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My work enraptures but utterly exhausts me… To know that no one before you 
has seen an organ you are examining, to trace relationships that have occurred 
to no one before, to immerse yourself in the wondrous crystalline world of the 
microscope, where silence reigns, circumscribed by its own horizon, a blindingly 
white arena – all this is so enticing that I cannot describe it.

Excerpt from a letter from Vladimir Nabokov (novelist and lepidopterist) to his 
sister, Elena Sikorski, November 25, 1945. 
In Selected Letters, p. 58–59.
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Abstract

Lepidoptera (butterflies and moths) are one of the most diverse and species-rich groups of 
organisms. Currently, the number of described species is close to 160.000, but it is estimated that 
the true number of species could be as high as half a million (van Nieukerken et al. 2011). Nearly 
99% of all Lepidoptera belong to the more advanced subclade Ditrysia (Kristensen & Skalski 
1999). The focus of this thesis is the evolutionary history of the enormous ditrysian clade. The 
relatedness between the 30 ditrysian superfamilies has been a mystery that has only recently begun 
to unfold. The aim of the thesis is to find new information on the evolutionary relationships between 
these superfamilies, and within two of the largest of them, Gelechioidea and Papilionoidea, both 
with over 18.000 described species. Evidence on the evolutionary relationships is sought from 
both morphological and genetic data. The morphological datasets are based on characters coded 
from larval, pupal and adult stages, and are thus far the largest in terms of the number of coded 
characters and of the number of exemplar species.

The phylogenetic analysis in chapter I is based solely on morphological character data. In the 
analyses of chapters II-IV, morphological data are combined to molecular data from eight gene 
regions sequenced from corresponding species or genera. Morphological characters supporting 
phylogenetic affinities are discussed in detail. Characters described in the articles of this thesis 
can be used in the identification of extant and fossil taxa, and in future studies focusing on the 
evolution of specific morphological traits. 

Chapter I elucidates the evolutionary affinities of the mysterious genus Lypusa (Lypusidae), the 
phylogenetic position of which has not been known. It is demonstrated that this genus actually 
belongs within the megadiverse superfamily Gelechioidea.

Chapter II focuses on the phylogenetic relationships between the families of the superfamily 
Papilionoidea (Papilionidae, Pieridae, Nymphalidae, Lycaenidae, Riodinidae, Hesperiidae and 
Hedylidae). The results show that the traditional concept of butterflies, i.e. including only the 
first five above-mentioned families, is paraphyletic. Hesperiidae and Hedylidae are sister-groups 
and are internested within the rest of the butterflies. A divergence time analysis indicates that this 
superfamily originated in the Cretaceous and diversified in the Tertiary.

Chapter III explores the evolutionary relationships within one of the largest but least studied groups 
of Lepidoptera, Gelechioidea. The classification of this superfamily has been known to be in the 
need of revision. Based on the results, a new classification into 16 families is proposed.

The aim of chapter IV is to find morphological evidence on the relationships between the ditrysian 
superfamilies. Several morphological characters claimed to define subgroups of Ditrysia are 
tested. New characters supporting evolutionary affinities of clades are described and discussed. By 
combining morphological and sequence data, some taxa that have been unstable in analyses based 
on either type of data only, find a stable position, e.g. Epipyropidae and Cyclotornidae, Urodoidea 
+ Schreckensteinioidea.
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Summary

1. Introduction

1.1 Phylogenetic systematics

The	 field	 of	 biology	 that	 studies	 the	
diversification	and	relatedness	of	organisms	
is called systematics. Systematics in 
general resembles historical rather than 
empirical studies. This is because we 
cannot	study	the	past	diversification	events	
themselves, but have only clues left to 
reconstruct these events, some of which 
have happened millions of years ago. Such 
clues are the fragmentary fossil record, 
but also the morphological, molecular, 
behavioral and ecological characters that 
extant species have inherited from their 
ancestors (Wenzel 2002). To explain 
how organisms are related to each other, 
we must make inferences about their 
relationships by studying these characters 
and	 find	 traces	 revealing	 descent	 from	
a common ancestor. Organisms sharing 
homologous characters of the same kind 
are likely to share a common ancestor and 
are thus closely related.

When the evolutionary relatedness between 
organisms of interest is studied, such 
clues are collected from representative 
organisms. The molecular, morphological 
and behavioral characters serve as potential 
evidence for grouping and inferring 
evolutionary relationships between them. 
The collected data, usually arranged as 
matrices, are analyzed using various 
computing methods. As the number of 

organisms in the study and the amount 
of data grow, inferring a phylogeny 
becomes	 more	 and	 more	 difficult	 and	
computationally demanding. The analyses 
yield as outcome a branching diagram, a 
phylogenetic tree. Phylogenetic trees, or 
phylogenies, represent the evolutionary 
relationships between organisms. The 
organisms in the study are at the tips of the 
branches and the points where the branches 
meet, the nodes, represent the hypothetical 
common ancestors. Descendants that 
split from the same node are more closely 
related to each other than to any other 
organism in the study.  Phylogenies are 
thus hypotheses on the evolutionary 
history of organisms based on the evidence 
available. They can be seen as chronicles 
of evolutionary events that have led to 
the current diversity and distribution of 
organisms (O'Hara 1988). 

Phylogenies are used as the foundation 
for classifying monophyletic groups (i.e. 
groups including a common ancestor 
and all its descendants) and describing 
taxonomic levels (species, genus, 
tribe, family, superfamily, etc.). Well-
founded phylogenetic trees serve also as 
the analytical basis for research on the 
evolutionary history of organisms and for 
various studies with evolutionary aspects, 
such	 as	 the	 evolution	 of	 specific	 traits	
(morphological, physiological, behavioral 
or ecological). Knowledge of the 
phylogeny is thus a necessary component 
for understanding the behavior, ecology 
and evolution of single species.

Phylogenetic information is also being 
used in conservation planning aiming 
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at preserving phylogenetic diversity 
instead of just species diversity, and in 
predicting extinction risk across different 
phylogenetic lineages. Some lineages 
may be more vulnerable to extinction 
than others if the attributes making them 
susceptible are shared due to a common 
evolutionary history (Rolland et al. 2012). 

