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Summary 

Over the past few decades, plant breeding has contributed significantly to increased crop yields in 

industrial agriculture. Besides, alternative, environmentally friendly farming approaches became more 

popular in the past years. However, questions arise which breeding goals are relevant to breed new 

varieties which are specially adapted for organic farming. The common practice of transferring 

conventionally adapted material into organic farming might lead to yield losses due to lacking adaptation 

of such varieties to organically farmed environments. So far, little is known about physiologically relevant 

characteristics for organically adapted varieties.  

To answer this question, a long-term selection experiment in a spring barley population was established 

in 1998. A twice backcrossed population with a cultivar as recurrent and a wild-type as donor parents was 

established and cropped in conventionally and organically managed farming environments for more than 

two decades. Mainly the farming environments with their adjustments in fertilization, crop rotation, and 

plant protection as well as weather impacts should have driven the selection of individual genotypes in 

these populations. Therefore, the artificial selection was reduced to a minimum so that only natural 

selection should lead to changes in the allele frequencies of the populations. 

In this thesis, complete populations for different generations and environments were genotyped entirely 

by applying a novel pool-based deep genotyping using a whole-genome resequencing approach. 

Implementing a haplotyping strategy makes it possible to dissect allele frequency variations on gene-level 

at low sequencing depth. Additionally, allele frequency variations between neighboring haplotypes have 

been used to calculate a consistent genetic map. 

Comparing the organically and conventionally adapted populations, a distinct variation between the 

systems was observed. The organic population was characterized by a high variation in the population, 

with a conspicuous tendency to evolve apart from the conventional population. The latter showed 

evidence of an early equilibrium state from the twelfth generation onwards. Nevertheless, these latest 

allele frequency changes were small compared to significant changes in the early generations. The 

calculation of a genetic map additionally indicated a more pronounced selection in the conventional 

population, leading to the assumption that the heterogeneity is lower in this population. In general, the 

wild alleles showed a higher fitness effect in the organic farming system. Some wild-type alleles were 

selected in the conventional system, whereas those alleles with a depressing effect on the yield were 

negatively selected. Exemplarily, this has been observed for two brittleness alleles and a dormancy allele. 

A metastudy of identified QTL regions for agronomically relevant traits revealed several candidate loci 

with variant allele frequencies between environments or generations. Those were clustered in yield 

components, yield physiology, biotic stress resistance, drought tolerance, root morphology, and nutrient 

uptake. Significant variations between the organically and conventionally adapted populations were 

observed for the root morphology, yield physiology, and drought tolerance. The variations in the root 

system were confirmed by two phenotypic experiments, which revealed higher root length, lower angle, 

and increased heterogeneity in the organic population. Pronounced root growth and coverage of the 

rhizosphere by the entire population, with each individual in its unique niche, might enable a better 

accumulation of nutrients and, at the same time, will increase resilience against drought events. 

Concluding, evolutionary adaptation processes in large populations undergoing long-term natural 

selection processes of a cereal crop were genetically examined by an innovative pool sequencing and 

haplotyping approach. Based on these findings, breeding goals for organic varieties could be adjusted and 

propagated. 
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Kurzfassung 

Die Pflanzenzüchtung der vergangenen Dekaden hat in außerordentlichem Maß zur Ertragssteigerung in 

der industriellen Landwirtschaft geführt. Durch die zunehmende Nachfrage und Popularität alternativer 

und umweltschonender Anbaumethoden ergibt sich die Frage, wie Sorten speziell für diese ökologisch 

nachhaltigen Anbauweisen selektiert und entwickelt werden können. Die aktuell weit verbreitete Praxis, 

in welcher Saatgut von Sorten aus konventionellen Züchtungsumwelten im ökologischem Landbau 

Verwendung findet, lässt die Vermutung zu, dass diese Sorten nicht optimal an ihre Anbauumgebung 

angepasst sind und somit das volle Ertragspotential des organischen Landbaus nicht ausgeschöpft werden 

kann. Wenig ist über potentiell relevante physiologische Eigenschaften ökologisch angepasster Sorten 

bekannt. Um diese Fragen beantworten zu können, wurde zum Ende des letzten Jahrtausends ein 

Langzeitversuch etabliert, in welchem der selektive Einfluss des Anbausystems auf die genetische 

Zusammensetzung von einstmals identischen Populationen untersucht werden sollte. Diese Population, 

entstanden aus einer zweifachen Rückkreuzung einer Kulturgerste und einer Wildform, wurde über mehr 

als 20 Jahre in einem konventionell und einem organisch geprägten Anbausystem angebaut. Keine 

gerichtete menschliche Selektion wurde durchgeführt, so dass nur das Anbausystem und die 

Wettereinflüsse eine Veränderung der Allelfrequenz innerhalb der Populationen bewirken konnten. In 

dieser Arbeit wird erstmals eine komplette Population in mehreren Generationen mit vergleichsweise 

geringem Einsatz von Ressourcen vollständig genotypisiert. Durch das Sequenzieren des gesamten 

Genoms, das Wissen der elterlichen Allele und einen fortschrittlichen Haplotypisierungansatz ist es 

möglich, Allelfrequenzänderungen auf Einzelgenebene mit hoher Sicherheit schätzen zu können. Darüber 

hinaus wurde ein neuartiger Ansatz entwickelt eine genetische Karte, basierend auf 

Allelfrequenzunterschieden, zu schätzen. 

Der Vergleich der beiden unterschiedlich angepassten Populationen hat mehrere Erkenntnisse geliefert. 

Eine deutlich erhöhte Heterogenität im organischen System konnte, verglichen zum konventionellen 

System, speziell in den späteren Generationen identifiziert werden. Die größten Unterschiede in den 

Allelfrequenzen wurden in den frühen Generationen erfasst. Nach etwa 10 Generationen hatte die 

konventionelle Population ein Gleichgewichtsstadium erreicht, in dem die Allelfrequenz keine 

signifikanten Unterschiede über die folgenden Generationen mehr aufzuweisen hatte. Dagegen deutet die 

organische Population eine zunehmende Diversifizierung an, die sich neben zunehmender Heterogenität 

zwischen Wiederholungen derselben Population und Generation in der Zunahme der Wildform 

Allelfrequenz an vielen Loci kennzeichnet. Die Kalkulation einer genetischen Karte aus den 

Allelfrequenzunterschieden und der physikalischen Distanz benachbarter Haplotypen deutet zudem auf 

eine stärker gerichtete Selektion hin. Allgemein kann beobachtet werden, dass Wildformallele in der 

organischen Umwelt eine deutlich höhere Fitness besitzen, als es in der konventionellen der Fall ist. 

Nichts desto trotz gibt es auch einige Gene, deren Wildformallele auch in der konventionellen Variante 

positiv selektiert wurden. Wildformallele mit negativen Effekten auf den Ertrag wurden in beiden 

Umwelten negativ selektiert. Dies wurde sowohl für zwei Spindelbrüchigkeitsallele als auch für ein 

ausgeprägtes Dormanzallel erfasst. Durch eine Metastudie und wurden Kandidaten QTL Regionen 

ermittelt, die in den Bereichen Ertragsphysiologie, Wurzelwachstum, Ertragskomponenten, biotische 

Resistenz, Nährstoffaufnahme und Trockentoleranz relevante Unterschiede zwischen den 

Anbausystemen oder Generationen gezeigt haben. Bei der Betrachtung der Wildformallelfrequenz dieser 

Regionen offenbart sich, dass die konventionelle und die organische Population statistisch signifikante 

Abweichungen im Wurzelwachstum, der Ertragsphysiologie und der Trockentoleranz zeigen. Die 

Abweichung im Wurzelsystem wurde mittels zweier phänotypischer Experimente bestätigt. Demnach 

wachsen die Wurzeln in der organischen Population deutlich tiefer, haben dazu aber auch eine erhöhte 

Heterogenität. Eine breiter gefächerte Durchwurzelung der Rhizosphäre durch eine diverse 

Zusammensetzung der Population, bestehend aus Tief- und Flachwurzlern, ermöglicht potentiell eine 



 

vi 
 

bessere Ausnutzung von Nährstoffen im Boden und sorgt gleichzeitig für eine höhere 

Trockenstressresilienz.  

Zusammenfassend bietet diese Arbeit erstmals einen sehr detaillierten Einblick in die Evolution einer 

Kulturart über mehrere Generationen durch die Verwendung eines innovativen Poolsequenzierungs- und 

Haplotypisierungsansatzes. Mit den Ergebnissen dieser Arbeit lassen sich Zuchtziele für organische 

Sorten ableiten. 
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What defines organic farming, its origin and today’s standing 

1 
 

Chapter 1 - Introduction 

1.1 What defines organic farming, its origin and today’s standing 
In the history of crop management, organic farming is a relatively new approach in food production. 

The three-field system has marked the first stage of yield increase, followed by the purposeful 

application of fertilizer. Another step in yield increase was enabled with the discovery of mineral 

fertilizer production, especially ammonia, by the Haber-Bosch method. As the plant material of those 

days was poorly adapted to higher fertilizer levels, the crop yield in the early 20th century did not increase 

or even declined. It was suspected that the use of mineral fertilizer led to a disturbance of the plant 

metabolism, acidification of soils, soil fatigue, and soil compaction by the extended use of machines. 

These observations and hypotheses canalized in the origin of organic farming theories, which resulted 

in a successful application of these methods in the 1920s and 1930s. However, the success of organic 

farming was disturbed by World War II and the deployed Marshall plan for Europe, with the main focus 

on yield expansion for a starving European population. As a result, organic farming was not a factor in 

European and American agriculture until the late 1970s. In 1972, the International Federation of Organic 

Agriculture Movements (IFOAM) was founded (Lockeretz, 2007). IFOAM has the goal to promote 

organic farming all over the world. A transformation of the acceptance in science and society was 

supported by previous studies (Lockeretz et al., 1981). Those studies negated the widely spread opinion 

of organic farming as an old-fashioned, low-yielding farming approach. IFOAM has grown from that 

time on, having more than 500 members. Among other achievements, IFOAM established a definition 

of organic farming that found its way into the EU-Eco-regulations in 2007 (Council et al., 2008). The 

definition of organic agriculture is based on four core requirements: the principle of health, the principle 

of ecology, the principle of fairness, and the principle of care.  

“Organic Agriculture is a production system that sustains the health of soils, ecosystems, and people. 

It relies on ecological processes, biodiversity and cycles adapted to local conditions rather than the use 

of inputs with adverse effects. Organic Agriculture combines tradition, innovation, and science to benefit 

the shared environment and promote fair relationships and good quality of life for all involved.” IFOAM 

General Assembly, 2008 (Anonymous VI, 2008) 

These four requirements can also be called well-being, environment, production, and economics. Where 

organic farming considers all four on equal levels, the conventional farming approach tends to 

overemphasize the production aspect. Water pollution, soil degradation, loss of biodiversity and the 

impact on climate change have become emerging factors in people’s food choices. All these points create 

costs that are not compensated by the product's price and so have to be paid by the society as a whole 

(Pretty et al., 2005). By adding manure instead of mineral fertilizer, the organic matter can be increased 

significantly, leading to a higher CO2 fixation in the soil and better resistance to dry periods. 

Furthermore, the biodiversity in soils can be enriched (Anonymous V, 2013; Fließbach et al., 2007; 

Pulleman et al., 2003). The well-being aspect of the organic farming requirements highlights the 

reduction of poverty and pressure within the production chain. Opposing to this, the conventional 

farmers are heavily pressured by the market, where a standardized product can be sold before it is 

produced. Thus, the price of the product mainly defines the circumstance of the production. Figure 1 

illustrates the weights and trade-offs that are mediated for both farming systems.  



What defines organic farming, its origin and today’s standing 

2 
 

 

Figure 1: The four primary areas of sustainability and the trade-off in conventional and organic farming between these areas, 

from Reganold et Wachter 2016 (Reganold & Wachter, 2016) 

All these principles have in common that they include the environment and social components as the 

defining factors. High-quality food with effects on preventive health care and well-being must be 

produced in living eco systems. In a manner of reuse and recycling, the environment should retain its 

health and productivity unlimited beyond the boundaries of the field plot. The instrumentalization of 

new technologies is a crucial feature to match the production with the well-being aspect (Anonymous 

V, 2013). This transfers into a significant variation between the organic and conventional farming 

systems. While conventional farming has benefited from developing new, high-yielding varieties, the 

organic community could not benefit from these. On one side, the rules and guidelines for the selection 

of varieties are strict. On the other side, modern breeding has not produced a decent number of adapted 

varieties for organic farming. This happened because the organic seed market was too small, and modern 

materials were not common in the community. Furthermore, the use of genetically modified material is 

strictly forbidden. The genome as a unit has to be respected as well as the cell. Genetic diversity creation 

must be performed by crossing within species boundaries, and the farmer has to have the ability to reuse 

his seed material without major drawbacks (farmers privilege). New varieties have to be created the 

traditional way, based on phenotypic selection and field-based testing. Modern genetic information is 

allowed to be implemented, but the focus should remain on the whole organism selection (Anonymous 

V, 2017). 

This raises the question, how such a variety should be characterized. The demand for organically adapted 

seeds exceeds production; therefore, a relevant fraction of the seed material comes from conventionally 

adapted and produced varieties (Döring et al., 2012). Nevertheless, the application of adapted genetic 

material for organic farming makes sense, as this should be better adapted to the needs of such systems. 

This should also help to reduce the observed yield reduction in organic systems by 25-33% for cereals 

(Crespo-Herrera & Ortiz, 2015). The attributes of such adapted varieties have been postulated by several 

reviews, indicating that resistance to weeds and diseases, an enhanced nutrient use efficiency, stable 

seed quality, and high yields are beneficial to achieve a reduction of the yield gap (Crespo-Herrera & 

Ortiz, 2015; Lammerts Van Bueren et al., 2011; Osman et al., 2016; Wolfe et al., 2008). Weed 

suppression has been observed to be enhanced when the early vigor and allelopathic interactions are 

promoted (Bertholdsson, 2005). Besides, an indication for improved nutrient uptake and use efficiency 

was given by studies that highlighted the positive effect of deep rooting and overall higher root mass 

and weight in organically adapted varieties (Bertholdsson et al., 2016; Bhaskar et al., 2019; Finckh & 

Bhaskar, 2019).  
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Besides all these variations, it has been expressed that many breeding goals overlap between organic 

and conventional environments. Therefore, advanced conventionally selected generations are postulated 

to be the best starting material for selection under organic environments or in low input systems 

(Löschenberger et al., 2008; Osman et al., 2016). Contrasting to these opinions, overall higher breeding 

success was observed in varieties selected in organic environments alone, without prior selection in 

conventional systems (Reid et al., 2009).  

 

1.2 Genetic diversity in wild-types and modern cultivars 
The first domestication of barley was reported to be approximately 10.000 years ago, making it one 

founder crop of agriculture. In the fertile crescent, Hordeum vulgare was domesticated from its wild-

type Hordeum spontaneum (Badr et al., 2000). Barley has a wide range of diversity distributed all over 

the world. Due to its adaptation to high altitude, drought and salinity, it can cover many variant niches. 

The USDA-ARS is the second most extensive grain collection and stores more than 33,000 barley 

accessions of modern cultivars and landraces. By genotyping a fraction of this set, five major sub-

populations could be identified, located in the Ethiopian high land, middle to the far east, near east to 

Mediterranean area, central Europe and eastern Europe/North America (Muñoz-Amatriaín et al., 2014). 

The most isolated group of this is the group located from Iran over India to China and Japan. This finding 

is in line with the observation of a second domestication process of barley, located 1,500 to 3,000 km 

farther east of the Fertile Crescent (Morrell & Clegg, 2007). This genetic diversity in cultivated barley 

has faced bottleneck events, which resulted in a decrease in genetic diversity compared to wild barley. 

To reverse this process of genetic depression, the introgression of wild barley material in breeding 

programs can lead to a major increase in genetic diversity. It can introduce beneficial alleles that can 

deal with future challenges of soil salinification, drought tolerance and rare resistance to biotic stressors 

(Kilian et al., 2006; Muñoz-Amatriaín et al., 2014). Furthermore, the genetic diversity within the 

subgroups is high as well. Within the Fertile Crescent, the genetic composure of selected sites can be 

highly variant and even within a single location, the primarily homozygote stored genetic diversity can 

be widely dissimilar (Ceccarelli et al., 1987; Nevo E. et al., 1979; Nevo et al., 1984). As this observation 

was also made for economically significant traits, the genetic resources from the origin of barley can be 

utilized in barley crop improvement (Nevo et al., 1984).  

In the past couple of years, driven by genotyping approaches, many gene trait interactions have been 

described. Crosses were established between wild genotypes and cultivars to increase the genetic 

variation of the crossing population on which the gene trait associations were studied. Following this 

widely used approach, many candidate regions and genes for multiple agronomic relevant traits have 

been characterized. Diseases have been investigated as a significant reduction factor for yield and 

resistance genes for barley yellow dwarf virus infections (Dragan et al., 2013; Lüpken et al., 2014; Niks 

et al., 2004; Riedel et al., 2011), Fusarium (Bedawy et al., 2018), Powdery Mildew (Lyngkjær et al., 

2000; Schmalenbach et al., 2008; M. Von Korff et al., 2005) or leaf rust (Castro et al., 2012; 

Schmalenbach et al., 2008; M. Von Korff et al., 2005) were found in the genetic background of barley. 

Furthermore, the genetic background of root morphology has been investigated in the recent past, 

discovering variations in root length, xylem density and nodal root development, as well as variation in 

response to drought (Naz et al., 2014; Oyiga et al., 2020; Reinert et al., 2016). Besides the extensive 

yield-related field of traits, the genetic variation in drought response has become an increasingly 

important topic. Studies have revealed the potential of drought stress adaptation strategies in European 

cultivars by quantitative trait analysis (Honsdorf et al., 2014; Mohammed & Léon, 2004). The last major 

field of variation studied is related to plant physiology and yield defining traits. Significant yield 

increases have promoted the green revolution. It is based on the introgression of dwarfing genes in major 
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cereal cultivars (Hedden, 2003). Additionally, many other growth-regulating genes have been identified. 

Other dwarfing and semi-dwarfing genes have been found (Guan et al., 2012; Ren et al., 2016; Vu et 

al., 2010; Y. Xu et al., 2017), but also the influence of hormones on growth regulation has been studied 

(Itoh et al., 2004; Marzec & Alqudah, 2018). Besides the growth, the flowering and time until maturity 

have an enormous impact on adapting to a location. Wild-types originated in the Fertile Crescent tend 

to have a much more extended vegetation period than domesticated European varieties. Several genes 

controlling the length of the growth period have been identified (Jones et al., 2008; Laurie et al., 1995). 

Characterizing genes defining the yield levels is a challenging task. Numerous genes interacting with 

the environment have an impact on the yield level. This makes a depiction of all genes demanding. 

Nevertheless, several studies tried to find a genetic fundament for the deviation in yield levels, and some 

genes have been described (Liller et al., 2017; Nadolska-Orczyk et al., 2017; Saade et al., 2016; 

Schmalenbach et al., 2009; Sharma et al., 2018; Watt et al., 2019; X. Xu et al., 2018). The diversity in 

the barley gene pool is high, not only for quantitative but also for qualitative traits. Alterations have 

been reported also for protein content of the grain (Cai et al., 2013; Schmalenbach & Pillen, 2009), 

anther extrusion (Honda et al., 2006), threshability (Schmalenbach et al., 2011) and ear brittleness 

(Komatsuda et al., 2004; Pourkheirandish et al., 2015).  

The barley gene pool is highly diverse. Especially in wild forms, many alleles lost in the domestication 

process are still present. These alleles can be used to improve modern cultivars by introgression 

breeding. This way, barley varieties could be adapted to challenging climate and weather variations. The 

values of these wild relatives are eminent in organic breeding programs. Nevertheless, the burden of 

introgression breeding is the unintended transfer of unbeneficial alleles. Therefore, new breeding 

techniques, based on genome editing, could be helpful to overcome the time and cost-intensive 

introgression of new alleles in common varieties (Andersen et al., 2015). 

 

1.3 Barley as a model crop for studying the variation between farming systems 
Barley is one of the most relevant crops. It is essential for animal feeding, brewing, and in some regions 

of the world also as a staple food (Muñoz-Amatriaín et al., 2014). As illustrated in figure 2, almost 20% 

of the whole cereal yield in the European Union is accommodated by barley. 

Barley seems to be the perfect fit to characterize the impact of the farming system. Among the cereals, 

barley is reported to have the highest yield gap between organic and conventional farming. Furthermore, 

the discrepancy of yield tends to widen in regions with high water availability (De Ponti et al., 2012). 

Generally, a yield gap of 8-25% is reported, with barley on an average level of 31% (De Ponti et al., 

2012; Reganold & Wachter, 2016).  

The rich genetic background of wild types and the excellent adaptation of these to arid climate 

conditions, characterized by dry and hot summers, are the ideal base to study the varying yield levels 

and adaptation strategies to climate change (Kilian et al., 2006; Muñoz-Amatriaín et al., 2014). As 

Europe and Germany, in particular, have faced successive dry springs followed by hot summers with 

little rain, the proclaimed advantage of conventional farming in terms of productivity might be reduced. 

The yield gap has shown to be highest in areas where water is not a limiting factor and even can be 

overcompensated in dry years (Lotter et al., 2003; Neumann et al., 2010). Since 2012, the physical, 

genetic and functional sequence assembly of the barley genome is available. Although its genome is 

massive (5.1 Gb), its diploid characteristic makes it simpler to study compared to the hexaploidy wheat. 

Information or techniques established in barley can be transferred to other crop species with a more 

complicated genome assembly. Almost 80.000 transcript clusters as potential genes and about 40.000 

genes with coding DNA information as well as a growing library of gene function and ontologies are 
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available (Mayer et al., 2012). The mainly self-pollinating character leads to a homozygote state of 

individual genotypes, conserving the genetic variability of a land race in the combination of different 

genotypes. With this comes several advantages. With a homozygote state, dominant and recessive or 

intermediate state do not need to be addressed, as only one allele in the genotype is present. Selfing 

species have been reported to promote and maintain adaptation processes towards their environment 

(Allard, 1988). Unbeneficial alleles cannot be compensated by each other. This has direct consequences 

for the fitness of a genotype. Furthermore, producing identical seeds for the following generation is easy 

to achieve, plus germination of seeds is usually not affected by stratification needs.  

 

Figure 2: Grain Yield of Cereals grown in the European Union in 2018, Source: Eurostat (online data code: apro_cpnh1)  

 

1.4 Climate change as an impact on future farming 
Agriculture itself has a major impact on global warming. About 20 to 34% of the global emission of 

greenhouse gases can be directly linked to agricultural activity. Methane emitted by cows and rice 

production, carbon dioxide emitted by deforestation, animal production and intensive application of 

conventional fuels and nitrous oxide emissions by mineral fertilizer production, paddy rice production 

and not correctly applied fertilizer adding up to these numbers (Aydinalp & Cresser, 2008). Estimating 

the impact of climate change on agriculture is difficult, as the effects might differ completely depending 

on the region. Among the most discussed negative impacts, the reduction of water availability could be 

the most challenging part (Aydinalp & Cresser, 2008). As also illustrated in figure 3, central Europe has 

faced a severe drought in 2018, followed by an equally dry season in 2019. The reduction of water 

availability can result in severe declines in grain yields (Stone & Schlegel, 2006). The German federal 

ministry of agriculture reported a yield decline of 15% for cereals compared to the previous year for 

2018 and a 16.3% decline compared to the mean of the previous six years (Daten-analysen, 2018). The 

missing of rain events in the growing period becomes more severe with declining soil quality. Sandy 

soils tend to have a low water storage capability (Ritchie, 1981). These locations demand regular rain 

events. Otherwise, a loss of yield is the consequence.  
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The adaption of farming strategies as lower sowing densities, soil conservation methods like the increase 

of organic matter, decreasing evaporation losses, and adapted genetic material or crops have to be 

considered (Lal et al., 2012). While organic matter itself can store much water, the impact on the field 

is reported to be relatively small. Sandy soils can benefit the most with up to 3 mm water per 10 cm soil 

at an increase of organic matter of 1% (Minasny & McBratney, 2018).  

 

Figure 3: Drought conditions in central and northern EU Member States; March to August 2018. Red indicates severe drought 

conditions, while green indicates a positive water balance. Source: Eurostat/JRC https://ec.europa.eu/eurostat/statistics-

explained/index.php/Agricultural_production_-_crops#cite_ref-1 
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Besides the local shortage of water, a more general problem with the loss of arable land due to salinity 

and rising sea level is associated with climate change. Especially regions defined by a river delta and 

tides might be strongly affected by both these problems. These regions usually are highly populated, 

leading to an increase in migration from flooded and arid areas to cities or more humid regions.  

However, there are also positive aspects of climate change. The higher CO2 concentration in the air 

might lead to a CO2 fertilization effect. C3 plants have always been less efficient in the fixation of CO2, 

which might lead to an increased productivity gain for these compared to C4 plants (Lobell & Field, 

2008). Furthermore, the need for pest control could be reduced due to lower moisture levels, and in some 

regions, the cropping of some crops with higher temperature demands might get possible (Aydinalp & 

Cresser, 2008).  

 

1.5 Adaptation to biotic and abiotic stressors of plant communities 
Evolution is based on fixed adaptation effects that lead to an advantage over other individuals of the 

same or different species. In the process of evolution, land plants have evolved a vast variation based 

on a conserved core of genes. The complex response to the environment and its interaction makes it hard 

to define key regulators and beneficial alleles. Significant adaptation and evolution drivers of land plants 

can be found in the five groups phenolics, plant hormones, Superoxide dismutase, isoprene and heat 

shock proteins. Phenolics protect the plant from many different aggressors like UV radiation, herbivores, 

microbes and retain their structural rigidity. Plant hormones play a crucial role in the developmental 

processes of the plant, because they regulate cell division, senescence, dormancy, flowering and seed or 

fruit development. Plants need to be well adapted to their environment in terms of flowering time and 

seed production. An unknown genotype with a too-long growing period might face floral damage due 

to frost or an incomplete seed or fruit production. Superoxide dismutase activity can prevent the plant 

from the adverse effects of radicals and related oxidative stress. The integrity of the chloroplast is based 

on the emission of isoprene. Additionally, they influence the tolerance of thermal stress, as heat shock 

proteins have as well. They are responsible for the prevention of irreversible thermal aggregation of 

proteins. Plants are immobile, and therefore they only have the chance to avoid or escape the stress 

factor. Escape strategies are related to the production of seeds before the stress occurs and avoidance 

strategies to physiological adaptations (Sierra et al., 2015; Waters, 2003). The adaptation to a niche is 

based on the allelic variation. A local adaptation to serpentine soils of Arabidopsis lyrate could be 

identified as a variation of alleles of few genes (Turner et al., 2010). In another study, 175 genes were 

identified that were associated with a topo-climatic factor (Fischer et al., 2013a). The ability to adapt to 

new environments of a maize landrace was illustrated in literature (Wisser et al., 2019). They could 

achieve a 26-day decrease of flowering time within ten generations to adapt the population towards the 

new temperate environment. Allard described a more extended period of evolution and adaptation in 

cultivated plants (1988). Sixty generations of a barley composite cross II have been pheno- and 

genotyped. The set was synthesized in 1928 by crossing 28 barley varieties. Equal numbers of F1 hybrid 

seeds of the 378 possible pairwise crosses were used to establish the population. It was managed 

according to standard agricultural practices without artificial selection, and the seeds of each harvest 

were sown out in the following year. They could watch a rapid change of the allele frequency in the first 

couple generations, which increased the fitness of the population. This was supported by the fact that 

the seed yield increased after 15 generations from 60% to 95%, compared to commercial varieties. After 

these generations, the yield level remained stable. As the kernel size and the number of kernels increased 

by about 20%, they summarized that natural selection favors genotypes with high reproduction fitness. 

Besides the yield traits, they found other traits to adapt to their environment. The population remained 

highly diverse but developed its mean clearly towards higher reproduction fitness in any kind of trait. 
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This included, among others heading date, leaf and culm size, as well as awn length. Furthermore, they 

tested the genetic composition. They identified an increased frequency of six-row barley compared to 

the number of two-rowed genotypes. This had shown to be the most relevant effect, as it also influenced 

many other traits. Disease resistance did not play a significant role in the selection process. Susceptible 

alleles were more frequent in the population than resistant. The group of resistant plants tent to produce 

smaller numbers of seeds. Allard called this process of short to mid-term adaptation to the environment 

microevolution (Allard, 1988). This study indicates the capability of adaptation processes towards high 

reproduction fitness in a new environment of a diverse population. This population does not even need 

to show lower yields than equivalent breed varieties. 

1.6 Genotyping approaches 
The story of sequencing started in the mid of the 1970s when Sanger sequencing was developed. Sanger 

sequencing was a synonym for DNA sequencing for the coming three decades. The two basic principles 

are the ability to separate DNA fragments according to size variations by polyacrylamide gels and the 

fact that modified nucleotides could be integrated by the polymerase. Therefore required ddNTPs varied 

in their 3’ End, containing an H instead of an OH. This led to a break of the polymerase activity. If a 

fluorescence marker is added to the ddNTP, the base can be identified on the gel. The sequencing 

reaction mix for this required a DNA polymerase, Primer of a specific region, and dNTP and ddNTPs, 

which are usually mixed in a ratio of 100 to 1. Up-to-date, Sanger sequencing is the most accurate 

sequencing method allowing for large fragments to be sequenced. The first next-generation sequencing 

technique was 454 Pyrosequencing, developed in the late 1990s. Compared to Sanger sequencing, it is 

possible to sequence the read while it is synthesized. Nucleotides are released one after the other to a 

chip with wells. The polymerase incorporates these if possible. This creates a detectable light signal. 

The nucleotides are removed, and a new set is added. Compared to the following released sequencing 

methods, the 454 Pyrosequencing is relatively slow, but yield reads of an average length of 700 bp and 

has high accuracy. The Reversible terminator sequencing (Illumina) was developed a decade later. It is 

at the moment the by far most prominent sequencing method and follows a sequencing-by-synthesis 

approach, just like Pyrosequencing. The method itself is more related to Sanger sequencing. All four 

bases plus a polymerase are added to flow cells. Additionally to standard dNTPs, modified ones are 

added. These stop the polymerase, which can be detected by a laser. The libraries are created with two 

different adapters, which are ligated to the end of the sheared, single-stranded DNA. With this method, 

paired-end sequencing became possible. The accuracy is slightly lower than Sanger sequencing, 

overcome by the ability to produce millions of reads in short amounts of time. These days, it is the 

standard sequencing method for transcriptome and genome resequencing and is used in this study as 

well. 
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Table 1: Overview of the most prominent sequencing methods and their characteristics, from Phylogenomics (Bleidorn, 2017) 

 

PacBio or Single-Molecule Real-Time Sequencing is a sequencing method developed in the past decade. 

It underlies the fact that the polymerase activity can be monitored without an interruption of the 

sequencing process. It bases on a method where each dNTP is tagged by a fluorescent. When the 

phosphate group is cleaved away by the polymerase, light is emitted. This can be detected by real-time 

imaging. This happens in special zero-mode waveguide microwells, and four to five bases per sequenced 

can be processed. With this technique, it is possible to create reads of long length with an average of 15 

kb. The drawbacks of this method are the low accuracy and high demand in quality and fragment size 

of the DNA, as it does not require a PCR step (Bleidorn, 2017). Another long-read sequencing approach 

is the nanopore. This method is known since the 1990s and is based on an application of electric current, 

which forces the DNA through a nanopore. The movement through the pore creates specific variations 

of the electric current for each base. Although it relies on a completely different approach, it shares the 

high error rate of the PacBio method (Bleidorn, 2017). A comparison of all introduced methods can be 

found in table 1.  

Concluding on all the presented methods, Sanger Sequencing is the most accurate method, while the 

NGS methods provide a much cheaper and fast alternative. It can provide information on the entire 

transcriptome and does not demand a highly complex and time-intensive DNA preparation. The 

limitations of NGS are a sufficient knowledge of bioinformatics to process the sequence data because 

of the short length of the reads. This can create problems in highly repetitive regions (Raza & Ahmad, 

2016). The short-read sequencing methods have a different demand for DNA amount and quality, as 

they depend on a polymerase chain reaction step (PCR) (Tsuchihashi & Dracopoli, 2002). 

The presented sequencing techniques are applied in different strategies. One of these strategies is 

shotgun sequencing. It is widely used for Illumina whole-genome resequencing and was already 
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developed in the early 1980s. Large fragments of DNA are cut into small pieces. After library 

preparation, random pieces of the fragments are sequenced until a redundant amount of sequencing data 

has been generated. RAD seq or restriction site-associated DNA sequencing is another method that 

produces a reduced representative fraction of the genome. It is based on restriction enzymes that digest 

the DNA at random or specific positions. The application of asymmetric cutters produces sticky ends. 

On these ends, adapters with known primer sequences can be ligated. Genotyping by sequencing is 

based on this method and can be applied with one or two restriction enzymes. It has proven to be of use 

for the identification of SNP in plant genomes (Bleidorn, 2017). Instead of sequencing the whole 

genome or a random fraction, exome capture is a more targeted approach. With it, only the coding 

regions of a genome can be sequenced. This leads to a drastic decrease in data while still retaining most 

of the coding regions (Raza & Ahmad, 2016). RNA sequencing can give the same kind of information, 

as only transcriptomes are sequenced. The RNA is a reverse transcript of CDS. Adapters are attached, 

and further library preparation steps are performed. Different RNA seq methods exist, allowing for the 

whole transcriptome sequencing as well as the sequencing of the 5’ end. The method allows for the 

identification of gene expression variations but requires a robust experimental setup (Bleidorn, 2017). 

Another approach is the Chromatin immunoprecipitation sequencing (CHIP-seq). It allows identifying 

the identification of regulation events (Raza & Ahmad, 2016).  

1.7 Quality of the reference genome, available information 
Barley is a diploid species with a large genome of 5.1 Giga base size. The first assembly of the genome 

was published in 2012, where a genome-wide physical map of the cultivar Morex was presented. It 

consisted of a high proportion of repetitive sequences, where more than 79,000 transcript clusters were 

identified. 84% of these were reported to be comprised of mobile elements or repeated structures, mainly 

consisting of retrotransposons. A first estimate of the gene count was made, estimating a gene count of 

30,400 genes on the genome. Within a chromosome confirmation study, the number of genes was 

corrected to 39,734 high confidence genes and 41,949 low confidence genes. Most of the high 

confidence genes show evidence of alternative splicing and consist of multiple exons. The later 

introduced linear sequence order of the barley genome on chromosomes made the evolutionary analysis 

of morphological and physiological innovations in the genome visible. By testing various cultivars, 

slight variation between these could be observed. This can be addressed as a signature of intense 

selection within breeding and little recombination due to the selfing habit of barley. Wild-types have 

proven to have a much higher diversity, leaving them as an essential source of genetic variation. 

Additionally, a decreased frequency of single nucleotide variants (SNV) can be observed towards the 

centromeres. Cluster aggregations revealed a big group of colocalized response defense domain proteins 

all over the chromosome with a hot spot on the short arm of chromosome 1H (Mascher et al., 2017; 

Mayer et al., 2012).  

The chromosomally divided reference genome, as well as the functional prediction and position of 

barley, are under free access and can be used for any kind of genetic analysis. Furthermore, the web-

based application BARLEX can be used as a database for any so far related information in respect to the 

reference genome. The reference genome is enriched with sequence assemblies and genetic maps. 

Additional information can be obtained from exome capture data, the information of annotated genes, 

as well as their expression profiles in 8 developmental stages (Colmsee et al., 2015). The reference 

genome is a high-quality resource for aligning information short read sequencing results directly to 

genes. Among others, single nucleotide variations, insertions or deletions, and expression patterns can 

be linked directly to genes. The location information added to this can give vital information on the 

expected recombination in the region. 
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1.8 Pool genotyping – Genotyping approaches for pools 
Next-generation sequencing (NGS) technologies have become very popular in the past couple of years 

(Metzker, 2010). They have been applied to various studies to identify variations between genotypes on 

genomic and transcriptomic levels and can identify high numbers of polymorphisms, even without a 

reference genome. NGS can be applied for various tasks and has been promoted to be of tremendous 

use when it comes to pooled experimental designs. Especially when the number of samples to sequence 

becomes very high, pooling approaches can lead to a cost reduction of several magnitudes. Population 

studies, breeding process observation, evolution and adaptation detection, and allele mining approaches 

can capitalize from the application of pooled sequencing (Bélanger et al., 2016; Byrne et al., 2013). For 

small to medium size genomes, pool sequencing approaches were already applied to identify variations 

on gene-level between populations or treatments (Burke et al., 2010; Ehrenreich et al., 2010; Fischer et 

al., 2013a; Turner et al., 2010). 

Studies published in the past couple of years validated different sequencing methods, including 

genotyping by sequencing (Anand et al., 2016; Bélanger et al., 2016; Gautier et al., 2013), 

pyrosequencing (Rellstab et al., 2013), RNA sequencing (Konczal et al., 2014) and whole-genome 

resequencing (Burke et al., 2010; Fischer et al., 2013b; Y. Zhu et al., 2012) approaches. Most of these 

had in common that the count of samples in the pool was relatively small, and the sequencing coverage 

of the pool was relatively high. High coverage for species with a small genome might be unproblematic 

in terms of costs. Species like barley or wheat, having a genome size of approximately 6 GB and 16 GB, 

double the sequencing depth results in severe cost inflation. This makes high coverage sequencing an 

issue. Besides the benefits of a pooling approach has, a couple of disadvantages exist as the information 

of the haplotypes and the heterozygosity gets lost. Some approaches to recover the haplotype 

information exist (Kessner et al., 2013; Long et al., 2011; Rode et al., 2018). The haplotype information 

of single genotypes has to be derived, and reads need to be rather long to estimate the haplotypes 

correctly. On top, the identification of rare alleles might be challenging (Rellstab et al., 2013). 

Nevertheless, pooling approaches are useful in many fields, but the workflow is more sensitive to errors 

compared to single genotype sequencing. Four primary error sources have been highlighted. The first is 

the potential unequal contribution of individuals to the pool. None uniformity of individual contribution 

of DNA or RNA leads to a biased allele frequency estimation (Guo et al., 2013). The process level of 

pooling does not have a relevant influence on the uniformity of the sample. This leaves the choice for 

tissue or DNA/RNA pooling (Rode et al., 2018). The second source of error can derive from the 

sequencing depth. When the depth is low, it becomes difficult to estimate the correct allele frequency, 

especially when the frequency of an allele is low. Numerous studies gave recommendations on the 

minimum coverage to set, with the average suggestion ranging from 50 to 100 reads coverage per 

polymorphism (Schlötterer et al., 2014). In contrast to a static coverage level, Rellstab et al. proposed a 

minimum coverage adapted to the number of individuals in a pool and the ploidy level (2013). Another 

interesting approach tries to assess the correct allele frequency on low coverage levels with only 5x 

coverage per locus (Tilk et al., 2019). The third source of error derives from the sequencing, especially 

by the amplification step. PCR duplicates can lead to a substantial bias in the frequency estimation. This 

makes it necessary to remove duplicates from the data, which is not always possible (Gautier et al., 

2013). The last main error identified is the pool size itself. Smaller pools with fewer individuals tend to 

have a more considerable variation of the individual contribution than bigger pools (Anand et al., 2016; 

Rode et al., 2018). The sequencing technique, however, has not been tested as a potential origin of error 

so far by any study.  

Further requirements to give a decent overview of a population are a high number of tracked 

polymorphisms. These need to be uniformly distributed over the whole genome with a delicate coverage. 



Objectives and hypothesis of this study 

12 
 

Furthermore, the number of individuals pooled should be high to cover the populational variation as 

precisely as possible. The accuracy of pooling approaches has been reported to increase marginally in 

accuracy when a level of 200 genotypes per pool is exceeded (Gautier et al., 2013).  

1.9 Objectives and hypothesis of this study 
Food security has been the major driver for industrial agriculture in the world and still is. 

Alternative aspirations in agriculture, like the reduction of the carbon footprint or the conservation of 

ecosystems, have existed for a long time. But the majority of the global food production is driven by the 

objective of yield expansion. To reach that, the application of artificial fertilizer, pest, and weed control 

has dominated crop breeding in the past decades. 

The biodiversity reductions, water pollution, loss of arable land, and the impact of agriculture on climate 

change are significant negative consequences of yield maximization strategies in industrial agriculture. 

Food production and the environment are in close interaction, and agriculture needs to obey ecosystem 

services. 

Sustainability has become an essential topic for consumers. Therefore, the demand for it has 

continuously amplified over the last decades. Organic farming is one of the most popular ways to 

accomplish the goal of ecosystem service integration. A 20% yield reduction in organic farming 

compared to the conventional one is reported, conflicting with the need for global food production to 

rise substantially in the upcoming years. Crop breeding can have a significant influence on mediating 

the needs of yield increase and the ecosystem services. Up to date, organic farming is often conduced 

and limited by using outdated or not well adapted genetic material developed by conventional breeding 

strategies. So far, little is known about the requirements organic farming does have on the genetic 

material. 

Focusing breeding programs to create and select genetic material tailored for organic farming can be the 

key to close or narrow the yield gap between highly intensive and sustainable farming. For that, the deep 

analysis of genetic constitution affecting plant resilience to (a)biotic stress factors is compulsory.  

To gain closer insights, a long-term selection experiment was launched using a barley population created 

by crossing one cultivar with a wild species, backcrossed and grown for 25 consecutive generations 

under organic and conventional agricultural systems without performing further artificial selection. By 

gaining insights into the genetic composure and evolution processes, we wanted to increase the 

knowledge about the use of exotic lines in modern agriculture, the effect of selection pressure by pests 

and competition for light and nutrients, loss of unfavorable trait characteristics, adaptation to increasing 

climatic variation and drought stress. All these effectors have a direct influence on the fitness of the 

genotypes and the population as a whole, which may or may not lead to equilibrium after generations of 

adaptation. 

This study tries to answer some questions about agricultural practice and the genetic requirements of 

different farming approaches. As indicated above, pool sequencing has been applied in several studies 

to identify variations between different populations. So far, no study has applied pool sequencing to 

crop species with big genomes. Pool sequencing is the designated tool to gain insights into population 

genetics on a genome-wide scale. As individual genotyping of a population or plant community comes 

short in either tagged loci or is far costlier, a reliable pool sequencing approach can reduce costs and 

cover many loci at the same time. With this base, questions regarding the genetic requirements of the 

cropping system shall be addressed. Conventional and organic farming follow substantially different 

approaches concerning fertilization, pest management and weed control. This could influence an 

interactively performing population, where beneficial alleles should lead to an advanced fitness and 

consequently to an increase of the allele frequency. The barley genome has almost 40,000 reported 

genes, from which some are expected to vary between the founders. The genetic variation can lead to a 

better performance in a given environment and thus an adaptation by an allele frequency shift. As these 

processes are expected to happen after some generations of selection, we expect to identify selection 
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sweeps by applying pool sequencing. The causal base of those sweeps, genes driving the selection, shall 

be identified and characterized. We want to see the influence of wild genetic material on the fitness of 

conventional and organic systems and characterize performance gains and variations between the 

systems.  

The overall goal of this study is to identify special genetic requirements of organic farming. The 

assumptions are based on the different selection patterns of the organic and conventional systems.  

Based on the formulated goals, hypotheses have been postulated.  

• The allele frequency changes by none random effects are fastest in the first generations 

• The majority of alleles contributed to the population originating from the cultivar parent, but 

wild alleles can add important alleles for conventional and organic farming systems – especially 

for the organic environment 

• Double backcrossing leads to a decreased linkage drag, and the genetic diversity declines over 

the generations 

• The organic system benefits more from gene related to nutrient uptake and tolerance to biotic 

stressors than the conventional system does, and the overall genetic diversity is higher in the 

organic population after years of selection 
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Chapter 2 – Material and Methods 

2.1 Genetic compound - Founder and population 

The experiment is based on an intercross of the two spring Barley genotypes Golf (Hordeum vulgare 

vulgare) and ISR42-8 (Hordeum vulgare ssp. spontaneum). Golf is a former German elite breed selected 

from the cross (Armelle x Lud) x Luke (Landwirtschaft, 2013), while ISR42-8 is an undomesticated 

wild-type from Israel (Schmalenbach et al., 2009). Golf has been used as the mother plant, while ISR42-

8 has acted as pollen donor. The initial cross was backcrossed twice. Therefore, Golf was used as a 

recurrent parent. The recommendations given by Cox (1984) were considered to reduce the risk of losing 

donor wild-type alleles during the backcrossing steps. Due to Mendelian law, the allele frequency of the 

wild-type should be 50% after the first cross. The two backcrossing steps should have reduced the wild 

allele frequency to 25% and finally 12.5%. The actually expected donor allele frequency should be 

approximately 11%, according to the finite size of the performed crossing. The double backcrossing was 

performed as the wild-type has not undergone domestication and therefore carries multiple unwanted 

alleles in it. Backcrossing can reduce the wild alleles in the population and eliminate linkage drags 

between beneficial and detrimental alleles. This way, more crossing over between the elite and the wild 

genetic material can be achieved. The crossing scheme is illustrated in figure 4. 

Two rounds of selfing were performed in addition to the backcrossing to create a sufficient amount of 

seeds for a field experiment. The seed multiplication steps were performed in a greenhouse, where each 

individual was restricted to have the same amount of seeds in the multiplication to ensure the same 

number of progenies for each plant. By these steps, a BC2F3 was developed. One sample of this was 

used for long-term storage, while the second portion was sown out on a field plot of 9 x 15 m at a density 

of 330 and 360 for the conventional and organic systems, respectively. The annual population size of 

approximately 40,000 genotypes was the result of plot size and sowing density. 

