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General introduction 

Plant breeders have a vital interest in the development and release of improved 

varieties. The two foremost strategies in cereal crops are line and hybrid breeding. 

In both, assessment of the genetic relationship among genotypes is important for the 

choice of crossing parents. Genetic diversity largely determines the future prospects 

of success in breeding programs. In line breeding, a wide genetic distance (GD) 

between crossing parents results in a broad segregation variance in the offspring and 

the development of lines with a superior combination of agronomically and 

economically important characteristics. In all breeding categories except line 

breeding, heterosis is a major factor (Schnell, 1982). In hybrid breeding, a maximum 

exploitation of heterosis is possible and, therefore, superior F1 hybrids can be 

identified. This strategy becomes attractive if F1 hybrids outperform their parents 

and the existing elite line varieties. Therefore, the knowledge of genetic diversity 

within the breeding material is essential for an effective and successful breeding 

program. 

 

History of triticale 

In the history of cultivated plants, triticale (×Triticosecale Wittm.) is a young crop 

resulting from the hybridization of tetraploid durum wheat (Triticum turgidum L.) 

or hexaploid wheat (T. aestivum L.) with diploid rye (Secale cereale L.) as male 

parent. The first report on the intergeneric hybrid was given by Wilson in 1874 about 

a sterile cross (Wilson, 1876). A fertile hybrid was obtained by Rimpau in 1888 after 

spontaneous doubling of chromosomes (Rimpau, 1891). The use of colchicine and 

embryo rescue techniques enabled the extensive production of so-called primary 

triticale since the 1940s. These newly produced octoploid or hexaploid types were 
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often agronomically and reproductively unstable but were used as basic breeding 

material. Commercial triticale programs were initiated in the mid 1950s with 

secondary triticale being produced by crossing primary triticale or by crossing 

primary triticale with wheat or rye. Since octoploid types continued to be 

cytogenetically instable, the work focused predominantly on hexaploid triticale. 

They combined many of the desirable traits of both of their wheat and rye parents 

and constituted the commercially grown triticale. The first triticale variety was 

registered in Germany in 1979  (Bundessortenamt 1979).  

 

Importance of triticale 

Triticale is grown worldwide including 24 European countries. Harvest area 

increased slowly but steadily up to nearly 5% of the total harvest area of small-grain 

cereals. The importance of triticale is similar to rye in European triticale growing 

countries (Figure 1).  
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Figure 1: Development of harvest area of triticale and rye in relation to total harvest area of cereals in 
25 triticale-growing European countries according to FAO 2005. Triticale-growing countries in 
Europe are Austria, Belarus, Belgium, Bulgaria, Czech Republic, Denmark, Estonia, France, 
Germany, Hungary, Italy, Latvia, Lithuania, Luxembourg, the Netherlands, Norway, Poland, 
Portugal, Slovakia, Slovenia, Spain, Sweden, Switzerland and the United Kingdom. 
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Persistent effort of breeding institutes and breeding companies have led to 199 

varieties listed at present (Amtsblatt der Europäischen Union, 2005). In Germany, 

13 are protected varieties and a further 22 are listed in 2005. Triticale is mainly bred 

for the use as is grain feed for pigs and poultry due to its favourable composition of 

essential amino acids (Cooper and McIntosh, 2001; Horlein and Valentine, 1995). 

The use as forage crop for cattle is also practiced (Correa et al., 2002). Though 

triticale is of relatively small importance compared to the major cereals (maize, 

wheat, barley) in Europe, it claims a permanent market share.  

 

Breeding strategies for triticale 

In triticale, methods for self-pollinating species are applied in variety development 

and line breeding is practised at present, though triticale has an estimated 

outcrossing rate of about 10% (Oettler, 2005). The exploitation of heterosis in many 

autogamous crops like wheat has only moderate success (Dreisigacker et al., 2005). 

Hybrids of allogamous species, however, showed a considerable level of heterosis. 

Due to the genome constitution with one third of the chromosomes from the 

allogamous rye ancestor and its floral biology of large extruding anthers and some 

degree of outcrossing, triticale is expected to have more potential for heterosis and 

hybrid breeding than wheat. First investigations of a small number of hybrid 

triticale measured relative mid-parent heterosis (MPH%) for grain yield of 9.5% and 

10.1% (Pfeiffer et al., 1998; Oettler et al., 2003). Hitherto, a large-scale and 

comprehensive study with genetically diverse material was lacking.  
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Genetic diversity assessment 

For both, line and hybrid breeding, information about the genetic diversity is the 

basis for selection of crossing parents. In triticale such information is scarce even 

though its breeding history is short. Several direct and indirect genetic diversity 

measures are applied in crop breeding. Calculation of coancestry coefficient (f) as an 

indirect measure for relative genetic similarity (GS) based on ancestry often fails in 

breeding material. The assumptions made for calculation of f does not always apply 

as in line breeding of self-pollinating crops selection often takes place towards the 

elite parent. As a consequence, the presumption that descendants inherit half the 

genome of each parent is violated. Moreover, the assumptions made regarding 

genetic drift, selection pressure and relatedness of ancestors with known pedigree 

can result in a biased estimate of GD (Bohn et al., 1999).  

