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“Crawling at your feet,” said the Gnat ... “you may observe a Bread-and-Butterfly. ...”
“And what does it live on?”

“Weak tea with cream in it.”

A new difficulty came into Alice's head. “Supposing it couldn't find any?” she suggested.
“Then it would die, of course.”

“But that must happen very often,” Alice remarked thoughtfully.

“It always happens,” said the Gnat.

Lewis Carroll, Through the Looking Glass: And what Alice Found There, 1893

Fiir Margarete Henkel und Rolf Herrmann

Den Tod fiirchten die am wenigsten, deren Leben den meisten Wert hat.

Immanuel Kant
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Abstract

For a comprehensive understanding of evolutionary processes and for providing reliable prognoses
about the future consequences of environmental change, it is essential to reveal the genetic basis
underlying adaptive responses. The importance of this goal increases in light of ongoing climate
change, which confronts organisms worldwide with new selection pressures and requires rapid
evolutionary change to avoid local extinction. Thereby, freshwater ectotherms like daphnids are
particularly threatened. Unraveling the genetic basis of local adaptation is complicated by the
interplay of forces affecting patterns of genetic divergence among populations. Due to their key
position in freshwater communities, cyclic parthenogenetic mode of reproduction and resting
propagules (which form biological archives), daphnids are particularly suited for this purpose.

The aim of this thesis was to assess the impact of local thermal selection on the Daphnia longispina
complex and to reveal the underlying genetic loci. Therefore, I compared genetic differentiation
among populations containing Daphnia galeata, Daphnia longispina and their interspecific hybrids
across time, space, and species boundaries. I revealed strongly contrasting patterns of genetic
differentiation between selectively neutral and functional candidate gene markers, between the two
species, and among samples from different lakes, suggesting (together with a correlation with
habitat temperatures) local thermal selection acting on candidate gene TRY5F and indicating
adaptive introgression. To reveal the candidate genes’ impact on fitness, I performed association
analyses among data on genotypes and phenotypic traits of D.galeata clones from seven
populations. The tests revealed a general temperature effect as well as inter-population differences
in phenotypic traits and imply a possible contribution of the candidate genes to life-history traits.
Finally, utilizing a combined population transcriptomic and reverse ecology approach, I introduced
a methodology with a wide range of applications in evolutionary biology and revealed that local
thermal selection was probably a minor force in shaping sequence and gene expression divergence
among four D. galeata populations, but contributed to sequence divergence among two
populations. I identified many transcripts possibly under selection or contributing strongly to
population divergence, a large amount thereof putatively under local thermal selection, and showed
that genetic and gene expression variation is not depleted specifically in temperature-related
candidate genes.

In conclusion, I detected signs of local adaptation in the D. longispina complex across space, time,
and species barriers. Populations and species remained genetically divergent, although increased
gene flow possibly contributed, together with genotypes recruited from the resting egg bank, to the
maintenance of standing genetic variation. Further work is required to accurately determine the
influence of introgression and the effects of candidate genes on individual fitness. While I found no
evidence suggesting a response to intense local thermal selection, the high resilience and adaptive
potential regarding environmental change I observed suggest positive future prospects for the
populations of the D. longispina complex. However, overall, due to the continuing environmental
degradation, daphnids and other aquatic invertebrates remain vulnerable and threatened.






General introduction

Revealing the molecular basis underlying adaptive responses to environmental changes is a major
goal in evolutionary biology. It signifies an essential step towards a comprehensive understanding
of evolutionary processes and will allow us to predict the consequences of environmental change
for populations and species more accurately (PardoXDiaz et al. 2015). In the face of ever increasing
anthropogenic influence and disturbance of ecosystems, this goal gains increasing importance. It
allows us to infer the degree of ecosystem vulnerability and to derive educated recommendations
for future actions (e.g., Whiteley et al. 2015). Knowledge of the genetic foundation of traits under
selection is therefore not only essential from a conservation biology centered, but also from a social
and economic point of view, since the negative impacts of environmental degradation impose an
increasing threat on human societies, depriving people of their health, habitats, or food and water
resources (IPCC 2014).

Climate change and global warming - vulnerability of freshwater ecosystems

Recent anthropogenic climate change and the accompanying global warming confront populations
and species worldwide with new and fast-paced selection pressures (IPCC 2014). This raises
concern that many may become extinct and that, as a consequence, the biodiversity of ecosystems
will decline (Schneider et al. 2007; Bellard et al. 2012). According to recent estimates, temperatures
are predicted to increase by 2-4°C (depending on the implemented model) within the 21th century
(Figure I-1) and extreme weather events are predicted to further increase in frequency. Since
temperature is an important selective agent that severely affects organisms through its impact on
physical and chemical processes (Portner 2001), these developments will be accompanied by
changes in a broad spectrum of biotic and abiotic factors (Collins et al. 2013; Fischer & Knutti
2015; Mazdiyasni & AghaKouchak 2015).

Inhabitants of freshwater ecosystems are particularly threatened, since they have already severely
suffered from anthropogenic stressors such as pollution and increased nutrient influx, as evidenced
by the average decline of freshwater species populations included in the Living Planet Index by 50%
between 1970 and 2000 (compared to 30% for marine and terrestrial species; Millennium
Ecosystem Assessment 2005). Due to rising surface temperatures in temperate lakes, alterations in
periods of ice formation in winter (Livingstone & Adrianb 2009; Weyhenmeyer et al. 2011),
thermocline during summer (Winder & Schindler 2004) and indirect effects such as decreased
solubility of gases and acidification in consequence of increased atmospheric CO, levels, climate
change imposes additional stress upon already disturbed habitats (Dudgeon et al. 2006; Settele et al.
2014). Species interactions may also play a critical role in climate-related changes in species
abundance and local extinctions (Dunn et al. 2009; Bellard et al. 2012; Vadadi-Filop et al. 2012).



General introduction

Additionally, thermal conditions in aquatic habitats are less spatially variable than in terrestrial
habitats. Therefore, freshwater habitats offer limited opportunity for organisms to buffer
themselves behaviorally from unfavorable thermal conditions, which further aggravates the

consequences of global warming on freshwater communities (Gunderson & Stillman 2015).
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Figure I-1: Global mean temperature change averaged across all Coupled Model Intercomparison Project Phase 5 (CMIP5) models
(relative to 1986-2005) for the four Representative Concentration Pathway (RCP) scenarios: RCP2.6 (dark blue), RCP4.5 (light
blue), RCP6.0 (orange) and RCP8.5 (red); 32, 42, 25 and 39 models were used respectively for these 4 scenarios. Likely ranges for
global temperature change by the end of the 21st century are indicated by vertical bars. Note that these ranges apply to the difference
between two 20-year means, 2081-2100 relative to 1986-2005, which accounts for the bars being centred at a smaller value than the
end point of the annual trajectories. For the highest (RCP8.5) and lowest (RCP2.6) scenario, illustrative maps of surface temperature
change at the end of the 21st century (2081-2100 relative to 1986-2005) are shown for two CMIP5 models. These models are chosen
to show a rather broad range of response, but this particular set is not representative of any measure of model response uncertainty.
From Collins et al. (2013)

The adaptive potential — coping with rapid environmental change

Local extinction of species or populations may be avoided through either acclimatization via
phenotypic plasticity or by evolutionary change via genetic adaptation (revieved in, e.g., Dawson et
al. 2011; Bellard et al. 2012; Pefiuelas ef al. 2013). Phenotypic plasticity is the ability of organisms to
develop and express particular phenotypic traits in response to environmental cues (Bradshaw
1965). That is, the same genotype may exhibit a variety of, for example, morphological,
physiological, behavioral, and phenological characteristics, depending on environmental
conditions. These responses may be temporary or permanent throughout a lifespan (Kelly et al.
2012b). Evolutionary change via genetic adaptation, by contrast, refers to the emergence of new
genetic variation and the change of allele frequencies within a population as a consequence of

natural selection (Futuyma 2013). Over the last decades, immense effort was put into documenting
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the consequences of climate change, revealing that species respond individualistically rather than
cohesively. While several studies indicate rapid evolutionary responses, others show little potential
for fast enough adaptation. Cyanobacteria of the genera Trichodesmium and Microcystis, for
example, show rapid adaptation in response to rising CO, levels (Hutchins et al. 2015; Sandrini et
al. 2016). Daphnia magna show rapid thermal adaptation in response to elevated temperatures
(e.g., Salamin et al. 2010; Geerts et al. 2015) and in Brassica rapa, rapidly evolved genetically based
changes in flowering time and other phenotypic traits in response to reoccurring drought periods
were observed (Franks et al. 2016). Examples of species appearing maladapted to changing climate
regimes, specifically to elevated temperatures, include lethal effects observed on eggs of the lizard
species Podarecis sicula and Calotes versicolor (Ji et al. 2002; Simoniello ef al. 2016), and low egg-to-
adult viability in Drosophila melanogaster (Kristensen et al. 2015). Lack of an adaptive response
over several generations in a selection experiment suggests limited adaptive potential in
populations of the copepod Tigriopus californicus (Kelly et al. 2012a). These examples highlight the
heterogeneity of species or populations in their adaptive potential, that is, in their capacity to evolve
in response to climate change. The adaptive potential of a population depends mostly on its genetic
diversity, i.e., on the amount of standing genetic variation. The strength of selection and the
effective population size N. are also considered important factors, whereby small populations with
low N. are theoretically expected to have reduced adaptive potential: Reduced genetic variation
underlying quantitative traits and increased influence of genetic drift in small populations (Lande
1988) are thought to render selection less efficient compared to large populations (e.g., Ellstrand &
Elam 1993; Willi et al. 2006; Hoffmann & Sgro 2011). However, a recent meta-analysis found no
support for the alleged adverse effect of small populations sizes (Wood et al. 2016). Phenotypic
plasticity contributes little to the adaptive potential, at least with regard to global warming and in
ectotherms, where it was shown to be insufficient as protection from temperatures beyond
physiological limits (Gunderson & Stillman 2015). Therefore, even if changes in phenotypic traits,
such as physiological, morphological or behavioral adjustments, suggest an adaptive response,
adaptation may actually be hindered due to low genetic variance. That is because phenotypic
variation is often caused by plasticity in phenotypic traits (James et al. 1997; Ayrinhac et al. 2004;
Mason & Taylor 2015) and thus, is not necessarily immediately under selection (Merild & Hendry
2014). But even with an overall high amount of genetic variation within a population, low levels of
genetic variation at a specific locus under selection can prevent an adaptive response (e.g.,
Hoffmann et al. 2003). It is therefore important to not only identify adaptive traits, but also to

unveil their underlying genetic basis.

Hybridization and introgression - rapid adaptation though gene flow?

Specifically the standing genetic variation within a population is commonly regarded as the most
important factor affecting the adaptive potential in rapidly changing conditions, since it provides

readily available genetic diversity for selection to act on (Hedrick 2013). Over extended periods of
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time, a rapid rate of environmental change and high selective pressure could, however, outpace the
rate of adaptation even in populations that exhibit high genetic diversity. This would decrease the
genetic diversity and consequently the adaptive potential of a population. A recent example is the
significant loss of genetic diversity in purple sea urchins (Strongylocentrotus purpuratus) in
response to high levels of carbon dioxide observed in an artificial selection experiment by Lloyd et
al. (2016). Newly emerging mutations and gene flow, the exchange of genes among populations via
migration and subsequent interbreeding, increase the genetic diversity within populations
(Hamilton & Miller 2016). Adaptation based on these two processes is usually expected to be slower
than adaptation based on standing genetic variation, whereby the pace depends on the mutation
rate, the effective population size and the migration rate (Hedrick 2013; Lohr & Haag 2015).
Importantly, gene flow may maintain or help recovering the genetic diversity in populations that
experienced a loss of standing genetic variation (e.g., Chunco 2014). Gene flow and interspecific
hybridization (i.e., interbreeding and gene flow among different species) have therefore gained

attention as important evolutionary forces.

Interspecific hybridization is commonly observed in plants, animals, bacteria, and viruses (Arnold
1997). Although regarded as unusual and unimportant in animals for a long time, estimates suggest
that approximately 10% of animal species hybridize naturally and many studies show the successful
establishment of animal hybrids in nature (Mallet 2005; Abbott et al. 2013). Through interspecific
hybridization and backcrossing, genetic material can introgress from the gene pool of one species
into that of another (Anderson 1949). Environmental change promotes interspecific hybridization
and introgression because reproductive barriers such as spatial, temporal or behavioral isolation
may become permeable in disturbed habitats. Simultaneously, disturbance might lead to ill-
adapted native populations, increasing the chance for successful invasion and colonization.
Therefore, elevated levels of hybridization are among the consequences expected from climate
change (reviewed in Chunco 2014). Several studies have demonstrated increased levels of
hybridization and introgression following both human-mediated and natural environmental
change, e.g., in Darwin's finches (Geospiza spec.) in response to dietary restrictions following a
severe El Nifio event (Grant & Grant 1996), in water fleas (Daphnia spec.) in response to
eutrophication (e.g., Keller ef al. 2008; Brede et al. 2009; Alric et al. 2016) and in flying squirrels
(Glaucomys volans) following a climate change-induced range expansion (Garroway et al. 2010).

This combination of elevated stress and hybridization levels may result in the extinction of unique
populations or species and thus decrease genetic diversity within a meta-population or species
complex (Allendorf et al. 2001). Therefore, hybridization and migration have been linked to
invasiveness and invasion success in many plant and animal species (e.g., Kolbe et al. 2004; Gaskin
et al. 2009; Turgeon et al. 2011; Buhk & Thielsch 2015). Furthermore, gene flow among
populations and species may counteract local adaptation by introducing unselected genotypes,
dissolving linkage groups and possibly causing outbreeding depression. Consequently,

immigration may be detrimental to local populations or biodiversity (Rhymer & Simberloff 1996;
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Hendry et al. 2001; Seehausen et al. 2008; Gomez et al. 2015). Yet, interspecific hybridization
increases genetic diversity at many loci simultaneously in a single generation and is well known to
increase the genetic variability of populations (e.g., Kolbe et al. 2004; Facon et al. 2008; Lucek et al.
2010). Thus, it has the capability to introduce advantageous alleles and increase the adaptive
potential of populations confronted with changing conditions. Additionally, as opposed to
variation from new mutations, allelic variation introduced by gene flow had already been subjected
to selection against deleterious mutations in the donor population. Therefore, hybridization may
create novel genotypes and phenotypes at a much faster pace than adaptive change via mutation
(Rieseberg et al. 2003; Seehausen 2004). Interspecific hybridization can even lead to speciation by
transgressive segregation (Rieseberg et al. 1999), i.e., the formation of new hybrid taxa that are able
to colonize new habitats beyond the range of their parental species. The desert sunflowers
Helianthus anomalus, Helianthus deserticola and Helianthus paradoxus are prominent examples of
transgressive segregation. All three species originate from hybrids between the two mesic-adapted
species Helianthus annuus and Helianthus petiolaris and occur in either extremely arid conditions
or are exposed to high salinity in their habitats (Rieseberg et al. 2003). In this example and other
recent studies (e.g., Chunco et al. 2012; Alric et al. 2016), an important role of hybridization for
local adaptation was observed, while population or species divergence was maintained even with
extensive hybridization and introgression. While certainly often a threat (especially for rare
species), interspecific hybridization may contribute to the adaptation of populations confronted
with rapid environmental change. Therefore, interspecific hybridization and introgression have
been proposed as a possible way to facilitate rapid adaptation in response to anthropogenic
disturbance and climate change in many recent studies (Baskett & Gomulkiewicz 2011; Becker et
al. 2013; Whiteley et al. 2015).

Contrasting to plants, interspecific hybrids in animals have long been considered prone to
outbreeding depression and less fit than their parental species (Mayr 1963). But since the ancestry
of hybrids and their genetic composition can vary profoundly, the fitness of individual genotypes
too would be expected to vary substantially (Rieseberg & Carney 1998). Accordingly, individual
hybrids actually frequently exhibit hampered fitness compared to their parents (Arnold & Hodges
1995), but there is also an increasing number of studies that document improved fitness in animal
hybrids (Lewontin & Birch 1966; Parris 2001; Keller et al. 2008; Grant & Grant 2010; Hasselman et
al. 2014) or through adaptive introgression (Song et al. 2011; Pardo-Diaz et al. 2012; Lucek et al.
2014; Vernot & Akey 2014; Norris et al. 2015). However, even in otherwise fit interspecific hybrids,
complete or partial loss of sexual reproduction is frequently observed. In facultative
parthenogenetic species, which have the ability to reproduce asexually as well as sexually, this can
lead to the establishment of clonal lineages. This phenomenon was documented, e.g., in lizards of
the Aspidoscelis cozumela complex (Manriquez-Moran et al. 2014), aphids of the genus
Rhopalosiphum (Delmotte et al. 2003), stick insects of the genus Bacillus (Andersen et al. 2006),
and daphnids of the Daphnia longispina complex (Keller et al. 2007).

13
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While reduced fertility in hybrids probably prevents speciation via hybridization in many species
complexes, it allows for interspecific introgression. Introgression is not equally likely throughout
the genome and genome-wide heterogeneity in consequence of interspecific gene flow may persist
for a long time even in absence of repeated hybridization events (Stuglik & Babik 2016). Thereby,
globally advantageous alleles (i.e., alleles that are equally fit in either genomic background and
habitat) are expected to introgress fast. Genetic regions involved in reproductive isolation and local
adaptation are, by contrast, expected to impede hybridization and consequently to introgress at a
lower rate (reviewed in Harrison & Larson 2014, 2016). Introgression of locally advantageous
alleles becomes, however, more likely when local populations become maladapted due to
environmental change. Then, migrants from different environmental backgrounds may introduce
“preadapted” alleles into native populations and facilitate local adaptation. An example of
introgression contributing to local adaptation, although not related to habitat disturbance, are
genes regulating wing color patterns in Heliconius butterflies. Adaptive, locally mimicry-selected
alleles of these genes likely introgressed repeatedly from Heliconius melpomene into a clade of
Heliconius cydno species, as shown in a study by Pardo-Diaz et al. (2012).

Because of their potentially severe effects on the genetic diversity within populations and species,
positive or negative, and because of their increasing influence under global climate change,
processes such as interspecific hybridization and introgression need to be considered in studies on
local adaptation and environmental change (Fraisse et al. 2016). To evaluate their importance and
consequences for populations confronted with environmental change, it is vital to identify the

genes underlying adaptive traits and assess their level of introgression.
Assessing adaptive population divergence — approaches and challenges

Sequence-based divergence
Analyses of population divergence are among the most widely used approaches to infer genetic
regions potentially underlying traits under local selection in natural populations. Such analyses aim
to detect genetic regions that exhibit elevated levels of sequence differentiation or variation in
expression levels among populations. At loci that contribute severely to population divergence, the
impact of selection is supposed to have exceeded the impact of gene flow and random genetic drift,

resulting in elevated sequence differentiation (Beaumont & Balding 2004).

Loci potentially under selection can be detected based on F-statistics (recently reviewed in Hoban et
al. 2016) or on multivariate, PCA-based analyses (so far rarely used, but see Berthouly-Salazar et al.
2016). Other approaches (e.g., the McDonald-Kreitman test, Hudson et al. 1987) infer selection by
determining the ratios of silent and non-silent polymorphisms (genetic variants with and without
an effect on the amino acid sequence of the expressed protein) within populations and
substitutions (fixed genetic variants) between populations. Nonetheless, it is challenging to identify

adaptive population divergence. Firstly, over short evolutionary time scales, for example, among
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populations of the same species, few fixed differences are expected. Secondly, genetic divergence
among populations reflects a complex interplay of different factors besides divergent selection.
These factors include genetic drift, gene flow, the phylogeographic and demographic histories of
populations, the genetic architecture of the selected trait and the strength of selection (recently
reviewed in Dittmar et al. 2016; Hoban et al. 2016). Effects of population structure, demography
and incomplete lineage sorting are generally non-randomly distributed across the genome and can
severely affect genetic differentiation between populations (Excoffier et al. 2009; Lotterhos &
Whitlock 2014). Effects of genetic drift may vary among the genome when specific genomic regions
contain intrinsic barriers to gene flow (Harrison & Larson 2016). Furthermore, genetic drift is
thought to be increased in genomic regions with low recombination rates and consequently locally
reduced N. (e.g., Nosil et al. 2009; Pereira et al. 2016). As described above, increased genetic drift
theoretically results in reduced genetic diversity, weaker impact of selection and increased
divergence among populations; this hypothesis is, however, controversial (Wood et al. 2016). Apart
from bias due to local variation of N., genetic drift is a stochastic process and its effects should be
randomly distributed across the genome.

The genetic architecture of a selected trait further affects our ability to detect it. Most variation in
physiology, behavior, morphology and other complex, fitness-relevant traits is quantitative.
Typically, the phenotypic properties of such traits are shaped by multiple quantitative trait loci
(QTL, Kearsey 1998). The effect of individual QTL on the phenotype may vary substantially and
depends not only on the locus itself, but also on epistasis, i.e., on the interaction between all QTLs
contributing to a trait. A large proportion of heritable variation for phenotypes is based on small-
effect loci, that is, on genetic regions with small effects on phenotypic variation (Mackay 2001;
Rockman 2012), because mutations with small effects on the phenotype are more likely to be
beneficial. Large effect mutations are, by contrast, commonly initially deleterious, as suggested by
both theoretical and empirical evidence (e.g., Biirger 2000; Barton & Keightley 2002; Orr 2005;
Eyre-Walker & Keightley 2007). Yet, methods to infer local adaptation are typically biased towards
the detection of large effect loci (with large effects on the phenotype) and thus, might miss
important loci because of their small effect sizes (PardoXDiaz et al. 2015; Hoban et al. 2016).
Notably, the severity of this bias, as well as the relative importance of small and large effect loci
depend on the adaptive regime: Under slow environmental change, when the population mean trait
value is close to the optimum, mostly small effect mutations contribute to local adaptation because
large effect mutations are seldomly beneficial. By contrast, in rapidly changing environments, when
the population mean trait value is far from the optimum, adaptation is commonly based on large
effect mutations (Kopp & Hermisson 2009; Matuszewski et al. 2014); particularly in presence of
gene flow (Griswold 2006; Yeaman & Whitlock 2011). A large mutation can rapidly reduce the
large difference between the optimal and the actual phenotype arising through fast environmental
change. Thus, rapid fixation by a selective sweep is more likely if the selected trait is based on few

large-effect loci (Kopp & Hermisson 2007).
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Several Fsr-based methods test for selection while accounting for random effects by estimating the
level of differentiation expected under neutrality (i.e., attributable to selective neutral demographic
and genetic parameters such as population size, migration, and mutation rates and recombination)
and identifying outlier loci exceeding this neutral level of population differentiation (Antao et al.
2008; Foll & Gaggiotti 2008). Because such tests do not account for the non-random factors
influencing population divergence described above, and cannot detect selection at loci exhibiting a
divergence level as low as expected under neutrality or lower, these tests are prone to false positives
as well as to false negatives. Therefore, tests that also incorporate ecologically relevant (Rellstab et
al. 2015) or phylogenetic information (Bonhomme et al. 2010) were introduced. These methods
account for several of the described factors but require data that are not always available, like
outgroup genomes and detailed environmental data. In spite of the drawbacks, outlier tests have
been used to find candidate genes under selection in a great amount of studies on trait variance and
adaptation over the last decade, for example, in insects (Chavez-Galarza et al. 2013; de Jong et al.
2013; Sedghifar et al. 2016), mussels (Luttikhuizen et al. 2012; Gosset & Bierne 2013; Eierman &
Hare 2016; Fraisse et al. 2016), fishes (Raeymaekers et al. 2007; Shikano et al. 2010; Vera et al.
2016), amphibians (Zielinski et al. 2014; Yang et al. 2016b), birds (Parchman et al. 2013; Mason &
Taylor 2015; Szulkin et al. 2016), and mammals (Pariset et al. 2009; Henry & Russello 2013; Roffler
et al. 2016; Yang et al. 2016a). Candidate gene approaches can be integrated into population genetic
analysis to assess the impact of specific environmental factors on local adaptation (Shimada et al.
2011; Berdan et al. 2015; Berthouly-Salazar et al. 2016). Thereby, the combination of different
detection methods may help to reduce the number of false positive results. Nonetheless, it is
essential to demonstrate change over time and furthermore, to link identified outlier loci to a
population-specific fitness advantage to evidence a contribution of such loci to local adaptation
(Hansen et al. 2012), e.g., by follow-up genotype-phenotype association studies (e.g., Du et al. 2014;
Chaves et al. 2016).

Expression-based population divergence
Phenotypic variation within and between species, including differences in phenotypic plasticity,
often result from heritable variation in expression levels (Wray et al. 2003; Romero et al. 2012; Pai
et al. 2015). This variation can be assumed to be ultimately caused by genetic diversity in loci
associated with regulatory mechanisms, which interfere with gene expression during or after
transcription (Pai et al. 2015). Such regulatory mechanisms include the transcription factor binding
affinity, which influences the transcription rate of a gene; histone modifications and DNA
methylation, which both influence gene accessibility for transcription; and gene duplications,
which increase the amount of transcribed mRNA. Post-transcriptionally, RNA degradation and
alternative splicing regulate the amount and composition of available mRNA in a cell (Harrison et
al. 2012). The regulatory elements underlying these mechanisms may be located in close proximity

to the gene they regulate (cis-regulatory elements), e.g., within introns, 5' and 3' UTRs, or tens of
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kilobases up- or downstream, but may also be located elsewhere in the genome, i.e., far away from
the regulated gene (trans-regulatory elements; Wray, 2007). Regulatory elements frequently affect
the expression of several genes and some affect transcript abundances of hundreds to thousands of
genes. This phenomenon of one locus affecting multiple other loci (or traits) is referred to as
pleiotropy (Paaby & Rockman 2013).

Since selection acts on the expression as well as on the sequence level, gene expression patterns
often play an important role in the evolution of complex traits and contribute to species-specific
adaptations (Gilad et al. 2006; e.g., Whitehead & Crawford 2006; revieved in Wray 2007). Adaptive
changes in expression levels and DNA sequences possibly represent alternative options for
responses to selection pressure, which may be specifically relevant if either of these options is
constrained due to negative pleiotropic effects (Shapiro et al. 2004; Harrison et al. 2012).
Differentiation of gene expression is probably specifically relevant in early stages of divergence
among populations (Pavey et al. 2010; Brawand et al. 2011). Loci exhibiting divergent expression
levels among populations may therefore signify divergent selection for regulatory differences (e.g.,
Gilad et al. 2006). However, elevated levels of expression level variation might alternatively reflect a
lineage-specific relaxation of evolutionary constraint instead of selection (Romero et al. 2012).
Transcriptome analyses allow for the identification of genetic regions that exhibit divergence in
expression levels, including pleiotropically regulated genes. Using RNA sequencing (RNA-seq),
transcriptome-wide expression level variation can be assessed simultaneously with coding-
sequence diversity (Wang et al. 2009; Todd et al. 2016). The transcriptome encompasses all RNA
molecules expressed in a cell, a population of cells or an organism (Velculescu et al. 1997). In
contrast to the genome, the transcriptome changes dynamically in response to environmental or
intrinsic factors (Richards et al. 2009), influenced, e.g., by parasites (Feldmeyer et al. 2016), abiotic
factors, age (Landis et al. 2012), sex (Liu et al. 2015) or circadian rhythm (Nolte & Staiger 2015).
Accordingly, most transcriptome studies on the genetic basis of particular phenotypic traits
compare responses to various treatments within a single group of specimen or between tolerant
and sensitive specimen, but not among populations. Examples of such studies are analyses of
differential expression among four fitness-related D. melanogaster phenotypes exposed to various
treatments (including different physical and chemical stressors as well as feeding and social
crowding conditions) by Zhou et al. (2012) and the study of Li et al. (2016) on transcriptomic
responses of freezing tolerant and sensitive lines of maize (Zea mays) to freezing treatment. Such
studies provide candidate genes important in coping with various environmental conditions, but
reveal little information about local adaptation or the populations’ adaptive potential. The number
of population-transcriptomic publications is, however, increasing. Von Heckel et al. (2016), for
example, identified potential targets of cold adaptation in D. melanogaster by comparing the
response to cold shock and control conditions in tropical and cold-temperate populations. They

suggested that canalization of gene expression is responsible for the increased cold tolerance
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observed in the cold-temperate population. Divergent expression levels were also observed in
response to a simulated heat wave scenario between the two co-occurring seagrass species Zostera
marina (less stress-tolerant) and Nanozostera noltii (more stress-tolerant). A comparison of
northern and southern populations of both species revealed population-specific responses only in
N. noltii (Franssen et al. 2014). In a follow-up study on two North-South pairs of Z. marina
populations, however, Jueterbock et al. (2016) showed faster recovery from heat-stress and parallel

transcriptomic differentiation in the southern populations.