 

Figure 47: The crossing scheme of the tested spring barley population – a double backcross population with the donor ISR42-

8, a barley wild-type from Israel, and the former elite cultivar Golf. Golf was used as a recurrent parent and mother plant. The 

wild allele frequency in the population should be about 12.5% for infinite population sizes due to the mendelian law. 
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2.2 Environmental compound - Crop rotation, treatment and plot design 

The created double backcross population of Golf and ISR42-8 was sown to a field trial 1998 for the first 

time. In the period from 1998 to 2010, the experiment was located at the field experiment station 

Dikopshof (1997 to 2010; 50°48'22.6"N 6°57'05.5"E). Due to some policy decisions of the University, 

the station Dikosphof was replaced by the Campus Klein-Altendorf (2009 to 2019; 50°36'47.2"N 

6°59'39.3"E). Based on this development, the experiment was moved to a new location at the Campus 

Klein-Altendorf, where it was established after a transition interval of 3 years. In this period, crop 

rotation was established. From 2011 until now, the experiment is located at the Campus Klein-Altendorf. 

The experiment remains in the same position for all the years despite the described change of location. 

This should ensure the adaptation of the soil to the farming system as well as avoid unintended 

contamination of the seed material.  

Table 2: Treatments and application in the two contrasting cropping environments. 

  Organic Conventional 

 

Times of Application once per year for Potato and Rape seed Booting and Flowering Stage 

Amount added 

200 dt/ha – 156kg N, 78 kg P2O5, 374 kg 

K2O, 36 KG MgO,* 

80 – 100 kg N by calcium 

ammonium nitrate* 

     

Growth 

Control 

Seed Treatment Seeds coated for sowing - 

Growth Regulation none on demand² 

Fungicide Treatment none on demand² 

Competition Control groom between rows Herbicide on demand² 

       

System 

Managed 

Crop Rotation Rape Seed – Winter Rye – Winter Wheat –

Broad Beans – Oat – Spring Barley – Potato 

Rape Seed – Winter Wheat – 

Spring Barley 

Soil Balance pH, Nmin, Pmin, organic matter pH, Nmin, Pmin, organic matter 

pH Adjustment lime to pH of 7 lime to pH of 7 

 
* – Phosphate fertilization was not required due to the high saturation level of the soil 

 2 - only products with a valid registration certificate of the year of use were utilized 

  

In 1998, the same set of seeds were sown in an organic and a conventional environment. The 

environments are cultivated concerning good practice for the respective system, as described in table 2. 

For the organic system, this goes together with a crop rotation of seven crops. These crops are canola, 

winter wheat, oat, potato, acre beans, winter rye, and spring barley (Table 3). Manure is added annually 

to rapeseed in the autumn. Chemical weed or pest control is not applied. Instead, weeds are controlled 

by manual weeding until the crop has created a complete canopy. Contrasting to this, mineral fertilizer 

and chemical pest and weed control are applied in the conventional system. The crop rotation consists 

out of three crops rapeseed, winter wheat, and spring barley. The soil mineral content as well as the pH 

and organic matter are surveyed annually. 
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Table 3: Field trial design of the permanent selection trial. On the left, three parcels, each row belong to the same crop rotation. 

The studied population is population 1. The conventionally treated population can be found in row two (W2), while the 

organically treated population can be found in row 1 (W1). The position of the crop rotation remains the same over the years 

so that soil-borne contamination with seed material from other populations (P2-P4) is prevented. The parcels are 15 meters in 

length and 9 meters in width. The crop rotations are separated row-wise by a 9 meters long border. The border is free of any 

vegetation. The crops move in rotation every year, one slot to the right. [WW – winter wheat, SG – spring barley, WRa – winter 

rapeseed, Ka – Potato, AB – common bean, WR – winter rye, Ha – spring oat] 

                   

 conventional organic     

                       

 3 m border 3 m border      

W 

4 

WRa   

P2 

WW 

P2                                  
SG 

P2                                  

AB WRa 

P4                                  

SG  

P4 
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P4 

Ka 
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 9 m border 9 m border      

W 

3 
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P3 

WRa   

P3 

WW   

P3 
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P2 

SG   

P2 

WRa   

P2 
   

  

 636 637 638 642 643 644 645 646 647 648   

9
3
 

m
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2 

WW 
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SG 

P1 
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P1 

SG 

P3 

Ha WRa 

P3 

WR Ka AB WW 

P3 
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1 

WRa 

P4 

WW 

P4 

SG 

P4                                  

Ka AB WR SG 

P1 

WRa 

P1 

WW 

P1 

Ha 

1
5

 m
  

 

   

 604 605 606 610 611 612 613 614 615 616       

 3 m border 3 m border       

          9 m      

               
                 

                           

     90m          

               

The plot design should prevent unintended outcrossing with other varieties or contamination of seed 

material (Figure 5). Therefore, the parcel of each crop in the rotation consists of three sub parcels of 

three meters wide rows of 15 meters in length. The seeds used for the coming generation are harvested 

from the center row. This row is harvested after the outer two rows to clean other remaining seeds from 

the combine harvester. 
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Figure 5: Design of a single plot with the three rows shown. The parcel has 

a size of 9 meters in width and 15 meters in length. The center part is used 

for seed production to avoid admixture with other barley varieties or 

populations by cross-pollination. The plot is harvested from the outside to 

the inside. This should reduce the seed contamination in the combiner with 

seeds from other trials.  

The populations are grown from 1998 until now sequentially. 

This means that each year’s seeds for the organic and 

conventional system were harvested separately, and these 

seeds were sown out in the following generation in the 

respective system. 

 

2.3 Phenotypic characterization of populations and founders 

2.3.1 Phenotyping and seed multiplication for parents 

The phenotypic characterization of the founders and populations was performed in the greenhouse or a 

field trial. The parents' Golf and ISR42-8 have been phenotypes during a seed multiplication step in the 

greenhouse from July 2019 until February 2020. Morphological and phenological traits and the response 

to drought have been observed. Four plants were grown in a 25x25cm sized pot filled with a sandy 

substrate. Fertilizer and water have been applied to an optimum state to ensure maximum seed yield. 

Additionally, the resistance to Puccinia hordei, Blumeria graminis, and Fusarium graminearum was 

tested. The plants were grown until maturity, and variation in the phenotypes was noted.  

2.3.2 Determination of root phenotype variation 

We performed a hydroponic and field experiment on root morphological characteristics to complete the 

observations made on the molecular genetic level. 150 BC2F24 genotypes of the conventional and organic 

environment were sown out in a hydroponic experiment, following instructions mentioned here 

(Hoagland & Arnon, 1938). PH was mediated to 5.9-6.0 every second day, and the nutrient solution was 

replaced once a week. One seed per genotype was grown for six weeks, and complete root and shoot 

material were harvested. Plants were grown under greenhouse conditions with 16h light and 18/12°C 

temperature regime. Besides root morphological traits, shoot height, the number of leaves and tillers 

were measured. Leaf number per tiller was used to correct for variant growth speed.  

The field evaluation was conducted at Campus Klein-Altendorf Research Facility under rain-fed 

conditions without additional application of agrochemicals. A total of 100 barley BC2F24 lines from 

organic and conventional populations were grown until anthesis. The roots of three plants per line were 

carefully harvested and soil was washed off, following the guidelines mentioned here (Neumann et al., 

2010).  

Root trait measurement was performed by WinRHIZO image analysis software (ver. 2008a, Regent 

Instruments Inc., Quebec, Canada). The root mass density was calculated according to Nakhforoosh et 

al. (Nakhforoosh et al., 2014). Root anatomical parameters were measured on cross-section slides of 

root tissue. A digital microscope (Keyence's VHX-1000D with 100X magnification) was used to create 

images of the section area. At least three to five roots per genotype were considered for measuring root 

anatomical traits. Captured images were then analyzed with ImageJ software (Schneider et al., 2012). 
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2.3.3 Field-based phenotyping of genotype offspring lines – representation of the phenotypic 

variation of the two populations 

Field-based individual phenotyping was performed in the season 2020 for 500 organic and 500 

conventionally evolved offsprings of genotypes harvested as a whole plant in the previous year. The 

conceptional idea behind this experiment was to elaborate anatomical, physiological, and morphological 

variations between the organic and conventional adapted populations. The hypothesis was that the mean 

phenotype would vary between the organic and conventional populations concerning the described 

upper and below ground phenotype. 

 Therefore, 11 to 45 seeds per genotype were sown out, depending on the amount of harvested seeds for 

the genotype in the previous generation. Scarlett and Golf were sown out additionally as control. ISR42-

8 was excluded from the experiment as its growth period is longer than the vegetation period at the field 

location at Campus Klein-Altendorf Research Facility (50°370 N, 6°590 E), University of Bonn, 

Germany. This experiment was performed to measure and score multiple traits. Besides plant height in 

different growth stages, the emergency, score of different diseases impact, flowering time, chlorophyll 

leaf content, ears per plant, anther extrusion, ear size, growth type, lodging, tiller number were measured 

(Table 4). 

The chlorophyll content was measured by a SPAD meter, other physiological parameters by a Polypen 

(RP 410, PSI (Photon Systems Instruments) spol. s r.o.), the plant height and ear length in centimeters, 

and the health status of the plants by the percentage of infected leaf area. 

Table 4: Measured traits for upper body phenotypic characteristics 

Score Date Schemata 

Emergence 21.04.20 Day of the year, ear fully pushed out of the shoot 

Emergence 24.04.20 Day of the year 

Growth type 01.05.20 1 to 9 – 1 plant close to the ground, 9 shoots straight up, tall plant 

Yellow dwarf virus 20.05.20 1 to nine, nine high infection level 

Yellow dwarf virus 26.05.20 1 to nine, nine high infection level 

Plant height 26.05.20 cm from soil top to maximal height 

Flowering 26.05.20 Day of the year; ear has to fully emerge from the stem 

Plant height 07.06.20 cm length from stem to top row of seed 

Flowering 07.06.20 Day of the year; ear has to fully emerge from the stem 

Flowering 13.06.20 Day of the year; ear has to fully emerge from the stem 

Flowering 15.06.20 Day of the year; ear has to fully emerge from the stem 

Powdery Mildew 21.06.20 0 to 5, five high infection pressure 

Health status 24.06.20 % infected leaf tissue 

Ear position 24.06.20 1 straight up, 2 lodged 

Spad measurement 24.06.20 Spadmeter 

Polypen 24.06.2020/26.06.2020 all Parameters given by the sensor 

Ear position 30.06.20 1 straight up, 2 lodged 

Ear length 30.06.20 cm length from stem to top row of seed 

 

The yellow dwarf virus disease level was monitored on a scale from two to seven. The score of two was 

related to no infection at all, while a linear increase on the scoring line was followed. 3 and 4 were 

related to increasing yellowish coloring of leaves, while five was equal to an explicit infection, described 

by circular brown dots on the leaf tissue. A score of seven as the highest score was given for parcels 

where all plants were observed to be highly infected. Analogous to this, the infection with powdery 

mildew was scored from zero to five. The score of zero was related to no infection at all, while one was 

associated with plants that do show clear evidence of resistance. Genotypes were rated as resistant if the 
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genotypes showed apparent infection but no productive colonialization or sporulation by the fungus. 

Score 2 was related to low infection levels, characterized by black spots on yellow leaves. Score 3 was 

given if leaves were covered with black mycelia on mostly dead leaves. 4 and 5 are the same as 3, just 

on more and top leaves. 

On a closely located field trial, the root morphology variation at the flowering stage of 100 organic and 

100 conventionally evolved genotypes was tested. The plants were harvested as a whole plant, including 

the roots. Therefore, the plant was carefully dug out of the soil. Similar measurements as described for 

the hydroponics were performed. Hydroponic and field experiments on root morphological 

characteristics were performed to complete the observations made at the genetic level. In a hydroponic 

experiment, 150 BC2F24 genotypes of the conventional and organic environment were sown, as 

described previously (Hoagland & Arnon, 1938). The soil pH value was adjusted to 5.9–6.0 every 

second day and the nutrient solution was replaced once per week. One seed per genotype was grown for 

six weeks, and the complete root shoot materials were harvested. Plants were grown in a greenhouse 

under a 16-h light/8-h dark cycle at a constant temperature of 12°C. Besides the root morphological 

traits, the shoot height and the numbers of leaves and tillers were measured. The leaf number per tiller 

was used to correct for variations in growth speed.  

Phenotyping was performed as described in the previous section. For both experiments, no additional 

fertilizer and no weed or pest control were performed. 

2.3.4 Statistical evaluation of phenotypic characteristics 

The phenotypic traits assessed were analyzed by a classic test of variation (ANOVA). Tukey Test was 

performed to obtain the variation between the organic and conventional set of genotypes and the parents 

ISR42-8, Golf, and Scarlett. Scarlett was used as a check variety. A Pearson correlation was calculated 

between the traits measured, and a principal component analysis was conducted on either all traits or 

only selected traits. Furthermore, the variation of the groups was estimated. A binomial distribution in 

a generalized linear model was applied for binomially assessed traits like the ear position. 

2.4 Weather information and evapotranspiration calculation 
Phenotypic data for all generations is not always available, and if it is, then in an unpleasing depth. The 

weather data can give additional information. It can answer questions regarding physiological stress 

phases in the vegetation period. The plant was stressed by a fungal attack more severely in years with 

constant or high precipitation, while it was confronted with drought stress in years with little to low 

precipitation. Drought stress or fungal pressure can occur in various developmental stages and 

intensities. For example, high moisture and precipitation events during and after flowering can result in 

severe ear blindness caused by fusarium, while a wet period in the early growth stages might result in a 

significant infection with powdery mildew. The same holds true for drought events. Such events can 

lead to yield reduction on various levels, like tiller number reduction or reduced corn filling. It might be 

possible to estimate the infection pressure just by basic weather data like moisture content, air 

temperature and precipitation. When it comes to identifying drought stress events, unprocessed weather 

data will not result in appropriate estimates of drought events. A more robust method to estimate such 

things is an advanced evapotranspiration model that combines weather information, together with plant 

physiology parameters and soil water content. Using these three information sources, the estimate can 

still be not as precise as measuring the actual evapotranspiration.  

Evapotranspiration is the combined water loss from soil by evaporation and from the plant by 

transpiration. Evaporation describes the process whereby liquid water is removed from the evaporating 

surface (vapor removal). Water evaporates from various surfaces like lakes, rivers, pavements, soils, 

and wet vegetation. Plants cannot utilize evaporated water. Evaporation requires energy to transform 
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water from its liquid to its vapor form. The origin of this energy required for the transformation can be 

found in solar radiation or air temperature. The extend of evaporation is also limited by the vapor 

pressure of the atmosphere. The higher the atmospheric pressure, the more energy is required to vaporize 

liquid water. Transpiration consists of the vaporization of liquid water contained in plant tissues and the 

vapor removal to the atmosphere. Plants predominantly lose water by stomata. The water is taken up 

together with nutrients by the roots and is transported to the upper tissues, where it follows the vapor 

pressure gradient towards the atmosphere (Zotarelli & Dukes, 2010).  

Nevertheless, an adequate estimation of the correct actual evapotranspiration is possible by applying the 

dual crop coefficient model proposed by the FAO. Pozníková et al. (2014) have validated this model 

based on real field measurements of spring barley evapotranspiration rates. They found a high 

correlation between the measured and calculated evapotranspiration of > 0.9, indicating that the dual 

crop method can produce reliable estimates of the actual evapotranspiration (Pozníková et al., 2014). 

The evapotranspiration model of the FAO is based on the Penman-Monteith equation (Equation 1) to 

calculate the evapotranspiration ET0 of grass under optimal water supply.  

𝐸𝑇0 =
0.408∆(𝑅𝑛 − 𝐺) + 𝑦

900
𝑇 + 273 𝑢2(𝑒𝑠 − 𝑒𝑎)

∆ + 𝑦(1 + 0.34𝑢2)
 

Equation 1: Penman-Monteith equation for calculating the reference evapotranspiration of grass in mm day-1. Rn is the net 

radiation [MJ m-2 day-1], G is the soil heat flux [MJ m-2 day-1], T the air temperature at 2 meters height in °C, u2 the wind 

speed at 2 meters height [m s-1], es the saturation vapor pressure [kPa], ea the actual vapor pressure [kPa], es-ea the saturation 

vapor pressure deficit, ∆ the slope of the vapor pressure curve [kPa °C-1] and y the psychrometric constant [kPa °C-1] (Zotarelli 

& Dukes, 2010). 

Based on this, the crop evapotranspiration ETc can be calculated (Equation 2). Two ways can give the 

ETc value, while the dual crop coefficient used here is respected to be more accurate. The dual crop 

coefficient divides the evaporation from the transpiration and calculates both separately. This model is 

based on an irrigated cropping system or a system where water is not in shortage (Zotarelli & Dukes, 

2010). Therefore, a soil water balance has to be included in the estimation. Reduced water availability 

will result in physiological responses of the plant-like increased stomatal conductance to reduce water 

loss (F. Liu et al., 2003).  

𝐸𝑇𝑐 = (𝐾𝑐𝑏 + 𝐾𝑒)𝐸𝑇0 

Equation 2: crop evapotranspiration calculation by the dual crop coefficient Kc = Kcb + Ke. The procedure is based daily and 

split in a basal crop coefficient (Kcb) and a soil evaporation efficient (Ke). The basal crop coefficient (Kcb) is defined as the 

ratio of the crop evapotranspiration over the reference evapotranspiration and represents the transpiration component 

primarily. Water is not a limiting factor. Ke describes the evaporation component of ETc. Ke depends on the wetness of the 

topsoil (Zotarelli & Dukes, 2010).  

Including a soil-water balance allows for the calculation of the actual evapotranspiration ETa. ETc 

requires the calculation of the basal crop coefficient Kcb and the evaporation component Ke. Kcb is 

calculated as illustrated in equation 3. Kcb depends on the implementation of the crop growth stage 

prediction. The FAO model characterizes five Stages. These are the initial stage, crop development, 

anthesis stage (mid-stage), ripening, and maturity (end). The initial, mid, and end-stage are characterized 

by constant values for the crop stage coefficient Kcb(Tab) (0.15,1.1,0.15), while the development and 

ripening stages follow linear regressions, ranging from 0.15 to 1.1 and 1.1 to 0.15 for development and 

ripening stage, respectively. The thermal time for the initial phase has been set to 200° days, 

development stage to 650° days, anthesis stage to 1,300° days and ripening to 1,650° days. These values 

mark the end of the stages. The limits of the stages have been selected based on the mean vegetation 



Weather information and evapotranspiration calculation 

21 
 

period length reported by sowing and harvesting dates. The actual growing degree days have been 

calculated as the sum of the daily mean for all days of the vegetation period before the ith day.  

𝐾𝑐𝑏 = 𝐾𝑐𝑏(𝑠𝑡𝑎𝑔𝑒) + [0.04(𝑢2 − 2) − 0.004(𝑅𝐻𝑚𝑖𝑛 − 45)] (
ℎ

3
)

0.3

 

Equation 3: calculation of the basal crop coefficient where RHmin is the value for daily minimum relative humidity, u2 is the 

mean value for daily wind speed at 2 m height over grass, and h is the mean plant height in meters, which has been set to 1 

meter (Zotarelli & Dukes, 2010). 

The soil evaporation Ke describes the evaporation component. It is defined as described in equation 4. 

The total evaporable water from the topsoil has been set to a value of 22 mm, while the value at the start 

of the vegetation period was set to 9 mm. The sowing was always performed in moist but not wet soil, 

so the assumption that the top soil is dried out has been made. The soil evaporation calculation was 

performed each time after a major rain event with more than 3 mm rain in 24 hours occurred.  

𝐾𝑒 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚[𝐾|𝑟(𝐾𝑐𝑚𝑎𝑥 − 𝐾𝑐𝑏) ∨ 𝑓𝑒𝑤𝐾𝑐𝑚𝑎𝑥] 

𝑤ℎ𝑒𝑟𝑒 𝐾𝑟 = 1  𝑖𝑓 𝐷𝑒 < 𝑅𝐸𝑊 

𝑒𝑙𝑠𝑒 𝐾𝑟 =
𝑇𝐸𝑊 − 𝐷𝑒

𝑇𝐸𝑊 − 𝑅𝐸𝑊
 

Equation 4: calculation of the soil evaporation coefficient Ke. Ke is the soil evaporation coefficient, Kcb is the basal crop 

coefficient after equation 3, Kc max the maximum limit of evaporation and transpiration following rain or irrigation, few the 

fraction of wetted soil, and Kr the dimensionless evaporation reduction coefficient that depends on the depleted water from the 

topsoil. Kr depends on the total evaporable water in the 10cm top soil TEW [mm], the readily evaporable water on day i [mm], 

and the cumulative depth of evaporation De [mm]. De depends on rain events (Zotarelli & Dukes, 2010). 

The exposed and wetted soil fraction few is calculated as shown in equation 5. Based on the calculations, 

the lowest value is selected for soil evaporation. 

𝑓𝑒𝑤 = 1 − 𝑓𝑐 

𝑤ℎ𝑒𝑟𝑒𝑓𝑐 =
𝐾𝑐𝑏 − 𝐾𝑐𝑚𝑖𝑛

𝐾𝑐𝑚𝑎𝑥 − 𝐾𝑐𝑚𝑖𝑛

1+0.5ℎ

 

Equation 5: calculation of the exposed and wet soil fraction few. The average exposed soil fraction fc is calculated by the plant 

height h and the crop coefficient. 

Having calculated Ke and Kcb, the crop evapotranspiration ETC can be calculated for each day. As already 

mentioned, the evapotranspiration calculation is based on a regular water supply, resulting in enough 

water for the plant to remain in full photosynthetic activity mode. As the experiment was only based on 

irrigation from rainfall, water shortage in some periods might have occurred. When the utilizable soil 

water decreased below a field capacity of 30%, the plant initializes water-saving processes. For a file 

capacity bigger than 30%, the actual evaporation ETA equals the potential crop evaporation ETC. In case 

the field capacity is lower than 30%, the transpiration is decreased based on linear regression, and the 

ratio of ETA /ETC decreases towards 0. At approximately 10% field capacity, the wilting is reached. At 

this point, ETA equals 0. In mid-European areas, the field capacity level of 10% is not likely to be 

reached, even in periods dominated by dry and hot weather (David J. Connor, Robert S. Loomis, 2011; 

Meyer & Green, 1980). Based on measurements performed by Pätzold et al. (2005), the field capacity 

of the field trial was measured to be 25vol%. The rooted area has been defined as 75cm of soil depth. 

This resulted in a total field capacity of 180mm. The main soil fraction is silt and the soil type is a 

Parabraunberde (Inceptisol)(Pätzold et al., 2005). The evapotranspiration level is adjusted to the 
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available soil water and gradually reduced if the soil water content decreases below a level of 30% 

usable field capacity. 

The required weather data was collected for the whole period by a weather station located in the direct 

proximity of the filed trial. Daily mean values were calculated from measurements made every 10 

minutes. The weather station measured air pressure, radiation, humidity, air temperature in 2 meters 

height, windspeed, the direction of wind, temperature of the top soil, photosynthetic active radiation and 

precipitation. As the trial was transferred permanently from the Campus Dikopshof to Campus Klein-

Altendorf, the weather data of these two stations was used. For the first period until 2010, weather data 

was used from Dikopshof, while the weather data for the second period was used by the station of Klein-

Altendorf.  

Performing all these steps enables an approximate estimation of the evapotranspiration of the barley 

populations and elaborates the climatic variations over the years. 

2.5 Assessment of genetic diversity by pool sequencing 

As described above, the annual population size of each year and system was calculated to be 40,000 

genotypes. Testing the whole set of genotypes for each environment and year is far from possible. A 

representative sample had to be drawn out of this population. By this sample, the wild-type allele 

frequency should be estimated on the whole genome. This required an extensive set of identified 

polymorphisms. Sequencing many loci to get a representative genotyping output demands a proper tool. 

Two possible ways can be followed. Genotyping by a chip with distinct loci is one way of characterizing 

a population. This method tests each sampled genotype for thousands of designated polymorph loci. The 

second method is related to sequencing the genome of these samples in a more untargeted manner. 

Methods like RNA sequencing or whole genome sequencing are genotyping by sequencing approaches, 

following a more untargeted way of genotyping a sample. While genotyping by a chip is limited by 

genotyping single genotypes on designated locations, genotyping by sequencing can deliver information 

on unspecified loci for multiple genotypes in one sample. Through the sequencing coverage of a locus, 

this method has a quantitative component. This allows for the calculation of frequencies directly from 

the sequencing data. The sequencing of pool samples can utilize the significant advantage of this 

quantitative information. A pooled sample consists of genetic material derived from multiple genotypes. 

This makes it possible to gain insights into a set of genotypes by sequencing only one single sample. 

Establishing a reliable and cost-efficient procedure to access the allele frequency of an enormous 

population has been defined to be one major goal of this study. The established procedure is based on 

the steps described in the following sections.  

2.5.1 Sample size estimation for pools 

The major problem for uncovering the total genetic diversity of a population lies in testing the accurate 

sample size. We aimed to hit a sampling error (precision level) of 0.05 with a low-risk level (confidence 

interval) of 0.99. To calculate the necessary minimal sample size, we applied Cochran‘s Formula to 

estimate the correct sample size, shown in equation 6 (Israel, 1992). 

𝑁0 =
𝑍2 ∗ 𝑝 ∗ (1 − 𝑝)

𝑒2
 

Equation 6: Cochran’s Formula to calculate an ideal sample size given a desired level of precision to test a large population 

by a representative sample 

N0 is the sample size, Z is the z-score of the confidence interval, p is the preliminary information about 

the allele frequency of ISR42-8 in the population, and e is the desired level of precision. Based on an 
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expected allele frequency of 12.5% of the donor alleles, we end up with a sample size of 291 genotypes 

per generation and environment. To round up, we used 300 genotypes. 

2.5.2 Sampling genotypes 

The pool samples were collected for selected generations of the permanent selection trial. Seeds of the 

initial, unselected generation F3 and late selected generations were chosen for both conventional and 

organic systems. The late stages include the F12, F16, F21, and F22 from the years 2007, 2011, 2017 and 

2018. Two samples with different sets of genotypes were collected for each generation. For the F22 

conventional population, one additional sample was collected. In addition to the pool samples, the two 

parents Golf and ISR 42-8 were collected, and DNA was extracted for the two genotypes separately. 

These two should build reference haplotypes for the population. 

For the F22 conventional population, one set was collected that contained 288 genotypes instead of 300 

genotypes. Leaf tissue for these 288 genotypes were collected separately for each genotype as well. This 

set should be used for the pool validation. DNA was extracted from these genotypes individually from 

KASP array sequencing on designated polymorph loci chosen based on the pool sequencing results. 

The DNA extraction was performed using fresh leaf tissue. Seeds of the generations have been sown 

out on pit soil in a greenhouse at 22°C with a 16/8-hour day-night setting. The leaf tissue was harvested 

seven days after sowing out. 

Preparing a pooled sample has some pitfalls. One of these happens right at the sampling. As Sham et al. 

(2002) have stressed out, pooling is an effective way to reduce the costs in large-scale genotyping 

studies, but it requires adjusted amounts of DNA/RNA for each sample (Sham et al., 2002). The identical 

amounts of DNA should result in an equal contribution of genetic material for each genotype in the pool. 

Two ways of pool sampling were described. A sampling of DNA/RNA required an individual 

DNA/RNA extraction for each genotype separately. After this is accomplished, the same amount of 

DNA for each genotype is added to a pool. This method is the most commonly used but can result in 

problems as well. These methods do not assess the DNA/RNA quality. Variant degradation can result 

in unbiased sequencing probabilities. Because of this and the fact that individual DNA/RNA extraction 

goes along with a tremendous amount of resource, cost and labor, we decided to pool the samples on 

the tissue level. 

Equal amounts of leaf tissue for each genotype should be added to a pooled sample. We accomplished 

this by using a hole plier. This cut a leaf fraction for each sample of approximately equal size. Three 

hundred genotypes per pool have been sampled. Tissue samples were collected in rounds of 60 to 80 

genotype tissue samples to prevent DNA/RNA degradation. The samples were collected in a bowl and 

placed in a container with ice to ensure a decreased speed of degradation. At the point where 60 to 80 

samples were collected, the leaf discs were carefully transferred to a 5 ml Eppendorf container. This 

container was placed in a rack on a vessel that contained liquid nitrogen. The filled-in leaf discs were 

instantly frozen and stored afterward in a -80°C freezer.  

The DNA and RNA extraction was performed by using the peqlab plant DNA/RNA Mini Kit. Prior, the 

samples have been vigorously homogenized by a vibration mill. Six metal grinding balls have been 

added to the 5 ml Container. The metal rack in which the 5 ml containers were placed allowed a 

simultaneous homogenizing of up to 20 samples. The rack itself was chilled with liquid nitrogen prior 

before been loaded with the containers. The samples were homogenized for 6 minutes at 25,000 U/s. 

The grinding balls had a diameter of five and three millimeters. Three of each were used. The tissue 

needed to be crushed to a very fine powder to ensure non-biased sampling. Following, 15 µg of this 

tissue were extracted from the container for DNA and RNA extraction. For the extraction, we followed 
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the instructions in the peqlab plant DNA/RNA Mini Kit. The quality and amount were checked on a 1.5% 

agarose gel as well as by Nanodrop measurement.  

2.5.3 Sequencing approaches 

Literature highlights the successful application of genotyping by sequencing, whole-genome 

sequencing, and RNA sequencing for pool genotyping. We compared these three common sequencing 

methods for their use in pool sequencing of barley. Each has advantages and disadvantages regarding 

coverage, costs, or polymorphism yield, as illustrated in table 5. Three replicates for the F22 conventional 

population were sequenced using MACE RNA sequencing (Zawada et al., 2014) and genotyping by 

sequencing (GBS) (Poland et al., 2012). Two replicates of this population were sequenced using a 

whole-genome resequencing approach (Belkadi et al., 2015). One of these sets was sequenced as a pool 

and individually for 21 SNP-specific competitive allele-specific PCR (KASP) assays (followed referred 

to as KASP marker) - three for each chromosome covered the short and the long arm as well as the 

centromeric region. The markers for single genotype testing were selected based on the MACE RNAseq 

sequencing results. Representative markers for the whole genome were selected. This pool was 

sequenced by all three different techniques. The applied genotyping by sequencing (GBS) approach is 

based on a rare and frequent cutter enzyme combined with paired end-setting of 145bp long reads. 

Besides this, another untargeted DNA-based sequencing approach was applied by using whole-genome 

resequencing (WGS), resulting in 150 bp long paired-end read output. Lastly, we validated a 

transcriptional approach by MACE RNA sequencing with a single-end read yield of varying lengths. 

MACE sequencing was chosen instead of classic RNA sequencing because it claims to deliver higher 

coverage rates on fewer loci costs and is based on the TRUEQuant method that can identify PCR 

duplicates. The methods vary in costs, but none of them exceeded a value of 600€ per sample. 

Table 5: Overview of strengths and weaknesses of the applied methods on different levels. MACE = transcriptome 

sequencing; GBS = enzyme-based genotyping by sequencing; WGS = whole-genome resequencing, (Schlötterer 

et al., 2014) 

 MACE GBS WGS 

Costs med low high 

Genes covered yes partly yes 

Level RNA DNA DNA 

SNP count low med high 

Coverage varying med low 

Genome representation biased random all 

potential for Sampling error high low low 

 

2.5.4 Mapping and Polymorphism detection 

All reads were mapped to the Hordeum vulgare reference genome top-level v2 (downloaded 30.05.2019 

(Mayer et al., 2012)) using bwa mem (version 0.7.1 (Li, 2013)). Sequences were trimmed if the read 

quality required it (Bolger et al., 2014). Aligned reads were strictly filtered by sambamba view (version 

0.6.6 (Tarasov et al., 2015)), only retaining single mapped reads with a mapping quality higher than 30.  

sambamba_v0.6.6 view -h -f bam -p -F "mapping_quality >= 30 and not (unmapped or 

secondary_alignment) and not ([XA]!= null or [SA]!= null)" 

Following this, the duplicates were removed for the MACE RNA seq and WGS data sets by sambamba 

makrdup and then sorted by sort. Variant calling was performed using samtools mplieup and bcftools 

call (version 1.8 (Li et al., 2009)) on minimum variant base quality of 25 phred score. Only single 
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nucleotide polymorphisms (SNP) were called, and Indels were omitted from calling. Polymorphisms 

between both parents were identified and tested for presence in the reference SNP database for Hordeum 

vulgare. By retaining only SNP that have already been found in this database, the chances of falsely 

discovered SNP should be reduced. If a SNP was not listed in this, it was deselected to omit false-

positive SNP calls. The sequence quality was obtained by fastqc (Andrews, 2010). The SNP calling 

reveals various information from which the reference and alternative base count are used to calculate 

the allele frequency for each polymorphism. In combination with the knowledge of whether the 

reference or alternative allele describes Golf or ISR42-8, the allele frequency of these can be calculated 

in the pooled sample, as illustrated in equation 7. The allele frequency analysis was performed only on 

single nucleotide polymorphisms, and deletions or insertions are omitted. 

𝐴𝐹𝐼𝑆𝑅42−8 =
𝑅𝐷𝐴𝑙𝑙𝑒𝑙𝑒𝐼𝑆𝑅42−8

𝑅𝐷𝐴𝑙𝑙𝑒𝑙𝑒𝐼𝑆𝑅42−8 + 𝑅𝐷𝐴𝑙𝑙𝑒𝑙𝑒𝐺𝑜𝑙𝑓
 

Equation 7: Calculation of the allele frequency of the parental alleles in the pool progeny sample. The read count (RD) of the 

parental allele is extracted (either the reference base or an alternative base) and divided by the sum of reads covering the locus 

at a given quality threshold. This is performed for each polymorphism separately. 

2.5.5 Haplotype estimation 

Based on the fact that the population has two founders (Golf and ISR42-8) and their haplotypes were 

known, this information can be incorporated into the pooled sequencing of the population. On short to 

medium distances, we assumed that recombination should not have occurred. Gene annotation derived 

from the IPK database with positional annotation for low and high confidence genes was used as an 

anchor to generate haplotypes with a direct link to a function (https://webblast.ipk-

gatersleben.de/barley_ibsc/). 80,554 low and high confident genes were listed and utilized as the 

potential origin of a haplotype. From this set of genes, only the high confident genes were used for 

haplotype construction. The gene bounds were extended on both 3’ and 5’ ends to include close-by 

mapped SNP. The extension algorithm extended the gene by 45 percent of the intergenic region size if 

the latter was bigger than 1,000 bp. A gap of 10 percent the size of the intergenic region was not 

annotated to a gene. Exemplarily, gene Q with position 200 to 500 and gene W with position 800 to 850 

are both expanded. The intergenic region has a size of 300 base pairs. Ten percent of this, 30 bp, are 

removed, leaving 270 bp. This is divided by 2, giving 135 bp. The new end position of gene Q is 500 + 

135 = 635, and the new start position of gene W is 800 – 135 = 665. The gap between these two genes 

has been closed from 300 to 30bp. If a SNP is at position 590, it is now considered as part of Gene Q. 

Without the extension, the information of this particular SNP would have been lost for the improvement 

of the haplotype frequency. Further details can be obtained from figure 6. 

If genes overlap, no extension was performed in the direction of overlap for both genes. Besides the 

genes, markers present in the 9K SNP chip were mapped against the reference genome, and a range 

around them was defined as a haplotype region. According to the same procedure as highlighted for the 

genes and shown in figure 6. 6,080 markers could be mapped to the reference genome. The extension 

for these has also been performed, analogous to the genes. All reads within a haplotype were used to 

calculate the haplotype allele frequency (HAF),  

𝐻𝐴𝐹𝑝 =
∑ 𝑟𝑑𝑘 ∗ 𝑓𝑟𝑒𝑞𝑝𝑘

∑ 𝑟𝑑𝑘
 

Equation 8: Calculation of the haplotype frequency HAF of parent p. rd is the coverage of a SNP k, while freq is the frequency 

of SNP k for parent p.  
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where p represents the allele for a specific parent. k is the SNP, for which the coverage rd and freq allele 

frequency for SNP k and parent p is given (Equation 8). Marker information comes along with the 

genetic position, which can be used here because it includes genetic distance estimates. 

 

Figure 6: Scheme of haplotype allele frequency estimation by aggregating allele frequency information of multiple SNP to one 

single haplotype allele frequency. The haplotypes are regions on the genome that are surrounding a marker or a gene. The 

haplotypes based on genes have been expanded regarding the neighboring genes into the intergenic regions. SNP located 

outside coding sequences were utilized by this approach to increase the coverage and frequency estimation accuracy. It is 

assumed that linkage disequilibrium is a factor and SNP of a given region are linked. The same procedure was applied for 

haplotypes based on markers. Markers were derived from the 9Kiselect chip. Contrasting to a gene, a marker does not cover 

a region but only a single SNP. For the marker-based haplotypes, single SNP positions were replaced by a piece of region 

information. The regions aimed not to overlap each other and have a gap between them. 

The haplotyping approach applied is comparable to the method used by Tilk et al. (2019). They used a 

constant window size, while the approach followed in this work is based on a variable haplotype size. 

The window size can vary over the genes, depending on the size of the intergenic region. Aggregating 

frequency information of multiple SNP was reported to increase the accuracy of the frequency (Tilk et 

al., 2019). 

2.5.6 Pool accuracy estimation 

KASP markers were designed to estimate the precision of the applied pool sequencing. The individual 

genotyping was performed for 21 designed KASP markers. These have been selected based on MACE 

RNAseq results. The requirements for a polymorph locus to be used as a KASP marker are based on 

reading depth in the MACE RNAseq, the missing of other variants closely neighboring, full coverage of 

the genome, where three markers for each genome at the short arm, pericentromeric region, and long 

arm are used as well as a decent coverage of all kinds of allele frequencies represented. The allele 

frequency location of a single KASP SNP and a haplotype is expected to be the same if the KASP SNP 

is located inside the boundaries of the haplotype.  

Two hundred eighty-eight genotypes, representing one pool, were individually genotyped with these 

KASP markers, and the allele frequency was compared against the pool with the same genotypes on 

GBS, MACE and WGS sequencing levels for single SNP, gene-based and marker-based haplotype 

approaches. Based on a zero-inflated negative binomial distribution, a linear model was applied as a 

statistical model to compare replicates and sequencing methods. For this, we used the pscl package 

(Jackman et al., 2013) in R 3.5.2 (R Core Team, 2020). Furthermore, the Pearson correlation and the 
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root means square error (equation 9) between individually genotyped and pool genotyped samples and 

between the replicates and the sequencing methods was calculated. 

𝑅𝑀𝑆𝐸𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 = √
∑((𝑝𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑|−𝑝𝑡𝑟𝑢𝑒))²

𝑛
 

Equation 9: The squared sum of the observed allele frequency substrate by the derived true allele frequency divided by the 

sample size and square rooted (Tilk et al., 2019). 

To investigate the potential unintended bias impact of the chromosomal position and the extension size, 

we applied a mixed linear model of R package lme4 (Bates et al., 2015), as follows 

𝑚𝑙𝑚(|𝑝𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 − 𝑝𝑡𝑟𝑢𝑒|(𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 + 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)) 

Equation 10: Estimating the impact of the haplotype extension by a mixed linear model, where the position is fixed and the 

extension a variable factor 

A haplotype or contig was associated with a KASP marker if the ladder was located inside the boundaries 

of the constructed haplotype. 

 

2.6 Algorithm for the most accurate frequency extraction 

The entire analysis, including haplotype construction, allele and haplotype frequency estimation, was 

performed in Julia (version 1.3.0, (Bezanson et al., 2017)), where a minimum coverage level was set to 

one read, and the minimum SNP quality score of mpileup needs to be above 30 for each used 

polymorphism. The allele frequency estimation for the populations was based on polymorphisms 

detected between the two parents of the populations.  

The code for the allele frequency analysis was designed to be published as a Julia package. With this 

intention in mind, the code should work on various kinds of data sets. Different generations, 

environments, replications, and sequencing methods can be applied to the code, resulting in an advanced 

variation analysis based on polymorphisms. To perform all analyses, the Julia packages DelimitedFiles, 

DataFrames, Statistics, CSV, ProgressMeter, HypothesisTests, GLM, Crayons, Gadfly, Compose, 

CuArrays, RCall, StatsBase, and Cairo were required.  

2.6.1 Required input files 

Three files were required as input to accomplish allele frequency calling, information aggregation, and 

cross-comparison. The first file is a vcf file. All polymorphisms called were stored in this file for all the 

samples included. This file, generated by the samtools code shown below, produces information on each 

identified polymorphism. Insertions and deletions have been excluded from the frequency calling. This 

file type gives information on the SNP position on the reference genome, the reference and alternative 

base, and a quality score for the obtained SNP. A reference base was defined as a base found in the 

reference genome at the particular position, while the alternative base is found in the tested sample for 

the same position, instead of or in addition to the reference base. This quality score ranges from 0 to 

999. An additional INFO column gave an overview of reading depth, average mapping quality, the 

number of reference and alternative base calls and much more. By applying the –output-tags AD, each 

aligned sequence file gets a unique column with information on the genotype, phred-scaled genotype 

likelihoods, and the number of called reference and alternative bases (Anonymous III, 2020). The latter 

mentioned information is essential and used to generate the allele frequency for each sample tested. 

Reads of a sample were included if the quality of the read was higher than a phred score of 25 (maximum 
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is 35), and the base of interest had to have a minimum quality of 30. By these high numbers, secondary 

or mismatch alignments should be omitted from further downstream analysis. 

𝑠𝑎𝑚𝑡𝑜𝑜𝑙𝑠𝑚𝑝𝑖𝑙𝑒𝑢𝑝 − 𝑢𝑣𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑔𝑒𝑛𝑜𝑚𝑒 . 𝑓𝑎 − 𝐼 − 𝑞25 − 𝑄30 − 𝑡 𝐴𝐷

− −𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠𝑡𝑜𝑐ℎ𝑒𝑐𝑘 𝑓𝑖𝑙𝑒1. 𝑏𝑎𝑚 𝑓𝑖𝑙𝑒2. 𝑏𝑎𝑚 … 𝑓𝑖𝑙𝑒𝑋. 𝑏𝑎𝑚 | 𝑏𝑐𝑓𝑡𝑜𝑜𝑙𝑠𝑐𝑎𝑙𝑙 − 𝑣𝑚

− 𝑂𝑣 > 𝑜𝑢𝑡𝑝𝑢𝑡. 𝑣𝑐𝑓 

The second file is an overview file of the samples tested (Table 6). It is an additional file to the variant 

calling file and stores information of the filename, the environment (conventional or organic) and the 

generation. The parents are also included in the table and presented as a zero value in the environment 

and generation. The information given in this table is used in further progress to classify parental alleles, 

separate environments, and generations and identify replicates. It is applied in various functions of the 

code to order the files and create reasonable output. 

Table 6: Overview of the included files in the variant calling file (vcf) in the same order as it has been used in the vcf file. The 

first column gives the names to the dictionary entries in Julia; the second column gives information on the environment: 0 is 

used for the parents, one is used for the conventional environment, and two is used for the organic environment. The third 

column gives an overview of the rested generations, where the parents again are displayed by 0.  

Name Env Generation 

Golf 0 0 

Isr 0 0 

F3P1K1 1 3 

F3P1K2 1 3 

F3P1O–1 2 3 

F3P1O–2 2 3 

F12P1K1 1 12 

F12P1K3 1 12 

F12P1O–1 2 12 

F12P1O–2 2 12 

F16P1K1 1 16 

F16P1K2 1 16 

F16P1O–1 2 16 

F16P1O–2 2 16 

F22P1K1 1 22 

F22P1KEP 1 22 

F22P1O–1 2 22 

F22P1O–2 2 22 

F23P1K1 1 23 

F23P1K2 1 23 

F23P1O–1 2 23 

F23P1O–2 2 23 

 

The third file is a reference file with information on genes or markers. Two different types of files exist 

and can be used in the code to generate information on or gene allele frequencies. The marker reference 

file is based on the sequence alignment of the marker sequence against the reference genome. The 

markers originate from the barley 9K iSelect chip (Comadran et al., 2012a). The obtained position was 
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linked to a region on the genome. Based on this, the marker reference file delivers information on the 

marker name, the chromosome and base position in base pairs and centi Morgan. The other reference 

file contributes information on genes. 39,734 high confidence genes were included in this list. Besides 

the name of the gene, a position on the genome was defined and a potential function, GO term identifier, 

and PFAM and InterPro IDs. This reference was derived from the IPK blast website 

(https://webblast.ipk-gatersleben.de/barley_ibsc/downloads/) and has been described elsewhere 

(Mascher et al., 2017). 

2.6.2 Model for calculation variations of backcross population variations 

As the SNP allele frequency distribution varied widely over different genes, we applied a dynamic 

algorithm to select the appropriate test statistic. A Mann-Whitney-U test was applied if the sample size 

was smaller than 30 and a proper estimate of the distribution could not be done or if one of both test 

samples consisted of nothing but zero values. If less than 15% of all values were zero or one of both test 

samples did not have any zero AF entries, a generalized linear model based on a negative binomial 

distribution was used to calculate statistics. The most significant fraction of genes was characterized by 

a zero-inflated, negative binomial distribution. All those genes were analyzed by pscl R package 

implementation in Julia if less than 75% of all values were zero. Lastly, if the zero counts exceeded a 

ratio of 75%, a zero-inflated Poisson-based linear model was applied. Pscl package calculated two test 

statistics for both Poisson/negative binomial and zero-inflated statistics, separately. Therefore, both 

probability values were extracted and saved in the statistics summary table along with the information 

of the used test statistic, the average haplotype allele frequency and variation, read depth, SNP and zero 

value count.  

 

2.6.3 Allele frequency examination code 

In the following, the main functional components of the code are illustrated. Some adjustments to the 

code have been performed to increase the speed and reduce memory resources. Since Julia version 1.3.0, 

straightforward application of multi-threaded scripting was enabled.  

In the function Allelfreqcalling, the variant calling file created by samtools/bcftools is processed. 

Additionally to the variant file, the information described in table 6 has to be added (followingly referred 

to as genolist). The minimum accepted coverage and quality and the maximum quality and the row of 

the parents in the genolist can be adjusted in the function. After the files are read in the Julia 

environment, the variant call file is split according to the samples listed in the genolist, and each sample 

goes in its unique dictionary entry. The dictionary equals a database in its structure and accessibility. 

