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Summary 

Hybridization between species across the tree of life is an important evolutionary force that 

shapes the species’ genomes. The short- and long-term evolutionary consequences of 

hybridization vary among taxa and are affected by neutral processes, recombination, or 

selection. The impact of these processes can vary between populations and individuals and 

lead to diverse outcomes, such as the erosion of reproductive barriers or the introduction of 

new genetic material for adaptation. The overarching questions addressed in this thesis are 

about the causes and frequency of recent hybridization in hybrid zones, and how genomic 

patterns vary among populations and species. I examine these questions in taxa of the 

zooplankton Daphnia longispina species complex, which is known to hybridize frequently and 

form freshwater mosaic hybrid zones. To facilitate this, I apply, adapt, and develop appropriate 

genomic methods to investigate genome-wide hybridization and introgression. 

Daphnia resting eggs accumulate over time in freshwater ecosystems and are particularly well 

suited for population genomic studies of hybrid zones and the temporal changes they 

experience. However, methods were hindered by small amounts of potentially degraded DNA. 

In Chapter 2, I introduce and test a cost-saving method for whole-genome sequencing of 

Daphnia resting eggs from the resting egg bank using whole genome amplification and a pre-

sequencing contamination screening. This allows us, for the first time, to directly investigate 

genomic diversity and hybridization in Daphnia populations over several decades. 

Previous studies of the Daphnia longispina species complex have found frequent hybridization, 

but lacked a reference genome to characterize genome-wide variability. The D. galeata 

reference genome I present in Chapter 3, allowed us to identify extensive hybridization and 

introgression in ecologically diverse habitats. In total, we resequenced and analyzed 49 

genomes from the three species and their hybrids, from genotypes sampled in the water 

column and from single resting eggs extracted from sediment cores. Introgression patterns 

revealed a complex history reflecting multiple generations of hybridization and backcrossing. 

Building on this work, I studied the hybridization dynamics of two populations in more detail in 

Chapter 4. I further improved the reference genome to a chromosome scale and generated 

more extensive time-series genomic data. Using a novel junctions approach based on how 

recombination breaks up genomic blocks of contiguous ancestry over time, I demonstrate how 

it can be used to estimate the extent and timing of hybridization events. I identified recurrent 

hybridization across the genome over several decades in both populations and diverse 

genome-wide hybrid ancestry among individuals. These findings establish the Daphnia 

longispina species complex as a hybrid system with unique features, such as continuous 
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hybridization between multiple species in a mosaic hybrid zone, not previously described in a 

natural hybrid population. 

These temporal hybridization dynamics are important to consider as changes to hybrid zones 

are accelerated by anthropogenic changes in Daphnia and other hybrid systems. Ultimately, I 

show the temporal dynamics and the diverse genomic landscapes of hybrid individuals with 

unprecedented resolution. This thesis illustrates the evolutionary complexity required to 

understand all factors that shape mosaic hybrid zones, such as spatial and temporal changes, 

recurrent hybridization, and the presence of multiple species. 
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Zusammenfassung 

Die Hybridisierung zwischen Arten ist bei allen Lebewesen ein wichtiger evolutionärer Faktor, 

der das Genom von Arten formt. Die kurz- und langfristigen evolutionären Folgen der 

Hybridisierung variieren je nach Taxa und werden durch neutrale Prozesse, Rekombination 

oder Selektion beeinflusst. Die Auswirkungen dieser Prozesse können sich von Population zu 

Population und von Individuum zu Individuum unterscheiden und zu vielfältigen Auswirkungen 

führen, wie z.B. das Auflösen von reproduktiven Isolationsmechanismen oder der Austausch 

von neuer genetischer Variation, die zur Adaptation beitragen kann. Die übergreifenden 

Fragen, die in dieser Doktorarbeit behandelt werden, sind die Ursachen und Verbreitung von 

zeitgenössischer Hybridisierung in Hybridzonen und wie sich die Muster im Genom zwischen 

Populationen und Arten unterscheiden. Ich untersuche diese Fragen am Beispiel des Daphnia 

longispina Artenkomplexes, eine Gruppe von Süßwasser-Zooplankton, von dem bekannt ist, 

dass sie häufig hybridisieren und Mosaik-Hybridzonen bilden. Um dies zu ermöglichen, wende 

ich geeignete genomische Methoden an, passe sie an und entwickele sie weiter, um 

genomweiten Hybridisierung und Introgression zu untersuchen. 

Daphnia Dauereier sammeln sich im Laufe der Zeit in Süßwasser-Ökosystemen an und eignen 

sich damit besonders gut für populationsgenomische Untersuchungen von Hybridzonen und 

deren zeitliche Veränderungen. Die bisherigen Methoden wurden allerdings durch geringe 

Mengen potenziell degradierter DNA erschwert. In Kapitel 2 stelle ich eine kostengünstige 

Methode vor, um ganze Genome von Daphnia Dauereiern aus der Dauereierbank zu 

sequenzieren vor und teste sie, wobei Genomamplifikation und ein Kontaminations-Screening 

verwendet werden. Dies erlaubt uns erstmalig, die genomische Diversität und Hybridisierung 

in Daphnia-Populationen über mehrere Jahrzehnte hinweg direkt zu untersuchen. 

Frühere Studien des Daphnia longispina Artenkomplexes haben häufige Hybridisierung 

gefunden, aber es fehlte ein Referenzgenom, um die genomweite Variabilität zu 

charakterisieren. Mit dem D. galeata Referenzgenom, das ich in Kapitel 3 vorstelle, konnten 

wir umfangreiche Hybridisierung und Introgression in ökologisch vielfältigen Lebensräumen 

identifizieren. Insgesamt haben wir 49 Genome der drei Arten und deren Hybride von 

Genotypen aus der Wassersäule und einzelnen Dauereiern aus Sedimentkernen sequenziert 

und analysiert. Die Introgressionsmuster zeigen eine komplexe Geschichte, die mehrere 

Generationen der Hybridisierung und Rückkreuzung widerspiegelt. 

Basierend auf dieser Arbeit habe ich in Kapitel 4 die Hybridisierungsdynamik von zwei 

Populationen ausführlicher untersucht. Ich habe das Referenzgenom weiter verbessert bis auf 

die Chromosomebene und umfangreichere genomische Daten für eine Zeitserien sequenziert. 

Ich habe gezeigt, wie eine neue junctions Methode, die darauf basiert wie Rekombination 
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genomische Blöcke verschiedener Herkunft im Laufe der Zeit aufbricht, dafür genutzt werden 

kann, das Ausmaß und die Zeitpunkte von Hybridisierungsereignissen abzuschätzen. Ich 

konnte in beiden Populationen wiederholte Hybridisierung über das ganze Genom und über 

mehrere Jahrzehnte hinweg feststellen sowie vielfältige genomweite Hybrid-Herkunft unter 

Individuen. Diese Ergebnisse etablieren den Daphnia longispina Artenkomplex als ein Hybrid-

Modell mit einzigartigen Eigenschaften, wie z.B. die wiederholte Hybridisierung zwischen 

mehreren Arten in einer Mosaik-Hybridzone, die bisher nicht in Hybridpopulationen 

beschrieben wurden. 

Diese zeitliche Dynamik ist wichtig zu berücksichtigen, da Veränderungen von Hybridzonen 

durch anthropogene Veränderungen bei Daphnia und anderen Hybrid-Modellen beschleunigt 

werden. Insgesamt zeige ich die zeitliche Dynamik und die vielfältigen Genome von Hybrid-

Individuen mit beispielloser Auflösung. Diese Doktorarbeit verdeutlicht die evolutionäre 

Komplexität, die notwendig ist, um alle Faktoren zu verstehen, die Mosaik-Hybridzonen 

formen, wie etwa räumliche und zeitliche Veränderungen, wiederholte Hybridisierung und das 

Vorkommen mehrerer Arten. 
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Chapter 1 – General introduction 

Hybridization and Genomics 

Since Charles Darwin's time, biologists have documented hybridization between closely 

related lineages throughout the tree of life. In animals, this was thought to be both rare and 

maladaptive. However, with the rise of molecular methods, we have learned about the 

frequency and importance of hybridization as an evolutionary force (Abbott et al., 2013). 

Estimates vary, but hybridization and introgression have been reported in approximately 25% 

of plant species and 10% of animal species (Mallet, 2005). Studying hybridization in different 

spatial and temporal contexts helps us to understand genetic barriers between taxa and the 

evolutionary factors, such as selection and recombination, that shape them (Barton & Hewitt, 

1985; Schwenk et al., 2008). It can also provide a snapshot of the speciation process, where 

species may be understood as populations in close geographic proximity with incomplete 

reproductive barriers that still maintain genetic and phenotypic distinctiveness (Seehausen et 

al., 2014). Hybridization occurs globally, and some species pairs have diverged for only tens 

of thousands of years, while others have diverged for millions of years (Harrison & Larson, 

2014). This can arise either when populations respond to divergent selection across an 

environmental gradient or, more commonly, after secondary contact of the parental species 

following geographical isolation (Durrett et al., 2000). In Europe, for example, many taxa have 

been shown to hybridize in geographic regions where populations of closely related species 

that were separated during the last glacial period reestablished gene flow after postglacial 

range expansion (Hewitt, 2011), e.g., toads (Arntzen et al., 2017) and house mice (Duvaux et 

al., 2011). 

Hybrid zones are generally described as geographic areas where two or more divergent 

lineages overlap and hybridize, with gradients or clines of genetic composition between the 

lineages (Barton & Hewitt, 1985; Harrison, 1993). These areas can vary in width from a few 

meters to hundreds of kilometers or have a patchy distribution of lineages known as mosaic 

hybrid zones that are often dictated by variations in environmental factors (Harrison, 1986). 

Replicated hybrid zones, i.e., sampling across multiple hybrid zones or multiple transects in a 

single hybrid zone, can be particularly useful for better understanding the repeatability of these 

evolutionary processes (Culumber et al., 2011; Westram et al., 2021). 

Outcomes of hybridization 

The potential evolutionary outcomes of hybridization are diverse and depend on many factors, 

such as time since hybridization, population demography, recombination rate, and genome 

interactions (Figure 1.1). Hybrid genomes in these populations can exhibit varying levels of 
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ancestry from different species that are shaped by recombination and selection (Runemark et 

al., 2019). 

In some taxa that are able to hybridize, hybridization is rarely observed due to strong pre- or 

post-zygotic barriers and selection against the hybrids with reduced fitness compared to the 

parental taxa. Some hybrids can be completely inviable or sterile (Maheshwari & Barbash, 

2011), while others display significantly reduced fertility, which can depend on the divergence 

time between taxa (Dagilis et al., 2019) and hybrid generation (Pritchard et al., 2013). In highly 

divergent taxa with strong post-zygotic barriers, the accumulation of genetic incompatibilities 

can also lead to hybrid breakdown after the first generation (F1) (Burton et al., 2013). 

Nevertheless, simulations using two different models of hybrid incompatibilities predict that 

species barriers and genomic differentiation can be maintained despite substantial gene flow, 

depending on the demographic, spatial, and temporal context of hybridization (Lindtke & 

Buerkle, 2015). In all these cases, the species boundaries are largely maintained, but the 

species are negatively affected by reduced reproductive success. This can lead to 

demographic swamping, in which the overall population growth rate is reduced and genetic 

diversity is lost. 

The formation of stable hybrid zones is well documented in plants (reviewed in Abbott, 2017) 

and animals, including birds, insects, mammals, and reptiles (Brelsford & Irwin, 2009; Harrison 

& Arnold, 1982; Turner & Harr, 2014; Yang et al., 2020). Different models, such as the tension 

zone (Barton & Hewitt, 1985) and bounded hybrid superiority model (Moore, 1977), aim to 

explain how stability in hybrid zones is maintained using different assumptions about selection 

pressure on hybrids and dispersal of species (Curry, 2015). 

After prolonged periods of admixture, the parental species can disappear and the admixed 

individuals form a hybrid swarm, a population of genetically highly variable later-generation 

hybrids (Seehausen et al., 2008). Eventually, this can lead to genetic swamping, in which one 

or both species are replaced by hybrids, which may increase the extinction risk of the parental 

species (Todesco et al., 2016) or result in speciation reversal (Seehausen et al., 2008). 

Hybridization can also result in introgression, the exchange of alleles between taxa via 

backcrossing following hybridization, in specific genomic regions (Le Moan et al., 2021) or 

across the entire genome (McFarlane et al., 2021). While these alleles are often neutral, they 

can also accelerate adaptation and increase fitness for the species when beneficial alleles are 

exchanged, a phenomenon known as adaptive introgression (Chhatre et al., 2018; Racimo et 

al., 2017; Valencia-Montoya et al., 2020). Genomic regions that remain highly divergent 

between hybridizing species indicate that introgression is restricted in these regions and they 

likely contribute to adaptation and reproductive isolation (Harrison & Larson, 2016). 
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Ancient hybridization is also thought to play a key role in speciation by providing old genetic 

variation that can be reassembled into new combinations (Marques et al., 2019), thus 

facilitating adaptive radiations, for example in fish (De-Kayne et al., 2022; Meier et al., 2017) 

and birds (Rubin et al., 2022). In some very rare cases, hybridization has given rise to new 

homoploid hybrid animal species that are reproductively isolated (Mallet, 2007), e.g., Italian 

sparrows (Elgvin et al., 2017) and Peruvian fur seals (Lopes et al., 2023). 

 

Figure 1.1. Common evolutionary consequences following hybridization. Hybridization is illustrated between two 
diploid organisms (species 1 and species 2) and a representative chromosome pair is shown. Potential hybridization 
outcomes are represented by individual admixture proportions for the population and genomic hybridization patterns 
for a chromosome pair. This figure is inspired by Figure 1 from Runemark et al. (2019). 
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Genomic tools to study hybridization 

To understand the diverse evolutionary processes in hybrid zones, biologists first documented 

hybridization using morphological characteristics and early molecular tools. With the 

introduction of high-throughput sequencing in non-model organisms, it became possible to 

move from single genetic markers to genomic data, such as single nucleotide polymorphism 

(SNP) and restriction site associated DNA (RAD) markers, to study hybridization frequency, 

patterns across taxa, and genome composition (Twyford & Ennos, 2012). However, genomic 

data varies in quality and resolution. Large SNP sets aligned to high-quality annotated 

reference genomes are currently the most useful for untangling the role of hybridization in the 

evolutionary history of taxa and the heterogeneous genomic landscapes of admixture from 

different hybrid zone locations (S. A. Taylor & Larson, 2019), such as those used for honey 

bees (Calfee et al., 2020) and North American woodpeckers (Aguillon et al., 2021). Many 

hybridizing species lack reference genomes, and these methods are not yet possible. Recent 

approaches for generating genome assemblies often involve combining long- and short-read 

sequence data, allowing for high-quality, contiguous genomes with few errors (Whibley et al., 

2021). Chromosome-scale assemblies, which can be achieved using additional scaffolding 

methods, are especially useful for furthering our understanding of the genomic architecture in 

hybrids. 

Several bioinformatic approaches are available to analyze such genomic data. Each has 

different requirements and limitations to characterize different aspects of hybridization, such 

as individual ancestries, direction and timing of gene flow, or ancestry patterns across the 

genome (Gompert et al., 2017; Payseur & Rieseberg, 2016; Runemark et al., 2019). Most 

analyses require prior assignment of samples to taxa. Commonly used approaches to detect 

and quantify hybridization are Bayesian clustering methods such as Structure and 

ADMIXTURE (Alexander & Lange, 2011; Falush et al., 2003), which estimate the likelihood of 

individual ancestry based on genetic groups. Hybrid indices can also be used to quantify the 

proportion of the genome inherited from the parental species (Buerkle, 2005). 

Summary statistics are often used to examine patterns of nucleotide diversity (π), genetic 

differentiation (FST), and divergence (dXY) between populations, which can indicate gene flow 

across the genome (Ellegren et al., 2012; J. B. W. Wolf & Ellegren, 2017). Highly differentiated 

loci or regions can be extracted using FST outlier analyses, which identify whether the FST 

values are larger than expected from genetic drift alone and therefore potentially under 

selection (Excoffier et al., 2009). However, selection alone is often not the only reason behind 

differentiation outliers; thus, interpreting these patterns can be challenging because similar 

genomic landscapes can be shaped by different demographic histories, genomic features, and 

processes (Ravinet et al., 2017). 
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To test for introgression across the genome, statistics such as ABBA-BABA (Martin et al., 

2015; Patterson et al., 2012) and Patterson’s D (Green et al., 2010) can be used, which are 

based on the detection of excess allele sharing between taxa to differentiate introgression from 

incomplete lineage sorting. 

By inferring local ancestry, the resulting ancestry blocks that are broken down by 

recombination over time can provide insight into processes of genomic admixture and be used 

to estimate the number of generations since admixture (Corbett-Detig & Nielsen, 2017; Hvala 

et al., 2018; Pool & Nielsen, 2009). The number of junctions, i.e., breakpoints between ancestry 

blocks, increases from generation to generation, while the ancestry tract length decreases 

(Janzen et al., 2018). Recombination varies among species, populations, and individuals 

(Stapley et al., 2017), and the highly variable recombination rate along genomes drives local 

patterns of selection and introgression (Martin et al., 2019; Schumer et al., 2018). Local 

recombination rate variation can be highly species-specific, but some general patterns have 

been identified. Regions in the center of chromosomes are generally recombination cold spots, 

while the chromosome peripheries tend to have a higher recombination rate (Haenel et al., 

2018). Wersebe et al. (2023) observed that in Daphnia, regions of high gene density and 

recombination rate exhibited higher divergence and differentiation than regions of suppressed 

recombination. Whether introgressed loci persist in populations or are purged from the genome 

is therefore highly dependent on their local genomic context. Theory predicts that gene flow 

between species is significantly reduced if hybrids are less fit and a large number of genomic 

loci contribute to reproductive barriers (Barton & Bengtsson, 1986). Thus, a broad correlation 

between introgression and recombination rates can be expected under these conditions, which 

is indeed found in Heliconius butterflies (Martin et al., 2019), house mice (Janoušek et al., 

2015), and Mimulus monkeyflowers (Brandvain et al., 2014).  

Combining different approaches to analyze the genomics of hybrid zones provides a powerful 

tool for understanding the genomic basis of adaptation. 

Anthropogenic change and hybridization 

Human activities have significantly shaped the planet’s environment and biodiversity, 

especially since the beginning of the 20th century. The increasing number of environments 

modified by humans can lead to hybridization of previously isolated species, accelerating the 

formation of new hybrid zones and impacting existing ones across a range of taxa (Grabenstein 

& Taylor, 2018; McFarlane & Pemberton, 2019). The most common human-mediated changes 

that promote hybridization are habitat change and the introduction of non-native species 

(Ottenburghs, 2021). In contrast to natural hybridization, anthropogenic hybridization often 

occurs over shorter timescales that can be traced since the initial disturbance. Habitat change 



Chapter 1 

10 

can be direct physical changes, such as deforestation (Sivyer et al., 2018) and urbanization 

(Päckert et al., 2019), or modifications of the ecological factors, such as climate change (Ryan 

et al., 2018) and eutrophication (Feulner & Seehausen, 2019). 

While introgression is one of the most common outcomes (Ottenburghs, 2021), the diagnostic 

genetic markers used in many studies are often insufficient to identify backcrossed hybrids 

(McFarlane & Pemberton, 2019), and high-resolution genomic data is needed to detect 

hybridization frequency and the number of generations since admixture. In addition, taxa also 

often have a history of repeated historical admixture, making it challenging to define species 

for conservation guidelines (Allendorf et al., 2001). Studying both the natural and 

anthropogenic consequences of ongoing hybridization across taxa can help us unravel the 

genomic architecture of reproductive isolation. 

Hybridization in Freshwater Ecosystems 

While freshwater ecosystems hold only a tiny fraction of the total water on Earth, they play a 

critical role and support approximately 10% of all animal species (Balian et al., 2008). Lakes, 

ponds, rivers, and wetlands are dynamic ecosystems that fluctuate, e.g., regarding water depth 

and temperature, and display different levels of habitat complexity and physical connectivity 

(Grummer et al., 2019). These ecosystems and the species that inhabit them are highly 

affected by human-mediated changes such as climate change (Woodward et al., 2010) and 

pollution (Amoatey & Baawain, 2019). In addition, eutrophication, where increased nutrient 

levels, primarily phosphorus and nitrogen, lead to increased algal and cyanobacterial growth 

and biomass, is accelerated by agriculture and sewage and can alter the natural trophic state 

of lakes (Smith, 2003). 

Hybridization is common in organisms that spend at least part of their life cycle aquatic, e.g., 

fish (McKenzie et al., 2015), amphibians (Dufresnes et al., 2021), snails (Westram et al., 2021), 

and plants (Wu et al., 2022). In contrast to terrestrial hybrid zones, marine hybrid zones are 

often mosaic with multiple contact zones because animals tend to have much higher dispersal 

rates, e.g., found in bivalves (Simon et al., 2021) and fish (Riquet et al., 2019). In freshwater 

ecosystems, hybrid zones can occur along environmental gradients in river systems (Barreto 

et al., 2020; Culumber et al., 2012), but they are often difficult to identify in the more 

homogeneous lake habitats with temporally changing environmental conditions (Bittner et al., 

2010; Spaak & Hoekstra, 1995). 

Like terrestrial hybrid zones, aquatic hybrid zones can be directly affected by anthropogenic 

changes to the habitat, such as eutrophication, human-built structures, and the deliberate or 
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accidental introduction of non-native species (Viard et al., 2020). These cases offer the 

potential to study the outcome of recent hybridization in these essential habitats. 

The Model System Daphnia 

Daphnia (Crustacea, Cladocera) is a genus of small planktonic crustaceans that play an 

important role in freshwater ecosystems around the world. As key species in the food web, 

they are primary grazers of phytoplankton and a major food source for planktivorous fish and 

other invertebrate predators (Lampert & Sommer, 2007). Decades of research into Daphnia 

ecology and evolution as well as their life history traits make them ideally suited as model 

organisms (Altshuler et al., 2011; Ebert, 2022). The switch between asexual and sexual 

reproduction allows performing experiments on clonal individuals with the same genetic 

background, e.g., exposing Daphnia to aquatic stressors to explore changes in life history and 

gene expression, as well as examining population history using resting eggs (Miner et al., 

2012). In addition, they exhibit substantial genetic variation (Chaturvedi et al., 2021) and can 

rapidly adapt to local environmental conditions (De Meester et al., 1999; Wersebe & Weider, 

2023). 

The genus is comprised of the subgenera Ctenodaphnia and Daphnia, which diverged around 

145 million years ago (Cornetti et al., 2019). Approximately 40 species are found in the 

subgenus Daphnia, which is separated into the D. pulex group sensu lato and D. longispina 

group sensu lato (Adamowicz et al., 2009; Chin & Cristescu, 2021). 

Most of the year Daphnia reproduce asexually through parthenogenesis and switch to the 

production of males when environmental conditions deteriorate, e.g., overcrowding and 

changes in photoperiod or food level (Figure 1.2; Decaestecker et al., 2009; Ebert, 2005). 

Mating results in up to two resting eggs that are encased in a protective chitinous shell called 

the ephippium, which can remain viable for decades and, in extreme cases, even centuries 

(Frisch et al., 2014). This results in a greater dispersal ability compared to organisms of similar 

size through the ephippia, which float on water bodies and are dispersed by water currents, 

wind, or animals (Slusarczyk et al., 2019). However, a portion of the resting eggs are eventually 

buried in the lake sediments and contribute to the resting egg bank (Hairston, 1996). If resting 

eggs from the surface layers or deeper layers after sediment disturbance are exposed to 

hatching cues, e.g., temperature and changes in light, they can contribute to genetic diversity 

in the active population and impact population dynamics (Brendonck & De Meester, 2003; 

Cáceres, 1998; Hairston & Kearns, 2002). 
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Figure 1.2. The Daphnia life cycle. During asexual (clonal) reproduction, adult female Daphnia produce 
parthenogenetic eggs, which develop into embryos and are then released from the brood chamber as 
parthenogenetic females. Sexual reproduction is triggered when environmental conditions deteriorate and 
parthenogenetic males are produced. Mating results in fertilized resting eggs encased in the ephippium, from which 
one or two sexual females will hatch after undergoing diapause. 

Many organisms living in aquatic ecosystems are able to produce dormant propagules, such 

as eggs, seeds, cysts, or spores, which form biological archives and can be used to directly 

study demographic and adaptive changes in ecosystems (Brendonck & De Meester, 2003; 

Burge et al., 2018; Orsini et al., 2013). In addition, paleolimnological methods can be used to 

date sediments and reconstruct biotic and abiotic conditions. 

In Daphnia, the resting egg bank can be used to hatch historical genotypes from sediment 

cores to examine evolutionary response, e.g., to increased levels of cyanobacterial food 

(Isanta-Navarro et al., 2021) and thermal stress (Yousey et al., 2018). Furthermore, DNA can 

be isolated from resting eggs, and genetic markers, such as microsatellites (Limburg & Weider, 

2002; Möst et al., 2015), can be used to investigate genetic variation associated with changes 

in environmental factors, e.g., cyanobacteria (Monchamp et al., 2017), eutrophication (Alric et 

al., 2016; Brede et al., 2009), temperature (Dziuba et al., 2020), and invasion of non-native 

species (Duffy et al., 2000). However, depending on the Daphnia species, ephippia measure 

only about 0.5 to 1.3 mm in length (Tsugeki et al., 2021), and the small amount of total DNA 

contained in the resting eggs makes genomic methods very challenging without pooling 

multiple resting eggs (Cordellier et al., 2021). While whole-genome sequencing of single 

resting eggs using whole genome amplification (WGA) has been shown to work on a small 
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scale, population genomic investigations are still hindered by contamination and degraded 

DNA (Lack et al., 2018). 

The Daphnia longispina Species Complex  

Hybridization and introgression are commonly found in the Daphnia longispina species 

complex (DLSC), which inhabits lakes and ponds throughout the Holarctic (Adamowicz et al., 

2009; Petrusek, Hobæk, et al., 2008). The complex radiated approximately 5–7 million years 

ago (Schwenk, 1993) from multiple Palearctic glacial refugia (Petrusek et al., 2012) and 

consists of the three most frequently found and well-studied species, D. galeata, D. cucullata, 

and D. longispina (the latter also previously described as D. hyalina, D. rosea, or D. zschokkei), 

as well as several cryptic and endemic lineages (D. J. Taylor & Hebert, 1994; Zuykova et al., 

2019). A comprehensive phylogeny based on mitochondrial markers is presented by Chin and 

Cristescu (2021). 

While the species can co-occur in habitats, they display clear genetic differentiation and differ 

in ecological preferences. D. galeata prefers more eutrophic conditions to establish 

successfully, while D. longispina survives from oligotrophic to eutrophic conditions (Spaak et 

al., 2012). D. cucullata is found in a range of ecological conditions from oligotrophic to 

hypertrophic lakes (Karpowicz et al., 2020). In addition to trophic level, which is closely linked 

to food availability, food quality (Brzeziński & Von Elert, 2007; Seidendorf et al., 2010) and the 

presence of filamentous cyanobacteria (Brzeziński, 2015) also contribute to niche separation. 

The presence of planktivorous fish shapes the species distribution, with D. cucullata, as the 

smallest of the three species, being less susceptible to predation pressure from visual 

predators (Spaak & Hoekstra, 1997) and D. longispina being the most sensitive to fish 

predation (Petrusek, Seda, et al., 2008). In contrast, the larger species are less likely to be 

preyed upon by gap-limited invertebrate predators, such as Chaoborus larvae (Pijanowska, 

1990; Wolinska et al., 2007). The species also display differences in susceptibility to parasites 

(Wolinska et al., 2006). 

When two or more species appear in the same habitats, they also exhibit further niche 

separation, e.g., at which time of year the sexual reproduction takes place (Jankowski & Straile, 

2004; Macháček et al., 2013) and spatial distribution across horizontal ecological gradients 

(Petrusek, Seda, et al., 2008) or vertically within the water column (Weider & Stich, 1992).  

Hybridization in the DLSC 

Hybridization in Daphnia has been documented between the North American D. pulex species 

complex, resulting in reticulate evolution (Vergilino et al., 2011) and lineages with polyploidy 
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and obligate asexual reproduction (Dufresne & Hebert, 1997). It has also been found to occur 

after anthropogenic disturbance has weakened ecological barriers (Millette et al., 2020). 

However, hybridization is most prevalent in the DLSC and has shaped the diversification with 

introgression between lineages (Ishida & Taylor, 2007) and a history of ancient hybridization 

(Beninde, 2021). Researchers first documented the occurrence of intermediate morphological 

phenotypes (Flößner & Kraus, 1986; H. G. Wolf, 1987) and later found widespread evidence 

for recent hybridization using early genetic markers (Gießler, 1997; Schwenk, 1993; Schwenk 

et al., 1995; Spaak & Hoekstra, 1995). 

Later, nuclear, mitochondrial, and microsatellite markers for the DLSC were developed to 

distinguish the species and their hybrids (Brede et al., 2006; Rusek et al., 2015; Schwenk et 

al., 1998; Skage et al., 2007) and investigate species distribution in different habitats (Keller et 

al., 2008; Petrusek, Seda, et al., 2008; Yin et al., 2010) and genetic structure over time (Griebel 

et al., 2016; Yin et al., 2014). The resting egg bank also allowed the investigation of species 

composition and how hybridization has changed over the past decades (Brede et al., 2009; 

Cousyn et al., 2001). Nevertheless, these methods are only able to reliably assign individuals 

as F1, F2, or backcrosses (Dlouhá et al., 2010) and are not sensitive enough to identify 

genome-wide signatures of introgression (Twyford & Ennos, 2012). 

In addition to ecological barriers, the species are isolated by reproductive barriers, with 

differences in viability depending on the divergence time between species pairs and cross 

direction (Chin & Cristescu, 2021). D. galeata × D. longispina and D. galeata × D. cucullata 

hybrids are less likely to produce resting eggs, hatch, and survive compared to the parental 

species in the field (Keller et al., 2007; Spaak et al., 2004) and the laboratory (Schwenk et al., 

2001). D. longispina × D. cucullata hybrids are rarely documented in natural populations, most 

likely due to their opposing ecological preferences (Petrusek, Seda, et al., 2008). It is not clear 

to what extent introgression occurs between all possible species pairs and how it varies across 

the genome. 

We find a patchy distribution of freshwater ecosystems with different environmental conditions 

that are colonized by Daphnia at different rates, followed by selection leading to mosaic hybrid 

zones (Harrison, 1986). These hybrids often show intermediate morphological and ecological 

traits and are found in intermediate habitats (Löffler et al., 2004; Ma et al., 2019). This could 

be explained by the tension zone model, which posits that hybrid zones are maintained by 

random dispersal of the parental species and selection against the less fit hybrid individuals 

(Barton & Hewitt, 1985). However, due to their clonal reproduction phase, hybrids can 

temporarily outperform their parental species and dominate lake habitats under certain 

environmental conditions (Declerck & De Meester, 2003; Griebel et al., 2015). Furthermore, in 
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some habitats, these hybridization dynamics have been influenced by increased levels of 

anthropogenic eutrophication in the 20th century (Alric et al., 2016; Keller et al., 2008). 

The small genome size of Daphnia (~190 Mb for D. pulex, Ye et al., 2017) and decreasing 

sequencing costs make population genomic studies more feasible and affordable. Since the 

publication of the D. pulex genome (Colbourne et al., 2011), the first crustacean genome to be 

sequenced, additional genomic resources have been created to advance Daphnia as a 

genomic model organism. These include the D. magna (Lee et al., 2019) and D. pulicaria 

genomes (Wersebe et al., 2023), as well as the D. galeata transcriptome (Huylmans et al., 

2016). In D. pulex, studies have investigated genome-wide patterns of differentiation using 

whole-genome sequencing (Maruki et al., 2022) and ddRAD-seq (Wersebe et al., 2023). 

However, a reference genome is needed to investigate genome-wide hybridization and 

introgression in the DLSC. 

Thesis Outline and Objective 

The aim of this thesis is to establish the Daphnia longispina species complex as a genomic 

model for hybridization by providing a method for sequencing resting eggs and a chromosome-

scale genome assembly for the group. This serves as the basis for understanding the extensive 

history of hybridization in the DLSC and the genomic patterns of recent hybridization and 

introgression in mosaic hybrid zones. 

In Chapter 2, I developed a novel method to address issues with low DNA yield and 

degradation and generate whole genomes from single DLSC resting eggs using whole genome 

amplification. Using a pre-sequencing contamination screening, a cost-saving protocol was 

established to optimize the population genomic investigation of the resting egg bank in Daphnia 

and thus the ability to track past hybridization events. 

In Chapter 3, I present a high-quality genome assembly and annotation for the species D. 

galeata, the first for a member of the DLSC. Using the protocol established in Chapter 2 and 

the new reference genome, I generated and analyzed whole genomes of three species of the 

complex to detect hybridization frequency and investigate introgression and divergence 

patterns across the genome in four populations.  

After identifying two populations with high hybridization frequency in Chapter 3, I conducted 

more extensive time-series genomic sampling of these populations for Chapter 4 and 

improved the reference genome to a chromosome scale. By refining a novel junctions method, 

I aim to accurately date recent admixture events to understand the history of hybridization and 

the distribution of ancestry across the genome.  
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Abstract 

Resting stages of aquatic organisms that accumulate in the sediment over time are an 

exceptional resource that allows direct insights into past populations and addressing 

evolutionary questions. This is of particular interest in taxa that face relatively new 

environmental challenges, e.g., climate change and eutrophication, such as the Daphnia 

longispina species complex, a keystone zooplankton group in European freshwater 

ecosystems. However, genomic analysis might be challenging as DNA yield from many of 

these resting stages can be low and the material degraded. To reliably allow the resequencing 

of single Daphnia resting eggs from different sediment layers and characterize genomic 

changes through time, we performed whole-genome amplification to obtain DNA amounts 

suitable for genome resequencing and tested multiple protocols involving egg isolation, whole-

genome amplification kits, and library preparation. A pre-sequencing contamination screening 

was developed, consisting of amplifying mitochondrial Daphnia and bacterial markers, to 

quickly assess and exclude possibly contaminated samples. In total, we successfully amplified 

and sequenced nine genomes from Daphnia resting eggs that could be identified as Daphnia 

longispina species. We analyzed the genome coverage and heterozygosity of these samples 

to optimize this method for future projects involving population genomic investigation of the 

resting egg bank.  

Keywords: Daphnia longispina species complex, population genomics, resting egg bank, 

whole-genome amplification   
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Introduction 

Organisms that produce dormant propagules, e.g., seeds, eggs, cysts, or spores are especially 

interesting to investigate the evolutionary history of species, populations, and whole 

ecosystems. These dormant propagules accumulate in layers of limnic or marine sediment 

over time and function as a biological archive that allows direct insights into shifts in genetic 

variation and how past and ongoing environmental changes have shaped ecosystems 

(Hairston, 1996; Orsini et al., 2016). Combined with the rapidly growing genomic resources 

and high-throughput sequencing technologies, resting stage banks enabled researchers to 

investigate local adaptation in rotifers (Franch-Gras et al., 2018), genetic structure in diatoms 

(Härnström et al., 2011), and genetic diversity over time in Daphnia magna (Orsini et al., 2016). 

In freshwater sediment, resting egg banks are often dominated by zooplanktonic crustaceans 

such as the genus Daphnia (Crustacea, Cladocera) that play a key role in aquatic food webs; 

they graze on phytoplankton and are a food source for secondary consumers (Lampert & 

Sommer, 2007). As cyclical parthenogens, Daphnia are able to switch between asexual and 

sexual reproduction and the resulting resting eggs can withstand adverse conditions for 

decades and even centuries (Frisch et al., 2014). In some cases, resting eggs extracted from 

sediment cores can be hatched and clonal lines brought back to life to investigate temporal 

and spatial patterns in the recent past (Orsini et al., 2013). The DNA preserved in those resting 

eggs can also be directly analyzed with various molecular methods (Cousyn et al., 2001; Lack 

et al., 2018; Limburg & Weider, 2002) to study adaptation to changing environmental conditions 

such as temperature (Dziuba et al., 2020) or eutrophication (Alric et al., 2016; Cordellier et al., 

2021). 

Genomic investigation of the resting egg bank that can be conducted directly without hatching 

and establishing clonal lines is hindered by small amounts of potentially degraded DNA in 

single Daphnia resting eggs. Before high-throughput sequencing technologies became 

widespread in non-model organisms, population genetic studies were restricted to a few 

nuclear and mitochondrial markers to characterize resting eggs (Brede et al., 2009; Möst et 

al., 2015; Ortells et al., 2014). However, the small amount of tissue (~3500 cells per diapausing 

embryo in D. magna; Chen et al., 2018) makes whole-genome sequencing extremely 

challenging. One possible approach is pooling multiple eggs from a population for whole-

genome sequencing but then information on individual genotypes is lost (Cordellier et al., 

2021). 

Another approach to obtain sufficient DNA from starting material that is of limited quantity 

and/or quality is multiple displacement amplification (MDA), a method for whole-genome 

amplification (WGA) commonly used to perform isothermal amplification of the template DNA. 
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MDA-WGA uses phi29 DNA polymerase and annealing of random hexamers which does not 

require species-specific primers and yields an average DNA product length of >10 kb (Dean 

et al., 2002; Spits et al., 2006). It is the preferred method for SNP detection (De Bourcy et al., 

2014) and has been used in other studies where extremely small specimens hinder genomic 

investigation to successfully perform RADSeq (Cruaud et al., 2018) and whole-genome 

sequencing (O’Grady et al., 2022). These new methods enabled researchers to study 

introgression in Schistosome parasites (Platt et al., 2019) and population genomic structure in 

water mites (Blattner et al., 2022) and ghost-worms (Cerca et al., 2021). It can also be used to 

detect copy number variants (Deleye et al., 2017) and most structural variants (Lack et al., 

2018). Potential drawbacks are increased cost for WGA kits and GC-dependent amplification 

bias (Sabina & Leamon, 2015). 

