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Abstract

Abstract

Natural environments are increasingly fragmented through habitat destruction
and organisms shift their geographical distribution by altering their growth and
reproduction patterns to persist in the habitat. Organisms are subjected to severe
selection pressures and they undergo rapid evolutionary changes to avoid extinction. This
is particularly evident in aquatic environments especially for species like Daphnia.
Therefore, understanding the genetic basis of local adaptation and phenotypic variation
and their interplay with the environment are important factors to predict the
consequences of ongoing climate change. Daphnia are cyclical parthenogens and they
produce resting eggs which make them a well-suited model organism for this purpose.

The aim of the thesis was to assess the impact of transcriptomic basis of local
adaptation and phenotypic variation in four European D. galeata populations and identify
their ecological roles. To this aim, | used the D. galeata transcriptome data to identify
transcripts potentially under local adaptation at the regulatory and sequence level. |
revealed candidate transcripts under local adaptation which is influenced by the interplay
of forces such as drift, selection and gene flow. Furthermore, | performed a functional
annotation of D. galeata transcripts. However, several transcripts identified in D. galeata
were “hypothetical” in function. To be able to assess the ecological role and improve the
existing annotations of these transcripts, | employed a data mining approach and
developed a database based on the expression profiles in Daphnia species from several
previous studies. This meta-analysis helped to improve the existing functional annotation
of Daphnia by linking them to their ecological roles. Finally, to reveal the transcriptomic
basis of phenotypic variation, | performed an association analysis with sequence
polymorphisms and ten life-history traits data in the absence and presence of predator-
kairomones obtained from another experiment. This study revealed a transcriptomic basis
for two life-history traits and the role of plasticity in determining adaptations was
inferred.

In conclusion, | detected signs of local adaptation at the transcriptomic level and
the association analysis allowed assessing the interplay between the genotype, phenotype

and environment. | also improved the existing functional annotation of Daphnia
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genes/transcripts by developing the Daphnia stressor database. However, further
information and work are required to predict the consequences of Daphnia species

accurately in the light of environmental fluctuations.



General Introduction

I. General introduction
“As many more individuals of each species are born than can possibly survive; and as,
consequently, there is a frequently recurring struggle for existence, it follows that any being,
if it vary however slightly in any manner profitable to itself, under the complex and
sometimes varying conditions of life, will have a better chance of surviving, and thus be
naturally selected. From the strong principle of inheritance, any selected variety will tend to
propagate its new and modified form.”

-Charles Darwin, On the origin of species, 1859

Natural habitats are subjected to environmental constraints due to habitat
fragmentation which affects all levels of biodiversity: individuals, populations, species,
ecological networks and ecosystems (reviewed in Bellard et al. 2012). Individuals in a
population are affected by mutations and recombination and/or they exhibit plastic
responses to persist in the long run. At the population level, habitat fragmentation
decreases genetic diversity in populations due to rapid migration and selection (Botkin et
al. 2007a). Beyond population level, the various effects of environmental constraints are
seen at the community level (Gilman et al. 2010; Walther 2010). Community structure is
modified by factors of interspecific relationships such as competition, predation,
parasitism or mutualism (Lafferty 2009; Walther 2010; Yang & Rudolf 2010). Thus, habitat
fragmentation has potentially strong implications on natural populations and their
biodiversity, leading to the most extreme outcomes such as species extinction (Rafferty &
Ives 2011).

The effects of habitat fragmentation are particularly evident in freshwater
ecosystems as they are constantly under overexploitation of water and organisms,
pollution and invasion of exotic species, all of which are due to human activities. It is
important to understand how aquatic individuals, populations or species avoid these
effects and persist in the long run by responding adaptively. Therefore, understanding the
molecular basis of evolutionary adaptation in response to environmental changes is not
only one of the major goals in biology but will also aid in the prediction of environmental
changes for populations and species from the past and future more precisely (Pardo-Diaz

et al. 2015).
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I-1 Genetic versus plastic adaptive responses

Populations adapt to their environments through natural selection (Darwin 1859).
Selection pressures differs spatially across the species distribution range when
populations inhabit heterogeneous environments (Hedrick 2006). Thus, as a response
(Figure 1), populations (i) become locally adapted, where species can adapt genetically to
their environments through selection of new genotypes or mutations (Salamin et al. 2010)
or (ii) evolve phenotypic plasticity, which provides a short-term adaptive response within

an individual’s lifetime (Charmantier et al. 2008), to persist in the environment.

I-1.1 Genetic variation

Genetic diversity is important for populations to adapt to changing environments.
Genetic variation can occur at the (a) individual level and/or (b) population-level.
Individuals in a population undergo genetic mutations that can provide either a survival
advantage or sometimes become maladaptive. Other possible explanations for genetic
variation at the individual level are processes such as meiosis (independent assortment
and crossing over) and gamete combinations.

Population structure, which is the pattern of genetic variation among populations
is influenced by three main processes: (a) gene flow and dispersal; (b) random genetic drift

and (c) natural selection.

I-1.1a Gene flow and dispersal

Genetic flow is the transfer of alleles between different populations through the
process of migration, leading to changes in allele frequencies of the populations. In a
heterogeneous environment, gene flow is one of the major factors affecting local
adaptation. Gene flow introduces new alleles that might be beneficial and can displace the
old alleles, if they are better adapted in the new habitat. In locally adapted populations,
high rates of gene flow restrict adaptive divergence (Lind et al. 2011) and may also result in
the evolution of phenotypic plasticity (DeWitt & Scheiner 2004). Low rates of gene flow
are often associated to population extinction as seen in populations of the butterfly

Melitaea cinxia, where low survival rates and fecundity of the individuals is observed
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(Saccheri et al. 1998). Thus, gene flow restricts isolation between populations thereby
preventing them from diverging due to drift or selection.

Dispersal is another mechanism by which individuals or propagules that show
potential for gene flow across space migrate to new environments. Organisms disperse
either because of their innate tendency to disperse or maybe associated to other processes
such as foraging and mate searching (Bonte & Dahirel 2017; Burgess et al. 2016; Van Dyck
& Baguette 2005). Dispersal can be active or passive. In actively dispersing organisms, an
individual’s capacity to disperse depends on its morphology, size or endurance
(Saastamoinen et al. 2018). Dispersal can often be seen in plants, where seeds disperse
through wind and their dispersal ability depends on various factors like overall size of the
plant, height of seed release, seed size and its morphology (Soons et al. 2004; Thomson et
al. 2010). Passive dispersal is often vectored by agents such as wind, water, animals, gravity
or human interference (Saastamoinen et al. 2018). Passive dispersal is also found in animal
taxa (e.g., Houck & OConnor 1991) and in aquatic species as seen for example in Daphnia
(Pietrzak 2006; van de Meutter et al. 2008). Both active and passive dispersal are
correlated to phenotypic characteristics such as morphology or life-history traits such as
reproduction (Bonte & Dahirel 2017; Stevens et al. 2012; Stevens et al. 2014), resulting in co-
evolution when the correlations have a genetic basis. Further, environmental conditions
also can strongly influence dispersal capabilities (Bowler & Benton 2005; Matthysen 2005),

and wind forces have an impact on the distances of seed dispersal (Greene 2005).

I-1.1b Genetic drift

Genetic drift, which is the random change in allele frequencies over generations, is
another important mechanism of evolution. Although genetic drift can occur in
populations of all sizes, its effect is the strongest in small populations. Genetic drift occurs
when population size decreases due to changes in environment (bottleneck effect) or
when individuals in a population emigrate to new locations and establish their colony

(founder effect).
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Figure 1: Consequences of variation at different levels.

Shown here are the three different sources of variation: environment (in green), phenotype (in orange) and genotype (in blue). Grey arrows
indicate the three different sources of variation viz., environmental, genetic and phenotypic variation. Black arrows represent the interaction
between the three sources of variation.
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A bottleneck effect is an extreme example of genetic drift and is the non-selective
change in allele frequencies that happen by random chance, thereby reducing the genetic
diversity within populations. A classic example of a bottleneck event is the northern
elephant seal, which was predominantly hunted in the 18" century for their oil-producing
blubbers. However, a small colony of northern elephant seals (about 20 to 100 individuals)
survived on the Guadalupe Island and this dramatic shrinking of the populations resulted
in low genetic diversity of the individuals, and this phenomenon is called a genetic
bottleneck (Hoelzel et al. 2002). Several studies have shown the correlation between
genetic variation and fitness measures (e.g. Koehn et al. 1988; Leary et al. 1985; Soulé 1979)
due to the impact of inbreeding depression. A study on song sparrows populations that
have undergone bottleneck events validated that the inbreeding coefficient was
significantly lower for birds that survived a population crash than those birds that did not
survive (Keller et al. 1994). Thus, the loss of genetic diversity during population bottlenecks
reduces the evolutionary potential of a population in the light of changing environments
(Fisher 1930).

There are several methods to measure genetic variation and its loss and each of
them have their advantages and pitfalls. First is the effect of random sampling on
subsequent gene frequencies. Alleles with higher frequencies tend to have a higher
possibility of survival; however, the presence of a rare allele can result in being the most
common allele in the post-bottleneck population (Hoelzel 1999). But in general, rare alleles
have fewer chances of survival and thus a reduction in polymorphism levels and allele
frequency redistribution is observed. This bias in allele frequencies can be detected and
modelled as a ‘bottleneck signature’ (Luikart et al. 1998a).

A second explanation is based on the heterozygosity in diploid organisms.
Heterozygosity is a widely used measure and it confounds the effect of population size on
genetic variation (Allendorf 1986). Heterozygosity measures are one of the best estimates
of genetic variation in populations that are in Hardy-Weinberg equilibrium (Nei &
Roychoudhury 1974). Low levels of heterozygosity are caused by bottleneck events in the
habitat. For example, a study on moths by Menken (1987) revealed low average
heterozygosity levels and the authors attribute bottleneck events in the habitat as one of

the factors for such observation. However, heterozygosity measures have the
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disadvantage of being insensitive to the actual number of genotypes in a population.
Therefore, using only heterozygosity measures to predict the effects of a small population
size on genetic variation may result in a biased outlook.

The third factor that explains loss of genetic variation is the disruption of
pleiotropic interactions. High levels of morphometric variation are observed in inbred
populations (Waddington 1957), and an inverse relationship between morphological
variation and allozyme heterozygosity has been observed in several species (Fleischer et al.
1991; Leary et al. 1985; Mitton 1978). Population bottleneck events can reduce quantitative
trait variation due to a reduction in additive genetic variance (Carson & Templeton 1984;
Templeton 1979). On the contrary, bottleneck events can increase the variation in
quantitative traits when the expressed variance is due to non-additive interaction such as
epistasis or dominance (Bryant et al. 1986; Goodnight 1988). This pattern is observed for
example in an experiment with houseflies (Bryant et al. 1986), where four out of eight
morphological characters showed increased variation due to bottleneck events. Thus,
bottleneck events have a major effect on allelic diversity and therefore might have a
significant effect on long-term adaptation and survival of the populations or species.

Founder effects describe the loss of allelic variation that occurs when a very small
number of individuals in a population shift to new locations and establish their colony.
This effect might cause the newly founded population to differ considerably from the
source population. Founder effects have been a theoretically well-studied mechanism in
vertebrate speciation (Boake & Gavrilets 1998; Gavrilets & Hastings 1996; Rundle et al.
2017; Turelli et al. 2001). However, few studies have tested this phenomenon empirically
and have shown that founder effects are rare (Walsh et al. 2005). For example, two studies
(Johnson et al. 1996; Meyer et al. 1990) on cichlid fishes that originated in the African Rift
Lakes in <1 million years ago, showed that extensive intraspecific variation in major
histocompatibility complex (MHC) suggested that their speciation was not due to founder
effects (Klein et al. 1993). Another study on three-spined sticklebacks (McKinnon & Rundle
2002) found no evidence for speciation due to founder effects, despite showing evidence
for rapid radiation. On the contrary, founder effects have shown to be the primary mode of
speciation among Darwin’s finches (Vincek et al. 1997). Rapid colonization and fast

population growth by a small number of founders can result in strong founder events as
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seen for example in Ethiopian Daphnia (Haileselasie et al. 2018). Thus, founder effects
increase the allele frequency of populations and can reach even higher frequencies due to
strong genetic drift, which occurs while the population size is still small (Slatkin 2004).

To sum up, both bottleneck and founder events have profound effects on the
evolutionary adaptation of a population. Genetic drift is arguably the most powerful
evolutionary force in small populations and can change the allele frequencies of
populations by random chance. However, allele frequencies of populations can also
change by differential reproductive success and this mechanism is known as natural

selection.

I-1.7c Natural selection

Natural selection is another important mechanism of evolution that occurs when
individuals with specific genotypes are most likely to survive and reproduce than
individuals with another genetic makeup, thereby acquiring adaptations and pass down
the alleles to their offspring. Only populations with favourable adaptive features will
survive and evolve through speciation. Three types of natural selection exist: (a)
stabilizing; (b) directional and (c) diversifying selection, which all can either increase,
decrease or shift the genetic differentiation in populations.

Directional selection is a mode of natural selection where a single genotype is
favoured thereby leading to shifts in allele frequency in one direction. There are abundant
evidence for directional selection on life-history traits and morphology in several
organisms (Hereford et al. 2007; Kingsolver & Diamond 2011; Kingsolver et al. 2001). For
example, a study on East African cichlid fishes revealed that cichlid jaws and teeth have
evolved due to strong directional selection on chromosomal regions that encode
functionally relevant traits of craniofacial skeleton (Albertson et al. 2003). Studies claim
that to produce rapid micro-evolutionary adaptations, directional selection alone is
sufficient (Grant & Grant 1989; Hendry & Kinnison 1999; Reznick & Ghalambor 2001).
There are several reasons that can explain why directional selection is commonly
occurring. First, the lack of genetic diversity prevents evolutionary responses to selection.
Several quantitative genetic studies reveal that there is an abundant heritable variation

for phenotypic traits (e.g. Mousseau & Roff 1987), and lower heritability for some
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phenotypic traits and study species (e.g. Kellermann et al. 2009). Additionally, multivariate
genetic constraints may lead to reduced adaptive responses to selection, even in the
presence of high genetic variation of individual traits (Walsh & Blows 2009). Secondly,
trade-offs may be common among different components of fitness-related traits, for
example, a trait value increasing the rates of survival might also decrease mating success
or fecundity, thereby increasing the scope for directional selection (Kingsolver & Diamond
2011). Thirdly, genetic and phenotypic correlations among traits might cause indirect and
correlated selection thereby counterbalancing directional and indirect selection on a
correlated trait (Lande & Arnold 1983). Lastly, directional selection on a trait may alternate
in time or space, thereby reducing the effects of selection (Siepielski et al. 2009).

A stabilizing selection is another mode of natural selection where an average
phenotype is favoured and stabilized than the extreme phenotypes and might lead to a
decrease in genetic variation. Stabilizing selection has much stronger effects on natural
populations compared to what is predicted in theoretical models (Johnson & Barton 2005).
Further, stabilizing selection is the cause of stasis over long evolutionary timescales (Estes
& Arnold 2007). This pervasiveness of genetic diversity despite stabilizing selection has no
valid explanations (Johnson & Barton 2005). Although stabilizing selection is assumed to
be common, there are very little experimental evidence that support this theory (Geber &
Griffen 2003; Kingsolver et al. 2001; Smarda et al. 2010; Travis 1989).

Disruptive selection, also known as diversifying selection, is a mode of natural
selection where extreme trait values are favoured, each having specific advantages and
leading to an increase in genetic variance in the populations. The intermediate
phenotypes become less fit than the extreme phenotypes and it is unlikely that they
would persist in the habitat. Several theoretical studies support the importance of
disruptive selection in sympatric speciation (Abrams et al. 2008; Bolnick & Fitzpatrick
2007; Dieckmann & Doebeli 1999; Doebeli et al. 2007; Rueffler et al. 2006) and empirical
evidence supporting this hypothesis has been observed in multiple contexts such as: (i) To
increase the divergence potential, disruptive selection can act between the competing
species as seen in Spea tadpoles (Pfennig et al. 2007) and Darwin's finches (Grant & Grant
2006); (ii) Disruptive selection can result from competition between hybridized individuals

and their parental forms as seen in threespine stickleback (Schluter 1994, 2003); (iii)

10
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disruptive selection could occur in randomly mating bimodal populations as seen in
African Pyrenestes finches (Smith 1993). Therefore, disruptive selection is a common
phenomenon occurring in nature and they play an important role in adaptive radiation.
Thus, all the above-mentioned forces such as genetic drift, natural selection,
dispersal and gene flow can influence how populations adapt to survive in the long run.
One of the fundamental questions in biology is to understand what makes individuals,
populations and species different from each other. Genetic variation and phenotypic
variation are two fundamentally different levels of variation and understanding their
interplay with the environment is essential to predict evolutionary adaptation. Therefore,

it is important to understand the genetic basis of phenotypic variation.

I-1.2 Phenotypic variation

Phenotypic plasticity is defined as “the ability of individual genotypes to produce
different phenotype when exposed to different environmental conditions” (Pigliucci et al.
2006). This mechanism involves both inter-and intra-specific variation in morphological,
behavioural, physiological and life-history traits (Botkin et al. 2007b; Chevin et al. 2010).
Some of the well-known and remarkable examples of plasticity are: environmental sex-
determination in reptiles (e.g. Janzen & Phillips 2006) and predator-induced plastic
polyphenism in cladocerans (e.g. Laforsch & Tollrian 2004b), and changes like
acclimatization are also part of an organism’s plastic responses (Fusco & Minelli 2010).
Phenotypic plasticity is considered as a trait by itself (de Jong 2005), and is usually viewed
as the interaction between the genotype and the environment (Fusco & Minelli 2010).

Phenotypic plasticity alters genetic diversity available to selection (Gibson &
Dworkin 2004; Hermisson & Wagner 2004; Le Rouzic & Carlborg 2008; McGuigan & Sgro
2009; Paaby & Rockman 2014). There are two ways in which plasticity contributes to
genetic variation. Firstly, homeostatic mechanisms which are expended, buffers the
effects of novel mutations leading to reduced genetic constraints (Moczek 2008). For
example, the heat shock protein Hsp90 canalizes the protein folding outcomes during
regulatory mechanism and stabilizes proteins in the cells, thereby reducing the effects of
genetic and environmental changes and endorsing the accumulation of genetic variation

(Queitsch et al. 2002). Secondly, phenotype plasticity may lead to conditional expression

11
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of genetic diversity in a few individuals or populations (Des Marais et al. 2013; Snell-Rood
et al. 2011), which can increase the polymorphisms at specific loci (Kawecki 1994; Lahti et
al. 2009; Snell-Rood et al. 2010; Van Dyken & Wade 2010). Therefore, evaluating these
factors not only helps to understand the evolutionary basis of phenotypic variability but
also adaptation to novel environments (Ghalambor et al. 2007) and the divergence of
speciation and adaptive radiations (Fitzpatrick 2012; Pfennig et al. 2010; Thibert-Plante &
Hendry 2011).

I-1.2a Inducible defences

Inducible defences, which are phenotypic changes triggered by chemical cues from
biotic agents, such as predators, parasites or pathogens, are a special type of phenotypic
plasticity. Inducible defences are a widespread mechanism and can be expressed at the
morphological, behavioural and life-history levels (e.g. Harvell 1990; Kishida et al. 2009).
They are found in bacteria, protozoa, insects, molluscs, amphibians, crustaceans and
mammals.

Predator-induced life-history changes comprise trade-offs between reproduction
and somatic growth (Weiss et al. 2012), thereby increasing the chances of reproduction and
decreased predatory responses (Lass & Spaak 2003). For example, inducible defences allow
the prey to overcome high predation pressures and escape the predator-prey cycle by
either producing more offspring, produce offspring at decreased sizes at first reproduction
when threatened by predators for large prey or large offspring when contacted by a size-
limited predator (Lass & Spaak 2003). Inducible defences also hinder developmental
processes when threatened by a predator. Several studies have explained this
phenomenon: for example, a study on Ephemerella invaria larvae showed that when the
population sizes of fishes are abundant, the larvae reproduce earlier and have smaller sizes
(Dahl & Peckarsky 2003). Furthermore, to escape predation pressure temporarily,
organisms develop resting stages as seen for example in dinoflagellates which develop
cysts to evade parasites (Toth et al. 2004) or zooplankton grazers (Rengefors et al. 1998).

Thus, understanding the respective roles of both genetic and phenotypic variation
and their interplay with the environment is essential to predict the consequences of

adaptation.

12
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I-2 Assessing the genetic basis of local adaptation
Natural populations often show genetic variation at both sequence and gene
expression levels. Therefore, assessing their effect on an organism’s fitness aids in

understanding the genetic basis of local adaptation (MacManes & Eisen 2014).

I-2.1 Expression-based divergence

One of the most commonly used approaches to study the evolution of gene
regulation is to quantify and compare gene expression patterns across populations or
species with the goal of understanding genetically regulated differences. Gene expression
patterns play an important role in the evolution of complex traits and contribute to
species-specific adaptations (Wray et al. 2003). Populations are often subjected to biotic or
abiotic stressors and several studies have examined and reported their transcriptional
response. For example, adaptive differences in gene expression have been reported in
several single-gene studies (reviewed in Wray et al. 2003), but after the advent of high-
throughput sequencing technologies, this hypothesis has been tested rigorously because
they can assay many loci at once (Whitehead & Crawford 2006a). Furthermore, substantial
variation in gene expression for a specific environmental stressor has been widely agreed
to have a genetic basis of adaptation as seen in yeast (e.g. Brem et al. 2002), Drosophila
(e.g. Jin et al. 2001), mice (e.g. Pritchard et al. 2001), and humans (e.g. Sharma et al. 2005).
Moreover, identifying the underlying differences in expression profiles can help in the
prediction of gene functions (Jansen & Nap 2001; Kesari et al. 2012; Rockman 2008). Thus,
gene expression patterns play an important role to learn about adaptive processes that

drive evolution.

1-2.2 Sequence-based divergence

Identifying loci under potential selection is detected based on F-statistics (Rousset
1997) or principal component analysis (PCA)-based approaches (Jolliffe & Cadima 2016).
Fixation-indexes (or Fs7) based statistics is a widely used method to identify genetic loci
that reveal genetic diversity between populations. Inferring the genetic ancestry
differences between individuals from different populations i.e., the population structure,

can be visualized with the help of principal component analysis (PCA) plots. To distinguish
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DNA sequences that evolve neutrally from selection within populations, measures such as
Tajima’s D are widely used. A negative value of Tajima’s D might indicate population size
expansion after bottleneck or selective sweep and purifying selection. A positive D value
may indicate population size reduction and balancing selection (Tajima 1989). However,
identifying loci under potentially under adaptation comes with its own challenges. First,
only a few fixed differences are expected over short evolutionary times among
populations. Second, variation among populations reflects not only patterns of selection
but also population size, gene flow, genetic drift and demographic histories of populations
(Tajima 1989). Thus, genetic differentiation within and among populations is severely
affected by population structure, demography and incomplete lineage sorting, which are
all randomly distributed across the genome (Rausher & Delph 2015). Therefore, identifying
the genetic features underlying local adaptation is critical to understand the process of

natural selection.

I-3 Linking genotypes and phenotypes

Since the advent of next-generation sequencing technologies, population genetics
research has undergone revolutionary changes (Radwan & Babik 2012). With affordable
sequencing costs, data collection from genomes of several individuals has become a reality
(Fumagalli et al. 2014). From exploring a limited number of genes (for instance, mtDNA,
microsatellites or very few nuclear markers) to exploring genome-wide data, the field of
genomics has undergone revolutionary developments in the last decades (Veeramah &
Hammer 2014). This has led to inferring the evolutionary history and identifying genetic
loci associated with a trait in any species at very high resolutions.