Daphnia, a model system for ecology and evolution

Daphnia (Crustacea: Cladocera: Anomopoda), small planktonic crustaceans, which feed mainly on
algae, are particularly suited for research on the molecular basis underlying adaptive responses to
environmental change (Lampert 2011). Daphnia species hold a key position in the aquatic food
web, since they dominate the zooplankton community in many temperate freshwater bodies and
serve as links between primary producers and secondary consumers, such as zooplanktivorous fish
and insects (e.g., Sterner et al. 1992; Jeyasingh et al. 2011). Another particularly advantageous
characteristic of Daphnia is their cyclic parthenogenetic mode of reproduction, which is found in
the majority of species within the genus (Hebert 1978). Under favorable environmental conditions,
daphnids reproduce asexually, i.e., produce clonal offspring via parthenogenesis. This property
allows for the establishment of clonal lineages in the laboratory and hence for replicated
experimental studies on genotype-specific phenotypic responses to various treatments. Harsh
environmental conditions typically induce the sexual mode of reproduction, which involves the
production of ephippia (Banta ef al. 1939; Figure I-2 A and B). Ephippia are thick chitinous shells
that contain two long-lived, dormant propagules and accumulate in the lake sediment (Hebert
1978), forming temporally stratified biological archives (Figure I-2 C). This process conserves the
genomic histories of Daphnia populations and their communities, along with information on
environmental parameters entrapped in the sediment soils (e.g., eutrophication, oligotrophication,
and pollution levels; Kerfoot 1974). Therefore, by dating of sediment layers, responses to
documented or inferred environmental change can be traced trough time (reviewed in Orsini ef al.
2013), a necessity for the reconstruction of evolutionary processes that contributed to present-day
population genomic structures (Hansen et al. 2012). Furthermore, the sturdiness of ephippia and
longevity of propagules make it possible to resurrect past populations in the laboratory and to infer
their phenotypic responses under various treatments (resurrection ecology, Kerfoot et al. 1999).
This property was used prominently to demonstrate Red Queen dynamics by resurrecting parasites
along with D. magna from sediment samples and comparing responses to contemporaneous, older
and younger parasites (Decaestecker et al. 2007). Another example is the assessment of
evolutionary responses to cultural eutrophication in Daphnia pulicaria, where specimen potentially
as old as 700 years were resurrected and shown to exhibit higher growth efficiency under low

phosphorus diets compared to modern genotypes (Frisch et al. 2014). This combination of
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advantages, together with the vast resources of available information - Daphnia is not only one of
the most extensively studied subjects in ecology (Ebert 2005), but has also two fully sequenced
genomes by now (Daphnia pulex genome, Colbourne et al. 2011, Ye et al. 2017) - make Daphnia a

prominent model system in aquatic ecology and evolution (Lampert 2011).

Figure I-2: Sampling of Daphnia ephippia from sediment: A: sexual D. longispina female carrying an ephippium;
B: photographs and schematic drawings of ephippia of D. pulex, Daphnia obtusa and D. longispina (from top to
bottom); C: stratified lacustrine sediment cores. A by D. Ebert; B and C modified from Mergeay et al. (2005) and
Orsini et al. (2013)

Local adaptation and population structure in Daphnia
In organisms with high dispersal capabilities, such as daphnids, levels of gene flow among
populations are expect to be high (Mayr 1942). Daphnids disperse mainly through transportation
of ephippia by wind (Caceres & Soluk 2002) or waterbirds (Figuerola et al. 2005). Nonetheless, a
large variety of studies, including analyses of allozyme variation (e.g., Spitze 1993; Vanoverbeke &
De Meester 1997; Haag et al. 2005), microsatellite DNA (e.g., Thielsch et al. 2009; Allen et al. 2010;
Griebel et al. 2016), and genome-wide markers (Orsini et al. 2012), revealed substantial genetic
differentiation among Daphnia populations, indicating low levels of gene flow. Although intuitively
paradoxical, such substantial divergence is common among populations of aquatic species with
high dispersal capabilities via resting propagules and high reproduction rates (De Meester et al.
2002). According to the Monopolization Hypothesis (De Meester et al. 2002; De Meester et al.
2016), this observation is probably explained by a combination of founder and priority effects and
local adaptation: The term “founder effects” refers to the establishment of a population based on
few individuals or propagules, which is, due to genetic drift, distinctively different from the
population from which the founder genotypes originated (Mayr 1942; Wright 1942). Priority
effects, i.e., the impact of arrival order on a community (Shulman et al. 1983) or population (Van
Gremberghe et al. 2009), reinforce founder effects. Their influence is particularly severe, if

reproduction rates are high and the carrying capacity is reached quickly, which gives early colonists
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a numerical advantage over later arriving migrants. Consequently, these migrants have a low
probability of establishment success and of contributing significantly to the gene pool. This
probability may be further reduced by local adaptation of the resident population and by the
establishment of a large egg bank of locally adapted propagules. These can repopulate the habitat
immediately when the carrying capacity increases and can likely outcompete non-adapted
competitors. Particularly in species with a cyclic parthenogenetic mode of reproduction, like
Daphnia species, the combination of clonal selection (allowing for a fast spread of fit genotypes)
and sexual recombination (providing continuous supply of new genotypes) may effectively
minimize gene flow and elevate genetic differentiation among populations (De Meester et al. 2002).
Differentiation among Daphnia populations is further influenced by the rate of interspecific
hybridization. Thereby, large proportions of hybrids may additionally increase divergence among
populations, because hybrids often have limited success in sexual reproduction, produce few

ephippia and thus, have low dispersal capabilities (e.g., Yin et al. 2014; Griebel et al. 2016).

Divergence among Daphnia populations is, however, not limited to DNA sequence differentiation,
but has also been shown in numerous phenotypic traits. Phenotypic divergence among populations
that suggests local adaptation has been shown, e.g., in resistance to toxic cyanobacteria (Sarnelle &
Wilson 2005; Jiang et al. 2015), life history responses to several stressors (Boersma et al. 1999) and
sex induction (Roulin et al. 2013). Several studies took advantage of the dormant propagules
archived in pond sediment, compared populations across different points in their past and thereby
demonstrated phenotypic change over time. Examples are changes in migration behavior that
correlate with changes in fish predation pressure (Michels et al. 2007) and increased toxin
resistance that corresponds to increased levels of toxic cyanobacteria (Hairston et al. 1999).
Evidence for adaptive change over time beyond correlations was produced, e.g., for phototaxis, a
trait important in predator-avoidance. Combining a resurrection ecology and a Fsr-Qsr approach,
Cousyn et al. (2001) compared population differentiation at putatively selectively neutral genetic
markers and for an adaptive quantitative trait. Thereby, they demonstrated increased plasticity in
phototactic behavior in response to fish kairomones due to natural selection by planktivorous fish.
However, despite growing interest and efforts, verifying local adaptation of phenotypic divergent
traits and particularly pinpointing the genetic basis of locally adapted traits in Daphnia has been
mostly inconclusive so far. Usually, either the genetic basis of an adaptive trait remains unknown
(e.g., Cousyn et al. 2001; Altermatt et al. 2007; Yampolsky et al. 2014a) or the loci underlying
potentially selected traits are known, but the evidence for adaptation remains insufficient (Williams
et al. 2012; Yampolsky et al. 2014b).

The influence of temperature on Daphnia

As aquatic ectotherms, daphnids are particularly threatened by increasing temperatures
(Gunderson & Stillman 2015). Although ectotherms possess a range of physiological and

behavioral responses to cope with the impact of temperature, they are likely to experience
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temperatures beyond their physiological limits as a result of climate change (Gibert & De Jong
2001; Gunderson & Stillman 2015). Therefore, Daphnia populations must adapt rapidly to escape
local and possibly global extinction in the face of ongoing global warming. Examples of phenotypic
traits affected by temperature in Daphnia include life-history processes, metabolism, and gene
expression (reviewed in Wojtal-Frankiewicz 2012). Phenotypic plastic responses to increased
temperatures include, e.g., increased locomotion and filtering rates and are associated with elevated
respiration (Yurista 1999). Because of their high energetic cost, such activities cannot always be
maintained over an extended period and furthermore, respiratory processes are adversely affected
by temperatures beyond a certain threshold. Consequently, high temperatures are often lethal for
daphnids (Foran 1986; Zeis et al. 2013; Schumpert et al. 2014) or reduce the proportion of energy
available for growth and reproduction (Yurista 1999). This may result in a decline of indigenous
species (Lennon et al. 2001). In addition to temperature increase, the effect of climate change on
community composition and species interactions adds further selective pressure. Particularly the
alteration of the food web structure due to rapid adaptation of green algae and toxic cyanobacteria
to rising temperatures, CO, levels, and phosphorus content (Paerl et al. 2011; Padfield et al. 2016;
Sandrini et al. 2016) will have major effects on Daphnia populations.

Thus far, Daphnia populations seem to be capable of responding to these threads by adaptive
change, as documented by several studies: Adaptive change in response to temperature increase,
namely of genotype composition (Van Doorslaer et al. 2009b), life-history traits (Van Doorslaer et
al. 2010; Henning-Lucass et al. 2016) and temperature tolerance (Geerts et al. 2015), has been
shown in selection experiments as well as over time in natural populations. Recent studies suggest
local thermal adaptation in D. pulex and D. magna (Williams et al. 2012; Yampolsky et al. 2014a)
and enhanced tolerance to elevated temperatures in D. magna from warmer climates due to
adaptive plasticity in hemoglobin expression (Yampolsky et al. 2014a). Yampolsky et al. (2014b)
revealed candidate genes possibly underlying thermally selected traits by focusing on genome-wide
expression level variation among heat-tolerant and heat-sensitive D. magna clones in response to
optimal and severely increased temperatures. However, the contribution of these genes to
phenotypic and genetic population divergence and to local adaptation remains unclear, because of
the high inter-clonal variation commonly found within Daphnia populations. Inter-clonal
variation may exceed variation between populations, which includes variation observed in response
to temperature (Mitchell & Lampert 2000). Differences in performance among populations in
intermediate temperatures have been shown in metabolic rates (Chopelet et al. 2008) and might
play a major role under natural conditions (Mitchell & Lampert 2000). Several gene families,
specifically hemoglobins (Paul et al. 2004b) and proteases (Schwerin et al. 2009) seem to be
relevant for coping with different thermal conditions in Daphnia, mainly because of elevated
oxygen and energy demand in elevated temperatures. Notably, proteases are not only often
involved in stress responses (Asselman et al. 2015) but also relevant because of their varying

sensitivity to cyanobacteria toxins (e.g., Schwarzenberger et al. 2012; De Coninck et al. 2014).
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Williams et al. (2012) demonstrated that differences in expression of temperature-relevant genes
may signify adaptive canalized expression. In their study on D. pulex, heat tolerant clones possessed
an increased level of hemoglobin expression (enabling their enhanced tolerance) compared to heat-
sensitive clones, even at non-stressful temperatures. However, the genes involved in thermal
adaptation apart from acute stress responses, and the relative importance of temperature-relevant

genes in local adaptation remain to be revealed.

The Daphnia longispina species complex
Daphnia species frequently form interspecific hybrids and are accordingly grouped into species-
hybrid complexes (Schwenk & Spaak 1995). A species complex exhibiting a wide distribution and
particularly common interspecific hybridization throughout Central Europe is the D. longispina
complex (Schwenk 1993; Giefller et al. 1999; Taylor et al. 2005; Ishida et al. 2011). It includes,
amongst several cryptic lineages, at least six different species, including Daphnia galeata and

Daphnia longispina (Figure I-3; taxonomy revised in Petrusek et al. 2008a).

Figure I-3: D. galeata and D. longispina. A: D. galeata: 1. Ex-ephippio female, 2. Rostrum of 1; 3. Summer female,

4. Rostrum of 3; B: D. longispina (formerly D. hyalina): 1. Female, 2. Head of ex-ephippio female, 3. Summer female.
Modified from Fl6f3ner and Kraus (1986)

D. galeata typically inhabits large lakes and dominates in eutrophic conditions, while D. longispina
also occurs in smaller ponds and dominates in oligotrophic lakes (Flofner 1972; Flofiner & Kraus
1986; Brede et al. 2009; Thielsch et al. 2009). According to Keller et al. (2008), higher temperatures
possibly promote D. galeata dominance. Despite ongoing interspecific gene flow, the species show
clear genetic differentiation (Petrusek et al. 2008a; Thielsch et al. 2009). Interspecific hybrids occur
syntopically with their parental species in a patchy, but geographically widespread distribution

(Schwenk et al. 2000). Thereby, several studies observed predominantly unidirectional
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hybridization of D. galeata females and D. longispina males (Schwenk 1993; Brede et al. 2009;
Griebel et al. 2016), but there are also reports indicating bidirectional hybridization (Taylor &
Hebert 1993; Alric et al. 2016).

Interspecific hybrids of the D. longispina complex often show reduced success in sexual
reproduction and thus, contribute little to the resting egg bank (Keller et al. 2007; Griebel et al.
2016), but they often become successfully established in nature. They compete successfully with
their parental species during the parthenogenetic phase of the life cycle (Weider & Wolf 1991;
Boersma & Vijverberg 1994; Seidendorf et al. 2007) and even exceed their fitness (Ebert et al. 2002;
Griebel et al. 2015; Lohr & Haag 2015). Griebel et al. (2015) observed, for example, a higher
survival probability under simulated winter conditions in hybrids from three different lakes
compared to parthenogenetic females of the parental species. Despite a much higher rate of clonal
reproduction and producing fewer sexual diapause eggs compared to parental species (Keller et al.
2007; Yin et al. 2010), interspecific hybrids may further backcross with parental species (Jankowski
& Straile 2004; Keller & Spaak 2004). This can lead to substantial introgression among taxa
(Petrusek et al. 2008a).

Severe environmental fluctuations (associated with a high mortality) influence the relative fitness of
Daphnia hybrids, e.g., in harsh winters (Griebel ef al. 2016), and may reduce hybrid diversity over
time because interspecific hybrids contribute little to the resting egg banks and therefore to the
repopulation of habitats. Less severe environmental change often promotes interspecific
hybridization events, as demonstrated by Jankowski and Straile (2003), Brede et al. (2009), Rellstab
et al. (2011) and Alric et al. (2016). Through the analysis of resting egg banks, these studies revealed
dramatic changes in the taxon composition of the Daphnia community over time in several
European lakes in response to eutrophication, associated with hybridization and subsequent
nuclear as well as mitochondrial introgression between D. galeata and D. longispina. They suggest
that adaptive introgression allows for combining locally adapted, indigenous genotypes with
preadapted, immigrating genotypes, which might contribute to the semipermeable nature of the
reproductive barrier between these hybridizing species. Hence, interspecific hybridization and
introgression have been proposed as possible mechanisms of rapid evolutionary change in natural
Daphnia populations (Brede et al. 2009; Griebel et al. 2016). However, despite the evidence for
abundant hybridization events and the potential importance of interspecific introgression on

adaptation of Daphnia populations, little is known about the involved genetic regions.
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Thesis outline

Aims of this study
The aim of this thesis is to assess the impact of thermal selection on populations of the
D. longispina complex and to reveal genetic loci underlying local thermal adaptation. Therefore, I
address the following overarching questions:
1. Are natural populations of the D. longispina species complex adapted to local
thermal regimes?
2. Are interspecific hybridization and introgression contributing to local thermal
adaptation?
3. What conclusions can be drawn regarding the fate of the D. longispina species

complex in light of advancing climate change?

Chapter overview

Specifically, I focus in Chapter 1 on three putatively fitness-relevant and ecologically important
candidate genes and compare them to presumably neutral genetic markers. To that aim, I
genotyped resting eggs obtained via sampling of lake sediments. This allowed for comparisons
among populations comprised of D. galeata, D. longispina, and their interspecific hybrids along a
latitudinal cline across Europe and, in two populations, over time. Thereby, I revealed strongly
contrasting patterns of genetic differentiation among the different types of genetic markers, which
provides insight regarding the genetic regions affected by local selection and differential
introgression among species. Drawbacks of this candidate gene approach are the lack of
information regarding the detected allelic variants. Both their historic distribution within and
among populations, and their impact on organismal fitness need to be examined further.

Therefore, I focus in Chapter 2 on the relationship between potentially adaptive alleles and fitness
by inferring genotype-phenotype relationships at the candidate gene loci examined in Chapter 1. I
genotyped experimental D. galeata clones from several European populations with information on
phenotypic traits in response to different temperature regimes. This approach allowed me to
circumvent the drawbacks inherent to monitoring either phenotypic shifts or molecular markers
separately; namely the lack of information about the role of plasticity in trait shifts and of
molecular markers in individual fitness. The association analyses allow me to draw conclusions
about the extent of the candidate genes’ contribution to phenotypic traits and offer insights into the
role of phenotypic plasticity in response to thermal variation.

Finally, I utilize a combination of a population transcriptomic and a reverse ecology approach,
described in Chapter 3, to assess the role of thermal selection in shaping population divergence in
D. galeata. To that aim, I screened the literature on arthropods for genes putatively involved in
thermal adaptation and assembled a comprehensive set of temperature-relevant candidate genes.

Through the comparison of transcriptomes among four populations of D. galeata, I was able to
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identify transcripts possibly under selection or contributing substantially to population divergence
on the levels of both coding sequences and gene expression. Analyses of the proportions of
temperature-relevant candidate genes among such transcripts allowed me to elucidate the influence
of local thermal regimes on divergence among Daphnia populations, to identify a large amount of
transcripts that possibly contribute to local thermal adaptation in D. galeata and to compare the

influence of thermal selection on the coding sequence and on the gene expression level.
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Chapter 1

Natural selection in Daphnia populations across time,
space, and species boundaries

Maike Herrmann, Mathilde Cordellier, Pia Kreuzer, and Klaus Schwenk

Abstract

Populations facing changing environmental conditions can evade local extinction by exhibiting
phenotypic plasticity or by local (genetic) adaptation. Interspecific hybridization has been proven
to be a potentially important contributor to adaptation and processes such as interspecific
hybridization and needs to be considered in studies on local adaptation. In Daphnia species
complexes, frequent interspecific hybridization events and the occurrence of introgression among
species are well documented, but little is known about the gene regions involved. Therefore, we
studied genetic differentiation in a hybrid complex using neutral (mtDNA and microsatellite) loci
as well as three ecologically relevant candidate genes that exhibit proteomic responses to variation
in temperature and possibly contribute to increased tolerance to cyanobacterial toxins.

Network analyses revealed strongly contrasting patterns of genetic differentiation among neutral,
phylogenetically informative loci, and ecologically relevant candidate gene loci. Different outlier
tests showed a strong signal for directional selection at locus TF (trypsin) and analyses of molecular
variance revealed higher genetic differentiation among sampling localities than among hybridizing
species at this locus. Analyses of genetic differentiation among populations from different
geographic areas as well as from different time periods revealed no pattern of isolation by distance
and either none or moderate differentiation over time.

Overall, the contrasting patterns of genetic divergence among marker types and taxa of the
Daphnia longispina species complex most likely result from introgression. We provided evidence
for selection driving population differentiation at candidate locus TF, which demonstrates that
introgression is not restricted to selectively neutral regions of the genome in taxa of the
D. longispina species complex. Our results support the hypothesis that differential introgression of
preadapted alleles might enable or facilitate local adaptation to current environmental changes in
this species complex. Thus, they enhance our understanding of the interplay of evolutionary forces
affecting local adaptation processes as well as the permeability of reproduction barriers among

species.

Submitted to BMC Evolutionary Biology
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Introduction

Understanding the micro-evolutionary basis of adaptive responses to environmental changes is a
major goal in evolutionary biology. Lately, a number of studies aimed at identifying genetic regions
underlying adaptation, many of them by comparing adaptive differentiation between several
populations of a species (reviewed in Barrett & Hoekstra 2011) and with a strong emphasis on
global change (see, e.g., Merild & Hendry 2014 and reviews therein). In this context, local
adaptation is usually studied without considering interspecific hybridization and immigration is
still often viewed as solely detrimental to local populations or species as it puts them at risk of
displacement (e.g., Van Doorslaer et al. 2009b; Andrew et al. 2012). Hybridization and differential
introgression among closely related species are, however, now recognized as common in both
plants and animals and have gained acceptance as potentially important and creative forces in
evolution (reviewed in Harrison & Larson 2014, 2016).

Generally, hybridization introduces genetic variation at many loci in a single generation and the
newly introduced allelic variation has been subjected to selection against deleterious mutations in
the genetic background of the donor population (Rieseberg et al. 2003). Since the innovative study
of Rieseberg et al. (2003) on ancient Helianthus hybrids, improved fitness through adaptive
introgression was shown in a number of studies and species (e.g., Whitney et al. 2006; Song et al.
2011; Pardo-Diaz et al. 2012). However, in current literature, only globally advantageous alleles,
i.e., alleles that are equally fit in either genomic background and habitat are expected to introgress
fast. Introgression of genes involved in reproductive isolation and local adaptation, i.e., loci
underlying locally divergent selection is, by contrast, expected to be hampered (reviewed in
Harrison & Larson 2014, 2016). Natural selection likely prevents migrants from displaying higher
fitness over residing, already locally well adapted genotypes. However, the role of adaptive
introgression in locally mimicry-selected wing color patterns in Heliconius butterflies (Pardo-Diaz
et al. 2012) demonstrates that there are exceptions to this rule.

Introgression of gene regions involved in local adaptation becomes more likely especially when
populations are confronted with environmental disturbances. Several studies have demonstrated
increased levels of hybridization and introgression following both human-mediated and natural
environmental change (e.g., Grant & Grant 1996; Brede et al. 2009; Ishida et al. 2011). In disturbed
habitats, hybridization has been suggested as a way to overcome the loss of genetic diversity in a
population (Brede et al. 2009; Whiteley et al. 2015). Immigrants from a preadapted population
might not outcompete the indigenous population, but rather provide a fast and effective way for
the indigenous recipient population to regain fitness.

The waterflea species Daphnia galeata and Daphnia longispina, belonging to the Daphnia
longispina complex, are particularly suitable for studying interspecific hybridization and
differential introgression (Schwenk 1993). Despite the clear genetic differentiation among species

(Petrusek et al. 2008a; Thielsch et al. 2009), hybridization within the species complex is common
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(Schwenk 1993; Giefiler et al. 1999; Taylor et al. 2005; Ishida & Taylor 2007b; Dlouha et al. 2010;
Ishida et al. 2011; Thielsch et al. 2012). Across Europe, interspecific hybrids occur syntopically with
their parental species in a patchy, but geographically widespread distribution (Schwenk et al. 2000).
Interspecific hybrids thereby often reach high abundances (Schwenk & Spaak 1995) and,
importantly, frequently exhibit increased fitness under particular ecological conditions compared
to parental species (Ebert et al. 2002; Griebel et al. 2015; Lohr & Haag 2015). Through the analysis
of resting egg banks in Lake Constance and Greifensee, introgression in Daphnia has been observed
over time and in response to environmental change (Brede et al. 2009). This study suggests that
adaptive introgression allows combining locally adapted indigenous with preadapted, immigrating
genotypes, which seems a plausible mechanism for preventing the build-up of a more pronounced
reproductive barrier between hybridizing species.

Despite the evidence for abundant hybridization events and interspecific introgression in Daphnia,
hardly anything is known about the nature of the gene regions involved. We therefore chose to
analyze a combination of genetic markers differentially affected by hybridization and selection.
Additionally to mitochondrial DNA and neutral microsatellite markers, three candidate genes
coding for proteins potentially involved in developmental, behavioral, and physiological responses
to changing temperatures and cyanobacterial toxin were analyzed. These candidate genes are likely
of ecological importance and relevant to individual fitness, as evidenced by experimental results
(Agrawal et al. 2005; Schwerin et al. 2009; Asselman et al. 2012; De Coninck et al. 2014; Asselman
et al. 2015). Schwerin et al. (2009) showed that the proteins coded by these genes, were shown to be
significantly differentially expressed in Daphnia pulex at 10°C and 20 °C. The gene MHC-I
encodes for the muscle myosin heavy chain, a part of the motor protein myosin, which is involved
in locomotion and filtration. The gene ERNA encodes for an enzyme carrying the EndoU/XendoU
domain characteristic for a family of endoribonucleases involved in ribosome biogenesis (Renzi et
al. 2006); thus directly affecting translation and potentially influencing development and physical
responses to environmental changes. Last, the gene TRY5F encodes for a trypsin, a secretory
enzyme involved in protein digestion and possibly important for resistance to cyanobacterial toxins
(Agrawal et al. 2005; Asselman et al. 2012; De Coninck et al. 2014; Asselman et al. 2015).

By focusing on ecologically important and fitness-relevant candidate genes we applied a
hypothesis-driven strategy (comparable to Eveno et al. 2008; Hamilton et al. 2013a). If interspecific
hybridization contributed to genetic variation at candidate loci, we expect these loci to show a lack
of genetic differentiation among the hybridizing species D. galeata and D. longispina. Should
differential introgression have occurred, we additionally expect high levels of genetic
differentiation among species at putatively neutral markers. If the candidate genes are under
selection, we expect them to exhibit distinct patterns of genetic differentiation among sampling

localities in comparison with putatively neutral microsatellite markers.
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Sampling sites are distributed along a latitudinal cline across Europe, spanning mean annual
temperatures between 8.8 °C and 15.9 °C. We obtained propagules of D. galeata, D. longispina and
their interspecific hybrids from layered sediments and genotyped them using the putatively neutral
and non-neutral markers described above to infer genetic variation among populations. Within
two populations, we also inferred genetic variation over time (temperatures increased between
0.4 °C and 1.5 °C). Although experimental tests commonly involve temperature differences of 4 °C
(Van Doorslaer et al. 2009b; Van Doorslaer et al. 2010; Geerts et al. 2015) to 10 °C (Schwerin et al.
2009), recent climate change apparently adds sufficient selective pressure to evoke adaptational
change. Recent studies on D. galeata and Daphnia magna clones from different time periods
suggest temperature-driven micro-evolution over time in response to differences in mean annual

temperatures of about 1.2 °C (Geerts et al. 2015; Henning-Lucass et al. 2016).

We subsequently used the estimated levels of genetic differentiation among these natural Daphnia
populations to infer the footprints of introgression and selection across time and space for the
different genetic markers. Finally, we tested for isolation by distance and environment to identify

the potential origin of genetic differentiation among populations.
Results

Species affiliation based on neutral and candidate loci

Genotype data of 11 microsatellite loci were analyzed for species affiliation of D. longispina and
D. galeata individuals and identification of interspecific hybrids in each of the sixteen pools of
individuals. Throughout this paper, “population” refers to a pool of individuals from a lake
(Figure C1-1), whereas individual pools from different layers within the same lake will be addressed
as “subpopulations”. The number of individuals analyzed is given in detail in Table CI-1. A
covariance-standardized principal coordinate analysis (PCoA) was then conducted to find patterns
of neutral genetic differentiation and to visualize the distribution of genetic variation within and
among taxa (see Additional file C1-2: Table S1 for taxon abundances). This revealed a pattern of
two distinct species clusters with interspecific hybrids distributed between them at neutral nuclear
loci (PCoA of multilocus genotypes; Figure C1-2B).

