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Abstract

A central goal in ecology and evolutionary biology is to understand the genotype-phenotype relationship in natural
populations. Seasonal timing of diapause induction is a key trait for survival in many insects. However, while many studies
find associations between genetic variation and phenotypic variation, functional validation of these candidate loci is rare.
Additionally, studies investigating whether the genotype-phenotype map is consistent across populations are scarce.

In this thesis, I used novel and established approaches to investigate the genotype-phenotype map of photoperiodic
timing of diapause induction in the butterfly Pararge aegeria. The aims were to investigate: 1) whether the genotype-
phenotype map is consistent across populations, 2) what the functional effects of candidate loci on the phenotype are,
and 3) whether these loci have pleiotropic effects on other seasonal timing traits. I focused specifically on two candidate
circadian clock genes, period and timeless, that have been associated with phenotypic variation in photoperiodic timing
of diapause induction in this species.

In Chapter I, I investigated whether the genotype-phenotype map is consistent across populations. This was done
by investigating whether similar phenotypic variation in repeated colonization events in the south of Sweden is caused
by genetic variation in the same genes. Taking advantage of the fact that period is positioned on the Z chromosome, I
created a reciprocal hybrid population cross and compared the results to those of a similar study with a different population
pair. The results showed Z-linkage of diapause induction when crossing two populations from separate colonizations of
Sweden. However, there was no Z-linkage of diapause induction when crossing two populations from the same colonization
event. This indicates that similar phenotypic variation has evolved by selection on different genomic regions and that
the genotype-phenotype map for seasonal timing of diapause induction can vary across populations. In Chapter II, I
created a highly efficient protocol for generating germline mutations in P. aegeria, which enables functional validation of
candidate genes underlying non-visible physiological traits and can aid in functional validation of candidate loci in future
research. In Chapter 111, I introgressed a naturally occurring fixed deletion in timeless from one population into another
via backcrossing and selective breeding. I created two lines, one with and one without the deletion, and found that the
genomic region including the deletion had a large effect on photoperiodic timing of diapause induction. In addition, it had
an effect on diapause entry timing, revealing pleiotropic effects on a seasonal timing trait within the same diapause phase.
In Chapter IV, I used siblings of the two introgressed lines and found that the genomic region does not exhibit pleiotropic
effects on seasonal timing of diapause termination, a different diapause phase.

The results suggest that the genotype-phenotype map for photoperiodic timing of diapause induction in the Gotland
population includes a genomic region containing timeless with a deletion that can have a large effect on the phenotype.
In addition, of the two seasonal timing traits, this region has pleiotropic effects only on the trait that may benefit from
correlative evolution. These characteristics may have facilitated rapid adaptation during the initial colonization of the island
of Gotland.

Two findings challenge current expectations: first, the fact that the genomic region containing fimeless may have a large
effect on the timing of diapause induction. This challenges the expectation that complex traits are primarily regulated by
many loci of small effects and raises questions about the evolutionary origin and maintenance of large-effect loci. Second, it
is often assumed that the genotype-phenotype map is consistent across populations that diverged within a short evolutionary
time. However, that is not the case for photoperiodic timing of diapause induction across populations of P. aegeria. This
suggests that for complex traits it cannot be assumed that the genotype-phenotype map is constant, especially in the case
of repeated colonization events. Functional validation of candidate loci across natural populations for seasonal timing
and other complex traits represents a promising approach for further investigation into the consistency of the genotype-
phenotype map.

Keywords: Seasonal timing, diapause induction, genotype-phenotype map, genetic architecture, repeated evolution,
candidate loci, functional validation, effect size, pleiotropy, Pararge aegeria, CRISPR/Cas9.
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Introduction

In natural populations, phenotypic differences are often the result of the
interaction between genetic variation and environmental influences, as well as
the population’s evolutionary history. Therefore, a central goal in ecology and
evolutionary biology is to understand how genetic variation translates into
phenotypic variation, the genotype-phenotype map, and ecological and
evolutionary processes shaping this relationship in natural populations (Ahnert,
2017; Chevin et al., 2022; Hansen et al., 2023). This requires an understanding
of the underlying genetic architecture, i.e., the genetic basis of variation in
heritable traits in a population (Timpson et al., 2018). It includes identifying loci
associated with phenotypic variation, functionally validating their effects on the
phenotype, and investigating potential pleiotropic effects (Chevin et al., 2022).
Most commonly, loci associated with phenotypic variation are identified through
approaches establishing a statistical association between genetic and phenotypic
variation (Bragg et al., 2015). However, these loci are rarely functionally
validated, particularly for complex traits, meaning that information about their
phenotypic and potential pleiotropic effects is often lacking (Gudmunds et al.,
2022). This lack of validation is likely due to the challenges in causally linking a
specific genotype to a phenotype (Gudmunds et al., 2022). Furthermore, it is
often unclear if the genotype-phenotype map is consistent across natural
populations (Bohutinska & Peichel, 2024). Consequently, there is a significant
gap in the understanding of the genotype-phenotype relationship underlying
phenotypic variation within and across populations. Additionally, there is a great
need for the development of novel and efficient approaches for investigating the
genetic architecture of traits in natural populations (Wellenreuther & Hansson
2016; Gudmunds et al. 2022).

Seasonal timing of diapause induction is an excellent model system for
investigating the genetic basis of phenotypic variation. First, the trait is highly
ecologically relevant, as diapause is a key adaptation for insect survival in
temperate environments (Tauber & Tauber, 1976). Second, seasonal timing of
diapause induction has evolved repeatedly in many different range expansions
and in many different species (Demont & Blanckenhorn, 2008; Paolucci et al.,
2013; Aalberg Haugen & Gotthard, 2015; Huang et al., 2020; Siemers et al.,
2024; Gotthard et al., 2026). It is therefore a promising trait for investigating if
the genotype-phenotype map is constant across populations. Third, diapause can
be divided into several phases, and in some species, both diapause induction,
diapause entry, and diapause termination are initiated by environmental cues
(Tauber & Tauber, 1976; Demont & Blanckenhorn, 2008; Lehmann et al., 2017,
Lindestad et al., 2020; Nielsen et al., 2023). Functional validation of candidate
loci, therefore, provides an opportunity to investigate potential pleiotropic effects
on other seasonal timing traits.

Taking advantage of phenotypic variation across populations, many studies
have identified candidate loci associated with local variation in the photoperiodic
timing of diapause induction (Turner et al., 2008; Pruisscher et al., 2018; Gamboa
& Watanabe, 2019; Erickson et al., 2020; Heraghty et al., 2022; Lindestad et al.,
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2022; Kramer et al., 2023; Peng et al., 2023). Among these, circadian clock genes
are especially interesting, because photoperiodism is thought to somehow
involve the circadian clock (Meuti & Denlinger, 2013; Gotthard & Wheat, 2019).
However, few have proceeded to functional validation of these loci (Tauber et
al., 2007; Lindestad et al., 2024). Additionally, to our knowledge, there has been
no investigation of whether similar genetic variation causes the repeated
evolution of phenotypic variation in the photoperiodic timing of diapause
induction across populations (Ragland et al., 2019). Therefore, our understanding
of the genotype-phenotype map of seasonal timing of diapause induction, and the
consistency of the map across populations is limited.

The present thesis aimed to increase our understanding of the genotype-
phenotype map of photoperiodic timing of diapause induction by investigating
the following questions (in the order of the chapters): 1) Is the genotype-
phenotype map consistent across populations? 2) What are the phenotypic effects
of candidate loci? and 3) Do these loci have pleiotropic effects on other seasonal
timing traits? Due to the methodological challenges related to studying these
questions, this thesis additionally provides a novel approach to investigating the
consistency of genotype-phenotype maps, and a protocol for validating gene
function using CRISPR/Cas9 in P. aegeria.

Genetic architecture and expectations

The genetic architecture includes how many genetic variants contribute to trait
variation, their effect size on the trait, and how common they are in the population
(Timpson et al., 2018). In addition, it encompasses whether these genetic variants
have an effect on more than one trait (pleiotropic effects), as well as how their
effect may vary through interactions with one another (epistasis) and the
environment (phenotypic plasticity) (Timpson et al., 2018). In the following, the
expectations related to the components investigated in this thesis are clarified.

Consistency of the genotype-phenotype map

If the genotype-phenotype map is consistent across populations, then similar
phenotypes in divergent populations should be caused by variation in the same
genes (gene reuse). This can be investigated using cases of repeated phenotypic
evolution, either in space or time. Repeated evolution is often viewed as a clear
example of natural selection driven by similar adaptive pressures (Endler, 1986;
Harvey & Pagel, 1991; Schluter, 2000; Losos, 2011).

It is a common expectation that repeated phenotypic evolution is the result of
gene reuse (Haldane, 1990; Gompel & Prud’homme, 2009; Conte et al., 2012).
A classic example that lives up to this expectation is the repeated evolution of
fewer armor plates in the marine three-spined stickleback (Gasterosteus
aculeatus) as it colonized newly formed freshwater lakes after Pleistocene
glaciers had withdrawn (Colosimo et al., 2005). Using a combination of sequence
comparison and transgenic validation, it was found that 15 independent
freshwater populations showed a similar decrease in armor plates caused by
variation in the same gene, the Ectodysplasin (Eda) gene (Colosimo et al., 2005).
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This result could suggest that the genotype-phenotype map for the armor plate
phenotype is consistent across populations. However, the likelihood of variation
in the genotype-phenotype map across populations depends on several factors.

One important factor is the complexity of the trait. If a trait is simple, controlled
by only a few genes, genetic variation can only occur at few loci, increasing the
likelihood of a consistent genotype-phenotype map (Wood et al., 2005). Another
factor is evolutionary history, for instance, the availability of beneficial alleles in
the standing genetic variation. In the case of the three-spined stickleback, the
freshwater low-armor alleles were already present in low frequencies in the
standing genetic variation and contributed to repeated genetic evolution in 14 out
of the 15 populations investigated (Colosimo et al., 2005). This limited the
reliance on de novo mutations, which otherwise could have increased the chance
of the evolution of a different genotype-phenotype map. A third important factor
is time. The genotype-phenotype map is generally expected to be more consistent
the shorter the time since the populations diverged (Bohutinské & Peichel, 2024).
This is because changes can occur over time, such as the loss of shared alleles,
or changes to the genomic architecture or gene functions (Bohutinska & Peichel,
2024). Photoperiodic timing of diapause induction is generally considered a
polygenic trait (Tauber et al., 1986; Danks, 1987; Huang et al., 2013; Pruisscher
etal., 2018), so even over short evolutionary timescales, the genotype-phenotype
map may vary across populations, unless the underlying genetics are constrained.
However, both a consistent and divergent genotype-phenotype map may be
expected depending on the evolutionary history of the populations.

