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1 GENERAL INTRODUCTION 

 

 

Triticale (×Triticosecale Wittmack) is a man-made small grain cereal of the genus 

Triticale within the tribe Triticeae of the family Poaceae. The origins of triticale can be traced to 

an 1875 report by Stephan Wilson, who made a generic cross between wheat (Triticum spp.) as 

the female parent and rye (Secale spp.) as the male parent, resulting in two sterile plants (Wilson, 

1876). It took another 8 years until Wilhelm Rimpau was able to create the first fertile triticale in 

1888. In 1935, Lindschau and Oehler (1935) finally confirmed that the "Rimpausche Weizen-

Roggenbastard" is a new amphidiploid species with a chromosome set of 2n = 56, nowadays 

referred to as octoploid primary triticale. 

 

Besides triticale, early botanists and plant breeders often suffered from sterile offspring in 

intergeneric crosses because they were dependent on spontaneous chromosome doubling. The 

natural occurrence of intergeneric hybrids is a rare event and led to the emergence of some of the 

most important crop species in modern agriculture. Well-known examples are bread wheat 

(Triticum aestivum L.) (Triticum dicoccum Schrank ex Schübl. × Aegilops tauschii Coss.), 

tobacco (Nicotiana tabacum L.) (Nicotiana sylvestris Speg. & Comes × Nicotiana 

tomentosiformis L.) or rapeseed (Brassica napus L.) (Brassica rapa L. × Brassica oleracea L.). 

A major breakthrough in the artificial generation of intergeneric hybrids was the discovery of the 

chromosome-doubling effect of colchicine by Blakeslee and Avery (1937). This substance is the 

alkaloid of the autumn crocus (Colchicum autumnale L.), which was first discovered and isolated 

by the German pharmacist Philipp Lorenz Geiger in 1833 (Hübler, 1865). This agent is a strong 

cytotoxin, but when used for a short time (a few hours) it inhibits the formation of spindle fibres 

during mitosis, leading to a doubling of the chromosome set. Further research led to the 

establishment of standard protocols and routine use of colchicine in plant breeding until today 

(Bell, 1950; Würschum, Tucker, Reif & Maurer, 2012). 

 

These advances in science paved the way for the further development of triticale as we 

know it today. The majority of modern cultivars are secondary hexaploid triticales with a 

genome constitution of AABBRR, going back to crosses between primary triticale genotypes 
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created by hybridization of durum (Triticum durum Desf.) as donor of the A and B genome and 

rye (Secale cereale L.) as donor of the R genome. The basic idea of triticale breeding was to 

combine the positive characteristics of the parental components; the high resistance against biotic 

and abiotic stress and undemanding nature to soil conditions and fertilization of rye as well as the 

high yield potential and baking quality of wheat. Out of this motivation, the first winter triticale 

cultivars "No. 57" and ñNo. 64ò were registered in 1968 in Hungary and the first spring triticale 

cultivar ñArmadilloò in the same year in Mexico (Oettler, 2005).  

 

In 2022, the German descriptive variety list comprises 54 triticale cultivars of which 45 

are winter types and 9 are spring types. In 2021, triticale was grown on 328.300 hectares with a 

mean grain yield of 5.81 tons per hectare resulting in a total production of about 1.9 million tons 

in Germany (Bundessortenamt [BSA], 2022). On a global scale, triticale was grown on about 4 

million hectares in 2021 with a total production of 15.2 million tons. The main growing area is 

Central Europe, especially Poland, Belarus, France and Germany adding up to 61 % of the total 

cultivation area. The highest grain yields were achieved in Denmark and Belgium, harvesting 

more than 6 tons per hectare on average (Food and Agriculture Organization of the United 

Nations [FAO], 2023). 

 

Triticale is mainly used as animal feed, especially for pigs, poultry and cows. An 

advantage of triticale as animal feed compared to wheat and rye is the positive protein 

composition with a high content of lysine (Heger & Eggum, 1991; Villegas, McDonald & Gilles, 

1970; Mosse, Huet & Baudet, 1988). Triticale is also used in the production of renewable energy, 

as a substrate for the production of biogas and ethanol. For biogas production, the whole plant is 

harvested and fermented into silage under anaerobic conditions. For ethanol production, the 

starch contained in the grain is converted into simple sugars and then fermented by yeast to 

alcohol. Triticale has the advantage of an autoamylolytical enzyme complex that facilitates the 

conversion of starch into sugar (Pejin, et al., 2009). The use of triticale for human consumption is 

only of minor importance due to the low baking quality caused by the high Ŭ-amylase activity 

due to pre-harvest sprouting and poor gluten and gliadin strength (Mares & Oettler, 1991; 

Naeem, Darvey, Gras & MacRitchi, 2002; Martinek, Vinterova, Bureġov§ & Vyhn§nek, 2008). 
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Most of the intended uses of triticale are dependent on the grain composition, most importantly 

the total starch and protein content as well as the amino acid composition of the protein. 

