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1. INTRODUCTION

Genetic variation is essential for the survival and adaptation of a species,
because it is basic condition of natural selection and evolution. It is based on differences
in alleles of genes mainly caused by random mutation like insertion, deletion for
example resulting in a modification of the gene structure. Polyploidy is a major key in
the evolution of plants (Wood et al., 2009; Mayrose et al., 2011). Allopolyploidy is the
fusion of two different nuclei from different species to form a newly single egg with
two complete sets of chromosomes (Van de Peer et al, 2009). It is common that the
contribution of parental genomes is not equal in allopolyploids resulting in the alterion
of gene expression. The changes in gene expression may appear immediately after
hybridization or later during the diversification of duplicated genes. Recently, the gene
expression can be investigated using next generation sequencing (NGS) strategies. One
group of suitable interspecific hybrids for studies of gene expression changes and

interactions are forage grasses.

Grasses play an essential role in many ecosystems and they are widely used in the
agricultural production. The climate change calls for the development of crops that will
be resistant to biotic and abiotic stresses such as heat, cold and drought. High-yielding
species of forage grasses provide high-quality forage for livestock, are used for sport
and ornamental purposes, and play an important role in protecting natural environment
(Beard and Green, 1993). New generation of grasses with superior characteristics could
be obtained after interspecific hybridization of ryegrass (Lolium ssp.) and fescue
(Festuca ssp.) species (Humphreys er al., 2005). Ryegrasses are high-yielding and
nutritious species with good competitiveness. However, they have low ability to survive
summer drought and winter freezing (Strakova et al., 2007). On contrary, fescues are
known for their tolerance to abiotic stresses. Fescues and ryegrasses are closely related
and produce fertile hybrids called Festulolium with high level of homoeologous
chromosome pairing and recombination. This allows combination of complementary

agronomic traits of both genera (Kopecky et al., 2005).

The aim of this thesis is to develop a simple, fast and inexpensive approach to
produce new data on the gene expression in interspecific hybrids and their parental

species. Bioinformatic approach has been used to reconstruct transcriptomes of Italian
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ryegrass and meadow fescue. These transcriptomes were used for the identification of
parental-specific gene-associated markers. These markers constitute an important
resource and tool for genomic research of Italian ryegrass and meadow fescue and they

are next step for detailed research to genome constitution and gene expression of

Festulolium hybrids.
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2. LITERATURE OVERVIEW

2.1 GENETIC VARIABILITY

Genetic variability is a key factor in the ability of the species to evolve and to
survive stressed conditions (Bradshaw and Hardwick, 1989). The populations with high
genetic variability are usually more flexible and have a better response to environmental
changes. The source of genetic variability is based on polymorphisms at the DNA level.
The main source of variation is a random process of mutations of DNA which can be
deletion, insertion, inversion for example. Mutations can occur in coding or non-coding
regions and thus, new mutations do not always mean new phenotype, especially in
complex eukaryotic genomes. Similarly, degeneration of genetic code enables the
appearance of so called silent mutations, which does not change the production of
specific amino acid (Griffiths et al., 2000). Another source of genetic variability is
recombination. It is an exchange of the parts of non-sister chromatids of homologous
chromosome pair. It is also called DNA crossover (Fig. 1). Recombination is also

critical for repairing DNA damaged in mitosis (Chen ez al., 2008).

Genetic variation may be increased by recombination much faster than by
mutations. However, recombination is limited in asexual organisms and bacteria
(Griffiths ef al., 2000). Genetic variability can be also increased by the movement of
individuals between populations. This phenomenon is called gene flow or gene
migration. It changes the frequency of alleles in the populations and sometimes
introduces new alleles. Moreover, genetic material can be transferred between
organisms via horizontal gene transfer. This plays a major role in the evolution of many
organisms like bacteria (Amabile-Cuevas and Chicurel 1993), but can be seen also in
plants (Richardson and Palmer, 2007). Genetic variability can be also increased by
polyploidy and interspecific hybridization. These processes will be further discussed in

details.
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Fig. 1 - DNA crossover. Recombination between genes A and B is more frequent than recombination

between genes B and C because genes A and B are farther apart. (Shea, T., 2014)

2.1.1 PoOLYPLOIDY

Polyploidy is a condition when organism has more than two complete sets of
chromosomes. It is more common in plants, but also appears in animals (mainly fish
and amphibians). In fact, a lot of species which are diploid underwent polyploidization
event during their evolution (Van de Peer and Mayer, 2005). The most probable
mechanism of polyploidization is based on incorrect meiotic formation of gametes.
Unreduced gametes leading to polyploidy formation obtain complete set of
chromosomes unlike a normal state (reduced gametes). If a diploid gamete fuses with
another diploid gamete, tetraploid zygote is formed. In principle, it is possible to
distinguish between two basic types of polyploids. Autopolyploids have chromosome
sets from a single species and allopolyploids from two different species. The specific
cases of allopolyploids are amphiploids, which contain complete chromosome sets from
both parents (Rieger ef al., 1968). The typical example of allopolyploids is Triticale.
Hexaploid Triticale has six chromosome sets, four from durum wheat, and two from

rye.
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The advantages of polyploids are heterosis, gene redundancy, frequent losing of
self-incompatibility and gain of asexual reproduction. Heterosis involves the fixing of
divergent parental genomes in allopolyploids. The offspring has twice more copies of
genes which allow replacement of dysfunctional genes. The bigger amount of genes can
be used in new way during time in evolutionary selection (Adams and Wendel, 2005).
Another advantage of polyploidy is that polyploids are sometimes able to disrupt self-
incompatibility system and become self-fertile (Comai et al., 2000). On the other hand,
polyploidy also faces to some disadvantages. The polyploid cell is forced to expend
more energy during mitosis and meiosis and the bigger amount of DNA can also lead to
the improper segregation of chromatids. Polyploidy also induces changes in gene
expression and may lead to epigenetic instability (Mittelsten Scheid er al., 1996).
Moreover, structural genomic changes are reported to allopolyploid plants as wheat
(Shaked et al., 2001).

2.1.2 INTERSPECIFIC HYBRIDIZATION

Interspecific hybridization is defined as a reproduction between organisms of
two different species resulting in a new hybrid individual. Thus, it is a mechanism
prerequisite to the formation of allopolyploids. It therefore plays an important role in
the evolution and speciation. Combination of diverse genotypes potentially produces
genes that contribute to reproductive isolation and selection of individual alleles during
many generations of recombination and help to constitute a new species (Barton and
Gale 1993). The hybridization can occur between subspecies within one species
(intraspecific hybrids), between species within one genus (interspecific hybrids) and
between two genera (intergeneric hybrids). Hybridization between two species or
between two genera is always rare on a per-individual basis, but very common on a per
species basis. About 10 % of animal and 25 % of plant species hybridize regularly
(Mallet, 2005). Interspecific hybridization is also frequently used in breeding. Hybrid
cultivars are formed by crossing usually 2, 4 or more parental components with good
combination abilities to achieve heterosis. The phenomenon of heterosis was first
discovered by J.G. Kolreuter in 1763. Heterosis enhances fitness and vitality.
Interspecific hybridization increases genetic variation much faster than the mutation and

recombination and frequently leads to the origination of new species (Abbott ef al.,
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2013; Mallet, 2007). Despite the frequency of interspecific hybrids found in nature,

their fertility is usually supressed due to many reproductive barriers.

2.1.3 HYBRIDIZATION IN PLANTS

Plants hybridize with higher frequency than animals. The importance of hybridization in
the evolution of plant species was recognized by many botanists long time ago
(reviewed in Grant 1981; Rieseberg 1997). There are two types of interspecific hybrids:
homoploids (mainly for animals) and allopolyploids (mainly for plants). Homoploid
hybridization is when the offspring have the same ploidy level as the two parental
species, while allopolyploid hybridization is an addition of the chromosome number of
two parents (Fig. 2). Most of the interspecific hybrids are allopolyploids (Fig. 3) (Tate
et al., 2005) and allopolyploidy was confirmed as a main mechanism of speciation in
flowering plants (Leitch and Bennett, 1997). Allopolyploids seem to appear more
frequently at places with dramatic climate change (Mayr, 1963; Coyne and Orr, 2004;
Fawecett et al., 2009). Thus, allopolyploid formation is probably a response of plants on
the abiotic (drought, extreme temperatures, high salinity, soil pollutants) or biotic

stresses (viruses, parasites, fungi, bacterium) (Chen, 2007).

Allopolyploid formation is frequently followed with the changes in gene
expression by the processes of sequence elimination, activation of transposons,
methylation, gene silencing and intergenomic conversion (Comai, 2000; Wendel, 2000).
Interspecific hybrids possess chromosome sets from two species in one nucleus. It
frequently leads to inability of these chromosomes to pair in meiosis and thus, to partial
or complete sterility. The fertility can be restored by duplication of chromosome sets
and formation of allopolyploid. Then, each chromosome has its homologue and pair
easily in meiosis resulting in viable gametes. Thus, allopolyploids are generally more

fertile than homoploid hybrids.
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Hybrid speciation

‘ Species A | | Species B ‘
. RN
2n=10 l 2n=10
F1 hybrid .
2n=10
Chromosome
doubling
2n=10 2n=20
Homoploid hybrid species Allopolyploid species

Fig. 2 - lllustration of hybrid speciation. Members of two different species hybridize and produce F1
hybrid. Hybrid can remain the same chromosome number as parental species (2n=10) — homoploid
hybrid — or whole genome duplication can appear, which results in the doubling of chromosome number
and such hybrid is called allopolyploid or amphiploid The picture is from Richard Abbott talk , Plant
Introductions & Evolution: Hybrid Speciation and Gene Transfer

Besides ancient allopolyploids, newly formed hybrids occur in the nature as
Tragopogon (Lipman ef al., 2013). As was mentioned earlier, allopolyploidy is also
responsible for the formation of many crops including wheat and Brassica (Feldman
and Levy, 2005; Chalhoub et al., 2014). Interspecific hybridization is usually used in
breeding to introgress new alleles from wild relatives and increase genetic variability of
crop species. Such example is Festulolium, a hybrid of fescues (Festuca sp.) and
ryegrasses (Lolium sp.). Fescues and ryegrasses hybridize in nature, but their hybrids
are sterile. However, using tetraploid parental plants for initial cross leads to the
development of fertile hybrids. Such approach has been used in breeding programs and
many Festulolium cultivars have been released (Kopecky ef al., 2006). Festulolium
became popular among farmers due to the combination of agricultural characteristics
inherited from both parents (such as yield and nutrition characteristics from ryegrasses
and drought tolerance and winter hardiness from fescues). Despite the widespread use
of Festulolium and other allopolyploids and interspecific hybrids, their genomic

constitution and expression of genes from parents is frequently unknown.
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Fig 3. — An example of origination of fertile allopolyploid

[http://biol 15 1. nicerweb.com]

2.1.4 METHODS ENABLING IDENTIFICATION OF INTERSPECIFIC HYBRIDS

It is usually difficult to identify interspecific hybrids and their progenitors based
on the morphological characteristics. On the other hand, genetic and genomic
techniques provides excellent tool to study genomic composition, evolution and
diversity of the plant species including allopolyploids and interspecific hybrids. In the
next chapters, the most frequently used methods will be described in details with the

focus on the grass hybrid identification.

2.1.4.1 Cytogenetic techniques

Cytogenetic methods as fluorescent in sifu hybridization (FISH) and genomic in
situ hybridization (GISH) enables determination of parental species of interspecific
hybrids as well as analyses of genomic composition. /n situ hybridization techniques are
based on hybridization of labelled DNA or RNA sequences (probes) and target
sequence in sample (mostly in a form of squashed chromosomes or nuclei on
microscopic slide). The probes are prepared using radio-, fluorescent- or antigen-
labelled bases and they are localized using autoradiography, fluorescence microscopy,
or immunohistochemistry. GISH uses total genomic DNAs from potential parents
labelled by fluorescent dyes (fluorochromes) as probes (Figure 4) (Schwarzacher ef al.,
1989).

16
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Figure 4 - Overview of genomic in situ hybridization (GISH). (A) Direct or indirect probe labelling (from
genomic DNA of one parent). (B) Fragmentation of the blocking DNA (from genomic DNA of the second
parent). (C) Microscopic slide preparation with metaphase chromosomes. (D) Probe and blocking DNA
denaturation in a hybridization mixture. (E) Addition of the hybridization mixture. (F) Denaturation of
the chromosome DNA. (G) In situ hybridization of probe and blocking DNA with the complementary
sequences of the chromosomes. (H) Detection of the probe in the metaphase chromosome spreads
representing one of the hybrids. (I) Blocking DNA is hybridized with the complementary sequences of
chromosomes and represents the genome of the second progenitor. (J) Visualization of hybridization
signals associated to a probe (green). Unlabelled chromosomes are visualized with a counter-staining
(blue). When the probe labelling is direct, the detection step of the GISH can be excluded. The
fluorochromes are the signalling molecules and can be directly visualized in a fluorescence microscope

with the appropriate filter (Brammer et al., 2013).

