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Abstract

Species are the fundamental units of biological diversity, but their identification and delimitation
is often difficult. The difficulties are pronounced in diverse taxa such as insects. DNA barcodes,
short standardized segments of the genome, have recently become a popular tool for identifying
specimens to species, and are increasingly used as one of the sources of information for species
delimitation. In this thesis, I studied the utility of DNA barcodes in species identification and
delimitation in beetles (Coleoptera). Beetles are one of the most diverse animal groups, with nearly
400 000 known species. The Nordic beetle fauna is among the most thoroughly studied on the
planet, providing excellent conditions for these studies. I also approached barcode sequences from
a new angle, exploring amino acid variation and its connections to life history in a sample of the
entire animal kingdom. I also studied variation and evolution at the amino acid level in large-scale
samples of beetles and moths & butterflies (Lepidoptera). DNA barcodes proved to be a feasible
tool for identifying species of Nordic beetles: depending on the criteria for successful
identification, 95-98% of specimens could be identified to the species level based on DNA
barcodes. Regardless of the delimitation method used, approximately 90% of the currently
accepted species were perfectly recovered based on barcode data, and simple rules for forming
consensus between delimitations improved the fit between species and barcode clusters even
further. Several species that were split into two or more sequence clusters apparently include
species new to science that have been previously overlooked. This conclusion is supported by
preliminary morphological analysis. The study on amino acid variation revealed both a general
pattern of structural conservation throughout the animal kingdom, and some interesting amino
acid substitutions with potential to affect enzymatic function. Amino acid variation was more
extensive in Coleoptera than in Lepidoptera, potentially due to differences in selection pressure
and patterns of molecular evolution in the barcode region between the two orders.

Keywords: Coleoptera, DNA barcoding, protein structure, species delimitation,
taxonomy





Pentinsaari, Mikko, DNA-viivakoodien käyttö kovakuoriaisten
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Tiivistelmä

Laji on luonnon monimuotoisuuden perusyksikkö, mutta lajien tunnistaminen ja rajaaminen on
usein vaikeaa. Vaikeudet korostuvat erityisesti hyvin monimuotoisissa eliöryhmissä kuten hyön-
teisissä. DNA-viivakoodit ovat lyhyitä standardoituja DNA-sekvenssejä, joiden käyttö lajien
tunnistamisessa sekä yhtenä tiedon lähteenä lajien rajaamisessa on viime aikoina yleistynyt
nopeasti. Tutkin väitöskirjatyössäni DNA-viivakoodien soveltuvuutta lajinmääritykseen ja laji-
en rajaamiseen kovakuoriaisilla. Kovakuoriaiset ovat yksi maailman lajirikkaimmista eliöryh-
mistä: lajeja on kuvattu lähes 400000. Pohjois-Euroopan lajisto tunnetaan koko maailman mitta-
kaavassa poikkeuksellisen hyvin, mikä tarjoaa erinomaiset edellytykset tutkia DNA-viivakoo-
deihin liittyviä kysymyksiä kuoriaisilla. Tutkin DNA-viivakoodeja myös kokonaan uudesta
näkökulmasta, selvittäen aminohappotason muuntelua koko eläinkunnan kattavassa otoksessa,
sekä laajalla perhos- ja kuoriaisaineistolla. DNA-viivakoodit osoittautuivat erinomaiseksi työka-
luksi lajinmääritykseen: riippuen onnistuneen määrityksen kriteereistä 95–98 % kuoriaislajeista
voitiin tunnistaa luotettavasti viivakoodien perusteella. Käytetystä menetelmästä riippumatta
noin 90 % nykykäsityksen mukaisista lajeista voitiin rajata viivakoodien perusteella oikein, ja
soveltamalla yksinkertaisia konsensussääntöjä yhteensopivuus lajien ja viivakoodiklustereiden
välillä kasvoi entisestään. Useat kuoriaislajit, jotka jakautuivat kahteen tai useampaan viivakoo-
diklusteriin, sisältävät alustavien morfologisten tutkimusten perusteella aiemmin huomaamatta
jääneitä uusia lajeja. Aminohappo- ja proteiinitason tutkimus osoitti, että viivakoodijakson koo-
daaman proteiinin rakenne on yleisesti ottaen konservoitunut kautta eläinkunnan. Havaitsin kui-
tenkin myös useita kiinnostavia aminohappomuutoksia, jotka saattavat vaikuttaa entsyymitoi-
mintaan. Aminohapposekvenssi muuntelee kuoriaisilla paljon enemmän kuin perhosilla, mah-
dollisesti johtuen taksonien välisistä eroista molekyylievoluutiossa ja viivakoodisekvenssiin
kohdistuvassa valintapaineessa.

Asiasanat: DNA-viivakoodit, kovakuoriaiset, lajinrajaus, proteiinirakenne, taksonomia
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1 Introduction 

1.1 Species 

Diversity is one of the most striking characteristics of life, and the fundamental 

unit of biological diversity is usually considered to be species (Mayr 1982). The 

exact nature of species, and if they are even real entities, has for a long time been 

controversial (Claridge 2009, Mishler 2009). A long list of competing species 

concepts have been presented: Mayden (1997) lists 22 distinct definitions, which 

may produce discordant species boundaries when applied to empirical data. In 

addition, particular species concepts may be inapplicable in some commonly 

encountered situations, e.g. allopatric populations or asexual reproduction in the 

case of the biological species concept. De Queiroz (2005a, 2005b, 2007) has 

attempted to find a common element in the competing views and unify them 

under one inclusive concept (dubbed the General Lineage Concept) which defines 

species as “separately evolving metapopulation lineages”, and the definitive 

criteria set by the previously presented concepts (reproductive isolation, 

reciprocal monophyly, niche divergence etc.) are considered merely lines of 

evidence on lineage separation. The criteria posed by the various concepts are 

likely to be fulfilled gradually one by one as new species lineages diverge. The 

diverging lineages will evolve differing ecologies, accumulate fixed diagnostic 

genetic and morphological characters, their genitalia and gametes will become 

incompatible and so on, but these changes will most likely not occur at the same 

time, and not necessarily in the same order in every case (de Queiroz 2007). In 

recent studies on species delimitation, this view of species has been adopted 

widely, but not universally (Carstens et al. 2013). 

Discovery and classification of biodiversity is an important task in and of 

itself, but a reliable taxonomic frame of reference is also essential for many other 

branches of biology such as behavioral ecology and community ecology, as well 

as conservation biology (Gotelli 2004, Mace 2004, Wilson 2004). If reliable 

taxonomic data are not available, surrogates such as morphospecies are often used 

for estimating species-level patterns. However, these are prone to errors, 

potentially compromising the results of the research, and are often not replicable 

across multiple studies (Krell 2004). Lack of taxonomic information is a very real 

problem in many study systems as only a minority of the world’s species has been 

described. Estimates of undescribed diversity vary widely depending on the 
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method applied and assumptions made. However, millions of undescribed species 

are always inferred, and most of them are likely insects and other arthropods 

inhabiting the tropical regions (Ødegaard 2000, Chapman 2009, Hamilton et al. 

2010, Mora et al. 2011). Carbayo & Marques (2011) estimate that the description 

of the remaining uncatalogued animal species with current rates and resources 

would cost ca. 263 billion USD and take ca. 360 years, assuming a total number 

of 5.5 million undescribed animal species based on Chapman (2009). 

