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What is the phylogenetic signal limit from
mitogenomes? The reconciliation between
mitochondrial and nuclear data in the Insecta
class phylogeny
Gerard Talavera1,2* and Roger Vila1*

Abstract

Background: Efforts to solve higher-level evolutionary relationships within the class Insecta by using mitochondrial
genomic data are hindered due to fast sequence evolution of several groups, most notably Hymenoptera,
Strepsiptera, Phthiraptera, Hemiptera and Thysanoptera. Accelerated rates of substitution on their sequences have
been shown to have negative consequences in phylogenetic inference. In this study, we tested several
methodological approaches to recover phylogenetic signal from whole mitochondrial genomes. As a model, we
used two classical problems in insect phylogenetics: The relationships within Paraneoptera and within
Holometabola. Moreover, we assessed the mitochondrial phylogenetic signal limits in the deeper Eumetabola
dataset, and we studied the contribution of individual genes.

Results: Long-branch attraction (LBA) artefacts were detected in all the datasets. Methods using Bayesian inference
outperformed maximum likelihood approaches, and LBA was avoided in Paraneoptera and Holometabola when
using protein sequences and the site-heterogeneous mixture model CAT. The better performance of this method
was evidenced by resulting topologies matching generally accepted hypotheses based on nuclear and/or
morphological data, and was confirmed by cross-validation and simulation analyses. Using the CAT model, the
order Strepsiptera was recovered as sister to Coleoptera for the first time using mitochondrial sequences, in
agreement with recent results based on large nuclear and morphological datasets. Also the Hymenoptera-
Mecopterida association was obtained, leaving Coleoptera and Strepsiptera as the basal groups of the
holometabolan insects, which coincides with one of the two main competing hypotheses. For the Paraneroptera,
the currently accepted non-monophyly of Homoptera was documented as a phylogenetic novelty for
mitochondrial data. However, results were not satisfactory when exploring the entire Eumetabola, revealing the
limits of the phylogenetic signal that can be extracted from Insecta mitogenomes. Based on the combined use of
the five best topology-performing genes we obtained comparable results to whole mitogenomes, highlighting the
important role of data quality.

Conclusion: We show for the first time that mitogenomic data agrees with nuclear and morphological data for
several of the most controversial insect evolutionary relationships, adding a new independent source of evidence
to study relationships among insect orders. We propose that deeper divergences cannot be inferred with the
current available methods due to sequence saturation and compositional bias inconsistencies. Our exploratory
analysis indicates that the CAT model is the best dealing with LBA and it could be useful for other groups and
datasets with similar phylogenetic difficulties.
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Background
From the seminal comprehensive study of Hennig [1], to
the impressive descriptive work of Kristensen [2,3], to the
increasingly common molecular approaches [4-14], Insecta
class systematics has been a challenging field of study.
Molecular phylogenies have become a powerful tool that
shed light on many parts of the Tree of Life. At the same
time, due to the increasing number of sequences and gen-
omes published, methodological questions are broadly
explored by researchers in order to correctly and fully
infer evolutionary relationships and patterns. In fact, it is
widely accepted that many factors can influence final tree
topologies, not to mention supports. Among these factors,
we can cite 1) the quality of the sequences and the align-
ment; 2) the amount of phylogenetic information present
in the sequences; 3) the presence of evolutionary biases
that are not taken into account by most used evolutionary
models (compositional heterogeneity, heterotachy...); 4)
the use of markers whose evolution does not reflect the
species evolutionary history (paralogs, xenologs); 5) the
accuracy of the evolutionary model and the efficiency of
the tree search algorithm used for the study [15-19]. Thus,
different strategies in the analyses can often lead us to
arrive at mutually contradictory conclusions starting from
the same dataset. This seems to be particularly true when
comparing the studies of relationships among the main
taxonomic groups of Arthropoda [20-26]. Intra- and inter-
ordinal insect relationships are not an exception and
represent a ceaseless source of debate. They have been
commonly explored using different types of molecular
data: rDNA 18S and 28S, mitochondrial genes, complete
mitochondrial genomes, nuclear protein coding genes, the
presence of shared intron positions [12] or mitochondrial
gene rearrangements [27]. Among the most controversial
insect groups with regard to systematic position we can
mention the Strepsiptera, an order of obligate endoparasi-
tic and morphologically derived insects. The most basal
relationships within the holometabolous and the para-
neopteran insects are another example of long-debated
relationships.
Mitochondrial genomes have been successful in reco-

vering intra-ordinal phylogenetic relationships concor-
dant with other sources of data, with convincing levels of
support, such as in Diptera [28], Hymenoptera [29],
Orthoptera [30] and Nepomorpha (Heteroptera) [31].
Nevertheless, mitogenomes proved so far to be generally
inadequate to study inter-ordinal relationships of insects
and deeper levels of Arthropoda, frequently resulting in
strong incongruence with morphological and nuclear
data, poor statistical supports, and high levels of inconsis-
tency among different methods [16,24-26,32]. Indeed,
comparative studies that contrast nuclear and mitochon-
drial datasets suggest that nuclear markers are better sui-
ted to deal with deep arthropod relationships, as the

mitochondrial genome is on average more saturated,
biased, and generally evolves at a much faster rate than
the nuclear genome [33,34]. Thus, knowing the specific
limits for each set of mitogenomes analyzed, i.e. when
substitution rates result in saturation that distorts the
phylogenetic signal at deeper nodes, is crucial to assess
their usefulness in phylogenetics [35].
It is well known that arthropod mitochondrial genomes

present some anomalous characteristics, like very high
percentage of AT content, frequent gene rearrangements
[36] or accelerated evolutionary rates likely related to phe-
notypic changes in body size or to parasitic lifestyle [37],
all of which can limit their applicability in phylogenetic
reconstruction. These biases in the data can result in sys-
tematic errors when the evolutionary model used for phy-
logenetic inference does not take them into account.
Thus, homogeneous models of substitution or replace-
ment where all sites evolve under the same substitution
process [38] and constantly through time [19,39] are not
adequate for Arthropoda. One of the most usual artefacts,
especially in deep relationships where mutational satura-
tion exists [40], is the long-branch attraction (LBA), a sys-
tematic error where two or more branches tend to cluster
together producing false relationships [41]. Also, models
not accounting for heterogeneity in nucleotide composi-
tion among taxa [16] can lead to artefactually group unre-
lated taxa with similar base composition [42-45].
For all these reasons, artropods in general and insects in

particular, constitute an excellent model to tackle challen-
ging questions of phylogenetic methodological interest.
Several strategies have been designed to minimize poten-
tial biases: 1) Increasing the taxon sampling as far as possi-
ble, although generally counteracted by the removal of
taxa with an evidently incorrect placement disturbing the
reconstruction. 2) Filtering genes in large phylogenomic
analyses to avoid paralogy problems and unexpected
effects of missing data [45-47]. 3) The use of more specific
substitution/replacement models. For example, matrices of
amino acid replacement have been designed for Arthro-
poda (MtArt) [48,49] and Pancrustacea (MtPan) [25]. 4)
Removing fast-evolving sites according to discrete gamma
category [40,50-52]. 5) Removing third codon position or
recoding them as purines and pyrimidines (RY-coding) in
DNA alignments [23,53] to reduce the effects of satura-
tion. 6) Using a site-heterogeneous mixture model (CAT)
to allow flexible probabilities of the aminoacid replace-
ment equilibrium frequencies, in order to minimise LBA
effects [38,54,55].
In this work, we test the performance of different phy-

logenetic methodological strategies, using mitochondrial
genomes of the Class Insecta as a model and including
long-branched problematic taxa within Hymenoptera,
Strepsiptera, Thysanoptera and Phthiraptera orders that
have been usually excluded from mitochondrial datasets.
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We address controversial taxonomical questions at three
different levels of divergence, for which solid hypotheses
based on nuclear phylogenies and morphological data
exist. Our results show strong differences among the
methods tested in their power to resolve inter-ordinal
relationships. Using both real and simulated data (see
Additional file 1), we confirm the capacity of the site-
heterogeneous mixture model (CAT) under a Bayesian
framework, currently implemented in software Phylo-
Bayes [38,56], to substantially avoid the LBA artefacts.
We show for the first time that the reconciliation
between mitochondrial and previous nuclear and mor-
phological knowledge is possible in the cases studied.

Results and Discussion
About the exploratory phylogenetic framework
After applying a variety strategies for phylogenetic infer-
ence, we compared the trees obtained to the most widely
accepted nuclear DNA and morphology-based hypotheses
for Holometabola and Paraneoptera systematics (Figure 1).
These hypotheses were carefully selected from bibliogra-
phy based on a great variety of data sources. As a result,
we grouped the proposed relationships within Holometa-
bola in two main hypotheses mainly disagreeing in the
position of the order Hymenoptera, and a single general
hypothesis for Paraneoptera, although this group has been
much less intensely studied.
Methodologies that produced topologies identical or

very similar to these hypotheses were considered better
than those that resulted in very different trees. We noticed
a strong susceptibility of our data to the type of analyses
performed, confirming once more the instability of phylo-
genies based on insect mitochondrial genomes. Indeed,
almost each approach resulted in a different topology and
only the Bayesian inference using the CAT model with
amino acid sequences (BI-AA-CAT) was able to obtain
trees fitting potentially correct hypotheses. A better per-
formance of the CAT model was confirmed using simula-
tions (Additional file 1; Figure S1). No differences were
observed between the MtRev and MtArt models in ML
trees for any dataset. Cross-Validation statistics were per-
formed to test the fit of the replacement models for pro-
teins MtRev and CAT to the data. A better fit of the CAT
model for Paraneoptera (mean score = 9.216 ± 12.038)
and Eumetabola (mean score = 5.75, SD = ± 32.3539),
and a similar fit for Holometabola (mean score = -0.055,
SD = ± 32.3539) were detected.
The site-heterogeneous mixture model CAT [38]

assumes the existence of distinct substitution processes,
which usually results in a better fit to the data than site-
homogeneous models based on empirical frequencies of
amino acid or nucleotide substitutions, like MtRev or
GTR [57-60]. In fact it has already been shown in other
taxonomical groups that the CAT model is very powerful

to overcome LBA artefacts [45,54,61-63]. Thus, the use
of models accounting for compositional heterogeneity in
the replacement process seems to be more effective than
strategies focused on the removal of saturated positions
in the case of Insect mitogenomes. Combining the CAT
model with the use of amino acid sequences instead of
DNA, which should reduce saturation biases, under a
Bayesian framework produced the most satisfactory
results. The topologies resulting from the analyses with
different methods are discussed further on.

Holometabola phylogeny and the Strepsiptera problem
In our dataset for the Holometabola we included one
strepsipteran and taxa of the Hymenoptera usually
removed from mitochondrial analyses because of their
long branches. We observed strong discrepancies among
the methodologies used, ML-AA (Figure 2A), BI-DNA
(Figure 2B) and BI-AA-CAT (Figure 2C) (see methods for
details), confirming the difficulties introduced by such
groups. The Strepsiptera species Xenos vesparum [64]
appeared within Hymenoptera in the ML-AA tree, being
completely trapped by the longest branches of the hyme-
nopterans. The same happened with BI-DNA, although in
that case, Xenos appeared in a more basal position within
the hymenopterans, apparently slightly reducing the LBA
effect. Finally when applying the BI-AA with the CAT
model the LBA was suppressed, revealing completely dif-
ferent positions for the very long branches of Hymenop-
tera clade and the Strepsiptera (Figure 2C). The topology
obtained in this case indicated a sister group relationship
between Strepsiptera and Coleoptera (the composite clade
being known as Coleopterida), and supported Diptera +
Lepidoptera (Mecopterida), which represents the first evi-
dence that mitochondrial data supports these groups.
Since their discovery, Strepsiptera has been associated

with Diptera, Siphonaptera, Odonata, Ephemerida, Hyme-
noptera and Lepidoptera [65]. More recently, four differ-
ent placements have been suggested as possibilities:
membership in the Coleoptera [66], sister group to the
Coleoptera [67,68], outside the Holometabola [2] and sis-
ter to Diptera [4,69]. Based on molecular studies of 18S
rDNA, Whiting et al [4] proposed the grouping of Diptera
+ Strepsiptera under the name Halteria. Chalwatzis et al
[70,71] reached similar conclusions about the relationships
between Diptera and Strepsiptera using a larger dataset of
18S rDNA sequences. Later, other authors [72-74] attribu-
ted that grouping to an artefact due to LBA, becoming
one of the best examples of LBA ever, called “the Strepsip-
tera problem”.
Further phylogenetic evidence using other nuclear data

contradicted the Halteria hypothesis, and supported asso-
ciations between Strepsiptera and Coleoptera. Rokas et al
(1999) [75] pointed to an intron insertion in en class
homeoboxes of Diptera and Lepidoptera but not in
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Strepsiptera, Coleoptera or Hymenoptera, arguing that an
intron loss is an improbable event. Based on a different
approach, Hayward et al (2005) [76] used the structure of

the USP/RXR hormone receptors, which showed a strong
acceleration of evolutionary rate in Diptera and Lepidop-
tera, to reject the Halteria clade and to provide strong
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Figure 1 Phylogenetic strategies tested. Current knowledge on main holometabolan (two competing hypotheses) and paraneopteran
relationships, based on nuclear and morphological data. Topologies obtained with the phylogenetic strategies tested are represented below
(relationships matching the currently accepted hypotheses are highlighted in black)
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evidence for Mecopterida. Bonneton et al (2003, 2006)
[77,78], confirmed the USP/RXR approach of Hayward et
al and added the ecdysone receptor (ECR; NR1H1) to the
analysis, confirming a Mecopterida monophyletic group.

However, these two studies were not able to define clear
associations for Strepsiptera. Misof et al (2007) [10] pub-
lished a large phylogeny of Hexapoda using 18S rDNA
and applying mixed DNA/RNA substitution models.

 

A) 

B) 

C) 

Figure 2 Holometabola phylogenies. Holometabola phylogeny using A) ML-AA (2731 positions), B) BI-DNA (9536 positions) and C) BI-AA-CAT
(2731 positions). Values at nodes show bootstrap or posterior probabilities, and scale bar represents substitutions/site.
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Although they recovered well-supported hexapod basal
relationships, they obtained very low resolution and
unclear relationships within Holometabola.
Recent molecular studies using extensive nuclear data

seemed to contradict the Halteria hypothesis again, reco-
vering a close relationship between Coleoptera and Strep-
siptera [11,13,14]. First, Wiegmann et al (2009) [11] used a
complete dataset of six nuclear protein coding genes
including all holometabolan orders. They recovered
Coleopterida and provided statistical evidence discarding
LBA effects. They found some conflicting signal using
individual genes like cad, which recovered Halteria, a
result that was attributed to LBA because this is a rapidly
evolving locus. Longhorn et al (2010) [13] used a total of
27 ribosomal proteins and tested several nucleotide-coding
schemes for 22 holometabolan taxa, including two strep-
sipteran species, where a majority of the schemes tested
recovered Coleopterida. McKenna and Farrell (2010) [14]
raised identical conclusions using a total of 9 nuclear
genes for 34 holometabolan taxa. Also, the Coleopterida
have been recently recovered when using large morpholo-
gical datasets [79,80]. Thus, evidence supporting Coleop-
terida has grown in recent years, suggesting that the
phylogenetic placement of Strepsiptera has been definitely
identified.
In summary, classical and most recent morphological

and molecular studies based on nuclear data support the
Mecopterida and Coleopterida hypotheses. Until now no
mitochondrial evidence backed these hypotheses and our
results are the first to fully agree with the most generally
accepted point of view.

The Hymenoptera position and the basal splitting events
of Holometabola
Depending on algorithm conditions, we observed inconsis-
tencies among analyses in the Hymenoptera position
(Figure 2). For example, the fact of using six gamma rate
categories instead of four in ML-AA, or simply performing
5000000 instead of 1000000 runs (each with chain stability
checked with Tracer) for BI-DNA, or assigning different
partitions for DNA, tRNA and rRNA produced alternative
results, either ((Diptera + Lepidoptera) Hymenoptera)
Coleoptera) or (Diptera + Lepidoptera) + (Coleoptera +
Hymenoptera) (not shown). Similar problems when using
mitochondrial data have been previously described by Cas-
tro and Dowton (2005, 2007) [81,82] regarding this ques-
tion, namely inconsistencies depending on the ingroup
and outgroup selection and the analytical model. Overall,
they described a tendency in their analyses to group
Hymenoptera as sister taxa to Mecopterida, but they also
found Hymenoptera or Hymenoptera + Coleoptera as the
most basal lineages in some of their trees.
When using the BI-AA-CAT method our mitochondrial

overview suggests a sister relationship of Hymenoptera

with Mecopterida, placing Coleopterida outside a clade
comprising the other examined holometabolan insects.
This result coincides with one of the classical morphologi-
cal points of view [3,83,84], some nuclear evidence [77],
and with morphological and nuclear combined analyses
[4,5] that recovered Coleoptera at the base of Holometa-
bola (but not Strepsiptera). A phylogeny inferred from 356
anatomical characters by Beutel et al (2010) [80] placed
Hymenoptera as the basal holometabolous insects and
recovered a paraphyletic Mecopterida, although these
groups were not strongly resolved. A morphological study
based on characters of the thorax contributed by Friedrich
and Beutel (2010) [79] offered two scenarios depending on
the phylogenetic algorithm used: Coleopterida as the most
basal group in the Bayesian analysis, but Hymeoptera as
the most basal when using parsimony. Several hypotheses
based on morphology situate hymenopterans as sister to
Mecopterida [85,86], grouping coleopterans with the basal
Endopterygota [see references in [87]], or with Neuroptera
(not present in our dataset) [2,3,5,84-90]. Also, based on
the analysis of wing characters, Kukalova-Peck & Lawr-
ence (1993) [68] proposed an alternative phylogenetic
hypothesis consisting in a most basal position for the
Hymenoptera. Such discrepancies enhance the view that
morphological characters are rather useless in order to
determine the phylogenetic position of Hymenoptera
within the Holometabola [69].
Our results do not support the most recent molecular

studies based on nuclear data, all of them reporting Hyme-
noptera as the most basal holometabolan insects, for exam-
ple, the phylogenomic results contributed by Savard et al
(2006) [9] using a total of 185 nuclear genes. Since these
authors were using emerging genome projects to assemble
and analyze all the genes, they only were able to use 8 taxa
with 4 orders of holometabolan insects represented (Dip-
tera, Lepidoptera, Coleoptera and Hymenoptera). Their
phylogeny resulted in a supported Coleoptera sister to
Mecopterida clade, leaving Hymenoptera at the base.
Zdobnov and Boork (2007) [8] obtained the same conclu-
sions in another phylogenomic approach, using 2302 single
copy orthologous genes for 12 genomes representing the
same 4 holometabolous insect groups. Based on a dataset
with similarly limited taxon sampling, and using the gain
of introns close to older pre-existing ones as phylogenetic
markers, Krauss et al (2008) [12] arrived to the same con-
clusion identifying 22 shared derived intron positions of
Coleoptera with Mecopterida, in contrast to none of
Hymenoptera with Mecopterida. Additionally, phylogenies
with a large number of markers and a complete taxon sam-
pling also gave rise to the same conclusions [11,13,14].
Therefore, mitochondrial data under the CAT model
avoids obviously wrong relationships caused by LBA and
recovers one of the two main current hypotheses.
This hypothesis has been proposed mostly based on
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morphological evidence and differs from most recent
nuclear and genomic results. This issue remains thus an
open question deserving deeper study.

Paraneoptera phylogeny and the position of Phthiraptera
For Paraneoptera we observed once more an array of
topological changes depending on the method used. In
ML-AA (Figure 3A), Sternorrhyncha was recovered as
paraphyletic with respect to Phthiraptera and Thysanop-
tera, which evidences the tendency of the method to join

lineages according to relative branch length. Indeed, the
white flies clade (Sternorrhyncha: Aleyrodoidea) displays
a faster substitution rate than their relatives Daktulo-
sphaira vitifoliae, Schizapis graminum and Pachypsylla
venusta, and it seems to attract other long-branched
clades: Phthiraptera and Thysanoptera. Using BI-DNA
(Figure 3B), the topology improved and grouped all Ster-
norrhyncha representatives, although a paraphyletic
Hemiptera remained. Only when using BI-AA-CAT
(Figure 3C) a topology with most long-branched taxa not

A) 

B) 

C) 

Figure 3 Paraneoptera phylogenies. Paraneoptera phylogeny using A) ML-AA (3501 positions), B) BI-DNA (10202 positions) and C) BI-AA-CAT
(3501 positions). Values at nodes show bootstrap or posterior probabilities, and scale bar represents substitutions/site.
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clustered and with a monophyletic Hemiptera was
recovered.
Classically, Hemiptera is divided in two suborders:

Homoptera and Heteroptera. Homoptera includes Ster-
norrhyncha and Auchenorrhyncha (Cicadomorpha +
Fulgoromorpha). However, according to inferred phylo-
genies from 18S rDNA, Euhemiptera (Heteropterodea
(Heteroptera + Coleorrhyncha) + Auchenorrhyncha)
were proposed as sister group of Sternorrhyncha, leaving
Homoptera as paraphyletic [91-93], which is currently
the most accepted hypothesis. Our mitochondrial ana-
lyses with BI-AA-CAT produced the same conclusions as
18S rDNA datasets. Thus, Euhemiptera was recovered as
a robust clade formed by Cicadomorpha plus Fulgoro-
morpha (a group known as Auchenorrhyncha) plus Het-
eropterodea, while Homoptera (Sternorrhyncha +
Cicadomorpha + Coleorrhyncha) was paraphyletic with
respect to the heteropteran Triatoma dimidiata, which
appeared in all the tested methods as sister to Cicado-
morpha with high support. In this study we were not able
to test the Auchenorrhyncha paraphyly due to the lack of
a Fulgoromorpha genome when the analyses were
performed.
A sistergroup relationship between the Hemiptera and

Thysanoptera, jointly known as Condylognatha [94,95],
has been proposed based on morphological characters
and supported by 18S rDNA data [96]. Moreover, the
closest relatives of this group seem to be the Psocodea (=
‘Psocoptera’ + Phthiraptera). Although Homoptera para-
phyly is fully accepted, at molecular level it has just been
tested with nuclear single-gene phylogenies and the full
Paraneoptera has never been studied with mitochondrial
genomes. There is a broad acceptance that Paraneoptera
is a monophyletic group of hemimetabolous insects,
comprising the Hemiptera, Thysanoptera, and Psocodea,
but the basal relationships within this group are quite
controversial. The Condylognatha proposal (Hemiptera +
Thysanoptera) was supported by several studies
[83,97-102], although spermatological characters [2],
fossil studies [103,104] and combined molecular and
morphological data [4] suggested an alternative sister-
group relationship between Psocodea and Thysanoptera.
Psocodea, however, is a fully accepted clade, even if the
two orders included have been proposed to be mutually
paraphyletic [96,105].
In our results, even using the AA-BI-CAT, which

seemed to eliminate LBA artefacts for other clades, the
basal Paraneoptera relationships were in contradiction
with the generally accepted hypotheses. Psocodea was not
monophyletic because Thysanoptera was recovered as the
closest to Phthiraptera, and consequently Condylognatha
is not supported. In fact, Thrips imaginis and the Phthir-
aptera genomes, were recovered as sister with high sup-
port in most of the methods tested. This result, although

unexpected, cannot be readily dismissed as wrong and
deserves more scrutiny (see for example [106]).

Eumetabola: Assessing the limits of the
mitogenomic data
To try to understand what are the informative limits of the
insect mitochondrial genomes, we raised the global diver-
gence in our dataset by joining Paraneoptera and Holome-
tabola genomes. With ML-AA and BI-DNA, all long
branches grouped, a result obviously produced by LBA.
Although resolution improved when the BI-AA-CAT was
used, this method was not able to deal with the increased
divergence and the result was not satisfactory (Figure 4). A
tree with similar problems resulted when using the model
CAT-BP, optimized to reduce the effects of compositional
heterogeneity. Mainly, the hymenopterans remained
within the long-branched cluster, although successfully
including the short-branched Hymenoptera Perga condei
with their relatives. Generally, although some signal was
detected, this must be lower than the noise and consider-
able systematically erroneous relationships were recovered.
Given the observed inconsistencies when the diver-

gence is increased in insects, we should question the uti-
lity of the Arthropoda mitogenomes to recover supra-
ordinal phylogenetic information because of mutational
saturation, at least with the current methodological
offer.
Mitogenomic data have been used to successfully

address several phylogenetic questions within mammals
[107,108] and birds [53]. In both cases, however, rela-
tionships at the root level were not fully resolved, like
the basal relationships between paleognaths and neog-
naths in birds, and Theria (marsupials plus placentals)
versus Marsupionta (monotremes plus marsupials)
hypotheses in mammals. In an ecdysozoan mito-
genomics study testing the affinities of the three Panar-
thropoda phyla and the Mandibulata vs. Myriochelata
hypothesis, Rota-Stabelli et al (2010) [60] also described
difficulties caused by LBA. They obtained reasonable
results only by removing rapidly evolving lineages and
appyling the CAT model. Within Arthropoda, Nardi et
al (2003) [22] presented an unexpected result based on
a mitogenomic phylogeny: the paraphyly of the hexa-
pods. They found crustaceans as sister to Insecta, and
Collembola as sister to both. This result was discarded
by Delsuc et al (2003) [23], who tried to avoid saturation
and composition heterogeneity by recoding nucleotides
as purines (R) and pyrimidines (Y), recovering then a
monophyletic Hexapoda. Later, Cameron et al (2004)
[21] performed a detailed battery of analysis including
the major arthropod groups to test the hexapod mono-
phyly. They removed hymenopteran and paraneopteran
genomes from the analysis due to their extreme diver-
gences. Even so, they could not obtain a conclusion
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about the relationships due to the strong topological
instability of the trees.
Cook et al (2005) [24] assessed the same question con-

cluding that Crustacea and Hexapoda were mutually
paraphyletic, although not including unstable lineages
like Hymenoptera, the wallaby louse (Heterodoxus macro-
pus) and others with long branches. Removing some
important lineages, may strongly affect the general topol-
ogy and the inferred evolutionary history. Carapelli et al
(2007) [25] obtained the same conclusions by Cook et al
(2005) [24] when including several additional genomes in
the analysis and using a new model of amino acid repla-
cement for Pancustracea, MtPan. They presented two
large phylogenies based on DNA and protein alignments
that supported a non-monophyletic Hexapoda, both
obtaining a higher likelihood score under MtPan than
when using MtArt or MtRev. However Carapelli et al did
not test as many strategies and combinations like others
did, in which case they would have probably arrived to
similar contradicting conclusions. Some of the relation-
ships within the Insecta they recovered were in strong
disagreement with previous morphological and molecular

evidence. For example: 1) They recovered a supported
association between Strepsiptera and the Crustacean
Armillifer armillatus (Pentastomida), two problematic
yet clearly not related organisms sharing exceptional
rates of evolution. 2) Diptera was included in the poly-
neopteran insect lineage when using BI-DNA and as an
independent lineage from all the rest of the Insecta class
when using BI-AA with MtPan model. 3) The positions
of the orthropterans Gryllotalpa orientalis and Locusta
migratoria remained unclear in their analysis. 4) The ple-
copteran Pteronarcys was recovered outside the poly-
neopterans, clustering with the Diptera. All of these cases
were strongly supported by Bayesian posterior probabil-
ities, but it is known that biases in deep phylogenies
might increase supports of incorrect relationships. They
attributed the non-monophyletic clade of Holometabola
to a biased sampling, lacking orders like Mecoptera,
Siphonaptera, Trichoptera or Neuroptera, but once more
they removed the Hymenoptera from the analyses. Tim-
mermans et al (2007) [26] re-evaluated the Collembola
position using ribosomal protein gene sequences, which
resulted in the supported monophyly of Hexapoda for all

Figure 4 Eumetabola phylogeny. Eumetabola phylogeny obtained using BI-AA-CAT (3288 positions). Values at nodes show posterior
probabilities and scale bar represents substitutions/site.
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methodologies used (MP, ML and BI). They also found
the inconsistency between nuclear and mitochondrial
data when analyzing pancustracean relationships and
clearly claimed that “caution is needed when applying
mitochondrial markers in deep phylogeny”.
The limitations of the mitochondrial genome as phylo-

genetic marker were already pointed out by Curole and
Kocher (1999) [109], when an increasing number of
mitogenomes were sequenced and resulting phylogenies
conflicted with morphological and nuclear hypotheses in
the deep relationships of tetrapods and arthropods, as
well as in mammals [110]. Within Insecta, more than one
hundred mitogenomes are available now in GenBank/
DDBJ/EMBL and they have been used to successfully
resolve intra-ordinal relationships, such as in Diptera
[28], Hymenoptera [29], Orthoptera [30] and Nepomor-
pha (Heteroptera) [31]. We report the difficulties to work
on inter-ordinal relationships within Insecta, although
showing that they can be generally avoided by using the
BI-AA under the site-heterogeneous mixture model
(CAT). However, we conclude that divergences in mito-
chondrial sequences above super-order levels represent
an insurmountable problem for current methods. This
result is at least valid for Arthropoda mitochondrial gen-
omes, but difficult to extrapolate to other groups of
organisms. We must remember some exceptional charac-
teristics of the Insecta and Arthropoda in general, like
high AT-content, the parasitic life-styles present in some
groups or explosive radiation events in others. It is thus
possible that a more relaxed evolutionary process in
other metazoans allows for slightly deeper studies, and
the limits of each dataset should be independently
assessed.

Mitochondrial single genes reliability
Gene exclusion is one of the commonly used strategies to
improve phylogenies and we tried to better understand
the contribution of each mitochondrial gene to the phylo-
geny. Indeed, we found important variability in the phylo-
genetic signal of the different genes (Table 1). Five of the
thirteen genes were especially informative in the topology
resolution: cox1, nad1, cytb, nad2 and nad4. On the con-
trary atp6, atp8, cox2, cox3 and nad4L datasets produced
the most different topologies. According to scale-factor
values, nad1, nad3, nad4, nad5 and atp6 were the genes
with a global divergence closest to the whole mitochon-
drial genome. nad2, nad6, cox1, atp8 and cytb were the
outliers in this case, giving the most deviated values. For
both parameters, only nad1 and nad4 were among the
best genes. Interestingly, some of the genes, for example
cox1, performed very well regarding topology, but strongly
deviated in divergence. The opposite applies to atp6. The
unusually fast substitution rate of cox1 compared to the
mitochondrial mean (scale-factor = 2.0732) should be

highlighted because this is the most common mitochon-
drial marker in single gene studies of insects and it is
broadly used to infer molecular clocks in evolutionary
time-based studies. According to this result, cox1 seems to
be a highly variable gene in insects, which makes it very
suitable for the study of recent relationships and for DNA
barcoding studies of this group of organisms.
Considering topology resolution as a priority in systema-

tic studies, we selected the five best-scored genes for
further comparisons with the whole genome. The phylo-
geny that resulted from their combined use reproduced a
very similar topology to that of the entire dataset in several
cases (Table 2). Thus, the resolution of the five gene com-
binations is comparable to that of a full genome, a result
that could be explained by the inclusion of noise by the
less informative genes. In conclusion, we suggest that the
use of a selection of the most suitable genes is a valid (and
simpler) strategy that produces results equivalent to the
use of the entire genome. In order to apply this strategy in
insect mitochondrial studies, we identify cox1, nad1, cytb,
nad2 and nad4 as the best genes for topology, and nad1,
nad3, nad4, nad5 and atp6 for branch lengths. We
emphasize the importance of deciding what aspect of the
mitogenome we want to estimate using a subset of genes,
whether topology or branch length, because some of these
genes (notoriously cox1) perform very well in one regard
and poorly in the other.

Conclusions
Although several innovative phylogenetic methods have
been developed to improve mitochondrial phylogenetic
trees in some groups of organisms, results have been
controversial in insects, leading to different conclusions
that most often disagree with more generally accepted

Table 1 Scale-factor and Robinson-Foulds distances for
individual mitochondrial genes

Scale-factor Robinson-Foulds

nad1 1.1089 4

nad2 0.7142 5

nad3 0.9596 7

nad4 0.9771 6

nad5 0.9095 8

nad6 0.7075 8

nad4L 0.7822 10

cox1 2.0732 2

cox2 0.8565 8

cox3 1.1510 8

atp6 1.0279 9

atp8 0.6826 11

cytb 1.3414 4

The best values for each parameter and the five best-scored genes for
Robinson-Foulds are highlighted in bold.
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relationships obtained from nuclear and morphological
data. Thus, insects constitute a perfect model to test dif-
ferent methodologies and to better understand phyloge-
netic inference behaviour. Here we tested a battery of
those strategies with three datasets of complete mito-
chondrial genomes of Insecta, including problematic taxa
usually excluded from the analyses, and we compared the
results with the current nuclear and morphological state
of knowledge. The results suggested that the use of
amino acid sequences instead of DNA is more appro-
priated at the inter-ordinal level and that the use of the
site-heterogeneous mixture model (CAT) under a Baye-
sian framework, currently implemented in the software
PhyloBayes, substantially avoids LBA artefacts. We show
that inferring phylogenies above the super-order level
constitutes the limit of the phylogenetic signal contained
in insect mitochondrial genomes for currently available
phylogenetic methods. For many of the relationships stu-
died, we demonstrate for the first time that, with the
proper methodology, mitochondrial data supports the
most generally accepted hypotheses based on nuclear and
morphological data. Thus, we confirm the non-mono-
phyly of Homoptera within Paraneoptera, and recover
Strepsiptera as a sister order to Coleoptera. In the basal
splitting events in Holometabola we recover the Hyme-
noptera-Mecopterida association, and Coleoptera +
Strepsiptera form a clade sister to the rest of Holometa-
bola, which coincides with one of the two most accepted
hypotheses. Recovered basal relationships in Paraneop-
tera differ from the currently accepted hypothesis in the
position of Phthiraptera, which is recovered as sister to
Thysanoptera, resulting in a paraphyletic Psocodea. By
comparing single-gene to whole genome tree topologies,
we select the five genes best performing for deep Insect
phylogenetic inference. The combined used of these five
genes (cox1, nad1, cytb, nad2 and nad4) produces results
comparable to those of mitogenomes, and we recom-
mend the prioritary use of these markers in future
studies.

Methods
Alignments
A total of 55 complete or almost complete Eumetabola
mitochondrial genomes (17 of Paraneoptera and 38 of
Holometabola) were downloaded from GenBank (Addi-
tional file 1: Table S1). Analyses were conducted using 3
datasets; 1) Holometabola, 2) Paraneoptera and 3) Eume-
tabola (Paraneoptera + Holometabola) in order to assess
phylogenetic behaviour in a higher divergence level.
Every gene was translated to protein according to the

arthropod mitochondrial genetic code and individually
aligned using Mafft 5.861 [111]. To produce the DNA
alignments, gaps generated in the protein alignment
were transferred to the non-aligned DNA sequences
using PutGaps software [112]. The resulting DNA and
protein alignments for each gene were concatenated
after removing problematic regions using Gblocks 0.91
[113] under a relaxed approach [15] with the next set of
parameters: “Minimum Number Of Sequences For A
Conserved Position” = 9, “Minimum Number Of
Sequences For A Flank Position” = 13, “Maximum
Number Of Contiguous Nonconserved Positions” = 8,
“Minimum Lenght Of A Block” = 10, “Allowed Gap
Positions” = “With Half”, and the kind of data was “by
codons” for DNA and “Protein” for the aminoacids.
tRNA and rRNA sequences were individually aligned

using ProbconsRNA 1.1 [114] and ambiguously aligned
regions removed with Gblocks with the same parameters
used for DNA. For the Paraneoptera dataset, both tRNA-
Leu sequences from Aleurodicus dugesii were removed
because they were extremely long in comparison to the
rest and affected the alignment mechanism. For the
Holometabola dataset, the large subunit ribosomal RNA
sequence from Anophophora glabripennis, the tRNA-Met
from Ostrinia nubilalis and Ostrinia furnacalis, and the
tRNA-Trp from Cysitomia duplonata were unusually
short and were not included. All these fragments were
excluded from the Eumetabola dataset as well. Sequences
were concatenated, and gaps were used instead of the
removed RNAs and the few lacking coding genes.

Strategies for phylogenetic analysis
We tested several strategies for phylogenetic analyses on
the three datasets. These differed in the phylogenetic
algorithm, the treatment of saturation, and the use of dif-
ferent models of replacement: 1) Maximum likelihood on
protein alignments under the MtRev and MtArt models
(ML-AA); 2) Maximum likelihood on protein alignments
under Empirical profile mixture models (20 and 60 pro-
files) (ML-AA-CAT) [38,115] 3) Bayesian inference on
protein alignments under the MtRev model; 4) Bayesian
inference on DNA alignments including only first and
second codon positions for the 13 coding genes under
the GTR+I+G model (BI-DNA); 5) Bayesian inference on

Table 2 Scale-factor and Robinson-Foulds distance when
comparing five concatenated genes versus whole
genome in different datasets

Scale-factor Robinson-Foulds

Paraneoptera 1.19471 1

Paraneoptera
(long-branched taxa excluded)

1.03562 1

Holometabola 1.26578 7

Holometabola
(long-branched taxa excluded)

0.58196 2

Eumetabola 0.79679 13

Eumetabola
(long-branched taxa excluded)

1.10733 4
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DNA alignments including first and second codon posi-
tions of the 13 coding genes, plus 22 tRNA and 2 rRNA
[35] and under the GTR+I+G model; 6) Bayesian infer-
ence with a site specific rate model for all DNA + RNA
positions [35] 7) Bayesian inference under the CAT
model on DNA alignments including only first and sec-
ond codon positions of the 13 coding genes; 8) Bayesian
inference under the CAT model of protein alignments
from the 13 coding genes (BI-AA-CAT) (Additional file
1: Table S2).
For maximum likelihood analyses, the software PhyML

2.4.4 [116] with the empirical MtRev model and six
gamma rate categories was used. PhyML-CAT applying
mixture models (C20 and C60) [115] was used when test-
ing an alternative to empirical rate matrices in ML. For
Bayesian inference, we used MrBayes v. 3.1.2 [117] and
PhyloBayes 2.3 [38]. For MrBayes calculations in DNA
alignments we used two partitions (first and second posi-
tion of every codon), the GTR+I+G model, and four
chains of 5.000.000 trees, sampling every 5000 generations.
When including coding genes + tRNA + rRNA, sequences
were partitioned in three independent partitions, one for
each sequence type. For MrBayes analyses on protein
alignments we used the MtRev model and four chains of
1.000.000 trees, sampling every 1000 generations, and
applied a burn-in of 10% generations. For PhyloBayes ana-
lyses we used the site-heterogeneous mixture model CAT
model for aminoacid sequences and the GTR-CAT model
for the nucleotide sequences, and we run two independent
chains of 5000 cycles, removing the first 1000 and sam-
pling one point every five. For the site-specific rate model,
characters were divided into six discrete rate categories
using TreePuzzle [118] and partitioned in MrBayes from
fastest to slowest, following a similar approach than in
Kjer & Honeycutt [35]. Convergence of independent runs
was checked with the software Tracer v1.4.
For the whole Eumetabola dataset, the CAT-BP model

was tested, using the software nhPhylobayes v.023
[119,120]. This model is supposed to better account for
amino-acid compositional heterogeneity, because it allows
breakpoints along the branches of the phylogeny at which
the amino acid composition can change. The number of
components in the mixture were fixed to 120, according
to the previous CAT-based phylogeny for Eumetabola.
Four independent chains were run, and only two of them
converged after highly demanding computation. Taking
every tenth sampled tree, a 50% majority rule conseus tree
was computed using the converged chains.
To statistically compare the CAT model with the star-

dard site-homogeneus models, cross validation statistics
with PhyloBayes 3.3b were performed between the amino
acid models (MtRev and CAT), as described in Philippe
et al (2011) [121].

Mitochondrial single genes reliability
In order to explore the contribution of each individual
gene to the concatenated tree, 13 single-gene phylogenies
from the Paraneoptera dataset were reconstructed with
BI-DNA excluding third codon positions. We scored
each single-gene resulting phylogeny based on Robinson-
Foulds distances and relative scale-factor values [122]
using the complete mitochondrial tree as reference. The
5 best-scored genes were selected according to Robin-
son-Foulds distances and they were used to infer Para-
neoptera, Holometabola and Eumetabola 5-gene
phylogenies. Again, Robinson-Foulds distances and rela-
tive scale-factor values were calculated. In the same way,
we also tested 5-gene performance when following a
common practice in mitochondrial phylogenies of
insects: the removal of rapidly evolving lineages with
branch lengths deviating from the mean of the reference
tree. To do that, taxa with a divergence to the root of the
tree higher than 0.5 substitutions/position for Paraneop-
tera and Holometabola datasets and higher than 0.6 sub-
stitutions/position for the Eumetabola were removed.
Thus, a total of 6 datasets were scored for the Robinson-
Foulds distance and the scale-factor.

Additional material

Additional file 1: Additional Text, Figures and Tables. a) Table S1. List
of mitochondrial genomes used in the study. b) Table S2. Number of
characters in the final alignments for each phylogenetic reconstruction
method tested. c) Simulations methods. d) Simulations results and
discussion. d) Figure S1. Simulations. e) References.
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Table S1  - List of mitochondrial genomes used in this study 
Organism GenBank Code Taxonomical group 
Holometabola   
Drosophila simulans NC_005781.1 Diptera 
Drosophila sechellia NC_005780.1 Diptera 
Drosophila mauritiana NC_005779.1 Diptera 
Drosophila melanogaster NC_001709.1 Diptera 
Drosophila yakuba NC_001322.1 Diptera 
Chrysomya putoria AF352790.1 Diptera 
Cochliomyia hominivorax NC_002660.1 Diptera 
Haematobia irritans NC_007102.1 Diptera 
Dermatobia hominis NC_006378.1 Diptera 
Bactrocera dorsalis NC_008748.1 Diptera 
Bactrocera oleae NC_005333.1 Diptera 
Ceratitis capitata NC_000857.1 Diptera 
Simosyrphus grandicornis NC_008754.1 Diptera 
Tricophtalma punctata NC_008755.1 Diptera 
Cydistomyia duplonata NC_008756.1 Diptera 
Anopheles gambiae NC_002084.1 Diptera 
Anopheles quadrimaculatus NC_000875.1 Diptera 
Aedes albopictus NC_006817.1 Diptera 
Bombyx mandarina NC_003395.1 Lepidoptera 
Bombyx mori NC_002355.1 Lepidoptera 
Antheraea pernyi AY242996.1 Lepidoptera 
Coreana raphaelis DQ102703.1 Lepidoptera 
Ostrinia furnacalis NC_003368.1 Lepidoptera 
Ostrinia nubilalis NC_003367.1 Lepidoptera 
Adoxophyes honmai DQ073916.1 Lepidoptera 
Bombus ignitus DQ870926.1 Hymenoptera 
Melipona bicolor NC_004529.1 Hymenoptera 
Apis mellifera NC_001566.1 Hymenoptera 
Vanhornia eucnemidarum NC_008323.1 Hymenoptera 
Primeuchroeus sp. DQ302102.1 

DQ302101.1 
Hymenoptera 

Perga condei AY787816.1 Hymenoptera 
Anoplophora glabripennis NC_008221 Coleoptera 
Crioceris duodecimpunctata NC_003372.1 Coleoptera 
Tribolium castaneum NC_003081.1 Coleoptera 
Rhagophthalmus lufengensis DQ888607.1 Coleoptera 
Rhagophthalmus ohbai AB267275.1 Coleoptera 
Pyrocoelia rufa NC_003970.1 Coleoptera 



Xenos vesparum DQ364229.1 Strepsiptera 
Paraneoptera   
Neomaskellia andropogonis NC_006159.1 Hemiptera 
Vasdavidius concursus AY648941.2 Hemiptera 
Aleurochiton aceris NC_006160.1 Hemiptera 
Bemisia tabaci NC_006279.1 Hemiptera 
Tetraleurodes acaciae NC_006292.1 Hemiptera 
Trialeurodes vaporariorum NC_006280.1 Hemiptera 
Aleurodicus dugesii NC_005939.1 Hemiptera 
Daktulosphaira vitifoliae DQ021446.1 Hemiptera 
Schizaphis graminum NC_006158.1 Hemiptera 
Pachypsylla venusta AY278317.1 Hemiptera 
Philaenus spumarius AY630340.1 Hemiptera 
Homalodisca coagulata AY875213.1 Hemiptera 
Triatoma dimidiata NC_002609.1 Hemiptera 
Heterodoxus macropus NC_002651.1 Phthiraptera 
Campanulotes bidentatus NC_007884.1 Phthiraptera 
Thrips imaginis NC_004371.1 Thysanoptera 
Lepidopsocid RS-2001 NC_004816.1 Psocoptera 

 
 

Table S2  - Number of characters in the final alignments for each phylogenetic 

reconstruction method tested. Resulting trees shown in figures 2-4 are indicated. 
 Paraneoptera Holometabola Eumetabola 

ML (Protein) 2731 (Fig.3) 3501 (Fig.2) 3288 
BI (Protein) 2731 3501 3288 
BI (DNA 1st and 2nd position) 7010 7368 7232 
BI (DNA 1st and 2nd position + RNA) 9536 (Fig.3) 10202 (Fig.2) 9548 
BI (DNA + RNA) - Site specific rate model  13068 13889 - 
BI (DNA 1st and 2nd position) - CAT model  7010 7368 7232 
BI (Protein) - CAT model  2731 (Fig.3) 3501 (Fig.2) 3288 (Fig.4) 
 
 

Simulations methods 

We compared the efficiency of the protein-based phylogenetic reconstruction strategies 

using simulations. We performed simulated protein alignments with 1000 amino acid 

positions conducted along a reference phylogenetic tree with eight tips, with a global 

divergence equivalent to the Holometabola BI-DNA tree. In order to imitate possible 

LBA effects, two unrelated branches were forced to be six times longer than the average 

length of the rest (in the Holometabola BI-DNA tree the longest branches were four times 

bigger). One hundred simulations were performed using Seq-Gen [1] with six categories 

of rate heterogeneity (alfa = 0.872) and the MtRev evolutionary model. From these 

simulations, maximum likelihood trees with six categories of rate heterogeneity were 



inferred with Phyml 2.4.4, Bayesian inference with Mr.Bayes 3.1.2 and MtRev model, 

and PhyloBayes 2.3 under the CAT model. After that, we calculated the scale-factor, a 

relative value for comparing branch lengths between two trees, and the Robinson-Foulds 

distance, which calculates the topological differences between two trees, using Ktreedist 

1.0 software [2] from each resulting tree versus the reference tree used to conduct the 

simulations. 

 

Simulations results and discussion 

Simulations were performed to confirm the ability of the CAT model to suppress the 

LBA bias compared to ML-AA and BI-DNA. We created two unrelated long branches in 

a tree with eight terminals with a similar divergence to the Holometabola dataset, and 

also exaggerated this divergence 2 and 3 times. The general tendency of the simulation 

test results was the same than the one observed in real data. For the three divergence 

levels explored, BI-AA-CAT produced the lowest percentage of trees grouping the two 

long branches as sister taxa. In divergence x1, BI-CAT did not group the long branches in 

any of the simulations (0%), while we obtained a 9% for ML-AA and a 10% for BI-

DNA. For divergence x2, long branches were grouped together in 3% of the cases for BI-

AA-CAT, 12% for ML-AA and 26% for BI-DNA. Finally for divergence x3, the values 

increased to 10% for BI-AA-CAT, 34% for ML-AA and 38 % for BI-DNA. These 

percentages do not evaluate intermediate LBA effects, where both branches might be 

closer than they should, but not strictly sisters. To evaluate the topological differences 

between the simulated trees and the reference topology, presumably a product of LBA, 

we calculated Robinson-Foulds distances and calculated the average of the 100 

simulations for each divergence type and method. This revealed again the better 

performance of BI-AA-CAT, which obtained the lowest values, followed by ML-AA and 

BI-DNA respectively (Figure S1). A better performance of the amino acid sequences 

versus DNA was also reflected in these results, and their use together with a site-

heterogeneous mixture model under a Bayesian framework is the suggested combination 

to avoid LBA artefacts. 

