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Rationale 

Humanity strongly depends on successful plant production. Recent decades have seen tremendous 

increases in production efficiency based on agronomic, technical and plant breeding improvements. 

The upcoming decades, however, also pose tremendous challenges for plant production due to three 

major reasons: first, the global human population is still rising. Second, climate change threatens 

local climate stability, changes water availability and shifts climate zones. Third, the need for a 

climate protective agriculture limits the use of common agronomic and technical solutions. 

Altogether, those challenges increase the importance of fast plant breeding solutions. Plant breeders 

therefore need to be able to adapt new varieties more quickly to changing conditions to allow stable 

and high yields. Modern breeding strategies rely on informed decisions about the allelic content of a 

variety, which demands reliable genetic markers for stress tolerance and climatic adaptation, 

including life cycle adaptation. We therefore need to understand why, how and with which measures 

successful adaptation works on a genetic and genomic level. In that respect, we hope to learn more 

from evolutionary processes that were successful in adapting species to the conditions that are now 

in place. In the last decades, we have learnt that plant genomes are more dynamic than we expected. 

Allelic variance does not only affect small differences in DNA sequence, but also large structural 

variation. However, many important crops are polyploid and therefore have complex genomes that 

are hard to dissect. Therefore, structural genome variation in polyploid crops is not well understood, 

although it may possess a high adaptive potential. The best crop model to study effects of genome 

structure variation on climatic adaption is the genus Brassica. Its close relationship to the model 

plant Arabidopsis thaliana, the well-known relationships between the diploid and the polyploid 

Brassica species, the ease of resynthesizing polyploids from diploids and the wide use as oil crops, 

vegetables, fodder, condiments and ornamentals make it an excellent choice as a study system. 

Among the six Brassica species, Brassica napus in the form of oilseed rape has the highest economic 

impact and therefore the highest demand to be improved and adapted. However, genetic 

bottlenecks in the breeding history of oilseed rape limited genetic diversity, which is a major obstacle 

to further genetic gains. Introgressions from the first and second gene pool are therefore 

recommended, but they also affect adaptation traits. One of the most critical adaptation traits 

affected is synchronization of the life cycle with conditions in place. This affects two developmental 

transitions: germination, which is the embryo – juvenile transition, and flowering, which is the 

juvenile – adult transition. Both impact yield, but flowering time seems to have a stronger impact.  

Here, I studied the impact of structural genome variation within the flowering time gene network in 

Brassica species with two main objectives: First, I want to understand how structural variation affects 

single Brassica flowering time gene copies to be supportive of suitable marker development. Second, 
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I want to understand the evolutionary processes shaping this system to inform future adaptation 

breeding. Chapter I presents four published papers dealing with the effects of structural variation in 

Brassica crops. Chapter II presents three published papers that studied the differential impacts for 

gene copies of the same flowering time gene, indicating that evolutionary processes have changed 

their functions. Chapter III discusses the genetic and physiological effects of abiotic stress during 

flowering, illuminating the need for a more holistic approach in climate change sensitive breeding. 
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Introduction 

Genome structure 

Evolution happens at the DNA. Understanding evolution and adaptation consequently needs a 

thorough understanding of the structure of DNA. The most basic level of DNA structure is its 

sequence, and the second and most popular is the complementary double helix (Watson and Crick 

1953). Eukaryotes store their DNA in the nucleus to better protect and regulate the DNA. Therein, 

eukaryotic DNA is organized in chromosomes, which are long linear sequences of complementary 

DNA strands, which can contain up to 150 000 Million base pairs (Mbp) in some fern species (Hidalgo 

et al. 2017). The DNA is wound around globular proteins called histones (Vergara and Gutierrez 2017)  

and brought into a precisely organized 3D structure by the help of additional structural proteins (Ea 

et al. 2015). This superstructure from DNA, histones and organizing proteins is called the chromatin, 

and its conformation decides whether the DNA is ready to allow transcription, can be replicated, may 

be damaged or repaired, or may also be recombined with other DNA (Kumar 2018; Tock and 

Henderson 2018; Vergara and Gutierrez 2017; Waterworth et al. 2011). Understanding the structure 

and organization of chromatin is therefore fundamental to our understanding of life. The following 

paragraphs will give a short overview over the different levels of chromatin organization. 

Histones 

Histones are small globular proteins with a high percentage of basic amino acids, allowing them to 

bind to the negatively charged DNA backbone (Cutter and Hayes 2015; Vergara and Gutierrez 2017). 

Different histones have been identified (H1, H2A, H2B, H3, H4) which themselves have different 

isoforms (Cutter and Hayes 2015). Two histones of each H2A, H2B, H3, H4 form heterooctamers 

around which the DNA molecule can wrap around twice over a length of 147 bp (Cutter and Hayes 

2015; Vergara and Gutierrez 2017), forming a nucleosome. Nucleosomes are linked by unwound 

DNA, which is protected by histone H1 (Cutter and Hayes 2015; Vergara and Gutierrez 2017). The 

conformation and therefore the accessibility of the DNA can be regulated by the strength of the 

binding between histones and DNA (Cutter and Hayes 2015). The looser the binding, the more 

accessible, but the more unstable is the chromatin (Cutter and Hayes 2015). The regulation can be 

large-scale, like the compaction of the chromatin in mitosis and meiosis guided by histone H1 

(Golloshi et al. 2017), medium-scale by the exchange of histone isoforms in the nucleosomes, and 

small-scale by chemical modifications of the histones (e.g. methylations, acetylations, 

phosphorylation etc.) or the DNA (methylation of cytosine) (Kumar 2018; Vergara and Gutierrez 

2017). Therefore, histones play a central role in regulation of transcriptional activity and in 

restructuring the chromatin in cell division. In plants, the most famous example of histone-driven 

gene regulation is the vernalisation system, which blocks flowering before winter (He 2009). Here, 
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the activation of chromatin remodeling factors by cold leads to the exchange of histone H2A with 

another variant in the chromatin of the flowering repressor FLOWERING LOCUS C (FLC). At the same 

time, repressive marks are removed from histone H3, while activating marks are added (He 2009). 

This blocks FLC transcription and gives way to positive flowering regulation (He 2009). Other 

examples for histone-driven transcription regulation in plants are temperature sensing and stress 

response (Kumar 2018). 

Centromeres and telomeres 

During the reproductive process, plants produce haploid gametes. Each gamete needs to carry a full, 

but unique set of chromosomes, therefore, homologous chromosomes need to be faithfully 

separated. Faithful separation is organized at the kinetochore, a structure keeping homologous 

chromosomes attached to each other in their most condensed state until the spindle apparatus has 

fully formed (Scelfo and Fachinetti 2019). The kinetochore does not form randomly, but at a site 

characterized by highly repetitive DNA called the centromere, as it is often (but by far not always) 

found quite to the center of the chromosome (Scelfo and Fachinetti 2019). If a chromosome lacks a 

functional centromere, it has a high risk not to be passed onto the next generation (Wang and Dawe 

2018). 

Another feature of eukaryotic chromosomes tightly linked to the cell cycle are telomeres. Telomeres 

are also composed of repetitive DNA bound to special scaffolding proteins to protect the ends of the 

chromosome from degradation (Victorelli and Passos 2017). Those ends should normally get shorter 

with each round of replication, as DNA polymerases are unable to fully synthesize the lagging strand 

to the end (Victorelli and Passos 2017). In some cell types, however, the enzyme telomerase can 

resynthesize shortening telomeres (Victorelli and Passos 2017). This is necessary to maintain the 

capacity to divide, as cells with too short telomeres are arrested (Victorelli and Passos 2017). 

Higher order structures 

When cells do not undergo mitosis or meiosis and are arrested in interphase, the chromosomes are 

not just randomly floating around in the nucleus, but instead have a precisely defined 3D 

architecture in which the chromosomes occupy certain areas which are called nuclear territories (Ea 

et al. 2015; Golloshi et al. 2017). This architecture is lost during condensation in mitosis or meiosis, 

but exactly rebuild afterwards (Golloshi et al. 2017). It is still unclear how this memory process 

works, but it is likely to be governed by epigenetic marks (Golloshi et al. 2017). The substructures of 

these nuclear territories are obviously important for transcriptional activity, as GC poor territories on 

the outside seem to have lower transcriptional activity than those in the inside (Golloshi et al. 2017). 

This finding is striking in respect to structural variation, as strongly increased or decreased 

chromosome length might have an impact on transcriptional activity of genes otherwise non-affected 
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genes. Thinking of the genome as a 3D structure changes our linear way of interpreting genetic 

information dramatically and will possibly solve some of the obstacles which are unresolved up to 

now. However, when we speak of structural variation of the DNA, we normally do not think of 

changes in histone composition, centromere or telomere length, nor of 3D structure variation. This 

has mostly technical reasons: the methods to study most of those phenomena are very recent and 

not yet accessible to high-throughput studies. Most of the time, structural variants rather summarize 

large rearrangements within the DNA part of the chromatin. Nevertheless, knowledge about the 

respective principles of structure allows us to better understand the patterns in genomic 

rearrangements. 

Polyploidy 

Mechanisms of genome doubling 

Almost all flowering plants show signatures of ancestral genome doubling events at some point in 

their evolution (Soltis and Soltis 2016). Individuals or species carrying more than one set of 

chromosomes per nucleus in all their cells as a result of genome doubling are called polyploids. The 

set number, also called the ploidy, can only increase if the cell cycle, either in mitosis or meiosis, is 

interrupted after DNA replication and before cell division. If this happens in somatic cells, this is 

called endoreduplication and may lead to polyploid tissue parts within an organism (Chevalier et al. 

2014). This is extremely common in organ development across kingdoms, it affects humans (heart, 

liver), insects (gut), or everyday vegetables (tomato fruit flesh) (Orr-Weaver 2015). If somatic 

genome doubling affects the reproductive tissue, this may lead to the formation of a fully polyploid 

offspring in selfing species, as plants do not show a strictly separated germline (Walbot and Evans 

2003). The resulting offspring of such an event is called autopolyploid, as the extra set of 

chromosomes comes from the same species. However, most polyploid events are believed to be the 

result of fertilization with unreduced gametes (Mason and Pires 2015; Szadkowski et al. 2011). 

Unreduced gametes arise naturally at low frequencies around 0.5% depending on the species (Otto 

2007), but their abundance rises under stress conditions like drought and heat (Mason and Pires 

2015). Fertilization with unreduced gametes may lead to triploid plants (reduced + unreduced 

gamete) or, at much lower probability, to tetraploid plants (unreduced + unreduced gamete) (Arrigo 

and Barker 2012). Triploid species, however, can either be sterile and therefore go extinct 

immediately (Arrigo and Barker 2012), or they can produce unreduced gametes at higher 

frequencies, increasing the likelihood of tetraploid offspring (Mason and Pires 2015). This mechanism 

is called the triploid bridge. Fertilization with unreduced gametes can happen within a species and 

give rise to autopolyploids, but it also may happen between closely related species sharing the same 
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habitat and lead to allopolyploids. Here, the extra set of chromosomes comes from a different 

species. 

In both cases, the new polyploid species has to solve several new problems. The first and major 

problem is correct sorting of chromosomes during meiosis to avoid aneuploidy in the next generation 

(Pelé et al. 2018). Moreover, the merging of two genomes seems to cause immediate problems for 

chromatin organization, a phenomenon described as the ‘genomic shock’ (Bashir et al. 2018; 

McClintock 1984). This term summarizes different observations of immediate changes in the nucleus, 

like changes in the methylation landscape, activation of transposable elements, genomic 

rearrangements, changes in small RNA metabolism and alternative splicing (Diez et al. 2014; Gaeta et 

al. 2007; Lisch 2012; Lukens 2005; Otto 2007). Depending on the species, it has been controversially 

discussed if the genomic shock is real (Göbel et al. 2018; Sarilar et al. 2013), and it may be concluded 

that the effect size of the genomic shock depends on the species. However, the genomic shock is 

only observed in the first generations after whole-genome duplication, and control over the 

disturbed processes is regained quickly (An et al. 2019; Skalická et al. 2003). 

Influence of polyploidy on genome structure variation 

Having two sets of similar or even identical chromosomes has both positive and negative 

consequences for the plant. In the first place, polyploidy leads to higher redundancy within the 

genome, masking effects of negative mutations (Otto 2007; Renny-Byfield and Wendel 2014). 

Genetic redundancy increases the degrees of freedom in mutation and selection and therefore 

allows a faster evolution at gene scale (Otto 2007; Renny-Byfield and Wendel 2014). Moreover, 

polyploid plants can inherit variance between the subgenomes stably to the next generation, 

because alleles are located at homeologous, but not homologous chromosomes. This is different 

than for heterozygous diploids, where heterozygosity will segregate in the next generation. This 

phenomenon is termed fixed heterosis (Chen 2010) and is assumed to be one of the reasons for 

higher growth rates and better performance of some polyploids (Miller et al. 2012; Song and Chen 

2015). 

Redundancy, however, may also cause problems. The first major problem is chromosome 

segregation. In meiosis I, homologous chromosomes line up to be separated into different daughter 

nuclei (Mercier et al. 2015). If sequence similarity between homeologous chromosomes is 

comparable to sequence similarity between homologous chromosomes, this process can also happen 

between homeologous chromosomes, and this may have outcomes of varying severity (Gaeta and 

Pires 2010). This is the reason why first generation polyploids very often have reduced fertility and 

have a high risk of immediate extinction (Arrigo and Barker 2012; Gaeta and Pires 2010). In the worst 

case, all four chromosomes (homologs and homeologs) align, and the daughter nuclei receive too 
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less or too many chromosomes, resulting in aneuploidy (Gaeta and Pires 2010). In another scenario, 

each daughter cell only receives the two homologs of the same homeolog, resulting in the 

duplication of this chromosome, but the deletion of its homeolog (Gaeta and Pires 2010). Both 

patterns are very abundant in the first generations of polyploidy (Gaeta et al. 2007; Pires et al. 2004; 

Samans et al. 2017; Stein et al. 2017; Szadkowski et al. 2011), but normally less observed in 

established polyploids (Samans et al. 2017; Szadkowski et al. 2011), indicating they have evolved 

some mechanism to control chromosome distribution. Some authors propose that large scale 

inversions within homeologous chromosomes block them to fully align (Faria and Navarro 2010; 

Rodgers-Melnick et al. 2015; Ziolkowski and Henderson 2017), while others claim a genetic control 

mechanism (Jenczewski et al. 2003; Liu et al. 2006). Independently of the mechanism, some newly 

formed polyploids manage to overcome this barrier and restore normal fertility. This does however 

not always mean that subgenomes stop to interact, leading to the second major problem. 

Homeologous chromosomes still align in some established polyploids (Chalhoub et al. 2014; 

Lashermes et al. 2016), although complete loss or duplication of chromosomes is rarely observed. 

Instead, like homologous chromosomes also do, they exchange genetic material in crossing overs, 

either as a balanced exchange, or in overwriting one part of the homeolog with the respective part 

from the other one (Żmieńko et al. 2013). This means that large parts of the DNA sequence are either 

missing, copied, inverted or shifted to another place, and this is then summarized as structural 

variation. While different mechanisms are responsible for the arousal of structural variation, they 

have one thing in common: they all start with a double-strand break (DSB) that somehow has to be 

repaired by the cell machinery. 

Double-strand breaks 

Under normal circumstances, double strand breaks within the DNA are a cellular emergency case– if 

not repaired immediately, they result in one chromosome with no centromere and two with a 

missing telomere, effectively abolishing cell division capacity. DSBs can occur due to environmental 

stresses like UV-B radiation, reactive oxygen species as side products of photosynthesis, desiccation 

and pollutants like heavy metals, but also due to endogenous processes, like stalked replication forks 

and steric stress during DNA unwinding (Waterworth et al. 2011). Moreover, DSBs can also be 

introduced by transposable elements (TEs). Transposable elements are mobile DNA sequences which 

may excise or copy themselves from and into the genome (Lisch 2012; Vicient and Casacuberta 

2017). Depending on their origin and mode of action, they can either just translocate in the genome 

or amplify therein (Lisch 2012). As this poses a veritable threat to the genome, the cell machinery 

normally tries to silence active TEs epigenetically, but a general activity is normally upheld (Lisch 

2012; Vicient and Casacuberta 2017). Under some circumstances like cellular stress or hybridization, 
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those epigenetic marks are lost and TEs regain activity, destabilizing the genome (Lisch 2012; Vicient 

and Casacuberta 2017).  

However, there is also a scenario where double strand breaks are even introduced deliberately into 

the DNA by the cell machinery itself, and this is during homologous recombination within meiosis I. 

The DNA is cut by an enzyme called Spo11, a transesterase (Mercier et al. 2015; Serra et al. 2018). In 

A. thaliana, it introduces 100-200 DSBs per meiosis (Serra et al. 2018). Most of those DSBs, however, 

are repaired as non-crossovers, and most chromosomes receive less than three crossovers per 

generation (Mercier et al. 2015). Crossovers do not occur randomly, instead, the number and 

distribution of crossovers is tightly controlled and concentrated into some areas called hotspots of 

meiotic recombination (Mercier et al. 2015; Tock and Henderson 2018). Those hotspots are obviously 

determined by chromatin structure, as, for example, nucleosome-depleted regions within promotors 

are enriched in meiotic hotspots (Mercier et al. 2015; Tock and Henderson 2018). Moreover, the 

chromatin structure during Prophase I seems to have a strong impact on DSB distribution (Tock and 

Henderson 2018). At this time, the chromatin is wound around a protein axis in loops bound by the 

protein cohesin (Tock and Henderson 2018). In the tethered loop/axis model, Spo11-1 seems to 

localize first at the axis, but is then translocated outside to the loop where it cuts and allows for 

recombination (Tock and Henderson 2018). At the axis, other proteins like Rec8 seem to protect the 

chromatin form DSBs (Tock and Henderson 2018). 

Double-strand break repair 

In general, there are two major mechanisms to repair DSBs. Outside meiosis, DSBs are mostly 

repaired via non-homologous end-joining (NHEJ), while the major mechanism during meiosis is 

homologous recombination (HR) (Puchta 2005; Waterworth et al. 2011). In somatic cells, HR is a 

minor pathway, and repair via NHEJ dominates (Puchta 2005). In NHEJ, open ends are linked to one 

other based on microsynteny of a few base pairs (Chang et al. 2017; Waterworth et al. 2011). Recent 

studies have linked somatic DSBs and their repair to long term genome shrinkage, although species 

seem to be differentially affected by such mechanisms (Vu et al. 2017). Moreover, they can lead to 

small insertions and deletions at the break site, as sometimes synthesis-dependent DNA repair seems 

to be involved (Waterworth et al. 2011). 

Homologous recombination, on the other hand, involves different pathways, but all of them depend 

on homology (Puchta 2005). For lesions located in an area with repetitive sequences on both sites, a 

third of the lesions are repaired with single-strand annealing (SSA) (Daley et al. 2013; Waterworth et 

al. 2011). SSA leads to the deletion of one of the repetitive elements (Waterworth et al. 2011). For 

DSBs in non-repetitive regions, DSBs are immediately recognized by nucleases digesting one strand 

to create single stranded 3’-overhang ends of 100-1000 bp length (Lawrence et al. 2017; Serra et al. 
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2018; Waterworth et al. 2011). Those overhangs are then bound by scaffolding proteins to allow the 

broken strand to invade its homologous double strand to form the so-called displacement loop 

(Lawrence et al. 2017; Pyatnitskaya et al. 2019; Serra et al. 2018). During the process, mismatches 

originating from allelic variance are repaired by the mismatch repair system (Waterworth et al. 

2011), effectively reducing diversity at this site. The D-loop can be dissolved in different ways: in 

synthesis-dependent strand annealing (SDSA), the displacement loop dissociates after the missing 

information is copied from a suitable homolog and then annealed to the 3’end of the broken strand, 

leading to repair without recombination or non-crossover (Pyatnitskaya et al. 2019; Waterworth et 

al. 2011). Alternatively, the D-loop region can extend and capture the second end of the broken 

strand (second-end capture) (Pyatnitskaya et al. 2019). Ligation of the respective ends then leads to 

the formation of a double Holliday junction (dHJ), which can be resolved with different outcomes, 

either as crossover or non-crossover (Pyatnitskaya et al. 2019; Waterworth et al. 2011). The 

stabilization of the dHJ is promoted by the ZMM proteins (Pyatnitskaya et al. 2019). It has been 

found that polymorphisms reduce the number of recombination events, possibly due to mismatch 

recognition promoting dissociation after the second-end capture (Serra et al. 2018). At the same 

time, recombination is likely to be mutagenic by process errors and is therefore also a source of 

genetic variation (Serra et al. 2018). In summary, most DSBs are repaired in a non-recombinant way, 

but they influence allelic diversity and local mutation rates in all cases. 

Evolutionary effects of recombination between homeologs 

In allopolyploid species, homeologous chromosomes rather than homologous chromosomes 

sometimes pair in meiosis (Gaeta and Pires 2010; Mercier et al. 2015). In meiosis I, this may lead to 

the loss of one homeolog coupled to the duplication of another when both homologs of a homeolog 

are pulled towards the same daughter cell (Chen et al. 2018; Mwathi et al. 2019). If the homeologous 

chromosomes have recombined during prophase I, this may be true for parts of those chromosomes 

(Chen et al. 2018; Gaeta et al. 2007; Mwathi et al. 2019; Szadkowski et al. 2011). As the segregation 

pattern is random and the following choice of fertilization partner is random, too, many different 

outcome patterns are possible, including patterns without any change (Gaeta and Pires 2010). With 

continued selfing, those patterns are quickly fixed, leading for example to patterns of homeologous 

reciprocal translocation (HRT), deletion of one homeolog coupled to duplication of the other, also 

called homeologous non-reciprocal translocation (HNRT), or simple deletions or duplications (Gaeta 

and Pires 2010). It is important to note that all those patterns may trace back to the same 

recombination mechanisms, but occur due to different segregation and mating events. In any case, 

they can affect large regions of several thousands to million base pairs and therefore very likely 

affect genes. Polyploid genomes are normally expected to have more than one copy of a gene, but 

deletions and duplications may change this copy number. This phenomenon is summarized as copy 
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number variation (CNV) (Żmieńko et al. 2013). In a strict sense, it only terms deletions and 

duplications, but as it was found that not all copies show the same functionality, HRTs and HNRTs are 

also included in this term. Polyploids can tolerate deletions more easily due to their higher 

redundancy, and can therefore accumulate more such copy number variants (CNVs) within their 

genome (Otto 2007). This adds another level of complexity to the polyploid genome, as different 

individuals of the same polyploid species may not only show sequence variation, but also a high level 

of copy number variation, eventually also affecting traits (Chang et al. 2015; Fopa Fomeju et al. 2014; 

Hu et al. 2018; Lee et al. 2016; Maron et al. 2013; Qian et al. 2016; Schiessl et al. 2017a). 

Diploidization 

In the long run, gene copy numbers decrease considerably, eventually until the point of non-

redundancy (Renny-Byfield and Wendel 2014; Sankoff et al. 2010). At any point of this process of 

genome reduction, a new round of polyploidy may occur (Adams and Wendel 2005; Alix et al. 2017; 

Mason and Batley 2015). This makes it harder to precisely define a polyploid. Polyploids are 

therefore classified into ancient polyploids or paleopolyploids, which are effectively diploid, but still 

carry detectable traces of polyploidy, mesopolyploids, which still show genome-wide redundancy, 

but the original chromosome structure is already disorganized, and young or recent polyploids where 

subgenome structure is overall conserved (Kagale et al. 2014; Soltis and Soltis 2009). A thorough 

examination of the genomic resources we have up to date has shown that there is almost no plant 

species not carrying any traces of polyploidy (Soltis and Soltis 2009). Polyploidy is therefore an 

extremely common and important process in plant evolution, but in itself unstable (Otto 2007; 

Renny-Byfield and Wendel 2014; Sankoff et al. 2010). Obviously, although polyploidy has some 

advantages in terms of faster adaptation (Kagale et al. 2014; Selmecki et al. 2015), large genomes 

seem to be a burden to the cell (Hidalgo et al. 2017). Over time, deletions accumulate, and genome 

size decreases. However, this process is obviously not completely random, as some genes show 

amplification or at least copy number conservation against the trend (Wendel et al. 2018). The key to 

understand those exceptions is possibly the observation that genes with related, but not identical 

functions often share the same ancestor (Soltis and Soltis 2016). For example, it has been shown that 

genome duplication played an important role in the evolution of the AGAMOUS subfamily involved in 

flowering (Dreni and Kater 2014). The other way round, gene copies which have been retained 

mostly show differential expression patterns (Renny-Byfield and Wendel 2014). This indicates that 

gene duplication has a diversifying function: due to its redundancy, mutations within one copy are 

less severely perceived by evolution if another copy can uphold the function (Otto 2007). This copy 

may therefore accumulate mutations more easily and has a higher chance to achieve a new or 

altered function (Otto 2007). At the same time, the chance to loose function is also higher. A process 

altering the function of a gene is called subfunctionalisation, a process leading to a new function is 
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called neofunctionalisation. Processes leading to lost functions are called pseudogenisation, as their 

products are pseudogenes. Together, the recurring processes of whole-genome duplication and 

refunctionalisation drove major innovations in plant evolution, like the complex structure of flowers 

(Soltis and Soltis 2016).  

Brassica 

Model crops for evolution and adaptation 

Established polyploids can have many advantages over diploids. They tend to have higher growth 

rates (Miller et al. 2012; Song and Chen 2015), they may show fixed heterosis (Chen 2010) and might 

therefore be more flexible in extreme conditions (Kagale et al. 2014), and there is potential to 

increase diversity and introduce new or improved traits via cross-species introgression (Mason and 

Batley 2015). Moreover, whole-genome duplication is one of the major driving forces of evolution 

(Soltis and Soltis 2016) and studying polyploids can therefore help revealing general mechanisms of 

adaptation and speciation. At the same time, research on polyploid plants faces many challenges: the 

complexity of polyploid genomes is a strong obstacle to genomic and bioinformatics studies due to 

its high redundancy and the unknown degree of sub- and neofunctionalization (Kyriakidou et al. 

2018). Moreover, many polyploids arose long time ago, and their exact progenitors are not known. 

This makes it often impossible to study processes within the first generations of polyploidy. 

The genus Brassica is excellently suited to meet most of these challenges (Snowdon 2007). Three of 

its diploid species, B. rapa, B. nigra and B. oleracea, can still be used to resynthesize three of its 

allotetraploid species, B. juncea, B. napus and B. carinata. Those relationships were recognized very 

early and summarized as the triangle of U (Morinaga 1934; Nagaharu 1935). All 6 U triangle species 

are used as crops: B. rapa, the A subgenome donor, is used as leafy vegetable (Pak Choi, Chinese 

cabbage) or beet (turnips) (Qi et al. 2017). B. nigra, the B subgenome donor, is known as black 

mustard. B. oleracea, the C subgenome donor, comprises a large variety of leafy vegetables (white, 

red and savoy cabbage, kale, Brussels sprout), flower vegetables (broccoli, cauliflower) and beets 

(kohlrabi) (Rakow 2004). B. juncea (genome AABB) and B. napus (genome AACC) are both mainly 

grown as oilseeds, while the latter has much higher economic impact on a global level. B. carinata 

(genome BBCC) is also called Ethiopian mustard and is used as condiment and leafy vegetable. 

Oilseed rape (B. napus) is the crop with the highest economic impact among the six U triangle species 

and at the same time the youngest of the three allotetraploid species. It is thought to have occurred 

around 7500 years before now (Chalhoub et al. 2014). The subgenomes are therefore still basically 

intact (Parkin et al. 1995) as compared with the progenitor genomes. This creates an optimal 

situation to be used as a polyploid model: the interspecific hybridization can still be repeated to 
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study the first generations after polyploidisation (Morinaga 1934; Nagaharu 1935), while natural 

B. napus exists in a meiotically stable, but not yet fractionated form (Chalhoub et al. 2014). Both the 

economic impact and the close relationship to the model plant Arabidopsis thaliana facilitated the 

assembly and annotation of several reference genomes and pangenomes for Brassica species up to 

date (Bayer et al. 2017; Chalhoub et al. 2014; Golicz et al. 2016; Hurgobin et al. 2017; Liu et al. 2014; 

Parkin et al. 2014; Wang et al. 2011b; Yang et al. 2016). Moreover, any progress in understanding 

traits and processes can be more or less directly put into practice (Snowdon and Iniguez Luy 2012). 

Brassica is therefore a perfect model crop system for studying evolution and adaptation of polyploid 

crops. 

Brassica genome structure 

Polyploidy is a recurring process in plant evolution. Therefore, species considered diploid often carry 

traces of former whole-genome duplications within their genomes (Wendel 2015). In the diploid 

Brassica species, the genome structure shows strong evidence of a former hexaploidization step 

(Lagercrantz et al. 1996; Lagercrantz 1998; Lukens et al. 2003; Lysak 2005) which has been dated 

differently by different authors, varying between 23 Mya (Beilstein et al. 2010; Parkin et al. 2014), 

19-8 Mya (Lysak 2005), and 9-5 Mya ago (Wang et al. 2011b). The allotetraploid species do therefore 

not only carry two copies of each locus, but rather vary between 1 and 12 (Schiessl et al. 2014) with a 

mean copy number of 4.4 (Parkin et al. 2010), as the expected copy number of 6 was reduced or 

increased by ongoing diploidization processes during lineage speciation. The original hexaploidization 

obviously happened in two steps: a tetraploidization followed by the addition of another subgenome 

(Parkin et al. 2014; Wang et al. 2011b). Likewise, the genomes of the diploid Brassicas contain three 

parts: the two most fractionated parts (MF1 and MF2) and the least fractionated part (LF) (Cheng et 

al. 2012; Wang et al. 2011b). The hexaploid ancestor gave rise to the three lineages A, B and C 

(corresponding to the subgenome) (Li et al. 2017). Lineage B diverged earlier and is therefore more 

distinct from A/C than A and C from each other (Li et al. 2017). This has consequences for the 

interaction of the subgenomes within the allotetraploid species. Resynthesized B. napus with its 

AACC genome configuration shows more interactions between the subgenomes (Gaeta et al. 2007; 

Nicolas et al. 2012; Samans et al. 2017; Szadkowski et al. 2011) than B. juncea (Axelsson et al. 2000)  

which reflects the greater distance of the B subgenome from AC. In the first generations after 

allopolyploidization, the subgenomes in resynthesized B. napus show large genomic rearrangements 

between the each other, in particular for those chromosomes with complete synteny (Gaeta et al. 

2007; Nicolas et al. 2012; Samans et al. 2017; Szadkowski et al. 2011). The size and number of such 

events seems to depend on the mode of formation: lines derived from colchicine treatment and 

tissue culture show larger and fewer rearrangements, while lines derived from unreduced gametes 

show smaller and more (Szadkowski et al. 2011). Traces of rearrangements in established B. napus 
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show that although this process is slowed down, it is still ongoing (Samans et al. 2017; Schiessl et al. 

2017b). The occurrence of genomic exchanges between subgenomes depends on the distance from 

the centromeric regions, the degree of collinearity and the subgenome, as A tends to loose less 

content than C (Nicolas et al. 2012), a phenomenon described as biased fractionation. The reason for 

the preferential loss of C versus A loci is unclear, although different explanatory models are 

underway. It has been proposed that it is a matter of sheer size, as the C subgenome is larger than 

the A subgenome, and smaller genomes would be more efficient (Samans et al. 2017). The higher 

content in transposable elements (TEs) is another possible explanation for its preferential loss 

(Wendel et al. 2018). In this model, genes on C are less expressed due to the proximity of silenced 

TEs and would therefore contribute less to gene expression (Wendel et al. 2018). In consequence, 

they would be more easily selected against. However, a correlation between gene expression 

patterns and gene retention in the different subgenomes was not found in the C subgenome itself 

(Parkin et al. 2014) and was also not found in other Brassicas to date. 

The high prevalence of genomic exchanges in the B. napus genome makes a complex genome also 

highly dynamic. Genomic rearrangement can lead to deletions, duplications, translocations and 

inversions, and they all may encompass coding sequences and genes. Therefore, gene copy numbers 

do not only vary strongly between genes, but also between individuals, which may strongly affect 

trait variation. Copy number variants (CNVs) are therefore an important factor to consider in 

genomics of the allotetraploid Brassica species. 

The use of genome structure information 

Structural variants are particularly interesting because their putative phenotypic effect is expected to 

be strong compared to most sequence variants (Żmieńko et al. 2013). This is evident for deletions, 

which can be regarded as knockout mutants, while duplications can in some cases be regarded as 

overexpressors. The latter, however, depends on the regulatory mechanism of the gene in question. 

Translocations and inversions may in the first place not change anything. But as our understanding of 

chromatin regulation increases, genomic context will be more and more considered in predicting 

gene expression and phenotypic impact. 

But there is more about the effect of structural variants and CNVs in polyploids than just expression 

level. Polyploids carry several copies of a gene, and the gene copies may have varying degrees of 

subfunctionalisation (Kagale et al. 2014). Therefore, the impact of a CNV in a polyploid depends 

strongly on the regulation mechanism, the degree of functional redundancy and on gene dosage 

(Miller et al. 2012; Soltis et al. 2016; Veitia and Potier 2015). Gene dosage is the dependency of a 

gene product’s effect on its interaction partners, for example for proteins acting in a complex (Soltis 

et al. 2016; Veitia and Potier 2015). Higher copy numbers would therefore only have a measurable 
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effect if the copy numbers of the interaction partners would also increase (Veitia and Potier 2015). 

On the other hand, a lower copy number of one component would be limiting for the total complex 

(Veitia and Potier 2015). Some authors think gene dosage can partly explain heterosis, the 

performance advantage of heterozygous offspring compared to its homozygous parents (Schnable 

and Springer 2013). In autopolyploids, gene dosage might be overall conserved, while allopolyploids 

have a high chance of altered gene dosage. Moreover, paralogs may have different binding affinities 

with the interaction partners from the same subgenome than with those encoded by the other 

subgenome. 

Modern plant breeding aims to find optimal gene configurations for better plant performance. The 

use of sequence variants for trait improvement has already increased the quality of respective 

approaches like genomic prediction (Andorf et al. 2019; Werner and Snowdon 2018). However, 

structural variants were mostly missed by such approaches (Gabur et al. 2019), and prediction 

therefore remained limited to a certain level. The reason for this failure is mainly the difficulty of 

detecting structural variants with high throughput techniques. Structural variants can be detected via 

three main principles: hybridization, PCR and sequencing (Gabur et al. 2019; Zhao et al. 2013). 

Hybridization assays comprise both very tedious and expensive approaches like Fluorescence in-situ 

hybridization (FISH) (Stein et al. 2017), but also high-throughput SNP arrays (Grandke et al. 2017). 

The latter are cheap and easy to use (Clarke et al. 2016; Mason et al. 2017), but they are mostly 

designed to call allelic variants, and are only suited to call large structural variants (Gabur et al. 

2019). PCR approaches are more suited for smaller CNVs, but they are comparably expensive, have a 

low throughput and are therefore only a good option for confirming a specific CNV for a medium 

number of samples (Lee et al. 2016). Sequencing approaches do the best job among those 

techniques (Evans et al. 2015), but they also face drawbacks. CNV calling based on short read 

sequencing, for example, depends on the quality of the reference genome, and library preparation is 

still expensive for large populations (Gabur et al. 2019). Moreover, not all platforms are equally 

suited for each type of structural variant (Alkan et al. 2011). Long read sequencing technologies can 

overcome this and are cheaper in data production (Rang et al. 2018). However, the respective data 

output is huge and needs high computational power and considerable expertise to operate (Rang et 

al. 2018). Moreover, error rates are still comparably high, limiting the use of the reads for parallel 

SNP calling (Coster and van Broeckhoven 2019). To date, there is no technology offering a single 

solution, so combinations of those techniques are recommended for use in research and trait 

prediction (Alkan et al. 2011; Coster and van Broeckhoven 2019). 
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Flowering time regulation 

In contrast to animals, plants to not bear reproductive organs in their juvenile stage, but need to 

form them in advance of reproduction (Walbot and Evans 2003). The phase change from the juvenile, 

vegetative form to the adult, reproductive form is irreversible and also marks the transition between 

biomass formation and biomass translation into seeds (Jaeger et al. 2006). The formation of flowers 

therefore needs strict genetic control to synchronize it correctly with various environmental stimuli, 

but also with its own age and with possible pollen donors (Srikanth and Schmid 2011). Flowering time 

regulation has been studied intensely in the model plant A. thaliana, but recent years have also seen 

more and more research on several Brassica species (Blümel et al. 2015). This regulatory system is 

mainly based on transcriptional regulation of the central flowering regulator FLOWERING LOCUS T 

(FT), which itself is regulated by at least six identified regulatory input pathways, being the 

vernalisation and the autonomous pathway, the photoperiod and the temperature pathway as well 

as the gibberellin and the age pathway (Andrés and Coupland 2012; Srikanth and Schmid 2011). 

Upregulation of FT protein activates downstream transcription factors governing flower formation 

(Alvarez-Buylla et al. 2010; Srikanth and Schmid 2011). Flower formation is then governed by the 

activation of the ABCE genes, a set of transcription factors orchestrating the necessary cell division 

and differentiation processes (Alvarez-Buylla et al. 2010). The vernalisation and the photoperiod 

pathway have overriding importance in regulating FT expression (Srikanth and Schmid 2011), while 

the other pathways have a modulating role and may only be decisive in extreme conditions. The 

main gene in vernalisation is the transcriptional inhibitor FLOWERING LOCUC C (FLC), which is highly 

expressed during the juvenile phase of the plant (Kim et al. 2009). Its gene product binds to the FT 

promotor to inhibit transcriptional activator from binding (Kim et al. 2009). Its high transcriptional 

activity is governed by its active chromatin state: the FRIGIDA complex (FRI-C) places active H2A.Z 

variants into the FLC chromatin (Choi et al. 2011; He 2009) and the PAF1-like complex adds activating 

methylation marks to histone H3 (Cao et al. 2015; He et al. 2004; Oh et al. 2008). During cold, the 

gene VERNALISATION INSENSITIVE 3 (VIN3) is upregulated and recruits the PRC1 complex with the 

help of long non-coding RNAs expressed from the FLC transcript itself (Turck and Coupland 2011; 

Wood et al. 2006), adding repressive marks to histone H3, and FRI is downregulated and therefore 

stops placing H2A.Z (Hu et al. 2014). This leads to a transcriptionally inactive chromatin state and 

gives way to positive regulation from the photoperiod pathway. The photoperiod pathway activates 

FT via the transcriptional activator CONSTANS (CO), which itself is mainly translationally controlled 

via the circadian clock and several photoreceptors (Johansson and Staiger 2015). CO protein is 

constantly produced, but is unstable in short day conditions and therefore unable to activate FT 

(Johansson and Staiger 2015). When a threshold day length is met, FT protein is produced in the 

leaves and transported to the apex, where it dimerizes with FLOWERING LOCUS D (FD) and activates 
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effector genes like SUPPRESSOR OF CONSTANS 1 (SOC1), APETALA 1 (AP1), CAULIFLOWER (CAL) and 

LEAFY (LFY), which themselves would activate the ABCE genes and induce flower formation (Alvarez-

Buylla et al. 2010; Srikanth and Schmid 2011). 

The functionality of several Brassica FT copies has been confirmed (Wang et al. 2009; Wang et al. 

2012; Zhang et al. 2015), as well as several other Brassica homologs upstream or downstream of FT, 

like FLC, FRI or CO (Hou et al. 2012; Irwin et al. 2012; Irwin et al. 2016; Osborn et al. 1997; Ridge et al. 

2015; Robert et al. 1998; Schranz et al. 2002; Tadege et al. 2001; Wang et al. 2011a; Wu et al. 2012; 

Xiao et al. 2013; Yuan et al. 2009; Zou et al. 2012), indicating that the flowering time gene network 

has been basically conserved within the Brassicaceae. However, depending on gene and ploidy level, 

most Brassica flowering time genes come in several copies. FT, for example, was found to have six 

copies within B. napus, while the major photoperiod pathway gene CONSTANS (CO) has four and the 

major vernalisation pathway gene FLOWERING LOCUS C (FLC) has even ten (Schiessl et al. 2017b). To 

understand and improve flowering time-related gene regulation in Brassica species, it is therefore 

crucial to understand which degree of neo-and subfunctionalisation can be observed between 

different copies of the major flowering time genes. Only on this basis, it is possible to understand the 

effect of sequence and structural variation of flowering time genes on seed yield building. In that 

respect, particular interest was raised for the vernalisation system. Oilseed rape is grown in three 

different life cycle variants: winter, semi-winter and spring. While winter types have a fully functional 

vernalisation system which normally needs at least eight weeks of cold exposure to allow flowering, 

semi-winter types would also flower without vernalisation, although later, and spring types normally 

do not respond to vernalisation and also lack the respective winter hardiness. These life cycle traits 

limit introgression between gene pools, therefore, suitable genetic markers would be highly welcome 

to speed up the process. 
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Chapters 

Chapter 1: Copy number variation in Brassica flowering time genes 

Copy number variation (CNV) is expected to be widespread in the Brassica napus genome and is 

therefore assumed to also influence flowering time genes. To allow reliable testing of phenotypic 

effects of CNVs in flowering time genes, it is necessary to call CNVs accurately in a large number of 

accessions. One of the most efficient methods to screen large populations for deletions and 

duplications is targeted deep sequencing. Targeted deep sequencing is a short read based 

sequencing technology with the aim to sequence only genetic regions of interest, but at higher 

sequencing depths. This technology can be both applied in diploids and polyploids, whereas it is 

particularly appealing in polyploids because it can capture all copies of a gene without prior 

knowledge of copy number. Using this technology, we studied flowering time gene variation with a 

focus on CNVs in two individuals of each progenitor species of B. napus as well as in a large diversity 

set of 280 accessions. The results, presented here in three experimental papers and one review, 

show the high prevalence of CNVs in flowering time genes in B. napus and indicate that they play a 

role in the formation of subspecies. 
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Chapter 1.1: Targeted deep sequencing of flowering regulators in Brassica napus reveals 
extensive copy number variation 
 

Schiessl SV, Huettel B, Kuehn D, Reinhardt R, Snowdon RJ (2017b) Targeted deep sequencing of 

flowering regulators in Brassica napus reveals extensive copy number variation. Sci Data 4:170013. 

doi: 10.1038/sdata.2017.13 
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Background & Summary
Polyploid genomes present major challenges for DNA sequence analysis due to their high redundancy.
Moreover, inter-subgenomic homology is a driving force for genomic rearrangements1–3, including
translocations, inversions, duplications, deletions or homeologous non-reciprocal translocations
(HNRTs)1. Translocations are events where genomic blocks are transferred to another chromosomal
location in the same orientation, whereas inversions switch the orientation. Duplications are events where
genetic regions are copied to another locus, meaning that the affected region increases in copy number,
whereas deletions involve a loss of genetic regions from the genome and therefore decrease the copy
number of the genes therein. HNRTs are coupled duplication-deletion events, where one region of the
genome replaces a respective homeologous genome region. Changes in the frequency of genes or other
genomic loci due to duplications, deletions and HNRTs are collectively described as copy number
variation (CNV).

Brassica napus (oilseed rape, canola) has become a model plant for studies of polyploidy effects4,
having been studied for genomic rearrangements over decades5,6. The strongest effects of genomic
rearrangements, with regard to both size and abundance, were observed in synthetic, or resynthesized
B. napus1,2,7,8. This indicates that substantial genomic rearrangements occur in the first generations after
polyploidisation and are thereafter subjected to selection and fixation2. All the same, CNV can arise at
any time and is therefore frequently observed3. With increasing reports associating CNV to major traits
in different crop species, like wheat, maize and potato9–11, their detection is growing in importance for
genomics-assisted breeding approaches to improve crop adaptation and yield.

Flowering time is an extremely important adaptive trait, with wide-ranging implications for the
breeding process in crops like B. napus that are grown in different ecogeographical regions. Flowering
time determines the lifecycle to be either annual or biannual and is also important for local adaptation.
Biannual and annual B. napus forms have divergent lifecycles, and hence must be bred in separate
breeding programs, which in turn lowers diversity in these two genetic pools. While extremely important,
flowering time regulation is also highly complex, with studies in model species12,13 implicating over 200
different genes and non-coding RNAs. Polyploidy complicates this network not only by multiplying the
gene copy number, but also by invoking potential for gene subfunctionalisation14. Knowledge of the
underlying natural variation among B. napus flowering time regulators can help to understand which
gene copies are decisive for restoring life cycle traits after introgression from a different gene pool. CNVs
can play a central role in such variation15.

Different methodologies have been proposed for the detection of CNVs, either based on hybridization
arrays or on next-generation sequencing (NGS) technologies3. As the latter deliver additional information
like SNPs and InDels, they are better suited to unravel causal variants for trait variation16. Although
different approaches exist to calculate CNVs from NGS data, the simplest and most abundant approach is
the approximation by calculation read depth or sequence coverage. The read depth approach is based on
the assumption that sequencing reads distribute equally over the sequenced space, so that deviations in
coverage can be interpreted to indicate deletions or duplications. However, for cost-effective application
of DNA resequencing on large panels of genotypes, the sequencing power should be focused on regions of
interest, like exomes or groups of genes. This can be done by prior enrichment for loci of interest by
hybridization with probes or baits, and different commercial solutions are available for this17. Here, we
used the Agilent SureSelect technology (Agilent Inc., Santa Clara, CA, USA) for target enrichment. The
resulting sequence capture libraries were subjected to Illumina sequencing in single-end mode. Baits were
designed for homologs of 35 Arabidopsis thaliana flowering genes, based on sequences from B. napus
along with its diploid progenitors B. rapa and B. oleracea, and used for production of 120mer RNA
oligonucleotides for hybridization. Sequencing was performed for 280 diverse inbred lines as a part of the
ERANET-ASSYST B. napus diversity panel18, containing annual and biannual oilseed, fodder, vegetable
and rutabaga forms, along with exotic accessions. The results show a vast variance of SNPs, InDels and
CNVs in the different breeding pools. An accompanying publication describes the biological implications
of the data15.

Methods
Plant Material and phenotyping
A panel of 280 genetically diverse B. napus inbred lines (self-pollinated for 5 or more generations) was
grown in in Giessen, Germany (50° 35′ N, 8° 40′ E) in 2012. The plant material was part of the ERANET-
ASSYST B. napus diversity set, described in detail by18–20. Biannuals were grown in autumn-sown trials,
whereas annual accessions were grown in spring-sown trials. Plots were sown in a completely randomized
block design with a harvest plot size of 3 × 1.25 m in 1 replicate (containing around 200 plants).

DNA isolation
Leaf material for genomic DNA extraction was harvested in spring 2012 from the field trial in Giessen,
Germany. Pooled leaf samples were taken from at least 5 different plants per genotype, immediately
shock-frozen in liquid nitrogen and kept at −20 °C until extraction. Leaf material was ground in liquid
nitrogen with a mortar and pestle. DNA was extracted using a common CTAB protocol modified from
Doyle and Doyle (1990) as described earlier16. DNA concentration was determined using a Qubit
fluorometer and the Qubit dsDNA BR assay kit (Life Technologies, Darmstadt, Germany) according to
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the manufacturer’s protocol. DNA quantity and purity was further checked on 0.5% agarose gel
(3 V/cm, 0.5xTBE, 120 min).

Selection of target genes
As described in ref. 16, a set of 29 A. thaliana flowering time genes was selected to cover the entire
genetic network controlling flowering time, including circadian clock regulators (CYCLING DOF
FACTOR 1 (CDF1), EARLY FLOWERING 3 (ELF3), GIGANTEA (GI) and ZEITLUPE (ZTL)), the input
pathways for vernalisation (EARLY FLOWERING 7 (ELF7), EARLY FLOWERING IN SHORT DAYS
(EFS), FLOWERING LOCUS C (FLC), FRIGIDA (FRI), SHORT VEGTATIVE PHASE (SVP),
SUPPRESSOR OF FRIGIDA 4 (SUF4), TERMINAL FLOWER 2 (TFL2), VERNALISATION 2 (VRN2),
VERNALISATION INSENSITIVE 3 (VIN3)), photoperiod sensitivity (CONSTANS (CO), CRYPTO-
CHROME 2 (CRY2), PHYTOCHROME A (PHYA), PHYTOCHROME B (PHYB)) and gibberellin
(GIBBERELLIN-3-OXIDASE 1 (GA3ox1)), along with downstream signal transducers (AGAMOUS-LIKE
24 (AGL24), APETALA 1 (AP1), CAULIFLOWER (CAL), FLOWERING LOCUS D (FD), FLOWERING
LOCUS T (FT), FRUITFUL (FUL), LEAFY (LFY), SQUAMOSA PROMOTOR PROTEIN LIKE 3 (SPL3),
SUPPRESSOR OF CONSTANS 1 (SOC1), TEMPRANILLO 1 (TEM1), TERMINAL FLOWER 1 (TFL1)).
On top, we also included 6 further genes: CIRCADIAN CLOCK ASSISTED 1 (CCA1), FLAGELLIN-
SENSITIVE 2 (FLS2), GLYCIN-RICH PROTEIN 7 (GRP7), GLYCIN-RICH PROTEIN 8 (GRP8),
GORDITA (GORD) and SENSITIVITY TO RED LIGHT REDUCED 1 (SRR1), giving a total of 35 genes.
The respective Arabidopsis identifiers are given in Supplementary Table S1.

Bait development
Before resequencing the total set of 280 accessions, 4 accessions representing divergent morphotypes were
resequenced in a preliminary experiment in order to refine the bait pool (described in ref. 16). At the
time, no reference sequence for B. napus was available. Baits were therefore produced on sequences of
B. rapa and B. oleracea, using the program eArrayXD. The only exception was the target gene FT, for
which promotor and gene sequences from B. napus were kindly made available by Carlos Molina,
Christian Albrecht University of Kiel, Germany. A pre-publication draft (version 4.0) of the B. napus
‘Darmor-Bzh’ reference genome sequence assembly became available prior to public release, by
generosity of Boulos Chalhoub, INRA, France, Unité de Recherche en Génomique Végétale.

Based on the mapping results of the preliminary experiment, the bait pool was modified in order to
improve specificity. Enriched regions found in ref. 16 were classified into target regions and non-target
regions by BLAST against the nucleotide database in NCBI. The bait pool was blasted against target and
non-target regions (E-value cut-off e− 10). Baits which had excessive non-target hits were manually
removed. This was the case for bait groups on the target genes FT, FUL and PHYA. For some bait groups
(AP1, CO, SOC1), too many baits (>30%) were deleted. In these cases, baits groups (120mer
oligonucleotide sequences) were created using the B. napus pre-publication draft reference genome
sequence assembly, with the Agilent Genomic Workbench program SureDesign (Agilent Inc., Santa
Clara, CA, USA). These replaced the corresponding bait groups developed previously using B. rapa or
B. oleracea. Bait groups were created using the ‘Bait Tiling’ tool. The parameters were set as follows:
Sequencing Technology: ‘Illumina’, Sequencing Protocol: ‘Paired-End long Read (75 bp+)’, ‘Use
Optimized Parameters (Bait length 120, Tiling Frequency 1x)’, Avoid Overlap: ‘20’, ‘User defined
genome’, ‘Avoid Standard Repeat Masked Regions’. Baits for genes on the minus-strand were developed
in sense, while baits on the plus-strand were developed in antisense.

