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Genomic Divergence in Differentially Adapted Wild and 
Domesticated Barley 

Abstract 
Genomic divergence is responsible for plant differential adaptation to diverse and 
contrasting environments and different biotic stresses. This thesis focuses on the 
analyses of the adaptive genomic divergence in wild and domesticated barley and the 
driving evolutionary forces, and to identify genes and genetic variation with signature 
of adaptive selection. 

By applying genome scanning, transcriptome sequencing and customized target-
enriched pool sequencing approaches, we found strong adaptive patterns of genomic 
divergence in wild barley across environmental gradients in Israel, which is about two-
thirds of the variation found in samples from the whole species range. Hence, high 
level of population structure driven by natural selection and neutral evolutionary forces 
was observed at large and small geographical scales. Strong phenotypic and genomic 
differentiation was detected between wild barley ecotypes from the desert and 
Mediterranean environments. The desert ecotype had better water use efficiency and 
higher leaf relative water content. The majority of the transcripts were non-shared 
between the ecotypes and hence novel transcripts were identified. The genomic 
divergence was about 2-fold higher in the desert ecotype and it harbored more 
deleterious mutations than the Mediterranean ecotype, which is genetically closer to 
cultivated barley. Novel transcripts from the desert ecotype and genes differentially 
expressed in another drought-tolerant ecotype showed higher genomic divergence than 
the average genes. Using the targeted captured pooled sequencing, we identified genes 
and genetic variation with signature of selection in wild and Ethiopian cultivated barley 
genotypes. Ethiopian barley had high genomic divergence similar to wild barley, 
retained large proportion of ancestral variation, and showed low genomic 
differentiation from the wild ancestor. 

Using the targeted sequence capturing method, we were able to detect known BARE 
retroelement insertions and further identify genome-wide novel insertions from pooled 
sequencing of wild and Ethiopian barley genotypes. 
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1 Introduction 

Genomic divergence, the variation between the genomes of individuals or 
populations within the same species, is ranging from small-scale nucleotide 
variations to large-scale structural variations at gene and chromosomal levels 
(Marroni et al., 2014; Zmienko et al., 2014). Adaptive genomic divergence is 
the main factor responsible for differential adaptation of individuals or 
populations to heterogeneous or contrasting environments with different biotic 
and abiotic stress pressures. Such divergence is a predominant source of 
important genes and genetic variants for breeding and development of 
environmentally adapted and stress tolerant crop plants. So far, using such 
variations significant achievements have been made in enhancing crop 
productivity (Godfray et al., 2010; Tester & Langridge, 2010). 

The genomic resources in wild crop relatives and landraces have immensely 
contributed towards enhancing crop productivity, and this untapped resources 
will be the main source of variation to develop and improve crop plants to meet 
the global food demand under ever-changing environmental climates (Huang & 
Han, 2014; Tester & Langridge, 2010). Towards these ends, the followings are 
pivotal areas of research: (i) systematic collection, characterization and 
comparison of the genomes of individuals and populations adapted to 
contrasting environments and under different stresses, (ii) identification and 
efficient utilization of the responsible genes and genetic variations for 
differential adaptation in plant breeding, and (iii) dissection of the genetic basis 
of adaptation and the evolutionary processes driving the adaptive genomic 
divergence (Huang & Han, 2014; Bevan & Uauy, 2013; Langridge & Fleury, 
2011; Morrell et al., 2011). 

Both the wild ancestor (Hordeum spontaneum C. Koch, the wild barley) 
and the domesticated barely (Hordeum vulgare L.) have been intensively used 
as important model plants for the genetic and genomics of the Triticeae tribe 
and for ecological adaptation in efforts to dissect the genetic basis of 
adaptation. Barley is a source of gene pool for the characterization and 
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identification of important genes and genetic variation utilized for breeding 
(Munoz-Amatriain et al., 2014; IBGS Consortium et al., 2012; Nevo, 2006). 
Moreover, barley, which is the fourth most important cereal crop (FAOSTAT: 
http://faostat.fao.org/), and its wild ancestor can grow in very diverse 
environments. The large geographical distribution ranging from the desert to 
highland climate and its adaptation to diverse ecological habitats with multiple 
environmental stresses (Figure 1) make wild barley an ideal model plant to 
explore the genetic basis of adaptation in natural populations under selection 
and for characterization and identification of important genes and genetic 
variations. 

1.1 Barley: botany, ecology and domestication 

1.1.1 Botanical classification 

The genus Hordeum belongs to the Triticeae tribe of the grass family (Poaceae 
or Gramineae) along with wheat and rye. Hordeum consists of more than 30 
diploid (2n = 14) and polyploid (2n = 28 and 42) species in which H. vulgare is 
the only domesticated species in the genus. However, other species such as H. 
spontaneum and H. bulbosum are important genetic resources for breeding 
(Blattner et al., 2010; Blattner, 2009; Linde-Laursen et al., 2008). Wild barley 
is a highly self-fertile species (Abdel-Ghani et al., 2004; Brown et al., 1978) 
and fully interfertile with cultivated barley, whereas H. bulbosum is a self-
incompatible and an obligate outcrossing perennial species (Lundqvist, 1962) 
but can be crossed with domesticated barley. 

1.1.2 Ecological distribution 

H. spontaneum is a plant with an extraordinary ecological distribution and 
adaptation. It can grow in all extreme environments such as in the desert, on 
saline and poor soils and mountainous places. The Fertile Crescent, region with 
cold rainy winter and dry summer, is the main wild barley distribution center 
(Zohary et al., 2012). It covers parts of Israel, Lebanon, Jordan, Syria, South 
Turkey, Iraqi Kurdistan, and South-West Iran (Figure 1). The wild barley 
distribution extends further over the Mediterranean shore (of Egypt, Libya, 
Algeria and Morocco), North-East Iran, Central Asia, Turkmenia and Tibet. 
The hook-like structure (arrowhead shape) formed in matured and degenerated 
lateral spikelets (Figure 2D) can easily attach to animal coats and hence 
facilitate seed dispersal (Sakuma et al., 2011). 
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Figure 1. Geographical distribution of wild barley. (A) The wider wild barley distribution area 
with different ecological habitats (black broken line) ranging from the west Mediterranean shore 
of Morocco to Central Asia and Tajikistan, with the main distribution center in the Fertile 
Crescent (in green). (B) Map showing geographical areas of Israel, one of the wild barley centres 
of distribution and where the wild barley accessions used for this thesis were collected. Picture 
showing wild barley growing (C) in the northern part and (D) in the Negev desert in the southern 
part of Israel. 

1.1.3 Domestication and diversification 

Barley and wheat are the first domesticated cereals in the world. Cultivated 
barley was domesticated from its wild ancestor H. spontaneum at the early 
development of agriculture over 10,000 years ago in the Fertile Crescent 
(Zohary et al., 2012; Pourkheirandish & Komatsuda, 2007). This is based on 
measurements of the radioactive 14C isotope concentration in the remains of 
barley grain. To date, the wild ancestor is growing in its natural habitats in the 
Mediterranean area and in South-West Asia. 

The available genetic evidence showed that barley has undergone a second 
domestication in the east of the Fertile Crescent, which served as a source of 
diversity in barley from Central Asia to the Far East (Morrell & Clegg, 2007; 
Saisho & Purugganan, 2007). The latest report based on high-throughput 
datasets indicated, however, that barley has a polyphyletic origin, with further 
domestication in Tibet (Dai et al., 2014). The polyphyletic origin of barley 
domestication and diversification events is demonstrated in Figure 2. 
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Figure 2. Domestication and diversification events of barley. Wild barley traits and pictures (B 
and D) are on the left panel (green shaded) and domesticated barley traits and pictures (C & E) on 
the right panel (light green shaded).  (A) Diagram depicting the 1st, 2nd and 3rd domestication 
events in barley. (B) Two-rowed wild barley spike and (C) six-rowed domesticated barley spike. 
(D) Arrow-like spikelet of wild barley and (E) spikelet of domesticated barley. 

Plant domestication involves selection of phenotypic traits that distinguish the 
cultivated plant from its wild ancestor, which is known as the ‘domestication 
syndrome’ (reviewed in Doebley et al., 2006; Salamini et al., 2002). Some 
traits have been further selected after the domestication events (post-
domestication selection) during the expansion and adaptation of domesticated 
crop plants to different environmental climates, which is referred to as the 
diversification event (Meyer & Purugganan, 2013). Domestication and 
diversification related traits are controlled by single or multiple genes and 
affected by different types and levels of nucleotide and structural variations 
(Meyer & Purugganan, 2013; Olsen & Wendel, 2013). The three main 
domestication and diversification-related genes and traits that differentiate the 
wild and domesticated barley are described in Table 1. 
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Table 1. Domestication and diversification traits, the responsible genes and variations in barley. 
Hs; H. spontaneum (wild barley), Hv; H. vulgare (domesticated barley), SNP; single-nucleotide 
polymorphism, InDel; insertion and/or deletion and  SV; structural variation. 

Trait Gene Phenotype Mutation Reference 

Non-brittle 
rachis 

Btr1 & Btr2 Hs – brittle (Btr1Btr2) 

Hv – nonbrittle 
(Btr1btr2 or btr1Btr2) 

 (Komatsuda et 
al., 2004) 

Row type VRS1 – HD-ZIP I 
(homeodomain-
leucin zipper I-
class) 

Hs – 2-rowed (Vrs1) 

Hv – 2- & 6-rowed 
(vrs1) 

SNP, InDel 
and SV 

(Komatsuda et 
al., 2007) 

Kernel type Nud – ERF 
(Ethylene 
response factor) 

Hs – covered (Nud) 

Hv – covered (Nud) 
and naked (nud) 

SV (Taketa et al., 
2008) 

1.2 The barley genome 

Barley (H. spontaneum and H. vulgare) is a diploid grass with seven 
chromosomes (2n = 14) and a large haploid genome of 5.1 gigabases (Gb) 
(IBGS Consortium et al., 2012). Barley has the 3rd largest cereal genome after 
diploid bread wheat (17 Gb) and rye (8 Gb) (Bolger et al., 2014), which makes 
its genome size 2.2x of the maize (2.3 Gb), 7.3x of the sorghum (0.7 Gb) and 
13.1x of the rice (0.389 Gb) genomes (Bolger et al., 2014; Bevan & Uauy, 
2013). Through the International Barley Genome Sequencing (IBGS) 
Consortium, the draft barley genome was sequenced and released in May, 2012 
using whole-genome shotgun (WGS), full-length complementary DNAs (fl-
cDNA) and RNA sequencing data generated by Sanger and next-generation 
sequencing (NGS) approaches (IBGS Consortium et al., 2012). 

The IBGS Consortium estimated the barley genes to be 30,400. So far 
26,159 (86%) of them have been identified as ‘high-confidence’ (HC) genes 
with homology support from other plant genomes from the total of 79,379 
predicted transcript clusters. The rest 53,220 transcripts were categorized as 
‘low-confidence’ (LC) genes without homology and gene family clustering. 
Based on RNA sequencing data (RNA-Seq) obtained from eight developmental 
stages, 72-84% of HC genes are expressed in more than one tissue or 
developmental stage, and 36-55% of them are differentially regulated among 
samples (IBGS Consortium et al., 2012). Moreover, 73% of intron-containing 
HC genes showed alternative splicing in which majority of them are unique to 
the sample. 

Genetically barley is a very diverse plant. The genome-wide comparisons of 
four barley cultivars and one wild barley accession against a reference cultivar 
‘Morex’ uncovered over 15 million single-nucleotide variants (SNVs) in which 
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up to 350,000 SNVs are associated with exons (IBGS Consortium et al., 2012). 
The genome survey revealed the presence of low genomic variation at 
centromeric and peri-centromeric regions of all chromosomes, particularly in 
cultivated barley, due to low recombination in these regions. Nonetheless, there 
is an intact genomic diversity in wild barley throughout the genome, which can 
serve as a source of genetic variation (IBGS Consortium et al., 2012). 
Structural variations (SVs) due to copy number variations (CNVs) such as 
deletions, insertions and duplications of over 50 bp are also more prevalent in 
the barley genome (Munoz-Amatriain et al., 2013). Higher CNVs across all 
chromosomes were found in the wild than in the cultivated barley. 

