. This created 7 plate pools, 16 row pools and 24 column pools per superpool (Figure2-1). These
pools were then further combined to create five Matrix Plate Pools (MPPs), eight Matrix Row Pools

(MRPs), and 10 Matrix Column Pools (MCPs), respectively, resulting in 23 Matrix Pools (MPs) for

each SP (Figure2-1). The design of Matrix pools resulted in each BAC clone being represented in two
different MPs of each MP type (2/5 of MPPs, 2/8 of MRPs, and 2/10 of MCPs). All primer sets

yielding a positive superpool (for single copy genes a maximum of 4 hits was expected on average
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since the BAC library comprised about 4-fold haploid genome coverage. with the same size as
genomic DNA were examined during the second round of library screening (MPs Screening). Figure2-
2 summarizes SPs screening, MPs screening, and deconvolution steps of a BAC address for a given

marker. The PCR condition for library screening was the same as described in section 2.2

Library: HVVMRXALLeA

Cultivar: Morex

Restriction enzyme: EcoR | PS5
Producer: CUGI
Genome Coverage: 3.7X
Total Clones: 147,456
No of plates: 385

Wells per plate: 384
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Figure2-1. Steps of three dimensional BAC library pooling constructed and provided by Amplicon Express: Initially,
each set of 7 consecutive plates of the library are pooled to form a Superpool (SP). All SPs are arranged in a 96-well plate as
superpool collection plate. In the second step, each SP of seven plates is further separated into 7 Plate pools, 16 Row pools, 24
Column pools and arranged in the Plate Row Column (PRC) plate as an intermediate step for the third dimension of pooling.
Finally, in matrix pooling step (3rd dimension), each set of pools (Plate, Row and Column) of the PRC plate were then
independently further pooled to create 5 Matrix Plate Pools (MPPs), 8 Matrix Row Pools (MRPs), and 10 Matrix Column
Pools (MCPs), respectively, in total 23 Matrix Pools (MPs) for each SP. This step of pooling resulted in each BAC being
presented in two independent MPs for each type of MP (plate, row, or column). Corresponding Matrix pools of each SP has
occupied 1/3 of the Matrix Pool Plate. To identify a BAC address the researcher needs to screen the SP collection plate as

Round | PCR and the respective Matrix Pool section as Round Il of PCR screening workflow. P.C and N.C stand for Positive

and negative control, respectively. For details of screening and deconvolution see Figure2-2.
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Figure2-2. PCR-based screening of the Matrix 3D pooled library: Superpools (SPs) screening followed by Matrixpools
(MPs) screening of marker x is shown. The MPs screening step for only one SP (SP46) is illustrated. In this step, 5 Matrix
Plate Pools (A9 to E9), 8 Matrix Row Pools (A10 to H10), and 10 Matrix Column Pools (A1l to B12) are screened and
deconvoluted. For instance, to identify the plate in which the BAC clone is located, the plate in common between the two
amplified MPPs (B9 and E9) is the initial plate number harboring the BAC clone (plate6; highlighted in red) in the
corresponding SP (here SP46). This is because each BAC is presented in two independent MPs for each type of MP (plate,
row, or column) to cross-refer each other, see Figure 2-1. The same logic enables deconvolution of respective row letter and
column number. Therefore, the corresponding BAC position in SP46 has been identified as row C and column 7 of plate 6.
Abbreviation correspondences; P: Plate, R: Row, C: Column, P.C: Positive Control (F9), N.C: Negative Control (G9) and red

circles show the corresponding amplified coordinates.

2.4. Marker development

In addition to the above mentioned barley transcript maps a published virtual gene order map of barley
chromosome 2H (2H-genome zipper, Mayer et al. 2011) was considered as additional resource for
marker development. This dataset has been derived on the basis of a dense transcript map (Close et al.
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2009), chromosome-specific sequence datasets and conserved synteny analysis between barley, rice,

Sorghum and Brachypodium.

