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Abstract
DNA barcoding employs short, standardized gene regions (5’ segment of mitochondrial
cytochrome oxidase subunit I for animals) as an internal tag to enable species identification.
Prior studies have indicated that it performs this task well, because interspecific variation
at cytochrome oxidase subunit I is typically much greater than intraspecific variation. However, most previous studies have focused on local faunas only, and critics have suggested two
reasons why barcoding should be less effective in species identification when the geographical coverage is expanded. They suggested that many recently diverged taxa will be excluded
from local analyses because they are allopatric. Second, intraspecific variation may be seriously underestimated by local studies, because geographical variation in the barcode region
is not considered. In this paper, we analyse how adding a geographical dimension affects
barcode resolution, examining 353 butterfly species from Central Asia. Despite predictions,
we found that geographically separated and recently diverged allopatric species did not show,
on average, less sequence differentiation than recently diverged sympatric taxa. Although
expanded geographical coverage did substantially increase intraspecific variation reducing
the barcoding gap between species, this did not decrease species identification using
neighbour-joining clustering. The inclusion of additional populations increased the number
of paraphyletic entities, but did not impede species-level identification, because paraphyletic
species were separated from their monophyletic relatives by substantial sequence divergence.
Thus, this study demonstrates that DNA barcoding remains an effective identification tool
even when taxa are sampled from a large geographical area.
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Introduction
DNA barcoding aims to provide an efficient method for
species-level identification of biological specimens using
short, standardized gene regions (Hebert et al. 2003; Hajibabaei et al. 2007). The effectiveness of a cytochrome oxidase
subunit I (COI)-based identification system has been demon-
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strated in several groups of animals, such as birds (Hebert
et al. 2004b), fishes (Ward et al. 2005), butterflies (Hebert et al.
2004a; Janzen et al. 2005; Hajibabaei et al. 2006), flies (Smith
et al. 2007), and spiders (Barrett & Hebert 2005). DNA barcoding systems are now also being established for plants
(Kress et al. 2005), macroalgae (Saunders 2005), fungi (Summerbell et al. 2005), protists (Scicluna et al. 2006), and bacteria
(Sogin et al. 2006). The utility of barcoding relies on the fact
that genetic variation within species is smaller than that
between species. This gap was found in the studies above
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and produced a 95–98% success rate in species identification.
However, other investigations have shown lower success
in recently diverged groups of butterflies (Kandul et al.
2004; Lukhtanov et al. 2005, 2008; Elias et al. 2007; Wiemers
& Fiedler 2007) and flies (Meier et al. 2006). Some of these
cases of compromised resolution are due, at least in part, to
taxonomic errors. For example, Meier et al. (2006) based their
taxonomic assignments on records extracted from GenBank,
which is widely acknowledged to contain many specimens
with wrong species-level assignments.
Most past barcoding studies have concentrated on the
analysis of local faunas. Critics have suggested that the
method will be much less effective when allopatric species
and additional populations are included in the study (Moritz
& Cicero 2004; Meyer & Paulay 2005; Dasmahapatra &
Mallet 2006; Meier et al. 2006; Elias et al. 2007; Wiemers &
Fiedler 2007). This prediction of reduced efficiency has two
theoretical bases. First, many recently diverged taxa may
be excluded from local analyses ‘as they do not necessarily
occur in the areas over which the sampling was carried out’
(Dasmahapatra & Mallet 2006), since allopatric speciation
is the most common mode of speciation (Coyne & Orr 2004)
and many recently diverged species are expected to be
allopatric. Second, it has been argued that intraspecific
variation will be seriously underestimated by local studies
because intraspecific geographical variation of barcoding
DNA region is not considered. A wider geographical analysis presented here will examine the effectiveness of DNA
barcoding.
The present study tests if the utility of DNA barcoding
diminishes when the geographical scope is increased by
analysing Central Asian butterflies collected from an area
of about 6 million km2 including Kazakhstan, Kyrgyzstan,
Tajikistan, Turkmenistan, Uzbekistan and the southwestern part of Russian Asia (Fig. 1). The number of butterfly
species in this region is relatively small (c. 500 species), but

the fauna does include numerous diverse endemic genera,
subgenera and species groups, enabling comparison of many
recently evolved sister species (Lukhtanov & Lukhtanov
1994; Tuzov 1997–2000).
More specifically, we addressed two issues:
1 Do sympatric species really display on average more
sequence differentiation than allopatric species?
2 How does the inclusion of an additional, geographically
separated population influence the effectiveness of DNA
barcoding?