The count of the allele observations, which is stored in a string (1/1:235,18,0:0,6), is extracted and 

stored as a numeric entry in two columns – one for each allele. Following this, a normalization index is 

calculated. It was reported that the alternative allele is less likely to be called compared to the reference 

allele (Brandt et al., 2015). The sum of alternative allele counts is divided by the sum of all reads to get 

an overview of this bias. An unbiased ratio should be around 0.5. In the next step, SNPs with low 

coverage or monomorphic for the parents are removed from the analysis. Furthermore, SNPs that appear 

as heterozygote for a parent are excluded. When sequencing reads are mapped to the reference genome, 

sometimes it is not possible to separate between heterogeneous and heterozygote. In another filtering 

step, SNPs with low coverage and quality are muted for the population samples. When the filtering is 

finished, the allele frequency of the populations for each SNP individually is calculated. Therefore, the 

allele of the parents is identified and based on this, the frequency calculation of the alternative or 

reference base as Golf or ISR42-8 allele is classified. This results in a dictionary, where the information 

for each SNP is stored. The pooled samples are stored in separate dictionary entries each.  

https://webblast.ipk-gatersleben.de/barley_ibsc/downloads/
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The next function genloc connects the gene or marker information to the allele frequency called in the 

previous function. It can annotate SNPs to a gene or a marker based on the selected input reference file. 

Besides the reference genome file, the genolist file, and the freqfile calculated by the previously applied 

function Allelfreqcalling. Furthermore, it has to be specified if a marker or gene file as reference is used 

and if genes shall be extended or not. The extension of the genes or marker, described in the chapter 

Haplotype estimation, is performed before connecting the SNP to a related gene or marker. The 

connection is performed based on the position. If a SNP is located in the boundaries of a gene, it is 

annotated to this. The function adds a dictionary entry to the freqfile that contains the information of the 

gene or marker of each SNP. As all dictionary entries for the SNP allele frequency have the same 

dimensions, the created location annotation information can be stored in a separate dictionary entry. 

This does save a reasonable amount of memory and retains all information at the same time. 

Following this, the core compound of the analysis can be performed. The haplotyping function 

aggregates the allele frequency of a single SNP which are denoted to a gene or marker together to one 

value for the whole region. As the information on GO terms and PFAM IDs are also given, the 

aggregation of the allele frequency can also be performed for these two levels. SNP not annotated to a 

gene or marker are removed from the set. The genomic area that is not covered by a gene or marker is 

associated with the gap left between two genes or markers. In the haplotyping, the allele frequency of 

the ISR42-8 and Golf allele is calculated by multiplying the allele frequency times the coverage, 

summing up these values for all SNP in the window and dividing this by the sum of the coverage. A 

SNP with higher coverage and expected higher accuracy would be weighted more heavily than a SNP 

with lower coverage by this method. This should prevent a bias towards low coverage SNP. 

Additionally, the haplotype coverage as the sum of the coverage of all SNP and the minimum and 

maximum allele frequencies of a single SNP is calculated. This step is time-critical, as it requires much 

time to search for all entries related to a gene or marker in a list of millions of SNP. Therefore, a small 

helper function was included to decrease the computation time by magnitudes. The dictionary entries of 

the location and a given pool sample are merged and sorted according to the gene or marker name. The 

first couple of rows are checked until an entry with a variant haplotype is found. This indicates the end 

of the list for the haplotype and makes further check-up in the data frame unnecessary. The head with 

the SNP for the gene or marker is transferred into another file and processed further to the haplotype 

identifier values mentioned above. This part was not only copied to another variable but also chopped 

off the table. This way, the following iteration again only needed to check the first couple of rows. With 

this simple implementation, the processing time of the haplotype function could be reduced from days 

to minutes.  

Besides the haplotype function, a simpler contig function is included. The contig function calculates the 

allele frequency and coverage for a given window, as has been proposed by Tile et al. (2019). The so 

far presented functions build the core set of functions each of the following functions depends.  

With the function equaltest, the replicates are compared to each other. The comparison of the replicates 

is performed on the haplotype or the contig level and is based on the output generated by the function 

haplotyping. This level of processed data is chosen instead of the single SNP because the standard 

deviation of the processed layer is less explicit and less prone to errors. Furthermore, two additional 

layers in the function compare the generations against each other, and a third level compares the 

generations between the systems against each other. The function can take up to five replicates per 

sample and does not demand an equal number of replications for the samples. The statistics are based 

on the R package pscl (Jackman et al., 2013), which allows applying a generalized linear model 

combined with a zero-inflated model. The data for two sets to test is transformed and pushed to the R 

environment by the package RCall to use the pscl functions. After the calculation is performed, the 

output is transferred back to the Julia environment.  
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This function can answer the question on genome-wide variation processes, while the more sophisticated 

task to test individual genes or markers generation-wise has not been addressed so far. The application 

of the function evol can close this gap. It is written to calculate the gene or marker-wise variations 

between the initial generation F3 and each following generation. The function utilizes the information 

produced in the Allelfreqcalling and genloc functions. It collects the SNP for a given gene or marker 

haplotype and works on the level of GO terms and PFAM-IDs, too. Average allele frequency, standard 

deviation, coverage, marker count, and count of zero calls are reported. Additionally to this, a highly 

adaptive algorithm performs the matching of correct statistical tool and data. The replicates were merged 

in one dataset to increase the coverage and value of the data. Each haplotype has its unique 

characteristics and is settled in a dedicated spot. Four possible statistics are created based on the variation 

of observed distributions to address all possible kinds of allele frequency distributions for a haplotype. 

The first statistical test is a simple non-parametric Mann-Whitney-U Test. It is applied to all haplotypes 

with less than 30 SNP for the first and test generation together. This test is also applied if one of both 

sets only has zero values in its allele frequency. For this kind of haplotypes, a precise estimation of the 

actual distribution cannot be made. In case all SNPs indicated a wild allele frequency of 0, an application 

of the following methods is prone to produce unexpected errors. If none of these two statements hold 

true for the two sets, three options remain. If less than 15% of all SNP of the haplotypes are 0% wild 

allele frequency or all zero values origin from a single test generation, a generalized linear model based 

on a binomial distribution is applied. If more than 15%, but less than 75% SNP of the haplotypes 

characterized by a zero-allele frequency call for the wild allele, a zero-inflated generalized linear model, 

based on the binomial distribution, is applied. If none of the previously described distributions fit the 

haplotypes, a zero-inflated, Poisson-based linear model is applied to distinguish variation between the 

initial generation and the following generation. If this failed due to missing or incomplete data, a catch 

loop was applied to keep the function alive. In this catch, the haplotype calculation will be noted as not 

possible. This last branch is implemented as the last defense to keep a long-running function alive and 

is a rarely expected outcome. The four described statistical tests should accurately cover 99.99% of all 

possible distributions in the data sets. As this function is based on processing natural SNP allele 

frequency data, like the haplotyping function, the processing time can become extraordinary long. 

Especially with millions of SNP, the selection of all SNP located in a gene becomes a bottleneck. This 

problem was solved in the same manner as described for the haplotyping function. A sorted list of SNP 

is checked from top to bottom, and processed SNPs are deleted from the table. By applying this 

workaround, the processing time of the function could be reduced from several weeks to few hours when 

applied on data with millions of SNPs. This function creates the backbone information of any further 

selection or evolution identification on the gene level.  

Besides the comparison of the first to all following generations, a comparison between other generations 

and the environments was desired. The functions scomp and gcomp were written to fit this demand. For 

the environment comparison by scomp, the dictionary name, the genolist, and the organic and 

conventional generation to test have to be specified. The level of haplotyping and whether a 

transformation step should be performed or not also needs to be addressed. If transformation is selected, 

the allele frequency is multiplied with the read depth of the SNP and log-transformed. The default setting 

runs the code without a transformation. The scomp function created comparable output to the described 

evol function and uses the same decision tree for the statistical test. Analogously, the function gcomp 

was created to compare generations within an environment to each other.  

A further implemented function (investRegio2) was intensively used for the extraction of candidate 

genes in a QTL region, defined by prior findings published. It can be used to identify candidate genes 

in a QTL region that are positive selected in one of the environments, positively selected in both 

environments compared to the initial generation, or negatively selected for both. For the correct 
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application of this function, the regionwide allele frequency has to be estimated priory. Several settings 

have to be specified. Besides the chromosome, the region on the chromosome have to be specified. It 

can be specified either as a genetic or physical position. The physical position is multiplied by 106. 

Therefore, the position is only entered as a digit of 0.1 to 800. The genetic map position is not adjusted 

to be entered as a number from 0 to 200. The genetic position has to be in line with the 9KiSelect chip. 

Some investigated publications used genotyping chips based on the BOPA1 markers or created markers 

on their own. The sequences of the BOPA1 markers were aligned to the reference genome to transfer 

the information of the BOPA1 makers to the 9Kiselect map to get a physical position. The physical 

positions of the 9KiSelect map and the BOPA1 markers were used to match the two maps and align them 

to each other. This way, a genetic position on the BOPA1 map could be translated to a genetic position 

in the population. Individually created markers obtained from other publications were aligned to the 

reference genome and extracted regions based on the physical map position. If only a single marker 

characterizes a region, an educated guess is performed, and a region surrounding the marker is defined. 

Additionally to the position, a range of allele frequencies is qualified. A numeric value defines the 

direction of the allele frequency for both environments. Exemplary, a value of 1.1 indicates a gene 

should have a wild-type allele frequency above 10%. The other direction was described by 0.1, where 

genes are selected with a wild-type allele frequency of less than 10%. By combining one value for each 

environment, the candidate genes can be pre-selected (E.g., the potential candidate has an allele 

frequency of less than 10% in the conventional and higher than 20% in the organic system [rangek=0.1, 

rangeo=1.2]). Some genes might be selected in the same direction. Because of this, an option 

equal=true can be specified. If the allele frequency of a region evolved in the same direction, this setting 

has to be set as true. It is used in filtering for the p-value. If equal=true is specified, the algorithm 

searches for entries with a p-value greater than the selected one. On the reverse side, if both 

environments have evolved in opposing directions, the p-value is set as cut-off level, where entries with 

a higher p-value are eliminated. For genetic regions, the physical position was extracted, and all genes 

in the region are selected as candidate genes. The identification of candidate genes is performed to 

systematically compare the 23rd generation of the organic and conventional environment, calculated by 

scomp. After the above-mentioned filtering steps are completed, an additional file with the protein code 

information is included in the final table. The protein information was prepared according to chapter 

2.9. Based on the allele frequency, the QTL candidate region, the predicted gene function, and the 

protein variation between the parents, a most likely candidate gene was selected for the trait of interest.  

The package contains further small functions that allow to save/reload the database, merge replicates, 

and create plots on genome broad or gene levels.  

2.7 Validation of replicates 

To test if biological pool replicates of the same population result in the same allele frequency pattern, 

we applied a negative binomial and zero-inflated generalized linear regression model from the R 

package pscl (Jackman et al., 2013). Together with the expected decline of wild donor AF for some 

genes, the double back-crossing made it necessary to include a zero-inflated model. The smaller the wild 

donor AF is, the more likely there is an underestimation of the actual AF, leading to false-positive 

estimates. The negative binomial distribution was chosen concerning the fit to the AF distribution. As 

haplotyping with a none constant window size has not been reported yet, we tried to estimate the effect 

of the extension size and the position on the allele frequency estimate. Therefore, we calculated the 

deviation of real to pool estimated allele frequency and estimated the effect of extension in a linear 

model. Chromosomal position and coverage were used as factors on the AF correctness. 
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2.8 Genetic map construction from pooled genotyping data 

We aimed to illustrate the genome-wide genetic variation within generations and systems and compared 

these against each other. Genetic maps can give higher resolutions in telomeric regions than physical 

maps (Russell et al., 2016). As no classic haplotype allele frequency can be obtained from pool data, we 

estimated D’ and r² by multiplying the haplotype allele frequency (HAF) deviation of two neighboring 

HC gene haplotypes with 1/physical distance multiplied with 10,000. r² was calculated by dividing the 

negative logarithm of the HAF deviation by the haplotype physical distance squared to two. Both 

formulas are illustrated below. The procedure was performed for each generation and system separately, 

merging the information of both replicates. 

𝑟2 =  [
− log(∆ 𝐻𝐴𝐹𝐻1𝐻2)

log (∆ 𝐷𝑖𝑠𝑡𝐻1𝐻2)
]

2

 

𝐷′ =  ∆ 𝐻𝐴𝐹𝐻1𝐻2 ∗ 
1

∆ 𝐷𝑖𝑠𝑡𝐻1𝐻2
∗ 10,000 

Equation 11: genetic map construction equations to calculate the recombination r² and the linkage D’ 

2.9 Prediction of Protein variation 

The prediction of the protein variation between the parents is a critical element in detecting candidate 

genes. Such a variation caused by a deletion, insertion, or base change can result in a loss of function 

(Comadran et al., 2012a). The experimental design can lead to a wide range of possible adaptations. 

Contrasting to studies like Comadran et al. (2012a), the experiment was not started to investigate a 

specific protein for its functional variation (Comadran et al., 2012a). Therefore, a database for all known 

barley proteins with a start and stop codon was created. It should highlight the protein variation between 

the two parents Golf and ISR42-8 and could be implemented in a candidate gene analysis. The protein 

variation database was created based on a reference CDS file (coding DNA sequence), downloaded from 

the ensemble plants database (Version 2 CDS fasta sequence file). 236,194 splice variants of 37.705 

genes were reported in the list. From this set of genes, 26.173 genes have a splice variant with a known 

start and stop codon. This file was processed in a way that the multi-line sequence was transformed to a 

single line sequence. The name of the splice variant, the locus, direction of the gene as well as the length, 

gene name and the sequence were stored in a file. The locus defines the region of the smallest start to 

largest end position for all splice variants available. This file was used as annotation to estimate the 

protein for the two parental genotypes Golf and ISR42-8. Chloroplast and mitochondrial information are 

omitted. 

A multi-threaded julia function runs a cascade of external bash functions to align the Golf and ISR42-8 

alignments to the reference protein. The first step in this cascade was the call of all bases on the locus 

of the gene. Regarding the gene orientation, forward or reverse sequences were called for Morex 

(reference genotype), Golf and ISR42-8. A consensus sequence can be created from the aligned whole 

genome resequencing data. The information of the chromosomal location of the gene was utilized to 

extract a consensus sequence for the two parents Golf and ISR42-8 from reference aligned bam files 

using samtools and bcftools (Li et al., 2009). If necessary, the reverse complement strand was assessed 

by the FASTX toolkit (Gordon & Hannon, n.d.). The obtained consensus sequences of the two population 

founders were aligned to the designated CDS reference splice variant. The alignment to the coding 

region was performed by Muscle (Edgar, 2004) and Mafft (Katoh & Standley, 2013) alignment. Two 

aligners perform the alignment to increase the alignment quality. Mafft alignment was performed with 

a maximal iteration rate of 10, using the default option for the remaining options. Muscle alignment was 

performed on default options with a memory limitation of 2,048 MB with a maximum of five iterations. 

Mafft has shown to be much more memory efficient than Muscle. After the alignment was performed, 
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the fasta alignment file with the information of Morex, Golf, and ISR42-8 was transferred to the Julia 

environment and converted to a DNA sequence by the package Bio.Seq. Deletions or excessive bases 

before the start and after the end of genes were displayed by a ’-‘. This character was removed from the 

sequence and counted when not related to an intron (before the start or past the stop codon). The match 

of the start as well as the stop codon is inspected and the count of stop codons calculated. Besides these 

characteristics, the count of base mismatches, deletions in Golf and ISR42-8 sequence and the protein 

size were reported. Lastly, the amino acid sequence of Golf, ISR42-8 and the reference CDS were 

reported. All those sequences build the information of allelic variations between the parents and gave a 

prediction for base variations with an effect on the protein function or structure.  

For some genes, a well-matched alignment was not achieved with the proposed procedure. For this 

reason, genes with high levels of mismatching bases are reprocessed for all available splice variants. 

The best alignment with the lowest number of mismatches is filtered out and is further used for the 

protein function variation.  

2.10 Genome-wide structure and variation 
The potential influence of genetic drift was simulated by a Julia script, related to the R function sim.drift 

(Anonymous II, n.d.).  The following settings were applied: population size, 10,000 (center part of the 

plot); ploidy level, 2; the number of generations, 21; as initial allele frequency, 0.1; the number of loci, 

34,237; and iterations, 1,000. Additionally, the wtAF of the third generation was used as a start point to 

calculate the variation based on drift effects. Over the 1,000 iterations, a median value and the 95% 

confidence interval were calculated and compared against the gene-based haplotype allele frequencies 

of the organic and conventional population. Corresponding generations were tested against one another. 

A negative binomial linear model was applied to calculate the probability (p) value.  

PCA was performed with the R Bioconductor package PCAtools (Blighe, 2019) to identify genetic 

structures and variations between generations and environments. The explanatory effect of each 

principal component on the generations, replicates, and environments were calculated by the stats (R 

Core Team, 2020) cor.test function, based on a Pearson correlation test. Samples were categorized by 

the number of replicates, environments, and generations. The diversity estimation within each 

environment and generation was tested based on the variation between the two samples. The distance of 

the samples was calculated for each principal component separately and multiplied with the explanatory 

weight of the PC. Based on these values, a single value over the first five components was summarized 

and compared between the environments. A dendrogram of genetic distances based on the HC gene 

HAF was created with the pvclust (Suzuki et al., 2019) package with the ward.D2 agglomeration and 

canberra distance method. Gene-based haplotypes with a read depth above 100 were used for this 

calculation. The FST value was calculated using vcftools (Danecek et al., 2011) with default settings and 

vcf and BAM files as input.  

To estimate the potential influence of random genetic drift, we estimated the drift effect in a population 

by R function sim.drift (Anonymous II, n.d.). The population size was set to 6,000 according to our 

estimate of genotypes per generation, with a ploidy of two and 25 generations to test on an initial allele 

frequency of 0.125 over 35,000 loci, 20 times iterated. For each iteration and generation, the variation 

generation was tested by HSD.test of agricolae (de Mendiburu, 2020) package. PCA was performed 

with the R Bioconductor package PCAtools (Blighe, 2019). Samples were categorized into replicates, 

environments, and generations. The dendrogram, based on the HC gene HAF was created by stats (R 

Core Team, 2020) hclust function with ward.D2 agglomeration after scaling of HAF values by 

Euclidean method. All gene haplotypes, regardless of the read coverage, were used. The FST value was 

calculated using vcftools (Danecek et al., 2011), which used raw vcf and BAM files as input.  
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The overall introgression level on all loci was assessed at the gene haplotype level. If a haplotype was 

characterized by an ISR42-8 allele frequency of bigger than 0.005 in any of the observed generations, it 

was assumed to be introgressed. 

 

2.11 Selection signature – gene ontology and candidate genes 
We aimed to distinguish candidate genes as a causal reason for selection signals. QTL studies observed 

phenotype to genotype correlations for various traits like drought, plant physiology, resistance to biotic 

stressors, or yield. As many of these studies used the 9KiSelect genotyping chip, a direct link to the 

genetic map created for the population marker-haplotype allele frequency could be established. For other 

publications using designed markers or other genotyping chips, the exact position was identified by 

mapping the marker to the reference genome or aligning genetic maps to each other by using the physical 

position. Putative candidate genes were selected based on the HC gene HAF variation between the 

organic and conventional systems in the 23rd generation. The number of potential candidate genes was 

reduced by giving the genetic or physical position of the QTL region, a potential range of HAF below 

or above a given percentage, as well as the information if both systems were equally selected for the 

trait. The output was selected for the most promising candidate(s) based on the raw haplotype allele 

frequency, the variation between the systems, the amino acid variation of CDS, and the functional 

prediction (Anonymous, n.d.). 

Gene ontologies were classified for the two predominate weather impacts with the potential to promote 

selection pressure. Fungal pressure was investigated by comparing the organic and the conventional 

environment for the F12 and F22 generations. These two generations were selected as they follow two 

years with expected high fungal pressure. Significant genes for comparing the environments were 

extracted (p < 0.01) and the intersect between the two generations was selected. Genes were annotated 

to GO terms, and a Mann-Whitney-U Test was performed on the allele frequency. The list of GO terms 

was ranked according to the p-value of organic to initial generation for GO terms with coverage of at 

least six genes.  

The twelfth generation was selected as a baseline (2007) to dissect the impact of drought on the selection 

processes in the populations. This generation follows several years of sufficed water supply during the 

vegetation period. Contrasting to this generation, 2011 (F16), 2017 (F22), and 2018 (F23) are described 

by water deficiency periods. These three generations were compared to the F12. The significant genes 

intersection of these six comparisons were identified on a significance level of p < 0.01 and GO terms 

annotated. GO terms with a significant variation in at least two of three generations were selected as 

candidates for the organic and conventional system’s drought stress response separately. 

 

2.12 Yield characteristics 

For each year in the period of 1999 to 2020, several yields defining parameters were collected. Besides 

the yield, the plants per meter and the tiller per plant were measured. Furthermore, the thousand kernel 

weight at a dry weight of 86%, emergence, flowering, and ripening date of the population are available. 

If lodging occurred, this was reported, too. For the last generations, the protein content of the corn was 

measured. 

As each population has only one replication per generation, the analysis of this data was somewhat 

challenging and prone to errors. Therefore, relative yield data was calculated to the average spring barley 

yield of Germany as a whole and North Rhine-Westphalia separately. Additionally, spring barley yield 

trials were performed in the years 2011 to 2016 at Campus Klein-Altendorf. The relative yield was 
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calculated by dividing the deci tons per hectare yield of the plot by the yield obtained by the mean yield 

of Germany, North Rhine-Westphalia, and the field trial plots mentioned.  

The other yield defining characteristics were omitted, as data was not available for each year.  
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Chapter 3 Results 

3.1 Pool sequencing – comparison of different methods 
The sequencing of the populations is one major challenge to identify variant developments over the 

generations of selection. A key might be the application of pool sequencing. Population genetics without 

pool sequencing can be considered a rather costly approach. Therefore, three next-generation sequencing 

methods have been tested to figure out the best fit. The aim is to discover many SNP at moderate to high 

coverage with a good representation of the genome. Ideally, the variants found are related to a gene so 

that a direct link between the function and the allele frequency variation can be drawn. 

3.1.1 Genotyping by sequencing 

The sequencing of the two parents Golf and ISR42-8 and three pool samples of the 22nd generation of 

conventional farming was performed by LGC genetics. Twenty million raw paired-end reads with a 

length of 145bp could be found on average for each sample. This data were trimmed before the 

alignment by applying a sliding window approach with the setting 30:15. Additionally, the first 15 bases 

were removed, and the following bases needed to exceed the quality of 30 phred score. The minimum 

length of the reads must not decline below 70, and the end of the reads needed to have at least a 

sequencing quality phred score of 15. The sequencing quality declines with the length of the read, as 

prior potential sequencing errors add up to the quality score of each following base. The sequencing 

quality before and after trimming is shown in figure 7. 

 

Figure 7: Quality score overview of GBS sequencing results before and after trimming the sequences; A, B, and C before 

trimming; D, E, and F after trimming. The A and D illustrate the median quality of each base position over a sample of tested 

sequences with a boxplot. The background color gives an estimate of which phred level should be accepted or where low quality 

can be expected. Furthermore, the duplicate level before and after trimming is given in the figure C and F, giving the 

assumption that a high share of duplicates is present in the data set. B and E illustrate the percentage base count for each 

position of the reads. While the first nine bases do have an inhomogeneous pattern before trimming, the read appears much 

more consistent after the removal of the first bases. Generally, the reads are of high quality, while they contain adapters at the 

start of the reads and the duplication level is very high. 

The alignment filtering was done according to the material and method chapter. The enzyme-based 

digestion created a problem that was not expected. Due to the exact digestion, all reads of a locus started 
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at the same base and mostly ended at the same base position. This made PCR duplicate removal 

challenging. When the same settings were applied as for MACE RNAseq or WGrS, more than 90% of 

all reads were removed. Due to this, the PCR duplicate removal was not performed. The allele frequency 

of the progenies was called with default settings. A SNP was considered if it had a minimum quality of 

30 over all tested samples and at least one read coverage. The SNP calling revealed 82,435 polymorph 

SNPs between Golf and ISR42-8. The sequencing coverage is 28 reads on average, with a median of six 

reads and a variance of 3,329 reads per polymorphism. Most polymorph loci were characterized by low 

coverage, while a distinct group exists with more than 220 reads per locus. The three biological 

replicates did not differ for the distribution of sequencing depth, as shown in figure 8. 

 

Figure 8: Read depth of each polymorphism locus for the three replicates of the 22nd conventional generation. The histogram 

illustrates the presence of two distributions – one close to zero, the other bigger than 200. Over the three biological replicates, 

the distribution is similar. 

The measured allele frequency of ISR42-8 in the population over all replicates and loci was 7.48%. 

Assuming an allele frequency of 12.5% in the initial generation F3, this was equivalent to a frequency 

reduction of 4.5 to 5.5%. The three replicates were correlated by 0.55, and the alternative to reference 

base call ratio is equivalently 0.55. The result of this ratio indicates that more alternative base calls than 

reference base calls were observed. The statistical test, performing a zero-inflated negative binomial 

linear regression model on the allele frequency, points out that the replicates differ significantly on a p-

value < 0.001 for both distributions.  

The coverage of the loci over the genome was uniform. No region with a deviating pattern was identified. 

Generally, the pericentromeric region of each chromosome showed fewer occurrences of above-average 

sequencing depth. More details can be obtained from figure 9. 
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Figure 9: The genome-wide coverage distribution for the three biological replicates (A, B, C). The majority of loci have a 

coverage of smaller 50, while a small group of loci has a coverage of approximately 250 reads per locus. This pattern is 

uniform over the whole genome, and no positional bias can be identified. 

When calculating the gene annotation-based haplotypes (GH), 21,369 haplotypes were compiled. About 

4,800 of these were constructed from more than four SNP. Approximately 6,500 GH consisted of only 

one SNP. About 4,200, 2,750, and 1,820 GH were constructed that consist of two, three, and four SNPs, 

respectively. By constructing GH, the average read coverage per locus was increased to 110, while the 

median was 28 reads. The allele frequency of ISR42-8 remained close to the estimate from the SNP 

data, with a low deviation (7.54%). 13,595 SNP were disregarded from the haplotype aggregation, as 

these were too far away from any gene they could be annotated to. The GHs were typified by an average 

polymorphism count of 3.4 and a median of 2 SNP. The variation of the SNP count was 10.45. figure 

10 showed the distribution of the read depth per haplotype (A-C) and the corresponding SNP count (D-

F) for the three replicates. The observations indicated a Pareto distribution for the read and SNP count.  
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Figure 10: Distribution of the read depth per sample (A-C) and the corresponding SNP count for the gene haplotypes (D-F). 

The replicates are printed in rows. The distributions are related to Pareto distributions. For most of the haplotypes, the 

information of one to four SNP is aggregated together.  

The correlation of the replicates increased to a value of 0.71, compared to a previous level of 0.55 on 

the SNP level. In the negative binomial zero-inflated linear regression, the p-values increased in direct 

comparison to the SNP level. Nevertheless, the samples were still significantly different (p < 0.0001). 

The difference between the replicates was reduced even further if the contig approach was applied to 

the data. 10,000,000-bases was the defined window size in which the SNP information was aggregated 

together (Contig haplotype – CH). Four hundred eighty-three genome-wide contigs with an average 

SNP count of 154 per contig were constructed. The median was close to the mean (142), and the variance 

is 5,081 SNP. The coverage of reads per CH was increased to 4,837 reads on average, with a variance 

of 2.9x109. The median coverage was 2645 reads. This was an apparent increase to the other haplotyping 

approaches. Along with the increase of coverage came a highly insignificant p-value of 0.91 for the 

negative binomial model and 0.48 for the zero-inflated model for all three replicates. Analogous to this, 

the correlation of the replicates increased to levels above 0.75. Thus, the three replicates were equal on 

the CH level. Figure 11 illustrates the deviating pattern of the contig haplotype construction when 

compared to figure 10. 
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Figure 11: Distribution of the read depth per replicate (A-C) and the corresponding SNP count for the contig haplotypes (D-

F). The replicates are printed in rows. The distribution pattern is totally different from the pattern observed for the marker and 

gene haplotypes. There is almost no zero inflation present in the data anymore.  

Similar haplotyping was applied based on markers of the 9KiSelect genotyping chip (marker interfered 

haplotypes – MH). Four thousand seven hundred two marker-related haplotypes were constructed, 

which on average had a SNP count of 15 with a coverage of 450 reads per MH. The median value was 

8 SNP and 234 reads coverage, while the variance was 890 SNPs and 430,575 reads coverage. The allele 

frequency of 7.43% was calculated based on 65,600 SNP, which constructed the haplotypes. The 

correlation of the replicates was 0.75 and comparably high, as mentioned for the gene haplotypes. For 

the replicate comparison, MH showed a non-significant p-value of p=0.17 (negative binomial 

distribution), while it was highly significant for the zero-inflated distribution (p<0.001). Figure 12 

illustrates the construction distribution of the marker haplotypes. It is comparable to the previously 

described gene haplotype pattern.  
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Figure 12: Distribution of the read depth per replicate (A-C) and the corresponding SNP count for the marker haplotypes (D-

F). The replicates are printed in rows. The histogram highlights the fact that most of the haplotypes consist of few loci with 

shallow coverage.  

The comparison of the pooled sample to individual genotyping resulted of the pool members was 

necessary to validate the accuracy of the pooling method using GBS sequencing. 21 KASP markers were 

designed, from which one failed completely and another was classified by an error rate above 50%. 

These two markers were discarded from any further analysis. The remaining 19 markers had a failure 

rate of < 0.015 and were compared to the belonging pool of genotypes by Person correlation, and root 

means square error and a negative binomial zero-inflated linear model.  

The intersection of GBS and KASP marker was only a single variant position for the single SNP level. 

The sequencing resulted only in one direct match. For the GH approach, nine matches were observed. 

No correlation was found in the direct comparison of pooled to individual genotyping (-0.06). 

Nevertheless, the other two replicates showed a correlation above 0.75. It had to be mentioned that these 

samples were not identical to the individually tested genotypes. With a median coverage of 56 reads, 

the coverage was marginally higher compared to the single SNP level (41). The Pearson residual width 

was 3.4%. Although the correlation was low, an evident variation between the three replicates could not 

be distinguished (neg. bino. dist. p = 0.174; zero infl. dist. p = 0.179). The root means square error is 

0.109. 
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Figure 13: KASPar individual genotyping allele frequency results against the measured allele frequency in the corresponding 

pool sample for the GBS data. The dashed line indicates the optimal match, where pool obtained values match the individual 

genotyping ideally. The red curve is a smooth regression curve using all points. The color of the points indicates the coverage 

per locus, which ranges from 1 to several thousand. Additionally to the points, error bars are drawn. This highlights the margin 

of single SNP allele frequency that contributed to the overall allele frequency of the haplotype. If no error bar is visible, this 

means there is only one SNP contribution information to the haplotype. A – the single SNP comparison. Only one SNP was 

detected having the exact same position as the KASP markers. B – the gene-based haplotype allele frequency compared to the 

individual genotyping. C – marker-based allele frequency. D – contig haplotype-based comparison to the individual 

genotyping. The pool sequenced sample contains the exact same 288 genotypes that have been tested individually for the 21 

KASP loci. As two KASP markers did not meet the quality threshold, they were omitted. 

For the MH, all 19 markers could be matched (figure 13C). Compared to the GH, the median coverage 

per haplotype was ten times higher. Analogous to this, the correlation of the pool to individual data was 

0.834. The statistical test highlights that there was no variation between the two samples (pnegbin = 

0.466/pzeroinfl = 0.62). The Pearson residual width was 3.77%, and the root means square error is 0.057. 

The allele frequency of the marker haplotypes was close to the real allele frequency over the whole 

range of frequencies. Especially when the coverage was high, the pool frequency matches the individual 

frequency. This is illustrated by the red smoothing regression curve in figure 13C. The error bar 

illustrates the whole variety of single SNP allele frequencies. For one marker, it ranges from 1.0 to 0.0 

and covers the entire palette of the allele frequencies possible. However, the calculated mean ends up to 

be exactly on the dashed line, indicating a correct estimation of the allele frequency for the pooled 

sample. This particular point has high coverage of >6,000 reads. On the other end of the spectrum, some 

haplotypes only had a shallow coverage, which seems to be associated with an increased likelihood for 

false allele frequency estimation. Analogous to 28B, the haplotypes consisting of only one SNP showed 

high variability and poor reliability. 

The contig haplotyping of the pooled sample resulted in the best correlation to the individual genotyping 

of 0.944. Homologous to this, there could not be any significant variation reported between the two sets 

(pnegbin = 0.59/pzeroinfl = 0.446). The root means square error was 0.032, and the Person residual width 

3.6%. These values were based on the match of all 19 KASP loci on a median coverage of 10,122 reads 

per haplotype. As it is illustrated in figure 13D, the haplotypes were constructed from SNP that range 

from 0 to 1 for the same haplotype. The combination of the SNP information to the haplotype lead to a 
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nearly correct estimation of the real allele frequency by the pool. No coverage-related correlation can 

be conducted from this data.  

The contig haplotypes showed the best performance for the pool genotyping by using genotyping by 

sequencing. The replicates did not differ, and the correlation to the individual genotyping was the 

highest. The other three levels of information aggregation suffer from low and biased sequencing. 

3.1.2 MACE RNA sequencing 

Besides the two parents Golf and ISR42-8, the 22nd conventionally farmed generation was sequenced 

for three biological pool replicates, which consist of 300, 300, and 288 genotypes each. The sequencing 

was performed by GenXPro, generating on average 8 million reads over the three replicates with a 

sequencing length ranging from 17 to 68 bp. The relatively short reads needed to be trimmed before 

alignment, removing the ten bases on the head of each read and omitting all reads shorter than 40 bp.  

 

Figure 14: Quality score overview of MACE RNA sequencing results before and after trimming the sequences; A, B, and C 

before trimming; D, E, and F after trimming. The A and D illustrate the median quality of each base position over a sample of 

tested sequences with a boxplot. The overall sequencing quality could not be improved by trimming, as illustrated by comparing 

A to D. The mean base composition over the read is biased towards thymine and adenosine (B, E) and a particular fraction of 

reads shows evidence for duplications (C, F). 

The sequencing quality scoring revealed the need for duplication removal, as before trimming, 58% of 

all reads are marked as duplicate. After the trimming process, this value goes down to 51%. By running 

the duplicate identification and removal pipeline of samtools, these were removed from the data sets 

before calling the SNP (figure 14). The allele frequency of the progenies was called with default settings. 

A SNP was considered if it had a minimum quality of 30 over all tested samples and at least one read 

coverage. The SNP calling detected 13,079 polymorph SNP between Golf and ISR42-8. The allele 

frequency for these was calculated. The coverage per locus was 25 reads on average, with a median 

value of 11 reads and a variance of 348. As illustrated by figure 15, the replicates differ according to the 

coverage. While one sample was characterized by a shallow coverage of many loci, the other two 

replicates show evidence of higher sequencing depth. The three samples had the read depth range of 1 

to 100 reads in common, as well as the decreasing shape of the curve towards higher coverage levels. 

The allele frequency of ISR42-8 in the pooled sample was, on average, 7.06% over all replicates. This 
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was about 0.42% less than estimated by the genotyping by sequencing approach. The correlation of the 

replicates was 0.5. The alternative to reference base ratio of the samples ranged from 0.43 to 0.47, 

indicating that the reference base was slightly more frequently called than the alternative base. Testing 

the replicates for significant variation in between the replicates, a variation of pnegbin< 0.001 was 

observed, while pzeroinfl = 0.011.  

 

Figure 15: Read depth for each polymorphism locus of the three replicates of the 22nd conventional generation, sequenced by 

MACE RNAseq. All three replicates have the range of 1 to 100 in common, while they differ in the overall coverage. The 

replicate in A is sequenced more shallowly, leading to a high amount of low sequenced loci, while the replicates of B and C 

share the same coverage pattern.  

By investigating the genome coverage success of MACE RNAseq, the pericentromeric regions of 

chromosomes 2H, 5H, and 6H were poorly covered. For the remaining chromosomes, the coverage was 

improved but still less compared to the telomeres. Both the count of detected polymorphism as well as 

the coverage per polymorphism were reduced. These results are illustrated in figure 16. 

 

Figure 16: The genome-wide coverage distribution for the three biological replicates (A, B, C) of MACE RNA sequencing. The 

centromere regions of 2H, 4H, and 5H are poorly covered, while the telomeres are saturated with SNP on an adequate level.  
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Based on the SNPs allele frequency, the gene annotation-based haplotypes (GH) were compiled. From 

the 13,079 SNP loci, 6,129 GH were derived. These were classified by an average read coverage of 41, 

while the median value was 20 and the variance was 3,760. Compared to the SNP level, the coverage 

was increased by factor two. The observed allele frequency increases to 7.11%. The slight deviation to 

the SNP level results from the minor disregard of 283 SNPs from the haplotype construction. The 

median SNP count per haplotype was one, while the mean was 3.5. Most of the haplotypes could not 

benefit from the haplotyping, as the gene windows are too small for the amount of found polymorphisms. 

Therefore, the replication correlation did not increase dramatically and had to be reported as 0.59. On 

both negative binomial as well as zero-inflated regression, the replicates differed on a level of p < 0.001. 

The SNPs per haplotype (D-F) and the read coverage per haplotype are illustrated in detail in figure 17. 

 

Figure 17: Distribution of the read depth per sample (A-C) and the corresponding SNP count for the gene-based haplotypes 

(D-F). The replicates are printed in rows. The distribution over the replicates is comparable, highlighting that most of the 

haplotypes are constructed of only one polymorphism, and analogous to this, only have a shallow read coverage. 

The marker-based haplotyping created 3,275 marker haplotypes (MH). These were constructed of 12 

SNP on average and two as the median. The allele frequency was 7.02%, and 1161 SNP had not been 

considered for the compilation. The correlation of the replicates increased to 0.67, compared to 0.5 on 

the SNP level. The statistics revealed that there was no significant variation between the replicates (pnegbin 

= 0.346, pzeroinf = 0.758). The average read coverage per haplotype was three times higher than on the 

SNP level (70), while the median was 36, and the variance was 9,482. The advanced coverage and SNPs 

per haplotype count were shown in figure 18. Compared to the gene haplotypes, the MH had a much 

more robust coverage that ultimately resulted in a higher correlation of the replicates. 
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Figure 18: Distribution of the read depth per sample (A-C) and the corresponding SNP count for the marker-based haplotypes 

(D-F). The replicates are printed in rows. The distributions over the replicates are comparable, highlighting that most of the 

haplotypes are constructed of only one polymorphism, and analogous to this, only have a shallow read coverage. Nevertheless, 

the coverage is increased compared to the gene-based haplotypes. 

The last remaining haplotype level is the contig level (CH). The CH was classified by 460 haplotypes 

with an average read depth of 520 and a median value of 238. The variance was high (469,851). On 

average, 26 SNPs constructed a CH. The allele frequency was 7.06%, and with that, precisely the same 

value as for the SNP level. The replicates showed a high correlation of 0.9 on the CH level. This was 

also reflected in the statistical test, where pnegbin = 0.485 and pzeroinfl = 0.06. Compared to the other two 

haplotyping levels, the CH histogram was typified by a wider distribution of coverage (figure 19). Still, 

many CH consisted of only one SNP, but this fraction was reduced to less than 15%. This meant more 

than 85% of all contigs were compiled of two or more SNPs. 
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Figure 19: Distribution of the read depth per sample (A-C) and the corresponding SNP count for the contig haplotypes (D-F). 

The replicates are printed in rows. The distribution over the replicates is comparable, highlighting that most of the haplotypes 

are constructed of more than one polymorphism, and analogous to this have high read coverage. 

By the comparison of the individual to the pooled genotyping approaches, the accuracy of the 

sequencing method was estimated. The sample with the identical genotype composition as the individual 

genotyping was tested for correlation and differences in the distributions. 19 KASP markers were linked 

to a contig, gene haplotypes, and the single SNP. Two markers were unmatched on the marker haplotype 

level, so 17 were compared to the KASP marker. A correlation of 0.79 on the SNP level, based on a 

median coverage of 51 reads per locus, was observed. The Pearson residual width was 3.85%, while the 

root means square error was 0.069. The statistical test revealed no significant variation between the 

observed pool-derived allele frequency and the true KASP assessed allele frequency of the individual 

genotyping. As illustrated in figure 20A, the correlation was visible but characterized by some outliers. 

The correlation of the real to observed allele frequency was further increased on the gene-based 

haplotype level (r2=0.88). The median coverage value was slightly increased to 61 reads, as along with 

the residual width, which was increased to 3.92%. The RMSE is 0.0478, and the statistical test proved 

that no deviation was found between the observed and true allele frequencies (pnegbin = 0.9, pzeroinfl = 

0.67). In figure 20B, a slight improvement of the correlation could be observed as well. Nevertheless, 

affected by the marginal increase of the coverage per haplotype, some allele frequencies were still not 

aligned properly. The marker-based haplotypes, shown in figure 20C, had a further improved correlation 

of 0.93. The 17 markers were described by a median coverage of 158 reads and a residual width of 

3.89%. The RMSE and the statistical test were close to the results of the GH (RMSE = 0.04, pnegbin = 

0.94, pzeroinfl = 0.67). The red smoothed regression curve in plot 35C follows the dashed optimal line 

tightly, while still, some allele frequencies deviate. Nevertheless, this deviation is marginal. The contig 
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haplotypes, shown in figure 20D, were described by a correlation of 0.88, and 917 reads were aggregated 

to a haplotype on median level for the 19 loci. The statistical test revealed a non-significant deviation of 

the true and observed data (pnergbin = 0.28, pzeroinfl = 0.62). 

 

Figure 20: KASPar individual genotyping allele frequency results against the measured allele frequency in the corresponding 

pool sample for the MACE RNA data. The dashed line indicates the optimal match, where pool obtained values match the 

individual genotyping ideally. The read curve is a smooth regression curve using all points. The color of the points indicates 

the coverage per locus, which ranges from 1 to several thousand. Additionally to the points, error bars are drawn. This 

highlights the margin of single SNP allele frequency that contributed to the overall allele frequency of the haplotype. If no 

error bar is visible, there is only one SNP contribution information to the haplotype. A – the single SNP comparison. Only one 

SNP is detected having the exact same position as the KASP markers. B – the gene-based haplotype allele frequency compared 

to the individual genotyping. C – marker-based haplotype pool allele frequency comparison to real allele frequency. D – contig 

haplotype-based comparison to the individual genotyping. The pool sequenced sample contains the exact same 288 genotypes 

that have been tested individually for the 21 KASP loci. As two KASP markers did not meet the quality threshold, they are 

omitted. 

For the MACE RNA sequencing data, the marker-based haplotypes had shown the best performance. 

The additional coverage created by the contig approach did not lead to an increased inaccuracy. 

 

3.1.3 Whole-genome resequencing 

Besides the genotyping by sequencing approach, another untargeted DNA-based sequencing approach 

was performed. The whole-genome resequencing was accomplished for the two parents Golf and ISR42-

8, as well as for two biological replicates of the 22nd conventionally evolved population. One of these 

two replicates is identical to the sample set, which was genotyped individually for each genotype by 

KASP markers. Sequencing steps were performed by Novogene and generated 400 million high-quality 

paired-end reads with a length of 150 bp. A quality adjustment was not necessary because the quality of 

the reads is already high, as shown in figure 21. The high read quality that can be obtained by figure 

21A was summarized by a low duplication rate, as shown in figure 21C. After the duplication removal, 

more than 2/3 of all reads remained unique.  
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Figure 21: Sequencing quality overview. A illustrates the median quality of each base position over a sample of tested 

sequences with a boxplot. The overall sequencing quality could not be improved by trimming, was therefore not performed. 

The mean base composition over the read is unbiased (B), and a particular fraction of reads shows evidence for duplications 

(C). 

 

The SNP calling with default settings was performed using an additional step prior to the pool sample 

SNP calling. The variants within the parents were called prior, and these polymorphisms were selected, 

which are homozygote for the genotypes and polymorphic between the two parents. This step revealed 

more than twenty million polymorphisms. As the chance for false-positive calls was given, the 

polymorph set was tested against a reference base of SNP positions ((Cunningham et al., 2019)). By 

including this step, only verified SNP positions were considered for the pooled analysis. This reduced 

the polymorphisms down to 3,991,259 SNP with a normal distribution of the coverage with a mean of 

10 reads per locus (Figure 22A/B), which were identified and clustered to 34,344 GH 5,946 MH and 

485 CH. The genome-wide allele frequency measured for the two replicates was 6.54%, with a variance 

of 0.02 on the SNP level. 

 

Figure 22: Read depth distribution for each polymorph locus of the two replicates for the 22nd conventional generation; in 

summary, more than three million SNP are called. The replicates are separated in A and B and are comparable in their shape. 

The replicate in B shows evidence of a slightly higher overall sequencing depth, which might cause variation in the allele 

frequency between the replicates.  

Compared to the other two sequencing approaches, the distribution differs clearly. While a normal 

distribution could be assumed here, the other two had a more Pareto-like distribution with an excessive 

amount of single read genotyped loci. Additionally to the desirable locus coverage distribution, the 

genome-wide coverage showed a very homogeneous pattern. All genomic regions were covered 

uniformly. Most of the regions were described by coverage levels lower than 50, while some few loci 

tend to produce more reads than others. Generally, the distribution of the sequencing provides excellent 

coverage over the entire genome and, therefore, could deliver information about each chromosomal 
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region. These findings are illustrated in figure 23, where the two sequenced replicates were plotted for 

the SNPs distribution over the entire genome. The median coverage was nine reads per SNP, while the 

mean was 9.1 reads, and the variance was 14.91.  

 

Figure 23: The genome-wide coverage distribution for the two biological replicates (A, B) of whole-genome resequencing. The 

genome is very uniformly covered on a coverage level of 9 reads per locus on the median, with some regions in the telomeres 

having a higher coverage of up to 350 reads (Chromosome 1H, short arm).  

