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1.1 Hybrid breeding and genetic diversity in Brassica napus 

 

Oilseed rape, Brassica napus (genome AACC; 2n =38), is a major crop grown for edible oil, 

feed, and biofuel worldwide. It is estimated that the global production of oilseed rape has risen 

from 59 to 72 million tonnes over the last decade, making it the most produced oil crop after 

oil palm and soybean (FAO 2022). Like many other relevant crops, oilseed rape is a polyploid, 

specifically an allopolyploid, derived from a spontaneous interspecific hybridization between 

Brassica rapa (AA, 2n = 20) and Brassica oleracea (CC, 2n =18) followed by a chromosome 

doubling event. Although the exact origin of the B.napus progenitors is still undetermined, 

recent genome-wide studies suggest European turnip (B. rapa ssp. rapa) as the maternal 

ancestor and at least four B. oleracea subspecies as putative paternal ancestors (Lu et al. 2019). 

Despite its recent origin, oilseed rape has diverged genetically into winter, spring, semi-winter 

and swede ecotypes adapted to diverse agroecological environments (Schiessl et al. 2017; Wu 

et al. 2019; Song et al. 2020). The adaptability to different environments is partially associated 

to whole genome duplications that B. napus has experienced and its allopolyploid nature that 

allows diversification through gene presence-absence and copy number variation driven by 

genomic rearrangements between homoeologous regions (Hurgobin et al. 2018; An et al. 2019; 

Walden et al. 2020). 

Oilseed rape has been cultivated for oil and technical purposes since the 18th century in central 

Europe, however its usage became broader once low-glucosinolate and low-erucic acid traits 

were refined in B. napus in the 1970s and 1980s (Friedt et al. 2018; Canola Council of Canada 

2021). Nowadays, oilseed rape is extensively grown worldwide, with most varieties in large 

oilseed rape producing countries like Canada, China and Germany being developed using 

hybrid breeding systems (Bonjean et al. 2016; Malla and Brewin 2019; BSA 2022). Hybrid 

breeding refers to the crossing of two genetically distant, highly homozygous lines to develop 

hybrids that display heterosis, i.e. an enhanced performance in comparison to the parents at a 
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given environmental setting. The use of hybrids has been facilitated by the development of 

cytoplasmic male sterility (CMS) or genic male sterility (GMS) systems and has resulted into 

increasing yields in many globally important crops including maize, sugarbeet, sunflower, 

tomato, rice and oilseed rape (Steeg et al. 2022; Bohra et al. 2016). Despite these achievements, 

the understanding of heterosis remains to be fully elucidated. 

Comprehending heterosis is fundamental to break the genomic bottleneck that has largely arisen 

due to constant or limited germplasm use (Louwaars 2018). For instance, the high selection for 

low seed glucosinolate and erucic acid levels in oilseed rape enabled the release of suitable 

cultivars for animal feed and oil production. Nevertheless, it also led to a simultaneous 

reduction in genetic diversity (Körber et al. 2012; Friedt et al. 2018). One alternative approach 

for expanding genetic diversity in rapeseed breeding is the use of introgressions from close 

relatives that belong to the so-called “U triangle” (U 1935), a systematic description showing 

the relationships between the three diploid Brassica species B. rapa, B. oleracea (CC; 2n=18) 

and B. nigra (BB; 2n=16) and their respective allopolyploids B. napus, B. juncea (AABB, 

2n=36) and B. carinata (BBCC; 2n=34). Despite genomic and transcriptomic shocks observed 

during subgenomic collisions and initial breeding barriers (Samans et al. 2017; Shin et al. 2022), 

many of the crosses within the U triangle can lead to relatively stable genotypes with interesting 

agricultural traits (Quezada-Martinez et al. 2021; Obermeier et al. 2022). In addition, multiple 

studies have shown that introgressions from genetically distant B. napus genotypes can lead to 

high performances varieties (Basunanda et al. 2010; Zou et al. 2018; Hu et al. 2021). The use 

of the U triangle in breeding revolves around the concept of polyploidy and its associated 

intrinsic effects like genome dosage variation and homoeologous exchanges, therefore 

dissecting and analyzing heterotic patterns in U triangles species, such as B.napus, is of utmost 

interest to advance polyploid hybrid breeding. 
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Oilseed rape and the other Brassica allopolyploids are the phylogenetically closest 

allopolyploid crop species to the model plant Arabidopsis thaliana, which is also a member of 

the Brassicaceae family. A. thaliana has been widely employed in research and described 

extensively due to its fast life cycle and the availability of divergent and diverse populations 

(Meinke et al. 1998; Provart et al. 2016). The close phylogenetical linkage to A. thaliana makes 

B. napus an ideal model polyploid for research of heterosis in agriculture, as many other major 

crops possess polyploid genomes including sugarcane, coffee, common oat, potato and wheat.  

Numerous studies analyzing heterosis at diverse stages and in different populations of A. 

thaliana are available (Alonso-Blanco et al. 2016; Moreno et al. 2022) which can be related to 

oilseed rape research with regard to flowering time, seed yield and cold tolerance traits (Leijten 

et al. 2018; Tang et al. 2021; Alahakoon et al. 2022). Lastly, the concept of heterosis in oilseed 

rape has been mostly explained by quantitative genetics and genomics (Radoev et al. 2008; 

Zhao et al. 2016; Werner et al. 2018), hence, detailed study of genomic mechanisms associated 

to heterosis in allopolyploids remains fundamental to elucidate heterotic clues in allopolyploids.  

1.2 Molecular principles of heterosis 

 

Heterosis was described as early as the late 19th century by biologist Charles Darwin who 

observed plant hybrids having taller height and earlier flowering time in comparison to their 

parents (Darwin 1876). However, the concept of heterosis still required further elucidation of 

inheritance hypotheses before being properly established. Earlier research on trait inheritance 

in peas by the pioneer of genetics, Gregor Mendel, suggested that information was being passed 

from parents to offspring, yet the underlying mechanisms remained unknown (Mendel 1866). 

It was not until almost half a century later that independent cytological studies in sea urchins 

(Sutton 1902) and western lubber grasshoppers (Boveri 1902) demonstrated that chromosomes 

were indeed the carriers of hereditary information. Nonetheless, the protein coding regions 

responsible for specific phenotypes remained undiscovered. In 1909, the term “gene” was 
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coined by botanist Wilhelm Johannsen as the basic inheritance unit determining distinct 

phenotypes (Johannsen 1909), which consequently triggered a revolution in biology and 

genetics. Just half a decade later, botanist George Shull not only applied the recent gene concept 

in intraspecies crosses but also confirmed enhanced hybrid performance in diverse plant 

species. Hence, proposing the term “heterosis” for the first time to unify previous terminology 

like “heterozygosis” or “heterozygotic stimulation” under a single term (Shull 1914, 1948).   

Heterosis has been largely studied under three different, non-mutually exclusive hypotheses 

explaining gene allele interactions, known as the dominance, over-dominance and epistasis 

hypotheses, respectively (Fujimoto et al. 2018; Wu et al. 2021b). Dominance refers to one allele 

being responsible for a positive phenotype, as proposed first by Bruce (1910), while over-

dominance stands for the interaction of two distinct alleles from the same gene that result into 

a desirable phenotype (Shull 1908). The discovery of non-allelic gene interactions, known as 

epistasis, was also argued by Powers (1944) to be a source of heterosis. Further research in the 

early and mid-20th century also proved that, contrary to a one gene-one enzyme concept, single 

genes could sometimes account for multiple phenotypes, a phenomenon later described as 

pleiotropy (Stearns 2010). Moreover, the complexity of certain traits also led to the discovery 

of polygenes, i.e. a set of multiple genes related to a single phenotype (Mather 1949). The 

accumulation of such works paved the way for quantitative genetics by pioneers like Ronald 

Fisher and Sewall Wright which consequently provided the basis of the modern genetic-based 

heterosis hypotheses (Hallauer 2007).  

Some of the first reports of heterosis in oilseed rape remount to silique number, oil content and 

root development studies in the late 50’s and 60’s, and to biomass increase in swede and forage 

types in the 70’s (Johnston 1971; McNaughton and Munro 1972; Wagner 1954). Advancements 

in molecular biology techniques like the polymerase chain reaction (PCR), microarrays and 

sequencing enabled detailed validation studies that linked specific genes and quantitative trait 
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loci (QTL) to heterotic traits in rice, maize and Arabidopsis (Hochholdinger and Hoecker 2007). 

Early investigations involving restriction fragment length polymorphism (RFLP), amplified 

fragment length polymorphisms (AFLP) and simple sequence repeats (SSR) revealed 

vernalization and flowering loci relevant for performance as well as heterotic patterns in oilseed 

rape traits influenced by dominance, over-dominance and epistatic effects (Ferreira et al. 1995; 

Diers et al. 1996; Basunanda et al. 2010; Radoev et al. 2008; Shi et al. 2011). Breakthroughs in 

next-generation sequencing (NGS) have led to innovative heterotic analyses where low 

coverage sequencing and microarrays allowed massive genotyping of diverse population and 

identified heterotic haplotypes and yield related genes (Snowdon et al. 2015; Lu et al. 2017; 

Luo et al. 2019). Long-read sequencing has also demonstrated a great potential in finding 

heterotic loci masked by repetitive sequences as exemplified in maize and rice (Li et al. 2020a; 

Wang et al. 2020; Sun et al. 2022). 

One remarkable aspect of heterosis is that it manifests at specific developmental stages and 

tissues. For instance, advantages in hybrids are sometimes notably observed in mid-late plant 

development stages like flowering onset (Dickert and Tracy 2002; Fang et al. 2021) but also 

during early stages like seed and seedling development (Hochholdinger and Hoecker 2007; 

Jahnke et al. 2010; Liu et al. 2020).  Early stage heterosis in B. napus has been recorded in seed 

and seedling traits through genome-wide and genetic analyses (Basunanda et al. 2010; Hatzig 

et al. 2015; Hatzig et al. 2018). In this regard, seed formation constitutes an appealing stage for 

heterotic research as two parental genomes with diverse allele compositions collide, in some 

cases, leading to F1 plants with increased biomass and seed yield (Jahnke et al. 2010; Wang et 

al. 2017; Zhu et al. 2020). Moreover, epigenomic features like gamete-specific methylation and 

genomic imprinting are known to be more prominent during seed formation in most 

angiosperms (Bird et al. 2018; Batista and Köhler 2020). Although quantitative genetics have 

brought a more complete understanding on heterosis in crops, it does not fully exploit all 
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molecular mechanisms that might be associated to it, like structural variants, small RNAs 

(sRNAs) and epigenomics features. 

1.3 Genomic structural variants in B. napus 

 

Genomic structural rearrangements have been recorded since the early and mid-20th century as 

part of gene duplications and chromosome aneuploidy in diverse species (Bridges 1936; Nowell 

and Hungerford 1960; Escaramís et al. 2015). Cytological and karyotypic research allowed the 

distinction of some of the earliest variants in plants such as transposable elements (TEs) 

derived-insertions and chromosomal rearrangements (Stebbins 1945; McClintock 1950; 

Jackson 1982). The development of NGS accelerated the identification of different kinds of 

sequence variants (Saxena et al. 2014) which are now typically classified by their length as 

single nucleotide polymorphisms (SNPs), small insertion-deletion polymorphisms (indels), 

structural variants (SVs) and larger-scale rearrangements such as presence-absence variation 

(PAVs), copy number variation (CNVs) and homoeologous exchanges (HEs).  

Although there is no consensus on which length ranges specifically defines each variant type, 

indels are regarded as presence-absence variants not longer than 50 bp, whereas SVs are 

normally defined as variants surpassing such a length, which can be classified into insertions, 

deletions, duplications, inversions and translocations (Gabur et al. 2019; Mahmoud et al. 2019). 

Structural variants that are longer than 1 Mbp tend to be further labelled based on their origin 

or population-wide effects. CNVs for instance refer to large segmental deletions or duplications 

that lead to changes in the number of copies from a specific genomic region. Similarly, PAVs 

are extremely large forms of CNV present in some genotypes within a population, and 

consequently, dividing accessions by core and disposable gene sets (Springer et al. 2009). HEs 

refer to large genomic rearrangements intrinsic to allopolyploids between homoeologous 

chromosomes of distinct subgenomes (Song et al. 1995). 
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Although the presence of small variants had been postulated already as a source of genetic 

variation in the first decade of this century. Nonetheless, further novel genomic studies at that 

time revealed that mid and large scale variants could generate genetic and phenotypic diversity 

(Escaramís et al. 2015; Yuan et al. 2021). The origin of such structural variants has been 

associated to distinct events like DNA replication errors, non-allelic recombination and double-

strand break repair (Escaramís et al. 2015; Belyeu et al. 2021). Although determining the exact 

origin of structural variants in each study is not always feasible, the number of publications in 

agronomy referring to “structural variation” in the last decade alone has increased from 7075 

in 2011 to 22654 in 2021 (Digital Science 2018). This highlights the growing relevance of 

structural rearrangements in agricultural research, and the putative role and potential of 

decreasing sequencing costs and advancements in NGS for discovery of structural variants 

(Muir et al. 2016). 

