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“I am thrilled to see my genome.” James D. Watson

1. Introduction
The term ‘in silico SNP discovery’ was first introduced in the year 1999 by Picoult-Newberg et al.
[1]. At that time, the rapid development of sequencing technologies together with its deeply
embedded applications in today’s science was a vague premonition. Nevertheless, that statement
became remarkably correct and already introduced the objectives of this thesis.

The year 2010 was named the ”International Year of Biodiversity“ by the Convention of Biological
Diversity (CBD, http://www.cbd.int). The objectives of this convention were formulated as three
major issues: 1. “Conservation of biological diversity”, 2. “Sustainable use of its components”, and
3. A “fair and equitable sharing of benefits arising from genetic resources”. With these strategic
decisions and recommendations, a sustainable development plan has been promoted to achieve the
well-being of both humanity as well as the natural world since the first meeting in 1994 [2]. In
addition to vital government support and commitments to achieve the goals of the CBD, the
discovery of new genetic variation is a central demand. In section [4.1 and 4.2] of this thesis, I will
review biotechnological as well as computational methods applicable to detect novel DNA variation
in plants. Furthermore, accuracy of variant prediction is an essential need to assess the diversity of a
species. Measurements that support this requirement and that assist to score and discard less valid
predictions would be beneficial. As a consequence, I developed two methods to improve the accuracy
of diversity prediction. These are captured and discussed in section [4.3] of this thesis. The
conversion of the determined diversity information into application is discussed in section [4.4].

Genome, exome and transcriptome sequencing provide access to the genetic information of virtually
any species at relatively low cost. Depending on which of these strategies is applied to investigate a
complete or reduced genome the costs and computational requirements differ strongly. But
concurrently, research insights and their applications differ, too. Besides the pure deciphering of the
DNA sequence for a species, the availability of genomic data furthermore opens the possibility to
reveal the genetic diversity between different species. This information is contained in these genomic
data as well. The integration of DNA markers has revolutionized plant science research in terms of
pace and precision. A crucial role is the discovery of reliable variants that are applicable for
subsequent analysis. The objectives of this thesis are to enlighten the applicability of different
genomic strategies towards a successful and accurate investigation of diversity.
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1.1.

Survey of genomic resources for rye, maize and barley

Three cereal crops are analyzed in the framework of this thesis. Rye (Secale cereale L.), maize (Zea
mays L.) and barley (Hordeum vulgare L.) are each characterized by an extraordinary complexity
because of their large genome size and high repeat content.

If the ordering of the studied crops should reflect the worldwide economic importance one would
start with maize as the most economically relevant crop, followed by the two closely related species
barley and rye. Related to this worldwide economic importance the availability of genomics
resources has been and still is very different as illustrated in the overview of Figure 1. For maize, in
the year 2010, a fully annotated reference sequence and a large set of markers existed to support
research initiatives [3]. For barley, a comprehensive collection of diverse resources was available in
2010 including DNA markers [4,5] and genomic sequences [6–8]. In the International Barley
Genome Sequencing Consortium (IBSC), that was founded 2006, scientists combined research
initiatives to establish a genome reference resource [9]. For rye, in 2010, almost no sequence
information was available with a small exception of 10,000 expressed sequence tags (EST) and an
initial survey sequencing of the short arm of chromosome 1R providing 2,778 BAC end sequences
totaling 2 Mbp [10]. Therefore, a German consortium of scientists was formed to accomplish
important steps for the minor crop rye. The construction of resources comparable to the established
ones in maize are the challenges and long-term objectives in rye and barley genomics. The common
aim of all these initiatives is to provide a draft reference sequence. Draft genome sequences have a
lower accuracy than finished sequences (e.g. segments are missing or have the wrong orientation or
order), but have a large value for a variety of research studies because most genes are already
represented [11]. Having in hand such a resource improves the ability to assess new perspectives for
breeding and facilitate new approaches in crop research [12].

1.2.

DNA sequencing

The first generation of DNA sequencing method was initiated in the year 1975 by Frederick Sanger,
who invented the chain-terminating method for DNA sequencing. The method allowed to determine
the sequence of nucleobases along a DNA polynucleotide chain. The building units of the genomic
DNA, the nucleotides, contain one of the four nucleobases (A, C, G or T), being either a purine (A
and G) or a pyrimidine (C and T). The initial publication in 1975 was a milestone in molecular
genetics [13]. Two years later Maxam and Gilbert [14] published their protocol that rapidly became
a widely used sequencing method, since it was able to use purified double-stranded DNA instead of
cloned single-stranded DNA. However, with a simultaneous publication in 1977, Sanger
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Figure 1 Survey of crop plant characteristics. Botanical drawings of plants were adapted from [277]. Agronomical
values are based on reports of the FAO (2012). Values of production quantity are in given in millions of tons and billons
of dollar. For Germany the statistics of FAOSTAT were analyzed [278]. For world production the sum of the top twenty
countries with highest the productivity is used. The overview of the availability of genomic resources is based on
publications that were released in or before the year 2010, selected with the aim to refer to the most advanced genomic
resources available at that time. Due to different individual research focuses the given perspective is rather a subjective
selection and does not claim a complete objective overview. Given values refer to (G)enome, (T)ranscriptome and
(D)iversity for different resource types. Because of space limitation the abbreviations for genome reference (GR) and
transcriptome reference (TR) are used in the graphic. Values are taken from a) Schnable et al. [3]; b) Lai et al. [279];
c) Mayer et al. [8]; d) Steuernagel et al. [7]; e) Stein et al. [6]; f) Close et al. [5]; g) Varshney et al. [4]; h) Bartos et al.
[10] and i) Bolibok-Bragoszewska et al. [280].
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provided a less complex and better scalable method that was able to be used in sequencing kits. Thus,
it became the method of choice for the upcoming 25 years [15]. This method applies the sequencing
by synthesis (SBS) concepts, using single-strand DNA as sequencing templates. Together with a
DNA primer and deoxynucleoside triphosphates (dNTP), the DNA polymerase elongates the new
DNA fragment. This replication process is repeated until a dideoxynucleotide triphosphate (ddNTP)
terminates the reaction. The product of a sequencing reaction is individually loaded into one lane of
a gel and the DNA fragments are subsequently size separated by gel electrophoreses. This allows for
the determination of the order of nucleotide bases for a DNA sequence, based on the varying length
of different synthesized DNA fragments. Various technical inventions like the use of primers tagged
with a fluorescence dye, which allowed sequencing in optical systems [16], have continuously
decreased cost and increased throughput. But in general, the core of the technology to decipher genes
and genomes did not change.
The International Human Genome Sequencing Consortium (IHGSC) applied Sanger DNA
sequencing for deciphering of the human genome, which has a size of over 3 billion nucleotides
[17,18]. The achievements of this breakthrough project have shown the requirement for high
throughput and cost-efficient sequencing. Therefore, a funding program was initiated by the National
Human Genome Research Institute (NHGRI) with the aim to reduce DNA sequencing costs by four
orders of magnitude within the next ten years [19]. This gave rise to the development of nextgeneration sequencing technologies.

1.2.1. Next generation sequencing technologies
In the last decade, DNA sequencing experienced an enormous technological shift leading to a
massive increase of throughput and a sharp decline of costs per-base (Figure 2). The corresponding
DNA sequencing platforms are termed second or next generation sequencing (NGS), to express the
advance (e.g. massive parallelization) that was achieved compared to the first generation of DNA
sequencing (Sanger). Current DNA sequencing technologies decipher the order of nucleotide bases
only within short regions (100-20.000 bp) that are referred to as ‘reads’. To reconstruct the entire
sequence of usually much longer DNA/RNA macromolecules requires the subsequent process called
assembly that aims to generate a larger continuous sequence (‘contig’) from the reads.
The two sequencing platforms Roche 454 (www.454.com) and Illumina (www.Illumina.com) have
been used in projects that are embedded in this thesis and therefore, will be briefly introduced in this
section. Several other NGS technologies exist, e.g. SOLiD (http://www.lifetechnologies.com), Ion
Torrent

(https://www.thermofisher.com/de/de/home/brands/ion-torrent.html)

and

Complete

Genomics (http://http://www.completegenomics.com/). Moreover, a third generation of sequencing
(TGS) platforms began to emerge, with PacBio (http://www.pacificbiosciences.com) as the only one
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Figure 2 Decline of DNA sequencing costs. Even after the Human Genome Project was declared to be finished in April
2003, the sequencing cost still followed Moore’s law. It is predicting a decline of computing cost in exponential scale.
Until 2008, shortly after NGS technologies were established, the sharp and continuous decline of costs started. Figure is
adapted from [281].

currently commercially available. With the Personal Genome Machine by Ion Torrent [20,21] or the
MiniION developed by Oxford Nanopore (https://www.nanoporetech.com/) other TGS platforms are
developing. In contrast to previous generations, these technologies aim at single-molecule
sequencing. For a broader introduction and comparison several reviews have been published [22,23].
The technology of 454 sequencing became commercially available in 2005 with the company 454
Life Science, which was acquired by Roche in 2008 [24]. The technique applies a SBS method
published as pyrosequencing [25,26]. Roche 454 sequencing runs in parallel on a large-scale and is
capable to produce up to 700 Mbp of sequence data in a 10-hour run [27]. It produces sequence data
that exceed in more than 85% of the reads a length of 500 base pairs (bp), having on average 700 bp
[28]. Current instruments are the GS FLX+ system and the GS Junior system. At the end of the DNA
sequencing process a standard flowgram format (SFF) is produced, containing the DNA sequencing
results.
The second provider of NGS platforms was the company Illumina. The Illumina NGS approach was
established in 1997 by S. Balasubramanian and D. Klenerman. They invented the approach using a
solid phase sequencing in combination with reversible dye-terminators. With a successful venture
funding they formed the company Solexa in 1998, who launched the sequencing technology in 2006.
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Table 1 Overview of DNA sequencing technologies from 1rst to 3rd generation. Listed DNA sequencing
platforms include the two sequencing platforms (454 & Illumina) used to generate results for this thesis [2.1, 2.2 and
2.4]. The list also includes Sanger technology, representing the first generation of DNA sequencing, and PacBio
representing the third generation. Technical descriptions are extracted from vendors specifications (accessed 20th of
October 2014). The ranking (cost per Mbp) is adapted from the comparison published by Shendure et al. [171].

In 2007, Solexa was acquired by Illumina. The sequencing process is described in more detail by
several reviews [29,30]. The enormous throughput of Illumina machines justifies its leading position
among the different sequencing platforms. For example, the currently widely used sequencer
Illumina HiSeq 2500 generates 120 Gbp in rapid run mode (27h) or up to 600 Gbp in the high output
mode (10d) (Table 1). A typical run produces ~30 Gbp per lane (HiSeq 2500 has a total of 2x8 lanes).
In addition, Illumina provides an alternative system, the MiSeq. This produces less output, but has
an immense improvement of read length (maximal output setting is 2x300 bp in a 65 hour run,
producing 15 Gbp of data output), compared to the 2x100bp on a HiSeq 2500 high output mode.
Several sample preparation kits are available to support the preparation process and offer highly
customizable solutions. Because of the extremely high-throughput and the broad scope of support,
Illumina currently is the leading vendor of sequencing technologies [23].
Furthermore, different TGS technologies currently are reaching the phase of consolidation, working
on the reduction of systematic errors (e.g. error profiles) or the improvement of technical difficulties
(e.g. deletion errors at homopolymers) [31,32]. Referring to Schadt et al. [33] the TGS technologies
seek to improve on six different levels in comparison to the second generation (throughput, time,
read length, accuracy, DNA quantity and costs). However, at the current state most of these
challenging goals require a deeper refinement [34], where the increase of nucleotide accuracy is one
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of the most demanding needs. Nevertheless, among different existing TGS platforms the Pacific
Bioscience (PacBio) has been applied successful in various projects [35,36].

Compared to the cost of Sanger sequencing, that rarely fell below $500 per Mbp [37], the cost for
DNA sequencing was tremendously decreased with NGS (Figure 2). The decline successfully
reached the four orders of magnitude, which were set as challenging goal by the NHGRI ten years
ago [19]. This shows that sequencing will have a constant crucial influence on goals and perspectives
of research. As described in detail by van Dijk et al. [38], the NGS technology has significantly
driven the change of research and its improvements during the last ten years, and it will seamlessly
pave the way for new perspectives in research studies. As intended by the FAO, the focus on
biodiversity will challenge science to ensure nutrition of the world population in future [39,40]. In
addition to this enormous challenge, the questions of personal genomics and clinical diagnostics are
expected to be the driving forces for upcoming technological developments [41].

1.2.2.

DNA sequencing errors

The quality achieved with high-throughput sequencing technologies is, in its current technological
status, lower than with traditional capillary sequencing (Sanger) regardless of the type of NGS
platform. As emphasized in the section introducing DNA sequencing technologies, each platform
has its inherent error models (Table 1). While the precise investigation of sources for putative errors
constitutes a research topic on its own, this section aims to give a brief description of the most
common errors observed. A detailed perspective on sequencing technologies and error profiles is
given by Kircher and Kelso [37] as well as Harismendy et al. [42].

All technologies of the first and second generation of sequencing used amplification steps to increase
the number of DNA templates and thus the signal intensity. In consequence, PCR-based duplication
is one of the major error sources resulting in identical sequence reads, which require correction and
decrease the effective sequencing output [43]. It should be noted that the single-molecule sequencing
utilized by TGS technologies has the advantage that this source of an error is eliminated [44].
However, in the framework of this thesis all analyzed sequence data sets were generated using the
454 or Illumina sequencing technologies, thus requiring pre-processing steps to correct duplicated
reads.
In addition to the duplicated read error that originates from the DNA preparation process, the
pyrosequencing approach, utilized by 454, has another important drawback. The technology is error
prone when calling homopolymer sequences (long stretches of identical nucleotides). In the
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sequencing-by-synthesis process the emitted signal strength is proportional to the length of the
homopolymer [26]. However, saturation is reached at a stretch of eight consecutive nucleotides.
Because of this limitation, the major sequencing errors observed are insertions and deletions
(INDEL) that are significantly more frequent in 454 (median error rate is 0.3% for deletions and
0.2% for insertions) than in Illumina data (average 0.005%). This discrepancy is strictly limited to
homopolymer stretches, while similar error profiles for both sequencing platforms are observed
beyond these critical regions [45]. Referring to the publication of Harismendy et al. [42], INDELs
have also been discovered as sources of errors in traditional Sanger sequencing although on a much
lower scale and with respect to heterozygous positions.
Substitutions (‘mismatches’) are the most frequent type of error observed in Illumina sequences
[30,46]. The global substitution error rate has been revealed to be about 0.16%, estimated in a plant
sample control data set [47]. Several other types of sequence errors, e.g. underrepresentation of ATrich and GC-rich regions, are associated with both Illumina and 454 sequencing when whole-genome
shotgun sequencing is used [42]. An amplification bias has been identified as source of this problem
and methods have been proposed to apply correction models [48].