Materials and methods
Study sites and sampling
We obtained 880 COI sequences from specimens representing
370 populations and 318 species of Central Asian butterflies
collected by V.A.L. and A.S. between 1984 and 2001. The
expeditions collected most species known from Central Asia,
often from several widely separated localities. None of the
specimens were subjected to any chemical treatment before
desiccation. The climate of the regions ensured quick drying
of specimens which were stored at a room temperature (18–
25 C) for 5–20 years. A single leg was removed from each
specimen before mounting on a pin and wing spreading.
Photographs of all specimens used in the analysis as well
as collecting data are available in the project ‘Butterflies of
Central Asia’ on the Barcode of Life Data System (BOLD)
at http://www.barcodinglife.org/.
All voucher specimens are deposited at the McGuire
Center for Lepidoptera and Biodiversity (Florida Museum
of Natural History, University of Florida) and are identified
with field numbers and with the corresponding unique
BOLD Process ID, which is automatically generated by
BOLD at the time of first data submission.

Fig. 1 Map showing both our collection sites (red circles) and collection localities for specimen records from GenBank (blue circles). The
target territory (Central Asia) is boxed.
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Specimens were identified by comparing vouchers with
type specimens at the Natural History Museum (BMNH,
London, UK), Zoological Institute of Russian Academy of
Science (St. Petersburg, Russia), Zoologisches Museum an
der Humboldt-Universität (Berlin, Germany), Zoologische
Staatssamlung (Munich, Germany) and Muséum National
d’Histoire Naturelle (Paris, France), and by comparison with
original descriptions and by researching relevant secondary
literature. Species names follow the most recent taxonomic
checklist (Tuzov 1997–2000) for butterfly nomenclature and
species classification.
Whenever possible, several individuals of each species
were analysed to assess intraspecific variation and in such
cases, we tried to analyse specimens from two or more populations located as far apart as possible. We increased sample sizes when individuals of different species had similar
barcode sequences, or when two or more populations of a
species were considered. To enhance geographical coverage,
we included 153 COI sequences from the Genetic Sequence
Data Bank (GenBank) in our analysis, representing additional
species from the studied region and additional populations
of Central Asian species from adjacent territories of Eurasia.
We only extracted those GenBank records for which we were
confident that the species identification was correct. Such
confidence could be justified if the images of the voucher
specimens were available online (see Table S1, Supporting
information), or if species identification was unambiguous
due to absence of morphologically similar taxa. Additional
selection criteria were (i) nomenclature/taxonomy assigned
to the GenBank records was in accordance with Tuzov (1997–
2000), and (ii) sequences were at least 600 bp and overlapped
with the barcode region in at least 500 bp. We included only
those sequences that satisfied all of the above criteria. The
list of the GenBank specimens used in the analysis and the
corresponding references can be found in Table S1.

COI amplification
DNA was extracted from a single leg removed from each
voucher specimen employing a glass fibre protocol (Ivanova
et al. 2006). All polymerase chain reactions (PCR) and DNA
sequencing were carried out following standard DNA
barcoding procedures for Lepidoptera as described previously (Hajibabaei et al. 2005; deWaard et al. 2008). For
78.9% of the samples (684 specimens), the primers LepF (5¢ATTCAACCAATCATAAAGATATTGG-3¢) and LepR (5¢TAAACTTCTGGATGTCCAAAAAATCA-3¢) amplified the
target 658-bp fragment of COI. In 20.5% of the cases (180
individuals) where these primers did not produce a PCR
product, we used primer Enh_LepR (5¢-CTCCWCCAGCAG
GATCAAAA-3¢) as a reverse primer. The combination of
this primer and LepF amplifies a 609-bp fragment of COI.
Finally, for 0.6% of the samples (six individuals) that were
recalcitrant, most of which were 23 years old, we amplified

shorter overlapping fragments by using the primer combinations LepF + MH-MR1 (5¢-CCTGTTCCAGCTCCATTTTC3¢) (307-bp amplicon) and MH-MF1 (5¢-GCTTTCCCACGA
ATAAATAATA-3¢) + LepR (407-bp amplicon). Sequences
were obtained by using either an ABI PRISM 377 (25% of
total sequences, unidirectional read) or an ABI 3730 (75% of
total sequences, bidirectional read) sequencer following
manufacturer’s recommendations.