 



 

 

 

 

 

 

 

 

 

 

Figure S1  - Simulations 

A) Average Robinson-Foulds distances relative to the reference tree calculated with ML - 

protein sequences (dotted line with squared symbols), BI - DNA excluding third codon 

positions (dashed line with cross symbols) and BI - protein with CAT model (solid line 

with diamonds) for three different tree divergences. B) Reference tree (divergence x1) 

used to conduct simulations. Scale bar represents 0.2 substitutions/site. 
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Abstract

Most taxonomists agree on the need to adapt current classifications to recognize monophyletic units. However, delineations
between higher taxonomic units can be based on the relative ages of different lineages and ⁄or the level of morphological
differentiation. In this paper, we address these issues in considering the species-rich Polyommatus section, a group of butterflies
whose taxonomy has been highly controversial. We propose a taxonomy-friendly, flexible temporal scheme for higher-level
classification. Using molecular data from nine markers (6666 bp) for 104 representatives of the Polyommatus section, representing
all but two of the 81 described genera ⁄ subgenera and five outgroups, we obtained a complete and well resolved phylogeny for this
clade. We use this to revise the systematics of the Polyommatus blues, and to define criteria that best accommodate the described
genera within a phylogenetic framework. First, we normalize the concept of section (Polyommatus) and propose the use of subtribe
(Polyommatina) instead. To preserve taxonomic stability and traditionally recognized taxa, we designate an age interval (4–5 Myr)
instead of a fixed minimum age to define genera. The application of these criteria results in the retention of 31 genera of the 81
formally described generic names, and necessitates the description of one new genus (Rueckbeilia gen. nov.). We note that while
classifications should be based on phylogenetic data, applying a rigid universal scheme is rarely feasible. Ideally, taxon age limits
should be applied according to the particularities and pre-existing taxonomy of each group. We demonstrate that the concept of a
morphological gap may be misleading at the genus level and can produce polyphyletic genera, and we propose that recognition of
the existence of cryptic genera may be useful in taxonomy.
� The Willi Hennig Society 2012

Despite current progress in morphological and molec-
ular studies of ‘‘Blue’’ butterflies, subfamily Polyom-
matinae (Forster, 1936, 1938; Stempffer, 1937,
Stempffer, 1967; Nabokov, 1945; Eliot, 1973; Als et al.,
2004; Zhdanko, 2004; Stekolnikov and Kuznetzov,
2005; Wiemers et al., 2009; Stekolnikov, 2010), their
higher-level systematics remain controversial. Eliot
(1973) divided this subfamily into four tribes: Lycae-

nesthini, Candalidini, Niphandini and Polyommatini
(Table 1). Among these tribes, the Polyommatini is the
most diverse and arguably one of the most systemati-
cally difficult groups of butterflies, as stated by Eliot
himself: ‘‘I have to admit complete failure in my efforts
to subdivide it into natural groups, simply organizing it
into 30 sections’’ (Eliot, 1973). His division of Poly-
ommatini into sections has nevertheless been widely
accepted by the scientific community (Hirowatari, 1992;
Mattoni and Fiedler, 1993; Bálint and Johnson, 1994,
1995, 1997; Io, 1998; Pratt et al., 2006; Robbins and
Duarte, 2006). Some entomologists prefer considering
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Table 1
Polyommatinae classification according to Eliot (1973)

Tribe Section Genera

Lycaenesthini Lycaenesthes Moore, 1866; Anthene Doubleday, 1847;
Cupidesthes Aurivillius,
1895; Neurypexina Bethune-Baker, 1910;
Neurellipes Bethune-Baker 1910;
Monile Ungemach, 1932; Triclema Karsch, 1893

Candalidini Candalides Hübner, 1819; Erina Swainson, 1833
(= Holochila C. Felder, 1862);
Cyprotides Tite, 1963; Microscena Tite, 1963;
Adaluma Tindale, 1922; Nesolycaena
Waterhouse & Lyell, 1905; Zetona Waterhouse, 1938;
Holochila sensu auctt. nec C. Felder

Niphandini Niphanda Moore, 1875
Polyommatini

Cupidopsis Cupidopsis Karsch, 1895
Una Una de Nicéville, 1890; Orthomiella de Nicéville, 1890
Petrelaea Petrelaea Toxopeus, 1929; Pseudonacaduba

Stempffer, 1943
Nacaduba Nacaduba Moore, 1881; Prosotas H. H. Druce, 1891;

Ionolyce Toxopeus, 1929;
Catopyrops Toxopeus, 1929; Erysichton Fruhstorfer,
1916; Paraduba Bethune-Baker,
1906; Neolucia Waterhouse & Turner, 1905; Hypojamides
Riley, 1929

Theclinesthes Theclinesthes Röber, 1891;
Thaumaina Bethune-Baker, 1908;
Utica Hewitson, 1865, invalid, praeocc.

Upolampes Upolampes Bethune-Baker, 1908; Caleta Fruhstorfer,
1922; Pycnophallium Toxopeus, 1929;
Discolampa Toxopeus, 1929 (= Ethion Shirozu &
Saigusa, 1962); Pistoria Hemming, 1964
(= Mambara Bethune-Baker, 1908, praeocc.)

Danis Danis Fabricius, 1807 (= Thysonotis Hübner, 1819;
Hadothera Billberg, 1820; Damis Boisduval,
1832); Psychonotis Toxopeus, 1930; Epimastidia
H. H. Druce, 1891

Jamides Jamides Hübner, 1819; Pepliphorus Hübner, 1819
(= Peplodyta Toxopeus, 1929)

Catochrysops Catochrysops Boisduval, 1832; Rysops Eliot, 1973
Lampides Lampides Hübner, 1819 (= Cosmolyce Toxopeus, 1927;

Lampidella Hemming, 1933)
Callictita Callictita Bethune-Baker, 1908
Uranothauma Uranothauma Butler, 1895
Phlyaria Phylaria Karsch, 1895
Cacyreus Cacyreus Butler, 1898 (= Hyreus Hübner, 1819, praeocc.);

Harpendyreus Heron, 1909
Leptotes Leptotes Scudder, 1876; Syntarucoides

Kaye, 1904; Cyclyrius Butler, 1897; Syntarucus Butler,
1900 (= Langia Tutt, 1906, praeocc.)

Castalius Castalius Hübner, 1819; Tarucus Moore, 1881
Zintha Zintha Eliot, 1973
Zizeeria Zizeeria Chapman, 1910; Zizina Chapman, 1910;

Pseudozizeeria Beuret, 1955
Famegana Famegana Eliot, 1973
Actizera Actizera Chapman, 1910
Zizula Zizula Chapman, 1910
Brephidium Brephidium Scudder, 1876; Oraidium Bethune-Baker, 1914
Everes Everes Hübner, 1819 (= Ununcula van Eecke, 1915);

Cupido Schrank, 1801 (= Zizera
Moore, 1881); Tiora Evans, 1912; Bothrinia
Chapman, 1909 (= Bothria Chapman, 1908,
praeocc.); Tongeia Tutt, 1908; Shijimia Matsumura,
1919; Talicada Moore, 1881; Binghamia Tutt, 1908

2 G. Talavera et al. / Cladistics (2012) 1–27



these sections, including the Polyommatus section, as
tribes (Higgins, 1975; Zhdanko, 1983). Thus the Poly-
ommatus section sensu Eliot, 1973 is equivalent to
Polyommatini sensu Higgins, 1975.

The Polyommatus section is the most species-rich
group within the blue butterflies, including about 460
species. It is generally cosmopolitan, but with most
genera and species restricted to the Palearctic, Neotrop-

ical and Nearctic regions. Of a total of ca. 340–350
Palearctic species, ca. 130 belong to the monophyletic
Agrodiaetus. About 20 species occur in North America
(Opler and Warren, 2004) and at least 91 in the
Neotropics (Lamas, 2004). Explosive chromosome evo-
lution has evolved independently in at least three
separate lineages, Agrodaietus, Lysandra and Plebicula
(Kandul et al., 2004). Some lineages (e.g. Polyommatus

Table 1
(Contiuned)

Tribe Section Genera

Pithecops Pithecops Horsfield, 1828; Eupsychellus Röber, 1891
Azanus Azanus Moore, 1881
Eicochrysops Eicochrysops Bethune-Baker, 1924
Lycaenopsis Lycaenopsis C. & R. Felder, 1865; Neopithecops Distant, 1884; Parapithecops Moore, 1884;

Megisba Moore, 1881; Pathalia
Moore, 1884; Arletta Hemming, 1935 (= Moorea
Toxopeus, 1927, praeocc.); Celastrina
Tutt, 1906; Notarthrinus Chapman, 1908; Acytolepis
Toxopeus, 1927; Oreolyce Toxopeus, 1927;
Monodontides Toxopeus, 1927; Akasinula Toxopeus, 1928; Ptox Toxopeus,
1928; Udara Toxopeus, 1928; Rhinelephas Toxopeus, 1928;
Uranobothria Toxopeus, 1928; Parelodina Bethune-Baker,
1904; Vaga Zimmerman, 1958;
Papua Röber, 1892, invalid, praeocc.; Cyanirioides
Matsumura, 1919, invalid, praeocc.

Glaucopsyche Glaucopsyche Scudder, 1872; Phaedrotes Scudder, 1876;
Scolitantides Hübner, 1819;
Apelles Hemming, 1931; Philotes Scudder, 1876; Turanana Bethune-Baker, 1916
(= Turania Bethune-Baker, 1914, praeocc.);
Palaeophilotes Forster, 1938;
Praephilotes Forster, 1938; Pseudophilotes Beuret, 1955; Shijimiaeoides Beuret, 1955;
Sinia Forster, 1949; Iolana Bethune-Baker, 1914; Maculinea van Eecke, 1915; Caerulea
Forster, 1938; Phengaris Doherty, 1881

Euchrysops Euchrysops Butler, 1900; Lepidochrysops Hedicke, 1923
(= Neochrysops Bethune-Baker,
1923, praeocc.); Thermoniphas Karsch, 1895; Oboronia
Karsch, 1893; Athysanota Karsch, 1895

Polyommatus Polyommatus Latreille, 1804; Plebejus Kluk, 1802;
Lycaeides Hübner, 1819; Cyaniris
Dalman, 1816; Nomiades Hübner, 1819; Aricia
R. L., 1817 (= Gynomorphia Verity, 1929);
Pseudoaricia Beuret, 1959; Kretania Beuret, 1959;
Ultraaricia Beuret, 1959; Agriades Hübner,
1819; Vacciniina Tutt, 1909; Albulina Tutt, 1909;
Bryna Evans, 1912; Meleageria Sagarra, 1925;
Agrodiaetus Hübner, 1822 (= Hirsutina Tutt, 1909);
Lysandra Hemming, 1933 (= Uranops
Hemming, 1929, praeocc.); Plebicula Higgins, 1969;
Eumedonia Forster, 1938; Plebulina
Nabokov, 1944; Icaricia Nabokov, 1944; Chilades
Moore, 1881; Edales Swinhoe, 1910;
Luthrodes H. H. Druce, 1895; Freyeria Courvoisier,
1920; Hemiargus Hübner, 1818;
Itylos Draudt, 1921; Pseudochrysops Nabokov,
1945; Cyclargus Nabokov, 1945;
Echinargus Nabokov, 1945; Pseudolucia Nabokov,
1945; Paralycaeides Nabokov, 1945;
Nabokovia Hemming, 1960 (= Pseudothecla Nabokov,
1945; praeocc.); Parachilades
Nabokov, 1945
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s.s. and Agrodiaetus) have extremely high rates of
diversification, resulting in numerous species in these
lineages despite their young age (Kandul et al., 2004,
2007). In fact, Agrodiaetus displays one of the highest
known diversification rates in the animal kingdom
(Coyne and Orr, 2004). Homoploid hybrid speciation
(considered to be rare in animals) has been hypothesized
in the genus Plebejus (Gompert et al., 2006). The group
displays an interesting pattern of wing colour evolution,
including multiple independent cases of discoloration, a
change in colour from blue to brown (Bálint and
Johnson, 1997) and rapid colour changes that may
reflect reinforcement (Lukhtanov et al., 2005) or eco-
logical adaptation (Biro et al., 2003). Studies of the
biology of these butterflies have focused on evolutionary
processes (Krauss et al., 2004; Lukhtanov et al., 2005;
Gompert et al., 2006; Kuhne and Schmitt, 2010; Lu-
khtanov, 2010), ecology (Vandewoestijne et al., 2008;
Rusterholz and Erhardt, 2000), biogeography (Mensi
et al., 1988; Schmitt et al., 2003; Schmitt, 2007; Vila
et al., 2011), conservation (Brereton et al., 2008; Vila
et al., 2010), cytogenetics (White, 1973; Lukhtanov and
Dantchenko, 2002; Kandul et al., 2007; Vershinina and
Lukhtanov, 2010), ecological physiology (Goverde
et al., 2008), physiology and genetics of colour vision
(Sison-Mangus et al., 2008), climate change (Carroll
et al., 2009) and symbiosis (Pierce et al., 2002; Trager
and Daniels, 2009).

A robust phylogenetic framework is fundamental for
the advancement of these fields of research. Several
modifications have been suggested to the tentative
classification proposed by Eliot in 1973 (Bálint and
Johnson, 1997; Zhdanko, 2004; Stekolnikov, 2010), but
no comprehensive revision has been published so far.

The systematics of the section are especially prob-
lematic at the genus level. As many as 81 genera have
been described within the section, but their morpho-
logical delineations are generally unclear and a wide
array of taxonomic combinations are currently in use.
Two extreme approaches exist: lumpers and splitters.
The lumpers include the maximum number of species
in one or a few genera. Examples include the mono-
graphs by Scott (1986) and by Gorbunov (2001), where
nearly all the Holarctic species of the Polyommatus
section are lumped into a single large genus (Plebejus).
Splitters recognize numerous genera, with a genus
described for every small species group. This approach
has been a common practice for the Polyommatus
section since the work of Forster (1938). The main
consequence of the taxonomy of both lumpers and
splitters is the same in one respect: they generate
unstructured and uninformative classifications that do
not reflect evolutionary relationships between the
members of the section.

For example, some researchers divided the Holarctic
species into three genera: Chilades, Plebejus and Poly-

ommatus (Zhdanko, 1983; Hesselbarth et al., 1995),
whereas others opted for four: Chilades, Plebejus, Aricia
and Polyommatus (Kudrna, 2002). This created confu-
sion as taxa of the Aricia, Eumedonia, Albulina, Agriades
and Vacciniina species groups are sometimes included
within the genus Plebejus (Hesselbarth et al., 1995) and
sometimes within the genus Polyommatus (Zhdanko,
1983).

In the past 10 years, several molecular phylogenies
have been published that focused on particular genera
within the Polyommatus section (e.g. Agrodia-
etus—Wiemers, 2003; Kandul et al., 2004, 2007; Vila
et al., 2010; Polyommatus—Wiemers et al., 2010), or
on more general issues such as biogeography and
evolution (Schmitt et al., 2003; Krauss et al., 2004;
Kuhne and Schmitt, 2010; Vila et al., 2011) and DNA
barcoding (Wiemers and Fiedler, 2007; Lukhtanov
et al., 2009). These studies were based on the analysis
of limited numbers of molecular markers and most
did not contain a representative collection of all the
taxa of the Polyommatus section. Nevertheless,
together these studies showed that most genera are
young and closely related, explaining the controversial
systematics of the group.

A recent seven-marker phylogeny was the first
detailed hypothesis published for relationships in the
Polyommatus section (Vila et al., 2011) with special
attention to New World taxa. This study revealed that
all the Neotropical genera—Pseudolucia, Nabokovia,
Eldoradina, Itylos, Paralycaeides, Hemiargus, Echinar-
gus, Cyclargus and Pseudochrysops—together formed a
well supported monophyletic clade that is sister to the
Old World and Nearctic taxa. The analyses showed that
all Neotropical taxa belong to the Polyommatus section,
thus the hypothesis that the Neotropical group is
polyphyletic and that several taxa belong to other
sections (Bálint and Johnson, 1994, 1995, 1997) was not
supported. Vila et al. (2011) also determined that the
Everes section is sister to the Polyommatus section.
However, this study did not include a complete sampling
for the Old World taxa.

We address here the analysis of phylogenetic rela-
tionships among worldwide taxa of the Polyommatus
section. We use a combination of three mitochondrial
genes and six nuclear markers to infer phylogenetic
relationships between representatives of nearly all gen-
era, subgenera and distinct species groups described
within the section. We discuss principles of taxonomic
classification above the species level (subgenus, genus,
section and subtribe) and propose explicit criteria for
defining genera in this group. We review the importance
of molecular versus morphological data in evaluating
our systematic hypothesis, and propose that the recog-
nition of ‘‘cryptic genera’’ may be a useful concept in
taxonomy. Finally, we rearrange the classification of the
Polyommatus section and propose a new list of genera.
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Materials and methods

Taxon sampling

We used 104 representatives of the Polyommatus
section, including at least one representative of each
described genus ⁄ subgenus for all but two genera that we
were unable to collect (Xinjiangia Huang & Murayama,
1988 and Grumiana Zhdanko, 2004). Four representa-
tives for the Everes and one for the Leptotes sections
were used as outgroups. All specimens used in this study
are listed in Table 2. The samples (bodies in ethanol and
wings in glassine envelopes) are stored in the DNA and
Tissues Collection of the Museum of Comparative
Zoology (Harvard University, Cambridge, MA, USA).

DNA extraction and sequencing

Genomic DNA was extracted from a leg or from a
piece of the abdomen of each specimen using the
DNeasyTM Tissue Kit (Qiagen Inc., Valencia, CA,
USA) and following the manufacturer�s protocols.
Fragments from three mitochondrial genes—cytochrome
oxidase I (COI) + leu-tRNA + cytochrome oxidase II
(COII); and from six nuclear markers—elongation
factor-1 alpha (EF-1a), 28S ribosome unit (28S), histone
H3 (H3), wingless (Wg), carbamoyl-phosphate synthetase
2 ⁄aspartate transcarbamylase ⁄dihydroorotase (CAD) and
internal transcribed spacer 2 (ITS2) were amplified by
polymerase chain reaction and sequenced as described in
Vila et al. (2011). The primers employed are shown in
Table S1 (Appendix S1). The sequences obtained were
submitted to GenBank under accession numbers
JX093196–JX093497 (Table S2, Appendix S1).

Alignment

A molecular matrix was generated for each indepen-
dent marker. All sequences were edited and aligned,
together with those obtained in Vila et al. (2011), using
Geneious 4.8.3 (Biomatters Ltd., 2009). ITS2 sequences
were aligned according to secondary structure using the
ITS2 Database Server (Koetschan et al., 2010), as
described in Schultz and Wolf (2009). The HMM-
Annotator tool (Keller et al., 2009) was used to delimit
and crop the ITS2 margins (E-value < 0.001, metazoan
HMMs), preserving the proximal stems (25 nucleotides
of 5.8S and 28S rDNA). The secondary structure of
ITS2 was predicted by custom homology modelling
using the template structure of Neolysandra coelestina
(MW99013) inferred by Wiemers et al. (2010), and at
least 75% helix transfer was used (ITS2PAM50 matrix;
gap costs: gap open 15, gap extension 2). For the
outgroup taxa in Everes and Leptotes sections, the more
closely related taxa Chilades trochylus MW99425 and
Tarucus theophrastus MW02025 were used, respectively,

as references for secondary structure prediction. For the
few cases with incomplete proximal stem (3¢ end), the
short missing sequence was completed using the equiv-
alent fragment from the template. These additions were
necessary to obtain a correct alignment, and were
removed for the posterior phylogenetic analysis. Se-
quences and secondary structures were aligned synchro-
nously with 4SALE 1.5 (Seibel et al., 2006, 2008) using
an ITS2-specific 12 · 12 scoring matrix.

Regions of the matrix lacking more than 50% of data,
as well as ambiguously aligned regions, were removed
using Gblocks ver. 0.96 under a relaxed criterion with
the following parameters: )b2 = (50% + 1 of the
sequences) )b3 = 3 )b4 = 5 )b5 = all (Castresana,
2000; Talavera and Castresana, 2007). This step was not
applied to the ITS2 alignment. The final combined
alignment consisted of 6666 bp: 2172 bp of COI +
leu-tRNA + COII, 1171 bp of EF-1a, 745 bp of CAD,
811 bp of 28S, 370 bp of Wg, 1069 bp of ITS2, and
328 bp of H3 (see Data S1).

Phylogenetic inference and dating

Maximum parsimony (MP), maximum likelihood
(ML) and Bayesian inference (BI) were employed to
estimate evolutionary relationships within Polyomma-
tina. For MP analysis, the nine markers were concat-
enated in a single matrix and used as an input for the
software PAUP ver. 4.0b10 (Swofford, 2000). Heuristic
searches were performed with TBR branch swapping
and 10 000 random taxon addition replicates, saving no
more than 10 equally parsimonious trees per replicate.
To estimate branch support on the recovered topology,
nonparametric bootstrap values (Felsenstein, 1985)
were assessed with PAUP ver. 4.0b10. One hundred
bootstrap pseudoreplicates were obtained under a
heuristic search with TBR branch swapping with 1000
random taxon addition replicates, saving no more than
10 equally parsimonious trees per replicate. Model-
based approaches were conducted with BEAST ver.
1.6.0 (Drummond and Rambaut, 2007) for BI, and
GARLI-PART ver. 0.97 (Zwickl, 2006) for ML. The
data were partitioned by six markers, considering
COI + leu-tRNA + COII a single evolutionary unit
in the mitochondrial genome. jModeltest ver. 0.118
(Posada, 2008) was executed to select the best-fitting
models for DNA substitution for each marker data set
according to the Akaike information criterion (AIC).
As a result, the HKY model was used for H3, the TN
model for CAD, and a GTR model for the rest of the
markers, in all cases with a gamma distribution (+G)
and a proportion of invariants (+I) to account for
heterogeneity in evolutionary rates among sites. The
gamma distribution was estimated automatically from
the data using six rate categories. Branch support was
assessed by 100 bootstrap replicates for ML, and the
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Table 2
Samples used in this study: taxon name, specimen label, sample accession number at MCZ and sample collection locality used in the analysis

Subtribe Genus Species & ssp. Sample code Locality

Polyommatina Agriades glandon VL-05-Z994 Russia, Altai, Sailugem Range
Polyommatina Agriades optilete optilete VL-01-B424 Russia, St. Petersburg, Tamengont
Polyommatina Agriades optilete yukona JB-05-I879 Canada, Yukon, Dempster Hwy km 359
Polyommatina Agriades orbitulus AD-03-B064 Russia, Altai, Aktash
Polyommatina Agriades pheretiades NK-00-P690 Kazakhstan, Dzhambul reg., Kirgizski range
Polyommatina Agriades podarce AS-92-Z130 USA, California, Leek Spring
Polyommatina Agriades pyrenaicus dardanus AD-00-P259 Armenia, Gnishyk, Aiodzor Mts.
Polyommatina Alpherakya sarta VL-02-X098 China, Xinjiang, Kuqa
Polyommatina Aricia agestis NK-00-P712 Kazakhstan, Kayandy
Polyommatina Aricia artaxerxes AD-02-W127 Russia, Primorski Krai Khanka Lake
Polyommatina Aricia chinensis VL-05-Z997 Russia, Buryatia, Sosnovka, 900 m
Polyommatina Aricia crassipuncta AD-00-P528 Armenia, Transcaucasus, Alibek Mt.
Polyommatina Aricia nicias AD-03-B041 Russia, Altai, Aktash env.
Polyommatina Aricia vandarbani VL-03-F745 Azerbaijan, Lerik, Talysh, 900–1000 m
Polyommatina Chilades lajus DL-99-T242 Thailand, Prachuap Khiri Khan Province,

Ampuh Thap Sakae
Polyommatina Cyaniris semiargus belis AD-00-P369 Armenia, Zangezur mts., Akhtchi
Polyommatina Cyaniris semiargus semiargus AD-00-P206 Russia, Low Volga, Volgograd reg., Kamytshinky
Polyommatina Cyclargus ammon JE-01-C283 USA, Florida, Big Pine Key
Polyommatina Echinargus isola AS-92-Z185 USA, California, Alpine, Carson River
Polyommatina Eldoradina cyanea RV-05-M735 Peru, Lima, Oyón
Polyommatina Eumedonia eumedon AD-03-B062 Russia, Altai, Aktash
Polyommatina Eumedonia persephatta minshelkensis NK-00-P743 Kazakhstan, Shymkent reg., Karatau Mts.
Polyommatina Freyeria putli RE-02-A007 Australia, Queensland, Trinity Beach
Polyommatina Freyeria trochylus VL-01-L462 Turkey, Artvin, Kiliçkaya
Polyommatina Glabroculus cyane VL-02-X159 Kazakhstan, Karaganda region, Aktchatau
Polyommatina Glabroculus elvira NK-00-P793 Kazakhstan, Baltakul vlg.
Polyommatina Hemiargus hanno bogotanus SR-03-K069 Colombia, Caldas, Chinchina
Polyommatina Hemiargus hanno ceraunus MH-01-I001 Puerto Rico, Culebra Island, Flamenco Beach
Polyommatina Hemiargus hanno gyas AS-92-Z255 USA, California, Los Angeles, Pyramid Lake
Polyommatina Hemiargus hanno gyas DL-02-P801 USA, Arizona, Chiricahua Mts.
Polyommatina Hemiargus huntingtoni RE-01-H234 Costa Rica, P.N. Santa Rosa, Guanacaste
Polyommatina Hemiargus martha RV-04-I212 Peru, Huánuco
Polyommatina Hemiargus ramon MFB-00-N223 Chile, Arica, Molino
Polyommatina Icaricia acmon AS-92-Z184 USA, California, Alpine, Carson River
Polyommatina Icaricia icarioides AS-92-Z065 USA, California, Nevada, Donner Pass
Polyommatina Icaricia saepiolus AS-92-Z069 USA, California, Nevada, Donner Pass
Polyommatina Icaricia shasta AS-92-Z465 USA, California, Nevada, Castle Peak
Polyommatina Itylos huascarana RV-04-I403 Peru, Ancash, Pitec
Polyommatina Itylos koa RV-03-V327 Peru, Junı́n, Huasahuasi
Polyommatina Itylos mashenka MFB-00-N166 Peru, Junı́n
Polyommatina Itylos sigal MFB-00-N220 Chile, Socoroma
Polyommatina Itylos tintarrona RV-03-V182 Peru, Arequipa, Cañón del Colca
Polyommatina Itylos titicaca MFB-00-N206 Chile, P.N. Lanca, Las Cuevas
Polyommatina Kindermannia morgiana VL-02-X393 Iran, Kerman, Kuh-e-Lalizar Mts.
Polyommatina Kretania alcedo VL-01-L319 Turkey, Erzurum Prov., Köprüköy
Polyommatina Kretania eurypilus VL-01-L152 Turkey, Gümüshane Prov., 35 km

SW Gümüshane, Dilekyolu
Polyommatina Kretania eurypilus zamotajlovi SH-02-H006 Russia, Krasnodar Region, Abrau
Polyommatina Kretania pylaon AD-00-P066 Russia, Volgograd, Kamyshinsky
Polyommatina Kretania zephyrinus AD-00-P121 Armenia, Transcaucasus, Sevan, Shorzha
Polyommatina Luthrodes cleotas CJM-07-J018 PNG, New Ireland Prov, Simberi Is.
Polyommatina Luthrodes galba HU-08-D004 Cyprus, Ayios Nikolaos
Polyommatina Luthrodes pandava MWT-93-A009 Malaysia, Kepong
Polyommatina Lysandra bellargus AD-00-P129 Armenia, Transcaucasus, Amberd Valley, Aragatz Mt.
Polyommatina Lysandra coridon borussia AD-00-P192 Russia, Tula region, Tatinki, 120 m
Polyommatina Lysandra punctifera NK-02-A027 Morocco, High Atlas, Col-Tagh pass
Polyommatina Maurus vogelii RVcoll09-X164 Morocco, Khenifra, S. Timahdite, Col du Zad
Polyommatina Nabokovia cuzquenha RV-03-V234 Peru, Cuzco, Pisac
Polyommatina Nabokovia faga MFB-00-N217 Chile, Socoroma
Polyommatina Neolysandra coelestina alticola AD-00-P092 Armenia, Gegadyr, Gegamsky Mts.
Polyommatina Neolysandra diana AD-00-P081 Armenia, Gegadyr, Gegamsky Mts., 1800m
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software SumTrees in the DendroPy phylogenetic
Python library (Sukumaran and Holder, 2010) was
used to generate a majority-rule bootstrap consensus
tree.

BI with BEAST ver. 1.6.0 was used to estimate
divergence times. Normally distributed tmrca priors
including maximum and minimum ages from Vila et al.
(2011) within the 95% HPD distribution were estab-

lished on four well supported nodes, shown in Fig. 1.
The resulting 95% HPD ranged from 1.5 to 3.3 Myr for
node 1; from 5.5 to 13.1 Myr for node 2; from 8.4 to
16.8 Myr for node 3; and from 2.5 to 11.3 Myr for
node 4. The uncorrelated relaxed clock (Drummond
et al., 2006) and a constant population size under a
coalescent model were established as priors. The rest of
the settings and priors were set by default. Two

Table 2
Samples used in this study: taxon name, specimen label, sample accession number at MCZ and sample collection locality used in the analysis

Subtribe Genus Species & ssp. Sample code Locality

Polyommatina Pamiria chrysopis VL-05-Z998 Tajikistan, East Pamir, Sarykolski Range, Dunkeldyk Lake
Polyommatina Paralycaeides inconspicua RV-03-V188 Peru, Arequipa, Cañón del Colca
Polyommatina Paralycaeides vapa RV-03-V198 Peru, Puno, Chucuito
Polyommatina Patricius lucifer VL-05-Z995 Russia, Altai, Chikhacheva Range, Sailugem Mt; 2300–2400 m
Polyommatina Plebejidea loewii AD-00-P266 Armenia, Gnishyk, Aiodzor Mts.
Polyommatina Plebejus anna AS-92-Z072 USA, California, Nevada, Donner Pass
Polyommatina Plebejus argus NK-00-P135 Ukraine, Krim, Ai-Petri Mt.
Polyommatina Plebejus argyrognomon AD-00-P560 Russia, Tula, Tatinki
Polyommatina Plebejus idas armoricanella NK-00-P165 Russia, St. Petersburg, Luga
Polyommatina Plebejus idas ferniensis NGK-02-C411 Canada, British Columbia, Castlegar
Polyommatina Plebejus melissa AS-92-Z005 USA, California, Nevada, Verdi
Polyommatina Plebulina emigdionis CCN-05-I856 USA, California, Kern, W. Onyx
Polyommatina Polyommatus amandus NK-00-P596 Kazakhstan, Altai, Oktyabrsk
Polyommatina Polyommatus amandus AD-00-P053 Russia, Volgograd region, Kamyshinsky
Polyommatina Polyommatus amandus MAT-99-Q840 Spain, Pyrenees, Urús
Polyommatina Polyommatus amandus amurensis AD-02-W109 Russia, Primorski Krai, S. Ussuri, Khanka Lake, Poganichnoye
Polyommatina Polyommatus cornelia VL-01-L135 Turkey, Gümüshane Prov., 35 km SW Gümüshane, Dilekyolu
Polyommatina Polyommatus damocles krymaeus NK-00-P103 Ukraine, Crimea, Kurortnoe
Polyommatina Polyommatus damon damon MAT-99-Q841 Spain, Pyrenees, Urús
Polyommatina Polyommatus daphnis NK-00-P108 Ukraine, Crimea, Kurortnoe
Polyommatina Polyommatus dorylas armena AD-00-P312 Armenia, Gnishyk, Aiodzor Mts.
Polyommatina Polyommatus erotides AD-03-B040 Kazakhstan, Tarbagatai Mts., Petrovskoe env.
Polyommatina Polyommatus erschoffii AD-02-L274 Tajikistan, East Pamir, Sarykolski Range, Dunkeldyk Lake
Polyommatina Polyommatus escheri MAT-99-Q838 Spain, Pyrenees, Urús
Polyommatina Polyommatus glaucias AD-02-M278 Iran, Gorgan Prov., Shahkuh
Polyommatina Polyommatus hunza VL-05-Z996 Tajikistan, East Pamir, Sarykolski Range, Dunkeldyk Lake
Polyommatina Polyommatus icarus NK-00-P562 Kazakhstan, Altai, Oktyabrsk
Polyommatina Polyommatus marcida AD-02-W258 Iran, Mazandaran, Geduk Pass and Veresk
Polyommatina Polyommatus myrrha cinyraea AD-00-P389 Armenia, Zangezur Mts., Akhtchi
Polyommatina Polyommatus nivescens MAT-99-Q904 Spain, Lleida, Rúbies
Polyommatina Polyommatus ripartii budashkini NK-00-P859 Ukraine, Crimea, Karabi yaila
Polyommatina Polyommatus stempfferi VL-02-X324 Iran, Esfahan, Khansar
Polyommatina Polyommatus surakovi surakovi AD-00-P006 Armenia, Aiodzor mts., Gnishyk
Polyommatina Polyommatus thersites MAT-99-Q947 France, Languedoc region, Mende
Polyommatina Polyommatus thersites AD-00-P019 Armenia, Aiodzor Mts., Gnishyk, 1800 m
Polyommatina Polyommatus venus NK-00-P810 Kazakhstan, Karzhantau vlg.
Polyommatina Pseudochrysops bornoi MAC-04-Z114 Dominican Republic, Punta Cana
Polyommatina Pseudolucia asafi RV-03-V020 Chile, Céspedes, Illapel
Polyommatina Pseudolucia charlotte BD-02-B813 Chile, Temuco
Polyommatina Pseudolucia chilensis MFB-00-N227 Chile, Farellones
Polyommatina Pseudolucia sibylla RV-03-V112 Chile, Coquimbo, Rı́o La Laguna
Polyommatina Pseudolucia vera BD-02-B812 Chile, Temuco, Volcán Villarica
Polyommatina Rimisia miris NK-00-P575 Kazakhstan, Altai, Oktyabrsk
Polyommatina Rueckbeilia fergana NK-00-P777 Kazakhstan, Shymkent Reg., Karatau Mts., Turpan Pass
Cupidina Cupido comyntas AS-92-Z312 USA, California, Davis
Cupidina Cupido minimus AD-00-P540 Russia, Tula, Tatinki
Cupidina Talicada nyseus JXM-99-T709 India, Karala, Trivandrum
Cupidina Tongeia fischeri NK-00-P594 Kazakhstan, Altai, Oktyabrsk
Leptotina Leptotes trigemmatus RV-03-V095 Chile, Coquimbo, Alcohuas
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Fig. 1. Bayesian chronogram for the newly proposed subtribe Polyommatina based on nine genes: COI, leu-tRNA, COII, EF-1a, Wg, ITS2, CAD,
28S and H3 (6666 bp). Thick lines indicate supported relationships (posterior probabilities ‡ 0.95); node bars show estimated divergence times
uncertainty. Nearly all the extant genera are included in the phylogeny; representatives from the subtribes Cupidina and Leptotina were used as
outgroups. Valid genus names are presented in bold. Subjective synonyms (that may yet be shown to represent valid subgenera with additional
research) are shown after the valid names. Objective synonyms are indicated by ‘‘=’’. Normally distributed tmrca from inferred divergence times in
Vila et al. (2011) were used as priors on the nodes 1–4. The phylogeny revealed unexpected relationships with respect to traditional classification. We
rearranged the systematics of the group and proposed a new list of genera according to the following criteria: (i) taxa older than 5 Myr are considered
genera; (ii) for taxa between 4 and 5 Myr we are conservative in the sense that we consider a clade to be a genus only if it has already been described,
and do not consider it a genus if it has not; and (iii) taxa younger than 4 Myr are considered subgeneric. The 4–5-Myr time interval is highlighted in
red. Applying these criteria resulted in the retention of 31 of the 81 genera formally described in the group, and necessitated the addition of one new
genus. Minimum age thresholds used to define genera and subtribes are indicated in the lineage through time plot. The upper side and underside of
representative adult specimens of the Polyommatina are shown on the right.
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independent chains were run for 50 million generations
each, sampling values every 1000 steps. A conservative
burn-in of 500 000 generations was applied for each run
after checking Markov chain Monte Carlo (MCMC)
convergence through graphically monitoring likelihood
values in Tracer ver. 1.5 (Rambaut and Drummond,
2007). Independent runs were combined in LogCom-
biner ver. 1.6.0 implemented in the software package
BEAST and all parameters were analysed using the
program Tracer to determine whether they had also
reached stationarity. Tree topologies were assessed using
TreeAnnotator ver. 1.6.0 in the BEAST package to
generate a maximum clade credibility tree of all sampled
treeswithmedian node heights. Finally, FigTree ver. 1.2.2
(Rambaut, 2009) was used to visualize the consensus tree
along with node ages, age deviations and node posterior
probabilities.

Ancestral states reconstruction

Character evolution was reconstructed by estimating
probabilities for ancestral character states with MES-
QUITE ver. 2.6 (Maddison and Maddison, 2007). Both
MP and ML approaches were applied to the Bayesian
tree for two discrete (absence or presence) morpholog-
ical characters traditionally used to define the genus
Vacciniina: (i) metallic marginal spots on the hind wing
underside; and (ii) inner apical part of the valvae in the
male genitalia with sclerotized ventral fold. A reduced
phylogenetic tree excluding the basal Neotropical clade
and outgroup was used.

Results and discussion

Higher-level systematics

The taxonomic system employed by Eliot (1973)
grouped the genera in the rather unconventional cate-
gory ‘‘section’’. This system is still widely used, and it
coexists with several arrangements that use the more
formal categories ‘‘tribe’’ and ‘‘subtribe’’. Since this
study represents the first comprehensive revision of the
group since Eliot, our goal is to normalize the system-
atics above the level of the genus. Our phylogeny
(Fig. 1) shows that the Polyommatus section is mono-
phyletic (see also Vila et al., 2011). We propose to use
the term ‘‘Polyommatina subtribe’’ to replace Eliot�s
‘‘Polyommatus section’’, and generally use the designa-
tion ‘‘subtribe’’ instead of ‘‘section’’ throughout. Thus
Cupidina would be the sister to the Polyommatina, and
Leptotina the sister to both. We estimate the ages of
divergence for these subtribes to range between 22.8 and
25.7 Myr. In the lineages through time plot (Fig. 1), a
relatively long period without diversification events,
from 22.8 to 13.6 Ma, is observed. We have designated

this period as a gap defining subtribes, and therefore
consider subtribes to be those lineages older than
15 Myr. The three sections previously recognized by
Eliot (1973) for the studied group fall within this
definition of subtribe, as do most of the rest of sections
in Polyommatini (Vila et al., 2011). In order to evaluate
the four tribes within the subfamily Polyommatinae (e.g.
Candalidini, Lycaenesthini, Niphandini and Polyomma-
tini), an adequate threshold will need to be set for the
tribal level using a more thorough phylogenetic analysis
of the Lycaenidae that includes these taxa.

Genus concept

Since our aim is to establish a phylogenetically based
classification system for the Polyommatina, criteria for
delineating genera are important to establish. This is
especially true given the wide array of taxonomic
classifications that have been proposed for this group
at the genus level, including drastic approaches that split
the group into numerous nearly monotypic (consisting
of a single species) genera (Forster, 1938; Zhdanko,
2004), or lumped all species into only a few genera
(Zhdanko, 1983; Scott, 1986; Hesselbarth et al., 1995;
Gorbunov, 2001; Kudrna, 2002).

Monophyly. One important criterion defining a genus is
that it should be monophyletic. The majority of taxon-
omists currently believe that monophyly, in the narrow
sense used by Hennig (Hennig, 1950, 1966; Envall, 2008;
Hörandl and Stuessy, 2010) (= holophyly sensu Ash-
lock, 1971) is mandatory, at least for taxonomic
categories above the species level (genus, family, etc.)
(Schwenk, 1994; Groves, 2004). Paraphyletic taxa are
incompatible with the principles of phylogenetic sys-
tematics (Schmidt-Lebuhn, 2011) and have relatively
few defenders (Brummitt, 2003; Hörandl and Stuessy,
2010). Using paraphyletic groups in higher-level taxon-
omy poses serious problems as it can result in taxa that
are neither mutually exclusive nor wholly inclusive of
one another (Nelson et al., 2003). This gives rise to
uncertainties and discrepancies in classifications. Thus
avoiding paraphyletic groups and focusing on mono-
phyletic entities sensu Hennig is the preferable option in
practical terms. It is important to note, too, that the
concept of monophyly applies to whole organisms.
Trees inferred from single markers sometimes display
paraphyletic relationships that reflect the evolutionary
histories of individual genes rather than the species
being studied. It is thus advisable to base taxonomic
conclusions on multilocus analyses using the principle of
character congruence as advocated by Kluge (1989) and
Brower et al. (1996).

Still, the monophyly criterion alone is not enough to
construct a taxonomic system. Nearly every phylogeny
is a complicated structure consisting of numerous nested
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monophyletic lineages. The number of these nested
clades is often much greater than the number of
traditional taxonomic ranks. Therefore additional crite-
ria need to be used to select which monophyletic lineages
should be considered genera and which not, and similar
criteria should be established for other ranks.

The morphological gap and the concept of cryptic
genera. One criterion that can be used in defining a
genus is the existence of a discontinuity in the distribu-
tion of morphological characters between one mono-
phyletic group and another. The morphological gap
(= morphological hiatus) seen between genera should
be significantly larger than the gaps seen between species
of the same genus. This criterion is widely used, but it is
not ideal. First, it may be difficult to decide when a
morphological gap is sufficient to separate genera (and it
may be difficult to measure morphological gaps in the
first place). Second, and most importantly, using this
criterion can result in artificial taxonomic systems due to
homoplasy. For example, the genus Vacciniina in its
traditional conception includes three morphologically
similar species: V. optilete, V. alcedo and V. fergana
(Tuzov et al., 2000) (Fig. 2). However, our study dem-
onstrates that these species represent three different
evolutionary lineages that are not closely related (Fig. 1).
In fact, we describe the new genus Rueckbeilia for the
traditional species V. fergana, and include the species
V. alcedo in the genus Kretania and the species V. opti-
lete in the genus Agriades. Thus Vacciniina sensu
auctorum represents three cryptic genera, i.e. three
species clusters that cannot be separated from one
another based on their morphological characters and,

at the same time, cannot be lumped into a single genus as
their combination would be polyphyletic. As a conse-
quence, we suggest that the recognition of cryptic genera
(Vilnet et al., 2007; Lucky and Sarnat, 2008) may be
useful, in the same manner that the recognition of cryptic
species is now widely used (Descimon and Mallet, 2009).

Cryptic genera are the consequence of unrecognized
parallelisms in evolution of some morphological char-
acters or of the long preservation of plesiomorphic
states that are mistakenly considered synapomorphies;
or of both processes acting simultaneously in different
characters. For example, the species V. optilete seems to
have independently evolved a wing pattern similar to
those of V. alcedo and V. fergana (Fig. 2), whereas the
‘‘Polyommatus-like’’ structures of the male genitalia of
these lineages (Stekolnikov, 2010) (Fig. 3) probably
represent an ancestral condition that has been preserved
for at least 6 million years (Fig. 4).

Age of lineage as a universal and unbiased criterion?
Hennig (1966) proposed to synchronize taxonomic ranks
universally according to geological ages. This would
have the effect of making groups comparable and ranks
definable. Since geological time is universal, the age of
evolutionary lineages, generally estimated by the dating
of nodes in phylogenetic trees, seems to be the only truly
unbiased criterion by which taxonomic classifications
above the level of biological species can be erected
(Hennig, 1966). Avise and Johns (1999) devised a specific
temporal-banding scheme to fit conventional Linnaean
ranks. They proposed considering as genera those
lineages that originated in the Pliocene (ca. 2–5 Ma); as
subgenera the lineages above the level of species that

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2. Taxa representing three cryptic genera. (a,b) Rueckbeilia fergana (= ‘‘Vacciniina’’ fergana); (c,d) Kretania alcedo (= ‘‘Vacciniina’’ alcedo);
(e,f) Agriades optilete (= ‘‘Vacciniina’’ optilete). These taxa were all considered species of the same genus (Vacciniina), although in fact they form
three distinct genera according to the criteria described in this study. Despite their genetic differences, this artificial assemblage is strikingly
convergent with respect to wing colour and pattern. They share the violet-blue colour of the wing upper side in males, and the similar wing underside
with blue metallic scales that seems to have evolved independently at least twice.
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originated in the Pleistocene (0–2 Ma); and as tribes the
lineages that originated in the Miocene (5–24 Ma).

However, this proposal has two main problems: it is
not directly applicable to fossil organisms (Griffiths,
1973), and it would necessitate a major, even radical,
rearrangement for current taxonomy. Acknowledging
these difficulties, Avise and Mitchell (2007) launched the
‘‘timeclip proposal’’, which consists of labelling classic
Linnaean taxa with timeclips that indicate their geolog-
ical ages of origin. This could provide relevant addi-
tional information that could be updated easily without
the need to alter taxonomy. Although the timeclip
proposal is interesting, it still relies on a taxonomic
system, and does not invalidate the need to establish
true relationships within and between taxa and to decide
how to determine taxonomic ranks.

We agree with the concept of relative ages, but we think
this should be modified in at least two respects. First, the
age thresholds must take into account the systematics
and relative ages of different groups of organisms.
Second, once the taxonomic ranks are established,
diagnostic morphological characters should be explained
or explored. Moreover, the rank of subtribe, which is

especially useful in insect systematics, should be incor-
porated in the proposal of Avise and Johns (1999).

Stability and preservation of traditionally recognized
taxa. The stability and preservation of traditionally
recognized taxa must be taken into account in estab-
lishing classification guidelines (Godfray and Knapp,
2004). Indeed, stability is a concept that is positively
valued by the International Commissions of Nomencla-
ture, and that can, in some instances, take precedence
over other principles. Applying a universal system of
thresholds would result in taxonomic upheaval, mostly
because at present there is deep discrepancy in the
average age of the taxa accepted for different groups of
organisms (Avise and Liu, 2011). In mammals, for
example, many recognized genera are relatively young
(3–5 Myr) (Castresana, 2001; Rowe et al., 2008; Abram-
son et al., 2009) with an estimated mean of 9.6 Myr
(0.1–40) (Avise and Liu, 2011), whereas other groups
may be relatively old, such as Decapoda, with an
estimated mean of 60.2 Myr (16.8–135) (Avise and Liu,
2011) or Diptera (Drosophilidae, Chironomidae) with
estimated means ranging from 30–40 Myr to more than
100 Myr (Avise and Johns, 1999; Cranston et al., 2010).
Strong temporal banding heterogeneity among different
organismal assemblages also occurs at higher taxonomic
levels such as families and orders (Avise and Liu, 2011;
Hedges and Kumar, 2009). Consequently, a universal
system would require such a complete reorganization of
the systematics of most groups of organisms that the
overall effect would be deleterious to communication
and understanding of taxonomic relationships.

Even if the most extreme cases, such as the relative
ages of genera in Diptera or Decapoda, were to be
modified to create a more balanced general classification,
we propose that a temporal scheme should adapt to some
degree to the particularities and pre-existing taxonomy
of each group. Differences in the age thresholds might be
necessarily pronounced in distantly related groups of
taxa whose rates of diversification are likely to differ
depending on intrinsic biological differences such as
generation time and ⁄or population size (e.g. Li, 1997),
differences in the efficiency of DNA repair mechanisms
(Britten, 1986), or differences in metabolic rate (Martin
and Palumbi, 1993). The increased rate of nucleotide
changes at several loci, including such usual phylogenetic
markers as COI and CytB genes, can be affected in some
phylogenetic lineages by positive selection due to their
role in adaptation to specialized metabolic requirements
(da Fonseca et al., 2008).

In the case of Polyommatina, the following thresholds
provide a balanced classification that corresponds well
with current evidence about relationships between
groups: genera can be recognized as those lineages that
originated in the late Miocene (older than 5 Myr), and
subtribes those that originated in the early Miocene or

(a)

(b)

(c)

(d)

Fig. 3. Valva in the male genitalia. Inner part of valva with mem-
branous ventral fold indicated by arrow (a–c) and without membra-
nous ventral fold (d). (a) Rueckbeilia fergana; (b) Kretania alcedo; (c)
Agriades glandon; (d) Plebejus idas. After Stekolnikov (2010) with
modifications.
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late Oligocene (older than 15 Myr). In the lineages
through time plot, an increase in diversification can be
seen starting at 5–4 Ma (Fig. 1), so we set the minimum
age for genera at this point to avoid excessive splitting.
This approach (plotting the number of lineages or
branching events over time) is useful to illuminate
diversification patterns in the group under study.
Substantial changes in the rate of diversification mark
key moments in the evolution of a group as a whole, and
these are logical points to be used as age thresholds
delimiting taxonomic ranks.

In our case, age thresholds were also selected so as to
minimally affect the existing nomenclature and avoid the
need for descriptions of new genera. A generic threshold
of 3–4 Myr requires the creation of two new genera (the
splitting of Icaricia and description of the new Rueckbe-
ilia), while a 5–6 Myr threshold would have entailed a
wide-scale synonymization (50 subjective synomyms)
with excessive loss of phylogenetic information, and
would have still required the description of Rueckbeilia.
Wider thresholds would have also involved losing
substantial input from the molecular data.

Accounting for uncertainty in age estimates. Addition-
ally, any system of classification should recognize the
uncertainty inherent in estimating evolutionary age given
intrinsic errors associated with the methods of inference,

especiallywhen no paleontologicalmaterial is available to
calibrate a molecular clock. Absolute age is likely to vary
depending on the analysis, and new information helping
to calibrate the molecular clock, or additional method-
ological improvements, might affect age estimates. In
contrast, relative ages among lineages are less affected by
these factors because they do not depend on external
information for tree calibration. The greater uncertainty
in absolute age estimates compared with those based on
relative ages is another reason to apply a temporal scheme
specific to the group being studied, which could be
adapted eventually to a different molecular substitution
rate without major implications for the taxonomy of the
group. A universal temporal scheme would suffer from
taxonomic instability caused by uncertainty in absolute
age, which is necessary when comparing taxa that are not
closely related to each other. Divergent lineages some-
times display disparate molecular substitution rates,
whereas closely related taxa tend to be more uniform in
this regard (Martin and Palumbi, 1993; Li, 1997). The
subtribe Polyommatina, a clade that evolved ca. 22.8Ma,
contains many taxa to be compared, but these are
sufficiently evolutionarily and ecologically similar that
they do not exhibit excessive variability in substitution
rates among lineages.