       

 

Figure 3. Distribution patterns of SNV in barley. Genome-wide frequency distribution of SNV 
per 50 kb in wild (inner black circular histograms) and cultivated barley (four external circular 
histograms) on all chromosomes (inner grey bars). The arrowheads show regions with deviated 
SNV frequency for the respective accession (adapted from IBGS Consortium et al., 2012). 
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1.3 Adaptive genomic divergence in barley 

Throughout their wider geographical distribution, both wild and domesticated 
barley exposed and adapted to multiple environmental factors where drought, 
salinity and high temperature are the main abiotic stresses. Wild barley 
successfully adapted to such highly diverse environments that differentiate 
over short to long geographical distances (Bedada et al., 2014b, Paper I; 
Russell et al., 2014; Hubner et al., 2013; Hubner et al., 2012; Fitzgerald et al., 
2011; Hubner et al., 2009; Yang et al., 2009). 

As sessile organisms, plants have developed three different mechanisms to 
adapt to drought stress (reviewed in Juenger, 2013; Blum, 2011; Verslues & 
Juenger, 2011; Barnabas et al., 2008). (1) Drought escaping – by undergoing 
early flowering and maturity, plants can escape the grain filling growth stage 
before the onset of seasonal drought. (2) Drought avoidance – reducing or 
avoiding dehydration and maintaining high water status despite exposure to 
water-deficit using different mechanisms such as stomatal closure to maintain 
turgor pressure. (3) Drought tolerance – tolerating dehydration and undergoing 
functional growth and development under low water status by accumulation of 
protective proteins such as late embryogenesis abundant, dehydrins and 
chaperons. 

Wild barley adaptation to drought stress likely involves combinations of 
strategies. Water-use efficiency (WUE) is one of the physiological responses 
associated with drought stress response and it describes the association 
between carbon fixation to biomass (photosynthesis rate) and water loss 
(transpiration rate), and is expressed as their ratio. It indicates plant efficiency 
in biomass gain through photosynthesis (carbon assimilation) while 
minimizing water loss through transpiration and hence a commonly used 
parameter to evaluate plant adaptation potential to drought stress or water 
limited environments (Eppel et al., 2013; Suprunova et al., 2007). Analysis 
based on WUE of differentially adapted wild barley genotypes to drought 
stress led to the discovery of the barley dehydration-responsive Hsdr4 gene 
(Suprunova et al., 2007). The differential adaptation patterns to diverse 
environments thus make wild barley an ideal plant for analysis and 
identification of adaptive genes and genetic variants.  

1.4 The molecular bases of genome divergence and evolution 

The natural genomic divergence within and among populations and closely 
related species (for instance wild and domesticated barley) are responsible for 
differential patterns of plant adaptation to heterogeneous  environments, and is 
an important genetic resource for crop plant improvement (Henry & Nevo, 
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2014; Munoz-Amatriain et al., 2014; Morrell et al., 2011; Alonso-Blanco et 
al., 2009). These divergences arise from naturally occurring genetic changes or 
spontaneous mutations that are preserved by natural and artificial selections, 
and other neutral evolutionary processes.  

Mutations arise in the genome cover genetic changes at: (i) the nucleotide 
scale – single-nucleotide variations (SNVs) and insertions and/or deletions 
(InDels) (Figure 4G and H); (ii) the gene scale – structural variations (SVs), 
which include copy number variations (CNVs) and present and/or absent 
variations (PAVs) (Figure 4A-F); and (iii) the chromosomal scale – such as 
large deletions and translocations (Marroni et al., 2014; Rensing, 2014; 
Zmienko et al., 2014; Alkan et al., 2011; Innan & Kondrashov, 2010). The 
molecular mechanisms responsible for the creation of nucleotides and SVs and 
their functional impacts on the genotypic and phenotypic differentiations 
within barley and other plants are described in the following sections. 

 
Figure 4. Genomic variations and their possible effects. Different possible types of structural 
variations affecting a gene are indicated in A-F; and SNVs and InDels affecting one to few 
nucleotides are indicated in G-H.  Possible types of SVs: (A) tandem gene duplication, (B) 
interspersed gene duplication, (C) insertion of TE at regulatory region, (D) translocation of gene, 
(E) partial gene deletion and (F) complete gene deletion. Nucleotide variations in exonic regions: 
(G) SNVs and (H) insertion and deletion (InDels). 
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1.4.1 Nucleotide variations 

Single-nucleotide variation (SNV): SNV, single nucleotide polymorphism 
(SNP), is a substitution of a single base pair occurs during the DNA 
duplication process and/or by other external factors such as chemical 
substances and UV radiation. SNV occurs in coding regions of the genome can 
cause a silent/synonymous mutation (sSNP or sSNV), or non-silent/non-
synonymous mutation (nsSNP or nsSNV) – a mutation that results in amino 
acid change. Phenotype causing SNVs can alter the existing gene structures 
through either frame shift mutation or alternative splicing and thereby change 
the function of the gene. 

 
Small insertion/deletion (InDel): InDel of one or more nucleotides (usually 
under 50 bp), which arises due to an error during the DNA duplication process, 
contributes to plant genomic and phenotypic divergence. InDel mutations in 
the coding regions of the genome can affect the protein coding reading frame 
in different ways. InDels of multiple of three nucleotides in the coding regions 
affect the length of the protein sequence without affecting the reading frame of 
the original protein. InDels involving one or two nucleotides, however, disturb 
the reading frame and cause frame shift mutation, which can further lead to the 
creation of a new gene structure and function that can potentially cause 
genomic and phenotypic divergence. 
 
Functional impact of SNV and InDel: SNV and InDel mutations can cause 
genomic and phenotypic divergence within and among wild and cultivated 
plants (reviewed in Meyer & Purugganan, 2013; Olsen & Wendel, 2013; 
Alonso-Blanco et al., 2009). In barley, SNVs and InDels have affected several 
domestication and diversification genes and genes controlling agronomically 
important traits. A single nsSNP at the coding region of uzu (BRI1) (Chono et 
al., 2003) and the intronic region of sdw1 (Jia et al., 2009) genes cause 
dwarfed barley plants. Similarly, a single sSNP at the exonic regions of 
cleistogamous Cly1 gene, a region targeted by microRNA (miR172), results in 
cleistogamous flower – a flower that sheds its pollen before opening (Nair et 
al., 2010). SNPs and InDels at the exonic regions of VRS1 gene have led to the 
creation of six-rowed barley (Komatsuda et al., 2007). Nucleotide variations at 
the coding region of Ppd-H1 (Turner et al., 2005) and Vrn-H3 (Yan et al., 
2006) genes have caused late-flowering barley phenotypes. Differential 
adaptation among winter and spring barley types are also due to a single nsSNP 
at the Antirrhinum Centroradialis HvCen gene (Comadran et al., 2012).  

The aforementioned and other similar results therefore clearly demonstrate 
the significant contributions of SNVs and InDels in creating genomic and 
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phenotypic differentiations among and within wild and domesticated barley. 
Further analysis and characterization of the diverse cultivated and wild barley 
gene pools through different genomic approaches is therefore a vital strategy to 
uncover more beneficial variations. 

1.4.2 Structural variations 

Structural variations (SVs) are another major source of genomic and 
phenotypic divergence in crop plants (reviewed in Marroni et al., 2014; 
Rensing, 2014; Zmienko et al., 2014). SVs were initially considered as 
insertions, deletions, inversions, duplications and translocations of DNA 
segments over 1 kb, but now redefined as genomic rearrangements covering 
over 50 bp DNA sequence (Munoz-Amatriain et al., 2013; Alkan et al., 2011). 
SVs can be categorized as: (i) CNVs – duplications, deletions and insertions of 
sequences that lead to the occurrence of different sequence copy number 
among individual genomes; and (ii) PAVs – the presence of sequences in one 
but complete absent in another individual genome within a species (Marroni et 
al., 2014; Saxena et al., 2014; Olsen & Wendel, 2013). 

Different mechanisms are responsible for the creation of SVs. This includes 
nonallelic homologous recombination, nonhomologous end joining and 
transposable element (TE) dynamics (reviewed in Bickhart & Liu, 2014; Chen 
et al., 2013; Long et al., 2013; Kaessmann et al., 2009; Conrad & Hurles, 
2007). Nonallelic homologous recombination is TE-mediated large genome 
rearrangements in which nonallelic homologous recombination (unequal 
crossing-over) occurs among: (i) direct repeats leading to deletions and 
duplications, (ii) inverted repeats causing inversions, and (iii) repeats on 
different chromosomes resulting in translocations. Nonhomologous end joining 
mechanism involves ligation of the ends of two double stranded breaks in the 
DNA sequence. 
       Gene duplication contributes to genome complexity and phenotype 
diversity through creation of new genes, and gene structures and functions 
(Chen et al., 2013; Long et al., 2013; Conant & Wolfe, 2008). Large 
proportion of duplicated genes are erased due to the accumulation of 
deleterious mutations, while the remaining few proportion can be retained and 
become nonfunctional (pseudogenized or silenced), acquire a novel function 
(neofunctionalization), or divide the original function (subfunctionalization) 
(Rensing, 2014; Chen et al., 2013; Long et al., 2013; Carretero-Paulet & Fares, 
2012; Rutter et al., 2012; Kaessmann, 2010; Conant & Wolfe, 2008). 
 
Functional impact of SVs: Unlike ample documented studies on the functional 
impacts of SVs in different model organisms, little is known about their 
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impacts in plants. The advent of NGS technologies is, however, uncovering the 
functional contributions of SVs to plant genomic and phenotypic divergence 
(Marroni et al., 2014; Saxena et al., 2014; Zmienko et al., 2014; reviews 
therein). SVs can have profound effects on plant genome structure and 
complexity, and gene expression and function. These effects include complete 
duplication or deletion of a gene, deletion and/or duplication of exonic or 
enhancer region, or insertion of transposable elements in the regulatory or 
coding region of a gene (Figure 4A-F). 

In barley, the genome-wide analysis revealed the presence of high SVs 
(Munoz-Amatriain et al., 2013; Matsumoto et al., 2011). Recently, it has been 
revealed that the barley VRS1 gene responsible for row-types (Komatsuda et 
al., 2007) is the outcome of a duplication and neofunctionalization process 
(Sakuma et al., 2013). That means that, VRS1 is a duplicate of the HvHox2 
gene, which is conserved among cereals. Similarly, duplication of the boron 
transporter Bot1 gene coding for the boron efflux transporter causes boron-
toxicity tolerance in an African barley landrace from Algeria (Sutton et al., 
2007). The tolerant barley genotype has four-times higher number of copies of 
the Bot1 gene than the intolerant genotypes. More transcripts provide tolerance 
by enhancing boron efflux transporter activity and capacity. Insertion of a 1-kb 
sequence in the upstream of the barley aluminum-activated citrate transporter1 
HvAACT1 gene encoding for the citrate transporter causes aluminum (Al) 
toxicity tolerance (Fujii et al., 2012). Al-tolerant cultivars have higher 
expression of the HvAACT1 gene, which is enhanced by a 1-kb insertion (Fujii 
et al., 2012). The recent large-scale array-based comparative genome 
hybridization (CGH) study (Munoz-Amatriain et al., 2013) further shows the 
prevalence and patterns of SVs in wild and domesticated barley in that 9.5% of 
the coding sequences represented on the array showed CNVs, 41.8% exon-
affecting CNVs are only present in wild barley, and stress and resistance genes 
such as nucleotide-binding site leucine-rich repeat (NBS-LRR) and resistance 
(R) genes are affected by CNV. The above studies therefore clearly indicate the 
significant contributions of SVs to phenotypic and genomic divergence within 
and among wild and cultivated barley adapted to different environments. 

1.5 Transposable elements dynamics and genomic divergence  

Transposable elements (TEs) are DNA sequences that are capable to move 
around and integrate into new positions in the genome (Wicker et al., 2007). 
They were initially discovered in maize DNA by Barbara McClintock in 1956 
(McClintock, 1956). In the past, they were described as “Junk” DNA or 
genomic parasite and selfish genes (Doolittle & Sapienza, 1980; Orgel et al., 
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1980). Nonetheless, now-a-days due to their significant contributions to the 
evolution and adaptation of organisms, they are considered as key players in 
reshaping the genome (reviewed in Bennetzen & Wang, 2014; Bonchev & 
Parisod, 2013; Casacuberta & Gonzalez, 2013; Lisch, 2013; Rebollo et al., 
2012). 

