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Abstract
Natural selection will act on a given phenotype to maximize fitness in a particular environment, even if this would result
in reduced fitness in other environments. In insects some of the strongest selection pressures act on timing life cycles to
seasonal variation in environmental conditions, in order to maximize growth, reproduction, and to anticipate the onset of
winter. Many temperate insects survive winter by entering a pre-programmed state of developmental arrest, called diapause.
The decision to induce diapause is predominantly based on measuring day length. Populations have adapted to latitudinal
variation in photoperiod, thereby synchronizing with local seasonal variation. However, there is no general understanding
of the genetic basis for controlling diapause induction, maintenance and termination. In this thesis I aimed to gain a better
understanding of the genetic basis underlying variation in the induction decision, as well as to gain insights into gene
expression changes during diapause in temperate butterflies.

I started by revealing local adaptation in the photoperiodic response of two divergent populations of Pieris napi (Paper
I). I found that variation in diapause induction among populations of both P. napi and Pararge aegeria showed strong
sex-linked inheritance in inter-population crosses (Paper I and II). The genome-wide variation across populations was
relatively low in both species. However, there was strong divergence in genomic regions containing the circadian clock
genes timeless and period in P. aegeria, and period, cycle, and clock in P. napi. The genetic variation in these specific
regions segregated between diapausing and direct developing individuals of inter-population crosses, showing that allelic
variation at few genes with known functions in the circadian clock correlated to variation in diapause induction (Paper
II and III).

Furthermore, I investigated the transcriptional dynamics in two tissues (head and abdomen) during diapause (Paper
IV). Already at the first day of pupal development there are on average 409 differentially expressed genes (DEG) each up
and down regulated between the direct development and diapause pathways, and this increases dramatically across these
formative stages to an average of 2695. Moreover, gene expression is highly dynamic during diapause, showing more than
2600 DEG’s in the first month of diapause development, but only 20 DEG’s in the third month. Moreover, gene expression
is independent of environmental conditions, revealing a pre-programmed transcriptional landscape that is active during the
winter. Still, adults emerging from either the direct or diapause pathways do not show large transcriptomic differences,
suggesting the adult phenotype is strongly canalized.

Thus, by integrating whole-genome scans with targeted genotyping and bulk-segregant analyses in population crosses,
I demonstrate that adaptive variation in seasonal life cycle regulation in the two butterflies P. napi and P. aegeria both
converge on genes of the circadian clock, suggesting convergent evolution in these distantly related butterflies.

Moreover, the diapause program is a dynamic process with a distinct transcriptional profile in comparison to direct
development, showing that on a transcriptome level diapause development and direct development are two distinct
developmental strategies.
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INTRODUCTION 
 

Local adaptation 
Environmental variation can be a significant cause of stress for organisms, as it varies 
spatially among habitats and temporally across seasons. Standing genetic variation that is 
present in a population carries with it the potential for natural selection to maximize 
chances for survival and production of offspring in a particular environment. This adaptation 
to local environments can result in optimized life history traits in a given environment, 
regardless of potentially negative fitness consequences in other environments (Kawecki & 
Ebert 2004). 
 
Studying local adaptation can contribute to understanding the processes that lead to local 
adaptation, and how populations diverge from each other (Schluter 2001). However, there 
are several factors that can affect the potential of a population to adapt to local conditions. 
These factors include gene flow from other populations (Levene 1953; Lenormand 2002), 
genetic drift in small populations (Lande 1976), lack of genetic variability for natural 
selection to act upon (Barrett & Schluter 2008), or trade-offs stemming from natural 
selection acting on other traits (Kingsolver & Diamond 2011). The process of local 
adaptation makes it possible for populations to remain in a changing environment, such as 
through range shifts (Davis & Shaw 2001). 
 

Genetic basis of local adaptation 
When natural selection acts on a phenotype, a given population can shift in allele frequency 
at the associated loci involved. With time, this can lead to adaptive divergence of alleles. 
However, understanding which loci or genes are involved in bringing about a locally adaptive 
trait remains a challenge. The genetic architecture plays a role, as there can be many genes 
with small effects involved (a polygenic trait), or only a handful of genes (oligogenic). 
Selection can occur on standing genetic variation, but also on new mutations. Depending 
on the genetic background of a trait, and the strength of selection acting on it, the ability to 
detect the genes involved will vary (Barrett & Schluter 2008; Savolainen et al. 2013). 
 
