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ABSTRACT

The Glanville fritillary butterfly is an important eco-
logical model species for habitat fragmentation, whose 
genetics was poorly understood. In order to expand 
the research of this butterfly species into the realm 
of functional genomics a lot genetic tools were devel-
oped. These tools were used to investigate the genetic 
basis of phenotypic traits that are important in the 
wild. Gene expression microarrays based on de novo 
assembled transcriptome were used to study expres-
sion differences between adult butterflies from newly 
established colonies and older colonies as well as gene 
expression variation among larval families reared in 
three thermal regimens during final larval instar. Col-
onization and larval development are crucially impor-
tant in maintaining the metapopulation structure of 
Glanville fritillary butterfly in the Åland. We identified 
gene expression differences than can explain the ob-
served variation in the phenotypes in the natural pop-
ulation. We sequenced the full genome of the Glanville 

fritillary butterfly and used this to do additional gene 
expression and allelic variation analysis variation 
from multiple populations around the Baltic Sea using 
RNA sequencing (RNA-seq). Flight induced gene ex-
pression changes were analyzed using butterflies from 
Åland Islands and the small isolated Pieni tytärsaari 
(“Daughter Island”) populations in a forced flight ex-
periment. Fragmented populations (Åland islands and 
Uppland) were compared to continuous populations 
(Saaremaa and Öland) in order to find common sig-
natures of selection caused by habitat fragmentation. 
Together these four full-genome studies have revealed 
that habitat fragmentation causes selection pressure 
on an intricately connected set of genes and pathways 
that leads to a so called “life history syndrome”, where 
the butterflies that colonize new habitat patches have 
a distinct set of traits and associated expression differ-
ences in these traits that make them more successful 
in establishing new colonies.

TIIVISTELMÄ

Täpläverkkoperhonen on tärkeä ekologinen mallieläin 
elinympäristön pirstoutumiselle. Lajin genetiikka on 
kuitenkin viimeaikoihin saakka ollut puutteellinen. 
Tutkimuksen laajentaminen genetiikkaan ja toimin-
nalliseen genomiikkaan vaati uusien geneettisten 
työkalujen kehittämistä ja soveltamista.  Geneettiset 
työkalut mahdollistivat pitkään tutkittujen ekologi-
sesti merkittävien fenotyyppisten muuttujien analy-
soimisen genomisella tasolla. Geeni-ilmentymisen 
tutkimiseen kehitimme geenisirun de novo koostetus-
ta transkriptomista. Geenisiruilla selvitimme geeni-
ilmentymisen eroja aikuisista täpläverkkoperhosista, 
jotka olivat peräisin joko hiljattain kolonisoiduilta 
tai pitkää asutetuilta kedoilta. Selvitimme myös yksi-
lön kehityksen aikana muuttuvaa geeni-ilmentymistä 
viimeisen toukkavaiheen aikana eri toukkaperheis-
tä olevilla yksilöillä, jotka kasvatettiin kolmessa eri 
lämpökäsittelyssä. Uusien asuinympäristöjen koloni-
saatio ja toukan kehitys ovat täpläverkkoperhoselle 
kriittisiä Ahvenanmaan metapopulaation ylläpitämi-
sessä. Löysimme geeni-ilmentymiseroja, jotka voi-
vat selittää luonnonpopulaatioissa fenotyyppitasolla 

havaittua vaihtelua. Seuraavana sekvensoimme täp-
läverkkoperhosen koko genomin ja käytimme sitä 
hyödyksi geeni-ilmentymisen ja alleelivariaation sel-
vittämiseen useista Itämeren täpläverkkoperhospo-
pulaatioista, käyttäen RNA sekvensointia (RNA-seq). 
Metaboliaa mittaavassa lentokokeessa selvitimme 
lennon seurauksena muuntuneita geeni-ilmentymisiä 
Ahvenanmaan ja Pienen tytärsaaren populaatioista. 
Elinympäristön pirstoutumisen vaikutusta geeni-
ilmentymiseen ja alleelivariaatioon selvitimme ver-
taamalla kahta yhtenäisestä elinympäristöstä olevaa 
populaatioita (Saarenmaa ja Öölanti) kahteen pirs-
toutuneesta elinympäristöstä olevaan populaatioon 
(Ahvenanmaa ja Uplanti).  Havaitsimme, että elinym-
päristön pirstoutuminen johtaa monen ominaisuuden 
samanaikaiseen valintaan, joista lentokyky edustaa 
yhtä osaa. Yhdessä nämä neljä genominlaajuista tut-
kimusta ovat paljastaneet, että täpläverkkoperhosen 
ekologian kannalta merkittävä fenotyyppinen vaihtelu 
on geeni-ilmentymisen tasolla kytkeytynyt ja on sa-
mojen säätelygeenien ja säätelyreittien ohjaama.
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(Hudson 2008). Thus understanding adaptation at 
the molecular level is becoming a fundamental topic 
in modern evolutionary ecology (Stapley et al. 2010). 
Estimating selection intensity and the genetics basis 
of phenotypic traits, on which selection is acting on, 
is now possible at whole transcriptome and genome 
scale (Stinchcombe and Hoekstra 2008, Ungerer et al. 
2008). 

The two basic methodologies for investigating the 
variation of gene expression, used in this thesis, are 
the gene expression microarrays, and the more recent 
RNA sequencing. The use of gene expression micro-
arrays in ecology has increased rapidly over the past 
few years (Buddemeier et al. 2003, Held et al. 2004, 
Brodsky et al. 2005, Bar-Or et al. 2006). Examples of 
the microarray studies include investigations on the 
genetic mechanisms underlying species interactions 
(Kato-Maeda et al. 2001, Schmidt et al. 2005), adapta-
tion (Tani et al. 2002, Kalujnaia et al. 2007) and evo-
lutionary processes (Tani et al. 2002, Goodisman et 
al. 2005, Gu et al. 2005). Microarray approaches are 
high throughput and relatively inexpensive (Kononen 
et al. 1998). Microarrays can be used to measure si-
multaneously the amount of mRNAs transcribed from 
many genes or all genes in the genome (Schena et al. 
1995, DeRisi et al. 1996). Although microarrays have 
several advantages, they also have limited dynamic 
range. When expression of a particular gene is very 
high, the signal from the probe corresponding to that 
transcript becomes saturated. Also detecting very low 
expressed genes is difficult due to high background 
signals, partially due to cross-hybridization of differ-
ent transcripts (Okoniewski and Miller 2006). How-
ever the biggest limitation for non-model organisms is 
the fact that one needs to have extensive knowledge of 
the genome sequence or transcriptome of the organ-
ism under study (Wang et al. 2009).

RNA sequencing (RNA-seq) allows for not only the de-
termination of the RNA sequence, but is increasingly 
being used to quantify the abundance of messenger 
RNA transcripts similar to the microarray approaches. 
The method allows for an unbiased estimation of gene 
expression. When applied correctly RNA-seq can pro-
vide more precise measurement of levels of transcripts 
and their isoforms than other methods (Wang et al. 
2009). Unlike traditional gene expression microarrays 
the RNA-seq approach does not require the genome 
sequence to be known beforehand and can be used for 
quantifying the abundance of both known and novel 
RNA transcripts (Marioni et al. 2008, Trapnell et al. 
2010, Roberts et al. 2011). RNA-seq doesn’t suffer 

1. INTRODUCTION

The study of molecular underpinnings of ecologically 
and evolutionarily important traits has faced tremen-
dous changes in the last few years. This change has 
been fuelled by the rapid advancement of molecular 
biology tools and technologies, in particularly DNA 
sequencing, which have enabled detailed genetic and 
gene expression analyses with organisms that previ-
ously lacked genetic knowledge, but are of crucial im-
portance in understanding ecological forces that shape 
the natural world (Mitchell-Olds et al. 2007). Many of 
the genetic techniques were originally designed for 
model organisms, and were dependent on the detailed 
background work that have been ongoing for decades, 
making it difficult to apply these to natural popula-
tions of non-model organisms (Feder and Mitchell-
Olds 2003). Indeed, laboratory model organisms offer 
many advantages in studying biological problems; the 
foremost are control, replication and convenience (El-
legren and Sheldon 2008).

But these advantages come with a cost when studying 
fitness variation. Laboratory studies are carried out in 
stable, uniform, benign environments that are often 
quite different from the natural environment of the 
study species. As the model organisms have typically 
been maintained for a long time (hundreds of genera-
tions) in the same conditions, it can be presumed that 
they have become adapted to this new environment 
and lost much of the original adaptation that helped 
them to survive in the wild (Ellegren and Sheldon 
2008).

Most genetic variation is thought to have small effects 
on phenotypic traits (Feder and Mitchell-Olds 2003). 
In many cases the importance of such variation might 
only be apparent under specific natural conditions. 
Furthermore, environmental effects (biotic and abi-
otic) interacting with these traits are often unpredict-
able, obscure and difficult to monitor. Many of these 
problems can be overcome when using natural popu-
lations under natural conditions (Feder and Mitchell-
Olds 2003). One of the most important questions in 
ecological genomics is whether similar environments 
favor variation in the same genes (Calboli et al. 2003, 
Colosimo et al. 2004, Colosimo et al. 2005, Protas et 
al. 2006) or whether the same phenotype can be ac-
quired by using different genetic mechanisms (Hoek-
stra and Nachman 2003, Hoekstra et al. 2006). These 
questions can now be addressed for many life history 
traits, largely due to the rapidly advancement genom-
ics technologies, especially DNA and RNA sequencing 
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DNA microarrays

Microarrays are typically fabricated on glass, silicon, or plastic slides. DNA probes are spotted onto the 
slides with inkjet or microjet techniques in nanoliter or picoliter volumes (Hughes et al. 2001). The probes 
can be synthetic oligonucleotides, amplicons, or larger DNA/RNA fragments that bind the target DNA/
RNA by base-pairing with them during the hybridization (Heller 2002). The probes can also be synthe-
sized directly onto the slides. For examples Agilent microarrays are in situ synthetized from nucleotide 
precursors that are inkjet-printed one layer at a time and then chemically bound (Wolber et al. 2006). The 
in situ method used in Affymetrix microarrays uses a set of photolithographic mask to determine which 
positions on the microarray are exposed to ultraviolet light. The prenucleotides in the exposed areas  be-
come activated and attach covalently to growing nucleotide chain (Singh-Gasson et al. 1999, Aharoni and 
Vorst 2002).

Microarray analysis involves detecting the signal from target DNA/RNA from the sample of interest by 
labelling the DNA/RNA (fluorescent, chemiluminescent, colorimetric, radioisotope, etc.). The microarray 
slide is scanned and the image is converted to intensity measurements. These hybridization intensities are 
processed and normalized with a variety of bioinformatic tools and ultimately used to analyze expression 
or SNP differences between samples of interest. Traditionally microarrays were used in basic molecular 
biology, genomic research and medical applications such as detecting infectious or genetic diseases (for 
instance cancer diagnostics). (Heller 2002)

454 pyrosequencing 

The 454 pyrosequencing (Roche/454 Life Sciences) was the first commercially successful next generation 
sequencing system. The 454-method uses pyrosequencing instead of the dideoxy terminators employed 
in the Sanger sequencing method (Sanger et al. 1977). Pyrosequencing relies on the detection of pyroph-
osphate, released during nucleotide incorporation. A library of DNA fragments to be sequenced are de-
natured into single-stranded form and captured by micrometer sized beads. The DNA is then amplified 
in an emulsion PCR, where each fragment gets amplified millions of times in a reaction mixture in an oil 
emulsion that keeps the fragments isolated from each other. The emulsion is then broken and the DNA 
gets denatured to single-stranded form once again. (Margulies et al. 2005)

from the limited dynamic range of microarrays. There 
is no upper limit to the expression level that can be de-
tected, and if there is sufficient depth in the sequenc-
ing (enough sequenced read per transcript) even very 
low abundant transcripts can be detected (Zwemer 
et al. 2014). It is now even possible to do whole tran-
scriptome RNA-seq analysis from a single cell (Tang et 
al. 2009). Studies using RNA-seq have already altered 
the view on the complexity of transcriptomes (Wang et 
al. 2009). Importantly for ecological model species it 
is now possible to do full-transcriptome assembly and 
gene expression measurements using RNA-seq with-
out having a reference genome (Collins et al. 2008, 
Crawford et al. 2010, Nowrousian et al. 2010, Parch-
man et al. 2010, Schwartz et al. 2010, Wheat 2010, 
Feldmeyer et al. 2011, Grabherr et al. 2011, Zeng et 
al. 2011, Sloan et al. 2012). However allelic variation, 

alterative splicing and paralogous gene families pre-
sent unique problems for de novo expression analysis 
(Vijay et al. 2013).

Next-generation sequencing technologies have 
opened up new possibilities in ecological genetics. It 
is now possible to develop functional genetic tools and 
deploy them to study phenotypes of interest at the full-
genome level for species that previously have had little 
or no genetic knowledge available (Kohn et al. 2006, 
Gilad et al. 2009, Schwarz et al. 2009, Chen et al. 
2010, Guo et al. 2010, Parchman et al. 2010, Schwartz 
et al. 2010). Combining genomic information with in-
depth phenotypic and ecological knowledge promises 
help to solve of the mysteries in life history traits vari-
ation (Ekblom and Galindo 2011).
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The beads with the amplified DNA are then deposited onto a picotiter plate with one bead per reaction well. 
These well get filled up with smaller beads carrying the enzymes needed for the sequencing reaction. Dur-
ing the sequencing the whole picotiter plate gets flooded one nucleotide at a time. These nucleotide then 
incorporate into the template DNA if they base pair and release pyrophosphate, which triggers a release 
of photos (visible light) by the accompanying enzymes; ATP sulfurylase, luciferase and luciferin. The light 
signals are recorded by a camera and transformed into sequence information with computer software. 
Then different nucleotide is added into the reaction system and the pyrosequencing reaction starts over 
again. (Margulies et al. 2005) The 454 sequencing produces relatively long reads (up to 1 kb), but the 
throughput is modest (up to 700 Mb) (van Dijk et al. 2014).

