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Abstract 

Deciphering the genetic basis of ecological differences among hybridizing species is essential for 

predicting their adaptive responses to climate change and human activities. Previous studies 

identified a hybridization hotspot on the Rhine River, highlighting episodic gene flow between 

Arabis nemorensis and A. sagittata. I quantified interspecific differences in 22 phenotypic traits 

between these closely related species. To investigate the genetic architecture underlying these 

differences, I constructed a genetic map for A. nemorensis and A. sagittata using an interspecific 

F2 population of 742 individuals derived from reciprocal crosses of sympatric parents. The genetic 

map, comprising 2,082 SNPs across eight linkage groups, provided a genetically validated 

genome assembly for both species. 

Using this map, I identified the genetic basis of 20 phenotypic traits, uncovering 58 quantitative 

trait loci (QTLs) distributed across the genome. Analysis of fertility variation and segregation 

distortions revealed six large-effect QTLs associated with significant fitness loss in hybrids. While 

F2 hybrids generally exhibited lower seed production than parental lines, some hybrids displayed 

extreme trait values and patterns of transgressive segregation. Incompatibility QTLs had a simple 

genetic basis, and several ecologically relevant QTLs were independent of incompatibility loci, 

indicating potential for hybrid offspring to combine novel trait combinations absent in either parent. 

Fine mapping of the largest-effect QTL, associated with flowering time and explaining 23% of 

phenotypic variation, conducted on 410 F3 individuals, identified TFL1 as a regulator close to age 

pathway, excluding FLC and CO as contributors within this QTL region. Lastly, contrary to our 

expectations, A. nemorensis showed a larger biomass. Also unexpectedly, the root-to-shoot ratio 

did not differ significantly between the species. These observations suggest potential genetic 

similarities in their nutrient allocation strategies. However, I recommend further experiments under 

varying soil conditions to validate these findings. 

 

 

Keywords: introgression, RAD sequencing, QTL mapping, incompatibilities, TFL1. 
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Zusammenfassung 

Die Entschlüsselung der genetischen Grundlagen ökologischer Unterschiede zwischen 

hybridisierenden Arten ist wesentlich, um ihre adaptiven Reaktionen auf den Klimawandel und 

menschliche Aktivitäten vorherzusagen. Frühere Studien identifizierten einen 

Hybridisierungshotspot am Rhein, der episodischen Genfluss zwischen Arabis nemorensis und 

A. sagittata hervorhebt. Ich quantifizierte interspezifische Unterschiede in 22 phänotypischen 

Merkmalen zwischen diesen eng verwandten Arten. Um die genetische Architektur, die diesen 

Unterschieden zugrunde liegt, zu untersuchen, erstellte ich eine genetische Karte für A. 

nemorensis und A. sagittata unter Verwendung einer interspezifischen F2-Population von 742 

Individuen, die aus reziproken Kreuzungen sympatrischer Eltern abgeleitet wurden. Die 

genetische Karte, die 2.082 SNPs über acht Kopplungsgruppen umfasst, lieferte eine genetisch 

validierte Genomassemblierung für beide Arten. 

Mit dieser Karte identifizierte ich die genetische Basis von 20 phänotypischen Merkmalen und 

entdeckte 58 quantitative Trait-Loci (QTLs), die über das Genom verteilt sind. Die Analyse der 

Fruchtbarkeitsvariation und der Segregationsverzerrungen zeigte sechs QTLs mit großer 

Wirkung, die mit signifikanten Fitnessverlusten bei Hybriden assoziiert sind. Während F₂-

Hybriden im Allgemeinen eine geringere Samenproduktion als die Elternlinien aufwiesen, zeigten 

einige Hybriden extreme Merkmalswerte und Muster transgressiver Segregation. 

Inkompatibilitäts-QTLs hatten eine einfache genetische Grundlage, und mehrere ökologisch 

relevante QTLs waren unabhängig von Inkompatibilitätsloci, was auf das Potenzial der 

Hybridnachkommen hinweist, neuartige Merkmalskombinationen zu kombinieren, die in keinem 

der Eltern vorhanden sind. 

Die Feinkartierung des QTL mit der größten Wirkung, das mit der Blütezeit assoziiert ist und 23 % 

der phänotypischen Variation erklärt, durchgeführt an 410 F3-Individuen, identifizierte TFL1 als 

Regulator nahe dem Altersweg und schloss FLC und CO als Beitragende innerhalb dieser QTL-

Region aus. Letztlich zeigte A. nemorensis entgegen unseren Erwartungen eine größere 

Biomasse. Auch unerwartet unterschied sich das Wurzel-Spross-Verhältnis zwischen den Arten 

nicht signifikant. Diese Beobachtungen deuten auf potenzielle genetische Ähnlichkeiten in ihren 

Strategien zur Nährstoffverteilung hin. Allerdings empfehle ich weitere Experimente unter 

unterschiedlichen Bodenbedingungen, um diese Ergebnisse zu validieren. 
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1.  Introduction 

 

“Does species richness 

bear on gene diversity? 

We ask the meadow.” 

—Jochen Wolf 

(Eisenhauer et al. 2019) 

 

Biodiversity is crucial for the structure and functioning of ecosystems (Staudinger et al. 2012). 

The direct impact of human activity and the escalating threat of climate change have initiated the 

sixth Mass Extinction (Cochrane et al. 2016; Ceballos et al. 2020; Cowie et al. 2022; IPCC 2023). 

The consequences of biodiversity loss have sparked global concern (Hooper et al. 2002; 

Eichenberg et al. 2021; Theissinger et al. 2023) and prompted investigations into how species 

may cope with these challenges (Moore & Hendry 2009; Bontrager & Angert 2018; Schlaepfer 

and Lawler 2022). Rapid shifts in the environment bring out four responses: 1) adaptive 

phenotypic plasticity (a near-term solution), 2) dispersal to more suitable habitats (a long-term 

solution), 3) genetic adaptation via selection of new mutations, and 4) introgression of pre-

adapted alleles via interspecific hybridization (Hansen et al. 2012; Anderson et al. 2012; Chunco 

2014; Brauer et al. 2023). Among these four potential responses, the acquisition of pre-adapted 

alleles could be the fastest way to rescue endangered species.  

1.1. Species responses to rapid environmental changes 

1.1.1. Adaptive Phenotypic Plasticity 

Phenotypic plasticity in plants refers to their ability to exhibit new phenotypes in response to 

environmental conditions, altering growth, development, morphology, or physiology. This 

variation can influence adaptive evolution over time (Anderson et al. 2012; He et al. 2021; Stotz 

et al. 2021; Adams III et al. 2023). While plasticity has its limitations for adaptation, it enables 

plants to optimize survival and reproduction in diverse and often unpredictable environments (He 

https://riojournal.com/article/47042/
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et al. 2024). For example, in response to varying light availability, many plants exhibit shade 

avoidance syndrome, elongating stems, petioles, and lamina to compete for light in dense 

canopies (Ballaré & Pierik 2017; Yin et al. 2024). Similarly, roots adjust their growth patterns to 

explore nutrient-rich soil, a response commonly observed in heterogeneous nutrient 

environments (Lynch 2019; Lynch et al. 2023). This flexibility allows plants to maximize resource 

use efficiency and adapt to changing conditions within short time scales. 

Phenotypic plasticity also presents in traits such as leaf morphology. For instance, semi-aquatic 

plants exhibit heterophylly, producing distinct leaf types depending on whether they grow 

submerged or above water. Submerged leaves, such as those in Potamogeton, lack stomata and 

cuticles, are thinner, and are better suited for aquatic environments, whereas aerial leaves are 

thicker, covered by cutin, and equipped with stomata for gas exchange (Wells & Pigliucci 2000). 

Additionally, plants exposed to herbivory demonstrate various strategies to reduce stress. For 

example, grazing by herbivores can drive evolutionary or ecological shifts in grass species, 

favoring low-growth habits that minimize damage (Didiano et al. 2014; Ohgushi 2016). These 

examples highlight phenotypic plasticity as a critical survival mechanism across diverse 

ecosystems, emphasizing its role in plant ecological success and adaptive potential. 

1.1.2. Dispersal to Other Habitats 

Dispersal, defined as the unidirectional movement of organisms, primarily occurs during the early 

stages of plant life (Levin et al. 2003; Nathan 2006; Lososová et al. 2023; van Leeuwen et al. 

2022). Dispersal to more suitable habitats is important for shaping the spatial dynamics of plants 

(van Leeuwen et al. 2014). It is one of the key strategies plants employ to ensure survival, 

reproductive success, range expansion, and genetic variability in response to changing 

environments (Nathan et al. 2008; van Leeuwen et al. 2022; Wu et al. 2023). By dispersing seeds 

or spores, plants reduce competition, avoid localized environmental stress, colonize favorable 

habitats, and escape the risks of inbreeding (Nathan et al. 2008; Wu et al. 2023). 

For example, in the genus Rorippa (Brassicaceae), Han et al. (2023) observed that these plants 

originated in Eurasia and North America before undergoing long-distance dispersal (LDD) to other 

continents. Their findings also revealed that polyploidy enhances dispersal, and together with 

LDD, has significantly shaped the biogeography of these plants. Dispersal in Rorippa is often 

facilitated by flooding and migrating shorebirds, leveraging the seeds' high tolerance to flooding. 

These mechanisms highlight the importance of dispersal in providing plants with resilience against 

habitat fragmentation and environmental variability (Wu et al. 2023). 
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1.1.3. Selection of New Mutations 

Genetic adaptation in plants involves the rapid increase in the frequency of advantageous alleles 

or the emergence of mutations with significant effects (e.g., pesticide resistance), enabling 

populations to better withstand environmental pressures (Anderson et al. 2012; Martin & 

Orgogozo 2013; Kreiner et al. 2018). The speed of adaptation is influenced by factors such as 

the occurrence rate of adaptive mutations, the fixation rate of new advantageous alleles, and the 

time required for fixation (Charlesworth 2020; Korfmann et al. 2023). 

A notable example of genetic adaptation is the evolution of herbicide resistance in plants. 

Research using candidate gene sequencing has elucidated that target-site resistance (TSR) 

mutations alter proteins, preventing herbicides from binding to their target site (Baucom 2019). 

These genetic changes, often caused by major-effect mutations, confer survival advantages, 

allowing plants to thrive despite herbicide application. 

Another example is the adaptation of Arabidopsis thaliana to diverse climatic conditions across 

its geographical range. Studies have identified allelic variations in the FRIGIDA (FRI) gene that 

regulate flowering time which is crucial for plant fitness (Johanson et al. 2000; Le Corre et al. 

2002; Korves et al. 2007). Mutations or recombination events within the FRI region lead to early 

flowering in fri mutants (loss-of-function of FRI). This early flowering trait provides a selective 

advantage in regions with shorter growing seasons, demonstrating a clear example of positive 

selection (Le Corre et al. 2002; Maple et al. 2024). 

1.1.4. Introgression of Pre-adapted Alleles 

Adaptive introgression is the process by which beneficial, pre-adapted alleles from one species 

or population are transferred to another through hybridization, facilitating adaptation (Anderson & 

Hubricht 1938; Olson-Manning et al. 2012; Hedrick 2013). This genetic exchange enables 

recipient populations to rapidly acquire advantageous traits without relying on the independent 

occurrence and fixation of mutations (Mallet et al. 2015; Schmickl et al. 2017). In plants, adaptive 

introgression has played a critical role in driving ecological and evolutionary success in response 

to both biotic and abiotic factors (Hedrick 2013; Mallet et al. 2015). 

A notable example of adaptive introgression is the transfer of abiotic tolerance traits through 

hybridization between sunflower species (Helianthus). Traits from H. debilis were initially thought 

to be favored during hybridization due to their contribution to higher growth rates and fitness 
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before the onset of hot and dry seasons (Whitney et al. 2010). Later, Todesco et al. (2020) 

demonstrated that early flowering adaptive alleles in non-recombining haplotype blocks originated 

from H. argophyllus, and were enriched among locally adapted introgressed genomic fragments 

in H. annuus. However, subsequent studies by Owens et al. (2021) revealed that the introgressed 

regions from H. argophyllus were not responsible for adaptation. Instead, they showed that the 

adaptive alleles originated from incomplete lineage sorting (ILS). 

This underscores the complexities in identifying the source and adaptive value of introgressions. 

Demonstrating whether the alleles are adaptive is challenging, as both positive selection (e.g., 

Gasterosteus: Aguirre et al. 2022) and negative selection (e.g., Xiphophorus: Schumer et al. 

2014) leave similar effects and signatures in the genome. Both processes result in heterogeneous 

introgression patterns along the genome, complicating interpretations. 