The scientific field of functional genomics aims to understand the complex relationship 
between genotype and phenotype on a genome-wide scale. With the new possibilities that 
high throughput sequencing brings, a number of methods assist in the search for identifying 
the genes involved in local adaptation (Hoban et al. 2016). As an initial step, investigating 
genome-wide variation between populations can reveal allele frequencies that are 
differentiated across populations in a manner that deviate from the expected neutral 
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differentiation. These outliers can then be correlated with environmental data from where 
these populations occur to associate the outlier loci with these environmental variables 
(Coop et al. 2010). Data on genome-wide differences between populations can also be 
combined with information on recombination rates in order to investigate selective sweeps.  
QTL mapping in a reciprocal transplant experiment allows for the identification of QTL’s 
involved in local adaptation, as well as estimation of the effect sizes of these QTL’s 
(Savolainen et al. 2013). Genome-wide association studies on the other hand can identify 
SNP’s that associate with a trait.  
 
One example that integrates a number of these methods has revealed a major locus 
controlling adaptive life-history variation in European Aspen (Wang et al. 2018). This study 
is an illustration of the advancements made towards one of the goals of functional 
genomics: to connect patterns of selection in a direct and causal way to the phenotype of 
interest. Understanding which genes and genetic architectures are involved in local 
adaptation will aid in addressing larger questions on evolution, such as investigating the 
strength of selection that is needed for adaptation to occur despite gene flow or other 
opposing forces. It may also aid in predicting the ability of species to persevere despite 
changing climates. 
 

Diapause 
In insects, one widespread adaptation for mitigating unfavourable seasons is diapause (Lees 
1955; Tauber & Tauber 1976). Diapause is a state of developmental arrest that transports 
the individual through the detrimental environmental conditions (that are negatively 
affecting development and reproduction, either through lack of resources, or detrimental 
weather conditions) until the return of more favourable conditions. 
 
The diapause programme is generally activated by an environmental stimulus, for which 
most studies point towards photoperiod (Tauber & Tauber 1976; Paolucci et al. 2013), 
although there are also effects from temperature (Tauber et al. 1982), and moisture (Tauber 
et al. 1998). The amount of night vs. day changes over the span of a year, with the length of 
day (light) typically being longer in the summer season, and shorter in the winter season. In 
contrast to other environmental factors, such as temperature, the change in daylength 
(photoperiod) over the time course of a year is predictable and stable over years. This makes 
photoperiod a robust signal that can be used by organisms to measure the time of year, and 
predict oncoming changes. The stimulus is given before the onset of the adverse conditions, 
distinguishing diapause from other dormancy states (Koštál 2006). Populations show signs 
of local adaptation in diapause induction, and in general, for temperate species, populations 
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at higher latitudes will enter the diapause programme at longer day lengths (Lees 1955; 
Tauber et al. 1986; Bradshaw & Holzapfel 2001; Pruisscher et al. 2017). This can be because 
of the variation in amplitude of photoperiod among latitude, or because natural selection 
favours diapause at an earlier date of the season in more northern locations, when the 
length of the growing season is shorter.  
 

Diapause induction and the circadian clock 
A majority of behavioural, metabolic, and physiological processes inside an organism are 
under the influence of a diurnal or other rhythm. The circadian rhythm, which is a 
biochemical oscillator that cycles in a 24-hour period, is set by daily cycles of day light. A 
major hypothesis regarding the mechanisms underlying photoperiodic induction of 
diapause is the Bünning hypothesis (Bünning 1936). This hypothesis links the circadian clock, 
involved in measuring day length, to the photoperiodic clock that is involved in measuring 
season length. 
 
This hypothesis has been tested and, in many cases, the circadian clock appears to be 
involved in diapause (reviewed in, e.g., (Denlinger et al. 2017)), but there are opposing 
results, where in some species the association is significant (Ikeno et al. 2010), but in other 
experiments a relation between the circadian clock and diapause is not confirmed (Emerson 
et al. 2009).  
 
Empirical insights from studies involving crosses shows a plethora of inheritances for 
diapause, which can be for a number of reasons, such as the environmental conditions these 
crosses were raised in, or the genetic background of the populations used in these 
experiments (Bradshaw et al. 2012). One further potential confounding factor in 
contributing to a discrepancy in modes of inheritance found, and the candidate genes 
underlying this inheritance is that some studies focus on the genetic basis of mechanisms 
that influence the capacity to enter diapause (Raina et al. 2011), whereas others focus on 
the variation that underlie adaptive clines of diapause induction (Chen et al. 2012; 
Pruisscher et al. 2017). There is still a need for more empirical insight into how natural 
selection has shaped variation in diapause induction in the wild. This is warranted to be able 
to understand the historic selection dynamics, and to be able to identify the genes 
underlying diapause induction.  
 