Sequence analysis
Sequences were edited to remove ambiguous base calls
and were assembled using Sequencher (Gene Codes).
Sequences were then aligned using ClustalW (Thompson
et al. 1994) software and manually edited. Sequence information was entered in the Barcode of Life Data System
(http://www.barcodinglife.org) along with an image and
collateral information for each voucher specimen. The
detailed specimen records and sequence information,
including trace files, are available in the LOWA project file
on BOLD. All sequences are also available through GenBank
(Accession numbers FJ663211–FJ664096).
Additional sequences of west Palearctic butterflies from
GenBank were included in our analysis when they were at
least 600 bp and overlapped with barcode region in at least
500 bp Table S1. The Kimura 2-parameter model of base
substitution was used to calculate genetic distances in MEGA
4 software (Tamura et al. 2007). MEGA 4 was also used to produce the neighbour-joining tree and to perform bootstrap
analysis (2000 replicates).

Results and discussion
Our study examined 1033 individuals representing 353
species and 97 genera, about 70% of the traditionally
recognized species of Papilionidae, Pieridae, Nymphalidae
and Lycaenidae from Central Asia (Lukhtanov & Lukhtanov
1994; Tuzov 1997–2000). For most taxa, between two and 10
barcode sequences were obtained; just 19% of the taxa (68
species) were represented by a single individual. For the
genera Alpherakya, Glabroculus, Farsia, Triphysa and Zegris,
and for certain monophyletic species groups of Aricia, Athamanthia, Colias, Cupido, Erebia, Euchloe, Hyponephele, Karanasa,
Melitaea, Neolycaena, Oeneis, Parnassius, Pieris, Pontia and
Superflua, we obtained sequences from all known species.
We found that 318 (90.1%) of the 353 species were unambiguously distinguishable from all other species because
their barcode sequences formed distinct, non-overlapping
monophyletic (86.9%) or paraphyletic (3.2%) clusters in a
neighbour-joining (NJ) analysis (for the tree and the bootstrap support, see Fig. S1, Supporting information). Only
34 species (9.6%) could not be distinguished due to undifferentiated barcodes (see Table S2, Supporting information for
these species). One taxon (Melitaea didyma) (0.3%) appeared
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Fig. 2 Types of phylogenetic relationships between species of Central Asian butterflies (see Fig. S1 for the complete tree).
2.1 Closely related species. Two pairs of closely related species (Mellicta britomartis/M. athalia, and M. alatauica/M. centralasiae) that appear
as sister species are shown in this case.
2.2 Paraphyly. Agrodiaetus iphigenides is paraphyletic with respect to A. phyllides in this case.
2.3 Complex sister taxa. A two-species clade (Melitaea lunulata and M. fergana) forms the sister taxon to Melitaea athene in this case.
2.4 Unresolved phylogenetic relationships. Melitaea phoebe and M. sibina are unresolved in this case because they share barcodes.
2.5 Divergent sister taxa. Lasiommata maera and Lopinga achine appear as sister species in this case although they belong to different genera.

in the NJ tree as a clearly polyphyletic entity, consisting of two
strongly differentiated lineages (Fig. S1).