Effect sizes of candidate loci

The effect size of a locus indicates the level of phenotypic change it can cause
(Lande, 1983). For instance, Gregor Mendel’s experiments with inbred pea lines
showed that for seven contrasting phenotypes, like seed shape and pod color,
single loci could have major effects (Mendel, 1866; Feng et al., 2025). However,
most traits in natural populations do not have discrete phenotypes but show
continuous variation (Tautz et al., 2026).

The phenotypic variation of quantitative traits is generally expected to result
from variation at many loci, following Fisher’s infinitesimal model (Fisher,
1919). Under this model, loci are not expected to contribute equally to phenotypic
variation; however, loci of large effects are generally considered uncommon, as
they can cause the phenotype to deviate too much from the fitness optimum
(Fisher, 1930). A phenotypic trait that follows this principle is human height,
where more than 12,000 SNPs (single nucleotide polymorphisms) have been
associated with phenotypic variation. Here, the strongest association, the ACAN
locus containing 25 SNPs, is estimated to explain approximately 0.24% of
phenotypic variation in European populations (Yengo et al., 2022). However,
during adaptation under strong directional selection, when the phenotype is far
from the fitness optimum, the loci contributing to adaptation are expected to have
an, approximately, exponential distribution of effect sizes with most loci having
small effects and a few having moderate to large effects (Lande, 1983; Macnair,
1991; Orr, 2007; Enbody et al., 2023). Under such conditions, moderate and large
effect loci can shift a phenotype more rapidly towards a new fitness optimum
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(Fisher, 1930). However, large effect loci, specifically, are expected to require
strong directional selection across generations to become fixed, thereby
overcoming deleterious pleiotropic effects (Lande, 1983). For instance, this may
occur during adaptation to a new adaptive zone or during adaptive radiation
(Lande, 1983). As an example, Darwin’s finches have undergone very strong
diversifying selection across generations and the locus with the largest estimated
effect size, the GO3 locus, explains around 25% of the total variation in beak size
(Enbody et al., 2023).

As photoperiodic timing of diapause induction is generally found to be a
quantitative trait, regulated by variation in many genes (Tauber et al., 1986;
Danks, 1987; Huang et al., 2013; Pruisscher et al., 2018), most individual
candidate loci are expected to have small effects. However, photoperiodic timing
of diapause induction has been shown to evolve relatively rapidly in response to
environmental change (Sadakiyo & Ishihara, 2011; Nielsen et al., 2023; Siemers
et al., 2024). Consequently, some candidate loci may have moderate effect sizes.

Pleiotropic effects of candidate loci

Pleiotropy, when a single polymorphism influences multiple phenotypic traits
(Mackay & Anholt, 2024), can influence the ability of the genetic architecture to
generate adaptive phenotypic change in response to environmental change
(Lande, 1983; Losos, 2011). If pleiotropy of a genetic variant causes beneficial
correlated responses across traits, it can facilitate evolutionary change (Mauro &
Ghalambor, 2020). For instance, in Drosophila melanogaster, specific alleles in
Met, which encodes an intracellular receptor for juvenile hormone (JH),
contribute to both a decrease in development time and an increase in fecundity,
which are both expected to increase fitness (Flatt & Kawecki, 2004; Miura et al.,
2005). In contrast, if pleiotropy of a variant is beneficial for one trait but harmful
to another, it can cause evolutionary constraint (Mauro & Ghalambor, 2020). For
example, in many wing-dimorphic insects, long wings that enable flight come at
the expense of reproduction (Roff, 1990; Guerra, 2011). Pleiotropy is therefore
an important part of the genotype-phenotype map and the factors shaping it
(Tautz et al., 2026).

Studies of genomic patterns of pleiotropy using model organisms suggest that
the distribution of pleiotropy of quantitative traits is often L-shaped, meaning that
most loci affect only one or a few traits, whereas only a few loci affect multiple
traits (Wang et al., 2010; Wagner & Zhang, 2011; Zhang, 2023). Additionally,
pleiotropy tends not to be random but rather modular, where a group of genes
affect a group of traits (Wang et al., 2010). For a complex trait like seasonal
timing of diapause induction, one would generally not expect pleiotropic effects
across multiple traits, as most loci affect relatively few traits (Wang et al., 2010;
Wagner & Zhang, 2011; Zhang, 2023). However, candidate loci for variation in
diapause induction timing often include circadian clock genes (Yamada &
Yamamoto, 2011; Pruisscher et al., 2018; Gotthard & Wheat, 2019; Pruisscher et
al., 2021). Because the circadian clock may function as a ‘module’ that assists in
timing several phenotypic plastic traits to seasonal changes (Meuti & Denlinger,
2013; Gotthard & Wheat, 2019), the pleiotropic effects of circadian clock genes
may be greater than typical expectations.

4



Other components

While epistasis and phenotypic plasticity are not the main focus of this thesis,
they are worth considering when investigating the genotype-phenotype map.
Epistatic interaction is when the same genetic variant has different phenotypic
effects depending on the genetic background, due to interactions between
variants in the same or different genes (Domingo et al., 2019). Similarly,
phenotypic plasticity is when the phenotypic effect of a variant relies on the
environmental context (Schlichting, 1986). Consequently, the phenotypic effect
of a genetic variant can be context-dependent.

Methodologies

Several approaches can be applied to investigate the components of the genetic
architecture. Here, I briefly mention some of the approaches currently applied.
However, a shared limitation across these research topics is that they rarely
include functional validation (Wood et al., 2005; Wellenreuther & Hansson,
2016; Schielzeth et al., 2018; Gudmunds et al., 2022).

Consistency of the genotype-phenotype map

As mentioned, the consistency of the genotype-phenotype map can be
investigated by identifying if repeated phenotypic evolution is caused by repeated
genetic evolution. One approach is to perform phylogenetic studies, where the
evolutionary relationship between populations is compared with sequence data
of candidate loci (Wood et al., 2005). If the same mutation, or mutations in the
same gene, evolved independently on different branches that share phenotypic
characteristics, it suggests repeated genetic evolution (Wood et al., 2005). A
second approach is to combine population genomics with genome-wide
association studies (GWAS). If candidate loci for interpopulation phenotypic
variation have similar genetic variation between populations with similar
phenotypes, it suggests repeated genetic evolution (Rennison et al., 2019). While
both these approaches identify associations between genetic variation and
repeated phenotypic evolution, they do not causally link genotype to phenotype.
This would require subsequent functional validation. Another approach is to
cross populations from similar environments, and if phenotypic variation in the
F2 or following generations is not greater than that of the parental populations, it
fits the expectation of repeated genetic evolution (Schat et al., 1996; Wood et al.,
2005). This approach, in contrast, assesses the effect of allelic variation on the
phenotype without identifying the underlying loci. Consequently, while these
approaches provide important information and are effective depending on the
resources and information available, they do not directly show the genotype-
phenotype relationship.

Effect sizes of candidate loci

To identify genetic variation potentially responsible for phenotypic variation,
genome-wide association studies (GWAS) or quantitative trait locus (QTL)
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mapping are often performed (Turner et al., 2008; Pruisscher et al., 2018;
Gamboa & Watanabe, 2019; Erickson et al., 2020; Heraghty et al., 2022;
Lindestad et al., 2022; Kramer et al., 2023; Peng et al., 2023). These approaches
find statistical associations between phenotypic variation and genetic markers,
typically SNPs, across the genome (Wellenreuther & Hansson, 2016; Schielzeth
etal., 2018; Gudmunds et al., 2022). This enables the estimation of locus-specific
phenotypic effects. As an addition, functional validation of candidate genes can
be performed, based on responses to gene knockout or manipulation of
expression levels (see ‘functional validation’) (Williams et al., 2006; Ragland et
al., 2019). However, these measures generally do not identify the specific
contribution of individual naturally occurring polymorphisms to trait variation.

Pleiotropic effects of candidate loci

The experimental approaches to identifying potential pleiotropic effects of
candidate loci are similar to those for estimating effect sizes of loci (Mackay &
Anholt, 2024). After gene knockout, or manipulation of expression levels,
phenotypic effects are measured across several traits suspected of possible
correlative responses. Again, these are approaches that do not causally link
genotype to phenotype.

Functional validation

Causally linking genotype to phenotype is important both when investigating
repeated and diversifying phenotypic evolution. Repeated fixation of a genetic
variant can, for instance, result from genetic drift instead of selection on the
phenotype in question (Wood et al., 2005; Losos, 2011). Similarly, correlations
between genetic and phenotypic variation can be the result of factors such as
genetic drift, differences in the environment, and non-random sampling (Wood
et al., 2005; Gudmunds et al., 2022). Furthermore, when associations between
phenotypic variation and genetic variation include several polymorphisms in
linkage disequilibrium, it can be difficult to distinguish which polymorphisms
causally influence the phenotype (Mackay & Anholt, 2024). However, efficient
and feasible approaches to perform functional validation of candidate loci are
lacking (Gudmunds et al., 2022).

Standard CRISPR/Cas9 and RN A1 approaches cannot functionally test whether
naturally occurring polymorphisms underlie trait variation (Kim & Rossi, 2008;
Wang et al., 2016). In addition, while CRISPR/Cas9 combined with homology-
directed repair (HDR) allows the knock-in of specific mutations into a
population’s genome (Gudmunds et al., 2022; Liao et al., 2024), currently, this
approach is inefficient (Gudmunds et al., 2022; Liao et al., 2024). Another
strategy is to combine introgression with selection by breeding a candidate locus
from one population into another genetic background (Schmalenbach et al., 2008;
Lindestad et al., 2024). Although powerful, this method is highly labor-intensive
and requires lab rearing across generations, which is not always feasible. In
addition, tracking mutations across generations can be difficult, and even when
successful, loci may have such small effects that they are difficult to detect in
conventional laboratory experiments (Mackay et al., 2009; Rockman, 2012;
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Gudmunds et al.,, 2022). Therefore, targeting candidate loci underlying
quantitative traits can be considered particularly risky (Gudmunds et al., 2022).
Consequently, functional validation of candidate loci for naturally occurring
phenotypic variation is rarely conducted in insects (Tauber et al., 2007; Wang et
al., 2020; Andreatta et al., 2023; Lindestad et al., 2024).