Based on their transposition mechanisms (i.e., the presence or absence of an 
RNA transposition intermediate), TEs are generally grouped into two major 
classes: Class I and Class II elements (Wicker et al., 2007). Class I elements or 
retrotransposons transpose through a ‘copy-and-paste’ mechanism (Figure 5A) 
via a reverse-transcribed RNA intermediate to integrate into a new position in 
the genome by an integrase enzyme. Class II elements or DNA transposons 
transpose through a ‘cut-and-paste’ mechanism using TE encoded transposase 
enzyme. Class I elements are further classified as long terminal repeat (LTR) 
elements and non-LTR elements in which they differ in the presence/absence 
of LTR and their internal structural domains (Figure 5B). 

 
Figure 5. Classification of TEs and structure of LTR retrotransposons. (A) The two classes of TEs 
and their transposition mechanisms. (B) Structure of LTR retrotransposons showing the 
difference in the arrangement of the internal domains between Copia and Gypsy superfamilies. 
(C) Structure of BARE1 and BARE2 showing the inactive GAG domain of BARE2 due to 
mutation. Figures B and C are based on information in Schulman (2012).  
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1.5.1 Transposable elements in barley 

TEs constitute a significant proportion of the plant genome (Vitte et al., 2014), 
which ranges from 10% in Arabidopsis thaliana (Arabidopsis Genome 
Initiative, 2000) to 85% in maize (Schnable et al., 2009). In barley, TEs 
constitute about 84% of the genome, with the majority belongs to 
retrotransposons (IBGS Consortium et al., 2012). Almost all retrotransposons 
are LTR elements where the Gypsy transposons superfamily is the most 
abundant elements followed by the Copia superfamily (Mazaheri et al., 2014; 
IBGS Consortium et al., 2012; Wicker et al., 2009). 

The LTR retroelements particularly occupy the pericentromeric and 
centromeric regions of the barley chromosomes where the gene density is low, 
whereas the DNA transposons are abundant in the gene-rich regions (IBGS 
Consortium et al., 2012). These are the commonly observed chromosomal 
distribution patterns of TEs in plants (Kejnovsky et al., 2012) in that LTR 
retroelements occupy the heterochromatic regions – highly condensed, gene-
poor and transcriptionally silent regions, whereas the DNA transposons are 
commonly found in the euchromatic regions – less condensed, gene-rich and 
transcriptionally accessible regions. The insertion preference and abundance of 
TEs in the gene-poor pericentromeric and heterochromatic regions with no or 
low recombination is associated with less deleterious effects of TE insertions at 
these regions (Kejnovsky et al., 2012). 

Barley retroelement 1 (BARE1) from Copia superfamily (Manninen & 
Schulman, 1993) is the most abundant type of TEs constituting over 10% of 
the barley genome, with full-length insert alone constituting 2.9% (Middleton 
et al., 2012; Wicker et al., 2009; Soleimani et al., 2006; Vicient et al., 1999), 
followed by Sabrina (~8%) form Gypsy superfamily. The BARE family has 
three different members: BARE1 – fully autonomous, BARE2 – non-
autonomous type that depends on BARE1 and BARE3 – similar to wheat WISE-
2 retroelement (Vicient et al., 2005). BARE1 is the first described Copia 
retrotransposons that is expressed and inherited from generation to generation 
(Chang et al., 2013; Jaaskelainen et al., 2013; Jaaskelainen et al., 1999). The 
autonomous BARE1 life cycle is maintained through its structure composed of 
LTRs and protein coding internal domains consisting of capsid protein (GAG), 
aspartic proteinase (AP), integrase (IN), reverse transcriptase and RNase H 
(RT-RH) (Schulman, 2012; Wicker et al., 2007; Vicient et al., 1999). Unlike 
BARE1, the GAG domain of BARE2 is transcriptionally inactive due to the 
deletion of the first codon of the gag open reading frame (ORF) through 
mutation (Tanskanen et al., 2007; Vicient et al., 2005). 

The BARE1 domains are arranged as LTR-GAG-AP-IN-RT-RH-LTR 
(Figure 5C) and responsible for the transposition process that involves 
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transcription, translation, packaging, reverse transcription and integration into 
the genome (Schulman, 2012). The transcription starts with the promoter that 
resides at 5’ LTR and terminates and polyadenylates with a signal provided 
from 3’LTR. Transcribed RNA is translated into either a separate GAG and pol 
ORFs or a GAG and polyprotein (Schulman, 2013; Schulman, 2012). 

1.5.2 Transposable elements drive genomic divergence 

TEs dynamics are one of the evolutionary forces that generates genome 
complexity and variability in plants (Bennetzen & Wang, 2014; Marroni et al., 
2014; Mirouze & Vitte, 2014; Buchmann et al., 2013; Lisch, 2013; Slotkin et 
al., 2012; Morgante et al., 2007). Transposons movements throughout the 
genome generate different types and levels of structural variations that can lead 
to genome rearrangement and changes in genome size (Bennetzen & Wang, 
2014; Vitte et al., 2014). Moreover, their dynamics can alter gene expression 
or function by creating novel features, disrupting regulatory (enhancer and 
promoter) or coding regions of the gene, or through epigenetic mechanisms 
(reviewed in Marroni et al., 2014; Mirouze & Vitte, 2014; Lisch, 2013; Slotkin 
et al., 2012). 

Little is known about the functional impacts of TEs in Triticeae species. 
There are, however, several evidences from other plants that TEs dynamics 
regulate the genes. These regulation can have adaptive, neutral or deleterious 
impacts on the plant fitness (reviewed in Bennetzen & Wang, 2014; Vitte et 
al., 2014; Lisch, 2013). The functional impacts of TEs are associated with the 
regulatory information found in TEs. BARE1 carries a promoter of abscisic 
acid (ABA)-responsive element (Suoniemi et al., 1996), which is similar to the 
promoter of stress-responsive genes. Drought stress induces the expression of 
BARE1 GAG protein (Jaaskelainen et al., 2013). An association of BARE1 
diversity with stress has been documented in natural wild barley populations 
from the ‘Evolution canyon’ (EC). Population from the drier and rocky South-
facing slope (SFS) of the EC1 in Israel has higher BARE1 copy number than a 
population from the moist North-facing slope (NFS), indicating the adaptive 
role of BARE1 under stress (Kalendar et al., 2000). The promoter region of the 
barley dehydration-responsive Hvdr4 gene (Suprunova et al., 2007) 
responsible for dehydration stress tolerance contains a miniature inverted-
repeat transposable element (MITE), a DNA transposon capable to form a hair-
pin-like secondary structure. Several nucleotide variations were observed at the 
MITE insertion region among stress tolerant and sensitive genotypes, which 
suggested to cause different folding patterns in the tolerant and sensitive 
genotypes, and hence potentially leading to different patterns of adaptation to 
drought stress (Suprunova et al., 2007). 
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1.6 Evolutionary processes driving genomic divergence 

1.6.1 Domestication and diversification 

Plant domestication and diversification processes, which involved rigorous 
conscious and unconscious selection events, led to profound genetic and 
phenotypic changes (reviewed in Meyer & Purugganan, 2013; Olsen & 
Wendel, 2013; Meyer et al., 2012; Sakuma et al., 2011; Pourkheirandish & 
Komatsuda, 2007; Doebley et al., 2006). Domestication and diversification 
caused genome-wide loss of both neutral and adaptive genetic variations in 
domesticated barley through genetic bottlenecks. 

1.6.2 Adaptive selection 

Plants adapted to divergent and heterogeneous environmental habitats are 
facing continuous natural selection pressures that lead to adaptive genomic and 
phenotypic divergence among individuals and populations (Franks & 
Hoffmann, 2012; Schoville et al., 2012). Adaptive genomic divergence is 
caused by natural selection. It primarily acts on loci under divergent selection 
and its effect further spill over to those tightly linked neutral loci through 
genetic hitchhiking and thereby affecting their allele frequency (Vitti et al., 
2013; Franks & Hoffmann, 2012; Schoville et al., 2012; Hohenlohe et al., 
2010; Nosil et al., 2009). 

Adaptive genomic divergence can be due to novel mutation (hard selective 
sweep) or standing genetic variation (soft selective sweep) (reviewed in 
Hendry, 2013; Messer & Petrov, 2013; Vitti et al., 2013; Franks & Hoffmann, 
2012; Schoville et al., 2012; Hohenlohe et al., 2010; Nosil et al., 2009; Barrett 
& Schluter, 2008). Adaptation from standing genetic variation or soft sweeps 
occurs when variation already present in a population as neutral or deleterious 
variant or introduced through gene flow is favored and increased in frequency 
following natural selection. Soft sweep involves either single or multiple genes 
(alleles) (Pritchard & Di Rienzo, 2010). Unlike soft sweep, hard selective 
sweep occurs when a single novel mutation appears in the population is 
favored and swept to high frequency and thereby causing adaptive genomic 
divergence. Several studies on both plants and animals are indicating that 
standing genetic variation is mainly responsible for the adaptive genomic 
divergence (reviewed in Messer & Petrov, 2013; Schoville et al., 2012; 
Hohenlohe et al., 2010; Pritchard & Di Rienzo, 2010). 

In barley, both soft and hard sweeps have contributed to adaptive genomic 
divergence. For instance, boron toxicity resistance (Sutton et al., 2007) is due 
to an increase in the frequency of copy number. Similarly, differential 
adaptation among winter and spring barley cultivars is due to an increase in the 
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frequency of the preexisting genetic variant (nsSNP) at the HvCEN gene 
(Comadran et al., 2012). On the other hand, barley tolerance to acidic soil 
(aluminum toxicity tolerance) is due to the novel insertion of a 1-kb sequence 
upstream of the aluminum-activated citrate transporter HvAACT1 gene (Fujii et 
al., 2012). Adaptive genomic variation can also arise from hybridization 
among wild and cultivated crop plants (Ellstrand et al., 2013; Hufford et al., 
2013; Stapley et al., 2010), which is a soft selection sweep supplied by gene 
flow. For instance, gene flow among wild and domesticated barley was 
suggested as a source of adaptive variation observed in the domesticated barley 
(Russell et al., 2011). Similarly, the introgression of adaptive alleles from the 
wild relatives of maize, Zea mays ssp. mexicana, into cultivated maize 
improved the adaptation of maize to the highland environment (Hufford et al., 
2013). Local adaptation in Arabidopsis thaliana is also caused by both 
standing genetic variation (Fournier-Level et al., 2011) and novel mutations 
(Hancock et al., 2011). 

1.6.3 Neutral evolutionary processes 

Like natural selection, the neutral evolutionary processes (non-selective forces) 
are not causing adaptive patterns of genomic divergence among individuals 
and populations, but can influence the adaptive genomic variation by 
increasing or decreasing the genome-wide level of diversity. These neutral 
driving forces include gene flow, isolation by dispersal limitation (IBDL) and 
demographic processes (reviewed in Schoville et al., 2012; Hohenlohe et al., 
2010; Suzuki, 2010). Natural selection causes locus-specific adaptive 
divergence, while the neutral evolutionary processes have genome-wide 
effects. 

Gene flow is a homogenizing evolutionary force that acts uniformly 
throughout the genome (Aitken & Whitlock, 2013; Orsini et al., 2013; 
Savolainen et al., 2013; Schoville et al., 2012; Via, 2012; Nosil et al., 2009). 
Hence, gene flow can either counteract or enhance adaptive genomic 
divergence based on different factors (Anderson et al., 2010). This includes the 
environmental habitats of the differentiating populations, the level of gene flow 
itself, and the strength of adaptive selection. Strong adaptive selection can 
reduce gene flow among populations adapted to ecologically divergent 
environments since immigrants from different environments can poorly 
establish and adapt to the new contrasting environment (Orsini et al., 2013; 
Nosil et al., 2009; Jump & Peñuelas, 2005). Unless there is strong or 
equivalent level of natural selection, strong gene flow can also reduce or 
remove the adaptive divergence. In contrary, gene flow can enhance adaptive 
divergence by introducing adaptive variation, which is the case of adaptation 
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from standing genetic variation (Hufford et al., 2013; Schoville et al., 2012; 
Russell et al., 2011). 