Although the red coverage of the loci is desirable, no correlation between the replicates was found on 

the SNP level. The correlation on the other two levels was at least 0.5 while having a comparable read 

coverage per locus of 6 (GBS) and 11 (MACE RNAseq) median value.  

A significantly higher correlation for the replicates was found on the gene haplotype level. The 

correlation increased to 0.908, while the p-values increase to 0.67 for the negative binomial distribution. 

The 34,344 gene haplotypes were characterized by a median read count of 494 reads, while the average 

read count was 963, and the variance was 2x109. This goes along with a median SNP per haplotype 

count of 55, where the average value was 106 SNP per haplotype. The allele frequency increased to 

6.41%, based on more than 3.5 million SNPs. Figure 24 illustrates the read coverage and SNP 

distribution over the haplotypes. The distribution was dominated by small values and followed the shape 

of a Pareto distribution. 
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Figure 24: Distribution of the read depth per sample (A – B) and the corresponding SNP count for the gene-based haplotypes 

(C-D). The replicates are printed in rows. The distribution over the replicates is comparable, highlighting that most of the 

haplotypes are constructed of only one polymorphism, and analogous to this have only a shallow read coverage. 

The marker-based haplotypes were defined by a high correlation of the replicates (0.959). The statistical 

test supports this statement, as the pnegbin= 0.7 and the pzeroinfl = 0.39. The mean read coverage per 

haplotype was 5,443, while the median was 2,440, and the variance was 1.46x108. The calculated allele 

frequency for the genotypes was 6.56%, which was based on 3,248,956 SNP, leaving 414,922 

unconsidered. The values deviate relevantly from the expected wild-type allele frequency in the third 

generation (10.5%). Each haplotype was constructed of 598 SNPs (average, median = 272 SNPs). Only 

6.12% of all haplotypes contain less than 100 reads. Overall, 5,946 haplotypes were constructed. Figure 

25 highlights the distribution of the read coverage and SNP count per marker haplotype. It indicated a 

much more linearly decreasing slope compared to the gene haplotype distribution, supporting the 

statement that most marker haplotypes had a higher read coverage than 100.  
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Figure 25: Distribution of the read depth per sample (A – B) and the corresponding SNP count for the marker-based haplotypes 

(C-D). The replicates are printed in rows. The distribution over the replicates is comparable. A linear decrease of the SNP and 

read coverage count can be obtained. The coverage is increased compared to the gene-based haplotypes. 

The contig haplotypes were represented by a primarily normal shape-like distribution (Figure 26). Four 

hundred eighty-five contigs were constructed, which were classified by a median read count of 74,134 

reads and 74,854 reads on average. The variance was 1.03x109. A contig was constructed of 8,250 SNP 

(median), and the average value for the composition of SNP per contig was 8216. The calculated allele 

frequency was identical to the allele frequency of the SNP level, as all SNPs were considered for the 

calculation (6.54%). When the replicates were compared, a high correlation of 0.986 was identified. 

This statement was supported by the statistical test, where pnegbin = 0.352 and pzeroinfl = 0.035. As can be 

obtained from figure 26, almost all haplotypes had a coverage higher than 100 reads per haplotype.  
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Figure 26: Distribution of the read depth per sample (A – B) and the corresponding SNP count for the contig haplotypes (C-

D). The replicates are printed in rows. The distribution over the replicates is comparable, highlighting that most of the 

haplotypes are constructed of a high number of SNP and reads.  

The pooled sample was compared to the allele frequency call generated by individual genotyping to 

determine the accuracy of the pool estimated allele frequency. Ten SNPs could be linked from the pooled 

to KASP sequencing directly (Figure 27A). These SNPs were characterized by a median read coverage 

level of seven reads per SNP. Further information about the coverage distribution was given in figure 

26. The correlation was reported to be 0.93, while the negative binomial p-value was 0.878, and the 

zero-inflated p-value was 0.991. The high correlation might be affected by the low number of regarded 

data points. When having a look at figure 27A, a high variation from the ideal fit can be observed. Due 

to the high variance, the accuracy of the pool allele frequency on the SNP level had to be concluded as 

low. For the haplotypes based on gene annotations, the correlation of the pool and individual genotyped 

allele frequency was > 0.95, based on 15 haplotypes. When the haplotypes with lower coverage than 

100 reads were omitted, the correlation increased to 0.96. All 19 KASP markers could be matched to a 

haplotype. On a median, a gene-based haplotype was constructed by 197 reads, and the residual width 

was 3.49%. The root means square error was 0.0255. The variance of the pool estimated to real allele 

frequency was low, indicated by the red regression line in figure 27B following the direction of the 

optimal match (dashed line) over the entire range of frequencies. For the marker-based haplotypes, the 

correlation between the pooled estimate and the real frequency was 0.96. The high correlation was 

supported by the statistical test, where pnegbin = 0.39 and pzeroinfl = 0.63. The residual width was almost 

1% higher than the one of the gene-based haplotypes (4.39%), while the RMSE is 0.029. The median 

read count per haplotype was 7,749 reads. This leads to a high correlation with a low variance from the 

optimal estimate value. The contig-based haplotypes had a comparable character. The correlation of the 
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pooled estimate to the real allele frequency was 0.95. The p-value of the negative binomial distribution, 

as well as the zero-inflated distribution, supported this high representation of real to pool estimated 

values (0.46/0.53). All 19 KASP markers were matched, and the median read coverage per haplotype 

was 81,186. The residual width was 3.91%, and the RMSE is 0.0313. The variation of the estimated 

value to real value was very low over the whole spectrum of the allele frequency, as indicated by the red 

regression line in figure 27D. 

The aggregation of the allele frequency information from many linked SNPs to haplotype values 

increased the accuracy significantly when comparing the haplotyping approaches to the single SNP 

approach. Especially when only regarding the haplotypes with a coverage of more than 100 reads, the 

accuracy of all methods is on the same level.  

 

Figure 27: KASPar individual genotyping allele frequency results against the measured allele frequency in the corresponding 

pool sample for the WGrS data. The dashed line indicates the optimal match, where pool obtained values match the individual 

genotyping ideally. The read curve is a smooth regression curve using all points. The color of the points indicates the coverage 

per locus, which ranges from 1 to several thousand. Additionally to the points, error bars are drawn. This highlights the margin 

of single SNP allele frequencies that contributed to the overall allele frequency of the haplotype. If no error bar is visible, there 

is only one SNP contribution information to the haplotype. A – the single SNP comparison. 10 SNP are detected to have the 

exact same position as the KASP markers. B – the gene-based haplotype allele frequency compared to the individual 

genotyping. C – marker-based haplotype pool allele frequency comparison to real allele frequency. D – contig haplotype-based 

comparison to the individual genotyping. The pool sequenced sample contains the exact same 288 genotypes that have been 

tested individually for the 21 KASP loci. As two KASP markers did not meet the quality threshold, they are omitted. 

3.4.4 Comparison of the three methods 

To elaborate on the benefits of the haplotyping approach based on any of the used sequencing 

approaches, the size of constructed haplotypes might play a crucial role in terms of read coverage. As 

the extension of haplotypes did not follow a static sliding window approach or related ideas, the question 

arises if the accuracy of the haplotype frequency depended on the extension size and the chromosomal 

position. The deviation of the pool estimated frequency to the real frequency was tested in a linear 

regression against the extension size and the chromosomal position to uncover this question. The 

position had not shown any effect on the deviation for both WGS and MACE haplotypes. The same was 

true for the extension size for the WGS haplotypes and for the marker MACE haplotypes. For the gene 

haplotypes of MACE, a regression of p=0.0065 was detected. As MACE only covers expressed 3’ ends 
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of genes, the bias might be related to this biological background. For GBS, no correlation could be 

calculated (Figure 28). 

Figure 28: Read count per haplotype for the three applied sequencing methods with their mean value as a vertical line and the 

distribution of the haplotype window size for gene-based and marker-based haplotypes. A – Count of reads per gene-based 

haplotype for the three applied sequencing methods. B – same as for A, but based on marker-based haplotypes. C – Size of the 

gene-based haplotypes in base pairs. The dotted line indicates the median value, and the dashed line represents the mean value. 

D – same as C for marker-based haplotypes.  

Furthermore, it is assumed that 300 genotypes in a pool are already a good representation of the whole 

population. Based on this, the hypothesis is constructed that the replicates should be highly correlated if 

the sequencing technique did not introduce a significant error. As shown in table 7, the hypothesis could 

generally hold true for WGrS, where the correlation of the replicates was best with a value of 0.91 and 

0.958 for GH and MH levels, respectively. For the other two approaches, the replicates showed lower 

correlations on any given level. Both MACE and GBS showed evidence of significant variation between 

the replicates on the negative binomial level of the model, where MACE > GBS. The zero-inflated 

model showed high significant variation for the GH level of WGrS while being far from significant on 

the MH level. GBS showed high significance on all given levels, indicating a high variation between 

the three tested pool samples. Generally, the correlation of samples was lowest on a single SNP level 

while increasing with the size of haplotype blocks (SNP < GH < MH < contig haplotype). Further details 

can be obtained from table 7. 
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Table 7: Comparison of sequencing methods for different haplotyping levels on the comparability over the replicates. nC – not 

calculated due to excess of time penalty. Replicates were correlated by Pearson correlation, and significant variations were 

calculated between the replicates in a generalized linear model with a zero-inflated and negative binomial model. Correlation 

and p values were calculated for all 4 applied haplotyping levels for all three sequencing methods. 

Replicate comparison   GBS MACE WGrS 

Pearson correlation 

SNP level 0.55 0.5 0.132 

GENE-BASED HAPLOTYPE level 0.64 0.59 0.908 

MARKER-BASED HAPLOTYPE level 0.75 0.67 0.958 

Contig Haplotype level 0.75 0.9 0.986 

Negative Binomial 

SNP level < 0,001 < 0,001 nC 

GENE-BASED HAPLOTYPE level < 0,001 0.007 0.67 

MARKER-BASED HAPLOTYPE level 0.17 0.346 0.522 

Contig Haplotype level 0.91 0.485 0.352 

Zero-inflated 

SNP level < 0,001 0.011 nC 

GENE-BASED HAPLOTYPE level < 0,001 0.006 <0,001 

MARKER-BASED HAPLOTYPE level < 0,001 0.758 0.2036 

Contig Haplotype level 0.48 0.06 0.035 

 

On the genome-wide scale, the methods differ clearly in terms of genome-wide coverage and 

distribution. Using GBS revealed 17,026 gene haplotypes, three times more than MACE (5,919), but 

only half the count detected by WGS (34,344). Besides these qualitative differences, the quantitative 

aspect of each haplotype showed to have a crucial role in the accuracy of the allele frequency estimate. 

While GBS showed a median read count of 39 reads per gene haplotype, MACE decreased to the half 

value (21), while WGrS has produced 494 reads per gene haplotype. The variation becomes more 

distinct when the average values are reported (Table 8). As the read coverage per SNP is more or less 

static, the coverage per haplotype is strongly influenced by the SNP count per haplotype. While on the 

median, only a single SNP per haplotype could be found for MACE, three SNP were detected for GBS 

and 55 SNP for WGrS. The sequencing coverage can be adjusted based on the expected polymorphism 

amount – higher numbers of polymorphism can result in a lower sequencing depth, while low rates of 

polymorphisms have to be overcome by an increased sequencing depth.  
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Table 8: General information on sequencing coverage, locus tags, and haplotype saturation for GBS, MACE and WGrS. 

Besides basic statistics for read and SNP count per SNP/haplotypes, the count of tagged SNP and haplotypes is reported . 

Count over the whole sample 

SNP 82,435 13,079 3,991,259 

GH 17,026 5,919 34,344 

MH 4,702 3,275 5,946 

Contig 483 460 485 

Median read count  

SNP 6 11 9 

GH 39 21 494 

MH 234 36 2,440 

Contig 2645 238 74,134 

Average read count 

SNP 28 25 9.1 

GH 137 42 963.2 

MH 450 70 5,443.26 

Contig 4,837 520 74,854.8 

Variance read count 

SNP 3,329 348 14.91 

GH 62,413 4,109 2x10⁶ 

MH 430,575 9,482 1,46x10⁸ 

Contig 2,9*10^7 469,851 1,03x10⁹ 

Allele frequency 

SNP 7.48 % 7.06 % 6.54 % 

GH 7.48 % 7.09 % 6.56 % 

MH 7.43 % 7.02 % 6.56 % 

Contig 7.48 % 7.06 % 6.54 % 

Median SNP count 

GH 3 1 55 

MH 8 2 272 

Contig 142 2 8,250 

Mean SNP count 

GH 4.2 2 106 

MH 14.33 12 598 

Contig 153.94 26 8,216 

 

Besides the quantitative statistics, the qualitative aspect was crucial for the selection of the appropriate 

sequencing strategy. The allele frequency comparison of pooled and individual genotyping obtained for 

19 selected KASP markers gave a valid illustration of this attribute. As illustrated in figure 29, the single 

SNP-based allele frequency was associated with a high deviation of the ideal 1:1 correlation. The 

deviation was decreased when the gene-based haplotyping approach is applied. The best correlation can 

be found for WGrS gene haplotyping, followed by MACE gene haplotyping. Generally, it can be 

highlighted that increased coverage of a haplotype will result in a higher pool obtained allele frequency 

correlation to the real allele frequency. 



Pool sequencing – comparison of different methods 

59 
 

 

Figure 29: Comparison of all three sequencing methods to individual KASP assay sequencing for single SNP and gene 

haplotyping approaches. The dashed line indicates the optimal match, where pool obtained values match the individual 

genotyping ideally. The read curve is a smooth regression curve using all points. The color of the points indicates the coverage 

per locus, which ranges from 1 to several thousand. Additionally to the points, error bars are drawn on the right side for the 

haplotypes. This highlights the margin of single SNP allele frequencies that contributed to the overall allele frequency of the 

haplotype. If no error bar is visible, there is only one SNP contribution information to the haplotype. The pool sequenced 

sample contains the exact same 288 genotypes that have been tested individually for the 21 KASP loci. As two KASP markers 

did not meet the quality threshold, they are omitted. 

 

As all of the presented statistics did not illustrate the allele frequency on the genome, the haplotype 

allele frequency for marker and gene-based haplotypes were illustrated in figures 30 and 31. Both plots 

reveal that the highest accuracy was obtained from WGrS. The accuracy was defined by the deviation 

of the allele frequency of neighboring haplotypes. Due to linkage disequilibrium, neighboring 

haplotypes should have a comparable allele frequency with low deviation from each other. If one single 

haplotype is highly different from surrounding haplotypes in its allele frequency, it has to be assumed 

to be a false positive call. MACE and especially GBS show evidence of an increased amount of such 

false positive hits all over the genome, while few of those deviating haplotypes can be observed for 

WGrS. Besides these errors, the general allele frequency pattern was comparable over all three methods. 

In comparison to the physical map, the genetic map (based on the 9KiSelect chip (Comadran et al., 

2012b)) was characterized by an advanced resolution of the telomeres. As illustrated by figure 31, the 

pericentromeric regions were described by a highly reduced recombination, resulting in big linkage 

blocks of several hundred million base pairs. 

Concluding, all three tested sequencing methods revealed pool sequencing results with a rather high 

correlation to individual genotyping results. While MACE and GBS were distinguished by a medium 

correlation of pool samples and to individual sequencing results, WGrS was portrayed by a high 

correlation of pool to individual sequencing, high correlation of replicates, and a superior genome-wide 

coverage and polymorphism detection level. Furthermore, WGrS illustrated little error in respect to 

expected linkage disequilibrium of haplotype allele frequency correlations. The higher errors in GBS 

and MACE could be related to technical or biological backgrounds. 
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Figure 30: Genome-wide allele frequency on a genetic map for marker-based haplotypes. The ISR42-8 allele frequency is plotted in % (y-axis) against the genomic position (x-axis), split by 

chromosome, and illustrated in centi morgan. Each dot represents a marker haplotype, and the color is related to the read coverage. A – MACE RNA sequencing output, B – WGrS, C – GBS.  
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Figure 31: Genome-wide allele frequency on a physical map for gene-based haplotypes. The ISR42-8 allele frequency is plotted in % (y-axis) against the genomic position (x-axis), split by chromosome, 

and illustrated in base pairs. Each dot represents a gene haplotype, and the color is related to the read coverage. A – MACE RNA sequencing output, B – WGrS, C – GBS.
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3.2 Phenotypic characterization of founders 

The two genotypes Golf and ISR42-8, diverge in many phenotypic characteristics. The most obvious is 

the morphological variation. Golf is a tall and fast-growing variety, while ISR42-8 is a more grasslike 

genotype. In the initial leaf building phase, the leaves stick close to the ground. In the following tillering 

stage, tillers emerge slower, and the internodes are much longer, compared to Golf, while characterized 

by lower stem stability. ISR42-8 growth morphology is more related to a classical grass type that can 

be found on pasture land. It has many leaves close to the ground, from which single stems with ears 

emerge. Contrasting to this, Golf shoots up high relatively fast and has an advanced growth height and 

rate compared to ISR42-8 and the more modern cultivar Scarlett. Furthermore, the root system of ISR42-

8 tends to be more distinct than Scarlett (Naz et al., 2014). 

The variation on the phenological level is adequately high. While Golf is a typical barley spring type 

with low requirements for stratification, ISR42-8 has a higher demand for stratification. Additionally, 

the growth period of ISR42-8 is adapted to a high thermal environment. This results in a long growth 

period until seeds are ready to be harvested. Compared to Golf, the flowering is delayed by several 

weeks and is initialized at a time when Golf genotypes have reached the ripening stage. The late 

flowering is accompanied by an untypical extrusion of the anthers while actively flowering. 

Interestingly, ISR42-8 tends to produce many leaves under optimal water supply, which leads to high 

transpiration and water usage. If the water supply is reduced, these leaves can be reduced quickly by 

apoptotic processes. 

The yield characteristics are an additional variation between the two genotypes. While ISR42-8 has a 

habit of producing few tillers with long ears, the ears of Golf are rather short, but the number of tillers 

is notably higher. Moreover, the corn contrasts in its morphology. Golf is classified by thick and normal-

sized kernels in comparison to other cultivars. Contrasting to this, ISR42-8 produces longer and thinner 

kernels. When it comes to harvesting, Golf shows clear evidence of domestication. This genotype has a 

stable ear with easy thresh grains. In contrast to this, ISR42-8 has a highly unstable and brittle ear with 

awns and rachis that are hard to separate from the corn (Schmalenbach et al., 2011). This makes 

automated threshing without additional processing of the kernel impossible. 

Besides the physiology, morphology, and yield characteristics, an important aspect of variation is based 

on the resistance and susceptibility of barley against biotic stressors. Like powdery mildew or leaf rust, 

fungi can result in a severe yield decrease (Lim & Gaunt, 1986; Walters et al., 1984). Advanced 

performance regarding disease response has been captured for ISR42-8 regarding leaf rust, powdery 

mildew, and Fusarium graminearum tolerance or resistance (figure 32). 
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Figure 32: Infection level on fresh leaf tissue. Left – infection of leaf tissue with Fusarium graminearum spores (inoculated 

with 100,000 spores per µl suspension), ISR42-8 left, Golf in central, and Scarlett in the right position of the tube. Leaf tissue 

applied on agarose gel, enriched with Kinetin, according to (Bedawy et al., 2018). Right – inoculation with powdery mildew 

on seedling stage ISR42-8 plants. Low infection level observed.  

Concluding, the founders of the population are highly diverse in their genetic background. The 

combination of these genotypes can lead to a diverse combination of genotypes in the population. 

3.3 Characterization of populations 

3.3.1 Root phenotype variation in a hydroponic experiment 

In this part of the root analysis, twenty-four traits were measured. To ensure the variation in a trait was 

not associated with increased overall growth in the first couple of weeks, normalization was performed 

based on the leaf per tiller count. After six weeks, the average plant observed in the experiment was 

characterized by a mean leaf per tiller ratio of three. Therefore, the leaf number was divided by the tiller 

number and used as a corrector to address the bias introduced by the growth speed, as illustrated in 

equation 12. 

 

1

𝐿𝑒𝑎𝑓 𝑛𝑢𝑚𝑏𝑒𝑟 𝑝𝑒𝑟 𝑝𝑙𝑎𝑛𝑡
𝑇𝑖𝑙𝑙𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 𝑝𝑒𝑟 𝑝𝑙𝑎𝑛𝑡

𝑚𝑒𝑑𝑖𝑎𝑛(
𝐿𝑒𝑎𝑓 𝑛𝑢𝑚𝑏𝑒𝑟 𝑝𝑒𝑟 𝑝𝑙𝑎𝑛𝑡
𝑇𝑖𝑙𝑙𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 𝑝𝑒𝑟 𝑝𝑙𝑎𝑛𝑡)

 

Equation 12: Correction by growth – equalizing variation, which is based on growth speed variations.  

The corrected traits were tested for significant variations between the organic and the conventional 

group. Among the traits, 14 traits revealed a significant variation between the two groups based on 

adjusted data. These include aerenchyma area, average late metaxylem area, late metaxylem area, the 

ratio of length per volume, the root average diameter, the root cross-section, root length, root mass 

density, root surface area, stele area, tiller number, plant height, total cortical area, and vascular bundle 

area. Table 9 illustrates the variation between the organic and conventional groups, the identified 95% 

confidence interval as well as the standard deviation for organic and conventional groups separately. 

Ultimately, the p-value is presented in the last column.  
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Table 9: Analysis of variation for all traits observed based on adjusted data. For each trait, the abbreviation, the difference 

between organic and conventional (positive values are related to higher in organic systems), the upper and lower 95% 

confidence interval, and the adjusted p-value for the root trait comparison between the organic and conventional populations 

are illustrated. 
  

  Conf. Interval 

Abbreviation Trait Difference low Up P adjusted 

days.of.Emer

gence 

Days to emergence 0.951 0.511 1.392 0.000 

TLR Tiller number [1/plant] -0.298 -1.195 0.600 0.827 

LN Leaf number [1/plant] 2.473 -0.846 5.792 0.219 

TPH Tiller number [1/plant] 3.118 0.552 5.684 0.010 

RSD Root system depth [cm] 5.671 1.203 10.138 0.006 

SDW Shoot dry weight [g] 0.312 0.011 0.612 0.039 

RL Root length [mm] 584.480 326.312 842.647 0.000 

PA Projected Area [cm²] 11.102 -0.069 22.273 0.052 

RSA Root surface area [mm²] 24.433 -10.253 59.120 0.265 

RAD Root average diameter 

[mm] 

-0.008 -0.045 0.029 0.938 

RV Root volume [mm³] 0.216 -0.235 0.666 0.603 

L.V Ratio length per volume 341.173 220.528 461.818 0.000 

RDW Root dry weight [g] 0.025 -0.094 0.146 0.947 

SRL Specific root length [mm] 418.488 -332.368 1169.344 0.474 

RMD Root mass density [g/cm³] -0.003 -0.034 0.029 0.996 

RSR Root surface area [cm] -0.080 -0.150 -0.010 0.019 

RXA Root cross section [mm²] 0.005 -0.034 0.045 0.988 

LMN Late metaxylem number -0.258 -0.575 0.059 0.154 

ALMA Average Late metaxylem 

area [mm] 

-0.001 -0.001 0.000 0.001 

TCA Total cortical area [mm²] 0.004 -0.025 0.032 0.988 

CCA Cortical cell area [mm²] 0.008 -0.020 0.036 0.898 

AA Aerenchyma area [µm²] -0.005 -0.006 -0.004 0.000 

SA Stele area [mm] 0.002 -0.013 0.017 0.991 

VBA Vascular bundle area 

[mm²] 

0.006 -0.033 0.046 0.978 

 

The highest significant variation between the organic and conventional groups could be found for the 

aerenchyma area. These air channels in the root were much more prominent in the conventional (ϕ = 

0.041 µm²) compared to the organic genotypes (ϕ = 0.036µm²). Remarkably, the standard deviation in 

both systems was small. Therefore the 95% confidence interval did not overlap. The second most 
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significant trait was the average late metaxylem area. Similar to the aerenchyma area, the standard 

deviations were particularly low, and the conventional system was characterized by a higher area than 

the organic group (0.0033 to 0.0027). The root length and the root length per volume were described by 

higher values in the organic group. Besides the higher values, the organic group was characterized by a 

far higher standard deviation when compared to the conventional group. Further details could be 

obtained from figure 33 and table 9. For most adjusted traits, the lowest value had to be reported for 

ISR42-8. This effect was not present when values without adjustment were considered (table 10, figure 

34). A comparable observation was made for the plant height and the leaf number. While the organic 

system was characterized by a 2.5 higher leaf count per plant and a 3.1 cm taller growth habit based on 

uncorrected values, the effect was reversed by the adjustment (1.45 less leaf count in organic, 7.35 cm 

lower growth than conventional). This was accompanied by a reduced tiller number in the organic 

system (2.97 fewer tillers on unadjusted, 1.39 fewer on adjusted base).  

 

 

Figure 33: Overview of the significantly variant traits between the organic and conventional groups, based on adjusted data. 

The color indicates the lines of organic or conventional populations, as well as for the two parental lines Golf and ISR42-8. 

Boxplots illustrate the observed range of variation and the median value for each group. RAD – average root diameter; RMD 

– root mass density; RSR - root surface area; RXA – root cross-section area; TCA – total cortical area; SA – stele area; VBA – 

vascular bundle area; RL – root length; L.V – root to volume ratio; TLR – tiller number; TPH – total plant height; LMN – late 

metaxylem number; ALMA - Average Late metaxylem area; AA – aerenchyma area. 

Compared to the adjusted values, the raw values revealed only ten significantly variant traits between 

the organic and conventional systems. These included days to emergence, plant height, root length, 

length per volume ratio, average late metaxylem area, aerenchyma area, root surface area, shoot dry 

weight, and root system depth. 
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Table 10: Analysis of variation for all traits observed based on unadjusted data. Positive difference values indicate an increased 

value in the organic population. Also, the confidence interval is observed from the organic population’s perspective. For each 

trait, the abbreviation, the difference between organic and conventional (positive values are related to higher in organic 

systems), the upper and lower 95% confidence interval, and the adjusted p-value for the root trait comparison between the 

organic and conventional populations are illustrated. 

 

   Conf. Interval   

  Difference low Up P adjusted 

Days to emergence -0.15 -0.75 0.44 0.90 

Tiller number [1/plant] -1.38 -2.50 -0.28 0.01 

Leaf number [1/plant] -1.45 -5.00 2.09 0.71 

Tiller number [1/plant] -7.35 -12.25 -2.45 0.00 

Root system depth [cm] -1.51 -6.80 3.77 0.88 

Shoot dry weight [g] 0.06 -0.27 0.39 0.97 

Root length [mm] 316.53 35.41 597.66 0.02 

Projected Area [cm²] -0.54 -12.94 11.85 0.99 

Root surface area [mm²] -12.95 -50.33 24.42 0.80 

Root average diameter [mm] -0.08 -0.12 -0.03 8.19E-05 

Root volume [mm³] -0.23 -0.72 0.25 0.5816218 

Ratio length per volume 228.03 99.65 356.42 4.22E-05 

Root dry weight [g] -0.06 -0.19 0.06 0.50 

Specific root length [mm] -151.95 -951.15 647.25 0.96 

Root mass density [g/cm³] -0.04 -0.07 -0.00 0.05 

Root surface area [cm] -0.14 -0.22 -0.06 3.18E-05 

Root cross section [mm²] -0.05 -0.10 -0.01 0.02 

Late metaxylem number -1.25 -1.75 -0.75 3.69E-09 

Average Late metaxylem area [mm] -0.00 -0.00 -0.00 8.86E-09 

Total cortical area [mm²] -0.03 -0.07 -0.00 0.03 

Cortical cell area [mm²] -0.02 -0.06 0.01 0.18 

Aerenchyma area [µm²] -0.01 -0.01 -0.01 3.12E-14 

Stele area [mm] -0.01 -0.04 -0.00 0.04 

Vascular bundle area [mm²] -0.05 -0.09 -0.00 0.02 
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Figure 34: Overview of the significantly variant traits between the organic and conventional groups, based on the unadjusted 

data. The color indicates the lines of organic or conventional populations, as well as for the two parental lines Golf and ISR42-

8. Boxplots illustrate the observed range of variation and the median value for each group. Days.of.Emergence – days from 

planting to seed germination; SDW – shoot dry weight; rlt – leaf per tiller ratio; RL – root length; L.V – root to volume ratio; 

TLR – tiller number; TPH – total plant height; RSD – root system depth; ALMA - Average Late metaxylem area; AA – 

aerenchyma area. 

Genotypes of the organic system tend to emerge about one day later than the group of conventional 

genotypes. Further details can be obtained from table 7. 

Concluding these observations, the organic genotypes were on average observed to have more leaves 

but fewer tillers. 

 

3.3.2 Root phenotype variation field experiment – root analysis 

From the measured 20 traits, ten were found to be significantly different between the organic and the 

conventional group. Among these significant traits, one can find average root diameter, aerenchyma 

area, cortical call area, late metaxylem area, the length per volume ratio, root angle, root cross-section 

area, root mass density, tip number, and total cortical area.  
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Table 11: Analysis of variation for all traits observed on the field-grown genotypes. Positive difference values indicate an 

increased value in the organic population. Also, the confidence interval is observed from the organic population’s perspective. 

For each trait, the abbreviation, the difference between organic and conventional (positive values are related to higher in 

organic systems), the upper and lower 95% confidence interval, and the adjusted p-value for the root trait comparison between 

the organic and conventional populations are illustrated. 

 

                Conf. Interval 

Abbreviatio

n 
Trait Difference low Up P adjusted 

days.of.Emer

gence 
Days to emergence 0.951 0.511 1.392 0.000 

TLR Tiller number [1/plant] -0.298 -1.195 0.600 0.827 

LN Leaf number [1/plant] 2.473 -0.846 5.792 0.219 

TPH Tiller number [1/plant] 3.118 0.552 5.684 0.010 

RSD Root system depth [cm] 5.671 1.203 10.138 0.006 

SDW Shoot dry weight [g] 0.312 0.011 0.612 0.039 

RL Root length [mm] 584.48 326.312 842.647 0.000 

PA Projected Area [cm²] 11.102 -0.069 22.273 0.052 

RSA Root surface area [mm²] 24.433 -10.253 59.120 0.265 

RAD 
Root average diameter 

[mm] 
-0.008 -0.045 0.029 0.938 

RV Root volume [mm³] 0.216 -0.235 0.666 0.603 

L.V Ratio length per volume 341.173 220.528 461.818 0.000 

RDW Root dry weight [g] 0.025 -0.094 0.146 0.947 

SRL 
Specific root length 

[mm] 
418.488 -332.368 1169.344 0.474 

RMD 
Root mass density 

[g/cm³] 
-0.003 -0.034 0.029 0.996 

RSR Root surface area [cm] -0.080 -0.150 -0.010 0.019 

RXA 
Root cross section 

[mm²] 
0.005 -0.034 0.045 0.988 

LMN Late metaxylem number -0.258 -0.575 0.059 0.154 

ALMA 
Average Late metaxylem 

area [mm] 
-0.001 -0.001 0.000 0.001 

TCA 
Total cortical area 

[mm²] 
0.004 -0.025 0.032 0.988 

CCA Cortical cell area [mm²] 0.008 -0.020 0.036 0.898 

AA Aerenchyma area [µm²] -0.005 -0.006 -0.004 0.000 

SA Stele area [mm] 0.002 -0.013 0.017 0.991 

VBA 
Vascular bundle area 

[mm²] 
0.006 -0.033 0.046 0.978 
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The highest significant variation was observed for the length per volume ratio ( p< 0.0001). While the 

organic genotype group was classified by an average value of 200.96 and a standard deviation of 53, the 

conventional genotype group was observed to have a mean of 158.34 and a standard deviation of 77. 

The root angle indicated an average 4-degree lower angle in the organic group. Analogous to this, the 

tip number of the roots was 166 tips higher in the organic group, supported by a 95% confidence interval 

ranging from 19 to 312. For six out of ten traits, the variation within the conventional group was higher 

than in the organic system. Further details were reported in table 11 and figure 35.  

In the group of significant traits, the ISR42-8 value is the highest value for eight of ten traits. Only the 

root angle and the length per volume ratio were described by equal or reduced values. When the organic 

group was related to the ISR42-8 genotype, only four of the ten traits were illustrated by a value of the 

organic group related to the observed values of ISR42-8 (root tip count, late metaxylem number, root 

mass density, root angle). For the root cross-section area, total cortical area, cortical cell area, 

aerenchyma area, and root average root diameter, the mean value of the organic group was lower than 

the average of Golf and ISR42-8 genotypes.  

 

 

Figure 35: Overview of the significantly variant traits between the organic and conventional group, based on the field-grown 

genotypes. #Tips – root tip count; L.V – root to volume ratio; RA – root angle; RAD – root average diameter: RMD – root mass 

density; LMN – late metaxylem number; RXA – root cross-section area; TCA – total cortical area; CCA – cortical cell area; 

AA – aerenchyma area. 

 

The variation in the populations was compared by a PCA plot. As illustrated in figure 36, the in-group 

variation was highest in the organic group. Both experiments, hydroponic and field-based, revealed the 

same outcome. While the variation of the conventional population is marginally broader compared to 
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the Golf genotype under field conditions, the organic population is represented by a higher variation in 

comparison to both parental genotypes.  

 
Figure 36: The principal component output of the root morphology assessment in a hydroponic (A) and a field-based 

environment (B). The first two components are plotted, with the first PC on the x-axis and the second PC on the y-axis. The 

colors differentiate the conventional (magenta) and organic (purple) systems and the wild donor (ISR 42-8, turquoise) from 

the cultivar (Golf, green). Each point represents an individual genotype. In (A), 150 genotypes were tested from the organic 

and conventional systems, while 100 genotypes each were tested in (B). Dashed ellipses are plotted based on the points if the 

sample size was sufficient. Both experiments illustrate higher genetic variance in the organic system compared to the 

conventional system. 

 

3.3.3 Field experiment – upper body observations 

Phenotyping of upper body characteristics resulted in a homogeneous picture of entire populations. Due 

to unexpected complications in the sowing process, emergence was more or less mainly related to the 

varying depth of seed placement. Therefore, both measurements for this trait were excluded.  

The correlation matrix for the remaining traits revealed a high correlation of >0.5 among the four 

flowering score dates. The flowering was negatively correlated with the plant height, while the plant 

height and the growth type were positively correlated. The health status was slightly correlated with the 
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measurements of yellow dwarf virus and powdery mildew. The ear-related traits could not be correlated 

to any other trait (figure 37A).  

When all these traits were included in a principal component analysis (PCA), the first two principal 

components (PC) explained about 45% of the total variation. No cluster variation was identified between 

the tested groups' Golf, Scarlett, organic and conventional (figure 37B).  

On a single trait level, the variation between the organic and conventional genotypes did not show 

evident variations. While for three of four flowering scores, the population mean deviated by 0.2 days 

earlier flowering in the organic population, the first flowering score described a 0.3 days later heading 

of the organic compared to the conventional genotypes.  

Figure 37: Correlation plot of all measured field traits (left) and the PCA of these traits for the four clusters, illustrated by 

color. The correlation plot on the left illustrates potential correlations between traits. Exemplarily, high plant height is 

correlated with early flowering. Each trait is compared to each other trait to highlight relations. The principle component plot 

on the right was created based on all these above-ground phenotypes and separated by color for the lines and parental 

genotypes. As illustrated, no variation can be observed between the groups. 

The variation within the group was equivalently high between the conventional and organic population, 

with a tendency of reduced variability in the set of organic genotypes. This observation was consistent 

over all four flowering scores. The Tukey variation test finally concluded on a p-value of 0.26 that there 

was no variation between the organic and conventional groups. 

The two scorings of the yellow dwarf virus identified a marginal variation between the organic and the 

conventional group (0.05 higher infection for organic genotypes). The variation within the groups was 

comparable of approximately one score point each. Overall, the average score was 3.78 and 3.72 at the 

second date of measurement for the organic and conventional groups, respectively. The first 

measurement was lower compared to the first measurement by 1.6 scoring points, which might be an 

indication of a progressing infection. For both scores, the Tukey test revealed no significant variations 

between the organic and the conventional group. 

Powdery mildew was scored once. No variation between the groups could be identified. Both the 

average value and the variations within the groups were characterized by equal values between the 

organic and the conventional group. 
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The health status of the plants gave a summary of all fungal attacks resulting in any kind of advanced 

tissue degradation. Necrosis was mainly a result of the yellow dwarf virus, powdery mildew, or leaf rust 

attack. It was measured in percent of leaf tissue infected. The average health status was about 0.5% 

lower in the organic group. The variation within the groups was almost equal on a level of 23%. Finally, 

the Tukey test could not reveal any significant variations (p = 0.54). 

The plant height measurements reported an average decreased plant height of 0.7 cm in the organic 

group. On the second day of measurement, the reduced plant height is reversed to an average superior 

plant height of 0.2 cm. The variation within the groups on the second date of measurement is observed 

to be 4 to 5 cm for both organic and conventional groups. The Tukey test finalized the picture of no 

significant variations.  

The growth type observations were related to the plant height. Groups were established based on the 

growth habit. Some plants have shown to produce very short internodes, resulting in a highly dwarfed 

growth type. The other end of the scale was presented by plants with very long internodes. This 

observation revealed a highly significant variation between the organic and conventional groups (p < 

0.001). The organic genotypes had 0.4 points reduced internode length, resulting in an average score of 

5.5 (conventional 5.9). Besides the reduced score, the organic system was characterized by a twice as 

high variation within the group compared to the conventional group.  

 

Figure 38: Variation of all yield physiological traits for all four groups/Genotypes, scored on the field. Values give the standard 

deviation for each group and trait separately. Height and health status are represented by the y-axis on the right, while all 

other traits are related to the left y-axis. 

Finally, the ear position and ear length were measured. While the ear length was measured and reported 

in metric centimeters, the ear posture was reported in a binomial pattern. The ear length was 

characterized by an average 0.12 cm shorter ear in the organic system. This information was 

accompanied by a lower variation compared to the conventional group. The Tukey test did not reveal a 

significant variation between the groups. Nevertheless, compared to Golf, the ear was characterized by 

a higher variation (8 to 13 cm in the conventional group, 9-13 cm in the organic group, Golf 9.5 to 12 

cm). The ear posture was assessed on two dates. Both highlight that the ears tend to be lowered more in 

the organic group (0.07, 0.13 higher score for the organic group). While the first measurement could not 

identify significant variations, the second measurement highlighted a significant variation (p < 0.05, 

based on a binomial generalized linear model). A more detailed classification of the traits was reported 

in table 12. The variation within the groups was almost identical for both the organic and conventional 

groups (figure 38).  
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Based on these observations, the most interesting traits, ear length, growth type, and ear posture, were 

plotted for the organic, conventional group, Golf, and Scarlett. In figure 39, the increased variation of 

the groups compared to the single genotypes is visualized. Furthermore, the ear posture shows clearly 

an advanced lodging of the ears in the organic group before any other group or genotype. 

 

Figure 39: Illustration of the three most interesting traits observed, which are characterized by a significant difference between 

the organic and conventional group or a high variation within the group. The ear length, growth type, and ear posture are 

presented, separated for each genotype.  

Table 12: Statistics for the scored traits. If the difference is negative, the organic population mean was smaller than the mean 
of the conventional population. Furthermore, the upper and lower 95% confidence interval is illustrated. The last column gives 

the p-value between the organic and conventional groups. Two traits have been identified as significant, the ear position and 

the growth type. For the ear position, a binomial distribution was assumed. 

 
Difference lwr upr p adjusted 

Ear Length 0.106 -0.098 0.311 0.5342 

Ear Position -0.069 -0.152 0.012 0.029 

Flowering 1 0.274 -0.113 0.662 0.2633 

Flowering 2 -0.163 -0.453 0.126 0.4642 

Flowering 3 -0.229 -0.524 0.064 0.1843 

Growth Type -0.390 -0.552 -0.229 4.01E-09 

Health Status -0.150 -1.348 1.047 0.9882 

Height 1 -0.711 -1.551 0.129 0.1300 

Height 2 0.261 -1.306 1.828 0.9735 

Powdery Mildew 0.119 -0.082 0.319 0.4226 

Yellow Dwarf Virus 2 0.048 -0.123 0.220 0.8842 

Yellwo Dwarf Virus 1 0.059 -0.076 0.195 0.6721 
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The measurement with the polypen revealed 25 indices. Nor the PCA, neither Tukey test nor the 

variation comparison identified differences between the organic and the conventional group for any of 

the 25 indices (figure 40). 

 

 

Figure 40: Polypen leaf measurements. A - PCA of all polypen generated traits, separated by color for the populations and 

parental genotypes; B – the variation in the genotype classes for the observed spectrum measured. 

Finally, the scores obtained by SPAP chlorophyll measurement were classified by no significant 

variations between the groups. Nevertheless, the organic group had a 15% higher average score 

compared to the conventional group. Both conventional and organic systems were characterized by 

substantially higher average values in comparison to Golf and Scarlett (figure 16).  
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Figure 41: Box plot of SPAD chlorophyll content measurements for all four groups.  

 

3.4 Climate, weather, and evapotranspiration 

The climate and annual weather events are expected to have a major influence on the allele frequency 

variation over the duration of the experiment. It is helpful to know as much as possible about the climate, 

to understand particular adaptations or changes from one year to another. From available measurements 

of the weather station, the actual evapotranspiration for the growth period of spring barley has been 

calculated. The days under water stress can be estimated when the evapotranspiration is extended by a 

soil water balance. The correlation of the measured traits, shown in figure 42, highlights the fact that the 

correlation of the evapotranspiration ET0 was highest to the radiation, followed by the minimum air 

humidity and the maximum air temperature.  
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Figure 42: Correlation plot of the most important measurements made by the weather station over all the years. A – the 

measurements from the weather station at Campus Klein-Altendorf from 2010 to 2019; B - the identical 

measurements from Campus Dikopshof from 1996 to 2009. The correlation of the calculated average daily values of 

maximum, minimum and mean temperature, as well as windspeed, minimal humidity, the sum of precipitation, 

radiation. Additionally, the correlation to the calculated base evapotranspiration ET0, the accumulated temperature 

sum Tsum, and the soil water capacity SWC are shown. 

A linear mixed model was performed to get a better estimate for the dependencies of the 

evapotranspiration. The regression of the actual evapotranspiration ETA against the year and growth 

stage as a fixed effect, minimum humidity, maximum temperature, radiation, soil water capacity, and 

drought event as random effects was estimated in this lmm model. The overall REML score is 8,020.7, 

where the random effects had an explanatory power of ~72% together. The most variation was explained 

by the humidity (0.367), followed by the soil water content (0.260) and the radiation (0.205). The 

temperature had the smallest variance with 0.08, leaving 0.36 residuals unexplained. On the fixed effect 

side, all growth stages had a highly significant variation from each other with a p-value < 0.001. The 

same holds true for the occurrence of drought stress. The year factors are much more differentiated. In 

relation to the year 1996, the years 2004, 2009, 2017, and 2019 were highly significant on a p-level 

below 0.001. The years 2005, 2006, and 2018 are significant on a level of 0.01. The remaining years are 

above this threshold.  

Figure 45 illustrates the deviation of the annual mean or sum in the experimental period for multiple 

traits. The period of the experiment had to be split into two subperiods, as the weather stations did 

measure slightly differently. Therefore, the means and sums of the period from 1996 to 2009 were 

calculated separately from the period of 2011 to 2019. Besides the temperature, the humidity, radiation, 

precipitation, as well as the calculated actual evapotranspiration and the days of drought were plotted. 

Over all the years, the climate was observed to be highly variable. The average evapotranspiration in 

the vegetation period of barley was 312 – 334 millimeters. The maximum daily temperature mean was 

about one degree Celsius lower in the first period compared to the second, where the value was 20.36 

°C as mean over the growth period. The minimum temperature indicated the other way. 9.44°C in the 

first period could be compared to 8.97°C as the daily mean over all days in the growing period. The 

average day temperature does not deviate too much and is about 14.5°C high. The sum of radiation in 

the growth period differs. In the primary period, on average, 2,209 W/m² were measured, while 1,726 

W/m² were measured in the period from 2011 onwards. Besides the radiation, also the minimum 

humidity was variant. While 42.5% was calculated for the first period, the second period had a seven 
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percent higher value. The mean precipitation for the years varied by 30 mm. The higher rain fall could 

be observed at Campus Dikopshof. Lastly, the average count of drought days over both periods was 14 

days. Two weeks of drought seem like a lot, but the variance for this is very high. While there was no 

drought event in ten out of all years, ten years have shown to lie above the mean of 14 days. This value 

does not give an idea about the extent of drought days with little evapotranspiration reduction were 

considered equal to days with severe drought. The total sum of the variation of potential to actual 

evaporation is plotted at the bottom right. This can serve as a more informed idea of the drought extend 

of each year. A more detailed resolution for the extend of drought is illustrated in figure 44. For each 

year, the daily sum of evapotranspiration is plotted. The time point of drought stress can be obtained by 

figure 43. Three curves are presented, from which the blue curve is related to the evapotranspiration 

over a reference grassland ET0. The yellow curve presents the actual evapotranspiration of barley, 

adapted to the growth stages and soil coverage. Lastly, the red curve is the actual evapotranspiration, 

extended by a soil water model. If the field capacity was lower than 30%, the plant was drought-stressed 

and increased the stomatal conductance successively, the lower the field capacity declines. Several years 

were present where the yellow and red lines were separated from each other. The years that stand out 

most were 1996, 1999, 2000, 2006, 2011, 2015, 2017, 2018, and 2019. While for the first of these years, 

the drought was characterized by a moderate variation between ETA and ETC, the year 2011 was the first 

year where a variation peak of 4 mm per day was observed. This was equivalent to the fact that on two 

days in this year, more than 6 millimeters of water could be transpired, but less than 2 millimeters 

actually were. This had not happened before and was a severe drought event. Less than 30% of the 

potential transpiration can be reported for more than two days in 2011. 2017, 2018, but especially 2019 

have this pattern in common as well. 2019 has to be highlighted in this regard, as the deviation of the 

actual to potential transpiration increased over the half period of July to a maximum of 5 millimeters. 