In order to reduce the effect of the uncertainty in age
estimates, and to avoid taxonomic instability because of

(a) (b)

Fig. 4. Ancestral state reconstructions for two morphological characters traditionally defining the polyphyletic genus Vacciniina (taxa in bold).
(a) Metallic marginal spots on the hind wing underside present (black circle) or absent (white circle). (b) Inner part of valvae in the male genitalia with
membranous ventral fold (black circle) or without membranous ventral fold (white circle). Maximum parsimony (upper circles) and Maximum
likelihood (lower grey circles) inferences are represented at nodes. Figures of genitalia are given after Stekolnikov (2010).
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small differences obtained using different phylogenetic
analyses and ⁄or novel calibration points, we propose
using a time interval to set the limits of genus age, rather
than a single date (e.g. 4.0–5.0 Myr for genus minimum
age in our case). Thus lineages with a mean age within
these intervals can be dealt with using this relatively
conservative approach, as described below.

Importance of morphological diagnostic characters. Once
the classification of a group is produced using the
previously discussed criteria, the next critical step is to
explore and explain the diagnostic morphological
characters that define the proposed taxa. The exercise
of integrating the molecular-based classification into a
morphological framework has multiple benefits. It does
not create a discontinuity with the previous morphol-
ogy-based classifications; it avoids wasting the mor-
phological data painstakingly gathered; and it allows
for the reinterpretation of earlier work. It also facili-
tates the placement of extinct taxa and those that have
not yet been sequenced, and overcomes the major
drawback of a system based purely on molecular data.

Genera within the Polyommatina. In practice, we apply
these criteria in the following manner.

1. We define as genus any lineage older than 5.0 Myr.
2. Between 4.0 and 5.0 Ma we are conservative, in the

sense that we consider a clade to be a genus only if it has
already been described, and do not consider it a genus if
it has not.

3. We lump into another genus any lineage younger
than 4.0 Myr.

Applying this taxonomy-friendly, flexible temporal
scheme to the phylogeny and dating produced the
division of the subtribe Polyommatina into 32 genera
(Table 3). From this classification scheme, one new
genus needs to be described and 39 names can be
regarded as subjective synonyms or valid subgenera. The
further designation of these 39 taxa as either subgenera
or subjective synonyms requires additional data for all
the species that each one represents, which is beyond of
the scope of this paper.

For the 32 established genera, monophyly was statis-
tically supported for the three phylogenetic methods
used, with the sole exception of Kretania, where the
phylogenetic position of K. alcedo was not resolved in
the MP analysis (Table 3).

Composition and phylogenetic relationships of genera
in the Polyommatina: before and after this study.

The nine-marker phylogeny revealed that the subtribe
Polyommatina includes two major clades: the Neotrop-
ical clade (the genera Pseudolucia, Nabokovia, Eldoradi-
na, Itylos, Paralycaeides, Hemiargus, Echinargus,
Cyclargus and Pseudochrysops) and the non-Neotropical
clade (the remaining genera).

The Neotropical clade. Relationships within the Neo-
tropical clade have already been discussed in detail in a
previous publication (Vila et al., 2011). Briefly, the
Neotropical taxa are divided into four well supported
clades. Two of these, probably sister clades, are formed
by Andean, typically high-altitude taxa that occur south
of Central Colombia. These are Eldoradina Balletto,
1993, Nabokovia Hemming, 1960 and Pseudolucia
Nabokov, 1945 on one hand; and Itylos (= Madeleinea
Bálint, 1993) and Paralycaeides Nabokov, 1945 on the
other. The other two clades are formed by lowland taxa,
including all the Caribbean representatives and species
occurring north of Central Colombia, plus a few with
more southern distributions. One clade is formed by
Cyclargus Nabokov, 1945; Echinargus Nabokov, 1945
and Hemiargus Hübner, 1818; the other by Pseudo-
chrysops Nabokov, 1945. The position of Pseudochrys-
ops with respect to the other three clades is unresolved,
probably due to its early divergence and very long
branch.

The non-Neotropical clade. The non-Neotropical clade
of the subtribe Polyommatina is strongly asymmetrical,
with multiple nested lineages that are discussed below.

Chilades–Luthrodes clade. Within the non-Neotropical
clade, Chilades Moore, [1881] (TS: Papilio lajus Stoll,
[1780]) and Luthrodes Druce, 1895 (TS: Polyommatus
cleotas Guérin-Méneville, [1831]) form a clade that is
sister to the rest. The age of divergence between these
two groups is 6.0 Myr, thus we consider them good
genera despite the fact that most recent studies (Bridges,
1988) have lumped them together. Representatives of
both Chilades and Luthrodes have a similar, most likely
plesiomorphic, pattern on the wing underside with the
presence of all the basic elements typical of the non-
Neotropical Polyommatina. However, the male genitalia
in Luthrodes are very distinct—clearly different from
those in other genera—in the shape of the valvae, which
are broad and trapeziform, and in the presence of a
dorsal process at the distal end of the valvae that is
markedly elongated and directed downwards (Bethune-
Baker, 1913; Zhdanko, 1983, 2004; Stekolnikov and
Kuznetzov, 2005). Within Luthrodes, the taxa Edales
Swinhoe, [1910] (TS: Lycaena pandava Horsfield, [1829])
and Lachides Nekrutenko, 1987 (TS: Lycaena galba
Lederer, 1855) are aged less than 4.0 Myr, and conse-
quently should be considered subjective synonyms or
subgenera of Luthrodes. However, this question may be
better assessed after a study including additional species.

Bethune-Baker (1913) studied the male genitalia of
Chilades lajus and showed that, unlike Luthrodes, the
valvae are elongated and have a short dorsal process. In
fact, the genital morphology of Chilades is more similar
to that of Freyeria than to Luthrodes.
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Freyeria clade. Freyeria Courvoisier, 1920 (TS: Lycaena
trochylus Freyer, 1845) is frequently treated by modern
authors as a subgenus of Chilades (Bálint and Johnson,
1997; Tolman and Lewington, 1997). Valvae in the male
genitalia of Freyeria are elongated and have a short
dorsal process (Zhdanko, 2004), and are generally
similar to those of Chilades. However, molecular data
demonstrate that Freyeria is not closely related to
Chilades and represents a distinct clade that cannot
possibly be subsumed within Chilades as it would result
in a paraphyletic assemblage.

Our analysis includes one specimen of Freyeria from
Turkey (F. trochylus) and one from Australia (F. putli
(Kollar, [1844])). The taxon F. putli has until recently
been considered a subspecies of F. trochylus (Common
and Waterhouse, 1981; Parsons, 1999), but now most
authors treat it as a good species (Bálint and Johnson,
1997; Braby, 2000). In our analysis, F. trochylus and
F. putli appear as sister taxa, and we estimate that they
diverged ca. 3.6 Ma. This is a surprisingly old diver-
gence, and supports the recognition of F. putli as a
distinct species.

Table 3
Posterior probabilities and bootstrap values for monophyly in BI ⁄ML ⁄MP inferences, ages (mean and stdev), number of species, and larval food
plant families for the 32 genera within the subtribe Polyommatina

Genus Monophyly stability values Genus age (Myr) Number of species Food plant

Polyommatus 100 ⁄100 ⁄100 4.3 [3.0–5.6] 183 Fabaceae
Neolysandra 100 ⁄100 ⁄100 4.3 [3.0–5.6] 6 Fabaceae
Lysandra 100 ⁄100 ⁄100 4.9 [3.4–6.4] 15 Fabaceae
Aricia 100 ⁄100 ⁄99 5.3 [3.7–6.9] 15 Geraniaceae
Glabroculus 100 ⁄100 ⁄100 5.1 [3.6–6.7] 2 Limoniaceae
Alpherakya Single specimen 5.1 [3.6–6.7] 5 Crassulaceae
Agriades 100 ⁄73 ⁄81 4.2 [2.9–5.8] 19 Primulaceae, Saxifragaceae, Ericaceae

Fabaceae
Rimisia Single specimen 4.2 [2.9–5.8] 1 Fabaceae
Cyaniris 100 ⁄100 ⁄100 4.4 [3.0–5.7] 2 Fabaceae
Eumedonia 100 ⁄100 ⁄100 4.0 [2.7–5.4] 3 Geraniaceae
Plebejidea Single specimen 4.0 [2.7–5.4] 2 Fabaceae
Maurus Single specimen 4.4 [3.1–5.9] 1 Geraniaceae
Kretania 99 ⁄77 ⁄– 4.6 [3.1–6.1] 17 Fabaceae
Afarsia Single specimen 4.6 [3.1–6.1] 9 Fabaceae
Plebejus 100 ⁄99 ⁄98 4.0 [2.7–5.5] 40 Fabaceae, Elaeagnaceae

Empetraceae
Ericaceae

Pamiria Single specimen 4.0 [2.7–5.5] 7 Unknown
Patricius Single specimen 4.4 [2.9–5.9] 7 Unknown
Rueckbeilia Single specimen 6.9 [4.9–9.0] 2 Fabaceae
Icaricia 96 ⁄66 ⁄99 5.5 [3.8–7.4] 7 Polygonaceae

Fabaceae
Plebulina Single specimen 5.5 [3.8–7.4] 1 Chenopodiaceae
Freyeria 100 ⁄100 ⁄100 9.5 [6.8–12.2] 3 Boraginaceae, Phyllanthaceae, Fabaceae
Luthrodes 100 ⁄100 ⁄100 6.0 [3.9–8.3] 9 Fabaceae

Cycadaceae
Chilades Single specimen 6.0 [3.9–8.3] ca. 12 Rutaceae

Tiliaceae
Pseudolucia 100 ⁄100 ⁄98 8.1 [5.6–10.7] 46 Fabaceae

Polygonaceae
Portulacaceae
Cuscutaceae

Nabokovia 100 ⁄100 ⁄100 5.0 [3.2–6.9] 3 Fabaceae
Eldoradina Single specimen 5.0 [3.2–6.9] 2 Unknown
Itylos 99 ⁄74 ⁄76 4.6 [3.1–6.3] 24 Fabaceae
Paralycaeides 100 ⁄100 ⁄100 4.6 [3.1–6.3] 3 Fabaceae
Hemiargus 100 ⁄100 ⁄100 6.1 [4.2–8.1] ca. 5 Fabaceae

Cucurbitaceae
Oxalidaceae

Echinargus Single specimen 6.1 [4.2–8.1] 1 Fabaceae
Cyclargus Single specimen 7.0 [4.9–9.3] 7 Asteraceae

Fabaceae
Malpighiaceae
Sapindaceae

Pseudochrysops Single specimen 11.4 [8.2–14.7] 1 Unknown
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Icaricia–Plebulina clade. In the original descriptions of
the genera Icaricia Nabokov, [1945] (TS: Lycaena
icarioides Boisduval, 1852) and Plebulina Nabokov,
[1945] (TS: Lycaena emigdionis Grinnell, 1905), the
author clearly indicated morphological characters that
distinguished these genera from all other lycenids. In
particular, Nabokov noted that Plebulina remarkably
amalgamates the form of aedeagus similarly to Plebejus,
with uncus, subunci, and valvae similar in shape to those
found in Albulina. On the other hand, Icaricia remark-
ably combines a wing pattern similar to that of Plebejus
with a shape of aedeagus similar to that found in Aricia
(Nabokov, 1945). Since their description, however, the
genera Icaricia and Plebulina generally have been treated
as junior subjective synonyms, or as subgenera of either
Aricia Reichenbach, 1817 or Plebejus Kluk, 1780 (Scott,
1986; Bálint and Johnson, 1997; Gorbunov, 2001;
Brock and Kaufman, 2003; Opler and Warren, 2004).
In all our analyses, the taxa within Icaricia and
Plebulina, as well as the taxon Lycaena saepiolus
Boisduval, 1852, form an exclusively Nearctic clade that
is sister to all the rest of the Holarctic taxa. Such a
topology in the phylogeny is unexpected given modern
taxonomic treatments of these groups, and implies that
Icarica and Plebulina cannot possibly be included within
Plebejus or Aricia. This strongly supported result
confirms that of Vila et al. (2011), who showed that
this clade is the result of a relatively old colonization of
the New World that occurred ca. 9.3 Ma. The age of
divergence of Icaricia (including the taxon I. saepiolus)
from the Plebulina lineage is 5.5 Myr. As a consequence,
we maintain the monotypic Plebulina as a separate
genus, a decision reinforced by the fact that P. emigdi-
onis Grinnel, 1905 feeds on a different host-plant family
(Chenopodiaceae) from the Icaricia taxa (Fabaceae and
Polygonaceae), and by certain peculiarities of its larval
morphology (Ballmer and Pratt, 1988). Interestingly,
divergence ages within the Icaricia lineage are fairly old,
reaching 4.8 Myr for the I. acmon–I. shasta versus
I. icarioides–I. saepiolus split, which still falls within
the 4.0–5.0 Myr genus timeframe. Since no separate
genus name has ever been proposed for the I. acmon–
I. shasta clade, we conservatively retain Icaricia as a
single unit.

The genus Rueckbeilia (= ‘‘Vacciniina’’ fergana
clade). The next well supported lineage found in our
analysis is represented by a single species traditionally
known as Vacciniina fergana. This species is recovered
as sister to the rest of the Holarctic taxa, except for the
Icaricia–Plebulina clade. This result is unexpected (but
see Kandul et al., 2004; Lukhtanov et al., 2009) as the
external morphology of V. fergana is extremely similar
to V. optilete, the type-species of Vacciniina. This
position of V. fergana in the phylogeny is strongly
supported in all the analyses and thus cannot be

considered an artifact. The deep divergence of the
V. fergana lineage (6.9 Ma) indicates that it should be
treated as a distinct genus, which we describe in the
Appendix 1 under the name Rueckbeilia gen. nov.
Interestingly, the isolated systematic position of V. ferg-
ana was not apparent in a detailed morphological study
of this species (Stekolnikov, 2010). In fact, V. fergana
exhibits a combination of primitive male genitalic
characters that are found in some other taxa (Stekolni-
kov, 2010), and wing patterns that may represent a
plesiomorphic condition in Rueckbeilia, Glabroculus and
Afarsia + Kretania, but independently evolved in Agri-
ades optilete (Fig. 4). A more detailed description of
Rueckbeilia is given in the Appendix 1.

Patricius + (Pamiria + Plebejus) clade (lineage of Ple-
bejus sensu lato). The grouping Patricius + (Pami-
ria + Plebejus) is recovered as a well supported clade in
our phylogeny. This result is not trivial, as Patricius and
Pamiria have usually been regarded as closely related to
Albulina (Bálint and Johnson, 1997). However, the close
relationship of Patricius (TS: Lycaena lucifera Stau-
dinger, 1867), Pamiria (TS: Lycaena chrysopis Grum-
Grshimailo, 1888) and Plebejus (TS: Papilio argus
Linnaeus, 1758) had already been recognized by
Zhdanko (2004), who noted that these genera shared
similar Plebejus-like male genitalia. Within this clade,
the genus Patricius is sister to the rest (divergence age
4.4 Myr), while Pamiria and Plebejus diverged 4.0 Ma.

In all our analyses, the studied species of Lycaeides
Hübner [1819] (TS: Papilio argyrognomon Bergstrasser
[1779], also includes idas, melissa and anna) form a clade
that is sister to Plebejus argus, but its recent age
(3.1 Myr) recommends the inclusion of Lycaeides within
Plebejus. Noticeably, Nearctic Lycaeides representatives
appear as polyphyletic, with unexpected, yet strongly
supported, sister relationships between Old and New
World taxa. This result is similar to that obtained
independently by other researchers (Nice et al., 2005;
Gompert et al., 2008; Vila et al., 2011) and deserves
further analysis. A number of authors consider Agri-
ades, Alpherakya, Vacciniina, Plebejides and Plebejidea
as synonyms or subgenera of Plebejus (Bálint and
Johnson, 1997; Gorbunov, 2001), but our results show
that these taxa are more closely related to Aricia and
Polyommatus than they are to Plebejus. Thus the
prevalent use of Plebejus as a supergenus is not possible
according to the recovered topology.

Polyommatus sensu lato clade. The rest of the Poly-
ommatina taxa form a large clade consisting of 14
genera from Alpherakya to Polyommatus (Fig. 1). It
corresponds to Polyommatus sensu Zhdanko, 1983 (but
not to Polyommatus sensu Zhdanko, 2004) and can be
defined by characters of male genitalia similar to those
of Polyommatus sensu stricto (Zhdanko, 1983, 2004).
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However, these genitalic characters may not constitute a
true synapomorphy. Stekolnikov (2010) demonstrated a
degree of heterogeneity in the male genitalia of this
group, and a similar type of genitalia was found in
Rueckbeilia fergana, which is not closely related. While
the Polyommatus sensu lato clade is strongly supported,
it is formed by several subclades that are older than
4 Myr. The evolutionary relationships among these
supported subclades are in some cases unresolved, and
we will discuss each in the following paragraphs.

The genus Alpherakya. Alpherakya Zhdanko, 1994 (TS:
Lycaena sarta Alpheraky, 1881) is recovered as sister to
Glabroculus, although this relationship is not well
supported. It should also be noted that the wing
patterns and food plants of these two taxa are different
(Table 3). The morphology of this genus is characterized
by a unique combination of traits that make its
identification unmistakable. Alpherakya differs from all
genera of the Polyommatus sensu lato clade, except for
Lysandra, in having chequered wing fringes. It differs
from Lysandra in having hairs on the eyes that are
scarce and short, whereas in Lysandra they are long and
dense. In male genitalia, the structure of the valvae is
also diagnostic: valvae are comparatively short and
broad, with a robust sclerotized inner fold, with a spade-
shaped dorsal element in the apex and sclerotized
ventral elements. Alpherakya can be separated from
the taxa in the Patricius + (Pamiria + Plebejus) clade
by the wide uncus (Zhdanko, 2004) and by the structure
of valvae (Fig. 4). The larval food plants of the
Alpherakya species are also peculiar: they feed on
Crassulaceae (Zhdanko, 1997), whereas most species
and genera of the subtribe Polyommatina are associated
with Leguminosae or Geraniaceae. Bálint and Johnson
(1997) considered Alpherakya as part of the genus
Plebejus. However, our analysis, like the morphological
analysis by Zhdanko (2004), does not support this
hypothesis and demonstrates that these two genera are
phylogenetically distant.

Glabroculus clade. Zhdanko (2004) synonymized Glab-
roculus Lvovsky, 1993 (TS: Lycaena cyane Eversmann,
1837) with Plebejidea, and considered Elviria (TS:
Lycaena elvira Eversmann, 1854) to be a subgenus of
Plebejidea. Bálint and Johnson (1997) considered Glab-
roculus (= cyane-group) as part of the genus Polyomm-
atus sensu lato. Our data support none of these
hypotheses. We show that neither Plebejidea nor Poly-
ommatus is closely related to Glabroculus. Instead,
Glabroculus appears as a sister to Alpherakya, although
with low statistical support.

Morphologically, Glabroculus differs from Polyomm-
atus by hairs on the eyes that are scarce and short (in
Polyommatus they are long and dense) and by the
presence of metallic marginal spots on the underside of

hind wings. Glabroculus differs from the phylogeneti-
cally most closely related genus, Alpherakya, in having
unchequered wing fringes. Moreover, the food plants of
Glabroculus and Alpherakya are different (Table 3). The
taxon E. elvira (the type-species of the nominal genus
Elviria) was recovered as a sister to G. cyane, and the
time of their divergence was estimated as ca. 2.0 Mya.
Therefore Elviria can be considered a synonym of
Glabroculus.

Aricia clade. The taxa representing Aricia (TS: Papilio
agestis Denis & Schiffermüller, 1775) and aratxerxes),
Umpria (TS: Lycaena chinensis Murrey, 1874), Pseudo-
aricia (TS: Polyommatus nicias Meigen, 1829) and
Ultraaricia (TS: Lycaena anteros Freyer, 1839; includes
the studied species crassipuncta and vandarbani) form a
strongly supported clade. Since the divergences among
them are younger than 4 Myr, the three latter taxa are
subsumed within Aricia. The position of Aricia within
the Polyommatini has been a subject of much discus-
sion. Bálint and Johnson (1997) considered Aricia as
closely related to the Neotropical taxon Madeleinea.
Zhdanko (2004) also considered Aricia as one of the
most basal within the Polyommatus section. In contrast,
Stekolnikov (2010) found it to represent a young lineage
closely related to Polyommatus. Our molecular data
support the latter hypothesis, although the position of
Aricia within the Polyommatus sensu lato clade is
unresolved. Indeed, we recover Aricia as sister to
Alpherakya + Glabroculus, but with low support.

Morphologically the genus is quite distinct. In the
male genitalia, the aedeagus is lanceolate, with caulis
developed, and entirely sclerotized, which is not
observed in other taxa of the subtribe (Zhdanko,
2004). Among external characters, the naked eyes and
absence of metallic spots on the underside of hindwings
are characteristic, although they are not unique within
the subtribe.

The genus Afarsia. (TS: Cupido hyrcana Lederer,
1869—an invalid name; the valid synonym is Cupido
morgiana Kirby, 1871). The taxon C. morgiana was
recognized as a distinctive entity by Zhdanko (1992,
2004) and Bálint and Johnson (1997), but its relation-
ships with other taxa have never been properly docu-
mented. Bálint and Johnson (1997) placed it in the same
group as Patricius, Pamiria, Plebejidea, Vacciniina and
Albulina. In our reconstruction, it is recovered as sister
to Kretania, but the support for this relationship is low.
Its rather deep divergence (4.6 Myr) suggests that it
should be treated as an independent genus. The genus
name Farsia Zhdanko, 1992, for which C. morgiana is
the type species, was preoccupied and the new name
Afarsia Korb and Bolshakov, 2011 (= Farsia Zhdanko,
1992; nec Farsia Amsel, 1961) has recently been
proposed as replacement (Korb and Bolshakov, 2011).
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The morphology of the male genitalia of the genus
Afarsia is similar to Kretania sensu lato (see below), but
these two taxa are distinct in wing pattern: in Afarsia a
discal spot on the fore wing upper side is always present
and usually strongly enlarged, and one of the marginal
metallic spots of the hind wing underside is enlarged.
These characters of the wing pattern are also found in
the genus Albulina (that was the reason why some
authors placed Afarsia within or close to Albulina—see
above). However, male genitalia in Afarsia are consid-
erably different from those in Albulina, both in the
structure of uncus, which is basally narrow with long
slender arms, and in the shape of the valvae, which have
a characteristically concave dorsal margin (Zhdanko,
2004).

Kretania clade. In all our analyses, the taxa within
Plebejides (TS: Lycaena pylaon Fischer von Waldheim,
1832 and P. zephyrinus) and Kretania sensu stricto (TS:
Lycaena psylorita Freyer, 1845, includes the studied
species K. eurypilus and K. zamotajlovi), as well as the
species V. alcedo, form a distinct, statistically well
supported clade in ML and BI analyses that originated
4.6Mya and should be considered as a genus. Within this
genus, the species V. alcedo appears as sister to the rest,
although the position of this taxon is unresolved in the
MP analysis. The statistical support for the subclade
Kretania s.s. + Plebejides is very high (100 ⁄100 ⁄100)
and the time of divergence of this subclade is quite recent
(ca. 1.9 Mya). The close relationship of Kretania s.s. and
Plebejides was first suggested by Wiemers (2003) based
on the molecular analysis of COI barcodes and nuclear
ITS2. Interestingly, the close relationship between V. al-
cedo, Kretania s.s. and Plebejides has never been recog-
nized by morphologists, who usually consider them as
members of different, not closely related groups: Plebej-
ides as a member of the Plebejus lineage (Zhdanko, 1983;
Bálint and Johnson, 1997), Kretania as a member of the
Polyommatus lineage (Bálint and Johnson, 1997), and
the taxon V. alcedo as a species of Vacciniina (Bálint and
Johnson, 1997). Nevertheless, these butterflies are fairly
similar phenotypically. In fact, species of Kretania s.s.
differ from Plebejides and V. alcedo largely in discol-
oured (brown) upper wings in males, but this is a labile
character that has low value in genus-level taxonomy, as
it seems to have evolved independently numerous times
in the evolution of the Polyommatina (Bálint and
Johnson, 1997; Lukhtanov et al., 2005). As a result, we
propose the following new combinations: Kretania
alcedo comb. nov., Kretania pylaon comb. nov., Kretania
zephyrinus comb. nov.

The structure of the valvae in Kretania sensu lato
(including Plebejides and the taxon K. alcedo) is typical
of the genera Polyommatus or Aricia (Stekolnikov, 2010)
(but not typical of the genus Plebejus as suggested by
Zhdanko, 2004), the uncus is narrow (Zhdanko, 2004)

and the wing pattern is extremely similar to that found
in Plebejus. The combination of these morphological
characters makes the genus Kretania sensu lato quite
distinct.

The genus Maurus. The north African endemic species
Lycaena vogelii Oberthür, 1920 has been included either
within Plebejus or in the monotypic genus Maurus
Bálint, [1992]. Our analysis recovers it as sister to the
Plebejidea–Eumedonia clade with low support, but its
age (4.4 Myr) is sufficient to maintain the genusMaurus.
The morphology of the genitalia of M. vogelii has been
described as close to that of Plebejus (Zhdanko, 2004).
The external morphology of the genus is distinctive and
can be recognized by the combination of chequered wing
fringes and strongly enlarged discal spot on the fore
wing upper side.

Plebejidea–Eumedonia clade. The genus Plebejidea (TS:
Lycaena loewii Zeller, 1847) is usually considered to be
close to Glabroculus (Tuzov et al., 2000; Zhdanko,
2004), Polyommatus (Bálint, 1991), or Albulina (Bálint
and Johnson, 1997). Our data support none of these
taxonomic hypotheses. Instead, in our reconstruction,
Plebejidea appears as sister to Eumedonia with high
statistical support. This result is unexpected, as repre-
sentatives of Plebejidea and Eumedonia clearly differ in
wing pattern and coloration and also in ecology: the
species of Eumedonia inhabit humid biotopes and their
larval food plants are species of Geraniaceae, whereas
the species of Plebejidea inhabit very dry semi-desert
biotopes and their larval food plants are xerophilous
species of Astragalus (Fabaceae). The morphology of
the male genitalia in Plebejidea is similar to that of
Glabroculus (Zhdanko, 2004), but differs by a noticeable
basal sclerotization of the subcostal groove of the valvae
(Stekolnikov, 2010).

The genus Eumedonia. (TS: Papilio eumedon Esper,
[1780]) has been considered to be close to Aricia (Bálint
and Johnson, 1997; Tuzov et al., 2000) in part because
they share the same larval food plants (Geraniaceae).
However, our results do not support this close relation-
ship, and differences in the structure of the uncus in the
male genitalia (Zhdanko, 2004) also suggest that these
genera are not closely related. In fact, the genus
Eumedonia is morphologically quite distinct. It shares
a similar form of the valvae in male genitalia with
Plebejidea, the phylogenetically most closely related
genus, as well as with the more distant Polyommatus,
Lysandra, Neolysandra, Aricia, Glabroculus and Al-
pherakya, but differs from them in the narrow uncus
and hairless eyes. The aedeagus in Eumedonia is com-
paratively slender and more pointed, resembling that in
Agriades (Zhdanko, 2004), yet the wing patterns are
very different between Eumedonia and Agriades.
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The genus Cyaniris. The genus Cyaniris (TS: Zephyrus
argianus Dalman, 1816, now regarded as a synonym of
Papilio semiargus Rottemburg, 1775) is often considered
to be close to Polyommatus s.s. (Hesselbarth et al., 1995;
Bálint and Johnson, 1997), but this relationship was
questioned on the basis of morphological (Zhdanko,
2004) and molecular analyses (Wiemers et al., 2010).
Indeed, our data indicate that Cyaniris is not closely
related to Polyommatus s.s. Instead, it forms a clade
together with Rimisia and Agriades sensu lato, although
the support for this relationship is not high. The age of
divergence of the Cyaniris lineage (4.4 Myr) is sufficient
to maintain it as an independent genus.

Cyaniris differs from Polyommatus, Lysandra, Neoly-
sandra, Aricia, Glabroculus, Alpherakya and Plebejidea
in having a narrow, nearly pointed uncus. It differs from
other taxa that also have narrow uncus in the presence
of hairs densely covering the eyes and by having a longer
aedeagus (Zhdanko, 2004). Additionally, representatives
of the genus have no marginal and submarginal pattern
on the wing underside. The combination of these
characters is characteristic for the genus Cyaniris.

The genus Rimisia. The monotypic Central Asian genus
Rimisia (TS: Lycaena miris Staudinger, 1881) has been
considered to be close to Glabroculus (Bálint and
Johnson, 1997; Tuzov et al., 2000), with which it shares
a similar pattern on the underside of the wings. This
hypothesis is not supported by our data, since Rimisia is
recovered as sister to Agriades with a divergence of more
than 4 Myr. The genus Rimisia displays an unusual
combination of morphological characters: valvae in the
male genitalia similar to those of the species Polyomm-
atus icarus, short and S-shaped aedeagus, naked eyes
and peculiar female genitalia with small papillae anales
(Zhdanko, 2004). Rimisia miris is considered to have no
metallic marginal spots on the hind wings (Zhdanko,
2004), but our analysis of the morphology revealed that
the species is variable with respect to this character and
some specimens bear metallic scales on the marginal
spots.

Agriades clade. According to our results, the genus
Agriades (TS: Papilio glandon Prunner, 1798) originated
4.2 Mya and includes three monophyletic lineages that
may be considered as subgenera: Albulina (orbitulus)
(originated 3.6 Mya), Vacciniina s.s. (optilete) and
Agriades s.s. (glandon, pheretiades, podarce and pyrenai-
cus) (the latter two split 3.2 Mya). These three taxa are
often considered to be distinct genera (e.g. Higgins,
1975), and they indeed differ in their wing patterns
(Fig. 5) and larval food plants (Table 3). The close
relationship between Albulina and Vacciniina was rec-
ognized by Bálint and Johnson (1997). Our analysis
strongly supports the grouping of Agriades s.s., Albulina
and Vacciniina s.s. Within this group, Agriades s.s. and

Vacciniina s.s. are sister taxa and Albulina is sister to the
rest. As our study resulted in the fusion of the taxa
Agriades s.s., Albulina and Vacciniina s.s in one genus,
the following new combinations result: Agriades optilete
comb. nov, Agriades orbitulus comb. nov.

Lysandra + (Neolysandra + Polyommatus) clade. This
clade is recovered with a high support in our analysis,
and it is estimated to have diverged ca. 5.7 Mya. Within
this clade, three genera—Lysandra, Neolysandra and
Polyommatus—are recognized in accordance with the
criteria discussed above.

Lysandra clade. The genusLysandra (TS:Papilio coridon
Poda, 1761) is monophyletic and sister to the clade
Neolysandra + Polyommatus with good support. The
most characteristic morphological feature of the genus is
the clearly chequered wing fringes. This character is not
exclusive within the subtribe Polyommatina, and it is
found in the distantly related generaAlpherakya,Maurus
and Grumiana, as well as in some genera of the Neotrop-
ical clade. The hypothesis that Lysandra is a synonym of
Meleageria (which includes the species daphnis and
marcida) (Hesselbarth et al., 1995) is not supported by
our phylogeny (see also Wiemers et al., 2010).

Neolysandra clade. In our analysis, the genus Neolysan-
dra (TS: Lycaena diana Miller, 1912) emerges as a well
supported lineage that is a sister to Polyommatus.
Morphologically Neolysandra differs from other genera
by the markedly wide and elliptical uncus. Moreover, it
differs from the most similar genera Lysandra and
Polyommatus in having short and scarce hairs covering
the eyes and in displaying a reduced marginal and
submarginal pattern on the wing underside (Zhdanko,
2004). In the molecular reconstruction made by
Wiemers et al. (2010), Neolysandra was recovered as a
polyphyletic taxon. Several reasons might explain this:
the taxon sampling (the type species N. diana was not
included), lack of resolution (the phylogeny was based
on two relatively short sequences), and incomplete
outgroup sampling (only the phylogenetically distant
taxa Cyaniris semiargus and Freyeria trochilus were used
to root the tree). What we consider Neolysandra
(including the taxa diana and coelestina) corresponds
to Wiemers� Neolysandra group I.

Polyommatus clade. In our analysis, the genus Poly-
ommatus (TS: Papilio icarus Rottemburg, 1775)
emerged as a distinct lineage about 4.3 Mya. It is
composed of taxa sometimes included in the gen-
era ⁄ subgenera Actisia Koçak & Kemal, 2001 (TS:
Lycaena actis Herrich-Schäffer, 1851—a junior syno-
nym, the valid synonym is Lycaena atys (Gerhard,
1851); Admetusia Koçak & Seven, 1998 (TS: Papilio
admetus Esper, 1783); Agrodiaetus Hübner, 1822
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(= Hirsutina Tutt, [1909]) (TS: Papilio damon Denis &
Schiffermüller, 1775); Antidolus Koçak & Kemal, 2001
(TS: Papilio dolus var. antidolus Rebel, 1901); Bryna
Evans, 1912 (TS: Lycaena stoliczkana Felder & Felder,
1865); Damaia Koçak & Kemal, 2001 (TS: Lycaena
dama Staudinger, 1892); Meleageria De Sagarra, 1925
(TS: Papilio daphnis Esper, 1778); Musa Koçak &
Kemal, 2001 (TS: Polyommatus musa Koçak & Hos-
seinpour, 1996); Paragrodiaetus Rose & Schurian, 1977
(TS: Lycaena glaucias Lederer, 1870); Peileia Koçak &
Kemal, 2001 (TS: Polyommatus peilei Bethune-Baker,
1921); Phyllisia Koçak & Kemal, 2001 (TS: Papilio
damon var. phyllis Christoph, 1877); Plebicula Higgins,
1969 (TS: Papilio argester Bergträsser, 1779); Poly-
ommatus Latreille, 1804 (TS: Papilio icarus
Rottemburg, 1775); Sublysandra Koçak, 1977 (TS:
Lycaena candalus Herrich-Schäffer, 1851); Thersitesia

Koçak & Seven, 1998 (TS: Lycaena thersites Cantener,
1834); Transcaspius Koçak & Kemal, 2001 (TS: Lyca-
ena kindermanni var. transcaspica Heyne, 1895); and
Xerxesia Koçak & Kemal, 2001 (TS: Lycaena damone
var. xerxes Staudinger, 1899). Several of these taxa are
recovered as monophyletic, but no subclade is older
than 4 Myr. Thus, according to our criteria, they
should not be treated as genera. The composition and
relationships obtained are notably similar to those
obtained by Zhdanko (2004) based on a morphological
analysis (e.g. Lysandra and Neolysandra are separate
genera), but differ in some details (e.g. in the position
of Agrodiaetus). Wiemers et al. (2010) specifically
addressed relationships in this genus based on molec-
ular data from two genetic markers and a different set
of outgroup taxa. Deeper relationships are frequently
not supported in their study and do not always match

(a)

(b)

(g)

(h)

(c)

(d)

(i)

(j)

(e)
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(k)

(l)

Fig. 5. Representative taxa of the genus Agriades. Similarly to other species-rich genera in the subtribe Polyommatina, despite their monophyly and
genetic similarities, the genus Agriades is morphologically quite diverse with respect to both wing upper side and underside colours and patterns. (a,b)
Agriades orbitulus; (c,d) Agriades glandon; (e,f) Agriades pheretiades; (g,h) Agriades pyrenaicus; (i,j) Agriades podarce; (k,l) Agriades optilete.
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those obtained here. The most characteristic morpho-
logical features of the genus are the marked downward
expansion of the ventral margin of the uncus and the
presence of all the basic elements of the wing pattern
(Zhdanko, 2004). Polyommatus differs from Lysandra
in having white or grey (not chequered) fringes. It
differs from Neolysandra in the presence of long hairs
densely covering the eyes.

One of the subclades in our analysis is formed by the
taxa traditionally included in Agrodiaetus (P. damocles,
P. ripartii, P. surakovi and P. damon) and Paragrodia-
etus (P. glaucias and P. erschoffii), thus our results
confirm previous results showing that Agrodiaetus is a
monophyletic entity that includes Paragrodiaetus (Kan-
dul et al., 2004, 2007; Wiemers et al., 2010). Morpho-
logically, the subgenus Agrodiaetus differs from other
genera and subgenera of the subtribe Polyommatina in
two autapomorphic characters of the male genitalia:
distal extremity of aedeagus pronouncedly swollen
(Zhdanko, 1983) and uncus markedly constricted dor-
soventrally (Zhdanko, 2004). Our data also strongly
support that the taxon P. stempfferi is sister to the
Agrodiaetus clade, and that P. escheri is sister to the
P. stempfferi + Agrodiaetus clade. The taxa P. myrrha
and P. cornelia, representative of the taxon Sublysandra,
form another subgroup of Polyommatus that is recov-
ered with low support and with unresolved position.
Sublysandra is usually considered to be a subgenus of
Polyommatus (Bálint and Johnson, 1997; Zhdanko,
2004; Wiemers et al., 2010) and is morphologically
similar to Polyommatus s.s. The subclade representing
Meleageria (P. daphnis and P. marcida) is recovered
with good support as sister to the species P. amandus.
The close relationship between P. amandus and P. daph-
nis + P. marcida is surprising and has not been pro-
posed previously.

The last supported subclade is formed by Polyomm-
atus s.s. + (Plebicula + Thersitesia). The sister rela-
tionship of the taxa representing Plebicula (P. dorylas
and P. nivescesns) and Thersitesia (P. thersites) was first
recovered by Wiemers et al. (2010). Polyommatus s.s.
was recovered as monophyletic with high support.
Within this clade, the Central Asian species P. hunza
and P. venus (which sometimes have been placed
together in the genus Bryna) form a clade that is sister
to the rest (erotides and icarus). This Central Asian
subclade was also recovered by Wiemers et al. (2010).

Conclusion

A multilocus molecular phylogeny has clarified rela-
tionships within the Polyommatina, and molecular age
estimates have helped to establish criteria specific for the
higher-level taxonomy of this group. Each of the
resulting clades that we designate to be a genus displays

a distinguishing combination of morphological charac-
ters, but most of these characters are not unique to a
single genus. The high evolutionary lability of many
morphological characters traditionally used to infer
relationships in this lineage of butterflies (metallic spots
in the hind wing underside, blue versus brown male wing
colour, shape of the valvae, membranous ventral fold in
the inner part of valvae, marked discal spot on the fore
wing upper side, number of segments in the antennal
club, pilosity in the eyes, presence of small tails in the
hind wing, etc.) is apparent, and explains why the
taxonomy of the Polyommatina has been so controver-
sial. Based on our phylogenetic results and the criteria
outlined above, we propose the following systematic
arrangement for the subtribe Polyommatina (in paren-
theses we list objective and subjective synonyms for the
generic names, objective synonyms are indicated by the
sign ‘‘=’’; in brackets we provide a tentative list of
species for each genus in alphabetical order; likely
synonyms for species are not included; species that were
analysed in this study are highlighted in bold):

Subtribe Polyommatina Swainson, 1827
Genus Polyommatus Latreille, 1804 (Actisia Koçak &

Kemal, 2001; Admetusia Koçak & Seven, 1998; Agro-
diaetus Hübner, 1822 (= Hirsutina Tutt, [1909]); Antid-
olus Koçak & Kemal, 2001; Bryna Evans, 1912;
Dagmara Koçak & Kemal, 2001; Damaia Koçak &
Kemal, 2001; Juldus Koçak & Kemal, 2001; Meleageria
De Sagarra, 1925; Musa Koçak & Kemal, 2001;
Paragrodiaetus Rose & Schurian, 1977; Peileia Koçak
& Kemal, 2001; Phyllisia Koçak & Kemal, 2001;
Plebicula Higgins, 1969; Sublysandra Koçak, 1977;
Thersitesia Koçak & Seven, 1998; Transcaspius Koçak
& Kemal, 2001; Xerxesia Koçak & Kemal, 2001)
[P. abdon Aistleitner & Aistleitner, 1994), P. achaemenes
Skala, 2002, P. actinides (Staudinger, 1886), P. admetus
(Esper, 1783), P. aedon (Christoph, 1877), P. aereus
Eckweiler, 1998, P. afghanicus (Forster, 1973), P. ah-
madi (Carbonell, 2001), P. alcestis Zerny, 1932, P. aloisi
Bálint, 1998, P. altivagans (Forster, 1956), P. amandus
(Schneider, 1792), P. amor (Lang, 1884), P. annamaria
Bálint, 1992, P. anticarmon (Koçak, 1983), P. antidolus
(Rebel, 1901), P. arasbarani (Carbonell & Naderi,
2000), P. ardschira (Brandt, 1938), P. ariana (Moore,
1865), P. aroaniensis (Brown, 1976), P. artvinensis (Car-
bonell, 1997), P. aserbeidschanus (Forster, 1956), P. at-
lanticus (Elwes, 1906), P. attalaensis Carbonell, Borie &
De Prins, 2004, P. atys (Gerhard, 1851), P. avinovi
Sthchetkin, 1980, P. baltazardi (de Lesse, 1963),
P. baytopi (de Lesse, 1959), P. belovi (Dantchenko &
Lukhtanov, 2005), P. bilgini (Lukhtanov and
Dantchenko, 2002), P. bilucha (Moore, 1884), P. birunii
Eckweiler & 10 Hagen, 1998, P. bogra Evans, 1932,
P. boisduvalii (Herrich-Schäffer, 1843), P. bollandiDum-
ont, 1998, P. buzulmavi Carbonell, 1991, P. caeruleus
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(Staudinger, 1871), P. carmon (Herrich-Schäffer, 1851,
P. celina (Austaut, 1879), P. charmeuxi (Pagès, 1994),
P. cilicius (Carbonell, 1998), P. ciloicus de Freina &
Witt, 1983, P. cornelia (Fryer, 1851), P. cyaneus
(Staudinger, 1899), P. dagestanicus (Forster, 1960),
P. dagmara (Grum-Grshimaı̈lo, 1888), P. dama
(Staudinger, 1992), P. damocles (Herrich-Schäffer,
1844), P. damon (Denis & Schiffermüller, 1775),
P. damone (Eversmann, 1841), P. damonides (Stau-
dinger, 1899), P. dantchenkoi (Lukhtanov & Wiemers,
2003), P. daphnis (Denis & Schiffermüller, 1775),
P. deebi (Larsen, 1974), P. demavendi (Pfeiffer, 1938),
P. dizinensis (Schurian, 1982), P. dolus (Hübner, 1823),
P. dorylas (Denis & Schiffermüller, 1775), P. drunela
Swinhoe, 1910, P. eckweileri 10 Hagen, 1988, P. ect-
abanensis (de Lesse, 1964), P. elbursicus (Forster, 1956),
P. eleniae Coutsis & De Prins, 2005, P. erigone (Grum-
Grshimaı̈lo, 1890), P. eriwanensis (Forster, 1960),
P. ernesti (Eckweiler, 1989), P. eroides (Frivaldszky,
1835), P. eros (Ochsenheimer, 1808), P. erotides (Stau-
dinger, 1892), P. erschoffii (Lederer, 1869), P. escheri
(Hübner, 1823), P. fabressei (Oberthür, 1910), P. fara-
marzi Skala, 2001, P. femininoides (Eckweiler, 1987),
P. firdussii (Forster, 1956), P. florenciae (Tytler, 1926),
P. forresti Bálint, 1992, P. frauvartianae Bálint, 1997,
P. fulgens (de Sagarra, 1925), P. glaucias (Lederer,
1870), P. golgus (Hübner, 1813), P. guezelmavi Olivier,
Puplesiene, van der Poorten, De Prins & Wiemers, 1999,
P. haigi (Lukhtanov and Dantchenko, 2002), P. hama-
danensis (de Lesse, 1959), P. hopfferi (Herrich-Schäffer,
1851), P. huberti (Carbonell, 1993), P. humedasae (Toso
& Balletto, 1976), P. hunza (Grum-Grshimaı̈lo, 1890),
P. icadius (Grum-Grshimaı̈lo, 1890), P. icarus (Rottem-
burg, 1775), P. interjectus (de Lesse, 1960), P. iphicar-
mon Eckweiler & Rose, 1993, P. iphidamon (Staudinger,
1899), P. iphigenia (Herrich-Schäffer, 1847), P. iphige-
nides (Staudinger, 1886), P. isauricoides Graves, 1923,
P. ishkashimicus Shchetkin, 1986, P. juldusus (Stau-
dinger, 1886), P. kamtshadalis (Sheljuzhko, 1933),
P. karacetinae (Lukhtanov and Dantchenko, 2002),
P. karatavicus (Lukhtanov, 1990), P. karindus (Riley,
1921), P. kendevani (Forster, 1956), P. khorasanensis
(Carbonell, 2001), P. klausschuriani 10 Hagen, 1999,
P. kurdistanicus (Forster, 1961), P. lama (Grum-Grshi-
maı̈lo, 1891), P. larseni (Carbonell, 1994), P. lukhtanovi
(Dantchenko, 2005), P. luna Eckweiler, 2002, P. lycius
(Carbonell, 1996), P. magnificus (Grum-Grshimaı̈lo,
1885), P. maraschi (Forster, 1956), P. marcida (Lederer,
1870), P. masulensis 10 Hagen & Schurian, 2000,
P. mediator (Dantchenko & Churkin, 2003), P. melanius
(Staudinger, 1886), P. menalcas (Freyer, 1837), P. mene-
laos Brown, 1976, P. meoticus Zhdanko & Shchurov,
1998, P. merhaba De Prins, van der Poorten, Borie, van
Oorschot, Riemis & Coenen, 1991, P. mithridates
(Staudinger, 1878), P. mofidii (de Lesse, 1963), P. mor-
gani (Le Cerf, 1909), P. muellerae Eckweiler, 1997,

P. muetingi (Bálint, 1992), P. musa Koçak & Hossein-
pour, 1996, P. myrrha (Herrich-Schäffer, 1851),
P. nephohiptamenos (Brown & Coutsis, 1978), P. nepal-
ensis Forster, 1961, P. ninae (Forster, 1956), P. nivescens
(Keferstein, 1851), P. nuksani (Forster, 1937), P. orphi-
cus (Kolev, 2005), P. paulae Wiemers & De Prins, 2004,
P. peilei Bethune-Baker. 1921, P. pfeifferi (Brandt,
1938), P. phyllides (Staudinger, 1986), P. phyllis (Chris-
toph, 1877), P. pierceae (Lukhtanov and Dantchenko,
2002), P. pierinoi Bálint, 1995, P. poseidon (Herrich-
Schäffer, 1851), P. poseidonides (Staudinger, 1886),
P. posthumus Christoph, 1877), P. pseuderos (Moore,
1879), P. pulchella (Bernardi, 1951), P. putnami
(Lukhtanov and Dantchenko, 2002), P. ripartii (Freyer,
1830), P. rjabovianus (Koçak, 1980), P. rovshani (Dant-
chenko & Lukhtanov, 1994), P. schuriani (Rose, 1978),
P. sennanensis (de Lesse, 1959), P. sertavulensis (Koçak,
1979), P. shahkuhensis (Lukhtanov & Shapoval, 2008),
P. shahrami (Skala, 2001), P. shamil (Dantchenko,
2000), P. shirkuhensis 10 Hagen & Eckweiler, 2001,
P. sigberti Olivier, van der Poorten, Puplesiene & De
Prins, 2000, P. sorkhensis Eckweiler, 2003, P. stempfferi
(Brand, 1938), P. stigmatifera (Courvoisier, 1903),
P. surakovi (Dantchenko & Lukhtanov, 1994), P. tankeri
(de Lesse, 1960), P. tenhageni Schurian & Eckweiler,
1999, P. theresiae Schurian, van Oorschot & van den
Brink, 1992, P. thersites (Cantener, 1834), P. transcas-
picus (Heyne, 1895), P. tshetverikovi Nekrutenko, 1977,
P. tsvetajevi (Kurentzov, 1970), P. turcicolus (Koçak,
1977), P. turcicus (Koçak, 1977), P. urmiaensis (Schuri-
an & 10 Hagen, 2003), P. valiabadi (Rose & Schurian,
1977), P. vanensis (de Lesse, 1958), P. vaspurakani
(Lukhtanov & Dantchenko, 2003), P. venus (Staudinger,
1886), P. violetae (Gómez-Bustillo, Expósito & Martı́-
nez, 1979), P. vagneri (Forster, 1956), P. wiskotti
(Courvoisier, 1910), P. yurinekrutenko Koçak, 1996,
P. zapvadi (Carbonell, 1993), P. zarathustra Eckweiler,
1997, P. zardensis Schurian & 10 Hagen, 2001]

Genus Neolysandra Koçak, 1977 [N. coelestina
(Eversmann, 1843), N. corona (Verity, 1936), N. diana
(Miller, 1913), N. ellisoni (Pfeiffer, 1931), N. fatima
Eckweiler & Schurian, 1980, N. fereiduna Skala,
2002].

Genus Lysandra Hemming, 1933 [(= Uranops Hem-
ming, 1929); (= Argus Scopoli, 1763)] [L. albicans
(Gerhard, 1851), L. arzanovi (Stradomsky & Shchurov,
2005, L. bellargus (Rottemburg, 1775), L. caelestissima
(Verity, 1921), L. coridon (Poda, 1761), L. corydonius
(Herrich-Schäffer, 1852), L. dezina de Freina & Witt,
1983, L. gennargenti Leigheb, 1987, L. hispana (Herrich-
Schäffer, 1851), L. melamarina Dantchenko, 2000,
L. nufrellensis Schurian, 1977, L. ossmar (Gerhard,
1851), L. punctifera (Oberthür, 1876), L. sheikh
Dantchenko, 2000, L. syriaca Tutt, 1910].