Direct genetic diversity estimates based on molecular marker data are the latest 

methods, which possess the ability to bypass the assumptions inherent to pedigree 

analysis. A variety of reliable molecular techniques are available for genome analysis 

in cereals (Graner et al., 1994; Plaschke et al., 1995; Schut et al., 1997). Even though 

DNA markers have the advantage that they are not influenced by the environment, 

the extent of their utility depends on the nature of the markers, their number, the 

genome coverage and the population under investigation as well as their linkage to 

traits of interest.  

Hybridization-based molecular marker techniques such as restriction fragment 

length polymorphisms (RFLPs; Botstein et al., 1980; Melchinger, 1993) were 

replaced by polymerase chain reaction (PCR) based methods. The latter are 

favoured to obtain information about genetic diversity, because of their reliability 

and higher throughput. Common techniques are microsatellite markers (or simple 

sequence repeats, SSRs) and amplified fragment length polymorphisms (AFLPs), 
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which detect differences in fragment size or DNA sequence directly at the DNA level. 

Both marker systems have been successfully used to determine genetic distances in 

cereals such as wheat, barley or rye (Barrett et al., 1998; Huang et al., 2002; 

Soleimani et al., 2002; Almanza-Pinzon et al., 2003; Ordon et al., 2005; Bolibok et 

al., 2005). In contrast to AFLPs, SSR markers are codominant, multiallelic and 

chromosome specific but the development of SSRs for a new species is much more 

time- and cost-intensive. The advantage of AFLPs is that multiple marker bands are 

generated in a single assay without prior knowledge of species-specific DNA 

sequences. Though both marker systems detect polymorphisms directly at the DNA 

level, the cause of the polymorphisms and the conclusion towards genetic distances 

related to phenotypic characteristics between individuals differ.  

 

Hybrid performance and heterosis 

Prediction of hybrid performance with sufficient accuracy from parental 

performance could reduce the costs of the most expensive step in hybrid production, 

namely the production and evaluation of testcrosses in field trials. The breeding 

strategy could be optimized by concentrating on few but the most promising hybrid 

combinations. Recent studies assessing the importance of GCA (general combining 

ability) and SCA (specific combining ability) in triticale are contradictory. In 

contrast to Grzesik and Węgrzyn (1998), Oettler et al. (2003) conclude that 

prediction of GCA for grain yield from parental performance was moderate.  

Even though the genetic mechanisms that explain heterosis are not fully understood, 

it is well documented that crosses between unrelated, and consequently genetically 

distant parents show greater hybrid vigor than crosses between closely related 

parents (Stuber, 1994; Hallauer, 1999). Therefore, an estimation of parental genetic 

distance may be another strategy to predict the most promising hybrid combination 
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and reduce costs and the number of field trials necessary. The relationship between 

MPH of hybrids and the genetic distance of their parental inbreds, determined with 

molecular markers, were investigated both in theory (Charcosset and Essioux, 1994) 

and in numerous experiments with maize and other crops (Brummer, 1999).  

The definition of heterotic groups has been a powerful tool in allogamous species to 

avoid inferior testcrosses and to increase the line per se performance of the parents. 

Successful heterotic groups in maize are Iowa Stiff Stalk vs. Non Stiff Stalk in the US 

Cornbelt and Flint vs. Dent in Europe (Duvick et al., 2004) and in rye ‘Carsten’ vs. 

‘Petkus’ (Hepting, 1978). Melchinger, 1999 showed that inter-group hybrids in maize 

had greater parental GD and MPH than intra-group hybrids. Separate cultivation of 

maize and rye populations facilitated their classification into heterotic groups 

according to their evolutionary history and geographic origin. However, in the 

breeding history of triticale this potential was not exploited. If heterotic groups 

cannot be discovered, a first step towards their development is the grouping of 

germplasm based on genetic similarity (Melchinger and Gumber, 1998). 

Subsequently, crosses could be made among divergent groups to identify promising 

heterotic patterns.  