In a previous study, Lack et al. (2018) demonstrated that it is possible to use WGA of Daphnia 

pulicaria resting eggs to achieve DNA concentration suitable for whole-genome sequencing 

but caution that it should only be used when necessary, e.g., when it is not possible to hatch 

eggs and sequence genomes of multiple clonal individuals. However, the hatching success of 

resting eggs is highly species-dependent, with Daphnia magna exhibiting a generally high 

hatching rate, and members of the Daphnia longispina species complex a poor hatching 

success. Further, within species, other factors such as lake of origin and sediment composition 

seem to play a role in hatching success (personal observation MC, Radzikowski et al., 2018). 

In addition, in populations of D. longispina species, hybrid resting eggs are less likely to hatch 

than their parental species in lab experiments (Schwenk et al., 2001) and natural populations 

(Keller et al., 2007; Keller & Spaak, 2004). Indeed, hybridization and introgression are common 

in the D. longispina species complex. This could result in bias towards the parental species 

when hatching and rearing clonal lines from resting eggs. 

In this study, we tested multiple protocols involving egg isolation, WGA kits, and library 

preparation, and developed a contamination screening to reliably sequence genomes from 

single resting eggs from the D. longispina species complex. We also analyzed the read depth 

and heterozygosity to optimize this method for future projects involving population genomic 

investigation of the resting egg bank using recent and historical resting eggs. 

Methods 

Sampling and isolation 

Sandy soil was collected by hand from the shoreline of the eutrophic lake Eichbaumsee, 

Germany (53° 29′ 6″ N, 10° 6′ 11″ E) and stored at 4°C. The exact age of the soil is unknown 

but the upper layers most likely contain recent Daphnia eggs from the last few years. 
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To collect Daphnia eggs small amounts of sediment were sieved (125 μm mesh size) and 

resuspended in ddH2O. Ephippia were eye spotted, counted, and transferred to 1.5 ml tubes 

under a stereo microscope (Nikon SMZ800N). The water was then removed, and the samples 

were kept at 4°C in the dark until further processing. The ephippia were transferred to a drop 

of sterile 1× PBS and opened under a stereo microscope with insect needles and forceps 

previously treated with UV light in a PCR workstation Pro (VWR) and cleaned with DNA-

ExitusPlus (PanReac AppliChem). If an egg was present a picture was taken and the quality 

was evaluated by eye based on their color into the categories light green or dark green, which 

is the highest quality we find. Eggs that had an already damaged egg membrane, an uneven 

shape or were orange were discarded (Marková et al., 2006). The resting egg separated from 

the ephippial casing was then transferred to a tube with sterile 1× PBS with a pipette to wash 

away the remaining material and the egg was transferred in 1 μl PBS to a new tube with 2, 3, 

or 14 μl fresh PBS, depending on the WGA protocol (REPLI-g Mini, Single cell and Single Cell 

increased sample volume, respectively). The isolated eggs were kept at −20 or −80°C at least 

overnight until amplification. 

DNA extraction from batch cultures 

As an unamplified control for the WGA samples, high-molecular-weight genomic DNA was 

extracted from 20 pooled adult Daphnia individuals (M5 clone; Nickel et al., 2021) using a 

modified CTAB extraction method as described in Cristescu et al. (2006). 

Whole-genome amplification of isolated resting eggs 

For whole-genome amplification of single eggs, the REPLI-g Single Cell Kit and REPLI-g Mini 

Kit (Qiagen) were used. Both kits are used for unbiased amplification of genomic loci due to 

MDA. The REPLI-g Single Cell Kit can be used for samples of 1–1000 intact cells and yields 

more DNA. The isolated resting eggs were thawed on ice and WGA was performed following 

the manufacturer's protocols. Briefly, denaturation buffer was added to the prepared resting 

eggs in PBS and amplified by phi29 DNA polymerase under isothermal conditions at 30°C for 

8 h using the REPLI-g Single Cell Kit and 16 h using the REPLI-g Mini Kit and the polymerase 

was inactivated at 65°C for 3 min. In addition, a modified protocol for the REPLI-g Single Cell 

Kit as described by Lack et al. (2018) was used; it is optimized for the amplification of 10–

100 ng genomic DNA template and uses an increased sample volume (15 μl). 

Eggs were either kept intact or punctured with an insect needle before the amplification to test 

whether manual crushing had an effect. The different methods involving the REPLI-g kit, if the 

normal or increased sample volume protocol were used, storage, and egg integrity were 

performed on two eggs each for the nine tested protocol combinations and are shown in Table 

2.1 and Figure 2.1. 
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Figure 2.1. Experimental design workflow for multiple protocols of whole-genome amplification of isolated resting 
eggs, library preparation, sequencing, and bioinformatic analysis.

Nextera
library kit

19

NEBNext FS
library kit

6

NEBNext
library kit

5

18 resting eggs

Unamplified 
CTAB

1

W
G

A 
pr

ot
oc

ol

St
or

ag
e

Eg
g 

in
te

gr
ity

Li
br

ar
y 

pr
ep

ar
at

io
n

Single Cell
increased
protocol

2

−80 °C
8

−20 °C
10

DNA 
isolation

30 total 
libraries

Crushed
8

Intact
10

Mini Kit
8

16S PCR 
Daphnia

Read mapping
with FastQ

Screen
30 

New libraries sequenced 
with NovaSeq

(Nickel et al., 2021)
9

SNP calling &
heterozygosity

Read 
coverage

Pr
e-

se
qu

en
ci

ng
sc

re
en

in
g

Po
st

-
se

qu
en

ci
ng

sc
re

en
in

g
Se

qu
en

ci
ng

Se
qu

en
ci

ng
 

an
al

ys
is

 

16S PCR 
bacteria

M
iS

eq
Su

cc
es

sf
ul

sa
m

pl
es

+

Single Cell
8



Chapter 2 

31 

Table 2.1. Summary of all samples for egg quality, the complete method used for each egg, and PCR screening results (16S Daphnia/16S bacteria: Amplified product visible on 
a gel). For the sequencing statistics, the number of reads is presented separately for Illumina Nextera or NEB library preparations. The mapped reads % column shows the % of 
reads mapped to the D. galeata genome by BWA. Samples with very high mapping success are considered as successful amplification of Daphnia DNA and are indicated in bold 
while the remaining samples are considered contaminated. 

Sample name Egg quality REPLI-g kit Protocol Storage Egg integrity 16S Daphnia 16S bacteria Total raw reads Total trimmed reads Mapped reads % 

EIC_18 Dark Single Cell Normal −20°C intact Yes No Nextera: 106,686 72,564 93.64 
EIC_15.4 Light Single Cell Normal −20°C intact Yes Yes Nextera: 55,146 36,468 11.53 
EIC_2.1 Unknown Single Cell Increased sample −20°C intact Yes Weak Nextera: 84,848 54,265 17.91 
EIC_2.2 Unknown Single Cell Increased sample −20°C intact Yes Weak Nextera: 64,268 41,923 20.58 
EIC_12.3 Light Single Cell Normal −80°C intact Weak Weak Nextera: 116,572 78,875 0.04 
        NEB: 20,133 19,364 3.64 
EIC_13.3 Dark Single Cell Normal −80°C intact Yes No Nextera: 53,342 35,721 12.12 
        NEB: 30,512 29,182 4.29 
EIC_3.1 Light Single Cell Normal −20°C crushed Yes Weak Nextera: 55,176 37,877 8.16 
EIC_3.2 Dark Single Cell Normal −20°C crushed No Weak Nextera: 43,025 26,622 13.82 
EIC_16 Light Single Cell Normal −80°C crushed Yes No Nextera: 156,382 99,335 95.95 
        NEB FS: 62,699 49,802 96.12 
EIC_17 Dark Single Cell Normal −80°C crushed Yes No Nextera: 27,744 17,700 96.69 
        NEB FS: 63,985 55,836 96.25 
EIC_7.1 Dark Mini Normal −20°C intact Yes Weak Nextera: 81,411 53,037 29.99 
EIC_7.2 Dark Mini Normal −20°C intact No Yes Nextera: 42,070 26,465 11.37 
        NEB: 40,303 38,387 0.02 
EIC_11 Dark Mini Normal −80°C intact Yes Weak Nextera: 18,787 11,842 98.06 
        NEB: 43,710 41,774 96.74 
EIC_12 Light Mini Normal −80°C intact Yes No Nextera: 63,732 38,445 97.67 
        NEB: 40,089 38,354 96.64 
EIC_13 Light Mini Normal −20°C crushed Yes No Nextera: 102,521 64,463 97.92 
EIC_13.2 Dark Mini Normal −20°C crushed Yes No Nextera: 33 9 / 
        NEB FS: 63,285 56,212 97.99 
EIC_14 Light Mini Normal −80°C crushed Yes No Nextera: 151,989 97,438 98.23 
        NEB FS: 56,431 49,438 97.64 
EIC_15 Light, slight dissolving Mini Normal −80°C crushed Yes Weak Nextera: 89,600 57,955 97.73 
        NEB FS: 47,563 41,308 93.89 
M5 / / Unamplified CTAB / / Yes Weak Nextera: 62,905 37,408 92.45 
        NEB FS: 104,196 53,906 93.89 
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The amplified product was quantified on a NanoDrop spectrophotometer (ThermoFisher) to 

check that the A260/280 and A260/230 values were both >1.8 which indicates DNA purity. The 

concentration was measured with a Qubit Fluorometer (ThermoFisher) because during the 

REPLI-g reaction single-stranded DNA is generated by random extension of primer dimers 

which leads to an overestimation of DNA using a spectrophotometer. Successful amplification 

product was purified with 0.4× Agencourt AMPure XP magnetic beads (Beckman Coulter) to 

remove small fragments and eluted in 60 μl 1× TE buffer. The cleaned genomic DNA was then 

quantified with a Qubit Fluorometer and fragment length was examined on a 4200 TapeStation 

(Agilent) or Fragment Analyzer (Agilent). The amplification product was stored at −20°C until 

library preparation. The presence of Daphnia DNA in the WGA product was checked by 

amplifying fragments of the mitochondrial 16S rDNA gene using the universal cladoceran 

primers S1 (5′-CGG CCG CCT GTT TAT CAA AAA CAT-3′) and S2 (5′-GGA GCT CCG GTT 

TGA ACT CAG ATC-3′) with 1 cycle of 93°C for 2 min 30 s, 55°C for 1 min and 72°C for 2 min 

followed by 40 cycles of 93°C for 1 min, 55°C for 1 min and 72°C for 2 min and running a 1.5% 

agarose gel at 100 V to assess bands (Schwenk et al., 1998). To check for a low presence of 

bacterial DNA universal primers for the bacterial 16S rDNA gene were used (5′-TCC TAC GGG 

AGG CAG CAG T-3′ and 5′-GGA CTA CCA GGG TAT CTA ATC CTG TT-3′) with 1 cycle of 

50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min 

(Nadkarni et al., 2002). 

Library preparation and sequencing 

Paired-end library construction was conducted for the 18 WGA samples and one unamplified 

CTAB sample with the Nextera XT DNA Library Preparation Kit (Illumina). Two library 

preparation kits were used on the same WGA samples to test which library kit could be best 

adapted to these samples. Five WGA samples (500 ng as input DNA) were fragmented using 

the M220 Focused-ultrasonicator (Covaris) and prepared with the NEBNext® Ultra™ II DNA 

Library Prep Kit for Illumina (New England Biolabs). In addition, five WGA samples (500 ng as 

input DNA) and one unamplified CTAB sample were prepared with NEBNext® Ultra™ II FS 

DNA Library Prep Kit for Illumina which includes an enzyme DNA fragmentation step. The 

obtained fragment length was measured prior to sequencing on a 4200 TapeStation (Agilent) 

with the High Sensitivity D5000 kit. The libraries were separately pooled and 150 bp paired-

end reads were sequenced for the 19 Nextera libraries and 11 NEB libraries (30 total) on the 

Illumina MiSeq platform using the MiSeq Reagent Kit v2 Nano (Illumina). 

Using only the eight WGA samples that were identified as largely Daphnia sequences in the 

previous low-coverage MiSeq sequencing step as well as one unamplified CTAB sample (9 

total), new libraries were prepared with the NEBNext® Ultra™ II FS DNA Library Prep Kit for 

Illumina. Then, 150 bp paired-end sequencing was generated on the Illumina NovaSeq 6000 
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platform as part of a previous study (Nickel et al., 2021). This whole-genome data was used 

here to have sufficient coverage to assess genome coverage and is available from the 

European Nucleotide Archive (accession numbers: ERR4610186–ERR4610192, 

ERR4610229, and ERR5235052). The successful sample EIC_13.2 could not be sequenced 

again because no amplification product was left. 

Sequencing analysis and genotyping 

The quality of raw and trimmed reads was assessed using FastQC v0.11.7 (Andrews, 2010). 

Trimming and quality filtering of the 30 total MiSeq datasets was performed using Trimmomatic 

v0.38 (Bolger et al., 2014) with the following parameters: TRAILING: 15 SLIDINGWINDOW: 

4:15 MINLEN: 120. To assess contamination in the WGA samples FastQ Screen v0.14.0 with 

the BWA mapping option was used (Wingett & Andrews, 2018). A custom database was built 

to map trimmed reads against possible contaminants that included general common 

contaminants such as Homo sapiens (GRCh38.p7), the UniVec database, a bacterial and a 

viral NCBI reference set all downloaded in April 2018 as well as the D. galeata genome (Nickel 

et al., 2021), D. magna genome and Acutodesmus obliquus draft genome (Starkenburg et al., 

2017) (Table S2.1). All sequences that did not map to any reference genome were filtered and 

searched against the GenBank nucleotide database (downloaded Feb. 2022) using blastn 

2.12.0+ to identify their origin (Camacho et al., 2009). The trimmed reads were mapped to the 

D. galeata reference genome, using BWA v0.7.17 with the mem option (Li & Durbin, 2009) and 

Qualimap v2.2.1 was used to examine the mapping quality (Okonechnikov et al., 2016). 

In addition, adapter trimming and quality filtering of the nine NovaSeq datasets from Nickel et 

al. (2021) were performed using Trimmomatic v0.38 with the following parameters: 

ILLUMINACLIP: TruSeq3-PE.fa: 2:30:10 TRAILING: 15 SLIDINGWINDOW: 4:15 MINLEN: 70. 

Following GATK4 best practices for pre-processing and variant calling (Van der Auwera et al., 

2013) the trimmed reads were mapped to the D. galeata genome using BWA v0.7.17 with the 

mem and –M options (Li & Durbin, 2009). Duplicates were marked and filtered out in the BAM 

file using Picard v2.21.1 (http://broadinstitute.github.io/picard/). 

We estimated read depth across the genome with a bin size of 10 kb and normalized with the 

Reads Per Kilobase per Million mapped reads (RPKM) model using bamCoverage from the 

deepTools package v3.5.1 (Ramírez et al., 2016). 

To call variants for each sample HaplotypeCaller implemented in GATK v4.2.2.0 was run with 

the —emitRefConfidence GVCF and —include-non-variant-sites option (Poplin et al., 2018). 

This outputs gVCF files with information on all variant as well as invariant genotyped sites to 

be able to calculate the total number of genotyped sites within a genomic window. The VCF 

file was hard filtered to remove variants with a QualByDepth <10, StrandOddsRatio >3, 



Chapter 2 

34 

FisherStrand >60, mapping quality <40, MappingQualityRankSumTest <−8, and 

ReadPosRankSumTest <−5 and indels and multi-allelic sites were removed with BCFtools 

v1.9 (Li, 2011). The proportion of heterozygous sites of all genotyped sites was calculated 

using the Python script popgenWindows.py (github.com/simonhmartin/genomics_general 

release 0.3) with a sliding 250 kb window and a step size of 25 kb. 

Results 

Whole-genome amplification 

The amplification step of genomes derived from resting eggs yielded 3.7–10.4 μg and 9.4–

41 μg DNA per reaction for the REPLI-g Mini and REPLI-g Single Cell Kit, respectively, and 

generated very long fragments (fragment length peak 10,000–45,000 bp). Nineteen libraries 

prepared with Illumina Nextera and eleven libraries prepared with NEB were sequenced on 

the Illumina MiSeq platform, producing a total of 1,376,237 and 572,906 raw reads, 

respectively, with an average of 72,434 and 52,082 reads generated per library (Table 2.1). 

On average, 62.4% and 87.3% of the reads were retained after trimming and quality control. 

Contamination and read mapping of MiSeq datasets 

The trimmed reads were analyzed with FastQ Screen to assess possible contamination. We 

expected that for samples with successful whole-genome amplification, the majority of reads 

would map to D. galeata with little contamination from other genomes and show similar 

patterns to the unamplified sample M5. Ten samples indicated the presence of Daphnia DNA 

and mapped >75% to D. galeata, <1% to other organisms, and the remaining reads were 

unmapped or mapped to multiple genomes (Figure 2.2). However, five samples showed little 

to no reads mapped to the D. galeata genome (0–1%), contamination (~5%) with bacteria, and 

the remaining reads could not be mapped to a genome included in the panel (Figure 2.2). For 

three samples low amounts of reads mapped to the D. galeata genome (4–21%) and bacteria 

(~5%) and the sample EIC_13.3 showed significant human, bacterial and viral contamination 

most likely caused by contamination during lab work while handling the egg or whole-genome 

amplification. Additional BLAST searches of the large percentage of the reads that could not 

be mapped to any included reference genome in the potentially contaminated samples also 

revealed no substantial matches to other organisms. 
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Figure 2.2. Proportion of reads mapped to a reference genome panel with FastQ Screen for all Illumina Nextera 
and NEB libraries. Reads that mapped to multiple genomes are not shown. 

To properly analyze reads that mapped to multiple genomes with FastQ Screen and verify 

these results, the sequences were mapped separately to the D. galeata genome. We clearly 

identified D. longispina species with 92.5%–98.2% of reads from the successful ten samples 

mapping to the genome and average genome coverage of 0.1× (Table 2.1). For samples that 

were already identified by FastQ Screen as having no or small amounts of D. galeata reads 

only 0–30% of reads could be mapped. Samples, where both Nextera and NEB libraries were 

prepared, gave similar mapping rates and results are presented for both protocols in Figure 

2.2. In total, nine Daphnia genomes from resting eggs were successfully amplified and 

sequenced which results in a 50% success rate as well as one Daphnia genome from a pooled 

unamplified DNA sample. 

Effect of different protocols used 

Out of the nine failed samples, only two were amplified using the REPLI-g Mini Kit while seven 

were amplified using the REPLI-g Single Cell Kit (normal and increased sample protocol). The 

latter yielded more DNA but produced lower quality WGA product and we were only able to 

successfully amplify samples using two protocol combinations (−20°C storage and leaving the 

eggs intact or −80°C storage and crushing the eggs). While separating resting eggs from the 

ephippial casing, only high-quality eggs that showed no sign of degeneration were selected for 

amplification and classified based on color but there does not seem to be a direct link between 

higher-quality dark green eggs and more amplification success. Out of the nine failed samples 

using either the REPLI-g Mini or Single Cell Kit, seven were stored at −20°C instead of −80°C. 

Three eggs could be successfully amplified after keeping them intact before amplification and 

six that were manually crushed with an insect needle. However, because of their fragility, the 
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membrane of some of the intact eggs was most likely also punctured during isolation and 

transfer. 

Three eggs out of ten tested eggs were successfully amplified using the REPLI-g Single Cell 

Kit, one using −20°C storage and leaving the eggs intact and two using −80°C storage and 

crushing the eggs. Six out of eight tested eggs could be amplified using the REPLI-g Mini Kit, 

two each using −80°C storage and either leaving the eggs intact or crushing them and two 

using −20°C storage and leaving the eggs intact. 

The different library kits used generated a similar number of reads per library and a higher 

proportion of reads were retained after trimming using the NEB kits. In addition, the NEB kit 

yielded more consistent library concentrations and no failed libraries due to the protocol having 

more options to customize for different DNA input concentrations. 

PCR contamination screening 

Two different 16S PCR markers were used to assess the quality of the WGA product before 

sequencing and to compare these results to the results achieved by sequencing and mapping 

the reads. Sanger sequencing and BLAST search of the Daphnia 16S PCR fragments 

confirmed that all were of D. galeata or D. longispina mitochondrial origin. It is to be noted that 

Sanger sequencing was only conducted here for further diagnosis and is not necessary for the 

contamination screening. 

Three samples had no or weak bands on the Daphnia 16S PCR gel and consequently failed 

during the sequencing. However, six samples where 16S was successfully amplified yielded 

no sequencing results (Table 2.1). All but one (EIC_13.3) of the samples that were classified 

as contaminated after sequencing showed a band during bacterial 16S PCR. However, this 

was also the case for two non-contaminated WGA samples and the unamplified control in 

which we would expect low amounts of bacterial DNA from the animals' microbiota. Combining 

both results and using only samples that pass Daphnia PCR and have no amplification of the 

bacterial DNA for subsequent sequencing could improve the success rate of WGA samples 

from 50% without any screening to 88% with stringent criteria. When considering more relaxed 

criteria that include all samples that passed the Daphnia PCR and with weak or no amplification 

of the bacterial DNA the success rate is 67%. 

Read depth and coverage of NovaSeq datasets 

While the MiSeq-generated data worked well to identify contamination quickly and at a lower 

cost, the low genome coverage (average 0.1×) was not sufficient to assess differences 

between unamplified and amplified samples and different WGA protocols used. To better 

compare the mapping rate between samples, assess the read coverage and variant calling, 
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we thus used the sequences of eight successful amplification samples and the unamplified, 

pooled sample with a higher coverage (0.60–57.05×, Table S2.2) obtained in another study 

(Nickel et al., 2021). 

As MDA-WGA can lead to non-uniform amplification of the genome (Pinard et al., 2006) that 

could affect variant calling, we checked mapping success and distribution of read coverage 

across the genome. The mapping rate for all amplified samples was >90% which was similar 

to those calculated for the MiSeq datasets and the highest rates were achieved for the two 

samples using the REPLI-g Mini Kit, −80°C storage, and crushing the eggs (97.76% & 

98.26%), the one sample using REPLI-g Mini Kit, −20°C storage and leaving the eggs intact 

(97.76%) and one of the samples using REPLI-g Mini Kit, −80°C storage and leaving the eggs 

intact (98.06%). The read coverage ranged from 5.55× to 12.41× for the amplified samples 

except for EIC_12 which showed extremely high adapter content. These were discarded during 

trimming and this subsequently resulted in lower coverage than the other samples (0.6×). 

The normalized read depth for the unamplified sample M5 shows uniform coverage across the 

genome with few regions having low or very high coverage (Figure 2.3). In general, two 

samples that were prepared with the same protocol show very similar patterns of read 

coverage. The three samples that were prepared with the REPLI-g Single Cell Kit show a 

uniform coverage similar to the unamplified M5 sample, with most regions having a coverage 

above 5 and few regions with coverage above 50 that could point to overamplification of 

specific regions. For the samples that were amplified with the REPLI-g Mini Kit, most regions 

have coverage above 1 but some regions show much lower or higher coverage, especially 

sample EIC_14. 
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Figure 2.3. Normalized read depth across the genome in 10 kb bins for each sample. Scaffold positions are marked 
by alternating gray background bars. Coverage is shown on a log2 scale. 

Variant calling and heterozygosity 

The invariant data set included 130,950,194 sites across the nine samples. To assess whether 

we find downwardly biased estimates of heterozygosity in the amplified samples we compared 

the proportion of heterozygous genotype calls in sliding windows across the genome to the 

unamplified sample M5 (Figure 2.4). The heterozygosity across the genome in the unamplified 

sample was even with few outlier windows and the genome-wide average heterozygosity was 

0.00934. We find very similar genome-wide patterns for the eight amplified samples and no 

general trend of loss of heterozygosity, with three samples having higher average 

heterozygosity compared with M5 and five having lower heterozygosity (Table S2.3). However, 

as the resting eggs were sampled from a natural population some differences in heterozygosity 

between two samples using the same protocol are expected. 
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Figure 2.4. The proportion of heterozygous genotype calls in 250 kb sliding windows across the genome. Scaffold 
positions are marked by alternating gray background bars. Sample M5 is unamplified and the remaining eight are 
WGA samples using the same color code for the specific protocol as in Figure 2.3. 
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Discussion 

Egg banks of zooplankton allow researchers to track long-term genetic and ecological variation 

within an ecosystem and provide insight into past populations by hatching long-dormant eggs 

or using genetic markers (Alric et al., 2016; Burge et al., 2018; Frisch et al., 2014). However, 

these studies are still limited by the reduction in egg viability with sediment age and the low 

amount of high-quality DNA in the eggs. The goal of this study was to optimize the whole-

genome sequencing of D. longispina species resting eggs and establish a more reliable WGA 

method using 18 single resting eggs isolated from sediment. Hatching eggs from the resting 

egg bank and establishing clonal lines in the lab can be unpredictable and success rates 

depend on the species, the water bodies where sediment was collected, and the hatching 

conditions used (Radzikowski et al., 2018). In addition, D. longispina species hybrid resting 

eggs show lower hatching success and survival rates than their parental species (Schwenk et 

al., 2001). This introduces bias where hybrids appear less frequent than they are when working 

on admixed populations from the resting egg bank. We suggest that our method could help get 

more accurate genomic data from hybrid populations in other studies (Nickel et al., 2021). 

In our study, we included the WGA method presented in Lack et al. (2018) using Daphnia 

pulicaria resting eggs where they were able to sequence one out of three resting eggs. We did 

not achieve successful amplification for the two tested D. galeata eggs using the same protocol 

(EIC_2.1 and EIC_2.2). In addition, Lack et al. (2018) did not use any qualitative diagnostic to 

assess the amplified Daphnia DNA from a resting egg before performing costly library 

preparation and sequencing steps. The success rate achieved by O'Grady et al. (2022) was 

much higher for eggs of Daphnia magna and Daphnia pulicaria (86% and 78%, respectively). 

Their study also did not include any screening step and so far, no species of the species 

predominant in European lakes were tested. 

Here, different protocols for egg treatment and different library kits were used to successfully 

amplify and sequence nine genomes from Daphnia resting eggs that could be identified as 

belonging to the D. longispina species complex. Daphnia and bacterial markers were 

established to quickly check possible contamination of the WGA product prior to sequencing 

and exclude contaminated samples before the sequencing step at a low cost, thus improving 

the success rate to 88%. This may be of particular importance because the success rate can 

vary across different lakes and may be very low in specific lakes because of the poor condition 

of resting eggs (Marková et al., 2006). The contamination screening helps to identify potentially 

successful amplification of Daphnia DNA before the library preparation and sequencing and 

generate genomic data under these difficult conditions. The bacterial markers can be used to 

identify bacterial contamination in WGA of all other species, while the Daphnia markers work 
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for all Cladocera species, many of which also produce resting stages (Vandekerkhove et al., 

2005). Our method could be improved with the use of real-time PCR to directly quantify 

Daphnia DNA in the sample instead of only examining whether it is detectable or not, albeit 

increasing the cost per sample. 

To check for possible amplification bias, genome coverage and heterozygosity from amplified 

samples were compared with an unamplified DNA sample from pooled adult Daphnia. The 

read mapping ratio was high for all amplified samples and the genome coverage is relatively 

even with few outlier regions and very similar patterns for samples using the same protocol. 

Loss of heterozygosity that could impact genotyping was not observed in all samples. While 

the REPLI-g Single Cell Kit generally achieves good results for those metrics the low 

reproducibility of the amplification makes it unsuitable for our purpose. 

Some challenges with whole-genome amplification were contamination which most likely 

stemmed from problems during the amplification step. Lab protocols to minimize contamination 

were used but the high sensitivity of the WGA kits could lead to the amplification of DNA from 

the wrong cells present in the sample. 

A critical step is to use high-quality undamaged eggs that show no signs of degradation. In 

eggs from older sediment layers, this is often more difficult and will be tested in a different 

study. The benefits of this method included the potential to go back decades to centuries 

because DNA is preserved longer than eggs that can be reliably hatched (Limburg & Weider, 

2002). However, some amplifications of resting eggs failed but we were not able to identify one 

or multiple specific organisms as major contaminants and most reads could not be mapped. 

Instead, we hypothesize that these unknown sequences could be caused by the phi29 

polymerase performing non-templated DNA synthesis which is a known phenomenon in MDA-

WGA and produces “junk” DNA possibly when the egg is already degrading or the amount of 

DNA present is too small (Nelson, 2014). This seems to be a more frequent problem using the 

REPLI-g Single Cell Kit where only three out of ten samples were successfully amplified. 

In conclusion, the most appropriate complete protocol we tested included using the REPLI-g 

Mini Kit, storing eggs at −80°C, leaving the eggs intact, and using the NEB library kit. After the 

resting egg is removed from the ephippia, it is extremely fragile, and immediately freezing it at 

−80°C seems to be a crucial step to slow DNA degradation. Nevertheless, the high biological 

variability of the resting eggs and the relatively small number of eggs tested for each protocol 

makes it difficult to draw more general conclusions. 

The possible shortcomings of WGA methods include the amplification of contaminant DNA 

instead or in addition to the template DNA (Thoendel et al., 2017), and increased costs for 
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sample preparation. Currently, the cost for the suggested REPLI-g Mini Kit is ~$8 per sample. 

The amplification of contaminant DNA remains an issue; however, our contamination 

screening when applied at a larger scale would lead to substantial cost savings, by markedly 

reducing the number of contaminated samples being processed further and sequenced. While 

sequencing itself has become extremely low-cost, library preparation remains costly. Prices 

for reagents, kits, labor, and sequencing services vary considerably between countries and 

are further influenced by the scale of purchasing. We, therefore, refrain from providing exact 

cost calculations. When using WGA strategies, it is also important to consider the impact of 

the quantity of input DNA that can lead to downwardly biased estimates of heterozygosity and 

therefore genotyping bias (De Medeiros & Farrell, 2018). This study and others that use very 

small amounts of input DNA (Campbell et al., 2020; Cruaud et al., 2018; O’Grady et al., 2022) 

indicate that MDA-WGA does not introduce amplification bias that affects SNP genotyping. It 

is also suitable for structural variant calling with the exception of inversions (Lack et al., 2018). 

To sum it up, our method will allow the resequencing of resting eggs from different sediment 

layers to characterize genomic changes through time in the D. longispina species complex. In 

a broader context, WGA could also be used for resting stages of other organisms with low 

amounts of DNA such as other Cladocera taxa, rotifers, or diatoms to gain a more complete 

understanding of freshwater ecosystems. 
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Hybridization and introgression frequently occur in the water flea genus Daphnia. Until now, 

genomic resources to investigate the amount of introgression in the Daphnia longispina 

species complex, a widespread taxon in European lakes and keystone grazer of 

phytoplankton, were limited. We provide here a genome assembly and the first genome-wide 

analysis of several species of the complex, based on samples from the water column and 

resting eggs from sediment cores. Using phylogenetic and population genomic approaches, 

we measure intra- and interspecific genome-wide variability and identify regions of high 

divergence. Our study reveals extensive gene flow between taxa, and later-generation hybrids 

originating from several rounds of backcrossing. It paves the way for further studies aiming at 

understanding how species boundaries are maintained in the face of gene flow. 

Abstract 

Hybridization and introgression are recognized as an important source of variation that 

influence adaptive processes; both phenomena are frequent in the genus Daphnia, a keystone 

zooplankton taxon in freshwater ecosystems that comprises several species complexes. To 

investigate genome-wide consequences of introgression between species, we provide here 

the first high-quality genome assembly for a member of the Daphnia longispina species 

complex, Daphnia galeata. We further resequenced 49 whole genomes of three species of the 

complex and their interspecific hybrids both from genotypes sampled in the water column and 

from single resting eggs extracted from sediment cores. Populations from habitats with diverse 

ecological conditions offered an opportunity to study the dynamics of hybridization linked to 

ecological changes and revealed a high prevalence of hybrids. Using phylogenetic and 

population genomic approaches, we provide first insights into the intra- and interspecific 

genome-wide variability in this species complex and identify regions of high divergence. 

Finally, we assess the length of ancestry tracts in hybrids to characterize introgression patterns 

across the genome. Our analyses uncover a complex history of hybridization and introgression 

reflecting multiple generations of hybridization and backcrossing in the Daphnia longispina 

species complex. Overall, this study and the new resources presented here pave the way for 

a better understanding of ancient and contemporary gene flow in the species complex and 

facilitate future studies on resting egg banks accumulating in lake sediment. 

Keywords: introgression, hybridization, resting eggs, species complex, whole-genome 

amplification, genome assembly 
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Introduction  

Gene flow between species can be pervasive and can affect substantial parts of the genome. 

Hybridization and introgression are recognized as an important source of variation that can 

influence adaptive processes in plants, animals, yeast, and fungi (reviewed in Abbott et al., 

2013; Arnold & Martin, 2009). The amount of realized gene flow varies among taxa and along 

the genome; it is governed by intrinsic genomic features such as recombination rate, structural 

variation, and intrinsic incompatibilities, as well as the species’ biology and ecology including 

ecological and sexual selection, migration, and mode of reproduction. 

How can species in diversifying clades frequently hybridize and show introgression but 

nevertheless maintain species boundaries? A growing body of literature provides examples for 

a high variety of systems where speciation occurs in the face of gene flow (Fraïsse et al., 2014; 

Martin et al., 2019; Meier et al., 2017). However, it is important to recognize that these systems 

are distributed along a wide spectrum. On one side of this spectrum, hybridization occurs but 

is not followed by introgression for several reasons such as reduced hybrid fertility or strong 

selection against hybrid phenotypes, leading to rapid hybrid breakdown. Barth et al. (2020) 

found that species boundaries in tropical eels are stable despite millions of years of 

hybridization, and also observed very few admixed individuals beyond F1 and first-generation 

backcrosses. The hybrid breakdown observed in this system reduces the likelihood of 

introgression via backcrossing. On the other side of the spectrum, hybridization is followed by 

introgression, and ongoing exchange of genetic information between species (Butlin et al., 

2014; Doellman et al., 2018; Kaiser et al., 2021; Martin et al., 2013). Several empirical studies 

(Canestrelli et al., 2017; Schreiber & Pfenninger, 2021) as well as theoretical models (Flaxman 

et al., 2014; Rafajlović et al., 2016; Yeaman & Whitlock, 2011) suggest the possibility of 

intermediate constant equilibrium states, meaning that certain parts of the genome remain 

diverged (islands or continents of divergence), whereas others are freely exchanged among 

closely related species without ever reaching complete genomic isolation. 

Recurrent hybridization and introgression are frequent in the genus Daphnia (Crustacea, 

Cladocera). Members of the genus have served as ecological model organisms for over a 

century (Miner et al., 2012), and the first crustacean genome to be sequenced was that of a 

member of the Daphnia pulex species complex (Colbourne et al., 2011). Since then, the 

genomes of 45 crustaceans have been sequenced with a focus on species of economic or 

medical interest (NCBI, last accessed January 2021). Despite their key role in marine and 

freshwater food webs around the globe, genomic resources for zooplanktonic species are still 

scarce. In many aquatic food webs, zooplanktonic crustaceans link primary production by 
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phytoplankton and secondary consumers, such as planktivorous fish and larger invertebrate 

species (Gannon & Stemberger, 1978; Gliwicz, 1990; Lampert & Sommer, 2007). 

Daphnia are highly phenotypically plastic and a textbook example for inducible defense 

mechanisms (Tollrian & Harvell, 1999), as they respond to variation in predation risk through 

spectacular changes in morphology. Further, Daphnia are cyclical parthenogens and hence 

able to alternate between asexual and sexual reproduction. They reproduce asexually through 

longer periods of time, and the product of sexual reproduction events (usually seasonal) are 

resting eggs able to withstand adverse conditions for decades and even centuries (Frisch et 

al., 2014). Resting eggs extracted from sediment cores can be hatched, and ancient genotypes 

brought to life (reviewed in Orsini et al., 2013). Moreover, the DNA preserved in those resting 

eggs can be directly analyzed with various molecular methods (Cousyn et al., 2001; Dziuba et 

al., 2020; Lack et al., 2018). Thus, cyclical parthenogenesis, biological archives in lake 

sediments and high levels of phenotypic plasticity make Daphnia a particularly interesting 

model for evolutionary studies. 

The genus Daphnia is composed of two subgenera, Ctenodaphnia and Daphnia, and two 

groups are delimited within the subgenus Daphnia: the D. pulex group sensu lato and the 

Daphnia longispina group sensu lato (see Adamowicz et al., 2009). The latter is sometimes 

also referred to as subgenus Hyalodaphnia and includes the D. longispina species complex 

(DLSC) (Petrusek, Hobæk, et al., 2008). The two Daphnia groups are highly differentiated and 

share their most recent common ancestor around 30 Ma (MRCA D. longispina–D. pulex group, 

Cornetti et al., 2019). Members of the genus Daphnia show little variation in chromosome 

number, with most species having ten pairs of chromosomes, except for the D. pulex group 

with n = 12 (Beaton & Hebert, 1994; Trentini, 1980). All sequenced and assembled Daphnia 

genomes so far belong either to the D. pulex group or the subgenus Ctenodaphnia, however 

no high-quality reference genome of the third major group, the D. longispina group 

(Hyalodaphnia) is published. 