Barley is predominantly self-fertile. Gene flow over longer geographical 
distances is thus mainly through seed dispersal, while both seed and pollen 
dispersals are responsible for gene flow over shorter distances (Volis et al., 
2010). Gene flow among wild barley populations adapted to different 
environments over both micro- and macro-environmental gradients have been 
documented in different studies (Bedada et al., 2014b, Paper I; Hubner et al., 
2013; Hubner et al., 2012; Russell et al., 2011; Volis et al., 2010; Hubner et 
al., 2009; Morrell et al., 2003). Volis et al. (2010) observed that the level of 
gene flow within wild barley populations varies in different environmental 
habitats. Even though several studies are indicating the presence of gene flow, 
little is known about how gene flow is shaping adaptive genomic divergence in 
barley. However, the gene flow most likely plays a significant role in shaping 
the genomic divergence in wild and domesticated barley. Further investigations 
using genome-wide analysis of systematically collected large number of wild 
barley accessions from its distribution range and domesticated barley 
genotypes growing around the collection sites of wild barley is therefore 
required to dissect how gene flow is shaping the neutral and adaptive genomic 
divergence over shorter and longer geographical distances with diverse 
environmental habitats. 

Genomic divergence among individuals and populations can also arise due 
to isolation by dispersal limitation (IBDL), a neutral driving force that can lead 
to isolation by distance (IBD) pattern of genomic variation (Orsini et al., 2013; 
Slatkin, 1993). This pattern of genomic divergence can occur when there is no 
adaptive selection and the gene flow among populations is reduced with 
increasing geographical distance (Orsini et al., 2013). Nonetheless, when IBD 
is coupled with strong adaptive selection, both neutral and adaptive genomic 
variations occur (Orsini et al., 2013; Nosil et al., 2009). IBD pattern of 
genomic divergence is a commonly observed pattern of variation in wild barley 
over short to long geographical distances (Bedada et al., 2014b, Paper I; Fang 
et al., 2014; Russell et al., 2014; Hubner et al., 2013; Hubner et al., 2012; 
Hubner et al., 2009). 

Demographic processes such as change in population size due to bottleneck, 
expansion, admixture and colonization can also affect patterns of genomic 
divergence within and among populations. Population bottleneck, which can be 
caused by different factors such as domestication, can cause genome-wide loss 
of genetic diversity and hence reduce the adaptive variation, whereas an 
expanding population can enhance adaptive genomic divergence by sweeping 
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favored variants to high frequency and fixation (Hohenlohe et al., 2010; 
Suzuki, 2010). 

1.7 Approaches for analysis of adaptive genomic divergence 

1.7.1 Experimental and genomic approaches 

Experimental approaches 
Adaptive genomic variation can be investigated using different experimental 
methods applied to either natural populations adapted to heterogeneous and 
contrasting environments or experimental populations derived from crossing of 
differentially adapted populations (Franks & Hoffmann, 2012; Anderson et al., 
2011). 

There are four commonly applied experimental approaches (Merila & 
Hendry, 2014; Franks & Hoffmann, 2012; Anderson et al., 2011) used to infer 
the genetic basis of adaptive variation. (1) Common-garden experiment – an 
approach applied by growing populations collected from different 
environments under common laboratory or field conditions to identify adaptive 
variations among populations. (2) Reciprocal transplant experiment – this 
method is implemented by reciprocal transplanting of populations from 
different climates between environments to investigate the adaptive fitness or 
fitness advantage of populations at their native and foreign environments. (3) 
Individuals- or population-based experiment – an approach implemented using 
individuals or populations collected from contrasting environments to analyze 
the adaptive genomic divergence. (4) Qualitative trait loci (QTL) mapping 
approach – this method is applied by generating mapping populations from 
differentially adapted parental populations or individuals to identify genomic 
regions associated with divergence or adaptation. 

Different approaches have their own merits and disadvantages, but selection 
of the appropriate method is based on different factors such as the number of 
individuals or populations included in the experiment and type of applied 
genomic approach for genotyping of the samples. For adaptive selection 
analysis of few individuals or populations using high-throughput data, the first 
three approaches can be implemented. 
 
Genomic approaches 
Adaptive genomic analysis can be performed using either both phenotypic and 
genomic data or only genomic data generated from different populations. 
Genomic data can be generated from few to multiple genomic regions for 
genome-scan based divergence analysis or from the whole genome to perform 
NGS based analysis of genomic divergence for identification  of signature of 



29 

adaptive selection and thereby uncover genes and variations associated with 
and responsible for adaptation (Vitti et al., 2013; Franks & Hoffmann, 2012; 
Ekblom & Galindo, 2011; Stapley et al., 2010). 
 
(1) Genome-scans 
The genome-scans have been widely used to perform a genomic survey and 
compare patterns of genetic variation within and among populations and 
thereby identify candidate loci (outlier loci) associated with adaptation 
(Schoville et al., 2012; Strasburg et al., 2012; Coop et al., 2010; Nosil et al., 
2009; Foll & Gaggiotti, 2008; Nielsen et al., 2005). The outlier loci can be 
detected by analyzing highly differentiating allele frequency among 
populations (Fst), and allele frequency strongly associated with differentiating 
environments. 

Genome-scan approach has been a method of choice particularly before the 
NGS technologies were widely accessible due to high costs and other aspects. 
Hence, it has been applied to scan and analyze patterns of genomic variation in 
wild and domesticated barley populations and different evolutionary processes 
driving local adaptation and genomic differentiation (Bedada et al., 2014b, 
Paper I; Comadran et al., 2012; Hofinger et al., 2011; Russell et al., 2011; 
Yang et al., 2011; Hubner et al., 2009; Yang et al., 2009; Jilal et al., 2008; 
Cronin et al., 2007; Baek et al., 2003; Morrell et al., 2003; Volis et al., 2001). 
Nonetheless, this method has some limitations such as poor resolution to 
identify gene and genetic variation responsible for adaptation (Strasburg et al., 
2012; Narum & Hess, 2011). 
 
(2) NGS approach 
NGS based analysis is another highly informative and comprehensive approach 
for genome-wide analysis of genomic divergence (Kiani et al., 2013; Morey et 
al., 2013). Unlike genome-scans, the NGS approach has high resolution to 
perform a genome-wide scanning for identification of signature of adaptive 
divergence among populations and the responsible genes and genetic variations 
(Morey et al., 2013; Vitti et al., 2013; Stapley et al., 2010). This approach can 
be implemented using different sequencing techniques, but I will here only 
focus on the basic and other techniques that we have applied in this thesis 
work. Other approaches such as reduced sequencing representation methods 
and genome-wide association studies (GWAS) are not covered. 
 
Whole genome (re)-sequencing (WGS): a comprehensive sequencing approach 
for the analysis of the genomic divergence among individuals across an entire 
genome. This method helps to identify all types of variations in both coding 
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and non-coding regions of the genome (IBGS Consortium et al., 2012) and to 
discover novel transcripts or genes by resequencing (Lai et al., 2010). WGS 
can therefore uncover genome-wide adaptive genetic variations. Efficient 
utilization of WGS data, however, requires a reference genome. Furthermore, 
resequencing approach is not a method of choice for analysis of large samples 
or populations, particularly in plants like barley with large repetitive-rich 
genome, though it can be applied as low-coverage resequencing of pooled 
samples for medium-sized genome such as rice (He et al., 2011). So far, this 
method has not been used for adaptive genomic analysis in barley. 
 
Transcriptome sequencing: a sequencing of reverse transcribed mRNA (cDNA) 
from the whole genome is another approach for interrogation of transcriptome 
divergence within and among populations. RNA-Seq analysis can be done on 
transcriptome library that is either unnormalized to perform differential gene 
expression analysis or normalized to analyze many transcripts and thereby 
uncover novel genes and variants (Ekblom et al., 2012; Ekblom & Galindo, 
2011). 

Transcriptome-based analysis of adaptive divergence is therefore an 
informative method particularly to analyze non-model organisms without a 
reference genome, but it has some limitations (Hirsch et al., 2014; Franks & 
Hoffmann, 2012; Good, 2011). First, adaptive genomic divergence maybe due 
to novel or standing genetic variations that is not linked to differential gene 
expression. RNA-Seq is therefore less informative to identify such adaptive 
variants. Second, an adaptive divergence maybe associated with tissue-specific 
and/or developmental stage-specific differentially expressed genes and gene 
networks. It is therefore unlikely to identify such candidate genes and genetic 
variations from unrepresentative libraries sampled at different stages or from 
different tissues. 

The RNA-Seq approach has been broadly used to analyze genomic 
divergence in many cereals (Kiani et al., 2013). In barley, transcriptome 
sequencing has been used for different studies such as discovery of growth 
stage and tissue-specific novel transcripts (IBGS Consortium et al., 2012; Thiel 
et al., 2012) and for identification of differentially expressed genes among 
drought sensitive and tolerant wild barley ecotypes (Hubner S. et al., in 
preparation). We have also implemented normalized transcriptome sequencing 
for identification of novel transcripts and SNPs from two differentially adapted 
wild barley ecotypes under drought stress (Bedada et al., 2014a, Paper II). 

 
Targeted capture sequencing: is a method performed by enriching and 
sequencing of targeted genomic regions or genes of interest to reduce the 
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complexity of the genome (Blumenstiel et al., 2010; Gnirke et al., 2009; 
Hodges et al., 2007) in large individuals or populations. Hence, it is a cost-
effective and powerful approach to investigate the adaptive genomic 
divergence at coding regions of the genome, selected candidate genes or 
targeted genomic regions in large samples (Andrews & Luikart, 2014; Kiani et 
al., 2013; Good, 2011), 

Targeted or exome sequence capture approach has been successfully 
applied in different crop plants (as reviwed in Saxena et al., 2014; Kiani et al., 
2013). Recently, barley whole exome capture was successfully developed, and 
the data has been used for phylogenetic-based analysis of genomic divergence 
within and among wild and domesticated barley (Mascher et al., 2013). Exome 
or targeted capture is therefore a method of choice for population-based 
analysis of adaptive genomic divergence. We applied this method to analyze 
patterns of adaptive divergence at randomly selected and candidate genes 
(Manuscript III) and to investigate the patterns of BARE TE insertions 
(manuscript IV) in large wild and domesticated barley populations. 

1.7.2 Bioinformatics techniques  

Bioinformatics is a core base for the analysis of high-throughput genomic data 
and dissection of the genetic basis of divergence within and among 
populations. Bioinformatic techniques can be applied as a series of pipelines 
and workflows involving different bioinformatic tools to process and analyze 
NGS datasets generated from individuals or pool of individuals (Pool-seq). 
NGS-based analysis of genomic divergence generally involves three main steps 
(Figure 6). 

 
(1) NGS data generation, processing and quality control 
The raw NGS data generated from individuals or populations is processed and 
quality controlled by removing or trimming barcodes (indexes), adapters, 
primers, poor-quality reads and nucleotides, and further visualized and 
inspected for the quality parameters. (Guo et al., 2013; Wolf, 2013; Ekblom & 
Galindo, 2011; Martin & Wang, 2011). This is therefore a critical step that can 
affect the downstream analysis and the biological conclusions drawn from the 
data. 

 
(2) Reads mapping or assembly  
Well-processed and quality controlled raw reads are either de novo assembled 
or mapped onto the reference genome or sequence. Accurate de novo or 
reference-based assembly depends on several factors such as the quality of the 
reads, the quality of the reference genome or sequences and the alignment tool 
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and implemented parameters (Wolf, 2013; Lee et al., 2012; Martin & Wang, 
2011; Nielsen et al., 2011; Zhang et al., 2011; Kumar & Blaxter, 2010).  

 
Figure 6. Workflow for analysis of NGS data. NGS datasets generated from individuals or pooled 
samples are processed and quality controlled at different stages for assembly and identification of 
nucleotide variations that can be used for different population genomic analysis.  

