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Abstract 
In the age of museomics, the ability to sequence the genetic material from old museum specimens provides an 
invaluable and often untapped molecular resource. The application of the latest Next-Generation sequencing 
(NGS) technologies to such specimens allows us to utilise the diverse biobank that is natural history museums. 
These approaches provide the opportunity to study both extinct or difficult to collect taxa. The aim of this thesis is 
to apply NGS techniques to museum specimens of Lepidoptera, to better investigate the types of data generated 
and their uses. 
 
In the first chapter, we use a targeted enrichment (TE) approach to sequence nuclear loci from museum 
specimens dating back to 1892 for 35 taxa across the order Lepidoptera. Loci recovery ranged from 500-1,747. 
The success of this technique across the specimens highlights the usefulness of such a kit to study the entire 
order, thereby enabling the potential to resolve both shallow and deeper nodes in the phylogeny. 
 
In the second chapter, we applied the TE approach to three moth families belonging to the superfamily 
Geometroidea. Thirty-three museum specimens collected between 2001 and 1892 were sequenced from the 
families Epicopeiidae, Sematuridae and Pseudobistonidae. We recovered up to 1,383 raw loci per individual. Loci 
recovered in 20 or more specimens were carried forward for phylogenetic analysis, with a final data set consisting 
of 378 loci. These loci from another 19 publically available genomes and transcriptomes were combined to 
complete our dataset. We find strong support for the hypothesis that Sematuridae is the sister group to 
Epicopeiidae + Pseudobistonidae.   
 
Further expanding on our results from the TE approach, in the third chapter we apply whole genome sequencing 
(WGS) to expand our dataset. We sequenced whole genomes of 30 museum specimens of Epicopeiidae and 
Sematuridae. Recovery of the 387 loci from the TE experiment ranged from 20 - 94%. The resulting phylogeny 
confirms the phylogenetic relationships within these families. Additionally, we compared the data generated 
between the two approaches, presenting the advantages and disadvantages of each approach.   
 
In the final chapter, we investigated the usefulness of museum specimen WGS for population genomics studies. 
Data was generated for 13 specimens of Pieris napi, a common butterfly in Sweden. The availability of a recently 
published genome allows us to demonstrate that ~81% of the recovered DNA is from the target specimen. 
Average genomic coverage was 15.6X for nuclear DNA, and 1,963X for the mitochondria. We found that 
individuals originating from Abisko are genetically distinct from the remaining P. napi populations. This study 
highlights the potential of museum specimens for looking at changes in population genetic dynamics through time. 
 
In summary, we show the usefulness of various museomics applications. In particular, we focus on the use of TE 
and WGS for phylogenomic studies. Additionally, we highlight that WGS sequencing can also be utilized for 
population genetic-based studies, opening a window to the past.  
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1 Introduction 

1.1 Natural history museum 

Natural history museums are one of the cornerstones of western scientific culture. 
During the Renaissance, connoisseurs started to collect and accumulate numerous 
natural samples, such as animals, plants, minerals, and even some pieces of art or relics 
from past and different civilizations. Because of the appeal for the 'exotic', these 
collections often included non-European specimens and sometimes even fake ones. 
From what they could bring back from their exploratory journeys, to their backyards 
they began to collect, store, and sort out a variety of items.  

At first, they stored all of these collections in cabinets of curiosities (or kunstkammer 
in German). Nevertheless, those wonder-rooms were private and often lacked 
methodology and order. In 1587 Gabriel Kaltemarckt provided guidelines for setting 
up an organized cabinet of curiosities, but also suggestions about the kind of 
qualifications required for the person in charge of these collections. According to him, 
a proper Kunstkammer was supposed to contain three different types of depots: 
sculptures, paintings, and unique items "from home and abroad." In this last category, 
he included "antlers, horns, claws, feathers and other things belonging to strange and 
curious animals, birds or fishes, including the skeletons of their anatomy" (Gutfleisch 
& Menzhausen, 1989). However, despite this first attempt to organize and standardize 
collections, Kaltemarckt also provided terrible advice by dissuading the labelling of 
items with collection information (Gutfleisch & Menzhausen, 1989). 

Soon, collectors, merchants, but also counterfeiters and other charlatans, gave way to 
scholars, scientists, and naturalists who were genuinely interested in observing, 
studying, and indexing the living diversity on Earth. People like Ole Worm, a Danish 
physician and natural historian (1588–1654) and Athanasius Kircher (1602–1680), a 
German Jesuit scholar and mathematician, contributed with a lot of knowledge and 
items in these cabinets of curiosities. Gradually, these wonder-rooms became both more 
structured and managed, as well as more collectivized by institutions like universities. 
One of the first museums, as we recognize them now, was probably the Ashmolean 
Museum of Art and Archaeology established in 1683 from Elias Ashmole's cabinet of 
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curiosities offered to Oxford University (Swann, 2001). Subsequently, a lot of 
European natural history museums bloomed. In 1735, the Biological Museum at Lund 
University was initiated based on the collection of Kilian Stobaeus. Afterwards, in 
1753, the British Museum was constituted predominantly based on Sir Hans Sloane's 
collection (Classen, 2007). The French National Museum of Natural History followed, 
founded during the French Revolution in 1793, and scores of other museums around 
Europe. With these newly formed collections and descriptions of species, museums 
developed and started to standardize their rules of archival. In parallel with this, new 
scientific disciplines emerged: systematics and taxonomy, leading to biology, as we 
know it nowadays. 

Over the decades museums gathered a vast number of specimens either by the 
acquisition of natural samples or by donations from amateurs or philanthropists, 
leading to the immense museum collections we see around the world today. It is not 
straightforward to estimate the number of specimens in museums worldwide; however, 
the current consensus is around 2.5–3 billion specimens (Chapman, 2005; Duckworth 
et al., 1993; Suarez & Tsutsui, 2004). 

Since their creation, natural history museums have represented a valuable reference of 
biological resources and knowledge for both the scientific community and the public. 
These arrays of natural specimens are essential for the study of systematics, biodiversity, 
habitat loss, and global climate change research, or biological invasion studies, as well 
as number of other scientific disciplines (Bradley et al., 2014).  

1.2 Museomics 

Until recently, scientists were using the immense amount of biological resources stored 
in museums only at a morphological study level. Due to the high level of damage and 
fragmentation of the genetic material in historical samples, researchers considered the 
DNA from these specimens to be too degraded to be utilized (Shapiro & Hofreiter, 
2012). Consequently, DNA extractions and analysis were initially limited to freshly 
collected samples. 

Nowadays, the scientific community in biology can face many challenges before being 
able to sample in the field. These issues can be monetary (e.g., lack of funding), 
stochastic events (inaccessibility of species of interest, adverse weather conditions, etc.), 
but also administrative difficulties, in terms of the need for permits.  

In an objective to, somehow, standardize this burdensome bureaucracy, the 
Convention on Biology Diversity (CBD) set the Nagoya Protocol (NP) on Access and 
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Benefit Sharing (ABS). The NP is an agreement that aims to provide a transparent legal 
framework for the fair and equitable sharing of benefits arising out of the utilization of 
genetic resources (Buck & Hamilton, 2011; “The Nagoya Protocol on access and 
benefit sharing of genetic resources. 1,” 2010).  

In 2010 the CBD met in Nagoya (Japan) to discuss how to conserve biological diversity 
in the fairest way possible. The purpose of the treaty they agreed on was to allow more 
equitable sharing of natural resources (CBD, 2012). In other words, the use of any 
biological material first, requires an agreement between providers, users, and countries, 
mainly if this trade involves the utilization of genetic resources, which concerns all 
biological organisms. Despite these noble intents, the adoption of the NP, however, 
has not been smooth. Different stakeholders lack clarification, while others doubt how 
the implementation of such a protocol is going to work (Neumann et al., 2018). While 
the intention behind the NP was to fight unjust profitable exploitation of biological 
resources (a.k.a biopiracy), this treaty, at the same time, is failing at its primary goal, 
which is to fairly compensate provider communities (Cressey, 2014; Schindel et al., 
2015).  

The main concerns of the scientific community were the limitations and the burden 
that the NP brings to studies on biodiversity (such as conservation, monitoring, 
treatment of infectious diseases), as well as other areas of research (like phylogeny or 
biogeography). However, despite these concerns, 51 countries ratified the protocol on 
July 14th, 2014, and the NP came into force on October 12th, 2014. Accordingly, 
since this date, researchers must, before sampling specimens, arrange agreements, 
referred to as Access Benefit Sharing (ABS) agreements, with the providing country. 
These preliminary permissions need to specify not only who and how will profits from 
the used organisms but also a fair shared definition of the study's benefits between the 
involved stakeholders. Both publications' co-authorship and sharing profits from 
products (such as vaccines or pesticides) resulting from the study of the organism are 
considered benefits. 

Although the idea behind this is a proper and fairer distribution of resources, in practice 
for scientific research, it can be a deadlock situation. As an illustration, consider a 
phylogenetic study: in terms of evolutionary questions, the more taxa, the merrier. As 
borders do not concern species, moreover some taxa are distributed worldwide, a 
research team would quickly need hundreds of co-authors / agreements to be able to 
use all the material they require for their investigation. Often getting deals requires 
negotiations in person in the countries of origin, which is financially impossible for 
many research projects. 
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Under those conditions, natural history museum specimens represent a crucial resource 
for further expanding our understanding of the diversity we see around us. These 
collections could be the cornucopia for biological studies by efficiently providing 
millions of specimens. As previously discussed, the sampling of fresh material can be 
difficult and hindered by several factors. Not to mention that museums' collections can 
give access to not only rare but also extinct specimens, which represents a fantastic asset. 

Currently, we are experiencing an unprecedented loss of biological diversity (Butchart 
et al., 2010). For some taxa, the rate of extinction is massive. For example, over the last 
25 years, more than 75% of the total flying insect biomass has declined in protected 
areas in Germany (Hallmann et al., 2017). Because of this contemporary mass 
extinction period, some species are under protection or, in some unfortunate cases, have 
already disappeared. In this worrisome situation, museums collections can act as a 
genetic Noah's Ark, maintaining biological resources that have otherwise become rare 
or extinct in the wild. 

