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The first lepidopteran genome (Bombyx mori) was published in 2004. Ten years later 
the genome of Melitaea cinxia came out as the third butterfly genome published, and 
the first eukaryotic genome sequenced in Finland. Owing to Ilkka Hanski, the M. cinxia 
system in the Åland Islands has become a famous model for metapopulation biology. 
More than 20 years of research on this system provides a strong ecological basis upon 
which a genetic framework could be built. Genetic knowledge is an essential addition 
for understanding eco-evolutionary dynamics and the genetic basis of variability in life 
history traits. Here we review the process of the M. cinxia genome project, its implica-
tions for lepidopteran genome evolution, and describe how the genome has been used 
for gene expression studies to identify genetic consequences of habitat fragmentation. 
Finally, we introduce some future possibilities and challenges for genomic research in 
M. cinxia and other Lepidoptera.

Enter genomics

The past four decades have been a time of 
unprecedented progress in biological sciences, 
to which Ilkka Hanski made fundamental contri-
butions. His insights into the causes and conse-
quences of population dynamics at the ecological 
level paved the way for a more intimate look at 
how the dynamics and the evolutionary history 
of a species are reflected at the genomic level. 
In the last two decades, this intimacy advanced 
from allele frequency studies of a single genetic 
marker (Orsini et al. 2009, Hanski 2011) to a 
full-blown genomic scale investigation to iden-
tify the specific genes involved in dispersal and 

colonization (Wheat et al. 2011, Somervuo et 
al. 2014, Kvist et al. 2015). The genomic revo-
lution in insects started with the publication of 
the Drosophila melanogaster genome in 2000 
(Adams et al. 2000), which itself was a prelude 
to the human genome project. This huge project 
demonstrated that it is technically possible to 
delve into the genomes of complex eukaryotes 
and discover the genetic mechanisms behind 
various life history traits. About four years later, 
the genomic revolution reached Lepidoptera, 
with a draft silkworm (Bombyx mori) genome 
being published by two competing groups (Mita 
et al. 2004, Xia et al. 2004). This and the rapid 
development of sequencing technologies set off 
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the race to sequence the first butterfly genome, 
and the main finalist contenders appeared to be 
Hanski’s M. cinxia, as well as Heliconius mel-
pomene and Bicyclus anynana, each of which 
had been extensively used as model systems to 
study different aspects of biology.

Through the subsequent years, researchers 
followed the progress of the three competing 
projects at various conferences and were all 
surprised when the first butterfly genome to be 
published was the monarch butterfly (Danaus 
plexippus) (Zhan et al. 2011). The Heliconius 
melpomene genome followed soon after (The 
Heliconius Genome Consortium 2012), and the 
M. cinxia genome two years later (Ahola et al. 
2014). At present, there are 25 published Lepi-
doptera genomes of which 18 represent differ-
ent butterfly species (NCBI database accessed 
November 2016). This genomic revolution 
has set the stage ready for investigations on 
genome-environment interactions on ecologi-
cally well-studied species.

Ilkka Hanski’s dream of sequencing the 
genome of his favorite species was realized in 
time for him to be able to actively start integrat-
ing the population biology and genomics of his 
favorite species. Here we review the process 
of obtaining the whole genome sequence and 
highlight the published results as well as discuss 
future possibilities and challenges.

Why was the Melitaea cinxia 
genome important?

The Glanville fritillary butterfly (Melitaea 
cinxia) model system in the Åland Islands in 
Finland was originally developed to study the 
effects of habitat fragmentation (Ehrlich & 
Hanski 2004). The system represents a classic 
metapopulation consisting of ca. 4000 habitat 
patches of dry meadows that can be divided into 
131 networks (Ojanen et al. 2013). Movement 
within networks is common, but long migration 
distances make such movements rare between 
the networks. The annual large-scale survey 
of the whole metapopulation has formed the 
backbone of these studies, which, coupled with 
experiments in common garden conditions and 
outdoor cages, have enabled a large and diverse 

set of studies on the ecology, evolution and 
genetics of this species. Ilkka Hanski and col-
leagues have made substantial contributions to 
the development of metapopulation theory using 
the system (Hanski 1999, Hanski & Ovaskainen 
2000), but also for other ecological investiga-
tions at the landscape scale (Hanski & Saccheri 
2006, Hanski 2011).

The development of next generation sequenc-
ing (NGS) has enabled individual research 
groups studying the ecology of natural popu-
lations to expand their scope to investigate the 
genetic and molecular basis of individual fitness 
traits at the scale of the whole genome. Thus 
the technological development has changed the 
entire research field from predominantly hypoth-
esis-driven approaches with a small number of 
candidate genes to more hypothesis-free global 
approaches that can help to understand popula-
tion-level phenomena such as local adaptation 
or population dynamics at the genomic level. 
For genetic research relying on genetic mark-
ers, NGS has been a tremendous help, enabling 
efficient and large-scale marker discovery. The 
benefits of NGS are particularly true in Lepi-
doptera research, for which it has been difficult 
to develop microsatellite markers (Van’t Hof 
et al. 2007) — the probable reason why only a 
few studies using genetic markers existed for 
Lepidoptera prior to the genomic revolution. At 
the more technical front, the access to whole 
genome or transcriptome sequences has signifi-
cantly accelerated development and implementa-
tion of the custom genotyping arrays that in turn 
allow simultaneous screening of a large number 
of different genetic markers for a large number of 
individuals. Therefore, the possibilities offered 
by the new technologies were exciting, prom-
ising a rational selection of (a large number of) 
genetic markers in contrast to the semi-arbitrary 
process of candidate gene selection.