Oilseed rape is prone to extensive rearrangements partially due to non-homologous 

chromosome pairing and its flexibility to cross with its ancestors and related species (U 1935; 

Attia and Röbbelen 1986; Ihien Katche et al. 2022). RFLP markers have aided in validating 

non-reciprocal homoeologous exchanges (NRHE) in oilseed rape (Parkin et al. 1995; Sharpe et 

al. 1995; Song et al. 1995). Contrasting to NRHE, where one subgenomic locus is duplicated 

and its homoeologous copy deleted, reciprocal homoeologous exchanges (RHE) involve 

homoeologous loci that are proportionally shifted between subgenomes. This kind of event can 

also be validated through RFLP analyses in B. napus segregating populations derived from 

diverse winter and spring B. napus accessions (Osborn et al. 2003; Udall et al. 2005).  

In addition, the use of microsatellite markers also contributed to analyzing genetic variation 

among B.napus accessions and other Brassicaceae species at small basepair resolution (Plieske 

and Struss 2001; Hasan et al. 2006). The development of high-throughput genotyping through 

SNP microarrays accelerated research on genomic variation and the identification of QTL 
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associated with flowering time, disease response and seed quality in B. napus (Hayward et al. 

2012; Liu et al. 2013; Dalton-Morgan et al. 2014; Raman et al. 2014; Clarke et al. 2016). SNP 

arrays have also helped in inferring large scale variants like CNV and HEs in B.napus (Stein et 

al. 2017; Samans et al. 2017; Higgins et al. 2018).  

The assembly of the first oilseed rape reference genome by Chalhoub et al. (2014) facilitated 

the identification of structural variation calling through reference alignment of short read 

libraries  (Mahmood et al. 2016; Wang et al. 2018; An et al. 2019). Short reads not only enabled 

a more precise variant breakpoint identification but also served in analyzing loci and genotypes 

not covered in standard SNP arrays. Long read sequencing technologies like Pacific 

Biosciences (PacBio) and Oxford Nanopore Technology (ONT) platforms have facilitated 

genome-wide comparisons through more complete reference assembling (Lee et al. 2020; 

Rousseau-Gueutin et al. 2020) and have contributed to detecting mid and large structural 

variants in complex genomic loci with high repetitive sequences. In oilseed rape, long read 

sequencing has enabled the detection of variants responsible for expanding genomic 

diversification and adaptation (Song et al. 2020; Chawla et al. 2021) and for modifying 

flowering time and disease resistance phenotypes (Vollrath et al. 2021b; Vollrath et al. 2021a).  

Due to ancestral genome-wide duplications and polyploidization events, allopolyploid crops 

often lead to more complex breeding scenario where gene copy number variation, 

homoeologous exchanges and subgenomic biases shape the phenotype in a different manner 

than in diploids.  B. napus is an adequate model crop for polyploidy studies where 

breakthroughs in analyses of structural variants can be used to enhance current understanding 

of rearrangements, and their implications in hybrid breeding and heterosis in polyploids crops. 
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1.4 Structural variants in the context of heterosis 

 

Heterosis has been analysed in plants mostly from a quantitative genetic perspective where 

heterotic effects are explained as part of allelic combinations and interactions. Although alleles 

are in way a combination of gene variants that have occurred through diversification. 

Nonetheless, the extent at which intra- and intergenetic variations impact heterosis remains to 

be assessed. Structural variants have contributed to generating intragenetic allelic differences 

between populations in plant germplasms (Fuentes et al. 2019; Alonge et al. 2020; Guan et al. 

2021) and have also helped in developing novel intergenetic variation with potential 

applications for genomic diversity and adaptation (Gullotta et al. 2022; Pokrovac and Pezer 

2022).  

An early model of structural variants leading to heterosis was proposed by Wasserman (1968) 

based on cytogenetic observations where inversions in hybrids were putatively linked to overall 

fitness. Springer et al. (2009) carried some of the first genomic and transcriptomic work 

analyzing the potential of structural variants in parental lines in maize. Their work revealed that 

parental CNVs and PAVs were likely involved in heterosis when crossing B73 and Mo17, two 

maize accessions frequently employed in hybrid breeding. Genome assembling through long 

read sequencing has allowed more complete maize references that have highlighted potential 

implications on heterosis through structural variants (Sun et al. 2018; Li et al. 2020a). Similar 

observations of parental specific structural rearrangements associated with hybrid performance 

have been reported in pigeon pea, rice and tomato  (Sun et al. 2022; Yu et al. 2022; Saxena et 

al. 2021).  

Structural rearrangements leading to gene duplication might be a mechanism used by polyploid 

species to overcome deleterious mutations and achieve enhanced performance, as described by 

Comai (2005). Moreover, polyploids are generally prone to increased genomic rearrangements 

triggered by genomic and transcriptomic shock during gamete and zygote formation (Chen and 
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Ni 2006; Otto 2007). Such rearrangements are not only relevant as coupling mechanisms to 

escape polyploidization dead-ends (Soltis et al. 2014; Mayrose et al. 2015), but also for 

expanding genomic diversity and modifying genome dosage (Lu et al. 2019; Walkowiak et al. 

2020; Birchler and Veitia 2021; Bird et al. 2021b).   

Genomic rearrangements with heterotic implications have been reported in polyploid plants as 

well. For instance, increase of paternal genome dosage induced heterotic height gain, and likely 

seed size, in A. thaliana F1 triploids (Fort et al. 2016). Moreover, homoeologous exchanges in 

lines derived from allotetraploid F1 hybrids led to quick genomic and phenotypic diversification 

in a rice population (Wu et al. 2021c). Unlike these examples, B. napus is a natural allopolyploid 

serving as a model for rearrangements and heterosis in other polyploid crops. Genomic 

introgressions from related Brassica species and B. napus genetic pools with distant genetic 

distance have shown to promote heterosis in B. napus (Zou et al. 2010; Qian et al. 2005; Girke 

et al. 2012). Introgressions employing U triangle species have also been shown to promote 

genomic diversity, as comprehensively reviewed by Quezada-Martinez et al. (2021) and 

demonstrated in previous studies (Gaebelein et al. 2019; Katche et al. 2021).  

Genome-wide association studies (GWAS) and linkage mapping in oilseed rape have also 

revealed genomic variants significantly associated with performance and quality traits such as 

response to sclerotinia stem rot, branching control, seed oil content and seeds per silique (He et 

al. 2017a; Roy et al. 2021; Zhao et al. 2022; Liu et al. 2022b). Copy number variation on 

flowering time and disease resistance genes have also been reported in oilseed rape as a source 

of phenotypic diversification with implications in performance (Schiessl et al. 2017; Gabur et 

al. 2020; Dolatabadian et al. 2022). Genomic rearrangements in polyploids typically lead to 

genetic imbalances that modifies transcriptomic networks (Lloyd et al. 2018; Birchler and 

Veitia 2021). Thus, understanding the role of coding and regulatory features is pivotal to 

clarifying heterosis.  
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1.5 Differential gene expression and methylation in heterosis 

 

Overcoming the genetic constrain caused through targeted germplasms usage has constituted 

one of the main concerns and challenges in modern plant breeding. Mining for trait diversity is 

evolving from marker assisted selection to a more pragmatical genomic selection (GS) approach 

which is leading key advancements in crop enhancement (Bhat et al. 2016). Nonetheless, the 

identification and classification of regulatory and non-coding features in the context of 

improved performance remains unelucidated (Zanini et al. 2022).  A trend of transcriptomics 

and epigenomic analyses have been employed in the last decades to detect such features through 

gene expression and small RNA expression and methylation techniques. 

Genes are often differentially expressed between contrasting genotypes at critical crop 

developmental stages with effects on flowering time, drought stress and diseases susceptibility 

(Kebede et al. 2018; Sharma et al. 2019; Jian et al. 2019). The delimitation of heterosis to a 

single gene has been out of research consideration for years since heterosis is associated to 

diverse traits that are regulated by multiple genes at various developmental stages. In this 

regard, RNA sequencing (RNA-Seq) has brought advancements in understanding how various 

gene patterns contribute to overall enhanced performance as reported in maize, rice and oilseed 

rape through expression QTL (eQTL)  (Li et al. 2018; He et al. 2022; Liu et al. 2022a). RNA-

Seq has also contributed in building gene expression databases for oilseed rape and other crops 

(One Thousand Plant Transcriptomes Initiative 2019; Chao et al. 2020; Liu et al. 2021a).  

Furthermore, allopolyploids present a challenging scenario for gene expression assays due to 

altered genomic dosages through genomic rearrangements and increased gene homologs (He et 

al. 2017b; Lloyd et al. 2018). Nevertheless, gene expression analyses have already allowed 

detailed dissection of vernalization, disease response and seedling development patterns in 

important allopolyploid crops like oilseed rape and wheat (Kippes et al. 2015; Körber et al. 

2015; Schiessl et al. 2019a; Hiebert et al. 2020; Chittem et al. 2020). Genes interreacting 



 

16 

 

through transcriptomic interactions are also responsible for increased seedling biomass and 

early seed development in hybrids. Thus, highlighting the significance of transcriptomic 

networks in heterosis (Jahnke et al. 2010; Wang et al. 2017; Zhu et al. 2020; Xiong et al. 2022).  

Moreover, epigenomics factors such as small RNAs and genome-wide methylation can shape 

the transcriptomic landscape by targeting gene expression and masking genetic effects within 

transcriptomic networks.  Small RNAs can be classified in a large group span based on their 

length and origin. However, small interfering (siRNAs) and micro RNAs (miRNAs) remain 

among the most studied kinds with a range of databases and resources for post-hoc analyses in 

plants (Griffiths-Jones et al. 2006; Lunardon et al. 2020). siRNAs are double stranded RNAs 

sequences, typically between 20-30 nucleotides with endogenous or exogenous origins that 

modify gene expression through translation inhibition and mRNA cleavage (Carthew and 

Sontheimer 2009). The diverse origins of siRNAs have limited their detailed characterization 

in plants when compared to miRNA resources.Nonetheless, studies have found that siRNAs are 

generally active during seed formation through RNA-directed DNA methylation (RdDM) and 

TE silencing (Mosher and Melnyk 2010; McCormick 2018; Grover et al. 2020) with 

implications on heterotic patterns as detected in maize, Arabidopsis and oilseed rape 

(Groszmann et al. 2011; Shen et al. 2017; Seifert et al. 2018a). 

Contrastingly, miRNAs are single stranded RNA generally around 22 nucleotides long which 

are encoded by specific endogenous genes for post-transcriptional silencing and cleavage of 

target genes (O'Brien et al. 2018). At least more than 48,000 mature miRNAs have been 

identified and classified based on their sequence similarity among species, thus, enabling the 

formation of large databases for transcriptomic network analyses (Ambros et al. 2003; 

Kozomara et al. 2019; Huang et al. 2022). miRNAs have been demonstrated to regulate the 

response to pathogens and abiotic stresses and to orchestrate flowering time and seed 

development as reviewed in various crops by Kamthan et al. (2015) and Dong et al. (2022b). 
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miRNA families in the Brassica genus play critical roles in regulating flowering time, seed 

development, drought adaptation and pathogen response have also been identified (Huang et al. 

2013; Huang et al. 2018; Cui et al. 2020; Schiessl et al. 2020). Heterotic patterns linked to 

miRNA families during seed development, flowering, grain filling and fruit formation have 

been further reported in maize, wheat, chili and oilseed rape (Ding et al. 2012; Li et al. 2014; 

Shen et al. 2017; Yang et al. 2021). 

Lastly, genome-wide DNA methylation is one epigenomic feature induced by environmental 

stress and inherited patterns, whereby DNA methyltransferases add a methyl group to the 5th 

carbon of cytosines (Hotchkiss 1948; Heard and Martienssen 2014; Quadrana and Colot 2016). 

The methylation of cytosines (C) in plants occurs mainly in three contexts based on the identity 

of the surrounding nucleotides: CpG, CHG and CHH; where “H” stands for adenine, thymine 

or cytosine and “p” represents the phosphodiester bond between adjacent nucleotides on the 

same DNA strand. DNA methylation diverges between species and contributes to trait 

variability by altering gene expression, triggering cis-trans elements and developing imprinting 

genomic features during embryo formation  (Gallego-Bartolomé 2020; Kumar and Mohapatra 

2021; Muyle et al. 2022). Furthermore, genomic methylation has been linked to hybrid 

performance in Arabidopsis, rice, soybean and oilseed rape (Ran et al. 2016; Lauss et al. 2018; 

Zhou et al. 2021; Chen et al. 2022). Interestingly, seed formation constitutes a key stage where 

parental-specific methylation shapes the offspring genome and epigenome with relevant effects 

on hybrid performance and inheritance in early developmental stage heterotic studies (Meyer 

et al. 2012; Alonso-Peral et al. 2017). Integrating multiple omics approaches could prove 

beneficial to revealing potential heterotic patterns in polyploid crops and dissect features 

contributing to environmental adaptation and enhanced performance.  
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1.6 Objectives 

 

Heterosis compromises one of the elemental approaches for crop improvement that has been 

exploited over decades. Nevertheless, the effect of non-genetic allele interactions in heterosis 

have not been fully explored, especially, in polyploid crops. Therefore, the aim of the present 

research is to dissect key genomic, transcriptomic and epigenomic patterns associated with 

hybrids and heterosis. Firstly, this introductory chapter presents hybrid breeding and genomic 

diversity in the context of heterosis. Genomic rearrangements are reviewed in oilseed rape with 

implications on performance, and examples of distinct heterotic hypotheses are provided.  At 

the end of the chapter heterosis is also examined under the scope of gene expression and 

epigenomic factors.  

Chapter 2 describes an evaluation of spontaneous rearrangements in F1 hybrids from a cross 

between two genetically distant oilseed rape parental lines. Interestingly, large-scale genomic 

rearrangements were discovered to generate rapid genomic diversity by altering gene copy 

number variation and modifying methylation patterns. In Chapter 3, F1 hybrids from the same 

cross were evaluated under field conditions during seed and seedling development stages. 