2.4.1. Genome zipper derived markers

Virtually ordered genes were initially assessed for their potential of being employed in genetic marker
development and subsequent physical map anchoring. For this assessment, 139 gene models
sequentially ordered in the interval 137.5 cM to 151.4 cM of barley chromosome 2H genome zipper
were selected. Roche/454 GSFLX Titanium survey sequence reads (454 reads) of barley genome were
associated with gene models. For gene models that more than a single 454 sequence reads was
available, the selected 454 read used in primer design considered to acquire highest sequence quality

score among all and more than 200 bp length.

Primer design on the basis of individual 454 reads turned out to be inefficient in many cases due to the
limited sequence length. In the following experiments, it was therefore the aim to gather more
sequence information for primer design. To achieve this goal the complete set of shotgun reads
assigned to an individual gene model was assembled to produce “454 read based contigs”, if possible.
The assembly was performed using Newbler (Roche), version 2.0 applying default parameters
(performed by Dr. Rounan Zhou; IPK-Gatersleben, Gatersleben, Germany). All 454 reads associated to
the barley genome zippers have been classified either as stringently or not- stringently assigned (Mayer
et al., 2011). The former types are the results of Bi-directional Blast Hit (as a stringent blast approach,
see below section 2.8.2 for details) performed between each of the model genomes and the 454 reads
originated from barley sorted chromosome arms. While, not- stringent class are the first best hits
resulted from a single direction blast algorithm applied between the respective sequence dataset
(Mayer et al., 2011). Thus, in the current study, genome zipper gene models represented either by 454
read based contigs or stringently assigned singletons (resulted from assembly analysis) were utilized
for primer design applying the parameters mentioned in section 2.5 with optimal target size = 500 bp

(range 180 to 700bp).
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2.4.2. CAPS and dCAPS markers

The majority of genes of the chromosome 2H genome zipper have not been integrated on the basis of
genetic mapping information but on the basis of conserved synteny. While exploiting the genome
zipper resource for anchoring the physical map of chromosome 2H it was, in the initial pilot phase of
the evaluation of the resource, the aim to convert as many as possible genes in genetic markers. Primer
sets that could not reveal immediate presence/absence or insertion/deletion (INDEL) polymorphism
between parental genotypes were sequenced (ABI PRISM® 3730 DNA Analyzer, Applied
Biosystems, CA, USA) for SNP identification. Cycle sequencing experiments and sequence analysis
were performed as described by (Shahinnia et al., 2011). Identified SNPs were exploited for the
development of either one of the following classes of markers: (A) CAPS markers (Cleaved Amplified
Polymorphic Sequence) were developed as described earlier (Thiel et al., 2004; Vu et al., 2010). (B) In
case SNP were not leading to the formation or elimination of a restriction site of commonly used and
commercially available endonucleases, a dCAPS primer (derived Cleaved Amplified Polymorphic
Sequence) (Neff et al.,, 1998; Komori and Nitta, 2005) was designed using dCAPS Finder

(http://helix.wustl.edu/dcaps/dcaps.html). Annealing temperature was adapted for each particular

primer pairs. Other conditions for PCR, digestion and electrophoresis were the same as for CAPS

markers. (For details of all marker type: SupData_Tablel)

2.4.3. High Resolution Melting (HRM) curve analysis

As an alternative method for sequence polymorphism detection the high resolution melting (HRM)
curve analysis (Bennett et al., 2003; Herrmann et al., 2007) was applied. By this method differences in
DNA sequence are determined by due to differential melting properties of amplicons derived by
different alleles. For this analysis, PCR was set up using QIAgility liquid handling instrument
(QIAGEN, Germany). The PCR reagent mixture consisted of 1 ul of genomic DNA (20ng/ul), 0.7 ul
of primers mix (5 pmol/ul each), 5 pl of HRM mix and 3.3 pl of RNase-free water (last two reagents:
Type-it® HRM PCR kit, QIAGEN, Germany). Amplification was achieved by a touchdown PCR
protocol: an initial denaturing step of 5 min at 95 °C was followed by 45 cycles with denaturation at 95