In total, 63 bait groups were created for B. rapa homologs of the target genes, 71 bait groups for
B. oleracea homologs and 24 bait groups for B. napus homologs.

Sequence capture and sequencing
Custom bait production was carried out by Agilent Technologies (Agilent Inc., Santa Clara, CA, USA)
using the output oligonucleotide sequences from SureDesign. Sequence capture was performed using the
SureSelectXT 1 kb–499 kb Custom Kit (Agilent Inc., Santa Clara, CA, USA) according to the
manufacturer’s instructions. The resulting TruSeq DNA library (Illumina Inc., San Diego, CA, USA)
was sequenced on an Illumina HiSeq 2500 sequencer at the Max Planck Institute for Breeding Research
(Cologne, Germany) in 100 bp single read mode.

Sequence data analysis
Mapping. Quality control of the raw sequencing data was performed using FASTQC. Reads were
mapped onto version 4.1 of the B. napus ‘Darmor-Bzh’ reference genome sequence assembly21. Mapping
was performed using the software SOAP2 (http://soap.genomics.org.cn/soapaligner.html), with default
settings and alternatively using the option r= 0 to extract uniquely aligned reads. Removal of duplicates,
sorting and indexing was carried out with samtools version 0.1.19 (http://samtools.sourceforge.net/).
Alignments were visualised using the IGV browser version 2.3.12 (http://www.broadinstitute.org/igv/).

The mean read number was 5.8 M reads, with a s.d. of 1.6 M reads. Only 3% of the sequenced samples
had less than 4.2 M reads (mean–s.d.), 11% of the samples had more than 7.3 M reads (mean+s.d.). The
mean alignment rate was 87%, while the mean unique alignment rate was 75%, indicating that most of
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the reads could be mapped specifically (see Data Citation 1 for.bam files). The exact values, along with
values for the different subsets, can be found in Table 1.

Specificity and sensitivity
In total, the captured reads aligned to 1184 distinct regions of the B. napus ‘Darmor-Bzh’ v4.1 reference
genome with a mean coverage of >10. Of these, a total of 637 regions were annotated as genes, and 184
corresponded to the intended target genes. Two target gene copies (Bna.VIN3.A01 and Bna.VIN3.C01)
had insufficient coverage, but were nevertheless included in the target list. A total of 33 regions were
identified as targets giving a BLAST hit to the FT promotor. A further 12 regions were identified as
pseudogenes of the target genes by blasting the gene sequences to the genome. Therefore, the target
included 231 regions. The average target sensitivity17, interpreted as the percentage of target bases
covered by sequence reads, was 85.6%. The average target specifity17, or the percentage of bases mapping
to the intended target, was 68.0%, and therewith indeed better than in the foregoing experiment16. The
target regions had a mean coverage of 670x and a mean normalized coverage of 533x. The mean target
coverage over the mean genome-wide coverage, also called the enrichment factor, was about 1206, and
therefore also increased compared to the preliminary experiment16 (for an overview of values see
Table 2).

Detection of SNPs and InDels
Calling of single nucleotide polymorphisms (SNPs) was performed with the algorithm mpileup in the
samtools toolkit. SNPs were filtered for a minimum mapping quality of 50 and a read depth of ≥10, using
vcftools (https://vcftools.github.io/man_latest.html).

For InDel calling, a separate mapping was performed using Bowtie2 (http://sourceforge.net/projects/
bowtie-bio/files/bowtie2/), as described in ref. 22. Removal of duplicates, sorting and indexing was
carried out with samtools version 0.1.19 (http://samtools.sourceforge.net/). An initial InDel calling was
performed using samtools mpileup, and realignment of reads around InDels was performed using GATK
(https://www.broadinstitute.org/gatk/). A final InDel calling was then performed as described above.
InDels were filtered for a minimum mapping quality of 30 and a read depth of 10 or more using
vcftools (https://vcftools.github.io/man_latest.html). SNP and InDel annotation was performed using
CooVar23.

total reads alignment rate [%] unique alignment rate [%]

mean 5768702 87.00 75.11

winter 5346938 89.21 77.04

semi 7023642 82.56 71.30

spring 6096897 84.82 73.25

swede 7038926 83.84 71.85

min 3681313 70.50 58.97

winter 4133157 74.85 63.33

semi 4298795 70.50 61.49

spring 3681313 72.18 58.97

swede 4691991 81.73 69.25

max 13869129 92.51 81.52

winter 9010533 92.51 81.52

semi 13839526 88.23 76.42

spring 13869129 91.37 81.37

swede 13724355 87.69 75.37

std dev 1581627 3.38 3.48

winter 910522 2.03 2.55

semi 3153296 5.16 4.28

spring 1807938 2.72 3.08

swede 2355237 1.73 1.85

Table 1. Sequencing and alignment values for total read number, alignment rate and unique
alignment rate. The table lists the arithmetic mean, the minimal and maximal values as well as the s.d. for the
total set (first line) and the respective subsets of winter type rapeseed, semi-winter rapeseed, spring type
rapeseed and swedes.
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We called and annotated 13053 SNPs among the 1184 captured regions, of which 5,216 were located
in the target regions. Of those, 56 SNPs were either radical mutations, splice variants or stop codon
mutations (gain or loss). InDel calling revealed a total of 1894 InDels, with 569 in the target regions. Only
25 InDels were frameshifts, amino acid insertions or splice variants. Potential functional variation was
revealed in all homolog groups, although 7 homologs were completely conserved, while 16 carried only
silent or synonymous variation. The distribution of variants on target and non-target regions is shown in
Figure 1.

CNV detection
Enriched regions and coverage differences were calculated using the bedtools software with multiBamCov
(http://bedtools.readthedocs.org/en/latest/). Read coverage for each enriched region was normalised as
follows:

coveragenorm= (number of aligned reads per region*total length of genome)/(total number of aligned
reads*region length).

Copy number variation (CNV) in a given region was assumed if the ratio of normalised
coverage(genotype)/mean normalised coverage (all genotypes) was smaller than 0.5 or higher than 1.5,
respectively.

No homolog group was found without CNV, and only two accessions were found which
did not carry any CNV among the homologous copies of the target genes. Whereas it is therefore very
unlikely to find two genotypes with exactly the same copy numbers, the frequency of a specific CNV
among the population is generally low; about 87% of the CNVs had an abundance across the whole
population of o10%. Deletions were generally more abundant than duplications (Figure 2) both for
the A and C subgenomes, regarding all regions. This is expected, as genomes are known to reduce
their gene space after polyploidization24, and corresponds to similar findings from whole-genome
resequencing in a diverse panel of synthetic and natural B. napus (Samans et al., submitted). Regarding
only genes, duplication and deletion events were almost twice as frequent among C subgenome than
A subgenome homologs. This appears surprising, as although the C subgenome is signifi-
cantly larger25,26, its gene content is comparable to that of the A subgenome. A possible explanation
for this apparent genome bias might be that transposons are more active in the C subgenome26,
increasing the frequency of small-scale homology and double-strand breaks. Considering only
the target genes from the flowering-time network, the ratio was strikingly different, with
more duplications of A-subgenome genes than C-subgenome genes, but more deletions of
C-subgenome genes than A-subgenome target genes. This indicates that A-subgenome copies had
been selected over C-subgenome copies, while the other direction is less frequent. A corresponding
bias was also observed by Samans et al. (submitted), who suggested that the size difference between
homeologous segments from the A and C subgenomes is the driving force for the directional bias,
with HNRT tending to replace larger C-subgenome segments by their smaller homoeologous segments
from the A-subgenome. Another possible cause could be that gene copies which co-evolved in the
progenitor genomes interact more effectively with each other than they do with copies from the other
progenitor, a mechanism already assumed by other authors27. C-subgenome copies might have been
affected more often due to the high transposon content, invoking a selective advantage for
homeologous exchanges that replaced C-subgenome homologs with A-subgenome copies. As flowering
is a major lifecycle axis, flowering genes are under strong selection and should show such an effect
more clearly than random genes.

Homeologous gene replacements associated with putative HNRTs were observed frequently among
the dataset. Excluding gene copies on non-assembled reference chromosomes (‘x_random’), we found

Total winter semi spring swede

Mean genome-wide coverage 0.6 0.5 0.6 0.6 0.7

Mean target coverage 668.3 641.5 754.7 688.0 756.3

Enrichment factor 1205.9 1212.7 1199.0 1202.2 1158.9

Normalized mean target coverage 532.7 541.6 522.4 524.8 507.0

Fraction of target covered (%) 85.6 86.2 84.9 84.9 85.0

Reads covering target (%) 68.0 69.2 66.4 67.2 64.8

Genome fraction covered by >10 reads (%) 0.2 0.2 0.2 0.2 0.3

Fraction of target covered by > 10 reads (%) 79.0 79.8 78.0 78.1 78.7

Table 2. Quality measures for the target enrichment for the total population and its subsets. The table
lists mean values for genome-wide and target coverage, the enrichment factor calculated from that, the
normalized mean target coverage, the fractions of the genome and the target covered by any read and by at least
10 reads.
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201 putative HNRT events between homeologous target gene copies, including 165 from A-subgenome to
C-subgenome homeologs and 36 from C-subgenome to A-subgenome homeologs. In contrast, we found
448 simple duplications for the same gene copies (259 on A-subgenome and 189 on C-subgenome
homeologs) and 490 simple deletions (139 on A-subgenome and 351 on C-subgenome homeologs).
Although there is a low but significant correlation (r= 0.68***) between the number of simple deletions
and duplications on the C subgenome, such a correlation was not observed for the A subgenome. The
highest rate of HNRTs was found between the strongly homeologous chromosomes A02/C02 and A03/
C03, a finding in line with other authors1. On the other side of the spectrum, gene copies on chromosome
A08 could not be associated with HNRTs to any homeologous copies, and only one putative HNRT each
was observed for chromosomes A05 and A06, respectively. High HNRT frequencies were only observed
at the very ends of chromosomes, whereas gene copies located closer to the center of the chromosomes
were generally not involved in exchanges (Figure 3). Similar patterns have been frequently observed in
Brassicaceae1,28.

Figure 1. SNP and InDel distribution for all called SNPs and InDels meeting minimum quality

requirements in the 1184 regions captured by deep sequencing. (a,c) Distribution to all analyzed regions and

respective genic regions for SNPs (a) and InDels (c). (b,d): Distribution of nonsynonymous SNPs and InDels to

different annotation classes regions for SNPs (b) and InDels (d).
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Code availability
All custom codes are supplied at https://github.com/ ‘targeted-deep-sequencing’.

Data Records
The aligned sequence data (.bam files) and metadata are stored at the NCBI Sequence Read Archive
database, SRP-Study accession SRP087610 (Data Citation 1).

Technical Validation
All biallelic SNP, InDel and CNV data were recoded and included in a population structure analysis
together with data from the Brassica 60 K Illumina Infinium SNP array (Clarke et al. 2016, accepted,
Mason et al. 2016, accepted). Altogether these include 28,698 markers from the 60k SNP array and 12776
SNPs, 1894 InDels and 366 CNV markers from the present deep sequencing dataset, making a total of
43,733 markers. After pre-processing to filter for non-missing marker values >0.9, minor allele frequency
>0.01 and non-missing individual markers >0.8, a total of 33,944 markers and 271 individuals were left,
with 30.1% of the markers coming from the deep sequencing data. The subsequent principal component
analysis for population structure revealed three main clusters. One cluster contained 137 winter-type
B. napus accessions, one contained 93 spring-types and one semi-winter type accession, and the last
cluster contained 40 genotypes of mixed origin, comprising mostly beet-forming and semi-winter types.
We conclude i) that the variants called from the present deep sequencing dataset represent the species-
wide diversity present in B. napus, in accordance with genotyping data from the SNP genotyping array,
and ii) that the data correctly describe the study population.

In cooperation with Eleri Tudor from the John Innes Centre, Norwich, the data were compared to
three Sanger-sequenced copies of Bna.FRI for 13 (A03 copy), 10 (A10 copy) and 9 (C03 copy) of our
genotypes (unpublished data). The overall concordance rate between the data sets was 86%. 5 SNPs on
the A03 copy had extremely low concordance rates, possibly due to a mapping problem. Removing those
lead to an overall concordance rate of 90%.

We also checked for co-localizing SNPs between the datasets from the SNP genotyping array and from
the deep sequencing. A total of 48 suitable SNP pairs were identified which showed apparently
corresponding chromosome positions according to the BLAST search. Among this set, 3 SNP pairs had
absolutely no correlation, presumably due to incorrect BLAST positions of the array SNP. For the
remaining 45 SNPs, we observed a mean concordance of 91.3%, ranging from 83.0 to 97.7% with a
standard deviation of 3.5%. These minor discrepancies may arise from the use of different selfing
generations of some individuals for the array genotyping and the deep-sequencing. On the other hand, we
noticed that concordance was lowest for SNPs discriminating between C and T, potentially suggesting a
differential methylation of cytosine nucleotides.

Usage Notes
The plant material described in this paper is publically available and can be made accessible upon request.

Figure 2. Distribution of deletions and duplications across the A and C subgenomes, respectively, among

the 280 genotypes of the B. napus sequence capture diversity panel for (a) all captured regions, (b) all

captured genes, and (c) all target genes.
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Figure 3. Landscape of homeologous target gene copies (excluding copies on x_random chromosomes).

Chromosomes are shown as black vertical lines. Partial chromosomes are indicated by dotted lines at their

ends. For chromosomes shown in full length, the total length is given below the chromosome name. Genetic

positions are relative approximations. Arrows indicate HNRTs between homeologous copies, either from

A-subgenome to C-subgenome homeologs (blue) or from C-subgenome to A-subgenome homeologs (green).

The numbers behind the gene names indicate the number of simple duplication or deletion events (not

involved in HNRTs) in purple and orange, respectively.
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Post-polyploidisation morphotype 
diversification associates with gene 
copy number variation
Sarah Schiessl1, Bruno Huettel2, Diana Kuehn2, Richard Reinhardt2 & Rod Snowdon1

Genetic models for polyploid crop adaptation provide important information relevant for future 
breeding prospects. A well-suited model is Brassica napus, a recent allopolyploid closely related to 
Arabidopsis thaliana. Flowering time is a major adaptation trait determining life cycle synchronization 
with the environment. Here we unravel natural genetic variation in B. napus flowering time regulators 
and investigate associations with evolutionary diversification into different life cycle morphotypes. 
Deep sequencing of 35 flowering regulators was performed in 280 diverse B. napus genotypes. High 
sequencing depth enabled high-quality calling of single-nucleotide polymorphisms (SNPs), insertion-
deletions (InDels) and copy number variants (CNVs). By combining these data with genotyping data 
from the Brassica 60 K Illumina® Infinium SNP array, we performed a genome-wide marker distribution 
analysis across the 4 ecogeographical morphotypes. Twelve haplotypes, including Bna.FLC.A10, Bna.
VIN3.A02 and the Bna.FT promoter on C02_random, were diagnostic for the diversification of winter 
and spring types. The subspecies split between oilseed/kale (B. napus ssp. napus) and swedes/rutabagas 
(B. napus ssp. napobrassica) was defined by 13 haplotypes, including genomic rearrangements 
encompassing copies of Bna.FLC, Bna.PHYA and Bna.GA3ox1. De novo variation in copies of important 
flowering-time genes in B. napus arose during allopolyploidisation, enabling sub-functionalisation that 
allowed different morphotypes to appropriately fine-tune their lifecycle.

Polyploid crops like wheat, potato, oats and rapeseed have been enormously successful as field crops because of 
their huge adaptation potential. Indeed, the fact that all flowering plants derive from ancient or recent polyploidi-
sation events1,2 points to an enormous evolutionary advantage associated with polyploidy. On the other hand, 
most polyploid events do not lead to a successful establishment of a new species3. Understanding how polyploids 
achieve adaptive potential has important implication for breeding in the context of environmental change.

On the other hand, the complexity of polyploid genomes has considerably restricted large-scale genetic stud-
ies of polyploid species4–6, so broad conclusions are often drawn based on diploid model plants like Arabidopsis 
thaliana. The polyploid crop most closely related to A. thaliana is rapeseed (Brassica napus), making it an excel-
lent system to transfer information from the model to the crop. Despite its very recent origin and strong allopoly-
ploidisation bottleneck6, rapeseed can be grown from boreal to subtropical and semi-arid areas, a result of strong 
differentiation into distinctly different morphotypes7.

The morphotype with highest seed yields is the biannual winter oilseed type8. The prerequisites for this lifecy-
cle are winter hardiness for winter survival, along with vernalisation requirement to avoid pre-winter flowering7. 
In subtropical areas, cultivation of semi-winter types that can be vernalised in warmer temperatures is possi-
ble7. Boreal or semi-arid regions have periods of low plant survival rates, either due to strong winter freezing 
or extreme heat stress. In these regions, annual spring types are prominent. These are neither winter-hardy nor 
vernalisation-dependent, and the short growing season strongly limits yield potential. B. napus can also be grown 
as beet-like forms, known as swedes or rutabagas, which form a different subspecies (ssp. napobrassica)7. Swedes 
are generally of winter type, however have limited winter-hardiness and require extended vernalisation to flower 
(Fig. 1). No wild-types of B. napus are known, hence the species is assumed to have arisen in cultivation7, with 
at least one origin believed to be as recent as a few hundred years ago9. The different cultivated forms are bred in 
separate breeding pools, with introgression between morphotypes only in cases of extreme introgression benefit. 
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However, this necessitates tedious backcrossing programs to restore the required ecogeographic adaptation char-
acters10. Knowledge of the factors determining lifecycle traits like vernalisation requirement and flowering time 
is crucial for successful exchange of genetic material between B. napus gene pools10.

Although the mechanisms of vernalisation have been studied in depth in Arabidopsis, specific winter or 
spring alleles were not yet defined for B. napus. The predominant assumption is that the underlying genetic 
mechanisms are identical or very similar across crucifer species. The allopolyploid B. napus carries two almost 
intact subgenomes from the ancestors Brassica rapa (A subgenome donor) and Brassica oleracea (C subgenome 
donor). Both ancestral subgenomes arose from a common, hexaploid ancestor, raising the theoretical copy num-
ber of Arabidopsis gene homologs to six. Due to post-polyploidisation genome reduction, the average gene copy 
number is 4.411, whereby considerable variation has been observed among different gene families, with copy 
number ranging from 1 to 1212. Homology-driven chromosome rearrangements during allopolyploidisation are 
a key driver of such variation6,12. Copy number variations (CNVs) have been found to impart large phenotypic 
influence in several plant species like Arabidopsis13, wheat14, potato15 and maize16, but also in domestic animals17 
and humans18.

In Arabidopsis, FLOWERING LOCUS C (FLC) is the major repressor for the activity of the central flow-
ering transcription factor FLOWERING LOCUS T (FT)19. This gene cannot be expressed before FLC protein 
levels drop19, however when this occurs FT can be activated by the photoperiod pathway via the transcription 
factor CONSTANS (CO)20. Downregulation of FLC takes place at the transcriptional level. The FLC chromatin 
is modified and rearranged in order to stabilize a new inactive form21,22. Different mechanisms are involved in 
the structural regulation of FLC gene activity, including both autonomous regulators and the vernalisation path-
way22,23. Three different mechanisms may exist for the breakdown of vernalisation requirement: (i) alteration 
of FLC regulating factors like FRIGIDA (FRI); (ii) alteration of FLC gene sequence or activity; (iii) alteration 
of FLC binding sites or FT promoter sequences. Arabidopsis annuals and biannuals have been found to differ 
either in FRI or in FLC24, indicating that the Arabidopsis winter-spring split is governed by the first two levels of 
regulation. As a consequence, research on B. napus vernalisation has been heavily focused on investigating FLC 
homologs25–27. Indeed, a number of QTL studies in different mapping populations have suggested FLC loci as can-
didates for flowering time in B. napus, including populations without vernalisation requirement28–32. Moreover, it 
has been reported that a transposon insertion in the first intron of Bna.FLC.A10 is associated with the vernalisa-
tion requirement of winter-type rapeseed27.

The aim of the present work was therefore the definition of morphotype-specific alleles or haplotypes that 
might further our understanding of vernalisation control in a complex allopolyploid, and simultaneously allow 
breeders to successfully select for desirable lifecycle traits. By comparing results of vernalisation experiments 
with data from genome-wide marker distribution analysis, targeted deep-sequencing of essential flowering time 
regulators and the FT promoter, and coverage analysis to estimate CNV, we provide novel insights that reveal the 
complexity of post-polyploidisation morphological diversification in an important crop species.

Material and methods
Plant material and phenotyping.  A panel of 280 genetically diverse B. napus inbred lines (selfed for 5 or 
more generations) was grown in Giessen, Germany (50° 35′​ N, 8° 40′​ E) in 2012. The plant material was part of the 
ERANET-ASSYST B. napus diversity set that has been described previously33,34. Winter-type rapeseed and swede 

Figure 1.  Schematic representation of the life cycles of the four different Brassica napus morphotypes. 
Periods of cold required for vernalisation in the respective morphotypes are indicated by blue boxes. Relative 
seed production is indicated by the number of grains.
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accessions were grown in autumn-sown trials, whereas spring-type and semi-winter accessions were grown in 
spring-sown trials. Plots were sown in a completely randomized block design with a harvest plot size of 3 ×​ 1.25 m 
in a single replicate (containing around 200 plants).

In a separate experiment, a selection of 33 genotypes from the same set was grown in the greenhouse under 
semi-controlled conditions (20 °C). These genotypes were selected to represent spring, winter and swede material 
with different CNV patterns for Bna.FLC. Twenty seeds were sown in vermiculite, before being transplanted 
after one week into plates in soil, with 5 replicates per treatment. Four weeks after planting, these plants were 
either transferred to a climate chamber for vernalisation at 4 °C and short-day conditions for 6 weeks (mild 

Figure 2.  Distribution of SNPs/InDels (above) and CNV events (below) over all target gene copies. The 
chromosomal locations of the copies are given below the common Arabidopsis gene name (white background), 
with colors representing the respective type of sequence variation observed (see color code below each 
diagram). Upper panel: Silent SNPs are not indicated if synonymous or non-synonymous SNPs are present in 
the same copy, and synonymous SNPs are not indicated if non-synonymous SNPs are present in the same copy. 
Lower panel: Gene copies showing two different colors are deleted in some lines and duplicated in some others.
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Figure 3.  2D plots of PCA for the total population. The explained variance is given in brackets. Colors 
indicate the cluster. Cluster 1 is shown in red, cluster 2 in green and cluster 3 in black. Letters indicate the 
morphotype: w for winter, s for spring, e for semi-winter and d for swedes.

Figure 4.  Genome-wide distribution of χ2 p-values tested against equal distribution in winter and spring 
material. The chromosomes are coloured differently. The solid lines indicate the marker cut-off threshold of 
0.1%.
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vernalisation) or 12 weeks (strong vernalisation), or kept in the greenhouse (no vernalisation). Begin of flowering 
(BBCH 61) was tracked daily for every single plant.

Marker name Chromosome Position

winter allele spring allele

located in gene

clear 
winter

clear 
spring mixed deletions

winter 
pop

spring 
pop

winter 
pop

spring 
pop −log(p)

split markers ww ss ws 00

Bn-A01-p4641747 chrA01 4261277 132 13 4 101 39.3 BnaA01g08820D

Bn-A01-p4641802 chrA01 4261332 132 13 4 101 39.3

BnaA01g08820D 136 102 12 3
Bn-A01-p4803773 chrA01 4413051 128 9 6 105 39.8

Bn-A02-p3207085 chrA02 695308 131 7 4 106 42.8

Bn-A02-p3208275 chrA02 700390 129 7 5 106 41.7

Bn-A02-p3295898 chrA02 786193 130 8 5 101 39.9
BnaA02g01700D

129 104 12 8

Bn-A02-p3297592 chrA02 787627 128 6 6 104 40.6

Bn-A02-p3299206 chrA02 789246 130 6 5 105 42.1 BnaA02g01710D

Bn-A02-p3300731 chrA02 790766 128 6 6 105 40.9
BnaA02g01710D

Bn-A02-p3302725 chrA02 792753 126 6 7 105 39.8

Bn-A02-p3361391 chrA02 849106 126 6 8 104 39.1

BnaA02g01860DBn-A02-p5907701 chrA02 3096806 136 12 1 99 41.9

Bn-A02-p5917045 chrA02 3104382 137 11 2 101 42.9 148 101 2 2

Bn-A03-p6576575 chrA03 5874703 126 3 9 111 42.6

BnaA03g12910D
129 113 9 1

Bn-A03-p6636780 chrA03 5928259 131 5 6 109 44.0

Bn-A03-p9836757 chrA03 9057095 128 8 7 103 39.1 136 110 na 7

Bn-A07-p15352802 chrA07 17269795 126 7 9 106 39.0 BnaA07g22720D

133 115 na 5Bn-A09-p30805314 chrA09 28557636 125 4 9 107 40.2 BnaA09g40670D

Bn-A09-p30805387 chrA09 28557709 125 4 9 110 41.4 BnaA09g40670D

Bn-A09-p30887157 chrA09 28628531 131 11 5 103 39.9

129 101 19 4

Bn-A09-p30909393 chrA09 28655613 131 9 4 105 41.7
BnaA09g40920D

Bn-A09-p30918224 chrA09 28662308 131 13 4 101 38.9

Bn-A09-p30921980 chrA09 28664405 131 11 4 103 40.3 BnaA09g40940D

Bn-A10-p7357442 chrA10 9020292 128 7 9 106 39.8 BnaA10g10600D

Bn-A10-p7357555 chrA10 9020402 127 6 9 106 39.8 BnaA10g10600D 135 115 0 3

Bn-scaff_17109_2-p79906 chrA10 14916811 121 1 17 111 38.9

BnaA10g21860D

122 128 na 3

Bn-scaff_16002_1-p1767743 chrC03 12604057 127 7 9 105 39.0 134 114 na 5

Bn-scaff_18206_3-p62755 chrC06 18959652 131 12 4 100 38.9

143 104 na 6Bn-scaff_16912_1-p190291 chrC09 12697195 129 9 8 104 39.0

BnaC09g15770D

Bn-scaff_20836_1-p198809 chrC09 12804839 129 8 9 105 39.4

Bn-scaff_20836_1-p198391 chrC09 12805246 129 8 9 105 39.4

137 112 2 2
Bn-scaff_20836_1-p197940 chrC09 12805697 130 8 9 105 39.8

Bn-scaff_20836_1-p197387 chrC09 12806250 129 8 9 105 39.4

Bn-scaff_20836_1-p196601 chrC09 12807036 129 8 9 104 39.0

Regions from deep sequencing

chrA02_3321143 chrA02 3321143 127 9 12 105 37.2 Bna.SRR1.A02

chrA02_3862842 chrA02 3862842 120 3 19 111 37.1 Bna.VIN3.A02

chrA03_5891342 chrA03 5891342 126 6 13 107 38.3 protein agamous-like 71

chrA09_random_3749261 chrA09_random 3749261 126 12 13 102 34.4 Bna.CCR1.A09_random

chrA10_14998726 chrA10 14998726 127 10 12 104 36.5 Bna.FLC.A10

chrC02_random_990005 chrC02_random 990005 125 11 14 103 34.4 Bna.FT.C02_random promoter

Table 1.  Marker distributions of SNP markers associated with the winter-spring morphotype split in B. 
napus, along with the most closely associated markers from deep sequencing for the winter-spring split. 
The table shows the marker name, chromosomal position and the number of lines carrying either a winter or a 
spring allele in the respective winter-type and spring-type populations. The table also gives the −​log(p-value) 
used to determine the split markers, along with the gene ID where the marker is located. If empty, the marker 
is non-genic. The markers with the highest −​log(p-value) in each split region are shown in bold letters. The 
last four columns of the table show how many clear winter or spring haplotypes were counted, along with the 
number of mixed haplotypes and deletions. For regions only containing one marker, mixed haplotypes do not 
apply (na).
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DNA isolation.  Leaf material for genomic DNA extraction was harvested in spring 2012 from the field trial 
in Giessen, Germany. Pooled leaf samples were taken from at least 5 different plants per genotype, immediately 
shock-frozen in liquid nitrogen and kept at −​20 °C until extraction. Leaf material was ground in liquid nitro-
gen with a mortar and pestle. DNA was extracted using a common CTAB protocol modified from Doyle and 
Doyle (1990) as described earlier12. DNA concentration was determined using a Qubit fluorometer and the Qubit 
dsDNA BR assay kit (Life Technologies, Darmstadt, Germany) according to the manufacturer’s protocol. DNA 
quantity and purity was further checked on 0.5% agarose gel (3 V/cm, 0.5xTBE, 120 min).

Selection of target genes.  As described previously12, a set of 29 A. thaliana flowering time genes was 
selected to cover the entire genetic network controlling flowering time, including circadian clock regulators 
(CYCLING DOF FACTOR 1 (CDF1), EARLY FLOWERING 3 (ELF3), GIGANTEA (GI) and ZEITLUPE (ZTL)), 
the input pathways for vernalisation (EARLY FLOWERING 7 (ELF7), EARLY FLOWERING IN SHORT DAYS 
(EFS), FLOWERING LOCUS C (FLC), FRIGIDA (FRI), SHORT VEGTATIVE PHASE (SVP), SUPPRESSOR 
OF FRIGIDA 4 (SUF4), TERMINAL FLOWER 2 (TFL2), VERNALISATION 2 (VRN2), VERNALISATION 
INSENSITIVE 3 (VIN3)), photoperiod sensitivity (CONSTANS (CO), CRYPTOCHROME 2 (CRY2), 
PHYTOCHROME A (PHYA), PHYTOCHROME B (PHYB)) and gibberellin (GIBBERELLIN-3-OXIDASE 
1 (GA3ox1)), along with downstream signal transducers (AGAMOUS-LIKE 24 (AGL24), APETALA 1 (AP1), 
CAULIFLOWER (CAL), FLOWERING LOCUS D (FD), FLOWERING LOCUS T (FT), FRUITFUL (FUL), 
LEAFY (LFY), SQUAMOSA PROMOTOR PROTEIN LIKE 3 (SPL3), SUPPRESSOR OF CONSTANS 1 (SOC1), 
TEMPRANILLO 1 (TEM1), TERMINAL FLOWER 1 (TFL1)). On top, we also included CIRCADIAN CLOCK 
ASSISTED 1 (CCA1), FLAGELLIN-SENSITIVE 2 (FLS2), GLYCIN-RICH PROTEIN 7 (GRP7), GLYCIN-RICH 
PROTEIN 8 (GRP8), GORDITA (GORD) and SENSITIVITY TO RED LIGHT REDUCED 1 (SRR1).

A full list of gene names and putative functions is provided in Supplementary Table 1.

Bait development.  In order to perform target enrichment, complementary sequences of 120 nt length were 
first developed for each target region. A group of 120mer oligonucleotide sequences covering a certain target 
region is hereinafter referred to as a bait group for that target region, while collectively all bait groups are referred 
to as the bait group pool. In the present study the bait group pool for the sequence capture, developed mainly 

Figure 5.  Distribution of clear winter haplotypes (above) and clear spring haplotypes (below) in the 
total population for all identified split regions. Mixed haplotypes were not counted. The distribution on 
morphotypes is colour-coded.



www.nature.com/scientificreports/

7Scientific Reports | 7:41845 | DOI: 10.1038/srep41845

Marker name Chromosome Position

non-swede allele swede allele

located in gene

clear non-
swede

clear 
swede mixed deletions

non-swede 
pop

swede 
pop

non-
swede 

pop
swede 

pop −log(p)
split markers nn ss sn 00

chrA03_4639027 chrA03 4639027 260 0 0 11 57.7 Bna.VIN3.A03 260 11 na 0
chrA04_12696607 chrA04 12696607 0 8 260 3 55.8 263 8 na 0
chrA06_5607262 chrA06 5607262 2 11 258 0 56.0 Bna.CCR1.A06

257 6 8 0
chrA06_5607744 chrA06 5607744 0 9 260 2 56.3 Bna.CCR1.A06
chrA06_5608016 chrA06 5608016 1 11 259 0 56.9 Bna.CCR1.A06
chrA06_5608089 chrA06 5608089 1 11 259 0 56.9 Bna.CCR1.A06
chrA06_5614815 chrA06 5614815 0 8 260 3 55.8
chrA08_14983629 chrA08 14983629 260 3 0 8 55.8 Bna.TEM1.A08 263 8 na 0
chrA09_11993194 chrA09 11993194 0 8 260 3 55.8 BnaA09g19070D

263 8 0 0chrA09_11993662 chrA09 11993662 0 8 260 3 55.8
BnaA09g19070DchrA09_11995810 chrA09 11995810 260 3 0 8 55.8

Bn-A09-p21922383 chrA09 19312044 0 8 260 3 55.8 263 8 na 0
chrA09_32435440 chrA09 32435440 2 11 258 0 56.0 Bna.PHYA.A09

258 9 4 0
chrA09_32435455 chrA09 32435455 2 11 258 0 56.0 Bna.PHYA.A09
chrA09_32437048 chrA09 32437048 0 10 260 1 56.9 Bna.PHYA.A09
chrA09_32441986 chrA09 32441986 260 2 0 9 56.3 BnaA09g48430D
chrA10_17106726 chrA10 17106726 0 8 260 3 55.8 Bna.ELF7.A10

263 8 0 0chrA10_17106744 chrA10 17106744 0 8 260 3 55.8 Bna.ELF7.A10
chrA10_17108533 chrA10 17108533 260 3 0 8 55.8 Bna.ELF7.A10
chrC01_1447013 chrC01 1447013 0 8 260 3 55.8

262 8 1 0

chrC01_1447235 chrC01 1447235 0 9 260 2 56.3 Bna.FD.C01
chrC01_1447273 chrC01 1447273 260 2 0 9 56.3 Bna.FD.C01
chrC01_1447516 chrC01 1447516 0 9 260 2 56.3 Bna.FD.C01
chrC01_1447693 chrC01 1447693 260 2 0 9 56.3 Bna.FD.C01
chrC01_1447972 chrC01 1447972 0 9 260 2 56.3 Bna.FD.C01
Bn-scaff_16770_1-p1357882 chrC08 24087909 0 8 260 3 55.8 263 8 na 0
chrC08_36752901 chrC08 36752901 260 1 0 10 56.9 BnaC08g42670D

259 9 3 0

chrC08_36752954 chrC08 36752954 0 10 260 1 56.9
BnaC08g42670D

chrC08_36753586 chrC08 36753586 1 10 259 1 56.1
chrC08_36754224 chrC08 36754224 0 9 260 2 56.3

BnaC08g42680D
chrC08_36755379 chrC08 36755379 1 10 259 1 56.1
chrC08_36755562 chrC08 36755562 0 9 260 2 56.3
Bn-scaff_16389_1-p12505 chrC08 38113567 0 8 260 0 56.8 260 8 na 3
chrC09_43739821 chrC09 43739821 0 8 260 3 55.8 Bna.CO-li.C09 263 8 na 0

Regions from deep sequencing
chrA01_random_477115 chrA01_random 477115 5 8 255 3 51.6 mads-box protein
chrA03_6053137 chrA03 6053137 8 9 252 2 49.6 Bna.FRI.A03
chrA03_6243410 chrA03 6243410 12 8 248 2 46.2 Bna.FLC.A03
chrA04_12695445 chrA04 12695445 3 8 257 3 53.3 Bna.ELF3.A04
chrA05_5425314 chrA05 5425314 1 8 259 3 55.0 Bna.SPL3.A05

chrA05_9211460 chrA05 9211460 4 9 256 2 52.9 ubiquitin-conjugating 
enzyme family protein

chrA07_23775522 chrA07 23775522 3 8 257 3 53.3 cinnamoyl- reductase 2-2
chrA10_1357187 chrA10 1357187 1 8 259 3 55.0 Bna.CRY2.A10
chrA10_13359226 chrA10 13359226 1 9 259 2 55.4 Bna.CO.A10
chrA10_14998679 chrA10 14998679 3 10 257 1 54.4 Bna.FLC.A10
chrAnn_random_610372 chrAnn_random 610372 10 11 250 0 49.4 Bna.TFL1.Ann.random
chrAnn_random_20504534 chrAnn_random 20504534 253 3 7 8 49.9 Bna.VRN2.Ann.random
chrC03_8403949 chrC03 8403949 12 8 248 3 45.9 Bna.FLC.C03
chrC03_random_5400150 chrC03_random 5400150 259 2 1 9 55.4 Bna.FD.C03.random

Table 2.  Marker distributions of SNP markers associated with the swede vs. non-swede morphotype 
split in B. napus, along with the most closely associated markers from deep sequencing for the swede vs. 
non-swede split. The table shows the marker name, chromosomal position and the number of lines carrying 
either a non-swede or a swede allele in the respective non-swede and swede populations. The table also gives 
the −​log(p-value) which used to determine the split markers, along with the gene ID or the name of the gene 
where the marker is located. If empty, the marker is non-genic. The markers with the highest −​log(p-value) in 
each split region are shown in bold letters. The last four columns of the table show how many clear non-swede 
or swede haplotypes were counted, along with the number of mixed haplotypes and deletions. For regions only 
containing one marker, mixed haplotypes do not apply (na).
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using gene sequences from B. rapa or B. oleracea12, was modified in order to improve specificity. Enriched regions 
captured in our previous study12 were classified into target regions and non-target regions. The bait pool was 
then blasted against target and non-target regions with an E-value cut-off of 10−10. Baits which had excessive 
non-target hits were manually removed. This was the case for bait groups on FT, FUL and PHYA. For some bait 
groups (AP1, CO, SOC1), too many baits (>​30%) were deleted. In these cases, bait groups were created using a 
pre-publication draft (version 4.0) of the B. napus ‘Darmor-Bzh’ reference genome sequence assembly, which 
was kindly made available prior to public release by INRA, France, Unité de Recherche en Génomique Végétale6, 
using the Agilent Genomic Workbench program SureDesign (Agilent Inc., Santa Clara, CA, USA). These replaced 
the corresponding bait groups developed previously using B. rapa or B. oleracea. Bait groups were created using 
the ‘Bait Tiling’ tool. The parameters were set as follows: Sequencing Technology: ‘Illumina’, Sequencing Protocol: 
‘Paired-End long Read (75 bp+​)’, ‘Use Optimized Parameters (Bait length 120, Tiling Frequency 1x)’, Avoid 
Overlap: ‘20’, ‘User defined genome’, ‘Avoid Standard Repeat Masked Regions’. Baits for genes on the minus-strand 
were developed in sense, while baits on the plus-strand were developed in antisense.

In total, 63 bait groups were created for B. rapa copies of the target genes, 71 bait groups for B. oleracea copies 
and 24 bait groups for B. napus copies.

Sequence capture and sequencing.  Custom bait production was carried out by Agilent Technologies 
(Agilent Inc., Santa Clara, CA, USA) using the output oligonucleotide sequences from eArrayXD. Sequence cap-
ture was performed using the SureSelectXT 1 kb–499 kb Custom Kit (Agilent Inc., Santa Clara, CA, USA) accord-
ing to the manufacturer’s instructions. The resulting TruSeq DNA library (Illumina Inc., San Diego, CA, USA) 
was sequenced on an Illumina HiSeq 2500 sequencer at the Max Planck Institute for Breeding Research (Cologne, 
Germany) in 100 bp single-read mode.

Sequence data analysis.  Quality control of the raw sequencing data was performed using FASTQC. 
Reads were mapped onto version 4.1 of the B. napus ‘Darmor-Bzh’ reference genome sequence assembly6. 
Mapping was performed using the SOAPaligner algorithm35, with default settings and the option r =​ 0 to extract 
uniquely aligned reads. Removal of duplicates, sorting and indexing was carried out with samtools version 
0.1.1936. Alignments were visualised using the IGV browser version 2.3.1237. Enriched regions and coverage 

Figure 6.  Distribution of clear non-swede haplotypes (above) and clear swede haplotypes (below) in the 
total population for all 13 identified split regions. Mixed haplotypes were not counted. The distribution on 
morphotypes is colour-coded.
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differences were calculated using the bedtools software with multiBamCov38. Calling of single nucleotide poly-
morphisms (SNPs) was performed with the algorithm mpileup in the samtools toolkit. SNP and InDel annotation 
was performed using CooVar39. Target regions were defined using the gene annotation list from the B. napus 
‘Darmor-bzh’ v4.1 reference genome6 and BLAST position results of the bait pool (E-value cut-off 10−100) on 
the mapping reference, and used to calculate the fraction of target covered. For InDel calling, a separate map-
ping using Bowtie240 was performed, as described previously41. Removal of duplicates, sorting and indexing was 
carried out with samtools version 0.1.19. An initial InDel calling was performed using samtools mpileup, and 
realignment of reads around InDels was performed using GATK RealignerTargetCreator, version 3.1.142. A final 
InDel calling was then performed as described above. InDels were filtered for a minimum mapping quality of 30 
and a read depth of 10 or more using vcftools43.

Read coverage for each captured region was normalised as follows: normalised coverage =​ (number of reads 
per region*total length of genome)/(total number of aligned reads per genotype*average read length). Copy num-
ber variation (CNV) in a given target region was assumed if the ratio of normalised coverage(genotype)/normal-
ised coverage(all genotypes) was smaller than 0.5 or higher than 1.5, respectively.

Sequencing data for 3 genotypes from a former experiment (Silona, Campino, Magres Pajberg)12 were ana-
lysed separately with the same pipeline to allow inclusion in the marker distribution analysis.

SNP genotyping and pre-processing.  The 283 accessions were genotyped using the Brassica 60 K 
Illumina®​ Infinium SNP array by TraitGenetics GmbH (Gatersleben, Germany). We used the SNP positions as 
published in44. Heterozygous calls were treated as missing values. Moreover, we used the deep sequencing data to 
include all confidently called SNPs in biallelic state which lay in the analysed regions. Confidently called InDels 
were included by coding reference alleles as AA, insertions as CC, deletions as TT and heterozygous calls as 
missing values. The SNP matrix from the SNP array and the SNP and InDel data from deep sequencing were com-
bined to one single marker file and sorted by position. The subsequent marker set contained 43733 markers. After 
pre-processing the marker set for non-missing marker values >​0.9, minor allele frequency >​0.01 and individuals 
(genotypes) with non-missing individual markers >​0.8, we retained 33944 unique SNP markers and a population 
of 271 individuals for marker distribution analysis. Data pre-processing was performed with R (version 3.1.0) 
using the package GenABEL45.

Population structure.  Population structure analysis and visualization were performed in R (version 3.1.0) 
using the package SelectionTools (http://fb09-pg-s207.agrar.uni-giessen.de/~frisch-m/), which applies principal 
component analysis based on genetic distances calculated according to the euclidean modified Rodger’s distance 
method. The most likely number of population subclusters was determined to be 3 by plotting the within-cluster 

Figure 7.  Haplotype distribution for the Bna.FT promoter on C02_random. The distribution on 
morphotypes is colour-coded. The haplotype patterns are provided in the text.

http://fb09-pg-s207.agrar.uni-giessen.de/~frisch-m/
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sum of squares against the possible number of clusters, ranging from 1 to 15. K-means clustering was then per-
formed in R using SelectionTools.

Marker distribution analysis.  For every marker, we counted the allele frequency of the alternative allele in 
each morphotype pool. The ratio between the frequency of the allele in the winter pool (winter +​ swedes) and the 
spring pool (semi-winter +​ spring) was used to assign the allele as a winter or spring allele. If the ratio was <​1, the 
alternative allele was denoted spring (s), if it was >​1, the alternative allele was denoted winter (w). We then first 
tested if the marker would be suitable to explain a morphotype split, by comparing the observed distribution of w 
alleles in the winter pool (without swedes) and s alleles in the spring pool (without semi-winter) with the expected 
distribution (139/114), using a χ​2 test. Only markers which did not show significant deviation from this distribution 
(p-value >​ 0.1) were considered in the next step. In the next step, we tested the distribution against random distribu-
tion between the pools, by comparing the observed distribution of w alleles in winter/s alleles in spring/s alleles in 
winter/w alleles in spring against the expected random distribution of 69.5/57/69.5/57. We then considered the top 
0.1% of −​log(p-value) as split markers. The same was done for the swede and non-swede material.

Results
Deep sequencing and variant calling.  We defined regions as genetic regions which were covered 
with a mean coverage in the population of at least 10. In total, we analyzed 1184 regions, of which 637 regions 
were annotated as genes. Of these, 184 corresponded to the intended target genes. Two target genes copies for 
VERNALISATION INSENSITIVE 3 (VIN3) (Bna.VIN3.A01 and Bna.VIN3.C01) had insufficient coverage for this 
analysis and were not considered. Among the non-genic regions, we found 33 regions giving a BLAST hit to the 
FLOWERING LOCUS T (FT) promoter. A further 12 regions were identified as pseudogenes of the target genes. 
Those regions which were assigned to one of those classes (target genes, target pseudogenes and FT promoter) 
were summarized as target regions. A gene group is defined as all copies of a specific gene.

We called and annotated 13053 SNPs, of which 4806 were located in the target regions. InDel calling revealed 
a total of 1894 InDels, with 506 in the target regions. Only 25 InDels were frameshifts, amino acid insertions or 
splice variants. All gene groups showed potentially functional variation, i.e. at least one copy of the gene group 
carried either a non-synonymous SNP, stop codon mutation, amino acid insertion, splice variant or frameshift 
InDel. Altogether, only 7 copies were completely conserved, while 16 copies carried only silent or synonymous 
variation. Interestingly, no functional variation was observed in two copies of Bna.FLOWERING LOCUS C (FLC) 
(on chromosomes A02/C02) and two copies of Bna.FT (also on chromosomes A02/C02), respectively. On the 
other hand, other copies of Bna.FLC (A03, A10) and Bna.FT (C06) carried a surprisingly large range of variation. 
Among the genes with frameshift variants were copies of Bna.FRIGIDA (FRI), Bna.PHYTOCHOME A (PHYA), 
Bna.EARLY FLOWERING IN SHORT DAYS (EFS), Bna.EARLY FLOWERING 7 (ELF7), Bna.PHYTOCHROM B 
(PHYB), Bna.VERNALISATION 2 (VRN2) and Bna.LEAFY (LFY) (Fig. 2). We also calculated copy number vari-
ation (CNV) based on read depth. No gene group was found without CNV, and only two lines were found which 
did not carry any CNV among the target copies. The distribution of SNPs, InDels and CNVs is shown in Fig. 2.

Population structure.  Among the analysed population of 271 accessions, we had 139 winter type acces-
sions, 7 semi-winter type accessions, 114 spring type accessions and 11 swedes. Analyzing this population with 
a Principal Component Analysis (PCA) showed a strong population substructure, as the first principal com-
ponent explained 24.1% of the variation, while further components explained 5.4, 2.5 and 2.1%, respectively 
(Fig. 3). The population falls into three main clusters: the first cluster contained 137 winter type accessions, the 
second one 93 spring type accessions and a semi-winter type accession, and the third and most diverse cluster 
contained 11 swedes, 6 semi-winter type accessions, 21 spring type accessions and 2 winter type accessions. 
We concluded that the winter material was genetically least diverse, while spring material was more diverse, 

Gene ID Chromosome start stop

deletions duplications

mean 
coverage Gene name

nonswede 
population

swede 
population

nonswede 
population

swede 
population

BnaA08g15780D chrA08 13097823 13098361 11 9 0 0 1641.5 no annotation

BnaA09g48410D chrA09 32434233 32438771 31 0 10 8 1136.2 Bna.PHYA.chrA09

BnaA09g57140D chrA09_random 4043861 4045464 1 0 4 8 1675.6 Bna.GA3ox.chrA09.random

BnaA10g22080D chrA10 14998617 15003197 2 0 2 9 1321.5 Bna.FLC.chrA10

BnaC08g38580D chrC08 34776298 34779240 9 8 1 0 1226.1 Bna.CCR1.chrC08

BnaC08g38810D chrC08 34907098 34908735 4 9 0 0 1581.1 Bna.GA3ox.chrC08

BnaC08g42660D chrC08 36746642 36751390 6 10 15 0 1537.7 Bna.PHYA.chrC08

BnaC08g42670D chrC08 36752307 36753108 7 9 14 0 1660.2 germin like protein

BnaC09g46500D chrC09 46345350 46350092 2 9 13 0 1096.9 Bna.FLC.chrC09

BnaC09g46540D chrC09 46366645 46371180 3 9 11 0 1031.5 Bna.FLC.chrC09

Table 3.  Distribution of deletion and duplication events in the non-swede and swede populations. The 
table shows the gene ID, chromosomal position and the number of lines in the respective non-swede and 
swede populations which carry either a deletion or duplication. The table also gives the mean coverage of the 
respective gene and the common gene name.
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Chromosome Marker with highest p-value Candidate
Distance from closest 

split marker [kbp]

chrA01 Bn-A01-p4803773

dna topoisomerase 2 502.7

pseudo-response regulator 2 57.0

agamous-like protein 1 386.3

probable lysine-specific demethylase jmj14-like 877.5

small rna 2 -o-methyltransferase 990.8

chrA02 Bn-A02-p3207085

flowering locus c 557.1

transcription factor hy5 342.1

embryonic flower 1 281.6

nuclear transcription factor y subunit a-1 127.5

flowering time control protein fy 8.1

zinc finger protein knuckles 44.4

dna (cytosine-5)-methyltransferase drm2 121.7

chrA02 Bn-A02-p5917045

histone deacetylase 403.8

auxin response factor 4 81.4

e3 sumo-protein ligase siz1 53.5

ap2-like ethylene-responsive transcription factor toe2 1.9

pseudo-response regulator 3 8.2

sensitivity to red light reduced protein 215.9

multicopy suppressor of ira1 580.9

vernalization insensitive 3 757.8

chrA03 Bn-A03-p6636780

protein agamous-like 71 19.3

protein agamous-like 42 22.4

protein phosphatase 8.2

polycomb group protein embryonic flower 2 70.5

frigida 124.9

flowering locus c 311.8

chrA03 Bn-A03-p9836757

histone h2a 539.8

chromatin structure-remodeling complex protein syd 445.8

protein early flowering 4-like 164.3

btb poz domain-containing protein 48.3

chrA07 Bn-A07-p15352802

two-component response regulator arr5 352.9

sin3 histone deacetylase complex 654.6

protein argonaute 7-like 894.1

floral homeotic protein apetala 1 964.5

chrA09 Bn-A09-p30909393

protein early flowering 3-like 17.9

e3 ubiquitin-protein ligase orthrus 2 67.9

dna methyltransferase 727.3

chrA10 Bn-A10-p7357555

topoisomerase i 651.5

swinger 285.1

histone acetyltransferase type b catalytic subunit-like 187.2

chrA10 Bn-scaff_17109_2-p79906

transcription factor hy5 261.7

flowering-promoting factor 1-like 99.2

flowering locus c 81.8

chrC03 Bn-scaff_16002_1-p1767743

btb poz domain-containing protein 67.5

two-component response regulator arr16 12.8

phy rapidly regulated 1 743.0

chrC06 Bn-scaff_18206_3-p62755

histone z 939.5

squamosa-promoter binding protein 213.7

shatterproof1 749.7

chrC09 Bn-scaff_20836_1-p197940 set domain isoform 1 845.4

Table 4.  Selected candidate genes for all 12 regions associated with the split between winter-type and 
spring-type B. napus accessions. The table lists the chromosome and the marker with the most significant 
deviation from the expected random distribution, together with candidate genes selected based on gene 
ontology and literature. The last column specifies the distance of the gene to the closest marker within the split-
associated region. The candidate gene closest to the split region is shown in italics.
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followed by semi-winter and swede material. Overlap between winter and spring pools is minimal, while all 
other types show more overlap, although swedes are more distant from the winter and spring core clusters.