(3) Variant calling and filtering 
Efficient mapping of reads leads to the discovery of high-quality genomic 
variations. Identification of high-quality variants involves variants calling, 
filtering and discovery. Variants identification is therefore affected by factors 
such as quality of the reference sequence, nature and source of sequencing 
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date, depth of coverage at variant site and alignment and variant calling 
algorithms (Guo et al., 2013; Kiani et al., 2013; Lee et al., 2012; Martin & 
Wang, 2011; Nielsen et al., 2011). 
There are four different bioinformatic methods that are implemented in 
different mapping and variant calling programs for the identification of 
genomic divergence among individuals and populations using NGS data 
(Marroni et al., 2014; Alkan et al., 2011; Nielsen et al., 2011). These are (1) 
read depth, (2) split read mapping, (3) pair-end (PE) mapping and (4) sequence 
assembly. 

PE-based analysis of genomic variations is a powerful approach for 
detection of all types of variants based on the distance among and/or the 
orientation of PE reads mapped onto the reference sequence. The presence of 
InDels or SVs leads to the deviation from the expected distance and/or 
anticipated orientation among PE reads. This approach is also used for the 
detection of novel TE insertions (Zhuang et al., 2014; Keane et al., 2013; 
Kofler et al., 2012). This is based on the principle that novel TE insertions 
cause only one of the PE reads to be mapped to the reference sequence, while 
the second read maps onto the novel TE insertion. 

The read depth approach can identify variations based on the depth of 
coverage (DOC) or number of reads mapped at a specific genomic region. Split 
read method is based on the split created in a read during mapping, which leads 
to mapping of a single read into different locations or mapping of part of a 
read. The sequence assembly method helps to detect variation among 
individuals and populations by comparing the reference and de novo assembled 
sequences. This method is particularly suitable for analysis of SVs and 
identification of novel genes from de novo assembly by comparison against 
high-quality reference genome. 

1.7.3 Population genomic approaches 

Genomic variation can be neutral, adaptive or deleterious (Nielsen, 2005). 
Neutral variations have no fitness advantage and hence not causing adaptive 
divergence, i.e., their frequency is not changed under selection. Deleterious 
mutations, however, reduce plant fitness under natural selection and hence 
removed from the genome through purifying (negative) or background 
selection, which leads to conserved genomic regions (Pybus et al., 2009; 
Nielsen, 2005). 

Adaptive (advantageous) variants, however, increase plant fitness under 
natural selection and hence maintained and increased in frequency – meaning 
that, they are under positive selection (Figure 7B) (Vitti et al., 2013; Pybus et 
al., 2009; Nielsen, 2005). Unlike neutral and deleterious variants, 
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advantageous mutations are therefore causing adaptive genomic divergence 
among individuals and populations. A balance among positive and negative 
selections leads to balanced selection, which is the occurrence of multiple 
genetic variants in a population (Vitti et al., 2013; Schoville et al., 2012; 
Nielsen, 2005). It is difficult to analyze and associate such pattern of 
divergence with adaptive selection. However, balanced selection can increase 
plant fitness through overdominance, which means that there is heterozygote 
advantage over homozygotes (Pybus et al., 2009). 

Under positive selection, the rate at which adaptive variants sweep to higher 
frequency and become fixed in the population (Figure 7A and B) depends on 
the strength of selection, the population size and type of variant (novel or 
standing genetic variation). Strong adaptive variant can sweep to higher 
frequency in short generation than weaker ones both in large and small 
populations (Pybus et al., 2009). Novel and standing genetic variants can also 
vary in sweep rate. Unlike novel variation, standing genetic variations 
involving multiple alleles can cause adaptive divergence through slight 
changes in frequencies without reaching fixations. 

Identification of adaptive genes and genomic variations is based on the 
identification of signature of positive selection using different statistical 
methods (Boitard et al., 2013; Vitti et al., 2013; Franks & Hoffmann, 2012; 
Strasburg et al., 2012; Hohenlohe et al., 2010; Suzuki, 2010; Excoffier et al., 
2009; Nosil et al., 2009; Pybus et al., 2009; Nielsen, 2005). I here only 
describe three commonly used methods that are relevant for this thesis. 
 
(1) Allele frequency spectrum-based analysis 
Allele frequency spectrum (AFS) approaches are used to infer signature of 
positive selection within a population based on the frequency of fitness-
enhancing mutations. Positive selection increases the frequency and subsequent 
fixation of the adaptive variants and nearby linked neutral variants in the 
hitchhiker genomic regions (reviewed in Vitti et al., 2013; Burke, 2012; 
Strasburg et al., 2012; Hohenlohe et al., 2010; Suzuki, 2010; Nielsen, 2005). 
Fixation of an adaptive variant leads to the creation of homogenous genomic 
region and hence causes low genomic variation within individuals or 
population around the selected genomic region (Figure 7B). New variations 
reappear at this homogenous region and cause a surplus of rare low-frequency 
variants, but do not increase the genomic variation among individuals. AFS 
methods thus rely on the frequency patterns of fixed and surplus rare variants 
to infer signature of adaptive selections. 

Tajima’s D (Tajima, 1989) is one of the commonly used AFS-based 
statistical tests to detect signal of adaptive divergence. It compares the average 
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number of pairwise nucleotide differences () between individuals with the 
total number of segregating polymorphism (S) estimated by Watterson W 
(Watterson, 1975) at a given genomic region within a population. When the 
number of pairwise nucleotide divergences among individuals () is similar 
with the number of segregating variants (S or w), it is assumed that a neutral 
process or genetic drift is responsible for the observed patterns of variation. A 
small (negative) Tajima’s D, however, arises when there is low nucleotide 
variation () but an excess of new rare variants (high w) exists within a 
population. Such pattern is associated with adaptive genomic divergence 
(signature of positive selection) or a non-adaptive demographic process such as 
population expansion. In contrary, a large Tajima’s D arises when there is high 
nucleotide variation () within a population, which is a sign of balanced 
selection or presence of population structure (Pybus et al., 2009). 

 
 (2) Population differentiation-based analysis 
Fixation of a beneficial mutation in one population causes adaptive genomic 
divergence among populations (Figure 7C). The degree of population 
differentiation is measured by the fixation index – Fst, which describes the 
proportion of genetic variation due to allele frequency differences among 
populations (Excoffier et al., 2009; Holsinger & Weir, 2009; Nosil et al., 2009; 
Foll & Gaggiotti, 2008). Similar allele frequencies within each population lead 
to absence of divergence among populations and give low Fst, whereas high 
difference in adaptive allele frequencies among populations (i.e., a differential 
allele frequency change in only population) leads to adaptive divergence 
among populations and give large Fst (Vitti et al., 2013; Suzuki, 2010; 
Holsinger & Weir, 2009): Fst = 1 means that the adaptive allele is fully fixed 
in one population. 
 
(3) Linkage disequilibrium-based analysis 
Natural selection sweeps the frequency of adaptive allele and linked neutral 
variants at different genomic loci (Figure 7B). The adaptive and the 
neighboring linked variants are therefore strongly associated (i.e., in strong 
linkage disequilibrium – LD), which in turn leads to the creation of different 
haplotype structures at selective genomic region (Vitti et al., 2013; Suzuki, 
2010). That means that adaptive and linked neutral variants that are in strong 
LD together form frequent and longer haplotypes, while the neutral variants 
form less frequent haplotypes in non-adaptive individuals or populations. Such 
haplotype structures persist in the population until the LD breaks down by 
recombination events. The LD-based approaches for analysis of adaptive 
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divergence therefore use such patterns of association and haplotype structure to 
detect signature of adaptive selection within and among populations. 
  
Limitations with the adaptive divergence identification approaches 
The aforementioned population genomic approaches have both merits and 
limitations to analyse and identify signature of adaptive genomic divergence 
(reviewed in Vitti et al., 2013; Strasburg et al., 2012; Hohenlohe et al., 2010; 
Suzuki, 2010). The limitations are associated with the ability of the approaches 
to detect hard and soft selective sweeps at different stages of the selection 
process and the influence of other demographic processes on the analysis. 

Adaptation due to standing genetic variation can generate different patterns. 
For instance, when multiple adaptive alleles slightly change in frequency, 
diverse genomic regions occur, while complete sweeps of multiple alleles 
create and nearly homogenous genomic regions. Both AFS- and Fst-based 
approaches have low power to detect adaptive divergence associated with soft 
sweeps with slight changes in allele frequency. Population bottleneck and 
purifying selection can also generate a signature similar to selective sweeps, 
i.e., regions with low genomic diversity, which can affect the AFS-based 
identification of adaptive selection. The presence of unaccounted population 
structure can also affect the identification of selective sweeps since the allele 
frequency distribution with and without population structure are different. 
Furthermore, approaches for analysis of single and many populations are 
different. LD-based methods are good in detecting the ongoing or very recent 
selective sweeps since in old sweeps, the LD might have broken down. The 
recombination frequency that varies across the genome (Munoz-Amatriain et 
al., 2013) can also affect LD-based approaches. For instance, LD is low (decay 
rapidly) in wild barley (Morrell et al., 2005) and hence the LD-based method 
has low relevance unless used to detect very recent sweeps. 

Identification of adaptive genomic diversity within and among populations 
is therefore challenging even by implementing more than one method. 
Detection of signature of adaptive selection and further case-by-case and 
functional analysis of the candidate adaptive genes and genetic variations are 
therefore a more realistic approach at the moment (Vitte et al., 2014). 
However, the advancement in both bioinformatics and population genomic 
approaches in line with high-throughput genomic datasets that can be 
generated from large individuals and populations will resolve current 
challenges. 
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Figure 7. Illustrations showing patterns of genomic divergence within and among individuals and 
populations. (A) Demonstrates the patterns of divergence among wild and cultivated barley due to 
domestication in which loss of diversity occurs at a gene. (B) Patterns of genomic variation within 
a population due to an increase in the frequency and fixation of a novel mutation (red star). 
Nucleotide diversity and allele frequency spectrum can be used to detect such selective sweep. 
(C) Patterns of genomic variation among populations due to an increase in the frequency of 
beneficial mutation (red star), which can be due to standing genetic variation. Population 
differentiation method can be used to detect such patterns of divergence. .Neutral mutation and .New mutation. 
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2 Aims of the study 

The general aims of this thesis were to study the adaptive genomic divergence 
in wild and domesticated barley individuals and populations across 
environmental gradients and to identify candidate genes and genetic variation 
linked to adaptive selection. Towards these ends, we focused on wild barley 
from Israel and domesticated barley from Ethiopia for several reasons. Israel is 
part of the Fertile Crescent and geographically a country with strong small- and 
large-scale ecological gradients with contrasting environments. The large-scale 
gradient covers the North-South axis, with a humid environment in the 
northern part and the Negev desert in the southern part. Several small-scale 
highly differentiating environmental gradients are found across the North-
South axis with East-West orientated valleys. Ethiopia is also a country with 
very diverse ecogeographical environments and a highly distinctive and diverse 
barley gene pool. 
 
We therefore analyzed wild and domesticated barley genotypes from diverse 
and contrasting environments to specifically address the following research 
objectives: 

 Understand patterns of genomic divergence in wild barley populations 
across macro- and micro-environmental gradients in Israel. 

 Analyze phenotypic and transcriptome divergence between differentially 
adapted and drought stressed wild barley ecotypes to identify novel genes 
and genetic variation. 

 Design custom array for targeted-enrichment of selected genes for 
identification of candidate genes and genetic variation with signature of 
selection in wild and domesticated barley populations. 

 Design an array for genome-wide targeted capturing and detection of 
known and novel BARE insertions in the wild and domesticated barley 
populations. 



40 

  



41 

3 Results and Discussion 

3.1 Patterns of genomic divergence in wild barley (I, II and III) 

The geographical regions where wild barley has adapted are highly 
differentiating over short- and long-geographical scales for different ecological 
(temperature, altitude and precipitation) and edaphic factors. We therefore 
investigated how the spatial scale, the strongly differentiating environmental 
gradients and neutral evolutionary processes are shaping the patterns of 
genomic divergence in wild barley across Israel. 