With the increasing amount of produced sequence data, several tools have been developed to use
these massive amounts of read data to correct intrinsic sequencing errors. Referring to a detailed
review of Yang et al. [49] the different approaches can be classified into three categories. All
approaches have the use of efficient data structures based on k-mers (oligomers of length k) in
common. Applied methods use these short motifs to construct efficient data structures like suffix
arrays or enhanced suffix arrays [50]. In the first method of ‘multiple sequence alignment’, reads are
screened to identify related subsets of reads that share identical k-mers and subsequently a correction
is performed within these clustered subsets. The second method of ‘k-spectrum’ uses all k-mers,
which are present in decomposed reads to correct less reliable reads (low k-mer frequency) with
minimal edit operations. In the third category, suffix tree or suffix array structures are used to correct
putative sequence errors by identifying rare substrings [51]. Yang et al. [49] revealed a general
requirement of error correction to increase and validate raw sequence data. At the same time, they
emphasize the need for further algorithmic improvements to achieve a reliable correction of the broad
spectra of failures.

1.2.3.

Scope of sequencing

Next generation sequencing has great potential and is offering the unprecedented opportunity to
assess also complex plant genomes [52]. In the year 2000, the first complete genome of the model
plant Arabidopsis thaliana became available [53]. In the year 2013, the genome sequence of Aegilops
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tauschii [54] was published and with it the 50th plant genome sequence [55]. Genome sizes of these
50 species range between 82 Mbp of the bladderwort (Utricularia gibba) to 19.6 Gbp of the Norway
spruce (Picea abies). With a genome sequence that is 100 times larger than the one of A. thaliana
[56], particularly the latter clearly indicates that these projects have been made possible by the
advances in NGS [55]. Ploidy, as well as heterozygosity or gene duplications are just a few of the
challenges that complicate the understanding of plant species. Handling the high amount of sequence
data is just the beginning of the computational challenges. Very different kinds of questions can be
addressed to these data resources and hence, a continuous development and improvement of
algorithms is required. This thesis aims to improve the aspect of diversity calling.

With the dramatic reduction of sequencing costs, the analysis of diversity on a large scale has become
feasible for many species. Nowadays, sequencing projects are underway for even highly repetitive,
large and complex genomes like barley (5 Gbp) and rye (8 Gbp). Furthermore, whole population
studies are in progress like the 1001 Genome project, aiming to sequence 1,001 strains of the
reference model plant A. thaliana [57]. The expanding scope of sequencing together with the still
decreasing costs will enable the research community to consider novel scientific questions. A main
objective of DNA sequencing is still to determine eventually the complete nucleotide sequence of a
genome. Therefore, whole genome shotgun (WGS) projects are considered for various species to
enable functional genomics and gain deeper understanding of plant genome structure, evolution and
complexity [56,58,59]. However, sequencing will have an expanding scope of further applications
that are more feature-oriented. One exemplary method is Methyl-seq for the discovery of DNA
methylation sites in the genome [60,61] that provide novel insights into genetic regulation. Other
aspiring possibilities are ChIP-seq methods, that investigate the protein-DNA interactions using
immunoprecipitation [62,63], or Hi-C, which reveals the three-dimensional structure within the
genome by interaction and contact of genomic DNA [64]. This list of applications can be extended
by two methods that were used in the projects integrated in this thesis [2.1 and 2.2]. RNA-seq and
CAP-seq (also known as ‘capture sequencing’) are sequencing strategies that perform a genome
complexity reduction (GCR). With this, a more focused perspective towards the transcriptome or a
particular selection of genome segments (e.g. genes) is achieved. The next section provides an
overview of these two DNA sequencing strategies applying GCR and the WGS sequencing without
complexity reduction.

1.2.4.

DNA sequencing strategies for the detection of diversity

NGS paved the way to access literally any genome of interest by WGS sequencing. In addition,
different GCR methods can be applied to assess the DNA sequence of a species and to study its
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Figure 3 Overview of applied DNA sequencing strategies. Each sequencing strategy has characteristics that provide
advantages or disadvantages. This information is provided together with an illustrated outline of the
workflow/concepts. A) RNA-seq represents the coding part (exons) of genes. Figure adapted from [65]. B) CAP-seq
approach targeting custom sequence regions. Figure adapted from [282]. C) WGS-seq approach represents the
complete genomic sequences of a species. Figure adapted from [18].

genetic diversity [43]. This thesis will illustrate how RNA-seq, CAP-seq and WGS-seq can be
implemented in the framework of diversity studies and what benefits each method provides. In
addition to these methods, several array technologies like Affymetrix (http://www.affymetrix.com)
or NimbleGen (http://www.nimblegen.com) exist for genotyping. It is important to emphasize that
these assay-based genotyping methods represent only a small portion of DNA markers and thus only
a small fraction of the complete genetic diversity. In contrast, DNA sequencing enables the de novo
detection of SNVs to reveal novel variations within a genome. The perspective of this thesis mainly
focuses on the discussion of the three DNA sequencing methods. In comparison to an assay-based
diversity study they all have the advantage of capturing the genetic diversity in a much more
systematic and thorough way.
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Transcriptome sequencing (RNA-seq) has evolved as a method to study gene expression [65,66]. As
proven by Zhao et al. [67], the method is very accurate for transcriptome profiling in comparison to
microarray technology. Both sequencing platforms, 454 and Illumina, offer RNA-seq as a powerful
tool to access the expressed transcripts of a species. The method is capable of analyzing gene
expression at the level of transcripts and splicing variants, although this would require additional
replicate sequencing and a solid experimental study design [68]. RNA-seq uses complementary DNA
(cDNA) libraries for sequencing [69,70]. This cDNA is synthesized from the input RNA by the
enzyme reverse transcriptase. The input RNA (mRNA) represents the coding sequence of a gene
(exons), excluding the non-coding intervening sequences (introns) [71]. If strand-specific RNA-seq
is utilized one possible challenge are artifacts that can appear by spurious synthesis of second-strand
cDNAs during the reverse transcription reactions [72]. Particularly in studies, which aim for the
analysis of strand-specificity transcription profiles, these antisense artifact need to be excluded.
Another possible error in RNA-seq studies are artifacts that result from incompletely spliced premRNA, which can contribute to the construction of spurious isoforms [73]. This is of particular
interest when total cellular RNA (mixture of nuclear and cytoplasmic RNA) is used to construct de
novo transcript assemblies. For a broad perspective of the advantages as well as challenges of RNAseq methods Ozsolak and Milos [71] provide a detailed overview.
However, beside the expression profiling, variation calling on the transcribed proportion of a genome
offers another cost effective approach to study the genetic diversity of a species. Therefore, several
individuals of a species have to be selected that reflect the broad spectrum of diversity within the
species. The significant reduction in complexity is very beneficial for sequencing large and repetitive
genomes (Figure 3A). 454 sequencing technology has been validated for its accuracy in SNV
detection in several species like maize [74] and also in hexaploid oat [75]. Nevertheless, application
in the complex genome of rye had to be analyzed for reliability, which was the aim in the first
publication included in this thesis.

In contrast to transcriptome sequencing, the CAP-seq method can address literally any part of the
genome sequence. One of the main system providers of sequence capture methods for NGS are Roche
NimbleGen (http://www.nimblegen.com/seqcapez) and Agilent (http://www.genomics.agilent.com)
with its SureSelect platform. Initially in the sequence capture design target regions are selected,
which subsequently are used to design custom specific oligos that will be ligated to an array surface
(on-array capture) or alternatively are used for an in solution-based (in-solution capture) target
enrichment [76]. The subsequent hybridization step with sample DNA allows to filter for target
DNA, which is captured by the complementary oligo on the array (Figure 3B) or in-solution. After
hybridization the target DNA is eluted and in the subsequent DNA sequencing process only reads
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for the selected target regions are produced. A disadvantage of the capturing method is the
hybridization that can be biased towards the reference lines that was used to construct the
oligonucleotides. As a result, more diverse lines have a lower possibility to be captured. To avoid
false negative results priority should be given to target regions with low ‘missing data’ [77]. Another
type of target enrichment methods is exome capture that is targeting sequences corresponding to
protein-coding exons [78]. Whole-exome target sequencing was adapted and has been extensively
used in plants like barley [77], pine [79] and wheat [80] in the last few years. Target enrichment
therefore provides a promising technology for variant discovery.

Sequencing a genome by whole-genome shotgun sequencing (WGS-seq) is the third DNA
sequencing strategy investigated in this thesis for application of diversity discovery (Figure. 3C).
With the advent of NGS technologies WGS sequencing became feasible in terms of sequencing costs
also for complex genomes. Nevertheless, in species with large genomes the sequencing cost still is a
limiting factor. The genome size of Secale cereale (7.9 Gbp) is estimated to be 64-times larger
compared to the 125 Mbp A. thaliana genome (Arabidopsis Genome Initiative, 2000) and thus WGS
sequencing in rye requires far more financial support in comparison to species with small genomes
like sorghum with 730 Mbp [81]. However, the advantage of having access the complete genome
sequence exceeds, in many research projects, the disadvantage of higher sequencing costs.
Furthermore, the scope of questions which can be addressed to an established WGS reference
genome are much more diverse. Sequencing a complete genome with NGS generates massive
amounts of raw sequence data, particularly when large species collection are re-sequenced like rice
[82] or species with large and repetitive genomes like pine [83,84] are studied. As a result, complex
computational methods are required to reveal solid and useful insights. On the one side scientists are
challenged with an increased complexity and on the other side they are attracted by the idea to have
in hand a complete genome sequence.

1.3.

De novo assembly and alignment of reads

A main goal of DNA sequencing is to determine the DNA sequence and thus to investigate the
genomic architecture of a species. The aim of the assembly process is to reconstruct the entire
sequence from reads and to generate larger contigs. Therefore, a consensus sequence is constructed
that is defined as that sequence, which is most similar to all overlapping reads. The resulting reference
sequence works as the standard sequence for a species, representing all major alleles (nucleotide
bases) observed in the consensus sequence. Two major assembly concepts exists to reconstruct the
DNA sequence from short sequence reads [85]. First category of assembly concepts is the overlaplayout-consensus assembly concept [86,87]. Through partial overlapping of reads, the consensus
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sequence is elongated, constructing a reference sequence. The second concept of De Bruijn graphs
is the most widely used method to assemble short sequence read data. It uses directed graphs to
represent substrings of reads and reconstructs the sequence by traversing the graph in an Eulerian
cycle [88,89]. Differences in sequence reads can have various sources. Principle aspects that need to
be considered are for instance sequencing errors or differences based on nucleotide diversity. The
construction of a consensus sequence without a reference is called de novo assembly, and this task
remains challenging [90]. In re-sequencing projects with a known reference sequence another
bioinformatics problem has to be addressed, called read alignment [91]. With this, the computational
problem is to locate the correct position of a sequence read within the given reference backbone.

Raw sequence data are generated in the standard format FASTQ. Technically, sequencing machines
produce technology specific raw data as the primary output of the DNA sequencing process, from
which in the next step FASTQ files are derived. In the following I will use the term ‘raw sequence
data’ referring to the unprocessed sequence data in FASTQ files. In the FASTQ format, nucleotides
have assigned quality values that are associated with an ASCII-code, which corresponds to a PHRED
score. This score gives the probability that a nucleotide is incorrect. It is a quality measurement that
is logarithmically related to the base-calling error probability [92]. For example, a Phred quality score
of 10 assigned to a nucleotide means that this base is incorrect in 1 of 10 cases (90% accuracy),
where a Phred quality score of 30 would mean that this base is incorrect in 1 out of 1000 cases (99.9%
accuracy).

1.4.

Genome diversity

Biodiversity is divided into three subgroups: ecosystem diversity, species diversity and genetic
diversity. The ecosystem diversity captures all different forms of habitats. Species diversity is
represented by the number of species living in a particular ecosystem. The genetic diversity refers to
the total of all the genetic variations within a species. These can occur on the level of chromosomes
(e.g. duplications), segments of chromosome (e.g. translocations, deletion, segmental duplication) or
on the level of nucleotides. The genetic diversity serves an important function for organisms to adapt
to environmental changes [93]. Diverse populations have a higher adaptability for changing
environmental conditions (e.g. drought or disease), because individuals might possess a trait offering
a particular benefit (e.g. resistance) to overcome the risk of extinction. In agriculture, breeders take
advantage of genomic variants to further improve existing lines and to develop advanced varieties.
Genomic sequence resources provide valuable insights to study the genetic diversity on a genomewide level, which will be the focus of this thesis. Changes in the genomic DNA are frequent [94].
Therefore, diversity studies at the nucleotide level have the benefit that genetic characteristics can be
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observed frequently and throughout the complete genome as shown for many plant species like Oryza
sativa [95,96], A. thaliana [57], or Solanum lycopersicum [97].

Most eukaryotes are diploid, meaning that they have two sets of homologous chromosomes. In this
respect, zygosity is the state of sequence similarity of alleles at a particular locus on the DNA
molecule [98]. If both alleles are identical, this position is referred as homozygous. If not, the locus
is considered heterozygous. Other, more specific, forms of zygosity exists for diploid organism like
hemizygous, describing that only a single copy of a gene is present, or nullizygous, where both copies
of a gene are missing [99,100]. Throughout this thesis I will mainly focus on homozygous and
heterozygous conditions.