1.2 DNA taxonomy 

Traditionally, regardless of the species concept applied (which is usually not 

explicitly stated in the publications), species delimitation and taxonomic revisions 

have been based mainly on comparative morphology. This is still the case to a 

large extent (e.g. Assing 2014, Shi & Liang 2015), even though it is already 

possible to extract and sequence DNA from museum specimens, including old 

type material, without damaging morphological characters (Gilbert et al. 2007, 

Hernández-Triana et al. 2014, Price et al. 2015). Due to the relatively high cost 

and need for a clean lab in sampling DNA sequences from old museum material, 

genetic analysis of old type specimens is not yet feasible as a standard approach 

in taxonomic studies. In addition, if only very short sequence fragments are 

obtained, interpretation of results will likely be difficult especially in closely 

related species complexes due to limited information content in the short 

sequences. However, with further development in laboratory techniques, 

obtaining DNA barcodes and other genetic information from older material may 

become easier and cheaper in the future. A recent study by Prosser et al. (2016) 

shows great promise for such development. 

Using genetic data in taxonomy is becoming increasingly common due to 

advances in sequencing technology and the resulting rapid decrease in costs of 

sequencing per base pair (see http://www.genome.gov/sequencingcosts/). For 

unculturable microbes, DNA sequences have for a long time already been the 

only widely available source of taxonomic information (Moon-van der Staay et 

al. 2001, Sogin et al. 2006). A decade ago, it was suggested that all taxonomy 

should be primarily or entirely based on sequence data (Tautz et al. 2002, 2003, 

Blaxter 2004). This sparked a heated debate on how taxonomy should be 

practiced and the role of DNA sequences in it (e.g. Seberg et al. 2003, Lipscomb 

et al. 2003, Will & Rubinoff 2004, Hebert & Gregory 2005, Will et al. 2005; 

reviewed by Teletchea 2010). 
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Several elaborate methods for DNA-based species delimitation have been 

developed recently (e.g. Yang & Rannala 2010, Ence & Carstens 2011, Leaché et 

al. 2014, Grummer et al. 2014). They generally require multi-locus data, and the 

approach by Leaché et al. is specifically designed for genome-wide single-

nucleotide polymorphism data. SpedeSTEM by Ence & Carstens (2011) is 

designed for validating user-specified division of specimens into pre-defined 

groups and is thus inapplicable for purely exploratory analysis of species 

boundaries. Grummer et al. (2014) use a Bayes factor approach for quantitative 

comparison of a limited number of alternative delimitation schemes. Although 

these methods are very powerful in delimiting species in focused and well-

sampled cases, their requirements on the extent of sampling of loci and 

individuals make them impractical for large-scale surveys of largely unknown 

taxa (e.g. Tänzler et al. 2012), or delimitation of very rare species (Lim et al. 

2012).  

For large-scale datasets without prior information on grouping of individuals, 

the selection of feasible delimitation methods is still very limited. Methods which 

are able to utilize single-locus data such as DNA barcodes have been developed, 

but some of these require the computer-intensive work phase of tree construction 

prior to the actual delimitation analysis (e.g. Pons et al. 2006, Zhang et al. 2013). 

Purely distance-based approaches such as ABGD (Puillandre et al. 2012) are 

computationally less demanding and thus easier to apply to large datasets. 

However, genetic divergence within and between species is likely to vary between 

loci and reflects the age of the species and the history of the loci studied, and no 

justifiable distance thresholds for species status can be defined (Ferguson 2002, 

Meier 2008). Accordingly, many recently developed distance-based delimitation 

methods use more elaborate clustering algorithms instead of simple fixed 

thresholds (Puillandre et al. 2012, Ratnasingham & Hebert 2013). Single-locus 

data alone is not sufficient for taxonomic study, but when combined with 

morphology or other independent data sources, it can considerably speed up the 

process and reveal species that would otherwise go unnoticed (Riedel et al. 2013, 

Mutanen et al. 2013). Entities delimited using single-locus data only are better 

referred to as operational taxonomic units (OTU) than species (Blaxter et al. 

2005), and this term is used for such entities in this thesis as well. 
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1.3 DNA barcoding 

Like species delimitation, the identification of known species is often 

complicated. Morphology typically changes during ontogeny (sometimes 

drastically, as in holometabolic insects and many marine invertebrates) and often 

varies extensively within species, for example between sexes in animals or 

according to growing spot conditions in plants. For these reasons, identification 

keys usually only cover a certain life stage, and sometimes diagnostic characters 

are only presented for one sex, commonly males in insects. 

A major advantage of using genetic data for identification is that DNA 

sequences do not change during ontogeny, and with a few exceptions, all living 

cells in an organism contain the same genetic information. DNA-based 

identification is thus applicable to all life stages without the need to search for 

different diagnostic characters for adults and immatures. Association of 

problematic and largely undescribed immature stages to adults becomes possible 

without having to rear the immatures into adults (Miller et al. 2005). DNA can 

also be used for identifying samples which would otherwise be impossible or at 

least extremely difficult to assign to species, such as pieces of tissue from the 

digestive tracts or excrements of predators and parasites (Vesterinen et al. 2013, 

Wirta et al. 2014). This has the potential to revolutionize the study of food webs. 

Simultaneously with the propositions for entirely DNA-based taxonomy, a 

DNA-based system for species identification was suggested by Hebert et al. 

(2003). DNA-based identification as such was not a new idea (see e.g. Sperling et 

al. 1995, Wells & Sperling 2001). The key point in Hebert et al.’s proposal was 

wide-scale standardization: using the same marker for species identification 

across the animal kingdom in the same way as product barcodes are used for 

identifying items at a supermarket checkout counter. Accordingly, Hebert et al. 

(2003) named their proposed identification system ‘DNA barcoding’. Even the 

word “barcode” had been used previously in this context, although for more 

limited study systems (Plasmodium strains: Arnot et al. 1993, soil nematodes: 

Floyd et al. 2002). The marker of choice for Hebert et al. was a ~650 bp segment 

of the 5’ end of the mitochondrial cytochrome oxidase subunit I gene (COI). It 

has since been established as the standard DNA barcode region for animals. 

Another novelty besides standardization is the scale of DNA barcoding: the 

Barcode of Life Data Systems database (BOLD, http://www.boldsystems.org; 

Ratnasingham & Hebert 2007) currently includes ca. 4.4 million animal COI 

barcodes (situation as of April 1, 2016). 
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A distinct ‘barcode gap’ (Meyer & Paulay 2005) can often be seen between 

the pairwise genetic distances measured within and among species, with generally 

very little overlap (e.g. Hebert et al. 2004b, Hajibabaei et al. 2006a). To some 

extent, this may be a sampling artefact, as increase in geographic scale or denser 

sampling within clade tends to narrow down the gap and increase overlap 

(Bergsten et al. 2012, Hausmann et al. 2013). However, some studies have also 

reported no significant geographic scale effect on distance distribution or 

identification success (Lukhtanov et al. 2009, Huemer et al. 2014b). A distinct 

barcode gap is not necessary if more elaborate approaches are used instead of 

simple distance measures. For example, Lou & Golding (2010) developed a 

Bayesian approach to assigning sequences into species. Their method performed 

remarkably well in identifying Drosophila species despite the existence of 

numerous problematic sibling species complexes and high frequency of 

incomplete lineage sorting.  