Due to the difficulties in performing functional validation of candidate loci,
many studies functionally validate whether a candidate gene (in its entirety) is
necessary for a trait (Burand & Hunter, 2013; Sun et al., 2017; Li et al., 2021).
This would suggest that candidate polymorphisms in that gene likely have
functional effects as well. For this, CRISPR/Cas9 and RNAi approaches are
commonly used to knock out or knock down a gene (Burand & Hunter, 2013;
Sun et al., 2017; Li et al., 2021). For instance, van der Burg et al. (2020)
performed CRISPR/Cas9 knockout of four candidate genes for wing coloration
in the common buckeye butterfly (Junonia coenia). They found that knockout of
three out of the four genes resulted in visible phenotypic changes, validating their
function on the trait (van der Burg et al., 2020). However, even when functionally
validating candidate genes, there are significant methodological limitations. For
instance, the efficiency of gene silencing using RNAi varies significantly
between species, especially in Lepidoptera (Terenius et al., 2011). Additionally,
the creation of germline mutations using CRISPR/Cas9 can be difficult as it
requires a relatively high transformation efficiency. As a result, the validation of
gene function is mostly done for visible traits where phenotypic changes can be
detected in somatic mosaic individuals (Li et al., 2021). However, as most traits
are physiological, non-visible traits, including photoperiodic timing of diapause
induction, efforts devoted to creating protocols for performing efficient germline
mutations in ecological species are needed.

Understanding the genotype-phenotype relationship in natural populations
requires functional validation of candidate loci (Gudmunds et al., 2022).
Therefore, progress will depend on innovative methodologies, persistence, and
the development of more efficient experimental tools. The present thesis aims to
contribute to this effort.

Other considerations

When investigating the phenotypic and pleiotropic effects of a genetic variant, it
is important to consider epistatic interactions and phenotypic plasticity. For
instance, as mentioned, a way to investigate the marginal phenotypic effect of a
genetic variant is to place it in a different genetic background. Here, it is
important to consider intergenic epistatic interactions. For instance, when
investigating a variant in a circadian clock gene that is part of the circadian clock
gene network, it may have epistatic interactions with other clock genes (Noreen
et al., 2018; Domingo et al., 2019). Likewise, the specific environment used for
investigating effect size may be important due to phenotypic plasticity
(Schlichting, 1986). For example, photoperiodic timing of diapause induction is
a phenotypic plastic trait, but the timing of diapause induction is often also
sensitive to temperature (Saunders, 2014; Ryan et al., 2018; Lindestad et al.,
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2019). Consequently, the phenotypic effect can rely on both the photoperiod and
temperature.

Seasonal adaptation and diapause induction

Diapause is a hormonally regulated pause in development that serves as a key
strategy to survive predictable and repeatable unfavorable conditions (Tauber et
al., 1986). For instance, in temperate regions, many insects survive winters that
are too cold and resource-poor for normal insect survival by entering winter
diapause (Tauber et al., 1986).

The diapause trait can be divided into three phases: initiation, maintenance, and
termination (Tauber et al., 1986). The initiation phase includes diapause
induction, where the ‘decision’ to diapause is made, as opposed to the alternative
developmental trajectory, direct development. This decision can have a great
influence on life history (Salminen et al., 2012; Lindestad et al., 2019) and has
been widely studied (Hut et al., 2013; Saunders, 2014; Aalberg Haugen &
Gotthard, 2015; Ryan et al., 2018; Lindestad et al., 2019; Huang et al., 2020;
Siemers et al., 2024). Diapause induction timing is also the main focus of this
thesis.

Diapause requires physiological preparation, so the decision to induce diapause
must be made before winter, in late summer or early autumn (Tauber et al., 1986).
During this time, the temperatures are still relatively high, so the decision to
diapause requires information about seasonal progression (Tauber et al., 1986;
Bradshaw & Holzapfel, 2007). Therefore, for many species, diapause induction
is a phenotypically plastic trait, cued by the environment, most often photoperiod
in combination with temperature (Hut et al. 2013; Saunders, 2014; Aalberg
Haugen & Gotthard, 2015; Ryan et al., 2018; Lindestad et al., 2019; Huang et al.,
2020; Siemers et al., 2024). These environmental cues are sensed during a
sensitive developmental stage, which varies between species but is usually
restricted to a single life stage (Denlinger, 2009). During this stage, the
photoperiod must fall below a threshold and/or temperature must decline
sufficiently to trigger diapause induction. Photoperiod is typically the primary
cue, as it varies predictably each year, whereas temperature is often secondary,
due to its greater variability (Bradshaw & Holzapfel, 2007; Hut et al., 2013).
Therefore, in some species, the seasonal timing of diapause induction is
quantified primarily in relation to photoperiod (Hut et al. 2013; Aalberg Haugen
& Gotthard, 2015; Huang et al., 2020; Lindestad et al., 2019; Siemers et al., 2024)

To quantify the photoperiodic response for diapause induction of a population,
the critical photoperiod (CPP) is often used and is defined as the photoperiod at
which 50% of individuals enter diapause (Kostal, 2011; Hut et al. 2013). It is
determined under laboratory conditions by rearing individuals from the same
population or genotype under different photoperiods, scoring the individuals as
diapausing (1) or developing directly (0), and fitting a binomial generalized linear
model to the data. The photoperiod estimated to cause 50% of individuals to
induce diapause is the CPP (Figure 1a).
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Figure 1. Figure 2b and c from Aalberg Haugen & Gotthard, 2015, showing a)
the determination of the CPP for five populations in Sweden: Sundsvall,
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as the proportion entering direct development. The symbols show the mean
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Figure 2. lllustration of the latitudinal position, the CPP, and voltinism (light
grey: univoltine; dark grey: bivoltine) of several populations of P. aegeria in
Sweden (figure la in Lindestad et al., 2022). Added are illustrations of the
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population. Univoltine populations are in general located further north and
have a shorter warm season (yellow beam) and a longer cold season (blue
beam) compared to bivoltine populations. Consequently, univoltine
populations induce diapause at a longer photoperiod.
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As the growing season shortens and photoperiod changes more rapidly at higher
latitudes, many species show a latitudinal cline in CPP, with critical photoperiods
increasing at higher latitudes (Hut et al., 2013; Paolucci et al., 2013; Aalberg
Haugen & Gotthard, 2015; Huang et al., 2020; Joschinski & Bonte, 2021;
Siemers et al., 2024) (Figure 1b). In species where diapause is facultative, this
difference in CPP is often accompanied by variation in voltinism (generations
per year) across latitudes (Jonsson et al., 2011; Sadakiyo & Ishihara, 2011; Huang
et al., 2013; Lindestad et al., 2019). Consequently, growing season length and
critical photoperiod for diapause induction are strongly correlated with voltinism
(Lindestad et al., 2019) (Figure 2).

Photoperiodism for diapause induction is in general expected to be under
relatively strong selection because the wrong timing can have a great influence
on fitness (Danks, 1987; Bradshaw & Holzapfel, 2007; Ragland et al., 2019;
Bovolenta et al., 2026). For instance, entering diapause too early may leave
individuals with insufficient energy reserves for post-diapause survival or
reproduction, while failing to enter diapause before winter likely results in death
from starvation or cold exposure (Bradshaw & Holzapfel, 2007). Furthermore,
global warming is leading to shorter and milder winters, which may necessitate
arapid shift in diapause induction timing either at the current distribution or while
shifting the geographic range northwards (Hut et al., 2013). Over the last decades,
many species have demonstrated rapid adaptation in this trait (Bradshaw &
Holzapfel, 2001; Sadakiyo & Ishihara, 2011; Nielsen et al., 2023; Siemers et al.,
2024).

The difference in CPP between populations often indicates local adaptation to
different seasonal environments. Investigating inter-population variation in
photoperiodic diapause responses has therefore been central to understanding the
genetic basis of variation in photoperiodic timing of diapause induction
(Soderlind & Nylin, 2011; Huang et al., 2013; Lehmann et al., 2016; Pruisscher
etal., 2018). Still, the genetic architecture and evolutionary dynamics underlying
variation in diapause induction timing remain poorly resolved (Jin et al., 2024).
Current evidence suggests that diapause has evolved independently across insect
lineages, so the underlying genetic architecture cannot be assumed to be
conserved across species (Hand et al., 2016; Ragland & Keep, 2017; Halali et al.,
2025). However, the genetic architecture of photoperiodism for diapause
induction appears generally polygenic and primarily additive (Tauber et al.,
1986; Danks, 1987; Huang et al., 2013; Pruisscher et al., 2018; Ryan et al., 2018).
In some species, genetic control is partly sex-linked, whereas in others it appears
to be entirely autosomal (Soderlind & Nylin, 2011; Lehmann et al., 2016;
Pruisscher et al., 2017, 2018).

Consistency of the genotype-phenotype map

Photoperiodic timing of diapause induction is promising for studying the
consistency of the genotype-phenotype map through investigating repeated
phenotypic evolution. Phenotypic evolution of photoperiod for diapause
induction is highly predictable and consistent in direction across and within
species (Hut et al., 2013; Paolucci et al., 2013; Aalberg Haugen & Gotthard,
2015; Huang et al., 2020; Siemers et al., 2024; Gotthard et al., 2026).

11



Additionally, there are cases of repeated phenotypic evolution, for instance,
where species expand northwards at opposite coastlines simultaneously or
colonize a similar environment more than once (Ittonen et al., 2022; Lindestad et
al., 2022). However, to our knowledge, it has not been investigated whether such
similar phenotypes are the result of gene reuse.

Effect sizes of candidate loci

Several loci have been identified as associated with variation in diapause
induction timing (Yamada & Yamamoto, 2011; Pruisscher et al., 2021; Lindestad
et al., 2021), but functional confirmation of naturally occurring polymorphisms
has, to our knowledge, only specifically been performed in two cases, in two
separate insect species (see next section about circadian clock genes) (Tauber et
al., 2007; Lindestad et al., 2024). Consequently, we are still far from
understanding the locus-specific phenotypic effects underlying natural variation
in photoperiodic timing of diapause induction.

Pleiotropic effects of candidate loci

Pleiotropic interactions have, to our knowledge, also only been investigated in
two species when functionally validating a candidate locus (Andreatta et al.,
2023; Lindestad et al., 2024). Therefore, the understanding of locus-specific
pleiotropic effects is likewise limited.