 

The objectives of this PhD study were to investigate the basic parameters of hybrid 

breeding in the European triticale germplasm and the genetic diversity using PCR-

based molecular markers. More specifically, the objectives were to 

1. investigate the suitability of SSR markers developed from wheat and rye for 

application in the allopolyploid genome of triticale;  

2. assess the genetic diversity within the European winter triticale germplasm 

pool with the aid of coancestry coefficient, AFLP and SSR markers; 
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3. compare and correlate the genetic similarity (GS) estimates of AFLP markers 

(GSAFLP), SSR markers (GSSSR) and the coancestry coefficient (f); 

4. determine the level of heterosis in 209 winter triticale hybrids for eight 

agronomic traits;  

5. appraise the relative importance of GCA vs. SCA effects for triticale hybrids;  

6. calculate correlations between GCA and line per se performance and between 

traits in parents and hybrids; 

7. examine the association between parental GD and SCA;  

8. investigate the existence of genetically distant heterotic groups in elite 

germplasm; and  

9. draw conclusions for future hybrid breeding in winter triticale.  
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General discussion 
 

Knowledge about the genetic diversity of crop species enables well-directed 

strategies for breeding purposes and influencing the future genetic variability. 

Among the estimators for genetic distance, those based on DNA showed to be 

superior to pedigree-based estimators if information of ancestors is scarce. In 

cereals, molecular markers have been developed initially in economically more 

important crops like maize and wheat (Hoisington and Lander, 1987; Melchinger et 

al., 1991; Röder et al., 1995). These results suggest the application of molecular 

markers for genetic diversity assessment also in triticale. Further, investigation of 

heterosis and hybrid performance will supply information about the prospects of 

hybrid breeding in this allopolyploid crop. In addition, knowledge about genetic 

diversity and agronomic parameters enables the search for methods to predict the 

performance of triticale hybrids. 

 

A range of diversity measurements are available which are based on the relatedness 

of pairs of genotypes due to (i) common ancestors or (ii) genetic diversity. For all 

triticale genotypes, confidential pedigree information has been supplied by the 

breeding institutes or companies. The number of known ancestors varied from the 

knowledge back to the initial wheat x rye cross to the female parent only. Therefore, 

the calculation of the coancestry coefficient (f) was not based on a well-balanced 

data stock to be truly informative. Further, the assumptions regarding relatedness of 

ancestors, parental contribution to the offspring, absence of selection and genetic 

drift are mostly not applicable to modern breeding material (Cox et al., 1985). 

Pedigree analyses of triticale resulted in a high amount of f values < 0.1 (85%) and 
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the distribution of f demonstrated low differentiation power. Therefore, f is not 

useful for prediction purposes in triticale. 

 

Molecular marker assessment 

The development of SSR markers for a new species is a time-consuming procedure. 

Due to the allopolyploid genome constitution of triticale with chromosomes from 

wheat and rye, SSR markers developed in both of the ancestor species were available 

for application (Röder et al., 1995; Röder et al., 1998; Saal and Wricke, 1999; Prasad 

et al., 2000; Korzun pers. communication). Their utilization in triticale showed that 

the quality and amount of banding patterns were reliable and informative for most 

of the markers. It was presumed that the genome specific wheat or rye markers 

rarely amplify fragments in the opposite genome (Röder et al., 1995), which could be 

confirmed in the present study. Therefore, the diversity of the triticale genome was 

assessed in total as well as separately for the wheat and the rye genome. Distribution 

of genetic similarity estimates (GS) based on SSRs showed that diversity within the 

wheat genome is wider than in rye. This result was unexpected for the rye genome 

portion as allogamy promotes genetic recombination and gene flow should not be 

limited in successive generations. In wheat, autogamy can lead to a narrower genetic 

basis during evolution. In the present study, in addition to genomic wheat and rye 

SSR markers, SSRs derived from rye expressed sequence tag (EST) were applied. 

EST-derived SSRs generally have lower polymorphic information content and in the 

present dataset they may be the reason for higher similarity within the rye genome 

than within the wheat genome, where only genomic SSRs were used. Nevertheless, 

SSR markers proved informative to assess triticale genetic diversity. Principle 

coordinate analysis (PCoA) based on GSSSR showed no distinct groups within 

triticale. Only genotypes of two companies (‘Nordsaat’ and ‘RICIC’) were separated 
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from the remaining varieties and breeding lines. In contrast, a strong grouping 

according to breeding companies has been reported in commercial maize hybrids 

(Sun et al., 2001). An analysis of molecular variance (AMOVA) confirmed the lack of 

grouping in triticale by revealing lower variation of the genotypes among the 

companies than within. In European triticale, the free exchange of breeding material 

and the exclusive use for one end-use purpose, namely grain feed, may have resulted 

in the absence of clear groups.  

