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General introduction 

 

Barley (Hordeum vulgare ssp. vulgare) is one of the most important cereals 

worldwide. With a total acreage of 49.4 million hectares and an average grain yield 

of 2.9 t/ha it has been the world’s fourth-most grown cereal in 2014 (FAO 2016). 

Due to its high adaptability and stress tolerance (Munns and Tester 2008; Nevo et 

al. 2012) barley can be successfully grown in more extreme regions than any other 

cereal crop (Baik et al. 2011). Thus, barley represents a globally important crop, 

especially in harsh environments. 

Most of the harvested barley grains serve as animal feed. Moreover, barley malt 

provides the basis for beverages like beer and whisky. In recent years barley 

retrieved importance also in human nutrition, since its valuable nutrient 

composition may support reducing the risk for several widespread diseases like 

type II diabetes and cardiovascular disease (Baik et al. 2011). 

 

Barley domestication 

The domestication of barley began at least 10,000 years ago in the Fertile Crescent 

(Zohary et al. 2012). However, barley domestication has been complex and difficult 

to retrace. In this regard several further domestication centers have been proposed 

(Negassa 1985; Molina-Cano et al. 1999; Badr et al. 2000; Morrell and Clegg 2007; 

Dai et al. 2012). Although there is a wide range of potential domestication centers 

there is no doubt that wild barley (Hordeum vulgare ssp. spontaneum) is the direct 

progenitor of the cultivated form. As a typical characteristic wild barley grains 

disperse from the spike at maturity to ensure effective grain spreading. The loss of 

this function due to two independent deletion events at Btr1 or Btr2 can be seen as 

the most important event during barley domestication since this enabled effective 

harvesting and thereby increasing yields (Pourkheirandish et al. 2015). Cultivated 

barley can be separated into two-rowed and six-rowed spike types. While in two-

rowed barley only the central spikelet of a rachis node is fertile, in six-rowed barley 

also the two lateral spikelets are fertile, as a result of a mutated VRS1 gene 
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(Komatsuda et al. 2007). The latter represented another crucial step in barley 

domestication by tripling the yield potential (Sakuma et al. 2011). 

 

Flowering time regulation in barley 

Besides the discrimination of row-type barley can furthermore be separated in 

winter and spring types, depending on the requirement of vernalization to initiate 

the reproductive phase. Ninety-eight percent of wild barleys represent winter 

barley (Cockram et al. 2011) that needs to be exposed to lower temperatures over 

a certain time to initiate flowering. In several genomic studies the genetic 

mechanisms underlying the development of different barley types could be 

revealed during the last decades. Spring barley lacks the vernalization requirement 

due to a natural deletion of the flowering repressor gene Vrn-H2 (Yan et al. 2004; 

von Zitzewitz et al. 2005). In winter barley Vrn-H1 (Yan et al. 2003) captures the 

cold signal (Oliver et al. 2013) by cis-regulatory elements in its promotor region 

(Alonso-Peral et al. 2011). The resulting up-regulation of Vrn-H1 then causes a 

deactivation of Vrn-H2, which in turn promotes flowering through the floral 

integrator gene Vrn-H3/HvFT1 (Yan et al. 2006), likely corresponding to the mobile 

signal ‘florigen’ (Chailakhyan 1937). Besides vernalization, also day length 

(photoperiod) determines flowering time in barley. In this regard Ppd-H1 and Ppd-

H2 promote flowering under long days (Turner et al. 2005) and short days (Kikuchi 

et al. 2009), respectively. In addition to photoperiod and vernalization, light quality 

(Nishida et al. 2013; Pankin et al. 2014) circadian rhythms (Campoli et al. 2012; 

Faure et al. 2012; Zakhrabekova et al. 2012; Campoli et al. 2013; Calixto et al. 2015), 

phytohormones like gibberellic acid (GA) (Boden et al. 2014; Jia et al. 2015) and 

cytokinins (Mrízová et al. 2013) also contribute to the induction of flowering in 

barley. Most of these factors interact and the responsive genes can be integrated in 

a complex pathway. Unravelling this pathway can be supported by comparing with 

the model species Arabidopsis (Blümel et al. 2015). 

 

DNA markers and QTL analysis 

A first step towards being able to identify the above mentioned genes was the 

creation and screening of stable genetic mutants that were initially induced through 
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X-rays in the 1920s (Lundqvist and Franckowiak 2003). With the advent of 

molecular marker techniques in the early 1980s another crucial step to 

systematically attribute specific phenotypes to certain genotypic characteristics 

were made. The first DNA marker system was called RFLP (Restriction Fragment 

Length Polymorphism, Botstein et al. (1980)) and is able to detect polymorphisms 

that are based on different DNA fragment sizes resulting from restriction enzyme 

digestion. After the invention of the PCR (polymerase chain reaction) technique a 

multitude of other marker systems evolved. Simple Sequence Repeat markers 

(SSRs, Weber and May (1989)) and Amplified Fragment Length Polymorphism 

markers (AFLPs, Vos et al. (1995)) dominated the field in the 1990’s until the highly 

abundant Single Nucleotide Polymorphism markers (SNPs, Landegren et al. (1998)) 

emerged. SNPs allowed the systematical characterization of thousands of markers 

without the need of gel-based assays, which was an important step towards high-

throughput genotyping (Gupta et al. 2001). Nowadays, so-called SNP chips are 

available that enable genotyping of ten thousands of SNPs at the same time in a 

single assay. 

Several methods have been developed to detect marker trait associations (MTAs) 

and to define quantitative trait loci (QTL) in the genome. QTL are genomic regions 

that concertedly affect a quantitative trait. According to Bernardo (2010) 

conducting QTL studies to find genomic regions that influence the desired trait 

basically comprises the following steps: 1) creating a segregating population; 2) 

genotyping the population with molecular markers; 3) phenotyping the population 

for traits of interest; and 4) applying statistical procedures to find markers linked 

to QTL. 

Classical segregating populations are created by crossing two parents that differ for 

the trait of interest and subsequently selfing the F1. The resulting F2 population 

segregates at each marker locus in an expected ratio of 1 : 2 : 1 (homozygous parent 

A : heterozygous : homozygous parent B). It can be directly used for QTL studies. 

