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General Introduction 

Importance of maize and future challenges 

Maize (Zea mays L.) is, together with rice and wheat, one of the leading crops cultivated 

for human nutrition, has the broadest cultivated geographical range of all crops, and not to be 

rejected an unprecedented level of diversity (Tenaillon et al., 2001; Gore et al., 2009). Maize 

takes an outstanding importance, since the production of 1,148 million tons of grain 

worldwide in 2019, is significantly ahead of wheat (765 million tons) and rice (503 million tons, 

milled equivalent), even if the production area covers a total of 197 million hectares 

worldwide and lies therewith behind wheat (215 million hectares) and just before rice (162 

million hectares). The steadily increasing production and harvest area in Germany and Europe 

shows the continual importance of maize nowadays (DMK, 2021; FAO stat, 2021). Expanded 

cultivation practices and breeding efforts during the last decades led to the adaptation of a 

crop into new growing areas, which is able to cope with different climatic conditions (Frei, 

2000), as well as the extensive use as silage crop for biogas production, feed and as a source 

of diverse industrially important products (Ranum et al., 2014). Maize yields are severely 

limited in many countries by abiotic and biotic stresses, besides other factors. Production may 

not be able to meet the demands of a growing world population without technological and 

policy interventions (Shiferaw et al., 2011) or uncontrolled area expansions. Another challenge 

for the long-term production will be the growth of maize in a changing global climate (Cairns 

et al., 2012). Furthermore, a steadily improvement of varieties and maintenance of a high 

production level with reduced use of fertilizers and pesticides, due to increasing prices and 

decreasing general public acceptance (Paul et al., 2019) will be a further objective. To increase 

the productivity and yield stability of maize, continuous attempts in plant breeding, variety 

development and research have to be undertaken. Since maize was the first fully sequenced 

allogamous crop (Schnable et al., 2009), it is at the front of genomic research and has also a 

long tradition as model species for basic research (Strable and Scanlon, 2009). 

 

The role and potential of landraces 

Maize has been domesticated in Central America about 9000 years ago from the grass 

teosinte (Beadle, 1939; Matsuoka et al., 2002; Doebley, 2004). Since that time, it has been 
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subject to selection and cultivation and like in other crop species, landraces formed the 

traditional type of variety. They were cultivated by farmers, who planted seeds saved from 

desirable cross-fertilized plants of the previous generation. Based on farmer’s preferences and 

their needs, open-pollinated populations evolved, adapted to the local climatic and 

agroecological conditions (Gouesnard et al., 2005; Tenaillon and Charcosset, 2011). By this 

kind of selection unconscious use of different genetic factors has been made including 

mutations, genetic drift, or recombination events. The result was a broad diversity of open-

pollinated populations adapted to different regions (Warburton et al., 2008).  

Molecular evidence showed distinct paths of maize introduction to Europe: Caribbean 

Flint maize was first introduced to southern Spain by Columbus in 1493 (Rebourg et al., 2003; 

Brandolini and Brandolini, 2009). A further introduction of Northern Flint from North America 

to North-Western Europe took place during the 16th century (Rebourg et al., 2003). Comparing 

the material from Southern and Northern Europe reveals that populations from the Pyrenees 

and Galice show a large genetic distance to the North American material. Admixture between 

Northern and Southern germplasm resulted in novel germplasm that was the cradle of the 

European elite flint material, and a new germplasm pool resulted.  

Until the mid of the twentieth century, maize played only a minor role in the agriculture 

of Central Europe (Schnell, 1992). This changed drastically with the introduction of hybrid 

breeding in the 1950s, when almost all existing landraces disappeared from their use as source 

material for breeding. Key factors for the success of hybrid varieties are beside a higher 

stability and uniformity a superior exploitation of heterosis (Barrière et al., 2006), as observed 

between the dent and flint heterotic groups (Messmer et al., 1993).  

By recurrent selfing, prominent first-cycle lines such as F2 and F7 originating from the 

French landrace Lacaune, DK105 from the German landrace Gelber Badischer, or EP1 from the 

Spanish landrace Lizagarote were developed (Messmer et al., 1992). Even though the genetic 

resources in maize maintained in seed banks are one of the richest sources of all major crops 

(Ortiz et al., 2010), only a small fraction of the plethora of landraces became the source 

material of the flint heterotic pool used in maize breeding of Central and Northwestern 

Europe. Further, many genes for important traits such as drought tolerance or adaptation to 

low nutrient supply may have been lost by selecting cultivars for high-input environments 

(Schnable et al., 2011). According to molecular analyses a narrower genetic base is present in 
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the European flint pool, compared to the dent pool, since only a small proportion of the rich 

variation present in landraces is embedded there (Messmer et al., 1992; Dubreuil and 

Charcosset, 1999; Stich et al., 2005; Van Inghelandt et al., 2010). In comparison, the dent 

heterotic pool displays a very broad genetic diversity, since early maturing inbreds from 

breeding programs in the US as well as from Canada were used as source material (Messmer 

et al., 1992). Therefore, the genetic base of the dent heterotic pool is much broader compared 

to the flint heterotic pool, which is inevitably further reduced by selection. Efforts to broaden 

the narrow base of the flint breeding pool are needed urgently to avoid compromising the 

future selection gain, but they succeeded only moderately. Exploitation of the largely 

untapped reservoir of genetic variation in landraces could be an option to reverse the ongoing 

narrowing of the genetic basis (Strigens et al., 2013b). Therefore, it seems rewarding to revisit 

landraces and to assess their breeding potential in a profound manner.  

More than 300,000 accessions of maize genetic resources are currently stored in gene 

banks and core collections worldwide (Table 1; FAO, 2010). Approximately one third of these 

accessions are landraces. The necessity to preserve genetic resources appeared when the 

importance of the conservation of national genetic patrimony was recognized (Edwards and 

Leng, 1965), and fortunately a huge number of maize landraces has been saved before their 

extinction (Dallard et al., 2000). Publicly managed gene banks are organizing the ex situ 

conservation, maintenance, and multiplication of landraces. Since landraces were collected in 

their growing locations, they are a treasure trove harboring alleles for important traits like 

tolerances and resistances, which are important for plant breeding and coping with the global 

challenges of agriculture (Moreno-Gonzalez et al., 1997; Peter et al., 2009; Mercer and 

Perales, 2010; Strigens et al., 2013b; Meseka et al., 2014; Melchinger et al., 2017; Romero 

Navarro et al., 2017; Mayer et al., 2020). Nevertheless, the characterization and description 

for important agronomic traits of the accessions is often times lacking, which impedes their 

use for practical breeding.   
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Table 1 Maize genetic resources stored in gene banks and collections worldwide (FAO, 2010) 