One of the main targets for criticism in DNA barcode studies is the use of 

distance-based analytical methods, particularly Neighbor-Joining (NJ) trees, 

which has been seen by some as a resurrection of the phenetic school of 

systematics (Will & Rubinoff 2004, Will et al. 2005, Wheeler 2008). The 

problems of NJ include sensitivity to rate variation between lineages and to the 

input order of taxa in the data matrix (Farris et al. 1996, Felsenstein 2004). The 

main reason for its continued use in barcoding contexts is probably the speed of 

the algorithm compared to e.g. maximum likelihood inference, especially on large 

datasets of several thousand sequences. The goal in barcoding studies is not to 

construct phylogenies as the short and generally rapidly evolving barcode loci 

contain limited phylogenetic signal, especially at deeper levels (Hajibabaei et al. 

2006b). NJ trees are mainly used for fast and easy visualization of sequence 

clustering. The widespread use of the Kimura two-parameter model of nucleotide 

substitution, generally without model testing, has also been criticized (Srivathsan 

& Meier 2012), although the effect of model selection on identification success 

and the width of the ‘barcode gap’ does not seem to be very dramatic (Srivathsan 

& Meier 2012).  

DNA barcoding can also be based on characters instead of distances. One of 

the drawbacks of distance-based identification is that a “best match” for any 

query sequence will always be found in the reference barcode database, and 

interpreting identification success is far from simple. On the other hand, if 

identification is based on species-specific combinations of diagnostic characters 

in the barcode sequence, the presence or absence of those characters makes 
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interpreting the identification results easier (DeSalle et al. 2005, Rach et al. 

2008).  

DNA barcoding is meant to be used primarily as a specimen identification 

tool and should be distinguished from DNA taxonomy. The confusion between 

the two initiatives and their goals by both proponents and opponents was one of 

the reasons for the heated and polarized debate over barcoding (Goldstein & 

DeSalle 2011). However, barcode sequences can also be used as a line of 

evidence in species delimitation or as an initial screening tool when searching for 

species boundaries (Mutanen et al. 2013, Huemer et al. 2014a, Kekkonen & 

Hebert 2014). 

1.4 The focal taxon: North European beetles 

Beetles (Coleoptera) are one of the most species-rich taxa of all animals: 

approximately 380 000 to 400 000 beetle species have been described to date 

(Chapman 2009, Slipinski et al. 2011). Estimating undescribed diversity requires 

making a lot of assumptions, and the resulting estimates therefore vary widely 

(Nielsen & Mound 2000, Ødegaard 2000, Oberprieler et al. 2007, Chapman 

2009), but it is clear that a vast number of species remain undescribed, especially 

in the tropics. For example, approximately 62 000 species of weevils 

(Curculionoidea) had been described by 2007, and the total number of weevil 

species is estimated to be about 220 000 (Oberprieler et al. 2007). Beetles are 

present in all biogeographical areas except for mainland Antarctica and found in 

most terrestrial and freshwater habitats, and even in brackish water and the 

intertidal zone. The diversity of niches and diet reflects the vast number of 

species: practically every kind of organic resource is consumed by at least some 

beetle species (Crowson 1981).  

The beetle fauna in North Europe has been studied intensively since 

Linnaeus’s days, and the region is among the most thoroughly studied in the 

world in terms of beetle taxonomy. Approximately 5 400 species of beetles are 

known from the Nordic and Baltic countries (Silfverberg 2010), and ca. 3 750 

from Finland (Rassi et al. 2015). New, previously undescribed species are only 

rarely discovered from this region nowadays (but see Brüstle & Muona 2009 for a 

recent example). The solid taxonomic framework, established by more than 250 

years of study on morphology and ecology, provides excellent conditions for 

studying the use of DNA barcodes in species identification and as a taxonomist’s 

tool. 
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1.5 Aims of the study 

The first goal of these studies was to build the foundations of a comprehensive 

North European DNA barcode library for Coleoptera and use it to examine the 

possibilities of species identification based on DNA barcodes (study I). The vast 

majority of adult beetles found in the area can be identified based on 

morphological characters presented in published literature, but larval 

identification can be extremely difficult even for experts, and the larvae of many 

species are still undescribed. Barcode-based identification, if feasible, would 

considerably ease ecological studies where larvae or fragmented remains of adults 

need to be identified.  

The existing OTU-generating methods applicable for DNA barcodes are 

based on widely different delimitation principles. They also make different 

assumptions about the raw data (sample size per species etc.) that may not be 

fulfilled by empirical datasets. Applying multiple approaches with different 

strengths and weaknesses on the same dataset should increase the reliability of the 

OTU delimitation, especially if a robust way of dealing with discordance between 

methods can be found. In study II, I used the North European beetle barcode 

dataset from study I to test method performance as well as two simple approaches 

for achieving consensus between delimitations. I also explored the sensitivity of 

the utilized OTU-generating methods to variation in some features of empirical 

data: sampling effort, divergence between species, variation within species, and 

non-monophyly in the gene tree reconstructed from the barcode sequences.  

The massive global COI barcode repository in BOLD, with representation 

from nearly all animal phyla, and most major lineages within each phylum, 

provides an excellent opportunity to study amino acid and protein-level variation 

in the COI barcode region at various scales. The goal in study III was to approach 

DNA barcode sequences from a new angle: to study changes in the amino acid 

sequence, and the effect of these changes on protein structure. Deletions and 

amino acid substitutions with potential effects on protein function were identified 

by 3D modelling of the protein structure, and the appearance of these changes in 

the evolutionary history and their connections to shifts in ecology were explored. 
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2 Material and methods 

2.1 Studied material 

The majority of the beetle material used in studies I and II was collected 

specifically for DNA barcoding from the Nordic and Baltic countries, mainly 

Finland, during 2011–2012. As a part of the Finnish Barcode of Life (FinBOL) 

project, my aim was (and is) to compile a comprehensive DNA barcode library 

for the Finnish beetle fauna. The specimens were preserved in 70% ethanol as 

soon as possible after collecting and stored at –20°C until tissue sampling. In 

addition to this fresh material, I sampled pinned specimens from private 

collections and from the collection of the Zoological Museum at the University of 

Oulu. Detailed collecting data on all the beetle material analyzed in I–III are 

publicly available in BOLD together with photographs of the specimens, barcode 

sequences and the original sequencing trace files (dataset doi: 10.5883/DS-

FBCOL). 

In study III, I utilized animal DNA barcode data mined from GenBank or 

otherwise publicly available in the BOLD database, as well as the FinBOL 

Lepidoptera library, in addition to the beetle material described above. To get as 

wide coverage as possible of all major metazoan lineages, at least one full-length 

high-quality barcode sequence was selected from each class within each phylum 

in the BOLD hierarchy, provided that such data were publicly available. The 

Arthropoda, and especially the insects, were sampled more densely than the other 

phyla due to the great number of species and diversity of life histories. 

2.2 Laboratory procedures 

Tissue samples of the beetle specimens selected for DNA barcoding were placed 

in 96-well microplates and sent to the Canadian Centre for DNA Barcoding 

(CCDB, Guelph, Ontario) for DNA extraction, PCR and sequencing of the COI 

barcode region. Depending on the size and state (fresh/dry) of the sampled 

individual, one to three whole leg(s), part of a leg, a piece of the thoracic flight 

muscles or the whole beetle was used for extraction.  