AFLP markers have been recommended as the most efficient marker system in 

crops, because of the highest number of loci per assay detected compared to other 

systems (Powell et al., 1996; Lübberstedt et al., 2000; Belaj et al., 2003). In triticale, 

these findings were confirmed by comparing AFLPs to SSRs. Regarding the quality 

of the AFLP banding patterns, the occurrence of bands with intermediate intensity 

in some DNA samples raised the question whether it is necessary to analyse several 

single seeds of each genotype instead of bulked samples. In triticale, off-types or 

heterozygosity are more probable than in strictly autogamous species, which may 

lead to an intermediate intensity. Nevertheless, an admixture up to 10% off-type 

DNA should not disrupt correct amplification and identification (Zhu et al., 1998). 

Further, a substantial degree of heterogeneity and/or heterozygosity was also 

observed with codominant SSRs. Testing and preselecting SSR markers for clear 

banding patterns is an advantage to define the threshold for abscence presence of 

banding patterns. Both molecular marker systems generated reliable results but they 

differ in their advantages regarding time or information content of banding pattern. 

None of the dendrograms generated by the UPGMA (unweighted pair-group 

method, arithmetic average) cluster algorithm resulted in a clear grouping of 

triticale genotypes. The correlation between GS estimates and f were low due to the 

sparse information content of pedigree data. GSSSR and GSAFLP were moderately 
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correlated, which is in concordance with the findings of the Mantel Z test. Studies in 

other crops showed a wide variation for correlation coefficients (Pejic et al., 1998; 

Bohn et al., 1999). Powell et al. (1996) suggested that correlations of GS based on 

different marker systems are highly influenced by the relationship of the genotypes 

assessed and may decline if the individuals are either very closely related or highly 

unrelated. In the present study, genotypes from extremely differing environmental 

conditions as well as related genotypes from the same breeding company were 

included. The unstructured variation within the triticale germplasm may hinder 

higher correlations in the present study.  

Additionally, cophenetic correlations were also moderate, which implies that the 

dendrograms based on GSAFLP and GSSSR provide only a poor representation of the 

information in the original similarity matrices. This is confirmed by the results of 

the bootstrap analysis, discovering only small groups of genotypes conserved in both 

dendrograms. The genotypes in the accumulations belong mainly to two breeding 

companies, and they clustered also in the PCoA based on SSRs. As a conclusion, 

SSRs and AFLPs seem to have a comparable discrimination power even though the 

results differ due to the differences in the nature of the marker systems and in the 

location of the markers distributed within the genome. 

 

Hybrid performance and heterosis 

The levels of average midparent heterosis in triticale were more similar to wheat 

than to rye. In recent rye hybrids, relative MPH for grain yield of 92% was observed 

in comparison with 10.3% in triticale (Geiger and Miedaner, 1999). In wheat, 

heterosis seems to be influenced by the material tested. Several studies reported 

MPH and better-parent heterosis (BPH) of the same magnitude as in triticale 
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(Martin et al., 1995; Oury et al., 2000). However, others discovered zero MPH and -

9.3% BPH grain yield in spring wheat (Dreisigacker et al., 2005). 

The results of an earlier investigation of heterosis in triticale with a smaller number 

of hybrids (Oettler et al., 2003) was confirmed in the present study for all traits by 

the evaluation of 209 hybrids in six locations. Further, the mean of 10.3% grain yield 

heterosis corresponds with the findings in spring triticale (Pfeiffer et al., 1998) even 

though the results were based only on small plot measurements. Trait correlations 

showed that the yield component 1000-kernel weight made the largest contribution 

to grain yield heterosis. In correspondence with hybrids of other small-grain cereals, 

heterosis for spikes per square meter is often low or negative. Even for this trait, 

variation of heterosis is wide with a maximum of 12% based on mid-parent value. A 

crucial issue for the acceptance of any triticale varieties by farmers is the tolerance to 

pre-harvest sprouting. The present study revealed significant genetic variation 

within parental lines and hybrids. The maximum value of 28.7% MPH showed 

potential for improving falling number even though the average heterosis for this 

trait was low (-10.6%). For successful future hybrid breeding, triticale shows 

sufficient heterosis and variation for all traits. Further, one third of the hybrids 

outyielded modern triticale line varieties, which were included as checks. This is also 

encouraging in the present study, where no pre-selection of parental lines took 

place. With the benefit of developed heterotic groups, higher heterosis can be 

expected for inter-group crosses as reported in wheat (Liu et al., 1999). 