Genebank 
Total accessions Landrace accessions 

No. % No. % 

CIMMYT International Maize and Wheat Improvement Center 26.596 8 23.670 89 

BPGV-DRAEDM Portuguese Bank of Plant Germplasm 24.529 7 1.962 8 

NC7 North Central Regional Plant Introduction Station, United 

States Department of Agriculture 
19.988 6 15.791 79 

ICGR-CAAS Institute of Crop Germplasm Resources, Chinese 

Academy of Agricultural Sciences 
19.088 6 0  

INIFAP Instituto Nacional de Investigaciones Forestales, 

Agrícolas y Pecuarias (Mexico) 
14.067 4 0  

VIR N.I. Vavilov All-Russian Scientific Research Institute of Plant 

Industry (Russian Federation) 
10.483 3 3.250 31 

NBPGR National Bureau of Plant Genetic Resources (India) 6.909 2 1.105 16 

NIAS National Institute of Agrobiological Sciences (Japan) 5.935 2 415 7 

MRIZP Maize Research Institute «Zemun Polje» (Serbia) 5.475 2 3.011 55 

CORPOICA Centro de Investigación La Selva, Corporación 

Colombiana de Investigación Agropecuaria (Colombia) 
5.234 2 0  

BRGV Suceava Suceava Genebank (Romania) 4.815 1 3.322 69 

IPGR Institute for Plant Genetic Resources «K.Malkov» 

(Bulgaria) 
4.700 1 1.081 23 

INRA-Montpel Institut national de la recherche 

agronomique/Genetics and Plant Breeding Station (France) 
4.139 1 1.159 28 

CENARGEN Embrapa Recursos Genéticos e Biotecnologia 

(Brazil) 
4.112 1 0  

IR Institute of Plant Production n.a. V.Y. Yurjev of UAAS 

(Ukraine) 
3.974 1 517 13 

UNALM Universidad Nacional Agraria La Molina (Peru) 3.023 1 3.023 100 

SSJC Soutnern Seed Joint-Stock Company (Viet Nam) 2.914 1 0  

RCA Institute for Agrobotany (Hungary) 2.765 1 1.051 38 

BAP Banco Activo de Germoplasma de Pergamino (Argentina) 2.584 1 2.584 100 

INIACRF Instituto Nacional de Investigación y Tecnología 

Agraria y Alimentaria,Centro de Recursos Fitogenéticos (Spain) 
2.344 1 2.227 95 

UzRIPI Uzbek Research Institute of Plant Industry 2.200 1 0  

CERI Cereal Institute, National Agricultural Research Foundation 

(Greece) 
2.048 1 0  

IPB-UPLB Institute of Plant Breeding, College of Agriculture, 

University of the Philippines, Los Baños College (Philippines) 
2.013 1 2.013 100 

EETP Estación Experimental Pichilingue (Ecuador) 2.000 1 0  

Others 145.997 45 42.339 29 

Total 327.932 100 108.218 33 
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Limitations of landraces for breeding 

In most crops, landraces remain widely unexploited since they are genetically and 

phenotypically unexplored. Only a limited amount of the genetic diversity of maize landraces 

worldwide has been used in European hybrid breeding programs so far (Dubreuil and 

Charcosset, 1999), even though they appear to be valuable genetic resources for broadening 

the genetic base of the elite flint pool. Therefore, it can be conjectured that those landraces, 

which did not serve as germplasm source for the current elite flint breeding pool, may contain 

useful untapped allelic variation. An important goal in regenerating gene bank accessions is, 

to avoid the loss of genetic diversity and favorable alleles resulting from genetic drift, 

inbreeding or the loss of viability (Dallard et al., 2000). Furthermore, their value for breeding 

will steadily decrease due to the increasing yield gap between the genetic resources and the 

elite breeding materials as well as their poor agronomic characters. Among others, this is a 

reason, why landraces cannot easily be used directly in a breeding program, making it urgent 

to continue and initiate new programs in the pre-breeding domain evaluating the breeding 

value of the genetic resources. 

Since maize landraces are open pollinating populations, they are highly heterogeneous 

collections of individuals varying in the degree of heterozygosity harboring beside favorable 

alleles also detrimental alleles, called the genetic load (Hoisington et al., 1999; Strigens et al., 

2013b). Hence, two problems arise: First, a main problem for gene banks is the genetic 

heterogeneity, which impairs the characterization of landraces. For monogenic traits, the 

exploitation of landraces is simple by using recurrent backcrossing, supplemented by marker-

assisted selection to reduce the linkage drag (Frisch and Melchinger, 2001). However, for 

quantitative traits, in characterizing the potential of landraces the variation within landraces 

is generally neglected and only the population mean for agronomic (Mieg et al., 2001; Ferro 

et al., 2007; Malvar et al., 2007; Peter et al., 2009; Romay et al., 2010) and morphological traits 

(Gouesnard et al., 1997; Lucchin et al., 2003) is evaluated with high precision but not the 

performance of “immortalized” genotypes such as lines or clones. Second, since landraces are 

the foundation of hybrid breeding, the exploitation of the total variation in landraces requires 

the development of inbred lines, which was until now accomplished by recurrent selfing of 

the source material. However, in landraces the success of recurrent selfing was low since the 

genetic load caused poor vigor and the loss of lines due to fixation of detrimental and/or lethal 
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alleles. Further, unwanted properties, which are tightly linked with the desired ones, might 

reduce the breeding value of the developed inbred lines, as negative properties will 

unintentionally be introduced into the breeding germplasm.  

To assess the value of a landrace by evaluating its performance per se or its combining 

ability depends on the purpose of usage. While the breeding value of a genetic resource in 

line breeding relates mainly to its per se performance, the per se performance is only of 

secondary importance in hybrid breeding, because the value of parent lines is mainly 

determined by their combining ability with the opposite heterotic pool (Melchinger and 

Gumber, 1998). Identification of promising heterotic patterns among landraces was therefore 

focus in many studies (Malvar et al., 2004, 2005; Revilla et al., 2006). Nevertheless, a 

comprehensive study for the evaluation of the combining ability of flint landraces with testers 

from the dent heterotic pool was largely lacking.  

 

DH technology for producing lines from landraces – DHL 

To exploit most efficiently this largely untapped reservoir of genetic variation, Reif et 

al. (2005) proposed the use of the doubled haploid (DH) technology also for landraces. 

Historically, the DH technology replaced recurrent selfing for line development in elite 

materials (Prigge and Melchinger, 2012). The production of DH lines involves (i) haploid 

induction by pollinating the source germplasm with pollen of an inducer line to produce seeds 

with haploid embryos; (ii) the identification of haploid seeds by using a suitable marker; (iii) 

chromosome doubling of the haploid seeds with a mitotic inhibitor such as the alkaloid 

Colchicine, which is commonly used; and (iv) the selfing of the DH plants to increase the 

amount of seeds of the newly generated lines. This technology has been recommended for 

landraces since it perfectly captures all alleles present in the landrace, creates homozygous 

samples of the maternal gametes, and enables a more efficient and rapid access to the 

diversity harbored in landraces (Reif et al., 2005; Melchinger et al., 2017). However, 

information about the production of DH lines from landraces and assessment of their value in 

comparison with elite materials is scarce hitherto. First studies gave rise to hope, since only a 

moderate yield gap was observed between DH lines from landraces and commercial checks in 

European and tropical germplasm (Wilde et al., 2010; Prigge et al., 2012; Strigens et al., 

2013b). Melchinger et al., (2017) showed that large-scale production of DH lines from 