One of the major objectives in the field population genetics is to identify adaptive
loci associated with phenotypes (Pardo-Diaz et al. 2015). Although enormous advances
have been made to understand the individual contributions of genotype and phenotype,
dissecting the link between them remains a challenge. One of the most common methods
to identify genetic architecture of the adaptive trait when phenotypic responses are
known is genome-wide association studies (GWAS). GWAS approaches are used to identify
variants associated with a phenotypic trait of interest by exploiting linkage disequilibrium

measures across thousands of markers (Stranger et al. 2011). GWAS has been traditionally
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used in several human studies where the researchers pinpoint a causal variant associated
to disease phenotype. However, GWAS used in ecological contexts is rare and the number
of loci identified using GWAS and identification of causal variants is challenging.
Furthermore, most of the studies have only been able to identify a small fraction of
variants associated to the traits of interest (Ambrosone 2007). Therefore, utilizing GWAS
along with genome-wide scan approaches might help to infer local adaptation process

more precisely.

I-4 Daphnia as a model organism

Daphnia is a small planktonic crustacean belonging to the order Cladocera and feed
primarily on algae. Within the genus Daphnia, D. galeata belongs to the Daphnia
longispina species complex. Closely related species of D. galeata in this complex are D.
cucullata and D. longispina and frequent hybridizations take place between them (e.g.
GieBler 2001; Schwenk 1993; Schwenk et al. 2000; Yin et al. 2010). Two subspecies of D.
galeata are present: D. galeata galeata and D. galeata mendotae. D. g. galeata is native to
Eurasia and the D. g. mendotae dominate the American continent. D. galeata is detected in
warm and eutrophic lakes (e.g. Keller et al. 2008; Yin et al. 2010) and in alpine habitats with
lower trophic levels (e.g. Petrusek et al. 2007).

Daphnia is an important keystone species found in many freshwater habitats and
hold a key position in the aquatic food web. They are a primary consumer of
phytoplankton and are an important food source for the secondary consumers such as fish
and insects, thereby defining it as a strong ecological interactor (Figure 2; Miner et al.
2012). Several characteristics of Daphnia make them an invaluable species for
experimental genetic studies ranging from studies on population structure and ecology to
toxicological studies (Shaw et al. 2008). Among them, the most prominent is their complex
life cycle. Daphnids are cyclical parthenogens i.e., they are capable of reproducing both
asexually and sexually (Hebert 1978). Because of their clonal reproduction, their genetic
background allows for the maintenance of permanent intact genotypes (Hebert & Ward
1972), thereby providing an effective defined genetic background for comparisons of
various stressor treatments. Sexual reproduction in Daphnia is induced by environmental

cues, which involves the production of ephippia (Olmstead & LeBlanc 2003). Ephippia are
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thick chitinous shells containing up to two long-lived, dormant propagules and
accumulate in lake sediments (Burge et al. 2018). Lake sedimentation provides a unique
opportunity for archiving ephippia and stores information on the environmental
parameters such as eutrophication, oligotrophication and pollution levels captured in the
sediment cores (Shaw et al. 2008). This process helps to preserve the genetic information
of Daphnia populations, thereby aiding in the investigation of past population history to
their modern descendants (Hairston Jr et al. 1999). Thus, ephippia can be used for
resurrecting old populations in the laboratory and study their phenotypic responses to
various environmental stressors (Kerfoot et al. 1999) and also infer environmental changes
that are responsible for current genomic patterns (Orsini et al. 2013a). Resurrection
methods have been used in several studies. For example, a study by Frisch et al. (2014)
assessed the evolutionary responses to eutrophication in D. pulicaria using resurrected
samples that were at least 700 years old. All the above-mentioned parameters along with
existing genomic and ecological resources make Daphnia an interesting study species in

ecology and evolution.

I-4.1 Daphnia Genomics

Daphnids are well established ecotoxicological model organisms and recent
advances in sequencing technologies made the availability of three Daphnia species
genomes viz., D. pulex (Colbourne et al. 2011), D. magna and D. similoides and one
transcriptome, viz., D. galeata (Huylmans et al. 2016), a reality. In order to curate, archive
and share functional and genomic data, the wWFLEABASE (Colbourne et al. 2005) was
developed by the Daphnia Genomics Consortium (DGC) and currently serves as a hub for
obtaining gen-/transcript-omic data for the emerging model organism, Daphnia.

There are several reasons why genomics approaches are an invaluable tool for
Daphnia. First, although resurrection ecology is a powerful method to explore the
evolutionary dynamics of natural populations, this method has its own limitations i.e.,
ephippia remain viable and have a >75% hatching success from sediments as old as 20
years and further reduced (<1%) when hatched from sediments dating hundreds of years
(Burge et al. 2018). Therefore, existing studies focussed on resurrected Daphnia that are

<70 years old (e.g. Cousyn et al. 2001). However, a few exceptions exist such as Frisch et al.
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(2014) which have used resurrected Daphnia samples that are ~700 years old. To overcome
this constraint, extracting DNA that the ephippia contain can broaden this timeline to
hundreds or even thousands of years, even when these resting eggs are no longer viable.
Once ecologically relevant genes are identified, information from molecular signatures of
trait changes can be used to infer evolutionary patterns (Joachim et al. 2007).

Second, an important aspect of understanding the mechanism of adaptation is to
identify candidate genes linked to specific traits and annotating their function. Once the
gene function is annotated and its interaction with a specific environmental perturbation
is identified, gene homologs present in other species and their relevance to ecological
factors can be inferred. Although a genome is a necessity to enable the above-mentioned
approaches, the ecological role of Daphnia along with its key assets for experiments will be
central to enhance our understanding of ecological genomics. Therefore, the extensive
knowledge of Daphnia ecology and evolution that has been accumulated in the past

century should be used for genome investigations (Miner et al. 2012).

1-4.2 Local adaptation in Daphnia

For organisms with high dispersal ability such as Daphnia, high levels of gene flow
should reduce genetic variation that results from selection and drift (Allen et al. 2010). For
example, higher rates of dispersal may lead to homogenization of gene pools by breaking
down of adaptive differentiation among populations (Fuller et al. 1996; Gilbert-Horvath et
al. 2006; Roslin 2001). On the other hand, low rates of dispersal results in increased
population genetic differentiation, where selection and drift are less affected (Ehrlich &
Raven 1969; Slatkin 1985). Daphnia disperses mainly through (a) natural mechanisms such
as transportation through water birds, floating in sea ice, flooding and wind; (b) human-
mediated mechanisms such as fish stocking and construction of canals and pipelines using
equipment (reviewed in Havel 2004). However, despite their high dispersal rates, several
studies have shown substantial genetic variation among populations and rapid
colonization of new habitats (Allen et al. 2010; Cohen & Shurin 2003; Johnson et al. 2008;

Louette & De Meester 2005). Daphnia often show strong population genetic
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Figure 2: Life cycle of Daphnia and its ecological interactors.
(a) Life cycle of Daphnia (adapted from Ebert 2005) and its interactions with (b) abiotic and
(c) biotic factors in a lake ecosystem (adapted from Miner et al. 2012). Solid lines represent
direct interactions and dashed lines indicate indirect interactions; direction (uni-or bi-
directional) of the arrows is based on literature evidence as reviewed by Miner et al. (2012).
Image sources can be found in “Appendix for Introduction” section.

differentiation even at small geographical (i.e., less than 1 km) scales (Allen et al. 2010;
Boileau et al. 1992; Haag et al. 2006; Hamrova et al. 2011; Spitze 1993; Thielsch et al. 2009;
Vanoverbeke & De Meester 1997a; Yin et al. 2010). In addition to this, the monopolization
effect, a concept used in several freshwater invertebrate studies (De Meester et al. 2002;
Louette et al. 2007; Munoz et al. 2008; Ortells et al. 2013) might reinforce population
structure resulting from initial colonization events. In habitats recently colonized (less
than 5 years) by Daphnia, founder effects lead to genetic differentiation among
populations that do not erode immediately despite ongoing dispersal (Ortells et al. 2013).
Thus, a combination of several factors such as gene flow, rates of dispersal, colonization
patterns, founder events or bottleneck events, selection can all play an important role in

the evolutionary adaptation of Daphnia populations.
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I-4.3 Inducible defences in Daphnia

In Daphnia, inducible defences are mediated by chemicals released by the predator,
called kairomones. This chemical messenger benefits the receiver rather than being
advantageous for the predator (sender) itself (Brown et al. 1970). For example, to locate
food or sense other predators, the receiver can use kairomones (Pohnert et al. 2007).
Although kairomones are ubiquitous and play a major ecological role, the structure of any
of the existing kairomones is not characterized or unidentified (Laforsch & Tollrian 2009;
Silberbush et al. 2010). However, one exception is the characterization of aliphatic
sulphates as Daphnia-kairomones, which play a prominent role in colony formation in
green algae (Yasumoto et al. 2008; Yasumoto et al. 2006). In addition to kairomones,
several factors such as alarm cues by injured conspecifics (Laforsch et al. 2006; Pijanowska
1997; Stabell et al. 2003) or physical cues such as predator borne turbulences (Laforsch &
Tollrian 2004a) are also responsible for inducible defences in Daphnia.

A variety of life-history defences are expressed in response to predator kairomones,
leading to changes in important growth-related traits such as size, age at maturity (e.g.
Stibor & Liining 1994). When Daphnia are exposed to fish, it decreases their size and age at
first reproduction as seen in empirical and theoretical predictions on D. galeata (Machacek
1995; Stibor 1992), D. hyalina (Stibor & Liining 1994) and D. magna (e.g. Lampert 1993;
Sakwinska 2008). On the contrary, an increased size and age at first reproduction is
observed when Daphnia are exposed to invertebrate predators such as Chaoborus, as seen
for example in D. hyalina (Stibor & Liining 1994) and D. pulex (e.g. Boeing et al. 2006;
Tollrian 1995). Similarly, contrasting patterns of size and age at reproduction i.e., increased
size and early maturation has been shown in D. magna when exposed to cyclopoids
(Pijanowska & Kowalczewski 1997). Several other shifts in life-history traits such as
decreased size at first reproduction and increased number of offspring are observed when
daphniids are exposed to fish such as D. pulex (e.g. Dodson 1989), D. hyalina (e.g. Stibor
1992) and D. magna (e.g. Boersma et al. 1998), while invertebrate predators, such as
Chaoborus induce contrary reactions, e.g. in D. pulex (Black & Dodson 1990) and D. hyalina
(Stibor & Llining 1994).

Very few studies (Bento et al. 2017; Henning-Lucass et al. 2016; Herrmann et al.

2017a; Schwerin et al. 2009) have assessed the genotype-phenotype associations in
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Daphnia under different environments. A study by Routtu et al. (2014) and De Meester
(1991) have identified eQTLs that contribute to variation in one trait namely, phototactic
behaviour in the presence of fish kairomones. However, none of them have explored the
genetic basis for any of the reproduction-related phenotypic traits in the absence and
presence of predator kairomones. Therefore, understanding the underlying genetic basis
of the life-history traits in a fish kairomone environment is necessary to evaluate and

predict the consequences of inducible defences in Daphnia.
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Thesis Outline
Aims of the study
In this thesis, | aim to assess the transcriptomic basis of local adaptation in European D.
galeata populations and infer their genotype-phenotype relationships. Furthermore, |
want to improve the existing functional annotation D. galeata transcripts, thereby
identifying their ecological roles more precisely. Therefore, | address the following
questions:
1. What is the role of natural selection and genetic drift on gene expression and
sequence variation within and between four lake populations of D. galeata?
2. What is the functional role of the D. galeata transcripts?
3. What conclusions can be drawn from the genotype-phenotype relationships of D.

galeata in the absence and presence of a predator kairomone?

Chapter Overview

In Chapter 1, | focus on understanding transcriptomic variation at the sequence and
regulatory level in four lake populations of European D. galeata. To this aim, | used D.
galeata transcriptome data to identify differentially expressed transcripts and performed a
sequence analysis to identify candidates for local adaptation. This analysis helped to reveal
contrasting patterns of divergence at both sequence and gene expression levels.
Furthermore, to understand the role of each transcript, | annotated their function using
comparative genomics approaches. | observed that most of the D. galeata transcripts
functionally annotated were “hypothetical” or of “unknown” function. Hence, looking
deeper into the function of the hypothetical transcripts would help in pinpointing the

ecological roles of Daphnia genes/transcripts.

Therefore, in Chapter 2 | focused on enriching the functional annotation of Daphnia
transcripts. To overcome this challenge, | screened the literature for gene expression
studies in Daphnia, manually mining their expression profiles and responses to various
experimentally validated environmental stressors. | used a homology approach to link D.
galeata transcripts to Daphnia specific genes whose expression patterns are shown to be

affected by one or more stressors as identified in the literature. This approach helped me
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to identify transcript-specific stressors in D. galeata, thereby providing insights into their
ecological roles. The literature data obtained in this meta-analysis was developed into a
database, which is publicly available to help fellow researchers, thereby providing a tool

that would help in the interpretation of future ecotoxicological studies.

After assessing the transcriptomic and functional profiles of D. galeata extensively,
it is important to assess their genotype-phenotype relationships, as it allows drawing
conclusions about the extent of a SNPs contribution to each of the life-history traits.
Therefore, in Chapter 3, | focused on understanding the genotype-phenotype relationships
using SNP data obtained in Chapter 1 and life-history phenotypic traits in the absence and
presence of predator fish kairomones obtained using the same 24 clonal lines of D. galeata
from another experiment. Furthermore, a weighted gene co-expression network analysis
helped to correlate the phenotypic traits and gene expression profiles thereby identifying

clusters of transcripts likely to be involved in reproduction-related traits.
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Chapter 1: Contrasting patterns of divergence at the regulatory and sequence level in
European Daphnia galeata natural populations

Suda Parimala Ravindran, Maike Herrmann and Mathilde Cordellier

Abstract

Understanding the genetic basis of local adaptation has long been a focus of evolutionary
biology. Recently there has been increased interest in deciphering the evolutionary role of
Daphnia’s plasticity and the molecular mechanisms of local adaptation. Using
transcriptome data, we assessed the differences in gene expression profiles and sequences
in four European Daphnia galeata populations. In total, ~33% of 32,903 transcripts were
differentially expressed between populations. Among 10,280 differentially expressed
transcripts, 5,209 transcripts deviated from neutral expectations and their population-
specific expression pattern is likely the result of local adaptation processes. Furthermore, a
SNP analysis allowed inferring population structure and distribution of genetic variation.
The population divergence at the sequence-level was comparatively higher than the gene
expression level by several orders of magnitude consistent with strong founder effects and
lack of gene flow between populations. Using sequence homology, the candidate
transcripts were annotated using a comparative genomics approach. Additionally, we also
performed a weighted gene co-expression analysis to identify population-specific
regulatory patterns of transcripts in D. galeata. Thus, we identified candidate
transcriptomic regions for local adaptation in this key species of aquatic ecosystems in the

absence of any laboratory induced stressor.

Keywords: constitutive gene expression, RNA-seq, molecular phenotype, population

transcriptomics, DRIFTSEL, WGCNA

This version of the chapter has been submitted to Ecology and Evolution
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Introduction

Natural genetic variation shapes divergence in phenotypic traits and is an
important resource for evolutionary processes (Oleksiak et al. 2002). Populations respond
to environmental variation by genetically adapting to their environments (Hereford 2009;
Kawecki & Ebert 2004; Savolainen et al. 2013), often showing variations at both gene
expression and sequence level across the geographic range of a species. One of the
fundamental goals of research in the field of molecular evolution is to resolve the
evolutionary processes driving the rise and maintenance of expression and sequence
polymorphisms behind this variation. Revealing their effect on an organism’s fitness
thereby aids to understand the genetic basis of local adaptation (MacManes & Eisen 2014).
Gene expression patterns link genotypes and phenotypes, sometimes called a “molecular
phenotype”, and as such is an important component in local adaptation processes (Lopez-
Maury et al. 2008). --Several studies have reported the testing of different populations
exposed to different treatments and examining their transcriptional response, for
example in springtails (Folsomia (De Boer et al. 2013) and Orchesella (Roelofs et al. 2009)),
oyster (Crassostrea virginica; Chapman et al. 2011; Chapman et al. 2009), sparrows
(Zonotrichia capensis; Cheviron et al. 2008), flounder (Platichthys flesus; Larsen et al. 2008),
and seagrass (Zostera marina; Jueterbock et al. 2016; Reusch et al. 2008), thereby
identifying candidate genes involved in local adaptation. Gene expression variation can be
highly heritable (Brem & Kruglyak 2005; Schadt et al. 2003; Whitehead & Crawford
2006b). Moreover, constitutive gene expression patterns also differ within- and among-
natural populations (e.g., Roberge et al. 2007; Whitehead & Crawford 2006a), strongly
suggesting that standing variation in constitutive gene expression is shaped by local
adaptation. Natural selection acts immediately on newly arisen variation (in contrast to
adaptation observed from standing genetic variation) as there are neutral and slightly
deleterious variations preserved in a population, which may become beneficial upon
changes in selection regimes (Barrett & Schluter 2008). After a sudden change of
environment, standing variation can contribute to fast adaptation (Feulner et al. 2013;
Kitano et al. 2008). Identifying allelic/genetic variants underlying differences in expression
profiles can be helpful in hypothesizing gene functions (Jansen & Nap 2001; Kesari et al.
2012; Rockman 2008). Although prior knowledge of the specific loci is not a prerequisite to
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learn about adaptive processes in most cases, identification of genetic features underlying
local adaptation is critical in answering fundamental questions about natural selection
(Rausher & Delph 2015).

Genetic variation within and among populations is strongly influenced by their
colonization history, and the demographic changes following the primary establishment
of a population. Population sizes may vary after colonization across the species based on
environmental factors and further colonization (Bondel et al. 2015). Colonization events
depend on dispersal ability, and dispersal rates strongly differ from gene flow estimates in
several species (De Meester et al. 2002). This is particularly evident in freshwater
zooplankton species, where several studies suggest a high potential for dispersal when
populations rapidly colonize new habitats and spread invasively (Havel et al. 2000; Louette
& De Meester 2004; Mergeay et al. 2008). However, genetic studies show that the
observed rate of gene flow is much lower than would be expected in organisms with high
dispersal potential (Boileau et al. 1992; De Meester et al. 2002; Thielsch et al. 2009). This
ambiguity between dispersal potential and rate of gene flow can be explained by founder
effects (Boileau et al. 1992) complemented by local adaptation; resulting in
monopolization of resources by local populations (De Meester et al. 2002). This process
leads to the impression that population genetic variation correlates with the colonization
patterns (Orsini et al. 2013b).

Amongst freshwater zooplankton species, the water flea Daphnia (Figure 1) is the
best studied and has been an important model for ecology, population genetics,
evolutionary biology, and toxicology (Ebert 2005). This genus belongs to the order
Cladocera and has attracted scientific interest since the 17" century (Desmarais 1997). It
inhabits most types of freshwater habitats and includes more than 100 known species of
freshwater plankton organisms (Ebert 2005). Daphnia make an interesting subject of
investigation in comparative functional genomics (Eads et al. 2008). Apart from the fact
that Daphnia species have an appropriate size for being used in laboratory cultures, they
are easy to cultivate and have short generation times. Because of their clonal mode of
reproduction, Daphnia are highly suited for quantitative genetic studies, which can

enhance our understanding of their evolutionary ecology.
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Figure 3: Waterfleas, Daphnia galeata, Photo: Mathilde Cordellier

Genetic variation has been reported for numerous traits in Daphnia, such as life
history traits (e.g., Henning-Lucass et al. 2016), vertical migration (e.g., Haupt et al. 2009),
fish escape behavior (e.g., Pietrzak et al. 2015), resistance against parasites (e.g., Routtu &
Ebert 2015) and immune response (e.g., Garbutt et al. 2014). Furthermore, it was shown
that responses to many chemical stressors such as phosphorus (Roy Chowdhury et al. 2015;
Roy Chowdhury et al. 2014), copper (Poynton et al. 2008), cadmium (Soetaert et al. 2007)
and pharmaceutical products like ibuprofen (Hayashi et al. 2008; Heckmann et al. 2007)
have a genetic basis as well. Within- and between-population comparisons in Daphnia
have been conducted extensively using varied environmental perturbations providing
evidence for local adaptation (for e.g., Barata et al. 2002; Declerck et al. 2001; Ebert et al.
1998; Spitze 1993). Although various aspects like phylogeography, functional morphology,
physiology and life history evolution have been in the limelight of Daphnia research for
several decades (Eads et al. 2008), Daphnia genomics investigations have begun only in the
last decade with the availability of the Daphnia pulex genome (Colbourne et al. 2011). A
considerable number of studies (for e.g.: Bento et al. 2017; Miner et al. 2012; Orsini et al.
2016; Yampolsky et al. 2014) on biotic and abiotic factors have been carried out showing
how Daphnia respond to environmental perturbations by changes in gene expression.

However, little is known about the intra-specific variability at the gene expression level in
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Daphnia, since the above-mentioned studies focused on stressor driven responses using a
limited number of genotypes.

To sum up, elucidating the mechanisms by which natural selection acts on gene
expression evolution remains a challenge (e.g.: Fraser 2011; Romero et al. 2012). Unraveling
the relative consequences of drift versus natural selection on gene expression profiles
plays an important role in understanding species divergence and local adaptation. The
studies listed above provided evidence for gene expression variation correlated with many
environmental factors in Daphnia. However, knowledge about the variation in constitutive
gene expression structure within and among population is lacking.

In the present study on Daphnia galeata, sampled from four different lakes in
Europe, we conducted a large-scale RNA-seq study in the absence of any laboratory
induced environmental stressor. Using transcriptome data, we quantified the constitutive
expression profiles and performed a sequence analysis of the four populations. We
addressed the following questions: (i) Are there differences in gene expression profiles
between the four populations? (i) How is the observed variation explained by the
different levels of organization, i.e., genotype and population? (iii) Do the observed
differences in expression profiles result from genetic drift or selection? (iv) What is the role
of genetic drift and/or natural selection in shaping sequence variation? (v) What are the
functional roles of the transcripts?

Our study brought contrasting patterns of divergence at the regulatory and
sequence level into light. While no population specific gene expression patterns were
found for majority of the analyzed transcripts, divergence patterns at the sequence level
hinted at strong influences of founder effects, bottleneck events and divergent selection.
Further, our gene co-expression network analysis showed conserved patterns while
assessing the population—specific networks and supported our observations at the
regulatory level. We were able to identify candidate transcripts for local adaptation using
combined approaches. Further comparative genomics analyses are needed to complement
our preliminary functional annotations of these candidate transcripts to identify the

ecological drivers behind the observed patterns of adaptation.
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Methods
Sampling and RNA collection

A set of D. galeata resting stages (ephippia) was collected from the sediment of
four lakes: Jordan Reservoir (hereafter, Pop.J) in Czech Republic, Miiggelsee in Germany
(hereafter, Pop.M), Lake Constance (hereafter, Pop.LC) at the border between Germany,
Switzerland and Austria, and Greifensee (hereafter, Pop.G) in Switzerland. These ephippia
were hatched under laboratory conditions (see Henning-Lucass et al. 2016 for hatching
conditions) and the hatchlings were used to establish clonal lines in a laboratory setting.
The species identity was checked by sequencing a fragment of the 125 mitochondrial locus
and 10 microsatellite markers (Multiplex 2 comprising the loci Dgm109, Dp196, Dp28],
Dp512, SwiD1, SwiD10, SwiD12, SwiD14, SwiD15, SwiD2), following protocols by Taylor et al.
(1996) and Yin et al. (2010) respectively.

Mature females for six clonal lines per lake were placed at equal densities (40
individuals L'1) in semi-artificial medium for a week, during which the juveniles were
regularly removed. Gravid females from the equal density beakers were then collected
within three days during a time window of a few hours. Twenty to thirty individuals were
homogenized in a 1.5 mL centrifuge tube in 1 mL Trizol (Invitrogen, Waltham, MA USA)
immediately after removing the water. The Trizol homogenates were kept at -80 °C until

further processing.