Standard CCDB protocols optimized for largely automated high-throughput 

barcode sequencing were used in DNA extraction, PCR amplification and 

sequencing. The extraction protocol was published by Ivanova et al. (2006), and 
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full documentation for the PCR and sequencing protocols is available online at 

http://ccdb.ca/resources.php. In short, the extraction protocol involves binding the 

extracted DNA onto glass fiber plates after the usual tissue lysis and washing 

steps. The method results in high quality extracts even from small tissue samples. 

Platinum® Taq DNA Polymerase from Invitrogen™ is used in the PCR 

amplification. A cocktail of the Folmer primer pair LCO1490 / HCO2198 (Folmer 

et al. 1994) and the Lepidoptera primer pair LepF1 / LepR1 (Hebert et al. 2004a) 

was used in the first amplification attempt for most beetle specimens. If resources 

allowed, amplification of shorter 307 bp and 407 bp sequences was attempted for 

specimens that failed to produce full-length barcode sequences. The PCR 

products were sequenced in both directions by BigDye™ cycle sequencing. 

Details on PCR and sequencing primers for all analyzed specimens are available 

in BOLD. 

I identified all specimens selected for tissue sampling to species (with some 

few exceptions such as Mordellistena spp.) based on morphology. Before more 

thorough analysis of the data, I constructed a Neighbor-Joining tree of the 

retrieved barcode sequences and ran basic BOLD analyses (barcode gap analysis 

and Barcode Index Number discordance report) in order to detect possible cases 

of misidentification and contamination. Whenever a case of barcode sharing 

between species, non-monophyly in the COI gene tree or a deep split within 

species was detected, I re-examined all the specimens involved and corrected any 

misidentifications noticed. 

2.3 Data analyses 

In studies I and II, all sequences shorter than 500 bp were excluded from 

analyses. This was mainly due to the quality requirements of the Barcode Index 

Number (BIN) system (Ratnasingham & Hebert 2013): shorter sequences are not 

accepted as founding members of BIN clusters in BOLD. In study III, only full-

length, high-quality barcode sequences (658 bp) were included in the analysis as 

missing data were found to hamper the measurement of variation per amino acid 

site (see 2.3.5). 

2.3.1 Species identification (I) 

The Barcode Gap Analysis feature in BOLD was used to assess species 

identification success. The analysis summarizes genetic distances observed within 
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and between species. All species found to share haplotypes with another species 

were interpreted as unidentifiable by DNA barcoding. No additional criteria such 

as monophyly or distance thresholds were applied in study I (but see section 3.1). 

2.3.2 OTU delimitation (II) 

Within the last ten years, several methods for delimiting species based on genetic 

data have been developed. In study II, I used four methods applicable for single-

locus data to delimit the North European beetle barcode data into Operational 

Taxonomic Units (OTU) and tested how the OTU boundaries correspond to 

known beetle species. Two of the methods (ABGD, BIN) are based on genetic 

distance measurements and specifically designed for barcode data. The other two 

(GMYC, PTP) are based on the phylogenetic species concept, and fit models of 

sequence evolution within and between species onto phylogenetic trees inferred 

from sequence data. I also tested two simple approaches for forming consensus 

OTUs from the discordant OTU delimitations resulting from different methods. 

Automatic Barcode Gap Discovery 

A distinct ‘barcode gap’ with little or no overlap between the distributions of 

intra- and interspecific genetic distances can often be seen in DNA barcode 

datasets (e.g. I: Fig. 1), although no universal threshold value for this gap exists. 

ABGD, or the Automatic Barcode Gap Discovery method, attempts to search for 

this gap algorithmically based on the distribution of pairwise genetic distances in 

a dataset with an unknown number of species (Puillandre et al. 2012). The 

method requires two parameters to be set by the user: a prior upper limit for 

intraspecific variation (P) and a gap width parameter (X). The pairwise sequence 

divergences in the dataset are ranked from smallest to largest, and the barcode gap 

is identified as the first ‘leap’ in the ranked divergences after the limit for 

intraspecific divergence that is X times larger than any such leaps in the 

intraspecific distances. After an initial delimitation, the gap search is conducted 

recursively within each of the initial partitions until no further splitting occurs.  

I used the ABGD web service (http://wwwabi.snv.jussieu.fr/public/abgd/) in 

my analyses. The default setting of 1.5 was used for the barcode gap width 

parameter. Puillandre et al. (Puillandre et al. 2012) noted that in four datasets of 

different animal taxa, the intraspecific divergence parameter P value of 0.01 

produced OTU counts and boundaries that were very close to those reported in 
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the original studies using different methods. For simplicity, I did not extensively 

explore the effect of the parameter values on the resulting delimitation, and only a 

small-scale test on the effect of P parameter was performed on the Curculionoidea 

+ Chrysomeloidea subset of the data. The P parameter was set to 0.01 in all other 

analyses.  

Barcode Index Numbers 

The Barcode Index Numbers (BIN) serve as an interim taxonomic reference 

system in the BOLD database, especially for managing the records that lack 

species-level identification. The Refined Single Linkage (RESL) algorithm used 

in computing BINs was introduced by Ratnasingham & Hebert (Ratnasingham & 

Hebert 2013). Initial clusters are formed by employing a fixed sequence 

divergence threshold of 2.2% uncorrected p-distance. These clusters are then 

verified and refined into the final BINs by Markov clustering. The BIN 

assignments of all records in BOLD are updated regularly, and BIN clusters can 

be split further or merged together as new sequences are added in the BOLD 

database. In studies I and II, I used BIN assignments downloaded from BOLD on 

January 24, 2014. 

General Mixed Yule Coalescent model 

The General Mixed Yule Coalescent model (GMYC) was first introduced by Pons 

et al. (2006) and subsequently revised by Monaghan et al. (2009) and Fujisawa & 

Barraclough (2013). It is one of the most frequently used methods of putative 

species delimitation based on DNA sequence data (e.g. Monaghan et al. 2009, 

Ceccarelli et al. 2012, Esselstyn et al. 2012, Hjalmarsson et al. 2013). GMYC 

combines a Yule model of species birth with a coalescent model of within-species 

diversification, and attempts to find the point of transition between these two 

processes in an ultrametric phylogenetic tree where branch lengths represent time. 

The method allows fitting of both single and multiple transition points to the data. 

However, the single-threshold version is computationally much less demanding, 

and it has been found to outperform the multiple-threshold fitting in simulations 

(Fujisawa & Barraclough 2013).  

Test runs of the multiple-threshold version on North European beetles 

indicated notable oversplitting of species compared to the single-threshold 

version. Therefore, I only used the single-threshold version in my final analyses. 
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To obtain the ultrametric trees used as input for GMYC, I used BEAST v. 1.7.5 

(Drummond et al. 2012) via the CIPRES portal of computing services for 

phylogenetics (Miller et al. 2010). The relaxed lognormal clock model and a 

coalescent tree prior were used in the BEAST analyses as coalescence is the null 

model in GMYC, and therefore a conservative choice (Pons et al. 2006, 

Monaghan et al. 2009). The maximum likelihood trees generated for PTP 

analyses (see below) were used as starting trees in inferring the ultrametric trees. 