The prevalence of hybridization in the genus Daphnia across taxa and ecosystems and its 

impact on their evolutionary history has intrigued researchers for decades (Schwenk, 1993; 

Vergilino et al., 2011; Wolf, 1987). In contrast to many other well-studied hybrid systems 

(Barton & Hewitt, 1985) with clear defined hybrid zones where species’ ranges overlap, the 

distribution of Daphnia species and their hybrids is more of a fragmented nature: they occupy 

lake and pond ecosystems that vary in their ecological characteristics and hence constitute a 

mosaic across the landscape. Ecologically differentiated taxa and their hybrids are thus 

distributed across habitat patches (Harrison, 1986). Within these patches, the possibility to 

interrogate biological archives also revealed fluctuations in Daphnia community composition 
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over time (Alric et al., 2016; Brede et al., 2009), associated with hybridization events among 

species in some cases. Variation in hybridization events across time and among habitats has 

often been observed in correlation with ecological changes, such as eutrophication or global 

change (Brede et al., 2009; Cordellier et al., 2021; Dziuba et al., 2020; Keller et al., 2008; 

Rellstab et al., 2011; Spaak et al., 2012). 

Members of the DLSC inhabit many large ponds and lakes in central and northern Europe, and 

three of them have been particularly well studied: Daphnia galeata, Daphnia longispina, and 

Daphnia cucullata (Petrusek, Hobæk, et al., 2008). These species can coexist, but earlier 

studies suggest gene flow among them is limited (Spaak et al., 2004). Despite their obviously 

ancient divergence (Schwenk et al., 2000), DLSC species are still able to form interspecific 

hybrids, although not all combinations are equally likely to lead to viable and fertile individuals 

(Schwenk et al., 2001). A mechanism preventing gene flow among species might be their 

different ecological preferences, for example, regarding trophic level (Spaak et al., 2012), food 

quality (Seidendorf et al., 2007), and predation pressure (Petrusek, Seda, et al., 2008; Spaak 

& Hoekstra, 1997). 

Up to now, genetic markers available to study hybridization in the DLSC are limited to 

allozymes (Wolf & Mort, 1986), a few mitochondrial regions (Schwenk, 1993), a dozen 

microsatellite markers (Brede et al., 2006; Thielsch et al., 2012) and a few further nuclear loci 

(Billiones et al., 2004; Rusek et al., 2015; Skage et al., 2007). Seminal studies such as Brede 

et al. (2009) and Limburg and Weider (2002) first made use of microsatellite markers to analyze 

environmentally driven shifts in allelic frequencies, species, and hybrid composition of the 

DLSC communities in Lake Constance and Belauer See over time, respectively. Further, a 

number of studies addressed the spatial distribution of DLSC species/taxa with these markers 

(Griebel et al., 2016; Ma et al., 2019; Thielsch et al., 2017). These low-resolution markers 

allowed to identify hybrid individuals and brought evidence for introgression but could not 

provide the resolution necessary to either assess how pervasive introgression is or how it 

varies across the genome. Further, it is not clear whether introgression occurs among all three 

species to the same extent. Given the ubiquitous hybridization among the DLSC taxa, the 

question also arises why they are still well distinguishable species. Whether the DLSC 

represents a case of incipient speciation, introgression after secondary contact, speciation 

reversal, or has reached an intermediate constant equilibrium state, among other possibilities, 

can only be answered with genome-wide analyses empowered by a high-quality genome 

assembly. 

Here, we present a high-quality assembly for D. galeata, thus filling an important gap for 

Daphnia whole-genome studies. Furthermore, to facilitate genome-wide assessments of 
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divergence across species and of introgression between species, we conducted genome-wide 

resequencing studies in the DLSC. We analyzed whole-genome sequences of parental 

species and their interspecific hybrids, both from genotypes obtained in the wild and 

maintained in laboratories, and from single resting eggs extracted from sediment cores. We 

provide first insights into the intra- and interspecific genome-wide variability in this species 

complex and identify regions of high divergence. We reconstructed the phylogenetic 

relationships in the species complex using whole mitochondrial genomes. Finally, we assess 

the length of ancestry tracts in different classes of hybrids to characterize introgression 

patterns. Our study paves the way for long-awaited analyses on the dynamics of introgression 

in this complex and exploitation of the unique opportunity this group has to offer: a window of 

more than one hundred years of evolution in action. 

Results 

Genome assembly 

The raw assembly was obtained by combining PacBio long reads (1,679,290, 11.52 Gb) and 

Illumina short reads (70,310,338, 9.79 Gb after trimming) and using the hybrid assembler RA 

(https://github.com/lbcb-sci/ra, last accessed January 2021). It originally comprised 1,415 

contig sequences covering a total length of 153.6 Megabases (Mb), with an N50 value of 172 

kilobases (kb) and a slightly elevated GC content (40.02%, Table M3.3) compared with the 

values expected for a Daphnia species (see Table 3.1). According to an analysis based on 

coverage and GC content of the contig sequences conducted with blobtools (Laetsch & 

Blaxter, 2017), a portion of the assembly consisted of non-Daphnia contigs, which could then 

be removed (267 contigs, equaling 22.97 Mb, Figure S3.1C). Consequently, GC content 

decreased to 38.75%, nearing the values obtained for other Daphnia assemblies (see Table 

3.1 for an overview). The application of this filter as well as the exclusion of the mitochondrial 

genome led to a decrease in the number of sequences and the total length of the assembly. 

Iterative scaffolding led to a decrease in the total number of sequences. This together with a 

substantial increase in N50 resulted in a highly contiguous assembly, with a total length of 

133,304,63 bp, an N50 of 756.7 kb and only 346 sequences, that is, on an average 30 

sequences per chromosome. Contiguity statistics for the different assembling steps are given 

in Table M3.3. 

Mapping the filtered Illumina reads with bwa mem (Li, 2013) and PacBio reads with Minimap 

2.17 (Li, 2018), resulted in a mapping rate of, respectively, 94.1% and 85.5%. The coverage 

distribution can be seen in Figure S3.1B. 

https://github.com/lbcb-sci/ra
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Table 3.1. Assembly metrics and annotation statistics for the present assembly and two previously published 
Daphnia assemblies. Contiguity statistics of the annotation were calculated excluding tRNAscan results. BUSCO 
3.0.2 was executed in protein mode for the different MAKER rounds. Conserved domain arrangements were 
searched with Pfam scan 1.6 and DOGMA 3.4. Results for BUSCO and DOGMA completeness statistics are given 
in percent. 

Species D. galeata D. pulex (Ye et al., 2017) D. magna (Lee et al., 
2019) 

Strain M5 PA42 SK 
Assembly metrics    
 No. scaffolds 346 493 4,192 
 Largest scaffold (bp) 2,950,711 7,584,612 16,359,456 
 Total length (bp) 133,304,630 189,550,516 122,937,721 
 N50 (bp) 756,671 1,160,003 10,124,675 
 L50 (bp) 48 36 5 
 GC (%) 38.75 40.39 40.54 
 No. N’s 120,845 4,006,006 82,97,703 
 No. N’s per 100 kb 90.65 2,113.42 6,749.52 
Annotation    
 Number    
  Gene 15,845 18,440 15,721 
  mRNA 16,774 18,440 15,721 
  Exon 117,364 128,688 95,203 
  CDS 119,402 118,916 94,047 
 Mean    
  mRNAs/gene 1.06 1 1 
  Exons/mRNA 7.00 6.98 6.06 
  CDSs/mRNA 7.12 6.45 5.98 
 Median length (bp)    
  Gene 2,097 1,919.5 1,586 
  mRNA 2,142 1,919.5 1,521 
  Exon 167 162 160 
  Intron 74   
  CDS 152 144 159 
 Total space (bp)    
  Gene 51,689,473 53,936,938 37,505,261 
  mRNA 51,689,329 53,936,938 36,178,687 
  Exon 29,314,592 30,208,483 22,336,755 
  CDS 25,132,876 23,586,918 21,881,778 
 Single    
  Exon mRNA 663 144 1,775 
  CDS mRNA 710 0 0 
 BUSCO N = 1,066    
  C 94.3 94.1 97.0 
  S 91.7 82.6 95.3 
  D 2.6 11.5 1.7 
  F 0.7 3.5 1.7 
  M 5.0 2.4 1.3 
 DOGMA N = 4,222 93.63 91.43 93.91 
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According to blobtools results, no contamination could be identified in the final assembly 

(Figure S3.1A). Remaining scaffolds (12, amounting to a total length 1.79 Mb) with taxonomic 

assignment other than Arthropoda were kept because coverage and GC are similar to D. 

galeata scaffolds and taxonomic assignment alone might be false positive. Further, the 

completeness assessment through BUSCO (Simão et al., 2015, Arthropoda set, odb9) 

indicated 95.7% of complete single copy core orthologs and a very low duplication rate (C: 

95.7% [S: 94.7%, D: 1.0%], F: 0.8%, M: 3.5%, n: 1,066). The genome size was estimated 

based on mapped nucleotides and mode of the coverage distribution by backmap 0.3 

(https://github.com/schellt/backmap, last accessed January 2021), resulting in 156.86 and 

178.03 Mb for Illumina (52×) and PacBio (26×) respectively, and by k-mer based approach 

using GenomeScope resulting in a size of 150.6 Mb. When compared with other published full 

genomes for Daphnia species, the D. galeata final assembly is shorter than both D. pulex 

assemblies (Colbourne et al., 2011; Ye et al., 2017), and roughly the same size as Daphnia 

magna (Lee et al., 2019), which also has ten chromosomes (Table 3.1). The GC content is 

lower, which can be attributed to the strict filtering for contamination applied pre- and post-

assembly, a procedure not applied in the other Daphnia assemblies, to our knowledge. Even 

though Lee et al. (2019) and Ye et al. (2017) treated the animals with antibiotics before 

sequencing this suggests that these genome assemblies contain more contigs of bacterial 

origin than the D. galeata assembly. Thanks to the use of long-read data, iterative scaffolding 

and gap filling; the number and length of assembly gaps (Ns) are substantially lower and 

contiguity is high (but see Table S3.1). 

Genome annotation 

After applying RepeatMasker (Smit et al., 2013–2015) with the custom repeat library described 

in the Materials and Methods section, 21.9% of the assembly was masked. The distribution of 

masked fraction per repeat element can be found in Table M3.5. 

The final annotation with MAKER (Holt & Yandell, 2011) predicts 15,845 genes with a median 

length of 2,097 base pairs. There is an average of 1.06 mRNAs per gene and seven exons per 

mRNA (Table 3.1). The total number of predicted mRNA substantially differs from the number 

of transcripts previously published for this species (32,903, Huylmans et al., 2016). This is not 

surprising, as this transcriptome assembly did not make use of protein evidence we included 

here, and might contain isoforms. Further, it was based on a pool of mRNA from different clonal 

lines, and the assembly process might have been impeded by allelic diversity. As further quality 

criterion, the Annotation Editing Distance (AED) was compared across the three MAKER 

rounds and is visualized in Figure M3.4. AED improved mostly between rounds 1 and 2 of the 

annotation but only marginally with a further round. 

https://github.com/schellt/backmap
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A high percentage of protein sequences could be annotated: 15,898 (94.78%) with 

InterProScan (Jones et al., 2014) and 15,960 (95.15%) with BLAST against Swiss-Prot. With 

this combination of searches, a hit within InterProScan and BLAST was found for 16,675 

protein sequences (99.41%). GeneOntology (GO) annotation was possible for 9,555 

sequences (56.96%). A detailed overview of the functional annotated sequences per database 

or search algorithm is shown in Table M3.7. 

Genotyping 

Short-read sequence data were generated for 72 individuals: 17 unamplified DNA samples 

from isofemale clonal lines and 55 whole-genome amplification (WGA) samples (conducted 

on single resting eggs) that passed PCR contamination checks. After screening for 

contamination and removing data sets with only very few reads mapping to the D. galeata 

reference, 49 single genotypes remained: 32 from resting eggs and 17 from clonally 

propagated lines, established from individuals sampled in the water column or hatched from 

resting eggs (Figure 3.1A and Table S3.2). Data gained from clonal lines with a species 

attribution were used as “parental species” data: five samples for D. galeata, four for D. 

longispina, and three for D. cucullata. The parental clones are part of two larger clone panels 

representing the parental species and their diversity in several European lakes. Their identity 

was established prior to this study either based on mitochondrial and microsatellite markers 

(M5, LC3_6, J2, Herrmann et al., 2017) or morphological examination, mitochondrial markers 

and factorial correspondence analyses based on microsatellite markers (Alric et al., 2016; 

Möst, 2013), including hybrids and historical resting eggs, which separates parental species 

and hybrids (Alric et al., 2016; Dlouhá et al., 2010; Rellstab et al., 2011; Yin et al., 2014). In 

addition, data were available for four resting eggs from Arendsee (AR), 12 resting eggs from 

Dobersdorfer See (DOB), five clonal lines and eight resting eggs from Eichbaumsee (EIC), and 

eight resting eggs from Selenter See (SE) (Table S3.2). Although the analysis of eggs from 

older sediment layers was attempted, biological material was either limited, of poor quality, or 

contaminated. Our isotope dating for DOB was unconclusive: either slides of the cored location 

or a high sedimentation rate meant the top 30 cm of the core did not show the usual isotope 

peaks, thus preventing precise dating. EIC samples were recent since they were collected from 

surface bank sand. For SE, the oldest eggs analyzed here originated from the 2–3 cm layer of 

the core, which corresponds to max. ~17 years (Andersen T, personal communication). For 

AR the oldest eggs for which results were obtained were isolated from the 4–5 cm layer, 

corresponding to ~2005 (Bálint M, personal communication). 

An average of 89.9% (range: 31.7–98.6%) reads aligned to the reference genome with a mean 

coverage of 10.26× (range: 0.34–52.30×) (Table S3.3). The final SNP data set for subsequent 

analyses after quality-filtering included 3,240,339 SNPs across the 49 samples. To rule out 
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possible reference bias, we compared mapping rates of reads with the reference allele and to 

the alternative allele at heterozygous sites. We found no preferential mapping of the reference 

allele, as all species categories and the hybrids had a median distribution close to 0.5 (Figure 

S3.2). 

 

Figure 3.1. Parental species: D. gal: D. galeata, D. long: D. longispina, D. cuc; D. cucullata, populations: AR, 
Arendsee; Dob, Dobersdorfer See; SE, Selenter See; EIC, Eichbaumsee. Color and symbol coding are consistent 
throughout panels (A) and (B). (A) Map of the sampling locations. (B) PCA plot obtained with SNPrelate, including 
loci with linkage r2 <0.5 within 500-kb sliding windows. (C) Admixture plot obtained with K = 3. Symbols indicate the 
sample type: oval for genotypes sequenced directly from resting eggs, stars for genotypes sampled in the water 
column and propagated clonally in the laboratory prior to sequencing. Symbol filling indicates how these genotypes 
were classified in subsequent analyses: white for nonadmixed genotypes; gray for admixed genotypes; and green, 
blue, and teal for genotypes used as representatives for parental species. Bottom bars are color coded to match 
the color scheme used in panels (A) and (B). 

Principal component analysis 

In a PCA including all genotypes and conducted with SNPRelate v1.20.1 (Zheng et al., 2012), 

the parental species genotypes grouped in three very distinct clusters. Daphnia cucullata 

separated from D. galeata along PC1, which explained 7% of the variation. Daphnia longispina 
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separated from D. galeata and D. cucullata along PC2 which explained 6% of the variation 

(Figure 3.1B). Although sampled in different lakes, all parental species genotypes were 

grouped in tight clusters along the two axes with little evidence for population substructure. 

Population AR clustered with the D. cucullata reference individuals while population samples 

from DOB, EIC, and SE were more spread out, mostly between the D. galeata and D. 

longispina clusters. 

Admixture analyses uncover hybrids 

The PCA results are confirmed by an admixture analysis conducted with ADMIXTURE 

(Alexander & Lange, 2011) with K = 3, supported by the lowest cross-validation error of the 

tested K values. The known parental species genotypes were clearly separated into three 

clusters (Figure 3.1C). Although we detect no evidence of admixture in the AR and DOB 

samples and, based on our parental species, consider them to belong to the species D. 

cucullata and D. galeata, respectively, the two other populations seem to consist mostly of 

admixed individuals. The five EIC samples sequenced after clonal propagation were all found 

to be admixed (D. galeata and D. longispina), whereas the EIC resting eggs were either 

admixed (3) or belonged to one of the parental species (5). SE resting eggs present all 

combinations of admixture except D. cucullata×D. longispina: D. galeata (2), admixed between 

D. galeata and D. cucullata (3), and admixed between D. galeata and D. longispina (3). 

Ancestry painting 

Based on results obtained in the ADMIXTURE analysis, two pairs of species and their putative 

hybrids were analyzed with an  “ancestry painting”  approach,  outlined in Barth et al. (2020) 

and Runemark et al. (2018): D. galeata and D. longispina parental genotypes and putative 

hybrids between them from populations EIC and SE, and D. galeata and D. cucullata parental 

genotypes and putative hybrids between them from population SE. Briefly, after identifying 

fixed sites for each of the species in the analyzed pair, heterozygosity was calculated for these 

sites and a hybrid index derived from the obtained results (https://github.com/

mmatschiner/tutorials/tree/master/analysis_of_introgression_with_snp_data, last accessed 

November 2021). Further, information on the maternal species is used to tentatively categorize 

the admixed individuals. For a first-generation hybrid (F1) the expectation would be 50% of the 

nuclear genome being derived from each parental species (hybrid index ≈ 0.5) and mostly 

heterozygous fixed sites (heterozygosity ≈ 1.0). Individuals originating from the backcrossing 

of F1 with one of the parental species are expected to have hybrid index values around 0.25 

or 0.75 (Figure 3.2D). We consider individuals with intermediate hybrid indices (>0.25 and 

<0.75) and lower heterozygosity (<0.5) to be later-generation hybrids, meaning they have one 

or multiple hybrid ancestors we are not able to classify further (Slager et al., 2020). We 

https://github.com/mmatschiner/tutorials/tree/master/analysis_of_introgression_with_snp_data
https://github.com/mmatschiner/tutorials/tree/master/analysis_of_introgression_with_snp_data
https://github.com/mmatschiner/tutorials/tree/master/analysis_of_introgression_with_snp_data
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consider individuals with a hybrid index of ≤0.25 or ≥0.75 to be backcrossed with the respective 

parental species in at least one generation and the majority of the genome derives from one 

species. This definition is broad and will be refined with the addition of a greater number of 

parental genotypes. 

The comparison of genotypes from parental species D. galeata and D. longispina (five and 

three individuals, respectively) allowed identifying a total of 335,052 fixed sites between the 

two species. Due to the quality filters applied to parental and hybrid genotypes, we could 

analyze 131,914 of these fixed sites in the putative hybrids, where read coverage was 

sufficient. The diploid genotypes were then plotted for all hybrids as homozygous for either of 

the parental species or as heterozygous (Figure 3.2A for the 50 longest scaffolds). The D. 

longispina reference clone KL11 was excluded from further analysis due to issues with missing 

data. All 11 genotypes from SE and EIC identified as likely D. galeata×D. longispina hybrids in 

the ADMIXTURE analysis possessed a D. galeata mitochondrial genome. The proportion of 

the maternal D. galeata genome in these hybrids, however, varied greatly, between 27.4% and 

86.6%, and they all showed low heterozygosity, between 9.1% and 34.6% (Figure 3.2C and 

Table 3.2). These values are unlikely for F1 hybrids or backcrosses of F1 with one of the 

parental species (Table 3.2). 

Comparing genotypes from the parental species D. galeata and D. cucullata (five and three 

individuals, respectively) led to identifying 715,438 fixed sites between the two species (due to 

quality filtering, 275,216 of these sites were further analyzed). All three D. galeata×D. cucullata 

hybrids carried a D. cucullata mitochondrial genome, their hybrid index varied between 0.079 

and 0.267 and their heterozygosity ranged from 6.4% to 50.9% (Figure 3.2B and C; Table 3.2). 

The individual SE_23_04 is most likely the result of a backcrossing with D. galeata; however, 

it is difficult to determine what backcrossed with it: either an F1 hybrid or a later-generation 

hybrid, that is, that resulted from several generations of admixture. Haplotype information 

would be needed to gain certainty. The other two hybrids’ lower hybrid index hints at 

backcrossing with D. galeata, according to the criteria defined above. 
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Figure 3.2. (A, B) Ancestry painting of the hybrid individuals identified through the admixture analysis. Each row 
represents an individual. Colored circles on the side indicate the mitochondrial identity of the individuals, based on 
the analysis of full mitochondrial genomes. Scaffolds are sorted by length and separated by thin gray lines. In panels 
(A) and (B), the five upper rows represent individuals assigned to the parental species Daphnia galeata. In (A), the 
last three rows correspond to individuals assigned to the parental species D. longispina. In (B), the last three rows 
correspond to individuals assigned to the parental species D. cucullata. Triangle plots summarizing (C) the hybrid 
index and mitochondrial species identity for all individuals identified as admixed, and (D) The hypothetical expected 
means of parental species (P1 and P2) and hybrid classes (F1xP1 and F1xP2: backcrosses with parental species 
P1 and P2, respectively). 

Table 3.2. Data derived from ancestry painting analysis and based on the fixed sites inferred from analyzing 
parental species genotypes. Maternal species attribution is based on mitochondrial phylogeny, hybrid attribution is 
based on the ADMIXTURE plot. 

Sample Hybrid Index Heterozygosity Maternal Species Hybrid Interpretation 
SE_12_10 0.079 0.064 cuc gal×cuc Backcross gal 
SE_23_03 0.183 0.348 cuc gal×cuc Backcross gal 
SE_23_04 0.267 0.509 cuc gal×cuc Unclear 
EIC_19 0.653 0.156 gal gal×long Later-generation 
EIC_22 0.644 0.283 gal gal×long Later-generation 
EIC_3 0.751 0.095 gal gal×long Backcross gal 
EIC_4 0.693 0.144 gal gal×long Later-generation 
EIC_57 0.637 0.267 gal gal×long Later-generation 
EIC_18 0.393 0.302 gal gal×long Later-generation 
EIC_16 0.403 0.349 gal gal×long Later-generation 
EIC_11 0.274 0.148 gal gal×long Later-generation 
SE_01_03 0.866 0.091 gal gal×long Backcross gal 
SE_01_04 0.763 0.346 gal gal×long Backcross gal 
SE_12_04 0.547 0.187 gal gal×long Later-generation 
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Population genomics parameters 

To calculate genome-wide nucleotide diversity (π), between-taxon differentiation (FST), and 

between-taxon divergence (dxy) within 100-kb sliding windows, we took advantage of the 

inference made with ADMIXTURE and pooled all genotypes which were unambiguously 

assigned to either of the parental species clusters. Consequently, a total of seven genotypes 

from four populations were classified as D. cucullata, eight from five populations as D. 

longispina, and 20 genotypes from eight populations as D. galeata (Table S3.2). All values 

(dxy, π, and FST) were calculated with the script popgenWindows.py (github.com/simonhmartin/

genomics_general, release 0.3, last accessed February 2021) for each species pair and are 

plotted for the 50 largest scaffolds in Figure 3.3. 

The window-based FST values for all three possible pairs among the three species averaged 

0.274 for D. galeata versus D. longispina, 0.343 for D. cucullata versus D. longispina and 0.364 

for D. galeata versus D. cucullata. The mean sequence divergence dxy for the three pairs was 

0.018 for D. galeata versus D. longispina and 0.022 for both D. cucullata versus D. longispina 

and D. cucullata versus D. galeata. Both parameters show similar patterns, with lower values 

on an average when comparing D. galeata to D. longispina than when comparing cucullata to 

either one of the other species. These patterns confirm the results obtained with other 

analyses, for example, the higher number of fixed sites between D. galeata and D. cucullata 

in the ancestry painting analysis. 

The window-based estimates show high variability in levels of differentiation and divergence 

along the genome. Further, regions of high or low differentiation are mostly associated with 

depleted or high nucleotide diversity, respectively (see scaffolds 2 and 9, for example). 

However, the genome being represented by unordered scaffolds instead of chromosomes 

makes this difficult to interpret further. 

Nucleotide diversity (π) to quantify the level of genetic variation within each taxon was on 

average higher for D. longispina (1.18%) than for the other two species (0.95% and 0.85% for 

D. galeata and D. cucullata, respectively). This cannot be explained by the differences in group 

sample sizes, since D. galeata was the group with the largest sample size (and highest number 

of sampled populations). To ensure our window-based estimates were not biased because of 

the overrepresentation of some populations in a group (e.g., DOB in the galeata group), we 

also calculated these indices using only one individual from each population per species; if one 

population contained multiple individuals, we picked one individual at random to represent this 

population (see Table S3.2, for a listing of the used genotypes—results shown in Figure S3.4).  

Many more highly differentiated windows and genes were shared among two or all species 

pairs than would be expected by a random intersection (Figure S3.5). For example, a total of 
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2,575 10-kb windows had an FST value within the 95th percentile in the pair D. galeata/D. 

longispina and 2,569 in the pair D. galeata/D. cucullata. The mean expected number of 

windows in common between these two pairwise comparisons was 113, but the number of 

windows in common observed in the data was 1,601. A similar pattern was observed in all 

other intersections. This result suggests that the location of differentiated genome parts is not 

due to random processes but has biological significance. A GO-enrichment analysis of these 

isolated genes to shed light on the function of these species-specific genes, however, was not 

possible, because of the low number of genes with GO annotation. For the pair D. 

galeata/cucullata, only 12% of the genes in the outlier windows were annotated with Gene 

Ontologies, for the pair D. galeata/longispina it was 11% and for the D. cucullata/longispina 

pair it was 10%. 

Phylogeny based on complete mitochondrial genomes 

Phylogenetic reconstruction based on the mitochondrial protein-coding and ribosomal RNA 

(rRNA) genes were largely consistent with earlier mitochondrial phylogenies based on single 

or few mitochondrial genes (Adamowicz et al., 2009; Petrusek et al., 2012). We identified highly 

supported clades comprising the respective parental genotypes, hence representing D. 

longispina, D. cucullata, and D. galeata mitochondrial haplotypes (Figure 3.4). Daphnia 

cucullata and D. galeata mitochondrial haplotypes clustered as sister groups. Although the 

mitochondrial haplotypes in the D. longispina and D. cucullata clusters do not show much 

divergence, the D. galeata haplotype cluster also contains deeper branching events (haplotype 

EIC_15 and AR3_17/AR5_18). Further, although all samples from AR were unequivocally 

categorized as D. cucullata in the ADMIXTURE analysis and clustered with D. cucullata 

parental genotypes in the PCA, two of them have mitochondrial haplotypes falling into the D. 

galeata cluster (AR3_17 and AR5_18). A similar mismatch was also observed for EIC_15, 

which clusters with D. longispina when considering nuclear SNP and with D. galeata when 

considering the mitochondrial genome. Within the species clusters, we observed a grouping 

by lake with many haplotypes being either identical or very similar when originating from the 

same location. The trees obtained with either only protein-coding genes (PCGs) (CODON 

model) or PCGs and rRNA genes but with a mixed model (DNA for rRNAs and CODON for 

DNA) were all consistent with the tree shown here and are therefore not included. 
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Figure 3.3. Window-based statistics for the pairs (A) Daphnia galeata/D. cucullata, (B) D. cucullata/D. longispina, 
and (C) D. galeata/D. longispina, shown for the 50 largest scaffolds in 100-kb windows with 10-kb step size—
calculations are for all nonadmixed individuals unambiguously assigned to parental species according to the 
ADMIXTURE analysis. In each panel from top to bottom: dxy values, pairwise FST values with a red horizontal line 
indicating the 95th percentile, nucleotide diversity (π) for D. galeata (teal), D. longispina (dark blue), and D. cucullata 
(lime green). 
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Patterns of introgression 

We tested all four northern Germany populations (EIC, DOB, AR, and SE) for admixture 

between the three reference species with f3 statistics tests (Table 3.3) and considered a Z-

score <−3 as significant (following Patterson et al., 2012; Reich et al., 2009). Negative and 

significant values (f3 = −0.19) using EIC as the test population and D. galeata and D. longispina 

as the source populations indicated mixed ancestry from these two or closely related 

populations. For population SE, the f3 test supports both admixed ancestry from D. galeata 

and D. longispina (f3 = −0.09) and D. galeata and D. cucullata (f3 = −0.15). All tests for 

population DOB and AR were positive providing no evidence of admixture events. The 

supported introgression events are consistent with the results in our previous analyses 

conducted with ADMIXTURE and the ancestry painting approach. 

Table 3.3. Summary of the f3 Statistic for Admixture in the Form (C; A, B). A significantly (Z-score <−3, in bold) 
negative f3 value implies that the target population C is admixed. SE, standard error. 

Source 
population A 

Source 
population B 

Target 
population C f3 SE Z-score No. Sites 

gal long AR 5.48226 0.154392 35.509 1,072,106 
gal cuc AR 0.245124 0.006208 39.487 791,570 
long cuc AR 0.225393 0.005475 41.165 875,293 
gal long Dob 0.152725 0.003233 47.242 752,265 
gal cuc Dob 0.150027 0.003028 49.546 815,035 
long cuc Dob 1.763147 0.049657 35.506 1,059,418 
gal long EIC −0.193114 0.003224 −59.898 864,328 
gal cuc EIC 0.086614 0.002623 33.025 1,119,715 
long cuc EIC 0.014322 0.001774 8.071 1,145,530 
gal long SE −0.093233 0.003222 −28.939 1,029,744 
gal cuc SE −0.154696 0.003924 −39.426 955,516 
long cuc SE 0.288212 0.011203 25.727 1,092,186 

We performed local ancestry inference with Loter (Dias-Alves et al., 2018) to trace genome-

wide introgression among the hybrids and infer additional details about the parental species 

and backcross history from haplotype information. The results were summarized genome-wide 

for the ancestry proportion, heterozygosity of ancestry and the number of ancestry transitions 

where each ancestry tract is counted when the state of an SNP changes to the other species 

or at the end of a scaffold (Figure 3.5). The three D. galeata×cucullata hybrids were all found 

to have high galeata ancestry (73.9–94.2%) and the individuals SE_23_03 and SE_23_04 

were confirmed as the offspring of a later-generation hybrid and a pure galeata parent (Figure 

S3.6B). 

Seven D. galeata×longispina hybrids had very high galeata ancestry (81.4–97.9%), and visual 

inspection of the ancestry tracts (Figure S3.6A) revealed very short longispina tracts and 

scaffolds with multiple breakpoints indicating multiple generations of recombination. Four D. 
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galeata×longispina hybrids had lower galeata ancestry (27.7–59.0%) and the presence of 

complete longispina scaffolds, implying some backcrossing with longispina. The haplotype 

phasing confirmed that the parents of all D. galeata×longispina hybrids were also of hybrid 

origin. The average and maximum ancestry tract length for all D. galeata×longispina hybrids 

is shorter than those for D. galeata×cucullata hybrids. 

 

Figure 3.4. Maximum-likelihood tree reconstructed from mitochondrial PCGs and rRNA genes of parental species, 
clones sampled in the water column and resting eggs sequenced in this study. The tree reveals distinct and highly 
supported clusters corresponding to Daphnia galeata, D. cucullata, and D. longispina mitotypes (as defined by the 
respective parental species and a sister taxa relationship between D. galeata and D. cucullata). Here, the best tree 
(logL = −47,950.82) rooted with outgroup D. laevis is depicted. Magenta dots indicate Shimodaira–Hasegawa 
approximate likelihood ratio test values ≥80% and ultrafast bootstrap support values ≥95% calculated from 10,000 
bootstrap replicates (SH-aLRT/ UFboot). The scale bar corresponds to 0.05 nucleotide substitutions per nucleotide 
site. KL11 was excluded due to missing data. 
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Discussion 

A reference genome for studying a species complex 

Daphnia are a key species in freshwater habitats. Previous studies have established reference 

genomes for the model species D. pulex (Colbourne et al., 2011; Ye et al., 2017) and D. magna 

(Lee et al., 2019). No high-quality reference genome for species belonging to the DLSC was 

available so far. To date, it is unclear whether the ecological differentiation and/or intrinsic 

incompatibilities drive and maintain divergence between DLSC species. Besides its utility for 

studies of hybridization events in the DLSC, the new assembly we present here will thus allow 

us to better understand the evolution of a key species in European freshwaters. 

Even though the onset of the DLSC radiation was dated to 5–7 Ma based on nuclear and 

mitochondrial markers (Adamowicz et al., 2009; Schwenk, 1993; Taylor et al., 1996), several 

factors confirm the suitability of this reference for all tested species. Mapping success and 

coverage of whole-genome data from D. cucullata and D. longispina to the reference genome 

were high, and we found no evidence of reference bias. This assembly clearly benefited from 

advances both in the sequencing technologies and assembly and postprocessing algorithms 

since the first Daphnia genome (Colbourne et al., 2011). The metrics used for assessing its 

quality reveal that in particular, the combination of long- and short-read technologies led to 

highly contiguous and accurate scaffolds. Although we likely did not recover the genome in its 

full length (133 Mb out of an estimated 156 Mb), and the N50 value is lower than those obtained 

for D. pulex (Ye et al., 2017) and D. magna (Lee et al., 2019), iterative scaffolding allowed for 

a very efficient gap-closing, and an exceptionally low number of mismatches, compared with 

the other Daphnia assemblies. 

Pervasive introgression in the DLSC 

We utilize a method that allows us to interrogate biological archives and analyze whole 

Daphnia genomes directly from the resting egg bank (Lack et al., 2018) without hatching and 

culturing several clonal lineages. This provides a wide sweep of populations, past and present, 

with each egg being the product of local sexual recombination. 

Although no evidence of introgression was found in the DOB population, the three other 

locations host a variety of admixed genotypes. SE and EIC can even be considered 

hybridization hotspots with more than 60% of individuals having hybrid ancestry, as revealed 

in the ADMIXTURE analysis. However, Kong and Kubatko (2021) very recently showed that 

ADMIXTURE is sensitive to unequal contributions by the parental species, and we thus sought 

to support these inferences by f3 calculations and using an ancestry painting approach. 
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Figure 3.5. Distribution of the ancestry tract length where each ancestry tract represents the state of a SNP 
changing to the other species or the end of a scaffold in the local ancestry inference for each admixed individual 
and one nonadmixed D. cucullata individual. The nonadmixed individual displays the ancestry tract length 
distribution when all scaffolds derive from the same species. Hybrid type (according to ADMIXTURE analysis) is 
given on the left side. 

In DOB, ADMIXTURE delivered unequivocal results. Further, the f3 index indicated that no 

introgression was detectable in this population. However, the PCA plot shows that some of the 

DOB genotypes are near hybrid individuals. ANGSD results are similar but these genotypes 

are nearer to the parental species (Figure S3.3A). To address these slightly contradictory 

results, we therefore conducted an ancestry painting on two DOB genotypes, (12_07 and 

89_02, Table S3.7). Both genotypes had very low heterozygosity, thus confirming the 

ADMIXTURE and f3 outcomes. A possible explanation would be that these two genotypes carry 

variation that is not reflected in our limited sampling of the parental species. When comparing 

with microsatellite-based analysis including many more populations and data points (Thielsch 

et al., 2009), the D. galeata cluster has often been larger and more diverse than the others. 

The seemingly two “stray” DOB genotypes are therefore likely well within the species variation 
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boundaries. All mitochondrial haplotypes were clustered together in the phylogenetic 

reconstruction as well.  

In AR, despite the high resting egg density found in the sediment, only very few could be 

successfully genotyped. Although all inferences based on nuclear markers (PCA, 

ADMIXTURE, f3) indicated an absence of hybridization or introgression in this population, the 

mitochondrial phylogenetic reconstruction showed diverging results. From a nuclear point of 

view, all genotypes could be categorized as D. cucullata, but two out of four AR individuals 

presented the mitochondrial genome of another species, that is, D. galeata. However, the 

phylogenetic reconstruction shows that the two AR mitochondrial haplotypes form a cluster 

separate from the main D. galeata cluster, which hints at different evolutionary history for these 

mitochondrial genomes. Such distinct lineages within a species and mito-nuclear discordances 

were also found by Thielsch et al. (2017) in the DLSC and mitochondrial capture has been 

detected in other Daphnia species (Marková et al., 2013). It is an interesting phenomenon in 

the DLSC that merits to be further investigated in the future with broader sampling. 

In EIC, both pelagic samples and resting eggs were analyzed. Genotypes sampled alive from 

the water column were all inferred to be admixed to various degrees, three resting egg samples 

were also admixed, and the remaining five were assigned to either one of the two parental 

species. We conducted the ancestry painting approach on all EIC individuals; the fixed sites 

heterozygosity of the individuals categorized as nonadmixed in ADMIXTURE was indeed near 

zero (Table S3.7). Such high abundances of D. galeata×longispina hybrid resting eggs in 

periods of rapidly changing environmental conditions (i.e., eutrophication) have also been 

recorded in Lake Constance (Brede et al., 2009). The high frequency of D. galeata×longispina 

hybrids observed here might be due to similar ecological history: the lake Eichbaumsee was 

created through sand excavation for construction work around ~40 years ago and is 

characterized by extreme eutrophication and even hypertrophy that could not be remediated. 

The presence of later-generation hybrids and backcrosses with D. galeata and D. longispina 

and short ancestry tract length suggest that both species have been present and hybridizing 

for most of the lake’s short history, or even that it was colonized by individuals of hybrid origin. 

However, we only obtained contemporary samples for EIC and analysis of resting eggs from 

sediment cores are needed to distinguish between the two hypotheses. 