The motivation for genomic studies of the 
Glanville fritillary arose not only from the aims 
to find association between genotypic and phe-
notypic variation in general, but from the special 
interest to understand the genetic basis of female 
reproductive success and dispersal related traits, 
both of which are essential for the species to per-
sist in fragmented landscapes. It was important 
to define the genetic and molecular level impact 
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of variation in dispersal traits but also the role of 
natural selection for population and evolutionary 
dynamics in the study system. Additionally, the 
genomic resources enable building a pedigree 
across the entire Åland Islands study system 
over several generations. Such a pedigree could 
be used for obtaining empirical assessments 
of dispersal and gene flow, but most impor-
tantly, for eco-evolutionary dynamics modeling 
with special interest in population growth and 
inbreeding depression.

More than 20 years of research on the study 
system has provided plenty of material and 
examples of quantitative and qualitative vari-
ables that appeared to have a genetic basis, 
and can be linked to the landscape level. For 
instance, on the Åland Islands, female Glanville 
fritillary use two plant species, Plantago lanceo-
lata and Veronica spicata, during oviposition as 
hosts for larvae (Nieminen et al. 2004). Earlier 
studies have suggested that female oviposition 
preference on one of the host plant species is 
genetically determined (Kuussaari et al. 2000, 
Hanski & Singer 2001). Oviposition preference 
is an important fitness trait for herbivores with 
gregarious larval groups, and female host choice 
can be crucial for survival of offspring. Larval 
and pupal development traits are highly heritable 
(Saastamoinen 2008, Klemme & Hanski 2009, 
Kvist et al. 2013, de Jong et al. 2014). Late 
larval stages development is important for build-
ing body mass in the adult stage, and is related to 
reproductive success of females (Saastamoinen 
2007), whereas larval development time can 
increase mating success of males (Saastamoinen 
et al. 2013).

Similarly, individual mobility and flight 
metabolic traits (both components of dispersal 
ability) are suggested to be highly heritable 
(Saastamoinen 2008, Klemme & Hanski 2009, 
Mattila & Hanski 2014), but both the genetic 
architecture and genes responsible for variation 
in those traits have been mostly unknown, and 
only rarely studied in wild populations. Only a 
few candidate genes have been identified to be 
associated with the above mentioned life history 
and dispersal traits in M. cinxia (Orsini et al. 
2009, de Jong et al. 2014, Ahola et al. 2015, 
Wong et al. 2016). The most important candi-
date is the gene phosphoglucose isomerase (Pgi) 

discussed elsewhere in this issue (Niitepõld & 
Saastamoinen 2017).

The trials and tribulations of 
building the Melitaea cinxia 
genome

The idea for sequencing the whole genome of 
M. cinxia was initially born around 2006, before 
the first NGS platforms became available, but 
was at that time regarded as a “dream project”. 
The justification for the dream was that it would 
open the door to many genomics tools that 
were available for laboratory model organisms 
but which required full genome sequence. The 
dream started to become attainable in 2006 when 
the first NGS technology, 454 pyrosequencer 
(launched in 2005), landed at the Institute of 
Biotechnology (BI), University of Helsinki. 
Soon after publishing the M. cinxia transcrip-
tome sequence using 454 sequencing technology 
(Vera et al. 2008), the decision for sequencing 
the whole genome became relevant. In retro-
spect it is now clear that none of the participants 
involved in the decision and initial planning had 
a clear idea of the full complexity of the proj-
ect, which is fortunate as otherwise this project 
would probably have never been initiated.

The original plan was to use the 454 FLX 
Titanium sequencer to provide long (~400 bp) 
reads with lower 6–8X coverage, and supple-
ment the data with short (~50 bp) SOLiD ver. 3 
reads that produced 20 times higher through-
put than the 454 sequencer. From the B. mori 
genome repeat annotation (Osanai-Futahashi et 
al. 2008) and the estimated genome size of 
320 Mb for M. cinxia, we anticipated that the 
M. cinxia genome may have relatively high 
transposable element (TE) content. This infor-
mation was critical for the final assembly of the 
genome as high repeat content can significantly 
impede genome assembly, particularly where TE 
composition is unknown, as was the case with 
M. cinxia. To overcome this obstacle, our plan 
was to use a hybrid assembly strategy: assem-
ble long 454 reads to contiguous sequences 
(contigs), and build the longer chromosomal 
scaffolds by linking the contigs with SOLiD 
mate pair (MP) reads and the already existing 
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transcriptome information. The outcome of this 
strategy was supposed to be a typical first-draft 
genome in which the contigs containing unique 
genome information were linked and ordered 
using MP and paired end (PE) reads of different 
insert lengths, effectively jumping over the unas-
sembled TEs of different (and often unknown) 
lengths. Use of different technologies was also 
thought to correct biases caused by different 
sequencing technologies. The known challenge 
was that at the time the project started there 
was no assembly method that would be able to 
accommodate both the 454 and SOLiD data. 
Consequently, one of the aims was also to pro-
duce new bioinformatics methods and tools for 
the genome projects. This turned out to be one of 
the strengths of the project.

The project was launched in early 2009 by 
establishing the genome steering group that 
remained essentially the same during the entire 
project. The core steering group consisted of 
roughly ten people originating from the Meta-
population Research Group (MRG) and Insti-
tute of Biotechnology (BI) (DNA Sequencing 
and Genomics Laboratory, RNA splicing group, 
and Bioinformatics group) with several members 
from the Department of Computer Science join-
ing soon after. This started the five-year cooper-
ation and integration of scientists from various 
backgrounds and modalities.

One of the immediate questions was the 
selection of an individual or individuals to be 
sequenced. The best option would have been to 
obtain DNA from a highly inbred (> 6 genera-
tions) individual or individuals. Unfortunately, 
with the nine-month generation time of M. cinxia 
this was not an option. Therefore, DNA for 
454 sequencing was extracted from a single 
7th (last) instar male larvae, which lacks the 
female W chromosome known to be composed 
almost entirely of repetitive DNA. To obtain 
large amounts of high-quality DNA was however 
not trivial because none of the standard DNA 
extraction methods worked particularly well 
with M. cinxia. In most cases, DNA preparations 
contained a pigment from the black larvae that 
interfered with DNA quality/quantity measure-
ments and — as we learned later the hard way 
— also decreased the stability of DNA prepa-
rations. Nevertheless, the first sequences with a 

read length of 360 bp started to accumulate, and 
the iterative process of assembly and sequencing 
was initiated. 