One of the excellent illustrations of the use of museomics on an extinct species is the 
little bush moa (Anomalopteryx didiformis). From one mitochondrial 12S rRNA gene 
(A. Cooper et al., 1992), to the whole genome (Cloutier et al., 2018, 2019), DNA from 
museum samples of moas helps to understand the phylogenetic relationships of the 
New Zealand endemic flightless birds. The results of these studies strongly suggested 
that flightlessness evolved independently in two lineages. 

1.3 Sequencing ancient and historical DNA (aDNA & 
hDNA) 

1.3.1 Raiders of the Lost DNA 

In 1984, Higuchi et al. successfully extracted DNA from a sample of quagga (Equus 
quagga quagga), a zebra subspecies that went extinct one hundred years earlier (1883). 
This study was the first fruitful attempt to obtain DNA from a historical specimen. 
However, due to technical limitations, they only managed to recover 1% of what they 
could get from fresh samples (Higuchi et al., 1984). One year later, another experiment 
focused on a 2,400 year-old Egyptian mummy (Svante Pääbo, 1985). These two studies 
used bacterial cloning to amplify short sequences. Nevertheless, due to the rarity of the 
samples and the lack of experimental reproducibility, the authenticity of these studies 
was questionable, and particularly the paper on the Egyptian mummy was highly 
controversial (Knapp et al., 2015). The probable contamination with fresh human 
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DNA, quite rightly pointed out, was the primary concern against the latter case. 
Therefore, impending ancient DNA (aDNA) studies need to be extra cautious and 
reduce as much as possible all the potential contamination risks associated with 
fragmented DNA. Despite these initial suspicions, Higuchi's research was the 
foundation for the ancient DNA and museomics field by showing the preservation of 
some endogenous DNA in those old specimens. 

1.3.2 Close Encounter of the PCR Kind 

The development of the polymerase chain reaction (PCR) (Saiki et al., 1985) and its 
popularization paved the way for ancient DNA research. Because it targets a specific 
segment of DNA and amplifies millions of copies of these targeted DNA fragments, 
PCR was a real revolution in molecular biology. With this method and the constant 
enhancements brought to it through time, ancient DNA and historical specimens' 
research could rise from dust. Indeed, several old DNA studies flourished following this 
discovery (S. Pääbo, 1989; Svante Pääbo & Wilson, 1988; R. H. Thomas et al., 1989). 

Nevertheless, the amplification power of PCR can also lead to a lot of wrong results. 
Even though PCR allows bypassing the natural fragmentation of the DNA, by 
amplifying short fragments (<100–300 bp), the downside of this method is its tendency 
to target first contaminant copies of DNA. Admittedly, if there is fresh DNA 
contamination within samples, there are far more copies of the exogenous DNA than 
the endogenous DNA. Because of the abundance of contaminants, during the PCR 
process, these will have more chances to get amplified. Under those circumstances, false 
positives were – and still are – one of the principal challenges in ancient DNA research. 
During the early 1990s, some ambitious yet incautious studies arose, like presumed 
dinosaur DNA sequences (Woodward et al., 1994), which were modern human 
contaminations (Zischler et al., 1995). Another study with overstated conclusions was 
claiming to retrieve DNA sequences from millions of years (Myr) old Magnolia species 
(Golenberg et al., 1990). However, independent laboratories were not able to replicate 
this study (Austin et al., 1997; Hedges et al., 1995). Other studies proposed this kind 
of incredible results while being vague in both their methodology and lacking any 
replication (Cano & Borucki, 1995; DeSalle et al., 1992; Poinar et al., 1993). Because 
of these unsure first steps, for a long time, ancient DNA research had bad press. 
Therefore, the scientific community was highly skeptical regarding this kind of 
research. 

Despite these early failures and fumbling beginnings, in the early 2000s, through 
advances in the methods and the understanding of the types of DNA damage, as well 
as how to bypass sample contaminations, ancient DNA research became a trustworthy 
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science (A. Cooper & Poinar, 2000; Eske Willerslev & Cooper, 2005). Increasingly 
studies were authenticated by independent replications, like for the brown bear 
(Loreille et al., 2001), the moa mitochondrial genome (Cooper et al., 2001), DNA of 
plants from permafrost sediments (Willerslev, 2003) and permafrost bacteria 
(Willerslev et al., 2004). Even so, PCR made a big difference for ancient DNA research; 
its inherent and specific challenges remain. PCR brings a solution against the natural 
fragmentation of the DNA by allowing amplification of short fragments. However, this 
method needs to be supplemented by overlapping, as well as specially designed primer 
pairs to ensure that the different PCR products originate from the same DNA source 
(Römpler et al., 2006). This technique alone cannot fix all kinds of damage. Indeed, 
chemical modification of ancient DNA can lead to PCR failures. And, even in case of 
success, only a small amount of endogenous DNA can be retrieved (Rowe et al., 2011).  

1.3.3 Next-Generation Sequencing: A New Hope 

All of these studies from the early 2000s were based on the Sanger capillary sequencing 
method. But, in 2005, a new significant shift occurred in the molecular field. The 
appearance of new sequencing technologies ushered in a new age for genomics 
(Margulies et al., 2005). The development of highly parallelizable and high-throughput 
sequencing (HTS), known as next-generation sequencing (NGS), allows the 
production of larger volumes of sequencing data per run. Current NGS methods 
generate several hundred million independent reads per run, while, in comparison, 
Sanger sequencing makes just a single read (Metzker, 2010; Shendure & Ji, 2008). 
Thereby allowing the shift from looking at genes one by one to being able to sequence 
and quantify all expressed genes or an organism's entire genome. 

Equally important was the fact that new sequencing platforms were far more efficient, 
concurring with the rise of a lot of new brands. This emergence of new laboratory 
companies created a new market with fierce competition and drastically decreased 
prices. Several NGS platforms rose at that time, but the three most popular ones were 
Roche/454 Life Sciences pyrosequencing, Illumina, and ABI SOLiD ligation 
sequencing (Zhou et al., 2010). Sequencing methods are continuously improving with 
the development of technologies like Life Technologies Ion Torrent, Pacific Biosciences 
(PacBio), and Helicos Biosciences Heliscope (Egan et al., 2012; Metzker, 2010). 
Meaningful differences between all these platforms are the read length they produce; 
for platforms such as Roche/454 and Illumina, the average read length obtained is 
between 100 and 350 bp while technologies like PacBio can provide read lengths 
between 970 and 15,000 bp (Metzker, 2010; Rhoads & Au, 2015). 
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Initially, this sequencing enthusiasm started with the main focus on model organisms, 
in other words, already available genetic resources, specifically the human genome. The 
Human Genome Project, which was launched in 2001, notably pushed this 
innovations race (Mardis, 2011). Over time, the continued improvement in the 
technologies and methods, allowed a shift to non-model organisms (Mardis, 2008; 
Zhou et al., 2010). 

These new methods opened the door to new possibilities. With those new sequencing 
platforms, it became possible to sequence short DNA fragments (<100–300 bp), and 
more and more ancient DNA studies arose through these new applications. The 
combination of sequencing technology advancement and its application to ancient 
DNA, has shined light on the potential of natural history museum collections for 
genetic use (Särkinen et al., 2012; Seguin-Orlando et al., 2013; Staats et al., 2013). 
These highlight the importance of museum collections, not only for the collection of 
rare, exotic and extinct species, but also for the genetic information contained within 
the specimens. Therefore, NGS technologies offer a window into the past. In 2013 the 
word "museomics" –meaning the use of NGS for museum specimens – started to 
appear in the literature, with a study on the most extensive primate radiations 
(Guschanski et al., 2013). At the beginning of 2020, Web of Sciences tallies 19 articles 
with this keyword. These studies concerning a wide diversity of species: from birds 
(Anmarkrud & Lifjeld, 2017; Cloutier et al., 2018, 2019) and mammals (Fabre et al., 
2014; Hawkins et al., 2016), to insects (Kanda et al., 2015; Sproul & Maddison, 2017; 
Zhang, Shen, et al., 2019), through plants (Kadlec et al., 2017; Malakasi et al., 2019; 
Silva et al., 2017; Zedane et al., 2016); more studies using historical specimens DNA 
are also on the way. We are at the dawn of a new exciting era, and these examples are 
just the beginning of what is possible with museum specimens. 

1.4 Why is sequencing old genomes difficult? 

A museum's genomic treasure chest is not that easy to unlock, as it comes with its own 
specific set of difficulties. Sequencing DNA from historical specimens is troublesome. 
The first and foremost issue with ancient DNA is its degradation. Indeed, DNA strand 
breaks occur naturally in apoptotic cells (Collins et al., 1997). When cells are living, 
enzymatic repair processes maintain DNA integrity (Lindahl, 1993). However, when 
an organism dies, the enzymatic processes that were repairing DNA are no longer active, 
leading to an accumulation of damage. Time and preservation conditions can accelerate 
or slow down this degradation phenomenon. Eventually, this process leads to a tiny 
amount of endogenous DNA copies in the organism (Pääbo et al., 2004). Due to these 
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reasons, for a long time, DNA from museum specimens was seen as too degraded to be 
used, and therefore, scientists used museum collections primarily for morphological 
studies.  

Regardless of how useful the NGS methods are, ancient DNA studies have to deal with 
specific challenges and require cautious preparation. The most threatening problem is 
contamination from fresh material. However, ancient DNA is also prone to particular 
types of damage. 

1.4.1 Types of ancient DNA damage 

DNA is commonly damaged during the life of an organism, although enzymes are 
constantly repairing this damage. But, after death, this deterioration process continues 
while the repairing processes are no longer functional, leading to strand breaks within 
the DNA. For this reason, a low amount of integral DNA tends to persist in ancient 
specimens. Cold, dry, and stable environments can help to regulate or restrain nuclease 
activities by reducing, sometimes considerably, the damage occurring after an 
organism's death. On the contrary, warm, humid, and variable environmental 
conditions will accelerate the process. Under those circumstances, DNA from old 
specimens contains low quantities of DNA, which have short fragment lengths (Fulton, 
2012). 