Over all 23 years of observations, the potential evapotranspiration exceeded a value of 8 millimeters per 

day. One day was in 2017, the other in 2019. Out of the last five years, four could be observed with 

severe drought conditions that hold the potential to reduce the growth potential of the crop. In 

comparison to the whole period, the climate has shifted towards dry and hot climates. On the other hand, 

years without a shortage of water could be observed. In the recent past, 2016 was a moist year, but also 

1998, 2001, 2002, 2005, 2007, 2008, 2009, 2012, and 2013 are characterized by no limitations of water 

availability. These years are potentially interesting, as a low water shortage usually goes along with 

higher precipitation in the productive period. The precipitation events, as well as the average daily 

temperature and the evapotranspiration ET0 are shown in figure 46. These values are illustrated for each 

day of the cropping period. Many precipitation events in the tillering to anthesis stage make infection 

by fungi more likely. 1998, 2007, and 2016 were years considered to be optimal years for above-average 

infection levels, as the time before and during anthesis was classified by many precipitation events. To 

summarize, the period can be divided into two to three different groups. The grouping is illustrated in 

figure 44, where the deviation of the actual and potential evapotranspiration was shown. Years 

associated with the letter a were regarded as humid and moist years, with little to no drought stress in 

the vegetation period. Contrasting to this, years with more or less distinct drought stress were 

characterized by d, e, and f letters. Together, twelve years were associated with category a, while eight 

years were associated with the drought stress letters d, e, and f. A third, intermediate group, could be 

described for the years 2003, 2006, and 2015.  



Climate, weather, and evapotranspiration 

78 
 

 



Climate, weather, and evapotranspiration 

79 
 

Figure 43: The evapotranspiration in the vegetation period for each day. Evapotranspiration is the sum of water lost from soil 

to the atmosphere in millimeters. The curves are plotted, showing three levels of evapotranspiration. The blue line ET0 is 

equivalent to the evapotranspiration over the grassland. The yellow line is the actual evapotranspiration, which is corrected 

to spring barley growth stages and development. The red line is the actual evapotranspiration plus a soil water balance model. 

If the soil water is depleted to less than 30% field capacity, the plant starts to save water. The yellow and red lines run 

identically, as long as there is no shortage of water. As soon as the yellow line becomes visible, the plant suffers drought stress. 

The variation of the blue and red lines correlates with the developmental stages’ emergence, crop development, anthesis, 

ripening, and maturity. The figure illustrates the crop development and at which stage the plant might have suffered water 

shortage. 

 

 

Figure 44: Grouping of delta ETA to ETC. Delta is equivalent to the transpiration reduction of the active biomass due to water 

stress. The grouping has been performed by HSD.test of agricolae. Groups with low to little water limitation effects in the 

vegetation period are characterized by a little deviation from 0, while the years with a strong impact of a drought are illustrated 

by a high deviation of > 0.5 reductions of the actual evapotranspiration.
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Figure 45: Average or sum values for different traits over the years. Each year has one value (black) which is compared to the mean overall years (white point). The mean over the years has been 

calculated separately for the two weather stations, as these are measured a bit differently. The line between the black and the white point indicates the difference between the mean over the years and 

the actual average value for the particular year. Besides the average, maximum, and minimum daily temperature, the evaporation sum, the estimated days under drought stress, humidity, radiation, 

the variance of potential to actual evapotranspiration, and precipitation are plotted.  
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Figure 46: The daily average temperature, the daily precipitation sum as well as the evapotranspiration ET0 are presented for each year and each day of the vegetation period from sowing to 

harvesting day. When combining this information, an estimation of the growth conditions in the year, as well as the comparison between the years, can be made.
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3.5 Observed evolution of populations enforced by farming environment 

Based on the observations made by comparing the accuracy of different sequencing methods, whole-

genome resequencing has been used to sequence five generations and the parents of the population. The 

selected generations were BC2F3, BC2F12, BC2F16, BC2F22, and BC2F23 for organic and conventional 

farming systems, respectively. Initially, more than 20 million variant base pairs were found between the 

parents Golf and ISR42-8. Due to uncertainties in regard to the quality and reliability of those variant 

detections, only those variants were kept that could be found in the ensemble SNP variant deposit 

(Cunningham et al., 2019). This action resulted in a decrease of variant positions down to 3,991,259 – 

or, on average, every 1,500 base pair a variant base. The ratio of alternative to reference base call ranges 

from 0.4 to 0.45. This ratio was in the expected range; therefore, no correction of the allele frequency 

had been applied for the data sets. SNPs were annotated to 34,344 gene-based haplotypes and 5,948 

marker-based haplotypes.  

3.5.1 Distribution of allele frequency calls in haplotypes 

The highlighted selection of statistical models and distributions to represent the allele frequencies has 

not been described before and had to be adjusted to the observed distributions. Therefore, the SNP-based 

allele frequency of haplotypes was collected, and the variation over all defined haplotypes was observed. 

This revealed four major groups the allele frequency patterns of the haplotypes could be clustered to. 

The first group is the “blackbox”, a group of haplotypes described by a low SNP count (lower than 15, 

figure 47A). Based on this value, no conclusions of the distribution could be made. The second group is 

described by a negative binomial distribution, as illustrated in figure 47B. The third group, the biggest 

group, is presented by a divided distribution. While one set is described by a negative binomial 

distribution, the other set is characterized by zero values. These zero values are expected to occur more 

often at the applied sequencing level, especially with the double backcrossing. The lower the real allele 

frequency of this locus is, the more often this case will be true (figure 47C). Lastly, for loci with allele 

frequencies lower than 5%, the distribution of the SNP allele frequency was majorly based on the zero-

inflated distribution (figure 47D). The variation of distributions made it necessary to implement an 

algorithm that adjusts to the distribution of the haplotype and sets the appropriate regression model to 

calculate the statistics. This was done in accordance with the described model in the material and 

methods section.  
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Figure 47: Comparison of the allele frequency distribution for three representative haplotypes, based on all SNP forming a 

haplotype. 

 

3.5.2 Molecular genetic variation on genome-wide scale 

The genomic variation was estimated by a genetic diversity analysis of the populations to dissect the 

undergone agro-environmental selection. Principal-component analysis (PCA) showed a sizeable 

genetic differentiation between the offspring generations due to microevolution in the different agro-

ecological environments. The first principal component (PC) describes the highly significant (p < 0.001) 

distinction of the environments (organic to conventional), while the second PC separates the effect of 

the years (Figure 48). Furthermore, the first PC explains more than 51% of the variation, while the 

second PC only explains 7.74%. Based on this observation, the agro-environmental farming system has 

had the most dominant impact on the development and adaptation of the differentially farmed 

populations. As already indicated in figure 48A, the molecular genetic variation between the two 

samples of the same generation in the organic environment tended to be higher compared to the 

conventional population. This can be observed for the evolved populations of F12, F16, and F23.  
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Figure 88: Principal component analysis of the tested populations from the 12th, 16th, 22nd, and 23rd generations with both 

samples per population. The generations are presented in different colors, while the shape is split for the systems (A). The 

explanatory effect of the principle components is illustrated by B – the first PC explains the system impact, while the second 

PC highlights the generation/year effect. The samples do not have any effect on the clustering of the samples. A – the majority 

of variation is explained by the first PC (51.24%), while the second PC explains 7.74%. 

The variation between the two samples of the same generation and agro-system was tested to dissect 

this variation in more detail and test the statistical significance of this observation. The calculated 

variations on haplotype level (illustrated in table 13) underline the observations made in the PCA. 

Besides the 12th generation of the conventional environment, the 12th, 16th, and 23rd generation in the 

organic environment showed highly significant variations between the two samples over the 34,344 

gene-based haplotypes. When the marker-based haplotypes were considered, the variation between the 

samples becomes less significant. For the 5,948 marker-based haplotypes, only the 12th generation in 

both environments and the 23rd generation in the organic environment indicate a significant variation 

between the samples (p < 0.001). On the contig-based haplotype level, no variation between the samples 

of the same generation and environment could be identified. Concluding this statistic, the haplotype 

level had an effect on the comparison of replicates.  
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Table 13: Variation between samples of the same population and generation. Two samples per combination were sequenced, 

and the variation between these was calculated by a zero-inflated negative binomial distribution in a generalized linear model, 

based on the contig-based, marker-based, and gene-based haplotype frequencies. Values smaller than 0.01 are assumed to 

highlight a distinct variation between the two tested samples and are highlighted by orange color. 

 
Organic System Conventional System 

negative 

binomial  

p-value 

zero-inflated 

 p-value 

negative 

binomial  

p-value 

zero-inflated  

p-value 

Contig  

based  

haplotypes 

F3 0.796 0.818 0.796 0.818 

F12 0.101 0.811 0.191 0.743 

F16 0.309 0.068 0.995 0.700 

F22 0.165 0.050 0.352 0.034 

F23 0.021 0.363 0.786 0.929 

Marker 

based  

haplotypes 

F3 0.442 0.553 0.442 0.553 

F12 0.000 0.991 0.000 0.950 

F16 0.126 0.110 0.102 0.485 

F22 0.561 0.257 0.436 0.695 

F23 5.56E-11 0.000 0.219 0.825 

Gene 

Based 

haplotypes 

F3 0.706 0.821 0.706 0.822 

F12 1.79E-29 2.23E-15 5.56E-11 0.001 

F16 0.003 5.82E-10 0.159 0.056 

F22 0.078 0.251 0.675 7.12E-09 

F23 4.09E-35 2.22E-08 0.845 2.00E-06 

 

Including the initial 3rd generation in the PCA figure, a clear and distinct evolution away from this 

population was observed for organic and conventional populations. Based on the first PC, which 

explains more than 42% of the variation, the conventionally farmed population evolved until the 12th 

generation but changed little after that. In contrast, the generations of organic populations could clearly 

be distinguished from each other. Both environments had the same development until the 12th generation 

in common. The following generations differed much more distinctly between the environments. With 

each studied subsequent generation, the genetic distance between the organic and the conventional 

populations increased. Generally, the most significant variation was observed between the 3rd and 12th 

generations of both environments. The two samples of the 3rd generation were far different from all other 

populations tested, indicating a distinct development away from the original composition of the 

populations. Besides this system effect, the first principle component was highly significant for the 

yearly effect (Figure 48B). The sample did not show any effect in the PCA, indicating that samples of 

the same generation and environment were not relevant for any observed evolutionally effect. The 

second PC mainly differentiates the organic and the conventional system from each other. Concluding, 

both systems become more and more distinct with each subsequent generation. 
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Figure 49: Principal component clustering of all tested generations (including F3). The principal component analysis of the 

3rd, 12th, 16th, 22nd, and 23rd generations with both samples per population (replication), split by shapes for the systems (B). 

The explanatory effect of the principal components is illustrated by D – the first PC explains both the year and the system 

impact, while the second PC highlights the system’s (environmental) effect, and the third PC depicts the year effect. The 

replications do not have any effect on the clustering of the samples. B – the majority of variation is explained by the first PC 

(42.73%), while the second PC explains 28.63% and the third PC 4.1%. The offspring generations are clustered in three major 

groups. C – The first three principal components plotted against each other. A – The explanation power of the first three 

components. 

This was underlined by the increasing population differentiation fixation index (FST) and the genetic 

distance assessment, illustrated by the dendrogram in figure 49. While the FST revealed a value of 0.012 

for the 12th generation, it successively increased to FST=0.043 in the 16th, FST=0.052 in the 22nd, and 

FST=0.113 in the 23rd generation. Five clusters can be reported based on the genetic distance calculation. 

The first and most distinct cluster included both BC2F3 samples. The second and third clusters were the 

two subgroups of the organic populations. In comparison, the 12th and 16th generations form one cluster. 

The other consisted of the 22nd and 23rd generations. As these generations were also more related to 

each other in regard to time, the observation made is in line with the expectation. For all the mentioned 

clusters, the two replicated samples of the same population and generation were closer to each other 

than to the different generations. The last two clusters observed were related to the conventionally 

evolved populations. While the two replicate samples of the 12th generation form one of these two 

clusters, the second cluster includes the 16th, 22nd, and 23rd generations. Contrasting to the organically 

evolved populations of the 22nd and 23rd generations, these two generations could not be clearly 

separated from each other by this cluster analysis (figure 50). The four samples of these two generations 

were highly similar to each other, which was in line with the observations made in the PCA (figure 48). 
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Figure 50: Genetic distance of all tested pool samples. The dendrogram illustrates the relation of test samples to one another. 

The name of the samples is constructed by the generation (F3/12/16/22/23), environment (k – conventional; o – organic), sample 

(1 / 2). Each node is surrounded by three numbers – the grey number specifies the cluster rank; the red indicates the 

approximately unbiased (au) calculated p-value, while the green number indicates the bootstrap probability (bp) value. As 

closer the value is towards 100, as more valid the cluster. On a cut-off level of 15,000, four clusters can be identified: the initial 

F3, as well as the early (F12, F16) and the late (F22, F23) organic populations, and finally, the conventional populations with all 

samples in one cluster. 

The observed donor genome-wide allele frequency (gwAF) of the BC2F3 generation was 10.07%. In the 

conventionally selected populations, the gwAF was continuously reduced to 6.95% in the BC2F23 

generation. In contrast, in the organic system, the donor gwAF was reduced to 8.96% in the 12th 

generation but subsequently increased to 10.57% in the 23rd generation, which was 0.5% greater than 

in the initial BC2F3 generation (figure 51). While for the given population size during the backcrossing, 

the expected donor gwAF in the BC2F3 was 10.5% (Cox, 1984), a minor deviation of 0.43% was 

observed compared to the 3rd generation, 2093 ISR42-8 related gene haplotypes were positively selected 

in the 12th generation of the organic environment (p < 0.01). The average allele frequency of these 

ISR42-8 alleles is 8.67%. In the 16th generation, 3404 genes on an average allele frequency of 13.44% 

were positively selected for the ISR42-8 allele. The value was increased to 5432 genes in the 22nd 

generation with a further increased ISR42-8 related allele frequency of 14.96%. Finally, the 23rd 

generation was characterized by 6,495 genes positively selected on an average ISR42-8 allele frequency 

level of 18.34%. It can be reported that both the average ISR42-8 related allele frequency as well as the 

count of genes were constantly increased over the last generations in the organic system.  

Compared to the organic environment, the conventionally farmed populations show much lower 

numbers of positively selected genes for the ISR42-8 allele. While 1,005 genes on an average ISR42-8 

allele frequency of 21.7% were observed in the 12th generation, the gene count in the 16th generation 
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drops down to 702 genes (average ISR42-8 allele frequency of 24.70%). Contrasting to this, the count 

of genes was increased in the 22nd and 23rd to 2,378 and 2,545 genes, respectively (21.28%, 22,52%). 

Concluding these observations, the count of genes with an increased ISR42-8 allele frequency was twice 

as high in the organic compared to the conventional environment across all tested generations. 

Contrasting to the gene count, the ISR42-8 frequency level of these positively selected genes was higher 

in the conventional system. This might indicate a more distinct selection towards these fewer genes in 

the conventional environment compared to a less distinct and heterogeneous selection in the organic 

system. 

Besides the genes indicating any signs of selection forces, the majority of genes were classified by a 

neutral selection potential. 19,467 genes in the 12th generation were found to be not significantly 

different from the 3rd generation. According to this, the observed ISR42-8 allele frequency of this group 

(9.69% organic, 9.38% conventional) was close to the genome-wide observed ISR42-8 allele frequency 

of the BC2F3. (10.07%). The value of non-selected genes decreases over duration of the experiment and 

generations (BC2F16 – 17,827; BC2F22 – 14,912; BC2F23 – 13,476). For these genes, the ISR42-8 allele 

frequency was almost equal between the environments over all tested generations. 

Figure 51: Genome-wide overview of the allele frequency evolution over the generations as well as the count of positive selected 

wild donor and cultivar alleles. The x-axis shows the generations split by the organic and conventional systems. The y-axis 

presents the gene count (multiplied by 1000) and the allele frequency in %. The blue line highlights the count of genes for 

which no ISR42-8 alleles can be observed in the population. AF is an acronym for allele frequency. ISR42-8 is the wild-type, 

while Golf is the cultivar parent. The green line represents the genome-wide wild donor allele frequency for each generation. 

The yellow line indicates the count of genes for which the wild-type allele frequency has increased in the population, compared 

to the F3. Analogous to this, the red line represents the same information for the cultivar alleles in the population. 

From 34,343 analyzed gene-based haplotypes, 7,115 wild-type specific ones were actively and passively 

positively selected in the BC2F23 generation of the conventional system, where the same holds true for 

15,124 cultivar-derived haplotypes. Three thousand sixty-six wild alleles were not found in the BC2F23 

of the conventional system. Five hundred twenty-four of these were already missing by the 12th 

generation onwards. In the organic system, the count of genes, which increased in wild-type allele 

frequency (wtAF), is 51% higher than in the conventional system, and only 547 of the gene-based 

haplotypes did not show wild-type alleles present in any of the analyzed generations. (Table 14, Figure 

51).  



Observed evolution of populations enforced by farming environment 

89 
 

        Count of Genes 

  Generations conventional env. organic env. 

count of genes variant 

to F3 

Total number of Genes 34343 34343 

F12 22308 20834 

F16 22046 21598 

F22 22940 21839 

F23 22240 22773 

Wild-type allele 

positively selected to 

F3 

F12 9179 9566 

F16 7548 10361 

F22 8115 9658 

F23 7115 10721 

Cultivar allele 

positively selected to 

F3 

F12 13128 11268 

F16 14498 11235 

F22 14824 12180 

F23 15124 12052 

0% wild-type AF 

F12 1857 442 

F16 2105 728 

F22 2318 622 

F23 3066 912 

0% wild-type AF 

All generations from F12-F23 524 127 

All generations from F16-F23 806 188 

All generations from F22-F23 1379 376 

Table 14: Overview of significantly changed genes in their allele frequency compared to the F3 generation (p< 0.001). The 

first column differentiates major blocks; the second column differentiates the generations, and the third column differentiates 

the count of gene data, separated for the conventional and organic environment. Count of genes variant to F3 – all genes that 

show a significant variation (p < 0.001) compared to the initial generation. Wild-type allele positively selected to F3 – the 

fraction of prior identified genes which has a sig. higher wild-type allele frequency compared to the F3. Cultivar allele positively 

selected to F3 – same as above, but for the cultivar allele frequency positively selected. 0% wild-type AF (first block) – the 

count of observed genes with no evidence of wild-type allele frequency. 0% wild-type AF (second block) – the count of genes 

for which wild-type alleles are non-existent in more than one generation; All generations from F12 toF23, including F12, F16, F22, 

F23. 

The genome-wide introgression level of the donor parent ISR42-8 in the population was calculated on 

the gene-based haplotype level, as low coverage sequencing would result in too many false positive hits. 

531 of 34,344 HC genes (1,55%) are observed to have a transgenerational wild-type allele frequency 

below 0.005 and therefore are not expected to be introgressed in the population. Most of these genes are 

located on chromosome 2H and the short arm of chromosome 3H and 4H. This finding indicates an 

almost complete introgression of donor alleles, though it does not say anything about the frequency of 

the introgressed loci. 
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3.5.3 Impact of genetic drift on allele frequency variations 

To ensure that the observed assemblage was not only affected by genetic drift, we simulated the allele 

frequency pattern of a double backcross population after twenty-three generations. The observed pattern 

of allele frequency heterogeneity and evolution significantly differentiates between the simulated and 

the discovered data. 

 

Figure 52: Effect size estimation of genetic drift, compared to the allele frequency evolution in the organic and conventional 

population over all generations. A – the average genome-wide wild-type allele frequency value (y-axis) against the generations 

(x-axis). The conventional, organic, and drift are separated by colors. B – the 95% confidence interval of the gene-based 

haplotypes for conventional and organic populations. Additionally, the confidence interval of the drift is plotted and compared 

against both field experiment-based environments. When compared, the drift as a single factor showed a ten times smaller 

effect on the allele frequency variation compared to the conventional and organic population. The conventional and organic 

lines and areas are the results of the real data, while the drift line is the result of a simulation. 

As illustrated in figures 52 and 53, the random effect of simulated genetic drift resulted in a much less 

pounced and untargeted allele frequency variation over the generations compared to the observed allele 

frequency shifts reported by the measured populations. Both organic and conventional populations 
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showed a much higher range of variation, ranging from 0.0 to 0.3. Based on variance analysis, two 

results were obtained. First, when all 1,000 AF drift simulated iterations were used as a dataset and 

compared to another generation, no variation below p < 0.05 was observed for any generation to another. 

The second result is illustrated in table 14. The same set of allele frequency observations made in the 

BC2F3 was used for the simulation calculation as baseline (as illustrated by the exact same gwAF in table 

14A). The gwAF changed little in the drift simulation in the following generations, contrasting to the 

conventional and organic population gwAF. Almost 30% wild-type gwAF decrease was observed in the 

conventional system in the last generation, while the drift simulation was described by a variation of 

0.5% (F3 to F23). The comparison of the median allele frequency for all genes over the 1,000 iterations 

(drift) to the organic and conventional environment is illustrated in table 14A on the left-hand side. The 

low probability values indicated a severe variation in the allele frequency pattern of the organic and 

conventional populations that exceeded the drift effect by far. The upper and lower end of the confidence 

interval comparison of the drift simulation compared to the organic and conventional environment 

indicates that the increase of the wtAF was overrepresented in the real data. The same holds true for the 

low-end confidence interval but on a less high significant level. Taken together, when the allele 

frequency pattern of the simulation was compared generation-wise to the real allele frequency pattern, 

highly significant variations between these two sources of data were described (table 15). For all 

generations and both environments, a high deviation of simulated and real data was observed. Drift 

might have caused the loss or change of some alleles but cannot explain the majority of the observed 

changes in the allele frequency. 

 

Figure 53: Donor allele frequency evolution for 5,500 simulated genes under the influence of genetic drift. The same data as 

in figure 52 is visualized on a higher resolution on the y-axis. 
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Table 15: Validation of random genetic drift of the observed allele frequencies of 34,237 haplotypes. The average allele 

frequency of 1,000 replicates of drift simulation was tested with a negative binomial linear model against the actually observed 

allele frequencies of genes for each generation. This test was used to check if the simulated and actual data were equal and if 

so, the observations were based on random drift only. Values of < 0.001 are assumed to highlight a distinct variation between 

the simulated and actual allele frequencies, indicating that the genetic drift did not have the power to explain the majority of 

observed allele frequency changes over the generations. A – The p-value reports the difference between the organic and 

conventional against the drift simulated population for each generation separately. The drift allele frequency value of each 

corresponding haplotype is calculated as the median value over the 1,000 iterations. Low p-values indicate high divergence 

between the drift and the real population sample. Next to the p-values, the average genome-wide wild-type allele frequency 

values are reported in percent for organic, conventional, and drift populations. Drift simulation used the BC2F3 gene-

haplotypes allele frequency as starting value. B – The low and upper limits of the drift simulation 95% confidence interval 

compared to the organic and conventional population for each generation. It follows the same logic as stated for A. 

A 
  

AVERAGE GWAF [%] 

 
Organic 

environment 

Conventional 

environment 

organic conventional  simulated drift 

F3 1 1 10.05 10.05 10.05 

F12 9.61E-92 3.13E-34 8.93 8.32 10.05 

F16 3.09E-27 4.62E-71 9.09 7.06 10.05 

F22 0.000114009 2.13E-51 9.43 7.18 10.06 

F23 1.99E-38 1.29E-54 10.53 6.93 10.06 

B Organic environment Conventional environment 

Comparison to Low-end confidence 

interval 

Upper-end confidence 

interval 

Low-end confidence 

interval 

Upper-end confidence 

interval 

F12 3.30E-23 5.48E-207 0.005139584 9.16E-104 

F16 0.068741754 4.47E-121 2.87E-11 1.33E-184 

F22 9.44E-27 1.75E-74 0.045137162 9.50E-173 

F23 5.98E-159 0.307200274 0.007000865 4.75E-178 
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3.5.4 Selection pressure in regard to chromosomal positions 

We observed a genome-wide variation in allele frequency in both farming systems. The first generation 

tested was the 3rd generation. As illustrated in figure 54, most chromosomal regions were defined by a 

slight deviation from the expected allele frequency of 12.5% for infinite population sizes. Chromosomes 

1H, 3H, 4H, and 6H showed a very close link to the 12.5% line. Besides single gene allele frequency 

deviations, the expectation was matched. Contrasting to these findings, the 2H, 5H, and in a smaller 

extend also chromosome 7H showed substantial deviations from the expected value. While the ends of 

the telomeres on chromosome 2H were found to match the expectations in allele frequency, the 

pericentromeric regions were classified by an increased ISR42-8 allele frequency above the expected 

value. Contrasting, the centromere was underrepresented in ISR42-8 allele frequency. In the centromere, 

the allele frequency of ISR42-8 was found to be close to 0%. The chromosome-wide average allele 

frequency of ISR42-8 is 18.4%. Besides the centromere of chromosome 2H, a distinct and unexpected 

reduction in allele frequency was observed on chromosome 5H. Besides the first few million base pairs, 

the fifth chromosome was classified by an underrepresentation of the ISR42-8 allele frequency from 10 

million up to 550 million base position. The average allele frequency in this region was far below 1.55%, 

which presents an eight-fold deviation from the expected value. This observation concludes that more 

than 80% of the fifth chromosome was characterized by a high underrepresentation of ISR42-8 allele 

on this chromosome. The 7th chromosome is also classified by a lower allele frequency than expected. 

Over the entire 7th chromosome, the ISR42-8 allele frequency in the population was 3.8%. Compared, 

the chromosome-wide ISR42-8 allele frequency on the 1st, 3rd, 4th, and 6th chromosomes was 14%, 5.7%, 

10.4%, and 11.7%, respectively. 

 

Figure 54: Genome-wide ISR42-8 allele frequency against the physical position, horizontally stacked by chromosome. The 

dashed line indicates the expected allele frequency of 12.5% for infinitely sized populations in the presented 3rd generation. 
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Compared to the BC2F3, the ISR42-8 allele frequency pattern of the 12th generation had changed 

severely. As illustrated in figure 55 for the conventional population, most regions were characterized by 

a clear negative selection of the wild ISR42-8 alleles. As the initial BC2F3 had evolved for nine 

consecutive generations in either an organic and a conventional system, the 12th generation is the first 

to compare these two farming systems and their impact on the allele frequency patterns.  

 

Figure 55: Genome-wide ISR42-8 allele frequency against the physical position, horizontally stacked by chromosome. The 

observed genome-wide wild-type allele frequency (ISR42-8) of the F12 conventional population is illustrated. The x-axis 

illustrated the physical genome position, while the y-axis presents the allele frequency (0 to 1). The illustration is based on the 

haplotype allele frequency observations. 

The evolution in the conventional system led to the negative selection of ISR42-8 alleles in many regions 

of the genome. While the ISR42-8 allele frequency (IAF) was almost unchanged on chromosome 1H 

(16.24% to 14% in F3), the IAF was reduced by 14% on chromosome 2H (4.1%). Besides one region on 

the telomere on the long arm, the entire chromosome was characterized by a reduction of the allele 

frequency. The rather high IAF in the pericentromeric regions observed in the 3rd generation was reduced 

to nearby 0% in only nine generations. The positively selected region on chromosome 2H reaches its 

peak with an IAF above 40%. A slight variation can be overserved on chromosome 3H. Analogous to 

the second chromosome, most regions are described by a very low IAF, and a region on the telomere of 

the long arm indicated a positive selection of IAF of up to 50%. Compared to these distinct variations 

on micro levels, the chromosome-wide IAF had almost not changed (6.05%). The 4th chromosome 

indicated a reduction of the IAF over the entire chromosome. Excluding the outer ends of the telomeres, 

the entire chromosome showed an IAF close to 0%. The chromosome-wide IAF was reduced to 4.1%. 

Chromosome 5H had changed in the IAF in a remarkable way. In the priory low IAF observed interval 

from 10 million to 550 million base pairs, a block from 370 million to 490 million base pairs had 

increased in IAF from below 3% to above 40%. This was associated with a redouble of IAF to 12.5% 

over the entire chromosome. For chromosome 6H, the chromosome-wide IAF had changed little 
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between the 12th and 3rd generations. Contrasting to this, the changes of IAF in distinct regions were 

significant. On the short arm, a block of 110 million base pairs indicated an IAF positive selection of up 

to 30%. The same pattern could be observed for the distal end of the long arm. For chromosome 7H, a 

chromosome-wide increase of the allele frequency from 3.7 to 6.1% could be reported. Contrasting to 

the other chromosomes, no region was specifically positively selected. In fact, the IAF on the whole 

chromosome was slightly positively selected. 

Little variation between the conventional and organic populations was observed based on the IAF up 

and negative selection pattern in the 12th generation. Based on the observations made in the 12th 

generation, clear variation from the 3rd generation was identified, but the different farming systems did 

not result in a different IAF pattern. 

Figure 56: Genome-wide ISR42-8 allele frequency against the physical position, horizontally stacked by chromosome. The 

observed genome-wide wild-type allele frequency (ISR42-8) of the F12 organic population is illustrated. The x-axis illustrated 

the physical genome position, while the y-axis presents the allele frequency (0 to 1). The illustration is based on the haplotype 

allele frequency observations. 

The conventional 16th generation showed a follow-up of the observed allele frequency changes made in 

the 12th conventional generation. No significant variation in the allele frequency patterns was identified 

(figure 57). Contrasting to the stagnation of allele frequency variation from one tested generation to 

another, the organically farmed populations showed apparent variations between the 12th and 16th 

generations. While the patterns on chromosomes 1H, 2H, and 4H had not changed much, chromosome 

3H was described by an increasing IAF in the pericentromeric regions. The IAF in this region increased 

to a level of 12%, covering more than 150 million base pairs in size. Despite the pericentromeric region, 

distinct IAF increased peaks could be found on the short arm in the pericentromeric regions of 

chromosome 3H. Chromosome 5H had not changed as much as 3H, but the previously positively 

selected IAF block was reduced in its IAF for fractions of this region. This might be an indication that 

unbeneficial alleles linked to one or more beneficial alleles were deselected. Two peaks remain on the 
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same level as before, while the region closer to the centromere was described by a slightly decreased 

IAF. Analogous to chromosome 3H, the centromere of chromosome 6H was positively selected. The 

IAF in this region was a little lower than reported for 3H (8%) but indicating a clear tendency of positive 

selection. In the pericentromeric region on the long arm of chromosome 6H, three further peaks in IAF 

are observed to emerge (Figure 58). 

 

Figure 57: Genome-wide ISR42-8 allele frequency against the physical position, horizontally stacked by chromosome. The 

observed genome-wide wild-type allele frequency (ISR42-8) of the F16 conventional population is illustrated. The x-axis 

illustrated the physical genome position, while the y-axis presents the allele frequency (0 to 1). The illustration is based on the 

haplotype allele frequency observations. 
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Figure 58: Genome-wide ISR42-8 allele frequency against the physical position, horizontally stacked by chromosome. The 

observed genome-wide wild-type allele frequency (ISR42-8) of the F16 organic population is illustrated. The x-axis illustrated 

the physical genome position, while the y-axis presents the allele frequency (0 to 1). The illustration is based on the haplotype 

allele frequency observations. 
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Figure 59: Genome-wide ISR42-8 allele frequency against the physical position, horizontally stacked by chromosome. The 

observed genome-wide wild-type allele frequency (ISR42-8) of the F22 conventional population is illustrated. The x-axis 

illustrated the physical genome position, while the y-axis presents the allele frequency (0 to 1). The illustration is based on the 

haplotype allele frequency observations. 
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Figure 60: Genome-wide ISR42-8 allele frequency against the physical position, horizontally stacked by chromosome. The 

observed genome-wide wild-type allele frequency (ISR42-8) of the F22 organic population is illustrated. The x-axis illustrated 

the physical genome position, while the y-axis presents the allele frequency (0 to 1). The illustration is based on the haplotype 

allele frequency observations. 

Similar to the conventional 16th generation, little variation was observed in the 22nd generation. The most 

relevant variation was found on chromosome 3H, where the IAF of the block on the telomere on the 

long arm was further increased to more than 50%. All other regions remained more or less identical to 

the 12th and 16th generation (Figure 59). Compared to the conventional system, the 22nd generation in 

the organic system changed more clearly compared to the 16th generation. The centromere of 

chromosome 3H increased further in IAF up to 25%, while also the telomeric region on the long arm 

was described by an increase of the IAF above 75%. Furthermore, the IAF on the telomere on 

chromosome 4H was increased to 50% at its maximum. This region was characterized by many small 

peaks, indicating a positive selection of many genes, separated by linkage breaks. The previously 

observed differentiation in the centromere of chromosome 5H was further progressed. In the 22nd 

generation, this region was characterized by at least four clearly distinguishable peaks, separated by 

regions with a distinct negative selection of the IAF. The most remarkable positive selection of IAF can 

be observed on chromosome 6H. More than two-thirds of the chromosome can be found to be increased 

in the IAF. The most relevant variations compared to the 16th generation were observed in the 

pericentromeric region, where the IAF increased to a maximum level of 25%. This was divided into at 

least seven subregions. On chromosome 7H, some regions in the telomeres on both arms were positively 

selected in IAF. Eight regions that exceed an IAF of 25% were reported (Figure 60). 
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Figure 61: Genome-wide ISR42-8 allele frequency against the physical position, horizontally stacked by chromosome. The 

observed genome-wide wild-type allele frequency (ISR42-8) of the F23 conventional population is illustrated. The x-axis 

illustrated the physical genome position, while the y-axis presents the allele frequency (0 to 1). The illustration is based on the 

haplotype allele frequency observations. 
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Figure 62: Genome-wide ISR42-8 allele frequency against the physical position, horizontally stacked by chromosome. The 

observed genome-wide wild-type allele frequency (ISR42-8) of the F23 organic population is illustrated. The x-axis illustrated 

the physical genome position, while the y-axis presents the allele frequency (0 to 1). The illustration is based on the haplotype 

allele frequency observations. 

The pattern of little variation to the previous generation was also observed for the 23rd generation in the 

conventional environment (Figure 61). As a matter of fact, the last two analyzed populations were 

coming from consecutive years. Therefore this observation might be expected. Contrasting to the 

conventional environment, the organic population of the 23rd generation showed deviations from the 

previous year’s generation. The huge centromeric block on chromosome 1H was negatively selected, 

while a region in the telomeric region on the long arm was positively selected in its IAF. The same 

positive selection pattern was reported for the telomere on the short arm of chromosome 2H. All blocks 

indicating a positive selection on chromosome 3H in previous generations were further increased in their 

IAF. The same holds true for the 4th chromosome. On chromosome 5H, the variations in IAF of the 

single regions in the pericentromeric block became more distinct. On top, both telomeres were described 

by an increase of the IAF. An increase of IAF was observed in the centromere and telomere on the long 

arm of chromosome 6H, too. The same holds true for distinct regions on the telomeres of chromosome 

7H (Figure 62). 
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Figure 62-1: Genome-wide wild-type allele frequency on the barley genetic map. The left part of the plot represents the 

conventional system, where each subplot corresponds to one generation. (A) F3; (B) F12; (C) F16; (D) F22; (E) F23. The 

right part illustrates the generations that evolved in the organic system. (F) F3; (G) F12; (H) F16; (I) F22; (J) F23. Both 

samples per generation and environment were merged into one dataset. The wild-type allele frequency of the (y-axis) 

haplotypes is shown on the genetic map (x-axis), where each of seven barley chromosomes is indicated by different colors. (K) 

direct wild-type allele frequency comparison between the F23 organic and conventional population. The allele frequency (x-

axis) is plotted against the genetic position chromosomes-wise (y-axis), the environments are separated by colors. Boxes 

indicate regions with similar positive wilt type allele frequency selection in both systems. 

Comparing the organic and conventional populations directly to each other (Figure 62-1), variations 

between the systems became obvious. As illustrated in figure 62-1, six major regions with similar wtAF 

development over the generations are shown by boxes in subfigure K. Beyond these, the organic 

population showed evidence for a higher and more diverse wtAF in most loci. While the wtAF was low 

in most regions (wtAF < 0.2), almost the whole genome, illustrated on the genetic map, indicated 

increased and heterogeneous wtAF values. Over all generations, a reduction of wild-type alleles in the 

conventional system was reported, while the reduction of the wild alleles was overturned in the organic 

population after the 12th generation onwards.  

It can be concluded that the organic and conventional populations evolved similarly until the 12th 

generation. While the conventional populations showed little variation in the later generations tested, 

compared to this 12th generation, the organic system started to differentiate from the 12th generation. 

The IAF of numerous regions was increased in the following generations in the organic population, 

which resulted in an evident variation between the evolution of the conventional and organic systems. 
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3.5.5 From selection sweeps to candidate genes of agronomic traits 

The identification of changed allele frequency patterns had to be accommodated with biological 

meaning. Numerous QTL studies were screened to identify relevant regions and traits to give meaning 

to the observed allele frequency shifts. The telomere of chromosome 1H had shown high IAF above 

both environments and several generations. In this region, resistance genes against powdery mildew and 

fusarium graminearum were identified (Bedawy et al., 2018; M. Von Korff et al., 2005). The positive 

selection of IAF might be associated with these two loci. While the locus of the powdery mildew 

resistance gene Mla was rather unspecific (0-28cM), the resistance to fusarium was reported to be on 

30cM. For Mla, the genes HORVU1Hr1G001490 and HORVU1Hr1G001500 were identified as 

potential candidates. The first was reported to be functional as a disease resistance protein and is 

characterized by 44 amino acid variants between Golf and ISR42.8. Furthermore, the IAF in both 

farming systems was high, with a value above 60%. The second candidate for the powdery mildew locus 

was a TRICHOME BIREFRINGENCE-LIKE 8 protein, characterized by a single base pair deletion in 

Golf, resulting in 48 variant amino acids. The IAF of this gene was 64% in the conventional and 70% 

in the organic 23rd population. The candidate gene related to the fusarium resistance was 

HORVU1Hr1G009800. Its function is a bifunctional inhibitor/lipid-transfer protein/seed storage 2S 

albumin superfamily protein. The parents vary in the amino acid sequence by 44 AS. Additionally, the 

Golf related allele was described by a six bp deletion. The IAF is 55% in the conventional and 48% in 

the organic environment.  

Another resistance locus against powdery mildew was reported to be on chromosome 2H at position 

715 to 720 million base pairs. The potential candidate gene for this locus is HORVU2Hr1G109840. The 

function of this gene is so far undescribed but characterized by a three-base pair deletion in Golf which 

results in 210 variant amino acids between Golf and ISR42-8. The candidate gene of this locus was 

described by an IAF of 0% in the conventional and 26% in the organic environment (M. Von Korff et 

al., 2005). 

In the region of 100 to 130 cM on the 3rd chromosome, Perovic et al. identified the QTL Ryd2, which is 

associated with a barley yellow dwarf virus resistance(Lüpken et al., 2014). The identified candidate 

gene was HORVU3Hr1G089990. Its function is characterized as a RING/FYVE/PHD zinc finger 

superfamily protein, and Golf was found to have a four base pair insertion, which results in 29 amino 

acid variations. The IAF of this gene was 51% in the conventional and 74% in the organic population in 

the 23rd generation, compared to 24% in the third generation. Another barley yellow dwarf virus 

resistance is reported on chromosome 6H on 50 cM. This Ryd3 locus could be related to 

HORVU6Hr1G024780. The function of this gene is reported as Pathogenesis-related thaumatin 

superfamily protein. The ISR42-8 allele frequency of this gene in the conventional environment was 

25%, while it was 16% in the organic environment. The gene is characterized by a two-base pair 

deletion, resulting in a frame shift and 295 amino acid variation.  

Two relevant leaf rust resistance loci have been described by von Korf – one on chromosome 4H (613-

620 million bp), the other on chromosome 7H (637-655 million bp)(M. Von Korff et al., 2005). The 

most promising candidate gene on the 4H locus is HORVU4Hr1G081400, whose function is related to 

AP2-like ethylene-responsive transcription factor AIL5. The allele frequency of this gene was 1% in the 

conventional system, while 11% in the organic system. The parental alleles varied in a single base pair 

deletion in Golf, which results in 72 variant amino acids and a preliminary stop codon in Golf. The leaf 

rust locus on chromosome 6H was likely to be related to HORVU7Hr1G121290, a flavin-dependent 

monooxygenase one enzyme. The structural variation between the parents was two amino acids. The 

IAF is 6% in the conventional and 53% in the organic environment in the 23rd generation. 
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Twelve relevant QTL loci were identified to be active in drought response (Anonymous, n.d.; Honsdorf 

et al., 2014, 2017; Mohammed & Léon, 2004; Muzammil et al., 2018). P5CS1 on chromosome 1H at 

500 million bp position acts in proline accumulation and can buffer oxidative stress caused by reduced 

water availability(Muzammil et al., 2018). The organic system was characterized by a 3-fold higher IAF 

compared to the conventional system (3.5%). A locus on chromosome 2H at 38-58cM was associated 

with plant growth and growth habit. The candidate gene HORVU2Hr1G017270 is a WUSCHEL related 

homeobox 12 and was described by an 18 bp deletion in the ISR42-8 allele, resulting in 116 variant 

amino acids. The IAF is highly variant – 27% in the organic and 1% in the conventional system. The 

drought-sensitive locus Qtil.S42IL-3H was identified to have an impact on the tiller number and biomass 

production (Honsdorf et al., 2014). The locus of this QTL is on chromosome 3H at 122-154 cM. The 

identification of a single candidate gene was difficult, but two genes showed evidence of being related 

to the functionality reported in the QTL studies. These genes are HORVU3Hr1G096510 and 

HORVU3Hr1G108150, functional as auxin response factor 2 and Cytochrome P450 superfamily 

protein, respectively. They were selected as candidate genes based on allele frequency variations 

between the systems and on structural variations. While the IAF of the auxin response factor 2 was 3% 

in the conventional system, it was 44% in the organic – both regarding the 23rd generation. This protein 

of this gene was variant in six amino acids. The other candidate, the cytochrome protein, was defined 

by a less pronounced variation between the parental alleles. While the 23rd conventional generation is 

observed to have an IAF of 14%, the IAF of the corresponding organic population is 36%. Additionally, 

the protein structure varies by 15 amino acids as a result of a five base pair deletion in the Golf allele of 

this gene. A bit further downstream on the 3rd chromosome, at position 152-167 cM, a QTL locus was 

identified playing a crucial role in yield reduction under drought effects (Hv13GEIII/ Bmac 0357) 

(Mohammed & Léon, 2004). The proclaimed candidate gene for this locus was found to be 

HORVU3Hr1G072920, a Y-family DNA polymerase H. A deletion of 3 base pairs in the ISR42-8 allele 

of the gene resulted in 71 variant amino acids. The observed IAF in the organic is 23%, compared to 

2% in the conventional system. The last observed drought related QTL on chromosome 3H was found 

on position 43-54 cM by Honsdorf et al. (Honsdorf et al., 2017). The QTL Qhei.S42IL-3H was found to 

be active in plant height reduction under drought stress. The position was also reported by Wang, related 

to a dwarfing gene (HvFT2) (Wang et al., 2010b). The region is close to the centromere of chromosome 

3H. Therefore the specified genetic position was associated with a large covered area on the physical 

map. That made the identification of a candidate gene challenging, but the most promising candidate 

gene was HORVU3Hr1G019210. The amino acid structure of this Diacylglycerol kinase was variant 

between the parental alleles, based on a single base pair deletion in the ISR42-8 allele. The observed 

IAF of this gene in the 23rd generation of the organic system was 20%, compared to 2% in the 

conventional system. 

Three QTL related to drought response were found on chromosome 4H. QTL Qhei.S42IL-4H on position 

52-81 cM is associated with plant height(Honsdorf et al., 2014). The candidate gene 

HORVU4Hr1G070940 is a Zinc finger MYM-type protein 1 and was characterized by an IAF of 0% and 

38% in the conventional and organic 23rd generation, respectively. The parental alleles of this gene vary 

by 3 amino acids. At position 111 cM, the QTL Qtil.S42IL-4H was detected, related to adaption in tiller 

number and the integral of plant height (Honsdorf et al., 2017). The most likely candidate gene of this 

region is HORVU4Hr1G086500, a respiratory burst oxidase homologous B. The parental alleles of this 

gene vary by three amino acids. The observed IAF in the conventional and organic 23rd generation is 

3% and 13%, respectively. The last QTL in regard to drought tolerance found on chromosome 4H is 

Ebmac 0701 (Mohammed & Léon, 2004). This locus is associated with relative leaf water content. The 

candidate gene of this region is regarded as interesting as both parents have a deletion in comparison to 

the reference sequence. While the ISR42-8 allele was found to have a five base pair deletion, Golf was 

observed to have a three base pair deletion. This leads to 292 variant amino acids of the Ras-related 
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protein Rab-6A. On the IAF level, the systems are highly different. While the conventional 23rd 

generation is characterized by 5% IAF, the organic has shown to have 23% IAF. Compared to the IAF 

observed in the 3rd generation, the conventional system has not changed. 

One single locus relevant under drought stress was identified on chromosome 5H - Bmag 

0357(Mohammed & Léon, 2004). The locus is regarded to be active in multiple phenotypic traits related 

to leaf per tiller, yield components, and biomass. Two potential candidate genes were observed for this 

locus. The DCD (Development and Cell Death) domain protein HORVU5Hr1G091160 was 

characterized by a two-fold higher IAF in the organic compared to the conventional system (31% to 

15%). The protein code also varies for 638 amino acids, based on a six-base pair deletion in the Golf 

allele. The other candidate gene, HORVU5Hr1G088460, is functional as a Mitochondrial glycoprotein 

family protein. The protein code varies in 194 amino acids, based on a 12 base pair deletion in Golf. The 

IAF pattern of this gene was similar to the previous gene, showing a higher IAF in the organic (36%) 

compared to the conventional system (12%). 