Illumina sequencing

Illumina (Illumina, Inc) uses a sequencing by synthesis method in which single-stranded DNA fragments 
are attached to a solid surface known as a single-molecule array or flow cell, by base-pairing with an adapt-
er sequence. The DNA fragments are amplified with solid-phase bridge amplification technique using a 
special DNA polymerase. The single-molecule DNA template, attached to one adapter, bends over during 
the amplification/ sequencing step, and hybridizes to another complementary adapter, forming a “bridge”. 
The DNA amplification step uses reversible terminators that are nucleotides with removable fluorescent 
moieties that terminate the template extension in a reversible manner. The terminators are labelled with 
four different fluorescent dyes (a different color for each nucleotide; guanine, adenine, thymine and or 
cytosine) (Chen et al. 2013). The nucleotides that base-pair with the template DNA sequence emit a color 
unique to each nucleotide, which is recorded. The sequence of the DNA template is deduced by reading off 
these colors at each successive nucleotide addition step. Each flow cell has more than 40 million clusters 
where the amplification/sequencing process occurs simultaneously. (Morozova and Marra 2008) The Illu-
mina sequencing has the highest throughput (up to 1800 Gb) of the next generation sequencing methods, 
with moderately long reads (up to 300 bp) (van Dijk et al. 2014). 

SOLiD sequencer

The SOLiD sequencing technology (Applied Biosystems) is a ligation based sequencing method (Valouev et 
al. 2008). The library preparation uses an emulsion PCR approach similar to 454 sequencing. The ampli-
fied DNA fragments are deposited onto a flow cell slide and melted to single stranded form. The sequenc-
ing occurs by annealing a primer to an adapter sequence shared by each fragment. A set of fluorescently 
labeled probes then competes for ligation to the primer. The color of the 8 bp probes is determined by the 
first two base pairs. After each ligation step the color is detected and part of the ligated probe is cleaved off 
to remove the fluorophore, followed by a new ligation reaction. Once the whole target DNA fragment has 
assayed the DNA is denatured to remove the primer and ligated probe sequences. The process is repeated 
using a new primer that is one nucleotide shorted than the previous one (primer reset), resulting in the in-
terrogation of a different set of di-nucleotides. Once the primer reset is completed five times every position 
in the target DNA fragments will have been interrogated twice, resulting in a two base encoding referred to 
as color space. The read lengths for SOLiD are typically short (35–75 bp), but the amount of data produced 
is enormous (up to 320 Gb) (van Dijk et al. 2014).  

PacBio sequencing 

PacBio (Pacific Biosciences) sequencer uses single-molecule real-time sequencing. It directly observes the 
amplification/sequencing reaction while it’s occurring. This is made possible by using modified DNA poly-
merase attached to a zero-mode waveguide, a small hole in a metal film deposited on a microscope cover-
slip that allows detection of dye labelled nucleotides while they are being incorporated into the amplifying 
DNA template (Levene et al. 2003). The process is massive parallel as millions of zero-mode waveguides 
can be made on a single coverslip. Importantly this method detects the amplification of a single DNA mol-
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ecule instead of sequencing a pool of simultaneously amplifying template molecules. This eliminates the 
need for complicated emulsion PCR amplifications and library preparations prior to the sequencing (Timp 
et al. 2010). The advantage of PacBio is that it can produce extremely long reads (up to 20 kb and longer), 
which makes it ideal for genome assemblies. However it is still relatively expensive, has a low throughput 
(500 Mb) compared to the other platforms and has an exceptionally high error rate (up to 14%) (van Dijk 
et al. 2014).

1.1. LIFE HISTORY TRAITS & TRADE-
OFFS

It is generally assumed in life history theory that spe-
cific traits are often constrained by trade-offs in other 
life history traits (Isaksson et al. 2011). Without these 
constraints each trait would evolve to its maximum ca-
pacity and produce a “Darwinian demon”, a hypotheti-
cal organism with infinite fitness, able to reproduce at 
birth, produce infinitely many offspring, and live for-
ever (Law 1979).

Often the trade-offs are assumed to be determined en-
ergetic constraints (Houston et al. 1993, Doughty and 
Shine 1997). If two or more life history traits share a 
common resource pool then the allocation of these 
resources can lead into conflicts when resources are 
limited. Whether these conflicts manifest themselves 
as detectable trade-offs will depend on many factors, 
such as how many traits share the resource pool and 
how they are connected, how and when these traits 
interact and how much the resource pool varies over 
time (Zera and Harshman 2001).

Trade-off is often assumed for traits that display asso-
ciation, with very little information on the functional 
interactions of these traits (Mole and Zera 1993). 
Traits can be negatively associated without having any 
functional interactions, for instance because of genetic 
linkage (Zera and Cisper 2001). Even when a trade-off 
does exist it can often be difficult to detect. For exam-
ple, variation in resource acquisition can change the 
magnitude and direction of trait correlations. If there 
is variation in resource acquisition capability between 
individuals this might mask trade-off (Mole and Zera 
1994). Individuals with poor resource acquisition 
might show a negative correlation between the traits, 
while individuals whose resource acquisition capabil-
ity exceeds the resource needs could show positive 
correlation (Van Noordwijk and de Jong 1986). 

Research on life history traits requires extensive 

background information on the study species and the 
mechanistic understanding of the negative associa-
tions between traits, including physiological, genetic 
and environmental determinates (Zera and Harshman 
2001). Traits do not evolve independent of each other. 
They are often times connected at the genetic, devel-
opmental and physiological level (Flatt et al. 2005). 
The study of the genetic basis of life history traits is 
improving substantially with the advent of new ge-
netic tools that can be used to illuminate genotype-
phenotype relationships in natural populations, and 
are giving new insight into the genetic architecture 
of quantitative trait variation (Ellegren and Sheldon 
2008).

1.2. FLIGHT & REPRODUCTION

Flight is critical for dispersal, reproduction and feed-
ing in many insects (Rauhamäki et al. 2014). Flight 
is also very costly. The flight muscles in insects have 
the highest known mass-specific rates of oxygen con-
sumption of any locomotory tissue (Dudley 2002). In 
flying insects several studies have looked at the trade-
off between flight performance and various other 
life-history traits such as reproduction and life-span 
(Gunn et al. 1989, Werner and Anholt 1993, Langel-
lotto et al. 2000). One of the best studies case is the 
wing-dimorphic cricket species, Gryllus firmus. In 
this species there are two flightless morphs in addi-
tion to one flight-capable morph. The flight-capable 
morph has fully-developed and functional wings and 
flight muscles during adulthood, but it has substan-
tially lower reproductive output compared to the two 
flightless morphs (Zera and Denno 1997). One morph 
emerges as an adult with shortened wings and non-
functional flight muscles and is flightless throughout 
adulthood. The second flightless morph has fully-de-
veloped wings and functional flight muscles, but loses 
flight capability and flight muscles during mid-adult-
hood (Zera et al. 1997). The fact that this species has 
both a genetically determined and a plastic response 
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is particularly interesting as it can reveal the genetic 
control mechanism underlying the differences be-
tween the two morphs and the associated life history 
traits (Vellichirammal et al. 2014). 

A full-transcriptome study of Gryllus firmus has 
shown that in the flight-capable morphs the flight 
muscles have higher expression of genes required 
for efficient muscle function; oxidation-reduction, 
cellular respiration, and electron transport chain, 
compared to the flightless morphs (Vellichirammal 
et al. 2014). On the other hand, the flight muscles of 
the flightless morphs have high levels of expression 
of genes involved in proteolysis. The proteins from 
the histolyzed flight muscles are thought to be used 
for oocyte development in the flightless morph, thus 
explaining the higher reproductive output compare 
to the flight-capable morphs (Vellichirammal et al. 
2014). 

At the same time as the expression changes in the 
flight muscles are occurring, comparable changes 
happen in the fat body of this species (Vellichirammal 
et al. 2014). The expression levels of genes involved 
in triglyceride biosynthesis, lipid transport, immune 
function and reproduction are elevated in the morph 
that loses its flight capability during adulthood (Vel-
lichirammal et al. 2014). There is also suggestive 
evidence for the increased expression level of Angio-
tensin converting enzyme (Ace), which has been im-
plicated in egg maturation (Ekbote et al. 1999).

The most likely upstream regulator of the plastic 
change to the short-winged and wingless morphs is 
high juvenile hormone (JH) titer during some critical 
stage in their development (Southwood 1961, Wig-
glesworth 1961). The elevated JH titer is presumed 
to block wing and flight muscle development, while 
simultaneously stimulating development of reproduc-
tive organs, which account for the earlier and greater 
egg production (Roff 1986, Zera and Denno 1997). In 
terms of trade-offs it has been shown that JH titer is 
positively correlated with ovarian mass in this species 
(Cisper et al. 2000). 

Together the studies of the Gryllus firmus illustrate 
of how the relatively simple resource allocation to ei-
ther flight-capable insects or to flightless insects can 
be decided at the developmental stage via a hormo-
nal switch, which leads to a multitude of physiologi-
cal changes and eventually a higher fecundity. But the 
cost of this switch is the loss of migration capability.

1.3. JUVENILE HORMONE, 
ECDYSONE & PTTH

Hormonal regulation and in particular the regulation 
of juvenile hormone (JH) has been postulated as the 
mechanistic basis for the variation in many plastic 
and life history traits in insects (Dingle and Winchell 
1997). Juvenile hormones are acyclic sesquiterpenoids 
secreted by the corpora allata, typically a pair of en-
docrine glands located posterior to the brain (Wig-
glesworth 1954). The juvenile hormones are involved 
in the regulation of metamorphosis and reproduction 
in all insects (Nijhout 1998, Goodman and Granger 
2009). Additional known functions of JH include 
regulation of diapause (Sullivan et al. 2000), behav-
ioral changes (Sullivan et al. 2000) and caste deter-
mination in Hymenoptera (Wirtz and Beetsma 1972, 
Penick et al. 2012).

Molting and metamorphosis in insects is regulated 
by interplay of juvenile hormones and ecdysteroids; 
ecdysone and 20-hydroxyecdysone (20E), secreted 
from the prothoracic glands (Gilbert et al. 2002). JH 
is present throughout larval life and ensures growth 
while suppressing metamorphosis until proper body 
size attained (Riddiford 1993). JH suppresses meta-
morphosis by inhibiting the secretion prothoracico-
tropic hormone (PTTH) from the brain. PTTH acts on 
the prothoracic glands which synthesizes and releases 
ecdysone and 20E into the hemolymph (Gilbert et al. 
2002). Once the larvae are ready to molt the expres-
sion of JH decreases and the expression (PTTH) is 
activated, which directs the precise timing of the molt 
(Nijhout 1998). The release of PTTH is regulated by 
intrinsic factors such as size and extrinsic factors, such 
as photoperiod and temperature (Nijhout and Wil-
liams 1974). In some insects the expression of PTTH 
is additionally regulated by insulin-like peptides re-
leased in response to nutritional signals (Caldwell et 
al. 2005, Colombani et al. 2005, Mirth et al. 2005).

The ecdysteroids activate an expression cascade of 
genes that promote metamorphosis. 20E binds to 
a nuclear hormone receptor, the ecdysone receptor 
(EcR), which together with Ultraspiracle (USP) forms 
a dimer that activates the transcription of ecdysone-
regulated genes (Riddihough and Pelham 1987, 
Cherbas et al. 1991, Koelle et al. 1991, Yao et al. 1992, 
Antoniewski et al. 1994). Many of these genes are tran-
scription factors that activate or inactivate genes as-
sociated with molting (Schubiger and Truman 2000). 
The presence of JH during larval stages ensures that 
the molt produce another immature instar (Wil-
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liams 1961). During the final instar the expression of 
JH ceases altogether and present JH is metabolized 
once the larvae have attained a critical size, leading to 
ecdysteroid secretion and pupation (Riddiford 1994).

Hormonal signaling has major differences between 
different insect species. For instance in Drosophila 
exogenous JH does not prevent the larval-pupal 
transformation, even when given throughout larval 
life (Ashburner 1970, Riddiford and Ashburner 1991). 
There are differences also between Lepidopteran 
species in hormonal signaling. In Bombyx mori the 
PTTH-signaling is connected with insulin-signaling 
pathway, similarly to Drosophila (Gu et al. 2009). 
Insulin-like hormones increase the size of prothoracic 
glands and ecdysone secretion and functions as a size-
sensor during development in Bombyx (Kiriishi et al. 
1992). However, in Manduca sexta ecdysone secretion 
is not stimulated by insulin (Walsh and Smith 2011), 
making the insulin- and PTTH-signaling distinct from 
each other in this species (Smith et al. 2014).