The mating-system of the analyzed crops has to be mentioned because it introduces a fundamental
difference. Barley is a self-fertilizing plant, whereas maize and rye are obligatory out-crossing
species. In outcrossing species individuals transmit 50% of their genomic material to their offspring,
whereas in species with strict self-fertilization 100% is transmitted [101]. Self-fertilization (‘selfing’)
increases homozygosity and reduces the genetic diversity of a species [102]. On the other side, the
consequence of outcrossing is a high intraspecific variation between individuals of species. In many
plants like Arabidopsis lyrata [103] or rye [104] self-incompatibility system could be determined,
where their evolution is expected as mechanism to prevent the plant from the negative consequences
of inbreeding. However, several highly successful selfing species exists like wild barley [105], that
emphasize the evolutionary benefit of this mating-system [106]. Finally, it should be mentioned that
many plant species have a mixed mating-system, where occasional outcrossing events result in new
heterozygous lines [107]. The main focus of this thesis is the reliable detection of diversity. In
genomic studies, especially in those of non-model species with complex genomes, sequencing
projects mainly use inbred lines, because these largely reduce the complexity of the study on several
levels (e.g. de novo assembly, traits studies). Hence, I do not discuss and differentiate in closer detail
the different mating-systems. For a more detailed description of mating-systems and their importance
in plant breeding or establishment of germplasm collections I refer to several publications
[102,106,108,109].

The preservation of diversity is a fundamental issue in natural habitats [110]. In an agricultural
context, biodiversity is also seen to be necessary as a source for new breeding concepts [111].
Genebanks will play a key role to overcome one of the big challenges of this century. Nutrition and
food security for a global human population, which is estimated to grow up to 9 billion people by
2050 [112], are only two of these big challenges. The Genebank of the Leibniz Institute of Plant
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Genetics and Crop Plant Research in Gatersleben seeks to preserve this diversity of crop plants by
collecting and conserving different genetic varieties. Climate change and the need to cultivate crops
in less optimal environments are forcing breeding initiatives to develop new strategies and varieties.
Solutions to improve plant tolerance against abiotic stresses, like drought and cold, and biological
stresses, like plant disease, are required. Many wild species carry useful characteristics that are not
present in cultivated elite lines used in breeding programs [113]. The discovery of the underlying
genetic diversity, including its phenotypic-genotypic association, constitutes a challenge for
scientific research as well as for society.

1.4.1.

DNA markers

Genetic diversity is reflected in DNA markers. Patterns of sequence variations form features that are
uniquely linked to a specific locus within the genome. As any genetic diversity, these DNA markers
originate from mutations of the nucleotide sequences. They directly reflect the genetic diversity at
DNA level and have the benefit of genome-wide distribution. Beside DNA-based molecular markers
(DNA-marker) other types of genetic markers exist like morphological markers (phenotypic) or
biochemical markers. Morphological markers distinguish an individual or a population from another
by phenotypic characteristics like color or shape (e.g. dwarfing) as shown by Kuczyńska et al. [114].
In contrast to that, biochemical markers determine differences at the biochemical level [115] like the
tolerance to aluminum in plants [116] or the association of biochemical features with additional
subgenome chromosomes in Aegilops [117,118]. Both, morphological and biochemical markers have
the disadvantages that they occurrence in limited numbers.

In this thesis, I will consider DNA markers in more detail. An example of traditional DNA marker
types are restriction fragment length polymorphisms (RFLPs), based on hybridization of DNA-DNA
molecules [119]. Besides traditional marker types, several other approaches were established during
the last decades [120]. Improvements were accompanied by various automation steps that led to a
rapid development of high-throughput genotyping applications [121]. In brief, the most widely used
technologies are amplified fragment length polymorphisms (AFLP), simple sequence repeat (SSR),
kompetitive allele specific PCR (KASP), diversity array technology (DArT), single nucleotide
polymorphism (SNP) and the restriction site associated DNA sequencing (RAD), and genotypingby-sequencing (GBS) markers. For a general review see [122]. In this brief overview of marker
development, the higher automation and throughput has to be emphasized. AFLP development [123]
tremendously changed genomic marker development as RAD development did again in 2008 [124].
With the RAD sequencing and genotyping-by-sequencing that was developed in maize and barley
[125], restriction enzymes are used to reduce the sequence complexity. Therefore, sequencing is
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performed at particular sites assessed by the restriction enzymes. Both approaches combine the
process of sequencing and the process of genotyping and therefore are highly cost effective [126].
At present, the sequence-based marker types SNP and SSR are widely used in plant genetic analysis.
SNP markers offer the highest throughput and their advantages led to application in many species
[127–130]. The power of application in plant research and a detailed description of automated
methods, which led into the era of ultrahigh-throughput genotyping are given by Edwards et al. [52].

1.4.2.

Single nucleotide variations

The main perspective of this thesis is the study of genetic diversity in plants through the de novo
detection of single nucleotide variations (SNV). Advances in DNA sequencing technologies have
eased and accelerated the discovery of large amounts of SNVs, because sequences data can be
generated on low cost for literally any species. The wide dispersion throughout the genome, the high
stability and low cost make this DNA marker type very beneficial for application [131]. For
variations, that are frequent within a population (abundancy at least 1%) or that are used as markers,
the term single nucleotide polymorphisms (SNP) is used [94]. These variations represent genetic
diversity at the most fundamental level based on single nucleotide changes. At the DNA level, for a
genomic sequence position different sequence alternatives (alleles) are observed. SNVs can be
classified into two groups. (1) Transitions are defined as point mutations where a purine is exchanged
with a purine or a pyrimidine by another pyrimidine nucleotide. As second type (2) transversions are
defined as substitution of a purine by a pyrimidine or vice versa. Another type of variant positions
(VP) are INDELs, defined as additional nucleotides (insertions) or lost nucleotides (deletions). For
clarity in this thesis, I will use the term variant position as a more general term to refer to both SNV
and INDELs. SNVs are the most abundant form of sequence variation within the genome.
Consequently, this provides a high density for putative DNA markers in plants, as well as animal or
human genomes. Most SNVs occur in non-coding regions and with significant lower frequency in
coding regions of genes (exons) [132]. In coding regions, a variation that leads to the change of an
amino acid, is defined as non-synonymous SNV. However, through the redundancy in the genetic
code a nucleotide change does not always lead to a change in the sequence of the amino acid. A SNV
of this type is referred to as synonymous SNV [133]. In non-coding regions a SNV can be classified
as intergenic or intronic [134].

With the advance of NGS, the discovery of this type of variation became feasible on a large scale.
Furthermore, with the development of high-throughput genotyping platforms, SNVs, and
subsequently SNP markers, became one of the predominant used methods during the last years [135–
138]. A detailed comparison of SSR and SNP marker technology is given in an empirical study by
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Singh et al. [139]. The dense and genome–wide distribution and hence, the possibility to utilize
specific markers for any gene of interest, make SNP markers the preferable method for trait analysis.
In general, DNA markers will provide access to the genetic diversity within large groups of species.
The knowledge about diversity will further support studies of population evolution or association
studies. This has already been proven in humans where recent biotechnological achievements paved
the way for diversity studies of whole populations [140,141]. These efforts are expected to be
applicable to many species. As emphasized by Takeda and Matsuoka [142], the need for crop
improvements to overcome the tremendous challenge of nutrition supply requires to transform all
this knowledge into plant research. Therefore, they illustrate how concepts like association mapping
or quantitative trait loci mapping (QTL), widely used techniques in human research, can support
these challenges.

1.5.

Computational methods for the detection of diversity

The huge amounts of raw sequence data require a large number of computational calculations to
translate pure sequence information into high-quality diversity information. NGS directly paved the
way for large scale discovery of SNVs. However, the process to detect a reliable set of valid SNVs
is far from being direct and requires several independent sub processes e.g. quality trimming, read
alignment, and subsequent variant calling. Each sub process can and should be individually
optimized to ensure a reliable discovery of diversity at the end. Variant positions are translated into
variant call format (VCF). These files became the standard output format in many variant calling
programs. The VCF format goes back to an initiative of the 1000 Genomes Project [143] and its
specification was published jointly with a widely used software suite (VCFtools) to manage these
files [144]. Various variant calling concepts have been addressed over the last years. These also
included the possibility of searching for VPs by cloud-computing [145].

The need for systematic evaluation of variant calling methods has been emphasized in medical
applications and was also underlined by a review of published software developments [146]. This
publication indicated a low concordance of different variant calling programs and thus motivated a
broad evaluation. Figure 4 illustrates the ongoing development of variant discovery tools. The
assessment cannot be considered as a complete compendium of available tools, because several tools
might still be under development or have not been released in a publication. As a rough estimation,
the list of SNV discovery tools provided on SEQanswers [147] contains 80 different tools (October
2014), where a large majority (~85%) are listed as non-commercial. The timeline of software tools
(Figure 4) shows the ongoing development of variant calling tools, thus underlining the importance
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Figure 4 Overview of software tools for variant calling. The graphic is showing the increasing number of noncommercial software tools that are applicable for variant calling. The Illustration uses alternating colors to indicate
different years. In consequence two large blocks are emphasized that underline the peak phase of software development
(2009 and 2010). In the graphic the continuous increase of available variant calling tools is depicted. In consequence,
the high number of different tools is requiring a detail investigation and comparison of predicted results. Motivated by
this observation a detailed evaluation for a subset of eight variant calling tools is conducted as part of this thesis.

of variant calling. SNV discovery and its application are discussed in many publications [148,149].
However, these versatile applications further emphasize the need for optimal accuracy and
validation. Included in this thesis [2.2] are eight variant callers that demonstrated excellent
performance through a broad comparison to other tools [150] or by pre-dominated use within the
research community. A survey of diversity detection methods is given by Pabinger et al. [151] as
well as a comparison using low-depth sequencing by Xu et al. [152]. However, an extension is
required because additional variant calling methods have been released since the study was
published. Furthermore, the influence of read alignment to subsequent variant calling was not
analyzed in this previous study. As a result, a deeper investigation was required, which is conducted
in this thesis.

The most popular SNV calling method currently is SAMtools [153,154]. Several other tools like
FaSD [155], VarScan2 [156], VCMM [157], CRISP [158] or SNVer [159] have recently been
published and need broad inspection and comparison. In addition, the commercial vendor CLC
(http://www.clcbio.com/) is providing a variant calling method that will be analyzed. Finally, the
further development of PolyBayes [160] led to a new release and publication of the tool Freebayes
[161], which is integrated into this evaluation as well. Referring to Pabinger et al. [151], tools
performing genome wide variant discovery are classified in four groups: (i) germline callers, (ii)
somatic callers, (iii) tools for the discovery of copy number variation (CNV) and (iv) tools
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investigating structural variations (SV). The perspective of this thesis is to reveal constitutional
mutations that can be applied as SNP markers. In consequence, the tools reviewed here are classified
in the first category. In general, to predict variant sites through reference aligned read files (SAM,
BAM or PILEUP), the applied algorithms estimate the probability for a position to be polymorphic.
Therefore, Bayesian models are applied in many tools [162–164]. The implementations differ for
each developed tool. Nevertheless, for a short explanation the method of VCMM is briefly introduced
with reference to an in-depth description in the original publication [157]. For the prediction of a
variant site, the probabilistic model calculates a ratio between the probability that the minor allele is
an error (Perror) and the probability that the minor allele is an alternative allele (Pallele). An important
influence in this calculation is the base quality (PHRED) score, which reflects the likelihood that a
sequencing call is an error. Here, each involved read at the putative variant site is evaluated. When
the resulting ratio exceeds the cut-off within the Bayesian decision method, the position is considered
to be a variant site. In addition, to improve accuracy of the utilized PHRED scores, another Bayesian
decision method can be used beforehand to correct quality scores [165]. Several iterative steps ensure
optimized settings for cut-off and quality thresholds. Beside this, several internal analyses check the
sequence environment of a putative site, for instance, if the positions are adjacent to INDELs or other
variant positions. In fact, each individual variant calling program utilizes independent measurement
characteristics and/or slightly different thresholds. As a result, these systematic differences lead to
significant differences in variant predictions.

1.5.1.

Accuracy of variant discovery

Martin and Wang [166] provide a good review about problems and errors of sequencing technologies
that even occur in complexity-reduced RNA-seq data sets. Assemblies are far from being error free
and these errors must always be considered in the subsequent diversity study as a particular source
of a failure. Measurements to access quality and reliability of variant predictions therefore are of
tremendous importance.

Likelihoods of erroneous variant calls are indicated by various tools as scores in the resulting output
file. These risk classes provide a good estimation of failure, but comparison of multiple tools often
suffers the limitation of different score metrics, particularly when formats differing from the VCF
standard are used. Beside this score value, reliability of a prediction can be assessed by several other
measurements like: (i) read coverage, (ii) mapping quality, and (iii) minor allele frequency (MAF).
In addition to these fundamental measurements, the neighboring quality standard (NQS) was
suggested to ensure sufficient quality around a predicted variant position [167]. The NQS criteria
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became a widely used measurement and was incorporated in various variant calling tools e.g. GATK
[168] or SNPdetector [169].

The complexity of a reliable variant discovery is further increased within highly repetitive plant
genomes which are studied in this thesis. In the sequence assembly process reads that originate from
repetitive regions often cluster into a single representative contig. Marginal differences within repeats
are accepted by the assembler, particularly in WGS assemblies. These collapsed contigs of repetitive
sequences can be the source of an error, described as repeat derived false positive calling [170].
Subsequently, variant calling in these repetitive regions will harbor several false positive predictions
that are technical artefacts and have no biological meaning. There is a strong requirement, especially
for highly repetitive plant genomes, to develop solutions that overcome this issue.

1.5.2.