In case of Festulolium hybrids, it is possible to distinguish chromatin of fescue
from ryegrass in squashed metaphase chromosomes of hybrids fixed on microscopic
slides. Besides characterization of genomic composition and karyotyping, it allows
studying homoeologous chromosome pairing and recombination (Kopecky ef al., 2008).

GISH is very effective and simple method for studying the structure and evolution of
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hybrid genomes. However, it has limited resolution and low capacity, which prevents

wider use of this method in practical breeding (Kopecky ez al., 2009).

2.1.4.2 Genetic Markers

Genetic marker is DNA sequence, which can be used to distinguish different
populations, species and individuals. Its location in the genome is usually known and
can be described as variation in genome. Genetic markers are used to study genetic
distance between individuals, relationship between inherited diseases, they enable
identification of recombination breakpoints, localization of specific genomic regions,
genotyping, analysis of phylogenetic relationships and marker assisted selection (MAS).
Ideally, markers are associated with specific trait or gene, are polymorphic and easily
identifiable. The density of markers is usually essential for some applications. High
density of markers for example enables genome-wide association studies (Hirschhorn
and Daly, 2005). In the past, quantity of markers was limited. With the advent of next-
generation sequencing (NGS), it is nowadays possible to discover not tens or hundreds,
but thousands or millions of markers across any genome (Stapley er al., 2010). The

most frequently used markers will be described in detail in following chapters.

2.1.42.1 RESTRICTION FRAGMENT LENGTH POLYMORPHISM (RFLP)

RFLP markers are based on restriction fragment length polymorphism
(Grodzicker et al., 1975). Homologous sections of DNA are restricted with specific
enzymes. These restriction endonucleases are able to recognize specific sequence of
DNA and subsequently cleave it. Once there is a polymorphism in this specific
sequence, DNA is not cleaved. The fragments are separated and transferred to nylon
membrane, where the hybridization of individual fragments with specific probes occurs
(Southern blot). RFLP was firstly used for identification of DNA sequence
polymorphisms of a temperature-sensitive mutation of adeno-virus serotypes
(Grodzicker et al., 1975). Botstein ef al. (1980) used RFLP for human genome mapping.
Since then, these markers have been widely used in plant genome research (Helentjaris
et al., 1986; Weber and Helentjaris, 1989). The restriction enzymes are essential for
RFLP analyses. The greatest resolution is obtained using 'four-cutters' (enzymes
recognizing four base pair sequence) because there are many such sites in the genome

(Semagn ef al., 2006). Most common ‘four-cutter’ enzymes are combined with 'six-
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cutter' enzymes. The use of two enzymes instead of one increases the number of
possible sites in the genome. The ‘six-cutter’ enzymes are easily available and the
fragments of DNA are in the size range of 200bp to 20kb, thus ideal for electrophoresis.
The advantage of RFLP markers is that the knowledge on sequence information is not
necessary. Moreover, they are reproducible and well transferable between laboratories.
On the other hand, using RFLP markers is time consuming and of low-capacity for
which it is necessary to obtain high quality and pure DNA in sufficient quantities. The
RFLP markers were used in forage grasses of Festuca-Lolium complex for phylogenetic
and genetic analyses (Xu and Sleper 1994; Charmet et al., 1997; Yamada and Kishida
2003).
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Figure 5 — Normal and disease samples were digested on specific sites by MstI restriction endonuclease.
One restriction site of disease sample has been destroyed by mutation. The bands with specific length

were visualized using gel electrophoresis.

[ http://www.ncbi.nlm.nih. gov/probe/docs/techrflp/]

2.1.42.2 AMPLIFIED FRAGMENT LENGTH POLYMORPHISM (AFLP)

Amplified fragment length polymorphisms (AFLP) are markers based on
restriction digestion and polymerase chain reaction (PCR). Total genomic DNA is
digested using two restriction endonucleases and resulting fragments are amplified
using PCR. Polymorphisms are identified by the presence or absence of DNA fragments

unlike RFLP markers. They are visualized on agarose or polyacrylamide gel or using
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automatic DNA sequencers. AFLP markers are more efficient than RFLPs. They are
highly reproducible (Jones et al., 1997) without necessity of DNA sequence
information. One of the major advantages of AFLP is the capability to detect more than
point mutations compared to RFLPs (Becker et al., 1995). On the other hand, ALFP
analysis is laborious. It needs template DNA free of inhibitor compounds that interferes
with the restriction enzyme. AFLP markers are dominant and thus, they are unable to
differentiate between dominant homozygotes and heterozygotes. This reduces the
accuracy in population genetic analyses, genetic mapping, and marker assisted selection
(MAS) (Semagn et al., 2006). Another disadvantage is that AFLP markers have low
reproducibility. AFLP markers were used for analysis of genetic diversity in perennial

ryegrass (Guthridge et al. 2001; Roldan-Ruiz et al., 2002)

2.1.4.2.3 RESTRICTION SITE ASSOCIATED DNA MARKERS (RAD)

RAD markers are based on the reduction of genomic representation in contrast
with RFLP and AFLP. Genomic DNA is digested by restriction enzyme during the
isolation (Baird et al, 2008). The flanking DNA sequences are used around the
restriction site, called RAD tag (Miller et al., 2007). RAD tags are prepared so that
DNA is digested by specific enzyme followed by the ligation of biotinylated adapters
with overhangs. The DNA is randomly cut into fragments smaller than average distance
between restriction sites and biotinylated fragments are isolated using streptavidin beads
(Lewis et al., 2007). This method was developed for preparing RAD tags to microarray
analysis (Miller et al., 2007). Isolation procedure has been modified and nowadays, it is
used for high-throughput sequencing on the Illumina platform and known as Reduced-
representation sequencing (RADseq) (Davey ef al., 2011). The mechanism of RADseq
is also based on digestion of DNA by restriction enzymes. Adapter P1 with overhangs is
ligated. DNA is randomly cut into fragments smaller than distance of restriction sites
with blunt ends. Adapter P2 is ligated into blunt ends. The resulting fragments are

amplified using PCR and sequenced by next generation sequencing methods (Figure 7).
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Figure 7 - Overview of RAD sequencing. (1) DNA is digested with a restriction enzyme. (2) A modified
adapter containing the lllumina P1 amplification and sequencing primer and a DNA barcode is ligated to
the fragments. (3) Samples are pooled, sheared into 300- to 800-bp libraries (required for Illumina
sequencing) and ligated to a second adapter P2. (4) Sequencing is performed either as (a) single end (one
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fragment, whose size depends on the length of the Illumina sequences and the size of the sheared
fragments isolated (see Etter et al. 2011 for more details and additional RAD sequencing strategies). (6a)
Reduced representation of the genome through RAD sequencing, (b) as compared to shotgun sequencing.

Partially re-drawn from (Etter et al. 2011).

Brant et al. (2012) modified RADseq and developed double digest RADseq
(ddRADseq). The ddRADseq method combines the throughput of sequencing and
genotype analysis based on the short reads sequence data. Compare to RADseq,
ddRADseq has higher flexibility and robustness in region recovery. RAD markers can
be useful for QTL-mapping, association mapping, population genetics and phylogenetic

studies.

2.1.42.4 VARIABLE NUMBER TANDEM REPEAT (VNTR)

Tandemly repeated sequences are dispersed by thousands of copies in all higher
eukaryote genomes. The repeats are formed into patterns of nucleotide sequences
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repeated directly to each other (tandemly organized) and oriented in the same direction.
Tandem repeats can be expanded or reduced during recombination or replication as
errors, leading to the variable number of tandem repeats (VNTR) (Nakamura et al.,
1998). Since the number of copies of individual tandem repeats is specific for
individuals, species or populations, VNTRs can be used as genetic markers. Based on
the size of the repeat motif (number of nucleotides being tandemly repeated) and
number of copies, tandem repeats are divided into microsatellites, minisatellites and
satellites. Tandem repeats having motifs of 1-5bp with about 5 to 50 copies are called
microsatellites. Microsatellites occur at thousands of locations in the genome, but
predominate in some regions such as telomeres (Richard ef al., 2008). Minisatellites
have motif of 6-25 bp creating blocks up to 30kb length and are generally GC rich.
They have been implicated as regulators of gene expression (Rose et al, 2016).
Minisatellites have been extensively used for DNA fingerprinting as genetic markers in
population studies (Vergnoud and Denoeud, 2000). . The satellites (satDNA) are
tandemly repeated DNA sequences with motif longer than 25 bp forming large blocks
up to 100 Mb. They are frequently localized near to centromeres and telomeres in

regions of heterochromatin.

Detection of VNTR (mainly minisatellites and microsatellites) is based on the
amplification of specific tandem repeat by PCR. The products are separated on a gel
electrophoresis and the size of fragments is determined by the number of repeating

segments (Figure 8).

Tandem repeats are codominant, locus-specific, highly polymorphic and
hypervariable markers and enable high-throughput screening (Tautz, 1989).
Disadvantages of tandem repeats (and especially microsatellites) are occurrence of
stutter bands, null alleles, homoplasy and too many alleles at specific region of genome,
which demand very high sample size for analysis (Mohindra ef al,
2001).Microsatellites have been used to estimate genetic diversity of Festulolium

(Pivoriene and Pasakinskiene, 2008).
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Figure 8 - Visualization of DNA changes at the chloroplast microsatellite reporter. (A) Diagram of
microsatellite indels with PCR primers. The original out-of-frame construct (OF28) contained seven 4-bp
repeats (a). Deletion of one repeat (b) or four repeats (c) or insertion of two repeats (d) made the
insertion in frame. (B) Diagram of differential mobility of PCR products in electrophoretic gel
(GuhaMajumdar et al., 2014).

2.1.4.2.5 DIVERSITY ARRAYS TECHNOLOGY (DArT)

DATrT is based on microarray hybridization technique and enables detection of
several hundreds to thousands polymorphic loci in the genome. The genomic
representations are prepared using restriction enzymes (methyl-sensitive to achieve high
frequency of markers from coding regions). The genomic DNA is digested and adapters
are ligated. The genome complexity is reduced by PCR with primers complementary to
the adapters. The fragments are cloned and inserts are amplified by vector specific
primers. Subsequently, amplified inserts are purified and arranged on the solid support
called microarray. The genomic representation is labelled and hybridized to the array
(Jaccoud et al., 2001). The polymorphic clones show specific signal intensities for

different individuals and they are assembled into genotyping array.
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Figure 9 - Schematic representation of DArT. (A) Generation of Diversity Panels. Genomic DNAs of
specimens to be studied are pooled together. (B) Contrasting two samples using DArT. Two genomic
samples are converted to representations using the same methods as in (A). (C) Genetic fingerprinting
using DArT. The DNA sample for analysis is converted to a representation using the methods as in (4)
and labelled with green fluorescent dye. Polymorphic spots are identified by binary distribution of signal

ratios among input samples.

As for RFLP and AFLP, DArT markers do not require any DNA sequence
information. DArT is high-throughput, low-cost, quick and reproducible. However, the
limitation of this method is that DArT markers are dominant. The original DArT is
implemented on the microarray platform, which involves fluorescent labelling of
genomic representations and their hybridization to dedicated DArT arrays. New version
of this technique is called DArTseq. The DArTseq method combines genome
complexity reduction with next generation sequencing. Kopecky et al. (2009) developed
DArTFest array for Festuca-Lolium complex. It has been used to analyse genetic
diversity (Kopecky et al., 2009), genetic mapping (Bartos et al., 2011, Dierking et al.,
2015) and the analysis on the genomic composition of Festulolium hybrids (Kopecky et
al., 2011).