Another drought candidate locus was reported for chromosome 6H – Qagri.S42IL-6H(Honsdorf et al., 

2014). This locus is located in the interval of 49 to 76 cM and has an effect on Biomass, Growth Plant, 

Height, Shoot Area, and water use efficiency. Two candidate genes with a comparable IAF pattern were 

selected for this region, based on the fact that the IAF was 12 times higher in the organic compared to 

the conventional system (24%, 2 & 3%). The first of both, HORVU6Hr1G046850, a Photosystem II D2 

protein, was found to have a single base pair deletion in the ISR42-8 allele and a two-base pair deletion 

in the Golf allele, resulting in 13 variant amino acids in the protein code. The second candidate is a 

Peroxidase superfamily protein (HORVU6Hr1G076260), typified by a single base pair deletion in the 

Golf allele, which results in 53 variant amino acids. 

On chromosome 7H, a candidate locus in regard to plant height effect of drought stress was observed. 

The position of this locus is reported to be between 90 and 127 cM. The large locus of this QTL 

Qhei.S42IL-7H resulted in the identification of two candidate genes (Honsdorf et al., 2017). The F-box 

protein (HORVU7Hr1G113340) was observed to have an IAF of 56% in the organic and 12% in the 

conventional 23rd generation. The parental alleles varied based on six amino acid variations. The second 

candidate gene of this region is HORVU7Hr1G097510, an ENTH/ANTH/VHS superfamily protein. The 

IAF of this gene is 4% in the conventional and 26% in the organic system. The parental alleles were 

found to differ for 23 amino acids, based on a three-base pair deletion in the Golf allele. 

 

Nutrient uptake or allocation-related genes were rarely described by association studies; therefore, the 

reference gene database was used additionally(Anonymous, n.d.). Nitrate transporter or reduction 

elements were identified on chromosomes 5H and 6H. The NRT3.1 gene was described to have a vital 

role in nitrate transportation and is located on position 647 million base pairs on chromosome 5H. The 

IAF of the 3rd generation was 12.8%. Compared to this generation, the IAF in the 23rd generation 

changed in both organic and conventional systems. The IAF increased to 18.3% in the organic 23 rd 

generation, while it reduced to 7.8%in the conventional system. For the NRT2.6 nitrate transporter, a 

reduction of the IAF in the conventional system could be reported, as well. The 3rd generation was 

characterized by an IAF of 10.2%, while the conventional was observed to have an IAF of 1.1%. 

Contrasting, the organic system was typified by an IAF of 11.1%. A nitrate reductase is also located on 

the 6th chromosome at position 538 million base pairs. The IAF for this gene was positively selected in 

both environments to 22.1% and 27.7% in the conventional and organic systems, respectively (3rd 

generation IAF 14.9%). Another group of nutrient-related genes that shows relevant variations was 

observed for potassium. One gene on chromosome 2H and two genes on chromosome 3H were 
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identified. The potassium transporter on chromosome 2H was characterized by a negative selection of 

the ISR42-8 allele down to 1.1%, compared to a start value of 17.7% in the 3rd generation. Contrasting 

to this, the IAF in the 23rd generation of the organic system almost did not change (16.7%). The two 

potassium transporter genes on chromosome 3H are located at 655 and 667 million base pairs positions. 

These had the same selection pattern in common, starting with an IAF of around 4% in the 3rd generation 

and being positively selected in the organic system to 9.9 and 7.9%. Compared to the organic system, 

the conventional system was described by a negative selection down to ~ 2%.  

Finally, two copper transporter genes were identified by a relevant change of the allele frequency over 

the generations. While the copper transporter on the short arm of chromosome 4H was observed to have 

an IAF of 7.6%, the IAF was increased in both environments. The conventional population was 

characterized by a 2-fold increase, while the organic population increased by 4-fold. The copper 

transporter on the short arm of chromosome 6H had a different pattern. While minor changes were 

observed in the organic system, the conventional population was described by a decrease of the allele 

frequency to 1% (3rd generation 9%).  

Two other genes were also related to nutrients – a secondary metabolism-related ortholog from rice and 

a transporter-related gene on chromosome 6H(Takahashi et al., 2012). The transporter-related gene on 

chromosome 6H was observed to have an IAF increase of 2-fold in the organic population, while the 

conventional population remains unchanged. The rice ortholog from chromosome 2H had the opposite 

pattern. Despite the 2-fold increase in the conventional population, the organic system remained 

unchanged.  

 

18 QTLs of relevance in this population were identified by dissecting known root-related QTL loci (Naz 

et al., 2014; Oyiga et al., 2020; Reinert et al., 2016). Most of these traits were related to tiller number, 

root length, dry weight, volume, root to shoot ratio or shoot dry weight. Ten QTLs have been identified 

with ISR42-8 used as an introgression line. Two of these genes were identified on chromosome 1H. The 

first gene is located at 15-28cM, related to root dry weight. For this large locus, four potential candidate 

genes were selected. All of these had a positive selection of the IAF in both systems compared to the 

3rd generation in common. Furthermore, all these genes were described by deletions in the Golf allele 

of the respective gene. Gene HORVU1Hr1G005230 is an undescribed protein with nine bp deletions in 

the Golf allele. The IAF is increased by two-fold in both farming systems compared to the 3rd generation. 

The next candidate gene on this locus is HORVU1Hr1G009430, a Single-stranded nucleic acid-binding 

protein R3H. A single base pair deletion in Golf might have caused the IAF change from 24% in the 3rd 

generation to 60% and 70% in the organic and conventional 23rd generation, respectively. The Plant 

Tudor-like RNA-binding protein gene HORVU1Hr1G008510 was described by 18 base pair deletions 

in the Golf allele, resulting in a preliminary stop codon in this allele. The allele frequency changed from 

17% in the 3rd generation to 45% and 64% in the organic and conventional systems, respectively. The 

last candidate found in this QTL locus is the Potassium transporter family protein-coding gene 

HORVU1Hr1G009100. A three-base pair deletion in Golf leads to 84 variant amino acids between the 

two parental alleles. The allele frequency increased from 11% in the 3rd generation to 52% and 62% in 

the organic and conventional environment, respectively. The next QTL found on chromosome 1H, 

QRL.S42IL.1H.b, located in the interval of 128-132 cM, is related to the root length. The potential 

candidate gene was HORVU1Hr1G094070, a Cytoplasmic membrane protein. Two base pair deletions 

in Golf resulted in 187 amino acid variations between the parental alleles. While the IAF of the 

conventional 23rd generation was reduced to 2%, the IAF is increased to 19% in the organic system.  
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One QTL for the root volume was identified on the 2nd chromosome. The locus QRV.S42IL.2H was 

placed in the region of 118 to 121 cM. The potential candidate gene is HORVU2Hr1G111680, an 

Ethylene-responsive transcription factor 10. Four base pair deletions in the ISR42-8 allele resulted in 

eleven amino acid variations. The observed IAF decreased from 14% in the 3rd generation to 1% in the 

conventional system while increasing to 23% in the organic system.  

A QTL in regard to root dry weight was identified on the 3H chromosome at position 38-40 cM. The 

candidate gene of this locus, HORVU3Hr1G015840, is a Serine/threonine-protein kinase and was 

described by an IAF positive selection of 50% in the organic system, while the conventional system was 

described by a 66% reduction. The parental alleles of this gene differ by 309 amino acids, caused by a 

five base pair deletion in the ISR42-8 allele. Two overlapping loci for root length (QRL.S42IL.4H.a) 

and root dry weight (Qrdw.S42IL.4H) were identified for chromosome 4H at position 1-15 cM. The 

candidate gene HORVU4Hr1G001420 is described as a GDSL esterase/lipase. A 21 base pair deletion 

in the ISR42-8 allele result in 365 variant amino acids between the parental alleles. The IAF was 

positively selected in both systems, with a more pronounced positive selection observed in the organic 

system (15% conventional, 19% organic). Two loci were observed on chromosome 5H, on position 52-

58 cM (QRL.S42IL.5H.a, root length ), and on position 122-138 cM (Qgh.S42IL.5H, Growth Habit & 

Root dry weight & Root length & Root Volume & Tiller number). While the identification of a candidate 

gene failed for QRL.S42IL.5H.a, a Pentatricopeptide repeat-containing protein 

(HORVU5Hr1G095110) was identified for Qgh.S42IL.5H. While the IAF in the conventional system 

was decreased to 6%, the IAF was increased to 28% in the organic population (21% in the 3rd 

generation). Finally, two QTL were identified on chromosome 7H. QTL locus Qrdw.S42IL.7H.a at 

position 12-30 cM is related to root dry weight and root volume. Three candidate genes were identified 

for this locus. All of these have a positive selection in the organic population in common. The first 

candidate is the Disease resistance protein RPM1 (HORVU7Hr1G013300), varying between the 

parental alleles in 14 amino acids. The IAF was observed to be 1% in the 3rd generation, increased to 

5% in the conventional and 47% in the organic system. The second candidate is HORVU7Hr1G022980, 

an exocyst subunit exo70 family protein G1. A single base pair deletion in the Golf allele resulted in 18 

variant amino acids. The IAF is 1% in the conventional, but 25% in the organic system. The last 

candidate gene of this locus was the auxin response factor 16 (HORVU7Hr1G022980). The parental 

alleles were variant by 57 amino acids, caused by three-base pair deletions. The organic IAF was 19%, 

while 1% in the conventional system. The other candidate locus on 7H, Qrdw.S42IL.7H.b, is located in 

the interval of 76-78 cM and associated with the root dry weight. Two candidate genes for this locus 

were found. The first, a Leucine-rich receptor-like protein kinase family protein 

(HORVU7Hr1G085790), was characterized by three variant amino acids. The starting IAF was 3%, 

increased to 12% and 28% in the conventional and organic systems of the 23rd generation, respectively. 

The second candidate is the ABC transporter G family member 42 gene HORVU7Hr1G088600. The 

parental alleles vary by 1302 amino acids, based on a three-base pair deletion in the Golf allele. While 

the IAF remains unchanged in the conventional system, it increased by 4.5-fold in the organic system. 

 

Six QTLs relevant in regard to yield components were observed to have variations in the allele 

frequency. The first QTL was identified on chromosome 1H, the Thresh-1 locus for grain threshability 

(Schmalenbach et al., 2011). It is located in the interval of 28 to 37 cM. Two candidate genes for this 

locus were identified. The first, the WUSCHEL related homeobox 1 gene HORVU1Hr1G010580, was 

observed to have a significant deletion in the ISR42-8 allele, indicating that this allele was non-

functional. Although this allele did not seem to be functional, an increase of the IAF was observed in 

both environments by a 2 to 3.5-fold change. The second candidate gene, HORVU1Hr1G008360, is a 

laccase 7. The variation between the alleles was six amino acids. The IAF was high in the 3rd generation 
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(49%) and increased to 59% in the conventional while being reduced in the organic system (39%). The 

second and third loci are related to the two brittleness genes Brt1 and Brt2 (Komatsuda et al., 2004). 

Both are closely located near the 48 million base pair position on chromosome 3H. Two candidate genes 

were identified for these two loci. For Brt1, the gene HORVU3Hr1G018300, a Leucine-rich repeat 

receptor-like protein kinase family protein, is characterized by 316 variant amino acids caused by a 

single base pair deletion in the Golf allele. The IAF of this gene is down to 0% in both systems. The 

candidate gene for Brt2 is HORVU3Hr1G016990, a cellulose synthase like G3, which was characterized 

by a 24 base pair deletion in Golf, resulted in 366 variant amino acids. The IAF for this gene was 1% in 

both environments. On chromosome 5H, the loci QGL5H/QGW5H were identified in the 

pericentromeric region (393-501 million base pairs) (Watt et al., 2019). This QTL locus is related to 

grain length and width. This large region was hard to reduce to a single candidate. Besides the gene 

related to the phenotype of increased grain length and width, multiple other candidate genes can be 

identified as relevant in this particular region. Four genes have been associated with this group. The first 

is HORVU5Hr1G061160, a heat shock protein 21. It was described by a six-base pair deletion in the 

ISR42-8 allele. The IAF of this gene is 0% in the 3rd generation, while increased to 45% and 54% in the 

conventional and organic 23rd generation, respectively. The second candidate gene is 

HORVU5Hr1G057100, a BnaC03g66760D protein. The parental alleles vary by a single base pair 

deletion in the Golf allele, resulting in 14 variant amino acids. The IAF pattern was identical to the prior 

gene. The third candidate gene is a Protein kinase superfamily protein (HORVU5Hr1G061760), defined 

by ten variant amino acids. The IAF in the 3rd generation is 0%, but increased up to 44% and 40% in the 

conventional and organic system, respectively, towards the 23rd generation. Finally, the Cytoplasmic 

tRNA 2-thiolation protein 1 (HORVU5Hr1G061960) was observed to have an IAF of 1% in the 3rd 

generation and 39% and 42% in the conventional and organic system. The gene varies between the 

parental alleles in 20 amino acids. The last reported QTL in regard to yield components was observed 

on chromosome 7H at position 134 cM(Liller et al., 2017). This QTL was observed to be relevant in the 

awn length. In both organic and conventional system, a low IAF throughout all generations was observed 

(IAF < 0.03). The corresponding candidate gene is a zinc finger protein 3 gene (HORVU7Hr1G118490). 

Contrasting to the low and similar IAF for the QTL region, the IAF for this gene was highly variant 

between the organic and conventional population. The IAF was observed to be 1% in the conventional 

and 54% in the organic 23rd generation. The candidate gene was observed to be variant in four amino 

acids. 

Thirty-two QTLs were associated as relevant due to IAF changes of the generations or variations 

between the farming systems for yield physiological traits. The QTLs were found in 17 different 

association or QTL mapping studies. These QTLs are related to phenotypic traits like the count of tillers, 

plant height, flowering time, vernalization, or dormancy. The loci are spread all over the genome, 

detecting at least one locus per chromosome. On chromosome 1H, loci associated with tiller number, 

plant height, and leaf production were identified. The tiller-related QTL Qtil.1H candidate gene 

HORVU1Hr1G091460 is a sugar transporter 9. Ten variant amino acids can be observed for the parental 

alleles(Reinert et al., 2016). While the IAF of the conventional system was reduced by 50%, the IAF in 

the organic system was increased by 80% compared to the 3rd generation. The HvCMF10 locus, 

associated with plant height, might be related to HORVU1Hr1G053610. Its function was undescribed 

so far, but the protein sequence varies by 109 amino acids, caused by a single base pair deletion in the 

Golf allele. While the IAF was positively selected to 25% in the conventional system, it was negatively 

selected to 9% in the organic system. The HvGA20Ox3/Qgh.S42IL.1H locus is described to be related 

to Tillering + LAI/Gibbereline Oxidase(Marzec & Alqudah, 2018). The candidate gene 

HORVU3Hr1G089980 is a gibberellin 20 oxidase 2 with a two amino acid variation between the 

parental alleles. The IAF was positively selected in both systems by 4 to 6-fold. The PpdH1 locus on 

chromosome 2H at 20cM is a pseudo-response regulator 7 gene (HORVU2Hr1G013400). The gene 
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varied in 60 amino acids, based on a nine base pairs deletion in the Golf allele. The ISR42-8 allele is 

negatively selected to 0% in both systems. On chromosome 3H, three loci were found close to each 

other, all in the region of 100 to 110 cM. HvHeading-3H-HA locus was found to be associated with the 

candidate gene HORVU3Hr1G089250, an Ethylene insensitive 3 family protein. The protein was variant 

by 119 amino acids, based on a three-base pair deletion in the ISR42-8 allele. The IAF was not changed 

in the conventional but reduced by 3-fold in the organic system. The HvGA20Ox3/Qgh.S42IL.1H locus 

found in this region might be related to the candidate gene HORVU3Hr1G089980, a gibberellin 20 

oxidase 2. This locus, related to tillering, showed substantial IAF variation between the generations. The 

conventional and the organic system were positively selected by 4 to 6-fold change compared to the 3rd 

generation. For the sdw1/denso locus, two candidate genes were found(X. Xu et al., 2018). While the 

gibberellin 20-oxidase 3 gene HORVU3Hr1G090980 indicated a homologous IAF increase in both 

systems to 45%, the second candidate is a Bidirectional sugar transporter N3 with an increase of the 

IAF to 60% in both systems, compared to 3% in the 3rd generation. As the Oxidase only varies by two 

amino acids, but the sugar transporter is characterized by a single base pair deletion in the Golf allele, 

the real cause of the IAF is questionable. Chromosome 3H is the most relevant chromosome in terms of 

yield physiological traits, as 13 QTLs were identified on this chromosome. Besides the region around 

100 cM, another hot spot of these QTLs was identified in the region of 40 to 60 cM. Four dwarfing or 

plant height loci were reported in this region. A candidate gene related to the QTL locus HvHXK9 was 

reported as an undescribed protein(Alqudah et al., 2016). This gene (HORVU3Hr1G065350) was 

described by an IAF of 0% in both systems and a 15 base pair deletion in the Golf allele. Because of the 

size of this block and its strong linkage, the identification of further candidate genes was biased.  

On chromosome 4H, three QTLs were identified. HvPRR59 is a dormancy locus at position 54 

cM(Alqudah et al., 2016). The IAF of the candidate gene HORVU4Hr1G027970, a SelT/selW/selH 

selenoprotein domain-containing protein is negatively selected to 0% in both environments. The gene 

allele of both parents differs by a six base pairs deletion in the Golf allele. The second candidate gene 

of this locus is an Ethylene-overproduction protein 1, also characterized by a negative selection in both 

systems and major structural variations in the protein sequence. Another important dormancy locus was 

reported for chromosome 5H. The locus SD1 is located at 489 million base pairs and interestingly 

directly neighboring the grain length locus QGL5H/QGW5H. No coding DNA alignment is available for 

the candidate gene HORVU5Hr1G062990, coding for an alanine aminotransferase 2(Sato et al., 2016). 

For all generations of both environments, starting from the 3rd to the 23rd, the IAF was 0% or close to 

0%. The last candidate locus of this region is HvD4 on 60 cM position (Alqudah et al., 2016). This locus 

is related to reduced plant height. The candidate gene of this locus is HORVU4Hr1G067270, a NAC 

domain protein. The protein sequence is variant by two amino acid changes between the two parents. A 

decrease of the IAF for the conventional system can be reported (15 IAF), while the organic system has 

shown a positive selection of this gene (28%). On chromosome 5H at position 43 to 50 cM, a QTL 

region related to the plant stature is reported. The candidate gene for the HvBC12/GGD1 locus could be 

HORVU5Hr1G048180, a 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein. 

The ISR42-8 allele was classified by 13 base pair deletions, and the IAF was increased from 0% in the 

3rd generation to 36% and 41% in the 23rd generation of the conventional and organic system, 

respectively. 

Three dwarfing genes were identified on the 7H chromosome (Alqudah et al., 2016; Itoh et al., 2004). 

The candidate locus D35, associated with a dwarfing phenotype, was reported on position 76-79 cM. 

The candidate gene of this locus, a ribosomal protein-like gene (HORVU7Hr1G088120), was observed 

to have a six base pairs deletion in the ISR42-8 allele. Furthermore, the IAF pattern varies between the 

systems. While the IAF is positively selected from 3% in the 3rd generation to 20 % in the organic 

population, the increase in the conventional system was more marginal, up to 7%.  
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To abstract the information collected for all these QTL loci and candidate genes, the QTL loci were 

clustered in six groups – biotic resistance, including all resistance loci against fungal attacks; drought 

tolerance – any observed phenotypic reaction of genotypes when they were grown under reduced water 

availability conditions; nutrients – all genes or loci reported to be functional regarding nutrient uptake 

or transportation; root – all loci which have been found to be related to root length, volume, root to shoot 

ratio or comparable root related traits; yield components – all yield defining phenotypic characteristics 

like grain size or threshability; and finally yield physiology – all traits related to forming yield including 

plant height, flowering time. The results of this clustering were grouped for generations and 

environments. This gives a timeline where developmental steps or the evolution of the ISR42-8 related 

allele frequency can be visualized in a meaningful way. 

 

Figure 63: The wild donor allele frequencies in the QTL regions, clustered in six groups and plotted for each generation and 

environment. The y-axis illustrates the wild-type allele frequency in %, while the generations are plotted on the x-axis. The 

environments are separated by shape (organic, square; conventional, star). The QTLs were identified for various traits (e.g., 

root length and fusarium resistance). The QTLs were clustered into six groups: biotic stress (resistance genes), drought 

tolerance (reaction to drought), nutrients (QTLs or genes identified and related to the transport or uptake of nutrients), yield 

physiology (e.g., plant height and heading dates), root morphological traits (e.g., root length) and yield components (e.g., 

kernel size). Many of the analyzed studies used ISR42-8 as donor parent to create introgression lines. QTL clusters were 

compared generation-wise between the environments by a Mann-Whitney-U test to identify significant variations in the wtAF 

patterns. 

As illustrated in figure 63, the ISR42-8 allele frequency in the populations changed in different manners, 

depending on the trait class and environment. While the average IAF in the 3rd generation for the 

observed biotic resistance genes was found to be 9.6%, the IAF increased in both organically and 

conventionally farmed systems comparably to a level of 20 - 23%. The average IAF of the organic 

groups was a bit higher, but the variance of both groups overlapped, indicating no statistical variation 

between the organic and conventional population for all generations by the 12th and following. This 
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observation could indicate that the resistance alleles were selected fast in both environments and 

remained on a plateau after this. As these are not down or positively selected anymore in the later 

generations, one could suspect that the resistance against the fungi was still unbroken, but the 

physiological costs of this resistance might be high, and therefore, a further positive selection is 

prohibited by the reduced fitness of genotypes with a functional resistance allele in years without high 

disease pressure. A variant pattern between the environments was observed for the drought tolerance-

related QTL loci. While the IAF was 11% in the 3rd generation, it decreased to 5% in the conventional 

and 6.7% in the organic 12th generation. In the successive generations, the IAF decreased further in the 

conventional system to 3.5% in the 23rd generation. Contrasting to this development, the IAF increased 

in the 16th, 22nd, and 23rd generation to levels to reach 9.9% in the last generation tested. A similar pattern 

was observed for the nutrients. The average IAF of the QTL loci related to nutrients is 11.5%. In the 

12th generation, little variation from this value was observed, resulting in 10.6% and 11.6% IAF in the 

conventional and organic environments, respectively. The variation between the generation became 

more distinct in the 16th generation (8.7 to 12.2%), reaching the highest level of variation in the 23rd 

generation (9.5, 15.7%). Generally, a slow but constant increase in the IAF of the nutrient-related genes 

was observed in the organic population. The root-related QTLs were found to have an IAF of 8.2% in 

the 3rd generation. The IAF was increased to 9.3% and 11.7% in the 12th generation in the conventional 

and organic systems, respectively. With every subsequent generation, the IAF of the root-related QTLs 

is further increased in the organic population. In the 23rd generation, the IAF can be observed at 16.5%. 

Contrasting to this evolution, the IAF remained on the same level overall generations in the conventional 

environment. The IAF evolution pattern of the yield components was similar to the one observed for the 

biotic resistance. The IAF in the 3rd generation is 5.3%. In all following generations, the IAF ranges 

between 15% and 19%. For the 12th and 16th generations, no significant variation was observed between 

the organic and conventional systems. In the 22nd and 23rd generations, the two systems became more 

distinct. While the IAF in the organic system was slightly reduced to 15.2%, the conventional system 

was defined by a stable IAF of 19%. The last of the six groups was related to yield physiology. Compared 

to the IAF of the 3rd generation, both systems showed and positive selection. While the IAF in the 3rd 

generation was 7%, the IAF in the 12th generation was 10.6% and 11.6% for the conventional and 

organic systems, respectively. Even though both systems were close together in this generation, the 

variation between them became more and more distinct with each subsequent generation. In the 23rd 

generation, the IAF for the organic system was 4.5% higher compared to the conventional system 

(15.6%). Concluding this, apparent variations and similarities were identified between the two farming 

approaches in terms of agronomically relevant traits. 

For most of the reported QTLs, single candidate genes could be identified. Details on the candidate QTL 

loci can be found in table 16. The corresponding candidate genes were presented in table 17. 

Table 16 (following pages): The allele frequency of the 3rd and 23rd generation for selected QTL regions identified by meta-

analysis. QTL studies related to fungal resistance genes (Bedawy et al., 2018; Dragan et al., 2013; Lüpken et al., 2014; M. Von 
Korff et al., 2005), grain yield (Komatsuda et al., 2004; Liller et al., 2017; Schmalenbach et al., 2011; Watt et al., 2019), 

nutrient uptake and translocation (Anonymous, n.d.; Takahashi et al., 2012), upper body yield physiology, such as flowering, 

dormancy or dwarfing genes (Afsharyan et al., 2020; Alqudah et al., 2016; Anonymous, n.d.; Guan et al., 2012; Itoh et al., 

2004; Marzec & Alqudah, 2018; Mulki et al., 2018; Sato et al., 2016; Wang et al., 2010c; Y. Xu et al., 2017; Yan et al., 2004), 
associated root traits (Naz et al., 2014; Oyiga et al., 2020; Reinert et al., 2016) and drought resistance (Anonymous, n.d.; 

Honsdorf et al., 2014; Mohammed & Léon, 2004; Muzammil et al., 2018) were identified and classified by color. Besides the 

QTL name, the position, map source, category, reference publication of the QTL, actual trait, and crossing background are 

reported. This information is linked to the wild-type allele frequency of the F3 and the F23 generations of both the organic and 
conventional systems for the region of the QTL. In general, a specified QTL region was regarded as relevant and listed in the 

table if a significant variation of the generations or environments was observed in the pooled sample data.  
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Gene/QTL  Position Map 

Source 
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F3 

Qpm.S42-1H.a 1H 0-28cM/1-

120mio bp 

98 SSR 

Markers 

Resistance Von Korf 

2005 

Powerdy Mildew/Mla Scarlett x ISR 42-8 0.256 0.214 0.148 

Qtil.1H 1H 118-127 cM 9KiSelect Yield 

physiology 

Reinert 2016 Tiller number Assosiation Panel 0.038 0.070 0.130 

QRL.S42IL.1H.b  1H 128-132 cM 

(199-205 cM 

BOPA1) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Root length Scarlett x ISR 42-8 0.038 0.127 0.087 

Qrdw.S42IL.1H 1H 15-28 cM 

(24-40 cM 

BOPA1) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Root dry weight Scarlett x ISR 42-8 0.458 0.351 0.172 

SCRI-RS239784 1H 30 cM 9KiSelect Resistance Bedawy 2018 Fusarium graminearum 

resistance 

Assosiation Panel 0.633 0.480 0.217 

Thresh-1 1H 28 - 37 cM 

(54 cM 

BOPA1) 

ref 

Genome 

Yield 

component

s 

Schmalenbac

h 2011 

Thresability Scarlett x ISR 42-8 0.581 0.437 0.172 

HvCMF10 1H 47.5-48 cM 9KiSelect Yield 

physiology 

Alqudah 2016 Plant Height Assosiation Panel 0.164 0.070 0.122 

P5CS1 1H 500mio bp ref 

Genome 

drought 

tolerance 

Muzammil 

2018 

Proline accumulation Scarlett x ISR 42-8 0.035 0.090 0.141 

Qgh.S42IL.1H 1H 86-101 cM 

(134-162 cM 

BOPA1) 

BOPA1 Yield 

physiology 

Naz 2014 Growth Habit & Tiller number Scarlett x ISR 42-8 0.016 0.140 0.1351

3 

HvGA20Ox4 1H 94 cM 9KiSelect Yield 

physiology 

Marzrc 2018 Tillering + LAI/Gibbereline 

Oxidase  

Assosiation Panel 0.007 0.170 0.156 

- 1H 95.9-97.9 

cM 

9KiSelect Yield 

physiology 

Alqudah 2018 LAI at pre anthesis stage Assosiation Panel 0.002 0.085 0.120 

Qsdw.2H.b 2H 104-111 cM 9KiSelect Root 

System 

Reinert 2016 Shoot dry weight Assosiation Panel 0.010 0.153 0.131 

QRS.2H 2H 105-108 cM 9KiSelect Root 

System 

Reinert 2016 Root-Shoot Ratio & Root dry 

weight 

Assosiation Panel 0.010 0.136 0.126 
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QRV.S42IL.2H 2H 118-121 cM 

(197-206 cM 

BOPA1) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Root Volume Scarlett x ISR 42-8 0.013 0.193 0.063 

Qpm.S42-2H.c 2H 139-146 

cM/715-

720mio bp 

98 SSR 

Markers 

Resistance Von Korf 

2005 

Powerdy Mildew & 

CHS/M1La 

Scarlett x ISR 42-8 0.006 0.126 0.086 

PpdH1 2H 20 cM/29 

mio bp 

ref 

Genome 

Yield 

physiology 

Deng 2007 Photoperiod sensitivity – both 

parents sensitive type 

- 0.002 0.039 0.049 

Qhei.S42IL-2H 2H 38-58 cM 

(63-110 cM 

BOPA1) 

BOPA1 drought 

tolerance 

Honsdorf 

2014/Naz 

2014 

Plant Height/Growth Habit Scarlett x ISR 42-8 0.007 0.047 0.243 

  2H 55mio bp ref 

Genome 

Nutrient 

uptake 

IPK database Potassium transporter - 0.011 0.167 0.177 

- 2H 6.5 -9 cM 9KiSelect Yield 

physiology 

Alqudah 2016 productive Tiller number Assosiation Panel 0.082 0.141 0.036 

- 2H 677mio bp 

(675-680) 

ref 

Genome 

Nutrient 

uptake 

Takahashi 

2012 

secondary metabolism Rice 0.351 0.199 0.171 

- 2H 73.7-83.8 

cM 

9KiSelect Yield 

physiology 

Alqudah 2016 productive Tiller number/Vrs 1 Assosiation Panel 0.358 0.220 0.222 

Ryd2 3H 100-130 cM 9KiSelect Resistance Petcovic 2013 Barley Yellow Dwarf Virus 

Resistance 

MBR1012 x Scarlett 0.238 0.280 0.064 

HvHeading-3H-

HA 

3H 100.71-

109.84 cM 

9KiSelect Yield 

physiology 

Afsharyan 

2020 

Flowering MAGIC Population 0.325 0.332 0.081 

HvGA20Ox3 3H 106 cM 9KiSelect Yield 

physiology 

Marzrc 2018 Tillering/Gibbereline Oxidase 

20 

Assosiation Panel 0.258 0.221 0.089 

sdw1 3H 108-110 9KiSelect Yield 

physiology 

Kuczyńska 

2012 

Semi dwarf 1/denso - 0.506 0.534 0.076 

Flow Loc T3 3H 119mio bp ref 

Genome 

Yield 

physiology 

Mulki 2018 Flowering Ubi::HvFT3(Golde

n Promix) x Igri 

0.001 0.004 0.052 

Qrdw.3H 3H 120-124 cM 9KiSelect Root 

System 

Reinert 2016 Root dry weight Assosiation Panel 0.026 0.188 0.053 
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Qtil.S42IL-3H 3H 122-154 cM 

(204-255 cM 

BOPA1) 

BOPA1 drought 

tolerance 

Honsdorf 

2014 

Tiller number & Tiller & 

Biomass 

Scarlett x ISR 42-8 0.040 0.119 0.041 

- 3H 137-139 cM 9KiSelect Yield 

physiology 

IPK database Dwarf 5   0.032 0.105 0.044 

QTL3H_4 3H 138-148 cM 9KiSelect Root & 

Shoot 

System 

Oyiga 2019 main shoot axis nodal root 

cortical area 

Assosiation Panel 0.061 0.157 0.038 

Hv13GEIII/ 

Bmac 0357 

3H 152-

167cM/550-

601mio bp 

97 SSR 

Markers 

drought 

tolerance 

Hamam 2004 Yield components Scarlett x ISR 42-8 0.102 0.165 0.073 

QTL3H_1 3H 35-38 cM 9KiSelect Yield 

physiology 

Oyiga 2019 Nodal root system size & plant 

height & harvest index & grain 

Yield components 

Assosiation Panel 0.017 0.160 0.082 

Qrdw.S42IL.3H 3H 38-40 cM 

(64-66 cM 

BOPA1) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Root dry weight Scarlett x ISR 42-8 0.014 0.083 0.060 

HvFT2 3H 43-47 cM 9KiSelect Yield 

physiology 

Wang 2010 Dwarf 2   0.006 0.057 0.062 

Qhei.S42IL-3H 3H 43-54 cM 

(63-98 cM 

BOPA1) 

BOPA1 drought 

tolerance 

Honsdorf 

2014 

Plant Height Scarlett x ISR 42-8 0.012 0.115 0.057 

-  3H 44.3-46.2 

cM 

9KiSelect Yield 

physiology 

Alqudah 2016 Plant Stature Assosiation Panel 0.008 0.057 0.058 

Brt2 3H 40-50 mio 

bp  

ref 

Genome/9

9 RILs 

Yield 

component

s 

Komatsuda 

2004 

Ear brittleness Assosiation Panel 0.003 0.021 0.052 

Brt1 3H 40-50 mio 

bp/48mio bp 

ref 

Genome/9

9 RILs 

Yield 

component

s 

Komatsuda 

2004 

Ear brittleness Assosiation Panel 0.003 0.021 0.052 

Dwarf61 3H 50-53 cM 9KiSelect Root & 

Shoot 

System 

Oyiga 2019 Plant height & semi-dwarf 

single recessive gene uzu gene 

Assosiation Panel 0.01391706

8 

0.1414

3 

0.0564

3 
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QRS.3H 3H 51-53 cM 9KiSelect Root 

System 

Reinert 2016 Root-Shoot Ratio Assosiation Panel 0.014 0.147 0.057 

HvHXK9 3H 54-59 cM 9KiSelect Yield 

physiology 

Alqudah 2016 Plant Height Assosiation Panel 0.011 0.100 0.040 

QTL3H_3 3H 56-61 cM 9KiSelect Yield 

physiology 

Oyiga 2019 Flowering/Dwarf 61 Assosiation Panel 0.015 0.120 0.029 

- 3H 62-64 cM 9KiSelect Yield 

physiology 

Guan 2012 Dwarf 10 Maize 0.015 0.134 0.035 

Denso 3H 634mio bp 

(630-640) 

ref 

Genome 

Yield 

physiology 

Xu 2017 Plant Height/Gibbereline 

Oxidase 

- 0.513 0.535 0.073 

- 3H 655mio bp 

(650-660) 

ref 

Genome 

Nutrient 

uptake 

IPK database Potassium transporter - 0.019 0.099 0.045 

- 3H 655mio bp 

(650-660) 

ref 

Genome 

Yield 

physiology 

IPK database Chloroplast activity - 0.019 0.099 0.045 

- 3H 667mio bp ref 

Genome 

Nutrient 

uptake 

IPK database Potassium transporter - 0.027 0.079 0.038 

Qrdw.S42IL.4H 4H 1-14 cM (5-

27 cM BOPA1) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Root dry weight Scarlett x ISR 42-8 0.153 0.195 0.075 

QRL.S42IL.4H.a 4H 1-15 cM (5-

26 cM) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Root length Scarlett x ISR 42-8 0.110 0.164 0.080 

VrnH2 4H 100 cM (95-

105cM Region) 

  Yield 

physiology 

Yan 2004 Vernalisation & Flowering - 0.026 0.075 0.135 

Qtil.S42IL-4H 4H 111 cM 

(171-183 cM 

BOPA1) 

BOPA1 drought 

tolerance 

Honsdorf 

2014 

Tiller & Height integral Scarlett x ISR 42-8 0.047 0.039 0.142 

Qlr.S42-4H.a 4H 125-132 

cM/613-

620mio bp 

98 SSR 

Markers 

Resistance Von Korf 

2005 

Leaf rust Scarlett x ISR 42-8 0.023 0.107 0.098 

Ebmac 0701 4H 130-150 

cM/613mio bp 

97 SSR 

Markers 

drought 

tolerance 

Hamam 2004 relative leaf water content Scarlett x ISR 42-8 0.023 0.012 0.062 
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HvPRR59 4H 51 cM 9KiSelect Yield 

physiology 

Alqudah 2016 Dormancy Assosiation Panel 0.005 0.029 0.098 

Qhei.S42IL-4H 4H 52-81 cM 

(74-119 cM 

BOPA1) 

BOPA1 drought 

tolerance 

Honsdorf 

2014 

Plant Height Scarlett x ISR 42-8 0.010 0.118 0.116 

  4H 52,000 bp ref 

Genome 

Nutrient 

uptake 

IPK database copper ion binding - 0.152 0.263 0.076 

HvD4 4H 59.6-59.8 

cM 

9KiSelect Yield 

physiology 

Alqudah 2016 Plant Height/reduced plant 

height 

Assosiation Panel 0.012 0.150 0.112 

Qgh.S42IL.5H 5H 122-138 cM 

(204-231 cM 

BOPA1) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Growth Habit & Root dry 

weight & Root length & Root 

Volume & Tiller number 

Scarlett x ISR 42-8 0.043 0.131 0.150 

- 5H 143.7-146.1 

cM 

9KiSelect Yield 

physiology 

Alqudah 2016 Photoperiodic tillering Assosiation Panel 0.116 0.167 0.102 

QTL5H_1 5H 23-26 cM 9KiSelect Root & 

Shoot 

System 

Oyiga 2019 Tiller nodal root xylem vessel 

area 

Assosiation Panel 0.024 0.123 0.010 

QGL5H/QGW5H 5H 393–

501mio bp 

712 DArT 

marker 

Yield 

component

s 

Watt 2019 Grain length/Grain width Vlamingh x Buloke 0.331 0.269 0.005 

-  5H 43.7-50 cM 9KiSelect Yield 

physiology 

Alqudah 2016 Plant Stature Assosiation Panel 0.163 0.190 0.003 

HvBC12/GGD1 5H 46-47 cM 9KiSelect Yield 

physiology 

Alqudah 2016 Aspargine Synthase/ 

Gibbereline Deficit DWARF 

Assosiation Panel 0.352 0.232 0.002 

Bmag 0357 5H 47 

cM/580mio bp 

97 SSR 

Markers 

drought 

tolerance 

Hamam 2004 leaf per tiller & Yield 

components & Biomass 

Scarlett x ISR 42-8 0.098 0.086 0.183 

SD1 5H 488-510 

Mio bp 

ref 

Genome 

Yield 

physiology 

Sato 2016 seed dormancy - 0.023 0.034 0.016 

QRL.S42IL.5H.a  5H 52-58 cM 

(106-109 cM 

BOPA1) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Root length Scarlett x ISR 42-8 0.140 0.148 0.006 

NRT3.1 5H 647mio bp ref 

Genome 

Nutrient 

uptake 

IPK database Nitrate transport - 0.078 0.183 0.128 
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NRT2.6 6H 13mio bp ref 

Genome 

Nutrient 

uptake 

IPK database Nitrate transport - 0.011 0.111 0.102 

- 6H 16 Mio bp ref 

Genome 

Nutrient 

uptake 

IPK database copper transporters - 0.008 0.104 0.090 

Qagri.S42IL-6H 6H 49-76 cM 

(74-134 cM 

BOPA1) 

BOPA1 drought 

tolerance 

Honsdorf 

2014 

Biomass & Growth Plant 

Height & Shoot Area & WUE  

Scarlett x ISR 42-8 0.061 0.124 0.106 

Ryd3 6H 50 cM Marker Set Resistance Lübken 2014 Barley Yellow Dwarf Virus L94 x L94-QTL3 0.228 0.198 0.100 

- 6H 531mio bp ref 

Genome 

Nutrient 

uptake 

IPK database Transport - 0.131 0.276 0.142 

Nitrate 

Reductase 1 

6H 538mio bp ref 

Genome 

Nutrient 

uptake 

IPK database Nitrate reduction - 0.221 0.277 0.149 

- 6H 9cM 9KiSelect Yield 

physiology 

Alqudah 2016 Tillering  Assosiation Panel 0.017 0.050 0.115 

Qrdw.S42IL.7H.

a 

7H 12-30 cM 

(17-45 cM 

BOPA1) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Root dry weight & Root 

Volume 

Scarlett x ISR 42-8 0.013 0.118 0.048 

AL7.1 7H 133.9 cM 384 BOPA 

Markers  

Yield 

component

s 

Liller 2017 Awn length Morex x Wild-types 0.015 0.029 0.003 

HvBRD2 7H 140 cM 9KiSelect Yield 

physiology 

Alqudah 2016 DWARF2/Tillering Assosiation Panel 0.014 0.116 0.001 

QLR.S42-7H.a 7H 166-181 

cM/637-

655mio bp 

98 SSR 

Markers 

Resistance Von Korf 

2005 

Leaf rust Scarlett x ISR 42-8 0.017 0.055 0.002 

QRI.7H 7H 3-4 cM 9KiSelect Root 

System 

Reinert 2016 Root length Assosiation Panel 0.019 0.141 0.012 

Qrdw.S42IL.7H.

b 

7H 76-78 cM 

(119-121 cM 

BOPA1) 

BOPA1 Root & 

Shoot 

System 

Naz 2014 Root dry weight Scarlett x ISR 42-8 0.073 0.149 0.038 

D35 7H 76-79 cM 9KiSelect Yield 

physiology 

Itoh 2004 Dwarf 35 Rice 0.073 0.143 0.038 
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Qhei.S42IL-7H 7H 90-127 cM 

(134-193 cM 

BOPA1) 

BOPA1 drought 

tolerance 

Honsdorf 

2014 

Plant Height Scarlett x ISR 42-8 0.014 0.126 0.025 
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Table 17: Identified candidate genes related to the QTL region of Table 16. Besides the associated QTL, the structural variation observed on amino acid and/or DNA level are reported, as well as the 

function of this gene, the gene name in the reference, the wild-type allele frequency for the 23rd generation in conventional (wtAFcon F23) and organic system are shown. Furthermore, the wild-type 

allele frequency of the third generation, the SNP count and read count of the haplotype, and the information of preliminary stop codons are reported. 