Diapause is a process 
Diapause induction is only one part of the diapause programme. Diapause progresses 
through distinct eco-physiological phases, making it a dynamic process, rather than a static 
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pause (Koštál 2006). At the beginning of the diapause programme is the so-called Pre-
diapause. Pre-diapause is characterized by two phases; in the initial induction phase a 
stimulus induces the diapause programme. Second is the preparation phase where gene 
transcription and metabolic pathways are altered in order to prepare for diapause 
(Yamashita 1996). The diapause stage is made up of three phases; initiation begins when 
the life stage in which diapause occurs is reached. This phase is characterized by a regulated 
increase in metabolic suppression (Tauber & Tauber 1976). The diapause maintenance 
phase shows a maintained arrested or severely downregulated metabolic rate, and increase 
in stress or cold tolerance. During the termination phase, diapause is terminated and 
preparation is underway to resume development. It is currently unknown what is 
determining when diapause should be terminated, and this process differs between species 
(Koštál 2006). There is often a period of endogenous diapause in which the phenotype 
cannot be broken, even though temperatures are benign for the resumption of 
development, although this differs between species as well (Koštál 2006). 
 

The study system 
This thesis uses two species that are ecological models for diapause. Their life-history, and 
their diapause phenotype in particular have been researched for decades (e.g. Petersen, 
1949; Shreeve 1986; Karlsson & Johansson 2008; Gotthard & Berger 2010). 
 

 
Figure 1 – The study species. (A) Adult male green-veined white butterfly. (B) Adult male speckled wood 

butterfly. Photos by Charles J Sharp, CC BY-SA 4.0 

 
Papers I, III, and IV use the green-veined white butterfly, Pieris napi (Figure 1B). This species 
is widespread throughout Europe and Asia, as well as North America. It is typically found in 
meadows. It is a facultative diapauser that shows a cline in the propensity for a population 
to diapause, being univoltine (one generation per year) in its northernmost range margin, 
with an increasing number of generations in its more southern distribution (Pruisscher et 
al. 2017). 

A       B 
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Paper II of this thesis focuses on the speckled wood butterfly Pararge aegeria (Figure 1A). 
The species occurs throughout most of Europe and part of northern Africa, and it primarily 
occupies woodlands. P. aegeria is a facultatively diapausing species, and is also univoltine in 
the northern parts of its distribution, and shows an increasing number of generations in 
southern populations (Aalberg Haugen & Gotthard 2015). 
 

OBJECTIVES OF THIS THESIS 
 
In this thesis I aimed to gain a better understanding of the molecular genetic mechanisms 
that control diapause. I focused on two key components, the first being the genetic basis 
underlying variation in the induction decision, and the second revolved around gene 
expression changes during diapause, as well as between diapause and direct developmental 
pathways. The specific aims were to: 
 

• Characterize the photoperiodic response of two divergent populations of P. napi and 
their crosses (Paper I) 
 

• Determine the mode of inheritance that is underlying variation in diapause induction 
of different populations of Pieris napi and Pararge aegeria and their crosses (Paper I 
and II) 

 
• Explore genetic variation between populations that differ in their propensity to 

induce diapause, and connect this to the genetic variation that segregates between 
diapausing and directly developing individuals of between-population crosses (Paper 
II and III) 

 
• Assess gene expression differences between diapausing and directly developing 

pupae, to see if and when the pathways diverge in their transcriptional profile (Paper 
IV) 

 
• Investigate whether there are changes in gene expression during diapause, in order 

to understand the expression dynamics during diapause (Paper IV) 
 

• Examine gene expression differences between the adults that emerge from the two 
different developmental pathways, investigating whether the end-product of the two 
pathways is the same on a transcriptional level (Paper IV)   
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METHODS 
 
Paper I explored the photoperiodic response of two divergent populations of P. napi (one 
Spanish and one Swedish population) by rearing these populations under different 
light:dark regimes and noting their diapause incidences. After this, F1 hybrid crosses as well 
as back-crosses, that were generated by crossing F1 hybrids to additional Swedish 
individuals, were used to assess the mode of inheritance of diapause induction in one 
specific condition. 
 
Paper II used whole genome sequenced data of pooled individuals (i.e. Pool-Seq data) from 
two Swedish populations of P. aegeria. These populations differ in their propensity to enter 
diapause at a given photoperiod. First, these two data sets were used to generate a de novo 
genome assembly. Next, genomic variation was assessed between these two populations, 
and subsequently candidates for local adaptation were identified. Then the association 
between the genetic variants and diapause incidence was investigated in F2 crosses 
between these population using targeted genotyping. For the likely candidate regions for 
local adaptation, genomic signatures of selection were assessed, and the allelic variation 
over three additional populations were investigated using additional genotyping of target 
alleles. Finally, diapausing and direct developing siblings from additional F1 hybrids of the 
two initial populations were used in a Pool-Seq comparison to explore whether other 
genomic regions were associated with diapause induction. 
 