24



2.1.4.2.6 SINGLE NUCLOTIDE POLYMORPHISM (SNP)

The most frequently used markers of these days are single nucleotide
polymorphisms (SNPs). SNP is a variation in a single nucleotide on specific location in
genome and occurs to > 1% rate. SNPs are the most prevalent type of polymorphisms
and thus informative on account to their wide dispersal across the genome and their
high density especially in allogamous species such as fescues and ryegrasses. SNPs are
present in both coding and non-coding regions of the genome. However, the genomic
distribution of SNPs is heterogeneous and most of the SNPs are present in non-coding
regions (Sachidanandam et al, 2001). The average frequency in human genome is 1
SNP per 1000 nucleotides (Chakravarti 1999). In generally, SNPs occur more
frequently in regions where natural selection is acting. The development of SNP
markers allows automatizing genotype analysis with increased effectiveness (Khlestkina
and Salina, 2006). SNPs are used in association studies, haplotype mapping, linkage
disequilibrium analyses and for many other applications (Cardon and Bell, 2001; Flint-
Garcia et al., 2003). There are several methods used for SNP detection including single-
strand conformation polymorphism (SSCP) (Goszczynski and Jooste, 2002), single base
extension (Podini and Vallone, 2009), high resolution melting curve analysis (Birrer et
al., 2014), capillary electrophoresis (Drabovich and Krylov, 2006) and primarily DNA
sequencing (Altshuler et al., 2000; Berthouly-Salazar er al., 2016). The major
advantages of SNPs are that they are virtually unlimited, evenly distributed along the
genome, bi-allelic and co-dominant. In past, massive SNP discovery was limited to a
few species with available reference genome sequence, such as maize (Mammadov ef
al., 2010) and Arabidopsis (Weigel and Mott, 2009). Recently it is possible to identify
SNPs without genome reference sequence using bioinformatics tools such as OGA
(Ruttink e al., 2013) However, the discovery of SNPs via next generation sequencing
in complex genomes with high frequency of repeated sequences is still expensive. To
overcome this limitation, modern approaches reducing genome complexity by methyl-
filtration resulting in the enrichment of coding regions has been developed (Ersoz et al.,
2012, Blanca et al., 2012). Many transcriptome studies lead to the development of SNP
markers applicable for genetic mapping in cereals (Jones et al., 2009; Trebbi ef al,
2011) oil crops (Delourme et al., 2013; Choi et al., 2007), and model legumes (Loridon
et al., 2013; Yang et al., 2011).
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Figure 10 - Single nucleotide polymorphism (SNP)

[ http://www.traitgenetics.com]

2.2 GENE EXPRESSION

The process of gene expression leads to the synthesis of functional gene
products based on the gene coding sequence. The DNA is firstly transcribed to RNA
and subsequently the RNA is translated to protein sequence. Transcription of eukaryotic
genes produces primary messenger RNA (pre-mRNA), which is modified into a mature
mRNA. In principle, non-coding regions in genes (introns) are removed from pre-
mRNA (RNA splicing) (Collins, 2011). Since eukaryotic genes often contain more
introns, there can exist more variants of pre-mRNA splicing resulting in different
mRNAs (alternative splicing). The regulation of gene expression is more frequently at
the transcription level (Lee et al., 2002). Products of genes are most frequently proteins.
However, different types of RNA (tRNA, small nuclear RNA and rRNA) can also be
the product of non-protein coding genes. Variations in gene expression explain the
phenotypic differences in cells. The volume of gene products is sensitive to a large
number of subjects and presence of stochasticity in gene expression is also the source of
bias in gene expression (Raser and O’Shea, 2005). Simultaneously, the expression of

one gene can influence the expression of another.

2.2.1 MECHANISM OF GENE EXPRESSION

The mechanism of gene expression involves several consecutive steps. Genetic
information on particular DNA regions is transcribed in RNA strand (mRNA), which is

then most frequently translated into protein. The mRNA carries information about
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protein coding sequence. The enzyme Helicase unwinds the DNA strands (transcription
bubbles) and the enzyme RNA polymerase copies the DNA template into the pre-
mRNA. (Alberts et al., 2002). The strand containing the gene sequence is called the
sense strand, while the complementary strand is the antisense strand. The pre-mRNA
molecule is complementary to the antisense DNA strand and contains introns which are
not required for protein synthesis. The pre-messenger RNA is modified, introns are
removed during the process of splicing and only gene coding regions (exons) are kept
(Black, 2003). In alternative splicing, exons are spliced to several different possible
mRNA products. Thus, a single gene can have thousands of differentially spliced
transcripts. Splicing is very important in regulation of gene expression (Bingham et al.,
2003). Finally, the 5' end of mRNA is capped by addition of 7-methylguanosine
(“capping”).and a poly(A) tail (about 250 adenine residues) is added to 3' end during the
post-transcriptional process. The cap plays a role in the ribosomal recognition of
messenger RNA while the poly(A) is important for the stability and the nuclear export
of the mRNA (Brodsky and Silver, 2000). Then, mRNA is transported into the
cytoplasm to the ribosomes, where translation is starting. Ribosomes consist from two
subunits. These two subunits form together 80s particle in eukaryotic (Fig. 11) and 70s
particle in prokaryotic cells, referring to their sedimentation coefficients in Svedberg
units. Ribosomes contain ribosomal RNA (rRNA) and different types of proteins (Wool
IG, 1979). The structure of ribosomes is conserved in all organisms with only small
variations. Ribosomal RNA is responding for functionality of proper translation of
mRNA to proteins. First, ribosomes assemble around the mRNA and transfer RNA
(tRNA) binds at the start codon. The tRNA is composed from 76-90 nucleotides and
serves as a link between mRNA and amino acid sequence of proteins. Each triplet
corresponds to specific site (based on genetic code) for tRNA which carries one amino
acid. The ribosomes are moving along mRNA codons and continuing with process of
creating an amino acid chain (Campbell 1996). The large subunit of ribosome leads to
the formation of a peptide bond in a nascent protein, polypeptide. Subsequently, the
amino acids obtain three-dimensional structure using chaperones. Chaperones are
specific proteins which help with the control of conformation (Ellis 1991). This is

essential for the functionality of the proteins

27



Large subunit Large ribosomal subunit

Small
subunit

Small ribosomal subunit

Figure 11— The structure of ribosome, large subunit on the top of the small subunit. [http://mol-

bioldmasters.masters.grkraj. org/html/Protein_Synthesis5-Ribosome_as_Translation Machine. htm]

2.2.1.1 Gene Expression in Interspecific hybrids

Gene expression is complicated process involving many molecular interactions.
The genome of interspecific hybrids originates from the fusion of two or more different
genome species (polyploidization event) and thus, their gene expression is highly
altered compare to parental species (Riddle and Bichler, 2003). Many studies observed
expression bias to one parental genome compare to the second (Flagel er al., 2008;
Wang et al., 2006). One copy of duplicated genes can be decommissioned by genetic
and epigenetic changes (non-functionalization), or gains novel functionality (neo-
functionalization), or both copies of gene are reduced to the expression level of
ancestral gene (sub-functionalization) (Ma and Gustafson, 2005). The genetic and
epigenetic changes are frequently caused by activation of transposons and DNA
methylation. The transposable elements form 50-80% of plant genome (Feschotte ef al.,
2002) and in normal stage are mostly inactive. They are activated as a response to stress
conditions (Jiang ef al., 2003) and genomic shock (McClintock 1984). Such genomic
shock can be realized by the origination of interspecific hybrid combining two
evolutionary divergent genomes. It has been discovered that some genes have higher
expression in F1 hybrids than in the parental species in interspecific hybrids of
Arabidopsis (Comai et al., 2003), Drosophila (Ranz ef al. 2004) and maize (Auger et al.
2005). This supports the hypothesis, that genetic regulatory elements are cis-trans-
regulatory coadaptive and stress induced by presence of two incompatible genomes.

Similarly to interspecific hybridization, polyploidization also alters gene expression
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(Force et al., 1999). Generally, more copies of one gene produce more gene product
(dosage effect). According to duplication-degeneration-complementation (DCC)
hypotheses, the duplicated genes obtain degenerative mutations, which reduce the gene

activity on the level of ancestral gene (Force et al., 1999).

2.2.2 REGULATION OF GENE EXPRESSION

The gene expression and its regulation ensure that correct complement of RNA
and proteins is present in the right cell at the right time. It is a very complex set of
interactions between genes, RNA molecules, proteins and other components, when and
where specific genes are activated and in what quantities. Although the multicellular
organisms are genetically homogeneous, each cell is structurally and functionally
heterogeneous based on the difference in gene expression. The gene regulation needs
the activity of trans-acting factors and cis-acting elements (Mignotte ef al., 1989). The
cis-acting elements are localized in DNA sequences near to gene and they are required
for gene expression. The trans-acting factors are considered to be proteins, which bind
to the cis-acting sequences to control gene expression. These factors have influence on
adaptation and divergence between species (Wray 2007; Fay and Wittkopp 2008). The
cis-regulatory variants mostly have quantitatively larger effects on expression than
trans-regulatory variants (Zhang et al. 2011; Gruber et al. 2012) with some exceptions
(Emerson et al. 2010). Also, cis-regulatory variants have additive effect on expression.
On the other hand, frans-regulatory variants have typically dominant or recessive effect
(McManus et al. 2010, Zhang et al. 2011; Gruber et al. 2012). The typical examples of
cis-regulatory elements are promoters and enhancers (Levin, 2010). The genes are
activated or repressed by transcription factors (TF), which bind to specific regions on
DNA (promoter regions). The regulation of genes is different between prokaryotes and
eukaryotes. For prokaryotes, almost every regulation has negative character and turns
the activity of genes off. In contrast, expression in eukaryotes is more complicated and

moreover, tissue specific.

2.2.2.1 Regulation of Transcription

Regulation of transcription is controlled primarily in the stage of initiation of
transcription, before the stretch of DNA is transcribed into RNA molecule. However,

transcription may be regulated also during the entire process (Hobert, 2008).
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Transcription in eukaryotic cells is controlled by several proteins. They bind to specific
sequences and modify the activity of RNA polymerases. In contrast, regulation of gene
expression is modulated using a single protein in prokaryotes (Pulverer, 2005). Genes
transcribed by RNA polymerase II have two promoter elements, the TATA box and the
initiator motif (Inr) sequence. These elements served as binding sites for transcription
factors (TFs). They are frequently located upstream of the TATA box (Smale and
Kadonaga, 2003). The promoters are 100-1000 bp long and located a prior to the gene
and can be regulated by elements many kilobases distant. Other regulatory sequences
are called enhancers. Enhancers are short regions of DNA located up to 1Mbp far from
the gene and they are sites for the binding of proteins called activators, which enables
activating gene expression (Ren, 2010). The first enhancer was identified by Walter
Schaffner in 1981 during studies of the promoter virus SV40. Enhancers, like
promoters, serve as binding sites for TFs and thus, regulate RNA polymerase
(Pennacchio et al., 2013). This is possible because of DNA looping, which allows a
transcription factor bound to a distant enhancer to interact with RNA polymerase or
general transcription factors at the promoter (Mercer and Mattick, 2013). The binding of
specific transcriptional regulatory proteins to enhancers is responsible for the control of
gene expression during development and differentiation, as well as during the response
of cells to hormones and growth factors. An important aspect of enhancers is that they
usually contain multiple functional sequence elements that bind different transcriptional

regulatory proteins. These proteins work together to regulate gene expression.

The TFs are divided by their function on activators and repressors.
Transcriptional activators are consisted of two domains. One region of the protein
specifically binds to DNA and activates transcription by binding to promoter or
enhancer sequences determined by the specificity of their DNA-binding domains. The
other activates transcription by interacting with other components of the transcriptional
machinery. On the other hand, transcriptional repressors bind to specific DNA
sequences and inhibit transcription. Some repressors contain the same DNA-binding
domain as the activator but lack its activation domain (Fujimoto ef al., 2000). As a
result, their binding to a promoter or enhancer blocks the binding of the activator,

thereby inhibiting transcription.
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2.2.2.2 Regulation of Translation

Gene expression is regulated at multiple levels, including the translation of
mRNAs into proteins. Compared to transcriptional regulation, translational control of
existing mRNAs allows for more rapid changes in cellular concentrations of the
encoded proteins. It can be used for maintaining homeostasis and in addition to
modulating more permanent changes in cell physiology (Holcik and Sonenberg, 2005).
However, regulation of translation is less prevalent than control of transcription. Most
regulation is exerted at the initiation of translation. The start codon is identified and
decoded by the special methionyl tRNA (Met-tRNAi). The mRNA is activated after
binding of initiation factors (elFs). The elFs recognize the mRNA’s cap structure at the
5" or the poly(A) tail at the 3" end. This process can be down regulated by reducing the
activities of the elFs that stimulate Met-tRNAi recruitment to the 40S subunit
(Sonenberg and Hinnebush, 2009). The chemical substances as toxins and antibiotics
prevent the formation of the initiation complex of ribosome and mRNA (Leonard ef al.,
1988; Swaney et al, 1998), also facilitate blocking the specific sites for binding tRNA
(Slover et al., 2007), blocking elongation of the polypeptide or causing premature
release of the peptide chain (Levinson and Warren, 2008).