The first contig assembly was finished in 
2010 but, somewhat disappointingly, the con-
tigs were very short, most probably due to TEs 
and heterozygous indels of different lengths that 
interfered in the assembly process. This lead to 
several attempts for obtaining longer contigs, 
which turned out to be mostly useless — con-
tigs were and remained short (N50 = 2015 bp). 
In principle, increased amounts of data should 
have led to a steady increase in the contig length, 
but with M. cinxia this never happened. Contig 
length did not markedly increase with increasing 
amount of sequence data. Nevertheless, the first 
contig assemblies were sufficient for the launch 
of the genotyping branch of the project, and were 
used together with the transcriptome data in the 
design of the first custom genotyping array for 
M. cinxia (Ahola et al. 2015, Wong et al. 2016).

Within the steering group there was a strong 
belief or at least hope that scaffolding with 
SOLiD MP and Illumina PE sequencing data 
would at least partially compensate for the short 
contig length. Therefore, concurrent with contig 
assembly, read pair sequence data from sev-
eral short libraries (< 5 kb insert sizes) were 
produced and employed in scaffolding using a 
step-wise strategy in which libraries were added 
to the assembly in ascending order of insert size. 
This approach, however, resulted in only slightly 
improved assembly, leaving the number or scaf-
folds high and N50 relatively low (N50 < 50 kb). 
In other words, the resulting genome assembly 
was too fragmented to be publishable or useful 
for supporting genomic research. It was obvious 
that longer insert lengths were needed for bridg-
ing the longer TEs.

This started the most challenging part of the 
whole project. The project was already behind 
the initial schedule and the pressure for finishing 
the assembly and moving to the next annotation 
phase was high. Libraries with longer insert 
lengths were attempted, but it appeared that the 
true insert length was always much less than 
what was expected. New libraries were tried and 
DNA was sent to other laboratories — with the 
same outcome. The whole project was stuck in 
the scaffolding stage and there was a real pos-
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sibility that the project would never be finished. 
The pressure on everyone involved was hard — 
people responsible for the stage were pushed to 
the edge — the problem simply had to be solved.

At the darkest hour, the resolution came from 
an observation by the BI team that was respon-
sible for DNA isolation of a large number of 
individuals for the purpose of population level 
genotyping. They noticed that DNA that was 
supposed to be good was in fact highly frag-
mented after a long period of storage. Heating 
during library preparation stages further exacer-
bated this problem. The most likely culprit was 
the dark pigment present in every DNA prepara-
tion that most likely caused chemical fragmenta-
tion of the DNA. Thus, there was no possibility 
of building long MP libraries using the available 
DNA. This observation was the turning point of 
the whole project. 

With the problem finally identified, it was 
possible to consider work-arounds. Fortu-
nately, two members of the steering group had 
long-enough experience in molecular biology 
to remember the CsCl purification method that 
originates from the 1980s, which is pretty much 
the Stone Age in this fast-evolving field. A DNA 
isolation protocol for Drosophila (Smoller et al. 
1991) was quickly modified in ways that pre-
vented the pigments from binding to the DNA. 
The resulting genomic DNA was pure, beauti-
ful and of high molecular weight. The genome 
project was saved, people were smiling, and 
sequencing machines were running again!

The only small drawback was that several 
full-sib families of 100 individuals had to be 
used for DNA extraction thus bringing more 
variability to scaffolding. New data was rapidly 
used to build several possible assemblies. Here 
the delay that was so nerve wracking for the 
sequencing and assembly teams was in fact a 
blessing for the computational biologists. They 
had more time for method development, and 
when the new data was available, the new scaf-
folding method (Salmela et al. 2011) could be 
tuned up for the data.

One of the original aims in the genome 
project was to generate a linkage map as an 
independent resource to support the genome 
assembly. This turned out to be an excellent 
decision. The linkage map project was running 

concurrently with the sequencing and assembly 
project. The aim was to use RAD-sequencing for 
F1 families, and use the resulting data to build a 
high-throughput linkage map. It however turned 
out that there was no linkage map software that 
could efficiently use tens or hundreds of thou-
sands markers and take into account the achias-
matic meiosis of female Lepidoptera. RAD-seq 
library preparation turned out to be challenging, 
and succeed only after development of a new 
protocol (Rastas et al. 2013). Therefore, it took a 
long time to obtain good quality data but luckily 
again, that delay enabled the development of 
the missing linkage map method and software 
(Rastas et al. 2013).

Linkage map with 40 000 SNPs turned out 
to be crucial when choosing between different 
scaffolding versions of the genome assembly. 
Scaffolding produced several different versions 
and naturally our initial decision was to choose 
the one with longest scaffolds. It turned out, 
however, that the longest assembly with N50 = 
250 kb contained unacceptable high level (75%) 
of chimeric scaffolds. In other words, this partic-
ular assembly was too greedy, trading accuracy 
for increased (but false) scaffold length. This led 
us to choose a more humble but more correct 
version with 8262 scaffolds (N50 = 119 kb) of 
which only 8% were chimeric. Generally, we 
valued the quality assessment of the assembly 
as one of the paramount stages of the project, 
which was not so common at that time. We used 
altogether eight validation methods to assess 
correctness and completeness of the assembly 
(Ahola et al. 2014). The value of the linkage map 
was further emphasized during the final assem-
bly stages when this data was used together 
with MP and long PacBio sequencing reads to 
generate superscaffolds that raised the statistics 
of the assembly to the same level as the other 
sequenced Lepidoptera.