Genus Agriades Hübner, [1819] ((= Latiorina Tutt,
[1909]); Albulina Tutt, 1909; Himalaya Koçak &
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Seven, 1998; Mestore Koçak & Kemal, 2007; Vaccin-
iina Tutt, 1909; Xinjiangia Huang & Murayama, 1988)
[A. amphirrhoe (Oberthür, 1910), A. arcaseia (Fruh-
storfer, 1916), A. asiatica (Elwes, 1882), A. cassiope
Emmel & Emmel, 1998, A. dis (Grum-Grshimaı̈lo,
1891), A. glandon (de Prunner, 1798), A. jaloka
(Moore, 1875), A. janigena (Riley, 1923), A. kumuku-
leensis (Huang & Murayama, 1988), A. kurtjohnsoni
Bálint, 1997, A. lehanus (Moore, 1878), A. luana
(Evans, 1915), A. morsheadi (Evans, 1923), A. optilete
(Knoch, 1781), A. orbitulus (de Prunner, 1798),
A. pheretiades (Eversmann, 1843), A. podarce (Felder
& Felder,1865), A. pyrenaicus (Boisduval, 1840),
A. sikkima (Moore, 1884)].

Genus Rimisia Zhdanko, 1994 [R. miris (Staudinger,
1881)].

Genus Cyaniris Dalman, 1816 ((= NomiadesHübner,
[1819]); Glaucolinea Wang & Rehn, 1999) [C. bellis
(Freyer, 1842), C. semiargus (Rottemburg, 1775)].

Genus Eumedonia Forster, 1938 [E. eumedon (Esper,
1780), E. kogistana (Grum-Grshimaı̈lo, 1888), E. per-
sephatta (Alphéraky, 1881)].

Genus Plebejidea Koçak, 1983 [P. afshar (Eckweiler,
1998), P. loewii (Zeller, 1847)].

Genus Maurus Bálint, [1992] [M. vogelii (Oberthür,
1920)].

Genus Kretania Beuret, 1959 (Plebejides Sauter, 1868)
[K. alcedo (Christoph, 1877), K. allardi (Oberthür, 1874),
K. beani (Bálint and Johnson, 1997), K. csomai (Bálint,
1992), K. eurypilus (Freyer, 1851), K. hesperica (Ram-
bur, 1839), K. iranica (Forster, 1938), K. martini
(Allard, 1867), K. nicholli (Elwes, 1901), K. patriarcha
(Bálint, 1992), K. philbyi (Graves, 1925), K. psylorita
(Freyer, 1845), K. pylaon (Fischer von Waldheim, 1832),
K. sephirus (Frivaldszky, 1835), K. trappi (Verity, 1927),
K. usbeka (Forster, 1939), K. zephyrinus (Christoph,
1884)].

Genus Afarsia Korb and Bolshakov, 2011 (= Farsia
Zhdanko, 1992) [A. antoninae (Lukhtanov, 1999),
A. ashretha (Evans, 1925), A. hanna (Evans, 1932),
A. iris (Lang, 1884), A. jurii (Tshikolovets, 1997),
A. morgiana (Kirby, 1871), A. omotoi (Forster, 1972),
A. rutilans (Staudinger, 1886), A. sieversii (Christoph,
1873)].

Genus Aricia Reichenbach, 1817 ((= Gynomorphia
Verity, 1929); Pseudoaricia Beuret, 1959; Ultraaricia
Beuret, 1959; Umpria Zhdanko, 1994) [A. agestis (Denis
& Schiffermüller, 1775), A. anteros (Freyer, 1838),
A. artaxerxes (Fabricius, 1793), A. bassoni (Larsen,
1974), A. chinensis (Murray, 1874), A. cramera (Esc-
hscholtz, 1821), A. crassipuncta (Christoph, 1893),
A. hyacinthus (Herrich-Schäffer, 1847), A. isaurica
(Staudinger, 1871), A. montensis (Verity, 1928), A. mor-
ronensis (Ribbe, 1910), A. nicias (Meigen, 1829), A. te-
berdina (Sheljuzhko, 1934), A. torulensis (Hesselbarth &
Siepe, 1993), A. vandarbani (Pfeiffer, 1937)].

Genus Glabroculus Lvovsky, 1993 (Elviria Zhdanko,
1994) [G. cyane (Eversmann, 1837), G. elvira (Evers-
mann, 1854).

Genus Alpherakya Zhdanko, 1994 [A. bellona (Grum-
Grshimaı̈lo, 1888), A. devanica (Moore, 1875), A. pil-
gram (Bálint and Johnson, 1997), A. sarta (Alphéraky,
1881), A. sartoides (Swinhoe, 1910)].

Genus Plebejus Kluk, 1780 ((= Rusticus Hübner,
[1806]); (= Lycoena Nicholl, 1901); Lycaeides Hübner,
[1919]) [P. aegina (Grum-Grshimaı̈lo, 1891), P. agnatus
(Staudinger, 1889), P. anna (Edwards, 1861), P. argiva
(Staudinger, 1886), P. argus (Linnaeus, 1758), P. argy-
rognomon (Bergsträsser, 1779), P. bergi (Kusnezov,
1908), P. caspicus (Forster, 1936), P. choltagi (Zhdanko
& Churkin, 2001), P. christophi (Staudinger, 1874),
P. cleobis (Bremer, 1861), P. dzhizaki Zhdanko, 2000,
P. eversmanni (Lang, 1884), P. fridayi Chermock,
1945, P. fyodor Hsu, Bálint & Johnson, 2000, P. ganss-
uensis (Grum-Grshimaı̈lo, 1891), P. idas (Linnaeus,
1760), P. kwaja (Evans, 1932), P. lepidus Zhdanko,
2000, P. maidantagi Zhdanko & Churkin, 2001, P. mar-
acandicus (Erschoff, 1874), P. melissa (Edwards, 1873),
P. mongolicus (Rühl, 1893), P. noah (Herz, 1900),
P. nushibi Zhdanko, 2000, P. planorum (Alphéraky,
1881), P. pseudaegon (Butler, 1882), P. qinghaiensis
(Murayama, 1992), P. rogneda (Grum-Grshimaı̈lo,
1990), P. roxane (Grum-Grshimaı̈lo, 1887), P. samudra
(Moore, 1875), P. samuelis (Nabokov, 1844), P. shuro-
abadicus (Sthchetkin, 1963), P. sinicus (Forster, 1936),
P. subsolanus (Eversmann, 1851), P. tancrei (Graeser,
1888), P. tillo Zhdanko & Churkin, 2001, P. tomyris
(Grum-Grshimaı̈lo, 1890), P. transcaucasicus (Rebel,
1901), P. uiguricus Zhdanko, 2000].

Genus Pamiria Zhdanko, 1994 [P. chrysopis (Grum-
Grshimaı̈lo, 1888), P. galathea (Blanchard, 1844), P. issa
(Zhdanko, 1992), P. margo Zhdanko, 2002, P. metallica
(Felder & Felder, 1865), P. omphisa (Moore, 1875),
P. selma (Koçak, 1996)].

Genus Patricius Bálint, [1992] (Themisia Zhdanko,
2002) [P. felicis (Oberthür, 1886), P. lucifer (Staudinger,
1866), P. lucifugus (Fruhstorfer, 1915), P. lucina (Grum-
Grshimaı̈lo, 1902), P. sagona Zhdanko, 2002, P. themis
(Grum-Grshimaı̈lo, 1891), P. younghusbandi (Elwes,
1906)].

Genus Grumiana Zhdanko, 2004 [G. berezowskii
(Grum-Grshimaı̈lo, 1902) (not studied by us, morpho-
logically close to Plebejus (Zhdanko, 2004)].

Genus Rueckbeilia gen. nov. [R. fergana (Staudinger,
1881), R. rosei (Eckweiler, 1989)].

Genus Icaricia Nabokov, [1945] [I. acmon (Westwood,
1851), I. cotundra Scott & Fisher, 2006, I. icarioides
(Boisduval, 1852), I. lupini (Boisduval, 1869), I. neurona
(Skinner, 1902), I. saepiolus (Boisduval, 1852), I. shasta
(Edwards, 1862)].

Genus Plebulina Nabokov, [1945] [P. emigdionis
(Grinnell, 1905)].
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Genus Freyeria Courvoisier, 1920 [F. minuscule
(Aurivillius, 1909), F. putli (Kollar, 1844), F. trochylus
(Freyer, 1844)].

Genus Luthrodes Druce, 1895 (Edales Swinhoe,
[1910]; Lachides Nekrutenko, 1984) [L. boopis (Fruh-
storfer, 1897), L. buruana (Holland, 1900), L. cleotas
(Guérin-Méneville, 1831), L. contracta (Butler, 1880),
L. ella (Butler, 1881), L. galba (Lederer, 1855), L. min-
dora (Felder & Felder, 1865), L. pandava (Horsfield,
1829), L. peripatria (Hsu, 1989)].

Genus Chilades Moore, [1881] [C. alberta (Butler,
1901), C. eleusis (Demaison, 1888), C. elicola (Strand,
1911), C. kedonga (Grose-Smith, 1898), C. lajus (Stoll,
1780), C. naidina (Butler, 1886), C. parrhasius (Fabri-
cius, 1793), C. sanctithomae (Sharpe, 1893), C. serrula
(Mabille, 1890)]. Species incertae sedis: C. roemli Kalis,
1933, C. saga (Grose-Smith, 1895), C. yunnanensis Wat-
kins, 1927.

Genus Itylos Draudt, 1921 ((= Ithylos Forster, 1955);
Ityloides Balletto, 1993; Madeleinea Bálint, 1993 (= Ni-
valis Balletto, 1993); Parachilades Nabokov, 1945)
[I. ardisensis (Bálint & Lamas, 1997), I. bella (Bálint &
Lamas, 1997), I. cobaltana (Bálint & Lamas, 1994),
I. colca (Bálint & Lamas, 1997), I. fumosus (Balletto,
1993), I. gradoslamasi (Bálint, 1997), I. huascarana
(Bálint & Lamas, 1994), I. koa (Druce, 1876), I. lea
(Benyamini, Bálint and Johnson, 1995), I. lolita (Bálint,
1993), I. ludicra (Weymer, 1890), I. malvasa (Bálint &
Pyrcz, 2000), I. mashenka (Bálint, 1993), I. mira Bálint
& Lamas, 1999, I. moza (Staudinger, 1894), I. nodo
(Bálint and Johnson, 1995), I. pacis Draudt, 1921,
I. pasco Bálint & Lamas, 1994, I. pelorias (Weymer,
1890), I. pnin Bálint, 1993, I. sigal (Benyamini, Bálint
and Johnson, 1995), I. tintarrona (Bálint and Johnson,
1995), I. titicaca (Weymer, 1890), I. vokoban (Bálint and
Johnson, 1995)].

Genus Paralycaeides Nabokov, 1945 (Boliviella Bal-
letto, 1993) [P. inconspicua (Draudt, 1921), P. shade
Bálint, 1993, P. vapa (Staudinger, 1894)].

Genus Pseudolucia Nabokov, 1945 ((= Pallidula
Balletto, 1993); Cherchiella Balletto, 1993; Facula Bal-
letto, 1992) [P. andina (Bartlett-Calvert, 1893), P. ann-
amaria Bálint & Johnson, 1993, P. arauco Bálint,
Benyamini & Johnson, 2001, P. argentina (Balletto,
1993), P. asafi Benyamini, Bálint and Johnson, 1995;
P. aureliana Bálint & Johnson, 1993, P. avishai Benya-
mini, Bálint and Johnson, 1995; P. barrigai Benyamini
& Bálint, 2011, P. benyamini Bálint and Johnson, 1995;
P. charlotte Bálint and Johnson, 1995; P. chilensis (Blan-
chard, 1852), P. clarea Bálint & Johnson, 1993, P. col-
lina (Philippi, 1859), P. dubi Bálint, 2001, P. faundezi
Benyamini & Bálint, 2011, P. grata (Köhler, 1934),
P. hazearum Bálint & Johnson, 1993, P. henyah Bálint,
Benyamini & Johnson, 2001, P. humbert Bálint and
Johnson, 1995; P. johnsoni Benyamini & Bálint, 2011,
P. jujuyensis Bálint, Eisele & Johnson, 2000, P. kechico

Bálint, Benyamini & Johnson, 2001, P. kinbote Bálint &
Johnson, 1993, P. lanin (Bálint & Johnson, 1993),
P. luzmaria Benyamini & Bálint, 2011, P. magellana
Benyamini, Bálint and Johnson, 1995; P. munozae
Benyamini & Bálint, 2011, P. neuqueniensis Bálint and
Johnson, 1995; P. oligocyaena (Ureta, 1956), P. oraria
Bálint & Benyamini, 2001, P. parana Bálint, 1993,
P. patago (Mabille, 1889), P. penai (Bálint & Johnson,
1993), P. plumbea (Butler, 1881), P. scintilla (Balletto,
1993), P. shapiroi Bálint and Johnson, 1995; P. sibylla
(Kirby, 1871), P. sigal Benyamini & Bálint, 2011,
P. talia Bálint, Benyamini & Johnson, 1995, P. tamara
Bálint and Johnson, 1995; P. ugartei Bálint & Benya-
mini, 2001, P. valentina Benyamini & Bálint, 2011,
P. vera Bálint & Johnson, 1993, P. whitakeri Bálint
and Johnson, 1995; P. zina Benyamini, Bálint and
Johnson, 1995, P. zoellneri Benyamini & Bálint, 2011].

Genus Nabokovia Hemming, 1960 (= Pseudothecla
Nabokov, 1945) [N. ada Bálint and Johnson, 1994,
N. cuzquenha Bálint & Lamas, 1997, N. faga (Dognin,
1895)].

Genus Eldoradina Balletto, 1993 (= Polytheclus
Bálint & Johnson, 1993) [E. cyanea (Balletto, 1993),
E. sylphis Draudt, 1921].

Genus Hemiargus Hübner, 1818 [H. huntingtoni Rind-
ge & Comstock, 1953, H. martha (Dognin, 1887),
H. hanno (Stoll, 1790)*, H. ramon (Dognin, 1887)].

Genus Echinargus Nabokov, 1945 [E. isola (Edwards,
1871)].

Genus Cyclargus Nabokov, 1945 [C. ammon (Lucas,
1857), C. dominicus (Möschler, 1886), C. kathleena
Johnson & Matusik, 1992, C. oualiri Brévignon, 2002,
C. shuturn Johnson & Bálint, 1905, C. sorpresus John-
son & Matusik, 1992, C. thomasi (Clench, 1941)].

Genus Pseudochrysops Nabokov, 1945 [P. bornoi
(Comstock & Huntington, 1943)].

*This taxon seems to include at least two species but
distributions and nomenclature are unclear.

Acknowledgements

We thank A.A. Stekolnikov for discussion of the
manuscript and numerous comments. We thank A.
Becerril, J. Beck, D. Benyamini, A.J. Berry, M.F. Braby,
M.R. Canfield, M.A. Cornwall, N. Cottle, A.V. Dant-
chenko, R. Eastwood, J. Ebner, O. Gorbunov, M.
Huben, E. John, N.P. Kandul, N.G. Kondla, G. Lamas,
D.J. Lohman, J. Mathew, S.D.L. Miller, C.J. Muller,
C.C. Nice, P.A. Opler, S. Ramı́rez, A. Shapiro, V.
Shchurov, D.L. Stern, M.W. Tan, M.A. Travassos, A.
Ugarte and A.D. Warren for providing material and
field assistance. Support for this research was provided
by the Spanish MICINN (project CGL2010-21226 ⁄BOS
to G.T. and R.V. and predoctoral fellowship BES-2008-
002054 to G.T.), by the Russian Foundation for Basic

23G. Talavera et al. / Cladistics (2012) 1–27



Research (grants 12-04-00490, 11-04-00076, 11-04-00734
and 11-04-01119), by grant 16.518.11.7070 (Ministry of
Education and Science of the Russian Federation), and
by the programmes of the Presidium of Russian
Academy of Science ‘‘Gene pools and genetic diversity’’
and ‘‘Origin of biosphere and evolution of geo-biolog-
ical systems’’ to V.A.L.; grants from the Baker Foun-
dation, the Green Memorial Fund of Harvard
University and the Putnam Expeditionary Fund of the
Museum of Comparative Zoology to N.E.P. and R.V.
and NSF DEB-0447242 to N.E.P.

References

Abramson, N.I., Lebedev, V.S., Tesakov, A.S., Bannikova, A.A.,
2009. Supraspecies relationships in the subfamily Arvicolinae
(Rodentia, Cricetidae): an unexpected result of nuclear gene
analysis. Mol. Biol. 43, 834–846.

Als, T.D., Vila, R., Kandul, N.P., Nash, D.R., Yen, S.-H., Hsu, Y.-F.,
Mignault, A.A., Boomsma, J.J., Pierce, N.E., 2004. The evolution
of alternative parasitic life histories in Large Blue butterflies.
Nature 432, 386–390.

Ashlock, P.D., 1971. Monophyly and associated terms. Syst. Zool. 20,
63–69.

Avise, J.C., Johns, G.C., 1999. Proposal for a standardized temporal
scheme of biological classification for extant species. Proc. Natl
Acad. Sci. USA 96, 7358–7363.

Avise, J.C., Liu, J.-X., 2011. On the temporal inconsistencies of
Linnean taxonomic ranks. Biol. J. Linn. Soc. 102, 707–714.

Avise, J.C., Mitchell, D., 2007. Time to standardize taxonomies. Syst.
Biol. 56, 130–133.

Bálint, Z., 1991. A xeromontane lycaenid butterfly species: Plebejus
pylaon (Fischer von Waldheim, 1832) (Lepidoptera: Lycaenidae)
and its relatives. Part I. Janus Pannonius Muz. Évk. 35, 33–69.
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Türkei unter Berücksichtigung der angrenzenden Länder. Author�s
edition, Bocholt, Germany.

Higgins, L.G., 1975. The Classification of European Butterflies.
Collins, London, UK.

Hirowatari, T., 1992. A generic classification of the tribe Polyommatini
of the Oriental and Australian regions (Lepidoptera, Lycaeni-
dae, Polyommatinae). Bull. Univ. Osaka Prefect. Ser. B. 44,
1–102.

Hörandl, E., Stuessy, T.F., 2010. Paraphyletic groups as natural units
of biological classification. Taxon 59, 1641–1653.

Io, C., 1998. The Classification and Identification of Chinese butter-
flies. Henan Science and Technology Publishing House, Zhengz-
hou, China.

Kandul, N.P., Lukhtanov, V.A., Dantchenko, A.V., Coleman, J.W.S.,
Sekercioglu, C.H., Haig, D., Pierce, N.E., 2004. Phylogeny of
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Appendix 1

Description of the new genus Rueckbeilia

Rueckbeilia Lukhtanov, Talavera, Pierce & Vila, gen. nov.
Type species Lycaena fergana Staudinger, 1881 (Stett. Ent. Z. p.

262) (type species originally described as ‘‘Lyc.[aena] Loewii Z. var.?
Fergana Stgr.’’).

The name is feminine in gender.

Description

Head with whitish scales. Antennae approximately half as long as
fore wing costa, with alternating black and white dots. The antennal
club consists of 14 or 15 segments. Dorsal side of the club black with
white end, ventral side reddish brown. Second segment of labial
palpus white with blackish brush; third segment black. Eyes without
hairs, bordered with snow-white scales. Length of fore wing 13–
15 mm. Wing colour sexually dimorphic. Male upper side (Fig. 2a)
violet-blue; black margin of the wings narrow (0.5–1 mm); veins
slightly darkened distally; black discal spot of the fore wing small or
unclear. Inner part of cilia dark grey, outer part white. Male
underside (Fig. 2b) greyish brown with black spots encircled by
white; hindwing with two to four orange submarginal spots; three to
fourblack marginal spots near tornus with blue metallic scales.
Female upper side brown with two to three orange submarginal spots
on hindwing and with cilia as in the male. Female underside almost
the same as in the male, but slightly darker.

Male genitalia
Uncus divided into two sclerotized lobes. Gnatos situated at their
bases, in the form of sclerotized hooks. Juxta with two long narrow
branches. Aedeagus straight and relatively short. Valvae (Fig. 3a)
narrow, with a strongly convex and setose longitudinal membranous
fold on the ventral wall. The costal margin of the valvae is bent
medially, so that a membranous subcostal groove is formed between
this margin and the longitudinal fold. Sacculus extends along the entire
ventral margin of the valvae. The musculature of male genitalia has
been investigated by Stekolnikov (2011), who has found that (i) the
transversal intravalval musculature consists of a single undifferentiated
muscle, (ii) the fixed insertion site of the intravalval muscle expands
over the entire surface of the sacculus, and (iii) the fibres diverge in a
radial pattern and attach to both the articular and the costal margin of
the valvae.

Female genitalia
Ovipositor rather short. Anterior apophyses three times shorter than
posterior ones. Antevaginal plate large, with two sclerotized lobes, and

forming a deep concavity with membranous proboscis. Proboscis with
a small, strongly sclerotized plate on the top and connected with
ductus bursae. Bursa membranous, without signum.

Diagnosis
The external morphology of Rueckbeilia is most similar to the genera
Kretania (especially K. alcedo) and Agriades (especially A. optilete).
All these taxa share a similar wing pattern that seems to have evolved
independently several times, and a possibly plesiomorphic structure
of the male valvae with a well developed membranous median fold.
However, Rueckbeilia represents a distinct monophyletic entity on the
basis of molecular characters. It is not closely related to Kretania or
Agriades, and can be distinguished from these and from other genera
by using molecular markers from COI, COII, EF-1a, Wg, ITS2,
CAD, 28S, and H3 (Table S3, Appendix S1). The mitochondrial
diagnostic characters are in the following positions in COI + COII
mtDNA: guanine (G) in position 1801 and thymine (T) in position
2139. For the nuclear marker Wg, diagnostic characters are in the
following positions: adenine (A) in 217 and G in 222. For the nuclear
marker EF-1a, diagnostic characters are A in position 295 and T in
position 304. For the nuclear marker CAD, G in position 413 is a
diagnostic character. For the nuclear marker 28S, diagnostic char-
acters are in the following positions: G in 284 and T in 586. For the
nuclear marker ITS2, diagnostic characters are in the following
positions: cytosine (C) in 12 and 1026 (positions refer to the
alignment provided as Supplementary Table S3). Except for these
fixed molecular differences that distinguish the genus Rueckbeilia
from all other genera of the subtribe Polyommatina, there are
numerous positions that differentiate the genus Rueckbeilia from
particular genera (Table S2, Appendix S1). Although these characters
are not genus-specific, they constitute unique combinations that can
be used for diagnostics.

Distribution
Uzbekistan, Tajikistan, Kyrgyzstan, Kazakhstan, and Northwest
China. Records for East Iran and Turkmenistan require verification.

Etymology
The name is given in honour of Eugen Rückbeil and his two sons,
Georg and Wasily (second half of the 19th century–beginning of the
20th century, exact years unknown), famous Russian collectors of
German origin who explored the butterfly fauna of Central Asia and
West China.

Note. In addition to R. fergana, we provisionally include in the
genus Rueckbeilia the phenotypically similar (but genetically still
unstudied) taxon Rueckbeilia rosei (Eckweiler, 1989) comb. nov., a
species known from East Turkey and Iran and traditionally considered
within the genus Vacciniina.
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Supplementary Table S1. Primer sequences. mt: mitochondrial, n: nuclear. T = 
thymine, A = adenine, G = guanine, C = cytosine, K = G+T, W = A+T, M = A+C, Y 
= C+T, R = A+G, S = G+C, V = G+A+C, I = Inosine, N = A+C+G+T. 
 
Primer 
location Primer name Direction Sequence (5' to 3') 

mt COI LCO14901 forward  GGTCAACAAATCATAAAGATATTGG  
mt COI Ron2,3 forward  GGATCACCTGATATAGCATTCCC  
mt COI Nancy3 reverse CCCGGTAAAATTAAAATATAAACTTC  
mt COI Tonya3 forward  GAAGTTTATATTTTAATTTTACCGGG  
mt COI Hobbes3 reverse  AAATGTTGNGGRAAAAATGTTA  
mt COI TN21264 forward TTGAYCCTGCAGGTGGWGGAG 
mt COII George3,5 forward  ATACCTCGACGTTATTCAGA  
mt COII Phyllis3,5 reverse GTAATAGCIGGTAARATAGTTCA 
mt COII Strom3,5 forward  TAATTTGAACTATYTTACCIGC  
mt COII Eva3,5 reverse  GAGACCATTACTTGCTTTCAGTCATCT  
mt COII JL31464 forward GAGTTTCACCTTTAATAGAACA 
mt COII B-tLys2 reverse GTTTAAGAGACCAGTACTTG 
mt COII JL25324 forward ACAGTAGGAGGATTAACAGGAG 
n CAD CAD787F6 forward  GGDGTNACNACNGCNTGYTTYGARCC  
n CAD CADFa7 forward  GDATGGTYGATGAAAATGTTAA  
n CAD CADRa7 reverse  CTCATRTCGTAATCYGTRCT  
n EF-1α ef1358,9 forward  CAAATGYGGTGGTATYGACAAACG  
n EF-1α ef6848,9 reverse  TCCTTRCGCTCCACSTGCCAYCC  
n EF-1α ef5318,9 forward  TACAGYGAGCSCCGTTTYGAGGA  
n EF-1α ef9298,9 reverse  GCCTCTTGGAGAGCTTCGTGGTG  
n EF-1α ef51.98,9 forward  CARGACGTATACAAAATCGG  
n EF-1α efrcM4R8,9 reverse  ACAGCVACKGTYTGYCTCATRTC  
n H3  H3F10  forward  ATGGCTCGTACCAAGCAGACVGC  
n H3  H3R10 reverse  ATATCCTTRGGCATRATRGTGAC  
n ITS-2  ITS-311 forward  GCATCGATGAAGAACGCAGC  
n ITS-2  ITS-411 reverse TCCTCCGCTTATTGATATGC  
n wg  LepWg112 forward  GARTGYAARTGYCAYGGYATGTCTGG  
n wg  LepWg2E7 reverse  ACNACGAACATGGTCTGCGT  
n wg Wg1n13 forward  CGGAGATGCGMCAGGARTGC 
n wg Wg2n13 reverse  CTTTTTCCGTSCGACACAGYTTGC 
n 28S S366014 forward  GAGAGTTMAASAGTACGTGAAAC  
n 28S  A33514 reverse  TCGGARGGAACCAGCTACTA  
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Supplementary Table S2. GenBank accession codes. Sequences obtained in 
this work range from JX093196 to JX093497. 
 







Supplementary Table S3. Diagnostic molecular characters (nucleotides) for the genus Rueckbeilia. Positions with fixed 
differences between Rueckbeilia (highlighted in yellow) and other genera of the subtribe Polyommatina. Base positions correspond to 
those in the molecular matrix provided as a Supplementary File. 
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G A A/

G 
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G A A A/

G A T/
C 
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C A 
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C/
T 

A
/T 

A/
T T T/

C A A/
G A T A A/

T A G A C G G C C G C/
T G C C C A C C/

T A A A G A T T 

Neolysandra A T A A T/
C A A A A A T T A A A A T T A A A T/

C A A A G A C G G C C G C G C C C A C C A A A G A T T 

Lysandra A T A A A A A A A A/
G T T A A A A T T A A A T A A A G A C/

T G G C C G C G C C C A C C A A A G A T T 

Aricia A T A A A A A A A A T T/
C A A A A/

T T T A A A T A A A G A C G G C C G/
T 

C/
T G C C C/

T A C/T C A A A G A T T 

Glabroculus A T A A A A A A A/
G A T T A A A A T T A A A T A A A G A C G G C C G C G C C C A C C A A A G A T T 

Alpherakya A T A A A A A A A A T T A T A A T T A A A T A A A G A C G G C C G C G C C C A C C A A A G A T T 

Agriades A T A A A/
T A A/

G A A A T/
C T A A A A T T/

C A A A T A A A G A C G G C C G C G C C C A/
T C/T C A A A G A T T 

Rimisia N N A A A A A A G A T T A A A A T T A A A T A A A G A C G G C C G C G T C C A C C A A A G A T T 

Cyaniris A T A C A A A A G A C T A A A A T C A A A T A A A G A C G G C C G/
A C G C C C A C C A A A G A T T 

Eumedonia A T A A/
T A A A A A A T T A A A A T T A A A T A/

G A A G A C G G C C G C G C C C A C C A A A G A T T 

Plebejidea A T A A A A A A A A T T A A T A T T A A A T A A A G A C G G C C G C G C C C A C C A A A G A T T 

Maurus A T A C A A A A A A T T A A A A T T A A A T A A A N N N N N N N N N G C C C A T N A A A G A T T 

Kretania A C A A A A A A A A T T/
C A A A A T T A A A T A A A G A C G G C C G C/

T G C C C A C C A A A G A T T 

Afarsia A T A A A A A A A A T T A A T A T T A A A T A A A N N C G G C C G C G C C C N C C A A A T A T T 

Plebejus A T A A/
G A A A A A A T/

C T A A/
G A A T/

C 
T/
C A A A T A A A G A C G G C C G C G C C C A C C A A A G A T T 

Pamiria A T A A A A A A A A T T A A A A T T A A A T A T A G A C G G C C G C G C T C A C N N N N N N T T 



Patricius A T A A A A A A A A T T A A A A T T A A A T A A A G A N N N N N N N N N N N N N C A A N N N T T 

Rueckbeilia T C T T T T T G G G C C T T T T A C G G G C G T T A G T A T A T C T A T T T G T T G G G T T C C 

Icaricia A T A 
A/
T/
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A A/
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A/
T A A A T T A A A A T/

C T A/
G A A T A A A G A C G G C C G C G C C C A C C A A A G A T T 

Plebulina A T A A A G A A A A T T A A A A T T A A A T A A A G A C G G C C G C G C C C A C C A A A G A T T 
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T A A T T A A/

T A A/
T T T A A A T A A A G A C G G C C C C G C C C/

T A C C/
T A A A G A/

T T T 
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T 

A/
T A A A T/

C A A 
A
/C
/T 
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Pseudolucia A T A A A A/
G A A A A T T A/

T A A A A A A A A T A A A G A C G G C/
A C G C G C C C/

T 

A/
T/
G 

C/T C A/
G A A G A/

G T T 

Nabokovia A T A A A A A A A A T T A A A A T T A A A T A A A G A C G G C C G C G/
A C C C A C T A A A G A T T 

Eldoradina A T A A A A A A A A T T A A A A T T A A A T A A A G A C G G C C G C G C C C A T T A A A G A T T 

Itylos A T A A A A A/
G A A/

G A T T A A/
T A A/

T T T/
C A A/

G A T/
C A A A G A C G G C C G C G C C C/

T A C C/
T A A A G A T T 

Paralycaeides A T A A A G A A A A T T A A A A T T A A A T A A A G A C G G C C G C G C C C A C C A A A G A T T 

Hemiargus N N A A T A A C/
T A A/

G T T/
C A A T A/

T T T A A A T A A A G A C G G C C G C G C C C A C/T C A A A G A T T 

Echinargus A T A A/
T A A A T T T T T A A A A T/

A T A A A T A A A G A C G G C C G C G/
A 

C/
T C C A C C A A A G A T T 

Cyclargus A T A T A G A A A A T C A A A A T T A A A T A A A G A C G G C C G C G C C C A C C A A A G A T T 

Pseudochrysops A T A A A A A T A A A T A A A A A T A A A T A A A G A C G G C T G T G C T C A C C A A A G A T T 

Cupido A T A A A A A A A A T T A T/
C A T T T A A A T/

C A A A G A C G G G G G C/
T G C C C A/

C C C G A A A C T T 

Tongeia A T A A A A A A T A T T T A A T T T A A A T A A A G G C G G G G G C A C C C T C C G A A G A T T 

Talicada A T T A A A A A A A T T A N A T T T A A A C A A A G A C G G A A G C G C T C T C C G A A G A T T 

Leptotes A T A A A A A A A A T T A A A T C T A A A T A A A G A C G G C C A C G C C C C T C C A A G C T T 

 
 



  

 

 

 

 

 

 

 

Chapter III 

 

Talavera, G., Dincă, V., Vila, R. Factors affecting 
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Family 
Clade 

Number 
GMYC 

significance 

N. 
entities 

full 
tree 

N. 
entities 

subclade 
tree CI Comment 

       
Nymphalidae 39 ** 6 5 3-6 Lasiommata maera oversplitted (two entities) in the full tree 
Nymphalidae 40 *** 36 37 36-38 Coenonympha arcania and C. leander recovered as conspecific 

in the full tree 
Nymphalidae 46 ** 4 5 4-5 Coenonympha arcania and C. leander recovered as conspecific 

in the full tree 
Nymphalidae 58 *** 10 9 8-10 Melitaea aurelia oversplitted (two entities) in the full tree 
Nymphalidae 89 * 7 6 5-8 Argynnis pandora oversplitted (two entities) in the full tree 
Nymphalidae 92 ** 12 9 4-15 Argynnis pandora oversplitted (two entities) in the full tree 
      Brenthis daphne oversplitted (two entities) in the full tree 
      Brenthis daphne and B. ino recovered as conspecific in the 

subclade tree 
Nymphalidae 99 *** 19 21 15-22 Argynnis aglaja oversplitted (two entities) in the subclade tree 
      Brenthis ino oversplitted (two entities) in the subclade tree 
Nymphalidae 103 *** 21 22 18-24 Argynnis aglaja oversplitted (two entities)in the subclade tree 
Lycaenidae 10 * 2 3 3-3 Plebejus argus oversplitted (two entities)in the subclade tree 
Hesperiidae 11 * 6 5 5-6 Thymelicus sylvestris oversplitted in two entities in the subclade 

tree and in three entities in the full tree 
Hesperiidae 20 * 8 5 4-8 Carcharodus alceae oversplitted (two entities) in the full tree 
      Carcharodus floccifera oversplitted (two entities) in the full tree 

Carcharodus floccifera and C. orientalis recovered as 
conspecific in the subclade tree 

Hesperiidae 21 * 9 6 5-9 Carcharodus alceae oversplitted (two entities) in the full tree 

      

Carcharodus floccifera oversplitted (two entities) in the full tree 
Carcharodus floccifera and C. orientalis recovered as 
conspecific in the subclade tree 

 

 



 
 
 

Family Species p-distance Splitting? 
    
Lycaenidae Calloprhys rubi 0.008 no 
 Cyaniris semiargus 0.008 no 
 Eumedonia eumedon 0.008 no 
 Maculinea nausithous 0.008 no 
 Polyommatus icarus 0.011 no 
 Polyommatus thersites 0.011 no 
Nymphalidae Melitaea cinxia 0.009 no 
 Aglais aglaja 0.009 no 
 Coenonympha glycerion 0.005 no 
 Brenthis hecate 0.005 no 
 Erebia melas 0.008 no 
 Melitaea trivia 0.008 no 
 Brenthis ino 0.008 no 
 Arethusana arethusa 0.008 no 
Pieridae Pieris brassicae 0.008 no 
 Pieris rapae 0.008 no 
Papilionidae Papilio machaon 0.016 no 
 Zerynthia polyxena 0.009 no 

 
 

 



 

 

 



 

 

 





 





 





 



 



 

   



 





 
 

Factors tested 
 

Results 
Practical recommendations for 

GMYC studies 

1. Phylogenetic methods   

1.1. Tree inference method Similar results for all ML 
and Bayesian methods 
tested. 

Not necessary to test several options. 

1.1. Ultrametric tree 
obtention method after ML 

PATHd8 and r8s produce 
similar results. ChronoPL 
works substantially worse.  

The usage of rapid algorithms as 
PATHd8 is recommended to 
accelerate computing. Do not use 
ChronoPL. 

1.2. Haplotype vs. sequence 
trees 

 

No substantial differences. It is possible to use haplotype trees in 
order to accelerate computing. 

2. Taxon level    

2.1. Superfamily to family 
reduction 

No substantial differences. 
A substantial Yule 
proportion is present in 
both cases. 

Higher taxonomic levels can be 
equally operative, at least for taxa 
with a good number of species. 

2.2. Reduction of clades to 
the minimal GMYC 
significance  

Low Yule portion levels 
destabilize GMYC when 
less than 3 to 5 species are 
included (depending on 
the taxa). Within GMYC 
significance, variation of 
performance is small. 

If only interested in one or few 
species, add outgroup taxa. Avoid 
studies with extremely few species 
and always test for GMYC 
significance.  

3. Sampling coverage    

3.1. Reduction of haplotypes 
intermediate to the most 
divergence in a species 

No induction of splits at 
our geographical range. 
The most critical for a 
given species is the 
maximum intraspecific 
divergence, not so much 
the presence of 
intermediate haplotypes. 

Sampling should be designed not to 
miss extreme haplotypes: try to cover 
the most distant or isolated 
populations, the widest variety of 
habitats, and those populations 
phenotypically differentiated. 
Plotting maximum intraspecific 
divergences accumulation curves for 
each species may help monitoring the 
sampling strategy. 

3.2. Unbalanced 
geographical range 

Species may split when 
new geographically distant 
haplotypes increase 
intraspecific divergence. 

The extension of sampling area needs 
to be uniform over all species for 
comparable results. 

3.3. Percentage of singletons A high singleton 
percentage can be 
accommodated by GMYC 
(up to 95%). Threshold 
and percentages not 
widely affected within 
GMYC significance. 

A high percentage of singletons may 
not affect the percentage of correctly 
identified species, but may critically 
reduce the meaningfulness of the 
analysis. 

 















 



Sample ID / GenBank 
accession number Taxon Locality data Country 

FJ428817 P. icarus Iskr, Pasarel Bulgaria 
09V959 / JN084708 P. icarus N Pirin Mt., Banderitsa nut-vihren hut road Bulgaria 
09V960 / JN084697 P. icarus N Pirin Mt., Banderitsa nut-vihren hut road Bulgaria 
08L303 / JN084695 P. icarus Hammer Bakker Denmark 
07C710 / JN084694 P. icarus Uusimaa Loviisa Harmaakallio Finland 
09X260 / JN084698 P. icarus Bédoine, Provence France 
09T515 / JN084701 P. icarus Bonifacio, Corsica France 
08P209 P. icarus Courbassil, Languedoc-Roussillon France 
09V243 P. icarus Domaine de la chasse de Puits de Rians, Provence France 
09X210 P. icarus Oraison, Provence France 
09X222 / JN084688 P. icarus Sault, Provence France 
07C552 / JN084693 P. icarus Hungen Steinheim, Hessen Germany 
GU655005 P. icarus Muenchen, Obermenzing, Bavaria Germany 
GU688449 P. icarus Koenigsdorf TOEL, Bavaria Germany 
HM391783 P. icarus Wiesenfelden, Hoehenberg, Bavaria Germany 
HQ563555 P. icarus Toepen, Fattigsmuehle, Bavaria Germany 
150308PP22 / JN084709 P. icarus Bahía de Almyros, Almyros, Crete Greece 
FJ428819 P. icarus Dodoni, near Igoumenista Greece 
150308PP10 / JN084691 P. icarus Montes de Ornos, Crete Greece 
150308PP62 / JN084692 P. icarus Montes de Ornos, Crete Greece 
150308PP67 P. icarus Montes de Ornos, Crete Greece 
AY556866 P. icarus Mt. Falakro Greece 
AY556927 P. icarus Hajiabad, Golestan Iran 
EU597142 P. icarus N. Torbat-e-Heydariyeh, Khorasan Iran 
FJ428823 P. icarus Nir Sannich Abad, Yazd Iran 
FJ428824 P. icarus S. Lalehzar, Kerman Iran 
FJ428826 P. icarus Mount Tavor Israel 
LD-292 P. icarus Aspromonte, Santuario Polsi, Calabria Italy 
07D884 / JN084705 P. icarus Carpineto Romano, Monti Lepini, Roma Italy 
07D864 P. icarus Filettino, Monti Simbruini, Frosinone, Lazio Italy 
09T572 P. icarus Monte Perone Elba island Italy 
07E062 / JN084702 P. icarus Monte Sirino, Potenza, Basilicata Italy 
EU597139 P. icarus near Trento Italy 
07D812 / JN084700 P. icarus Ostia Antica, Roma Italy 
07E207 / JN084703 P. icarus Ozein-Visyes, Cogne Valley, Valle d'Aosta Italy 
07E051 P. icarus P.N. La Sila, Calabria Italy 
09T559 / JN084706 P. icarus Salerno, Capri island Italy 
09T560 P. icarus Salerno, Capri island Italy 
07D899 P. icarus Serra del Prete, Mont Pollino, Calabria Italy 
FJ663998 P. icarus Oktyabrsky v. Kazakhstan 
FJ663999 P. icarus Oktyabrsky v.  Kazakhstan 
08J150 P. icarus Ponte Pedrinha, Beça, Boticas Portugal 
08J127 P. icarus Seculca, Beça, Boticas Portugal 
08J199 P. icarus Serra do Larouco, Padornelos, Montalegre Portugal 



Sample ID / GenBank 
accession number Taxon Locality data Country 

FJ428801 P. icarus Azov, Rostov-on-Don Russia 
FJ428802 P. icarus Azov, Rostov-on-Don Russia 
GQ885173 P. icarus Belokalitvensky District Russia 
FJ428803 P. icarus Dugino, Azov, Rostov-on-Don Russia 
FJ428820 P. icarus Dugino, Azov, Rostov-on-Don Russia 
FJ428822 P. icarus Dugino, Azov, Rostov-on-Don Russia 
FJ428818 P. icarus Nov. Chara, Chita Russia 
FJ428821 P. icarus Sochi, Krasnodar Russia 
EU597140 P. icarus Ukhta, Komi Republic Russia 
EU597141 P. icarus Ukhta, Komi Republic Russia 
FJ428825 P. icarus Zav’yalovsky, Udmurtia Russia 
07F062 P. icarus 10 km S. of Morella, Castellón Spain 
09X521 P. icarus 2 km NW El Vallecillo, Teruel Spain 
08P416 / JN084704 P. icarus Burón, Picos de Europa, León Spain 
08H434 P. icarus Campo Real, Madrid Spain 
06G433 P. icarus Can Rovira, El Brull, Barcelona Spain 
08H410 P. icarus Cantoblanco, Madrid Spain 
08J960 / JN084689 P. icarus Fuente Albergue de San Francisco, Güejar Sierra Spain 
08J962 P. icarus Fuente Albergue de San Francisco, Güejar Sierra Spain 
08H592 P. icarus Gualda, La Alcarria, Guadalajara Spain 
06K697 P. icarus Guillimona, La Sagra, Huéscar, Granada Spain 
06K698 P. icarus Guillimona, La Sagra, Huéscar, Granada Spain 
08L473 P. icarus Ivars de Noguera, Lleida Spain 
09V396 P. icarus La Tancada, Delta de l'Ebre, Tarragona Spain 
08L281 / JN084687 P. icarus Los Collados - Benimaurell, Vall de Laguart, Alicante Spain 
08H255 P. icarus Mequinenza, Huesca Spain 
07C623 P. icarus Meranges, Girona Spain 
08J968 P. icarus near Veleta, Monachil, Sierra Nevada, Granada Spain 
08R458 P. icarus Padrón, Picarana-Rio Tinto, Galicia Spain 
08L092 P. icarus Ruta de la Sima, El Vallecillo, Teruel Spain 
08R025 P. icarus Sant Vicent, Lliria, Valencia Spain 
08M674 P. icarus Serra Major, Morera de Montsant, Tarragona Spain 
06G507 P. icarus Sierra de Alcubierre, Aragón Spain 
09V446 P. icarus San Juan (Sierra Nevada), Granada Spain 
09V486 / JN084707 P. icarus Sierra de la Sagra, Granada Spain 
09V488 P. icarus Sierra de la Sagra, Granada Spain 
09V902 / JN084699 P. icarus Sierra de la Sagra, Granada Spain 
09V905 P. icarus Sierra de la Sagra, Granada Spain 
09V907 P. icarus Sierra de la Sagra, Granada Spain 
09V941 P. icarus Sierra de la Sagra, Granada Spain 
08P076 P. icarus Torrent de Ridolaina, Cerdanya, Girona Spain 
08R488 P. icarus Tui, Rio Louro-Magdalena, Galicia Spain 
07C463 P. icarus UAB, Bellaterra, Barcelona Spain 
08H232 P. icarus UAB, Bellaterra, Barcelona Spain 
AY556949 P. icarus Ubierna, Burgos Spain 
08P653 P. icarus Valle (Valle-Zurea), Lena, Asturias Spain 
08J899 P. icarus Vega de Espinareda, León Spain 
08L276 P. icarus Vistabella del Maestrazgo, Castellón Spain 
07C177 / JN084696 P. icarus 13 km N. of Saimbeily, Adana Turkey 
07C179 P. icarus 13 km N. of Saimbeily, Adana Turkey 
07F274 P. icarus 13 km N. of Saimbeily, Adana Turkey 



Sample ID / GenBank 
accession number Taxon Locality data Country 

AY556994 P. icarus Dedegol Gecidi, Isparta Turkey 
07F178 P. icarus Kiskaçli, Kayseri Turkey 
07C260 P. icarus Lake Tuzla, Kayseri Turkey 
07F225 P. icarus Ski resort, Erciyes Mountain, Kayseri Turkey 
        
08J361 / GU669689 P. machaon Vallgrassa, Parc Natural del Garraf, Barcelona Spain 
08R265 / GU669683 P. machaon Vilamós, Vall d'Arán, Lleida Spain 
08J346 / GU669682 P. machaon Cantallops, Alt Empordà, Girona Spain 
08H454 / GU676652 P. machaon Campo Real, Madrid Spain 
08J326 / GU676539 P. machaon Barranco de Valcuerna, Candasnos, Aragón Spain 
08J745 / HM901252 P. machaon Casa de Camineros, Tuéjar, Com. Valenciana Spain 
311007WR55 / GU675945 P. machaon Montecañada, Paterna, Com. Valenciana Spain 
08H627 / GU676601 P. machaon El Gastor, Cádiz, Andalucía Spain 
09V419 / HM901399 P. machaon San Juan (Sierra Nevada), Andalucía Spain 
09T105 / HM901370 P. machaon Uña, Cuenca, Castilla - La Mancha Spain 
270708ZB68 / GU675943 P. machaon Huelga-Utrera, Pontones, Castilla - La Mancha Spain 
08J830 / GU675872 P. machaon Mansilla de las Mulas, Castilla y León Spain 
08R325 / GU675856 P. machaon Pic Tomir, Mallorca Spain 
08P251 / GU676002 P. machaon Santa Maria, Mallorca Spain 
08P286 / GU676000 P. machaon Genova, Mallorca Spain 
08P267 / GU675999 P. machaon S'Albufera, Mallorca Spain 
JF415720 P. machaon Bavaria, Oberbayern, Diessen Germany 
GU707119 P. machaon Bavaria, Oberpfalz, Regensburg, Irlbach bei Wenzenbach Germany 



 lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Yule_Strict 3934.455 4129.876 390.8424 0*** 129 126-131 181 178-186 -0.008415945 
Yule_Relaxed 3928.651 4013.804 170.3067 0*** 131 129-135 182 179-191 -0.01380598 
Coal_Strict 3939.987 4138.193 396.4108 0*** 128 127-130 180 179-188 -0.008624911 
Coal_Relaxed 3958.194 4127.415 338.4417 0*** 129 127-130 183 178-189 -0.008218051 
ML PL CV r8s 1235.403 1470.540 470.2732 0*** 124 124-125 188 183-191 -1.451404 
ML PL CV 
chronopl 

4159.176 4183.56 48.76785 1.46e-
10*** 

124 116-130 148 135-164 -0.01126325 

ML d8 Pathd8 1150.136 1358.805 417.339 0*** 129 127-129 186 182-189 -2.145605 
ML MPL 
Pathd8 

762.7698 970.0913 414.6431 0*** 129 126-129 186 180-189 -4.700002 

 
MULTIPLE 

Yule_Strict 3934.455 4131.71 394.5106 0*** 129 128-130 192 191-200 -0.01135483  
-0.006699273  
-0.004591989  
-0.002971353 

Yule_Relaxed 3928.651 4020.096 182.8906 0*** 130 130-138 195 188-206 -0.06608312  
-0.01391933  
-0.007289458  
-0.005235013 

Coal_Strict 3939.987 4141.827 403.6793 0*** 133 133-136 191 189-195 -0.00996776  
-0.006435187  
-0.004538289 
 -0.002499381 

Coal_Relaxed 3958.194 4131.155 345.9221 0*** 131 130-134 194 190-196 -0.01067919  
-0.006410255  
-0.003729548  
-0.002040071 

ML PL CV r8s 1235.403 1475.165 479.5247 0*** 129 126-129 194 190-194 -1.923096  
-1.451404  
-1.236565  
-1.002014  
-0.987953  
-0.746125  
-0.712135  
-0.527453  
-0.527453 

ML PL CV 
chronopl 

4159.176 4193.28 68.20856 1.11610
7e-11*** 

113 103-115 148 121-156 -0.03808485  
-0.01641639  
-0.009144724  
-0.006581627  
-0.004474474  
-0.003295786 

ML d8 Pathd8 1150.136 1363.427 426.5832 0*** 129 129-131 197 196-205 -3.06515  
-1.597791  
-1.369536  
-1.239102  
-0.760852 

ML MPL 
Pathd8 

762.7698 989.5435 453.5474 0*** 127 124-128 191 160-191 -52.66667  
-40.4  
-34.66667  
-32.84211  
-27.42857  
-13.6  
-3.142858  
-2  
-2  
-1.800001  
-1.000001  
-1  
-1  
-0.999999  
-0.666668 



Nymphalidae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Yule_Strict 1693.975 1797.557 207.1633 0*** 59 58-61 86 84-89 -0.007881439 

Yule_Relaxed 1706.067 1770.221 128.3070 0*** 61 59-63 86 82-90 -0.009885226 
Coal_Strict 1695.889 1804.698 217.6187 0*** 60 59-62 85 84-88 -0.007379892 

Coal_Relaxed 1707.212 1790.444 166.4639 0*** 59 58-61 86 84-89 -0.007835904 

 
MULTIPLE 

Yule_Strict 1693.975 1799.134 210.3169 0*** 57 57-60 90 82-97 -0.01100496  
-0.006518004  
-0.004171957  
-0.003030275 

Yule_Relaxed 1706.067 1771.770 131.4063 0*** 61 59-62 93 90-101 -0.01240216  
-0.00694334  
-0.004011274 

Coal_Strict 1695.889 1805.386 218.9937 0*** 57 57-60 90 89-95 -0.01012431  
-0.004640785  
-0.002748426 

Coal_Relaxed 1707.212 1790.890 167.3564 0*** 59 59-60 94 94-99 -0.007835904  
-0.003429501 

Lycaenidae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Yule_Strict 1007.234 1050.765 87.06108 0*** 37 37-38 48 47-51 -0.007580533 

Yule_Relaxed 1011.613 1044.066 64.90507 5.25135
5e-14*** 

37 37-39 48 47-51 -0.008193093 

Coal_Strict 1009.095 1054.238 90.28693 0*** 37 37-38 48 48-51 -0.006980703 

Coal_Relaxed 1010.825 1050.084 78.518 1.11022
3e-16*** 

37 37-39 48 48-52 -0.007139122 

 
MULTIPLE 

Yule_Strict 1007.234 1051.242 88.0151 0*** 38 37-38 52 48-60 -0.007580533  
-0.003546308  
-0.002418972 

Yule_Relaxed 1011.613 1045.296 67.36502 3.61821
7e-13*** 

38 36-39 51 47-62 -0.008193093  
-0.005034371  
-0.002723347 

Coal_Strict 1009.095 1055.571 92.9523 0*** 39 37-41 53 48-59 -0.006980703  
-0.004167267 
-0.00208586 

Coal_Relaxed 1010.825 1051.612 81.57525 4.44089
2e-16*** 

41 37-42 53 48-61 -0.007139122  
-0.00399817  
-0.002268585 

Hesperiidae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Yule_Strict 304.9764 317.4483 24.94384 1.58636
7e-05*** 

15 14-15 26 24-27 -0.003534026 

Yule_Relaxed 304.9306 317.3763 24.8915 1.62684
0e-05*** 

15 14-15 26 24-27 -0.003628842 

Coal_Strict 304.5646 318.0188 26.90846 6.15333
1e-06*** 

15 14-15 26 24-27 -0.003113034 

Coal_Relaxed 304.4982 317.7212 26.44603 7.69157
e-06*** 

15 14-15 26 24-27 -0.003148664 

 
MULTIPLE 

Yule_Strict 304.9764 317.5517 25.15055 4.69219
2e-05*** 

15 15-15 27 25-27 -0.003534026  
-0.0017913 

Yule_Relaxed 304.9306 317.4491 25.03705 4.94540
7e-05*** 

15 15-15 27 25-27 -0.003628842  
-0.001845086 

Coal_Strict 304.5646 318.1572 27.18524 1.82361
6e-05*** 

15 15-15 27 24-27 -0.003113034  
-0.001567430 

Coal_Relaxed 304.4982 317.8812 26.76588 2.21672
2e-05*** 

15 14-16 27 24-27 -0.003148664  
-0.001570409 



Pieridae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Yule_Strict 316.5903 329.9467 26.71291 6.76233
1e-06*** 

13 13-14 18 18-19 -0.006079802 

Yule_Relaxed 316.5355 329.4494 25.82774 1.03631
8e-05*** 

 13-14 18 18-19 -0.006302636 

Coal_Strict 318.9399 332.5433 27.20691 5.32766
6e-06*** 

13 13-14 18 18-19 -0.005451966 

Coal_Relaxed 318.8055 332.0226 26.43425 7.73543
2e-06*** 

13 13-14 18 18-19 -0.005536053 

 
MULTIPLE 

Yule_Strict 316.5903 330.0786 26.97658 2.00967
7e-05*** 

13 12-14 19 16-20 -0.006079802  
-0.002094096 

Yule_Relaxed 316.5355 329.6252 26.17937 2.91153
9e-05*** 

13 12-14 19 16-20 -0.006302636  
-0.00215506 

Coal_Strict 318.9399 332.6425 27.40533 1.64590
6e-05*** 

14 12-14 19 16-21 -0.005451966  
-0.002681625 

Coal_Relaxed 318.8055 332.1749 26.73891 2.24470
2e-05*** 

14 12-14 19 16-21 -0.005536053  
-0.00268956 

Papilionidae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Yule_Strict 83.4571 89.93471 12.95523 0.00473
442** 

4 4-4 5 5-5 -0.007473451 

Yule_Relaxed 83.04935 86.4619 6.825112 0.07768
594n.s. 