Paper III used Pool-Seq data from the two divergent populations of P. napi, and five families 
of backcrosses that were generated in Paper I. First, genomic variation between the 
populations was characterized, after which genetic variation was assessed between pools 
of diapausing and direct developing individuals for each of the five families. Consistent 
outliers in the backcross families were then intersected with the between-population 
outliers to generate a set of candidate genes for local adaptation in diapause induction. 
 
Paper IV employed RNA-Seq using siblings from a single population of P. napi, in order to 
investigate transcriptome differences in two different body parts (heads and abdomen of 
pupae, as well as heads and thoraces of adults). A time series of four sampling points during 
direct development was compared to eight sampling points in diapause to assess expression 
changes between pathways, as well as over time. Finally, the adults were compared to each 
other to determine lasting effects on the adults after emerging from their respective 
pathways. 
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MAJOR FINDINGS AND CONCLUSIONS 
 

Photoperiodic response 
The first aim of the thesis was to characterize the photoperiodic response of two divergent 
populations of P. napi butterflies. A difference between populations that persists when 
reared in a common environment is the first step in identifying local adaptation. Paper I 
revealed that the Spanish P. napi butterfly population exhibited a dynamic response to 
photoperiod under different conditions, from very low diapause incidence at long 
daylengths to a high percentage of diapause under short day conditions (Figure 2A). The 
Swedish population did not show significant change in the propensity to diapause when 
subjected to varying environmental conditions (Figure 2A). The individuals that did develop 
directly all came from the same families, suggesting relaxed selection on the direct 
development pathway, since this is not expressed in the wild in this population (Aalberg 
Haugen & Gotthard 2015). 
 

 
Figure 2 – Diapause incidence for the pure populations and F1 hybrids. Crosses are designated female 

first. (A) Diapause incidence for the pure Spanish and Swedish populations measured in six different 
photoperiods at 20 °C. A solid line and squares represent the mean diapause incidence and logistic 
fit for the S × S (Barcelona, Spain) population. A dotted line and open squares represent the northern 
population (Abisko, Sweden). Lines represent the generalized linear mixed model model fit. (B) 
Diapause incidences for the F1 hybrid crosses. Open squares and a solid line represent S × N females, 
and open triangles and a dotted line represent S × N males. Solid squares and a solid line represent 
N × S females, and filled triangles and a dotted line represent N × S males. At the lower photoperiods, 
all crosses entered diapause regardless of direction and, at the highest photoperiod measured, all 
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crosses developed directly. However, under an LD 18 : 6 h photoperiod, strong sex-linked induction 
was exhibited in the females, whereas the males showed an intermediate phenotype with a slight 
skew depending on paternal phenotype. Note that, for the F1 hybrids, LD 8 : 16 and LD 12 : 12 h 
crosses were reared at 17 °C, with LD 18 : 6 h at 23 °C and LD 23 : 1 h at 20 °C. 

 

Mode of inheritance 
The second aim of this thesis was to determine the mode of inheritance that is underlying 
variation in diapause induction of different populations of P. napi and P. aegeria. In Paper I 
the P. napi hybrid crosses revealed an inheritance of diapause induction that showed strong 
sex-linkage in the females, while the males showed a propensity to diapause that was 
roughly intermediate to the two original populations (Figure 2B). In concordance with the 
P. napi sex-linkage results, the hybrid crosses in P. aegeria used in Paper II revealed that in 
the F1 hybrids inheritance of the diapause induction decision was sex-linked as well. 
However, the F2 crosses pointed at an autosomal inheritance. These results reveal a 
strongly heritable diapause induction that interacts with the environmental cues received 
during the decision-making stage. 
 

Candidate genes for diapause induction 
The third aim of this thesis was to identify which genomic regions or genes were responsible 
for the variation in the propensity of diapause induction that is seen in the wild. Paper II 
identified genomic candidates in the butterfly P. aegeria. Several genome-wide differences 
were observed between populations in both known and novel candidate genes, which were 
present in two distinct regions in the genome (Figure 3A, C, D). On the sex chromosome a 
region containing the circadian clock gene period was found to be significant, and on 
chromosome four there were three additional genes, kinesin, carnitine O-acetyltransferase 
and circadian clock gene timeless, that were located in close proximity to each other (Figure 
3C, D). Several of these genes contained nonsynonymous differences in their exons and 
these two regions showed a classic signal of a footprint of selection; high divergence 
between populations and low nucleotide diversity within them. The allelic variation in these 
genes, observed over a cline of five populations suggests selection against heterozygote 
individuals at the period and timeless genes. Genotyping the F1 hybrid crosses showed a 
strong association of period, and the timeless region in the F2 crosses (Figure 3B).  
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Figure 3 – Genome-wide differentiation between the populations. (a) Differentiation measured by FST 