1.2 Morphology and genes

For centuries, humans have attempted 
to achieve a better understanding of the 
outstanding diversity of life by arranging 
organisms into groups according to their 
structural similarities and differences. 
Comparative morphology was of central 
role also in the works developed and 
formalized especially by Carl von Linné 
(1707-1778) aiming at classifying 
organisms into hierarchical groups. It 
was also the observations on similarities 
and differences between organisms that 
formed the basis for the theory of evolution 
and common descent of organisms by 
Charles Darwin (1809-1882) and Alfred 
Russel Wallace (1823-1913). Comparative 
morphology has historically been, and 
still largely continues to be, the basis in 
the description of species, yielding an 
uncounted amount of valuable literature 
and illustrations. 

For decades, the physical characteristics 
of organisms provided almost the only 
source of data for the reconstruction 
of evolutionary trees. In recent years, 
however, methods exploring DNA have 
revolutionized research on the history of 
life. Large quantities of information on 

the relatedness of organisms present in 
the genes have become easily accessible. 
The new information genetic material has 
shed on the relationships of organisms 
is uncontested. Molecular datasets, 
sometimes consisting of the whole genome 
(i.e. millions of characters) of the organisms 
under	study,	definitely	outweigh	in	size	the	
laboriously created morphological datasets, 
which at most reach some hundreds of 
characters. It is, however, less clear to what 
extent the relative information content of 
morphological and molecular data can be 
compared.

Although new techniques allow the 
acquisition of larger quantities of 
morphological and anatomical data, it is 
evident that with the increasing ease and 
feasibility of obtaining molecular datasets 
the role of comparative morphology, 
being more laboursome and requiring long 
training, has been dwindling in studies 
of evolutionary biology (de Carvalho et 
al.	 2008;	 Giribet	 2010).	 Nevertheless,	
understanding of morphology remains 
crucially important. New and original 
research on the morphology of organisms 
is essential: if morphological data are 
only taken from earlier work, existing 
hypotheses remain untested and new 
diagnostic characters may be left 
undiscovered (Wheeler 2008). 

Morphological characters are also the only 
bridge between fossil and extant species, 
and	understanding	the	evolution	of	specific	
structural traits allows us to assign fossils 
to a certain evolutionary lineage (Wiens 
2004; Hermsen & Hendricks 2008). 
Identified	 and	 dated	 fossils	 may	 be	 used	
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as calibration points in obtaining date 
estimates for the evolutionary tree and 
the branching events within it.  A dated 
phylogeny enables the exploration of 
effects of the geological, climatic or biotic 
history of the Earth on the evolution of 
organisms (Drummond et al. 2006; Forest 
2009).

It is nowadays widely accepted that 
different data should be combined in 
phylogenetic analyses as they contribute 
to different nodes in the phylogeny 
(Rokas et al. 2003). In total-evidence 
studies, where all the data available are 
combined, a weak phylogenetic signal 
may become stronger and thus expose a 
“secondary signal” (Nixon & Carpenter 
1996)	 or	 “hidden	 support”	 (Gatesy	 2005).		
In some cases, morphological characters 
have also been shown to be able to anchor 
species in a phylogeny that have not found 
a stable position in analyses based on 
molecular data only (Heikkilä et al. 2014). 
Morphological data can thus contribute 
to the phylogenetic analysis. Nowadays 
appropriate models and corrections exist to 
incorporate morphological data to model-
based analyses used to analyze genetic data 
(Lewis 2001; Wright & Hillis 2014). Often 
morphological or behavioral characters are 
only mapped onto the tree based on DNA 
or other sequence data serving as a scaffold 
to study the evolution of certain traits. 
In such cases the  information content 
the morphological data has to offer in the 
reconstruction of the evolutionary tree is 
not taken full advantage of (Hermsen & 
Hendricks 2008). Congruent morphological 
and genetic evidence of course strengthen 
the reliability of a phylogenetic hypothesis. 

Likewise,	 conflicting	 evidence	 encourages	
looking for explanations, verifying 
and seeking for more data to test the 
hypotheses.  

1.3	Lepidoptera:	butterflies	and	moths	

Half of all named organisms are insects 
(Scudder 2009) and one of the four most 
diverse orders in this class are Lepidoptera 
(moths	 and	 butterflies)	 (Kristensen	 et al. 
2007). Currently, the number of described 
species of Lepidoptera is close to 160.000 
but it is estimated that the actual number 
of species could climb close to 500.000 
(van Nieukerken et al. 2011). Lepidoptera 
belong to the holometabolous insects, 
meaning that they undergo complete 
metamorphosis during their development. 
The	 adult	 moths	 and	 butterflies	 are	
characterized by the scale cover of the 
wings and body, which inspired Linné to 
give them the name Lepidoptera (derived 
from	Greek,	 lepis,	 lepidos	 =	 scale,	 pteron	
=	 wing).	 The	 order	 Lepidoptera	 has	 a	
worldwide distribution. The lineages 
considered to be the oldest seem to 
have a trend of being most diverse in the 
temperate regions of the world (although 
this could be due to tropical undersampling 
(Lopez-Vaamonde et al. 2014)). In more 
advanced lineages, however, diversity is 
highest in the tropics (Holloway & Nielsen 
1999).  

Like other insects, Lepidoptera are a group 
of organisms that carry out important 
biotic interactions and in that way are a 
necessary factor for ecological functioning. 
Some lepidopteran larvae feed on detritus 
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and fungi, and some are even predatory, 
but by far most of their larvae consume 
living plant material. Together with the 
beetle clade Phytophaga, Lepidoptera 
form the largest radiation of plant feeding 
insects, making their ecological impact 
considerable (Scoble 1992; Powell et al. 
1999). Larvae, pupae and adult Lepidoptera 
form also an important source of food 
for animals such as birds, bats, other 
small mammals, some insects, numerous 
parasitoids and even humans. Actually, 
it has been estimated that globally more 
people use insects as food than dairy 
products (DeFoliart 1989; Scoble 1992; 
Ramos-Elorduy et al. 2011). 

Apart from being the object of admiration 
and fervent collecting, Lepidoptera are 
present in the lives of humans in many 
other ways. A great number of lepidopteran 
species with herbivorous larvae pose a 
threat as serious pests of crops (e.g. the 
Diamondback moth, Plutella xylostella 
on vegetables (Talekar 1993)) and forests 
(e.g. Lymantria monacha in Central Europe 
(Kitching & Rawlins 1999)). On the other 
hand, they are also used in biological 
control to contain or eradicate invasive 
plant species. Although most Lepidoptera 
lack specialized organs for pollen 
collecting, they have been ranked the 
fourth most important group of pollinators 
(Barth 1985), an aspect that can be counted 
as an ecosystem service (Winfree et al. 
2011).