2.2.2.3 Regulation using epigenetic modification of DNA

The gene expression can be also regulated by epigenetic factors modifying the
DNA and histones (Szyf, 2009). The epigenetic factors have influence on gene
expression of organism without changes to the underlying DNA sequence. The
epigenetic processes are essential for alterations in gene expression during development
and cell proliferation, but they can arise in adult cells as random changes or under
environmental influences. One of the most known epigenetic regulations is the histone
modification. The modulation of chromatin structure by epigenetic modification of
histones is key component of posttranslational regulation of gene expression. One of the
basic modifications of histones is methylation. Methylation of histones can increase or
decrease transcription of genes according the type of the methylated amino acid.
Histone methylation is essential for assembling of heterochromatin. The histone can be
modified by editing chains of amino acids. Methylation of lysine in histone H3 leads to
transcriptionally silent chromatin (constitutive heterochromatin). Methylation of

histones is carried out by histone methyltransferases (HMT) and histone demethylases
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(HDM). The histone lysine methyltransferase (KTM) is responsible for this methylation
activity in the pattern of histones H3 and H4 (Jenuwein ef al., 1998). In contrast,
acetylation of histones is associated with an open chromatin conformation that
facilitates transcription (Cheng and Blumenthal, 2010). The acetylated N termini
protruding from the nucleosome core provide reduced affinity for the DNA, allowing
the chromatin to adopt a more relaxed structure for the recruitment of the basic
transcription machinery. The increase in histone acetylation is associated with decreased
histone deacetylase (HDAC) activity. In contrast, the recruitment of HDAC leads to
gene repression. Next epigenetic modification of histones is phosphorylation.
Phosphorylation plays a major role in DNA damage response (Rosseto et al, 2010).
DNA damage induces genome instability and promotes tumorigenesis. Cells have
mechanisms responsible for recognition of DNA damage and activation of cell cycle
checkpoints leading to DNA repair. DNA damage response (DDR) proteins are
interacting with phosphorylated carboxy terminus of histone H2, which are designated
place of damage (Stucki et al., 2005). H3 phosphorylation is involved in chromatin
relaxation and regulation of gene expression. Phosphorylated histones are associated
with gene expression often related with regulation of proliferative genes (Lau ef al.,
2011). Last modification mentioned in this work is ubiquitination and deubiquitination.
Ubiquitin is covalently attached to a target protein through an isopeptide bond to C-
terminal of glycine. Histone ubiquitination is a reversible modification, like that of
acetylation and phosphorylation. Ubiquitin plays an important role in regulating
transcription either through proteasome-dependent destruction of transcription factors or
proteasome-independent mechanisms (Conaway et al. 2002). The second way is
modification of DNA by covalent addition of a methyl group from the methyl donor S-
adenosylmethionine (SAM) to a cytosine base within the DNA. Methylated DNA is
very often distributed on CpG dinucleotides (Laird, 2003). DNA methylation in the
promoter region of a gene is associated with decreased transcriptional activity
(Robertson and Wolfte, 2000), because methylated DNA inhibit the binding sites for
TF. However, Suzuki and Bird (2008) observed gene transcription with highly
methylated starches of DNA in the promoter. DNA methylation is a highly dynamic
process that is fully reversible. Methylation of cytosines can also persist and being

inherited from parents into the next generation (genetic imprinting).
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2.2.2.4 Regulation by RNA processing

A specific type of regulation is undoubtedly the RNA-mediated epigenetic
regulation of gene expression, called RNA interference. The RNA interference (RNA1)
is a process of inhibition of gene expression by some types of RNA. There exist two
main types of small RNA molecules having an ability of RNAi: microRNA (miRNA)
and small interfering RNA (siRNA) (Ghildiyal and Zamore, 2009). The RNAI is usually
performed by enzyme called dicer, which digests exogenous double-stranded RNA
(dsRNA) into small fragments around 21 nucleotides long. The miRNAs are
endogenous and purposefully expressed products of an organism's own genome,
whereas siRNAs are primarily exogenous in origin, derived directly from the virus or
transposon. Second, miRNAs process from stem-loop precursors with incomplete
double-stranded character, whereas siRNAs were found to be excised from long, fully

complementary dsRNAs.

The mechanism of gene expression regulation by siRNA is starting by
unwinding dsRNA in two single-stranded RNAs (ssRNAs). Then ssRNA is
incorporated into the RNA-induced silencing complex (RISC) (Figure 12). The RISC is
ribonucleoprotein complex and the complete structure is still unknown (Sontheimer,
2005). Most often it contains proteins from family Argonaut, which are the catalytic
centre of RISC (Hall, 2005). RISC uses the siRNA to bind target complementary region
of mRNA transcripts and degrade it into the form of cytoplasmic bodies (P-bodies) (Sen
and Blau, 2005). The miRNA is created in form of primary transcripts (pri-miRNA)
from long gene coding RNA. These pri-miRNAs are processed to 60-80 nucleotide loop
structure known as pre-miRNA. The pre-miRNA contains RNase III enzyme and
dsRNA-binding protein (Voinnet, 2009). The pre-miRNA is cleaved by Dicer and final
miRNA is integrated into the RISC complex. Then the regulating is the same as in case

of siRNA.
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Figure 12 - Long dsRNA molecules are cleaved to produce siRNA by Dicer. siRNA molecules are then

incorporated into a multiprotein RNA-inducing silencing complex (RISC). The duplex RNA is unwound
leaving the anti-sense strand to guide RISC to complementary mRNA for subsequent endonucleolytic

cleavage

[http://'www.abcam.com].
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2.2.3 MEASUREMENT OF GENE EXPRESSION

There are several methods evaluating the gene expression and its level. One of
the simplest ways is to convert RNA to cDNA using reverse transcription, followed by
amplification of ¢cDNA by PCR and loading into gel. Differential expression is
displayed (DD) on the gel as different intensity of the bands (Shen et al., 1995). This
approach does not require any knowledge about the genome. However, this method is
not very precise and has low sensitivity. Only a fraction of transcripts can be analysed
by this way in single reaction. The results contain indispensable amount of false

positive cases and level of automation is limited.

2.2.3.1 Serial analysis of gene expression

The more sophisticated and accurate method is Serial analysis of gene
expression (SAGE). In this method, cDNA is bound to Streptavidin beads via
interaction with the biotin and then is cleaved using anchoring enzyme (AE). The
cleavage sites are individual for each cDNA. The cleaved cDNA is discarded and the
rest of fragments are split in two groups according to the one of two adapters. These
adapters contain sticky ends with AE, a recognition site for target enzyme (TE) and
primer sequence unique to adaptor. TE cleaved the bond between cDNA and beads after
adapter ligation. Furthermore, fragments are ligated together with both adaptors. These
“ditags” are PCR amplified using anchor adaptors and specific primers followed by
another round of fission by AE and ligation with other ditags. This creates a cDNA
concatemer (Figure 13). These concatemers are transformed into bacteria genome and

replicated.
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Figure 13 - The principle of serial analysis of gene expression (SAGE). Gene expression profiles are
determined from cells of interest by first capturing their mRNA using oligo-dT-coated beads and then
preparing the cDNA. The anchoring enzyme Nlalll is used to cleave cDNA that remains attached to the
beads. Linkers, which contain a site for tagging enzyme BsmF1 and primers, are ligated to the cDNA.
The BsmF1 is used to release a short tag. These tags are paired into ditags, amplified by PCR, cut with
Nlalll, ligated to form concatamers, and cloned into a sequencing vector for efficient counting on an
automated sequencer. Tag counts from each tissue type are stored electronically and used for comparison
to other cell populations. The relative fraction of each transcript can be calculated as well. Informatics is

used to match the SAGE tag to a known gene or expressed sequence tag (Cerutti et al., 2003).
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The results are quantified using assessment of expressed gene by sequencing
small specific sequence tags (Velculescu e al., 1995). This method is suitable for the
analysis of large number of genes, but lacks the flexibility to easily incorporate different
subsets of the transcriptome into the analysis or to focus on smaller subsets of genes for
more detailed analyses (Wang et al, 1999). Therefore, new approach called rapid
analysis of gene expression (RAGE) has been developed. It enables to analyse
expression changes for most of detected genes in paired bitag preparations that differ in
some biologically meaningful way. The cDNA is synthetized with biotinylated oligo as
primer, digested with a restriction endonuclease and received fragments are bond to a
streptavidin-coated bead. The adapter compatible with sticky end is ligated to cDNA
fragments. These are digested with second restriction endonuclease and second adaptor
is added by ligation (Figure 14). This reduces sequence complexity ~15-fold relative to
the cDNA population. The RAGE is able to detect gene with expression level < 0.01%
or ~30 molecules of mRNA per cell (Wang et al., 1999).

2.2.3.2 Quantitative PCR in real time

Another way, how to measure gene expression is based on quantitative PCR in
real time (RT-qPCR). In simple terms, RNA is reverse transcribed to cDNA. The cDNA
molecules are monitored during PCR. The PCR products are detected in two ways.
Fluorescent dye is intercalated into any cDNA. The fluorescence is measured during
each cycle of PCR reaction (Pfaffl 2000). If the cDNA products increase during PCR,
then fluorescence intensity also increases. The second way is to use sequence specific
DNA probes, which are labelled with fluorescent reporter permitting detection after
hybridization with complementary sequence. Fluorescent reporter monitors only one
sequence in single experiment. This limitation can be circumvented using different-
coloured labels for monitoring more sequences in the same tube. The PCR reaction
follows standard way except the reporter probe is added. The cDNA amplification is
initiated from the primers. The polymerase reaches probe and degrades, resulting in an
increase in fluorescence. The increase in fluorescence is quantified in each cycle of PCR
reaction. This method can be used for relative as well as absolute quantification of gene

expression (Dhanasekaran ef al., 2010).
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Figure 14 — Preparation of bitag templates. The method for preparation of bitags is illustrated for the
Anx3 gene. cDNA was synthesized with biotinylated oligo (dT) as first strand primer, digested with a
frequent-cutting restriction endonuclease (Dpnll), and the 3° fragment recovered by binding to a
streptavidin-coated bead. To provide a common priming sequence, a 16-bp adapter with a Dpnll
compatible sticky end (B-linker) was ligated onto the cDNA fragments. The fragments were then digested
with a second frequent cutting restriction endonuclease (Nlalll) and a second common priming site (4A-
linker) was added by ligation. This procedure resulted in a template preparation (B/A bitags) that
contained a single gene-specific target sequence from each cDNA. (Wang et al., 1999).

Absolute quantification provides the exact number of ¢cDNA molecules in
reaction compare to DNA standards using a calibration curve. The precise amount of
the message or template used for the curve is known. For accuracy of the procedure, it
is necessary to have the same amplification efficiency of PCR for sample and standard.
In contrast, the relative quantification is determined by fold changes in expression
between two samples. The reference sample is simply known to contain the message of
interest in high abundance, but its absolute amount is not necessarily known. The
relative quantification calibration curve result for the gene of interest is normalized to
that of a reference gene in the same sample, and then the normalized numbers are
compared between samples to obtain a fold change. Reference gene has to be primarily
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stable (Brunner et al., 2004). Generally, RT-PCR is not ideal for multiplexing (10°s to

100’s of genes at maximum), requires high technical skill and expensive equipment.

2.2.3.3 Northern Blotting

Another method of measuring RNA abundance is called Northern Blotting and
the principle is similar to the Southern Blotting, which is used for measuring DNA
abundance (Trayhurn 1996). In Northern Blotting, mRNA is separated on agarose gel,
transferred to a nitrocellulose membrane, denatured and hybridized with complementary
DNA, which is labelled by radioactive isotopes (Figure 15). Finally, the intensity of
band indicates the RNA abundance. Total RNA is extracted from cells, separated by
size on gel or denatured into single stranded RNA. Then, it is transferred to nylon
membrane (blotting membrane). The transfer takes place via buffer which usually
contains formamide (Lee ef al., 1992). The RNA is immobilized on membrane. The
membrane is treated with a pieces of RNA (probes), which are designed to have a
complementary sequence to RNA sequence in the sample. This allows hybridization of
the probe to a specific RNA fragment. The probe is labelled with radioactive isotopes
(**P) or with chemiluminescence (alkaline phosphatase or horseradish peroxidase). It
permits to detect the RNA molecule of interest from other different RNA molecules on
the membrane. The signal is detected by X-ray film and quantified by densitometry. The
Northern Blotting is inexpensive and sensitive method quantifying transcript abundance
with almost infinite dynamic range. On the other hand, Northern Blotting is not high-
throughput and is nowadays replaced by other modern technologies as RNA

microarrays.

2.2.3.4 RNA microarray

One of the most powerful approaches for studying gene expression is RNA
microarray (sometimes also called RNA chip or biochip) (DeRisi ef al., 1996). RNA
microarray is collection of microscopic RNA spots which are attached to a solid
surface. Recently, there exist two main types of arrays, with microscopic RNA spots
directly on a surface or on coded beads. The original type is solid-phase array
containing thousands of microscopic spots. The surface of microarray is commonly
from glass, plastic or silicon. The alternative type of array is based on beads. The bead

array is a collection of microscopic beads, each with a specific probe and a ratio of two
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dyes, which do not interfere with the fluorescent dyes used on the target sequence. The
oligonucleotide fragments, cDNAs or small fragments of PCR products that correspond
to mRNAs (probes) are attached in small amounts on surface solid-phase array

(deposition strategy).
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Figure 15 - Northern blotting procedure. (4) RNA is isolated from various tissues and is separated by
size using gel electrophoresis. (B) The gel is then placed on a paper wick, which absorbs an ionic
solution from a trough. (C) A filter that traps RNA is placed above the gel, and blotting paper is placed
above the filter. Capillary action draws the solution through the gel, trapping the RNA on the filter. (D)
The filter is incubated with radioactive single-stranded DNA complementary to the mRNA of interest. (E)
After any unbound DNA is washed off, mRNA in the samples is localized using autoradiography. (F)
Drawing of a developmental Northern blot showing the presence of Pax6 mRNA in the eye, brain, and

pancreas of a mammalian embryo.
[http://10e.devbio.com/image.php?id=528]
These probes are often chosen from databases (GenBank, UniGene, dbESt...) or
are selected randomly from any library of interest. The size of probes is in range from

0.5 to 2 kb and each probe usually represents a single gene. The mRNA to be analysed

is purified, reverse transcribed, and amplified into single-stranded antisense RNA
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(aRNA). Labelled nucleotides are incorporated during amplification and labelled aRNA
is digested. Digested aRNAs are hybridized with single-stranded probes based on their
complementarity. The unbound aRNAs are washed out. The labelled aRNAs are
hybridized to probes and the microarray is scanned by laser and emission level of the

fluorescence is measured.