The second type of damage specific to ancient DNA is miscoding. The chemical 
mechanism causing this damage is the hydrolysis of bases, resulting in base changes. 
Two types of miscoding exist. The first is the deamination of cytosine to thymine or 
uracil (Figure 1). Similarly, the same process transforms guanine to adenine whereas 
the second damage type results in adenine to guanine substitutions. A warm 
environment (> 37 °C) can accelerate this change (Lindahl, 1993). A simple solution 
to deal with this is to use enzymes that remove uracil, called uracil DNA glycosylases 
(UDG). One should note that these enzymes generate a single nucleotide gap at the 
location of uracil, and this can lead to a strand break during PCR due to heat. In that 
case, UDG are not enough and can even be dangerous as it may lead to more fractures 
in the DNA. Thus, another solution against base change is to do, at least, two 
independent amplifications and compare the resulting products. If there is a difference 
between these two amplifications, it is necessary to perform at least one more 
amplification. These extra steps will help to ascertain which of the two sequences is 
reproducible (Hofreiter et al., 2001; Höss et al., 1994). Nevertheless, nowadays, UDG 
are efficient enough, and multiple amplification might be unnecessary (Fulton, 2012). 
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Figure 1. Deamination process. Deamination of cytosine (left) to uracil (right) as caused by hydrolysis. 

Blocking and other kinds of miscoding are the third type of damage encountered in 
ancient DNA. This time the miscoding is also due to a chemical modification of the 
DNA base. This change leads to a base misincorporation of guanine to 8-oxoguanosine, 
which pairs with adenine instead of cytosine like it should. Under those circumstances, 
guanine will be misinterpreted as thymine (Figure 2) (Hofreiter et al., 2001; Le Bihan 
et al., 2011). These lead to base modifications, which can cause the amplification of 
chimeric sequences ('jumping PCR') or no amplification at all (Hofreiter et al., 2001). 
The solutions against these processes are to use specialized polymerases and multiple 
amplifications. 

 

Figure 2. Guanine misincorporation. When the DNA is undamaged, guanine (G) pairs with cytosine (C). However, 
oxidation of G leads to the formation of 8-oxo-guanosine (8-oxo-G) that will pair with the adenine (A) and thus be read as 
thymine (T). The repair process consists in a reduction of the excessive oxygen. 

Finally, alkylation can lead to a covalent linkage between two nucleotides that should 
typically not bond together, also known as crosslinking. It can occur within the same 
DNA strand (intrastrand) or between opposite strands (interstrand; Figure 3). The 
effect of these crosslinks is an absence of amplification (Hofreiter et al., 2001). The 
solution consists of using PTB (N-phenacy-lthiazolium bromide) to cleave the 
crosslinks. However, in a 2007 study, PTB was shown to be ineffective (Rohland & 
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Hofreiter, 2007). In the same survey, proteinase K alone seemed efficient enough to 
cleave crosslinks. 

As ancient specimens endure severe fluctuations of the environment, it is difficult, if 
not impossible, to know all the chemical and physical reactions that have occurred to 
the DNA. Therefore, one has to accept that working on ancient DNA means dealing 
with ambiguities and unpredictability. The three previously mentioned types of 
damages (blocking, miscoding, and crosslinks) are more frequent in ancient DNA. For 
example, they have been observed for Pleistocene coprolites (Poinar et al., 1998), as 
well as bones from archaeological excavations (Lindahl, 1993). However, these damages 
can occasionally occur in museum specimens (Hofreiter et al., 2001; Lindahl, 1993). 
Knowing how specimens have been preserved is difficult, if not impossible. Therefore, 
it is crucial when doing DNA extractions from museum specimens to consider all the 
ways their DNA could have been altered and not discount any type of damage. 

 

Figure 3 Schematic illustration of crosslinks. At the top, the yellow flash represents interstrand crosslinks: thymine is 
linking with cytosine of the opposite strand. At the bottom, the blue flash indicates intrastrand crosslink: the thymine is 
bonding with guanine within the same strand. 
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1.4.2 Alien contaminations  

Our understanding of the molecular mechanisms occurring within museum specimens 
is continuously improving, thereby making the application of new technologies possible 
and more efficient. This new age of '–omics' provides us with the tools to repair ancient 
DNA and improves our ability to sequence genetic material from unusual specimens. 

While museomics is a fantastic tool, as previously mentioned, one still needs to take 
care and use caution when applying these technologies. The principal obstacle is that 
of obtaining reliable and faithful data. In other words, are we sure there is no 
contamination with external DNA in our samples? Being able to trust what we are 
sequencing is a crucial point for both ancient DNA and museomics studies.  

One of the best ways to avoid contamination is to perform the wet-lab methods in a 
specific lab, where no fresh genetic material has been processed, especially if fresh 
samples are the same species or order as your study organism. Then at each step of the 
sample preparation process, you need to sterilize as much as you can the tools you 
require to avoid cross-contamination. Another critical point is, of course, the physical 
isolation of the pre-PCR ancient DNA or museomics facility; that rigorously maintains 
the "one-way" rule of movement between pre-PCR, PCR, and post-PCR rooms. For 
museomics and ancient DNA studies, researchers must ensure the repeatability of their 
experiment and do both control extractions and PCR controls. These 
recommendations are the basis for proper ancient DNA and museomics research, for 
more guidelines on setting up an appropriate lab for these kinds of studies, see Cooper 
and Poinar (2000) and Fulton (2012). 

1.5 How to sequence genomes? 

The veteran capillary sequencing method (Sanger sequencing) is still useful nowadays, 
specifically for low volumes and relatively short fragments. Nevertheless, for a large 
number of molecules and quick turnover time, this approach can become very 
expensive and challenging. By parallelizing the sequencing process, and producing 
millions of reads all at once, High-Throughput Sequencing (HTS) technologies reduce 
the cost of DNA sequencing per sequenced nucleotide. HTS includes next-generation 
"short-reads" (NGS) and third-generation "long-reads" sequencing methods. 
Furthermore, HTS can generate single-nucleotide polymorphisms (SNP), which are 
prevalent in population genetics. In any case, when aiming for genome sequencing, 
HTS are the way to go. Now, different sequencing methods are available. Despite 
differences in the methodology, these approaches follow similar steps. 
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1.5.1 Transcriptomics 

Each cell or populations of cells possess a set of RNA molecules, also called a transcript. 
These polymeric molecules are essential for gene expression. We refer to transcriptome, 
the complete set of transcripts in a cell. Contrary to the genome, which represents the 
entire genetic material and is generally constant in a given cell or population of cells, 
the transcriptome can vary. Transcriptome includes all transcripts as well as messenger 
RNA (mRNA) and thus indicates genes that are expressed at a given time (Wang et al., 
2009). By analyzing transcriptomes, researchers study the level of expression of RNAs 
in a specific cell population. Transcriptomics also helps to understand the functional 
elements of the genome (Wang et al., 2009). 

Unfortunately, as RNA is the core of transcriptomics, without it, this approach is not 
useful, particularly in the case of museomics. As previously mentioned, the DNA in 
both museum specimens and ancient samples is slowly degrading, making museomics 
already challenging by itself. But RNA degradation occurs even faster (Bushell et al., 
2004; M. P. Thomas et al., 2015), making conservation of RNA elements in such 
specimens improbable. 

1.5.2 Genome-reduction strategies 

NGS allows sequencing millions of DNA molecules at the same time, generating large 
datasets. However, this amount of data might be overwhelming by being both time-
consuming and costly. Sometimes, the less, the merrier. Some studies prefer to focus 
only on some parts of the genome that are relevant to them. In these cases, genome-
reduction strategies are favoured. These methods still parallelize the sequencing process, 
and thus, produce millions of sequence short-reads; nevertheless, they concentrate on 
subsets of the genome. With this approach, they reduce both the volume and 
complexity of data to be analyzed (Andolfatto et al., 2011; Baird et al., 2008; Elshire et 
al., 2011; Huang et al., 2010). 

While HTS are potent tools for the rapid collection of genome-wide markers, the cost 
and time-consumption processes for analysing these data make it still difficult (De 
Donato et al., 2013). In order to simplify this work, new technologies were developed 
to obtain subsets of genomic restrictions fragments for NGS. 

GBS & RAD-sequencing 
One of the most popular genome reduction methods includes restriction-site-associated 
DNA (RAD sequencing) (Baird et al., 2008), and, more recently, Genotyping-by-
Sequencing (GBS) (Elshire et al., 2011). Both of these approaches target short DNA 
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fragments around specific enzymatic restriction sites (Lewis et al., 2007; Miller et al., 
2007). These methods not only reduce genome complexity, but also coupled with 
barcoding can be a cost-effective approach to genotyping many individuals at once 
(Ward et al., 2013). This type of data has been used to provide insights into population 
dynamics, inbreeding and the study of adaptive variation (Leaché et al., 2014; Ogden 
et al., 2013). 

UCEs 
Ultraconserved elements (UCEs) are, as their name suggests, highly conserved genomic 
regions. Because of this, they are well shared among various taxa that are, evolutionary 
speaking, very distinct from each other. Their first description showed 481 fragments 
of ~200 bp with a perfect identity (i.e. no insertions nor deletions) between orthologous 
regions of the human, rat, and mouse genomes (Bejerano et al., 2004). By targeting 
these UCEs, we are also able to catch flanking DNA, adjacent to these markers. This 
data allows us to reconstruct phylogenies and understand the evolutionary history of 
divergent taxa (Faircloth et al., 2012, 2013, 2015; Smith et al., 2014). Because of this, 
the scientific community considers UCEs to be sort of universal genetic markers and 
are often used as probes for target capture sequencing approaches. 

Target Enrichment (TE) 
Target capture sequencing approaches (Target Enrichment, TE, also known as 
Anchored Hybrid Enrichment) is one of the multiple aspects of genome-partitioning 
strategies and involves the parallel enrichment of specific preselected genomic regions. 
One of the highly attractive advantages of this method is that only a few reference 
genomes are needed to design probes, which can be used for a larger group of species. 
Therefore, this technique can be used on non-model taxa (Jones & Good, 2016). 
Several alternatives exist, but here we will mainly focus on the hybrid enrichment in-
solution approach. This technique uses more probes and fewer libraries, and it is 
designed to be better for smaller target sizes (Toussaint et al., 2018; Tsangaras et al., 
2014), which is precisely what we are looking for in the case of degraded DNA (Cruz-
Dávalos et al., 2017). The critical point is to use specific probes designed to target 
genomic regions (Lemmon & Lemmon, 2013; Mamanova et al., 2010). In the case of 
ancient DNA, the tiling probes are based on modern species (Gasc et al., 2016). Several 
examples can be found in the literature, such as on vertebrates (Lemmon et al., 2012), 
butterflies (Espeland et al., 2019; Toussaint et al., 2018), as well as in plants (Kadlec et 
al., 2017). The used protocols are described in more detail in chapters 1 and 2. 
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1.5.3 Whole-Genome Sequencing (WGS) 

As the name says itself, Whole-Genome Sequencing (WGS) consists of determining 
the full genome of an organism, both coding (genes) and non-coding regions, as well 
as mitochondrial (and chloroplastic in the plant's case) genomes. The first successful 
approach to obtain an almost entire human genome was obtained by capillary 
sequencing. However, because this technique is too expensive and takes too much time, 
it has been replaced by HTS approaches.  