Lepidoptera have also been exploited in 
silk production for centuries, in particular 
the silkworm moth Bombyx mori (Scoble 
1992). In addition, the silkworm moth has 

had medicinal importance in traditional 
Chinese medicine, and the utility of the 
medicinal substances related to these moths 
are being re-explored along with those of 
other species (Chiu 2003; Kikuchi et al. 
2004). Lepidoptera are also used as model 
organisms	in	many	fields	of	science,	e.g.	in	
ecological modeling, in developmental and 
genetic studies (Roe et al. 2010) and serve 
as environmental indicators (e.g. Fox et 
al. 2011). The full potential of the results 
of such studies can, however, be obtained 
only when the evolutionary history of 
the Lepidoptera is better resolved and a 
phylogenetic framework to extrapolate 
the results across larger groups becomes 
possible.

1.4 Ditrysian Lepidoptera and research 
on their evolutionary history 

The oldest lepidopteran fossil is from 
the Jurassic period, and thus estimated to 
be about 190 million years old (Whalley 
1985;	 Grimaldi	 1999;	 Grimaldi	 &	 Engel	
2005a). Divergence time analyses push 
the origin of Lepidoptera to about 230 
million years ago (Wahlberg et al. 2013).  
These estimates make Lepidoptera a 
relatively recently radiated order when 
compared to the advent of insects, which 
is thought to have happened 400 million 
years	 ago	 (Grimaldi	&	Engel	 2005b).	 For	
comparison, tetrapods (the four-limbed 
vertebrates) originated about 350 million 
years ago.

Around 150 Million years ago, the ditrysian 
clade, which is the lineage comprising 
close	 to	 99%	 of	 all	 butterflies	 and	 moths	
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living today, diverged from the more 
basal Lepidoptera, and began to diversify 
(Kristensen & Skalski 1999; Wahlberg et 
al. 2013). The monophyly of Ditrysia is 
supported by the name giving character 
(di-	 =	 two,	 trūpa,	 trus-	 =	 a	 hole	 (Emmet	
1991)) expressed through the anatomy 
of the females, which have two genital 
orifices,	one	for	mating	and	one	for	laying	
eggs as opposed to the females of the more 
basal monotrysian Lepidoptera, which only 
have one aperture (Dugdale 1974).  

The phylogenetic relationships between 
species and genera belonging to the 
Ditrysia have been much studied by both 
amateur and professional lepidopterists. 
Comparative morphology has held an 
important role in species description and 
systematics, but in recent years better 
computing methods have also enabled 
larger-scale phylogenetic studies. These 
studies have helped gain insight into the 
evolutionary relatedness between families 
within several of the larger ditrysian 
superfamilies (e.g. Kaila 2004; Bucheli & 
Wenzel 2005; Niehuis et al. 2006; Solis 
2007; Kawahara et al. 2008; Regier et al. 
2008; Warren et al. 2009; Kaila et al. 2011; 
Zahiri et al. 2011; Heikkilä et al. 2012; 
Heikkilä et al. 2014; Regier et al. 2014). 

The relationships at the higher level, 
between the ditrysian superfamilies, have 
also been the object of much research in 
recent years. The division of Ditrysia into 
superfamilies by morphological characters 
has remained relatively stable and more 
or less generally agreed upon. In van 
Nieukerken et al. (2011), Ditrysia are 
divided into about 30 superfamilies, but 

several of these are monotypic (meaning 
that they include only one species, genus 
or family) and have been assigned a 
superfamily of their own because their 
relation to other Lepidoptera is not known. 
Also, a number of enigmatic genera or 
families have eluded a well-supported 
affiliation	 to	 any	 of	 the	 recognized	
superfamilies and are currently without a 
designated superfamily. 

The	 difficulties	 in	 resolving	 the	
relationships within the ditrysian 
Lepidoptera have been attributed to the 
homogeneous morphology of Ditrysia 
and the lack of obvious morphological 
characters, which could reveal the 
relatedness of the superfamilies (Kristensen 
& Skalski 1999). In 1999 Kristensen 
and Skalski published a very tentative 
phylogeny for the ditrysian Lepidoptera 
based on the current knowledge, notably 
the works in comparative morphology 
by Minet (1986, 1991). In this phylogeny 
only very few relationships between the 
superfamilies could be proposed, the 
division of the clade into three inter-nested 
subclades, Apoditrysia, Obtectomera and 
Macrolepidoptera being the major ones. 
To identify and place a lepidopteran to a 
level above the species level requires often 
exposing the exoskeleton that is hidden 
by scales. This laboriousness combined 
with the large number of species featuring 
different combinations and unclear limits 
of such characters have hindered their 
classification	(Kristensen	et al. 2007).   

Since the tentative phylogeny presented by 
Kristensen and Skalski several large-scale 
molecular studies based on either nuclear 
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or mitochondrial DNA, or transcriptomic 
data, have addressed the problem of solving 
the evolutionary chronicle of the ditrysian 
lineages (Regier et al. 2009; Mutanen et 
al. 2010; Cho et al. 2011; Bazinet et al. 
2013; Regier et al. 2013; Kawahara & 
Breinholt 2014; Timmermans et al. 2014). 
These studies have offered new hypotheses 
on the relationships between the 
superfamilies, some of them unexpected 
and contradicting current the composition 
and circumscription of superfamilies, and 
have revealed which parts of the phylogeny 
should be focused on more. Although the 
general patterns of the results of these 
studies are often in agreement, many of 
the proposed relationships still stand on 
uncertain grounds due to low support 
values or low taxon sampling. 