In the next section, I delve deeper into the concept of interspecific hybridization. 

1.2. Interspecific hybridization  

Hybridization, the interbreeding of individuals from genetically distinct populations or species, 

occurs frequently among close relatives (Blanckaert et al. 2023; Peñalba et al. 2024; Rosser et 

al. 2024). It can have both advantageous and detrimental consequences on the species receiving 

gene flow (Todesco et al. 2016; Ma et al. 2019; Dittberner et al. 2022; Blanckaert et al. 2023; 

Nocchi et al. 2023; Thawornwattana et al. 2023; Theissinger et al. 2023). First, interspecific 

hybridization can enable the transfer of locally adapted alleles across species barriers and thus 

enhance the adaptive potential of species (Seehausen 2004; Pfennig et al. 2016; Abbott 2017). 

Indeed, if hybridization occurs between populations with different ecological specializations, it can 

give rise to new, viable, and fertile hybrids equipped with novel trait combinations. Such 

combinations may improve the fitness of the population or even enable the colonization of 

previously untapped habitats (Buerkle et al. 2000; Rieseberg et al. 2003; Mallet 2007; Abbott et 

al. 2013; Blanckaert et al. 2023). This process can contribute to rescue endangered species and 

thus maintains diversity. For example, the genus Pachyclasdon appears to have survived the Last 

Glacial Maximum thanks to genetic information transferred through hybridization in alpine refugia 

of New Zealand’s South Island (Becker et al. 2013). Hybrid populations between generalists and 

narrow range endemic rainbowfishes (Melanotaenia spp.) were well adapted to environmental 

changes under the effects of introgression (Brauer et al. 2023). Hybridization has been even 

proposed to promote the formation of new species, a phenomenon referred to as "hybrid 



15 

speciation", which nevertheless remains controversial (Anderson & Stebbins 1954; Ellstrand & 

Schierenbeck 2000; Schumer et al. 2015). 

The deleterious effects of hybridization are easier to detect. Indeed, allelic incompatibilities can 

cause massive fitness effects, when gene pools reunite after years of evolution in isolation (e.g., 

Drosophila [Masly & Presgraves 2007; Cooper et al. 2018]; Mimulus [Zuellig & Sweigart 2018]; 

Mus [White et al. 2011; White et al. 2012; Wang et al. 2015]; Xiphophorus [Schumer et al. 2014; 

Schumer and Brandvain 2016; Powell et al. 2020; Moran et al. 2024]; Bomblies & Weigel 2007; 

Presgraves 2010; Coughlan & Matute 2020; Li et al. 2022). The overall fitness of the hybridizing 

population will be reduced if a significant amount of resources is used to produce poorly 

performing hybrids (Rhymer & Simberloff 1996; Todesco et al. 2016; Goulet et al. 2016). This 

phenomenon, sometimes described as demographic swamping, elevates the risk of extinction or 

selects for allelic variation reinforcing species isolation (Goulet et al. 2016; Ma et al. 2019; Brauer 

et al. 2023).  

Despite the interest for the positive consequences of hybridization and the abundant evidence for 

allelic incompatibilities (Bomblies & Weigel 2007), little is known about how the positive or the 

negative effects of hybridization interact and condition the emergence of a genotype carrying 

adaptive alleles in a background, where detrimental effects have been recombined out. Such 

“super genotypes”, although rare in the offspring of the first generation of poorly performing 

hybrids, may be the new and exceptional combination of adaptive alleles that determines the 

evolutionary success of hybridization.  

The goal of this thesis is to investigate how the positive and negative effects of hybridization can 

be genetically disentangled in offspring populations, with a focus on A. nemorensis and A. 

sagittata, two endangered hybridizing floodplain species. By examining growth variation under 

nutrient-limiting conditions, the genetic architecture of phenotypic differences, and the genetic 

basis of flowering time variation, this research aims to understand the balance between 

detrimental and adaptive effects of alleles in hybrid offspring. Specifically, it seeks to determine 

whether "super genotypes," which combine advantageous traits while minimizing deleterious 

effects, can emerge through hybridization. Through the integration of phenotypic analyses, 

quantitative trait locus (QTL) mapping, and fine-mapping approaches, this study addresses 

fundamental questions about the evolutionary potential of hybridization, providing insights into 

how hybrid genotypes may drive adaptation and evolutionary success in natural populations. 
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1.3. Study system 

Here, we focused on a hybridization hotspot located along the banks of the Rhine near Mainz, 

Germany, where two endangered floodplain species hybridize (Dittberner et al. 2019; Dittberner 

et al. 2022). Arabis nemorensis, a species within the Brassicaceae family (Arabis hirsuta tribe), 

inhabits flood meadows and is currently in a critical state in Central Europe, requiring special 

attention from conservation authorities (Schnittler & Günther 1999; Burmeier et al. 2011). A. 

nemorensis is self-pollinating and exhibits low levels of nucleotide diversity. Its endangered status 

is further intensified by its unique ecological requirements, and the loss of its natural habitat 

(Hölzel 2005; Burmeier et al. 2011; Mathar et al. 2015; Dittberner et al. 2019). It hybridizes with 

A. sagittata, another member of the same phylogenetic tribe (Karl & Koch 2014), that is 

morphologically very similar, but is commonly found in calcareous grasslands and thus possibly 

more tolerant to drought (Dittberner et al. 2022). A. sagittata was recently observed in floodplains, 

where it naturally hybridizes with A. nemorensis (Dittberner et al. 2019; Dittberner et al. 2022). 

Introgression analysis has revealed that gene flow between A. nemorensis and A. sagittata is not 

restricted to the sympatric population (Dittberner et al. 2022). According to Dittberner et al. (2019; 

2021), introgression between these species occurred heterogeneously in the past and in both 

directions. However, contemporary gene flow is more frequent from A. nemorensis to A. sagittata 

and confined to a narrow area on the Rhine, where intraspecific genetic variation is extremely low 

(Dittberner et al. 2019; Dittberner et al. 2022). Additionally, population genetics analyses 

estimated the divergence between A. nemorensis and A. sagittata around 900 000 generations 

ago (Dittberner et al. 2022). During the last glaciation, populations were mostly isolated from each 

other (Dittberner et al. 2022). 

1.4. Thesis aims 

1.4.1. Chapter 1: Growth variation under nutrient-limiting conditions 

To study the growth variation under nutrient-limiting conditions, I conducted an experiment with 

159 plants from 10 accessions of Arabis nemorensis and A. sagittata, representing four 

populations (Adl-1, Con-1, Lob, and Rhine). Seeds were stratified, germinated, and grown under 

controlled conditions in a growth chamber. Seedlings were then transplanted into pots containing 

a nutrient-limited soil-sand mixture. Plant growth was monitored through periodic photography, 
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and fresh and dry weights of shoots and roots were measured to calculate the dry root-to-shoot 

ratio.  

Statistical analyses, including a linear mixed-effects model and ANOVA, revealed no significant 

difference in dry root-to-shoot ratios between the two species (p=0.263). These findings suggest 

that nutrient allocation strategies in these hybridizing species may be more similar than expected, 

with A. sagittata not exhibiting a stronger investment in root formation compared to A. nemorensis 

under nutrient-limiting conditions. 

1.4.2. Chapter 2: Genetic architecture of phenotypic differences between 

endangered hybridizing Arabis floodplain species 

I investigated the genetic basis of interspecific differences between two endangered hybridizing 

Arabis floodplain species, A. nemorensis and A. sagittata. Using an F2 progeny from a reciprocal 

cross between A. nemorensis and A. sagittata collected from the natural hybridizing hotspot, I 

mapped loci controlling interspecific differences. My research aimed to address the following 

questions: 

What are the phenotypic differences in relevant ecological traits? 

What is the genetic architecture of interspecific differences in this hybridizing hotspot? 

Can a "super-genotype" arise, combining ecologically relevant traits with higher fitness? 

The study confirmed significant phenotypic differences between the two species. While some F2 

hybrids exhibited extreme trait values and patterns of transgressive segregation, most produced 

fewer seeds compared to their parental lines. Genetically based differences were detected for 

several ecologically relevant traits, revealing that incompatibility QTLs have a simple genetic 

basis. Furthermore, some ecologically relevant QTLs were independent of the incompatibility 

QTLs and segregation distortion regions, suggesting the potential for recombination to create 

favorable trait combinations. Thus, these findings indicate that a small fraction of hybridization 

offspring has the potential to harbor a genotype totalling properties that none of the parents have. 

1.4.3. Chapter 3: Flowering time QTL fine-mapping 

From the 58 QTLs identified for 20 ecologically relevant traits, the largest QTL was associated 

with flowering time, explaining 22.7% of the variation. To investigate the genetic basis of flowering 
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time variation in Arabis hybrids, I conducted a fine-mapping experiment targeting this major QTL, 

located on chromosome 8. Fifteen F2 lines heterozygous for the target QTL and homozygous for 

other flowering QTLs were selected, and 30 F3 seeds per line were grown across two common 

garden trials. 

Using species-specific PCR markers, I identified 138 recombinants among 410 individuals, 

refining the QTL region to a ~300 kb interval containing 64 genes, 38 of which have orthologs in 

Arabidopsis thaliana. The study revealed that TFL1, a gene associated with the photoperiod 

flowering pathway, regulates flowering time independently of other traits such as plant height and 

stem leaf density. This fine-mapping experiment provided key insights into the genetic basis of 

flowering time variation in the Arabis F3 population. 
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2.  Materials and Methods 

Chapter 1: Growth variation under nutrient-limiting conditions 

Nutrient Limitation Experiment and Phenotyping 

On January 20, 2022, I stratified seeds from different accessions of Arabis nemorensis and Arabis 

sagittata from various populations, as described in Dittberner et al. (2022). Seeds were stratified 

at 4°C for four days in darkness. On January 25, 2022, I sowed three seeds per accession per 

pot in seedling trays filled with ‘Topferde’ soil (Einheitserde, Sinntal-Altengronau, Germany). 

Accessions were randomly distributed within the seedling trays. The trays were then placed in a 

growth chamber for two weeks to allow germination (20°C during the day / 16°C at night; 60% 

relative humidity; 10 hours of light / 14 hours of darkness). 

On February 9, 2022, I transferred the germinated seedlings to 9x9 cm pots filled with a mixture 

of 5% ‘Topferde’ and 95% quartz sand, and randomly distributed them across 13 trays. The trays 

were placed in a growth chamber for seven weeks to measure plant growth under nutrient-limiting 

conditions (20°C during the day / 16°C at night; 50% relative humidity; 12 hours of light / 12 hours 

of darkness). Plants were watered as needed. 

On March 30, 2022, I measured the fresh weight of each pot. I then washed the plants to remove 

sand, separated the shoots from the roots, and placed each in separate paper bags (one bag per 

plant part: shoot and root). I recorded the fresh weight of each plant’s shoot and root by weighing 

the bags both empty and with the plant material. The bags were then dried for four days at 40°C, 

after that I measured the dry weight of each. 

Statistical Analyses 

Using the fresh and dry weights of each plant’s shoots and roots, I calculated the root-to-shoot 

ratio. I employed a linear mixed-effects model (lmer) from the lmerTest package in R (version 3.1-

3), controlling for tray and pot positions within trays, to assess the effect of species on variation 

in the dry root weight, dry shoot weight, and dry root-to-shoot ratio. Finally, I also performed an 

ANOVA to determine if species had a significant effect on these traits.  
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Chapter 2: Genetic architecture of phenotypic differences between 

endangered hybridizing Arabis floodplain species  

Common Garden Experiment and Phenotyping 

In 2019, Dr. H. Dittberner crossed sympatric Arabis nemorensis and Arabis sagittata plants which 

had been collected from the banks of the Rhine near Mainz in Riedstadt, Hessen, Germany and 

fully sequenced (Dittberner et al. 2019; Dittberner et al. 2022). Since nucleotide diversity within 

the population is very low (Dittberner et al. 2019), we assume here that differences between these 

genotypes reflect species differences. Plants were reciprocally crossed to generate F1s, and 

seedlings were grown in the greenhouse at the Experimental Garden of the University of Cologne. 

The seeds of the first generation of selfing (F2) were harvested.  

On October 5, 2019, Dr. H. Dittberner and Y. Özoglan sowed F2 seeds (two seeds per line) in 

seedling trays. After two weeks of vernalisation and germination, they transplanted seedlings into 

7x7 cm pots filled with ‘Topferde’ soil (Einheitserde, Sinntal-Altengronau, Germany), always 

placing one seedling per pot. In total, 1204 individual plants (both hybrids and parents replicates) 

were distributed across 43 trays, which were put in cold frames to accelerate growth and prevent 

frost damage from November 8 to December 13, 2018. Photographs of each tray were taken on 

November 19, 2018, using a Canon EOS camera, and plant rosette sizes were measured using 

ImageJ.  