The scaffolding statistics were somewhat 
lower but still comparable to the other published 
Lepidoptera genomes (The International Silk-
worm Genome Consortium 2008, Zhan et al. 
2011, The Heliconius Genome Consortium 2012, 
You et al. 2013, Zhan & Reppert 2013), which 
enabled the project to be moved to the next stage. 
Gene models were built in collaboration with 
the European Bioinformatics Institute (EBI), as 
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the genome was already from the beginning 
meant to be published in the Ensembl Metazoa 
database (http://metazoa.ensembl.org). Helico-
nius melpomene and D. plexippus genomes were 
published already in 2012, which together with 
the B. mori genome published earlier, provided 
an essential assistance for the genome annota-
tion and gene model construction. The project 
quickly sprinted from gene model construction 
to functional annotation and to manual annota-
tion. Gene models were built in Maker (Cantarel 
et al. 2008) that did not fully benefit from the 
available transcriptome data, therefore further 
iteration rounds would have been needed to 
improve the gene models. These iteration steps 
were cut to a minimum and the gene models 
were frozen because of the tight schedule, and 
the acute need for fixed gene models to analyze 
of RNA-seq data for gene expression studies.

After functional annotations and ortholog 
analyses were completed, the project was moved 
to the manual annotation stage. Up to this point, 
the project was in the hands of a small group of 
people from the University of Helsinki, but the 
manual annotation opened the project to about 
twenty other collaborators around the world. 
At this stage the individual gene models were 
examined in detail, often by a specialist in the 
field, by linking the gene to the orthologous 
genes in other species and providing a protein 
name. Manual annotation was easy for short 
and conserved genes but challenging for others. 
It attempted to address many issues such as 
fragmented and incomplete gene models arising 
from short contigs and inefficient use of tran-
scriptome data, or presence of frame shifts or 
other mistakes due to errors in sequence data.

Finally, the genome assembly and annota-
tion stages were finished and the genome was 
to be published as soon as possible in a highly 
ranked journal. This was supposed to be the fast 
phase of the project, but it turned out to be a 
second bottleneck. The focus on producing the 
genome itself meant that the research group had 
not given much thought to the actual scientific 
story required for a high-profile paper. Some 
five years earlier the genome itself would have 
been sufficient to propel the publication to one of 
the high-ranking journals, but as whole genome 
assemblies became more common it was now 

necessary to present an accompanying lead story. 
Most people expected that the M. cinxia genome 
paper would be about the ecology of the species 
with special focus to evolutionary consequences 
of habitat fragmentation. Two large-scale 
RNA-seq studies were performed to support the 
story of the genome paper, and there were mul-
tiple attempts at finding the appropriate storyline 
for more than a year. During the summer of 2013 
it however became clear that we knew too little 
about the genomic and molecular consequences 
of habitat fragmentation in M. cinxia — it was 
too early and optimistic to think that we could 
make an attractive genome paper from that topic. 
We decided that the two RNA-seq studies would 
be published separately (Somervuo et al. 2014, 
Kvist et al. 2015), which left us again with an 
empty table — the project was once again com-
pletely halted. As with earlier delays, this was 
also useful as it allowed us to write the very 
sizable supplementary document (125 pages, 37 
figures and 34 tables) that would accompany the 
actual paper.

Ilkka Hanski’s strong opinion that was 
shared by many in the steering group was that 
we had to find something special from the M. 
cinxia genome itself, and use that for writing 
the genome paper. We did not want to write a 
“traditional” genome paper describing different 
gene families because lepidopteran genomes in 
general have very similar gene content (Ahola et 
al. 2014); it therefore seemed that there was no 
material for a high-profile genome paper.

The first genome meeting after the summer 
holidays in autumn 2013 was the second major 
turning point for the project. Early in the morn-
ing one of the bioinformaticians introduced a 
figure comparing the orthologous genes between 
B. mori and M. cinxia at the genome scale 
(Fig. 1a). This immediately generated a stir 
among the participants. The genome group was 
astonished to see the extremely high conser-
vation of gene order in all of the M. cinxia 31 
chromosomes between the two very divergent 
species. Furthermore, as B. mori has fewer chro-
mosomes than M. cinxia, it has “fusion chromo-
somes” that continued the same homology trend 
with very sharp sites of chromosomal fusions 
(Fig. 1b). Further comparisons to other species 
reinforced the observation. The group was now 
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very excited and there was nothing that was 
able to prevent further analyses — not even the 
knowledge that the phenomenon was reported 
many times before (Yasukochi et al. 2006, Bel-
dade et al. 2009, Yasukochi et al. 2009, The 
Heliconius Genome Consortium 2012, Sahara et 
al. 2013, Van’t Hof et al. 2013), but mostly with 
low resolution data — and the fact that none of 
the members had any experience in Lepidoptera 
chromosome biology. Soon it was decided that 
ancient chromosome number among Lepidop-
tera, chromosome conservation and dynamics 
were going to be the leading story of the genome 
paper. Here the initial visualization of complex 
data played an important role in choosing the 
topic, but was also crucial in the very end of the 
process and appreciated later by the readers. The 
detailed analyses led to the unexpected conclu-
sion that the chromosomal fusion dynamics in 
Lepidoptera is unlikely to be a random process 
(Ahola et al. 2014).

The publication process culminated in early 
summer 2014 when MRG was holding an annual 
meeting, with the scientific advisory board mem-
bers of the Academy of Finland Center of Excel-
lence present. Ilkka Hanski received the first 
(and only) reviewer comments from the journal 
in the early evening and it was immediately clear 
that the paper would be later formally accepted 

by the journal after a few modest clarifications 
asked by the reviewers. It was time to toast the 
successful completion of the project!