Interspecific barcode divergence: comparative analysis of
sympatric and allopatric pairs of closely related species
As closely related species, we considered the 68 pairs of
terminal taxa that formed dichotomies on the NJ tree
(Fig. 2.1), 13 pairs of species that formed paraphyletic–
monophyletic assemblages (Fig. 2.2), and 17 pairs of species
in which phylogenetic relationships were unresolved because
of shared barcodes (Fig. 2.4). For each of the remaining 157
species, the sister group consisted of a multispecies cluster
(Fig. 2.3) or another genus (Fig. 2.5). Thus, the first group (196
species) included only pairs of recently diverged species,
while the second group (157 species) included more distantly
related taxa.
Each of the latter 157 species was separated from its
nearest relative by a well-defined barcoding gap, an observation congruent with previous barcode studies on Lepidoptera (Hebert et al. 2003, 2004a; Janzen et al. 2005; Hajibabaei
et al. 2006). Consequently, we concentrated our study on the
196 species that formed the 98 most recently diverged species
pairs. We first examined whether the geographical distributions of the closely related taxa were overlapping (i.e.
sympatric) or not (i.e. allopatric). This analysis revealed that
110 species occurred as sympatric species pairs, while 86 species only occurred in allopatry. Among the 55 sympatric pairs,
nine (18 species, 16.4%) were indistinguishable by barcoding
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(see Table S3, Supporting information). Among the 43 allopatric pairs of closely related species, eight (16 species, 18.6%)
were indistinguishable, a value that was not significantly
different from that in sympatric pairs (t ¼ 0.4, P ¼ 0.69).
To gain a better understanding of these unexpected results,
we examined these 98 pairs of most closely related species
in more detail. This analysis revealed a fundamental difference between the allopatric and sympatric species pairs
with shared barcodes (see Table S2 for more details). Based
on prior literature and our knowledge of the alpha taxonomy of this fauna, we conclude that every pair of allopatric
taxa with undifferentiated barcodes actually represents a case
of ‘over-splitting.’ In short, these cases of ‘compromised’
barcode resolution actually represent a lack of divergence
among conspecific populations.
This re-consideration of species status following barcoding
analysis might be viewed as subjective. However, this conclusion is also supported by 40 years of our study of this fauna
(e.g. Lukhtanov & Lukhtanov 1994). Furthermore, as noted in
the supporting information (Table S3), the questionable status
of several of these species pairs has already been noted by
other authors. By contrast, all sympatric taxa with shared
barcodes appear to be well-defined biological species (e.g.
Colias alpherakyi–C. wiskotti, Parnassius actius–P. tianschanicus)
that occupy distinct ecological niches and have clear
morphological differences without intermediates. Unlike
the allopatric species pairs, these taxa have never been
considered conspecific in the taxonomic literature. Hence, in
contrast to our expectations, the percentage of species pairs
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with undifferentiated barcodes is significantly higher
(P < 0.001) in sympatric (17.3%) than allopatric (0%) taxa. We
conclude that sympatric species pairs are more likely to
share barcode sequences than allopatric pairs.
There are at least three explanations for this unexpected
observation. First, the existence of sympatric taxa with undifferentiated barcodes could reflect recent sympatric speciation. Second, speciation could begin in allopatry, but be
completed in sympatry by means of ecological character
displacement or reinforcement mechanisms. The latter two
processes are driven by natural selection and could lead to a
rapid formation of pre-zygotic isolation that may depend on
changes at just a few gene loci (Coyne & Orr 2004; Rundle
& Nosil 2005; Hendry et al. 2007), while the general genetic
background (including the barcode region of mtDNA) might
remain unchanged. Conversely, allopatric populations may
need greater genetic divergence to achieve reproductive
isolation simply by chance. Third, this observation might
reflect mitochondrial introgression between sympatric taxa.
In our study, introgression seems a likely explanation for
barcode sharing in some species pairs, such as Colias crocea–
C. erate or Parnassius actius–P. tianschanicus, because natural
interspecific hybrids have been recorded (Eisner 1976; Descimon & Mallet 2008).
Although we lack sufficient evidence to select among
these three explanations, evidence for sympatric speciation is scant (Coyne & Orr 2004; Bolnick & Fitzpatrick
2007) (but see Berlocher & Feder 2002). By contrast, it is
accepted that rapid speciation linked to secondary sympatry is common in both plants and animals (Rundle &
Nosil 2005; Hendry et al. 2007). If so, the pattern of greater
genetic differences between allopatric vs. sympatric species should be frequent in nature. Mitochondrial intro-

gression is also frequent (Ballard & Whitlock 2004) although
Haldane’s rule (Haldane 1922) suggests that it should
be rare in butterflies because of their female heterogameity (Kandul et al. 2007). Despite this barrier, cases of
mitochondrial introgression are known in Lepidoptera
(Sperling 1993; Jiggins 2006).
To conclude, despite theoretical predictions, the inclusion
of allopatric species did not reduce the ability of mitochondrial barcodes to distinguish Central Asian butterflies, and
there are reasons to think that this will be the case in other
organisms.