The three phases of diapause; initiation, maintenance, and termination, all need
to occur at the right time of year (Tauber et al., 1986). If loci regulating the
photoperiod timing of diapause induction are additionally involved in regulating
other seasonally timed diapause events, this can cause correlated responses that
either facilitate or constrain adaptation to environmental changes (Mauro &
Ghalambor, 2020). For instance, in some species, diapause initiation consists of
two phenotypically plastic traits regulated by photoperiod: diapause induction
(when the decision to diapause is made and preparation initiated) and diapause
entry (when the developmental arrest is initiated) (Nielsen et al., 2023). If they
share a genetic basis, evolutionary correlation may arise, which can be beneficial
if adaptation is required in both traits simultaneously (Mauro & Ghalambor,
2020). By contrast, diapause termination must occur at the appropriate time to
allow post-diapause development, either when the warm season begins or, at the
earliest, after autumn warmth has passed, enabling individuals to remain
quiescent in cold winter conditions until spring (Hodek, 2013; Lindestad et al.,
2020). Termination additionally appears, in some species, to be an
environmentally initiated trait cued by photoperiod and/or temperature (Tauber
& Tauber, 1976; Hodek, 2013; Lehmann et al., 2017), and a correlation between
induction and termination timing may result in a trade-off between optimal
induction and termination timing. These traits are therefore particularly relevant
for investigating pleiotropy of candidate loci for diapause induction timing.
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Circadian clock genes

The circadian clock is an endogenous negative-feedback oscillator that
synchronizes multiple physiological processes and behaviors to the day-night
cycle (Tomioka & Matsumoto, 2010; Hut et al., 2013). Because both circadian
rhythms and photoperiodic responses are regulated by environmental light
conditions, the circadian clock has long been hypothesized to provide
information about photoperiod and thereby be essential for photoperiodic timing
of diapause induction (Biinning, 1936; Goto, 2013; Hut et al., 2013). While there
is a paradox, as the circadian clock is expected to have stable ~24-hour cycles
(Goto, 2013; Hut et al., 2013), multiple lines of evidence suggest that naturally
occurring variation in circadian clock genes contributes to variation in
photoperiodic timing. For instance, among loci associated with variation in
photoperiodic timing for diapause induction, circadian clock genes are frequently
implicated, including core circadian clock genes, such as period, timeless, clock,
and cycle (Yamada & Yamamoto, 2011; Pruisscher et al., 2018; Gotthard &
Wheat, 2019; Pruisscher et al., 2021; Lindestad et al., 2022). In addition, a
comparative genomic analysis of 89 species of butterflies that either have or do
not have a diapausing phenotype, shows that the same four circadian clock genes
have evolved faster in diapausing species, perhaps as they serve as a module that
helps regulate photoperiodism (Baral et al., 2026). Furthermore, latitudinal clines
in circadian rhythm characteristics, such as period and amplitude, have been
reported in some insect species (Pivarciova et al., 2016; Hut et al., 2013; Manoli
et al., 2025). These characteristics are not expected to vary systematically with
latitude. However, many species show a latitudinal cline in CPP (Hut et al., 2013;
Paolucci et al., 2013; Aalberg Haugen & Gotthard, 2015; Huang et al., 2020;
Joschinski & Bonte, 2021; Siemers et al., 2024). Therefore, these patterns have
been interpreted as the circadian clock experiencing trade-offs caused by
selection for photoperiodic timing. Furthermore, functional knockout and
knockdown studies have frequently demonstrated that circadian clock genes
often are required for normal diapause responses (Ikeno et al., 2010; Jin et al.,
2024; Tobita & Kiuchi, 2024; Zheng et al., 2025). However, despite extensive
correlative and experimental evidence implicating circadian clock genes in
photoperiodic regulation, functional validation of naturally occurring allelic
variants remains extremely rare (Tauber et al., 2007; Lindestad et al., 2024).
Therefore, the effect of genetic variation in circadian clock genes on
photoperiodic timing of diapause induction is largely unresolved.

Effect sizes of candidate loci

To our knowledge, functional validation of naturally occurring variants has been
attempted only twice, in two species, Drosophila melanogaster and Pararge
aegeria (Tauber et al., 2007; Lindestad et al., 2024). In D. melanogaster,
homozygous lines of naturally occurring variants of timeless showed a significant
effect on the timing of diapause induction of adult ovarian diapause (Tauber et
al., 2007). This effect varied across photoperiods, but generally was large across
three populations. In P. aegeria, however, creating homozygous lines for
candidate variants in timeless and period within a polymorphic population
13



revealed no detectable effects on pupal diapause induction timing (Lindestad et
al., 2024). Whether this reflects a true lack of functional effects, effects too subtle
to detect, or masking by epistatic interactions within the same or other genes
remains unresolved. Further investigation is therefore needed to clarify the
connection between variation in circadian clock genes and variation in
photoperiodic timing of diapause induction.

Pleiotropic effects of candidate loci

The two natural variants of timeless in D. melanogaster have been shown to have
pleiotropic effects on life-history traits associated with adult ovarian diapause:
fecundity and development time (Andreatta et al., 2023). However, to our
knowledge, no studies have explicitly investigated if naturally occurring genetic
variation in circadian clock genes exhibits pleiotropic effects on other seasonally
timed traits related to diapause.

Investigating the functional effects of naturally occurring variation in candidate
circadian clock genes on photoperiodic timing of diapause induction, and other
seasonal timing traits, may help resolve the long-standing question of how these
two timing mechanisms are connected (Biinning, 1936; Goto, 2013; Hut et al.,
2013).

Study species

The Speckled Wood butterfly (Pararge aegeria) was used as the study species.
It is a model organism for studying seasonal timing and voltinism (Wiklund et
al., 1983; Nylin et al., 1989; Aalberg Haugen & Gotthard, 2015; Pruisscher et al.,
2018; Lindestad et al., 2019; Lindestad et al., 2022).

P. aegeria is mainly a woodland species distributed from North Africa to
central Sweden, and its larvae feed primarily on grasses (Shreeve, 1986; Livraghi
et al., 2018b) (Figure 3). In Sweden, it enters winter diapause predominantly as
a pupa, and it is a facultative diapauser that uses photoperiod as the main cue for
diapause induction (Wiklund et al., 1983; Wiklund & Friberg, 2011; Lindestad
etal., 2019).

P. aegeria has a diapause initiation phase that consists of two photoperiodically
regulated ‘decision points’ (Nylin et al., 1989; Lindestad et al., 2021). Individuals
first decide whether to induce diapause during larval development (here termed
diapause induction) and second, whether to enter diapause just before pupation
(here termed diapause entry) (Nylin et al., 1989; Lindestad et al., 2021) (Figure
3). The decision to induce diapause involves a marked prolongation of larval
development time compared to that under direct development (Pruisscher et al.,
2018; Lindestad et al., 2019) (Figure 4). Likewise, entering diapause includes
prolonging pupal development time substantially compared to that under direct
development (Lindestad et al., 2020). Therefore, individuals can be scored as
having induced or entered diapause depending on larval or pupal development
time, respectively (Aalberg Haugen & Gotthard, 2015; Pruisscher et al., 2018).
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Figure 3. Lifecycle of P. aegeria (drawings by Simon Skou Shoshan). The species
goes through four larval instars. As a first instar, it has a dark brown head
capsule. The decision whether to induce diapause is made during larval
development, and the decision whether to enter diapause is made as a larva, just
before pupation.

Studies on photoperiodic timing of diapause induction in this species have
treated diapause induction and diapause entry as synonymous traits. In nature, a
larva that experiences a sufficiently short photoperiod to induce diapause will
automatically experience a shorter photoperiod later in the season when pupation
is approaching. However, the two decisions have distinct photoperiodic reaction
norms and can evolve independently (Nylin et al., 1989; Nielsen et al., 2023).
They are also mechanistically separate, as larvae may induce diapause (prolong
larval development time) but still develop directly into an adult (fast pupal
development) under abnormal laboratory conditions (Lindestad et al., 2021).
Therefore, in the following, it will be made clear when previous analyses are
based on one or the other trait. The focus of the present thesis was, however,
mainly on photoperiodic regulation of diapause induction.

In Sweden, P. aegeria has a latitudinal cline in the critical photoperiod (CPP)
for diapause induction (measured as diapause entry) (Nylin et al., 1989; Aalberg
Haugen & Gotthard, 2015) (Figure 2). Variation in CPP is accompanied by
differences in voltinism, ranging from bivoltine in the south to univoltine in the
mid- and northern part of the distribution, with intermediate populations being
partly bivoltine (Lindestad et al., 2019) (Figure 2).
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Figure 4. Frequency distribution of larval development time (in days) for the
Stockholm (above, dark green) and the Gotland (below, dark blue) populations
at photoperiods ranging from 17 to 18.6 h, and 18 °C. Individuals can be
categorized as having induced diapause if their larval development time is above
40 days.

Consistency of the genotype-phenotype map

P. aegeria’s current cline in CPP in Sweden can be interpreted as a repeated
evolution of similar phenotypic variation, as a phylogenetic analysis combined
with citizen science data suggests that the species has colonized Sweden twice,
once between the end of the last ice age (~18,000 years ago) and the start of
citizen science records, and again approximately 100 years ago (Lorius et al.,
1988; Aalberg Haugen & Gotthard, 2015; Lindestad et al., 2022) (Figure 5a &
b). During the first colonization, the species disappeared from southern Sweden,
and the more recent colonization now includes the Skane population. These two
colonizations have remained largely isolated, separated by a region where the
species is still relatively rare (Aalberg Haugen & Gotthard, 2015; Lindestad et
al., 2022). This offers an opportunity to investigate if similar variation in
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photoperiodic timing of diapause induction can result from variation in different
genes (Chapter I).
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Figure 5. Sampling sites and phylogenetic relationships between Swedish
populations. a) Map of Sweden. The green dots show adult sightings of P. aegeria
from 2017 to 2023, based on citizen science data (Artportalen.se). The locations
of different populations are shown with dots, including the populations in Figure
1. The two orange dots show the sites for the populations sampled for this thesis:
the Stockholm and Gotland populations, and the purple dots show the sampling
sites for the populations investigated by Pruisscher et al., 2018: the Sundsvall
and Skdne populations. The grey bubble covering southern of Sweden and parts
of Denmark illustrates the distribution of the second colonization into Sweden.
b) a TreeMix plot showing the relationship between the populations from the map
based on population genomic data (based on figure 1b in Lindestad et al., 2022).
The length of the branches indicates the amount of genetic drift. Again, the
populations in orange were sampled and investigated by me, and the purple
populations were investigated by Pruisscher et al., 2018. The grey bubble covers
the populations belonging to the second colonization of southern Sweden.

Effect sizes of candidate loci

A genome-wide association study combined with between-population crosses
showed that the difference in CPP for diapause induction between the Sundsvall
(central Sweden) and Skane (southern Sweden) populations is associated with
two core circadian clock genes, period and a genomic region containing timeless
(Pruisscher et al., 2018). Period is located on the Z (sex) chromosome, while
timeless is on an autosome (chromosome 4) (Pruisscher et al., 2018). The study
further indicates that the genetic architecture consists of an exponential
distribution of effect sizes, with the clock genes potentially having the largest
effects. These two genes, therefore, represent promising candidates for
performing functional validation.