However, also enhanced populations are well-established for QTL mapping. 

Doubled haploids (DHs) are created by in vitro regeneration of plants out of F1 

anthers/microspores and have the advantage that they are homozygous 

throughout the genome and, thus, represent a stable population for years of trials. 

In contrast, a recombinant inbred line (RIL) population, resulting from subsequent 
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selfing of F2 plants, still segregates at certain loci, depending on the selfing 

generation. However, this harbors great potential for further fine-mapping 

approaches of QTL via utilization of heterogeneous inbred families (HIFs) (Tuinstra 

et al. 1997). HIFs are created through selfing a rare RIL that is heterozygous for the 

marker of interest. As a result a typical segregation of 1 : 2 : 1 at this locus is 

obtained, while the remaining genome is almost fixed and therefore not disturbing 

the analysis. In a similar way, also backcross inbred lines (BILs) (Lin et al. 1998) can 

be utilized. These result from repeated selfing of a backcross (BC1) population, 

which is a product of crossing F1 plants back to one of the parents.  

The basic concept of being able to identify a genomic region that affects a certain 

trait is that molecular markers are genetically linked to the causative gene. They are 

in linkage disequilibrium (LD) and inherited together. Initially, MTAs were defined 

by simple approaches in single-factor models. Here, a simple mean difference 

between two marker alleles was used to characterize differences with a t-test. 

However, if the number of available markers is low it might be that the detection of 

a relevant MTA is impeded. Lander and Botstein (1989) described interval mapping 

as a method that was able to map the position of a QTL between two markers. This 

method was enhanced by Zeng (1994), who combined interval mapping with 

multiple regression by fitting other molecular markers outside the interval in the 

model. This so-called composite interval mapping (CIM) method enabled higher 

precision of QTL mapping by accounting for other QTL in the background.  

 

Association mapping 

Due to the complex and laborious process of developing a suitable mapping 

population for QTL mapping and the emergence of affordable large SNP chips, 

covering the whole genome with high density, a new approach of finding MTAs 

evolved. The so-called (genome-wide) association mapping does not require an 

artificially designed mapping population. Instead, it uses the diversity that is 

present in nature, for instance by selecting a collection of highly diverse accessions 

of the desired species in a world-wide scale. This way it makes use of historical 

recombination events that occurred during evolution (Soto-Cerda and Cloutier 

2012) enabling a higher potential to find allelic diversity in the population and 
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increasing mapping resolution. These advantages, however, are accompanied by 

lower marker efficiency and reduced statistical power compared to QTL mapping 

(Flint-Garcia et al. 2003). Another major constraint of association mapping is that 

undetected ‘cryptic’ population structure may lead to spurious, false-positive, 

associations (Pritchard et al. 2000). Yu et al. (2006) developed a method that is able 

to account for this problem by integrating measures of relatedness among 

individuals in a linear mixed model. Nevertheless, doubts remain about the method, 

since genetic background (i. e. other causative loci) is a more critical factor than 

population structure (Vilhjálmsson and Nordborg 2013). Therefore, Segura et al. 

(2012) developed a model integrating genetic background and relatedness in a 

linear mixed model when testing a marker’s association with a specific trait. 

 

Multi-parental association mapping designs 

In parallel to the development of sophisticated models for association mapping, also 

enhanced mapping populations have been developed as a way to overcome the 

known problems. One example is the so-called nested association mapping (NAM) 

design that was first developed in maize by Yu et al. (2008). In NAM, a diverse set 

of founder lines is independently crossed with a reference parent. Out of these 

crosses RIL families are generated through several rounds of selfing. It represents 

a mixture of classical linkage mapping and association mapping and combines 

advantages of both approaches (Yu et al. 2008). Due to the mating design, both 

historical LD (within short segments of chromosomes) and LD resulting from 

recombination in the designed population can be exploited (Guo et al. 2013). Due to 

recombination also population structure is eliminated, since spurious long range LD 

on a chromosome is diminished (Guo et al. 2010). The first NAM population in maize 

(US-NAM) has successfully been applied to dissect, for instance, the genetic 

architecture of flowering time (Buckler et al. 2009), leaf architecture (Tian et al. 

2011) and plant height (Peiffer et al. 2014) with high precision. Besides US-NAM, 

further NAM populations in maize (CN-NAM, Li et al. (2013)), sorghum (Jordan et 

al. 2011) and wheat (Bajgain et al. 2016; Li et al. 2016b) have been developed. In 

barley, currently two different forms of NAM populations are available (Maurer et 

al. 2015; Nice et al. 2016), which are described in more detail later. 
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Another multi-parental concept to combine allele richness, high resolution and 

statistical power to detect MTAs is called multi-parent advanced generation inter-

cross (MAGIC, Cavanagh et al. (2008)). It also consists of several diverse founders 

that are intermated. In the basic concept eight founders are combined over three 

generations of single crosses, double crosses and a final quadruple cross so that 

ultimately all resulting individuals harbor different mixes of genome segments from 

all eight founders. In contrast to a NAM population no family sub-structure is 

available in MAGIC, which impedes an exact tracing back of founder alleles in the 

final MAGIC lines. In barley, Sannemann et al. (2015) developed a MAGIC population 

out of one elite barley cultivar (Barke) and seven old landraces that are considered 

to be the founders of German barley breeding. Further MAGIC populations are 

available for the cereal crops maize (Dell’Acqua et al. 2015), wheat (Huang et al. 

2012; Mackay et al. 2014; Milner et al. 2015; Thépot et al. 2015) and rice (Bandillo 

et al. 2013; Meng et al. 2016), as well as faba bean (Sallam and Martsch 2015), 

tomato (Pascual et al. 2015) and cotton (Li et al. 2016a). 

Liller et al. (2017) developed a barley population that represents a mixture of NAM 

and MAGIC. Here, four different founders have been crossed with the recurrent 

parent Morex and subsequently F1s were backcrossed once with Morex. BC1 

generations were then intercrossed with each other at every possible combination, 

resulting in six independent subpopulations. 