Subsequently, we used sequences obtained for the mitochondrial rDNA locus 12S and the three
candidate loci ERNA (EA), TRY5F (TF), and MHC-1 (M) to analyze intra- and interspecific
relationships among haplotypes. Therefore, 12S rDNA and candidate loci haplotype networks were
generated. In 12§ rDNA haplotype networks, haplotypes of both species (D. longispina: four
haplotypes, D. galeata: seven haplotypes) formed two distinctive clusters, separated by at least 37
mutational steps (Figure C1-2A), in conformity with PCoA results. By contrast, candidate gene
haplotype networks all showed a random distribution of haplotypes without any clustering
according to species affiliation (TF: Figure C1-3; EA & M: Additional file C1-1: Figures S1 & S2).
Species assignment results (Additional file C1-2: Table S2) for TF showed that six haplotypes were
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found only in D. galeata, three only in D. longispina, one in both species and their interspecific
hybrids and one in D. galeata and interspecific hybrids. Haplotype networks thus illustrate that

intraspecific divergence is larger than interspecific divergence in several cases.

Y TS z
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Figure C1-1: Sampling localities from north to south: Lake
Ulvevatn (U; Norway), Lake Ringsjon (R; Sweden), Lake
Stechlinsee (S; Germany), Lake Miiggelsee (Mu; Germany),
Jordan reservoir (J; Czech Republic), Lake Constance
(B; Austria/Germany/Switzerland), Lake Greifensee
(G; Switzerland), Lago di Nemi (N; Italy), and Lago di
Monticchio (Mo Italy)

Since differentiation among populations might have been overruled by a phylogenetic signal of two
species, two two-leveled AMOVAs were conducted based only on individuals belonging to one of
the parental species. D. galeata and D. longispina individuals were either grouped according to their
taxonomic affiliation (thereafter called “species-AMOVA”), or according to localities (called
“locality-AMOVA”). The “species AMOVAs” (Table C1-2) revealed that a major share of variation
at loci TF and EA was observed within the species (77.6 % and 82.5% of total variation respectively)
and not between them (22.4% and 17.5% respectively; TF: Fsr = 0.224; P < 0.0001; df = 1; EA:
Fsr = 0.599; P < 0.0001; df. = 1), whereas variance was distributed more evenly at locus M (41.8% of
total variation observed within vs. 58.2% between species, Fsr=0.582; P < 0.0001; df = 1).
According to the “locality-AMOVAs” (Table C1-2A), based on locality-grouped data, a higher
share of variation at loci TF and M was observed among (62.0% and 56.2% of total variation
respectively) than within localities (38.0% and 43.8% respectively; TF: Fsr = 0.620; P < 0.0001;
df = 5; M: Fsr= 0.562; P < 0.0001; df = 4). By contrast, locus EA exhibits the highest partition of
variation within localities (43.2% among vs. 56.8% within localities; Fsr = 0.432; P < 0.0001; df = 5).

31



Chapter 1

Table C1-1 Sampling locations and overview of molecular markers, population sizes and genetic analyses

Sediment P No. of analyzed individuals

Location Country  Coordinates ecimen Temp b Analyses
layers used code usats EA M TF 12§

Lake Germany 47°37°21”N  2000-2010 B1 38 0 0 0 0 1

Constance 9°26°24” E 1970-1980 B2 45 0 0 0 0 1

Lake Switzer-  47°2120“N  2000-2010 9.26°C Gl 40 7 15 11 5 1,2,3,4,5,6,7

Greifensee  land 8°40°10“E 1973-1983 811°C QG2 36 10 14 15 0 1,2,4,5,6

Lake Germany 53°96“N 1994-2010 9.57°C  S1 39 13 14 0 0 1,2,3,4

Stechlinsee 13°34°0“E 1970-1986  10°C°  S2 57 11 16 15 4  1,2,45
1942-1962 853°C  S3 50 9 15 14 2 1,2,4,5

Lago di Italy 40°5557“ N 2000-2010 10.14°C Mo 27 13 14 18 12 1,2,3,5,6,7

Monticchio 15°3617“E

Lago di Italy 41°4252“N  2000-2010 1590°C N 44 14 10 15 16 1,2,3,5,6,7

Nemi 12°42°18“E

Jorddn Czech 49°24°55“ N 2000-2010 12.56°C J1 38 14 13 16 14 1,2,3,5,6,7

reservoir Republic  14°3949“E  1970-1980 ]2 36 0 0 0 0 1

Lake 52°266“ N 2000-2010 875°C  Mul 44 13 0 14 6 1,2,3,6,7

. Germany 0 n o

Miiggelsee 13° 386 E 1975-1985 Mu2 31 0 0 0 0 1

Lake Sweden  55°521“N 2005-2010 R 45 0 0 0 0 1

Ringsjon 13°3125“E

Lake Norway 59°602“2N  2005-2011 U1 25 0 0 0 0 1

Ulvevatn 11°673“E 1975-1985 U2 21 0 0 0 0 1

Total 16 616 104 111 118 59

Pop code: population code; Temp: average annual air temperature near surface (in populations with candidate gene data).

For analyses based on microsatellite data, neutrality was determined by outlier tests and for analyses based on specific taxa, taxon
affiliation was determined by NewHybrids analyses.

" corrected value accounting for artificial warming

1: PCoA and NewHybrids analyses based on all individuals.

2: Haplotype network reconstruction and “species-“ as well as “localit;-AMOVA” based on D. galeata and D. longispina individuals
successfully genotyped at both the 12§ locus or candidate gene and microsatellite loci; estimation of Fsr- and F'sr-values, candidate
loci diversity indices, identification of amino acid substitutions between haplotypes, Mantel tests and partial Mantel tests for
correlation with temperature as well as tests for species-wise HWE based on D. galeata and D. longispina microsatellite data
respectively.

3: Mantel tests and partial Mantel tests for correlation with geographic distance based on all candidate marker sequences and neutral
microsatellite data independent of taxonomic affiliation; “population-AMOVA” based on all candidate marker sequences
independent of taxonomic affiliation.

4: “times-AMOVA” based on all candidate marker sequences and microsatellite data independent of taxonomic affiliation

5: LOSITAN and BayeScan outlier tests including all individuals based on all candidate marker sequences and microsatellite data
independent of taxonomic affiliation.

6: LOSITAN and BayeScan outlier tests including solely D. galeata individuals based on all D. galeata TF candidate marker
sequences and microsatellite data; Mantel tests and partial Mantel tests for correlation with temperature as well as estimation of Fsr-
and Fsr-values including solely D. galeata individuals based on all D. galeata TF candidate marker sequences and neutral
microsatellite data.

7: Mantel tests and partial Mantel tests for correlation with geographic distance including solely D. galeata individuals based on
D. galeata TF candidate marker sequences and neutral microsatellite data.

32



Chapter 1

Taxa Taxa
D. galeata D. galeata
M D. longispina M D. longispina
0.4 = i
Lo04 ™ hybrids
Lo01 ? Lo03 Lo02 =3
o - -
0.1
o~
U —
o
Ga01 .
' Gad ©302  Gao3 i3
i i
. Ga06
Gal5 T T T T T T T T T T
-0.6 -0.3 0 0.3
PC1
A B

Figure C1-2: Taxon partition at mitochondrial and microsatellite loci. A: Median joining haplotype network, reconstructed using
mitochondrial 12S rDNA sequences. The size of circles is proportional to haplotype frequency. The smallest circle represents one
haplotype. The length of lines between circles is proportional to mutational distance; the shortest distance represents one mutational
step. The longest distance, indicated by the intercepted line, corresponds to 37 mutational steps. The black dots represent median
vectors. B: Principal coordinates analysis of microsatellite data. PC 1 explains 55.0% and PC 2 12.5% of the total variance. Taxon
affiliation according to NewHybrids analyses

Genetic differentiation across space, time, and species borders
Microsatellite and candidate locus Fsr-values were computed for all individuals as a measure for
genetic differentiation among populations (i.e., localities) and subpopulations (i.e., time periods).
Additionally, TF and microsatellite Fsr-values were computed for solely D. galeata individuals to
assess the bias introduced by analyzing a species complex. This was not possible for loci EA and M
because of limited sequencing success in D. galeata clones (from populations J1 and G1). We also
computed standardized Fsr-values (F’sr, Hedrick 2005) to allow for a comparison of genetic

differentiation across different loci.

Although allopatric populations (D. galeata: Lago di Nemi and Lago di Monticchio; D. longispina:
Lake Stechlinsee) exhibit the highest Fsr- and F'sr-values in pairwise comparisons at loci M and TF
(e.g., Lago di Nemi versus Stechlinsee 3: Fsr (M) = 0.681; Fsr (TF) = 0.822), a general inflation of
candidate Fsr-values can be rejected at least for locus TF. Candidate markers exhibited higher Fr-
values than microsatellites (highest value 0.874 at TF, Lake Greifensee 1 versus Lago di Nemi) in
analyses of all individuals and, importantly, the range of Fsr-values at candidate locus TF remained
stable when analyzing solely D. galeata. Microsatellite Fsr-values based on solely D. galeata
individuals by contrast were substantially lower (highest value: 0.124, Lake Miiggelsee versus Lago

di Nemi) than Fsr-values based on all individuals (spanning from zero among the Lake Stechlinsee
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subpopulations to 0.392 between S1 and Lago di Nemi; for details on Fsr-values see Additional file
C1-1: Results and Additional file C1-3: Tables S3-S8).

To test if genetic differentiation in general is higher over time or rather over space, another, three-
leveled AMOVA (thereafter “times-AMOVA”) was conducted. The “times-AMOVA” included all
individuals (independent of taxonomic affiliation) from localities with different time periods
(Table C1-1) and revealed a much lower genetic differentiation over time than over space (all loci:
Fcr-values < 0; df = 1; Table C1-3).

Species COTF2
LI D. galeata a:
Hp longispina _/"TFs
™ hybrids

TFF

Figure C1-3: Median joining haplotype networks reconstructed
using TF candidate gene marker sequences. The size of circles is
proportional to haplotype frequency. The smallest circle
represents one haplotype. The length of lines between circles is
proportional to mutational distance; the shortest distance
represents one mutational step. The black dots represent
median vectors. Indels were considered a single mutational
event. A: The coloring corresponds to the taxa (taxon affiliation
according to NewHybrids analyses). B: The coloring
corresponds to the populations
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Table C1-2 Two-leveled AMOV As. A: species- and locality-based AMOV As; B:) “population-AMOVAs”

Locus Sites included Level df Fsr Variation among [%] Variation within [%]
A
EA All Species’ 1 0.172* 17.2 82.8
All Locality' 5 0.288* 28.8 71.2
M All Species' 1 0.582* 58.2 41.8
All Locality' 4 0.562* 56.2 43.8
TF All Species’ 1 0.224* 22.4 77.6
All Locality' 5 0.620* 62.0 38.0
B
EA All Population? 5 0.33369* 334 66.6
Exons Population? 5 0.29671* 29.7 70.3
Introns Population? 5 0.36128* 36.1 63.9
M All Population? 4 0.33962* 34 66
Exons Population? 5 0.23408* 234 76.6
Introns Population? 5 0.34271* 34.3 65.7
TF All Population? 4 0.52392* 52.4 47.6
Exons Population? 4 0.36356* 36.4 63.6
Introns Population? 4 0.56445* 56.4 43.6

Species: Individuals assigned one of two groups according to their taxonomic affiliation, Locality: Individuals assigned to groups
according to their lakes of origin (G1 and G2 form one single group as well as S1, S2, and S3), Population: Individuals assigned to
groups according to their population.

! Only individuals assigned to one of the parental species (based on NewHybrids analyses) were included in these analyses.

? Only individuals from 2000-2010 (independent of species affiliation) were included into the analyses.
* P <0.0001

Table C1-3: Three leveled “times-AMOVA”

among times among populations within times within populations among populations
Locus df  Fer Var. [%] df Fsc Var. [%] Var. [%] Fsr
EA 1 -0.128 -12.78 2 0.265* 29.87 82.91 0.171
M 1 -0.235 -23.49 2 0.384* 47.38 76.10 0.239
TF 1 -0.125 -12.49 2 0.250% 28.11 84.38 0.156
Ksats 1 -0.200 -19.98 2 0.210% 40.95 79.03 0.341

Variance between groups of populations, between populations within groups and within populations. Only individuals from
localities with samples from different times were included into the analysis and grouped according to the time period they are from.
Ksats: microsatellite loci; df: degrees of freedom; Var.: variation

*: P<0.0001
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Neutral versus functional genetic differentiation

For a direct comparison of genetic differentiation among populations between functional
(ecologically relevant) and neutral markers in spite of different levels of heterozygosity, F’sr-values
were compared. In a comparison of F’si-values including all individuals and loci, we observed that
all three candidate loci deviated from neutral expectations as defined by microsatellite F’sr-values
(Additional file C1-1: Figure S3 and Additional file C1-3: Tables S9-S12). Notably, standardized
Fsr-values between populations at loci EA and M were lower than the values inferred from
microsatellites (i.e., neutral loci) in almost every comparison By contrast, at locus TF, standardized
genetic differentiation between populations was higher than the differentiation at neutral loci in
55% of the comparisons; thus indicating directional selection and local adaptation. Differentiation
over time in Lake Greifensee was nearly equally high at neutral microsatellite loci and candidate
locus TF (F’st (TF) = 0.162; F’sr (microsatellites) = 0.158).

Including a species complex in an analysis of locus neutrality may bias the results, or phylogenetic
signals may obscure patterns of adaptation. To account for that, the comparison of neutral and
functional genetic differentiation was repeated for locus TF including solely D. galeata individuals
(Additional file C1-1: Figure S4 and Additional file C1-3: Tables S13 and S14). This resulted in a
notably increased number of pairwise comparisons between populations that diverged from neutral
expectations compared to the analysis including both species and interspecific hybrids. Again,
there was no indication for an inflation of candidate gene F’sr-values but instead for microsatellite
Fsr-values: Standardized differentiation over time at locus TF in Lake Greifensee was constant
regardless whether only D. galeata or all individuals where included, whereas at microsatellite loci,
it was much lower for solely D. galeata (F’sr (TF) = 0.166; F’sr (microsatellites) = 0.092).

Outlier tests for natural selection

To statistically test for locus neutrality, a coalescent-based simulation method (LOSITAN, Antao et
al. 2008) as well as a Bayesian approach (BayeScan, Foll & Gaggiotti 2008) were used. Both tests
were conducted on two data sets consisting of 11 microsatellite loci and three candidate gene
markers each and containing either all individuals or only D. galeata. For both outlier tests, it was
necessary to reduce the candidate marker sequence data to genotypic data. This reduction
inevitably biased the genetic distances between the haplotypes. To correct for this bias, we used the
method of Eveno et al. (2008) and pooled haplotypes with less than 10% sequence divergence
(arbitrary threshold, for details see Additional file C1-3: Table S15). This resulted in a maximum
number of 16, 39, and 7 mutations between pooled sequences in EA, M, and TF.

Outlier tests revealed no significant signal of natural selection for any of the candidate loci when
the unpooled data set including all individuals was analyzed (Figure C1-4A and C). In the
LOSITAN analysis, microsatellite loci Dp281NB and Dgm109 were detected as outliers exceeding
the 95% and 1% confidence interval for neutral differentiation respectively. Analyses of the pooled

data set containing all individuals both identified TF as an outlier (exceeding the 99% confidence
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interval in LOSITAN and the 95% critical value for neutral differentiation in BayeScan); thus
suggesting directional selection acting on this candidate locus (Figure C1-4B and D). EA and M
showed no significant deviation from neutral expectations. Putatively neutral microsatellite loci
Dp281NB (exceeding the 95% confidence interval), SwiD6, SwiD18 (exceeding the 5% confidence
interval), and Dgm109 (exceeding the 1% confidence interval) were identified as outliers by
LOSITAN but not by BayeScan.

SwiD6
SwiD18
Dgm
0 . . . T 0 . . T . !
0 02 04 0.6 08 1 0 02 04 0.6 038 1
heterozygosity heterozygosity
A B
1 14
0.8 0.8+
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Figure C1-4: Outlier tests including all taxa. A and B: LOSITAN. The dotted lines indicate the 95% and 5% confidence limits, the
solid lines the 99% and 1% confidence limits of the simulated distribution of Fsr-values under neutrality. C and D: BayesScan. The
Fst coefficients averaged over populations are plotted against their probability (P-values) for being outliers. The dashed line
represents the 95% critical value for directional selection. PO = 4. A & C: based on unpooled data, B & D: haplotypes with < 10%
sequence divergence were pooled
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Analyzing solely D. galeata individuals in LOSITAN (Additional file C1-1: Figure S5) yielded the
same result using both the pooled and the unpooled data set: candidate locus TF and microsatellite
locus SwiD14 were identified as outliers under directional selection (outside the 99% and 95%

confidence interval respectively). None of the loci was identified as an outlier by BayeScan.

Isolation by distance and environment

Mantel tests were used to infer correlations between (standardized) genetic differentiation (Fsr- and
Fsr-values) and geographic distance (a test for isolation by distance, IBD, in case of neutral
markers) and between genetic differentiation and temperature differences. To control for
temperature differences while testing for a correlation with geographic distance and vice versa,

partial Mantel tests were used.

Standardized genetic differentiation and geographical distance were significantly correlated at
locus M (Fsr: Mantel test R = 0.859, P > 0.05; F’st: Mantel test R = 0.966, P < 0.05; Table C1-4). After
correcting for temperature differences, the correlation with geographic distance was significant for
both standardized and non-standardized genetic differentiation (Fsr: partial Mantel test R = 0.868;
P <0.05, Fs1: partial Mantel test R = 0.966; P < 0.05; Table C1-4). EA and TF, and microsatellite loci
showed no significant correlation of genetic differentiation and geographic distance; therefore no
indication for IBD among populations was found.

All analyses revealed significant correlations between pairwise differences in average annual air
temperatures among sampling sites and pairwise genetic differentiation among populations at
candidate locus TF. Correcting for the geographical distance resulted in increased, highly
significant correlation coefficients (Fsr: Mantel test R=0.641, P < 0.01; partial Mantel test
R =0.658; P <0.01; F’sr: Mantel test R =0.633, P < 0.05; partial Mantel test R = 0.642; P < 0.01; see
Table C1-4). None of the other markers showed a significant correlation between temperature and

genetic differentiation.

Table C1-4: Mantel and partial Mantel test results

Correlation coefficients (R) Fst Correlation coefficients (R) Fsr

EA M TF Ksats EA M TF Ksats
temp 0.188 0.176 0.641** 0.212 0.237 0.076 0.633* 0.051
geo -0.259 0.859 -0.063 0.275 -0.248 0.966* 0.279 0.108
temp x geo 0.252 0.164 0.190 0.252 0.252 0.164 0.190 0.252
PC temp (geo) 0.173 0.064 0.658** 0.096 0.216 -0.278 0.642** -0.074
PC geo (temp) -0.279 0.868* -0.055 0.263 -0.273 0.966* 0.336 0.106

Temp: temperature difference; geo: geographic distance; PC: partial correlation (constant parameter in brackets). Only neutral
microsatellite loci (determined by outlier tests) were analyzed.
*. P<0.05;**: P<0.01
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Mantel tests and partial Mantel tests for candidate locus TF and selectively neutral microsatellite
loci were additionally conducted based on solely D. galeata values to avoid a bias potentially
introduced by analyzing a species complex. Mantel tests showed a significant correlation only for
Fsr and temperature differences at locus TF (Fsr: Mantel test R = 0.583, P> 0.05; Additional file
C1-3: Table S16), whereas partial Mantel tests revealed significant correlations between both Fr
and F’sr, and temperature differences (partial Mantel test R =0.585, P <0.05; F’s;: Mantel test
R=0.567, P<0.05 partial Mantel test R=0.565, P<0.05). No correlations were found at

microsatellite loci and with geographic distance.

Comparisons of coding and non-coding regions

To test whether the amount of variation among populations is higher than within (as expected if
local adaptation occurred), two-leveled “population-AMOVAs” were conducted. Therefore, data
sets including all individuals (independent of taxonomic affiliation) from the last decade were
grouped according to their population affiliation. At loci M and EA, the majority of the total
variance was found within populations (approximately two thirds to one third both; M: Fsr = 0.334;
df = 4; P < 0.0001; EA: Fsr = 0.340; df = 5; P <0.0001; “population-AMOVA?”, Table C1-2B). By
contrast, at locus TF the variance was almost equally distributed among and within populations
(Fsr = 0.524; P < 0.0001; df = 4).

Additionally to the complete sequences, exonic and intronic regions were analyzed separately to
conclude, whether differentiation among populations is based on divergence of gene products or
rather regulatory differences. Similar to the complete sequences, most of intronic as well as exonic
variation was found within populations at EA and M (again approximately two thirds respectively;
“population-AMOVA?”, Table C1-2B). At locus TF, the major share of exonic variation was also
found within populations (also approximately two thirds), whereas the share of intronic variation
was higher among populations (56.4% of total variation; Fsr = 0.564; P < 0.0001; df = 4). The impact
of exonic variation was assessed by computing the number of synonymous and nonsynonymous
substitutions at each locus, and the ratio (¥) of nonsynonymous substitutions per nonsynonymous
site (K.) to silent substitutions per silent site (K,). Haplotypes at locus TF showed 16 amino acid
substitutions, which is the highest number among all loci (EA: 11, M: five, Additional file C1-3:
Table S17). TF also showed with K =0.636 by far the highest mean K./K, ratio (g4 = 0.091,
Xum = 0.053, Additional file C1-3: Table S18).

Discussion

Patterns of genetic divergence among D. galeata and D. longispina show a pronounced contrast
between neutral and ecologically relevant loci. At neutral mitochondrial and nuclear loci, a distinct
differentiation of parental species and an intermediate status of interspecific hybrids was detected,
which is in accordance with studies on the phylogeny of the D. longispina species complex

(Schwenk et al. 2000; Petrusek et al. 2012) and on population structure in European Daphnia
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(Thielsch et al. 2009). By contrast, candidate loci exhibit a pattern of genetic differentiation that
does not discriminate between taxa or reflect strong barriers to gene flow. Clusters in candidate
loci-based haplotype networks contain haplotypes of both parental species and shared haplotypes
found in both parental species were observed for each candidate locus. In several cases,
intraspecific genetic distance among candidate loci haplotypes is larger than interspecific genetic
distance. Thus, haplotype clustering is clearly not in concordance with species affiliation, an
observation expected under differential introgression among species, but also under incomplete

lineage sorting or convergence among taxa (Hedrick 2013).

Considering the abundance of hybridization events among the species of the D. longispina species
complex (Schwenk 1993; Giefller et al. 1999; Taylor et al. 2005; Ishida & Taylor 2007b; Dlouha et al.
2010; Ishida et al. 2011; Thielsch et al. 2012), introgression represents the most plausible
explanation for the observed patterns. This notion is, at least at loci M and TF, supported by the
large differences in allele frequencies among the allopatric populations of the two species, Lake
Stechlinsee (D. longispina) and Lago di Nemi/Lago di Monticchio (D. galeata) at candidate loci TF
and M. By contrast, at loci exhibiting ancestral polymorphisms and incomplete lineage sorting, we
would expect little differentiation among parental species (Larson et al. 2013).

Two different outlier tests and the comparative analyses of F’sr-values are in support of selection
acting on TF. The results of these different methods were compared, as suggested by (Shimada et al.
2011), to reduce the occurrence of false positives. In contrast to the microsatellite loci identified as
outliers solely by LOSITAN (Dp281NB, SwiD6, SwiD18, and Dgm109), TF is the only locus showing
a consistent pattern over all tests and hence less likely to be a false positive. Candidate loci EA and
M however show very weak signs of selection at most, indicated only by the comparative analyses of
F’sr-values. Reducing the data set for locus TF dispelled concerns regarding the combined analysis
of two parental species and their interspecific hybrids. Despite the reduced sample size and thus
decreased statistical power, TF was also an outlier when only D. galeata individuals were analyzed.
Furthermore, the effect of analyzing only D. galeata on the mean F’sr-values was negligible in spite
of the high amounts of genetic differentiation found between allopatric populations of the parental
species. Positive results from outlier tests may arise through other processes besides natural
selection. Population structure (Excoffier et al. 2009), demographic processes (Bamshad &
Wooding 2003; Hofer et al. 2009) and background selection against deleterious mutations
(Charlesworth et al. 1997)) are frequently discussed in the context of genome scan studies, which
typically use data mining approaches and thus are prone to false positive results. All of these
explanations can be ruled out, as they are expected to have affected the whole genome equally
instead of being restricted to specific loci (Bamshad & Wooding 2003). Thus, they are not sufficient

to explain the incongruence of markers in PCoA and network analyses.

Candidate genes were chosen based on their experimentally demonstrated response to temperature

variation and their role in resistance to cyanobacterial toxins (Agrawal et al. 2005; Schwerin et al.
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2009; Asselman et al. 2012; De Coninck et al. 2014; Asselman et al. 2015). Over time, we found
increased temperatures at sampling sites and observed differentiation at candidate loci among Lake
Greifensee subpopulations and a discrepancy between microsatellite and TF Fsr-values over time.
This might reflect direct or indirect selection through increased temperatures. These observations
are in accordance with recent literature. Phenotypic adaptive changes as a response to temperature
increase have already been found in experimental studies using D. magna, including changes in
natural populations over a time span comparable to the time span covered in our study (Van
Doorslaer et al. 2009a; Van Doorslaer et al. 2010; Geerts et al. 2015). Furthermore, studies on
D. galeata populations from different locations revealed a divergent phenotypic response to
temperature and evidence for temperature-driven micro-evolution over time in Lake Constance
(Henning-Lucass et al. 2016, N. Henning-Lucass, Personal Communication), matching the pattern
observed at candidate loci. No general signal of genetic differentiation among Daphnia populations
over time however was detected at any locus by the “times-AMOVA”. Therefore, we cannot
provide evidence for local adaptation at locus TF over the observed timespan, possibly because the
selective pressure was too weak to promote a divergence pronounced enough to be visible in the
AMOVA results.