QTL Variation Function Candidate Gene wtAF 

con F23 

wtAF 

org F23 

Wt 

AF 

F3 

SNP 

count 

Read 

Coverage 

PrelStop 

Codon 

1H95-98 122 AS variant; 

14 bp deletion 

Golf 

undescribed protein HORVU1Hr1G078120 0.00 0.19 0.12 21 363 Golf 

2H677 299 AS variant; 

12 bp deletion 

Golf 

Peroxisome biogenesis 

protein 19-2 

HORVU2Hr1G097360 0.38 0.22 0.26 32 512 no 

2H6-9 3 AS variant Starch synthase 2, 

chloroplastic/amyloplasti

c 

HORVU2Hr1G090980 0.41 0.24 0.39 173 2864 no 

2H6-9 346 AS variant; 

3 bp deletion 

Golf 

auxin response factor 1 HORVU2Hr1G076920 0.00 0.00 0.47 5 60 no 

2H73-84 25 AS variant; 

13 bp deletion 

ISR42-8 

GRAS transcription factor HORVU2Hr1G094020 0.43 0.27 0.06 149 2261 no 

3H44-46 6 AS variant; 1 

bp deletion 

ISR42-8 

Diacylglycerol kinase HORVU3Hr1G019210 0.02 0.20 0.09 514 8090 no 

3H62-64 48 AS variant; 

30 bp deletion 

Golf 

early nodulin-like protein 

1 

HORVU3Hr1G071370 0.02 0.22 0.02 83 1315 no 
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3H62-64 7 AS variant Protein NRT1/ PTR 

FAMILY 4.3 

HORVU3Hr1G071510 0.03 0.31 0.08 36 525 no 

5H143-147 163 AS variant; 

3 bp deletion 

ISR42-8 

Ethylene-responsive 

transcription factor 10 

HORVU5Hr1G111550 0.06 0.30 0.09 43 802 no 

5H43-50 21 AS variant; 1 

bp deletion 

ISR42-8 

Plant/F1M20-13 protein HORVU5Hr1G048410 0.36 0.33 0.00 68 1116 no 

5H43-50 150 AS variant; 

6 bp deletion 

ISR42-8; 12 bp 

deletion Golf 

Auxin-responsive protein 

IAA30 

HORVU5Hr1G014300 0.04 0.21 0.00 120 2081 no 

5H43-50 17 AS variant; 1 

bp deletion Golf 

Phosphatidylinositol-

glycan biosynthesis class 

X protein 

HORVU5Hr1G016340 0.05 0.30 0.00 15 235 no 

6H520_540 87 AS variant; 3 

bp deletion 

ISR42-8 

EPIDERMAL 

PATTERNING FACTOR-

like protein 1 

HORVU6Hr1G077840 0.18 0.28 0.09 58 1175 no 

7H1-3 8 AS variant MLO-like protein 1 HORVU7Hr1G002390 0.03 0.26 0.01 21 376 no 

7H84bp 2 AS variant unknown function HORVU7Hr1G036880 0.05 0.22 0.05 36 604 no 

AL7.1 4 AS variant zinc finger protein 3 HORVU7Hr1G118490 0.01 0.54 0.00 56 1594 no 

Bmag 0357 638 AS variant; 

6 bp deletion 

Golf 

DCD (Development and 

Cell Death) domain 

protein 

HORVU5Hr1G091160 0.15 0.31 0.24 167 2580 no 
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Bmag 0357 194 AS variant; 

12 bp deletion 

ISR42-8 

Mitochondrial 

glycoprotein family 

protein 

HORVU5Hr1G088460 0.12 0.36 0.07 42 758 no 

Brt1 316 AS variant; 

1 bp deletion 

Golf 

Leucine-rich repeat 

receptor-like protein 

kinase family protein 

HORVU3Hr1G018300 0.00 0.00 0.06 151 2067 Golf 

Brt2 366 AS variant; 

24 bp deletion 

Golf 

cellulose synthase like G3 HORVU3Hr1G016990 0.01 0.01 0.06 118 1993 no 

D35 19 AS variant; 6 

bp deletion 

ISR42-8 

Ribosomal protein-like HORVU7Hr1G088120 0.07 0.20 0.03 678 11387 no 

Denso /sdw1 2 AS variant gibberellin 20-oxidase 3 HORVU3Hr1G090980 0.46 0.42 0.07 187 3300 no 

Denso /sdw1 8 AS variant; 1 

bp deletion Golf 

Bidirectional sugar 

transporter N3 

HORVU3Hr1G091230 0.59 0.63 0.03 43 732 no 

Dwarf61 418 AS variant; 

36 bp deletion 

Golf 

calmodulin-binding 

family protein 

HORVU3Hr1G049640 0.02 0.17 0.06 99 1632 no 

Ebmac 0701 292 AS variant; 

5 bp deletion 

ISR42-8; 3 bp 

deletion Golf 

Ras-related protein Rab-

6A 

HORVU4Hr1G078690 0.05 0.23 0.05 62 1134 no 

Flow Loc T3 873 AS variant; 

6 bp deletion 

ISR42-8 

ABC transporter family 

protein 

HORVU3Hr1G027580 0.00 0.00 0.03 30 543 no 
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Hv13GEIII/ Bmac 0357 71 AS variant; 3 

bp deletion 

ISR42-8 

Y-family DNA polymerase 

H 

HORVU3Hr1G072920 0.02 0.23 0.00 233 3513 no 

HvBC12/GGD1 21 AS variant; 

13 bp deletion 

ISR42-8 

2-oxoglutarate (2OG) and 

Fe(II)-dependent 

oxygenase superfamily 

protein 

HORVU5Hr1G048180 0.36 0.41 0.00 21 357 no 

HvBRD2 3 AS variant Flavin-containing 

monooxygenase family 

protein 

HORVU7Hr1G121260 0.01 0.22 0.00 36 591 no 

HvCMF10 109 AS variant; 

1 bp deletion 

Golf 

unknown function HORVU1Hr1G053610 0.25 0.09 0.17 123 1853 Golf 

HvD4 2 AS variant NAC domain protein, HORVU4Hr1G067270 0.01 0.28 0.13 84 1309 no 

HvGA20Ox3/Qgh.S42IL.1

H 

2 AS variant gibberellin 20 oxidase 2 HORVU3Hr1G089980 0.38 0.57 0.10 80 1196 no 

HvHeading-3H-HA 119 AS variant; 

3 bp deletion 

ISR42-8 

Ethylene insensitive 3 

family protein 

HORVU3Hr1G089250 0.12 0.05 0.14 69 1133 no 

HvHXK9 96 AS variant; 

15 bp deletion 

Golf 

unknown function HORVU3Hr1G065350 0.00 0.00 0.01 43 715 no 

HvPRR59 934 AS variant; 

6 bp deletion 

Golf 

SelT/selW/selH 

selenoprotein domain 

containing protein 

HORVU4Hr1G027970 0.00 0.01 0.05 236 3984 no 
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HvPRR59 904 AS variant; 

54 bp deletion 

ISR42-8; 55 bp 

deletion Golf 

Ethylene-overproduction 

protein 1 

HORVU4Hr1G055900 0.01 0.02 0.10 252 3745 Golf 

NRT2.6 2 AS variant high affinity nitrate 

transporter 2.6 

HORVU6Hr1G005930 0.02 0.20 0.08 104 1649 no 

NRT3.1 6 AS variant unknown function HORVU5Hr1G116240 0.08 0.43 0.00 28 496 ISR 

PpdH1 69 AS variant; 9 

bp deletion 

ISR42-8 

pseudo-response 

regulator 7 

HORVU2Hr1G013400 0.00 0.01 0.04 87 1656 no 

Qagri.S42IL-6H 13 AS variant; 1 

bp deletion 

ISR42-8; 2 bp 

deletion Golf 

Photosystem II D2 protein HORVU6Hr1G046850 0.02 0.24 0.07 3 52 no 

Qagri.S42IL-6H 53 AS variant; 1 

bp deletion Golf 

Peroxidase superfamily 

protein 

HORVU6Hr1G076260 0.03 0.24 0.19 201 3536 no 

Qgh.S42IL.5H 2 AS variant Pentatricopeptide repeat-

containing protein 

HORVU5Hr1G095110 0.06 0.28 0.21 19 313 no 

Qgh.S42IL.5H 64 AS variant; 

11 bp deletion 

Golf 

Pentatricopeptide repeat-

containing protein 

HORVU5Hr1G100670 0.04 0.28 0.07 30 536 Golf 

Qgh.S42IL.5H 47 AS variant; 1 

bp deletion Golf 

Pentatricopeptide repeat-

containing protein 

HORVU5Hr1G094560 0.02 0.27 0.19 63 1074 no 

QGL5H/QGW5H 123 AS variant; 

6 bp deletion 

ISR42-8 

heat shock protein 21 HORVU5Hr1G061160 0.45 0.54 0.00 50 789 no 
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QGL5H/QGW5H 14 AS variant; 1 

bp deletion Golf 

BnaC03g66760D protein HORVU5Hr1G057100 0.45 0.53 0.00 65 1188 no 

QGL5H/QGW5H 10 AS variant Protein kinase 

superfamily protein 

HORVU5Hr1G061760 0.44 0.40 0.00 240 3894 no 

QGL5H/QGW5H 20 AS variant Cytoplasmic tRNA 2-

thiolation protein 1 

HORVU5Hr1G061960 0.39 0.42 0.01 18 256 no 

Qhei.S42IL-2H 116 AS variant; 

18 bp deletion 

ISR42-8 

WUSCHEL related 

homeobox 12 

HORVU2Hr1G017270 0.01 0.27 0.16 74 1085 no 

Qhei.S42IL-2H 420 AS variant; 

6 bp deletion 

ISR42-8 

Rho GTPase-activating 

protein 3 

HORVU2Hr1G094320 0.31 0.23 0.10 25 389 no 

Qhei.S42IL-2H 75 AS variant; 1 

bp deletion Golf 

ATP synthase subunit b HORVU2Hr1G096060 0.45 0.46 0.04 200 3206 Golf 

Qhei.S42IL-4H 3 AS variant Zinc finger MYM-type 

protein 1 

HORVU4Hr1G070940 0.00 0.38 0.18 80 1254 no 

Qhei.S42IL-7H 6 AS variant F-box protein HORVU7Hr1G113340 0.12 0.56 0.00 42 1113 ISR 

Qhei.S42IL-7H 23 AS variant; 3 

bp deletion Golf 

ENTH/ANTH/VHS 

superfamily protein 

HORVU7Hr1G097510 0.04 0.26 0.01 141 2115 no 

Qlr.S42-4H.a 72 AS variant; 1 

bp deletion Golf 

AP2-like ethylene-

responsive transcription 

factor AIL5 

HORVU4Hr1G081400 0.01 0.11 0.09 200 2991 Golf 

QLR.S42-7H.a 2 AS variant flavin-dependent 

monooxygenase 1 

HORVU7Hr1G121290 0.06 0.53 0.00 7 199 no 
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Qpm.S42-1H.a 44 AS variant Disease resistance 

protein 

HORVU1Hr1G001490 0.62 0.62 0.22 26 427 no 

Qpm.S42-1H.a 48 AS variant; 1 

bp deletion Golf 

TRICHOME 

BIREFRINGENCE-LIKE 

8 

HORVU1Hr1G001500 0.64 0.70 0.41 4 120 ISR 

Qpm.S42-2H.c 210 AS variant; 

3 bp deletion 

Golf 

Chromosome 3B, 

genomic scaffold, cultivar 

Chinese Spring 

HORVU2Hr1G109840 0.00 0.26 0.15 99 1581 no 

Qrdw.3H 107 AS variant; 

9 bp deletion 

ISR42-8 

EamA-like transporter 

family protein 

HORVU3Hr1G095930 0.03 0.27 0.07 53 870 no 

Qrdw.3H 6 AS variant auxin response factor 2 HORVU3Hr1G096510 0.03 0.44 0.10 11 154 no 

Qrdw.3H 6 AS variant auxin response factor 2 HORVU3Hr1G096510 0.03 0.44 0.10 11 154 no 

Qrdw.S42IL.1H 115 AS variant; 

9 bp deletion 

Golf 

undescribed protein HORVU1Hr1G005230 0.40 0.35 0.22 94 1384 no 

Qrdw.S42IL.1H 122 AS variant; 

1 bp deletion 

Golf 

Single-stranded nucleic 

acid-binding protein R3H 

HORVU1Hr1G009430 0.70 0.60 0.24 84 1646 no 

Qrdw.S42IL.1H 230 AS variant; 

18 bp deletion 

Golf 

Plant Tudor-like RNA-

binding protein 

HORVU1Hr1G008510 0.64 0.45 0.17 51 871 Golf 

Qrdw.S42IL.1H 84 AS variant; 3 

bp deletion Golf 

Potassium transporter 

family protein 

HORVU1Hr1G009100 0.62 0.52 0.11 90 1625 no 
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Qrdw.S42IL.3H 309 AS variant; 

5 bp deletion 

ISR42-8 

Serine/threonine-protein 

kinase 

HORVU3Hr1G015840 0.03 0.13 0.09 67 1117 ISR 

Qrdw.S42IL.4H 11 AS variant Triacylglycerol lipase 

SDP1 

HORVU4Hr1G001470 0.20 0.30 0.07 101 1827 no 

Qrdw.S42IL.7H.a 14 AS variant Disease resistance 

protein RPM1 

HORVU7Hr1G013300 0.05 0.47 0.01 164 2832 no 

Qrdw.S42IL.7H.a 18 AS variant; 1 

bp deletion Golf 

exocyst subunit exo70 

family protein G1 

HORVU7Hr1G022980 0.01 0.25 0.20 17 256 no 

Qrdw.S42IL.7H.a 57 AS variant; 3 

bp deletion Golf 

auxin response factor 16 HORVU7Hr1G021880 0.01 0.19 0.06 244 4485 no 

Qrdw.S42IL.7H.b 3 AS variant Leucine-rich receptor-

like protein kinase family 

protein 

HORVU7Hr1G085790 0.12 0.28 0.02 53 820 no 

Qrdw.S42IL.7H.b 1302 AS 

variant; 3 bp 

deletion Golf 

ABC transporter G family 

member 42 

HORVU7Hr1G088600 0.06 0.22 0.05 480 7521 no 

QRI.7H 4 AS variant B3 domain-containing 

protein 

HORVU7Hr1G004350 0.03 0.25 0.02 363 6022 no 

QRL.S42IL.1H.b 187 AS variant; 

2 bp deletion 

Golf 

Cytoplasmic membrane 

protein 

HORVU1Hr1G094070 0.02 0.19 0.05 63 1036 no 

QRL.S42IL.4H.a 365 AS variant; 

21 bp deletion 

ISR42-8 

GDSL esterase/lipase HORVU4Hr1G001420 0.15 0.19 0.08 101 1636 no 
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QRS.3H 145 AS variant; 

3 bp deletion 

Golf 

Protein kinase family 

protein 

HORVU3Hr1G055620 0.02 0.18 0.06 245 3987 no 

QRS.3H 64 AS variant; 2 

bp deletion 

ISR42-8 

Serine/threonine-protein 

kinase 

HORVU3Hr1G038690 0.01 0.12 0.03 560 9561 ISR 

QRV.S42IL.2H 11 AS variant; 4 

bp deletion 

ISR42-8 

Ethylene-responsive 

transcription factor 10 

HORVU2Hr1G111680 0.01 0.23 0.14 244 4006 no 

Qsdw.2H.b 64 AS variant; 6 

bp deletion Golf 

unknown protein HORVU2Hr1G095840 0.46 0.30 0.15 65 1061 no 

Qtil.1H 10 AS variant sugar transporter 9 HORVU1Hr1G091460 0.04 0.16 0.09 50 867 no 

Qtil.S42IL-3H 6 AS variant auxin response factor 2 HORVU3Hr1G096510 0.03 0.44 0.10 11 154 no 

Qtil.S42IL-3H 6 AS variant auxin response factor 2 HORVU3Hr1G096510 0.03 0.44 0.10 11 154 no 

Qtil.S42IL-3H 15 AS variant; 5 

bp deletion Golf 

Cytochrome P450 

superfamily protein 

HORVU3Hr1G108150 0.14 0.36 0.00 4 79 no 

Qtil.S42IL-4H 3 AS variant respiratory burst oxidase 

homologous B 

HORVU4Hr1G086500 0.03 0.13 0.14 93 1607 no 

QTL3H_1 109 AS variant; 

12 bp deletion 

ISR42-8 

NAC domain protein, HORVU3Hr1G014140 0.03 0.21 0.12 87 1446 no 

QTL3H_1 294 AS variant; 

441 bp deletion 

ISR42-8 

Protein of unknown 

function (DUF1664) 

HORVU3Hr1G015180 0.05 0.33 0.12 55 703 no 
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QTL3H_4 380 AS variant; 

3 bp deletion 

ISR42-8; 11 bp 

deletion Golf 

Chromosome 3B, 

genomic scaffold, cultivar 

Chinese Spring 

HORVU3Hr1G111140 0.07 0.27 0.04 48 828 Golf 

Ryd2 29 AS variant; 4 

bp deletion 

ISR42-8 

RING/FYVE/PHD zinc 

finger superfamily protein 

HORVU3Hr1G089990 0.51 0.74 0.14 26 399 no 

Ryd3 295 AS variant; 

2 bp deletion 

Golf 

Pathogenesis-related 

thaumatin superfamily 

protein 

HORVU6Hr1G024780 0.25 0.16 0.10 13 211 ISR 

SCRI-RS239784 44 AS variant; 6 

bp deletion Golf 

Bifunctional 

inhibitor/lipid-transfer 

protein/seed storage 2S 

albumin superfamily 

protein 

HORVU1Hr1G009800 0.55 0.48 0.09 184 2928 no 

SD1 no cds 

alignment 

alanine aminotransferase 

2 

HORVU5Hr1G062990 0.00 0.01 0.00 57 956 - 

Thresh-1 37 AS variant; 

724 bp deletion 

ISR42-8; 3 bp 

deletion Golf 

WUSCHEL related 

homeobox 1 

HORVU1Hr1G010580 0.50 0.36 0.14 95 1535 no 

Thresh-1 6 AS variant laccase 7 HORVU1Hr1G008360 0.59 0.39 0.49 99 1602 no 

VrnH2 190 AS variant; 

12 bp deletion 

Golf 

Auxin efflux carrier family 

protein 

HORVU4Hr1G082680 0.04 0.00 0.13 129 2168 no 
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3.5.6 Genetic distance evolution (genetic map construction) 

The physical map overweight’s the pericentromeric region in the graphical illustration. Genetic maps 

have been used as a tool to illustrate a linear map according to recombination likelihoods. This method 

overrepresents the telomeres of chromosomes, as these are more likely being recombined between the 

gametes (Muñoz-Amatriaín et al., 2011). A genetic map is based on the allele and haplotype frequency 

of two neighboring markers. In the constructed pooling approach, the allele frequency is known, but the 

haplotype frequency is hidden. The haplotype frequency can only be estimated when genotypes are 

sequenced individually. A workaround has been constructed to overcome the problem of the missing 

haplotype frequency information. This is based on the allele frequency deviation of two neighboring 

markers and the physical distance on the chromosomal map. The physical distance between two 

haplotypes was used as a replacement for the missing haplotype frequency information. With this, the 

recombination likelihood D’ and the linkage r² were estimated. Based on D’, a genetic map was created 

in order to assess the fitness of chromosomal regions. The genetic map was calculated for each 

generation and environment separately so that each population has a unique map. A contracted genetic 

map indicates a higher selection pressure towards one allele or haplotype and is associated with reduced 

genetic diversity in the population. The precision of the applied genetic map calculation can be acquired 

from figure 64. The pattern of the linkage value r² was highly related to patterns observed in classic 

genetic map construction scenarios - the higher the inter haplotype distance, the lower the chances of a 

linkage between these two. A value of one is associated with a complete linkage and observed in the 

pool data by an exactly identical allele frequency value for two neighboring haplotypes. The overall 

linkage is highest in the 3rd generation, and it decreases in the following generations. 

The sum of the genetic map length for each population is illustrated in figures 65 and 66. The genetic 

distance in the 3rd generation was highest on chromosomes 2H and 5H. Both chromosomes had a length 

of approximately 60 cM. The two shortest regular chromosomes were 3H (35 cM) and 7H (20 cM). The 

comparison of the genetic and physical map highlights distinct regions with high and low recombination 

events. Across all chromosomes, the centromere region was illustrated by a low recombination rate. 

Remarkably, the telomere on the short arm of chromosome 5H was also represented by a very low 

recombination rate. In the 12th generation, a decrease in the genetic map extension was observed for 

both environments. While little variation to the 3rd generation can be observed for the centromere, the 

telomeres were remarkably shorter. Contrasting to all other chromosomes, the 5th chromosome decreases 

in the centromere’s length but increases its length in the telomeres. The overall length of the 

chromosome was still decreased to 45 cM. The most remarkable decrease in genetic map length was 

observed for chromosome 2H in the conventional system. Little variation in both environments was 

reported for the 3rd chromosome, although the allele frequency pattern clearly changed (Figure 65). In 

the following generations, the conventional and organic populations evolved in the same manner for 

chromosome 1H and the unknown chromosome. For the remaining chromosomes, the variation between 

the systems became more distinct with each subsequent generation. While the genetic map length did 

not change as drastically from the 12th generation onwards, the map length increased in the organic 

system in each subsequent generation. While the initial length of chromosome 5H was reached once 

again in the 23rd generation, the map length of chromosome 3H exceeded the length observed in the 3rd 

generation already in the 16th generation. Onward, the length increased further to 54 cM, compared to 

the initially observed 34 cM. All chromosomes have in common that the genetic map length is higher 

in the organic compared to the conventional system. Compared to the initial generation (BC2F3), the 

organic population showed evidence of an increased map length for chromosomes 3H and 7H in the 

later generations (Figure 65). The results showed that genetic diversity, calculated as the sum of the 

genetic distance across all chromosomes, were decreased in both farming systems over the generations 

from 300 centi Morgan (cM) for the BC2F3 generation to 130 cM and 250 cM for the 23rd generations 

of the conventional and organic systems, respectively. 
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Figure 64: r² linkage value as LD estimation rate (y-axis) compared to the physical distance of the two neighboring haplotypes 

in kb (x-axis). The chromosomes are separated by color. First row – BC2F3 generations, equal in both columns; 2nd row – the 

12th generation of the barley populations, the left side is conventional, the right side the organic population; 3rd row – 16th 

generation; 4th row – 22nd generation; 5th row - 23rd generation. 
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Figure 65: Genetic map length per each chromosome for the conventional, organic, and initial populations. The chromosome-

wise sum of LD is facetted for chromosomes and plotted against the generation (x-axis). A high value is associated with high 

variability. Decreasing values indicate reduced variability, as observed for the conventional system. 

The comparison of the genetic and physical map, illustrated in figure 66, describes interesting variations 

between chromosomes, generations, and environments. The first chromosome followed a transposed 

sigmoidal function curve. The centromere can clearly be separated from the telomeres. The short arm 

was characterized by a rapid increase of genetic distance, compared to the low increase in physical 

distance. Contrasting to this, the transformation of the centromere to the long arm telomere is much 

smoother with a less drastic transition. In the following generations of the conventional population, this 

transition becomes more and more linear with each subsequent generation. In comparison to this, the 

organic population retains the shape observed for the initial 3rd generation. The genetic to physical map 

ratio on chromosome 2H was much more homogeneous when the two telomeres were compared to each 

other (F3 generation). Balanced to this generation, the transition of centromere to telomere became more 

distinct in the later generations. This holds true for both environments, while the telomere on the long 

arm in the conventional system was described by another break. When the two telomeres were compared 

to each other, the short arm was much shorter compared to the long arm telomere. This observation 

could also be made for the 3rd, 5th, and 6th chromosomes. The telomere on chromosome 3H extended in 

comparison to the F3 generation in both environments and all following generations. Besides a harsher 

transition towards the long arm telomere in the conventional populations, little variation could be 

observed based on the shape. The same holds true for the 4H chromosome. Chromosome 5H was 

characterized by an exceptional shape. Especially in the 3rd generation, no transition from the telomere 

on the short arm towards the centromere was visible. More than 500 million base pairs seem not to be 

recombinant – more than 70% of the entire chromosome. The telomere on the long arm was 

characterized by a high degree of recombination, equivalent to 50 centi Morgan on 120 million base 

pairs. The telomere on the short arm was just minorly getting more extended in size in the following 

generations. Besides the sharp transition of centromere to long-arm telomere, the conventional and 

organic systems were described by an identical shape of the curve. No major variations could be 

described for the 6th chromosome either. Contrasting, the 7th chromosome deviations in between both 
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farming systems. While the shape of the curve in the conventional system is almost linear, the organic 

system is described by a distinct transposed sigmoidal function. 

 

Figure 66: The genetic distance compared to the physical distance to investigate the recombination event likelihood. The 

environments are separated by color. Nine thousand random haplotypes are drawn and used to generate the plot. The genetic 

position (y-axis) is plotted against the physical position (x-axis). The generation is given above each plot, as well as the 

identifier for the chromosome. The blue curve of the organic population reveals a higher genetic map length compared to the 

yellow curve of the conventional population. Extended map length indicates more variant selection processes and higher 

genetic variability. 

When the allele frequency is set into perspective to the genetic distance assessment, the results illustrated 

in figure 67 can be analyzed. A more or less unorganized pattern in the 3rd generation was replaced by 

clearly distinguishable patterns in the following generations. Remarkably, the most prominent allele 

frequency variant loci were present from the 12th generation onward. Additionally, the conventional 

system was described by less variation in the allele frequency – also represented by smaller genetic map 

size. The results showed that genetic diversity, calculated as the chromosome map length, was decreased 

in both farming systems over the generations from 300 centi Morgan (cM) for the BC2F3 generation to 

130 cM and 250 cM for the 23rd generations of the conventional and organic systems, respectively. 
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Figure 67: The HAF (y-axis) plotted against the calculated genetic map (x-axis). Each point represents one haplotype, while 

the color of the point is related to the read coverage of the haplotype. A genetic map was generated for each set of samples 

separately (generation × environment), resulting in variant length per chromosome for each presented sample set. F3, F12E1, 

F12E2, F16E1, F16E2, F22E1, F22E2, F23E1 and F23E2 is the order of the rows. E1 and E2 represent the conventional and 

organic systems, respectively. 

The calculation resulted in a consistently more contracted map in the conventional system across the 

generations and chromosomes, while the organic population indicates increased variation for various 

regions and chromosomes. 

 

3.5.7 Drought response of populations 

A prediction of drought adaptation was performed by observing the common WT allele frequency shift 

in the years 2011 (F16), 2017 (F22), and 2018 (F23) as compared to those in 2007 (F12). While five 

significant (p < 0.05) gene ontologies were identified in all tested conventional and organic 

environments (DNA-dependent regulation of transcription(Talamè et al., 2007), transcription factor 

activity (Al Abdallat et al., 2014; Alexander et al., 2019; Marè et al., 2004), nucleus (Qin et al. 2017), 

DNA binding (Xue, 2003) and sequence-specific DNA binding (Abe et al., 1997)), five additional 

ontologies were identified in the conventional environment (protein binding, oxidation-reduction, 

oxidoreductase activity(Moran et al., 1994), zinc ion binding(Yang et al., 2009) and nucleic acid 

binding). 

The DNA-dependent regulation of transcription gene ontology was observed to have an identical allele 

frequency of the wild-type of 10.6% in both organic and conventional environments in the 12th 

generation. Compared to the 3rd generation, a minor increase of 2% was observed. In contrast to this, 

the wild-type allele frequency had decreased to 6.6% and 7% in the organic and conventional 16th 

generations, respectively. The ISR42-8 allele frequency had further decreased in the 22nd and 23rd 

generations to 5.2% and 3.5% for the conventional and organic systems. While the first years with a 

sufficient amount of evaporable water were characterized by an increase of the ISR42-8 allele frequency, 

the years observed to be drought effected showed evidence of wild-type allele frequency reduction for 



Observed evolution of populations enforced by farming environment 

134 
 

the genes related to transcription regulation. A widespread pattern was observed for the transcription 

factor activity gene ontology class. An increase of the allele frequency in the 12 th generation was 

followed by a decrease in the 16th, 22nd, and 23rd generations. The other three gene ontologies, nucleus, 

DNA binding, and sequence-specific DNA binding, all fell into the same category. Non-surprisingly, 

the pattern of the GO allele frequency was equivalent to the first two described classes.  

Five GO classes were only relevant in the conventional population. The oxidoreductase activity was 

classified by slight variation between the 12th and 3rd generation but changes afterwards (9.5%). The 

ISR42-8 allele frequency was decreased by almost 50% in the 22nd and 23rd generations (4.1%). 

Analogous, the pattern of zinc ion binding genes was observed. A significant change in nucleic acid 

binding GO term class was only found in the conventional environment. While the 12th generation was 

classified by an increase of 5% in the ISR42-8 allele frequency, the allele frequency of the wild-type 

was reduced on the level observed in the 3rd generation. The pattern of this wild-type allele frequency 

variation of the generations is presented in figure 68. 

 

Figure 68: Gene ontology of significant genes identified between the 12th (Reference) and 16th, 22nd, and 23rd generation (drought). The 

generations and environments are faceted – the color represents the 12th generation (moist reference, green) and the drought candidate 

(orange). The bars indicate the average wild-type allele frequency over all genes related to the same GO term. 

Generally, a group of wild alleles has been negatively selected in drought environment conditions. 

Hence, the climatic conditions in exceptional years influenced the genetic composition of the observed 

populations. 

3.5.8 Disease resistance response 

To estimate the effect of weather conditions on the genetic constitution of barley, the allele frequency 

patterns were compared between the years 2007 (F12) and 2017 (F22). As 2007 and 2016 were notably 

moist and high fungal pressure years, the conventional (control) and organic system (stress) were 

compared and referenced against the BC2F3 generation to ensure selection processes had occurred. In 

total, 11 commonly selected gene ontology classes were observed for both generations, which were 

related to oxidative stress responses and signaling functions. In addition, 34 gene ontologies were 

identified for the 22nd generation. In the 12th generation, all gene ontologies showed a minor increase 

in the wild-type allele frequency in the organic system. The most relevant variation could be reported 

for the protein serine/threonine kinase activity. For this class, the wild-type allele frequency was 11% 

in the organic, while 4% in the conventional system of the 12th generation. In the 22nd generation, this 
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variation was even further extended. In this generation, the wild-type allele frequency was 13.6% and 

3.3% in the organic and conventional systems, respectively. Another serine-type carboxypeptidase 

activity observed to be significant in the 22nd generation was found to have an ISR42-8 allele frequency 

of 15.6% in the organic and 9.3% in the conventional environment. Contrasting to the kinase, the ISR42-

8 allele frequency was also increased in the conventional system when compared to the 3rd generation. 

The overall protein kinase activity had also been found to be significantly different between the 

environments for both generations tested. While the 12th generation was characterized by a minor 

deviation between the systems, in the organic system, the 22nd generation presented an ISR42-8 allele 

frequency increased by 3.7%, compared to the conventional system. In this group, 205 genes were found 

to be significantly variant between the organic and conventional systems. An even higher gene count 

per GO term was observed for ATP binding (341) and protein binding (452). The pattern was equivalent 

to the one observed for the kinase activity – little variation between the mean of the systems in the 12th 

generation but more discrete variations in the 22nd generation. The variation between the systems in the 

22nd generation was 4% for both ATP and protein binding class. A constant variation between the 

environments over the generations could be reported for the hydrolase activity, acting on ester bonds 

gene ontology. 

 

Figure 69: Gene ontology (GO) intersection between the 12th and 22nd generation for fungal attack related classes. The organic 

(green) and conventional (orange) environments are separated by color. The bars indicate the average wild-type allele 

frequency over all genes related to the same GO term. 

In both years, the variation was ~1.5%, while both environments showed an increase in the wild-type 

allele frequency compared to the 3rd generation (7.6%). A genetic modification of the metabolic 

processes was also observed, as the ISR42-8 allele frequency for these genes was ~0.8% and ~3% higher 

in the organic compared to the conventional system. Eighty-eight genes fell into this category. Further 

details can be obtained from figure 69. 



Predicted or putative protein variation observation 

136 
 

3.6 Predicted or putative protein variation observation 

To predict the functional effects of SNP variants, the coding sequences (CDS) with annotated start and 

stop codons were aligned to the parental haplotypes. A total of 28,601 complete CDS alignments were 

generated, and 640,611 amino acid variants in 16,570 predicted proteins were identified between the 

parents. As compared to the reference CDS, 3,831 and 3305 genes in the WT and the cultivar genomes, 

respectively, showed evidence of deletion or insertion.  

On a median, each CDS had one amino acid mismatch, contrasting to an average value of 22.4. In total, 

75,874 stop codons were observed for the 28,601 proteins for the Golf allele, while there were 74,955 

for the ISR42-8 allele. On a median level, each gene had one single stop codon for both genotypes, while 

the average value was 2.65 and 2.62 for Golf and ISR42-8, respectively. The most dominant impact on 

the amino acid sequence of a gene was expected from deletions and insertions. Genes that were 

characterized by a deletion in one genotype, while the other genotype was typified by the reference 

sequence, were likely candidates for causal allele frequency variation of a chromosomal region. One 

thousand two hundred fifty-two genes with observed deletions in the ISR42-8 genotype, leading to 

amino acid variations between the two parental genotypes, were observed. On the contrasting side, 730 

genes were identified where ISR42-8 was characterized by the reference sequence, but Golf is typified 

by a deletion that resulted in a frameshift of the amino acid reading frame. In regard to the start and stop 

codons, variations were also observed between the genotypes. While 2,521 genes were classified by a 

missing start codon in ISR42-8, the same holds true for 2,435 genes in the Golf genotype. In regard to 

the stop codons, 886 were missing in ISR42-8, while 723 were absent in Golf. As (multiple) preliminary 

stop codons could also be the result of a frameshift mutation, the genes were screened for these as well. 

While 74,955 stop codons were found for ISR42-8, marginally more stop codons were counted for Golf 

(75,874). This resulted in an average stop codon count per gene of 2.62 for both genotypes, while the 

median value was one. Generally, the average protein size was observed to be 364 amino acids, and the 

chance to observe a mismatch of an amino acid was 0.062% per amino acid. A high degree of variation 

was observed on the DNA level as well as the predicted amino acid level.  

 

3.7 Grain yield evolution in the populations 

The yield in both systems was affected by abiotic and biotic effectors, leading to a highly variable yield 

in the period of the experiment.  

The yield of the conventional population ranged from 0.67 to 1.2 times the average yield of the first 

three years (43 to 77 dt/ha). Compared to a country and statewide comparison, the yield was observed 

to be above the level of one, indicating a higher yield in this experiment compared to the average yield 

on other fields. 2004, 2014, 2016, and 2017 have shown to be exceptions from this law, as these years 

were reparented by a lower yield level compared to the country or state average yield. The lowest ratios 

were observed in 2004 and 2017 with 0.75 and 0.76, respectively. Analogous to these observations, the 

yield ratio to the first three years showed a very similar pattern, indicating a high correlation between 

these curves. The yield pattern can be divided into five time periods based on their yield pattern. While 

the seasons from 2001 to 2004 were represented by a constant decrease of yield, 2005 stands out as a 

year with an above-average yield, compared to the surrounding years. Contrasting to 2005, the period 

from 2006 to 2007 is described by a constant low yield level. From 2007 to 2013, the yield is observed 

to increase constantly from 46 dt/ha to 76 dt/ha – an increase of 50% without a variation in cropping 

strategy or artificial adaptation of the seed material. Its peak in 2013 is followed by a yield decreasing 

period until 2017, where the yield level decreases to 41 dt/ha – an absolute minimum of the entire 

experimental duration. In the following two years, a recovery of the yield level can be observed, ending 

in a yield level of 59 dt/ha and 50 dt/ha in the years 2018 and 2019, respectively (Figure 70A). 
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The organic population yield ranged from 0.6 to 1.4 times the yield of the first three years until 2015 

(27 to 59 dt/ha). The years 2007 and 2016 were characterized by massive yield reductions in the organic 

system of 41% and 31%, respectively, as compared to the previous years. In both years, mild and wet 

periods were observed during the crop development and anthesis stages. The yield reduction to 0.89 in 

2016 was followed by three extraordinarily dry years, which reduced the yield ratio to an absolute 

minimum of the entire experimental period in 2019 (0.48 times; 20.53 dt/ha, figure 70B). 

Once again, the duration of the experiment can be separated into three periods. While the first period 

from 1999 to 2006 was characterized by a constant yield, 2007 marks a first local minimum in the curve 

of the yield with a value of 27.5 dt/ha. The following years were characterized by a swinging increase 

in the yield. From 2008 to 2015, the yield increases solidly with an average of 44 dt/ha. This period was 

followed by a yield depletion period from 2016 to the last year of observation. In 2016, the yield 

decreased to 38 dt/ha, most likely based on fungal pressure prior to and during the anthesis stage. In the 

years following, the yield decreased further to an absolute minimum of the entire experiment in 2019 

(20.53 dt/ha). This amount equates to only 40% of the yield obtained in the conventional system. As 

compared with the organic system, the yield levels in the conventional system recovered relatively 

quickly after 2016 (yield reduction of 27% in 2016). In 2017, the ratio decreased to 0.64 times (41 dt/ha), 

followed by an increase to 0.92 times (59 dt/ha) in the dry year of 2018.  

Compared to the country and state-wide yield, the ratio remained below one for all years except for 

2010. The average ratio over the period is 0.8 for the organic population, while 1.15 for the conventional 

population. The raw average yield is 58.65 dt/ha and 41.08 dt/ha for the conventional and organic 

systems, respectively. Based on these values, the average yield in the organic system was 30.1% lower 

compared to the conventional system. Only in the years 2010 and 2014, the yield of the organic 

population was observed to be higher in comparison to the conventional. Compared to the average yield 

of the first three years, the yield ratio overall generations was 0.91 and 0.96 in the conventional and 

organic environments.  

In general, the yield of the organic system was 30% lower than the yield of the conventional system, 

and a more distinct effect of the (a)biotic stressors on the yield level might be a relevant result. 
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Figure 70: Grain yield evolution over the years of the experiment. Actual seed yield in metric deci tons per hectare are 

illustrated by bars, while the lines illustrate the ratio of seed yield measured in the experiment and the comparison towards 

average yields obtained in the first three years of the experiment (purple), Germany wide (red) and in  

North Rhine-Westphalia only (green). The lines use the left y-axis, while the bars are put into the perspective of the right y-

axis. A – the seed yield obtained from conventionally farmed spring barley population; B - seed yield obtained from the 

organically farmed spring barley population. 
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Chapter 4 – Discussion 

4.1 Variation in parental physiology and morphology 

The two genotypes used to create the cross are characterized by significant variations in their 

physiological and morphological habit. Golf and most other domesticated cultivars release their anthers 

before the ear emerges from the stem, which leads to the predominant selfing of barley (Allard, 1988; 

Kahler et al., 1975; Morrell et al., 2005). Contrasting to this, ISR42-8 is observed to have an open 

pollination status, where anthers are exposed widely under greenhouse conditions. This might enhance 

cross-pollination in this wild-type, though it has been reported that little variation in the outcrossing 

status was detected between Hordeum vulgare and Hordeum spontaneum (Abdel-Ghani et al., 2004). 

The enhanced extrusion might predominantly be affected by the missing precipitation on flowers, as 

irrigation was done by applying water directly to the soil. This observation has been reported by (Abdel-

Ghani et al., 2004) as well.  

A pronounced late flowering was observed for the wild-type ISR42-8, which is unsurprising as this 

genotype evolved in arid conditions with high thermal time during an extended vegetation period. The 

occurrence of early flowering genes in wild-types has been reported by (Cockram et al., 2011), but many 

of these were also reported as mutant genes not found in wild-types but only in adapted cultivars.  

Besides the late flowering, studies have reported the pronounced tolerance of the wild-type ISR42-8 to 

drought events (Honsdorf et al., 2014; Muzammil et al., 2018). Under greenhouse conditions, the 

phenotype was characterized to produce many leaves and having a high water demand, meaning under 

optimal water conditions, the genotype will use a lot of water to produce fresh biomass. The 

overproduction in the vegetative stage is not accompanied by increased generative production of seeds. 

Therefore the water use efficiency under a high water supply can be assumed as low. Under the water-

reduced status of soils, the wild-type ISR42-8 quickly responds with a reduction of fresh leaf biomass. 

Various adaptation strategies in response to drought stress developed by wild-types are summarized by 

(Nevo & Chen, 2010), indicating, beyond others, a hypersensitive reaction to drought stress and natural 

adaptations to local environments and climates of wild-type populations. 

Contrasting to the domesticated cultivar allelic diversity, the genetic variation of wild-types has been 

reported to be relatively high in terms of disease resistance (Nevo E. et al., 1979; Nevo et al., 1984; 

Williams, 2003). Similar results are reported in QTL studies revealing the advanced resistance of ISR42-

8 alleles to powdery mildew and leaf rust (Schmalenbach et al., 2008; M. Von Korff et al., 2005). The 

observed phenotypic variation of biotic attack response between Golf and ISR42-8 indicates an 

advanced resistance or tolerance response of the wild-type.  

The advanced seed dormancy observed in the wild-type is definitely unbeneficial in terms of commercial 

use of this seed material. As reported in (Sato et al., 2016), major seed dormancy habits are beneficial 

in wild habits and environments, where seeds gradually start to germinate, and some seeds might even 

germinate a year later. This habit was observed for the ISR42-8 as well, leading to a highly increased 

demand for chill treatment before sowing.  

Yield components play a crucial role in the genetic formation of the populations. Therefore, yield 

components were investigated and characterized. The wild-type has shown evidence of ear brittleness 

and low threshability. These are reported to be common alleles in wild-types (Pourkheirandish et al., 

2015; Schmalenbach et al., 2011). Both phenotypes were observed for ISR42-8. Furthermore, long ears 

with elongated seeds were observed, resulting in ear lodging. 
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Pronounced drought tolerance is reported to be genetically accommodated by an extended root system, 

with a low root growth angle and deep rooting physiology (Nevo & Chen, 2010). These characteristics 

were also observed for the wild-type ISR42-8. 

In conclusion, ISR42-8, which was used as the WT donor, is reported to have an expanded root system 

(Naz et al., 2014), increased drought tolerance (Honsdorf et al., 2014, 2017; Sayed et al., 2012), 

increased seed and ear length and kernel weight (Zahn et al., 2020), reduced threshability 

(Schmalenbach et al., 2011), reduced plant height (Naz et al., 2014), late-flowering (Wang et al., 2010b), 

enhanced biotic stressor resistance genes (Dragan et al., 2013; Schmalenbach et al., 2008; M. Von Korff 

et al., 2005) and ear brittleness (Schmalenbach et al., 2011). 

4.2 Phenotypic composition of populations 

The phenotypic composition of the population was examined on both the above and below-ground traits. 

Below ground traits related to root morphology and physiology were tested in a hydroponic and field-

based experiment. In both experiments, many traits were measured identically so that two replicates in 

one year could be reported. Both indicate identical findings in root diameter and length. While the 

aerenchyma and the metaxylem area were found to be more prominent in the conventional test set of 

genotypes, the root length and angle indicated a prolonged root growth towards deep soil layers. 

Additionally to this observation, the variation in the organic population was characterized by a higher 

heterogeneity. The variation for the aerenchyma area was low but highly significant. The importance of 

aerenchyma area in regard to drought or nutrient stressed plants is described before (Fan et al., 2003; 

Saengwilai et al., 2014; J. Zhu et al., 2010). These studies revealed the importance of increased 

aerenchyma area to cope with nutrient deficiency and drought events. This is in contrast to the 

observations and hypotheses formed in this experiment. It would have been expected that the organic 

population faces nutrient-deficient environmental conditions, wherefore the aerenchyma area should 

have been increased in the organic instead of the conventional system. Nevertheless, variation for this 

trait between the systems is not extraordinarily high. Furthermore, a potential trade-off in regard to 

fitness has not been understood and estimated (Saengwilai et al., 2014). The conclusion on this trait in 

regard to the observations opens up three potential explanations – either the fitness trade-off is high for 

the formation of pronounced aerenchyma, the genetic variation contributed by the parents was not 

sufficient to contribute beneficial alleles for the organic environment, or the conventional and organic 

population react in a different manner to nutrient and drought stress. Another approach to deal with 

limited nutrient availability and drought is also presented by the measurement of the root length and 

angle. As illustrated by (Hodge et al., 1999), extended root profiling results in increased nitrogen capture 

– an essential nutrient to promote plant growth and yield formation. Furthermore, a pronounced root 

system is observed to increase drought resistance in crops (D. Chen et al., 2018; Manschadi et al., 2008). 

As the organic population is observed to not only have an increased root length, but also a reduced root 

growth angle, it can be assumed that the root grows towards deep soil layers to capture nutrients and 

water. The fertilization with manure instead of mineral fertilizer might delay the availability of the 

nutrients, as the peak mineralization period is described to be between mid-August to early September 

(Lehrsch et al., 2016). Based on this assumption, the majority of fertilizer is plant accessible after 

flowering, or even in the next generation. As described by (Jannoura et al., 2013), the application of 

manure has a positive effect on the following crop in the crop rotation. As nitrogen is easily transportable 

and leachable in the soil, the mineralized manure might leach to deep soil layers in winter periods. 

Additionally, the mineralization is reduced but still ongoing in winter periods, which might add up the 

leaching potential to deep soil layers (Cookson et al., 2002). Therefore, roots need to grow deep to 

promote access to the fertilizer applied in previous years. As the fertilizer applied in previous generations 

is the single source of added minerals for the barley population, pronounced root development and 

growth is assumed as beneficial. Such advantages of pronounced root development have been observed 
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before (Bertholdsson et al., 2016; Finckh & Bhaskar, 2019). A positive side effect of this nutrient 

deficiency adaptation is increased drought tolerance (D. Chen et al., 2018; Manschadi et al., 2008). 

These studies describe drought-tolerant varieties by a low root angle and pronounced root growth 

straight below the upper body biomass center. This is in line with the observed reduced molecular 

genetic adaptation of the organic population towards drought events compared to the conventional 

population. 

Contrasting to the root-related traits, no significant variations in terms of upper body physiology had 

been detected between the organic and conventional populations. Contrasting to hypotheses of variations 

in pronounced weed suppression by early vigor in the organic systems (Bertholdsson, 2005; Crespo-

Herrera & Ortiz, 2015), none of both could have been specifically detected. A promoted plant biomass 

production, measured by the observation of the growth type, was also not scientifically different between 

the groups. Nevertheless, the growth type in both farming systems revealed an increased biomass 

production compared to the control genotype Scarlett. Furthermore, the conventional and the organic 

group were significantly variant in terms of growth habits, indicating a more erected growth in the 

conventional population. The other trait found to be significant was the ear posture. The ears in the 

organic group tended to head slightly downwards early, which might be associated with an increased 

ear size or reduced shoot stability. As no lodging was observed for the entire set of genotypes, no 

assumption can be made for this trait. The ear length was just marginally longer, which might show that 

this was not the single source of variation.  

In regard to yield formation, also the SPAD measurement of the chlorophyll content indicated an 

increased score compared to the Golf parent – in both farming systems. The correlation between high 

chlorophyll leaf content and high yields has been examined in rice (Lu et al., 2017; Yamamoto et al., 

2017). Furthermore, the ear length was observed to be marginally longer in the organic compared to the 

conventional population. None of these results were significantly different between the groups. 

Generally, some reviews have postulated relevant breeding goals for organic farming (Crespo-Herrera 

& Ortiz, 2015; Lammerts Van Bueren et al., 2011), but few studies have proven these organic breeding 

goals and adaptation of varieties. Some publications postulate the importance of weed suppression, 

resistance genes, and nutrient uptake (Wolfe et al., 2008). While weed suppression usually should be 

accomplished by a fast and high growth (Bertholdsson, 2005), the observed populations did not reveal 

any variations in this regard. Also, early or late flowering could not be detected. The second major 

breeding goal, the introgression of resistance genes, seems to be essential for both organic and 

conventional populations, as both groups revealed a positive selection of wild-type derived resistance 

genes. As prior illustrated elsewhere, the active expression of resistance genes and biomass growth to 

suppress weeds come with a cost of yield reduction (Bergelson & Purrington, 1996). The growth habit 

showed significant variations, but no extensive tillering or leaf production was observed throughout the 

entire vegetation period. Therefore, the costs of additional biomass formation have to be assumed as too 

high to gain a substantial fitness effect for genotypes in the organic population. The mechanical 

treatment of weeds in the early vegetation period might be sufficient to suppress weeds effectively. The 

same might be true for the resistance genes. In contrast to the weed suppression by early vigor, the root 

mass has been observed to be higher in the organic compared to the conventional population. This 

underlines the findings of Finckh et al. (2019) and Bertholsson et al. (2016), who showed an increased 

root mass, weight, and rooting depth in organically adapted populations and varieties. 

In conclusion, the organic and conventional phenotypic evaluation revealed significant variations in 

regard to root morphologies, indicating an adaptation to opportune fertilizing strategies. Contrasting, 

upper body characteristics were found to be insignificantly different.  
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4.3 Climate and weather influential characteristics 

The climate and weather had the second biggest impact on the evolution of the populations. To estimate 

the actual effect and the overrepresentation of some weather events, the evapotranspiration was 

calculated using the weather data collected by local weather stations. The base evapotranspiration ET0 

after the Penman-Monteith equation used to calculate the reference evapotranspiration above a grass 

canopy revealed the most significant correlation of ET0 to the radiation, followed up by the humidity 

and the temperature. This was observed for the radiation and the humidity (Hidalgo et al., 2005), but not 

so much for the temperature. The possibility to utilize evapotranspiration as a drought indicator has been 

described before (Vicente-Serrano et al., 2015). Therefore, the crop-specific evapotranspiration ETC and 

the actual crop evapotranspiration ETA were calculated. The most critical factors of explanation for ETA 

were the humidity, the soil water content, and the radiation - in descending order. The variation of ET0 

to ETA explanatory effects highlights the fact that drought events are mainly driven by low humidity 

and an insufficient soil water content, which results in reduced transpiration. Both are counteracted by 

plants with an increased stomatal conductance to avoid excessive water loss, which was described before 

(Saliendra et al., 1995). As described by (Sánchez-Díaz et al., 2002), low humidity alone, resulting in 

high vapor pressure, does not lead to reduced transpiration. In fact, plants can be even more productive 

in biomass production and yield formation when the vapor pressure of the atmosphere is low. These 

publications indicate that the presence of low humidity and a low soil water content at the same time are 

the most relevant factors to indicate a drought event. As these two are highly represented by the ETA, 

the calculated values give a reasonable estimate of the presence of water stress scenarios.  