On December 13, 2019, trays were transferred to bird-protected cages under semi-natural 

conditions. Leaf harvesting was done on December 19, 2019, for plants that had reached 

sufficient size (~50 mg of leaves per plant), and continued through January, February, and March 

2019. Harvested rosette leaves were stored at -80°C for DNA extraction.  

On March 1, 2019, eight trays were moved to cold frames for a 10-day recovery period of potential 

stress. A total of 199 F2 individual plants, seven A. nemorensis, and seven A. sagittata individuals 

were submerged in transparent boxes containing 17 L of water each for seven weeks. Plants 

were randomized and distributed across eight boxes, which were kept in cold frames throughout 

the submergence experiment. After seven weeks of complete submergence, plants were removed 

from water and left to recover. Then, their survival status was documented. Following a two-week 

recovery period, Dr. H. Dittberner and Y. Özoglan again recorded the survival status of plants, 
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categorizing plants as either died, survived with new leaf growth, or survived and bolted. During 

recovery, pots remained in cold frames and watered as needed.  

For dry biomass measurement, roots were separated from the soil with a gentle water flow. Each 

plant was photographed with a Canon EOS camera for further analysis, then dried in a VWR Dry-

Liner. Roots and shoots were subsequently weighed separately. 

In total, Dr. H. Dittberner, Y. Özoglan, and I phenotyped plants for more than 20 traits grouped 

into five categories: 1) Fitness: seed mass from 10 randomly selected siliques or fertility score, 

and submergence survival status; 2) Growth: rosette diameter at four time points (November 19, 

2018; January 8, 2019; February 7, 2019; March 13, 2019), inflorescence height, side and ground 

shoot number, and dry root/shoot ratio; 3) Timing: bolting and flowering times; 4) Leaf Traits: stem 

leaf number, leaf length, petiole length, lamina length, lamina length/width ratio, leaf margin type 

(serrated or smooth), leaf width, and petal length; and 5) Stem Traits: stem leaf density, stem leaf 

length and width, and stem height. 

Phenotypic Analyses 

To assess phenotypic differences between the two species, I used a generalized linear model 

(glm) with a quasi-Poisson family structure in a loop to analyze each trait, controlling for 

environmental effects, in R. A t-test from the stats package in R (version 3.6.2) was then applied 

to the residuals of the models to calculate the significance of differences (p-value < 0.05) between 

the two groups (A. nemorensis and A. sagittata, each with 35 replicates) for each trait. I used 

ggplot2 (version 3.5.1; Wickham 2016) to visualize the distribution of phenotypes for both F2 and 

parental replicates in a single plot per trait, helping in the understanding of transgressive 

segregation within the F2 population. 

For phenotypic correlations in the F2 population, I employed a mixed-effects model approach 

(glm, family = quasi-Poisson) to account for random variation attributed to experimental blocks, 

cross direction due to reciprocal cross. Residuals were extracted for each trait, and pairwise 

Spearman correlations were calculated using the cor function from the stats package in R (version 

3.6.2), applying pairwise deletion to handle missing data. This resulting correlation matrix was 

used to generate both a network structure and a clustered heatmap, representing the significance 

of correlations. I used the qgraph package (version 1.9.5-2), with edges illustrating significant 

correlations in the network structure, and ggcorrplot function from the ggcorrplot package (version 

0.1.4.1) to visualize the heatmap. 
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DNA Extraction and RAD-seq Library Construction 

In March 2021, DNA was extracted from leaves stored at -80°C using the NucleoSpin® 8 Plant II 

protocol. I genotyped 801 F2 individuals following the restriction-site-associated DNA sequencing 

(RAD-seq) protocol described in Dittberner et al. (2019). DNA quantification was performed using 

the Qubit® 3.0 Fluorometer. For each sample, a total of 250 ng of genomic DNA were digested 

with the KpnI-HF restriction enzyme (New England Biolabs). 

Each digested sample was then ligated with one individually barcoded modified Illumina P1 

adapter, containing 5 bp random nucleotides to allow for the removal of PCR duplicates in later 

processing steps. A total of 20 different barcodes were used, and 52 pools of 20 barcoded 

individuals each were constructed, with all pools standardized to equal volume and concentration. 

Library sequencing was conducted in four separate runs at the Cologne Center for Genomics 

(CCG) on an Illumina NovaSeq platform. For 46 pools, sequencing length was 2x100 bp, 

generating approximately 3 million reads per individual, while the remaining six pools were 

sequenced at 2x150 bp, yielding approximately 6 million reads per individual. 

Genome Assembly 

In order to improve previous genome assemblies, the DNA of both parental lines was sequenced 

with PacBio HiFi technology and Hi-C data. Dr. T. Ali used Jellyfish (version 2.3.0; Marcais & 

Kingsford 2011) to count k-mers of size 21 in the 2.18 and 1.98 million reads obtained for Arabis 

nemorensis and A. sagittata, respectively. The k-mer histogram generated by Jellyfish was then 

processed with GenomeScope (version 2.0; Ranallo-Benavidez et al. 2020) to estimate genome 

size, heterozygosity, and repetitiveness. HiFiAdapterFilt (version 2.0.0; Sim et al. 2022) was used 

to remove residue PacBio adapter sequences from the HiFi reads. Then, hifiasm was used again 

to assemble the filtered HiFi reads (version 0.16.1; Cheng et al. 2021; Cheng et al. 2022) with 

integration of Hi-C data. To scaffold the primary assembly produced by hifiasm, Dr. T. Ali 

employed RagTag (version 2.1.0; Alonge et al. 2022), using the A. alpina assembly as a 

reference. 

Analysis of RAD-seq Data and SNP Calling 

To assess the quality of RAD-seq reads, I used FastQC (version 0.11.9; Andrews 2010). PCR 

duplicates were removed using the clone_filter module in Stacks (version 2.59; Catchen et al. 

2013), based on a 5 bp random nucleotide sequence at the end of each adapter. Adapter trimming 
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and removal of reads shorter than 60 bp were performed using Cutadapt (version 1.18; Martin 

2011). I demultiplexed samples and filtered out reads with ambiguous barcodes (allowing one 

mismatch), cut sites, uncalled bases, and low-quality reads (default threshold) using the 

process_radtags module in Stacks (version 2.59). Reference-based mapping and read filtering 

were conducted with BWA (version 0.7.17; Li & Durbin 2009) using default settings against the A. 

nemorensis reference genome, along with SAMtools (version 1.10; Li et al. 2009) and bash scripts 

from Rivera-Colón & Catchen (2022). 

Variant calling for 801 individuals was performed using BCFtools mpileup and call (version 1.18; 

Li et al. 2009) under specific criteria: a base quality score greater than 30, base quality 

recalculation (-E option), and SNP calling with a significance threshold of p-value < 0.05. 

Genotyped loci were filtered using VCFtools (version 0.1.17; Danecek et al. 2011) to exclude loci 

with over 50% missing data across individuals. Only biallelic sites were retained, and indels were 

removed. Individuals with more than 60% missing data were excluded, resulting in a final set of 

781 individuals for analysis. Further filters were applied to site and genotype depth (--min-

meanDP 4 --max-meanDP 40 --minDP 5 --maxDP 40), and sites with over 70% missing data were 

removed. Loci spaced less than 100 bp apart were clustered into RAD regions as described by 

Dittberner et al. (2019). Regions with abnormally high or low coverage were excluded based on 

specific thresholds: mean coverage greater than twice the overall mean or less than one-third, 

maximum coverage exceeding twice the mean maximum coverage across all regions, or regions 

shorter than 150 bp. Sites absent in parental lines and ambiguous bases were also removed.  

Finally, I applied a minor allele frequency filter (--maf 0.25) to the dataset. SNPs (single nucleotide 

polymorphisms) were extracted using VCFtools (version 0.1.17; Danecek et al. 2011) and custom 

Python scripts, resulting in a final VCF file containing 5,360 SNP markers across 781 individuals. 

Linkage Map Construction, Genotype Correction, Segregation Distortion, 

and Selection Coefficient 

The genetic map was constructed using a high-quality dataset of 5360 SNP markers, with the 

R/qtl (version 1.66; Broman et al. 2003) and ASMap (version 1.0-7; Taylor & Butler 2017) 

packages in R (version 4.2.3). Detailed methodology and scripts for this process are available in 

the Appendix repository on GitHub, under Chapter 2, Genetic Map section. I applied filtering 

procedures to 781 individuals to assess missing data, removing 37 individuals with missing data 

exceeding 3,500 loci and excluding two additional individuals due to mislabeling. Duplicated 
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markers were identified and removed, resulting in the discarding of 47 markers. Markers with 

more than 23% missing data were subsequently filtered out. The analysis of the remaining 2164 

markers included examining their distribution across the genome, comparing segregation 

distortion patterns with allelic proportions and missingness, and excluding outliers based on allelic 

proportions. I further removed markers with fractions of heterozygotes lower than 25% or higher 

than 75%. This process resulted in 2,096 remaining markers. 

To improve genotype accuracy, particularly for heterozygous loci located in low coverage regions, 

I developed a Python script to correct miscalled genotypes and impute missing data using a sliding 

window approach. A window size of 2 Mb with a 0.5 Mb step size provided the most effective 

correction and imputation. No further markers or individuals were removed after this correction 

and imputation step. The finalized dataset was then used to construct the genetic map in ASMap, 

applying the ‘Kosambi’ mapping function. 

Chromosomal orientation was assessed using the constructed genetic map, identifying inversions 

on chromosomes 3, 4, 6, and 7 due to assembly issues. These regions were adjusted by inverting 

physical distances on the genetic map. I also used RepeatMasker (version 4.1.6; Smit et al. 2015) 

on genome annotations to detect and remove markers within repetitive regions. This final analysis 

produced a genetic map of 2,082 markers distributed across eight chromosomes for 742 

individuals. I assessed deviation from Hardy-Weinberg equilibrium (HWE) within each region by 

applying a test of segregation distortion (profileMark) for each marker with Bonferroni correction 

using the ASMap package in R. Selection coefficients were then inferred in these regions, with 

significance tested using the Z-score test (Figure 6)  For each SNP, the expected frequency 

(p=0.5) and observed frequency were used to estimate the selection coefficient (s). The selection 

coefficient was derived as 𝑠 = Δ𝑝 / 𝑝(1−𝑝), where Δ𝑝 represents the difference between the 

observed and expected frequencies. For assessing the significance of coefficients, a Z-score test 

was performed. The Z-scores were calculated using the standard deviation of selection 

coefficients across the entire dataset and per chromosome to account for chromosome-specific 

variations. P-values were obtained from the Z-scores, and SNPs with 𝑝<0.05 were classified as 

significant, indicating potential selection events. 

QTL Mapping 

QTL analyses were conducted using the R/qtl and QTLtools packages (version 1.66; Broman et 

al. 2003; version 1.3.1; Delaneau et al. 2017) in R. I performed QTL mapping on the residuals 

extracted from models that accounted for environmental effects on the phenotypes of 22 traits 
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listed in Table 3. For efficiency of the process, I wrote a loop to sequentially analyze each of the 

22 traits. 

For each trait, I used the scantwo function to perform a two-dimensional genome scan with a two-

QTL model, applying the Haley–Knott regression algorithm (Haley & Knott 1992). Penalties were 

calculated from 1,000 permutations of the scantwo function to support the stepwise fitting of 

multiple QTL models. The stepwiseqtl function was then employed, with a maximum of five QTL, 

using Haley–Knott regression to search for optimized models. I activated the refine.locations 

option in stepwiseqtl to improve the localization of QTLs and deactivated the additive.only option 

to allow for potential interactions between QTLs in the model. 

I then looked into the summary output of stepwiseqtl to obtain information on the percent variance 

explained by each QTL, as well as the peak LOD scores, and the additive (a) and dominance (d) 

effects for each significant QTL identified in the best stepwise models for each trait. For each 

identified QTL, I determined the 1.5 LOD confidence interval using the lodint function in R/qtl. 