Y4 Y3 Y1 Y2 M1 M2 M3 M4

Figure 16 - Hierarchical heat map of differential gene expression. A hierarchical cluster heat map
showing the log2 transformed expression values for expression array following hybridization of mRNA
prepared from samples Y and M. The individual differentially expressed genes of samples are shown
horizontally. Green colour indicates lower gene expression and red colour indicates higher expression.

The genes included are those with q value less than 0. 1.

[https://www.researchgate.net/figure/260376751 figl Hierarchical-heat-map-of-differential-gene-
expression-as-determined-by-Affymetrix]

The intensity of the signal correlates with the amount of sample (aRNA) binding
to the probes on spot. The resulting data are statistically evaluated and visualized as
heatmap (Figure 16). Quantification is based on the comparison of intensities of
fluorescent signals between samples from different conditions. Disadvantage of

microarrays for analysis of gene expression is a potential presence of cross-

41



hybridization artefacts, poor quantification of lowly and highly expressed genes and the
necessity of knowledge on the target sequence for designing probes (Kukurba and

Monthomery, 2015).

2.2.3.5 Next generation sequencing technologies

The most up-to-date approach to study gene expression is provided by the
advent of next generation sequencing technologies (NGS). The sequencing of RNA
(RNA-seq) (Nagalakshmi, 2008) has ability to rapidly produce billions of bases of
sequence data and analyse the whole transcriptome (whole transcriptome shotgun
sequencing), post-transcriptional modifications, alternative gene spliced transcripts,
gene fusion and changes in gene expression (Morin ef al., 2008; Maher et al., 2009).
There are several NGS platforms, among them Illumina (Solexa) sequencing (Bennett,
2004), Ion Torrent next-generation sequencing (Life Technologies), PacBio Sequencing
(Rhoads and Au, 2015) and Oxford Nanopore's sequencing technology are the most
commonly used. The huge amount of sequence data required (Mikheyev and Tin, 2014)
development of new programs for sequence analysis and opened new interdisciplinary
field of science called bioinformatics (Korf, 2013). Bioinformatics combines statistics,

informatics and engineering to analyse biological data.

One of the most critical steps in the accuracy of gene expression analyses using
RNAseq is a preparation of library. One of the most commonly used library for analyses
of transcriptomes is RNA 'Poly(A)' library. The substrate (usually magnetic beads)
contains covalently attached poly(T) oligonucleotides which hybridize with poly(A) tail
of mRNA and the rest of RNA is washed off (Mortazavi ef al., 2008). Once the library
is created and the RNAseq is realized, bioinformatics approach is needed for the
analysis of gene expression. If annotated reference transcriptome or genome exists, a
data analysis follows steps: a) read mapping, b) counting reads, ¢) normalization and d)
detection of differentially expressed genes. The read alignment tools are used for read
mapping. First, the tools make index of the reference, which enables quick retrieval of
positions in the reference sequence. Then, the reads are aligned on the indexed reference
based on the algorithms of alignment tools (Hatem er al., 2013; Flicek and Birney,
2009). Since NGS produces sequencing errors, mapping tools (algorithms) has to enable
imperfect alignments and hence, increase the percentage of mapped reads (Hatem et al.,

2013). This is essential for quantification of gene expression, because reduction of the
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number of mapped reads may produce bias in expression estimates. Other difficulty is
represented by the existence of alternative splicing, isoform abundance based on aligned
reads, and duplicated and paralogous genes, which have high sequence similarity. The
analysis of gene expression by RNA-seq is based on counting number of reads
specifically mapped on transcriptome reference. The frequency of mapped reads is
normalized by many strategies based on different approaches (Bullard et al, 2010;
Risso et al., 2011; Dohm et al., 2008; Li et al., 2010). Another bias may be caused by
the differential sequencing depth between samples. The sequencing depth is defined as
the total number of sequenced or mapped reads (Finotello and Camillo, 2014). Bullard
et al. 2010 applied a quantile normalization, which is frequently used for microarray
preprocessing. Similarly, the ‘“Trimmed Mean of M-values’ (TMM) normalization to
account for differences in library composition between samples and novel normalization
method that assumes a Poisson model has been applied (Robinson and Oshlack ef al.,
2010; Li et al. 2012). However, these methods are not completely effective and
therefore RNA spike-in is recommended to be used for calibration. The RNA spike-in

has known value of expression and is sequenced with the transcripts of interest.

Besides bias with the read mapping, variation in the gene length can also
influence the gene expression analysis and result in the incorrect conclusions. It has
been discovered that longer genes produce higher number of reads than shorter ones.
Two major ways to reduce this bias has been proposed. Trapnell e al. (2010) used for
normalization of mapped reads method known as Fragments Per Kilobase of transcript
per Million mapped reads (FPKM). Similarly, Mortazavi et al. (2008) applied method
called Reads Per Kilobase of exon model per Million mapped reads (RPKM), which is
based on dividing the number of reads aligned to exon by the total number of mapped
reads. The analysis of gene expression is then carried out as statistic test, used for
identified genes with statistically significant variation in gene expression in the
compared conditions. Most approaches are based on the Poisson (Jiang and Wong ef al.,

2009) and Negative Binomial (NB) (Di et al., 2011) distributions.
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2.3 FORAGE CROPS AND THEIR IMPORTANCE

In this chapter, the group of plants used during Ph.D. study will be introduced.
Historically, forage crops have always played a key role in human societies and
civilizations. They were essential for domestication of wild grazing animals. Recently,
they are still highly important as livestock feed that provides meat, milk and other
commodities. Forage grasses and legumes are the most widely cultivated crops in
Europe covering approximately 20 to 40 percent of utilised agricultural area (depending
on the definition) (Source FAOSTAT, 2014). Legumes are used for food, feed grain and
oil. Grasses are the main components of pastures and meadows, but are also used for

leisure and ornamental purposes.

2.3.1 LEGUMES

Legumes belong into family Fabaceae and their typical representatives are
alfalfa, white and red clovers, soybeans, peas, beans, lentils, peanuts, lupins, mesquite,
carob and tamarind. The most widespread forage legume in temperate climates is alfalfa
(Medicago sativa L.) followed by clovers (Trifolium spp.) (Russelle, 2001). These
plants are cultivated primarily for their seeds. However, alfalfa and clover are also
grown in pastures. They are important for their ability to fix atmospheric nitrogen (N)
and for their nutritional value. Specifically, they have high fibre content and are also a
good source of proteins. Legumes contain substantial amounts of B vitamins as well as

the nutritionally important minerals, such as iron, calcium and potassium (Rebello et al.

2014).

2.3.2 GRASSES

Grasses are monocotyledonous plants classified into family Poaceae. Forage
grasses belong to the subfamily Pooideae together with wheat and barley. Grassland
covers more than 40 % of the terrestrial area (Suttie ef al. 2005). They represent an
essential source of nutrients for livestock and also have significant impact to
ecosystems. Forage species are often allogamous with high degree of self-
incompatibility (Yang ef al., 2008) and many of their cultivars are highly heterozygous
(Posselt, 2010). The most predominant forage grass species of the temperate regions are

ryegrasses (Lolium spp.) and fescues (Festuca spp.) together with bluegrasses
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(Humphreys, 2005). Members of fescues and ryegrasses can intercross and produce

interspecific hybrids known as Festulolium.

2.3.2.1 Ryegrasses

Ryegrass (Lolium L.) is a genus of eight diploid species native in Europe and
northwest Asia. Ryegrasses are annual, biennial or perennial herbs that are widespread
in most temperate regions, including Australia and New Zealand, where they have been
introduced with the first settlers. The most agriculturally important species are perennial
(Lolium perenne L., 2n = 2x = 14) and Italian ryegrasses (Lolium multiflorum Lam., 2n
=2x = 14).

Perennial ryegrass is a tussock-forming perennial species with a fibrous root
system. The leaves grow to a length up to 30 cm, width up to 7 mm and they are dark
green, hairless, flat with upper surface evenly ribbed and lower surface smooth and
shiny. Young leaves usually folded in the bud (V-shaped cross-section), but
occasionally rolled (spiral cross-section), particularly in young plants. The auricles are

small, narrow and ligule is white, translucent and shorter than wide (Lamp et al., 2001).

Italian ryegrass is annual to biennial, but some cultivars persist for more than
two years. Leaf blades are green to dark green, hairless, flat with upper surface evenly
ribbed and lower surface smooth and shiny. The length of leaves is up to 40 cm with
width 5-12 mm. Young leaves are rolled in the bud, and auricles are small and narrow.
Ligule is white, translucent, shorter than wide and leaf is sheath hairless with fine

longitudinal ribs as in leaf blades, rounder at back (Lamp ef al., 2001).
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Figure 17 - Lolium perenne L. and Lolium multiflorum Lam

[https://upload.-wikimedia. org/wikipedia/commons/e/e8/Lolium_multiflorum %E2%80%94_Flora_Batav
a_%E2%80%94 Volume vI15.jpg][https://upload.wikimedia.org/wikipedia/commons/c/ce/478 Lolium p

erenne.jpg]

Both ryegrass species are popular for their high yield, digestibility and good
palatability, rapid establishment from seed, relatively fine texture, good density and
uniformity (Kopecky et al., 2006). However, Lolium species are sensitive to abiotic and
biotic stress in general. Genome size of Italian ryegrass is 1C=2.56 Gbp with karyotype
2n=2x=14. However, tetraploid forms have been developed by polyploidization in

breeding programs (Kopecky et al., 2010).

2.3.2.2 Meadow Fescue

Genus Festuca is composed from nearly 500 species with ploidy levels from
diploid (2n = 2x) to dodecaploid (2n = 12x). The vast majority of fescues are
allopolyploid (Loureiro et al., 2007; Smarda et al., 2008). Two main evolutionary
lineages were defined based on leaf anatomy and supported by the phylogeny analyses

using sequence of internal transcribed spacer (ITS): broad-leaved and fine-leaved
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fescues. Meadow fescue (Festuca pratensis Huds., 2n = 2x = 14) is a typical
representative of broad-leaved fescues of mesophilic and hygrophilic meadows and
pastures. It is among the most valuable forage species with a range of cultivated
varieties. It provides quality forage with yield potential comparable with perennial
ryegrass. I pratensis is tolerant against severe climatic conditions such as winter
freezing and summer drought (Jauhar 1993). However, it is sensitive and less adapted in
lowland coastal regions, in the temperate zone and in the locations with high doses of
nitrogen, where this species is less competitive in comparison with weeds and other
grasses (Strakova et al., 2007). This is the reason why meadow fescue occurs rarely in
intensively managed pastures (Kolliker et al., 1999) and thus, is preferentially used as
one of the major component of permanent pastures and meadows in alpine, eastern and
northern regions of Europe (Ergon et al., 2006). The genome size of tall fescue is
1C=3.175 Gbp (Kopecky et al., 2010), which is about 6-7 times more than the genomes
of Brachypodium distachyon and rice (Leitch and Bennett, 2005).
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Figure 18 - Festuca pratensis Huds.

[https://en.wikipedia.org/wiki/Festuca_pratensis#/media/File: Festuca_pratensis.jpg]
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2.3.2.3 Festulolium

Festuca and Lolium ssp. are outbreeders with a gametophytic self-
incompatibility (Lundqvist 1962; Cornish et al. 1979). Due to their close relationship,
they can hybridize and several interspecific hybrids called Festulolium have been
reported along riverbanks of southern England and Northwest France (Borrill 1975,
Lewis 1975). However, these natural hybrids are sterile. The existence of natural
hybrids inspired breeders to cross members of these two genera in the controlled
conditions. Since 1960°s, over fifty cultivars have been released at several breeding
stations. Festulolium hybrids combine beneficial agronomic traits (rapid growth in the
spring, root length, forage quality and resistance to biotic and abiotic stresses) from both
genera and therefore, it could become an ideal component of agricultural or turf grass
systems (Ghesquiere et al., 2010). There are two types of Festulolium hybrids.
Amphiploids are developed by the intercross of F1 hybrids and keep both parental
genomes in about 1:1 ratio. On the other hand, introgression forms originated from the
backcross of F1 hybrids with one of the parental species. This type is typically highly
similar to the parent used for backcrossing with one or several improved traits
introgressed from the other parent (Buckner ez al., 1977, 1983). Festuloliums are widely
used and the number of cultivars is increasing, but the genome structure and the
expression of parental-specific genes is still not well known compare to other crop

species.
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3. AIM OF THE THESIS

I.  Identification of DArT markers associated with freezing tolerance

II. Identification of Repeats as a source of new cytogenetic markers

III.  Development of robust bioinformatics methods for identifying and

sorting of SNPs

IV.  Gene expression analysis of interspecific hybrids Lolium multiflorum x

Festuca pratensis
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Abstract Species belonging to the Festuca—Lolitm
complex are important forage and turf species and as such,
have been studied intensively. However, their out-crossing
nature and limited availability of molecular markers make
genetic studies difficult. Here, we report on saturation of
F. pratensis and L. multiflorum genetic maps using Diver-
sity Array Technology (DAfT) markers and the DArTFest
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array.The 530 and 149 DArT markers were placed on
genetic maps of L. multiflorum and F. pratensis, respec-
tively, with overlap of 20 markers, which mapped in both
species. The markers were sequenced and comparative
sequence analysis was performed between L multiflorien,
rice and Brachypodium. The utility of the DArTFest array
was then tested on a Festulolium population FuRs0357 in an
integrated analysis using the DAST marker map positions to
smdy associations between markers and freezing tolerance.
Ninety six markers were significantly associated with
freezing tolerance and five of these markers were geneti-
cally mapped to chromosomes 2, 4 and 7. Three genomic
loci associated with freezing tolerance in the FuRs0357
population co-localized with chromosome segments and
QTLs previously indentified to be associated with freezing
tolerance. The present work clearly confirms the potential
of the DArTFest array in genetic studies of the Fesiuca—
Loliwm complex. The annotated DArTFest array resources
could accelerate further studies and improvement of desired
traits in Festuca—Loliwm species.