8 
 

landraces is possible, albeit higher expenditures compared to elite materials have to be 

accepted. The advantages of the production of DH lines of landraces are obvious: (i) In the 

haploid or homozygous diploid stage the genetic load is uncovered and reduced, and the 

inbreeding process can be used to purge landraces from lethal or detrimental alleles (Crnokrak 

and Barrett, 2002; Eder and Chalyk, 2002). (ii) Immortalized gametes are produced and 

therefore, the alleles of the heterozygous individuals in landraces are fixed (Gallais, 1990). This 

also facilitates the maintenance for gene banks. (iii) A faster line development is achieved, and 

since lines are pure-breeding, multiplication and characterization is simplified and can be 

conducted ad libitum (Melchinger et al., 2005). (iv) The whole genetic variance within 

landraces is revealed within one step. Doubled haploid line libraries (DHL) from landraces 

therefore offer great promises to fix and preserve the genetic diversity, and to unlock the 

potential of landraces. Further, the level of linkage disequilibrium (LD) is expected to be low, 

which makes them an excellent research tool for association mapping. However, a thorough 

study, providing information about the production of DH lines in landraces and comparing the 

breeding potential of DHL from landraces with that of elite germplasm to broaden the genetic 

base of the flint heterotic pool, is urgently needed.  

 

Association mapping and omics in DHL 

High-throughput genotyping platforms and sequencing of individuals is routine since 

long time (Cao et al., 2011; Elshire et al., 2011; Ganal et al., 2011). Linking complex phenotypes 

to their genotypes in association mapping studies (for genes) becomes a routinely applied tool 

as well (Yu et al., 2006; McMullen et al., 2009b; Huang et al., 2015; Romero Navarro et al., 

2017). Genetic mapping is a powerful tool to exploit the genomic information and to identify 

genetic determinants proving useful for crop improvement. Since marker density is not any 

more a major limitation (Stange et al., 2013), the ability to discover genetic determinants in a 

mapping study depends on the genetic diversity of the population and a high rate of genetic 

recombination (Mackay et al., 2009). In linkage mapping, where two inbred founders are 

crossed to produce genetically segregating progenies, populations provide a high statistical 

power for detection of quantitative trait loci (QTL) but suffer from a shortage of diversity and 

recombination events. In view of the tremendous progress in gene editing, intentions are 

nowadays to go beyond QTL down to the level of causal variants and underlying genes. With 



9 
 

increasing marker densities and reduced genotyping costs (Wallace et al., 2014) genome-wide 

association studies (GWAS) are promising approaches to detect genes and alleles of interest 

in germplasm collections. Compared to linkage analysis, GWAS offer three advantages: (i) 

higher mapping resolution; (ii) greater number of alleles and a broader reference population; 

and (iii) less research time in establishing an association between marker information and the 

causal genes (Buckler and Thornsberry, 2002; Flint-Garcia et al., 2003). Association mapping 

further benefits from high genetic diversity and the historical accumulation of recombination 

events (Dell’Acqua et al., 2015). Several techniques became available in GWAS for decoupling 

genetic associations with confounding factors (Yu et al., 2006; Sillanpää, 2011), such as 

population structure or cryptic relatedness leading to spurious associations (Astle and Balding, 

2009). Different multi-parent cross designs, as the nested association mapping (NAM) design 

(Yu et al., 2008; McMullen et al., 2009b) or the multi-parent advanced generation intercrosses 

(MAGIC) population (Dell’Acqua et al., 2015; Huang et al., 2015), already employed and 

combined the advantages of both approaches. In comparison to traditional linkage mapping, 

in GWAS existing populations can be used and, given a high marker density and a fast decay 

in LD, a high mapping resolution can be achieved (Flint-Garcia et al., 2003). 

A mine of genetic diversity can be found in a broad set of DH lines from landraces. 

Large phenotypic and genotypic variances can be expected since only a marginal degree of 

artificial selection took place. Conducting replicated trials makes it possible to estimate 

variance components as well as heritabilities to quantify the selection gain. Further, new 

advantageous characteristics might be identified in those genetic resources. Genotyping of 

DHL from landraces with high density single nucleotide polymorphism (SNP) marker platforms 

(Ganal et al., 2011) has already been done and gave insights into the diversity of landraces. A 

low degree of LD was observed in European landraces (Reif et al., 2005; Tenaillon and 

Charcosset, 2011; Mayer et al., 2017) as well as in DH lines derived from landraces (Brauner 

et al., 2018; Mayer et al., 2020). A combination of a high diversity and a dense marker coverage 

makes DHL perfect tools for GWAS. Most importantly, the decay of LD is expected to be much 

faster in DHL from landraces than in DH lines derived from elite breeding populations due to 

the ample opportunities for recombination attributable to panmixia for hundreds of 

generations (Strigens et al., 2013b; Mayer et al., 2017). Further, because DH lines represent 

immortalized genotypes, which can be multiplied and phenotyped with a high precision, a high 

QTL detection power should be possible due to a high heritability. The precise identification 
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of QTL and underlying candidate genes allows the introgression of favorable traits from 

landraces into elite material without the introduction of undesirable properties by linkage 

drag. Further, it allows a deeper understanding of the genetic architecture and understanding 

of physiological and metabolic pathways (Riedelsheimer et al., 2012). 

A strategy to read out the plant physiological status is the plant metabolome, which is 

an intermediate between the genome and the phenome in plants (Luo, 2015). Since many 

metabolites are under the control of only few genes (Riedelsheimer et al., 2012), their 

architecture is probably less complex than for agronomic traits. Therefore, they could provide 

a link for dissecting the genetic architecture of complex traits. Metabolite profiling was carried 

out first in medicine (Suhre and Gieger, 2012), but can meanwhile be applied on a large scale 

with the invention of new techniques. Progresses in gas chromatography separation coupled 

with mass spectrometry (GC-MS) analyses with high-throughput platforms can identify and 

quantify a meaningful fraction of the entire metabolome in higher plants resulting in a wide 

coverage of central pathways (Lisec et al., 2006). An all-encompassing view on the potential 

of libraries of immortalized lines from landraces including phenotypic traits and metabolites 

is until now lacking and would complement the integrated view on the traditional variety types 

of maize.  

 

Objectives 

The goal of this thesis research was to evaluate the breeding potential of European 

flint maize landraces and use the advantages of the DH technique to unlock the diversity of 

these genetic resources by mining for new alleles by association mapping in DH lines derived 

from landraces. In particular, the objectives were to 

(1) determine the genetic variation for testcross performance of European landraces of 

the flint germplasm pool in combination with elite dent testers  

(2) evaluate the phenotypic and genotypic variation of immortalized lines within and 

among landraces 

(3) compare the per se performance of those line libraries with elite lines as well as 

founder lines from the European flint germplasm pool 
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(4) analyze the breeding potential of immortalized lines from landraces in comparison 

with elite material to improve the narrow genetic base of the flint heterotic pool 

(5) demonstrate the high mapping resolution of DHL from landraces in association 

mapping down to causal variants and underlying genes 

(6) provide conclusions and guidelines for breeding and research using libraries of 

immortalized lines from landraces  
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Abstract  

A plethora of maize (Zea mays L.) landraces is stored in gene banks worldwide. 