Poisson Tree Processes model 

The Poisson Tree Processes model (PTP) introduced by Zhang et al. (2013) is 

similar in principle to GMYC. A model consisting of two Poisson processes, one 

describing speciation, the other within-species branching, is fitted onto a 

phylogenetic tree. However, instead of waiting times between branching events, 

PTP utilizes the number of substitutions directly as raw data, bypassing the 

potentially error-prone process of dating the phylogeny. The number of 

substitutions in branches leading to species is expected to be significantly higher 

than the number of substitutions within species. I used RAxML v. 7.2.8 

(Stamatakis 2006) with the Rapid Bootstrap feature (Stamatakis et al. 2008) to 

obtain the input trees for the PTP delimitation analyses. To reduce the 

computation time required, I divided the data into smaller taxonomically 

delimited subsets. The best-scoring tree from each RAxML run was used as input 

for PTP. The PTP web server (http://species.h its.org/ptp/) was used to run the 

analyses. 

Consensus OTUs and delimitation success 

Observed incongruence between OTU delimitations by the four methods 

described above motivated me to search for possible ways to achieve consensus 

between discordant delimitations. I tried out two simple approaches to deal with 

discordant OTUs and checked if these approaches improved the compatibility 

between OTUs and species. Conservative consensus OTUs were formed by 

simply lumping any discordant cases into one OTU (Fig. 1). I also formed 

majority consensus OTUs by accepting OTUs delimited identically by three out 

of four methods, and lumping all other discordant cases (Fig. 1). 
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Fig. 1. An example of the consensus approaches used in study II. ABGD lumps all 

three sampled species of Monochamus (Cerambycidae) into one OTU, GMYC splits M. 

urussovii (pictured) in two OTUs, and PTP and BINs both retrieve the same OTU 

delimitation. The conservative approach lumps all discordant OTUs, in this case 

combining all three species into one OTU. The majority approach accepts the OTUs 

including M. galloprovincialis and M. sutor, delimited identically by three out of four 

methods, and lumps the remaining discordant specimens into one OTU. PTP, BINs 

and the majority consensus approach perfectly recover the three traditionally 

accepted species. The tree shown here is a subtree of the ultrametric Cerambycidae 

tree used as input for the GMYC analysis (generated with BEAST). 

The delimitation outcomes of all four methods, as well as the outcomes of the 

consensus approaches, were compared to the current knowledge on species 

boundaries in two ways. For each OTU delimitation, all species were assigned 

into one of four categories (Match, Split, Merge or Mixture) as described by 

Ratnasingham & Hebert (2013). A Match is achieved if all specimens of one 

species (and no representatives of other species) are included in a single OTU. A 

Split occurs when specimens of one species are divided into two or more OTUs. 

In a Merge, all specimens of two or more species are included in a single OTU. 

Mixture refers to a complex case with both a split and a merge involving two or 

more species. 

In addition to this direct comparison, I evaluated the congruence between 

species and OTU, as well as the similarity of different OTU delimitation 

outcomes, using the F-measure (Larsen & Aone 1999). The F-measure is a 

numerical estimate of clustering compatibility and varies on a scale of 0 to 1, 

where 1 means perfect congruence between cluster boundaries. 
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2.3.3 Sampling effects (I, II) 

Sampling unavoidably affects observations on genetic variation and species 

identification, as well as the delimitation outcomes of all OTU-generating 

methods. To estimate the effect of sampling effort on the genetic divergence 

observed within and between species, I performed resampling and regression 

analyses (I). A locally weighted polynomial regression (LOESS) curve with 95% 

confidence intervals was fitted on a scatterplot of the observed maximum genetic 

divergence within species vs. the number of specimens sampled per species. 

Spearman’s rank order correlation coefficient used to evaluate the association and 

its significance. 

To demonstrate the effect of species-level sampling on observations of 

divergence between species, I resampled the ground beetles (Carabidae) which 

are among the best represented families in the FinBOL beetle data (199 species 

included in the dataset studied in I and II). Randomized sets of 20 to 180 species, 

with increments of 20 species, were subsampled from the Carabidae and a 

barcode gap analysis run on the subsample in BOLD. The minimum and mean 

values of divergence between species in each analysis were recorded. The 

sampling and analysis was repeated 10 times for each species count, so that 

altogether 90 barcode gap analyses were conducted. LOESS curves with 95% 

confidence intervals were fitted onto the data, and Spearman’s correlation 

coefficient used to test the association between species count and divergence. 

Most OTU-generating methods require several specimens per species to be 

sampled in order to produce reliable results (Puillandre et al. 2012, Fujisawa & 

Barraclough 2013). However, the proportion of singletons and doubletons is 

typically high in empirical datasets (Scharff et al. 2003, Lim et al. 2012). I plotted 

the observed species-specific outcomes for each method (match, split, merge, see 

section 2.3.2) onto the sample size within species to compare the sensitivity of the 

methods to sampling effort (II). 

2.3.4 Effects of non-monophyly and genetic variation on OTU 

delimitation (II) 

Incomplete lineage sorting and/or introgression can cause species to appear non-

monophyletic in COI barcode trees. Especially for tree-based methods like 

GMYC and PTP, non-monophyly will severely hamper OTU delimitation based 

on barcode data. To assess monophyly of the studied beetle species, I used the 
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Monophylizer web service (http://monophylizer.naturalis.nl) developed by Rutger 

Vos (Vos 2015). Monophylizer reads taxon names from a Newick tree, analyzes 

the tree topology, and classifies each taxon as monophyletic, paraphyletic or 

polyphyletic. 

For all species with observed maximum intraspecific divergence greater than 

0.02 (K2P), a haplotype network was constructed with TCS v. 1.21 (Clement et 

al. 2000) in order to check if the high variability was due to a deep split within 

species or more or less continuous variation with intermediate haplotypes 

between the extremes. The deepest split observed between haplotypes within 

species was recorded, and OTU delimitation outcomes plotted on the deepest 

splits in order to assess the splitting sensitivity of the OTU delimitation methods 

used.  

The beetle data were screened for the highest value of divergence between 

nearest neighbor species at which merging of species into one OTU was 

observed. The observed matches and merges were plotted on NN divergence 

below this limit. 

2.3.5 Protein structure modelling (III) 

Ambiguous amino acids were found to inflate the entropy measures for each 

amino acid site in initial analyses. Therefore, only full-length, high-quality DNA 

barcode sequences (<1% ambiguous bases) were used in the final analyses of 

amino acid variation and protein structure. Three separate datasets were formed: 

Metazoa (292 sequences and taxa), Coleoptera (3 208 sequences / 1 764 species) 

and Lepidoptera (4 628 sequences / 2 547 species). The sequences were collapsed 

into haplotypes using ALTER (Glez-Peña et al. 2010), and aligned and translated 

in MEGA v. 6.06 (Tamura et al. 2013). Due to presence of deletions in many of 

the Metazoan sequences, the sequences were first aligned algorithmically with 

ClustalW (Thompson et al. 1994) using the default options, and the resulting 

alignments were manually refined before translation and analysis.  