 

Strategies to identify favorable exotic alleles 

One of the most important challenges of future agricultural research is to find ways 

to achieve higher yields on a reduced area of available arable land in times of climate 

change and global population growth. Plant breeding is supposed to play a major 

role to meet this target. Domestication and breeding efforts in the past centuries led 

to a severe depletion of the allele richness of important crop species, known as the 

bottleneck effect (Tanksley and McCouch 1997). A recent study revealed a ~50% 

reduction of genetic diversity in domesticated compared to wild barley (Pankin et 

al. 2016). It is obvious that this causes a reduced adaptability to changing climates. 

Stagnating yields of barley, especially in Southern Europe, might be a direct 

consequence of this allele depletion (Dawson et al. 2015). Therefore, there is need 



 

 

- 7 - 

to replenish the elite breeding material with new exotic alleles to cope with 

upcoming agronomic challenges (Ellis et al. 2000; Zamir 2001; Gur and Zamir 2004; 

Zamir 2008; Ma et al. 2012; McCouch et al. 2013; Zhang et al. 2017).  

Since exotic material harbors a multitude of undesired negative effects, direct 

crosses with elite material are no option for a fast development of superior breeding 

lines. Even if a favorable exotic allele can be crossed into a well-adapted background 

there are plenty of linked unfavorable alleles introgressed at the same time (so-

called linkage drag). For this purpose advanced backcross (AB)-QTL analysis has 

been established (Tanksley and Nelson 1996). Here, several rounds of backcrossing 

with the elite parent are performed, while at the same time negative selection 

reduces the frequency of disadvantageous donor alleles. After identifying favorable 

QTL linkage maps can assist to select lines for breeding that contain recombinant 

chromosomes, which break linkage drag (Tanksley and Nelson 1996). AB-QTL 

analysis has successfully been applied to barley (Pillen et al. 2003; Pillen et al. 2004; 

von Korff et al. 2005; von Korff et al. 2006; von Korff et al. 2008; Saal et al. 2011). 

Introgression lines (ILs) represent another concept similar to AB-QTL. Here the aim 

is that the whole donor genome is represented in a so-called IL library. This library 

consists of a multitude of lines each carrying only a single segment of the respective 

donor (Zamir 2001). This is achieved by recurrent backcrossing with the elite 

parent and simultaneous marker-assisted selection (MAS). In a relatively simple 

statistical approach a specific phenotype can then be attributed to a single defined 

chromosomal region, which is for instance achieved by a Dunnett multiple 

comparison test (Dunnett 1955). Here, least squares means (LSMEANS) of each IL 

are compared with the recurrent parent as a control. In case of significance the 

difference can then be explained by the introgression, since the remaining genome 

is shared across the IL and the elite parent control. This also increases the ability to 

statistically identify small phenotypic effects, since epistasis is largely removed 

(Zamir 2001). The IL concept has been established in tomato by Eshed et al. (1992) 

and has been applied to a multitude of plant species. In barley Schmalenbach et al. 

(2008) developed a set of ILs by crossing the Israeli wild barley accession ISR42-8 

and the German elite cultivar Scarlett. This so-called S42IL population has been 

subjected to a multitude of trials and several QTL for agronomic traits could be 

defined (Schmalenbach et al. 2008; Schmalenbach et al. 2009; Schmalenbach and 
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Pillen 2009; Wang et al. 2010; Schmalenbach et al. 2011; Hoffmann et al. 2012; 

Schnaithmann and Pillen 2013; Honsdorf et al. 2014a; Honsdorf et al. 2014b; Naz et 

al. 2014; Reuscher et al. 2016). ILs carrying an advantageous QTL allele can be used 

directly for breeding, since they already harbor a magnitude of desirable elite 

genome and therefore also reduce potential sterility problems (Zamir 2001). 

In principle, also NAM populations can serve as a useful tool to evaluate exotic 

germplasm. Therefore a multitude of exotic accessions can be crossed with the 

recurrent elite parent. However, disadvantageous exotic alleles might complicate 

mechanical processing (in barley mainly caused by brittleness and bad 

threshability) and impede direct usability for plant breeders. Therefore, to get rid 

of these problems backcrossing with the recurrent parent or selection against 

unfavorable phenotypes is performed. In the classical NAM concept of Yu et al. 

(2008) no backcross step was included, leading to an exotic allele frequency of 50% 

in each RIL. In barley, there are currently only backcross-based NAM populations 

available. Nice et al. (2016) for instance developed a so-called Advanced Backcross 

(AB)-NAM population, where each F1 plant has been backcrossed twice with the 

recurrent elite barley cultivar Rasmusson. This leads to an exotic allele frequency 

of 12.5% for each BIL. 

The present thesis is based on another backcross-derived NAM population. The so-

called Halle Exotic Barley 25 (HEB-25) population is the result of initial crosses of 

25 highly divergent wild barley accessions (hereafter called donors) with the 

recurrent elite barley cultivar Barke. The donors were selected to maximize the 

genetic diversity in HEB-25 and originate from Afghanistan, Iran, Iraq, Israel, 

Lebanon, Syria and Turkey (Hordeum vulgare ssp. spontaneum) as well as Tibet, 

China, (Hordeum vulgare ssp. agriocrithon (Åberg)). F1 plants were backcrossed 

once with Barke, resulting in an exotic allele frequency of 25%. After three 

subsequent selfing steps the final population consists of 1,420 BC1S3 lines, 

subdivided into families of 22-75 individual BILs.  
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Objectives 

In the present thesis the NAM population HEB-25 was utilized for the first time to 

detect QTL for important agronomic traits via genome-wide association studies 

(GWAS). This way the potential of exotic alleles for future barley breeding should 

be defined. Since there has been no preliminary experience about how to handle a 

backcross-based NAM population this can be seen as an iterative process where 

different models for GWAS were applied. The work was split in the following 

sections: 

1. Establishing a model to reliably detect QTL for flowering time. 

This trait is well-studied and many genes are already known so that it is 

perfectly suited as a proof of concept and to evaluate the power of GWAS in 

HEB-25. Furthermore, since flowering time is of major importance with 

regard to climate change, the question should be answered whether there is 

useful variation among wild barley to improve future breeding progress 

(Chapter 1). 

 

2. Dissecting the genetic control of flowering time in more detail to fine-tune 

plant development with regard to yield components. 

