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1. General Introduction 

1.1 The origin and economic importance of wheat and barley  

Both bread wheat and barley have their evolutionary origins in the ecologically highly successful and 

economically important Poaceae family. A short generation time facilitated by an energy-rich 

endosperm and the lack of investment in woody anatomical structures, high climatic tolerance enabled 

by C3 and C4 photosynthesis and underground perennial buds that survive frost and fire, and a high 

diversity of dispersal units due to the variable shape of spikelets that enable migration over long 

distances are some of the functional characteristics that account for the ecological success of the 

Poaceae, which manifests itself in a great species richness and presence in almost all climatic zones 

inhabited by plants (Linder et al., 2018). These are also the characteristics that were used by the first 

farming humans when bread wheat and barley were domesticated, and thereby fundamentally 

changed the shape of human existence. 

The Poaceae family includes sugar cane, corn, rice, wheat, and barley, the world's most important 

crops. Cereals, in particular, are the most important share on the global food market with maize, 

wheat, rice, and barley accounting for ca. 40 %, 28 %, 19 %, and 5 % respectively (FAO, 2022). The 

domestication of barley began about 10,000 years ago in the fertile crescent region (Haas et al., 2019a), 

where it was a popular food and feed. Nevertheless, archeological evidence suggests the use of ground 

barley over 17,000 years ago in the Nile Valley (Wendorf et al., 1979). The cultivated form of barley is 

derived from Hordeum vulgare ssp. spontaneum, to which it still looks morphologically very similar 

(Haas et al., 2019b). In ancient times, barley was valued for its high energy content and, according to 

tradition, was the staple food of gladiators, who were therefore also called "hordeari" (Percival, 1921). 

In particular, in the last two centuries, the use of barley as a food source has receded in favor of its 

further use as malt and animal feed. In general, barley has a lower and more difficult-to-digest starch 

content than corn, but it has more protein, which makes it an attractive feed for poultry, pigs, and 

cattle (Dehghan-banadaky et al., 2007; Jacob & Pescatore, 2012; Meints & Hayes, 2019) . Various 

initiatives are underway to improve the digestibility of barley to advance its suitability as feed, for 

example through chemical and physical processing (Dehghan-banadaky et al., 2007) or breeding 

(Meints & Hayes, 2019). 

Unlike barley, wheat plays a consistently important role in the food industry because of its good food 

processing and product development qualities. Wheat was domesticated in the fertile crescent shortly 

after barley. The first domesticated form of wheat was einkorn (Triticum monococcum) (Weiss & 

Zohary, 2011). It was cultivated in the geographic region of the Balkan Peninsula around 6,000 BC, and 

later spelt wheat (Triticum spelta) and bread wheat (Triticum aestivum) achieved expansion 

throughout the Mediterranean region (Bonjean et al., 2001). Even before the Romans, the Chinese 
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Empire of the Shang Dynasty elevated wheat to an essential pillar of society, where it was revered as 

a sacred plant, just like barley (Igrejas et al., 2020). Wheat is used for the production of various pasta 

products in almost all parts of the world. In addition, it is used as animal feed and for the production 

of alcoholic beverages. In the food industry, wheat is used for the extraction of starch, leaving gluten, 

which in turn can be used as feed or to produce other food products (Igrejas et al., 2020). 

1.2 Line breeding in barley and wheat  

In general, the term breeding refers to various methods of generating, selecting, and fixing favorable 

phenotypes that lead to the development of new varieties that meet the needs of consumers and 

producers (Moose & Mumm, 2008). The simplest and probably oldest method to increase crop 

productivity might be phenotypic selection. Since then, breeding itself has undergone an evolutionary 

process which, according to Fernie & Yan (2019), can be divided into three further phases: the era of 

hybridization, the era of biotechnologies such as marker-assisted selection, genome-wide selection, 

transgenics and bioinformatics. Finally, there is the era of breeding by designing genotypes according 

to end-users' demands using genome editing and precision breeding through big data, which allows, 

for example, the prediction of genotype characteristics under certain environmental conditions.  

Both barley and wheat tend to self-pollinate, with outcrossing rates of up to 1.8% observed in wild 

barley and barley landraces (Abdel-Ghani et al., 2004). No self-incompatibility exists in either species 

and the mature anthers shed their pollen in the usually unopened flower, resulting in self -pollination. 

This circumstance facilitates line breeding, which has been used in commercial breeding programs.  

Even before Gregor Mendel began experimenting with peas in the 1850s, Vilmorin began line breeding 

based on a pedigree approach in the 1840s (Gayon & Zallen, 1998). In the pedigree approach, the 

progeny of a cross is sown in a plot with ample spacing between each plant to determine differences. 

Beginning in the first segregating F2 generation, ears from particularly promising individuals are 

harvested and the corresponding seeds are sown in row plots in the following generation. In this way, 

offspring can be compared against the background of their pedigree and performance in terms of 

certain traits in order to select the best. Over several seasons, fewer genotypes are evaluated through 

the selection process. At the same time, the number of available seeds increases, so that first yield 

tests can be carried out with potent progeny of a cross in the F2:3 generation. Multi-environment trials 

follow, and as the breeding process progresses, uniformity increases, so that 93.75% homozygosity can 

be expected in the F5 generation (Hallauer et al., 2010), implying that a certain stability over 

generations is present. 