RNA preparation and sequencing

Total RNA was extracted following a modified phenol/chloroform protocol and
further processed using the RNeasy kit (Qiagen, Hilden, Germany). The total RNA was
eluted in RNAse free water and the concentration and quality (RNA integrity number and
phenol contamination) were checked using a NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA) and a Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, USA). The 72 total RNA samples (4 lakes x 6 genotypes x 3 biological replicates) were
sent to the company GATC (Konstanz, Germany) for library preparation and sequencing.
Following reverse transcription and cDNA construction using random primers, 50bp single-
end (SE) reads were sequenced on an Illlumina HiSeq 2000 (San Diego, CA, USA). To avoid

block effects and confounding effects in the downstream analysis, we used a completely
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randomized design; each library was sequenced on at least two different lanes, on a total

of nine lanes. Detailed information can be found in Table S1.

Quality trimming, mapping and read counts

All reads with ambiguous bases (Ns) were removed before trimming. Bases with a
phred score below 20 were trimmed at the 3’ and 5’ ends. Reads shorter than 45 bp after
trimming were discarded. All trimming steps were conducted using locally installed
version of Galaxy at the Gene Center in Munich, Germany.

Trimmed reads were mapped to the reference D. galeata transcriptome (Huylmans
et al. 2016; available from NCBI: https://www.ncbi.nlm.nih.gov, GenBank ID:
HAFNO00000000.1) using NextGenMap (Sedlazeck et al. 2013) with increased sensitivity (-i
0.8 —kmer-skip 0 -s 0.0). Read counts were obtained from the SAM files using a custom
python script (available upon request) and discarding ambiguously mapped reads. The
raw count table was analyzed in R (R Development Core Team 2008) using the package
DESeq?2 (Love et al. 2014). Normalization was done with size factor procedure. Standard
differential analysis steps of DESeq2 such as estimation of dispersion and negative
binomial GLM fitting were applied. The count outliers were automatically detected using
Cook’s distance, which is a measure of how much the fitted coefficients would change if
an individual sample was removed (Cook 1977). Principal Component Analysis (PCA) was
performed to visualize the clustering of biological replicates and clonal lines.

To identify the differentially expressed transcripts (DETs) upregulated the most in
each population, we used the DESeq2 “contrasts” function. We performed six pairwise
comparisons: Pop.G vs Pop.J, Pop.G vs Pop.LC, Pop.G vs Pop.M, Pop.J vs Pop.LC, Pop.J vs
Pop.M, Pop.LC vs Pop.M. All p-values were adjusted for multiple testing using the
Benjamini-Hochberg correction (Benjamini 1995) implemented in DESeq2. To create a list
for each population from each comparison, we retained transcripts that had an adjusted p-
value (paq) equal to or lower than 0.05 and a fold change (FC) deviating from 0 (depending
on the direction of the pairwise comparison), resulting in four lists as follows:

1. Pop.G:Gvs.M:FC>0;Gvs.LC: FC > 0;Jvs. G; FC< O
2. PopJ:Jvs.G:FC>0;Jvs. LC: FC > 0;Jvs. M; FC >0
3. Pop.LC:Jvs. LC: FC< 0; LCvs.M: FC > 0; Gvs. LC; FC< O
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4. Pop.M:Gvs.M: FC<0;Jvs. M: FC< 0; LCvs.M; FC< 0O
The four lists of DETs obtained above were combined to identify population specific
transcripts and Venn diagrams depicting the overlap between the contrasts were created

using the VennDiagram package (Chen 2011) in R.

Evaluating the role of natural selection on transcript expression levels: DRIFTSEL

We searched for transcripts for which the identified differential expression could
not be explained by phylogenetic distance and genetic drift alone. To identify signals of
possible selection, we used the approach of Ovaskainen et al. (2011) implemented in the R
package DRIFTSEL 2.1.2 (Karhunen et al. 2013), considering expression of every single
transcript as a trait. To perform this analysis, we made use of the microsatellite data and
normalized read count values. Allele frequencies were obtained from microsatellite data
collected in a previous study, independently from the species identification step outlined
above. Microsatellite data of 30-40 resting eggs also sampled from the same sediment
layers the resurrected clonal lines come from was obtained from a study by Herrmann
(2017). Briefly, eleven microsatellite loci were analyzed for each clonal line according to the
protocol published by Thielsch et al. (2009). Primers for all loci were multiplexed and PCR
was performed using the Type-it Microsatellite PCR Kit (Qiagen, Hilden, Germany). Alleles
were recorded manually and allelic frequencies were calculated with GenAlEx (Peakall &
Smouse 2012).

Using microsatellite allelic frequencies, the coancestry coefficients by admixture F
model was calculated using “do.all” function implemented in the RAFM package
(Karhunen & Ovaskainen 2012). We ran a total of 200,000 iterations with thinning at an
interval of 1,000 and discarded the first 1,000 iterations as ‘burn-in’. The output was a list
which contained samples from the posterior distributions of allele frequencies. Values
from the posterior coancestry matrix, 'theta’, were used as input for the Metropolis-
Hastings (MH) algorithm along with the normalized “mean” read counts of the replicates
(i.e. one value per genotype) for each DET as implemented in DRIFTSEL. We ran a total of
5,000 iterations with thinning at 1,000 samples and discarded the first 100 iterations as
burn-in. The output of MH algorithm was a matrix of posterior of subpopulation effects

(pop.ef), used to estimate the H.test values. The H.test describes whether the population
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means correlate with the genetic data more than it would be expected on basis of shared
evolutionary history. Large H-values (H-value 2 0.95) imply that the populations are more

locally adapted than expected by chance.

Intra and inter-population variation

To quantify the respective contributions of the factors “genotype” and
“population” to the observed variation in gene expression profiles, we performed a linear
mixed model analysis in R on the normalized read counts obtained from DESeq2. We used
the slope of ‘Genotypes’ as a random factor (to account for multiple replicates per
genotype per population) and ‘Population’ and ‘Genotype’ as fixed factors. To compute
pvalues for our model, we used the ‘Anova’ function in the R package “car” (Weisberg
2011). To correct for multiple testing, psq-values were calculated for each transcript using

the Benjamini-Hochberg procedure.

Variant calling and filtering

The variant calling and filtering steps have already been described in Herrmann et
al. (2017c). Briefly, the aligned reads from RNA-seq data were merged using samtools (Li et
al. 2009). GATK (McKenna et al. 2010) was used to split exon segments, reassign the
mapping qualities (SplitNCigarReads) and indels were aligned (RealignerTargetCreator and
IndelRealigner). The HaplotypeCaller (DePristo et al. 2011) function was used for the initial
variant calls for the realigned reads and samples were jointly genotyped using GATK's
GenotypeGVCFs tool. A single vcf file was created and false positive variant calls were
filtered with the following criteria: (i) clusterWindowsSize = 35; (ii) Quality by depth (QD) <
2.0; (iii) Fisher Strand (FS) > 30.0. This produced a variant dataset with not only biallelic
variants but also triallelic variants and indels.

Using the SNPRelate package (Zheng et al. 2012) in R/BioConductor, the variant
dataset was limited to only biallelic sites for downstream analysis. These were further
pruned for linkage disequilibrium considering a threshold of 0.2 (r* > 0.2), thereby
retaining 393,514 SNPs. A PCA was plotted using the functions in SNPRelate which include
calculating the genetic covariance matrix from genotypes, computing the correlation

coefficients between sample loadings and genotypes for each SNP, calculating SNP
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eigenvectors (loadings) and estimating the sample loadings of a new dataset from

specified SNP eigenvectors.

Neutrality statistics

To obtain alignments of transcript sequences, SNP calling datasets were filtered as
described above. Beagle 4.1 (Browning & Browning 2007) was used to phase SNP calling
data and a python script (available upon request) was used to parse the phased vcf file to
sample sequences in fasta format. After phasing, we obtained 13006 transcripts
containing SNPs and the sequences were input in R. A multiple sequence alignment and
Tajima’s D statistics (with p-values) were obtained population-wise for each transcript
using the pegas package (Paradis 2010) in R.

Results from LOSITAN (Antao et al. 2008) outlier tests were obtained from
Herrmann et al. (2017¢) to identify loci under selection (see Table S4). Briefly, under the
infinite allele model, 500,000 simulations were conducted with a confidence interval of
0.99, false discovery rate of 0.1, attempted Fsr of 0.182, subsample size of 12 (as computed
by LOSITAN) and simulated Fsr of 0.181. For more details on how LOSITAN analysis was

performed, see Herrmann et al. (2017c).

Inbreeding coefficient and mutation frequencies

The inbreeding coefficient for the final SNP dataset were calculated with the -
het function in VCFtools, (Danecek et al. 2011). The ratio between the expected
heterozygosity (He) and observed heterozygosity (Ho) was calculated based on available

SNP information and plots were created using ggplot2 (Wickham 2009) in R.

Sequence vs. requlatory variation

To visualize the proportion of transcripts responsible for local adaptation at
regulatory and sequence level, we consolidated the list of transcripts from various
analyses as performed above and represented it with an alluvial diagram

(http://rawgraphs.io/). In an alluvial diagram, each black rectangle is called a ‘node’, the

colored regions linking the nodes are called ‘flows’ and the vertical group of nodes are
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called ‘steps’. In our analyses, we had four steps: DESeq2, DRIFTSEL, LOSITAN and Tajima’s
D.

Annotation and functional analysis
To functionally annotate the D. galeata transcripts, a local sequence alignment
using blastn (Altschul et al. 1990) against the nr database (downloaded Feb. 2015 via
ftp://ftp.ncbi.nm.nih.gov/blast/db/) was performed. Hits with an evalue < 0.1 and identity
> 50% were considered. Additionally, protein domain annotations and orthoMCL (Li et al.
2003) results were obtained from Huylmans et al. (2016) . Briefly, a search was made for all
three Daphnia species (D. pulex, D. magna and D. galeata) using PfamScan (version 1.5) to
look into the Pfam A database (version 27.0; Finn et al. 2014) together with hmmer3
(version 3.1b; Mistry et al. 2013). In order to identify orthologs and be able to compare it to
other arthropod species, orthoMCL was used to cluster the amino acid sequences of D
galeata, D. pulex (version JGI060905; Colbourne et al. 2011), D. magna (version 7; Daphnia
Genomics Consortium 2015), as well as Drosophila melanogaster (version 5.56; St Pierre et
al. 2014) and Nasonia vitripennis (version 1.2; Werren et al. 2010) into orthologous groups
and determine the inparalogs. Pie charts representing the number of hits obtained for all
transcripts and DETs were created using the plotrix package (Lemon 2006) in R.
We classified the orthoMCL clusters into the following categories:
(a) Clusters that contain only D. galeata-specific transcripts
(b) Clusters that are shared between D. galeata and D. pulex
(c) Clusters that are shared between D. galeata and D. magna
(d) Clusters that are shared between D. galeata, D. pulex and D. magna (Daphnia-
specific)
(e) Clusters that are shared between D. galeata and other arthropods (D. melanogaster
and N. vitripennis)
(f) Clusters that are shared among all five analyzed species (Daphnia and both

insects).
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Inparalogs and misassemblies

To assess whether D. galeata DETs in an orthologous group are “inparalogs”,
isoforms or the result of misassembly, we computed the pairwise sequence divergence for
those orthoMCL clusters containing DETs from at least two different populations. Since
each significantly differentially expressed transcript was assigned as a DET only to the
population in which it was upregulated the most, clusters containing more than one DET
most likely contained DETs from different populations. Based on the number of
populations within their orthoMCL cluster, the DETs were classified into the categories:

” o« ” o«

“1Pop”, “2Pop”, “3Pop” and “4Pop”, and unclustered DETs were categorized as “no-cluster
DETs”. ‘No-cluster DETs’ and ‘I1Pop’ DETs were excluded from further analysis. In total,
there were 716 orthoMCL clusters that contained DETs from at least two populations.
Pairwise alignments of the amino acid sequences in each orthologous group were
performed using the iterative refinement method incorporating local pairwise alignment
information (L-INS-i) in MAFFT (Katoh et al. 2002). We then used EMBOSS tranalign (Rice et
al. 2000) to generate alignments of nucleic acid coding regions translated from aligned
protein sequences. Pairwise genetic divergence was computed with ‘dist.dna’ function
implemented in the ape package (Paradis et al. 2004) in R, using the Kimura-2-parameters
model with gamma correction. We used an arbitrary cut-off value of 2 to distinguish

inparalogs from misassembled sequences.

Gene Ontology (GO) enrichment analysis

DETs with a H.value > 0.95 (DRIFTSEL result) and transcripts with a nonzero D value
in each of the four populations (Tajima’s D result) were analyzed with ,,topGO® (Alexa &
Rahnenfuhrer 2016) in R, using a custom GO annotation for D. galeata. GO terms enriched
in the transcripts of interest in each population from each analysis (DRIFTSEL and Tajima’s
D) were identified using the ‘weightO1 algorithm for all three ontologies, namely:
molecular function, cellular component and biological processes. We used a Fisher test and
those GO terms with a classicFisher value < 0.05 were considered to be enriched for each
ontology in each population. A multiple testing procedure was not applied as the p-values
returned by the ‘weightO1" algorithm are interpreted to be corrected and might exclude

“true” annotations (Alexa & Rahnenfuhrer 2016).
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Weighted Gene Co-expression network analysis

To gain insights into the population-specific regulatory patterns of transcripts in D.
galeata, we performed a weighted gene co-expression network analysis with WGCNA
(Langfelder & Horvath 2008) using the variance stabilized normalized read counts
obtained in DESeq2 analysis. Transcripts and samples that had lower expression values
were excluded from every population using the ‘goodSampleGenes’ function in WGCNA
and used for downstream analysis. In total, 32375 transcripts were used for the
construction of gene co-expression networks. To identify population-specific co-expression
modules (i.e., clusters of highly correlated transcripts), a network was first built using the
full dataset (i.e., with samples and transcripts from all populations) and one network for
each population using expression values specific to all genotype and biological replicates.
The population specific network was compared to the reference network and an adjacency
matrix was calculated. Clusters were identified using the WGCNA Topological Overlap
Matrices (TOM). For every transcript and module detected automatically, WGCNA assigns
a color based on the module membership (MM) value. An MM value is a measure of
module membership which is obtained by correlating its gene expression profiles with
module eigengene (i.e., the first principal component of a given module). For example, if a
transcript has an MMred value close to #1, the transcript is assigned to the red module
(Langfelder & Horvath 2008). Each module is assigned a color based on the module size:
‘turquoise’ denotes the largest module, blue next, followed by brown, green, yellow and so
on. The color ‘grey’ is reserved for unassigned transcripts (Langfelder & Horvath 2008).
Similarly, the module ‘gold’ consists of 1000 randomly selected transcripts that represent a
sample of the whole network and statistical measures have no meaning for this module
(Langfelder & Horvath 2008).

After obtaining the module definitions from each comparison, we assessed how
well our modules in the reference network are preserved in the population specific
networks using the ’'modulePreservation’ function, which outputs a single Z-score
summary. The higher the Z-score, the more preserved a module is between the reference
and population-specific network. A module was deemed to be preserved if the Z-score

value was above 10, an arbitrary value deemed suitable by Langfelder et al. (2011).

35



Chapter 1: Transcriptomic variation in Daphnia

Results
Sequencing results and mapping statistics

The dataset used for this study has been described in a previous publication by
Herrmann et al. (2017c). Between 14 and 30 million reads were obtained for each of the 72
libraries. On average, 95.9% of the data were retained after quality control, and a mean
88.8% were mapped to the reference transcriptome. No mapping bias was observed i.e.,
very similar results were obtained for all genotypes. All quality and mapping metrics are
available on Dryad (Herrmann et al. 2017b) and the raw data and experimental setup have
been submitted to the ArrayExpress platform
(https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6144). Raw reads are also
available  on  the European Nucleotide  Archive (Study  ERP1051071;
https://www.ebi.ac.uk/ena/data/view/PRJEB23352).

Differential expression

The intraspecific variation in transcript expression in the four populations was
visualized from a read counts matrix of the 32903 transcripts using PCA (Figure 4a). A large
proportion of the observed variance (19%) is explained by the first principal component
(PCT). PC2 and PC3 explained 12% and 10% of the total variance, respectively. Clear
population clustering is evident along PC2 for Pop.M and in Pop.J except for two genotypes
(J2.1 and J2.4). However, genotypes from Pop.G and Pop.LC belong to overlapping clusters
(Figure 4a and Supporting Information Appendix S1). No evident clustering according to
experimental parameters (i.e. culture conditions, harvesting, RNA extraction batches) were
visible on the PCA.

After conducting pairwise contrast analyses with DESeq2, we identified transcripts
exclusively upregulated for each population when compared to all others (pas < 0.05;
thereafter DETs). In total, 10,820 of 32,903 transcripts (~33%) showed significant
expression differences in pairwise comparisons between populations. Of all ~33000
transcripts, 9.6%, 8.1%, 7.2% and 7.8% were population specific DETs for the populations
Pop.G, Pop.J, Pop.LC and Pop.M, respectively (Figure 4b).
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Role of natural selection on transcript expression levels

The DRIFTSEL multivariate approach was used to identify transcripts for which the
observed differential expression could not be explained by phylogenetic distance and
genetic drift alone; the alternative explanation being that the observed divergence would
be attributable to selection and therefore possibly to local adaptation events. In total, 48%
of 10820 differentially expressed transcripts showed greater differential expression than
expected under neutrality (H-value > 0.95, Figure 4b and Table S2), indicating that the
observed pattern is due to local adaptation for these transcripts. Pop.LC had the highest
number of DETs deviating from the neutral expectations (67% transcripts out of 2381),
followed by Pop.G (~44% out of 3163), Pop.J (~49% out of 2679), and Pop.M (35% out of
2597).

Expression variation among individuals and populations

The statistical significance of difference between group means of expression values
was assessed with a linear mixed model analysis for each transcript, evaluating the factors
‘population’ and ‘Genotype’. For 414 transcripts, the means were statistically significantly
different between populations but not between genotypes. The reverse was true for 10,201
transcripts. For 10,060 transcripts, the factors ‘genotype’ and ‘population’ explained the
observed variation in gene expression. The remaining 12,228 transcripts had no significant

pagi-values for either of the factors.

Sequence based divergence

After applying the VariantFiltration criteria in the GATK SNP calling step, the
resulting SNP set contained 414,546 variants distributed in 14,860 transcripts. These
transcripts had an average of 28.2 SNPs per transcript. The vast majority (13,597

transcripts) was found to be biallelic and 1,083 transcripts were multiallelic (Table 1).
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Figure 4: Gene expression patterns.
(a) Gene expression PCA of the four sampled populations: Pop.G (Lake Greifensee), Pop.J (Jordan Reservoir), Pop.LC (Lake Constance)
and Pop.M (Miiggelsee). Percentages on the X- and Y- axis indicate the percentage of variance explained by each principal component.
(b) Venn diagram illustrating the number of differentially expressed transcripts (DET) between the four populations. Numbers in
brackets indicate the number of transcripts deviating from the neutral expectations according to the DRIFTSEL analysis.
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Table 1: Summary of SNP data.

“NonDET” refers to transcripts that were not significantly upregulated in any of the

pairwise contrasts.

Population all SNPs  biallelic SNPs  multiallelic SNPs
Number of transcripts 1,369 1,259 10
Pop.G DETs Number of SNP sites 34,525 34,320 205
Average number of SNPs 25.21 27.25 1.86
Number of transcripts 1,203 1,101 102
Pop.) DETs Number of SNP sites 28,252 28,078 174
Average number of SNPs  23.48 25.50 1.7
Number of transcripts 1,548 1,487 61
Pop.LC DETs Number of SNP sites 49,451 49,342 109
Average number of SNPs 31.94 33.18 1.78
Number of transcripts 1,087 992 95
Pop.M DETs Number of SNP sites 36,772 36,598 174
Average number of SNPs 33.82 36.89 1.83
Number of transcripts 9,473 8,758 715
NonDET Number of SNP sites 265,546 264,081 1,465
Average number of SNPs  28.03 30.15 2.04
Number of transcripts 14,680 13,597 1,083
Total Number of SNP sites 414,546 412,419 2,127
Average number of SNPs  28.23 30.33 1.96

A PCA was carried out based on a matrix of all biallelic SNP sites to illustrate the

population structure among the four populations. Although PC1 explained the maximum

variance (12%) (Figure 5a) and four distinct clusters corresponding to the populations were

seen against PC2. PC2 and PC3 each explained 8% of the variance (Supplementary

information Appendix S2). PC2 clearly separated the genotypes belonging to Pop.J from

the remainder of the data (Figure 5a).
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Inbreeding coefficient

The inbreeding coefficient values ranged from -1.19 to 0.22 for genotypes from
Pop.G, from 0.08 to 0.17 for those from Pop.J, from 0.07 to 0.15 within Pop.LC, and from -
0.06 to 0.32 for those belonging to Pop.M (Figure 5b). Within Pop.G, four out of the six
genotypes were more heterozygous than expected; indicating outbreeding. In Pop.J,
Pop.LC, and Pop.M (except genotype M9 therein), there were less heterozygous than
expected, implying inbreeding.

Sequence evolution

To assess the respective contributions of random and non-random evolutionary
events on DNA sequence divergence, we calculated the Tajima’s D statistic for each
transcript in the four populations. After phasing, we obtained 13,006 transcripts
containing SNPs. Pop.LC had the highest number of transcripts (32.21%) with a negative D
value (D < 0; p < 0.05) followed by Pop.G (30.45% transcripts), Pop.M (29.58% transcripts)
and Pop.J (29.31% transcripts). Much fewer transcripts were found to have a significant
positive Tajima’s D value (Table 2): 1.26% transcripts in Pop.M, 1.20% transcripts in Pop.G,
1.13% transcripts in Pop.J and 0.66% transcripts in Pop.LC (Table S3).

The LOSITAN analysis identified 782 transcripts to be under diversifying selection,
1536 transcripts under balancing selection and 113 transcripts that were under balancing
and/or diversifying selection (Table S4). LOSITAN results are described in detail in
(Herrmann et al. 2017¢).

The LOSITAN analysis identified 782 transcripts to be under diversifying selection,
1536 transcripts under balancing selection and 113 transcripts that were under balancing
and/or diversifying selection (Table A1 _T4). LOSITAN results are described in detail in
(Herrmann et al. 2017c).

40



Chapter 1: Transcriptomic variation in Daphnia

(a) (b)
PC2 vs PC1 0.4
* 4% : Ak s I
=
= = Il I II
(]
= .
X o © Population
E ' 3 -0.4 Pop. G
.. o MFop.J
- = IF-‘Dp LC
O < = B Pop.M
o o o €L
' o
e} _D-B
=
w
S
-1.2
T T "_N"-DT“-"-_V:NF‘R}'W:‘_MMEWWDNQEIDE
0.3 -02 -0.41 0.0 0.1 0.2 ::EESE st SSSESSZE&iE&
PCE Sﬂa"'rn ( N N T P
Genotype

Pop.G + PopdJ ® PopLC 4 Pop.M

Figure 5: SNP patterns and heterozygosity.
(a) SNP PCA of the four sampled populations: Pop.G (Lake Greifensee); Pop.J (Jordan reservoir), Pop.LC (Lake Constance) and Pop.M
(Muggelsee). Percentages on the X- and Y-axis indicate the percentage of variance explained by each principal component. (b) Barplot
illustrating the inbreeding coefficient values for each genotype.
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Table 2: Tajima’s D test for selection.

D < 0: number of transcripts with a negative Tajima’s D and thus likely under purifying
selection; D > 0: number of transcripts with a negative Tajima’s D and thus likely under
balancing selection.

Population D<O D>0 Total
Pop.G 3,961 157 4,118
Pop.J 3,813 147 3,960
Pop.LC 4,192 87 4,279
Pop.M 3,848 164 4,012

Sequence vs. requlatory variation

The proportion of transcripts identified to be candidates for local adaptation at
both sequence and regulatory level were visualized using a flow diagram (Figure 6).
Among the 10,820 transcripts identified to be differentially expressed, ~46% showed signs
of selection at the regulatory level according to DRIFTSEL. Of these, ~15% were identified as
outliers under balancing and/or diversifying selection in LOSITAN. About 26% of these
outliers had a significantly negative or positive Tajima’s D value in at least one population,
which might be attributed to selection but can also stem from other evolutionary
processes such as population growth, reduction or subdivision, bottleneck events and

migration.