In SE, diversity is high, both in terms of species combinations in admixed individuals and in 

terms of degrees of introgression. Although we analyzed eggs from sediments cores, they 

originated from the first centimeters and there is, therefore, no clear temporal pattern that 

separates the different hybrid combinations found here. Strikingly, although SE and DOB are 

geographically very close to each other (~10 km), and dispersal of resting eggs through, for 
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example, waterfowl or storms would be possible (Figuerola et al., 2005; Frisch et al., 2007; 

Pietrzak & Ślusarczyk, 2006), the Daphnia communities are quite different. This might be due 

to their different eutrophication levels, reflecting the fact that initial colonization was followed 

by the establishment of different species, or a combination of both. The observed diversity at 

such a small spatial scale underlines the mosaic nature of freshwater habitats and the 

usefulness of approaches including many populations to fully understand genetic diversity 

arising from colonization and hybridization events in the DLSC. 

Previous studies using mitochondrial and few nuclear markers (Alric et al., 2016; Thielsch et 

al., 2012) were able to categorize hybrids into F1, F2, and backcrosses. However, due to the 

low resolution of the used markers, further categorizing and above all identification of genome-

wide breaking points was not possible at the time. The D. galeata reference genome and 

resequencing data offer now a much higher resolution to assess later-generation hybrids and 

patterns across the genome. In general, hybrids identified in this study seem to have a complex 

history of multiple generations of hybridization and backcrossing with both parental species 

that we are not able to detangle using only ancestry paintings. The local ancestry inference 

revealed that the average ancestry tract length for D. galeata×longispina hybrids from EIC and 

SE is shorter than those for D. galeata×cucullata hybrids. There are several explanations for 

the observed pattern. 

One is that more generations of recombination led to shorter introgressed tracts, and the D. 

galeata×longispina hybrids are therefore the result of a greater number of sexual generations 

than the D. galeata×cucullata hybrids. The genomic mosaic of ancestry segments for all hybrid 

individuals is also characterized by multiple breakpoints within the same scaffolds, which is 

only possible after multiple generations of recombination. However, data on genome-wide 

recombination rates and selection are needed to reach solid conclusions about the correlation 

between tract length and age of the hybridization event in the individual’s ancestors. 

Alternatively, reproductive isolation might be lower between D. galeata and D. longispina than 

between D. galeata and D. cucullata, thus leading to faster introgression in the former case. 

As evidenced by the comparison of genomic windows of higher divergence between species 

pairs, the introgression pattern is not random: a given region exhibiting high FST values 

between the D. galeata and D. longispina genotypes is also likely to show similarly high FST 

values in the D. galeata/D. cucullata pair. Further, some parts of the genome seem to be 

effectively shielded from introgression. About a quarter of all genes (4,136) are in regions that 

are highly differentiated between at least two species and about 5% (859) in parts of the 

genome that are isolated among all three species of the complex. This is much more than 

expected by chance (Figure S3.5) and is thus likely due to selection against introgression. It 
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seems plausible to search among these for genes that conserve the specific identity of the 

involved taxa, despite incomplete reproductive isolation. Genes responsible for the observed 

ecological divergence among the taxa (Schwenk et al., 2000) or genetic incompatibilities are 

most likely candidates to be found in the observed divergent regions. Given the ancient 

divergence, the speciation process in the DLSC might have attained a selection–migration–

drift equilibrium, for which there is growing empirical evidence in other species like stick insects 

(Riesch et al., 2017), flycatchers (Burri et al., 2015), and nonbiting midges (Schreiber & 

Pfenninger, 2021). However, the current snapshot could equally likely be a consequence of 

one or several pulses of hybridization. To assess the stability of the equilibrium, data showing 

that the introgression/selection process is ongoing and constant across an extended period of 

time would be required and Daphnia offers the unique opportunity to go back in time to test 

these alternative hypotheses. 

New evidence for cytonuclear discordance 

The genome-wide perspective also elucidated discordance between nuclear and mitochondrial 

patterns. The phylogeny based on mitochondrial genomes conforms to previously inferred 

relationships in the DLSC and suggests D. galeata and D. cucullata are sister species, with D. 

longispina as an outgroup (Adamowicz et al., 2009; Petrusek et al., 2012). However, several 

of our analyses based on nuclear SNPs challenge this view and suggest different evolutionary 

histories for mitochondrial and nuclear genomes. The ancestry painting approach relies on the 

identification of fixed sites for species in a pairwise comparison. More sites were found to be 

fixed between D. galeata and D. cucullata (715,438) than between D. galeata and D. longispina 

(335,052), which implies a greater divergence between members of the former pair. Further, 

FST values were on average higher between D. galeata and D. longispina (0.274) than between 

D. galeata and D. cucullata (0.364). Reports of cytonuclear discordance are common both in 

plants (Folk et al., 2017; Huang et al., 2014; Lee-Yaw et al., 2019; Stephens et al., 2015) and 

animals (Llopart et al., 2014; Melo-Ferreira et al., 2014; Sarver et al., 2021). Several processes 

can lead to this discordance among closely related species: incomplete lineage sorting causing 

phylogenetic reconstructions based on mitochondrial markers to differ from the true phylogeny 

of the taxa, or selection causing the fixation of different mitochondrial genomes in different 

places from standing variation within species (Barrett & Schluter, 2008). Alternatively, 

cytonuclear discordance may reflect hybridization between species and cytoplasmic 

introgression, accompanied or not by selection (reviewed in Sloan et al., 2017). The latter 

explanation would be quite conceivable in the DLSC. 
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Conclusion 

We here provide the first high-quality resources to study genome-wide patterns of divergence 

in the DLSC, an ecologically important taxon in European freshwater habitats. By quantifying 

intra- and interspecific diversity, we provide a first glimpse into introgressive hybridization and 

lay the ground for further studies aiming at understanding how species boundaries are 

maintained in the face of gene flow. 

Unlike for D. pulex and D. magna, no linkage groups are known for any species of the DLSC. 

Hi-C sequencing data will be added in the future to order scaffolds into larger, potentially 

chromosome-scale scaffolds. Such an approach holds promise in a species complex where 

laboratory crossings for F2 panels and traditional mapping are nearly impossible. This will allow 

discovering structural variants, identifying recombination breakpoints along each chromosome 

and thus provide a deeper understanding of the introgression patterns observed here. The 

functional role of genes in the regions of high divergence uncovered through this first analysis 

is yet unclear and will be addressed in future studies. 

Finally, wider sampling, with the inclusion of more populations as well as more members of the 

species complex, and the reconstruction of a nuclear based phylogeny are necessary to reach 

conclusions about the species relationships and eventually identify the causes of the pattern 

uncovered here. 

Materials and Methods 

Sampling 

The clonal line used for genome sequencing and assembly, M5, was hatched from a resting 

egg isolated from the upper layers (first 5 cm, corresponding to the years 2000–2010) of a 

sediment core taken in Lake Müggelsee in 2010. Further, single genotypes representing the 

parental species from various locations were used in this study, henceforth “parental species 

genotypes”. Most of them were established from individuals sampled from the water column 

and are still maintained through asexual reproduction as monoclonal cultures in the laboratory. 

Thus, all individuals of a clonal line are the same genotype and can be pooled to achieve 

sufficient amounts of genomic DNA. The species identity for these genotypes was established 

through a combination of methods: morphology, mitochondrial sequences, and nuclear 

markers. Sediment cores were collected from Dobersdorfer See (DOB), Selenter See (SE), 

and Arendsee (AR), Germany using a gravity corer (Uwitec, Mondsee, AT) (Table S3.4). 

Samples were taken from the deepest part of the lakes to minimize past disturbance of the 

sediment. Cores were cut horizontally into 1 cm layers and the layers were stored at 4 °C in 
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the dark to prevent hatching. Sediment rate of the three lakes was determined using 

radioisotope dating (137Cs and 210Pb). 

In addition, lake sediment from the shoreline of Eichbaumsee (EIC) (Table S3.4), Germany 

was collected by hand and stored at 4 °C. The exact age of the sediment is unknown but the 

upper layers most likely contain recent eggs from the last few years. Zooplankton samples 

were taken from Eichbaumsee using a plankton net (mesh size 150 µm) from which six 

Daphnia clonal lines were established in a laboratory setting with artificial medium (Aachener 

Daphnien Medium, ADaM; Klüttgen et al., 1994). 

All sampling locations are plotted in Figure 3.1A and information on all samples is provided in 

Table S3.2. 

Genome sequencing 

DNA extraction for genome sequencing with Illumina and PacBio 

DNA was extracted from around 60 clonal M5 individuals collected from batch cultures 

maintained in ADaM, and fed with the algae Acutodesmus obliquus, cultivated in medium 

modified after Zehnder and Gorham (1960). Extraction was conducted following a phenol 

chloroform-based protocol with an RNase step and subsequently sequenced on an Illumina 

HiSeq4000 at BGI China. Additionally, tissue samples with around 3,000 individuals were sent 

to BGI for DNA extraction and PacBio sequencing. 

Resequencing (Population genomics approach) 

DNA extraction from batch cultures for resequencing 

For clonal lines used as reference for the parental species, individuals were raised in batch 

cultures and treated with antibiotics prior to collection and storage at −20 or −80 °C. DNA was 

extracted with either a phenol chloroform method, a (modified) CTAB protocol or a rapid 

desalting method (MasterPure Complete DNA and RNA Purification Kit; Lucigen Corporation). 

Total genomic DNA was isolated from 20 pooled adult Daphnia for each of the five EIC clonal 

lines using a CTAB extraction method (Doyle & Doyle, 1987). 

Whole-genome amplification on resting eggs for resequencing 

To isolate Daphnia resting eggs from the sediment each sediment layer was sieved using a 

sieve with 125 µm mesh size and small amounts of the remaining sediment were resuspended 

in distilled water. Ephippia were eye spotted under a stereomicroscope, counted, and 

transferred to 1.5 ml tubes. The water was removed and ephippia stored at −20 °C in the dark 

until further analysis. 
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The ephippia were then opened under a binocular with insect needles and tweezers previously 

treated under a clean bench (UV sterilization) and with DNase away (Thermo Fisher). Eggs 

that were already damaged, had an uneven shape or were orange, which is evidence for 

degradation, were discarded. The resting egg separated from the ephippial casing washed in 

15 µl sterile 1× PBS and then transferred in 1 µl 1× PBS to a new tube with 2 µl fresh 1× PBS. 

The isolated eggs were stored at −80 °C at least overnight. 

For WGA of single eggs, the REPLI-g Mini Kit (Qiagen) was used. This kit is enabling unbiased 

amplification of genomic loci via Multiple Displacement Amplification. The isolated resting eggs 

were thawed on ice and the whole genome was amplified following the manufacturer’s protocol 

for amplification of genomic DNA from blood or cells. Briefly, denaturation buffer was added to 

the prepared resting eggs in 3 µl 1× PBS and amplified by REPLI-g Mini DNA Polymerase 

under isothermal conditions for 16 hours. 

The amplified product was quantified on a Nanodrop spectrophotometer (Thermo Fisher) and 

with a Qubit Fluorometer (Thermo Fisher). Successful amplifications were purified with 0.4× 

Agencourt AMPure XP magnetic beads (Beckman Coulter) to remove small fragments and 

eluted in 60 µl 1× TE buffer. 

Fragments of the mitochondrial gene 16S rRNA gene were amplified to check successful 

amplification of Daphnia DNA using the universal cladoceran primers S1 and S2 (Schwenk et 

al., 1998) and a low presence of bacterial DNA using universal primers for the bacterial 16S 

rDNA gene (Nadkarni et al., 2002). Only samples with a successful amplification of the Daphnia 

16S fragment and low amplification of the bacterial 16S fragment, indicating low bacterial 

contamination, were used for sequencing steps. 

Library preparation and sequencing of resequencing samples 

After quantification and quality control of the DNA using Nanodrop and Qubit instruments, 

libraries were prepared either directly in-house with the NEBNext Ultra II DNA Library Prep Kit 

for Illumina (New England Biolabs), or at the sequencing company Novogene (Cambridge, 

UK). Resequencing (paired-end 150-bp reads) was then performed either at Novogene (UK) 

Company Limited or the Functional Genomics Center (ETH Zurich and University of Zurich) 

on Illumina NovaSeq 6000 and HiSeq4000 instruments. Details on the procedure used for 

each sample are provided in Table S3.2. 

Genome assembly and annotation 

We provide here a summarized version of the procedure used to assemble and annotate the 

genome. Details can be found in Supplementary Information on Chapter 3 – Supplementary 

materials and methods.  
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Raw data QC 

Illumina reads were trimmed and the adapter removed using a combination of Trimmomatic 

0.38 (Bolger et al., 2014), FastQC 0.11.7 (Andrews, 2010) and MultiQC 1.6 (Ewels et al., 2016) 

within autotrim 0.6.1 (Waldvogel et al., 2018). To filter out reads possibly originating from 

contamination from known sources (see below), a FastQ Screen like approach was chosen. 

In brief, the reads are separated by results of mapping behavior to different genomes. Positive 

controls consisted of genome data for other Daphnia species (dmagna-v2.4 and 

Daphnia_pulex_PA42_v3.0, see Supplementary Information on Chapter 3 – Supplementary 

materials and methods for accession numbers), and negative control, that is, sequences 

deemed undesirable for genome assembly consisted of genome data from human, bacteria, 

viruses, and the algae used to feed the batch cultures. The resulting database comprised 

108,163 sequences (total sequence space 42.2 Gb). Both Illumina reads and PacBio subreads 

were mapped against the database with NextGenMap (Sedlazeck et al., 2013) and minimap2 

(Li, 2018), respectively. 

Reads did only pass the filtering if they either did not map to the database at all or had at least 

one hit against one of the two Daphnia genomes. Table M3.2 gives an overview of the effect 

of different filtering steps. 

Assembly and contamination screening 

All paired and unpaired contamination filtered Illumina reads as well as the contamination 

filtered PacBio reads were used as input for RA 0.2.1 (https://github.com/rvaser/ra, last 

accessed November 2021). Blobtools 1.0 (Laetsch & Blaxter, 2017) was used to screen the 

resulting assembly for possible unidentified contamination in the hybrid assembly. Briefly, bwa 

mem 0.7.17 (Li, 2013) was used to map Illumina reads back to the assembly and taxonomic 

assignment was done by sequence similarity search with BlastN 2.9.0+ (Camacho et al., 

2009). Contamination with different bacteria was clearly identifiable, and contigs with coverage 

below 10× and/or GC content above 50% were removed. Additionally, PacBio reads mapping 

to these contigs were removed to minimize false scaffolding in further steps. The contig 

corresponding to the mitochondrial genome was identified after a BLAST search against 

available mitochondrial genomes for this species and removed from the assembly. 

Scaffolding and gap closing 

The blobtools filtered PacBio reads were used for scaffolding and gapclosing, which was 

conducted in three iterations. Each iteration consisted of a scaffolding step with SSPACE 

LongRead 1-1 (Boetzer & Pirovano, 2014), a gap closing step with LR Gapcloser (https:// 

github.com/CAFS-bioinformatics/LR_Gapcloser; commit 156381a, last accessed November 

2021), and a step to polish former gap parts with short reads using bwa mem 0.7.17-r1188 and 

https://github.com/rvaser/ra
https://github.com/CAFS-bioinformatics/LR_Gapcloser
https://github.com/CAFS-bioinformatics/LR_Gapcloser
https://github.com/CAFS-bioinformatics/LR_Gapcloser
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Pilon 1.23 (Walker et al., 2014) in a pipeline developed to this effect, wtdbg2-racon-pilon.pl 0.4 

(https://github.com/schellt/wtdbg2-racon-pilon, last accessed November 2021). 

Assembly quality assessment 

Contiguity was analyzed with Quast 5.0.2 (Gurevich et al., 2013) at different stages of the 

assembly process. Further, mapping rate, coverage, and insert size distribution were assessed 

by mapping Illumina and PacBio reads with bwa mem and Minimap 2.17 respectively. To show 

absence of contamination in the assembly blobtools was run as above. The genome size was 

estimated by dividing the mapped nucleotides by the mode of the coverage distribution of the 

Illumina reads by backmap 0.3 (https://github.com/schellt/backmap, last accessed January 

2021), resulting in 156.86 Mb (with the obtained assembly length amounting to 85% of this 

estimated length). Additionally, the genome size was estimated using a k-mer based approach 

by creating a histogram from raw Illumina reads with Jellyfish 1.1.12 (Marçais & Kingsford, 

2011) and running the GenomeScope web application (http://qb.cshl.edu/genomescope/, last 

accessed November 2021) resulting in a genome size estimate of 150.6 Mb. 

Completeness in terms of single copy core orthologs of the final scaffolds was assessed with 

BUSCO 3.0.2 (Simão et al., 2015), using the Arthropoda set (odb9). 

Genome annotation 

RepeatModeler 2.0 (Smit & Hubley, 2008–2015) was run to identify D. galeata specific repeats. 

The 1,115 obtained repeat families were combined with 237 D. pulex and one D. pulicaria 

repeat sequences from RepBase release 20181026 to create the final repeat library. The 

genome assembly was then soft masked with RepeatMasker 4.1.0 (Smit et al., 2013–2015), 

resulting in 21.9% of the assembly being masked. 

Gene prediction models were produced with Augustus 3.3.2 (Stanke et al., 2008), GeneMark 

ET 4.48_3.60_lic (Lomsadze et al., 2005), and SNAP 2006-07-28 (Korf, 2004). The Augustus 

model was based on the soft masked assembly and the D. galeata transcriptome (HAFN01.1, 

Huylmans et al., 2016). The GeneMark model was obtained by first mapping trimmed RNAseq 

reads to the assembly with HISAT 2.1.0 (Kim et al., 2019) and then processing the resulting 

bam file with bam2hints and filterIntronsFindStrand.pl from Augustus to create a gff file with 

possible introns, which was finally fed into GeneMark. 

The structural annotation was conducted in MAKER 2.31.10 (Holt & Yandell, 2011). Briefly, 

the unmasked genome assembly, the species’ own transcriptome assembly as ESTs, the 

complete Swiss-Prot 2019_10 (UniProt Consortium, 2019) and the protein sequences resulting 

from D. magna (Lee et al., 2019), as well as D. pulex (Ye et al., 2017) genome annotations as 

protein evidence, were used as input for MAKER. In total, three iterations of MAKER with 

https://github.com/schellt/wtdbg2-racon-pilon
https://github.com/schellt/wtdbg2-racon-pilon
https://github.com/schellt/backmap
https://github.com/schellt/backmap
http://qb.cshl.edu/genomescope/
http://qb.cshl.edu/genomescope/
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retraining of the Augustus and SNAP model in between the iterations were conducted. The 

quality of the structural annotation was assessed by comparing values as number of genes, 

gene space, etc. to existing annotations for other Daphnia genomes. Furthermore, core 

orthologs from BUSCO’s Arthropoda (odb9) set and conserved domain arrangements from the 

Arthropoda reference set of DOGMA 3.4 (Dohmen et al., 2016) were searched in the annotated 

protein set. 

The functional annotation was conducted using InterProScan 5.39-77.0 (Jones et al., 2014) as 

well as a BLAST against the Swiss-Prot 2019_10. 

Population samples 

Raw data QC and contamination check 

The quality of raw reads was checked using FastQC v0.11.5. Adapter trimming and quality 

filtering were performed using Trimmomatic v0.36 with the following parameters: 

ILLUMINACLIP: TruSeq3-PE.fa: 2:30:10 TRAILING: 20 SLIDINGWINDOW: 4:15 MINLEN: 70. 

For samples sequenced on a NovaSeq6000 instrument and presenting a typical polyG tail, the 

program fastp (Chen et al., 2018) was used for trimming as well. To assess contamination in 

the WGA samples FastQ Screen v0.14.0 with the bwa mapping option was used (Wingett & 

Andrews, 2018). A custom database was built to map trimmed reads against possible 

contaminants that included general common contaminants such as Homo sapiens, the UniVec 

reference database, a bacterial and a viral reference set as well as the D. galeata genome and 

Acutodesmus obliquus draft genome (see Supplementary Information on Chapter 3 – 

Supplementary materials and methods for accession numbers). Samples with <25% reads 

mapped to the D. galeata genome (and 25% contamination) were excluded from further 

analysis because the whole amplification of the resting egg most likely failed. 

Mapping to reference genome and variant calling 

The variant calling was performed within the Genome Analysis Toolkit (GATK v4.1.4.0; 

McKenna et al., 2010) program according to GATK4 best practices (Van der Auwera et al., 

2013). The trimmed reads were mapped to the D. galeata genome using the BWA-MEM 

algorithm in BWA v0.7.17 with the -M parameter and adding read group identifiers for Picard 

compatibility (Li & Durbin, 2009). PCR duplicates were marked and filtered out in the BAM file 

using Picard v2.21.1 (http://broadinstitute.github.io/picard/, last accessed November 2021). 

To call variants for each sample, GATK HaplotypeCaller in GATK was used with the –

emitRefConfidence GVCF option resulting in a genomic variant call format (gVCF) file with 

information on each position for each individual (Poplin et al., 2018). All gVCF files were 

consolidated using CombineGVCFs and joint genotyping was performed with 

http://broadinstitute.github.io/picard/
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GenotypeGVCFs. The VCF file was filtered to include only SNPs and hard filtering was 

performed to remove variants with a QualByDepth <10, StrandOddsRatio >3, FisherStrand 

>60, mapping quality <40, MappingQualityRankSumTest <−8, and ReadPosRankSumTest 

<−5. 

Subsequently, we removed sites with either very high coverage (>450) or for which genotypes 

were missing for more than 20% of the individuals using VCFtools v0.1.5 (Danecek et al., 

2011). The final SNP data set for downstream analyses included 3,240,339 SNPs across the 

49 samples. 

In addition, GenotypeGVCFs was run with the –include-non-variant-sites option to output all 

variant as well as invariant genotyped sites. The final invariant data set included 127,530,229 

sites after removing indels and multiallelic sites with BCFtools v1.9 (Li, 2011) and is used for 

population genomic analysis to be able to calculate the total number of genotyped sites (variant 

and invariant) within a genomic window. 

As we mapped all different species to the reference D. galeata genome, we assessed possible 

reference bias by checking the distribution of reference and alternative alleles observed at 

heterozygous genotypes based on Pinsky et al. (2021). We pooled all genotypes which were 

unambiguously assigned to either of the parental species clusters D. galeata, D. cucullata, and 

D. longispina as was done for the population genomic parameters (Table S3.2) or classified 

as hybrids using ADMIXTURE inference. Without reference bias, we would expect that in 

heterozygous genotypes the reference and the alternative allele are on an average 

represented by 50% of the reads. An indication of reference bias would be that the D. galeata 

reference allele would be more frequent. 

Phylogenetic and population genetics inferences 

Mitochondrial genome assemblies and phylogenetic analyses 

All reads were used to produce mitochondrial genome assemblies using the “de novo 

assembly” and “find mitochondrial scaffold” modules provided in MitoZ v2.4 with default 

settings (Meng et al., 2019). For some samples, this was not sufficient and we used two 

approaches to recover a complete mitogenome: either the mitochondrial baiting and iterative 

mapping implemented in MITObim v1.9.1 (Hahn et al., 2013) with the D. galeata mitochondrial 

reference genome or the modified baiting and iterative mapping in GetOrganelle v1.7.1 (Jin et 

al., 2020) with the animal database and k-mer values set to 21, 45, 65, 85, and 105. The 

procedure used for each data set is given in Table S3.5. 

We annotated the mitochondrial genome assemblies with the mitochondrial annotation web 

server MITOS2 (Bernt et al., 2013) using the mitochondrial codon code 05 for invertebrates. 
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Automated genome annotation identified 13 PCGs, two rRNA genes, and 22 transfer RNA 

genes (tRNAs). Initially, the mitochondrial genes (PCGs and rRNAs, Table S3.6) were 

individually aligned with MUSCLE v3.8.1551 (Edgar, 2004) and visually checked for their 

quality. The mitochondrial genome assemblies with discrepancies, that is, a lot of missing data 

and/or split features were excluded from further analysis. The final data set (Table S3.6) 

included 44 mitochondrial genomes from this study and the previously published mitochondrial 

genome of Daphnia laevis (Martins Ribeiro et al., 2019, accession number: NC_045243.1). 

The mitochondrial genes of the final data set were individually realigned with MUSCLE 

v3.8.1551 (Edgar, 2004) and MACSE v2.05 (Ranwez et al., 2018) and concatenated into a 

mitochondrial DNA matrix (Table S3.6) using SequenceMatrix v1.8.1 (Vaidya et al., 2011). 

During this step, we used MACSE v2.05 to realign PCG genes keeping the information about 

codon position (gene partitioning) and to remove STOP codons. The final data set consisted 

of the concatenation matrix of the 13 PCGs and the two structural rRNA genes. With this 

alignment, phylogenetic trees were reconstructed using IQ-TREE v1.6.12 (Nguyen et al., 

2015). We initially partitioned the alignment into a full partition model, that is, each gene and 

all three codon positions for PCGs, and then ran IQ-TREE with partition analyses (-spp, 

Chernomor et al., 2016), ModelFinder (-m MFP+MERGE, Kalyaanamoorthy et al., 2017) and 

10,000 ultrafast bootstrap (-bb 10,000, Hoang et al., 2018) and SH-like approximate likelihood 

ratio test (-alrt 10,000, Guindon et al., 2010) replicates. The resulting trees were visualized in 

R (R Core Team, 2017) using the multifunctional phylogenetics package phytools (Revell, 

2012). 

Ancestry and population structure 

A principal component analysis was conducted in R v3.6.2 (R Core Team, 2017) with the 

package SNPRelate v1.20.1 (Zheng et al., 2012). Linkage disequilibrium (LD) was calculated 

within a 500-kb sliding window and LD-pruned for r2 values >0.5 before conducting the PCA 

for all sites using the snpgdsPCA function with default settings. The relatively large LD value 

was chosen because clonal reproduction and the overlap of generations due to diapause leads 

to increased LD in Daphnia (Brede et al., 2009). 

Genetic admixture was estimated using ADMIXTURE v1.3.0 (Alexander & Lange, 2011). The 

SNP set VCF file was converted to BED format using plink v1.90b6.13 (Chang et al., 2015). 

The log-likelihood values were estimated for one to five genetic clusters (K) of ancestral 

populations and admixture analysis was run for the most appropriate K value with 10-fold 

cross-validation. We also conducted the PCA and Admixture analysis using PCAngsd 

implemented in ANGSD and NgsAdmix, respectively (Korneliussen et al., 2014) to take 

genotype likelihoods into account (details in Supplementary Information on Chapter 3 – 
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Supplementary materials and methods). The results did not differ substantially and are shown 

in Figure S3.3. 

However, using such a population genetic clustering approach to estimate ancestry 

coefficients is not directly equivalent to the proportion of hybrid ancestry in each individual and 

should be interpreted with caution (Kong & Kubatko, 2021; Lawson et al., 2018). The results 

of the ADMIXTURE analysis suggested that the data set included hybrids between D. 

longispina and D. galeata as well as D. cucullata and D. galeata. We then followed the 

“ancestry painting” procedure outlined in Barth et al. (2020) and Runemark et al. (2018), and 

classified sites according to their FST values when comparing parental species sets. Unlike the 

PCA and the admixture analysis, this approach requires the user to define parental genotypes; 

the individuals belonging to these sets are indicated with stars in Figure 3.1C. Fixed sites are 

those where a specific allele is fixed in all individuals belonging to one parental species and 

another allele fixed in the other parental species. To show the ancestry of the hybrid individuals 

each fixed site was plotted in an “ancestry painting” if at least 80% of genotypes were complete 

using available ruby scripts (https://github.com/mmatschiner/tutorials/tree/master/

analysis_of_introgression_with_snp_data, last accessed November 2021). These scripts 

calculate the heterozygosity of each individual and visualize regions that are possibly affected 

by introgression. The mitochondrial genome assembly from each individual was used to 

determine the maternal species and the proportion of the genome derived from the maternal 

species was then calculated for each hybrid. For gal×cuc hybrids the hybrid index scale ranges 

from 0 (gal) to 1 (cuc) and for gal×long hybrids from 0 (long) to 1 (gal). 

Window-based population parameters 

To assess genome-wide genetic differentiation between the clusters identified with admixture, 

we calculated nucleotide diversity (π), between-taxon differentiation (FST), and between-taxon 

divergence (dxy) using the Python script popgenWindows.py (github.com/simonhmartin/

genomics_general release 0.3, Martin et al., 2020, last accessed November 2021) with a 

sliding 100-kb window, a step size of 10 kb and at least 20-kb genotyped sites within each 

window. To compare species pairs, we only considered individuals assigned to parental 

species based on ADMIXTURE results (Table S3.2). In addition, we also calculated these 

parameters using one randomly chosen individual from each population per species to check 

if the estimates are biased because of the overrepresentation of some populations in a species 

group (Table S3.2). 

Sets of outlier windows were defined as those with FST values in the upper 95th percentile of 

the distribution for each of the three pairwise comparisons. Further, the genes in these 

windows were extracted using the annotation file. We used a randomization approach to 

https://github.com/mmatschiner/tutorials/tree/master/analysis_of_introgression_with_snp_data
https://github.com/mmatschiner/tutorials/tree/master/analysis_of_introgression_with_snp_data
https://github.com/mmatschiner/tutorials/tree/master/analysis_of_introgression_with_snp_data
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assess whether the observed intersections (i.e., outlier FST windows occurring in both species) 

between all seven possible species comparisons are larger or smaller than expected by 

chance. For this, we randomly drew the observed number of windows, respectively genes from 

the total number of 10-kb windows in the assembly (13,330), respectively the total number of 

annotated genes (15,845) without replacement and calculated the intersections for all possible 

comparisons. We compared the resulting intersections from 1,000 replicates with the observed 

values (Figure S3.5). 

Inferring introgression 

To identify admixture among three populations, we calculated the f3 statistic with 

ADMIXTOOLS v 7.0 (Patterson et al., 2012) implemented in the admixr package in R (Petr et 

al., 2019). We used two parental source populations (A and B) and the target population (C) 

in the form (C; A, B). Significantly negative f3 statistic indicates that population C is a mixture 

of populations A and B or closely related populations. 

Local ancestry inference 

To prepare the SNP set, Beagle v4.1 was used to phase and impute genotypes with 10,000 bp 

step size and 1,000-bp overlapping sliding windows (Browning & Browning, 2009). Local 

ancestry inference was conducted with Loter (Dias-Alves et al., 2018) which infers the origin 

of each SNP in an admixed individual from two ancestral source populations and does not 

require additional biological parameters. The respective two parental species populations were 

used to reconstruct the ancestry tracts of the three putative galeata×cucullata hybrid 

individuals and 11 putative galeata×longispina hybrid individuals using Loter with default 

settings. 

Data accessibility 

Genome assembly, annotation, and read data (Illumina and PacBio) for the genotype M5 are 

stored under accession number PRJEB42807. Short-read data from resequencing are 

available in the European Nucleotide Archive under accession numbers ERS5080327–

ERS5080375, ERS4993274, and ERS4993282. The annotation and genome assembly used 

in the present analysis are deposited in Zenodo (doi:10.5281/zenodo.4479324), together with 

supplementary information on the mitochondrial tree (alignment file). 
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Abstract  

Closely related species that have recently come into contact due to ecological or anthropogenic 

changes can form hybrid zones. The genomes of hybrids in such zones exhibit varying levels 

of ancestry from their parental species that are determined and shaped by recombination and 

selection. Within the Daphnia longispina species complex, a keystone zooplankton group in 

freshwater ecosystems, three species occupy ecologically distinct niches and have been 

shown to hybridize extensively. These species produce resting eggs that accumulate in lake 

sediments over time, thus providing a direct record of past hybridization events. Here, we 

analyzed 68 whole genomes from single resting eggs collected from different time periods as 

well as individuals collected from the water column. We provide an improved chromosome-

scale Daphnia galeata genome assembly to investigate genome-wide ancestry variation and 

introgression in two populations with different ecological conditions. We applied a novel 

junctions approach, which leverages how recombination breaks up genomic blocks of 

contiguous ancestry over time, to this data set to estimate the timing of hybridization events 

and the distribution of ancestry across the genome. We uncovered recurrent hybridization and 

introgression in different populations and between different species and showed high variation 

in hybrid ancestry among individuals and across the genome. Our work reveals the complexity 

of hybridization and introgression over several decades with unprecedented resolution, and 

the unique outcome of hybridization in a freshwater mosaic hybrid zone not previously 

described in a natural hybrid population. 

Keywords: hybrid zone, introgression, population genetic time-series, resting eggs  
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Introduction 

In hybrid zones, genomes are formed by admixture of closely related parental species and are 

shaped by neutral processes, recombination, or selection (Barton & Gale, 1993). Using 

population genomics approaches across a wide range of taxa allows us to better understand 

the causes and frequency of hybridization, how the ancestry composition of hybrids varies 

within populations, and the short- and long-term evolutionary consequences of hybridization 

(Gompert et al., 2017; Runemark et al., 2019; Taylor & Larson, 2019). 

On a long-term evolutionary scale, ancient hybridization events between lineages are 

widespread in the evolutionary history of many taxa, resulting in diverse outcomes of adaptive 

radiation (Meier et al., 2017), adaptive introgression (Suarez-Gonzalez et al., 2016), hybrid 

speciation (Elgvin et al., 2017), or speciation reversal (Seehausen et al., 2008). In contrast to 

these at least partially stabilized hybrid populations, genomes in contemporary hybrid zones 

are in constant flux, and hybrid composition differs substantially among populations and 

individuals (McFarlane et al., 2022). We can study these different hybridization events to 

understand the early stages of hybridization and how novel hybrid zones evolve (Beninde et 

al., 2018; Coulter et al., 2020; Jahner et al., 2021; McFarlane et al., 2021). In addition, 

contemporary hybridization events can also provide insight into long-term genomic patterns 

within a clade. For example, Chaturvedi et al. (2020) showed that contemporary and ancient 

hybrid populations show similar patterns of introgression across the genome and that 

evolutionary outcomes can be predicted from contemporary hybrids in Lycaeides butterflies. 

Nouhaud et al. (2022) found that these processes can occur rapidly over short timescales and 

are driven by recombination rate variation and genetic load. 

We studied the emergence and development of hybrid zones in the genus Daphnia (Crustacea, 

Cladocera), which are keystone species in freshwater ecosystems worldwide and are widely 

used as genomic and ecological model organisms (Ebert, 2022). Hybridization and 

introgression are common in the genus, and the geographic and ecological isolating barriers 

between closely related species have been studied extensively (Chin & Cristescu, 2021). 

The life cycle of Daphnia makes them ideally suited for studying the history of hybridization 

events; they usually reproduce asexually with clonal individuals and switch to sexual 

reproduction with resting eggs under stressful environmental conditions (Ebert, 2005). These 

resting eggs can remain viable for decades and play a vital role in the temporal and spatial 

dispersal of Daphnia (Pietrzak & Ślusarczyk, 2006). Most resting eggs that are not reached by 

hatching stimuli, such as changes in light or temperature conditions, are eventually buried in 

lake sediments and form a resting egg bank (Brendonck & De Meester, 2003). In undisturbed 

sediments, the resting egg bank remains relatively stable long-term, with only eggs from the 
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surface layers that can be reached by hatching stimuli contributing to the genetic diversity of 

extant populations (Cáceres, 1998). By dating the sediment, these local biological archives 

can be used to hatch historical Daphnia genotypes or establish time-series genetic data from 

resting eggs to directly study adaptive responses and evolutionary changes (Brede et al., 2009; 

Frisch et al., 2014; Orsini et al., 2013). Recently, novel methods have been developed to 

address issues with low DNA yield and contamination that enable whole-genome sequencing 

of single historical resting eggs from the resting egg bank (Nickel & Cordellier, 2022; O’Grady 

et al., 2022). 

Hybridization as a result of environmental change has been particularly well studied in the 

Daphnia longispina species complex (DLSC), which inhabits freshwater ecosystems in the 

northern hemisphere (Petrusek, Hobæk, et al., 2008). The species D. galeata, D. longispina, 

and D. cucullata can occur in the same habitats, but are separated by ecological gradients 

(Petrusek, Seda, et al., 2008), such as trophic level (Keller et al., 2008; Yin et al., 2014) and 

predation pressure (Spaak & Hoekstra, 1997), which allow for habitat niche separation and 

mosaic hybrid zones with complex hybridization dynamics. Previous studies identified hybrids 

between the species pairs using low-resolution genetic markers (Brede et al., 2009; Yin et al., 

2014). Studies of hybrid zones often examine only two species, and multispecies hybridization, 

as found in Populus (Chhatre et al., 2018) and some birds (Natola et al., 2022; Ottenburghs, 

2019), is rarely considered. 