Finally, I used the segmentsOnMap function from QTLtools to visualize QTL segments on the 

genetic map, and ggplot2 (version 3.5.1; Wickham 2016) to plot QTL effect sizes using the LOD 

scores obtained from the summary output of stepwiseqtl. 
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Chapter 3: Flowering time QTL fine-mapping 

Common Garden Experiment and Phenotyping 

For the fine-mapping experiment targeting the largest QTL associated with Days to Flowering 

(first QTL on chromosome 8), I identified F2 lines that were heterozygous for the QTL of interest 

and homozygous for other Days to Flowering QTLs, resulting in a total of 15 lines (Table 5). I 

sowed 90 F3 seeds per line in seedling trays and transferred them to the cold chamber for 

vernalisation, planting three seeds per pot. After two weeks, I transplanted one seedling into each 

7x7 cm pot filled with 'Topferde' (Einheitserde, Sinntal-Altengronau, Germany), resulting in 30 

seedlings per line, and pots kept in the greenhouse for six weeks. 

Then, plants were transplanted into larger 9x9 cm pots and moved to cold frames in the garden 

for seven weeks. During this period, leaf material was harvested from each plant, and DNA was 

extracted from fresh leaves using the NucleoSpin® 8 Plant II protocol. The plants were then 

transferred to new 11x11 cm pots and placed on tables in the garden under a bird-protected cage. 

In total, I phenotyped flowering time, inflorescence height, internode length, number of shoots, 

plant height, stem leaf density, stem height, and rosette diameter for 483 plants in two successive 

trials. The first trial began on September 26, 2022, and the second on November 16, 2022. 

Primer Design, PCR, and Statistical Analyses 

Geneious Prime® (version 2024.0.5) was used to design species-specific primers targeting the 

QTL region based on the A. nemorensis and A. sagittata genomes. A total of five pairs of PCR 

markers were developed, dividing the QTL region into four intervals. PCR was conducted to test 

these primers on plant DNA from 407 lines, for identifying recombinants and locating their 

recombination events within the predefined intervals. 

Given the observed variation in flowering time among F3 families and the environmental effects 

of the two trials, I constructed a quantitative model using the glm function from the stats package 

(version 3.6.2) in R, accounting for both genotypic (family) and environmental effects. This model 

was used to evaluate the effect of each interval in explaining the flowering time distribution. The 

same model was then applied to assess the impact of intervals on traits with overlapping QTLs in 

the same region from the F2 mapping population (Inflorescence Height, Rosette Diameter, and 
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Stem Height). Parental DNA and Nuclease-Free water used as positive and negative controls, 

respectively. 
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3.  Results 

Chapter 1: Growth variation under nutrient-limiting conditions 

A total of 159 plants from 10 different accessions were included in the statistical analyses of the 

dry root-to-shoot ratio experiment. These plants represented four different populations: Adl-1, 

Con-1, Lob, and Rhine. Germination and survival rates varied among the accessions, and not all 

germinated plants survived under nutrient-limiting conditions., with the summarized data 

presented in Table 1. 

Table 1. Overview of samples in the dry root-to-shoot ratio experiment in Arabis species. The number of 

germinated plants varied across accessions. 

Accession Species Population Germinated Survived 

10 A. nemorensis Rhine 20 16 

103 A. nemorensis Rhine 20 17 

104 A. nemorensis Rhine 20 13 

105 A. nemorensis Rhine 20 20 

296 A. nemorensis Con-1 12 11 

173 A. sagittata Adl-1 20 17 

261 A. sagittata Lob 20 20 

271 A. sagittata Lob 20 16 

275 A. sagittata Lob 19 15 

381 A. sagittata Rhine 17 14 

 

The minimum (0.01577) and maximum (0.67494) dry root-to-shoot ratios among the 159 

individuals analyzed—77 Arabis nemorensis and 82 A. sagittata—were detected in A. nemorensis 

(Appendix repository on GitHub, under Chapter 1). The mean ratio was 0.26362, with a median 

of 0.25272. Contrary to expectations that A. sagittata would grow slower under nutrient-limiting 

conditions and invest more in root formation, statistical analyses indicated no significant effect of 

species on the dry root-to-shoot ratio (p=0.263; Figure 1B). 
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Figure 1. Dry root-to-shoot ratio distribution in Arabis species. The distribution of dry root-to-shoot 

ratios in A. nemorensis and A. sagittata from different populations is shown. The dry root-to-shoot ratio was 

measured under nutrient-limiting conditions among 159 plants. (A) Displays the negative logarithm of the 

dry root-to-shoot ratio across all individuals. (B) Visualizes the variance in dry root-to-shoot ratios between 

the two species across different populations. Statistical analyses showed no significant difference between 

species (p=0.263). 

In addition to the root-to-shoot ratio, root-to-biomass and shoot-to-biomass ratios were measured, 

and no significant differences were observed between the species. However, biomass differed 

significantly between the species. A. sagittata had a mean biomass of 0.05627 and a median of 

0.05485, while A. nemorensis exhibited a significantly larger mean biomass of 0.07005 (p=9.47E-

06, Figure 2). Interestingly, this finding was contrary to expectations based on the ecological 

backgrounds of the species. A detailed summary of these results is provided in Table 2. 
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Notably, within the Rhine population—the hybridization hotspot—the effect of species on biomass 

was not significant (p=0.0614). However, the estimated effect size of -0.011669 for A. sagittata 

indicates that A. sagittata again showed a smaller mean biomass (Figure 3). 

Table 2. Statistical analysis of species effects on different traits under nutrient-limiting conditions. 

Traits represent dry weight measurements. Among the traits analyzed, only total biomass showed a 

significant difference between the species. 

Trait Estimated Effect A. sagittata Std. Error p-value 

Biomass -0.014231 0.003104 9.47E-06 

Shoot-to-Biomass -0.007727 0.006439 0.232 

Root-to-Biomass 0.00773 0.006439 0.232 

Root-to-Shoot 0.01223 0.01088 0.263 
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Figure 2. Dry biomass distribution in Arabis species. The dry biomass of 159 plants from different 

populations of A. nemorensis and A. sagittata is depicted. (A) Displays the negative logarithm of the 

biomass across all individuals. (B) Visualizes the variance in biomass between the two species across 

different populations. Statistical analysis revealed a significant difference in biomass between species, with 

A. nemorensis exhibiting greater biomass than A. sagittata (p=9.47E-06). 

 

 

Figure 3. Dry biomass distribution in Arabis species of the Rhine population. The variance in dry 

biomass of 81 different accessions of A. nemorensis (67) and A. sagittata (14) from the Rhine population 

is depicted. Statistical analysis revealed no significant difference in biomass between species (p=0.0614). 
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Chapter 2: Genetic architecture of phenotypic differences between 

endangered hybridizing Arabis floodplain species  

Phenotypic Differences of Ecologically Relevant Traits  

In total, 1,193 individuals germinated in the greenhouse and were set to grow in a common garden 

situated at the University of Cologne. A complete list of phenotypes measured in these 

experiments can be found in Table 3. All replicates of the A. nemorensis and A. sagittata survived 

the common garden experiment (35 A. nemorensis and 35 A. sagittata).  

Table 3. Phenotypic traits differences between parents. This table summarizes the phenotypic traits 

measured in the common garden experiment for F2 hybrids and their parental replicates (A. nemorensis 

and A. sagittata). Means represent the average value for each trait within parental replicates (35 individuals 

per species). The "Distance" column shows the absolute difference between the species' means. The p-

values indicate the significance of the difference between species based on t-statistics. Significance codes 

are as follows: *** (p < 0.001), ** (p < 0.01), and * (p < 0.05). 

Trait Mean A. nem Mean A. sag Distance p-value Significance 

Days to Bolting (B.T) 157.2857 169.2857 12 1.302E-19 *** 

Days to Flowering (F.T) 183.5714 193.4286 9.8571 5.556E-14 *** 

Fertility Score (W.S) 0.0298 0.0295 0.0004 6.238E-01  

Inflorescence Height (P.H) 35.25 34.5714 0.6786 4.537E-02 * 

Lamina Length (Lam) 1.2729 1.4646 0.1916 1.179E-03 ** 

Lamina L/W (LLW) 1.476 1.7938 0.3178 3.702E-12 *** 

Leaf Length (L.L) 1.5562 1.7161 0.1599 7.591E-01  

Leaf Width (L.W) 0.8589 0.8213 0.0376 1.667E-02 * 

Number of Stem Leaves (N.L) 28.1429 18.1429 10 4.567E-20 *** 

Petal Length (Pet) 4.0569 5.3579 1.301 1.887E-21 *** 

Petiole Length (Pti) 0.2833 0.2516 0.0317 1.084E-06 *** 

Rosette Diameter 1 (RD1) 1.8331 2.2419 0.4087 2.334E-01  

Rosette Diameter 2 (RD2) 3.2946 3.6893 0.3947 4.922E-03 ** 

Rosette Diameter 3 (RD3) 3.3611 3.4424 0.0813 1.502E-03 ** 

Rosette Diameter 4 (RD4) 3.8805 3.911 0.0305 7.447E-03 ** 
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Trait Mean A. nem Mean A. sag Distance p-value Significance 

Side Shoots (Ssh) 2.7857 2.1429 0.6429 2.802E-02 * 

Stem Height (S.H) 40.4286 34.4286 6 2.668E-09 *** 

Stem Leaf Density (SLD) 0.6979 0.5271 0.1707 5.508E-16 *** 

Stem Leaf Length (SLL) 2.3894 2.7921 0.4028 1.684E-04 *** 

Stem Leaf Width (SLW) 1.4021 1.2337 0.1684 2.966E-03 ** 

Petiole L/Lamina L (P.L) 0.2464 0.1886 0.0579 5.248E-07 *** 

Ground Shoots (Gsh) 0.2143 1.2857 1.0714 1.414E-08 *** 

 

Compared to A. sagittata, A. nemorensis flowered approximately 12 days earlier (p<0.001). 

Analysis of t-statistics on the residuals indicated that genotype had a significant effect on rosette 

diameter 1, 2, and 3 (p<0.01). However, the difference between A. sagittata and A. nemorensis 

rosette diameter 1, did not reach statistical significance (p=2.334E-01), with A. nemorensis still 

showing a reduction in diameter. Moreover, F2 hybrids display signatures of transgressive 

segregation, where many hybrids showed extreme trait values compared to their parents (Figure 

4). Although there was no significant difference between parents in the seed production (Fertility 

score or W.S, p=6.238E-01), outbreeding depression was seen for most of F2s (Figure 4). 

However, there were few individuals that had higher seed production compared to their parents. 

A. nemorensis individuals displayed a markedly higher number of stem leaves than A. sagittata 

(Mean difference = 10 leaves, p<0.001).  

Among the subset of 214 plants that were subjected to four weeks of flooding, there was no 

significant difference between the survival to flooding in these two species ( 𝜒2(1,N=14)=0.43, 

p=0.5116).  

The reciprocal cross effect analysis revealed significant impacts of cross direction on few traits, 

suggesting maternal influence and potential cytoplasmic effects (Table 4). Traits such as Stem 

Leaf Length (SLL, p=0.00003), Rosette Diameter at early stages (RD1, p=0.00008), and Petiole 

Length (Pti, p=0.00591) exhibited strong associations with the direction of the cross. Additionally, 

Petiole Length-to-Lamina Length Ratio (P.L, p=0.01190), Rosette Diameter 2 (RD2, p=0.01358), 

and Rosette Diameter 3 (RD3, p=0.03091) also displayed significant maternal effects, highlighting 

the potential contributions of maternal inheritance to these traits. 
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In contrast, most of traits, including Days to Bolting (B.T), Days to Flowering (F.T), Fertility Score 

(Seed Production or W.S), and structural traits like Inflorescence Height (P.H) and Number of 

Stem Leaves (N.L), showed no significant effects (p>0.05), indicating limited or negligible 

maternal influence. 

These results identify specific traits that are maternally influenced, providing valuable insights into 

the role of cytoplasmic inheritance and maternal effects in shaping the phenotype of the F2 

population. 

Table 4. Results of reciprocal cross effect analysis on phenotypic traits. The table summarizes the p-

values from the analysis of cross direction and maternal influence on phenotypic traits in the F2 population. 

Significant p-values are bolded for emphasis. 