Functional annotation

Of all transcripts, 66.5% had a BLAST hit to the nr database with an identity > 50%
and evalue < 0.1; 91.4% transcripts of these BLAST hits shared homology with other
Daphnia species. Among the DETs, 70.4% met this criterion (Supplementary information
Appendix S3a, Table S5), and 92.3% of them were homologous to Daphnia sequences.

We were able to predict domains for ~50% of our transcripts. Among the DETs, a
slightly higher proportion of transcripts, ~53%, had known protein domains

(Supplementary information Appendix S3b, Table S5).
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Figure 6: Flow diagram representing the proportion of transcripts that are candidates for

local adaptation at the requlatory and sequence level.

Each analysis or “step” is represented by a vertical group of black rectangle bars, called nodes.
The colored areas linking the nodes are called “flows”. The DESeq2 step contains four nodes:
PopG (yellow), PopJ (black), PopLC (pink) and PopM (green), which represent the number of
transcripts specifically upregulated in each of the four populations as identified by DESeq2
analysis. The DRIFTSEL step contains 2 nodes: ‘H.value < 0.95 (grey) and ‘H.value > 0.95’
(purple). The LOSITAN step contains 5 nodes: ‘NC’ (grey) with transcripts without LOSITAN
result (not calculated); ‘noOL’ (grey): transcripts where none of the SNPs in a transcript were
identified as outliers; ‘Bal’ (cyan), transcripts containing at least one SNP that is under
balancing selection; ‘Div’ (pink) transcripts containing at least one SNP under diversifying
selection; and ‘BalDiv’ (pale green), transcripts containing SNPs that are under both balancing
and diversifying selection. The Tajima’s D step contains 8 nodes. Each node classifies the
transcripts according to the obtained Tajima’s D values. ‘AlINeg’ means that transcripts have a
negative D value in all four populations; ‘AllPos’ means that transcripts have a positive D value
in all four populations; ‘AlINonSig’ means transcripts have non-significant D values in all four
populations; ‘NegNonsig’ means transcripts in the four populations have either a negative D
value or a nonsignificant D value; ‘PosNonsig’ means transcripts in the four populations have
either a positive D value or a nonsignificant D value; ‘PosNeg’ means transcripts in the four
populations have either a positive or negative D value; ‘PosNegNonsig’ means transcripts in
the four populations have either a positive or negative or an insignificant D value.
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For identifying Daphnia-specific orthologs and those that share orthology with
other arthropods, the orthoMCL data was classified into six categories (as described in the
Methods section). 3,058 orthology clusters (of which 1,735 clusters contained DETs) were
containing exclusively D. galeata transcripts, 985 clusters (of which 543 clusters contained
DETs) contained only D. galeata transcripts and D. pulex genes, 651 clusters (including 224
DETs) contained only D. galeata and D. magna transcripts. 3336 orthoMCL clusters (of
which 1239 clusters contained D.galeata DETs) contained all three Daphnia species used in
the analysis. Furthermore, 12 clusters (4 clusters containing DETs) were containing D.
galeata transcripts along with two other arthropods (D. melanogaster and N. vitripennis).
In total, 4657 clusters (1586 clusters containing DETs) contained transcripts/genes for all
five species (three Daphnia species and two insects) used in the present study

(Supplementary information Appendix S3c, Table S5).

Assessment of assembly artefacts and inparalogs

In total, 3,325 DETs belonged to the “no-cluster DETs” category (Figure 7a), 5,574
DETs were exclusively occurring in orthoMCL clusters without DETs from different
populations (1Pop). This vast majority was thus not further analyzed with regard to
paralogy and assembly artefacts. The remaining 1,921 DETs were co-occurring with DETs
from other populations in 716 orthoMCL clusters. Sequence divergence was calculated for
every DET pair that co-occurred in a cluster. The divergence values ranged from 0.0 to 12.0
(Figure 7b). We cannot exclude that divergence values greater than 2 between sequence
pairs arose from misassemblies. However, 16,752 sequence pairs (belonging to 671 clusters)
had a divergence lower than our arbitrary threshold of 2, indicating that the transcripts
were highly similar in their sequence and thus might constitute inparalogs or alternative
transcripts for a gene. In this case, only genomic data would allow placing the transcripts

and eventually assessing their status.

Gene Ontology enrichment analysis
GO enrichment analysis was performed on the candidate transcripts as identified
from DRIFTSEL (Hvalue > 0.95) and Tajima’s D analyses. We observed an enrichment for

several metabolic processes such as ATP binding, DNA binding, microtubule binding,
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transporter activities and signaling pathways (Table S6) in both analyses in all population-
specific sets. Specifically, in Pop.G, DRIFTSEL and Tajima’s D analysis had five GO terms in
common, in Pop.J, they had one GO term in common, in Pop.LC they had four GO terms in

common and in Pop.M, they had seven GO terms in common.

Weighted Gene Co-expression network analysis

The WGCNA on 32,375 transcripts identified 29 co-expression modules (Figure 8) in
the reference network (see Methods). We observed varying numbers of modules and
transcripts clustered in each population-specific network (Table S7a-d). However, after
assessing the conserved modules, where each population-specific network was compared
to the reference network, 24 modules (out of 29) were well conserved (Zscore > 10) among
the populations. The conserved modules included 10,256 transcripts altogether, which is
about 31% of all transcripts in D. galeata, with the largest module, 'turquoise’ including
2,857 transcripts. Two modules (grey and gold) with uncharacterized and random
transcripts contained 16,600 and 1000 transcripts, respectively. These results are
consistent with the gene expression analysis which showed little differences between the

populations.

Discussion

In this study, we describe an approach to distinguish between neutral and adaptive
evolutionary processes at gene expression and DNA sequence level using D. galeata
transcriptome data. We identified differentially expressed transcripts in each of the four
populations. We also used the multivariate DRIFTSEL approach combining expression
values and microsatellite data, to investigate the role of selection in shaping D. galeata
differential expression profiles. Furthermore, we identified SNPs to understand the
sequence level differentiation among the four populations. Finally, we annotated the
functions of our candidate transcripts for local adaptation. This study is a first step
towards description of polymorphisms in D. galeata possibly involved in phenotypic
responses to environmental perturbations and as such promising candidates for future

studies.
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Figure 7: Assessment of assembly artefacts and inparalogs.

(a) Barplot showing the number of DETs co-occurring with DETs from other populations within an orthoMCL cluster. “No cluster DETs” refers to
DETs not assigned to an orthoMCL cluster. 1Pop, 2Pop, 3Pop and 4Pop refer to DETs found in orthoMCL clusters containing at least one, two, three
and four population(s) respectively. (b) Histogram of pairwise sequence divergence values calculated for all D. galeata sequences co-occurring in
an orthoMCL cluster belonging to 2Pop, 3Pop and 4Pop categories.
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Module conservation (Zscores)

PopG PopJ PopLC PopM

Figure 8:Cluster dendrogram of transcripts for the reference network in Daphnia galeata, with dissimilarity based on the topological overlap
matrices (TOM).

The co-expression modules are colored in an arbitrary way in the WGCNA package, and the size of the bar is proportional to the number of
transcripts in the module. The right hand side grid represents the module conservation in each population. Modules with a Z-score < 10 are
shown in white and modules with a Z-score 210 are colored in dark grey.

47



Chapter 1: Transcriptomic variation in Daphnia

Population divergence at the sequence level

SNPs became the absolute marker of choice for molecular genetic analysis as the
mining of polymorphisms is the cheapest source for genetic variability (Taillon Miller et al.
1998). Our PCA analysis on SNP data revealed four clear population clusters and our results
are in agreement with a highly structured population model across the transcriptome.
Although two of the genotypes (G1.6 and G1.7) from Pop.G were located outside the Pop.G
cluster in the PCA plot, the populations were clearly distinguished and corresponded to the
four lakes sampled. This pattern might be the result of several non-exclusive phenomena:
initial founder effects, isolation-by-distance and genetic drift, and natural divergent
selection, since the studied populations originate from lakes located in different
ecoregions.

Genetic differentiation among populations of passively dispersed aquatic
invertebrates is strong in most cases, despite the dispersal probability expedited by water
birds and other vectors carrying their diapausing eggs (Mills et al. 2007; Munoz et al. 2016;
Ventura et al. 2014). Population genetic differentiation has been observed even at small
spatial scales (i.e., less than 1 km) in Daphnia (Hamrova et al. 2011; Yin et al. 2010).
Additionally, the monopolization effect, a concept based on numerous previous studies on
freshwater invertebrates (De Meester et al. 2002; Louette et al. 2007; Munoz et al. 2008;
Ortells et al. 2013) might reinforce the population structure resulting from initial
colonization event(s). Some evidence supporting this theory has been provided by Thielsch
et al. (2015), who showed that novel genotypes are unlikely to successfully colonize a
habitat if it already harbors an established population.

All the phenomena cited above have an impact on population structure across the
genome, and might mask highly diverging loci resulting from natural selection. We
assessed patterns of divergence at the sequence level through neutrality tests (Tajima's D).
This suggested that all populations of Daphnia examined in this study had a substantial
amount (~48% transcripts) of loci with an excess of low frequency polymorphisms (i.e., D <
0) relative to the neutral expectation. This pattern may result from positive selection, a
bottleneck, or population expansion. It is consistent with previous observations in Daphnia
from Lake Greifensee and Lake Constance (Brede et al. 2009) and crustacean zooplankton

from Lake Constance (Straile 1998) which have all undergone historical bottleneck events.
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Similarly, Lake Miiggelsee, a large shallow lake, has undergone severe bottlenecks due to
increased turbidity and because vegetation disappeared almost completely after the 1960s
(Okun et al. 2005). One other explanation for the excess of rare alleles is selection against
genotypes carrying deleterious alleles.

Although a high frequency of rare polymorphisms was observed in our analysis,
there were few transcripts (~1.7% transcripts) that had a lower frequency of rare alleles (D
> 0) in the four populations; indicating that some loci are either under balancing selection
(where heterozygous genotypes are favored) or under diversifying selection (where
genotypes carrying the less common alleles are favored). A lower frequency of rare alleles
also occurs if there is a recent population admixture (Stajich & Hahn 2005). This argument
is consistent with our inbreeding coefficient measures. Most of the genotypes in
population G, as well as M9, were more heterozygous than expected. While genotype M9
from Miiggelsee might be an exception, the pattern observed in Greifensee could be the
consequence of outbreeding and/or high genetic variability in this population. This might
also stem from past hybridization events (Brede et al. 2009). Although our primary checks
for this with a handful of microsatellite markers did not flag the genotypes as having a
hybrid origin, the use of high density markers such as the SNPs might have uncovered
traces of introgression. Under the Hardy-Weinberg equilibrium, genotypes G2.1 and G3.1
from Pop.G, all genotypes in Pop.J and Pop.LC, and all genotypes except M9 in Pop.M show
that the observed heterozygosity was less than the expected heterozygosity, which is an
indication of lower genetic variability and inbreeding. Such low heterozygosity patterns at
the individual level can be attributed to inbreeding (Keller 2002), but also due to a lack of
variation in the source population, either caused by a small founder population size or a
severe bottleneck during population history (Luikart et al. 1998b). Further, the ecology and
growth dynamics of Daphnia populations might exacerbate the founder effects. After an
initial hatching phase from the resting eggs bank and exponential population growth in
the spring, clonal selection occurs throughout the growing season (Vanoverbeke & De
Meester 1997b). Therefore, it is possible that only a few clonal lines contribute to the
resting eggs population each year. However, while a reduced number of clonal lines might
contribute to the yearly “archiving” of genetic diversity; two processes counteract the

immediate diversity loss. First, the spring recruitment doesn’t only rely on eggs from the

49



Chapter 1: Transcriptomic variation in Daphnia

previous year but rather on a mixture (Vanoverbeke & De Meester 1997b), and might even
integrate overwintering clones in larger permanent lakes (but see Yin et al. 2014 for an
overview). Second, clonal erosion doesn’t affect the same genotypes every year, leading to
year-to-year heterogeneity, such as the one observed in the long term study by Griebel et
al. (2016). Clonal erosion thus doesn’t necessarily lead to a downward spiral of genetic
diversity loss, and the high stochasticity of both clonal selection and hatching ensure a

preservation of the genetic diversity in every habitat.

Gene expression variability and signals of selection

While the patterns observed at the sequence level tends to support the role of
genetic drift, founder and monopolization effects in shaping the observed patterns, the
results of our gene expression analysis delivered a mixed message. This was evident in the
PCA based on the gene expression data, where no distinct clusters corresponding to
populations are clearly visible. This observation was consistent with our network co-
expression analysis which showed that the identified modules are conserved in all
populations (Figure 8), with a few exceptions. The analysis of variance confirms this
finding, with a relatively low number of transcripts for which the mean read counts differs
significantly between populations and not between genotypes. While studies on
differential expression in Gliricidia sepium (Chalmers et al. 1992) and Arabidopisis halleri
(Macnair 2002) have observed substantial between population variance at the gene
expression level, our results are consistent with several studies, for example, on fish
(Fundulus heteroclitus; Whitehead & Crawford 2006a) and snails (Melanoides tuberculata;
Facon et al. 2008) which showed large within-population variation. Additionally,
numerous studies on life-history traits in Daphnia also report very high intrapopulation
variability (Beckerman et al. 2010; Castro et al. 2007; Cousyn et al. 2001; Machacek 1991). A
common garden experiment conducted on the very same clonal lines also showed a higher
phenotypic variability within populations than among populations (Tams et al. 2018).
Finally, the observed relative homogeneity in the gene expression profiles might be the
consequence of high selective pressure on transcription regulation or canalization
(Waddington 1942). Such canalization allows for storage of cryptic genetic variation that

would be uncovered in stress response assessments. However, our experimental setup
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was designed to avoid stress, and transcriptome characterization of the same genotypes
under conditions mimicking predation, parasite or food stress, for example, might reveal a
greater divergence between the populations.

Comparisons of the gene expression profiles for the four populations revealed a fair
number (~8%) of D. galeata transcripts to be significantly exclusively upregulated in one
given population compared to all others. Although all populations showed similar
numbers of differentially upregulated transcripts, when considering those which are
probably under directional selection, the picture changed. After applying the DRIFTSEL
approach, Pop.LC had the highest number of transcripts directionally selected based on
their expression levels and Pop.M had the lowest number. Pop.G and Pop.J had nearly
similar numbers of transcripts under directional selection. A study on adaptive
differentiation in seagrass (Jueterbock et al. 2016) that compared Northern and Southern
seagrass samples under thermal stress showed that natural selection was the most
straightforward explanation for nearly 1% of all differentially expressed genes. For other
genes that were differentially expressed in the seagrass study, parallel adaptation to
different habitats was observed along both the American and European thermal clines.
However, more analysis (such as McDonalds Kreitman test) and a combination of other
factors (such as phenotype differences among populations) is required to make such

inferences for parallel adaptation in D. galeata populations.

Sequence vs. requlatory variation in Daphnia galeata

Correlating expression profiles with sequence divergence helps to identify transcripts
that are potentially under the influence of local adaptation at both gene expression and
sequence level. Linking gene expression profiles with sequence polymorphisms and their
associated functions aids in understanding the genetic basis of adaptation as seen in the
desert adapted mouse (Peromyscus eremicus; MacManes & Eisen 2014) and in the
Patagonian olive mouse (Abrothrix olivacea; Giorello et al. 2018). Our results revealed ~30%
of the transcripts to share divergence at both sequence and regulatory level (Figure 6).
There are two possible explanations for the observed differences in sequence and
regulatory level variation (Hodgins et al. 2016). The first is that there is an increase in the

rate of fixation due to transcripts under positive selection and divergence in expression
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patterns. For example, variation in gene expression might lead to selection for sequence
variation to improve the functional role of the transcript in its altered role (Hodgins et al.
2016). A second explanation is that the differentially expressed transcripts may experience
reduced negative selection in one or all four populations. For instance, higher transcript
expression is associated with greater negative selection. Hence a reduction in transcript
expression in one population compared to others may be accompanied by relaxation of
selection in that population.

GO enrichment analysis on the candidates identified at the sequence (Tajima’s D) and
expression (DRIFTSEL) level were enriched for metabolic and cellular processes. These
findings suggest that there may be a hierarchical activation of general mechanisms of
stress responses at the metabolic and cellular level. This observation is concordant to
another study (Orsini et al. 2017) on D. magna. In this study, D. magna were subjected to
several environmental perturbations and the GO enrichment analysis revealed a general
stress response rather than ontologies specific to local adaptation. Since the present study
is without any laboratory induced stressor, further studies in Daphnia subjected to one or
multiple environmental stressors would be helpful in pinpointing stress specific responses.
Further, no GO term annotation was available for ~31% of the transcripts, and we cannot
therefore reach conclusive results. This highlights the need for new and complementary
resources for Daphnia genomics research, and a general improvement of the existing

annotation.

Gene annotation and evaluation of inparalogs

Gene annotation is quite challenging in organisms lacking reference genomes, and
functional annotation then relies on the availability of transcriptomic sequences from the
closest available taxon. In this study we were able to annotate 66.5% of the transcripts
using BLAST analysis (Supplementary information Appendix S3a). However, many of the
transcripts were homologous to a D. pulex “hypothetical protein”, likely because (i) they
are similar in function to non-coding regions or pseudogenes or (ii) novel coding
transcripts that are yet to be functionally characterized (Vatanparast et al. 2016).
Furthermore, we were able to predict domains for 80% of the transcripts using Pfam

analysis (Supplementary information Appendix S3b, Supplementary Table S4). Our
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orthoMCL results (Supplementary information Appendix S3c, Supplementary Table S4)
showed that several (~45%) of the D. galeata transcripts were orthologous to one or all
species of Daphnia used for comparison, indicating that the genes/transcripts have all
evolved from a common Daphnia-specific ancestral gene via speciation. In addition to this,
~25% of Daphnia genes/transcripts are orthologous to two insect species (D. melanogaster
and N. vitripennis). Our level of unannotated transcripts is similar to results reported from
other organisms lacking extensive genomic resources, for example, from plants like field
pea (Pisum sativum; Sudheesh et al. 2015), chick pea (Cicer arietinum; Kudapa et al. 2014),
and winged bean (Psophocarpus tetragonolobus; Vatanparast et al. 2016). This limited our
interpretation of the functional role of Daphnia transcripts and thereby their associations
to known ecological stressors. A second issue raised when lacking a reference genome is
that it might be difficult to tease apart inparalogs created by duplication events, isoforms
and even misassemblies; leading to an artificially inflated number of similar sequences for
each distinct gene in the transcript set. Only ~18% of the population specific DETs had one
or more putative paralogs also identified as differentially expressed in at least one other
population. For DETs from two or more populations that co-occurred in orthoMCL clusters,
we were able to distinguish between actual paralogs (transcript pairs that had a sequence
divergence value > 2, Figure 5b) and transcripts with sequence divergence value <
2.Genomic information is now required for this species in order to accurately assign
transcripts to genes and correctly assess whether two different populations might indeed

express different gene copies with similar functions

Future directions and conclusions

In summary, we described here an approach that combines both transcriptomic
expression profiles and sequence information to understand local adaptation in
D. galeata. Although the set of transcripts contributing to population divergence at the
sequence and the expression level differ, both levels constitute alternative routes for
responding to selection pressures (Pai et al. 2015); showing that these transcripts can
contribute to local adaptation and paving way for future research. From our functional
analysis, it was evident that most of our transcripts were Daphnia specific although they

had hypothetical functions. To understand the function of the hypothetical transcripts in
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D. galeata and their response to environmental perturbations, a comparative approach
using the gene expression data from numerous other Daphnia studies should be used.
Although we noticed correlations between expression patterns and sequence divergence
for the D. galeata transcripts, we lack genomic and phylogenetic information. This
information may help “bridge the gap” for understanding the relative roles of positive or

negative selection in driving coding sequence and gene expression divergence.

Data accessibility

The raw sequence reads used for this study as well as the experimental set up for
the analysis of differentially expressed genes are available on ArrayExpress
(https://www.ebi.ac.uk/arrayexpress; Accession no.: E-MTAB-6144).

The raw read counts used as input for differential transcript expression , results for
the pairwise contrast analysis conducted in DESEq2 ,and the number of variants per
sample before and after filtering, number of variant sites per transcript are all available on
DRYAD in Tables S10, ST and S3-54, respectively
(https://datadryad.org//resource/doi:10.5061/dryad.p85m5). The VCF file will be made

available on Dryad Digital Repository and accession numbers will be updated.

Supporting Information
The following figures are found in the “Appendix for Chapter 1” section.

Figure A1_F1: Gene expression PCA for the first three principal components
Figure A1_F2: SNP PCA for the first three principal components

Figure Al1_F3a-c: Pie charts showing functional annotation using BLAST, Pfam and
orthoMCL analysis.

The following tables are found in the enclosed CD-ROM in the folder “Appendix_Chapter1”
or from the online version of the article upon publication.

Table A1_T1: Library preparation and sequencing information along with principal
component coordinates for the first three axes as obtained from gene expression analysis.

Table A1_T2: DRIFTSEL values for the differentially expressed transcripts.

Table A1_T3: Population-wise Tajima’s D values.
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Table A1_T4: LOSITAN outlier test values to identify loci under selection.
Table A1_T5: Functional annotation for candidate transcripts of local adaptation.

Table A1_T6a-c: Population specific GO enrichment terms using DRIFTSEL and Tajima’s D
analysis.

Table A1_T7a-d: Number of transcripts clustered in each module as detected by WGCNA
for PopG, PopJ, PopLC and PopM, respectively.
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Chapter 2: DaphniaStressdb: Taking advantage of a decade of Daphnia ‘-omics’ data for
gene annotation

Suda Parimala Ravindran, Lisa Gottslisch, Jennifer Luneburg, Verena Tams and Mathilde
Cordellier

Abstract

Gene expression patterns help to characterize and measure the effect of
environmental perturbations at the cellular and organism-level. Complicating
interpretation is the presence of uncharacterized or “hypothetical” gene functions for a
large percentage of genomes. This is particularly evident in Daphnia genomes, which
contains many regions coding for “hypothetical proteins” and are significantly divergent
from many of the available arthropod model species but might be ecologically important.
In this meta-analysis, we developed a gene expression database, the Daphnia stressor
database (http://www.daphnia-stressordb.uni-hamburg.de/dsdbstart.php), built from 90
published studies on Daphnia gene expression. Using a comparative genomics approach,
we used the database to annotate D. galeata transcripts. The extensive body of literature
available for Daphnia species allowed to associate stressors with gene expression patterns.
We were able to identify at least one stressor for about 4684 D. galeata transcripts. We
believe that our stressor-based annotation strategy allows for better understanding and
interpretation of the functional role of the understudied hypothetical or uncharacterized
Daphnia genes, thereby increasing our understanding of Daphnia’s genetic and phenotypic

variability.

Keywords: Daphnia — gene expression — stress -comparative genomics — functional

annotation

This version of the chapter has been submitted to Nature Scientific Reports.
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Introduction

Environmental health is an important determinant of human health (Myers et al.
2013) and natural habitats are under increasing threat from human activity. Industry and
private households release chemicals in the environment, and human activity causes
habitat fragmentation and warming, thus affecting ecosystems in their entirety. A wide
diversity of organisms undergo changes in behaviour, morphology and physiology by
responding to biotic and abiotic factors in their environments (DeWitt & Scheiner 2004;
Harvell 1990; Karban 1989; Sultan 2000).

When an organism is subjected to one or multiple environmental perturbations, its
gene expression and metabolic profiles are altered. Gene expression patterns provide clues
about the biochemical pathways that are affected by a specific stressor. Organisms under
stress might show unique signatures of gene expression patterns associated with a stress
response as seen for example in plants and rat liver (McMillian et al. 2004). These unique
patterns of gene expression can be used as indicators of specific environmental stressors.