However, information about their value in breeding is scarce and strategies for identifying the 

most promising landraces in pre-breeding are largely lacking. This study was conducted to (i) 

evaluate the testcross performance of 70 European flint landraces in combination with two 

elite dent testers and compare these results with the performance of modern hybrids for 

important agronomic traits, (ii) estimate the genetic variances among landraces and trait 

correlations for these two testcross series as well as the correlation between them, and (iii) 

devise a testing scheme for assessing the breeding potential of a large number of landraces 

for hybrid breeding. Grain yield of the landrace testcrosses was on average about 26% lower 

than modern hybrids. Genotypic variances among landrace testcrosses were significant for all 

traits, and genetic correlations were moderate to high for most trait combinations in both 

testcross series. Thus, it seems promising to tap this huge genetic reserve for enlarging the 

genetic base of the elite flint germplasm pool in Central Europe. Since the genetic correlation 

between the two testcross series exceeded 0.74 for all traits, we recommend assessing the 

breeding potential of landraces for broadening existing heterotic groups by evaluating their 

testcross performance in combination with one or two elite single-cross tester(s) from the 

opposite heterotic pool. Subsequently, doubled haploid lines from a few of the most 

promising landraces could be produced to exploit the large genetic variation within landraces 

to the full extent.  
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Abstract  

Landraces of maize (Zea mays L.) represent a huge reservoir of genetic diversity largely 

untapped by breeders. Genetic heterogeneity and a high genetic load hamper their use in 

hybrid breeding. Production of doubled haploid line libraries (DHL) by the in vivo haploid 

induction method promises to overcome these problems. To test this hypothesis, we 

compared the line per se performance of 389 doubled haploid (DH) lines across six DHL 

produced from European flint landraces with that of four flint founder lines (FFL) and 53 elite 

flint lines (EFL) for 16 agronomic traits evaluated in four locations. The genotypic variance (𝜎𝐺
2) 

within DHL was generally much larger than that among DHL and exceeded also 𝜎𝐺
2 of the EFL. 

For most traits, the means and 𝜎𝐺
2 differed considerably among the DHL, resulting in different 

expected selection gains. Mean grain yield of the EFL was 25 and 62% higher than for the FFL 

and DHL, respectively, indicating considerable breeding progress in the EFL and a remnant 

genetic load in the DHL. Usefulness of the best 20% lines was for individual DHL comparable 

to the EFL and grain yield (GY) in the top lines from both groups was similar. Our results 

corroborate the tremendous potential of landraces for broadening the narrow genetic base 

of elite germplasm. To make best use of these “gold reserves”, we propose a multi-stage 

selection approach with optimal allocation of resources to (1) choose the most promising 

landraces for DHL production and (2) identify the top DH lines for further breeding. 
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Abstract  

Landraces are traditional varieties of crops that present a valuable yet largely untapped 

reservoir of genetic variation to meet future challenges of agriculture. Here, we performed 

association mapping in a panel comprising 358 immortalized maize lines from six European 

Flint landraces. Linkage disequilibrium decayed much faster in the landraces than in the elite 

lines included for comparison, permitting a high mapping resolution. We demonstrate this by 

fine-mapping a quantitative trait locus (QTL) for oil content down to the phenylalanine 

insertion F469 in DGAT1-2 as the causal variant. For the metabolite allantoin, related to abiotic 

stress response, we identified promoter polymorphisms and differential expression of an 

allantoinase as putative cause of variation. Our results demonstrate the power of this 

approach to dissect QTL potentially down to the causal variants, toward the utilization of 

natural or engineered alleles in breeding. Moreover, we provide guidelines for studies using 

ancestral landraces for crop genetic research and breeding.  
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General Discussion 

Breeding potential of European landraces 

Evolution and domestication resulted in higher productivity of plants, but 

domestication also represented a bottleneck for their genetic diversity. The challenge of 

modern plant breeding is to create higher yielding and environmentally friendly varieties 

without harnessing further natural habitats for their production. This dissertation aims to 

utilize traditional variety types of maize as a source of genetic variation, which has been lost 

in modern elite germplasm, mostly by breeding activities. The hidden potential of maize 

germplasm resources including landraces is lying dormant in gene banks but considered 

essential to overcome future challenges of agriculture, especially those imposed by climate 

change, and to meet future demands on crop production (McCouch et al., 2013; Sood et al., 

2014). Genetic studies can identify valuable traits of landraces, and introgression breeding can 

transfer the underlying genes to commercial breeding germplasm. If genetic resources remain 

idle in gene banks, the yield gap between them and the elite breeding material is continuously 

increasing (Duvick, 2005), which will decrease their future value in breeding.  

Owing to the ‘founder effect’ in crop evolution, only a small fraction of the genetic 

variation present in their wild relatives is available in modern plant species (Langridge and 

Waugh, 2019). While landraces preserved this useful genetic diversity, they remained 

untapped, hitherto, due to genetic linkage between loci with useful and undesired alleles 

(Warburton et al., 2008). Nevertheless, they are natural candidates for introgression into the 

flint heterotic pool since the latter traces back to a small number of first-cycle lines extracted 

from a few European flint landraces at the beginning of hybrid breeding (Rebourg et al., 2001; 

Gauthier et al., 2002). Landraces can be incredible rich resources of genetic variation, 

especially for traits that are target of selection nowadays, like abiotic stress tolerance or those 

focusing on resource efficiency (Lobell and Tebaldi, 2014). Therewith, they can help to adapt 

crops to cultivation in the coming decades and cope with challenges such as new pests and 

the consequences of climate change.  

Regarding the exploitation of landraces in allogamous crops, breeders are confronted 

with two major problems. First, they have to identify the most promising landrace accessions 

from the plethora of landraces for introgression into the known heterotic pools within their 
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breeding programs. Currently, this is mainly based on passport data provided by seed banks 

or data on their per se performance and/or testcross performance (Salhuana and Pollak, 2006; 

Böhm et al., 2014) but in the future, genotyping data can be used as complementary sources 

of information to monitor their molecular variance and uncover hidden relationships (Mayer 

et al., 2017). Further, since the majority of diversity is not lying between, but within landrace 

populations (Monteiro et al., 2016; Böhm et al., 2017; Mayer et al., 2017), the breeder has to 

mine the diversity within landraces. For later use in hybrid breeding, this should preferably be 

in the form of inbred lines, whereas landraces stored in gene banks are populations of 

heterozygous individuals. Consequently, there is a high need to characterize landrace 

populations and evaluate their breeding potential at the level of inbred lines extracted from 

them, so that the entries can be multiplied ad libitum and phenotyped with any desired degree 

of precision. In the present study, we used the advantages offered by the doubled haploid 

(DH) technology to get access to the genetic richness of landraces and to evaluate their 

breeding potential. The main objectives were to (i) propose a sampling strategy for breeders 

to improve the genetic diversity and performance of the current European germplasm pool, 

and (ii) evaluate the genetic potential of DH lines from landraces for direct use in breeding. 

With regard to genetic research, the objective was to demonstrate the use of doubled haploid 

line libraries (DHL) from landraces as a novel tool for association mapping to dissect candidate 

genes valuable for further breeding and research. 