 

General and specific combining ability 

The relation between GCA and SCA effects is important for the successful prediction 

of hybrid performance (Melchinger et al., 1987). When GCA predominates SCA, 

superior hybrids can be identified and selected mainly based on their prediction 
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from GCA effects. In addition, GCA effects were more important than SCA in inter-

group crosses than in intra-group crosses. The superiority of the former in terms of 

mean performance and heterosis for grain yield is well documented (for review see 

Melchinger and Gumber, 1998). In triticale, the analysis of combining ability 

resulted in higher estimates for 2ˆ
GCA

σ  than 2ˆ
SCA

σ  for all traits except for grain yield 

and protein concentration. Further, correlation of GCA and line per se performance 

of parents was only moderate. Both parameters indicate low predictive value of GCA 

or parental line per se performance for superior hybrid performance with regard to 

grain yield and protein content. This emphasizes the need of developing heterotic 

groups or prediction methods based on parental GD. Considering the relationship in 

the European triticale germplasm pool as an intra-group situation, predominance of 

SCA over GCA for grain yield was expected. In contrast, for most of the agronomic 

traits GCA is more important, which is an indication of inter-group tendencies, 

although a clear grouping was not possible yet. 

 

Time- and cost-reducing methods for pre-selection of hybrid parents 

Since SCA effects are more important than GCA effects for the most important 

agronomic trait grain yield, the association between GD and SCA was examined. 

Charcosset and Essioux, 1994) recommended in theory that the most important 

component concerning correlation with GD is SCA. In triticale, none of the GD 

estimates were significantly correlated with SCA of any trait. Hence, hybrid 

performance could not be predicted reliably with the aid of genetic distance 

estimates or line per se performance. Information based on GD or on agronomic 

traits of parents or hybrids was not helpful to define heterotic groups in the 

European triticale germplasm pool. Consequently, the development of heterotic 
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groups is necessary for a successful future hybrid breeding program. The long-term 

progress from a large unstructured cluster of maize varieties in the 1950s to distinct 

pools of Stiff Stalk vs. Non Stiff Stalk heterotic groups was illustrated by Duvick et 

al. (2004). Hence, two heterotic founder groups with female triticale parents have 

been proposed based on the concept of divergence in the breeding history of maize. 

The females have been sub-grouped according to their heterotic response and SCA 

for grain yield with two tester pairs. As a strategy to develop future heterotic groups, 

a long term multi-stage procedure is recommended. Evaluation of the suggested 

groups is essential by producing further intra-group hybrids in diallel crosses as 

recommended by Melchinger and Gumber (1998). Crossing with additional testers 

will supply information to expand the grouping. The heterotic effect among the 

groups can be enhanced by recycling and selecting superior lines within the groups. 

Future research on trait-associated markers will offer new possibilities for a 

successful marker-assisted selection and grouping of germplasm.  

References 

 
Belaj, A., Z. Satovic, G. Cipriani, L. Baldoni, R. Testolin, L. Rallo, and I. Trujillo. 2003. Comparative 

study of the discriminating capacity of RAPD, AFLP and SSR markers and of their 
effectiveness in establishing genetic relationships in olive. Theor. Appl. Genet. 107:736-744.  
 

Bohn, M., H. F. Utz, and A. E. Melchinger. 1999. Genetic similarities among winter wheat cultivars 
determined on the basis of RFLPs, AFLPs and SSRs and their use for predicting progeny 
variance. Crop Sci. 39:228-237.  
 

Charcosset, A. and L. Essioux. 1994. The effect of population structure on the relationship between 
heterosis and heterozygosity at marker loci. Theor. Appl. Genet. 89:336-343.  
 

Cox, T. S., Y. T. Kian, M. B. Gorman, and D. M. Rodgers. 1985. Relationship between coefficient of 
parentage and genetic similarity indices in the soybean. Crop Sci. 25:529-532.  
 

Dreisigacker, S., A. E. Melchinger, P. Zhang, K. Ammar, C. Flachenecker, D. Hoisington, and M. L. 
Warburton. 2005. Hybrid performance and heterosis in spring bread wheat, and their 
relations to SSR-based genetic distances and coefficients of parentage. Euphytica. 144: 51-59.  
 

Duvick, D. N., J. S. C. Smith, and M. Cooper . 2004. Changes in performance, parentage, and genetic 
diversity of successful corn hybrids, 1930-2000. In: C. Wayne Smith (ed.) Corn: Origin, 
History, Technology, and Production, John Wiley & Sons, Inc. pp. 65-97. 
 

Geiger, H. H., and T. Miedaner. 1999. Hybrid rye and heterosis. In: pp. 439-450. 



General discussion 

 

 

 44 

J. Coors and S. Pandey (ed.) The genetics and exploitation of heterosis in crops, ASA, CSSA, 
and SSSA, Madison WI, USA pp. 439-450. 
 

Hoisington, D. and E. S. Lander. 1987. Construcion of an RFLP linkage map of maize genome. 
Cytogenet. Cell Genet. 46:629.  
 

Liu, Z. Q., Y. Pei, and Z. J. Pu. 1999. Relationship between hybrid performance and genetic diversity 
based on RADP markers in wheat, Triticum aestivum L. Plant Breed. 118:119-123.  
 