Another classic method for line breeding is bulk breeding. Similar to the pedigree approach, the 

progeny of a cross is sown in a plot. However, selections are not made on the basis of individual plants 

within the plot, but those plots are selected whose plants perform particularly well with respect to the 
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target traits. Again, the plants achieve more homozygosity and uniformity with each generation. With 

sufficient uniformity and homozygosity, the development of lines can now begin by selecting individual 

ears or plants. For this purpose, the seed of selected ears or plants is sown in rows. A further evaluation 

step can take place before the plants selected in this step are harvested. Yield tests can now be carried 

out from this seed. 

The advent of double haploid technology has led to a revolution in line breeding over the past three 

decades (Kalinowska et al., 2019). Double haploids are genotypes that result when haploid cells double 

their chromosome set. This phenomenon can be induced, for example, by hybridization with another 

species and the addition of chemical agents. Double haploid technology allows the creation of fully 

homozygous genotypes after only one generation. In this way, the development of lines can take place, 

for example, after the F1 generation. From this point on, seed multiplication and evaluation of 

genotypes can take place. Double haploid technology has become a routine tool in both barley and 

wheat. In wheat in particular, the success of double haploid production depends heavily on parental 

genotypes. Therefore, approaches for rapid breeding have recently come more and more into focus 

(reviewed in Srivastava & Bains, 2018). 

1.3 Heterosis  

The term heterosis was coined by George Shull's in the course of his studies on corn breeding (Shull, 

1908, 1914). Heterosis describes the higher performance of genotypes resulting as F 1 from a cross of 

two homozygous, complementary parental lines. It manifests itself in particular in a higher fitness and 

vigor of the hybrid genotype (Lamkey & Edwards, 1999; Shull, 1952) . Although research on heterosis 

has been ongoing for more than a century, the biological mechanisms behind the phenomenon are 

not yet fully understood. The genetic effects causing heterosis can be explained by dominance, 

overdominance, and epistasis. 

When recessive alleles are masked by dominant alleles, this leads to an increase in performance with 

respect to the trait of interest in the case of positive dominance. This observation is summarized in the 

dominance hypothesis and identified as one possible cause of heterosis (Bruce, 1910; Davenport, 1908; 

Jiang et al., 2017; Jones, 1917; Keeble & Pellew, 1910). The epistasis hypothesis explains part of the 

performance gains observed in hybrids by interactions between different loci, i.e. epistasis  (Jiang et 

al., 2017; Schnell & Cockerham, 1992). Digenic epistasis can be described by three forms of 

interactions: additive times additive interactions, additive times dominance interactions, and 

dominance times dominance interactions (Jiang et al., 2017). The overdominance hypothesis 

substantiates the superiority of hybrids in that the effect of heterozygosity at some loci is more 

beneficial than that of one or the other allele when homozygous (Crow, 1948; East, 1936; Hull, 1945; 

Jiang et al., 2017). Most likely, all of the three forces described play a role in the action of heterosis, 
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although the importance of each component is likely to depend on the investigated species  (Schnable 

& Springer, 2013) and the genetic architecture of the trait. 

One way to describe heterosis in a quantitative framework is mid-parent heterosis, which is defined 

as the deviation of a hybrid from the mean of its homozygous parents (W. Schnell, 1961). Better-parent 

heterosis, on the other hand, represents the difference between the hybrid and the better-performing 

parent. From an economic point of view, commercial heterosis is more important: it compares the 

performance of hybrids with the best line variety on the market. 

Heterosis is the basis of hybrid breeding and especially in cross-pollinated species it can bring 

significant advantages. In maize, for example, a better parent heterosis of 15% was found (Duvick, 

1999). In rye, similar values for heterosis could be observed as in maize, ranging from 15-20%. In winter 

oilseed rape, an average better parent heterosis of 50% was reported for yield (McVetty, 1995).  

1.4 Hybrid breeding in wheat 

Also in autogamous crops, there has been a great interest in implementing hybrid breeding for a long 

time. In wheat, hybrid varieties are noted for higher yield while showing higher yield stability  (Longin 

et al., 2012). By crossing two parent lines with complementary resistance to diseases, they can be 

combined much more easily (Longin et al., 2012). In this way, it is also possible to respond more quickly 

to changing pathogen populations, for example. From an economic point of view, it is important to 

note that hybrid varieties have a higher return on investment, since the illegal reproduction of se ed is 

not possible without a massive loss of quality (Hallauer et al., 1988). 

Commercial heterosis of wheat hybrids can reach up to 1 Mg ha-1. In line breeding, this would 

correspond to about 15 years of breeding progress (Laidig et al., 2014; Zhao et al., 2015). The mid-

parent heterosis amounts to 10% in wheat (Longin et al., 2012). In 2022, the descriptive variety list of 

the Bundessortenamt was topped by a hybrid variety in both treated and untreated yield tests  

(Bundessortenamt, 2023). In addition, there is the lower susceptibility to biotic and abiotic stressors 

observed in wheat (Longin et al., 2013). 

The advantage conferred by heterosis can be released through targeted breeding strategies and the 

eventual release of hybrid varieties. Continuous improvement of populations of genotypes suitable for 

hybrid breeding can be achieved through recurrent selection.  Recurrent selection is the cyclically 

repeating selection of potent genotypes and the subsequent intercrossing of these genotypes. The 

implementation of recurrent selection in hybrid breeding was already proposed by  Comstock et al. 

(1949). By performing recurrent selection, heterosis can be used with a continuing selection gain to 

improve a population in terms of its combining ability. 