In adult insects the expression of JH and 20E re-
sumes to regulate reproductive maturation in females 
(Postlethwait and Handler 1979, Riddiford 1993, Bar-
chuk et al. 2002, Jindra et al. 2013). In Drosophila 
both JH and 20E are important in regulating expres-
sion of yolk proteins (Bownes 1994). The yolk proteins 
(YPs) are expressed and secreted into the hemolymph 
by the fat body and ovarian follicle cells. The YPs are 
then taken up by the developing oocytes (Raikhel and 
Dhadialla 1992). The YP genes contain 20E induc-
ible binding sites, and the expression of YPs can be 
induced by injecting 20E even in males that usually 
don’t express these genes (Bownes et al. 1996). How-
ever the effects of JH and 20E are tissue and stage 
specific. Both 20E and JH stimulate YP expression in 
the fat body, but in the ovaries only JH has a stimula-
tory effect (Bownes 1986). In fact, 20E induces apo-
ptosis and reabsorption of the nurse cells in the egg 
chambers during early oocyte development (Soller et 
al. 1999). This effect of 20E can be counteracted by JH 
(Soller et al. 1999).

1.4. HEXAMERINS (LARVAL SERUM 
PROTEINS)
 
The fat body is a multifunctional tissue that stores ex-
cess nutrients in form of fat and glycogen and releases 
them depending on the energy demands of the insect. 
The fat body synthesizes majority of all circulating 
metabolites including lipids, carbohydrates and wide 

range of hemolymph proteins (Law and Wells 1989). 
The most abundant hemolymph proteins in holome-
tabolous insects are hexamerins, also known as larval 
serum proteins (Scheller et al. 1990). 

Hexamerins belong to the hemocyanin superfamily, 
which contains five classes of proteins, with distinct 
functions but significant sequence similarity; pheny-
loxidases, hemocyanins, cryptocyanins, hexamerins 
and hexamerin receptors (Burmester 2002). Hemocy-
anins are oxygen carrying molecules that evolved from 
oxygen-consuming phenoloxidases, which probably 
protected the organism against the toxic oxygen mol-
ecules (Terwilliger 1998). Hexamerins diverged from 
the oxygen carrying hemocyanins around 400 million 
years ago (Burmester 2002). Unlike hemocyanins the 
hexamerins contain no oxygen binding copper and are 
thus colorless and have no capability to carry oxygen, 
but serve mainly as storage proteins (Beintema et al. 
1994). Like hemocyanins these proteins form hexa-
meric structures of about 500 kDa, typically made up 
of the same 70-85 kDa subunits (Telfer and Kunkel 
1991).

In actively feeding larvae the fat body synthesizes and 
released massive quantities of hexamerin proteins 
haemolymph. Hexamerins can make up to 85% of the 
hemolymph protein content before pupation (Telfer 
and Kunkel 1991). Hexamerins in the hemolymph 
are recaptured by the fat body during pupation, bro-
ken down and are used to synthesize new proteins for 
adult tissues (Telfer and Kunkel 1991). In an experi-
ment where one hexamerin was radiolabelled and in-
jected into larvae of Calliphora vicina nearly half the 
radiolabelled amino acids from this hexamerin were 
incorporated into adult flight muscles, especially actin 
and myosin (Levenbook and Bauer 1984). 

Hexamerins are used also as protein reserves for egg 
formation (Pan and Telfer 1996, Wheeler et al. 2000, 
Pan and Telfer 2001). Manduca sexta females retain 
over 25% of their pupal reserves of methionine rich 
hexamerins, and use these for vitellogenesis (Telfer 
and Pan 2003). In some species of insects hexamerin 
expression resumes during adult stages, although at a 
lower rate compared to larval expression (Zakharkin 
et al. 2001, Martins et al. 2008, Martins et al. 2010). 
Hexamerin may even be expressed and incorporated 
directly onto maturing ovaries (Martins et al. 2008). 
Some hexamerins are also incorporated directly into 
the cuticle as intact protein (Levenbook and Bauer 
1984). Given their many functions, it is not surpris-
ing that hexamerins have been implicated in having a 
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significant role in many life history traits (Hunt et al. 
2007, Hahn et al. 2008, Lourenço et al. 2009).

Hexamerins play a crucial role in caste determination 
in Reticulitermes termites. The worker termites of this 
genus are temporally arrested juvenile forms that can 
differentiate into adult soldier- or reproductive-caste 
phenotypes under specific circumstances (Lainé and 
Wright 2003).The differentiation from worker to sol-
dier has been shown to be determined by juvenile hor-
mone titer (Park and Raina 2004, Mao et al. 2005). 
The level of JH is strongly correlated with the expres-
sion pattern of hexamerin genes, and thus with the 
caste phenotype (Scharf et al. 2003). Silencing hex-
amerin expression with RNA interference (RNAi) re-
sulted in differentiation from worker to soldier-caste 
(Zhou et al. 2006a) as well as differential expression 
in the caste associated genes (Zhou et al. 2007). It ap-
pears that in this species the hexamerin expression is 
dependent on JH titer, but the hexamerins also bind 
JH and sequester it, thus acting as a buffer in main-
taining the caste type (Zhou et al. 2006c).

The increase in hexamerin expression with elevated 
JH titer might be indirect. JH treated worker termites 
show elevated expression of Broad-Complex (BR-C) 
(Tarver et al. 2010), a gene known to be the primary 
response gene in ecdysteroid signaling (Richards 
1997). In fact JH is known to interfere with ecdyster-
oid-induced expression of BR-C in other species (Zhou 
et al. 1998). Although not studied in the context of JH 
treatment, it is known that both JH and 20E increase 
in expression in worker termites when isolated from 
the colony, a condition that infrequently induces caste 
differentiation (Okot-Kotber et al. 1993). JH treat-
ment also changes the expression profile of many cy-
tochrome oxidase (Cyp450) genes, some of which are 
involved in the biosynthesis of JH and 20E (Zhou et 
al. 2006b).

In most insect species the expression and release of 
hexamerins from the fat body is shown to be regulated 
by 20E (Mousseron-Grall et al. 1997, Tungjitwitay-
akul et al. 2008, Fu et al. 2009, Martins et al. 2011). 
In Corcyra cephalonica moth 20E increases and JH 
decreases the expression of hexamerins in larvae and 
in isolated fat body tissue grown in vitro (Manohar 
et al. 2010). Radiolabelled methionine incorpora-
tion into newly expressed hexamerin confirms that 
the increased hexamerin content in the hemolymph 
is due to elevated expression, not just elevated secre-
tion (Manohar et al. 2010). Interestingly 20E also 
stimulates the uptake of hexamerins back into the fat 

body. The uptake of hexamerins during pre-pupal and 
pupal stages is dependent on tyrosine kinase mediated 
phosphorylation the hexamerin receptors, which is in-
duced by 20E (Arif et al. 2008).

1.5. HYPOXIA & SDHD

Flight metabolism in insects can be 50-200 times 
higher than resting metabolism (Kammer and Hein-
rich 1978). Insect flight is thought to be predominantly 
or exclusively based on aerobic metabolism (Dudley 
2002). In fact, the mass-specific rates of O2 consump-
tion during insect flight are higher than in any other 
animals (Suarez 2000). Majority of this oxygen is used 
up by the flight muscles in the thorax. The muscles 
contain more mitochondria with higher surface densi-
ties of the cristae, where the aerobic cellular respira-
tion reactions take place, than most vertebrate loco-
motory muscles (Suarez et al. 1996).

The high rates of metabolism in flight are possible 
because of the tracheal system in insects is a very ef-
ficient oxygen delivery mechanism (Harrison and 
Lighton 1998). The tracheal system is a set of inter-
connected tubes (trachea) leading from external open-
ings in the body (spiracles) all the way to close-ended 
compartments (tracheoles), from which the gases are 
delivered to the target tissues by diffusion (Ghabrial 
et al. 2003). Oxygen delivery is considered to be in ex-
cess for resting metabolism (Keister and Buck 1964). 

However oxygen usage during flight is so extreme 
that oxygen might become the limiting factor. Teth-
ered flight experiments in blowfly Lucilia sericata and 
the fruitfly Drosophila replete have shown that oxy-
gen consumption rates decreases strongly in hypoxic 
conditions (Chadwick and Gilmour 1940, Davis and 
Fraenkel 1940). Manipulating the oxygen content of 
a flight chamber using free-flying dragonflies Ery-
themis simplicicollis demonstrated that the metabolic 
rate was affected by ambient oxygen levels. When at-
mospheric oxygen level were below normal (21 kPa) 
carbon dioxide emissions decreased significantly. 
Conversely when oxygen level was higher CO2 produc-
tion exceeded normal levels, indicating that oxygen is 
limiting even in normal atmospheric oxygen content 
(Harrison and Lighton 1998).

A significant fraction of concurrent research in hy-
poxia has concentrated on cancer research. Hypoxia 
is central to the development of many cancers. When 
a cancerous cell mass becomes large and obscures the 
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blood flow, it can no longer receive sufficient nutrient 
and oxygen from its surrounding tissues and circu-
latory system. Cancers can adapt to chronic hypoxia 
but they can also stimulate neovascularization, the re-
growth of blood vessels in the surrounding tissues, in 
order to receive more oxygen (Harris 2002). Detecting 
these altered glucose metabolism and cellular adapta-
tions to hypoxia are fundamental to the basic biology 
and treatment of cancer (Zhong et al. 1999).

The hypoxia response is primarily controlled by the 
hypoxia-inducible transcription factor HIF-1. HIF-1 is 
a heterodimer comprised of HIF-α and HIF-β subu-
nits that activate hypoxia response in cells under low 
oxygen conditions. Of the two subunits of Hif-1, HIF-α 
is rapidly degraded in the cytoplasm in normal oxy-
gen concentrations (normoxia) by oxygen-dependent 
prolyl hydroxylases (PHDs). During hypoxia this deg-
radation is suppressed and HIF-α accumulates in the 
cytoplasm, binds to HIF-β and translocates into the 
nucleus (Wang et al. 1995). 

The HIF-1 complex increases expression of genes that 
function to either increase oxygen availability or adapt 
the cell metabolism to lower oxygen content. In hu-
mans these genes include erythropoietin, transferrin, 
endothelin-1, nitric oxide synthase, heme oxygenase, 
VEGF, IGF-2, IGF-binding proteins, glucose trans-
porters and glycolytic enzymes (Feldser et al. 1999, 
Semenza 1999).

In mammals the carotid body plays an important role 
in acute adaptation to hypoxia. The carotid body is a 
highly vascular small organ, located at the bifurcation 
of the common carotid artery in the neck, and senses 
oxygen levels in the blood. In an oxygen deprived state 
(hypoxia) it stimulates cardiopulmonary system via 
the activation of hypoxia-inducible factor-1 (Gonza-
lez et al. 1994). Mutations in the Sdhd gene have been 
shown to cause familial paraganglioma or renal cell 
carcinoma in humans (Baysal et al. 2000). The tumors 
most commonly occur in the carotid body (Baysal et 
al. 2000). 

Sdhd encodes for a protein in the mitochondrial res-
piratory chain, the small subunit of cytochrome b in 
succinate-ubiquinone oxidoreductase (CybS). SDHD 
is an important enzyme in both the citric acid cycle 
(TCA) and the electron transfer chain (Scheffler 1998). 
In familial paraganglioma loss of function mutations 
in Sdhd gene leads to chronic hypoxic stimulation and 
cellular proliferation of the tumorous tissue (Baysal 
et al. 2000). In paraganglioma the mutations in Sdhd 

in cause a complete loss of SDH activity in the mito-
chondrion (Gimenez-Roqueplo et al. 2001). Succinate, 
the substrate of the SDH complex, accumulates in the 
cells when SDH activity is down-regulated (Selak et al. 
2005). 

Succinate acts as an intracellular messenger mov-
ing freely between the mitochondria and the cytosol, 
and links TCA cycle dysfunctions with HIF regulation 
(Selak et al. 2005). Accumulation of succinate inhibits 
PDH-catalyzed degradation of HIF-1α (Schofield and 
Ratcliffe 2005, Selak et al. 2005). This leads elevated 
HIF-1α protein levels and up-regulation of down-
stream hypoxia responsive genes such as vascular 
endothelial growth factor (VEGF) gene (Selak et al. 
2005).

1.6. THE INNATE IMMUNE RESPONSE
 
Invertebrates do not have an adaptive immune re-
sponse found in mammals, but instead rely on a di-
verse innate immune system to defend themselves 
against infections. The innate immune system is an 
ancient defense response found in all metazoan line-
ages (Janeway and Medzhitov 2002). The innate im-
mune system combats pathogen by a host of defense 
mechanisms. Pathogens can be encapsulated or en-
gulfed (phagocytized) by hemocytes (Strand 2008). 
Hemocytes can also release a number of defense mole-
cules including clotting factors, proteinase inhibitors, 
lectins, and antimicrobial proteins pathogen (Iwanaga 
and Lee 2005). Many defense molecules also circu-
late freely in the hemolymph, including hemocyanins, 
lectins and macroglobulins (Iwanaga and Kawabata 
1998). Wounding stimulates a coagulation response to 
prevent the loss of body fluids (Bohn 1986, Theopold 
et al. 2002).

Infection and wounding also cause melanization, the 
production and deposition of melanin pigments on 
the invading pathogens (Marmaras et al. 1996). The 
melanization process is driven by a proteolytic cascade 
that is triggered in infections by recognition of micro-
bial cell wall components, such as peptidoglycan, β-1,3 
glucan, and lipopolysaccharide (LPS) (Ochiai and 
Ashida 1988, Yu et al. 1999, Ma and Kanost 2000). 
These components are recognized by a diverse set of 
pattern-recognition proteins which activate specific 
protein cleavage events depending on the pathogen 
(Iwanaga and Lee 2005). The melanization is cata-
lyzed by phenoloxidase (PO), which circulate in the 
hemolymph and are deposited on the cuticles as an 
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inactive form of prophenoloxidase (PPO). The PPO is 
activated into PO by a serine protease known as pro-
phenoloxidase-activating enzyme (PPAE). The active 
PO catalyzes the oxidation of mono- and diphenols to 
orthoquinones, which then polymerize into melanin. 
The PPAE also exists as an inactive zymogen that can 
be activated by other serine proteases (De Gregorio et 
al. 2002).