Parental and hybrid-specific patterns in terms of gene expression, small RNAs and methylation 

were detected and discussed in regard to their implications for heterosis. Finally, Chapter 4 

discusses the cumulative findings in light of current research on spontaneous genomic variants 

and genomic diversity.  Gene regulation and epigenomic clues are also discussed in the context 

of early heterosis and future implications and multiomics approaches are assessed and 

proposed. 
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4.1 Spontaneous rearrangements and genomic diversity 

 

Genomic rearrangements are a main driver of species and population diversification (Yeaman 

2013; Stange et al. 2021); however, the frequency of spontaneous de novo rearrangements has 

not been extensively assessed in polyploid plants. Somatic mutations have been reported to be 

higher in annual plants, based on whole sequencing of more than 700 plant genomes (Wang et 

al. 2019a), while pedigree analyses in A. thaliana over 20 generations found that somatic 

spontaneous mutations occur mostly and randomly in gene bodies (Monroe et al. 2022). 

Contrasting to somatic mutations, meiotic derived variants that occur prior to zygote formation 

have been observed in the form of paramutations, epigenetic alleles, gene gain/loss and selfish-

genetic elements in maize, Arabidopsis, peas, northern barley grass and rice (Lolle et al. 2005; 

Yu et al. 2018; Adu-Yeboah et al. 2021; Bente et al. 2021; Pereira and Leitão 2021; Cao et al. 

2022). Previous studies in allotetraploid and allohexaploid B.napus using SNP arrays have also 

demonstrated large scale de novo rearrangements in F1 offspring which were undetected in 

paternal genotypes (Higgins et al. 2018; Quezada-Martinez et al. 2022).  

The large-scale rearrangements reported in B. napus in this thesis might not be totally 

unexpected, since crosses between genetically divergent oilseed cultivars are prone to generate 

diversity due to multivalent pairing between homoeologous chromosomes and genomic 

rearrangements (Zou et al. 2010; Higgins et al. 2018; Hu et al. 2021). However, the results in 

Chapter 2 extend such previous findings to F1 sister plants from a single cross between two 

highly homozygous single plants using less genetic markers, higher resolution from 

rearrangements breakpoints and analyzing high repetitive regions through long read 

sequencing. Specific associations between spontaneous genomic rearrangements and 

phenotype are hard to evaluate due to lack of biological replicates having the same genomic 

rearrangements. Nevertheless, a plant with a large-scale NHRE between chromosomes C08 and 

A09 showed high resemblance to the maternal line Express 617 in terms of height, digital 
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biomass and leaf area. Based on long read sequencing data and subgenomic homology, it was 

identified that chromosome C08 from the paternal line G3D001 had been deleted and replaced 

by a chromosome A09 segment from the maternal genotype. The same paternal inheritance 

pattern was observed in all large-scale rearrangements which suggests that the variants likely 

occurred during the meiosis of the non-traditional paternal line despite its high homozygosity. 

This result is altogether not highly unexpected since genotypes with exotic backgrounds tend 

to show variable chromosome number, pairing and instability (Szadkowski et al. 2010; Xiong 

et al. 2011; Ferreira de Carvalho et al. 2021). Nevertheless, the implications of the results for 

early and rapid genomic diversification remain fundamental to understanding potential post-

polyploidisation scenarios as well as for mining hidden genomic diversity. 

Polyploidization has been proposed as a speciation and adaptation mechanism. Nonetheless, 

the events promoting fitness of polyploid species despite genomic instability and reproductive 

isolation are not fully understood (van de Peer et al. 2017; Pelé et al. 2018; Hörandl 2022). 

Structural rearrangements are closely connected to polyploid formation and adaptation, since 

rearrangements promote gene copy number variation, gene neofunctionalization and genomic 

diversification (Chen and Ni 2006; Otto 2007). It has been estimated that at least 35% of 

flowering plants have a polyploid origin with varying geographical distributions and densities 

worldwide (Wood et al. 2009; Rice et al. 2019). Moreover, a large range of structural variants 

have been identified in plants, including polyploid species, as reviewed by Zhang et al. (2018) 

and Schiessl et al. (2019b). Mid-sized structural variation studies have already revealed 

subpopulation divergence in polyploid species like wheat, cotton and oilseed rape (Walkowiak 

et al. 2020; Chawla et al. 2021; He et al. 2021). Nonetheless, the detection of mid-sized SVs 

de-novo mutations not present in the parents in polyploids is still limited due to large, repetitive 

and complex genomes that limit the differentiation between extremely similar sister lines 

(Belyeu et al. 2021; Yuan et al. 2021). Overall, few studies have evaluated spontaneous 
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genomic variants accelerating genomic diversity in one single generation. The proof-of-concept 

delivered in this thesis demonstrates the potential of NGS technologies in finding frequent 

spontaneous mutations that might aid in understanding post-polyploidization and hybrid 

divergence in future studies using larger and more diverse germplasm collections. 

The impact of the spontaneous rearrangements observed in Chapter 2 also had implications in 

gene CNV that included flowering time genes, disease susceptibility and developmental 

functions. Changes in the number of homologs have been found to have profound effects on 

diseases response and flowering timing in oilseed rape (Schiessl et al. 2017; Gabur et al. 2020), 

and this kind of event also have implications for genome dosage (Lloyd et al. 2018; Birchler 

and Veitia 2021). The putative effect of the spontaneous large-scale rearrangements found 

between the Express 617 x G3D001 F1 sister plants were additionally examined through 

methylation analyses from long read sequencing. As expected, regions with large-scale 

deletions displayed less methylated cytosines. However, the methylation levels were 

maintained overall despite the rearrangements, suggesting a mechanism where methylation is 

conserved despite large genomic rearrangements. Further studies with comprehensive gene 

expression and methylation datasets using large populations might aid to determine the 

mechanisms and roles of genome-wide methylation in loci with structural variants. 

It is worthy to mention that since the commercialization of the first long reads sequencing 

platforms by PacBio in 2011 and by ONT in 2014, their functionalities have greatly expanded 

and enabled long read sequencing-based studies in methylation prediction, single cell 

sequencing, genome assembling and transcriptomics (Amarasinghe et al. 2020; Lebrigand et al. 

2020). As long read sequencing improves and new technologies emerge, it is hoped that the 

detection of spontaneous rearrangements in complex crop genomes will become more feasible. 

Furthermore, exploring heterotic aspects outside the genomic scope such as RNA and 

methylation can bring additional novel breakthroughs in plant research.  
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4.2 Gene regulation in seed development 

 

Early stage heterosis has played critical roles by triggering seed yield, biomass and early 

development and bringing advantages in overall performance in hybrid plants. For instance, 

inherited parental dominance in Arabidopsis was found to enhance seedling growth through 

genetic enrichment of cell cycle and photosynthetic functions (Liu et al. 2021b). In maize, 

seedling hybrids from cultivars B73 and Mo17 displayed remarkable non-additive gene 

expression linked with epigenetic features, having potential heterotic impacts (Luo et al. 2021). 

Similar examples are recorded also in oilseed rape and other Brassica species where early 

heterosis is shown in paternal dominant or hybrid-specific transcriptomic patterns (Wei et al. 

2021; Zhang et al. 2021; Xiong et al. 2022). 

The advantages of RNA-Seq have facilitated analyses of gene expression and genetic networks 

in large and diverse genotype panels by evaluating genome-wide transcripts and providing 

higher resolution transcriptomic profiling (An et al. 2019; Tan et al. 2022). Differential gene 

expression has dissected ontologically enriched genes with photosynthetic and metabolism 

regulation functions linked to early stage heterosis (Song et al. 2010; Shahzad et al. 2020; Wu 

et al. 2021a). In Chapter 3, differentially expressed genes associated to embryo development, 

photosynthesis and reproduction displayed transient patterns where the hybrid expression did 

not follow paternal trends during early seed formation, suggesting implications for early 

heterosis. In addition, more differential genes were observed in selfed F1 plants in comparison 

to hybrids pollinated by outcrossing Express 617 and G3D001 during the experiment. Thus, 

indicating crucial differences between hybrid formation after parental outcrossing and hybrid 

selfing, and enabling a more refined heterotic gene dissection. 

The role of miRNAs in plant development has been shown to be quite broad and cover multiple 

functions with consequences in crop heterosis (Dong et al. 2022b; Tang and Chu 2017). 

microRNAs triggering early stage heterosis have been reported in maize, Arabidopsis and 
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oilseed rape where miRNAs regulated germination, size, storability and fatty acid composition 

in seeds (Ding et al. 2012; Wang et al. 2016; Castillo-Bravo et al. 2022; Song et al. 2022). 

mRNA and miRNA interactions in Chapter 3 included miRNA families that have also been 

associated with organelle and embryo development in plants. For instance, miR172 and miR169 

were found to regulate expression of genes involved in embryo development during seed 

formation in our studies, similarly as reported by Meinke (2020) and Nowak et al. (2022). 

Furthermore, miR165/166 families which are known to target the class III homeodomain 

leucine zipper (HD-ZIP III) transcription factors like PHAVOLUTA (PHV) and PHABULOSA 

(PHB), which were differentially expressed in our studies during hybrid seed development. 

Both of those genes indirectly regulate LEAFY COTYLEDON 2 (LEC2), which encodes a DNA-

binding protein that regulates embryo formation and seed size (Braybrook et al. 2006; Miller et 

al. 2019). 

Seed development is characterized by the tissue differentiation of the endosperm, embryo and 

seed coat. Interestingly, the endosperm is characterised by methylation patterns that lead to the 

formation of epialleles via methylation and demethylation of parental gametes. For example, 

the results in Chapter 3 suggest that epialleles are associated with various functions such as 

photosynthesis, DNA transcription and lipid and carbohydrate metabolisms. In rice, corn and 

Arabidopsis, epialleles have been linked to enhanced performances through various generations 

(Greaves et al. 2015; Cao et al. 2022; Wang and Wang 2022). The endosperm has an unbalanced 

genome dosage due to double fertilization in plants, which also makes transcriptomic and 

methylation patterns valuable assets for research. siRNAs in Chapter 3 were mostly found in 

gene flanking regions that showed no differential expression, suggesting a role in regulating 

key genetic functions during seed formation as also observed by Lu et al. (2012) and Kirkbride 

et al. (2019). siRNAs are characterized by regulating genes through transposons methylation. 

Hence, genome-wide methylome profiling can aid to identify potential regulatory regions. 
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4.3 Transcriptomic and epigenomic patterns in early plant developmental stages 

In Chapter 3, global genome-wide methylation patterns were associated with maternal 

dominant patterns, suggesting diverging roles between parents during seed development as 

reviewed extensively by Batista and Köhler (2020).  Interestingly, these patterns deviated from 

female hypomethylation that is generally observed in hybrids of other plant species (Gehring et 

al. 2009; Zemach et al. 2010; Zhang et al. 2014).  Instead, they revealed maternal 

hypermethylation in both outcrossed parents hybrids and selfed hybrids plants. Similar maternal 

methylation trends have been observed in other Brassica species (Liu et al. 2018; Grover et al. 

2020). The latter authors proposed that a significant expression of siRNAs in the seed coat 

during seed formation in the seed could promote DNA methylation. Most of the differentially 

expressed siRNAs reflected maternal dominance in hybrids and were in flanking regions of 

non-differentially expressed genes, suggesting roles in maintaining essential genes functions 

and, possibly, regulating gene expression bias in repetitive allopolyploid genomes. 

Furthermore, maternal and paternal epialleles found in Chapter 3 during seed formation were 

linked to growth, development and metabolism transport functions. This highlights the range 

of implications that can be altered without direct genomic rearrangements. Evaluating clues 

outside the genome can be beneficial to find key loci and introgress variety in populations 

facing bottlenecks through transcriptomic and epigenomic profiling (Crisp et al. 2020).  

Transcriptomic paternal patterns have also contributed to deciphering key loci in early plant 

developmental stages (Le et al. 2010; Das et al. 2015). In our study, the majority of DEGs 

displayed maternal expression dominance across distinct stages and tissues based on expression 

level dominance (ELD) analysis. EDL studies in polyploids like oilseed rape and cotton have 

also revealed mostly parental specific dominance rather than prominent transgressive 

expression (Yoo et al. 2013; Wu et al. 2018; Li et al. 2020b; Wei et al. 2021; Xiong et al. 2022). 

Remarkably, ELD and GO enrichment analysis revealed that transgressively upregulated genes 
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during early seed formation in Chapter 3 were linked to reproductive and developmental stage, 

with potential implications in early heterosis. Heterosis, however, is not confined to a unique 

paternal-offspring EDL classification pattern, as observed in differentially expressed miRNA 

families targeting key embryo and developmental genes through maternal dominance patterns. 

In addition, it was observed that 12-18% of all differentially expressed or methylated features 

displayed maternal dominance patterns. Although confirmation in larger germplasm collections 

with diverse maternal and paternal lines would be needed to validate such findings, the results 

provide a first indication for maternal specific effects influencing the transcriptome and 

epigenome landscape during seed formation. Similar observations were previously recorded in 

Arabidopsis (Lu et al. 2012; Grover et al. 2020).  