°C for 20 s and extension at 72 °C for 20 s. The annealing temperature was decreased in 1 °C
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increments from 65 °C in the first cycle to 60 °C after the 5th cycle and was then kept constant for the
remaining 40 cycles (always 20 s). PCR amplification was performed on a Rotor-Gene Q real-time
PCR Thermocycler (Qiagen, Hilden, Germany). HRM was performed as follows: pre-melt at 75 °C for
90 s, and melt at a ramp of 65 °C to 95 °C at 0.05 °C increments every 2 s. The fluorescence data were
acquired at the end of each annealing step during PCR cycles and each of the HRM steps with
automatic gain optimization. High resolution melting curve analysis was performed using the HRM
module of Rotor-Gene Q realtime PCR Thermocycler (Qiagen, Hilden, Germany). The HRM curve of

the respective primer set for each individual was visually scored.

2.5. Primer design

Primers were designed using the public software tool Batchprimer 3 (You et al., 2008). Primer picking
parameters were set as follows with the optimal Tm = 62 °C (range 60 to 64 °C with difference of
maximum 2 °C between forward and reverse primers) and optimal GC content = 55% (range 45 to
60%). The optimal target size varied depending on input sequence size; 200-500 bp for the sequences
used in STS marker development (454 shotgun reads) and > 1300 kb for those used in FISH probe
design (see section 2.7) (for example: sequenced BACSs). Sequences that did not satisfy these

conditions were rejected.

2.6. Genetic mapping

To validate the predicted gene order newly developed genome zipper-derived markers were mapped to
the DH population Morex x Barke (Close et al., 2009). Genotyping information was entered into the
published genotype information file of this population. Software MAP MANAGER QTX (Manly et
al., 2001) was used to fit new marker data into the previously structured linkage groups applying the
command “Distribute”. JoinMap V4.0 (Kyazma, The Netherlands) was operated for grouping of
markers (LOD score = 4.0) and subsequent marker order determination. The Kosambi mapping
function (Kosambi, 1944) was applied for converting recombination units into genetic distances.

Graphical genotypes of the resulting chromosome 2H map were visually inspected for consistency.
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2.7. Cytogenetic mapping

The resolution provided by barley genetic maps employed for physical map anchoring is limited and
does not allow resolving the order of contigs assigned to the genetic centromere and the adjacent
pericentromeric region of barley chromosomes which exhibit reduced recombination frequency. These
regions are characterized by large numbers of markers clustered to the same genetic position.
Cytogenetic placement of gene/contig information to barley chromosomes by Fluorescence in situ
hybridization (FISH) might help to add additional resolution for anchoring and ordering of BAC
contigs of the physical map. A selection of chromosome 2H BAC contigs was utilized for exploring
the potential of cytogenetic anchoring. Two main limitations exist for this method: (i) presence of
repetitive DNA in the FISH probe which would lead to innumerous unspecific signals on all barley
chromosomes, thus specific allocation is compromised. (ii) Size of the FISH probe — the probe needs to
be of sufficient size to allocate sufficient amounts of fluorescent label to one location that still can be
detected on the basis of fluorescence microscopy. Barley mitotic chromosome spreads were used as

target material.