Marker distribution analysis.  To analyse marker distribution on a genome-wide scale, we used SNP data 
from the Brassica 60 K Illumina®​ Infinium SNP array and combined it with data from deep sequencing (SNPs 
and InDels). In order to find the most indicative marker patterns for the differential flowering behaviour of winter 
and spring material, we analyzed the differential marker pattern between the different morphotypes using the χ​2 
test. We first defined “winter” and “spring” alleles by allele frequencies in the different morphotypes and assessed 
their distribution in both pools. First, we excluded all markers with non-suitable allele frequencies. We regard all 
markers as non-suitable if their minor allele frequency was too low to explain a population split. This was tested 
in a foregoing χ​2 test (see Methods). The remaining markers were tested against random distribution in the 

Chromosome Marker with highest p-value Candidate
Distance from closest 

split marker [kbp]

chrA03 chrA03_4639027
vernalization insensitive 3 0.0

histone acetyltransferase type b catalytic subunit 163.4

chrA04 chrA04_12696607

protein ovule abortion 4 45.0

protein early flowering 3-like 0.1

terminal flowering 1 protein 1 413.7

chrA06 chrA06_5608089

gibberellin 3-oxidase 181.8

cinnamoyl- reductase 0.0

transcriptional factor b3 family protein 248.7

histone acetyltransferase hac12 263.1

protein elf4-like 4 473.9

chrA08 chrA08_14983629

ap2-erebp rave subfamily protein rav2 0.0

cycling dof factor 2 170.7

cullin 3 187.3

chrA09 chrA09_11993662

cullin 4 982.5

della protein 348.6

agamous-like mads-box protein agl3 367.7

chrA09 Bn-A09-p21922383

mads-box protein gordita 875.9

protein suppressor of fri 4 759.6

nuclear transcription factor y subunit a-7 151.7

chrA09 chrA09_32437048

phytochrome a 0.0

phytochrome interacting factor 3 11.9

histone-lysine n-methyltransferase atx2 810.9

chrA10 chrA10_17106744

probable lysine-specific demethylase elf6-like 457.6

protein lhy cca1-like 1 51.2

pseudo-response regulator 7 41.0

protein early flowering 7 0.0

chrC01 chrC01_1447516 bzip transcription factor 0.0

chrC08 Bn-scaff_16770_1-p1357882 dek domain-containing chromatin associated 
protein 942.4

chrC08 chrC08_36752954

phytochrome a 1.5

phytochrome interacting factor 3 10.5

medea 551.6

chrC08 Bn-scaff_16389_1-p12505

histone-lysine n-methyltransferase atx2 434.0

dna helicase 405.8

tata-box-binding protein 2 107.5

chrC09 chrC09_43739821

chromo domain-containing protein lhp1-like 985.9

della protein 866.0

col1 protein 0.0

coa 5.9

sepallata2 47.5

Table 5.  Selected candidate genes for all defined regions associated with the split between swede and 
non-swede B. napus morphotypes. The table lists the chromosome and the marker with the most significant 
deviation from the expected random distribution, together with candidate genes selected based on gene 
ontology and literature. The last column specifies the distance of the gene to the closest marker within the split-
associated region. A value of “0.0” indicates that the marker lies within the gene. The candidate gene closest to 
the split region is shown in italics.
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Figure 8.  Distribution of flowering plants in the vernalisation trial. The height of the bars represents the 
number of replications which could be phenotyped. Yellow indicates flowering plants, grey indicates non-
flowering plants. The different treatments are framed in different colors, with green indicating no vernalisation, 
blue mild vernalisation (6 weeks) and red strong vernalisation (12 weeks).
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respective morphotypes. The same was done for swedes against non-swede accessions. Choosing a cut-off which 
considers the top 0.1% of markers (-log[p-value] =​ 38.9 for winter/spring and 55.8 for swedes), we detected 12 
regions on chromosomes A01, A02, A03, A07, A09, A10, C03, C06 and C09 for the winter-spring split (Fig. 4), 
and 13 regions on chromosomes A03, A04, A06, A09, C01, C08 and C09 for the swede split.

Analysis of split regions.  We subsequently counted how many of the 12 winter-spring split regions have a 
clear winter or spring pattern in each genotype, i.e. the number of cases where every split marker in the haplotype 
corresponded to the winter or spring state (Table 1). The distribution of lines carrying clear winter and spring hap-
lotypes is shown in Fig. 5. Mixed haplotypes were excluded here, as they account for less than 5% of the haplotypes. 
From this distribution, we concluded that characterizing these regions for their haplotype pattern is sufficient to 
distinguish winter from spring morphotypes, but not to distinguish semi-winter or swede morphotypes. The same 
analysis on 13 split regions identified for the swede vs. non-swede split revealed a more explicit distribution (Table, 2 
and Fig. 6). Genotyping these loci is therefore sufficient to distinguish swede morphotypes from non-swedes.

In order to exclude candidates for the respective morphotype split, we specifically looked at the variant dis-
tributions from deep sequencing in our marker set. Because these derived from sequence data, a poorly fitting 
distribution excludes the sequence from being a major cause for this morphotype, as sequencing covers the total 
variation of a gene. This is not the case for data from the SNP array, as even genic SNPs are not always completely 
predictive for their neighbor SNP. For the winter-spring split, only 6 sequenced regions with a distribution com-
parable to the detected split markers could be found, among them Bna.VIN3.A02, Bna.FLC.A10 and the Bna.FT 
promoter on the non-assembled scaffolds of C02_random (Table 1). With the exception of Bna.FLC.A10 (R10P 
mutation), all those SNPs are either synonymous or located in an intron. For the non-swede vs. swede split, 
we found 17 sequenced regions carrying variants with an acceptable distribution, for example three copies of  
Bna.FLC, two copies of Bna.CO and a further copy of Bna.FLOWERING LOCUS D (FD) (Table 2).

Upstream of the gene Bna.FT on C02_random we found two regions, spanning 4622 and 4904 bp, respec-
tively, which retrieved BLAST hits to the A02 or C02 copies of the Bna.FT promoter listed by NCBI. We therefore 
identified these sequences as the promoter of Bna.FT on C02_random. Both sequences contain a CArG box core 
motif, whereby the first sequence also contains 3 additional FLC binding sites known from A. thaliana46 and the 
second sequence contains 2 such FLC binding sites. No SNP is located in those motifs. We found that most (143 
of 145) winter types are unchanged in both sequences or carry only minor changes, whereas most (71 of 116) of 
the spring population carried one of two distinctive haplotype patterns involving a SNP at position C02_ran-
dom:980227 (Fig. 7). These patterns were shared by only two putative winter-type accessions, one of which is 
an exotic accession that may not need vernalisation, whereas the other is an accession which the vernalisation 
experiments revealed to have vernalisation-independent flowering (see below).

We furthermore compared the numbers of deletion and duplication events in the different morphotype 
pools. For the winter-spring split, we found no specific pattern for the total population. In contrast, we found 
several patterns of deletions and duplications which were almost exclusive to swedes, concerning split regions 
on A08, A09, A10, C08 and C09 (Table 3). The regions on A09/C08 (containing copies of Bna.PHYA and  
Bna.GIBBERELLIN 3 OXIDASE 1 (GA3ox1) and A10/C09 (containing copies of Bna.FLC) are homeologous to 
each other. Some of these regions, particularly those on C08, appear to involve larger homoeologous exchanges 
that probably affect not only the detected genes.

Figure 9.  Barplots of flowering time recorded in days after sowing (DAS) for FLC-affected and non-
affected plants among the spring genotypes in the vernalisation trial. Whiskers show standard errors. The 
asterisks denote the level of significance for Student’s t-test (*p-value <​ 0.05, ***p-value >​ 0.001). NV: No 
vernalisation, MV: mild vernalisation (6 weeks), SV: strong vernalisation (12 weeks).
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For the winter-spring split, we found 234 genes with flowering-related gene ontology terms within 1 Mb of one 
of the diagnostic split markers. Examples are shown in Table 4. In the 13 regions showing a split between swedes 
and non-swedes, we found 260 candidate genes within 1 Mb. In this analysis, several split markers lay directly in 
candidate genes covered by deep sequencing, for example Bna.VIN3, Bna.PHYA (2 copies), Bna.TEMPRANILLO1 
(TEM1), Bna.ELF7, Bna.CONSTANS (CO), Bna.CO-like or Bna.CINNAMOYL COA REDUCTASE 1 (CCR1) 
(Table 5). Some of those markers were non-synonymous SNPs (in Bna.CCR1, Bna.TEM1, Bna.CO, Bna.CO-like), 
whereas others were either synonymous or located in introns or untranslated regions (UTRs).

Vernalisation trials.  In order to test if the swede-specific pattern of Bna.FLC deletions and duplica-
tions would affect vernalisation dependency, we conducted a vernalisation trial with a reduced set of lines 
(11 lines each from the winter, spring and swede panels). These were selected to represent either lines with-
out CNV in Bna.FLC (as a control), or lines which have alternative patterns of deletion and duplication in 
Bna.FLC. The plants were subjected to either 6 or 12 weeks of vernalisation, or were not vernalised. We then 
scored the time until opening of the first flower. We found that all spring lines and one winter line were ver-
nalisation independent. The vernalisation-independent winter line was one of the two genotypes carrying 
a strongly divergent Bna.FT promoter on C02_random. All swedes and three winter lines were found to be 
strongly vernalisation dependent, meaning that no plants flowered after mild vernalisation. At the end of the 
experiment, one winter line and 8 swede lines did not flower at all, meaning that 12 weeks of vernalisation 
were not sufficient to induce flowering (Fig. 8).

For the spring types, we found that lines with altered Bna.FLC patterns flower significantly later than lines 
without such changes (Fig. 9). All the same, spring lines carrying a swede pattern in Bna.FLC were not vernalisa-
tion dependent, indicating that this pattern is not sufficient to induce vernalisation.

Discussion
Our study aimed at identifying genetic variants which are responsible for the separation of the different morphotype 
pools in B. napus. According to population structure analyses performed in this and other studies33,34,47, winter-type 
B. napus accessions tend to separate almost completely from other accessions, while some spring types along with 
semi-winter and swede material are more diverse. Here, we defined a total of 12 variant haplotypes which are diag-
nostic for the winter-spring split, and 13 variant haplotypes for the swede-non-swede split. Moreover, we found 
one winter type without vernalisation requirement that was nevertheless winter-hardy, and spring types with some 
degree of vernalisation responsiveness. Swedes were found to be extremely vernalisation dependent, with some var-
iation among the accessions, presumably because swede forms have been bred to maintain their vegetative state for 
as long as possible. Vernalisation is a quantitative process48, so there is natural variation in responsive temperature 
range and vernalisation duration21,49–51. Markers for such life cycle traits are extremely important in order to intro-
gress desirable traits between ecogeographical or morphotype gene pools, for example seed quality traits from spring 
to winter oilseed forms52 or resistance traits from swede to non-swede material53.

An R10P mutation in the MADS box domain of Bna.FLC.A10 was revealed as one candidate for the 
winter-spring split in B. napus, however our data shows that this mutation is neither the only candidate nor the 
best one. Neither the other Bna.FLC homologues, nor the detected copies of Bna.FRI, showed an appropriate 
variant distribution to explain the winter-spring split. Similar results were found for natural variation in flower-
ing time for A. thaliana54,55. This excludes the possibility that genetic variation within Bna.FLC gene sequences, 
besides Bna.FLC.A10, are causal for vernalisation requirement, thus indicating that other Bna.FLC copies are 
either not responsible for vernalisation or there is variation in cis-regulatory elements. As shown by the vernal-
isation trials, spring-type plants without CNV in Bna.FLC copies flower earlier, indicating that Bna.FLC still 
plays a role in modulating flowering time in the absence of vernalisation requirement. Spring genotypes with a 
high Bna.FLC copy number showed accelerated flowering under vernalisation, indicating that they established 
weak vernalisation responsiveness. FLC is known to bind many other genes in A. thaliana46, and it also regulates 
other developmental processes like germination56, hence additional copies might be assumed to underlie strong 
selection. The differential degree of conservation between the copies suggests sub-functionalisation, whereby 
conserved Bna.FLC.A02 and Bna.FLC.C02 presumably retain more general roles, whereas Bna.FLC.A10 might be 
more specialized towards flowering regulation. Sub-functionalisation events are characteristic for the evolution 
of MADS box transcription factors57,58.

On the other hand, Bna.SRR1.A02, Bna.VIN3.A02, Bna.AGL71.A03, Bna.CCR1.A09_random and the  
Bna.FT promoter on C02_random represent further candidates for the morphotype split. SRR1 is a 
clock-associated gene found to regulate CO, FT and CYCLING DOF FACTOR 1 (CDF1) in A. thaliana59. 
Moreover, A. thaliana srr1 mutants have reduced levels of FLC and respond only weakly to vernalisation59. 
Similarly, Bna.VIN3.A02 represents a copy of another vernalisation candidate upstream of Bna.FLC54. In 
Arabidopsis, VIN3 is expressed during cold and associates to the PRC2 complex to downregulate FLC gene activ-
ity22,60. AGAMOUS-LIKE 71 (AGL71) is closely related to the flowering integrator SUPPRESSOR OF CONSTANS 
1 (SOC1) and seems to be involved in gibberellin-dependent flowering pathways61. Its promoter contains a CArG 
box for FLC binding in A. thaliana62. CCR1 is a biosynthetic enzyme in lignin production and leaf development, 
which is known to regulate the concentration of the antioxidative compound ferulic acid63. This could be related 
to cold perception, as cold is partly perceived via the redox state64. Although all observed candidate SNPs are 
synonymous or silent, they may still have strong potential consequences for cis-regulatory elements, methylation, 
small RNA regulation and chromatin structure, and associated changes in the promoter. Moreover, alternative 
splicing was found to occur abundantly in resynthesized B. napus, also for copies of Bna.FLC65. On the other 
hand, we also cannot fully exclude that the observed effects are caused by linkage to additional genes in the neigh-
bourhood of the investigated flowering-time regulators.
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We also found patterns on the Bna.FT promoter on C02_random associating with the winter-spring split. 
Haplotype analysis showed that only two winter lines showed a strongly varying pattern, resembling most of the 
spring morphotypes. One of these was an exotic line, while the other was found to be vernalisation independent. 
This indicates that a functional promoter sequence for this gene is necessary to build up vernalisation require-
ment. A change in vernalisation requirement through variation in an FT promoter was already found in different 
Brassicas66, narrow-leafed lupine67 and litchi68. In A. thaliana, FLC was shown to bind to a CArG box located in 
the first intron of FT69, although in cereals the binding site lies in the promoter70. Indeed, the Bna.FT copy on 
C02_random contains a CArG box motif. It is possible that both the promoter and the intron are responsible for 
Bna.FLC binding. All the same, in both winter and spring types it has been reported66 that the A02 copy in B. napus 
is constitutively expressed and the C02 copy is completely silenced, whereas the copies on A07 and C06 appear to 
be specifically silenced in winter morphotypes but transcribed in spring morphotypes66. As our Bna.FT copy on 
C02_random corresponds to the C02 copy reported in the aforementioned study66, we assume that either there was 
a problem with the RT-PCR due to allelic variation, or the regulatory mechanism is more complex. However, in an 
independent transcriptome study we were unable to detect the constitutive expression of Bna.FT.A02, nor of any 
other Bna.FT copy, in winter-type B. napus before vernalisation (C. Obermeier, unpublished data).

Genomic rearrangements are common in B. napus6,41,71–75. They are particularly predominant in the first gen-
erations after allopolyploidisation72, but the process is ongoing and believed to have an important role in speci-
ation76. Different studies found indications for genomic rearrangements between B. napus morphotypes6,12,29. 
In the present study we found CNVs concerning copies of Bna.FLC, Bna.PHYA and Bna.GA3ox1 to involve 
duplications in the A subgenome and corresponding homoeologous deletions in the C subgenome. This indicates 
replacement of the C-subgenome regions by the respective A-subgenome regions, a process known as homeolo-
gous non-reciprocal translocation (HNRT)77. A de novo HNRT will erase any sub-functionalisation which may 
have occurred prior to the rearrangement. Our data concur with the hypothesis27 that the Bna.FLC.A10 copy 
is most specifically involved in flowering regulation. A duplication in Bna.FLC.A10 would therefore increase 
vernalisation requirement. This hypothesis fits with the strong vernalisation requirement we observed in lines 
carrying this duplication. Differential expression of Bna.FLC in highly rearranged, resynthesized rapeseed was 
observed before26. All the same, this pattern can only be effective when the vernalisation system is functional, as 
two spring lines with the same pattern are not vernalisation dependent. One of these presumably has a defective 
Bna.FT promoter on C02_random, whereas neither of them carries the swede-specific Bna.VIN3.A03 marker.

Other genes affected by such HNRTs are Bna.PHYA and Bna.GA3ox1. PHYA is a red/far-red perceiving pho-
toreceptor which has a stabilising role for CO under long days78. This might represent a necessary co-adaptation 
of the photoperiodic pathway due to the strong vernalisation requirement, as later flowering means that the day 
length is longer at the time of flowering. This assumption is underlined by the finding that a D94G mutation in 
a copy of Bna.CO-like is a candidate for the swede split. GA3ox1, a biosynthetic key gene involved in GA pro-
duction, is regulated by PHYB and by feedback mechanisms of downstream pathways79. GA also affects other 
developmental processes like seed germination, hypocotyl elongation and fruit set79,80. Bna.GA3ox1 is therefore 
also a candidate for the swede morphotype, which is characterized by an enlarged hypocotyl and low seed-set. 
This might also apply to Bna.CCR1 as a candidate for the swede split. In Arabidopsis CCR1 is involved in lignin 
biosynthesis, leaf development regulation and regulation of the redox state63 (see above).

All swede lines share a silent mutation in Bna.VIN3.A03, which is not shared by any other line. Although the 
consequence of this mutation is unclear, Bna.VIN3 is a strong candidate for vernalisation requirement, particu-
larly because another copy is a candidate for the winter-spring split (see above). Copies of VIN3 have previously 
been named as candidates for vernalisation requirement and flowering time in A. thaliana and B. napus54,81. In 
B. oleracea, it was found that BoVIN3 was upregulated much faster than A. thaliana VIN382, indicating that the 
expression is more sensitive to cold. Another upstream candidate for the strong vernalisation requirement is  
Bna.ELF7. ELF7 is involved in chromatin remodeling of FLC during vernalisation83. A further gene variant which 
was not found outside the swede population lay in Bna.TEM1. TEM1 encodes another repressor of FT, which 
competes with CO for the same genetic region to fulfill their function84. The variant is a non-synonymous T167R 
mutation that potentially affects binding to the UTR of FT. A further candidate, Bna.FD, possibly modulates FT 
protein effectiveness, as FD is a direct and essential interaction partner of FT in the shoot apex85.

These results represent an excellent base for further experiments to transfer morphotype features between  
B. napus genetic pools. Moreover, they also shed light on the evolution of major flowering time genes in the after-
math of allopolyploidisation, and their role in morphotype diversification and ecogeographical adaptation. We 
clearly demonstrate that different copies of important flowering regulators play different regulatory roles across the 
vernalisation and flowering pathways. The scarcity of non-synonymous mutations, along with the observed varia-
tion in the Bna.FT promoter, underline the importance of cis-regulatory mechanisms in flowering time regulation.
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Flowering time genes have a strong influence on successful reproduction and life

cycle adaptation. However, their regulation is highly complex and only well understood

in diploid model systems. For crops with a polyploid background from the genus

Brassica, data on flowering time gene variation are scarce, although indispensable for

modern breeding techniques like marker-assisted breeding. We have deep-sequenced

all paralogs of 35 Arabidopsis thaliana flowering regulators using Sequence Capture

followed by Illumina sequencing in two selected accessions of the vegetable species

Brassica rapa and Brassica oleracea, respectively. Using these data, we were able to

call SNPs, InDels and copy number variations (CNVs) for genes from the total flowering

time network including central flowering regulators, but also genes from the vernalisation

pathway, the photoperiod pathway, temperature regulation, the circadian clock and

the downstream effectors. Comparing the results to a complementary data set from

the allotetraploid species Brassica napus, we detected rearrangements in B. napus

which probably occurred early after the allopolyploidisation event. Those data are both

a valuable resource for flowering time research in those vegetable species, as well as a

contribution to speciation genetics.

Keywords: sequence capture, natural variation, polyploidy, speciation, copy number variation

INTRODUCTION

The genus Brassica is highly diverse. It contains many phenotypically extremely different vegetable,
turnip and oil crops, among them garden turnip, Chinese cabbage and Pak Choi (Brassica rapa)
and cabbage, broccoli, cauliflower, Brussels sprouts, kale, kohlrabi and savoy (Brassica oleracea)
(Paterson et al., 2001). Both species are also diploid progenitors of B. napus, which comprises
rapeseed/ canola and rutabagas (Chalhoub et al., 2014). Adequate regulation of flowering and
flowering time is crucial for crop production especially for leafy vegetable crops as in B. rapa and
B. oleracea. Early bolting limits vegetable growth and can therefore severely decrease yield. On the
other hand, complete inhibition of flowering interferes with seed production. Knowledge about the
impact of flowering time gene variation is therefore crucial for successful vegetable breeding. In
the model plant Arabidopsis thaliana, flowering time is set by expression of the gene FLOWERING
LOCUS T (FT) (Srikanth and Schmid, 2011; Blümel et al., 2015). The expression of FT is negatively
regulated by the transcriptional repressor FLOWERING LOCUS C (FLC) in interaction with other
genetic factors from the vernalisation pathway, and positively regulated via the transcriptional
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activator CONSTANS (CO) in interaction with genetic factors
from the photoperiod pathway and the circadian clock (Srikanth
and Schmid, 2011; Blümel et al., 2015). Other pathways like
the ambient temperature pathway, the age pathway, the sugar
signaling pathway and the stress pathway are able to modulate
the flowering response (Srikanth and Schmid, 2011; Blümel et al.,
2015). All the same, vernalisation and day length have major
effects on flowering time. Although B. rapa and B. oleracea
are closely related to A. thaliana, their reaction to vernalisation
is different. Whereas A. thaliana and B. rapa respond to seed
vernalisation, B. oleracea requires plant vernalisation (Lin, 2005;
Zhang et al., 2015) and is not responsive at early seedling
stages. As in A. thaliana, annual (vernalisation-independent)
and biennual (vernalisation-dependent) forms exist within both
Brassica species (Camargo and Osborn, 1996). Foregoing studies
have identified different orthologous copies of FLC and FT as
strong candidates for flowering time regulation in B. rapa and B.
oleracea, both in the absence and in the presence of vernalisation
(Pires et al., 2004; Lin, 2005; Razi et al., 2008; Zhao et al., 2010;
Li et al., 2013; Zhang et al., 2015). Brassica rapa has been found
to carry 2 copies of Bra.FT (Zhang et al., 2015) (A02 and A07),
4 copies of Bra.FLC (Schranz et al., 2002) (A02, two copies on
A03, A10) and 3 copies of Bra.CO (A01, A03, A10). In contrast,
B. oleracea seems to carry 4 copies of Bol.FT (two copies on C02,
C04, and C06), 5 copies of Bol.FLC (Razi et al., 2008)(one copy
on C02, two copies on C03, two copies on C09) and 3 copies
of Bol.CO (C01, C03, and C09). Bra.FT.A07, often referred to
as BrFT2, was found to underlie a strong QTL for flowering
time, possibly due to a transposon insertion in the mapping
parent R-o-18 (Zhang et al., 2015). Bra.FLC.A02, also referred
to as BrFLC2, was found to underlie QTLs for flowering time
in different studies (Zhao et al., 2010; Xiao et al., 2013; Zhang
et al., 2015), possibly due to a 57 bp InDel in the fourth exon
and the forth intron of the gene, leading to a non-functional
allele (Wu et al., 2012). Another FLC copy, Bra.FLC.A10, also
referred to as BrFLC1, was associated to flowering time due to
alternative splicing via variation in intron 6 (Yuan et al., 2009;Wu
et al., 2012). A CO-like copy on A02 co-localized with a flowering
QTL in a DH population derived from a Chinese cabbage
and a rapid cycling line (Li et al., 2013). Different patterns of
functional polymorphisms, including premature stop codons,
non-synonymous SNPs and differential promotor structure have
been found for Bol.FLC copies (Okazaki et al., 2007; Razi et al.,
2008; Irwin et al., 2016). Both copies on C03 (formerly referred
to as BoFLC3 and BoFLC5) as well as one copy on C09 (referred
to as BoFLC1) were found to co-localize with flowering time
QTL (Razi et al., 2008). A further copy, referred to as BoFLC2
or BoFLC4, was assumed to be a pseudogene located on C02
(Razi et al., 2008), but was found to underlie a QTL in a different
study due to a 1 bp deletion (Okazaki et al., 2007) Copies of
Bol.CO were also suggested as candidate genes for QTL in B.
oleracea, for example, Bol.CO.C09 (Okazaki et al., 2007). Most
previous research has therefore focused on the central flowering
regulators FLC, FT, and CO, whereas other genes which might
modulate the flowering response have been largely ignored.
In order to provide a more complete description of genetic
variation in central flowering time genes, we deep-sequenced

representatives of two B. rapa subspecies (L58, ssp. parachinensis,
R-o-18, ssp. tricolaris) along with two different genotypes of B.
oleracea ssp. capitata (BRA1398, Kashirka) for a set of flowering
time genes, using a sequence capture approach followed by
Illumina sequencing. The data allowed estimation of copy
number and sequence variation including SNPs and InDels.
All those sequence variants are potentially influential on the
phenotype and therefore an interesting resource to vegetable
breeders. Comparison to previous data from the same genes in
the allopolyploid hybrid species B. napus (Schiessl et al., 2014,
2017a,b) provide new insight into the genetic history of B. napus
and are discussed along with the sequence data from its diploid
progenitors.

MATERIAL AND METHODS

Plant Material and DNA Extraction
Two inbred B. rapa lines and two B. oleracea genotypes were
used for the present study. The two B. rapa lines, both annuals,
were L58, a caixin line (ssp. parachinensis) and R-o-18, a yellow
sarson line (ssp. tricolaris). Both had been used as parents for DH
populations before (Bagheri et al., 2012; Zhang et al., 2015). The
two B. oleracea genotypes were the annual BRA1398 (ssp. capitata
convar. botrytis var. botrytis L.) and the biennial Kashirka (ssp.
capitata), a late flowering Siberian kale.

Leaf material from 4 week old plants grown in pots in the
greenhouse was collected and immediately shock-frozen in liquid
nitrogen. DNA was then extracted from grinded leaf material
using a common CTAB protocol modified from Doyle (1990) as
described before (Schiessl et al., 2014). DNA concentration was
measured using a Qubit fluorometer (Qubit dsDNA BR assay
kit, Life Technologies, Darmstadt, Germany) according to the
manufacturer’s protocol. DNA quantity and purity was further
checked on 0.5% agarose gel (3 V/cm, 0.5xTBE, 120min) stained
with ethidium bromide.

Target Genes
The four samples were re-sequenced using targeted deep
sequencing along with 280 B. napus genotypes as described
elsewhere (Schiessl et al., 2017a,b). In brief, flowering time genes
involving the most important flowering regulation pathways
as known from Arabidopsis thaliana were checked for Brassica
orthologs. Those included genes from the circadian clock
(CYCLING DOF FACTOR 1 (CDF1), EARLY FLOWERING
3 (ELF3), GIGANTEA (GI), and ZEITLUPE (ZTL)), the
vernalisation pathway (EARLY FLOWERING 7 (ELF7), EARLY
FLOWERING IN SHORT DAYS (EFS), FLOWERING LOCUS
C (FLC), FRIGIDA (FRI), SHORT VEGTATIVE PHASE (SVP),
SUPPRESSOR OF FRIGIDA 4 (SUF4), TERMINAL FLOWER
2 (TFL2), VERNALISATION 2 (VRN2), VERNALISATION
INSENSITIVE 3 (VIN3)), the photoperiod pathway (CONSTANS
(CO), CRYPTO-CHROME 2 (CRY2), PHYTOCHROME
A (PHYA), PHYTOCHROME B (PHYB)) and gibberellin
signaling (GIBBERELLIN-3-OXIDASE 1 (GA3ox1)), along with
downstream signal transducers (AGAMOUS-LIKE 24 (AGL24),
APETALA 1 (AP1), CAULIFLOWER (CAL), FLOWERING
LOCUS D (FD), FLOWERING LOCUS T (FT), FRUITFUL
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(FUL), LEAFY (LFY), SQUAMOSA PROMOTOR PROTEIN
LIKE 3 (SPL3), SUPPRESSOR OF CONSTANS 1 (SOC1),
TEMPRANILLO 1 (TEM1), TERMINAL FLOWER 1 (TFL1)).
On top, we also included 6 further genes: CIRCADIAN CLOCK
ASSISTED 1 (CCA1), FLAGELLIN-SENSITIVE 2 (FLS2),
GLYCIN-RICH PROTEIN 7 (GRP7), GLYCIN-RICH PROTEIN 8
(GRP8), GORDITA (GORD) and SENSITIVITY TO RED LIGHT
REDUCED 1 (SRR1), giving a total of 35 genes.

Bait Development
In order to enrich for the respective target regions, a bait pool was
constructed based on selected sequences from B. rapa, B. oleracea,
and B. napus. A detailed description of the bait pool development
can be found in (Schiessl et al., 2017a). The bait pool consisted
of 178 bait groups, 63 bait groups for B. rapa orthologs, 71 bait
groups for B. oleracea orthologs and 24 bait groups for B. napus
orthologs. As a short summary, baits were first developed in the
program eArrayXD using sequences from B. rapa and B. oleracea.
After a preliminary sequencing test with four diverse B. napus
genotypes (Schiessl et al., 2014), the bait pool was refined and
some sequences were replaced by B. napus sequences using the
Agilent Genomic Workbench program SureDesign (Agilent Inc.,
Santa Clara, CA, USA). This improved the specificity of the bait
pool (Schiessl et al., 2017a). Bait groups were created using the
“Bait Tiling” tool. The parameters were set as follows: Sequencing
Technology: “Illumina,” Sequencing Protocol: “Paired-End long
Read (75 bp+),” “Use Optimized Parameters (Bait length 120,
Tiling Frequency 1x),” Avoid Overlap: “20,” “User defined
genome,” “Avoid Standard Repeat Masked Regions.”

Library Preparation and Sequencing
Custom bait production was carried out by Agilent Technologies
(Agilent Inc., Santa Clara, CA, USA) using the output
oligonucleotide sequences from SureDesign. Sequence capture
was performed at the GenomeCenter at the Max Planck
Institute for Breeding Research (Cologne, Germany) using the
SureSelectXT 1–499 kb Custom Kit (Agilent Inc., Santa Clara,
CA, USA) according to the manufacturer’s instructions. The
resulting TruSeq DNA library (Illumina Inc., San Diego, CA,
USA) was sequenced on an Illumina HiSeq 2500 sequencer at the
Max Planck Institute for Breeding Research (Cologne, Germany)
in 100 bp single read mode.

Sequence Analysis
Alignment
Quality control of the raw sequencing data was performed using
FASTQC. Reads were mapped both onto version 4.1 of the
B. napus “Darmor-Bzh” reference genome sequence assembly
(Chalhoub et al., 2014) and either onto version 1.5 of the B. rapa
“Chiifu-401-42” reference genome (Wang et al., 2011) for B. rapa
reads or onto version 2.1 “TO1000” of the B. oleracea reference
genome (Parkin et al., 2014) for B. oleracea reads. Mapping was
performed using the SOAPaligner algorithm (Li R. et al., 2009),
with default settings. Removal of duplicates, sorting and indexing
was carried out with samtools version 0.1.19 (Li H. et al., 2009).
Alignments were visualized using the IGV browser version 2.3.12
(Robinson et al., 2011). For InDel calling, a separate mapping

using Bowtie2 (Langmead and Salzberg, 2012) was performed, as
described in (Schmutzer et al., 2015), on the reference genome
of B. rapa and B. oleracea. Removal of duplicates, sorting and
indexing was again carried out with samtools version 0.1.19.

As it turned out that Bol.FLC.C02 is likely to be misassembled
in the reference genome, we cut out all Bol.FLC copies from
the reference genome except Bol.FLC.C02, which we replaced
by Bol.FLC.C2.E9 (GenBank accession KU521323.1 Irwin et al.,
2016). The resulting fasta file was used as artificial genome and
the mapping was performed accordingly.

CNV Calling
We first defined regions with sufficient coverage (normalized
mean coverage at least 10) for B. rapa and B. oleracea mapped
on their respective reference genomes. A region is defined as
being covered by at least two overlapping reads. The coverage
was calculated using the bedtools software with multiBamCov
(Quinlan, 2014) and normalized to region length, genotype
read number and genome size. Those regions were subjected
to BLAST against the target regions found for B. napus in
(Schiessl et al., 2017a) using a e-value cut-off of e−50 using the
program BioEdit version 7.2.0. Moreover, a bed file with the
positions of those regions was compared to the gene positions
of the respective reference genomes. All regions which either
overlapped with an annotated gene or alternatively had a BLAST
hit to a B. napus target region were analyzed for CNVs. In
order to have comparable coverages, we used the gene positions
wherever possible, and calculated the normalized coverages on
those positions.

In a second step, we compared the coverage ratio between
both genotypes of a species. If one genotype had less than 50%
coverage than the other, we assumed an unbalanced coverage
ratio, indicating a CNV. In case that the coverage of one of the
genotypes was less than 30% of the other, we assumed a deletion.
For all other cases, we compared the coverage of this region to
the respective coverage obtained for the orthologous region in a
population of 280 B. napus genotypes (Schiessl et al., 2017a). If
the coverage ratio was less than 30%, we assumed a deletion. In
all other cases, we assumed a duplication for the other genotype.

SNP and InDel Calling and Annotation
Calling of single nucleotide polymorphisms (SNPs) was
performed with the algorithm mpileup in the samtools toolkit
(Li H. et al., 2009). Calling of InDels was performed based on
a separate alignment using Bowtie2. An initial InDel calling
was first performed using samtools mpileup, and realignment
of reads around InDels was then performed using GATK
RealignerTargetCreator, version 3.1.1 (McKenna et al., 2010). A
final InDel calling was then performed as described above. SNPs
were filtered for a minimum mapping quality of 50 and a read
depth of at least 10, and InDels were filtered for a minimum
mapping quality of 30 and a read depth of at least 10 using
vcftools (Danecek et al., 2011). SNP and InDel annotation was
performed using CooVar (Vergara et al., 2012).

As InDel calling with this read length and mapping
parameters is limited to InDels of a length of 18 bp, we
conducted another approach where we searched for regions of
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zero coverage in a 19 bp window which were strongly covered in
the respective other genotype using the SOAP2 mapping, while
having a low coverage using the realigned Bowtie2 mapping
in the same genotype. This approach ensures for the detection
of larger deletions, which are not due to reference mapping
problems.

Data and Seed Availability
The aligned bamfiles are available via NCBI SRA (https://www.
ncbi.nlm.nih.gov/sra/), study accession SRP119226 (Flowering
time genes in B. rapa and B. oleracea).

The two accessions of B. oleracea BRA1398 and Kashirka
(BRA1506) are available via the Genbank at IPKGatersleben. The
two accessions of B. rapa L58 and R-o-18 are available from the
authors upon request.

RESULTS

Gene Copies in B. rapa, B. oleracea, and
B. napus
In the two B. rapa accessions we found 1405 regions with a mean
normalized coverage of at least 10, among them 222 regions co-
localizing with an annotated B. rapa gene. Of those, 105 regions
had a BLAST hit to a target gene of B. napus as analyzed in
(Schiessl et al., 2017b), while 95 regions of those with a BLAST
hit co-localized with an annotated B. rapa gene. We therefore
analyzed 228 regions for B. rapa, which either co-localized with
a B. rapa gene or had a BLAST hit to a target B. napus gene or
both, excluding non-genic regions from the analysis. For the two
B. oleracea accessions we found 3010 regions with a normalized
coverage of at least 10, with 365 regions co-localizing with an
annotated B. oleracea gene and 111 regions showing a BLAST hit
to a target B. napus region. In total, we analyzed 384 regions for
B. oleracea.

When mapping the sequencing reads from B. rapa and
B. oleracea onto the B. napus reference genome, we found
that BnaA02g16710D (Bna.ZTL.A02) had a strongly reduced
normalized coverage in both B. rapa lines (2 and 13% of
the mean B. napus coverage), while both B.oleracea lines had
significant coverage at this locus (169 and 159% of the mean B.
napus coverage). The raw read depth landscape for this locus
is shown in Figure 1. The B. rapa genome also did not carry
a respectively annotated gene on A02, while the B. oleracea
genome carries an additional copy on a non-localized scaffold
(Figure 2).

In contrast, BnaCnng78500D (Bna.LFY.Cnn) showed a much
higher coverage in both B. rapa lines (270 and 256% of the mean
B. napus coverage) than in both B. oleracea (41 and 45% of the
mean B. napus coverage). Because the total size of the sequenced
gene space was about half the size of the allotetraploid while the
read number was comparable, a normalized coverage increase of
around 200% would be expected for the diploid species.

In contrast to B. napus, we found no orthologs to the
four further gene copies BnaA03g24400D (Bna.SRR1.A03),
BnaA10g27730D (Bna.CRY2.A10b), BnaAnng24480D
(Bna.CDF1.Ann) and BnaAnng38870D (Bna.CO.Annb) in
B. rapa. All the same, when mapping the B. rapa reads onto the

FIGURE 1 | Coverage (Raw read depth) for both genotypes of B. rapa (green,

A subgenome) showing low coverage and both genotypes of B. oleracea

(orange, C subgenome) showing high coverage when mapped on the

B. napus genome for a gene located on the A subgenome in B. napus:

Bna.ZTL.A02 (BnaA02g16710D) as an example for early rearrangements in

the B. napus genome. The height of the gray area in each lane marks the raw

read depth and is shown from 1 to 4000 as read count per base as

non-dimensional number. The red bar on top marks the gene extension.

B. napus genome, we found significant coverage on those loci
(176, 123, 207, and 87% of the B. napus coverage, respectively).
This might either indicate mismapping or missing information
in the reference genome. Doing so for B. oleracea, we did
not find orthologs to BnaC08g10770D (Bna.VRN2.C08) and
BnaCnng50250D (Bna.LFY.Cnna). The last one could point to
a stable exchange between the A and C subgenomes similar
to BnaCnng78500D (Bna.LFY.Cnnb), because it had only
51% coverage with B. oleracea reads, while having 136%
using B. rapa reads. This is further supported when looking
at the neighbor-joining tree for LFY (Figure 3A). On the
other hand, we also noticed that the B. napus sequence of
BnaCnng50250D (Bna.LFY.Cnna) contained patches of NNN
(unknown sequence), so is possibly an artifact of the B. napus
reference genome and might also interfere with the mapping
for BnaCnng78500D (Bna.LFY.Cnnb). Bna.VRN2.C08 had
173% using B. oleracea reads. For Bol.CDF1.C02, we found
a strongly covered region without any B. napus ortholog,
which could indicate a rearrangement from Bol.CDF1.C02 to
Bna.CDF1.Ann (see also Figure 3B). An overview of all putative
gains and losses can be found in Figure 2. BnaC02g00490D
(Bna.FLC.C02), showing 192% coverage using B. oleracea reads
was not found to be covered at the respective locus Bo2g166560
(Bol.FLC.C02) in B. oleracea itself in both lines. We assume that
this is due to a misassembled copy in the reference genome
in B. oleracea, due to phylogenetic analysis and comparisons
to sequences for Bol.FLC.C2 published by (Irwin et al., 2016).
When we performed a separate alignment only to the Bol.FLC
copies replacing Bol.FLC.C02 by the published version in
(Irwin et al., 2016), we got a coverage in the expected range on
Bol.FLC.C2.E9. Our data suggest that there is a misassembly
between Bol.FLC.C02 and Bol.FLC.C03a.

Copy Number Variation
For all analyzed regions which co-localized with a respectively
annotated gene, we analyzed the coverage for the annotated gene
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FIGURE 2 | Diagram showing gene copies which were lost, gained or rearranged in B. napus compared to its diploid progenitors. The diagram also shows genetic

regions which were considered to be pseudogenes in B. napus before (Schiessl et al., 2017a) without having a homologous region in the diploids, those which have a

homologous region and those which were not annotated as a gene in the diploids. Gene copies without changes are not displayed.

FIGURE 3 | Neighbor-joining trees for all copies of LFY (A) and CDF1 (B) in B. rapa, B. oleracea and B. napus using the A. thaliana gene as outgroup. The trees were

constructed based on aligments made in CLC SequenceViewer version 7.8.1 with bootstrap analysis (100 replicates).

positions. For those which only had a BLAST hit to a target B.
napus gene, we analyzed the coverage for the total length of the
covered region.

For B. rapa, we found 61 regions with an unbalanced coverage
ratio, meaning that the coverage for one of the genotypes was at
least 50% higher than for the other. Of those, 55 regions were
genic in B. rapa. While 13 genic regions showed clear deletions
(one genotype had less than 30% normalized coverage compared
to the other), the coverage patterns of the other regions were less
obvious. Therefore, in order to distinguish between a duplication
in one genotype and a deletion in the other, we compared the
normalized coverages of the B. rapa region to the respective
normalized mean coverage of the corresponding region in a
population of 280 genotypes of B. napus (Schiessl et al., 2017b).

All regions with less than 30% coverage compared to B. napus
were considered to be deleted. All other unbalanced coverage
ratios were assigned as duplication to the respective genotype.
According to this definition, we found 15 genic deletions and 25
genic duplications in the genotype L58, and 9 genic deletions and
10 duplications in the genotype R-o-18. The CNVs concerning
target genes are summarized in Table 1.

For B. oleracea, we found 118 regions with an unbalanced
coverage ratio, with 110 regions being genic in B. oleracea.
Applying the same thresholds as for B. rapa, we found
8 genic deletions and 38 genic duplications for genotype
BRA1398, as well as 11 genic deletions and 46 duplications for
genotype Kashirka. The respectively concerned target genes are
summarized in Table 2.
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SNPs and Indels
We called a total of 4409 SNPs and 1048 short InDels for B. rapa
and 6743 SNPs and 1092 short InDels for B. oleracea. For B.
rapa, 11.1% of the total SNPs and 4.3% of the total InDels were
heterozygous, while 27.6% of the total SNPs and 11.4% of the
total InDels were heterozygous for B. oleracea. As shown in
Tables S1, S2, 1436 SNPs and 22 InDels were target variants for
B. rapa, while 1179 SNPs and 22 InDels were target variants for
B. oleracea. Taking SNPs and InDels together, the heterozygosity
in B. rapa was 0.8% in the target regions (1.0% for L58 and
0.6% for R-o-18) and 15.7% for B. oleracea (5.2% for BRA1398
and 20.2% for Kashirka). The higher level of heterozygosity in
B. oleracea was expected, as the species has a high level of
self-incompatibility. The heterozygosity between both lines also
varied more for B. oleracea than for B. rapa (Figure 4). Only
homozygous variants were considered as true variants and used
for further analysis. The variant distribution is shown in Figure 5

(R-o-18) and in Figure 6 (Kashirka) (see Figures S1, S2 for L58
and BRA1398). Almost all gene copy groups showed considerable
variation in all genotypes. For L58, gene copy groups without
putative functional variation were Bra.SUF4, Bra.ELF7, and
Bra.SVP from the vernalisation pathway and Bra.AP1, Bra.CAL,
Bra.LFY, and Bra.SOC1 from the effector network. For R-o-18,
gene copy groups without putative functional variation were
Bra.ELF7 from the vernalisation pathway, and Bra.CAL and
Bra.SOC1 from the effector network. Concerning B. oleracea,
genotype BRA1398, only Bol.AP1 and Bol.SPL3 from the effector
network remained without putative functional variation, while
Kashirka did not show putative functional variation for Bol.SUF4
and Bol.ELF7 from the vernalisation pathway, for Bol.GI and
Bol.CDF1 from the photoperiodic pathway, for Bol.GA3ox1 from
GA signaling and for Bol.SPL3 from the effector network.

As InDels larger than 18 bp were not detected with our
read length and mapping parameters, we used an additional
approach to detect larger deletions (see section Materials and
Methods). For B. rapa, we found larger deletions for one
gene copy in L58 (Bra.PHYA.A06) and for 5 copies in R-o-
18 (among them Bra.FLC.A02, Bra.TEM1.A02, Bra.SUF4.A08,
Bra.CRY2.A10). For B. oleracea, we did not find larger deletions
in the annotated target genes.

Variation in Central Flowering Regulators
In B. rapa, the two copies of the central flowering regulator FT
showed a low SNP variation. There was only one conservative
L49I mutation in Bra.FT.A02 in L58. However, there were 6
InDels in Bra.FT.A02 (2 deletions, 4 insertions) for L58 and 2
deletions in the same copy in R-o-18 and an additional insertion
into Bra.FT.A07. In contrast, there were 4 non-synonymous SNPs
for B. oleracea FT copies. One of them was a radical W170C
mutation in Bol.FT.C04 in BRA1398, another a moderately
radical H81Y mutation in the same copy in both genotypes.
This copy also carried an insertion in both genotypes. The other
two mutations, both found for Bol.FT.C06 in Kashirka, were
conservative (R21Q and E59D).

For FLC orthologs, there was more variation in B. oleracea
than in B. rapa. There was a moderately radical R193P
mutation and a deletion in Bra.FLC.A02 in R-o-18 and

a conservative T20P mutation along with a splice donor
variant in Bra.FLC.A10 for both genotypes, while the two
copies on A03 remain almost conserved, with one insertion
into Bra.FLC.A03 (Bra022771) shared by both genotypes.
In contrast, the B. oleracea genotype BRA1398 shows
variation in all FLC orthologs. Those were a moderately
radical G110V mutation and a moderately conservative K79N
mutation in Bol.FLC.C03 (Bo3g005470), a conservative I173V
mutation shared with Kashirka in Bol.FLC.C03 (Bo3g024250), a
moderately radical T176N mutation also shared with Kashirka
in Bol.FLC.C09 (Bo9g173370) and a conservative S168N
mutation in Bol.FLC.C09 (Bo9g173400). Both genotypes share
an insertion in Bol.FLC.C09 (Bo9g173370). Kashirka also carries
a conservative R24Q mutation in Bol.FLC.C03 (Bo3g024250)
and putatively has Bol.FLC.C09 (Bo9g173400) duplicated. As
Bol.FLC.C09a (Bo9g173370) seems to have an improper stop
codon, producing a distinctly longer peptide, we assume that this
copy is non-functional. As we found that Bol.FLC.C02 appears
to be misassembled in the B. oleracea genome, we called SNPs
separately compared to Bol.FLC.C2.E9, a sequenced copy from
genotype E9 published in (Irwin et al., 2016). We called one
moderately radical A75D mutation in Kashirka compared to E9.

Orthologs of the key photoperiodic transcription factor CO
show more variation in B. rapa than in B. oleracea. Bra.CO.A01
shows two moderately radical (A60E, C237S), two moderately
conservative (D16G, P130Q) and two conservative mutations
(H167Q, Q181E) in R-o-18. In L58, this copy does not carry non-
synonymous SNPs, but appears to be duplicated. Bra.CO.A03
carries a radical F146S mutation, two moderately radical (A20D,
Q92L) mutations, one moderately conservative E33G mutation
and one conservative I192V mutation in both genotypes. Both B.
oleracea genotypes carry a moderately radical Y100S mutation in
Bol.CO.C01, while BRA1398 also carries two moderately radical
mutations (K145I, G223R) and one conservative E71Q mutation
on Bol.CO.C03. The copy Bol.CO.C09 appears to be deleted in
Kashirka.

DISCUSSION

Network Variation in Vegetable Species
Our sequencing data provide considerable novel data on
variation among numerous flowering time regulatory genes in B.
rapa and B. oleracea. We confirmed the functional conservation
of BrFLC2 (Bra.FLC.A02) in the B. rapa genotype L58 (Wu
et al., 2012) and a previously identified SNP resulting in a splice
variant in BrFLC1 (Bra.FLC.A10) (Yuan et al., 2009; Wu et al.,
2012). A larger deletion in Bra.FLC.A02 in genotype R-o-18
colocalizes with a 57 bp deletion at the same position in intron
4 and exon 4. This deletion was previously found to underlie
a flowering time QTL in a DH population deriving from L58
and R-o-18 (Zhang et al., 2015). We moreover observed an
InDel in BrFT2 (Bra.FT.A07) in R-o-18, which we assume is
caused by a larger structural variant underlying another flowering
time QTL in the same population (Zhang et al., 2015). For B.
oleracea, the variation detected in the central flowering time
regulators is expected to significantly influence flowering time
and related processes, considering the large genetic variation
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FIGURE 4 | SNP and InDel distribution for both sequenced genotypes for each B. rapa and B.oleracea. For SNPs, the barplots show the total number of SNPs (total)

and their distribution on silent SNPs (silent), synonymous SNPs (syn) and non-synonymous SNPs (non-syn). For InDels, they show the total number of InDels (total)

and their distribution on silent InDels (silent), in-frame variants (in frame) and frameshift InDels (frameshift). Splice variants were not displayed, as they were rare.

Homozygous and heterozygous SNPs are color-coded.

including radical SNP mutations, InDels and CNVs. QTL studies
for flowering time in B. oleracea found central regulator copies
in different populations (Okazaki et al., 2007; Razi et al., 2008;
Irwin et al., 2016). Both Bol.FLC.C03 and one Bol.FLC.C09 copy

were found to underlie flowering time variation, and Bol.FLC.C02
variation has been found to have a large influence on heading date
in purple sprouting broccoli (Irwin et al., 2016) and cauliflower
due to a 1 bp InDel (Okazaki et al., 2007). Furthermore, a copy
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FIGURE 5 | Pathway variation for flowering time genes in the B. rapa genotype R-o-18. Interactions are displayed as known from Arabidopsis thaliana. Arrows

indicate positive regulation, blunt ends indicate negative regulation. All copies of a gene are displayed in a box. The main flowering regulators FT, FLC, and CO are

indicated in bold boxes. The type of variant is color coded (see legend). Duplications are indicated by a second colorless copy box. SNP colors are hierarchic,

meaning for example that synonymous SNPs are not displayed if non-synonymous SNPs are present. Boxes framed in red indicate known copies from B. napus

which were not found in B. rapa. Boxes framed in blue were found, but not annotated as gene.

of Bol.CO was found in a small-effect QTL in the same study
(Okazaki et al., 2007).