The melanization process needs to be tightly regu-
lated, since intermediate products of melanin biosyn-
thesis are toxic (Cerenius and Söderhäll 2004). Also 
excessive melanization can cause defects during de-
velopment in cuticles and wings, and can even kill the 
host (De Gregorio et al. 2002). Certain serin protease 
inhibitors (Serpin), which are regulated by toll-sign-
aling pathway, are expressed soon after the immune 
system is activated (De Gregorio et al. 2002). These 
Serpins bind to PPAE covalently and block the proteo-
lytic cleavage of PPO to PO (De Gregorio et al. 2002) 
Serpins regulate immune system in insects as well as 
mammals, but they have many functions as well (Ir-
ving et al. 2000).

An additional important immune response is the pro-
duction of antimicrobial peptides (AMPs) by the fat 
body. AMPs are secreted into the hemolymph, where 
they can directly kill the invading microorganisms. 
There are several AMPs in with distinct activities di-
rected against fungi, Gram-positive bacteria or Gram-
negative bacteria. The AMP genes have gone through 
independent gene duplication events in different in-
sect lineages, resulting in species-specific fine-tuning 
to pathogens (Cheng et al. 2006). In Drosophila 21 
AMP genes have been identified, belonging to seven 
gene families (cecropins, drosocin, attacins, dip-
tericins, defensin, drosomycins, and metchnikowin) 
(Bulet et al. 1999, Irving et al. 2001), while Bombyx 
mori has 35 AMP genes belonging to six distinct gene 
families (moricins, cecropins, gloverins, lebocin, en-
bocins, attacins). For instance the the moricin and 
gloverin gene families are apparently unique of Lepi-
doptera (Cheng et al. 2006).

The expression of AMP genes is regulated by the Toll 
and Imd signaling pathways, which share many fea-
tures with the mammalian TLR and TNF-R signaling 
cascades that regulate nuclear factor-kappaB (NF-κB) 
family (Lemaitre et al. 1996). Members of the NF-κB 
family are pleiotrophic transcription factors that are 
rapidly activated by a wide variety of pathogenic sig-
nals as well as many other generic stress signals. 
NF-κB has many roles in development, cell migration, 

apoptosis, cancer formation and aging (Dolcet et al. 
2005, Salminen et al. 2008). The NF-kB system links 
together pathogenic and cellular danger signals, and 
can be considered the master regulator of immunity 
(Friedman and Hughes 2002). A wide variety of exter-
nal and internal danger signals can activate the NF-kB 
system, such as oxidative stress, hypoxia, and geno-
toxic stress (Schreck et al. 1992).

The hypoxia response is linked to the innate immune 
system by the NF-kB (Nizet and Johnson 2009). De-
letion of NF-kB and its regulator IKK-β result in re-
duced expression of Hif-1α and the target genes Hif-
1α (Rius et al. 2008). In Drosophila, the expression of 
AMPs is induced by oxygen stress (Zhou et al. 2008a). 
Selection lines for hypoxia tolerance result in elevated 
expression of AMPs as well as other genes regulated by 
the Toll and Imd pathways, as well as Notch pathway 
(Zhao et al. 2010). Artificially overexpressing AMPs 
also protects from oxygen stress in hyperoxic condi-
tions (Zhao and Haddad 2011).

The insect hormones JH and 20E have opposite ef-
fects on the regulation of many immune pathways. In 
Drosophila the induction of AMP genes is promoted 
by 20E following immune stimulation, whereas JH 
suppresses the response (Flatt et al. 2008). Also the 
melanization process appears to be stimulated by 
20E and suppressed by JH. In Anopheles gambiae 
the phenoloxidase (AgPPO1), the gene responsible for 
melanization, contains a binding site for the ecdysone 
receptor complex (Ahmed et al. 1999). The expression 
level of AgPPO1 can be up -regulated by supplement-
ing cell cultures physiological concentrations of 20E, 
and the up-regulation could be turned off by remov-
ing the 20E from the growth media (Ahmed et al. 
1999). In Manduca sexta, JH inhibits melanization by 
suppressing the synthesis of granular phenoloxidase 
(Hiruma and Riddiford 1988).

As discussed above, the hormonal signaling in insect, 
particularly JH and 20E, function through multiple, 
complex and partially overlapping transcriptional 
pathways to regulate many aspects of insect life, de-
velopment, reproduction and immunity. Many life 
history traits are connected by these shared signaling 
pathways. The insect hormones can also indirectly im-
pacts many other life history traits via connected path-
ways such as hypoxia and insulin signaling pathway.
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2. THE STUDY SPECIES
 
The Glanville fritillary butterfly (Melitaea cinxia) has 
been extensively studied in as a model species for 
metapopulation biology for over 20 years. The Glan-
ville fritillary butterfly, in the Åland Islands, lives in 
a highly fragmented habitat with a high rate of popu-
lation turnover; local populations go extinctions and 
new populations are established by migratory individ-
uals (Hanski 1999). Of the 4000 habitat patches about 
500 are occupied in a given year (Hanski 1999, Niem-
inen et al. 2004). New colonies are typically estab-
lished by a single gravid female (Austin et al. 2011) and 
females typically mate only once (Kuussaari 1998). 
The resulting population in these cases is bound to get 
inbred if no additional migrations to that patch occur 
(Haikola et al. 2001). Inbreeding depression (Haikola 
2003) and stochastic events coupled with the fact that 
most newly established patches are small and of low 
quality (Nieminen et al. 2004) drive these populations 
to extinction at a high risk (Lande 1994, Saccheri et 
al. 1998).

The Åland Islands is at northern limit of Glanville 
fritillary butterfly habitat range (Kuussaari 1998). In 
Åland the butterflies have one generation per year. 
The female lays (100-200) eggs in large clutches dur-
ing the summer (June-July). The larvae feed on two 
host plants Plantago lanceolata and Veronica spicata 
(Nieminen et al. 2004), and go through 5 larval instars 
before the end of the summer. During the fifth instar 
the larvae spin a conspicuous wintering nest and go 
into diapause for the winter. When the snow has melt-
ed at the end of March, diapause is broken and the lar-
vae resume feeding. The larvae go through two more 
instars before pupating at the beginning of May. The 
adult butterflies eclose at the beginning of June. Fe-
male butterflies emerge with a large number of already 
chorionated eggs. The rest of the eggs mature within a 
few days. (Boggs and Nieminen 2004) 

Dispersal to new habitat patches is very important in 
maintaining the metapopulation over time (Niitepõld 
et al. 2011). Dispersal is affected by a suite of morpho-
logical, physiological, and behavioral traits, of which 
flight capability is of paramount importance (Haag et 
al. 2005). Allelic variation in the glycolytic gene phos-
phoglucose isomerase (Pgi) has been connected with 
differences in flight metabolism and dispersal (Haag 
et al. 2005; Niitepõld et al. 2009; Orsini et al. 2009). 
The allelic variant of Pgi associated with higher flight 
metabolism is more frequent in newly established 
populations and the allele frequency increases with 

increased distance to the founding population (Haag 
et al. 2005, Zheng et al. 2009). Polymorphism in Pgi 
has been linked to many life-history traits in multiple 
species (Watt 1992; Rank et al. 2007; Saastamoinen et 
al. 2009; Wheat 2010).

It has been shown that in the Glanville fritillary but-
terfly flight metabolic rate and dispersal rate in the 
field are strongly correlated (Niitepõld et al. 2009). 
Individuals with higher peak metabolic rate move 
longer distances in the wild. One-third of the dis-
persed distance can be explained by variation in flight 
metabolic rate (Niitepõld et al. 2009). Heritable vari-
ation in flight performance has been observed in the 
Åland Glanville fritillary butterfly metapopulation 
(Saastamoinen 2008). Populations that are newly es-
tablished and are far apart from the old populations 
tend to be colonized by more dispersive individuals. 
The offspring of the colonizers are on average also 
more dispersive than butterflies from old populations 
(Hanski 2012; Bonte & Saastamoinen 2012).

2.1. THE LIFE HISTORY SYNDROME

The individuals establishing new colonies are system-
atically different however in many phenotypic traits 
compared to metapopulation as a whole. They are bet-
ter fliers, lay more eggs and have larvae that develop 
faster (Hanski et al. 2006, Saastamoinen 2007b, Saas-
tamoinen and Hanski 2008, Niitepõld et al. 2009). 
Many of these traits have been shown to be highly 
heritable. For instance higher fecundity is typically 
observed in newly established populations. Crossing 
experiments have shown that reproductive age and 
egg weight are highly heritable (Saastamoinen 2008). 
Clutch size varies substantially among individuals 
of the Glanville fritillary butterfly (Kuussaari et al. 
2004). The allelic variant of Pgi that is enriched in 
newly established populations is associated with in-
creased clutch size (Saastamoinen 2007a). 

In the Glanville fritillary butterfly it appears that there 
are no obvious trade-off between been flight perfor-
mance and other life-history traits. For instance the 
higher peak metabolic rate found in newly established 
populations is significantly and positively correlated 
with life span (Niitepõld and Hanski 2013). There are 
no negative correlations with dispersal and reproduc-
tion; in fact the cumulative number of egg clutches 
laid by the more dispersive individuals is greater 
than in the less dispersive individuals (Saastamoinen 
2007a). An important question is whether these traits 
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are being selected for individually and accumulate 
in newly colonized populations, or if these traits are 
controlled by the same underlying mechanism. The 
fact that many of these traits are highly correlated in-
dicates that they could be under the same regulatory 
network.

2.2. TRANSCRIPTOME SEQUENCING 
& CUSTOM MADE MICROARRAYS

Until recently there was practically no genetic data 
available for the Glanville fritillary butterfly. The 
rapid development of next generation sequencing 
technologies has enabled full transcriptome sequenc-
ing, custom microarray construction, and finally full 
genome sequencing in a very short time (Vera et al. 
2008, Ahola et al. 2014). The original plan was to 
make cDNA libraries from multiple tissue types, 
clone individual cDNAs to plasmids and print them 
to microarray slides, similar to studies on the natu-
ral populations of the Studfish (Fundulus) (Oleksiak 
et al. 2002). The introduction of 454 pyrosequencing 
changed all of this. It enabled the sequencing and as-
sembly of the transcriptome of the Glanville fritillary 
butterfly within a few years. Instead of using the time 
consuming and expensive method of creating cDNA 
libraries from individually cloned transcripts, the 454 
technology enabled massively parallel sequencing of 
the transcriptome without the need for cDNA clones 
(Vera et al. 2008). 

We wanted to analyze as many expressed genes as 
possible and also to get a representative sample of the 
genetic diversity for SNP discovery. In order to do this 
the RNA for the transcriptome sequencing was isolat-
ed from multiple individuals (80 samples from eight 
families) across the main Åland island representing 
both newly established and old local colonies (Vera 
et al. 2008). RNA pools extracted from larvae, pupae 
and adult body parts were normalized (Zhu et al. 
2001, Shagin et al. 2002, Zhulidov et al. 2005) and se-
quenced using the Roche GS20 sequencer (Margulies 
et al. 2005, Poinar et al. 2006). The Glanville fritillary 
butterfly was the first eukaryote transcriptome to be 
assembled de novo (Vera et al. 2008). The assem-
bled transcriptome was annotated with blast searches 
against existing sequence databases and used to con-
struct probes for a custom microarray that covered the 
entire transcriptome (Vera et al. 2008).

2.3. GENOME SEQUENCING & RNA-
SEQ ANALYSIS

We began sequencing the full genome of the Glanville 
fritillary once it became technically and financially 
feasible. The genome sequencing used a hybrid ap-
proach of multiple techniques including SOLiD, Il-
lumina, 454 and PacBio. As there are no inbred lines 
available and the DNA yield from one individual is 
insufficient for the entire sequencing project, we used 
a mixed strategy in which a single individual butter-
fly was used to make the initial reference sequence. 
This sequence was then supplemented with additional 
sequence from multiple individuals. The reference 
contigs from a single individual male butterfly were 
obtained using 454 sequencing. These were then sup-
plemented with Illumina paired-end reads from a pool 
of full-sibs from the same family as the reference sam-
ple. For longer mate-pair reads that were used in sub-
sequent scaffolding phase the DNA was derived from 
multiple individuals which were full siblings. The final 
assembly with an overall coverage of 70X was 393 Mb 
long, separated into 8,262 scaffolds (N50 = 119 Kb). 
The relatively short scaffolds were merged into 1,453 
superscaffolds (N50=331 Kb) using PacBio reads and 
long mate-pair 454 reads and information from the 
genetic crosses. Together the assembled sequences 
comprised approximately 72% of the genome. The 
mitochondrial genome (15 kb) was assembled and an-
notated separately.

Genes were predicted using ab initio and evidence-
based methods in the MAKER software (Cantarel et 
al. 2008). Protein sequences from other species and 
de novo assembled transcriptome sequences from 
the Glanville fritillary butterfly were used as support-
ive evidence for the predicted gene models. Based on 
these gene predictions we found 16,667 gene models, 
of which 12,410 genes could be annotated using the 
PANNZER annotation tool (Radivojac et al. 2013). 
Gene ontology (GO) categories could be assigned to 
9,471 genes, and KEGG pathways to 3,685 genes.