Melitaea cinxia genome sequence was the 
first eukaryotic genome totally finished and pub-
lished in Finland. Although the group members 
had experience in sequencing and assembling 
microbial and fungal genomes, performing auto-
matic and manual annotation as well as devel-
oping assembly and annotation methods, the 
M. cinxia genome was the first large genome 
project for all of us. In addition to the genome 
and the genome paper, it also yielded new scaf-
folding (Salmela et al. 2011), read error correc-
tion (Salmela 2010, Salmela & Schröder 2011), 
functional annotation (Koskinen et al. 2015), 
orthology prediction (Ta et al. 2011, Koskinen 
& Holm 2012), linkage mapping (Rastas et al. 
2013), and RNA-seq (Kvist et al. 2015) and 
RAD-seq (Rastas et al. 2013) library preparation 
methods. The M. cinxia genome project was 
also a pioneering project in the sense that it gave 
many groups in Finland the confidence to initiate 
a similar investigation as exemplified by the 
ongoing silver birch (J. Salojärvi unpubl. data) 
and Saimaa ringed seal genome projects, and 
also helped those groups by identifying critical 
stages of the project.

Fig. 1. Chromosome-level synteny in Lepidoptera. (a) A circos map showing one-to-one gene orthologues (4485) 
connecting M. cinxia and B. mori chromosomes. The B. mori chromosomes that are formed by a fusion of two 
ancestral chromosomes are shaded in blue and the corresponding orthologous chromosomes in M. cinxia with red. 
(b) Two detailed examples where the same M. cinxia chromosomes involved in fusion events in both B. mori and 
H. melpomene, but with non-orthologous fusion partners. Each box represents one superscaffold in M. cinxia and a 
scaffold in H. melpomene. Modified from the Ahola et al. (2014). For exhaustive description of the figure elements, 
see the original publication.
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Insights from the Melitaea cinxia 
genome

Dynamics of chromosome evolution in 
Lepidoptera

One of the unexpected outcomes arising from 
the M. cinxia genome project was that it was able 
to address a general question related to chro-
mosome evolution in Lepidoptera. In fact, such 
work was started at the University of Helsinki 
already a long time ago. Professor and academi-
cian Esko Suomalainen (1910-1995) was instru-
mental in setting up the study of karyotypes 
in Lepidoptera and other insects (Suomalainen 
1969), so it is only fitting that a Finnish genome 
project on a butterfly has brought us intrigu-
ing insights into chromosome evolution in this 
taxon.

Unlike in mammals and many other taxa 
the chromosomes in Lepidoptera are holocentric 
(Suomalainen 1966, Murakami & Imai 1974, 
Wolf 1996), meaning that the entire chromosome 
acts as a centromere during mitosis. Lepidoptera 
are also known for their large variation in chro-
mosome numbers, even within species (Brown et 
al. 2004, Kandul et al. 2007, Saura et al. 2013). 
Variation in chromosome numbers has been sug-
gested to be involved in species diversification 
(Mayr 1963), although a good understanding of 
the mechanisms behind such a process is lack-
ing. Holocentric chromosomes in principle allow 
for individuals with different numbers of chro-
mosomes to reproduce, if synteny is preserved 
across chromosomes. Additionally, holocentric 
chromosomes should be, due to their lack of 
localized centromere, more amenable to internal 
rearrangements because such rearrangements are 
not expected to lead to acrocentric chromosomes 
and chromosome loss during meiosis.

Contrary to these theoretical expectations, 
earlier studies in B. mori using linkage maps 
(Yasukochi et al. 2006, Beldade et al. 2009, 
Baxter et al. 2011), FISH mapping (Yasuko-
chi et al. 2009, Yoshido et al. 2011), and BAC 
sequencing (d’Alencon et al. 2010) suggested 
that the gene order on chromosomes in Lepidop-
tera is highly conserved. However, it required M. 
cinxia genome based on both sequence and link-
age data, together with the genomes of H. mel-

pomene and B. mori to pinpoint the conservative 
nature of synteny and gene order on lepidopteran 
chromosomes at high resolution (Ahola et al. 
2014). The n = 31 chromosome number of M. 
cinxia represents the ancient karyotype number 
of the Lepidoptera, and therefore it offers an 
excellent comparison point against the other 
genomes.

Our comparisons between M. cinxia and H. 
melpomene and B. mori genomes provided both 
expected and unexpected results. As expected 
from the earlier work the gene order in chromo-
somes was indeed conserved between the three 
species (Fig. 1a). Given the large evolutionary 
distance between the three species ~117 My 
(Wahlberg et al. 2013), and additional inclusion 
of Plutella xylostella with n = 31 into the analy-
ses, it was possible to conclude that this is a gen-
eral lepidopteran trait. Our work added a more 
detailed scale to the comparison by confirming 
that this is not just a macro-scale event but is 
reproduced at the gene level.

The unexpected results came when we asked 
how the dissimilar chromosome number (n = 31 
for M. cinxia, n = 21 for H. melpomene, n = 28 
for B. mori) between the three species affected 
the comparison. The lepidopteran karyotypes 
evolve predominantly through chromosomal 
fusions and fissions, of which the fusions are 
more common (White 1973). As the ancestral 
chromosome number is 31, this means that most 
species have 31 or fewer chromosomes. The 
exciting result came from detailed investigations 
of the H. melpomene and B. mori “fusion chro-
mosomes”, which have been formed by join-
ing of two ancestral chromosomes. Our work 
revealed that fusion chromosomes are formed 
by direct joining of the chromosome ends, which 
seem to prevent any further intrachromosomal 
rearrangements across the fusion boundary 
(Fig. 1). The other important result was that 
the fusion process does not seem to be random, 
but prefers short chromosomes, or to be more 
precise, chromosomes that are short in M. cinxia 
genome. This has led to a situation where the 
orthologs of the same M. cinxia chromosomes 
participate in chromosomal fusion events in dif-
ferent species despite their long divergence time 
of ~117 My (Wahlberg et al. 2013) (Fig. 1b). 
Furthermore, we showed that the propensity for 
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fusions is associated with TE content of the 
chromosome, and speculated that such elements 
may be involved either in forming telomeres 
(chromosome ends) in Lepidoptera or at least are 
associated with telomeres. Together our results 
suggest that the lepidopteran karyotypes evolve 
in a significantly different way than in most other 
metazoan species.