The amino acid variation in each dataset was assessed by calculating entropy 

(uncertainty, H(x)) values for each amino acid site in BioEdit (Hall 1999). A 

completely conserved amino acid site has an entropy value of 0, and the value 

increases with increasing variation in amino acid content. The amino acid sites 

were divided into (arbitrary) classes based on the entropy value: 0.5–0.7, 0.71–

0.9, 0.91–1.1, and >1.1. Amino acid positions with entropy below 0.5 were 

considered non-variable, and residues that showed no variation at all were defined 
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as conserved. The amino acids were divided into standard groups based on their 

biochemical properties (nonpolar aliphatic, polar uncharged, aromatic, positively 

charged, and negatively charged), and amino acid sites that showed variation 

within group only were considered non-variable regardless of the entropy value.  

After observing considerable difference in amino acid variation between 

Coleoptera and Lepidoptera, I estimated the pattern of nucleotide substitution in 

these two datasets using the MCL Substitution Matrix feature in MEGA v. 6.06. 

Directional biases in mutations can provide information on the main cause of 

mutations (mispairing of bases vs damage to DNA; Martin 1995).  

The position of the variable amino acid sites in the cytochrome oxidase 

protein was explored by building three-dimensional models of the protein 

structure. The cattle (Bos taurus) COX structure was used as a reference for all 

structural models as it has been thoroughly studied at a fine resolution (Tsukihara 

et al. 1995, 1996). PyMOL Molecular Graphics System 1.7 (Schrödinger, LLC) 

was used for visualization of the folded protein and distance measurements 

between amino acids and enzyme ligands.  

The observed amino acid changes with potential to affect enzyme function 

(amino acid substitutions between biochemical groups, or deletions of multiple 

amino acids, close to the enzyme ligands) were mapped on phylogenies in order 

to search for associations between shifts in ecology and the structural changes 

observed in COI. The consensus tree presented by Dunn et al. (2014) was used as 

a reference for phylum-level relationships. The relationships of flatworms 

(Platyhelminthes) were based on the work of Park et al. (2007). For Coleoptera 

and Lepidoptera, recent comprehensive molecular phylogenies were used as 

references (Hunt et al. 2007, Mutanen et al. 2010, Wahlberg et al. 2013, 

McKenna et al. 2015). 
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3 Results and discussion 

3.1 Barcode-based identification of North European beetles (I) 

Out of the 1 872 species analyzed in study I, 1 842 (i.e. 98.3%) shared no 

haplotypes with other species, and can be liberally interpreted as successfully 

identifiable. 61 species showed relatively low genetic divergence (<0.02 K2P) 

from their nearest neighbor species, and 40 of these were even found to be non-

monophyletic (II). Even when these potentially problematic species are taken into 

account, 1 780 / 1 872 studied species (95.1%) can be reliably identified by their 

COI barcodes by a simple nearest-neighbor blast.  

Near-identical haplotypes or barcode sharing between close relatives is not 

surprising as the COI barcode region is not involved in speciation, and differences 

accumulate gradually after the lineages diverge (Kwong et al. 2012). Even in 

these ambiguous cases, barcode-based identification is generally accurate to 

within a species pair or a small group of close relatives — a significant 

improvement over situations where e.g. undescribed larvae or morphologically 

indistinguishable early larval stages hamper species identification. For example, 

larvae of only 15 out of the 37 Central European species of Epuraea (Nitidulidae) 

have been described (Klausnitzer 2001), but 29 of the 31 north and Central 

European species from this genus sampled for DNA barcoding are unambiguously 

identifiable by their barcode sequences (combined data from study I and Hendrich 

et al. (2014) reanalyzed here). 

The divergence between beetle species was generally very high compared to 

other large-scale barcode studies, with an average 11.99% K2P distance observed 

between nearest neighbor (NN) species in study I. The FinBOL Lepidoptera 

dataset originates from within the same geographic region as the beetle material 

in study I, and the average NN divergence was 5.73% among 2577 species 

(unpublished data). In a survey of North American noctuoid moths, the average 

NN divergence was 3.08% (data from Zahiri et al. 2014 reanalyzed here). A 

comprehensive library of 642 North American bird species had an average NN 

divergence of 5.9% (Kerr et al. 2007). After study I was published, sequence data 

have been retrieved from an additional 363 North European beetle species, and 

the average NN divergence has dropped slightly to 10.63% (unpublished data). 

Even higher divergences have been reported in some studies, but these have 

generally been based on much less extensive sampling of species (datasets of 20–
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150 species studied by Hogg & Hebert 2004, Ball et al. 2005, Shaffield et al. 

2009, Zhou et al. 2009, Chang et al. 2009). This probably inflates the divergence 

estimates (see section 3.3).  

The observed drastic difference in NN divergences between Coleoptera and 

Lepidoptera is also reflected in the amino acid variation and may be explained by 

differences in oxygen metabolism (III). The notably higher variation in amino 

acid sequences in Coleoptera hints that the barcode sequence may vary more 

freely in Coleoptera than in Lepidoptera (III, see section 3.4 for details). 

3.2 Accuracy and sensitivity of OTU delimitation methods (II) 

Approximately 90% of the analyzed species were perfectly recovered regardless 

of the delimitation method used. The four OTU-generating methods also 

produced largely congruent results (II: Table 3), with 1752 OTUs including ca. 

90% of all studied specimens clustering identically in all four delimitation 

analyses. However, a significant proportion of OTUs was still discordant between 

methods and/or with the current taxonomy. Each method makes a different set of 

simplifying assumptions on the data, and has different requirements on e.g. the 

extent of sampling within species, and may thus fail under some circumstances 

using empirical data (Carstens et al. 2013). Therefore, relying on any single 

delimitation scheme is unwise, and results from multiple approaches should 

always be compared and special attention given to cases of discordance between 

methods (Miralles & Vences 2013, Carstens et al. 2013). The simple consensus 

delimitations devised in II, especially the conservative consensus approach, 

improved the compatibility between the OTU delimitation and current taxonomy. 

The main differences between the two consensus delimitations were the notably 

lower split count and higher merge count in the conservative approach. The 

consensus approaches are useful in a wide-scale shotgun approach to estimating 

biodiversity. In more focused studies aiming for resolving taxonomy, a more 

fruitful approach would be to use the OTU-generating methods to sort out the 

clear, fully congruent cases, and focus on gathering additional data from the 

incongruent cases. 

All methods used in II occasionally split single divergent specimens within 

species into separate OTUs. Most of these were captured and corrected by the 

consensus approaches, which enable the different delimitation approaches to 

compensate for each other’s weaknesses. Based on study II, as well as previous 

research (e.g. Hendrich et al. 2010, Miralles & Vences 2013, Hamilton et al. 
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2014, Modica et al. 2014), GMYC seems to have an especially strong tendency 

for oversplitting species. Errors in generating the ultrametric input tree are 

probably a major reason for the observed oversplitting (Reid & Carstens 2012, 

Zhang et al. 2013). A test run of the ultrametric longhorn beetle tree 

(Cerambycidae) with PTP revealed that dating error is likely behind at least some 

of the GMYC oversplits in study II as well.  

Apart from sampling or method artefacts, and extensive within-species 

variation, splits may also be caused by true cases of undetected species. When 

only DNA barcodes are used for the initial delimitation, support for the observed 

splits should be found from independent data sources such as morphology or 

multi-locus genomic data before drawing conclusions on species boundaries. If 

this is done in a well-organized and efficient way, the process of species 

description can be speeded up considerably (e.g. Riedel et al. 2013). 