General Introduction   7 

Despite the compelling advantages of hybrid breeding in wheat, hybrid wheat breeders are faced with 

some obstacles, essentially involving the allogamous flowering biology of wheat, which significantly 

complicates seed production (Whitford et al., 2013). Genotypes with good flowering properties must 

first be found at great expense. By backcrossing, flowering properties can be introduced into an elite 

background, which involves a great expenditure of work. In addition, cross-pollination is also 

dependent on environmental factors such as humidity, temperature, and time of day (Pickett, 1993). 

The nature of the relatively heavy wheat pollen precludes its transport over longer distances, added 

to which it is short-lived. These factors complicate the production of hybrid seed in wheat. To be 

competitive in the market, wheat hybrid varieties must compensate for the high production costs 

through performance. Effective breeding strategies can contribute to the development of attractive 

and competitive hybrid varieties.  

1.5 Genome-wide selection  

The advent of genetic markers has fundamentally revolutionized plant breeding. One element of this 

new facet of plant breeding is genome-wide prediction and the resulting genome-wide selection. In 

genome-wide prediction, a set of genetic markers sufficiently covering the genome is used to predict 

the performance of non-phenotyped genotypes based on genotypes with known phenotype. 

Generally, the set of genotypes on which the model for genome-wide prediction is based is called the 

training set. The genotypes whose performance is to be predicted are called the test set. Genome-

wide selection is the selection of promising genotypes whose performance is evaluated using genome-

wide predictions or genomic estimated breeding values from their marker profile. The con cept of 

genome-wide selection was introduced two decades ago (Meuwissen et al., 2001) and was associated 

with the goal of performing selections for complex traits controlled by many small effect genes with 

high precision. Heretofore, other studies have successfully predicted the phenotypic performances of 

maize hybrids based on their genetic similarity (Bernardo, 1994, 1996).  

A major advantage of genome-wide selection is the reduced effort that must be invested to evaluate 

genotypes based on their performance. This eliminates the need for some of the genotypes in the 

breeding program to be phenotypically evaluated and multiplied, only to be discarded because other 

genotypes were more promising. Instead, only those genotypes that have promising genomic-

estimated breeding values (GEBVs) regarding a set of desired characteristics are comprehensively 

tested.  

For a successful breeding program, the efficient and sustainable exploitation of two resources is 

crucial: i) Genetic diversity, the reservoir of heritable factors that are optimally combined in the 

breeding process for the purpose of increasing performance, and ii) time and experimental plots that 

ensure highly accurate phenotyping to maximize selection intensity and precision. The essence of this 
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principle is summarized in the breeder’s equation (Lush, 1937): The effectiveness of genome-wide 

prediction lies in a significant reduction in the time required for a breeding cycle and the reduction of 

genotypes to be phenotyped, while maintaining a constant selection gain (Heffner et al., 2010). One 

of the first successful studies on genome-wide selection was published for dairy cattle and predicted a 

92% cost reduction from the laborious process of determining the breeding value of a bull based on 

the milk yield of its progeny (Schaeffer, 2006). In crop plants, genome-wide prediction has been 

successfully implemented in maize (Massman et al., 2013), wheat (He et al., 2016), barley (Philipp et 

al., 2016), oat (Asoro et al., 2011), rye (Wang et al., 2014), rice (S. Xu et al., 2014), sugar beet (Hofheinz 

et al., 2012; Würschum et al., 2013), canola (Jan et al., 2016), and sunflower (Reif et al., 2013). 

1.6 Parental selection in line breeding  

The concept of the breeding value originates from cattle breeding, where the value of a male animal 

is estimated by the performance of its progeny. This common problem in animal breeding is very 

similar to the selection of the most potent parents for the creation of a breeding population in plants. 

It seems obvious that a high performing offspring population can be produced by combining two 

particularly high performing parents. Nevertheless, this is only half the truth: a single high-performing 

genotype produced by a breeding population can justify the entire effort of a breeding program. It is 

quite possible that a breeding population with a lower mean value will still be more successful, 

provided that only one genotype performs sufficiently well. Ideally, a breeding population is 

characterized by a high population mean and a high variance with respect to the trait of interest. These 

considerations were summarized in the usefulness concept (Schnell & Utz 1975). 

1.7 Parental selection in hybrid breeding using genome -wide prediction 

Finding well-suited parents for the generation of superior hybrids is one of the core tasks in hybrid 

breeding. For this purpose, inbred lines that can be considered as parental crossing partners can be 

characterized based on general combining ability (GCA) and specific combining ability (SCA) effects. 

The concept of GCA and SCA effects date back to Sprague & Tatum (1942), and were first used in hybrid 

corn breeding. To determine GCA, potential parental lines are crossed against a set of inbred lines 

referred to as testers. Each of these crosses results in hybrids in the F1 generation whose performance 

is evaluated for the trait of interest. The average performance of all hybrids resulting from these test 

crosses is referred to as GCA. While the GCA of a parent line remains constant in a defined set of 

testers, the SCA depends on the combination of the parent line with a specific tester. The difference 

between the GCA of a parent line and the realized performance of the parent line with a specific tester 

is called SCA. GCA is essentially driven by additive genetic effects, whereas SCA is due to dominance 

effects and additive times dominance, or dominance times dominance epistasis. 
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SCA can be used to select the optimal combination of crossing partners, but it cannot be addressed in 

breeding terms because it is not due to additive genetic effects. Therefore, the focus of the breeder's 

interest is to maximize GCA. Only in the last step the suitable parents are selected for the generation 

of a hybrid based on their SCA. Multi-location tests are necessary for reliable determination of GCA 

and SCA. In addition to the field trials themselves, seed production represents a high workload. 