3.1.1 Adaptive patterns of genomic divergence 

To analyze the patterns of genomic variation in wild barley populations across 
macro- and micro-environmental gradients across Israel, we first performed a 
genomic survey by sequencing 34 genomic fragments representing single-copy 
genes in 54 wild barley accessions. We further performed transcriptome 
sequencing of two differentially adapted wild barley ecotypes from the Negev 
desert (B1K2) and the Mediterranean moist environment (B1K30). These two 
accessions were from the large wild barley ecotype collections (Barley1K) 
(Hubner et al., 2009). The experiments were conducted when large population-
based analysis of genomic divergence using high-throughput sequencing 
approach was not feasible cost-wise. Further, we implemented the customized 
targeted sequence capture approach to analyze the patterns of divergence in 
stress-related and other important genes, novel transcripts identified from 
transcriptome sequencing of differentially adapted ecotypes, and randomly 
selected single-copy genes.  

The genome scanning, transcriptome analyses and targeted sequencing 
studies revealed the presence of high genomic variation in wild barley from 
Israel, with an average nucleotide variation  of 4.18x10-3 across 34 gene 
fragments (Figure 8A)(Bedada et al., 2014b), and a SNP density of 4.4 
SNPs/kb based on transcriptome data (Bedada et al., 2014a) and 4.7 SNPs/kb 
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at targeted genes. Likewise, the genomic variation in 30 wild barley accessions 
collected from the micro-environmental gradient at EC1 Nahal Oren was high 
( 3.6x10-3), which was over 85% of the variation across Israel. The 
variation at the hot and drier SFS ( = 2.2x10-3) was 1.8-fold lower than the 
variation at the humid NFS (3.9x10-3, Figure 8A). The results indicate the 
presence of high genomic divergence in wild barley from a smaller 
geographical region (Israel), which is about two-third of the variation observed 
( = 6.8x10-3) in wild barley distribution range (Morrell & Clegg, 2007). 

 

 
Figure 8. Patterns of genomic variation in wild barley across Israel. Average (A) nucleotide 
variation, (B) Tajima’s D and (C) Fst  across 34 gene fragments in wild barley from macro- and 
micro-environments across Israel. Grouping of wild barley accessions: ‘Israel’ – across the 
country, ‘Non-EC1’ – across the country except from EC1, ‘EC1’ – Evolution Canyon 1, ‘NFS’ – 
North-facing slope at EC1 and ‘SFS’ – South-facing slope at EC1. 

The patterns of genomic variation across genes were highly variable and 
deviated from the neutral model of evolution and hence indicating signature of 
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natural selection. This is because of an overall average negative Tajima’s D 
value (Figure 8B) and 12 gene fragments significantly deviating from 
neutrality (Bedada et al., 2014b). The pairwise Fst analysis further supported 
the presence of significant genetic differentiations among wild barley 
populations at several loci (Figure 8C) (Bedada et al., 2014b). Furthermore, we 
found strong transcriptome divergence between two differentially adapted wild 
barley ecotypes. Almost half of the transcripts from each ecotype were not 
shared between the ecotypes, the SNP density of the desert ecotype B1K2 was 
almost by two-fold higher than that of the Mediterranean ecotype B1K30, and 
the ratio of nsSNPs to sSNPs was higher in the desert than the Mediterranean 
ecotype. High SNP density and more deleterious mutations in the desert 
ecotype B1K2 most likely attributed to the accumulation of both adaptive and 
neutral variations that can have deleterious effects. That means that it is an 
adaptive selection likely involving relaxed purified selection, a pattern recently 
observed in wild and domesticated tomato (Koenig et al., 2013). 

Genes associated with adaptation have also different patterns of genomic 
variation and differentiation. This is because the level of genomic variation in 
genes differentially expressed in drought-tolerant wild barley ecotype and 
novel genes from the desert ecotype B1K2 was 1.9- and 1.4-fold higher than 
the variation in average barley gene (Figure 9), respectively (Manuscript III). 
This indicates that the level of adaptive genomic variation is positively 
correlated with the level of differential gene expression, meaning, adaptive 
genes are highly variable and differentially expressed. Positive correlation 
among level of gene expression and genomic variation has been documented in 
Arabidopsis (Kliebenstein et al., 2006) and Drosophila (Lawniczak et al., 
2008). A recent study on tomato (Koenig et al., 2013) further revealed the 
presence of correlation among selection pressure and level of gene expression 
in which stress-related and environmental responsive genes showed shift-in 
expression pattern. Our results therefore support the presence of positive or 
adaptive selection that most likely shaped the observed patterns of genomic 
divergence among wild barley populations or ecotypes adapted to diverse 
environments. Further in-depth analysis similar to the recent study on wild and 
domesticated tomato by Koenig et al. (2013) is therefore important to 
investigate how natural and artificial selections are shaping the patterns of 
sequence and expression divergences of different types of genes such as  
domestication and diversification- as well as stress-related genes in wild and 
domesticated barley adapted to different environments. Such analyses help to 
dissect the genetic bases of adaptation in barley and thereby to identify genes 
and genetic variations related with adaptation for further introgression into 
barley breeding populations. 
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Figure 9. Summary of SNP density in different barley genes. The average SNP per kb was 
generated from pooled sequencing datasets. The pattern at ‘barley gene’ shows the average value 
for all annotated barley genes obtained from ENSEMBL database. *Shows the average SNP 
density at novel transcripts without transcripts with density > 50 SNPs/kb. 

3.1.2 Adaptive and neutral patterns of population clustering 

We used the haplotype data extracted from 34 gene fragments to infer the 
population structure in wild barley across macro- and micro-environmental 
gradients. Across the large geographical scale, we detected 3 to 8 clusters with 
two different programs (STRUCTURE and discriminate analysis of principal 
components – DAPC). Despite the difference in the number of inferred 
clusters, we observed the following distinctive patterns (Bedada et al., 2014b). 
(1) Accessions from the drier, hot and rocky SFS of EC1 (EC1SFS) were 
uniquely clustered from the rest of the wild barley accessions across Israel. (2) 
Accessions from the humid NFS of EC1 (EC1NFS) were clustered with 
accessions from the northern part of Israel, which has similar environment. (3) 
Accessions from the northern and southern parts of Israel were unexpectedly 
coclustered even though the two regions have very contrasting environments. 
(4) At Evolution Canyon 1, accessions were clustered according to the features 
of the the Canyon. A recent transcriptome sequencing of one accession from 
each slope (Dai et al., 2014) further confirmed our observation. 

The observed population structure in wild barley and the strong 
transcriptome divergence between the two differentially adapted ecotypes 
indicate that both neutral and adaptive evolutionary forces are shaping the 
patterns of population differentiation across macro- and micro-environmental 
gradients in Israel. The coclustering of accessions from the northern region 
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with accessions from EC1NFS, the differential clustering of accessions from 
the two divergent slopes at EC1 and the high genetic divergence between the 
desert and Mediterranean ecotypes show the impacts of natural selection on the 
wild barley population clustering (Bedada et al., 2014a; Bedada et al., 2014b). 

Neutral evolutionary forces such as geographical proximity (IBDL) and 
gene flow are also affecting the observed population structure. For instance, 
coclustering of accessions form the northern and southern parts of Israel show 
the presence of gene flow over long geographical distances probably through 
seed dispersal by animals and/or humans (Bedada et al., 2014b). Similar 
coclustering was previously observed in different wild barley collections from 
the same regions (Hubner et al., 2012). We also observed the presence of gene 
flow over short geographical distances among populations at EC1 despite 
strong genomic and environmental differentiation (Bedada et al., 2014b). Such 
gene flow could be due to rare pollen dispersal and/or seed dispersal within and 
between slopes by different mechanisms. The similarities among accessions 
from geographically closer regions demonstrate the influence of IBDL.  

The patterns of wild barley population structure we have observed over 
shorter and longer geographical scales and explained by both neutral and 
adaptive driving forces have also been documented in other studies (Russell et 
al., 2014; Hubner et al., 2013; Hubner et al., 2012; Volis et al., 2010; Hubner 
et al., 2009; Morrell et al., 2003). Hence, considering the strong adaptation 
potential to diverse and differentiating environments on one hand and the 
presence of gene flow and IBDL effects on the other hand, the selection-gene-
flow-drift balance is likely shaping the dynamic of genomic divergence among 
wild barley populations (Volis et al., 2010; Morrell et al., 2003). Genome-wide 
analysis of large wild barley collections from broader geographical regions 
using high-throughput data is required to further dissect the patterns and 
genetic bases of adaptive divergence, and the effect of neutral evolutionary 
forces, such as gene flow. 

3.2 Divergence among differentially adapted wild barley 
ecotypes (II) 

3.2.1 Physiological divergence 

To investigate the transcriptome divergence under drought stress between two 
differentially adapted wild barley ecotypes from the Negev desert B1K2 and 
the Mediterranean moist environment B1K30, we first analyzed and validated 
whether there is phenotypic divergence between the two ecotypes under 
drought stress. The phenotypic characterization was performed in Israel using 
two physiological traits, water use efficiency (WUE) and leaf relative water 
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content (RWC). WUE describes plant efficiency in biomass gain through 
photosynthesis (carbon assimilation) while minimizing water loss through 
transpiration. This is a commonly used parameter to evaluate plant adaptation 
potential to drought stress or water limited environments (Bramley et al., 
2013). RWC describes the pant water status and is associated with different 
leaf physiologies such as leaf turgor, stomatal conductance, transpiration, 
photosynthesis and growth.  

Under both drought and well-irrigated conditions, the desert ecotype lost 
more water than the Mediterranean ecotype (Bedada et al., 2014a). 
Nonetheless, the desert ecotype had a higher WUE and leaf RWC than the 
Mediterranean ecotype (Figure 10A and 10B). The results indicate that the 
desert ecotype B1K2 can efficiently assimilate more carbon into biomass 
(higher photosynthesis rate) per unit of lost water through transpiration than the 
Mediterranean B1K30 ecotype does. The change in the relative amount of 
water present on the plant tissue (RWC) under well-irrigated and drought stress 
was slight in the desert ecotype, but very high in the Mediterranean ecotype. 
Hence, shows the two ecotypes are phenotypically divergent and the desert 
ecotype has better adaptive response to drought stress. 

 
Figure 10. Physiological response of the desert B1K2 and the Mediterranean B1K30 ecotypes. 
(A) WUE of the desert and Mediterranean ecotype. (B) Leaf RWC of the desert and 
Mediterranean ecotypes under well-irrigated and drought conditions. *Shows significant 
differences between the two ecotypes. 

3.2.2 Transcriptome divergence 

To analyze the genomic divergence between the two phenotypically 
differentiating ecotypes, we performed transcriptome sequencing of 
normalized cDNA libraries from drought-stressed plants. Normalization of 
transcriptome libraries helps to remove and reduce the highly transcribed genes 
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and thereby get an even coverage to characterize as many transcripts as 
possible. Hence, it is the best approach to identify rare and novel transcripts 
and variants (Hirsch et al., 2014; Ekblom et al., 2012; Ekblom & Galindo, 
2011; Good, 2011; Stapley et al., 2010). When coupled with drought-stress 
treatment, it can help to uncover genes and genetic variation contributing to 
drought stress tolerance and adaptation. 

We therefore used the 454 platform for transcriptome sequencing of 
normalized cDNA libraries from drought stressed desert and Mediterranean 
ecotypes. Over half-million processed reads from each ecotype were de novo 
assembled into 20,439 clustered putative unique transcripts (PUTs) for B1K2, 
21,494 for B1K30 and 28,720 for joint assembly (denoted as B1K). To identify 
transcripts that are unique to each ecotype, we compared the PUTs and found 
that the majority of the total transcripts (71%) were not shared between 
ecotypes. Only 29% (9,546) of the total transcripts or 46% of B1K2 PUTs were 
shared between the ecotypes (Figure 11A). The transcriptome divergence 
between the two ecotypes could be due to one or more of the following 
reasons. (1) The non-shared transcripts may represent genes whose transcripts 
were lost during cDNA normalization or library preparation. (2) The 
divergence may represent presence/absence polymorphisms, meaning, ecotype-
specific or non-shared transcripts that reflect transcriptome divergence due to 
differential loss or gain of transcripts. Such polymorphism has been 
documented in maize (Morgante et al., 2007; Wang & Dooner, 2006; 
Morgante et al., 2005). A recent transcriptome analysis of wild and 
domesticated barley by Dai et al. (2014) further supports our results in that 
they also found high transcriptome divergence in wild and domesticated barley 
and that wild barley had high transcript diversity. (3) The divergence among 
the ecotypes may be due to differential expression of genes in both accessions 
in response to the drought treatment. 