Recent hybridization can also be affected by habitat disturbances caused by human activities, 

which can result in new contact zones where closely related species meet that were previously 

fully or partially isolated due to their ecological divergence. Anthropogenic habitat disturbances 

that enable the coexistence of closely related species can increase hybridization rates 

(Grabenstein & Taylor, 2018) or result in the geographic shift of existing hybrid zones (Aguillon 

& Rohwer, 2022; Ryan et al., 2018). Hybridization in aquatic ecosystems has been impacted 

by large-scale environmental changes, such as climate change (Canestrelli et al., 2017), or 

local environmental changes, such as eutrophication (Alric et al., 2016) and the introduction of 

non-native species (Blackwell et al., 2021; Le Moan et al., 2021). This is well documented for 

Daphnia in peri-Alpine lakes, where increased eutrophication levels led to the successful 

establishment of D. galeata, which subsequently hybridized with the native D. longispina 

populations (Alric et al., 2016; Brede et al., 2009). The ability to utilize the resting egg bank 

and the unique features of aquatic hybrid zones make the DLSC very well suited to study the 

causes and consequences of recent hybridization over multiple generations and reconstruct 

admixture history.  
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In a previous study, we provided a D. galeata genome assembly and showed that hybridization 

in the DLSC is pervasive and shaped by multiple generations of hybridization and 

backcrossing, with introgression patterns varying among individuals and across the genome 

(Nickel et al., 2021). This suggests that hybridization in these populations was not limited to a 

single hybridization event and may be an ongoing process. For this study, we generated an 

improved chromosome-scale assembly with chromatin conformation capture sequencing to 

gain a deeper understanding of introgression patterns along each chromosome and reveal the 

extent and timing of hybridization events. Here, we focused on two populations in northern 

Germany that have been affected by eutrophication and were found to have extremely high 

levels of hybridization. To untangle the history of hybridization in these populations, we used 

broader time-series sampling and whole-genome data. Obtaining genomic time-series data to 

study genomic variation is difficult for many organisms and can often only be achieved using 

museum samples (Pinsky et al., 2021) or extensive sampling over shorter time periods 

(Gompert et al., 2021; Valencia-Montoya et al., 2020). The Daphnia resting egg bank enables 

us to obtain genomic data from different time points and stages of hybridization over several 

decades. We combined this approach with novel methods building on junction theory, which is 

based on how recombination breaks up genomic blocks of contiguous ancestry over time, and 

tracking markers along the genome to analyze the accumulation of delineations between these 

blocks, also known as junctions (Janzen et al., 2018). This allows more precise dating of recent 

admixture events (Janzen & Miró Pina, 2022) and detailed dissection of the different 

evolutionary histories that make up a hybrid’s genome in the Daphnia longispina species 

complex.  

Materials and Methods 

Hi-C library preparation and sequencing 

Several hundred individuals of the M5 clone, used to generate the previous D. galeata genome 

assembly, were raised in bulk and fed ad libitum with the algae Acutodesmus obliquus. After 

collection and water removal, the organisms were rinsed with PBS buffer, pelleted through 

gentle centrifugation, and the buffer was removed. The sample was then resuspended in 1 ml 

of 1% formaldehyde solution (in PBS). After 20 min of incubation at room temperature with 

periodic mixing, glycine was added to a final concentration of 125 mM. The sample was then 

incubated at room temperature for 15 min, pelleted through gentle centrifugation, rinsed with 

PBS, pelleted again, and the supernatant was removed. The sample was resuspended in PBS 

and ground with a loose-fitting Dounce homogenizer (ten strokes). The homogenized sample 

was pelleted by spinning down at 6000 × g for 5 min, the supernatant was removed, and the 

pellet was snap frozen. Library preparation with the Proximo Hi-C Animal Kit and sequencing 
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on an Illumina HiSeq 4000 to generate 150 bp paired-end reads were conducted by an external 

company (Phase Genomics, Seattle, WA).  

Hi-C scaffolding 

Chromosome-scale scaffolding was performed with the D. galeata assembly (GenBank 

accession number: GCA_918697745.1) from Nickel et al. (2021) and the Hi-C sequencing data 

as input, using Juicer v1.6 (Durand, Shamim, et al., 2016) in combination with BWA v0.7.17 

(Li, 2013) and 3D-DNA (commit 529ccf4; Dudchenko et al. 2017) with default parameters. The 

resulting scaffolds were manually curated with Juicebox v1.11.08 (Durand, Robinson, et al., 

2016) and 3D-DNA was executed again to create the final scaffold set. Basic assembly 

contiguity metrics were calculated with Quast v5.1.0rc1 (Mikheenko et al., 2018). This 

reference genome was used for all subsequent analyses presented here. 

To annotate protein-coding genes in the assembled scaffolds, GeMoMa v1.8 (Keilwagen et al., 

2016, 2018), a reference-based method, was used. Paired and unpaired RNAseq reads 

(Huylmans et al., 2016) were mapped against the chromosome-scale assembly with HISAT 

v2.2.1 (Kim et al., 2019) and subsequently merged and sorted with samtools v1.13 (Danecek 

et al., 2021) to create a single BAM file. Together with the previously published assembly of 

D. galeata (g) and its annotation in gff format (a) as reference, the chromosome-scale 

assembly as target (t) and the mapping of the RNAseq reads described above (ERE.m; 

r=MAPPED) were used as input for the GeMoMa CLI GeMoMaPipeline along with the 

parameters o=true AnnotationFinalizer.r=NO. 

Sample collection 

Multiple sediment cores were collected with a gravity corer (UWITEC, Mondsee, AT) from the 

mesotrophic lake Selenter See (SE) and the eutrophic lake Eichbaumsee (EIC), Germany, in 

September 2018 and 2020, respectively. Cores were collected from the deepest area of each 

lake to minimize the effects of bioturbation and previous disturbance of the sediment layers 

(Table S4.1). Cores (90 mm diameter) were segmented horizontally into 1 cm thick sections 

and stored at 4 °C in the dark to prevent any hatching of resting eggs. For Selenter See, layers 

of a single core were freeze-dried to determine the sedimentation rate using radioisotope 

dating (137Cs and 210Pb) and to estimate the age of the resting eggs from each layer. This was 

not done for Eichbaumsee as it is an excavation lake that was constructed in 1976 and is not 

connected to other water bodies. At the bottom of the cores, we found a light-grayish sand 

layer as described by Förster et al. (2021), indicating that the cores capture the entire history 

of the lake. 
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Additional resting eggs and living Daphnia from the water column were collected from 

Eichbaumsee during a previous study (Nickel et al., 2021). Firstly, lake sediment was collected 

by hand from the shoreline of Eichbaumsee and stored at 4 °C. Secondly, zooplankton 

samples were collected by hauling a 150 μm plankton net through the water column from which 

six Daphnia clonal lines were established in the laboratory. 

Single genotypes generated in a previous study (Nickel et al., 2021) representing the three 

parental species D. galeata, D. longispina, and D. cucullata from various European lakes were 

selected and are used here as “parental species genotypes”. The clonal lines were either 

established from individuals sampled from the water column or hatched from a resting egg and 

were maintained as monoclonal cultures in the laboratory through asexual reproduction. The 

species identity of these genotypes was determined by a combination of morphology, 

mitochondrial sequences, and nuclear markers. This panel included five genotypes for D. 

galeata, four for D. longispina, and three for D. cucullata. Additional information on the parental 

species genotypes, DNA isolation, and whole-genome sequencing can be found in Nickel et 

al. (2021). We generated additional resequencing data for the D. longispina clonal line KL11, 

which had low coverage in the previous reference panel. 

Whole genome amplification of resting eggs and DNA extraction from 

Daphnia cultures 

Collection of Daphnia ephippia from sediment and isolation of the resting eggs followed by 

whole genome amplification (WGA) was performed as described by Nickel et al. (2021). Briefly, 

Daphnia eggs were collected from each sediment layer by resuspending small amounts of 

sediment in ddH20, eye-spotting ephippia, and storing the samples at −20 °C in the dark. Then, 

the ephippial casings were opened with insect needles and tweezers to isolate intact resting 

eggs. The isolated resting eggs were stored in 3 µl 1× PBS at −80 °C. WGA of single eggs was 

performed with the REPLI-g Mini Kit (Qiagen) following the manufacturer’s protocol for the 

amplification of genomic DNA from blood or cells. The work was conducted in a PCR 

Workstation Pro (VWR) and surfaces and tools were treated with UV light and DNA-ExitusPlus 

(PanReac AppliChem) to reduce the risk of contamination. The amplified product was 

quantified with a Qubit Fluorometer (Thermo Fisher Scientific).  

As WGA from starting material of limited quantity and/or quality may result in failed 

amplification of the source DNA or contamination from other organisms, a pre-sequencing 

screening was performed by amplifying mitochondrial markers to identify Daphnia and 

bacterial DNA in the amplified product as described by Nickel and Cordellier (2022). Only 

samples with a successful amplification of the Daphnia 16S fragment and low or no 

amplification of the bacterial 16S fragment, indicating low bacterial contamination, were used 
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for further sequencing steps. Based on these criteria, the successful amplification products 

were purified with 0.4× Agencourt AMPure XP magnetic beads (Beckman Coulter) to remove 

small fragments and eluted in 60 µl 1× TE buffer.  

For each of the six EIC clonal lines and the reference clonal line KL11, 20 adult Daphnia were 

pooled to obtain sufficient amounts of DNA, and total genomic DNA was isolated using a 

modified CTAB extraction method (Cristescu et al., 2006). 

Library preparation and sequencing  

Quantification and quality control of the genomic DNA samples were performed using Qubit 

and Nanodrop instruments (Thermo Fisher Scientific) and libraries were prepared either in-

house with the NEBNext Ultra II FS DNA Library Prep Kit for Illumina (New England Biolabs) 

or at the sequencing company Novogene (Cambridge, UK). All libraries were sequenced using 

150 bp paired-end reads on an Illumina NovaSeq 6000 at Novogene. Information on all 

samples, the specific library preparation protocol, and ENA accession numbers is provided in 

Table S4.2.  

Sequencing QC, trimming, and contamination screening 

The quality of raw reads was assessed with FastQC v0.11.7 (Andrews, 2010). Where 

necessary, poly-G tails that can appear in NovaSeq reads, were trimmed with fastp v20.0 

(Chen et al., 2018). We trimmed Illumina adapters, removed base calls at the end of reads 

with a Phred quality score <20 and reads with a quality score <15 across a 4 bp sliding window, 

and discarded reads with a length <70 bp using Trimmomatic v0.38 (Bolger et al., 2014). 

As WGA of single resting eggs can result in little or no amplification of Daphnia DNA and 

amplification of DNA contamination from other organisms, we examined contamination in the 

WGA samples with FastQ Screen v0.14.0 with the BWA mapping option and default 

parameters. Trimmed reads were mapped against a custom database containing the possible 

laboratory contaminants Homo sapiens (GCA_000001405.22), the UniVec database 

(https://ftp.ncbi.nlm.nih.gov/pub/UniVec/), a bacterial (https://ftp.ncbi.nlm.nih.gov/refseq/

release/bacteria/) and a viral reference set (https://ftp.ncbi.nlm.nih.gov/refseq/release/viral/), 

all downloaded in April 2018, as well as the D. galeata genome (GCA_918697745.1) and the 

draft genome of the food algae Acutodesmus obliquus (GCA_002149895.1). Samples with 

<25% reads mapped to the D. galeata genome or >20% contamination with one or multiple 

other genomes were excluded from further analysis. 

Read alignment and variant calling 

The trimmed reads were mapped to the improved chromosome-scale D. galeata reference 

genome (available in Zenodo, doi:10.5281/zenodo.8069314) with BWA-MEM v0.7.17 using 
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the -M parameter to allow for Picard compatibility, and read group identifiers were added to 

combine samples for which multiple libraries or runs were sequenced (Li & Durbin, 2009). PCR 

duplicates were marked and removed from the BAM files using Picard v2.25.4 

(http://broadinstitute.github.io/picard/). 

We combined two variant calling approaches to obtain high-quality SNPs. The first analysis 

was performed within the Genome Analysis Toolkit (GATK v4.2.2.0; McKenna et al., 2010) and 

adapted from the GATK best practice recommendations (Van der Auwera et al., 2013). 

Variants for each sample were called with GATK HaplotypeCaller and the --emitRefConfidence 

GVCF option, resulting in a genomic variant call format (gVCF) file with information on each 

position for each individual (Poplin et al., 2018). All gVCF files were merged using 

CombineGVCFs, and joint genotyping was performed with GenotypeGVCFs. Only SNPs were 

selected from the resulting VCF file and hard filtering values were applied using 

VariantFiltration to remove SNPs with a QualByDepth <10, StrandOddsRatio >3, FisherStrand 

>60, mapping quality <40, MappingQualityRankSumTest <−8, and ReadPosRankSumTest 

<−5.  

Further, we estimated genotype likelihoods implemented in ANGSD v0.931-2 (Korneliussen et 

al., 2014), which is designed for low-coverage sequence data. SNPs were inferred based on 

genotype likelihoods (-GL 2 -doMajorMinor 1 -doMaf 1) using a threshold likelihood ratio for 

SNP calling (-SNP_pval 1e−06) and the following quality filters: -uniqueOnly 1 -remove_bads 

1 -only_proper_pairs 1 -trim 0 -C 50 -baq 1 -minMapQ 20 -minQ 20 -setMinDepth 400                            

-setMaxDepth 2000 -minMaf 0.05 -doCounts 1. 

Subsequently, only biallelic SNPs that were identified by both GATK and ANGSD and for which 

genotypes were available for at least 80% of the individuals were selected using VCFtools 

v0.1.5 (Danecek, et al. 2011). The final SNP data set for downstream analyses contained 

607,440 SNPs across the 68 samples. 

Ancestry and population structure to identify hybrid individuals 

We conducted principal component analysis (PCA) to visualize the clustering of all genotypes 

in R v4.1.0 (R Core Team, 2021) with the package SNPRelate v1.20.1 (Zheng et al., 2012). 

We pruned the SNP data set for linkage disequilibrium (r2 >0.5) in a sliding window using the 

snpgdsLDpruning function before conducting the PCA using the snpgdsPCA function with 

default settings for all biallelic sites. 

To evaluate individual genetic admixture in the data, the SNP VCF file was converted to BED 

format using PLINK v1.9 (Chang et al., 2015). The cross-validation error was estimated for 

genetic clusters (K) of ancestral populations from 1 to 5 using ADMIXTURE v1.3.0 and 

http://broadinstitute.github.io/picard/
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admixture analysis was performed for the most appropriate K = 3 value with 10-fold cross-

validation (Alexander & Lange, 2011). 

The ADMIXTURE analysis suggested that the population EIC had a history of D. galeata × D. 

longispina hybridization, and the population SE had a history of both D. galeata × D. longispina 

and D. galeata × D. cucullata hybridization. To identify fixed sites in the parental species pairs, 

we used the “ancestry painting” approach described by Barth et al. (2020) and Runemark et 

al. (2018), which classifies sites according to their FST value using the previously defined 

parental genotypes. We considered a site to be fixed if it was present in all reference parental 

species and a specific allele was fixed in all individuals belonging to one parental species and 

a different allele in the other parental species. To plot ancestry paintings, sites were identified 

that showed at least 90% of genotype completeness and SNPs were thinned to be at least 

100 bp apart using available ruby scripts (https://github.com/mmatschiner/tutorials/tree/

master/analysis_of_introgression_with_snp_data, last accessed April 2022) to show the 

ancestry of hybrid individuals and visualize regions potentially affected by introgression. 

For some of the samples, mitochondrial genome assemblies used to reconstruct phylogenetic 

relationships were already available (Nickel et al., 2021). For all other potential hybrid 

individuals, de novo assembly of the mitochondrial genomes was conducted using the “de 

novo assembly” and “find mitochondrial scaffold” modules implemented in MitoZ v2.4 (Meng 

et al., 2019). To assign each mitochondrial genome to a maternal species, it was searched 

against a custom database built with all the mitochondrial genomes constructed for the parental 

species genotypes using BlastN v2.12.0+ (Camacho et al., 2009). 

Estimating time since hybridization event 

To accurately date recent admixture events in hybrid populations, we used the "junctions" 

approach (Janzen et al., 2018). This approach is an extension of previous junction theory 

approaches that, for example, were able to classify up to seven generations of hybridization in 

ducks using ddRAD-seq data (Lavretsky et al., 2019). 

We performed junctions analysis on two distinct data sets to determine when the hybridization 

event of each individual took place; one collected from population EIC and one collected from 

population SE. The reference samples were labeled as D. galeata, D. longispina, or D. 

cucullata, and all population samples as the species pair D. galeata × D. longispina or D. 

galeata × D. cucullata (Table 4.1). In population EIC, we found only D. galeata and D. 

longispina ancestry in the ADMIXTURE analysis, making the D. galeata × D. longispina 

species pair the most probable. For the assignment of individuals in population SE to the 

species pair D. galeata × D. longispina or D. galeata × D. cucullata, we used ADMIXTURE 

results when possible or their position in the PCA. 
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Using the fixed sites obtained from the ancestry painting for D. galeata × D. longispina and D. 

galeata × D. cucullata, we had 129,442 and 173,672 sites, respectively. Then, we transformed 

the fixed sites from VCF format into Ancestry HMM (Corbett-Detig & Nielsen, 2017) input 

format using a custom Python script (available in Zenodo, doi:10.5281/zenodo.8069314). 

Briefly, the script processes the entire genome on a per-SNP basis and records allele counts 

in both the parental species and the hybrids.  

Then, we used Ancestry HMM v1.0 (Corbett-Detig & Nielsen, 2017) to infer local ancestry per 

individual using two different recombination rates: 6.78 cM/kb obtained from D. magna (Dukić 

et al., 2016) and 7.57 cM/kb obtained from female D. pulicaria (Wersebe et al., 2023). We 

increased the power of Ancestry HMM by jointly analyzing samples known to stem from similar 

sampling efforts (based on where the individuals were collected). Population SE was analyzed 

as a single group ("SE core"), and population EIC was separated into five groups; animals 

collected from the water column ("clones"), undated sediment ("sediment–top"), and three 

sections of the sediment core ("core–top", "core–middle", "core–bottom") (Table 4.1).   

Ancestry HMM provides a posterior probability of local ancestry at each SNP (e.g., of observing 

complete D. longispina ancestry, complete D. galeata ancestry, or heterozygous ancestry). We 

translated these posterior probabilities into hard ancestry calls depending on a cut-off threshold 

and varied the threshold in steps 1−10[−6, −5, −4, −3, −2, −1]. To infer time since admixture estimates 

on a per-sample basis, the obtained hard ancestry calls were then analyzed using the junctions 

package v2.0.3 in R (Janzen, 2021; Janzen & Miró Pina, 2022), which takes local ancestry as 

input. We used the function "estimate_time_diploid" using analysis_type "individuals", in order 

to obtain age estimates split per individual, assuming that all scaffolds belonging to the same 

individual have a shared genomic history. The analysis was performed assuming a large 

population size of 1,000,000 individuals and equal ancestry, such that initial heterozygosity 

was 0.5. To obtain per-chromosome age estimates, we repeated the analysis, but now used 

analysis_type "chromosomes", which no longer assumes that all scaffolds belonging to the 

same individual have a shared history, allowing for independent age inference on a per-

chromosome basis. For visualization, the unplaced scaffolds were removed and the local 

ancestry and position of junctions were plotted for the ten chromosome-scale scaffolds. 

Results 

Chromosome-scale Hi-C genome assembly  

In total, 213,164,294 Hi-C read pairs were generated, which provided a uniform distribution of 

around 50× coverage of the D. galeata genome. Scaffolding with Juicer and 3D-DNA resulted 

in a higher number of contigs and scaffolds compared to the published assembly, showing a 

significant amount of corrections in the form of splits. After manual curation, the number of 
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contigs and scaffolds increased even more, mainly because additional misassemblies that 

were not detected by the algorithms could be corrected. With 68 Mb, the scaffold N50 of the 

uncurated assembly is unreasonably high compared to other chromosome-scale assemblies 

of the genus Daphnia (Barnard-Kubow et al., 2022; Lee et al., 2019; Wersebe et al., 2023). 

This is due to false scaffolding that combined sequences from five and three different 

chromosomes into one scaffold, respectively (Figure S4.1A). After manually correcting these 

macroscopic errors, as well as many smaller assembly errors (presumably originating from 

scaffolding with PacBio reads of the published assembly from Nickel et al. (2021)), ten large 

scaffolds representing the assumed karyotype for D. galeata can be seen (Figure S4.1B; 

Beaton & Hebert, 1994). The ten largest scaffolds contain more than 96.6% of the total length 

of the assembly. Correcting misassemblies lowered the contig N50 after manual curation 

compared to the previously published D. galeata assembly. However, the scaffold N50 of 

12.4 Mb of the manually curated assembly was improved and similar to published 

chromosome-scale assemblies in the genus Daphnia (Table S4.3). 

GeMoMa yielded 16,438 genes and 120,347 coding sequences with a total length of 

46,528,337 and 25,530,649 bp, respectively. The median lengths of genes and CDSs are 

1,807 and 155. The mean number of CDSs per gene is 6.6. Searching for single copy orthologs 

of Arthropoda (arthropoda_odb10) with BUSCO v5.2.2 (Manni et al., 2021) resulted in 90.8% 

completeness (C: 90.8% [S: 89.0%, D: 1.8%], F: 0.9%, M: 8.3%, n: 1,013). 

Time-series sampling and genotyping 

Resting eggs were isolated from four different depth sections of sediment cores collected from 

Selenter See (SE), and whole-genome resequencing was carried out for 17 WGA samples that 

passed the PCR contamination screening. For the population SE, the youngest eggs analyzed 

originated from the 0–1 cm section of the core, which corresponds to the year ~2016, and the 

oldest eggs from the 4–5 cm section correspond to the year ~1992 (Andersen T, personal 

communication). After screening the sequences for contamination and removing data with only 

very few reads mapping to the D. galeata reference genome, 14 individual genotypes from 

resting eggs remained for further analysis (“SE core”, Table S4.2). 

For the population from Eichbaumsee (EIC), we generated whole-genome sequences for six 

clonal lines sampled from the water column. Then, whole-genome resequencing data was 

generated for 59 WGA samples (Table S4.2). After removing contaminated sequences, 36 

individuals remained for analysis. Eight resting eggs were collected directly from the shoreline 

and represent the most recent eggs, and 28 resting eggs originated from sediment cores. 

The EIC sediment cores were not dated, but the lake was artificially created in 1976 and the 

sediment cores represent a complete time series from the time of sampling (2020) to the 
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formation of the lake, going back five decades. To allow comparison between ages in the 

genomic analysis, we pooled eggs from adjacent sections in the sediment core into three 

sample groups that represent the youngest eggs ("core–top", 0–5 cm, 9 total), eggs of 

intermediate age ("core–middle", 13–18 cm, 12 total), and the oldest eggs ("core–bottom", 24–

29 cm, 7 total), as well as one group each from clones collected in the water column ("clones", 

6 total) and recent eggs of unknown age ("sediment–top", 8 total) (Table S4.2). We used 

whole-genome data from 12 clonal lines with previously established species identities 

generated by Nickel et al. (2021) as reference data representing the three parental species 

and their diversity. 

We analyzed 1.5 billion mapped sequencing reads and obtained 607,440 biallelic SNPs for 68 

individuals using an approach that combined hard-called genotypes and SNPs based on 

genotype likelihoods. The average genome coverage per individual was 16.86× (range: 1.73–

95.37×) for the population samples and 50.9× (range: 23.18–69.93×) for the reference samples 

(Table S4.4). 

Ancestry and population structure to identify hybrid individuals 

The ADMIXTURE analysis strongly supported a K value of 3, which is biologically meaningful 

as it clearly differentiates the three known parental species into separate clusters (Figure 4.1). 

Although ADMIXTURE is not always reliable and may fail to identify hybrids, especially those 

with highly asymmetric parental contributions (Kong & Kubatko, 2021), we consider this 

sufficient to identify potential hybrids for further analysis. In population EIC, we detect D. 

galeata (19) and D. longispina (9) and 14 hybrid individuals that show admixture between the 

two species. The first appearance of sampled hybrid individuals in this lake is recent, as we 

could only detect them in the "core–top" section. For population SE we find five D. galeata and 

admixture between D. galeata and D. cucullata (6) and D. galeata and D. longispina (3). The 

number of samples from the different time periods is small, but hybrids still appear in each 

sampled section.  

The method used to estimate time since admixture requires a previously known species pair 

(Janzen & Miró Pina, 2022), but can detect older admixture events that are potentially not 

identified by ADMIXTURE. Therefore, we classified all individuals as belonging to the D. 

galeata × D. longispina or D. galeata × D. cucullata species pair based on ADMIXTURE and 

PCA results. The ADMIXTURE analysis detected a total of 23 hybrid individuals and their 

respective species pair. When individuals appeared unadmixed in the ADMIXTURE analysis, 

the PCA results were used to classify species pairs. The PCA showed that the three parental 

species are grouped into distinct clusters, while population EIC is spread between the D. 

galeata and D. longispina clusters, and population SE mostly between the D. galeata and D. 
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cucullata clusters, both with no clear temporal substructure (Figure S4.2). Based on the 

position in the PCA plot, the remaining individuals were classified as belonging to one of the 

species pairs (Table 4.1).  

 

Figure 4.1. Ancestry proportions based on ADMIXTURE analysis (K = 3) admixture plot to identify potential hybrids. 
Population EIC and SE are ordered by sample age, and the classified hybrid individuals are marked with a star. 
Clusters are colored according to the reference species D. galeata (teal), D. cucullata (green), and D. longispina 
(dark blue).  

To visualize ancestry and introgression across the genome, we generated ancestry paintings, 

with multiple breakpoints along a chromosome indicating multiple generations of 

recombination. In general, we found many chromosome pairs where the majority of sites carry 

ancestry from both species, which we refer to as heterospecific regions, in the ancestry 

painting that uses only ancestry informative fixed sites.  

We analyzed a total of 16 D. galeata × D. longispina hybrids found across both populations, 

all of which carry D. galeata mitochondria (Figure 4.2A). Reference sample KL11 and potential 

hybrid individual EIC_23_114 were removed from the analysis due to the high proportion of 

missing sites in the samples. The six samples that originated from clonal lines and therefore 

represent animals living in the water column at the time of sampling show extremely similar 

ancestry patterns (mostly heterospecific chromosome pairs with small regions of homospecific 

galeata ancestry on some chromosome pairs, e.g., 6, 7, and 10). Compared to D. galeata × D. 

cucullata hybrids, the ancestry tract length is significantly shorter, with many breakpoints 

between regions of galeata and longispina ancestry on a single chromosome leading to more 

heterospecific regions. However, we also find individuals with some chromosome pairs that 

have not recombined and thus show pure galeata or longispina ancestry (e.g., sample 

SE_01_04 and EIC_01_163).  
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We analyzed six D. galeata × D. cucullata hybrids, all found in population SE (Figure 4.2B). 

We find pure galeata chromosome pairs or homospecific regions in most samples, e.g., 

chromosomes 3 and 5. Pure cucullata ancestry in some regions, e.g., chromosomes 2 and 3, 

is mostly found in sample SE_45_25. In addition, we also find chromosome pairs with 

homospecific galeata regions and heterospecific regions caused by a recombination 

breakpoint on one of the homologous chromosomes, e.g., chromosomes 2 and 4. Samples 

SE_12_10 and SE_12_14 show ancestry from both species but mostly homospecific sites. All 

but one of the samples carry D. cucullata mitochondria. 

Using time-series genomic data and time since admixture estimates to 

understand hybridization history 

We inferred local ancestry using Ancestry HMM with all fixed sites identified in the ancestry 

paintings as ancestry informative markers, and based on this we inferred the time since 

admixture for each individual using junctions to obtain a detailed understanding of the 

hybridization history. This was done on an individual level and for each specific sample group 

to take into account that each group originates from a different time period and the time since 

admixture is different for each. Estimates of time since admixture in years are based on the 

assumption that Daphnia longispina species undergo one sexual reproduction per year 

(Jankowski & Straile, 2004; Spaak et al., 2004). 

The threshold used for hard ancestry calls had a large effect on the number of remaining SNPs 

(Table S4.5). Using very strict thresholds (1−10 [−6,−5,−4]), several samples had no or very few 

remaining SNPs. We chose a threshold of 1−10−2 to keep a total of 123,003 sites for analysis 

for the species pair D. galeata × D. longispina (12,300 average per chromosome; 95% CI: 

[6,474, 26,595]) and 164,741 sites for the species pair D. galeata × D. cucullata (16,474 

average per chromosome; 95% CI: [8,899, 30,932]). However, four samples were removed 

due to a high amount of missing data. 
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Figure 4.2. Ancestry painting of hybrid individuals identified by the ADMIXTURE analysis along the ten 
chromosomes for (A) D. galeata × D. cucullata for 80,075 sites and (B) D. galeata × D. longispina for 28,019 sites. 
Each row represents one individual, with teal indicating alleles inherited from D. galeata, dark blue from D. 
longispina, and green from D. cucullata. Sites with two colors in the same row are considered heterospecific. For 
better visibility, the five D. galeata and three D. cucullata and D. longispina reference samples with completely fixed 
sites were collapsed into a single row each. 
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Because no recombination rate is available for a species in the DLSC or a closely related 

species, and because the analysis is sensitive to recombination rate assumptions, we tested 

the analysis with two different recombination rates obtained from D. magna and D. pulicaria to 

assess the most suitable one (Figure S4.3; Janzen & Miró Pina, 2022). Using the 

recombination rate of 7.57 cM/kb from female D. pulicaria (Wersebe et al., 2023), we obtained 

a mean time since admixture of 16.1 years for all 52 individuals (95% CI: [9.7, 23.6]). For the 

recombination rate of 6.78 cM/kb D. magna (Dukić et al., 2016), this estimate was slightly 

higher (20.1 years; 95% CI: [14.1, 26.7]). As the time since admixture estimates for both 

recombination rates for all samples gave very similar and stable results, we decided to use the 

recombination rate from D. pulicaria, which is more closely related to the DLSC than D. magna 

(Cornetti et al., 2019), and all further reported results use the recombination rate of 7.57 cM/kb. 

 

Figure 4.3. Inferred time since admixture for (A) the 38 individuals from the population EIC for the five sample 
groups and (B) the 14 individuals from the population SE for D. galeata × D. cucullata and D. galeata × D. longispina 
hybrids. Circles indicate that samples are correctly classified as admixed in the junctions analysis and diamonds 
that the samples are most likely unadmixed parental species. 

The time since admixture for each individual from different periods in the lakes' histories gives 

us insight into how the populations developed (Table 4.1). For population EIC, all individuals 

in the "clones" group were found to have a time since admixture estimate of 6.8 or 9.4 years 

(Figure 4.3A). This is supported by the very similar ancestry patterns found for this group in 

the ancestry paintings. In both the "sediment–top" and "core–top" groups, we find extremely 

variable time since admixture estimates ranging from 6.8 up to 75.6 years. The "core–middle" 

and "core–bottom" groups are characterized by low time since admixture estimates for all 

individuals. However, this is driven by very small genomic regions of changing ancestry, and 

only few junctions are found across the genome (Figure S4.6, Figure S4.8). Based on these 

low estimates of time since admixture and the genomic patterns, we suggest that these 

individuals are most likely not recently admixed and belong to one of the parental species, 

which is also consistent with the ADMIXTURE results for these individuals. We believe that 
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these junctions could be caused by sites that are not completely fixed in the parental reference 

species that were used to determine the fixed sites.  

In population SE two different species pairs were analyzed (Figure 4.3B). The three D. galeata 

× D. longispina hybrids all gave similarly high time since admixture estimates (57.5–80.2 

years). For D. galeata × D. cucullata hybrids, we find five individuals with very low estimates 

which indicate that they are most likely parental D. galeata. The estimates for the other nine 

individuals range from 18.2 to 69.7 years. We do not have enough samples per section to 

compare time since admixture patterns between them. 

Table 4.1. Time since admixture results for all individuals using the recombination rate of 7.57 cM/kb and a hard 
ancestry call threshold of 1−10−2. 

Sample name Species pair assignment Group Time since admixture (years) 
EIC_19  gal × long Clones 9.4 
EIC_22  gal × long Clones 9.4 
EIC_3  gal × long Clones 6.8 
EIC_31  gal × long Clones 6.8 
EIC_4  gal × long Clones 9.4 
EIC_57  gal × long / / 
EIC_11 gal × long Sediment–top 11.9 
EIC_12 gal × long Sediment–top 6.8 
EIC_13 gal × long Sediment–top 29.2 
EIC_14 gal × long Sediment–top 75.6 
EIC_15 gal × long Sediment–top 21.6 
EIC_18 gal × long / / 
EIC_16 gal × long Sediment–top 44 
EIC_17 gal × long / / 
EIC_01_163  gal × long Core–top 20.8 
EIC_23_112  gal × long Core–top 8.5 
EIC_23_114  gal × long / / 
EIC_23_117  gal × long Core–top 6.8 
EIC_23_121  gal × long Core–top 12.3 
EIC_34_131  gal × long Core–top 12.3 
EIC_45_189  gal × long Core–top 31.3 
EIC_45_190  gal × long Core–top 7.7 
EIC_45_197  gal × long Core–top 70.5 
EIC_13_48  gal × long Core–middle 2.5 
EIC_13_68  gal × long Core–middle 1.4 
EIC_14_11  gal × long Core–middle 2.6 
EIC_14_12  gal × long Core–middle 2.6 
EIC_17_135  gal × long Core–middle 2.6 
EIC_17_139  gal × long Core–middle 1.4 
EIC_17_150  gal × long Core–middle 1.4 
EIC_17_153  gal × long Core–middle 1.4 
EIC_17_156  gal × long Core–middle 1.4 
EIC_17_157  gal × long Core–middle 1.4 
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EIC_17_159  gal × long Core–middle 2.5 
EIC_17_160  gal × long Core–middle 2.6 
EIC_24_176  gal × long Core–bottom 2.6 
EIC_24_177  gal × long Core–bottom 2.6 
EIC_28_24  gal × long Core–bottom 2.6 
EIC_28_26  gal × long Core–bottom 6.4 
EIC_28_28  gal × long Core–bottom 4.3 
EIC_28_30  gal × long Core–bottom 2.6 
EIC_28_32  gal × long Core–bottom 4.3 
SE_01_03 gal × long SE core 80.2 
SE_01_04 gal × long SE core 57.7 
SE_12_04 gal × long SE core 73.5 
SE_01_08 gal × cuc SE core 2.6 
SE_01_10 gal × cuc SE core 3.1 
SE_12_05 gal × cuc SE core 21.6 
SE_12_10 gal × cuc SE core 2.6 
SE_12_14 gal × cuc SE core 18.2 
SE_12_16 gal × cuc SE core 69.7 
SE_23_02 gal × cuc SE core 2.6 
SE_23_03 gal × cuc SE core 25.4 
SE_23_04 gal × cuc SE core 35.5 
SE_45_25 gal × cuc SE core 2.6 
SE_45_27 gal × cuc SE core 68.4 

We then estimated the time since admixture for each chromosome per individual for both 

populations, because the junction patterns showed large differences between chromosomes, 

which suggests that recombined chromosomes may have originated from different admixture 

events. The per-chromosome time since admixture estimates show a large variation among 

the chromosomes in the hybrid individuals, especially those with higher estimates, with a 

diverse ancestry ranging from more recently introduced chromosomes to chromosomes with 

much higher time since admixture estimates (>100 years) and higher heterozygosity for 

ancestry informative sites (Figure S4.4, Figure S4.5). 

In addition, we analyzed how ancestry was distributed along the ten chromosomes and 

whether the hybrid individuals show similar patterns using the local ancestry probabilities and 

junction positions on which the time since admixture estimates were based. The five groups of 

population EIC show distinct patterns (Figure S4.6, Figure S4.8). 

The EIC "clones" group shows an overall very similar number of junctions, corresponding to 

similar time since admixture estimates, with the junctions being evenly distributed at similar 

positions across all chromosomes in the five analyzed individuals. The local ancestry shows 

that the majority of genomic regions are heterospecific across chromosome pairs. Taken 

together, these results show similar but not completely identical genomic patterns, which could 
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occur if two or more identical clones were included in the data set, which is possible in lakes 

dominated by a particularly successful hybrid clone (Griebel et al., 2015). 

For the EIC "sediment–top" group, the six analyzed individuals show a higher junction density 

on certain chromosomes (e.g., chromosomes 2 and 6). The local ancestry for each individual 

shows a mixture of entire chromosome pairs of longispina ancestry, chromosome pairs with a 

majority of longispina ancestry and smaller regions of galeata ancestry, and chromosome pairs 

with an extremely high number of junctions that delineate galeata, longispina, and 

heterospecific regions (especially for samples EIC_14 and EIC_16 with the highest time since 

admixture estimates). Overall, the EIC "core–top" group presents very similar patterns of 

junction distribution and local ancestry to the EIC "sediment–top" group, with slightly more 

individuals carrying entire chromosome pairs of longispina ancestry. 

The EIC "core–middle" group has only very few total junctions across the genome, and they 

are often found in multiple individuals (e.g., chromosomes 1 and 6). This is also the case for 

the EIC "core–bottom" group, but not at exactly the same positions. The local ancestry for both 

EIC "core–middle" and EIC "core–bottom" also suggests that the majority of the genome of 

these individuals is pure galeata with very small regions of longispina or heterospecific 

ancestry that could be caused by not completely fixed sites or single chromosomes with traces 

of ancient introgression. 

In population SE, two different species pairs were found and used for the junctions analysis 

(Figure S4.7, Figure S4.9). For D. galeata × D. cucullata, the five individuals, we assumed to 

be the parental species showed only very few putative junctions and consistent galeata 

ancestry. For all other hybrid individuals, the junction density varies between individuals and 

chromosomes, and the local ancestry shows more states with increasing age. For the three D. 

galeata × D. longispina individuals, we find a high junction density, but very different patterns 

for each individual, i.e., some chromosomes have only a few junctions while others have a 

high density. This appears to be similar to D. galeata × D. longispina from population EIC with 

similar time since admixture estimates (e.g., EIC_13). The local ancestry tracts are very short 

and show all possible states. 

As an example, we show chromosome 1 for all D. galeata × D. longispina from both populations 

and chromosome 4 for D. galeata × D. cucullata from population SE to take a closer look at 

the distribution of junctions along one chromosome and identify potential similarities between 

individuals (Figure 4.4). Genomic regions without any introgression could point to the role of 

these regions in reproductive isolation between the species. 
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In all the D. galeata × D. longispina individuals, the junctions are distributed across the entire 

chromosome 1, with no major regions where none appear in at least one individual (Figure 

4.4A). Some junctions appear to be fixed in most individuals, e.g., at the beginning of the 

chromosome. The junctions in all D. galeata × D. cucullata individuals are evenly distributed 

across chromosome 4, with the exception of a lack of junctions from approximately 12 Mb to 

the end of the chromosome (Figure 4.4B). Overall, junction patterns are rarely shared among 

individuals, even for samples with similar time since admixture estimates. 