Interestingly, the Gotland population is fixed for a large deletion in timeless,
removing exon 15 and part of exon 14 out of 16 exons (Lindestad et al., 2022)
(Figure 6). This deletion is estimated to truncate the TIM protein by
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approximately 8%, appears to be unique to the Gotland population, and is
remarkably consistent in size across individuals (Lindestad et al., 2022). Because
a genomic region including timeless has been strongly associated with variation
in CPP for diapause induction between two other populations (Pruisscher et al.,
2018), it is possible that this deletion influences photoperiodic timing of diapause
induction in the Gotland population. Furthermore, when performing functional
validation, a deletion may be easier to track than SNP variation. Therefore, we
chose to concentrate on this deletion (Chapter II & III).
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Figure 6. Read depths (RD) across timeless for seven Swedish populations,
including the Gotland population (light green) (Pool-seq data, Figure 4 from
Lindestad et al., 2022). Timeless is illustrated at the bottom with grey solid
squares representing exons. The larger shaded square highlights where the read
depth of the Gotland population goes to zero. This indicates a deletion of around
1500 bp, including exon 15 and part of exon 14, present on Gotland that is not
found in any of the other populations.

Pleiotropic effects of candidate loci

As diapause induction and entry timing are both regulated by photoperiodism,
their genetic architecture may partly overlap (Chapter I & III). Moreover, the
Gotland population is the only one of four studied populations that terminates
diapause after approximately four months, compared to approximately three
months in the other populations (Lindestad et al., 2020) (Figure 7). This
difference may partly be caused by pleiotropic effects from the timeless deletion
(Chapter IV). If pleiotropy is detected, this can reveal the potential for
correlative responses to selection within (induction vs. entry timing) and across
(induction vs. termination timing) diapause phases.
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Figure 7. Post-diapause pupal development time, as a measure of diapause
termination timing, in four Swedish populations, including the Gotland (orange)
and Stockholm (dark blue) populations (Figure 3b from Lindestad et al., 2020).
The symbols show mean pupal development time (£ bootstrapped 95%
confidence interval) in days after 0 to 8 months under diapause conditions. The
horizontal grey dotted line indicates the expected pupal development time after
diapause has been terminated (measured as the mean pupal development time (£
bootstrapped 95% confidence interval) of directly developing individuals).
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Thesis objectives

The aim of this PhD thesis was to advance the understanding of the genotype-
phenotype map of photoperiodic regulation of diapause induction in natural
populations of the Speckled Wood butterfly. The focus was on the two candidate
circadian clock genes, period and timeless, and the main questions were: 1) Is the
genotype-phenotype map consistent across populations? 2) What are the effect
sizes of candidate loci associated with variation in diapause timing? And 3) What
are the potential pleiotropic effects of these candidate loci? In addition, I aimed
to advance approaches for investigating genotype-phenotype relationships.
Research centered on two Swedish populations; the Gotland population, which
carries a large, fixed deletion in timeless, and the Stockholm population, which
served as a closely related reference population originating from the same
colonization event but having a markedly different critical photoperiod (CPP).

There were several objectives for each chapter:

I) To determine: 1) the extent to which the Z chromosome (potentially via the
period gene) influences the difference in timing of diapause induction between
the Gotland and Stockholm populations; 2) whether the genotype-phenotype map
is consistent across colonization events, by comparing these results with
populations originating from independent colonizations of Sweden; 3) whether
photoperiodic regulation of diapause entry shows the same Z-linkage, indicating
pleiotropic effects; 4) whether novel methods can be used to investigate the
consistency of the genotype-phenotype map.

IT) 1) To create a protocol for performing CRISPR/Cas9 to create germline
mutations in Pararge aegeria that can be used for functional testing; 2) to use
this CRISPR/Cas9 protocol to functionally test if the fixed deletion in timeless in
the Gotland population has a causal effect on the timing of diapause induction,
and to evaluate its effect size.

Il) 1) To introgress the Gotland timeless deletion into the Stockholm genetic
background through backcrossing and selection to functionally test if the deletion
influences photoperiodic timing of diapause induction, and to assess its effect
size; 2) to use the same individuals to test if the deletion affects the timing of
diapause entry, thereby assessing potential pleiotropic effects.

IV) To use the introgressed genotypes generated in Chapter III to test if the
Gotland timeless deletion has pleiotropic effects on the timing of diapause
termination.
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Methods and major findings

As some chapters address several questions, the aims are added as headlines.

Chapter I

To what extent does the Z chromosome (potentially via the period
gene) influence the difference in timing of diapause induction
between the Gotland and Stockholm populations?

Since both the period gene and the genomic region including timeless have been
associated with variation in seasonal timing in this species (Pruisscher et al.,
2018; Lindestad et al., 2022), Chapter I focused on period to evaluate its role in
variation in diapause induction timing. However, due to the difficulties related to
functional validation, we took advantage of the fact that period is located on the
Z chromosome (Pruisscher et al., 2018) and performed reciprocal hybrid crosses
between populations. This approach allowed us to assess the effect of the entire
Z chromosome on differences in diapause induction timing between populations,
giving insight into the potential contribution of period.

We performed reciprocal hybrid crosses between the Gotland and Stockholm
populations. These populations are closely related, with a low Fst of
approximately 0.08, yet differ by 1.4 hours in CPP (measured as diapause entry)
(Aalberg Haugen & Gotthard, 2015; Lindestad et al., 2022). Genetic variation in
period could potentially account for part of their interpopulation divergence in
seasonal timing of diapause induction.

In butterflies, females are the heterogametic sex (ZW), and males the
homogametic sex (ZZ) (Traut et al., 2008). In reciprocal hybrid crosses, hybrid
males inherit one Z chromosome from each population, whereas hybrid females
inherit their single Z chromosome from the paternal population. Consequently,
under purely additive inheritance, males are expected to show intermediate
reaction norms of diapause responses compared to the parental populations. The
same is expected of the females if no genetic variation on their single Z
chromosome contributes to phenotypic variation between the populations.
However, a Z-linked effect would show as a deviation from this pattern
specifically in females (Figure 8).

The results confirmed that photoperiodism for diapause induction is primarily
inherited additively, as hybrids of Gotland and Stockholm individuals displayed
intermediate reaction norms relative to those of the pure populations (Figure 9a).
Additionally, no significant difference in response was observed between the
females of the reciprocal hybrid crosses (Figure 9c¢), indicating that the Z
chromosome and possibly period has little or no effect on the difference in
seasonal timing of diapause induction between the two populations. The
difference in response between the Gotland and Stockholm populations is,
therefore, likely caused by loci located on the autosomes, which may include
timeless.
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Figure 9. Reaction norms and means of the photoperiodic response of the
Gotland (dark blue, males and females) and Stockholm (dark green, males
and females) populations, as well as their reciprocal hybrid crosses (black:
pooled, males and females; light blue: father from Gotland; light green:
father from Stockholm) across five photoperiods, all at 18 °C. a) diapause
induction. The reciprocal hybrid crosses are intermediate to the pure
populations, as expected for polygenic inheritance. b) same results but for
diapause entry. c¢) diapause induction. The reciprocal hybrid females (dotted
means and stippled reaction norms) did not deviate significantly from the
reciprocal hybrid males (triangular means and solid reaction norms) in their
photoperiodic response. d) same results but for diapause entry.

Is the genotype-phenotype map consistent across colonization
events?

The absence of a Z-linked effect on variation in the photoperiodic timing of
diapause induction between the Gotland and Stockholm populations contrasts
with previous results of reciprocal hybrid crosses between individuals from the
Sundsvall and Skane populations, where a Z-linked effect was detected
(Pruisscher et al., 2018). The Sundsvall population originates from the same
colonization event as the Stockholm and Gotland populations, while the Skéne
population originates from a more recent colonization event (Lindestad et al.,
2022). Direct comparison of raw data from the two studies confirmed significant
differences in the outcome of reciprocal hybrid crosses for diapause induction
timing (Figure 10a). For this analysis, the data illustrated in Figure 6¢c were
pooled, as the study by Pruisscher et al. (2018) measured the response at only one
photoperiod.

The difference in the results of the two studies may reflect the difference in
evolutionary history between the population pairs. Nevertheless, the fact that a
Z-linked effect is observed between some populations but not others indicates
that the genotype-phenotype map for photoperiodic timing of diapause induction
can vary across populations.
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Does photoperiodic regulation of diapause entry show the same
Z-linkage?

To investigate potential pleiotropic effects of the Z chromosome, entry timing
was recorded for the same individuals, and assessment of Z-linked variation was
performed as for diapause induction timing.

For the Gotland and Stockholm populations, the results were the same as for
diapause induction timing; no Z-linked effect was detected to explain variation
in seasonal timing of diapause entry (Figure 9b & d). Pruisscher et al. (2018)
also found no Z-linked effect on the photoperiodic timing of diapause entry
between the Sundsvall and Skane populations. Additionally, direct comparison
of raw data from the two studies confirmed no significant differences in the
outcome of reciprocal hybrid crosses for diapause entry timing (Figure 10b).
Since diapause induction timing was Z-linked between the Sundsvall and Skane
populations, but entry timing was not, these results support the existence of at
least partly separate genetic architectures for these traits.

Which novel methods can be used to investigate the consistency
of the genotype-phenotype map?

Assessing Z-linked effects across multiple population pairs, particularly across
colonization events, is a novel approach for studying the consistency of the
genotype-phenotype map. This represents a valuable tool, as it provides
functional validation at the chromosome level.

Chapter 11

The Z chromosome does not appear to have a significant effect on the difference
in CPP for diapause induction between the Gotland and Stockholm populations.
Thus, the difference is likely due to genetic variation on the autosomes,
potentially involving timeless. Because the Gotland population is fixed for a large
deletion in this gene (Lindestad et al., 2022), we aimed to functionally validate
this locus by introducing the deletion into the Stockholm population’s genetic
background and assess its marginal effect on the seasonal timing of diapause
induction, if any.

Since a genetic deletion is the loss of a genetic sequence, it created an
opportunity to use CRISPR/Cas9 for functional validation. CRISPR/Cas9
generates site-specific mutations by combining guide RNAs (gRNAs) with the
Cas9 protein (Wang et al., 2016). The gRNAs bind complementary DNA
sequences, and Cas9 induces double-stranded breaks (Wang et al., 2016). By
designing two gRNAs targeting separate sites within the Stockholm population’s
timeless, we could create a deletion (Ma et al., 2012; Xiao et al., 2013). However,
after the introduction of double-stranded breaks, cells primarily rely on non-
homologous end joining (NHEJ) repair, which typically introduces small
insertions or deletions (indels) (Wang et al., 2016; Lindestad et al., 2022). As the
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Gotland deletion starts within an exon (Lindestad et al., 2022), we did not expect
that we could create the exact Gotland deletion. Nonetheless, we anticipated that
similar deletions could provide insight into the functional role of this structural
variant. Furthermore, because the Gotland deletion is relatively large,
approximately 1500 bp (Lindestad et al., 2022), it can be tracked relatively easily
by extracting DNA from wing clippings, followed by PCR and gel
electrophoresis, where the genotype can be inferred from the product size
(Figure 11). Consequently, we aimed to use CRISPR/Cas9 genome editing to
functionally investigate this deletion.