The association of genetic differentiation with temperature differences revealed by Mantel tests and
partial Mantel tests suggests that differing temperatures however might indeed directly or
indirectly shape genetic differentiation among populations from different localities at locus TF. The
association of genetic differentiation and geographical distances found for candidate locus M
might, by contrast, reflect a weak response to any selective pressure associated with latitude, since
the neutral microsatellite loci exhibit no pattern of IBD (which is in agreement with other studies
on European Daphnia species, e.g., Thielsch et al. 2009). The physiological mechanism underlying
selection acting on TF, the marker within the trypsin-encoding gene TRYS5F, is possibly linked to
varying rates of metabolic activity as a direct consequence of divergent environmental
temperatures. In Daphnia, accommodating the increased energy demand under elevated
temperatures (Paul ef al. 2004a) is aggravated by the increased frequency of algal blooms (Paerl &
Huisman 2008) as a secondary effect of increasing temperatures. Elevated levels of cyanobacteria
are problematic for Daphnia as they represent a food source of poor quality and produce (among
other toxins) serine protease inhibitors. These interfere with trypsins, the most important gene
family in the gut of Daphnia because of their role in protein digestion and energy supply (together
with chymotrypsins, von Elert et al. 2004; Agrawal et al. 2005). An increased tolerance to
cyanobacterial protease inhibitors has been shown on the organismic level as well as on the protein
level as a result of the coexistence of Daphnia spp. with cyanobacteria (e.g., Hairston et al. 1999;
Sarnelle & Wilson 2005; Blom et al. 2006). Increased tolerance on the protein level was shown to be
derived by physiological plasticity, i.e., the expression of different isoforms of digestive enzymes
(von Elert et al. 2012). In recent studies (Asselman et al. 2012; De Coninck et al. 2014; Asselman et

al. 2015), temperature and exposure to different strains or species of cyanobacteria have been
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shown to induce differential expression of members of the trypsin gene-family. For locus TF,
differential selection acting on both the amino acid sequence and on the regulatory level is possible.
We inferred non-synonymous substitutions between TF haplotypes but on the other hand, the
major part of variation among populations originates from the non-coding intronic regions, as
revealed by the “population-AMOVAs”. An interplay of trypsin expression levels and genetic
variation has been previously demonstrated in a study by Schwarzenberger et al. (2012), who
showed an association of the phylogenetic distance among trypsin alleles, divergent gene
expression changes and variation in tolerance to dietary trypsin inhibitors in D. magna. However, a
variety of other stressors, including salinity (Latta et al. 2012), a flame retardant (HCCPD, Houde
et al. 2013), cadmium (De Coninck et al. 2014), and changes in phosphorous content of the diet
(Jeyasingh et al. 2011) also induced differential expression of trypsin genes. Hence, differential
expression of trypsins in general is commonly involved in stress responses. At the same time, the
set of differentially expressed trypsin genes varies among stressors as well as among Daphnia
clones. Differences have also been found in the direction of expression. These observations
demonstrate specificity in the expression of trypsins in response to different stressors (contrasting
with an unspecific stress response that would be expected not to vary among different stressors).

We propose that local selection-driven differential introgression most likely explains the elevated
levels of genetic differentiation observed among populations at locus TF and possibly promoted the
deviance from patterns found at presumably neutral, non-functional microsatellite loci. This
conclusion is supported by the distribution of variance among the taxa and the sampling localities
(evaluated in “species-” and “locality-AMOVAs”), which clearly showed that a major share of
variation at locus TF is explained by the locality rather than the taxonomic background and
substantial differentiation at TF is found among localities, not among species. Comparative
analyses of Fsr-values among Lake Greifensee subpopulations revealed that although we found
genetic differentiation over time at microsatellite markers in Lake Greifensee, the level of genetic
differentiation was low. This possibly indicates genetic influx from invading genotypes, but
certainly no displacement of the local population. Thus, the levels of gene flow from other
populations into Lake Greifensee was low or locally adapted lineages outcompeted invaders (De
Meester et al. 2002). Analyzing solely D. galeata individuals elevated the divergence of F’sr-values
between markers among times in Lake Greifensee even further by substantially decreasing
microsatellite Fsr-values. This inflation of neutral but not of functional population differentiation
by analyzing two species and their interspecific hybrids fits well within the scenario of differential
introgression. Genome-scale studies comparing patterns of divergence within hybrid species
complexes also found positive correlations between high locus-specific differentiation among
parental species and introgression in manakins (Parchman et al. 2013) and butterflies (Gompert et
al. 2012). However, a study on chickadees (Taylor et al. 2014) revealed low introgression for highly
divergent loci and in all three studies, these associations are only partial. Likewise, examples for

highly divergent loci among parental species with both neutral and elevated introgression levels
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were shown in spruce (Hamilton et al. 2013a, b) and crickets (Larson et al. 2013; Larson et al.
2014). These inconsistent results indicate the complexity and specificity of these patterns
throughout the genome rather than supporting or contradicting our conclusions. A more direct
comparison with our results is difficult, because in all studies cited above, locus-specific genetic
divergence was estimated solely among species.

To provide further evidence for the potentially important role of candidate gene TRYS5F, it is
necessary to elucidate if and how selection at this locus contributes to local adaptation. Therefore, it
is necessary to establish genotype-phenotype relationships at locus TF in response to different
temperatures and cyanobacteria strains. Furthermore, the genome-wide extent and direction of
introgression need to be quantified and introgression events need to be dated using ancient

Daphnia propagules.

Conclusions

Our study demonstrates the utility of combining analyses of ecologically relevant candidate genes
and selectively neutral markers to reconstruct patterns of natural selection (and potentially
adaptation) in natural populations. We report an unexpected and striking discrepancy among
markers between taxa of the D. longispina species complex. Together with the evidence for
selection-driven population differentiation at candidate locus TF, this suggests the occurrence of
introgression at loci under natural selection, a prerequisite for facilitated adaptation by capture of
preadapted alleles (although we cannot completely reject of the alternative explanations of
convergence and incomplete lineage sorting). While an adaptational advantage though differential
introgression might contribute to the rapid local adaptation processes and the persistent
permeability of reproduction barriers in Daphnia species complexes, further studies are needed to

experimentally support this hypothesis.
Methods

Sampling and DNA preparation
Sediment cores were collected from nine freshwater lakes distributed across Europe along a
latitudinal gradient from southern Italy to Norway: Lago di Monticchio (Mo, Italy), Lago di Nemi
(N, Italy), Lake Greifensee (G, Switzerland), Lake Constance (B, Austria/Germany/Switzerland),
Lake Stechlinsee (S, Germany), Lake Miiggelsee (Mu, Germany), Jordan reservoir (J, Czech
Republic), Lake Ringsjon (R, Sweden), and Lake Ulvevatn (U, Norway); see Figure C1-1. Candidate
markers were sequenced for six lakes (Lago di Monticchio, Lago di Nemi, Lake Greifensee, Lake
Stechlinsee, Lake Miiggelsee, and Jordan reservoir), whereas populations from all nine lakes were
genotyped at microsatellite loci. Microsatellite and mtDNA data from sites lacking candidate
marker information were solely used for PCoA and NewHybrids analyses (described below) in

order to obtain detailed information about population structure and taxon affiliation.
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The sediment cores were collected between 2010 and 2011 in deep water sites, where the ephippia
density is highest (Caceres & Hairston 1998) and the turbulence lowest. The sediment was divided
into 0.5 cmto 1 cm slices and stored at 4 °C in opaque sealed tubs to avoid hatching stimuli.
Sediment cores were dated using the methods described in Brede et al. (2009). For all lakes,
sediment layers corresponding to the last decade (2000-2010), and when possible also from around
1970 to 1980, were pooled (Table C1-1). Lake Stechlinsee experienced a period of artificial warming
from 1966 to 1990, when it received warm water discharge from a power plant (described in Casper
& Koschel 1995). To cover the periods before, during and after this period, we also used sediment
from the years 1942 to 1962.

We used air temperatures as a proxy for water temperatures, as lake surface temperatures from
large and deep lakes correspond closely to air temperature (Livingstone & Lotter 1998). The
average annual air temperatures near the sampling sites were obtained from the Climate Research
Unit of the British Atmospheric Data Centre (Mitchell & Jones 2005; BADC 2008). During the
period of artificial warming in Lake Stechlinsee, water surface temperatures increased by 1.1 °C to
10 °C, depending on the distance to the point of warm water discharge. That was taken into
account by increasing the temperature values for that period by 1.5 °C, which is a rough estimate of
the actual temperature increase (Casper & Koschel 1995).

Ephippia were collected using a 125 um sieve (Retsch, Haan, Germany) and stored in 70-100%
ethanol until the resting eggs were isolated. Resting eggs where extracted from the ephippial case
and the DNA prepared from single resting eggs according to Montero-Pau et al. (2008). DNA was
stored at 4 °C or -20 °C.

Selection of candidate genes
Genes differentially expressed as shown in a proteome study by Schwerin et al. (2009) were chosen
as candidate genes. Amplification and sequencing was attempted for DNA sequences of all eleven
differentially expressed proteins therein and successful for the three loci EA, M, and TF within the
genes ERNA, MHC-1, and TRY5F. Primer pairs were designed using the available DNA sequences
of D. pulex (Colbourne et al. 2011). Details on all potential candidate genes are listed in Additional
file C1-3: Table S19.

Microsatellite analyses and DNA sequencing
Eleven microsatellite loci (DaB10/14, DaB17/17, Dp519, Dgm105, Dgm109, Dgm112, Dp281NB,
SwiD14, SwiD6, SwiD12, and SwiD18; Brede et al. 2006) were analyzed for each individual
according to the protocols in Thielsch et al. (2012) for multiplex PCR, fluorescence labeling, and
DNA sequencing. Microsatellite data were verified using MICRO-CHECKER 2.2.3 (Van
Oosterhout et al. 2004; applying Bonferroni correction and 1000 bootstrap replicates) and tested
for Hardy-Weinberg equilibrium (HWE) in Arlequin ver. 3.5.1.2 (Excoffier & Lischer 2010). None

of the microsatellites showed evidence for scoring errors, large allele dropout, and null alleles
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according to rank-based probabilities of observed homozygote frequencies. The species-wise tests
showed that one locus deviated from HWE (Dgml109 in 40% of populations) in D. longispina
(mean = 96.4%, sd = 11.5%). In D. galeata, no locus deviated from HWE in more than 69.2%
(Dgm109) of populations (mean =90.4%, sd = 11.3%). Bonferroni correction was applied and
monomorphic loci were excluded from HWE tests.

Mitochondrial 125 rDNA was sequenced for 59 individuals and the three nuclear loci M, EA, and
TF for five to 15 randomly selected individuals per population (Table C1-1). For details on PCRs
and primer sequences see Additional file C1-3: Table S20. PCR products were purified using the
Agencourt AMPure Kit (Beckman Coulter, Brea, CA, USA). To validate the sequence data, loci EA
and M were cloned from 30 and 12 individuals respectively (detailed description in Additional file
C1-1: Methods). Sequencing was performed on an ABI 3730 capillary sequencer (Life
Technologies, Carlsbad, CA, USA).

Sequences were aligned and manually adjusted using Geneious v.5.0.3 (Drummond et al. 2011) and
forward and reverse sequences when possible. Superposition of bases was regarded as heterozygous
when found in both the forward and the reverse sequence. Sequences were reconstructed from
superimposed chromatograms when one of the sequences corresponded to a homozygous, cloned
or previously reconstructed sequence and sequences with superimposed chromatograms of more
than two sequences were discarded. Introns and exons were assigned by aligning the sequences to
the D. galeata transcriptome, generated through 454 Roche sequencing (Daphnia Genomics

Consortium, data available upon request).

Data analysis

Species affiliation and haplotype distribution
Microsatellite genotype data were analyzed for species affiliation and identification of interspecific
hybrids according to Thielsch et al. (2012). We used the program NewHybrids v1.1 (Anderson &
Thompson 2002) which utilizes a Bayesian approach to assign individuals to one of two parental
species, the F1 generation or a backcross generation. We performed a run on a data set containing
microsatellite data from all 16 populations and an additional D. galeata reference data set from the
study of Thielsch et al. (2009) using 50000 burn-in sweeps, 100000 sweeps after burn-in and
Jetfreys prior. A covariance-standardized principal coordinate analysis (PCoA) based on the same
data set was then conducted in GenAlEx 6 (Peakall & Smouse 2006; Additional file C1-2: Table S1).
To analyze intra- and interspecific relationships among haplotypes, we generated haplotype
networks using the Median-Joining method (Bandelt et al. 1999) implemented in Network 4.611
(www. fluxus-engineering.com) for 128 rDNA as well as candidate loci sequences. Only individuals
genotyped both at candidate gene and microsatellite loci were used to generate haplotype networks

and indels were considered as a single mutational event.
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Analyses of molecular variance
Arlequin ver. 3.5.1.2 was used for estimation of diversity indices, analyses of molecular variance
(AMOVAs) and calculation of Fsr-values for candidate loci. The haplotype level option was used
for candidate markers, the locus level option for microsatellites and default settings for all loci.
Genetic distances between haplotypes were computed based on AMOVAs (carried out using 10000
permutations and the locus-by-locus option) and the Kimura 2 parameter method (for candidate
loci) or the number of different alleles (for microsatellites). Microsatellite codom-allelic Fsr-values
were computed in GenAlEx. Bonferroni correction was used to correct all Fsr P-values for multiple
testing. Microsatellite and TF Fsr-values were computed for all and for solely D. galeata individuals.
EA and M Fsr-values were only computed for all individuals because of the limited sequencing
success in D. galeata (of populations J1 and G1). Only selectively neutral microsatellite loci
(determined by outlier tests) were used to compute Fsr-values, reducing the number of
microsatellite loci to seven (DaB10/14, Dgm105, Dgm112, Dp519, DaB17/17, SwiD12, and SwiD14,
all individuals) and ten or six (D. galeata only). D. galeata microsatellite Fsr-values were computed
twice. First, SwiDI4, the non-neutral locus inferred from D. galeata-based outlier tests was
excluded. Second, loci inferred to be non-neutral in outlier tests on all individuals were excluded as
well (SwiD14, SwiD6, SwiD18, Dg281, and Dgm109). Fsr-values differed only marginally between
these two analyses; thus only values based on ten microsatellite loci are shown (Fsr-values based on

six microsatellite loci are available upon request).

Four different AMOVA analyses were carried out using different subsets of the data. Since
differentiation among populations might have been obscured by a phylogenetic signal, two two-
leveled AMOVAs were conducted based on individuals belonging to one of the parental species
(identified via the NewHybrids analyses) and excluding interspecific hybrids and individuals
lacking microsatellite data. D. galeata and D. longispina individuals were either grouped according
to their taxonomic affiliation (“species-AMOVA”), or according to localities (“locality-AMOVA”).
Thereby individuals from different times were grouped according to localities. A third two-leveled
AMOVA (“population-AMOVA”) was conducted to test whether the amount of variation among
populations is higher than within (as expected if local adaptation occurred), regardless of their
taxonomic affiliation. All individuals (independent of taxonomic affiliation) from 2000-2010 were
used and grouped according to their population affiliations. “Population-AMOV As” were carried
out using the complete sequences as well as only intronic and exonic sites respectively. To show if
genetic differentiation is higher over time or rather over space, a fourth, three-leveled AMOVA
(“times-AMOVA”) was conducted. All individuals (independent of taxonomic affiliation) from
localities with different time periods were included in the analysis and grouped accordingly (EA, M,
microsatellites: group 1: G1 & S1, group2: G2 & S2; TF: group 1: G1 & S2, group 2: G2 & S3; Table
C1-1).
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The number of synonymous and nonsynonymous substitutions at each locus, the number of silent
substitutions per silent site (K;) and nonsynonymous substitutions per nonsynonymous site (K.)

were computed using DnaSP v5 (Librado & Rozas 2009).

Tests for marker neutrality based on genetic differentiation
The program GenoDive (Meirmans & Van Tienderen 2004) was used to assess standardized
population differentiation (F's;; Hedrick 2005) at candidate gene and microsatellite markers in two
data sets, either for all individuals or exclusively for D. galeata individuals precisely as described for
Fsr-values above. The standardized values of population differentiation enabled us to compare
population structuring at putatively neutral microsatellite and functional candidate gene markers
in spite of different levels of heterozygosity (Hedrick 2005). D. galeata microsatellite F’sr-values
based on ten and six microsatellite loci were also compared (see definition of the loci sets in the
previous section). Results of both data sets differed only marginally and showed deflation of Fsr-
values compared to analyses including all individuals. Therefore, only Fsr-values based on ten

microsatellite loci are shown and F’sr-values based on six loci are available upon request.

Mantel tests and partial Mantel tests conducted in Arlequin, using Fsr-values and F’sr-values.
Temperature difference matrices were based on the average annual air temperatures near sampling
sites. All tests for correlations involving geographic distance contained only populations from the
last ten years, whereas tests regarding temperature differences contained all populations with
candidate gene sequences. Mantel tests and partial Mantel tests for candidate locus TF and
selectively neutral microsatellite loci were additionally conducted on solely D. galeata Fsr- and F'sr-

values. All P-values were adjusted for multiple testing using Bonferroni correction.

Locus neutrality was tested using either a data set containing all individuals or a data set containing
exclusively D. galeata individuals, each consisting of 11 microsatellite loci and three candidate gene
markers. It was necessary to reduce the candidate marker sequence data to genotypic data, which
inevitably biased the genetic distances between the haplotypes. For that reason, we performed each
analysis on the raw data (called “unpooled data set”) as well as on a pooled data set (Additional file
C1-3: Table S15). For the pooled data set, an arbitrary threshold of 10% sequence divergence was

set and haplotypes with lower values were pooled as described in Eveno et al. (2008).

Two outlier tests, the coalescent-based simulation method implemented in LOSITAN (Antao et al.
2008) and the Bayesian approach implemented in BayeScan (Foll & Gaggiotti 2008), were used on
the data described above (for details see Additional file C1-1: Methods).
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A genotype-phenotype association approach to reveal thermal

adaptation in Daphnia galeata

Maike Herrmann, Nicole Henning-Lucass, Mathilde Cordellier, and Klaus Schwenk

Abstract

Altering thermal environments impose strong selection pressures on organisms, whose local
persistence depends on adaptive phenotypic plastic and genetic responses. Thus far, adaptive
change is monitored using phenotypic shifts or molecular markers, although inevitable obstacles
are inherent in both methods. In order to circumvent these, it is necessary to find a causal link
between adaptive alleles and fitness. Combining both approaches by linking genetic analyses and
life-history measurements, a potential genotype-phenotype relationship can be assessed and
adaptation at the molecular level demonstrated. For our study, clonal lineages of the freshwater
keystone species D. galeata from seven different populations distributed along a latitudinal
gradient across Europe were tested for local thermal adaptation in common garden experiments.
Fitness-related life-history responses were quantified under different thermal regimes and
experimental clones were genotyped at three candidate gene marker loci to investigate a potential
genotype-phenotype association. The analyses of the life-history data showed a significant
temperature effect on several fitness-related life-history traits recorded in our experiments.
However, we could not detect evidence for a direct association at neither candidate gene locus
between genotypes and life-history traits. The observed phenotypic shifts might therefore not be
based on the tested marker loci EA, M, and TF, or in general not coding sequence-based and thus
rather reveal phenotypic plasticity in response to thermal variation. Nonetheless, we revealed
significant genotype by environment (GxE) interactions at all tested loci, potentially reflecting a
contribution of marker loci to certain life-history trait values and contribution of multiple genetic

loci to phenotypic traits.

Forthcoming in the Journal of Experimental Zoology Part A: Ecological Genetics and Physiology.
DOI: 10.1002/jez.2070
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Introduction

Anthropogenic climate change progressively alters thermal environmental conditions, which is
accompanied by changes in a broad spectrum of biotic and abiotic factors, confronting our planet’s
biota with new selection pressures (Bellard et al. 2012). Local extinction of species or populations as
a consequence of these changes might be avoided through either acclimatization via phenotypic
plasticity or micro-evolutionary change via genetic adaptation, depending on species-specific
physiological limitations and genetic architecture (Hoffmann & Sgro 2011). During the last
decades, studies indicating rapid evolutionary responses to current global warming increased in

number (e.g., Salamin et al. 2010; Geerts et al. 2015).

In the majority of studies, adaptive change is monitored using phenotypic shifts or molecular
markers (Hansen et al. 2012). Phenotypic trait changes, for example obtained via long-term
observations (Charmantier et al. 2008) or gradient analyses (De Frenne et al. 2013), often affect the
individual’s fitness directly and thus result in measurable changes of performance. However, as
phenotypic traits are plastic, phenotypic change might not be based on coding sequence-based
change but a result of phenotypic plastic responses. Phenotypic plasticity, such as physiological,
morphological or behavioral adjustments (Whitman & Agrawal 2009) in response to
environmental alterations, thus complicates the assessment of the evolutionary adaptive potential
when the experimental design does not allow for a clear discrimination of the type of underlying
response (Merild & Hendry 2014).

Population genetic approaches such as genome scans for Fsr-outliers (Storz 2005) or landscape
genetics (Manel ef al. 2010) are alternatively used to infer loci or genomic regions potentially under
selection in natural populations and to exhibit above average genetic differentiation among
populations. Selective agents responsible for this genetic differentiation are subsequently deduced
by establishing correlations between the distribution of genetic variability and environmental
heterogeneity (recently the subject of a special issue: Jensen et al. 2016). Although conclusive
verification of a causal relationship between adaptive alleles or genotypes and fitness determined
under specific environmental conditions is necessary (Barrett & Hoekstra 2011; Hansen et al.
2012), the hypothesized adaptive significance of identified outlier loci could only be linked to
fitness in a limited number of cases (Jensen et al. 2016). Genotype-phenotype relationships are still
mostly examined in studies concerning human diseases and traits of agricultural importance by
applying data-driven genome-wide association analyses. Now that simultaneous genotyping of high
numbers of individuals and therefore genotype-phenotype association analyses have become
feasible for a wide range of species through high throughput sequencing (reviewed in Korte &
Farlow 2013), efforts are made to utilize this approach for ecological research and towards

hypothesis-driven candidate gene association analysis (e.g., Du et al. 2014).

In this study, we apply a genotype-phenotype association approach to link specific genotypes and

alleles of Daphnia, a small aquatic crustacean, with fitness measurements obtained in life-history
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experiments under different temperature regimes. Daphnia is especially useful for population
genetic approaches and experimental studies, as the parthenogenetic reproduction cycle of this
genus allows the establishment of clonal lineages in the laboratory. Recent common garden
experiments conducted by Henning-Lucass et al. (2016) showed significant effects of temperature
on fitness in Daphnia galeata. The studied clonal lineages exhibited plastic responses to
temperature in several fitness-related life-history traits (size at first reproduction, size of neonates,
size of first clutch, time to first reproduction, somatic growth rate), generated by the same
genotypes under various thermal conditions. Another study on the effects of temperature on gene
expression revealed temperature dependent expression patterns of several genes in Daphnia magna
(Schwerin et al. 2009). Three of these candidate genes, ERNA, MHC-1, and TRY5F, were sequenced
and the trypsin coding TRY5F gene was found to be under selection and potentially involved in
local thermal adaptation among populations of the Daphnia longispina species complex,
comprising Daphnia longispina, D. galeata, and their interspecific hybrids (M. Herrmann, Personal
Communication). The trypsin protein family plays an important role in protein digestion (von
Elert et al. 2004) and therefore in the availability of amino acids for protein synthesis and energy
supply. Since, as in many organisms, an increased rate of metabolic activity and a consequently
increased energy demand is a direct consequence of elevated temperatures in Daphnia (Paul et al.
2004a), genes coding for trypsins represent a likely target for thermal selection. However, a causal
link between genetic differentiation and fitness under different environmental conditions is
missing.

In an effort to complement existing life-history data from D. galeata populations distributed along
a latitudinal gradient across Europe (Henning-Lucass et al. 2016, Henning-Lucass in prep.) and
infer the functional impact of allelic variation in candidate genes ERNA, MHC-1, and TRY5F,
experimental clones were genotyped at temperature-relevant candidate gene markers EA (for
ERNA), M (for MHC-1),and TF (for TRY5F) using amplicon sequencing. Contrary to the common
approach of evaluating fitness differences among genotypes (Korte & Farlow 2013), the life-history
responses under different temperature regimes in common garden experiments were quantified
before genotyping experimental clonal lines at marker loci. Based on above mentioned results of
M. Herrmann (Personal Communication) and Henning-Lucass et al. (2016), we expect to find an
association between the phenotype and the genotype at TF. By contrast, at markers EA and M,

which showed no indication for selection, we do not expect to find such an association.
Material and Methods

Life-history experiments

Sediment sampling

We sampled resting egg banks at deep water sites of six freshwater lakes along a latitudinal gradient

from Northern to Southern Europe (Table C2-1). Sediment cores from the following lakes were
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collected between spring 2010 and summer 2012: Ringsjon (South Sweden), Miiggelsee (North
Germany), Jordan reservoir (Czech Republic), Lake Constance (South Germany), Greifensee
(Switzerland), and Lago di Nemi (Middle Italy). In order to avoid hatching stimuli, cores were
sliced and afterwards stored in opaque sealed tubes at 4 °C. In addition, a water column sample was
taken from Lake Jyvisjdrvi (South Finland) in autumn 2012 (Table C2-1).

Table C2-1: Sampling sites

Lake Location GPS Coordinates Altitude [m] Sample origin
Greifensee Switzerland 47° 2120 N, 8°40°10“E 435 sediment
Jordéan reservoir Czech Republic 49° 2455“ N, 14° 3949“ E 437 sediment
Lake Constance Austria, Germany, Switzerland 47°3721“N, 9°2624“ E 395 sediment
Lake Jyvasjarvi Finland 62°1422“ N, 25° 4634“E 78 water column
Miiggelsee Germany 52°26%“N, 13° 386“E 32 sediment
Ringsjon Sweden 55°521“N, 13° 3125 E 54 sediment

Hatching of dormant eggs and experimental set-up
Hatching of dormant eggs and the experimental set-up for the life-history experiments, as well as
recording and calculation of life-history traits are described in detail in Henning-Lucass et al.
(2016). Propagules were obtained through sieving of sediment samples and inoculated in jars filled
with equal amounts of distilled tap water and filtered pond water. After exposition to hatching
stimuli (16:8 L:D, 19 + 1 °C, Vandekerkhove et al. 2005), neonates were separately transferred into
jars filled with ADaM (Aachener Daphnien Medium, Kliittgen et al. 1994) and kept under the same
conditions as the dormant propagules for parthenogenetic reproduction of clonal lines. Since
D. galeata diapausing eggs are sexually produced, each experimental clonal line has a unique
genetic background. The species status was determined through Sanger sequencing of the
mitochondrial 12§ gene (Taylor et al. 1996) and nuclear genotyping using microsatellite loci
(Thielsch et al. 2009). Three climate chambers were equipped with identical flow-through systems
containing experimental tubes. Prior to the start of the experiment, all test animals were
acclimatized to treatment conditions. Therefore, we introduced neonates from the second clutch of
‘mother individuals’ (born under standard laboratory conditions and introduced to experimental
temperatures as neonates) into the flow-through system within 12 hours after birth. For each clone,
four individuals were placed together in one experimental tube to ensure a sufficient number of
surviving individuals per tube at the end of the experiment. During the experiments time to first
reproduction [d], size at first reproduction [mm], size of first clutch [number of neonates per
female], size of neonates released from the brood pouch [mm], survival rate of adult females at the
time of first reproduction [%] and somatic growth rate (SGR) [mm d"'] were recorded as life-
history traits. The SGR was calculated using the formula [In(S,)-In(S)] t* (Lampert & Trubetskova

1996), where S, is the mean body size of each clonal lineage at start of the experiment and S. the
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mean body size of each clonal lineage after reaching maturity, divided by the time to first
reproduction (t) in days. Experimental tubes were controlled daily for released neonates to
determine the time to first reproduction. The average size of the first clutch for each tested clonal
lineage was calculated by counting the unborn neonates in the carapaces in addition to the already
released neonates and dividing the total amount by the number of adult females per tube. In order
to capture the size of the females and neonates, we transferred all individuals of the experimental
tube into ethanol after the first neonates were released from the brood pouch. The individuals of
one tube were not used as independent replicates. For each clonal lineage, the average value of the
four individuals per experimental tube was calculated to estimate the clonal response to each
temperature regime at the respective life-history trait. Survival rate was defined as the proportion

of females surviving until the release of the first clutch.