Here we provide a variant framework for flowering gene
variation not only for the central flowering regulators, but for the
total flowering network in both vegetable species. For example,
our data could help to find functional variance for QTL in B.
rapa, not explained by Bra.FLC or Bra.FT, in a DH population
derived from the reference genotype Chiifu-401 and a rapid
cycling line (Li et al., 2013). The QTL in that study on A02
and A06 may correspond to candidate genes Bra.COL.A02 and
Bra.LFY.A06. Although we did not detect functional variation in
Bra.LFY.A06 sequences, we identified 3 non-synonymous SNPs
in Bra.COL.A02.

Both L58 and R-o-18 are annuals, while L58 has an early-
flowering phenotype (Bagheri et al., 2012). The annual behavior
has been attributed to the shared splice variant in Bra.FLC.A10

(Yuan et al., 2009), whereas the late flowering habitus of R-o-
18 could be caused by the structural variation in Bra.FT.A07,
which seems to overlay the effect of the Bra.FLC.A02 deletion
(Zhao et al., 2010; Wu et al., 2012). A further explanation
could be the duplication of Bra.CO.A01 in L58, which is
likely to increase the expression of the flowering activator
CO. In contrast, the late flowering Siberian Kale Kashirka
is biannual, which could either be attributed to the putative
duplication of Bol.FLC.C09b (Bo9g173400) or to the R24Q
mutation in Bol.FLC.C03 (Bo3g024250) and the A75D mutation
in Bol.FLC.C02 (independent mapping to Bol.FLC.C2.E9). All
other functional variants are either shared with or unique to
BRA1398, which itself is annual. Bol.FLC.C09a (Bo9g173370)
seems to be a pseudogene.

All the same, the DH populations studied so far all showed
transgressive segregation (Zhao et al., 2010; Bagheri et al.,
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FIGURE 6 | Pathway variation for flowering time genes in the B. oleracea genotype Kashirka. Interactions are displayed as known from Arabidopsis thaliana. Arrows

indicate positive regulation, blunt ends indicate negative regulation. All copies of a gene are displayed in a box. The main flowering regulators FT, FLC, and CO are

indicated in bold boxes. The type of variant is color coded (see legend). Duplications are indicated by a second colorless copy box. SNP colors are hierarchic, meaning

for example that synonymous SNPs are not displayed if non-synonymous SNPs are present. Boxes framed in red indicate known copies from B. napus which were

not found in B. oleracea. Boxes framed in green indicate that this copy was not known from B. napus. Boxes framed in blue were found, but not annotated as gene.

2012; Xiao et al., 2013; Zhang et al., 2015), indicating polygenic
regulation, so in order to identify and quantify the contributions
from small effect genes, genome-wide association studies
would have to complement the QTL studies performed so far.
Our data represent a valuable resource for the development
of suitable marker systems or for respective mutation
studies.

Rearrangements in Brassica napus
Most flowering time genes in B. napus were found to be collinear
and syntenic with their orthologues in both sequenced accessions
of the progenitors B. rapa and B. oleracea, in accordance to
previous findings that the donor subgenomes remain basically
unaltered, although local rearrangements took place (Rana et al.,
2004; Parkin, 2005; Bancroft et al., 2011; Chalhoub et al., 2014).
Although, the number of sequenced accessions was limited and

only covered a small part of the intraspecific variation (two
subspecies for B. rapa and one subspecies for B. oleracea), we do
all the same believe that they give important insights into Brassica
genomics. Our sequence data indicate that some copies obviously
were lost from the B. napus genome after polyploidisation
(for example, Bol.CDF1.C02), while others were gained by
duplication (for example, Bna.SRR1.A03) or rearranged to
another chromosome (Bol.TFL1.C04 to Bna.TFL1.C03). For two
gene copies among the set (BnaCnng78500D (Bna.LFY.Cnn),
BnaA02g16710D (Bna.ZTL.A02), we observed a stable exchange
between the subgenomes A and C in Brassica napus. Using
resynthesized B. napus as a model for polyploidization, such
rearrangements were observed frequently (Gaeta et al., 2007;
Szadkowski et al., 2011; Schmutzer et al., 2015), and were found
to occur mostly in the first meiotic cycles after hybridization
(Gaeta et al., 2007). Many times, those rearrangements in
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resynthesized B. napus enclosed larger parts of a chromosome
(Samans et al., 2017), whereas in our case, no consecutive
patterns of fixed deletions or duplications were found, indicating
small scale changes. As was found in Szadkowski et al.
(2011), interspecific hybridization via unification of unreduced
gametes causes more frequent, but smaller translocations than
somatic doubling of allohaploids in B. napus. While the latter
is mostly used for experimental hybrids, the first is more
likely to occur under natural conditions. Small and stable
homoeologous exchanges are therefore widespread in the B.
napus genome and played a major role in B. napus speciation
(Szadkowski et al., 2011; Chalhoub et al., 2014; Samans et al.,
2017). Rearrangements (apart from CNVs) can change the
regulatory context of a gene, change its mutation frequency
and therefore contribute to speciation (Faria and Navarro,
2010). The occurrence of new pseudogenes both in B. oleracea
and B. napus may be an indicator of beginning (B. napus)
and ongoing (B. oleracea) diploidization after the interspecific
hybridization. Pseudogenization and gene loss are general
principles of genome evolution after whole genome duplication
events (Sankoff et al., 2010). We expect that the total variation
in each species will reveal even more such rearrangements.
The sequence capture bait design used in the present study
is therefore a valuable resource for further assessment of
intra-and interspecific variation in Brassica flowering time
genes.

CONCLUSIONS

Flowering time control is of major importance in crop
adaptation. Knowledge about flowering time genes is crucial
for improving important Brassica vegetable crops. Our study
provides sequence variation data for all orthologous copies of
35 flowering-time regulatory genes in two accessions each of
B. rapa and B. oleracea, respectively. The data confirm earlier
findings on variation in central flowering time regulators, but
also provide comprehensive novel data spanning numerous other
genes involved in the flowering network. Rearrangement patterns
compared to the allotetraploid B. napus revealed only small and
local changes, implicating that allopolyploidisation in B. napus
occured via unreduced gametes with small-scale homoeologous
exchanges.
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Figure S1 | Pathway variation for flowering time genes in the B. rapa genotype

L58. Interactions are displayed as known from Arabidopsis thaliana. Arrows

indicate positive regulation, blunt ends indicate negative regulation. All copies of a

gene are displayed in a box. The main flowering regulators FT, FLC, and CO are

indicated in bold boxes. The type of variant is color coded (see legend).

Duplications are indicated by a second colorless copy box. SNP colors are

hierarchic, meaning for example that synonymous SNPs are not displayed if

non-synonymous SNPs are present. Boxes framed in red indicate known copies

from B. napus which were not found in B. rapa. Boxes framed in blue were found,

but not annotated as gene.

Figure S2 | Pathway variation for flowering time genes in the B. oleracea

genotype BRA1398. Interactions are displayed as known from Arabidopsis

thaliana. Arrows indicate positive regulation, blunt ends indicate negative

regulation. All copies of a gene are displayed in a box. The main flowering

regulators FT, FLC, and CO are indicated in bold boxes. The type of variant is

color coded (see legend). Duplications are indicated by a second colorless copy

box. SNP colors are hierarchic, meaning for example that synonymous SNPs are

not displayed if non-synonymous SNPs are present. Boxes framed in red indicate

known copies from B. napus which were not found in B. oleracea. Boxes framed

in green indicate that this copy was not known from B. napus. Boxes framed in

blue were found, but not annotated as gene.

Table S1 | Total number of target SNPs and number of homozygous target SNPs

for both sequenced species along with the number of target SNPs and

homozygous target SNPs for each sequenced genotype.

Table S2 | Total number of target InDels and number of homozygous target InDels

for both sequenced species along with the number of target InDels and

homozygous target InDels for each sequenced genotype.
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1. Introduction

Polyploidy refers to either the duplication of a single genome
(autopolyploidy) or to the combination of two or more different
genomes (allopolyploidy) to make a new species [1,2]. Many
important domesticated crops have been classified as allopoly-
ploids, such as wheat (Triticum aestivum), tobacco (Nicotiana
tabacum), peanut (Arachis hypogaea), and cotton (Gossypium
hirsutum) [1]. Another popular example is rapeseed (allotetra-
ploid Brassica napus, 2n = 4x = 38, AACC) which was formed by
hybridization between B. rapa (2n = 2x = 20) and B. oleracea
(2n = 2x = 18) [3]. By contrast, autopolyploids, such as seedless
watermelon (Citrullus lanatus), banana (Musa acuminata), potato
(Solanum tuberosum), and alfalfa (Medicago sativa) [1], arisewithin
a single species by genome doubling [4].

In flowering plants in particular, polyploidy and interspe-
cific hybridization have played a major and pervasive role in
shaping plant genomes [5]. The initial merger of two genomes
is often accompanied by dramatic events such as
transposable-element activation (movement and replication
of mobile DNA), homeologous exchanges (swapping of DNA
between ancestrally related chromosomes), and DNA meth-
ylation (which may cause changes in gene expression), while
the subsequent path to diploidization involves the loss,
retention, or maintenance of duplicate genes with possible
neo- and subfunctionalization (respectively the arising of
novel gene functions and the sharing of gene functionality
between duplicates) [6–8]. Together with the strongly in-
creased sequence similarity in polyploid genomes, these
processes drastically increase the likelihood of occurrence of
genomic structural variants in polyploids.

Polyploids harbor great potential for crop improvement.
The presence of extra gene copies and alleles can boost allelic
heterosis (which confers hybrid vigor) as well as provide gene
redundancy [6]. However, themultiple subgenomes and larger
genome size in polyploid than in diploid crops pose some
challenges to polyploid crop improvement. These challenges
include decreased selection efficiency due to the contribution
of multiple genes and alleles to each trait, and increased
difficulties in obtaining accurate genomic and genotypic data.
The latter challenge is particularly relevant for genomic
structural variants, which are now known to heavily influence
traits. Addressing some of these challenges requires a deep
functional and structural understanding of crop genomes [9].
In this review, we present an overview of the types of genomic
structural variation present in polyploids and how they can be
detected, as well as the documented influence of genomic
structural variation on traits in polyploids. We highlight the
challenges and opportunities in exploiting the special geno-
mic structure of polyploid crops for evolutionary and breeding
research.
2. Genomic structural variation

2.1. Types of genomic structural variation in polyploids

Genomic structural variation includes all variants of the DNA
sequence in which sequence blocks larger than 1 kb are
transferred to a different genomic context. These transfers
can have different outcomes: the sequence block to be
transferred can be moved to a new locus (translocation), it
can be flipped from a 5′- to -3′ to a 3′- to -5′ orientation in the
same location (inversion), it can be lost (deletion), and it can
be copied to a new locus (duplication). Although transloca-
tions and inversions change only the genomic context and do
not affect the number of copies of a sequence present in the
genome, deletions and duplications can change the copy
number of the genes contained in the affected sequence
block. This change can lead to individual variation in the
number of copies of a gene, which is called copy-number
variation (CNV). If a gene or region is simply missing in some
individuals relative to others, we call these presence–absence
variants (PAVs).
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Polyploid genomes are, owing to their intragenomic homol-
ogy, prone to so-called homeologous exchanges (HEs), in which
homeologous chromosomes (ancestrally related chromosomes
from different subgenomes) exchange genetic material. Partic-
ularly common in polyploids, these exchanges between
homeologous chromosomes during meiosis can result in the
appearance of CNVs and PAVs as well as reciprocal transloca-
tion events (Fig. 1). Although homeologous exchanges are often
classed as either PAVs or CNVs, these differ from the conven-
tional definition of PAVs and CNVS in that one part of the
genome is replaced with a copy from another part of the
genome, usually a homeologous region, generally conserving
gene content (Fig. 1). Although transposable elements have
been reported to be amajor cause of structural variation [10,11],
and CNV and PAV are considered to have greater effects on
plant phenotype [12], HEs play a major role in generating
genomic structural variation in polyploids. Investigating, cap-
turing, and utilizing the genetic differences arising from this
variation will promote the genetic improvement of polyploid
crops. In the following sections we will briefly discuss these
three main types of structural variation (PAVs, CNVs, and HEs),
focusing on the context of polyploid crops.

2.2. Copy-number variation

Copy-number variation refers to the presence of DNA se-
quences (usually larger than 1 kb) in copies whose number
varies between individuals or populations of the same
species. Smaller elements are known as insertion/deletions
[13–15]. In humans, besides the known association with
sporadic and Mendelian diseases, CNV has also been
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traits, and thus be subject to evolutionary pressures such as
selection and drift [16,17]. Several mechanisms have been
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homologous recombination (NAHR) and non-homologous end
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comparative genome hybridization, Springer et al. [20] iden-
tified 400 CNVs between the maize inbred lines Mo17 and B73.
These CNVs were distributed across all maize chromosomes,
although several conserved regions (located mostly around
the centromeres) showed few or no CNVs. By sequencing 80
Arabidopsis thaliana accessions collected from diverse envi-
ronments, Cao et al. [21] discovered 1029 CNVs, some of which
overlapped with gene coding regions and thus might have an
effect on phenotype. Copy-number variation was found to be
particularly prevalent in polyploids and polyploid crops, such
as allopolyploid wheat [25,27–29] and autotetraploid potato
[13], despite the added challenge of discriminating between
the multiple gene copies already present as a result of whole-
genome duplication and hybridization events. Several authors
have also reported CNVs affecting important adaptive and
agronomic characteristics such as grain yield, frost tolerance,
and flowering time [30–33]; a comprehensive overview of the
effect of structural variation on phenotypic traits in polyploids
appears in Section 4 of this review.

2.3. Presence–absence variation

Definitions of PAVvary.WhereasDing et al. [34] define PAVas the
presence or absence of genes within a genome or the presence of
genes located in different genomic regions betweengenomes, the
more common definition is the presence or absence of a gene in
somebutnot all individuals of a species [20,35]. PAVhasalso been
considered as an extreme form of CNV [14]. With the cost of
genome sequencing currently decreasing, the ability to sequence
many genomes simultaneously is on the rise, permitting
alignment of the genomes of many individuals of the same
species for comparison. One common outcome of this compar-
ison is the identification of presence–absence variation (PAV).
The extent to which two genomes can vary in terms of PAV has
been demonstrated in maize, in which a comparison was made
between inbred lines B73 and Mo17. On average, only 50% of
sequences were shared in common between the two lines, while
25% of sequences in homologous locations were present in one
inbred line but were absent in the other [36]. This result, coupled
with results from other plant species, prompted an extension of
the “pan-genome” concept (originally proposed in bacteria) to
plants. The pan-genome is composed of the “core” genome
(genes or genomic regions present in all individuals of a species)
and the “dispensable” genome (present in some individuals of a
species) [10,12]. Following the introduction of this concept to
plants, the pan-genomes of plant species such as rice, barley,
maize, and soybean have been analyzed, and the dispensable
genome fraction has been shown to play an important role in
evolution as well as in the complex interplay between plant
species and the environment [18,37]. As a result, some authors
have asked whether the dispensable genome fraction really is
dispensable [10,12], or should perhaps instead be thought of as
another form of adaptive variation within species.

Polyploidization and subsequent diploidization processes
in plants are accompanied by subgenome fractionation, gene
loss, and transposable element activation [38], processes that
can increase the frequency of presence–absence variation.
Despite the inherent difficulty of evaluating PAV in poly-
ploids, several studies have made progress in this direction.
Montenegro et al. [35] produced a wheat pan-genome by
sequencing 18 elite cultivars and comparing them to an elite
spring cultivar, and found that each cultivar had an average of
128,656 genes, with 64.3% of genes shared by all 19 cultivars.
The total pan-genome content was 140,500 ± 102 genes, with
39 unique genes per individual. Sequencing the genome of the
autotetraploid potato Solanum tuberosum (2n = 4x = 48) and
comparing it with a heterozygous diploid genome revealed
PAV in 275 genes, with 246 genes specific to the diploid [39].
The assembled pan-genome of Brassica napus from 53 syn-
thetic and non-synthetic lines revealed that 38% of genes
showed PAV, many of which PAVs were putatively associated
with important agronomic traits such as flowering time,
disease resistance, and glucosinolate content [23]. These
examples highlight the importance of PAV and its potential
for the genetic improvement of polyploid crops.

2.4. Homeologous exchanges

In allopolyploids, homeologous chromosomes come together in
a single genome. Disomic inheritance, which is the result of
strict pairing between homologous chromosomes, is sometimes
enforced by pairing regulators, such as Ph1 in allopolyploid
wheat [40]. However, this process can occasionally fail even in
stable allopolyploids, such that homeologous chromosomes pair
and exchange genetic information [40–43], undergoing HEs (Fig.
1). Genomic variation resulting from HEs has been reported in
rapeseed [44], wheat [18,45], sunflower (Helianthus annuus) [46],
and Tragopogon [47,48]. HEs have also been demonstrated to
affect phenotypic traits. Although Udall et al. [49] observed no
marked effect of HEs in four rapeseed mapping populations,
Osborn et al. [41] reported that a homeologous non-reciprocal
translocation between chromosomes A7 and C6 in a rapeseed
mapping population had a significant effect on seed yield. Other
studies have linked HEs to other important traits such as seed
quality, flowering time and fertility [24,50]. HEs have also been
reported to be the major cause of gene PAV in B. napus
amphiploids [23,51]. Hurgobin et al. [23] assembled the pan-
genome of B. napus and reported two types of PAV: non-HE-
related PAV andHE-related PAV, the latter referring to the loss of
genes by replacement with their corresponding genomic seg-
ments from homeologous regions. Of the 53 accessions used to
assemble the pan-genome, 30 showed HE-related PAVs, and
functional annotation of these HE-related PAVs pointed to their
involvement in stress, defense, andauxinpathways [23]. Lloyd et
al. [51] also validated the effects on gene expression of 21 HEs
between B. napus accessions, demonstrating major effects of
someof theseHEs onhomeologous genepairs. AsHEshave been
reported to have both adaptive and agronomic importance,
cataloguing these genomic changes could play an important role
in the breeding of allopolyploid crops.
3. Techniques for uncovering genomic structural
variation in polyploid crops

3.1. Physical and genetic maps

Polyploid genomes are larger and more complex than their
related diploid genomes. Larger genomes are more expensive
to sequence, and polyploid genomes usually require more
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bioinformatics expertise than diploid genomes [52]. The assem-
bly of complex and polyploid genomes is still quite challenging,
as next-generation sequencing relies on assembling short
sequences that are usually much smaller than the size of
genomic rearrangements [53], making it difficult to identify
these events. To date, numerous genome misassemblies in
polyploids have been found to result from structural variation,
such as translocations and inversions between the A and D
subgenomes in tetraploid cotton [53]. Chromosome rearrange-
ments can also interfere with the construction of genetic maps,
mapping of quantitative trait loci (QTL), and marker-assisted
selection [54,55]. These rearrangements may also affect the
accurate positioning of sequences in polyploid genomes when
sequences are aligned to the reference genome of their diploid
progenitors [56], complicating sequence-based genotyping ap-
proaches. However, the use of geneticmapping populations has
shown great potential for addressing sequence-assembly prob-
lems in polyploids [57], and genetic and physical maps can be
integrated for QTL mapping [58] or even combined to identify
the effect of homeologous exchanges on phenotypes [50].
Building on these strategies, new technological developments
also show promise in facilitating the identification of structural
variants in complex polyploid genomes for use in crop
improvement.

3.2. Discriminating between homeologous loci

A major challenge in polyploid crop improvement is in
discriminating between homeologous alleles; that is, alleles
present at homeologous loci (in different genomic locations),
rather than homologous loci (alleles present at the same locus
on two homologous chromosomes). Alleles from different
homeologous genomic locations are difficult to discriminate
from alleles at a single homologous locus, leading to false
identification of marker (e.g. single nucleotide polymorphisms
(SNP)) polymorphism [59–61]. This confusion also creates
difficulty in the development of homeolog-specific and allele-
specific markers, complicating the design of primers to amplify
specific target regions and not corresponding homeologous
regions [54]. In allopolyploids such as peanut in which the two
subgenomes are highly similar (with 96% median sequence
identity), distinguishing homeologous from allelic SNPs is
complicated [62]. Thus, increased genetic similarity between
subgenomes within polyploid species exacerbates these chal-
lenges. Consequently, the rate of SNPmarker development and
its application in molecular breeding is slowed in polyploid
crops [63]. Polyploid crops often require higher numbers of
markers than diploids, ultimately increasing cost [64]. Amplifi-
cation of homeologous alleles is also an obstacle to the use of
SNP arrays for studying structural variation in polyploid crops.
SNP arrays can be a valuable tool for detecting structural
variation: in general, they can detect PAVs in the form of
segregating marker “fails” (failure to amplify an allele by
multiplemarkers physically located contiguously on a chromo-
some) in a population according to the expected allele ratios
[44,65,66]. However, when they are used with polyploid ge-
nomes, short oligonucleotide probes anchored onto these
arrays often bind to closely related parts of the subgenomes,
leading to false SNP calling [66]. Other problems caused by
homeologous sequences in polyploid crop improvement
include difficulty in genome-wide quantification of
homeologous gene expression due to high sequence similarity
between homeologous gene pairs, and the detection of more
minor than major QTL in QTL mapping of polyploids [67–69].
Despite these challenges, approaches such as SNP array
genotyping of doubled-haploid [70] and testcross [71] mapping
populations have been highly successful in identifying chro-
mosomal structural rearrangements and the effects of these
rearrangements on phenotype [50] in complex polyploids.

With the advent of third-generation genomic technologies
(first generation: sequencing of single short read sequences; e.g.
Sanger sequencing; second generation: high-throughput multi-
plex sequencing of short (<150 bp) reads; e.g. Illumina sequenc-
ing (https://www.illumina.com/)), it is also now possible to
detect structural variants in polyploid genomes with great
precision, assisting in the discrimination of homeologous
alleles. Unlike their predecessors, third-generation technologies
rely mainly on capturing long-range genomic information, and
can be broadly classified into two categories: mapping- and
sequencing-based [72]. Third-generationmapping technologies
such as Bionano Genomics optical mapping (https://
bionanogenomics.com/) provide long-range genome structure
information in the formof orderedgenomicmarkers (restriction
or marker sites) without sequencing every single nucleotide.
However, third-generation sequencing technologies such as
Pacific Biosciences (PacBio) Single Molecule Real Time (SMRT)
sequencing (https://www.pacb.com/) and the Oxford Nanopore
Technologies (https://nanoporetech.com/) sequencing platform
provide actual base-pair information for ultra-long DNA
molecules.

3.3. Third-generation mapping technologies

Bionano Genomics optical mapping using nano-channel
arrays relies on capturing long-range genomic information
in the form of restriction sites for the detection of structural
variants. Introduced in 2010, it involves imaging of high-
molecular-weight fluorescently labeled DNA molecules and
creation of large restriction maps represented as stretches of
light and dark regions (resembling a barcode) which can then
be aligned to an in silico-generated optical map of a reference
assembly. Insertions and deletions can be detected if the
analyzed genotypes have additional or missing restriction
sites compared to a reference assembly, although detection
may be confounded by the presence of mutations in the
restriction enzyme binding sites. Optical mapping has been
used in genome assembly and structural-variation detection
approaches in many plant species, such as wheat [73], maize
[74], Arabidopsis [75,76], and clover (Trifolium subterraneum L.)
[77]. One of the key factors distinguishing this approach from
other technologies is that the DNA molecules are not broken
into small fragments during the entire process, thus enabling
the capture of long-range genomic information stretching up
to several hundred kilobases. However, this approach relies,
for structural-variation detection, on the availability of a high-
quality reference assembly, which is often not yet available
for non-model crop species. Furthermore, lack of actual
nucleotide information makes it computationally challenging
to isolate actual structural variant calls from the noise
generated during imaging of the DNA fragments.

https://www.illumina.com/
https://bionanogenomics.com/
https://bionanogenomics.com/
https://www.pacb.com/
https://nanoporetech.com/
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3.4. Third-generation sequencing technologies

Two major third generation sequencing technologies with
excellent potential for detecting structural variation in com-
plex polyploid genomes are PacBio SMRT technology and
Oxford Nanopore sequencing. Unlike Bionano Optical map-
ping, both techniques generate actual nucleotide sequences
rather than only restriction-site information. PacBio SMRT
works on the principle of sequencing-by-synthesis. A single-
stranded circularized DNA template is fed into a sequencing
well. As the DNA polymerase synthesizes the complimentary
strand base by base, a distinct fluorescent signal is generated
for each base. In its current form, PacBio reads range from 2 kb
to 100 kb in length. Ultra-long reads can span insertions or
deletions of several thousand base pairs, thereby enabling the
precise detection and mapping of variation breakpoints. A
very recent example underlining the efficacy of PacBio
sequencing in assembling complex polyploid genomes was
the whole-genome assembly of bread wheat [78]. However,
one of the possible reasons preventing more frequent use of
this technology to date for detection of structural variation is
the currently prohibitive financial costs associated with it. For
example, a de novo assembly of a single rapeseed (Brassica
napus, 2n = 4x, ~1130 Mb) genome with 80× coverage would
currently cost approximately US$25,000 with a service pro-
vider (excluding the bioinformatics analysis) on the Sequel
System, whereas the system itself costs US$350,000.

Oxford Nanopore sequencing provides a relatively cheap
alternative to PacBio SMRT technology for detection of
structural variants in polyploid genomes. The largest differ-
ence separating this technology from others is that the cost of
the sequencer itself has been reduced to practically zero. This
makes it easy for smaller labs to access this technology. One
of the very popular sequencing platforms from the Oxford
Nanopore technologies is known as the MinION. It is a small
handheld device capable of sequencing DNA by measuring
the minute disruptions in electric current as a DNA molecule
traverses a nanopore. It is capable of delivering a read length
similar to that of the PacBio SMRT technology. There are a few
examples of this technology being applied to decipher
structural variation in plant genomes, such as Solanum
pennellii, for which Nanopore reads were used exclusively
[79], and Arabidopsis thaliana, for which structural variants
associated with plant growth were identified using a single
Nanopore flow cell [75]. Although promising, this technology
is still in its developmental phase, and high error rates and
erratic data yields from Nanopore flow cells continue to be an
issue. In fact, high error rates (~15%; compared to <0.5% for
Illumina short reads [80]) are a major bottleneck for both the
PacBio SMRT and Oxford Nanopore sequencing technologies
[81]. However, thanks to the random distribution of errors
across the entire length of a read, the error problem can be
overcome by increasing the depth of sequencing, albeit
making the entire process more expensive.

3.5. A combined strategy for the detection of structural
variation in polyploids

As discussed, every individual technology has its own
limitations. Accordingly, for complex genomes it would be
advantageous to adopt a hybrid approach using a combina-
tion of different technologies. A very commonly used strategy
for detection of structural variation in large genomes is to
pursue low coverage with longer reads using either PacBio or
Nanopore sequencing and to combine these data with a high
number of Illumina short reads. Second-generation sequenc-
ing technologies such as Illumina together with classical
genetic mapping can also be used to detect long-range
genomic rearrangements. For example, using a combination
of short Illumina reads with SNP data from a segregating
nested association mapping (NAM) population in Brassica
napus revealed genomic deletions associated with disease
resistance [65].

As mentioned previously, pan-genomics is another popu-
lar choice for the detection of structural variation, in
particular PAV. Many studies have shown the power of pan-
genomics in detecting PAV, for example in wheat [35],
rapeseed [23], cabbage (Brassica oleracea) [82], and rice [83].
However, it is important to note that the amount of
information a pan-genome can provide about a species is
highly dependent on the number and diversity of the
individuals sequenced to create the pan-genome, and se-
quencing a large number of individuals inevitably incurs high
costs. Declining costs combined with increasing throughput
of next-generation sequencing technologies during the last
decade has already led to the availability of many crop plant
reference genomes: for example rice [84], maize [85], sorghum
(Sorghum bicolor) [86], cucumber (Cucumis sativus) [87], soybean
(Glycine max) [88], potato (Solanum tuberosum) [89], barley
(Hordeum vulgare) [90], cotton (Gossypium hirsutum) [91], chick-
pea (Cicer arietinum) [92], rapeseed (Brassica napus) [3], bread
wheat [93], common bean (Phaseolus vulgaris) [94], and pearl
millet (Pennisetum glaucum) [95]. However, creating multiple
reference assemblies for a single species remains challenging,
owing to financial and technological constraints. In addition
to large overhead expenses in creating multiple assemblies, a
majority of these sequencing technologies can read only a
short stretch of DNA per read. This limitation might not be a
problem in dealing with diploid genomes, but it presents an
inherent problem for identifying genome structural variation
in polyploid crops. Allopolyploid genomes usually comprise
two or more very closely related genomes, making the
alignment of short DNA reads to a reference genome
extremely challenging. Sequence alignment is at the heart of
any structural variation detection pipeline, and a spurious
alignment may lead to the wrong biological conclusions.
However, with declining sequencing costs it is just a matter of
time before the term “reference genome” becomes obsolete,
and thousands of genome assemblies become available for
every plant species, including the complex polyploid crops.
4. The influence of structural variation on traits

4.1. The challenge of linking structural variation to phenotype

Copy-number variation can also be understood as an extreme
form of sequence variation. Whereas deletions abolish gene
copy function, duplications can lead to variation in expression
level [13] and thereby affect gene dosage. Duplications thus
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have a higher risk of affecting traits than point mutations or
InDels, and should accordingly be under strong selection
pressure. The adaptive value of gene duplicates is illustrated
by the observation that polyploid genomes tend to lose
redundant gene copies [52], whereas gene copies from
adaptive pathways are retained or even duplicated. For
example, in the mustard family, genes from the glucosinolate
pathway were highly retained after whole-genome duplica-
tions, with a retention rate of 95% compared to 45% across all
genes [96]. Despite the strong phenotypic effects expected
from CNV, findings linking genomic variation with pheno-
types are scarce. This scarcity is due partly to the compara-
tively large effort needed to confirm CNVs in plant genomes.
CNVs can be detected via microscopy-based approaches, e.g.,
fluorescent in situ hybridization (FISH); quantitative PCR
(qPCR); probe-hybridization-based assays; SNP array-based
methods; or next-generation sequencing. Statistically linking
CNVs to phenotypes requires analysis of medium-to-large-
sized populations, and these must undergo CNV detection as
well as phenotyping, which can be expensive in cost and time.
Moreover, some of these methods have specific drawbacks.
For example, PCR-based approaches are not robust against
sequence variation within primer binding sites, SNP arrays
cannot easily detect duplications, and NGS approaches
depend on the quality of the reference genome. These
difficulties partly explain the lack of data. Another reason
may be that both scientists and breeders underestimate the
extent of structural variation in polyploid crops and focus
rather on classical sequence variants. Recent findings of crop
genomic structural variation, however, show that the as-
sumption of a stable genome is questionable. This genomic
instability is also shown by several pan-genomic approaches.
For example, sequencing 10 different accessions of cabbage, a
diploid with multiple polyploid events in its lineage
(mesohexaploid), revealed that 18.7% of the gene copies were
affected by PAV in at least one of the accessions [82]. Another
pan-genome study in the related recent allotetraploid rape-
seed, using 53 diverse accessions including resynthesized
lines, found that 38.0% of the genes were affected by PAV [23],
similar to the value of 35.7% obtained from 18 hexaploid
wheat cultivars [35]. These figures illustrate the importance of
structural variation in polyploid crops and the pressing need
to investigate the influence of structural variants on adaptive
and agronomic traits. Although transposable elements are the
major source of structural variation in diploids, polyploids
present even more possibilities of genomic rearrangement.
Homeologous exchanges in meiosis can lead to deletions and
duplications in homeologous chromosomes, depending on
the degree of sequence similarity and distance from the
centromeres [97]. A summary of research studies that have
confirmed the phenotypic influence of CNVs in polyploid
plants is presented in Table 1.

4.2. The adaptive value of structural variation

The high degree of structural variation observed within
species is indicative of its adaptive value. CNVs are raw
material for evolutionary adaptation and have been found to
underlie several adaptive traits in crops, among them
flowering time [27], cold tolerance [103], and boron tolerance
[104]. They also seem to be an important mechanism for the
development of herbicide resistance in weeds [105], demon-
strating the power of structural variation in facilitating plant
evolution even on very short time scales. Gaines et al. [105]
identified the acquisition of glyphosate resistance in Palmer
amaranth, a weedy species in southeast USA, by repeated
duplication of the gene 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS). The enzyme EPSPS is the molecular target
of glyphosate, and resistant populations show a 40–100 fold
increase in EPSPS copy number along with increased protein
expression and enzymatic activity [105]. Sequencing of these
amplified regions revealed that they were in close vicinity to
miniature inverted-repeat transposable elements (MITEs),
suggesting that these MITEs have played a mechanistic role
in gene amplification [106]. FISH experiments also confirmed
that the EPSPS cassette indeed amplified as an extrachromo-
somal circular DNA (eccDNA) from one of two genomic copies
of EPSPS, a finding that may explain how the species managed
to evolve widespread resistance to glyphosate in less than five
years [107].

Owing to the technical constraints discussed above, most
studies linking CNV and phenotype focus on selected genes or
sets of genes. Techniques such as exome capture can
overcome this limitation for genome-wide analysis. However,
few genome-wide studies have been performed to link
structural variants to adaptive traits genome-wide in poly-
ploids, owing to the high costs involved. In one example, 537
diverse accessions of tetraploid and octoploid switchgrass
(Panicum virgatum) were sequenced, revealing 9979 genes
affected by CNV or PAV [100]. Some of the CNVs could be
assigned to specific ecotypes: for example, 62 deletions were
specific to upland switchgrass, one of the major ecotypes of
the species [100]. Some of the affected genes were also
involved in photo-inhibition protection, indicative of a
genome-wide adaptive response in either upland or lowland
switchgrass [100].

4.3. Effects of structural variation on flowering time

A major component of climatic adaptation is flowering-time
regulation, which synchronizes plant development with cli-
matic conditions. In narrow-leafed lupin (Lupinus angustifolius),
breeder selection for two major early flowering-time loci (Ku
and Julius) allowed expansion of this crop into shorter-season
environments: very recently, both lociwere found to result from
deletions in regulatory regions of a flowering-time gene
(LanFTc1, a FLOWERING LOCUS T (FT) homolog) [108]. In wheat,
an increase in the copy number of Ppd-B1 conferred day-neutral
flowering, whereas accessions with unaltered copy numbers
were found to be photoperiod-sensitive [25]. Increased copy
numbers of Vrn-A1 were correlated with an increased vernali-
zation requirement. In a large landmark study [27] using a
global panel of 1110 diverse wheat cultivars, copy-number
variants of these two loci were found to be involved in wheat
adaptation worldwide. Based on the phylogeny of the popula-
tion, the authors concluded that the observed gene duplications
arose independently several times, underlining the importance
and prevalence of the CNV adaptation mechanism. Ppd-B1
duplications affected 56% of the Chinese subpopulation but
only 10% of the total population, suggesting a role of



Table 1 – Studies reliably linking structural variation to trait variation in polyploid crops.

Species Ploidy Trait Method of detection Number and type of accessions Reference

Brassica napus 4x Flowering time Sequence capture 280 diverse accessions Schiessl et al. [98]
Brassica napus 4x Seed quality SNP array, FISH, NGS 3 different doubled haploid populations Stein et al. [50]
Brassica napus 4x Chlorophyll content SNP array 203 diverse semi-winter accessions Qian et al. [99]
Panicum virgatum 4x + 8x Ecotype Exome capture 537 diverse accessions Evans et al. [100]
Solanum tuberosum 4x Gene expression FISH 16 diverse accessions Iovene et al. [13]
Triticum aestivum 6x Flowering time TaqMan 9 diverse accessions,

77 doubled haploid lines
Díaz et al. [25]

Triticum aestivum 6x Flowering time TaqMan 1110 diverse accessions Würschum et al. [27]
Triticum aestivum 6x Frost tolerance TaqMan 65 diverse winter accessions,

81 diverse spring accessions
Zhu et al. [101]

Triticum aestivum 6x Frost tolerance TaqMan 407 diverse winter accessions Würschum et al. [102]
Triticum aestivum 6x Chlorophyll content,

grain size
PCR 169 recombinant inbred lines Chang et al. [30]
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photoperiod adaptation to different daylength regimes. In
addition, copy numbers of Vrn-A1 increased from southern to
northern Europe. Both CNVs together explained between 3%
and30%of thephenotypic variancedepending onenvironment.
Other polyploid crops also showwidespread CNVs in flowering-
time genes. Using a targeted-sequencing approach in a popu-
lation of 280 diverse accessions of rapeseed, a study [24] of gene
copy-number variation showed that CNVs are highly abundant
in all 35 flowering-time gene copy groups assessed. Similar
results were found for the progenitor species B. rapa and B.
oleracea [32]. In particular, two structural rearrangements (HE
duplication–deletion events) affecting copies of Bna.PHYA
(duplicated from A09, deleted on C8) and Bna.FLC (duplicated
fromA10, deleted onC09) predominated in swedes (B. napus ssp.
napobrassica; [24]). PHYA is a photoreceptor involved in
photoperiod-dependent regulation of flowering time, whereas
FLC is the main regulator of vernalization in dicots [109]. The
subspecies napobrassica, as a root vegetable form of B. napus, is
extremely vernalization-dependent and flowers only after very
long periods of cold, presumably because it has been selected
for bolting resistance [24]. These observed HEs and CNVs in
wheat and rapeseed were selected unconsciously by early
breeders, highlighting the possible gains that could be made
by targeted application of knowledge of structural genome
variation in modern breeding.

4.4. Effects of structural variation on frost tolerance

Another trait tightly linked to climatic adaptation is frost
tolerance. Biannual plants overwinter in the vegetative state
and therefore have to withstand temperatures well below
0 °C. This requirement can limit introgression of genetic
variance from an annual to a biannual background. In
wheat, two major loci controlling this trait have been shown
to be linked to CNVs: FR1, containing the previously named
vernalization regulator Vrn-A1, and FR2, where three C-
REPEAT BINDING FACTOR (CBF) gene copies, CBF-A12, CBF-
A14, and CBF-A15, are located [101]. Copy numbers of CBF-A12
and CBF-A14 in 65 diverse winter and 81 diverse spring
cultivars were significantly correlated with frost tolerance in
winter accessions, but not in spring accessions [101]. Further-
more, the phenotypic effect of the CNV depended on the
haplotype of the other locus: an increased copy number of
Vrn-A1 led to higher frost tolerance in accessions carrying the
FR2-A2-T haplotype [101]. Later, Würschum et al. [102]
showed that the CBF-A14 CNV indeed accounts for 24.3% of
the phenotypic variance of the trait in winter wheat. This
example shows that both CNVs and sequence variants should
be carefully integrated into the genetic models underlying
modern breeding programs.

4.5. Effects of structural variation on other agronomic traits

Although several clear examples of CNVs affecting important
agronomic traits, such as disease resistance [72,110] and metal
ion tolerance [104,111], are known in diploids, results showing
the effect of CNVs on agronomic traits in polyploids are
surprisingly scarce. However, the rare examples we have
indicate that more research in this field is sorely needed. In
allotetraploid rapeseed, Qian et al. [99] used data from a
genome-wide SNP array to identify a deletion encompassing a
copy of NON-YELLOWING 1 (NYE1), which is involved in
chlorophyll degradation during senescence. The deletion was
significantly associated with chlorophyll content at two differ-
ent plant developmental stages in a population of 203 diverse
Chinese semi-winter accessions [99]. Haplotype analysis re-
vealed that seven accessions carried the deletion, all of which
showed significantly increased chlorophyll content at both
seedling and bolting stages [99]. Phylogenetic analysis sug-
gested that the locus had been introgressed into B. napus from
the progenitor species B. rapa [99]. Similarly, a deletion in a copy
of cytokinin oxidase (CKX), a gene involved in photosynthesis
regulation, reduced both chlorophyll content and grain size in a
recombinant inbred line (RIL) population derived from a cross
between a winter and a spring cultivar of wheat [30]. Stein et al.
[50] identified several genomic rearrangements affecting seed
quality and other agronomic traits in three different doubled-
haploid (DH) populations of B. napus using a variety of different
methods to validate these results: FISH, whole genome
resequencing, genetic mapping using SNP array data, and
sequence capture [50]. Different quantitative trait loci (QTL) for
seed fiber content, number of seeds per silique, flowering time,
and glucosinolate content could all be traced back to deletions
or homeologous exchanges in this study [50]. For example, a
QTL for seed color, lignin, and fiber contentwas associatedwith
a duplicated fragment on chromosome C08, with a correspond-
ing loss of a (homeologous) chromosome A09 fragment in the
resynthesized mapping parent [50]. The 173-kb QTL interval
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was found to harbor three important candidate genes for those
traits. A CNV for one of these gene copies was additionally
confirmed by sequence capture, indicating that the structural
rearrangement indeed affected the genes within the interval
[50].
5. Conclusions and perspectives

Today, we know that allelic variants of genes are far from
explaining the totality of crop phenotypes. There is an
increasing realization that SNPs do not represent all existing
genetic variation within a species, and also an increasing
appreciation of the role of genome structural variation in
phenotypic expression [14]. This understanding has led to
large-scale characterization of multiple genomes per species
at a population level, resulting in the discovery of a large array
of structural variants [10]. Changes in gene copy number
affect the expression levels of genes, which may in turn alter
phenotypes. Owing to their large size relative to single
nucleotide polymorphisms (SNPs), structural variants most
likely account for more heritable differences in phenotype
than SNPs [112]. However, until recently, the complexity of
genome structural variation was relatively unknown, partic-
ularly in plants. Genome structure is still more complex in
polyploids, which have multiple gene copies and are often
also the product of ancestral hybridization events between
species. Polyploids carry all the same types of genomic
structural variation as diploids, but taken to the extreme.
Owing to the buffering effect of multiple genomes and hence
redundant gene copies, CNV and PAV are hypothetically
better tolerated in polyploids than in diploids [7]. Sequence
homology shared between two different parts of the genome
initiates non-homologous recombination events in all spe-
cies, regardless of polyploid status [54]. However, polyploids,
with their high proportion of sequence homology (homeology)
between different subgenomes, are far more likely to undergo
chromosome rearrangements [113]. These rearrangements
can be classified into non-reciprocal and reciprocal translo-
cation events, and then into duplications and deletions (Fig.
1), but all arise from exchanges between non-homologous
(usually homeologous) chromosomes during meiosis [114].
Table 2 – List of species with assembled pan-genomes.

Species Ploidy level Represented diversi

Arabidopsis thaliana Diploid 80 accessions
Arabidopsis thaliana Diploid 19 accessions
Brassica napus Allotetraploid 33 varieties, 20 synthetics
Brassica oleracea Mesohexaploid 9 varieties, 1 wild relative
Brassica rapa Mesohexaploid 3 cultivars
Glycine soja Diploid 7 accessions
Hordeum vulgare Diploid 16 accessions
Medicago truncatula Diploid 15 accessions
Oryza sativa Diploid 1483 cultivars
Oryza sativa Diploid 3010 cultivars
Populus Diploid 4 P. nigra, 2 P. deltoides,

1 P. trichocharpa
Solanum tuberosum Diploid/autotetraploid 20 diploids, 47 tetraploid acc
Triticum aestivum Allohexaploid 18 cultivars
Zea mays Paleopolyploid 14,129 inbred lines
These homeologous exchanges differ from PAV and CNV as
traditionally defined in that a “dosage compensation” effect is
usually achieved, such that gene content is relatively con-
served [115,116]. For this reason, we propose that
homeologous exchanges should be considered as a major,
distinct category of genome structural variation, particularly
in polyploids.

All three major types of genome structural variation (CNV,
PAV, and HE) have been linked to important agronomic traits in
polyploid crops (Table 1), despite the fact that genomic
resources are still sparse for many of these species. The
production of multiple reference genomes per species and the
subsequent construction of “pan-genomes” that include all (or
almost all) DNA present in all individuals within a species have
beenunderway for only a short time, andmost of our important
crop species are still lacking pan-genome resources (Table 2).
Fortunately, these resources are becoming increasingly avail-
able with the advent of new sequencing technologies, and with
the corresponding drop in price and time required for genome
sequencing. In the short term, detection of genome structural
variation at lower costs can be optimized by combiningmultiple
technologies, such as short-read sequencing with longer reads
or optical mapping, or by the use of older methods such as
molecular cytogenetics or genotyping arrays [50,66].

n.a., data not available/presented.
In this review, we have highlighted the importance of

genomic structural variation for polyploid crop improvement.
Genomic structural variation in polyploids affects major
agronomic traits such as flowering time, frost tolerance, and
seed quality traits, as well as adaptation to the environment
(Table 1). This effect of structural variation on phenotype
emphasizes the necessity of investing in pan-genomics, as
emerging research has also pointed to the “dispensable”
genome as playing an important role in adaptation within a
species to different environmental conditions [10,12] and CNV
and PAV have been specifically linked to traits inadvertently
selected for by human agriculture in polyploid crops such as
wheat [27] and rapeseed [98]. In future, efficient identification
and functional validation of genomic structural variation
facilitated by new technologies and pan-genome resources
should play a major role in genetic improvement of polyploid
crops.
ty % core % dispensable Reference

n.a. n.a. Gao et al. [21]
69.7 30.3 Contreras-Moreira et al. [37]
62 38 Hurgobin et al. [23]
81.3 18.7 Golicz et al. [82]
91.2 8.8 Lin et al. [117]
80 20 Li et al. [118]
n.a. n.a. Contreras-Moreira et al. [37]
58 42 Zhou et al. [119]
n.a. n.a. Yao et al. [83]
56.7 43.4 1001 Genomes Consortium [120]
80.7 19.3 Pinosio et al. [121]

essions 46–65 35–54 Hardigan et al. [39]
64.3 35.7 Montenegro et al. [35]
60 40 Lu et al. [122]
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Chapter 2: Differential evolution of Brassica flowering time genes 

Many gene families seem to have a common ancestor, so obviously this ancestor has duplicated and 

diversified afterwards. Those processes of sub- and neofunctionalisation are central to gene 

evolution, but generally hard to observe due to the long periods involved. Brassica species are 

particularly well suited to study those processes, as they contain both mesohexaploid species and 

recent allotetraploids. It is therefore possible to study both long and short-term refunctionalisation. 

This does not only have theoretical value, but is also important for understanding selective responses 

in breeding: Breeders need to know which copies they need to check for allelic variance and which 

copies have lower or no importance. The papers presented in this chapter show studies of increasing 

evidence for subfunctionalisation across the flowering time genes Bna.FT, Bna.FLC and Bna.SRR1. The 

invited Spotlight paper in Chapter 2.1 highlights that allelic variance in only one copy of each Bna.FT 

and Bna.FLC is responsible for ecotype differences, while the other copies show no relevant allelic 

variance. The experimental paper in Chapter 2.2 shows that all nine annotated Bna.FLC copies have 

different expression patterns. Three of them do not react to cold anymore, so did loose part of their 

original function. Chapter 2.3 is an experimental paper showing that different copies of Bna.SRR1 

have different abilities to restore srr1 mutants in A. thaliana and also identifies possible protein 

domains responsible for this change. 
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Chapter 2.1: Illuminating Crop Adaptation Using Population Genomics 

 

Chapter II: 

Snowdon RJ, Schiessl S (2019) Illuminating Crop Adaptation Using Population Genomics. Molecular 

Plant 12:27–29. doi: 10.1016/j.molp.2018.12.014



Molecular Plant
Spotlight
Illuminating Crop Adaptation Using Population
Genomics
Published by the Molecular Plant Shanghai Editorial Office in association with

Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and IPPE, SIBS, CAS.
In this issue, Wu et al. (2019) describe the largest whole-genome

resequencing dataset published to date for rapeseed (Brassica

napus), an allopolyploid crop species that originated just a few

thousand years ago under anthropogenic influence and rapidly

evolved into one of the world’s most important oilseed crops.

In almost 1000 accessions spanning species-wide germplasm

for oilseed rape, a comprehensive analysis of sequence diver-

sity related to flowering-related traits uncovered selective

sweeps associated with eco-geographic adaptation and human

selection, attributable particularly to divergence among homoe-

ologs of key flowering-time regulation and ethylene synthesis/

signaling genes. The authors further extend their analysis to

retrospective, genome-based documentation of diversity foot-

prints that trace the global expansion of the species across a

century of breeding. The study contributes not only a rich

catalog of genome-wide diversity for genetic analysis and future

breeding of important agro-economic traits but also a unique

conceptional framework for ongoing selective adaptation of

oilseed rape crops to emerging challenges presented by chang-

ing climatic conditions in key production areas. Selective

sweeps were found to contain genes involved in stress adapta-

tion and development, especially flowering time, indicating

that climatic adaptation both in terms of local stress factors

and of life-cycle adaptation was the major factor underlying

agronomic selection for improved seed yield.

Modulation of flowering behavior and morphotype evolution via

post-polyploidization genome restructuring and homoeologous

expression changes has previously been identified as a decisive

factor in the success of B. napus as a diverse, globally adapted

crop (Samans et al., 2017; Schiessl et al., 2017). This new

study expands that knowledge by combining information on

genome-wide SNP diversity and linkage disequilibrium (LD) with

genome-wide association studies (GWAS) and gene expression

data. The resulting picture underlines the pivotal role of mutations

creating novel flowering and stress response phenotypes as

a driver of geographic expansion. Moreover, the data show

that this selection in B. napus was very specific to distinct gene

copies and did not act in parallel on copies of the same gene.

Interestingly, functional variation apparently not only arose by

mutations within coding sequences but rather via mutations in

promoter regions. The twomost prominent flowering-time genes,

FLOWERING LOCUS T (FT) and FLOWERING LOCUS C (FLC),

were strong candidates for selection. Indeed, the expression pat-

terns of B. napus FT and FLC homoeologs vary in expression

between different ecotypes (Figure 1), indicating that promoter

variation in floral regulatory genes is an essential factor in the

creation of adaptive variation and needs to be considered in

knowledge-based breeding approaches. The phenomenon of

promoter-driven adaptation may also hold true for other closely

related crops: For example, selection against premature bolting

in spring-type Brassica rapa ecotypes was shown to be highly
associated with promoter variation in a copy of VERNALIZATION

INSENSITIVE 3 (VIN3) (Su et al., 2018). Interestingly, similar

effects are observed in cereals, where mutations in promoter

sequences of the cereal gene VERNALIZATION 1 (VRN1) also

associate with eco-geographic adaptation (Deng et al., 2015).

Moreover, potential variation in promoter sequences was

recently postulated as a possible driver of pleiotropic effects

that appear to simultaneously modulate flowering responses

and root architecture in wheat and barley (Voss-Fels et al.,

2018). Such findings underline the importance of detailed

knowledge about the genetic intricacies of flowering-time

regulation and abiotic stress responses at the DNA sequence

and regulatory expression levels. To provide the knowledge

needed for targeted breeding of climate-adapted crops to cope

with future challenges, we urgently need more and better re-

sources for illuminating genome-wide and genome-deep data.