 

Sampling strategies 

To initiate new or continue existing breeding programs in the pre-breeding domain, 

evaluating the breeding value of landraces for complex traits is crucial. Available information 

relates mostly to studies with comparatively small numbers of flint landraces and to their per 

se performance or classification into heterotic groups (Moreno-Gonzalez et al., 1997; Soengas 

et al., 2003, 2006). Since breeders have to choose from a large number of landraces the most 

promising ones for introgression into their heterotic pool, the combining ability of those 

genetic resources with the opposite heterotic pool is of primary interest.  

Whereas maize landraces are highly heterogeneous populations, their potential in 

hybrid breeding depends not only on the population mean, but also on the variance within 

the population. Schnell (1983) proposed the usefulness criterion for comparing different 
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source populations, which combines information on the mean, the genetic variance and 

heritability with respect to the predicted response to selection. Thus, it is a suitable criterion 

to compare the breeding potential of different landraces, which usually differ in both the 

means and variances. Determining the population mean is generally less a problem but 

predicting the selection response requires also reliable estimates of heritability and the 

genetic variance, which requires sampling and evaluating a sufficiently large number of 

genotypes from a segregating population in replicated trials. As discussed by Böhm et al. 

(2014), there is ample room for making rapid breeding progress by selecting among lines 

within landraces, since testcross genetic variance with individual testers and the general 

combining ability variance of elite flint lines was of the same magnitude.  

Different sampling strategies are devised to evaluate the breeding value of landraces, 

depending on the aim of the breeding program. One strategy will be to sample one or a few 

individuals from many landraces covering a wide range of genetic diversity, whereas contrary, 

one can sample many individuals from a few pre-selected landraces. The former will be 

applied when aiming to enlighten mechanisms of plant adaptation or identifying new alleles 

for disease resistances or quality traits, as conducted by Romero Navarro et al. (2017), where 

it is central to maximize the allelic diversity of the discovery panel. The latter might be 

promising for enlarging the genetic diversity of elite material for quantitative traits. This will 

only slightly reduce the level of molecular diversity (Mayer et al., 2017) compared to sampling 

from a more extensive set of landraces. The majority (> 70%) of the molecular (Sood et al., 

2014; Mayer et al., 2017) and phenotypic (Strigens et al., 2013a; Böhm et al., 2017) variation 

is observed within those pre-selected landraces, and therefore, a high genetic variation for 

quantitative traits of interest can be assumed within a pre-selected set of landraces. Even if 

diversity parameters are varying between landraces, the majority of landraces are showing a 

high diversity while being collected and maintained in gene banks and by farmers. Therefore, 

for broadening the narrow genetic base of quantitative traits in pre-breeding programs, it 

seems more appropriate to sample a few highly selected landraces intensively rather than 

sampling from many landraces only a few genotypes each.  

For doing this, I recommend a multi-step procedure described in Fig. 1. (i) In a first pre-

selection step, a core set of landraces is identified by analyzing genotyping data for the 

presence of variation for the target trait(s) from accessions collected in their target region. (ii) 
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The selected collection will be screened in observation plots for adaptation and acceptable 

agronomic characteristics. During this step, the value of the tested set can be further increased 

by assuring that selected landraces are segregating for the trait of interest (Mayer et al., 2017). 

(iii) Landraces meeting these criteria best are evaluated in trials in multiple environments 

representative for the target region to evaluate their testcross performance with a single- or 

double-cross tester from the opposite heterotic pool as described by Böhm et al. (2014). In 

parallel, we recommend a comparison of the usefulness (U(α)) of the selected landraces to 

get information on the genetic variance in the key trait. Since this would require multi-location 

trials with at least around 30 entries per landrace, we recommend to take the molecular 

diversity within the landraces as a proxy for the genetic variance, following the proposal of 

Strigens et al. (2013). (iv) The most promising landraces out of those evaluated in the previous 

step are chosen, preferably based on U(α), to produce immortalized lines. This can preferably 

be accomplished by making use of the advantages of the DH technology to get access to the 

phenotypic and genetic richness of landraces and make it further available for research and 

breeding purposes. Hereby, the promising landraces could be evaluated for their success rate 

in producing immortalized lines and relate this information to molecular data for predicting 

the success rates in other materials. (v) Finally, a small number of the most promising lines 

from the DHL are used to tap novel genetic variation in the plethora of genetic resources.  

 

Figure 1 Multi- step procedure for identification of promising landraces 

 

Using the DH technology to exploit the diversity of landraces 

The difficulties for introgression of favorable alleles from genetic resources into elite 

material or their use in practical breeding programs are manifold as already stated. One 

method to alleviate some of these difficulties would be the development of maize inbred lines 
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from the original population to generate reproducible units carrying the diversity of the source 

material. Nevertheless, the production of inbred lines in maize by recurrent selfing is time-

consuming or not possible at all due to self-incompatibility or the high genetic load (Hallauer 

et al., 2010). Alternatively, the diversity of genetic resources can be tapped by gamete capture 

(Stadler, 1944). Here, a random sample of gametes of the source germplasm is used to 

pollinate elite genetic material, usually an inbred line, followed by recurrent selfing steps of 

the resulting offspring. A subsequent evaluation of the offspring can limit the usefulness of 

the gamete capture approach with respect to introducing new diversity, since a strong 

selection in favor of alleles contributed by the elite parent is probable (Sood et al., 2014). 

Producing DH lines from landraces circumvents the recurrent selfing process, and produces 

fully homozygous lines within one-step, helping to make genetic resources amenable to crop 

improvement by linking inventories of gene banks with meaningful phenotypes.  

The diversity of landraces is perfectly maintained in DHL, since production of DH lines 

leads to a faithful representation of the allelic diversity in the original population (Melchinger 

et al., 2017). Thus, DH lines from landraces generally represent random samples of fairly 

unselected gametes and genes, apart from detrimental alleles purged in the haploid stage due 

to the moderate artificial selection in landraces over decades (Prigge et al., 2012). The huge 

phenotypic diversity as we observed in the DHL (Böhm et al., 2017) shows, that a substantial 

part of the genetic diversity in landraces is recovered in libraries of DH lines. This was also 

observed by Strigens et al. (2013b) and is contrasting to lines produced at the beginning of 

hybrid breeding, where only a few founder lines were developed from a few landraces and 

used for line production. Because of the allocation of variation within and between landraces, 

it seems reasonable to sample only a few landraces thoroughly rather than sampling a huge 

number of landraces with a few DH lines. The best lines from intensively sampled libraries of 

DH lines could be used directly or for producing synthetics either alone or in combination with 

elite lines and subject to several cycles of recurrent selection. Further, they provide kind of 

back up units to extend the genetic diversity of the narrow elite germplasm pool. Therefore, 

contrasting to elite germplasm, DHL of landraces harbor traits and characteristics eliminated 

during the last decades of modern breeding (Lauer et al., 2012; Li et al., 2021), which makes 

them additionally interesting for pre-breeding programs and association mapping approaches. 
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Since open pollination is the propagation system of maize landraces ever since and 

random mating with a large sample size reduces linkage disequilibrium (LD) (Falconer and 