Table C2-2: Experimental design

Experiment Temperatures [°C] Population Data set #CLLH #CLEA #CLM  #CLTF
la 15, 20, 25 Lake Constance DS1 7 3 5 7
Greifensee 7 6 4 6
Total DS2 14 9 9 13
1b 22,25,27 Lake Constance DS1 6 3 5 8
1c 22,25,27 Lake Constance DS1 6 3 5 8
2a 15, 20, 25 Lake Constance 6 5 6 6
Jyvisjirvi 2 3 2 2
Greifensee 4 4 4 4
Jordéan reservoir 7 6 6 5
Miiggelsee 6 6 2 6
Lago di Nemi 3 2 1 1
Ringsjon 2 2 2 0
Total DS3 31 28 23 24
2b 25,27 Lake Constance 6 5 6 6
Greifensee 4 4 4 4
Jordéan reservoir 7 6 6 5
Miiggelsee 6 6 2 6
Lago di Nemi 3 2 1 1
Ringsjon 2 2 2 0
Total DS3 28 25 21 22
Total number of clonal lines 44 43 37 42

# CL LH: number of clonal lineages with quantified life-history traits; # CL EA, M, TF: number of clonal lineages sequenced for each
locus.
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Experimental design
Altogether, five separate life-history experiments were conducted between October 2011 and
February 2013, using different combinations of populations and clonal lines. Test temperatures
varied between experiments and covered ‘natural’ temperatures within the reproductive period of
European D. galeata. They ranged from 15 °C to 25 °C, with an additional slightly increased
maximum temperature set at 27 °C (Table C2-2). For the phenotype-genotype association analyses,
the experimental data were grouped into three distinct data sets of clonal lines. The first set (DS1)
contained only clones from Lake Constance (experiments la-c), the second set (DS2) contained
clones from Lake Constance and Greifensee (experiment la), and the third set (DS3) contained
clones from the seven populations Lake Constance, Greifensee, Jordan reservoir, Jyvisjarvi,
Miiggelsee, Lago di Nemi, and Ringsjon (experiments 2a and 2b). Thus, life-history traits for the
DS1 and DS3 were recorded in several different experiments and several clonal lines are shared
among different experiments within the sets (Supplementary Table C2-S1). The temperatures and

clones used in each experiment are shown in detail in Table C2-2.

Genotyping

Candidate genes

Three candidate genes were chosen and found to be under selection and potentially involved in
thermal adaptation in natural populations of the Daphnia longispina species complex
(M. Herrmann, Personal Communication) prior .to this study. Schwerin et al. (2009) showed that
they were differentially expressed between 10 °C and 20 °C in D. pulex. Amplification and
sequencing was attempted for DNA sequences of all eleven differentially expressed proteins in this
study and successful for the three loci EA, M, and TF within the genes ERNA, MHC-1, and TRY5F.
Primer pairs were designed using the available DNA sequences of Daphnia pulex (Colbourne et al.
2011). MHC-1 codes for the myosin heavy chain, a component of muscle fibers, ERNA codes for an
endoribonuclease, a secretory enzyme involved in RNA processing and TRY5F codes for a trypsin,

a secretory enzyme involved in protein digestion.

Amplification of candidate markers
Data on genotypic variation found in the wild was obtained from ephippia collected directly from
sediment cores using a 125 um sieve (Retsch, Haan, Germany). Ephippia were stored in 70-100%
ethanol until the resting eggs were isolated. Resting eggs where extracted from the ephippial case
and the DNA was prepared from single resting eggs. To genotype the clonal lines tested in life-
history experiments (subsequently referred to as “experimental samples”), DNA was prepared from
individual clones. DNA was extracted from both experimental clones and resting eggs from the
wild using the HotShot method (Montero-Pau et al. 2008). We used 50 pl of lysis buffer and an
equal amount of neutralization buffer. The DNA was stored at 4 °C or ¥20 °C. We ampliXed the
three loci M, EA, and TF from 56 experimental samples in total. Genotyping data of 87 clonal lines
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obtained directly from sediment cores (subsequently referred to as “field samples”) was available.
For details on PCR protocol and primers for tagged amplicon sequencing of experimental clones
see Supporting Information C2-S2, Supplementary Table C2-S3; for details on PCR protocol,
primers, and Sanger sequencing of field samples see Supporting Information C2-S2 and C2-S5, and
Supplementary Table C2-S4. Each of the three primer pairs used for amplification binds to only
one locus in the transcriptome of D galeata, respectively. Each of the six individual primers has,
however, more than one binding site, as detected by a blast against the newly published Daphnia
galeata transcriptome (Huylmans et al. 2016). Any chimeric sequences possibly generated because
of this were eliminated subsequently in different steps of the bioinformatic analysis. The number of
clonal lines successfully sequenced for each locus in each population is listed in Table C2-2. PCR
products were barcoded using unique 5’-tagged primers specific for each clonal line. Tag sequences
were of 5 bp length and differed from each other by at least two bases (Supplementary Table C2-
S6). PCR products were purified using either the Agencourt AMPure Kit (Beckman Coulter, Brea,
CA, USA) or the PureLink PCR Purification Kit (Invitrogen, Carlsbad, CA, USA).

Amplicon pooling
The amount of DNA in PCR amplicons was measured visually using the MassRuler Express
Forward DNA Ladder Mix (Thermo Scientific, Waltham, MA, USA) for reference. Equal amounts
of DNA from each individual PCR product were combined into two amplicon pools. The first,
Sample 1, contained amplicons of locus M of ~ 400 bp sequence length and 43 ng DNA/clonal line.
The other, Sample 2, contained amplicons of both loci EA and TF of ~ 630 bp and ~ 740 bp
sequence length, respectively, and 23 ng DNA/clonal line.

454 targeted amplicon sequencing, quality control, and genotype reconstruction

Both pools were sequenced by the GATC company, using a Roche GS FLX sequencer and the
Titanium Sequencing Kit XLR70 (Roche 454 Life Sciences, Branford, CT, USA). In a first quality
control step, all reads showing any divergence from original barcode and primer sequences were
discarded. The program USEARCH (Edgar 2010) and custom Python scripts were used for all
subsequent procedures. Reads were filtered and truncated, whereby custom parameters
(Supplementary Table C2-S7) were applied to each data set. Depending on locus and sequence
orientation, the read data was sorted and merged into five globally trimmed data sets, one for locus
EA, containing all reads, and two for each of the loci TF and M, containing either forward or
reverse reads. For each data set, sequences with at least 97% sequence similarity were clustered. The
true haplotype sequences in each data set were estimated using the consensus of the reads within
each cluster by choosing the majority base at each site.

In order to reconstruct each clonal line’s individual genotype, we mapped the quality controlled,
merged data sets containing individual reads against the cluster consensus sequences. The resulting

file was used to assign individual reads and their corresponding cluster consensus sequences to the
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clonal lines. We thereby expected to assign one (in homozygous lines) or two (in heterozygous
lines) forward and reverse cluster consensus sequences to each clonal line. However, probably due
to PCR and sequencing errors, more than two cluster consensus sequences were assigned to the
majority of clonal lines (to all clonal lines for loci EA and TF, and to 86.7% for locus M). The final
reconstruction of individual genotypes was based on the support of the haplotypes in terms of read
numbers. A true allele had to be supported by reads sequenced from both directions (forward and
reverse) and to have a share of at least 10 % of each clonal line’s reads. If more than one haplotype
sequence fulfilled these criteria, the clone was assumed to be heterozygous and its genotype to be
composed of the two most abundant haplotype sequences. The 10 %-threshold was set arbitrarily to
balance between differences in PCR and sequencing success as source of an uneven distribution of
reads among two real alleles on one hand and pseudo-alleles artificially created by PCR and
sequencing errors on the other hand. For detailed descriptions of methods used for quality control,
clustering, and genotype reconstruction see supplementary material (Supporting Information C2-

S8 and Supplementary Figure C2-S9).

Statistical analyses

Life-history experiment
Statistical analyses of life-history data were conducted for all three data sets with IBM SPSS
Statistics 22. In a first step, data were tested for normality of distribution using the Lilliefors
corrected Kolmogorov-Smirnov test. Afterwards, Kruskal-Wallis (nonparametric) tests and
Analysis of Variance (parametric ANOVA) were performed to compare thermal conditions.
Additionally, we used general linear models (GLM) to test for the effect of temperature, population
origin and the interaction of both for all life-history traits. Subsequently, post-hoc tests (Fisher’s
least significant difference, LSD) were performed to compare measured traits between two

temperature treatments.

Association analyses

The programs PLINK v.1.07 (Purcell et al. 2007) and mvBimBam (Stephens 2013) were used to test
for association between genotype and phenotype under different temperatures. PLINK uses
univariate linear regression to test for association between each SNP and each phenotypic trait
individually, whereas mvBimBam uses a multivariate approach to test for a relationship between
the phenotypic trait and all SNPs at once. Only non-redundant SNPs were included into the
analyses.

Association testing with Plink was performed using the “qassoc” command. Settings were applied
to correct for testing of multiple SNPs and for population stratification in the data sets by
permuting within populations. Additionally, clones with more than 10% missing genotypes and
SNPs with a minor allele frequency below 1 % were excluded prior to testing (options: “--within --

assoc --all-pheno --mperm 1000 --mind 0.1 --geno 0.1 --maf 0.01”). All P-values were corrected for
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multiple testing using the false discovery rate (FDR) as implemented in the R package q-value
v1.38.0 (Dabney & Storey 2003).

For multivariate association testing with mvBimBam, traits with values for less than three clonal
lines and clonal lines with missing genotype or missing values for any of the phenotypic traits were
excluded from the analyses. Therefore, all analyses were conducted for each of the loci EA, M, and
TF separately and included varying numbers of clonal lines and phenotypic traits (Supplementary
Table C2-S10). Prior to analyzing, phenotypic values in DS2 and DS3 were corrected to account for
possible population stratification using linear regression. The covariate-corrected phenotypic
values (i.e., the residuals) were used for further analysis. For all data sets, phenotypic values were
quantile transformed to a standard normal distribution and tested for multivariate normality
(MVN) using Royston's multivariate normality test as implemented in the R package MVN v3.7
(Korkmaz et al.). The only data set tested positive for MVN, DS3, was subsequently tested in
mvBimBam (using the “mph 2” option and default settings). Genotypes were tested against somatic
growth rate, size of the first clutch, and neonates size at 15 °C, 20 °C, 25 °C (experiment 2a), 25 °C
and 27 °C (experiment 2b) in one analysis, and against somatic growth rate, time to maturity, and
neonates size at the same temperatures in a separate analysis.

PLINK was further used to test for differences in genotype-phenotype-association between two
environments (genotype environment interaction, GXE) by comparing the difference between the
regression coefficients of each association. GXE between genotypes and temperature was tested for
somatic growth rate, size of the first clutch, and size of neonates for DS1, DS2, and DS3. All
possible pairs of temperature regimes within experiments conducted simultaneously were analyzed
(Supplementary Table C2-S11). The phenotypic values of DS2 and DS3 were corrected for
containing multiple populations using linear regression as described above. All analyses were
conducted for each of the loci EA, M, and TF separately, using the command “gxe”, filtering
options as described above and temperature set as the covariate. Clonal lines with missing genotype
or phenotype values for any of the phenotypic traits were excluded from the analyses. All P-values

were corrected for testing multiple testing using the false discovery rate (FDR) as described above.

Population differentiation and genetic diversity in field and experimental samples

The clones tested in life-history experiments have possibly experienced a loss of genetic diversity at
our loci of interest due to the sampling bias, uneven hatching success under laboratory conditions,
subsequent laboratory selection, and the strategy we applied to obtain the sequences. In order to
test for loss of genetic diversity in experimental clones, we compared the pairwise genetic
differentiation among the populations in experimental and field samples. Due to the applied
clustering strategy, sequences with less than 3 % differences could not be distinguished in
experimental clones. Thus, the Sanger-sequenced haplotypes of the field samples were also
clustered, using USEARCH and applying the same strategy as described for the amplicon
sequencing data (Supporting Information C2-S8 and Supplementary Figure C2-S9).
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Pairwise genetic differentiation among populations with both experimental and field samples (EA
and TF: Greifensee, Jordan reservoir, Miiggelsee, and Lago di Nemi; M: Greifensee, Jordan
reservoir, and Lago di Nemi) was estimated for each locus and each data set (unclustered field
samples, clustered field samples, and experimental samples). Fsr-values were computed using
genetic distances between haplotypes based on AMOVAs and the Kimura 2 parameter (K2P)
model as implemented in Arlequin ver. 3.5.1.2 (Excoffier & Lischer 2010). Fsr P-values were
computed using 10000 permutations and corrected for multiple testing using the Bonferroni
method.

We also exemplarily compared the haplotypic diversity of experimental samples at locus TF to the
diversity found in the wild. In order to find haplotypes in the field samples corresponding to the
experimental haplotypes despite the clustering process, we mapped the clustered field TF haplotype
sequences to the experimental TF haplotype sequences. Both haplotype sets were trimmed to equal
lengths beforehand and otherwise processed using the same strategy as described for the
experimental samples (Supporting Information C2-S8). Fisher’s exact tests were used to test for
independence between observed haplotype frequencies and sample origin in all populations with

both experimental and field samples.
Results

Life-history experiments
Analyses of life-history data showed that temperature significantly affected several fitness-related
life-history traits in our samples. In data set DS2, temperature had a significant effect on time to
first reproduction (GLM: F (2,31) = 25.582, P < 0.001) and somatic growth rate (GLM:
F(2,31) =17.36, P < 0.001), revealing that higher temperatures lead to an accelerated growth and
faster reproduction in clones from Lake Constance and Greifensee (Figure C2-1A and B). In DSI1,
temperature had the same effect on time to first reproduction (experiment 1b: Kruskal-Wallis-test:
¥ (2, N =74) = 12.16, P = 0.002, experiment 1c: ANOVA: F (2,71) = 22.60, P < 0.001) and somatic
growth rate (experiment 1b: ANOVA: F (2,71) = 9.61, P = 0.001, experiment lc: ANOVA:
F(2,71) =11.34, P = 0.001). However, life-history trait values differed between experiment 1c and
1b (Figure C2-2), despite identical experimental set-ups with same temperature regimes and an
almost identical set of clones from Lake Constance (one clonal line differed between 1b and 1c at 22
°C for locus M and another at 22 °C and 25 °C for locus TF, of which none had a unique genotype
at these loci). Whereas in experiment 1b, clonal lineages of the 27 °C treatment differed
significantly in time to first reproduction and somatic growth rate from clones in 22 °C and 25 °C,
in experiment 1c the clonal lineages of the 22°C treatment reproduced and grew significantly faster
than those in 25 °C and 27 °C. Additionally, temperature affected adult female size (experiment 1c:
ANOVA: F (2,71) = 8.67, P = 0.003) as well as neonate body size (experiment 1c: Kruskal-Wallis-
test: X (2, N=74) = 8.64, P = 0.013) significantly in experiment lc, with smallest individuals
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collected from the 27 °C treatment. In DS3, GLM analyses and pairwise comparisons of 15 °C,
20 °C and 25 °C treatments via post-hoc LSD tests revealed a significant effect of temperature on all
six tested life-history traits (Table C2-3). Furthermore, inter-population differences were found for
size of neonates, size of first clutch, time to first reproduction, survival rate, and somatic growth
rate (Table C2-3), which indicates local adaptation. Comparing 25 °C and 27 °C in DS3, no
temperature effect between the two high temperature treatments was found, but instead inter-
population differences for female size (GLM: F (5,47) = 3.638, P = 0.008), time to first reproduction
(GLM: F (5,47) = 2.896, P =0.025), somatic growth rate (GLM: F (5,47) = 3.003, P = 0.021), and
survival rate (GLM: F (5,50) = 5.919, P < 0.001).

Genotype-phenotype association
We found no evidence for a direct association between genotypes (for each candidate gene locus)
and any of the life-history traits in the association analyses, as exemplified for time to first
reproduction and somatic growth rate in Figures C2-1C to H. For all three candidate genes was
observed that clones frequently exhibited similar phenotypic responses although they carried
different haplotypes. We also found a wide variation in phenotypic trait values among clones
carrying identical candidate gene haplotypes. Similar results were observed for multivariate
phenotypic responses: None of the univariate association analyses conduced in PLINK revealed a
significant correlation and all log,, Bayes Factors obtained from the multivariate association
analysis with mvBimBam on DS3 were below 0.5. Even with a prior odd as low as one (i.e., under
the assumption that the presence and absence of an association are equally likely), no significant

correlation between genotype and multivariate phenotype could be detected.

Significant GxE interactions across two temperature regimes were found for all tested loci (Table
C2-4). Significant correlations between the genotype at locus EA and mean size of first clutch were
revealed for temperature pair 15 °C/20 °C in experiment la of DS1 (including clones only from
Lake Constance) and temperature pair 15 °C/25 °C in experiment la of DS2 (including clones from
Lake Constance and Greifensee). The genotype at locus M significantly correlated with mean
somatic growth rate (for temperature pair 15 °C/25 °C in experiment la of DS2) and mean size of
the first clutch (for temperature pair 22 °C/27 °C in experiment 1c of DS1, and temperature pairs
22 °C/25 °C and 15 °C/25 °C in experiment la of DS2). Mean size of neonates was also correlated
with genotype at locus M for temperature pair 15 °C/25 °C in both experiment la of DS2 and
experiment 2a of DS3 (which was the only significant result for the data set containing all
populations). Significant associations between the genotype at locus TF were revealed for mean
somatic growth rate (for temperature pair 25 °C/27 °C) and mean size of first clutch (for

temperature pair 22 °C/27 °C) both in experiment 1c of DS 1.
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Figure C2-1: Population reaction norms and haplotype frequencies for DS2. Experimental
samples from Lake Constance and Greifensee showing a significant effect of the thermal
regime on time to first reproduction (A) and somatic growth rate (B). In both populations,
increased temperatures resulted in an earlier reproduction and accelerated growth. Given are
means for life-history trait values. Haplotypes at the candidate loci show no association with
phenotypic response to different temperatures in both time to first reproduction (EA: C, M:
E, and TF: G) and somatic growth rate (EA: D, M: F, and TF: H)
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Figure C2-2: Differences in life-history trait values among almost identical sets of clones from Lake Constance (experiment 1b and
1c of data set DS1) for time to first reproduction and somatic growth rate. Given are means + SE for both experiments

Table C2-3: Life-history experiment

P (LSD)
Life-history trait N Ind. variable df F P
15vs.20°C  20vs.25°C 15vs.25°C

Size at first 85 Temperature 2 17.747 <0.001 <0.001 0.284 <0.001
reproduction [mm] Population 6 1.007 0.428

TxP 12 1.285 0.253
Size neonates [mm)] 85 Temperature 2 5.309 0.007 0.033 0.018 < 0.001

Population 6 4.220 0.001

TxP 12 1.045 0.419
Size of first clutch 92 Temperature 2 9.987 <0.001 <0.001 0.548 <0.001
[neonates/female] Population 6 6.033 <0.001

TxP 12 3.109 0.001
Time to first 85 Temperature 2 94.908 <0.001 <0.001 0.023 <0.001
reproduction [d] Population 6 3.760 0.003

TxP 12 0.937 0.512
Survival rate [%] 92 Temperature 2 3.829 0.026 0.035 0.213 0.001

Population 6 12.824 <0.001

TxP 12 1.052 0.413
Somatic growth rate 85 Temperature 2 51.198 < 0.001 < 0.001 0.024 < 0.001
[mm/d] Population 6 3217 0.008

TxP 11 0.759 0.679

General linear model testing for the effect of temperature, inter-populational differences, and the interaction of both (T x P)
comparing 15 °C, 20 °C, and 25 °C in experiment 2a (DS3). Post-hoc tests (Fisher's least significant difference, LSD) additionally
testing for differences in-between temperature regimes. Variation in sample size (N) are a result of clonal lines not reaching the end
of the experiment. Ind. Variable: independent variable. Significant P-values (< 0.05) are highlighted in bold.
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It is important to note, however, that the number of possible GXE tests in DS1 was reduced because
of lack of observations for both genotypic and phenotypic values in both temperature regimes (this
concerned loci EA and M) and monomorphic genotypes (this concerned locus TF). The locus most

affected was EA, which was involved in only one test on DS1.

Table C2-4: GxE interactions across two temperature regimes for mean somatic growth rate (SGR), mean size of first clutch
(c11S), and mean size of neonates (neoS)

Data P-value SGR P-value cl1S P-value neoS
set et EA M TF EA M TF EA M TF
DS1 la 15°Cx20°C ns ns NA® <0.001 ns NAY ns ns NA®
20°Cx25°C NA® NA® NAP NA? NA? NA® NA? NA? NA®
15°Cx25°C NA® NA® NA®Y NA? NA? NA® NA? NA? NA®
1b 22°Cx25°C NA® ns ns NA® ns ns NA® ns ns
25°Cx27°C NA® ns ns NA® ns ns NA® ns ns
22°Cx27°C NA® ns ns NA® ns ns NA® ns ns
lc  22°Cx25°C NA® ns ns NA® ns ns NA® ns ns
25°Cx27°C NA® ns 0.009 NA® ns ns NA® ns ns
22°Cx27°C NA® ns ns NA® <0.001 0.045 NA? ns ns
DS2 la 15°Cx20°C ns ns ns ns ns ns ns ns ns
20°Cx25°C ns ns ns ns 0.03 ns ns ns ns
15°Cx25°C ns 0.03 ns 0.01 0.03 ns ns 0.03 ns
DS3 2a  15°Cx20°C ns ns ns ns ns ns ns ns ns
20°Cx25°C ns ns ns ns ns ns ns ns ns
2b  15°Cx25°C ns ns ns ns ns ns ns 0.04 ns
25°Cx27°C ns ns ns ns ns ns ns ns ns

Conducted in PLINK. Significant P-values (< 0.05) are highlighted in bold.
< three observations in at least one of the two temperatures

> monomorphic genotypes (minor allele frequency < 0.01)

Diversity in field and experimental populations

Mapping TF-haplotypes from field samples to experimental sample reads in USEARCH allowed us
to find corresponding haplotypes in samples of field and experimental origin. Clustering field
sample haplotypes exhibiting less than 3% divergence among each other resulted in a perfect
correspondence of TF-haplotypes from field and experimental samples. For each TF-haplotype
found in the experimental samples, a corresponding haplotype was found in the field samples, but
not vice-versa (Figure C2-3, Supplementary Table C2-S11).

Over all clonal lines, unclustered field samples contained more haplotypes than experimental
samples and still contained a higher number of haplotypes after clustering (Figure C2-4). Because
of the higher sample size in the field samples, none of these differences in haplotype count are

significant. Samples from individual populations of both field and experimental origin contained
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similar numbers of different haplotypes but showed vast differences in their frequencies in some of
the populations. This observation was confirmed by the results of the Fisher’s exact tests of
independency, which show dependency of genotype frequencies and sample origin in the
populations of Jordan reservoir and Lago di Nemi, ie., in two of five tests (Figure C2-3,
Supplementary Tables C2-S12 and C2-S13). Pairwise Fsr-values between unclustered field samples
were between 0.193 (Greifensee versus Miiggelsee) and 0.421 (Jordan reservoir versus Miiggelsee)
at locus EA, between 0.219 (Greifensee versus Lago di Nemi) and 0.419 (Jordan reservoir versus
Lago di Nemi) at locus M, and between zero (Greifensee versus Miiggelsee) and 0.766 (Miiggelsee
versus Lago di Nemi) at locus TF (Supplementary Table C2-S14). Clustering haplotype sequences
with less than 3% difference increased Fsr-values in all but two comparisons (Greifensee versus
Miiggelsee & Greifensee versus Lago di Nemi) at locus EA (by 2% and 37%, respectively) but
decreased all Fsr-values but one (no change between Greifensee and Lago di Nemi) by 8% and 48%
at locus M. At locus TF, Fsr-values both increased and decreased by notably lower rates between 0
to 10%. Regardless of the locus, 93% of the pairwise population comparisons conducted on the
unclustered field sample data set and 80% of the comparisons conducted on the clustered sample
data sets yielded results significantly different from zero, while none of the Fsr-values between any

experimental population pair differed significantly from zero.

1.0

Haplotype frequency
© ©
E=Y [=)]

o
[

TF1L TF2 TF3 TF1 TF2 TF3 TF4 TF1 TF2 TF3 TF5 TF1 TF2 TF3 TF1 TF2 TF3 TF4 TFS
Greifensee Jordan reservoir Miiggelsee Lago di Nemi Total

Population and haplotype

Figure C2-3: Distribution of haplotypes among populations at locus TF. Asterisks indicate dependency between observed
haplotype frequencies and sample origin (Fisher’s exact test; * P < 0.01; ** P < 0.001). FC: clustered field samples, Ex: experimental
samples
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among the different samples. FU: unclustered field samples,
FC: clustered field samples, Ex: experimental samples

Discussion

In order to estimate the adaptive potential of D. galeata, we investigated the genotype-phenotype
relationship by comparing variation in (putatively temperature-relevant) genetic markers and life-
history traits under different thermal conditions. A significant effect of temperature on life-history
traits (size at first reproduction, size of neonates, size of first clutch, time to first reproduction, and
somatic growth rate) as well as indications for micro-evolutionary responses in D. galeata have
previously been shown by Henning-Lucass et al. (2016). The findings of the authors are in
accordance with a wealth of studies showing temperature effects on fitness-related life-history traits
in Daphnia (e.g., Rinke & Petzoldt 2003; Bernot ef al. 2006). Since one of the three marker loci used
in our study, TF, was recently found to be under natural selection in the D. longispina species
complex (M. Herrmann, Personal Communication), we expected to find an association between

the genotype at marker TF and the phenotype assessed in previous thermal adaptation studies.

In contrast to our expectations, no evidence for a direct genotype-phenotype association could be
detected at any of the three candidate gene loci. Additionally, and in contrast to our hypothesis, we
revealed significant genotype by environment interactions not only at locus TF but at all three
tested loci, possibly reflecting a contribution of the marker loci to certain life-history trait values.
Whereas significant GXE interactions with the genotype at locus TF were found only in DSI,
including solely clonal lineages from Lake Constance, interactions with the genotype at locus EA
were also found in DS2, including clonal lineages from Lake Constance and Greifensee. For the
genotype at locus M, significant GxE interactions were revealed for DS1, DS2, and even DS3,

including all tested populations. The inconsistency of GxE results in DS1 between experiments 1b
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and 1c, conducted under the same temperature treatments, are most possibly a result of the above
mentioned differences in phenotypic trait values between those two experiments (Figure C2-2).
Such variations in measurable phenotypic traits might reflect fluctuations in experimental
conditions beyond our control, e.g., temporal variations in water and nutrition quality.

Significant GxE interactions might indicate the contribution of multiple genetic loci to the
phenotypic traits, as the lack of direct genotype-phenotype associations shows that the genotype is
not determining the absolute values of the phenotypic traits, but rather the amount by which a
phenotypic trait differs among two temperature regimes. If true, other loci contributing to the
multilocus phenotypes would outweigh the candidate genes’ contribution to the absolute trait
values and thus obscure direct associations. Since the marker loci are not significantly contributing
to the absolute trait value, all marker loci are, against our initial assumption, unlikely to be involved
in thermal selection acting on the life-history-traits analyzed in this study. Instead, the previously
observed correlation between population differentiation at locus TF and environmental
temperature was possibly caused by a third factor associated with both parameters, such as
cyanobacterial blooms (Gademann & Portmann 2008; Paerl & Huisman 2008) or oxygen supply.
The experimental basins of the life-history experiment were provided with an additional oxygen
supply, in order to minimize secondary effects of temperature differences and observe the actual
temperature effect disentangled from the amount of dissolved oxygen. This might however have
weakened the effect of the thermal regime on life-history traits, as the aerobic performance has
been shown to set the capacity of the lower and upper thermal limits (P6rtner 2001). In order to
verify these hypotheses, a follow-up study examining the genotype-phenotype relationship under
varying feeding regimes with different concentrations of cyanobacteria and under different oxygen
concentrations would be necessary.