Nowadays, different technologies exist to perform WGS, for instances, the most 
popular at the moment are Single-molecule real-time sequencing (SMRT) (Pacific 
Biosciences), ion semiconductor (Ion Torrent sequencing), Pyrosequencing (454, 
Roche Diagnostics), and sequencing by synthesis (Illumina). SMRT produces the 
longest reads with an average of 30,000 bp and a maximum read length more than 
100,000 bp. In comparison, Illumina technologies provide different read sizes (from 
50 bp up to 600 bp, depending on the machines used). For more details of this 
approach, see chapters 3 and 4. 
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2 Aim of thesis 

Natural museum collections around the world are incredibly numerous. All of these 
specimens are highly valuable for a wide range of research applications, such as 
systematics and taxonomy, biodiversity studies, habitat loss and investigations into the 
history of infectious diseases or environmental contaminants. For a long time, these 
museum specimens were mainly used to study morphology because their DNA was 
seen as too degraded to be useful (Fulton, 2012). However, the emergence of the NGS 
methods allows sequencing of very short fragments of DNA, thereby opening the door 
to new possibilities, like sequencing of both ancient DNA and museum specimens. 
Nowadays, we have examples of successful sequencing of extinct taxa including 
Neanderthal (Pääbo et al., 2004), woolly mammoth (Palkopoulou et al., 2015), cave 
bear (Noonan et al., 2005), as well as museum specimens with a primary focus on 
mammals and birds (Cloutier et al., 2018; Fabre et al., 2014), and few examples of 
plants (Kadlec et al., 2017; Yeates et al., 2016). Studies on insects, however, are limited, 
as they are often considered too small and too difficult to extract DNA (Kanda et al., 
2015; Sproul & Maddison, 2017; Zhang, Shen, et al., 2019). 

The main ideas of the project are to develop Next-Generation sequencing methods for 
Lepidoptera (moths and butterflies) museum specimens and to explore some of the 
possibilities of museomics and their applications. One aspect is to explore the 
relationships among families of a superfamily of moths, Geometroidea. Within this 
superfamily, three families are rare and challenging to collect nowadays. Still, there are 
extensive collections of representative species for them in museums (such as Bonn, 
Copenhagen, Paris, Stockholm, Tokyo, etc.). These families, Epicopeiidae, 
Sematuridae and Pseudobistonidae, are quite small. Twenty-seven species are described 
within Epicopeiidae, forty-two in Sematuridae and only two species belong to 
Pseudobistonidae. Sematuridae is mainly a South American family, while the two 
others are Asian families. Epicopeiidae are widely distributed in the whole of Asia 
whereas Pseudobistonidae are primarily found in the Himalayas. Furthermore, recent 
phylogenetic studies have arrived at divergent conclusions regarding the position of 
these three families in Geometroidea (Bazinet et al., 2013; Kawahara et al., 2019; 
Kawahara & Breinholt, 2014; Mutanen et al., 2010; Regier et al., 2013; Wei & Yen, 
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2017). The idea is to try to sample as many as we can of the described species from 
these families to include them in our phylogenomic study. 

Finally, one project will establish whether there are any general trends to be found in 
the degradation of DNA over time in museum specimens. This part of my work is 
focused on museum specimens of one species (green-veined whit butterfly or Pieris 
napi, for which there is a reference genome) for next-generation sequencing, and more 
specifically WGS. Here I aim to see how well the genome is recovered from museum 
specimens, as well as to find out how many of the recovered reads belong to the 
butterfly. Ultimately, we will explore the use of highly fragmented genomes for 
population genomic studies (chapter 4). 
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3 Methodology 

3.1 Studied species 

Mysterious taxa with uncertain phylogenetic relationships can be found in several 
lepidopteran lineages. Primarily based on morphological data, the relationships 
between and within these clades, have been clarified by the addition of more molecular 
data. Molecular data are becoming more and more reliable, as well as easier to obtain; 
it is no surprise that researchers interested in phylogenetic relationships, strenuously 
include molecular tools in their studies. Therefore, molecular phylogenetic data, 
combined with morphological studies, are powerful tools to investigate these enigmatic 
taxa. Here we will mainly focus on three families of moths in the superfamily 
Geometroidea, which are tropical or sub-tropical, and try to clarify their phylogenetic 
relationships. These taxa, Pseudobistonidae, Epicopeiidae and Sematuridae, all 
together, form a clade which is sister to the rest of Geometroidea: Uraniidae and 
Geometridae. Finally, we will focus on one butterfly species, Pieris napi (Pieridae).  

3.1.1 Sematuridae 

This family contains two subfamilies: the major one is Sematurinae and comprises 41 
South American species, in contrast, Apoprogoninae, is a monobasic (i.e. one species 
represents the clade) southern African subfamily (Holloway et al., 2001; Minet & 
Scoble, 1999). This study is mainly focused on Sematurinae (Figure 4), as I was not 
able to find a specimen of Apoprogoninae. Among the Sematurinae sequenced for this 
thesis, I managed to loan eight species of four different genera (Anurapteryx, Coronidia, 
Homidiana and Mania). The biology of this subfamily is not well known.  

Sematuridae was our big unknown, given the fact that no general study has been 
conducted on them. Most of the previous work on this family was exclusively 
morphological and heavily based on Mania (Cock, 2017; Cock & Lamas, 2011). 
Furthermore, molecular studies including Sematuridae specimens were massively 
relying on three species: Mania lunus previously Sematura lunus or M. luna (Regier et 
al., 2009), Mania diana formerly identified as Nothus (Breinholt et al., 2018; Kawahara 
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& Breinholt, 2014; Joël Minet & Scoble, 1999), and Coronidia orithea (Cho et al., 
2011; Heikkilä et al., 2015; Rajaei et al., 2015; Sihvonen et al., 2011; H. Wang et al., 
2019). 

 

Figure 4. Pictures representing each of the genera of Sematuridae present in this study. The species displayed are 
Anurapteryx interlineata, Coronidia erecthea, Homidiana egina and Mania lunus. 

3.1.2 Epicopeiidae 

One genus, Epicopeiidae, also known as oriental swallowtail moths, are widely 
distributed in the whole of Asia (Palaearctic + Oriental). This family comprises ten 
genera broadly different in shapes and sizes for both body and wings (J. Minet, 2002). 
Little is known about the ecology of this family of diurnal moths. 

Epicopeia, is mimicking species of butterflies in both the genera Papilio and Byasa 
(like Byasa alcinous, Papilio protenor and P. helenus) (Figure 5). 
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Initially, only the genus Epicopeia Westwood, 1841, belonged to the small Epicopeiidae 
family (Laithwaite & Whalley, 1975). The other species known at that time were placed 
in the family Epiplemidae, now considered as a subfamily of Uraniidae. When Minet 
added five genera to Epicopeiidae as well as regrouped all of the known species in the 
same family (Minet, 1983, 1986). In 2002, two new genera were added: Deuveia and 
Burmeia, and Epicopeiidae was placed in the superfamily Drepanoidea (Minet, 2002). 
Finally, the latest genus described, Mimapora in 2017 (Wei & Yei, 2017). At the 
moment when I write this thesis, this family includes ten genera. Recent molecular 
studies suggested that the family is in fact, related to the superfamily Geometroidea 
(Bazinet et al. 2013, Rajaei et al. 2015; Regier et al. 2009) and Pseudobistonidae is 
suggested to be the sister group of Epicopeiidae (Rajaei et al. 2015; Wang et al. 2019). 

Hypotheses of the relationships within Epicopeiidae were first based on morphological 
characters, which placed Deuveia as the sister group of the rest of Epicopeiidae (Minet, 
2002). However, already an uncertainty appeared in the placement of Amana, which 
was either sister to Chatamla + Parabraxas, or sister to a clade containing Chatamla, 
Parabraxas, Schistomitra, Nossa and Epicopeia (Figure 6, left). Later, the first molecular 
phylogeny reconstruction using three genes (COI, EF-1α and 28S) was incongruent 
with Minet's hypotheses (Wei & Yen, 2017). However, it has to be noted that this 
study 1) mainly focuses on describing a new genus, Mimaporia, 2) was poorly supported 
and even had nodes without support at all (Figure 6, right). But already, they suspected 
Epicopeia and Nossa to be paraphyletic. Figure 6 displays the main differences between 
these two studies. 
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Figure 5. Pictures representing the mimetic Epicopeia (bottom) in regard of Byasa (top left) and Papilio (top 
right). Image for Byasa and Papilio are from Wikipedia, and their authors are mentioned in each picture. 
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Figure 6. Simplified representation of Epicopeiidae phylogenetic relationships according to Minet, 2002 (left) 
and Wei and Yen, 2017 (right). Each genus has a specific colour. Minet’s alternative hypothesis about the position of 
Amana is represented with grey lines. 

3.1.3 Pseudobistonidae 

This family is from the north of Thailand and Vietnam to Himalayan regions. Only 
two species represent this family: Pseudobiston pinratanai (Rajaei et al., 2015) and 
Heracula discivitta (H. Wang et al., 2019; Figure 7). These two are monobasic Oriental 
but allopatric species of Pseudobistonidae (H. Wang et al., 2019).  