Since not only flowering time itself but also other developmental stages like 

maturity have a major impact on final grain yield the question was whether 

different developmental stages are under independent genetic control. This 

should be achieved by comparing GWAS results of several developmental 

traits and showing their impact on the yield component thousand grain 

weight. Finally, conclusions should be drawn about an optimal strategy for 

timing of developmental phases to increase thousand grain weight (Chapter 

2).  

 

3. Comparing methods to estimate donor-specific QTL allele effects. 

Since HEB-25 is a multi-parental population, theoretically up to 26 different 

alleles could be present at one QTL. The arising question was whether this 

issue can be addressed in GWAS without losing statistical power (Chapter 

3). 
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Chapter 1 

Modelling the genetic architecture of flowering time control in barley 

through nested association mapping1 

 

The aim of the presented study was to establish a model to reliably detect QTL for 

flowering time in HEB-25. 

Flowering time is a well-studied trait and many genes are already known so that it 

is perfectly suited as a proof of concept and to evaluate the power of GWAS in HEB-

25. In addition, a direct comparison with the genetic architecture of the allogamous 

species maize was possible, which has been investigated in the US-NAM population 

(Buckler et al. 2009). Furthermore, since flowering time is of major importance with 

regard to climate change, the question should be answered whether there is useful 

variation among wild barley to improve future breeding. 

 

 

  

                                                             
 

1 Maurer A, Draba V, Jiang Y, Schnaithmann F, Sharma R, Schumann E, Kilian B, Reif JC, Pillen K (2015) 

Modelling the genetic architecture of flowering time control in barley through nested association 

mapping. BMC Genomics 16: 290. 
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Chapter 2 

Genomic dissection of plant development and its impact on thousand 

grain weight in barley through nested association mapping2 

 

After the initial investigation of flowering time in HEB-25 (Chapter 1) the aim of the 

following study was to dissect the genetic control of flowering time in more detail 

to fine-tune plant development with regard to yield components. 

Since not only flowering time itself but also other developmental stages like 

maturity have a major impact on final grain yield the question was whether 

different developmental stages are under independent genetic control or if they are 

co-regulated by the same major genes. This should be achieved by comparing GWAS 

results of several developmental traits and showing their impact on the yield 

component thousand grain weight. Finally, conclusions should be drawn about an 

optimal strategy for the timing of developmental phases to increase thousand grain 

weight.  

  

                                                             
 

2 Maurer A, Draba V, Pillen K (2016) Genomic dissection of plant development and its impact on thousand 

grain weight in barley through nested association mapping. J Exp Bot 67: 2507-2518. 
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Chapter 3 

Estimating parent-specific QTL effects through cumulating linked 

identity-by-state SNP effects in multiparental populations3 

 

The models used in Chapter 1 and Chapter 2 mainly focused on the estimation of 

main effects to detect QTL. However, since HEB-25 is a multi-parental population, 

theoretically up to 26 different alleles could be present at each QTL. Therefore, the 

aim of the following study was to compare different methods to estimate donor-

specific QTL allele effects. The arising question was whether this issue can be 

addressed in GWAS without losing statistical power. 

  

                                                             
 

3 Maurer A, Sannemann W, Leon J, Pillen K (2016) Estimating parent-specific QTL effects through 

cumulating linked identity-by-state SNP effects in multiparental populations. Heredity. doi: 

10.1038/hdy.2016.121 
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General discussion 
 

Suitability of HEB-25 for GWAS 

HEB-25 is a novel population that has never been used to conduct GWAS before. 

Therefore, there was the need to identify methods that are able to reliably detect 

MTAs and explain the genetic architecture of traits. Previous work already 

describes the advantages of NAM populations in general – i. e. it combines the power 

of linkage mapping with the resolution of association mapping (Yu et al. 2008). For 

this kind of population joint linkage association mapping (JLAM) is an appropriate 

choice. Würschum et al. (2012) compared several different models for the detection 

of QTL in a joint set of bi-parental sugar beet breeding populations, a set-up that is 

comparable to a NAM population. The authors concluded that Model-B, a multiple 

linear regression model containing cofactors and a population effect to account for 

genetic background, effectively controlled population structure and possessed a 

high predictive power. Therefore, this model was initially chosen for application in 

HEB-25 (Maurer et al. 2015; Maurer et al. 2016a). Although in preliminary work a 

linear mixed model was applied on a subset of HEB-25 (so-called HEB-5, 

Schnaithmann et al. (2014)), Model-B was used as it clearly outperformed the 

former model with regard to QTL detection power and computational load (data 

not shown). The increased QTL detection power might be attributed to the fact that 

Model-B contains cofactors to effectively account for genetic background in a 

multiple regression framework. Cofactors are other markers that explain part of the 

variance of a trait and may for instance be identified via forward-backward 

selection in multiple regression models. They are included in the model when 

testing a marker’s association. In classical CIM this basic concept is also 

implemented and superior to classical interval mapping where no cofactors are 

included (Zeng 1994). According to Vilhjálmsson and Nordborg (2013) controlling 

for genetic background is also a major issue in GWAS and Würschum and Kraft 

(2015) showed that incorporating cofactors in a multi-locus model combined 

sufficient control of the false-positive rate with high QTL detection and predictive 

power.  

As a proof of concept the trait flowering time has been investigated (Maurer et al. 

2015). Flowering time is a highly heritable and well-investigated trait across 
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species (Jung and Müller 2009; Hill and Li 2016) and a lot could be learned from the 

model species Arabidopsis (Blümel et al. 2015). In barley the main genes involved 

in the regulation of flowering time have been identified throughout the last decades. 

Briefly, Vrn-H1 and Vrn-H2 are the main determinants of vernalization requirement 

and Pph-H1 and Ppd-H2 control responsiveness to day length. Flowering is 

promoted through the floral integrator gene Vrn-H3/HvFT1. In Maurer et al. (2015) 

eight major QTL that explained 64% of the cross-validated proportion of explained 

genotypic variance were reliably identified. Seven out of these QTL corresponded 

to known genes, namely HvELF3 (Faure et al. 2012; Zakhrabekova et al. 2012), Ppd-

H1 (Turner et al. 2005), HvCEN (Comadran et al. 2012), HvGA20ox2 (Jia et al. 2015), 

Vrn-H2 (Yan et al. 2004), Vrn-H1 (Yan et al. 2003) and Vrn-H3/HvFT1 (Yan et al. 