Mackay, 1996), a fast decay of LD even between tightly linked loci can be expected, making 

DHL ideal populations for genome-wide association studies (GWAS). Using DHL as 

immortalized genotypes allows precise phenotyping, resulting in a high heritability, which 

benefits detection of quantitative trait loci (QTL) with those approaches. The genetic variation 

between genotypes is even larger than in bi-parental populations created with extreme 

parents and the LD decay is much faster (Zhu et al., 2008; Strigens et al., 2013b; Brauner et 

al., 2018). Nevertheless, a high population size is required to achieve a sufficient power of QTL 

detection in genome-wide association mapping approaches, which in combination with the 

high mapping resolution enables to narrow down the number of candidate genes in a QTL 

region. Moreover, QTL detection power is increased when conducting association mapping 

with DHL of maize instead of the landraces themselves and the advantage that detrimental 

QTL alleles contributing to the genetic load are largely purged from the landraces during the 

DH production step might be exploited. Even if there are only little evidence that this occurs 

commonly (Melchinger et al., 2017; Zeitler et al., 2020), detected QTL alleles with negative 

effects could help to find variants of useful alleles in elite germplasm and eliminate negative 

alleles.  

 

Ancestral landrace association mapping in DHL to identify new alleles 

Association mapping has opened new avenues for a better understanding of trait 

expressions and direct interactions between QTLs and the environment. Different approaches 

were evaluated showing different potentials and limitations depending on the diversity of the 

panel used, each affecting the mapping resolution and the power to detect a QTL. To increase 

the mapping resolution, it is essential to have a fast decay of the LD. In landrace populations 

of maize, this rapid LD decay was found, compared to elite lines (van Inghelandt et al., 2011; 

Mayer et al., 2017; Brauner et al., 2018). An even faster LD decay than in landraces could be 

observed in diverse world-wide collections of maize, but issues of strong population structure 

and insufficient adaptation to test environments could be an issue (Yan et al., 2009). To 

maximize the diversity within a single landrace, which supports getting a higher mapping 

resolution, I recommend using less related lines for association mapping. This can be achieved 
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by excluding immortalized lines, recovered from the same S0 plant, showing high relation to 

each other based on marker data. To increase the QTL detection power in association 

mapping, a certain sample size of the mapping population is required. This is highly limited by 

the resources needed to produce DHL and phenotype them for the target trait(s). Since most 

of the variation lies within landraces and less between them (Goodman and Holland, 2014; 

Böhm et al., 2017), it depends on the aim that is pursued. If a specific target trait is in focus 

which is rare to find or may be present in only one landrace, I recommend using a single 

landrace only. Whereas it could be more promising to establish libraries for several landraces 

if all of them show variation for the target trait(s). Generally, evaluating several landraces 

increases the chance to detect QTL, especially if the genetic architecture of the trait is varying. 

To warrant sufficient power to detect a QTL, the sample size of each landrace should be 

balanced with the number of landraces used for association mapping. We recommend a 

minimum of e.g. N = 250 lines per landrace. Choosing multiple landraces will increase the 

number of segregating QTL, as well as the mapping resolution and gives information about 

stable expression of a detected QTL across diverse genetic backgrounds. Further, a maximum 

marker density should be aimed to increase the QTL detection power. Therefore, approaches 

of whole-genome sequencing should be applied. 

The higher resolution of association mapping, compared to linkage mapping, increases 

the plausibility of candidate genes identified (Strigens et al., 2013a). Using ancestral landraces 

for an association mapping approach (Würschum et al., 2021) allowed us to reach an 

unprecedented power of QTL mapping compared with other types of mapping populations. 

As mentioned, QTL detection power depends on the number of families segregating for the 

QTL and the association between the marker and QTL which is limited e.g in the NAM 

population (McMullen et al., 2009a). There, the mapping panel is less or unequally adapted to 

the test environments and artifacts arising from a poor adaptation can occur. Further, a 

limited number of founder parents, as well as the use of a central parent restrict the QTL 

detection power, since the LD decay within families occurs at a lower level, compared to 

association mapping with ancestral landraces. The MAGIC design (Dell’Acqua et al., 2015; 

Huang et al., 2015) has more parallels to our approach. Nevertheless, LD in founder lines can 

persist over long distances, resulting in lower mapping resolution. What makes the MAGIC 

population interesting is the fact that the chances of segregating QTLs could be increased by 

choosing parents showing diverse phenotypes for the target trait. As a third example one can 
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name the recently proposed FOAM design (Romero Navarro et al., 2017), where from a very 

large number of landraces, one plant per landrace is collected for genotyping, and testcross 

progenies with a common tester are used for phenotyping to perform association mapping. 

Like in the NAM approach, the problem of having confounding effects of adaptation to the 

target region is coming up with this highly diverse panel. Nevertheless, when using population 

sizes as large as used in the NAM or FOAM populations, an even higher power of QTL detection 

in association mapping with ancestral landraces can be expected. 

For quantitative traits, efficient strategies for their targeted utilization are needed to 

make the native diversity for developmental traits accessible for elite germplasm. Mayer et al. 

(2020) reported a genome-based strategy to make the diversity of maize landraces accessible 

for elite germplasm improvement by discovering beneficial haplotype-trait associations for 

quantitative traits. Therewith, they showed a first step in the direction of creating plants with 

new combinations of alleles. The ancestral landrace association mapping approach 

(Würschum et al., 2021) showed, that it was possible to dissect the genetic architecture of 

oligo- or polygenic traits down to the causal variant. Detected QTLs often explain only a minor 

proportion of the genetic variance, even if they have a large effect. This was also the case for 

the candidate genes found in Würschum et al. (2021), where e.g. the DGAT1-2 was confirmed 

as a target for uncoupling oil content and quality from other traits by using natural or 

engineered alleles in maize breeding (Liu et al., 2020). Therefore, the genes detected must be 

validated and characterized before further use in breeding. Once confirmed, the information 

could be used for genome editing or search for allele mining in gene banks (Voytas, 2013; 

Boglioli and Richard, 2015; Huang et al., 2016). Identification of QTLs and underlying genes in 

an association mapping analysis allow the introgression of these genomic regions by marker-

assisted selection using methods described by Frisch and Melchinger (2005). They might also 

be included as fixed factors in models for genomic prediction (Bernardo, 2014). Usage of such 

methods would drastically reduce the developing time and circumvent the problems of 

linkage drag under conventional backcrossing.  

To complement the expensive phenotyping of test candidates, genomic prediction 

emerged as a powerful tool in breeding programs (Crossa et al., 2017). Brauner et al. (2018) 

showed for the same materials as used by Würschum et al. (2021) that genomic prediction 

could be promising within DHL from landraces, but larger training sets than commonly used 
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in segregating families from elite materials are required to achieve a decent prediction 

accuracy. The reason is that unlike in elite germplasm, there is only weak relatedness among 

DH lines extracted from a landrace so that LD between marker and QTL is the main source of 

information which contributes to the accuracy of genomic prediction.  