For a long time, polyploidy was a major obstacle to providing

such resources. The first genome assembly for B. napus

(Chalhoub et al., 2014) represented one of the most highly

duplicated and structurally rearranged polyploid plant genomes

to be completed at the time. It was also one of the last crop

genomes to be assembled on a backbone of DNA reads

generated from tiled BAC clones using Titanium Roche 454 and

Sanger sequencing technologies. Unimaginable just a decade

ago for a crop species with such a complex genome, the

dimensions of this new resequencing study underline the

enormous power of large-scale genome interrogation. However,

as sequencing power and cost no longer present significant bar-

riers to mining for useful genetic diversity, even in complex crop

genomes, new questions arise with regard to the maximum

exploitation of large-scale sequence datasets. One key concern

for breeders and researchers is the need for effective, standard-

ized, and integrated (e.g., across species) platforms to manage,

mine, and utilize genomic data from extensive crop plant

collections, coupled with methods and standards to unambigu-

ously link specific genotypes and seed lots to corresponding

genomic and phenotypic data. Given that data handling, storage,

and downstream analysis represent potentially greater future

challenges than the actual generation of large-scale genomic

sequence datasets, public bioinformatics infrastructure for

effective sharing and exploitation of published genome datasets

are essential prerequisites to maximize the added value of

genome sequences for crop genetics and breeding.

Enhancing the opportunities to mine genome sequence data for

previously invisible diversity (Gabur et al., 2018a) is particularly

relevant for species like B. napus with dynamic, allopolyploid

genomes where homeologous chromosome exchanges are
Molecular Plant 12, 27–29, January 2019 ª The Author 2018. 27



Figure 1. Selective Variants of Regulatory Flowering-Time Genes in Different Brassica napus ecotypes.
Eco-geographic selection acting on the flowering-time gene copies BnaA02g12130D (FT copy on chromosome A02, orange box) and BnaA10g22080D

(FLC copy on chromosome A10, blue box) in Brassica napus. The thin orange arrows indicate the positions of the remaining FT copies in the B. napus

genome, while the thin blue arrows indicate the positions of the remaining FLC copies. Ecotypes are represented by colored symbols (see legend). The

genetic fixation index (Fst) between ecotypes is indicated by the tone of gray in the star symbols, with darker tones indicating higher values and therefore

stronger selection. The average expression of each gene in young leaves of non-vernalized plants is indicated with a triangle, with darker triangles

indicating higher expression. The table in the black box shows the degree of conservation (in %, ±SE) of decisive sequence polymorphisms within the

promotor regions of the two gene copies for each ecotype.
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prolific (Hurgobin et al., 2017; Gabur et al., 2018b). For example,

there is growing evidence that novel genome structural variants in

B. napus are created even during self-pollination of homozygous

cultivars or during generation of doubled haploid lines (He et al.,

2017). In this context, genome-wide sequences can potentially

reveal a scale of structural genome diversity within ‘‘fixed’’ geno-

types that was hitherto undiscoverable. The closer we look, the

clearer it becomes that small-scale deletions affecting duplicates

of B. napus genes or their promoter regions, many of which may

be remnants of structural variants caused by illicit pairing of ho-

moeologous chromosomes, are an important source of new

adaptive and/or agronomic trait variation (Harper et al., 2012;

Qian et al., 2016; Schiessl et al., 2017) with enormous potential

value for breeding.

With this in mind, a further key issue of particular relevance for

crops with highly duplicated and strongly restructured genomes

is the quality and choice of reference genome assemblies for

read mapping from short-read sequence data. The potential for

ascertainment bias caused by an inability to interrogate chromo-

some regions not represented in specific accessions due to

genome structural variation is rarely considered in resequencing

studies. This is because the huge advantages of comprehensive

genome sequence data outweigh any potential shortfalls in com-

parison with less comprehensive genotyping platforms based on

fixed SNP panels that were identified in specific germplasm col-

lections. Nevertheless, the value of enormous genome datasets

such as the one described by Wu et al. (2019) will increase

even further when gold-standard pan-genomes representing

the full extent of available morphotype diversity become avail-

able. Here, short reads were mapped to assemblies of the winter

oilseed rape cultivars Darmor-bzh (Chalhoub et al., 2014) and

Tapidor (Bayer et al., 2017). The differences in SNP and InDel

calling were small and led to the same conclusions. However,

structural variants within selective sweeps were not evaluated,

so the full extent of genetic diversification for crop evolution

and adaptation resulting from genome restructuring has yet to

be discovered. Further analysis of such expansive genome
28 Molecular Plant 12, 27–29, January 2019 ª The Author 2018.
sequencing datasets in the context of pan-genomic references

thus has considerable potential to deliver key information to

future breeders. Powerful new methods to generate platinum-

quality assemblies of complex Brassica genomes using long-

read sequence data (Belser et al., 2018), in combination with

population-scale resequencing using inexpensive short-read

technologies, can help provide an ordered catalog of pan-

genomic sequence diversity with huge relevance to breeders.
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The vernalisation regulator 
FLOWERING LOCUS C is 
differentially expressed in biennial 
and annual Brassica napus
Sarah V. Schiessl   1,3*, Daniela Quezada-Martinez1,3, Ellen Tebartz1, Rod J. Snowdon   1 & 
Lunwen Qian   2*

Plants in temperate areas evolved vernalisation requirement to avoid pre-winter flowering. In 
Brassicaceae, a period of extended cold reduces the expression of the flowering inhibitor FLOWERING 
LOCUS C (FLC) and paves the way for the expression of downstream flowering regulators. As 
with all polyploid species of the Brassicaceae, the model allotetraploid Brassica napus (rapeseed, 
canola) is highly duplicated and carries 9 annotated copies of Bna.FLC. To investigate whether these 
multiple homeologs and paralogs have retained their original function in vernalisation or undergone 
subfunctionalisation, we compared the expression patterns of all 9 copies between vernalisation-
dependent (biennial, winter type) and vernalisation-independent (annual, spring type) accessions, 
using RT-qPCR with copy-specific primers and RNAseq data from a diversity set. Our results show 
that only 3 copies – Bna.FLC.A03b, Bna.FLC.A10 and to some extent Bna.FLC.C02 – are differentially 
expressed between the two growth types, showing that expression of the other 6 copies does not 
correlate with growth type. One of those 6 copies, Bna.FLC.C03b, was not expressed at all, indicating 
a pseudogene, while three further copies, Bna.FLC.C03a and Bna.FLC.C09ab, did not respond to cold 
treatment. Sequence variation at the COOLAIR binding site of Bna.FLC.A10 was found to explain most 
of the variation in gene expression. However, we also found that Bna.FLC.A10 expression is not fully 
predictive of growth type.

Synchronization of reproduction with favorable environmental conditions is crucial for a species’ survival. For 
plants, timing of reproduction is mainly governed by flowering time regulation. In temperate climates, the two 
most important cues to induce flowering are a period of extended cold (the vernalisation pathway) and day length 
(the photoperiod pathway)1. In contrast to biennial or winter forms, annual or spring forms are lacking a func-
tional vernalisation pathway and therefore flower without a period of extended cold.

The vernalisation pathway was found to be a complex regulatory system including transcriptional and epige-
netic regulation mechanisms2. In Arabidopsis thaliana, the model Brassicaceae, a single copy of the transcriptional 
repressor FLOWERING LOCUS C (FLC) inhibits expression of the central flowering regulator FLOWERING 
LOCUS T (FT)3. In this state, FT repression via FLC overrides activating effects from the photoperiod path-
way and other activating input signals4. FLC also represses the expression of further important flowering genes 
by binding to the promoter, like FLOWERING LOCUS D (FD), SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS 1 (SOC1), and TEMPRANILLO 1 (TEM1)5,6. While the regulation of many FLC targets depends on 
complex formation with SHORT VEGETATIVE PHASE (SVP), FT and SOC1 expression can be independently 
regulated by either FLC or SVP7. The activating function of FT depends on dimer formation with FD8: FLC 
itself is regulated via the vernalisation pathway2 and via the autonomous pathway9. There is also cross-talk with 
the photoperiod pathway via the protein SENSITIVITY TO RED LIGHT REDUCED 1 (SRR1)10. FLC expres-
sion is regulated via chromatin conformation, which itself is governed via histone modifications11. Genetic and 
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epigenetic regulation processes induced by extended cold stabilize a chromatin state which does not allow tran-
scription of FLC mRNA12. This inactive state is mitotically, but not meiotically stable; therefore, the next gener-
ation starts in a non-vernalized state3,13. In the non-vernalized state, FLC expression is promoted by the FRI-C, 
a large protein complex built up by the scaffold protein FRIGIDA (FRI) in interaction with SUPPRESSOR OF 
FRIGIDA 1 (SUF4)14. FRI-C acts to recruit general transcription factors and specific chromatin modification 
factors to the FLC chromatin14. Cold induces the transcription of a noncoding antisense transcript from FLC 
called COOLAIR, which starts to decrease FLC mRNA levels12,15. Independently from that, but later, alterna-
tive splicing produces the noncoding sense RNA COLDAIR from the first intron of FLC itself12,15. COLDAIR 
recruits Polycomb Group proteins (PcG) proteins forming the PRC2-like complex to the FLC chromatin15, where 
they remove activating marks and add repressive marks to the histones in the FLC chromatin in interaction 
with the protein VERNALIZATION INSENSITIVE 3 (VIN3)16. This is further supported by the action of the 
Paf1 complex17. Those repressive marks are recognized and bound by the PRC2 complex containing the proteins 
VERNALISATION 2 (VRN2) and LIKE HETEROCHROMATIN 1 (LHP1) (also known as TFL2), keeping FLC 
repression stable until the next generation18–20.

In A. thaliana, spring and winter forms have been shown to carry different allelic variants of FLC, FRI and 
VIN314,21–23. As the main vernalisation components were found to be conserved in the Brassicaceae24–31, their 
paralogs are also candidates for the difference between spring and winter forms in Brassica crops. Variation in 
paralogs of FLC was found to be associated to a change in flowering time for B. rapa32–35, B. oleracea25,36–38 and 
B. napus26,28,39–41. However, these crops have a paleopolyploid origin and were shown to carry several paralogs of 
FLC. The reference genome of B. napus carries nine annotated copies of Bna.FLC42. Early transformation studies 
revealed that at least five of them are able to delay flowering in A. thaliana, but to a varying extent28. The strongest 
effect was observed in plants transformed with BnFLC1 (Bna.FLC.A10)28. Later it was discovered that a trans-
poson insertion in the upstream region of Bna.FLC.A10 is strongly associated to the vernalisation-dependent 
phenotype39. Depending on the genetic background investigated, different copies of Bna.FLC were repeat-
edly found within the confidence intervals of quantitative trait loci (QTL) for flowering time in B. napus43–48. 
Previously we found that a R10P mutation in the Bna.FLC.A10 (BnaA10g22080D) copy is a strong candidate 
for the winter-spring split in a diverse set of B. napus accessions41. More recently, it was found that the strong-
est selection signal separating spring and winter type populations was also found at Bna.FLC.A10, correlating 
with differential gene expression49. Although different data sets indicate that Bna.FLC.A10 might be the most 
decisive copy for vernalisation requirement28,39,41, the roles of the other copies remain unclear, mostly because 
specific primers for some copies could not be developed29,46. For example, the most extensive expression study 
on Bna.FLC copies to date was not able to resolve four of the nine copies specifically, and the study was only con-
ducted in a winter and a semi-winter type, but not in a spring type29. In the present study, we conducted Reverse 
Transcription Quantitative Real-Time PCR (RT-qPCR) to measure the specific individual expression levels of all 
Bna.FLC copies. Comparing two winter-type and two spring-type B. napus accessions, along with a winter-hardy 
but not strictly vernalisation-dependent winter accession, we measured Bna.FLC expression levels with and with-
out vernalisation, and in different tissues prior to vernalisation. Our results indicate that only Bna.FLC.A03b, 
Bna.FLC.A10, and Bna.FLC.C02 are differentially expressed between winter and spring type accessions, although 
tissue-specific differences exist. Comparisons with RNAseq data for a diversity set show that this differential 
expression is a general difference between winter and spring accessions before vernalisation. We then screened 
a diverse population of 53 winter and 48 spring accessions for Bna.FLC.A10 and Bna.FLC.C02 expression with 
RT-qPCR and found that only Bna.FLC.A10 was differentially expressed between winter and spring accessions. 
There were, however, exceptions in both winter and spring accession, and sequence analysis revealed that this was 
strongly associated to a sequence variant at the COOLAIR binding site and a broken reading frame in exon 1. We 
conclude that this sequence variant contributed to the difference between biennial and annual B. napus forms, 
whereas their remaining homologs appear to have undergone subfunctionalisation and pseudogenisation after 
polyploidisation.

Material and Methods
Sequence analysis.  Genomic sequences were extracted from the respective reference genomes for B. napus 
(the Darmor-bzh reference genome, version 4.142), B. rapa (the ‘Chiifu-401-42’ reference genome, version 1.550) 
and B.oleracea (the ‘TO1000’ reference genome, version 2.151) using the respective annotation. A further copy 
of Bna.FLC was identified in41 and also included. Moreover, we identified four gene copies from an unpublished 
version of B. nigra genome which was made available by the courtesy of I. Parkin. The gene IDs for the single 
copies can be found in Table S1. The sequence from A. thaliana was retrieved from The Arabidopsis Information 
Resource (TAIR), www.arabidopsis.org, for gene model AT5G10140.1.

Sequence alignments were performed using CLUSTAL multiple sequence alignment by MUSCLE (http://
www.ebi.ac.uk/Tools/msa/muscle/, version 3.8) with Default parameters. Based on this alignment, we con-
structed a Maximum likelihood tree and a neighbor joining tree using bootstrap analysis (100 replicates) using 
MEGA version 10.0.5. Exon-intron structure was determined by aligning the genomic sequences with the respec-
tive cDNA sequences from42. SNP variation for the five accessions also used in RT-qPCR was taken from41.

Promoter region analysis was performed using MEME (http://meme-suite.org/tools/meme) and JASPAR 
(http://jaspar.genereg.net/) using motifs for A. thaliana52.

Plant material, cultivation and sampling.  Two B. napus winter accessions (Manitoba, Lisabeth) and 
two spring accessions (Girasol, Korall) were chosen along with a winter-hardy, vernalization-independent winter 
accession (Mansholt). Mansholt carries duplications for Bna.FLC.C09a and Bna.FLC.C09b, while the other acces-
sions did not show copy number variations53. The plants were sown in 7 × 7 cm pots in 3 biological replicates per 
treatment and transplanted to 12 × 12 cm pots 4 weeks after sowing. Cultivation was performed in a greenhouse 
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using a 16/8 h day/night rhythm with 20/17 °C. The first sampling was performed seven weeks after sowing when 
the plants reach BBCH stage 14 at midday (ZT 7) by cutting off the youngest fully developed leaf. Leaves were 
frozen in liquid nitrogen and stored at −80 °C until RNA extraction. After the first sampling, one set of plants 
was brought to the cool room for eight weeks using an 8/16 h day/night rhythm at constant 5 °C. Another set of 
plants remained in the greenhouse as control plants. After eight weeks of vernalisation, both sets were sampled 
again at BBCH20.

For the analysis of tissue-specific expression, Manitoba and Korall were grown in three replicates in the green-
house under the same conditions. Ten weeks after sowing when the plants reach BBCH15, we sampled petioles, 
developed and emerging leaves separately and kept the samples at −80 °C until RNA extraction.

For the analysis of the time series, Manitoba was grown in 27 replicates in the greenhouse under the same con-
ditions. From an age of 3 weeks up to 8 weeks, we took leaf samples from 3 biological replicates every week. The 
plants were then subjected to a cold treatment as described above, and we sampled again after 4, 6 and 8 weeks of 
cold treatment.

For the population screening, 3 biological replicates of 101 accessions (see Supplementary Table 2 for a list of 
accessions) were sown in quickpot plates and grown for 7 weeks until sampling.

Primer design, cDNA synthesis and quantitative PCR.  Total RNA was extracted using the NucleoSpin 
miRNA kit (Macherey-Nagel) following manufacturer’s instructions, quantified using Qubit RNA Broad Range 
on a Qubit fluorimeter and stored at −80 °C until use.

cDNA synthesis was performed using the RevertAid cDNA synthesis kit (ThermoFisher) using 1 µg of total 
RNA and Oligo-DT primers. cDNA was quantified using the Qubit DNA High Sensitivity kit on a Qubit fluorim-
eter. Quantitative Real-time PCR was performed on a Real-Time PCR System ViiA7 cycler (Applied Biosystems) 
in 384-well plates. The reaction mix containing specific primers, template cDNA and FastStart Universal SYBR 
Green Master mix containing Rox (Roche) was pipetted by a robot (Biomek 4000, Beckman Coulter). As endog-
enous control, we used ubiquitin. The PCR program was as follows: initial denaturation (94 °C for 2 min), ampli-
fication and quantification (40 cycles, 95 °C for 20 sec, 60 °C for 30 sec, 72 °C for 30 sec), and final extension (72 °C 
for 5 min). A final melting curve was recorded between 55 and 95 °C. PCR efficiency was measured using a pool 
of all samples in a dilution series of 6 points. All samples were measured in 3 technical replicates. The normalized 
expression level was determined using the ΔCt method54. The primer sequences are shown in Supplementary 
Table 3. For comparisons between winter and spring, a Student’s t-test was performed, for comparisons of more 
than one factor, we calculated least significant distances in R using the package agricolae.

RNAseq analysis.  For validation of the results from RT-qPCR, we downloaded a data set from NCBI 
Sequence Read Archive (SRA, SRP069066) published in55. These represent RNAseq data from Illumina 
HiSeq2500 in single-end mode for a publically available B. napus diversity set (ASSYST set56,57) for 3 weeks old 
leaf samples without vernalization. Unfortunately, no biological replicates are given, so the data can only be used 
for comparison or pooled data analysis. We selected (1) the same 5 accessions which were used in our RT-qPCR 
experiment for comparison (2) 30 randomly selected spring accessions and 30 randomly selected winter acces-
sions for pooled data analysis (see Supplementary Table 4).

Another publically available data set was downloaded to analyze the time course in gene expression for several 
vernalisation genes before, during and after cold treatment in the spring cultivar Westar from the NCBI SRA 
(SRP132445). Each sample was a pool of 6–10 individual plants. We only analyzed time points with two replicates, 
which were 22 days old plants (before vernalisation), 43 and 64 old plants (during vernalization), and 67 and 72 
days old plants (after vernalization). For each time point, both leaves and shoot apex were sampled.

Quality control was performed using FastQC, version 0.10.1 (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Accordingly, adapter removal and trimming was performed using Trimmomatic version 0.3858 
by first removing TruSeq adapters followed by head cropping the first 9 bases. Clean reads were mapped onto 
version 4.1 of the B. napus ‘Darmor-Bzh’ reference genome using Bowtie259, alignment mode “very-sensitive”. 
Removal of duplicates, sorting and indexing was carried out with samtools version 0.1.1960. We then calculated 
transcripts per million (TPM) using bedtools software with multiBamCov61 for raw coverage calling, followed by 
normalization in R (version 3.1.2) according to62 for the sum of all exons of every gene. From this, we selected 
a list of important vernalisation gene copies, and calculated |log2(mean(TPM(winter))/mean(TPM(spring))|. 
Besides FLC, we included other important vernalisation regulators (FRI, SUF4, TFL2, VIN3, VRN2, SVP, SRR1) 
and genes directly regulated by vernalisation (SOC1, FD, FT, TEM1).

Results
Phylogenetic analysis.  The coding sequences of the respective homeologous copies are more related to 
each other than to their inter-subgenome paralogs (Fig. 1A, Supplementary Fig. 1). This is also evident from the 
gene structure. Most Bna.FLC copies have 7 exons, while the truncated pseudogene on A01 only carries exons 
4–7. Bna.FLC.C03b and Bna.FLC.C09b both carry an additional exon between exons 1/2 and 6/7, respectively 
(Fig. 1B,C). With the exception of Bna.FLC.A01, similar relationships were reported elsewhere28,29,63. When com-
paring all Bna.FLC copies with their progenitors from B. rapa and B. oleracea, there is mostly low divergence 
between the progenitor and the polyploid (Fig. 1A). The largest distance was found between Bra.FLC.A02 and 
Bna.FLC.A02, followed by Bol.FLC.C09b and Bna.FLC.C09b. The only copy without a respective homolog in the 
progenitors was Bna.FLC.A01, suggesting that it has been duplicated after the recent interspecific hybridization 
leading to B. napus (<7500 years ago42), most likely from Bna.FLC.A02 (Supplementary Fig. 2). In contrast, both 
Bna.FLC.C09 copies have a closely related homolog in the progenitor species B. oleracea, indicating that they 
have been duplicated earlier. The related Brassica species B. nigra was found to carry 4 FLC copies, however, two 
of those copies (Bni.FLC.B02 and Bni.FLC.B08b) were truncated in our version of the B. nigra reference genome, 
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which possibly is due to incomplete annotation, but might also indicate pseudogenization. The respective copies 
cluster with the same main four branches than the AC species copies, but more distantly, reflecting the higher 
divergence of the B genome from the AC genomes. Bni.FLC.B05 clusters distantly with the A02/C02 clade, Bni.
FLC.B08ab cluster with the respective A03ab/C03ab clades, and Bni.FLC.B02 cluster with the A10/C09 clade 
(Fig. 1A).

The Brassica A and C (sub)genomes can be subdivided into a least fractionated (LF) and two more frac-
tionated (MF1, MF2) partitions64. Using synteny analysis64, we found that Bna.FLC.A10 (BnaA10g22080D) 
and Bna.FLC.C09a (BnaC09g46500D) are located in LF, Bna.FLC.A03a (BnaA03g02820D) and Bna.FLC.C03a 
(BnaC03g04170D) are located in MF1, and Bna.FLC.A02 (BnaA02g00370D) and Bna.FLC.C02 (BnaC02g00490D) 
are located in MF2 (Fig. 2). Bna.FLC.A03b (BnaA03g13630D), Bna.FLC.C03b (BnaC03g16530D) and Bna.FLC.
C09b (BnaC09g46540D) are non-syntenic copies, indicating that they arose after the hexaploidization of the com-
mon Brassica ancestor.

Figure 1.  (A) Phylogenetic tree constructed with Maximum Likelihood of Brassica FLC from three diploid (B. 
rapa, B. nigra, B. oleracea) and one polyploid (B. napus) species with Ath.FLC as outgroup. cDNA sequences 
were extracted from the respective reference genomes, the sequence from A. thaliana was retrieved from TAIR. 
Sequence alignment was performed using CLUSTAL multiple sequence alignment by MUSCLE with Default 
parameters. Based on this alignment, a Maximum Likelihood tree was constructed using MEGA version 10.0.5. 
(B) Full gene structure including UTR (dark grey boxes), introns (light grey boxes) and exons (colored boxes). 
Black boxes represent extra exons. Box length is proportional to length in bp, the legend shows the length 
of 100 bp. The solid line in black shows the localization of COOLAIR, the dotted line in grey represents the 
approximate position of COLDAIR. (C) Exon structure including the position of sequence variants within the 5 
accessions used for the initial RT-qPCR. Dark grey boxes represent UTRs, colored boxes represent exons in the 
same color code than for B, black boxes represent extra exons. Black lines represent a variant, black lines with a 
black triangle represent a non-synonymous SNP, annotated with the respective amino acid mutation.
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Analysis of regulatory regions.  We compared the sequences of three different regulatory regions using42: 
the promoter regions, intron 1 known to contain the long non-coding RNA COLDAIR, and the regions contain-
ing the antisense RNA COOLAIR.

The promoter regions (the upstream region of the gene extending until the next annotated gene) ranged 
from 736 bp (Bna.FLC.C03a) to 10,928 bp (Bna.FLC.A03a). The Bna.FLC.C09b promoter region was excluded 
from the analysis due to a significant amount of missing sequence data. Only a 26 bp motif (consensus 
CMTGCGRYRCACRTGGCWRTCYTSTM), located shortly before the 5′UTR of the gene, was highly con-
served between the promoter regions of all 8 analysed copies, annotated as MA1359.1, the binding site for the 
transcription factor BIGPETAL (BPEp).The motif also overlapped with the COOLAIR binding site. Apart from 
this, motif search using MEME did not reveal a conclusive pattern. While the promoter regions of Bna.FLC.A02 
and Bna.FLC.C02 were highly conserved both in length and motif content, the promoter regions of Bna.FLC.
A03a and Bna.FLC.A10 were remarkably longer than their C subgenome counterparts and motif composition 
was different. The promoter regions of Bna.FLC.A03b and Bna.FLC.C03b were comparable in length, but differ-
ent in motif composition (Fig. 3). The promoter region of Bna.FLC.A03b carries a highly repetitive 29 bp motif 
(consensus AYTCGGACGACKTATATTTHAGTCGTYTG) which is specific among all copies. No other motif 
was specific to a single promoter region. We have also retrieved the respective promoter regions from the diploid 
Brassica species B. rapa, B. nigra and B.oleracea as well as the promoter region of A. thaliana. The alignment 
shows that conservation is generally low among all 5 species, also given the strong variation in length (736 bp 
in Bna.FLC.C03a – 16946 bp in Bni.FLC.B08b). However, some few AT rich regions seem to be fairly conserved 
(Supplementary Fig. 3). When we aligned subgroups of promoter regions to the A. thaliana promoter region, 
we found that different parts of those regions were conserved within those subgroups (Supplementary Fig. 4). 
While the A02/C02 subgroup is more conserved towards the beginning and the end of the promoter region, the 
subgroup A03a/C03a is most conserved in the central part, and the subgroups A03b/C03b and A10/C09a towards 
the end of the region. The promoter regions from B. nigra showed the lowest conservation with A. thaliana, while 
the regions from the A10/C09a group showed the highest conservation with A. thaliana. Within Bna.FLC.A10, 
a region with a BLAST hit to the MITE transposon in front of Tapidor-Bna.FLC.A10 reported by39 was found to 
be unique among the promoter regions. When comparing motif composition in the orthologous copies using 
MEME excluding B. nigra, but including Bna.FLC.C09b, we found that motif composition is generally conserved 
between the orthologous promoter regions. Motif composition was fully conserved for the A02, the A03b, C03b 
and A10 copies, although distances and order were slightly varying. The A03a, C03a, C09a and C09b promoter 
regions varied slightly in motif composition, for example, the repetitive sequence found in Bna.FLC.A03a was 
not contained in Bra.FLC.A03a, indicating a later origin. Moreover, divergence between homeologs was also 
absent (A03b/C03b) or low (A02/C02, A03a/C03a), but high for A10/C09ab, indicating stronger divergence in 
regulatory motifs between the A10 and the C09 copies. The 26 bp motif overlapping with COOLAIR was also con-
served among almost all species and copies, with the exception of the C03b promoter regions and Bol.FLC.C02. 
(Supplementary Fig. 5). The lengths of intron 1 ranged from 912 bp (Bna.FLC.C02) to 2,470 bp (Bna.FLC.A10) 
being considerably longer on A10/C09a and A03b/C03b, but intermediate on C09b. On A02/C02 and A03a/C03a, 
respectively, the first intron was missing large fragments of 1,000–1,500 bp at the 3′ end. When we aligned those 
to A. thaliana COLDAIR (HG975388.1), alignment was generally poor, making a direct comparison difficult.

Finally, we aligned the sequence of the long non-coding antisense transcript COOLAIR (GQ352646.1) to Bna.
FLC and compared the overlapping regions. COOLAIR is supposed to cover parts of the 5′upstream region, exon 
1, parts of intron 1, parts of intron 6, exon 7 and parts of the 3′downstream region. However, we were only able 

Figure 2.  Graphical representation of local synteny for the syntenic Bna.FLC copies. The figure shows the 
gene order in the vicinity of Ath.FLC, Bna.FLC.A10, Bna.FLC.A03a, Bna.FLC.A02, Bna.FLC.C09a, Bna.FLC.
C03a and Bna.FLC.C02, respectively. LF, MF1 and MF2 stand for least fractionated, more fractionated 1 and 
more fractionated 2, respectively. Synteny was derived from BRAD, gene names were derived from TAIR: 
Asp-P: aspartyl protease family protein, TPPI: TREHALOSE-6-PHOSPHATE PHOSPHATASE I, Polβ: DNA-
directed RNA polymerase subunit beta, EI3: Ethylene insensitive 3 family protein, P a: Pollen Ole e 1 allergen 
and extensin family protein, SOK2 (no synonym given), Thio: Thioesterase superfamily protein, MIPS3: 
MYO-INOSITOL-1-PHOSPHATE SYNTHASE 3, MJ: Major facilitator superfamily protein, SAV4: SHADE 
AVOIDANCE 4.
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to match the 5′upstream region, exon 1 and parts of intron 1 to our sequences. Considerable variation was found 
at the 5′ end (3′ end of the antisense RNA) with Bna.FLC.C02 showing an insert of 43 bp, while Bna.FLC.A10 
showed more sequence variation at this site. Both copies on C09, in contrast, were approximately 75 bp shorter at 
this end (Fig. 1B). While RNAseq data (see below) before vernalisation did not show clear evidence for COOLAIR 
expression, there is a pattern of directional reads in the time series of the spring type at Bna.FLC.A10, but cover-
age was too low for quantification.

Bna.FLC expression levels differentiate before vernalization.  We then studied the gene expression 
patterns of all Bna.FLC copies in five different accessions (3 winter and 2 spring cultivars) and found that only 
eight copies were expressed in leaves seven weeks after sowing (BBCH 14). Bna.FLC.C03b was never expressed. 
The highest expression levels were detected for Bna.FLC.A10 and Bna.FLC.C02 in winter accessions. Both cop-
ies showed a differential expression pattern between winter and spring accessions, whereby the average ratio 
of winter/spring expression level was 19.0 for Bna.FLC.A10 and 2.8 for Bna.FLC.C02. The copy Bna.FLC.A03b 
showed no expression in the spring accessions, whereas Bna.FLC.A02 showed considerably higher expression in 
Mansholt, a winter type without strict vernalisation requirement (Fig. 4).

We assessed Bna.FLC expression in petioles, emerging and developed leaves of 10 week old plants (BBCH 
15) before vernalisation in a winter (Manitoba) and a spring accession (Korall) to detect tissue-specific patterns 
(Supplementary Fig. 6). Bna.FLC.A03a and Bna.FLC.A10 were differentially expressed between winter and spring 
accessions in all tissues. Bna.FLC.C02 expression was only significantly different in emerging leaves (p = 0.021) 
and petioles (p = 0.008), indicating differential expression dynamics in winter and spring material. Additionally, 
in petioles, Bna.FLC.A03a showed a significantly higher expression in Korall (p = 0.037), while Bna.FLC.C09b 
showed a significantly lower expression in Korall (p = 0.019).

For validation, we downloaded available RNAseq data published in55. Three week old leaves were sampled 
before vernalisation for the same accessions we have used here. Only Bna.FLC.A03b and Bna.FLC.A10 were 
differentially expressed between both growth types. Bna.FLC.C03b expression was extremely low. In contrast to 
RT-qPCR, the expression of Bna.FLC.A02, Bna.FLC.A03a, Bna.FLC.C02, Bna.FLC.C03a and Bna.FLC.C09b was 
comparable to Bna.FLC.A10, but did not show differential expression between both growth types (Supplementary 
Fig. 7). Only Bna.FLC.C09b had a lower expression level. Those differences may partly be due to the different 
developmental stage and due to the high sequence similarity of the copies which may confound mapping.

We then analyzed a larger data set from the same study containing 30 spring and 30 winter accessions, using all 
winter accessions as biological replicates for “winter” and respectively so for “spring”. We included other impor-
tant vernalisation regulators (FRI, SUF4, TFL2, VIN3, VRN2, SVP, SRR1) and genes directly regulated by vernal-
isation (SOC1, FD, FT, TEM1). We found 3 gene copies which were strongly (|log2(FC)| >1) and significantly 
(p < 0.05) upregulated in winter accessions. These were Bna.FLC.A03b, Bna.FLC.A10 and Bna.VRN2.Ann. Three 

Figure 3.  Motif composition of the upstream (promoter) regions of 8 analysed Bna.FLC gene copies done by 
MEME. The promoter region for Bna.FLC.C09b was excluded due to missing sequence information. Every 
motif is represented by a distinct color (see legend).
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copies of the downstream gene Bna.SOC1 (on A03, A05 and C04) and two copies of the central flowering time 
gene Bna.FT (on A02 and C02) were strongly and significantly downregulated in winter accessions compared to 
spring accessions. Bna.VIN3, Bna.FT and Bna.FD were expressed at an extremely low level, as expected (Fig. 5).

Most Bna.FLC copies are downregulated by cold.  Without cold treatment, 15 weeks after sowing 
(BBCH20), Bna.FLC expression patterns did not show a clear pattern. Expression remained mostly constant, 
although single accessions show slightly decreased expression (Bna.FLC.A03a, Bna.FLC.A03b, Bna.FLC.A10) or 
slightly increased expression (Bna.FLC.A03b, Bna.FLC.A10, Bna.FLC.C02, Bna.FLC.C03a). However, the changes 
did not affect the differential expression pattern between winter and spring types for Bna.FLC.A10 (Fig. 4). We 
also used our primer set to study a time course in the winter type Manitoba for the two copies Bna.FLC.A10 and 
Bna.FLC.C02. We have sampled independent plants of the same genotype every week from an age of 3 weeks to 

Figure 4.  Relative gene expression of all eight expressed Bna.FLC copies in leaves before vernalisation 7 weeks 
after sowing (BBCH 14), and without and with vernalisation 15 weeks after sowing in the accessions Manitoba, 
Lisabeth (winter-type), Mansholt (winter-hardy, but not vernalisation-dependent), Girasol and Korall (both 
spring-type). The values were calculated from RT-qPCR using the ΔCt method and represent 3 biological 
replicates. Whiskers show SEM. “NE” stands for “not expressed”. Small letters represent group by LSD test. The 
scale is the same for all 3 plots.
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8 weeks, when they were subjected to vernalisation. During vernalisation, we sampled at 4, 6 and 8 weeks of ver-
nalisation. The results show clearly that the cold treatment is the only factor influencing gene expression for those 
copies, while the effect of age can be neglected (Fig. 6A). Longer vernalization seems to further decrease Bna.FLC 
levels, although those effects are only significant for Bna.FLC.C02.

After eight weeks of cold treatment (BBCH 20), most Bna.FLC copies were downregulated. Exceptions were 
Bna.FLC.C03a, which either did not change or even increased, and both C09 copies, where downregulation was 
not significant. Downregulation was generally stronger in winter accessions than in spring accessions, partly due 
to the higher expression level before vernalisation (Fig. 4).

We also determined Bna.FLC and other vernalisation regulators’ expression patterns in a time series in both 
leaf and apex in a publically available data set from the spring cultivar Westar. For each tissue, we analyzed five 
time points: 22 days (before vernalization), 43 and 64 days (during vernalization), and 67 and 72 days (after ver-
nalization). The first sampling point was comparable to the sampling point of the other RNAseq data set, and the 
expression of all copies lay in the same range than the spring accessions from this diversity set. With the exception 
of Bna.FLC.C02, the expression patterns over time were similar in both tissue types. All copies with the exception 
of Bna.FLC.C09a were downregulated during cold. After cold, Bna.FLC.A10 expression increased again to reach 
its original state, while both C09 copies even exceeded their original expression (Fig. 6B).

Analyzing the expression patterns of other vernalization regulators in this spring type cultivar, we found that 
all four copies of Bna.FRI got slightly upregulated and all four copies of Bna.VIN3 got strongly upregulated during 
cold. Bna.VIN3 levels returned to their original state after cold, while Bna.FRI levels remained almost constant. 
This indicates that Bna.VIN3 expression reacts normally in spring types. Interestingly, four out of six Bna.FT cop-
ies were already fairly well expressed before vernalization, reflecting the spring type behavior, but got completely 
downregulated during cold treatment and strongly upregulated afterwards. This could possibly be due to a short 
day length regime in the cold room (Supplementary Figs 8–10).

Population-wide patterns for Bna.FLC.A10 and Bna.FLC.C02.  We then wanted to assess if the two 
most expressed copies (Bna.FLC.A10 and Bna.FLC.C02) could be associated to growth type on a population-wide 
scale. For this, we have screened a large set of 101 accessions (53 winter and 48 spring accessions) for gene expres-
sion with RT-qPCR. We found that Bna.FLC.A10 gene expression was highly significantly different between win-
ter and spring accessions (p < 1.8 × 10−7), but Bna.FLC.C02 gene expression was not. For Bna.FLC.A10, although 
the overall pattern was clear, some exceptions were observed in both winter and spring accessions (Fig. 7A). We 

Figure 5.  Normalized gene expressed levels (TPM) from RNAseq data for 12 different gene copy groups for 
genes involved in vernalisation (FLC, FRI, SUF4, SVP, VIN3, VRN2, TFL2), affecting FLC expression (SRR1) or 
affected by vernalisation (TEM1, SOC1, FD, FT) in a diverse set of 30 winter and 30 spring accessions. Whiskers 
represent standard errors of the mean (SEM). Asterisks show the level of significance based on the Student’s 
t-test (*p-value < 0.05, **p-value < 0.01, ***p-value < 0.001). Red arrows indicate copies which were strongly 
(|log2(FC)| >1) up or downregulated comparing winter and spring accessions. Arrows pointing upwards 
indicate augmented expression in winter accessions, arrows pointing downwards indicate lower expression in 
winter accessions.
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found four spring accessions with a high Bna.FLC.A10 expression, while we found ten winter accessions with 
low Bna.FLC.A10 expression. Although the population has been selected to reflect both early and late flowering 
accessions, there is no bias towards Bna.FLC.A10 expression in early or late flowering accessions. To understand 
how vernalisation may be upheld or circumvent, we checked the RNAseq diversity set and found four accessions 
with unusual FLC pattern in both the spring and the winter pool. We found that in a winter background, acces-
sions with lower Bna.FLC.A10 have increased Bna.SOC1 expression for a copy on A03 (still lower than spring 
types) and a copy on A05 (higher than spring types) and increased expression of Bna.FT.A02 (but still consider-
ably lower than spring types). At the same time, they have less Bna.VIN3.A02, even lower than spring accessions. 

Figure 6.  Time series of Bna.FLC expression. (A) Relative gene expression for Bna.FLC.A10 and Bna.FLC.C02 
for a time series of 3–16 weeks in the winter cultivar Manitoba. (B) Normalized gene expressed levels (TPM) 
values from RNAseq from a publically available data set for the spring cultivar Westar. Whiskers show SEM. 
Small letters represent group by LSD test.
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In a spring background, we found increased expression of Bna.TEM1.C02 (higher than winter), but decreased 
expression of Bna.FT.A02 (even lower than in winter), Bna.VIN3.C02 (to 0) and Bna.TFL2.C03 (approximately 
winter level).

To understand which causes could be responsible for this pattern, we went back to the resequencing data 
published in41. Here, we realized that a short fragment encompassing the R10P SNP was only covered by 
non-uniquely mapping reads in certain accessions, while perfectly covered with uniquely mapping reads in oth-
ers. This points to a previously undiscovered short InDel. InDels of a size between 20–50 bp are hard to detect 
with short read sequencing, because the respective reads will be too divergent to be mapped. Therefore, we have 
extracted the reads from all Bna.FLC copies and reassembled them for both an affected and a non-affected acces-
sion. Aligning the resulting contigs with both the Tapidor and the Darmor-bzh version reveals that the start of the 
coding sequence is severely distorted in the affected accession, effectively breaking the open reading frame. The 
start codon is still present, but both the 5′UTR and the first exon are completely divergent from the non-affected 
sequence. This also affects the presence of the conserved 26 bp motif in front of the 5′UTR, which is missing in 
the affected accession, and the COOLAIR binding site. The first exon misses a fragment of 23 bp, representing a 
frameshift deletion (Fig. 7C). To assess this pattern for the total population, we took normalized coverage in the 
respective region (38 bp) as a proxy for this pattern and found that this is almost fully (two exceptions) explaining 
the observed expression pattern, indicating that either promoter variation or a broken reading frame of Bna.FLC.
A10 contributes to the winter-spring split (Fig. 7B).

Discussion
Regulatory diversification among Bna.FLC copies predates interspecific hybridization.  FLC 
is a MADS-box transcription factor. The MADS-box genes represent a family of transcription factors regulat-
ing different developmental transitions, including flowering and fruit development65. Duplication and diversi-
fication played an important role in the evolution of the different clades in the MADS-box family65,66. One of 
the most important sources of duplication is polyploidy. Here, we analysed the expression patterns of all FLC 
homologs in B. napus, a recent allotetraploid which arose from two mesohexaploid ancestors. Due to the com-
plex genetic history of B. napus including polyploidy and gene loss, a copy number between 4 and 5 is expected 
for single-copy A. thaliana27,67. Bna.FLC, however, was not affected by gene loss, but has rather undergone copy 

Figure 7.  Relationships between the broken reading frame found to be correlating with Bna.FLC.A10 
expression. (A) Boxplots for relative gene expression of Bna.FLC.A10 and Bna.FLC.C02 in 48 spring and 53 
winter accessions in leaves of 7 week old plants. (B) Relative copy number (RCN) of the region containing the 
sequence variant as a proxy for the presence of the sequence variant plotted against Bna.FLC.A10 relative gene 
expression. The dotted lines separate “low” and “high” RCN/ gene expression. (C) Sequence alignment of the 
unaffected (accession Alesi) and affected (accession Robust) contig assembly with the Darmor-bzh-5′UTR, 
the Darmor-bzh exon 1, the Tapidor full length sequence from39, the A. thaliana COOLAIR sequence and the 
sequence of the conserved 26 bp motif (indicated by blue frame). The site of the broken reading frame is also 
indicated. The blue arrow shows the ATG start site.
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number amplification, as 10 loci could be identified as homologs of Ath.FLC. Based on our analysis, we now 
propose an evolutionary path for Bna.FLC (Fig. 8). Therein, we conclude that the duplication of the A03 and 
C03 copies predates the differentiation of B. rapa, B.nigra and B. oleracea, while the duplication of the C09 copies 
occurred after the AC split during B. oleracea speciation. Bna.FLC.C03b is considered to be a pseudogene, as we 
and others29 never observed expression. The predicted exon structure and protein of BnaFLC.C03b differs from 
the other expressed copies (Fig. 1B,C), and its promoter misses conserved motifs which seem to be important for 
expression. We hypothesise that BnaFLC.A01 occurred after the allopolyploidization, probably from the closest 
homolog Bna.FLC.A02, as no close homolog exists in any of the progenitors. The copies on A10 and C09 appear 
to be most conserved with A. thaliana, we therefore propose that the ancestor of this group is less recent and 
came from the second polyploidization step of the Brassica ancestor at the transition from the tetraploid to the 
hexaploid stage. Indeed, Bna.FLC.A10 and Bna.FLC.C09a are both located within the least fractionated parts of 
the subgenomes64, the youngest part of each subgenome. Given the observation that the copies which were most 
expressed in each subgenome are not homeologous to each other, subfunctionalisation is likely to have happened 
during the progenitors’ evolution. This is supported by the high conservation of motif composition in the pro-
moter regions of orthologous copies, indicating that evolution of regulatory elements predates the interspecific 
hybridization.

Different cold responsiveness points to subfunctionalisation of different Bna.FLC copies.  B. 
napus is grown in diverse climates and therefore has developed different growth types. Due to the low genetic 
diversity within the growth type gene pools68, suitable markers for growth type would help to speed up introgres-
sion breeding and allow for better and more effective adaptation. We therefore aimed to study the gene expression 
patterns of the most prominent candidate gene for vernalisation. A functional vernalisation system prevents 
pre-winter flowering in winter rapeseed, but is generally missing in spring rapeseed. FLC copies have been pro-
posed as candidate genes for flowering time in previous QTL studies and GWAS, both in B. napus and in the pro-
genitor species B. oleracea and B. rapa. In the progenitor species, Bra.FLC.A10 and Bol.FLC.C02 have been found 
to underlie QTL for flowering time25,32,33,36. In B. napus, Bna.FLC.A10 has been proposed by different authors to 
be the most important vernalisation gene copy28,39,41,49. Others also found associations on C02 and A03 in differ-
ent material29,43,46. Recently, it was shown that promoter variation for Bna.FLC.A10 was linked to strong selection 
signatures between winter and spring material49, but their data also show high variation in Bna.FLC.A10 expres-
sion especially in winter accessions. B. napus, however, has 9 annotated gene copies and therefore underwent 
gene amplification rather than gene loss. We were therefore interested in the gene expression patterns of all other 
copies in B. napus. Studies on gene expression of other Bna.FLC copies have been carried out by other authors. 
Tadege et al.28 was the first to qualitatively study Bna.FLC expression. They found that At.FLC delayed flowering 
in spring rapeseed, and that some copies of Bna.FLC also delayed flowering in A. thaliana, with Bna.FLC.A10 
having the strongest effect. They also showed a strong difference between total Bna.FLC level between two spring 
and two winter accessions by Northern blotting, all aligning well with our findings. Moreover, they found Bna.
FLC.A10 being more expressed in stems than in leaves, a finding we could not confirm. Hou et al.39 studied a large 
BC5F2 population derived from a cross between Tapidor (a winter type) and Ningyou7 (a semi-winter type). They 
could show that Bna.FLC.A10 downregulation was much quicker in semi-winter than in winter type, but original 
Bna.FLC.A10 expression was high in both accessions, indicating that the mechanism separating semi-winter 
and winter might be different from the mechanism separating winter and spring, as we have found the Bna.

Figure 8.  Proposed evolutionary path for Bna.FLC. The model was build based on synteny analysis and 
phylogenetic analysis. Pseudogenes were identified using protein sequence prediction and gene expression 
analysis. Gene copies are represented as colored rectangles. White color indicates a putative pseudogene. 
Arrows indicate ancestry. (A–C) Proposed evolutionary paths for the diploid Brassica species B. rapa, B. nigra 
and B. oleracea, respectively. (D) Copy configuration for the allotetraploid B. napus.
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FLC:A10 expression is constantly low in spring types even before vernalization (Figs 4, 6). The authors found a 
621 bp MITE insertion upstream of Bna.FLC.A10 being associated to this lower responsiveness. They did not find 
allelic variance between the winter and the semi-winter type and concluded that the difference between winter 
and semi-winter was entirely due to the expression difference. Raman 2016 studied Bna.FLC expression unspe-
cifically for the pairs FLC1 (Bna.FLC.A10/C09ab), FLC2 (Bna.FLC.A02/C02) and FLC3 (Bna.FLC.A03a/C03a) 
in Australian and Japanese material46 and found that FLC2 expression was correlating to vernalization response, 
while FLC1 and FLC3 did not. However, we could not find a study showing expression patterns for all Bna.FLC 
copies in both winter and spring accessions to allow conclusions on possible subfunctionalisation. Therefore, we 
designed specific primers for all Bna.FLC copies and use them to test gene expression both in winter and spring 
accessions. We found strongly varying expression patterns in respect to expression level, response to cold and 
specificity to growth type, indicating a high degree of subfunctionalisation. The differential expression of Bna.
FLC.A10 between winter and spring as found by others49 has been confirmed. At the same time, we also found 
Bna.FLC.A03b differentially expressed between winter and spring material. Bna.FLC.C02, however, was found 
to be differentially expressed in emerging leaves, but not in developed leaves, and population screening showed 
either a small (RNAseq data) or no difference (RT-qPCR). Moreover, the copy was shown to be deleted both in 
winter and spring accessions53, which in most cases also correlated with the expression pattern (data not shown), 
but had obviously no effect on life cycle characteristics. Both copies on C09 and partly Bna.FLC.C03a were found 
not to respond to cold, and Bna.FLC.C03b seems to be pseudogene as reported by others29. Bna.FLC.A02, Bna.
FLC.A03a and partly Bna.FLC.C03a are expressed and react to cold, but do not show differences in expression 
between winter and spring. This patterns indicates that Bna.FLC.A10 is indeed the major source of variation in 
vernalisation requirement, while Bna.FLC.A03b and Bna.FLC.C02 might still be supportive.

Accessions with low Bna.FLC.A10 expression have a broken reading frame.  When screening a 
population of 101 accessions for Bna.FLC.A10, we could show that winter accessions express Bna.FLC.A10 sig-
nificantly stronger than spring accessions. However, our data along with others39,49 show that there are winter 
accessions with a very low Bna.FLC.A10 level, which still need vernalisation to flower, and spring accessions with 
high Bna.FLC.A10 levels which can flower without. Reassessment of deep-sequencing data on this copy allowed 
us to detect a sequence variant at the junction of the 5′UTR and exon 1 which was almost fully explanatory 
for Bna.FLC.A10 level. The variant overlapped with the binding site of the regulatory antisense RNA and also 
with a highly conserved 26 bp promoter motif shortly before the 5′UTR. We are therefore now able to describe 
the nature of the promoter variation which has been proposed by others before39,49. This also aligns with other 
findings, for example, the shorter 3′ end of COOLAIR in both C09 copies which do not react to cold. A similar 
mechanism has been found in A. thaliana, where variation in intron 1 caused a different splicing behavior of 
COOLAIR, increasing FLC expression69. While we now are able to explain the expression patterns in Bna.FLC.
A10, accessions with unusual expression patterns indicate that Bna.FLC.A10 might be important, but not nec-
essary to define the life cycle characteristics of winter and spring rapeseed. In winter accessions with low Bna.
FLC.A10, we see upregulation of some downstream targets like Bna.SOC1 and Bna.FT. In spring accessions with 
high Bna.FLC.A10, we also see a decrease in downstream targets. This could indicate that those exceptions might 
also have a respective phenotype, but this is not the case, as both early and late flowering accessions are among 
those exceptional accessions. Therefore, some other genes seem to compensate the effect, but obviously not a 
different Bna.FLC copy. In spring accessions, Bna.TEM1.C02 is possibly serving this task, as it is known to be an 
early suppressor of FT in A. thaliana70. Apart from those exceptions, the analysis of the RNAseq data has shown 
that Bna.VRN2.Ann is also downregulated in spring accessions. Other vernalisation genes are not or not strongly 
differentially expressed at this time point. At the same time, copies of important downstream targets like Bna.
FT (A02, C02) and Bna.SOC1 (A03, A05, C04) are significantly downregulated in winter accessions, indicating 
that the vernalisation system indeed is active, although Bna.FT expression levels remain low in spring accessions, 
probably due to non-inductive photoperiod.

Conclusions
Our data support earlier findings showing that Bna.FLC.A10 is the most important copy of FLC regulating ver-
nalisation in winter-type B. napus. Moreover, we were able to show that this expression pattern is linked to a 
sequence variant at the COOLAIR binding site. However, Bna.FLC.A10 expression level is not fully predictive of 
growth type, and more research needs to be done on other factors involved in vernalisation. Accessions showing 
exceptional patterns of Bna.FLC.A10 might be useful for such an approach, as they represent functional mutants 
in the respective background. Here, those mutants have shown that other Bna.FLC copies do not compensate 
lack or overexpression of Bna.FLC.A10. The question remains why Bna.FLC copy number increased so strongly 
if additional homologs are not needed for vernalisation. The answer may lie in the assumption of different reg-
ulatory roles besides vernalisation. Our finding that some copies are obviously no longer cold-responsive sug-
gests this to be the case, and is reflected by the large variation in putative regulatory regions between the copies. 
Together these findings indicate beginning gene copy subfunctionalisation, implying ongoing functional diversi-
fication in this recent allopolyploid.