Unfortunately, very limited barcode material is still available from most of the 

splits observed in study II, and only cursory morphological surveys have been 

performed on those splits with more extensive sampling. However, some obvious 

or at least very likely cases of overlooked species were detected during these 

studies. Dictyoptera aurora (Herbst, 1784) was given as an example in study II: it 

is split into two distinct barcode clusters (ca. 6% K2P divergence) with an 

apparent difference in pronotal shape between them. Another similar case is 

Kateretes pusillus (Thunberg, 1794), which shows a deep barcode split of ca. 10% 

K2P as well as distinctive differences in coloration and male genitalia between the 

barcode clusters (Fig. 2). More comprehensive sampling of specimens and 

geographic variation of these cases is still needed for proper re-evaluation of 

taxonomy. 

Merges are probably the least problematic of the possible incorrect outcomes 

as excessive lumping of species is easier to correct in subsequent taxonomic 

studies than excessive splitting (Miralles & Vences 2013). Failure of any one 

particular delimitation approach or character set to confirm the status of two 

lineages as separate species does not falsify a hypothesis of two species, as the 

critical evidence may be found in other characters, or method-specific 

assumptions on data may be violated (Mayden 2002, Miralles & Vences 2013). 

Detecting a previously unnoticed independent lineage (falsifying a one-species 

“null-hypothesis”) is more straightforward (Miralles & Vences 2013). Even so, an 

overly conservative delimitation can also be problematic, for example if two or 

more species are lumped together e.g. in community analysis or in a conservation 

context. When singleton species were involved, ABGD lumped notably many 
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species that were correctly delimited by all other methods (II: Fig. 3c). As 

singletons are very common in empirical data (Scharff et al. 2003, Lim et al. 

2012, see also II: Table 1), this is potentially a significant disadvantage for ABGD 

and special attention should be paid to singletons when using ABGD. 

 

Fig. 2. Kateretes pusillus (Thunberg, 1794) is split into two DNA barcode clusters, with 

distinctive differences in both coloration and male genitalia. The Neigbbor-Joining 

tree shown here was drawn based on Kimura 2-parameter distances. The closely 

related K. pedicularius (Linnaeus, 1758) is also included in the tree for reference. 
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Multi-locus data can be used for species delimitation even when gene trees 

are widely non-monophyletic (Knowles & Carstens 2007), but non-monophyletic 

species are likely to cause problems for barcode-based delimitation of putative 

species (Knowles & Carstens 2007, Hendrich et al. 2010, Bergsten et al. 2012). 

Not surprisingly, the non-monophyletic species observed in study II were 

systematically discordant with the delimited OTUs, with a single exception 

(Haliplus ruficollis correctly delimited by ABGD). Most species recovered as 

non-monophyletic by the Monophylizer tool were tangled with a closely related 

species with very low interspecific genetic divergences, which is reflected in the 

high proportion of merge outcomes for these species (II: Table 4). 

Non-monophyletic species with deep barcode splits within species are 

retrieved as Mixtures in the OTU delimitation outcomes. They are the most 

problematic cases of all the incorrect outcomes, but fortunately seem to be very 

rare in empirical data (Ratnasingham & Hebert 2013; II: Table 2 & Table 4). 

Some of these may actually represent overlooked diversity or incorrectly 

delimited species: deep species-level non-monophyly seems to be mainly caused 

by either misidentifications in the data or incorrect taxonomy (McKay & Zink 

2010, Ross 2014, Mutanen et al. unpublished data). The other possible 

explanations for non-monophyly are incomplete lineage sorting or introgression 

through hybridization (Funk & Omland 2003, Ross 2014). Distinguishing 

between these would require more extensive sampling of the genome besides the 

barcode sequences.  

The success rate of any OTU-delineating approach can vary drastically 

between lineages (Hendrich et al. 2010), and it is not easy to predict beforehand 

which lineages turn out to be problematic. Rapid radiations are likely to result in 

extensive incongruence between morphological entities and genetic clusters 

(Monaghan et al. 2006). In the Nordic beetle data, the leaf beetle genus Altica 

provides a good example of a problematic taxon where no barcode haplotypes are 

shared between species, but all OTU-generating methods failed to delimit many 

of the species correctly (Fig. 3). Additional independent genetic data would likely 

help clarify the delimitation in such cases where barcode data is of little use. 
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Fig. 3. OTU delimitations in the leaf beetle genus Altica. The tree shown here is a 

subtree of the ultrametric Chrysomelidae tree used as input for the GMYC analysis 

(generated with BEAST). Note that A. chamaenerii was recovered as non-

monophyletic in the ultrametric tree. 

3.3 Sampling effects (I, II) 

The geographic scope of sampling in I and II is rather narrow, with most of the 

material originating from Finland. This has implications for both species 

identification (I) and species/OTU delimitation (II). The sample size per species 

in these studies was generally small (see II: Table 1), and the variation within 

species was certainly not thoroughly sampled. More species split into multiple 

OTUs and more non-monophyletic species might be revealed by additional 

sampling. However, additional within-species sampling in Finland and the rest of 

the Nordic countries is unlikely to change the results very much: only a small 

subsample of a species’ total genetic variation is likely to occur in a small, 

restricted part of its range (Bergsten et al. 2012), and the majority of the sampled 

species are widespread in the Palearctic region or at least its Western part. The 

observed variation within species did increase with sample size in study I, but 

only slightly (I: Fig. 2).  

As the geographic scale of sampling increases, the number of closely related 

species sampled and the extent of variation within species are both expected to 

increase (Barraclough & Vogler 2000, Bergsten et al. 2012). Bergsten et al. 

(2012) observed exactly this in a study of Agabini diving beetles: The distances 
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between nearest neighbor species decreased, and the variation within species and 

proportion of non-monophyletic species increased, as the geographic scale of 

sampling was extended from local assemblages to a continental scale. A similar 

pattern was detected by Zahiri et al. (2014) in Canadian noctuoids, where the 

identification success dropped when moving from provincial to Canada-wide 

scale. However, some studies have reported negligible changes in variation and 

identification success over thousands of kilometres (Lukhtanov et al. 2009, 

Huemer et al. 2014b). A study on geographic variation combining all available 

European barcode data on beetles is currently in preparation, but unfortunately 

only scattered data are available from Russia and other parts of Eastern Europe. 

The increase in within-species variation and numbers of closely related species 

pairs is likely to affect OTU-generating at least as much as identification 

success — perhaps more, as closely related species may be reliably identified by 

distinct barcode haplotypes even though OTU-generating methods might not 

identify them as separate entities (II). 

Completeness of clade-level sampling can affect results even at small 

geographical scales. In study I, I resampled the family Carabidae to demonstrate 

the effect of clade-level sampling of the local fauna on the observed divergences 

between species. The average NN divergence dropped from 10.7% to 7.7% K2P 

as the number of carabid species included in the analysis increased from 20 to 180 

(I: Fig. 3). The remarkably wide “barcoding gaps” and identification successes of 

99–100% reported in many studies (e.g. Hogg & Hebert 2004, Ball et al. 2005, 

Zhou et al. 2009) are likely due to restricted clade-level sampling. 