Climate change is a major factor in media, policy decisions, and people’s life. Uncountable studies such 

as (Nerem et al., 2018) have shown that the increased emission of CO2 to the atmosphere will result in 

increasing global temperatures, more severe drought, or heavy rain events. These changing climatic 

conditions have a direct impact on natural systems (Parmesan & Yohe, 2003) and, therefore, also on 

food production and security (Wheeler & Von Braun, 2013). In the observed time period from 1996 to 

2019, on average, 1°C higher temperature in the last ten years was observed compared to the first ten-

year period. Additionally, for the entire period, ten years without any drought and ten years with drought 

were observed. Remarkably, the most severe drought events were observed in the last decade in the 

years 2011, 2017, 2018, and 2019. As the data does not originate from the exact same weather station 

overall years, the comparison between time periods is challenging and cannot be used to extract a solid 

conclusion. Nevertheless, the last three years (2017 to 2019) were characterized by severe drought 

periods with a substantial impact on the productivity of crops. The obtained data also revealed that the 

quality of the drought events has changed. While moderate drought could be observed in the early years, 

with few days of drought and a moderate variation of potential to actual evapotranspiration, late 

generations showed evidence of prolonged drought periods with increasing deviations of actual to 

potential evapotranspiration. The expectancy of these kinds of climate change effects in central Europe 

was illustrated before the drought period of 2017 pp. was observed (Gudmundsson & Seneviratne, 2016; 

Hlásny et al., 2014). 

Climate and weather also massively impact plant development by creating favorable conditions for fungi 

to infect crops. By infections with fusarium, leaf rust, or powdery mildew, the yield can be decreased 

significantly (Kiesling, 2015; Lim & Gaunt, 1986; Whelan et al., 1997). These fungi favor a moist and 

humid environment to infect their host (Bolton et al., 2008; Newton, 1993). Years with especially many 

days around the anthesis stage were observed for the years 2007 and especially 2016. The infection 

pressure could have an equal, maybe even bigger effect, on the constitution of the barley populations. 

The yield decline observed in the organic system in these two years indicates the effect of fungal pressure 

on the population. While the conventional population was protected by the application of fungicides, 

the organic population needed to balance the attack untreated. Resistance genes towards these diseases 
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can prevent a massive yield reduction in case of favorable attack conditions, as illustrated for powdery 

mildew (Helms Jørgensen, 1994).  

Concluding, the weather and climate were highly variable and had a big impact on the development of 

the barley populations. 

4.4 Pooling approaches for low coverage pool sequencing 

When it comes to pool sequencing, so far, rather small genomes have been used as model species to 

validate the use of this method. The chosen coverage often exceeded reasonable levels in terms of costs 

and computational time for big genomes. The proposed method can be the key to close the gap between 

big and small genomes. As highlighted by Tilk et al. (2019), even 5x coverage could be sufficient. As a 

serious estimation of the allele frequency is impossible with low coverage, the implementation of 

parental information for haplotype construction is a valuable tool. By this, the coverage can be increased 

by magnitudes. For haplotype construction, using annotated genes or markers derive two major benefits 

to this idea. When haplotypes are constructed of genes, one can directly calculate and estimate the 

haplotype frequency of this gene itself. Based on the haplotype frequency variation and utilizing the 

information derived from the gene sequences of the founder, gene function loss, caused by a stop codon 

or amino acid change, can directly be detected. This way, false-positive candidates can be excluded, 

which only indicate the same frequency pattern due to linkage. For two reasons, marker position 

information can be useful as well. First, it creates the direct link to already identified QTLs by other 

studies. Chip SNP markers are still popular tools for quantitative trait detection (Naz et al., 2014; Oyiga 

et al., 2020; Schmalenbach & Pillen, 2009; Wang et al., 2010c). The information can directly transfer 

into the pooling results to highlight frequency changes caused by relevant agronomic traits. The second 

advantage is the potential presence of a genetic map. Physical maps have become more and more 

popular, but for this particular case, genetic maps still seem to have a high value to relate linkage 

information.  

SNP calling is a highly complex task (Mielczarek & Szyda, 2016; Sandmann et al., 2017). Not all SNP 

identified as such by a variant caller are true polymorphisms. As it has been described before (Yao et 

al., 2020), SNP detection is a pretty challenging task that will always result in a fraction of false-positive 

SNPs. We handled this issue by only using SNPs in the analysis that are already reported in the ensemble 

SNP database for Hordeum vulgare. After this adjustment, we obtained an overall alternative base to 

reference base ratio in the pools of about 0.45 for WGS and MACE, which is in line with the expectation 

of a reasonably unbiased SNP calling (Brandt et al., 2015).  

Extending the haplotypes from a point or location to a region showed benefits for this inbreeding crop 

in terms of accuracy. For outcrossing species or events, the window size might need to be reduced 

compared to the applied method. As most variants can be found in the intergenic regions, this approach 

saturates the haplotype with SNP and reads coverage. Therefore, it increases the accuracy of the allele 

frequency estimation. 

We tested three different pool sequencing methods, including popular enzyme-based genotyping by 

sequencing, transcriptome sequencing, and whole-genome sequencing. When possible, we compared 

these to 21 KASP assay-designed SNP that were used for individual genotyping. This way of assessing 

the method’s correctness was already used before (Rellstab et al., 2013). The transcriptome and whole-

genome sequencing approach showed a high correlation without significant deviation between the pool 

and individual genotyping on haplotype level. The root means square error, but also the linear model, 

clearly indicated an improvement by the applied haplotyping approach compared to the single SNP 

correlation, especially for WGS. When the replicates of the pools were compared, transcriptome and 

genotyping by sequencing showed low correlation and significant deviation on the haplotyping gene 
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level (p <0.01). The deviation of transcriptomic data might be related to variation in transcription levels, 

while the proper estimation of the frequency by GBS was unbalanced by the impossibility of PCR 

duplicate removal. The sequencing output of the GBS method revealed identical start and end positions 

of reads, which made it impossible to remove duplicates without removing more than 90% of the 

sequences.  

The statistic test is based on two distributions. The population showed many loci typified by a low allele 

frequency, so the inclusion of a zero-inflated distribution makes sense. When the overall allele frequency 

of the haplotype is low (< 0.05), and it is constructed of multiple SNPs with low coverage, it is very 

likely to receive a substantial number of SNPs where the obtained frequency is 0. The zero-inflated 

model can handle those false negative detections. These kinds of distributions are commonly used in 

human resource studies. The data generated in these studies show similarities to the observed problem 

in this sequencing data (Famoye & Singh, 2006). It shows high sensitivity for haplotypes with low 

coverage per SNP and can contribute to the analysis. The negative binomial model handles the higher 

resolution data compared to the binary zero-inflated model and has to be assumed as the primary 

distribution with a more enormous impact on the interpretation of variation. 

A general issue when starting such an analysis is the settlement with an appropriate sample size. 

According to Cochran’s sampling guideline, we evaluated 300 genotypes per pool sample and created 

two replicates with different genotypes in each of the replicates. The sampling of the genotypes was 

performed using a hole punch with the intention to generate the same amount of leaf tissue for each 

genotype. This was regarded as a crucial step to ensure an unbiased representation of the population 

(Bélanger et al., 2016; Schlötterer et al., 2014). Pool sequencing approaches have been applied in various 

population studies for model plants (Fischer et al., 2013a; Gautier et al., 2013; Schlötterer et al., 2014; 

Turner et al., 2010), using high coverage sequencing approaches. RNAseq-based pool sequencing has 

also been described (Konczal et al., 2014), indicating in-line results with the generated results that have 

been made in this work. Unlike other species, such as Arabidopsis thaliana, the genome size and 

structure of barley results in pronounced challenges in terms of sequencing technique selection and 

costs. 

Trans-generational allele variation was assessed by applying a haplotype-based pool sequencing 

approach. Based on the biparental origin, parental haplotypes were retraced within the populations. Pool 

sequencing has proven to be an essential tool for the analysis of structural and genetic variations in 

population studies (Turner et al., 2010) and can be vital in both breeding strategies and population 

genetics. 

4.5 Evolution of the populations 

The overall climatic conditions in central Germany are quite different from the climate the wild-type 

genotype has evolved in. Based on this fact, the flowering time response of both populations has adapted 

towards the cultivar genotype, which is adapted to local climate by early flowering. Such adaptations 

are expected to happen (Verhoeven et al., 2008), and little variation between the organic and 

conventional populations was observed, indicating a sweet spot for optimal flowering loci combinations. 

Nevertheless, wild alleles for flowering time are still present in the populations, indicating some kind of 

pleiotropic and epistatic effects of the alleles on flowering time and yields, as reported by (Maria von 

Korff et al., 2010; Wang et al., 2010a). Such effects might compensate for the occurrence of wild 

flowering alleles in the genotypes. 

Few other studies have tried to investigate the effect of farming systems on the genetic constitution of a 

population (Knapp et al., 2020), but none have generated high-resolution output of a long-term 

experiment like demonstrated here. No variation in genetic constitutions has been observed in the study 
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by Knapp et al. (2020), most likely because too few genes and too short time intervals were observed. 

Alike this study, no variation in phenotype observations of flowering time and plant height were 

observed between the conventional and organic population. Beyond this, the nutrient transport, biotic 

resistance genes, and yield components were statistically not variant between the systems. Still, there 

can be a trend towards higher IAF reported in the organic population. Exemplarily, the here reported 

selection of candidate resistance alleles was statistically not more pronounced in the organic population 

(p = 0.07), although the average of resistance genes wtAF was 13.72% higher in the 23rd organic 

population (42.57% organic, 28.85% conventional). Although unexpected, this finding is in line with a 

prior report (Allard, 1988). Contrasting to these observations, highly variant IAF patterns were observed 

for the groups' root morphology, drought tolerance, and yield physiology. All these variations could be 

detected by the 16th generation onward, indicating a long observation period is required to generate 

genetic variations between an organic and conventional system on statistically significant levels. This 

was also highlighted by the PCA reported. The conventional and organic population deviated little until 

the 12th generation but tend to differentiate from each other after this generation. While the conventional 

population varied little by the 16th generation onward, indicating a state of equilibrium, the organic 

system still changes much after the 12th generation. This observation indicates that majorly important 

genes suppress environmentally relevant adaptation in the first couple of generations. This might be 

related to flowering time or yield formation adaptations, as these might have the biggest impact on the 

genetic fitness of the individuals of the population. These physiological groups might be the causal 

factor for the major IAF changes observed in both systems until the 12th generation. Once the optimal 

equilibrium of these genes is set, other, less relevant genes are altered in their allele frequency pattern 

of the population. Notably, the variation within the replicates is much higher in all organic population 

generations compared to the conventional population. The potential benefits of increased heterogeneity 

were expressed before as beneficial for organic systems (Wolfe et al., 2008). Although observed in 

multiple generations, it has to be mentioned that the variation in a population becomes smaller and 

smaller the more extensive the haplotypes windows are set. Large haplotypes seem to overcome any 

observed variation. Therefore a moderate level of haplotyping has to be chosen to not overcorrect any 

real variations.  

From a genome-wide perspective, almost all loci have been found to be introgressed in the population. 

This highlights the power of the applied crossing scheme. Additionally, the observed IAF in the BC2F3 

was only 0.43% apart from the theoretically expected value. Nevertheless, on special genomic regions, 

high deviations of the IAF were observed from the expected mean of 10.5%. This was especially 

remarkable for the chromosomes 2H and 5H, but also chromosome 7H was characterized by a deviation 

from the expected value. The telomeres on chromosome 5H and 2H were underrepresented, while both 

telomeres of chromosome 2H and the long arm telomere on 5H were overrepresented in the IAF. An 

underrepresentation was observed for the centromere of 7H as well. In the following generations, 25,000 

genes had changed in the IAF significantly in both farming systems. This is more than 50% of all high 

confidence genes known in the reference. From this set of 25,000 genes, only a few had shown a positive 

selection of the ISR42-8 allele in the conventional system. Contrasting, many genes in the organic 

population were characterized by an increased IAF. This underlines the assumption that alleles derived 

from wild types were more likely to be beneficial in organically farmed environments. Nevertheless, 

conventionally farmed populations or varieties could benefit from wild alleles as well. All these 

observed changes might be the result of random effects, like drift or mutations (Wright, 1990). Mutations 

are expected to be rare, and the drift effect on the allele frequency variations over the generations was 

calculated as minor – both the time span as well as the number of individuals in the population were to 

be too big to result in substantial effects of random genetic drift on the population.  

The selected testing interval of different years was applied to check if allele frequency variations can 

only be observed on long time spans or if the variation can be identified between subsequent generations, 
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too. Based on the obtained data, both patterns could be reported. The comparison of the IAF pattern 

between the organic 22nd and 23rd generation leads to the assumption that short-term evolutionary 

processes occurred and were traceable in the population IAF variation. 

To finally give the IAF variation over the generations and between the environments a meaning, a 

candidate gene search was performed, based on QTLs identified by previous studies. By this, IAF 

variations of regions should be linked to genes and functions. Usually, a candidate gene selection is 

either error-prone or requires a lot of work effort to prove a gene as a real candidate. In this work, all 

information available was incorporated to get a good estimate. Besides the information of the QTL locus 

and its function, the wild-type allele frequency, as well as the functional prediction of the gene and the 

protein variation between the two parental haplotypes, were used for this purpose. 82 QTLs were 

identified. From these 82 QTLs, the most promising 95 candidate genes were identified and reported. 

Some regions had several highly likely candidates, while for others, no candidate could be identified. 

On chromosome 1H, a powdery mildew and fusarium resistance was reported. Two candidate genes 

were identified for the mildew locus Mla. One of these is already indicated as a disease candidate gene. 

The other is a TRICHOME BIREFRINGENCE-LIKE 8 protein. This protein has been reported to be 

active in a plant’s response to a fungal attack (Gao et al., 2017). The candidate gene for the fusarium 

resistance, a bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein, 

was reported likewise to be active in plant response to fungal attack (R. Liu et al., 2019). A yellow dwarf 

virus-related QTL on chromosome 6H with the candidate gene HORVU6Hr1G024780 was reported as 

Pathogenesis-related thaumatin superfamily protein. The function of thaumatin proteins in pathogen 

resistance has been described before (J. Zhang et al., 2018). Leaf rust resistance loci were identified on 

chromosomes 4H and 7H. The candidate on chromosome 4H is HORVU4Hr1G081400, an AP2-like 

ethylene-responsive transcription factor AIL5. Ethylene responsive transcription factors were described 

in disease resistance reactions before (Gutterson & Reuber, 2004). The other candidate gene on 

chromosome 6H was a flavin-dependent monooxygenase 1, which was reported as an essential 

component in systemic resistance (Mishina & Zeier, 2006). Remarkably, none of the resistance genes 

were positively selected to high ratios of above 70% in the populations. This might indicate the potential 

costs of resistance (Bergelson & Purrington, 1996). 

In regard to drought resistance, several candidate loci were identified. One candidate locus related to a 

WUSCHEL related homeobox 12 protein was identified on chromosome 2H. The functional activity in 

drought resistance by formation and development of root systems was described by various studies 

before (Cheng et al., 2016). Another locus on chromosome 3H revealed an auxin response factor 2 as a 

likely candidate for drought stress response. The role of auxin in drought and salt stress response has 

been described before (Kang et al., 2018). Another candidate gene was found for the Hv13GEIII/ Bmac 

0357 locus on the same genome. The Y-family DNA polymerase H could contribute to increased seed 

yields under water limitation conditions (Nelson et al., 2007). A Diacylglycerol kinase is assumed to be 

the most likely candidate on the centromere of chromosome 3H. This kind of kinases has been reported 

to be active in drought tolerance response in Arabidopsis (Tan & Wang, 2020). All these genes were 

found on chromosome 3H, a chromosome that showed significant variation between the organic and 

conventional populations. Many of the identified candidate genes showed an effect in regard to root 

formation, though a positive relation towards nutrient uptake is assumed as well.  

Chromosome 4H harbors further more drought-related genes. The drought-induced plant height 

reduction locus Qhei.S42IL-4H was associated with a candidate gene coding for a Zinc finger MYM-

type protein 1. This gene was found to be 40-fold higher expressed in erect growth genotypes compared 

to prostrate growth type genotypes, indicating a role in the growth habit of the plant (Bing Zhang et al., 

2017). As the two parental genotypes, Golf and ISR42-8, share the same deviation in growth type, a 

regulation based on the Zinc finger might be possible. Furthermore, the tiller and plant height-related 
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locus Qtil.S42IL-4H was described. The identified candidate gene is coding for a respiratory burst 

oxidase homologous B and has been described to be part of a superoxide catalyzing complex, which is 

related to reactive oxygen species (ROS). These have been shown to play a significant role in abiotic 

stress response (Rohollahi et al., 2018). Further candidate loci and genes have been detected on 

chromosome 4H and 5H, but a much more important one was found on chromosome 6H. The locus 

Qagri.S42IL-6H (Honsdorf et al., 2014) has an effect on many phenotypic traits, among which are 

biomass, growth plant, height, shoot area, and water use efficiency. For this locus, two candidate genes 

were identified, from which the first one is a Photosystem II D2 protein. The effect of drought stress on 

photosystem II has been described before (Y. E. Chen et al., 2016). The reduction under drought 

conditions can be an indication that the populations might respond in a different manner on the 

photosynthesis level. The plant in the organic population might be better supplied with water by the 

deeper root system, which results in less pronounced drought stress and so also less reduction of the 

photosystem II proteins. The other candidate gene of this locus is a Peroxidase superfamily protein. 

These proteins have been annotated to oxidative stress reduction processes under drought conditions 

(Veljovic-Jovanovic et al., 2006). 

Several QTLs and candidate genes were identified for root morphological traits. The QTL 

QRL.S42IL.1H.b, related to the root length, was found on chromosome 1H. The potential candidate gene 

of this locus was identified to be a Cytoplasmic membrane protein. These proteins have been reported 

to be an essential part of root morphology in various functionalities (Boonsirichai et al., 2003; Nakagawa 

et al., 2007). A QTL locus identified on chromosome 2H was associated with the candidate gene 

Ethylene-responsive transcription factor 10. This locus was described as affecting the root volume. The 

impact of such ethylene-responsive transcription factors in the root system has been characterized before 

(Kawaharada et al., 2017), indicating that these play a major role in the infection and formation of 

nitrogen-fixation root nodules. The decreased IAF in the conventional but increased IAF in the organic 

system indicated why a potential role of this nitrogen fixation adaptation in the organic population might 

make sense.  

A root dry weight locus on chromosome 3H was associated with the candidate gene 

HORVU3Hr1G015840, a Serine/threonine-protein kinase. Kinase activities have been reported to 

promote root growth and elongation, especially under drought conditions (Conley et al., 1997; Sheremet 

et al., 2010). Another candidate kinase gene was identified on the same chromosome (Leucine-rich 

receptor-like protein kinase family protein (HORVU7Hr1G085790)), indicating the vital role of these 

proteins in the formation of the root system. Two overlapping loci on chromosome 4H are related to 

root length and root dry weight. The underlying candidate gene is a GDSL esterase/lipase, which was 

described to have an essential influence on root growth and formation (Zhao et al., 2020). Furthermore, 

candidate genes for more loci were identified, like an ABC transporter G family member 42 for the QTL 

locus Qrdw.S42IL.7H.b. ABC transporters were already described to be functional in the control of root 

development (Gaedeke et al., 2001). 

Another group of QTLs was identified for yield components. For the Thresh-1 locus that was identified 

for reduced threshability of ears, a candidate gene coding for a WUSCHEL related homeobox 1 was 

identified. This group of proteins was identified to play a major role in developmental processes, 

including spikelet formation (Cho et al., 2013). The brittleness locus brt2 on chromosome 3H can be 

related to a cellulose synthase like G3. This protein has been reported to be active in the secondary wall 

regulation, and therefore potentially might have an effect on the stability of the ear (Olins et al., 2018). 

For the major yield QTL on chromosome 5H, related to the ear size, the region is very big, and the 

identification of a single candidate gene is complex. Several wild alleles of various genes seem to have 

a beneficial effect on the fitness, as more than four loci within the cluster were observed to be positively 
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selected in the organic population. Contrasting, the conventional population did not show evidence of 

further selection and recombination in the region. 

Most candidate genes and loci were related to yield physiological traits. The QTil.1H QTL locus was 

identified to be associated with the tillering of the plant. The candidate gene for this locus, a sugar 

transporter 9, was identified based on amino acid variations. Sugar transporters have been reported to 

be vital in cell wall biosynthesis and therefore promote plant growth (Baocai Zhang et al., 2011). The 

HvGA20Ox3/Qgh.S42IL.1H locus on chromosome 1H was also reported to be functional in tillering and 

plant height. The identified candidate gene for this is a gibberellin 20 oxidase 2, which has been reported 

to be a major gene in the green revolution (Spielmeyer et al., 2002). Various other candidate genes with 

relation to physiological response were identified. As these aspects underlying yield components are 

rather unspecific, more general candidate genes were identified, which might be active in several other 

traits and biological processes as well. Therefore, further candidate genes are not listed, as a reliable link 

of a candidate gene to a trait cannot be drawn based on state-of-the-art microbiological science in plants. 

4.6 Genetic map from pooled sequencing 

Before physical reference genomes based on a linear base-pair contig for each chromosome were 

available for species and crops, genetic maps were ubiquitous to determine variations in associations or 

QTL mapping approaches. Genetic maps give a highly informative impression of recombination events 

and crossing-over likelihoods. Several mapping functions are available and try to illustrate these 

recombination events in a linear order. 

As most crossing-overs happen in the telomeres, a genetic map outweighs these telomeric regions in 

terms of resolution. Getting to know the recombination likelihood of two neighboring regions might be 

desired in crossing and breeding approaches. The usually utilized genetic maps are the consensual result 

of multiple crosses generated from various combinations to illustrate recombination likelihoods. To 

generate a genetic map, the haplotype and the allele frequency are required. This information was 

utilized to calculate the deviation of observed and expected haplotype combinations (Wei et al., 2020). 

In this works’ applied approach, only the allele frequency was available. Therefore, a classic calculation 

of a genetic map was not possible. To overcome the burden of missing haplotype information, the 

physical map was used as a replacement. The rationale behind this idea is mainly based on the allele 

frequency deviation. As the investigated system is a mainly self-pollinating species, recombination is 

unlikely to occur after the initial backcrossing between Golf and ISR42-8. The establishment of the 

cross indicates the primary source of recombination, and therefore, crossing-over counts should be 

highest in the first generations. As the recombination count cannot be increased anymore, crossing-overs 

can only be reduced over the generations. 

Besides the recombination, the allele frequency is another factor highly affected by the crossing. 

Contrasting to the recombination, the allele frequency can be increased or decreased. Four factors could 

alter the allele frequency: mutation, migration, drift, and selection (Wright, 1990). These factors usually 

do not actively change the allele frequency of all genes. Selection by drought might just have a fitness 

effect on ten to fifty genes, but due to linkage, many more genes will be passively selected as well. The 

more crossing-overs have occurred in the establishment of the population, the smaller these selected 

genomic windows might become. Ultimately, the bigger the distance of two genes, the more likely these 

two will be recombined. Linked genes under selection will have the same allele frequency, while 

recombined genes will vary in their allele frequency – one gene will remain stable in its frequency, while 

the other will change. On a population base, we can assume that the more recombination is present 

between a particular selected and unselected gene, the higher the allele frequency difference can become. 

As illustrated before, the overall recombination cannot become higher over the generations. However, 



Genetic map from pooled sequencing 

149 
 

the share of genotypes with such recombination at the particular locus can become higher, and therefore, 

the allele frequency deviates between the loci. A more targeted selection pressure will apply to a few 

genes and alleles in a less diverse environment. This will result in the selection of few genotypes with 

the best adaption towards the system. When few genotypes are selected, equivalently few 

recombinations will persist in the population. This will make it much harder for alternative selection 

forces to shift the allele and genotype frequency. One can relate that such a population is settled in an 

equilibrium state, with minor allele frequency changes due to few crossing overs present in the 

population. 

This concept is known as soft sweep or hitchhiking (Stephan, 2019). Hitchhiking describes the allele 

frequency change, caused by selection, of neutral variants at linked sides to a selected locus. As more 

far such a locus is positioned to a selected one, as less likely this effect will become. Therefore, 

directional selection results in hitchhiking (Berry et al., 1991; Braverman et al., 1995). The soft sweep 

concept applies in a comparable way. The alleles were present in the population on a moderate frequency 

and got selected after the environmental conditions had changed. 

There will be a more diverse selection pressure applied to the population in a more diverse system, with 

a less stable equilibrium in selection forces. These changing external selection forces prevent the 

reduction of crossing-overs in the population. Therefore, the diversity in the population should remain 

high and adjustable. 

Based on the illustration above, the genotype frequency, recombination, physical distance on the 

genome, and the allele frequency are tightly associated. Therefore, the physical distance between loci is 

used to overcome missing haplotype information in the pooled sample. 

In the populations, sharp transitions in allele frequencies between regions were observed. These changes 

were not coincidental, as such changes became more and more distinct over generations in this self-

pollinating crop. Genetic drift has been calculated as a minor effect in the present study, mutations were 

negligible, and migration was avoided by the experimental design. Therefore, only selection can have 

altered the allele frequencies in the observed manner. Furthermore, the combination of selection and 

linkage can alter the frequency of gamete combinations. Based on these assumptions, the estimate of 

linkage disequilibrium (LD) depends on linkage and selection in these populations, as LD is a function 

of the allele frequency distribution. The expected value of LD at equilibrium decreases in the presence 

of selection (Bejarano et al., 2018; Qu et al., 2020). 

Consequently, a rectified selection over consecutive generations will change the allele frequency 

diversity and subsequently LD. A more condensed map could have been generated for the conventional 

population, in line with the reduced variability of system parameters (such as nutrients, growth 

regulators, and pesticides), compared to organic farming.  

The pericentromeric regions appeared to have the lowest recombination activity. The calculated genetic 

map additionally highlights variant recombination likelihoods on different chromosomes and even on 

the same chromosome between the two telomeres. The pericentromeric region and short telomere arm 

of chromosome 5H are fascinating, as little to no recombination was observed in the starting population. 

An incomplete representation of the ISR42-8 alleles on 5H was observed earlier (Schmalenbach et al., 

2011). Contrasting to this observation, the telomere on the long arm of chromosome 5H is represented 

by a high degree of recombination. Such variant recombination events on the genome are relevant 

aspects that have to be considered when generating new lines by crossing. The mating intensity should 

be increased, having the information of low recombination events for some parental lines. With a higher 

crossing intensity, recombination events could be forced to happen more often, which ultimately results 

in a reduced linkage in the desired region. Again, chromosome 5H gives an excellent example of this 

pattern. A reported yield-related QTL (Watt et al., 2019) and the seed dormancy gene SD1 
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(Pourkheirandish & Komatsuda, 2007) are located in the telomeric region, tightly linked to each other. 

Few genotypes have overcome the linkage that used to prevent genotypes with these alleles from 

germinating. For those genotypes that recombine the Golf seed dormancy allele and the ISR42-8 yield 

alleles, the fitness advantage leads to a rapid increase of these genotypes’ representation in the 

population. 

Interestingly, not only macro but also micro-adjustments by recombination events could be found. An 

example of this can be found at the brittleness locus on chromosome 3H. The ISR42-8 allele was 

unfavorable in the population, so it was negatively selected over the generations. While the block in the 

conventional system was extensive and all genes around the brittleness locus have a Golf allele 

frequency close to 100%, the population developed in the organic system promotes genotypes with 

ISR42-8 alleles in this region. Genes close by the brittleness locus indicated recombination. While the 

brittleness alleles of ISR42-8 were down-selected, neighboring genes were up-selected in their ISR42-

8 allele frequency. This indicates crossing-overs in this region, which allows closely located alleles to a 

locus with highly negative selection pressure to be positively selected.  

In conclusion, a genetic map calculated from pool sequencing data can be a valuable tool to estimate the 

recombination of a crossing population in breeding approaches. It indicated sufficient or insufficient 

amounts of recombination in distinct regions of interest. Based on this information, unwanted allele 

combinations could be observed, and adjustments could be initiated. 

 

4.7 Molecular answer to (a)biotic stress 

Additionally to the observation of variant IAF for defined QTL loci, the adaptation of populations was 

assessed by applying a GO term enrichment approach commonly used in transcriptome analysis. 

Molecular genetic arrangements towards drought were observed in both populations on the allele 

frequency level. Five gene ontology classes were observed in both organic and conventional 

populations, indicating a strong impact of these classes on a drought stress response. The classes were 

DNA-dependent regulation of transcription (Talamè et al., 2007), transcription factor activity (Al 

Abdallat et al., 2014; Alexander et al., 2019; Marè et al., 2004), nucleus (Qin et al., 2017), DNA binding 

(Xue, 2003) and sequence-specific DNA binding (Abe et al., 1997). All these ontologies have been 

reported to be active in drought stress response. Mainly transcription factors have been observed to have 

a crucial role in the drought response reactions in both populations. While the reaction in the organic 

population was stronger, both environments seem to promote the reduction of wild transcription factor 

alleles under drought stress conditions. The role of transcription factors in drought stress response is 

known. It has many regulatory effects, e.g., on the root development (D. Chen et al., 2018) or a general 

drought resistance (Al Abdallat et al., 2014). 

As this wild-type origins from an arid area, it should be naturally adapted to such conditions. In this 

background, this observation is somewhat unexpected. On a closer look, this reduction of wild-type 

allele frequency makes more sense. The wild-type, as described earlier, was observed to have an 

extraordinary growth of vegetative tissues without a generative growth increase. This unproductive habit 

might be associated with the previously mentioned gene ontologies. While useful in rainy and moist 

conditions to suppress weeds by increased vegetative growth, this habit is unfavorable in dry conditions. 

Furthermore, a regulation towards low vegetative growth under high water availability is unnecessary 

under constant drought conditions and, therefore, might not be selected for the wild-type. 

Furthermore, five additional ontologies were identified in the conventional environment. These are 

related to protein binding, oxidation-reduction, oxidoreductase activity (Moran et al., 1994), zinc ion 

binding (Yang et al., 2009), and nucleic acid-binding. Especially oxidation-reduction is an interesting 

class, as the variation between the organic and conventional population is high. While there were minor 

variations overall three generations (16th, 22nd, and 23rd generation) in the organic population compared 
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to the 12th generation in the IAF of the oxidative stress response, the conventional population was 

characterized by an increasing variety of IAF over the generations. While the IAF of the oxidative stress 

response is almost 10% in the 12th generation, it decreased to levels below 5% in the conventional 

population. This adaption might indicate that the conventionally farmed population suffers more form 

drought stress, leading to a higher level of reactive oxygen substances (ROS)(Miller et al., 2010), which 

have to be oxidized to prevent cell damages. Furthermore, zinc fingers have already been described by 

a potential candidate gene of a drought resistance locus in a previous chapter and observed to be 

transcribed in drought stress response (W. X. Liu et al., 2013). 

The other gene ontology biotic stress response was only observed in the organic population. As it is 

assumed that the conventional population was treated with fungicides on demand, this group of 

genotypes should not have undergone a significant selection towards biotic stress. Nevertheless, 

application of fungicide in the conventional population was applied when a certain level of infection 

was exceeded, indicating that a small amount of infection will have occurred. 11 gene ontology classes 

were identified in both generations tested (12th and 22nd), but 34 additional classes were identified in the 

22nd generation. More ontology classes might have been observed to be significant as the stress was 

much more severe in 2016 compared to 2007. The most manifested gene ontology classes in both 

generations were observed for proteolysis (Valueva & Mosolov, 2004), ADP and ATP binding 

(DeYoung & Innes, 2006), serine/threonine-protein kinase activity (Lin et al., 2015), and kinase 

activities (Goff & Ramonell, 2007), which have been reported to be active in biotic stress response 

mechanisms. This indicates a response beyond resistance genes which might modulate the reaction on 

a less energy-intensive base. As described previously, the costs of resistance can vary, depending on the 

background activities it causes. The enhancement of the observed gene ontology classes might lead to a 

less yield costly immune response of the plant (Bergelson & Purrington, 1996). 

4.8 Yield evolution in the perspective of allele frequency variation and climate change 

In general, the yield of the organic population was observed to be 30% lower over the entire period 

compared to the conventional population. The variation in the yield level was very high during the 

period, also in relation to the yield in Germany or state-wide. Two very interesting years are 2007 and 

2016. In both years, the yield in the organic system was drastically decreased compared to the previous 

year. In contrast, only a moderate reduction in the yield level was observed in the conventional system. 

These two years were characterized by high fungal pressure and low temperatures at the beginning of 

the vegetation period, affecting the organic and the conventional population. This yield decrease has 

probably resulted in a rearrangement of the allele frequencies, especially concerning the biotic attack. 

In combination with the gene ontology response to biotic attacks, one must assume a non-persistent 

allele frequency adaption of resistance alleles in the organic population. 

The highest yield in the organic system was observed in 2014, where almost 60 dt/ha were harvested. 

An average radiation sum described the year, one °C lower than average temperature, few drought days, 

and a slightly above average humidity level. As a comparable weather pattern characterized the previous 

years, an adaption of the population on the allele frequency level towards these conditions is assumed. 

Analogous to the organic population, 2010 to 2015 was characterized by a stable and high yield level. 

In this period, the populations might have adapted to moderate or no drought stress, with moderate levels 

of biotic attack. In the following year, 2016, the above-average precipitation and humidity resulted in a 

yield decrease and adaptation to high biotic attacks in the organic population. It has to be assumed that 

minor genetic adjustments have happened in the conventional population, as the PCA of the IAF did not 

reveal significant variations compared to the prior or following generations. Therefore, only the yield 

was decreased without a reshuffling of the allele frequency. The years 2017, 2018, and 2019 are the 

driest and warmest years in the entire period of the experiment. While the temperature in the vegetation 

period of 2017 was only moderately higher, the deviation of actual to potential evapotranspiration was 



Outlook: The use of gained information in future breeding and potential application of pool 

sequencing in related fields 

152 
 

more than 60 mm. Comparable values only have been observed for the years 1996 and 1999. While the 

temperature was only moderately increased, the radiation was high. The following years 2018 and 2019, 

were characterized by more than two °C higher average temperatures, low precipitation, and a high 

deviation of the actual to potential evapotranspiration. This drastic variation of weather characteristics 

compared to 2016 might have led to an adaptation to biotic stress and low water stress but resulted in 

little adaptation towards drought conditions. In the years from 2017 to 2019, the yield declined in an 

almost linear way, indicating that the organic population of these generations might not be well suited 

to produce high yields under water-limited conditions. In contrast, the conventional population produced 

marginally lower yield in 2017, while the yield increased in 2018 and 2019 in direct comparison to 2016. 

Concluding, the equilibrium state reached by the conventional population on the genetic level might 

make it more robust towards variant climatic and weather conditions. The organic population, still 

changing a lot, seems to suffer a lot in its ability to produce decent yield amounts under variant climatic 

conditions. Nevertheless, the ongoing adaption over more than the observed three years of yield decline 

could potentially produce a population with optimal adaption to drought stress. 

4.9 Outlook: The use of gained information in future breeding and potential application of 

pool sequencing in related fields 

This work is the first of its kind, highlighting the adaptation of populations towards their environment 

on a whole-genome scale. This analysis was conducted on two populations – one adapting to organic 

and conventional farming practices over twenty generations of consecutive selection towards these 

systems. Several studies have promoted the development of new organic varieties in the environment of 

their intended use (Anonymous V, 2017; Karn et al., 2020; Le Campion et al., 2020; Murphy et al., 

2007; Shelton & Tracy, 2016). A transfer of this knowledge into breeding projects is limited so far, 

potentially because of big agrochemical companies’ low financial interest in the field of organic 

cropping. The reuse and access of breeding material, free of charge or limited access, are pitfalls 

generated by the organic farming community that prevented extensive development of adapted genetic 

material for organic farming. This can be assumed to be one reason why the yield level is about ~30% 

lower in organic compared to conventional systems (Le Campion et al., 2020). A comparable lower 

yield level was also observed in the performed long-term experiment, indicating that even adapted 

varieties cannot make up for the lower yield caused by the reduced application of fertilizer or pesticides 

when the allelic diversity is not suitable or big enough. Nevertheless, the cross-generational yield 

reduction was less than 25% when extreme years were omitted from the yield data. Good soil with high 

cation exchange capacity might extend the yield gap between organic and conventional farming, as more 

of the applied fertilizer can be bound and exchanged between the root and soil. Generally, a primary 

concern of organic farmers has been the dependence of agro-chemical companies and seed material 

produced by these. A common approach is the reuse of seed material harvest in the previous year. This 

technique, combined with a postulated utilization of heterogeneous varieties might result in severe yield 

declines in extreme years. During the cropping process, a fight for resources leads to selection based on 

the highest fitness under the given environmental effects. As the climatic conditions in central Europe 

have shown to be highly variable in the past couple of years, an adaptation towards drought conditions 

might result in poor yield performance in a wet year with high fungal pressure. Regarding this approach, 

the reuse of seed material could be assumed to be prone to unintended and undesirable yield reduction 

events. Therefore, best practice could be the use of new seed material each year or at least for the 

following year, when the actual period was characterized by major deviations in climate conditions to 

previous year(s), to prevent unintended over-adaptations of heterogeneous varieties. 

For sure, we defined some, not all, relevant aspects future approaches in organic breeding might consider 

focusing on. As it has been illustrated before, breeding and selection should be applied in an organically 
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farmed environment (Wolfe et al., 2008). Nevertheless, the gained knowledge in this study could enable 

breeders to target specific aspects of physiological habits. The often-postulated importance of biotic 

stress resistance seems to play a role in the development of a variety. However, the cost of resistance 

has to be quantified as well as the potential use in the variety to make intelligent decisions if the 

introgression of this resistance will finally pay off or not. The observed patterns in the two populations 

indicate that both the organic and the conventional system can benefit from biotic resistance. Though 

not statistically different, it has to be concluded that the organic system can benefit a bit more from the 

genetic implementation of resistance genes. 

Nevertheless, multi-generational fixation of resistance responses could not have been observed, 

underlining the hypothesis of yield costs of resistance genes. Besides the classic response by resistance 

genes, a second layer of resistance response has been identified, indicating a wide range of micro genetic 

adjustments. Several gene ontologies positively selected for a limited time span of generations show 

evidence of adaptions and reactions towards biotic stressors apart from the classic resistance gene 

concept. 

A much more important role seems to be the adaptation to nutrient uptake and mineralization processes 

in the soil. As described in a previous chapter, nutrients were applied by manure, which leads to late 

mineralization of nutrients. The main period of mineralization of this type of fertilizer was reported to 

be after the cropping period, or at least after the developmental demand of the spring barley is highest. 

The remaining mineralized nutrients in the soil potentially were washed out over the winter, down to 

deeper soil layers. This may result in unavailability for crops or genotypes with a shallow and flat root 

system (Lehrsch et al., 2016). Therefore, the genetic adjustment of the root system seems to play a 

significant role in the development of higher-yielding organic varieties. Deep rooting genotypes can 

access the leached nutrients in deeper soil layers, enabling them to produce more or bigger seeds. 

Regarding climate change, this development might be a beneficial development, as these plants can 

access more rhizosphere areas and therefore more water, which leads to a better resilience of drought 

events. As described earlier, a drought effect only occurs if low air humidity and reduced water 

availability happen simultaneously. Therefore, deep root systems might be the key to increasing nutrient 

uptake and drought stress resistance and ultimately increasing the yield in arid growth conditions. 

Besides having a shallower root architecture, the conventional population was also observed to have a 

more distinct genetic adjustment reaction towards micro genetic adjustments. Several additional gene 

ontology classes were identified to have changed in their allele frequency after a drought year in the 

conventional population, compared to the organic population. This indicates the ability of genotypes to 

buffer certain extents of drought exposure and highlights the fact that a deep root system might be a 

desirable trait for conventional varieties in the future. 

The suppression of weeds or other concurrences for light was also postulated as an essential aspect for 

the development of new organic varieties (Anonymous V, 2017). Like biotic resistances, the trade-off 

between increased vegetative biomass to shade weeds and the required input of energy and nutrients in 

a nutrient-limited environment has to be considered a vital aspect of yield maximization. According to 

our findings, there was no majorly increased biomass production of tillers observed in the organic 

population, neither on phenotypic nor on a genotypic scale. Many of these aspects remained undefined, 

but a significant variation between the conventional and organic systems could not be detected. 

Therefore, it has to be assumed that minor adjustments in the organic population have led to an 

adaptation. This might include an early emergence of leaves, as observed in the hydroponic experiment.  

Besides the consideration of these classic traits, a high heterogeneity in the organic population has been 

observed. It seems to have formed a unique ecosystem, where each genotype covers its niche. The high 
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heterogeneity was observed both on genetic and phenotypic levels, indicating that a diverse set of 

genotypes is more robust in terms of stress adaption. This status might enable the population to adapt to 

variant environmental impacts without losing its genetic diversity. Compared to the organic population, 

the conventional one is not characterized by this extend of heterogeneity. This might indicate that the 

extent of environmental variation should be accompanied by an equal amount of heterogeneity in the 

genetic material. In terms of exporting this approach to breeding schedules or farmers, several things 

have to be mentioned. First, though it is allowed under European law to register a population variety 

these days, a robust phenotypic identification of such varieties is not possible. Therefore, genetic 

approaches like the one presented in this work should be applied. Second, the population can change in 

its allele frequency from one generation to another when it has undergone environmental stressors 

events. This might lead to a positive adaptation to a location but can also result in a negative over-

adaption towards a particular environment. We observed this progress in the organic population twice, 

especially in the years following 2016. A population adapted to biotic attacks in 2016 was grown in an 

environment with little biotic stress but increased drought stress (2017). This drastic change resulted in 

further decreased yield, also in the following years, 2018 and 2019. Compared to this, the conventional 

system was able to retain its yield potential in the drought years, as no adaption to biotic attach in 2016 

was necessary. This observation might highlight the need for new seed application every year to prevent 

suboptimal yield levels. It could be handled in a similar way hybrid varieties are created, just with one 

or two additional generations of segregation. 

In conclusion, pool sequencing is a powerful method for the characterization of populations when the 

breeding behavior, population size, gene flow, and a reference sequence are known. A comparison of 

allele frequencies between populations provides information about different selection forces. Together 

with an expansion or condensation of the genetic map distances relative to the reference map, the 

selected regions indicate relevant traits and localize candidate genes without analyzing phenotyping 

data. The organic population showed a much higher genetic and phenotypic variability concerning the 

selection forces under organic or conventional farming. Since most of the differences between the 

farming systems were related to soil attributes, functional and morphological roots traits should be the 

focus of breeding for organic farming. Especially in organic farming, unpredictable weather strongly 

influences resource availability. Thus increased genetic heterogeneity is recommended. Genetic 

resources that have not undergone selection in high resource farming systems should be used to establish 

adapted cultivars. 

4.10 General conclusion and evaluation of hypothesizes 

Finally, the hypothesizes constructed before the analysis of the data are compared to the identified 

results. The hypothesis made on the allele frequency changes by non-random effects can be concluded 

as correct. The given data cannot answer the second hypothesis on the deviating speed of adaptions over 

the period of the experiment. Instead, it has to be assumed that we see a non-linear evolution of the allele 

frequency in the organic system. While significant fitness genes have influenced the allelic shift in the 

first couple of generations, minor adjustments towards more diversity have been observed in later 

generations. To answer this question, at least one, maybe two generations in the early period have to be 

sequenced. 

The third hypothesis is that most of the alleles contributed to the populations derived from the cultivar 

parent is valid. Overall analyzed generations, the cultivar allele frequency was highest for most of the 

genes in both farming systems. 

The fourth hypothesis, double backcrossing leads to a decreased linkage drag, can only partially be 

answered. A direct comparison with the same pooling strategy would be needed for a normal cross-

population to evaluate this statement fully. Nevertheless, a high degree of recombination over most of 
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the chromosomes and regions has been observed. Therefore, the assumption of a sufficient 

recombination rate in the populations can be made. 

The fifth hypothesis, wild allele can add important alleles to the conventionally and organically farmed 

genetic pool, can be answered positively. Both systems, but more dominantly the organic population, 

can benefit from the derived allelic variation added by the wild-type. 

The sixth hypothesis that the genetic diversity declines over the generations to an equilibrium state has 

to be regarded as true for the conventional population. Contrasting to the observations made in the 

conventional system, the genetic diversity was increased in the organic population over the late 

generations, while being decreased in early generations.  

The seventh hypothesis, the organic system can benefit more from wild alleles, was found to be true. 

Compared to the conventional system, the organic system is more related to the wild habitus and 

environment with low fertilization and increased overall heterogeneity of endogen stressors. 

The eighth hypothesis, an advanced benefit concerning nutrient uptake and tolerances to biotic stressors 

in the organic system, cannot be fully supported. While the organic system has a more expressed and 

diverse root system, which might lead to improved nutrient uptake, the intra-plant variation of nutrient 

transporting genes was not observed to vary between the populations. The genetic variation for the traits 

might have been too slight or irrelevant in the empirical comparison. Furthermore, the resistance alleles 

known to be present in the wild-type were positively selected in the organic and conventional systems. 

Based on this observation, it has to be assumed that the importance of resistance genes in organic 

populations might not be too high. 

The ninth hypothesis, the weather and climate impact the allelic formation of the populations, has to be 

considered significant. It was observed to be the second most crucial factor forming the allele frequency 

patterns in both populations in the late generations. It might have been the primary driver in the first 

generations. As these were not tested, no assumption can be made for this hypothesis. Nevertheless, the 

impact of the climate was relevant. 

Lastly, the hypothesis made about the increased genetic diversity in the organic compared to the 

conventional system had been observed. The organic population had shown evidence of increased 

genetic diversity overall tested generations, underlining that the observations were not made by chance.
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