Intraspecific variation: how does the inclusion of
geographically separated populations influence DNA
barcoding?
To provide a critical test of this question, we focused analysis
on 37 pairs of closely related species in which at least one
species was represented by two geographically distant populations. First, we calculated the maximum intraspecific
pairwise genetic distance for each species pair for two
instances: (i) when only one local population was considered,
and (ii) when an additional population was included in the
analysis. We then analysed how adding a distant population
changed the barcoding gap by comparing the minimum
interspecific distances with maximum intraspecific distances
within (i) and (ii) (see Table S3).
As expected, expansion of geographical coverage significantly increased intraspecific variation. The mean value of
maximum intraspecific genetic distance increased fivefold:
from x ± S.E. ¼ 0.26 ± 0.04% (when one population of each
species was considered) to x ± S.E. ¼ 1.35 ± 0.19% (when
individuals from different populations were included)

Fig. 3 Influence of geographical coverage on the barcode gap for 37 sister species pairs of Central Asian butterflies.
Each point represents a pair of sister species (Table S3b lists the species analysed). Genetic distances among all individuals of each pair were
calculated and the maximum intraspecific distance was plotted against minimum interspecific distances for two situations:
(1) a single local population of each species was considered.
(2) a second population for one sister species was added.
Points above the 1:1 line represent pairs of sister species separated by a barcoding gap, i.e. genetic variation within species is smaller than
genetic divergence between species.
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Fig. 6 Fragment of NJ tree with barcode clusters of Polyommatus
icarus and P. icadius from different populations.

Fig. 4 Influence of increased geographical representation on species
clustering (see Table S3b for the list of species analysed and Fig. S1
for their position on the NJ tree).
(1) When one local population of each species is considered, 60 of
74 species form monophyletic non-overlapping entities on a NJ
tree (boxed), while 14 species are indistinguishable.
(2) When an additional population is included for each sister
species pair, 58 of 74 species remain distinct (boxed), and only two
additional species become indistinguishable.

Fig. 5 Fragment of NJ tree with barcode clusters of the Erebia
iranica-graucasica-callias group.