Therefore, efforts are directed at increasing the efficiency of hybrid breeding programs through 

genome-wide prediction (Albrecht et al., 2011; Reif et al., 2013; Zhao et al., 2015).  

In hybrid breeding, the formation of heterotic groups has been established in maize. A heterotic group 

is a group of genotypes that have similar combining abilities when crossed with genetically distinct 

other genotypes (Melchinger & Gumber, 1998). A heterotic pattern is defined as two heterotic groups 

whose genotypes, when crossed, optimally exploit heterosis with respect to a trait. A reasonable goal 

of hybrid breeding is to maximize heterosis for a specific heterotic pattern.  

1.8 Recurrent genomic selection  

The term recurrent selection was coined by Jenkins (1940) for intrapopulation improvement, later 

extended to populations improvement using a tester (Hull et al., 1945, Hallauer et al., 1988, Hallauer 

et al., 2010). In contemporary terminology, recurrent selection defines cyclically recurring, i.e. 

returning selections of outstanding genotypes and the subsequent crossing of these genotypes with 

each other (Hallauer et al., 2010; Lonnquist, 1949). The improvement of the population is achieved by 

increasing the frequencies of beneficial alleles. The improved population can then be used to derive 

inbred lines that can either be released directly as varieties or used to produce hybrid varieties. The 

implementation of genome-wide selection in recurrent selection has been proposed to shorten the 

time required to complete a selection cycle by reducing the need for phenotyping (Gorjanc et al., 2018; 

Müller et al., 2017, 2018) but an application-oriented validation study for the implementation of 

genome-wide selection in hybrid breeding is missing. 

1.9 Objectives  

The main objective of the presented work was to evaluate genome-wide selection across the breeding 

cycle to identify opportunities to increase the efficiency of the same. For this purpose, for each of the 

most important categories of cereal population improvement, namely hybrid breeding and line 

breeding, a concept presented in the scientific community but not yet tested in practice was evaluated 

in application-oriented experiments. In particular, the objectives were to: 

1) provide an overview of experimental and simulation-based studies exploring the possibilities 

to integrate genome-wide prediction into recurrent selection in the context of hybrid wheat 

breeding; 
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2) discuss possibilities to make use of recurrent selection for inter-population improvement in 

wheat; 

3) investigate the utility of genomic selection to identify superior females through genomic 

estimation of the general combining ability effects in wheat; 

4) evaluate the selection gain for grain yield achieved by recurrent selection for inter-population 

improvement in wheat,  

5) examine the impact of genotype-by-environment interaction effects on the effectiveness of a 

long-term breeding strategy; 

6) analyze a commercial barley line breeding program for the possibilities and limitations of 

implementing genome-wide selection; and  

7) test the potential of genomic prediction for the population mean, variance and the usefulness 

criterion using data from an applied breeding population for winter barley.  
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2. Peer-reviewed scientific articles 

2.1 Reciprocal recurrent genomic selection: an attractive tool to leverage hybrid 

wheat breeding 

 

Published in Theoretical and Applied Genetics. 2019 Mar;132(3):687-698.  

Reproduced with permission from Springer Nature. 

DOI: 10.1007/s00122-018-3244-x 

Authors: Maximilian Rembe, Yusheng Zhao, Yong Jiang, and Jochen C. Reif  

Abstract 

Despite the technological advance of methods to facilitate hybrid breeding in self -pollinating crops, 

line breeding is still the dominating breeding strategy. This is likely due to a higher long-term selection 

gain in line compared to hybrid breeding. In this respect, recent studies on two-part strategies splitting 

the breeding program into a population improvement and a product development component could 

mark a trend reversal. Here, an overview of experimental and simulation-based studies exploring the 

possibilities to integrate genome-wide prediction into recurrent selection is given. Furthermore, 

possibilities to make use of recurrent selection for inter-population improvement are discussed. 

Current findings of simulation studies and quantitative genetic considerations suggest that long-term 

selection gain of hybrid breeding can be increased by implementing a two-part selection strategy based 

on reciprocal recurrent genomic selection. This would strengthen the competitiveness of hybrid versus 

line breeding facilitating to develop outstanding hybrid varieties also for self -pollinating plants such as 

wheat. 
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2.2 Reciprocal recurrent genomic selection is impacted by genotype-by-

environment interactions  

Published in Frontiers in Plant Science. 2021 Sep 24;12:703419. 

DOI: 10.3389/fpls.2021.703419 

Authors: Maximilian Rembe, Jochen Christoph Reif, Erhard Ebmeyer, Patrick Thorwarth, Viktor Korzun, 

Johannes Schacht, Philipp H G Boeven, Pierrick Varenne, Ebrahim Kazman, Norman Philipp, Sonja 

Kollers, Nina Pfeiffer, C Friedrich H Longin, Niklas Hartwig, Mario Gils, Yusheng Zhao 

Abstract 

Reciprocal recurrent genomic selection is a breeding strategy aimed at improving the hybrid 

performance of two base populations. It promises to significantly advance hybrid breeding in wheat. 