The foray into karyotype evolution was 
an unexpected but pleasant conclusion of the 
genome project. Furthermore, it is gratifying to 
note that our main conclusions relating to fusion 
chromosomes have already been independently 
confirmed for both H. melpomene (Davey et al. 
2016) and B. mori (Yasukochi et al. 2016). As a 
practical outcome, our conclusions on karyotype 
evolution have significantly simplified any future 
lepidopteran genome project because the evolu-
tionarily conserved gene content for each chro-
mosome can now be assumed during the genome 
assembly phase. At the same time, it also poses 
the yet unanswered question of whether such 
conserved synteny is in any way reflected in the 
ecology and evolution of lepidopteran species.

Ecological and evolutionary 
consequences of habitat fragmentation

Ecological and evolutionary consequences of 
habitat fragmentation in M. cinxia have been 
well-described but their genetic basis is mostly 
unknown. However, several studies have linked 
physiological characteristics to habitat fragmen-
tation, suggesting that these characteristics may 
have a genetic basis. Specifically, in the Åland 
Islands study system on average 100 new habitat 
patches are colonized every year. Physiological 
studies have shown that females from newly 
established populations have higher flight met-
abolic rate (FMR) than females from old local 
populations (Haag et al. 2005, Wheat et al. 
2011). More generally, higher FMR predicts 
higher dispersal capacity (Niitepõld et al. 2009), 
which, together with a field study (Ovaskainen et 
al. 2008) suggests that new population individu-
als have higher dispersal rate. When comparing 
the average FMR in four M. cinxia populations 
across the Baltic Sea: Åland Islands (AL, Fin-
land), Saaremaa (SA, Estonia), Uppland and 

Öland (UP and OL, Sweden), individuals from 
fragmented populations (AL, UP) have ca. 30% 
higher FMR than those from continuous popula-
tions (SA, OL) (Duplouy et al. 2013).

Additionally, Duplouy et al. (2013) sug-
gested that habitat fragmentation can also affect 
other life history traits. Post-diapause larvae 
from fragmented populations have higher body 
mass than those from continuous landscapes, and 
their development time is shorter. There are also 
slight morphological differences related to flight: 
thorax size is greater and wing load is smaller 
with the individuals living in fragmented land-
scapes. Higher FMR in fragmented landscapes is 
also reflected in behavioral differences: males in 
fragmented landscapes are more mobile and pos-
sibly for that reason have higher mating success 
than males from continuous landscapes.

These empirical results show that habitat 
fragmentation selects for genotypes and individ-
uals that are more dispersive, further suggest-
ing that there must be genetic raw material to 
fuel this selection process. Consistently, genome 
and transcriptome sequencing a large number of 
individuals has revealed that genetic variation 
within the Åland Islands is relatively high. The 
estimates of single nucleotide (SNP) and indel 
polymorphism vary from 15 to 36 SNPs/kb 
but are likely to be underestimated (Ahola et 
al. 2014; first author’s unpubl. data). Thus the 
genome sequence includes a lot of material for 
natural selection to act on. This variation can in 
principle affect phenotypic characteristics either 
through allelic variation where different alleles 
code for proteins that have slightly different 
biological properties. Alternatively, variation 
can influence biological properties by changing 
expression levels of genes involved in pheno-
typic characteristics.

Earlier studies have investigated allelic vari-
ation within a single gene, Pgi functioning in 
the glycolysis pathway at the very center of 
the cellular energy metabolism network. These 
studies suggested that SNP variation within 
the Pgi coding region explains a surprisingly 
large amount of the variation affecting FMR 
(Niitepõld et al. 2009). Similarly, comparison 
between old and new population individuals 
have shown allele frequency differences in the 
Pgi locus (Haag et al. 2005), and subsequent 
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studies have shown that FMR is correlated with 
gene expression level of Pgi (Kvist et al. 2015).

These studies were, however, concentrated on 
Pgi only. While the whole transcript of the gene 
was known, the majority of the results relied 
on a single SNP (or two allozymes), and hence 
provided a rather restricted view on genetic and 
molecular mechanisms leading to population and 
landscape level differences. The transcriptome 
and genome sequencing projects enabled studies 
beyond Pgi. The transcriptome sequence (Vera 
et al. 2008) enabled development of a custom 
microarray, and the genome sequencing (Ahola 
et al. 2014) facilitated RNA-seq studies based on 
mapping of reads to the genome, both of which 
in turn enabled global genome- and/or transcrip-
tome-wide analyses.

To date four transcriptome-wide gene expres-
sion studies have been completed for M. cinxia 
(Wheat et al. 2011, Kvist et al. 2013, 2015, 
Somervuo et al. 2014). Together they have 
uncovered extensive gene expression differences 
among populations, different environmental con-
ditions, sexes and families. Of these, the fami-
ly-level differences suggest that the underlying 
genetic variation acts at least partially through 
gene expression regulation, while the population 
level differences suggest complex interactions 
between the genome and environment/landscape 
and physiology. At the same time these studies 
also provide evidence for adaptive responses 
in the gene expression programs. While the 
sex-biased gene expression is most prevalent in 
gonads, it can be detected in the other tissues 
similarly as in other systems (Perry et al. 2014, 
Grath & Parsch 2016). For example, 37% of M. 
cinxia genes that show gene expression differ-
ences after flight exhibit sex-biased gene expres-
sion that likely relates to sexual dimorphism, 
and physiological and behavioral differences 
between the sexes. These expression differences 
result in part from the incomplete dosage com-
pensation of the sex chromosome (66% in Kvist 
et al. 2015), where the second copy of the Z 
chromosome is only partially silenced in males 
resulting in male-biased gene expression pat-
terns. This interesting observation is an example 
of an interplay between gene expression and 
important morphological, physiology and behav-
ioral characteristics between females and males, 

which may affect sexual selection and antago-
nism in this species.