Workflow of diversity filtering

Currently, a massive volumes of NGS data can be used to reveal the genetic diversity of any plant
species. These data subsequently generate an unprecedented amount of putative variant sites.
Independent of the applied DNA sequencing strategy, the process for variant detection and filtering
follows a general workflow, which is depicted in Figure 5. The illustration provides a guideline of
existing, extended, and newly developed filter criteria, applied throughout this thesis. It also states
in which publication the corresponding criteria have been applied. The presented workflow will serve
as a guide through the discussion. It is captured again as retrospective Table 5 with section references
and detailed descriptions.
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Figure 5 Workflow to filter the descriptive proportion of detected variants. Filtering is embedded subsequent to
the process of variant calling (orange) and before the final application of marker development (green). A) The listed
criteria are classified into the three categories ‘basic filtering’ (BF), ‘extended filtering’ (EF) and ‘large scale filtering’
(LF). The latter one defines criteria applicable to diversity studies with large collection of samples or genotypes. B)
The filtering methods, depicted in this general workflow, are modular. Different diversity projects might use individual
ordering of filter, depending on project aims. C) The four publications of this thesis are presented, using the
corresponding color code of the diversity workflow, to indicate which methods have been applied.
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2. Synopsis of publications
This thesis is based on four independent publications, which together comprise a comprehensive
survey of methods for the systematic study of diversity in plants. The main focus is on the
economically important crops rye, maize and barley. These crops represent a diverse collection of
species with different genome sizes, which range from 2.3 Gbp in Zea mays, over 5.1 Gbp in
Hordeum vulgare, to 7.9 Gbp in Secale cereale. In consequence, a reasonably good variety of species
is selected to study the complexity and challenges of genome and diversity projects.

2.1.

From RNA-seq to large-scale genotyping - genomics resources for

rye (Secale cereale L.).
Haseneyer*, G., Schmutzer*, T., Seidel, M., Zhou, R., Mascher, M., Schön, C.-C., … Bauer, E.
(2011). From RNA-seq to large-scale genotyping - genomics resources for rye (Secale cereale L.).
BMC Plant Biology, 11, 131. doi:10.1186/1471-2229-11-131

This article was the first survey of the rye transcriptome leading to a novel sequence and diversity
resource. The diversity of rye is studied with an RNA-seq approach analyzing five rye lines by 454
sequencing. I contributed to the project by developing the required bioinformatics pipelines,
performing computational analysis, and conducting NGS data processing. Finally the de novo
assembly, which represents the first transcriptome reference sequence of Secale cereale, was
conducted by myself. In addition my responsibility was to perform the diversity detection and
filtering for high quality SNP markers that were subsequently used for the design of the Rye5k
genotyping array. [Contribution 20% and equal contribution (*) of first two authors]
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2.2.

Targeted Sequencing Reveals Large Scale Sequence Polymorphism

in Maize Candidate Genes for Biomass Production and Composition.

Muraya*, M. M., Schmutzer*, T., Ulpinnis, C., Scholz, U., & Altmann, T. (2015). Targeted
Sequencing Reveals Large-Scale Sequence Polymorphism in Maize Candidate Genes for Biomass
Production and Composition. Plos One, 10(7), e0132120. doi:10.1371/journal.pone.0132120

The project was conceived to study 4,648 biomass-related genes in Zea mays using a collection of
21 maize inbred lines. It was my responsibility to design the respective sequence capture array
required to perform a CAP-seq experiment. I performed the genomic analysis ranging from de novo
assembly to variant detection. Furthermore, I comprehensively investigated read alignment and
variant calling procedures of multiple programs to conduct an in-depth evaluation of available tools
and to establish an enhanced variant calling strategy. The resulting ‘combinatorial variant calling’
approach increased the overall reliability of the final diversity set. Results indicated a condensed
subset of genes supposed to be involved in the biomass constitution in maize. [Contribution 35% and
equal contribution (*) of first two authors. Corresponding author].

2.3.

Kmasker – a tool for in silico prediction of single-copy FISH probes

for the large-genome species Hordeum vulgare.
Schmutzer*, T., Ma*, L., Pousarebani, N., Bull, F., Stein, N., Houben, A., & Scholz, U. (2014).
Kmasker - A Tool for in silico Prediction of Single-Copy FISH Probes for the Large-Genome Species
Hordeum vulgare. Cytogenetic and Genome Research, 142(1), 66–78. doi:10.1159/000356460

The problem of repetitive sequences is closely linked with the large and complex genome of barley.
My contribution to the publication was the development of an approach to detect unique or lowrepetitive sequences that are applicable for fluorescence in situ hybridization (FISH). The resulting
tool Kmasker is applicable to screen barley sequences for repeat patterns and can be adapted to
virtually any species. This precise knowledge of repeats can lead to improved confidence in diversity
projects. [Contribution 35% and equal contribution (*) of first two authors]
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2.4.

A physical, genetical and functional sequence assembly of the barley

genome.
IBSC, Mayer, K. F. X., Waugh, R., Brown JW., Schulman, A..,…, Schmutzer, T., …, Stein, N.
(2012). A physical, genetic and functional sequence assembly of the barley genome. Nature,
491(7426), 711–6. doi:10.1038/nature11543

The publication was conceived by the International Barley Genome Sequencing Consortium (IBSC)
and released a comprehensive resource of the barley genome (cultivar ‘Morex’), including a physical
map of 4.98 Gbp, a majority of which (78.3%) was anchored to a high-resolution genetic map. In
addition, an extensive genome-wide study of the natural diversity in domesticated and wild barley
was performed. I shared the responsibility for the manuscript subsection ‘re-sequencing and diversity
analysis’. With respect to that, I performed the genomic data processing of the four re-sequenced
barley cultivars ‘Bowman’, ‘Barke’, ‘Igri’, and ‘Haruna Nijo’, as well as the progenitor line Hordeum
vulgare ssp. spontaneum, revealing the preliminary source of variant positions. [Contribution 2%]
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4. Discussion
4.1.

Evaluation of DNA sequencing strategies

The advances of next-generation sequencing led to a broad application of molecular genetic methods
[171]. Utilization of cost-efficient whole-genome shotgun sequencing or strategies of complexity
reduced sequencing enabled the representation of the genetic diversity even in large collections of
plant species. In consequence, several new diversity resources have been established to gain insight
of the genetic architecture and diversity. These resources for the crops rye, maize, and barley are
integrated in this thesis by four publications and will be discussed in the following sections. The
massive reduction in sequencing cost paved the way to encode the genetic makeup of plant species.
But complex genomes still suffer the drawback of a large, highly repetitive sequence that is limiting
a cost-efficient access into the diverse repertoire. In this respect the rye genome (7.9 Gbp) is still a
challenge in terms of required financial support as well as computational complexity. Even today
with massive sequencing outcomes it would require a minimum of two and a half complete
sequencing runs (20 lanes) of an Illumina HiSeq 2000 (with estimated outcome ~200 Gbp per run)
to achieve a 50-fold coverage of the rye genome. Mere sequencing depth is an overestimation of a
precise genome coverage calculation. As indicated by Schatz et al. [172] only 70 – 75% of the gained
sequencing outcome can be aligned to the reference genome, whereas the remaining raw data lacks
sufficient read quality. This emphasizes the need for quality correction and removal of low quality
data prior to downstream analysis. In consequence this rough estimate to reach a 50-fold coverage in
rye still might be an underestimation. To compare, in the model plant species A. thaliana with a 120
Mbp genome size, this would mean to fund almost one fifth of the sequencing costs of the 1001
Genomes Project [57]. In other words, the financial engagement of a comparable volume required
for establishing a rye reference in A. thaliana would provide the opportunity to sequence one
reference strain at 50-fold and in addition up to 200 more strains at 17-fold coverage. This
comparison shows that projects for plants with highly repetitive genomes need a different strategy,
based on complexity reduction.
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4.1.1.

Established diversity resources

In this section I will briefly outline which diversity resources were built for rye [2.1], maize [2.2],
and barley [2.4]. The ordering of the projects and related results reflects the applied genome
complexity reduction staring with the largest reduction (RNA-seq) and finishing with no reduction
(WGS-seq).

RYE – RNA-seq
The application of 454 sequencing to the transcriptome of diverse genotypes was proven to be a
useful tool for the investigation of diversity in plant genomes that lack a genome reference as shown
in maize [74]. To reveal the genetic diversity in rye [2.1], a collection of 5 genotypes was sequenced
with the 454 GS FLX sequencer, comprising a total of 2,576,822 single end reads (Table 2). To
capture most of the gene repertoire expressed in rye as a response to cold and drought stress, a total
of 20 different samples per inbred line was obtained from a set of plant tissues that underwent three
different stress treatments (cold stress, dehydration shock, and nutrient-starvation). In rye, the
average gene length is estimated to be 2,016 bp. The estimation uses 16,407 genes of the highest
confidence class (unpublished data). Compared to the estimated mean gene size in barley stated to
be 3,013 bp for high-confidence genes [173] the length is lower in rye. This is explained by additional
sequence data sets available in barley compromising eight RNA-seq libraries and in addition a fulllength cDNA library that was used for gene model prediction. This led to a more evidence-based
gene prediction compared to the synteny based approach used in rye. In consequence, the calculation
in rye might be an underestimation and therefore the total transcriptome length is estimated to lay
between 56 and 84 Mbp, based on estimated values in rye and barley. The variant discovery detected
277,033 candidate polymorphic positions (raw variants) by applying the tool GigaBayes [160]. The
final set comprised 17,917 filtered SNVs that were manually inspected to select a total of 5,234 SNVs
for the design of a custom SNP assay (Rye5k) for genotyping (Table 2). The suitability of this DNA
sequencing method to utilize 454 transcriptome sequencing for variant detection was later
successfully applied in other plant species like wheat [130] or pea [174].

MAIZE – CAP-seq
In the maize publication [2.2] the diversity of 21 maize inbred lines including the genome reference
line B73 was assessed by targeted sequencing (CAP-seq) using 454 sequencing. With respect to the
project perspective 4,648 genes were selected that are considered to have an effect for biomass
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accumulation in maize. The method required an initial design of a customized oligo assay and in
consequence is associated with an increased complexity, including knowledge about the design
process to evaluate and optimize the target assay. In the final design, exons and introns of selected
target genes including the 5’- and 3’-untranslated regions (UTR) were captured. The UTR has been
shown to have regulative influence on gene expression [175,176]. We therefore exploited the benefit
of CAP-seq and extended our diversity study towards SNVs in UTR sequences. Variant discovery
was performed using a large collection of read alignment and variant calling tools to optimize the
detection process. In the initial discovery, approximately 4.8 million candidate SNVs were identified
(Table 2). This non-redundant number was condensed to 696,665 SNVs by basic filtering discarding
all SNVs with coverage below four reads. The final set of variants comprised 383,145 SNVs with a
global average number of 45,594 per genotype with a range of 11,386 to 96,158 for non-reference
genotypes B106 and UH007, respectively. The targeted sequencing approach was efficient for
determining variants in selected genes and in addition also allowed for hypotheses of
presence/absence variation (PAV) in genes by comparing different inbred lines. Compared to an
RNA-seq experiment it is worth noting that such a PAV analysis would not directly allow meaningful
conclusions. In RNA-seq, the pure absence of sequence information of a particular gene could be a
result of low or no expression [65]. Therefore, it can be concluded that CAP-seq is more robust
because it is not affected by expression differences of studied samples.

BARLEY – WGS-seq
Assessing the diversity through WGS sequencing is a strategy applied in various cultivated plants
like rice [177] or maize [3]. Although tremendously challenging in terms of cost and computational
requirements, the perspective of gaining insights to the genomic architecture and diversity is
convincing.

Diversity of six barley cultivars was assessed by WGS sequencing. The four cultivars ‘Morex’,
‘Barke’, ‘Bowman’, and ‘Igri’ as well as a wild barley of accession H. vulgare ssp. spontaneum were
sequenced on the Illumina HiSeq2000 platform. In addition, the cultivar ‘Haruna Nijo’ was
sequenced on a 454 GS FLX. WGS sequence data of cultivar ‘Morex’ was utilized to construct a de
novo WGS assembly reference. The initial variant calling was performed by a joint application using
SAMtools [153] to construct the required pileup format that subsequently was analyzed by VCFtools
[144]. Detected variants were quality filtered (basic filtering) to comprise a robust diversity set. In
cultivar ‘Morex’ quality enhancement was conducted by the removal of 12,065,380 positions that
were classified as ambiguous (S8.1 supplemental material of IBSC, 2012). This was intended to gain
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Table 2 Overview of three DNA sequencing strategies and their application in diversity studies.

more confidence and implemented by masking polymorphic sites discovered throughout an
alignment of reads of cultivar ‘Morex’ against the established ‘Morex’ reference. The complex
approach was necessary due to flaws of the WGS reference assembly like the high grade of
fragmentation. This limitation is often observed in WGS assemblies and it hinders analysis especially
in complex regions corresponding to nested repeats [178]. The majority of these discarded positions
are located in short contigs and/or intensified towards the end of contigs, with a similar observation
in rye [2.1]. Analyses illustrate that 67% of discarded positions aggregate in contigs shorter than the
L50 (1,425 bp) and 66% have a distance to the contig end that is below 200 bp. According to previous
findings that stated terminal SNVs as less reliable compared to non-terminal SNVs [179], our
decision was similar and we excluded them from further analysis. In total more than 15 million
unique SNVs were identified, having a robust SNV quality score that exceeds a value of 50 (Table
2). The high divergence of cultivated barley lines was emphasized by the large number of SNVs
identified in the wild barley H. vulgare ssp. spontaneum (6,191,130 SNVs in chromosome arm
assigned contigs). The number of SNVs was more than twofold compared to cultivated barley
accessions. In these accessions an average number of 2,742,630 SNVs in chromosome arm assigned
contigs was observed, ranging from 948,722 (‘Haruna Nijo’) to 3,651,330 (‘Barke’). The benefit of
a well annotated genome reference sequence with gene model predictions was utilized to further filter
for SNVs in coding regions. On global average per genotype 6.68% or in absolute numbers up to
370,000 of the detected SNVs are localized in exons [173]. Among them, 50% were integrated into
the published genetic/physical framework of the barley genome. With this, a genome-wide SNV
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resource was provided that is applicable for large-scale analysis (e.g. map-based cloning) and that
assists new genome-assisted breeding strategies [180]. In conclusion, publication [2.4] provided indepth analyses of the genome architecture together with the first detailed description of diversity
patterns in the barley genome.