However, our results do not rule out an involvement of the candidate genes in thermal adaptation.
Artificial selection experiments on Drosophila showed that thermal adaptation can be achieved
through different mechanisms, depending on the specific selection pressure, and result in highly
varying responses (Serensen et al. 2007). As the phenotypic traits analyzed here are not indicative
for all possible mechanisms of thermal adaptation, potential phenotype-genotype associations (for
example during acute stress) would have been inevitably missed. Observing genotype-phenotype
relationships in this context requires exposure to these specific conditions and possibly quantifying
more specific traits as, e.g., the critical thermal maximum, CT n... This measure allowed Geerts et al.
(2015) to demonstrate the evolution of increased tolerance to higher temperatures in D. magna.
Yampolsky et al. (2014a) used the time until immobilization (Timm) as a measurable trait to show
adaptive phenotypic plasticity in temperature tolerance and potential local thermal adaptation in
D. magna. Similar measures were used in a genotype-phenotype association study, revealing that
the genotype at the phosphoglucose isomerase (PGI) locus significantly affected several life-history
traits and chill-coma recovery time resistance in the copper butterfly Lycaena tityrus (Karl et al.
2008).
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Alternative explanations for the absence of direct genotype-phenotype associations might originate
from limitations of the bioinformatic analyses, the experimental set-up, and laboratory selection of
genotypes which might have occurred during the establishment of clonal lineages prior to the
experiments. For example, the read mapping left us with a surprisingly high number of clusters
assigned to the individual clonal lines and our subsequent clustering strategy potentially reduced
the variability of observed genotypes.

Furthermore, the potential exclusion of less fecund clonal lineages from the experiment, due to an
artificially set fecundity threshold of four neonates per tube, might have lowered the sample size
and introduced a non-random bias in the range of tested genotypes, reducing the variability of the
phenotypic responses. In this context, the comparison of genotype diversity between natural (field)
samples and laboratory (experimental) samples at locus TF revealed a dependence on origin of the
genotype in two of the tests. Additionally, genetic differentiation among populations was non-
existent in laboratory samples across all loci (contrasting with field samples). The comparison of
pairwise Fsr-values among the field populations (clustered and unclustered haplotypes) shows that
the difference was not induced by methodological issues (sequencing technology and bioinformatic
analyses). Hence, these results show that the analyzed clonal lines do not represent the full
spectrum of variance found in field populations and therefore might imply the occurrence of
laboratory selection during the process of hatching and/or rearing of the clonal lines intended for
the experiments. Unfortunately, this bias is further enhanced by the limited sample size included in
the association tests, potentially concealing locus TF’s contribution to the phenotype under
different conditions. Gémez and Carvalho (2000) observed similar patterns in rotifers when they
compared the diversity of pelagic samples with unhatched resting eggs based on microsatellite
markers. The authors suggested an uneven hatching success and/or selection after hatching as a
potential cause for the differences they found among both groups. However, studies on
D. mendotae, using allozyme locus PGI (Kerfoot et al. 2004), as well as on D. galeata, using
allozyme loci PGI and PGM (Jankowski & Straile 2003; Brede 2008), showed matching genotype
frequencies among pelagic samples and samples composed of hatched individuals from sediment of
corresponding periods. These findings demonstrate that the effect of laboratory culturing on allele
frequencies can differ, either because of laboratory selection or the sampling-induced bottleneck,
depending on the locus of interest. This should be considered to ensure a satisfying degree of
genetic diversity to cover a representative spectrum of the natural variation and study evolutionary
processes.

However, applied GLM analyses of life-history data showed a general temperature effect and inter-
population differences in measured traits. Thus, our sample size and the established genetic
variability were sufficient for demonstrating phenotypic variation in observed traits and
populations. Therefore, the absence of a genotype-phenotype association might either suggest that
the phenotypic shifts in measured life-history traits are genetically-based but not directly on the

tested marker loci EA, M, and TF, or it might reveal the lack of an underlying micro-evolutionary
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thermal response. Thus, observed phenotypic variation between temperature regimes would indeed
be either a non-adaptive stress response (Teplitsky et al. 2008) or a plastic response in terms of
adaptive thermal acclimation (Charmantier et al. 2008). If the latter is the case, adaptive genetic
divergence among phenotypes may be located in regulatory elements controlling candidate gene
expression levels. An analysis of the relationship between phenotypic responses and candidate gene
expression levels may thus clarify their role in thermal adaptation. In the past, plasticity has already
been shown to contribute more strongly to phenotypic shifts than micro-evolutionary changes,
although phenotypic differences were initially often assumed to have a genetic basis (Hoffmann &
Sgro 2011; Merild & Hendry 2014). Comparing populations along a latitudinal gradient in DS3, the
inter-population differences in phenotypic traits suggested adaptation to locally prevailing
temperature regimes. However, these differences do not allow for an explicit assumption of local
thermal adaptation and might also be based on adaptation to local factors other than temperature,

a problem inherent to gradient studies (De Frenne et al. 2013).

Conclusion

Although we could not find a causal relationship between genetic variation at candidate loci and
life-history phenotypes and suggest phenotypic plasticity as basis for phenotypic shifts in life-
history traits, a potential association of candidate genes and thermal adaptation should not
completely ruled out. Whether the lower diversity of laboratory cultured clones versus field
populations prohibited the detection of associations remains unresolved. In order to estimate the
ecological relevance of genotype-phenotype interactions, it is essential to ensure that, in the
laboratory samples, the genotype frequencies at the loci of interest match the frequencies occurring
in field populations. This can be warranted by either using a high sample size or, should that not be
possible, choosing the samples intended for experiments according to their genotypes. In order to
avoid obscuring of associations by different genetic backgrounds among the samples, Rellstab et al.
(2015) also recommend maximizing the fraction of genome used in analyses. Altogether,
examining whether phenotypic and genotypic variation coincide is inevitable to demonstrate
adaptation at the molecular level. For that reason, instead of focusing on individual aspects,
methodological frameworks which incorporate genotypic as well as phenotypic information,
including expression profiles and environmental factors are necessary and should be applied in

order to reveal the genetic basis underlying adaptive variation.
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Population transcriptomics in Daphnia: the role of thermal selection

Maike Herrmann, Suda Parimala Ravindran, Klaus Schwenk, and Mathilde Cordellier

Abstract

The complex interplay of forces determining genetic divergence among populations complicates
the discovery of the genetic basis underlying local adaptation. Here, we utilized a combined reverse
ecology and population transcriptomic approach to assess the contribution of thermal selection to
population differentiation, thereby considering transcriptome-wide variation in both gene
expression profiles and DNA sequences. We compared transcriptomes among four Daphnia
galeata populations and identified transcripts potentially responding to local thermal selection.
Based on an extensive literature search, a comprehensive database of candidate genes possibly
under thermal selection in arthropods was composed to identify orthologous transcripts in

D. galeata.

Although a large amount of transcripts which may contribute to local thermal adaptation was
identified, temperature-relevant candidate genes were not overrepresented compared to the global
gene set; suggesting that thermal selection might play a minor role in divergence among Daphnia
populations. However, overrepresentation of temperature-relevant candidate genes among
transcripts strongly contributing to sequence divergence among two populations (Greifensee and
Miiggelsee) indicated local thermal selection acting on the coding sequence level. Furthermore, we
found that the majority of genes contributing strongly to sequence divergence did not contribute
strongly to divergence at the expression level and vice versa. However, the affected gene functions
were largely consistent between the two data sets, suggesting that genetic and regulatory variation
constitute alternative routes for responses to natural selection. Our combined utilization of a
population transcriptomics approach and literature based identification of ecologically informative
candidate genes represents a useful methodology with a wide range of applications in evolutionary

biology.

Submitted to Molecular Ecology
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Introduction

Genetic divergence among populations is shaped by a complex interplay of forces, including the
populations’ phylogeographic history, gene flow, random genetic drift, and divergent selection
(Nosil et al. 2009). Varying degrees and directions of selective pressures, and the genetic
architecture of traits under selection, combined with signals reflecting evolutionary neutral
processes, make it challenging to unravel the genetic basis of phenotypic traits under selection and
thus to detect local adaptation to a particular environmental factor in natural populations. We
therefore utilized a reverse ecology approach (Li et al. 2008) that allows us to assess the
contribution of particular stressors or influences in shaping expression and sequence divergence
among natural populations. For this purpose, we take advantage of the vast and growing body of
literature on gene functions and on candidate genes for various environmental factors. These
resources can be used to compile sets of candidate genes relevant for any particular environmental
factor. The combination of such ecologically informative candidate gene sets with methods to
identify loci strongly contributing to population divergence within transcriptome- or genome-wide
SNP data allows for assessing any environmental factor’s importance in shaping the divergence
among populations. Furthermore, it allows for the identification of the involved gene functions.
Importantly, this approach can be utilized not only for a variety of environmental factors but is also
helpful in identifying loci of ecological and evolutionary interest in a wide variety of taxa, especially
in non-model organisms, where information on the relationship between genes and phenotypes is

scarce.

Assessing the genetic basis underlying local adaptation is essential to identify the constraints
determining the geographic and ecological ranges of a species and ultimately to evaluate their
adaptive potential (Merild & Hendry 2014). Phenotypic variation observed among populations
alone is insufficient for this aim since it is not necessarily immediately adaptive but often merely
plastic (James et al. 1997; Ayrinhac et al. 2004; Mason & Taylor 2015). Yet, phenotypic plasticity
may be under selection and contribute to local adaptation (Levine et al. 2011; Harrison et al. 2012).
A fundamental mechanism underlying phenotypic plasticity is gene expression regulation (Wray et
al. 2003). Differentiation of gene expression might reflect directional selection as a consequence of
ecological influences (Romero et al. 2012; Xu et al. 2015) and was suggested to be specifically
relevant in early stages of divergence among populations (Toews et al. 2016). Since selection acts on
the expression as well as on the sequence level, transcriptome data are particularly useful in
revealing genes contributing to phenotypic plasticity and patterns of local adaptation.

Temperature is an important selective agent that severely affects organisms through its impact on
physical and chemical processes. Ectotherms possess a range of physiological and behavioral
responses to cope with the impact of temperature (Gibert & De Jong 2001). In Daphnia, a classic
model for studying on phenotypic plasticity, examples of phenotypic traits affected by temperature

include life-history processes, metabolism, and gene expression (reviewed in Wojtal-Frankiewicz
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2012). Thus, Daphnia has been subject of several population genetic studies on climate change.
Temperature adaptation and adaptive phenotypic change (of genotype composition, life-history
traits, temperature tolerance, and gene expression levels) in response to temperature increase has
been shown in selection experiments as well as over time in natural populations (Van Doorslaer et
al. 2009b; Van Doorslaer et al. 2010; Geerts et al. 2015; Henning-Lucass et al. 2016; Jansen et al.
2017). Recent studies suggest local thermal adaptation in Daphnia pulex and Daphnia magna
(Williams et al. 2012; Yampolsky et al. 2014a), and enhanced tolerance to elevated temperatures in
D. magna from warmer climates due to adaptive plasticity in hemoglobin expression (Yampolsky et
al. 2014a).

Verifying local adaptation of phenotypic divergent traits or pinpointing the genetic basis of locally
adapted traits in Daphnia, however, has been mostly inconclusive so far (e.g., Williams et al. 2012;
Herrmann et al. in press). The detection of local thermal adaptation and underlying genes is
possibly prevailed by other factors that put strong selective pressure on phenotypic traits and
disguise the signal of thermal selection, such as nutrient supply (e.g., Orcutt & Porter 1983; Spaak
et al. 2012) and parasite (e.g., Decaestecker et al. 2007) or predator pressure (e.g., Cousyn et al.
2001). A promising approach to overcome this difficulty and reveal candidate genes likely
underlying thermally selected traits was employed by Yampolsky et al. (2014b), who focused on
differences among heat-tolerant and heat-sensitive D. magna clones in response to optimal and
severely increased “substressful” temperatures. The contribution of these genes to population
divergence and local adaptation, however, remains unclear since Daphnia is well known for high
amounts of clonal variation observed within and between populations (Mitchell & Lampert 2000).
Another prominent approach employed in the majority of reference studies (for temperature-
relevant candidate genes) is to assess the transcriptomic response to acute thermal stress (e.g.,
Jansen et al. 2017). While these studies certainly reveal genes affected by thermal selection, they tell
little about the role of these loci in moderate conditions or about loci involved in local thermal
adaptation but not directly affected by acute thermal stress. Yet, differences in performance among
populations in intermediate temperatures have been shown, for example, in life history traits
(Herrmann et al. in press) and metabolic rates (Chopelet et al. 2008) and might play a major role
under natural conditions (Mitchell & Lampert 2000). A notable exception, the study by Williams et
al. (2012), demonstrated that heat tolerant D. pulex clones were not only more heat resistant due to
increased levels of hemoglobin expression (compared to heat-sensitive clones), but also that these
increased of hemoglobin levels were maintained at non-stressful temperatures. This observation
suggests adaptive canalized expression, i.e., loss of plasticity in expression levels, in a temperature-
relevant gene. A comparable observation was made by Jansen et al. (2017), who analyzed
subpopulations of D. magna across time (utilizing qPCR and a resurrection ecology approach) and
reported loss of plasticity in expression levels under evolutionary constraints in a large proportion

of temperature candidate genes.
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While not assessing temperature-driven differences under intermediate conditions themselves, the
above mentioned studies represent important resources that we used to assemble a set of
temperature-relevant candidate genes. Specifically, temperature-relevant reference candidate genes
were obtained from the literature on gene functions, thermal adaptation, and temperature-
dependent expression rates in arthropods, associated with differences either in thermal tolerance or
in thermal habitat properties. We compared transcriptomes among four populations of Daphnia
galeata under non-stressful conditions utilizing RNA-seq, which allowed us to simultaneously
estimate population divergence both on the sequence and the expression level. We applied several
sequence- and expression level-based tests to find transcripts possibly under local selection or
contributing substantially to population divergence. We expect an overrepresentation of
temperature-relevant candidate genes among such transcripts if local thermal selection is a major
factor in shaping divergence among these populations. Furthermore, we analyzed the contributions
of expression level and coding sequence divergence to the proportion of population divergence that

is potentially attributable to local thermal adaptation among populations.
Materials and Methods

Identification of temperature-relevant candidate genes and candidate gene transcripts
To obtain a set of reference candidate genes, we searched Web of Science
(http://apps.webotknowledge.com) using different combinations of the keywords temperature,
candidate genes, molecular, thermal selection, thermal adaptation, heat tolerance, phenotypic
plasticity, freshwater zooplankton, expression, genome scan, heat stress, thermal genes, and RNA -
seq. The results were screened for studies experimentally demonstrating temperature-relevance of
genetic loci (reference candidate genes) and included literature on gene functions, thermal
adaptation, and temperature-dependent expression rates in arthropods (Tables S1 and S2,
Supporting Information C3). Amino acid sequences of 32903 D. galeata transcripts and 17014
reference candidate genes were assigned to existing orthogroups in the OrthoMCL database
(http://orthomcl.org; currently containing genomes of 150 species) using the OrthoMCL tool (Li et
al. 2003) with default settings. Transcripts orthologous to a reference candidate gene were deemed

candidate gene transcripts (CGT).

Sampling and RNA collection, preparation and sequencing

Transcriptomes of twenty-four clonal D. galeata lines from four lakes (population J: Jordan
reservoir in Czech Republic, populations M and LC: Miiggelsee and Lake Constance in Germany,
and population G: Greifensee in Switzerland, Table C3-1 and Figure C3-1C) were analyzed. The
clonal lines were established using hatchlings from propagules collected from the sediment (see
Henning-Lucass et al. (2016) for hatching conditions and Herrmann et al. (in press) for sampling
conditions). Laboratory conditions prior to harvesting and RNA extraction are described in
(Huylmans et al. 2016).
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In total, 72 total RNA samples (six clonal lines from four lakes; three replicates per clonal line) were
sent to the company GATC (Konstanz, Germany) for library preparation and sequencing. The total
RNA was reverse transcribed in cDNA using random primers. Sequencing was carried out on an
[Nlumina HiSeq 2000 (San Diego, USA), with 50 bp single-end reads. The pooling of up to eight
libraries per lane was designed carefully to avoid block effects, and each library was sequenced on

two to four different lanes.

Quality control and trimming
The sequencing output was pre-filtered with the Casava pipeline (Illumina, San Diego, USA).
Subsequently, all reads with ambiguous bases were removed. The reads were then trimmed at the 3’
and 5’ ends. Bases with a quality score (phred) lower than 20 and reads shorter than 45 bp after
trimming were discarded. The trimming steps were done using the Galaxy (Afgan et al. 2016) local

instance of the Gene Center in Munich, Germany.

Mapping to reference transcriptome and read counts

Trimmed 50bp single-end reads were mapped to the D. galeata transcriptome (Huylmans et al.
2016; available from NCBI: https://www.ncbi.nlm.nih.gov, GenBank ID: HAFN00000000.1) using
NextGenMap (Sedlazeck et al. 2013) with increased sensitivity (-i 0.8 --kmer-skip 0 -s 0.0). The
required identity was increased from the default setting (65% identity) due to the high number of
recent gene duplications that can be expected based on the D. pulex genome (Colbourne et al.
2011). For the same reason, all seeds were used to build the lookup table from the transcriptome
and the highest sensitivity setting was used. Read counts were obtained from SAM files using a

custom python script and discarding ambiguously mapped reads.

Differential gene expression

The R package DESeq2 (Love et al. 2014) was used to identify transcripts that were differentially
expressed between populations. We first performed 6 pairwise comparisons: G vs. J, G vs. LC, G vs.
M, J vs. LC, J vs. M, and LC vs. M. All P-values were adjusted for multiple testing using the
Benjamini-Hochberg correction (Benjamini & Hochberg 1995) implemented in DESeq2. A
transcript was considered significantly differentially expressed between a pair of populations when
the contrast yielded an adjusted P-value (padjust) lower than 0.05 and a fold-change (FC) of more
than 1.5 times.

For all differentially expressed transcripts, we computed the quartile coefficient of dispersion based
on the mean read counts per clonal line after normalization. The dispersion coefficient is an
estimate of transcript-wise expression variability across all samples. A higher value signifies a
higher variability of expression. To compare transcript-wise expression variability between
candidate gene transcripts and non-candidate transcripts, we conducted two-sample t-tests (using

R) on the two groups of log-transformed dispersion coefficients.
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SNP calling and filtering

Initial variant calls were made using GATK's HaplotypeCaller (DePristo et al. 2011) via local
realignment of haplotypes. Samples were genotyped jointly using GATK's GenotypeGVCFs tool. A
single vcf file was created using the GATK pipeline described in the section ‘Variant Calling and
Filtering’ with the exception that the ‘-allSites’ flag was switched on to include all non-variant loci
for which there were data available. Besides true variation, these initial variant calls contain false
positives due to systematic sequencing artefacts, mismapped reads, and misaligned indels. Such
false-positive calls often (i) exhibit excessive depth of read coverage, (ii) show an allelic imbalance,
(iii) occur preferentially on a single strand, (iv) appear in regions of poor read alignment and (v)
arise in unusual close proximity to multiple other variants. Thus, the majority of such calls can be
detected and rejected using filters based on the above observations (Laurent et al. 2016). Variants
were removed with GATK’S VariantFiltration using the following set of criteria (with acronyms as
defined by the GATK package): clusterWindowSize = 35. (ii) QD < 2.0. (iii) FS > 30.0.

Population structure and population-specific loci

We used principal components analysis (PCA) and discriminant analyses of principal components
(DAPC, Jombart et al. 2010) to assess population structure. PCA and DAPC were conducted in R
with the package ADEGENET 2.0.1 (Jombart & Ahmed 2011). Input data sets for both analyses
were identical (Table C3-2). Only biallelic SNPs free of indels were included in the analyses while
other filters were applied as described above. Six pairwise DAPCs were performed to obtain allele
loadings and identify the SNPs contributing to divergence among each pair of populations,
conserving > 99% of the variance in each data set.

To obtain SNPs that contributed highly to overall sequence divergence among populations, we
applied an arbitrary 10 % cutoff to the allele loadings obtained in each pairwise comparison. The
top 10% of SNPs contributing the most to population divergence in each pairwise comparison were
analyzed further to identify highly divergent SNPs for each population, i.e., SNPs that contributed
highly to population divergence in each of the three pairwise comparisons possible for each
population (e.g., for G: “G vs. J”, “G vs. LC”, and “G vs. M”). The SNPs shared among all three
comparisons for one population were labeled “highly divergent” for the respective population
(Figure C3-2B). The lists of shared SNPs were obtained using the online tool jvenn
(http://bioinfo.genotoul.fr/jvenn/). Transcripts that contained at least one highly divergent SNP
were labeled “highly divergent transcripts”.

Jvenn was used to obtain transcripts with distinctive expression levels in a particular population.
The procedure is represented exemplarily for upregulated transcripts in population G (Figure C3-
2A). A significantly differentially expressed transcript was labeled “distinctively expressed” (a) if it
occurred uniquely among the four populations (“List 17, Figure C3-2A) or (b) if it occurred in each
of the three pairwise contrasts for this specific population (“List 2”, Figure C3-2A). List 1 was

obtained by compiling a set of all significantly upregulated transcripts in any comparison with
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another population for each population, and all four sets combined in a four-way Venn diagram.
These “private” transcripts were significantly upregulated only in the respective population and
exhibited equal expression levels or non-significant differences among the other populations. List 2
was obtained by compiling three sets of transcripts for each population. Each set contained all
transcripts that were upregulated in this population compared to one of the other populations (e.g.,
for G: transcripts upregulated G in comparison to J, in comparison to LC, and in comparison to
M). After combining the two lists, distinctive transcripts were used in further analyses.
Distinctively expressed transcripts were identified separately for up- and down-regulated

transcripts in each population.

Identification of loci under selection, gene functions, and abundances

We used McDonald-Kreitman tests (MKT, McDonald & Kreitman 1991) with Jukes-Cantor
corrected diversity as implemented by Egea et al. (2008; http://mkt.uab.es/mkt) to test transcripts
for selection among pairs of populations. To obtain alignments of transcript sequences, SNP calling
data sets were filtered as described above but without the SNP-cluster filter and with a minor allele
frequency cutoff of 5%. Beagle 4.1 (Browning & Browning 2007) was used to phase SNP calling
data and a python script was used to parse the phased vcf-file to sample sequences in fasta format.
Protein sequences of these transcripts were obtained using EMBOSS getorf (Rice et al. 2000) to
detect and subsequently choosing the longest open reading frame. Protein sequences were aligned
using MUSCLE (Edgar 2004) and transcript alignments were subsequently obtained using
EMBOSS tranalign (Rice et al. 2000), by aligning corresponding nucleotide sequences based on the
protein alignments. MKTs could be applied to 26 pairwise comparisons with alignments showing
non-zero values in all four categories of nucleotide changes (nonsynonymous (D.) and
synonymous substitutions (D,) between populations; and nonsynonymous (P,) and synonymous
polymorphisms (P;) within populations, Tables C3-2 and C3-3).

Two Fsr-based outlier approaches, implemented in the programs BayeScan (Foll & Gaggiotti 2008)
and LOSITAN (Antao et al. 2008), were used to identify loci under selection. For both outlier tests,
SNPs were filtered for low quality (“QD < 2.0”), strand bias (“FS > 30.0”), minor allele frequency
(“MAF < 10%”), SNP clusters, and indels. For LOSITAN analysis, SNPs with missing data in the
alternative allele field (SNP calling) were also filtered. LOSITAN outlier testing was conducted
using 500.000 simulations under the infinite allele model, confidence interval of 0.99, false
discovery rate of 0.1, attempted Fsr of 0.182, subsample size of 12 (computed by LOSITAN), and
simulated Fsr of 0.181. For tests with BayeScan, we used default settings and a prior odd of 100. A
BayeScan test was conducted over all four populations and six pairwise tests were performed
among populations. Bonferroni correction was used to account for multiple testing. Numbers of
analyzed SNPs and corresponding transcripts in all analyses are listed in Table C3-2.

Gene ontology (GO) terms were obtained from UniProt (http://www.uniprot.org, The UniProt

Consortium 2014) for all reference candidate genes that corresponded to outliers and highly
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divergent or distinctively expressed CGTs. Abundance of orthogroups as well as of biological
function and cellular components GO terms was assessed for DAPC, differential expression and
LOSITAN results. Pairwise Mood's median tests were applied to test for significant differences in
GO term and orthogroup abundance between the sets of highly divergent and distinctively
expressed CGTs.

Overrepresentation analyses
Hypergeometric tests were used to test for overrepresentation of candidate gene transcripts in
results of LOSITAN, DAPC, and differential expression analyses (R function phyper, R Core Team
2014). P-values obtained in overrepresentation analyses were Bonferroni-corrected for multiple
testing. Transcripts occurring in the output of at least three different tests were also tested for
overrepresentation. Transcripts possibly under selection according to BayeScan and MKTSs were

not included because of their low sample size.
Results

Identification of temperature-relevant candidate genes and candidate gene transcripts
We obtained 17014 reference candidate genes from 51 studies by screening literature on gene
functions, thermal adaptation, and temperature-dependent expression rates in arthropods for
studies which experimentally demonstrate temperature-relevance of genetic loci (Tables S1 and S2,
Supporting Information C3). By assigning the reference candidate genes and D. galeata transcripts
to existing orthogroups in the OrthoMCL database, we obtained 7707 different orthogroups, all of
which contained D. galeata transcripts (Tables S3 and S4, Supporting Information C3). Of the
32903 distinct D. galeata transcripts analyzed in total, 47% were not assigned to any OrthoMCL
orthogroup and 10% were assigned to orthogroups without any reference candidate gene. 14072
D. galeata transcripts (43% of all transcripts) were assigned to 5664 orthogroups containing both

reference candidate genes and D. galeata transcripts and thus deemed CGTs.

Population structure

The PCA based on SNPs obtained from six clonal lines from four lakes showed distinct clustering
of clones in accordance with their source populations (Tables C3-1 and C3-2, and Figure C3-1 A
and C). Clusters of populations M, G, and LC were only separated along the second principal
component (explaining 14.9% of the variance), whereas ] was separated from the others along the
first principal component (explaining 16.1% of the variance). Clones J3 and J2.1 were not as clearly
grouped among other Jordan reservoir clones but instead placed midway between the clusters of
populations J and LC.

The DAPC (Table C3-2) supported the clear genetic differentiation among the populations
detected in the PCA (Figure C3-1B). The DAPC explained 100% of the variance with 23 principal

component eigenvalues and three discriminant analysis functions. Results of the DAPC analysis
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indicated that the optimal number of clusters of individual genotypes was four according to the
Bayesian information criterion (data not shown), corresponding to the number of analyzed
populations. Inferred group membership of individual genotypes determined from SNP data also
corresponded to the genotypes’ origin, with the exception of clonal line J2.1 from J, which was

grouped into a cluster consisting of all clonal lines from LC (P < 0.001 for group membership of all

genotypes).