in 5 kbp windows by chromosome and position, between the Swedish populations Skåne (southern) 
and Sundsvall (northern) of Pararge aegeria. Chromosomal position is inferred by synteny from 
Bombyx mori, and chromosome 29 denotes sequences not placed in a chromosomal context. The 
larger red dots denote the 15 loci tested in the association analysis, and the grey horizontal line shows 
the 99.5 percentile of the window-based analysis. (b) Association between diapause incidence and 
the genotypes of the candidate loci in the F2 hybrid analysis. Red solid lines and circles denote 
females, and blue dotted lines and squares denote males. Stars denote significance. (c) Nucleotide 
diversity for Skåne (top, red line) and Sundsvall (middle, blue line) in 1 kbp windows, as well as FST 
(bottom, black line) measured in 1 kbp windows for the kinesin/CROT/timeless region on 
chromosome 4. Black squares indicate genes, and red squares indicate the genes significant in the 
association analysis. (d) Nucleotide diversity for Skåne (top, red line) and Sundsvall (middle, blue line) 
in 1 kbp windows, as well as FST (bottom, black line) measured in 1 kbp windows for the period region 
on chromosome 1. Black squares indicate genes, and red squares indicate the genes significant in the 
association analysis. 

 
Paper III identified overall genome-wide differentiation in P. napi that was lower between 
populations compared to what was observed in P. aegeria. There was strong divergence on 
the Z-chromosome, where a number of genes showed differentiation between populations 
(Figure 4). Using five back-crosses in a bulk-segregant analysis, we could significantly 
associate part of the Z-chromosome to the genetic variation segregating between direct 
and diapausing individuals. Several circadian clock genes were present in this region, as well 
as genes with other functions, while the strongest divergence was seen in the circadian 
clock gene period.  
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Figure 4 – QTL results and genome wide divergence in 50kb windows for (A) Chromosome 1, (B) 

modScaffold_17_1 and (C) modScaffold_95_1. The black line indicates population differentiation 
(FST) as measured in 50kb windows. The colored dots represent the FST values of the comparisons 
between direct and diapausing individuals in the five crosses: family 106 is blue, 110 is red, 115 is 
green, 128 is yellow, and 135 is orange, and the corresponding lines are smoothed means and their 
standard deviations. The grey dots on the X-axis represent the 180 outlier windows shared between 
the five crosses, and red dots represent the 46 outlier windows shared between comparisons of 
phenotypes within the crosses and the population comparisons. Black vertical bars below the X-axis 
represent gene models present on the scaffolds. D) synteny plot showing orthology between P. napi 
Chromosome 1, modScaffolds 17_1 and 95_1, and Bombyx mori chromosome 1. 

 
Taken together, the results of both paper II and paper III suggest selection upon both novel 
and existing variation, and reveal the genomic architecture of the diapause decision in local 
populations, finding genes of both large and very small effects, which provides quantitative 
insights into adaptive potential of diapause induction. It is striking that both species show 
divergence in circadian clock genes that associate to latitudinal variation in diapause 
induction. While the actual gene-specific effects are not the same (timeless in P. aegeria, 
versus period in P. napi), they are both components of the same circadian time-keeping 
mechanism. This hints at convergent evolution of the photoperiodic induction of diapause. 
 
It is unknown whether it is the circadian clock, or the individual genes that have an effect 
on diapause induction. As the circadian clock is an important mechanism for tracking time 
and regulating many other processes, its primary function would probably be conserved, 
and these genes should have a downstream effect on diapause. Furthermore, there are 
species, such as the butterfly Anthocharis cardamines, which have an obligate diapause 
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(Stålhandske et al. 2015), and still need a functional circadian clock. This shows that just 
having clock genes does not have to lead to the ability or inability to switch between 
developmental pathways. Still, even obligately diapausing species need to time their entry 
into diapause, where individuals that are later into the growing season will speed up 
development in order to be prepared in time for winter (Gotthard 2008). 
 

Gene expression differences between the pathways 
The fourth aim was to characterize the initial divergence between pupae that developed 
directly versus pupae that entered diapause, using head and abdomen tissues from siblings 
that experienced two different environmental conditions (Figure 5A). Already at the 
initiation of the pupal stage, there are 409 differentially expressed genes (DEG’s) between 
direct developing and diapausing pupae. This number only increased over time, where the 
number of DEG’s increased across these formative stages to on average 2695 genes at day 
6. This was true for both head and abdomen tissue types. This represents an early 
divergence of the pathways, that is reflected transcriptome-wide (Figure 5B, C). 
 