2006). Gene-specific SNP markers for Ppd-H1 (BK_12, BK_13, BK_14, BK_15, BK_16, 

BOPA2_12_30871, BOPA2_12_30872) and Vrn-H3/HvFT1 (BOPA2_12_30893, 

BOPA2_12_30894, BOPA2_12_30895, BK_05) were available on the Infinium iSelect 

9K chip (Illumina Inc., San Diego, CA, USA) used for genotyping. Notably, exactly 

those SNPs were identified as the peak markers of the corresponding QTL regions. 

Besides the known genes one further QTL on chromosome 4H could be reliably 

detected, for which no candidate gene has been described yet. Altogether, this 

outlines the high potential of conducting GWAS in HEB-25 for analyzing the genetic 

architecture of important agronomic traits. 

 

Evaluation of allelic diversity and usefulness of wild alleles  

Not only the question of which QTL regulate a specific trait, but also the question 

whether there is useful allelic variation available to enhance modern barley 

cultivars is important. With regard to phenology there is a growing demand for 

adaptation to environmental threats like drought and heat periods caused by 

climate change (Rötter et al. 2015). This way the optimal timing of flowering 

directly affects grain yield as it needs to occur during specific seasons to avoid 

abiotic and biotic stresses (Hill and Li 2016). Counteracting the trend that almost 

all modern barley cultivars flower in a relatively narrow space of time, replenishing 

the elite barley genepool with favorable exotic alleles may be a promising way to 

meet future food and feed demands.  
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Within the framework of GWAS also QTL effects were estimated to obtain a measure 

for the potential value of a wild allele in regard to fine-tuning flowering time of elite 

material. It turned out that flowering time is severely accelerated by approximately 

10 days on average if a wild Ppd-H1 allele is present. In contrast, at the major 

vernalization loci Vrn-H1 and Vrn-H2 on average a delayed flowering time of 2-4 

days could be observed. This is generally attributed to the fact that the reference 

parent Barke as a spring barley is not responsive to day length and needs no 

vernalization, whereas wild barley can predominately be seen as a winter barley 

(Cockram et al. 2011). However, one cannot assume that all 25 wild donors carry 

the same allele exerting the same effect at a given locus. This was investigated in 

detail in a case study, where Ppd-H1 was re-sequenced to determine haplotypes for 

the donors of HEB-25. Calculating the haplotype effects for this gene revealed 

strong phenotypic differences between the haplotype of the wild barley accession 

HID_380 (H-45) and the remaining wild barley haplotypes (Maurer et al. 2015). 

Interestingly, this accession is classified as Hordeum vulgare ssp. agriocrithon 

(Åberg), originating from Tibet, China, which underlines its potentially different 

domestication history (Dai et al. 2012; Ren et al. 2013). Since re-sequencing of every 

QTL allele was no feasible option another method to estimate donor-specific QTL 

allele effects should be defined. This was one aim of Maurer et al. (2016b). With the 

models introduced therein it was possible to estimate donor-specific QTL effects in 

a computationally effective manner. This way, for most flowering time QTL allelic 

differences could be shown. Especially at the vernalization loci Vrn-H1 and Vrn-H2, 

but also at the Vrn-H3/HvFT1 locus there is much allelic variation available with 

some alleles even showing opposing effects. 

It is difficult to give general suggestions about the usefulness of wild alleles to fine-

tune flowering time in future plant breeding. The optimal timing of flowering varies 

largely, depending on the environment. While early flowering varieties are favored 

in Southern Europe and Australia to escape drought (Comadran et al. 2012; Hill and 

Li 2016), in Northern Europe late flowering cultivars are preferred to make use of 

the prolonged vegetation period (Cockram et al. 2007). Another fact that further 

complicates the design of an optimal flowering cultivar is that QTL × environment 

interaction has to be considered. Ppd-H1 for instance shows a completely different 

effect on flowering time when lines carrying the wild allele were grown close to the 
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equator, where an average wild allele effect of approximately +2 days on flowering 

time compared to the Barke allele was observed (Saade et al. 2016). 

Since the field experiments that built the base for the present thesis had all been 

conducted at the same location over several years conclusions about a local 

ideotype can be drawn. Since not only flowering time itself but also other growth 

stages play a role to increase yield in cereals (Alqudah and Schnurbusch 2014; 

Semenov et al. 2014) further key parameters of plant development (shooting and 

maturity) as well as their impact on plant height and thousand grain weight have 

been investigated in HEB-25 in Maurer et al. (2016a). 

It turned out that the eight previously detected major flowering time QTL also have 

major impacts on shooting and maturity. Most of them also showed effects on plant 

height and thousand grain weight, suggesting that plant development can have a 

direct impact on them. However, there were some peculiarities of specific QTL that 

need to be highlighted. First, not all QTL exerted the same effect on all three 

developmental stages. Consequently, if the effect on one stage is stronger than on 

the following stage also the time span between them is affected. Generally, for most 

QTL the effect on flowering time was more pronounced than on shooting, indicating 

that the effect somehow accumulates over time. This was true for all major QTL 

except denso/sdw1. Here, the effect on shooting was stronger than on flowering, 

which in turn caused an extended shoot elongation period. This lead to an increased 

plant height, which is a known feature of the wild allele at this locus and the reason 

why short-straw alleles at this locus have been established in breeding to increase 

yields due to higher lodging resistance (Jia et al. 2009). However, in case of the 

newly defined major QTL for flowering time, QTL-4H-1 (Maurer et al. 2015), an 

extended shoot elongation period resulted in reduced plant height. The next 

outcome of Maurer et al. (2016a) was that flowering time is negatively correlated 

with maturity; i. e. early flowering causes an extended period of ripening while late 

flowering results in a shortened ripening period. Since grain filling occurs during 

this period its duration can directly affect thousand grain weight (Distelfeld et al. 

2014). The negative correlation of flowering time and maturity might be explained 

by an environmental stress that triggers the plant to finish its life cycle earlier than 

the genetic constitution of the plant would allow. When looking at the average 

temperature and precipitation patterns across the field trial years (2011-2014) a 
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period of drought and heat occurred approximately between 80 and 90 days after 

sowing (Figure 1). It might be that this period caused the plants to prematurely 

initiate finishing their life cycle due to external factors. 