A possible explanation for the initial 
difficulties	 in	 inferring	 a	 phylogeny	 for	
the Ditrysia, and several subgroups of 
it,	 is	 ancient	 rapid	 radiation	 (Whitfield	
& Kjer 2008). When lineage splitting 
within a relatively short time span in 
the ancient past has occurred, there has 
been little opportunity for molecular or 
morphological changes to build up. This 
meagre phylogenetic evidence of a close 
relationship between lineages can have 
been obscured or entirely vanished by 
subsequent changes that have accumulated 
since,	 inadequate	 data,	 or	 conflict	 with	
datasets	 (Rokas	&	Carroll	2006;	Whitfield	
& Lockhart 2007). The radiation of 
ditrysian Lepidoptera in the mid to late 
Cretaceous into the Tertiary, a period 
coinciding	 with	 the	 great	 diversification	
of	 flowering	 plants	 (angiosperms),	
seems to have been relatively rapid. 

The phylogenetic signal may also have 
been muddled by extinction events, 
which have wiped out many lineages and 
phylogenetically informative characters. 

Another	 reason	 for	 the	 difficulty	 to	 infer	
a stable phylogeny for Lepidoptera is 
their outstanding diversity. It has been 
impossible to include representatives of 
all groups in the analyses, especially in 
the very expensive phylogenomic studies, 
making by necessity some of the included 
taxa very distantly related, and others, 
perhaps	 crucial	 ones,	 omitted.	 Insufficient	
taxon sampling has been shown to be 
a cause of the so-called long-branch 
attraction, where distant taxa can be drawn 
together (Bergsten 2005; Kolaczkowski 
2009; Talavera & Vila 2011, Boussau et al. 
2014).

The effort to better understand the 
evolutionary history of the Ditrysia as a 
whole, and of the very diverse ditrysian 
superfamilies, is still an ongoing journey. 
To reach the destination, a more inclusive 
sampling of representative species 
and genes, combined with extensive 
analysis of morphological characters 
uniformly studied across the groups is 
essential. The key innovations that have 
enabled the success of this megadiverse 
group of insects are often expressed as 
morphological features. Mapping the 
distribution of structural character states, 
of the ‘enabling mechanisms’, allows to 
trace underlying evolutionary pathways, 
and as Kristensen (2011) puts it: “these are 
amongst the most rewarding uses that can 
be made of robust cladograms, irrespective 
of	 whether	 these	 were	 in	 the	 first	 place	
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generated from molecules, morphology or 
both”. 

2. Outline and aims of the thesis

The aim of this thesis is to bring new 
information	 on	 the	 phylogenetic	 affinities	
between the ditrysian superfamilies 
(Chapter IV) and selected groups within 
the	clade;	Gelechioidea	 (Chapters	 I	&	 III)	
and Papilionoidea (Chapter II), and seek 
morphological characters to support these 
affinities	and	serve	as	diagnostic	characters	
in	 the	 identification	of	 taxa	 and	groups	of	
taxa.  

The	specific	objective	of	Chapter	I	is	to	find	
a phylogenetic position for the enigmatic 
family,	 Lypusidae,	 the	 affinities	 of	 which	
had for long been unclear. The sole genus 
of this family, Lypusa Zeller, 1982 has 
been placed in several families within the 
superfamily Tineoidea, or a family of its 
own	 without	 known	 affinities.	 This	 study	
is entirely based on morphological data and 
reveals the phylogenetic position Lypusa 
within the huge and diverse superfamily 
Gelechioidea.	The	cladistic	analysis	places	
Lypusa with the Amphisbatidae. The 
morphological characters supporting this 
position are discussed.  

Chapter	II	treats	the	phylogenetic	affinities	
of	 butterflies	 in	 the	 traditional	 sense	
(Papilionidae, Pieridae, Nymphalidae, 
Lycaenidae and Riodinidae), the skippers, 
(Hesperiidae)	and	the	New	World	butterfly-
moths (Hedylidae). With over 18.000 
described species, these families form 

one of the four largest superfamilies of 
Lepidoptera. The study is based on both 
DNA-sequence data and morphological 
data. The results support a sister-group 
relationship between the skippers and 
butterfly-moths,	 and	 their	 phylogenetic	
position	 within	 the	 butterflies,	 making	
Papilionoidea in the traditional sense 
paraphyletic. Using fossils as calibration 
points the divergence times of the lineages 
are estimated. This information, and 
knowledge on the current diversity of each 
of the families, are used to explore the 
tempo	of	diversification.

The aim of Chapter III is to perform a 
phylogenetic analysis and present a revised 
classification	 for	 the	 massive	 radiation	
of gelechioid moths, which currently 
includes over 18.000 described species. 
The	 superfamily	 Gelechioidea	 may	
well be the most species-rich group of 
Lepidoptera	and	 its	classification	has	been	
in great need of revision. The phylogenetic 
analyses (parsimony, maximum likelihood, 
Bayesian inference) are based on the 
largest dataset on the superfamily to 
date and include both morphological and 
sequence data. Based on the results of the 
study, a division of the superfamily into 16 
families is proposed.

The objective of Chapter IV is to study 
the evolutionary relatedness of the 33 
ditrysian superfamilies, which have for 
long been unresolved.  The Ditrysia 
comprise	 nearly	 99	 %	 of	 all	 butterflies	
and moths and include over 160.000 
described species. By combining a large 
morphological dataset and molecular data 
from eight gene regions, the relationships 
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between the superfamilies are inferred and 
compared to the results of recent studies 
based on genetic data. The aim is also to 
test the validity of several morphological 
characters	 previously	 proposed	 to	 define	
subclades of Ditrysia and search for more 
morphological evidence on the common 
ancestry of superfamilies. Problems 
arising from combining morphological and 
molecular data are discussed in the context 
of Lepidoptera.

3. Material and Methods

3.1 Material

The specimens used in the morphological 
studies (chapters I-IV) were obtained from 
several museums, private collections, 
and several persons, in particular 
Lauri Kaila and Marko Mutanen, were 
involved in collecting material (see 
Acknowledgements). For all exemplar 
species we tried to obtain all life stages; 
larva, pupa and adult male and female. 
The	larvae	were	either	dry-inflated	or	kept	
in alcohol. The pupae were dry or kept in 
alcohol. Sometimes the larval skin or pupal 
exuvia were used. The adult specimens 
were mounted. 

The material for DNA extraction was 
also mostly collected by Lauri Kaila and 
Marko Mutanen or acquired from an 
international network of colleagues (see 
Acknowledgements).