Because flight is the key biological factor in 
butterfly dispersal it is not surprising that three 
of the four gene expression studies have concen-
trated directly or indirectly on the flight-induced 
gene expression changes with M. cinxia. Kvist 
et al. (2015) concentrated directly on flight: 
Which genes and gene groups are differentially 
expressed in thorax (i.e. flight muscle) due to 
an induced flight treatment which attempts to 
simulate a long distance migration that is typical 
for the females establishing new populations? 
The results showed that flight has long-lasting 
effects on roughly 1500 genes (~9% of all M. 
cinxia genes; Kvist et al. 2015). Such a large 
number of genes suggested a general regulatory 
change. Consistently, many transcription fac-
tors were indeed activated immediately after the 
flight treatment, suggesting that they represent 
upstream regulators that induce or suppress the 
expression of larger groups of target genes or 
pathways. As expected, these relate to biochemi-
cal pathways involved in energy metabolism, but 
genes involved in hypoxia response were also 
observed. Both pathways were downregulated 
after induced flight, which is expected because 
15 minutes of continuous flight is both energy 
and oxygen consuming for M. cinxia (Suarez 
et al. 2000), and the downregulation of genes 
may protect butterflies from damaging effects 
of flight. Interestingly, genes related to immune 
system and cellular biosynthetic processes were 
upregulated as a response to flight, which sug-
gests that flight induces general protective mech-
anism also seen with energy metabolism and 
hypoxia responsive genes.

Can we detect population level differences 
suggesting that selection may favor certain gene 
expression patterns in a subset of populations? 
The answer is a tentative yes. A gene expres-
sion study comparing adult butterflies from two 
fragmented (AL and UP) and two continuous 
(SA and OL) populations (Somervuo et al. 2014) 
reported that genes that were up-regulated in 
flight were also up-regulated in fragmented pop-
ulations when compared with continuous popu-
lations (Somervuo et al. 2014, Kvist et al. 2015). 
These genes included several antimicrobial pep-
tides (AMPs), which in Drosophila are known 
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to improve tolerance to oxidant stress (Zhao et 
al. 2011). Similar flight-induced gene expression 
differences have been reported between new and 
old populations in the Åland system. Wheat et 
al. (2011) reported differences in gene expres-
sion profiles and physiological characteristics 
between individuals from new versus old popu-
lations, such that the new population individuals 
showed higher FMR and higher expression of 
genes responsible for maintenance of muscle 
proteins in thorax. Somervuo et al. (2014) on the 
other hand showed low put positive correlation: 
the genes that were higher expressed in frag-
mented than continuous populations were also 
somewhat more higher expressed in new than 
old populations.

Together, several studies have shown that 
flight does indeed have an effect on gene expres-
sion and the consequences of some of these 
effects can also be observed at population or 
landscape level, but the signal is often weak 
or missing. Why? One should always bear in 
mind that selection takes into account the whole 
life-history of the organism and operates at the 
whole metapopulation level. Therefore, alleles 
or gene expression patterns that are optimal for 
flight may not be best for larval development or 
optimal for continuous landscape or in old estab-
lished population. Furthermore, gene expression 
is a very plastic trait varying between time 
points, samples, tissues and even cells, and it is 
not always repeatable (Grath & Parsch 2016). 
Therefore population-level expression studies 
with high-level hypotheses have low power to 
produce gene or sequence-level results. For this 
reason the potential new candidate genes arising 
from these analyses is low. Next we will high-
light a few genes and pathways that have poten-
tially a role in flight capacity or other life history 
trait differences between populations.

Hexmerins are general storage proteins found 
in insect hemolymph, and used as reservoirs of 
amino acids particularly for synthesis of adult 
proteins during pupation (Telfer & Kunkel 
1991), but also for egg production (Pan & Telfer 
2001). Gene expression levels of hexamerins are 
found to be positively correlated with post-dia-
pause larval development time but the expres-
sion differences also appear between families, 
again showing positive correlation with the 

fast developing families with higher hexamerin 
expression levels (Kvist et al. 2013). Hexamerin 
genes form a large gene family with overlap-
ping functions. They are co-expressed, and thus 
most probably co-regulated by the juvenile and 
ecdysteroid hormones. The results suggest that 
variation in larval development is likely to be 
due to underlying genetic variation of hormonal 
regulators. At the population level the average 
larval development time is higher in fragmented 
than in continuous populations (Duplouy et al. 
2013). Habitat fragmentation may thus select for 
faster developing individuals. The selection has 
possibly occurred in the juvenile or ecdysteroid 
hormone pathway genes, but causal genes under 
selection and the precise genetic variation or 
molecular processes remain to be determined.

Another important gene is a hypoxia response 
gene Hypoxia-inducible factor 1α (Hif-1α), a 
transcription factor and a main regulator of the 
hypoxia pathway (Kaelin & Ratcliffe 2008). 
Hypoxia response is a stress reaction triggered 
by low oxygen level such as long-lasting flight. 
Hif-1α is mainly regulated at the protein level 
and provides an immediate response to hypoxia. 
In Kvist et al. (2015) Hif-1α transcript and 
other hypoxia-responsive genes were downreg-
ulated in butterflies after 20 h of induced flight 
treatment when the butterflies were recovering 
from the exercise, and the energy metabolism 
pathways were downregulated. Somervuo et al. 
(2014) reported that individuals from fragmented 
populations showed in general lower basal 
expression levels of Hif-1α than the individuals 
from continuous populations. In contrast, indi-
viduals from fragmented landscape have higher 
FMR (Duplouy et al. 2013), and hence higher 
flight performance, suggesting that they may be 
less sensitive to hypoxia. This gene is an exam-
ple of selection at the landscape level where 
habitat fragmentation favors more dispersive 
individuals that is then reflected at the genetic 
or molecular level. Consistently, one SNP in 
Hif-1α is associated with significant expression 
differences between genotypes, and the genotype 
associated with lower gene expression appears to 
be more frequent in the fragmented populations 
(Somervuo et al. 2014).