Quantifying and comparing the gene expression profiles before and after exposure
to a stressor is the most widely used approach to understand the genetic consequences of
stressors. The central goal of most gen-/transcript-omic experiments is to obtain sets of
differentially expressed genes and interpret the observed patterns. Complicating
interpretation is uncharacterized gene function for a large percentage of genomes. This is
particularly evident in crustaceans which are biologically diverse organisms and have been
the subjects of investigation for hundreds of years because of their important roles in
ecology, evolution and ecotoxicogenomics (Stillman et al. 2008). Amongst crustaceans,
gene prediction tools in Daphnia genomes identified many coding regions but they are
substantially divergent from many of the available arthropod model species, and
annotation beyond “hypothetical protein” was not possible. Although Daphnia’s ecology is
intensively studied, little is known on the molecular basis of responses to environmental
stressors.

Daphnia is an ecologically important model organism distributed throughout the
world in a variety of habitats ranging from lakes to ponds and from hypersaline to
freshwater systems. They are primary grazers of algae, bacteria and protozoans and

primary forage for fish. As a consequence, Daphnia are considered to be the sentinel
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species of freshwater environments where their decline is proportional to the presence of
environmental perturbations (Dodson & Hanazato 1995). Several studies (Garbutt & Little
2014; Gorr et al. 2004; Lampert et al. 2012; Weiss et al. 2015) in Daphnia exist which
quantify their gene expression profiles in response to a stressor which affect both
phenotype and metabolism. These observations have become more feasible with the
advent of Daphnia genomics, which have seen rapid advancements in the last decade with
the availability of the first genomes of D.pulex (Colbourne et al. 2011), D.magna,
D.similoides and transcriptome of D. galeata (Huylmans et al. 2016). The wFLEABASE
(Colbourne et al. 2005) developed by the Daphnia Genomics Consortium (DGC) currently
serves as a hub for obtaining gen-/transcript-omic Daphnia data. However, a Daphnia
repository dealing with experimentally validated gene expression and its response to
environmental stressors is lacking.

By taking advantage of comparative genomics approaches, in the present meta-
analysis we wanted to identify transcript-specific stressors in D. galeata using the
functional annotation data available from a previous study (Huylmans et al. 2016). We
observed that most of the D. galeata transcripts annotated functionally were
“hypothetical” or the function was “unknown”. To overcome this challenge, we identified
studies dealing with Daphnia gene expression using three different search strategies. We
manually mined the data to identify differentially expressed genes and transcripts for
each stressor. Using a homology approach, we were able to annotate D. galeata transcripts
to Daphnia specific genes in literature known to respond to one or more stressors through
regulatory changes. We further identified transcripts/genes that were responding to many
stressors thereby forming a general stress response and also identified stress-specific
transcript/genes.

The results of our meta-analysis were implemented into a database called Daphnia
stressor database (http://www.daphnia-stressordb.uni-hamburg.de/dsdbstart.php). To
the best of our knowledge, this meta-analysis is a first attempt to integrate the wealth of
information readily available by using a comparative genomics approach. We believe this
long overdue resource will be of use to researchers working in the fields of ecotoxicology,
environmental health, evolutionary biology and environmental genomics, and serve as a

basis for further investigations in Daphnia research.
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Methods
Identification and selection of eligible Daphnia-specific gene expression datasets for meta-
analysis
We used three different strategies to retrieve literature that analyzed gene
expression data in Daphnia.
a. Literature search based on functional annotation
Using the functional annotation data obtained from a previous study (Huylmans et
al. 2016) on D. galeata, we searched for literature using the keywords “Daphnia” +
“stress” along with the predicted function for each transcript.
b. Literature search based on keywords in Mendeley
We used keywords “Daphnia” + “Gene Expression” in Mendeley reference manager
and obtained sets of Daphnia specific gene expression papers.
¢. Twitter based search
We automatically retrieved all literature posted in @wtrflea_papers twitter handle
using a python script (available upon request), and subsequently retained only
studies about gene expression.
A consolidated literature list was created with studies obtained from all three approaches
mentioned above. Studies were excluded from the analysis for the following reasons:
different language than English, no traceable gene names, or only primer sequences
instead of gene IDs. The following information was extracted from each identified study in
the consolidated list: (i) gene IDs that are differentially expressed in response to a stressor
or condition; (i) method used for the analysis; (iii) stressor(s) used in the study; (iv) study

species.

Sequence retrieval

Each retrieved gene or protein ID identifier was manually checked to see if they
followed the NCBI (eg: AB021136) or Uniprot (eg: E9FXAO) or WFLEABASE (eg:
DAPPUDRAFT_224348) nomenclature. Sequences for all obtained gene IDs were then
retrieved from respective databases (NCBI / Uniprot / wFLEABASE) using the trial version
of iMacros tool (https://imacros.net/overview/), which is an automated tool for web

scraping and data extraction. For gene IDs that followed a D. magna D nomenclature (e.g.:
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Dapma7bEVmO000787t1), sequences were directly obtained from the CDS file available on
WFLEABASE

(http://server7.wfleabase.org/genome/Daphnia magna/openaccess/genes/Genes/earlya

ccess/dmagset7finloc9b.puban.cds.gz).

For microarray-based studies on D. magna, the array accession number (eg: A-
GEOD-16518) cited in the publication was queried in Gene Expression Omnibus (Edgar et al.
2002) (GEO). Reporter sequences were retrieved and a local BLAST was performed against
the D. magna CDS sequences mentioned above. Hits that had a similarity > 90% were
considered for the next steps in the analysis.

All retrieved sequences were manually sorted into a “protein” or “nucleotide”

category using an in-house perl script (available upon request).

Local sequence database creation and BLAST analysis

Two fasta files, one with all nucleotide sequences and one with all protein
sequences were created. Redundant sequences from the two fasta files were excluded
using the sequence cleaner biopython script

(https://biopython.org/wiki/Sequence Cleaner) with the default parameters. Thus, two

non-redundant local databases were created with 28259 nucleotide sequences and 102
protein sequences for BLAST (Altschul et al. 1990) analysis.

Each of the 32903 D. galeata transcripts was used to query the local non-redundant
nucleotide (tblastx) and protein (blastx) database created with the gene IDs obtained from
literature. Hits with evalue (eval) < 0 and identity percentage > 50% were considered and
the stressors corresponding to their respective subject ID was assigned to the D. galeata
transcripts.

A general workflow of the entire meta-analyses is represented in Figure 9.
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Figure 9: Workflow of Daphnia-specific gene expression meta-analysis.
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Database web interface

Daphnia stressor database (http://www.daphnia-stressordb.uni-
hamburg.de/dsdbstart.php) is built on Mariadb (10.0.31-MariaDB) at the backend whereas
the frontend is built using HTML, PHP and CSS3. To allow users identify gene-specific
stressors in Daphnia using a homology approach, we implemented a BLAST function on

the database using SequenceServer (Priyam et al. 2015).

Statistical analysis
All statistical analyses were performed using custom scripts (available upon

request) in R (R Development Core Team 2008).

Results and Discussion
Number of studies obtained from each search strateqgy

A total of 676 studies were obtained from all the three search strategies as
described (in methods section). Of them, 47 studies came from FunctionSearch method, 74
studies came from Mendeley search and 555 came from automatic retrieval using twitter.
We excluded studies not dealing with gene expression in Daphnia and studies from which
information was not retrievable (due to language restrictions, intellectual property rights,
primer sequences and/or gene names instead of IDs were mentioned). After screening the
literature database with the above-mentioned criteria and checking for duplicates, gene
expression data specific to Daphnia was retrievable from 90 studies (Table A2_T1) and

used for the present meta-analysis (Figure 10a).
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Figure 10: Literature statistics for meta-analysis.

(a) Barplot indicating the number of studies obtained for each search strategy used in
this meta-analysis. Bars in black represent all literature obtained in each search
strategy. Bars in dark grey represent the number of studies specific to Daphnia and
gene expression; bars in light grey represent the number of studies from which

data was retrievable for analysis.

(b) Timeline for studies on gene expression in Daphnia.
(c) Barplot showing the number of studies available for different analysis method

used in the literature.

(d) Pie chart showingthe number of studies available for each Daphnia species.
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Timeline of literature, species information and methods used

After limiting the literature database to gene expression studies in Daphnia, we
obtained literature from the year 2006 until mid-2017 (Figure 10b). About 43 studies used
qPCR, thus limiting their analysis to only a few genes (Figure 10c). After the advent and
further development of DNA microarray at the dawn of the millennium, researchers took
advantage of the technology to perform large-scale gene expression studies. In our survey,
30 studies used microarray technology to analyze gene expression patterns in Daphnia.
Seven studies combined both microarray and qPCR approaches. With the advent of high-
throughput sequencing (HTS) techniques and affordable sequencing costs, Daphnia
researchers used RNA-seq to sequence whole genomes and transcriptomes, thereby
making the Daphnia genome a reality. In this meta-analysis, we found 7 studies that dealt
with HTS data. Very few of the studies (3 studies) in the literature database used
comparative genomics approaches, biochemical assays and 2D-gel electrophoresis
techniques. The majority of the studies (52 out of 90; Figure 10d) dealt with D. magna,
followed by D. pulex (31 out of 90) and very few on other Daphnia species like D. carinata (4

studies), Daphnia sp. (reviews, 2 studies), D. galeata and D. pulicaria (one study each).

Daphnia genes associated to a stressor in literature

After retrieving the gene IDs regulated in response to a stressor from literature,
~21% of the 30939 genes (Colbourne et al. 2011) with a DAPPUDRAFT id (e.g.:
DAPPUDRAFT_xxxxxx) present in D. pulex were associated to a stressor (Figure 11a).
Among them, ~84% of the genes were affected by one stressor, 13% of the genes by two
stressors, 2% by three stressors and less than 0.5% between 3 and 9 stressors.

For D. magna, ~25% of the 29127 genes were associated to a stressor that came
from microarray studies (Figure 11b). Among them, ~51% of the D. magna genes associated
to a stressor were responding to one stressor, ~23% to two stressors, ~¥9% to three
stressors and less than 5% of genes were responding between 4 and 31 stressors.

To represent the shared response between stressors, we used a circularized plotting
using circlize package (Gu et al. 2014) in R. Every stressor field represents the list of genes
shown to be differentially expressed. A line linking one stressor field to another implies

that a gene is differently expressed for both stressors. The link density thus makes the
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non-specificity of some regulatory responses. For D. magna, stressor fields were often
highly linked to other stressors (Figure 12). This leads to the conclusion that the genes
might be showing a general stress response. In D. pulex (Figure 13), some stressors showed
very few links (i.e. temperature, light: dark cycle, phosphorous). In this case, the stressor
response might be specific and even used for environmental diagnosis.

A few studies did not use the “DAPPUDRAFT” or “DapmaxxxXxxxxxxx”
nomenclature, yet they were dealing with stressors associated to D. pulex and D. magna,
respectively. These genes and their associated stressors were visualized using bubbles
(Figures 11, 12), where each bubble corresponds to one stressor and their size is

proportional to the number of genes associated to that stressor.

a b s c
fressor
Stressor Homalogy to
stressor-annotated
sequance
79.15% 75.64% B
Homology to
unannotated
Mo stressor Mo stressor sequence

Figure Tla-c: Pie charts showing the percentage of genes associated to a stressor in the
literature database.

(a) D. pulex (with DAPPUDRAFT nomenclature IDs); (b) D. magna (with Dapmaxxxxxxxx
nomenclature IDs); (c) D. galeata (test case used in the present analysis).
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Figure 12: Circular and bubble plot showing the number of genes associated to one or more stressors in D. magna.

Every stressor field on the circular plot represents the list of genes identified to be differentially expressed, and its size is proportional to the
number of genes. A line linking a field to another one means that a gene is differently expressed for the other stressor as well. For genes that
followed other gene ID nomenclature for D. magna, stressors are represented through bubbles on either side of the circular plot, and the
bubble size is proportional to the number of genes.
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Figure 13: Circular and bubble plot showing the number of genes associated to one or more

stressors in D. pulex.

Every stressor field on the circular plot represents the list of genes identified to be
differentially expressed, and its size is proportional to the number of genes. A line linking
this field to another one means that a gene is differently expressed for this stressor as
well. For genes that followed other gene ID nomenclature for D. pulex, stressors are
represented through bubbles on the left side of the circular plot, and the bubble size is
proportional to the number of genes.
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Figure 14: D. galeata transcripts associated to a stressor using homology approach.

(a) Venn diagram representing the overlap between blastx and tblastx analysis used for
annotating D. galeata transcripts. (b) Circular plot showing the number of genes
associated to one or more stressors in D. galeata. Every stressor field represents the list of
genes identified to be differentially expressed. A line linking this field to another one
means that a gene is differently expressed for this stressor as well.
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D. galeata genes associated to a stressor using homology approach

The assembly of D. galeata was used as a test case and gives an idea of the power
of our approach for newly sequenced and assembled Daphnia or cladoceran genomes.
After performing BLAST analysis for each of the 32903 D. galeata transcripts, we observed
significant hits (eval < 0; identity > 50%) for 4684 transcripts (Figure 11c). Among them,
4478 D. galeata transcripts shared homology with nucleotide sequences, 61 transcripts
with protein sequences in the database and 145 transcripts had both a nucleotide and
protein sequence hit from the database (Figure 14a).

For D. galeata, ~64% of the transcripts were responding to a single stressor (as
revealed by our comparative approach), ~20% to two stressors, ~6% to three stressors and
less than 4% were associated between 4 and 31 stressors (Figure 14b).

Identifying gene-/transcript-specific stressors is possible when functions of the
proteins are known. In our previous attempts to annotate D. galeata transcriptome using
various tools (Huylmans et al. 2016), functions were assigned to about ~66% of the
transcripts, and most of them were homologous to D. pulex hypothetical protein. Using
our comparative genomics approach in the present meta-analysis, we were able to identify
transcript specific stressors for 155 transcripts without previous BLAST annotation and 4159

transcripts that were identified to have “hypothetical” functions are now annotated.

Searching the database

Database users should be able to retrieve information on experimentally validated
differentially expressed genes in Daphnia. A search tool is provided for searching based on
the following fields (1) gene ID differentially expressed in reponse to a stressor (2) stressor
(3) title of the published research paper (4) authors of the study (5) technique used (6)
study species (7) publication year and (8) sequence of the respective gene. The user can
query the database using a single field or a combination of multiple fields. The “advanced
search” provides a refined way to search the database using several combinations of

keywords using logical operators "+" / "-", which represents “AND” / “OR”, respectively.

BLAST
To enable searches based on sequence homology and thus extend the use to
studies using de novo assemblies or array probes without typical genelDs, we
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implemented a BLAST tool in the database. This tool can be used for similarity-based
search of any query sequences, protein and nucleotide. It is to be noted, though, that the
database contains only genes responding to stressor and is therefore not an alternative to
repositories such as wFLEAbase. The user can submit one or more sequence(s) in fasta

format in the search field and set up thresholds for the e-value, among others.

Limitations of the study and recommendations to the community

Although an extensive literature search for retrieving the differentially expressed
Daphnia genes in response to a stressor was performed, we might have missed studies
that did not turn up using the three search strategies followed. However, since the
Daphnia stressor database is publicly available, data will be added manually and updated
on a regular basis. As more data gets published or where our search strategy failed to
retrieve the literature, the authors intend to include them in the database for the benefit
of the Daphnia research community. The researchers also can contact the authors to
include their experimentally validated gene expression data.

Because our meta-analysis did not include a re-analysis of all the datasets, we
chose to take the inferred changes in gene expression at face value. The caveat is that
most cited studies were following standard practice at the time of publication i.e. using
state of the art statistical tools and setting similar thresholds for significance, some did
not apply multiple testing correction. The results aggregated in our study should therefore
be reviewed critically when used to formulate hypotheses and re-analyzed if necessary.

Gene expression in Daphnia has been extensively studied in the last decade and the
present meta-analysis brought a few weaknesses and strengths to light. Daphnia
researchers can rely on very extensive data compared to other groups, especially regarding
ecologically relevant stressors. The high numbers of stressors and studies constitute a
wealth of information and are an invaluable resource for the future. However, the data
mining procedure highlighted a few shortcomings, some of which can be easily remedied.
Our recommendations for present and future publications are contained in three words:
traceable, searchable, and sustainable. First, publications should use traceable IDs to allow
for cross referencing and good search results based on gene IDs. Whenever possible, gene

IDs already in use in long term online repositories such as GenBank or Uniprot IDs should
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be used. Especially qPCR-based approaches were often using non-traceable gene names
and including them in results table would be tremendously helpful and even influence the
citation record. Second, the results should be searchable, and preference should be given
to tables in a universal readable format (csv, tsv, tab delimited txt, spreadsheets to some
extent), instead of heatmaps saved as a graphic. Last but not least, sustainability is an
issue affecting all publications and becomes increasingly important with the high volume
of data produced, associated with publication on one side, and high personal turnover
inherent to research on the other side. Both factors are challenging, but solutions already
exist in the form of above-mentioned repositories. Such centralized repositories, the
Expression Atlas (Petryszak et al. 2016) and GEO Profiles (Barrett et al. 2013; Edgar et al.
2001), gather gene expression data but only for a few selected species. Following these
recommendations would allow a better integration of new and older results across
laboratories working with Daphnia, help formulating new hypothesis, and increase the

visibility of the Daphnia research community.

Conclusion

Stress response is crucial for an organism’s survival in natural habitats. Identifying
and functionally annotating ecologically relevant genes is an important aspect of
ecotoxicological studies. Signature patterns of gene expression and their responses are
often used as markers of environmental stressors. Traditional approaches often subject
the genes to laboratory induced stressors and quantify their expression patterns. In the
present study, we took advantage of comparative genomics approaches to identify
transcript specific stressors in D. galeata using data mined from experimentally validated
gene expression studies in Daphnia. The present database on gene expression studies in
Daphnia will be useful for the Daphnia research community in designing stressor specific
experiments and evaluating genes in response to environmental perturbations. For
example, approaches such as the overrepresentation analysis presented by Herrmann et
al. (2017c) and Bowman et al. (2018) can be extended to other stressors than temperature.
Last, our database will also help interpreting the results of studies on adaptation in natural

populations as well as ecological experiments.
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Supporting information
The following table is found in the enclosed CD-ROM in the folder “Appendix_Chapter2”.

Table A2_T1: List of gene expression studies in Daphnia, authors of the paper, year of

publication, stressors used, species, experimental technique used in the study.
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Chapter 3: An environment-dependent genotype-phenotype association in European
Daphnia galeata

Suda Parimala Ravindran, Verena Tams and Mathilde Cordellier

Abstract

Environment-dependent phenotypic variation is exhibited to some extent by all
organisms. To cope with environmental changes, organisms adapt through a variety of
mechanisms such as changes in morphology, physiology, life-history traits or behaviour.
Understanding the genetic basis of these phenotypic responses is essential; therefore the
identification of candidate genes that mediate phenotypic variation is important. To this
aim, we used Daphnia as a model organism to understand the transcriptomic basis of
phenotypic variation in a predator environment using a transcriptome-wide association
approach. Furthermore, we used a gene co-expression network analysis to identify gene
clusters correlated to life-history traits. To enhance our understanding of the functional
roles of these transcripts, we identified orthologs and paralogs from related species and
used ontologies to annotate the candidates of interest. Our association analysis revealed
two life-history traits to have a transcriptomic basis in the presence and absence of fish
kairomones. Our gene co-expression analysis identified 44 modules, of which one module
correlated to the life-history trait, the ‘total number of broods’. Thus, our combined use of
gene co-expression network and transcriptome-wide association analysis provided a
systems-level approach to understand the interplay between the genotype, phenotype
and environment in Daphnia.

Keywords: Daphnia — genotype — phenotype — fish kairomones - GWAS — gene co-

expression network - phenotypic plasticity

A similar version of this Chapter was prepared in collaboration with Verena Tams and will
be submitted to Genes, Genomes and Genetics, a peer-reviewed journal.
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Introduction
Global change and its impact on biodiversity is currently in the focus of scientific

investigations (reviewed in Beaugrand & Kirby 2018). Natural populations are subject to
novel environmental conditions due to climate change, habitat degradation and/or shifts
of population ranges thereby expressing new phenotypic characteristics (Grether 2005).
When environments impose strong constraints and when adaptive potential exists in
populations, selection favors trait values that increase the fitness of individuals in their
local habitat. Hence, individuals have better fitness compared to other populations in their
local environment and this known as local adaptation (de Villemereuil et al. 2018; Kawecki
& Ebert 2004).

Phenotypes and genotypes are tightly linked, since a genotype and its environment
define the phenotype (e.g. Agrawal 2001; Stearns 1989). Genetic as well as phenotypic
variation is crucial for an organism to survive environmental changes and to successfully
reproduce and pass their alleles to the next generation. Identifying the genetic basis of
local adaptation is critical in addressing the central questions in evolutionary biology
(Rausher & Delph 2015). Resolving whether natural selection acts on standing genetic
variation or on novel mutations, and identifying the loci contributing to regulatory, coding
and structural variation helps to understand the adaptive and speciation processes (Hoban
et al. 2016).

Phenotypic plasticity is also an important mechanism that helps coping with
environmental perturbations (Alberto et al. 2013; Charmantier et al. 2008). Phenotypic
plasticity is the ability of an organism to produce multiple phenotypes from a single
genotype depending on the environment (Miner et al. 2005) and is considered as a trait by
itself (Charmantier et al. 2008). Although phenotypic plasticity is advantageous in
heterogeneous and/or fast changing habitats, its maintenance is associated with costs
(Buskirk & Steiner 2009; DeWitt et al. 1998) and sometimes becomes maladaptive
(Ghalambor et al. 2007; Langerhans & Dewitt 2002). A wide diversity of organisms exhibit
plasticity in response to biotic and abiotic factors in their environments (DeWitt &
Scheiner 2004; Harvell 1990; Karban 1989; Sultan 2000), leading to changes in behaviour,

morphology, physiology and life-history traits. These plastic responses can be expressed
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either within the lifespan of a single individual (Young 2003) or across generations (Miner
et al. 2005).

Individuals in a population show differences in their phenotypic traits, which is
influenced by both genetic and environmental sources. Understanding the mechanisms of
variation is the key to assess the adaptive potential of a population to changing
environments (Fuhrman et al. 2018). The most common class of phenotypic variation is
quantitative trait variation. Three factors influence the phenotypic trait value of any
individual: (i) genetic factors that define heritable differences within an environment (ii)
environmental factors that influence the genotypes and (iii) the inherent capability of the
phenotypic trait, given that genetic and environmental factors are identical (Ziv 2017).
Understanding how each of these factors contributes to variation in quantitative traits
remains a challenge.

Examining the genetic architecture of phenotypic traits not only identifies causal
mutations but also helps in understanding past and predict future evolutionary processes
of adaptation (Ronnegard et al. 2016). Genetic variation can be studied at two levels of
organization: gene expression and sequence level. Associating the regulatory level genetic
variation to phenotypic traits can be done by constructing gene co-expression networks,
which identify clusters of co-expressed genes. Often co-expressed genes within one
module (cluster) share conserved biological functions revealing their potential genetic
pathways (Subramanian et al. 2005). The big benefit of gene network analysis lies in the
opportunity to correlate the gene expression information to biological information to
gather insights of the biological association of genes to certain traits and hence to identify
candidate genes. For example, a study on lake whitefish (Filteau et al. 2013) used a
weighted gene co-expression network analysis to identify gene clusters correlating to
three phenotypic traits such as trophic behavior, trophic morphology (gill rakers), and
reproduction. Genome wide association studies (GWAS) that link phenotypic traits with
genetic data and environment, have been applied extensively in humans (for e.g., Busch et
al. 2016; Eising et al. 2016; Kao et al. 2017), animals (e.g., pigs (Duijvesteijn et al. 2010), cows
(Hayes et al. 2009), dogs (Wood et al. 2009)) and plants (e.g., rice (Zhao et al. 2011),
arabidopsis (Atanasov et al. 2016), sunflower (Kim & Rieseberg 1999)).
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The genotype-environment interaction (GxE) is a common phenomenon describing
how a genetic variant has a different phenotypic effect in multiple environments (Smith &
Kruglyak 2008). For example, human individuals with sickle cell anemia have a survival
advantage in endemic areas of malaria but are at a disadvantage in areas without malaria
(Ferreira et al. 2011). Recently, biologists have applied genomic data and traditional
pedigree information to explain phenotypic differences in life-history traits such as horn
shape in soay sheep (Johnston et al. 2013), clutch size in collared flycatchers (Husby et al.
2015; Ronnegard et al. 2016) and Glanville fritillary butterfly (Duplouy et al. 2017) where
life-history trade-offs may be involved in promoting genetic variation at one or several loci
in the species.