Metabolites represent together with transcripts an important and intermediate 

biological layer in the cascade from genotype to phenotype (Mackay et al., 2009). Even if only 

a small subset of all suspected metabolites of plants occurring in nature (Fernie, 2007) are 

captured by recent metabolite-profiling technologies (Xu et al., 2016), they play an important 

role in trait expression (Sackton and Hartl, 2016). Based on the assumption that they have 

simple genetic architecture and their expression is associated with agronomic traits, we 

included metabolites as traits in our association mapping study (Würschum et al., 2021). While 

the correlation between agronomic traits and metabolites was generally weak, including them 

in the association mapping approach proved promising. For example, we were able to identify 

for allantoin the enzyme allantoinase as candidate gene (Würschum et al., 2021) and by this 

the basis for an exploitation of the allelic diversity controlling the allantoin content. Further, 

including metabolites in association mapping approaches could be a way to uncover the role 

of the currently large number of metabolites with unknown function. Their role could be 

elucidated in a bottom-up approach by cloning the genes involved in the biochemical 

pathways to clarify their function.  

To summarize, libraries of DH lines derived from maize landraces showed a huge 

phenotypic and genetic variation. The diversity of landraces is perfectly maintained in DHL, 

allowing a precise mapping of new genes and alleles. With recent progress in the DH 

technology, it seems possible to achieve the necessary population sizes required for 

association mapping as well as for compiling training sets for genomic prediction. Therefore, 

libraries of DH lines represent a powerful tool to broaden the narrow genetic base of the flint 

heterotic pool and open the avenue to cope with the future challenges of agriculture. 
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Summary 

Maize is one of the most important crops species for agriculture worldwide. Since its 

domestication, landraces formed the traditional type of variety. Selection and genetic factors 

formed a broad diversity of open-pollinated populations well adapted to local conditions. This 

changed with the introduction of hybrid breeding when nearly all existing landraces 

disappeared from their use in agriculture and as source material for breeding. Molecular 

analyses showed a narrow genetic base of the flint heterotic pool compared to the dent pool. 

Since genetic resources in maize are one of the richest of all major crops, the exploitation of 

this untapped reservoir of genetic variation in landraces could be an option to reverse the 

ongoing narrowing of the genetic basis to meet the demands of a growing world population 

as well as new challenges under a changing global climate and reduced inputs. 

The main goal of this study was the evaluation of European flint maize landraces to 

unlock their genetic diversity. In detail our objectives were to (i) determine the variation for 

testcross performance of European maize landraces; (ii) evaluate the phenotypic and 

genotypic variation of immortalized lines within and among landraces; (iii) compare the per 

se performance of those line libraries with elite lines as well as founder lines from the 

European flint germplasm pool; (iv) analyze the breeding potential of immortalized lines from 

landraces in comparison with elite material to improve the narrow genetic base of the flint 

heterotic pool; (v) demonstrate the high mapping resolution of DH libraries from landraces in 

association mapping down to causal variants and underlying genes; and (vi) provide 

conclusions and guidelines for breeding and research using libraries of immortalized lines from 

landraces. 

In a first experiment, we evaluated in multi-environment trials a broad collection of 70 

European flint landraces for their testcross performance in combination with two elite dent 

testers. In comparison with the yield of modern hybrids, grain yield of the testcrosses of 

landraces was on average 26% lower, but a high genotypic variance among the landrace was 

observed for all traits and correlations were moderate to high for most trait combinations 

similar to those found in elite materials. Genetic correlations between the two testcross series 

exceeded 0.74 for all traits, suggesting that evaluation of testcross performance in 

combination with one or two single-cross tester(s) from the opposite pool is sufficient to 

assess the breeding potential of landraces.  
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In a second experiment, we produced libraries of DH lines from the most promising 

landraces identified in the first experiment. In total 389 DH lines from six European flint 

landraces were evaluated together with four flint founder lines and 53 elite flint lines for 16 

agronomic traits in four locations. In general, the genotypic variance (𝜎𝐺
2) was larger within 

than among the DH libraries and exceeded also 𝜎𝐺
2 of the elite flint lines. Furthermore, the 

means and 𝜎𝐺
2 varied among the DH libraries resulting in large differences of the usefulness 

criterion. Mean grain yield of the elite flint lines exceeded that of the flint founder lines by 

25% and DH libraries by 62%, indicating the impressive breeding progress achieved in the elite 

material and the substantial genetic load still present in the DH libraries. Nevertheless, the 

usefulness of the best DH lines was comparable to that of the elite flint lines for many traits 

including grain yield, underpinning the tremendous potential of landraces for broadening the 

genetic base of the elite germplasm.  

In a third experiment the materials from the 2nd experiment were genotyped with the 

MaizeSNP50 BeadChip from Illumina® and seeds of all genotypes were used for extracting and 

analyzing 288 metabolites with GC-MS. Data for agronomic traits and metabolites were used 

for a novel association mapping study. The much faster decay of linkage disequilibrium for 

adjacent markers in the DH libraries compared with the elite flint lines resulted in 

unprecedented map resolution. This was strikingly demonstrated by fine-mapping a QTL for 

oil content down to the phenylalanine insertion F469 in DGAT1-2 as the causal variant. 

Further, for the metabolite allantoin, which is related to abiotic stress response, promoter 

polymorphisms as well as differential expression of an allantoinase were identified as putative 

causes of variation despite a moderate size of the mapping population. These results are very 

encouraging to use DH libraries from landraces for association mapping and dissect QTL 

potentially down to the causal variants. However, larger population sizes of each DH library 

are recommended, similar to those commonly used with other approaches such as the NAM 

design, for detection of QTL explaining only a small portion of the genetic variance. This opens 

a new avenue for utilization of natural and/or engineered alleles in breeding.  

In conclusion, the genetic variation present in European flint maize landraces 

represents a unique source to reverse the ongoing narrowing of the genetic basis of the elite 

germplasm of this heterotic pool. For identifying the most promising landraces, we propose a 

multi-stage approach, where based on an assessment of the molecular diversity about one 
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hundred landraces are evaluated in observation trials for agro-ecological adaptation and 

testcrosses with one single-cross tester are used for evaluating their general combining ability 

with the opposite heterotic pool. For a small number (< 6) of landraces a large number of DH 

lines are developed, which are phenotyped and genotyped for further use in association 

mapping and genomic selection with the ultimate goal to make these “gold reserves” 

accessible for maize breeding with modern approaches.  
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Zusammenfassung 

Mais ist eine der wichtigsten Kulturarten für die Landwirtschaft weltweit. Seit seiner 

Domestikation bildeten Landrassen den traditionellen Sortentyp. Durch Selektion und 

genetische Faktoren entstand eine breite Diversität an panmiktisch vermehrten Populationen, 

die gut an lokale Bedingungen angepasst waren. Dies änderte sich mit der Einführung der 

Hybridzüchtung, als nahezu alle Landrassen in der landwirtschaftlichen Produktion und als 

Ausgangsmaterial für die Züchtung verschwanden.  