The comparison of the Glanville fritillary genome with 
other fully sequenced Lepidopteran genomes (Bom-
byx mori and Heliconius melpomene) revealed un-
expected high level of macrosynteny. There are very 
few chromosomal rearrangements, and practically 
no interchromosomal translocations. More than 95% 
of single copy genes can be mapped to orthologous 
chromosomes. The Glanville fritillary butterfly has the 
ancestral Lepidopteran karyotype of 31 chromosomes. 
Comparisons with the other Lepidopera with smaller 
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number of chromosomes revealed that even when 
chromosomes fuse, they retain most of the gene order.

We developed a custom method for RNA-seq library 
construction that enabled large-scale sample pro-
cessing with relatively low cost. The samples were 
individually tagged with a “bar code” sequence that 
enabled post sequencing identification of each indi-
vidual butterfly. The libraries were sequenced at the 
DNA sequencing and Genomics laboratory in Helsinki 
and at Karolinska High Throughput Center in Sweden 
using Illumina HiSeq2000 and HiScanSQ (Illumina 
Inc.,CA, USA). The reads were filtered to include only 
high confidence base pairs (Phred-score >20), with a 
50 bp minimum read length. The quality value, Phred-
score (Q), is assigned to each nucleotide during the 
sequencing, and is logarithmically related to the base-
calling error probability (P); Q = -10 log10 P. Thus a 
Phred-score of 20 equates to an error probability of 
1/100 in the base calling (Ewing et al. 1998). The RNA-
seq reads were mapped against the draft genome using 
the software TopHat2. TopHat2 is a fast read mapper 
that can align RNA-seq reads to large genomes using 
high-throughput short read aligners Bowtie (Lang-
mead et al. 2009) or Bowtie2 (Langmead and Salzberg 
2012). Tophat2 can then also identify splice junctions 
between exons from the mapping results (Kim et al. 
2013).

3. AIMS OF THE STUDY

The Glanville fritillary butterfly has been extensively 
studied as model species for habitat fragmentation 
and metapopulation dynamics. A characteristic prop-
erty of a metapopulation is that while the population 
as a whole persists over time, the local subpopulations 
are in a constant state of flux between local extinc-
tions and re-colonizations (Hanski 1999). Of particu-
lar interest with this species has been the critical rote 
of flight performance in establishing new colonies 
(Niitepõld et al. 2011). There is extensive variation in 
flight performance and much of this variation is herit-
able (Saastamoinen 2008). Earlier work on the allelic 
variation in the phosphoglucose isomerase gene (Pgi) 
demonstrated that a single gene could explain a sub-
stantial fraction of the observed variation in flight per-
formance (Haag et al. 2005, Zheng et al. 2009). The 
involvement of additional genes and regulatory path-
ways that could be associated with flight performance 
and other important heritable traits was hampered by 
the lack of genetic information.

The use of next-generation sequencing technologies 
changed the Glanville fritillary butterfly from a purely 
ecological model organism with no genetic data into 
an ecological genomics model organism within a few 
years. The introduction of 454-pyrosequencing was 
immediately utilized for sequencing the transcrip-
tome of the Glanville fritillary butterfly. Using the par-
tial transcript sequences as templates, custom gene 
expression microarrays were constructed (Vera et al. 
2008). These enabled gene expression analysis to be 
carried out at the whole transcriptome level, looking 
for genes that are associated with important life his-
tory traits (I & II). 

The continued advancements in sequencing technol-
ogy ultimately enabled us to sequence the full genome 
of the Glanville fritillary butterfly (Ahola et al. 2014). 
With the genome sequence available we were able to 
analyze expression and single nucleotide polymor-
phism (SNP) in a more unbiased way, relative to the 
microarrays. We developed a cost effective method 
for doing large scale RNA sequencing (RNA-seq). We 
used this method to analyze gene expression variation 
among multiple populations around the Baltic sea. We 
analysed the effect of forced flight treatment on gene 
expression by using butterflies from two contrasting 
populations the Åland islands and the small isolated 
Pieni tytärsaari (“Daughter Island”) (III). We also an-
alysed the effect of habitat fragmentation by compar-
ing expression and SNP variation between two frag-
mented populations (Åland islands and Uppland) and 
continuous populations (Saaremaa and Öland) (IV). 

By using these full-genome methods we wanted to find 
out the genetic basis on important life history traits; 
larval development, colonization potential and flight 
performance. We wanted to tie these findings together 
to genes and pathways leading to the so called “life his-
tory syndrome” that results from habitat fragmenta-
tion.

3.1. EXPRESSION VARIATION 
AFFECTING COLONIZATION (I)

The first microarray experiment focused on finding 
expression differences between adult Glanville fritil-
lary butterflies originating from newly colonized (<1 
year) patches and old (>5 year) colonies. There can 
be multiple physiological and behavioral mechanisms 
that promote the migration and establishment of new 
colonies (Hanski et al. 1994, Kuussaari et al. 1996). 
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We wanted to know if this is reflected in the gene ex-
pression differences between these population types. 
In other words, are certain genotypes with a distinct 
expression profile enriched in the newly established 
populations? 

In order to do that, we sampled larvae from multiple 
colonies, both new and old. They were reared in labo-
ratory conditions to adults, crossed and the second 
generation offspring were reared to adults. These were 
then sacrificed, and dissected to three parts; head, tho-
rax and abdomen. The RNA extracted from these body 
parts were processed and hybridized to the custom 
microarrays. The assumption was that the different 
body parts would display unique expression profiles, 
and the anticipated differences in expression between 
the new and old populations in each body part would 
reflect a different mechanism affecting the migratory 
behavior. For instance, gene expression differences af-
fecting behavior would be presumably located in the 
head, expression differences affecting flight muscles 
would be located in the thorax and expression related 
to reproduction would be located in the abdomen.

3.2. VARIABILITY & HERITABILITY OF 
DEVELOPMENT TRAITS (II)

In order to get a comprehensive view of the genetic 
variation affecting larval development, we did a large 
scale rearing experiment covering most of the Åland 
islands metapopulation. We analyzed the variability, 
broad sense heritability and correlation between de-
velopment time, weight increase and survival by col-
lecting three larvae from each of the 1153 overwinter-
ing nest observed in the 2009 field survey, from 436 
local populations. The Glanville fritillary butterfly typ-
ically only mate once and the larvae in each nest are 
typically full-sibs (Nieminen et al. 2004). The 5th in-
star larvae were reared individually in common garden 
conditions (+28:15°C; 12:12, L/D). At the beginning of 
the 6th instar the larvae were randomly assigned to one 
of the two rearing temperatures (standard: +28:15°C 
12:12, L/D; and warm: +32:15°C 12:12, L/D). Once the 
butterflies emerged from the pupae the samples were 
sexed, marked, and reared under common conditions 
(+26:18°C 9:15, L/D) to assess variation in adult lifes-
pan. We measured the weight at the beginning of each 
development stage (larval instars, pupae and adult) 
and the duration of each development stage. Only the 
larvae that survived to adulthood (n=2018) and conse-
quently had information for all of the life history traits 
were used in the analysis.

3.3. EXPRESSION VARIATION 
AFFECTING LARVAL DEVELOPMENT 
(II)

The second microarray experiment examined varia-
tion in gene expression in the Glanville fritillary dur-
ing the last stages of larval development. The larvae of 
Glanville fritillary display a wide range on phenotypic 
variation particularly in weight, development time 
and mortality (Kallioniemi and Hanski 2011). Many 
of these traits are heritable and can be the targets of 
natural selection (Saastamoinen 2008, Klemme and 
Hanski 2009). We wanted to assess if any of these 
phenotypic traits are correlated with gene expres-
sion variation and whether the expression changes 
respond to the temperature treatment. We measured 
many phenotypic traits during larval development and 
estimated the heritability of these traits, similar to the 
large scale field study. 

Second generation lab-reared larvae were grown under 
standard laboratory conditions (+28:15°C; 12:12, 
L/D) until the last larval molt, and were subsequently 
reared in three distinct temperature regimes (cold: 
20:8°C 8:16, L/D; standard: 28:15°C 14:10, L/D; hot: 
35:8°C 12:12, L/D), designed to mimic the natural var-
iation in the field. Cold and hot conditions resemble 
the temperatures during a cool and cloudy spring and 
a hot and sunny spring, respectively. Standard condi-
tion represents the average temperature profile in the 
Åland Islands (Kuussaari 1998). Larvae from six fami-
lies were collected during mid-development of the last 
instar. Since larvae develop faster at higher tempera-
tures, the larvae were collected at different times in 
the different temperature treatments; after 4, 5 and 6 
days, for hot, standard and cold, respectively. The lar-
vae were snap-frozen in liquid nitrogen and RNA was 
extracted for microarray hybridization and qPCR vali-
dation. Three larvae from each treatment from three 
families were families chosen for microarray expres-
sion analysis, the rest were used for validation.

3.4. EXPRESSION VARIATION 
ASSOCIATED WITH FLIGHT 
PERFORMANCE (III)

Based on the previous microarray analysis we knew 
that the flight metabolic rate (FMR) could be used as a 
factor in finding differentially expressed genes that are 
important for colonization of new habitat patches, and 
presumably relevant for flight performance in general 
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(I). In the Åland islands FMR is partially confounded 
with population age. Using FMR as an explanatory 
variable instead of population age essentially repro-
duced the same results but had no more power. In 
fact we found less significant genes using FMR that 
just population age (I). Here we wanted to identify 
the genes which are important for flight capability by 
using more contrasting samples. To this aim we ana-
lyzed expression variation resulting from forced flight 
in both sexes. Furthermore, we also used two different 
populations that have drastically different flight per-
formance (see below). The rationale for carrying out 
sex-specific measurements is that the flight capability 
and behavior are different between the sexes in Glan-
ville fritillary butterfly (Niitepõld et al. 2011). Males 
have much higher mass-corrected peak metabolic rate 
than females (Mattila et al. 2012). However, it is the 
females that are typically more dispersive. In contrast, 
males spend most of their time finding mates within 
the same population (Niitepõld et al. 2011).

We looked at gene expression variation between two 
contrasting populations; the Åland island metapo-
pulation and the small isolated Pieni tytärsaari (PT, 
“Daughter Island”) populations in the Baltic Sea. The 
PT population, which is presumed to have been colo-
nized from Estonia, has been in complete isolation 
for at least 75 years (Mattila et al. 2012). The effective 
population size in PT is only about 100 individuals, 
and it shows considerable reduction in many fitness 
traits. These include adult weight, lifetime reproduc-
tive success (cumulative egg production and egg vi-
ability) and flight metabolic rate (Mattila et al. 2012). 
Crossing experiments have shown that the reduced fit-
ness is restored in the F1 generation, indicating accu-
mulation of recessive deleterious alleles. This is likely 
due to a founder effect and small population size, 
which lead to inbreeding depression and genetic drift 
(Mattila et al. 2012). 

Three-day-old adults were randomly assigned to ei-
ther flight or control groups. Butterflies in the treat-
ment group were forced to fly for 15 min in a metabolic 
measurement chamber, by shaking the container, 
during which time the CO2 production was measured 
(Niitepõld et al. 2009). The control individuals were 
not forced to fly but otherwise treated the same way. 
After the treatment the butterflies were returned back 
to semi-natural conditions (+24:18°C; 10:14 L/D) and 
fed ad libitum. The butterflies were frozen in liquid ni-
trogen either 1 or 20 hours after the (flight or control) 
treatment. Total-RNA was extracted from the thorax, 
and RNA-seq libraries were constructed using a cus-

tom method (IV). Although the forced flight treatment 
may seem excessive it has been shown to adequately 
represent the natural dispersal tendency. Flight meta-
bolic rate measured with similar forced flight treat-
ments have been shown to be significantly and posi-
tively correlated with dispersal distances measured in 
the field (Niitepõld et al. 2009).

3.5. THE EFFECTS OF HABITAT 
FRAGMENTATION ON GENE 
EXPRESSION & SNP VARIATION (IV)

Habitat fragmentation typically has adverse demo-
graphic and genetic consequences (Lande 1988). Some 
of these effects can be partly compensated by adapting 
different life history strategies (Ronce 2007). Popula-
tions can became more (Hanski 2011) or less (Travis 
and Dytham 1999) dispersive depending for instance 
on the cost of dispersal (Hanski and Mononen 2011). 
The Glanville fritillary butterfly populations in frag-
mented landscapes have differences in many impor-
tant life history traits when compared to populations 
in continuous landscapes. These include elevated 
flight metabolic and dispersal rate, faster growth rate 
of postdiapause larvae, and higher life-time egg pro-
duction (Duplouy et al. 2013).

We wanted to find common signatures of selection 
caused by habitat fragmentation using gene expres-
sion and SNP variation in the transcriptome to com-
pare two fragmented and two continuous populations 
of the Glanville fritillary butterfly around the Baltic 
Sea. The Åland Islands in Finland and the coastal area 
of Uppland in Sweden are fragmented landscapes. The 
typical habitat patches are very small (<<1 ha) and 
separated by unsuitable habitat. The patches also go 
frequently extinct (Ojanen et al. 2013). The large is-
lands of Öland in Sweden and Saaremaa in Estonia are 
continuous landscapes, where the habitats are often 
exceeding 100 ha in area (Helm et al. 2006).