Despite polyploids representing a more challenging network due to subgenome homologs and 

transcriptomic shock (Ng et al. 2012; Shin et al. 2022), bioinformatic and sequencing 

breakthroughs have, to a large extent, refined gene expression research in polyploids. This has 

turned, for instance, into an accelerated elucidation of diverse RNA types regarding 

performance, for example via fine mapping of flowering genes inside QTL-like segments or 

identification of genes regulating fatty acid seed content, seed weight and harvest index in 

oilseed rape (Wang et al. 2016; Dong et al. 2022a; Han et al. 2022; Zhang et al. 2022). 

Moreover, sRNAs interactions with targets genes in B. napus have revealed specific gene 

networks influencing drought, flowering and leaf and embryo development which can 

ultimately affect performance (Zhao et al. 2012; Jain et al. 2018; Wang et al. 2019b; Schiessl 

et al. 2020). In Chapter 3, thoroughly-annotated miRNA families such as miR166, mir169 and 

miR172 were found to potentially regulate APETALA2-like (AP2-like), EMB (EMBRYO 

DEFECTIVE) and HD-zip III genes during seed formation. Thus, expanding the repertoire of 

functional transcriptomic networks observed in B. napus. 
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Methylation profiling is another relevant strategy for detecting regulatory regions. Based on 

short and long reads in Chapters 2 and 3, it was found that the number of methylated cytosines 

was higher in the CHH context, while the methylation levels were higher in the CpG and CHG 

context in oilseed rape genotypes. This reflects similar previous findings in the same species. 

The regulation of each methylation context not only diverges between species (Niederhuth et 

al. 2016; Bartels et al. 2018) but also depends, to an extent, on specific regulating genes. For 

instance, CpG methylation is maintained by METHYLTRANSFERASE 1 (MET1), CHG 

methylation is mainly regulated by CHROMOMETHYLASE 3 (CMT3) and CHH methylation 

is retained by DOMAINS REARRANGED METHYLTRANSFERASES (DRMs) (see Stroud et al. 

2013) . Genomic variants causing functional changes in these genes can lead to contrasting 

findings, as evidenced by increased dysregulated genome expression and seedling lethality 

when altering MET1 in rice (Hu et al. 2014) or improved genome editing mutagenesis when 

using CMT3 mutant lines in Arabidopsis (Weiss et al. 2022).  However, not all genomic variants 

lead to clear patterns, as demonstrated in green foxtail (Setaria viridis), where predominant 

methylation loss of CHH context occurred when altering DRM genes but no major differential 

gene expression was detected when low CHH methylation was present in nearby flanking genes 

in comparison to genotypes with higher CHH methylation levels (Read et al. 2022).  

Similar results were observed in Chapter 3, regardless of the methylation context, where gene 

flanking regions which were significantly methylated were mostly in non-differentially 

expressed genes. This suggests a conservatory role in maintaining key genetic functions across 

all genotypes. Furthermore, not all methylation inside gene bodies led to a direct 

downregulation as normally expected, similarly to other studies reporting proportional gene 

hypermethylation and upregulation in human and mice cells (Arechederra et al. 2018; 

Rauluseviciute et al. 2020). Moreover, a high percentage of differentially methylated regions 

(DMRs) were within repeat motifs (43%) with the majority of them (70%) located in 5kbp 
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flanking regions as in other reports (Rong et al. 2021; Cao et al. 2022). Repetitive regions, 

including transposable elements, are a source of sRNAs that regulate transcriptomic expression 

(Nuthikattu et al. 2013; Ni et al. 2021; Ramakrishnan et al. 2021). In our study, abundant 

differentially expressed siRNAs co-localized in methylated flanking regions of non-

differentially expressed genes which suggest a conservative regulatory role. The role of siRNAs 

in seed development is critical due to its involvement with RdDM and transcriptomic networks, 

as demonstrated previously in Brassicaceae species (Mosher and Melnyk 2010; Grover et al. 

2018). A prevailing dilemma is that TEs are silenced by siRNAs but at the same time can be a 

source of TEs (McCue et al. 2015). Thus, refined spaciotemporal omics research would help in 

dissecting siRNA-TE interactions in the context of gene expression in polyploids.    

Lastly, 392 putative epialleles involved in photosynthesis, DNA transcription and lipid and 

carbohydrate metabolism during seed formation and seedling development were identified 

based on differential gene methylation and expression in Chapter 3. Potential applications 

related to epialleles and methylation have been extensively described in previous literature 

(Kalisz and Purugganan 2004; Crisp et al. 2020; Mercé et al. 2020; Shaikh et al. 2022). 

Furthermore, research on inheritance of epigenomic features in plants has revealed that 

methylation is mostly stable across generations with few spontaneous epialleles occurring 

(Hofmeister et al. 2017) and infrequent epigenomic memory recalling events during stress 

(Crisp et al. 2016). Despite their scarcity, epialleles have displayed phenotypical differences in 

flowering time, disease resistance and pigmentation as well as heterotic patterns in maize, rice 

and Arabidopsis (Greaves et al. 2015; Cao et al. 2022; Wang and Wang 2022). Epigenomic 

profiling provides an opportunity to mine epigenome diversity and compare results to 

transcriptomic studies (Xu et al. 2019), yet the relationship to genomic rearrangements still 

needs to be further explored.  
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4.4 Effects of structural variants in gene regulation and methylation 

Structural variants are credited with promotion of gene neo- and subfunctionalization in oilseed 

rape and other crops, thus leading to diversification and population divergence with crucial 

roles in polyploidisation, genomic imbalance and transcriptomic networks (Panchy et al. 2016; 

Xia et al. 2016; He et al. 2017b; Schiessl 2020). Among structural rearrangements, genomic 

duplications and deletions deserve special attention since they promote chromosome-scale 

transcriptomic effects, as clearly presented by Birchler and Yang (2022) with examples on gene 

hypofunctionalization (downregulated homologs), subfunctionalization and 

neofunctionalization. The same authors noticed that ancient whole genome duplication (WGD) 

events, that have occurred in most angiosperms, have led to a retention of genes coding for 

transcription factors and signalling components, whereas short segmental duplications tend to 

show less enrichment of such genes. In Chapter 2, large-scale rearrangements resulted in CNV 

either though NRHE or segmental deletions with enrichment of auxin metabolism, oxidation 

processes, histone methylation, cell organelles and enzyme activity. The CNVs also included 

gene homologs involved in flowering time, stress response and plant growth such as 

FLOWERING LOCUS C (FLC), TERMINAL FLOWER 1 (TFL1), WRKY DNA-binding protein 

4 (WRKY-4) as well as EMB, Arabidopsis heat shock promoter (ATHSP) and DWARF protein 

(DWARF) genes. This indicates potential transcriptomic effects caused by spontaneous 

mutations in a single generation.  

Effects of large-scale rearrangements on the epigenome were assessed by predicting 

methylation from long read sequencing data in Chapter 2, as also employed in Kirov et al. 

(2021) and Naish et al. (2021). CHH methylation levels were higher than other methylation 

contexts and the number of methylated cytosines (mC) was higher in the CpG and CHG 

contexts, as reported previously in other oilseed rape studies (Shen et al. 2017; Bartels et al. 

2018). Interestingly, and regardless of the methylation context and genomic rearrangements, 
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the methylation levels were comparable across all F1 sister plants. Likewise, similar findings 

were observed in Chapter 3, where a segmental deletion in C01 in the paternal genotype did not 

translate into diverging methylation profiles between genotypes during seed formation. This 

partially suggests buffering mechanisms or networks that aim at balancing methylation levels 

despite rearrangements, although much more detailed research is needed for proper validation. 

Similar complex and unclear scenarios were assessed when investigating the correlation 

between genome size and methylation levels among plant species. WGD events increase 

genome size and repetitive content, which in theory should result in higher methylation level. 

However, that has been reported to not always be the case in large genomes like faba bean 

(Vicia faba, 13 Gbp, Ellwood et al. 2008) and European mistletoe (Viscum album, ca. 88 Gbp, 

Novák et al. 2020), which have much lower methylation levels than smaller genomes like 

sunflower (Helianthus annuus, 3.6 Gbp, Badouin et al. 2017) and pearl millet (Pennisetum 

glaucum, 1.8 Gbp, Varshney et al. 2017). Furthermore, the genome complexity and methylation 

relationship might depends on methylation contexts (Alonso et al. 2015; Niederhuth et al. 

2016). In coming years, it is expected that advances in NGS technologies, molecular biology 

and bioinformatics will contribute to clarifying such questions in complex plant genomes, as 

already applied in human genetics (Shi et al. 2020; Hawe et al. 2022). 

The results in Chapter 3 also revealed contrasting segmental gene expression covering large 

genomic regions in genotypes without large-scale deletions (e.g. chromosomes A03, A07 and 

C05). Mechanisms similar to long range epigenetic silencing (LRES) and systemic acquired 

silencing (SAS), or eQTL might induce large-scale transcriptomic patterns (Clark 2007; Druka 

et al. 2010; Rajeevkumar et al. 2015). It is also probable that chromatin interactions and genome 

spatial-time organization might define large-scale segmental expression (Doğan and Liu 2018; 

Takei et al. 2021). Hence, integrated omics experiments can provide insights into the 

transcriptome and epigenome of oilseed rape (Hu et al. 2022; Li et al. 2022; Shin et al. 2022). 
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4.5 Conclusion  

Hybrid systems represents an important breeding target in agriculture for many crops, including 

oilseed rape (Steeg et al. 2022). Therefore, the aim of the present work was to detect hybrid 

specific, putatively heterotic multi-omics patterns in oilseed rape hybrids. The allopolyploid 

nature of oilseed rape is linked to multiple genomic rearrangements that can lead to pronounced 

diversification. Long read sequencing was used to detect early and rapid variation among F1 

plants with profound effects on gene CNV in a single generation. This provided plausible 

insights into post-polyploidisation mechanisms for rapid adaptation and diversification in a 

young allopolyploid species. Widespread rearrangements were found to diverge between F1-

sister lines, expanding similar observations in hybrid populations by Higgins et al. (2018) and 

Quezada-Martinez et al. (2022). 

Structural variants can result in agronomically important phenotypes and genomic 

diversification (Yuan et al. 2021). Although their occurrence in oilseed rape across generations 

has been evaluated previously (Bird et al. 2021a; Ferreira de Carvalho et al. 2021), further 

research might still shed light on polyploid-specific patterns and post-polyploidization. For 

instance, it was recently shown in cotton that allopolyploids can accumulate deleterious 

mutations of diverse lengths faster than diploids due to their homology between subgenomes 

(Conover and Wendel 2022). Interestingly, polyploidy is mostly linked to plants with longer 

life cycles, regions with low competition with diploids and zones located far from the equator 

(Rice et al. 2019). Novel pangenomic and ecogeographical phylogenetic research, associating 

how mutation rates differ between plants based on ploidy levels, would be beneficial to identify 

the role of de-novo mutations in post-polyploidization diversification. 

Transcriptomic and epigenomic networks are also key drivers of heterosis during early 

developmental stages such as seed formation and seedling development. Parental and hybrid 

gene expression patterns in Chapter 3 revealed genes regulating embryo and reproductive 
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patterns during seed formation, along with miRNA associations that have putative implication 

in early heterosis. The seed is characterized to be a hotspot for epigenomic and transcriptomic 

activity, as demonstrated through more elaborated experiments using laser dissection in oilseed 

rape seeds (Ziegler et al. 2019; Khan et al. 2022). Although the use of refined dissection 

approaches was out of the scope in the present study, global transcription and methylation 

patterns were found which included putatively inherited epigenetic alleles and identification of 

methylated regions.  Genes which were not differentially expressed between genotypes had 

mostly differential methylation levels on their flanking regions, thus indicating the role of 

methylation in gene regulation.  The potential of methylation in breeding is broad, with 

phenotypic implications on flowering time, disease susceptibility and abiotic stress responses 

(Mercé et al. 2020; Shaikh et al. 2022). Unmethylated regions (UMRs) also represent relevant 

areas for detailed future studies, as they generally correlate with accessible transcription sites 

and cis-regulatory elements (Crisp et al. 2020). Recent experiments evaluating heterosis in 

genetically identical A. thaliana F1 sister plants revealed significant differences in leaf area and 

rosette size (Mehraj et al. 2020), suggesting that epigenetic factors might also be involved in 

diverging variation. 

Further advances in bioinformatics and biology will likely provide considerably more insight 

into polyploidy and heterosis in the next decades. After the sequencing of the first plant genome 

in 2004, more than 1040 assembled plant genomes were registered in the plaBi database of 

sequenced accessions by September 15, 2022 (FJZ and HHU 2014). However, most assembled 

genomes to date are diploids (Marks et al. 2021) and the correlations of TE and methylation 

levels with genome sizes are not fully comprehended (Niederhuth et al. 2016; Novák et al. 

2020). During the present work, additional field trials and draft genome assembling of the 

hybrid paternal line with long reads were carried out. The latter being currently under further 
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improvement to provide more insights on genome rearrangements and multiomics features in 

oilseed rape.   

The range of variability surrounding the central dogma of genetics makes the integration of 

multiomics techniques necessary to elucidate transcriptomic and epigenomic networks 

(Buccitelli and Selbach 2020). In the present work, all omics sequencing approaches were 

performed from the same biological replicates in all experiments, optimizing the identification 

of multiomic interactions. Recent bioinformatic approaches are allowing the prediction of omic 

features and real-time interaction multiomics integration (MOI) analyses (Argelaguet et al. 

2018; Seifert et al. 2018b; Jamil et al. 2020; Knoch et al. 2021).  