Eigenvalues M10 PCA eigenvalues
M12

PC114.9%

G2l 17 LC
A PC216.1% B

Figure C3-1: Genetic differentiation among D. galeata populations of Greifensee (G), Jordan reservoir (J), Lake Constance (LC),
and Miiggelsee (M). A: PCA and distribution of eigenvalues (filled black bars indicate eigenvalues corresponding to shown
principal components); B: DAPC including a minimum spanning tree based on the squared distances between populations;
C: distribution of sampling localities. Dotted grey lines mark the extent of the Alpine and British-Irish, and Scandinavian ice sheets
during the last glacial maximum (Svendsen et al. 2004; Fitzsimmons & Hambach 2014)

Table C3-1: Sampling sites

Lake Location GPS coordinates Alt. [m] Vol. [km3] Dep. [m] Temp. [°C]
47° 21°20“ N,
Greifensee Switzerland e 435 0.1485 34 9.26
8°40°10“E
da 49° 24°55“ N,
Jordan Czech Republic e 437 0.0027 14 12.56
Reservoir 14° 39°49“ E
Lake Austria, Germany, 47°3721“N,
, C-. 395 48 254 10.32
Constance Switzerland 9°2624“E
52°266“N,
Miiggelsee Germany e 32 0.0366 8 8.75
13°38°6“E

Alt.: altitude; Vol.; volume; Dep.: maximum depth; Temp.: average air temperatures near sampling sites in the years 2000-2010
according to the Climate Research Unit of the British Atmospheric Data Centre (Mitchell & Jones 2005; BADC 2008).
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Table C3-2: Summary of transcript and SNP data sets used in various analyses; and detected outliers, distinctively expressed,
and highly divergent transcripts

Analysis # analyzed transcripts ~ # analyzed CGT's # detected transcripts # detected CGT's
(SNPs) (SNPs) (SNPs) (SNPs)

BayeScan total 10783 (64287) 6857 (46966) 7(7) 3(3)

BayeScan all 5 (5) 1(1)

BayeScan G-LC 2(2) 2(2)

MKT 25 15 2 2

LOSITAN 10760 (64237) 6854 (46954) 782 (997) 488 (640)

DAPC total 10138 (62858) 6656 (46306) 2064 (3566) 1433 (2832)

DAPC G 627 (982) 453 (790)

DAPCJ 719 (1075) 507 (847)

DAPCLC 335 (470) 239 (380)

DAPCM 730 (1046) 496 (820)

DE 32903 14072 11450 4237

DE up 8264 2973

DE down 6597 2462

DE G up 2809 1007

DE ] up 2114 758

DE LC up 1129 380

DE M up 2212 828

DE G down 1486 529

DE ] down 2062 846

DE LC down 1296 464

DE M down 1753 623

MKT: McDonald-Kreitman test; DAPC: highly divergent transcripts according to discriminant analysis of principal components
(the same input was analyzed in principal component analysis); DE: distinctively expressed transcripts; CGT: candidate gene
transcript. # detected transcripts/CGT's: number of outliers, distinctively expressed or highly divergent transcripts or CGTs. Data
sets marked in bold were tested for overrepresentation of CGTs. Both MKTs and analyses of differential expression were applied on
the level of transcript sequences. In BayeScan, LOSITAN, and DAPCs, SNPs were analyzed that correspond to the indicated number
of transcripts.

Expression-based population divergence - distinctively expressed transcripts
Over all populations, 11450 significantly differentially expressed transcripts were “distinctively
expressed” (Table C3-2), i.e., up- or down-regulated only in one of the populations or exhibiting
higher or lower expression levels in one population compared to all others (Figure C3-2A). We
observed little difference in the proportions of distinctively expressed genes per population
between the complete set of transcripts and the CGT subset (Table C3-2, Figure C3-3A). In the
total set of distinctively expressed transcripts as well as in the set of upregulated transcripts, LC has
by far the lowest number of transcripts (and CGTs), followed by M, G, and J, with little difference
among values for M, G, and ] (Figure C3-3A). This corresponds well to the population structure

observed in the PCA and the DAPC minimum spanning tree (Figure C3-1 A and B), in which all
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other populations were connected to LC. Thus, LC shows higher similarity to the other populations
than they show to each other, both on the expression and on the sequence level. The order of
transcript numbers differs in the downregulated subset of distinctively expressed transcripts, while
also showing a more homogenous distribution. While LC remains the population with the lowest
number of distinctively expressed transcripts, it is followed closely by G, M, and J. We also
observed a more pronounced difference between the complete set of transcripts and the CGT
subset. The difference in the amount of distinctively downregulated transcripts between population
J and the other populations is substantially larger in the subset of CGT's that in the total data set (or
in any of the other analyses; Figure C3-3).

Quartile coefficients of dispersion were computed as a measure of expression variability for 13717
CGTs and 18303 non-CGTs. For 883 transcripts, the dispersion coefficient could not be computed
because of missing data in more than half of the 24 samples. The dispersion coefficients ranged
from 142.93 (Dgal_01269t5) to 0.03 in CGTs and from 226.26 (Dgal_s329070) to 0.04 in non-
CGTs. The distribution of dispersion coefficient was massively skewed to the right in both data sets
(77% of non-CGTs and 83% of CGTs exhibited values below one; and 99% exhibited values below
ten in both data sets, data not shown). The means of the data sets, 0.81 for CGTs and 1.04 for non-
CGTs, were significantly different (two-sample t-test, df = 32018, P < 0.001) but differ only by 0.23.

G>J G=>LC
up LC upJ
Guvs.J Guvs.LC
up M G=M
e - List 2: Transcripts that ' Gvs.M

L!st1f_Tra;1lscr|pts th}att “&erei exhibited higher expression

Signmcanm’y upreguiatad ongy'; levels in population G than in highly divergent SNPs for G
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Figure C3-2: Identification of distinctively expressed transcripts (A) and highly divergent SNPs (B); exemplary shown for
population G. A: Venn diagrams based on significantly differentially expressed transcripts (padjust < 0.05; FC > 1.5). The left Venn
diagram contains the upregulated transcripts for each population (in at least on comparison with another population); the right
Venn diagram contains transcripts upregulated in G compared to each other population. All transcripts found in at least one of the
indicated intersections were labeled “distinctively expressed”. For each population, distinctively up- as well as downregulated
transcripts were identified. B: Venn diagram based on all SNPs exhibiting allele loadings within the top 10% contributing to cluster
separation in pairwise DAPCs between population G and each other population (6285 SNPs per pairwise comparison). Transcripts
containing at least one “highly divergent” SNP were considered “highly divergent transcripts”
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Figure C3-3: Population-wise proportions of distinctively expressed (A) and highly divergent (B) transcripts (relative to the total
number of population-specific transcripts in each analysis). TS: all transcripts, CGT: candidate gene transcripts. A: any: all
distinctively expressed transcripts, down: distinctively downregulated transcripts, up: distinctively upregulated transcripts. These
transcripts were significantly differentially expressed (padjust < 0.05; FC > 1.5). B: highly divergent transcripts contain at least one
SNPs exhibiting allele loadings within the top 10% contributing to cluster separation in pairwise DAPCs

Sequence-based population divergence - highly divergent loci

Based on the allele loadings of SNPs computed in six pairwise DAPCs between the four
populations, we identified SNPs that contributed highly to overall sequence divergence specifically
for each population in comparison with all other populations (Figure C3-2B). The highest amount
of such “highly divergent” SNPs within CGTs was found in population J with 847 SNPs shared
among all pairwise comparisons with other populations, corresponding to 507 highly divergent
transcripts for population ] (Table C3-2, Figure C3-3B). M and G followed with lower but similar
amounts, 820 and 790 highly divergent SNPs respectively, corresponding to 496 and 453 highly
divergent transcripts. With 380 highly divergent SNPs (corresponding to 353 highly divergent
transcripts), LC has by far the lowest amount of highly divergent loci. This corresponds to the low
amount of distinctively expressed transcripts in this population (Figure C3-3A) as well as to its
central position in the PCA and the DAPC minimum spanning tree (Figures C3-2A and B).

We observed little difference between the complete sets of highly divergent transcripts for each
population and the subsets of highly divergent CGTs (Figure 3B). The pattern of roughly similar
amounts of highly divergent loci for G, J, and M, and substantially lower amounts for LC was also
observed among highly divergent CGTs. It also corresponds well to the population-wise amounts

of distinctively expressed CGTs (Figure 3A).

Loci under selection

MKTs could be applied to only 26 pairwise comparisons, in which transcript alignments showed
non-zero values in all four categories of nucleotide changes (nonsynonymous and synonymous

substitutions; and nonsynonymous and synonymous polymorphisms, Tables C3-2 and C3-3).
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According to MKTs, sixteen transcripts possibly under positive selection in pairwise comparisons
among populations (neutrality index NI < 1) were detected. Two of them, both candidate gene
transcripts, exhibit significant P-values in spite of the low divergence among populations:
Dgal_t25857c0t3 in populations LC and M (NI = 0.157, P < 0.01) and Dgal t24940cIt3 in
populations ] and M (NI = 0.028, P < 0.01). The first is orthologous to an uncharacterized integral
membrane component protein (GO identifier: GO:0016021, Table C3-5,) that has been shown to be
differentially expressed in Drosophila melanogaster between 21 °C and 29 °C in tropical flies (from
Panama) but not in flies from temperate climate (from Maine, Zhao et al. 2015). Also, decreased
expression along a temperature gradient of 13, 18, 23, and 29 °C (Chen et al. 2015) and increased
expression after heat stress (37 °C for 5.5 h, Landis et al. 2012) have been shown in D. melanogaster.
The second is orthologous to a gene involved in axon guidance and protein localization (GO
identifiers: GO:0007411, GO:0008104, GO:0005515) found to be differentially expressed among
different temperatures in D. melanogaster in several studies (upregulated after a heat-shock of
37°C for 5.5 h, Landis et al. 2012; DE among 20 and 29 °C, Vermeulen et al. 2014) . A study
comparing the response of wild-type and cold-sensitive flies showed differential expression
between 0 and 25 °C in both (0 and 25 °C, Vermeulen et al. 2013). Although both are CGTs and
were differentially expressed in reference studies, they were not detected in any outlier test, highly
divergent or distinctively expressed in any population.

Of the seven transcripts possibly under negative selection (NI > 1), none showed significant values.
Only one transcript, Dgal_03239d43144t1, was tested in two different pairwise comparisons (G vs.
M and J vs. M). Three transcripts were neutral (NI = 1, P > 0.99). Interestingly, of 26 possible tests
(on 25 transcripts), 23 involved population M and only two involved population LC. The reason for
the low number of possible tests is that pairwise comparisons that reveal fixed substitutions in
transcripts were extremely rare, with 280 found in 70362 pairwise comparisons (data not shown). A
high amount of these fixed substitutions, 192, occurred between population M and one of the other
populations, while fixed substitutions were much rarer among G, J, and LC. Fixed substitutions in
population LC were only detected in 28 pairwise comparisons.

BayeScan analysis based on SNPs among all four populations (Table C3-2) indicated five SNPs as
outliers based on Fsr-values in five different transcripts: Dgal 06007t2, Dgal_s329374,
Dgal_sd36072361675, Dgal_t14377c0t1, and Dgal s269867. The latter is the only CGT among
BayeScan outliers and also highly divergent for M. In pairwise BayeScan analyses of populations LC
and G, two additional outlier SNPs in CGTs, Dgal_t25421c0t1 and Dgal t25538c0t9, were detected.
These two transcripts were also highly divergent in pairwise DAPC analyses for LC and G,
respectively. The other five pairwise tests revealed no outliers, although other population pairs
exhibited a larger genetic distance, according to the PCA. All seven BayeScan outliers were either
also outliers in LOSITAN (Dgal_s329374, Dgal_sd36072361675, Dgal_t14377c0t1), highly divergent
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according to pairwise DAPC allele loading analyses (Dgal_s269867, Dgal_t25421c0t1) or both
(Dgal_06007t2, Dgal_t25538¢0t9).

Table C3-3: Results of McDonald-Kreitman tests

Transcript ID Popl Pop2 Ps Ds Px Dx NI X CGT

positive selection

Dgal_t24940c1t3 ] M 14 1 2 5.01 0.03 0.97 yes
Dgal_03048t2 G M 27 1 7 2 0.13 0.87 yes
Dgal_t25857c0t3 LC M 152 13.13 33 18.08 0.16 0.84 yes
Dgal_06811d29634t1 G ] 6 1 1 1 0.17 0.83 yes
Dgal_01950d42751t1 ] M 31 1 8 1 0.26 0.74
Dgal_t22867c0t1 G M 38 1 10 1 0.26 0.74
Dgal_t22541c0t4 ] M 15 1 5 1 0.33 0.67 yes
Dgal_02921t5 ] M 5 1 2 1 0.40 0.60
Dgal_t25680c0t1 ] M 72 1 34 1 0.47 0.53 yes
Dgal_020756d33679t1 G M 4 1 2 1 0.50 0.50 yes
Dgal_02092t4 ] M 4 1 2 1 0.50 0.50
Dgal_t19507c0t1 G ] 10 2 5 2 0.50 0.50
Dgal_t26021c0t1 G M 247 3 134 3 0.54 0.46 yes
Dgal_s383825 G M 30 2.01 11 1 0.74 0.26
Dgal_t25433c0t3 G M 4 2.01 6 4.01 0.75 0.25 yes
Dgal_03239d43144t1 G M 13 1 12 1 0.92 0.08 yes
selectively neutral
Dgal_ak44_j_645050 J L 2 1 2 1 1.00 0.00 yes
Dgal_03239d43144t1 ] M 13 1 13 1 1.00 0.00 yes
Dgal_s371227 ] M 4 1 4 1 1.00 0.00 yes
negative selection

Dgal_04720t4 ] M 1 5.1 2 9.1 1.12 -0.12
Dgal_06192d38232t1 ] M 25 4.05 17 2 1.38 -0.38 yes
Dgal_s180181 G M 16 11.39 38 16.87 1.60 -0.60
Dgal_01089t4 G M 4 2.02 7 2 1.76 -0.76
Dgal_s388875 ] M 1 2 1 1 2.01 -1.01 yes
Dgal_a4274 ] M 1 1 3 1 3.01 -2.01 yes
Dgal_ak34_f 723347 G M 3 3.04 4 1 4.05 -3.05

Only transcripts with non-zero values in all four categories of substitutions were used. Ps: Number of silent polymorphic sites; Ds:
silent divergence (Jukes-Cantor corrected); Px: number of non-silent polymorphic sites; Dn: non-silent divergence (Jukes-Cantor
corrected); NI: neutrality index; X: proportion of adaptive substitutions (Smith & Eyre-Walker 2002); CGT: candidate gene
transcript. Significant results (P < 0.01) are indicated in bold.
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Figure C3-4: Outlier SNPs detected by LOSITAN. Lines indicate 99% and 1% confidence intervals. CGT: candidate gene transcript

Of the 64237 SNPs analyzed in LOSITAN (Table C3-2), 997 SNPs, corresponding to 782
transcripts, were detected as Fsr-based outliers under directional selection (Figure 4). Sixty-four
percent of these (640 SNPs) corresponded to 488 candidate gene transcripts. Forty-one percent
(199) of the LOSITAN CGTs outliers were either detected as outliers in BayeScan as well (only
Dgal t25538c0t9) or highly divergent based on allele loadings in pairwise DAPCs. We focused on
this subset of “supported” LOSITAN outliers for further analyses because it is probably enriched
for true positive outliers. An examination of the associated gene functions showed that supported
LOSITAN outlier CGTs were orthologous to a wide variety of reference candidate genes associated
with diverse GO terms. The vast majority of associated GO terms were also associated with
distinctively expressed CGTs (84% of biological function GO terms and 81% of cellular
components GO terms, Table C3-4).

In the category biological functions, the most abundant GO terms (Table S6, Supporting
Information C3) were neurogenesis (GO:0022008), DNA-dependent transcription (GO:0006351),
and protein phosphorylation (GO:0006468). In the category of cellular components, integral
component of membrane (GO:0016021), nucleus (GO:0005634), and cytoplasm (GO:0005737)

were most abundant (Table S7, Supporting Information C3).
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Abundances of GO terms and orthogroups

The majority of gene functions was shared among subsets of highly divergent and distinctively
expressed CGT's: 68% of the biological process GO terms associated to highly divergent CGT's were
found among distinctively expressed CGTs, and 77% vice versa. Almost identical values were
obtained for cellular component GO terms (68% and 76%, respectively; Table C3-4). The most
frequent biological function GO terms differ among highly divergent and distinctively expressed
CGTs (Table S6, Supporting Information C3). Highly abundant cellular component GO terms
were, by contrast, almost consistent among both subsets (Table S7, Supporting Information C3).
While many high-abundance GO terms of highly divergent CGTs were also highly abundant
among distinctively expressed CGTs, the opposite is not true. For example the cellular component
GO terms fusome (GO:0045169) and spectrosome (GO:0045170) were highly abundant in
distinctively expressed CGTs but much less abundant in highly divergent CGTs.

Table C3-4: Summary of GO term associated outlier, highly divergent, distinctively expressed candidate gene transcripts

Analysis and 4 CGTs #GO #GO # CGTs shared with # GO terms shared with

GO category terms terms/TS  pE DAPC  LOSIsup. DE DAPC LOSI sup.

BP 3864 2972
DE 2851 2177 0.8 - 3.3% 0.6% - 76.8% 34.3%
DAPC 1107 2468 2.2 8.5% - 13.8% 67.8% - 36.1%
LOSIsup. 153 890 5.8 11.1% 100% - 83.8% 100%

CC 3946 597
DE 2926 441 0.2 - 3.5% 0.7% - 76.0% 43.1%
DAPC 1122 491 0.4 9.1% - 14.3% 68.2% - 62.3%
LOSIsup. 160 190 1.2 13.1% 100% - 80.5% 100%

GO: gene ontology; BP: biological process; CC: cell component; DE: distinctively expressed; DAPC: highly divergent transcripts;
LOSI sup.: supported LOSITAN outliers (also detected by BayeScan or highly divergent); # CGTs: number of candidate gene
transcripts (with associated GO terms); # GO terms/TS: number of GO terms per transcript.

The subset of highly divergent CGTs exhibits a higher diversity of biological function GO terms
than the subset of distinctively expressed CGTs with mean numbers of 2.2 and 0.8 GO terms per
transcript, respectively (Table S8, Supporting Information C3). Consequently, the mean abundance
of GO terms among distinctively expressed CGTs was 2.6 times higher than among highly
divergent CGTs. These differences in GO term abundances and diversity between the subsets were
significant (pairwise Mood's median tests, P < 0.001; Table S9, Supporting Information C3). These
results correspond to the analyses of orthogroup abundances. The mean number of different
orthogroups per transcript was 0.86 for highly divergent and 0.27 for distinctively expressed CGTs,
while the mean abundance of orthogroups was about three times higher in distinctively expressed
CGTs than in highly divergent CGTs (Table S8, Supporting Information C3). Over all transcripts

(not restricted to CGTs), this difference between the subsets remained (on average 0.74
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orthogroups per transcript in highly divergent and 0.16 in distinctively expressed transcripts).
Nonetheless, orthogroup abundances were significantly different between highly divergent and
distinctively expressed subsets, both in all transcripts and in CGTs (pairwise Mood's median tests,
P <0.001; Table S9, Supporting Information C3).

Table C3-5: Hypergeometric tests for overrepresentation of candidate genes in
test results

Analysis CGT input [%] CGT output [%] difference [%]
LOSITAN 63.7 62.4 1.3
DAPCG 65.7 72.3 6.6**
DAPCJ 70.5 4.9*
DAPCLC 71.3 5.7
DAPCM 68.0 2.3
DE up 42.8 36.0 6.8
DE down 37.3 5.4
DE G up 35.8 6.9
DE G down 35.6 7.2
DE]J up 35.9 6.9
DE J down 41.0 1.7
DE LCup 33.7 9.1
DE LC down 35.8 7.0
DE M up 37.4 53
DE M down 35.5 7.2

DAPC: highly divergent transcripts; DE: distinctively expressed transcripts; CGT:
candidate gene transcripts. Significant results are marked in bold.
*P < 0.05; **P < 0.01

Overrepresentation analyses
Hypergeometric tests were used to test for overrepresentation of candidate gene transcripts in
results of LOSITAN, DAPC, and differential expression analyses and revealed that the proportion
of CGTs among LOSITAN outliers and distinctively expressed transcripts was lower than among
the input data sets (Table C3-5). In highly divergent transcripts according to pairwise DAPCs,
significant overrepresentation of CGTs was found for populations G (6.6% higher than expected,
hypergeometric test, P < 0.01) and J (4.9% higher than expected, P < 0.05).

Discussion

In this study, we assessed temperature-related population divergence among natural populations of
D. galeata at the expression as well as at the DNA sequence level. We aimed at identifying possible

target genes for adaptation to different thermal regimes and to assess the role of temperature in
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shaping divergence among populations. Therefore, we focused on transcripts orthologous to
candidate genes for thermal adaptation collected form a broad variety of studies on arthropods.
Utilizing sets of stressor-specific genes in combination with genome- or transcriptome-wide
markers represents a particularly useful approach. It provides the opportunity to assess the impact
of important environmental factors on population divergence and allows for testing of specific
hypothesis across a wide range of factors as well as organisms, including non-model organisms. A
general difficulty, however, particularly in non-model organisms, is that species-specific transcripts
are not assessed when they are not annotated (either function, importance or both are unknown).
In the first D. pulex genome (Colbourne et al. 2011), more than 36% of the protein coding genes
were not assigned to orthologous genes in insects (Huylmans et al. 2016). These genes of unknown
function were suggested to play an important role in local adaptation and phenotypic variation
(Colbourne et al. 2011; Jansen et al. 2017). However, the number of genes of unknown function in
D. pulex might be inflated and is probably not representative of the Daphnia genus (Ye et al. 2017).
In the D. pulex genome assembly recently published by Ye et al. (2017), only 28% of annotated
genes were without a homolog in Caenorhabditis elegans, Strigamia maritime, Anopheles gambiae,
D. melanogaster or Homo sapiens, compared to 57% of D. pulex genes without a homolog in these
species in the genome published by Colbourne et al. (2011). Nonetheless, species-specific genes will
inevitably be missed to a certain degree, even when, like in the present study, a large number of
reference studies is available. In the present study on D. galeata, 47% of analyzed transcripts were
not assigned to an OrthoMCL orthogroup and their functions need to be assessed separately.

Based on the 43% of transcripts successfully assigned to an orthogroup together with a reference
candidate gene, we found that temperature candidate gene transcripts were overrepresented in two
discriminant analyses of principal components; i.e., among transcripts that were highly divergent
in populations of Greifensee and Jordan reservoir (based on DNA sequences). Therefore,
temperature likely contributes to coding sequence divergence among the sampled populations, a
finding also supported by McDonald-Kreitman tests. Although MKTs were not included in
overrepresentation analyses because of the low sample size, both significant MKT results were
CGTs. Temperature-related candidate genes were, by contrast, not overrepresented among
distinctively expressed transcripts, although several studies suggest that phenotypic plasticity plays
an important role in thermal adaptation in Daphnia (reviewed in Stoks et al. 2014). Among
populations experiencing different thermal conditions, phenotypic plasticity is likely under
divergent thermal selection, since it often results (like other phenotypic variation) from heritable
variation in expression levels (Wray et al. 2003; Romero et al. 2012; Pai et al. 2015). However, the
lack of CGTs overrepresentation at the expression level suggests that temperature is, at least under
stress-free common garden conditions, not a major contributor to divergence in gene expression
levels among populations. This is supported by the results obtained from our analysis of expression
variability. In genes under evolutionary constraints in Daphnia, canalization of gene expression

was observed repeatedly (Yampolsky et al. 2014b; Jansen et al. 2017). Although we found a
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significantly lower mean variability in CGTs compared to the complete set of all transcripts, the
actual difference between the means (0.23) was marginal and is thus not indicative of canalized
gene expression in temperature-relevant candidate genes. While the majority of transcripts (nearly
80%) exhibited very low dispersion coefficients (lesser than one), transcripts with highly variable
expression were found in both the candidate gene and the non-candidate gene subset. This also
suggests that the evolutionary potential of the analyzed D. galeata populations regarding
temperature is not depleted so far.

Analyses of population structure and the population-wise amounts of distinctively expressed and
highly divergent transcripts revealed that a phylogeographic signal might conceal a weaker signal of
selection. In the population from Lake Constance, we found by far the lowest amount of
distinctively expressed and highly divergent transcripts and therefore the lowest divergence among
the studied populations, both at the expression and at the sequence level. The low number of
distinctively expressed genes in population LC signifies an excess of averagely expressed genes. On
one hand, this might be explained by selectively neutral processes: the populations from Miiggelsee,
Greifensee, and Jordan reservoir might share LC as their common source population. Since Lake
Constance is located at a lower altitude than Lake Greifensee and further south compared to
Miiggelsee and Jordan Reservoir, it was probably the first ice-free lake shortly after the last glacial
maximum and thus very likely harbors the oldest of the studied populations (Figure 1C). The
Jordan reservoir is an artificial reservoir only build in the 15th century (Kubecka & Bohm 1991)
and was thus colonized last. A phylogeographic signal explains the lower amount of DNA sequence
and expression divergence observed in LC and is also in accordance with a recent study on
D. magna that demonstrated little change in population structure even following severe artificial
selection (Jansen et al. 2017). Therefore, weak signals of selection are possibly concealed.

On the other hand, an ecological explanation is just as likely. The high amount of averagely
expressed genes is possibly indicative of a homogenous and intermediate environment in Lake
Constance compared to the other habitats. Since newly selected alleles are more likely to be fixed in
heterogeneous environments, when either migration is low (Gavrilets & Gibson 2002; Vuilleumier
et al. 2010) or follows an island model among populations of relatively homogeneous sizes (Joost et
al. 2013), the low number of highly divergent CGTs might also be indicative of an homogenous
environment. Lake Constance is by far the largest of the studied lakes (Table C3-1) and has the
highest capacity of buffering against environmental change in general and in particular against
thermal fluctuation (Carvalho 1987).

Although overrepresentation analyses suggest that temperature CGTs are not the main source of
population divergence, many of them showed signals of selection, distinctive expression levels or
high levels of DNA sequence divergence. These transcripts may contribute to local adaptation to
temperature. Therefore, the elevated amount of distinctively downregulated transcripts observed in

J (compared to the other populations) might signify a signal of selection and possibly a temperature
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effect. Jordan reservoir is the habitat with the highest mean annual air temperature over the last
decade and, because of its small water body (0.006% - 7% of the volume of the other lakes),
probably experiences the largest temperature fluctuations throughout the year (Table C3-1).
However, further evidence is needed to confirm this hypothesis.

An ecological explanation seems also reasonable for the high amount of MKTs that involved
comparisons with population M (23 of 26 possible tests), or, more precisely, for the high number of
transcripts that exhibited fixed substitutions in population M in comparisons with the other
populations. The overall low level of population structure (among the four populations) at the
transcriptome level and the consequently very low amount of transcripts with fixed substitutions
(228, data not shown) resulted in the low number of performed MKTs (N = 26; 0.04% of
theoretically possible tests), 16 thereof involving CGTs. The MKT is a conservative test for selection
(Hudson et al. 1987) and low divergence, together with the lack of introns (i.e., a reduced amount
of neutral diversity) also resulted in low power of the performed tests. The strikingly high amount
of transcripts with fixed substitutions observed in population M likely reflects that Miiggelsee is
ecologically distinct from the other lakes. It is extremely shallow compared to the other lakes, the
most northern of the lakes and located at the lowest altitude (Table C3-1). LC, by contrast,
exhibited only an extremely low amount of transcripts with fixed substitutions, which is in
accordance with the proposal of LC as possible origin of the other populations (Fig 1 B).

The two significant MKT results, positive selection at Dgal t24940c1t3 and Dgal_t25857c0t3, were
both CGTs. Both were shown to be differentially expressed in a variety of reference studies in
response to a broad spectrum of thermal conditions (Landis et al. 2012; Vermeulen et al. 2013;
Vermeulen et al. 2014; Chen et al. 2015; Zhao et al. 2015). Therefore, these genes are most likely
part of the general cellular stress response, rather than involved in specifically temperature-related
responses. In contrast to observations in several reference studies, both transcripts were not

differentially expressed under non-stressful conditions among the populations in the present study.

Selection acting on all three CGTs among BayeScan outliers (Dgal_s269867, Dgal_t25421c0t1, and
Dgal_t25538c0t9) was supported by pairwise DAPC allele loadings, whereas only the latter was also
an outlier LOSITAN. Dgal t25421c0t]1 and Dgal t25538c0t9 were outliers in pairwise BayeScan
tests between populations LC and G, and they were highly divergent in DAPC analyses for LC and
G, respectively. These two populations also showed divergent development times (time to first
reproduction, TTR) at non-stressful common garden conditions (TTR: 15 °C, LC > G) in life-
history experiments (Herrmann et al. in press). Furthermore, the clonal lines from Greifensee and
Lake Constance analyzed in the present study exhibited significantly different somatic growth rates
(SGR: 20 °C, G > LC) and LC clones showed a trend for a higher reproduction rate according to
preliminary results of life-history experiments (Verena Tams, Personal Communication). The gene
orthologous to Dgal t25421c0t1 is involved in cell proliferation and was shown to be differentially

expressed among inbred D. melanogaster lines with different levels of temperature sensitivity (heat-

88



Chapter 3

sensitive, cold-sensitive, and control) in response to different thermal regimes (FlyBase ID:
FBGNO0015376; Vermeulen et al. 2013; Vermeulen et al. 2014; Table S5, Supporting Information
C3). As such, this gene might contribute to the differences in life-history traits observed among G

and LC under non-stressful common garden conditions (Herrmann et al. in press).