To further identify how many of the transcripts are ecotype-specific novel 
transcripts and orthologous to barley genes, we further compared the PUTs 
against three cultivated barley sequence datasets (‘high confidence’ – HC 
genes, full-length cDNA – fl-cDNA and HarvEST) using a reciprocal BLAST 
hit (RBH) approach. We found that 16% (3,245) of B1K2 and 17% (3,674) of 
B1K30 transcripts were not orthologous to other wild barley ecotype and 
cultivated barley sequences (Figure 11B and 11C), and hence were considered 
as candidate ecotype-specific genes or novel transcripts (Bedada et al., 2014a). 
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Figure 11. Homolog analysis for identification of novel transcripts. (A) A Venn diagram showing 
RBH analysis among differentially adapted B1K2 and B1K30 ecotypes. The two ecotypes shared 
29% (9,546) of the total transcripts.  RBH of (B) B1K2 and (C) B1K30 transcripts against barley 
sequence data from HC, fl-cDNA and HarvEST. 16% (3,245) of B1K2 and 17% (3,674) of 
B1K30 transcripts were without significant orthologous barley sequences. RBH of novel 
transcripts from (D) B1K2  and (E) B1K30  against five fully annotated plant genomes. 98% 
(3,191) of B1K2 and 98% (3,606) of B1K30 novel transcripts were without significant 
homologous hits in other plant genomes. (F) B1K2  and (G) B1K30  novel transcripts with 
predicted CDS  100 bp. 85% of both B1K2 and B1K30 novel transcripts have CDS  100 bp.  

Similarly, 25% (7,102) of B1K transcripts from both ecotypes were without 
significant RBH in cultivated barley datasets, and hence are candidate wild 
barley-specific genes. Almost all (98%) novel transcripts were not similar to 
five fully sequenced and annotated plant genomes (Figure 11D and 11E). 
Further, 85% of the novel transcripts were de novo annotated with a CDS 
(coding sequencing) longer than 100 bp (Figure 11F and 11G). Our results are 
therefore indicating that 454 sequencing of normalized cDNA library is an 
efficient method to discover new genes. Other studies in the grass Spartina 
(Ferreira de Carvalho et al., 2013), cultivated barley (Thiel et al., 2012), zebra 
finch (Ekblom et al., 2012) and wheat (Cantu et al., 2011) have used a similar 
approach and identified novel transcripts or genes. The ecotype- and wild 
barley-specific novel transcripts without any orthologs in known barley 
sequences may be explained by one or more of the followings: 

 
(1) The novel transcripts may represent genes that are found in wild but not in 

cultivated barley. 
(2) The novel transcripts may represent unannotated barley genes – as only 

86% (26,159) of the total 30,400 estimated barley genes were reported as 
HC genes (IBGS Consortium et al., 2012). This is because 98% of the 
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reads could be mapped to the ‘Morex’ WGS, which is represent a draft 
genome assembly, using a local alignment method.  

(3) The novel transcripts probably derived from genes affected by SVs and 
alternative splicing, which are prevalent in the barley genome (Munoz-
Amatriain et al., 2013; IBGS Consortium et al., 2012). This is because the 
large proportion (98%) of mapped reads against WGS was achieved using 
a local alignment method, a method that trimmed the non-matching end of 
the reads for efficient mapping and thereby increased the proportion of 
mapped reads. Such trimmed reads are associated with SVs and alternative 
splicing. 

(4) Some of the novel transcripts may represent untranslated region of the 
genome (originated from incompletely transcribed mRNA), non-coding 
RNAs or may be too short for significant RBH against known barley 
genes. 

 
The transcripts generated from differentially adapted wild barley ecotypes can 
therefore contribute to further improvement of barely transcriptome and 
genome annotation. Furthermore, they are good genomic resources for the 
assembly and creation of a separate wild barley reference genome, which is an 
important and a required genomic data for several evolutionary and genomic 
studies. These are because some of our transcripts are longer than their 
orthologous barley genes and some are non-orthologous to all available barley 
sequences, but homologous to transcripts from other grasses and plant species. 
Functional and evolutionary conservation based analyses also indicated that the 
assembled transcripts were homologous to over 800 well-characterized stress-
related genes and transcription factors. The generated transcripts are therefore a 
resource for further evolutionary and functional characterization of genes 
homologous to well-characterized and known stress-related genes and 
transcription factors. This is because the homologous transcripts may carry 
different and important variations, but it does not necessarily mean that they 
are involved in drought response. 

3.3 SNVs identification and genomic distance analysis (II & III) 

High-throughput NGS datasets generated from individual or pooled samples 
are source of high density and quality nucleotide variations (SNVs and InDels). 
Identification of high quality SNPs is, however, affected by several factors 
(Guo et al., 2013; Kiani et al., 2013; Lee et al., 2012; Martin & Wang, 2011; 
Nielsen et al., 2011). This is because high quality SNP discovery is multi-stage 
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processes involving several quality control measures. Several factors at one or 
more of the involved steps can therefore affect variant identification. 

We have observed the impacts of different factors such as the algorithm 
implemented in different programs on SNP calling from transcriptome data of 
two differentially adapted wild barley ecotypes. To select the best high quality 
SNP detection method from our transcriptome data, we therefore selected three 
different tools (Bowtie-2, BWA-SW and GSMapper) and analyzed 454 reads 
from one ecotype (B1K2) by mapping against Hv fl-cDNA data. We observed 
2.5-fold difference in the number of SNPs identified by global and local 
alignment methods, and 10-fold difference among SNP identified using 
GSMapper and Bowtie-2 mapping approaches. Only 47% (907) of the total 
high quality SNPs (1,937) identified by stringent filtering (i.e., SNP supported 
by 8x coverage of which a minimum of 4 reads each supporting reference 
and variant nucleotides) were detected by more than one of the three used 
mapping tools (Bedada et al., 2014a). The rest 57% were unique to a single 
tool, and only 5.1% were detected by all three tools. The majority (84%) of the 
SNPs identified using Bowtie-2 mapping were, however, supported by at least 
one of the other two tools and hence Bowtie-2 was selected as a mapping tool. 

By comparing the transcriptome of the desert B1K2 and Mediterranean 
B1K30 ecotypes, we identified 28,289 raw SNPs, of which 1,017 were high 
quality supported by 8x coverage ( 4 reads each supporting the two alleles) 
(Bedada et al., 2014a). Similarly, by mapping B1K2, B1K30 and their merged 
data (B1K) against barley HC genes, we called 16,284, 14,509 and 24,446 raw 
SNPs from which we identified 1,184, 1,081 and 5,036 high quality SNPs 
(Table 2), respectively (Bedada et al., 2014a). We applied a stringent filtering 
approach with the assumption that SNPs supported by high coverage are most 
likely true SNPs. Our filtering approach was, however, highly conservative and 
hence reduced the number of high quality filtered SNPs, which was 7% of the 
total called SNPs. The filtering had, however, relatively less effect on the 
combined data (B1K) in which 20% of the total raw SNPs were high quality 
for SNPs. This indicates the contribution of high coverage per nucleotide 
position and the high variability from combined dataset for identification of 
high quality SNPs. On the other hand, 25% (9,775) and 24% (8,682) of raw 
SNPs from B1K2 and B1K30 ecotypes, respectively overlapped with SNPs 
identified from the wild barley ecotype B1K4 (B1K-4-12) sequenced by the 
IBGS Consortium using different sequencing approaches (IBGS Consortium et 
al., 2012) This indicates that a significant proportion of raw SNPs from 
transcriptome data was correctly inferred. The number of quality SNPs that can 
be identified from these highly divergent ecotypes could therefore be more 
than what we have filtered as high quality. Hence, as many as 4,220, 3,354 and 



51 

8,458 quality SNPs at depth of 10x and supported by reference and/or variant 
alleles and containing a fixed SNP (i.e., when the variant allele is a major 
allele) can be identified from B1K2, B1K30 and B1K, respectively (Table 2). 
This is over 3-fold higher than the high quality SNPs we have identified from 
each ecotype. 

Table 2. Summary of SNP from transcriptome sequencing data of wild barley ecotypes using 
different depth of coverage and filtering. The data is based on mapping against barley HC genes. 

Data 
(raw SNPs) 

Coverage at SNP position for Filtered SNP Remark 

All ( reference 
allele ( 

variant 
allele ( 

No. (%) 

B1K2 
(16,284) 

10x   2x 4,220 25.9  
15x  2x 2,169 13.3  
8x 2x 2x 1,590 9.8  
10x 2x 2x 1,332 8.2  
8x 4x 4x 1,184 7.3 applied 

B1K30 
(14,509) 

10x   2x 3,354 23.1  
15x  2x 2,013 13.9  
8x 2x 2x 1,735 12.0  
10x 2x 2x 1,398 9.6  
8x 4x 4x 1,081 7.5 applied 

B1K 
(24,446) 

10x   2x 8,458 34.6  
15x  2x 5,736 23.5  
8x 2x 2x 6,594 27.0  
10x 2x 2x 5,674 23.2  
8x 4x 4x 5,036 20.6 applied 

B1K2 
(16,284) 

10x 0x 10x 2,583 15.9 potentially fixed 
SNPs 15x 0x 15x 1,549 9.5 

B1K30 
(14,509) 

10x 0x 10x 1,698 11.7 potentially fixed 
SNPs 15x 0x 15x 956 6.6 

B1K 
(24,446) 

10x 0x 10x 2,304 9.4 potentially fixed 
SNPs 15x 0x 15x 1,439 5.9 

     
By targeted capture Pool-seq of large number of wild (23) and Ethiopian barley 
(42) genotypes, we have identified 5,561 and 7,273 high quality SNPs and 654 
and 739 InDels, respectively (Manuscript III). The SNVs identified from the 
two differentially adapted wild barley ecotypes and pooled sequenced wild and 
Ethiopian barley genotypes are therefore potential genomic resources. 

Based on transcriptome sequencing, the SNP density within wild barley was 
4.4 SNPs/kb (i.e., 1 SNP per 227 bp). The SNP density among wild and 
cultivated barley, however, varied between ecotypes. Hence, the density of the 
desert wild barley against cultivated barley was 1.9-fold higher than the density 
among the Mediterranean wild and cultivated barley. The targeted capture 
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analysis also reflects this pattern of variation in that the SNP density among 
wild and cultivated barley at novel transcripts from the desert ecotype was 1.6-
fold higher than the density at novel transcripts from the Mediterranean 
ecotype. Likewise, targeted genes analysis further showed that the genomic 
variation among wild barley (from Mediterranean and Northern regions of 
Israel) and cultivated barley (4.7 SNPs/kb) was similar with the variation found 
within cultivated barley (4.4 SNPs/kb, Ethiopian barley against reference 
genome) (Manuscript III). The higher genomic variation in the desert barley 
and the more similarity among Mediterranean wild and cultivated barley 
indicate that (1) the barley domestication occurred in the northern part of 
Israel, (2) the accumulation of adaptive and linked neutral variation mostly 
through evolutionary adaptation to the desert environment causes higher 
divergence in the desert ectype, and/or (3) there is a gene flow between the 
Mediterranean wild barley and cultivated barley (Bedada et al., 2014a). Like 
the larger genetic distance, higher phenotypic differentiation was observed 
between the desert and Mediterranean wild barley ecotypes, and the desert wild 
barley ecotype and cultivated barley than between the Mediterranean ecotype 
and cultivated barley for several quantitative traits (Hubner et al., 2013). The 
distribution patterns of SNPs from transcriptome data showed the presence of 
high density at telomeric regions of the chromosomes, which is consistent with 
the patterns observed in the barley genome sequencing and mostly due to a 
higher gene density and/or increased recombination rate in the telomeric 
regions (Munoz-Amatriain et al., 2013; IBGS Consortium et al., 2012). 

The nucleotide variations identified by transcriptome and targeted capture 
sequencing, particularly the variants from the stress-related and agronomically 
important genes, can therefore be used for different applications. These include 
high-throughput SNP-array for genomic analysis and identification of gene and 
genetic variation responsible for drought adaptation, genomic diversity analysis 
and characterization of large gene pools and detection of marker-trait 
association. The identified useful variations can be used for further 
introgression into barley breeding populations. 