Lübberstedt, T., A. E. Melchinger, C. Dußle, M. Vuylsteke, and M. Kuiper. 2000. Relationship among 
early European maize inbreds: IV. Genetic diversity revealed with AFLP markers and 
comparison with RFLP, RAPD and pedigree data. Crop Sci. 40:783-791.  
 

Martin, J. M., L. E. Talbert, S. E. Lanning, and N. K. Blake. 1995. Hybrid performance in wheat as 
related to parental diversity. Crop Sci. 35:104-08.  
 

Melchinger, A. E., H. H. Geiger, G. Seitz, and G. A. Schmidt. 1987. Optimum prediction of three-way 
crosses from single crosses in forage maize (Zea mays L.)Theor. Appl. Genet. 74:339-345.  
 

Melchinger, A. E. and R. K. Gumber. 1998. Overview of heterosis and heterotic groups in agronomic 
crops. In: K. R. Lamkey and J. E. Straub (ed.) Concept and breeding of heterosis in crop 
plants, Crop Science Society of America, Madison, WI, USA. pp. 29-44.  
 

Melchinger, A. E., M. M. Messmer, M. Lee, W. L. Woodman, and R. K. Lamkey. 1991. Diversity and 
relationship among U.S. maize inbreds revealed by restriction fragment length 
polymorphisms. Crop Sci. 31:669-678.  
 

Oettler, G., H. Burger, and A. E. Melchinger. 2003. Heterosis and combining ability for grain yield 
and other agronomic traits in winter triticale. Plant Breed. 122:318-321.  
 

Oury, F. X., P. Brabant, P. Bérard, and P. Pluchard. 2000. Predicting hybrid value in bread wheat: 
biometric modelling based on a ”top-cross" design. Theor. Appl. Genet. 100:96-104.  
 

Pejic, I., P. Ajmone-Marsan, M. Morgante, V. Kozumplick, P. Castiglioni, G. Taramino, and M. Motto. 
1998. Comparative analysis of genetic similarity among maize inbred lines detected by 
RFLPs, RAPDs, SSRs, and AFLPs. Theor. Appl. Genet. 97:1248-1255.  
 

Pfeiffer, W. H., K. D. Sayre, and M. Mergoum . 1998. Heterosis in spring triticale hybrids. pp. 86-91 
In: P. Juskiw (ed.), Proc. 4th International Triticale Symp., July 26-31, Red Deer, Alberta, 
Canada.  
 

Powell, W., M. Morgante, C. Andre, M. Hanatey, J. Vogel, S. Tingey, and A. Rafalski. 1996. The 
comparison of RFLP, RAPD, AFLP, and SSR (microsatellite) markers for germplasm analysis. 
Mol. Breeding 2:225-238.  
 

Prasad, M., R. K. Varshney, J. K. Roy, H. S. Balyan, and P. K. Gupta. 2000. The use of microsatellites 
for detecting DNA polymorphism, genotype identification and genetic diversity in wheat. 
Theor. Appl. Genet. 100:584-592.  
 

Röder, M. S., V. Korzun, K. Wendehake, J. Plaschke, M. H. Tixier, P. Leroy, and M. W. Ganal. 1998. A 
microsatellite map of wheat. Genetics 149:2007-2023.  
 

Röder, M. S., J. Plaschke, S. U. König, A. Börner, M. E. Sorrells, S. D. Tanksley, and M. W. Ganal. 
1995. Abundance, variability and chromosomal location of microsatellites in wheat. Mol. 
Gen. Genet. 46:327-333.  
 

Saal, B. and G. Wricke. 1999. Development of simple sequence repeat markers in rye (Secale cereale 
L.). Genome 42:964-972.  
 

Sun, G. L., M. William, J. Liu, K. J. Kasha, and K. P. Pauls. 2001. Microsatellite and RAPD 
polymorphisms in Ontario corn hybrids are related to the commercial sources and maturity 



General discussion 

 

 

 45 

ratings. Mol. Breeding 7 :13-24.  
 

Zhu, J., M. D. Gale, S. Quarrie, M. T. Jackson, and G. J. Bryan. 1998. AFLP markers for study of rice 
biodiversity. Theor. Appl. Genet. 96:602-611.  



Summary 

46 

Summary 
 

Knowledge of the genetic diversity of a species is of paramount importance for the 

choice of crossing parents in line and hybrid breeding. Genetic distance (GD) 

estimates based on molecular markers proved to be well suited for direct exploration 

of the relationship within a germplasm pool. Triticale hybrid breeding and heterosis 

have received increasing attention in recent years. Hybrid seed production is highly 

attractive for autogamous species because of the built-in variety protection of 

hybrids in comparison to line varieties.  