Figure 11. Picture of a gel showing electrophoresis results from 14 individuals,
a positive control (PC), and a negative control (NC). A 100 bp DNA ladder was
used. Individuals with a product size of ~3000 bp were classified as homozygous
for the Stockholm timeless allele, individuals with a product size of ~1500 bp as
homozygous for the Gotland timeless allele containing the deletion, and
individuals with one band of each size were classified as heterozygotes.

Create a protocol for performing CRISPR/Cas9 to create
germline mutations in Pararge aegeria that can be used for
functional testing.

CRISPR/Cas9 protocols are often species-specific, and although genome editing
has been successfully performed in P. aegeria, no published protocol existed for
this purpose (Livraghi et al., 2018a). Additionally, because the number of cells
transformed in an individual can vary depending on the efficiency of the
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CRISPR/Cas9 complex, germline editing is essential to reliably test a mutation’s
effect on a non-visible trait, such as seasonal timing. However, germline
mutations have not yet been created in P. aegeria (Livraghi et al., 2018a). In fact,
germline mutations using CRISPR/Cas9 have primarily been performed in the
domesticated silk moth Bombyx mori and the agricultural pest Helicoverpa
armigera, and remain rare in ecologically relevant Lepidoptera (Shirai et al.,
2021; Connahs et al., 2022; Fan et al., 2022; Li et al., 2022; Okamura et al., 2022;
Wang et al., 2023; Jin et al., 2024). Therefore, we designed a pilot project to
establish an efficient germline-editing protocol before attempting to create a
deletion in timeless.

For this pilot, we tested four gRNA-Cas9 complexes, varying in the number of
gRNAs and the concentrations of components, to identify the most efficient
protocol. The gene we targeted was the yellow-y gene, required for producing
dark melanin in the adult wing background and potentially in the first-instar larva
head capsule (Livraghi et al., 2018a). This allowed for straightforward
phenotypic scoring: larvae with successful knockouts were expected to have light
brown head capsules instead of dark brown, and adults were expected to show
varying degrees of yellow rather than dark brown wing background coloration.

We confirmed that the yellow-y gene is required for the production of dark
melanin in the first-instar larva head capsule. Additionally, we saw changes in
wing background coloration in adults that were scored as wildtype, <50%
transformed, >50% transformed, or fully transformed (Figure 12). Individuals in
the >50% and 100% categories were crossed to test for germline transmission.

All four complexes showed high success rates, with overall nearly 80% of adult
individuals showing mosaic or complete knockouts. Notably, all offspring from
greatly transformed adults inherited their mutations, demonstrating highly
efficient germline editing in P. aegeria (Figure 13 & Table 1).
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Dorsal side

FO Wildtype G1 yellow-y

knock-out Ventral side

FO Wildtype G1 yellow-y
knock-out

Figure 13. Pictures showing the phenotypes of offspring of highly transformed
individuals (right), as compared to controls (lefi), in both the first-instar larval
head capsule and adult background wing coloration.

Knock-out Survivalto 100%
larvae adult yellow
eclosion

15 14 14
15 13 13
45 32 32

*Cage with unobserved matings between adults from treatment y1+y3, vl+s4 and y1.

Table 1. The result of matings between highly transformed individuals (two
matings were observed). Of the 75 offspring we followed, all had light brown
head capsules. Of the ones that survived to adulthood, all appeared fully
transformed.

Use this CRISPR/Cas9 protocol to functionally test if the fixed
deletion in timeless in the Gotland population has a causal effect
on the timing of diapause induction, thereby evaluating its effect
size.

Following this protocol, we attempted to create the Gotland deletion in the
Stockholm population’s timeless using pairs of gRNAs. PCR and gel
electrophoresis confirmed that deletions were successfully introduced in somatic
tissue, but the efficiency was low. Additionally, the mutations were not inherited
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by the next generation. Despite varying parameters such as egg age during
injection, incubation time, and gRNA combinations, we did not manage to create
germline mutations. The reasons may be that the deletion is lethal in some tissue,
or that it is difficult to generate two double-stranded breaks simultaneously
before repair mechanisms act.

Despite not achieving germline transmission of a deletion in timeless, we
published the CRISPR/Cas9 protocol established in the pilot, as it provides a
highly efficient tool for generating heritable mutations in P. aegeria. This tool
opens the door for further investigation of genetic architectures by functionally
testing candidate genes and their pleiotropic effects. Once CRISPR/Cas9
combined with HDR becomes more efficient (Liao et al., 2024), this protocol can
additionally be extended to validate the role of specific alleles in ecologically
relevant physiological traits that are not directly visible. This includes the
Gotland timeless allele, which could then be studied as the exact Gotland deletion
rather than as a partial or ‘similar’ deletion.

Chapter III

Introgress the Gotland timeless deletion into the Stockholm
genetic background through backcrossing and selection to
functionally test if the deletion influences photoperiodic timing
for diapause induction, and assess its effect size.

Since we were not successful in functionally testing the Gotland deletion in
timeless using CRISPR/Cas9, we used the more labor-intensive approach of
introgressing the deletion from the Gotland population into the Stockholm
population via backcrossing and selective breeding. Tracking the deletion was
again performed using PCR and gel electrophoresis. Introgression allowed us to
functionally test the exact deletion in the Gotland population’s timeless gene.
However, we would likely not select for the deletion alone, but also for linked
genes. Therefore, we would be functionally validating a genomic region
including timeless. Additionally, the genetic background would not purely be
from the Stockholm population. Still, we believed this approach could give
valuable insight into the effect of timeless polymorphism on seasonal timing of
diapause induction.

We backcrossed the fimeless deletion into individuals from the Stockholm
population until we established a population where individuals carried sex
chromosomes, mitochondrial DNA, and on average 87.5% of autosomal content
from the Stockholm population (Figure 14). Individuals differed in their timeless
genotype, being either homozygous for the Gotland deletion or the Stockholm
allele, or being heterozygous. By selecting homozygous individuals and mating
them within their genotype, we created two separate lines that on average differed
only at the genomic region carrying timeless: one homozygous for the Gotland
timeless deletion (TGTG) and one homozygous for the Stockholm timeless allele
(TSTS).
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Female Male

(zw) (z2)
Generation 1l
From Gotland | | From Stockholm|
=
17 matings
GG: from 9 families
$S: from min. 7 families
Average expected percentage of
autosomes from the populations Gotland (G) and Stockholm (S) 100G:0S 0G:100S
Timeless genotype, with the deletion (TG) or the alternative allele (Ts) TGTG TsTs
F2
13 matings
GS: from ~6 families
SS: from ~5 families
50G:50S 0G:100S
Male offspring inherit Z chromosomes from Stockholm from both parents TeTs TsTs
F3
. 11 matings
Selection: only male hybrids carrying the TG allele were mated x GS: from 4 families II Recombination
SS: from 6 families
0G:100S 25G:755
Offspring inherit sex cl and mif ial DNA from TsTS I TeTS
F4
Sele ly hybrid: he TG allel d eoings
election: only hybrids carrying the TG allele were mate x GS: from ~5 families P
Hybrids are mated with each other to create homozygotes Recombination
12.5G:87.55 12.5G:87.55
TaTs 7a\ TeTs
Selecting TGTG & TsTs I Recombination
Homozygotes were mated
together to create the
TeTe and TsTs genotypes 12.5G:87.55 12, SG B/ 55 12/ 5(, 37 55 12. 5(, 37 55 12.5G:87.55 12 SG 87.55
TeTe /\ TsTs \ TsTs
F6
12. SG 37 55 12 SG 87 55 12, SG 87 55 123 SG 87 55
Genotype TGTG Genotype TsYs
The TGTG genotype resulted from 8 The TsTs genotype resulted from 6
matings from 5 families matings from 4 families.
(5 males mated). A total of 304 A total of 309 offspring were used
offspring were used for the essay. for the assay.

Figure 14. lllustration of how we introgressed the Gotland timeless deletion into
the Stockholm genetic background. Females from the Gotland and males from
the Stockholm population were mated to create hybrids with their autosomes
being 50-50 from each population. Additionally, they were heterozygotes for the
timeless deletion (TGTS). Females of these hybrids were mated with Stockholm
males (backcrossed), creating hybrids with on average 75% of their autosomes
from the Stockholm population. Moreover, the males of this generation could
only carry Z-chromosomes from Stockholm. Therefore, F3 hybrid males were
genotyped, and only individuals carrying the timeless deletion were used for F4
matings. This created individuals with on average 87.5% of their autosomes from
Stockholm. In addition, due to the females in F3 being from Stockholm, all Z-
chromosomes as well as mitochondrial DNA were from Stockholm. Hybrids
carrying the deletion were then mated with each other to create homozygotes. As
heterozygote matings result in both homo- and heterozygote offspring, in F5 we
only mated homozygote individuals with their own genotype, creating the lines
from the experiement.
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The two genotypes were then exposed to two photoperiodic treatments close to
the Stockholm population’s CPP for diapause induction (19 h) and entry (18.6 h)
and a constant temperature of 18°C (Chapter I; Aalberg Haugen & Gotthard,
2015). By focusing on photoperiods near the CPPs, we maximized the probability
of detecting variation in diapause responses between the genotypes. In addition,
as the difference in the responses was likely small, we used a large sample size
(304-309 individuals per line).

The results revealed that the two genotypes differed significantly in the
proportions that induced diapause (Figure 15a). No consistent effects were
detected on life-history traits such as development rate and body weight,
indicating that the genomic region including timeless specifically affects
photoperiodic timing.

The effect of the genomic region containing the timeless deletion was large,
causing a major shift in photoperiodic timing between the genotypes.
Comparison with the original populations (data from Chapter I) showed that each
genotype aligned significantly only with the population carrying the same
timeless allele, although both genotypes were primarily from Stockholm (Figure
16a).

Use the same individuals to test if the deletion affects the timing
of diapause entry, thereby assessing potential pleiotropic effects.

The genomic region including timeless also influenced the timing of diapause
entry to a large degree (Figure 15b), and comparisons with the original
populations again showed that each genotype aligned significantly only with the
population carrying the same timeless allele (Figure 16b). This indicates that
these two photoperiodic plastic traits share a common genetic architecture at this
locus.
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Chapter IV

To use the introgressed genotypes generated in Chapter III to test
if the Gotland timeless deletion has pleiotropic effects on the
timing of diapause termination.