The third example is succinate-dehydroge-
nase-d (Sdhd) gene. Wheat et al. (2011) iden-
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tified indel variation at 3´ untranslated region 
(3´UTR) of the transcript that was associated 
with higher expression of energy metabolism 
genes, and thereby to higher flight endurance. 
Interestingly, the new population individuals 
show higher flight endurance, higher indel abun-
dance and higher expression of Sdhd as com-
pared with individuals from the old populations. 
Later studies have found that Sdhd in fact influ-
ences hypoxia regulation through the Hif-1α 
protein, and thereby directly impacts the flight 
performance (Marden et al. 2013). Addition-
ally, the Sdhd indel region includes a predicted 
microRNA binding site (Wheat et al. 2011). As 
microRNAs are well-characterized negative reg-
ulators of translation, variation in this regulatory 
event may provide a mechanistic explanation for 
the differences in flight performance, and hence 
could at least partly explain differences among 
more and less dispersive populations.

Together these few studies of gene expres-
sion variation in experimental conditions and 
among individuals derived from populations rep-
resenting either newly colonized vs. old popula-
tions, or from continuous vs fragmented land-
scapes are starting to build a picture of how 
the genomic information is influenced by the 
population structure and eventually the land-
scape. Particularly these studies demonstrate that 
habitat fragmentation and more generally meta-
population dynamics leads to selection pressure 
that acts on an intricately connected set of genes 
and pathways.

Future possibilities and 
challenges

Lepidopteran genomics is still a new research 
field. Although draft reference genomes are pres-
ently available for ca. 25 species, they do not 
equally cover clades of Lepidoptera. Melitaea 
cinxia represents a non-tropical Nymphalidae, 
of which the evolutionary distance to the nearest 
species sequenced is ~70 My. Importantly, all 
the genomic resources of M. cinxia and most 
other Lepidoptera species have been made pub-
licly available. This welcomes other research 
groups to use M. cinxia as a study species but 
also significantly benefits more general com-

parative studies between other Lepidoptera or 
between insect species or beyond. Additionally, 
the presently sequenced Lepidoptera species, 
including M. cinxia, will be serving as compar-
ison points and benchmarks for the larger ongo-
ing genome sequencing initiatives, such as the 
i5K, aiming to sequence the genomes of 5000 
arthropod species (i5K Consortium 2013).

Despite of the availability of reference 
genomes, many basic properties of genome 
organisation and function are still poorly under-
stood among the Lepidoptera. The sequence and 
function of the female-specific W sex chromo-
some is poorly explored — mostly because of a 
high TE content (which makes sequence assem-
bly difficult if not nearly impossible) and the 
lack of protein coding genes. Epigenetic mod-
ifications and transcription factor binding sites 
are mostly unknown for Lepidoptera, as well as 
the extent, role and significance, especially evo-
lutionary/population biology significance, of the 
mRNA processing pathways such as pre-mRNA 
splicing. Noncoding RNA genes have drawn 
significant attention in mammalian biology in 
the recent years, but they also remain virtually 
uncharacterized in the lepidopteran genomes. 
TEs comprise at least 25%–35% of lepidopteran 
genomes (Osanai-Futahashi et al. 2008, The Hel-
iconius Genome Consortium 2012). Recent stud-
ies have provided intriguing examples on the 
evolutionary role of TEs (Nadeau et al. 2016, 
Van’t Hof et al. 2016), but at a larger scale the 
role of TEs in genome and adaptive evolution 
is mostly unexplored. In the near future, PacBio 
and other NGS technologies producing long 
reads will be the key to open up new avenues to 
these types of research questions that could not 
be addressed with short read NGS.

One of Ilkka Hanski’s specific research topics 
was to show that allele frequency of one SNP 
pgi:c.331A>C in the Pgi gene is controlled by 
eco-evolutionary dynamics in the heteroge-
neous Åland study system (Zheng et al. 2009, 
Hanski & Mononen 2011, Hanski 2011, Hanski 
et al. 2017). The studies of Hanski and colleagues 
demonstrated that allelic variation in the Pgi 
gene explains large proportion of variation in 
metapopulation size (Hanski et al. 2017), and can 
thus be regarded as an example of evolutionary 
consequences of habitat loss and fragmentation 
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(Hanski & Mononen 2011). These studies were 
based on a single SNP, but should these classical 
studies now be extended to the genomic scale? 
Whole genome sequence and variation informa-
tion is now available for M. cinxia, and enable 
studies for detecting candidate genes or linked 
loci responsible for variability in dispersal and 
reproductive success related traits. The use of 
those in the eco-evolutionary modelling with the 
Åland study system would continue Ilkka Hans-
ki’s legacy, and broaden the knowledge of evo-
lutionary consequences of habitat fragmentation.

Future challenges include the development of 
M. cinxia lines that would be more sustainable 
under laboratory conditions. As this would pref-
erably require skipping of the obligate winter 
diapause, it would be necessary to first define 
the molecular basis of diapause to develop lines. 
Furthermore, identifying genes and genetic loci 
associated with other life history traits, such as 
those affecting development, would be important 
for future studies of M. cinxia, especially when 
aiming at understanding the role of phenotypic 
plasticity (Saastamoinen et al. 2013, Ahola et al. 
2015), microbiota (Ruokolainen et al. 2016) and 
microhabitat to the life history traits.

Currently, an emerging tool in Lepidoptera 
genomics is to use genome editing, i.e. the abil-
ity to make specific changes to the genome of an 
organism, to demonstrate the effect of potential 
causal variant to phenotype. Genome editing has 
already successfully been applied to B. mori, 
Papilio xuthus and D. plexippus (Wei et al. 2014, 
Li et al. 2015, Markert et al. 2016) and there 
are no technical reasons for it to not work with 
M. cinxia. Thus in the future it will be possible 
to test ecologically relevant candidate genes in 
their native hosts in a similar fashion as already 
done with the laboratory model organisms. This 
makes it possible to move from exclusively cor-
relation-based studies to investigations of causal 
relationships that will provide deeper under-
standing of underlying mechanisms of ecologi-
cally important traits.
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