Against this backdrop, the main objective of this study was to empirically investigate the potential and 

limitations of reciprocal recurrent genomic selection. Genome-wide predictive equations were 

developed using genomic and phenotypic data from a comprehensive population of 1,604 single 

crosses between 120 female and 15 male wheat lines. Twenty superior female lines were selected for 

initiation of the reciprocal recurrent genomic selection program. Focusing on the female pool, one 

cycle was performed with genomic selection steps at the F2 (60 out of 629 plants) and the F5 stage (49 

out of 382 plants). Selection gain for grain yield was evaluated at six locations. Analyses of the 

phenotypic data showed pronounced genotype-by-environment interactions with two environments 

that formed an outgroup compared to the environments used for the genome-wide prediction 

equations. Removing these two environments for further analysis resulted in a selection gain of 1.0 dt 

ha−1 compared to the hybrids of the original 20 parental lines. This underscores the potential of 

reciprocal recurrent genomic selection to promote hybrid wheat breeding, but also highlights the need 

to develop robust genome-wide predictive equations. 
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2.3 The potential of genome-wide prediction to support parental selection, 

evaluated with data from a commercial barley breeding program 

Published in: Plants (Basel). 2022 Sep 29;11(19):2564.  

DOI: 10.3390/plants11192564 

Authors: Maximilian Rembe, Yusheng Zhao, Neele Wendler, Klaus Oldach, Viktor Korzun, Jochen C Reif 

Abstract 

Parental selection is at the beginning and contributes significantly to the success of any breeding work. 

The value of a cross is reflected in the potential of its progeny population. Breeders invest substantial 

resources in evaluating progeny to select the best performing genotypes as candidates for variety 

development. Several proposals have been made to use genomics to support parental selection. These 

have mostly been evaluated using theoretical considerations or simulation studies. However, 

evaluations using experimental data have rarely been conducted. In this study, we tested the potential 

of genomic prediction for predicting the progeny mean, variance, and usefulness criterion using data 

from an applied breeding population for winter barley. For three traits with genetic architectures at 

varying levels of complexity, ear emergence, plant height, and grain yield, progeny mean, variance, 

and usefulness criterion were predicted and validated in scenarios resembling situations in which the 

described tools shall be used in plant breeding. While the population mean could be predicted with 

moderate to high prediction abilities amounting to 0.64, 0.21, and 0.39 in ear emergence, plant height, 

and grain yield, respectively, the prediction of family variance appeared difficult, as reflected in low 

prediction abilities of 0.41, 0.11, and 0.14, for ear emergence, plant height, and grain yield, 

respectively. We have shown that identifying superior crosses remains a challenging task and suggest 

that the success of predicting the usefulness criterion depends strongly on the complexity of the 

underlying trait. 
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3. General Discussion 

The implementation of genome-wide selection in plant breeding programs can be considered a success 

story (Marulanda et al., 2016), as reflected by the fact that it has become a standard part of the toolbox 

of many breeding companies (e.g., He et al., 2017). Genome-wide prediction and selection has been 

implemented across crop species in the past decade and a half, for example in wheat (He et al., 2016), 

maize (Massman et al., 2013), barley (Philipp et al., 2016), rice (Xu et al., 2014), and rye (Wang et al., 

2014). Here, genome-wide prediction is primarily applied to increase the efficiency of resource 

allocation by inferring the performance of non-phenotyped genotypes within a breeding cycle at early 

stages of selection (Figure 1).  

 

 

Figure 1: Graphical comparison of phenotypic selection (PS) and PS augmented by genome -wide 

selection (GS). Accuracy of GS corresponds to 3-4 field trials in complex traits. Costs can be reduced by 

predicting performances of genotypes based on genome-wide prediction models. 

In addition to the use of genome-wide prediction in early selection cycles, genome-wide approaches 

could also bring competitive advantages in the planning of breeding decisions across breeding cycles. 

In this case, the selection of promising parents (Heffner et al., 2009) as well as long-term selection 

strategies (Jannink, 2010) are particularly attractive fields of application for genome-wide prediction. 

In the past, there were several proposals for these areas of application, which were supported in 

particular by arguments based on simulation studies (Allier et al., 2019; Lehermeier et al., 2017; 

Osthushenrich et al., 2017). To determine the actual benefits of a selection strategy in the context of 
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a user-oriented scenario, multi-year field studies are essential. Despite the absence of such validation 

studies, breeding strategies are promoted in the literature as a cure-all to solve pressing problems 

(Hickey et al., 2019; Watson et al., 2018), which can be misleading for recipient stakeholders. 

In this work, two implementation options of genome-wide prediction were therefore investigated 

using extensive experimental data with regard to their prospects of success in industry-relevant use 

cases: genome-wide prediction of the performance of a cross to aid parental selection, and genome-

wide prediction to assist recurrent selection in a hybrid breeding context (Figure 2).  The usefulness-

criterion is an established concept in quantitative genetics to assess the breeding value of a cross 

(Longin et al., 2014). Several usefulness-criterion inference methods based on genome-wide prediction 

have been proposed and tested in simulation studies (Allier et al., 2019; Lehermeier, de los Campos, 

et al., 2017; Lehermeier et al., 2014; Lehermeier, Teyssèdre, et al., 2017; Osthushenrich et al., 2017) . 

To investigate the applicability of one of these methods in plant breeding, it was tested in a commercial 

barley breeding program as part of this work. Reciprocal recurrent genome-wide selection is a method 

for simultaneous improvement of complementary heterotic groups (Rembe et al., 2019), where 

selection decisions are made based on performance data from test crosses of genotypes from 

complementary pools. In this work, reciprocal recurrent genomic selection based on theoretical 

quantitative considerations was identified as a promising tool for increasing the efficiency of hybrid 

breeding programs, especially in autogamous crops. However, field experiments conducted as part of 

this work showed that the practical implementation of recurrent genomic selection is challenging.  
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Figure 2: Comparison of two application scenarios of genome-wide selection in plant breeding: 

parental selection and recurrent selection. 