Introduction

The Festuca—Lolium species complex includes some of the
world's most important forage grasses. Even though these
species are closely related o major cereal crops and share
many characteristics with wheat (Triticum aestivum L.),
barley (Hordeum vulgare L.) and other well studied crops,
the species of the Festuca—Lolium complex possess a
number of biological and genomic features unique to this
group; for example, the perenniality of many forage grasses
as compared to the anmuality of temperate cereals, and
chromosome rearrangements specific for the Festuca—
Loliwm complex (Alm et al. 2003). The species within the
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complex possess a range of complementary characteristics,
which are often explored in grass hybrid breeding. [alian
ryegrass (Lofium multiflorum Lam.) and perennial ryegrass
(L perenne L.) are two of the most important forage
grasses of temperate regions. Italian ryegrass is especially
valued for its high dry matter yield and its excellent forage
quality. Although primarily used for hay and silage pro-
duction in temporary leys, it is also a substantial compo-
nent of permanent grassland (Peter-Schmid et al. 2008). On
the contrary, perennial ryegrass is cultivated mainly for
grazing. It forms the main component of productive per-
manent grassland mainly due to its incomparable peren-
niality. However, Lolium species often suffer from limited
persistence under abiotic stress.

On the other hand, Festuca species penerally have a
better tolerance to abiotic siress when compared to Lofium
species. Meadow fescue (Festuca pratensis Huds)) is a
forage grass which constitutes a significant component of
species-rich permanent pastures and hay fields in alpine
and eastern regions of Europe. In Scandinavia, it is also a
major component of intensively managed swards cut for
silage (Rognli et al. 2010). Because of their close evolu-
tionary relationships, introgression of Festuca genes into
Lolium penomes through the development of Festuca x
Loliwm hybrids may allow to improve forage grass stress
resistance (Humphreys et al. 2005). In this respect,
F. pratensis is often used to improve freezing tolerance in
Festuca » Lolium hybrids (Kosmala et al. 2006). Genome-
wide molecular markers are essential for characterization
of such hybrids and identification of introgressed chro-
MOSOMme Segments.

Diversity Arrays Technology (DArT, Jaccoud et al.
2001) is a high-throughput sequence independent geno-
typing method based on the reduction of genome com-
plexity and DNA microarray hybridization. Throngh the
past decade, it has become a valuable source of markers for
genomes with limited sequence information. DArT arrays
have been developed for crop species like banana (Musa
acuminata Colla), cassava (Manihot esculenta Crantz),
cereals as well as for model plants such as Arabidopsis, rice
(Oryza sativa L.) and sorghum (Sorghum bicolor L.) (for a
complete list of species see http:/fwww.diversityarrays.com/
genotypingserv.himl). DAfT markers were often used for
diversity smdies, and for construction and saturation of
genetic maps (Wenzl et al. 2006; Tinker et al. 2009). DAT
markers have also been used in the analysis of important
agricultural traits, for example in an association study of tan
spot resistance in hexaploid wheat (Singh et al. 2010).

Recently, Kopecky et al. (2009) developed a DArTFest
array for the Festuca—Loliwm complex. This printed
microarray contains 7,680 probes derived from methyl-
filtered genomic representations of three Festuca (F. arun-
dinacea Schreb., F. glaucescens Boiss. and F. pratensis) and

@ Springer

52

two Lolium (L. multiflorum and L. perenne) species. The
DArTFest array has a potential to provide important
insights into the genome strucmre and evolution of the
species within the Festuca—Lolium complex. Many of the
DArT markers cross-hybridize with several different spe-
cies, which enables comparative genomic studies. DAIT
markers can also be sequenced and physically mapped to
genomes of fully sequenced model species to further
understand the syntenic relationships between chromo-
somes of forage grasses and model plants. This may in wrn
lead to more efficient identification of genes underdying
important agricultural traits. To date, DarTFest array has
been used to study genetic diversity (Kopecky et al. 2009)
and to determine genomic constition of Festulolium cul-
tivars (Kopecky et al. 2011).

Following the breeding priorities, molecular dissection
of agronomic traits in L multiflorum has so far mainly been
focused on resistance to diseases such as crown rust or
bacteral wilt (Smder et al. 2006, 2007). In this context, a
genetic linkage map based on 306 F; individuals has been
established (X1g-ART) and more recently been used for
construction of a consensus linkage map in Lolium using
EST-derived SSR markers (Studer et al. 2010). Alm et al
(2003) established a F. prarensis mapping population
(HF2/7 = B14/16) consisting of 138 F; individuals and
mapped 446 RFLP, AFLP and S5R markers. This popu-
lation has been used for the analysis of freezing and
drought tolerance, winter hardiness, and vernalization
sensitivity (Alm et al., unpublished; Ergon et al. 2006). In
this study, we (1) saturated and improved these genetic
maps of F. pratensis and L multiflorum with DAST
markers, (2) sequenced the mapped markers to investigate
the genomic origin of DArT markers and the syntenic
relationships to model genomes, and (3) used these new
DArTFest array resources in an integrated analysis of
agriculturally important trait freezing tolerance in a
L. perenne x F. pratensis hybrid population.

Materials and methods
Plant material

The HF2/7 x B14/16 mapping family consisting of 138
F-offspring was used for the construction of the F. prat-
ensis map (Alm et al. 2003). For the L mulffiflorion map,
288 F, individuals of the Xrg-ART mapping population
(Studer et al. 2006) were used. In the association study, the
Festulolium population (FuRs0357) was used. The
FuRs0357 population (L. perenne x F. pratensis) origi-
nates from a wide genetic pool from several initial hybrids
made from either Festilolium cv. Pror (LpFp, 4x) crossed
with L perenne (2x) or crosses between L. perenne (4x)
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and F. pratensis (2x). The initial hybrids were backcrossed
twice onto diploid L perenne to obtain BC; progenies and
then put through two generations of seed propagation.
Twenty one plants belonging to either a high freezing
tolerance (HFT) group (11 plants) or a low freezing tol-
erance (LFT) group (10 plants) were used in the study.

DAST screening

Genomic DNA was isolated from individual plants from
both mapping populations and from the Festulolium pop-
ulation FuRs0357 using Invisorb Spin Plant Mini Kit
(Invitek, Berlin, Germany). The previously developed
DArTFest array (Kopecky et al. 2009) was hybridized with
fluorescently labelled genomic representations of individ-
ual plants, which were prepared from genomic DNA by the
same Pstl/Tagl complexity reduction method as used for
preparing the array (for details see Akbari et al. 2006).
Hybridization signals were converted into 01 scores using
the DArTsoft software package developed at Diversity
Arrays Technology Pty Lid (DAfT P/L, Yarralumla,
Australia).

Genetic mapping

Genetic maps of F. pratensis and L multiflorum were
constructed in JoinMap 4.0 using the Kosambi mapping
algorithm. As DArT markers are dominant, marker files
were coded for double haploid populations (DH) and maps
were calculated for each parent separately. Only markers
segregating close to the expected 1:1 ratio (=0.4 and <0.6)
were used. Maps were then combined using bridging
markers present in both parents. The inclusion of markers
was decided by the following procedure. First, all markers
were grouped into putative linkage groups based on Like-
lihood Ratio Odds (LOD) grouping. Next, initial maps
were calculated and all markers with a Chi-square value of
=3 (highly distoried segregation) were removed. Sub-
sequent recalculation of maps was performed until no
markers had a Chi-square score of =3. Finally, the two
parental maps for each LG were combined into one. All
final linkage maps were edited and finalized using the
MapChart software (Voorrips 2002).

Association of DArT markers with freezing tolerance

Freezing tolerance was measured with the re-growth
method (Larsen 1978). In bref, 300 genotypes from
FuRs0357 were put through controlled freezing stress
which resulted in differential freezing induced damage and
survival. Plants were grouped randomly in five boxes using
six replicates per genotype. The resulting HFT (high
freezing tolerance) and LFT (low freezing tolerance) plants
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belonged to the 105 of phenotypes with the highest and
lowest freezing tolerance, respectively. The HFT group had
an average freezing tolerance score of 7.06 (+£0.22) and the
LFT group had an average freezing tolerance score of 2.59
(+0.61) [range; 0 (dead) to 9 (no damage)]. Associations
between DArT marker genotypes and freezing tolerance
groups were lested using Fisher's Exact test. The null
hypothesis was that the DArT marker genotypes were not
associated with freezing tolerance; hence we expected
random distribution of genotypes in HFT and LFT groups.
We calculated the corresponding g values from the Fisher
Exact test p values (Storey 2002) to correct for multiple
testing and false positives. A significance threshold of
g < 0.05 was used. Statistical analyses were carried out in
R (R Development Core Team 2009) using the “fish-
er.test™ and “g value” functions in the g-value package.

Sequencing of selected clones/markers

All DAIT markers, which were placed on the genetic maps
of F. pratensis and L multiflorum and/or significantly
associated with freezing tolerance, were sequenced. Reac-
tion mix for cycle sequencing was prepared using standard
BigDye chemistry (BigDye® Terminator v3.1 Cycle
Sequencing Kit, Applied Biosystems). The dilution of
reaction components was scaled to a final volume of 10 pl
containing 3.2 pmol of universal M13 (forward or reverse)
primer and 20 ng of sequence-ready (DAfT clones) tem-
plate. The reaction products were purified using the
CleanSEQ kit (Agencourt Bioscience Corp., Beckman
Coulter Comp., Beverly, MA, USA) and analyzed on an
ABI 3730x1 DNA analyzer (Applied Biosystems, Foster
City, CA, USA). The raw sequence data were assembled
and edited vsing the DNA Baser software v.2 (Heracle-
Software, http://www.DnaBaser.com). Vector and adaptor
sequences were removed pror to further analysis. All
sequences were deposited in GenBank under accession
numbers HN266254-HN266937.

Sequence analysis

All mapped markers were compared to each other to deter-
mine the extent of redundancy in DArT clones. Stand alone
blasm software was used for the search with E value set to
e-10. Only reciprocal blast hits were taken into account. The
map position of markers with significant hits was checked
and markers which mapped to different map positions were
not considered redundant. Groups of markers, which shared
significant homology to each other and mapped to the same
genelic position, are hereafter refered to as ‘bins’. The
sequences were further compared to known plant repeat
sequences. To analyze repeat content, TREP Release 10
(http:/fwheat.pw usda.gov/[TML/Repeats/) was merged with
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TIGR Plant Repeat Databases for Brassicaceae, Fabaceae,
Poaceae and Solanaceae (Ouyang and Buell 2004). This
database contains 8,432 repetitive elements from 18 differ-
ent genera. Repeat analysis was performed using Repeat-
Masker software (hitp://repeatmasker.org) with CrossMatch
search engine (http:/fwww.phrap.org/phredphrapconsed.
html) and default settings. We compared DArT sequences
with non-redundant protein sequences (nr) and non-human,
non-mouse ESTs database (est_others) at GenBank in order
to estimate the number of DArT markers derived from
expressed loci. The protein search (blastx) was performed
using blastel3 with defanlt settings and BLOSUMG62 scoring
matrix. Nucleotide search (blastn) was also performed by
blastel3 with defanlt settings but reward for a mcleotide
match was set to 2. Only the best blast hits (with lowest
E value) were taken into account.

Comparison of mapped DArTs to model genomes

The sequences of the mapped DAIT markers were com-
pared to the Oryza sativa ssp. japonica cv. ‘Nipponbare’
genome and the Brachypoditn distachyon Bd21 genome
using blastn with E value set to e-10. Twelve pseudomol-
ecules for the rice chromosomes (Build5) were downloaded
from the IRGSP website (hitp://rgp.dnaaffre.gojp/E/
IRGSP/Build5/build5 . html). The Bd21 genome was
downloaded from Brachybase.org (hitp//files.brachypodium.
org/). Only the best blast hits with alignment lengths of at
least 50 bp were taken into account.