 

Figure 4.4. Junction positions (A) on chromosome 1 for all D. galeata × D. longispina individuals from populations 
EIC and SE, and (B) on chromosome 4 for all D. galeata × D. longispina hybrids from population SE.  
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Discussion 

Using time-series genomic data, we aimed to understand the extensive hybridization history in 

the DLSC. Our results reveal a complex history of hybridization among three different species, 

support recurrent hybridization in different populations and between different species over 

several decades, and show high variation in hybrid ancestry among individuals and across the 

genome. In addition, we present an improved D. galeata reference genome using Hi-C data 

that links the majority of scaffolds to the ten chromosomes. This contributes to the available 

chromosome-scale Daphnia assemblies (Barnard-Kubow et al., 2022; Lee et al., 2019; 

Wersebe et al., 2023) and is the first for the DLSC, thus allowing genome-wide investigation 

of the genomic landscape and the impact of hybridization and introgression. 

Accurate time since admixture estimates with junctions 

To understand which regions of the genome have been affected by introgression and to 

estimate the time since admixture on an individual basis, we have made use of the extended 

theory of junctions (Janzen et al., 2018; Janzen & Miró Pina, 2022). Similar approaches have 

used the progressive breakdown of ancestry tracts through recombination to understand 

genetic connectivity in the European sea bass (Duranton et al., 2019), admixture in brown trout 

(Leitwein et al., 2018), hybridization in swordtail fish (Schumer et al., 2018), and backcrossing 

in American black duck (Lavretsky et al., 2019). We used Ancestry HMM for local ancestry 

inference (Corbett-Detig & Nielsen, 2017), but performed time since admixture estimation 

using the extended theory of junctions to obtain per-individual and per-chromosome time since 

admixture estimates. For our data set this approach was also able to generate individual time 

since admixture estimates for populations with highly heterogeneous estimates across 

individuals and chromosomes, even when they all originated from the same time period.  

The extended theory of junctions is easily adaptable to other organisms with a history of 

hybridization, does not require phased genomic data or a large number of markers (Janzen & 

Miró Pina, 2022), and can provide accurate time since admixture estimates even in the face of 

small population sizes. Similar to other approaches, the approach we used does require 

genomic reference samples used to determine ancestry informative sites and preliminary 

species assignment of unknown hybrids, especially when more than two species are present. 

Therefore, some caveats apply to the interpretation of our results. First, the recombination rate 

in Daphnia is known to vary within and between chromosomes (Wersebe et al., 2023), which 

is not considered in this approach. In our analysis, we explored different genome-wide Daphnia 

recombination rates, but found only minor quantitative differences (Figure S4.3), suggesting a 

minor effect of variation in recombination rates. Second, the limited size of the parental 

reference panel might have caused interference with the analysis of pure parental species due 
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to the incorrect identification of sites as fixed or inclusion of sites that originated from ancient 

introgression. We have explored different thresholds for obtaining hard ancestry calls, which 

should remove low-confidence sites but leave a sufficient number of sites for all samples (Table 

S4.5), potentially mitigating this effect. 

Hybridization history of Daphnia populations 

Hybridization dynamics are sometimes described as a pulse model, in which a single 

hybridization event took place between two species in the past with no further gene flow (Moran 

et al., 2021). While this can describe some introgression events, the history of hybridizing taxa 

is often much more complex, and hybridization between two or more spatially structured 

populations comprises multiple pulses, extends over longer time periods, and is sometimes an 

ongoing process (e.g., Combe et al., 2022; De La Torre et al., 2015; Vijay et al., 2016). Time-

series genomic data can help us to understand pulse versus ongoing hybridization in two lake 

populations of the DLSC, and whether one or more parental species are present at the same 

time. 

The additional genomic data generated here corroborate the findings of Nickel et al. (2021), 

with D. galeata × D. longispina hybrids in population EIC and both D. galeata × D. longispina 

and D. galeata × D. cucullata hybrids in population SE. With more extensive sampling and the 

novel junctions methods, we can now more precisely classify the number of generations since 

hybridization for individuals previously classified only as later-generation hybrids or 

backcrosses with one of the parental species. The chromosome-scale genome assembly also 

allows us to resolve the hybridization dynamics over time in these populations in more detail 

and characterize the extent and timing of admixture pulses in the genome of individuals. 

While hybridization was found frequently in both populations, the lakes display different 

ecological conditions and histories. Eichbaumsee is an excavation lake that was built in 1976 

and exhibited elevated levels of eutrophication. The extensive history of remediation efforts, 

e.g., the use of lanthanum-modified bentonite clay to reduce phosphate levels and 

hypolimnetic aeration, were ultimately unsuccessful, and high phosphate levels persist to this 

day (Förster et al., 2021; KLS-Gewässerschutz, 2019). In contrast, Selenter See, like many 

lakes in the region, was formed during the last ice age and experienced eutrophication in the 

middle of the 20th century caused by anthropogenic disturbances, such as fertilizers from 

agricultural runoff, and has since returned to its original mesotrophic state (Nixdorf et al., 2004). 

The population EIC was established ~44 years prior to sampling when the lake was artificially 

formed. One third of the population was found to be of D. galeata x D. longispina hybrid origin 

based on ADMIXTURE and ancestry painting results, with the first appearance of hybrids in 

the history of the lake in the "core–top" group corresponding to the youngest eggs from the 
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sediment core. Prior to this, only a single D. longispina individual was found, indicating that D. 

galeata was the dominant species in the resting egg bank. 

To evaluate which parts of the genome were most strongly affected by hybridization, whether 

any shared patterns are detectable among hybrids, and when each admixture event took place, 

we performed junctions analysis. In the two oldest sample groups, we found little evidence for 

recent admixture and the presence of the parental species D. galeata and D. longispina. 

However, the low time since admixture estimates for these groups and some of population SE 

are most likely inaccurate and instead describe parental species, based on the local ancestry 

genomic patterns. The "sediment–top" and "core–top" show high variation between time since 

admixture estimates, with each individual carrying signatures of multiple distinct admixture 

events and a unique evolutionary history (Figure 4.3), which is reflected by the high variation 

between estimates for each chromosome of an individual (Figure S4.4, Figure S4.5).  

Although no genomic data for hybrid samples from older sediment layers, and thus direct 

evidence for hybridization, was generated, the time since admixture estimates for the 

"sediment–top" and "core–top" groups strongly suggest that hybrids did not appear only 

recently in this lake and are capable of further reproduction. The time-series genomic data 

therefore suggest that hybridization began when the lake was formed ~44 years prior to 

sampling, and is happening continuously throughout this lake population. Time since admixture 

estimates for two EIC samples are older than the lake (~70 years), but it is possible that some 

of the individuals that first colonized the lake were already of hybrid origin. The presence of 

both parental species in the sediment samples, presence of hybrids in the pelagic population, 

and previous studies (Yin et al., 2014) suggest that the majority of hybrids are produced locally, 

but we cannot exclude the possibility that some hybrids from other locations were able to 

establish in this population and contribute to the genomes we sequenced in this study.  

The high level of variation also extends to local ancestry and junction patterns across the 

genome. Hybrids show very distinct patterns of a mosaic genomic landscape consisting of 

galeata, longispina, and heterospecific regions. There is little overlap between individuals in 

regions of high or low introgression (Figure 4.4). 

All individuals in the "clones" group collected from the water column as the active pelagic 

population were found to be of hybrid origin and showed similar patterns in all analyses. The 

local ancestry across the genome and time since admixture estimates suggest that they are of 

very recent hybrid origin and most likely F1 due to their high heterozygosity. In general, hybrid 

fitness depends on the hybrid class and parental species (Arnold & Hodges, 1995), and we 

hypothesize that this pattern is due to hybrid vigor, where F1 hybrids are able to grow more 

rapidly than their parental species (Bar-Zvi et al., 2017). In Daphnia, this is possible due to 
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their clonal reproduction and has been described for both D. galeata × D. longispina 

(Bernatowicz et al., 2021; Griebel et al., 2015) and D. galeata × D. cucullata (Declerck & De 

Meester, 2003) hybrids. The Daphnia hybrids can outperform their parental species by being 

better adapted to specific temporal conditions, such as temperature and fish predation, known 

as the temporal hybrid superiority hypothesis (Spaak & Hoekstra, 1997). 

The samples from population SE cover a shorter timescale (~26 years) and fewer individuals, 

but all three species were present in this lake at some point, and D. longispina and D. cucullata 

left traces in the genomes of some individuals. However, the only parental species identified 

was D. galeata. The individuals from population SE also show a high variation between time 

since admixture estimates, indicating separate admixture events, and a similar maximum 

estimate (~70 years) as the population EIC. We also find a mosaic genomic landscape 

consisting of galeata, cucullata, and heterospecific regions on single chromosomes. While we 

found only three D. galeata × D. longispina hybrids, they all display similar time since admixture 

estimates, which are on average older than those found in D. galeata × D. cucullata, but have 

distinct patterns across the chromosomes. This was also found for all D. galeata × D. 

longispina hybrids from population EIC. Overall, continuous hybridization spanning the last 

decades is found in both populations and species pairs. 

We are able to detect general hybridization trends and patterns in these mosaic hybrid zones 

and hypothesize about the ecological barriers that influence them. Our time since admixture 

estimates are based on the assumption that all individuals have undergone one sexual 

reproduction every year. In reality, however, species may reproduce at different times of the 

year (Jankowski & Straile, 2004; Macháček et al., 2013) and survive multiple winters as 

asexual lineages (Griebel et al., 2016).  

In naturally oligotrophic peri-Alpine lakes, the increased eutrophication in the 1970s and 1980s 

led to the native D. longispina populations being replaced by D. galeata and D. galeata × D. 

longispina hybrids (Alric et al., 2016; Brede et al., 2009; Rellstab et al., 2011). Here, we find 

the presence of both species, continuous hybridization, and an increased level of backcrossing 

with D. longispina in the sampled genomes of population EIC, which is a novel finding for this 

group. This lake is a highly anthropogenically disturbed habitat, which is known to disrupt 

reproductive barriers and increase hybridization rates (Crispo et al., 2011; Grabenstein & 

Taylor, 2018), with eutrophication and cyanobacterial blooms affecting hybridization in other 

species (Seehausen et al., 1997) and Daphnia (Alric et al., 2016; Petrusek, Seda, et al., 2008; 

Rellstab et al., 2011). D. longispina are able to perform well under high-food conditions caused 

by eutrophication (Spaak et al., 2012).  
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However, these patterns are more difficult to interpret in population SE because all three 

species co-occurring in the same location is rarely documented (Petrusek, Seda, et al., 2008), 

and random dispersal and successful species establishment may be an important factor 

(Holmes et al., 2016). In addition, the high dispersal rate of species may also drive hybridization 

(Bourret et al., 2022) and is found in Daphnia (Louette & De Meester, 2005). 

In a previous study, we identified introgression in the DLSC and discovered that hybridization 

extends beyond early-generation hybrids and differs between hybrid individuals. This was 

difficult to interpret further without a chromosome-scale assembly to pinpoint breakpoints 

across a chromosome (Nickel et al., 2021), which now allows us to track ancestry states and 

date the time since admixture. The presence of D. galeata mitochondrial genomes in all D. 

galeata × D. longispina hybrids suggests an asymmetric maternal contribution and mostly 

unidirectional hybridization, but this may be caused by genetic incompatibilities or differences 

in the timing and frequency of sexual reproduction between species. The nuclear whole-

genome patterns clearly show large regions of homospecific D. longispina ancestry across 

multiple individuals, populations, and chromosomes. This pattern of bidirectional hybridization 

is also found in D. galeata × D. cucullata hybrids.  

Continuous hybridization over multiple generations, backcrossing with the parental species 

and with early hybrids, is also found in both species pairs and in both populations. The local 

ancestry and junction distribution across the genome show large differences between 

individuals, but some distinct groups with overlapping patterns; early hybrids living in the water 

column with largely heterozygous chromosomes, parental species with small introgressed 

regions stemming from not completely fixed sites or ancient introgression, later-generation 

hybrids (~15–30 years) with larger regions of ancestry or complete parental chromosomes, 

and later-generation hybrids (>50 years) with high junction density and mosaic genomic 

landscapes (Figure S4.6, Figure S4.7, Figure S4.8, Figure S4.9). 

Few studies have looked at individual genome-wide ancestry patterns, but the evolutionary 

outcomes of hybridization can be highly dependent on species, environmental factors, and 

population history. Anthropogenic habitat disturbances can lead to contact and introgression 

between divergent species, such as one large region of recent introgression in Ciona (Fraïsse 

et al., 2022) or adaptive introgression in Helicoverpa (Valencia-Montoya et al., 2020). Genomic 

regions that contribute to reproductive isolation or local adaptation are less likely to introgress 

and prevent species from merging under these circumstances. 

We find no evidence for genome stabilization, i.e., homogeneous genome composition 

resulting from drift or selection with fixed junction patterns across individuals (Buerkle & 

Rieseberg, 2008). This process can occur after relatively few generations across multiple 
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populations and with repeated outcomes, e.g., ~50 generations in ants (Nouhaud et al., 2022) 

and ~100–150 generations in swordtail fish (Langdon et al., 2022). After the initial admixture 

event, the long ancestry blocks are broken down by recombination in a hybrid population. 

Whether and over how many generations this fixation and purging of alleles occurs is 

modulated by ecological selection, genetic incompatibilities, and population demography 

(Moran et al., 2021).  

Features of complex hybrid zones 

In contrast to terrestrial hybrid zones, aquatic hybrid zones are less commonly studied and are 

often found across habitat patches with different ecological conditions, for example, in marine 

snails (Westram et al., 2021) and mussels (Simon et al., 2021). Freshwater hybrid zones often 

occur along environmental gradients in river systems (Barreto et al., 2020) or in more 

homogeneous lake habitats (Bittner et al., 2010). The DLSC hybrid zone combines a number 

of unique characteristics; the regular presence of up to two parental species without a complete 

collapse into a hybrid swarm, multiple species occurring in mosaic hybrid zones, and the 

continuous hybridization and backcrossing and multiple admixture events reflected in the 

genomes. We are not aware of other studies showing hybrid systems with these characteristics 

(Runemark et al., 2019), but our results suggest that these patterns may be present in other 

systems, are difficult to identify, and may be missed with no or limited genomic sampling. Even 

when genomic data is available, it is rarely used to track the process of hybridization in admixed 

individuals. 

However, there are some similarities to other hybrid zones, particularly those with mosaic 

distributions shaped by different habitat conditions (Bell & Irian, 2019; El Ayari et al., 2019; 

Walsh et al., 2016). The commonly studied field cricket mosaic hybrid zone also exhibits 

multigenerational backcrossing and heterogeneous genomes of the sampled individuals 

(Harrison & Larson, 2016). 

It is crucial to understand the large variation in outcomes of genomic composition in replicated 

hybrid zones (Gompert et al., 2017) and the mechanisms driving this variability found in models 

(McFarlane et al., 2022) and in nature (Mandeville et al., 2019). By using time-series genomic 

data of hybridization processes, we can track the genome-wide ancestry after hybridization 

and how selection and recombination rapidly reduce ancestry tract lengths at this early stage 

(Moran et al., 2021). We found the expected large variation in genome-wide ancestry among 

individuals with the continuous introduction of chromosomes of hybrid or parental origin. 

Temporal genomic sampling has been used to study the historical movement of hybrid zones 

(Aguillon & Rohwer, 2022; Billerman et al., 2019; Taylor et al., 2014), but relies on previously 

collected and preserved samples. This temporal genomic approach will give us insights into 
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the rapid evolutionary response to anthropogenic change across taxa (Clark et al., 2023) and 

highlights the suitability of the DLSC for this purpose, where the resting egg bank can be used 

to directly study natural hybridizing populations without pre-existing samples. 

Conclusion 

In this study, we present time-series genomic data for 56 resting eggs and individuals collected 

from the water column to reconstruct the hybridization dynamics of two natural DLSC hybrid 

populations. Combined with the novel junctions method, we show that genomic patterns of 

hybridization and introgression can be reconstructed over several decades and applied to 

different hybrid systems to understand the diverse outcomes of hybridization across 

populations. Our results highlight the multiple successive hybridization events over several 

decades that shaped the diverse hybrid ancestry among individuals and across the genome. 

These patterns reveal the unique characteristics and complex history of a freshwater mosaic 

hybrid zone, not previously described in a natural hybrid population. 

In the future, the genome annotation can be used to identify the biological function of 

introgressed genomic regions that may be under selection in local populations. This could 

explain the high prevalence of hybrids in these populations and point to underlying differences 

in ecological conditions, such as trophic and food preferences. In addition, this will also help 

to uncover the functional role of genes in regions of high divergence between species, and 

reproductive barriers in the DLSC (Nickel et al., 2021). Sampling from replicate hybrid zones 

with different combinations of species present will help us to determine if these patterns are 

universal and can be predicted.   

Data accessibility 

The chromosome-scale D. galeata genome assembly and annotation are deposited in Zenodo 

(doi:10.5281/zenodo.8069314) and will be stored in NCBI GenBank. All resequencing data are 

deposited at the European Nucleotide Archive under project accession number PRJEB60365. 

Previously generated sequencing data used here is available under PRJEB40405. Individual 

accession numbers are provided in Table S4.2. 
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Chapter 5 – General discussion 

“We used to make fun of Edgar Anderson by saying that he was finding hybrids under 

every bush. Then we realized that even the bushes were hybrids.” 

(Abbott et al., 2013) 

The focus of this thesis was to understand (i) hybridization dynamics in the Daphnia longispina 

species complex (DLSC) on a genomic level over time and (ii) the outcome of recent 

hybridization in mosaic hybrid zones. I highlight the implications of our findings for complex 

hybrid zones and discuss future perspectives. 

In Chapter 2, we developed a method that facilitates the genomic investigation of the Daphnia 

resting egg bank by testing multiple protocols for resting egg isolation and whole genome 

amplification (WGA). This allows for broader sampling compared to previous methods 

consisting of hatching eggs from the resting egg bank and establishing clonal lines in the 

laboratory. Further, it enables a more accurate representation of hybrids with lower hatching 

success. We have established a contamination screening using simple PCR markers that 

reduces costs by testing samples before library preparation and sequencing steps and have 

shown that the resulting whole-genome data is suitable for unbiased population genomic 

analysis. 

We applied this method directly to sequence 49 whole DLSC genomes from four natural 

populations in northern Germany in Chapter 3. To analyze this data, we produced the first 

high-quality genome assembly and annotation for a member of the DLSC, Daphnia galeata. 

Thus, we were able to move from the limited genetic markers previously used to the genome-

wide investigation of divergence patterns between the three species. We uncovered a complex 

history of hybridization and introgression, reflecting multiple generations of hybridization and 

backcrossing in two populations, and evidence for cytonuclear discordance. 

The D. galeata genome was further refined to a chromosome scale with Hi-C data in Chapter 
4. To understand the introgression patterns uncovered in the two populations in Chapter 3, 

more extensive time-series genomic data was generated from single resting eggs collected 

from different time periods and individuals living in the water column. Using the novel 

“junctions” method to estimate when each hybridization event took place, we found multiple 

successive hybridization events over several decades and diverse genome-wide hybrid 

ancestry among individuals in a unique mosaic freshwater hybrid zone. 
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Understanding Hybrid Zones 

The historical distribution of taxa in hybrid zone research has often been uneven, with 

biologists tending to focus on more “charismatic” taxa that are easier to identify and sample, 

such as certain insects, birds, or plants. In the recent past, this collection of species has been 

expanded to include more diverse systems, facilitated by the development of new genomic 

tools to study the evolutionary processes that shape hybrid genomes. The heterogeneous 

genomes in hybrid zones are influenced by variation in selection, recombination rate, and gene 

flow (Harrison & Larson, 2016). Recent hybrid zones provide insight into these early stages 

and species barriers. As discussed in the general introduction, the potential evolutionary 

outcomes of hybridization are diverse and are influenced by various biological processes that 

vary between hybridizing species and about which we often know very little. 

While hybridization is often discussed, modeled, and analyzed as a pulse model, in which a 

single hybridization event took place between two species in the past with no further gene flow 

(B. M. Moran et al., 2021), increasingly complex models with recurring pulses or ongoing 

hybridization are being considered. In some ecosystems, recurrent admixture has been 

documented over long periods of time, e.g., in woodrats (Jahner et al., 2021) and deer 

(McFarlane et al., 2020). We were able to detect multiple and successive admixture pulses in 

the genome of DLSC individuals using the extended theory of junctions (Janzen et al., 2018; 

Janzen & Miró Pina, 2022). 

Another aspect that researchers are beginning to explore is more complex hybrid zone 

dynamics, e.g., the presence of more than two species (Grummer et al., 2021; Satokangas et 

al., 2023) or multiple contact zones (Johannesson et al., 2020; Riquet et al., 2019). This allows 

us to compare genomic barriers to gene flow between species and populations with different 

histories. 

Natola et al. (2022) found that hybridization was more extensive in tri-species sapsucker hybrid 

zones than in di-species hybrid zones, and can include hybrids with ancestry from more than 

two species, but boundaries between the sapsucker species were largely maintained. Chhatre 

et al. (2018) identified recurrent hybridization in range-edge tri-species Populus hybrid zones 

and found evidence for adaptive introgression. Most likely, multi-species hybrid zones are 

more common in sympatric taxa with low reproductive isolation (Ottenburghs, 2019). 

Hybrid zones are not static, and spatio-temporal changes of hybrid zones have been observed 

in many ecosystems (Aguillon & Rohwer, 2022; Ryan et al., 2018; Smith et al., 2013). Traces 

in the genome and direct sampling over time show that hybrid zone movement is pervasive 

and shapes past and present hybrid zones (Taylor et al., 2015; Wielstra, 2019). Furthermore, 
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hybridization can expand rapidly following biological invasions and form ancestry clines across 

broad climatic ranges (Calfee et al., 2020). 

Hybridization frequency, meaning either in how many populations hybrids are found or how 

many individuals in the population have a hybrid origin, is highly variable between taxa. For 

example, Zbinden et al. (2023) found hybridization in 56% of the sampled fish populations, 

with hybrid individuals ranging from 0−4.4% depending on the freshwater fish family. Hybrid 

frequency within populations was 15−30% in Helicoverpa moths (Cordeiro et al., 2020) and up 

to 22.6% in tropical eel species (Barth et al., 2020). Our findings in Daphnia indicate that 33.3% 

of individuals in the Eichbaumsee (EIC) population and 64.3% of individuals in the Selenter 

See (SE) population have hybrid ancestry. This seems relatively high compared to other taxa, 

but can be common during specific periods in Daphnia populations (Brede et al., 2009; Keller 

et al., 2008). 

Importantly, the majority of our knowledge of hybrid zones stems from studies of terrestrial 

hybrid zones, which are often easier to study and are characterized by sharp clines of trait 

variation in clearly defined geographic regions. In aquatic hybrid zones, the different ecological 

factors that influence these ecosystems often lead to a mosaic distribution of hybrids, e.g., in 

marine environments through human-mediated transport (Le Moan et al., 2021; Simon et al., 

2020) or ongoing hybridization in anadromous fish (Rougemont et al., 2022). Other factors to 

consider are the high reproductive rate and dispersal ability of aquatic organisms (Viard et al., 

2020). In freshwater hybrid zones, most studies focus on river and stream systems, with only 

few examples for the more homogeneous lake and pond habitats, such as whitefish (De-Kayne 

et al., 2022), cichlids (Lewanski et al., 2022), and Daphnia (Chapter 3 and 4). 

All these aspects add different dimensions of complexity and are important to consider when 

identifying hybrids and analyzing genomic ancestries. I propose that these complex hybrid 

zones with continuous hybridization, as found in the DLSC, are not a rare phenomenon, but 

are more difficult to identify and therefore often overlooked. This challenges our assumptions 

about how genome-wide differences in ancestry arise in the first generations after hybridization 

(Veller et al., 2023), the effects of hybrid incompatibilities and selection, and the evolutionary 

outcomes of hybridization. 

Temporal genomic data and the extended theory of junctions give us insight into how 

hybridization has played out in the past. In addition, current genomic patterns can also give us 

clues about contemporary and ancient hybridization. Replicated hybridization events between 

the same species are predicted to be modulated by the same genetic interactions and selective 

forces and therefore lead to potentially similar and predictable outcomes at the genomic level 

(B. M. Moran et al., 2021). That these genomic outcomes are predictable in nature has been 
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shown in swordtail fish (Langdon et al., 2022) and Lycaeides butterflies, where ancestry 

patterns in ancient hybrids are predictable from contemporary hybrids (S. Chaturvedi et al., 

2020). Nouhaud et al. (2022) found that this can occur after only ~50 generations in wood ants 

and is driven by recombination rate variation and genetic load. The DLSC is a promising 

system to explore this further, as we find extensive recent hybridization (Chapter 3 and 4) with 

genomic data from parental species, early hybrids living in the water column, and later-

generation hybrids (>50 years), as well as ancient hybridization (Beninde, 2021). 

The Daphnia longispina Species Complex as a Hybrid System 

Methodological advancements 

Daphnia is often described as a genomic model organism (Altshuler et al., 2011), and looking 

at the eight different Daphnia species for which at least one genome is available on NCBI (last 

accessed May 2023), it certainly seems that way. However, given these genomic resources, it 

is surprising how comparatively few studies have used them to understand the evolution of 

natural populations. Some of the key methods needed were missing or insufficient, but the new 

insights gained about Daphnia and improvements in genomic methods in this thesis lay the 

foundation for the DLSC as a genomic model organism, especially in the emerging field of 

speciation genomics (Seehausen et al., 2014). 

While effective methods have been developed to sequence DNA from single adult D. pulicaria 

(Lack et al., 2018) and different small-bodied zooplankton species, including the DLSC 

(Beninde et al., 2020), this remains challenging for single resting eggs with much fewer cells. 

We initially identified the issue of failed amplification of resting eggs in Chapter 2, but we were 

unable to identify one or more specific organisms as major contaminants, and most MiSeq 

reads could not be mapped to any other available genome. These samples could not be 

reliably identified in our pre-sequencing contamination screening, which uses bacterial and 

Daphnia markers. This was also the case for the failed amplification of resting eggs with higher 

sequencing coverage in Chapter 3 and 4, and two out of the three failed eggs in Lack et al. 

(2018). I propose that this is due to “junk” DNA produced by the phi29 polymerase during MDA-

WGA when the DNA is degraded or the amount is too small (Nelson, 2014), and we have not 

found a way to reliably detect this issue in samples prior to sequencing. One way to address 

this would be to use real-time PCR to directly quantify the amount of Daphnia DNA in the 

samples or to perform ultra-low coverage whole-genome sequencing and only proceed to high 

coverage sequencing with successful samples. 

We used the successfully established WGA protocol in Chapter 3 and 4 for resting eggs 

collected from sediments up to ~44 years old. A total of 112 WGA samples were sequenced 

after pre-sequencing contamination checks and 66 samples from four populations were 
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identified as Daphnia reads (59% success rate). This is lower than the success rate in Chapter 
2, where for 88% of the sequenced samples Daphnia DNA was successfully amplified. 

However, only recent EIC resting eggs were used in this study, and the egg quality, which is 

linked to environmental conditions in the lake and sediment age, seems to have a large effect 

on the success rate. This method is still labor-intensive as many ephippia are empty or the 

WGA product is classified as contaminated, for example, over 1,000 resting eggs were 

collected from sediment for a total of 36 EIC genomes, but it was still possible to sequence 

eggs from the entire history of the lake. 

O’Grady et al. (2022) generally achieved higher success rates for WGA of D. magna eggs from 

the laboratory (86%) and D. pulicaria from Arctic lake sediments up to ~180 years old (78%). 

This could be related to additional washing steps of the isolated resting eggs or different WGA 

kits used. In addition, the generally larger size of these species and thus larger resting eggs 

with a higher number of cells compared to the DLSC may play a role in the higher success rate 

(Möst M, personal communication). The WGA method and pre-sequencing contamination 

screening with adapted primers could also be applied to resting stages of other organisms with 

low amounts of DNA, such as other Cladocera taxa, rotifers, or diatoms. This would provide a 

more complete understanding of populations in freshwater ecosystems. 

Overall, this method allows for the genomic investigation of the resting egg bank and advances 

the field of temporal genomics (Clark et al., 2023), which typically requires previously collected 

and preserved samples to directly examine the evolutionary response to anthropogenic 

changes over the past 200 years. These biological archives are directly available in this group, 

which is highly affected by anthropogenic changes in freshwater ecosystems (Frisch et al., 

2014; Orsini et al., 2012; Rellstab et al., 2011). In addition, genomic data generated with this 

method for population Dobersdorfer See (DOB) was also used to estimate the effective 

population size of D. galeata (Pfenninger et al., 2022).  

For Daphnia, it is also crucial to sample the active pelagic populations in lakes, as the resting 

egg bank population, which represents successful sexual reproduction and therefore likely 

contribution to the next generations, may be different due to differences in sexual reproduction 

between taxa, especially for hybrids (Jankowski & Straile, 2003; Vaníčková et al., 2010). Thus, 

hybrid individuals in the pelagic populations represent genotypes with generally high fitness 

that were able to reproduce and hatch. 

The analysis of whole-genome sequences requires a genome assembly for a closely related 

species. So far, this was missing for the DLSC, and we present a D. galeata reference genome 

using long- and short-read sequence data for highly contiguous and accurate scaffolds that 

can be used for all species. Then, we improved the genome using Hi-C data to achieve 
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chromosome-scale scaffolds to identify recombination breakpoints along each chromosome 

and better understand genome-wide hybridization dynamics. This allowed us to link 96.6% of 

the total assembly length to the ten chromosomes and further improve the N50 value, similar 

to those of other published chromosome-scale Daphnia assemblies (Barnard-Kubow et al., 

2022; Lee et al., 2019; Wersebe et al., 2023). The small genome size of D. galeata (~133 Mb) 

makes low-coverage whole-genome sequencing of multiple populations relatively accessible 

instead of reduced representation approaches. 

Finally, we present a development of the extended theory of junctions, which is based on how 

recombination breaks up genomic blocks of contiguous ancestry over time, to understand the 

timing of hybridization dynamics (Janzen et al., 2018; Janzen & Miró Pina, 2022). Similar 

approaches have been used to understand genetic connectivity in European sea bass 

(Duranton et al., 2019), admixture in brown trout (Leitwein et al., 2018), and backcrossing in 

American black duck (Lavretsky et al., 2019). This method was well suited for our data set, 

and we were able to obtain per-individual and per-chromosome time since admixture estimates 

for populations with highly heterogeneous estimates.  

However, this method is sensitive to recombination rate assumptions, and we tested this using 

different Daphnia species. We chose to use the recombination rate for D. pulicaria because it 

is not available for D. galeata or a closely related species and is known to vary within and 

between chromosomes (Wersebe et al., 2023). In addition, the limited size of the parental 

reference panel used to determine ancestry informative sites may not reflect the species 

accurately and incorrectly identified sites as fixed or included sites affected by ancient 

introgression. Our results support that this approach produces stable time since admixture 

estimates and can be used to understand past populations even in the absence of temporal 

genomic data. This was also found in the reanalysis of empirical data sets of Saccharomyces 

cerevisiae, swordtail fish, and Populus trees with junctions, which were consistent with 

previous time since admixture estimates (Janzen & Miró Pina, 2022). 

This approach is easily adaptable for other hybrid systems with ancestry informative sites and 

does not require a large number of markers (Janzen & Miró Pina, 2022). This has the potential 

to identify the large variability in hybrid populations and the extent and timing of hybridization 

pulses, which is often overlooked when populations are analyzed together. One relevant 

application is conservation decisions for hybrids, which often require genomic data and the 

number of generations since hybridization (VonHoldt et al., 2018), but are limited to 

determining this only for individuals in a few specific species, such as European wildcats 

(Mattucci et al., 2019) and wolves (Galaverni et al., 2017). 
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In conclusion, this thesis and its contributions represent the transition from low-resolution 

genetic markers to whole genomes from different time periods and open up new possibilities 

to study evolutionary changes and hybridization in the DLSC. 

An overview of Daphnia hybridization dynamics 

Our comprehensive data set consisted of 72 whole genomes from four populations with 

different ecological conditions and 12 whole genomes as reference species, including D. 

galeata, D. longispina, and D. cucullata and their interspecific hybrids. Previously used genetic 

markers in the DLSC were not able to distinguish genome-wide signatures of introgression or 

the number of generations since hybridization. We employed a combination of bioinformatic 

approaches to investigate the history of hybridization in Chapter 3 and 4. 

We identified the presence of D. galeata × D. longispina hybrids in population EIC and the 

presence of D. galeata × D. longispina and D. galeata × D. cucullata hybrids in the population 

SE, and ancestry paintings indicate multiple generations of hybridization and backcrossing 

(Figure 3.2). Hybridization between these species pairs is also commonly found in other 

European populations (Chin & Cristescu, 2021; Petrusek et al., 2008). 

We find extensive hybridization at relatively high frequencies in two populations (EIC and SE) 

compared to hybrid frequencies in other taxa (see “Understanding Hybrid Zones”), and no 

evidence of introgression in only one population (DOB) (Figure 3.1, Figure 3.2). No direct 

evidence of hybridization was found for population Arendsee (AR), where only a few genomes 

could be sequenced, but the mitochondrial phylogeny suggests cytonuclear discordance, 

which has also been documented for the DLSC (Brede et al., 2009; Thielsch et al., 2017). 

While this can occur with incomplete lineage sorting, I propose that it is more likely the result 

of introgression of the mitochondrial genome following hybridization, as is frequently found in 

other hybrid zones (Gompert et al., 2008). Incompatibilities between the nuclear and 

mitochondrial genomes may also play a role in the reduced fitness of hybrids (Burton et al., 

2013). Despite these patterns, the genomic divergence between the three species is clearly 

maintained, likely driven by ecological differentiation and intrinsic incompatibilities. 

Using whole-genome data, we showed that introgression can have striking effects on the long-

term evolutionary outcomes of these populations (Figure 4.3). The time-series genomic data 

and time since admixture estimates allowed us to untangle the decades-long history of 

hybridization in the two lakes. The artificially formed eutrophic lake EIC was most likely mainly 

colonized by D. galeata and D. longispina when the lake was constructed ~44 years ago, and 

hybridization is ongoing throughout this lake population. In addition, the individuals show a 

high degree of variation between time since admixture estimates, reflecting multiple distinct 

admixture events and a unique evolutionary history (Table 4.1). Interestingly, the presence of 
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D. galeata × D. longispina seems to be a recurring pattern in artificially created lakes (Griebel 

et al., 2015) and reservoirs (Yin et al., 2012). This could be a hint that species barriers are 

more disrupted in these highly anthropogenically disturbed aquatic habitats, as has been found 

in Daphnia (Millette et al., 2020) and fish (Vonlanthen et al., 2012).  

Previous studies (Ma et al., 2019; Yin et al., 2014) and our findings in the resting egg bank 

suggest that hybrids are produced locally. However, in population EIC, the time since 

admixture estimates for two samples were older than the formation of the lake. This could be 

explained by overestimation of the junctions method or by the fact that some individuals that 

colonized the lake were of hybrid origin. One scenario could be that the establishment of hybrid 

individuals is easier in a newly formed lake with no or a very small Daphnia population without 

monopolization effects that reduce gene flow between populations (De Meester et al., 2002). 

In population SE, we also found decades-old traces of hybridization in the genome of both 

species pairs and high variation in ancestry among individuals. Here, random dispersal and 

successful species establishment may play an important role (Holmes et al., 2016). For 

example, we found no evidence of hybridization and only D. galeata in lake DOB, which is 

located only ~4 km from SE. In lakes, the rapid population growth of Daphnia, local adaptation, 

and large resting egg banks are thought to lead to reduced success of immigrants and levels 

of gene flow (Brendonck & De Meester, 2003; Thielsch et al., 2009). This makes the invasion 

of other genotypes by the same or other species much more difficult, and only one species 

can establish and reproduce long-term, meaning that hybridization is unlikely in these 

populations. 

These patterns are also supported by the recurrent findings of hybridization between these 

species pairs in the region over the decades (Schwenk, 1993; Spaak et al., 2004; Wolf & Mort, 

1986). Interestingly, the maximum time since admixture estimates found for D. galeata × D. 

longispina correspond to those found for the onset of hybridization in Lake Constance and 

Greifensee (Brede et al., 2009). This could indicate that anthropogenic habitat disturbances in 

the middle of the 20th century also played a role in increasing hybridization and shifting species 

composition. 

However, it was difficult to interpret which species and their hybrids occur in which habitats 

and to which ecological conditions they are linked. While we focused on the trophic level of the 

lakes as a well-established link to Daphnia species distribution, some suggest that it does not 

act as a strong reproductive barrier (Beninde, 2021; Chin & Cristescu, 2021) and that other 

ecological factors we did not consider, such as seasonal changes in phosphorus distribution 

(Leoni et al., 2014), food quality (Brzeziński & Von Elert, 2007), predators (Declerck & De 

Meester, 2003), and temperature (Spaak et al., 2012), play a more important role. 
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We have shown the unique features of the DLSC hybrid zone; the regular presence of up to 

two parental species without a collapse into a hybrid swarm, the occurrence of multiple species 

in mosaic aquatic hybrid zones, and the continuous hybridization and backcrossing and 

multiple admixture events. Time-series genomic data can also be used to distinguish between 

pulse hybridization and more complex ongoing hybridization (B. M. Moran et al., 2021). We 

find extensive admixture pulses in the genomes of individuals from both populations, but hybrid 

individuals were found only in the youngest sediment layers and the water column. 