The main objective was to appraise the prospect of hybrid breeding in European 

winter triticale and develop time- and cost-reducing strategies. In particular, the 

main objectives were to (i) assess and compare genetic diversity estimates in 

European winter triticale elite germplasm based on molecular markers and pedigree 

data, (ii) determine hybrid performance and heterosis in multiple environments, 

and (iii) evaluate prediction methods for hybrid performance and heterosis to 

support future hybrid breeding programs. 

Average coancestry coefficient between all pairs of the 128 European elite genotypes 

was low (f = 0.059) due to scanty information available for the majority of the 

varieties and breeding lines. Better estimates of genetic distance of triticale 

genotypes were obtained by molecular marker assessment with 93 simple sequence 

repeat (SSR) markers and 10 PstI/TaqI primer combinations of amplified fragment 

length polymorphism (AFLP) markers. While SSR markers have been developed in 

wheat and rye and are mapped in the genome, the location and distribution of AFLP 

markers is unknown. Both marker systems resulted in reliable genetic diversity 

estimates. The moderate correlation between genetic distance estimate (GD) of SSR 
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and AFLP marker analyses (GDSSR; GDAFLP) corresponded with other studies. Cluster 

analysis and principle coordinate analysis revealed no clear separation of germplasm 

groups. Supported by a bootstrap analysis, it was concluded that both marker 

systems provide consistent information for germplasm identification. The lack of 

grouping is in concordance with the breeding history of triticale as a self-pollinator, 

the wide adaptation of the inter-generic species and the single end-use purpose.  

Simultaneously to the marker assessment, 209 F1 hybrids were produced by a 

chemical hybridizing agent. The hybrids and their parents (57 females and five 

testers) were evaluated in field trials in six environments in Germany during the 

season 2001-2002. A combined analysis revealed significant heterosis for all eight 

traits. The level of mid-parent heterosis was positive for grain yield, 1000-kernel 

weight, number of kernels per spike, test weight and plant height and negative for 

number of spikes per m², falling number and protein concentration. Forty-six of the 

hybrids outyielded modern varieties, which were included as checks, by 10% and 

more. This aspect is important for the success of hybrids on the market for 

commercial production. Results regarding hybrid performance, heterosis, GCA/SCA 

relationship, trait correlation in hybrids and parents and aspects regarding cost-

effective high quality F1 seed production appear to be sufficiently positive to 

encourage further work on hybrid breeding. Approaches to reduce time and costs for 

the identification of superior parental combinations and the prediction of hybrid 

performance revealed no reliable method yet. Correlations between SCA and GD of 

parents based on the different marker systems were low for all traits, which hampers 

prediction. Grouping of germplasm based on GD estimates or on heterotic response 

of the hybrids could not be discovered in triticale. As a consequence, a first step for 

an optimum allocation of resources in commercial hybrid breeding programs is the 

development of heterotic groups. In the present study, several females have been 
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sub-grouped according to their heterotic response and SCA for grain yield with two 

tester pairs. Following the early history of hybrid breeding in maize, a multi-stage 

procedure was suggested for triticale to evaluate and expand the sub-grouping and 

enhance heterosis among groups. 
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Zusammenfassung 
 
Die Kenntnis der genetischen Diversität innerhalb einer Art ist sowohl in der 

Linienzüchtung als auch in der Hybridzüchtung für die Wahl der Kreuzungspartner 

von größter Bedeutung. Auf molekularen Markern basierende genetische Distanzen 

eignen sich besonders, um die Verwandtschaft direkt im genetischen Hintergrund 

aufzudecken. Hybridzüchtung und Heterosis bei Triticale haben in den letzten 

Jahren wachsende Aufmerksamkeit erfahren. Die Produktion und der Vertrieb von 

Hybridsaatgut sind aufgrund des implizierten Sortenschutzes besonders für 

selbstbefruchtende Arten attraktiv.  

Im Rahmen der vorliegenden Arbeit sollten vor allem die Perspektiven für 

Hybridzüchtung in europäischem Wintertriticale abgeschätzt und zeit- und 

kostenminimierende Strategien dazu entwickelt werden. Im Einzelnen sollten (i) die 

Schätzwerte für genetische Distanzen des europäischen Elitezuchtmaterials mit 

Hilfe von molekularen Markern und Abstammungsdaten beurteilt und miteinander 

verglichen, (ii) das Ausmaß von Hybridleistung und Heterosis in mehrortigen 

Leistungsprüfungen festgestellt, und (iii) Vorhersagemethoden für Hybridleistung 

und Heterosis zur Unterstützung zukünftiger Hybridzüchtungsprogramme bewertet 

werden. 