Data availability
All primer sequences are available from Table S3.
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LIGHT REDUCED 1 show strong
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Abstract

Background: Correct timing of flowering is critical for plants to produce enough viable offspring. In Arabidopsis
thaliana (Arabidopsis), flowering time is regulated by an intricate network of molecular signaling pathways.
Arabidopsis srr1–1 mutants lacking SENSITIVITY TO RED LIGHT REDUCED 1 (SRR1) expression flower early, particularly
under short day (SD) conditions (1). SRR1 ensures that plants do not flower prematurely in such non-inductive
conditions by controlling repression of the key florigen FT. Here, we have examined the role of SRR1 in the closely
related crop species Brassica napus.

Results: Arabidopsis SRR1 has five homologs in Brassica napus. They can be divided into two groups, where the
A02 and C02 copies show high similarity to AtSRR1 on the protein level. The other group, including the A03, A10
and C09 copies all carry a larger deletion in the amino acid sequence. Three of the homologs are expressed at
detectable levels: A02, C02 and C09. Notably, the gene copies show a differential expression pattern between spring
and winter type accessions of B. napus. When the three expressed gene copies were introduced into the srr1–1
background, only A02 and C02 were able to complement the srr1–1 early flowering phenotype, while C09 could
not. Transcriptional analysis of known SRR1 targets in Bna.SRR1-transformed lines showed that CYCLING DOF FACTOR
1 (CDF1) expression is key for flowering time control via SRR1.

Conclusions: We observed subfunctionalization of the B. napus SRR1 gene copies, with differential expression
between early and late flowering accessions of some Bna.SRR1 copies. This suggests involvement of Bna.SRR1 in
regulation of seasonal flowering in B. napus. The C09 gene copy was unable to complement srr1–1 plants, but is
highly expressed in B. napus, suggesting specialization of a particular function. Furthermore, the C09 protein carries
a deletion which may pinpoint a key region of the SRR1 protein potentially important for its molecular function.
This is important evidence of functional domain annotation in the highly conserved but unique SRR1 amino acid
sequence.

Keywords: Arabidopsis, Brassica napus, Flowering, Cross-species functionality, Subfunctionalization

Background
Plants need to synchronize their reproductive activity to the
optimal growth season, to ensure maximal reproductive out-
put. Consequently, onset of flowering is tightly controlled by
a network of signals originating from developmental, as well
as environmental signaling pathways [2–4]. After reaching a
critical developmental age, plants will respond to favorable

environmental stimuli and flowering will be initiated [5]. In
long day (LD) plants, flowering is promoted in spring and
summer when the days are longer than the nights. Day
length is measured by the inner circadian clock that main-
tains a ca 24-h cyclic rhythm of gene and protein expression
of clock components that in turn regulate downstream pro-
cesses. When light coincides with the expression of compo-
nents of the so-called photoperiodic pathway of flower
induction, expression of “florigen” FLOWERING LOCUS T
(FT) is promoted in the leaves [6, 7]. FT protein then travels
through the vasculature to the shoot apex where flower for-
mation is initiated [8–10]. CONSTANS (CO) is a key signal
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integrator for photoperiodic flowering. Its transcription is
controlled by the circadian clock through the GIGANTEA
(GI) clock component that interacts with FLAVIN BIND-
ING, KELCH REPEAT, F-Box 1 (FKF1) in coincidence
with light. FKF1 then represses the activity of CDF tran-
scription factors, which have a repressive role on CO
expression [11–13]. This allows accumulation of CO tran-
script in the afternoon and CO protein expression. CO in
turn promotes expression of FT by binding to its pro-
moter and thus initiating flowering. Transcription of FT is
also tightly regulated by both promotive and repressive el-
ements that integrate signals from various environmental
and developmental signaling pathways [2]. An important
FT repressor in this transcriptional landscape is the
MADS box transcription factor FLOWERING LOCUS C
(FLC), which has an important role as a repressor of flow-
ering in unfavorable conditions, as its expression level is
reduced by extended periods of cold [14, 15].
The main genetic factors of the flowering time regula-

tion network have been conserved throughout Brassica-
ceae, as revealed by genome sequencing in recent years
[16–20]. This conservation indicates that their function
might be similar as in the model species Arabidopsis.
Additionally, many quantitative trait loci (QTL) studies
and genome-wide association studies (GWAS) for flow-
ering time have found homologs of Arabidopsis flower-
ing time genes in the confidence intervals of associated
markers [21–29]. However, the most important crop
plants from the Brassicaceae come from the genus Bras-
sica, including important vegetable species like cabbage,
cauliflower (Brassica oleracea), Chinese cabbage (Bras-
sica rapa), but also the important oilseed crop rapeseed
(Brassica napus). Brassica species share a whole-genome
triplication, and B. napus arose from a recent interspe-
cific hybridization between B. rapa (A subgenome
donor) and B. oleracea (C subgenome donor), expanding
the theoretically expected copy number of Arabidopsis
homologs in allotetraploid B. napus to 6 (Brassica tripli-
cation × 3, hybridization × 2) [30, 31]. After polyploidiza-
tion, many different processes like homologous
recombination and the action of transposable elements
led to a strong genome reorganization. Together with se-
lective processes, this reorganization individually chan-
ged the specific gene copy numbers, now varying
between 1 and 12, and possibly varying between individ-
uals [16, 32, 33]. In the course of evolution, single copies
might evolve differently and give rise to new expression
patterns or functions through a process called subfunc-
tionalization [34]. The degree of subfunctionalization is
gene specific. Subfunctionalization has played an import-
ant role in evolution of flowering time control [35, 36].
SENSITIVITY TO RED LIGHT REDUCED (SRR1) is

essential for repression of flowering in non-inductive
photoperiods in Arabidopsis [1]. Mutant srr1–1 plants

flower particularly early under SD conditions and show
a reduced sensitivity to the lengthening of the photo-
period. SRR1 acts to promote the expression of several
direct repressors of FT, including CDF1, the TEMPRA-
NILLO (TEM) transcription factors that are also involved
in gibberellic acid biosynthesis and FLC, ensuring that
flowering is prevented in non-inductive conditions. In
addition, SRR1 has roles in setting the correct pace of
the circadian clock and in mediating red light signaling
[37]. SRR1 was also found to be important for control of
flowering time in natural conditions, together with many
genes closely associated to the circadian clock in a com-
bined genome-wide association (GWAS) and linkage
mapping study in Arabidopsis [38]. The protein struc-
ture of SRR1 is unknown and it does not contain any
known protein motifs, although it is highly conserved
between species, with homologs present in yeast and
mammals [37, 39]. In Brassica rapa, a quantitative trait
loci (QTL) study combining whole genome transcript
variation with flowering time QTLs, identified the
BrSRR1 ortholog as a candidate associated with flower-
ing and the expression of BrFT [40]. Furthermore, the
Bna.SRR1.A02 copy has recently been identified as one
of the candidates genes responsible for the morphotypic
split between biannual and annual forms in B. napus
[41]. This suggests that the role for SRR1 in flowering
time control may be conserved among Brassicaceae.
B. napus carries 5 copies of Bna.SRR1 located on chro-

mosomes A02, A03, A10, C02 and C09. It is unclear if
all of them have maintained the original function or if
they have undergone subfunctionalization processes.
Here, we examine the functionality of the Bna.SRR1 cop-
ies by expression analysis in B. napus and complementa-
tion of Arabidopsis srr1–1 mutants. We show that two
groups of different gene structures have evolved and that
only some Bna.SRR1 gene copies are functional in
Arabidopsis. This indicates a strong subfunctionalization
of Bna.SRR1 and provides new information about SRR1
function.

Results
Phylogeny of SRR1 in Brassicaceae
We searched 13 sequenced Brassicaceae species for ho-
mologs of A. thaliana SRR1. Copies of SRR1 were
found in all 13 species (Fig. 1a). Most of them (8 out of
13, A. thaliana, A. lyrata, Capsella rubella, Thelun-
giella salsunginea, Thelungiella halophila, Aethionema
arabicum, Leavenworthia alabamicum, Schrenkiella
parvula) carried only one copy of SRR1, whereas B.
rapa and B.oleracea each carried two copies, Camelina
sativa carried three copies, Sisymbrium irio four copies
and B. napus five copies. Thus, B. napus carries one
copy more than expected from its progenitor species.
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Sequence comparisons indicate that the Bna.SRR1.A03
copy arose from a duplication of the Bna.SRR1.A10
copy (Fig. 1a).
Gene sequence analysis shows that the five Bna.SRR1

copies can be divided into two groups, based on their pre-
dicted amino acid sequence. The first group, consisting of
the A02 and C02 gene copies, is more similar to the
AtSRR1 protein although several amino acid changes have
occurred (Fig. 1b). The second group, consisting of the
A03, A10 and C09 gene copies, all have a 21 amino acid
deletion in their protein sequences, compared to the

AtSRR1 protein and the A02 and C02 proteins (similarity
to AtSRR1: A02: 83.6% and C02: 80.7% conservation vs
A03: 73.4%, A10: 73.8% and C09 74.9% conservation).
Only one copy in B. rapa and B.oleracea and two copies
in S. irio showed similar deletions in this region. A 13
amino acid deletion is also found in the C02 protein,
which is unique for this homolog (Fig. 1b).

Not all Bna.SRR1 copies are expressed
By sampling the Manitoba winter type accession, requir-
ing an extended period of cold to be able to flower, and

Fig. 1 a Neighbor-joining tree for predicted protein sequences of SRR1 copies in 13 different species of the Brassicaceae. Genomic sequences were
extracted from BRAD. Sequence alignment was performed using CLUSTAL multiple sequence alignment by MUSCLE with Default parameters. Based
on this alignment, neighbor joining tree using bootstrap analysis (100 replicates) was constructed using CLCSequenceViewer, version 8.0. b Full length
alignment of the predicted amino acid sequences of At.SRR1 with the 5 Bna.SRR1 copies
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the Korall spring type accession, which does not, poten-
tial seasonal differences in expression were examined.
For 10 week old plants, emerging leaves, developed
leaves and petioles were sampled and expression levels
of the different copies were tested in the sampled tissues
with RT-qPCR using copy-specific primers. This re-
vealed that only three of the five gene copies were
expressed at detectable levels, namely the A02, C02 and
the C09 gene copies (Fig. 2). Of these, the C09 copy was
expressed at higher levels compared to the other gene
copies, accumulating to about two times the levels of the
A02 copy in all tested tissues in the Manitoba winter
type and to an even higher ratio in the Korall spring type
(Fig. 2). The C02 copy was expressed at lower levels than
both the A02 and C09. In emerging leaves, all expressed
gene copies were expressed at higher levels in the winter
type Manitoba, compared to the spring type Korall (Fig.
2a). In developed leaves, expression levels were more
similar between the accessions and the C09 copy was
expressed at a slightly higher, but not significantly, level
in the spring type Korall compared to the winter type
Manitoba (Fig. 2b). In petioles, expression of the A02
and C02 copies was only detectable in the Manitoba
winter type while the C09 copy was expressed at high
levels in both Korall and Manitoba (Fig. 2c). Thus, there
is a much more prominent difference in expression level
between accessions in emerging leaves compared to de-
veloped leaves. This may suggest that the Bna.SRR1
genes have an important regulatory role at an earlier
stage of development in the Manitoba winter accession
compared to the Korall spring accession. To examine
whether these findings were accession-specific or
dependent on the winter type vernalization requirement,
nine additional winter and spring accessions of the
ASSYST collection [42, 43], were sampled for emerging
leaf material and the expression of Bna.SRR1 A02, C02
and C09 was examined. Five accessions were classified
as early flowering and four as late flowering of the

winter types, while four accessions were early flowering
and five late flowering of the examined spring types.
Analysis of these accessions revealed a large variation in
expression of the A02 gene copy between the accessions
(Fig. 3a). Interestingly, the late-flowering spring lines
had a statistically significant (p > 0.01, two-factorial
ANOVA) higher expression of the A02 copy compared
to the early-flowering spring lines.
The C02 gene copy was expressed differently between

accessions, expression levels were generally higher in the
winter accessions, but in several accessions, no expres-
sion at all was detected (Fig. 3b).
Expression of the C09 copy was more stable between the

different accessions and comparable to what was observed
in the Korall and Manitoba accessions, suggesting presence
of the C09 gene product is important in both winter and
spring types (Fig. 3c). Additionally, to examine Bna.SRR1
expression in other tissues, roots, stems and flowers were
sampled from the spring accession Ability as well as roots
and stems from the winter accession Zephir. Expression of
Bna.SRR1 was subsequently tested. No Bna.SRR1 gene copy
could be detected in roots, while expression of A02, C02
and C09 was detected in stems (Additional file 1: Figure
S1). Here, the A02 copy was expressed at higher levels than
the C02 and C09 copies in the winter accession, while the
C09 copy had a similar level of expression in both acces-
sions in stems and in flowers in the spring accession. The
copy on C02 was expressed at similar levels to C09 in stems
in both accessions, but not detectable in flowers. In conclu-
sion, the A02 and C09 copies were detected in stem and
flower tissue, while the C02 copy was only detected in
stems, suggesting possible tissue-specific subfunctionaliza-
tion between the gene copies.

Bna.SRR1 gene copies show different ability to rescue
early flowering in srr1–1
To examine whether the Bna.SRR1 gene copies may
have a similar function in flowering as the Arabidopsis

Fig. 2 Relative gene expression of the three expressed Bna.SRR1 copies in emerging and developed leaves and petioles in the accessions Manitoba (winter-
type) and Korall (spring-type) without vernalization from rosette material with approximately 5 developed leaves. (a) Emerging leaves, (b) developed leaves,
(c) petioles. The values were calculated from RT-qPCR using the ΔCt method and represent mean of 3 biological replicates. Error bars show standard error
of mean. Asterisks show the level of significance based on the Student’s t-test (*p-value< 0.05, **p-value< 0.01, ***p-value< 0.001)
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SRR1 gene, the three gene copies shown to be expressed
in B. napus (A02, C02 and C09) were introduced into
srr1–1 mutant plants. About 1500 bp of the promoter
region and the genes including the 3′ untranslated re-
gion were amplified from genomic B. napus DNA using
PCR and introduced into the HPT1 binary vector [44].
Subsequently, srr1–1 mutant plants were transformed
with these vectors to introduce the Bna.SRR1 copies into
Arabidopsis. The transformed plant lines were tested for
their flowering phenotype under SDs, where srr1–1 mu-
tants are known to have a strong early flowering pheno-
type [1]. Flowering time of the transformed plant lines
was then measured. The plants transformed with the
A02 gene copy as well as the C02 copy flowered similar
to Col-7 wt plants, thus fully complementing the early

flowering phenotype of srr1–1 (Fig. 4a, b). In compari-
son, the plants transformed with the C09 copy flowered
with the same leaf numbers as the srr1–1 mutants (Fig.
4c). This suggests that the differences in C09 compared
to the other homologs may be critical for the proteins’
ability to repress flowering in Arabidopsis. In contrast,
the deletion in C02 has no relevance for the function of
the protein in regulation of flowering.
To examine how the difference in amino acid compos-

ition in C09 may alter the protein, the predicted protein
structure of the different SRR1 copies was generated
using the PredictProtein resource [45]. This showed that
the SRR1 homologs are predicted to have a very similar
structure (Additional file 2: Figure S2). The major differ-
ence in C09 compared to the other copies is that one α-

Fig. 3 Relative gene expression of Bna.SRR1 gene copies in early- and late-flowering spring and winter accessions from the ASSYST collection. (a) Bna.SRR1
A02, (b) Bna.SRR1 C02, (c) Bna.SRR1 C09. The values were calculated from RT-qPCR using the ΔCt method and represent mean of 3 biological replicates.
Error bars show standard error of mean
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helix, predicted to be mainly exposed, is missing through
the deletion. The prediction does not suggest that the
deletion renders the protein unstable.

Expression of Bna.SRR1 gene copies in Arabidopsis
As expression levels of the different Bna.SRR1 gene copies
differed strongly in B. napus, the level of expression of
Bna.SRR1.A02, which could complement flowering in Ara-
bidopsis, and C09, which could not, was tested in the
Arabidopsis lines transformed with the respective gene
copies.
RT-qPCR analysis showed that in comparison to the

endogenous SRR1 gene copy, both Bna.SRR1 genes in-
troduced into the srr1–1 background were expressed at
lower levels (Fig. 5). For the A02 copy, these low levels
of expression were obviously sufficient to complement

the flowering phenotype. The C09 copy was also
expressed at lower levels than AtSRR1, but higher than
A02 in the tested lines, reaching ca 30% of expression
levels of AtSRR1. The level of expression of the A02
copy does not appear to be critical for the function of
SRR1, as low amounts of transcript are sufficient to ful-
fill its role in flowering time control. A comparison of
the promoter structure between the SRR1 gene copies
using the MEME suite [46] revealed two enriched motifs
common in all the gene promoters, although their distri-
bution is somewhat different between the genes (Add-
itional file 3: Fig. S3). The motifs, a SORLIP motif and
an ARF motif, have been described to be involved in
light-regulated gene expression and as an auxin response
factor binding site, respectively [47, 48]. They were lo-
cated close to the start of the coding sequence in

Fig. 4 Flowering time of srr1–1 plants transformed with Bna.SRR1 gene copies. Plants were grown in SD conditions (16 h light: 8 h dark, 20 °C). (a)
Bna.SRR1 A02-transformed lines, (b) Bna-SRR1 C02-transformed lines, (c) Bna.SRR1 C09-transformed lines. Leaves of at least 15 plants per line were
counted at flowering. Error bars show standard deviation. Asterisks show the level of significance based on the Student’s t-test compared to not
transformed srr1–1 plants (*p-value< 0.05, **p-value< 0.01, ***p-value< 0.001)

Fig. 5 Expression of SRR1 in Col-7 wt and srr1–1 lines transformed with the Bna.SRR1 gene copies. Left panel: Expression in comparison with Col-7 wt of
three independent transformed lines transformed with Bna.SRR1 A02 and Bna.SRR1 C09, respectively. Right panel: magnified comparison of expression
between the Bna.SRR1 A02-transformed and Bna.SRR1 C09-transformed lines. Error bars show standard error of mean
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AtSRR1, while they were located further upstream in the
Bna.SRR1 gene promoters. Although the factors regulat-
ing SRR1 expression are unknown, this may indicate that
the efficiency of transcriptional activation of the
Bna.SRR1 genes in Arabidopsis is different, which could
explain the reduced expression levels of the Bna.SRR1
copies compared to endogenous AtSRR1.

Expression of SRR1 targets in Bna.SRR1 transformed lines
SRR1 acts in several pathways regulating flowering by
promoting the expression of FT repressors [1]. To exam-
ine how the Bna.SRR1 copies affected known targets of
AtSRR1 in regulation of gene expression, their transcript
levels in plants carrying the AtSRR1-complementing A02
and the non-complementing C09 gene copies were
measured.
To confirm that the complemented phenotype in

BnaSRR1.A02 lines was due to restoration of the FT
expression pattern, a time series was sampled in 3-h
intervals over 24-h in SD conditions and analyzed
using RT-qPCR. This revealed that in A02-trans-
formed lines, FT was expressed at very low wt-like
levels, while elevated expression was observed in C09-
transformed lines, notably at the for flowering induc-
tion critical time point ZT9, as well as in srr1–1 mu-
tants (Fig. 6a, Additional file 4: Fig. S4). Furthermore,
analysis of CDF1 expression, a known repressor of FT
and a target of SRR1 showed that CDF1, with an ex-
pected peak of expression in the morning, was
expressed as in Col-7 in the lines transformed with
the A02 gene copy. Meanwhile, CDF1 was expressed
at reduced levels in the morning and expression
peaked earlier in the C09-transformed lines (Fig. 6b).
This was similar to the expression pattern observed
in srr1–1 mutants and thus C09 had no complement-
ing effect on CDF1 expression.
TEM1 and TEM2 transcription factors are other

known targets of SRR1, which are involved in regulation
of flowering through the GA biosynthesis pathway [49].
Due to their redundancy and similar expression, TEM1

was examined to determine whether the Bna.SRR1 cop-
ies could affect their expression. Interestingly, whereas
srr1–1 showed reduced expression, as seen previously [1],
both the A02 and C09-transformed lines showed an ex-
pression pattern similar or even slightly enhanced com-
pared to Col-7 wt, suggesting complementation of TEM1
expression (Fig. 6c). TEM1 is known to repress the gibber-
ellic acid biosynthesis gene GIBBERELLIN 3-OXIDASE 1
(GA3OX1) [49]. To confirm the rescued expression of
TEM1 in A02 and C09-transformed lines, GA3OX1
expression was measured. Transcript levels were elevated
in srr1–1 compared to wt, congruent with previous obser-
vations [1]. In the C09-transformed lines no significant
difference was seen while expression in A02-transformed
lines was somewhat reduced (Additional file 5: Figure S5).
The results support the elevated TEM1 levels in the trans-
formed lines. In conclusion, this suggests that the function
of SRR1 in transcriptional regulation is fully rescued by
the A02 gene copy for all tested genes, while the C09 gene
copy can only complement TEM1 expression, which is
not enough to rescue the early flowering phenotype of
srr1–1.

Discussion
Our data show that SRR1 is highly conserved in Brassi-
caceae, suggesting an important function in growth and
development within this family (Fig. 1a). However, its
unique protein structure has made the prediction of key
regions of the protein or a molecular mode of action dif-
ficult. Interestingly, we found that the crop species Bras-
sica napus carries in total five homologs with differences
in gene and protein structure between them, including a
larger deletion in the A03, A10 and C09 proteins, com-
pared to the A02 and C02 proteins and AtSRR1 (Fig.
1b). As this could suggest subfunctionalization between
the different gene copies, we tested their level of expres-
sion in B. napus followed by a functional analysis of the
expressed copies in Arabidopsis srr1–1 background,
where AtSRR1 is not expressed.

Fig. 6 Relative expression of known SRR1 targets in lines transformed with Bna.SRR1 A02 and Bna.SRR1.C09. (a) FT, (b) CDF1, (c) TEM1. The values
represent the average expression of three independently transformed lines. Error bars show standard error of mean
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Differential gene expression suggests
subfunctionalization
Initial gene expression analysis in the B. napus accessions
Manitoba (winter type) and Korall (spring type) showed
that only three of the five gene copies were expressed,
A02, C02 and C09 (Fig. 2). Expression of the same copies
was also detected in stems, while in flowers only A02 and
C09 was detected (Additional file 1: Figure S1). In roots,
no Bna.SRR1 copy was detected.
Differential expression of B. napus flowering gene cop-

ies has been shown in several reports [25, 50–52]. Here,
the C09 copy is consistently expressed in all tested ac-
cessions and tissues, while the A02 and C02 copies are
expressed at different levels depending on accession in
emerging leaves (Fig. 3).
In the winter type Manitoba and the spring type Korall,

comparison of expression between developed and emer-
ging leaves showed that differences in expression between
accessions was lower in comparison to emerging leaves
(Fig. 2a, b), suggesting that the A02 and C02 gene copies
may have a repressive role on flowering at early stages of
development, when highly expressed. This may suggest
that they have a comparable role as SRR1 in Arabidopsis,
in suppressing flowering until the conditions are more fa-
vorable. Interestingly, a similar pattern has been observed
for the important flowering time regulator, FLC, where
three out of nine copies were differentially expressed be-
tween winter and spring material (Quezada et al., submit-
ted). One copy of Bna.FLC was never expressed [53],
similar to what we found for Bna.SRR1.A03 and
Bna.SRR1.A10, indicating pseudogenization.
Thus, in Manitoba and Korall, the larger difference in

Bna.SRR1 expression in emerging leaves compared to
developed leaves between the Korall spring and the
Manitoba winter type may suggest that high expression
early in the developmental cycle in the winter type is de-
sirable to prevent premature flowering. This could ac-
count for a mechanism measuring the ratio of
developing to differentiated leaves, allowing flowering
only after a certain leaf mass has been reached. Develop-
ing leaves could likewise send a “stop” signal, which is
only overridden if enough differentiated tissue has
developed.
However, in the extended analysis of emerging leaves

of several other accessions, A02 expression displayed a
large variation suggesting that such a mechanism may
be accession-dependent. A02 was particularly highly
expressed in several late-flowering spring accessions,
suggesting it may have a role in delaying flowering in
these accessions (Fig. 3a). This function may be over-
ruled by FLC in winter accessions with a vernalization
requirement.
Expression of C02 also varied between accessions, sug-

gesting a possible accession-specific function, while

expression of C09 was much more stable between acces-
sions in the extended analysis (Fig. 3b, c). In comparison,
presence of the C09 gene product seems to be of general
importance in B napus and thus have the different gene
copies subfunctionalized to perform specific roles in this
species.

Complementation reveals potential key protein domain
of SRR1
Flowering time experiments with the three gene copies
being expressed in B. napus showed that only the A02 and
C02 gene copies can complement the early flowering
phenotype of srr1–1 while the C09 copy cannot (Fig. 4).
This suggests that the differences in C09 may be critical
for the function of the SRR1 protein in Arabidopsis, at
least in regard to its role in regulating flowering. The most
obvious candidate region to be critical for correct function
is the 21 amino acid deletion in C09. In comparison, al-
though the C02 protein product also carries a deletion in
another part of the protein, it could still complement the
loss of AtSRR1 in srr1–1 plants (Fig. 1b, Fig. 4). As the
SRR1 protein sequence does not contain any known regu-
latory elements, this is an important finding, indicating
that this region of the protein may be critical for proper
function. This deletion is a highly conserved SRR1-unique
sequence in Brassicacea and this specific deletion only oc-
curs in B. napus. Taking into account that the A02 and
C02 copies are the same ones expressed at much lower
levels in the spring type compared to the winter type, this
further indicates that their expression may be necessary to
prevent undesirable premature flowering in the winter
type, acting as a repressive signal in months preceding the
cold season.
The dysfunction of the C09 gene copy in Arabidopsis

could be either due to an important function-specific
binding region of the protein being excluded through the
altered protein sequence, or due to direct degradation of
the C09 protein product. However, the performed protein
structure prediction suggests that C09 still has a similar
structure to the other SRR1 copies, and only one predicted
helix structure is missing (Additional file 2: Figure S2).
Considering the experimental results, this deletion may be
important for interactions or protein modifications neces-
sary for the regulation of flowering time. Further biochem-
ical studies are however necessary to confirm that the
region deleted in C09 is the determining factor.
Considering that SRR1 in Arabidopsis is also involved

in circadian regulation and light signaling [37], it is pos-
sible that the A02 and C09 copy may have a specialized
functions in B. napus, through subfunctionalization. Be-
ing that the C09 gene copy is unique for B. napus may
also suggest a species-specific specialization. Its exact
function requires more detailed analyses in B. napus.
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The expression analysis in lines complemented with B.
napus gene copies in Arabidopsis shows that the expres-
sion levels of the introduced genes were much lower
than the endogenous SRR1 in Col-7 wt plants (Fig. 5).
This was, however, sufficient for A02 to be able to com-
plement the srr1–1 early flowering phenotype, suggest-
ing that low SRR1 expression levels are enough for
proper function. Expression of the C09 copy was lower
than endogenous SRR1, but higher than Bna.SRR1.A02.
Thus, considering that expression of the A02 lines was
sufficient to complement the flowering phenotype of
srr1–1, it is unlikely that the level of C09 expression is a
major factor in the inability of the C09 gene copy to do
the same (Fig. 5).

CDF1 is key to regulate flowering through SRR1
Analysis of known targets of SRR1 showed that the A02
gene copy was able to replace AtSRR1 function in regard
to its role in regulating expression of flowering time reg-
ulators, including the key florigen FT, the important FT
repressor, CDF1, and TEM1 (Fig. 6). In contrast, the
C09 copy was unable to rescue SRR1 function, as the
C09-transformed lines showed srr1–1-like expression
patterns of CDF1 and FT. Conversely, TEM1 expression
levels were rescued to WT levels by C09, but this seems
to have a limited effect on flowering, as C09-transformed
plants flowered like srr1–1 mutants. In conclusion, the
data suggests that the key target for floral repression by
SRR1 is CDF1, where an altered expression is observed
in srr1–1, as well as in C09-transformed lines (Fig. 6a).
TEM1 appears to be rescued by both the A02 and C09
gene copies (Fig. 6c), although this is not enough to res-
cue the early flowering phenotype in C09-transformed
lines. This indicates that the differences in C09, most
notably the deleted region, may be necessary for SRR1
control of CDF1 expression.
Our data suggests that these gene copies may have a

similar molecular mode of action in B. napus as in Ara-
bidopsis and may be able to influence expression of B.
napus homologs to other known flowering time compo-
nents, which have been shown to be also present in B.
napus [33]. Furthermore, the consistent expression levels
of the C09 copy compared to the variation in A02 ex-
pression may suggest that the gene copies have subfunc-
tionalized to acquire specific roles in B. napus that may
or may not be related to the regulation of flowering.
This information may help to map the signaling network
controlling flowering time in B. napus, enabling the
identification of key factors in breeding.

Conclusions
We have shown that SRR1, an important Arabidopsis
flowering time regulator, has several homologs in Bras-
sica napus. Their expression patterns varied and major

alterations in amino acid composition were found. The
differences in expression between winter and spring type
accessions suggest their expression may be of import-
ance to flowering ability.
Only two of three expressed copies could complement

the early flowering srr1–1 mutant phenotype, showing
cross-species functionality. The C09 copy, with a 21
amino acid deletion compared to A02, C02, and AtSRR1,
failed to complement the early flowering phenotype. C09
is, however, consistently expressed in B. napus, suggest-
ing strong subfunctionalization between the gene copies.
The presented data may be used in the future for further
characterization of the flowering time pathway in B.
napus and highlights the possibility that the B. napus
gene copies may have taken on specific functions
throughout evolution.

Methods
Sequence analysis
Whole genome sequences for A. thaliana, A. lyrata, B.
napus, B. rapa, B.oleracea, Camelina sativa, Capsella ru-
bella, Thelungiella salsunginea, Thelungiella halophila,
Aethionema arabicum, Leavenworthia alabamicum,
Schrenkiella parvula and Sisymbrium irio were retrieved
from http://brassicadb.org/brad/ftpTrans.php. The five
known copies of B. napus were then used for a BLAST
search against each of the genomes. Bna.SRR1 copies were
then selected using a cut-off value of 10− 50 for Brassica
and Arabidopsis, while using a cutoff of 10− 20 for the
remaining species. Fragments shorter than 200 bp were
excluded. To avoid missing gene information, 100 bp were
added to the start and stop of each BLAST position. For
all species except the Brassica species and Arabidopsis
thaliana, peptide sequences were predicted using GEN-
SCAN (http://genes.mit.edu/GENSCAN.html) with “Ara-
bidopsis” as organism. For Brassica and A. thaliana, we
used the peptide sequence information from the respect-
ive peptide prediction published within their reference
genomes.

Plant material and growth conditions
Arabidopsis thaliana
The T-DNA mutant srr1–1 in the Col-7 background has
been described [1, 37]. All seeds were stratified for 3 d at
4 °C before putting on soil. Seeds grown on plates were sur-
face sterilized and stratified for 3 d at 4 °C before plating on
agar-solidified half-strength MS (Murashige & Skoog)
medium (Duchefa) supplemented with 0.5% sucrose and
0.5 g MES. Plants were grown in Percival incubators AR66-
L3 (CLF Laboratories) in 100 μmolm− 2 s− 1 light intensity,
with the light-dark and temperature conditions as
indicated.
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Brassica napus
A winter accession (Manitoba) and a spring accessions
(Korall) of oilseed rape were sown in 7 × 7 cm pots in 3
biological replicates and transplanted to 12 × 12 cm pots
4 weeks after sowing. For the extended expression ana-
lysis, a diversity set consisting of 10 winter and 10 spring
accessions was sown in quickplates in 3 biological repli-
cates. Cultivation was performed in a greenhouse using
a 16 h/8 h day/night rhythm with 20 °C /17 °C. For Mani-
toba and Korall, we sampled petioles, developed and
emerging leaves separately 10 weeks after sowing. For
the diversity set, we selected 9 winter and 9 spring ac-
cessions for the youngest developed leaf 8 weeks after
sowing. The other two accessions were grown 3 weeks
further and we sampled stems, roots and flowers separ-
ately. Tissues were frozen in liquid nitrogen and stored
at − 80 °C until RNA extraction.

Flowering time experiments
Seeds were germinated as described above and grown on
soil in a random fashion. Flowering time was determined
by counting the rosette leaves when the bolt was > 0.5
cm tall [54].

Cloning
Genomic DNA from Brassica napus was amplified using
Phusion Proofreading polymerase (Thermo Fischer) and
primers with specific restriction sites. The amplified
DNA was separated on an agarose gel and extracted
using a GeneJet gel extraction kit (Thermo Fischer) and
then ligated into a pJET2.1 cloning vector using the Clo-
neJet kit (Thermo Fischer). The insert was digested and
separated on an agarose gel and then cloned into a
pHPT1 binary vector [44], using T4 Ligase (Thermo Fi-
scher). The resulting construct was transformed into
Agrobacterium and then into Arabidopsis srr1–1 plants
using the floral dip method.

Transcript analysis
Arabidopsis material
Total RNA was extracted using from plant material using
Tri Reagent as previously described or using Universal
RNA Purification Kit (Roboklon) following manufacturer’s
instructions.
For cDNA, 2 μg of total RNA was DNAse-treated

using RQ1 RNAse-free DNAse (Promega) and reverse
transcribed using AMV Reverse Transcripase (Roboklon)
according to manufacturer’s instructions.
qPCR was performed with iTaq Sybr Green Supermix

(Bio-Rad) according to manufacturer’s instructions. The
normalized expression level was determined using the
ΔCt method, with PP2a (At1g69960) as a reference gene
as described [55]. The primer sequences can be found in
Additional file 6: Table S1.

Brassica napus material
Total RNA was extracted using the NucleoSpin miRNA
kit (Macherey-Nagel) following manufacturer’s instruc-
tions. The eluted RNA was quantified using Qubit RNA
Broad Range on a Qubit fluorimeter and stored at −
80 °C until use.
Primers were designed based on the Darmor-bzh refer-

ence genome, version 4.1 (Chalhoub et al. 2014). Specifi-
city was confirmed by aligning the predicted cDNA with
CLUSTAL multiple sequence alignment by MUSCLE
(http://www.ebi.ac.uk/Tools/msa/muscle/, version 3.8).
The primer sequences can be found in Additional file 6:
Table S1.
cDNA synthesis was performed using the RevertAid

cDNA synthesis kit (ThermoFisher) using 1 μg of total
RNA and Oligo-dT primers. The amount of cDNA was
quantified using the Qubit DNA High Sensitivity kit on
a Qubit fluorimeter. Quantitative Real-time PCR was
performed on a Real-Time PCR System ViiA7 cycler
(Applied Biosystems) in 384 well plates. The reaction
mix containing specific primers, the template cDNA and
FastStart Universal SYBR Green Master mix containing
Rox (Roche) was pipetted by a robot (Biomek 4000,
Beckman Coulter). As endogenous control, we used ubi-
quitin. The PCR program was as follows: initial denatur-
ation (94 °C for 2 min), amplification and quantification
(40 cycles, 95 °C for 20 s, 60 °C for 30 s, 72 °C for 30 s),
and a final extension (72 °C for 5 min). At the end, a
melting curve was recorded between 55 and 95 °C. PCR
efficiency was measured using a pool of all samples in a
dilution series of 6 points. All samples were measured in
3 technical replicates. The normalized expression level
was determined using the ΔCt method.

Additional files

Additional file 1: Figure S1. Relative gene expression of Bna.SRR1 gene
copies in different tissues of the Ability spring and Zephir winter accessions.
The values were calculated from RT-qPCR using the ΔCt method and
represent mean of 3 biological replicates. Error bars show standard error of
mean. (TIF 10547 kb)

Additional file 2: Figure S2. Protein structure predictions based on the
PredictProtein server. Red squares in the first row indicate predicted
alpha-helices, blue squares indicate strands. Yellow boxes in the second
row indicate buried regions while blue boxes indicate exposed regions.
Grey boxes in the third row indicate disordered regions. The red dotted
squares highlight a predicted helix missing in Bna.C09 compared to the
other predicted SRR1 copies. (TIF 517 kb)

Additional file 3: Figure S3. AtSRR1 and BnSRR1 promoter alignment.
Two enriched motifs were discovered using MEME. Sequences from
A.thaliana and B.napus 1 kb upstream from the transcriptional start site
were used with a minimal motif length of 6 and maximum of 10 (Bailey
and Elkan, Proc Int Conf Intell Syst Mol Biol, 2:28–36,1994). Motifs were
determined to be statistically significant with an E-value lower than 0.05.
SORLIP 2 binding site is associated with PhyA signaling, while ARF (Auxin
Response Factor) binding sites are intrinsic for the auxin response.
Enriched motifs are underlined and binding sites are highlighted in gray.
(TIF 577 kb)
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Additional file 4: Figure S4. Expression of FT at zeitgeber time 9 (9 h
after lights on, ZT9) in plants grown in SDs (8 h light:16 h dark, 20 °C). The
values represent biological replicates of three independently transformed
lines. Error bars show standard error of mean. (TIF 5273 kb)

Additional file 5: Figure S5. Expression of TEM1 target GA3OX1 at
zeitgeber time 8 (8 h after lights on, ZT8) in plants grown in SDs (8 h
light:16 h dark, 20 °C). The values represent biological replicates of three
independently transformed lines. Error bars show standard error of mean.
Asterisks show the level of significance based on the Student’s t-test
compared to Col-7 wt plants. (TIF 6591 kb)

Additional file 6: Primer sequences. (XLSX 10 kb)

Abbreviations
LD: Long day; RT-qPCR: Real Time Quantitative PCR; SD: Short day
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PART 3: Flowering time and drought stress 

Flowering time is not only an irreversible switch from vegetative to reproductive growth, but also the 

phase where plants are most sensitive to stress. Stress during flowering limits plant growth and seed 

yield, even if conditions are optimal afterwards. For Europe, climate change is predicted to lead to 

wetter winters, but drier springs, therefore largely affecting flowering time of winter oilseed rape. It 

is therefore necessary to understand how stress tolerance during flowering can be improved by 

breeding. At the same time, it is largely unknown how stress signaling and flowering time regulation 

interact, and which genetically accessible tolerance strategies might exist. It has been proposed that 

miRNAs might play a role in a matter similar to the age pathway, so MIRNA genes might represent a 

possible breeding target. To shed light into this hypothesis, we conducted a controlled drought stress 

experiment for winter oilseed rape. The results are presented in two chapters: chapter 3.1 is an 

unpublished manuscript showing how a developmental delay in drought stressed accessions is 

associated to miRNA and mRNA expression. Chapter 3.2 shows how drought stress during flowering 

time does even affect plant development in the next generation. 

  



 

116 
 

Chapter 3.1: Room for improvement: transcriptomics reveal high genetic diversity of drought 
resistance strategies in winter oilseed rape 
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Abstract 
Spring droughts are expected to become more frequent in Central Europe as a result of climate 
change. This will affect biennual crops like winter oilseed rape (Brassica napus) during flowering, 
which is the most sensitive stage for yield building. Breeding for more spring drought tolerant plants 
is therefore a major adaptation strategy for a higher resilience of agricultural production. However, 
data on the diversity of genetic regulation of drought response and drought tolerance during this 
stage under realistic conditions are not available, therefore, no breeding targets or markers are 
identified so far. Here, we assessed the phenotypic plasticity of drought response for eight adverse 
B. napus accessions under semi-controlled, field-like conditions, and linked their stress strategies to 
gene and miRNA expression at an early and a late stress time point. We found that drought 
resistance strategies were highly diverse, both on the phenotypic and on the genetic level. The 
finding that phenotypically similar accessions have varying degrees of drought resistance due to 
more effective molecular protection mechanisms reveals good possibilities for genetic improvement 
of drought resistance in winter oilseed rape by combining positive alleles for ROS scavenging, 
source/sink ratio and regulation of developmental timing. Moreover, we identified putative MIRNA 
genes in the B. napus genome which respond to stress and may also be involved in protective 
mechanisms, representing possible breeding targets. Our data provide a framework for further 
validation studies on a single-locus level as well as a valuable resource for applied breeding. 

Introduction 
The Synthesis Report of the International Panel on Climate Change (IPCC) predicts a medium to high 
likelihood for an increase in water restrictions in Central Europe in the next decades (IPCC, 2014). 
This will particularly affect the period of late spring/ early summer (Lu et al., 2019). One of the crops 
which is likely to be affected by late spring drought is oilseed rape (Brassica napus). Winter oilseed 
rape used to be well adapted to temperate climates, as the highest yields per area are reported in 
Central Europe and Chile (FAOSTAT 2019). Severe droughts within the last decade (2011, 2015, 2018, 
2019) have shown how much changes in precipitation may affect future production of oilseed rape. 
Oilseed rape is not only a common source for biodiesel and edible oil, but also an important part of 
crop rotation regimes with cereals (Sieling and Christen, 2015). As irrigation may eventually increase 
the risk of soil salinity (Tal, 2016), the most important measure to reduce the risk of harvest 



reduction is the development of drought tolerant crops. However, data on genetic variation 
associated to drought stress response in B. napus is still scarce, and most of the studies which were 
conducted on the characterization of drought stress response in B. napus investigated plants at the 
juvenile stage and/or in small pots which do not reflect field conditions (Hatzig et al., 2014; Zhang et 
al., 2015; Wang et al., 2017). This is most likely not predictive of the expected drought scenario for 
winter oilseed rape, where drought hits the plants before or during flowering, the most sensitive 
stage in regards to drought stress (Borghi et al., 2019). One strategy to avoid flowering during stress 
would therefore be breeding for earlier flowering cultivars. Drought signaling and developmental 
timing are connected, but this link is unfortunately not well characterized (Kazan and Lyons, 2016). 
For example, a well-known reaction of plants to drought is drought escape, which is accelerated 
reproduction due to earlier flowering (Kooyers, 2015). Others have shown that there is a positive 
correlation between flowering time and water use efficiency (Lovell et al., 2013). Some few flowering 
genes have been proposed to be involved in drought escape, among them FRIGIDA (FRI), GIGANTEA 
(GI), FLOWERING LOCUS T (FT) and TWIN SISTER OF FT (TSF), mostly via influencing the level of 
abscisic acid (Lovell et al., 2013; Riboni et al., 2013; Kazan and Lyons, 2016). To avoid negative 
pleiotropic effects between developmental timing and drought resistance, it is therefore necessary 
to precisely understand the interactions between flowering time regulation and drought signaling. In 
general, both regulatory networks are well characterized, especially the flowering time network 
(Srikanth and Schmid, 2011; Blümel et al., 2015), but links between them have been established 
mainly in Arabidopsis thaliana (Kazan and Lyons, 2016). Here, GI seems to play a central role to 
integrate different stress signals into the flowering network, together with plant hormones like 
gibberellins and IAA, but also micro RNAs (miRNAs) (Kazan and Lyons, 2016). Among the miRNAs 
involved, miR156 and miR172 obviously play the most important role in drought related signaling to 
the flowering network by interacting with SQUAMOSA PROMOTOR LIKE 3 and 9 (SPL3/9), and 
WRKY44, respectively (Kazan and Lyons, 2016). As miRNAs are encoded in the genome as MIRNA 
genes, they are interesting targets for plant breeding, but they are still very poorly annotated in crop 
genomes and are therefore normally not considered as candidates in association studies. Moreover, 
B. napus is a recent allotetraploid (2n=AACC) and therefore has a highly complex genome, which 
complicates direct transfer of knowledge both for protein-coding genes and MIRNA genes. 

We therefore wanted to characterize the drought stress response of winter oilseed rape during 
flowering time in realistic testing conditions, including more genotypic diversity than before. 
Moreover, we wanted to test if B. napus homologs of the same genes would react to drought stress 
as known from model species, and if so, which copies would do so. Finally, we aimed at identifying 
respective MIRNA genes in the B. napus genome which would potentially also be useful breeding 
targets. To this purpose, we selected eight contrasting winter oilseed rape accessions and grew them 
in large containers in a system shown to provide good estimates of field performance in both 
irrigated and non-irrigated conditions (Hohmann et al., 2016). Shortly before flowering, we subjected 
the plants to a 3 weeks water withdrawal period, reflecting a spring without rainfall. We phenotyped 
and sampled the plants throughout their life cycle and performed RNAseq and small RNAseq at an 
early (8 days) and a late (21 days) stress time point. The results show that there is a large phenotypic 
plasticity in drought resistance strategies, indicating a broad genetic variability which could be 
combined to improve drought resistance in oilseed rape.  



Material and Methods 

Plant material, growth conditions and stress treatment 
We selected eight contrasting B. napus winter accessions from the ERANET-ASSYST diversity set (Bus 
et al., 2011; Körber et al., 2012) in respect to flowering time and drought tolerance based on earlier 
field data. We classified Pollen and Musette as early-flowering and drought tolerant, Hokkai3Go and 
Liporta as early-flowering and drought sensitive, Zephir and NKNemax as late-flowering and drought 
tolerant and Alaska and Campari as late flowering and drought sensitive. Those accessions were 
sown in large containers containing 75 % sand and 25 % soil (Hohmann et al., 2016) with 9 plants per 
container in a water-controlled environment in October 2014 at the field station in 
Rauischholzhausen, Germany. The containers were left under a transparent roof without 
temperature regulation, allowing vernalisation during winter. Water demand was determined by 
regular weighing of the containers with a specialized hydraulic scale, and water was supplied to a 
water capacity of 60 %. The plants were grown with optimal water supply until the first plants 
reached BBCH50 (April 2015). The stress containers were not watered subsequently for 3 weeks, 
while control containers were watered normally. Afterwards, the stress containers were again 
watered to approximately 60 % water capacity, and all plants were grown until ripening. 

Sampling and phenotyping 
The plants were sampled at different developmental stages for different tissues. The tissue was cut 
with a razorblade, put into a 50 ml plastic tube, immediately frozen in liquid nitrogen and 
subsequently stored at -80°C. We sampled the plants at BBCH18 (rosette stage before vernalisation), 
BBCH20 (rosette stage after vernalisation), BBCH50 (shooting before flowering and stress 
application), BBCH60 (opening of the first flowers, 8 days of stress treatment) and BBCH65 (full 
flowering, 21 days of stress treatment). We used different plants from the same container for each 
sampling, starting from the left plant in the back. We therefore sampled BBCH18 leaves (left, back), 
BBCH20 leaves (middle, back), BBCH 50 leaves and buds (right, back), BBCH 60 leaves and buds/ 
flowers (left, middle) and BBCH 65 leaves and flowers (right, middle) We took the last developed true 
leaf. At 2 time points, we cut the above-ground part of one plant of each container out in order to 
determine fresh and dry matter as well as water content. This was the left middle plants directly 
after stress and the middle front plant at harvest. At harvest, we moreover separated the middle 
plant into the main raceme and the side branches and counted the number of side branches as well 
as the number of siliques. We determined beginning (at least 1 plant with open flowers in the 
container) and end of flowering (no open flowers in the container). Moreover, we regularly counted 
living primary side branches and measured plant height. In total, we collected data on plant height 
(PH), number of side branches (NSB), fresh matter (FM), dry matter (DM), water content (WC), 
number of siliques on the main raceme (SMR), number of siliques on the side branches (SSB), total 
number of siliques (TNS), number of grains per plant (GPP), numbers of grains per silique (GPS), 
thousand grain weight (TGW), yield per plant (YPP), yield per container (YPC), seed water content 
(SWC), beginning of flowering (BOF) and end of flowering (EOF). 

Small RNA sequencing 

RNA extraction and sequencing 
Frozen plant tissue was ground to fine powder using a mortar and a pestle. 50 mg of this powder was 
used to extract total RNA using the NucleoSpin miRNA extraction kit (Macherey-Nagel) according to 
the manufacturer’s instructions. Small RNA samples (control and stress, leaves) from BBCH60 (early 



stress) and BBCH65 (full stress) as well as leaf samples BBCH50 (control and stress) and control 
samples for Campari for BBCH18, BBCH20 were sent to BGI Genomics Ltd. (Hong Kong, China). 
Quality control was performed using an Agilent BioAnalyzer 2100 (Agilent). Small RNA sequencing 
was then performed using the BGISEQ-500 as described in (Fehlmann et al., 2016), and the resulting 
raw read files were filtered to exclude low quality reads (Q20<90 %, adaptor and null rate>10 %, 
small RNA tag rate >20 %), reads with 5’-primer contaminants, reads without 3’ primers, reads 
without insert, reads with polyA and reads shorter than 18 nt.  

Alignment and coverage calling 
Clean reads were mapped onto the Darmor-bzh v4.1 reference genome (Chalhoub et al., 2014) using 
Bowtie2 (Langmead and Salzberg, 2012), version 2.1.0 using the following options: mode --very-
sensitive, -q, -p 40, -L 10. A bed file containing all regions covered with at least 9 reads in at least 1 
sample was created using custom scripts involving bedtools (Quinlan, 2014) version 2.17.0 and R, 
version 3.1.2. The raw coverage of all pooled samples on those regions was called using bedtools 
multiCov, and the coverage was normalized to the number of reads per sample and to the region 
length. Regions with a mean normalized coverage >10 were selected for further analysis. 

MIRNA gene prediction and annotation 
The selected regions were analysed using NovoMIR version 1.11 (Teune and Steger, 2010), and the 
regions predicted to be a MIRNA gene were selected for further analysis. The reads mapping to those 
regions were extracted using bedtools, and the frequency of each putative miRNA was counted in R 
for every sample. For every sample, the putative miRNA list was filtered for sequences having a 
count>10. All sample lists were merged by sequence, and the mean frequency per sequence was 
determined. This matrix was then filtered for sequences with a mean abundance >5 to avoid analysis 
of low expression miRNAs or degradation products. Likewise, we found 2649 putative miRNA 
sequences which were expressed in at least one sample in any condition and time point. Those 
sequences were blasted against different databases to attain a suitable annotation. Those databases 
contained (1) the sequences of both the mature and the precursor miRNAs of all available 
Brassicaceae from mirbase (Griffiths-Jones et al., 2008), (2) the sequences of both the mature and 
the precursor miRNAs of all other plant species, (3) the small RNA sequences from Rfam database 
(Kalvari et al., 2018), (4) the sequences from the TIGR Repeats database (Ouyang and Buell, 2004), 
representing repetitive elements and (5) the B. napus chloroplast genome. All sequences were then 
hierarchically annotated, meaning that sequences which could be annotated with (1) were excluded 
from the annotation process with (2). We then extracted only those 2067 small RNA sequences 
which were perfectly matching the respective sequence in a predicted MIRNA gene, excluding all 
small RNA sequences with gaps and mismatches to avoid including sequencing errors. We noticed 
that many of those are mere length variants, indicating beginning degradation, partly specific to 
certain samples (Campari at early stress in particular), hampering direct comparisons of small RNA 
sequence abundance between samples. Instead of analyzing small RNA sequence expression on their 
own, we therefore analyzed MIRNA gene expression by adding up expression values of all small RNA 
sequences perfectly matching a putative MIRNA gene. It has to be noted that 794 small RNA 
sequences matched more than one single MIRNA gene and were included into all matching MIRNA 
gene expression patterns, as distinction was not possible. At the same time, those MIRNA gene 
regions were annotated using the respective annotations from the small RNA sequences. In 
annotation conflicts, we combined annotations, allowing ambiguity to avoid loss of information.  