4 2-5 5 2-6 -0.01082893 

Coal_Strict 84.15425 90.64417 12.97984  0.00468
0402** 

4 4-4 5 5-5 -0.007046265 

Coal_Relaxed 84.21109 89.3125 10.20282 0.01691
851* 

4 3-5 5 3-6 -0.007822454 

 
MULTIPLE 

Yule_Strict 83.4571 90.33898 13.76378 0.00808
8414** 

4 4-4 7 5-7 -0.007473451  
-0.001693895 

Yule_Relaxed 83.04935 86.84839 7.598086 0.10746
11n.s. 

4 4-5 7 6-8 -0.01082893  
-0.002470347 

Coal_Strict 84.15425 91.16514 14.02178 0.00722
5881** 

4 4-4 7 6-7 -0.007046265  
-0.001445077 

Coal_Relaxed 84.21109 91.09236 13.76253 0.00809
2815** 

3 3-4 5 5-6 -0.07306488  
-0.0008719775 

Nymphalidae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Coal_Strict 5983.871 6141.304 314.8668 0*** 78 75-80 87 84-89 -0.005069584 
 

MULTIPLE 
Coal_Strict 5983.871 6144.126 320.5111 0*** 87 77-87 99 86-99 -0.009179678 

-0.005069584 
-0.003207249 
-0.002075409 



Lycaenidae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Coal_Strict 3495.44 3542.685 94.48992 0*** 46 44-47 49 46-52 -0.00646989 
 

MULTIPLE 
Coal_Strict 3495.44 3543.69 96.50027 0*** 53 45-53 59 48-59 -0.00646989  

-0.002224977 
-0.000801447 

Hesperiidae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Coal_Strict 1406.335 1435.158 57.64748 1.8692
83e-
12*** 

24 23-24 25 24-27 -0.003536388 

 
MULTIPLE 

Coal_Strict 1406.335 1438.363 64.0571 1.7580
38e-
12*** 

35 26-35 42 29-42 -0.002793438 
-0.001485183 
-0.000411419 

Pieridae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Coal_Strict 1545.134 1569.078 47.88962 2.2478
22e-
10*** 

18 18-19 18 18-20 -0.005019711 

 
MULTIPLE 

Coal_Strict 1545.134 1570.916 51.5654 6.6234
58e-
10*** 

25 18-25 26 18-26 -0.005019711 
-0.003255062 
-0.001794941 

Papilionidae lk null 
model 

lk GMYC lk ratio LR test number 
ML 

clusters 

CI Number 
ML 

entities 

CI threshold time 

 
SINGLE 

Coal_Strict 209.8431 217.1453 14.60445 0.0021
87856*
* 

4 4-5 5 5-6 -0.006500339 

 
MULTIPLE 

Coal_Strict 209.8431 217.2163 14.74638 0.0052
57206*
* 

4 3-4 6 6-7 -0.006500339 
-0.002385335 



Genus Species Coalescent – Relaxed Clock Coalescent – Strict Clock Yule – Relaxed Clock Yule - Strict Clock 

Papilio machaon oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Colias erate conspecific (C. crocea) conspecific (C. crocea) conspecific (C. crocea) conspecific (C. crocea) 
Colias crocea conspecific (C. erate) conspecific (C. erate) conspecific (C. erate) conspecific (C. erate) 
Pieris napi paraphyly (P. bryoniae) paraphyly (P. bryoniae) paraphyly (P. bryoniae) paraphyly (P. bryoniae) 
Pieris bryoniae paraphyly (P. napi) paraphyly (P. napi) paraphyly (P. napi) paraphyly (P. napi) 
Boloria euphrosyne oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Brenthis daphne oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Apatura ilia conspecific (A. metis) conspecific (A. metis) conspecific (A. metis) conspecific (A. metis) 
Apatura metis conspecific (A. ilia) conspecific (A. ilia) conspecific (A. ilia) conspecific (A. ilia) 
Argynnis aglaja oversplitting (2)       
Argynnis pandora oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Melitaea athalia oversplitting (2)   oversplitting (2) oversplitting (2) 
Melitaea aurelia oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Coenonympha arcania conspecific (C. leander) conspecific (C. leander) conspecific (C. leander) conspecific (C. leander) 
Coenonympha leander conspecific (C. arcania) conspecific (C. arcania) conspecific (C. arcania) conspecific (C. arcania) 
Coenonympha tullia conspecific (C. rhodopensis) conspecific (C. rhodopensis) conspecific (C. rhodopensis) conspecific (C. rhodopensis) 
Coenonympha rhodopensis conspecific (C. tullia) conspecific (C. tullia) conspecific (C. tullia) conspecific (C. tullia) 
Erebia ligea conspecific (E. euryale) conspecific (E. euryale) conspecific (E. euryale) conspecific (E. euryale) 
Erebia euryale conspecific (E. ligea) conspecific (E. ligea) conspecific (E. ligea) conspecific (E. ligea) 
Hipparchia fagi conspecific (H. syriaca) conspecific (H. syriaca) conspecific (H. syriaca) conspecific (H. syriaca) 
Hipparchia syriaca conspecific (H. fagi) conspecific (H. fagi) conspecific (H. fagi) conspecific (H. fagi) 
Hipparchia semele oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Lasiommata maera oversplitting (2) oversplitting (2)   oversplitting (2) 
Cupido alcetas conspecific (C. decolorata) conspecific (C. decolorata) conspecific (C. decolorata) conspecific (C. decolorata) 
Cupido decolorata conspecific (C. alcetas) conspecific (C. alcetas) conspecific (C. alcetas) conspecific (C. alcetas) 



Genus Species Coalescent – Relaxed Clock Coalescent – Strict Clock Yule – Relaxed Clock Yule - Strict Clock 

Cupido osiris oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Glaucopsyche alexis oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Lysandra bellargus paraphyly (L. coridon) paraphyly (L. coridon) paraphyly (L. coridon) paraphyly (L. coridon) 
Lysandra coridon paraphyly (L. bellargus) paraphyly (L. bellargus paraphyly (L. bellargus) paraphyly (L. bellargus) 
Plebejus argyrognomon conspecific (P. idas) conspecific (P. idas) conspecific (P. idas) conspecific (P. idas) 
Plebejus idas conspecific (P. argyrognomon) conspecific (P. argyrognomon) conspecific (P. argyrognomon) conspecific (P. argyrognomon) 
Carcharodus alceae oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Carcharodus orientalis paraphyly (C. flocciferus) paraphyly (C. flocciferus) paraphyly (C. flocciferus) paraphyly (C. flocciferus) 
Carcharodus flocciferus paraphyly (C. orientalis) paraphyly (C. orientalis) paraphyly (C. orientalis) paraphyly (C. orientalis) 
Pyrgus armoricanus oversplitting (2) oversplitting (2) oversplitting (2) oversplitting (2) 
Thymelicus sylvestris oversplitting (3) oversplitting (3) oversplitting (3) oversplitting (3) 

  General failure 36 taxa (20,45%) 34 taxa (19,31%) 34 taxa (19,31%) 35 taxa (19,89) 
 Only GMYC failure 20 taxa (11,36%) 18 taxa (10,23%) 18 taxa (10,23%) 19 taxa (10,80%) 
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CI Comment 
       
Pieridae 3 * 5 5 5-10  
Pieridae 5 ** 6 6 6-7  
Pieridae 6 ** 7 7 6-7  
Pieridae 7 *** 10 10 10-10  

Nymphalidae 5 ** 5 5 4-6  
Nymphalidae 9 *** 11 11 11-12  
Nymphalidae 11 * 4 4 4-4  
Nymphalidae 12 *** 13 13 13-14  
Nymphalidae 13 *** 6 6 6-6  
Nymphalidae 17 *** 17 17 17-18  

Nymphalidae 19 * 3 3 3-3  
Nymphalidae 21 ** 4 4 4-4  
Nymphalidae 22 *** 25 25 25-26  
Nymphalidae 29 *** 26 26 26-27  
Nymphalidae 30 *** 6 6 6-6  
Nymphalidae 32 *** 8 8 8-8  

Nymphalidae 34 *** 32 32 32-33  
Nymphalidae 39 ** 6 5 3-6 Lasiommata maera oversplitted (two entities) in the full tree 
Nymphalidae 40 *** 36 37 36-38 Coenonympha arcania and C. leander recovered as conspecific in the full 

tree 
Nymphalidae 44 * 3 3 3-9  
Nymphalidae 46 ** 4 5 4-5 Coenonympha arcania and C. leander recovered as conspecific in the full 

tree 
Nymphalidae 56 *** 64 64 63-66  

Nymphalidae 58 *** 10 9 8-10 Melitaea aurelia oversplitted (two entities) in the full tree 
Nymphalidae 61 * 3 3 3-3  
Nymphalidae 62 ** 4 4 4-4  
Nymphalidae 63 *** 12 12 10-12  
Nymphalidae 67 *** 16 16 14-16  
Nymphalidae 74 *** 26 26 25-27  

Nymphalidae 78 * 7 7 7-8  
Nymphalidae 79 *** 9 9 9-9  
Nymphalidae 80 *** 28 28 27-29  
Nymphalidae 82 *** 10 10 10-10  



Nymphalidae 89 * 7 6 5-8 Argynnis pandora oversplitted (two entities) in the full tree 
Nymphalidae 92 ** 12 9 4-15 Argynnis pandora oversplitted (two entities) in the full tree 
      Brenthis daphne oversplitted (two entities) in the full tree 

      Brenthis daphne and B. ino recovered as conspecific in the subclade tree 
Nymphalidae 99 *** 19 21 15-22 Argynnis aglaja oversplitted (two entities) in the subclade tree 
      Brenthis ino oversplitted (two entities) in the subclade tree 
Nymphalidae 101 * 5 5 5-6  
Nymphalidae 103 *** 21 22 18-24 Argynnis aglaja oversplitted (two entities)in the subclade tree 
Nymphalidae 105 * 7 7 5-8  

Lycaenidae 4 ** 5 5 5-6  
Lycaenidae 5 ** 7 7 7-8  
Lycaenidae 7 *** 14 14 14-15  
Lycaenidae 9 * 4 4 4-5  
Lycaenidae 10 * 2 3 3-3 Plebejus argus oversplitted (two entities)in the subclade tree 
Lycaenidae 11 *** 15 15 15-16  

Lycaenidae 12 *** 7 7 7-8  
Lycaenidae 15 *** 24 24 24-26  
Lycaenidae 18 *** 25 25 25-27  
Lycaenidae 19 * 9 9 8-10  
Lycaenidae 22 *** 26 26 26-28  
Lycaenidae 25 * 4 4 4-4  

Lycaenidae 26 ** 5 5 5-6  
Lycaenidae 27 *** 39 39 39-41  
Lycaenidae 28 * 6 6 6-8  
Lycaenidae 29 *** 8 8 8-9  
Lycaenidae 31 *** 13 13 13-16  
Lycaenidae 37 * 4 4 4-5  

Lycaenidae 38 * 5 5 5-6  
Lycaenidae 39 *** 7 7 7-8  
Lycaenidae 40 *** 8 8 8-9  
Lycaenidae 41 *** 9 9 9-10  
Hesperiidae 8 ** 17 17 3-18  
Hesperiidae 11 * 6 5 5-6 Thymelicus sylvestris oversplitted in two entities in the subclade tree and in 

three entities in the full tree 
Hesperiidae 12 * 8 8 7-9  
Hesperiidae 20 * 8 5 4-8 Carcharodus alceae oversplitted (two entities) in the full tree 
      Carcharodus floccifera oversplitted (two entities) in the full tree 

Carcharodus floccifera and C. orientalis recovered as conspecific in the 
subclade tree 

Hesperiidae 21 * 9 6 5-9 Carcharodus alceae oversplitted (two entities) in the full tree 
      Carcharodus floccifera oversplitted (two entities) in the full tree 

Carcharodus floccifera and C. orientalis recovered as conspecific in the 
subclade tree 
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extinction? The first endemic ant from the Balearic Islands 
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Species Sample Code COI 16S Locality Source 

      

L. balearicus  RVcoll.08J418 X X Valldemossa, Es Teix. Mallorca. Spain (920 m) [1] 

L. balearicus  RVcoll.08J419 X X Valldemossa, Es Teix. Mallorca. Spain (920 m) [1] 

L. balearicus  RVcoll.08J420 X X Valldemossa, Es Teix. Mallorca. Spain (920 m) [1] 

L. balearicus  RVcoll.08J421 X X Coll des Prat, Escorca. Mallorca. Spain (1194 m) [1] 

L. balearicus  RVcoll.08J422 X X Coll des Prat, Escorca. Mallorca. Spain (1194 m) [1] 

L. balearicus  RVcoll.08J423 X X Coll des Prat, Escorca. Mallorca. Spain (1194 m) [1] 

L. balearicus  RVcoll.08J424 X X Pic Tomir. Mallorca. Spain (1035 m) [1] 

L. balearicus  RVcoll.08J425 X X Pic Tomir. Mallorca. Spain (1041 m) [1] 

L. balearicus  RVcoll.08J426 X X Pic Tomir. Mallorca. Spain (1048 m) [1] 

L. balearicus  RVcoll.12L413 X X Serra d’Alfàbia. Mallorca. Spain (1066 m) [1] 

L. balearicus  RVcoll.12L414 X X Serra d’Alfàbia. Mallorca. Spain (1056 m) [1] 

L. balearicus  RVcoll.12L419 X X Serra d’Alfàbia. Mallorca. Spain (1025 m) [1] 

L. balearicus  RVcoll.12L421 X X Puig Galatzó. Mallorca. Spain (1006 m) [1] 

L. balearicus  RVcoll.12L424 X X Puig Galatzó. Mallorca. Spain (1012 m) [1] 

L. balearicus  RVcoll.12L425 X X Puig Galatzó. Mallorca. Spain (998 m) [1] 

L. grandis RVcoll.08J433 X X Riera de Fuirosos. Catalonia. Spain [1] 

L. grandis RVcoll.08J435 X X Campus UAB. Catalonia. Spain [1] 

L. grandis RVcoll.08J437 X X Campus UAB. Catalonia. Spain [1] 

L. grandis RVcoll.08J438 X X Valldemossa, Son Moragues. Mallorca. Spain  [1] 

L. cinereus RVcoll.08J427 X X Riera de Fuirosos. Catalonia. Spain [1] 

L. cinereus RVcoll.08J428 X X Riera de Fuirosos. Catalonia. Spain [1] 

L. cinereus RVcoll.08J429 X X Riera de Fuirosos. Catalonia. Spain [1] 

L. cinereus RVcoll.08J430 X X Pont de Muntanyana. Catalonia. Spain [1] 

L. cinereus RVcoll.08J431 X X Coll d'Ares. Catalonia. Spain  [1] 

L. japonicus MMANT19 AB371015 AB371061 Kagawa-ken, Takamatsu-shi. Japan [2] 

L. japonicus MMANT55 AB371014 AB371060 Chiba-ken, Kimitsu-shi. Japan [2] 

L. japonicus MMANT76 AB371016 AB371062 Hokkaido�, Sapporo-shi. Japan [2] 

L. niger MMANT26 AB371019 AB371065 Vienna. Austria [2] 

L. niger  AY225866  Vienna. Austria [3] 

L. platythorax MMANT28 AB371020 AB371066 Moosbrunn. Austria [2] 

L. platythorax  AY225867  Moosbrunn. Austria [3] 

L. emarginatus MMANT41 AB371011 AB371057 Vienna. Austria [2] 

L. emarginatus  AY225868  Vienna. Austria [3] 

L. hayashi MMANT46 AB371013 AB371059 Gifu-ken, Kamitakara-mura. Japan [2] 

L. hayashi MMANT54 AB371012 AB371058 Chiba-ken, Kimitsu-shi. Japan [2] 

L. productus MMANT18 AB371021 AB371067 Kagawa-ken, Takamatsu-shi. Japan [2] 

L. sakagamii MMANT29 AB371022 AB371068 Gifu-ken, Gifu-shi. Japan [2] 

L. sakagamii MMANT56 AB371023 AB371069 -to, Edogawa-ku. Japan [2] 

L. sakagamii  AY225864  Gifu. Japan [3] 

L. alienus MMANT21 AB371008 AB371054 Braunsberg. Austria [2] 

L. alienus  AY225865  Braunsberg. Austria [3] 

L. psammophilus  AY225863  Gfo�hl. Austria [3] 

L. brunneus  AY225877  Hof. Austria [3] 

L. brunneus MMANT25 AB371010 AB371056 Rassing. Austria [2] 

L. austriacus MMANT27 AB371009 AB371055 Feldberg. Austria [2] 

L. austriacus  AY225870  Feldberg. Austria [3] 

L. austriacus  AY225869  Braunsberg. Austria [3] 

L. austriacus  AY225873  Retz. Austria [3] 

L. austriacus  AY225871  Feldberg. Austria [3] 

L. austriacus  AY225872  Feldberg. Austria [3] 

L. neglectus MMANT20 AB371018 AB371064 Budapest. Hungary [2] 

L. neglectus  AY225875  Budapest. Hungary [3] 

L. neglectus  AY225876  Debrecen. Hungary [3] 

L. turcicus  DQ975435  Maltepe. Turkey [4] 



 

Locality Taxa Longitude Latitude Source 

     

Valldemossa (Puig des Teix) Lasius balearicus 39.732428 2.648064 [1] 

Coll des Prat (Puig Massanella) Lasius balearicus 39.808294 2.851256 [1] 

Coll des Prat (Puig Massanella) Lasius balearicus 39.808347 2.852008 [1] 

Coll des Prat (Puig Massanella) Lasius balearicus 39.808483 2.852017 [1] 

Pic Tomir Lasius balearicus 39.837189 2.922072 [1] 

Pic Tomir Lasius balearicus 39.836853 2.922008 [1] 

Pic Tomir Lasius balearicus 39.836767 2.92215 [1] 

Pic Tomir Lasius balearicus 39.836967 2.922389 [1] 

Pic Tomir Lasius balearicus 39.838011 2.921797 [1] 

Pic Tomir Lasius balearicus 39.837967 2.920722 [1] 

Coma n'Arbonna (Puig Major) Lasius balearicus 39.801389 2.785833 [1] 

Ses Clotades (Puig Major) Lasius balearicus 39.809444 2.797222 [1] 

Serra d’Alfàbia Lasius balearicus 39.743472 2.732889 [1] 

Serra d’Alfàbia Lasius balearicus 39.74425 2.734944 [1] 

Serra d’Alfàbia Lasius balearicus 39.744889 2.735806 [1] 

Serra d’Alfàbia Lasius balearicus 39.748917 2.741056 [1] 

Puig Galatzó Lasius balearicus 39.633917 2.486889 [1] 

Puig Galatzó Lasius balearicus 39.633722 2.4865 [1] 

Puig Galatzó Lasius balearicus 39.634222 2.486611 [1] 

Puig Caragoler Lasius balearicus 39.87199 2.89341 [1] 

Puig Caragoler Lasius balearicus 39.87146 2.89360 [1] 

Maria de la Salut Lasius grandis 39.655472 3.077389 [1] 

Serra d’Alfàbia Lasius grandis 39.746 2.738306 [1] 

Serra d’Alfàbia Lasius grandis 39.740222 2.726667 [1] 

Puig Galatzó Lasius grandis 39.642972 2.468611 [1] 

Escorca (Es Guix) Lasius grandis 39.814978 2.890689 [1] 

Serra de Torrellas, km 36.5 Lasius grandis 39.788889 2.779444 [1] 

Valldemossa, Son Moragues Lasius grandis 39.731964 2.651947 [1] 

Cala Mondragó Lasius grandis 39.3525 3.186944 [2] 

Coll de sa Bastida Lasius grandis 39.699444 2.539167 [2] 

Cova de Sa Gleda (Manacor) Lasius grandis 39.500278 3.276944 [2] 

Es Portixol (Palma) Lasius grandis 39.561667 2.665278 [2] 

Selva Lasius grandis 39.766667 2.9 [2] 

Ses Aufanes (Campanet) Lasius grandis 39.766667 2.966667 [2] 

Son Bunyola Lasius grandis 39.699444 2.539167 [2] 

Selva Lasius grandis 39.769722 2.900278 [2] 

S’Albufera Lasius grandis 39.779006 3.133164 [3] 

L. turcicus  DQ975428  Mueezzinler. Turkey [4] 

L. turcicus  DQ975426  Bilecik. Turkey [4] 

L. turcicus  DQ975417  Kuelcueler. Turkey [4] 

L. turcicus  DQ975401  Pazaryeri. Turkey [4] 

L. lasioides  AY225874  Sant Cugat del Vallès. Catalonia. Spain [3] 

L. mixtus  AB370988 AB371034 Göpfritz. Austria [3] 



Sa Pobla Lasius grandis 39.77145 3.014386 [3] 

Salobrar Lasius grandis 39.325875 2.991667 [3] 

Esporlas-La Granja Lasius grandis 39.668889 2.56 [3] 

Deià (Son Gallard) Lasius grandis 39.740278 2.623333 [3] 

Son Sardina Lasius grandis 39.619167 2.655 [3] 

Algaida Lasius grandis 39.556014 2.903508 [3] 

Inca (Plaça Cerdós) Lasius grandis 39.723339 2.912911 [3] 

Coll de Sóller (Sóller) Lasius grandis 39.733333 2.69 [3] 

Embassament de Cúber Lasius grandis 39.785833 2.796944 [3] 

Valldemossa Lasius grandis 39.7225 2.606389 [3] 

S’Albufera Lasius grandis 39.809444 3.108611 [3] 

S’Albufera Lasius grandis 39.794167 3.086389 [3] 

S’Albufera Lasius grandis 39.774167 3.134722 [3] 

Sa Pobla Lasius grandis 39.750556 3.015556 [3] 

Sa Pobla Lasius grandis 39.774167 2.989722 [3] 

Cala Pi Lasius grandis 39.374117 2.864167 [3] 

Colònia Sant Jordi Lasius grandis 39.326944 2.992 [3] 

Palma Lasius grandis 39.555142 2.592853 [3] 
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 (n=51) (n=5) (n=5) (n=5) (n=5) (n=22) (n=5)  (n=5)      (n=17)   (n=10) 

HW 811.30 926.72 952.80 923.21 973.26 831.37 929.41 980.87 1011.52 841.03 781.75 785.57 915.27 666.31 663.55 813.52 793.36 990.10 

HL 886.58 981.40 985.20 982.30 1037.50 917.00 1001.90 1010.30 1114.70 914.20 848.20 843.70 947.30 747.60 793.60 896.50 848.10 1056.30 

CS 848.94 954.06 969.00 952.76 1005.38 874.18 965.65 995.59 1063.11 877.62 814.98 814.63 931.28 706.96 728.57 855.01 820.73 1023.20 

SL 857.56 920.55 937.91 953.81 1021.94 898.66 1003.90 951.70 1207.22 914.20 781.19 796.45 807.10 654.15 743.92 846.03 804.00 913.71 

SL/CS 1.01 0.96 0.97 1.00 1.02 1.03 1.04 0.96 1.14 1.04 0.96 0.98 0.87 0.93 1.02 0.99 0.98 0.89 

HL/HW 1.09 1.06 1.03 1.06 1.07 1.10 1.08 1.03 1.10 1.09 1.09 1.07 1.04 1.12 1.20 1.10 1.07 1.07 

SL/HL 0.97 0.94 0.95 0.97 0.99 0.98 1.00 0.94 1.08 1.00 0.92 0.94 0.85 0.88 0.94 0.94 0.95 0.84 

PDCL 26.44 
(n=19) 

13.00 25.90 18.70 19.40 20.50 27.30 20.80 18.10 14.60 17.30 22.50 27.60 33.17 31.24 32.15 31.40 14.70 

nHS 35.82 16.00 21.00 15.70 22.80 22.20 12.80 21.30 10.60 29.90 0.10 0.60 0.00 0.05 0.32 0.06 0.00 5.60 

nHHT 29.78 17.70 23.30 16.90 25.70 21.70 20.60 22.40 9.10 27.80 0.90 2.30 0.20 0.16 0.29 0.53 0.00 7.26 

MaDe 8.55 8.22 8.25 8.14 8.48 8.00 8.67 8.00 8.45 8.60 8.11 8.21 7.00 7.33 7.35 7.35 7.02 8.30 

nBH 22.92 15.80  14.00  15.50  
(n=4) 

18.80  14.00  13.40  16.40 12.10 23.60 4.70 8.50 2.30 4.83 10.02 8.55 3.20 14.60 

nHCl 12.98 5.00 6.40 4.75 9.60 6.40  7.00             

HWQ 1599 
(n=2) 

1617.30 1568.90 1609.00 1674.80 1508.00 1592.20 1693.00 1825.00 1591.50 1542.00 1612.90 1541.40 1399.00 
(n=5) 

1340.00 1380.80 1396.30 1495.00 

HLQ 1499 
(n=2) 

1430.10 1388.20 1445.00 1529.80 1400.00 1454.60 1518.00 1671.00 1444.00 1383.20 1417.20 1384.70 1253.00 
(n=5) 

1200.00 1230.00 1234.90 1365.00 

HLQ/HWQ 0.94 0.88 0.88 0.90 0.91 0.94 0.91 0.90 0.92 0.91 0.90 0.88 0.90 0.90 0.89 0.89 0.89 0.91 

SLQ 1299 
(n=2) 

1680.69 1622.11 1696.61 1773.06 1198.00 1632.36 1878.71 1528.00 1682.00 1648.04 1650.59 1754.56 1082.00 
(n=5) 

1030.00 1428.24 1392.22 1141.00 

SLQ/HLQ 0.87 0.85 0.86 0.85 0.86 0.87 0.89 0.81 0.90 0.86 0.84 0.86 0.79 0.86 0.86 0.86 0.89 0.84 

SLQ/HWQ 0.81 0.75 0.76 0.76 0.79 0.81 0.81 0.72 0.84 0.78 0.75 0.75 0.71 0.77 0.77 0.77 0.79 0.76 

MLQ 2906 
(n=1) 

3011.00 2781.00 2740.00 3078.00 2763.00 2924.00 2796.00 3233.00 3043.00 2914.00 3041.00 2647.80 2859.00 
(n=5) 

2473.00 2726.00 2470.90 2213.00 

MHQ 1506 
(n=1) 

1800.58 1479.49 1471.38 1557.47 1362.00 1403.52 1328.10 1600.00 1710.17 1693.03 1766.82 1218.52 1659.00 
(n=5) 

1273.00 1433.00 1141.56 1279.00 

MHQ/MLQ 0.52 0.60 0.53 0.54 0.51 0.49 0.48 0.48 0.49 0.56 0.58 0.58 0.46 0.58 0.51 0.53 0.46 0.58 



Character Pair comparison d.f. t P order FDR Bonferroni 
HW bal-nig 51 -15.5958818 0 1 0.000757576 0.000909091 
HL bal-nig 51 -13.45527349 0 2 0.001515152 0.000909091 
SL bal-nig 51 -8.648149874 0 3 0.002272727 0.000909091 
HL/HW bal-nig 51 9.873328064 0 4 0.003030303 0.000909091 
SL/HL bal-nig 51 8.238030783 0 5 0.003787879 0.000909091 
PDCL bal-nig 19 11.68386695 0 6 0.004545455 0.000909091 
nHS bal-nig 51 26.04355663 0 7 0.00530303 0.000909091 
nHHT bal-nig 51 18.51193198 0 8 0.006060606 0.000909091 
nBH bal-nig 51 15.31086278 0 9 0.006818182 0.000909091 
nHCl bal-nig 51 22.21822274 0 10 0.007575758 0.000909091 
HW bal-pla 51 -19.1199749 0 11 0.008333333 0.000909091 
HL bal-pla 51 -13.9944816 0 12 0.009090909 0.000909091 
SL bal-pla 51 -11.03119456 0 13 0.009848485 0.000909091 
HL/HW bal-pla 51 16.99880377 0 14 0.010606061 0.000909091 
nHS bal-pla 51 19.47470703 0 15 0.011363636 0.000909091 
nHHT bal-pla 51 9.933305053 0 16 0.012121212 0.000909091 
nBH bal-pla 51 19.18073394 0 17 0.012878788 0.000909091 
nHCl bal-pla 51 18.32048047 0 18 0.013636364 0.000909091 
HW bal-jap 51 -15.12174253 0 19 0.014393939 0.000909091 
HL bal-jap 51 -13.58298067 0 20 0.015151515 0.000909091 
SL bal-jap 51 -13.21457214 0 21 0.015909091 0.000909091 
HL/HW bal-jap 51 8.448232922 0 22 0.016666667 0.000909091 
nHS bal-jap 51 26.4376876 0 23 0.017424242 0.000909091 
nHHT bal-jap 51 19.73745011 0 24 0.018181818 0.000909091 
nBH bal-jap 51 15.95584131 0 25 0.018939394 0.000909091 
nHCl bal-jap 51 22.91424815 0 26 0.01969697 0.000909091 
HW bal-gra 51 -21.88450487 0 27 0.020454545 0.000909091 
HL bal-gra 51 -21.41568799 0 28 0.021212121 0.000909091 
SL bal-gra 51 -22.56763673 0 29 0.021969697 0.000909091 
HL/HW bal-gra 51 7.878194865 0 30 0.022727273 0.000909091 
nHS bal-gra 51 17.10992118 0 31 0.023484848 0.000909091 
nHHT bal-gra 51 6.256750658 0 32 0.024242424 0.000909091 
nBH bal-gra 51 8.861077525 0 33 0.025 0.000909091 
nHCl bal-gra 51 9.411355285 0 34 0.025757576 0.000909091 
SL bal-cin 51 -5.642338228 0 35 0.026515152 0.000909091 
nHS bal-cin 51 17.89818313 0 36 0.027272727 0.000909091 
nHHT bal-cin 51 12.38434132 0 37 0.028030303 0.000909091 
nBH bal-cin 51 19.18073394 0 38 0.028787879 0.000909091 
nHCl bal-cin 51 18.32048047 0 39 0.029545455 0.000909091 
DeMa bal-cin 47 6.508849562 0 40 0.03030303 0.000909091 
HW bal-ema 51 -15.95840511 0 41 0.031060606 0.000909091 
HL bal-ema 51 -16.36415936 0 42 0.031818182 0.000909091 
SL bal-ema 51 -20.09171245 0 43 0.032575758 0.000909091 
SL/HL bal-ema 51 -9.714202537 0 44 0.033333333 0.000909091 
nHS bal-ema 51 30.24762037 0 45 0.034090909 0.000909091 
nHHT bal-ema 51 14.06942875 0 46 0.034848485 0.000909091 
nBH bal-ema 51 20.47069099 0 47 0.035606061 0.000909091 
nHCl bal-ema 51 16.6500195 0 48 0.036363636 0.000909091 



PDCL bal-jap 19 6.72799567 0.000002 49 0.037121212 0.000909091 
PDCL bal-gra 19 6.119379898 0.000007 50 0.037878788 0.000909091 
SL/HL bal-gra 51 -4.945640561 0.00001 51 0.038636364 0.000909091 
DeMa bal-jap 47 4.861609942 0.00002 52 0.039393939 0.000909091 
HL/HW bal-ema 51 4.457966525 0.00005 53 0.040151515 0.000909091 
PDCL bal-cin 19 5.162983686 0.00006 54 0.040909091 0.000909091 
SL/HL bal-pla 51 4.310979745 0.00008 55 0.041666667 0.000909091 
HL bal-cin 51 -4.317114944 0.00008 56 0.042424242 0.000909091 
DeMa bal-nig 47 3.920330159 0.0003 57 0.043181818 0.000909091 
DeMa bal-pla 47 3.567350241 0.0009 58 0.043939394 0.000909091 
SL/HL bal-cin 51 -3.543122333 0.0009 59 0.04469697 0.000909091 
HW bal-cin 51 -2.711658179 0.0092 60 0.045454545 0.000909091 
HL/HW bal-cin 51 -2.667509183 0.011 61 0.046212121 0.000909091 
DeMa bal-ema 47 -1.374368619 0.18 62 0.046969697 0.000909091 
SL/HL bal-jap 51 -1.018589522 0.32 63 0.047727273 0.000909091 
DeMa bal-gra 47 0.861170865 0.4 64 0.048484848 0.000909091 
PDCL bal-ema 19 -0.749283808 0.47 65 0.049242424 0.000909091 
PDCL bal-pla 19 0.467947735 0.65 66 0.05 0.000909091 

HW <750(0), >750 and <900 (1), >900 (2) 
HL <800(0), >800 and <950 (1), <950(2) 

CS <750(0), >750 and <900 (1), >900 (2) 
SL <700(0), >700 and <860 (1), >860 and < 1050 (2), >1050 (3)  

SL/CS <0.95(0), >0.95 and <1.1 (1), >1.1(2) 
HL/HW <1.05(0), >1.05 and <1.15 (1), >1.15(2) 
SL/HL <0.90(0), >0.90 and <1.05 (1), >1.05(2) 
PDCL <15(0), >15 and <25 (1), >25 and < 30 (2), >30 (3)  

nHS <1 (0), >1 and <20 (1), >20 and <25 (2), >25 (3) 
nHHT <5(0), >5 and <15 (1), >15(2) 
MaDe <7.5(0), >7.5(1) 
nBH <5(0), >5 and <20 (1), >20(2) 
HWQ <1400(0), >1400 and <1800 (1), >1800(2) 
HLQ <1300(0), >1300 and <1600 (1), >1600(2) 

HL/HW <0.89 (0), >0.89 and <0.90 (1), >0.90 and <0.93 (2), >0.93 (3) 
SLQ <1200 (0), >1200 and <1600 (1), >1600 and <1800 (2), >1800 (3) 

SL/HL <0.8 (0), >0.8 and <0.83 (1), >0.83 and <0.85 (2), >0.85 and <0.88 (3) >0.88 (4) 
SL/HW <0.75 (0), >0.75 and <0.8 (1), >0.8 and <0.83 (2), >0.83 (3) 
MLQ <2400 (0), >2400 and <2600 (1), >2600 and <3200 (2), >3200 (3) 
MHQ <1300(0), >1300 and <1600 (1), >1600(2) 
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MHQ/MLQ <0.49 (0), >0.49 and <0.55 (1), >0.55 (2)  



1 QM, Body colour: black to brown pigmentation (0), without pigmentation, yellow to reddish yellow (1). 
2 W, Body colour: black to brown pigmentation (0), without pigmentation, yellow to reddish yellow (1). 
3 WQ, Mouthparts: mandible with last basal tooth not clearly separated from masticatory boarder (0), basal boarder in right  

angle with masticatory boarder (1). 
4 W, Mouthparts: mandible without offset tooth absent (0), with offset tooth as minute projection (1), with offset tooth (2). 
7 M, Mouthparts: mandible with preapical cleft (0), without preapical cleft (1). 
8 M, Mouthparts: mandible with masticatory margin emarginate (0), convex (1). 

11 W, Mouthparts: maxillary palpus reaches to neck cavity (0), does not reach to neck cavity (1). 

12 QM, Mouthparts: maxillary palpus long, reaching level of posterior margin of eye (0), reach to level of fronterior margin of  
eye (1). 

13 WQ, Mouthparts: maxillary palpus with 5th and 6th segments almost as long as 4th (0), 5th and 6th segments  
conspicuously reduced compared to 4th (1). 

14 W, Mouthparts: maxillary palpus with 4th segment as long as 3rd (0), 4th conspicuously reduced to 3rd (1). 
15 W, Mouthparts: maxillary palpus with 6th segment longer to only slightly shorter than 5th (0), conspicuously shorter than 5th (1). 
18 W, Antenna: scape with pubescence erect, rough surface (0), decumbed to suberect surface, with hairs (1), appressed,  

smooth surface (2). 
19 W, Antenna: scape with setae many (2), few (1), absent (0). 
20 Q, Antenna: setae on scape many (2), few (1), absent (0). 
21 Q, Antenna: scape long, more than 0.7 as long as head width (0), short, less than 0.7 as long as head width (1). 
24 W, Genae with setae absent (0), few (1), many (2). 

25 Q, Genae setae absent (0), present (1). 
28 W, Head: setae simplified (0), more or less flattened and serrate laterally (1). 
30 Q, Head: occipital margin almost strait or slightly emarginate (0), conspicuously emarginate (1). 
32 WQ, Head: mandibular gland not developed, less than 0.3 as long as head length (0), well developed, more than 0.5 as long  

as head length (1). 
33 QM, Mesosoma broader than head (0), narrower than head (1). 
34 W, Mesosoma: setae simplified (0), more or less flattened and serrate laterally (1). 
35 Q, Mesosoma: setae simplified (0), more or less flattened and serrate (1). 
36 M, Mesosoma: pronotum in lateral view slightly narrowed anteriorly (0), conspicuously narrowed anteriorly part less  

than 0.5 as high as highest part (1). 
38 Q, Mesosoma: mesonotum 0.8-1.2 as high as pronotum in height (0), less than 0.5 as high as pronotum (1). 
41 Q, Mesosoma: suture between katepisternum and propodeum clear (0), not clear, poorly differentiated (1). 
49 QM, Mesosoma: max. dimension of metapleural gland opening less wide than max. diameter of outer margin of  

propodeal spiracle (0), more wide (1). 
54 M, Mesosoma: metapleural gland with sulcus its anterior (0), without sulcus (1). 
57 QM, Wings: hyaline uniformly in basal 1/3 (0), brownish in basal part (1). 
61 W, Petiole: in frontal view sides parallel (0), convex (1), diverging dorsad (2). 
62 W, Petiole: shape of dorsal crest straight (0), emarginated (1), curved (2). 

64 Q, Hind tibia: setae absent (0), few (1), many (2). 
65 W, Hind tibia: setae absent (0), few (1), many (2). 
66 W, Hind tibia: length of setae less than 30 µm (0), 30 to 60 µm (1), over 60 µm (2). 
67 Q, Gaster more than 1.5 as broad as mesosoma (0), less than 1.3 as broad as mesosoma (1). 
75 Q, Overall body size not over 5 mm (0), about 5 mm and more (1). 
86 Colony founding independent (0), parasitic on Lasius s.str. (1) 

87 Activity of workers epigaeic (0), hypogaeic (1). 
88 Colony monogynous (0), oligogynous or polygynous (1). 
90 M, Number of teeth on masticatory border 1-4 (0), over 6 (1), nil (2). 
91 WQ, Maxillary palp: length of 4th segment less than 0.12 head width (0), more than 0.14 head width (1). 
92 W, Occipital head margin straight (0), straight to feebly convex (1), strongly convex (2). 
99 Q, Scape length/head length ratio below 0.65 (0), between 0.66 and 0.81 (1), between 0.82 and 0.91 (2), over 0.91 (3). 

101 Q, Scape pubescence character: fully appressed, smooth surface (0), moderately pubescent, decumbent (1),  
subdecumbent, rough surface (2). 

102 Q, Whole surface of head without setae (0), covered by setae (1). 
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103 W. Side of pronotum smooth, shining (0), dull, mat (1) 



Maruyama et al (2008) (adapted)
1 2 3 4 7 8 11 12 13 14 15 18 19 20 21 24 25 28 30 32 33 34 35 

L. balearicus 1 1 0 0 1 1 0 0 0 0 0 0 2 ? ? 2 ? 1 ? 0 0 1 ? 
L. grandis 0 0 0 0 1 1 0 0 0 0 0 0 2 2 1 2 1 1 0 0 0 1 0 
L. cinereus 0 0 0 0 1 1 0 0 0 0 0 0 2 2 1 2 1 1 0 0 0 1 0 
L. brunneus 0 0 0 0 1 1 0 0 0 0 0 2 0 2 1 0 1 1 0 0 0 1 0 
L. neglectus 0 0 0 0 1 1 0 0 0 0 0 1 0 1 1 0 0 1 0 0 0 1 0 
L. sakagamii 0 0 0 0 1 1 0 0 0 0 0 0 2 0 1 2 0 1 0 0 0 1 0 
L. emarginatus 0 0 0 0 1 1 0 0 0 0 0 0 2 0 1 2 0 1 0 0 0 1 0 
L. platythorax 0 0 0 0 1 1 0 0 0 0 0 0 2 0 1 2 0 1 0 0 0 1 0 
L. niger 0 0 0 0 1 1 0 0 0 0 0 0 2 0 1 2 0 1 0 0 0 1 0 
L. japonicus 0 0 0 0 1 1 0 0 0 0 0 0 2 0 1 2 0 1 0 0 0 1 0 
L. alienus 0 0 0 0 1 1 0 0 0 0 0 1 0 1 1 0 1 1 0 0 0 1 0 
L. hayashi 0 0 0 0 1 1 0 0 0 0 0 1 2 0 1 1 0 1 0 0 0 1 0 
L. productus 0 0 0 0 1 1 0 0 0 0 0 1 2 2 1 1 0 1 0 0 0 1 0 
L. austriacus 0 0 0 0 1 1 0 0 0 0 0 0 0 1 1 (01) 0 1 0 0 0 1 0 

Maruyama et al (2008) (adapted)
36 38 41 49 54 57 61 62 64 65 66 67 75 86 87 88 90 91 92 99 101 102 103 

L. balearicus 1 0 0 1 0 0 0 (01) ? 2 2 0 1 0 0 ? 2 1 0 ? ? ? 0 
L. grandis 1 0 0 1 0 0 1 1 2 2 2 0 1 0 0 0 2 1 0 2 2 1 0 
L. cinereus 1 0 0 1 0 0 0 1 2 2 2 0 1 0 0 0 2 1 0 2 2 1 1 
L. brunneus 1 0 0 1 0 0 0 1 1 0 4 0 1 0 0 (01) 2 1 0 1 0 0 0 
L. neglectus 1 0 0 1 0 0 1 (01) 1 1 2 0 1 0 0 1 2 1 0 2 2 1 0 
L. sakagamii 1 0 0 1 0 0 0 (01) 2 2 2 0 1 0 0 1 2 1 0 2 2 1 0 
L. emarginatus 1 0 0 1 0 0 1 (012) 2 2 2 0 1 0 0 0 2 1 0 2 2 1 0 
L. platythorax 1 0 0 1 0 0 1 (01) 2 2 2 0 1 0 0 0 2 1 0 2 2 1 0 
L. niger 1 0 0 1 0 0 1 1 2 2 2 0 1 0 0 0 2 1 0 2 2 1 0 
L. japonicus 1 0 0 1 0 0 1 1 2 2 2 0 1 0 0 (01) 2 1 0 2 2 1 0 
L. alienus 1 0 0 1 0 0 1 (01) 1 1 0 0 1 0 0 0 2 1 0 2 1 0 0 
L. hayashi 1 0 0 1 0 0 1 (02) 2 2 2 0 1 0 0 0 2 1 0 2 2 1 0 
L. productus 1 0 0 1 0 0 1 (01) 1 1 2 0 1 0 0 0 2 1 0 2 2 1 0 
L. austriacus 1 0 0 1 0 0 1 1 1 0 0 0 1 0 0 0 2 1 0 2 2 0 0 



Discrete values for biometric mesaures
HW HL CS SL SL/CS HL/HW SL/HL PDCL nHS nHHT MaDe nBH HWQ HLQ HL/HW SLQ SL/HL SL/HW MLQ MHQ MHQ/MLQ 

L. balearicus 1 1 1 1 1 1 1 2 3 2 1 2 1 1 3 1 3 2 2 1 1 
L. grandis 2 2 2 2 1 1 1 1 2 2 1 1 1 1 2 2 3 1 2 1 1 
L. cinereus 1 1 1 2 1 1 1 1 2 2 1 1 1 1 3 0 3 2 2 1 1 
L. brunneus 2 1 2 1 0 0 0 2 0 0 0 0 1 1 1 2 0 0 2 0 0 
L. neglectus 0 0 0 1 1 2 1 3 0 0 0 1 0 0 1 0 3 1 1 0 1 
L. sakagamii 1 1 1 2 1 1 1 0 3 2 1 2 1 1 2 2 3 1 2 2 2 
L. emarginatus 2 2 2 2 1 1 1 2 1 2 1 1 1 1 2 2 4 2 2 1 0 
L. platythorax 2 2 2 2 1 0 1 2 2 2 1 1 1 1 0 2 3 1 2 1 1 
L. niger 2 2 2 2 1 1 1 0 1 2 1 1 1 1 0 2 3 1 2 2 2 
L. japonicus 2 2 2 2 1 1 1 1 1 2 1 1 1 1 1 2 3 1 2 1 1 
L. alienus 1 1 1 1 1 1 1 1 0 0 1 0 1 1 1 2 2 1 2 2 2 
L. hayashi 2 2 2 2 1 0 1 1 2 2 1 1 1 1 1 3 1 0 2 1 0 
L. productus 2 2 2 3 2 1 2 1 1 1 1 1 2 2 2 1 4 3 3 1 1 
L. austriacus 0 0 0 0 0 1 0 3 0 0 0 0 0 0 1 0 3 1 2 2 2 
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Approximately 50 taxa of butterflies in Western Europe have been described as new species or elevated to the level
of species during the last 40 years. Many, especially those belonging to the genus Agrodiaetus, have unusually
localized, ‘dot-like’ distributional ranges. In the present study, we use a combination of chromosomal and molecular
markers to re-evaluate the species status of Agrodiaetus distributed west of the 17th meridian. The results
obtained do not support the current designations of Agrodiaetus galloi, Agrodiaetus exuberans, and Agrodiaetus
agenjoi as endemic species with highly restricted distribution ranges, but indicate that these taxa are more likely
to be local populations of a widely distributed species, Agrodiaetus ripartii. Agrodiaetus violetae is shown to be a
polytypic species consisting of at least two subspecies, including Agrodiaetus violetae subbaeticus comb. nov. and
Agrodiaetus violetae violetae. Agrodiaetus violetae is genetically (but not chromosomally) distinct from Agrodiaetus
fabressei and has a wider distribution in southern Spain than previously believed. Agrodiaetus humedasae from
northern Italy is supported as a highly localized species that is distinct from its nearest relatives. We propose a
revision of the species lists for Agrodiaetus taking these new data into account. The results reported in the present
study are relevant to animal conservation efforts in Europe because of their implications for IUCN Red List
priorities. © 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 101, 130–154.
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INTRODUCTION

Comparison of the first comprehensive work on
European butterflies (Higgins & Riley, 1970) with
more recent publications (de Prins & Iversen, 1996;
Tolman, 1997; Kudrna, 2002; Lafranchis, 2004;
Dennis et al., 2008) shows that approximately 50
butterfly taxa have been described as new species
or elevated to species rank during the last 40 years.
Many of these newly-recognized species have
extremely local ‘dot-like’ distributions that are
restricted to particular mountain valleys in Spain,
Italy, the Balkan Peninsula and Crimea, or to small
Mediterranean islands (Kudrna, 2002). Usually, these
dot-like distributed taxa are geographically isolated
populations whose morphological and ecological dif-
ferences from their closest relatives have rarely been
assessed. In theory, species with such restricted
ranges may represent either relicts of species that
had much broader distributions in the past, or young
species that originated recently and have not yet
expanded their ranges. However, before considering
these possibilities, a more thorough consideration
must be made of whether these nominal taxa are
indeed valid species rather than isolated populations
of other known species with broader distributions.