Technological advancements in NGS and informatics have driven biological breakthroughs in 

biology, yet the plant kingdom has relatively lagged due to more complex genomes with 

multiple ploidies and repetitive content that require more bioinformatics resources. This might 

soon change due to the extremely rapid technological advancements developed during the 

recent pandemic, where scientific work fostered large-scale international collaborations and 

breakthroughs in bioinformatics and big data management so that petabyte-scale and large 

nucleic acid datasets could be handled in a cost-time efficient manner that has not been observed 

before (Maher and van Noorden 2021; Khare et al. 2021; Edgar et al. 2022). Plant breeding can 

apply similar big data methodology, integrating phenomic, genomic and environmental data 

following FAIR (Findable, Accessible, Interoperable, Reusable) protocols in open-source 

platforms like the Breedbase (Wilkinson et al. 2016; Morales et al. 2022; Schmidt and 

Hildebrandt 2017). The outlook on bioinformatic supported breeding approaches, which 

include diverse sequencing technologies coupled with deep epigenomic and transcriptomic 

profiling, seem promising strategies to elucidate the role of non-coding genomic loci and mine 

for multiomics diversity with relevant applications in modern agriculture. 
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5. Summary 

 

Oilseed rape (Brassica napus) is the third-most widely grown crop globally for vegetable oil 

production after soybean and oil palm.  The relevance of oilseed rape relies not only in its 

economic value but also in its allopolyploidy and close linkage to Arabidopsis thaliana, which 

make it a useful model crop for other allopolyploids like wheat, cotton and sugarcane. Part of 

the increase of B. napus yield is due to enhanced performance in F1 hybrids, through 

exploitation of heterosis during the last few decades in all major oilseed rape production areas 

in the world. Until now, heterosis and hybrid-specific patterns have been mostly examined 

under allelic interaction hypotheses. Therefore, this thesis focuses on assessing genomic, 

transcriptomic and epigenomic features in the context of heterosis in a hybrid cross between 

two highly homozygous, yet genetically divergent, inbred oilseed rape accessions. Spontaneous 

large-scale genomic rearrangements that differed between F1 sister plants generated early and 

rapid gene copy number variation in a single generation. The implications of such preliminary 

findings suggest possible scenarios of post-polyploidization mechanisms to survive the 

evolutionary dead end of allopolyploidization. Furthermore, gene expression, small RNA and 

genome-wide methylation during seed and seedling development in the F1-hybrid were 

evaluated. Parental dominance was observed in transcriptomic and epigenomic patterns and key 

differentially expressed genes involved in reproduction and development during seed formation 

were detected through gene expression and microRNA analyses. Candidate epigenetic alleles 

with diverse core biological functions were identified and linkages between epigenomic and 

transcriptomic features were assessed. The insight provided through this research aims at 

exploring molecular patterns with potential implications in hybrids and heterosis and 

establishing frameworks for future multi-omics and pangenomic research in polyploid crops. 
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6. Zusammenfasung 

Raps (Brassica napus) ist nach Sojabohne und Ölpalme die weltweit am häufigsten angebaute 

Ölpflanze. Die Bedeutung von Raps beruht nicht nur auf seinem wirtschaftlichen Wert, sondern 

auch auf seiner Allopolyploidie und engen Verwandtschaft mit Arabidopsis thaliana. Ein Teil 

des Anstiegs des B. napus-Ertrags ist auf die verbesserte Leistung von F1-Hybriden durch 

Heterosis zurückzuführen, die in den letzten Jahrzehnten in der Rapsproduktion in Deutschland, 

China und Kanada eingesetzt wurden. Bisher wurden heterotische- und hybridspezifische 

Muster vor allem unter allelischen Interaktionshypothesen untersucht. Daher konzentriert sich 

die vorliegende Arbeit auf die Bewertung genomischer, transkriptomischer und epigenomischer 

Merkmale in einer Hybridkreuzung zwischen zwei hochhomozygoten und genetisch 

divergenten Rapslinien. Spontane große genetische Varianten, die sich zwischen F1-

Schwesterpflanzen unterschieden, erzeugten eine schnelle Variation der Genkopienzahl in einer 

einzigen Generation. Die Auswirkungen solcher vorläufigen Ergebnisse deuten auf mögliche 

Szenarien von Mechanismen nach der Polyploidisierung hin, um evolutionären Engpässen zu 

entkommen. Darüber hinaus wurden die Muster von Genexpression, kleine RNA und 

genomweite Methylierung während der Samen- und Sämlingsentwicklung in der F1-Hybride 

evaluiert. Transkriptomische und epigenomische Muster der elterlichen Dominanz erwiesen 

sich als prägender Faktor. Differentiell exprimierte Gene, die an der Reproduktion und 

Entwicklung während der Samenbildung beteiligt sind, wurden durch Genexpressions- und 

microRNA-Analysen nachgewiesen. Epigenetische Allele mit diversen biologischen 

Hauptfunktionen wurden identifiziert und Verbindungen zwischen epigenomischen und 

transkriptomischen Merkmalen bewertet. Die somit gewonnenen Erkenntnisse zielen darauf ab, 

molekulare Muster mit potenziellen Auswirkungen auf Heterosis und Hybridleistung zu 

untersuchen und Rahmenbedingungen für zukünftige Multiomics- und Pangenomik-Forschung 

bei polyploiden Nutzpflanzen zu etablieren. 
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Boveri, T. (1902): Über mehrpolige Mitosen als Mittel zur Analyse des Zellkerns. [Concerning 

multipolar mitoses as a means of analysing the cell nucleus.]. In Würzburg and Verh. d. phys. med. Ges. 

zu Würzburg 35. 

Braybrook, Siobhan A.; Stone, Sandra L.; Park, Soomin; Bui, Anhthu Q.; Le, Brandon H.; Fischer, 

Robert L. et al. (2006): Genes directly regulated by LEAFY COTYLEDON2 provide insight into the 

control of embryo maturation and somatic embryogenesis. In Proceedings of the National Academy of 

Sciences of the United States of America 103 (9), pp. 3468–3473. DOI: 10.1073/pnas.0511331103. 

Bridges, C. B. (1936): The bar "gene" a duplication. In Science (New York, N.Y.) 83 (2148), pp. 210–

211. DOI: 10.1126/science.83.2148.210. 



 

82 

 

Bruce, A. B. (1910): The Mendelian theory of heredity and the augmentation of vigor. In Science (New 

York, N.Y.) 32 (827), pp. 627–628. DOI: 10.1126/science.32.827.627-a. 

BSA (2022): Federal Plant Variety Office (BSA) descriptive variety 2022 list: cereals, maize, oil and 

fibre plants, legumes, beets, catch crops. Available online at 

https://www.bundessortenamt.de/bsa/media/Files/BSL/bsl_getreide_2022.pdf., checked on September, 

2022. 

Buccitelli, Christopher; Selbach, Matthias (2020): mRNAs, proteins and the emerging principles of gene 

expression control. In Nature reviews. Genetics 21 (10), pp. 630–644. DOI: 10.1038/s41576-020-0258-

4. 

Canola Council of Canada (2021): History of canola seed development. Available online at 

https://www.canolacouncil.org/canola-encyclopedia/history-of-canola-seed-development/, checked on 

November, 2022. 

Cao, Shuai; Wang, Longfei; Han, Tongwen; Ye, Wenxue; Liu, Yang; Sun, Yi et al. (2022): Small RNAs 

mediate transgenerational inheritance of genome-wide trans-acting epialleles in maize. In Genome 

biology 23 (1), p. 53. DOI: 10.1186/s13059-022-02614-0. 

Carthew, Richard W.; Sontheimer, Erik J. (2009): Origins and Mechanisms of miRNAs and siRNAs. In 

Cell 136 (4), pp. 642–655. DOI: 10.1016/j.cell.2009.01.035. 

Castillo-Bravo, Rosa; Fort, Antoine; Cashell, Ronan; Brychkova, Galina; McKeown, Peter C.; Spillane, 

Charles (2022): Parent-of-Origin Effects on Seed Size Modify Heterosis Responses in Arabidopsis 

thaliana. In Frontiers in plant science 13, p. 835219. DOI: 10.3389/fpls.2022.835219. 

Chalhoub, Boulos; Denoeud, France; Liu, Shengyi; Parkin, Isobel A. P.; Tang, Haibao; Wang, Xiyin et 

al. (2014): Plant genetics. Early allopolyploid evolution in the post-Neolithic Brassica napus oilseed 

genome. In Science (New York, N.Y.) 345 (6199), pp. 950–953. DOI: 10.1126/science.1253435. 

Chao, Haoyu; Li, Tian; Luo, Chaoyu; Huang, Hualei; Ruan, Yingfei; Li, Xiaodong et al. (2020): 

BrassicaEDB: A Gene Expression Database for Brassica Crops. In International journal of molecular 

sciences 21 (16). DOI: 10.3390/ijms21165831. 

Chawla, Harmeet Singh; Lee, HueyTyng; Gabur, Iulian; Vollrath, Paul; Tamilselvan-Nattar-Amutha, 

Suriya; Obermeier, Christian et al. (2021): Long-read sequencing reveals widespread intragenic 

structural variants in a recent allopolyploid crop plant. In Plant biotechnology journal 19 (2), pp. 240–

250. DOI: 10.1111/pbi.13456. 

Chen, Liangyu; Zhu, Yanyu; Ren, Xiaobo; Yao, Dan; Song, Yang; Fan, Sujie et al. (2022): Heterosis 

and Differential DNA Methylation in Soybean Hybrids and Their Parental Lines. In Plants (Basel, 

Switzerland) 11 (9). DOI: 10.3390/plants11091136. 

Chen, Z. Jeffrey; Ni, Zhongfu (2006): Mechanisms of genomic rearrangements and gene expression 

changes in plant polyploids. In BioEssays : news and reviews in molecular, cellular and developmental 

biology 28 (3), pp. 240–252. DOI: 10.1002/bies.20374. 

Chittem, Kishore; Yajima, William R.; Goswami, Rubella S.; Del Río Mendoza, Luis E. (2020): 

Transcriptome analysis of the plant pathogen Sclerotinia sclerotiorum interaction with resistant and 

susceptible canola (Brassica napus) lines. In PloS one 15 (3), e0229844. DOI: 

10.1371/journal.pone.0229844. 

Clark, Susan J. (2007): Action at a distance: epigenetic silencing of large chromosomal regions in 

carcinogenesis. In Human molecular genetics 16 Spec No 1, R88-95. DOI: 10.1093/hmg/ddm051. 

Clarke, Wayne E.; Higgins, Erin E.; Plieske, Joerg; Wieseke, Ralf; Sidebottom, Christine; Khedikar, 

Yogendra et al. (2016): A high-density SNP genotyping array for Brassica napus and its ancestral diploid 

species based on optimised selection of single-locus markers in the allotetraploid genome. In TAG. 



 

83 

 

Theoretical and applied genetics. Theoretische und angewandte Genetik 129 (10), pp. 1887–1899. DOI: 

10.1007/s00122-016-2746-7. 

Comai, Luca (2005): The advantages and disadvantages of being polyploid. In Nature reviews. Genetics 

6 (11), pp. 836–846. DOI: 10.1038/nrg1711. 

Conover, Justin L.; Wendel, Jonathan F. (2022): Deleterious Mutations Accumulate Faster in 

Allopolyploid Than Diploid Cotton (Gossypium) and Unequally between Subgenomes. In Molecular 

biology and evolution 39 (2). DOI: 10.1093/molbev/msac024. 

Crisp, Peter A.; Ganguly, Diep; Eichten, Steven R.; Borevitz, Justin O.; Pogson, Barry J. (2016): 

Reconsidering plant memory: Intersections between stress recovery, RNA turnover, and epigenetics. In 

Science advances 2 (2), e1501340. DOI: 10.1126/sciadv.1501340. 

Crisp, Peter A.; Marand, Alexandre P.; Noshay, Jaclyn M.; Zhou, Peng; Lu, Zefu; Schmitz, Robert J.; 

Springer, Nathan M. (2020): Stable unmethylated DNA demarcates expressed genes and their cis-

regulatory space in plant genomes. In Proceedings of the National Academy of Sciences of the United 

States of America 117 (38), pp. 23991–24000. DOI: 10.1073/pnas.2010250117. 

Cui, Chen; Wang, Jing-Jing; Zhao, Jian-Hua; Fang, Yuan-Yuan; He, Xiang-Feng; Guo, Hui-Shan; 

Duan, Cheng-Guo (2020): A Brassica miRNA Regulates Plant Growth and Immunity through Distinct 

Modes of Action. In Molecular plant 13 (2), pp. 231–245. DOI: 10.1016/j.molp.2019.11.010. 

Dalton-Morgan, Jessica; Hayward, Alice; Alamery, Salman; Tollenaere, Reece; Mason, Annaliese S.; 

Campbell, Emma et al. (2014): A high-throughput SNP array in the amphidiploid species Brassica napus 

shows diversity in resistance genes. In Functional & integrative genomics 14 (4), pp. 643–655. DOI: 

10.1007/s10142-014-0391-2. 

Darwin, C. (1876): The effects of cross and self fertilisation in the vegetable kingdom. London: John 

Murry. 

Das, Shabari Sarkar; Karmakar, Prakash; Nandi, Asis Kumar; Sanan-Mishra, Neeti (2015): Small RNA 

mediated regulation of seed germination. In Frontiers in plant science 6, p. 828. DOI: 

10.3389/fpls.2015.00828. 

Dickert, T. E.; Tracy, W. F. (2002): Heterosis for Flowering Time and Agronomic Traits among Early 

Open-pollinated Sweet Corn Cultivars. In jashs 127 (5), pp. 793–797. DOI: 

10.21273/JASHS.127.5.793. 