 
Figure 5 – Comparison of gene expression profiles between two different developmental trajectories 

(direct vs. diapause), across developmental time and between body parts. (A) All samples originated 
from a randomized split brood design and were reared in 20°C under either LD 22h:2h, and thus 
triggering the direct development pathway, or LD 10h:14h, and thus triggering the diapause pathway. 
For the diapause samples lights were turned off completely from day 17 until day 144. The 
temperature was lowered to 10°C on day 10, and to 2°C on day 17. On day 144 temperature was 
increased to 10°C, and to 20°C on day 151. Four replicates were taken for each of two body parts per 
sampling point. For the pupal stage these were head and abdomen, and for the adults these were 
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head and thorax. (B) Principal component analysis (PCA) on gene expression of all genes for the pupal 
head samples. (C) PCA on gene expression of all genes for the pupal abdomen samples. For both (B) 
and (C) the arrows indicate the overall time progression of the diapause (grey), or direct (red) 
development samples. Circles were drawn to aid in identification of replicates.  

 

Transcriptomic profiling of diapause. 
Looking at gene expression in the diapause pathway only, revealed a dynamic landscape 
with lots of up- and down-regulation during the first month of the pupal stage. Then, 
somewhere between day 24 and 114 the pupa reaches an expression profile that remains 
unchanged until day 144 (Figure 5B, C). Moreover, gene expression is independent of 
environmental conditions, revealing a pre-programmed transcriptional landscape that is 
active during the winter. 
 

The end-product of two alternative developmental pathways 
The last aim was to compare the adults that emerged from the two different pathways. 
There is a low number of DEG’s in the end-product of the two developmental pathways, 
diapause and direct development, showing only 70 DEG’s in each head and abdomen 
tissues, whereas the other ~30,000 genes remain unchanged. This suggests a strongly 
canalized end-product from the perspective of the transcriptome. 
 

Concluding remarks 
In this thesis I investigated the genomic architecture of variation in diapause induction. I 
reveal regions that are significantly associated with diapause induction, and assess to some 
extent the historical selection dynamics acting upon the regions associated with diapause 
induction. It is striking that these distantly related species show divergence in circadian clock 
genes that associates to latitudinal variation in diapause induction. This hints at convergent 
evolution, and gets back to the Bünning hypothesis, where potentially the circadian clock is 
linked to the photoperiodic induction of diapause. Still, there is no proof in this thesis that 
it is the actual circadian clock, or pleiotropy, that connects diapause induction and 
components of the circadian clock, and more work is needed to investigate this. 
 
Moreover, the diapause program is a dynamic process with a distinct transcriptional profile 
in comparison to direct development, showing that on a transcriptome level diapause 
development and direct development are two distinct developmental strategies. 
 
Functional validation of the effects arising from the natural allelic variation observed here 
is challenging, as RNAi-knockdown and CRISPR/Cas-knockouts of circadian clock genes often 
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have deleterious phenotypes for such questions. The approach used here, integrating 
whole-genome scans with targeted genotyping in population crosses, demonstrates that 
adaptive variation in seasonal life cycle regulation may be strongly influenced by allelic 
variation at few genes with known functions in the circadian clock. Gaining such insights 
into the evolutionary history of diapause induction from a larger number of species will 
advance our understanding of this complex phenotype. 
 

REFERENCES 
Aalberg Haugen IM, Gotthard K (2015) Diapause induction and relaxed selection on 

alternative developmental pathways in a butterfly. Journal of Animal Ecology, 84, 464–
472. 

Barrett R, Schluter D (2008) Adaptation from standing genetic variation. Trends in Ecology 
& Evolution, 23, 38–44. 

Bradshaw WE, Holzapfel CM (2001) Genetic shift in photoperiodic response correlated 
with global warming. Proceedings of the National Academy of Sciences, 98, 14509–
14511. 

Bradshaw WE, Emerson KJ, Holzapfel CM (2012) Genetic correlations and the evolution of 
photoperiodic time measurement within a local population of the pitcher-plant 
mosquito, Wyeomyia smithii. Heredity, 108, 473–479. 

Bünning E (1936) Die endonome Tagesrhythmik als Grundlage der photoperiodischen 
Reaktion. Berichte der Deutschen Botanischen Gesellschaft, 54, 590–607. 

Chen C, Xia QW, Chen Y-S, Xiao H-J, Xue FS (2012) Inheritance of photoperiodic control of 
pupal diapause in the cotton bollworm, Helicoverpa armigera (Hübner). Journal of 
Insect Physiology, 58, 1582–1588. 