Pseudobiston pinratanai, the first species placed in Pseudobistonidae, was suggested to 
be the sister group of Epicopeiidae (Rajaei et al., 2015). This position was then later 
confirmed with the addition of the second species of this family: Heracula discivitta (H. 
Wang et al., 2019). However, both of these studies used the same eight genes: one 
mitochondrial (COI), and seven nuclear EF-1𝛼, Wingless, RpS5, MDH, GAPDH, CAD 
and IDH (Rajaei et al., 2015; H. Wang et al., 2019). On top of that, they only had few 
representative species for Epicopeiidae (two in the case of Rajaei et al. 2015 and three 
for H. Wang et al. 2019) and Sematuridae (two in both cases). Finally, the support 
values for the nodes of these studies are quite low (Rajaei et al., 2015; H. Wang et al., 
2019; chapters 2 and 3). 
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Figure 7. Pictures displaying the two species representing the Pseudobistonidae family, with Pseudobiston 
pinratanai (left) and Heracula discivitta (right). Image for H. discivitta is from Wikipedia, the author is mentioned in 
the pictures. 

3.1.4 Pieris napi 

This butterfly, also known as the green-veined white, belongs to the family Pieridae 
(Papilinoidae, Lepidoptera). This species is widespread across Europe and Asia. I chose 
to focus on this species, firstly because it is common in Sweden, meaning there is an 
extensive museum collection accessible in the Biological Museum, Lund University. In 
addition, the Lund museum possesses samples from distinct Swedish places with a 
broad range, from Skåne to the more northerly Abisko (Figure 8). These widespread 
specimens across Sweden are a gold mine for studying population genetics with a 
window into the past. Secondly, a reference genome is available for P. napi (Hill et al., 
2019), which makes reference-based genome assembly possible and makes an 
exceptional basis for characterizing the origin of the obtained DNA. 
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Figure 8. Picture representing dorsal view of Pieris napi (left) and the distribution of six populations across Sweden (right). 
On the left, A) is a specimen from Abisko (pop. 1) collected in 1906, B) from Stockholm county (pop 4) in 1885, C) from 
Denmark (pop. 2), in 1909. On the right, populations from Sweden (pop. 1, 3, 4, 5 and 6) and Denmark (pop.1). The 
number inside the point represents the population. 
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3.2 Laboratory protocol 

3.2.1 DNA extractions 

The first issue I faced was to figure out the best way to extract DNA. For this purpose, 
the beginning of my PhD project was dedicated to investigating different approaches 
to DNA extractions, with varying degrees of success. Following the literature, I started 
with two methods: saturated NaCl protocol (Feng et al., 2011; Rohland & Hofreiter, 
2007) and phenol-chloroform (Barnett & Larson, 2012; Sambrook & Russell, 2006). 

First attempts and failures with NaCl 
The custom protocol I tried for my first extractions was based on previous 
methodologies used for ancient DNA of both cave and brown bears (Hofreiter et al., 
2004; Leonard et al., 2000), as well as dried butterfly specimens (Feng et al., 2011). I 
chose 12 samples of Pieris napi (Pieridae) to run my first test. They were collected 
between 1878 and 2008. The DNA concentration of these samples was checked on 
NanoDropTM 2000/2000c. Their concentrations were quite low. I double-checked 
their DNA concentration as well as the length of the fragments on BioAnalyzer DNA 
1000 Assay (Figure 9). It appeared that the DNA was either not present at all or 
extremely fragmented (<100 bp). The results were negative even for the most recent 
specimens (2008), which led me to conclude that this extraction method was not 
suitable for dried entomological samples. 

Back to basics: Phenol-Chloroform 
This DNA extraction method is widely accepted and has been used for a long time 
(Barnett & Larson, 2012; Sambrook & Russell, 2006). It is known to be a cheap and 
efficient extraction method. However, this protocol has disadvantages. First, it requires 
the use of a hazardous chemical reagent, and thus this approach requires careful 
handling and high precautions. Safety in the laboratory is a priority when using 
dangerous chemicals, particularly the use of chloroform requires to work under a fume 
hood. While phenol is volatile and can burn the skin and therefore necessitates to wear 
gloves and lab coat up to the wrist. Secondly, these hazardous components also demand 
specific handling in their storage and treatment of the wastes. Nowadays, several 
laboratories dropped the use of such chemical and advocate for alternatives. Finally, it 
is a time-consuming technique, as one batch of samples requires three days of 
processing. Ultimately, I compared the quality of the DNA obtained from this 
extraction technique to the DNA obtained with extraction kits, and found no 
significant difference between the two. 
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Figure 9. Display of the DNA concentration of the 12 Pieris napi samples extracted with saturated NaCl, on BioAnalyzer. 
Each plot represents the size (bp) versus the fluorescence intensity. The two peaks around 15 bp and 1,500 bp are the 
specific DNA markers, the Lower and the Upper, respectively. 

Let the kits out of the bag 
The methods based on commercially available kits are getting more and more popular 
among researchers. I found them straightforward and relatively quick to use; as simple 
as following a recipe. But they are not as cheap as Phenol-Chloroform. However, there 
is a large panel of brands and various kits; this competition leads over time to a decrease 
in prices. There is no significant difference in quality between different kits available 
and phenol-chloroform method. Especially nowadays, as the diversity of available kits 
make them highly specific depending on extracted samples. For example, the QIAamp 
DNA Micro (Qiagen) is optimized to purify DNA from small sample sizes, making it 
particularly suitable for degraded DNA of museum specimens. Thus, the difference 
resides in the trade-off between the money invested in the project and the time 
constraint. As the quality of the DNA extracts is similar regarding kits or phenol-
chloroform approaches, these kits can be an excellent investment for a lab. In this study, 
I used three different kits: Dneasy Blood & Tissue kit (Qiagen, USA), QIAamp DNA 
Microkit (Qiagen, USA) and NucleoSpin® Tissue (Marcherey-Nagel). 
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3.2.2 Molecular methods and sequencing 

To sequence DNA with NGS technologies, regardless of the approach (i.e. genome-
reduction techniques such as TE or RADseq; or WGS as well), the next essential step 
is to construct libraries. NGS library is a collection of millions of DNA fragments that 
together can represent the entire genome of an organism. For fresh material, this stage 
is highly standardized. Also, because it profoundly depends on the sequencing platform 
used, usually research groups send their DNA extracts to sequencing companies, and 
they prepare the libraries. However, for highly fragmented genomes, especially in the 
case of aDNA and hDNA, the standardized protocols are not optimized. Therefore, 
aDNA studies use custom-built library preparation methods. Hence, I went to 
Stockholm to directly learn library preparation protocols for ancient DNA from Love 
Dalèn's team, which is working on palaeogenetics. With the help of Nicolas Dussex 
and Johanna von Seth, I prepared libraries from specimens of Mania lunus 
(Sematuridae).  

The most common damage that can occur in hDNA is the deamination of cytosine to 
uracil. This process can result in a wrong interpretation of the sequence (Rowe et al. 
2011). Another kind of damage that might occur in old samples is cytosine to thymine 
misincorporation (Brotherton et al. 2007; Briggs et al. 2010; Bi et al. 2013). One 
solution to bypass these issues is to repair with USER (Uracil-Specific Excision 
Reagent) enzyme (NEB, USA) during the first stage of the library preparation (Meyer 
& Krisher, 2010). This enzyme is one of the uracil DNA glycosylases (UDG; see par 
1.4.1.). For more details on the library preparation protocol, see chapter 3. With this 
optimized protocol, the libraries were successfully prepared. Both with BioAnalyzer and 
after migration of the libraries on 1.2% gel (at 90 Volt for 2.5 hours), we observed they 
have an average length of 150 bp (Figure 10). 
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Figure 10. Example of successful library preparations. A) Display DNA concentration of three samples of Pieris napi from 
BioAnalyzer. B) 5μl of six libraries have been run on 1.2% gel at 90 volt for 2.5 hours. Sample 1 to 3 in the column A 
correspond to the same number in B. 

TE 
Target Enrichment (TE) is one of the numerous genome-reduction strategies. This 
method, specially designed for phylogenomics (Lemmon et al., 2012), targets specific 
segments of the genomes. Therefore, it is particularly used in phylogenetics studies 
(Brandley et al., 2015; Breinholt et al., 2018; Espeland et al., 2018, 2019; Gasc et al., 
2016; Toussaint et al., 2018). The idea of this approach is to use tiled probes to capture 
not only the genes of interest but also the flanking regions (Figure 11). Detailed 
protocol on the library preparation for TE is available in chapters 1 and 2. 
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Figure 11. Workflow of Target Enrichment capture. The tiled probes are based on recent or close species and are used to 
enrich fragmented DNA. Once sequenced, the segment of interest (dark blue), as well as the flanking regions (light blue) 
can be reconstructed (based on Gasc et al. 2016). 

WGS 
Whole-Genome Sequencing (WGS) methods are the opposite of genome-reduction 
strategies. Here, the aim is to determine the full genome of an organism. The idea of 
this approach is to sequence everything possible and determine bioinformatically 
afterwards what has been sequenced (Allio et al., 2019; Burrell et al., 2015; Cloutier et 
al., 2019; Ekblom & Wolf, 2014; Ng & Kirkness, 2010; Zhang, Cong, et al., 2019). 
Detailed protocol on the library preparation for WGS, as well as data treatment, is 
available in chapters 3 and 4. 
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3.3 Bioinformatics 

Following sequencing, data need to be cleaned up and handled in a certain way to make 
sense of them (Figure 12). When building libraries, adapters and indexes are added to 
DNA fragments. Indexes are assigned to distinguish each individual. Indeed, the 
technology used often requires pooling a group of samples together. For instance, 
Lepidoptera genomes tend to be smaller than 500 Mb (Triant et al., 2018). Hence for 
a sequencing run on HiSeq X (Illumina), it is possible to group ten specimens with the 
expectation of getting 20X coverage for the whole genome. Thus, we attribute to them 
unique indexes to be able to decide which reads correspond to which specimens. These 
indexes are removed as the sequencing platform demultiplexed them for us. 

3.3.1 Clean up & data assembly 

Adapters allow DNA pieces to attach to the sequencer, and to be read. The first step 
once receiving genomics data is to check the quality of the reads and clean them from 
adapters, ambiguous reads (with Ns), as well as over-represented sequences that might 
be sequencing errors or contamination.  