3.2 Examination of morphology

The morphological examination of speci-
mens was done with light microscopes; 
Leica	 MZ	 75	 stereomicroscope,	 magnifi-
cation up to 400×, Wild M10 stereomicro-
scope,	magnification	up	to	512×,	Olympus	
SZX16	magnification	up	to	110×,	and	Leitz	
Diaplan phase contrast microscope (maxi-
mum	magnification	1560×).

The larvae and pupae were examined for 
external characters.  The examination of 
adult	specimens	was	first	done	for	external	
characters, such as scale vestiture. The 
wings of the specimens were then removed 
and the body treated in 10% potassium 
hydroxide (KOH) solution to dissolve 
protein and lipids, leaving the exoskeleton 
for examination. For the examination of 
wing venation, small wings were mounted 
on slides and large wings were wetted with 
drops of alcohol and scales brushed off 
to expose the veins. In some cases, slides 
were also made of other body parts, e.g. 
the abdomen. Morphological data were 
collected in matrices using WinClada 
(Nixon 2002) or MorphoBank (O'Leary & 
Kaufman 2012).

3.3 DNA extraction and sequencing

For the molecular analyses in Chapters 
(II-IV) one mitochondrial (cytochrome 
oxidase subunit I, COI) and seven protein-
coding nuclear gene regions (Elongation 
factor-1a, EF-1a; Wingless; Ribosomal 
protein S5, RpS5; Cytosolic malate 
dehydrogenase,	 MDH;	 Glyceraldehyde-
3-phosphate	 dehydrogenase	 GAPDH;	
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Carbamoyl phosphate synthetase domain 
protein CAD and Isocitrate dehydrogenase, 
IDH) were sequenced, totaling in over 
6000 base pairs. DNA was extracted mostly 
from legs detached from the exemplar taxa, 
but sometimes from other body parts. 

DNA	 amplification	 and	 sequencing	
followed the protocol presented in 
Wahlberg & Wheat (2008). Sequencing 
was performed with ABI 3500 and 3730 
capillary sequencers. The VoSeq program 
was used to construct taxon sets (Peña & 
Malm 2012).

3.4 Phylogenetic analyses

To infer phylogenetic relationships both 
molecular and morphological data were 
analyzed with methods based on different 
optimality criteria and philosophies; 
model-based methods (maximum 
likelihood and Bayesian inference) and 
parsimony (except in Chapter I, where only 
parsimony was used). The use of different 
methods allows exploring how the data 
behaves	and	whether	 these	methods	find	a	
similar phylogenetic signal. 

Parsimony analyses were conducted 
with the program Tree search using New 
Technology, TNT, versions 1.0 and 1.1 
(Goloboff	 et al. 2000, 2008), NONA 
(Goloboff	 1993)	 and	 WinClada	 (Nixon	
2002). Maximum likelihood analyses 
were performed with the program 
RAxML version 7.3.1 (Stamatakis 2006) 
and Bayesian inference with MrBAYES 
version 3.1 (Huelsenbeck & Ronquist 
2001).

Models for the Bayesian analyses were 
obtained with FINDMODEL (Chapter 
II) (Tao et al. 2010) or PartitionFinder 
(Chapter III & IV) (Lanfear et al. 2012). 
In the maximum likelihood analyses, 
molecular data were analyzed under the 
GTR	+	Γ	model.	Data	of	the	morphological	
partition were assigned the Mk model 
(Lewis 2001).

Several partition strategies were used in 
the model-based analyses. In chapters II-
IV,	 molecular	 data	 were	 first	 partitioned	
by genes and codon position. In chapters 
III	 and	 IV,	 the	 program	 TIGER	 (Tree	
Independent	 Generation	 of	 Evolutionary	
Rates) (Cummins & McInerney 2011) was 
used to partition the data into character sets 
according to their rate of evolution. Each 
of the partitions can be assigned a suitable 
model. The effect of pruning the partition 
with the fastest evolving characters from 
the analysis was also explored to see 
whether this could help reducing “noise” 
and improve extracting the phylogenetic 
signal behind it.

Analyses were performed on desktop 
computers and the more computationally 
demanding ones in CIPRES (Miller et al. 
2010), Bioportal (Kumar et al. 2009) and 
the	 cluster	 of	 the	 Laboratory	 of	Genetics,	
Department of Biology, University of 
Turku.

3.5	Divergence	time	and	diversification	
rate analyses

In Chapter II the divergence time 
estimation of the papilionoid lineages was 
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done with the program BEAST version 
1.5.4. (Drummond & Rambaut 2007) with 
three fossils as calibration points. Patterns 
and	changes	in	the	tempo	of	diversification	
were analyzed with the software MEDUSA 
(Alfaro et al. 2009).

4. Results and Discussion

Chapter I: The enigmatic Lypusidae

The phylogenetic position of the genus 
Lypusa Zeller, 1982 was investigated using 
a large morphological dataset (Kaila, 2004) 
as a basis, including characters coded 
mostly	 from	 Gelechioidea	 (143	 species),	
but also exemplar species representing the 
superfamilies	 Tineoidea,	 Gracillarioidea,	
Yponomeutoidea, Choreutoidea and 
Pyraloidea. In total, 188 morphological 
characters were coded from the adult male 
and female of Lypusa tokari (Elsner et al. 
2008), but also from the larval case, and 
larval skin and pupal exuvia, thus providing 
for	 the	 first	 time	 detailed	 information	 on	
the morphology on the immature stages of 
Lypusa.

The result of the cladistic analysis did 
indeed refute a position of the genus 
with Tineoidea where it had previously 
been assigned to, yet never with a well-
founded assignment to any particular 
family. Instead, Lypusa grouped within 
Gelechioidea,	 in	 the	 clade	 with	 species	
belonging to the family Amphisbatidae. 
Several morphological characters common 
to all species of the superfamily were 
found to be present in Lypusa providing 

support for a position in this superfamily, 
and not with the outgroup superfamilies. 
The most important of these characters are 
the scaled base of haustellum and pupal 
antennae mesially approaching each other 
thus invaginating the mesothoracic legs.

Morphological characters supporting a 
close	 affinity	 of	 Lypusa to Pseudatemelia 
and Amphisbatis include a larval case made 
of a folded piece of leaf, a densely porose 
larval	head	and	a	modification	of	the	pupal	
abdominal segment 8.

Following the International Code of 
Nomenclature, the family name Lypusidae 
has priority over the younger family name 
Amphisbatidae, which has to yield in favor 
of the older name. 