 

Figure 1) Average temperature and precipitation across 2011-2014 in Halle. 

Shown are the mean daily temperature (red) and precipitation (blue) averaged across 

2011-2014. The values are presented as moving mean of eight days. Colored boxes indicate 

the population mean of HEB-25 for shooting, flowering and maturity. 

 

Gooding et al. (2003) came to the conclusion that drought and increased 

temperature before the end of grain filling shortened the grain filling period and, 

thus, reduced grain yield in wheat. In barley, drought, particularly when combined 

with high temperature, caused large reductions in grain weight under field 

conditions (Savin and Nicolas 1996). Preponing flowering in barley might therefore 

be a suitable strategy to increase yield in drought-prone regions like Halle. 

Introgressing wild alleles can be a way to achieve this adaptation in future barley 

breeding. However, one has to take into account that earlier flowering might also 

influence other yield components like tillering and spikelet formation (Sreenivasulu 

and Schnurbusch 2012) and thereby alter yield structure of plants. In this context 

Alqudah and Schnurbusch (2014) revealed that awn primordium to tipping is the 

most decisive developmental phase for spikelet survival in barley. Since earlier 

flowering also impacts the duration of this phase one has to be cautious not to 
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shorten this period severely. Determining the optimal flowering time can therefore 

be seen as a trade-off between early flowering and a long shoot elongation phase. 

The wild allele at the denso/sdw1 locus might therefore be a promising choice to 

fine-tune plant development, since it combines early flowering with a prolonged 

shoot elongation phase, which is however accompanied by an increased plant 

height potentially leading to negative effects like lodging. 

 

Characteristics of HEB-25 and alternative multi-parental populations 

As shown in the previous chapters HEB-25 represents a powerful GWAS tool 

combined with the possibility to retrieve useful exotic alleles. In the following 

section its properties are discussed and compared to classical mapping concepts as 

well as other multi-parental population designs. 

As already shown before eight major flowering time QTL were identified that jointly 

account for 64% of the cross-validated proportion of explained genotypic variance 

in a multiple linear regression model (Model-B). In addition to Model-B the analysis 

was conducted by applying whole genome prediction models, originally developed 

for genomic selection in animal breeding (Meuwissen et al. 2001). Instead of 

including only a subset of markers to control for genetic background genomic 

prediction incorporates all available markers to detect QTL and estimate their 

effects. By applying BayesCπ (Habier et al. 2011) the cross-validated proportion of 

explained genotypic variance could be further increased to 74%, which is 

comparable to the ~80% that were reported for days to anthesis in the maize NAM 

population (Peiffer et al. 2014). These values clearly exceed the prediction 

accuracies reported for many bi-parental populations (Nakaya and Isobe 2012). 

The NAM population design may cause this high predictive power, however also the 

increased population size, compared to classical bi-parental populations might 

explain this feature (VanRaden et al. 2009).  

However, what can be stated without doubt is that the number of detectable QTL is 

massively increased in a multi-parental population, since there is a high number of 

alleles present in the set of founders. In HEB-25 initially eight major flowering time 

genes could be defined (Maurer et al. 2015). By applying numerous rounds of cross-

validation and counting the number of significances (Valdar et al. 2009) for each 
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marker 35 additional minor QTL for this trait could be detected (Maurer et al. 

2016a), reflecting the complex regulation of flowering time (Blümel et al. 2015). 

This is an outstanding example of the increased QTL detection power of HEB-25 

compared to classical concepts where usually less QTL are detected. QTL detection 

could be further improved by combining several multi-parental populations. Li et 

al. (2016c) combined the US-NAM and the CN-NAM populations of maize, resulting 

in approximately 8,000 lines used for GWAS. They revealed an increased QTL 

detection rate as compared to analyzing them separately. Meng et al. (2016) report 

similar findings when combining different MAGIC populations in rice. In this regard 

it would be exciting to see how combinations of the barley MAGIC population 

(Sannemann et al. 2015), the AB-NAM population (Nice et al. 2016) and HEB-25 

would perform. 

A specific characteristic of HEB-25, compared to the original NAM population 

design of Yu et al. (2008), is the backcross of F1 plants that was included in the 

population design. Therefore, each line carries a smaller amount of wild genome 

(25% vs. 50%), which might enable more accurate effect estimation since 

background noise is reduced. However, one has to keep in mind that at the same 

time the number of lines carrying a specific segment is reduced. This is a major 

constraint especially of AB-NAM, where a specific locus is only represented in 

12.5% of lines in each family. Taken together with the low number of lines per 

family (30) some family-specific QTL that are only present in 3-4 lines might be hard 

to detect (Nice et al. 2016). BC-based NAM populations facilitate introgression of 

desirable wild alleles into elite material, since the first steps of backcrossing have 

already been performed. In addition, the estimated wild allele effect has already 

been evaluated in the genetic background of an elite parent. However, QTL × genetic 

background interaction should be considered when introgressing the desired QTL 

into cultivars other than the reference parent (Bernardo 2014). MAGIC populations 

overcome this limitation by enabling effect estimation across different genetic 

backgrounds, since several founders are intercrossed. Due to this specific mating 

design also a higher number of recombination can be expected, which positively 

affects mapping resolution (Gardner et al. 2016). Ladejobi et al. (2016) highlight the 

benefits of MAGIC over NAM with regard to creation of novel recombinants in order 

to increase diversity for trait mapping. However, identification of the founder 
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carrying a desirable allele is impeded in MAGIC populations, whereas in a NAM 

design a wild allele’s effect can be directly traced back to the specific donor of a 

family. In MAGIC populations usually extensive haplotype-modelling approaches 

have to be performed to identify the most promising founder allele. The cumulation 

method, which has been developed within the frame of this thesis (Maurer et al. 

2016b), represents a universal approach, enabling effect estimation for each 

founder QTL allele in both NAM and MAGIC populations. 