We collected larvae from 50 families from each of the 
populations, and reared them under common garden 
conditions (+28:15°C; 12:12, L/D) after diapause. The 
adult butterflies were frozen in liquid nitrogen three 
days after eclosion and the thorax samples were used 
for RNA sequencing. We used the same custom made 
RNA-seq library preparation method as in the previ-
ous study. The read coverage per sample was quite 
uneven. To minimize the impact of sampling bias we 
used a balance set of 15 individuals per population for 
the expression analysis. For the SNP detection from 
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the RNA-seq data we used custom made software that 
only considered biallelic SNPs. As there were several 
low-coverage regions in the transcriptome, we used 
stringent criteria for SNP calling; the SNPs had to 
have high quality base calls (Phred > 20), they had 
to be present in the balanced dataset (4x15 samples) 
and have a minimiun allele frequency higher than 5% 
in the total sampleset. We estimated the population 
genealogy using Bayesian drift models in BANANAS 
(Sirén et al. 2011).

4. RESULTS & DISCUSSION

4.1. EGG DEVELOPMENT GENES 
ARE MORE EXPRESSED IN NEW 
POPULATIONS (I)

Female butterflies from newly established popula-
tions mate earlier and produce more egg clutches than 
butterflies from old populations (Hanski et al. 2006). 
Microarray expression analysis showed that this is 
correlated with higher expression of genes related to 
egg maturation (I Fig. 1). In the abdomen the expres-
sion level of hexamerins (also known as larval serum 
proteins (LSPs), lipid transporters (lipophorins and 
perilipin), angiotensin converting enzyme (Ace) and 
vitellogenin (Vg) is consistently higher in females 
from newly colonized populations (I Fig. 1).The results 
are consistent with the earlier studies with Lepidop-
tera. Hexamerins and lipid transporters are known 
to be involved in the mobilization and transfer of nu-
trients to the developing eggs (Teixeira et al. 2003). 
Ace is known to regulate regulates ovipositioning in 
Lepidoptera (Vercruysse et al. 2004). Blocking the 
activity of the protein ACE in newly emerged adult 
Spodoptera littoralis with an ACE inhibitor, captopril, 
significantly reduces ovipositioning. This reduction is 
attributed to inhibition of ecdysteroid biosynthesis 
(Vercruysse et al. 2004). This could explain why the 
elevated level of Ace in butterflies from newly estab-
lished populations have also an elevated level of hex-
amerin expression. 

The expression results validated with qPCR and physi-
ological measurements using an independent sam-
pleset showed that new-population females had more 
mature (chorionated) eggs. The level of egg maturation 
was positively correlated with the total hemolymph 
protein content (I Fig. 2). Both hemolymph protein 
content and number of chorionated eggs increases 
linearly with the age of the butterfly in both new and 

old population females. However the level of juvenile 
hormone (JH III) in the hemolymph is not only higher 
in new population females but increases substantially 
faster (I Fig. 2). Both JH and 20E have been shown to 
stimulate egg development in many insects (Sorge et 
al. 2000, Parthasarathy et al. 2010). The level of 20E 
was not measured in this experiment but the higher 
expression level of hexamerins would indicate that 
also it is higher in new-population females.

4.2. BREAKDOWN OF MUSCLE 
TISSUE FACILITATES HIGHER EGG 
PRODUCTION IN NEW-POPULATION 
FEMALES (I)

In many nectar-feeding butterflies reproductive po-
tential depends on the protein reserves in the body 
as well as on those received in the spermatophores at 
mating (Karlsson 1994, 1998). The thorax and abdo-
men mass typically decreases with age as the protein 
reserves are reallocated to reproduction (Stjernholm 
et al. 2005). The Glanville fritillary butterfly females 
loose a significant proportion of their body weight 
during their life in correlation with the number of eggs 
produced (Norberg and Leimar 2002, Saastamoinen 
et al. 2009). This includes the breakdown of flight 
muscles and restructuring the flight muscle struc-
tures, to minimize the impact on flight performance. 
However the loss of thorax and abdomen mass are 
positively correlated, which might explain why there 
is no substantial loss in flight performance (Saas-
tamoinen et al. 2009). Also the composition of the 
flight muscles changes with age. The relative ratios of 
flight muscle protein Troponin-T changes over time, 
and is affected by reproduction as well as body weight 
(Marden et al. 2008).

Microarray analysis revealed that the new-population 
butterflies had higher expression of proteasome genes 
(core and regulatory particle) in the thorax (I Fig. 3). 
Consistently, the protease inhibitor genes (Serpins) 
had lower expression in new-population females (I 
Fig. 3). Proteasomes regulate the rate of protein turn-
over in the flight muscles, and their function is prob-
ably related to both protein reallocation to reproduc-
tion as well as maintenance of flight muscle functions 
(Haas et al. 2007). The expression of proteasome and 
chaperone genes was positively correlated with mass-
adjusted peak metabolic rate independent of popula-
tion age (I Fig. 3). Overall, the new-population females 
had a higher peak metabolic rate during flight than 
old-population females, consistent with previous ob-
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servations (Haag et al. 2005).

4.3. NEW-POPULATION FEMALES 
HAVE ALTERED HYPOXIA SIGNALING 
(I)

The gene that had the highest variation in transcript 
abundance and that was associated with population 
age was succinate dehydrogenase d (Sdhd) in both 
abdomen and thorax samples (I Fig. 4). The observed 
variation was not due to gene expression differences, 
but due to insertion/deletion (indel) variation in the 
3’-UTR region of this gene corresponding to the mi-
croarray probe. Three distinct alleles (I, M and D) 
were identified by sequencing the 3’-UTR region of 
this gene from multiple samples; a large deletion (D) 
of 54 base pairs, a mini (M) deletion of 4 bp, and the 
intact/insertion (I) allele. Individuals with the M al-
lele, that had perfect match with the microarray probe 
sequence, had very high hybridization signal (close to 
saturation), whereas the other alleles had almost no 
signal (close to global background intensity). 

The deletion (D) allele of Sdhd was more frequent in 
the new populations (I Table S12). Individuals with 
the deletion allele had higher expression of chorion 
genes in the abdomen and higher expression of car-
bohydrate metabolism genes in the thorax (glycolysis, 
pyruvate metabolism, and TCA cycle). The individuals 
carrying deletion allele also had a better flight endur-
ance. They were able to maintain a high flight meta-
bolic rate over the 10 minute forced flight treatment. 
This was confirmed with an independent dataset. 

In a follow-up study (Marden et al. 2013) it turned out 
that the indel variation in Sdhd affected flight perfor-
mance via hypoxia signaling. Heterozygote individuals 
carrying both M and I alleles have a much higher tra-
cheal elaboration, and can achieve a high peak meta-
bolic rate in reduced atmospheric oxygen content. 
After repeated flight treatments, the individuals with 
a mini-deletion allele (M) had reduced expression of 
hypoxia responsive gene Phd. The M allele, especially 
in combination with D had a lower SDH activity in the 
mitochondria, which should lead to accumulation of 
succinate in the cytoplasm and activation of hypoxia 
signaling (Schofield and Ratcliffe 2005, Selak et al. 
2005). The hypoxia signaling is then expected to pro-
mote the expression of genes required for tracheal 
branching (Arquier et al. 2006). Consistently, this was 
observed when pupae were injected with succinate. 
(Marden et al. 2013)

A potential mechanistic explanation was suggested by 
the identification of a putative micro-RNA binding site 
within the 3’-UTR region containing the indel varia-
tion in Sdhd (I Fig.4). An evolutionarily conserved  
micro-RNA (miR-71), which in Caenorhabditis el-
egans has been implicated in life-span variation, via 
regulation of insulin signaling pathway, through DAF-
16/FOXO in the nervous system (Boulias and Horvitz 
2012), has some level of sequence homology with the 
indel variable region. It remains to be determined 
whether this site is a genuine micro-RNA binding site 
and whether the observed phenotypic differences can 
be explained by differential miRNA binding. This will 
require sequencing of the miRNA population from 
Glanville fritillary, followed by identification of puta-
tive miRNAs binding to this site and preferably direct 
manipulation of this binding either in Glanville fritil-
lary or in an another heterologous system.

4.4. DIFFERENCES IN HORMONAL 
SIGNALING IS HERITABLE AND 
DETERMINES LARVAL DEVELOPMENT 
RATE (II)

The developmental traits (development time and 
weight gain) varied significantly and showed strong 
broad-sense heritability among the larval families 
collected across the Åland islands. The highest broad-
sense heritability was observed for development time 
and body mass during the final larval instar and pupal 
stages. These traits were negatively correlated, mean-
ing that the more massive larvae needed less time to 
develop. The control of body size in Drosophila is de-
termined by insulin-like growth factors and hormonal 
signaling (Edgar 2006). These pathways are linked in 
many insects, as disrupting insulin signaling changes 
also hormonal signaling (Tu et al. 2005). Mutations 
in the insulin receptor cause slow development, small, 
infertile and long-lived adults (Tatar et al. 2001). The 
mutations also cause a decreased expression of ecdys-
teroid (Tu et al. 2002) and juvenile hormone (JH). 
The adult phenotype can be restored with exogenous 
application of the JH analog methoprene (Tatar et al. 
2001). Based on these findings we hoped we might 
find differences in insulin or hormonal signaling that 
correlate with differences in the developing larvae in 
Glanville fritillary butterfly.

We used gene expression microarrays to characterize 
the expression variation that could explain the herit-
able and plastic responses in the larval development 
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traits. In these experiments we reared final instar lar-
vae in three distinct temperature profiles (II Fig. 1) 
similar to the thermal conditions in the wild (Kuus-
saari 1998). At this stage the larvae acquire most of 
their body mass, and build up the protein and energy 
reserves needed for adult life. The larvae developed 
the fastest and survive best in the hot temperature. 
In fact, all of the butterflies survived to adulthood in 
this condition. The differences in development rate 
that was observed in the two other temperature condi-
tions standard and cold disappeared in hot. It appears 
that in the most optimal conditions the larval devel-
opment reaches an upper limit, where the genetic 
differences are no longer important, whereas in the 
suboptimal conditions these differences are magni-
fied. The variation in both mortality and development 
rate was highest in the least optimal condition cold. 
Although the genetic differences between the families 
didn’t manifest themselves in the phenotypic traits in 
the hot treatment, there was a substantial amount of 
expression differences observed in the microarray ex-
periment. In fact, paradoxically, the expression varied 
most between the families in the hot treatment, when 
the phenotypic differences were the smallest.

We observed extensive heritable expression variation 
among larval families (II Fig.4). More than a third of 
the microarray probes, covering >8000 genes showed 
significant expression differences among larval fami-
lies (42%). The temperature treatments caused ex-
pression changes in roughly equal number of genes 
(39%). We found substantially fewer genes (18%) 
displaying genotype by environment interaction. In 
order to classify such a large number of differentially 
expressed genes we analyzed the enrichment of gene 
ontology (GO) and pathways (KEGG) (Al-Shahrour et 
al. 2005). Many of the differentially expressed genes 
belong to the same functional categories previously 
identified as important between newly-established 
and old local populations in adult female butterflies 
(I). 

As we had hoped, we found significant enrichment of 
genes that are related to hormonal regulation differ-
ences in body size (Zhou et al. 2008b). The hexam-
erin genes (larval serum proteins) displayed a pro-
gressively increased expression levels with increasing 
temperatures. Additionally, the expression levels var-
ied significant among the larval families. Hexamerin 
expression correlated with larval development time 
across the temperatures treatments. It also exhibited 
the same family-by-treatment interactions observed 
with the development time (II Fig. 5). The expression 

of hexamerins is regulated by 20-hydroxyecdysone 
(20E) (Burmester et al. 1999). In Manduca sexta 
there is a peak in 20E expression during mid-devel-
opment of the final larval instar, at so called wander-
ing stage (Hiruma and Riddiford 2010). The peak in 
20E expression coincides with elevated expression of 
hexamerin genes and decreased expression of cuticle-
binding proteins (Hiruma and Riddiford 2010). We 
checked the possible co-regulation of hexamerins and 
cuticle-binding proteins in our results and found a sig-
nificant correlation between the expressions of each 
hexamerin gene and a negative correlation between 
hexamerin and cuticle-binding protein expressions (II 
Fig. S7).

Another group of genes which might be under the 20E 
regulation are the small heat shock proteins (HSP). 
We found a significant enrichment in the GO-category 
“response to unfolded protein”. The enrichment was 
mainly due to expression variation in heat shock pro-
tein (HSP) genes. The expression of the small HSPs 
(20–40 kDa) responded to the temperature treatment 
(increased expression with increased temperature), 
while the larger HSPs (70 and 90 kDa) were consti-
tutively different between families and didn’t respond 
to the temperature treatment. In Drosophila the small 
HSP (HSP27) contains a known ecdysone response el-
ement (EcRE) (Cherbas et al. 1991).

4.5. MICROARRAYS OUTPERFORM 
QUANTITATIVE REAL-TIME PCR (II)

We validated the larval microarray results with quan-
titative real-time PCR using 14 genes that showed 
significant expression differences relative to the tem-
perature treatment (II Table S1). These genes spanned 
a wide range of expression levels. The overall corre-
spondence between the microarray and qPCR results 
was good. Majority of the validated genes showed 
identical expression changes when using independent 
biological samples. Of the 174 larvae that were sam-
pled, we tested the significance and the direction of 
expression change with multiple subsets as well as the 
full set of samples. All but two genes showed the same 
direction of expression change when using a smaller 
subset of the samples. When all of the samples were 
used, the direction of expression change was the iden-
tical. The expression change in qPCR was statistically 
significant for most of the genes regardless of what 
subset of samples was used. 