2.7.1. Probe and chromosome preparation

In-silico  -defined unique regions of barley genomic DNA sequence resources
[Whole Genome Shotgun sequence contigs (WGS contigs) or sequenced BACs (for repeat masking
analyses see section 2.8.3)] were amplified by PCR from genomic DNA of barley cv. Morex [5ng/ul].
The PCR was performed as described in section 2.2. PCR amplicons were purified using QlAquick
PCR Purification Kit (QIAGEN, Germany) according to the manufacturer's instruction. The 5S
ribosomal probe was generated by PCR as earlier described (Fukui et al., 1994). Mitotic chromosome
spreads of barley cv. Morex were prepared using the reported spreading technique (Kato et al., 2006).
Probes were directly labeled by nick translation with Texas red-dUTP or Alex-488- dUTP (both from
Invitrogen), respectively, as described previously (Kato et al., 2006) (For details of probe information:

SupData_Table2).
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2.7.2. Fluorescence in situ hybridization (FISH)

For single copy FISH, a previously published procedure has been followed (Ma et al., 2010). In brief,
the chromosome slides were treated with 45% acetic acid and pepsin (0.1 mg mL™ in 10 mM HCI) for
10 min separately, post-fixed in 4% formaldehyde in 2xSSC for 10 min, dehydrated in an ethanol
series (70, 90 and 96%), and air dried. The hybridization mixture contained 50% deionized formamide,
2xSSC, 1xTE, 50 ng pl™ of each single copy probe and 10x excess of salmon sperm DNA. The
hybridization mixture and the treated chromosome slides were denatured together on a heating plate at
80°C for 2 min and incubated in a moist chamber at 37°C overnight (4 to 48h). Post-hybridization
washing was done in 2xSSC for 20 min at 55°C. After dehydration in an ethanol series (70, 90 and
96%), the slides were air dried at room temperature (15 to 30 °C) and counterstained with 4°,6-
diamidino-2-phenylindole (DAPI) in Vectashield (Vector Laboratories). Images were taken using a
cooled CCD camera (Spot 2e, Diagnostic Instruments) on epifluorescence microscope (Axioplan 2,
Zeiss) with a Plan Apochromat 63x/1.40. Image process was performed by photoshop 6.0. The images
were pseudocolored and merged. Furthermore, brightness and contrast improvement were done on the
whole image using command “level”. The final resolution was increased to 300 dpi. The chromosome
preparation and FISH analysis was provided by Dr. Lu Ma (CSF group, IPK-Gatersleben, Germany) as

part of a collaboration for establishing this procedure for FISH mapping of BACs in barley.

2.8. In-silico sequence analysis

All sequence comparison analyses run via computer tools in this study are referred to as in-silico
experiments. These consisted of different BLAST (Basic Local Alignment Search Tool) types
including DNA to DNA (BLASTN) and DNA to protein (TBLASTX) sequence homology search and

repetitive sequence identification (Altschul et al., 1990).

2.8.1. BLASTN sequence homology search

A dataset including barley WGS contig linked to the barley FPcontigs (FingerPrinted contig) was
kindly provided by Thomas Nussbaumer (Institute for Bioinformatics and Systems Biology, Helmholtz

Zentrum Munich, German Research Center for Environmental Health, 85764 Neuherberg, Germany).
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This assignment was possible by availability of BACend sequences (BES) and sequenced BACs
(sBACs) present in the unpublished physical map assembly of the barley genome (Stein et al.

unpublished data).

All BLASTN sequence homology searches were performed at a threshold of E-value < 1E-10. The
outputs were parsed using a Perl script (kindly provided by Dr. Mihaela Maria Martis; Institute for
Bioinformatics and Systems Biology, Helmholtz Zentrum Munich, German Research Center for
Environmental Health, 85764 Neuherberg, Germany) under the parameters of identity > 99% and

alignment length > 300bp.

2.8.2. TBLASTX sequence homology search

TBLASTX comparison of barley WGS contigs were performed against Brachypodium, rice, and
Sorghum proteins (Brachypodium genome annotation v1.2
[ftp://ftpmips.helmholtzmuenchen.de/plants/Brachypodium/v1.2]; rice RAP-DB genome build 4
[http://rapdb.dna.arc.go.jp]; Sorghum genome annotation vl4 [http://genome.jgi-
psf.org/Sorbil/Sorbil.download.ftp.html]; (Paterson et al., 2009)). In order to identify the genes in
model genomes a Bi-directional Best Hit (BBH) blast [In BBH approach gene A (from genome 1) and
gene B (from genome 2) are referred as BBHs if there is no gene more similar to A other than B and
vice versa (Overbeek et al., 1999)] was performed. This was done on the basis of a barley whole
genome shotgun (50x haploid genome coverage, Stein et al. unpublished data) sequence assembly and
each individual model genomes. The blast reports were filtered for BBHs according to the following
criteria: (1) the best hit display with a similarity > 75% and (2) an alignment length > 30 amino acids

using a Perl script kindly provided by Michaela Maria Martis.