Prediction of target genes  
The list of filtered putative miRNAs was used as input using the web-based program psTargetRNA 
(http://plantgrn.noble.org/psRNATarget/analysis), with Brassica napus unigene transcript v5 as 
database and Default settings for release 2017, but Expectation cutoff lowered to 3. The output was 
merged with the results of a BLAST2GO analysis for the total genome in order to provide the best 
available target gene annotation.  

RNAseq 

RNA extraction and sequencing 
For RNAseq, we sequenced all leaf samples from BBCH60 and BBCH65 for both control and stress. 
Five samples were out of stock and could not be sequenced. These were for BBCH 60 (early stress):  1 
biological replicate of Musette in stress conditions, and for BBCH65 (late stress): 1 biological replicate 
of Zephir in control conditions and each one biological replicate of Campari, Liporta and Musette 
under stress conditions. Therefore, each accession and treatment was still replicated. The leaf 
samples were sent to Novogene Corporation (Hong Kong, China) for RNA extraction and RNA 
sequencing.  

Alignment and TPM calculation 
Quality control of the downloaded reads was performed using FASTQC  
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Accordingly, adapter removal and 
trimming was performed using Trimmomatic version 0.38 (Bolger et al., 2014) by first removing 
TruSeq adapters followed by head cropping the first 9 bases. Clean reads were mapped onto version 
4.1 of the B. napus ‘Darmor-Bzh’ reference genome sequence assembly (Chalhoub et al., 2014) using 
Bowtie2 (Langmead and Salzberg, 2012), alignment mode “very-sensitive”. Removal of duplicates, 
sorting and indexing was carried out with samtools version 0.1.19 (Li et al., 2009). We then calculated 
TPM bedtools software with multiBamCov (Quinlan, 2014) for raw coverage calling, followed by 
normalization in R (version 3.1.2) according to (Wagner et al., 2012) for the sum of all exons of every 
gene. From this, we calculated |log2(mean(TPM(control))/mean(TPM(stress))| for each accession at 
both stress time points, and selected genes with more than half of the accessions having a value >1. 

WGCNA 
Weighted Gene Co-Expression Network Analysis was performed in RStudio/Bioconductor using the 
libraries "AnnotationDbi", "impute", "GO.db", "preprocessCore" and the package “WGCNA”. As 
genotypic input, we used the TPM values of all genes with a mean TPM value >2, separately so for 
each stress time point. As phenotypic input, we used the mean phenotypic value for each of the 36 
traits we have measured (see above). Outliers were excluded based on genetic distance tree plots, 
and soft-thresholding power was chosen manually for each data set to optimize mean connectivity. 

Validation of gene expression by RT-qPCR 
To confirm the changes in gene expression due to stress in some of the predicted candidate genes, 
we selected two copies of SPL genes (Bna.SPL3.A04, Bna.SPL4.C03) for RT-qPCR validation. Moreover, 
we also confirmed gene expression changes for a copy of FT, Bna.FT.A02, to confirm genetic 
regulation of the main flowering regulator. RT-qPCR was performed for leaf samples taken from the 
accession Campari at BBCH18 (before vernalisation), BBCH20 (after vernalisation), BBCH50 (before 
flowering and stress), BBCH60 (beginning of flowering, early stress) and BBCH65 (full flower, late 
stress) for Campari, control plants, and BBCH50, BBCH60 and BBCH65 for Campari, stress plants. RNA 
was extracted as described above (see Small RNA sequencing). cDNA synthesis was performed using 



the RevertAid cDNA synthesis kit (ThermoFisher) using 1 µg of total RNA and random primers. The 
amount of cDNA was quantified using the Qubit DNA High Sensitivity kit on a Qubit fluorimeter. 
Quantitative Real-time PCR was performed on a Real-Time PCR System ViiA7 cycler (Applied 
Biosystems) in 384 well plates. The reaction mix containing specific primers, the template cDNA and 
FastStart Universal SYBR Green Master mix containing Rox (Roche) was pipetted by a robot (Biomek 
4000, Beckman Coulter). As endogenous control, we used ubiquitin. PCR efficiency was measured 
using a pool of all samples in a dilution series of 6 points. All samples were measured in 3 technical 
replicates. The normalized expression level was determined using the ΔCt method (Livak and 
Schmittgen, 2001). The primer sequences can be found in Table 1. 

Table 1: Primer sequences as used for RT-qPCR validation. 

Gene copy Gene ID Primer sequence (5'-3') 
Bna.SPL3.A04 BnaA04g19840D CACCAAGAGGAGTTGCAGGAGA 

CAGAAGAGAGCAAGCAAAGGCTAA 
Bna.SPL4.C03 BnaC03g18800D GCCAAAGCTCCTGTTGTTCG 

ACGGAGGTCATGAAACCTGCT 
Bna.FT.A02 BnaA02g12130D CTTACGAGAGTCCAAGGCCC 

ACGGGAAGGCCGAGATTGTA 
 Ubiquitin CTTCTTCGGCCTCAACTGGTT 

GAAGATGATCTGCCGCAAGTGT 

 

 

  



Results 

Drought stress delayed plant development  
Plants suffering from drought stress showed a significant developmental delay in all accessions, 
although there were differences in the severity of the delay. Only one accession (NKNemax) started 
flowering significantly later under stress, but all accessions ended flowering significantly later under 
stress (Figure 1a, 1b). This delay was still visible at harvest, where the seed water content of stressed 
plants was still significantly higher in Alaska, Campari, Musette and NKNemax, indicating delayed 
ripening (Figure 1e, 1f). Stress significantly and strongly reduced plant height in all accessions at all 
time points until harvest (Figure 1c, 1d). In contrast, while fresh matter was significantly reduced 
after three weeks of drought stress in all accessions, only Campari showed a reduced fresh matter at 
harvest. Dry matter was significantly reduced in Campari, Hokkai3Go, Musette, NKNemax and Pollen 
directly after stress and in Alaska, Campari, Hokkai3Go and Musette at harvest (Supplementary 
Figure S1). The number of side branches showed altered dynamics for some stressed and control 
accessions (Figure 1i-l). Generally, the number of side branches first increased slightly until flowering, 
but then started to decrease as side branches died off. During stress and directly after stress, 
NKNemax showed a significantly reduced number of side branches, but this difference was overcome 
6 weeks after stress and at harvest. Campari showed a significantly reduced number of side branches 
after stress, but an increased number of side branches 6 weeks after stress. Pollen showed a 
significantly higher number of side branches 6 weeks after stress, but this difference was lost until 
harvest. Alaska and Zephir increased their number of side branches significantly 6 weeks after stress 
and kept this increased number until harvest. Plant water content was significantly decreased after 
stress, but recovered until harvest and was not significantly different in any accession at harvest. Five 
accessions had significantly reduced average plant yield at harvest (Alaska, Campari, Hokkai3Go, 
Musette and Zephir), while the yield of the middle plants was only significantly reduced in Zephir 
(Figure 1g, 1h). The number of siliques did not show a significant reduction in any genotype, neither 
for the main raceme, the side branches or the total plant, although NKNemax showed a strong trend 
for an increase under stress (Supplementary Figure S2). Hokkai3Go and Pollen did not show any 
change in hundred grain weight, while Alaska, Campari, Musette and NKNemax reduced it and 
Liporta and Zephir increased it under stress (Supplementary Figure S4). We conclude that the stress 
level applied was severe, but as Liporta, Pollen and NKNemax did not reduce yield significantly, they 
must have been able to cope with water scarcity. In the present stress scenario, they can therefore 
be regarded as drought tolerant, while Alaska, Campari, Hokkai3Go, Musette and Zephir can be 
regarded as drought sensitive. Based on those results, we grouped the eight accessions into four 
different ideotypes: Alaska/Musette (reduced grain weight), Campari/NKNemax (less grains per 
silique, reduced grain weight), Hokkai-3-go/Pollen (no yield component reduced) and Liporta/Zephir 
(no biomass reduction, higher grain weight) (Figure 2). 



 

 

Figure 1: Barplots for (a) Beginning of flowering (b) End of flowering (c,d) plant height at full stress 
and at harvest (e,f) Water content at full stress and at harvest (g) Single plant yield (h) corrected 
average plant yield per container. (I,j,k,l) represent line plots for number of side branches for 4 
different accessions: Campari, NKNemax, Pollen and Zephir, respectively. The dotted lines in (a,b) 
represent the stress period. All values represent 3 biological replicates. Whiskers represent 
standard errors of the mean (SEM). Significant differences are indicated at p < 0.05*, p < 0.01** 
p < 0.001***. 

Under well-watered conditions, seed yield at 9 % humidity correlates positively with fresh and dry 
matter at full bloom (full stress), with plant height before flowering, at full bloom and at harvest, and 
with the total number of siliques at harvest (Supplementary Figure S5). Under stress conditions, seed 
yield correlates negatively with fresh and dry matter at full stress and with the number of side 
branches at early and full stress (Supplementary Figure S6). Taking both treatments together, seed 
yield correlates positively to plant height at all time points after begin of stress treatment, to fresh 
and dry matter at full stress and at harvest and also weakly to the total number of siliques. Also, seed 
yield correlates negatively to end of flowering and to seed humidity at harvest (Supplementary 
Figure S7). Together, those results indicate that the developmental delay under stress is associated 
to seed yield reduction. 

 



 

Figure 2: Graphical summary of the behavior of the most important life cycle, biomass and yield 
traits under stress. Accessions with similar phenotypic behavior were grouped into ideotypes (thick 
black boxes). Filled arrows indicate significant reductions; grey non-filled arrows indicate non-
significant trends. For biomass parameters, the left arrow indicates the behavior at full stress, the 
right arrow indicates the behavior at harvest. BOF: Beginning of flowering, EOF: End of flowering, 
PH: Plant height, FM: Fresh matter, NSB: Number of side branches, TNS: Total number of siliques, 
GPS: grains per silique, HGW: hundred grains weight, YIE: total container yield at 9 % humidity. 

 

Specific target gene expression patterns associate to stress reaction 
To link the phenotypic variation to the respective gene expression variation, we performed a 
Weighted Gene Co-expression Network Analysis (WGCNA) for both early and full stress using the 
TPM expression values of the RNAseq analysis with a mean value >2 as genotypic input and the 36 
phenotypic traits data as phenotypic input. Likewise, we found 8 modules strongly associated to 
main developmental and yield traits like plant height, flowering time and seed yield for the early 
stress time point (Figure 3), and 6 modules for the full stress time point (Supplementary Figure S8). 
For early stress, the modules positively associating with yield were named “lightyellow”, “magenta”, 
“midnightblue” and “turquoise”, the modules negatively associated to yield were named “pink”, 
“darkgreen”, “red” and “white”. For late stress, the modules positively associating with yield were 
named “salmon”, “greenyellow”, and “yellow”, the modules negatively associated to yield were 
named “blue”, “midnightblue”, and “turquoise”. According to the following GO term enrichment 
analysis, the genes in these modules were mainly associated with stress reaction and photosynthesis 
at early stress (Table 2). At full stress, the modules were associated to stress reaction, rRNA 
reorganisation, photosynthesis and sucrose transport (Table 3).  



 

Figure 3: Heatmap of the gene module-trait correlation for 36 phenotypic traits for leaves at early 
stress. Each module is named with a random color. The number on top of each cell represents the 
correlation coefficient (r). The number below in brackets represents the respective p-value. 

Table 2: Top five GO terms found for different associated modules from WGCNA based on RNAseq 
data for leaves, early stress, grouped by the major biological processes found. Each module was 
named with a random color. The table gives the p-value from the hypergeometric test indicating 
how significant the enrichment has been, and the OddsRatio, indicating how strongly the GO term 
has been enriched within this set of genes compared to a random gene set of the same size. GO 
terms were filtered for OddsRatio>5, and the 10 highest ranking GO terms were selected for 
classification. For each process, the top five GO terms were selected for presentation. 



Top 5 terms associated to photosynthesis 
Pvalue OddsRatio Term module 
1.488E-160 62.40 photosynthetic electron transport in photosystem I turquoise 
6.52333E-15 60.97 photosynthesis, light harvesting in photosystem I turquoise 
2.28789E-53 59.38 carbon fixation turquoise 
2.01237E-26 51.62 energy coupled proton transport, down electrochemical 

gradient 
magenta 

2.00462E-16 50.28 photosynthesis, light harvesting in photosystem II turquoise 
Top 5 terms associated to stress reaction 
Pvalue OddsRatio Term module 
2.52286E-14 55.69 response to desiccation lightyellow 
3.08514E-26 27.53 detection of stimulus midnightblue 
2.81461E-38 25.17 systemic acquired resistance midnightblue 
2.66296E-37 22.38 defense response, incompatible interaction midnightblue 
7.33098E-12 20.50 calcium ion transport lightyellow 
Top 5 terms associated to protein turnover 
Pvalue OddsRatio Term module 
9.53666E-21 35.27 protein repair turquoise 
6.54545E-21 22.95 translational elongation pink 
1.52269E-42 21.54 proteasome core complex assembly magenta 
3.32778E-40 17.54 proteasome assembly magenta 
1.01956E-39 12.29 ribonucleoprotein complex biogenesis pink 
Top 5 terms associated to RNA regulation 
Pvalue OddsRatio Term module 
6.07872E-86 28.58 RNA methylation pink 
4.0265E-20 20.88 purine nucleoside triphosphate biosynthetic process magenta 
1.54455E-71 18.94 RNA modification pink 
2.06129E-58 12.33 macromolecule methylation pink 
8.40659E-11 7.44 pyrimidine ribonucleotide biosynthetic process pink 
Top 5 terms, non-specified 
Pvalue OddsRatio Term module 
1.43763E-64 28.90 cellular metabolic compound salvage magenta 
3.36662E-20 28.14 regulation of response to biotic stimulus midnightblue 
1.26008E-19 26.13 regulation of multi-organism process midnightblue 
3.93245E-11 25.77 multidimensional cell growth lightyellow 
3.02441E-19 24.88 detection of biotic stimulus midnightblue 

 

Table 3: Top five GO terms found for different associated modules from WGCNA based on RNAseq 
data for leaves, full stress, grouped by the major biological processes found. Each module was 
named with a random color. The table gives the p-value from the hypergeometric test indicating 
how significant the enrichment has been, and the OddsRatio, indicating how strongly the GO term 
has been enriched within this set of genes compared to a random gene set of the same size. GO 
terms were filtered for OddsRatio>5, and the 10 highest ranking GO terms were selected for 
classification. For each process, the top five GO terms were selected for presentation. 

 



Top 5 terms associated to photosynthesis 
Pvalue OddsRatio Term module 
8.21338E-32 749.05 photosynthesis, light harvesting in photosystem II greenyellow 
2.94125E-80 230.83 photosynthesis, light harvesting greenyellow 
1.5595E-186 158.77 photosynthesis greenyellow 
3.0268E-172 143.38 photosynthesis, light reaction greenyellow 
2.51985E-47 85.39 photosynthetic electron transport in photosystem I greenyellow 
Top 5 terms associated to stress reaction 
Pvalue OddsRatio Term module 
5.74193E-17 10.02 response to superoxide yellow 
5.74193E-17 10.02 response to oxygen radical yellow 
8.63002E-13 8.54 response to desiccation yellow 
3.71837E-16 7.90 vacuole organization blue 
1.04078E-35 7.60 hyperosmotic salinity response yellow 
Top 5 terms associated to rRNA processing 
Pvalue OddsRatio Term module 
1.33054E-14 58.10 rRNA export from nucleus turquoise 
5.11907E-87 53.60 rRNA processing greenyellow 
1.46862E-12 41.40 ribosomal small subunit assembly turquoise 
1.04896E-19 34.01 maturation of SSU-rRNA turquoise 
4.37688E-14 27.94 cleavage involved in rRNA processing turquoise 
Top 5 terms associated to sucrose transport 
Pvalue OddsRatio Term module 
1.04862E-13 32.84 sucrose transport blue 
7.56256E-13 26.68 oligosaccharide transport blue 
Top 5 terms, non-specified 
Pvalue OddsRatio Term module 
7.10372E-50 266.95 protein-chromophore linkage greenyellow 
2.14121E-70 70.69 response to far red light greenyellow 
1.20184E-10 10.49 sphingoid biosynthetic process blue 
1.05785E-17 9.10 autophagy yellow 
2.55797E-06 7.37 cold acclimation yellow 
 

Resistance gene candidates 
We wanted to find genetic patterns associated to a higher drought stress resistance. The phenotypic 
data have shown that similar strategies in yield component reduction did not result in the same level 
of resistance. For example, Liporta and Zephir showed a comparable strategy when comparing 
developmental traits and yield components, but Liporta is resistant and Zephir is not (Figure 1). We 
assumed that comparing gene expression between resistant and tolerant accessions of the same 
ideotype would be revealing in terms of candidate resistance genes. In detail, we assumed that there 
are genes which fulfill a protective function, leading to a reduced subjective stress level like reactive 
oxygen species (ROS) scavenging enzymes, and genes which respond to a subjective stress level, like 
genes related to metabolism. In this model, resistant accessions would express protective genes 
earlier or more strongly, allowing for a better growth and yield building (Figure 4). We therefore first 
identified differentially expressed genes (DEGs) between control and stress plants in leaf tissue at 



early and late stress. Those make the totality of stress-protective and stress-responding genes. We 
found 6885 differentially expressed genes (DEGs) for leaves at early stress and 6066 DEGs for late 
stress. At early stress, there was a strong enrichment in photosynthesis-related genes and genes 
involved in chlorophyll synthesis for the downregulated genes, while stress-related and root 
development genes tended to be upregulated (Figure 4). At full stress, this is no longer the case, 
although photosynthesis DEGs are still partially downregulated compared to the control. However, 
we noticed that there is a general decrease in expression of photosynthesis DEGs and a general 
increase in expression of stress-related DEGs between the early and late sampling point in control 
plants, while translation-related DEG expression decreased, possibly due to leaf aging. Alaska, 
NKNemax, Pollen and Zephir showed a very pronounced reaction at early stress, while Campari and 
Liporta showed a medium response and Hokkai-3-go and Musette reacted weakly. At full stress, no 
accession showed such a strong response anymore, Alaska, Liporta, Musette and Zephir still showed 
a medium response, while the remaining reacted only weakly. In general, the stress response was 
much less synchronized at full stress than at early stress. 

 

Figure 4: Scatterplots of gene expression values of all DEGs for Campari (sensitive) and NKNemax 
(resistant). The color code indicates the process in which the gene copy is involved. Upregulated 
genes show up at the left side of the plot, while downregulated genes show up at the right side of 
the plot.  

We then compared gene expression under stress for the three resistant accessions to the respective 
susceptible accessions from the same ideotype (Campari/ NKNemax, Hokkai-3-go/ Pollen and Zephir/ 
Liporta, see also Figure 2). If a DEG was upregulated under stress, we assumed a protective gene if 
the resistant accession would express it more strongly under stress compared to the susceptible one. 
In contrast, if a DEG was downregulated under stress, we assumed a protective gene if the resistant 
accession would express it less strongly compared to the susceptible accession. On top of the three 
ideotype pairs, we also compared all three resistant accessions to all five susceptible accessions. 



 

Figure 5: Graphical representation of the assumed gene expression model for detection of 
candidate resistance genes. In resistant accessions, protective genes would react more sensitively 
to stress, reducing the subjective stress level. Therefore, stress-responding genes would be 
expressed less strongly. 

The results of this analysis are summarized in Table 4. In total, we identified 591 candidate resistance 
genes at early stress and 632 candidate resistance genes at late stress. At early stress, one candidate 
gene copy was found in all datasets (Bna.MAP3K13.C05), while there was no such finding at full 
stress. The expression patterns of Bna.MAP3K13.C05 are shown in Figure 5. We also analysed the GO 
term enrichment in the respective data sets. We found that at early stress, the candidate resistance 
genes for Campari/NKNemax were mainly involved in response to reactive oxygen species and 
oxidative stress as well as small molecule biosynthesis. At full stress, the respective candidate genes 
were mainly involved in the plant’s innate immune system and in programmed cell death. For 
Hokkai-3-go/Pollen, the top GO terms mainly involved biosynthesis pathway, like isoprenoid 
biosynthesis or chlorophyll synthesis, at early stress, and terms related to the response to plant 
hormones like jasmonic acid and salicylic acid at full stress. The pair Zephir/Liporta mainly differed in 
genes involved in photosynthesis, response to carbohydrate and ion transport at early stress and in 
genes involved in response to light and reactive oxygen species at full stress. 



 

Figure 6: Normalized gene expression for the B. napus C05 copy of mitogen-activated protein 
kinase kinase kinase 13 (BnaC05g04950D) at early stress. Values show mean values over all control 
accessions (control), all stress accessions (stress), all five susceptible accessions (susceptible) or all 
three resistant accessions (resistant) or mean values of three biological replicates of the respective 
indicated accession. Whiskers represent standard errors of the mean (SEM). Significant differences 
are indicated at p < 0.05*, p < 0.01** p < 0.001***. 

Some miRNA families have stress-specific variants 
We then performed small RNA sequencing to identify putative miRNAs linked to stress or stress-
specific gene expression patterns. We mapped them on the Darmor-bzh v4.1 reference genome and 
extracted genomic regions region of a minimum coverage predicted to be a MIRNA gene. We ended 
up with 507 putative expressed MIRNA genes, 196 on the A subgenome and 311 on the C 
subgenome. 

For those MIRNA genes, we separately compared the cumulative normalized gene expression for all 
eight accessions between control and stress at early and at late stress. Differential gene expression 
was assumed if two-sided Student’s t-test resulted in a p-value < 0.005 and the fold change between 
control and stress exceeded 2 in at least one accession. Likewise, we found that 65 and 64 putative 
MIRNA gene regions were differentially expressed at early stress and full stress, respectively, and 
were denoted as DEM (Differentially Expressed MIRNA). A majority of DEMs were downregulated: 44 
of 64 DEMs were downregulated at early stress and 46 of 64 DEMs at full stress. About half of the 
DEMs were overlapping between time points, showing the same pattern in all cases. The full list of 
identified DEMs can be found in Table 5. The results show that not all MIRNA gene regions with the 
same annotation react equally to stress. For example, only 4 out of 23 members of miR156 family are 
upregulated at early stress, but 9 are upregulated at full stress, indicating that some members do not 
react to drought stress, while others have altered dynamics. This shows that some miRNA families in 
B. napus have stress-specific and stress-unspecific variants. Interestingly, more than twice of the 
DEMs were located in the C subgenome, exceeding the ratio between all MIRNA gene regions. 

Table 4: List of differentially expressed MIRNA gene regions (DEMs) at early and full 
drought stress. The number stands for the number of members with the respective 



annotation. ns: not significant, down/up: down/upregulated with a fold change of at least 2 
at a p-value<0.005 in at least one of 8 accessions. 

  early stress full stress   
DEM ns down up ns down up total 
miR156 19 0 4 14 0 9 23 
miR157 0 6 0 0 6 0 6 
miR158 6 1 0 6 1 0 7 
miR160 11 3 0 12 2 0 14 
miR162/miR1512/miR9563/miR9568 26 0 1 24 0 3 27 
miR164/miR3439/miR3446/miR9563 17 0 8 25 0 0 25 
miR167 5 2 0 7 0 0 7 
miR169 2 7 0 5 4 0 9 
miR319 10 6 0 12 4 0 16 
miR391 3 0 0 0 3 0 3 
miR395 3 2 0 3 2 0 5 
miR397 0 1 0 0 1 0 1 
miR398 0 1 0 0 1 0 1 
miR399 4 4 0 4 4 0 8 
miR404 21 1 0 22 0 0 22 
miR5718 0 2 0 0 2 0 2 
miR5725 0 1 0 0 1 0 1 
miR6030 3 0 0 0 3 0 3 
miR7504/miR9563 15 0 0 10 5 0 15 
miR827 0 1 0 0 1 0 1 
miR858 1 0 1 1 0 1 2 
miR952 1 0 0 0 0 1 1 
miR9558 0 2 0 1 1 0 2 
miR9563 15 1 2 14 3 1 18 
MIRNA_pred_A02_2 0 0 1 0 0 1 1 
MIRNA_pred_C01_7 0 1 0 1 0 0 1 
MIRNA_pred_C03_11 1 0 0 0 1 0 1 
MIRNA_pred_C04_1 0 0 1 1 0 0 1 
MIRNA_pred_C07_7 1 1 0 2 0 0 2 
MIRNA_pred_C08_7/C09_6/Cnn_1 1 0 2 1 0 2 3 
MIRNA_pred_Cnn_4 0 0 1 1 0 0 1 
MIRNA_pred_Cnn_8 1 1 0 1 1 0 2 
 

We predicted possible target genes for the small RNA sequences using psTargetRNA and compared 
the expression patterns of their respective DEMs to the expression patterns of their predicted 
targets. With the exception of two previously not annotated MIRNA genes, all DEMs had predicted 
target genes associated to them. Consequently, we checked if the putative target gene would also be 
a DEG at the same time point. Four DEMs had no associated target DEG (miR395, miR404, miR827 
and a previously not annotated one). In the case of further four DEMs, the target DEGs all showed an 
unexpected pattern, as the change in expression was directly and not indirectly proportional. We all 
the same have kept them in the data set to avoid assumption bias. 



The detected DEM/DEG pairs point to an involvement of miRNAs in all major processes we have 
observed to be affected under stress with WGCNA: developmental regulation, stress response and 
photosynthesis. For example, we found several members of the miR156 family being strongly 
upregulated under stress, connected to downregulation of several copies of SQUAMOSA PROMOTOR 
LIKE (SPL) genes, namely SPL1, SPL3, SPL4, SPL10 and SPL11. Other DEMs associated to DEGs involved 
in flowering time regulation were miR169, miR319, miR398 and miR7504/miR9563. We also found 
DEMs in connection with upregulation of superoxide dismutase and DREB genes (miR398), 
chaperones (miR157) and serine-threonine-kinases (miR952). Moreover, several DEMs were found to 
be associated to DEGs like PSII-subunit Q2 (miR164/miR3439/miR3446/miR9563), phosphate 
dikinase (MIRNA_pred_A02_2) and seduheptulose-bisphosphatase (MIRNA_pred_C08_7/ 
C09_6/Cnn_1).  

Interestingly, differential dynamics were also observed in terms of DEM/DEG pairs. For example, we 
detected ten DEMs annotated with miR156. Four were upregulated at early stress; nine were 
upregulated at full stress, while three overlapped between time points. However, they also seemed 
to target different gene copies: at early stress, Bna.SPL3.A04, Bna.SPL11.A06, Bna.SPL10.A07 and 
Bna.SPL1.C04 were downregulated. At full stress, this affected Bna.SPL4.C03, Bna.SPL1.C07 and 
Bna.SPL10.C09. Other copies of the same genes did not react at all, possibly indicating co-evolution 
of certain miRNA/ gene pairs. 

We noticed that seven DEGs among those DEM/DEG pairs were also candidate resistance genes at 
each time point. However, at early stress, the DEM expression pattern did not allow conclusions on a 
respective tolerance mechanism. For late stress, miR398 targeting two copies of superoxide 
dismutase showed a pattern in line with a possible association to tolerance in Liporta. 

Finally, we randomly selected two copies of SPL genes (Bna.SPL3.A04, Bna.SPL4.C03) and one copy of 
the main flowering regulator FLOWERING LOCUS T (FT), Bna.FT.A02, for RT-qPCR validation in one 
accession (Campari) over five sampling points throughout life time: before vernalisation (BBCH18), 
after vernalisation (BBCH20), before flowering (BBCH50), at beginning of flowering (BBCH60, early 
stress time point) and at full flower (BBCH65, late stress time point). For the overlapping time points, 
the data are in good concordance with the data retrieved from RNAseq (Figure 7). The time course 
shows that under control conditions, as expected, Bna.FT.A02 is strongly increasing after 
vernalisation and with the onset of longer days, to reach a maximum at full flower. Under stress 
conditions, Bna.FT.A02 gene expression increases less strongly until beginning of flowering and then 
decreases again, indicating that the regulation of onset of flowering is under stress-sensitive control. 
For Bna.SPL3.A04, there was a visible increase in gene expression until beginning of flowering, 
followed by sharp decrease in control conditions. In stress conditions, Bna.SPL3.A04 does not peak at 
beginning of flowering, but is significantly reduced in gene expression compared to the control. For 
Bna.SPL4.C03, no differences between control and stress conditions were found in Campari. 



 

Figure 7: Gene expression in the accession Campari as measured by RT-qPCR (left axis) and by 
RNAseq (right axis) for Bna.FT.A02, Bna.SPL3.A04 and Bna.SPL4.C03 at five different time points: 
before vernalisation (BBCH18), after vernalisation (BBCH20), before flowering (BBCH50), and at the 
beginning of flowering (BBCH60, early stress time point) and at full flower (BBCH65, late stress 
time point). Beginning of stress treatment is indicated by the dotted line. RT-qPCR results are 
shown as line plot with dots and black whiskers, RNAseq results are shown as squares with grey 
whiskers beside to avoid overlap. Whiskers represent standard errors of the mean (SEM). Black 
asterisks show significant differences for RT-qPCR, grey asterisks show significant differences for 
RNAseq. Significant differences are indicated at p<0.1+, p < 0.05*, p < 0.01**. 

Discussion 
The stress treatment we have conducted was designed to reflect a spring without rainfall, a scenario 
expected to occur significantly more often in Central Europe due to climate change (Lu et al., 2019). 
Central Europe is a major growing area for oilseed rape with the highest yields per area worldwide 
(FAOSTAT 2019). The container system we used to simulate drought conditions allows for a close-to-
normal root development and has been tested before to be well-suited to predict field performance 
(Hohmann et al., 2016). Our results are therefore of high practical relevance for climate adapted 
breeding in this important oilseed crop. In the present study, three out of eight accessions accessions 
could keep their yield level even under stress conditions, while the other five showed varying levels 
of yield reduction (26-42 % reduced yield level). In an earlier study, we found that seed quality of the 
same plants was also reduced under stress, although this was independent of yield level (Hatzig et 
al., 2018). Phenotypic evaluation indicates that there is no general drought tolerance or susceptibility 
mechanism among the accessions, but plant development was strongly delayed in all accessions 
under water-limited conditions, indicating a water saver strategy (Urban et al., 2016). In detail, we 
noted that both Liporta and Zephir did not reduce their biomass under stress, and in consequence 
showed an increased grain weight under stress, reflecting a better source/sink ratio. Source/ sink 
ratio improvements have been proposed as a major mechanism to improve crop yields (Chang et al., 
2017). However, while this helped to compensate seed yield for Liporta, turning it resistant, it caused 
a decreased grain number per silique for Zephir, leaving it susceptible. Campari and NKNemax both 
had a reduced number of side branches under stress, but not at harvest, and both of them had 
reduced grain weight and grain number per silique. However, NKNemax had a higher number of 
siliques, compensating for grain weight and number, possibly due to its late flowering. NKNemax 
started to flower shortly before the end of the stress period, allowing full flower during optimal 
water conditions, which likely resulted in more successful pollinations. If stress occurs during gamete 
formation, developing pollen or ovules are undernourished and fail to finish maturation (Borghi et 
al., 2019), therefore, it is beneficial to form flowers after the stress period. Hokkai-3-go and Pollen 



did not show changes in the number of side branches, and both showed no significant reduction of 
any yield component alone, although Hokkai-3-go showed a non-significant trend for a decrease in 
number of siliques, which is therefore possibly the main cause for its overall yield reduction. This 
again could be linked to flowering time, as Hokkai-3-go was the earliest flowering accession among 
the total set (Figure 1) and mostly flowered during stress, likely to reduce the number of successfully 
pollinated flowers. Overall, this shows that the assessment of single yield components is not 
sufficient to characterize or predict drought resistance. It is necessary to understand the molecular 
basis of the differential behavior to improve breeding strategies for climate adaptation in terms of 
source/sink ratio and developmental timing. We therefore analyzed the transcriptional response of 
the plants at early and full stress. A WGCNA analysis clearly showed that the processes which are 
mainly affected during stress are photosynthesis and stress reaction. It is long known that 
photosynthesis is decreased under water shortage, as stomata close and limit CO2 availability (Fang 
and Xiong, 2015). Our data show that all photosynthetic processes from plastid localization, carbon 
fixation, photosystem assembly and photosynthetic light reactions were downregulated on the 
transcriptional level. Similar results using transcriptomic data on stressed and non-stressed B. napus 
have been found before in seedlings (Zhang et al., 2015; Wang et al., 2017), although only one gene 
copy among the associated modules (BnaA04g09660D) was shared with the candidate gene set (169 
genes) from (Wang et al., 2017) and one gene copy (BnaA07g03740D) was shared with the candidate 
genes set (11 genes) from (Zhang et al., 2015). Proteomics studies have shown the same processes to 
be involved at the protein level, although the correlation between the transcriptional and the 
translational level was only moderate (Koh et al., 2015). The low overlap in candidate genes from 
other studies is not surprising given the low overlap in DEGs we have observed between early and 
late stress, indicating that stress response is highly dynamic. While some accessions do not greatly 
change their expression pattern between early and late stress (Alaska, Hokkai-3-go, Liporta, Zephir), 
others have their maximum stress response at early stress (Campari, NKNemax, Pollen) or also late 
stress (Musette) (Figure 4). This is agreement with the finding that resistance to drought stress was 
achieved by different phenotypic strategies. Diversity in drought resistance strategies in different 
accessions has been found before with a lower number of accessions (Urban et al., 2016). This 
stresses the pressing need for the assessment of more genotypic variance of B. napus under realistic 
drought conditions. Respectively, our analysis of possible tolerance genes shows that there is hardly 
any general candidate gene for drought resistance in our data set. The putative protective genes 
involved in drought resistance were different, and they were also involved in different processes, 
with the notable exception of a copy of MAP3K13 at early stress (Figure 5). A. thaliana MAP3K13 has 
previously been implicated in nitrogen starvation signaling upstream of MAPKK3 (Marchive et al., 
2013), which is a signal integrator for stress-signaling pathways (Colcombet et al., 2016). It is possible 
that this copy of B. napus MAP3K13 has acquired an additional role in drought stress signaling. 
Tolerant accessions express the copy more strongly, indicating that they are able to protect 
themselves more quickly. Earlier studies also pointed to a very quick reaction of the B. napus 
proteome under drought (Koh et al., 2015). Here, at early stress, improvements were obviously 
reached with a better response to oxidative stress, reduced chlorophyll synthesis or a stronger 
downregulation of photosynthesis, for example by downregulating the key enzyme of the 
photosynthetic dark reaction, RuBisCo. At full stress, resistant accessions showed beneficial 
expression patterns for genes involved in systemic resistance, hormone response and response to 
reactive oxygen species.  For Liporta/Zephir at early stress, resistance genes were enriched in 
photosynthesis genes, indicating resistance was mainly based on a higher photosynthetic capacity in 
Liporta, allowing to make use of the higher biomass, while at late stress, resistance seems to be 



mainly due to ROS scavenging. For NKNemax/Campari at both early and late stress, resistance genes 
were mostly stress-response genes, indicating that besides later flowering, NKNemax might also have 
a more effective signaling and ROS scavenging system. For Hokkai-3-go/Pollen at early stress, Pollen 
as the tolerant variety seems to be able to uphold photosynthesis more strongly, as photosynthesis 
genes are not so strongly downregulated under stress as in the susceptible accession. At late stress, 
tolerance genes are enriched in stress and defense response. In total, this illustrates that there is 
both a huge variation in drought stress responses in B. napus as well as a high potential in improving 
drought tolerance by combining protective loci. Moreover, the analysis shows the importance of 
active developmental synchronization with stress period. Generally, shifting the flowering period to a 
later time point was beneficial in our stress treatment, especially for one accession which also 
started to flower later, while all accessions ended flowering later under stress. However, even in 
accessions which did not change onset of flowering, Bna.FT.A02 levels were found to be reduced in 
reaction to stress. Expression of this copy was recently found to be a major determinant of flowering 
time in rapeseed (Wu et al., 2018). This indicates that in accessions which did not shift onset of 
flowering, threshold levels of Bna.FT.A02 to induce flowering were already reached at the onset of 
stress, but subsequent reduction decreased formation of more flowers to avoid fertilization during 
the stress period.  For NKNemax, threshold levels seemed to be reached later, allowing shifting 
flowering to a later time point, which was obviously a successful tolerance strategy. At this point, it 
has to be noted that this is likely to be specific for this stress scenario, while one extra week of 
drought might have led to a completely different results. In general, most of the affected flowering 
genes were involved in the gibberellin response pathway, the age pathway and downstream 
signaling, indicating these are main entry points for crosstalk of stress signaling into flowering 
regulation. miRNAs seem to play an important supportive role in this crosstalk via the age pathway, 
as several differentially expressed MIRNA genes are predicted to target differentially expressed 
genes therein, mostly SPL genes. SPL genes are mostly important regulators of plant developmental 
timing in reaction to environmental stimuli to accelerate phase transitions (Wang and Wang, 2015). 
The miR156/SPL complex is one of the best characterized and conserved regulatory miRNA/gene 
modules (Wang and Wang, 2015) and the role of SPL3 in flowering regulation is well documented 
(Wang, 2014). miR156 levels itself seem to react on sugar level, which itself depends on 
photosynthetic efficiency (Wang, 2014). The observed stress-related decline in photosynthetic gene 
expression might therefore have led to a decline in sugars, which in turn increases miR156 levels and 
in consequence decreases the level of SPL gene expression, delaying development. As miR156 is also 
connected to the regulation of several DELLA proteins, this may possibly explain changes in 
gibberellin and age pathway genes (Wang and Wang, 2015). Apart from miR156, we also detected 
other miRNA/gene modules involved in developmental timing, like miR319/TCP4, pointing to a more 
general role of miRNAs in stress-induced developmental delay. TCP factors orchestrate processes in 
leaf differentiation, like cell division activity, but also photosynthetic activity (Bresso et al., 2018),  
Downregulation of photosynthesis, as observed via downregulation of important enzymes of the 
Calvin cycle and various subunits of photosystem I and II, was also partly connected to other miRNAs, 
as well as upregulation of important stress-responsive genes like superoxide dismutase and DREB 
genes. Most MIRNA were downregulated under stress, releasing stable expression of their targets, in 
line with downregulation of miRNA producing enzymes. This is concordant with a proteomics study 
on drought stress in B. napus finding most of the differentially expressed proteins were upregulated 
(Koh et al., 2015). Interestingly, miRNA expression in most cases had different or even adverse 
association to different copies of their respective target genes, which indicates a functional 
specialization of specific miRNA-target gene copy pairs. This was also true for miRNA families 



themselves, which partly show differential stress responses for their different members. This points 
to subfunctionalisation on the level of miRNA, but also their targets, requiring more studies to 
precisely characterize the single interaction patterns in future. 

Conclusions 
Our results show that there is a high diversity in drought resistance strategies for spring drought 
scenarios in winter oilseed rape, both on the phenotypic and the genetic and miRNA level. This may 
allow combining advantageous alleles from genes in different resistance pathways like ROS 
scavenging, improved photosynthetic efficiency and developmental timing to produce a superior 
ideotype. We have also shown that MIRNA genes may represent a previously overlooked breeding 
target for better stress resistance. To implement those results into practice, more research needs to 
be done now to unravel the specific genetic mechanisms of the putative protectors, but also on trait 
associations, to finally identify usable allelic diversity for marker development for breeding programs. 
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Drought stress has transgenerational
effects on seeds and seedlings in winter
oilseed rape (Brassica napus L.)
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Abstract

Background: Drought stress has a negative effect on both seed yield and seed quality in Brassica napus (oilseed
rape, canola). Here we show that while drought impairs the maternal plant performance, it also increases the vigour
of progeny of stressed maternal plants. We investigated the transgenerational influence of abiotic stress by detailed
analysis of yield, seed quality, and seedling performance on a growth-related and metabolic level. Seeds of eight
diverse winter oilseed rape genotypes were generated under well-watered and drought stress conditions under
controlled-environment conditions in large plant containers.

Results: We found a decrease in seed quality in seeds derived from mother plants that were exposed to drought
stress. At the same time, the seeds that developed under stress conditions showed higher seedling vigour compared to
non-stressed controls.This effect on seed quality and seedling vigour was found to be independent of maternal plant
yield performance.

Conclusions: Drought stress has a positive transgenerational effect on seedling vigour. Three potential causes for
stress-induced improvement of seedling vigour are discussed: (1) Heterotic effects caused by a tendency towards
a higher outcrossing rate in response to stress; (2) an altered reservoir of seed storage metabolites to which the
seedling resorts during early growth, and (3) inter-generational stress memory, formed by stress-induced changes
in the epigenome of the seedling.

Keywords: Canola, Rapeseed, Drought stress, Seed germination, Seedling vigour, Metabolite analysis, Seed quality, Fatty
acids, Amino acids, Intergenerational stress memory

Background
Drought stress is one of the most important abiotic
factors impairing seed and biomass yield in global
agriculture. Forecasts predict an increasing frequency
of insufficient precipitation and consequent aridity in
many parts of the world [1, 2]. Therefore, mankind
must develop sustainable strategies to protect crop
production as well as crop quality under limiting con-
ditions. Breeding for drought-adapted varieties is an
important building block in such a strategy. Modern
breeding programs require a profound understanding
of the specific implications that water stress has on

yield and yield quality parameters. The present study
helps expand our knowledge on these implications in
winter oilseed rape (Brassica napus L.), by providing
data on maternal and transgenerational effects of
drought stress on yield, seeds and seedling vigour. B.
napus is one of the most important oil crops
worldwide [3].
Elimination of seed erucic acid and reduction of

seed glucosinolate content (double-low seed quality)
facilitated a global boom in production of oilseed rape
and canola (B. napus), today the second-most import-
ant oilseed crop in the world behind soybean. Besides
its use as feedstock in Europe and for biofuel produc-
tion, the oil from oilseed rape and canola also plays a
significant role for human consumption. Due to its
favourable fatty acid composition with high amounts
of mono- and polyunsaturated fatty acids, the
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consumption of oilseed rape and canola oil has been
described to benefit human health [4]. Although desir-
able seed oil qualities are genetically fixed in modern
germplasm collections, moderate fluctuations in seed
quality and composition can be linked to environmen-
tal influences prevailing during seed production [5–8].
Besides the need for high oil yield, high amounts of
desirable fatty acids and low concentrations of un-
desirable seed components, such as erucic acid and
glucosinolates, a fast and uniform germination and
high seed vigour are essential for good crop establish-
ment and yield stability. Moreover, enhanced seed and
seedling vigour improve plant density and spatial ar-
rangement in the field, extend the growth duration [9]
and have a direct positive effect on crop formation
and growth [10]. The need for optimal seed germin-
ation and vigour characteristics thus requires seed
production environments that maximise vigour
performance.
Here, we analysed the effect of limiting water conditions

during seed production in two respects: First, we investi-
gated the consequences of maternal drought stress on
seed yield and seed quality. Subsequently, we evaluated
the effect of maternal water supply on germination and
seedling vigour performance of progeny from stressed and
non-stressed maternal plants of genotypes with varying
maternal response to drought stress. Plants from eight
contrasting winter oilseed rape genotypes were grown
under optimal water supply vs. water shortage during the
critical phase of flowering, in a large-container growth sys-
tem which accurately simulates a field growth environ-
ment with deep soil whilst allowing careful control of
water supply under semi-controlled greenhouse condi-
tions [11]. As expected, optimal water supply during seed
production ensured high seed quality and composition.
Unexpectedly, however, lower quality seeds from plants
grown under drought stress showed favourable effects on
seedling vigour potential in comparison to the seeds from
non-stressed plants. This indicates that the optimal
growth environment in respect to water availability may
differ for farmers and seed producers. While drought can
pose a significant threat to seed quality and yield for
farmers, drought stress effects during seed production
may be advantageous for seed producers in terms of opti-
mising germination and vigour characteristics of commod-
ity seed.

Results
Maternal treatments: Seed yield and seed quality
The maternal plants were subjected to a 3 weeks water
withdrawal starting shortly before flowering. Total seed
yield was significantly affected by this drought treatment
for all accessions except Liporta, NK Nemax and Pollen
(Fig. 1a). The strongest yield reduction under stress (42%)

was found in the accession Musette. For accessions
Alaska, Campari, Hokkai 3-Go and Zephir, we observed
reductions of 26, 29, 29 and 33%, respectively. Significant
reduction in thousand seed weight was observed only for
Alaska and NK Nemax (Fig. 1b). The number of seeds per
silique was significantly reduced in Campari, NK Nemax
and Zephir under drought stress (Fig. 1c), however no sig-
nificant change in number of siliques per plant was ob-
served except in NK Nemax, which showed a significant
increase in number of siliques under drought stress (Fig.
1d). Number of seeds per plant was significantly reduced
in genotypes Campari, Hokkai 3-Go and Musette (Fig. 1e).
Seed oil and protein content along with the fatty acid

composition were strongly affected by the drought stress
treatment (Fig. 2). Under drought treatment all acces-
sions reacted with a significant decrease in seed oil con-
tent (Fig. 2a) and corresponding significant increase in
protein content (Fig. 2b). The strongest effect was ob-
served in NK Nemax, which showed 14.4% reduced seed
oil and 29.6% increased protein. The weakest effect was
seen in Campari where oil decreased by 6.5% and pro-
tein increased by 15.6% under drought stress. In the
drought stress treatment, a general tendency towards
higher seed glucosinolate contents was observed, but
this effect was statistically significant in Hokkai 3-Go
only (+ 12.5%; Fig. 2c). In contrast to this trend, Liporta
showed a significant decrease in seed glucosinolate con-
tent (− 42.6%) in the drought stress treatment.
Seeds produced under drought stress showed distinct

changes in fatty acid patterns compared to seeds devel-
oped under optimal water conditions (Additional file 1).
Oleic acid was significantly decreased in the genotypes
Alaska, Campari and NK Nemax, while mean decreases
for Hokkai 3-Go, Musette and Zephir were not statisti-
cally significant (Fig. 3a). All genotypes except Hokkai
3-Go and Zephir showed a significant increase in their
proportion of linoleic acid (Fig. 3b), while significant in-
creases in linolenic acid were observed for Alaska, NK
Nemax and Zephir (Fig. 3c). Other fatty acids (stearic
acid, linoleic acid, linolenic acid, palmitic acid, gadoleic
acid, behenic acid, palmitoleic acid, lignoceric acid and
myristic acid) were generally elevated in the maternal
drought variant in three or more of the eight accessions.
No effects of drought stress were observed for eicosenic
or erucic acid.

Seed germination characteristics
The absolute germination rate (GR96) under constant
watering (0 Mpa) showed a small but significant increase
in seeds derived from the maternal drought treatment in
Liporta, Musette, NK Nemax and Zephir, which showed
GR96 values of 99, 99, 96 and 98% in seeds from the
maternal control treatment but germinated to 100% in
seeds from the maternal drought treatment. Alaska,
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Campari, Hokkai 3-Go and Pollen showed 100% germin-
ation in both maternal treatments. Under moderate os-
motic stress (− 0.5 Mpa), no significant difference in
GR96 was be observed between the maternal treatments,
with mean GR96 values of 98.3 and 97.5% for maternal
control and drought treatment, respectively.
Accessions reacted significantly different in their mean

germination time (MGT) under constant watering (Fig. 4a).
Whereas Hokkai 3-Go, Pollen and Zephir showed a signifi-
cant increase in MGT in seeds from the maternal drought
treatment, Musette and NK Nemax showed higher MGT
values in the seeds from the maternal control treatment.
MGT was equal for both maternal treatments under

moderate osmotic stress, except in Alaska, NK Nemax and
Pollen, which showed higher MGT values in the maternal
stress treatment (Fig. 4b). Comparing the two in vitro
scenarios, constant watering and moderate osmotic stress,
uniformity (U) in seed germination was significantly higher
under constant watering (data not shown). However, no
significant difference in U was observed between the two
maternal treatments, neither under constant watering nor
under moderate osmotic stress.

Seedling vigour performance
Significant differences in seedling vigour were observed
both between accessions and the two different maternal

Fig. 1 Effect of drought stress on (a) Total seed yield, (b) Thousand seed weight, (c) Number of seeds per silique, (d) Number of siliques per plant
and (e) number of seeds per plant of 8 diverse winter oilseed rape genotypes cultivated in a semi-controlled container trial. Bars are means of
three replicates with standard errors. Significant differences at p < 0.1′, p < 0.05* and p < 0.01**
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water treatments (Fig. 5). For all accessions except
Musette, seedling fresh weights were found to be signifi-
cantly increased by the maternal drought stress treatment.
The strongest effect was found in Zephir which showed a
mean increase of 36.7% relative to the control treatment,
followed by Hokkai 3-Go and Alaska with 34.0 and 27.2%
increase, respectively. The lowest significant difference
was observed for Liporta, which showed an increase by
14.3% relative to the control. Seedling vigour was found to
be uncorrelated to mean germination time for both mater-
nal water treatments. A replication trial with 4 of those 8
accessions in the next season showed the same trend
(Additional file 2: Figure S5).

Seedling metabolite patterns
In seedlings from the maternal drought treatment,
concentrations of several amino acids and nitrogen
compounds were significantly increased in diverse ac-
cessions compared to seedlings from the maternal

control treatment (Additional file 3). From these
metabolites, ammonium (NH4

+), Histidine (His), As-
paragine (Asn), S-methylcystein sulfoxide (SMCSO),
Glutamine (Gln), Arginine (Arg), Glycine (Gly), Aspar-
tate (Asp), Threonine (Thr), α-Alanine (α-Ala),
γ-aminobutyric acid (GABA), Tyrosine (Tyr), Valine
(Val) and Isoleucine (Ile) showed significantly higher
concentrations in three or more of the eight genotypes
under investigation. The concentrations of sugars and
organic acids were similarly increased in the mater-
nally drought treated seedlings of several accessions
(Additional file 3). Most differences between the ma-
ternal treatments were observed for malate, fructose
and sucrose (significantly different for six, six and
three of the eight accessions, respectively). A signifi-
cant role in the trans-generational response to
drought stress was implicated for NH4

+, SMCSO, Gln,
Gly, Tyr, Val, fructose and malate. Strong correlations
were found between relative concentrations of these

Fig. 2 Effect of drought stress on (a) seed oil amount, (b) seed protein amount and (c) concentrations of seed glucosinolates of 8 diverse winter
oilseed rape genotypes cultivated in a semi-controlled container trial. Bars are means of three replicates with standard errors. Significant
differences at p < 0.05*, p < 0.01** and at p < 0.001***

Fig. 3 Effect of drought stress on the amount of (a) Oleic acid, (b) Linoleic acid and (c) Linolenic acid measured in the seeds of 8 diverse winter
oilseed rape genotypes cultivated in a semi-controlled container trial. Bars are means of three replicates with standard errors. Significant
differences at p < 0.1′, p < 0.05* and at p < 0.001***
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metabolites and relative seedling FW in seeds from
the maternal drought treatment compared to the con-
trol (Additional file 4, Fig. 6).