Expression level variation has long been recognized as an important component of the genetic basis
for adaptation in addition to DNA sequence variation (Wray 2007). In studies on strains of the
dinoflagellate Alexandrium minutum (Le Gac et al. 2016) and the pine species Pinus contorta and
Picea glauca x engelmannii (Hodgins et al. 2016), for example, consistent patterns of sequence and
expression divergence were found among the studied groups. If negative pleiotropy impairs
adaptation on one of these levels, the other might constitute an alternative route for responding to
selection pressures (Pai et al. 2015). Of the 32903 transcripts analyzed in the present study, 12.9%
were CGTs and distinctively expressed in one of the populations. The number highly divergent
CGTs in pairwise DAPC analysis (contributing substantially to population divergence in all three
comparisons) was only a third of this amount (4.4%). Although we have no information on the
phenotypic effects of variation on both levels and thus cannot precisely evaluate their relative
contributions to individual fitness and local adaptation, these above mentioned observations
indicate a stronger influence of thermal selection on the expression level. Simultaneously, only a
small percentage of CGTs are shared among both gene sets (3.2% of distinctively expressed CGTs
are highly divergent and 9.5% vice versa, Table S8, Supporting Information C3), which
demonstrates the importance and interplay of both sequence and expression variation in shaping
population divergence.

The interplay of responses to selective pressure on both the level of DNA sequence and gene
expression often results in a direct association of genetic variation with variation in expression
levels (Pai et al. 2015). Neither the transcripts under selection according to MKTs, nor the
BayeScan outlier GCTs were significantly differentially expressed in the present study. The
presence of coding sequence variation in absence of expression level variation indicates that local
selection acts on the sequence level at these genes but does not affect their constitutive expression.
Indeed, point mutations in protein coding sequences have been shown to result in differences of
thermal optima among gene products (Arnold et al. 2001). It might, however, also reflect local
selection acting on the expression level under specific conditions. Although we probably missed a
major share of trans-regulatory sequences by applying a transcriptomic approach, expressed genes
likely contain at least one cis-acting regulatory element (Pai et al. 2015) and regulatory elements
can also be found within coding regions (e.g., Khan et al. 2012). Therefore, sequence divergence at
these loci might signify selection acting on either the protein function or properties or, via cis-
regulatory effects, on (facultative) gene expression. In genes showing adaptive differences in
expression response to temperature stress, examples for both concurrent significant sequence
differentiation (e.g., in Cyp6al7 and CG1304, Turner, et al. 2008; Levine, et al. 2011) as well as a

lack of sequence variation (e.g., in heat shock proteins, Schoville et al. 2012) have been found. The
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15 CGTs associated with “heme-“ or “hemoglobin”-related gene ontology terms in the present
study (Table S10, Supporting Information C3) might represent an example for the latter case, i.e.,
for local thermal selection acting on to the expression levels but less on the coding sequence level.
Interestingly, only four such GO terms were associated with any CGT (hemoglobin import, heme
biosynthetic process, heme oxidation, and heme metabolic process), although the set of reference
candidate genes contained more than 200 genes associated with 11 GO terms containing these
keywords (data not shown). Heme-related CGTs were either distinctively expressed or highly
divergent for one of the populations based on genetic sequences (according to either LOSITAN or
pairwise DAPC analysis), but never both. Hemoglobin plays a major role in temperature sensitivity
in Daphnia (e.g., Seidl et al. 2005; Zeis et al. 2013) and was suspected to contribute to local thermal
adaptation (Yampolsky et al. 2014a). Since the involved loci were outliers in one test at most, with
no further support, an impact of coding sequence variation is probably low. However, the
distinctively expressed heme-related CGTs may indicate local thermal adaptation in the
populations studied here.

Differences observed in GO term frequencies among highly divergent and distinctively expressed
CGTs signify a general difference between CGTs that contribute highly to sequence-based
population divergence on one hand and CGTs that contribute highly to expression-based
population divergence on the other hand. Highly divergent CGT's were associated to a significantly
wider variety of different GO terms with a lower frequency compared to distinctively expressed
CGTs (for both cellular components and biological process GO terms, Mood’s median tests,
P <0.001). The same phenomenon was observed for orthogroup abundances. This is interesting
with regards to the differences we found between the total amounts of population-specific CGTs
discussed above, with a four times higher amount of distinctively expressed CGTs compared to
highly divergent CGTs. It indicates that distinctive expression profiles of temperature candidate
genes (under stress-free conditions) are limited to a specific and reduced set of biological functions,
while sequence divergence is to a lesser extent limited to this set of biological functions. This
contrast may be a consequence of varying constrictions that affect divergence on the sequence and
on the expression level. Sequence divergence is, for example, influenced by genomic architecture
that can account for local reductions of effective population size. Inversions and genomic regions
around centromeres or genes under selection show such local reductions of effective population
size due to elevated rates of genetic drift in consequence of their typically low recombination rates
(Pereira et al. 2016). Constrictions on the level of expression level include, for example, pleiotropic
effects: changes in regulatory elements often affect the expression levels of several genes, but may
also affect hundreds to thousands of genes (Paaby & Rockman 2013). Since our information is
limited to expression levels in stress-free conditions, further studies are required to reveal the true
contributions of sequence and expression based population divergence. Alternatively, the higher
proportion of highly abundant GO terms and orthologous groups may signify an excess of

duplicated genes in the subset of distinctively expressed CGTs. However, obtaining the full
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D. galeata genome is necessary to verify this hypothesis. In addition, it would be beneficial to
analyze transcriptomic responses across different temperature regimes to fully assess the relative
contribution of thermal selection on the regulatory and on the coding level to understand the
extent to which sequence or expression divergence is associated with different sets of gene
functions.

While selective agents seem to target different sets of temperature candidate genes on the sequence
and on the expression level, they target largely the same functions, however, to different degrees
(Table C3-4; Tables S6, S7, and S8, Supporting Information C3). Notably, only 13% of CGTs under
divergent selection according to outlier tests and simultaneously highly divergent are also
distinctively expressed, while over 80% of GO terms associated with these CGTs were shared
among both data sets. The most frequent cellular components GO terms were similar in all three
data sets despite great discrepancies in absolute abundances. Besides nucleus, cytoplasm, and
cytosol, they included several membrane-related terms. This observation reflects the important role
of biological membranes in body temperature modulation. The fatty acid composition affects the
amount of ion leakage across membranes as well as the activity of membrane-bound proteins.
Therefore, membrane restructuring is a key mechanism in coping with climate variability and a
major factor influencing the response time needed to accommodate temperature fluctuations
(reviewed in Seebacher et al. 2010). Frequencies of biological process GO terms, however, were
much more diverse among the data sets and relative frequencies were much lower in highly
divergent CGTs (according to pairwise DAPCs) and LOSITAN outlier CGTs than in distinctively
expressed CGTs (Table S6 and S8, Supporting Information C3). There was only one biological
process GO term, protein phosphorylation, with a consistently high abundance and similar ranking
in all three data sets, highlighting the importance of post-transcriptional regulation in population
divergence. Protein phosphorylation is a post-translational modification that alters the structural
conformation of proteins and thus causes activation, deactivation or alteration of their functions. It
is suspected to play an important role for example in rapid cold hardening in Drosophila (Teets &
Denlinger 2016) and in cellular responses to heat and cold stress in Saccharomyces cerevisiae
(Kanshin et al. 2015). The high amount of CGTs related to protein phosphorylation and
transcription in LOSITAN outliers thus may be indicative for adaptive plasticity in response to
divergent temperature regimes among the populations, both on the transcriptional and on the
post-transcriptional level.

In summary, our utilization of ecologically informative candidate genes is a useful approach with
high flexibility and a wide range of potential applications. It revealed that temperature is probably
not a major selective agent among Daphnia populations on the local scale, since we found no
overrepresentation of CGTs in distinctively expressed transcripts and transcripts indicated as
directionally selected. The population structure observed among the four populations can be
explained by either local adaptation, a phylogenetic signal, which indicates LC as the source

population, or a combination of both. Temperature seems, however, to contribute to population
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divergence on the coding sequence level, as supported by the overrepresentation of highly
divergent CGTs in the populations G and ]. The high amount of fixed substitutions detected in
population M, which is ecologically distinguished from the other populations due to its shallow
depth and geographical location, also indicates an influence of temperature or other environmental
factors. While the set of genes contributing highly to population divergence at the coding sequence
level differs from the set of genes contributing to population divergence at the expression level, we
observed that the associated gene functions were largely consistent. This supports the hypothesis
that both constitute an alternative route for responding to selection pressures (Pai et al. 2015).
Furthermore, a large amount of temperature-relevant candidate genes was distinctively expressed,
outliers or highly divergent for one of the populations. These genes may contribute to local thermal
adaptation and, together with the associated gene functions, constitute a valuable starting point for

future research.
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General discussion

In my thesis, I focused on the traces of thermal selection in the genomes of Daphnia populations.
Therefore, I employed a candidate gene approach, analyzing populations of the D. longispina
species complex, comprising D. galeata, D. longispina, and their interspecific hybrids, across space
and time (Chapter 1). I contrasted presumably neutral genetic population differentiation with
differentiation at three putatively temperature-relevant candidate genes, ERNA, MHC-1, and
TRY5F, and found signs of selection and possible thermal adaptation at candidate gene TRY5F. To
further elucidate these results, I assessed the genotype-phenotype relationship of the three
candidate genes in D. galeata populations (Chapter 2). I observed a general temperature effect and
inter-population differences in phenotypic traits in life-history data. Furthermore, I revealed
genotype-environment (GxE) interactions for several life-history traits at all candidate loci, which
implies a possible contribution of candidate genes to several, potentially multilocus-based life-
history traits. Lastly, I concentrated on the impact of local thermal selection on transcriptome-wide
population divergence in D. galeata. 1 utilized a comprehensive set of potentially temperature-
relevant candidate genes in arthropods and considered both expression level and coding sequence
differences (Chapter 3). The results suggested that local temperature regimes were not a major
force in shaping genetic and gene expression divergence among populations. Furthermore, no
substantial reduction of expression level diversity was detected in the set of candidate genes
compared to transcriptome-wide diversity. However, I found many temperature-related candidate
genes with distinctive, population-specific expression levels or patterns of sequence divergence.
Thus, I conclude that genetic variation was not specifically depleted in temperature-related gene
expression in the sampled populations. These results bear important implications for my initial
questions 1) Are natural populations of the of the D. longispina species complex adapted to local
thermal regimes?, 2) Are interspecific hybridization and introgression contributing to local thermal
adaptation?, and 3) What conclusions can be drawn regarding the fate of the D. longispina complex

in light of advancing climate change?

Local thermal adaptation over space and time

Local adaptation has been hypothesized to play an important role in shaping population divergence
in aquatic species that exhibit high dispersal capabilities, rapid population growth and the ability to
produce resting propagules, like Daphnia species (De Meester et al. 2016). According to the
Monopolization Hypothesis (De Meester et al. 2002), local adaptation in combination with founder
and priority effects prevents gene flow and promotes the high levels of genetic differentiation,
which are often observed among Daphnia populations (e.g., Hebert et al. 1993; Vanoverbeke & De
Meester 1997; Palsson 2000; Ishida & Taylor 2007a; Thielsch et al. 2009). Adaptive change in
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Daphnia in response to thermal selection was shown by several studies; in selection experiments
(Van Doorslaer et al. 2009a; Van Doorslaer et al. 2010) as well as over time in natural populations
(Geerts et al. 2015; Henning-Lucass et al. 2016). The results I presented in Chapter 1 and
Chapter 3 support the occurrence of local adaptation among the analyzed populations and indicate
potentially underlying genetic loci. The signs of local selection at candidate gene TRY5F, the
correlation between genetic differentiation at this locus and temperature differences among
populations as well as the lack of functional genetic divergence between D. galeata and
D. longispina, all inferred from the analyses described in Chapter 1, might reflect local thermal
adaptation. The many transcripts with distinctive expression profiles in each population and under
selection according to outlier tests (Chapter 3) also indicate local adaptation, including local
thermal adaptation. The latter was signified by the large proportion of temperature-related
candidate genes among outlier or population-specific transcripts.

The signal of genetic differentiation I observed over time was, however, weak and not significant
(Chapter 1). Additionally, a direct association among TRY5F alleles and phenotypic traits under
different thermal conditions was not inferred, although several GxE interactions implied a
contribution of each of the candidate genes to phenotypes under different thermal regimes
(Chapter 2). Moreover, no genotype-phenotype relationships are known for Daphnia regarding
the candidate genes possibly contributing to local thermal adaptation I described in Chapter 3.
However, the observation of change over time as well as the observation of a fitness advantage
through a putatively adaptive allele are important prerequisites for evidencing adaptive genetic
change (Hansen et al. 2012). Therefore, further studies over time and on genotype-phenotype
relationships are needed to elucidate the role of the candidate loci in local thermal adaptation.

The importance of thermal regulation and consequently of thermal adaptation in the face of
climate change in organisms in general and specifically in aquatic ectotherms is stressed in a
number of publications (e.g., Gibert & De Jong 2001; Hoffmann & Sgro 2011; Gunderson &
Stillman 2015). The high proportion of temperature candidate genes I detected in the
transcriptome of D. galeata (Chapter 3) - more than 40% of all analyzed transcripts and more than
60% of SNP-containing transcripts were candidate gene transcripts - reflects the importance of
thermal regulation. Contrastingly, overrepresentation analyses were not suggesting a major
influence of temperature in shaping population divergence. This large amount of temperature
related candidate genes in the transcriptome without overrepresentation among genes possibly
important in local adaptation might reflect an inflated number of candidate gene transcripts in
D. galeata due to the orthologous grouping utilized to identify candidate transcripts. That is, gene
functions of D. galeata transcripts might differ from their homologues identified in other
arthropod species based on sequence similarity. It might, however, also reflect a strong influence of
global rather than of local selection. Global selection would result in expression of a large amount
of temperature-relevant genes but not necessarily in substantially elevated population divergence at

such genes (compared to the total transcriptome) over the geographic scale included in my
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analyses. Comparable studies on other populations, species, and selective factors are needed to
assess whether the proportions of candidate genes I described in Chapter 3 are to be expected or

unusual.

Interspecific hybridization and introgression

Hybridization and introgression have been hypothesized to facilitate adaptation for quite some
time and are by now recognized as important creative forces in plants as well as in animals (Arnold
1997; Rieseberg et al. 2003), particularly in disturbed environments (Chunco 2014). Hypothesis on
potential consequences of environmental disturbance for Daphnia are, however, still controversial.
While De Meester et al. (2016) suggest that anthropogenic disturbance might promote
monopolization by creating spatial isolation and elevating the time lag between the arrival of
immigrant genotypes, an opposite effect is also possible: Since environmental disturbance can
eradicate the advantage of locally adapted genotypes and thus weaken an established
monopolization of resources, it might promote effective gene flow and an influx of alien genotypes
(Thielsch 2012). Subsequent differential introgression at functional loci may contribute to rapid
local adaptation processes in altered environmental conditions and to the persistent permeability of
reproduction barriers in Daphnia species complexes. My results, presented in Chapter 1, i.e., a lack
of functional, but not of neutral genetic divergence between D. galeata and D. longispina, strongly
support this latter hypothesis. The observed patterns of population differentiation are most likely
explained by introgression at functional, protein coding, and putatively ecologically relevant
candidate genes, including the gene TRY5F, which might contribute to local thermal adaptation.
Prior to this study, examples of introgression in Daphnia were exclusively inferred from neutral
genetic markers, including mitochondrial DNA (e.g., Cristescu et al. 2012; Markova et al. 2013),
nuclear loci coding for ribosomal RNA internal transcribed spacers (ITS; e.g., Ishida et al. 2011),
and microsatellite DNA (e.g., Brede et al. 2009; Alric et al. 2016).

Further work is required to assess the extent and direction of introgression among species of the
D. longispina complex as well as the genetic regions involved, since incomplete lineage sorting
could not be completely excluded as a source for the observed discrepancy between functional and
neutral genetic divergence between D. galeata and D. longispina. However, based on the extensive
literature on interspecific hybridization in the D. longispina complex (Weider & Wolf 1991;
Schwenk 1993; Boersma & Vijverberg 1994; Schwenk & Spaak 1995; Jankowski & Straile 2003;
Keller & Spaak 2004; Seidendorf et al. 2007; Yin et al. 2010; Griebel et al. 2015; Griebel et al. 2016)
and numerous examples of introgression events (Taylor & Hebert 1993; Jankowski & Straile 2004;
Taylor et al. 2005; Brede et al. 2009; Ishida et al. 2011; Rellstab et al. 2011; Alric et al. 2016), I

consider adaptive introgression the most likely explanation.
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The fate of the D. longispina species complex in light of advancing climate change

As aquatic ectotherms and inhabitants of freshwater ecosystems, Daphnia populations are
particularly threatened by climate change (Gibert & De Jong 2001; Gunderson & Stillman 2015).
Under ongoing selective pressure, their genetic variation might become depleted, which would
severely limit the adaptive potential within populations and render them unable for further
adaptive change (e.g., Hoffmann & Sgro 2011; Kelly et al. 2012a). As described in Chapter 2, I
observed, indeed, significantly depleted genetic variation within experimental clones compared to
samples from the wild at candidate gene TRY5F. The former clones were kept in the laboratory for
several months to years prior to genotyping, while the latter were analyzed directly after isolation
from lake sediment. The sediment clones thus represent a random sample of the natural diversity
within these populations. Although TRYS5F is differentially expressed under different temperatures
in D. pulex (Schwerin et al. 2009) and D. galeata (M. Cordellier, Personal Communication), and
probably under local thermal selection according to my analyses described in Chapter 1, the loss of
genetic variation at this locus was not reflected in the phenotypic variation observed within and
among D. galeata populations (Chapter 2): Strong phenotypic plasticity was shown, e.g., in
somatic growth rate and time to first reproduction in response to different temperature regimes.
These results demonstrate that laboratory selection or a sampling bottleneck may deplete genetic
diversity at functional and possibly temperature-relevant candidate genes, but does not necessarily
lead to a depletion of phenotypic variation. Furthermore, analyses described in Chapter 3 revealed
that variation in expression levels of specifically temperature-relevant candidate genes was not
substantially decreased compared to the transcriptome-wide expression level variation. These
observations show that the adaptive potential of Daphnia populations in the wild, at least regarding
thermal selection, is not specifically depleted. They further support the notion that it is unlikely to
observe a loss of standing genetic diversity, as observed in my study presented in Chapter 2, in
natural Daphnia populations, in which effective population sizes are large and genetic diversity is
conserved in the resting egg bank during temporary disturbances.

The occurrence of introgression at functional loci, as indicated in Chapter 1, may further
contribute to the preservation of standing genetic variation in spite of increasing selective pressure.
Additionally, advantageous alleles from preadapted alien genotypes may accelerate adaptation in
local populations. Particularly D. galeata was suggested earlier to benefit from interspecific
hybridization events and to consequently exhibit high plasticity and adaptive potential (Brede et al.
2009; Thielsch 2012), based reports of asymmetric backcrossing of interspecific hybrids into
D. galeata (e.g., Schwenk 1993; Jankowski & Straile 2004). This perceived advantage of D. galeata
constitutes a threat of displacement to other species if confronted with D. galeata immigrants and
thereby a threat to biodiversity. However, several studies showed bidirectional hybridization or
introgression from other species into D. galeata. For example, in European populations,

mitochondrial introgression from D. galeata into D. longispina was observed (Brede et al. 2009;
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Alric et al. 2016), as well as bidirectional hybridization between these species (although
hybridization of female D. galeata and male D. longispina was more common, Griebel et al. 2016).
In Japanese populations, nuclear introgression from D. galeata into Daphnia dentifera was
reported (Ishida et al. 2011). Because of the fast spread of advantageous genotypes due to clonal
selection in Daphnia during the growing season (Spitze 1991; De Meester et al. 2002), few
hybridization events are probably sufficient to establish foreign alleles within a gene pool, provided
that they offer a selective advantage. Thus, other species of the D. longispina complex besides
D. galeata may also benefit from semipermeable species barriers. The assessment of the potentially
asymmetric advantage of D. galeata would greatly benefit from information on the direction of
introgression at genomic regions involved in local adaptation.

However, gene flow among populations or species may still have negative effects that possibly
outweigh beneficial effects (Allendorf et al. 2001), since increased rates of gene flow may result in
loss of biodiversity. Genetically divergent populations may become replaced by a homogenized
meta-population or parental species by a hybrid swarm as observed, e.g., in several fish species
(Alosa spec., Hasselman et al., 2014; Cobitis spec., Kwan et al., 2014; Cyprinella spec., Glotzbecker
et al., 2016) and European tree frogs (Hyla arborea, Dufresnes et al., 2015). Based on my
observations (Chapter 1 and 3), there is neither among Daphnia populations, nor among species of
the D. longispina complex any indication for such a loss of diversity. In Chapter 1, I showed a clear
divergence between D. galeata and D. longispina at putatively neutral genetic loci and in Chapter 3
I demonstrated a clear clustering of D. galeata genotypes according to their populations based on
transcriptome-wide data. This resilience against a breakdown of divergence in the D. longispina
complex is probably explained by the buffer capacities of the resting egg banks. Since the species of
this complex often do not overwinter but usually repopulate the lakes each spring from propagules
(Petrusek et al. 2008b; Yin et al. 2010), resting egg banks may serve as a buffer against loss of
biodiversity at two scales: Firstly, local replacement of a parental species by a homogenized hybrid-
swarm is probably strongly hampered, since interspecific hybrids of D. galeata and D. longispina
usually exhibit reduced fertility, i.e., produce less ephippia and have a lower hatching rate
compared to the parental species (Keller et al. 2007). Thus, interspecific hybrids may rapidly spread
within a population but usually contribute little to the resting egg bank, compared to backcrosses
(which are also only produced rarely) and the parental species (Keller et al. 2007; Griebel et al.
2016); resulting in backcrossing and introgression but not in the formation of hybrid lines.
Secondly, the recruitment of locally produced genotypes from the resting egg bank each spring
should at least delay a replacement of genetically divergent populations by a homogenized meta-
population. I therefore conclude that the buffering effect of the resting egg bank contributes to the
preservation of species barriers and population divergence I observed in the D. longispina complex,

even in disturbed environments.
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Consequently, a high resilience and adaptive potential can be determined for populations of the
D. longispina complex, despite the adverse prognosis for freshwater ectotherms confronted with
advancing climate change (Gunderson & Stillman 2015). Thus far, populations of the D. longispina
complex and specifically of D. galeata seem to be under no immediate danger of displacement due
to increasing anthropogenic disturbance. This resilience of daphnids against increasing
temperatures might furthermore contribute to the buffering capacities of freshwater ecosystems.
However, since this resilience likely depends on the strength of selection pressure and the time
period over which it is applied, extensive studies over time and across the species complex are
needed to further confirm this conclusion. Furthermore, the direct impact of temperature is merely
one threat among many in freshwater ecosystems. Species-interactions and nutrient constraints
might play a more pronounced role in local adaptation than temperature, and their influence will
likely increase in the future (Settele et al. 2014). The selection observed on TRY5F (Chapter 1) and
the prominent role of proteases among gene functions associated with transcripts that contribute
highly to population divergence (Chapter 3) might already signify responses to such alterations in
species-interactions and nutrient constraints. Proteases are sensitive to cyanobacteria toxins and
important in adaptation to nutrient resources (Hairston et al. 1999; Agrawal et al. 2005; Jiang et al.
2015), and increasing temperatures alter the composition of algal communities, favoring
cyanobacteria (Paerl et al. 2011; Sandrini et al. 2016), which is possibly reflected in my results.
Moreover, the situation is aggravated by threats independent from climate change, like pollution
and the introduction of invasive species. Consequently, despite the positive future prospects for the
species of the D. longispina complex regarding thermal selection, the overall outlook remains

unfavorable.
Outlook

Prospects for future research
I revealed many candidate genes potentially involved in thermal adaptation in the D. longispina
complex (Chapter 1 and 3) and found support for the occurrence of adaptive introgression
(Chapter 1). These results constitute an important resource for future research on local thermal
adaptation in general and in Daphnia populations specifically. To advance our understanding of
the genetic basis of adaptation and of the role of interspecific hybridization and introgression in
Daphnia, further analyses are necessary. Genome-wide studies through time in several admixed
populations would be helpful in revealing the amount and direction of introgression as well as the
affected genomic regions. Particularly the assessment of a potentially asymmetric advantage of one
of the parental species of the D. longispina complex would greatly benefit from such information.
Genome-wide data should be complemented by transcriptome-wide data, ideally across different
environmental conditions. Such information would enable us to assess the interplay of sequence
and expression level differences and their respective contribution to population divergence under

various environmental conditions. Furthermore, such data would allow for the correction of

100



General discussion

misassemblies and for the assessment of the role of gene duplications, alternative splicing, and non-
coding regulatory elements in local adaptation. To distinguish more accurately among signals of
phylogenetic, demographic and selective processes, outgroup genome, and transcriptome data
would be helpful. Finally, to assess the evolutionary impact of the observed differences, it is
important to include phenotypic information on fitness-related traits in analyses on the molecular
basis of adaptation. Ideally, the relationship among genotypes, phenotypes, and expression profiles
should be revealed by the integration of life-history experiments, and association testing, as
exemplified in Chapter 2 of this thesis. Complementarily, the comparative analysis of ecologically
informative candidate genes or gene functions based on available literature (introduced in
Chapter 3) allows for specific hypothesis testing even in absence of phenotypic information for
specific species or populations. This approach depends, however, on the quality as well as on the
quantity of available information on the relationship of genotypes, phenotypes, and expression
profiles, and is constantly improved by additional studies on these subjects. A database on
ecologically informative candidate genes across species, i.e., on genes and gene functions under
selection or adaptive in specific environmental conditions, would immensely facilitate the
application of the approach. It would also facilitate hypothesis testing across a broad range of

organisms and environmental factors.

Closing remarks

If applied across a variety of organisms or environmental factors, the utilization of ecologically
informative gene sets might reveal general patterns underlying adaptive processes and improve our
understanding of evolutionary change, which is critical for informed decision-making (e.g.,
Whiteley et al. 2015). One example of this is the change of perspective in the field of conservation
biology regarding interspecific hybridization: While hybrids were initially not considered worthy of
protection, the beneficial effects of interspecific hybridization are more and more recognized
(Allendorf et al. 2001; Hamilton & Miller 2016). Gene flow among populations and species
potentially reduces the threat imposed by environmental disturbance, but will inevitably and
permanently alter species genomes. It is now understood that the latter is not necessarily a negative
effect, and that, when confronted with environmental change, selection and adaptive change are
inevitable. Therefore, it is not only futile but potentially harmful for ecosystem and biodiversity
protection to aim at conserving the status quo in an ever changing world.

Although immense amounts of data were gathered for a wide range of organisms, especially since
the advent of high-throughput sequencing techniques, there are still more questions than answers
regarding the molecular basis of adaptation. The prognosis of Holt (1990) from 27 years ago with
regard to the thread imposed by climate change, “There is almost no species for which we know
enough relevant ecology, physiology and genetics to predict its evolutionary response to climate
change” still holds true today. Nonetheless, I am positive that methodological advances and the

growing body of expression, sequence, and phenotypic data will change that in the future.
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