GISH analysis of Festulolium plants

Twelve individnals from the Festulolium population
FuRs0357 (six with high freezing tolerance, HFT, and six
with low freezing tolerance, LFT) were used for the analysis
of genomic constitution using genomic in situ hybridization
(GLSH). The other plants suffered under conditions optimal
for preparation of chromosome spreads (root growth and
accumulation of cells in metaphase). GISH was pedformed
as described by Kopecky et al. (2003). Briefly, total genomic
DNA of F. pratensis was labeled with digoxigenin using
DIG-Nick Translation Kit (Roche Applied Science, India-
napolis, IN, USA) and used as a probe. Genomic DNA of
L. perenne was sheared to ~200 bp fragments and used as
blocking DNA. Sites of probe hybridization were detected
by anti-DIG-FITC conjugate (Roche). Chromosomes were
counterstained with 1.5 pg/ml 4'6-diamidino-2-pheny-
lindole (DAPI) prepared in Vectashield antifade solution
(Vector Laboratories, Burlingame, USA). Observations
were made using an Olympus AX70 microscope equipped
with epi-fluorescence and SensiCam B/W camera. Scion-
Image and Adobe Photoshop software were used for
processing of color pictres.
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Results
Genetic mapping

DArTFest array contains 2,257 probes positively scored
in F. pratensis and 2,761 probes positively scored in
L. multiflorum (Kopecky et al. 2009). In total we placed
659 markers on genetic maps, 149 markers in the F. prat-
ensis population HF2xB14, and 530 markers in the
L. multiflorum population Xrg-ART (Table 1; Fig. 1). The
effectiveness of DArT mapping was 6.6 and 192% for
F. pratensis and L. multiflorum, respectively. Only 20
markers could be mapped in both species. Out of them, 17
mapped to homologous linkage groups and three markers
D355658, D5357428, D358076 mapped to Fp4 and Lml,
Fp5 and Lm7, Fpl and Lm7, respectively.

Sequencing and sequence analysis of mapped markers

Out of the 659 mapped markers, 620 yielded 302,808 bp of
sequence with an average length of 488.4 bp. Sequencing
of the remaining 39 DArT markers failed due to technical
reasons. A total of 398 DArT markers (64.2%) were found
to be singletons, while the 222 remaining markers were
redundant and were assigned to 90 marker bins. The big-
gest bin consisted of six markers. Hence, 489 non-redun-
dant DArT markers/bins were mapped when considering
each bin a unique locus (Table 2). Nevertheless, markers
belonging to one bin can slightly differ in their precise map
position (see Fig. 1). This could be due to maccuracy
during the array hybridization leading to genotyping errors
and wvariation in estimated numbers of recombinants,
inaccuracies in the consensus map estimation, or duplicated
genes in tandem arrays.

Table 1 Distribution of genetic markers among linkage groups

Festuca prate nsis Lolium nultifiorim

Non-DAIT DACT Non-DArT DAST

markers® markers®
LG1 61 23 63 67
LG2 26 10 43 73
LG3 34 22 49 73
LG4 6B 22 6l 106
LG5 70 12 43 71
LG& 49 27 35 63
LG7 65 32 68 T6
Total 373 148 352 529

* AFLP, RFLP, 55R markers and isozymes, see Alm et al. (2003) for
details
b SSR and AFLP markers, see Studer et al. (2006) for details
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Lm7 Fp? Table 2 Redundancy of sequenced DArT markers
] Extent of Number Number Frequency of

redundancy of hins of markers markers (%)
Unique 399 399 64.3
Duplicates 5 128 20.6
Triplicates 15 45 72
4/bin B 32 52
5/bin 1 5 0.8

" 6/bin 2 12 19
Total 489 621 100

i3 B

ﬁ ! i To estimate the number of DArT markers derived from
ﬁ b‘i’.«ﬁ. repetitive DNA elements, we performed blast search
i e i/ | against an in-house built composite plant repeat database.
i o i ' Only 44 (7.1%) of the DArT markers contained repetitive

i

I

elements supporting the notion that DArT markers repre-
sent hypo-methylated low copy genomic regions (Wenzl
et al. 2006). In the repeat containing DArT sequences, the
retrotransposons (27) dominated DNA-transposons (13).
The remaining four hits in the plant repeat database were

e unclassified. To estimate the impact of repeat elements on
T marker redundancy, we compared DArT markers derived
from repetitive elements with the marker bins. Interest-
ingly, repetitive elements could explain the presence of
a2 redundant markers only for seven (7.8%) of the marker

i, bins. This indicates that the majority of redundant markers
in bins are either due to multiple cases of cloning the same
sequence during the random marker development proce-
dure, or they come from tandem duplicated genes.

In order to estimate the proportion of expressed
sequences among our mapped DAfT markers, we per-
formed a blastn search apainst GenBank “est_others™
database. This identified 368 (59.4%) DAIT markers with
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-:‘E:ﬁ significant homology to expressed sequences. Blastx search
s against non-redundant protein sequences (nr) revealed 162
@:ﬁ‘ X (26.1%) DACT markers with significant homology to
T known and hypothetical proteins, and of these 152 were
E E also identified as expressed sequences in blastn search. In
i total, 378 DArT markers (293 non-redundant bins) were
E g identified as potentially gene-derived sequences.

4

B

Comparison of mapped DArTs o model genome(s)
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The genetically mapped DArT markers were compared to
m the rice and Brachypodium genomes in order to map the
sequences in silico and investigate the synteny between the
model genomes and those of the Festuca—Lolium complex.
Fig. 1 continued Using the defined critenia for blast search, mapped DAfT
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markers in L mudtiflorum produced 227 (162 non-redun-
dant bins) and 299 (227) hits against rice and B. distachyon
genomes, respectively. Of the markers mapped in F. prar-
ensis, 50 (40) and 70 (54) produced blast hits in rice and
Brachypodium genomes, respectively. Due to the low
number of hits of the F. prarensis markers, the analysis of
syntenic relationships was limited to comparisons between
L. multiflorum and rice (Table 3) and L. multiflorem and
Brachypodium (Table 4). All significant homologies are
listed in Supplementary Tables 1 and 2.

We identified 11 syntenic regions with more than 5
markers shared between particular L multiflorum and rice
chromosomes. The highest degree of synteny was found
between the chromosomes/linkage groups Lm3 and Os01,
where 71.4% of markers presented in Lm3 had a homol-
ogous sequence on Os0l. In comparison, 12 syntenic
regions with more than 5 shared markers were found

Table 3 Synteny of L. multifiorum and rice as revealed by mapped
DAT markers

Lml Lm2 Lm3 Lm4 LmS Lmf Lm7

0s01 1 1 15 1 1 1 -
0s02 2 - 1 3 2 16

0s03 - - 18 - -

Os4 2 10 2 2 2 -
0805 7 - 1 1 - - -
Os06 - - - 2 - - 15
0807 - 7 - 1 - 2 -
0s08 - 2 - - - - 7
0Os09 - - 7 1

Os10 7 - - 1 1 -
0s11 1 - 1 2 1
0s12 - - 1 - 3 - 1
Total 20 21 21 34 17 s 26

Numbes corespond to nonsedundant bins mapped to each rice
chromosome. Chromosome relationships with highest synteny are
bold

Table 4 Synteny of L. multiflorum and B rachypodium as revealed by
mapped DAIT markers

Lml Lm2 Lm3 Lmd4 LmS Lmé Lm7
BdOL 1 11 3 30 1 3 22
Bd02 12 1 26 2 4 2 1
Bd03 10 2 1 4 1 20 8
Bd04 1 1 3 9 20 5 1
BdOS 1 15 1 1 1 1 2
Tol 23 30 34 46 27 31 34

Numbers correspond to non-redundant bins mapped to each Brac-
hypodium  chromosome. Chromosome  relationships with highest
synteny are hold
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between the genomes of L. multiflorin and Brachypoditm.
The most conserved syntenic relationships were found
between LmS-Bd4 and Lm3-Bd2, with 76.9 and 76.5% of
the L. multiflorien markers having homologues in corre-
sponding Brachypodium chromosome, respectively.

Analysis of markers associated with freezing tolerance

Out of 1,868 DArT markers segregating in the Festulolium
FuRs0357 population, about 5% (96) had a significantly
different distribution of genotype scores among HFT and
LFT plants (g < 0.05). Unfortunately, only five markers
(four non-redundant bins) could be mapped. These five
markers were mapped to linkage groups Fpd (D556159)
and Fp7 (D360433) in F. pratensis and Lm2 (D560530)
and Lmd (D558701, D562536) in L mudriflorum (Table 5;
Fig. 1). The FuRs(0357 population was in fact derived from
a cross between L. perenne and F. pratensis. Nevertheless,
one can expect that map positions of DArT markers in
L. perenne to be highly co-linear with their position in
L. multiflorim due to the close evolutionary relationship
(Cataldn et al. 2004, Studer et al. 2010). Seventy two of the
freezing tolerance-associated markers were sequenced for
the purpose of smdying their putative genomic origin and
localization in model genomes in silico. Several markers
associated with freezing tolerance were found to map Bdl,
and nine of these markers were flanking Vrnl gene para-
logs on Bdl (Fig. 2). This further supports the presence of
a freezing tolerance QTL on chromosome 4 in L. perenne
and F. pratensis as Bdl has syntenic relationship to chro-
mosome 4 of species in the Festuca—Lolium complex. We
performed functional analysis of all DArT markers asso-
ciated with freezing tolerance using blast2go (Conesa et al.
2005). For 18 of these markers a gene functional class
could be assigned based on the homology to known pro-
teins and transcription is the most frequent one (4 markers).
All markers associated with freezing tolerance are listed in
Supplementary Table 3.

Table 5 Mapped markers having significantly (Fisher Exact test)
different distributions among HFT (high freezing tolerance) and LFT
(low freezing tolerance) plants

DT ID g value Presence LG cM
D3560433 0.028 LFT LG7 F. pratensis 21
D3556159 0.042 HFT LG4 F. pratensis 73
DS558701 0.042 LFT LG4 L nudtifiorim 103
D562536 0.042 LFT LG4 L nudtifiorm 102
D360530 0.044 HFT LG2 L nudtifiorim 115

“Presence” denotes if a marker presence signal is associated with the
LFT or HFT group
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Fig. 2 Syntenic relationships between F. pratensis, L. multifiorum,
and Brachypodium chromosome 4. Comparative map shows the
syntenic relationships between the freezing tolerance QTL in F.
pratensis and the DArT markers associated with freezing tolerance

phenotype closely linked to VRN1 pamalogs in the Brachypodium
genome. The position of the DArT markers on Bdl are extrapolated
from the best blastn hit in the Bd genome. Red color text denotes

GISH analysis of Festulolium plants

Microscopic analysis of mitotic metaphase plates of six
LFT and six HFT plants revealed that the FuRs0357
Festulolium population contained plants with different
ploidy levels. Four of the LFT plants were tetraploid, with
the remaining two diploid, while all six HFT plants were
diploid. Such a large difference is not likely to occur by
chance (Fisher Exact test; P = (0.045), which indicates that
the polyploidy levels could be functionally linked to
freezing tolerance. The higher ploidy level could affect the
proportion of markers which cannot be called as “0” or

4 springer
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bridging markers between maps. Green color text denotes DAIT
markers significantly associated with freezing tolerance phenotype
flanking FUL1 and FUL2. For the Bdl chromosome, the left side
numbers are physical position in base pair. Left side numbers for all
other maps are genetic distances in ¢cM. The rghtmost map is
reproduced from Alm et al. (unpublished results) where the black bar
represents the 95% confidence interval for a freezing tolerance QTL

“1” when converting fluorescence signal since it increases
signal to noise ratio. Exactly this pattern was observed in
the FuRs0357 population. The average numbers of not
called DArT marker genotypes per plant were 14 in HFT
and 127 in LFT (T test; P = 0.0003), reflecting the higher
ploidy level in the LFT group.

GISH analysis revealed F. pratensis chromatin only in a
small subset of plants, no matter if they were freezing
tolerant or not. Two recombined chromosomes carrying
terminal F. pratensis segments were found in one tetraploid
LFT plant (Fig. 3a). Festuca pratensis chromatin was not
detected in any other LFT plant. Two HFT plants contain
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Fig. 3 Analysis of Festulolium plants with low (LFT) and high
(HFT) freezing tolerance using genomic in sim hybridization (GISH).
GISH in L. perenne x F. pratensis LFT149 (a) and HFTIS2
(b) plants. Total genomic DNA of F. pratensis was labeled with
HTC and used as a probe (green color): penomic DNA of L perenne
was used to block hybridization of common sequences, Chromosomes

chromosomes carrying terminal F. pratensis segments
(Fig. 3b). No F. pratensis chromatin was found in the
remaining four HFT plants.