3.4 Amino acid variation and structural changes in the COX protein 

(III) 

The DNA barcode sequence covers a stretch of 219 amino acids right at the center 

of electron transfer activity in the COX protein. The secondary structure of this 

stretch consists of six α-helices connected by five loops (III: Fig. 2). Most of the 

observed variation was concentrated in the loops, which are likely to be 

functionally redundant. An interesting exception was Loop 3-4 (III: Fig. 2a), 

which has a stretch of conserved amino acids at the middle. A likely explanation 

for the conservation can be seen on the 3D model of the protein: this loop is 

facing the heme ligand (III: Fig. 2b). The other completely conserved amino acids 

are found in the protein helices, which are relatively rigid structures sitting in a 
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crowded, lipophilic environment formed by the mitochondrial membrane, and 

thus likely have limited freedom to vary.  

Six of the total 99 variable amino acids in the Metazoa sample showed 

variation with potential effects on enzymatic reactions, i.e. changes from one 

biochemical group to another within 5 Å of the heme ligands. In notably many 

cases, unrelated parasitic lineages had experienced convergent amino acid 

substitutions at these sites, indicating that the transition to parasitism requires 

changes in cellular respiration. Altogether 11 independent transitions to parasitism 

were represented in the dataset, and in seven of these cases, transitions between 

amino acid groups at one or more of these six positions was observed (III: Fig. 5). 

Many parasites, especially endoparasites, experience hypoxic or anoxic 

conditions during their life cycles, which may be causing the structural changes 

observed.  

The vast majority of the amino acid deletions observed were found in 

parasites, and were concentrated in the protein loops. These deletions likely have 

very little effect on the protein function, with the possible exception of the 

extensive deletions observed in Dicyemida (small endoparasites of cephalopod 

molluscs) on both sides of the conserved heme-facing amino acid stretch in Loop 

3-4 (five amino acids just before the conserved stretch and four amino acids 

immediately after it). The length of the mitochondrial genome is known to be 

associated with the thermal environment inside the host in parasitic nematodes: A 

shorter genome and thus faster replication rate may be selected for in parasites of 

endotherms (Lagisz et al. 2013). In the Metazoan barcode dataset analysed in III, 

no association was found between the host type and extent of deletions. However, 

the DNA barcode region is only a short fragment of the complete genome, and 

most of the length variation is expected to occur in non-coding regions (Lagisz et 

al. 2013).  

There was considerably more amino acid variation in beetle barcodes than in 

Lepidoptera, even when the potential effect of beetles being an older clade was 

taken into account. This is in line with the observed difference in between-species 

divergences between the taxa at the nucleotide level (see 3.1), and may be due to 

differences in metabolism and evolutionary constraints (see below). As in the 

wider-scale sample of the animal kingdom, most of the variation was 

concentrated in the loop structures of the protein. No variation with potential to 

affect enzyme function was observed in Lepidoptera, which supports the 

hypothesis of stronger purifying selection in Lepidoptera. In beetles, such 

variation was found at two amino acid sites (8, 57) and a small handful of 



41 

lineages. At both sites, I observed substitutions from smaller amino acids to the 

bulky phenylalanine, which likely affects the position of the adjacent heme group, 

potentially changing electron transfer properties of the protein. At position 8, the 

phenylalanine has appeared at least seven times independently in distantly related 

taxa, and six of these cases are herbivorous leaf beetles (Chrysomelidae) and 

weevils (Curculionoidea). No apparent connections were found between the 

amino acid change and host plant use or other ecological features, however. At 

position 57, the change to phenylalanine has occurred in two ancestrally 

fungivorous clades (Phalacridae and Nitidulidae-Kateretidae).  

Lepidoptera are generally more eager and active fliers than most beetles, and 

therefore the COI gene may be under more intensive purifying selection in 

Lepidoptera. The metabolic rate and the intensity of purifying selection on 

mitochondrial protein-coding genes show a positive correlation at least in 

amphibians (Chong & Mueller 2013) and fish (Strohm et al. 2015). According to 

the substitution pattern analysis, both Coleoptera and Lepidoptera have a notable 

bias towards C to T and G to A substitutions versus T to C and A to G (III: Fig. 

S3). This is expected if the main cause of mutations is damage to DNA by oxygen 

radicals generated in cellular respiration (Martin 1995). In actively flying species, 

the metabolic rate and oxygen consumption (and thereby the rate of oxygen 

radical generation) are higher than in non-flying species even at rest (Reinhold 

1999). The more pronounced mutation bias supports the assumption of higher 

average rates of metabolism and oxygen consumption in Lepidoptera. However, 

the variation in metabolic rates of Coleoptera and Lepidoptera and its connections 

to DNA barcode variation is yet to be properly studied. 
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4 Conclusions 

Extensive tests on the utility of DNA barcodes for species identification have not 

yet been made on many of the truly diverse animal taxa. Most of the wide-scale 

studies in insects have focused on Lepidoptera (Hebert et al. 2010, Zahiri et al. 

2014, Huemer et al. 2014b). Wide-scale empirical studies are still lacking from 

two megadiverse insect orders, Diptera and Hymenoptera. Study I, and the even 

more extensive data release by Hendrich et al. (2014) on largely the same fauna, 

take the first steps in such studies on Coleoptera. The low frequency of 

ambiguous cases and generally high divergences between species compared to 

similar-scale studies in Lepidoptera indicate that DNA barcodes could be a 

feasible tool for species identification in beetles, which form a substantial part of 

the species-level diversity on Earth. However, the true challenges for beetle 

barcoding are found in the tropics, where only the surface has been scratched on 

the topic (e.g. Riedel et al. 2010). 

In a compilation of 79 studies, Krell (2004) found an overall median error in 

species number estimation of 22% in morphospecies sorting, and the highest 

recorded error rate was 117% (i.e. more than double the number of species found 

by the morphospecies approach compared to proper taxonomic study). The 

“morphospecies” sorting error can also be expected to vary between sorters, taxa 

and samples (Krell 2004). Compared to these figures, the ca. 90% rate of perfect 

matches between barcode-based OTUs and species achieved in study II gives 

hope for much more accurate and robust results in beetle community studies on 

poorly studied taxa if DNA barcoding is adopted. DNA barcodes have the 

additional advantage over morphospecies that reanalysis of data and utilizing 

previously generated data is relatively easy. DNA barcodes can already be 

extracted from bulk samples, such as malaise trap material or kick-net samples of 

aquatic invertebrates, without any sorting of the material needed before analysis 

(e.g. Hajibabaei et al. 2011), and the NGS analysis methods are constantly 

developing. Despite their obvious utility, barcode-based OTUs still provide a 

deficient picture of the biological reality, and offer at best a temporary relief for 

biodiversity studies in the absence of proper taxonomic study. However, they do 

provide an excellent starting point for more thorough studies on species 

boundaries.  

Even though animal DNA barcodes represent only a small fraction of the 

mitochondrial genome and not even a complete protein subunit, they offer 

interesting insights into metabolic protein evolution. The connections between the 
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observed amino acid substitutions and deletions close to the active site and 

various life history traits will be an interesting subject for further study – only the 

surface was scratched in III. Especially the extensive modifications in certain 

endoparasites seem worth a closer study, including measures of enzymatic 

activity if possible. The extensive Finnish and Nordic DNA barcode data already 

available on all major insect orders in the FinBOL project would enable an 

extension of the Coleoptera-Lepidoptera comparison in III. Paired with a 

compilation of life history traits and physiological data on the relatively well-

known North European insect fauna, this databank might give some insight on 

why patterns of DNA barcode variation seem to be so different between insect 

taxa. 
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