 

Grain Yield Formation and its Components 

 

Grain yield per area can be regarded mathematically as the product of three yield 

components: ears per square meter, kernels per ear and thousand-kernel weight. However, as in 

most biological systems, grain yield is more than the sum of its parts. Besides the highly 

quantitative genetic basis of grain yield, influenced by hundreds of genes, grain yield formation 

is dependent on environmental and climatic conditions, agronomic management and the selection 

of an appropriate cultivar for the prevailing conditions. Thus, grain yield itself is more difficult 

to improve but the abovementioned yield components hold potential for an indirect improvement 

by breeders. To improve the number of ears per square meter, the most important trait is tillering. 

As an increase in the sowing density results in a reduction in the number of ears per plant, an 

agronomic improvement is not feasible (Giunta & Motzo, 2004). Therefore, the number of ears 

per square meter at a fixed sowing density can only be increased by improving tillering through 

breeding. The second yield component, kernels per ear, holds the most potential for breeders as it 

is influenced by numerous pathways. Würschum, Leiser, Langer, Tucker & Longin (2018) 

investigated ear characteristics in wheat, showing that the number of kernels per ear is 

influenced, among others, by spikelet fertility, spikelets per ear, ear length and ear compactness. 

Moreover, all of these traits are significantly positive correlated to the number of kernels per ear. 

The third major yield component thousand-kernel weight is negatively correlated with the 

number of kernels per ear, making it challenging to improve all yield components at a time 

(Januġauskaitǟ, 2014). From a physiological point of view this is plausible, as with the available 

resources the plant can either produce many small grains or fewer large ones.  

To better understand and quantify the accomplished genetic gain by plant breeding, it is 

important to study long-term trends. This can be done by two methods; (i) by studying historic 

data or (ii) by growing cultivars released over the last decades together with modern cultivars in 

the same experiment (Piepho, Laidig, Dorbek & Meyer, 2014; Laidig, Piepho, Dorbek & Meyer, 

2014; Laidig et al., 2017). The advantage of such a joint analysis of modern and ancient cultivars 

lies in the elimination of disturbance variables as they are all grown under the same conditions 
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and advances in crop production, agricultural machinery and plant protection do not blur the 

genetic gain. Such analyses revealed a continuous progress in triticale breeding over the last 

decades with an annual yield increase of about 50 to 90 kilogram per hectare (Laidig et al., 2014, 

Losert, Maurer, Marulanda & Würschum, 2017; Neuweiler, Maurer & Würschum, 2020). 

However, it is not only the total grain yield that is of importance, the composition of the grain 

also plays an important role in its subsequent use and marketing. 

Cereal grains consist of five main components, which are starch, protein, fat, fiber and 

ash (Alijoġius et al., 2016; Rodehutscord et al. 2016). All of these components determine the 

subsequent use of the grain, so the grain composition is an important characteristic of a cultivar. 

Since triticale hardly plays a role in human nutrition, the protein content and starch content are of 

particular interest for its main uses in animal feeding and renewable energy production. In 

animal feeding, especially for pigs, protein serves as a source for the essential amino acids and 

starch as a source of energy. In the production of renewable energy, the starch content is of 

primary interest, as it has a high energy content and can easily be converted into methane or 

alcohol by microorganisms. 

Protein and starch are the main components of triticale grains, summing up to about 82 % 

of its total dry matter (Rodehutscord et al. 2016). Both components are significantly negatively 

correlated (Fossati, Fossati & Feil, 1993; García del Moral, Boujenna, Yañez & Ramos, 1995). 