The experience gained in this work suggests the need of feasibility studies for the assessment of long-

term selection strategies. They prevent serious mistakes from becoming a risk for long-term 

investments by society or private stakeholders when major research projects are set up, for example 

for the utilization of genetic resources or in industrial applications in commercial breeding programs.  

3.1 Parental selection strategies using genome-wide prediction in line breeding  

In line breeding, the performance of the progeny population determines the value of the parents 

(Gaynor et al., 2017). Therefore, predicting the performance of the progeny population is critical to 

selecting promising parents. A progeny population is particularly suitable for the selection of high 

performing genotypes if it is characterized by a high mean and a high variance with respect to the trait 

of interest. This observation was formalized in the form of the usefulness criterion by  (Schnell & Utz, 

1975).  

Based on the concept of the usefulness criterion, Zhong & Jannink (2007) developed a method for 

predicting offspring populations, basically changing the formulation of the usefulness concept so that 
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the heritability was always 1. The authors of the study tested the method using simulations and found 

that among the crosses, the variance of the means was substantially greater than the variance of the 

standard deviations, making the prediction of the standard deviation or variance of the trait of interest 

less relevant than the prediction of the mean (Zhong & Jannink, 2007). 

First approaches to predict the mean and variance of progeny populations based on marker effects 

were entirely based on simulations: genotypic values of individuals of the progeny population were 

calculated as a function of the breeding values of their parents and optionally the prevailing linkage 

disequilibrium. For the entirety of simulated progeny individuals, the population mean and population 

variance were then calculated and used as a predictor for the actual population parameters to be 

observed (Bernardo, 2014; Endelman, 2011; Lado et al., 2017; Mohammadi et al., 2015; Tiede et al., 

2015; Yao et al., 2018). Simulations are computationally and time intensive and, given the potentially 

infinite size of progeny populations, there is a risk of sampling errors. On the other hand, simulations 

of offspring populations allow the prediction of interactions, such as based on epistasis (Yao et al., 

2018) or based on interactions with the environment. However, simulations are always based on 

marker effects and are therefore only as reliable as the estimate of these effects. The prediction of 

higher degree statistics is also subject to increasing uncertainty: the variance results from the squared 

deviation of observations from the population mean. Therefore, it can be concluded that in the 

prediction of variance, the error in the prediction of the mean is squared and also plays a role.  

More recently, two methods were published for predicting the usefulness criterion, one based on 

Markov chain Monte Carlo samples of marker effects from a whole -genome regression model 

(Lehermeier, Teyssèdre, et al., 2017) and the other based on an analytical approach that considers 

linkage disequilibrium (Osthushenrich et al., 2017). Allier et al. (2019) expanded the approach of 

(Lehermeier, Teyssèdre, et al., 2017) for four-way crosses and showed high correlations between 

predicted and observed trait mean and variance of simulated offspring populations. The approach of  

Osthushenrich et al. (2017) also showed high correlations between predicted and observed population 

means and variances in simulation studies, a finding that was further confirmed by field experiments  

(Osthushenrich et al., 2018). 

With regard to the validation based on simulation studies mentioned above, it must be criticized that 

the performances of the genotypes of each progeny population were simulated based on known 

marker effects. These effects were subsequently used to predict the population mean and the 

population variance of the progeny. Nevertheless, this scenario does not correspond to the real-life 

problem breeders face during a selection decision process. Similarly, regarding the field study by  

Osthushenrich et al. (2018), it must be stated that training and test populations were always 

congruent, i.e., that the populations to be predicted were always already used to calibrate the 
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prediction models. This also does not correspond in any way to an application-oriented situation. It 

should also be noted that Osthushenrich et al. (2018) do not report heritabilities for the traits studied 

and removed outliers based on an unspecified procedure. Hence, the presented findings do not allow 

users to draw any conclusions regarding the real suitability of the published methods for the prediction 

of the usefulness criterion. 

Our study allowed us to extensively test the approach of Osthushenrich et al. (2018) in an applied 

manner in the context of a commercial barley breeding program that spanned four years from 2016 to 

2019 (Rembe et al., 2022). The present data set was well suited to investigate the applicability of the 

usefulness criterion: phenotypic records and genomic information were of high quality for parents and 

progeny populations, prediction abiblities were high, both within and betwe en breeding cycles and 

across the entire data set. We have shown that the prediction abilities for the means and variances of 

offspring populations were highly dependent on the complexity of the trait under study. In line with 

the observation of Zhong & Jannink (2007), we found that variance played a minor role in the 

prediction of the usefulness criterion. The results from Rembe et al. (2022) were consistent with the 

observed results from Wolfe et al. (2021) showing low correlations between predicted and observed 

variance of progeny populations for complex traits. 

3.2 Selection strategies using genome-wide prediction to improve heterotic pools in 

hybrid breeding 

The goal of hybrid breeding is to optimize the exploitation of heterosis through selection and 

recombination (Schulthess et al., 2017). If only additive effects are present, the progeny of a cross will 

have a genetic value equal to the mean of the parent’s genetic values. With the presence of epistatic 

and dominance effects, the genetic value of the progeny can deviate from the mean of the parent’s 

genetic values (Falconer & Mackay, 1996; Hallauer et al., 2010). Thus, the task of hybrid breeding is to 

configure additive, epistatic, and dominance effects in the best possible way to come up with the ideal 

hybrid genotype.  