Species in the butterfly genera and subgenera
Agrodiaetus, Hipparchia, Plebejus, Lysandra, and
Polyommatus make up a large proportion of those
with dot-like distributions. These groups are among
the most species-rich genera of European butterflies,
and a number include taxa in the process of specia-
tion. The genus Agrodiaetus (considered by some to be
a subgenus of the large genus Polyommatus) is espe-
cially interesting in this respect. Agrodiaetus com-
prises a taxonomically diverse group of blue
butterflies (Forster, 1956–1961; Eckweiler & Häuser,
1997; Wiemers, 2003; Kandul et al., 2004; Wiemers,
Keller & Wolf, 2009). The monophyly of the genus is
strongly supported by molecular data (Kandul et al.,
2002, 2004; Wiemers, 2003; Wiemers et al., 2009).
Adults of Agrodiaetus have a wingspan of only
2–4 cm, and the sexes are often dimorphic, with
females typically brown and males blue on the upper
surface of their wings. This blue coloration is plesio-
morphic, and is found in many species in closely-
related genera of the Polyommatus section (Kandul
et al., 2004). Phylogenetic evidence suggests that
reinforcement of pre-zygotic reproductive isolation is
likely to have given rise to different male wing col-
oration in this group: males can have brown, white,
silver, violet, and even orange wings, and quite a few
of those with light wing coloration also reflect ultra-
violet light (Lukhtanov et al., 2005). Given that the
number of species of Agrodiaetus (at least 120) is
much greater than the variety of colours displayed by

males, and other diagnostic morphological characters
are scarce, the genus may also include cryptic species.

The most remarkable characteristic of the genus
Agrodiaetus is its unusual diversity of chromosomal
complements, or karyotypes. Species of Agrodiaetus
exhibit among the highest range in chromosome
number in the animal kingdom. The karyotype is
generally stable within species, although differences
between closely-related species are often high.
Haploid chromosome numbers in Agrodiaetus range
from n = 10 in Agrodiaetus caeruleus to n = 134
in Agrodiaetus shahrami (Lukhtanov & Dantchenko,
2002a; Lukhtanov et al., 2005).

Modern lists of European Agrodiaetus include
13–22 species, depending on the taxonomic interpre-
tation of species or subspecies status for a number
of taxa (De Prins & Iversen, 1996; Dennis, 1997;
Kudrna, 2002; Dennis et al., 2008). Some of these
taxa have quite broad distributions. However, eleven
species of European Agrodiaetus (i.e. approximately
one-half the current species list) have been described
to have dot-like distributions and to be restricted
to particular mountains or valleys in Spain, Italy,
the Balkan Peninsula, and Crimea. These are: (1)
Agrodiaetus violetae (southern Spain: Sierra de la
Almijara); (2) Agrodiaetus fulgens (north-eastern
Spain: Catalonia); (3) Agrodiaetus agenjoi (north-
eastern Spain: Catalonia); (4) Agrodiaetus exuberans
(north-western Italy: Susa); (5) Agrodiaetus humeda-
sae (north-western Italy: Cogne Valley); (6) Agrodia-
etus galloi (southern Italy: Calabria); (7) Agrodiaetus
nephohiptamenos (southern Bulgaria and northern
Greece: Pirin, Orvilos, Pangeon and Phalakron
Mountains); (8) Agrodiaetus eleniae (northern Greece:
Mount Phalakron); (9) Agrodiaetus orphicus (south-
ern Bulgaria and northern Greece: Mount Rhodope);
(10) Agrodiaetus budashkini (Ukraine: Crimea); and
(11) Agrodiaetus pljushtchi (Ukraine: Crimea). We
analyzed three of these nominal species (A. budash-
kini, A. pljushtchi, and A. fulgens) in previous studies
(Kandul et al., 2004; Lukhtanov, Vila & Kandul, 2006;
Lukhtanov & Budashkin, 2007). The present study
addresses the status of A. violetae, A. agenjoi, A.
exuberans, A. humedasae, A. galloi and related taxa
from south-west Europe, and includes a general
analysis of the problem of dot-like species ranges in
Agrodiaetus.

All these target taxa have brown wing coloration
in both males and females, and are difficult to distin-
guish using traditional morphological characters.
The first step to characterize such species typically
involves molecular methods. However, the use of stan-
dard molecular markers such as short fragments
of the mitochondrial gene COI and the noncod-
ing nuclear sequence, internal transcribed spacer
2 (ITS2), is sometimes insufficient to distinguish
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between evolutionarily young sister species, either
because they may be weakly differentiated with
respect to these markers (Wiemers, 2003; Kandul
et al., 2004; Wiemers & Fiedler, 2007; Lukhtanov
et al., 2009) or because they are too polymorphic
(Lukhtanov & Shapoval, 2008; Lukhtanov, Shapoval
& Dantchenko, 2008). An absence of lineage sorting
among species can be frequently a problem for the
use of molecular markers in rapidly evolving taxa of
Agrodiaetus: the time to coalescence for alleles within
lineages may be greater than the time subsequent
to speciation (Kandul et al., 2004).

Chromosomal characters in many groups may
evolve more quickly, and because they are often
present as fixed differences, can sometimes provide
better markers for recently evolved taxa (King, 1993;
Dobigny et al., 2005). The study of the karyotype
provides good diagnostic characters for most Agrodia-
etus species and, as such, has become an important
requirement for describing and delimiting new taxa
(de Lesse, 1960a; Lukhtanov & Dantchenko, 2002b;
Lukhtanov et al., 2003, 2006).As with molecular data,
cytological data have their own limitations; they may
be incapable of resolving groups of species character-
ized by extreme chromosomal conservatism. However,
molecular and chromosomal approaches are com-
plementary, and applying a combination of these
approaches can provide powerful taxonomic insights,
especially when considered with morphological and
ecological data (Lukhtanov et al., 2006; Descimon &
Mallet, 2009).

Dot-like distributed species present practical as
well as theoretical difficulties. Increasing the number
of such species substantially increases the potential
conservation load for European butterflies (Dennis,
1997). Endemic species, those with small or restricted
ranges, are in greater danger of becoming extinct
through systematic or stochastic changes in the envi-
ronment than are widely distributed species (Gaston,
1994). Thus, even if restricted range is not the only
factor taken into account, it is not surprising that
several local European Agrodiaetus taxa are listed
among species of conservation concern (Van Swaay
et al., 2010).

SPECIES AND SUBSPECIES CONCEPTS

SPECIES

In the present study, we adopt a classification based
on the biological species concept (BSC) (Poulton,
1904; Mayr, 1963; Häuser, 1987). Under the BSC,
actual or potentially reproductively isolated entities
are classified as species. Isolation may not necessarily
be complete, but it should be strong enough to
prevent taxa from merging when they occur in sym-

patry (Mayr, 1963; Coyne & Orr, 2004). In practice,
the existence of isolation can be tested most effec-
tively via the genotypic cluster approach (Mallet,
2001, 2006; Mallet & Willmott, 2003), in which data
on morphological, genetic, ecological, and behavioural
characters in a local area are used as evidence of
distinctness in sympatry. Genotypic clusters in sym-
patry can be seen in phenotypic data as a bimodal
distribution of traits, and in genetic data as a deficit
of heterozygotes or as the presence of linkage disequi-
librium among genes. Species recognition through
linkage disequilibrium analysis of unlinked genetic
markers has already been used in Agrodiaetus
(Lukhtanov & Shapoval, 2008).

However, when taxa are allopatric, the direct
application of the BSC may be more difficult. We
suggest that allopatric taxa be considered species if
they are clearly distinct with respect to characters
that contribute to pre- or post-zygotic reproduc-
tive isolation. In the case of Agrodiaetus, a strong
difference in the colour of the upper side of the
male wing (e.g. blue versus brown) most likely con-
tributes to pre-zygotic isolation (Lukhtanov et al.,
2005).

Chromosome differences can also be considered
indirect evidence for reproductive isolation between
taxa in allopatry. It is well known that chromosome
rearrangements can cause sterility (King, 1993),
and even relatively small differences in chromo-
some structure can result in post-zygotic isolation
(Ferree & Barbash, 2009). However, this is not
always true and, in some cases, heterozygosity for
chromosome rearrangements does not result in
sterility (Nagaraju & Jolly, 1986). Indeed, there is
no well-established general rule to determine how
many or what types of chromosome rearrange-
ments can be tolerated before resulting in infertile
offspring.

The chromosome number of Agrodiaetus is gener-
ally stable within populations of this genus and, in
only a few cases, a limited amount of variability in
intra-population haploid chromosome number has
been observed. The range of this variation has never
exceeded four chromosomes, which we infer is the
likely upper threshold of chromosome number differ-
ences compatible with offspring fertility in this
group (Lukhtanov & Dantchenko, 2002b; Lukhtanov,
Wiemers & Meusemann, 2003). Thus, empirical
observations of Agrodiaetus suggest that a fixed dif-
ference of five or more chromosomes in haploid
number sets (which is equal to ten or more chromo-
somes in diploid number sets) provides a useful cri-
terion to use in designating allopatric chromosome
races as nonconspecific until direct evidence for
the presence/absence of reproductive isolation can be
obtained.
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Molecular data alone, even in the case of a rela-
tively high level of genetic differentiation between the
taxa under comparison, are not sufficient to define
biological species because the divergence of standard
genetic markers between distinct sympatric species
can be low or absent, and intraspecific variation can
be relatively high (Lukhtanov et al., 2009). However,
genetic divergence comparisons may be useful in
highlighting potentially interesting monophyletic lin-
eages that deserve further study, and in identifying
morphologically similar species that are not closely
related. For example, in the present study, the brown-
coloured Agrodiaetus fabressei is not sister to the
morphologically similar A. violetae, but to two blue-
coloured species, Agrodiaetus dolus and A. fulgens.
Both mitochondrial and nuclear markers support
this result, and thus we consider A. fabressei and
A. violetae not to be conspecific.

SUBSPECIES

Diagnosable allopatric entities (populations or
groups of populations) with fixed difference(s) in
morphological and/or chromosomal characters should
be classified as subspecies if they do not correspond
to the species criteria specified above. In general, we
agree with Descimon & Mallet (2009), that ‘there
is justification for reviving the rather neglected (and
misused) rank of subspecies, with the trend among
lepidopterists to consider only more strongly distinct
forms (in morphology, ecology, or genetics) as sub-
species, and to lump dubious geographic forms
as synonyms . . . [This provides] . . . a useful compro-
mise between descriptions of geographic variation,
the needs of modern butterfly taxonomy, and Dar-
win’s pragmatic use of the term species in evolution-
ary studies.’

MATERIAL AND METHODS

TAXON SAMPLING

In the present study, we focus only on those taxa
found in Europe west of the 17th meridian. In this
region, almost all Agrodiaetus taxa and populations
are concentrated on the Iberian Peninsula in France
and Italy. Except for Agrodiaetus damon, they belong
to two groups of species: the Agrodiaetus admetus
group, and the A. dolus group, which are sister
clades in all published phylogenetic reconstructions
(Wiemers, 2003; Kandul et al., 2004, 2007; Lukhtanov
et al., 2005). These two groups also include taxa from
the Balkan Peninsula, eastern Europe, and western
Asia that are not considered in detail in the present
study. However, to estimate relationships among
western European taxa, we include in our analysis all
eastern European and non-European species except

the Anatolian–Iranian species, Agrodiaetus demav-
endi, where specimens with unambiguous species
determination and precise chromosome number count
were not available (Tables 1, 2).

When collecting in the field, we used a protocol
that allowed us to obtain molecular and chromosomal
information from the same individual specimens
(Bulatova et al., 2009). Additionally, we tried to
obtain samples from the type localities of each
studied taxa in order to connect the chromosomal
and molecular data with correct species names.
In particular, A. violetae, Agrodiaetus fabressei sub-
baeticus, A. exuberans, Agrodiaetus ripartii susae,
A. humedasae and A. galloi were collected from their
type-localities. Specimens RV-03-H463 and RVcoll.
07-F038 of A. agenjoi were collected approximately
6.5 km and 125 km, respectively, from the taxon type
locality, ‘Barcelona, Taradell’ [Barcelona province,
Catalonia, north-east Spain] (Forster, 1965). Speci-
mens RE-07-G266 and RE-07-G273 of Agrodiaetus
ripartii rippertii were collected approximately
100 km north-west from the taxon type locality,
‘aux environs de Digne’ [Alpes de Haute Provence,
France]) (Boisduval, 1832).

We also inspected the morphology and taxon
identification of samples whose sequences we down-
loaded from GenBank. In doing so, we found that
samples MW01105 and MAT-99-Q878 from Catalo-
nia, previously identified as A. ripartii (Wiemers,
2003; Kandul et al., 2004), have no white streak on
the underside of the hind wing. Although this char-
acter can be labile, if we take it into account in
conjunction with the collecting locality, we consider
that these specimens actually belong to the nominal
species, A. agenjoi.

KARYOTYPING

Only fresh adult males were used for karyotyping.
Adults were collected in the field, and after they were
killed by a sharp pinch to the thorax, testes were
immediately excised and placed into 0.5-mL vials
with freshly prepared Carnoy fixative (ethanol and
glacial acetic acid, 3 : 1). Bodies were preserved in
2-mL plastic vials with 100% ethanol for DNA analy-
sis, and wings were stored in glassine envelopes.

Gonads were stored in fixative for 2–6 months at
4 °C and then stained with 2% acetic orcein for 30
days at 20 °C. Cytogenetic analysis was conducted
using a two-phase method of chromosome analysis
(Lukhtanov & Dantchenko, 2002a; Lukhtanov et al.,
2006). Chromosome preparations are stored in the
Department of Entomology of St Petersburg State
University, Russia. Butterfly bodies in ethanol, and
wings in glassine envelopes are stored in the Lepi-
doptera DNA and Tissues Collection at the Museum
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Table 1. List of the Agrodiaetus samples used in the present study

(Traditionally) accepted
name and combination Proposed name and combination Sample code Locality

Agrodiaetus admetus Agrodiaetus admetus AD-00-P016 Armenia, Aiodzor Mts, Gnishyk
Agrodiaetus admetus Agrodiaetus admetus JC 01014 Greece, Peloponnisos, Mt Taiyetos, 1200–1300 m
Agrodiaetus admetus Agrodiaetus admetus MW98084 Turkey, Antalya, Cukurelma N Elmali 1300 m
Agrodiaetus admetus anatoliensis Agrodiaetus admetus anatoliensis VL-01-L101 Turkey, Gümüshane, Torul
Agrodiaetus admetus malievi Agrodiaetus admetus malievi VL-03-F903 Azerbaijan, Talysh, Zuvand
Agrodiaetus agenjoi Agrodiaetus ripartii ripartii MAT-99-Q878 Spain, Lleida, Tremp, Rúbies
Agrodiaetus agenjoi Agrodiaetus ripartii ripartii MW01105 Spain, Tarragona, Santa Coloma de Queralt, 700 m
Agrodiaetus agenjoi Agrodiaetus ripartii ripartii RV-03-H463 Spain, Barcelona, El Brull, 830 m
Agrodiaetus agenjoi Agrodiaetus ripartii ripartii RVcoll.07-F038 Spain, Tarragona, Serra de Prades, Barranc de

Vinarroig, 920 m
Agrodiaetus ainsae Agrodiaetus fulgens ainsae MAT-99-Q894 Spain, Lleida, Tremp, Rúbies
Agrodiaetus ainsae Agrodiaetus fulgens ainsae MW01001 Spain, Álava, Ilarduya, W Eguino, 550 m
Agrodiaetus ainsae Agrodiaetus fulgens ainsae MW01053 Spain, Huesca, Embalse de la Peña, Sta. María, 500 m
Agrodiaetus ainsae Agrodiaetus fulgens ainsae MW01078 Spain, Huesca, Embalse de la Peña, Triste, 600 m
Agrodiaetus alcestis Agrodiaetus alcestis MW98212 Turkey, Adana, Saimbeyli, 1500 m
Agrodiaetus alcestis Agrodiaetus alcestis MW98315 Turkey, Karaman, Ermenek, Yellibeli Geçidi, 1800 m
Agrodiaetus alcestis karacetinae Agrodiaetus alcestis karacetinae MW00229 Iran, Zanjan, Qazayd Dagh, 25 km O. Zanjan, 2300 m
Agrodiaetus alcestis karacetinae Agrodiaetus alcestis karacetinae MW00231 Iran, Zanjan, Qazayd Dagh, 25 km O. Zanjan, 2300 m
Agrodiaetus alcestis karacetinae Agrodiaetus alcestis karacetinae MW99380 Turkey, Hakkari, 22 km NW Yüksekova, 1800 m
Agrodiaetus alcestis karacetinae Agrodiaetus alcestis karacetinae VL-03-F669 Iran, Markazi, Khiru
Agrodiaetus aroaniensis Agrodiaetus aroaniensis JC00040 Greece, Peloponnisos, Mt Helmos, 1350 m
Agrodiaetus damocles krymaeus Agrodiaetus damocles krymaeus NK-00-P103 Ukraine, Crimea, Kurortnoe
Agrodiaetus damon Agrodiaetus damon MAT-99-Q841 Spain, Girona, Pyrenees Mts, Urús
Agrodiaetus dantchenkoi Agrodiaetus dantchenkoi MW99274 Turkey, Van, Gürpinar, Kurubas Geçidi, 2200 m
Agrodiaetus dantchenkoi Agrodiaetus dantchenkoi MW99276 Turkey, Van, Gürpinar, Kurubas Geçidi, 2200 m
Agrodiaetus dantchenkoi Agrodiaetus dantchenkoi MW99319 Turkey, Van, 25–32 km N Çatak, 2000–2200 m
Agrodiaetus dantchenkoi Agrodiaetus dantchenkoi MW99320 Turkey, Van, 25–32 km N Çatak, 2000–2200 m
Agrodiaetus dantchenkoi Agrodiaetus dantchenkoi VL-01-L342 Turkey, Van, Çatak
Agrodiaetus dolus virgilia Agrodiaetus dolus virgilia RE-07-G106 Italy, Rocca Pia, 1215 m
Agrodiaetus dolus vittatus Agrodiaetus dolus vittatus MAT-99-Q923 France, Languedoc Reg, Mende
Agrodiaetus eriwanensis Agrodiaetus eriwanensis AD-00-P303 Armenia, Aiodzor Mts, Gnishyk
Agrodiaetus erschoffii Agrodiaetus erschoffii AD-02-L274 Iran, Gorgan, Shahkuh
Agrodiaetus exuberans Agrodiaetus ripartii ripartii RE-07-G229 Italy, Susa Valley, Urbiano, Mompantero, 720 m
Agrodiaetus fabressei fabressei Agrodiaetus fabressei fabressei JM00001 Spain, Cuenca, Tragacete, Mogorrita
Agrodiaetus fabressei fabressei Agrodiaetus fabressei fabressei MAT-99-Q972 Spain, Cuenca, Una, 970 m
Agrodiaetus fabressei fabressei Agrodiaetus fabressei fabressei MAT-99-Q984 Spain, Albarracín, Puerto de la Losilla
Agrodiaetus fabressei fabressei Agrodiaetus fabressei fabressei MW01039 Spain, Soria, Sierra de Cabrejas, Abejar, 1100 m
Agrodiaetus fabressei fabressei Agrodiaetus fabressei fabressei RV-03-H596 Spain, Castelló, Coll d’Ares, 1148 m
Agrodiaetus fabressei subbaeticus Agrodiaetus violetae subbaeticus RV-03-H554 Spain, Granada, Sierra de la Sagra, 1775 m
Agrodiaetus fabressei subbaeticus Agrodiaetus violetae subbaeticus RV-03-H555 Spain, Granada, Sierra de la Sagra, 1775 m
Agrodiaetus fabressei subbaeticus Agrodiaetus violetae subbaeticus RV-03-H556 Spain, Granada, Sierra de la Sagra, 1702 m
Agrodiaetus fabressei subbaeticus Agrodiaetus violetae subbaeticus RV-03-H557 Spain, Granada, Sierra de la Sagra, 1702 m
Agrodiaetus fabressei subbaeticus Agrodiaetus violetae subbaeticus RV-03-H558 Spain, Granada, Sierra de la Sagra, 1702 m
Agrodiaetus fabressei subbaeticus Agrodiaetus violetae subbaeticus RV-03-H560 Spain, Granada, Sierra de la Sagra, 1702 m
Agrodiaetus fulgens Agrodiaetus fulgens fulgens MAT-99-Q910 Spain, Tarragona, Santa Coloma de Queralt
Agrodiaetus fulgens Agrodiaetus fulgens fulgens MW01107 Spain, Tarragona, Santa Coloma de Queralt, 700 m
Agrodiaetus galloi Agrodiaetus ripartii ripartii RE-07-G436 Italy, Calabria, Serra del Prete, Mont Pollino, 1650 m
Agrodiaetus galloi Agrodiaetus ripartii ripartii RE-07-G437 Italy, Calabria, Serra del Prete, Mont Pollino, 1650 m
Agrodiaetus galloi Agrodiaetus ripartii ripartii RE-07-G441 Italy, Calabria, Serra del Prete, Mont Pollino, 1650 m
Agrodiaetus galloi Agrodiaetus ripartii ripartii RE-07-G445 Italy, Calabria, Serra del Prete, Mont Pollino, 1650 m
Agrodiaetus galloi Agrodiaetus ripartii ripartii RE-07-G447 Italy, Calabria, Serra del Prete, Mont Pollino, 1650 m
Agrodiaetus humedasae Agrodiaetus humedasae MW99591 Italy, Aosta, Val di Cogne, Pondel, 900 m
Agrodiaetus humedasae Agrodiaetus humedasae MW99605 Italy, Aosta, Val di Cogne, Pondel, 900 m
Agrodiaetus humedasae Agrodiaetus humedasae RE-07-G191 Italy, Aosta, Val di Cogne, Ozien-Visyes, 1000 m
Agrodiaetus humedasae Agrodiaetus humedasae RE-07-G192 Italy, Cogne Valley, Ozien-Visyes, 1000 m
Agrodiaetus humedasae Agrodiaetus humedasae RE-07-G193 Italy, Cogne Valley, Ozien-Visyes, 1000 m
Agrodiaetus humedasae Agrodiaetus humedasae RE-07-G194 Italy, Cogne Valley, Ozien-Visyes, 1000 m
Agrodiaetus humedasae Agrodiaetus humedasae RE-07-G203 Italy, Aosta, Val di Cogne, Ozien-Visyes, 1000 m
Agrodiaetus interjectus Agrodiaetus interjectus MW99164 Turkey, Erzurum, 5 km NE. Çiftlik, 1900 m
Agrodiaetus khorasanensis Agrodiaetus khorasanensis VL-03-F526 Iran, Khorasan, Kopetdagh Mts
Agrodiaetus khorasanensis Agrodiaetus khorasanensis WE02431 Iran, Khorasan, 5 km SW Firizi, 1700–1900 m
Agrodiaetus menalcas Agrodiaetus menalcas MW98020 Turkey, Fethiye, Gülübeli Geçidi, W. Elmali, 1500 m
Agrodiaetus menalcas Agrodiaetus menalcas MW98172 Turkey, Sivas, Gökpinar, Gürün, 1700 m
Agrodiaetus menalcas Agrodiaetus menalcas MW99494 Turkey, Van, Erek Dagi, 2200 m
Agrodiaetus menalcas Agrodiaetus menalcas VL-01-L122 Turkey, Dilekyolu, Gümüshane
Agrodiaetus ripartii Agrodiaetus ripartii ripartii AD-00-P033 Russia, Tula Reg, Tatinki
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of Comparative Zoology, Harvard University, and R.
Vila’s DNA and Tissues Collection at the Universitat
Autònoma de Barcelona.

DNA EXTRACTION AND SEQUENCING

Total genomic DNA was extracted using the DNeas-
yTM Tissue Kit (Qiagen Inc.) in accordance with the
manufacturer’s instructions. Published primers were
used to amplify mitochondrial cytochrome oxidase
subunit I (COI), leucine transfer RNA (leu-tRNA),
cytochrome oxidase subunit II (COII) (Folmer et al.,
1994; Simon et al., 1994; Monteiro & Pierce, 2001),
and nuclear ITS2 (White et al., 1990). The polymerase
chain reaction (PCR) was carried out in 25-mL reac-
tions using a DNA Engine thermal cycler (MJ
Research Inc.), and typically contained 0.5 mM of each
primer, 0.8 mM dNTPs, 1 ¥ Qiagen PCR buffer with
additional MgCl2 to a final concentration of 2 mM and
1.25 units Qiagen Taq DNA polymerase. All reactions
were initially denatured at 94 °C for 2 min, and then
subjected to 35 cycles of 60 s at 94 °C denaturation,
60 s at 45 °C–56 °C (annealing temperature depended
on gene amplified), and 90 s at 72 °C extension. After
amplification, double-stranded DNA was purified
using QIAquick PCR purification kits (Qiagen).

Primers used for amplification served as sequenc-
ing primers. All samples were sequenced in both
directions. Cycle sequencing reactions were per-
formed in 12-mL reactions: 1.5 mL of ABI Prism
BigDye, version 3.1 (Applied Biosystems Inc.), 1.0 mL
of 5 ¥ buffer (buffer: 400 mM Tris at pH 9.0 and
10 mM MgCl2), and 0.33 mL each (10 mM) of primer.
The remainder of the mixture was composed of ultra
pure water 50–90 ng of template DNA in each reac-
tion. Cycle sequence reaction started with a denatur-
ing step of 94 °C for 2 min, followed by 25 cycles of
10 s at 94 °C, 5 s at annealing temperature, which
varied for different gene regions, and 4 min at 60 °C.
Sequencing was conducted in a 3100 Genetic Analyzer
(Applied Biosystems/Hitachi). Sequences obtained
specifically for this study were deposited in GenBank
under accession numbers HM210162 to HM210202.

PHYLOGENETIC ANALYSIS

For phylogenetic analysis, we used sequences of COI,
leu-tRNA, COII and ITS2 original to the present
study, as well as sequences obtained from GenBank
that had been included in Kandul et al. (2004) and
Wiemers & Fiedler (2007) (Table 1). We re-edited
some of the sequences from previous studies, and a

Table 1. Continued

(Traditionally) accepted
name and combination Proposed name and combination Sample code Locality

Agrodiaetus ripartii pelopi Agrodiaetus ripartii ripartii JC00043 Greece, Peloponnisos, Mt Helmos, 1350–1500 m
Agrodiaetus ripartii budashkini Agrodiaetus ripartii ripartii NK-00-P859 Ukraine, Crimea, Karabi yaila
Agrodiaetus ripartii colemani Agrodiaetus ripartii colemani NK-00-P822 Kazakhstan, West Tian-Shan
Agrodiaetus ripartii paralcestis Agrodiaetus ripartii paralcestis MW99068 Turkey, Artvin, Kiliçkaya, Yusufeli, 1350 m
Agrodiaetus ripartii paralcestis Agrodiaetus ripartii paralcestis MW99196 Turkey, Erzincan, 5 km SE Çaglayan, 1500 m
Agrodiaetus ripartii paralcestis Agrodiaetus ripartii paralcestis MW99263 Turkey, Van, Kurubas Geçidi, Gürpinar, 2200 m
Agrodiaetus ripartii paralcestis Agrodiaetus ripartii paralcestis MW99264 Turkey, Van, Kurubas Geçidi, Gürpinar, 2200 m
Agrodiaetus ripartii paralcestis Agrodiaetus ripartii paralcestis AD-00-P337 Armenia, Pambak Mts, Dzhur-dzhur Pass
Agrodiaetus ripartii paralcestis Agrodiaetus ripartii paralcestis VL-01-L103 Turkey, Gümüshane
Agrodiaetus ripartii paralcestis Agrodiaetus ripartii paralcestis VL-01-L166 Turkey, Gümüshane, Dilekyolu
Agrodiaetus ripartii ripartii Agrodiaetus ripartii ripartii MW01014 Spain, Burgos, Ubierna, 20 km N Burgos, 900 m
Agrodiaetus ripartii ripartii Agrodiaetus ripartii ripartii MW01072 Spain, Huesca, Triste, Embalse de la Pena, 600 m
Agrodiaetus ripartii rippertii Agrodiaetus ripartii ripartii RE-07-G266 France, Drôme, Col de la Chaudière, 1025 m
Agrodiaetus ripartii rippertii Agrodiaetus ripartii ripartii RE-07-G273 France, Drôme, Col de la Chaudière, 1025 m
Agrodiaetus ripartii sarkani Agrodiaetus ripartii ripartii NK-00-P829 Kazakhstan, Dzhungarian, Alatau Mts, Kolbai
Agrodiaetus ripartii sarkani Agrodiaetus ripartii ripartii NK-00-P848 Kazahkstan, Tarbagatai Mts, Taskeskan
Agrodiaetus ripartii susae Agrodiaetus ripartii ripartii RE-07-G254 Italy, Torino, Novalesa-Moncenisio, 1155 m
Agrodiaetus ripartii susae Agrodiaetus ripartii ripartii RE-07-G255 Italy, Torino, Novalesa-Moncenisio, 1155 m
Agrodiaetus rjabovi Agrodiaetus rjabovi VL-02-X474 Iran, Gilan, Masuleh
Agrodiaetus rjabovi Agrodiaetus rjabovi VL-03-F816 Azerbaijan, Talysh, Zuvand
Agrodiaetus surakovi Agrodiaetus surakovi AD-00-P006 Armenia, Aiodzor Mts, Gnishyk
Agrodiaetus urmiaensis Agrodiaetus urmiaensis VL-04-E365 Iran, Azarbayjan-e-Gharbi
Agrodiaetus valiabadi Agrodiaetus valiabadi MW00064 Iran, Mazandaran, Pul-e Zanguleh, 15 km NE

Kendevan, 2400 m
Agrodiaetus valiabadi Agrodiaetus valiabadi MW00498 Iran, Mazandaran, 5 km S. Valiabad, 1900 m
Agrodiaetus violetae Agrodiaetus violetae violetae FGT-05-J629 Spain, Granada, Sierra de la Almijara
Agrodiaetus violetae Agrodiaetus violetae violetae FGT-05-J630 Spain, Granada, Sierra de la Almijara
Agrodiaetus violetae Agrodiaetus violetae violetae RVcoll.08-H299 Spain, Andalucía

TAXONOMICAL OVERSPLITTING IN AGRODIAETUS 135

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 101, 130–154



Table 2. Data used for karyotype and molecular phylogenetic analyses. GenBank codes for sequences obtained specifi-
cally for this study, re-edited or with a new fragment sequenced, are highlighted in bold

Taxon (Traditionally)
accepted name
and combination)

Sample
code

Karyotype
analysis

Molecular
45-taxa
dataset

Molecular
80-taxa
dataset

COI
genbank
code

COII
genbank
code

ITS2
genebank
code

A. admetus AD-00-P016 X X AY496711
(re-edited)

AY496711
(re-edited)

A. admetus JC 01014 an = 80 X AY556867 AY556733
A. admetus MW98084 X AY556986
A. admetus anatoliensis VL-01-L101 bn = ca80 X X AY496710 AY496710
A. admetus malievi VL-03-F903 cn = 79 X X EF104617 EF104617 HM210176
A. agenjoi MAT-99-Q878 X X AY496780 AY496780
A. agenjoi MW01105 X AY556962
A. agenjoi RV-03-H463 X X EF104603

(re-edited)
EF104603
(re-edited)

A. agenjoi RV-07-F038 dn = 90
A. ainsae MAT-99-Q894 kn = 108-110 X X AY496712

(new part seq)
AY496712 HM210177

A. ainsae MW01001 kn = 108-110 X AY556941 AY556601
A. ainsae MW01053 kn = 108-110 X AY556954 AY556610
A. ainsae MW01078 kn = 108-110 X AY556958
A. alcestis MW98315 en = 20 X AY557024 AY556653
A. alcestis MW98212 en = 21 X AY557008 AY556641
A. alcestis karacetinae MW00229 en = ca19 X AY556906
A. alcestis karacetinae MW00231 en = ca19 X AY556907 AY556574
A. alcestis karacetinae MW99380 en = 19 X AY557090
A. alcestis karacetinae VL-03-F669 bn = 19 X X AY954018 AY954018
A. aroaniensis JC00040 fn = 48 X AY556856 AY556725
A. damocles krymaeus NK-00-P103 gn = 26 X X AY496727

(re-edited)
AY496727
(re-edited)

HM210178

A. damon MAT-99-Q841 hn = 45 X X AY496732
(new part seq)

AY496732 HM210179

A. dantchenkoi MW99274 in = 42 X AY557072 AY556678
A. dantchenkoi MW99276 en = ca40-43 X AY557073 AY556679
A. dantchenkoi MW99319 in = 42 X AY557081 AY556685
A. dantchenkoi MW99320 en = ca40-41 X AY557082
A. dantchenkoi VL-01-L342 in = 42 X X AY496737

(re-edited)
AY496737
(re-edited)

A. dolus virgilia RE-07-G106 kn = 122 X X HM210162 HM210162 HM210180
A. dolus vittatus MAT-99-Q923 kn = 124-125 X X AY496740

(new part seq)
AY496740
(re-edited)

HM210181

A. eriwanensis AD-00-P303 jn = 32 X X AY496742
(re-edited)

AY496742
(re-edited)

A. erschoffii AD-02-L274 bn = 13 X X AY496743
(new part seq)

AY496743 HM210182

A. exuberans RE-07-G229 d2n = ca180 X X HM210172 HM210172 HM210183
A. fabressei fabressei JM00001 an = 90 X AY556869 AY556734
A. fabressei fabressei MAT-99-Q972 an = 90 X X HM210165 HM210165 HM210184
A. fabressei fabressei MAT-99-Q984 an = 90 X X AY496744

(new part seq)
AY496744
(re-edited)

HM210185

A. fabressei fabressei MW01039 an = 90 X AY556952 AY556608
A. fabressei fabressei RV-03-H596 an = 90 X X EF104605

(re-edited)
EF104605
(re-edited)

HM210186

A. fabressei subbaeticus RV-03-H554 dn = 90
A. fabressei subbaeticus RV-03-H555 dn = 90 X X HM210166 HM210166 HM210187
A. fabressei subbaeticus RV-03-H556 dn = 90
A. fabressei subbaeticus RV-03-H557 dn = 90
A. fabressei subbaeticus RV-03-H558 dn = 90 X X EF104604

(re-edited)
EF104604
(re-edited)

HM210188

A. fabressei subbaeticus RV-03-H560 dn = 90
A. fulgens MAT-99-Q910 kn = 109 X X AY496746

(new part seq)
AY496746
(re-edited)

HM210189

A. fulgens MW01107 kn = 109 X AY556963 AY556615
A. galloi RE-07-G436 dn = 90 X X HM210167 HM210167 HM210190
A. galloi RE-07-G437 dn = 90 X X HM210168 HM210168 HM210191
A. galloi RE-07-G441 dn = 90
A. galloi RE-07-G445 dn = 90
A. galloi RE-07-G447 dn = 90
A. humedasae MW99591 X AY557127 AY556710 .
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Table 2. Continued

Taxon (Traditionally)
accepted name
and combination)

Sample
code

Karyotype
analysis

Molecular
45-taxa
dataset

Molecular
80-taxa
dataset

COI
genbank
code

COII
genbank
code

ITS2
genebank
code

A. humedasae MW99605 X AY557128 AY556711
A. humedasae RE-07-G191 dn = 39 X X HM210169 HM210169 HM210192
A. humedasae RE-07-G192 dn = 39
A. humedasae RE-07-G193 dn = 39
A. humedasae RE-07-G194 dn = 39
A. humedasae RE-07-G203 X X HM210170 HM210170 HM210193
A. interjectus MW99164 en = 31 X AY557059 AY556671
A. khorasanensis VL-03-F526 bn = 84 X X AY954013 AY954013
A. khorasanensis WE02431 X AY557138 AY556737
A. menalcas MW98020 X AY556982
A. menalcas MW98172 X AY557001 AY556635
A. menalcas MW99494 X AY557111
A. menalcas VL-01-L122 bn = 85 X X AY496763 AY496763 HM210194
A. ripartii AD-00-P033 X X AY496787

(re-edited)
AY496787
(re-edited)

A. ripartii JC00043 X AY556858 AY556727
A. ripartii budashkini NK-00-P859 ln = 90 X X AY496779

(re-edited)
AY496779
(re-edited)

HM210195

A. ripartii colemani NK-00-P822 mn = 90 X X AY496781
(re-edited)

AY496781
(re-edited)

A. ripartii paralcestis MW99068 en = ca90 X AY557042
A. ripartii paralcestis MW99196 X AY557064 AY556673
A. ripartii paralcestis MW99263 X AY557070
A. ripartii paralcestis MW99264 X AY557071
A. ripartii paralcestis AD-00-P337 X X AY496782

(re-edited)
AY496782
(re-edited)

A. ripartii paralcestis VL-01-L103 bn = ca90 X X AY496783 AY496783
A. ripartii paralcestis VL-01-L166 cn = 90 X X AY496784 AY496784
A. ripartii ripartii MW01014 en = ca90 X AY556944 AY556603
A. ripartii ripartii MW01072 X AY556957
A. ripartii rippertii RE-07-G266 dn = 90 X X HM210171 HM210171 HM210196
A. ripartii rippertii RE-07-G273 dn = 90
A. ripartii sarkani NK-00-P829 mn = 90 X X AY496785 AY496785
A. ripartii sarkani NK-00-P848 mn = 90 X X AY496786 AY496786
A. ripartii susae RE-07-G254 X X HM210163 HM210163 HM210197
A. ripartii susae RE-07-G255 X X HM210164 HM210164 HM210198
A. rjabovi VL-02-X474 bn = 43 X X AY954006 AY954006
A. rjabovi VL-03-F816 bn = 49 X X AY954019 AY954019
A. surakovi AD-00-P006 jn = 50 X X AY496792

(re-edited)
AY496792
(re-edited)

HM210199

A. urmiaensis VL-04-E365 cn = 19 x x EF104631
(re-edited)

EF104631

A. valiabadi MW00064 x AY556882 AY556557
A. valiabadi MW00498 en = 23 x AY556934 AY556594
A. violetae FGT-05-J629 x x HM210173 HM210173 HM210200
A. violetae FGT-05-J630 dn = ca90 x x HM210174 HM210174 HM210201
A. violetae RVcoll.08.H299 x x HM210175 HM210175 HM210202

aThe karyotype information for the population studied (but not for this individual) was taken from de Lesse (1960a).
bThe karyotype of this sample was studied in Lukhtanov et al. (2005).
cThe karyotype of this sample was studied by Lukhtanov (unpublished).
dThe karyotype of this sample was studied in the present work.
eThe karyotype of this sample was studied in Wiemers (2003).
fThe karyotype information for the population studied (but not for the same individual) was taken from Coutsis et al. (1999).
gThe karyotype information for the population studied (but not for the same individual) was taken from Kandul and Lukhtanov (1997).
hThe karyotype information for the population studied (but not for the same individual) was taken from de Lesse (1960b).
iThe karyotype of this sample was studied in Lukhtanov et al. (2003).
jThe karyotype information for the population studied (but not for the same individual) was taken from Lukhtanov and Dantchenko (2002b).
kThe karyotype information for the population studied (but not for the same individual) was taken from Lukhtanov et al. (2006).
lThe karyotype information for the population studied (but not for the same individual) was taken from Kandul et al. (2004).
mThe karyotype of this sample was studied in Lukhtanov and Dantchenko (2002a).
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few changes to these were introduced. In two cases,
an additional terminal fragment was sequenced using
the same specimen. Revised sequences have been
updated in GenBank. The final dataset includes 80
specimens representing 37 taxa, including four out-
groups. We also analyzed a subset of these taxa: the
45-specimen dataset includes only those samples with
little or no missing data.

Sequences were unambiguously aligned using
SEQUENCHER, version 3.1 (Genecodes Corporation).
For each dataset and gene, regions where more than
50% of the sequences contained missing data were
removed using the software GBLOCKS, version 0.91
(Castresana, 2000). The incongruence length differ-
ence (ILD) test (Farris et al., 1994) was performed to
study the homogeneity between our mitochondrial
and nuclear datasets. The test was performed with
PAUP* using heuristic searches with tree bisection–
reconnection (TBR) branch swapping and 100 random
taxon addition replicates, saving no more than ten
equally parsimonious trees per replicate. Only parsi-
mony informative sites were included. No significant
conflict (P = 0.98) was detected by the ILD test
between the mitochondrial (COI + tRNALeu + COII)
and nuclear (ITS2) data. Thus, we combined mito-
chondrial and nuclear sequences to improve phyloge-
netic signal. This resulted in concatenated alignments
with a total of 2812 bp for the 45-specimen dataset
(mean = 2452 bp, SD = 430.7), and 2691 bp for the
80-specimen dataset (mean = 1843 bp, SD = 788.2).

Phylogenetic relationships were inferred using
maximum likelihood (ML), Bayesian Inference (BI)
and maximum parsimony (MP). MODELTEST,
version 3.6 (Posada & Crandall, 1998) was used to
determine substitution models for model-based phy-
logenetic inferences according to hierarchical likeli-
hood ratio tests (Huelsenbeck & Crandall, 1997).

Maximum likelihood
For ML trees, we used PHYML, version 2.4.4
(Guindon & Gascuel, 2003) with the nucleotide
substitution model HKY (Hasegawa, Kishino & Yano,
1985). This software also estimated the Gamma
distribution parameter, proportion of invariable
sites and nucleotide frequencies. Branch support was
assessed using 100 bootstrap replicates.

Bayesian inference
Bayesian analyses were conducted using MRBAYES,
version 3.1.2 (Huelsenbeck & Ronquist, 2001).
Datasets were partitioned by gene, and by codon
position for COI and COII. Substitution models used
for each partition were chosen according to MODELT-
EST (F81 for the second position of COI, GTR for the
third position of COI, and HKY for the rest of parti-
tions). Two runs of 1 000 000 generations with four

chains (one cold and three heated) were performed.
Chains were sampled every 100 generations, and
burn-in was determined based on inspection of log
likelihood over time plots using TRACER, version 1.4
(available from http://beast.bio.ed.ac.uk/Tracer).

Maximum parsimony
MP analyses were conducted using PAUP, version
4.0b10 (Swofford, 2000). Heuristic searches were
performed with TBR branch swapping and 10 000
random taxon addition replicates, saving no more than
ten equally parsimonious trees per replicate. To esti-
mate branch support on the recovered topology, non-
parametric bootstrap values (Felsenstein, 1985) were
assessed with PAUP, version 4.0b10. One hundred
bootstrap pseudoreplicates were obtained under a heu-
ristic search with TBR branch swapping with 1000
random taxon addition replicates for the 45 taxon set,
saving no more than ten equally parsimonious trees
per replicate. Given the long computational time
required for the 80-specimen set, 100 random taxon
addition replicates were used in this case.

DATING PHYLOGENETIC EVENTS

BEAST, version 1.4.8 (Drummond & Rambaut, 2007)
was used to estimate node ages. The analysis was
carried out using the 45-taxa COI and COII dataset,
with the same conditions described above for Baye-
sian phylogeny reconstruction. Monophyly constric-
tion was enforced for several nodes according to the
topology in Figure 1. Because no external calibration
points, either in the form of a fossil or biogeographic
event, are available for Agrodiaetus, we used a
similar approach to that of Kandul et al. (2004). We
selected two strongly supported nodes: one within
the dolus species group and one within the admetus
species group. Both are of an age close to 0.5 Myr,
which we consider adequate to minimize the effects
of saturation. Mean uncorrected pairwise distances
within the two clades were calculated using MEGA4
(Tamura et al., 2007). Dates for the two calibration
points were the arithmetic means of the ages obtained
applying a molecular clock with two published sub-
stitution rates: 1.5% uncorrected pairwise distance
per million years estimated using a variety of inver-
tebrates (Quek et al., 2004) for COI, and a faster rate
of 2.3% uncorrected pairwise distance per million
years for the entire mitochondrial genome of various
arthropod taxa (Brower, 1994). A normal prior dis-
tribution was used and the standard deviation was
tuned so that the 95% central posterior density
included the ages obtained with both rates. The
dataset was analyzed under the HKY model applying
a strict molecular clock along the branches. Base
frequencies were estimated and the site heterogeneity
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Clade II:
dolus species-group
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Figure 1. Maximum likelihood tree of Agrodiaetus based on the combined analysis of the mitochondrial cytochrome
oxidase subunit I (COI), leucine transfer RNA (leu-tRNA), cytochrome oxidase subunit II (COII) and nuclear internal
transcribed spacer 2 (ITS2) (2812 bp) from 45 samples of Agrodiaetus according to the Hasegawa, Kishino & Yano model
(log likelihood score = -8727.72). Traditional names are indicated in parentheses when new names or combinations are
proposed. Haploid chromosome numbers (n) are indicated after specimen codes. Numbers at nodes indicate maximum
likelihood bootstrap/maximum parsimony bootstrap/Bayesian posterior probability, with nonmatching clades using
different analyses indicated by ‘–’. The scale bar represents 0.004 substitutions/position.
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model gamma with four categories was used. Para-
meters were estimated using two independent runs
of 10 million generations each (with a pre-run burn-in
of 100 000 generations) to ensure convergence, and
checked with the software TRACER, version 1.4.
Summary trees were generated using TREEANNO-
TATOR, version 1.4.8 (available from http://beast.bio.
ed.ac.uk).

RESULTS

KARYOTYPES

Karyotype of A. violetae
The taxon A. violetae is extremely rare. We were
able to obtain a limited number of individuals,
of which only one sample had metaphase plates suit-
able for determination of karyotype characteristics.
In this preparation, the chromosome number was
determined to be n = ca90 (Table 3). Two chromo-
somes were especially large (Fig. 2A) in the second
metaphase of meiosis (MII) complement, and one
chromosome was medium-sized. The two largest
chromosomes were nearly of equal size, and the
medium-sized chromosome was 1.8–2.0 times smaller
than these.

Karyotype of A. fabressei subbaeticus
The haploid chromosome number of A. fabressei sub-
baeticus was found to be n = 90 (Fig. 2B, C, Table 3),

thus confirming our previous results (Lukhtanov
et al., 2006). Three bivalents were especially large
(Fig. 2B) in the first metaphase of meiosis (MI)
complement. Bivalent 1 was only slightly larger than
bivalent 2, and the latter was 1.4–1.8 times larger
than bivalent 3. In the MII complement, the two
largest chromosomes were nearly of equal size, and
chromosome 3 was 1.8–2.0 times smaller than the two
biggest chromosomes (Fig. 2C).

Karyotype of A. humedasae
The haploid chromosome number was determined to
be n = 39 (Table 3). Bivalents in MI and chromosomes
in MII were fairly differentiated with respect to their
size; however, it is difficult to divide them objectively
into size groups because the sizes of the 39 bivalents
decrease more or less linearly (Fig. 2D, E, F).