2.8.3. Selection of single copy sequences for FISH

Barley genomic sequence information associated to a set of selected FPcontigs (section 2.7) was used
for FISH probe development. In order to provide repeat-free and single —copy sequence for probe
design, barley genomic sequences where treated by two levels of repeat masking. First the repetitive

part was marked after being identified using Vmatch (http://www.vmatch.de) against the MIPS-REdat
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Poaceae v8.6.2 repeat library (Mayer et al., 2011) by applying the following parameters: identity
>70%, 50-bp minimal length, exdrop 5, and e-value 0.001 (This analysis was provided to me by Dr.
Heidrun Gundlach (Institute for Bioinformatics and Systems Biology, Helmholtz Zentrum Munich,
German Research Center for Environmental Health, 85764 Neuherberg, Germany). Furthermore the
repeat masking was followed via Mathematically Defined Repeat (MDR) analysis (Wicker et al.,
2008). The selected sequences were virtually fragmented into overlapping 21-mer, and each 21-mer
was assessed for its frequency in the barley MDR index generated from an 8x barley whole genome
shotgun sequencing dataset (Stein et al., unpublished data). Uniqueness was reached by masking
regions that exceeded a 10x repeat threshold (this analysis was kindly performed by Thomas
Schmutzer, BIT, IPK-Gatersleben, Germany). Regions that passed both levels of repeat masking and
were longer than 1,500 bp were used for primer design. Primer design and PCR experiments were
performed as described in section 2.5 and section 2.2, respectively (For details of FISH probe

information: SupData_Table2).
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2.8.4. Data produced under collaborative efforts and provided to the current study

During the current project, parallel activities were under progress by IBSC members for anchoring the
whole genome barley physical map to the individual barley chromosomes. Different data were
exchangened among projects including the data produced in this current study that led to
complementation of individual activity and to prevent the production of redundant results. Moreover,
alternative anchoring methodologies such as FISH were managed to be examined during the current
work which was also performed on the basis of cooperation. Therefore, for the purpose of clarification
the results produced during the current study itself and the resources provided under collaboration are

as listed below:

- All steps of PCR-based anchoring of chromosome 2H; from STS primer development to
library screening and BAC address deconvolution: Naser Poursarebani

- All steps of in-silico anchoring of chromosome 2H physical map to single map of genome
zipper and the analyses of recombination frequency: Naser Poursarebani

- All genome zipper validation experiments: Naser Poursarebani

- Design and the management of FISH experiments along with the FPcontigs selection,
corresponding associated sequence identification, primer development and PCR product
purification: Naser Poursarebani

- Steps of FISH experiments: Dr. Lu Ma and Dr. Andreas Houben *

- K-mer analysis for repeat masking underlying single copy FISH probe detection: Thomas
Schmutzer

- In-silico assailment of WGS contigs to individual barley genome FPcontigs: Thomas
Nousbammer *

- In-silico assignment of barley FPcontigs to the individual barley chromosome arms and
Micro array based anchoring: 1BSC members *

- 454 reads assembly of barley genome zippers: Dr. Rounan Zhou °

Y CSF group, IPK-Gatersleben, Germany

2 BIT group, IPK-Gatersleben, Germany

¥ MIPS, Neuherberg, Germany

%) International Barley Genome Sequencing Consortium (IBSC; www.barleygenome.org)
% GED group, IPK-Gatersleben, Germany
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3. Results