We also provide a summary of the 
information available on the biology of the 
genus. 

Chapter	II:	Origin	and	diversification	
of	the	redefined	butterflies

The results of the phylogenetic analyses 
generated by combined morphological 
data (45 larval, 32 pupal and 114 adult 
characters) and molecular data (eight gene 
regions) from 54 species representing 
most	 subfamilies	 of	 butterflies,	 skippers	
and	 butterfly	 moths,	 supported	 the	
paraphyly of the traditional conception of 
butterflies.	 In	 the	 traditional	 conception	
the families Papilionidae (swallow-
tails), Pieridae (whites and sulphurs), 
Nymphalidae	 (brush-footed	 butterflies),	
the Lycaenidae (gossamer-winged 
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butterflies)	 and	 Riodinidae	 (metalmarks)	
belong to the same monopyletic group. 
However, our results support the position 
of Papilionidae as sister-group to the rest of 
the	butterflies,	Hesperiidae	and	Hedylidae.	
The results of the combined analysis also 
supported a strong sister-group relationship 
between Hedylidae and Hesperiidae. 
Two	 morphological	 characters,	 the	 flat	
projections on the mesophragma, and 
the shape of the third axillary sclerite 
at the base of the forewing, corroborate 
this result. The relationships between the 
rest	 of	 the	 butterflies	 were	 found	 to	 be	
(Pieridae + (Nymphalidae + (Riodinidae 
+ Lycaenidae))), the position of Pieridae 
being, however, unstable in the analyses. 
Based on these results we suggest that the 
superfamily Papilionoidea be inclusive of 
Hesperiidae and Hedylidae. 

The divergence time estimation indicated 
that the lineages leading to Papilionidae, 
Hesperiidae and Hedylidae and the rest 
of	 the	 butterflies	 diverged	 quite	 rapidly	
from each other in the Early Cretaceous, 
some 110 million years ago. Lineages 
leading to extant families had diverged 
from each other by 90 million years ago, 
with Pieridae diverging from the common 
ancestor at about 105 million years ago, 
and Nymphalidae from Lycaenidae and 
Riodinidae about 102 million years ago. 
Hedylids diverged from hesperiids about 
99 million years ago and riodinids diverged 
from lycaenids about 88 million years ago.
The results suggest that most within-family 
divergences leading to extant subfamily 
lineages occurred after the Cretaceous-
Paleogene boundary (K–Pg boundary or 
also known as the K–T or Cretaceous–

Tertiary boundary). This boundary is linked 
with the mass extinction of nearly three 
quarters of plant and animal species around 
65 million years ago. Noteworthy patterns 
in	 the	 tempo	of	diversification	 is	 the	 slow	
speciation rate in the lineage leading to 
Baronia brevicornis, the sole species in 
the subfamily Baroniinae and  considered 
a living fossil; a long delay before the 
species-rich skippers began to diversify; 
and	a	burst	of	diversification	in	the	lineages	
leading to Nymphalidae, Riodinidae and 
Lycaenidae.

Chapter	III:	Revised	classification	for	
Gelechioidea

The phylogenetic analysis of the family 
relationships within the superfamily 
Gelechioidea	 is	 based	 on	 the	 densest	
taxon sampling (155 taxa) and largest 
morphological (139 adult, 49 pupal, and 
65 larval characters) and molecular data 
(6127 base pairs) to date. The combination 
of morphological and molecular data 
improved support values for the groupings 
compared to analyses where either type 
of data were analyzed alone.  Also, by 
combining data, we were able to avoid 
some of the unfavorable effects of the so-
called rogue taxa in the analyses. Rogue 
taxa are unstable taxa which can take 
various positions in the trees thus lowering 
support values and affecting the resolution 
of the tree. Often such taxa are removed 
from the analyses to salvage the results 
concerning the remaining taxa (Wilkinson 
1996; Thomson & Shaffer 2010; Trautwein 
et al. 2011). In our combined analyses 
several otherwise unstable taxa found a 
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stable position within the phylogenetic tree 
and we were able to include them.

The	family	 level	classification	and	delimi-
tation	of	families	of	Gelechioidea	(Hodges	
1999; van Nieukerken et al. 2011) has been 
known to be in need of revision. Based on 
our	results	we	propose	a	new	classification	
and	division	of	Gelechioidea	into	16	fami-
lies: Autostichidae, Lecithoceridae, Oeco-
phoridae,	 Cosmopterigidae,	 Gelechiidae,	
Coleophoridae, Batrachedridae, Scythridi-
dae, Blastobasidae, Stathmopodidae, Mom-
phidae, Pterolonchidae, Depressariidae, 
Elachistidae, Xyloryctidae, and Lypusidae. 
The	 first	 eleven	 of	 these	 obtained	 strong	
support values in the model-based analy-
ses, but the latter four rather weak support. 

For	 the	 first	 time	 a	 monophyletic	 Oeco-
phoridae s. s., (including Deuterogoniinae 
and Pleurotinae) was obtained with sig-
nificant	support.	The	entirely	newly	deline-
ated	and	redefined	Depressariidae	Meyrick,	
1883 includes the subfamilies Acriinae, 
Aeolanthinae, Cryptolechiinae, Depressari-
inae, Ethmiinae, Hypercalliinae, Hypertro-
phinae, Peleopodinae, Oditinae, Stenomati-
nae, Carcina, and a number of taxa without 
a former family position. 

Elachistidae s. l. is found to be 
polyphyletic, and Elachistidae is restricted 
to include the subfamilies Agonoxeninae, 
Elachistinae, and Parametriotinae. 
Batrachedridae were found (as in Kaila et 
al. 2011) polyphyletic and restricted to the 
core Batrachedra. Other taxa previously 
included in this family grouped together 
with Coelopoetinae and Syringopainae in 
an expanded Pterolonchidae. Lypusidae 

s. s. and Chimabachidae formed a 
monophylum supported by the tongue-
shaped, setose lobe on the male transtilla. 
Chimabachinae is newly united with 
Lypusidae as a subfamily.

The grouping of Stathmopodidae and 
Scythrididae is supported by a similarly 
expanded ductus seminalis. Both 
Stathmopodidae and Blastobasidae, 
which form a monophyletic lineage 
with Scythrididae, have a sclerotized 
ridge running from the lateral rod to the 
lateroposterior corners of tergum 1. 