There are many reasons for this negative correlation, but the main reasons lie in the physiological 

competition for carbon assimilated in photosynthesis used either for the production of protein or 

starch as well as in the dilution of protein due to high starch contents (Fossati et al., 1993; Triboi 

& Triboi-Blondel, 2002). The dilution effect often occurs in high-yielding cultivars. In this case 

the amount of protein harvested per area, or also known as protein yield is comparable to less 

yielding cultivars, but the protein content is significantly lower because the high yield level was 

achieved by increasing the starch content (Fossati et al., 1993). Therefore, increasing one or the 

other component by breeding consequently leads to a decrease of the competing component. The 

two major factors that have an influence on grain composition are genetics and fertilization. 
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Nitrogen Fertilization and Nitrogen use Efficiency 

 

The invention of the Haber-Bosch process in 1908 by Fritz Haber and the development of 

an industrial process to produce ammonia out of atmospheric nitrogen by Fritz Haber and Carl 

Bosch in 1913 led to a new era of agriculture. For the first time in history, people were 

independent of natural nitrogen sources like nitrogen fixation by plants, manure, slurry or guano. 

Together with the development of high yielding semi-dwarf cultivars and advances in crop 

production, agricultural machinery and plant protection this invention paved the way for a rapid 

development in agriculture from the 1950s on, which is today known as the green revolution. 

Mineral nitrogen fertilizers are an essential component of modern agriculture. Only 

through their use is it possible to achieve today's grain yields and to feed a growing world 

population. In 2020, 139.2 million tons of nitrogen fertilizers were applied on a global scale, 

whereas 58.0 million tons and 49.2 million tons of the other macronutrients phosphorus and 

potassium were applied in the same year, respectively, which shows the great importance of 

mineral nitrogen fertilizers (FAO, 2023). However, they also have major negative impacts on the 

environment. The most critical points are nitrogen leaching caused by strong rainfalls and the 

resulting eutrophication of aquatic habitats, the entry of nitrates into the groundwater, 

evaporation of gaseous nitrogen compounds from agricultural soils and canopies as well as high 

energy consumption for the production of mineral nitrogen fertilizers and in result an increased 

emission of greenhouse gases (Ceotto, 2005; David, Gentry, Kovacic & Smith, 1997; Davidson, 

2009). This has led to an increasingly restrictive legislation, regulating nitrogen fertilization 

(Council Directive 91/676/EEC of 12 December 1991 concerning the protection of waters 

against pollution caused by nitrates from agricultural sources 1991, 2008; Düngegesetz 2009, 

2020; Verordnung zur Neuordnung der guten fachlichen Praxis beim Düngen 2017, 2020) In 

order to resolve this contradiction between the increased need for food and the protection of the 

environment, it is necessary to increase the efficiency of our crops in order to produce the 

maximum yield with optimal quality from the available resources. 

The response to nitrogen fertilization differs to a great extent between genotypes and 

therefore it is important to quantify the ability of a genotype to make use of the available 

nitrogen. To this end, Moll, Kamprath & Jackson (1982) developed the so-called nitrogen use 

efficiency (NUE), which simply represents the amount of harvested grain divided by plant 
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available nitrogen. The NUE can be further subdivided into its two components: (i) nitrogen 

uptake efficiency, i.e. the efficiency of a genotype to take up the available nitrogen from the soil, 

and (ii) nitrogen utilization efficiency, i.e. the ability of a genotype to translocate the nitrogen 

taken up into the cereal grain that is harvested. Among small grain cereals, triticale has the 

highest NUE with 31 kilogram grain per kilogram nitrogen available (Sylvester-Bradley & 

Kindred, 2009). However, these are only average values. In wheat, since there are no studies for 

triticale, Brasier et al. (2020) investigated two biparental populations comprising of 136 

recombinant inbred lines (RIL) and 138 double haploid (DH) genotypes in four environments for 

their NUE. Under low nitrogen conditions, the genotypesô NUE ranged from 48.3 kg (kg(N))
-1
 to 

82.5 kg (kg(N))
-1
 for the RIL-population and from 44.3 kg (kg(N))

-1
 to 80.2 kg (kg(N))

-1
 for the 

DH-population. Under high nitrogen conditions, it ranged from 27.9 kg (kg(N))
-1
 to 46.9 kg 

(kg(N))
-1
 for the RIL-population and from 25.0 kg (kg(N))

-1
 to 56.4 kg (kg(N))

-1
 for the DH-

population, which illustrates the high genotypic effect. To make full use of the variation present 

in the breeding pool and to maintain a continuous genetic gain by breeding, it is necessary to 

understand the physiological and genetic basis of NUE. Modern molecular marker-based 

methods offer powerful tools to dissect the genetic architecture of such complex and quantitative 

inherited traits like NUE, grain yield and protein content. 