During the sequencing process, a measure of the quality of the identification, the Phred 
quality score, is assigned to each nucleotide base (Ewing et al., 1998; Ewing & Green, 
1998). This score, averaged for all reads, represents the logarithmic probability of error 
when reading a base (Ewing & Green, 1998). For example, a Phred quality score of 30 
represents a probability of 1 in 1,000 that this base (or read) is incorrect, i.e. the base 
call accuracy is 99.9%. Therefore, when doing a quality check on the reads, a threshold 
of a Phred scores lower than 30 (or 25 in the more relaxed way) is applied. 

Despite the fact our samples were sequenced in paired-end, the resulting sequencing 
data was carried forward as single-end. The reason behind this choice is that degraded 
DNA is likely to randomly ligate together during the adapter ligation step of library 
preparation, resulting in chimaeras of genomic regions (Eske Willerslev & Cooper, 
2005). However, the sequencing information contained in the reads is still reliable, and 
therefore more accurate results are obtained by treating data as single-end (Rowe et al., 
2011). 
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Figure 12. Bioinformatics workflow. The main steps are framed in green boxes. Examples of programs used in this thesis 
to accomplish each step, are listed under them. 

In the case of Pieris napi, for example, as the complete genome of this butterfly has been 
sequenced (Hill et al., 2019), it is possible to map my dataset against this reference, in 
other words: perform a reference assembly. The reads are assembled against an existing 
backbone sequence, called a reference. Thus, it builds a sequence that is similar, but 
not necessarily identical to the reference (see chapter 4). In contrast, de novo assembly 
means to assemble reads against each other to create a full-length (sometimes novel) 
sequence without using a template. This method is often used when no backbone is 
available and was used, for instance, for Geometroidea moths (see chapter 3). However, 
this type of assembly is computationally demanding. 
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3.3.2 Phylogenomics 

With phylogenomics analysis, researchers can infer evolutionary relationships among 
different taxonomic clades and understand better the mechanisms of molecular 
evolution (Philippe & Blanchette, 2007). The first mention of this concept, bringing 
together phylogenetics and genomics, was in the context of an "approach to the 
prediction of gene function" for genome-scale data (Eisen, 1998). Then, it was 
extended to phylogenetic inferences (O’Brien & Stanyon, 1999). 

Two NGS methods were used to investigate the phylogenetic relationships of 
Epicopeiidae, Sematuridae and Pseudobistonidae: TE and WGS. With the TE 
approach, we sequenced 33 specimens (29 Epicopeiidae, 2 Sematuridae, and 2 
Pseudobistonidae). The kit used in this method includes 2,745 probe regions 
(Breinholt et al., 2018; Espeland et al., 2018, chapter 1). We selected loci that were 
enriched in at least 20 specimens, and thus focus on a dataset of 378 loci, which 
correspond to 327 nuclear genes (chapter 2). In the WGS method, we sequenced 32 
specimens (16 Epicopeiidae and 16 Sematuridae (chapter 3). Both datasets were 
combined in the final dataset that corresponds to 308 nuclear genes across 45 species 
(chapters 2 and 3). 

There are two different strategies to perform model-based phylogenomics inferences, 
maximum likelihood (ML) or Bayesian inference (BI). These two approaches 
principally depend on the substitution process (i.e. the change from a nucleotide, or 
amino acid, to another), and involved likelihood calculations. The likelihood is the 
probability of observing the actual data that have been collected given the model 
(Harmon, 2018). We refer to the maximum likelihood (ML) as the estimates of 
parameters that give the highest likelihood, in other words, that provide the highest 
likelihood of obtaining this data, i.e. what is the likelihood of the data given the model 
(Harmon, 2018). In contrast, Bayesian inference (BI) attempts to estimate the 
probability that the model (i.e. DNA evolution model and the inferred tree) is correct 
given the data, and parameter values are considered as statistical distributions, with 
parameters assigned prior distributions that are then modified by the data to estimate 
posterior distributions (Yang & Rannala, 2012; Young & Gillung, 2020).  

Earlier algorithms to infer phylogeny were relevant and broadly used before NGS data 
arose. NGS methods produce an incredible amount of data in comparison with Sanger 
sequencing; this leads to an incompatibility with the previous algorithms which were 
not designed to deal with such a vast amount of data. Therefore, there is no real 
consensus on the best method, and the scientific community is still questioning 
phylogenomics inference models, criteria and parameters, and continues to test the new 
ones (Young & Gillung, 2020). Hence, it is crucial to wisely select the model that will 
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describe the best evolutionary mechanisms of the data. A large variety of criteria are 
available to support this model selection. To name a few of them: the Akaike 
information criterion (AIC) and the corrected AIC (AICc) (Akaike, 1974; Sugiura, 
1978), the Bayesian information criterion (BIC) (Schwarz, 1978), and the hierarchical 
and dynamic likelihood ratio tests hLRT and dLRT, respectively (Posada & Crandall, 
2001). Commonly, the main model selection programs use these criteria, and are based 
on frequentist inference. This type of statistical inference takes the frequency (or 
proportion) of the data into account (Young & Gillung, 2020); its primary alternative 
approach is Bayesian inference (BI). Under the BI, the selection of the models depends 
on the Bayes factor which is a ratio quantifying the probability of a model to be more 
relevant, to describe the data, than the other (Goodman, 1999; Young & Gillung, 
2020). 

Another critical thing to keep in mind is that there are two ways to analyse protein-
coding genes: as amino acids, nucleotides or codons (i.e. triplets of nucleotides that can 
be translated into an amino acid). Therefore, deciding on which type of data will be 
implemented in phylogenomics analyses is as critical as selecting the model, especially 
since there is such a disparity in the statistical analysis of amino acid and nucleotide 
data (Huelsenbeck et al., 2008). For amino acid models, most of the parameters are 
fixed values that are predetermined by the model (Yang & Rannala, 2012). While in 
this case, it is less computationally heavy to analyse, it may not be the best model 
selected, and improper model can lead to wrong phylogeny inferences (Buckley, 2002; 
E. D. Cooper, 2014). Therefore, one should be extremely careful when selecting models 
for phylogenomic reconstruction, particularly with amino acid models (Young & 
Gillung, 2020). Nucleotide models are less controversial, as their parameters are directly 
estimated from the data (Young & Gillung, 2020). Additionally, some studies suggest 
that using the model with the most parameters resulted in phylogenetic inferences as 
accurate as when a model has been selected for this dataset (Abadi et al., 2019; Young 
& Gillung, 2020).  

Consequently, here, the phylogenetic relationships were inferred based on a nucleotide 
model. The model selection was performed using ModelFinder (Kalyaanamoorthy et 
al., 2017) in chapter 2 and 3. In chapter 2, the data were divided into partitions based 
on their rates of evolution using the RatePartitions algorithm (Rota et al., 2018). 
Finally, the phylogenetic relationships were inferred with IQ-TREE 1.6.10 
(Chernomor et al., 2016; Nguyen et al., 2015), where ModelFinder is already 
implemented, under the maximum likelihood (ML) criterion. 
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3.3.3 SNP genotyping and population genetics approach 

A change, also called a substitution, of a single nucleotide base that occurs at a specific 
genomic position, is called a single-nucleotide polymorphism (SNP). This variation can 
occur in both coding and non-coding region. The principal point that makes them 
relevant to be classified as SNP is if more than 1% of a population does not carry the 
same nucleotide at a precise location in the genome. Therefore, SNPs are particularly 
relevant for population genomics studies.  

However, separating true polymorphisms from sequencing or alignment errors can be 
an issue. To avoid this, extensive filtering based on statistical models is necessary. 
Moreover, in the case of non-model organisms variant sites are usually not known, 
making the SNP detection even trickier. 

This filtering method focus on non-model organisms, for which there typically are no 
known variant sites. There are three crucial steps to this approach (De Wit et al. 2012). 
First, alignment files must be processed, and the poorly mapped regions must be re-
aligned. The second step consists of calling the SNP and differentiates the correct 
variant from the false positives. Finally, information of the variants for all sample needs 
to be extracted. Once all the SNPs for all sequenced specimens have been called, allele 
and genotype frequencies can be calculated. We can perform a Principal Components 
Analysis (PCA), as well. This will allow us to detect, at a larger scale, the differences 
between our given populations. Eventually, some population genetics statistics can be 
calculated, such as heterozygosity (HE) or FST (see chapter 4). However, one should 
keep in mind this section (chapter 4) does not have enough individuals per populations 
to be able to conduct such a broad population genetics study. Therefore, this chapter 
is meant to be a proof of concept study to demonstrate that it is possible to call SNP 
from museum specimens, including material that is >100 years old (hDNA). We can 
thus also use such data at a population genetics level. 
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4 Results and discussion 

4.1 Phylogenetic relationships of the three families of 
Geometroidea 

4.1.1 Across taxa 

In chapter 2, we conducted a phylogenetic analysis based on 378 nuclear loci on 27 
Epicopeiidae representative specimens, three Sematuridae and two P. pinratanai. We 
demonstrated strong support for the Pseudobistonidae as a sister group of Epicopeiidae, 
and Sematuridae as the sister group to the other two. And this hypothesis was later 
corroborated in chapter 3, for which this time we have 308 genes, 39 Epicopeiidae 
specimens, 14 Sematuridae and 2 P. pinratanai. Chapter 3 also supported the 
monophyly of Epicopeiidae, as well as the position of Pseudobistonidae, reinforcing the 
case for the new family (Figure 13). 

4.1.2 Sematuridae 

In chapter 2, we first find that Anurapteryx is the sister group to the rest of the family. 
This relationship was later confirmed in chapter 3, with strong support in both cases. 
We demonstrate as well in chapter 3 that Homidiana and Coronidia constitute a clade 
that is sister to Mania. Within Mania, we clarified the identification of several 
specimens that were labelled either Mania empedocles or M. diana, and now gathered 
under M. lunus. We note that the published transcriptome of a Mania species 
(Kawahara et al., 2019; Kawahara & Breinholt, 2014) belongs to the species M. diana, 
not M. lunus as reported. We confirm M. empedocles is sister to M. diana + M. lunus 
(Figure 13). Our study is only missing M. aegisthus, which is endemic to Jamaica, from 
this genus. More details are given in chapter 3. 
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Figure 13. Phylogenetic tree from IQTREE analysis of 45 species, based on 308 genes. When displayed, numbers are SH-
aLRT support (%) / ultrafast bootstrap support (%). If the support values are equal to 100/100, they are not shown on the 
nodes. The images are representative species (indicated with a number in parenthesis; not to scale). Each of the family is 
represented by an arrow and a letter, for Sematuridae (S), Pseudobistonidae (P) and Epicopeiidae (E). Specimens marked 
with an ‘A’ correspond to specimens sequenced with TE (chapter 2), while ‘W’ and a grey dot indicates WGS (chapter 3). 
See chapter 3 for more details. 