Trait Estimated Effect A. sagitatta Female p-value 

Days to Bolting (B.T) 0.0073489 0.5911 

Days to Flowering (F.T) 0.008801 0.45541 

Fertility Score (W.S) 0.04619 0.8541 

Inflorescence Height (P.H) 0.007968 0.91211 

Lamina Length (Lam) -0.12019 0.16244 

Lamina L/W (LLW) 0.01550 0.75859 

Leaf Length (L.L) -0.04371 0.60346 

Leaf Width (L.W) -0.12873 0.09654 

Number of Stem Leaves (N.L) -0.054995 0.46388 

Petal Length (Pet) 0.01575 0.675 

Petiole Length (Pti) 0.68109 0.00591 

Rosette Diameter 1 (RD1) -0.32351 0.00008 

Rosette Diameter 2 (RD2) -0.20741 0.01358 

Rosette Diameter 3 (RD3) -0.193682 0.03091 

Rosette Diameter 4 (RD4) -0.0003114 0.9968 

Side Shoots (Ssh) -0.322387 0.05804 

Stem Height (S.H) -0.0051278 0.93638 

Stem Leaf Density (SLD) -0.0230448 0.7342 

Stem Leaf Length (SLL) 0.21512 0.00003 

Stem Leaf Width (SLW) 0.066639 0.2715 

Petiole L/Lamina L (P.L) 0.69893 0.0119 

Ground Shoots (Gsh) -0.22314 0.4783 
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Figure 4. Phenotypes distribution of the mapping population. The distribution of traits in the F2 progeny 

and their parental lines is shown. Phenotypes were measured in a common garden experiment involving 

replicates of two parental lines and their F2 hybrid offspring (1,193 plants). Histograms illustrate the 

distribution of traits in the F2 generation, while boxplots highlight trait variations between the two parental 

lines. Evidence of transgressive segregation was observed in most traits in the F2 hybrids. The p-values 

from t-statistics analyses on parental replicates demonstrate the significant influence of genotype on each 

trait. The measured phenotypes include: B.T (Days to Bolting), F.T (Days to Flowering), W.S (Fertility Score 

- Seed Production), P.H (Inflorescence Height), Lam (Lamina Length), LLW (Lamina Length-to-Width 

Ratio), L.L (Leaf Length), L.W (Leaf Width), N.L (Number of Stem Leaves), Pet (Petal Length), Pti (Petiole 

Length), RD1-4 (Rosette Diameter at Four Time Points), Ssh (Side Shoots), S.H (Stem Height), SLD (Stem 

Leaf Density), SLL (Stem Leaf Length), SLW (Stem Leaf Width), P.L (Petiole Length-to-Lamina Length 

Ratio), and Gsh (Ground Shoots). For all traits, except W.S (fertility score), L.L (leaf length), and RD1 (first 

rosette diameter measurement), the differences between A. nemorensis and A. sagittata were significant. 

Additionally, hybrid depression was observed in the F2 progeny compared to their parental lines. 
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Spearman correlation analysis of 22 traits in the F2 population revealed both positive and negative 

relationships among ecologically relevant traits (Figures 5 and 6). Traits associated with leaf 

shape, such as Lamina Length (Lam) and Leaf Width (L.W), exhibited strong positive correlations 

(r > 0.8), indicating synchronized growth patterns during leaf expansion. Similarly, Rosette 

Diameter (RD1–RD4) measured at different time points showed strong positive correlations (r > 

0.7), suggesting consistent growth across developmental stages. 

Developmental traits, such as Days to Bolting (B.T) and Days to Flowering (F.T), showed 

moderate correlations with vertical growth traits, including Stem Height (S.H) and Inflorescence 

Height (P.H). For instance, Inflorescence Height was positively correlated with Days to Flowering 

(r = 0.535), suggesting that later-flowering individuals allocate more resources to vertical growth. 

In contrast, Fertility Score (Seed Production or W.S), a component of fitness, exhibited weaker 

and often non-significant correlations with other traits, indicating potential independence from 

vegetative and structural phenotypes. 

Petiole traits, including Petiole Length (Pti) and its ratio to Lamina Length (P.L), which are often 

associated with shade avoidance strategies, were moderately correlated with rosette size and 

leaf shape traits such as Leaf Width (L.W). Overall, these findings highlight the interdependencies 

among structural traits (e.g., plant size, leaf shape), developmental traits (e.g., flowering time, 

rosette size over time), and fitness components in Arabis F2 hybrids. The statistical analyses of 

ecologically relevant traits in the common garden experiment provide valuable insights into 

phenotypic integration and resource allocation strategies in the F2 hybrid population. 
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Figure 5. Correlation network of phenotypic traits. The figure above illustrates the relationships among 

phenotypic traits measured in the common garden experiment. Spearman’s rank correlation coefficients 

were conducted in R to quantify pairwise relationships between traits, with residuals from quasi-Poisson 

models accounting for variation due to experimental blocks and cross direction. Pairwise correlations were 

calculated with pairwise deletion for missing data. Edges visualize significant correlations (α = 0.05), 

adjusted using Bonferroni correction. Edge thickness represents the strength of correlations (cut-off: |r| ≥ 

0.5), with positive correlations shown in green and negative correlations in brown, using a colorblind-friendly 

palette. The measured phenotypes: B.T (Days to Bolting), F.T (Days to Flowering), W.S (Fertility Score - 

Seed Production), P.H (Inflorescence Height), Lam (Lamina Length), LLW (Lamina Length-to-Width Ratio), 

L.L (Leaf Length), L.W (Leaf Width), N.L (Number of Stem Leaves), Pet (Petal Length), Pti (Petiole Length), 

RD1-4 (Rosette Diameter at Four Time Points), Ssh (Side Shoots), S.H (Stem Height), SLD (Stem Leaf 

Density), SLL (Stem Leaf Length), SLW (Stem Leaf Width), P.L (Petiole Length-to-Lamina Length Ratio), 

and Gsh (Ground Shoots). 
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Figure 6. Correlation heatmap of phenotypic traits. This heatmap provides a complementary 

visualization of the full correlation matrix using Spearman’s rank correlation coefficients. The heatmap was 

organized hierarchically and displayed significant correlations with corresponding labels. A color gradient 

was applied to distinguish correlation strengths. Both visualizations provided complementary insights into 

the complex association patterns among traits, helping to interpret phenotypic relationships in F2 plants 

within the common garden experiment. The measured phenotypes: B.T (Days to Bolting), F.T (Days to 

Flowering), W.S (Fertility Score - Seed Production), P.H (Inflorescence Height), Lam (Lamina Length), LLW 

(Lamina Length-to-Width Ratio), L.L (Leaf Length), L.W (Leaf Width), N.L (Number of Stem Leaves), Pet 

(Petal Length), Pti (Petiole Length), RD1-4 (Rosette Diameter at Four Time Points), Ssh (Side Shoots), S.H 

(Stem Height), SLD (Stem Leaf Density), SLL (Stem Leaf Length), SLW (Stem Leaf Width), P.L (Petiole 

Length-to-Lamina Length Ratio), and Gsh (Ground Shoots).  
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Genome Assembly 

Hifiasm analyses, incorporating a k-mer size of 21 and high-quality reads (A. nemorensis: 2.18 

million reads; A. sagittata: 1.98 million reads), performed by Dr. T. Ali, yielded genome sizes of 

245 Mb for A. nemorensis and 249 Mb for A. sagittata (Table 5). The primary assembly for A. 

nemorensis contained 3,084 contigs, while A. sagittata contained 2,361 contigs. The N50 length 

was 17.4 Mb for A. nemorensis and 27.6 Mb for A. sagittata. 

Table 5. Assembly statistics of Arabis genomes.  

 A. nemorensis A. sagittata 

Number of HiFi reads (million reads) 2.18 1.98 

Primary assembly using hifiasm 

Number of contigs 3084 2361 

N50 (Mb) 17.4 27.6 

Number of longest contigs 14 9 

Final RagTag-generated assembly using A. alpina genome  

Number of contigs 3059 2344 

N50 (Mb) 26.6 28.4 

Number of scaffolds 8 8 

Complete BUSCOs (%) 99.3 99.4 

Genome total size (Mb) 245 249 

GC content (%) 36.3 36.7 

AT content (%) 63.7 63.3 

 

After scaffolding with the A. alpina genome using RagTag, the N50 length increased to 26.6 Mb 

for A. nemorensis and 28.4 Mb for A. sagittata. Complete BUSCO scores were 99.3% for A. 

nemorensis and 99.4% for A. sagittata, confirming high genome completeness. The final number 

of scaffolds for both species was reduced to eight, corresponding to the expected chromosome 

number. 
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Comparative analyses of the genomes revealed potential inversions at several locations on 

chromosomes 3, 4, 5, 6, and 7 (Figure 7). To determine whether these represent biological 

structural inversions or assembly-related artifacts, these positions can be cross-referenced with 

the genetic map (Figure 8). 

 

Figure 7. Synteny and rearrangement plot between A. nemorensis and A. sagittata genomes. The 

dot plot illustrates synteny and the localization of genomic rearrangements between the final RagTag-

generated assemblies of A. nemorensis and A. sagittata. The x-axis represents scaffolds (1 to 8) of A. 

sagittata (from left to right), while the y-axis represents scaffolds (1 to 8) of A. nemorensis (from top to 

bottom). Potential inversions are observed on chromosomes 3, 4, 5, 6, and 7. 
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Genetic Map and Segregation Distortion 

To investigate the genetic architecture underlying trait variation, I constructed a genetic map. The 

map consisted of eight linkage groups (LGs) based on 742 F2 individuals genotyped at 2,082 

reliable SNP markers. For an overview of the number of SNPs per chromosome, as well as their 

physical and genetic lengths, refer to Table 6. The linkage map spanned a total length of 240 cM. 

The highest number of markers (369) was found on linkage group 4 (LG4), which corresponds to 

the longest chromosome (41 Mb). In contrast, the lowest number of markers (160) was located 

on LG6, with a physical length of 22 Mb. A correlation between the genetic and physical distances 

of SNPs was observed across the genome, indicating an approximately uniform recombination 

probability (Figure 8). However, some decrease in recombination rates was visible around 

centromeric regions. 

 

Table 6. Genetic map overview. This table summarizes the physical and genetic lengths of each 

chromosome, along with the number of SNP markers. The total number of SNPs included in the map is 

2,082.  

Chromosome Physical Length (Mb) Genetic Length (cM) Number of SNPs 

1 32 185 304 

2 26 130 232 

3 30 208 244 

4 41 186 369 

5 27 140 202 

6 22 138 160 

7 21 115 220 

8 38 240 351 

 

To have a better understanding of recombination breakpoints in the mapping population, I plotted 

the genotypes across the population (Figure 9). This visualization allowed me to identify, for each 

individual, the approximate locations on each chromosome where recombination occurred, and 
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the genotype shifted. Additionally, it provided an overview of genotype distribution along the 

chromosomes. Chromosomes 4 and 7 displayed a higher proportion of green, indicating a greater 

frequency of A. sagittata homozygous genotypes (SS) compared to other chromosomes. 

The overall genotype distribution in the mapping population was as follows: NN (homozygous A. 

nemorensis) accounted for 19.5%, NS (heterozygous) for 48.7%, and SS (homozygous A. 

sagittata) for 31.8%. This analysis covered 99.7% of all genotyped markers. 

 

Figure 8. Correlation between SNPs genetic and physical distance. The relationship between genetic 

and physical distances is shown across the eight linkage groups constructed from 742 F2 individuals 

genotyped at 2,082 reliable SNP markers. The x-axis represents the genetic distance (cM), while the y-axis 

shows the physical distance (Mb) of markers along the chromosomes. 
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Figure 9. Mosaic plot of SNP distribution along the genome in the Arabis mapping population. The 

plot depicts the distribution of 2,082 SNP markers across the genome for each of the 742 individuals in the 

mapping population. Different colors represent the genotypes observed at each marker: orange = NN, 

purple = NS, green = SS, and grey = missing data (N: A. nemorensis allele; S: A. sagittata allele). The y-

axis represents individuals, while the x-axis shows the SNP markers distributed across 8 chromosomes. 

This visualization highlights the recombination breakpoints within the chromosomes of each individual. 

 

Using frequency of allele N, most SNPs on chromosome 4 and all SNPs on chromosome 7 were 

significantly distorted from Hardy-Weinberg equilibrium (HWE; Figure 10A). To estimate the 

strength of selection in these distorted regions across the genome, I calculated deviations from 

expected allele frequencies in the F2 population (Figure 10B). This analysis identified potential 

selection acting on several genomic regions. In addition to chromosomes 4 and 7, which showed 

the strongest distortion, chromosomes 5 and 6, as well as a few markers on other chromosomes, 

were significantly influenced by selection. 
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Figure 10. Segregation distortion and strength of selection along the genome. This figure illustrates 

segregation distortion and the strength of selection across the genome in the F2 population. (A) SNPs 

significantly deviating from Hardy-Weinberg equilibrium (HWE) are highlighted, particularly on 

chromosomes 4 and 7. (B) Selection coefficients (𝑠) were calculated based on deviations from expected 

allele frequencies, with significant SNPs (p<0.05) indicating potential selection hotspots across 

chromosomes 4, 5, 6, 7, and others. 
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Genetic Architecture of Ecologically Relevant Traits 

I detected significant QTLs for 20 traits. The number of QTLs per trait ranged from 1 (Lamina 

Length) to 5 (Days to Flowering). The most significant QTL (LOD score > 40) was identified on 

chromosome 8, accounting for more than 20% of variation in flowering time. In contrast, the lowest 

LOD score (3.027) was observed in one of the Leaf Width QTLs. In total, 58 QTLs were identified 

along the genome. We observed overlapping QTLs for multiple  traits, including 9 on chromosome 

1, 3 on chromosome 2, 11 on chromosome 3, 4 on chromosome 4, 3 on chromosome 5, 2 on 

chromosome 6, 6 on chromosome 7, and 20 on chromosome 8 (Figure 11). Notably, one QTL 

associated with Fertility Score on chromosome 6 did not overlap with any other QTLs. The data 

has been summarized in Figure 11 and Table 7. 