Multivariate analysis of seed quality, seedling vigour and
seedling metabolic patterns
Using a principal component analysis (PCA) for all seed
quality characteristics and seedling metabolite concentra-
tions with significant differences between the maternal
treatments, we found a clear spatial separation between off-
spring plants derived from the maternal stress and maternal
control treatment (Fig. 7a). It is evident that the most im-
portant determinant is the maternal treatment, while
genotypic specificities were subordinated. The accessions
Hokkai 3-Go showed a similar separation between the ma-
ternal treatments but diverged from all other genotypes. As
Hokkai 3-Go was the only genotype with ++ seed quality,
this spatial distance may be explained by differences in its
fatty acid patterns. The strongest contributions regarding
the separation of quality groups could be attributed to the
fatty acids oleic acid, palmitic acid, linoleic acid and palmi-
toleic acid (Fig. 7b). The largest separating effect would be

expected from erucic acid, however this fatty acid was not
considered as a variable in the PCA, as it showed no signifi-
cant differences between the maternal treatments. Further-
more, Fig. 7b shows that Thr, Tyr, malate, Tyr, Asp, Gly,
Gln and NH4

+ mainly contribute to the separation between
maternal control and stress treatment.

Discussion
Our data show that during the critical stage of flowering,
water supply has a pronounced transgenerational effect
on seedling vigour of the progeny. The strength of the
drought stress effects on both maternal seed yield and
transgenerational seedling performance is strongly
genotype-specific. The drought-induced reduction in
seed yield confirms the long-known relationship between
water supply and yield development during the critical
phase of flowering [12–14]. Unexpectedly, the positive
transgenerational effect of drought stress on vigour is in
contrast to the negative effect of maternal stress on the
yield performance of the maternal plants. However, the
growth-stimulating transgenerational effect in seedlings
due to maternal drought stress was independent from

Fig. 4 Effect of maternal drought stress on mean germination time (MGT) of seeds from 8 diverse winter oilseed rape genotypes, cultivated in a
semi-controlled container trial: (a) germination performance under 0 MPa and (b) germination performance under moderate osmotic stress (− 0.5
MPa). Boxplots represent performances of 100 seeds each. Significant differences at p < 0.05* and at p < 0.001***
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the extent of yield reduction in the mother plant. Inter-
estingly, maternal drought stress had differential effects
on seed germination performance depending on the
accession. However, the accession had no effect on seed-
ling vigour. In fact, the lack of any significant correlation
between Mean Germination time (MGT) and seedling
fresh weight suggests that the seedling performance is
completely decoupled from germination performance.
Our experiments under two different osmotic conditions
suggest that the water availability during germination
has a stronger influence on germination performance
than water availability during foregoing seed production.
In contrast, seedling development appears to be clearly
enhanced by maternal drought, even in accessions like
Hokkai 3-Go, Pollen and Zephir which showed delayed
germination in seeds of the maternal drought treatment
and subsequently exhibited a higher seedling biomass
than the maternal control treatment. In a smaller
replication trial performed in the following season, the
same enhancement effect was observed. These findings
contradict the assumption that optimal seedling develop-
ment presupposes an appropriate germination perform-
ance. Instead, our findings corroborate a weak link
between germination and post-germination seedling
growth, as already hypothesized by [15].
Three possible explanations are proposed for the ob-

served transgenerational effects on seedling vigour: Heter-
osis, changes in seed quality, and intergenerational stress
memory involving an alteration of growth-effective meta-
bolic processes.
In our experiments, we used openly pollinated plants

to avoid known negative effects of bagging on seed qual-
ity. In consequence, we expect a certain level of

cross-pollination, and differences in vigour between pro-
genies from different stress environments could possibly
arise from differential outcrossing rates for stressed and
control progenies, resulting in different levels of seedling
heterosis. Assuming that drought stress negatively af-
fects male fertility [16, 17], higher cross pollination rates
might be expected for drought stressed mother plants.
Moreover, it has been shown that an enhanced biomass
development due to heterosis can already be observed
during the early stage of seedling growth [18]. To inves-
tigate this phenomenon, we performed a separate quan-
tification of homozygous- and heterozygous progenies
by Kompetitive Allele Specific PCR (KASP) genotyping
(data not shown), however this analysis did not reveal
significant differences in cross pollination rates between
the two maternal treatments. Hence, we believe that
differential heterosis does not underlie the effects of ma-
ternal drought stress on seedling vigour of the progeny.
Changes in seed quality due to the maternal drought

treatment are another possible reason for improved
seedling vigour. Changes in seed composition alter the
reservoir of storage metabolites on which the seedling
relies during post-germination seedling growth. A
marked reduction in seed oil content and an associated
increase in seed protein content are common observa-
tions under drought stress [5, 13, 19, 20]. Considering
the strong genotype x environment interaction for seed
quality in B. napus [21], all genotypes would be expected
to react to maternal drought with a similar shift in their
seed composition patterns. Increased glucosinolate pro-
duction in seeds maturing under water stress, as sug-
gested by [5], could not be confirmed statistically by our
results. In contrast, we observed a shift in fatty acid

Fig. 5 Effect of maternal drought stress on seedling growth performance of seeds harvested from 8 diverse winter oilseed rape genotypes
cultivated in a semi-controlled container trial. Bars are means of three replicates with standard errors. Significant differences at p < 0.1′, p < 0.05*,
p < 0.01** and p < 0.001***
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patterns, especially at the expense of oleic acid and in
favour of polyunsaturated fatty acids like linoleic and
linolenic acid, due to reduced water supply [20]. The ac-
cessions Liporta, NK Nemax and Pollen, showing no sig-
nificant yield reduction under stress, nevertheless
showed similar declines in seed quality – especially in
terms of seed oil content, seed protein content and fatty
acid composition. This shows that seed quality is more
sensitive to drought stress than the total yield levels. We
assume that fatty acid modification processes towards
long-chained, poly-unsaturated fatty acids proceed

without restriction, whereas the delivery of correspond-
ing precursors like stearic or oleic acid appears to have
been limited by the stress (Fig. 8). However, we could
not confirm that this led to a net increase in storage
lipid biosynthesis beyond the extent given under
non-stress conditions. Gene expression analysis has
shown that expression of genes encoding fatty acid
modifying enzymes like fatty acid elongase 1 (FAE1), one
of the core enzymes involved in erucic acid biosynthesis
in the Brassicaceae, peak to a later time-point than the
basic fatty acid synthesis machinery [22]. Therefore, a

Fig. 6 Effect of maternal drought stress on seedling metabolite concentrations of the offspring derived from 8 diverse winter oilseed rape
genotypes cultivated in a semi-controlled container trial. Bars are means of three replicates with standard errors. Significant differences at p < 0.1′,
p < 0.05*, p < 0.01** and p < 0.001***. Scatter diagrams show correlations between the corresponding relative metabolite concentration (Rel.
Conc.) and relative seedling fresh weight (Rel. FW) under drought stress

Hatzig et al. BMC Plant Biology          (2018) 18:297 Page 7 of 13



higher quantity of prolonged and poly-unsaturated fatty
acids in the seed might account for an earlier onset of
maturity [20]. However, it is unlikely that premature ma-
turity explains the observed shift in fatty acid patterns.
Indeed, we found that the flowering period was pro-
longed under water shortage in our experiment (data
not shown), suggesting a delayed maturity.
Besides seed oil and protein quality parameters,

seedling metabolite patterns were also substantially
shifted by the maternal drought treatment (Fig. 9).
Higher concentrations of free amino acids could be
explained by enhanced amino acid biosynthesis and/or
enhanced protein degradation or, alternatively, an in-
hibition of amino acid degradation and/or protein
synthesis. Higher monosaccharide- and disaccharide
concentrations in seedling tissues might indicate an
inhibition of glycolytic processes and/or polysacchar-
ide synthesis, or an enhanced carbon assimilation and/
or polysaccharide degradation. As seedling growth is
generally enhanced due to maternal drought stress, it
appears more likely that growth promoting processes,
like carbon assimilation were stimulated, rather than
an enhancement of catabolic processes. A possible ex-
planation for an alteration of metabolic processes in

the seedling which ultimately lead to enhanced seed-
ling growth is intergenerational stress memory, de-
fined as “a stress imprint that extends from one
stressed generation of organisms to at least the first
stress-free offspring generation” [23]. This model
explains transgenerational effects by stress-induced
changes in the epigenome of the plant, amongst them
changes in DNA methylation patterns [24, 25] or his-
tone modifications [26]. Such transgenerational effects
can instil an adaptive advantage when the progeny is
exposed to the maternal stress conditions [24, 27].
While we cannot exclude the possibility of epigenetic
changes in our study, we can at least not confirm the
adaptive value of the induced changes. However, faster
growth before stress induction can improve the plants’
survival chances in a new stress scenario and might
therefore represent an adaptation in life cycle. Ger-
mination performance in particular showed no advan-
tage in seeds derived from maternal drought treatment
under osmotic stress conditions. If such epigenetic
changes were present, our data suggest that they are
mainly maternally inherited. Otherwise, we would
have expected differences in seedling biomass and me-
tabolite patterns among individuals from the same

Fig. 7 Two-dimensional principal component analysis showing (a) the multivariate variation in terms of metabolite concentrations among seeds
and seedlings derived from 8 open-pollinated winter oilseed rape genotypes cultivated under control and drought stress conditions in a semi-
controlled container trial. All biological replicates are shown. Seedlings from maternal control conditions are shown in blue, seedlings from
maternal stress conditions are shown in red. Proximity between samples indicates similarity in metabolite patterns. The axes show the first and
second principal component along with the variation explained by them in brackets. (b) The same data set now represented as variable vectors
indicating the strength and direction of each seed component and seedling metabolite. Vectors which are perpendicular to each other show
independence of the component, vectors pointing in opposite directions show a negative correlation, while vectors with a small angle between
them show a positive correlation. The color denotes the weight of the contribution to the total variation in the data set, with higher values
meaning a stronger contribution. Amino acids are abbreviated as 3 letter IUPAC code. Fatty acids are named without the extension “acid”. TSW:
Thousand seed weight, FW: Fresh weight
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maternal stress treatment, as pollination was equally
likely to occur from both stressed or non-stressed
pollinators. This is in agreement with other studies
suggesting that although both the maternal as well as
the paternal environment can form specific transge-
nerational responses, the post-zygotic maternal effects
were generally stronger [28–30].

Conclusions
The conclusions from our study have opposite conse-
quences for farmers and seed producers. Farmers are
primarily interested in achieving high seed yield levels
with optimum seed quality, hence drought during seed
maturation can have a negative influence. In contrast,
commercial seed producers might possibly take advan-
tage of water deficits during the generative growth phase
of winter oilseed rape, as seedling vigour performance
could be positively influenced by maternal drought
stress, for example by generating seeds in water-limited
production areas. On the other hand, a commercial
benefit can only be achieved if the drought environment
does not reduce seed number. This was at least not the
case for most of the observed genotypes under the stress
conditions applied within our study (Fig. 1e). Seed
weight was not negatively correlated to seedling vigour

in six out of the eight investigated genotypes in our
study, meaning that a reduction in thousand seed weight
may not have a negative effect on seed number. In sum-
mary, our results provide an interesting new approach
for optimization of the commercial seed production
process in winter oilseed rape.

Methods
Plant material and cultivation of maternal plants
We selected 8 diverse winter oilseed rape (WOSR) in-
bred lines from the ERANET-ASSYST diversity set [31]
based on previous analyses of their flowering time and
field performance under water-limiting conditions. The
genotype selection comprised inbred lines of the double-
low seed quality accessions Alaska, Campari, Liporta,
Musette, NK Nemax, Pollen and Zephir along with the
high erucic acid, high glucosinolate genotype Hokkai
3-Go. In the growing period 2014/2015, we grew all ac-
cessions under semi-controlled conditions in the large
container growth system described by [11], which en-
ables simulated field growth conditions and planting
densities with a deep soil profile and exact control of soil
water capacity. The containers were filled to a depth of
90 cm with a mixture of 25% soil and 75% sand. Around
30 seeds per container were sown by hand on

Fig. 8 Principal scheme of fatty acid biosynthesis in chloroplasts (green body) and endoplasmatic reticulum (blue body) of rapeseed. Arrows
indicate, whether relative amounts of fatty acids have increased or decreased under drought stress in three or more of the 8 observed winter
oilseed rape genotypes. FAS: Fatty acid synthase, ACC: Acetyl-CoA-Carboxylase, Δ9D: Δ9-Desaturase, Δ12D: Δ12-Desaturase, Δ15D: Δ15-
Desaturase, E: Elongase
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30.11.2014. Seedlings were thinned to 9 plants per con-
tainer 25 d after sowing, with uniform spacing of the
nine remaining plants. The plants were fertilized on
02.04.2015 with 1.6 g NH4NO3 per container. Each
genotype was cultivated under well-watered conditions
(control) and drought stress conditions (stress). For each
accession and treatment, three containers were set up as
independent biological replicates, making a total of 48
test containers. The containers were ranged in a fully
randomized block design. Additional planted containers
were arranged around the container block to minimize
boundary effects. Optimal water supply was guaranteed
by watering the plants to a minimum soil water capacity
of 60%. Water demand was determined by regular
weighing of the containers with a hydraulic scale hoist.
In the stress treatment water supply was suspended for
three weeks from begin of flowering (BBCH 50) until
the onset of full flowering (BBCH65). Afterwards the
plants were re-watered to the same level as the control
treatment (60% water capacity). Soil water capacity was
calculated based on container weights assuming a soil
dry weight of 138.9 kg, a container weight of 12 kg, and
a varying total plant weight. Total plant weight was esti-
mated to be 1 kg at the start of the stress treatment. For

control plants, we assumed a biomass gain of 100 g per
container and day. For stress plants, we assumed a bio-
mass gain of 100 g per container and day in the first
week, 50 g per container and day in the second week,
and no gain in the second week. The resulting differ-
ences in soil water content before and after watering are
shown in Additional file 5: Figure S4. All plants were
openly pollinated. Seeds from both the well-watered and
drought stress treatment (hereinafter referred to as ma-
ternal treatments) were harvested on 13.07.2015 and
stored under dry conditions.
A replicate of this experiment using 4 of those 8

accessions (Alaska, NK Nemax, Pollen, Zephir) was
performed in the next season. Vernalized plants were
potted into containers on 07.04.2016 with 5 plants per
container. The stress treatment was induced on
23.05.2016. At the same day, the plants were bagged to
ensure self-pollination. The resulting seeds were har-
vested on 23.08.2016 and stored under dry conditions.

Analysis of seed quality
Seed oil content, seed protein content and seed gluco-
sinolate content was determined using near-infrared re-
flectance spectroscopy (NIRS, Unity SpectraStar 2500,

Fig. 9 Principal scheme of the biosynthesis and derivation of different amino acid and nitrogen compounds in rapeseed. Arrows indicate,
whether concentrations of metabolites have increased or decreased under drought stress in three or more of the 8 observed winter oilseed
rape genotypes
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Brookfield, USA). NIRS measurements were performed
using standard procedures as described in [32].
Fatty acid quantification was performed by gas chro-

matography (GC) analysis. In a test tube, 300mg seeds
were grinded together with 2 mL petroleum benzine for
2 min at maximum speed with a T25 digital Ultra Turrax
sample grinder (IKA Works, Inc. Wilmington, USA).
Another 2 mL petroleum benzine were added and the
sample was vortexed for 10 s. After 30 min, 0.8 mL of
supernatant was pipetted into a new test tube, which
was placed under the laboratory fume hood until the
petroleum benzine was completely evaporated. Subse-
quently, 2 mL sodium methylate were added to the
remaining oil in the test tube and the sample was vor-
texed for 10 s. The sample was covered and left to settle
for 30 min. Afterwards 1.7 mL iso-octane were added
and the solution was shaken carefully. The sample was
again covered and left to settle for 30 min. Supernatant
of the upper phase was collected and used for GC ana-
lysis (TRACE GC Ultra Gas Chromatograph, Thermo
Scientific, Waltham, USA). GC analysis was performed
with the GC capillary column BPX70 (SGE Analytical
Science, Milton Keynes, GB). As specified for rapeseed
oil fatty acid composition, the fatty acid methyl ester
mixture F07 (Carl Roth GmbH + Co. KG, Karlsruhe,
Deutschland) was used as a standard. For analysis, the
following temperature ramps were used: Start at 160 °C
for 1 min, incremental increase of temperature every
min by 15 °C until temperature reaches 210 °C, 210 °C
for 30 s, 220 °C for 6 min. The samples were measured
in two technical replicates.

Determination of seed germination characteristics
Mean germination time (MGT; in h), germination rate
within 96 h (GR96; in %) and uniformity of germination,
measured as the difference between the time to reach 10
and 90% of germination (U; in h), were phenotyped
under in vitro conditions at 20 °C, using the automated
phenotyping platform of the variety control office of the
French national seed testing agency (Station Nationale
d’Essais de Semences, Groupe d’Etude et de contrôle des
Variétés et des Semences—GEVES, Angers, France).
GR96 can be considered as the absolute germination
rate, as no further increase in germination was observed
96 h after imbibition start. Germination was assayed
under well-watered conditions as well as under moder-
ate osmotic stress at an intensity of − 0.5MPa. Seed
germination analysis was carried out with 4 × 25 seeds
per genotype and treatment. Detailed information about
the phenotyping system is given by [33].

Analysis of seedling vigour
For analysis of seedling vigour, 12 seeds harvested
from each container were sown in small plastic pots

(8 × 7 × 7 cm) filled with 350 g sand. Germination and
seedling growth took place in the greenhouse under con-
trolled conditions as follows: 12 h/12 h light/dark,
temperature 20–24 °C during the light period and 12 °C -
16 °C during the dark period; minimum light intensity 10
klx during the light period. The pots were watered via dish
watering. Water capacity of the sand was determined as
the difference in weight between sand filled pots
dried for 24 h at 85 °C in a drying cabinet, and sand
filled pots after watering. Water capacity was subse-
quently maintained up at 75% during the whole ex-
periment. Seedlings were harvested 7 d after sowing.
In each case, 12 seedlings were pooled and samples
were shock-frozen immediately after fresh weight
(FW) determination of each pooled sample. Conse-
quently, three pooled samples were analyzed for each
accession and maternal treatment. The shock-frozen
samples were freeze-dried for 5 d and used for subse-
quent metabolite analysis.

Metabolite analysis
Metabolite analysis was performed on a Waters
Acquity ultraperformance liquid chromatography ma-
chine with diode array detection (UPLC-DAD) using
methods and software described in the Waters Cor-
poration user manual. The manual was adapted for
oilseed rape tissue by [34, 35]. The AccQtag method
was used to quantify amino acids and the integration
software Empower (Waters Corporation, Milford,
USA) was used for analysis. Samples were resuspended
in 100 mL distilled water. Subsequently, 5 mL were
derivatized using AccQTag Ultra Derivatization Kit,
according to the manufacturer’s recommendations. An
external standard of 100 mmol/L of each amino acid
was run every 10 samples. Quantification of sugars
was performed using a gas chromatography-flame
ionization detector (GC-FID) System from Agilent
Technologies (Santa Clara, CA, USA) according to
[36]. The integrated Agilent software ChemStation
Rev.B.04.02 was used for data analysis. Samples were
resuspended in 50 mL pyridine (100%) with methoxa-
mine hydrochloride (240 mmol/L), then derivatized
with 50 mL MSTFA (N-methyl-N-(trimethylsilyl)tri-
fluoro acetamide) (100%). An external standard
containing 400 mmol/L of each sugar, sugar alcohol
and organic acid was run every 10 samples.

Statistical analysis
Data analysis was carried out using R (version 3.3.3, 2017).
Compliance with normal distribution and homogeneity of
variances were evaluated using a Bartlett test. After global
testing with ANOVA, Student’s t-test was applied for pair-
wise comparisons. In terms of consistency testing, no
adjustment was chosen for the statistical analysis.
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Significances were tested at levels of p < 0.1′, p < 0.05*, p
< 0.01** and p < 0.001***. Correlations were calculated ap-
plying the Pearson’s product-moment correlation.

Additional files

Additional file 1: Seed fatty acid composition: Relative amounts of fatty
acids in the seeds of 8 diverse winter oilseed rape genotypes cultivated
under control and drought stress conditions. Values are means of three
replicates + standard errors. Significant differences at p < 0.1′, p < 0.05*,
p < 0.01** and p < 0.001***. (XLSX 13 kb)

Additional file 2: Effect of maternal drought stress on seedling fresh
weight of 4 winter oilseed rape genotypes cultivated in a semi-controlled
container trial after self-pollination. Bars are means of three replicates
with standard errors. Significant differences at p < 0.1′. (TIF 4218 kb)

Additional file 3: Seedling metabolome: Concentrations of different
nitrogen compounds, amino acids, sugars and organic acids in seedlings
derived from 8 diverse winter oilseed rape genotypes cultivated under
control and drought stress conditions. Values are means of three
replicates + standard errors. Significant differences at p < 0.1′, p < 0.05*,
p < 0.01** and p < 0.001***. (XLSX 18 kb)

Additional file 4: Trait correlations: Table summarizing all significant
correlations (p < 0.1) between the two main parameters total maternal
seed yield (Yield) and seedling fresh weight building of the progeny
(SFW) and different single yield, seedling growth, seed quality and
seedling metabolome parameters, determined in 8 diverse winter oilseed
rape genotypes grown in a semi-controlled container trial under control
(C) and drought stress conditions (S). S + C: Correlations were calculated
among both treatments. S/C: Correlations were calculated between the
relative values of each trait-trait combinations as quotient of value from
stress treatment to value from control treatment. Seeds/Sil.: Number of
seeds per silique, Seeds/Pl.: Number of seeds per plant. (JPG 236 kb)

Additional file 5: Soil water content during the stress trial before
watering (above) and after watering (below). The numbers indicate days
after stress initiation. Values are means of three replicates + standard
errors. Significant differences at p < 0.1′, p < 0.05*, p < 0.01** and p <
0.001***. (TIF 4218 kb)

Abbreviations
++: high seed erucic acid and glucosinolate content; Arg: Arginine;
Asn: Asparagine; Asp: Aspartate; BBCH: Scale for evalutaion of plant
developmental stage developed from Biologische Bundesanstalt,
Bundessortenamt und Chemische Industrie; Cys: Cysteine; FAE1: Fatty acid
elongase 1; FW: Fresh weight; GABA: γ-aminobutyric acid; Gln: Glutamine;
Glu: Glutamate; Gly: Glycine; GR96: Germination rate within 96 h after
imbibition start; His: Histidine; Hyp: Hydroxyproline; Ile: Isoleucine;
Leu: Leucine; Lys: Lysine; Met: Methionine; Met.-Cys: Methyl-cysteine;
MGT: Mean germination time; Orn: Ornithine; PCA: Principal component
analysis; Phe: Phenylalanine; Pro: Proline; Ser: Serine; SMCSO: S-methylcystein
sulfoxide; Thr: Threonine; Trp: Tryptophane; Tyr: Tyrosine; U: Uniformity;
Val: Valine; α-Ala: α-Alanine; β-Ala: β-Alanine

Acknowledgements
The authors thank Liane Renno, Anja Pöltl, Mechthild Schwarte and Lothar
Behle-Schalk for practical help and support during the container trial and Petra
Degen for excellent technical assistance during NIRS and GC analysis. Further
thank goes to GEVES for implementing the seed germination analysis at Pheno-
sem platform (Anger, France) and INRA (Rennes, France) for undertaking the
metabolite analysis. We also like to thank Katharina Tyson for proofreading the
manuscript on English language style.

Funding
The work was performed within the framework of the transnational
cooperation project SYBRACLIM with financial support from the Federal
Ministry of Education and Research (BMBF) grant 031A549A and grant SN14/
14–2 from the DFG (Deutsche Forschungsgemeinschaft) within the Priority
Program 1530: Flowering Time Control.

Availability of data and materials
All data generated or analysed during this study are included in this
published article [and its supplementary information files].

Authors’ contributions
SVH, RJS and SVS designed the experiment. SVH and SVS performed the
container trial and yield analysis. SVS and JNN designed and performed the
greenhouse trial and sample preparation. SVH designed the seed quality,
seed germination and metabolite analysis and performed the statistical
analysis. SVH and SVS wrote the manuscript and all authors corrected and
approved the final version.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Plant Breeding, Justus Liebig University, Heinrich-Buff-Ring
26-32, 35392 Giessen, Germany. 2Department of Ecology, Environment and
Plant Sciences, 106 91 Stockholm, Sweden.

Received: 26 July 2018 Accepted: 15 November 2018

References
1. Bates BC, Kundzewicz ZW, Wu S, Palutikof JP, Eds. Climate change and

water. Technical Paper of the Intergovernmental Panel on Climate Change,
IPCC Secretariat, Geneva. 2008. 210 pp. https://drive.google.com/file/d/
0B1gFp6Ioo3akcFFFeGRRVFNYM0E/view.

2. Li Y, Ye W, Wang M, Yan X. Climate change and drought. A risk assessment
of crop-yield impacts. Clim Res. 2009;39:31–46.

3. FAOSTAT Food and agriculture data. Food and Agriculture Organisation of
the United Nations, Rome. 2017. http://www.fao.org/faostat/en. Accessed 8
Jan 2017.

4. Wittkop B, Snowdon RJ, Friedt W. Status and perspectives of breeding
for enhanced yield and quality of oilseed crops for Europe. Euphytica.
2009;170:131–40.

5. Jensen CR, Mogensen VO, Mortensen G, Fieldsend JK, Milford GFJ, Andersen
MN, et al. Seed glucosinolate, oil and protein contents of field-grown rape
(Brassica napus L.) affected by soil drying and evaporative demand. Field
Crop Res. 1996;47:93–105.

6. Gao J, Thelen KD, Min DH, Smith S, Hao X, Gehl R. Effects of manure and
fertilizer applications on canola oil content and fatty acid composition.
Agron J. 2010;102:790–7.

7. Onemli F. Fatty acid content of seed at different development stages
in canola on different soil types with low organic matter. Plant Prod
Sci. 2014;17:253–9.

8. Delourme R, Falentin C, Huteau V, Clouet V, Horvais R, Gandon B, et al.
Genetic control of oil content in oilseed rape (Brassica napus L.). Theor Appl
Genet. 2006;113:1331–45.

9. Ellis RH. Seed and seedling vigour in relation to crop growth and yield.
Plant Growth Regul. 1992;11:249–55.

10. TeKrony DM, Egli DB. Relationship of seed vigor to crop yield: a review.
Crop Sci. 1991;31:816–22.

11. Hohmann M, Stahl A, Rudloff J, Wittkop B, Snowdon RJ. Not a load of
rubbish. Simulated field trials in large-scale containers. Plant Cell Environ.
2016;39:2064–73.

12. Richards RA, Thurling N. Variation between and within species of rapeseed
(Brassica campestris and B. napus) in response to drought stress. I sensitivity
at different stages of development. Aust J Agric Res. 1978;29:469–77.

Hatzig et al. BMC Plant Biology          (2018) 18:297 Page 12 of 13

https://doi.org/10.1186/s12870-018-1531-y
https://doi.org/10.1186/s12870-018-1531-y
https://doi.org/10.1186/s12870-018-1531-y
https://doi.org/10.1186/s12870-018-1531-y
https://doi.org/10.1186/s12870-018-1531-y
https://drive.google.com/file/d/0B1gFp6Ioo3akcFFFeGRRVFNYM0E/view
https://drive.google.com/file/d/0B1gFp6Ioo3akcFFFeGRRVFNYM0E/view
http://www.fao.org/faostat/en


13. Champolivier L, Merrien A. Effects of water stress applied at different
growth stages to Brassica napus L. var. oleifera on yield, yield components
and seed quality. Eur J Agron. 1996;5:153–60.

14. Din J, Khan SU, Ali I, Gurmani AR. Physiological and agronomic response of
canola varieties to drought stress. J Anim Plant Sci. 2011;21:78–82.

15. Hatzig SV, Frisch M, Breuer F, Nesi N, Ducournau S, Wagner MH, et al.
Genome-wide association mapping unravels the genetic control of seed
germination and vigor in Brassica napus. Front Plant Sci. 2015;6:221.

16. Dorion S, Lalonde S, Saini HS. lnduction of male sterility in wheat by meiotic-
stage water deficit is preceded by a decline in invertase activity and changes
in carbohydrate metabolism in anthers. Plant Physiol. 1996;111:137–45.

17. Saini HS. Effects of water stress on male gametophyte development in
plants. Sex Plant Reprod. 1997;10:67–73.

18. Meyer RC, Törjék O, Becher M, Altmann T. Heterosis of biomass production
in Arabidopsis. Establishment during early development. Plant Physiol. 2004;
134:1813–23.

19. Bouchereau A, Clossais-Besnard N, Bensaoud A, Leport L, Renard M. Water
stress effects on rapeseed quality. Eur J Agron. 1996;5:19–30.

20. Aslam MN, Nelson MN, Kailis SG, Bayliss KL, Speijers J, Cowling WA.
Canola oil increases in polyunsaturated fatty acids and decreases in
oleic acid in drought-stressed Mediterranean-type environments. Plant
Breed. 2009;128:348–55.

21. Guo Y, Si P, Wang N, Wen J, Yi B, Ma C, et al. Genetic effects and genotype
× environment interactions govern seed oil content in Brassica napus L.
BMC Genet. 2017;18(1). https://doi.org/10.1186/s12863-016-0468-0.

22. Baud S, Lepiniec L. Regulation of de novo fatty acid synthesis in maturing
oilseeds of Arabidopsis. Plant Physiol Bioch. 2009;47:448–55.

23. Lämke J, Bäurle I. Epigenetic and chromatin-based mechanisms in environmental
stress adaptation and stress memory in plants. Genome Biol. 2017;18:124.

24. Boyko A, Blevins T, Yao Y, Golubov A, Bilichak A, Ilnytskyy Y, et al.
Transgenerational adaptation of Arabidopsis to stress requires DNA
methylation and the function of dicer-like proteins. PLoS One. 2010;5:e9514.

25. Ou X, Zhang Y, Xu C, Lin X, Zang Q, Zhuang T, et al. Transgenerational
inheritance of modified DNA methylation patterns and enhanced tolerance
induced by heavy metal stress in rice (Oryza sativa L.). PLoS One. 2012;7:e41143.

26. Lang-Mladek C, Popova O, Kiok K, Berlinger M, Rakic B, Aufsatz W, et al.
Transgenerational inheritance and resetting of stress-induced loss of
epigenetic gene silencing in Arabidopsis. Mol Plant. 2010;3:594–602.

27. Whittle CA, Otto SP, Johnston MO, Krochko JE. Adaptive epigenetic
memory of ancestral temperature regime in Arabidopsis thaliana.
Botany. 2009;87:650–7.

28. Lacey EP. Parental effects in Plantago lanceolata L. I.: a growth chamber
experiment to examine pre- and postzygotic temperature effects. Evolution.
1995;50:865–78.

29. Galloway LF. The effect of maternal and paternal environments on seed
characters in the herbaceous plant Campanula americana (Campanulaceae).
Am J Bot. 2001;88:832–40.

30. Suter L, Widmer A. Environmental heat and salt stress induce
transgenerational phenotypic changes in Arabidopsis thaliana. PLoS One.
2013;8:e60364.

31. Bus A, Körber N, Snowdon RJ, Stich B. Patterns of molecular variation in
a species-wide germplasm set of Brassica napus. Theor Appl Genet.
2011;123:1413–23.

32. Tillmann P, Reinhardt TC, Paul C. Networking of near infrared spectroscopy
instruments for rapeseed analysis: a comparison of different procedures. J
Near Infrared Spectrosc. 2000;8:103–7.

33. Demilly D, Ducournau S, Wagner MH, Dürr C. Digital imaging of seed
germination. In: Dutta Gupta S, Ibaraki Y, editors. Plant image analysis -
fundamentals and applications. Boca Raton: CRC Press; 2014. p. 147–63.

34. Albert B, Le Cahérec F, Niogret MF, Faes P, Avice JC, Leport L, et al. Nitrogen
availability impacts oilseed rape (Brassica napus L.) plant water status and
proline production efficiency under water-limited conditions. Planta. 2012;
236:659–76.

35. Deleu C, Faes P, Niogret MF, Bouchereau A. Effects of the inhibitor of the
g-aminobutyrate-transaminase, vinyl-gaminobutyrate, on development
and nitrogen metabolism in Brassica napus seedlings. Plant Physiol
Biochem. 2013;64:60–9.

36. Lugan R, Niogret MF, Kervazo L, Larher FR, Kopka J, Bouchereau A.
Metabolome and water status phenotyping of Arabidopsis under abiotic
stress cues reveals new insight into ESK1 function. Plant Cell Environ. 2009;
32:95–108.

Hatzig et al. BMC Plant Biology          (2018) 18:297 Page 13 of 13

https://doi.org/10.1186/s12863-016-0468-0


 

154 
 

The role of genome structure variation in the evolution and adaptation of flowering 

time in Brassica species 

Successful plant breeding depends on genetic variation. For a long time, genetic variation was purely 

understood as sequence variation. Technological advances now have shown the abundance and 

importance of structural variation for trait variation, indicating that we need tools to screen large 

populations for this type of variant. This is even more urgent in polyploid crops like Brassica napus, 

where genomic redundancy increases the likelihood of structural variation. Aiming at a better 

understanding of climatic adaptation to inform breeding strategies, I have focused on the role of 

genome structure variation in flowering time genes in this and related species. In Chapter 1, I show 

the set up and results of a pipeline to reliable call copy number variants (CNVs) in large diversity sets 

in a group of selected target flowering time genes. Chapter 2 focuses on differential roles of different 

homologs of specific flowering time genes, indicating that findings from A. thaliana are necessary, 

but not sufficient to understand genetic regulation of related Brassicaceae. Chapter 3 elaborates on 

the interaction of flowering time and drought stress, showing that small RNA variation introduces a 

new layer of complexity in regulation of this complex trait. The following paragraphs will explain, link 

and discuss the main findings from the presented papers. 

CNVs are expected to be widespread in the B. napus genome and are therefore assumed to also 

influence flowering time genes. We applied targeted deep sequencing to a large diversity set of 280 

accessions of B. napus to reveal the extent and nature of the assumed CNVs in a collection of 35 

flowering time related genes. Targeted deep sequencing is a short read based sequencing technology 

with the aim to sequence only genetic regions of interest. Here, we used the SureSelect Sequence 

capture methodology from Agilent technologies followed by Illumina single end sequencing. To this 

purpose, we developed a bait pool, which is an RNA oligonucleotide library used to hybridize the 

sample DNA. The oligonucleotides are complementary to the intended target sequence of the 

selected flowering time gene copies. As genomic resources for B. napus were limited at the time of 

bait development, baits were partly also developed using sequence information for the progenitor 

species B. rapa and B. oleracea. The original bait pool had been tested on four accessions in a 

preliminary experiment and was further improved based on the results published before (Schiessl et 

al. 2014) to increase specificity and enrichment factor. Likewise, we were able to sequence 184 gene 

copies, homologs of 35 A. thaliana genes, at an average coverage of 670 x. This coverage can then be 

used to reliably call sequence variants, but also CNVs, based on read coverage. We found 5216 target 

SNPs and 569 target InDels, of which 56 and 25 were predicted to have severe impacts on gene 

function, respectively, representing important allelic variants for future breeding approaches. 

Moreover, we detected 448 simple duplications, 490 simple deletions and 201 putative HNRTs across 
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the gene copies that could unambiguously be localized. This adds up to a slight net gene loss as 

expected for a recent polyploid (Renny-Byfield and Wendel 2014; Sankoff et al. 2010). At the same 

time, the distribution of duplications and deletions on the A and C subgenomes was different, 

indicating C subgenome copies tend to be lost, while A subgenome copies tend to be duplicated. 

Generally, including also off-target regions, we found that the C subgenome generally harbors almost 

twice as many events as the A subgenome, indicating that more DSBs took place, possibly due to the 

higher transposon content of the C subgenome (Parkin et al. 2014). HNRTs were also strongly biased 

between A and C in the same direction and were most frequent between chromosomes of high 

homeology like A02/C02 and A03/C03. This indicates beginning biased fractionation and suggests a 

higher number of DSBs in the C subgenome to be responsible for this bias. During homeologous 

recombination, the non-broken strand is normally used as template and its information is likely to be 

overretained both in SDSA and DSBR mechanisms (Waterworth et al. 2011). Moreover, HNRTs got 

much more frequent towards the telomeric ends and were almost absent from the centromeric 

areas, in full agreement with other authors, pointing to homeologous recombination as main repair 

mechanism (Nicolas et al. 2012; Samans et al. 2017). Although more than 87 % of CNVs occurred at a 

frequency lower than 10 %, each of the 280 accessions carried at least one CNV. The results indicate 

that CNVs are highly prevalent and need to be considered as important source of genetic variation. 

We therefore compared CNV patterns between different ecotypes of B. napus and found two HNRTs 

on chromosomes A09/C08 and A10/C09 encompassing copies of Bna.PHYA, Bna.GA3OX1 and 

Bna.FLC being almost exclusive for swedes (ssp. napobrassica), indicating that these HNRTs played a 

role in formation of the subspecies. In case of the vernalisation regulator Bna.FLC, the A10 copy has 

replaced the C09 copies. Our own and other reasearcher’s data point to a strong subfunctionalisation 

in Bna.FLC (see below), leaving the A10 copy responsible for most of the vernalisation requirement. 

This fits to the observation that swedes are extremely vernalisation dependent. Notably, such 

patterns were less obvious when comparing flowering time genes between winter and spring 

accessions. Bna.PHY.A09 and Bna.TEM1.C02 were deleted in about 24.6 % and 34.2 % of spring 

accessions, while only being deleted in 1.5 % and 2.9 % of winter accessions, respectively. At the 

same time, Bna.SRR1.A03, Bna.SRR1.A10 and Bna.EFS.A07 were duplicated in 23.7 %, 26.6 % and 

21.5 % of winter accessions, while only being duplicated in 1.8 %, 1.8 % and 3.7 % of spring 

accessions, respectively, and Bna.TFL1.A10 was duplicated in 43.9 % of spring accessions, while only 

being duplicated in 2.9 % of winter accessions. At the same time, sequence variants were more 

successful in separating winter from spring accessions, as 12 haplotypes could be defined which are 

sufficient to separate the subpopulations. This indicates that although some CNVs seem to be 

beneficial for a certain ecotype, they are far from being fixed, which might either indicate that they 

arose quite recently, or alternatively that we observe admixture of subpopulations with different 
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independent CNV events. In both cases, those CNVs could potentially have a diversifying effect. 

Structural variation could therefore be a mechanism to overcome reduction of genetic diversity by 

genetic bottlenecks like interspecific hybridization, not only by deleting or duplicating genes, but also 

by associated InDels at the DSB site and shifts in selection pressure on different genes. To better 

understand the dynamics of CNV arousal and fixation, we also sequenced two accessions of each 

B. rapa and B. oleracea for the same gene set. Therein, we discovered several stable translocations 

between the B. napus subgenome in comparison to the progenitors, indicating that genomic 

exchanges between subgenomes may indeed eventually get fixed, either due to genetic drift or due 

to selection. At the same time, we found a surprisingly high number of CNVs within the diploid 

progenitors, pointing to intrasubgenomic mechanisms of genomic rearrangements. Redundancy in 

the progenitor genomes is still about a factor of more than 2, which possibly might play a role in such 

a mechanism (Parkin et al. 2014; Wang et al. 2011b). Those findings might also be of relevance for 

other crops. As summarized in the presented review paper, CNVs were also found to play a role for 

trait variation in Panicum virgatum, Solanum tuberosum and Triticum aestivum, but reliable data on 

such traits are scarce due to the difficulty to genotype this type of variant on a large scale. Recent 

technologies advances like long read sequencing and reduced representation sequencing might soon 

overcome these barriers and genome-wide data for CNVs might become available on a population 

scale, allowing answering many of the leftover questions: Is the amount of CNVs we observed in 

flowering time genes representative for all genes? Are there CNVs explaining subspeciation events, 

and how quickly are CNVs purged out or fixed? How can we use structural variation to improve 

modern breeding strategies like genomic selection? And what can we learn from CNVs about the 

degree of subfunctionalisation? 

Subfunctionalisation is hypothesized to be one of the major drivers of gene evolution (Renny-Byfield 

et al. 2014; Soltis and Soltis 2016), but is rarely observed in action due to the long periods involved. 

In B. napus and progenitors, we have an excellent model system to study such processes as they are 

happening, as they represent snap shots of a development at different time points. Assuming no 

subfunctionalisation took place, gene copies should act in an additive manner. Consequently, the 

same phenotypic effect should be observed for variation in each copy. However, when analyzing 

sequence variants called from a large resequencing panel of almost 1000 B. napus accessions (Wu et 

al. 2018), spring, semi-winter and winter ecotypes were found to mainly differ in one copy of two 

genes, namely Bna.FT.A02 and Bna.FLC.A10. Bna.FT has six copies and Bna.FLC has nine annotated 

copies in B. napus, but the other five and eight, respectively, seem to have no or only little effect, 

indicating they do not act additively. Interestingly, the genetic variants within those genes are both 

promoter variants, indicating that gene expression was a major factor in the process of 

subfunctionalization. We therefore studied gene expression patterns of all nine annotated Bna.FLC 
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copies and found strong differentiation between the copies. While one copy on chromosome C03 

seems to be a pseudogene, both copies on chromosome C09 and another copy on chromosome C03 

did not react to cold anymore – a major feature of FLC gene function in A. thaliana. Among the 

remaining copies, only Bna.FLC.A10 showed a population-wide differential expression pattern 

between winter and spring accessions, which was mostly, but not fully explanatory of vernalisation 

dependency. The expression pattern itself was almost completely associated to a small structural 

variant at the promoter-TSS junction where a long non-coding RNA is supposed to bind in the process 

of Bna.FLC downregulation. The non-responsive C09 copies also show structural variation at this site, 

indicating that structural variation at regulatory sites of flowering time genes had a decisive influence 

on geographic adaptation of B. napus and also influences the differentiation of gene copies. As 

pointed out, Bna.FLC.A10 expression patterns were not solely explanatory for winter-spring-

differentiation. We therefore also studied another candidate gene from our deep-sequencing trial, 

Bna.SRR1. In A. thaliana, this gene is involved in the photoperiod pathway and seems to interact with 

other pathways, mainly the vernalisation pathway. It has five copies in B. napus, of which two are 

almost fully identical in sequence (on A03 and A10). When assessing Bna.SRR1 gene expression, we 

found that those identical copies are almost not expressed, while all the three remaining copies were 

differentially expressed between winter and spring accessions. Complementation assays into 

A. thaliana subsequently showed that only the copies on A02 and C02 were able to complement the 

srr1-1 phenotype, while the C09 copy could not. Interestingly, the copies on A03, A10 and C09 are 

lacking a region of 21 amino acids, which is conserved between the A02/C02 copies and with 

A. thaliana. Analysis of downstream gene expression in those complemented lines has shown that 

the C09 copy can rescue TEM1 expression, but not CDF1, indicating that this 21 aa region could be 

decisive for interaction with CDF1, which in turn seems to be a necessary step in controlling flowering 

time by Bna.SRR1. This is therefore an example how structural variants affect gene function by 

altering their protein interaction interface. The pattern of the deletion across the copies suggests 

that this structural variation predates the speciation event of B. rapa and B. oleracea, as it’s 

conserved between the respective copies of the A and C subgenome. While the non-affected copies 

have obviously upheld their function in both progenitor species, the affected copies show a different 

pattern: while the A03/A10 copies are not expressed anymore, the C09 copy is still highly expressed 

and also still seems to be able to induce TEM1 expression. This indicates different evolutionary 

trajectories for Bna.SRR1.A10, which obviously underwent pseudogenization, and Bna.SRR1.C09, 

which possibly acquired a different or modified role. It would be interesting to study SRR1 expression 

in the progenitors to better understand the evolutionary consequences of these differential patterns. 

Understanding these differential patterns will eventually allow us to screen for useful variation in a 

much better focused way in future. 
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One of the major challenges we are facing in the context of adaptation breeding is abiotic stress 

during flowering. Surprisingly, not a lot is known about the interaction of flowering time regulation 

and drought stress, reflecting the complexity of both pathways and at the same time stressing the 

pressing need for more research. To understand how flowering time regulation and drought stress 

signaling do interact, we conducted a semi-controlled drought stress treatment in eight contrasting 

accessions of winter oilseed rape, using leaf samples for RNAseq and small RNA sequencing. We 

found that drought stress during flowering delayed plant development until harvest, reducing seed 

yield in five out of eight accessions. In the next generation, seeds from stressed plants showed a 

lower quality, but higher seedling vigor irrespective of yield level of the mother plant, indicating that 

some transgenerational mechanism exists to adapt the next generation to suboptimal conditions. 

Tolerance strategies varied strongly between accessions, indicating large variation and low selection 

pressure up to now. The same was true for gene expression patterns: whereas we did find general 

genetic responses for example on photosynthesis and stress signaling genes, specific resistance 

genes were mostly unique for each of the tolerant accessions. Moreover, we found hints that some 

of the resistance genes were targets of miRNAs, and the respective MIRNA genes could therefore 

also be breeding targets. Interestingly, we found that some of those stress-related miRNAs showed 

stress-specific variants, indicating that those MIRNA genes have a stress-responsive promoter. 

Flowering time was most likely affected via the gibberellin and age pathways and therefore also via 

small RNA signaling. Interestingly, most small RNAs were not predicted to target all copies of a gene, 

indicating that subfunctionalisation also affects small RNA regulation. Mutation of small RNAs or 

small RNA target sites is possibly one of the quickest and most effective ways to modify and 

modulate gene expression patterns in polyploids and may represent a first step in gene 

diversification and adaptation, as the example of Bna.FLC has shown. 

In summary, the presented manuscripts show that structural variation across flowering time genes 

has influenced adaptation to different environments by differentially affecting copies of the same 

gene. Small RNA regulation and promoter variation seem to play a supportive role in 

subfunctionalization and therefore also shape the effect of structural variation. However, the view on 

this interplay is just opening, and we are far from seeing a complete model which would allow 

predicting adaptation responses from genetic variation. More interdisciplinary approaches are 

needed to fill in the knowledge gaps which remain, tearing down borders between basic and applied 

research. 
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Summary 
Adaptation breeding is one of the key factors of minimizing possible negative impacts of climate 

change on plant production. Modern breeding approaches use genetic information to optimize the 

outcome of respective breeding programs. However, many crops are polyploid and therefore have 

complex and highly redundant genomes. The high degree of redundancy also increases the likelihood 

of structural genome variation. Moreover, duplicated genes may over time undergo sub-or 

neofunctionalisation, which complicates knowledge transfer from model systems and requires 

thoughtful approaches to dissect the underlying genetic regulation for adaptation traits. 

Brassica napus is the polyploid crop with the closest relationship to the model plant 

Arabidopsis thaliana and has a well-known evolutionary ancestry. In the presented works, B. napus 

was used as a model to study the influence of genomic redundancy, structural genome variation and 

subfunctionalisation on adaptation traits like flowering time and drought stress response. It could be 

shown that structural genome variation was extremely abundant in flowering time genes in B. napus, 

but also within its progenitor species B. rapa and B. oleracea. Some genomic exchange events 

obviously played an important role in formation of a subspecies, demonstrating the high adaptive 

value of structural variants. Moreover, it was found that important flowering time regulators 

underwent strong subfunctionalisation linked to either promoter variation or protein structure 

variation, indicating not all copies have the same adaptive value for breeding. When studying gene 

expression networks together with small RNA expression networks in reaction to drought stress at 

flowering, it was found that subfunctionalisation obviously also affects small RNA regulation 

patterns, adding a further dimension to the complexity of polyploid genomes. Obviously, different 

miRNA variants are upregulated under stress than under control conditions, indicating 

subfunctionalisation of small RNA expression assists in the fine-tuning of abiotic stress response in 

newly formed polyploids. In summary, it was found that understanding subfunctionalisation is key to 

judge the possible outcomes of both classical sequence variants and structural variants. In that 

respect, the variation of regulatory elements like promoters and small RNAs should attain more 

attention. 
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Zusammenfassung 
Die Züchtung angepasster Sorten ist ein Schlüsselfaktor, um mögliche negative Einflüsse des 

Klimawandels auf die Pflanzenproduktion zu minimieren. Moderne Züchtungsmethoden nutzen 

genetische Informationen, um das Ergebnis entsprechender Züchtungsprogramme zu optimieren. 

Viele Kulturpflanzenarten sind jedoch polyploid und besitzen daher komplexe und hochgradig 

redundante Genome. Der hohe Grad an Redundanz erhöht auch die Wahrscheinlichkeit struktureller 

Genomvariation. Zudem können duplizierte Gene über längere Zeiträume eine Sub-oder 

Neofunktionalisierung durchlaufen, was den Wissenstransfer aus Modellsystemen erschwert und gut 

durchdachte Forschungsansätze zur Aufklärung genetischer Regulation von Anpassungsmerkmalen 

erfordert. Brassica napus ist die polyploide Kulturpflanze, die am nächsten mit der Modellpflanze 

Arabidopsis thaliana verwandt ist, gleichzeitig weist sie eine gut bekannte Evolutionsgeschichte auf. 

In den hier vorgestellten Arbeiten wurde B. napus als Modellsystem genutzt, um den Einfluss von 

genomischer Redundanz, struktureller Genomvariation und Subfunktionalisierung auf 

Anpassungsmerkmale wie Blühzeit und Trockenstressreaktion zu untersuchen. Es konnte gezeigt 

werden, dass strukturelle Genomvariation in Blühzeitgenen von B. napus extrem häufig ist, und auch 

in den Vorläuferarten B. rapa und B. oleracea häufig vorkommt. Einige der genomsichen 

Austauschereignisse spielten offensichtliche eine wichtige Rolle bei der Entstehung einer Unterart, 

was den adaptiven Wert struktureller Genomvariation unterstreicht. Darüber hinaus wurde in 

wichtigen Blühzeitgenen eine starke Subfunktionalisierung beobachtet, die entweder mit 

Promotorvariation oder Variation der Proteinstruktur einherging, was darauf hinweist, dass nicht alle 

Genkopien den gleichen adaptiven Wert besitzen. Durch die gemeinsame Untersuchung von 

Genexpressionsnetzwerken mit der Expression kleiner RNAs bei Trockenstress während der Blüte 

wurde deutlich, dass Subfunktionalisierung auch die Regulationsmuster von kleinen RNAs betrifft, 

was der Komplexität polyploider Genome eine weitere Dimension hinzufügt. Offensichtlich werden 

unter Stress andere miRNAs hochreguliert als unter Kontrollbedingungen, was darauf hinweist, dass 

die Subfunktionalisierung kleiner RNAs in neu gebildeten Polyploiden dazu beiträgt, die 

Stressantwort anzupassen. Insgesamt wurde festgestellt, dass das Verständnis der 

Subfunktionalisierung der Schlüssel ist, um den erwarteten Effekt sowohl von klassischer 

Sequenzvariation als auch von struktureller Genomvariation beurteilen zu können. In diesem 

Zusammenhang sollte die Variation regulatorischer Elemente wie Promotoren und kleiner RNAs 

mehr Aufmerksamkeit erfahren. 
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