Coop G, Witonsky D, Di Rienzo A, Pritchard JK (2010) Using environmental correlations to 
identify loci underlying local adaptation. Genetics, 185, 1411–1423. 

Davis MB, Shaw RG (2001) Range Shifts and Adaptive Responses to Quaternary Climate 
Change. Science, 292, 673–679. 

Denlinger DL, Hahn DA, Merlin C, Holzapfel CM, Bradshaw WE (2017) Keeping time 
without a spine: what can the insect clock teach us about seasonal adaptation? 
Philosophical transactions of the Royal Society of London. Series B, Biological sciences, 
372, 20160257. 

Emerson KJ, Dake SJ, Bradshaw WE, Holzapfel CM (2009) Evolution of photoperiodic time 
measurement is independent of the circadian clock in the pitcher-plant mosquito, 
Wyeomyia smithii. Journal of Comparative Physiology A, 195, 385–391. 

Gotthard K (2008) Adaptive Growth Decisions in Butterflies. BioScience, 58, 222–230. 



 23 
 

Gotthard K, Berger D (2010) The diapause decision as a cascade switch for adaptive 
developmental plasticity in body mass in a butterfly. Journal of Evolutionary Biology, 
23, 1129–1137. 

Hoban S, Kelley JL, Lotterhos KE et al. (2016) Finding the Genomic Basis of Local 
Adaptation: Pitfalls, Practical Solutions, and Future Directions. The American 
Naturalist, 188, 379–397. 

Ikeno T, Tanaka SI, Numata H, Goto SG (2010) Photoperiodic diapause under the control of 
circadian clock genes in an insect. BMC biology, 8, 1. 

Karlsson B, Johansson A (2008) Seasonal polyphenism and developmental trade-offs 
between flight ability and egg laying in a pierid butterfly. Proceedings of the Royal 
Society B: Biological Sciences, 275, 2131–2136. 

Kawecki TJ, Ebert D (2004) Conceptual issues in local adaptation. Ecology Letters, 7, 1225–
1241. 

Kingsolver JG, Diamond SE (2011) Phenotypic selection in natural populations: what limits 
directional selection? The American Naturalist, 177, 346–357. 

Koštál V (2006) Eco-physiological phases of insect diapause. Journal of Insect Physiology, 
52, 113–127. 

Lande R (1976) Natural Selection and Random Genetic Drift in Phenotypic Evolution. 
Evolution, 30, 314. 

Lees AD (1955) The Physiology of Diapause in Arthropods. Cambridge University Press. 
Lenormand T (2002) Gene flow and the limits to natural selection. Trends in Ecology & 

Evolution, 17, 183–189. 
Levene H (1953) Genetic Equilibrium When More Than One Ecological Niche is Available. 

The American Naturalist, 87, 331–333. 
Paolucci S, van de Zande L, Beukeboom LW (2013) Adaptive latitudinal cline of 

photoperiodic diapause induction in the parasitoid Nasonia vitripennis in Europe. 
Journal of Evolutionary Biology, 26, 705– 

Petersen, B. (1949). On the Evolution of Pieris napi L. Evolution, 269-278. 
Pruisscher P, Larsdotter-Mellström H, Stefanescu C et al. (2017a) Sex-linked inheritance of 

diapause induction in the butterfly P ieris napi. Physiological Entomology, 42, 257–265. 
Raina AK, Bell RA, Klassen W (2011) Diapause in the pink bollworm: preliminary genetic 

analysis. International Journal of Tropical Insect Science, 1, 231–235. 
Savolainen O, Lascoux M, Merilä J (2013) Ecological genomics of local adaptation. Nature 

reviews. Genetics, 14, 807–820. 
Schluter D (2001) Ecology and the origin of species. Trends in Ecology & Evolution, 16, 

372–380. 
Shreeve TG (1986) The effect of weather on the life cycle of the speckled wood butterfly 

Pararge aegeria. Ecological Entomology, 11, 325–332. 



 24 
 

Stålhandske S, Lehmann P, Pruisscher P, Leimar O (2015) Effect of winter cold duration on 
spring phenology of the orange tip butterfly, Anthocharis cardamines. Ecology and 
Evolution, 5, 5509– 

Tauber MJ, Tauber CA (1976) Insect seasonality: diapause maintenance, termination, and 
postdiapause development. Annual review of entomology. 

Tauber MJ, Tauber CA, Masaki S (1986) Seasonal adaptations of insects. Oxford University, 
New York. 

Tauber MJ, Tauber CA, Nechols JR, Helgesen RG (1982) A new role for temperature in 
insect dormancy: cold maintains diapause in temperate zone Diptera. Science, 218, 
690–691. 