Since there was a pleiotropic effect of the genomic region containing timeless
on seasonal timing of diapause entry, we aimed to investigate if this region
additionally influences the timing of diapause termination. This is conceivable,
as diapause termination timing appears to sometimes be regulated by
environmental cues in insects (Tauber & Tauber, 1976; Hodek, 2013; Lehmann
etal., 2017). Additionally, the Gotland population differs significantly from three
other populations, including the Stockholm population, in termination timing:
Gotland individuals terminate diapause after approximately four months,
whereas the other populations terminate after about three months (Lindestad et
al., 2020). The timeless deletion may contribute to differences in termination
timing.

Siblings of the genotypes from Chapter III were reared under diapause
conditions in a separate experiment. Because diapause termination cannot be
measured directly, we assessed termination time indirectly by measuring post-
diapause development time, as has previously been done for this species
(Lindestad et al., 2020). Post-diapause development time was measured as the
time from when individuals were removed from cold conditions (2 °C) to adult
eclosion. If this time was around 15.5 days at 17 °C, they were interpreted as
having terminated diapause before being removed from the cold conditions.
Longer development times indicated a greater distance from diapause
termination. Individuals were taken out of diapause after two and three months,
when the Gotland and Stockholm populations previously have shown the greatest
variation in diapause termination time (Lindestad et al., 2020). This increased the
chance of measuring a difference in response between the two genotypes. We
also compared our results to raw data from the original populations carrying the
different timeless alleles (raw data from Lindestad et al., 2020).

We did not detect any significant difference in post-diapause pupal
development time, and thus termination timing, between the genotypes (Figure
17). Both genotypes aligned significantly with the Stockholm population, from
which they inherited the majority of their genetic background. This suggests that
the timeless deletion does not exert pleiotropic effects on diapause termination
timing, and that the observed differences among populations are likely driven by
variation at other loci.

37



® Stockholm

’Q 3 - = TSTS
3 v Gotland
= 2 - A TGTG
C
[0]
E o _| }
g }
e g i1t
B e ] LY W
T © _
Q_ -
=}
o | 1

2 3

Months in cold

Figure 17. Post-diapause pupal development time, as a measure of diapause
termination timing, for the two lines (light blue: homozygous for the Gotland
timeless deletion (TGTG), light green: homozygous for the Stockholm timeless
allele (TSTS)) and the Gotland (dark blue) and Stockholm (dark green)
populations. Raw data for the pure populations are from Lindestad et al. (2020).
The symbols show mean pupal development time (% bootstrapped 95%
confidence interval) in days after 2 or 3 months in cold conditions. The horizontal
grey dotted line indicates the expected pupal development time after diapause
has been terminated.

Discussion

In this thesis, I investigated the genotype-phenotype relationship underlying the
seasonal timing of diapause induction in natural populations of Pararge aegeria.
The results show that 1) the genotype-phenotype map can vary across
populations; populations originating from different colonization events showed
Z-linked effects on diapause induction timing, whereas populations originating
from the same colonization event did not. 2) A genomic region containing a
candidate locus can have a large effect on photoperiodic timing of diapause
induction; introgression of a timeless allele, carrying a naturally occurring
deletion, from one population into another almost recovered the diapause
response of the population naturally carrying the deletion. 3) Pleiotropic effects
can be phase- and locus-restricted; while the Z-linked effect influenced diapause
induction timing without influencing diapause entry timing, the genomic region
containing timeless had a strong effect on entry timing. However, the genomic
region containing timeless had no measurable effects on diapause termination
timing. Taken together, these properties of the genotype-phenotype relationship
may previously have influenced, and possibly facilitated, the adaptation of
seasonal timing in P. aegeria.
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Consistency of the genotype-phenotype map

Over short evolutionary time, it is commonly expected that the genotype-
phenotype map is consistent across populations (Haldane, 1990; Gompel &
Prud’homme, 2009; Conte et al., 2012). For the populations investigated in this
thesis, the maximum divergence time is suggested to be 18,000 years (Lorius et
al., 1988; Aalberg Haugen & Gotthard, 2015; Lindestad et al., 2022), which is
considered a short evolutionary time (Gompel & Prud’homme, 2009; Conte et
al., 2012; Bohutinska & Peichel, 2024). Despite this, we found that the genotype-
phenotype map differed. The fact that similar variation in photoperiodic timing
of diapause induction can occur through variation in different genes can,
potentially, facilitate adaptation during environmental change and colonization.

The study included only two population pairs, so the current distribution of the
Z-linked variation cannot be determined. However, as the Z-linkage was present
only in the population originating from the latest colonization into Sweden, it
could suggest that the current distribution of P. aegeria in Sweden is divided not
only by colonization history but also by the contribution of Z-linkage to
phenotypic variation in photoperiodic timing of diapause induction. This division
appears still to be separated by an area with low abundance combined with
limited gene flow (Aalberg Haugen & Gotthard, 2015; Lindestad et al., 2022).
The origin of the Z-linked variation, additionally, needs further investigation. It
is likely that the Z-linked variation evolved in the south after the first colonization
of Sweden and was part of the standing genetic variation during the second
colonization. Alternatively, the variation on the Z chromosome was present in
the standing genetic variation during both colonizations, but during the earliest
colonization a shift in diapause response occurred through alternative variation
by chance.

Effect sizes of candidate loci

The genomic region containing the circadian clock gene timeless had a large
effect on the diapause response. Further investigation is needed to disentangle
whether this is the phenotypic effect of the region when present in the Gotland
genetic background, or whether it is the result of epistatic interactions. The TGTG
genotype in Chapter III consisted of the Gotland fimeless allele combined the
Stockholm period allele. In the circadian clock, TIM functions as a stabilizer for
PER and CRY2, and is important for negatively regulating transcription (Meuti
& Denlinger, 2013). Therefore, the response of the TGTG genotype may
represent epistatic interactions between circadian clock genes originating from
different populations. For instance, by transferring genes from Drosophila
pseudoobscura into Drosophila melanogaster it has been shown that epistatic
interactions between period and timeless alleles can influence circadian clock
characteristics (Noreen et al., 2018). It is therefore possible that epistatic
interactions between timeless and period, or other circadian clock genes, could
additionally influence the photoperiodic response to diapause induction. Beyond
this, whether the response is a result of allelic variation in timeless alone or in
combination with linked loci in the introgressed genomic region is still unknown.
For instance, variation in two other genes in close linkage with timeless has also
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been associated with variation in diapause timing in this species (Pruisscher et
al.,, 2018). These genes, kinesin-associated protein 3 and carnitine O-
acetyltransferase, are, however, not expected to contribute to diapause induction
timing (Landers et al., 2009; Muoio et al., 2012; Volpicella et al., 2025).
Nevertheless, while this needs further investigation, the results suggest that the
timeless deletion has a strong influence on the difference in diapause induction
timing between the populations.

Due to the effect size of the genomic region, one can speculate that the timeless
deletion became fixed in the Gotland population during the early colonization of
the Gotland island. At this event, the large effect could have facilitated rapid
adaptation when the photoperiodic reaction norm was likely far from its local
optimum. But where did the deletion come from? One option is, that it may, by
chance, have arisen as a de novo mutation around the time the species colonized
the Gotland Island. Another option is, that it has been introduced through gene
flow. For instance, it is currently unknown if the deletion occurs in populations
outside Sweden, for example, east of the Baltic Sea. However, rapid adaptation
is often expected to draw primarily from the standing genetic variation of the
source populations (Lande, 1983; Fuhrmann et al., 2023), as illustrated by the
threespine sticklebacks that repeatedly evolved a low-armor plate phenotype in
freshwater lakes via a major effect locus present in the standing genetic variation
at low frequency (Colosimo et al., 2005). Perhaps the deletion was part of the
standing genetic variation during the oldest colonization of Sweden, and has
since been selected against in other populations, due to its large effect size. Or it
may still be present in the standing genetic variation in low frequency, despite
not being detected when sequencing and genotyping individuals from other
populations (Pruisscher et al., 2018; Lindestad et al., 2022). However, if the
Gotland population rapidly adapted to the environmental conditions on the island
due to the deletion becoming fixed from standing genetic variation in the source
population, it raises a broader question: if alleles with large phenotypic effects
are expected to rapidly reach fixation or get lost due to selection, what is
maintaining them in the standing genetic variation?

Pleiotropic effects of candidate loci

Diapause induction and entry timing, which can likely benefit from correlated
adaptive responses, are partly regulated by the same genetic mechanisms. In
addition, diapause termination timing, where correlation may cause evolutionary
constraint, is at least largely regulated independently. These qualities of the
genetic architecture provide an interesting combination of positive correlation
and the possibility for independent evolution of seasonal timing in this species.

The correlated responses of the genomic region including timeless on induction
and entry timing may have been essential to rapidly adapt to the Gotland
environment during its colonization. In addition, if diapause induction and entry
timing in general are only partly regulated by the same genetic mechanisms, this
may have enabled long-term independent evolution of these traits; Nielsen et al.
(2023) found that across 30 years of climate change the Stockholm and Ransvik
(south) populations had shifted their diapause induction timing while keeping
diapause entry timing relatively constant.
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The limited pleiotropic effects on diapause termination timing leave the trait to
adapt independently and suggests that differences in termination timing between
the Gotland and other Swedish populations reflect local adaptation (Lindestad et
al., 2020). This interpretation is supported by seasonal cycle reconstructions,
showing that individuals from Gotland terminate diapause later than individuals
from other populations due to their partial bivoltinism (Lindestad et al., 2020).
Gotland individuals that diapause after two generations enter diapause around
three months before temperatures become sufficiently low for quiescence, as do
individuals in other populations. However, individuals that diapause after one
generation enter diapause approximately four months before the cold, creating
the difference in termination timing. If this interpretation is correct, then the lack
of strong pleiotropic effects between diapause induction and termination timing
may have enabled population divergence and contributed to the Gotland
population’s ability to maintain a partial second annual generation. However, as
termination timing requires some sense of time it does leave the question: if
diapause termination is not regulated by the same genetic mechanisms as
diapause induction and entry timing, what other timing mechanisms are
involved?

It has been suggested that for complex traits, large-effect loci can have
deleterious pleiotropic effects, and if so, are only fixed due to recent strong
selection (Rockman, 2012). They will, therefore, not contribute to long-term
evolution (Rockman, 2012). If this is the case, then the timeless deletion will
likely be selected against, as soon as alternative alleles of minor effects evolve.
However, further investigation is needed to reveal potential additional pleiotropic
effects of the deletion.