Diers, B. W.; McVetty, P. B. E.; Osborn, T. C. (1996): Relationship between Heterosis and Genetic 

Distance Based on Restriction Fragment Length Polymorphism Markers in Oilseed Rape (Brassica 

napus L.). In Crop Sci. 36 (1), pp. 79–83. DOI: 10.2135/cropsci1996.0011183X003600010014x. 

Digital Science (2018): Dimensions [Software]. Available online at https://app.dimensions.ai., checked 

on November, 2022 under licence agreement. 

Ding, Dong; Wang, Yinju; Han, Mingshui; Fu, Zhiyuan; Li, Weihua; Liu, Zonghua et al. (2012): 

MicroRNA transcriptomic analysis of heterosis during maize seed germination. In PloS one 7 (6), 

e39578. DOI: 10.1371/journal.pone.0039578. 

Doğan, Ezgi Süheyla; Liu, Chang (2018): Three-dimensional chromatin packing and positioning of 

plant genomes. In Nature plants 4 (8), pp. 521–529. DOI: 10.1038/s41477-018-0199-5. 

Dolatabadian, Aria; Yuan, Yuxuan; Bayer, Philipp Emanuel; Petereit, Jakob; Severn-Ellis, Anita; 

Tirnaz, Soodeh et al. (2022): Copy Number Variation among Resistance Genes Analogues in Brassica 

napus. In Genes 13 (11). DOI: 10.3390/genes13112037. 

Dong, Hongli; Yang, Lei; Liu, Yilin; Tian, Guifu; Tang, Huan; Xin, Shuangshuang et al. (2022a): 

Detection of new candidate genes controlling seed weight by integrating gene coexpression analysis and 

QTL mapping in Brassica napus L. In The Crop Journal. DOI: 10.1016/j.cj.2022.09.009. 



 

84 

 

Dong, Qingkun; Hu, Binbin; Zhang, Cui (2022b): microRNAs and Their Roles in Plant Development. 

In Frontiers in plant science 13, p. 824240. DOI: 10.3389/fpls.2022.824240. 

Druka, Arnis; Potokina, Elena; Luo, Zewei; Jiang, Ning; Chen, Xinwei; Kearsey, Mike; Waugh, Robbie 

(2010): Expression quantitative trait loci analysis in plants. In Plant biotechnology journal 8 (1), pp. 10–

27. DOI: 10.1111/j.1467-7652.2009.00460.x. 

Edgar, Robert C.; Taylor, Jeff; Lin, Victor; Altman, Tomer; Barbera, Pierre; Meleshko, Dmitry et al. 

(2022): Petabase-scale sequence alignment catalyses viral discovery. In Nature 602 (7895), pp. 142–

147. DOI: 10.1038/s41586-021-04332-2. 

Ellwood, Simon R.; Phan, Huyen T. T.; Jordan, Megan; Hane, James; Torres, Anna M.; Avila, Carmen 

M. et al. (2008): Construction of a comparative genetic map in faba bean (Vicia faba L.); conservation 

of genome structure with Lens culinaris. In BMC genomics 9, p. 380. DOI: 10.1186/1471-2164-9-380. 

Escaramís, Geòrgia; Docampo, Elisa; Rabionet, Raquel (2015): A decade of structural variants: 

description, history and methods to detect structural variation. In Briefings in functional genomics 14 

(5), pp. 305–314. DOI: 10.1093/bfgp/elv014. 

Fang, Caochuang; Wang, Zhaoyang; Wang, Pengfei; Song, Yixian; Ahmad, Ali; Dong, Faming et al. 

(2021): Heterosis Derived From Nonadditive Effects of the BnFLC Homologs Coordinates Early 

Flowering and High Yield in Rapeseed (Brassica napus L.). In Frontiers in plant science 12, p. 798371. 

DOI: 10.3389/fpls.2021.798371. 

FAO (2022): FAOSTAT. Available online at https://www.fao.org/faostat/en, checked on September, 

2022. 

Ferreira, M. E.; Satagopan, J.; Yandell, B. S.; Williams, P. H.; Osborn, T. C. (1995): Mapping loci 

controlling vernalization requirement and flowering time in Brassica napus. In TAG. Theoretical and 

applied genetics. Theoretische und angewandte Genetik 90 (5), pp. 727–732. DOI: 

10.1007/BF00222140. 

Ferreira de Carvalho, Julie; Stoeckel, Solenn; Eber, Frédérique; Lodé-Taburel, Maryse; Gilet, Marie-

Madeleine; Trotoux, Gwenn et al. (2021): Untangling structural factors driving genome stabilization in 

nascent Brassica napus allopolyploids. In The New phytologist 230 (5), pp. 2072–2084. DOI: 

10.1111/nph.17308. 

FJZ; HHU (2014): Jülich Research Center (FZJ) and Heinrich Heine University Düsseldorf (HHU) 

plaBi database. Available online at https://www.plabipd.de, checked on 10/11/2022. 

Fort, Antoine; Ryder, Peter; McKeown, Peter C.; Wijnen, Cris; Aarts, Mark G.; Sulpice, Ronan; 

Spillane, Charles (2016): Disaggregating polyploidy, parental genome dosage and hybridity 

contributions to heterosis in Arabidopsis thaliana. In The New phytologist 209 (2), pp. 590–599. DOI: 

10.1111/nph.13650. 

Friedt, Wolfgang; Tu, Jingxing; Fu, Tingdong (2018): Academic and Economic Importance of Brassica 

napus Rapeseed. In Shengyi Liu, Rod Snowdon, Boulos Chalhoub (Eds.): The Brassica napus Genome. 

Cham: Springer International Publishing (Compendium of Plant Genomes), pp. 1–20. 

Fuentes, Roven Rommel; Chebotarov, Dmytro; Duitama, Jorge; Smith, Sean; La Hoz, Juan Fernando 

de; Mohiyuddin, Marghoob et al. (2019): Structural variants in 3000 rice genomes. In Genome research 

29 (5), pp. 870–880. DOI: 10.1101/gr.241240.118. 

Fujimoto, Ryo; Uezono, Kosuke; Ishikura, Sonoko; Osabe, Kenji; Peacock, W. James; Dennis, 

Elizabeth S. (2018): Recent research on the mechanism of heterosis is important for crop and vegetable 

breeding systems. In Breeding science 68 (2), pp. 145–158. DOI: 10.1270/jsbbs.17155. 

Gabur, Iulian; Chawla, Harmeet Singh; Lopisso, Daniel Teshome; Tiedemann, Andreas von; Snowdon, 

Rod J.; Obermeier, Christian (2020): Gene presence-absence variation associates with quantitative 



 

85 

 

Verticillium longisporum disease resistance in Brassica napus. In Scientific reports 10 (1), p. 4131. DOI: 

10.1038/s41598-020-61228-3. 

Gabur, Iulian; Chawla, Harmeet Singh; Snowdon, Rod J.; Parkin, Isobel A. P. (2019): Connecting 

genome structural variation with complex traits in crop plants. In TAG. Theoretical and applied genetics. 

Theoretische und angewandte Genetik 132 (3), pp. 733–750. DOI: 10.1007/s00122-018-3233-0. 

Gaebelein, Roman; Alnajar, Dima; Koopmann, Birger; Mason, Annaliese S. (2019): Hybrids between 

Brassica napus and B. nigra show frequent pairing between the B and A/C genomes and resistance to 

blackleg. In Chromosome research : an international journal on the molecular, supramolecular and 

evolutionary aspects of chromosome biology 27 (3), pp. 221–236. DOI: 10.1007/s10577-019-09612-2. 

Gallego-Bartolomé, Javier (2020): DNA methylation in plants: mechanisms and tools for targeted 

manipulation. In The New phytologist 227 (1), pp. 38–44. DOI: 10.1111/nph.16529. 

Gehring, Mary; Bubb, Kerry L.; Henikoff, Steven (2009): Extensive demethylation of repetitive 

elements during seed development underlies gene imprinting. In Science (New York, N.Y.) 324 (5933), 

pp. 1447–1451. DOI: 10.1126/science.1171609. 

Girke, Andreas; Schierholt, Antje; Becker, Heiko C. (2012): Extending the rapeseed gene pool with 

resynthesized Brassica napus II: Heterosis. In TAG. Theoretical and applied genetics. Theoretische und 

angewandte Genetik 124 (6), pp. 1017–1026. DOI: 10.1007/s00122-011-1765-7. 

Greaves, Ian K.; Gonzalez-Bayon, Rebeca; Wang, Li; Zhu, Anyu; Liu, Pei-Chuan; Groszmann, Michael 

et al. (2015): Epigenetic Changes in Hybrids. In Plant physiology 168 (4), pp. 1197–1205. DOI: 

10.1104/pp.15.00231. 

Griffiths-Jones, Sam; Grocock, Russell J.; van Dongen, Stijn; Bateman, Alex; Enright, Anton J. (2006): 

miRBase: microRNA sequences, targets and gene nomenclature. In Nucleic acids research 34 (Database 

issue), D140-4. DOI: 10.1093/nar/gkj112. 

Groszmann, Michael; Greaves, Ian K.; Albertyn, Zayed I.; Scofield, Graham N.; Peacock, William J.; 

Dennis, Elizabeth S. (2011): Changes in 24-nt siRNA levels in Arabidopsis hybrids suggest an 

epigenetic contribution to hybrid vigor. In Proceedings of the National Academy of Sciences of the 

United States of America 108 (6), pp. 2617–2622. DOI: 10.1073/pnas.1019217108. 

Grover, Jeffrey W.; Burgess, Diane; Kendall, Timmy; Baten, Abdul; Pokhrel, Suresh; King, Graham J. 

et al. (2020): Abundant expression of maternal siRNAs is a conserved feature of seed development. In 

Proceedings of the National Academy of Sciences of the United States of America 117 (26), pp. 15305–

15315. DOI: 10.1073/pnas.2001332117. 

Grover, Jeffrey W.; Kendall, Timmy; Baten, Abdul; Burgess, Diane; Freeling, Michael; King, Graham 

J.; Mosher, Rebecca A. (2018): Maternal components of RNA-directed DNA methylation are required 

for seed development in Brassica rapa. In The Plant journal : for cell and molecular biology 94 (4), 

pp. 575–582. DOI: 10.1111/tpj.13910. 

Guan, Jiantao; Xu, Yaoguang; Yu, Yang; Fu, Jun; Ren, Fei; Guo, Jiying et al. (2021): Genome structure 

variation analyses of peach reveal population dynamics and a 1.67 Mb causal inversion for fruit shape. 

In Genome biology 22 (1), p. 13. DOI: 10.1186/s13059-020-02239-1. 

Gullotta, Giorgio; Korte, Arthur; Marquardt, Sebastian (2022): Functional Variation in the Non-Coding 

Genome: Molecular Implications for Food Security. In Journal of experimental botany. DOI: 

10.1093/jxb/erac395. 

Hallauer, Arnel R. (2007): History, Contribution, and Future of Quantitative Genetics in Plant Breeding: 

Lessons From Maize. In Crop Sci. 47, S-4-S-19. DOI: 10.2135/cropsci2007.04.0002IPBS. 



 

86 

 

Han, Xu; Tang, Qingqing; Xu, Liping; Guan, Zhilin; Tu, Jinxing; Yi, Bin et al. (2022): Genome-wide 

detection of genotype environment interactions for flowering time in Brassica napus. In Frontiers in 

plant science 13, Article 1065766. DOI: 10.3389/fpls.2022.1065766. 

Hasan, M.; Seyis, F.; Badani, A. G.; Pons-Kühnemann, J.; Friedt, W.; Lühs, W.; Snowdon, R. J. (2006): 

Analysis of Genetic Diversity in the Brassica napus L. Gene Pool Using SSR Markers. In Genet Resour 

Crop Evol 53 (4), pp. 793–802. DOI: 10.1007/s10722-004-5541-2. 

Hatzig, Sarah; Breuer, Frank; Nesi, Nathalie; Ducournau, Sylvie; Wagner, Marie-Helene; Leckband, 

Gunhild et al. (2018): Hidden Effects of Seed Quality Breeding on Germination in Oilseed Rape 

(Brassica napus L.). In Frontiers in plant science 9, p. 419. DOI: 10.3389/fpls.2018.00419. 

Hatzig, Sarah V.; Frisch, Matthias; Breuer, Frank; Nesi, Nathalie; Ducournau, Sylvie; Wagner, Marie-

Helene et al. (2015): Genome-wide association mapping unravels the genetic control of seed 

germination and vigor in Brassica napus. In Frontiers in plant science 6, p. 221. DOI: 

10.3389/fpls.2015.00221. 

Hawe, Johann S.; Wilson, Rory; Schmid, Katharina T.; Zhou, Li; Lakshmanan, Lakshmi Narayanan; 

Lehne, Benjamin C. et al. (2022): Genetic variation influencing DNA methylation provides insights into 

molecular mechanisms regulating genomic function. In Nature genetics 54 (1), pp. 18–29. DOI: 

10.1038/s41588-021-00969-x. 

Hayward, Alice; Mason, Annaliese S.; Dalton-Morgan, Jessica; Zander, Manuel; Edwards, David; 

Batley, Jacqueline (2012): SNP discovery and applications in Brassica napus. In Journal of Plant 

Biotechnology 39 (1), pp. 49–61. DOI: 10.5010/JPB.2012.39.1.049. 