KARYOTYPES OF A. AGENJOI, A. RIPARTII RIPPERTII,
A. GALLOI, AND A. EXUBERANS

The haploid chromosome number was determined to
be n = 90 in agenjoi, rippertii, and galloi. In MI, two
bivalents were especially large and were situated in
the centre of the metaphase plates. Bivalent 1 was
1.4–1.6 times larger than bivalent 2. The sizes of the
remaining 88 bivalents decreased more or less lin-
early (Fig. 2G, H, I, J, K, L). Few meiotic metaphase

Table 3. Number of bivalents and mitotic chromosomes observed in the taxa and specimens studied

Taxon
Specimen code
number Country

Haploid (n) or
diploid (2n)
chromosome
number

Number of cells
with accurately
determined bivalent/
chromosome number

Number of large (L)
and medium (M)
bivalents/chromosomes
in haploid complement

violetae FGT-05-J630 Spain n = ca90 – 2L + 1M
subbaeticus RV-03-H554 Spain n = ca90 – 2L + 1M
subbaeticus RV-03-H555 Spain n = 90 5MI 2L + 1M
subbaeticus RV-03-H556 Spain n = ca90 – 2L + 1M
subbaeticus RV-03-H557 Spain n = 90 2MII 2L + 1M
subbaeticus RV-03-H558 Spain n = 90 4MI 2L + 1M
subbaeticus RV-03-H560 Spain n = 90 2MI, 2MII 2L + 1M
humedasae RE-7-G191 Italy n = 39 12MI –
humedasae RE-7-G192 Italy n = 39 8MI –
humedasae RE-7-G193 Italy n = 39 4MII –
humedasae RE-7-G194 Italy n = 39 7MI –
agenjoi RV-07-F038 Spain n = 90 5MI, 3MII 1L + 1M
rippertii RE-7-G266 France n = 90 2MI, 2MII 1L + 1M
rippertii RE-7-G273 France n = 90 3MI 1L + 1M
exuberans RE-7-G229 Italy 2n = ca180 – 1L + 1M
galloi RE-7-G436 Italy n = 90 7MI, 3MII 1L + 1M
galloi RE-7-G437 Italy n = 90 6MI, 3MII 1L + 1M
galloi RE-7-G441 Italy n = 90 4MI 1L + 1M
galloi RE-7-G445 Italy n = 90 4MI 1L + 1M
galloi RE-7-G447 Italy n = ca90 – 1L + 1M
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Figure 2. Agrodiaetus karyotypes. Scale bar corresponds to 10 mm in all figures. A, Agrodiaetus violetae violetae (sample
FGT-05-J630). Pole view of a second metaphase of meiosis (MII) plate (n = ca90). Two large and one medium-sized
chromosome in the centre of the plate can be seen. B, squash preparation of Agrodiaetus violetae subbaeticus comb. nov.
(sample RV-03-H555). First metaphase of meiosis (MI) plate (n = 90). Three bivalents are larger than the rest (two large
and one medium) in the centre of the metaphase plate. C, Agrodiaetus violetae subbaeticus comb. nov. (sample
RV-03-H560). Pole view of an intact (unsquashed) MII plate (n = 90). All the chromosomes are situated in a plane with
the largest elements in the centre of the circular metaphase plate clearly separated from each other by gaps. Three
chromosomes are larger than the rest (two large + one medium). D, E, F, Agrodiaetus humedasae. Pole view of intact
(unsquashed) MI plates (n = 39). Bivalents are fairly differentiated with respect to their size; however, it is difficult to
divide them objectively into size groups because the sizes of the 39 bivalents decrease more or less linearly. D, sample
RE-07-G191; E, sample RE-07-G192; F, sample RE-07-G194. G, squash preparation of Agrodiaetus ripartii agenjoi (sample
RVcoll.07-F038). MI plate (n = 90). Two bigger bivalents (one large and one medium) are in the centre of the metaphase
plate. H, Agrodiaetus ripartii rippertii (sample RE-07-G273). MI plate (n = 90). Pole view of a slightly squashed MI plate.
Two larger bivalents (one large and one medium) are on the metaphase plate. The original position of the bivalents was
altered during preparation, and the medium bivalent is no longer situated in the centre, as it was initially. I, J, K, L,
Agrodiaetus ripartii galloi. MI plates (n = 90). Two bivalents are bigger than the rest (one large and one medium) in the
centre of the metaphase plates. I, J, slightly squashed plates of sample RE-07-G436; K, a squashed plate of sample
RE-07-G437. L, squash preparation of Agrodiaetus ripartii galloi (sample RE-07-G436). MII plate (n = 90). Two chromo-
somes are bigger than the rest (one large and one medium) in the centre of the metaphase plate.
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plates were found in exuberans, and they were not
acceptable for chromosome counts. However, they
each displayed one large and one medium bivalent in
MI, exactly as it was found in A. ripartii. The diploid
chromosome number of exuberans, however, could be
established to be n = ca180 (with two larger and two
medium-sized chromosomes), which would correspond
to a haploid number of n = ca90 with one larger and
one medium-sized bivalent (Table 3).

PHYLOGENY

Analyses for both the 45-specimen dataset and the
80-specimen dataset recover the admetus (clade I)
and the dolus (clade II) species groups as strongly
supported (Figs 1, 3). This concords with results
of other studies (Kandul et al., 2002, 2004, 2007;
Wiemers, 2003). Within each of these two main
groups, many clades are well supported, whereas
some of the relationships are not fully resolved. If we
compare analyses from the 45-specimen dataset and
the 80-specimen dataset, we find that the addition of
short COI sequences and ITS2 from Wiemers (2003)
adds information by expanding the sampling, but
generally produces a lowering of node support. This
may be explained by the low overlap of these short
COI sequences with many of the longer ones, as well
as the low variability of the ITS2 marker between
closely-related taxa. Indeed, a tree generated exclu-
sively from ITS2 data (not shown), recovers only the
deepest nodes defining the dolus and the admetus
species groups, except for Agrodiaetus valiabadi,
whose placement is unresolved. Within the dolus
group, ITS2 supports the dolus–fulgens–fabressei
clade, the close relationship between the taxa violetae
and subbaeticus, as well as the sister relationship
between A. humedasae and Agrodiaetus aroanensis.
Thus, the utility of ITS2 is limited, although, because
it is a nuclear marker, it independently confirms the
main groups obtained using the mitochondrial data.

Dating analysis (Fig. 4) estimated an age of
3.21 Myr (2.25–4.29; error interval covering 95%
highest posterior density) for the genus Agrodiaetus,
similar to the dates obtained in previous studies
(Mensi et al., 1994; Kandul et al., 2004). The estimated
age for the split between the sister dolus and ripartii
lineages is 2.73 Myr (range 1.89–3.58 Myr). Finer rela-

tionships recovered within each species group and
their ages are described in detail in the Discussion,
together with their taxonomical implications.

DISCUSSION

TAXONOMICAL OVERSPLITTING IN WESTERN

EUROPEAN AGRODIAETUS

The European Agrodiaetus taxa distributed west of
the 17th meridian belong to three different phylo-
genetic lineages (Kandul et al., 2002, 2004, 2007;
Wiemers, 2003; our data). One highly differentiated
lineage is sister to all other Agrodiaetus and consists
of a single species, A. damon, which has a broad
distribution range from Spain to Mongolia (Fig. 5A).
This species has no close relatives, and its standing
as a good species has never been disputed. All other
western European taxa constitute two lineages: the
A. ripartii lineage, which is part of clade I, and the
A. dolus lineage, which is part of clade II (Figs 1, 3).
The A. ripartii lineage includes the taxa agenjoi,
exuberans, galloi, pelopi, ripartii, rippertii, and
susae. The A. dolus lineage includes the taxa ainsae,
aroaniensis, dolus, fabressei, fulgens, humedasae,
subbaeticus, violetae, virgilia, and vittatus. The
present study supports all previous conclusions
about the general taxonomic structure of the A.
admetus (clade I) and the A. dolus (clade II) species
groups. At the same time, it sheds light on the
taxonomic status and phylogenetic relationships of
several western European species whose positions
were under debate.

Agrodiaetus ripartii lineage (Fig. 5B)
Agrodiaetus agenjoi: This taxon was described by
Forster (1965) from Barcelona (Catalonia, Spain) as
a subspecies of the Balkanian–Anatolian species
A. admetus. Subsequently, de Lesse (1968) and Mun-
guira, Martín & Pérez-Valiente (1995) demonstrated
the karyotype similarity of the taxon agenjoi and
A. ripartii (both taxa have n = 90, including one large
and one medium-sized chromosome pair) and sug-
gested that A. agenjoi should be considered a subspe-
cies of A. ripartii. Despite these chromosomal studies,
and without any explicit justification, agenjoi is often
treated in the literature as a distinct species with a

�
Figure 3. Bayesian tree based on the combined analysis of data from mitochondrial cytochrome oxidase subunit I (COI),
leucine transfer RNA (leu-tRNA), cytochrome oxidase subunit II (COII) and nuclear internal transcribed spacer 2 (ITS2)
(2691 bp), partitioned by marker and gene codon position, from 80 samples of Agrodiaetus (log likelihood
score = -7942.31). Traditional names are indicated in parentheses when new names or combinations are proposed.
Haploid chromosome numbers (n) are indicated after the specimen code numbers. Numbers at nodes indicate Bayesian
posterior probability/maximum likelihood bootstrap/maximum parsimony bootstrap, with nonmatching clades among
different analysis indicated by ‘–’. The scale bar represents 0.04 substitutions/position.
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A. ripartii ripartii.France.RE07G266 (A.ripartii rippertii) n=90

A. ripartii ripartii.Spain.MW01014. n=ca90
A. ripartii ripartii.Spain.MW01072
A. ripartii ripartii.Greece.JC00043 (A. ripartii pelopi)

A. ripartii paralcestis.Turkey.MW99068. n=ca90
A. ripartii paralcestis.Turkey.MW99196. n=90

A. ripartii paralcestis.Turkey.MW99263
A. ripartii paralcestis.Turkey.MW99264

A. ripartii paracestis.Turkey.VL01L166
A. ripartii paralcestis.Turkey.VL01L103. n=ca90

A. ripartii paralcestis.Armenia.AD00P337
A. admetus malievi.Azerbaijan.VL03F903. n=79
A. admetus.Armenia.AD00P016

A. admetus anatoliensis.Turkey.VL01L101. n=ca80
A. khorasanensis.Iran.VL03F526. n=84

A. khorasanensis.Iran.WE02431
A. admetus.Greece.JC01014. n=80

A. admetus.Turkey.MW98084
A. ripartii colemani.Kazakhstan.NK00P822. n=90

A. damocles.NK00P103. n=26
A. erschoffii.AD02L274. n=13

A. surakovi.AD00P006. n=50
A. damon.MAT99Q841. n=45

Clade II:
dolus species-group

Clade I: admetus species-group
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distributional range restricted to Catalonia in north-
east Spain (Kolev & De Prins, 1995; Dennis, 1997;
Tolman, 1997; Mazzei et al., 2009) or as a subspecies
of A. fabressei (Manley & Allcard, 1970) (but see
also Munguira et al., (1995) and Eckweiler & Häuser
(1997), who considered this taxon a subspecies of
A. ripartii).

Our molecular phylogeny recovers A. agenjoi as
an internal clade within one of the A. ripartii
clades. The monophyly of the agenjoi clade has good
support in the 45-specimen set, but lower support
in the 80-specimen set. Its genetic divergence with
respect to A. ripartii samples from Russia and
Ukraine, as well as with the taxon A. galloi, is
minimal (0.28–0.56%) and includes only three
fixed nucleotide substitutions in 1858 bp of COI-
tRNALeu-COII. This difference is extremely small

and could even be less when additional indivi-
duals and intermediate populations are studied. Our
chromosomal data confirm that the karyotype of A.
agenjoi is indistinguishable from that of A. ripartii,
and do not support the species status of A. agenjoi.
Moreover, morphological differences between A.
ripartii and A. agenjoi are subtle and inconstant.
The character that is usually used to distinguish
between them) the presence of a white stripe on the
underside of the hind wing of A. ripartii, and its
absence in A. agenjoi; Tolman, 1997) can be variable
in Agrodiaetus at the species, population, and
individual levels, and its taxonomic significance is
also low (Eckweiler & Häuser, 1997; Lukhtanov &
Budashkin, 2007). Moreover, although generally
absent in agenjoi, this streak is present in a low
percentage of the Catalonian specimens. Because

A. fabressei fabressei.Spain.RV03H596
A. fabressei fabressei.Spain.MAT99Q972
A. fabressei fabressei.Spain.MAT99Q984
A. fulgens.Spain.MAT99Q910
A. fulgens.Spain.MAT99Q894 (A.ainsae)
A. dolus vittatus.France.MAT99Q923 
A. dolus virgilius.Italy.RE07G106
A. violetae violetae.Spain.FGT05J630 (A.violetae)
A. violetae violetae.Spain.FGT05J629 (A.violetae)
A. violetae.Spain.RVcoll.08H299

A. violetae subbaeticus.Spain.RV03H555 (A.fabressei subbaeticus)
A. violetae subbaeticus.Spain.RV03H558 (A.fabressei subbaeticus)

A. humedasae.Italy.RE07G203
A. humedasae.Italy.RE07G191

A. alcestis karacetinae.Iran.VL03F669
A. dantchenkoi.Turkey.VL01L342

A. urmiaensis.Iran.VL04E365
A. eriwanensis.Armenia.AD00P303
A. menalcas.Turkey.VL01L122
A. rjabovi.Azerbaijan.VL03F816
A. rjabovi.Iran.VL02X474

A. ripartii ripartii.Spain.RV03H463 (A.agenjoi)
A. ripartii ripartii.Spain.MAT99Q878 (A.agenjoi)

A. ripartii ripartii.Italy.RE07G437 (A.galloi)
A. ripartii ripartii.Italy.RE07G436 (A.galloi)

A. ripartii ripartii.Russia.AD00P033 (A.ripartii)
A. ripartii ripartii.Ukraine.NK00P859 (A.ripartii budashkini)

A. ripartii ripartii.Kazakhstan.NK00P848 (A.ripartii sarkani)
A. ripartii ripartii.Kazakhstan.NK00P829 (A.ripartii sarkani)
A. ripartii ripartii.Italy.RE07G254 (A. ripartii susae)
A. ripartii ripartii.Italy.RE07G255 (A. ripartii susae)
A. ripartii ripartii.Italy.RE07G229 (A. exuberans)
A. ripartii ripartii.France.RE07G266 (A. ripartii rippertii)
A. admetus malievi.Azerbaijan.VL03F903
A. admetus.Armenia.AD00P016
A. admetus anatoliensis.Turkey.VL01L101

A. ripartii paralcestis.Turkey.VL01L103
A. ripartii paracestis.Turkey.VL01L166

A. ripartii paralcestis.Armenia.AD00P337
A. ripartii colemani.Kazakhstan.NK00P822

A. erschoffii.AD02L274
A. damocles.NK00P103

A. surakovi.AD00P006
A. damon.MAT99Q841

A. khorasanensis.Iran.VL03F526

Millions of years ago

0.01.02.03.04.0

Figure 4. Bayesian ultrametric tree for the 45-taxa dataset obtained with BEAST 1.4.8, based on cytochrome oxidase
subunit I (COI) and cytochrome oxidase subunit II (COII) sequences under the Hasegawa, Kishino & Yano model of DNA
substitution. The tree was calibrated at the two nodes indicated (red circles) based on two different published divergence
rates for mitochondrial DNA in Arthropoda (1.5% and 2.3% pairwise sequence divergence per million years). For each
calibration point, a normal prior distribution was centred on the resulting mean age (and SD) was tuned so that the 95%
central posterior density included the ages obtained with both rates. Bars in nodes represent the 95% highest posterior
density for age estimations, according to the axis representing time in millions years before present. Traditional names
are indicated in parentheses when new names or combinations are proposed.
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Figure 5. Distribution ranges of western European Agrodiaetus, according to data original to the present study,
Hesselbarth, Oorchot & Wagener (1995), Kudrna (2002) and García-Barros et al. (2004). A, distribution ranges of
Agrodiaetus damon (closed loops) and Agrodiaetus pljushtchi (1). B, distribution ranges of taxa belonging to the
Agrodiaetus ripartii lineage: 1 – Agrodiaetus agenjoi (here assigned to Agrodiaetus ripartii ripartii); 2 – Agrodiaetus
exuberans (here assigned to Agrodiaetus ripartii ripartii); 3 – Agrodiaetus galloi (here assigned to A. ripartii ripartii);
4 – Agrodiaetus budashkini (here assigned to A. ripartii ripartii); 5 – a geographically isolated population of A. ripartii
in Poland (Przybylowicz, 2000). Distribution range of the main populations of A. ripartii indicated by closed loops. C,
distribution ranges of taxa belonging to the Agrodiaetus dolus lineage: 1 – Agrodiaetus violetae violetae; 2 – Agrodiaetus
violetae subbaeticus comb. nov.; 3 – presumed distribution range of Agrodiaetus fulgens before the chromosomal study
by Lukhtanov et al. (2006); 4 – revised distribution range of A. fulgens; 5 – Agrodiaetus dolus dolus and Agrodiaetus dolus
vittatus; 6 – Agrodiaetus dolus virgilia; 7 – Agrodiaetus humedasae; 8 – Agrodiaetus fabressei.
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the taxa ripartii and agenjoi were both described
from northern Spain, we consider the name agenjoi
to be a synonym of A. ripartii.

Agrodiaetus galloi: This taxon was described as a
distinct species (Baletto & Toso, 1979) from southern
Italy on the basis of an extreme difference in karyo-
type; its chromosome number was established to be
2n = 132 (n = 66), including one pair of large and
one pair of medium-sized chromosomes (Troiano &
Giribaldi, 1979), whereas A. ripartii, geographically
and phenotypically the most closely related taxon,
has n = 90 (de Lesse, 1960b). Agrodiaetus galloi has
invariably been considered a good species in all
studies on European butterflies, with the exception
of Eckweiler & Häuser (1997), who questioned the
species status of this taxon.

The present study confirms the presence of one
large and one medium-sized bivalent in A. galloi, but
we were unable to confirm the previously reported
chromosome number. Without exception, all studied
cells and individuals possessed a chromosome
number of n = 90 (Fig. 2I, J, K, L). We consider that
the discrepancy between the earlier chromosome
count and ours arises because true MI or MII
metaphase cells were not observed in the study by
Troiano & Giribaldi (1979). According to their figure
7, which was originally interpreted to be a picture of
anaphase I, they in fact observed atypical meiotic
divisions. Such atypical divisions occur regularly
during male meiosis in all species of Lepidoptera, to
the point where during the imaginal stage, they are
much more frequent than normal meiotic divisions
(Lorkovic, 1990). Generally, atypical divisions display
the diploid set; however, the great majority of atypi-
cal spermatocytes are not suitable for chromosome
counts as a result of multiple nonspecific chromosome
conglutinations (Lorkovic, 1990) that can lead to a
strong underestimation of the real chromosome
number. Thus, we consider that the true number of
chromosomes in the samples studied by Troiano &
Giribaldi (1979) was also n = 90, and that the karyo-
type of A. galloi is in fact indistinguishable from that
found in A. ripartii.

In our phylogenetic reconstruction, the taxon
galloi forms a well-supported cluster with A. ripartii
samples Ukraine, Russia, and Kazakhstan, as well as
with the taxon agenjoi (Figs 1, 3). Moreover, the
genetic divergence of the two studied individuals of
galloi with respect to the most closely-related ripartii
and agenjoi samples is extremely small and could be
even less when additional individuals are studied.
The specimens studied have ITS2 sequences identical
to those of several A. ripartii, excluding the possibility
that galloi is a diverged taxon that has undergone
mitochondrial introgression from A. ripartii. Thus,

the morphological, chromosomal, and genetic data do
not support the treatment of A. galloi as a separate
species. It should be synonymized with A. ripartii or,
at most, considered a weakly differentiated local sub-
species of A. ripartii.

The taxa rippertii, exuberans and susae: The taxon
rippertii was described from southern France (‘aux
environs de Digne’) as a separate species by Boisduval
(1832). In the original description, however, Boisduval
made no reference to Freyer (1830), who established
from Spain a morphologically very similar taxon
(ripartii) 2 years earlier. Therefore, the taxon rippertii
has been considered a synonym or subspecies of
A. ripartii in recent literature (Eckweiler & Häuser,
1997).

The taxon exuberans was described from ‘Oulx’
(northern Italy) as a ‘race’ (i.e. subspecies) of A.
admetus by Verity (1926). It is similar morphologi-
cally to A. ripartii and was regarded later as a sub-
species or even a synonym of A. ripartii (Eckweiler &
Häuser, 1997). However, without explicit justification,
it has been raised to species rank in most recent
studies (Kudrna, 2002; Bertaccini, 2003; Dennis
et al., 2008).

The taxon susae was described from northern Italy
as separate subspecies of A. ripartii (Bertaccini,
2003). In accordance with the original description, the
taxon susae is sympatric with A. exuberans, and these
two taxa are different in small details of genitalic
structure and wing spots. We collected both exuberans
and susae in their exact type locality, and comparison
of these individuals showed that the morphological
differences between exuberans and susae are suffi-
ciently subtle so that it is not always possible to
distinguish between them in practice (R. Vila & V. A.
Lukhtanov, unpubl. observ.). Molecular analysis dem-
onstrated that the taxa exuberans and susae are
almost identical, and genetically similar to A. ripartii
rippertii from France. These three taxa constitute a
well-supported monophyletic clade within the bigger
A. ripartii clade in the 45-specimen dataset (Fig. 1),
although the support of this clade is relatively low in
the 80-specimen dataset (Fig. 3). Moreover, nuclear
ITS2 sequences of these three taxa are identical,
which independently supports the results of the mito-
chondrial sequences. Chromosomal analysis showed
that karyotypes of the taxa rippertii and exuberans
are indistinguishable from those of A. ripartii from
Europe, Turkey, and Kazakhstan (de Lesse, 1960b;
Lukhtanov & Dantchenko, 2002b). We were unable to
obtain countable metaphase plates for the taxon
susae but, taking into account its genetic and mor-
phological similarity to the taxa rippertii and exuber-
ans, we consider it unlikely to be a separate taxon.
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Infraspecific taxonomy of A. ripartii: In the molecular
phylogeny, A. ripartii samples from Asia Minor and
Armenia (Agrodiaetus ripartii paralcestis) and espe-
cially from Central Asia (Agrodiaetus ripartii cole-
mani) are genetically distant from European and other
Kazakhstani populations (Figs 1, 3). We will not
discuss these further here because this is beyond the
scope of the present study and our material from these
regions is limited. However, all other samples of A.
ripartii from western Europe, the Balkan Peninsula,
European Russia, and the Ukraine (including repre-
sentatives of the nominal taxa Agrodiaetus ripartii
ripartii, A. ripartii rippertii, Agrodiaetus ripartii
sarkani, Agrodiaetus ripartii budashkini, A. ripartii
susae, Agrodiaetus ripartii pelopi, A. agenjoi, A. exu-
berans, and A. galloi) form a well-supported clade. The
genetically related representatives of this clade
display allopatric distributions, are similar in their
morphology, and are indistinguishable with respect to
karyotype. A more detailed study of A. ripartii will be
necessary to shed light on relationships between popu-
lations and on the total number of subspecies. Given
the data available, and until these relationships can be
clarified, we provisionally consider all European and
North and East Kazakhstani populations to belong to
the nominative subspeciesA. ripartii ripartii. Thus, we
recognize three subspecies defined by the main three
A. ripartii clades: A. ripartii ripartii, A. ripartii paral-
cestis and A. ripartii colemani.

Agrodiaetus dolus lineage
By contrast to the A. ripartii lineage, the A. dolus
complex is represented in western Europe by a
number of distinct taxa that appear to be allopatric in
their distribution. All of them are clearly separated
from one another by significant chromosomal and/or
genetic gaps. Interestingly, two species, A. dolus and
A. fulgens, are whitish–blue on the upperside of the
male wing, and are therefore morphologically differ-
ent from the rest.

The taxa violetae and subbaeticus: The taxon violetae
was described from southern Spain as a new species
that is similar to A. fabresseii, but differs by the
presence of a white stripe on the underside of the
hind wing (Gómez-Bustillo, Expósita Hermosa &
Martínez Borrego, 1979). The latter character, as
already discussed, has low taxonomic significance.
The taxon violetae is considered in the current litera-
ture to be either a valid species (Kudrna, 2002; Gil-T.
& Gil-Uceda, 2005; Lafranchis et al., 2007; Gil-T.,
2008), a subspecies of A. fabressei (Munguira et al.,
1995; Eckweiler & Häuser, 1997), a possible sub-
species of A. ripartii (Tolman, 1997) or a taxon incer-
tae sedis (Lukhtanov et al., 2006).

The taxon subbaeticus was recently described from
southern Spain as a subspecies of A. fabressei (Gil-T.
& Gil-Uceda, 2005), and its presumed conspecific
relationship with A. fabressei is supported by chro-
mosomal data (Lukhtanov et al., 2006). In the
present study, we analyse for the first time the karyo-
type of A. violetae from the type locality, and show
that it is similar to that of the karyotypes of subba-
eticus and fabressei. Thus, from the point of view of
karyology, the species status of A. violetae is not
supported. Our phylogenetic analysis showed that A.
violetae is unexpectedly quite distant from Agrodia-
etus fabressei fabressei: these two species are not
even sister taxa (Figs 1, 3). On the other hand, the
taxa violetae and subbaeticus form a distinct, highly
supported (99–100% bootstrap and BI support) mono-
phyletic clade in all reconstructions. Importantly, the
taxa violetae and subbaeticus have identical ITS2
sequences, and these are quite different from that of
A. fabressei fabressei. Thus, both nuclear and mito-
chondrial sequences agree in the close relationship
between violetae and subbaeticus. These results
suggest that the taxon violetae is a separate species
that includes at least two subspecies: Agrodiaetus
violetae violetae and Agrodiaetus violetae subbaeticus
comb. nov. The subspecific status of subbaeticus
with respect to A. violetae from the type locality is
based on morphological differences in the adults
(intensity of wing underside spots and female back-
ground colour), and in the caterpillars (different
colour of the lateral stripes) (Gil-T. & Gil-Uceda,
2005; Gil-T., 2008). These two taxa are allopatric and
feed on different subspecies of Onobrychis argentea
Boiss. (Lafranchis, Gil-T. & Lafranchis, 2007). The
present study includes one specimen of a newly dis-
covered, isolated population of A. violetae, which is
located in a mountain approximately 100 km far from
the type locality, and approximately 100 km far from
A. violetae subbaeticus populations. This population
is genetically closer to A. violetae violetae and its
discovery and status will be described in a future
publication (S. Ibáñez & F. Gil-T., unpubl. data). We
thus conclude that A. violetae is a good local species
whose distribution in the south of the Iberian Pen-
insula is not dot-like, but substantially wider than
previously believed.

The taxa dolus and virgilia: On the basis of karyotype
analysis, A. dolus consists of two populations with
a minor but fixed chromosomal difference between
them: the populations from France (Agrodiaetus dolus
dolus and Agrodiaetus dolus vittatus) have n = 123–
125, with a modal chromosome number of 124, and
the populations from central Italy (Agrodiaetus dolus
virgilia) have n = 122 (de Lesse, 1966). Usually, po-
pulations are considered to be conspecific. However,

TAXONOMICAL OVERSPLITTING IN AGRODIAETUS 147

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 101, 130–154



sometimes they are treated as separate species, as in
A. dolus (n = 123–125) and A. virgilia (n = 122) (de
Prins & Iversen, 1996; Dennis, 1997). A. dolus vitta-
tus and A. dolus virgilia are recovered as sister taxa
in our phylogenetic analysis. Although their genetic
divergence is intermediate and larger than the
fabressei–fulgens divergence, the fixed difference in
one or two chromosome pairs seems at present insuf-
ficient to separate virgilia from dolus at the species
level. Given our current knowledge of reproductive
isolation between populations of Lepidoptera with
variable karyotypes (Lukhtanov & Dantchenko,
2002b), we consider it more likely that these chromo-
somal forms are still interfertile.

The taxa ainsae and fulgens: These two taxa were
already shown to be conspecific based on the lack of
genetic or karyotypic differences, with similar mor-
phology and ecology (Lukhtanov et al., 2006). The
taxon ainsae was then considered to be a subspecies
of fulgens because of small morphological differences,
including a higher percentage of specimens with a
white band on the underside hindwing and slightly
paler male uppersides. However, many new popula-
tions between the two type localities have been dis-
covered, and it is difficult to draw a line that defines
two subspecies. It appears that a cline exists involv-
ing intensity and prevalence of the characters men-
tioned, and that it probably extends to the west to
include the taxa pseudovirgilius de Lesse, 1962 and
leonensis Verhulst, 2004 (not studied here). We thus
consider ainsae to be a junior subjective synonym of
fulgens.

Agrodiaetus humedasae: This taxon was described
from N. Italy (Toso & Balletto, 1976). Its karyotype
was found to be n = 38 (Troiano, Balletto & Toso,
1979), which is different from that of other represen-
tatives of the A. dolus and A. admetus species groups.
Therefore, A. humedasae has almost always consid-
ered a distinct species. The present study slightly
modifies the chromosome number of A. humedasae
to n = 39. In the molecular phylogeny, A. humedasae
samples form a monophyletic and genetically well-
differentiated clade, which is sister to A. aroaniensis
from Greece (Fig. 3). Interestingly, A. aroaniensis also
has a relatively low chromosome number (n = 48)
(Coutsis, Puplesiene & De Prins, 1999). The fact that
these two allopatric taxa are chromosomally distinct
supports their status as separate species.

PHYLOGEOGRAPHY

A comparison of the distribution ranges of the A.
dolus and A. riparii lineages reveals an interesting
pattern (Fig. 5B, C). These two complexes are repre-

sented by two groups of geographical isolates with
similar population distributions: each lineage has one
isolate in the Balkan and Apennine Peninsulas, one
isolate in the southern Alps, and from one to four
isolates in the Iberian Peninsula. Such a pattern
could be considered evidence for similar ecological
preferences or parallel histories for these groups. The
last assumption may be easily refuted: a comparison
of branch lengths on the phylogenetic reconstructions
as well as the dating of relevant nodes show that the
isolates of these two groups are of different ages and
are likely to have originated at different periods of
the Pleistocene.
Analysis of distribution and phylogeny in the A.

dolus lineage shows that the phylogeograpic history
of this complex involved a combination of dispersal
and vicariance events with a clear general trend of
dispersal from the East (Iran), where the group most
likely arose, to the West (western Europe) (Fig. 6):
The first split, approximately 1.55 Mya (range 1.06–
2.07 Mya; error interval covering 95% highest poste-
rior density), was between the Iranian lineage and
the rest; the second split, approximately 1.24 Mya
(range 0.88–1.64 Mya), was between the Anatolian
and European lineages. After this, the European
lineage probably spread throughout southern Europe,
and approximately 1.15 Mya (range 0.80–1.51 Mya),
separated into three clades located in the Balkan
Mountains and Alps, southern Spain, and the
Iberian–Italian region, respectively. The relatively
early separation between the main clades within the
A. dolus group is in good agreement with their high
level of karyotype divergence: the clade had time to
develop different chromosome numbers from n = 39 in
A. humedasae to n = 125 in A. dolus. However, it is
interesting to note that the speciation of the taxa
dolus, fulgens, and fabressei occurred as recently as
0.36 Mya (range 0.27–0.44 Mya). We specifically
discuss the possible origins of these three species
below.
Although the A. ripartii lineage also has a clear

Asian origin, its phylogeographic history seems quite
different, especially since it appears to have entered
and dispersed in Europe more recently, approximately
0.76 Mya (range 0.53–0.99 Mya). Genetic distance
(and correspondingly divergence age) is much lower
between A. ripartii isolates (Fig. 7). The time of origin
of the main A. ripartii lineages in Europe and NWAsia
can be estimated as approximately 0.48 Mya (range
0.37–0.60 Mya). The alleles of the COI gene in the
Spanish and Russian- northern Kazakhstani lineages
show no lineage sorting, and samples from Spanish
populations belong to different haplotype groups (e.g.
MW01105 and MW01014; Fig. 3). This absence of
lineage sorting can be explained not only by relatively
recent origin of lineages, but also by introgression
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events. Additional indirect evidence supporting the
recent divergence hypothesis is the fact that all the
clades of the European A. ripartii lineage are karyo-
typically undifferentiated. To conclude, it appears
most likely that when A. ripartii reached Europe,
the Balkan, Apennine and Iberian Peninsulas were

already populated by representatives of the A. dolus
group. Our taxonomic conclusions reflect this differ-
ence in biogeographic histories: the older A. dolus
lineage is represented in western Europe by several
species, whereas the younger A. ripartii lineage is
represented by a group of conspecific populations.

Figure 6. Biogeographical hypothesis describing the first split of the Agrodiaetus dolus lineage in the Iranian–Anatolian
region, dispersal to Europe and diversification in southern Europe during the Pleistocene.

Figure 7. Biogeographical hypothesis describing the first splits of the Agrodiaetus ripartii lineage in Asia in the late
Pleistocene, and dispersal to Europe and north-west Asia, followed by distribution range fragmentation.

TAXONOMICAL OVERSPLITTING IN AGRODIAETUS 149

© 2010 The Linnean Society of London, Biological Journal of the Linnean Society, 2010, 101, 130–154



DOT-LIKE DISTRIBUTION RANGES AND CONSERVATION

Our taxonomical revision based on chromosomal and
molecular data supports the species status (and con-
sequently the dot-like distribution) of A. humedasae.
An earlier study likewise supported the dot-like
distribution range for A. pljushtchi from Crimea
(Fig. 5A) (Lukhtanov & Budashkin, 2007). By con-
trast, we were unable to confirm dot-like distribu-
tions for the rest of the studied taxa. The taxa
galloi, exuberans, and agenjoi most likely represent
local populations of a single species, A. ripartii. The
same conclusion was earlier obtained (and sup-
ported here) for A. budashkini, which was described
and considered a distinct species from Crimea, but
in fact represents an isolated population of A.
ripartii that is most closely related to the popula-
tions in European Russia (Fig. 5B) (Kandul et al.,
2004).

Current evidence also supports A. violetae as a
fairly restricted, good species, but without a dot-like
distribution because it consists of at least three
groups of populations located in different mountains
in the south of the Iberian Peninsula (Fig. 5C). A
similar situation was found for A. fulgens, which was
once considered a species with a very restricted
distribution, but later shown to be conspecific with
A. ainsae (Lukhtanov et al., 2006). Thus, A. fulgens
must be considered a species with a relatively broad
distribution in northern Spain.

In conclusion, of the initial 11 potential cases
of dot-like distributed Agrodiaetus species in
Europe, six are not supported (A. agenjoi, A. budash-
kini, A. exuberans, A. fulgens, A. galloi, and A. viole-
tae), two are supported (A. humedasae and A.
pljushtchi), and three Balkan taxa remain to be
analyzed (A. nephohiptamenos, A. eleniae, and A.
orphicus).
Among the studied species, the taxa A. violetae,

A. galloi, and A. humedasae are listed as species of
conservation concern (Van Swaay et al., 2010) because
of their restricted distribution ranges. Two of them
(A. galloi and A. humedasae) are also included in both
the IUCN Red List of Threatened Species ((http://
www.iucnredlist .org /apps /redlist /details /17939 /0;
http://www.iucnredlist.org/apps/redlist/details/17941/
0) and in the Bern Convention on the Conservation
of European Wildlife and Natural Habitats (http://
conventions.coe.int/treaty/FR/Treaties/Html/104-2.
htm). The results of the present study support the
inclusion of A. humedasae on these lists. As for A.
galloi, we show that this taxon is a population of the
widely distributed A. ripartii, rather than a separate
species. This population is geographically strongly
isolated and may nevertheless be an important unit
for conservation purposes. However, in the light of the

data obtained, it is questionable whether it should be
prioritized on protection lists above other endangered
species.

The classical effect of incorrect taxonomy on con-
servation efforts is to underestimate the level of
biological diversity and, as a consequence, to fail
to recognize important conservation units in time
(Duagherty et al., 1990; DeSalle & Amato, 2004).
By contrast, the present study illustrates a case of
overestimation of biological diversity, leading to an
inflated number of protected species. This has direct
implications for conservation efforts because the pro-
tection of invalid species can result in inequitable
spending of resources, which are always limited, and
divert the attention of biologists and politicians away
from species that require more urgent protection.

Species are important practical units in evolution,
ecology and conservation, and a complete list of species
existing in nature is a fundamental requirement of
biodiversity-related studies and their application in all
fields of biology. However, every species list contains
uncertainties as a result of (1) the evolutionary nature
of species, (2) subjectivity in species delimitation, and
(3) imperfect taxonomy (Isaac, Mallet & Mace, 2004).
The uncertainties of the first type depend on the
continuous process of Darwinian evolution giving rise
to intermediate forms, or incipient taxa that fail to
meet unambiguous criteria for species delimitation
(Descimon & Mallet, 2009). The uncertainties of the
second type reflect the fact that species have been
described and species lists have been created in
different taxonomic cultures using different species
concepts. These lists are particularly badly affected
by extremes of ‘splitter’ or ‘lumper’ approaches (Isaac
et al., 2004). The first two types of uncertainties are
inherent properties of species lists that can probably
never be truly eliminated, although species lists can be
made more useful if ambiguities are minimized. The
third factor, imperfect taxonomy, should in theory be
the easiest to uncover, although it frequently results in
self-perpetuating error cascades in biological sciences
and conservation efforts (Bortolus, 2008). Cases of
imperfect taxonomy are unfortunately not rare, even
among popular groups such as butterflies, and we
advocate that lists of protected butterflies deserve
careful revision with the use of modern techniques and
consistently applied criteria for species recognition.

Taxonomic conclusion
We propose the following taxonomic arrangement of
European representatives (west of the 17th meridian)
of the A. dolus and A. ripartii lineages (chromosome
numbers in parentheses when known):

A. dolus lineage:
A. dolus (Hübner, [1823])
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ssp. dolus (Hübner, [1823]) (n = 123–125)
ssp. vittatus (Oberthür, 1892) (n = 124–125)
ssp. virgilia (Oberthür, 1910) (n = 122)
ssp. gargano (Wimmers, 1931) (n = 122) (not studied
in this paper, probably a synonym of virgilia)
ssp. paravirgilia Verity, 1943 (n unknown) (not
studied in this paper, probably a synonym of virgilia)
A. fulgens (Sagarra, 1925) (n = 108–110) (= ainsae
Forster, 1961)
taxon pseudovirgilius de Lesse, 1962 (n = 108)
(= magnabrillata Gómez-Bustillo, 1971) (not studied
in the present study, probably a synonym of fulgens)
taxon leonensis Verhulst, 2004 (n unknown) (not
included in the present study, probably a synonym of
fulgens)
A. fabressei (Oberthür, 1910) (n = 90)
A. violetae Gómez-Bustillo et al., 1979
ssp. violetae Gómez-Bustillo et al., 1979 (n = 90)
ssp. subbaeticus Gil-T. & Gil-Uceda, 2005 (n = 90)
A. humedasae Toso & Balletto, 1976 (n = 39)

A. ripartii lineage:
A. ripartii Freyer, 1830
ssp. ripartii Freyer, 1830 (= agenjoi Forster, 1965;
= budashkini Kolev & de Prins, 1995; = exuberans
Verity, 1926; = montanesa Gómez-Bustillo, 1971;
= mozuelica Agenjo, 1973; = pelopi Brown, 1976;
= ramonagenjo Koçak & Kemal, 2001; = rippertii
Boisduval, 1832; = sarkani Lukhtanov & Dantchenko,
2002; = susae Bertaccini, 2003) (n = 90)
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Individual 1 Individual 2 Obs. Distance P-value 

JML Testing Hybridization (p<0.05) 

JC96Q001 L. bellargus JXC02G002 L. coridon  0.00739713 0.0055 

JC96Q001 L. bellargus SI03K025 L. coridon 0.00739713 0.0055 

JC96Q001 L. bellargus KS05I874 L. coridon 0.00785945 0.0076 

JC96Q001 L. bellargus KS05I875 L. coridon 0.00785945 0.0076 

JC96Q001 L. bellargus RV07E302 L. coridon  0.00832178 0.0122 

JC96Q001 L. bellargus KS05I821 L. coridon 0.0087841 0.0186 

JC96Q001 L. bellargus RV07C272 L. coridon 0.00924642 0.0268 

JC96Q001 L. bellargus VD02T008 L. coridon  0.00924642 0.0268 

JC96Q001 L. bellargus AD00P045 L. coridon 0.00924642 0.0268 

JC96Q001 L. bellargus RE07G279 L. coridon 0.00970874 0.0384 

JC96Q001 L. bellargus MAT99Q959 L. caelestissima  0.0106334 0.0496 

JML Testing Hybridization (p<0.15) 

JC96Q001 L. bellargus RE04C165 L. coridon 0.0106334 0.073 

JC96Q001 L. bellargus MAT99T993 L. hispana 0.011558 0.1008 

JC96Q001 L. bellargus SH02H019 L. arzanovi  0.0166436 0.1158 

JC96Q001 L. bellargus SH02H020 L. arzanovi 0.0166436 0.1158 

JC96Q001 L. bellargus VL03H615 L. sheikh 0.0166436 0.117 

JC96Q001 L. bellargus MAT99Q969 L. albicans  0.0120203 0.1186 

RV07F170 L. ossmar RV07E302 L. coridon 0.0157189 0.1242 

RV07F170 L. ossmar VL02X510 L. bellargus 0.0166436 0.1298 

RV07F170 L. ossmar RV04G399 L. bellargus 0.0166436 0.1298 

JC96Q001 L. bellargus SH02H010 L. melamarina 0.0171059 0.1337 

RV07F170 L. ossmar RV07C272 L. coridon 0.0161812 0.1416 

RV07F170 L. ossmar JXC02G002 L. coridon 0.0161812 0.1416 

RV07F170 L. ossmar SI03K025 L. coridon 0.0161812 0.1416 

RV06A183 L. coridon MAT99Q959 L. caelestissima 0.00554785 0.1418 

RV07F170 L. ossmar RV04G399 L. bellargus 0.0171059 0.1466 

JC96Q001 L. bellargus SH02H007 L. melamarina 0.0175682 0.1497 

 



 

 

 
 
 



 

Taxon 
Specimen 

Code 
Chromosome 
number (n) 

Country Locality 

L. bellargus VL508 n=45 Iran Gilan Prov. Masuleh (1900-2100m) 
L. bellargus VL510 n=ca45 Iran Gilan Prov. Masuleh (1900-2100m) 
L. bellargus F938 n=45 Azerbaijan Talysh, Zuvand, Mistan (1700-1800m) 
L. bellargus F941 n=45 Azerbaijan Talysh, Zuvand, Mistan (1700-1800m) 

L. corydonius 
corydonius F932 n=84 Azerbaijan Talysh, Zuvand, Mistan (1700-1800m) 
L. corydonius 
melamarina SH-2002-08 n=84 Russia Krasnodar Region, Gelendjik, Betta Mts (150m) 
L. corydonius 
sheikh F998 n=84 Azerbaijan East Caucasus, Altyagach (1300m) 
L. corydonius 
sheikh F999 n=84 Azerbaijan East Caucasus, Altyagach (1300m) 
L. syriaca 
burak 07-F139 n=30 Turkey Adana, 13 km N. of Saimbeily 

 
 





















 
 















 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 
 
 
 
 
 
 



 

Genus Species & ssp. Sample 
code Locality 

Lysandra albicans albicans RV03H582 Puebla de Don Fadrique, 1295 m, Granada, Spain 

Lysandra albicans 
arragonensis 

MAT99Q969 Una, Cuenca, 970m, Spain 

Lysandra arzanovi SH02H019 Aibga-1 Pass. 1850m, Krasnaya Polyana, Aibga Mts., Sotch, 
Krasnodar Region, Russia  

Lysandra arzanovi SH02H020 Aibga-1 Pass. 1850m, Krasnaya Polyana, Aibga Mts., Sotch, 
Krasnodar Region, Russia  

Lysandra bellargus  AD00P129 Aragatz Mt., Amberd Valley, 2300m, Transcaucasus, Armenia 

Lysandra bellargus  JC96Q001 Gambach, Bavaria, Germany 

Lysandra bellargus  MAT99Q882 Rúbies, Catalonia, Spain 

Lysandra bellargus  RV04G399 Saimbeyli Valley, 1445m (Adana), Turkey  

Lysandra bellargus  VL02X510 Masuleh, 1900-2100m, Gilan, Iran 

Lysandra caelestissima  MAT99Q959 Ciudad Encantada, 1440m, Uña, Cuenca, Spain 

Lysandra caelestissima  MAT99Q966 Uña, Cuenca, 970m, Spain 

Lysandra coridon apennina MB05G416 Mt. Pollino, Calabria, Italy 

Lysandra coridon asturiensis JR04G493 Albelda, 900m, La Rioja, Spain 

Lysandra coridon asturiensis RV07C272 Cedeira, Capelada, Galicia, Spain 

Lysandra coridon borussia AD00P192 Tula region, Tatinki, 120 m., W. Russia 

Lysandra coridon cataluniae RV03H454 El Brull, Catalonia, Spain 

Lysandra coridon coridon VD02T008 Romania 

Lysandra coridon gennargenti KS05I874 Orgosolo, 1250m, vic. Monte Novo S. Giovanni, Sardignia Is. 

Lysandra coridon gennargenti KS05I875 Orgosolo, 1250m, vic. Monte Novo S. Giovanni, Sardignia Is. 

Lysandra coridon insulana RE04C165 Therfield Heath, Royston, UK 

Lysandra coridon narbonensis MAT99Q932 Mende, 780m, Languedoc region, France 

Lysandra coridon  AD00P045 Volgograd region, Kamyshinsky v., 200 m., Low Volga, South 
Russia 

Lysandra coridon  RE07G279 NE Bezandun-sur-Bine, 735 m, Drome, France 

Lysandra coridon  RV06A183 Sorteny, Andorra 

Lysandra coridon  RV07E302 Baile Herculane, Pecinisca, 220-320m, Caras-Severin, Romania 

Lysandra coridon  graeca JXC02G002 Mt. Timfristos (=Mt. Veluhi), 1300-1500m, Sterea Ellas, Greece 

Lysandra corydonius 
caucasica 

VL01L120 Hasköy, 12 km SW Gümüshane, Gümüshane Prov., Turkey 

Lysandra corydonius 
caucasica 

AD00P435 Aiodzor Mts., Gnishyk 1800 m., Transcaucasus, Armenia 

Lysandra corydonius 
corydonius 

VL03F932 Talysh Mts, SE Azerbeijan 

Lysandra corydonius 
corydonius 

VL05N131 Iran Azerbaijan-e Sharqi, pass 25 km NW Varzaqan; 2050-2170 m 

Lysandra dezina 09X500 Kurdistan 

Lysandra hispana hispana MAT99T993 Coll d’Estenalles, 870m, Parc Natural de Sant Llorenç del Munt, 
Spain 

Lysandra hispana hispana RV07F312 El Mont, Albanyà, Alt Empordà, Girona, Spain, 860m 

Lysandra hispana semperi RV02N590 Ares del Maestre, 1150m, Castello, Spain 



Lysandra melamarina  SH02H007 Gelendjik, Betta Mts., 150m, Krasnodar Region, Russia  

Lysandra melamarina  SH02H010 Gelendjik, Betta Mts., 150m, Krasnodar Region, Russia  

Lysandra nufrellensis  KS05I821 Corsica, 1300m 

Lysandra nufrellensis  KS05I822 Corsica, 1300m 

Lysandra ossmar ankara RV04G136 Kargasekmez Geçidi, Kizilcahamam, 1150m (Ankara) Turkey  

Lysandra ossmar ossmar RV04G356 3Km NW Urgüp, 1140m (Kapadokya) Turkey  

Lysandra ossmar ossmar RV07F170 Yelatan, 15 km S. of Çamardi, Nidge, Turkey, 1330m 

Lysandra philippi  SI03K025 Mt. Phalakro, 1600 m, District (Nomos) Drama, Greece  

Lysandra philippi  SI03K037 Mt. Phalakro, 600 m, District (Nomos) Drama, Greece  

Lysandra punctifera  NK02A026 Ait-b-Yahya, 1900m, Rich, Morocco 

Lysandra punctifera  NK02A027 Col Taghzoum, 1900m, High Atlas Range, Morocco 

Lysandra sheikh  VL03F998 Altyagach,1300m, Azerbeijan near the border with Dagestan, 
Russia  

Lysandra sheikh  VL03H615 Altyagach,1300m, Azerbeijan near the border with Dagestan, 
Russia  

Lysandra syriaca burak RV07F139 13 km N. of Saimbeily, 1505m (Adana) Turkey 

Polyommatus amandus amurensis AD02W109 Primorski Krai, S. Ussuri, Khanka Lake, Poganichnoye, Russia 

Neolysandra diana AD00P081 Gegamsky Mts., 1800m, Gegadyr, Armenia 

Polyommatus myrrha cinyraea AD00P389 Zangezur Mts., Akhtchi, Armenia 
 
 
 

 
Primer 
location 

Primer name Direction Sequence (5' to 3') 

mt COI LCO14901 forward  GGTCAACAAATCATAAAGATATTGG  
mt COI Ron2,3 forward  GGATCACCTGATATAGCATTCCC  
mt COI Nancy3 reverse CCCGGTAAAATTAAAATATAAACTTC  
mt COI Tonya3 forward  GAAGTTTATATTTTAATTTTACCGGG  
mt COI Hobbes3 reverse  AAATGTTGNGGRAAAAATGTTA  
mt COI TN21264 forward TTGAYCCTGCAGGTGGWGGAG 
mt COII George3,5 forward  ATACCTCGACGTTATTCAGA  
mt COII Phyllis3,5 reverse GTAATAGCIGGTAARATAGTTCA 
mt COII Strom3,5 forward  TAATTTGAACTATYTTACCIGC  
mt COII Eva3,5 reverse  GAGACCATTACTTGCTTTCAGTCATCT  
mt COII JL31464 forward GAGTTTCACCTTTAATAGAACA 
mt COII B-tLys2 reverse GTTTAAGAGACCAGTACTTG 
mt COII JL25324 forward ACAGTAGGAGGATTAACAGGAG 
n CAD CAD787F6 forward  GGDGTNACNACNGCNTGYTTYGARCC  
n CAD CADFa7 forward  GDATGGTYGATGAAAATGTTAA  
n CAD CADRa7 reverse  CTCATRTCGTAATCYGTRCT  
n H3  H3F8  forward  ATGGCTCGTACCAAGCAGACVGC  
n H3  H3R8 reverse  ATATCCTTRGGCATRATRGTGAC  
n ITS-2  ITS-39 forward  GCATCGATGAAGAACGCAGC  
n ITS-2  ITS-49 reverse TCCTCCGCTTATTGATATGC  
n wg  LepWg110 forward  GARTGYAARTGYCAYGGYATGTCTGG  
n wg  LepWg2E7 reverse  ACNACGAACATGGTCTGCGT  
n wg Wg1n11 forward  CGGAGATGCGMCAGGARTGC 
n wg Wg2n11 reverse  CTTTTTCCGTSCGACACAGYTTGC 



n 28S S366012 forward  GAGAGTTMAASAGTACGTGAAAC  
n 28S  A33512 reverse  TCGGARGGAACCAGCTACTA  
n Rpl5 F4413 forward TCCGACTTTCAAACAAGGATG 
n Rpl5 Lys3R14 reverse ACAGCTCTGGCGCAGCGAAG 
 
1 Folmer, O., Black, M., Hoeh, W., Lutz, R., & Vrijenhoek, R.C. 1994. DNA primers for amplification of mitochondrial 

cytochrome c oxidase subunit I from diverse metazoan invertebrates. Mol. Marine Biol. Biotech. 3, 294-299. 
 