Hybrid fitness in general shifts between generations and habitats (Arnold & Martin, 2010), 

which is theorized to result in hybrids being better adapted to specific environmental conditions 

in an ecotone, i.e., the bounded hybrid superiority hypothesis (Moore, 1977). I propose that 

the temporally and spatially changing conditions in these freshwater habitats allow for the 

continued presence and reproduction of hybrids and parental species over time, i.e., temporal 

hybrid superiority (Declerck & De Meester, 2003; Spaak & Hoekstra, 1995). This appears to 

be the case in our populations with very recent hybrid origin and similar genomic patterns of 

all clones collected from the water column. For example, hybrids can potentially persist through 

asexual reproduction for a long time and may benefit during cold winters (Griebel et al., 2018), 

but the parental species have higher sexual fitness under normal conditions. This could prevent 

the populations from collapsing into a hybrid swarm, as gene flow across the genome is 

otherwise heterogeneous with few barrier regions. In addition, freshwater hybrid zones are 

structured by habitat and ecological gradients, such as different spawning depths in whitefish 

(Frei et al., 2023), which are challenging to study in our system but could also contribute to 

species barriers. To understand the dynamics of parental species and hybrids, further 

sampling of the pelagic population throughout the year and the resting egg bank is required. 

This could reveal whether the presence of F1 hybrids in the EIC population is a case of 

temporal hybrid superiority. 

Overall, the maintenance of species barriers in the DLSC is likely due to post-zygotic 

mechanisms, such as lower sexual fitness compared to their parental species, resulting in 

lower production of resting eggs and lower hatching rates (Keller et al., 2007). We also found 

high rates of empty ephippia in our populations, which could indicate low sexual fitness. Chin 

et al. (2019) found that post-zygotic isolating barriers also play an important role in restricting 

gene flow in D. pulex. This could explain why hybrids are only able to dominate during certain 

time periods.  

The chromosome-scale genome assembly allowed us to pinpoint recombination breakpoints 

across each chromosome with the junctions method. In populations with gene flow, genomic 

regions that contain genes involved in reproductive isolation or local adaptation should be more 
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resistant to introgression (Harrison & Larson, 2016). Introgression was ubiquitous in the 

genomes of individuals, with few regions indicating barriers to introgression. The presence of 

large homospecific ancestry regions across multiple individuals, populations, and 

chromosomes (Figure S4.6, Figure S4.7, Figure S4.8, Figure S4.9) confirms that hybridization 

is bidirectional in both D. galeata × D. longispina and D. galeata × D. cucullata hybrids, as 

suggested by Alric et al. (2016) and Gießler et al. (1999). 

Overall, we find large variation in genome-wide ancestry among individuals with the continuous 

introduction of chromosomes of recent hybrid or parental origin in both species pairs and in 

both populations. This ranges from early hybrids living in the water column with largely 

heterozygous chromosomes to later-generation hybrids with mosaic genomic landscapes. 

Most studies combine data for whole populations and do not consider genome-wide ancestry 

patterns of individuals. Simulations show that individual junction patterns are strongly linked to 

demographic history and could tell us more about the intensity and spatial patterns of gene 

flow in hybrid zones (Frayer & Payseur, 2021). 

We show that in the DLSC mosaic hybrid zones are still maintained despite extensive 

hybridization over several decades. We find genome-wide introgression with no evidence for 

genome stabilization. In these early generations of hybridization, the genomes are still 

characterized by large amounts of variation in ancestry, which can be broken up over many 

generations and eventually lost or fixed in all individuals (Abbott et al., 2016; Martin & Jiggins, 

2017).  

Implications for anthropogenic hybridization 

The impact of human-mediated changes on hybridization has been documented across a 

range of taxa in plants, birds, insects, and mammals (Ottenburghs, 2021). These changes to 

ecosystems, such as eutrophication (Vonlanthen et al., 2012), climate change (Chunco, 2014; 

Taylor et al., 2015), and direct human-mediated translocation of species, are altering habitats 

and ecological gradients and create new opportunities for hybridization (Grabenstein & Taylor, 

2018). By disrupting barriers between species, hybridization often persists over multiple 

generations and results in introgression, depending on hybrid fitness and hybridization rate. 

Common hybrid zone scenarios include the production of inviable or sterile F1 hybrids, bimodal 

hybrid zones, or a hybrid swarm (McFarlane & Pemberton, 2019). 

Hybrid zones that have been affected by anthropogenic change can be studied as replicate 

hybrid zones because disturbances often occur in multiple locations and at different time scales 

(McFarlane & Pemberton, 2019). This is an important aspect of understanding the repeatability 

of genomic architecture (Westram et al., 2021). 
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While hybridization can impair local adaptation by breaking up co-adapted alleles (Runemark 

et al., 2019), it can also enhance genetic variation that contributes to local adaptation. Local 

introgression can be widespread and highly heterogeneous, with few loci exhibiting 

asymmetric introgression, which indicates reproductive isolation or adaptive potential, and the 

majority of loci are driven by genetic drift rather than selection (McFarlane et al., 2021). 

Introgression is known to contribute to localized variation in traits in cavefish (R. L. Moran et 

al., 2022) and can have long-term effects, e.g., introgression from an extinct whitefish species 

aided local adaptation to deep water (Frei et al., 2023). Direct evidence for adaptive 

introgression following anthropogenic change is rare, but could prove problematic in the future 

by further facilitating the success of invasive species (Valencia-Montoya et al., 2020). In 

mosaic aquatic hybrid zones, this has been documented for Mytilus (Fraïsse et al., 2014) and 

Ciona (Fraïsse et al., 2022). 

Rapid local adaptation has been found in D. pulicaria in response to anthropogenic salinization 

(Wersebe & Weider, 2023), and in D. magna (A. Chaturvedi et al., 2021) and the DLSC 

(Ravindran et al., 2019; Tams et al., 2018). Daphnia are able to persist in habitats affected by 

eutrophication, such as population EIC (Chapter 4) and populations in peri-Alpine lakes (Alric 

et al., 2016; Spaak et al., 2012), or by salinization (Wersebe & Weider, 2023). Direct 

anthropogenic introduction is also an important process in Daphnia through the unintentional 

movement of resting eggs to new habitats (Duffy et al., 2000; Frisch et al., 2013). I suggest 

that these factors increase the likelihood that anthropogenic hybridization in the DLSC has the 

potential to lead to adaptive introgression.  

In contrast to the naturally oligotrophic peri-Alpine lakes with displacement of the native D. 

longispina populations by D. galeata and D. galeata × D. longispina hybrids (Alric et al., 2016; 

Brede et al., 2009; Möst, 2013; Rellstab et al., 2011), we find two distinct patterns of species 

distribution in our hybrid populations. In the sampled genomes of the eutrophic population EIC, 

we find the predominant presence of D. galeata in the first decades of the lake's history, 

followed by continuous hybridization and an increased level of backcrossing with D. longispina. 

For population SE, the presence of D. galeata and two hybrid species pairs hints that random 

dispersal and successful species establishment play a role here. This highlights the need to 

study these hybrid zones across multiple spatial and temporal scales. 

One of the questions anthropogenic hybridization poses is: What is a hybrid and what is a 

species? A parental species is usually defined as having a hybrid index of exactly 0 or 1. Small 

genotyping errors or only partially fixed ancestry informative markers can disrupt this, as we 

found for the DLSC in Chapter 3 and 4. This makes the definition and identification of parental 

species and hybrids challenging, especially in populations with many generations of 
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backcrossing and no historical record of species introduction. This is a concern for accurately 

detecting the number of generations since hybridization for conservation efforts (VonHoldt et 

al., 2018), e.g., in wolves (Donfrancesco et al., 2019).  

Our results provide a way to differentiate this more clearly by using the junctions method, which 

can be applied to genomic data from different species, to understand ongoing hybridization 

events and illustrate the importance of identifying recurrent hybridization and heterogeneous 

chromosomes that could further disrupt species barriers. 

Future Perspectives 

The work presented in this thesis can serve as the foundation to further our understanding of 

the genome-wide consequences of hybridization in the DLSC and mosaic hybrid zones in 

general and raises new evolutionary questions. 

My thesis includes the first population genomic investigation of the DLSC using the resting egg 

bank. Despite this advance, the sediment conditions varied from lake to lake, and poor 

sediment quality can inhibit whole-genome sequencing or make it challenging to date sediment 

cores. In addition, some lakes had lower egg densities, higher percentages of empty ephippia, 

or lower success rates with the WGA protocol. These limitations are difficult to predict and 

limited from which and how many lakes we were able to sequence samples from and proceed 

with time-series genomic sampling. Additional spatial and temporal sampling could further 

confirm how common ongoing hybridization is in the DLSC and whether the genomic patterns 

are similar across populations. 

An easy improvement to the pre-sequencing contamination screening presented in Chapter 2 

would be to expand the PCR markers used from one to multiple mitochondrial and nuclear 

markers to increase the sensitivity of detecting Daphnia reads. Another improvement would be 

to use real-time PCR to quantify the amount of Daphnia DNA before sequencing to increase 

the overall success rate of amplification of resting eggs. Resurrection studies are often 

constrained by the fact that egg viability and hatching success decrease with increasing age 

(Burge et al., 2018). This may also be an issue with degraded DNA from older sediment layers, 

similar to that found in historical DNA (Raxworthy & Smith, 2021). Furthermore, O’Grady et al. 

(2022) found that WGA kits from different companies varied in their performance for amplifying 

sedimentary resting eggs. Combined with our findings, an ideal scenario would include testing 

different protocols for a specific population before proceeding with the genomic investigation.  

The D. galeata reference genome established in Chapter 3 and 4 showed high mapping 

success for the other two species and no reference bias for SNP calling. Nevertheless, 

reference genome assemblies for D. longispina and D. cucullata could help resolve fine-scale 
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differences such as structural variation (Mérot et al., 2023). The use of linked-read and long-

read sequencing to analyze haplotype information is also a promising avenue to further 

understand the temporal dynamics of hybridization events (Leitwein et al., 2020). 

The genome annotation we provide can be used to identify the biological function of 

introgressed genomic regions or highly divergent regions between species that underlie 

adaptation to different ecological conditions. Genomic cline analysis of the data set could 

further differentiate if alleles that introgress are neutral, advantageous, or barrier loci (Payseur, 

2010). In addition, species-specific recombination rates for the DLSC could help to further 

improve the accuracy of time since admixture estimates from junctions and test whether 

introgression and recombination rates are correlated, as discussed in the general introduction. 

Hybridization between species can sometimes be observed on both a contemporary and 

ancient scale (S. Chaturvedi et al., 2020), and more work is needed to distinguish between 

them in the genome. Potentially, this may also be the case in the DLSC (Beninde, 2021), which 

could make our ancestry informative sites from reference species less accurate and interfere 

with the analysis of our populations if they were affected by ancient introgression. 

We were able to identify hybridization in two lakes with different ecological conditions. 

However, sampling of more lakes with very similar conditions in this region (e.g., a eutrophic 

artificial lake), as well as ecosystems that were not studied with different predators, 

temperature, and oligotrophic conditions, is necessary to understand these patterns in the 

DLSC. In addition, lake stratification and seasonal fluctuations in phosphorus could also play 

a role that we were not able to capture. 

While the majority of studies have focused on the three most common species in the DLSC, 

other species are also known to hybridize (Ma et al., 2019), or I suspect that they have the 

potential to hybridize because we know so little about them. Adding to the limited genomic data 

(Beninde, 2021) for these species could answer these questions about potentially unknown 

hybridization, local adaptation, or even hybrid species.  

Sampling efforts for all taxa should focus on replicated hybrid zones and transects across 

hybrid zones, especially in complex hybrid zones, (e.g., Grummer et al., 2021; Westram et al., 

2021), as well as temporal sampling in potentially changing hybrid zones (Buggs, 2007). This 

is necessary to characterize if the genomic basis of local adaptation and reproductive isolation 

is universal (Harrison & Larson, 2016).  

Hybridization in the DLSC is of particular importance because freshwater ecosystems are 

under threat from increasing anthropogenic changes, such as climate change and 

eutrophication, which may alter existing hybrid zones in this system and other taxa 
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(Grabenstein & Taylor, 2018). To resolve whether this is the case for Daphnia hybrid zones, 

we can compare hybridization patterns between more and less disturbed habitats (Grabenstein 

& Taylor, 2018). In addition, we can test these assumptions in natural large-scale experiments 

in freshwater systems, such as heated lakes (Dziuba et al., 2020), to test future outcomes. 

Daphnia is also one of the few hybrid systems where experimental hybridization over multiple 

generations in the laboratory or mesocosms would be feasible to understand the long-term 

fitness of hybrids and genomic consequences (e.g., Franchini et al., 2018; Pritchard et al., 

2013). Taken together, this could help us to understand why hybridization is common in 

Daphnia, how it is linked to anthropogenic change, and how species barriers are maintained 

now and in the future. 

One aspect we were not able to examine is the possibility of introgression happening via a 

conduit species, which allows introgression between two species that do not directly overlap 

(Grant & Grant, 2020). Another possibility is hybridization between more than two species 

(Natola et al., 2022; Toews et al., 2018). In our system, there could be undetected hybridization 

between D. longispina and D. cucullata, which are generally separated by strong ecological 

barriers but can occur in the same population. These scenarios are still rarely studied and few 

genomic tools are available to analyze hybridization with ancestry from three species 

(Banerjee et al., 2023). 

Understanding the magnitude and timing of gene flow in populations is an important step in 

understanding the genomic outcomes of hybridization (Payseur & Rieseberg, 2016). Finally, 

our findings raise the possibility that recurrent hybridization pulses and large variation in 

genome-wide ancestry among individuals are not limited to Daphnia, and that complex 

hybridization dynamics need to be considered when studying recent hybrid zones. Moving 

forward, these directions could elucidate how genetic and evolutionary processes shape the 

genomes in hybrid zones in the past and present.  
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Conclusion 

This thesis reveals the evolutionary complexity of hybridization and introgression in the DLSC 

and mosaic hybrid zones. By providing methods for genomic investigation of the Daphnia 

resting egg bank and a chromosome-scale genome assembly, we were able to identify 

extensive introgression and hybridization across the genome in the DLSC. A more detailed 

analysis of the hybridization dynamics in these populations uncovered successive 

hybridization events over several decades that led to diverse genomic landscapes of hybrid 

individuals and hybrid zones with unique characteristics. The extended theory of junctions 

enables us to accurately date the time since admixture and illustrates its use for other species 

with a history of hybridization. 

Combined, the work presented in this thesis establishes the DLSC as an emerging hybrid 

system with unique characteristics and the ability to study past hybridization events. I expect 

hybridization to continue in these populations, and it is not yet clear if these hybrid zones are 

structured by stable habitat and ecological gradients, or if this will lead to negative evolutionary 

consequences such as species collapse that is potentially exacerbated by increasing 

anthropogenic changes in freshwater ecosystems. Open questions remain about which 

genome properties are responsible for these patterns, how species boundaries are maintained 

in the face of gene flow, and the genomic basis of adaptation.  

In a broader context, this work gives us insight into other complex hybrid zones and the 

different aspects that shape the genomic landscape, such as hybridization between multiple 

species, movement of hybrid zones, and recurrent hybridization pulses over long periods of 

time.  
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Supplementary Information on Chapter 2 

Table S2.1. Accession number for genomes included in the custom database to assess contamination with FastQ 
Screen. 

Genome GenBank accession 
Homo sapiens  GCA_000001405.22 
UniVec https://ftp.ncbi.nlm.nih.gov/pub/UniVec/  
Bacteria https://ftp.ncbi.nlm.nih.gov/refseq/release/bacteria/  
Virus https://ftp.ncbi.nlm.nih.gov/refseq/release/viral/  
Daphnia galeata  GCA_918697745.1 
Daphnia magna  GCA_001632505.1 
Acutodesmus obliquus  GCA_002149895.1 

Table S2.2. Summary of sequencing statistics for all successful amplification samples that were sequenced to a 
higher coverage using NovaSeq. Mean genome coverage is based on the estimated genome size of 156 Mb for D. 
galeata. 

Sample name Total raw reads Total trimmed reads Mapped reads % Mean genome 
coverage 

EIC_18 14,952,714 7,897,119 94.61 7.32 
EIC_16 15,450,664 6,755,689 96.55 6.52 
EIC_17 15,392,966 11,433,190 96.67 11.43 
EIC_11 16,210,646 5,563,028 98.06 5.55 
EIC_12 19,121,834 929,386 90.95 0.60 
EIC_13 14,463,272 11,446,924 97.76 11.55 
EIC_14 16,917,644 10,256,933 98.26 10.39 
EIC_15 15,531,160 12,295,702 97.76 12.41 
M5 77,594,732 65,570,833 84.75 57.05 

Table S2.3. Average genome-wide heterozygosity estimated from the proportion of heterozygous genotype calls in 
sliding windows across the genome. 

Sample name Average genome-wide 
heterozygosity 

EIC_18 0.01100 
EIC_16 0.01225 
EIC_17 0.00613 
EIC_11 0.00697 
EIC_12 0.00633 
EIC_13 0.00980 
EIC_14 0.00598 
EIC_15 0.00756 
M5 0.00934 

  



Appendix 

149 

Supplementary Information on Chapter 3 

Supplementary materials and methods 

In the following section default options are applied, if not stated otherwise. 

Genome assembly 

Adapter and quality trimming 

Adapter and quality trimming of Illumina reads was conducted with autotrim.pl 0.6.1 

(Waldvogel et al., 2018), in combination with Trimmomatic 0.38 (Bolger et al., 2014), FastQC 

0.11.7 (Andrews, 2010), and MultiQC 1.6 (Ewels et al., 2016) using a custom adapter file and 

the following Trimmomatic parameters: ILLUMINACLIP: adapter_combined.fa: 2:30:10 

TRAILING: 15 SLIDINGWINDOW: 4:20 MINLEN: 50. The tool autotrim.pl allows to trim 

additionally to adapter and quality for overrepresented k-mers which probably arise from 

smaller parts of adapter sequences. PacBio subreads were used as provided by the 

sequencing facility. 

Contamination screening on read level 

To filter out reads possibly originating from contamination, a FastQ Screen like (FQS-like) 

approach was chosen. In brief, the reads are separated according to mapping behavior to 

different genomes. First, a database containing the genomes of Daphnia magna (Lee et al., 

2019) and D. pulex (Ye et al., 2017) as positive controls and the human genome, the genome 

of the algae the sequenced individuals were fed on as well as several bacterial and viral 

genomes as negative controls was created. The database contains 108,163 sequences with a 

total length of 42.4 Gb (see Table M3.1). The accession numbers of the bacterial and viral 

genomes can be found in the corresponding lists deposited in Zenodo (doi:10.5281/

zenodo.8069415). 

Table M3.1. Database parts and corresponding sizes. 

Species/group Number of sequences Total length (bp) 
D. magna (GCA_001632505.1) 40,356 131,266,987 
D. pulex (GCA_911175335.1) 1,822 156,418,198 
Bacteria 18,448 37,434,584,693 
Human (GCA_000001405.27) 594 3,257,319,537 
Acutodesmus obliquus (GCA_002149895.1) 2,707 208,176,092 
Virus 44,236 1,170,153,228 

Illumina reads were mapped unpaired (forward and reverse reads separately) with 

NextGenMap 0.5.5 (Sedlazeck et al., 2013) and the options “--bam 1 --bin_size 4 --topn 1000”. 

PacBio subreads were mapped with minimap2 2.17-r941 (Li, 2018) and the options “-H -x map-

pb”. 
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Custom scripts were used to filter reads and display the results (https://github.com/schellt/fqs-

tools). The mapping results to the different database parts are displayed in Figure M3.1. Reads 

did only pass the filtering if they either did not map to the database at all or had at least one hit 

against one of the two Daphnia genomes. Paired Illumina reads were only returned if both 

reads pass the filtering. If only one read of a pair passed the filtering they were returned as 

unpaired. An overview of the effect of different read filtering steps on data volume is shown in 

Table M3.2. 

 

Figure M3.1. PacBio and Illumina reads mapped to the database to identify contamination.  
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Table M3.2. Comparison of data amount regarding the different preprocessing steps. 

 Raw Trimmed FQS-like filtered 
 #reads Gb #reads Gb #reads Gb 

Illumina 
paired 77,594,732 11.64 64,988,122 9.13 62,533,940 8.79 
unpaired / / 5,322,216 0.66 5,962,964 0.76 

PacBio / / 1,679,290 11.52 1,121,227 6.84 

RA assembly 

All paired and unpaired contamination filtered Illumina reads as well as the contamination 

filtered PacBio reads were used as input for RA 0.2.1 (https://github.com/rvaser/ra). 

Contamination screening on assembly level 

To screen the resulting assembly, blobtools 1.0 (Laetsch & Blaxter, 2017) was used. The 

Illumina reads used as input for RA were mapped against the contigs using backmap.pl 0.1 

(https://github.com/schellt/backmap), which integrates bwa mem 0.7.17-r1188 (Li, 2013), 

samtools 1.9-33-g2d34e15 (Li et al., 2009), Qualimap 2.2.1 (Okonechnikov et al., 2016), 

bedtools 2.26.0 (Quinlan & Hall, 2010) and R 3.5.0 (R Core Team, 2017). To assign Taxonomy 

IDs blastn 2.9.0+ (Camacho et al., 2009) was used to align the contigs against the complete 

nt database (-task megablast -outfmt '6 qseqid staxids bitscore' -max_target_seqs 1 -

max_hsps 1 -evalue 1e-25). For plotting blobtools 1.1.1 was used. 

Contamination with different bacteria can be clearly seen in Figure M3.2. In total 267 contigs 

with coverage below 10× and/or GC content above 50% were removed. The removed contigs 

add up to a total length of 22.97 Mb (see detailed distribution in Figure M3.3). To minimize 

false scaffolding later, PacBio reads mapping to the 267 contigs identified as contamination 

were removed. This resulted in 871,867 reads with a total length of 5.41 Gb which corresponds 

to 78% and 79% of the FQS-like filtered reads, respectively. 

https://github.com/schellt/backmap
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Figure M3.2. Blobplot of the initial RA assembly. Coverage is based on Illumina data only. Taxonomic assignment 
was conducted with blastn against the nt database. 

Identifying and removing the mitochondrial genome 

After assembly, the mitochondrial (mt) genome was searched with blastn 2.9.0+ by using the 

available D. galeata mt genomes (accession numbers LC177072.1, LC152879.1, LC177110.1, 

NC_034297.1, LC177071.1, LC177070.1) as queries against the contigs remaining after 

blobtools filtering. A total of 15 contigs had hits to at least one of these mt genomes. However, 

one single contig could be identified by calculating the ratio between alignment length and 

target sequence (contig) length. The mt genome could be distinguished by the maximum ratio 

0.98 from random hits which reached maximally a ratio of 0.008. Finally, one single contig with 

a length of 15,636 bp was removed. 
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Scaffolding and gap closing 

Scaffolding and gap closing was conducted in three iterations. Each iteration contains I) a 

scaffolding with SSPACE LongRead 1-1 (Boetzer & Pirovano, 2014), II) gap closing with 

LR_Gapcloser (https://github.com/CAFS-bioinformatics/LR_Gapcloser; commit 156381a) and 

III) polishing of the former gap parts (that were filled with PacBio reads only) with short reads 

using wtdbg2-racon-pilon.pl 0.4 (https://github.com/schellt/wtdbg2-racon-pilon), which used 

bwa mem 0.7.17-r1188, samtools 1.9, java 1.8.0_221 (Arnold et al., 2000) and Pilon 1.23 

(Walker et al., 2014). 

The blobtools filtered PacBio reads were used for scaffolding and gap closing. Coordinates of 

gaps produced in the scaffolding step were identified and written into bed format with the help 

of bedtools 2.28.0. Afterwards, the FQS-like filtered paired and unpaired Illumina reads were 

mapped via bwa mem (-a -c 10000 -t 60) to the gap closed scaffolds. Only reads aligning at 

least partially to former gap regions were saved to bam format as well as sorted and indexed 

with samtools. Finally, Pilon was run with additional options “---diploid ----threads 60” on the 

produced bam files. After running Pilon, the scaffold IDs were renamed to match the ones in 

the bed file again. Short read mapping and Pilon polishing was executed three times in iterative 

fashion using in all three polishing iterations the gap regions produced at the beginning from 

the long read scaffolding iteration. After the third iteration of scaffolding, gap closing and 

polishing the final scaffolds are yielded. 

Assembly quality assessment 

Contiguity was analyzed with Quast 5.0.2 (Gurevich et al., 2013) at different stages of the 

assembly process and its main results are represented in Table M3.3. 

Table M3.3. Contiguity statistics of the single assembly steps. 

 ra ra-blobfilter-
rmmt 

ra-blobfilter-
scaff1 

ra-blobfilter-
scaff2 

ra-blobfilter-
scaff3 

#Sequences 1,415 1,147 473 370 346 
Total length (Mb) 153.6 130.6 132.9 133.2 133.3 
N50 (kb) 172.4 175.3 533.0 729.4 756.7 
GC (%) 40.02 38.74 38.75 38.75 38.75 
N’s (%) ~0 ~0 0.07 0.09 0.09 

To look at mapping rate, coverage and insert size distribution, etc., backmap 0.3 

(https://github.com/schellt/backmap) was used in combination with bwa mem 0.7.17-r1188, 

Minimap 2.17-r941, Samtools 1.9, Qualimap 2.2.1, bedtools 2.28.0, R 3.5.3, and MultiQC 1.8. 

Mapping the paired and unpaired FQS-like filtered Illumina reads and the blobtools filtered 

PacBio reads resulted in a mapping rate of 94.1% and 85.5%, respectively, according to 

Qualimap’s bamqc. The insert size of the paired Illumina reads is narrowly distributed around 

https://github.com/CAFS-bioinformatics/LR_Gapcloser
https://github.com/schellt/wtdbg2-racon-pilon
https://github.com/schellt/backmap
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a median of 327 (Figure M3.3). The genome size was estimated based on mapped nucleotides 

and mode of the coverage distribution by backmap, resulting in 156.86 Mb and 178.03 Mb for 

Illumina (52×) and PacBio (26×) respectively. Additionally, the genome size estimated using a 

k-mer based approach with GenomeScope (150.6 Mb) can be found here: http://qb.cshl.edu/

genomescope/analysis.php?code=WeYH4KGn4W7eTjIa1qhf. 

To show absence of contamination in the assembly, a blastn search of the final scaffolds 

against the nt database was conducted as above, and the results plotted with blobtools 1.1.1. 

Completeness in terms of single copy core orthologs of the final scaffolds was assessed with 

BUSCO 3.0.2 (Simão et al., 2015), using the Arthropoda set (odb9) and the option ---long. This 

resulted in C: 95.7% [S: 94.7%, D: 1.0%], F: 0.8%, M: 3.5%, N = 1,066. 

 

Figure M3.3. Insert size distribution of paired Illumina reads. Created with Qualimap and MultiQC. 

Genome annotation 

Before starting with the annotation, the fasta headers of the genome assembly and the D. 

galeata transcriptome assembly (HAFN01.1) were simplified with Augustus’ 

simplifyFastaHeaders.pl. 

Repeat library creation and repeat masking 

To identify D. galeata specific repeats, RepeatModeler 2.0 (Smit & Hubley, 2008–2015) in 

combination with RepeatMasker 4.1.0 (Smit et al., 2013–2015) including RepBase release 

20181026 (W. Bao et al., 2015), RECON 1.08 (Z. Bao & Eddy, 2002), RepeatScout 1.0.6 (Price 

et al., 2005), Tandem Repeats Finder 4.0.9 (Benson, 1999) and RMBlast 2.9.0+. 

RepeatModeler was run with the options “-pa 10 -LTRStruct” and resulted in 1,115 families 

http://qb.cshl.edu/genomescope/analysis.php?code=WeYH4KGn4W7eTjIa1qhf
http://qb.cshl.edu/genomescope/analysis.php?code=WeYH4KGn4W7eTjIa1qhf
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with a total length of ~1 Mb. Detailed distribution of repeat family classification can be seen in 

Table M3.4. 

Table M3.4. Distribution of repeat family classification. 

Classification Number of families Total length (bp) 
Unknown 796 474,907 
LTR 145 249,242 
DNA 93 155,424 
LINE 35 70,649 
tRNA 31 43,674 
SINE 13 17,071 
RC 5 7,080 
Simple repeat 4 364 
SINE 2 5,442 
snRNA 1 3,215 

The yielded repeat families were combined with 237 D. pulex and 1 D. pulicaria repeat 

sequences from RepBase release 20181026 to create the final repeat library with 1,353 

sequences and a total length of 1.78 Mb. The genome assembly was then soft masked for later 

usage within Augustus with the final repeat library. To do so, RepeatMasker 4.1.0 was applied 

with the search engine rmblastn 2.9.0+, Tandem Repeats Finder 4.0.9 and the additional 

options “-xsmall -no_is -e ncbi -pa 10 -s”. Afterwards, 21.9% of the assembly was masked. 

The distribution of masked fraction per repeat element can be found in Table M3.5. 

Table M3.5. Repeat masking results as provided by RepeatMasker. Most repeats fragmented by insertions or 
deletions have been counted as one element. 

Classification Number of elements Percentage of assembly 

Unknown 48,249 10.18 
LTR 7,824 5.25 
DNA 7,145 2.29 
Simple repeat 60,548 1.58 
LINE 2,631 1.36 
snRNA 1,591 0.49 
Low complexity 12,696 0.43 
SINE 849 0.19 
RC 444 0.13 

Creation of initial gene prediction models 

Three different gene prediction models were produced with Augustus, GeneMark, and SNAP. 

The detailed procedure is described below. 

One model was created using autoAug.pl from Augustus 3.3.2 (Stanke et al., 2008) in 

combination with PASA 2.4.1 (Haas et al., 2003) and GMAP 2019-09-12 (T. D. Wu & 

Watanabe, 2005). As Input for autoAug.pl the soft masked assembly and the D. galeata 
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transcriptome were used (HAFN01.1, Huylmans et al., 2016) as well as the additional options 

“-v --v --v ----pasa ----useGMAPforPASA -----noninteractive”. 

A second model was created using GeneMark ET 4.48_3.60_lic (Lomsadze et al., 2005). First 

different RNAseq reads (ERR1551794 and ERR1551390–ERR1551397) were trimmed with 

autotrim.pl. The trimmed RNAseq reads were mapped paired and unpaired separately with 

HISAT 2.1.0 (Kim et al., 2019) and the additional option “-p 70”. The two resulting bam files 

were merged and sorted (--l 9 --@ 10) using samtools 1.9. Afterwards Augustus’ bam2hints 

with the additional options “----minintronlen=20 ----maxintronlen=500000” was used to produce 

a gff file containing possible introns. This gff file was filtered using filterIntronsFindStrand.pl 

(included in Augustus) with the additional option “----score”. Finally, gmes_petap.pl from 

GeneMark was run with the unmasked genome assembly, the filtered intron gff file and the 

additional options “----v ----cores=88 ----max_intron=400000”. 

A third model was created with busco2snap.pl 0.1 (https://github.com/schellt/busco2snap) in 

combination with SNAP 2006-07-28 (Korf, 2004), Augustus 3.3.2, and blastp 2.9.0+. In brief, 

the intron-exon-boundaries of 1,010 complete and single copy BUSCOs are predicted with the 

Augustus model created with BUSCO. If more than one gene is predicted per locus a blastp 

search against the ancestral variants of the BUSCO genes is used to select the most likely 

one. Afterwards, the exon annotation is converted from gff to zff and finally the SNAP model is 

created with its tools fathom, forge and hmm-assembler.pl. 

Structural annotation 

The structural annotation was conducted in MAKER 2.31.10 (Holt & Yandell, 2011) in 

combination with blast 2.10.0+, RepeatMasker 4.1.0, Exonerate 2.4.0 (Slater & Birney, 2005), 

SNAP 2013-11-29, GeneMark 3.60_lic, Augustus 3.3.2, and tRNAscan-SE 1.3.1 (Lowe & 

Eddy, 1997). The following input sequences were used for MAKER: the unmasked genome 

assembly, the species' own transcriptome assembly (HAFN01.1) as ESTs, the complete 

Swiss-Prot 2019_10 (UniProt Consortium, 2019), and the protein sequences resulting from D. 

magna (Lee et al., 2019) as well as D. pulex (Ye et al., 2017) genome annotations as protein 

evidence. Repeat masking was conducted with the above described final repeat library for 

RepeatMasker and MAKER’s te_proteins.fasta for RepeatRunner. For model-based gene 

prediction, the above described models from SNAP, GeneMark, and Augustus were fed into 

MAKER. The options est2genome, protein2genome, trna, and alt_splice were switched on. 

The minimum protein length was set to 10aa. MAKER was compiled and executed with mpich 

3.3.2 and the additional option “-fix_nucleotides”. With this, the first round of MAKER was 

completed. 

https://github.com/schellt/busco2snap
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Afterwards, one gff file with and one without the assembly sequence were created using 

MAKER’s gff3_merge. From the gff without assembly sequence the tracks “est2genome”, 

“protein2genome”, and “repeatmasker”/“repeatrunner” were extracted and saved in three 

separate gff files. The gff file with assembly sequence was used as input for MAKER’s 

maker2zff. The resulting files were processed with fathom (fathom genome.ann genome.dna 

-categorize 1000 && fathom -export 1000 -plus uni.ann uni.dna), forge (forge export.ann 

export.dna), and hmm-assembler.pl to create a new SNAP model based on the first round of 

MAKER. 

The Augustus model was retrained with autoAug.pl as above, except that the gff file without 

assembly sequence from the first round’s results was specified as training set. The second 

round of MAKER was conducted as the first round, but instead of specifying the same evidence 

and repeat sequences, the gff files containing the tracks est2genome, protein2genome and 

repeats as est_gff, protein_gff and rm_gff were used respectively. Furthermore, the 

retrained/new models from Augustus and SNAP were used. 

After finishing the second round of MAKER, the Augustus and SNAP model were 

retrained/newly created as above. The third and final round of MAKER was run as the second 

one, except for updating the Augustus and SNAP model. The options est2genome and 

protein2genome were switched off, whereas the option always_complete was switched on. 

Finally, a gff file containing the maker track only without the assembly sequence was created 

with gff3_merge. The transcripts and protein fasta files of the annotated genes were created 

with fasta_merge. 

Structural annotation quality assessment 

The final gff file was processed with a custom script to count and calculate several contiguity 

statistics of the structural annotation except for tRNAscan results. Furthermore, the annotated 

protein set was analyzed using BUSCO 3.0.2 in combination with the Arthropoda set (odb9) 

and DOGMA 3.4 (Dohmen et al., 2016) in combination with Pfam scan 1.6 and DOGMA’s 

reference set for Arthropoda. The results are compared in Table M3.6. 

As further quality criterion the Annotation Editing Distance (AED) was compared between the 

three MAKER rounds and is visualized in Figure M3.4.  
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Table M3.6. Structural annotation statistics. Contiguity statistics of the annotation were calculated excluding 
tRNAscan results. BUSCO 3.0.2 was executed in protein mode for the different MAKER rounds. Conserved Domain 
Arrangements (CDAs) were searched with Pfam scan 1.6 and DOGMA 3.4. 

 Assembly Round 1 Round 2 Round 3 

Number     
 Gene  15,513 15,429 15,845 
 mRNA  16,471 16,275 16,774 
 Exon  121,995 119,033 117,364 
 CDS  130,242 123,265 119,402 
Mean number of     
 mRNAs/gene  1.06 1.05 1.06 
 Exons/mRNA  7.41 7.31 7.00 
 CDSs/mRNA  7.91 7.57 7.12 
Median length (bp)     
 Gene  2,145 2,187 2,097 
 mRNA  2,236 2,248 2,142 
 Exon  163 164 167 
 Intron  74 74 74 
 CDS  150 151 152 
Total space (bp)     
 Gene  54,765,381 52,605,643 51,689,473 
 mRNA  54,765,288 52,605,588 51,689,329 
 Exon  29,662,778 29,222,288 29,314,592 
 CDS  25,750,445 25,271,022 25,132,876 
Single     
 Exon mRNA  1,015 746 663 
 CDS mRNA  1,104 854 710 
BUSCO (%) N = 1,066     
 Complete 95.7 93.9 93.9 94.3 
 Single copy 94.7 91.0 91.0 91.7 
 Duplicated 1.0 2.9 2.9 2.6 
 Fragmented 0.8 0.8 1.0 0.7 
 Missing 3.5 5.3 5.1 5.0 
CDAs (%) N = 4,222  93.94 93.89 93.63 
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Figure M3.4. Annotation Editing Distance (AED) distribution of the different MAKER iterations. The AED shows 
congruency between the annotation and evidence alignments. Low values indicate high congruency. 

Functional annotation 

The functional annotation of the annotated protein set was conducted using InterProScan 5.39-

77.0 (Jones et al., 2014) in combination with the databases/analyses CDD 3.17 (Lu et al., 

2020), Coils 2.2.1 (Lupas et al., 1991), Gene3D 4.2.0 (Yeats et al., 2006), Hamap 2019_01 

(Pedruzzi et al., 2015), MobiDBLite 2.0 (Necci et al., 2017), PANTHER 14.1 (Mi et al., 2013), 

Pfam 32.0 (El-Gebali et al., 2019), Phobius 1.01 (Käll et al., 2004), PIRSF 3.02 (C. H. Wu et 

al., 2004), PRINTS 42.0 (Attwood et al., 2012), ProSitePatterns 2019_01 and ProSiteProfiles 

2019_01 (Sigrist et al., 2013), SFLD 4 (Akiva et al., 2014), SignalP_EUK 4.1 (Nielsen, 2017), 

SMART 7.1 (Letunic & Bork, 2018), SUPERFAMILY 1.75 (Wilson et al., 2009), TIGRFAM 15.0 

(Haft et al., 2001), and TMHMM 2.0c (Krogh et al., 2001). The lookup for pathways and Gene 

Ontology (GO) terms was switched on. 