He, Fei; Wang, Wei; Rutter, William B.; Jordan, Katherine W.; Ren, Jie; Taagen, Ellie et al. (2022): 

Genomic variants affecting homoeologous gene expression dosage contribute to agronomic trait 

variation in allopolyploid wheat. In Nature communications 13 (1), p. 826. DOI: 10.1038/s41467-022-

28453-y. 

He, Shoupu; Sun, Gaofei; Geng, Xiaoli; Gong, Wenfang; Dai, Panhong; Jia, Yinhua et al. (2021): The 

genomic basis of geographic differentiation and fiber improvement in cultivated cotton. In Nature 

genetics 53 (6), pp. 916–924. DOI: 10.1038/s41588-021-00844-9. 

He, Yajun; Wu, Daoming; Wei, Dayong; Fu, Ying; Cui, Yixin; Dong, Hongli et al. (2017a): GWAS, 

QTL mapping and gene expression analyses in Brassica napus reveal genetic control of branching 

morphogenesis. In Scientific reports 7 (1), p. 15971. DOI: 10.1038/s41598-017-15976-4. 

He, Zhesi; Wang, Lihong; Harper, Andrea L.; Havlickova, Lenka; Pradhan, Akshay K.; Parkin, Isobel 

A. P.; Bancroft, Ian (2017b): Extensive homoeologous genome exchanges in allopolyploid crops 

revealed by mRNAseq-based visualization. In Plant biotechnology journal 15 (5), pp. 594–604. DOI: 

10.1111/pbi.12657. 

Heard, Edith; Martienssen, Robert A. (2014): Transgenerational epigenetic inheritance: myths and 

mechanisms. In Cell 157 (1), pp. 95–109. DOI: 10.1016/j.cell.2014.02.045. 

Hiebert, Colin W.; Moscou, Matthew J.; Hewitt, Tim; Steuernagel, Burkhard; Hernández-Pinzón, Inma; 

Green, Phon et al. (2020): Stem rust resistance in wheat is suppressed by a subunit of the mediator 

complex. In Nature communications 11 (1), p. 1123. DOI: 10.1038/s41467-020-14937-2. 

Higgins, Erin E.; Clarke, Wayne E.; Howell, Elaine C.; Armstrong, Susan J.; Parkin, Isobel A. P. (2018): 

Detecting de Novo Homoeologous Recombination Events in Cultivated Brassica napus Using a 

Genome-Wide SNP Array. In G3 (Bethesda, Md.) 8 (8), pp. 2673–2683. DOI: 10.1534/g3.118.200118. 

Hochholdinger, Frank; Hoecker, Nadine (2007): Towards the molecular basis of heterosis. In Trends in 

plant science 12 (9), pp. 427–432. DOI: 10.1016/j.tplants.2007.08.005. 



 

87 

 

Hofmeister, Brigitte T.; Lee, Kevin; Rohr, Nicholas A.; Hall, David W.; Schmitz, Robert J. (2017): 

Stable inheritance of DNA methylation allows creation of epigenotype maps and the study of epiallele 

inheritance patterns in the absence of genetic variation. In Genome biology 18 (1), p. 155. DOI: 

10.1186/s13059-017-1288-x. 

Hörandl, Elvira (2022): Novel Approaches for Species Concepts and Delimitation in Polyploids and 

Hybrids. In Plants (Basel, Switzerland) 11 (2). DOI: 10.3390/plants11020204. 

Hotchkiss, R. D. (1948): The quantitative separation of purines, pyrimidines, and nucleosides by paper 

chromatography. In The Journal of biological chemistry 175 (1), pp. 315–332. 

Hu, Dandan; Jing, Jinjie; Snowdon, Rod J.; Mason, Annaliese S.; Shen, Jinxiong; Meng, Jinling; Zou, 

Jun (2021): Exploring the gene pool of Brassica napus by genomics-based approaches. In Plant 

biotechnology journal 19 (9), pp. 1693–1712. DOI: 10.1111/pbi.13636. 

Hu, Lanjuan; Li, Ning; Xu, Chunming; Zhong, Silin; Lin, Xiuyun; Yang, Jingjing et al. (2014): Mutation 

of a major CG methylase in rice causes genome-wide hypomethylation, dysregulated genome 

expression, and seedling lethality. In Proceedings of the National Academy of Sciences of the United 

States of America 111 (29), pp. 10642–10647. DOI: 10.1073/pnas.1410761111. 

Hu, Yue; Xiong, Jie; Shalby, Nesma; Zhuo, Chenjian; Jia, Yupeng; Yang, Qing-Yong; Tu, Jinxing 

(2022): Comparison of dynamic 3D chromatin architecture uncovers heterosis for leaf size in Brassica 

napus. In Journal of Advanced Research. DOI: 10.1016/j.jare.2022.01.001. 

Huang, Daiqing; Koh, Chushin; Feurtado, J. Allan; Tsang, Edward W. T.; Cutler, Adrian J. (2013): 

MicroRNAs and their putative targets in Brassica napus seed maturation. In BMC genomics 14, p. 140. 

DOI: 10.1186/1471-2164-14-140. 

Huang, Feiyi; Wu, Xiaoting; Hou, Xilin; Shao, Shuaixu; Liu, Tongkun (2018): Vernalization can 

regulate flowering time through microRNA mechanism in Brassica rapa. In Physiologia plantarum 164 

(2), pp. 204–215. DOI: 10.1111/ppl.12692. 

Huang, Hsi-Yuan; Lin, Yang-Chi-Dung; Cui, Shidong; Huang, Yixian; Tang, Yun; Xu, Jiatong et al. 

(2022): miRTarBase update 2022: an informative resource for experimentally validated miRNA-target 

interactions. In Nucleic acids research 50 (D1), D222-D230. DOI: 10.1093/nar/gkab1079. 

Hurgobin, Bhavna; Golicz, Agnieszka A.; Bayer, Philipp E.; Chan, Chon-Kit Kenneth; Tirnaz, Soodeh; 

Dolatabadian, Aria et al. (2018): Homoeologous exchange is a major cause of gene presence/absence 

variation in the amphidiploid Brassica napus. In Plant biotechnology journal 16 (7), pp. 1265–1274. 

DOI: 10.1111/pbi.12867. 

Ihien Katche, Elizabeth; Schierholt, Antje; Becker, Heiko C.; Batley, Jacqueline; Mason, Annaliese S. 

(2022): Fertility, genome stability, and homozygosity in a diverse set of resynthesized rapeseed lines. 

In The Crop Journal. DOI: 10.1016/j.cj.2022.07.022. 

Jackson, R. C. (1982): Polyploidy and diploidy: new perspectives on chromosome pairing and its 

evolutionary implications. In American Journal of Botany 69 (9), pp. 1512–1523. DOI: 10.1002/j.1537-

2197.1982.tb13400.x. 

Jahnke, Stephanie; Sarholz, Barbara; Thiemann, Alexander; Kühr, Vera; Gutiérrez-Marcos, José F.; 

Geiger, Hartwig H. et al. (2010): Heterosis in early seed development: a comparative study of F1 embryo 

and endosperm tissues 6 days after fertilization. In TAG. Theoretical and applied genetics. Theoretische 

und angewandte Genetik 120 (2), pp. 389–400. DOI: 10.1007/s00122-009-1207-y. 

Jain, Aditi; Anand, Saurabh; Singh, Neer K.; Das, Sandip (2018): Sequence and functional 

characterization of MIRNA164 promoters from Brassica shows copy number dependent regulatory 

diversification among homeologs. In Functional & integrative genomics 18 (4), pp. 369–383. DOI: 

10.1007/s10142-018-0598-8. 



 

88 

 

Jamil, Ili Nadhirah; Remali, Juwairiah; Azizan, Kamalrul Azlan; Nor Muhammad, Nor Azlan; Arita, 

Masanori; Goh, Hoe-Han; Aizat, Wan Mohd (2020): Systematic Multi-Omics Integration (MOI) 

Approach in Plant Systems Biology. In Frontiers in plant science 11, p. 944. DOI: 

10.3389/fpls.2020.00944. 

Jian, Hongju; Zhang, Aoxiang; Ma, Jinqi; Wang, Tengyue; Yang, Bo; Shuang, Lan Shuan et al. (2019): 

Joint QTL mapping and transcriptome sequencing analysis reveal candidate flowering time genes in 

Brassica napus L. In BMC genomics 20 (1), p. 21. DOI: 10.1186/s12864-018-5356-8. 

Johannsen, W. (1909): Elemente der exakten Erblichkeitslehre: Gustav Fischer. 

Johnston, T. D. (1971): A comparison of inbred lines and their F1 hybrids in forage rape (Brassica napus 

L.). In Euphytica 20 (1), pp. 81–85. DOI: 10.1007/BF00146777. 

Kalisz, Susan; Purugganan, Michael D. (2004): Epialleles via DNA methylation: consequences for plant 

evolution. In Trends in ecology & evolution 19 (6), pp. 309–314. DOI: 10.1016/j.tree.2004.03.034. 

Kamthan, Ayushi; Chaudhuri, Abira; Kamthan, Mohan; Datta, Asis (2015): Small RNAs in plants: 

recent development and application for crop improvement. In Frontiers in plant science 6, p. 208. DOI: 

10.3389/fpls.2015.00208. 

Katche, Elvis; Gaebelein, Roman; Idris, Zurianti; Vasquez-Teuber, Paula; Lo, Yu-Tzu; Nugent, David 

et al. (2021): Stable, fertile lines produced by hybridization between allotetraploids Brassica juncea 

(AABB) and Brassica carinata (BBCC) have merged the A and C genomes. In The New phytologist 230 

(3), pp. 1242–1257. DOI: 10.1111/nph.17225. 

Kebede, Aida Z.; Johnston, Anne; Schneiderman, Danielle; Bosnich, Whynn; Harris, Linda J. (2018): 

Transcriptome profiling of two maize inbreds with distinct responses to Gibberella ear rot disease to 

identify candidate resistance genes. In BMC genomics 19 (1), p. 131. DOI: 10.1186/s12864-018-4513-

4. 

Khan, Deirdre; Ziegler, Dylan J.; Kalichuk, Jenna L.; Hoi, Vanessa; Huynh, Nina; Hajihassani, Abolfazl 

et al. (2022): Gene expression profiling reveals transcription factor networks and subgenome bias during 

Brassica napus seed development. In The Plant journal : for cell and molecular biology 109 (3), 

pp. 477–489. DOI: 10.1111/tpj.15587. 

Khare, Shruti; Gurry, Céline; Freitas, Lucas; Schultz, Mark B.; Bach, Gunter; Diallo, Amadou et al. 

(2021): GISAID's Role in Pandemic Response. In China CDC weekly 3 (49), pp. 1049–1051. DOI: 

10.46234/ccdcw2021.255. 

Kippes, Nestor; Debernardi, Juan M.; Vasquez-Gross, Hans A.; Akpinar, Bala A.; Budak, Hikment; 

Kato, Kenji et al. (2015): Identification of the VERNALIZATION 4 gene reveals the origin of spring 

growth habit in ancient wheats from South Asia. In Proceedings of the National Academy of Sciences 

of the United States of America 112 (39), E5401-10. DOI: 10.1073/pnas.1514883112. 

Kirkbride, Ryan C.; Lu, Jie; Zhang, Changqing; Mosher, Rebecca A.; Baulcombe, David C.; Chen, Z. 

Jeffrey (2019): Maternal small RNAs mediate spatial-temporal regulation of gene expression, 

imprinting, and seed development in Arabidopsis. In Proceedings of the National Academy of Sciences 

of the United States of America 116 (7), pp. 2761–2766. DOI: 10.1073/pnas.1807621116. 

Kirov, Ilya; Polkhovskaya, Ekaterina; Dudnikov, Maxim; Merkulov, Pavel; Vlasova, Anastasia; Karlov, 

Gennady; Soloviev, Alexander (2021): Searching for a Needle in a Haystack: Cas9-Targeted Nanopore 

Sequencing and DNA Methylation Profiling of Full-Length Glutenin Genes in a Big Cereal Genome. In 

Plants (Basel, Switzerland) 11 (1). DOI: 10.3390/plants11010005. 

Knoch, Dominic; Werner, Christian R.; Meyer, Rhonda C.; Riewe, David; Abbadi, Amine; Lücke, 

Sophie et al. (2021): Multi-omics-based prediction of hybrid performance in canola. In TAG. Theoretical 

and applied genetics. Theoretische und angewandte Genetik 134 (4), pp. 1147–1165. DOI: 

10.1007/s00122-020-03759-x. 



 

89 

 

Körber, Niklas; Bus, Anja; Li, Jinquan; Higgins, Janet; Bancroft, Ian; Higgins, Erin Eileen et al. (2015): 

Seedling development traits in Brassica napus examined by gene expression analysis and association 

mapping. In BMC plant biology 15, p. 136. DOI: 10.1186/s12870-015-0496-3. 

Körber, Niklas; Wittkop, Benjamin; Bus, Anja; Friedt, Wolfgang; Snowdon, Rod J.; Stich, Benjamin 

(2012): Seedling development in a Brassica napus diversity set and its relationship to agronomic 

performance. In TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 125 (6), 

pp. 1275–1287. DOI: 10.1007/s00122-012-1912-9. 

Kozomara, Ana; Birgaoanu, Maria; Griffiths-Jones, Sam (2019): miRBase: from microRNA sequences 

to function. In Nucleic acids research 47 (D1), D155-D162. DOI: 10.1093/nar/gky1141. 

Kumar, Suresh; Mohapatra, Trilochan (2021): Dynamics of DNA Methylation and Its Functions in Plant 

Growth and Development. In Frontiers in plant science 12, p. 596236. DOI: 10.3389/fpls.2021.596236. 