Despite having highly reproducible qPCR results it 
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turned out that the amount of technical variation in 
the qPCR was almost twice as high compared to the 
microarray, which could explain the lower statisti-
cal power of the validation results. The coefficient of 
variation for 95% of the replicated reactions, repeated 
measurements of the same gene for each individual, 
was <6.7% in the qPCR compared to 3.4% in the mi-
croarray experiment (II Fig. S2). Validation of micro-
array results with qPCR has typically been considered 
“the golden standard” (Mackay et al. 2002, Shi et al. 
2005). Based on our findings it seems that from a 
technical standpoint the microarrays have exceeded 
the accuracy PCR based expression measurements. 
Obviously qPCR still has its place when the generality 
of microarray findings is questioned. It is useful in as-
saying a large number of samples for one or few genes, 
but when the number tested genes is large, qPCR 
quickly becomes cost prohibitive, and is not very ac-
curate.

4.6. FLIGHT CHANGES THE 
EXPRESSION HYPOXIA AND IMMUNE 
RESPONSE GENES (III)

Flight metabolic rate (FMR) was higher in butterflies 
from Åland compared to the small and isolated Pieni 
tytärsaari (PT) population in both sexes (III Fig.1), as 
expected from previous findings (Mattila et al. 2012). 
The FMR was significantly higher in males during the 
first few minutes of flight, and the differences dimin-
ished towards the end. During the last five minutes of 
flight treatment both sexes became clearly exhausted 
and the differences disappeared. 

Using RNA-seq we were able to measure gene expres-
sion for approximately half of the annotated genes 
(8,221/16,667) in the thorax. Of these, a substantial 
proportion (3,840 genes) showed significant expres-
sion differences between the two populations (III 
Fig. 2). This is similar in proportion to the expression 
differences observed between larval families in the 
previous microarray analysis (II). Given that the two 
populations must have diverged a long time ago, it is 
not unexpected to find a large number of expression 
differences. In fact, it is conceivable that most of the 
observed differences have nothing to do with flight 
performance, or any of the phenotypic differences 
observed between the populations. Similarly, we ob-
served a large proportion of genes (1,622) that were 
differentially expressed between the sexes. Relative 
to these two major categories, only a small number of 
expression differences (801 genes) could be attributed 

to the flight treatment. We focused on the flight genes 
(755) that showed significant response to the treat-
ment and had no interactions with sex or population. 
Sampling time itself had no effect on gene expression 
as the two control groups, samples at 1 and 20 hours 
after the “treatment”, showed no significant expres-
sion differences. The control groups (C1 and C20) 
were combined for the subsequent analysis.

Most of the expression changes were significant only 
20h after the flight treatment. Only 53 genes were sig-
nificantly altered in expression 1 hour after the treat-
ment. None of these genes had any obvious roles in 
flight metabolism. They included mainly stress and 
immune response genes, and genes involved in hormo-
nal signaling (Rel2A, cathepsin B, prophenyloxidase, 
gloverin, sumo ligase, dopa decarboxylase, HSP70). 
Many other immune response genes also became dif-
ferentially expressed after 20 hours, including many 
antimicrobial peptide (AMP) genes. It appears that the 
flight treatment triggers a generic immune response. 
The prophenyloxidase gene is the regulator of the mel-
anization process (De Gregorio et al. 2002). Gloverin 
is a Lepidoptera specific AMP (Cheng et al. 2006), 
which is regulated by the Toll and Imd pathways (Le-
maitre et al. 1996). Both of these immune processes 
are known to be also regulated by the ecdysteroid 
hormone 20E (Ahmed et al. 1999, Flatt et al. 2008).  

Cathepsin B is a proteinase that in Helicoverpa ar-
migera is expressed in the oocytes and adult fat bodies 
(Yang et al. 2006). Cathepsin B is involved in the deg-
radation of yolk proteins during embryonic develop-
ment (Zhao et al. 2005) and developmental autophagy 
of larval fat body (Juhász et al. 2007). Hypoxia signal-
ing in human breast cancer also drives the expression 
of Cathepsin B. Activation of HIF-1α and NF-κB in-
duces the loss of Cav-1, a tumor suppressor in fibro-
blasts. This in turn increased autophagy and increases 
Cathepsin B expression (Martinez-Outschoorn et al. 
2010). The hypoxia and immune responses are linked 
by the NF-kB (Nizet and Johnson 2009).

With the discovery that immune and hypoxia response 
genes became activated after the flight treatment, we 
did a global enrichment analysis looking at all the 
flight responsive genes. There were only marginally 
significant enrichments in the data, partially due to 
the poor annotation level. There were 86 (P<0.01) 
gene ontology categories (GO) enriched in the flight 
response genes, including defense response, response 
to hypoxia, muscle adaptation and glycolysis. Among 
the 15 enriched KEGG (P<0.05) pathways were gly-
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colysis, citrate cycle (TCA cycle) and mTOR signaling 
pathway. Among the enriched pathways there were 
also many linked to human diseases (influenza A, 
antigen processing and presentation, toxoplasmosis, 
legionellosis, hepatitis C, Parkinson’s disease, Cha-
gas disease), probably because these are the best de-
scribed immune response pathways in KEGG.

We focused specifically on the main regulator of hy-
poxia signaling Hif-1α. The genome sequence con-
tained a substantial number of SNP and insertion/
deletion (indel) variation, some of which are prob-
ably biological variation and others are assembly 
errors (Ahola et al. 2014). Because of this variation 
many gene models had missing or incorrect exons. 
Some genes were also fused or split into several gene 
models. The gene model for Hif-1α was split into four 
separate gene models (MCINX007805-007808). The 
gene model closest to the 3’-end had the highest read 
coverage, so we used that to estimate the expression 
level of Hif-1α. The expression decreased slightly 20 
hours after the flight treatment, indicating that the ex-
pression level of Hif-1α itself might be regulated. Hy-
poxia regulation happens mainly through protein level 
regulation (see 1.5. for more information) (Semenza 
2000), but there are known cases where the mRNA 
level of Hif-1α is altered. In mouse cell lines (marrow-
derived macrophages) lacking IKK-β, which specifi-
cally regulates NF-κB activation, Hif-1α mRNA levels 
are reduced (Rius et al. 2008). Hypoxia also induced 
by the nuclear translocation of RelA (Rius et al. 2008), 
which was one of the genes that became differentially 
expressed 1 hour after the flight treatment.

4.7. THE SEX CHROMOSOME 
IS DRIVING HIGHER FLIGHT 
METABOLIC RATE IN MALES (III)

One of the genes in TCA showing significant expres-
sion differences between sexes, populations and 
flight treatment was the citrate synthase (CS) (III 
Fig. 7B). CS is inhibited by products of the respira-
tory chain, and is the rate-limiting enzyme of whole 
TCA cycle (Cheng et al. 2009). The expression of CS 
is known to correlate with fatigue resistance (Weston 
et al. 1999), and the expression level increases with 
muscle exercise (Leek et al. 2001). With the genome 
sequence available we discovered that CS is in the Z 
chromosome in Lepidoptera. We hypothesized that 
the expression difference in CS might be due to lack 
of dosage compensation. Lepidoptera are female het-
erogametic, meaning that the males have two copies 

of Z chromosome, whereas females have only one, and 
have instead ZW karyotype (Traut and Marec 1997). 
As no chromosomal silencing (dosage compensation) 
mechanisms in Lepidoptera has been observed (Zha 
et al. 2009), it is possible that males by virtue of hav-
ing two copies of Z chromosome would also gain two 
times higher expression of genes in Z chromosome, 
including CS. We looked at the genes located in the 
Z chromosome in Glanville fritillary butterfly. About 
half (347/733) of these were expressed in the tho-
rax samples. Males had higher expression for 54.8% 
of these, which is significantly more than the rest of 
the genome (46.2%). If we made the selection crite-
ria more stringent and only counted those genes with 
statistically significant expression differences between 
the sexes the difference was even more pronounced; 
72.4% of these genes had higher expression in males.

As CS is known to limit the whole TCA cycle, and 
males have approximately two fold higher expression 
of CS compared to females, we also looked at the ex-
pression of other genes in TCA and mitochondria in 
general. All but one gene coding for a component of 
TCA cycle that had a statistically significant expres-
sion difference between the sexes had higher expres-
sion in males (14/15). Of all the genes involved in mi-
tochondrial functions (GO:0005739 – mitochondria) 
64% had higher expression in males (313/485). Much 
more of these genes (81%) had higher expression in 
males when we only looked at the genes with a sig-
nificant expression difference between the sexes. We 
speculate that the expression of mitochondrial genes 
is regulated by CS expression level and activity. This 
can be analyzed with manipulation CS activity, with 
inhibitors (Smith and Williamson 1971), and measur-
ing the expression level of other genes with mitochon-
drial functions. With the high level of chromosomal 
synteny in Lepidoptera, as revealed by the genome 
sequencing (Ahola et al. 2014), it is possible that this 
finding is general in all Lepidoptera. Consistently, CS 
is also located in the Z chromosome Bombyx mori 
(BGIBMGA000672) and Heliconius melpomene 
(HMEL013400).

4.8. THE POPULATION DIFFERENCES 
IN FLIGHT PERFORMANCE RESULT 
FROM THE SAME REGULATORY 
MECHANISMS (III)

We also asked if the genes and pathways that were al-
tered due to the flight treatment were also responsible 
for the observed differences between the contrasting 
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populations. We looked specifically for differential 
expression in hypoxia signaling. The gene model for 
Hif-1α with the highest read coverage showed no pop-
ulations differences, but a gene model closer to the 5’ 
end (MCINX007807) showed a tentatively higher ex-
pression in Åland. There was also a small difference in 
the expression of CS, with Åland having higher expres-
sion. Also 60% of the genes with significant popula-
tion differences and known mitochondrial functions 
(GO:0005739) had higher expression in Åland.

We conducted two enrichment analyses for the genes 
that showed significant expression differences be-
tween the two populations. Besides biological expla-
nations, it was possible that SNP differences between 
the two populations could affect the read mappings to 
the reference genome. However, although the refer-
ence genome was based in Åland butterflies we didn’t 
observe any obvious mapping bias when comparing 
the two populations. About half of the reads mapped 
uniquely to the predicted gene models in both popula-
tions (53% in ÅL and 56% in PT). A large proportion 
of the reads had to be disqualified as they contained 
too much sequence from the poly-A tail of the mRNAs 
and could not be mapped uniquely, but no population-
specific biases were observed.

We looked for enrichment for all the genes with popu-
lation differences, and then split the genes based on 
the direction of the expression difference for another 
enrichment analysis. As the PT population had con-
sistently lower flight metabolic rate, the assumption 
was that it might show reduced expression levels of 
several important functional gene groups. TCA and 
oxygen transport genes were enriched only for the 
subset of genes with lower expression in PT, whereas 
stress and immune response genes showed higher 
expression levels in PT. Of the TCA genes that were 
significantly different between the populations, Åland 
had a higher expression in most of them (12/16). The 
expression level was higher in stress response genes in 
PT, which suggests that the flight treatment was tax-
ing at cellular level with PT individuals, possibly due 
to the accumulated deleterious mutations (Mattila et 
al. 2012). Glycolysis genes had differences between 
the populations but the pathway as a whole showed 
no tendency for increased expression in either popula-
tion. Phosphoglucose isomerase (Pgi), which has been 
implicated in flight metabolic rate in the Glanville 
fritillary butterfly (Haag et al. 2005, Niitepõld et al. 
2009, Orsini et al. 2009) had slightly higher expres-
sion in the Åland population.

We observed a strikingly bimodal expression for TCA 
(III Fig. 6), glycolysis (III Figs. S7) and hypoxia re-
sponsive genes (III Figs. S8). The expression of these 
genes was not evenly distributed, the genes had either 
a highly expression or a low expressed. Also the dis-
tribution of TCA and glycolysis genes seemed non-
random in the pathways (III Fig. 7), although we have 
no good explanation for why this should be. In PT the 
genes in the GO category “response to hypoxia” had 
higher basal expression: They were more expressed 
also in the control samples. Interestingly those genes 
with the highest basal expression level became down-
regulated in PT after the flight treatment. This includ-
ed the suppressor of hairless (MCINX002989), which 
is involved in Notch signaling in addition to immune 
response (Artavanis-Tsakonas et al. 1995). Notch 
signaling has been implicated with hypoxia tolerance 
in Drosophila melanogaster selection lines that can 
survive in extreme hypoxia (Zhao et al. 2011). In these 
flies up-regulated Notch signaling protects them from 
hypoxia. Under hypoxia, the flies have decreased ex-
pression of TCA genes, many of which have a binding 
site for the transcriptional regulator hairy (Zhou et al. 
2008a). Consistently, we found significantly higher 
expression of hairy (MCINX003700) in Åland com-
pared to PT. This tentatively suggests that the butter-
flies in Åland have been selected for higher hypoxia 
tolerance. The possible evolutionary explanation is 
that because long distance flight in the PT Island is not 
possible due to its size, there is no selection pressure 
for hypoxia response, whereas in Åland extinction and 
re-colonization of suitable habitat patches selects for 
more mobile individuals which also suffer for hypoxia 
conditions during the long-distance flight (Hanski et 
al. 1995). This is supported by the previous microar-
ray work (I) and it’s the follow up study (Marden et al. 
2013). Together all three studies suggests that hypoxia 
response is an important regulatory mechanism af-
fecting flight metabolic rate and colonization potential 
to new habitat patches. 