The results of the morphological 
examination	 confirm	 the	 paucity	 of	
morphological characters that can be used 
reliably	 to	 define	 families	 due	 to	 the	 high	
level of homoplasy. Apparently, species 
can sometimes only be placed to the 
correct family if both adult and immature 
stages are examined. 

In general the deeper level relationships 
obtained very low support values and 
an even denser taxon sampling would 
certainly	 be	 beneficial.	 The	 place	 of	 the	
root, i.e. the direction of evolution within 
Gelechioidea,	 varied	 in	 the	 analyses,	
but was never within the monophyletic 
groups, which we use as the basis for 
our	 revised	 classification.	 The	 closest	
relatives	of	Gelechioidea	remain	unknown	
and a challenge for future research. Our 
taxon sampling was not designed to study 
subfamily relationships, but several of 
them appeared clearly to be in need of 
targeted studies.
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Chapter IV: Morphological insight into 
the phylogeny of Ditrysia

The phylogeny of ditrysian Lepidoptera 
was studied by combining the hitherto 
largest morphological character dataset 
(530 larval, pupal, adult male and female 
characters coded from 318 species) with 
a dataset of eight gene regions from 422 
taxa. The total number of exemplar taxa in 
the analyses was 473, which is the largest 
taxon sampling in studies on the phylogeny 
of the Ditrysia so far. The complete dataset 
was analyzed using maximum likelihood 
methods, the morphological dataset also 
with parsimony methods.

The resolution of the trees resulting 
from parsimony analyses was generally 
uniform, yet, interrelationships of 
superfamilies varied between the obtained 
most parsimonious trees.  In addition, the 
adverse effect of several unstable taxa (e.g. 
Euplocamus, Heliocosma group, Lactura, 
Sematuridae, Mimallonidae, Hyblaeidae) 
effectively collapsed the consensus tree, 
even though the main structure of the 
obtained trees remained quite stable. The 
instability of several taxa was also seen in 
the low support values of several clades 
in the results of the maximum likelihood 
analyses. However, we opted for the 
inclusion of these taxa as their phylogenetic 
position is also of interest, and to be able 
to evaluate the evidence supporting the 
variable positions. 

The combination of morphological data 
to molecular data in the analysis did not 
improve the resolution and low support 
values for the deeper nodes obtained 

in previous analyses based on Sanger-
sequenced	 data.	 Our	 study	 confirms	 the	
paucity of morphological characters 
for	 defining	 larger	 assemblages	 of	
superfamilies. Also characters previously 
proposed to circumscribe subclades of 
Ditrysia were found to be to some extent 
equivocal and in some cases contradict 
recent results of phylogenetic studies 
based on molecular data. For example, 
the presence and absence of a character 
claimed to support the division between 
non-Apoditrysia and Apoditrysia, i.e. 
the lateral extensions of the abdominal 
sternum 2, was not clear-cut. The extension 
is absent in non-Apoditrysia, but was 
also found to be absent in several taxa 
obtaining a well-supported position within 
Apoditrysia in analyses based on genetic 
data.

Two characters previously considered 
to	 play	 key	 roles	 in	 the	 classification	 of	
Lepidoptera	 and	 used	 to	 define	 the	 clade	
Obtectomera; the presence of a setose lobe 
on the pulvilli and the obtect pupa, i.e. 
pupa with immobile intersegment between 
abdominal segments 3 and 4, were also 
checked across all superfamilies. The 
presence of the setose lobe on the pulvilli, 
was in many cases found to be ambiguous 
but also clearly absent in many taxa 
obtaining a position within Obtectomera in 
DNA-based	 analyses	 (e.g.	 Gelechioidea).	
Likewise, the mobility of pupal segments 3 
and 4 was is several cases unclear and in 
many Yponomeutoidea the condition was 
found to be different from that of other 
Lepidoptera. The shape of the larval proleg, 
which has been used as a distinguishing 
feature to separate ‘Macrolepidoptera’ 
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from ’Microlepidoptera’, appeared to 
be convergent in several lineages. The 
division of Ditrysia to ‘Macrolepidoptera’ 
and ’Microlepidoptera’ is not supported, 
at least in the traditional sense, by recent 
analyses based on genetic data. However, 
several interesting patterns emerged from 
combining morphological and molecular 
evidence, and new morphological evidence 
supporting the relatedness of several 
smaller groups was found.
 
Although the amount of morphological 
character data accounts only for 8% of 
the total amount of data in the combined 
analysis, the effect of morphological 
characters is strong.  The positive effects of 
the inclusion of morphological data to the 
analyses was attested as several taxa with 
an unstable behavior in analyses based on 
DNA-data only found a stable position in 
the combined analyses, e.g. representatives 
of Cyclotornidae and Epipyropidae. 
Sesioidea were also found monophyletic in 
the combined analysis, when in molecules-
only analyses they were not. In addition, 
when morphological and DNA data were 
in agreement, the support values for 
the clades were in general higher in the 
combined analyses than in those based on 
either type of data only. 

However, combining data also caused 
some intriguing cases where morphology 
clearly overran the phylogenetic signal 
transmitted by the eight gene regions. For 
example, the position of Papilionoidea and 
the within-superfamily topology recovered 
in the present study, strongly contradict 
findings	 in	 several	 recent	 studies	 based	
on genetic data. Morphological characters 

causing the differing topology are most 
likely characters associated with a diurnal 
life mode e.g. clubbed antennae. Despite 
the	 conflicting	 signal,	 the	 support	 values	
were surprisingly high. Such patterns invite 
to explore in more detail the possibility 
and reasons of convergent evolution as an 
explanation of anatomical resemblance.

The main results of chapter IV based 
on the combined dataset include the 
recovery of a monophyletic Tineoidea, 
contradicting recent molecular studies. 
A new larval synapomorphy, a triangular 
cap dorsally covering the larval antenna, 
was found to unite Tineidae. Metapherna 
salsa, currently placed in Tineoidea, was 
repeatedly placed between Tineoidea and 
the	 Yponomeutoidea	 +	 Gracillarioidea	
clade in all the analyses. We suggest that 
Metapherna and allied taxa be assigned a 
family of their own. 