4.1.3 Epicopeiidae 

Within Epicopeiidae, the TE results (chapter 2) are closely corresponding with Minet's 
(2002) hypotheses, and therefore profoundly inconsistent with Wei and Yen (2017), 
although we obtained better support (Figures 6, 13). Later, the addition of our WGS 
data confirmed our previous hypothesis and reinforced once again the backing of our 
data (chapter 3, figure 12). We showed Deuveia as the sister group of the other 
Epicopeiidae genera. Psychostrophia is a consistent clade and is sister to the rest minus 
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Deuveia (chapters 2 and 3, figure 13). To continue with the disagreement with Wei 
and Yen's results (2017), we demonstrated that Parabraxas, a consistent clade, is a sister 
group to Chatamla, as Minet suggested back in 2002. These two genera are together in 
a clade with Schistomitra and the group of Epicopeia and Nossa (chapter 3). However, 
conflicting with Minet's hypotheses, as well as Wei and Yen, we observed Schistomitra 
funeralis to be the sister group of (Parabraxas + Chatamla) + (Epicopeia + Nossa). While 
these results were first not well supported in chapter 2, the inclusion of taxa, such as 
Amana and Chatamla, helped to stabilize this position and reinforced our hypothesis 
with high support (chapter 3). 

Epicopeia & Nossa 
One clear pattern that has been emerging since chapter 2 is that the evolutionary 
relationships of Epicopeia and Nossa are tangled together. There is no clear distinction 
between the two genera. This kind of relationship is characteristic of paraphyletic clades 
(see glossary). When we added WGS specimens, we found the same pattern again 
(chapter 3). 

Nossa species morphologically look similar to each other, yet are quite different from 
Epicopeia. It appeared there are two groups of Nossa: N. nagaensis and N. moorei on one 
side, and N. nelcinna on the other side (Figure 13). It has to be mentioned here that 
some species of Nossa nelcinna that were misidentified as N. palaearctica and N. chinensis 
in chapter 2. Regarding Nossa nagaensis and N. moorei, they seem to be genetically 
identical and should perhaps be considered the same species. More work both on a 
morphological and genomics level need to be performed to identify this genus correctly. 

Our analyses in chapter 3 also highlighted the fact that Epicopeia specimens were 
probably misidentified and hard to tell apart. We clarified the labeling of most of these 
specimens (see chapter 3 for more details), to discern three groups in Epicopeia: mencia 
on its own, philenora + polydora and hainesii + polydora. Within the two groups 
comprising E. polydora, we observed very short branches, meaning these specimens are 
genetically very close to each other. These short branches may be due to the genes we 
selected. Indeed, the used dataset of genes was derived from the previous TE dataset 
(see chapters 2 and 3), indicating a bias towards the TE dataset. In TE, probes are 
designed based on highly conserved genomic regions, making them able to capture loci 
across a large phylogenetic range (chapter 1 and 2). Therefore, more investigation on 
our WGS data will allow us to find less conserved regions that, hopefully, will enhance 
our understanding of this group (chapter 3). 
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4.2 Misidentification in museums collections 

Genomic data revealed some misidentifications in the museum specimens used in these 
studies, especially on Epicopeiidae and Sematuridae (Chapter 3). Admittedly, there is 
no recent literature to help to identify Sematuridae specimens. However, often, simple 
morphological comparisons with photography, when available, or paintings from the 
original descriptions were enough to sort out their identification, as it was the case with 
Homidiana (Figure 14). For instance, Coronidia erecthea was labelled as H. canace, when 
compared with other H. canace and other Homidiana species (Boisduval & Guénée, 
1836; Seitz, 1913) it is evident that it is a specimen of C. erecthea (Figure 14). Another 
unclear Homidiana was a specimen labelled as H. leachi, at first it was suspected to be 
H. egina, but it turns out to be H. canace instead (Figure 14). In the case of the genus 
Mania, the misidentifications were highlighted by the phylogeny (Chapter 3). Indeed, 
we obtain three different groups that should correspond to each of the three species but 
did not. After comparing them to pictures of the type specimens, it appears that most 
of these misidentified specimens were either M. empedocles or M. diana lumped under 
M. lunus (Figure 15). Lastly, we also notice that the published transcriptome of a Mania 
species (Kawahara et al., 2019; Kawahara & Breinholt, 2014) belongs to the species M. 
diana, instead of M. lunus as reported (Figure 15). 
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Figure 14. Figure representing the morphologies for Homidiana (top) and Coronidia (bottom) of the loaned specimens 
(photography) and paintings from Boisduval and Guénée, 1836 and Seitz, 1913. Specimens for which DNA was obtained 
are marked with a DNA logo. 
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Figure 15. Morphological aspects of the six loaned Mania in regard to their phylogenetic relationships. Individuals 
sequenced with TE are marked with an ‘A’ while samples sequenced in WGS are ‘W’. Individual with the code ‘FG120055’ 
is the published transcriptome of a Mania species. 

Clarifying the misidentifications in Epicopeiidae was trickier, in particular regarding 
Epicopeia, as the phylogeny was less straightforward (Figure 13). Epicopeia hainseii and 
E. mencia are morphologically alike, displaying differences principally in the shapes of 
their tails (Figure 16; Chapter 3). Nevertheless, it appears that E. mencia possesses a 
long and slender tail, whereas E. hainseii has a short and thicker one. Additionally, the 
veins in the hind wings look more distinct for E. mencia. Accordingly, these 
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morphological differences suggest that two specimens, previously labelled as E. mencia, 
are E. hainseii. In contrast, E. polydora and E. philenora show similar morphology but 
are highly divergent to the former two species (Figure 16). Two of our sequenced E. 
polydora are genetically very similar to two E. philenora, while two other E. polydora are 
genetically similar to E. hainseii. The latter three are all genetically alike except E. 
mencia, which appears to be a distinct lineage not related to the other E. hainseii 
specimens (Figure 16). Finally, a specimen which is labelled E. polydora looks 
morphologically different from the other E. polydora presented in this study (Figure 
16). Could it be possible that the differences observed in morphologies are due to sexual 
dimorphism, like in Homidiana? Or maybe it is caused by a wide range of phenotypes? 
The literature on these species is unfortunately too sparse; hence further work is needed 
to identify these specimens accurately. 

4.3 TE vs. WGS 

First, we successfully sequenced museum specimens using a target enrichment (TE) kit 
designed for Lepidoptera (chapter 1). The oldest sample, collected in 1892, generated 
over 500 loci while we obtained up to 1747 loci for more recent material. Here we 
extended the taxon sampling to other families and superfamilies of Lepidoptera, which 
many are not yet included in high-throughput molecular studies. Hence, we 
demonstrated that our kit is efficient on the entire order of Lepidoptera, providing 
comparable data and proper resolution at a large phylogenetic scale.  
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Figure 16. Morphological aspects of the thirteen loaned Epicopeia in regard to their phylogenetic relationships. Individuals 
sequenced with TE are marked with an ‘A’ while samples sequenced in WGS are ‘W’. Individual with the code ‘Epc3’ is 
the published transcriptome of Epicopeia hainseii. 

Our TE dataset, on Epicopeiidae and Sematuridae, included 378 nuclear loci (327 
genes), for a total length of 134,881 base pairs (bp), with an average size of 336 bp 
(chapter 2). We used the complete references for these 327 genes to create our WGS 
dataset. We recovered 308 genes of the 327 used in the TE study (chapter 3). We 
compared the distribution of the size of the genes, to find a significant difference 
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between the two NGS methods (Figure 17). While with TE, we are sure to obtain a 
good part of the genomic regions we are looking for, the size of the aligned sequences 
is more than twice with WGS (chapter 3). On average, TE genes are 336 bp long 
(range: 6-1,752), whereas WGS genes are 786 bp (range: 27-7,167 bp). One thing to 
note here is that phylogenetic analyses are affected by the size of the dataset. The longer 
the DNA fragments are, the more robust the statistical analysis is (Chapus et al., 2005; 
McHardy et al., 2007).  

 

Figure 17. Distribution of the average size (bp) recovered per gene regarding the TE (yellow) and WGS (blue) methods. 

In principle with WGS, the entire gene should be recovered. While with museum 
specimens, we do get broader parts of the genes (an average of 786 bp), the genes 
themselves are highly fragmented. Meaning that even if we do get in total a more 
extended coverage of the gene, we have more pieces. Moreover, not all genes were found 
with the WGS approach. Admittedly, it is less probable to get the targeted genes, but 
if present, they are usually longer.  

One should keep in mind that this analysis is biased towards TE. Indeed, we used the 
successfully recovered loci of chapter 2 to create the reference dataset. Due to the time 
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constraint, I was not able to use the complete reference set of TE, which consists of 
more than 2,000 genes (chapter 1). Therefore, further analysis, including this entire set 
of reference, to provide a better comparison between the two approaches will be carried 
out in the future. Another way for this comparison would be to sequence the same 
specimens using TE and WGS. It is unfortunately impossible since TE method used 
the entire DNA extraction. 

Genome reductions methods, such as TE, are an incredibly valuable asset to research 
and enhance our understanding the genomes of non-model organisms. However, 
museum specimens already have degraded DNA (Staats et al., 2013). Hence, genome 
reduction methods imply an extra level of data loss. Depending on the circumstances, 
genome reduction methods are not always the best approach, notably regarding 
museum specimens. Our conclusions lead us to think that WGS is more relevant, at 
least in the case of fragmented genomes, such as museum specimens. Equally important 
regarding rare specimens, is the fact that it is more desirable to obtain as much data as 
possible, including information that might be useful in the future. 