Figure 6 Comparative schema of predominantly accessed target regions. The Illustration shows with four
simplified examples which genome segments are derived by each individual DNA sequencing strategy and what
similarities and differences can be observed. For each of the three DNA sequencing methods A) RNA-seq, B) CAPseq and C) WGS-seq the examples reflect the following simplified situations: 1) a gene with sufficient expression, 2)
a gene having a low abundance transcript, 3) a gene with sufficient expression (off-target) and 4) an intergenic
sequence. All depicted DNA sequencing strategies have a top segment (1) that shows the expected sequence and a
bottom segment that is an abstract representation of the genome sequence. It has intergenic, exon, intron and UTR
segments (8-12). Sections demarcated with (2) illustrate those genomic sequences that are expected by the particular
DNA sequencing strategy. Additional sub-sections marked with (3) represent sequences that are expected as target
sequence but were missed or (4) that were not expected as target sequences but were captured additionally (off-target).
In addition, the mRNA level is illustrated with (5-7). The missed regions (3 and 6) illustrate the discrepancy between
theoretical expected and experimentally achieved sequences.
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4.1.2.

Comparison of DNA sequencing strategies

In this section I will illustrate how each of the projects included in this thesis [2.1, 2.2 and 2.4] applied
different DNA sequencing strategies and discuss advantages and disadvantages.

Comparability and predominantly assessed regions
The three DNA sequencing strategies clearly differentiate in the regions that are addressed and that,
in consequence, are utilized for diversity analysis. RNA-seq is restricted to the coding regions of
genes and, in comparison to CAP-seq, these are required to be expressed in the dissected tissue of
interest. An advantage of CAP-seq is that through the customizable design, complete gene sequences
can be targeted. Instead of assessing only the exons, introns and UTR regions can be included [181].
These differences are indicated in Figure 6, illustrating which part of the gene or genome is derived
by each sequencing concept.
Discrepancies can occur between theoretical expected sequences and the experimentally achieved
results. In RNA-seq, genes can be missed that are not expressed or only with low abundance [65].
Furthermore, this GCR strategy does only access the transcriptome (Figure 6, example 4 not
captured). In CAP-seq, custom oligonucleotides can be used to access the full genomic sequence.
However, as shown in example 2 and 4 sequences can be missed. This can be caused, when targeted
sequences do not hybridize to the designed oligonucleotides [76]. Furthermore, parts can be missed
because no oligonucleotides could be designed for the particular sequence (e.g. very low probe
specificity). Another effect is illustrated in example 3, where sequences are captured that are not
expected [182]. Here, sequences with high similarity to the designed probes are derived additionally
(e.g. paralogous genes). WGS sequencing is not affected by these limitations (gene expression, oligo
design problems or cross-hybridization) because no genome complexity reduction is performed. The
complete DNA sequence of the genome is accessed. However, there are limitations like GC-bias,
where GC-rich and AT-rich DNA fragments are underrepresented in sequencing results [48,183],
that can lead to missing parts of the genome sequence (example 4). The discovery of diversity is only
possible in regions that are derived by the applied DNA sequencing strategy.

Furthermore, it is important that the predominantly accessed sequences are comparable between
different genotype samples. Due to various effects, like differences of gene expression levels in
RNA-seq experiments or different sequence similarities of genotypes to the designed sequence
capture oligos in CAP-seq, the coverage of read data in consequence is not equally distributed.
Although the concept of CAP-seq is to target selected regions, the results of our analysis showed that
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Figure 7 Comparability of coverage among different DNA sequencing strategies. For three investigated DNA
sequencing concepts the percentage of reference genome sequenced is shown per individual genotype. The term reference
genome in RNA-seq refers to the transcriptome reference and in CAP-seq it refers to the captured target-genes A) RNAseq in rye. Different expression levels per genotype lead to variability. B) CAP-seq in maize. The effectiveness of capture
oligo sequences differs between various maize inbred lines. C) WGS-seq in barley. Moderate variability with high
average percentage of reference genome sequenced per genotype.

beside the majority of SNVs that locate on target regions (71%), also a substantial proportion of
SNVs were detected off-target (29%). This indicates, that in CAP-seq experiments diversity is
detectable in off-target regions, if these regions have sufficiently high sequence similarity to the
designed oligo sequences. The sequencing coverage thereby is influenced by the hybridization
reaction of capture-oligo sequences [76]. Analyses revealed [2.2] that even in custom designed
capture assays the resulting output has high variability and is seriously affected by the studied
genotype. For genotypes that are more diverse to the B73 reference line, which was used in [2.2] to
design the capture-array, the hybridization to probes and thus the effectiveness of captured target
DNA is lower. The experiments in maize generated significant differences in the total sequencing
output, ranging at minimum from 149 Mbp (PH207) to 399 Mbp (B73). As expected, the reference
genotype B73 yielded the highest efficiency (Figure 7B). The analysis investigated for each studied
genotype, which percentage of reference sequence is sufficiently covered. The resulting proportions
showed different representation per genotype (Figure 7), where 100% refers to the reference regions
addressed by each of the three genome complexity reduction methods (transcriptome, target genes
and genome). The transcriptome reference sequence for rye was constructed as a de novo RNA-seq
assembly using five different genotypes. This might explain, why none of the five rye lines shows
complete coverage of the reference sequence. In RNA-seq (Figure 7A), as well as CAP-seq (Figure
7B), the observed differences of sequencing coverage levels are partially restricting the comparability
of diversity results among different samples. This can be caused when genotypes do not express
particular genes (RNA-seq). Another reason is the hybridization effectiveness of the designed oligo
sequences, when the capture array is applied to different genotypes (CAP-seq). This limits the
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capture and in consequence, missing values dilute the global analysis. This effect is lower in diversity
studies using WGS sequence data (Figure 7C), because no bias is introduced by expression or
hybridization limitations. Interestingly, the WGS sequencing for cultivar ‘Haruna Nijo’, that was
derived by single end 454 sequencing on lower sequence depth (~5-fold), resulted in a very high
coverage of the reference genome (96.96%). The other barley cultivars, including the wild barley H.
vulgare ssp. spontaneum, were sequenced with Illumina paired end sequencing with higher coverage,
also resulting in sufficient coverage of the reference. However, the advantage of longer read length,
at least partially, compensates for the higher sequencing cost of the 454 platform. The ‘Haruna Nijo’
WGS sample emphasized, that 454 sequences have a very high effectiveness and thus can be
successfully used in diversity studies, too.
For a final comparison, the average coverage among the studied genotypes was calculated for each
of the three evaluated DNA sequencing strategies. The proportion of the reference sequence (target
region) which is covered by reads was evaluated for different samples (genotypes/cultivars). The
results of this comparison revealed that WGS sequencing is better than RNA-seq or CAP-seq,
achieving a high average sequencing coverage of 90%, 75% and 71%, respectively (Figure 7).

One of the major benefits of WGS is that it captures the complete diversity of a species. The resulting
high density of SNVs cannot be recognized by RNA-seq, nor by CAP-seq. In consequence, with the
established genome-wide SNV resource for barley [2.4], a new SNV density estimation of ~1/400
bp was proposed (referring to 4.6 million SNVs of cultivar ‘Bowman’ and an assembled reference
genome size of 1.9 Gbp). This allowed us to correct a previous estimation of 1 SNV per 78bp [184],
which was based on RNA-seq data of 23 genes. However, as shown in publication [2.4], the nature
of such a WGS assembly reference is still fragmented. In consequence, WGS assemblies bear certain
limitations (e.g. assembly errors) compared to a fully established genome reference sequence. This
requires a careful investigation and filtering of discovered SNVs.

Criteria to assess the quality of variant positions
For a detailed assessment of the quality and reliability of predicted VPs an eligible set of criteria is
required to filter the raw diversity data. The crucial ambition is to distinguish true variant sites from
inaccurately called sites. In data sets without an established complete genome reference sequence
(rye and barley), it is of great importance to evaluate the sequence environment of SNVs. For instance
it can be analyzed if VPs locate in collapsed contigs, repeats or distance to contig ends. In [2.1], a
manual inspection of discovered variant positions revealed a large proportion of erroneous variant
sites towards the end of contigs. This finding also was observed in the diversity study of barley, using
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WGS sequence data [2.4]. Low confidence variant positions were predominantly detected in small
WGS contigs and in addition these, erroneous calls were found towards the end of contigs. This
phenomena is widely observed in de novo genome assemblies of repetitive species [178]. In barley,
it was shown for cultivar ‘Bowman’, that in contrast to the low-confidence sites, the high-confidence
sites had an almost 4-fold higher occurrence in contigs, which were longer than the L50 contig length
(~1.4 kbp). And in line with this, a 2.5-fold lower proportion of VPs with high confidence was
observed in close distance to contig ends. Thus, to reveal a sufficient quality of diversity data, small
contig and especially the corresponding contig ends need a careful investigation.

Analysis of read coverage at VPs is an expedient method to remove a significant amount of erroneous
variant calls. This method is applicable to all three DNA sequencing strategies. However, it should
be noted that the read coverage particularly in RNA-seq data is not equally distributed due to different
expression levels (in case of un-normalized RNA-seq data). Several fundamental criteria can be
utilized for basic filtering, using tools like vcfutils.pl, which belongs to the SAMtools package
[153,154], or VCFtools [144]. In addition, several other criteria exist, e.g. distance to neighboring
SNVs, minor allele frequency (MAF), distance to contig ends or density of SNVs at variant position.
I have implemented the custom script VCF_filter.pl, which frequently is extended by further criteria
and assists to determine robust VPs in diversity studies. It was applied the first time in the diversity
study of the apomictic plant Ranunculus [185]. These and other developed methods were consistently
improved and their applied results were integrated in several publications [185,186]. With this, I
provided a continuous and sustainable contribution to the plant genomic and diversity research
community.

Functional annotation of variant positions
The functional annotation of discovered diversity data provides additional information by the
classification of VPs in different subclasses e.g. synonymous or non-synonymous VPs. The analysis
requires the knowledge of gene models from the reference sequence. In maize [3] and barley [173]
these required resources were established in 2009 and 2012, respectively. In species like rye, that are
lacking a curated reference sequence or that only have a RNA-seq assembled transcriptome
reference, this annotation process is not directly applicable. An indirect alternative could be to use
gene information of closely related species [187]. In that respect, the WGS resources established in
barley and maize are beneficial for a conclusive annotation. On the other hand, the diversity
discovery in the rye project [2.1] relies purely on RNA-seq data. The RNA-seq concept intrinsically
pinpoints to variants in exon sequences and thus, a substantial proportion of detected VPs is expected
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to have an effect at the protein level [166]. However, it is possible to predict open reading frames
(ORF) with tools like ‘ORF Finder’ (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi), OrfPredictor [189]
or get_orf from the EMBOS suite [190], but their estimation of the correct reading frame is less
reliable. In consequence, we did not apply a functional annotation of VPs in the rye transcriptome
data.
An example that shows which additional information can be achieved by the functional annotation
of VPs is given in the maize study [2.2]. Here, I analyzed the discovered diversity data in more detail
using the gene model information of the reference genome. By this, direct gene effects were
observed. The majority of SNVs (78.1%) were silent mutations, enclosed in intergenic or intronic
sequences. However, a substantial number of SNVs (42,685) were identified as non-synonymous
mutations, with 8,228 SNVs classified as non-conservative missense and 34,457 SNVs as
conservative missense. Understanding the effects of discovered diversity sites by a functional
annotation can potentially provide important arguments that can support research hypotheses. This
was outlined with the publication [2.2]. Here, the information of a well-established SNV annotation
identified a condensed number of candidate genes (235) that were affected by non-synonymous
variants and these candidates can be used for further analysis in biomass-related studies.

Discovery of informative SNVs
The final set of discovered variants comprised 17,917 VPs in rye, 383,145 VPs in maize, and over
15 million VPs in barley (Table 2). Subsequent characterizations of VPs are needed to reveal which
SNVs are informative throughout a population or germplasm collection. It is especially advantageous
in the design of a genotyping array to know if a SNV will be informative throughout a larger panel
of genotyping. The polymorphic information content (PIC) is a measurement of heterozygosity and
initially was defined by Botstein et al. [119]. It is an indicative measurement to prevent ascertainment
biases in the design of genotyping assays. The ascertainment bias is a systematic distortion in
measuring the true frequency of a phenomenon (e.g. SNP) due to the way the data collection or
sampling process was performed [191]. As follows, one should avoid selecting SNP markers which
solely occur in elite lines and have very low PIC values. As a result, the selected high quality SNVs
have an increased probability of successful divergence when used for genotyping. When multiple
genotypes are in concordance for a predicted variant allele, the probability increases, that this
particular reference position is a true positive SNV. Consequently, the reliability of predicted VPs
increases with the number of genotypes included in a study. Therefore, DNA sequencing strategies,
that use a genome complexity reduction (RNA-seq and CAP-seq) and thus can be adapted more
easily to a large number of genotypes, have an advantage. VPs supported by multiple genotypes can
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be prioritized.
In the maize project [2.2], we identified almost 13,000 SNVs in exons and these were classified as
high confidence, because their detection was independently verified in more than 5 inbred lines.
However, the majority (86.3%) of coding SNVs (86,875) were classified as rare variants, predicted
in 5 or fewer inbred lines. This confirmed that maize is a species with an extremely high variability,
as revealed in previous studies [192]. A large proportion of these rare variant positions was validated
as true positive SNVs [193], overlapping published maize diversity sets e.g. the maize HapMap
version2 [194]. In conclusion, a large sample size contributes to the global reliability of the variant
detection.