Multi-parental populations are one of the key techniques to accelerate crop 

improvement in a changing climate (Batley and Edwards 2016). Different NAM and 

MAGIC population designs exist that show different benefits. They all have in 

common that they represent improvements over classical bi-parental or association 

mapping designs. It might be a promising approach to identify useful exotic alleles 

in multi-parental populations and incorporate them into breeding programmes via 

classical crossing or genome editing techniques like CRISPR-Cas9 (Doudna and 

Charpentier 2014), which has recently been successfully applied in barley 

(Lawrenson et al. 2015). 
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Summary 

 

Future world crop production is expected to be severely impacted by prospected 

effects of climate change and human population growth. Therefore modern 

agriculture is confronted with a number of challenges to secure global demands. 

Plant breeding is regarded to play a key role in meeting this goal. However, one 

major constraint plant breeding has to deal with is a reduced adaptability of the 

current elite breeding germplasm to a changing environment. This resulted from a 

depletion of allelic diversity during domestication and modern elite breeding. One 

way to replenish the elite breeding pool with new favorable alleles is to introgress 

exotic alleles from wild ancestors of cultivated crops. Classically, exotic alleles of 

interest have been identified through mapping of quantitative trait loci (QTL) or 

genome-wide association studies (GWAS). However, in recent years the concept of 

multi-parental mapping populations evolved whereby mapping resolution and QTL 

detection power could be increased. 

In the present thesis the development of the worldwide first wild barley nested 

association mapping (NAM) population, HEB-25, is reported and utilized to identify 

favorable exotic alleles via GWAS. HEB-25 is a multi-parental mapping population 

based on recurrent crosses of the German elite barley cultivar Barke with 25 highly 

divergent wild barley accessions, originating from the Fertile Crescent and Tibet. In 

total, the population consists of 1,420 individual BC1S3 lines, subdivided into 25 

families of up to 75 genotypes. The genetic architecture of flowering time, a 

potentially relevant trait to escape abiotic stresses, was investigated via GWAS 

(Chapter 1, Maurer et al. (2015)). It was shown that the statistical models developed 

within the frame of this work are well-suited to analyze the genetic architectures of 

agronomically important quantitative traits in HEB-25. Eight major flowering time 

QTL were defined that could be assigned to seven key flowering time genes, known 

from Arabidopsis and barley, serving as a proof of concept. The remaining QTL 

represents a novel locus that has not been described before. Furthermore, it could 

be shown that there is a high degree of allelic diversity available in HEB-25 to fine-

tune flowering time with up to 25 different exotic alleles at each QTL. 

Since not only flowering time itself but also further developmental key stages are 

critical in determining yield, the next step was to evaluate also time of shooting and 
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maturity. To assess their impact on physiological processes, also plant height and 

thousand grain weight were investigated (Chapter 2, (Maurer et al. 2016a)). It 

turned out that the previously defined eight major QTL also had major impacts on 

other developmental stages as well as on plant height and thousand grain weight. 

However, there were slight differences in the effects single QTL exerted on different 

stages. For instance, exotic alleles at the denso/sdw1 locus accelerated shooting 

more than flowering, resulting in an extended shoot elongation phase and increased 

plant height. Simultaneously, denso/sdw1 increased thousand grain weight, 

presumably as a result of an extended ripening phase. A further outcome of this 

study was that in general maturity is negatively correlated with flowering time. 

Early flowering plants therefore have an extended ripening period. It seems that 

environmental signals prematurely terminated grain filling in Halle. Possibly, a 

warm and dry period between 80 and 90 days after sowing caused HEB plants to 

end their life cycle earlier than the genetic constitution would allow. Preponing 

flowering time might, thus, be an appropriate way to increase yields in a drought-

prone environment. 

At each QTL, theoretically up to 26 different alleles are present in HEB-25. Thus, the 

next task was to develop a model estimating donor-specific QTL allele effects 

(Chapter 3, (Maurer et al. 2016b)). Since each HEB family is comparably small, 

consisting of on average 60 BC1S3 lines, a direct calculation of QTL allele effects in 

single families did not result in reliable estimates. Therefore, a conceptually 

different method to overcome this limitation was developed. The so-called 

cumulation method produced SNP effect estimates across the full HEB-25 

population and calculated a donor-specific QTL effect by summing up SNP effect 

estimates in a defined genetic region surrounding a QTL position. By applying the 

cumulation method, high QTL detection power and reliable donor-specific effect 

estimation were obtained. An extraordinary high variation of donor-specific QTL 

effects was observed for Vrn-H1 and Vrn-H3, two major flowering time QTL. 

To conclude, HEB-25 is a multi-parental exotic population, perfectly suitable to 

investigate agronomically important traits and to replenish the elite barley 

breeding pool with selected wild barley alleles. Since it exhibits high allelic 

diversity, HEB-25 may be exploited worldwide to fine-tune plant development and 
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to improve abiotic stress tolerance as well as yield and yield-stability by 

introgressing selected favorable QTL alleles. 
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Zusammenfassung 
 

Die zukünftigen Getreideerträge werden maßgeblich von den prognostizierten 

Auswirkungen des Klimawandels und dem gleichzeitig stattfindenden globalen 

Bevölkerungswachstum beeinflusst. Die moderne Landwirtschaft muss eine 

Vielzahl von Herausforderungen bewältigen, um den steigenden Bedarf zu decken. 

Die Pflanzenzüchtung nimmt bei der Bewerkstelligung dieser Herausforderungen 

eine Schlüsselrolle ein. Eine Hürde stellt dabei jedoch die reduzierte 

Anpassungsfähigkeit moderner Elitesorten an die sich ändernden 

Umweltbedingungen dar. Dies ist auf den Verlust allelischer Vielfalt im Zuge der 

Domestikation und Züchtung zurückzuführen. Eine Möglichkeit die genetische 

Vielfalt in der modernen Pflanzenzüchtung wieder zu erhöhen stellt das Einkreuzen 

von exotischen Allelen der ursprünglichen Vorfahren kultivierter Arten dar. 

Klassischerweise wurden vorteilhafte exotische Allele mittels QTL (quantitative 

trait locus)-Kartierung oder mithilfe von genomweiten Assoziationsstudien 

(GWAS) identifiziert. In den vergangenen Jahren hat sich dafür jedoch das Konzept 

multiparentaler Populationen etabliert, wodurch die Fähigkeit QTL mit hoher 

Präzision zu bestimmen erhöht werden konnte. 