 

Figure 11. Genetic map with QTLs for ecologically relevant traits. The plot above illustrates significant 

detected QTLs and their location on the genetic map. Horizontal bars represent mapped SNP markers. 

Gaps between bars stand for the genetic distance between SNP markers in cM. Traits are listed in 

alphabetical order. The chromosome containing the strongest QTL of each trait is written in the square.  
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The strongest QTLs for traits such as Days to Bolting, Days to Flowering, Inflorescence Height, 

Leaf Length and Width, Number of Stem Leaves, and Rosette Diameters 1, 2, and 4, as well as 

Stem Height and Stem Leaf Width, were all located on chromosome 8. Additionally, strongest 

QTLs for Petal Length, Rosette Diameter 3, Side Shoots, Stem Leaf Density, and Stem Leaf 

Length were identified on chromosomes 7, 1, 5, 3, and 6, respectively. A complete overview can 

be found in Table 7. 

QTLs with LOD scores higher than 10 were detected for traits such as Days to Bolting and 

Flowering, Inflorescence Height, Lamina Length-to-Width ratio, Number of Stem Leaves, Stem 

Height, and Stem Leaf Width (Figure 12). However, most QTLs had smaller effect sizes.  

 

Figure 12. QTLs LOD score distribution. The figure above shows the distribution of ecological relevant 

traits QTLs detected in the F2 population LOD scores. Each block represents one QTL and color 

phenotypes.  
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The genetic architecture of fertility score appeared fairly simple: a large effect QTL (LOD = 8.774) 

was detected on chromosome 3 (Figure 13), which explained more than 30% of the phenotypic 

variation and involved inter-allelic incompatibility at position 8362080 bp on chromosome 3. 

Individuals with the NS heterozygous genotype at this marker displayed markedly lower fertility. 

In addition, three smaller QTLs explaining 2.683%, 4.641% and 3.507% of the variation were 

found on chromosome 6, 7 and 8, respectively. It can be concluded that the genetic basis of 

outbreeding depression is relatively simple in this population.  

 

Figure 13. Genetic architecture of fertility score. (A) The genetic architecture of Fertility Score and 

segregation distortion are displayed. The width of the bars represents the strength of the LOD score for 

each QTL. (B) The effect of the strongest Fertility Score QTL located on chromosome 3 is shown, 

highlighting its inter-allelic incompatibility.  

Of the 22 traits scored, Ground Shoots (Gsh), Petiole Length-to-Lamina Length ratio (P.L), and 

Survival to Flooding revealed no significant QTL. For two of these three traits (Ground Shoots, 

Petiole Length-to-Lamina Length ratio), significant differences between species were observed. 

The absence of QTLs for these traits suggests they may have a polygenic genetic basis, with the 

effect of individual variants too small to be individually detected. 
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Table 7. QTLs of ecologically relevant traits in the Arabis mapping population. This table summarizes 

the number, positions, LOD scores, percentage of phenotypic variance explained, and estimated additive 

and dominance effects of each QTL. The number of observations per trait in the F2 population is indicated. 

Significance differences between parental lines are denoted as follows: *** (p < 0.001), ** (0.001 < p < 

0.01), * (0.01 < p < 0.05), and . (0.05 < p < 0.1). 

Trait 
Number of 
Observation 

Sig 
Parental 
Difference 

Chr@ 
Position 
(cM) 

LOD 
%Variance 
Explained 

est a est d 

Days to Bolting 
(B.T) 

631 *** 

3@163.0 5.146 3.13 0.0059139 -0.0127649 

7@21.5 5.359 3.263 0.0109895 0.0026476 

8@12.2 7.786 4.783 -0.0119891 0.0004472 

8@134.2 12.396 7.746 0.0162444 -0.0036196 

Days to Flowering 
(F.T) 

578 *** 

3@190.0 10.003 4.952 0.012242 -0.001815 

5@111.0 4.69 2.273 -0.007092 0.003427 

7@21.5 11.23 5.587 0.011243 -0.001854 

8@13.0 40.452 22.701 -0.021252 0.00832 

8@133.0 8.913 4.393 0.009159 -0.005437 

Fertility Score 
(W.S) 

552  

3@63.0 8.774 6.165 -0.05627 -0.36635 

6@10.0 3.897 2.683 0.17239 -0.05558 

7@31.0 6.663 4.641 0.20569 -0.05308 

8@17.0 5.07 3.507 0.17808 -0.02882 

Inflorescence 
Height (P.H) 

578 . 

1@49.9 4.166 2.385 -0.012682 0.062053 

3@27.0 11.394 6.714 0.078301 0.016361 

8@6.0 20.789 12.728 -0.094477 0.076771 

8@101.0 6.383 3.686 -0.062798 -0.038649 

Lamina Length 
(Lam) 

436 * 
8@36.0 4.334081 4.474593 -0.07559 0.04225 

Lamina L/W (LLW) 436 *** 
3@61.0 15.635 14.89 0.089464 -0.031374 

4@163.0 4.045 3.62 0.041307 0.028487 
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Trait 
Number of 
Observation 

Sig 
Parental 
Difference 

Chr@ 
Position 
(cM) 

LOD 
%Variance 
Explained 

est a est d 

Leaf Length (L.L) 436  

1@72.4 4.458 3.766 0.071867 -0.012244 

3@136.2 5.214 4.423 -0.007829 0.118366 

3@201.4 5.617 4.775 0.066584 -0.094772 

7@68.8 4.284 3.615 -0.020747 0.086727 

8@35.0 9.433 8.183 -0.104748 0.036218 

Leaf Width (L.W) 436  

1@116.0 4.313 3.893 0.06977 0.04546 

2@87.0 3.027 2.713 -0.04395 0.056 

2@129.0 5.987 5.452 0.09125 0.0124 

8@32.0 6.705 6.129 -0.08197 0.03677 

Number of Stem 
Leaves (N.L) 

625 *** 

3@130.9 4.581 2.557 0.025147 0.059693 

4@18.0 4.001 2.228 0.056356 0.010451 

5@70.7 5.384 3.014 -0.055649 0.00469 

8@7.0 28.109 17.139 -0.119377 0.052082 

Petal Length (Pet) 106 *** 
1@51.0 4.863 15.82 0.06491 0.03908 

7@21.5 5.689 18.85 0.07916 0.01348 

Petiole Length 
(Pti) 

361 ** 
8@107.5 3.813672 4.748544 -0.1532 -0.03513 

Rosette Diameter 
1 (RD1) 

695  

1@95.0 4.498 2.747 1@95.0a -0.02059 

3@2.3 3.632 2.212 3@2.3a 0.0231 

8@28.0 6.942 4.275 8@28.0a 0.03299 

Rosette Diameter 
2 (RD2) 

700 . 

1@115.0 6.158 3.703 1@115.0a 1@115.0d 

7@42.7 3.839 2.291 7@42.7a 7@42.7d 

8@31.0 7.822 4.729 8@31.0a 8@31.0d 

Rosette Diameter 
3 (RD3) 

696 . 
1@49.9 9.389 5.683 0.10271 -0.005208 

2@118.0 4.024 2.392 0.043216 0.071859 
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Trait 
Number of 
Observation 

Sig 
Parental 
Difference 

Chr@ 
Position 
(cM) 

LOD 
%Variance 
Explained 

est a est d 

8@18.0 7.209 4.332 -0.087105 0.022622 

Rosette Diameter 
4 (RD4) 

701 * 
1@115.3 4.33 2.678 0.061815 0.014845 

8@32.0 7.814 4.888 -0.078677 0.035138 

Side Shoots (Ssh) 595 * 
4@137.7 3.859 2.842 -0.11993 -0.03855 

5@35.5 4.875 3.605 0.12658 0.03145 

Stem Height (S.H) 625 *** 

1@162.0 3.594 1.778 -0.029247 0.036282 

3@36.0 13.598 6.984 0.074366 0.005981 

4@160.0 4.386 2.177 0.042699 -0.004189 

8@6.0 26.851 14.5 -0.091994 0.070533 

8@102.0 7.858 3.951 -0.059677 -0.004408 

Stem Leaf Density 
(SLD) 

624 *** 
3@29.0 5.759854 4.161738 -0.0524259 -0.0180808 

Stem Leaf Length 
(SLL) 

259 ** 
6@134.8 5.918 9.356 0.046349 0.011155 

8@15.0 3.967 6.163 -0.03538 0.01124 

Stem Leaf Width 
(SLW) 

259 *** 
8@132.5 13.22767 20.95838 -0.084603 0.017725 
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Chapter 3: Flowering time QTL fine-mapping 

Flowering Time Responsible Genes 

The largest QTL detected in this study impacts the timing of flowering and is located on 

chromosome 8, where two candidate flowering time genes are located: FLC, a regulator involved 

in the vernalization pathway, and CONSTANS, a regulator involved in the photoperiod pathway 

(Andrés & Coupland 2012). FLC has been shown to be a key variant shaping flowering time in 

many Brassicaceae species, including the congeneric species Arabis alpina (Soppe et al. 2021). 

The gene CONSTANS is also located within the boundaries of this largest QTL. In order to test 

whether one of these candidate genes was responsible for the variation, I selected 15 F2 

individuals that were heterozygous in the chromosome 8 QTL and homozygous on the other QTLs 

and grew 30 of their seeds. Total of 410 plants were assessed for flowering time in 15 F3 families 

and two trials, one planted in September and the other one in November. Both trials and families 

differed time to flowering (Figure 14, Table 8, Appendix repository on GitHub, under Chapter 3).  

 

Figure 14. Distribution of flowering time in Arabis F3 hybrids. The figure represents the distribution of 

flowering time among 410 F3 plants across two trials. These plants belong to 15 different genotypic classes 

(derived from 15 distinct F2 lines). Individuals displaying recombination are shown in dark color, while non-

recombinant lines are depicted with transparency. 
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In Trial 1, Family 825, with most replicates, displayed the latest mean flowering time at 233 days 

(n=23, SD=4.50). Conversely, Family 1094 flowered earliest with the lowest variation, averaging 

222 days (n=15, SD=1.62). In the second trial, plants generally showed earlier flowering than the 

first trial (Table 8). This may be due to differences in environmental conditions such as 

temperature, or light intensity, despite efforts to maintain consistent settings in both common 

garden experiments. Family 1094 was again the earliest to flower with a mean of 198 days (n=19, 

SD=5.86), while Family 885 had the latest mean flowering time at 204 days (n=34, SD=5.43). The 

lowest variation was observed in Family 173, while the highest variation was seen in Family 263. 

Table 8. Overview of Arabis F3 families' mean flowering time. This table provides the mean flowering 

time for each F3 family across the two trials of the fine-mapping experiment. Trial 2 did not include all 15 

families. 

F3 Family Mean Flowering Time in Trial 1 Mean Flowering Time in Trial 2 

170 226 NA 

173 235 200 

263 233 202 

460 225 NA 

523 227 204 

643 224 NA 

719 233 202 

741 226 198 

825 234 NA 

885 231 204 

1047 228 NA 

1094 222 198 

1101 225 201 

1110 233 201 

1117 224 201 

 

With 410 plants and a QTL region that was ~17 cM, I expected 80 recombinants. Interestingly, I 

identified 138 recombinants, suggesting that the recombination rate had been slightly 
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underestimated in the F2 population. I compared four models to identify the chromosomal 

fragments that best explained flowering time variation, after accounting for all other factors of the 

experimental design. Using Akaike’s criterion and comparing p-values, I identified fragment 2 as 

the most likely to explain flowering time variation (Figure 15, p=0.0118). This segment ranges 

from position 1,831,324 bp to position 2,125,083 bp at the beginning of Chromosome 8. This ~300 

kb region contains 64 genes, 31 of which have a known orthologs in Arabidopsis thaliana. Only 

one of these, TFL1, is known to regulate flowering time in A. thaliana (Cerise et al. 2023). A loss-

of-function mutation in TFL1 induces earlier flowering in A. thaliana and belongs to the 

autonomous pathway. The fine mapping allowed to exclude the role of flowering loci such as FLC 

or CO within the QTL region. 