A physical map densely anchored to the genetic map is a basic prerequisite for the hierarchical clone-
by-clone based sequencing of the barley genome. By itself, a physical map provides a resource that
would greatly facilitate map-based gene isolation in barley. Aspects of comparative genome analysis
between barley and related grass species could be addressed at high precision and important
characteristics of the barley genome like the ratio of physical map length and distribution of
recombination along the chromosome could be analyzed at much higher comprehension. The present
work was initiated as a concomitant activity to the international effort of developing a generic
physical map of the barley genome. This larger collaborative project aimed at high information
content fingerprinting (HICF) (Luo et al., 2003) of several hundred thousand BAC-clones (Schulte et
al., 2009; Schulte et al., 2011) in order to generate up to 14-fold haploid genome coverage or even
more. This general activity was expected to deliver in the range of ten thousand individual BAC
contigs representing the seven barley chromosomes. The assignment of these contigs to the individual
chromosomes, however, was not covered by the generic project but was left to be contributed by
supporting complementary activities. These were expected to exploit existing public molecular
marker maps of barley and generate marker / BAC clone relationships that would allow anchoring of
BAC contigs to specific chromosomal regions. Furthermore, there was an urgent need for the
exploration of new, alternative sources of marker information since published marker maps would
likely be exhausted before all contigs of a chromosome could be anchored successfully. The aim of
this study was to utilize PCR-based genetic anchoring of the physical map of barley chromosome 2H.
Since in the duration of the project innovative new technological applications as well as unforeseeable
genomic sequence datasets became available that provided substantial independent anchoring
information for the entire barley genome. This allowed the unique opportunity to this project to
combine all information for a by far more comprehensive anchoring of the chromosome 2H physical

map. This two-tiered approach is reflected in the following presentation of the results.
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3.1. Anchoring of the physical map of chromosome 2H to the genetic map of barley

3.1.1. PCR-based anchoring based on public marker resources

A generic assembly of 571,007 high quality fingerprinted BAC clones comprising 9,435 BAC contigs
(FingerPrintedContig, FPcontig) corresponding to 13x genome coverage for the entire barley genome
was developed by other efforts (IBSC and Stein et al.; unpublished) in duration of this project and was
made available as a resource to this project. A BAC library HVVMRXALLeA (Schulte et al. 2011)
used in this effort was used to develop multidimensional BAC DNA pools which could be used in this

study for generating marker/gene-BAC clone relationship information.

In the attempt of genetically anchoring BAC contigs of the above mentioned barley physical map to
chromosome 2H, published genetic maps - for the convenience called here ‘IPK’ (Stein et al. 2007)
and ‘Okayama’ (Sato et al. 2009) maps, respectively - were used for screening of BAC library
HVVMRXALLeA. These two maps were selected first since they comprised many (IPK) or even
exclusively (Okayama) PCR-based STS markers (Sequence Tagged Site). These could be directly
employed for PCR screening of multidimensional BAC DNA pools. Fifty (11 GBM and 39 GBS
markers) and 492 chromosome 2H markers of the IPK and Okayama maps, respectively, were used
(Table3-1). In order to instantly identify marker/BAC relationships, any given marker was examined
against a 3-dimensionally (3D) pooled BAC library. For 495 of the above mentioned 542 markers a
specific amplicon could be generated from genomic control DNA. Subsequently, these were used for
screening of superpools and matrixpools of the pooled BAC library. 414 of these markers were further
used for screening of matrixpools. The remaining (81) either revealed no or more than the expected
number of signals (considering the library coverage of ~4x; four hits for single copy genes was
expected) in the 55 superpools. For a total of 345 markers, matrixpool screening revealed at least one
specific BAC address. In several cases more than one address were obtained leading to altogether 532
BAC addresses. After consulting the BAC fingerprint assembly the 345 markers/532 BAC addresses
could be assigned to 216 non-redundant FPcontigs for chromosome 