To additionally assign putative names, an alignment of the annotated protein set against the 

Swiss-Prot 2019_10 was conducted using blastp 2.9.0+ with the options “‐num_threads 70 

‐max_hsps 1 ‐max_target_seqs 1 ‐outfmt 6”. In total 15,898 (94.78%) and 15,960 (95.15%) 

protein sequences could be annotated by InterProScan and blast against Swiss-Prot, 

respectively. In combination, a functional annotation for 16,675 (99.41%) protein sequences 

could be achieved. A detailed overview of the functional annotated sequences per database 

or search algorithm is shown in Table M3.7. 
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Table M3.7. Functional annotation success of the different databases and search algorithms. 

Database/analysis Number of different protein sequences 

Interpro  
 CDD 5,550 
 Coils 3,191 
 Gene3D 9,977 
 Hamap 279 
 MobiDBLite 6,661 
 PANTHER 13,040 
 Pfam 11,567 
 Phobius 6,876 
 PIRSF 793 
 PRINTS 2,565 
 ProSitePatterns 3,169 
 ProSiteProfiles 6,378 
 SFLD 84 
 SignalP_EUK 2,951 
 SMART 5,444 
 SUPERFAMILY 9,816 
 TIGRFAM 721 
 TMHMM 4,211 
 GO 9,555 
 Reactome 3,927 
 Total 15,898 
 Total (%) 94.78 
blast  
 Swiss-Prot 15,960 
 Swiss-Prot (%) 95.15 
Overall total 16,737 
Overall total (%) 99.78 

The results of the functional annotation were then included in the gff and the transcript/protein 

fasta files using adapted versions of MAKER’s maker_functional_gff and 

maker_functional_fasta, respectively (https://github.com/schellt/maker-functional). 

ANGSD  

To confirm the result of the GATK based variant calling, we estimated genotype likelihoods 

using ANGSD v0.931-2-gfd2a527 with the following parameters: angsd -P 32 -bam $BAM -ref 

$REF -out $OUT -GL 2 -doGlf 2 -doMajorMinor 1 -doMaf 1 -SNP_pval 1e-6 -uniqueOnly 1 -

remove_bads 1 -only_proper_pairs 1 -trim 0 -C 50 -baq 1 -minMapQ 20 -minQ 20 -

setMinDepth 400 -setMaxDepth 2000 -minMaf 0.05 -doCounts 1, and performed admixture 

analysis using NGSadmix and PCA analysis using PCAngsd v1.02. 

https://github.com/schellt/maker-functional
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Supplementary figures 

 
Figure S3.1. Assembly quality assessment. (A) Blobplot of the final assembly. Coverage is based on Illumina and 
PacBio data. Taxonomic assignment was conducted with blastn against the nt database. (B) Coverage distribution 
per sequencing technology of the final assembly (C) Excluded contigs. The pie chart displays the total length of the 
excluded contigs per taxonomic group. Below the group name the number of contigs and their total length is 
specified. 
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Figure S3.2. Distribution of reference and alternative alleles observed at heterozygous genotypes for all individuals 
which were unambiguously assigned to either of the parental species clusters D. galeata, D. cucullata, or D. 
longispina or classified as hybrids. The centering of this distribution around the blue median line suggests that there 
is no biased mapping of the reference alleles. 
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Figure S3.3. (A) PCA plot obtained with PCAngsd. (B) Admixture plot obtained with K = 3 in NgsAdmix. D. gal: D. 
galeata, D. long: D. longispina, D. cuc; D. cucullata. Bottom bars are color coded to match the color scheme used 
in panel A.  
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Figure S3.4. Window-based statistics reduced to one individual per population for the pairs (A) D. galeata/D. 
cucullata, (B) D cucullata/D. longispina and (C) D. galeata/D. longispina, shown for the 50 largest scaffolds in 100-
kb windows with 10-kb step size – calculations are for one randomly chosen individual representing each population 
per species. In each panel from top to bottom: dxy values, pairwise FST values with a red horizontal line indicating 
the 95th percentile, nucleotide diversity (π) for D. galeata (teal), D. longispina (dark blue) and D. cucullata (lime 
green). 
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Figure S3.5. Venn diagram for (A) outlier windows (based on FST values) (B) genes within these outlier windows. 
The upper number in each region of the diagram is the observed number of items in the region, the middle number 
is the mean expected number according to 1000 randomizations and the lower number gives the probability of this 
outcome. The observed number is red when smaller than expected and blue when larger. galeata / longispina: set 
of elements found in the comparison between D. galeata and D. longispina in Figure 3.3C. galeata / cucullata: set 
of elements found in the comparison between D. galeata and D. cucullata in Figure 3.3A. longispina / cucullata: set 
of elements found in the comparison between D. longispina and D. cucullata in Figure 3.3B. 
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Figure S3.6. Local ancestry inference for: (A) D. galeata×D. longispina individuals. (B) 3 D. galeata×D. cucullata 
individuals. Ancestry tracts are visualized on the y-axis in two rows for the two haplotypes of one individual and on 
the x-axis along the genomic scaffolds. 
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Supplementary tables 

Due to their size, Table S3.2 and S3.6 can be found in Zenodo (doi:10.5281/zenodo.8069415) and the complete supplementary material is online 

at Genome Biology and Evolution (https://academic.oup.com/gbe/article/13/12/evab267/6448229). 

Table S3.1. Comparison of Daphnia galeata genome assembly with 4 other genome assemblies for Daphnia pulex and Daphnia magna. Overview obtained with Quast. 

Assembly accession dgal_ra_scaffold_fasta GCA_000187875.1 GCA_900092285.2 GCA_003990815.1 GCA_001632505.1 
Species Daphnia galeata Daphnia pulex Daphnia pulex Daphnia magna Daphnia magna 
Strain M5 TCO PA42 SK Xinb3 
# scaffolds 346 5,186 493 4,192 13,180 
# scaffolds (≥ 0 bp) 346 5,186 493 4,192 28,801 
# scaffolds (≥ 1000 bp) 346 5,186 493 4,192 6,576 
Largest scaffold 2,950,711 4,193,030 7,584,612 16,359,456 3,718,170 
Total length 133,304,630 197,206,209 189,550,516 122,937,721 124,519,356 
Total length (≥ 0 bp) 133,304,630 197,206,209 189,550,516 122,937,721 129,543,483 
Total length (≥ 1000 bp) 133,304,630 197,206,209 189,550,516 122,937,721 119,957,162 
N50 756,671 642,089 1,160,003 10,124,675 417,686 
N75 386,650 136,924 532,199 8,305,553 111,610 
L50 48 75 36 5 56 
L75 112 232 95 9 196 
GC (%) 38.75 40.76 40.39 40.54 40.67 
# N's 120,845 38,598,801 4,006,006 8,297,703 23,479,941 
# N's per 100 kbp 90.65 19,573 2113.42 6,749.52 18,856 

Table S3.2. Overview of the individuals included in the study – Sampled as: genotypes sampled as “egg” originate from ephippia isolated from sediment cores and were hatched 
in the lab or genotyped directly. Origin: culture – this genotype was maintained in the lab and raised in bulk before DNA extraction; WGA egg – DNA was prepared through Whole 
Genome Amplification on single resting eggs. Numbers of genotypes correspond to those with a calculated coverage >4. When lowering this threshold more samples from 
Dobersdorfer See and Eichbaumsee could be analyzed. Species categories are given for all included samples used for ancestry paintings and to calculate genome-wide nucleotide 
diversity (π), between-taxon differentiation (FST), and between-taxon divergence (dxy).    
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Table S3.3. Sequencing results for resequencing samples, including number of raw reads, number of reads after trimming, mapping success, and mean read depth. 

Sample Location Number of raw reads Number of trimmed reads Number of mapped reads Mapped reads % Mean read depth 
AR_3_06 AR 21,288,352 19,870,634 16,218,682 81.62% 10.76 
AR_3_17 AR 17,310,780 16,083,422 15,355,123 95.47% 10.68 
AR_5_18 AR 17,520,952 16,408,352 15,546,068 94.74% 11.04 
AR_5_27 AR 16,284,616 15,218,916 13,752,333 90.36% 9.42 
SE_12_04 SE 42,684,512 41,338,814 13,098,094 31.68% 4.20 
SE_01_03 SE 27,737,288 22,465,594 21,555,004 95.95% 12.79 
SE_01_04 SE 23,550,114 21,910,332 21,299,188 97.21% 13.51 
SE_23_02 SE 19,136,852 18,015,214 17,534,351 97.33% 12.06 
SE_23_03 SE 19,537,960 18,398,560 17,893,952 97.26% 12.57 
SE_23_04 SE 27,909,232 26,384,906 24,918,372 94.44% 17.26 
SE_12_05 SE 20,708,746 19,447,996 19,180,692 98.63% 10.11 
SE_12_10 SE 22,383,236 21,046,994 20,457,588 97.20% 10.68 
Dob_01_12 Dob 15,720,858 13,187,394 12,954,419 98.23% 7.57 
Dob_01_19 Dob 18,578,040 13,519,581 12,831,106 94.91% 7.17 
Dob_01_01 Dob 23,835,814 20,372,380 20,076,825 98.55% 3.98 
Dob_01_02 Dob 16,079,542 14,735,513 14,515,439 98.51% 8.95 
Dob_12_05 Dob 26,637,800 19,573,870 19,304,659 98.62% 7.18 
Dob_12_07 Dob 16,989,602 12,226,574 10,931,416 89.41% 5.53 
Dob_89_11 Dob 17,954,342 13,776,236 13,531,141 98.22% 7.59 
Dob_89_01 Dob 14,993,632 9,451,949 9,081,200 96.08% 4.42 
Dob_89_02 Dob 14,248,786 10,049,553 9,106,535 90.62% 4.91 
Dob_90_06 Dob 17,001,496 8,190,873 7,784,928 95.04% 2.62 
Dob_01_04 Dob 15,012,108 10,526,529 10,331,250 98.14% 5.71 
Dob_12_32 Dob 15,937,648 13,931,526 8,267,592 59.34% 4.94 
EIC_19 EIC 13,190,044 4,548,433 3,808,405 83.73% 0.91 
EIC_22 EIC 14,555,464 7,236,092 6,600,284 91.21% 3.12 
EIC_3 EIC 29,058,912 11,454,006 5,260,372 45.93% 0.37 
EIC_4 EIC 13,564,520 4,253,787 3,771,647 88.67% 0.85 
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EIC_57 EIC 14,239,924 6,395,056 5,616,724 87.83% 2.26 
EIC_13 EIC 14,463,272 12,365,944 12,086,534 97.74% 6.46 
EIC_14 EIC 16,917,644 12,015,092 11,760,413 97.88% 6.58 
EIC_15 EIC 15,531,160 13,277,223 12,990,753 97.84% 6.56 
EIC_18 EIC 14,952,714 10,033,233 9,367,630 93.37% 4.78 
EIC_16 EIC 15,450,664 9,329,878 8,887,073 95.25% 4.58 
EIC_17 EIC 15,392,966 12,502,445 12,080,674 96.63% 8.38 
EIC_11 EIC 16,210,646 8,768,403 8,510,659 97.06% 3.25 
EIC_12 EIC 19,121,834 2,788,735 2,594,290 93.03% 0.34 
J2 J 79,048,948 73,020,526 65,159,914 89.24% 52.30 
LC3_6 LC 90,918,942 85,065,214 61,806,326 72.66% 47.70 
M5 M 77,594,732 64,988,122 54,986,148 84.61% 48.35 
G100 G 39,015,978 31,495,250 29,785,801 94.57% 12.84 
ENDI44 ENDI 41,567,550 39,657,286 37,973,867 95.76% 16.07 
SIHL4 SIHL 55,802,822 43,669,966 40,870,371 93.59% 7.75 
BIEL6 BIEL 44,908,864 42,806,350 39,963,285 93.36% 7.80 
TS64 TS 95,251,354 77,115,502 71,785,929 93.09% 13.16 
NEUE02_08 NEUE 64,689,492 54,264,594 51,069,789 94.11% 11.12 
GAR7 GAR 66,935,478 52,166,782 48,728,229 93.41% 8.88 
BODO_18_08 BODO 64,818,020 62,076,398 58,616,550 94.43% 21.81 
KL11 KL 30,344,922 12,721,986 6,745,144 53.02% 0.74 
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Table S3.4. Limnological data of sampled lakes. 

Location  Country  Coordinates Max depth 
(m) Trophy level Stratification 

Arendsee  Germany  52° 53′ 21″ N, 
11° 28′ 27″ E 48.7 eutrophic dimictic 

Selenter See  Germany   4° 18′ 20″ N, 
10° 26′ 43″ E  36.78 mesotrophic dimictic 

Eichbaumsee  Germany   53° 29′ 6″ N, 
10° 6′ 11″ E 16 eutrophic unknown 

Dobersdorfer See  Germany   54° 19′ 7″ N, 
10° 18′ 22″ E 18.8 eutrophic polymictic 

Table S3.5. Mitochondrial genome assembly summary. 

Sample mt genome length Assembly program Mitotype assignment 
AR_3_06 15,884 GetOrganelle cuc 
AR_3_17 18,166 GetOrganelle gal 
AR_5_18 18,166 GetOrganelle gal 
AR_5_27 15,328 MitoZ cuc 
SE_12_04 15,411 MitoZ gal 
SE_01_03 15,308 MitoZ gal 
SE_01_04 15,977 GetOrganelle gal 
SE_23_02 14,915 MitoZ gal 
SE_23_03 15,327 MitoZ cuc 
SE_23_04 15,327 MitoZ cuc 
SE_12_05 15,389 MitoZ gal 
SE_12_10 14,929 MitoZ cuc 
Dob_01_12 15,711 MITObim gal 
Dob_01_19 14,980 MitoZ gal 
Dob_01_01 15,980 GetOrganelle gal 
Dob_01_02 15,257 MitoZ gal 
Dob_12_05 15,351 MitoZ gal 
Dob_12_07 15,271 MitoZ gal 
Dob_89_11 15,447 MitoZ gal 
Dob_89_01 15,271 MitoZ gal 
Dob_89_02 15,271 MitoZ gal 
Dob_90_06 15,739 MITObim gal 
Dob_01_04 16,158 GetOrganelle gal 
Dob_12_32 15,768 MITObim gal 
EIC_19 15,631 MitoZ gal 
EIC_22 15,294 MitoZ gal 
EIC_4 15,662 MITObim gal 
EIC_57 16,052 MITObim gal 
EIC_14 14,899 MitoZ long 
EIC_15 15,804 MITObim gal 
EIC_18 15,306 MitoZ gal 
EIC_16 14,914 MitoZ gal 
EIC_17 15,798 GetOrganelle gal 
J2 15,306 MitoZ gal 
LC3_6 15,975 GetOrganelle gal 
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M5 15,808 GetOrganelle gal 
G100 15,978 GetOrganelle gal 
ENDI44 15,258 MitoZ gal 
SIHL4 16,432 GetOrganelle cuc 
BIEL6 16,251 GetOrganelle cuc 
TS64 14,979 MitoZ cuc 
NEUE02_08 16,077 GetOrganelle long 
GAR7 16,059 GetOrganelle long 
BODO_18_08 14,968 MitoZ long 

Table S3.6. Summary table of the protein-coding (PCG) and ribosomal RNA (rRNA) gene matrix. 

Table S3.7. Data derived from ancestry painting analysis and based on the 95,302 fixed sites inferred from 
analyzing parental species genotypes, for EIC and DOB genotypes inferred as non-admixed. Maternal species 
attribution is based on mitochondrial phylogeny, hybrid attribution is based on the ADMIXTURE plot. 

Sample Hybrid Index Heterozygosity Maternal species Admixture 
assignment 

Dob_12_07 0.993 0.000 gal gal 
Dob_89_02 0.994 0.001 gal gal 
EIC_13 0.125 0.047 gal long 
EIC_14 0.860 0.013 long long 
EIC_15 0.199 0.083 gal long 
EIC_17 0.993 0.005 gal gal 
EIC_12 0.150 0.019 gal long 
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Due to their size, Figure S4.6 and S4.7 can be found in Zenodo (doi:10.5281/zenodo.8069314). 

 

Supplementary Information on Chapter 4 

Supplementary figures 

 

  

Figure S4.1. Hi-C contact map of the assembled D. galeata scaffolds (A) before and (B) after manual curation. 
Chromosome-scale scaffolds are shown in the blue rectangles.  

A B
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Figure S4.2. Genomic principal component analysis based on 607,440 SNPs. The samples from populations EIC 
and SE assigned as species pair D. galeata × D. longispina (black) or D. galeata × D. cucullata (gray) for the 
junctions analysis are circled.  

 

Figure S4.3. Inferred time since admixture for all 52 individuals using two different rates, 6.78 cM/kb from Dukić et 
al. (2016) and 7.57 cM/kb from Wersebe et al. (2023). The black dots indicate the bootstrapped mean estimated 
age, and the error bars indicate the corresponding 95% confidence interval. 
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Figure S4.4. Inferred time since admixture for population EIC for all ten chromosomes per individual and 
corresponding heterozygosity. Samples are ordered by genome-wide time since admixture estimate, indicated by 
black dots. 

 

Figure S4.5. Inferred time since admixture for population SE for all ten chromosomes per individual and 
corresponding heterozygosity. Samples are ordered by genome-wide time since admixture estimate, indicated by 
black dots.  

Figure S4.6. Local ancestry probability across the ten chromosomes for population EIC.  

Figure S4.7. Local ancestry probability across the ten chromosomes for population SE. 
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Figure S4.8. Junction position across the ten chromosomes separated into sample groups for population EIC.   
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Figure S4.9. Junction position across the ten chromosomes separated into D. galeata × D. cucullata and D. galeata 
× D. longispina hybrids for population SE. 

Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6 Chr 7 Chr 8 Chr 9 Chr 10

0 5 10 15 0 5 10 15 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10

SE_45_27

SE_45_25

SE_23_04

SE_23_03

SE_23_02

SE_12_16

SE_12_14

SE_12_10

SE_12_05

SE_01_10

SE_01_08

Position (Mb)

Sa
m

pl
e

gal × cuc

Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6 Chr 7 Chr 8 Chr 9 Chr 10

0 5 10 15 0 5 10 15 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10

SE_12_04

SE_01_04

SE_01_03

Position (Mb)

Sa
m

pl
e

gal × long



Appendix 

180 

Supplementary tables 

Table S4.1. Overview of the sample locations and basic characteristics of the lakes. 

Location  Country  Latitude Longitude Max depth (m) Surface area (km2) Trophic level Stratification 

Eichbaumsee  Germany  53.4852 10.1036 16 0.24 eutrophic dimictic 
Selenter See  Germany  54.3022 10.4400 36.8 21.25 mesotrophic dimictic 

Table S4.2. Overview of the 68 Daphnia samples included in this study and the sequencing protocol used. Sampled as: egg – genotype originates from ephippia isolated from 
sediment and genotyped directly; egg (hatched) – genotype originates from ephippia isolated from sediment cores and hatched in the lab; living (water column) – genotype was 
collected from the water column with a plankton net. Sediment layer: indicates the sediment depth range of the sediment core from which the egg was collected. DNA source: 
clone, unamplified – genotype was maintained in the lab and raised in bulk before DNA extraction; WGA – DNA was prepared by whole genome amplification of single resting 
eggs. 

Sample name Location Sampled as Sediment layer (cm) DNA source Species Library preparation ENA accession 

EIC_19  Eichbaumsee living (water column) / Clone, unamplified unknown NEB ERS5080363, ERS14708726 
EIC_22  Eichbaumsee living (water column) / Clone, unamplified unknown NEB ERS5080351, ERS14708727 
EIC_3  Eichbaumsee living (water column) / Clone, unamplified unknown Novogene & NEB ERS5080352, ERS14708728 
EIC_31  Eichbaumsee living (water column) / Clone, unamplified unknown Novogene ERS14708729 
EIC_4  Eichbaumsee living (water column) / Clone, unamplified unknown NEB ERS5080353, ERS14708730 
EIC_57  Eichbaumsee living (water column) / Clone, unamplified unknown NEB ERS5080354, ERS14708731 
EIC_11 Eichbaumsee egg surface WGA unknown NEB ERS5080361 
EIC_12 Eichbaumsee egg surface WGA unknown NEB ERS5080362 
EIC_13 Eichbaumsee egg surface WGA unknown NEB ERS5080355 
EIC_14 Eichbaumsee egg surface WGA unknown NEB ERS5080356 
EIC_15 Eichbaumsee egg surface WGA unknown NEB ERS5080357 
EIC_18 Eichbaumsee egg surface WGA unknown NEB ERS5080358 
EIC_16 Eichbaumsee egg surface WGA unknown NEB ERS5080359 
EIC_17 Eichbaumsee egg surface WGA unknown NEB ERS5080360 
EIC_01_163  Eichbaumsee egg 0–1 WGA unknown NEB ERS14708732 
EIC_23_112  Eichbaumsee egg 2–3 WGA unknown NEB ERS14708733 
EIC_23_114  Eichbaumsee egg 2–3 WGA unknown NEB ERS14708734 
EIC_23_117  Eichbaumsee egg 2–3 WGA unknown NEB ERS14708735 
EIC_23_121  Eichbaumsee egg 2–3 WGA unknown NEB ERS14708736 
EIC_34_131  Eichbaumsee egg 3–4 WGA unknown NEB ERS14708737 
EIC_45_189  Eichbaumsee egg 4–5 WGA unknown NEB ERS14708738 
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EIC_45_190  Eichbaumsee egg 4–5 WGA unknown NEB ERS14708739 
EIC_45_197  Eichbaumsee egg 4–5 WGA unknown NEB ERS14708740 
EIC_13_48  Eichbaumsee egg 13–14 WGA unknown NEB ERS14708741 
EIC_13_68  Eichbaumsee egg 13–14 WGA unknown NEB ERS14708742 
EIC_14_11  Eichbaumsee egg 14–15 WGA unknown NEB ERS14708743 
EIC_14_12  Eichbaumsee egg 14–15 WGA unknown NEB ERS14708744 
EIC_17_135  Eichbaumsee egg 17–18 WGA unknown NEB ERS14708745 
EIC_17_139  Eichbaumsee egg 17–18 WGA unknown NEB ERS14708746 
EIC_17_150  Eichbaumsee egg 17–18 WGA unknown NEB ERS14708747 
EIC_17_153  Eichbaumsee egg 17–18 WGA unknown NEB ERS14708748 
EIC_17_156  Eichbaumsee egg 17–18 WGA unknown NEB ERS14708749 
EIC_17_157  Eichbaumsee egg 17–18 WGA unknown NEB ERS14708750 
EIC_17_159  Eichbaumsee egg 17–18 WGA unknown NEB ERS14708751 
EIC_17_160  Eichbaumsee egg 17–18 WGA unknown NEB ERS14708752 
EIC_24_176  Eichbaumsee egg 24–25 WGA unknown NEB ERS14708753 
EIC_24_177  Eichbaumsee egg 24–25 WGA unknown NEB ERS14708754 
EIC_28_24  Eichbaumsee egg 28–29 WGA unknown NEB ERS14708755 
EIC_28_26  Eichbaumsee egg 28–29 WGA unknown NEB ERS14708756 
EIC_28_28  Eichbaumsee egg 28–29 WGA unknown NEB ERS14708757 
EIC_28_30  Eichbaumsee egg 28–29 WGA unknown NEB ERS14708758 
EIC_28_32  Eichbaumsee egg 28–29 WGA unknown NEB ERS14708759 
SE_01_03 Selenter See egg 0–1 WGA unknown Novogene ERS5080332 
SE_01_04 Selenter See egg 0–1 WGA unknown Novogene ERS5080333 
SE_01_08 Selenter See egg 0–1 WGA unknown Novogene ERS14708760 
SE_01_10 Selenter See egg 0–1 WGA unknown Novogene ERS14708761 
SE_12_04 Selenter See egg 1–2 WGA unknown Novogene ERS5080331 
SE_12_05 Selenter See egg 1–2 WGA unknown Novogene ERS5080337 
SE_12_10 Selenter See egg 1–2 WGA unknown Novogene ERS5080338 
SE_12_14 Selenter See egg 1–2 WGA unknown Novogene ERS14708762 
SE_12_16 Selenter See egg 1–2 WGA unknown Novogene ERS14708763 
SE_23_02 Selenter See egg 2–3 WGA unknown Novogene ERS5080334 
SE_23_03 Selenter See egg 2–3 WGA unknown Novogene ERS5080335 
SE_23_04 Selenter See egg 2–3 WGA unknown Novogene ERS5080336 
SE_45_25 Selenter See egg 4–5 WGA unknown Novogene ERS14708764 
SE_45_27 Selenter See egg 4–5 WGA unknown Novogene ERS14708765 
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ENDI44 Lago d'Endine living (water column) / Clone, unamplified gal previous study ERS5080368 
G100 Tjeukemeer living (water column) / Clone, unamplified gal previous study ERS5080367 
J2 Jordan Reservoir egg (hatched) / Clone, unamplified gal previous study ERS4993274 
LC3_6 Lake Constance egg (hatched) / Clone, unamplified gal previous study ERS4993282 
M5 Müggelsee egg (hatched) / Clone, unamplified gal previous study ERS5670685 
BIEL6 Bielersee living (water column) / Clone, unamplified cuc previous study ERS5080370 
SIHL4 Sihlsee living (water column) / Clone, unamplified cuc previous study ERS5080369 
TS64 Thaler See living (water column) / Clone, unamplified cuc previous study ERS5080371 
BODO_18_08 Lake Constance living (water column) / Clone, unamplified long previous study ERS5080374 
GAR7 Lago di Garlate living (water column) / Clone, unamplified long previous study ERS5080373 
KL11 Klostersee living (water column) / Clone, unamplified long previous study & Novogene ERS5080375, ERS14708766 
NEUE02_08 Lac Neuchatel living (water column) / Clone, unamplified long previous study ERS5080372 
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Table S4.3. Contiguity metrics of the different assembly stages. 

 # Sequences Total length (bp) N50 
Published assembly    
 Contigs 526 133,183,790 483,996 
 Scaffolds 346 133,304,630 756,671 
Before manual curation    
 Contigs 1,331 133,182,873 308,346 
 Scaffolds 489 133,638,130 68,195,500 
After manual curation    
 Contigs 1,700 133,181,685 266,000 
 Scaffolds 717 133,708,232 12,430,530 

Table S4.4. Sequencing results for whole-genome data for the total raw, trimmed, and mapped reads and the read 
coverage. 

Sample name # Raw reads # Trimmed reads # Mapped reads Mapped reads (%) Coverage (×) 
EIC_19  29,766,972 15,120,423 12,740,025 84.26% 12.14 
EIC_22  36,089,700 19,249,150 17,004,385 88.34% 16.56 
EIC_3  17,680,166 16,611,928 14,731,055 88.68% 15.60 
EIC_31  48,443,612 29,767,990 21,114,902 70.93% 20.26 
EIC_4  30,922,254 13,381,193 11,923,260 89.10% 11.27 
EIC_57  31,835,176 16,692,404 13,229,154 79.25% 12.62 
EIC_11 16,210,646 8,797,507 8,510,675 96.74% 7.96 
EIC_12 19,121,834 2,796,407 2,594,281 92.77% 1.73 
EIC_13 14,463,272 12,408,073 12,086,506 97.41% 12.48 
EIC_14 16,917,644 12,054,388 11,760,401 97.56% 11.83 
EIC_15 15,531,160 13,333,971 12,990,706 97.43% 13.42 
EIC_18 14,952,714 10,070,564 9,367,638 93.02% 9.06 
EIC_16 15,450,664 9,359,794 8,887,030 94.95% 8.51 
EIC_17 15,392,966 12,549,996 12,080,619 96.26% 12.57 
EIC_01_163  20,882,986 18,438,610 17,910,874 97.14% 18.99 
EIC_23_112  20,308,844 18,442,430 17,427,688 94.50% 18.04 
EIC_23_114  13,333,860 12,237,742 4,299,897 35.14% 3.83 
EIC_23_117  15,531,648 13,429,570 12,749,299 94.93% 13.27 
EIC_23_121  21,620,638 19,366,040 18,726,617 96.70% 19.54 
EIC_34_131  19,955,938 17,587,074 16,645,051 94.64% 17.25 
EIC_45_189  18,095,854 16,109,902 15,433,696 95.80% 16.13 
EIC_45_190  15,882,552 14,089,622 11,141,418 79.08% 11.31 
EIC_45_197  14,872,564 13,222,844 12,821,725 96.97% 13.53 
EIC_13_48  17,381,378 14,997,298 14,571,468 97.16% 15.80 
EIC_13_68  16,404,864 9,175,040 4,911,121 53.53% 4.36 
EIC_14_11  16,786,576 14,370,358 14,053,940 97.80% 15.24 
EIC_14_12  18,263,236 15,821,404 14,461,845 91.41% 15.70 
EIC_17_135  17,287,616 14,412,000 14,115,211 97.94% 15.35 
EIC_17_139  16,480,794 14,423,988 13,687,837 94.90% 14.85 
EIC_17_150  25,775,904 23,309,066 22,210,923 95.29% 24.20 
EIC_17_153  15,568,752 13,745,018 12,590,744 91.60% 13.50 
EIC_17_156  24,081,004 20,554,278 20,015,826 97.38% 21.71 
EIC_17_157  24,453,928 22,227,152 21,601,330 97.18% 23.49 
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EIC_17_159  23,199,950 21,250,506 20,697,370 97.40% 22.51 
EIC_17_160  8,722,660 7,681,072 7,506,756 97.73% 8.12 
EIC_24_176  105,788,320 93,389,112 88,603,427 94.88% 95.37 
EIC_24_177  14,783,840 12,942,944 12,644,961 97.70% 13.69 
EIC_28_24  16,848,866 14,605,350 10,513,571 71.98% 10.93 
EIC_28_26  18,037,154 14,643,700 14,003,986 95.63% 14.49 
EIC_28_28  18,263,424 15,536,874 14,606,545 94.01% 15.75 
EIC_28_30  18,463,972 14,152,900 11,986,386 84.69% 12.54 
EIC_28_32  22,766,444 9,049,114 8,794,769 97.19% 9.33 
SE_01_03 27,737,288 22,465,594 21,552,959 95.94% 22.71 
SE_01_04 23,550,114 21,910,332 21,298,998 97.21% 23.02 
SE_01_08 17,602,464 16,727,400 16,245,072 97.12% 17.78 
SE_01_10 18,327,884 17,396,112 16,926,810 97.30% 18.48 
SE_12_04 42,684,512 41,338,814 13,098,321 31.69% 13.00 
SE_12_05 20,708,746 19,447,996 19,180,655 98.63% 21.06 
SE_12_10 22,383,236 21,046,994 20,457,532 97.20% 22.43 
SE_12_14 19,080,266 17,911,846 17,140,930 95.70% 18.55 
SE_12_16 16,871,550 16,080,800 15,654,187 97.35% 17.13 
SE_23_02 19,136,852 18,015,214 17,534,200 97.33% 19.18 
SE_23_03 19,537,960 18,398,560 17,893,821 97.26% 19.41 
SE_23_04 27,909,232 26,384,906 24,918,200 94.44% 26.96 
SE_45_25 18,689,358 17,696,784 17,016,996 96.16% 18.24 
SE_45_27 21,330,852 20,271,950 19,630,813 96.84% 21.23 
J2 79,048,948 73,020,526 65,159,511 89.23% 69.93 
LC3_6 90,918,942 85,065,214 61,806,255 72.66% 66.03 
M5 77,594,732 64,988,122 54,985,625 84.61% 56.87 
G100 39,015,978 31,495,250 29,785,307 94.57% 29.77 
ENDI44 41,567,550 39,657,286 37,973,543 95.75% 41.02 
SIHL4 55,802,822 43,669,966 40,869,011 93.59% 38.82 
BIEL6 44,908,864 42,806,350 39,962,490 93.36% 41.34 
TS64 95,251,354 77,115,502 71,784,170 93.09% 68.77 
NEUE02_08 91,181,974 76,574,168 72,067,493 94.11% 68.53 
GAR7 66,935,478 52,166,782 48,726,762 93.41% 45.79 
BODO_18_08 64,818,020 62,076,398 58,615,703 94.43% 60.72 
KL11 52,141,742 33,510,748 24,224,774 72.29% 23.18 

Table S4.5. Inferred time since admixture for all hard ancestry call thresholds and the jointly estimated time since 
admixture using Ancestry HMM. 

  Threshold 
Sample name Group 1−10−6 1−10−5 1−10−4 1−10−3 1−10−2 1−10−1 
EIC_19  Clones 3.5 4.3 6.4 7.3 9.4 14.4 
EIC_22  Clones 4.3 4.3 4.3 6.4 9.4 13.6 
EIC_3  Clones 3.5 3.5 4.3 6.4 6.8 9.4 
EIC_31  Clones 3.1 3.5 3.5 6.0 6.8 8.1 
EIC_4  Clones 4.3 4.3 4.3 6.4 9.4 15.7 
EIC_11 Sediment–top 2.5 3.1 4.7 7.3 11.9 18.2 
EIC_12 Sediment–top 2.6 2.6 2.6 3.5 6.8 14.4 
EIC_13 Sediment–top 16.5 17.0 19.5 23.3 29.2 40.6 
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EIC_14 Sediment–top 27.9 35.1 47.8 57.5 75.6 96.7 
EIC_15 Sediment–top 3.5 4.3 7.7 12.7 21.6 34.7 
EIC_16 Sediment–top 17.8 24.6 31.3 35.5 44.0 59.6 
EIC_01_163  Core–top 10.6 11.9 14.4 17.0 20.8 29.2 
EIC_23_112  Core–top 2.6 3.1 4.3 5.6 8.5 17.4 
EIC_23_117  Core–top 2.6 2.6 2.6 4.3 6.8 13.2 
EIC_23_121  Core–top 3.5 4.3 6.4 8.1 12.3 17.4 
EIC_34_131  Core–top 2.6 3.1 4.3 8.1 12.3 18.6 
EIC_45_189  Core–top 16.5 18.2 22.4 26.2 31.3 43.5 
EIC_45_190  Core–top 2.6 2.6 3.1 4.7 7.7 13.6 
EIC_45_197  Core–top 54.9 57.5 63.4 66.7 70.5 84.5 
EIC_13_48  Core–middle 1.4 1.4 1.4 1.4 2.5 3.5 
EIC_13_68  Core–middle 1.4 1.4 1.4 1.4 1.4 1.4 
EIC_14_11  Core–middle 1.4 1.4 1.4 1.4 2.6 2.6 
EIC_14_12  Core–middle 2.6 2.6 2.6 2.6 2.6 2.6 
EIC_17_135  Core–middle 1.4 2.6 2.6 2.6 2.6 3.1 
EIC_17_139  Core–middle 1.4 1.4 1.4 1.4 1.4 2.6 
EIC_17_150  Core–middle 1.4 1.4 1.4 1.4 1.4 2.6 
EIC_17_153  Core–middle 1.4 1.4 1.4 1.4 1.4 2.6 
EIC_17_156  Core–middle 1.4 1.4 1.4 1.4 1.4 2.5 
EIC_17_157  Core–middle 1.4 1.4 1.4 1.4 1.4 2.6 
EIC_17_159  Core–middle 1.4 1.4 1.4 1.4 2.5 2.6 
EIC_17_160  Core–middle 2.6 2.6 2.6 2.6 2.6 3.5 
EIC_24_176  Core–bottom 1.4 1.4 1.4 2.6 2.6 3.5 
EIC_24_177  Core–bottom 1.4 1.4 2.5 2.5 2.6 2.6 
EIC_28_24  Core–bottom 1.4 1.4 2.5 2.5 2.6 3.1 
EIC_28_26  Core–bottom 2.6 3.5 4.3 5.6 6.4 9.4 
EIC_28_28  Core–bottom 3.5 3.5 3.5 3.5 4.3 5.6 
EIC_28_30  Core–bottom 1.4 1.4 1.4 1.4 2.6 2.6 
EIC_28_32  Core–bottom 2.6 3.1 3.1 3.5 4.3 4.3 
SE_01_03 SE core 37.6 44.8 52.4 61.7 80.2 109.8 
SE_01_04 SE core 25.4 31.3 37.6 48.6 57.5 77.3 
SE_12_04 SE core 25.4 38.5 46.5 58.3 73.5 104.3 
SE_01_08 SE core 1.4 1.4 1.4 2.6 3.1 3.5 
SE_01_10 SE core 1.4 1.4 1.4 2.6 2.6 3.5 
SE_12_05 SE core 8.5 10.6 14.4 17.4 21.6 28.8 
SE_12_10 SE core 1.4 1.4 2.6 2.6 2.6 2.6 
SE_12_14 SE core 11.9 12.3 14.4 16.5 18.2 22.9 
SE_12_16 SE core 64.6 65.9 65.9 68.4 69.7 73.5 
SE_23_02 SE core 1.4 1.4 2.6 2.6 2.6 3.5 
SE_23_03 SE core 15.7 16.5 19.5 21.6 25.4 33.4 
SE_23_04 SE core 22.9 24.1 27.5 30.5 35.5 44.0 
SE_45_25 SE core 1.4 1.4 1.4 2.5 2.6 2.6 
SE_45_27 SE core 44.0 48.6 51.6 61.3 68.4 87.4 
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