 

Figure 15. Fine-mapping of flowering time QTL #1, which explains 22.7% of flowering time variation. 

The figure illustrates the effect of genomic intervals within the QTL region in explaining the variation in 

Flowering Time, Inflorescence Height, Rosette Diameter, and Stem Height. The x-axis represents the 

strongest flowering time QTL region, divided into intervals defined by species-specific primers with adjusted 

lengths for fine mapping. The dashed line indicates the significance threshold. Different bar colors represent 

different traits. The TFL1 gene was detected in interval 2, which shows the strongest effect on flowering 

time. 
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Although there were QTLs for Inflorescence Height, Rosette Diameter, and Stem Height, on 

chromosome 8 in F2s, the chromosomal region that was fine mapped did not explaining the 

variation of these traits in F3s (Figure 16 to 19). Inflorescence Height, Rosette Diameter and Stem 

Height are thus controlled by a QTL independent of the flowering time QTL in the TFL1-containing 

fragment, with the S allele advancing flowering.  

 

Figure 16. Phenotypic correlations between Inflorescence Height and Flowering Time in Arabis F3 

plants. This figure illustrates the correlation between Inflorescence Height and Flowering Time, highlighting 

the significant influence of Inflorescence Height on variation in Flowering Time. Data is shown for each 

genotype class across both trials. Individuals with recombination events are depicted in dark colors, while 

non-recombinant lines are shown with transparency. 

Linear mixed model results show there is no significant influence of Plant Height, Internode 

Length, and Stem Leaf Density on differences in flowering time. However, I detected significant 

effects of Inflorescence Height, Rosette Diameter, Shoot Number, and Stem Height on flowering 

time. Therefore, I further looked into the interaction of those traits and genotype class on 
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explaining the variation of flowering time. Further details on the correlation of phenotypes within 

each family can be found in Figure 16 to 19. 

 

 

 

Figure 17. Phenotypic correlations between Rosette Diameter and Flowering Time in Arabis F3 

plants. This figure illustrates the correlation between Rosette Diameter and Flowering Time, highlighting 

the significant influence of Rosette Diameter on variation in Flowering Time. Data is shown for each 

genotype class across both trials. Individuals with recombination events are depicted in dark colors, while 

non-recombinant lines are shown with transparency. 
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Figure 18. Phenotypic correlations between Number of Shoots and Flowering Time in Arabis F3 

plants. This figure illustrates the correlation between Number of Shoots and Flowering Time, highlighting 

the significant influence of Number of Shoots on variation in Flowering Time. Data is shown for each 

genotype class across both trials. Individuals with recombination events are depicted in dark colors, while 

non-recombinant lines are shown with transparency. 
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Figure 19. Phenotypic correlations between Stem Height and Flowering Time in Arabis F3 plants. 

This figure illustrates the correlation between Stem Height and Flowering Time, highlighting the significant 

influence of Stem Height on variation in Flowering Time. Data is shown for each genotype class across 

both trials. Individuals with recombination events are depicted in dark colors, while non-recombinant lines 

are shown with transparency. 
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4.  Discussion 

Chapter 1: Growth variation under nutrient-limiting conditions 

How do plants respond to different soil compositions? How do they perform under nutrient-limiting 

conditions? Which traits provide the most insight into the effects of soil conditions on plants? 

These questions, among others, can often be addressed by examining plant roots. Roots serve 

as the pioneering frontier of plants, extending into the soil and playing a critical role in the uptake 

of water and nutrients (Lynch 1995; Hermans et al.  2006; Ober et al. 2021; Schneider & Lynch 

2024). 

Various studies have investigated root trait variation in Arabidopsis thaliana (Lefebvre et al. 2009; 

Rosas et al. 2013; Ferguson et al. 2015; Dong et al. 2020). Many of these studies have focused 

on root growth responses or comparisons between below- and above-ground traits, particularly 

under nutrient-limiting conditions (Lefebvre et al. 2009; Jalal et al. 2023). Nutrient-deficient soils 

significantly influence plant development and physiological processes, which have long been a 

critical factor in plant evolution under natural selection pressures (Lefebvre et al. 2009; Anneberg 

& Segraves 2020; Karthika et al. 2020). 

Nutrient deficiencies affect plants in various ways. For example, nitrogen (N) deficiency leads to 

shorter vegetative growth, yellowing of older leaves, reduced plant size, and earlier flowering and 

fruiting. Phosphorus (P) deficiency slows both shoot and root growth but typically does not alter 

leaf color. Potassium (K) deficiency weakens root structure and increases glucosinolate levels in 

roots to mitigate stress. Sulfur (S) deficiency results in shorter, thinner stems, chlorosis (yellowing) 

of young leaves, and altered stress responses. Iron (Fe) deficiency causes iron chlorosis and 

modified root growth, while molybdenum (Mo) deficiency impacts the uptake of carbon (C), 

nitrogen (N), and sulfur (S) (Tejada-Jiménez et al. 2007; Jung et al. 2009; Anjum et al. 2012; 

Singh et al. 2018; Lynch 2019; Karthika et al. 2020). 

A previous study by M. Casado in 2020 (bachelor’s thesis) identified significant differences in 

below- and above-ground resource allocation between Arabis nemorensis and A. sagittata when 

grown in nutrient-poor soil. To verify these findings on a larger scale and investigate whether the 

two species exhibit significant differences in root-to-shoot allocation under nutrient-poor 

conditions, I conducted growth experiments using a single nutrient-limiting scenario: soil 

composed of 95% quartz sand and measured the root-to-shoot ratio of plants. 
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Contrary to my expectations, the results showed no significant difference between the two species 

in their root-to-shoot investment ratio under nutrient-limited conditions. This experiment, 

conducted with a single soil type, did not account for the potential influence of local edaphic 

conditions, which may play a critical role in root trait variation. This limitation contrasts with the 

findings of Ferguson et al. (2015), who demonstrated that local edaphic conditions significantly 

influence variation in both root and shoot traits in A. thaliana. Similarly, studies on wheat have 

shown that environmental factors such as drought and moisture concentration in upper soil layers 

drive root growth deeper to access water and nutrients (Rich et al. 2015; Ober et al. 2021). 

Interestingly, the total biomass was significantly affected by species, with A. nemorensis exhibiting 

greater biomass—contrary to expectations. However, when examining the Rhine population 

specifically, biomass differences between the two species were not significant.  

Given the ecological differences between these two species (A. nemorensis, a meadow-endemic 

species that does not require longer roots, and A. sagittata, commonly found in dry calcareous 

lands) and the phenotypic differences characterized in Chapter 2, it is premature to conclude that 

the two species do not differ in their patterns of resource allocation to shoots versus roots. Future 

experiments should incorporate soil nutrient compositions reflective of natural field locations 

where these species co-occur. Recent findings by Y. Özoglan (personal communication) 

regarding molybdenum (Mo) deficiency in natural fields further emphasizes the importance of 

replicating field conditions in controlled greenhouse experiments. Such studies should test a 

range of soil types, from nutrient-poor to nutrient-rich, to provide a more comprehensive 

understanding of root-to-shoot ratios and biomass measurements. 

These experiments are essential to determine the extent to which root structure varies between 

these species and how their ecological differentiation relates to nutrient availability and local 

adaptation. This broader perspective is crucial to assess whether the lack of observed differences 

is due to the absence of genetic differences between the species.  

Future studies should try to answer the following questions:  

1. What genetic or environmental factors contribute to the larger biomass observed in A. 

nemorensis? 

2. How does the lack of significant biomass differences in the Rhine population relate to 

hybridization dynamics? 

3. How do soil nutrient compositions in natural habitats influence root and shoot trait variation 

in these species? 
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4. To what extent do edaphic conditions drive local adaptation in A. nemorensis and A. 

sagittata? 

5. Exploring the drought responses of these species through drought-tolerance experiments 

in a mapping population, coupled with QTL mapping.  

The answer of these questions and the outcomes of these experiments, would provide deeper 

insights into the genetic and ecological mechanisms underlying growth and adaptation in Arabis 

species under nutrient-limited conditions. 
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Chapter 2: Genetic architecture of phenotypic differences between 

endangered hybridizing Arabis floodplain species  

Our study provides insights into the impacts of hybridization between two endangered plant 

species, emphasizing the importance of identifying hybridization hotspots in nature and 

understanding the conditions under which hybridization occurs. I aimed to explore the phenotypic 

differences between the closely related hybridizing species Arabis nemorensis and A. sagittata, 

uncover the genetic basis of their divergence, and evaluate the potential for the emergence of 

novel genetic combinations with higher fitness and adaptability in the hybridization hotspot. 

The analysis of ecologically relevant traits from the common-garden experiment and association 

analyses confirmed phenotypic and genetic differences between the two species, highlighting the 

complex outcomes of introgression. Most notably, the majority of traits exhibited transgressive 

segregation, where hybrid phenotypes extend beyond the range of their parents. This 

phenomenon, often associated with novel allelic combinations, may confer adaptive advantages. 

However, in the case of seed production, hybrids displayed significantly lower yields compared to 

their parents, likely due to hybrid depression caused by underlying genetic incompatibilities. 

These incompatibilities are one of the main obstacles in the evolution of hybrids, a concept 

described as Dobzhansky–Muller model of hybrid incompatibility which means some allelic 

combination drive from diverging species may be incompatible and therefore reduce the fitness 

of hybrids (Dobzhansky 1936; Muller 1942). Genetic incompatibilities have been extensively 

studied across taxa (Bomblies & Weigel 2007; Masly & Presgraves 2007; White et al. 2011; 

Schumer et al. 2014; Zuellig & Sweigart 2018; Coughlan & Matute 2020).  

Interestingly, population genetic analyses suggest that selection against incompatibilities can 

create the illusion of rapid fixation of introgressed fragments near these loci (Li et al. 2022). 

Introgression tends to occur more frequently in genomic regions with higher recombination rates, 

as recombination reduces linkage disequilibrium, separating incompatible alleles from 

introgressed haplotypes more effectively (Brandvain et al. 2014; Schumer et al. 2018; Owens et 

al. 2021). This recombination-driven purging of incompatible alleles can further contribute to the 

illusional rapid rise of introgressed regions (Schumer et al. 2018; Li et al. 2022). Consequently, 

this phenomenon complicates disentanglement of positive and negative selection along the 

genome. 
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In addition, I observed regions of segregation distortion in the genome, particularly on 

chromosomes 4 and 7. Segregation distortion refers to deviations in allele frequencies from 

Mendelian expectations in offspring. This phenomenon is well-documented in various plant 

species, including Zea (maize; Lu et al. 2002) and Solanum (potato; Manrique-Carpintero et al. 

2016). Segregation distortion can arise from selection against one parental allele at different 

developmental stages (Lyttle 1993). One potential mechanism is meiotic drive, a "selfish" 

behavior where certain chromosomes or genetic elements manipulate meiosis to increase their 

transmission frequency, often at the expense of homologous counterparts (Lyttle 1993; Malik 

2005; Coulton et al. 2020). This results in the driving element being transmitted at a higher 

frequency than expected under normal segregation (Malik 2005; Fishman & Saunders 2008; 

Talbert & Henikoff 2020). 

Studies suggest that meiotic drive-induced segregation distortion can negatively impact fitness. 

For example, in Mimulus (monkeyflower), Fishman & Saunders (2008) demonstrated that 

individuals homozygous for the driving D allele suffered from reduced pollen viability, despite the 

allele's transmission advantage through female meiosis. Such trade-offs highlight how the selfish 

behavior of meiotic drive elements can undermine overall reproductive success (Malik 2005; 

Fishman & Saunders 2008). 

In our system, I measured the deviation of observed allele frequencies from expected Mendelian 

ratios (1:2:1 for genotypes NN, NS, SS) in the F2 population using N allele. Significant deviations 

were observed; however, a thorough analysis of both genotypic distributions and allele 

frequencies is necessary to conclusively determine whether meiotic drive is responsible for these 

deviations. 

Our results indicate that incompatibilities complicate the potential for hybrids to achieve stable 

and advantageous genetic combinations, as they reduce seed production. However, the genetic 

basis of these incompatibilities, along with observed segregation distortion, appears relatively 

simple, with only a few loci responsible. Interestingly, about 30% of the traits examined were 

independent of these incompatibilities. This suggests that by overcoming inter-allelic fertility 

barriers through backcrossing, progeny could achieve higher fitness relative to their parents in 

terms of seed production. Thus, hybrid plants could bypass reproductive barriers and contribute 

to population viability. Furthermore, the presence of traits independent of genetic incompatibilities 

raises the possibility that some hybrids could adapt to new environments, potentially leading to 

the emergence of a "super-genotype." 
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Future directions and open questions: 

Our findings emphasize the need for further research to disentangle the genetic and 

environmental factors shaping hybrid fitness and adaptability. Future studies should include: 

1. Could this study represent a scenario by which hybrids adapt to survive in natural 

environments? 