Daphnia is a well-established organism for population genetic studies and plays a
vital role in the trophic cascade of freshwater ecosystems (e.g. Carpenter et al. 2001; Ebert
2005; Sommer et al. 2003). This small filter feeding crustacean has become a widely used
isogenic model organism in ecology, ecological toxicology and ecological evolution
because of its ability to reproduce parthenogenetically. Due to their short generation
times and easy handling, Daphnia researchers use several individuals of every clonal line in
their analyses for measuring both genetic and phenotypic traits. A few studies in Daphnia
research exist that have associated the phenotypic traits to their genotype by using single
nucleotide polymorphisms (SNPs). For example: two previous studies (Henning-Lucass et
al. 2016; Herrmann et al. 2017a), showed the effects of temperature on fitness in D.
galeata. A study (Schwerin et al. 2009) in D. magna revealed the effects of temperature on
gene expression patterns of several genes. Another study (Bento et al. 2017) investigated
the association of parasite resistant traits to genotypes in D. magna. All the above-
mentioned studies use an average trait value for every clonal line and associated them to
the genotype.

In the present study, we associate genotypic and phenotypic data of 24 clonal lines
of European Daphnia galeata by applying two approaches. We performed a genome-wide
association (GWA) analysis with the existing life-history trait dataset of Tams et al
(submitted). This analysis involved 15 individuals for each clonal line in the control and fish
environment. We took advantage of a well replicated dataset and associated it to their

corresponding transcriptome dataset (Herrmann et al. 2017c, Ravindran et al submitted).
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We then compared these results to the results from association analysis obtained with the
mean phenotypic trait value. Further, we applied a weighted gene co-expression network
analysis to understand the phenotype-genotype correlations at the gene network level.
Based on these analyses, we addressed the following questions: (1) Which SNPs (genotype)
associate to different phenotypic life-history trait in the two different environments? (2)
Which gene co-expression modules are correlated to life-history traits in the control
environment? We were able to synthesize the two levels of genotype-phenotype
associations: (i) genotype (SNPs) — phenotype (life-history traits under control and fish
environment) and (ii) gene co-expression modules — phenotype (life-history traits in the
control environment). By answering these questions we contributed to the understanding
of the interplay between the genotype and phenotype in the absence and presence of fish

kairomones in Daphnia.

Methods
The genotype (SNP) and phenotype (life-history traits) datasets used in the present

study have been described in (Herrmann et al. 2017c) and Tams et al (submitted),
respectively. Variance stabilized normalized reads used in the present study for the gene
co-expression network analysis was obtained from Ravindran et al. (submitted). Functional
annotation of the D. galeata transcriptome has been described in Huylmans et al. (2016)
and Ravindran et al. (submitted). We present here a brief overview of methods used for the
creation of input datasets and a detailed description of the methods for GWAS and gene

co-expression network analysis.

Study organism

The cladoceran D. galeata is a widely distributed keystone species in freshwater
ecosystems. Their parthenogenic life cycle allows rearing many genetically identical
individuals from one genotype. Despite their identical genetic makeup, one clonal line can
result in different phenotypes. For all datasets (i.e., genotype (SNP), phenotype, and gene
expression) summarized below, we used 24 genotypes (clonal lines) of D. galeata from four
European lake populations (six clonal lines per population): Greifensee (Switzerland),

Jordan reservoir (Czech Republic), Lake Constance (South Germany) and Miiggelsee (North
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Germany). Clonal lineages were established from dormant eggs extracted from sediment
cores, which have been used and described in previous studies (Henning-Lucass et al. 2016;
Herrmann et al. 2017c). They were maintained in lab cultures (18°C, 16h light / 8h dark
cycle, food: Acutodesmus obliquus, medium: Aachener Daphnien Medium (ADaM)

(Kliittgen et al. 1994).

Phenotype datasets and design of life-history experiment

Phenotypic data originates from the life-history experiment investigating the effect
of fish kairomones on D. galeata (described in Tams et al submitted) for a total of 684
experimental individuals (aim: 24 clonal lines x 2 treatments x 15 replicates=720
individuals). Prior to the experiment each clonal line was bred in kairomone-free water
(control) and in kairomone water (fish) for two subsequent generations to minimize inter-
individual variances (Figure A3_F1). Breeding and experimental phases were conducted at
a temperature of 20°C and a 16h light / 8h dark cycle in a brood chamber with a light
intensity of 30% (Rumed, Typ 3201D). Experimental individuals (F2) were female neonates
of the 3 to 5" brood. Ten life-history traits were recorded: age at first reproduction (AFR)
[day of releasing offspring from brood pouch], numbers of broods per female including
numbers of neonates per brood per female (‘brood?’, ‘brood2?’, ‘brood3’, ‘brood4’), total
numbers of neonates per female (‘offspring’), total number of broods (‘broods’), survival
[in days], body length (‘size’) [in pm] and somatic growth rate (‘SGR’) [in um d]. The
experiment lasted for 14 days for each experimental individual. The experiment revealed a
change of life-history trait values when exposed to fish kairomones concordant to
previous studies, e.g. early maturation in the presence of fish kairomones. Nevertheless,
we found high intraspecific phenotypic variation of life-history traits within each
population as well as among the four populations. Further details can be found in Tams et
al. (submitted).

In this study we used two phenotypic datasets originating from the above
described experiment. First, we used the complete raw dataset with up to 15 individuals as
replicates per clonal line (Table A3_T1) Second, we created a dataset containing the means
of each clonal line for each of the life-history traits (hereafter, “mean dataset”) (Table
A3_T2). To avoid confusion with terminology we use the term ‘clonal line’ for the 24

genotypes and the term ‘genotype’ for SNPs throughout the manuscript.
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Genotype dataset and SNP calling

The SNP calling procedure has already been described in Herrmann et al 2017.
Briefly, aligned reads from RNAseq experiment were merged with samtools (Li et al. 2009)
and realignment around indels was performed using GATK’s (DePristo et al. 2011)
IndelRealigner tool and initial variant calls was made using HaplotypeCaller. Using
GenotypeGVCF tool in GATK, samples were jointly genotyped and a single vcf file was
obtained. Variants were further filtered using VariantFiltration tool implemented in GATK
with the following criteria: (i) clusterWindowsSize = 35; (ii) Quality by depth (QD) < 2.0; (iii)
Fisher Strand (FS) > 30.0.

To use the SNP data for GWA analysis, we further filtered variants with a minor
allele frequency (MAF) of 0.1to exclude rare variants. Only biallelic sites in the MAF filtered
SNP data were considered for further analysis. A total of 155,638 SNPs were used for the
association analysis. We used this as input for GWAS using the mean values of the life-
history traits (hereafter, “mean dataset”) for both univariate and multivariate analysis.
However, for GWA using the values per individual for the life-history traits, we artificially
inflated the SNP data (hereafter, “inflated dataset”) as follows (Figure A3_F2): For every
individual from every clonal line, we assumed they contain the same haplotype as Daphnia
have the ability to reproduce clonally and hence are genetically identical. Therefore, we
replicated the haplotypes for every individual in every clonal line in every treatment (24
clonal lines x 15 individuals x 2 treatments = 720) and created two vcf files with SNP
information for both the control and fish conditions, separately. For the GxE univariate
and multivariate analysis, we combined the SNP information from the two files into a

single vcf file.

Association analysis

The program PLINK v.1.07 (Purcell et al. 2007) was used to test for association
between SNPs (genotype) and life-history traits (phenotype) in the presence (hereafter,
fish environment) and absence (hereafter, control environment) of fish kairomones. PLINK
was used to perform (a) an univariate approach: where each SNP was tested for
association to each of the ten phenotypic traits individually; and (b) a multivariate

approach: where each SNP was tested for association to the combination of all ten life-
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history traits. Both univariate and multivariate analyses were performed on the “mean
dataset”, while only an. univariate analysis was performed on the “inflated dataset”.

The univariate association was performed using the “assoc” command on each
phenotypic trait (“--all-pheno”). The multivariate association was performed using MV-
PLINK tool using the "--mult-pheno —mqgfam" option. PLINK was further used to test for
differences in genotype—phenotype associations between the two environments
(genotype-environment interaction) using the “gxe” command.

Both univariate and multivariate analyses were performed for the control and fish
environment and the GxE interaction separately. Settings were applied to correct for
population stratification in the data set by permuting for 1000 iterations within
populations. All p-values were corrected for multiple testing using the “Bonferroni
correction” method in R (R Development Core Team 2008). The -logiy p-values were
calculated on adjusted p-value and visualized using Manhattan plots in R. A SNP was said

to be associated to a phenotypic trait if it had a -logyo p-value of 1.5.

Gene co-expression network analysis — Linking gene co-expression and life-history traits
(under control conditions)

The terminology of weighted gene co-expression network analysis has been
described previously (Langfelder & Horvath 2008). The gene co-expression network
analysis was based on variance stabilized read counts obtained from HTSeq data used in
the R package ‘DESeq2’ (Love et al. 2014) by Ravindran et al. (submitted) to investigate
differential gene expression at population level between the four European D. galeata
populations in control environment. We applied a weighted gene co-expression network
analysis (WGCNA) by using the R package ‘WGCNA’ v. 1.6.1 to find putative pathways from
the highly correlated genes clustered in modules (Langfelder & Horvath 2008).

First, an automatic signed weighted, single gene co-expression network was
constructed on a workstation with the R environment v.3.2.3 while subsequent analysis
was performed in the R environment v.3.4.2 (R Core Team 2017). Second, gene co-
expression modules were identified using the WGCNA Topological Overlap Matrices (TOM)
with a soft cut-off threshold of 8. Module eigengenes (ME) representing the average gene

expression of their module were calculated and used to infer correlation with life-history
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traits following a resampling procedure outline as below. Finally, the most interconnected

genes per module, known as ‘hub-genes’ were identified.

Module eigengene-trait correlation

Gene co-expression modules were correlated to phenotypic life-history trait data.
In the gene expression analysis, we had three biological replicates per clonal line, while we
had one mean value for every life-history trait measured per clonal line. To perform
correlation analysis in WGCNA, we had to assign the same mean trait value to all three
biological replicates resulting in potential false or inflated correlations (pseudoreplication).
To avoid this artefact, we randomly resampled the available individual trait values for each
life-history trait in every clonal line, to obtain one "unique" mean trait value per replicate
and clonal line. For example, we had trait values for 15 individuals for the trait ‘broods’ in
the clonal line J2 (Table A3_T1). In the first resampling step, we randomly picked 75% of the
individuals to calculate a mean. The process was repeated twice to obtain 3 randomized
mean values for this life-history trait per clonal line. This step was repeated for every trait
value in every clonal line. Finally, the correlation of module eigengenes and the resampled
life-history trait mean values was calculated. This whole procedure of resampling to
calculate randomized means and their correlation to module eigengenes was repeated
10,000 times to verify the robustness of ME-trait correlations. We then counted the
number of observations ME-trait, where the correlation value was above an arbitrary
threshold of +0.5. ME-trait correlations were considered robust if it occurred in more than
95% of the iterations (R script available upon request). Significant ME-trait correlations
resulted in transcript sets if interest which were extracted to investigate their biological
significance. In addition, hub-genes, which represent the most interconnected gene per

module, were identified and their biological importance was explored.

Functional annotation

For every SNP/transcript associated to a life-history trait in both GWA and gene co-
expression network analysis, we assigned Gene Ontology (GO) terms using annotations
from Huylmans et al. (2016) and performed an enrichment analysis with “topGO” (Alexa &

Rahnenfuhrer 2016). Additionally, we also identified orthologs and paralogs for the
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transcripts associated to a phenotypic trait using orthoMCL data from Huylmans et al.
(2016). To enhance our understanding of the ecological role of transcripts associated to
life-history traits, we performed a BLAST analysis on the Daphnia stressor database
(Ravindran et al, manuscript in preparation). This enabled us to identify stressors for the

candidate transcripts of interest from our GWAS and gene co-expression network analysis.

Results and discussion
Genotype-phenotype associations (GWAS analysis)
(a) “Inflated” dataset: univariate analysis

We wanted to take advantage of our well replicated life-history measurements and
performed an association analysis considering every individual, rather than phenotypic
mean values and inflated the genotype data. Our analysis revealed associations between
the genotype and phenotype for all traits (except survival) in both control and fish
environments (Table A3_T3). In the GxE analysis, we found seven traits (‘brood2’, ‘brood3’,
‘AFR’, ‘broods’, ‘survival’, ‘size’ and ‘SGR’) to be associated with the genotype.

Although we found a large number of SNPs to be associated to life-history traits in
the inflated dataset, we could not differentiate between the true positive and false
positive associations. One reason is the lack of available literature for comparisons that
use such experimental setups and inflated genotype calls. Second, existing GWAS tools are
not capable of handling replicate data as such for organisms like Daphnia. Since this kind
of GWAS setup leads to excessive background noise, we could not infer the true

associations. Therefore we used the “mean” dataset for further analysis.

(b) “Mean dataset”: univariate analysis

While taking the mean values of replicates for each clonal line, we observed
associations between genotypes and two life-history traits, namely brood3 and brood4 in
the univariate analysis (Table 3). In the fish environment, the phenotypic trait brood3 was
associated with three SNPs (in three different transcripts). Brood4 had one SNP in the fish
environment and two SNPs (in two transcripts) associated in the control environment.

Significant GXE interactions across the two environments were found for one phenotypic
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trait, namely ‘offspring’, associated with two SNPs (from one transcript). No other
associations were found for the other life-history traits.

We found no direct evidence of genotype-phenotype associations for most of the
life-history traits except for brood3 and brood4. The genotype-phenotype associations for
brood3 and brood4 are promising candidates for true associations. To verify these
associations a subsequent investigation should test the candidate SNPs for their biological
relevance for the trait. The observed significant GxE effect for the trait offspring could be
best explained by the significant associations of SNPs to brood3 and brood4 since these
life-history traits are not independent. The trait offspring describes the total number of
offspring per female and thus includes the total number of offspring for the first, second,
third and fourth brood (brood1 to brood4). This correlation of life-history traits might have
biased the statistical association of genotype and phenotype and led to a false positive

association in the GxE analysis.

Table 3: Number of significant SNPs and corresponding transcript associations of each life-
history trait in control, fish and GXE interaction “mean” dataset.

Control: -logioP 2 1.5 Fish: -logioP 2 1.5 GxE: -logoP 2 1.5

brood1 _snps 0 0 0

brood1_transcripts

brood2_snps

brood2_transcripts

brood3 snps

brood3_transcripts

brood4 snps

brood4 transcripts

afr_snps

afr_transcripts

broods_snps

broods_transcripts

offspring_snps

offspring_transcripts

survival_snps

survival_transcripts

length_snps

length_transcripts

sgr_snps

O|O0O|0|0|0O|O|O|O|O|O0|O0O|O|N(NMN|O|O|O|O|O
O|0O|0|0|0O|0|0O|0|0O|O|0O|O|=|m|W|W O|O|O
O|O0|0|0|0|O|=|N|O|O|O|O|O|O|OC|O|O|O|O

sgr_transcripts

83



Chapter 3: Linking genotypes and phenotypes

Although significant phenotypic differences were observed in the life-history trait
experiment for all the four populations (Tams et al submitted), our present GWAS results
did not allow pinpointing the associated sequence polymorphism. This implies that the
traits are phenotypically plastic (Ayrinhac et al. 2004) and thus not necessarily under
immediate selection (Merila & Hendry 2014). The number of associated SNPs is concordant
to previous studies such as the one associating clutch size in a bird to 50,000 SNPs
identifying one significant SNP association (Husby et al. 2015). Low levels of genetic
variation in populations can also prevent an adaptive response as seen for example in
Drosophila birchii (Hoffmann et al. 2003).

There are three possible explanations that might describe the lack of association
between the genotype and phenotypic trait. A first explanation is that our failure to find
SNPs associated to the life-history traits does not imply a lack of genetic variation among
the populations, as we observed significant genetic variance at the sequence-level among
the studied D. galeata populations (Ravindran et al., submitted). GWAS studies are most
powerful for phenotypic traits with strong effects that are often caused by one or few loci,
with a minor sensitivity to environmental variation (Routtu et al. 2014), which is rarely the
case. The absence of significant associations between the genotype and phenotypic traits
allows for speculation about the underlying genetic variation. A preliminary speculation is
that although we had a good number of replicates for each genotype, in the present
analysis (“mean dataset”), we had taken only one mean value for each genotype. However,
further analysis is required to test the effects of multiple SNPs to one phenotypic trait. For
example, a study by Routtu et al. (2014) in D. magna reported that 8.2% genetic variation
was explained by the significant QTLs detected for phototactic behaviour measured in the
absence and presence of fish kairomones, stems from multiple genes with small effects.
Similarly, another study by De Meester (1991) in D. magna, reported that the genetic
variation underlying phototactic trait is largely additive in nature. Thus, the phenotypic
traits might reflect a pattern of additive, polygenic inheritance.

A second possible explanation for the absence of genotype-phenotype associations
might be due to observed heterozygosity measures. Most of the clonal lines (19 out 24) in
the sampled populations showed higher observed heterozygosity than the expected levels

(Ravindran et al., submitted). This pattern hypothetically makes the clonal lines less plastic
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as higher heterozygosity levels may help to buffer environmental influences on the
phenotype (Pigliucci 2005).

No significant associations between the phenotype and the transcriptome-based
SNPs could also imply that the genetic basis of phenotypic variation is not predominantly
on the coding sequences, but rather on the non-coding regions of the genome. Such
associations between phenotypic traits and polymorphism in non-coding regions has been
reported by McKown et al. (2014) in Populus trichocarpa, where 152 out of 275 identified
associated polymorphisms were in non-coding regions. To test the role of non-coding
regions and their association to the life-history traits in D. galeata, genomic data is

required.

(c) “Mean” dataset: multivariate analysis

As our univariate approach showed weak association signals between the
genotype and life-history traits, we performed a multivariate testing. Multivariate testing
has been shown to be more powerful compared to univariate analysis (Galesloot et al.
2014). Therefore, we assessed the effect of one SNP on all phenotypic traits combined, thus
taking the interdependence/correlation of the life-history traits into account.

We identified 38 SNPs (in 24 transcripts) to be significantly associated with all life-
history traits in the control environment (Table 4). However, no SNPs were significantly
associated to all phenotypic traits in the fish environment. Our multivariate GxE analysis

showed 51 SNPs (in 40 transcripts) to be associated to all life-history traits.

Table 4: Number of significant SNP and corresponding transcript associations of
multivariate analysis for the control, fish and GXE interaction “mean” dataset.

Control: -logioP 2 1.5 Fish: -logioP 2 1.5 GxE: -logioP 2 1.5

All_SNPs 38 0 51

All_Transcripts 24 0 40

In general, the association of SNPs to complex traits has been reported to be
successful (Galesloot et al 2014). Since PLINK is known to perform better compared to
other tools available for multivariate genome-wide association studies (Galesloot et al.

2014), we do not expect a statistical/analytical bias per se. The number of identified
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genotype-phenotype associations in the control environment as well as for the genotype-
environment interaction (GxE) is concordant to a previous study in wing shape of D.
melanogaster that identified 139 SNPs to be associated to the phenotype (Pitchers et al
2017). The phenotypic traits used for analysis are directly or indirectly correlated with
reproduction. The number of SNPs associated to life-history traits in the multivariate GxE
might exist because the trait values in the control environment drive the statistical
associations even though there is a lack of association in the fish environment. Further
analysis is required to test this interpretation such as knock-down studies on the specific
transcripts that are inferred to be associated to the life-history traits. Furthermore, we
cannot rule out other possibilities of associations at the non-coding regions or epigenetic

level (Tak & Farnham 2015).

Gene co-expression network analysis — Linking gene co-expression and life-history traits
(WGCNA analysis)

The single network construction resulted in 44 modules of co-expressed transcripts
in the control environment (Figure A3_F3). Most transcripts were assigned to the modules
‘turquoise’, ‘blue’, ‘brown’ and ‘yellow’. The ‘grey’ module is the largest and includes all
transcripts which could not have been assigned to any module; it comprises 22% of all
transcripts (n=7297). For each module the ‘hub-gene’ i.e., the most highly interconnected
gene within a gene co-expression module, was identified. To assess the biological meaning
of modules we correlated life-history trait information to the module eigengenes (ME).
Only one module, ‘darkorange’ was significantly (p < 0.05) correlated (in 9,782 out of
10,000 correlations) to one life-history trait, the ‘broods’. A detailed overview of modules,

number of transcripts and hub-genes are listed in Table A3_T4.

Functional annotation

Our integrative approach revealed genotype-phenotype associations at sequence
and regulatory level. A univariate analysis identified a total of eight SNPs to be associated
to three life-history traits (4 SNPs in fish, 2 SNPs in control environment and 2 SNPs in
GXE), while the multivariate analysis revealed 38 SNPs in the control environment, no SNPs

in the fish environment and 51 SNPs by the GxE interaction. A gene co-expression analysis
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revealed an association to one co-expression module (darkorange) with 85 annotated
transcripts. In summary, we identified a list of 157 candidate transcripts being involved in

phenotypic variation in D. galeata.

Gene Ontology analysis

Gene Ontology (GO) terms were assigned to transcripts identified in the univariate
and multivariate GWA analysis, in addition to hub-genes and transcripts of the darkorange
module which correlated to the trait broods in the WGCNA analysis. In total, GO terms
were assigned to 68 transcripts (Table A3_T5; 44 transcripts in GWA and 24 transcripts in
WGCNA) and to 15 out of the 44 hub-genes (Table A3 T4). GO terms identified in the
GWAS analyses were enriched for spermatogenesis and other metabolic processes; and
those identified in the WGCNA analyses were enriched for metabolic processes (Table
A3_T6). There were 18 GO terms assigned to the hub-genes and included functions for
enzyme activities, binding and transport activities which are important for general
metabolic processes.

Surprisingly, we found GO terms of the GWA analysis to be enriched for
spermatogenesis. There is no sound explanation to this observation as only
parthenogenetically reproduced females were used in the experiment. We cannot exclude
that a statistical bias exists because only ~31% the D. galatea reference transcriptome has
GO annotations.

The 17 enriched GO terms (Table A3 T6) assigned to the transcripts of the
darkorange module from the WGCNA analysis were for enzymatic activities and metabolic
processes. Our GO analysis for the identified candidate transcripts suggests that there
might be a hierarchal activation of general stress response mechanisms at both the
metabolic and cellular level. Another study subjected D. magna to several biotic and
abiotic factors (Orsini et al. 2017) and revealed a general stress response rather than
ontologies specific to inducible defenses or other environmental perturbations.
Additionally, the gene set enrichment analysis emphasizes the need of further functional
annotations for the existing Daphnia genomes to improve biological valid conclusions. By
now most of the transcripts are without annotation. Thus, we cannot exclude a bias in the

gene set enrichment analysis due to lack of additional GO terms.
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Comparative genomics

To identify the species specificity of the candidate transcripts from GWAS and
WGCNA approaches, we performed an orthoMCL analysis. Out of the 157 candidate
transcripts, 67 transcripts obtained from GWAS and 53 transcripts obtained from WGCNA
had an orthogroup assigned. One orthogroup, the ORTHO_ALL24 cluster was common to
both GWAS and WGCNA approaches, which was involved in protein binding process
(GO:0005515). Our orthoMCL analysis shed light into the paralogs and orthologs for the
candidate transcripts of interest. Although our GWAS and WGCNA analysis revealed only a
few D. galeata transcripts to be associated to the life-history traits, the paralogs identified
through the orthoMCL analysis might also be associated to the phenotypic trait. The
orthologs and paralogs identified for the candidate transcripts in the present study can act

as a basis for future research in association studies in Daphnia and insects.