Lauss, Kathrin; Wardenaar, René; Oka, Rurika; van Hulten, Marieke H. A.; Guryev, Victor; Keurentjes, 

Joost J. B. et al. (2018): Parental DNA Methylation States Are Associated with Heterosis in Epigenetic 

Hybrids. In Plant physiology 176 (2), pp. 1627–1645. DOI: 10.1104/pp.17.01054. 

Le, Brandon H.; Cheng, Chen; Bui, Anhthu Q.; Wagmaister, Javier A.; Henry, Kelli F.; Pelletier, Julie 

et al. (2010): Global analysis of gene activity during Arabidopsis seed development and identification 

of seed-specific transcription factors. In Proceedings of the National Academy of Sciences of the United 

States of America 107 (18), pp. 8063–8070. DOI: 10.1073/pnas.1003530107. 

Lebrigand, Kevin; Magnone, Virginie; Barbry, Pascal; Waldmann, Rainer (2020): High throughput error 

corrected Nanopore single cell transcriptome sequencing. In Nature communications 11 (1), p. 4025. 

DOI: 10.1038/s41467-020-17800-6. 

Lee, HueyTyng; Chawla, Harmeet Singh; Obermeier, Christian; Dreyer, Felix; Abbadi, Amine; 

Snowdon, Rod (2020): Chromosome-Scale Assembly of Winter Oilseed Rape Brassica napus. In 

Frontiers in plant science 11, p. 496. DOI: 10.3389/fpls.2020.00496. 

Leijten, Willeke; Koes, Ronald; Roobeek, Ilja; Frugis, Giovanna (2018): Translating Flowering Time 

From Arabidopsis thaliana to Brassicaceae and Asteraceae Crop Species. In Plants (Basel, Switzerland) 

7 (4). DOI: 10.3390/plants7040111. 

Li, Aili; Liu, Dengcai; Wu, Jun; Zhao, Xubo; Hao, Ming; Geng, Shuaifeng et al. (2014): mRNA and 

Small RNA Transcriptomes Reveal Insights into Dynamic Homoeolog Regulation of Allopolyploid 

Heterosis in Nascent Hexaploid Wheat. In The Plant cell 26 (5), pp. 1878–1900. DOI: 

10.1105/tpc.114.124388. 

Li, Changsheng; Xiang, Xiaoli; Huang, Yongcai; Zhou, Yong; An, Dong; Dong, Jiaqiang et al. (2020a): 

Long-read sequencing reveals genomic structural variations that underlie creation of quality protein 

maize. In Nature communications 11 (1), p. 17. DOI: 10.1038/s41467-019-14023-2. 

Li, Mengdi; Wang, Ruihua; Wu, Xiaoming; Wang, Jianbo (2020b): Homoeolog expression bias and 

expression level dominance (ELD) in four tissues of natural allotetraploid Brassica napus. In BMC 

genomics 21 (1), p. 330. DOI: 10.1186/s12864-020-6747-1. 

Li, Ruijuan; Jeong, Kwangju; Davis, John T.; Kim, Seungmo; Lee, Soonbong; Michelmore, Richard W. 

et al. (2018): Integrated QTL and eQTL Mapping Provides Insights and Candidate Genes for Fatty Acid 

Composition, Flowering Time, and Growth Traits in a F2 Population of a Novel Synthetic Allopolyploid 

Brassica napus. In Frontiers in plant science 9, p. 1632. DOI: 10.3389/fpls.2018.01632. 

Li, Zeyu; Li, Mengdi; Wang, Jianbo (2022): Asymmetric subgenomic chromatin architecture impacts 

on gene expression in resynthesized and natural allopolyploid Brassica napus. In Communications 

biology 5 (1), p. 762. DOI: 10.1038/s42003-022-03729-7. 



 

90 

 

Liu, Chang; Zhu, Xiya; Zhang, Jin; Shen, Meng; Chen, Kai; Fu, Xiangkui et al. (2022a): eQTLs play 

critical roles in regulating gene expression and identifying key regulators in rice. In Plant biotechnology 

journal 20 (12), pp. 2357–2371. DOI: 10.1111/pbi.13912. 

Liu, Dongxu; Yu, Liangqian; Wei, Lulu; Yu, Pugang; Wang, Jing; Zhao, Hu et al. (2021a): BnTIR: an 

online transcriptome platform for exploring RNA-seq libraries for oil crop Brassica napus. In Plant 

biotechnology journal 19 (10), pp. 1895–1897. DOI: 10.1111/pbi.13665. 

Liu, Jie; Wu, Yupo; Cui, Xiaobo; Zhang, Xiong; Xie, Meili; Liu, Lijiang et al. (2022b): Genome-wide 

characterization of ovate family protein gene family associated with number of seeds per silique in 

Brassica napus. In Frontiers in plant science 13, p. 962592. DOI: 10.3389/fpls.2022.962592. 

Liu, Jing; Li, Jun; Liu, Hong-Fang; Fan, Shi-Hang; Singh, Surinder; Zhou, Xue-Rong et al. (2018): 

Genome-wide screening and analysis of imprinted genes in rapeseed (Brassica napus L.) endosperm. In 

DNA research : an international journal for rapid publication of reports on genes and genomes 25 (6), 

pp. 629–640. DOI: 10.1093/dnares/dsy030. 

Liu, Liezhao; Qu, Cunmin; Wittkop, Benjamin; Yi, Bin; Xiao, Yang; He, Yajun et al. (2013): A high-

density SNP map for accurate mapping of seed fibre QTL in Brassica napus L. In PloS one 8 (12), 

e83052. DOI: 10.1371/journal.pone.0083052. 

Liu, Pei-Chuan; Peacock, W. James; Wang, Li; Furbank, Robert; Larkum, Anthony; Dennis, Elizabeth 

S. (2020): Leaf growth in early development is key to biomass heterosis in Arabidopsis. In Journal of 

experimental botany 71 (8), pp. 2439–2450. DOI: 10.1093/jxb/eraa006. 

Liu, Wenwen; He, Guangming; Deng, Xing Wang (2021b): Biological pathway expression 

complementation contributes to biomass heterosis in Arabidopsis. In Proceedings of the National 

Academy of Sciences of the United States of America 118 (16). DOI: 10.1073/pnas.2023278118. 

Lloyd, Andrew; Blary, Aurélien; Charif, Delphine; Charpentier, Catherine; Tran, Joseph; Balzergue, 

Sandrine et al. (2018): Homoeologous exchanges cause extensive dosage-dependent gene expression 

changes in an allopolyploid crop. In The New phytologist 217 (1), pp. 367–377. DOI: 

10.1111/nph.14836. 

Lolle, Susan J.; Victor, Jennifer L.; Young, Jessica M.; Pruitt, Robert E. (2005): Genome-wide non-

mendelian inheritance of extra-genomic information in Arabidopsis. In Nature 434 (7032), pp. 505–

509. DOI: 10.1038/nature03380. 

Louwaars, Niels P. (2018): Plant breeding and diversity: A troubled relationship? In Euphytica: 

Netherlands journal of plant breeding 214 (7), p. 114. DOI: 10.1007/s10681-018-2192-5. 

Lu, Jie; Zhang, Changqing; Baulcombe, David C.; Chen, Z. Jeffrey (2012): Maternal siRNAs as 

regulators of parental genome imbalance and gene expression in endosperm of Arabidopsis seeds. In 

Proceedings of the National Academy of Sciences of the United States of America 109 (14), pp. 5529–

5534. DOI: 10.1073/pnas.1203094109. 

Lu, Kun; Peng, Liu; Zhang, Chao; Lu, Junhua; Yang, Bo; Xiao, Zhongchun et al. (2017): Genome-Wide 

Association and Transcriptome Analyses Reveal Candidate Genes Underlying Yield-determining Traits 

in Brassica napus. In Frontiers in plant science 8, p. 206. DOI: 10.3389/fpls.2017.00206. 

Lu, Kun; Wei, Lijuan; Li, Xiaolong; Wang, Yuntong; Wu, Jian; Liu, Miao et al. (2019): Whole-genome 

resequencing reveals Brassica napus origin and genetic loci involved in its improvement. In Nature 

communications 10 (1), p. 1154. DOI: 10.1038/s41467-019-09134-9. 

Lunardon, Alice; Johnson, Nathan R.; Hagerott, Emily; Phifer, Tamia; Polydore, Seth; Coruh, Ceyda; 

Axtell, Michael J. (2020): Integrated annotations and analyses of small RNA-producing loci from 47 

diverse plants. In Genome research 30 (3), pp. 497–513. DOI: 10.1101/gr.256750.119. 



 

91 

 

Luo, Jin-Hong; Wang, Min; Jia, Gui-Fang; He, Yan (2021): Transcriptome-wide analysis of 

epitranscriptome and translational efficiency associated with heterosis in maize. In Journal of 

experimental botany 72 (8), pp. 2933–2946. DOI: 10.1093/jxb/erab074. 

Luo, Xiang; Tan, Yongqiang; Ma, Chaozhi; Tu, Jinxing; Shen, Jinxiong; Yi, Bin; Fu, Tingdong (2019): 

High-throughput identification of SNPs reveals extensive heterosis with intra-group hybridization and 

genetic characteristics in a large rapeseed (Brassica napus L.) panel. In Euphytica 215 (10). DOI: 

10.1007/s10681-019-2484-4. 

Maher, Brendan; van Noorden, Richard (2021): How the COVID pandemic is changing global science 

collaborations. In Nature 594 (7863), pp. 316–319. DOI: 10.1038/d41586-021-01570-2. 

Mahmood, Sammina; Li, Zhaohong; Yue, Xiaopeng; Wang, Bo; Chen, Jun; Liu, Kede (2016): 

Development of INDELs markers in oilseed rape (Brassica napus L.) using re-sequencing data. In Mol 

Breeding 36 (6). DOI: 10.1007/s11032-016-0501-z. 

Mahmoud, Medhat; Gobet, Nastassia; Cruz-Dávalos, Diana Ivette; Mounier, Ninon; Dessimoz, 

Christophe; Sedlazeck, Fritz J. (2019): Structural variant calling: the long and the short of it. In Genome 

biology 20 (1), p. 246. DOI: 10.1186/s13059-019-1828-7. 

Malla, Stavroula; Brewin, Derek G. (2019): Crop research, biotech canola, and innovation policy in 

Canada: Challenges, opportunities, and evolution. In Canadian Journal of Agricultural 

Economics/Revue canadienne d'agroeconomie 67 (2), pp. 135–150. DOI: 10.1111/cjag.12195. 

Marks, Rose A.; Hotaling, Scott; Frandsen, Paul B.; VanBuren, Robert (2021): Representation and 

participation across 20 years of plant genome sequencing. In Nature plants 7 (12), pp. 1571–1578. DOI: 

10.1038/s41477-021-01031-8. 

Mather, K. (1949): Biometrical genetics. London: Methuen. 

Mayrose, Itay; Zhan, Shing H.; Rothfels, Carl J.; Arrigo, Nils; Barker, Michael S.; Rieseberg, Loren H.; 

Otto, Sarah P. (2015): Methods for studying polyploid diversification and the dead end hypothesis: a 

reply to Soltis et al. (2014). In The New phytologist 206 (1), pp. 27–35. DOI: 10.1111/nph.13192. 

McClintock, B. (1950): The origin and behavior of mutable loci in maize. In Proceedings of the National 

Academy of Sciences of the United States of America 36 (6), pp. 344–355. DOI: 10.1073/pnas.36.6.344. 

McCormick, Sheila (2018): RNA-directed DNA methylation and seed development: an unexpected 

difference between Arabidopsis thaliana and Brassica rapa. In The Plant journal : for cell and molecular 

biology 94 (4), pp. 573–574. DOI: 10.1111/tpj.13935. 

McCue, Andrea D.; Panda, Kaushik; Nuthikattu, Saivageethi; Choudury, Sarah G.; Thomas, Erica N.; 

Slotkin, R. Keith (2015): ARGONAUTE 6 bridges transposable element mRNA-derived siRNAs to the 

establishment of DNA methylation. In The EMBO journal 34 (1), pp. 20–35. DOI: 

10.15252/embj.201489499. 

McNaughton, I. H.; Munro, Isabel K. (1972): Heterosis and its possible exploitation in swedes (Brassica 

napus L. ssp. rapifera). In Euphytica 21 (3), pp. 518–522. DOI: 10.1007/BF00039349. 

Mehraj, Hasan; Kawanabe, Takahiro; Shimizu, Motoki; Miyaji, Naomi; Akter, Ayasha; Dennis, 

Elizabeth S.; Fujimoto, Ryo (2020): In Arabidopsis thaliana Heterosis Level Varies among Individuals 

in an F1 Hybrid Population. In Plants (Basel, Switzerland) 9 (4). DOI: 10.3390/plants9040414. 

Meinke, D. W.; Cherry, J. M.; Dean, C.; Rounsley, S. D.; Koornneef, M. (1998): Arabidopsis thaliana: 

a model plant for genome analysis. In Science (New York, N.Y.) 282 (5389), 662, 679-82. DOI: 

10.1126/science.282.5389.662. 

Meinke, David W. (2020): Genome-wide identification of EMBRYO-DEFECTIVE (EMB) genes 

required for growth and development in Arabidopsis. In The New phytologist 226 (2), pp. 306–325. 

DOI: 10.1111/nph.16071. 



 

92 

 

Mendel, G. J. (1866): Versuche über Pflanzenhybriden. In Verhandlungen des Naturforschenden 
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