2. Under what conditions might hybrids overcome genetic incompatibilities and achieve 

higher fitness? 

3. What characteristics and trait combinations would convert hybrids into adaptive super-

genotypes? 

4. How do environmental factors, such as flooding and drought, interact with genetic 

incompatibilities to influence hybrid survival? 

5. How does competition with other species affect hybrid fitness in the natural field? 

6. What role do recombination rates play in separating incompatible alleles from introgressed 

haplotypes? 

7. Is meiotic drive responsible for the segregation distortion observed on chromosomes 4 

and 7, or are other mechanisms at play?  

8. This could be achieved by backcrossing selected F3 lines to one of the parental species 

(A. nemorensis or A. sagittata), particularly species showing an excess of allele in the F2 

population.  

9. Explore the genetic basis of drought tolerance in hybrids, a crucial factor for survival given 

the increasing temperatures and droughts in the hybrids’ habitat over the past few years, 

focusing on root traits. 

Future studies can provide broader understanding of the genetic and evolutionary dynamics of 

Arabis hybridization, offering a better overview of how hybrid genotypes may drive adaptation and 

survival in rapidly changing environments. 
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Chapter 3: Flowering time QTL fine-mapping  

One of the most remarkable examples of contemporary evolution in plants is the alteration of 

flowering time in response to environmental changes driven by global climate change (Cho et al. 

2017; Bennett & Dixon 2021; Tun et al. 2021). Many plants adjust their flowering time as a strategy 

to escape rising temperatures. Examples include Boechera stricta (Anderson et al. 2012), Oryza 

nivara (Cai et al. 2019), and species such as Syringa vulgaris L., Sambucus nigra L., Crataegus 

monogyna, and Prunus spinosa L. (Siegmund et al. 2016). 

Numerous studies have also investigated the genetic and molecular basis of flowering time in 

Arabidopsis thaliana as a model plant. In our study, I found that changes in flowering time in 

Arabis nemorensis and A. sagittata hybrids are not linked to major known flowering time genes 

such as FLOWERING LOCUS T (FT), FLOWERING LOCUS C (FLC), FRIGIDA (FRI), or 

CONSTANS (CO). Instead, the results suggest that TERMINAL FLOWER 1 (TFL1) is a key 

regulator, pointing to other genetic factors as drivers of flowering time variation in these species. 

TERMINAL FLOWER 1 (TFL1), a member of the phosphatidylethanolamine-binding protein 

(PEBP) gene family, plays a crucial role in regulating flowering time and plant architecture, 

particularly in the model plant A. thaliana (Hanano & Goto 2011; Benlloch et al. 2015; Serrano-

Mislata et al. 2016; Goretti et al. 2020; Cerise et al. 2023). The PEBP gene family is divided into 

three major clades: MOTHER OF FT (MFT)-like, FLOWERING LOCUS T (FT)-like, and 

TERMINAL FLOWER 1 (TFL1)-like (Goretti et al. 2020).  

While FT and TFL1 share high sequence similarity in A. thaliana, their functions are antagonistic: 

FT and its closest homolog TWIN SISTER OF FT (TSF) promote flowering, whereas TFL1 

represses flowering and delays the transition to reproductive development (Ratcliffe et al. 1998; 

Ho Ho & Weigel 2014; Leijten et al. 2018; Bennett & Dixon 2021; Wang et al. 2022). This 

functional antagonism is also evident in tomato (Solanum lycopersicum), where TFL1 orthologs 

suppress flowering by opposing the activity of the FT ortholog SINGLE FLOWER TRUSS (SFT) 

(Shalit et al. 2009). Similarly, in Arabis alpina, the TFL1 ortholog (AaTFL1) regulates delayed 

flowering transitions (Wang et al. 2011). 

Beyond flowering time regulation, TFL1 is essential for maintaining the indeterminate growth of 

the shoot apical meristem (SAM), allowing plants to continuously produce flowers on lateral 

branches (Hanano & Goto 2011; Ho Ho & Weigel 2014; Benlloch et al. 2015; Cerise et al. 2023). 
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In tfl1 mutants, SAM growth becomes determinate, converting the shoot meristem into a floral 

meristem. This premature transition leads to earlier flowering and reduced branching, ultimately 

decreasing the number of flowers (Serrano-Mislata et al. 2016; Cerise et al. 2023). 

In A. thaliana, TFL1 employs its regulatory effect by repressing key floral meristem identity genes, 

LEAFY (LFY) and APETALA1 (AP1), within the inflorescence meristem. By inhibiting these genes, 

TFL1 ensures the inflorescence meristem retains its indeterminate state. Conversely, in floral 

meristems, LFY and AP1 repress TFL1 expression, thereby enabling floral development (Benlloch 

et al. 2015; Goretti et al. 2020). 

Studies by Andrés and Coupland (2012), Wang et al. (2009), and Wang et al. (2011) examined 

the expression patterns of genes regulating perennial flowering in A. alpina. Prior to vernalization, 

two key genes, PERPETUAL FLOWERING 1 (PEP1) and TFL1, are expressed in the shoot apical 

meristem (SAM) of both flowering-competent adult plants and non-competent young plants 

(Figure 20). 

 

Figure 20. Expression patterns of PEP1, TFL1, and LFY in response to seasonal changes in young and 

old A. alpina plants. Figure adapted from Andrés and Coupland (2012); the quality has been improved for 

clarity. 

In adult plants, vernalization reduces PEP1 mRNA levels, while TFL1 expression becomes 

restricted to the center of the inflorescence meristem. This localized expression of TFL1 coincides 
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with the induction of LFY mRNA at the flanks of the SAM, promoting the development of floral 

primordia. Following vernalization, PEP1 expression reactivates in vegetative axillary meristems, 

preventing further flowering until the next year. 

In young plants, vernalization also reduces PEP1 mRNA levels; however, TFL1 expression 

persists, inhibiting LFY activation and blocking the floral transition. After vernalization, PEP1 

mRNA levels increase again in the SAM and axillary meristems, reinforcing the delay in flowering 

until the following year. 

A previous study by Dittberner (2019) demonstrated a significant difference in the number of 

siliques between A. nemorensis and A. sagittata, with A. nemorensis producing more siliques 

(Figure 21). Also, in the results presented in Chapter 2, phenotypic analysis from the interspecific 

F2 common garden experiment revealed that A. nemorensis flowers earlier. Additionally, the 

findings from Chapter 3, which involved the F3 flowering time fine-mapping experiment, 

characterized differences in the number of shoots within the population. These results suggest 

that future studies should record variation in the number of siliques as a measurement of 

branching in these species. This could potentially lead to the identification of TFL1 again. It is also 

possible that TFL1 influences flowering time indirectly by affecting branching and the determinacy 

of the inflorescence. 

Despite the insights gained from this study, the specific genes and quantitative trait loci (QTLs) 

that influence survival under natural conditions, particularly during extreme environmental events 

such as flooding and drought, remain unidentified. As demonstrated by Wilczek et al. (2009), 

variations in flowering time can differ significantly among genotypes depending on germination 

timing. Since the plants used in the fine-mapping experiment germinated in the fall, it becomes 

crucial to conduct future research that quantifies the genetic basis of flowering time variation 

under a broader range of germination timings and environmental conditions. This will provide a 

clearer understanding of how flowering time, influenced by a complex network of genes, impacts 

survival and fitness in natural environments. 

Future research can address several key questions: 

1. Beyond TFL1, what other genetic factors contribute to flowering time variation in A. 

nemorensis and A. sagittata, and how do they interact within the regulatory network? 
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2. How do extreme environmental conditions, such as flooding or drought, influence 

flowering time and branching patterns, and what survival strategies might be linked to 

TFL1 in these scenarios? 

3. Given that branching patterns directly influence silique production, how does variation in 

TFL1 expression correlate with reproductive success and overall fitness in these species? 

Could TFL1 be identified again if we fine-map the fertility QTLs detected in Chapter 2 on 

chromosome 8, particularly in the same genomic region? 

4. TFL1 was identified as a key flowering regulator in a common garden setting. Will the 

same association hold in natural field conditions, and what other QTLs might influence 

flowering time under these variable environments? 

5. How does the timing of germination or the developmental stage at the onset of 

vernalization affect TFL1 expression and subsequent flowering behavior in these species? 

Answering these questions can elucidate the genetic and environmental mechanisms controlling 

flowering time, providing insights into how these species survive and adapt to rapidly changing 

environments. 

 

Figure 21. Phenotypic variation in fitness-related traits in Arabis. Each point represents the mean 

value per accession, while diamonds indicate the median. Letters above denote significant differences 

between groups (p<0.05). Figure taken from Dittberner (2019); the quality has been improved for clarity. 
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5.  Conclusion 

This thesis gives a comprehensive exploration of the ecological, genetic, and phenotypic 

dynamics underlying growth, adaptation, and reproduction in Arabis nemorensis and A. sagittata, 

two endangered floodplain species that hybridize. By examining these species under nutrient-

limiting conditions, in a common garden of interspecific population, and through the fine-mapping 

of flowering time QTL, this work highlights the interactions between environmental factors, genetic 

architecture, and plant performance. 

In Chapter 1, I examined the response of plants to nutrient-limiting conditions, focusing on root-

to-shoot allocation and biomass variation. The results showed no significant differences in root-

to-shoot ratios between the species under the nutrient-poor condition, highlighting the need for 

further studies to incorporate a wider range of soil types reflective of natural habitats. These 

findings underlie the importance of local edaphic conditions and species-specific ecological 

strategies in shaping plant growth and resource allocation. Moreover, the larger biomass 

observed in A. nemorensis gives rise to important questions about the genetic and environmental 

factors contributing to this unexpected variation, which future studies must address. 

In Chapter 2, I investigated the genetic architecture of phenotypic differences between the two 

species, with a particular emphasis on hybridization and its consequences. The observed 

transgressive segregation in hybrids indicates the potential for novel trait combinations, although 

reduced hybrid seed production, likely caused by genetic incompatibilities, creates a significant 

challenge. Segregation distortion in specific genomic regions, potentially linked to meiotic drive, 

adds more complexity to the evolutionary dynamics of hybridization.  

This chapter shows clearly how hybridization can simultaneously limit and expand evolutionary 

potential. However, the relatively simple genetic basis of fertility QTLs, incompatibilities, and 

segregation distortion, combined with the number of ecologically relevant traits independent of 

these barriers, suggests that overcoming inter-allelic fertility obstacles through backcrossing 

could enable progeny to achieve higher fitness compared to their parents in terms of seed 

production. This ability to bypass reproductive barriers could enhance population viability. 

Moreover, this highlights the possibility that some hybrids may successfully adapt to new 

environments, potentially giving rise to a "super-genotype." 

Chapter 3 explored the genetic regulation of flowering time, identifying TERMINAL FLOWER 1 

(TFL1) as a key factor influencing this trait. The study demonstrated that variation in flowering 
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time is not linked to major flowering genes like FLOWERING LOCUS T (FT) or FLOWERING 

LOCUS C (FLC), but instead involves the antagonistic regulatory role of TFL1. This insight creates 

a base for future research into the genetic mechanisms controlling flowering time, branching, and 

reproductive success under natural environmental conditions, particularly in the face of climate 

change. 

Together, these chapters illustrate the complexity of hybridization and survival in Arabis species. 

They point out the need for integrating ecological, genetic, and phenotypic approaches to uncover 

the mechanisms driving plant responses to environmental challenges. The findings also 

emphasize the importance of conducting experiments under field-like conditions to better replicate 

the complexity of natural habitats. By addressing the open questions and future research 

directions outlined in each chapter, subsequent studies can deepen our understanding of how 

plants adapt to rapidly changing environments. This thesis contributes to the broader 

understanding of plant evolution and adaptation, giving information about the ecological and 

genetic processes that shape species fitness in changing environments.  
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Data Availability 

All the codes and input data, including extensive tables of genotypic and phenotypic data for all 

three chapters, are available in a GitHub repository at the following link: 

https://github.com/nedarahnama/Neda_Rahnamae_PhD_Thesis_Appendix 

 

The genome assembly and *.fastq files containing raw reads for all individuals used in the 

analyses are available on the European Nucleotide Archive (ENA) under project number 

[PRJEB89863]. 
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