To make the best use of heterosis, it is useful to group genotypes according to their heterotic response 

when crossed with distinct material. The resulting group is called a heterotic group. When genotypes 

of complementary heterotic groups are crossed with each other, some beneficial effect due to 

heterosis can be expected depending on the combination suitability. Particularly well-matched 

heterotic groups whose genotypes produce high-performing hybrids when crossed in a 

complementary manner are referred to as a heterotic pattern (Melchinger & Gumber, 1998). 

Methods to establish heterotic pools were provided by Zhao et al. (2015) and Boeven et al. (2016). 

These steps are followed by the further development of the heterotic pools. Constant improvement of 
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heterotic pools can be achieved by recurrent reciprocal selection (Comstock et al., 1949). In this 

approach, two breeding programs are run in parallel, one for each heterotic pool. Test crosses of 

complementary genotypes are then used to determine GCA, which in turn serves as a criterion for 

selection decisions (Comstock et al., 1949). In the context of reciprocal recurrent selection, the 

implementation of genome-wide prediction appears promising to reduce the cost and time required 

to determine GCA (Rembe et al., 2019), as demonstrated by several simulation studies in different 

crops (Ibánẽz-Escriche et al., 2009; Kinghorn et al., 2010;Cros et al., 2015).  

In this work, the efficacy of recurrent reciprocal genome-wide selection was investigated for the first 

time under application-oriented conditions with extensive field trials (Rembe et al., 2021). A promising 

accuracy of genome-wide prediction models for wheat hybrid performance has been reported in 

earlier experiments for different scenarios of data availability (Figure 3A, B) (Zhao et al., 2015). Based 

on these results an experimental breeding program focusing on the female heterotic pool based on 

recurrent reciprocal genome-wide prediction was established. In the experiment described in Rembe 

et al., (2021), increase in mid-parent heterosis was achieved, but better-parent heterosis was not 

significantly increased. Furthermore, the realized selection gain fell short of the expected one (Rembe 

et al., 2021). Because Rembe et al. (2021) focused only on improving the female heterotic pool, allele 

frequencies of the male heterotic pool could not be optimized. In this case, the complementarity of 

heterotic pools desired in overdominance cannot be achieved if the corresponding alleles are not  

already fixed in the male pool (Rembe et al., 2019, 2021). In the case of partial dominance or negative 

dominance, the favorable allele should be fixed in both heterotic pools  (Rembe et al., 2019). Again, it 

should be noted that if the male heterotic pool remains constant, the optimal configuration cannot be 

achieved unless the corresponding alleles are already fixed (Rembe et al., 2021). 
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Figure 3: Genome-wide prediction scenarios as reported in Zhao et al. (2015). A: In scenario T2, both 

male parent lines and female parent lines have been evaluated phenotypically in the field.  In scenario 

T1 only female parent lines or only male parent lines have been tested phenotypically in the field. In 

test set T0, neither female parent lines, nor male parent lines have been tested in the field (Zhao et 

al., 2015). B: Prediction abilities for predicting performances of the test sets corresponding to the 

respective scenarios. 

An important aspect that Rembe et al. (2021) focus on to explain the low success of the described 

breeding program is the low realized prediction accuracy of the models calibrated on 2012 and 2013 

data (Zhao et al., 2015) for the performances of overlapping genotypes tested in 2019. Cros et al. 

(2018) found, based on simulations, that prediction accuracies could be improved when calibrations 

of the models relied on two preceding breeding cycles. In Rembe et al. (2021), prediction accuracies 

were also low for those genotypes already included in the 2012 and 2013 training datasets (Zhao et 

al., 2015). Therefore, it is likely that other influences have had a negative impact on the effectiveness 

of the breeding program. 

Climate change and the growth of the world's population, as well as the shrinking land area available 

for agricultural purposes associated with both events, demand higher and reliable yields with efficient 

use of available resources (Lobell & Gourdji, 2012; Misra, 2014; Ray et al., 2019; Zabel et al., 2014). 

Innovations from agricultural research, of which plant breeding is one, can be used to achieve the 

ambitious goals associated with this.  

Genetic gain is the increase in the average genetic value or in the average phenotypic value within a 

population over several generations as a result of selection (Hazel & Lush, 1942) and is sometimes also 

referred to as response to selection. Maintaining genetic gain over as long a period of time as possible 

is a basic requirement for long-term selection.  
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Genome-wide selection is a tool that has been routinely used in commercial breeding programs for 

several years to increase genetic gain. One challenge for the long-term maintenance of genetic gain in 

genome-wide selection is the reduction of genetic diversity within a population through high selection 

intensity. However, genetic diversity is an essential prerequisite for long-lasting improvement 

(Goddard, 2009). The impact of genome-wide selection on genetic variance has been demonstrated in 

simulation studies (Jannink, 2010). Different approaches to address this problem have been proposed 

in the literature (Daetwyler et al., 2015; Goddard, 2009; Goiffon et al., 2017; Jannink, 2010; Müller et 

al., 2018) and contrasted in Rembe et al. (2019). Other approaches for implementing genome-wide 

prediction in long-term selection include look-ahead selection (Moeinizade et al., 2019) and optimal 

contribution selection with branching (Santantonio et al., 2020), which were summarized in Labroo et 

al. (2021). Changing environmental conditions as a result of climate change are a further challenge to 

the successfulness of long-term selection.  