4.4 Population genetics (Pieris napi) 

The principal advantage in this study is that a reference genome is available for this 
species (Hill et al., 2019). Therefore, we can know precisely what amount of data 
correspond to the targeted genome. In this case, we recovered on average 81.40% of 
Pieris napi genome, which represents an average coverage of 15.6X for the nuclear 
genome (chapter 4). In theory, as P. napi has an estimated size of 350 Mb (Hill et al., 
2019), for a sequencing run on HiSeq X (Illumina) when grouping ten individuals, the 
expected coverage is less than 20X. Regarding the mitochondrial genome, for each 
individual, we recovered 100% of it with an average coverage of 1963X (chapter 4). 
Hence, our results with museum samples, including specimens >100 years old, are 
thrilling and encouraging.  

We recovered a positive correlation between the age and the number of cleaned reads 
that belongs to the butterfly (Figure 18; chapter 4). We expected that age has a negative 
effect on DNA preservation. However, there are still many variations, with, sometimes, 
younger specimens giving fewer reads than older ones (Figure 18). Therefore, there are 
other forces affecting DNA preservation than age only. Indeed, how samples are 
handled after they are collected can play an essential role in DNA preservation. For 
instance, it has been shown that how they were processed after their death has a crucial 
impact on the molecular level (Quicke et al., 1999). Propylene glycol, commonly used 
for trapping and storage, can also ruin the chance to get DNA (Ballare et al., 2019; 
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Short et al., 2018). Pest control can affect the DNA too; for example, high-temperature 
treatment can damage the DNA (Ackery et al., 2004), as well as sulfuryl fluoride (Su 
& Scheffrahn, 1990). Information on how specimens have been collected and managed 
through the years is not always known, especially in the case of old material (>100 
years). Nevertheless, common usages for storage and pest control are freezing 
treatments, and seem to have a positive effect on DNA preservation (Ballare et al., 2019; 
Quicke et al., 1999; Short et al., 2018), and might explain why we get more DNA from 
some older specimens than young ones. 

 

Figure 18. Principal Components Analysis (PCA) plot. Locations of each individuals are marked with colours. 

The recovered genome of Pieris napi allowed us also to calculate genome-wide 
population genetics statistics (heterozygosity, FST, admixture and inbreeding), we also 
inferred demographic history (see chapter 4 for more details). Our results reveal a 
significant genetic differentiation between the individuals sampled in Abisko (Arctic 
Circle) and the rest of our populations. It has been suggested that Arctic Circle 
populations are a different subspecies (Espeland et al., 2007; Petersen, 1949; Porter, 
1997; Tolman, 1997), named Pieris napi adalwinda (Fruhstorfer, 1909), in contrast to 
P. n. napi (Linneaus, 1758) found elsewhere in Europe. Hence, here we found genetic 
evidence for this subspecies separation. Subsequently, these results are promising and 
lead the way for future museomics projects on population genetics. 
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5 Conclusions & future perspectives 

5.1 The long and the short of it 

The age of museomics is upon us. The present sequencing methods allow us to reveal 
the molecular secrets dormant in museum specimens. Although age and the way these 
samples have been handled affect the quality and quantity of DNA, with care and 
rigour, Next-Generation Sequencing technologies produce suitable data from such 
specimens. Laboratory protocols need readjustments and optimization depending on 
the targeted biological model, but they showed their potential.  

Here, we successfully recovered with Target Enrichment (TE) 31 genomes of 
Epicopeiidae, Sematuridae and Pseudobistonidae, including a >127-year-old specimen. 
Furthermore, we obtained 32 whole-genomes of Epicopeiidae and Sematuridae, with 
an additional 13 whole-genomes of Pieris napi (Pieridae), including in both cases >100-
year-old specimens. We estimated the size of the genomes of the moth specimens (i.e. 
Epicopeiidae and Sematuridae) to 205 Mbp. In the case of the latter, as a reference 
genome is available (Hill et al., 2019), we measured that, on average, 81.4% of the 
sequencing data belongs to the targeted butterfly's genome, with an average coverage 
of 15.6X, while the expected coverage for fresh material was 20X. These results are 
encouraging by showing contaminations are not as such present as expected, but also, 
confirming museum specimens still hold genomic data.  

We demonstrated the value of museomics data by reconstructing phylogenetic 
relationships based on 308 genes and using it for population genetic analysis. First, 
regarding our phylogenomics results, we confirmed, with strong support, that 
Sematuridae is the sister clade of Pseudobistonidae + Epicopeiidae. We also showed the 
monophyly of Epicopeiidae (i.e. being a consistent group where all the descendants 
derive from a common ancestor). Within this family, despite the position of 
Schistomitra, our results are congruent with the previous hypothesis based on 
morphological characters (J. Minet, 2002). We found out that Epicopeia and Nossa are 
paraphyletic with respect to each other. Therefore, our results lead the way for further 
works on these two genera. Secondly, on Pieris napi, we observed genetic differences 
between populations located in the Arctic Circle and populations in the rest of Sweden, 
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confirming previous suspicions of the Arctic population to be a subspecies of the 
former. 

5.2 What else can be achieved with museomics? 

One should keep in mind that the sequencing technologies are evolving and getting 
better quickly. We saw in the last ten years the emergence of this kind of molecular 
approaches to museum specimens. While the protocols are being optimized, their 
popularization begins and the scientific community sees the opportunity. For instance, 
a couple of years ago, despite the desire to, it was believed that getting suitable quality 
DNA from formalin-fixed museum specimens was impossible. However, recent 
improvements in molecular labs have made this wish achievable (Totoiu et al., 2020). 
Therefore, what was inconceivable some decades ago is now becoming a reachable goal.  

Beyond the technology itself, museomics also open the door for answering plenty of 
interesting scientific questions. The potential for such approaches can have a 
considerable impact on phylogenomics and population genetic studies, as we saw here, 
but on more ecological perspectives as well, particularly by accessing data from an era 
before climate changes (Waldvogel et al., 2020). The limits are our imagination of 
thinking of the biological question we want to investigate, and our creativity to develop 
methods that will help us answer these questions. 
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Glossary 

Genomics 

Genomics is a relatively new scientific field, and as such, it comes with a whole new 
vocabulary. Therefore, the meanings behind the words can seem ambiguous and 
challenging to clarify for researchers not directly involved in this subject. To ensure 
readers correctly understand the concepts that I will use in this thesis, I chose to make 
a glossary. You will note that it does not follow the alphabetical order. I made this 
choice to keep a thread of understanding, as some concepts are referring to others.  

Genome – the entire genetic material of an organism, which includes both the genes (the 
coding region) and the non-coding DNA, along with mitochondrial / chloroplast DNA.  

Single Nucleotide Polymorphism (SNP) – a substitution of a single nucleotide that occurs 
at a specific position in the genome. 

Next-Generation Sequencing (NGS) or High-throughput sequencing (HTS) – 
sometimes also called second-generation methods. These methods are inherently different 
from the previous sequencing methods, like Sanger sequencing. They fragment the genome 
in small pieces, randomly sample for a fragment, and sequence it. By parallelizing the process, 
NGS methods allow the entire genome to be sequenced at once. NGS only became popular 
at the beginning of the 2000s. 

Library – a collection of DNA fragments that together represent the entire genome of an 
organism. This set is made by cloning small fragments of DNA. Please note, we also use 
libraries generally no matter the application. Hence, libraries represent subsets of the genome 
or the transcriptome.  

Adapters – are short sequences that ligate to the ends of other DNA or RNA molecules. They 
are prevalent in NGS reads, as they are used to help sequence the reads. 

Indexing – when sequencing, we usually pool samples together. To be able to differentiate 
each sample, we assign them unique indexes that allow us to set them apart. 

Read – a short fragment of DNA, resulting from shotgun sequencing of genomic DNA. 

Contig – a set of overlapping reads that together represent a consensus region of DNA. 
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Scaffold – when creating a draft genome, individual reads of DNA are first assembled into 
contigs, which have gaps between them. The next step is to bridge the gaps between these 
contigs to create a scaffold.  

Single-End (SE) – single-end sequencing allows us to sequence only one end of a fragment 
of DNA.  

Paired-Ends (PE) – paired-end sequencing sequences both ends of a fragment and generates 
high-quality, alignable sequence data. This produces twice the number of reads for the same 
time and effort in library preparation. It also provides more accurate read alignment and 
detects both insertion and deletion variants, which is not possible with single-end data.  

Cleaning / Processing – the raw reads received from sequencing have some regions that 
could be problematic for the rest of the downstream analysis. For example, raw data still 
contain their adapters. Some of the frequent problems are low quality, low complexity, 
contaminants, duplicates, error correction, and adapters. Therefore, raw reads need to be 
cleaned and processed to avoid these problems. 

Trimming – this process deals with low-quality nucleotides by removing them, trying to 
eliminate only low-quality regions. 

K-mer – all the possible nucleotides' subsequences of length k, contained in a sequence. 

Sequence assembly – aligning and merging reads from DNA sequence to reconstruct the 
original sequence. DNA sequencing technologies cannot read the whole genome in one go 
but instead scan small pieces of between 20 and 30 000 bases, depending on the technology 
used. 

Mapping – the process of aligning short reads to a reference sequence, whether the reference 
is a complete genome, transcriptome, or de novo assembly. 

Reference assembly – assembling reads against an existing backbone sequence (reference), 
building a sequence that is similar but not necessarily identical to the reference sequence. 

De novo assembly – assembling reads to create a full-length (sometimes novel) sequence, 
without using a template. To assemble a genome is computationally more costly than to do 
a reference assembly.  

BLAST (basic local alignment search tool) – an algorithm for comparing primary 
biological sequence information, such as the amino-acid sequences of proteins or the 
nucleotides of DNA or RNA sequences. A BLAST search allows researchers to compare a 
query sequence with a database of sequences and identify library sequences that resemble the 
query sequence above a certain threshold.  
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Transcriptome – a set of all the RNA molecules in one type cell. Transcriptome might also 
refer to all of the coding regions of the genome. 

Phylogenomics 

Monophyletic – a consistent group where all the descendants derive from a common 
ancestor (or ancestral population). Usually, monophyletic groups are defined by specific 
characteristic (morphological or genetic) that are shared by all the organisms present in the 
group.  

Paraphyletic – conversely, a paraphyletic clade regroups all descendants of a common 
ancestor excluding some groups of descendants.  

Polyphyletic – represents a set of organisms that have been grouped together while they do 
not share a common ancestor. 
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