I summary, differences in flight metabolic rate be-
tween the sexes and the contrasting populations were 
associated with the same genes and pathways. The 
mitochondrial functions that were higher in males, 
and possibly related to regulation by citrate synthase, 
were higher also in Åland compare to PT. Similarly the 
genes that were induced by flight (immune functions 
and hypoxia signaling) showed differences between 
the populations. We suggest that this is due to the 
same underlying mechanisms driving the observed 
differences in flight performance in the seemingly un-
related groups (gender and population).
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4.9. POPULATIONS IN FRAGMENTED 
LANDSCAPES ARE MORE SIMILAR 
TO EACH OTHER COMPARED TO 
CONTINUOUS POPULATIONS (IV)

We compared gene expression and SNP variation in 
the transcriptome of two fragmented and two con-
tinuous populations of the Glanville fritillary butter-
fly around the Baltic Sea. There were more SNPs that 
showed statistically significant differences in allele fre-
quencies between population pairs when comparing 
the fragmented population to the continuous popula-
tions (IV Fig. 3c). However this is confounded with the 
population history. The two fragmented populations 
(Åland and Uppland) are believed to be more closely 
related to each other than the continuous populations 
(Saarenmaa and Öland) due to the post-glacial coloni-
zation history (Wahlberg and Saccheri 2007). To es-
timate the population genealogies we used hundreds 
of randomly selected SNPs from the RNA sequenc-
ing (RNA-seq). The results were consistent with the 
known colonization history (Wahlberg and Saccheri 
2007). The Saaremaa (SA) population diverged from 
the other populations thousands of years ago, the 
Öland (ÖL) population diverged from the Åland (ÅL) 
and Uppland (UP) populations several hundreds of 
years ago, while ÅL and UP diverged more recently 
only a couple of hundred years ago (IV Fig. 2). 

Similar grouping based on gene expressions did not 
produce the same pattern. Though SA was distinctly 
different from the other populations, the two Swedish 
populations (ÖL and UP) had a more similar expres-
sion profile compared to ÅL (IV Fig. 3b). However 
based on a generalized linear model and likelihood ra-
tios the population pair showing the highest number 
of statistically significant genes (2643) was the com-
parison between fragmented and continuous popula-
tions. We further limited this set using a permutation 
test in which the population mean for each fragment-
ed population had to be consistently different from the 
population mean of the continuous populations. The 
genes that were significant for both tests (1841) were 
used for the subsequent analysis.

We hypothesized that habitat fragmentation on the 
landscape level would select for the same gene expres-
sion profiles that are enriched in the newly established 
populations in the Åland Islands. We selected the 
female butterflies that originated from newly-estab-
lished local populations in Åland Islands samples and 
compared these to samples from old local populations. 

We then contrasted these expression differences with 
the genes that were significantly different between 
the fragmented and continuous populations. We only 
considered genes with high read coverage and large 
expression difference in order to minimize random 
noise in the data. In filtered genes (254/1841) there 
was highly significant correlation between the land-
scape driven expression change and the change result-
ing from the colonization dynamics in Åland meta-
population. We re-calculated the correlation without 
including Åland in the landscape affected genes (UP 
vs ÖL,SA), and the correlation remained significant 
(IV Fig. 4). It appears that habitat fragmentation on 
a landscape level causes the same changes in expres-
sion profiles as does the extinction re-colonization dy-
namics on the metapopulation level. These expression 
differences can explain some of the same phenotypic 
differences observed at the landscape and population 
levels.

4.10. FRAGMENTATION LEAD TO 
ALTERED HORMONAL REGULATION 
(IV)

Individuals from fragmented populations show differ-
ences in multiple life history traits compared to those 
individuals from continuous populations. The larvae 
and pupae from fragmented populations develop fast-
er (Duplouy et al. 2013). From the previous microar-
ray study we knew that the expression of hexamerins 
is correlated with larval development rate in the Åland 
islands (II). We also had tentative evidence that hex-
amerin expression levels reflect heritable differences 
in the hormonal regulation that are selected for in 
the individuals that establish new colonies (I & II). 
Therefore, we looked at the expression of hexamerins, 
hexamerin modifying enzymes and potential known 
downstream genes of hexamerin regulation in the dif-
ferent populations (Zhou et al. 2007). We found seven 
annotated hexamerin genes in the genome assembly 
of the Glanville fritillary (Ahola et al. 2014). Four of 
the hexamerin genes (MCINX010010, MCINX015566, 
MCINX015567, MCINX015572) showed significantly 
higher expression levels with the butterflies from the 
fragmented landscapes. We also identified several dif-
ferentially expressed genes that are known to inter-
act with ecdysteroid signaling, especially ecdysteroid 
UDP-glucosyltransferase genes (Evans and O’Reilly 
1998), but these showed no clear pattern. However, 
many of the presumed downstream genes like cuticle 
binding proteins (14/93) and troponin genes (2/6) 
had significantly higher expression in the fragmented 
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populations.

Additionally, we found marginally significant (P<0.01) 
enrichments for genes involved in growth, differentia-
tion and hormonal signaling in the genes which were 
differentially expressed between the populations in 
the opposite landscape types. Many of the growth and 
differentiation related genes belonged to the Notch, 
Wnt and Hedgehog signaling pathways. These signal-
ing genes and many others in our analysis are activat-
ed during growth and regeneration of wing disk tissue 
in Drosophila (Gibson and Schubiger 1999, Blanco 
et al. 2010). Many of the genes are also expressed in 
flight-induced oxidative stress in the flight muscle of 
Drosophila (Bina et al. 2010, Fraichard et al. 2010, 
Lee et al. 2011, Stec and Zeidler 2011). We also found 
several serine proteases (Serpin) and egg maturation 
genes (Chorion peroxidase) that might be related to 
hormonal signaling (I).

4.11. HYPOXIA SIGNALING CHANGES 
IN FRAGMENTED LANDSCAPES (IV) 

Flight metabolic rate and dispersal behavior are sig-
nificantly higher in populations from fragmented 
landscaped compared to populations from continuous 
landscapes (Duplouy et al. 2013). We wanted to see 
if any of the genes that were differentially expressed 
after flight (III) showed differences in the basal ex-
pression level between the populations. For this we 
reanalyzed the RNA-seq data from the forced flight 
experiment (III). In the flight experiment we found 
that many of the genes that responded to flight also 
had significant differences between the populations 
and sexes. We only used the Åland butteflies as the 
PT might suffer from deleterious mutations in some 
important flight responsive genes (Mattila et al. 2012). 
We wanted to include only those genes that had a 
consistent expression difference due to flight, so we 
calculated the expression changes independently for 
both sexes, and took those genes that responded sig-
nificantly in both sexes 20 hours after the flight com-
pared to the controls. As this analysis had much lower 
statistical power compared to the original analysis we 
only obtained 39 genes that were significantly up-reg-
ulated (34 genes) or down-regulated (5 genes) in both 
sexes. The flight induced change in the expression of 
these genes was compared to the expression difference 
between the populations from fragmented and con-
tinuous landscapes (IV Fig. 6). There was a remark-
able positive correlation between the two datasets. On 
closer inspection it turned out that this was more or 

less entirely due to immune response genes, which we 
presume to be co-regulated. One third (12/39) of the 
flight responsive genes have immune related functions 
and majority of these (8/12) are antimicrobial peptide 
(AMP) genes.

Based on information from Drosophila selection lines 
we suspected that the expression of AMP genes might 
be related to hypoxia (Zhao et al. 2011, Zhou et al. 
2011). Also, in the Åland Islands hypoxia has been im-
plicated in flight performance via allelic variation in 
Sdhd (I) (Marden et al. 2013). Therefore, we checked 
the expression level of Hif-1α in the landscape sam-
ples. As described above (4.6) in the current genome 
annotation the gene model for Hif-1α was split into 
four separate gene models. One of the gene models 
(MCINX007807) showed a significantly lower expres-
sion in the populations from fragmented landscapes 
compared to the continuous landscapes suggesting 
that either the whole gene or one of its splice variants 
is differentially expressed. This provides a tentative 
link between hypoxia signaling and innate immunity 
(AMPs) possibly through the Toll and Imd pathways 
(Lemaitre et al. 1996, Nizet and Johnson 2009). Con-
sistently, the immune response receptors Spätzle and 
Toll and a modulator of hypoxia signaling Rel2A had 
significantly higher expression in fragmented popula-
tions. 

We attempted to identify SNP variation that could 
be linked to adaptation to fragmented landscapes, in 
particularly with the genes and pathways identified 
in the expression analyses. We tested for associations 
between SNPs and gene expression with a regression 
models that assumed additive, dominance and reces-
sive effects. We only considered SNPs that had all the 
three possible genotypes represented in the data. We 
also focused on the SNPs that showed significant dif-
ferences in allelic frequencies between the populations 
from the different landscape types. These restrictions 
led to the identification of 60 genes that displayed 
both significant expression differences and significant 
allelic frequency differences (a total of 70 SNPs in 
those genes) between the populations from fragment-
ed and continuous landscapes. These included Hif-1α 
(MCINX007807) and genes involved in Notch (Nica-
strin, MCINX013215) and hedgehog (Patched-related, 
MCINX011439) signaling pathways (IV Table S7). 

As an example, in Hif-1α there was synonymous C/T 
variation in the middle of the gene that was present in 
all of the populations. The CC genotype for this SNP 
was much more common in the fragmented popula-
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tions (83% in ÅL and 91% in UP) compared to the 
continuous populations (61% in SA and 51% in ÖL). 
Also the CC genotype was associated with a signifi-
cantly lower expression levels compared to CT or TT 
genotypes (IV Fig. 5). This may indicate that the CC 
genotype is being maintained at a higher frequency in 
the fragmented populations because of its association 
with the reduced expression levels. These genes and 
closely linked genes are promising candidates for large 
scale genotypic experiments as they might be under 
selection when adapting to fragmented habitats. Un-
fortunately for this analysis, here we only had two 
populations per landscape type. The analysis is fur-
ther complicated by the colonization history and other 
confounding issues. The generality of these finding 
will need to be tested with independent populations 
and experimental manipulation.

5. CONCLUSIONS
 
As several independent transcriptome-wide or ge-
nome-wide gene expression analyses have been car-
ried out with the Glanville firtillary, certain reoccur-
ring themes are starting to emerge. In addition to the 
list of genes that are specific to a given experimental 
settings, there are also common genes and groups of 
genes that are involved in the same functions and are 
found differentially expressed in multiple seemingly 
unrelated experiments. 

The most prominent group consists of hexamerin 
genes, which are known to be regulated by the insect 
hormones JH and particularly 20E. Hexamerins are 
primarily expressed in the fat body, the insect equiva-
lent of mammalian liver (Scheller et al. 1990). Hexam-
erins play important roles throughout insect life. They 
are used as protein reserves to generate adult tissues 
during pupation (Telfer and Kunkel 1991), and eggs 
during vitallogenesis (Wheeler et al. 2000, Pan and 
Telfer 2001). We have found compelling evidence that 
the observed differences in hexamerin expression are 
heritable, and most likely reflect differences in the hor-
monal regulation that is under adaptive selection. The 
“life history syndrome” present in the Glanville fritil-
lary butterfly, in which the individuals found in newly 
established local populations have many positively 
correlated life history traits; higher flight metabolism, 
faster development and higher reproductive output 
(Hanski et al. 2006, Saastamoinen 2007b, Saasta-
moinen and Hanski 2008, Niitepõld et al. 2009) are 
almost certainly connected at the molecular level. A 

promising candidate for the connection between these 
life history traits are the genes and pathways regulat-
ing the expression of insect hormones JH and 20E.

Another important groups of genes are the immune 
response genes, particularly the antimicrobial pep-
tides (AMPs), which are also produced in the fat body 
(Cheng et al. 2006). The AMPs protect against patho-
gens  such as fungi and bacteria (Cheng et al. 2006), 
but they might also be important in other stress re-
sponses such as oxidative stress, hypoxia, and defense 
from toxins (Schreck et al. 1992). The Toll and Imd 
signaling pathways that regulate the expression of 
AMPs (Lemaitre et al. 1996) also responds hypoxia 
(Rius et al. 2008), which seems to be involved in the 
flight metabolism of the Glanville fritillary butterfly. 
The overexpression of AMPs in Drosophila protects 
from oxygen stress (Zhao and Haddad 2011) and the 
expression of AMPs is promoted by the insect hor-
mone 20E and suppressed by JH (Flatt et al. 2008). 
If hypoxia truly plays a crucial role in regulating flight 
performance in the Glanville fritillary butterfly, the 
AMPs could link the differences in hormonal regula-
tion to differences in hypoxia tolerance.

Together these studies have revealed that metapopula-
tion dynamics and habitat fragmentation causes selec-
tion pressure on an intricately connected set of genes 
and pathways. At the organismal level these genes 
translate to phenotypic traits which are also connected 
in multiple ways and make up the so called “life his-
tory syndrome”. When considering possible trade-offs 
we now need to consider all of the traits making up 
the syndrome, and not just individual traits. These 
gene expression and SNP studies are the first step 
towards a more mechanical understanding of the life 
history traits in the Glanville fritillary butterfly. The 
experiments carried out here have generated many 
hypotheses that can be tested by experimental ma-
nipulations. There are currently ongoing experiments 
looking at the role of hypoxia during flight, in which 
the atmospheric oxygen content is being manipulated 
in the flight chamber. There are plans to grow larvae 
and pupae in conditions with different oxygen pres-
sures. We would also like to do experiments where the 
identified pathways get disrupted by inhibiting com-
pounds during different life stages. 

The genome sequence of the Glanville fritillary butter-
fly (Ahola et al. 2014) will open up many new possi-
bilities. We will be able to do genome wide association 
studies of important phenotypic traits. We can design 
genotyping assays for the candidate genes identifies 
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in these experiments, and apply them on large scale 
surveys. We can look for regulatory regions in these 
genes, and see if they share common motifs. And we 
can begin to design experiments to look for post-tran-
scriptional regulation (alternative splicing and micro-
RNA regulation).
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