Tauber MJ, Tauber CA, Nyrop JP, Villani MG (1998) Moisture, a Vital but Neglected Factor 
in the Seasonal Ecology of Insects: Hypotheses and Tests of Mechanisms. 
Environmental Entomology, 27, 523–530. 

Wang J, Ding J, Tan B et al. (2018) A major locus controls local adaptation and adaptive life 
history variation in a perennial plant. Genome biology, 19, 72. 

Yamashita O (1996) Diapause hormone of the silkworm, Bombyx mori: Structure, gene 
expression and function. Journal of Insect Physiology, 42, 669–679. 

 

SVENSK SAMMANFATTNING 
Naturligt urval maximerar fitness av enskilda fenotyper under specifika förhållanden, även 
om detta skulle leda till minskad fitness under andra förhållanden. Detta leder till lokal 
anpassning. Insekter är under stark selektion för att ”tima” sin livshistoria till den 
säsongsberoende variationen i klimat, så att de kan maximera tillväxt, fortplantning samt 
överlevnad i den lokal miljön. Många insekter som lever i ett tempererat klimat överlever 
vintern genom att gå in i ett förprogrammerat tillstånd av avstannad utveckling, s.k. diapaus. 
Beslutet att inducera diapaus baseras till största del av dagslängden. Populationer har 
anpassat sig till lokal variation i fotoperiod för att kunna synkronisera sig med den lokala 
variationen i årstider. Kunskapen om vilka genetiska mekanismer som reglerar induktionen, 
upprätthållandet och termineringen av diapaus är dock begränsade. I den här avhandlingen 
presenteras resultat som klargör några av de genetiska mekanismer som ligger bakom 
variationen i induktionsbeslutet, samt för hur genuttrycket ändras under diapaus hos fjärilar 
som lever i tempererat klimat.  
 
Resultaten visar att det finns lokala anpassningar i fotoperiodisk respons hos två 
populationer av Pieris napi (Artikel I). Vi kunde sedan visa att variation i induktion av diapaus 
hade ett könsberoende nedärvningsmönster i korsningar mellan populationer av både P. 



 25 
 

napi och Pararge aegeria (Artikel I och II). Trots att den genetiska variationen mellan 
populationer i allmänhet var relativt låg hos båda arterna, så fanns det betydande skillnader 
i de genomiska regioner som innefattar gener i den cirkadiska klockan hos båda arterna. I P. 
aegeria fanns dessa skillnader i regioner som innehöll generna timeless och period, och hos 
P. napi i regioner som innehöll generna period, cycle och clock. Den genetiska variationen i 
dessa regioner segregerade mellan diapauserande och direktutvecklande avkomma från 
korsningar av de båda ursprungliga populationerna, vilket visar att variation hos ett fåtal 
gener med kända funktioner i den cirkadiska klockan korrelerar med variation i 
diapausinduktion (Artikel II och III) 
 
Vi undersökte även transkriptionsdynamiken i två olika vävnader (huvud och abdomen) 
under diapaus och direktutveckling hos P. napi (Artikel IV). Redan under första dagen efter 
förpuppning såg vi i genomsnitt 409 gener som uttrycktes olika mellan direktutvecklande 
och diapauserande individer. Detta ökade sedan snabbt under den fortsatta utvecklingen 
till i genomsnitt 2695 gener med olika utryck mellan de två alternativa utvecklingsvägarna. 
Genuttrycket var dessutom mycket dynamiskt under diapausen. Under den första månaden 
av diapausutveckling  var mer än 2600 gener differentiellt uttryckta, vilket sedan minskade 
till endast 20 gener efter tre månader av diapaus. Genuttrycket var dessutom oberoende av 
miljöförhållandena, vilket antyder att det finns ett förprogrammerat transkriptionsmönster 
som aktiveras under vintern. Trots denna variation i genuttryck såg vi inga större skillnader 
i adulta individers transkriptom, vilket indikerar att den vuxna fenotypen är strikt reglerad. 
 
Genom att integrera helgenomanalys med genotypning och s.k. ”bulk-segregant analysis” i 
korsningar mellan populationer, kunde vi påvisa adaptiv variation i gener involverade in den 
cirkadiska klockan hos två fjärilsarter, P. napi och P. aegeria. Denna variation tycks vara 
involverad i hur dessa arter reglerar sin livshistoria i relation till årstiden. Då båda arterna är 
avlägsna släktingar ser vi detta som ett exempel på konvergerad evolution. Slutligen ser vi 
också att diapauserande individer har en särskild transkriptionsprofil som skiljer sig från 
direktutvecklande, vilket indikerar att diapaus är en process som skiljer sig från 
direktutveckling, och att de representerar skilda utvecklingsstrategier. 
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