Alternative strategies applicable for diversity studies
The diversity of large genotype collections can be assessed by the application of existing genotyping
assays instead of performing an in silico diversity detection. In barley, a collection of 2,417
accessions from the USDA National Small Grains Collection was assessed by Muñoz-Amatriaín et
al. [195] utilizing an existing genotyping assay. It comprises 7,842 SNP markers from the iSelect
platform. A similar assay is available for genotyping in maize, including 49,585 SNP markers [128].
In conclusion, genotyping assays provide a cost-effective means to access plant genomes because
these chips are applicable for large-scale analysis. However, the initial design is cost-intensive and
the assays represent only a selective subset of the full diversity of a species. In the maize project [2.2]
for instance, not all of the 4,648 selected target genes are represented by a SNP marker on the
genotyping chip. Furthermore, the selection often represent SNP markers for certain traits in
particular elite lines and this results in ascertainment bias [196]. Therefore, targeted sequencing of
individual genomes is expected to alleviate this bias and detect rare functional variants, in contrast
to genotyping assays. A further alternative for genotyping is the GBS approach, which combines
sequencing and genotyping, without the requirement of designing a genotyping chip [125]. With the
successful application of GBS in many plant species, e.g. maize [125] and barley [197], the method
offers promising prospects.

4.2.

Evaluation of computational methods

For a reliable discovery of variant sites, a high level of accuracy is required in all sub tasks and
computational methods. This section will give a brief overview of the evaluation of different tools
for read alignment and subsequent variant calling. The majority of these results were described in
the publication [2.2].
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4.2.1.

Impact of read alignment

A high-quality read alignment is a crucial prerequisite for variant discovery. Thus, read alignment is
of importance because its results directly influence all downstream analyses (e.g. variant calling). In
comparison to Illumina derived sequence reads, that have been included in various evaluations of
read alignment tools [198], the performance of 454 sequences in a subsequent read alignment is less
carefully studied. This analysis on 454 sequence data was pending and motivated the performed
evaluation. In that respect, I evaluated seven read alignment tools (‘mapper’) to choose the optimal
alignment for variant discovery. The analyses were reported in publication [2.2], using 454 sequence
data of 21 maize inbred lines. The comparison used important performance parameters including
proportion of mapped reads, percentage of reference position with aligned reads, and the percentage
of reads aligned on-target. The best alignment was produced by the tool BWA mem [199]. The tool
Stampy [200] constructed a read alignment, which was close to the best performance of BWA mem.

In addition, the impact of read alignment within diversity studies was estimated. I performed and
analyzed a total of 504 combination of read alignment and variant calling results, published in [2.2].
In this detailed investigation, for each of the eight variant calling methods, the number of successfully
detected true positive VPs was compared to results of the same variant caller, using a different read
alignment method. This allowed us to estimate the impact of read alignment on subsequent variant
calling. The observed variability (detected range between minimum and maximum number of true
positive sites for a particular variant caller) was, on average, 16.41% (maximum 26.15%) per variant
calling method. This led to the conclusion that applying a thriving read alignment method is of high
importance and methods with lower performance might cause a substantial loss of VPs.

Confidence of variant predication
Different methods have been applied to gain confidence of predicted variant positions. In many cases,
wet-lab methods are required to validate and assess the sensitivity of variant prediction. However,
this type of validation requires manual inspection, which is not practical for the entire set of detected
variants, especially when considering large datasets. Secondly, a validation is possible by comparing
to existing genotyping assays. Although this is a common practice in many species e.g. maize [201],
only available assays are feasible, because a custom design of genotyping assay is expensive [148].
However, the tremendous advance of genotyping technologies towards large scale has made several
of these validation sets available. Comparing de novo detected VPs against validated polymorphic
sites allows for the use of measurements such as sensitivity, specificity, and F1-score, as applied in
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[2.2]. In brief, sensitivity assesses the power of a tool to detect true positive sites. On the other hand,
specificity estimates the true negative detection rate, measuring the ability of a method to discard
true negative calls. The F1-score is the harmonic mean, balancing precision and sensitivity. In barley
[2.4], detected variants were validated by two independent methods. The first was done by applying
capillary re-sequencing to a subset of 300 SNV positions. 230 were assessable by the re-sequencing,
and for 220 (96%) the validation succeeded. Second validation was achieved by utilizing a set of
3,972 verified barley iSelect SNP-markers [202]. The concordance between the assay and the
detected VPs was determined by aligning SNP marker sequences to the WGS assembly contigs of
barley reference cultivar Morex. In 87% of the anchored SNP markers we found consistency,
assigning a high sensitivity for the applied variant calling in the barley genome.
In maize, being one of the most economically important crop plants, four large diversity data sets are
available to assess confidence of the variant calling [2.2]. These resources are comprised of: 1) the
50k SNP genotyping array [128], 2) a GBS-derived control [125], a RNA-seq based discovery of 3.1
million markers [201], and the largest set 4) the maize HapMap2 [194]. In rye, the publication [2.1]
designed the first large scale genotyping array (Rye5k) and thus provided itself a valuable resource
for verification. However, in preparation for the design of the array a manual inspection ensured
further confidence of selected variants. The final assay was successfully applied for 59 inbred lines,
providing valid signals in 60% of the 5,234 SNP markers.

4.2.2.

Comparative analysis of variant calling methods

Several different methods for diversity calling have been utilized throughout the publications of this
thesis. Their broad evaluation of performance is the logical consequence. Therefore, publication [2.2]
incorporated an extended list of variant calling programs, whereas Freebayes (previously named
PolyBayes) and SAMtools represent methods that were applied in the other embedded publications
[2.1 & 2.4]. Although each research project requests individual adaption, a schematic workflow
exists to process NGS sequence data and reveal the genetic diversity. The workflow can be divided
into four major processing blocks: 1) Base quality assessment, 2) read alignment, 3) variant
discovery, and 4) variant filtering and annotation. One has to be aware that many downstream
analysis tools are not capable of adapting to low-quality sequences. Therefore, quality trimming
should be applied prior to computational analysis to avoid misinformed biological conclusions.
Another important strategy to improve reliability of subsequent variant calling is the removal of
redundant reads that are technical duplicates [203]. DNA sequencing machines produce substantial
amounts of these duplicates [43]. Thus, removal of duplicates is required to avoid skewed
downstream analysis and to decrease the likelihood of false positives in variant calling [204].
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Table 3 Additional information provided in extended VCF format.

For the purpose of a detailed and comparative investigation, I implemented a framework system to
automate the process of read alignment and variant discovery. In addition, parsing methods were
developed to integrate and combine all generated results into a consistent and homogenous data
structure that relies on the VCF format. With this approach, a tool-independent and uniform
comparison is ensured. Finally, a VCF file with six additional data fields (VC, VCC, VCD, MD,
VCRD and VCAD) was created that assess the joint information of all variant calling tools (Table
3). The developed concept was successfully applied in publication [2.2]. As emphasized by Wu and
Cui [205], efficient and accurate SNV calling is required to avoid diluting effects of erroneous calls
and to conclude solid hypothesis from achieved results. Following this recommendation, multiple
variant calling results were integrated into one combined data set and this was used to compare the
independent predictions and to assess their confidence.

The eight applied variant calling methods were further analyzed to evaluate their performance, taking
into account important accuracy measurements. Therefore, I used verified SNV positions from
published diversity data of maize (50k, GBS, RNA-seq and HapMap2) and extracted the overlap to
our maize target regions [2.2]. Using these validated sets of variant positions, I calculated sensitivity,
specificity, and F1 score for the eight variant calling methods (SAMtools, VarScan2, CRISP, CLC
find_variations, FaSD, SNVer, VCMM, and Freebayes), the highest average sensitivity among all
the external control datasets was observed in SAMtools (0.94). Highest specificity was achieved by
SNVer (0.52), and the best F1 score was achieved by the tool FaSD (0.42). Furthermore, for each
variant calling method it was calculated, which proportion of the final set of VPs (383,145) was
detected. This final check revealed that SAMtools performed best, identifying 93.8% of the highconfident VPs. The good performance of SAMtools was shown in several other publication
[150,206].
However, these results emphasized a considerable variability in the performance of different variant
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caller. These finding are in line with the described low concordance rates observed in previous
publications [146,155]. A method to utilize these differences for an improvement is developed and
will be presented in the upcoming section of this thesis [4.3.2].

4.3.

Improvement of variant calling accuracy

Construction of a genome reference sequence became feasible with the advent of advanced
sequencing technologies even for complex plant genomes. In 2012, the IBSC published the first
genetically and physically anchored sequence of the barley genome [173], which guided research
onto new levels. Nevertheless, WGS assemblies also established by many plant consortia often do
not reach high quality standards in terms of full representation of a genome [178]. Fragmentation,
lack of anchoring, and ordering of contigs together with small and collapsed repeat contigs are
inherent characteristics of these reference sequences. Variant calling in these references is widely
used can provide novel insights. Nevertheless, WGS assemblies need careful consideration when
diversity studies are performed, since they can be the source for erroneously called SNVs [207]. The
publication [2.3] describes the tool Kmasker, which aims to detect single or low-copy regions in the
highly repetitive genome of barley. Detection and removal of repetitive regions is crucial for variant
calling, however, it is usually not feasible to remove these regions with a common filter based on
low-coverage. This emphasizes the need to establish a method that does not rely on read alignment.
Subsequent removal of putative false positives will lead to an improvement of accuracy, as shown in
the following section [4.3.1]. In addition, the aim of decreasing the rate of erroneous variant calls is
further supported with the proposed concept of combinatorial variant calling (CVC), introduced in
section [4.3.2] and published in [2.2].

4.3.1.

Enhanced accuracy through repeat investigation

Repetitive sequences permeate the genomes of species at all levels of the tree of life [170]. High
percentages of repeats are detected in genomes of crop plants [208,209], with over 80% in maize [3],
84% in barley [173], and approximately 92% in rye [210]. Reliable detection of these repetitive
sequences has been emphasized as a requirement to avoid false positive variant predictions.
In recent publications, repeats, also referred as low-complexity regions, are identified as one of the
major causes of erroneous variant calls when using WGS reference sequence [211]. In crop plant
research, a feasible method to overcome this challenge is to use manually curated repeat databases
(e.g. the Triticeae repeat composition TREP) [212] to mask known repeats based on sequence
similarity. Programs like RepeatMasker [213] or DustMasker [214] can be utilized for this purpose.
A major disadvantage of this approach is the need for a library that includes known repeat elements
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a requirement often not met for many species. Automated construction of repeat libraries can
overcome this, for instance by utilizing the tool RepARK [215]. With the tool Kmasker [2.3], I
implemented another alternative that counteracts the uncertainty of repeat-derived false positive
SNVs. It masks repetitive sequences and discovers the single- and low-copy regions within barley
sequences. This concept relies on k-mer counting and is applicable to any species. Utilizing k-mer
methods is beneficial, because even the de novo detection of yet unknown repeats is feasible.
Especially in species with incomplete genome sequences like rye and barley, this feature is of
decisive importance. Additionally, k-mer methods are most relevant in WGS sequencing, where the
assemblies often contain collapsed repeat regions [170]. That is, repeat sequences from different
origins in the genome aggregate into single contigs representing the repeat motif [170]. In a
subsequent read alignment, repetitive reads are assigned to their best alignment positions, leading to
a clustering of reads from different genomic origin. These collapsed repeat regions are the source of
many false positive SNVs. Therefore, to overcome this error it is necessary to identify these repetitive
sequences before variant calling.
The utility of Kmasker was shown on large scale by using the discovered diversity resource of barley
[2.4]. Here, the discovered set of putative SNVs comprised a large amount of ambiguous positions
that were removed (Table 2). First, these discarded positions were analyzed in more detail for barley
cultivar Bowman (including 50 bp upstream and downstream sequence of a VP).
In Bowman, more than 12 million positions were removed as ambiguous (e.g. heterozygous)
positions. Small contig sizes and a high proportion of putative VPs towards the end of contigs are
widely observed sequence characteristics of these rejected sites. In ~77.6% of the discarded contigs
and 68.9% of all contigs, the average k-mer frequency at the contig ends is significantly increased
(>5-fold), compared to the overall k-mer frequency of the corresponding contig. Furthermore, a
considerable proportion of the discarded positions (~18.8%) are characterized by very high average
k-mer frequencies (>50). The observed results indicate that the repetitive nature of the barley genome
lead to the fragmented and collapsed assembly, also observed in WGS assemblies of other species
with complex genomes [216]. The use of Kmasker provided an independent confirmation that the
majority of the ambiguous variant positions should be discarded. In conclusion, additional
confidence can be assigned to remaining VPs.

In a second analysis, I investigated the k-mer spectra of the discovered ‘Bowman’ VPs. The k-mer
spectra is the distribution of all DNA k-mers of a species [217] and the analysis of the frequencies of
these k-mers provide a useful perspective to the complexity of a genome, especially in large and
repetitive species like barley. The comparisons involved raw and filtered VPs, as depicted in Table
4. For each of the six k-mer frequency classes, the proportions in each diversity set are given. The
analysis of the k-mer spectra in coding sequences revealed that the majority of SNVs in coding
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Table 4 K-mer spectra in barley cultivar Bowman (k=21). The detected variant positions were classified by four
filtering strategies ('raw', 'basic', 'depth' and 'exon'). Subsequent k-mer analysis was performed for each data set to
calculate the quantity and proportion (%) of k-mer class ranging from 'low' to 'extreme'.

sequence are characterized by low complexity (k-mer frequency score <10). This correlation has
been shown before [218]. However, the results show that basic filtering strategies do not have the
ability to fully capture the repeat complexity. When comparing raw and filtered diversity sets (Table
4), the filtered sets still contain a large proportion of positions that originate from regions classified
as high or even extremely repetitive. Basic filtering (e.g. read coverage) is important and revealed a
solid and qualitative diversity resource [2.4]. However, the analysis of repetitive characteristics at
VPs was not a conscious filtering criteria in the applied diversity pipeline. As a result, the ratios of
high k-mer frequency did not change in the filtered data sets (‘basic’ and ‘depth’). These findings are
in line with the recommendations of Kurtz et al. [50], that the identification of repeats with k-mer
methods is beneficial for improved downstream analysis. However, all studied barley cultivars still
have a high proportion of SNVs that are enclosed in sequences with medium or high repetitive k-mer
sequences (~30%), which require additional attentiveness. This necessary caution can be supported
by the tool Kmasker.