 

Triticale Breeding and Marker -Based Methods 

 

Triticale breeding focuses on classical line breeding schemes, because of its mainly 

autogamous nature with a self-pollination rate of 90 %, (Oettler, 2005). This is also reflected by 

the German descriptive variety list, where in 2022 only two out of 54 registered triticale cultivars 

were hybrid cultivars (BSA, 2022). The main reasons for the underrepresentation of hybrid 

cultivars are: (i) the lack of heterotic groups, due to the young history of triticale breeding, (ii) 

the complexity of the hybrid breeding method, which requires more resources for the production 

of parental lines and hybrid testing, (iii) the complex system of hybrid seed production, which 

requires either chemical hybridizing agents or a cytoplasmatic male sterility and (iv) in result 

higher prices for hybrid seeds what leads to a low willingness of farmers to buy hybrid triticale 

cultivars (Bernardo, 2010; Fischer et al., 2010; Longin et al., 2012). However, hybrid cultivars 

have many benefits, for farmers as well as for breeders. Due to the reduction of heterosis with 
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selfing, breeding companies have a more secured income, as the problem of farm-saved seeds is 

obsolete for hybrid cultivars. For farmers, the benefit lies in higher grain yields due to the 

exploitation of heterosis and in a higher yield stability compared to line cultivars (Losert, 

Maurer, Weissmann, & Würschum, 2016; Longin, Reif & Würschum 2014; Mühleisen, Piepho, 

Maurer, Longin & Reif, 2014). Despite these advantages, hybrid cultivars hardly play a role in 

triticale today. 

In the last decades, the most important trait breeders were concentrating on was grain 

yield. This is still the same today, but the agricultural market has changed in the last 15 years and 

the demand for triticale cultivars suited for different purposes such as whole plant biomass as 

substrate for biogas production or a specific chemical grain composition is increasing (Cantale et 

al., 2015; McGoverin et al., 2011). The more traits are included in the selection process, the more 

complex the breeding program becomes. One solution is the use of indices, which combine the 

individual traits with one another and thus enable several traits to be improved at the same time. 

This so-called index selection is easy to apply for positively correlated traits such as grain yield 

and grain starch content, but the simultaneous selection of negatively correlated traits requires 

special methods. One prominent example for all small grain cereals is the negative correlation 

between grain yield and grain protein content (Rapp et al., 2018; Kuenzel & Frey, 1985; Fossati 

et al., 1993; Miedaner et al., 2012). To overcome this negative correlation and to increase grain 

yield and grain protein content at a time, Koekemoer, Labuschagne & Van Deventer (1999) 

invented the index protein yield, which is the product of grain yield and grain protein content and 

represents the amount of protein harvested per area. However, protein yield is more strongly 

influenced by grain yield than by protein content and a balanced selection of both traits is 

therefore not possible. Further research on index selection led to the invention of the grain 

protein deviation (GPD) by Monaghan, Snape, Chojecki & Kettlewell (2001). The GPD 

represents the residual of the regression of protein content on grain yield and therefore enables 

breeders to select genotypes with a higher than expected protein content at a given grain yield 

level. Numerous other indices have been proposed to solve this problem, such as the index equal 

weights (IndexEW), which represents the sum of the standardized grain yield and standardized 

protein content (Rapp et al. 2018). Another step forward, in addition to the use of purely 

phenotypic indices, is the use of molecular markers. With their help, the identification of genetic 

regions associated with the trait of interest, also referred to as quantitative trait loci (QTLs), 
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became possible. This enabled breeders to directly select genotypes that have the desired 

characteristics. 

 

Classical phenotypic selection can be very difficult for most of the traits with agronomic 

importance, such as grain yield, earliness or disease resistance, as they are often quantitatively 

inherited. Especially the selection of parents with which to start a new breeding cycle is 

challenging without the knowledge of their genetic constitution. In order to meet these 

challenges, intensive research has been carried out over the past decades on methods to uncover 

the genetic basis of those traits. All of these methods make use of naturally occurring small 

mutations in the genome. Once such a mutation is identified, a molecular marker can be 

developed which can be used to check if this specific mutation is present in a genotype or not. If 

this mutation is in linkage disequilibrium (LD) and closely linked with a genomic region or a 

specific gene responsible for the expression of a phenotypic trait, it can be concluded that a 

genotype carrying this specific mutation expresses the phenotypic trait. With a sufficient marker 

density covering the whole genome, it was possible to detect unknown genetic regions 

responsible for a specific trait by linkage mapping (LM). This method is based on a segregating 

biparental population whose parents differ in the trait of interest. By genotyping the offspring 

mapping population, the segregating loci can be identified and their contribution to the 

expression of the trait can be determined (Mackay & Powell, 2006). However, the QTL 

identified by this method can often not be transferred to other populations as the amount of 

explained genetic variance (ὴ) is often overestimated. Further, QTL for which both parents 

have the same genetic constitution will remain undetected as they will not segregate in the 

mapping population (Melchinger, Utz & Schön, 1998; Korte & Farlow, 2013). Furthermore, 

these QTL can be family specific and are therefore not transferable to other populations. 