Circadian clock gene

If the timeless gene, and potentially the circadian clock, contributes to variation
in photoperiodic timing in P. aegeria between the Stockholm and Gotland
populations, it is still unclear how. Due to the size of the timeless deletion,
estimated to truncate the protein by 8% (Lindestad et al., 2022), the TIM protein
may not be functional. If this is the case, the difference in timing measured in
Chapter III may reflect the consequence of a non-functional circadian clock.
However, as variation in timeless has been associated with trait variation between
other populations without the deletion (Pruisscher et al., 2018), timeless likely
contributes to phenotypic variation in photoperiodic timing of diapause induction
in general in the species. The variation in circadian clock genes may therefore
result from either gene pleiotropy, influencing seasonal timing alone, or modular
pleiotropy, influencing both circadian and seasonal timing (Goto, 2013). Both are
possible, but the current data suggest that modular pleiotropy is most likely, as
has been suggested for other species (Hut et al., 2013; Manoli et al., 2025). For
instance, not only timeless but also period has been shown to be associated with
variation in induction timing between two populations in Sweden (Pruisscher et
al., 2018), and may contribute to phenotypic variation detected in Chapter I of
this thesis. Additionally, several circadian clock genes have shown elevated
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divergence across eight Swedish and one Danish population, compared to the
genetic background, suggesting that circadian clock genes in general contribute
to local adaptation (Lindestad et al., 2022). However, further investigation is
needed to reveal the relationship between the two timing mechanisms in this
species.

Naturally occurring timeless alleles cause variation in seasonal timing of
diapause induction in natural populations of D. melanogaster. Chapter III in the
present thesis suggests that the same is the case for P. aegeria (Tauber et al.,
2007). This supports the hypothesis that circadian clock genes can be important
for regulating seasonal timing in insects, as substantial evidence suggests (Ikeno
etal.,2010; Yamada & Yamamoto, 2011; Hut et al., 2013; Pruisscher et al., 2018;
Gotthard & Wheat, 2019; Pruisscher et al., 2021; Lindestad et al., 2022; Jin et al.,
2024; Tobita & Kiuchi, 2024; Manoli et al., 2025; Zheng et al., 2025; Baral et
al., 2026). Furthermore, the fact that P. aegeria and D. melanogaster diapause in
different life stages and timeless has slightly different roles in their circadian
clocks (Meuti & Denlinger, 2013) supports the proposition that, as diapause
evolved independently across insect lineages (Hand et al., 2016; Ragland &
Keep, 2017; Halali et al., 2025), the circadian clock, or circadian clock genes,
may have repeatedly been recruited to contribute to seasonal regulation (Goto,
2013; Hut et al., 2013; Meuti & Denlinger, 2013).

Concluding remarks

By investigating the genotype-phenotype relationship underlying photoperiodic
timing of diapause induction in P. aegeria in natural populations, we found two
results that contradict general expectations: an inconsistency in the genotype-
phenotype map across recently diverged populations (Haldane, 1990; Gompel &
Prud’homme, 2009; Conte et al., 2012; Bohutinska & Peichel, 2024), and a
candidate locus that may have a large effect on the phenotype (Lande, 1983).

While the genotype-phenotype map is generally observed to be consistent
across natural populations, there are exceptions (Conte et al., 2012; Bohutinska
& Peichel, 2024). In the present thesis, we add to these exceptions by finding that
the genotype-phenotype map varies in the contribution of Z-linked variation to
differences in diapause induction timing between populations of P. aegeria.
Therefore, it should not be assumed that the genotype-phenotype map is
consistent across natural populations, especially when populations have
experienced repeated colonization events. This may occur even among recently
diverged populations and for traits that appear to undergo relatively rapid
adaptive evolution.

That complex traits can have single loci with large effects on phenotypic
variation in natural populations is relatively rare, but such cases have been
increasingly reported (Greenspan, 2004; Colosimo et al., 2005; Williams et al.,
2006; Tauber et al., 2007). This includes photoperiodic timing of diapause
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induction, where the present thesis suggests, and a study on D. melanogaster
shows, that natural variation in timeless can have a large phenotypic effect on the
diapause response (Tauber et al., 2007). In addition, in D. melanogaster the gene
insulin-regulated PI3-kinase has been reported to have the potential to cause large
effects (Williams et al., 2006). Consequently, for diapause induction timing and
other complex traits, it cannot be assumed that large-eftect loci do not contribute
to adaptation (Lande, 1983), especially for complex traits that experience
relatively strong directional selection across generations (Bradshaw & Holzapfel,
2001; Sadakiyo & Ishihara, 2011; Nielsen et al., 2023; Siemers et al., 2024).

While loci of large effect may be rare contributors to local adaptation in natural
populations, the genomic region functionally tested in this thesis may represent
a key driver of important life-history changes in the Gotland population. Notably,
the Gotland population is partly bivoltine, whereas the Stockholm population is
univoltine (Lindestad et al., 2019). The partial bivoltinism in the Gotland
population is likely facilitated by this genomic region, containing the timeless
deletion. This may occur directly, due to its major effect on diapause induction
timing, as suggesting by previous modelling of life history in this species
indicating that photoperiodic regulation of diapause induction is the main
determinant of voltinism in P. aegeria (Lindestad et al., 2019). It may also occur
indirectly, due to the region’s lack of pleiotropic effects on diapause termination
timing, thereby enabling the independent evolution of a shift in diapause
termination timing that may be required for partial bivoltinism on Gotland
(Lindestad et al., 2020).

Functional validation of candidate loci for phenotypic variation in seasonal
timing and other complex traits offers an important step towards understanding
the genotype-phenotype relationship and its consistency across natural
populations. To contribute to future investigations, this thesis expands the
available methodological approaches. We introduce an approach for studying the
consistency of the genotype-phenotype map across populations by comparison
Z-linked effects among multiple population pairs. Additionally, we provide a
highly efficient CRISPR/Cas9 germline-editing protocol for P. aegeria, enabling
the functional validation of candidate genes underlying physiological, non-
visible traits.
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Svensk sammanfattning

Att forstd sambandet mellan genotyp och fenotyp i naturliga populationer ar ett
centralt mal inom ekologi och evolutionsbiologi. Sdsongsméssig timing for
induktion av diapaus &r en viktig egenskap for dverlevnad hos manga insekter.
Aven om mainga studier har identifierat ett samband mellan genetisk och
fenotypisk variation ar det ovanlig med en funktionell validering av potentiella
kandidatgener eller regioner. Det dr dessutom fa studier som har undersokt i
vilken utsrdckning relationen mellan genotyp och fenotyp dr densamma i olika
populationer.

I denna avhandling har jag anvidnt badde nya och etablerade metoder for att
undersoka sambandet mellan genotyp och fenotyp for fotoperiodisk timing av
diapausinduktion hos fjérilen Pararge aegeria. Mina mal var att undersoka: 1)
om sambandet mellan genotyp och fenotyp ar konsekvent mellan populationer,
2) vilka funktionella effekter kandidatregioner har pa fenotypen, och 3) om dessa
genetiska regioner har pleiotropa effekter pa andra egenskaper som ér viktiga for
sdsongsmissig timing av livscykeln. Jag fokuserade specifikt pa tva
kandidatgener inom den cirkadiska klockan, period och timeless, som tidigare
visat sig vara associerade med fenotypisk variation av diapausinduktion hos
denna art.

I Kapitel I undersokte jag om sambandet mellan genotyp och fenotyp ar
konsekvent mellan populationer. Detta gjordes genom att undersdka om likartad
fenotypisk variation som uppstatt vid upprepade koloniseringstillfallen av sddra
Sverige orsakas av genetisk variation i samma gener. Jag utnyttjade det faktum
att period &r lokaliserad pa Z-kromosomen och skapade en reciprok
hybridkorsning mellan populationer som kunde jimforas med resultaten fran en
liknande studie med ett annat populationspar. Resultaten visade att induktion av
diapaus var kopplad till gener pad Z-kromosomen nir en korsning mellan tva
populationer frdn separata koloniseringstillfallen av Sverige undersoktes.
Diremot fanns ingen sadan Z-koppling for induktion av diapaus vid korsning
mellan tvd mer nérbesléktatde populationer fran samma koloniseringstillfélle.
Detta tyder pa att likartad fenotypisk variation har evolverat genom selektion pa
olika genomiska regioner och att relationen mellan genotyp och fenotyp for
sdsongsméssig timing av diapausinduktion kan variera mellan populationer.

I Kapitel II utvecklade jag ett mycket effektivt protokoll for att generera
mutationer i kdnsceller hos P. aegeria, vilket mojliggdr funktionell validering av
kandidatgener som bidrar till utvecklingen av icke-synliga fysiologiska
egenskaper, och kan bidra till funktionell validering av kandidatregioner i
framtida forskning.

I Kapitel III korsade jag in en naturligt forekommande deletion i timeless frin
en population dér den &r fixerad, till en annan population dir deletionen inte
forekommer, genom aterkorsning och selektiv avel. Jag skapade tva linjer, en
med och en utan deletion, och fann att den genomiska region som inkluderar
deletionen hade en stor effekt pd fotoperiodisk timing diapausinduktion.
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Dessutom hade den en effekt pa timing for diapausintrddande, vilket visade att
denna genetisk variant har pleiotropa effekter pa en annan relaterad egenskap for
sdsongsmaissig timing.

I Kapitel IV anvénde jag syskonindivider fran de tva inkorsade, homozygota,
linjerna och fann att den aktuella genomiska regionen inte orsakar pleiotropa
effekter pa sdsongsmassig timing for avslutande av diapaus som utg6r helt annan
del diapausen.

Resultaten tyder pa att sambandet mellan genotyp och fenotyp for fotoperiodisk
timing av diapausinduktion hos populationen pa Gotland beror pa en genomisk
region som innehaller timeless, och att en deletion i denna gen kan ha en stor
effekt pa fenotypen. Dessutom har denna genomiska region en pleiotrop effekt
pé en annan egenskap for sdsongsmissig timing som kan gynnas av korrelerad
evolution. Dessa forhallanden kan ha underléttat en snabb evolutionir anpassning
under den initiala kolonisationen av Gotland.

Tvéa fynd utmanar typiska forvintningar. For det forsta, att den genomiska
region som innehdller timeless tycks ha en stark fenotypisk effekt pa timing av
diapausinduktion. Detta ifrdgasitter idén att komplexa egenskaper huvudsakligen
regleras av ménga loci med sma effekter, och stéller fragor om den evolutionéra
uppkomsten och bibehallandet av loci med stora effekter. For det andra, det antas
ofta att sambandet mellan genotyp och fenotyp é&r likartat hos populationer som
relativt nyligen har divergerat evolutionirt. Detta tycks emellertid inte fallet for
fotoperiodisk timing av diapausinduktion som divergerat relativt nyligen mellan
populationer av P. aegeria. Detta antyder pé att man inte kan anta att sambandet
mellan genotyp och fenotyp ar konstant dven for komplexa egenskaper, sérskilt
inte om de divergerat pd grund av upprepade koloniseringar. Funktionell
validering av kandidatregioner som péaverkar sdsongsmdssig timing andra
komplexa egenskaper utgdr en lovande inriktning for béttre forstd i vilken
utstrackning relationen mellan genotyp och fenotyp &r konsekvent.
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