In conclusion, Kmasker assisted in distinguishing true variant calls from false positive variant calls.
Furthermore, the tool was successfully applied in a TALEN approach in barley to evaluate potential
off-target cleavage [219]. However, the investigation of k-mer counts at identified VPs presents a yet
unexploited potential. Here, the sequences that encapsulate VPs could be analyzed for repetitive
features or characteristics of mis-assemblies [220,221]. Kmasker could partially close this gap.
Continuation of these studies would be very beneficial, for instance by evaluating SNP markers from
large genotyping assays. Thereby, k-mer analysis could be used to compare successful versus less
optimal performing SNP markers.
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4.3.2.

Combinatorial variant calling approach

The standard procedure to detect the genetic diversity of a species usually relies on a single variant
calling method [222–224]. However, the application of multiple variant calling methods can
eliminate a considerable amount of false positive variant sites by detaching skewed candidate
positions. Recent comparisons of variant calling methods [151,155] agree with the findings of
publication [2.2]: considerable discordance is observed within different variant calling tools.
Therefore, I proposed and developed the concept of ‘combinatorial variant calling’, to establish more
reliable predictions. The discrepancy between individual variant calling programs is because each
one has a different implementation [151] and this leads to marginal or even clear differences [225].
In addition, results can deviate even further when different optimizations of internal thresholds are
applied (e.g. base quality). Therefore, combining the predictions of multiple tools results in a sharp
increase in the number of candidate positions. However, the combinatorial variant calling approach
can decisively improve the accuracy. It uses the additional information of multiple tools to gain
further confidence of a VP.
As shown in [2.2], utilization of multiple tools provided additional support and decreased the risk of
erroneous calls. As a result, a significant reduction of candidate positions was observed. From an
initial set of over 4.8 million detected candidates, a more robust number of 383,145 VPs was selected.
These variants were predicted by multiple tools (at least three out of eight variant calling programs).
To prove validity of the extended filtering, two additional tests were evaluated. First, the final
identified 383,145 VPs were compared to the stand-alone application of each single variant caller
using basic filtering. The basic filtering, together with the combination of multiple diversity sets from
different variant callers, resulted in almost double the number of SNVs (681,993). This complete set
was used as input for the CVC concept. To show the quality of the applied filtering the discarded
SNVs (298,848) were analysed in more detail. The majority was observed by a single tool and only
in one single genotype (56.0%). In addition, 24.1% were solely predicted by a single tool and another
11.2% were observed in a single genotype (11.2%) only. This shows the low confidence and
emphasizes the need to discard these positions. To further confirm that these positions do not reflect
true variants, a second test was performed. Therefore, the polymorphic information content (PIC)
was calculated for the complete set of VPs. For the discarded positions, the calculation revealed a
very low PIC value, with a median value of 0.07. A small fraction of 6,982 sites (2.33%) was
characterized with sufficient PIC values (0.2-0.5). In contrast to that, from the finally selected VPs
(383,145), more than 81,000 positions (21.6%) had a sufficiently high PIC value, demonstrating that
these VPs are detected in multiple genotypes.
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An alternative strategy to increase reliability of the variant calling, without using the CVC approach,
is to utilize a more stringent filtering of read depth. To show the performance of this alternative
strategy the required read depth at VPs was increased from 5 to 10, where 5 was the parameter setting
used in [2.2]. A threshold of 10 reads per VP led to a clear reduction of detected VPs. In comparison
to the final diversity set, detected by the CVC approach, only 31.6% of the VPs were detected with
the alternative approach. Therefore, a clear disadvantage of the alternative method is to lose confident
SNVs that are supported by multiple variant calling methods.
In summary, the presented evaluation verified the high quality of the CVC concept. It is beneficial
in comparison to a stand-alone application of variant calling tools and results in improved reliability
assigned to final diversity sets. It is a powerful option, especially when the diversity calling is
performed in low-coverage sequence data. Beside the application in the maize projects [2.2], which
is embedded in this thesis, I successfully applied the CVC approach on a large scale in Brassica
napus. Utilizing the re-sequencing data of 52 lines, the diversity throughout the genome of B. napus
was studied, revealing 4.3 million high quality SNVs [226]. With these results, that were revealed
using various methods developed in this thesis, we established a novel and powerful diversity
resource for B. napus.
Finally, it should be noted that the developed method neither involves an additional manual
inspection, nor does it requires further laborious web-lab experiments. Furthermore, several other
strategies can be considered to increase the accuracy in variant calling. A selected brief outline of
additional improvement methods is given in the next section.

4.3.3.

Alternative strategies

This section is a discussion of alternative computational methods that can be applied individually or
in combination with those previously mentioned to improve the accuracy of diversity detection.
Several alternative variant calling programs have had a broad application and have been used in
multiple genome studies like GATK [168] and SOAPsnp [164]. However, SOAPsnp has the
limitation that it only accepts read alignments constructed with SOAPalign and thus, was excluded
from the comprehensive evaluation.
Furthermore, several other strategies can be applied prior the actual variant calling process. First, the
use of error correction methods have recently gained widespread attention, due to the large amount
of sequence data generated even for non-model species. High-throughput sequence data therefore is
used to detect and correct possible sequence errors. Several tools were published in the last few years
to address this problem with quite different performance results, as emphasized by Yang et al. [49]
in a review of error correction methods. Standard correction strategies typically apply k-mer counting
to differentiate between trusted and untrusted k-mers [227,228] or related methods using suffix trees
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[229,230] or suffix arrays [231]. The common intention is to correct for errors at the nucleotide level
by revealing inconsistencies in the k-mer spectra. Repeats increase the complexity in the correction
process as emphasized by Yang et al. [232] and thus, successful application in highly repetitive crop
plants was missing. A first evaluation was accomplished by Chris Ulpinnis in the framework of a
bachelor thesis [233] that I co-supervised. The application on barley sequence data revealed only
minor reduction of sequence errors. Furthermore, contrary effects were observed by the integration
of additional sequence errors. These systematic errors throughout the correction process have serious
effects on downstream analyses such as variant calling. In consequence, error correction in highly
repetitive genomes, like maize, barley, and rye, must be considered carefully. However, it is expected
that error correction will become increasingly important, especially in the context of long sequence
read correction [227,234].

The second approach to increase the reliability of variant calling is by improving the read alignment
accuracy. These methods are utilized after the actual read alignment process. Two general strategies
are briefly introduced. For the first method of base quality calibration, several tools are published
including GATK ‘re-calibrate’ [235] and Novoalign [236]. Here, the associated base quality score is
corrected after the mapping process. This intends to gain a better estimation of reliability by using
the information provided by neighboring sequence reads. It is noteworthy that quality trimming
methods initially applied to the raw sequence data have been shown to be advantageous [198]. At
the end of these correction steps, the causality of low quality bases and putative false positive
predictions might be, at least partially, reduced. The second strategy is to perform a local realignment of reads, also done after the read mapping. Here, the alignment information is investigated
again, to search for a more optimal position of single or pairs of sequence reads. Tools like SRMA
[237] or COVAL [238] aim to detect spurious alignments of reads and assist in a local re-alignment.
In consequence, these adjusted read alignments can lead to an improved accuracy of variant calling.
Enhancing the INDEL detection accuracy is also conducive for a diversity study. INDELs can have
a serious impact, especially when located in the coding sequences of genes [239,240]. Therefore,
high precision in the detection process is crucial. The integration of alternative programs is
reasonable, because the introduced variant calling programs support the prediction of single
nucleotide mutations or short INDELs, but lose prediction accuracy for longer INDELs. More
accurate prediction can be achieved by applying methods that utilize the split read approach like SVM [241]. Furthermore, an assembly based re-alignment of reads is applied by the tool ABRA [242]
to improve the quality of INDEL detection.
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Table 5 Methods for improvement and filtering of high quality variant sites. This overview is a continuation
of the filter criteria given in Figure 5. Methods are listed with direct notification (3rd column) to the associated
sections of this thesis. In addition, the 4th column directs to the associated publication. Some filter or methods
were discussed in the frame of this thesis but were not applied throughout the four cumulative publications.
Primary reason was a continuous development of the related filtering methods making certain methods applicable
only for subsequent projects. All methods listed as 'IM' have to be applied prior the variant calling and thus are
not directly linked to the actual process of diversity detection.
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Access to the genetic diversity of a species requires accurate methods to reveal the true proportion
of putative variant positions. In order to achieve the best precision in this demanding objective, it is
necessary for each sub processes to achieve maximum accuracy. According to the recommendation
of Guo et al. [243], the three main stages (raw data processing, read-alignment and variant calling)
have to be conducted with proper quality. In this thesis I have applied, expanded, and developed
various strategies, which increase the confidence of a variant prediction. The retrospective Table 5
depicts a conclusive overview for the most important filter, including corresponding sections of this
thesis and related publications. The aim is to provide a summary and to direct the reader to relevant
parts. Therefore, the three filtering classes of Figure 5 (BF, EF, and LF) are utilized again. The list
is extended with the independent improvement methods (IM), discussed in this section. Diversity has
many facets and equally diverse are the strategies for their accurate detection.

4.4.

Scope of applications

The outlook of possible applications for discovered SNVs is increasingly entered by new
developments, e.g. from the field of population genetics [244], or tremendous improvements within
existing platforms (e.g. assay technology) that also are applicable for non-model species like crop
plants with complex genomes [148]. In combination with the existence of reliable gene models for a
studied species, the diversity resources can be used to determine, what, if any, functional effect VPs
have on the gene level. This was shown in detail in publication [2.2]. In addition, VPs can be utilized
for phylogenetic analysis to determine the relatedness within a population [2.2]. As emphasized in
this thesis, DNA markers represent one of the most powerful approaches to analyze diversity in plant
genomes at a broad scale. Through application of high-throughput marker technology, e.g. Illumina
Infinium (http://www.illumina.com) or Affymetrix Axiom (http://www.affymetrix.com), heritable
traits can be directly associated with its underlying genomic variation in the genome. However,
interconnectivity in genomic analysis is present on multiple levels, as indicated by [52]. These close
links of research fields imply that for instance diversity results do not only influence downstream
genomic analysis, but also provide benefits for other scientific fields. For instance, by providing a
decent control to improve the de novo assembled genome reference of a species. With the
development of large genotyping assays, many research projects reached an important milestone for
application in future research project. In the last decade, there was a paradigm shift from the use of
SSR markers to SNP markers [245]. Because of its massive throughput, these efficient and costeffective genetic tools became a breakthrough technology. Here, various genomic analysis and new
breeding strategies are the prospective outlooks.
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4.4.1.

SNP marker development

One possible application of the discovered diversity is the development of SNP markers. The
construction of large genotyping assays is an efficient approach, because it increases the density of
genetic markers for an organism and consequently allows for the study of the genetic architecture of
a trait or genomic locus in greater detail. In complex plant genomes, availability of genotyping assays
provides vital information for the construction of linkage maps [246–248]. The construction of a
high-density genetic map relies heavily on the high resolution of SNP markers within the genome.
Because of their benefits, SNP markers are increasingly used in many species and the construction
of a high-density genetic map represents an important milestone e.g. B. napus [249] or wheat [80].
The publication [2.1] successfully proved the direct conversion of discovered diversity into
application by design and use of a genotyping panel (Rye5k). Emerging from this established
diversity resource a genetic map was constructed. The determined genetic diversity evolved into a
novel genomic toolbox for rye. Therefore, SNVs with the greatest likelihood of becoming a
successful marker should be selected. The question is “What is the definition of an optimal marker?”.
Referring to Kumar et al. [250], the characteristics of an ideal DNA marker can be described by eight
distinguishing features. In the following listing, each property is complemented with a brief
explanation of how methods developed in this thesis support the qualitative selection of variants for
marker design.

(1) Polymorphism – a successful SNP marker requires, that a detected VP is truly
characterized by diverse alleles. In this thesis, I presented and developed strategies,
to improve reliability of predicted VPs and to discard erroneous prediction.
(2) Stability – stable SNP markers are consistent and generate reproducible results.
Markers should be stable among different genotypes and in repeated propagation
of varieties. Hereby, the correct selection of VPs is a core objective (e.g. MAF is
an important criteria). In [2.1], we showed successful portability of the developed
Rye5k assay to related grass species like barley, wheat, and triticale.
(3) Co-dominance – is the ability to distinguish heterozygotes (call ratio 1:1) and
homozygotes (call ratio 2:0) [251]. In general, co-dominant markers are more
informative than dominant markers. In rye [2.1], maize [2.2], and barley [2.4]
homozygous SNVs were selected.
(4) Cost efficiency – the massive reduction of costs for discovery of VPs and the
availability of high-throughput genotyping assay led to an improvement in the cost
of developing SNP markers. As described by Hiremath et al. [252], several
different assay systems are available, offering investigators a flexible decision for
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a particular system based on the number of SNVs and/or number of genotypes to
analyze.
(5) Simplicity of discovery – cheap and reliable large-scale DNA sequencing
facilitates their application for variant calling. Numerous variant calling methods
support the discovery of SNVs and produce extensive amounts of possible SNP
markers. SNP markers provide (simple) access to the genetic diversity of a species
on broad scale. However, accuracy and reliability remain challenging objectives,
as demonstrated in this thesis.
(6) Broad genome dispersion – high density of SNVs in the genome is advantageous,
making SNVs a beneficial marker system. For maize [2.2] and barley [2.4], a
distribution throughout all chromosomes was observed.
(7) Heritability – SNP markers can estimate heritability (e.g. of a trait) with a high
degree of accuracy. Various estimators utilize SNP marker based methods to
explain phenotypic variations [253,254].
(8) Reproducibility – the availability of various genotyping platforms that utilize
detected SNVs on large-scale is beneficial. Robustness of genotyping results on
different machines and different laboratories has been shown [255], assigning a
very high reproducibility to SNP markers. In addition, high transferability between
genotyping platforms has been shown [256].
The selection of reliable SNVs is crucial for the design of genotyping panels. In publication [2.1], I
assembled the first transcriptome reference sequence and established a large-scale diversity resource
for rye, which was ultimately converted into the Rye5k genotyping assay. In many plant species e.g.
rice [138] or maize [128], such condensed panels of diversity clearly provide a benefit for scientists
and breeding strategies. The application of these genotyping assays across species barriers provides
an additional benefit, as shown in [2.1]. These cross-species applications can assign high
reproducibility and are widely used as control for the developed genotyping assay [202,257] or more
distant applications of capture assays [77]. In the context of reproducibility, the problem of
ascertainment bias is an important issue. The development of genotyping assays that are based on a
non-random samples or a less diverse selection sample (genotypes) of a population will very likely
lead into an inadvertently skewed representation. In consequence, these marker sets will likely irritate
genotyping analysis and skew phylogenetic relationships [258]. Resulting assays, including their
design, often have a tendency towards elite lines and especially monitor domestication effects, but
might lack to represent the full natural diversity. For example Frascaroli et al. [196] revealed a certain
ascertainment bias in the Illumina MaizeSNP50 assay towards the North American dent germplasm.
To avoid this bias in the design of genotyping assays, it is recommended to use large and diverse
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genotype collections and in addition integrate a wild species or progenitor line to counteract the
ascertainment bias.
In conclusion, SNPs have become the ideal marker system for many crops. The established diversity
resources for rye, maize, and barley will further support a better understanding of the complex
genomes of these crops.