In der vorliegenden Arbeit werden die Entwicklung der weltweit ersten nested 

association mapping (NAM)-Population in Wildgerste, HEB-25 genannt, sowie 

deren Nutzung zur Identifikation von vorteilhaften exotischen Allelen mittels 

GWAS, dargestellt. HEB-25 ist eine multiparentale Kartierungspopulation, die auf 

rekurrenten Kreuzungen der deutschen Sommergerstensorte Barke mit 25 

hochdiversen Wildgerstenakzessionen aus dem Fruchtbaren Halbmond und Tibet 

beruht. Insgesamt besteht die Population aus 1420 unterschiedlichen BC1S3-Linien, 

die in 25 Familien mit bis zu 75 Genotypen untergliedert sind. Mittels GWAS wurden 

in dieser Population die genetischen Grundlagen, die den Zeitpunkt der Blüte 

bestimmen, untersucht (Kapitel 1, Maurer et al. (2015)). Der Blühzeitpunkt ist unter 

Umständen entscheidend, um abiotischen Stress zu vermeiden. Es konnte gezeigt 

werden, dass die statistischen Modelle, die im Laufe der genannten Arbeit 

entwickelt wurden, bestens dazu geeignet sind die genetischen Grundlagen 

agronomisch relevanter quantitativer Merkmale in HEB-25 zu erforschen. Acht 

Haupt-QTL für den Blühzeitpunkt konnten dabei identifiziert werden, die sieben 
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bereits bekannten Blühgenen aus Arabidopsis und Gerste entsprachen. Dies kann 

als Konzeptnachweis für das Funktionieren der Methode angesehen werden. Der 

verbleibende QTL stellte sich als neu heraus, da er bis dato noch nicht beschrieben 

wurde. Darüber hinaus konnte gezeigt werden, dass ein hoher Grad an allelischer 

Diversität in HEB-25 vorhanden ist, um den Blühzeitpunkt mit bis zu 25 

verschiedenen Wildallelen pro QTL feinzujustieren. 

Da nicht nur der Blühzeitpunkt an sich, sondern auch weitere Kardinalpunkte der 

Pflanzenentwicklung für die Ertragsbildung entscheidend sind, wurden im 

nächsten Schritt zusätzlich der Zeitpunkt des Schossens sowie der Reifezeitpunkt 

untersucht. Um deren Einfluss auf pflanzenphysiologische Prozesse zu beschreiben, 

wurden außerdem die Pflanzenhöhe und das Tausendkorngewicht analysiert 

(Kapitel 2, Maurer et al. (2016a)). Es zeigte sich, dass die vorher definierten acht 

Haupt-QTL für den Blühzeitpunkt auch die anderen Entwicklungsstadien sowie 

Pflanzenhöhe und Tausendkorngewicht maßgeblich beeinflussten. Dabei zeigten 

sich jedoch leichte Unterschiede wie stark die verschiedenen Entwicklungsstadien 

von einem bestimmten QTL beeinflusst wurden. Zum Beispiel beschleunigten 

exotische Allele am denso/sdw1-Locus das Schossen stärker als die Blüte, wodurch 

die Sprossstreckungsphase verlängert und die Pflanzenhöhe erhöht wurde. 

Gleichzeitig verursachte denso/sdw1 eine Erhöhung des Tausendkorngewichtes, 

was vermutlich aus einer verlängerten Reifephase resultierte. Ein weiteres 

Ergebnis dieser Arbeit war, dass der Reifezeitpunkt generell negativ mit dem 

Blühzeitpunkt korreliert war. Früh blühende Pflanzen hatten demnach eine 

verlängerte Abreifeperiode. Es scheint, dass bestimmte Umweltfaktoren ein 

frühzeitiges Ende der Kornfüllungsphase in Halle herbeiführten. Möglicherweise 

war eine Periode von warmen Temperaturen in Kombination mit anhaltender 

Trockenheit 80 bis 90 Tage nach der Aussaat dafür ausschlaggebend, dass Pflanzen 

eher abreiften als es ihre genetischen Voraussetzungen erlaubt hätten. Eine 

Verfrühung der Blüte könnte demnach ein probates Mittel sein den Ertrag in 

trockenheitsanfälligen Gebieten zu sichern. 

Da an jedem QTL theoretisch bis zu 26 unterschiedliche Allele in HEB-25 

unterschieden werden können, bestand die nächste Aufgabe darin ein Modell zu 

entwickeln, um donorspezifische QTL-Allel-Effekte zu bestimmen (Kapitel 3, 

Maurer et al. (2016b)). Aufgrund der relativ kleinen Familiengröße von 
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durchschnittlich 60 BC1S3-Linien führte eine direkte Schätzung der Effekte in 

einzelnen Familien nicht zu verlässlichen Ergebnissen. Deshalb wurde in Form der 

sogenannten Kumulationsmethode ein anderes Konzept erarbeitet. Dabei werden 

SNP-Effekte über die gesamte HEB-25-Population geschätzt und anschließend die 

donorspezifischen Effekte errechnet, indem die SNP-Effekte einer definierten, den 

QTL umgebenden genomischen Region, aufsummiert werden. Durch dieses 

Vorgehen konnte eine hohe QTL-Detektionsrate bei gleichzeitiger zuverlässiger 

Schätzung donorspezifischer Effekte realisiert werden. Es zeigte sich, dass eine 

außerordentlich hohe Variation hinsichtlich donorspezifischer Effekte besonders 

bei Vrn-H1 und Vrn-H3, zweier Haupt-QTL für den Blühzeitpunkt, existiert. 

Alles in allem stellt HEB-25 eine multiparentale Population dar, die vorzüglich dazu 

geeignet ist agronomisch relevante Merkmale zu erforschen und die moderne 

Gerstenzüchtung mit ausgewählten exotischen Allelen zu bereichern. Aufgrund der 

reichhaltigen Alleldiversität könnte HEB-25 weltweit genutzt werden, um 

Pflanzenentwicklung, abiotische Stresstoleranz, sowie Ertrag und Ertragsstabilität 

durch die Introgression ausgewählter exotischer Allele zu optimieren. 
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