Der durchschnittliche Abstammungskoeffzient zwischen allen Paaren der 128 

europäischen Elitegenotypen war aufgrund eingeschränkter Angaben für eine 

Vielzahl der Sorten und Zuchtstämme niedrig (f = 0,059). Die genetische Diversität 

in Triticale wurden durch Untersuchungen mit 93 ‚simple sequence repeat’ (SSR-) 

Markern und 10 PstI/TaqI Primerkombinationen von ‚amplified fragment length 

polymorphism’ (AFLP-) Markern besser abgebildet. Die SSR-Marker dieser Studie 

wurden im Weizen- und Roggengenom entwickelt und kartiert. Im Gegensatz dazu 
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war die Lokalisation und Verteilung der AFLP-Marker im Genom unbekannt. Beide 

Markersysteme resultierten in zuverlässigen Schätzwerten für die genetische 

Diversität. Die moderate Korrelation zwischen genetischer Distanz (GD) der SSR 

und AFLP Markeranalysen (GDSSR; GDAFLP) wurde auch in Studien anderer Arten 

beobachtet. Cluster- und Hauptkoordinatenanalysen zeigten keine klar 

abgegrenzten Gruppen. Unterstützt durch eine ‚Bootstrap’-Analyse konnte der 

Schluss gezogen werden, dass die Informationen beider Markersysteme von 

ähnlicher Qualität und Aussagekraft für die Erfassung der genetischen Diversität 

sind. Die fehlende Gruppierung stimmt mit den Schlussfolgerungen aus der 

Züchtungshistorie von Triticale als Selbstbefruchter, seiner breiten 

Anpassungsfähigkeit an Umweltbedingungen und dem Fehlen unterschiedlicher 

Nutzungsrichtungen überein. 

Zeitgleich zu den Markeranalysen wurden 209 F1 Hybriden unter Verwendung eines 

chemischen Hybridizierungsmittels produziert. Die Hybriden wurden zusammen 

mit ihren 57 Müttern und fünf väterlichen Testern in sechsortigen 

Leistungsprüfungen in Deutschland während der Vegetationsperiode 2001-2002 

geprüft. Eine kombinierte statistische Auswertung ergab signifikante Heterosis für 

alle acht Merkmale, wobei die Ergebnisse vergleichbar mit anderen Studien bei 

Weizen waren. Das Ausmaß der Heterosis im weiteren Sinn (Heterosis zum 

Elternmittel) war für Kornertrag, 1000-Korn Gewicht, Anzahl der Körner, 

Hektolitergewicht und Pflanzenhöhe positiv und für Ährenzahl pro Quadratmeter, 

Fallzahl und Proteinkonzentration negativ. Vierundsechzig Hybriden übertrafen 

auch moderne Liniensorten, die als Standards mitgeprüft wurden, im Ertrag um 

mehr als 10%. Diese Überlegenheit ist als ein kommerziell nutzbarer Ertragsvorteil 

für ein erfolgreiches Hybridzüchtungsprogramm bedeutend. 



Zusammenfassung 

 

 51 

Die Ergebnisse zu den verschiedenen Aspekten der kosteneffizienten Produktion 

von hochwertigem F1 Saatgut von Triticale lassen es als gerechtfertigt erscheinen, 

weiteren Aufwand für die Etablierung der Hybridzüchtung bei Triticale zu betreiben. 

Methoden, die Zeit und Kosten bei der Identifikation der besten 

Elternkombinationen reduzieren oder die sich zur Vorhersage von Hybridleistung 

eignen, müssen für europäischen Wintertriticale allerdings erst entwickelt werden. 

Die Korrelationen zwischen spezifischer Kombinationseignung und genetischer 

Distanz der Eltern waren für alle Merkmale niedrig. Die Triticalegenotypen konnten 

weder aufgrund der genetischen Distanzen in Gruppen unterteilt werden, noch 

konnten mit Hilfe der agronomischen Daten heterotische Gruppen definiert werden. 

In kommerziellen Hybridzuchtprogrammen ist als ein erster Schritt zur optimalen 

Nutzung der Ressourcen die Entwicklung solcher Gruppen notwendig. In dieser 

Studie wurden einige Hybridmütter aufgrund ihrer heterotischen Reaktion im 

Kornertrag gegenüber zwei Testerpaaren in Untergruppen eingeteilt, wobei auch die 

Ergebnisse bezüglich SCA herangezogen wurden. In Anlehnung an den Beginn der 

Hybridzüchtung von Mais konnte eine mehrstufige Vorgehensweise für Triticale 

vorgeschlagen werden, um die Untergruppen zu evaluieren, zu vergrößern und 

letztendlich die Heterosis zwischen den neu definierten Gruppen zu erhöhen.  
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