Transcript-specific stressors

Identifying transcript specific stressors is another way of looking into the functional
aspects of a transcript. In the present study, we identified stressors for 10 candidate
transcripts in GWAS analysis and 11 transcripts in WGCNA analysis (Table A3_T5). Although
we did not find any of the candidate transcripts to have a homologous gene that responds
to kairomones, we found a few candidate transcripts to have a homologous gene that
expresses itself to several biotic and abiotic stressors. This could imply that our candidate
transcripts identified in the present study could be a part of the general stress response, in
addition to be affected by predator kairomones.

Depending on the genes or transcripts of interest, further research can be
emphasized on these candidates that have an identified stressor in literature (Figure 15).
However, the number of candidate transcripts with an associated stressor is very few
(~13%) and hence we cannot infer the stress responses more precisely. This highlights the

need for improved annotations in Daphnia.

Limitations and conclusions
In this study, we explored the association of phenotype, genotype and environment

in European Daphnia galeata emphasizing the complexity of their interactions. The
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present study revealed very few of the life-history traits to have a transcriptomic basis and
also brought to light some shortcomings. First, an appropriate genome-wide association
approach is missing to account for the clonal nature of Daphnia. We would have gained
more information and statistical power by using the complete phenotypic dataset of
individuals (n= ~700) rather than phenotypic means per clonal line (n= 24). Second,
although we found very little evidence at the transcriptome level, we cannot exclude the
role of non-coding regions in shaping phenotypic plasticity. Therefore, genomic data for D.
galeata would have helped in testing this hypothesis. Genomic information can further
enhance our understanding of the interplay between genotype, phenotype and
environment. In addition, an easy access to annotation information for Daphnia would
help to identify biologically meaningful transcripts. Third, further analysis is required to
test the effects of multiple SNPs affecting one phenotypic trait, which can help to identify
the role of polygenic trait inheritance. Fourth, to better understand the influence of
predation risk simulated by the presence of fish kairomones on Daphnia life-history traits,
gene expression profiles are needed for all 24 clonal lines. These gene expression profiles
would provide new insights of this study and would allow the application of a differential
gene co-expression network analysis between the two gene co-expression networks
(control vs. fish kairomones). Furthermore, the availability of gene expression profiles for
both control and fish kairomones data would further reveal biologically significant
pathways and hence candidate transcripts. Overall, the identification of biologically
significant transcripts being involved in predator-induced responses in Daphnia provided a
valuable source for further investigations of the environment-dependent genotype-

phenotype relationships in Daphnia.
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Figure 15: Flow diagram representing the proportion of candidate transcripts as identified in GWAS and WGCNA and their associated stressors.

Each rectangle bar is called a ‘node’ and each vertical group of nodes is called a ‘step’. The colored areas linking the nodes are called ‘flows’.
The step ‘Transcript’ contains candidate transcripts as identified in GWAS and WGCNA. The step ‘Analysis’ contains three nodes:
‘GWAS_multivariate’, ‘GWAS _univariate’ and ‘WGCNA’ representing the analysis from which the candidate transcripts were obtained. The
step ‘Interaction’ contains three nodes: ‘control’, fish’ and ‘gxe’ representing the control, fish environments and gxe interactions. The step

‘Stressors’ represents the identified stressor for each transcript based on sequence similarity from Daphnia stressor database.
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Supporting information

The following tables and figures are found in the “Appendix for Chapter 3” section.

Table A3_T3: GWAS results of “inflated” dataset in control and fish environments as well
as GxE interaction.

Table A3_T5: Identification of transcript-specific stressors, orthologs and paralogs for the
candidate transcripts of interest as identified in the univariate and multivariate GWAS and
WGCNA. A total of 156 candidate transcripts are listed. ‘orthogroup’ refers to the orthoMCL
cluster the transcript is assigned to, ‘dgal’ = number of D. galeata transcripts present in the
assigned orthoMCL cluster. ‘dpul’ = number of D. pulex genes present in the assigned
orthoMCL cluster. ‘dmag’ = number of D. magna genes present in the assigned orthoMCL
cluster. ‘dme’ = number of Drosophila melanogaster genes present in the assigned
orthoMCL cluster. ‘nvi’ = number of Nasonia vitripennis genes present in the assigned
orthoMCL cluster. ‘hit’ refers to a transcript that is significantly similar in Daphnia stressor
database to the candidate transcript of interest. ‘identity percent’ refers to BLAST identity
percentage corresponding to the Daphnia stressor database hit.

Figure A3_F1: Breeding design of life-history experiment in the absence or presence of fish
kairomones (Tams et al submitted). Each clonal line was bred in kairomone-free water
(control environment) and in kairomone water (fish environment) for two subsequent
generations (FO & F1). Neonates from 3" to 5™ brood were used to start a new generation.
Life-history traits of experimental individuals (F2) were measured for 14 days (t14).
Neonates were preserved in ethanol at the beginning of the experiment (t0) and
experimental individuals at the end of the experiment (t14) were used to measure the
trait, ‘length’).

Figure A3_F2: A visual representation of how the “inflated dataset” of SNPs was created
for GWA analysis.

The following tables and figure are found in the enclosed CD-ROM in the folder
“Appendix_Chapter3”.

Table A3_T1: Raw life-history trait data used as input for GWA analysis in the control and
fish environments. The life-history traits are ‘total number of offsprings per brood (1*
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brood= ‘broodT?’, 2" brood= ‘brood?’, 3" brood= ‘brood3’ and 4™ brood= ‘brood4’), age at
first reproduction (‘AFR’ i.e., day of releasing neonates from brood pouch), total number of
broods (‘broods’), total number of offspring (‘offspring’), body size (‘length’, in um),
‘survival’ and somatic growth rate (‘SGR’, pm/day).

Table A3_T2: Mean values of the life-history trait data used as input for GWAS analysis in
the control and fish environments. The life-history traits are ‘total number of offsprings
per brood (1** brood= ‘brood?’, 2" brood= ‘brood2’, 3" brood= ‘brood3’ and 4" brood=
‘brood4’), age at first reproduction (‘AFR’ i.e., day of releasing neonates from brood pouch),
total number of broods (‘broods’), total number of offspring (‘offspring’), body size
(‘length’, in pm), ‘survival’ and somatic growth rate (‘SGR’, pum/day).

Table A3_T4: Overview of gene co-expression modules in Daphnia galeata in control
environment from WGCNA. The table summarizes module color, total number of
transcripts per module, the name of the most inter-connected gene (hub-gene), as well as
Gene Ontology (GO) IDs and classes. The module 'grey' contains all co-expressed genes
which were not assigned to a co-expression module.

Table A3_T6a-f: List of GO enrichment for candidate transcripts of interest as identified in
GWA analysis (S6a-c) and WGCNA (S6d-f). The three ontologies are: molecular function
(MF), cellular component (CC) and biological processes (BP).

Figure A3_F3: Cluster dendrogram of Daphnia galeata transcripts obtained from WGCNA
analysis. Dissimilarity based on topological overlap matrices (TOM). Additional
assignments are the module colors, the gene significances (GS) for the trait clone (clonal
line) and broods (total number of broods). Red and blue colors indicate a positive and
negative correlation of the module with the respective trait. Darker hues indicate higher
correlation values.
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D. General discussion

In my thesis, | focused on assessing the transcriptomic basis of local adaptation, linking
the genotype and phenotypic traits, and functional annotation of Daphnia galeata. To this
aim, | used the D. galeata transcriptome to identify candidate transcripts that are under
local adaptation at the regulatory and sequence level and annotated their functions
(Chapter 1). The results from this analysis delivered a mixed message i.e., the divergence at
the sequence level differed from the divergence at the regulatory level by several orders of
magnitude. Although, D. galeata transcripts were functionally annotated using different
approaches, many transcripts were “hypothetical” or “unknown” in function. Therefore, to
further enhance the ecological and functional role of these “hypothetical” transcripts, |
used a data mining approach to identify genes that are differentially expressed under
different stressors from several previous studies (Chapter 2). Using a comparative
genomics approach, | was able to improve the existing functional annotation of D. galeata
transcripts. The data mined from literature was developed into a database called the
“Daphnia stressor database”. Lastly, | concentrated on revealing the associations between
the genotype and phenotype in D. galeata populations. | utilized the life-history trait data
(ten traits) obtained from the same clonal lines of D. galeata in control and fish-kairomone
environments from another experiment. Using the SNP data from Chapter 1, | performed
an association analysis to the ten life-history traits to assess the environment dependent
genotype-phenotype relationships of D. galeata (Chapter 3). Results from the association
analysis revealed that there is an association between SNPs and one life-history trait in the
control environment and two traits in fish-kairomone environment. | also revealed
genotype-environment (GxE) interaction for one life-history trait. Furthermore, a weighted
gene co-expression network analysis using the expression profiles from Chapter 1 and
phenotype data revealed gene clusters correlated to one life-history trait. | also identified
orthologs and paralogs from related species and used gene ontologies to annotate the
candidate transcripts as revealed from the association and gene co-expression network
analysis. Thus, | conclude that although there are several candidates identified for local
adaptation at the regulatory and sequence level, there is very little evidence for

transcriptomic basis for the observed variation in the life-history traits. Annotating D.
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galeata transcripts using a comparative approach further augmented the understating of
the ecological role of Daphnia. These results convey important implications for the aims of
my thesis: (1) What is the role of natural selection and genetic drift on gene expression and
sequence variation within and between four lake populations of D. galeata? (2) What is
the functional role of the D. galeata transcripts? (3) What conclusions can be drawn from
the genotype-phenotype relationships of D. galeata in the absence and presence of a

predator kairomone?

D.1Local adaptation in Daphnia galeata
The results presented in Chapter 1 of my thesis which was to distinguish neutral

from adaptive evolutionary processes at the gene expression and DNA sequence level,
delivered a mixed message. At the sequence level, | observed patterns likely due to initial
founder effects, bottleneck events, genetic drift and divergent selection. At the gene
expression level, | observed high variation within D. galeata populations and less variation
between populations indicating balancing and directional selection. In addition to the
interpretations discussed in Chapter 1, here | discuss on other possible explanations for my

observations.

D.1la Genetic drift
Genetic variation among populations may result from natural selection acting on

adaptive variation or from stochastic events such as founder effects and genetic drift
during initial colonization or during bottleneck events (De Meester 1996a). During
stochastic events such as genetic drift, founder events and bottleneck events, the allele
frequency increases than they were previously and can reach even higher frequencies due
to strong genetic drift, which occurs while the population size is still small (Slatkin 2004).
When individuals colonize new habitats, they are subjected to novel selection pressures
and develop new adaptations which differentiates them from their ancestors (Matute
2013). When colonization occurs by a small number of founders that are in a population
bottleneck, the genetic composition of the colonizing population differs from the ancestral
population due to genetic drift. This process might hinder adaptation and evolution of the

founding populations (Matute 2013). When the founding populations have a lower
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population size, the new populations can be confounded by the effects of inbreeding. For
example, high levels of inbreeding increase the additive genetic variance and leads to
decanalization, which can overcome genetic variation (Hill et al. 2006; Robertson 1952;
Wang et al. 1998; Willi et al. 2007; Willis & Orr 1993). The loss of genetic variation caused
by smaller population sizes has a variety of harmful effects on growth, development and
survival rates, thereby reducing the evolutionary potential of these populations (Allendorf
1986). When populations are founded by a few individuals, the recovering populations
might suffer from a low or even a lack of genetic variation that is usually associated with a
bottleneck, which can elevate inbreeding depression and the probability of fixation for
deleterious mutations (Heather et al. 2003). Therefore, the pattern of genetic drift, initial
founder effects and bottleneck events that | observe at the sequence level in Chapter 1 of
my thesis was not very surprising as evidence exist that the lakes of Greifensee (Straile
1998), Miiggelsee (Okun et al. 2005) and Constance (Brede et al. 2009) have undergone
historical bottleneck events. Furthermore, genetic diversity may be affected through drift
because Daphnia populations have an innate demographic instability with repeated
bottleneck events (Ostman 2011). Such conditions might rapidly improve with even minor
levels of immigration (Heather et al. 2003). However, further investigations are required
into the sources of the colonists in order to understand the processes affecting the aquatic

community.

D.1b Natural selection
Natural selection was the most obvious explanation for several candidate

transcripts | identified in Chapter 1 of my thesis at both the expression and sequence level.
Diversifying selection was the obvious explanation for population divergence at the
sequence level along with other factors explained in Chapter 1. At the regulatory level,
balancing selection was the explanation for candidates identified in Chapter 1 of my thesis.
Balancing selection helps to preserve the coexistence of multiple adaptive variants for any
given trait within a population. This phenomenon has important implications for the
genetic architecture of adaptive traits, leading to the following predictions (Llaurens et al.
2017). First, when a single trait is controlled by multiple loci, the adaptive combinations of

alleles is broken down due to recombination (e.g. Charlesworth & Charlesworth 1975).
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Second, the proportion of heterozygotes in a population increases, thereby leading to
evolution of dominance at loci under balancing selection (Bourguet 1999). This might
allow the accumulation of deleterious mutations rarely expressed in heterozygous
genotypes (van Oosterhout 2009). However, further analysis and genomic data along with
linkage maps would be helpful to unravel the mechanisms of speciation in D. galeata

populations.

D.1c Dispersal and gene flow
Although genetic drift and selection played an important role in explaining the

population divergence at the regulatory and sequence level (Chapter 1), the involvement of
gene flow and dispersal in the populations cannot be completely excluded. Variability in
environmental conditions among habitats may lead to local adaptation of populations,
and this process is counterbalanced by gene flow between populations (Slatkin 1985). Local
adaptation is hypothesized to play an important role in shaping population divergence
especially in aquatic species with high rates of dispersal, rapid population growth and
capability to produce resting eggs, like Daphnia (De Meester et al. 2016). Daphnia often
rapidly colonize new ponds (Fryer 1985) and their resting eggs are resistant to freezing
(Wood 1933), drying (Davison 1969), mechanical stress, and digestive enzymes (Mellors
1975; Proctor 1964). Thus, the dispersal capabilities of Daphnia are believed to be
reasonably high, which can drive gene flow to homogenize genotype frequencies among
Daphnia populations. However, substantial genetic differentiation among Daphnia
populations has frequently been reported and has been observed for ecologically relevant
traits (Ebert 2005). This apparent ambiguity between genetic differentiation and dispersal
potential of Daphnia could be due to the stochastic effects associated with clonal
selection, which can enhance genetic differentiation (Vanoverbeke & De Meester 1997a).
However, the possibility of disparity in effective gene flow cannot be excluded. Because of
their apomictic behavior, Daphnia have the ability to adapt genetically to their local
environment, which promotes an ‘edge’ for any genetic variation in quantitative traits
(Lynch 1983). Hence, local adaptation may be attained rapidly and then further assisted by

competitive exclusion of less adapted invading genotypes (Korpelainen 1986), outbreeding
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depression (De Meester 1993; De Meester 1996b) and monopolization effects (De Meester
et al. 2002; Louette et al. 2007; Munoz et al. 2016; Ortells et al. 2013).

According to the Monopolization Hypothesis (De Meester et al. 2002), local
adaptation along with founder and priority effects prevents gene flow and causes an
increase in genetic differentiation, as often observed in Daphnia populations (Thielsch et
al. 2009; Vanoverbeke & De Meester 1997a). Boileau et al. (1992) in a theoretical study on
zooplankton which can colonize new habitats from a few propagules and have rapid
population growth, showed that even with higher gene flow rates in populations, allele
frequencies established during initial founder events are resistant to decomposition for
several generations. The initial colonizers tend to increase rapidly, occupying the entire
habitat in a few generations and therefore subsequent migrants are strongly diluted
leading to negligible impact on allele frequencies (De Meester et al. 2002). Such persistent
founder effects reflect priority effects in which there is a conflict in the number of
residents and immigrants, leading to lower random increase of migrants due to drift alone
(De Meester et al. 2002). For example, strong founding events have been in observed in
Daphnia pulex (Snaebjorn 2001) and rotifers (Gémez et al. 2002). Priority effects are
common in several invertebrates found in ponds and lakes. This strong priority is because
of the inherent growth capacity of organisms like cladocerans, rotifers and large
branchiopods. Furthermore, the presence of resting propagule banks acts as a buffer
against new invaders, thereby population size is maintained at high levels and increased
generation times, which therefore takes a longer time to reach the migration-drift
equilibrium (De Meester et al. 2002). The presence of continuous founder effects
hypothesizes that with increasing habitat size, genetic differentiation between
populations decrease. For example, a study by Naihong et al. (2000) between Artemia
populations inhabiting large lakes showed that the observed low levels of genetic
differentiation can be explained with increasing habitat size.

On the contrary, where population bottlenecks and extinctions are common in very
small Daphnia populations and are continuously recolonized by a single individual,
inbreeding may occur, leading to strong fitness during parthenogenesis and sexual
recombination in the immigrant genotype (Ebert et al. 2002). The study on Daphnia

populations in Finland by Ebert et al. (2002), showed that sexual recombination as an
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advantage for the immigrant genotypes, leading to inbreeding. However, most of the
other Daphnia studies reported in literature do not follow this pattern, instead local
adaptation (i.e. the average fitness of the resident populations compared to the immigrant
individuals) plays a major role in decreasing colonization events as evidenced by strong
outbreeding depression (De Meester et al. 2002). It is likely that immigrant Daphnia
individuals are affected by selective sweeps and genes that occur by chance are better
adapted to a specific habitat is low, however, this probability will be higher in very small
habitats or newly founded individuals or bottlenecked populations. Therefore, to assess
the relationships between inbreeding, habitat size and local adaptation, more detailed
studies are needed to determine the genetic structure of Daphnia populations in smaller

habitats (Berg 2001).

D.2 Genotype-phenotype associations

The number of phenotypic traits that had a transcriptomic basis of variation in D.
galeata was very low in the univariate genome-wide association analysis in both control
and fish environments (Chapter 3). This lack of association implied that several traits are
phenotypically plastic by themselves. A multivariate genome-wide association analysis
provided hints at the roles of multiple traits associated to a SNP. This implied that the
SNPs affect not just one trait, but the combination of multiple traits. Our results were
consistent with several previous studies for example in field mice, butterflies and
stickleback fish have identified a small number of genes that have an effect on the
morphological characteristics (Brennan et al. 2018). However, further studies are required
to draw conclusions about the genotype-phenotype associations in Daphnia. For example,
the experimental time used for the life-history trait data in the genome-wide association
study (Chapter 3) was 14 days. However, exposing the daphniids to kairomones for shorter
or longer periods of time might have detected signals of associations between the
genotype and phenotype. Therefore, to find evidence of adaptive genetic changes, both
genetic and phenotype data over time and fitness measurements through a putatively
adaptive allele is required (Hansen et al. 2012).

On the other hand, it would be useful to evaluate the contribution of multiple SNPs

to one phenotypic trait. The levels of transcriptomic variation for quantitative traits and
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molecular markers are expected to differ theoretically, because polygenic traits have
higher mutation rates in general and greater exposure to selection pressures (Morgan et
al. 2007). For several adaptive challenges, phenotypic traits might be highly polygenic and
multiple traits may contribute to the raise of a complex adaptive phenotype. This is true
for organisms in aquatic habitats as they are subject to several environmental features
such as salinity, pH, predators, pathogens, etc., which affects their fitness (Brennan et al.
2018).

Although GWAS is a widely used method to identify the relationships between the
genotype and phenotypic variation, it is inefficient to identify variation associated to
polygenic traits or vice-versa. Instead, genome-wide scans for selection signatures can be
used for discovering genomic regions that underlie local adaptation. However, selection
scans do not provide evidences for specific genotypic variation with phenotypes.
Therefore, to efficiently identify genomic regions underlying local adaptation, a
combination of genome-wide scans and GWAS can be used. In Chapter 1 of my thesis, |
identified several candidate transcripts under local adaptation at the regulatory and
sequence level using a genome-wide scan approach. Three candidate transcripts that |
identified to be under local adaptation at the regulatory level (H.value > 0.95) overlapped
with the Chapter 3 GWAS univariate analysis results (one in control environment, two in
fish environment). These three transcripts (a32 f 282383, t25908c0t3, a40 f 658599)
were also under balancing selection as inferred from LOSITAN analysis. Similarly,
candidates identified to have a transcriptomic basis of phenotypic variation in the GWAS
multivariate analysis overlapped with 23 transcripts that | identified to have a
transcriptomic basis of local adaptation at the regulatory level (H.value > 0.95). Among the
23 transcripts, five transcripts were under balancing selection and two transcripts were
under diversifying selection as inferred from LOSITAN analysis. These results have
important implications for understanding the transcriptomic basis of local adaptation and
phenotypic variation. The two transcripts that | identified in Chapter 1 under diversifying
selection and Chapter 3 GWAS multivariate analysis implies that these transcripts lead to
an increase in genetic variance in the populations as seen for example in Darwin’s finches
(Grant & Grant 2006). On the other hand, the eight transcripts that were under balancing

selection and overlapped with the analyses of Chapter 1and Chapter 3 of my thesis, might
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lead to a decrease in transcriptomic variation and an average phenotype might be favored.
However, further analysis and data (e.g. over time and space) are required to pinpoint the

roles of different forms of selection affecting these genotype and phenotypic data.

D.3 Functional annotation

The functional impact of the vast number of genes/transcripts in Daphnia remains
unknown, which represents a critical knowledge gap for understanding the ecological
roles of candidate genes of interest. To overcome this lack of functional annotation of
genes in Daphnia, | developed the Daphnia stressor database (Chapter 2). This database
has improved our understanding of the ecological impact of Daphnia. For example, in
Chapter 1 of my thesis, | annotate the candidate transcripts of interest using various
functional tools. However, after using the database | present in Chapter 2, the annotation
of several “unknown” transcripts were improved, and these are evident in the annotation
results | present in Chapter 3. Thus, even increasing our ability to know the roleplay by a
fraction of a percentage is important for organisms like Daphnia. There are several
advantages of building a functional repository exclusively for Daphnia based on the gene
expression patterns (i) it is the first of its kind for Daphnia species that deals exclusively
with gene expression data; (ii) the information available in the database can be used to
compare to not only Daphnia, but also be extended to other crustaceans.