Nevertheless, this method is widely used in plant breeding and is used by many companies to 

study their breeding pools for the development of diagnostic markers used in marker-assisted 

selection (MAS). 

A major step forward was the development of genome-wide association studies (GWAS) 

(Myles et al., 2009). This method made it possible to study the genetic architecture of traits 

independently of biparental populations as it makes use of marker-trait associations across a 

panel of diverse genotypes. Thereby, the result is not biased by the genetic constitution of the 
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parental components of a biparental population as is the case in LM, thus the results are more 

representative for the whole population of the crop. However, a high marker density is required 

to carry out a GWAS. In recent years this was made possible for many crops by new genotyping 

methods such as genotyping by sequencing (GBS), identifying tens of thousands of single 

nucleotide polymorphisms (SNP) covering the whole genome (Elshire et al., 2011). 

Due to the more regional importance of triticale in Central Europe, comparatively few 

studies have been published regarding the genetic basis of agronomically important traits. 

Through advances in technology and further declining prices for genotyping, marker-based 

studies and selection methods will find wider application and will become routine even in 

smaller breeding companies. Together with classical phenotypic selection and index selection, 

even the simultaneous improvement of negatively correlated traits like grain protein content and 

grain yield seems to be possible. Therefore, in this thesis, the possibilities and benefits of new 

breeding methods will  be discussed, to adapt triticale for future requirements such as limited 

nitrogen fertilization and a grain composition adapted to its intended end use. 

  



General Introduction 

10 
 

Objectives 

 

The goal of this thesis was to contribute to the understanding of the genetic architecture 

of grain yield and grain quality related traits in European triticale and to assess the potential of 

marker-based technics to improve these traits by plant breeding. 

 

In particular, the objectives of this thesis were to: 

 

1. evaluate the genetic architecture of grain yield and grain quality related traits as 

well as of traits related to nitrogen use efficiency of triticale. 

 

2. evaluate long-term genetic trends resulting from breeding progress for traits of 

agronomic importance in triticale. 

 

3. assess the potential of index-selection to simultaneously improve negatively 

correlated grain yield and grain protein content. 

 

4. develop strategies for the identification of nitrogen efficient triticale genotypes. 

 

5. assess the usefulness of marker-based selection techniques to improve grain yield 

and grain quality related traits as well as traits related to nitrogen use efficiency in 

triticale by breeding. 
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2 PUBLICATION I: LONG-TERM TRENDS AND GENETIC 

ARCHITECTURE OF SEED CHARACTERISTICS, GRAIN 

YIELD AND CORRELATED AGRONOMIC TRAITS IN 

TRITICALE (×TRITICOSECALE WITTMACK)  

 

 

Jan E. Neuweiler
1
, Hans Peter Maurer

1
, Tobias Würschum

1*
 

 

1
State Plant Breeding Institute, University of Hohenheim, 70599 Stuttgart, Germany 

 

Plant Breeding (2020), Volume 139, Issue 4, Pages: 717-729, doi: 10.1111/pbr.12821 

 

The original publication is available at 

https://onlinelibrary.wiley.com/doi/pdf/10.1111/pbr.12821 

 

Abstract 

The aim of this study was to investigate long-term genetic trends and the genetic architecture of 

grain yield, seed characteristics and correlated agronomic traits in triticale. Therefore, a panel of 

846 diverse triticale genotypes was assessed for three agronomic and three seed shape- and size-

related traits. We observed a high genotypic variation and a high heritability for all traits. 

Analyzing the development of these traits during the last decades revealed a continuous increase 

for grain yield and thousand-kernel weight, and a slight increase in seed width. The seed 

characteristics and thousand-kernel weight formed a complex of highly positive correlated traits. 

Genome-wide association mapping revealed many small-effect and a few moderate-effect QTL. 

The allele frequencies of the moderate-effect QTL followed the same temporal trends as 

observed for the phenotype. In line with the phenotypic correlations, we identified several 

pleiotropic QTL for grain yield, thousand-kernel weight, seed width and seed area. Our results 

illustrate the continuous progress achieved in triticale breeding and suggest that triticale seeds 

have been selected to be more spherical in modern cultivars. 
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