3.4 Genomic divergence in Ethiopian barley 

The Ethiopian barley gene pool is unique with distinctive patterns of genomic 
diversity. It has been intensively used globally for several genetic and genomic 
studies such as mapping, identification and isolation of genes and genetic 
variations (Igartua et al., 2013; Bjørnstad & Abay, 2010; Orabi et al., 2007; 
and references therein; Pourkheirandish & Komatsuda, 2007; Piffanelli et al., 
2004; Bjornstad et al., 1997). We analyzed the genomic divergence in 42 
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Ethiopian barley genotypes together with the wild barley accessions using 
customized targeted-enrichment Pool-seq. We found that the genomic variation 
in Ethiopian barley genotypes (4.41 SNPs/kb) was similar to the variation in 
wild barley (4.75 SNPs/kb), which is 93% of the variation found in wild barley 
(Manuscript III). According to window-based variation analysis, almost one-
tenth (9 SNPs per 100 bp window) of the covered genomic regions in 
Ethiopian barley was variable. Further, the Ethiopian and wild barley 
genotypes shared large proportion of genomic similarity. About 58% (4,212) of 
SNPs identified from the Ethiopian barley genotypes were found in wild barley 
(Manuscript III). This indicates that 58% of the Ethiopian gene pool originates 
from wild barley and hence less than half of the gene pool was lost due to 
domestication. About 76% of the wild barley gene pool was found in Ethiopian 
barley. Moreover, the genomic differentiation within the Ethiopian barley pool 
(Fst = 0.047) and between the Ethiopian and wild barley gene pools (Fst = 
0.046) was similar (Manuscript III).  

The large overlap in the genomic background of wild and Ethiopian barley 
is in contrast to the recent publication by Dai et al. (2014), showing a 
significant loss of genetic diversity in cultivated barley through domestication 
and diversification events. The large proportion of shared variation among the 
wild and Ethiopian gene pools may indicate two things. First, high level of 
genomic divergence is most likely due to the adaptation to very diverse 
ecological habitats. This is because Ethiopia, particularly the areas where 
barley is cultivated and from where our genotypes were originally collected, is 
characterized by an extraordinary ecogeographical variation. Second, Ethiopian 
barley was probably domesticated directly from wild barley and the 
introgressed ancestral gene pool has been retained due to similar patterns of 
selection from the overlapping ecological habitats. Hence, the Ethiopian barley 
gene pool was probably less affected by domestication and diversification 
events. Our results therefore support the possibility that Ethiopia is one of the 
domestication and diversification centers, which was previously suggested 
based on information generated using different approaches (Igartua et al., 
2013; Orabi et al., 2007; Molina-Cano et al., 2005). Further studies based on 
whole genome sequence analysis of large Ethiopian and wild barley 
populations from different environments and geographical regions are highly 
required to further dissect the genomic composition of the Ethiopian barley and 
thereby perform in-depth analysis of potential signature of domestication and 
diversification events. 
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3.5 Adaptive selective sweeps in wild and domesticated barley 
(III) 

To detect signature of adaptive selection in wild and Ethiopian barley, we used 
a pool-HMM method that uses allele frequency spectrum to identify the 
potential selective sweeps in Pool-seq datasets. The method estimates whether 
the patterns of allele frequency observed at each SNP is associated with one of 
three possible states: neutral, intermediate and selection. Based on stringent 
setting (-k 1E-7, defining SNP transition probability between the three states), 
we detected 1,202 selective sweeps in wild and 1,095 in Ethiopian barley in 40 
genes (Manuscript III). Overall, 4.5% of the total identified SNPs from wild 
barley and 3.6% from Ethiopian barley showed signature of adaptive sweeps, 
whereas 26.8% and 16.8% were neutral and 68.7% and 79.6% were with 
signature of intermediate sweep for the respective species (Manuscript III). 

The majority of the total selective sweeps were unique to wild or Ethiopian 
barley, while only 18% were shared among each other. One-third (32%) of 
adaptive selective sweeps in Ethiopian barley has originated from wild barley, 
while the majority (68%) was private selective sweeps. This indicates that the 
majority of the adaptive variation was lost due to and acquired after 
domestication and diversification events. As Ethiopian barley genotypes are 
collected from highly diverse ecogeographical environments, the observed 
large proportion of private selective sweeps most likely indicates the adaptive 
variation.  

Large proportion of genes with signature of selection was private to wild 
(75%) and Ethiopian (63%) barley. Furthermore, the majority of selective 
sweeps, 62.8% in wild and 76.1% in Ethiopian barley (Manuscript III), were 
identified from genes that were differentially expressed among drought tolerant 
and sensitive wild barley ecotypes (Hubner S. et al., in preparation). The 
results indicate that adaptive genomic variation, rather than neutral variation 
due to  random genetic drift, has most likely caused the observed differential 
gene expression among wild barley ecotypes under drought stress. Similar 
patterns have been observed in genes differentially expressed among wild and 
domesticated tomato (Koenig et al., 2013). Detection of selective sweeps from 
genes that showed differential pattern of expression and have been previously 
characterized make the identified selective sweeps as potential candidates for 
adaptive selection to be further verified using other approaches such as high-
throughput SNP-array system in different wild and domesticated barley 
collections. The results further show the presence of large proportion of 
adaptive genomic divergence in both wild and Ethiopian barley gene pools that 
can be used for introgression into breeding populations. 
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3.6 Targeted BARE capture reveal novel insertions (IV) 

TEs are driving and shaping genome diversity and evolution (Bennetzen & 
Wang, 2014; Mirouze & Vitte, 2014; Vitte et al., 2014). Large proportion of 
the barley genome is composed of TEs (IBGS Consortium et al., 2012) in 
which the BARE1 elements constitutes over 10% of the genome (Middleton et 
al., 2012). We were interested to investigate the genome-wide patterns of 
BARE insertions in wild and domesticated barley populations from different 
environments. We therefore implemented a different TE-scanning method 
based on targeted-enrichment technique to detect genome-wide known and 
novel insertions from Pool-seq dataset. 

Using the Pool-seq datasets from the wild and Ethiopian barley genotypes, 
we analyzed 6,789 and 33,666 known BARE CDS and LTRs insertions in the 
barley genome, respectively. We were able to detect 92% of known BARE 
CDS insertions in both wild and Ethiopian barley Pool-seqs (Manuscript IV). 
Similarly, 52% and 47% of the known BARE LTR insertion sites were detected 
in both pools, respectively. Over 97% of the longer ( 500 bp) CDS and LTR 
insertions were detected in both the Ethiopian and the wild barley pools. The 
difference in the proportion of detection among longer and shorter insertions 
indicates that (1) the targeted regions are most likely well represented and 
properly captured in the longer than in the shorter insertions, which probably 
contain non-targeted or only part of the targeted regions, and/or (2) the longer 
insertions are probably fixed or stable than undetected shorter insertions, which 
may represent unstable insertions that have been removed through purifying 
selection and hence absent in our samples. The proportion of detected BARE 
CDS insertions is 1.8-fold higher than the LTR insertions, which likely 
indicates that the CDS insertion sites are more stable than the dynamic LTR 
insertions. 

To identify novel (non-reference) BARE insertions from the chromosomal 
genome, we used RetroSeq program, which relies on the discordantly mapped 
PE reads for the detection of novel insertions. Discordantly mapped reads 
further mapped against known BARE (BARE1 and BARE2) sequences. We 
therefore detected 5,807 and 8,631 non-reference BARE LTR insertions in the 
wild and Ethiopian barley, respectively (Manuscript IV). After filtering out 
insertions that are closer to the known insertions sites, we identified 3,342 and 
5,882 novel BARE LTR insertions in the wild and Ethiopian barley, 
respectively. We compared the novel insertions detected in the wild and the 
Ethiopian barley and found that only 3.8% (337) of the total 8,887 insertions 
were shared between them. That means that 6% of the novel BARE LTR 
insertions from Ethiopian barley were derived from wild barley and are hence 
mostly ancestral insertions. The small proportion of novel shared insertions 
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between wild and domesticated barley indicates that the majority of common 
ancestral insertions are in the reference genome. Over 90% (3,005 of wild and 
5,545 Ethiopian) of the novel LTR insertions in both the wild and Ethiopian 
barley were unique, suggesting that they are either new insertions after the 
domestication and diversification events and/or undetected insertions in the 
reference genome. 

Relatively more novel insertions were detected in Ethiopian than wild 
barley, where sample size normalized insertions of 184 per sample in Ethiopian 
and 145 insertions in wild barley were found. Large number of novel insertions 
in Ethiopian barley maybe indicate high genetic diversity since the Ethiopian 
barley genotypes were originally collected from diverse environments 
throughout the country, while the used wild barley accessions represent less 
differentiating Northern and Costal wild barley populations (Hubner et al., 
2013). 

Our array-based targeted capturing approach is therefore an efficient 
method for genome-wide detection of both known and novel TE insertions 
from individual or pooled sample sequencing datasets. Hence, it can overcome 
the limitations associated with the two commonly practiced approaches for the 
analysis of known and novel insertions. Our approach can therefore be used for 
locus-specific (targeted) and genome-wide analysis of TE dynamics in 
individuals or large populations. Further, the approach can facilitate the 
genome-wide annotation and improvement of the barley reference genome. 
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4 Conclusions 

Adaptive genomic divergence and high level of population structure exit in 
wild barley across environmental gradients in Israel. The genomic divergence 
is driven by both natural selection and neutral evolutionary forces. 

The desert and Mediterranean wild barley ecotypes show strong physiological 
and genomic differentiation, and the Mediterranean ecotype is genetically 
closer to cultivated barley. The desert ecotype shows 2-fold higher genomic 
divergence and a larger proportion of deleterious mutations, indicating a 
differential adaptation to the stressful environment. 

High genomic divergence is detected in novel transcripts identified from the 
desert ecotype and in genes differentially expressed in another drought-tolerant 
ecotype. 

Potential candidate genes and genetic variations with signature of adaptive 
selection are identified in wild and Ethiopian barley. 

High genomic divergence and a larger proportion of ancestral variation are 
detected in the Ethiopian barley gene pool. Further, low genomic 
differentiation is found between the Ethiopian barley and the Mediterranean 
wild barley gene pools. 

In-solution targeted-enrichment method detected reference (known) and novel 
BARE insertions in Ethiopian and wild barley populations. 

Large number of novel genes and nucleotide variations are identified from 
diverse wild and domesticated barely gene pools, which can be used as 
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genomic resources for improvement of barley genome annotations and 
different genomic applications. 
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5 Future perspectives 

Large-scale genome-wide analysis of wild and domesticated barley populations 
adapted to diverse environments to address different research questions such as 
the genetic basis of adaptation and domestication and diversification processes 
are almost untouched areas of research in barley. Hence, further studies based 
on genome-wide analysis of systematically collected natural wild barley 
populations, landraces and improved barley cultivars are needed in the 
following areas to unlock the huge adaptive genomic potential in wild and 
domesticated barley adapted to different environments: 

 Patterns of adaptive divergence and the genetic basis of adaptation in wild 
and cultivated barley populations. 

 Patterns and impact of gene flow in different ecological environments, 
over shorter and longer geographical scales, and within and among wild 
barley populations as well as between wild and domesticated barley. 

 Impact of natural and artificial selections on sequence and expressional 
divergences in wild and domesticated barley adapted to different 
environments. 

 Transposable element dynamics and their adaptive role in natural 
populations and improved barley gene pool from diverse environments. 

 Population epigenomics in barley – patterns and role of epigenetic 
variation in natural populations adapted to contrasting environments and 
the interaction among epigenetic and adaptive genomic variations.    

 
 
In addition to the above research areas, resource development is vital for 
different applications: 
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 Development of high-throughput SNP-array using SNVs with signature of 
adaptive selection and from differentially adapted wild barley ecotypes for 
further evaluation and verification of potential adaptive genes and genetic 
variants that can be used for screening of and introgression into breeding 
populations. 

 Development of a high quality wild barley reference genome for efficient 
analyses and utilization of genomic resources in natural populations and 
domesticated barley. 
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