(t-value ¼ 5.74, P < 0.001), significantly reducing the barcode
gap. When one population from each species was considered,
most species pairs (30/37, 81.1%) had a clear barcode gap, but
it was absent in nearly half of the species pairs (16/37, 43.2%)
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when two widely separated populations were considered
(Fig. 3).
This effect makes species identification using a distance
metric problematic as genetic differences between conspecific
individuals can often be greater than those between individuals of different species. However, inclusion of additional
populations did not seriously impede the ability of the barcodes to identify specimens using NJ clustering because the
number of species that formed distinct, non-overlapping
clusters on the NJ tree was practically unaffected by geographical coverage (Fig. 4). This result, although seemingly
counterintuitive, can be easily explained: clustering does
not depend on a barcode gap between species, and genetic
differentiation among populations of a species, although it
increases intraspecific variability, does not ‘fill’ the interspecies hiatus. This pattern can be clearly observed within
the Erebia callias-iranica-graucasica group: maximum genetic
distance between individuals of E. graucasica (2.6%) exceeds
the minimum genetic distance between E. graucasica and E.
iranica (2.5%), but it does not prevent the separation of these
species into specific clusters on a NJ tree (Fig. 5).
Our results do not imply that NJ clustering is completely
insensitive to geographical variability. Among our 37 species
pairs, Polyommatus icarus and P. icadius were distinct at all
localities excepting the Altai region where these two species
share barcodes (Fig. 6). Thus, broad geographical sampling
can discover populations with shared barcodes due to incomplete lineage sorting or local gene introgression. However,
our data indicate that such cases are uncommon. Thus, when
NJ clustering is used, the move from local to geographically
dispersed sampling does not seriously reduce the ability of
DNA barcoding to delineate butterfly species of Central Asia.
Increased geographical coverage does, however, often
change the clustering pattern of conspecific individuals.
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These clusters of individuals may be mono- or paraphyletic
with respect to their relatives (Fig. 2). In our data set, 5 of
37 species shifted from monophyletic to paraphyletic after
inclusion of additional populations (Fig. 4), a pattern previously reported in ithomiine butterflies (Elias et al. 2007).
However, our study suggests that paraphyly is not an obstacle for identification because the separation of paraphyletic
species from their monophyletic relatives was supported
by high bootstrap values and deep sequence divergences
(Fig. 2.2, see also Fig. S1 and Table S4, Supporting information). Barcodes of such species still form non-overlapping
clusters (Fig. 2.2), and the species still possess a speciesspecific combination of diagnostic molecular characters.
Identification of such paraphyletic species is possible and
can be conducted as follows:
Specimens that constitute the monophyletic complex (sp.
1) are characterized by at least one unique (characteristic
for that species) molecular synapomorphy. This synapomorphy (or synapomorphies) not only lies in the basis of monophyletic clustering, but also is used for species identification.
The specimens that form the paraphyletic remainder of the
paraphyletic–monophyletic assemblage constitute the paraphyletic species (sp. 2). Ascribing barcode sequences to this
second paraphyletic species is possible based on the fact
that, first, they share molecular synapomorphies with sp. 1
(which clusters all specimens in the assemblage together
on a tree) and, second, that these specimens are missing the
molecular characteristics that are unique for sp. 1. Hence, a
species that is represented by a paraphyletic remainder of
the cluster is characterized by a species-specific combination
of diagnostic molecular characters (presence of synapomorphies that it shares with sp. 1 and absence of synapomorphies that are characteristic for sp. 1). For instance, this
combination of characters allows us to identify species in
the paraphyletic–monophyletic assemblages found in our
study (Callophrys rubi/Ahlbergia frivaldszkyi; Melitaea latonigena/sutschana; Parnassius staudingeri/cardinal; Chazara
briseis/heydenreichi; Hyponephele laeta/pamira; Hyponephele
maureri/pseudokirgisa).
Many types of speciation can produce paraphyletic
species (Coyne & Orr 2004), so it is no surprise that they
are quite common in nature (Avise 2000). DNA barcoding helps to discover such cases, enabling more detailed
investigations of their genesis. In any case, paraphyletic–
monophyletic complexes contain much more information about the relationships between taxa than complexes
of genetically undifferentiated species. Paraphyly will
introduce interpretational complexities because the delimitation of species boundaries in paraphyletic taxa cannot be based solely on barcodes. Hence, in such cases,
one should always look beyond a purely molecular
approach to a decisionary system that employs as wide
an array of morphological and ecological characters as
possible.

Conclusions
Our study surveyed nearly 70% (353 of 500 species) of the
Central Asian butterfly fauna. Our investigations revealed
that more than 90% of these species were unambiguously
distinguished by their barcode sequences. Sixteen allopatric
species could not be differentiated using DNA barcoding.
However, critical taxonomic evaluation suggests that those
species represent likely cases of over-splitting raising the
success in species identification to 95.5%. Despite theoretical
predictions, allopatric sister species in our study did not
have less COI sequence divergence than sympatric taxa.
Expanded geographical coverage did substantially increase
intraspecific variation of the barcoding region, reducing
the barcoding gap between species, but this increase did
not substantially reduce the success of species identification
using neighbour-joining clustering. The inclusion of multiple
populations did increase the number of paraphyletic entities,
but this did not impede species-level identification, because
paraphyletic species were separated from their monophyletic
relatives by substantial sequence divergence. Thus, we
demonstrate that DNA barcoding remains a highly effective
identification tool even in nonlocal taxonomic studies.
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Table S1 List of 153 COI sequences from GenBank, representing
additional species from Central Asia and additional populations
from adjacent territories of Eurasia
Table S2 Taxonomic analysis of sister species pairs that were
indistinguishable by their barcodes
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found in Central Asian butterflies

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

Fig. S1 Bootstrap neighbour-joining tree of all individuals used in
the analysis
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