However, further work is required to enhance the information provided in the
database. For example, the database in its current form is suitable only when the gene IDs
or stressors or interesting literature is known. By including the function of the genes i.e,
adding an extra information field with details such as “trypsin coding gene” or

“oogenesis”, etc., we can improve the visibility and usage statistics of the database.
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Future directions

| revealed several candidate transcripts potentially under local adaptation in
European D. galeata populations at the regulatory and sequence level (Chapter 1). These
results are an important resource for future research on local adaptation in Daphnia
populations. The identified candidate transcripts for local adaptation can be used to test
and compare against any Daphnia stressors using comparative genomics approaches.
Genome-wide data should be made available to enable comparisons with the
transcriptome data used in the present study, ideally across multiple stressors. This
information would help to assess the combination of both regulatory and sequence level
variation and their contributions to population divergence across multiple stressors.
Genome-wide data can also enhance our understanding of other events such as gene
duplication, splicing and the role of non-coding regions, which can aid in assessing local
adaptation and genotype-phenotype correlations more precisely. The candidate
transcripts that | identified to have a genetic basis of phenotypic variation (Chapter 3) can
be used as candidates for understanding the interactions between prey and predator in
aquatic environments. Furthermore, the candidate transcripts | identified in Chapter 1and
Chapter 3 can act as the basis for testing other ecologically relevant stressors not only in D.
galeata but also in other Daphnia species and insects, as information on the orthologs and
paralogs are readily available. Finally, the Daphnia stressor database | developed (Chapter
2) can be used to shortlist genes of interest based on stressors and use them as candidates
in further research and test functionally important genes in Daphnia. This current
database should be extended as and when new gene expression data is published and
keep up to date information on the adaptive genes under various environmental
conditions. Furthermore, adding functional information such as gene ontology or protein

domain annotations can drastically enhance the usage of the database.
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Conclusions

The utilization of ecologically relevant genes in Daphnia might reveal general
patterns of adaptive processes and evolutionary divergence, which are important aspects
of understanding biodiversity and habitat fragmentation. For example, gene flow between
populations and species reduces the risk of local extinction but might alter the genetic
makeup of populations. This acts as a basis for selection and adaptive divergence when
under constant environmental disturbances. However, genetic evidence for habitat
fragmentation driven evolution is still sparse and there are two general explanations by
evolutionary biologists as to why this is the case. First, the methodological and technical
difficulties along with a lack of long-term data to understand the history of organisms and
habitats are essential to predict the past and future of habitat fragmentation driven
evolution. Secondly, biological phenomena such as genetic constraints and ecological
niche conservatism might be another plausible and mutually non-exclusive explanation
(Merila 2012) as to why genetic evidence is lacking. However, although phenotypic
plasticity along with dispersal might provide favorable conditions and act as a buffer
against fitness losses due to changing environmental conditions, they are unlikely to
provide long term species sustainability unless plasticity is the major factor influencing
evolutionary adaptation through genetic assimilation (Valladares et al. 2014). Although
several studies have provided insights into habitat fragmentation and evolutionary
adaptation, it’s still far from making general predictions about how populations adapt to
their environments and persist in the long run. In this view, the words from Holt made in
1990, still holds true today “There is almost no species for which we know enough relevant
ecology, physiology and genetics to predict its evolutionary response to climate change”.
However, with the recent advancements in high-throughput sequencing technologies and
research on several organisms to understand genetic and phenotypic variation, | am
positive that we will improve our predictions and hypothesis that we put forward to assess

the role of ecology, physiology and genetics to predict evolutionary changes.
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Appendix for Introduction

Image sources for Figure 2:

" http://canopusglobal.com/services/agrochemicals/

2. http://www.chemspider.com/Chemical-Structure.13837988.html|

*. https://www.thoughtco.com/list-of-common-polyatomic-ions-603977

*. http://csabusiness.com/bangladesh-high-court-bans-20-pharmaceutical-companies

>. https://blog.bestbuy.ca/appliances/major-appliances/what-temperature-should-your-
fridge-and-freezer-be

6

https://de.wikipedia.org/wiki/Pasteuria ramosa#/media/File:Pasteuria ramosa spores.j
pg

’. http://www.marinephytoplankton.org/tag/marine-phytoplankton-benefits/

8. https://nature.mdc.mo.gov/discover-nature/field-guide/bluegill

%. https://en.wikipedia.org/wiki/Glassworm#/media/File:GlasswormLateralView.JPG

9. https://en.wikipedia.org/wiki/Zooplankton#/media/File:Zooplankton.jpg
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Appendix for Chapter 1

Figure A1_F1: Gene expression PCA for the first three principal components. Gene
expression PCA of the four sampled populations for the first three principal components
pairwise as a matrix; Pop.G (Lake Greifensee), Pop.) (Jordan Reservoir), Pop.LC (Lake
Constance) and Pop.M (Lake Miiggelsee). Percentages on the X- and Y-axis indicate the
percentage of variance explained by each principal component.
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Figure A1_F2: SNP PCA for the first three principal components. SNP PCA of the four
sampled populations for the first three principal components pairwise as a matrix; Pop.G
(Lake Greifensee), Pop.J (Jordan Reservoir), Pop.LC (Lake Constance) and Pop.M (Lake
Miggelsee). Percentages on the X- and Y-axis indicate the percentage of variance
explained by each principal component.
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Figure A1_F3a-c: Pie charts showing the number of transcripts annotated using BLAST,
Pfam and orthoMCL analysis. The outer circle represents the data for all 32903 transcripts.
The inner circle represents the data for the differentially expressed transcripts. (a) Pie chart
for (a) BLAST; (b) Pfam (c) orthoMCL
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Appendix for Chapter 3

Table A3_S3: GWAS results of “inflated” dataset in control, fish environments and gxe
interaction.

Control: -logioP 2 Fish: -logioP 2
1.5 1.5 gxe: -logypP 21.5

brood1_snps 5258 7309 0
brood1_transcripts 2457 3049 0
brood2_snps 13018 14420 8
brood2_transcripts 4686 5008 5
brood3_snps 11231 18383 49
brood3_transcripts 4206 5716 40
brood4 _snps 3 7 0
brood4 transcripts 3 7 0
afr_snps 165 8625 24
afr_transcripts 115 3071 20
broods_snps 2656 3306 74
broods_transcripts 1414 1652 50
offspring_snps 23284 32126 0
offspring_transcripts 6374 7486 0
survival_snps 0 0 6
survival_transcripts 0 0 3
length_snps 22085 19998 23
length_transcripts 6335 6026 21
sgr_snps 18763 18838 10
sgr_transcripts 5774 5837 10
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Table A3_S5: Functional annotation of candidate transcripts of interest as identified in the
univariate and multivariate GWAS analysis and WGCNA. A total of 156 candidate
transcripts are listed. ‘orthogroup’ refers to the orthoMCL cluster the transcript is assigned
to, ‘dgal’ = number of D. galeata transcripts present in the assigned orthoMCL cluster.
‘dpul’ = number of D. pulex genes present in the assigned orthoMCL cluster. ‘dmag’ =
number of D. magna genes present in the assigned orthoMCL cluster. ‘dme’ = number of
Drosophila melanogaster genes present in the assigned orthoMCL cluster. ‘nvi’ = number of
Nasonia vitripennis genes present in the assigned orthoMCL cluster. ‘hit’ refers to a
transcript that is significantly homologous in Daphnia stressor database to the candidate
transcript of interest. ‘identity percent’ refers to BLAST identity percentage corresponding
to the Daphnia stressor database hit.
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tBLASTX BLASTX
Transcripts Analysis Environment Trait orthogroup dgal | dpul | dmag | dme | nvi GO_annotation . tBLASTx_identity : BLASTx_identity
- tBLASTx_hit - —| Stressor tBLASTx BLASTx_hit - Stressor_BLASTX
percentage _percentage
1259080013 GWAS_univariate fish brood4 ORTHO_ALL527 2 1 1 0 1
5324748 GWAS_univariate control brood4 | ORTHO_ALL18855 1 0 0 0 0
a32_f 282383 GWAS_univariate control brood4 ORTHO_ALL12465 1 1 0 0 0 G0:0004222, GO:0006508, DappuDraft_302051 59.21 Salinity
a22_f 855011 GWAS_univariate fish brood3 ORTHO_ALL268 6 4 4 4 3 G0:0005524, GO:0016887,
ad0 f 658599 GWAS_univariate fish brood3 ORTHO_ALL5300 1 1 1 1 1
1257960012 GWAS_univariate fish brood3 ORTHO_ALLG438 1 1 1 1 1 G0:0005515,
t15632c0t6 GWAS_univariate gxe offspring| ORTHO_ALLS309 1 1 2 0 0 G0:0007283,
02202d27113t4 GWAS_multivariate control all ORTHO_ALL7667 1 1 1 0 0
5398707 GWAS_multivariate control all ORTHO_ALL344 18 0 0 0 0
£24633c0t1 GWAS_multivariate control all ORTHO_ALLS88 2 3 3 0 0 G0:0004553, GO:0005975, DappuDraft_326098 72.19 Light Dark Cycle
06273d6138t5 GWAS_multivariate control all ORTHO_ALL590 2 2 2 2 1 G0:0016491, GO:0055114, DappuDraft_133248 70.96 Phosphorous
G0:0003774, GO:0005524,
01345t5 GWAS_multivariate control all ORTHO_ALL301 2 4 4 3 4 G0:0016459, GO:0005515,
G0:0005856,
o G0:0003777, GO:0005524,
5378541 GWAS_multivariate control all ORTHO_ALL10824 1 1 1 0 0
- - G0:0008017, GO:0007018,
as4 f 13467 GWAS_multivariate control all ORTHO_ALL8014 1 2 2 0 0
5449363 GWAS_multivariate control all ORTHO_ALL542 3 3 5 1 1 G0:0003824, GO:0008152, Dapma7bEVmO04083tL 67.48 Tri Nitro Toluene
01384d26522t2 GWAS_multivariate control all ORTHO_ALLS612 1 1 1 1 1 | G0:0005515, GO:0005737,
o 60:0005509, GO:0007156,
125844c0t12 GWAS_multivariate control all ORTHO_ALL333 a 2 3 3 2
- - (G0:0016020, GO:0005515,
0546612 GWAS_multivariate control all ORTHO_ALL3010 1 2 1 1 1
120144c2t5 GWAS_multivariate control all ORTHO_ALL4658 1 2 1 1 1 (G0:0005515,
£25497c0t6 GWAS_multivariate control all ORTHO_ALL390 1 1 1 1 0
04766d10624t1 GWAS_multivariate control all ORTHO_ALL7635 1 1 0 0 0
o 60:0005328, GO:0006836,
0593717 GWAS_multivariate control all ORTHO_ALL342 5 7 7 3 2
- - G0:0016021,
£22913c0t7 GWAS_multivariate control all ORTHO_ALLE660 1 1 1 2 1 | G0:0004332, GO:0006096,
o 60:0004672, GO:0005524,
£20791c0t3 GWAS_multivariate control all ORTHO_ALL1143 2 2 1 1 2
- - G0:0006468,
£24368c0t5 GWAS_multivariate control all ORTHO_ALL152 7 1 2 0 0 GO:0003676,
09097d30577t2 GWAS_multivariate control all ORTHO_ALL838 1 4 2 0 0 G0:0005515, GO:0000228,
1240959c0t1 GWAS_multivariate control all ORTHO_ALL3185 2 1 1 0 0
011620d39461t2 GWAS_multivariate control all ORTHO_ALLS376 1 1 1 1 1 G0:0005515,
124918c0t1 GWAS_multivariate control all ORTHO_ALL367 4 3 3 0 1 G0:0055085, GO:0016021,
125138¢1t20 GWAS_multivariate control all ORTHO_ALLA665 1 1 1 0 0
£21653c0tl GWAS_multivariate control all ORTHO_ALL6333 1 1 1 1 1
. o 60:0003723, GO:0006396,
a34_j 729597 GWAS_multivariate gxe all ORTHO_ALL2541 1 1 1 1 2
G0:0005515,
o Salinity; Light Dark
t20056c0t3 GWAS_multivariate gxe all ORTHO_ALL7934 1 1 0 1 1 (G0:0004222, GO:0006508, DappuDraft_254737 74.11
- - - Cycle; Phosphorous
a34_f 231353 GWAS_multivariate gxe all ORTHO_ALL10125 1 1 1 0 0
5324748 GWAS_multivariate gxe all ORTHO_ALL18855 1 0 0 0 0
ab0_f 293849 GWAS_multivariate gxe all ORTHO_ALL15855 1 0 0 0 0 G0:0004672, GO:0006468,
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1223960012 GWAS_multivariate gxe all ORTHO_ALL3452 1 2 3 0 0
5350254 GWAS_multivariate gxe all ORTHO_ALL14957 1 1 1 0 0
123826c0t5 GWAS_multivariate gxe all ORTHO_ALL10752 1 1 1 0 0
12366400t GWAS_multivariate gxe all ORTHO_ALL7S91% 1 1 1 0 0
0764215 GWAS_multivariate gxe all ORTHO_ALL7034 3 0 0 0 0
a32_f 282383 GWAS_multivariate gxe all ORTHO_ALL12465 1 1 0 0 0 GO:0004222, GO:0006508, DappuDraft_302051 59.21 Salinity
t14146c0t1 GWAS_multivariate e all ORTHO_ALL11216 1 0 3 0 0 60:0008417, GO-0006485,
GO0:0016020,
sd58198123 GWAS_multivariate gxe all ORTHO_ALL2635 2 1 1 1 1 GO:0005515,
alb_f_347901 GWAS_multivariate e all ORTHO_ALLS81 5 6 & 1 1 GO:0003506, GO-0016705,
G0:0020037, GO:0055114,
t19638c1t2 GWAS_multivariate gxe all ORTHO_ALL3311 1 1 1 1 1 G0:0004114, GO:0007165, DappuDraft_321218 63.61 Phosphaorous
t15154c0t4 GWAS_multivariate gxe all ORTHO_ALL3403 1 1 1 1 1 GO:0002161,
t18105c1t3 GWAS_multivariate gxe all ORTHO_ALL3317 1 2 2 1 1 GO:0008270,
0564803804411 GWAS_multivariate gxe all ORTHO_ALL10025 1 1 1 0 0
125497 c0th GWAS_multivariate gxe all ORTHO_ALL3S0 1 1 1 1 0
239699 GWAS_multivariate gxe all ORTHO_ALL5025 1 1 1 1 1 60:0005525, GO-0003634,
G0:0005737,
0169984403451 GWAS_multivariate gxe all ORTHO_ALL4372 1 0 0 0 0
01135212 GWAS_multivariate gxe all ORTHO_ALL14353 1 1 1 0 0 GO:0004797, GO:0005524,
11141701 GWAS_multivariate gxe all ORTHO_ALL15047 1 1 1 0 0
07501d29931t2 GWAS_multivariate e all ORTHO_ALLS10 1 1 0 0 0 60:0004222, GO-0008270,
GO:0006508, GO:0031012,
23928 GWAS_multivariate gxe all ORTHO_ALL7076 1 1 1 0 0 G0:0005515, DappuDraft_319446 56.15 Temperature
ald_f 775461 GWAS_multivariate gxe all ORTHO_ALL5191 1 1 1 1 1
5382443 GWAS_multivariate gxe all ORTHO_ALL12802 1 1 0 0 0
t24609c0t3 GWAS_multivariate gxe all ORTHO_ALL2402 1 1 1 1 2 Dapma7bEVm005424t1 64.94 Tri Nitro Toluene
GO:0005515, GO:0004435,
0557911 GWAS_multivariate e all ORTHO_ALLS18 4 3 2 1 1 GO:0006629, GO:0007165,
GO:0035556,
5389937 GWAS_multivariate gxe all ORTHO_ALL1425 1 1 1 1 1 500016020, DappuDraft_191157 5278 Phosphaorous
t12328c0t2 GWAS_multivariate e all ORTHO_ALL10265 1 1 1 0 0 GO:0003700, GO-0043565,
GO:0006355,
05887d17451t1 GWAS_multivariate e all ORTHO_ALL1702 1 2 1 1 1 GO0003515, GO-0004572,
GO:0006468,
013048d20975t1 GWAS_multivariate gxe all ORTHO_ALLEBD4 1 1 1 1 1
GO0:0035556, GO:0005515,
05843043690t GWAS_multivariate e all ORTHO_ALL253 3 4 & 4 3 GO:0004672, GO:0005524,
GO:0006468,
121598c0t2 GWAS_multivariate gxe all ORTHO_ALL24 20 ] 22 0 0 GO:0005515,
GO:0003774, GO:0005524,
01345t5 GWAS_multivariate gxe all ORTHO_ALL301 2 4 4 3 4 G0:0016459, GO:0005515,
GO:0005856,
t18365c0t1 GWAS_multivariate e all ORTHO_ALLGOSD 1 2 1 0 1 G0:0004856, GO-0005615,
GO:0005576,
125696c112 GWAS_multivariate gxe all ORTHO_ALL2696 1 1 3 1 1 GO:0003677, GO:0006355,
124931c0t1 GWAS_multivariate gxe all ORTHO_ALL1336 1 1 1 1 1 GO:0045454,
12583821 GWAS_multivariate gxe all ORTHO_ALL2522 1 1 4 1 1 GO:0005509, GO:0005515,
sd44175363445 WGCNA control broods ORTHO_ALL156 15 0 0 0 0 GO0:0004252, GO:0006508,
t17566c0t1 WGCNA control broods ORTHO_ALL1O7B6 1 1 1 0 0
5312581 WGCNA control broods ORTHO_ALL280 11 0 0 0 0
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021110d23720t1 WGCNA control broods GO:DD0B277,
5417471 WGCNA control broods ORTHO_ALL28D 11
aB4 f_236803 WGCNA control broods ORTHO_ALL187 20
1215680012 WGCNA control broods
14291400t1 WGCNA control broods
a36_b_702278 WGCNA control broods ORTHO_ALL404 7 GO-0004673, GODNS524,
-~ ~ GO:0006468,
Chlamydemonas;
5391459 WGCNA control broods ORTHO_ALL15553 1 Dapma7bEVmO00s45tl 62.20 Microcystin; Lead;
Tri Nitro Toluene
5030928308739 WGCNA control broods ORTHO_ALL166 21 G0-0004672, GO:BO05524,
- GO:0006468,
122220c0t1 WGCNA control broods ORTHO_ALL125 15
Acrylonitrile; Chloro
Vinyl Ether; 20-
hydroxyecdysone;
Phenol; MTBE;
Ponasteroneh;
Trichloroethylene;
Atrazine;
Dichlorobenzene;
260 ] 530606 WGCNA contral broods | ORTHO ALL2147 | 1 Dapma7bEVmO15471t1 50,59 Beta Estradiol;
Parathion; Diazinon;
Phenanthrene;
Pyripoxyfen;
Methoxychlor:
Toxaphene;
Bifenthrin; Lambda
Cyhalothrin;
Permethrin; Tri Nitro
Tolueng;
121412c0t10 WGCNA control broods ORTHO_ALL1050 3 GO:0004222, GO:D006508, DappuDraft_93694 62.73 Salinity DAPPUDRAFT_347623 63.75 hypoxia
117214c0t3 WGCNA control broods ORTHO_ALLZ4D 2
GO:0004550, GO:0005524,
ol1B8816t1 WGCNA control broods ORTHO_ALL19204 1 GO:0006165, GO:D006183, NM_DOBT704 2 6202 Dinitrobenzene
GO:0006228, GO-0006241,
a22_f 12916 WGCNA control broods
13056400t WGCNA control broods ORTHO_ALLBOS4 1
137310c0tl WGCNA control broods
85310 WGCNA control broods ORTHO_ALL737 9 G0:0005515,
GO:0005524, GO:0042626,
085112 WGECNA control broods ORTHO_ALL9371 1 GO0:0006810, GO:0055085, Dapma7bEVmO0O01092tl 58.78 Tri Nitre Toluene
GO:0016021, GO:0016887,
87590 WGCNA control broods ORTHO_ALL12363 2
5355941% WGCNA control broods ORTHO_ALL4387 2 GO:0004672, GO:D006468,
t20470c0t1 WGCNA control broods ORTHO_ALL13117 2
5039683267849 WGCNA control broods
t49177c0tl WGCNA control broods
134171c0tl WGCNA control broods
a40_f 333407 WGCNA control broods ORTHO_ALL77S 8
t36041c0tl WGCNA control broods ORTHO_ALL9848 1 G0-0005700, GO:B043ES,
- GO:0006355,
023793 WGECNA control broods ORTHO_ALL3762 1 G0-0015116, GO-D00E172,
- GO:0016021,
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0233011 WGLCNA control broods ORTHO_ALL2424 1 1 1 1 1
- GO:0006508,
09767d892t2 WGCNA control broods
£23036c0t1 WGLCNA control broods ORTHO_ALLA193 1 1 1 1 1
as70% WGLNA control broods ORTHO_ALL4983 2 0 0 0 0 G0:0003676, GO:0005524,
ashi2 WGLNA control broods
5233253 WGCNA control broods ABD19215 73.93 Cadmium
aB4 f 221570 WGLNA control broods ORTHO_ALL7 124 0 0 0 0 Dappubraft_257184 5254 Temperature
a7b_f 462372 WGLNA control broods ORTHO_ALLS561 1 1 1 1 1
Acrylonitrile; Chloro
Vinyl Ether; 20-
hydroxyecdysone;
Phenol; MTBE;
Chloroform;
Ponasteroned;
Trichloroethylene;
Atrazing;
Dichlorobenzene;
Beta Estradiol;
0351 WGENA contral broods G0:0008483, GO:0030170, | Dapma7bEVm010837¢1 £0.36 Diazinon;
Phenanthrene;
Methoxychlor;
Chlorpyrifos;
Toxaphene; Methyl
Farnesoate;
Bifenthrin; Lambda
Cyhalothrin;
Nonylphenol;
Permethrin; Tri Nitro
Toluene;
Epofenonane;
124577c0tl WGLNA control broods ORTHO_ALL2100 1 2 0 0 0
1202120064 WGLNA control broods ORTHO_ALLG418 5 0 0 0 0
135183c0tl WGCNA control broods
06289d17688t1 WGLNA control broods ORTHO_ALL1S507 1 1 0 0 0 GO:0005515,
5045262380885 WGCNA control broods
5d25587267991 WGCNA control broods
5371088 WGCNA control broods ORTHO_ALL1350 3 1 2 0 0 0:0003930, GO-0007188,
GO:0016021,
134628c0t1 WGCNA control broods
50557203853 WGCNA control broods ORTHO_ALL7014 1 2 1 1 1 GO:0003677,
5d14317394433 WGCNA control broods
02927d7883t2 WGLNA control broods ORTHO_ALL48 27 0 0 0 0
5375229 WGLNA control broods ORTHO_ALL3S8 9 0 0 0 0
03698t3 WGLCNA control broods ORTHO_ALL324 10 3 2 0 1 hxAUG255183g211t1 67.59 Fish kairomones
5378521 WGLNA control broods ORTHO_ALLS B7 5 5 0 0
01755812 WGLNA control broods ORTHO_ALLBS12 1 1 1 1 1
03505t1 WGLNA control broods ORTHO_ALL38 38 0 0 0 0
01704d1887t1 WGLNA control broods ORTHO_ALL3008 1 1 2 1 1 G0:0019501, GO0000079,
0293611 WGCNA control broods ORTHO_ALLS 87 5 5 0 0
01326211 WGLNA control broods ORTHO_ALL3055 1 1 2 0 0 G0:0008483, GO:0030170, DappuDraft_209533 67.61 Phosphorous
5315181 WGECNA control broods ORTHO_ALL3 138 3 1 1 0 G0:0004672, GO:0006468,
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125809c0t15 WGCNA control broods | ORTHO_ALL13807 2 0 0 0 0
37623 WGCNA control broods ORTHO_ALL1GE 21 1 0 0 0 GO:0004672, GO0003524,
B GO:0006468,
132557c0tl WGCNA control broods
5309681 WGCNA control broods
5422203 WGCNA control broods ORTHO_ALL24 20 6 22 0 0 GO:0005515,
5032516318717 WGCNA control broods ORTHO_ALLS 103 2 0 0 0
5445117 WGCNA control broods ORTHO_ALL459 12 0 0 0 0
011854t1 WGCNA control broods ORTHO_ALLE3 17 18 19 0 1 | GO:0004672, GO:0006468,
5297019 WGCNA control broods ORTHO_ALL133 20 0 0 0 0
t30618c0t1 WGCNA control broods
a2l _f 206059 WGCNA control broods | ORTHO_ALL18226 1 0 0 0 0
ad4 b 719141 WGCNA control broods
5363545 WGCNA control broods | ORTHO_ALL13080 1 0 0 0 0
5236301 WGCNA control broods
15465001 WGCNA control broods
t37736c0t1 WGCNA contral broods
5337106 WGCNA control broods
5356485 WGCNA control broods
125768c0t5 WGCNA control broods ORTHO_ALLE3 17 18 19 0 1
5340858 WGCNA control broods | ORTHO_ALL15628 1 0 0 0 0
t47565c0t1 WGCNA control broods ORTHO_ALL2B16 1 7 1 0 0 Dappulraft_328985 76.52 Temperature
5323057 WGCNA control broods ORTHO_ALL207 16 4 0 0 0
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Figure A3_S1: Breeding design of life-history experiment in the absence or presence of fish
kairomones (Tams et al submitted). Each clonal line was bred in kairomone-free water
(control) and in kairomone water (fish) for two subsequent generations (FO & F1).
Neonates from 3rd to 5th brood were used to start a new generation. Life-history traits of
experimental individuals (F2) were measured for 14 days (t14). Neonates were preserved in

ethanol at the beginning of the experiment (t0) and experimental individuals on day 14
(t14) to measure the trait size (body length).
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Figure A3_S2: A visual representation of how the SNP dataset was created for “inflated”
GWAS analysis.
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