Discussion
Mapping of DAIT markers

The DAsT technology has become a valable molecular
tool for many plant species. More than thousand DArT
markers have been genetically mapped in rye (Secale
cereale L.) (Bolibok-Bragoszewska et al. 2009) and oat
(Avena sativa L.) (Tinker et al. 2009), and more than 2,000
have been mapped in barley (Wenzl et al. 2006). Here we
have used the recently developed DArTFest array (Kopecky
et al. 2009) to map genetically hundreds of DArT markers
in the Festuca—Lolium complex. Different numbers of
markers could be mapped in the two species and compared
to F. pratensis, four times more markers were mapped in
L. mudtiflornm. Among the 2,257 probes detected in
F. pratensis, 1,078 (47.8%) were previously found poly-
morphic within this species. Similarly, 2,184 out of 2,761
probes (79.1%) were found polymorphic among the same
number of L. sudtiflorum accessions (Kopecky et al. 2009).
Based on this, we expect significanily lower number of
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were counterstained by DAPI (shown in red psendocolor). Tetraploid
LFT149 plant (2n = 4x = 2F) has two recombined chromosomes
with small terminal translocations of F. prafensis (arrows), while
diploid HFT plant (2n = 2x = 14) has one recombined chromosome
with small terminal F. prafensis translocation {arrow)

markers to be mapped in F. pratensis. The discrepancy in
the number of markers mapped in L. muftifiorim compared
to F. pratensis could be also due to low genetic variation
between the parents of the F. pratensis mapping population.
A higher level of polymorphism in L multiflorien ecotypes
compared to those of F. pratensis was also observed when
using co-dominant SSR markers (Peter-Schmid et al. 2008).
Based on studies of cpDNA variation, Fjellheim et al
(2006) concluded that meadow fescue in Europe went
through a bottleneck during or afier the last glaciations.
Thus, the number of genetically mapped markers may
reflect the overall diversity within a particular species.

Unexpectedly, only 20 markers could be mapped in both
species. To understand this, we used data collected by
Kopecky et al. (2009) and examined markers mapped in
L. multiflorum for their presence and polymorphism among
F. pratensis accessions and vice versa. The detailed analysis
revealed that the low number of shared markers was not due
to the absence of markers in the other species but due to the
lack of polymorphism in the other mapping population.
These 20 shared markers represent 7.0% of markers mapped
in L. multifiorum and present in F. pratensis and at the same
time 18.3% of markers mapped in F. pratensis and present
in L multifiorum. Consequently, these findings are in
agreement with overall performance of markers available at
DarTFest array (for details see Table 6).
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Table 6 Extent of DArT markers® polymorphism and effectiveness of genetic mapping

Fp present® Fp polymaorphic Fp mapped Lm present® Lm polymorphic Lm mapped
DA:TFest® 2257 1,078 {47.8%) 149 (6.6%) 2,761 2,184 (79.1%) 530 (19.2%)
Fp mapped - - - 109 77 (70.6%) 20 (18.3%)
Lm mapped 287 146 (50.9%) 20 (7.0%) - - -

* Number of markers detected in at least one accession of particular species. Based on data collected by Kopecky et al. {2009)
" DArTFest array contains 7,680 probes derived from five species of Festuca—Lolium complex (Kopecky et al. 2009)

Sequence analysis of DArT markers

Among the sequenced DATT markers, 64.2% were found to
be unique. In similar studies, Wittenberg et al. (2005) and
Tinker et al. (2009) found 56.3 and 48.1% unique markers
among DArTs developed for Arabidopsis and oat, respec-
tively. The levels of redundancy are strikingly similar
despite the great difference in genome size, ranging from
157 Mbp for A. thaliana to 12,961 Mbp for oat (Bennett
and Leitch 20035), and contrasting repeat content in the
three species. Sequence analysis revealed that only about
7% of the mapped DArT markers were of repetitive origin
and the effect of repetitive DNA on marker redundancy
seems to be negligible. Sources of DArT marker redun-
dancy are most likely related to the PCR amplification
involved in array development and possibly also the pres-
ence of duplicated genes in tandem arrays which are fre-
quent in plant genomes (Rizzon et al. 2006; Hanada et al.
2008).

DArT markers are derived from genomic representa-
tions prepared with methyl-sensitive restriction enzymes
and hence should represent low-copy genomic regions. As
expected, a majority of the sequences were found to be
derived from expressed parts of the genomes. About 60%
of all markers had homology to the NCBI EST databases
and one fourth had homology to the NCBI protein data-
base. These groups are overlapping extensively, resulting
in slightly more than 60% expressed non-redundant
markers/bins. This is similar to the finding of Tinker et al.
(2009) in oat. Interestingly, also most of the DArT markers
with repetitive origin had blast hits to ESTs and proteins.
This further supports the tendency of DArT markers to
originate from expressed genomic loci.

Synteny with rice and Brachypodium

Genome-wide comparsons of L mudiiflorien o rice and
Brachypodium based on DArT markers revealed syntenic
regions shared among the species. These regions corre-
sponded to the established syntenic relationships between
L. multiflorum and the model species for all chromosomes
but Lm5 (see Tables 3, 4). Syntenic blocks between Lm5
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and Os03 and Os12 could be expected (Bolot et al. 2009).
We identified markers shared between LmS and Osl2,
however, not enough markers to meet our definition of a
syntenic relationship, neither did we observe the expected
syntenic relationship between Lm3 and Bdl (The Interna-
tional Brachypodium Initiative 2010). The number of
DArT markers used to infer syntenic regions in this paper
is small, and many grass chromosomes have complex
syntenic relationships (The International Brachypodium
Initiative 2010). Thus, the lack of expected syntenic blocks
in our study could be due to uneven and low marker cov-
erage of L. multiflorum chromosomes. We also found an
additional syntenic relationship between chromosomes
Lm6 and Bd4, identified neither between wheat and
Brachypodium nor between barley and Brachypodium (The
Intemational Brachypodium Initiative 2010). However, the
number of markers shared is the lowest we have accepted
and this syntenic relationship requires confirmation using
additional markers.

The DArTFest resources and marker-trait analysis

As an example of how we can inlegrate genetic maps and
DArT marker sequence information generated in this study,
we performed a marker-trait association study in Festulo-
lium populations with divergent freezing tolerance levels.
We identified DArT markers associated with the freezing
tolerance phenotype on chromosomes 2, 4 and 7, corre-
sponding to QTLs and chromosome segments associated
with freezing tolerance in previous studies.

One DAIT marker (D556159) and one bin (D558701,
D562536) associated with freezing tolerance mapped in the
same genomic region of chromosome 4 in F. pratensis and
L. multiflorum, respectively. This observation is in line
with the results obtained by Kosmala et al. (2006) using
GISH, who found that Festulolium hybrid plants carrying a
large central part of F. pratensis chromosome 4 exhibited
increased freezing tolerance. Three DArT markers mapped
to a chromosomal region corresponding to a freezing tol-
erance QTL in F. pratensis closely linked to the Vim/ gene
{Alm et al., unpublished). This QTL is also found in some
species of Triticeae where it is referred to as Fr-1 (Galiba
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et al. 2009). Figure 2 shows a comparative map between
LG4 in forage grasses and the syntenic relationship to the
Brachypodium chromosome 1. The existence of two Vinl
paralogs in grasses (Preston and Kellogg 2007) complicates
the analysis of syntenic relationships. In rice, the two Vind
paralogs (also referred to as FULL and FUL2) are situated
on different chromosomes (Os03 and 0s07), while both are
found on Bdl in Brachypedium (Higgins et al. 2010).
Syntenic relationships between forage grass LG4 and both
regions with Vrnl copies on Bdl are revealed by blast
analysis of the significant DAT markers (Fig. 2). Markers
close to both VimJ paralogs were significantly associated
with freezing tolerance, and as many as nine significant
DAIT markers were clustering close to the BdVrnlb/
FUL2. This strongly supports the notion that the significant
markers on Lm4 and Fp4 reflect the same underlying QTL
located close to the Vmi gene.

It has been debated whether the gene underdying Fr-1
QTL is directly involved in freezing tolerance or if FR-1
QTL is a pleiotropic effect of the vemalization response
gene Vrnl. Viml is a transcription factor involved in the
transition from vegetative to reproductive phase in Pooi-
deae grasses (Cattivelli et al. 2002; Trevaskis et al. 2007).
Recently, polymorphisms in Vrnl were shown to exhibit a
pleiotropic effect on freezing tolerance by directly or
indirectly affected expression of genes involved in the cold
acclimation pathway (e.g. CBF genes) (Dhillon et al.
2010). This might indicate that the DA:T markers associ-
ated with freezing tolerance on LG4 in forage grasses are
linked to differences in the vernalization control rather than
differences in the ability to withstand freezing.

Another DArT marker associated with freezing toler-
ance (D560530) is mapped to central pant of L. multiflorum
chromosome 2. As in case of chromosome 4, also this
chromosome was implicated to carry genes associated with
freezing tolerance. Using GISH, Kosmala et al. (2006)
identified hybrid Fesmlolium plants carrying terminal
F. pratensis segment on the short arm of L muliflorum
chromosome 2 with increased tolerance. Moreover, Shin-
ozuka et al. (2000) mapped a glycine-rich RNA binding
protein putatively associated with freezing tolerance to the
long arm of L. perenne chromosome 2, and this could also
be a candidate QTL underlying the significant marker
on Lm2. Because the genetic position of centromere on
chromosome 2 15 nol known, we were unable to decide on
which chromosome arm the marker D560530 resides. The
last of DArT markers associated with freezing tolerance
(D560433) are mapped to F. prafensis chromosome 7,
about 1.5 ¢M proximal to the previously reported QTL on
Fp7 (Alm et al., unpublished).

High freezing tolerance in Festulolium hybrids is usu-
ally explained by F. pratensis introgressions camrying
desired alleles into L. multiflorien genomic background
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(Kosmala et al. 2006). We used GISH to investigate
genomic constitution of Fesmlolium hybrids with the aim
to of detecting F. pratensis introgressions in L. perrenne
background. However, they were detected rarely in LFT
and HFT plants. This observation indicated that the
freezing tolerance is either not caused by F. pratensis
introgressions, at least in this particular case, or that the
introgressions were too small to be detected by GISH. This
smdy, however, revealed that several LFT plants were
tetraploid. A common notion is that polyploid plants have
improved stress tolerance compared to their diploid pro-
genitors (Jackson and Chen 2010, Zhang et al. 2010).
However, the tolerance to physical stress as freezing may
decrease. A tetraploid C2 population of F. pratensis was
shown to be less freeze tolerant and display a lower genetic
variation than the original diploid population (Larsen 1979,
1994). This is in agreement with our findings as the fre-
quency of tetraploid individuals was significantly higher in
(sub)population with low freezing tolerance. The Festulo-
lium FuRs(357 population was developed from crosses
between autotetraploid L perenne and tetraploid or diploid
F. pratensis, with further backcrossing o diploid L. per-
enne for two generations. This scheme should result
in dipleid hybrid plants with introgressed segments of
F. pratensis chromosomes. Tetraploid hybrid plants among
the BC2 progenies could have originated from unredoced
gametes of tetraploid L. perenne parent, and if this is the
case, they contain nearly pure Loliwm genomes. It has been
observed that autotetraploid L. perenne has lower cold
tolerance than diploid L perenne (Sugiyama 1998).

Conelusion

This work marks a significant advance in improving
genelic maps of important grass species F. pratensis and
L. multiflorum, which are also used frequently as parents to
develop increasingly popular hybrid Festulolium cultivars.
As the DArTFest array became available recendy, we
chose to use DArT markers, because of high-throughput
and low cost per data point. Sequencing genetically map-
ped DAST markers not only revealed that a majority of
them originated from transcribed low- and single-copy
genomic regions, but also allowed to establish syntenic
relations with sequenced genomes of rice and Brachypo-
dium. All these resources and knowledge mark significant
step forward in analyzing genome structure and evolution
in important grass species and expand the mange of
molecular tools available for breeding. Identfication of
DArT markers associated with freezing tolerance may help
in elucidating molecular mechanisms underlying this trait
and contribute to the development of resistant vareties of
forape grasses.
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The analysis of large genomes is hampered by a high proportion of repetitive DN A, which makes the assembly of short sequence
reads difficult. This is also the case in meadow fescue (Festuca pratensis), which is known for good abiotic stress resistance and
has been used in intergeneric hybridization with ryegrasses (Lolium spp.) to luce Festulolium cultivars. In this work, we
describe a new approach to analyze the large genome of meadow fescue, which involves the reduction of sample complexity
without compromising information content. This is achieved by dissecting the genome to smaller parts: individual chromosomes
and groups of chromosomes. As the first step, we flow sorted chromosome 4F and sequenced it by lumina with approximately
50 coverage. This provided, to our knowledge, the first insight into the composition of the fescue genome, enabled the
construction of the virtual order of the chromosome, and facilitated detailed comparative analysis with the sequenced
genomes of rice (Oryza sativa), Brachypodium distachyon, sorghum (Sorghum bicolor), and badey (Hordeum vulgare). Using
GenomeZipper, we were able to confirm the collinearity of chromosome 4F with barley chromosome 4H and the long arm of
chromosome 5H. Several new tandem repeats were identified and physically mapped using fluorescence in situ hﬂbridizatbn.
They were found as robust cytogenetic marke