The monophyly of Yponomeutoidea + 
Gracillarioidea	 was	 recovered	 supporting	
earlier DNA-based studies. The 
transverse costa, proposed as a possible 
synapomorphy of Yponomeutoidea, 
was also found in Roeslerstammiidae 
(Gracillarioidea).

Galacticoidea	grouped	with	Tortricoidea	in	
several analyses. Zygaenoidea, Sesioidea 
and Cossoidea are all monophyletic 
and in the same clade. Several small 
superfamilies (Carposinoidea, Millieriidae, 
Tinagma, Tanaoctena, Epermenioidea, 
Immoidea, Pterophoroidea, Alucitoidea 
and Choreutoidea) were left without a 
well-supported phylogenetic position 
in the larger context. However, 
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Schreckensteinioidea and Urodoidea 
share several larval synapomorphies 
and Immidae have features that indicate 
they could be related to Obtectomera. 
Isonomeutis, formerly considered a 
copromorphid, is in the clade with 
Alucitoidea. This placement is supported 
by larval synapomorphies that also suggest 
the paraphyly of Tineodidae as regards to 
Alucitidae. 

Gelechioidea	 formed	 a	 monophylum,	
as did Pyraloidea, the division of which 
into Pyralidae and Crambidae is clear 
on morphological grounds. Hyblaeoidea 
(Hyblaeidea and Prodidactidae) were 
recovered as sister to Pyraloidea. 
Thyridoidea and Calliduloidea associate 
with Papilionoidea, the position of 
Thyridoidea being, however, somewhat 
unstable.

The Macroheterocera is one of the most 
strongly supported clades of the study 
and has Mimallonidae as sister-group. A 
monophyletic	 Geometroidea	 including	
Sematuridae + Epicopeiidae and Uranidae 
+	Geometridae	 is	 obtained.	Doa (Doidae) 
and Axia (Cimelioidea) are associated with 
Drepanoidea.  Morphological evidence for 
these groupings is evaluated.

5. Conclusions and future 
directions 

The focus of this thesis is on the 
examination of the morphology of 
ditrysian Lepidoptera in order to gain 
information on their evolutionary history 

and the relatedness of taxa (chapters I-IV). 
A central theme is also the importance of 
combining and comparing the phylogenetic 
signal obtained from morphology to that 
extracted from DNA-based data. As these 
studies show, both types of data carry 
valuable phylogenetic information and help 
to achieve a better understanding of the 
phylogeny and diversity of this enormous 
group of insects. 

We studied the morphology of ditrysian 
Lepidoptera with the aim of resolving the 
phylogenetic position of single taxa but 
also that of larger assemblages. The articles 
of this thesis suggest that in ditrysian 
Lepidoptera phylogenetically informative 
morphological characters are abundant 
at the species, family and superfamily 
level, but characters that could be used to 
infer phylogenetic relationships between 
superfamilies or larger assemblages are 
scarce. Similar results have been observed 
in studies based on DNA-based data. The 
deeper evolutionary relationships between 
the major ditrysian lineages are thus left 
as a challenge for future research, both 
genetic and morphological. 

The results also show that there are 
several	 benefits	 from	 combining	 and	
comparing morphological data. When the 
phylogenetic signal emitted from both 
morphological and molecular data is in 
agreement, support for, and therefore 
confidence	in	the	proposed	relationships,	is	
of course stronger. On the other hand, when 
the signal of morphological and molecular 
data	 is	 conflicting,	 it	 encourages	 looking	
for causes in the methods used, but it is 
also an opportunity to learn about moths 
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and	butterflies	from	the	data.	In	evaluating	
conflicting	 results	 we	 can	 seek	 for	
explanations in the underlying biological 
mechanisms	 causing	 this	 conflict,	 e.g.	 by	
identifying cases of convergent evolution 
and differences in rates of evolution. 
Combining morphological and molecular 
data also allows securing a place in the 
phylogenetic tree for some taxa that are 
unstable in analyses in which only either 
type of data is used. 

The morphological examination in the 
studies of this thesis was done with light 
microscopes and concentrated on external 
and sclerotized characters. However, 
valuable data can also be coded from 
other structures and future studies should 
focus on those. Research in comparative 
morphology on Lepidoptera has very long 
traditions and there is an extremely rich 
literature with detailed illustrations on 
characters not included in the studies of 
this thesis, e.g. muscles and glands. These 
observations should also be compared 
across larger groups of Lepidoptera, and 
subjected to a phylogenetic analysis, as 
they most certainly carry phylogenetic 
information. Also, acknowledging the 
usefulness of morphological information 
in phylogenetic systematics, it is clear 
that research on Ditrysia could only gain 
from the advances in high throughput 
digital imaging and non-invasive imaging 
techniques. In addition, modern methods 
to visualize and share morphological 
information make it more accessible and 
reduce concerns about the subjectivity 
of observations. Although comparative 
morphology has a reputation for being 
time-consuming, it is a learning process in 

which skills constantly develop, making 
the process faster. The possibility to make 
direct	 observations,	 and	 often	 find	 signs	
revealing something of the evolutionary 
history of the organism makes the work 
even more satisfying.

The morphological datasets of this 
thesis are among the largest collected on 
ditrysian groups and will hopefully be 
useful in future research on Ditrysia as 
a whole or in targeted studies on the two 
superfamilies also focused on in this thesis, 
Gelechioidea	and	Papilionoidea.	We	aimed	
to collect characters which could be used 
in	 revised	 identification	 keys.	 Knowledge	
of morphological features characteristic 
of diverse groups of Ditrysia may also 
allow	 identification	 of	 taxa	 from	 which	
sequence data no longer can be extracted 
e.g.	museum	samples	and	fossils.	A	benefit	
of incorporating morphological data to 
phylogenetic analyses is that it enables 
including fossils as terminal taxa. 
 
As the evolutionary tree for Lepidoptera 
becomes more robust, the next step will 
be to obtain estimates on the times of 
divergence of the major lineages. This is 
also a place for morphological data to show 
its importance and usefulness. Dated fossils 
which can be securely assigned a position 
in the phylogenetic tree can be used as 
calibration points in estimating the times 
of divergence of lineages. Divergence time 
estimates allow us to explore in more depth 
the evolutionary history of Ditrysia, and 
learn when and why certain morphological 
or behavioral traits have arisen, how they 
have evolved, and can they possibly 
explain the success of certain lineages.
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