4.4.2.

Advantages for accelerated crop breeding strategies

In this section, an outline is given, which impact the established diversity resources have for crop
breeding. Genome-wide association studies (GWAS) are a powerful tool to dissect quantitative traits
and to pinpoint their genomic origin(s) [259]. It was successfully implemented in various economical
important crops like maize [260,261] and barley [262]. However, for a precise association it requires
a high density of DNA markers. Particularly in barley, the substantial increase of genome-wide
SNVs, determined in this thesis [2.4], provides a highly beneficial advance for future studies.

In the context of crop breeding the genome-based breeding strategies supplement traditional breeding
methods, which will accelerate crop improvement and allow for more precise breeding initiatives
[263]. The availability of genome-wide SNP markers has significant impact for future crop
improvements [264–266]. Years of cultivation and artificial selection have inevitably lead to a
reduction of biodiversity in elite germplasm [267]. Therefore, large and reliable diversity resources
are required that can be used to introduce new diversity into existing breeding programs [226,268].
To reach these objectives, genome-based strategies of marker assisted selection (MAS) and genomic
selection (GS) are powerful tools [269,270]. On the one hand, their application will assist to facilitate
new plant genetic resources and thus create new diversity resources. On the other hand, it is expected
that the precision in the genomic selection process will result in testing fewer candidates in the field,
because this is one factor to decrease cost and at the same time a major benefit of GS [271]. Hence,
this selection for remarkable candidates, which are selected for the breeding programs only, can lead
to a decisive reduction of genetic diversity. However, as depicted in rye [265] DNA markers are
beneficial tools to systematically assess breeding pools and to comprise strategies for an advanced
development of broad and promising germplasm. The established diversity resources [2.1, 2.2 and
2.4] and the improvements, in terms of accuracy and reliability of the discovery of variants, which I
developed in this thesis, will have a continued impact for these new strategies of crop breeding.

Referring to the FAO, the world population will increase to an estimated number of 9 billion in 2050,
requiring a 70% increase of food production [112]. Plant science is playing an essential role to
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overcome this future challenge in nutrition supply [113,142,272]. Crop improvements will inevitably
be linked to the application of modern breeding technologies [180,273]. Therefore, genetic diversity
is the essential pillar and this thesis aims to gain robustness in their discovery and to provide new
diversity resources.
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5. Conclusion and outlook
High-throughput DNA sequencing technologies provide unprecedented opportunities to access the
genome of a species. The high amounts of raw data production require a large number of
computational calculations to translate pure read information into high-quality diversity information.
This thesis illustrates how this can be achieved using different DNA sequencing strategies. These
strategies represent the genome sequence of a species with different complexity reduction methods,
ranging from the largest reduction of DNA sequence complexity (RNA-seq), to medium reduction
(CAP-seq), or no reduction (WGS-seq). To reach the requirement of high accuracy in variant calling,
each individual calculation has to be performed with the highest precision. With the combinatorial
variant calling, I conducted a novel approach to improve in silico variant predictions at little or no
additional costs. The second method of k-mer repeat investigation assists to decrease error-prone
variant positions that are characterized by skewed k-mer frequency patterns. Both methods are
applicable to all investigated DNA sequencing strategies and consequently, assist to improve
accuracy of a diversity study. The comparative analysis of read alignment and variant calling
methods revealed considerable differences, but also determined the best combined performance for
the read alignment tool BWA mem and the variant calling tool SAMtools/VCFtools. However, in
comparison to the application of a single variant calling method, the combinatorial variant calling
approach improved the reliability of a variant detection, because the concordance of multiple tools
increased the confidence of a prediction. Applicability has been proven in economically important
crop plants. The embedded publications of this thesis contain three diversity resource, in whose
construction I was considerably involved. A comprehensive investigation of the rye transcriptome
provided novel diversity results. The study compiled into the publication of the first transcriptome
reference sequence for rye, including a large set of variant positions, that were converted into a
genotyping assay. For maize, a comprehensive set of gene candidates related to yield and biomass
were investigated providing a new diversity resource. For barley, a genome-wide set of variant
positions was delivered, providing novel insights of diversity. These established diversity resources
will assist genome-based breeding strategies, such as marker assisted selection or genomic selection,
leading to accelerated crop improvement.

Future challenges in genomics are hard to predict. Nevertheless high-throughput sequencing will be
an integral part of many research projects and will shape more and more the aspects and goals of
future science [171]. At present, sequencing vendors prefer to refine and improve their technologies
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rather than release the next milestone breakthrough innovation [274]. However, with the continuous
upscaling of throughput, DNA sequencing projects will increasingly reach the level of ‘ultra-high’
throughput sequencing with further tremendous increase of sequencing outcome. The bioinformatics
community faces the challenge of improving computing speeds and data storage to keep pace with
the DNA sequencing technologies. As a direct consequence, accuracy and quality checks are required
to be performed in automated procedures because manual inspection or experimental validation will
be infeasible at that throughput.

The steady development of new tools requires a standardized evaluation of current state-of-the-art
methods for variant calling programs on a regular basis. To overcome this necessity, a proposed
solution could be a ‘Diversathon’ initiative. The term is related to the ‘Assemblathon’ initiative
[275,276], that aims to evaluate existing assembly programs on defined data sets. A similar concept
could be conducted for variant calling methods. The conversion of the concept would be beneficial
for the broader scientific community, because sequence and diversity data for more and more species
will become available. However, the conducted procedures to determine variants often lack
comparability. The massive increase of sequence data for virtually any species request semi- or fullyautomatized analytical pipelines. Erratic automation in combination with a continuous overload bears
the risk that quality of results is diluted. Standardized and reliable data sets would be required to
assess the quality of diversity pipelines. A joint ‘Diversathon’ initiative is a perspective in which
future diversity resources, particularly when constructed by highly automatized pipelines, can be
compared to high quality gold-standards to achieve confidence and reliability.
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6. Summary
Next-generation sequencing (NGS) is considered to be a breakthrough technology. In the course of
its success, it can provide access to the genomic sequence of even large and complex plant genomes.
Three major strategies exist to assess the genomic information of a species at different scales and
complexity levels: transcriptome (RNA-seq), target capture (CAP-seq) and whole-genome shotgun
(WGS-seq) sequencing. A comparison of their applicability in complex plant genomes was pending.
The scope of this thesis was to evaluate each concept, ascertain its potential for determination of the
genetic diversity, and develop methods for their improvement.

With these objectives, the economically important crops rye (Secale cereale L.), maize (Zea mays
L.) and barley (Hordeum vulgare L.) were investigated to reveal novel insights into their genetic
diversity. In particular, in the highly repetitive genome of rye the genome complexity reduction
achieved by RNA-seq is beneficial. The comprehensive investigation of the rye transcriptome
provided new information of its genetic diversity. Therefore, the first rye transcriptome reference
was constructed and utilized for variant discovery. The study revealed ~18,000 single nucleotide
variants (SNVs) in coding regions. With the subsequent design of a genotyping assay (RYE5k) this
knowledge was successfully converted into a resource for application in breeding programs. The
identification of genomic variants requires a high degree of accuracy. Two methods were developed
that assist to increase the accuracy in the process of variant discovery: the ‘combinatorial variant
calling’ and the approach of ‘k-mer repeat investigation’. With the first method, the reliability of
variant calling was increased by the interlaced support and analysis of multiple detection procedures.
Successfulness of the approach was shown by determining the diversity in biomass-related genes of
maize. Hereby, the applied capture sequencing approach revealed 86,875 SNVs in coding regions.
The second method was motivated by the complexity of the large and repetitive barley genome. An
in-depth survey of repeats facilitated to improve diversity detection. Therefore, k-mer analyses were
used to gain knowledge of repetitive features and this resulted in greater precision in the subsequent
variant calling. This positive effect was shown in a genome-wide diversity study of barley, where a
large proportion of variant positions were discarded because of ambiguous repeat sequences. As a
result, more than 15 million high-quality SNVs were identified in five diverse barley cultivars and
an additional accession of the wild progenitor of cultivated barley. The study successfully revealed
novel and genome wide insights into the genetic diversity of barley.
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Summary

All evaluated DNA sequencing concepts were shown to perform effectively in diversity studies. As
a result of this comprehensive evaluation, three considerable diversity resources were constructed
for rye, maize, and barley, which will significantly assist breeding initiatives and plant science. The
developed methods for improved accuracy of variant prediction were successfully applied in the
challenging context of repetitive plant genomes. Beyond this, both approaches are applicable to
sequences of virtually any species and have the benefit of little or no additional costs.
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7. Zusammenfassung
In den vergangenen Jahren hat sich die Hochdurchsatz-Sequenzierung als revolutionäre Technologie
etabliert. Seitdem können selbst große und komplexe Pflanzengenome entschlüsselt werden. Um die
genetische Information einer Spezies zu sequenzieren, sind drei wesentliche Strategien zu
unterscheiden: die Verfahren der Transkriptom- (RNA-Seq), der Target Capture- (CAP-Seq) und der
Whole-Genome-Shotgun- (WGS-Seq) Sequenzierung. Einen Vergleich der Anwendbarkeit in
komplexen Genomen gab es bisher nicht. In dieser Doktorarbeit wurden die Verfahren auf ihr
Potential zur Detektion genetischer Diversität evaluiert und Methoden entwickelt, welche die
Vorhersagegenauigkeit verbessern.

Die Kulturpflanzen Roggen (Secale cereale L.), Mais (Zea mays L.) und Gerste (Hordeum vulgare
L.) sind hierfür untersucht worden, um bisher nicht bekannte genetische Diversitätsmerkmale zu
erhalten. Insbesondere in hochrepetitiven Genomen, wie dem des Roggens, bietet die
Komplexitätsreduktion der Transkriptom-Sequenzierung eine wichtige Herangehensweise. In
diesem Projekt wurden wesentliche Resultate zur genetischen Diversität des Roggens erzeugt. Aus
der dabei etablierten Transkriptom-Referenzsequenz sind ~18.000 Einzelnukleotid-Variationen
(SNVs) in genkodierenden Sequenzbereichen detektiert worden. Mit der Konstruktion eines
Genotypisierungs-Arrays

(RYE5k)

wurden

diese

erfolgreich

als

Ressource

für

die

Züchtungsforschung bereitgestellt. Essentiell für die Detektion von Variationen auf Nukleotidebene
ist eine hohe Vorhersagegenauigkeit. Dafür sind zwei Methoden zur Verbesserung entwickelt
worden: das Verfahren der „kombinatorischen Diversitätsdetektion“ und die „K-mer Repeat
Analyse“. In der ersten Methode konnte durch eine vernetzte Analyse mehrerer Detektionsverfahren
die Zuverlässigkeit der Vorhersage weiter erhöht werden. Das Verfahren wurde erfolgreich in einer
Studie angewendet, in der die Diversität von Kandidatengenen in Mais untersucht wurde, welche mit
Biomasse im Zusammenhang stehen. Unter Verwendung der zielgerichteten Target-Sequenzierung
sind 86.875 SNVs in genkodierenden Sequenzbereichen identifiziert worden. Die Entwicklung der
zweiten Methode war durch die Komplexität des hochrepetitiven Gerstengenoms motiviert. Um eine
verbesserte Diversitätserkennung zu etablieren, ist zusätzlich eine k-mer Analyse für die detektierten
Sequenzvariationen angewendet worden. Mit den erhaltenen Informationen zu Repeatmustern wurde
die Vorhersagegenauigkeit verbessert. Für diese Gerstendiversitätsstudie wurde die vollständige
Genomsequenz von fünf Gerstensorten und einer Wildgerste mittels WGS-Sequenzierung analysiert.
Die durchgeführten Analysen konnten belegen, dass ein Großteil der initial detektierten
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Sequenzvariationen aufgrund kritischer Repeatanteile fehlerhaft war und infolgedessen
herausgefiltert werden musste. Im Ergebnis konnten über 15 Millionen qualitative SNVs identifiziert
und damit ein erster genomweiter Eindruck der genetischen Diversität der Gerste gewonnen werden.

Alle in dieser Arbeit evaluierten Sequenzierungsstrategien sind erfolgreich in Diversitätsstudien
angewendet worden. Mit den Ergebnissen dieser Evaluierung und den darin erbrachten Analysen zur
genetischen Diversität konnten wichtige Ressourcen für Roggen, Mais und Gerste etabliert werden.
Diese können auf zukünftige Züchtungsprogramme und auf die Pflanzenforschung einen
maßgeblichen Einfluss haben. Die entwickelten Verfahren zur verbesserten Diversitätsdetektion
wurden erfolgreich in komplexen Pflanzengenomen angewendet, sind speziesübergreifend nutzbar
und mit geringen zusätzlichen Kosten verbunden.
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