Molekulare Analysen zeigen eine enge genetische Basis des Flint Pools im Vergleich 

zum Dent Pool. Genetische Ressourcen im Mais gehören zu den umfangreichsten aller 

Nutzpflanzen. Die Nutzung dieses bislang ungenutzten Reservoirs an genetischer Diversität in 

Landrassen bietet eine Möglichkeit, um der fortschreitenden Einengung der genetischen Basis 

entgegenzuwirken und somit den Aufgaben der Pflanzenzüchtung im Hinblick auf eine 

wachsende Weltbevölkerung sowie den Herausforderungen des Klimawandels und 

reduzierten Inputs im Anbau gerecht zu werden. 

Übergeordnetes Ziel dieser Studie war die Evaluierung europäischer Flint-Mais 

Landrassen, um deren genetische Vielfalt nutzen zu können. Im Speziellen waren die Ziele (i) 

die Variation in Testkreuzungen europäischer Mais-Landrassen zu bestimmen; (ii) die 

phänotypische und genotypische Variation der Linien innerhalb und zwischen Landrassen zu 

beurteilen; (iii) die Eigenleistung dieser Linien mit Elite-Linien sowie Founder-Linien aus dem 

europäischen Flint-Pool zu vergleichen; (iv) das Potential von doppelhaploiden (DH) Linien aus 

Landrassen im Vergleich zum Elitematerial für die Züchtung zu analysieren, um die enge 

genetische Basis des Flint-Pools zu erweitern; (v) die Verwendung von DH-Bibliotheken aus 

Landrassen für die Assoziationskartierung bis hin zur Eingrenzung kausaler Gene zu 

demonstrieren; und (vi) Schlussfolgerungen und Leitlinien für die Züchtung und Forschung zu 

erörtern , um DH-Linien aus Landrassen nutzbar zu machen. 

In einem ersten Versuch wurde eine umfangreiche Kollektion von 70 europäischen 

Flint-Landrassen mehrortig in Kombination mit zwei Elite Dent-Testern auf ihre 

Testkreuzungsleistung hin untersucht. Verglichen mit dem Ertrag moderner Hybriden war der 

Kornertrag der Testkreuzungen der Landrassen im Durchschnitt um 26 % geringer, jedoch 

wurde eine hohe genotypische Varianz zwischen den Landrassen für alle Merkmale 
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beobachtet. Die Korrelationen waren mittel bis hoch für die meisten Merkmalskombinationen 

und entsprachen denen im Elitezuchtmaterial. Die genetische Korrelation der beiden 

Testkreuzungsserien überstieg 0,74 für alle Merkmale. Dies zeigt, dass es ausreicht die 

Leistung von Testkreuzungen in Kombination mit einem oder zwei Testern - bestehend aus 

Einfachkreuzungen des anderen Gen-Pools – zu bewerten, um das Potenzial von Landrassen 

für die Züchtung zu beurteilen. 

In einem zweiten Versuch produzierten wir Bibliotheken von DH-Linien der 

vielversprechendsten Landrassen des vorigen Versuches. Insgesamt wurden 389 DH-Linien 

aus sechs europäischer Flint Landrassen zusammen mit vier Flint Founder-Linien und 53 Elite 

Flintlinien auf 16 agronomische Merkmale an vier Standorten geprüft. Die genotypische 

Varianz (𝜎𝐺
2) innerhalb der DH-Bibliotheken war größer als die zwischen den Bibliotheken und 

übertraf auch 𝜎𝐺
2 der Elite Flintlinien. Darüber hinaus variierten die Mittelwerte und 𝜎𝐺

2  

zwischen den DH-Bibliotheken, was zu großen Unterschieden im Brauchbarkeits-Kriterium 

(„usefulness“) führte. Der mittlere Kornertrag der Elite Flintlinien übertraf den der Flint 

Founder-Linien um 25 % und der DH-Bibliotheken um 62 %, was auf den beträchtlichen 

Zuchtfortschritt im Elitematerial hinweist sowie auf die erhebliche genetische Bürde, welche 

in den DH-Bibliotheken vorliegt. Die Brauchbarkeit der besten DH-Linien war trotzdem für 

viele Merkmale, einschließlich dem Kornertrag, mit der von Elite Flintlinien vergleichbar. Dies 

zeigt das enorme Potenzial, Landrassen zur Verbreiterung des genetisch engen Elite Flint-

Pools zu verwenden. 

In einem dritten Versuch wurden das genetische Material des vorherigen Versuches 

mit dem MaizeSNP50 BeadChip von Illumina® genotypisiert und Samen aller Genotypen zur 

Extraktion und Analyse von 288 Metaboliten mit GC-MS verwendet. Sowohl die 

agronomischen Merkmale als auch die Metabolit-Daten wurden für eine 

Assoziationskartierung verwendet. Der schnelle Abfall des Kopplungsungleichgewichts 

benachbarter Marker in den DH-Bibliotheken im Vergleich zu den Elite Flintlinien führte zu 

einer hervorragenden Auflösung in der QTL-Kartierung, was durch die Feinkartierung eines 

QTL (= quantitative trait locus) für Ölgehalt bis zur Phenylalanin Insertion F469 in DGAT1-2 als 

kausale Variante demonstriert werden konnte. Darüber hinaus wurden für den Metaboliten 

Allantoin, der im Zusammenhang mit abiotischem Stress steht, Promotorpolymorphismen 

sowie die Expression einer Allantoinase als vermutete Ursache der Variation identifiziert. Dies 
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gelang trotz der moderaten Größe der Kartierungspopulation. Diese Ergebnisse sind 

ermutigend, um DH-Bibliotheken von Landrassen für die Assoziationskartierung zu verwenden 

und QTL bis auf die kausalen Varianten zu entschlüsseln. Eine Erweiterung der 

Populationsgrößen der DH-Bibliotheken, ähnlich wie sie in anderen Versuchsdesigns in der 

Literatur verwendet wurden, ist hierbei zu empfehlen, um mit diesem Ansatz QTL zu 

detektieren, welche lediglich einen kleinen Teil der genetischen Varianz erklären. Dies 

eröffnet neue Wege zur Nutzung natürlicher und/oder neu geschaffener Allele in der 

Züchtung. 

Zusammenfassend zeigen die Ergebnisse dieser Arbeit, dass die genetische Variation 

europäischer Landrassen bei Flint-Mais eine einzigartige Quelle darstellt, um die 

fortschreitende Verengung der genetischen Basis des Elitematerials in diesem Gen-Pool 

umzukehren. Um vielversprechende Landrassen zu identifizieren, schlagen wir folgenden 

zweistufigen Ansatz vor: (i) Basierend auf der Bewertung der molekularen Diversität werden 

etwa hundert Landrassen in Leistungsprüfungen auf ihre Anpassungsfähigkeit für die 

Zielregionen evaluiert und ihre Kombinationsfähigkeit mit dem entgegengesetzten 

heterotischen Gen-Pool in Testkreuzungen mit einer Einfachkreuzung als Tester bewertet. (ii) 

Für eine geringe Zahl (< 6) von Landrassen wird anschließend eine große Anzahl von DH-Linien 

erstellt, welche für die Nutzung in der Assoziationskartierung und/oder genomischen 

Selektion phänotypisiert und genotypisiert werden, um diese „Goldreserven“ für die 

Maiszüchtung mit innovativen Methoden zugänglich zu machen. 
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