3.3 Genotype-by-environment interactions are expected to have a high impact on 

the success of long-term breeding strategies  

In the work presented, we were able to provide evidence that long-term strategies in plant breeding 

can be complicated by large changes in environmental conditions (Rembe et al., 2021). Cross-validation 

is commonly used to test the performance of prediction methods. The resulting prediction ability or 

prediction accuracy is then used as a guide to estimate how reliable the predicted values are to be 

used as selection criteria. For cross-validations, the population of genotypes studied is divided into a 

training set and a test set. Based on phenotypic records and genomic information of the training data 

set, a model is calibrated, which in turn is used to predict the performance of the ge notypes of the test 

set based exclusively on genomic information. Based on the correlation between the phenotypic 

records of the test set and the predicted performances, the predictive ability or predictive accuracy is 

determined. 

Nevertheless, since in this approach genotypes of the test set and of the training set originate from 

the same data set and are therefore produced under the same environmental conditions, the 

suitability for long-term selection can only be derived from the predictive ability or predictive accuracy 

to a limited extent. In the past, this circumstance was less relevant because of more stable 

environmental conditions. Validation studies for long-term selection based on genome-wide 

prediction were furthermore rare, as in the first decade of genome-wide prediction more attention 

was focused on other applications of genome-wide prediction. 

Recently, genotype-by-environment-times-year interactions have become increasingly important: 

drought years are accumulating in Central Europe (Shorachi et al., 2022) and extreme weather events 

with strong local limitation are occurring more frequently (Crespi et al., 2020). When making selection 
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decisions, a breeder must consider that future environmental conditions may affect his predictions 

and thus his basis for decision-making. The requirement for validation studies must be that this 

problem of potential inequality of training environment and test environment is illuminated, and for a 

fair comparison of prediction methods they must be tested under realistic, application -related 

conditions. 

3.4 Genome-wide prediction to overcome challenges in long-term selection 

In the frame of climate change, the classical selection of suitable genotypes based on phenotypic 

performance alone is increasingly moving into the background in favor of predictive breeding 

approaches involving phenotype, genotype, environment and the interaction of these components (Y. 

Xu et al., 2022). Large, multidimensional datasets consisting of structured and unstructured 

information could play a role in the future to make breeding decisions based on big data and artificial 

intelligence (Y. Xu et al., 2022). By merging different experimental datasets, prediction accuracies for 

grain yield in hybrid wheat could be doubled (Zhao et al., 2021). Through the integrative use of in-

house and publicly available data sets, breeders could build their predictions on broader basis and, 

thus, achieve more certainty in decision-making. Along with this, genetic diversity could be exploited, 

which supplements the gene pool used for breeding with valuable properties, such as adaptations to 

stress habitats or disease resistances (Schulthess et al., 2022). De los Campos et al. (2020) 

demonstrated an approach to predict cultivar performances under simulated weather conditions to 

overcome problems associated to genotype-by-environment interactions by a combined analysis of 

phenotypic and genomic information with environmental cofactors obtained from weather stations, 

and provided promising results from validating the method. Promising results were also obtained in 

predicting the performance of crosses in a commercial hybrid maize breeding program by 

incorporating weather data using random forest and optimization models (Ansarifar et al., 2020). 

Approaches that add a component to genotype-by-environment interactions that will take into 

account applied agronomic practices and, thus, shed light on genotype-by-environment-by-

management interactions have recently received greater interest and may facilitate breeders to 

optimize customer-oriented selection decisions (Beres et al., 2020; Mahmood et al., 2022).  

A core problem of using big data in plant breeding is the processing of differently structured data sets 

with varying quality. Breeding companies have historically generated large data sets that, in addition 

to the phenotypic performance of genotypes, sometimes provide comprehensive information on 

environmental conditions prevailing at test locations, such as weather or soil type. The integrative use 

of these data could lead to more robust predictions involving genotype -by-environment interactions, 

allowing more reliable long-term selection decisions. 
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4. Summary 
Following the establishment of genome-wide selection in plant breeding programs, the search for 

areas of application for this promising technology continues. Of particular interest is the use of 

genome-wide selection to improve populations across generations, for example in long-term breeding 

programs or in parental selection. This work provides user-based experimental assessments of the 

utility of genome-wide selection in parental selection in barley under usefulness criterion estimation, 

and in reciprocal recurrent genomic selection for long-term improvement of complementary 

populations for wheat hybrid breeding. Empirical evidence suggests that, despite promising 

performance in theoretical and simulation-based environments, both concepts evaluated here present 

challenges under application-oriented conditions.  

 

Nachdem sich die genomweite Selektion in Pflanzenzuchtprogrammen etabliert hat, geht die Suche 

nach Anwendungsbereichen für diese vielversprechende Technologie weiter. Von besonderem 

Interesse ist der Einsatz der genomweiten Selektion zur Verbesserung von Populationen über 

Generationen hinweg, z. B. in langfristigen Züchtungsprogrammen oder bei der Elternselektion. Die 

vorliegende Arbeit liefert anwenderbasierte experimentelle Bewertungen des Nutzens der 

genomweiten Selektion bei der Elternselektion von Gerste unter Schätzung des Usefulness Criterions 

und bei der reziproken rekurrenten genomischen Selektion zur langfristigen Verbesserung 

komplementärer Populationen für die Weizenhybridzucht. Empirische Belege deuten darauf hin, dass 

trotz vielversprechender Indikatoren in theoretischen und simulationsbasierten Umgebungen beide 

hier evaluierten Konzepte unter anwendungsorientierten Bedingungen noch große 

Herausforderungen darstellen.  
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