2 Simon, C., Frati, F., Beckebach, A., Crespi, B., Liu, H. & Flook, P. 1994. Evolution, weighting, and phylogenetic utility 
of mitochondrial gene sequences and a compilation of conserved polymerase chain reaction primers. Annals of the 
Entomological Society of America 87(6), 651-701. 

  
3 Monteiro, A. & Pierce, N.E. 2001. Phylogeny of Bicyclus (Lepidoptera: Nymphalidae) inferred from COI, COII, and EF-

1alpha gene sequences. Molecular Phylogenetics and Evolution 18, 264-281.  
 
4 Canfield M.R., Greene E., Moreau C.S., Chen N., & Pierce N.E. 2008. Exploring phenotypic plasticity and 

biogeography in emerald moths: A phylogeny of the genus Nemoria (Lepidoptera: Geometridae). Molecular 
Phylogenetics and Evolution 49(2), 477-87. 

 
5 Brower, A.V.Z. 1994. Phylogeny of Heliconius butterflies inferred from mitochondrial DNA sequences (Lepidoptera: 

Nymphalidae). Molecular Phylogenetics and Evolution 3(2), 159-174.  
 
6 Moulton, J.K. & Wiegmann, B.M. 2004. Evolution and phylogenetic utility of cad (rudimentary) among Mesozoic-aged 

eremoneuran Diptera (Insecta). Molecular Phylogenetics and Evolution 31, 363-378.  
 
7 Vila, R., Bell, C.D., Macniven, R., Goldman-Huertas, B., Ree, R.H., Marshall, C.R., Bálint, Z., Johnson, K., Benyamini, 

D., & Pierce, N.E. 2011. Phylogeny and palaeoecology of Polyommatus blue butterflies show Beringia was a climate-
regulated gateway to the New World. Proceedings of the Royal Society B 278(1719), 2737-2744. 

 
8 Colgan, D.J., McLauchlan, A., Wilson, G.D.F., Livingston, S.P., Edgecombe, G.D., Macaranas, J., Cassis G., & Gray, 

M.R. 1998. Histone H3 and U2 snRNA DNA sequences and arthropod molecular evolution. Australian Journal of 
Zoology 46, 419-437. 

 
9 White, T.J., Bruns, S., Lee, S., & Taylor, J. 1990. Amplification and direct sequencing of fungal ribosomal RNA genes 

for phylogenetics in PCR protocols: a guide to methods and applications, edited by M.A. Innis, Gelfandm D.H., J.J. 
Snisky, & T. J. White. Academic Press, New York, pp. 315-322.  

 
10 Brower, A.V.Z. & DeSalle, R. 1998. Patterns of mitochondrial versus nuclear DNA sequence divergence among 

nymphalid butterflies: the utility of wingless as a source of characters for phylogenetic inference. Insect Molecular 
Biology 7(1), 73-82.  

 
11 Designed by Ada Kalizewska (Harvard University, Cambridge, MA, USA). 
 
12 Sequeira, A.S., Normark, B.B., & Farrell, B. 2000. Evolutionary assembly of the conifer fauna: Distinguishing ancient 

from recent associations in bark beetles. Proceedings of the Royal Entomological Society (London) B 267, 2359-
2366. 

 
13 Mallarino R, Bermingham E, Willmott KR, Whinnett A. and CD Jiggins. 2005. Molecular systematics of the butterfly 
genus Ithomia (Lepidoptera: Ithomiinae): a composite phylogenetic hypothesis based on seven genes. Molecular 
Phylogenetics and Evolution 34, 625-644. 
 
14 Designed in this study 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Taxon Specimen 
Code 

COI + 
COII Wg CAD ITS2 H3 28S Rpl5 

L. albicans albicans RV03H582 X (COI) X  X  X  X  X  X  

L. albicans 
arragonensis 

MAT99Q969 X X X  X X  

L. arzanovi  SH02H019 X X X  X X X 

L. arzanovi  SH02H020 X X X X X X X 

L. bellargus  AD00P129 X X X  X X X 

L. bellargus  JC96Q001 X X X X X X X 

L. bellargus  MAT99Q882 X X X X  X X 

L. bellargus  RV04G399 X X X X X X X 

L. bellargus  VL02X510 X X X X X X  

L. caelestissima  MAT99Q959 X X X X X X X 

L. caelestissima  MAT99Q966 X X X X X X X 

L. coridon apennina MB05G416 X X X X X X X 

L. coridon 
asturiensis 

JR04G493 X X X X X X X 

L. coridon 
asturiensis 

RV07C272 X X X X X X X 

L. coridon borussia AD00P192 X   X X X X 

L. coridon cataluniae RV03H454 X   X   X 

L. coridon coridon VD02T008 X X X X X X X 

L. coridon 
gennargenti 

KS05I874 X X X X X X X 

L. coridon 
gennargenti 

KS05I875 X X X X X X  

L. coridon insulana RE04C165 X X X X X X X 

L. coridon 
narbonensis 

MAT99Q932 X X X X X X X 

L. coridon  AD00P045 X X X X X X  

L. coridon  RE07G279 X X X X X X  

L. coridon  RV06A183 X X X X X X  

L. coridon  RV07E302 X X X X X X  

L. coridon graeca JXC02G002 X X X X X X X 

L. corydonius 
caucasica 

VL01L120 X X X X X X X 

L. corydonius 
caucasica 

AD00P435 X X X X X X X 

L. corydonius 
corydonius 

VL03F932 X X X X X X X 

L. corydonius 
corydonius 

VL05N131 X X X X X X X 

L. dezina 08X599 X     X  

L. hispana hispana MAT99T993 X X X X X X X 

L. hispana hispana RV07F312 X X X X X X X 

L. hispana semperi RV02N590 X X X X X X X 

L. melamarina  SH02H007 X X X X X X X 



L. melamarina  SH02H010 X X  X X X X 

L. nufrellensis  KS05I821 X X X X X X X 

L. nufrellensis  KS05I822 X X X X X X X 

L. ossmar ankara RV04G136 X X X X X X  

L. ossmar ossmar RV04G356 X X X X X X  

L. ossmar ossmar RV07F170 X X X X X X  

L. philippi  SI03K025 X X  X X X  

L. philippi  SI03K037 X X X X X X X 

L. punctifera  NK02A026 X (COI) X  X  X  X  X  X  

L. punctifera  NK02A027 X X X X X X X 

L. sheikh  VL03F998 X X  X X X X 

L. sheikh  VL03H615 X X X X X X X 

L. syriaca burak RV07F139 X X X X X X X 

P. amandus 
amurensis 

AD02W109 X X X X X X X 

N. diana AD00P081 X X X X X X X 

P. myrrha cinyraea AD00P389 X X X X X X X 
 
 
 
 

 

Gene 
Parsimony 

informative sites 
Number of 
positions 

CO 153 2164 
CAD 2 745 
Wg 15 403 
ITS2 10 635 
28S 3 821 
H3 4 329 
Rpl5 21 873 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 dmv_b dmv_e dmv95_b dmv95_e Node age 

arz 0.78 0.22 0.19 1.95 0.07 
mel 0.90 0.25 0.23 2.12 0.07 
arz-mel 0.47 0.26 0.18 1.75 0.15 
cory 0.90 0.19 0.22 1.86 0.15 
cory-(arz-mel) 0.45 0.13 0.12 1.18 0.25 
she 0.76 0.16 0.16 1.80 0.25 
she-(cory-(arz-mel)) 0.29 0.26 0.14 0.83 0.60 
oss 0.93 0.39 0.33 1.84 0.60 
oss-(she-(cory-(arz-mel))) 0.65 0.61 0.35 1.67 0.89 
alb 1.07 0.33 0.31 2.40 0.12 
cael 0.94 0.23 0.24 1.99 0.12 
cael-alb 0.57 0.40 0.24 1.88 0.25 
his 1.18 0.39 0.38 2.22 0.25 
his-(cael-alb) 0.78 0.28 0.25 1.49 0.38 
cor 2.43 1.18 1.24 2.82 0.38 
cor-(his-(cael-alb)) 1.47 0.66 0.60 2.33 0.89 
(cor-(his-(cael-alb)))-(oss-(she-
(cory-(arz-mel))) 1.27 0.58 0.50 2.38 1.18 
dez 1.02 0.35 0.30 2.38 1.18 
syr 1.02 0.38 0.32 2.22 1.18 
dez-syr 0.73 0.78 0.41 2.59 1.04 
(dez-syr)-(cor-(his-(cael-alb)))-
(oss-(she-(cory-(arz-mel)))) 1.36 0.71 0.52 2.14 1.04 
bel 1.00 0.18 0.26 1.26 0.72 
punc 0.72 0.18 0.19 1.53 0.72 
bel-punc 0.36 0.50 0.23 1.47 1.40 
(bel-punc)-rest 1.21 1.21 0.77 2.45 1.40 
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Improvement of Phylogenies after Removing Divergent and Ambiguously Aligned
Blocks from Protein Sequence Alignments
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Abstract.—Alignment quality may have as much impact on phylogenetic reconstruction as the phylogenetic methods used.
Not only the alignment algorithm, but also the method used to deal with the most problematic alignment regions, may
have a critical effect on the final tree. Although some authors remove such problematic regions, either manually or using
automatic methods, in order to improve phylogenetic performance, others prefer to keep such regions to avoid losing any
information. Our aim in the present work was to examine whether phylogenetic reconstruction improves after alignment
cleaning or not. Using simulated protein alignments with gaps, we tested the relative performance in diverse phylogenetic
analyses of the whole alignments versus the alignments with problematic regions removed with our previously developed
Gblocks program. We also tested the performance of more or less stringent conditions in the selection of blocks. Alignments
constructed with different alignment methods (ClustalW, Mafft, and Probcons) were used to estimate phylogenetic trees by
maximum likelihood, neighbor joining, and parsimony. We show that, in most alignment conditions, and for alignments
that are not too short, removal of blocks leads to better trees. That is, despite losing some information, there is an increase
in the actual phylogenetic signal. Overall, the best trees are obtained by maximum-likelihood reconstruction of alignments
cleaned by Gblocks. In general, a relaxed selection of blocks is better for short alignment, whereas a stringent selection is more
adequate for longer ones. Finally, we show that cleaned alignments produce better topologies although, paradoxically, with
lower bootstrap. This indicates that divergent and problematic alignment regions may lead, when present, to apparently
better supported although, in fact, more biased topologies. [Bootstrap support; Gblocks; phylogeny; sequence alignment.]

Methods for the simultaneous generation of multiple
alignments and phylogenetic trees are actively being pur-
sued (Fleissner et al., 2005; Lunter et al., 2005; Redelings
and Suchard, 2005; Wheeler, 2001), but, at present, com-
mon practice of phylogenetic analysis requires, as a first
step, the generation of a multiple alignment of the se-
quences to be analyzed. It has been repeatedly shown
that the quality of the alignment may have an enor-
mous impact on the final phylogenetic tree (Kjer, 1995;
Morrison and Ellis, 1997; Ogden and Rosenberg, 2006;
Smythe et al., 2006; Xia et al., 2003). This is particularly
true when sequences compared are very divergent and
of different length, which makes necessary the introduc-
tion of gaps in the alignments.

Due to the computational requirements of optimal
algorithms for multiple sequence alignments, different
heuristic strategies have been proposed. The most widely
used approach has been the progressive method of align-
ment (Feng and Doolittle, 1987) that, together with en-
hancements related to the introduction of gap penalties,
was implemented in ClustalW (Thompson et al., 1994).
In progressive methods, an initial dendrogram gener-
ated from the pairwise comparisons of the sequences is
used to recursively build the multiple alignment, using
dynamic programming (Needleman and Wunsch, 1970)
in the last step. Dynamic programming is an exact algo-
rithm that assures the best possible alignments for given
gap penalties but, due to heavy computational require-
ments, it is only used for pairs of sequences or pairs of
clades of the dendrogram and not for the whole multi-
ple alignment. Several other heuristic multiple alignment
methods have been recently introduced. They include
T-Coffee (Notredame et al., 2000), Mafft (Katoh et al.,
2005; Katoh et al., 2002), Muscle (Edgar, 2004), Probcons
(Do et al., 2005), and Kalign (Lassmann and Sonnham-

mer, 2005), among others. All of them are based on the
progressive method but include several iterative refine-
ments to construct the final multiple alignment. The
latter methods have been shown to outperform purely
progressive methods in terms of alignment accuracy and,
some of them, even in computational time. However, it
has not been shown whether the greater alignment accu-
racy of more sophisticated methods leads to a significant
improvement in phylogenetic reconstruction.

Proteins have some regions that, due to their func-
tional or structural importance, are very well con-
served, whereas other regions evolve faster both in terms
of nucleotide substitutions and insertions or deletions
(Henikoff and Henikoff, 1994; Herrmann et al., 1996;
Pesole et al., 1992). That is, evolutionary rate heterogene-
ity affects to whole regions in addition to single positions.
This type of regional rate heterogeneity is very challeng-
ing for phylogenetic reconstruction, not only in terms of
homoplasy due to saturation (Yang, 1998), but also in
terms of errors in homology during alignment.

Dealing with regions of problematic alignment is a
matter of active debate in phylogenetics. Although some
authors consider that it is best to remove such regions
before the tree analysis (Castresana, 2000; Grundy and
Naylor, 1999; Löytynoja and Milinkovitch, 2001; Rodrigo
et al., 1994; Swofford et al., 1996), others think that there
is an important loss of information upon removal of any
fragment of the sequences already obtained (Aagesen,
2004; Lee, 2001) and that this practice should only be
used as the last resource (Gatesy et al., 1993). A third,
intermediate option, is the recoding of such regions us-
ing different strategies (Geiger, 2002; Lutzoni et al., 2000;
Young and Healy, 2003), which allows the use of at least
part of the information. Although these coded charac-
ters are most commonly analyzed with parsimony, it is
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also possible to use them as independent partitions in
Bayesian or likelihood frameworks.

In the present work we test, by using simulated pro-
tein alignments with gaps, which are the best alignment
strategies for optimal phylogenetic reconstruction. Two
preliminary considerations are necessary here. First, sim-
ulations of sequences may not cover all the complexity
of evolution but have the advantage over real sequences
that we know the tree from which they have been gener-
ated. There are some alignment sets curated from struc-
tural information that can be used to test alignment
accuracy (Thompson et al., 2005), but the phylogenetic
tree is unknown in these sets, thus making problem-
atic their use for proving phylogenetic accuracy. Second,
we have been working with simulated sequences that
try to reflect the evolutionary patterns of proteins, and
thus many of the conclusions extracted from our work
cannot be directly extrapolated to other markers such
as rRNA, which show very different evolutionary con-
straints (Gutell et al., 1994; Kjer, 1995; Xia et al., 2003).

In our analysis we used different alignment strategies
of the simulated sequences to test if they make any dif-
ference in the final phylogenetic tree. We have selected
ClustalW as the currently most used progressive align-
ment method (Thompson et al., 1994) and Mafft (Katoh
et al., 2005) and Probcons (Do et al., 2005) as examples of
more recently developed methods that have been shown
to obtain very high scores in terms of alignment accuracy
(Blackshields et al., 2006; Nuin et al., 2006). Simultane-
ously with the performance of the alignment programs,
we tested whether removing blocks of problematic align-
ment actually leads to more accurate trees. We used for
this purpose our previously developed Gblocks program
(Castresana, 2000), which selects blocks following a re-
producible set of conditions. Briefly, selected blocks must
be free from large segments of contiguous nonconserved
positions, and flanking positions must be highly con-
served to ensure alignment accuracy. Several parameters
can be modified to make the selection of blocks more
or less stringent. Phylogenetic trees made by maximum
likelihood (ML), neighbor joining (NJ), and parsimony
of the reconstructed alignments show that, in almost all
conditions tested, and at least for alignments that are
not too short, the elimination of problematic regions by
Gblocks leads to significantly better phylogenetic trees.

MATERIALS AND METHODS

We simulated protein sequences by means of Rose
(Stoye et al., 1998). This program allows the simula-
tion of different substitution rates in different positions
with a predetermined spatial pattern. This is a very im-
portant feature for testing the behavior of a program
like Gblocks, which selects from alignments blocks of
contiguous conserved positions with few nonconserved
positions inside. This is the reason why a program that
simulates among-site rate heterogeneity, but not regional
heterogeneity, would not be valid to test the behavior
of Gblocks. Thus, an important preliminary step in our
simulations was the selection from real proteins of spa-

tial patterns of site rates in order to use these parameters
with Rose.

Selection of Evolutionary Rate Patterns

We extracted patterns of rate heterogeneity from
real protein alignments using the program TreePuzzle
(Strimmer and von Haeseler, 1996) with a model of
among-site rate heterogeneity that assumed a Gamma
distribution of rates. This distribution was approximated
with 16 rate categories, which is the maximum number
allowed in TreePuzzle. In particular, we took, from each
position, the category and associated relative rate that
contributed the most to the likelihood. Positions with
rates>1 receive more mutations than the average and po-
sitions with rates <1 receive fewer mutations. This list of
relative rates (whose average should be 1) were given to
Rose to simulate different positions with different rates,
creating conserved and divergent regions with lengths
and boundaries that approximated those of a real pro-
tein. Proteins for extracting rate patterns were NAD2 and
NAD4 (subunits 2 and 4 of the mitochondrial NADH de-
hydrogenase) from several metazoans (Castresana et al.,
1998b), and COG0285 from the COG database, which in-
cludes mainly bacterial sequences (Tatusov et al., 2003).
The three selected profiles produced similar conclusions
regarding the best block selection strategy, and we used
the NAD2 pattern to perform most of the tests. This
pattern contained 361 positions but, after the introduc-
tion of further gaps by the simulation algorithm, the
final simulated alignments reached approximately 400
positions. In order to simulate alignments of different
length, independent simulations obtained with this pat-
tern were concatenated 1, 2, 3, 4, and 8 times to generate
final alignments of, approximately, 400, 800, 1200, 1600,
and 3200 positions, respectively. The PAM evolutionary
model (Dayhoff et al., 1978) was used to simulate the
evolution of amino acids.

Selection of Phylogenetic Trees

Simulations with Rose were performed along phylo-
genetic trees of 16 tips with three different topologies,
a purely asymmetric tree (Fig. 1a), an intermediate tree
(Fig. 1b), and a symmetric tree (Fig. 1c). These known
trees or “real trees” were manually constructed. The av-
erage and maximum length from the root to the tips
was, for the asymmetric tree, 0.89 and 1.30 substitu-
tions/position, respectively. The other trees had very
similar values. The branch lengths of the three trees in
Figure 1 were multiplied by factors of 0.5, 1, and 2, re-
spectively, so that we used in total 9 phylogenetic trees.
These trees had several short internal branches that made
them difficult to resolve; thus, they are trees where the
alignment strategy as well as the phylogenetic algorithm
used were differentially effective. Simpler trees in terms
of longer internodes were easily and equally reproduced
by all methods and were not used here. Similarly, trees
with a total smaller divergence tended to produce con-
served alignments where the alignment method was not
an issue and also not used here. Finally, these trees did
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FIGURE 1. Asymmetric (a), intermediate (b), and symmetric (c) trees used in the simulations. The scale bar, in substitutions/position,
corresponds to the trees with a divergence ×1.

not contain many closely related sequences, since we
wanted to specifically measure differences in reproduc-
ing the overall shape of the tree and not differences in
recovering the relationships among close sequences.

Gaps Introduced during the Simulations

The Rose program does not have any specific model
for the introduction of gaps along the alignment. Rather,
gaps are introduced with equal probability in all posi-
tions with a relative rate ≥1 (Stoye et al., 1998), which
is a limitation of this program. To try to overcome this
limitation, we used two different gap strategies within
Rose. First, we used a single gap threshold for the whole
alignment. After several trials, we considered a thresh-
old of 0.0007 as a reasonable one for the divergence
levels we analyzed, as deduced from visual inspection
of the alignment (that is, eyeing that blocks of diver-
gence and conservation were not so different from the
real proteins used to construct the rate profiles). Even so,
this threshold tended to produce too many gaps in con-
served regions (not shown). In addition, we also gener-
ated alignments with two different gap thresholds, 0.001
and 0.0001, which we associated, respectively, to diver-
gent and to conserved regions of the profiles. For doing
so, we divided the rate profiles in blocks of homoge-
neous divergence (that is, each block was either mostly
conserved or mostly divergent, which resulted in around
10 to 20 blocks for the different profiles). Then, we did
the simulations for each block separately, and with its
own gap threshold (high for divergent blocks and low for
more conserved blocks). Finally, the different simulated
blocks were concatenated. The phylogenetic results were
similar with both gap strategies, but we mostly worked
with simulations that had the two different gap thresh-
olds, which we considered more realistic. In all cases we
chose a vector of indels of the form [0.5, 0.4, 0.3, 0.2,
0.1], which reflects the relative frequency of indels with
lengths from 1 to 5 amino acids, respectively.

Realignments of Simulated Sequences

Alignments generated by Rose were cleaned from gaps
and new alignments were reconstructed using ClustalW

version 1.83 (Thompson et al., 1994), Mafft version 5.531
(Katoh et al., 2002, 2005), and Probcons version 1.1 (Do
et al., 2005). Default parameters were used in ClustalW
and Probcons. All defaults were also used in Mafft ex-
cept that a neighbor joining instead of a UPGMA tree was
used as guide tree (option –nj). Alignments were cleaned
from problematic alignment blocks using Gblocks 0.91
(Castresana, 2000), for which two different parameter
sets were used. In one of them, which we call here strin-
gent selection, and which is the default one in Gblocks
0.91, “Minimum Number of Sequences for a Conserved
Position” was 9, “Minimum Number of Sequences for a
Flank Position” was 13, “Maximum Number of Contigu-
ous Nonconserved Positions” was 8, “Minimum Length
of a Block” was 10, and “Allowed Gap Positions” was
“None”. In the second set, which we call relaxed selec-
tion, we changed “Minimum Number of Sequences for
a Flank Position” to 9, “Maximum Number of Contigu-
ous Nonconserved Positions” to 10, “Minimum Length
of a Block” to 5, and “Allowed Gap Positions” to “With
Half”. The latter option allows the selection of positions
with gaps when they are present in less than half of the
sequences.

Original simulated alignments and Mafft realignments
for 30 example simulations (the first five simulations gen-
erated with the symmetric and asymmetric trees) are pro-
vided as supplementary information (available online at
http://systematicbiology.org).

Phylogenetic Reconstruction

Phylogenetic trees from the complete and the two dif-
ferent Gblocks alignments were estimated by ML, NJ,
and parsimony. For ML trees we used the Phyml pro-
gram version 2.4.4 (Guindon and Gascuel, 2003), with
the Jones-Taylor-Thornton model of protein evolution
(Jones et al., 1992) and four rate categories in the Gamma
distribution. The Gamma distribution parameter and
the proportion of invariable sites were estimated by the
program. For NJ trees we used Protdist of the Phylip
package version 3.63 (Felsenstein, 1989) with the Jones-
Taylor-Thornton model to calculate pairwise protein dis-
tances, and Neighbor of the same package to calculate the
NJ tree. For parsimony we used Protpars of the Phylip
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package (Felsenstein, 1989) with 50 random initializa-
tions to ensure a thorough tree search. If no parsimony
tree was obtained, which occurred in less than 1% of the
simulations, the corresponding simulation was totally
excluded from the analysis. When several equally parsi-
monious trees were found, only the first one was used.
We did not do Bayesian trees because of the enormous
computational time required for doing enough number
of generations of all simulations performed.

For each alignment length, alignment strategy, and
phylogenetic method, 300 simulations were run in a grid
of 24 processors. The symmetric difference or Robinson-
Foulds (Robinson and Foulds, 1981) topological distance
from the calculated tree to the real tree was obtained us-
ing Vanilla 1.2 (Drummond and Strimmer, 2001), and the
average of all simulations calculated. This program re-
ports half the number of total discordant clades between
two trees. For bootstrap analyses, 100 bootstraps were
calculated. Due to heavy computational requirements of
the bootstrap analyses, the number of simulations was
reduced to 150. We checked that a higher number of boot-
straps and simulations did not improve the accuracy of
the bootstrap results. Bootstrap values were separately
calculated for right and wrong partitions of the tree with
the help of Bioperl functions (Stajich et al., 2002). Statisti-
cal differences among Robinson-Foulds distances in dif-
ferent alignment conditions were detected by the Tukey-
Kramer test with an alpha level of 0.05 using the JMP
package version 5.1 (SAS Institute, Cary, NC).

RESULTS AND DISCUSSION

General Alignment Strategy: Complete versus
Gblocks Alignments

The differences in alignments produced by different
methods can be appreciated in Figure 2. A fragment
of the alignment of simulated sequences (Fig. 2a) was
stripped of gaps and realigned by ClustalW (Fig. 2b),
Mafft (Fig. 2c), and Probcons (Fig. 2d). As it has been
noted before (Higgins et al., 2005), ClustalW tends to
produce more compact alignments. That is, ClustalW
generates many divergent regions that are almost de-
void of gaps, resulting in a relatively simple alignment
(Higgins et al., 2005). This can be clearly appreciated in
the most problematic region in the center of this align-
ment (Fig. 2b). Although Mafft also tends to make align-
ments more compact than the real ones (Fig. 2c), the
deviation from the real situation is not as large as with
ClustalW, at least with default gap penalties. Probcons

TABLE 1. Average number of positions of the complete alignments and the average percentage of positions selected by Gblocks with relaxed
and stringent conditions. Simulation of sequences was done following the asymmetric tree and the heterogeneity pattern of the NAD2 protein
concatenated two times.

ClustalW Mafft Probcons

Total % Gblocks % Gblocks Total % Gblocks % Gblocks Total % Gblocks % Gblocks
Divergence length relaxed stringent length relaxed stringent length relaxed stringent

×0.5 826.6 79.4 54.3 852.5 74.2 51.6 871.8 70.3 50.9
×1 862.4 64.2 42.0 903.7 59.0 39.8 966.4 51.8 37.6
×2 901.8 46.4 30.2 961.7 42.9 28.4 1117.9 34.7 24.5

produces the least compact alignments of the three pro-
grams tested (Fig. 2d). For example, simulations from
asymmetric trees with divergence ×1, which had an av-
erage original length of 1097 positions, were compacted
to an average of 966 positions by Probcons, to 904 posi-
tions by Mafft and to 862 positions by ClustalW (Table 1).
Similar relative degrees of compression were obtained in
other types of simulations.

Gblocks removes problematic regions of a multiple
alignment according to a number of rules. First, blocks
selected for inclusion must be free from a large number
of contiguous nonconserved positions, must be flanked
by highly conserved positions, and must have a mini-
mum length, as controlled by the corresponding param-
eters (see Materials and Methods). In addition, positions
with gaps can be removed either always or only when
more than half of the sequences contain gaps (Castre-
sana, 2000). The latter parameter has a large influence
on the total number of selected positions. We have used
Gblocks in simulated realigned sequences with two dif-
ferent conditions. The condition that we call stringent
does not allow any gap position. The relaxed condition
allows gap positions if they are present in less than half
of the sequences, and it is also less restrictive in the other
parameters (see Materials and Methods). The effect of
the two different parameter sets of Gblocks selection can
be appreciated in Figure 2, for ClustalW (Fig. 2b), Mafft
(Fig. 2c), and Probcons alignments (Fig. 2d). In both cases,
the relaxed parameters (grey blocks) allow the selection
of more positions than the stringent parameters (white
blocks). Table 1 shows the average number of positions of
the complete alignments and the percentage of positions
left after treatment with Gblocks with the two different
parameter sets. Values in this table are for the asymmetric
tree, but similar values were found for other trees.

In order to infer which type of alignment algorithm
(ClustalW, Mafft, or Probcons) and which treatment of
the resulting alignment (no treatment or Gblocks treat-
ment with stringent or relaxed conditions) was best for
phylogenetic analysis, we calculated phylogenetic trees
from all these alignments, and measured the topologi-
cal distance with respect to the real tree. Figure 3 shows,
for the simulations with the asymmetric tree, the aver-
age topological distances to the real tree from the trees
generated with ClustalW alignments, with and with-
out the use of Gblocks. In addition, the distance to the
tree obtained from the Gblocks complementary align-
ment (that is, the alignment resulting after concatena-
tion of all the blocks rejected by Gblocks) is also shown.
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a)
EDCLRSGKVQQYFSAQYL---DGVGVSLIPQCLQVEFTSRIDFKSFVCHPAECGL---STPA--GC---AQW------------A--E----AGGAGSDFPQVDVANSGYKAERFTVQWQY-KTRNRATIDHHRSAKSLPKKS
DDCTRSGKVKQYFGAQYAA--MGVIYSLIPQCLQVKITSRIDYKNFICAQKACAK-----PG--IPEFGS-------------AG--R---A-SGAESDFGQVDPANKGYKTDRFTVQWQY-RGRGRADIKYHWHACSYQQISA
EDCTRSGKVQQYFSAQYMS--TGIICSLIPQCLQVKFTSCIDYKTFICSPAACGP-----PG--TCYADKVW----FFHFKLSNG--L----DGSAGSDFPQVDPANEGYKSERFTVQWKY-RARDRANIQHHWSVKTYRSQSK
GDCTRAGKVQEYFSAQYLA--IGKAYALIPQCLQVKFTSRIDYKDFICSPGACGA-----PA--NCYYNVVW----VHQFKLDAG--G----SVNAGSDFPRVDPANGGFKKKRFTVQWKY-GARDRVAIEHHWSAKTFRQRS
NDCTRSGKVQQYFSAQYIG--NAVRTSLIPLCLQVNFTSRSDFKVFACAPAECGDVGLTLPAPRAC---HVW----HF----AEG--TAHA-AANAGTDFPQIEGANKGYKAERFTVQWKY--VQSRARIVHHWSARTLRKRSL
NDCLRSGKVQVYFSAQYAN--SGVKAALIPEALQVKFTSFIDFKSFVCSPAQCGV---SLPA--GV---GPWYNAILF----PEG--A----TGGAGSDFPQVEPANNGYKAERFGVQWAY-LTRNRATINHHWSARVLPKKS
EDCTRSGQVQQYFSAQYKA--AGVVYSLIQQCLQVKFTSRVDYKSFICSPNACGQ-----PA--RAYYGKT--------FKLSAG--V----DGNAGSEFLQIDPANDGYKSERFTVQWKY-RARDRATINHHWSVKTYRGQSK
DECTRSGKVQQFFSPQYITSFFGPIYSIIPQCLQVNFTARIDFKTFVCSKGACGL---VAPV--TC---KEW----FF----TGG--L----KGGAGSDYAQVDPANGGYKAERFTVQWPEIKARSRATIDHHWSAKAYHKKSL
DDCLRSGKVQQYFSAQYMG--NGVKASLIPQCLQVKFTSKIDFTSFICVPTECGI---SLPA--DC---AAW----FF----PDV--D----RGGAGSDFPQVDPGNDGYKAEHFTVQWKY-KARNRTTINHHWSAKTLRKKS
DDCTRSGRVQQYFSAQYLS--GGIIYSLIPKCLQVKFTSCIDYKSFICSPAACAD-----SP--ACYADATW----FFQFKLSDG--V----PGNAGSDFPQVDPANEGYKSERFTVQWKY-KAPDRATINHHWSVKTYRAEST
DDCLRSGNRQQYFTAVYGN--LGVPTSLIPNCLQVKFTSVIQFSTFIYAPPKCPQ---DTPG--GA---S------TF-----SM--H-----VSADSGYSQVEGENHGLKMGHFDVQW-Y-RPRARAVIDHHWSA--LQNRS
EDCARSGKVQQYFSAQYMS--AVIIYSLIPQCLQVKFTSCIDYKSLICSPAACGE-----PG--TCYADKTW----FFQFKLTAG--L----EGNAGSDFPQVDPANEGYKSERFTVQWKY-KARDRATIQHHWSVKTYRSQSK
DDCTRSGKVQQYFSAQYMI--GGVIYSLIPQCLQVKFTSCINFKSFICPPAACAE---NLPE--RC---QFW----FF----DTG--E----GGGAGSDFPQVDPANDGYKAERFTVQWHY-KPRDRAAISHHWSAKSLRKNSL
DDCTRSGKVQQYFSAQYLG--GGVVYSLIPQCHQVKFTSKIDYKSLICAPAACGV---DFPA--NC---QTW----FF----GGGGTL----SGGAGSDFPQVDPANDGYKAERFTVQWKY-QAKNRASINHHWSAKSYRKKSP
SDCTRSGKVQQYFTAQYMS--QGKICSLIPDCLKVKFTSCLDYKSFNVSAAACGD-----PG--TCYAARAW----FFQFKLSVG--L----DGNAGSAYEQASPANEGYKSERFTVQWKY-KARDRATIQHHWSVKVYRRRTT
DDCTREGRVEQYFSANYRS--SGILYSLILVCLQVKFTACINFKSFSCSPASCGT-----PS--LCYADKNW----FYQFKL--S--V----EGNGGSNFPQVDPANDGYKTDRFTVQWVY-KARDRASIKHHWSVDTYREGSC
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c)
EDCLRSGKVQQYFSAQYL-D--GVGVSLIPQCLQVEFTSRIDFKSFVCHPAECG-----LSTPAGC---AQW--------AEAGGAGSDFPQVDVANSGYKAERFTVQW-QYKTRNRATIDHHRSAKSLPKK-SL
DDCTRSGKVKQYFGAQYAAM--GVIYSLIPQCLQVKITSRIDYKNFICAQKACA-------KPGIP---------EFGSAGRASGAESDFGQVDPANKGYKTDRFTVQW-QYRGRGRADIKYHWHACSYQQI-SA
EDCTRSGKVQQYFSAQYMST--GIICSLIPQCLQVKFTSCIDYKTFICSPAACG-------PPGTCYADKVWFFHFKLSNGLDGSAGSDFPQVDPANEGYKSERFTVQW-KYRARDRANIQHHWSVKTYRSQ-SK
GDCTRAGKVQEYFSAQYLAI--GKAYALIPQCLQVKFTSRIDYKDFICSPGACG-------APANCYYNVVWVHQFKLDAGGSVNAGSDFPRVDPANGGFKKKRFTVQW-KYGARDRVAIEHHWSAKTFRQR-SG
NDCTRSGKVQQYFSAQYIGN--AVRTSLIPLCLQVNFTSRSDFKVFACAPAECGDVGLTLPAPRAC---HVWHF-AEGTAHAAANAGTDFPQIEGANKGYKAERFTVQW-KY-VQSRARIVHHWSARTLRKR-SL
NDCLRSGKVQVYFSAQYANS--GVKAALIPEALQVKFTSFIDFKSFVCSPAQCG-----VSLPAGV---GPWYNAILFPEGATGGAGSDFPQVEPANNGYKAERFGVQW-AYLTRNRATINHHWSARVLPKK-S
EDCTRSGQVQQYFSAQYKAA--GVVYSLIQQCLQVKFTSRVDYKSFICSPNACG-------QPARAYYGKT----FKLSAGVDGNAGSEFLQIDPANDGYKSERFTVQW-KYRARDRATINHHWSVKTYRGQ-SK
DECTRSGKVQQFFSPQYITSFFGPIYSIIPQCLQVNFTARIDFKTFVCSKGACG-----LVAPVTC---KEWF----FTGGLKGGAGSDYAQVDPANGGYKAERFTVQWPEIKARSRATIDHHWSAKAYHKK-SL
DDCLRSGKVQQYFSAQYMGN--GVKASLIPQCLQVKFTSKIDFTSFICVPTECG-----ISLPADC---AAWF--F--PDVDRGGAGSDFPQVDPGNDGYKAEHFTVQW-KYKARNRTTINHHWSAKTLRKK-SL
DDCTRSGRVQQYFSAQYLSG--GIIYSLIPKCLQVKFTSCIDYKSFICSPAACA-------DSPACYADATWFFQFKLSDGVPGNAGSDFPQVDPANEGYKSERFTVQW-KYKAPDRATINHHWSVKTYRAE-ST
DDCLRSGNRQQYFTAVYGNL--GVPTSLIPNCLQVKFTSVIQFSTFIYAPPKCP-----QDTPGGA-----------STFSMHVSADSGYSQVEGENHGLKMGHFDVQW--YRPRARAVIDHHWSALQNR
EDCARSGKVQQYFSAQYMSA--VIIYSLIPQCLQVKFTSCIDYKSLICSPAACG-------EPGTCYADKTWFFQFKLTAGLEGNAGSDFPQVDPANEGYKSERFTVQW-KYKARDRATIQHHWSVKTYRSQ-SK
DDCTRSGKVQQYFSAQYMIG--GVIYSLIPQCLQVKFTSCINFKSFICPPAACA-----ENLPERC---QFWF----FDTGEGGGAGSDFPQVDPANDGYKAERFTVQW-HYKPRDRAAISHHWSAKSLRKN-SL
DDCTRSGKVQQYFSAQYLGG--GVVYSLIPQCHQVKFTSKIDYKSLICAPAACG-----VDFPANC---QTWF--FGGGGTLSGGAGSDFPQVDPANDGYKAERFTVQW-KYQAKNRASINHHWSAKSYRKK-SP
SDCTRSGKVQQYFTAQYMSQ--GKICSLIPDCLKVKFTSCLDYKSFNVSAAACG-------DPGTCYAARAWFFQFKLSVGLDGNAGSAYEQASPANEGYKSERFTVQW-KYKARDRATIQHHWSVKVYRRRTTT
DDCTREGRVEQYFSANYRSS--GILYSLILVCLQVKFTACINFKSFSCSPASCG-------TPSLCYADKNWFYQFKLS--VEGNGGSNFPQVDPANDGYKTDRFTVQW-VYKARDRASIKHHWSVDTYR---EG
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b)
EDCLRSGKVQQYFSAQYLD---GVGVSLIPQCLQVEFTSRIDFKSFVCHPAECGLSTPAGCAQW------------AEAGGAGSDFPQVDVANSGYKAERFTVQW-QYKTRNRATIDHHRSAKSLPKKS
-DCTRSGKVKQYFGAQYAAM--GVIYSLIPQCLQVKITSRIDYKNFICAQKACAKPGIPEFGSAG------------RASGAESDFGQVDPANKGYKTDRFTVQW-QYRGRGRADIKYHWHACSYQQISA
-DCTRSGKVQQYFSAQYMST--GIICSLIPQCLQVKFTSCIDYKTFICSPAACGPPGTCYADKVWFFHFKLSN---GLDGSAGSDFPQVDPANEGYKSERFTVQW-KYRARDRANIQHHWSVKTYRSQSK
GDCTRAGKVQEYFSAQYLAI--GKAYALIPQCLQVKFTSRIDYKDFICSPGACGAPANCYYNVVWVHQFKLDA---GGSVNAGSDFPRVDPANGGFKKKRFTVQW-KYGARDRVAIEHHWSAKTFRQRSG
NDCTRSGKVQQYFSAQYIGN--AVRTSLIPLCLQVNFTSRSDFKVFACAPAECGDVGLTLPAPRACHVWHFAEGTAHAAANAGTDFPQIEGANKGYKAERFTVQW--KYVQSRARIVHHWSARTLRKRSL
NDCLRSGKVQVYFSAQYANS--GVKAALIPEALQVKFTSFIDFKSFVCSPAQCGVSLPAGVGPWYNA-ILFPE---GATGGAGSDFPQVEPANNGYKAERFGVQW-AYLTRNRATINHHWSARVLPKKSF
-DCTRSGQVQQYFSAQYKAA--GVVYSLIQQCLQVKFTSRVDYKSFICSPNACGQPARAYYGKT----FKLSA---GVDGNAGSEFLQIDPANDGYKSERFTVQW-KYRARDRATINHHWSVKTYRGQSK
-ECTRSGKVQQFFSPQYITSFFGPIYSIIPQCLQVNFTARIDFKTFVCSKGACGLVAPVTCKEWFFT-----G---GLKGGAGSDYAQVDPANGGYKAERFTVQWPEIKARSRATIDHHWSAKAYHKKSL
DDCLRSGKVQQYFSAQYMGN--GVKASLIPQCLQVKFTSKIDFTSFICVPTECGISLPADCAAWF-----FPD---VDRGGAGSDFPQVDPGNDGYKAEHFTVQW-KYKARNRTTINHHWSAKTLRKKS
-DCTRSGRVQQYFSAQYLSG--GIIYSLIPKCLQVKFTSCIDYKSFICSPAACADSPACYADATWFFQFKLSD---GVPGNAGSDFPQVDPANEGYKSERFTVQW-KYKAPDRATINHHWSVKTYRAEST
DDCLRSGNRQQYFTAVYGNLG--VPTSLIPNCLQVKFTSVIQFSTFIYAPPKCPQDTPGGASTFS------------MHVSADSGYSQVEGENHGLKMGHFDVQW--YRPRARAVIDHHWSALQNRSFFG
-DCARSGKVQQYFSAQYMSA--VIIYSLIPQCLQVKFTSCIDYKSLICSPAACGEPGTCYADKTWFFQFKLTA---GLEGNAGSDFPQVDPANEGYKSERFTVQW-KYKARDRATIQHHWSVKTYRSQSK
-DCTRSGKVQQYFSAQYMIG--GVIYSLIPQCLQVKFTSCINFKSFICPPAACAENLPERCQFWFFD-----T---GEGGGAGSDFPQVDPANDGYKAERFTVQW-HYKPRDRAAISHHWSAKSLRKNSL
-DCTRSGKVQQYFSAQYLGG--GVVYSLIPQCHQVKFTSKIDYKSLICAPAACG---VDFPANCQTWFFGGGG---TLSGGAGSDFPQVDPANDGYKAERFTVQW-KYQAKNRASINHHWSAKSYRKKSP
-DCTRSGKVQQYFTAQYMSQ--GKICSLIPDCLKVKFTSCLDYKSFNVSAAACGDPGTCYAARAWFFQFKLSV---GLDGNAGSAYEQASPANEGYKSERFTVQW-KYKARDRATIQHHWSVKVYRRRTT
-DCTREGRVEQYFSANYRSS--GILYSLILVCLQVKFTACINFKSFSCSPASCGTPSLCYADKNWFYQFKLS-----VEGNGGSNFPQVDPANDGYKTDRFTVQW-VYKARDRASIKHHWSVDTYREGSC
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EDCLRSGKVQQYFSAQYLD---GVGVSLIPQCLQVEFTSRIDFKSFVCHPAECGLS-----TPA-GCAQWA-------------EAGGAGSDFPQVDVANSGYKAERFTVQWQ-YKTRNRATIDHHRSAKSLPKKSL
DDCTRSGKVKQYFGAQYAAM--GVIYSLIPQCLQVKITSRIDYKNFICAQKACAKP-----GIPEF-------G--S---A--GRASGAESDFGQVDPANKGYKTDRFTVQWQ-YRGRGRADIKYHWHACSYQQISA
EDCTRSGKVQQYFSAQYMST--GIICSLIPQCLQVKFTSCIDYKTFICSPAACGPP-----GTCYADKVWFFHFKLS---N--GLDGSAGSDFPQVDPANEGYKSERFTVQWK-YRARDRANIQHHWSVKTYRSQSK
 GDCTRAGKVQEYFSAQYLAI--GKAYALIPQCLQVKFTSRIDYKDFICSPGACGAP-----ANCYYNVVWVHQFKLD---A--GGSVNAGSDFPRVDPANGGFKKKRFTVQWK-YGARDRVAIEHHWSAKTFRQRSG
 NDCTRSGKVQQYFSAQYIGN--AVRTSLIPLCLQVNFTSRSDFKVFACAPAECGDVGLTLPAPR-ACHVWHF----AEGTA--HAAANAGTDFPQIEGANKGYKAERFTVQWK-Y-VQSRARIVHHWSARTLRKRSL
 NDCLRSGKVQVYFSAQYANS--GVKAALIPEALQVKFTSFIDFKSFVCSPAQCGVS-----LPA-GVGPWYNAILFP---E--GATGGAGSDFPQVEPANNGYKAERFGVQWA-YLTRNRATINHHWSARVLPKKSF
EDCTRSGQVQQYFSAQYKAA--GVVYSLIQQCLQVKFTSRVDYKSFICSPNACGQP-----ARAYYGKTFK----LS---A--GVDGNAGSEFLQIDPANDGYKSERFTVQWK-YRARDRATINHHWSVKTYRGQSK
 DECTRSGKVQQFFSPQYITSFFGPIYSIIPQCLQVNFTARIDFKTFVCSKGACGLV-----APV-TCKEWFF----T---G--GLKGGAGSDYAQVDPANGGYKAERFTVQWPEIKARSRATIDHHWSAKAYHKKSL
 DDCLRSGKVQQYFSAQYMGN--GVKASLIPQCLQVKFTSKIDFTSFICVPTECGIS-----LPA-DCAAWFF----P---D--VDRGGAGSDFPQVDPGNDGYKAEHFTVQWK-YKARNRTTINHHWSAKTLRKKSL
DDCTRSGRVQQYFSAQYLSG--GIIYSLIPKCLQVKFTSCIDYKSFICSPAACADS-----PACYADATWFFQFKLS---D--GVPGNAGSDFPQVDPANEGYKSERFTVQWK-YKAPDRATINHHWSVKTYRAEST
 DDCLRSGNRQQYFTAVYGNL--GVPTSLIPNCLQVKFTSVIQFSTFIYAPPKCPQD-----TPG-GASTF-------------SMHVSADSGYSQVEGENHGLKMGHFDVQW--YRPRARAVIDHHWSALQNRSFFG
EDCARSGKVQQYFSAQYMSA--VIIYSLIPQCLQVKFTSCIDYKSLICSPAACGEP-----GTCYADKTWFFQFKLT---A--GLEGNAGSDFPQVDPANEGYKSERFTVQWK-YKARDRATIQHHWSVKTYRSQSK
DDCTRSGKVQQYFSAQYMIG--GVIYSLIPQCLQVKFTSCINFKSFICPPAACAEN-----LPE-RCQFWFF----D---T--GEGGGAGSDFPQVDPANDGYKAERFTVQWH-YKPRDRAAISHHWSAKSLRKNSL
DDCTRSGKVQQYFSAQYLGG--GVVYSLIPQCHQVKFTSKIDYKSLICAPAACGVD-----FPA-NCQTWFF----G---GGGTLSGGAGSDFPQVDPANDGYKAERFTVQWK-YQAKNRASINHHWSAKSYRKKSP
SDCTRSGKVQQYFTAQYMSQ--GKICSLIPDCLKVKFTSCLDYKSFNVSAAACGDP-----GTCYAARAWFFQFKLS---V--GLDGNAGSAYEQASPANEGYKSERFTVQWK-YKARDRATIQHHWSVKVYRRRTT
DDCTREGRVEQYFSANYRSS--GILYSLILVCLQVKFTACINFKSFSCSPASCGTP-----SLCYADKNWFYQF--K---L--SVEGNGGSNFPQVDPANDGYKTDRFTVQWV-YKARDRASIKHHWSVDTYREGSC

d)

FIGURE 2. Fragment of a simulated alignment (a) and the realignment of the same sequences (after gap removal) by ClustalW (b), Mafft
(c), and Probcons (d). The simulation corresponds to an asymmetric tree with divergence ×1. The blocks below each alignment represent the
fragments selected by Gblocks with relaxed conditions (grey blocks) and with stringent conditions (white blocks). Positions of the alignments
where more than 50% of the sequences are identical are shown with black boxes.

Figure 4 represents for each tree (and for two representa-
tive lengths, 800 and 3200 amino acids, as representatives
of single-gene and concatenated-gene phylogenies) the
best alignment strategies after statistically comparing the
average topological distances by means of the Tukey-
Kramer test. An overview of these two figures shows

that, when the alignments are cleaned by Gblocks with
any of the two parameter sets used (dotted lines in Fig-
ure 3), the topological distance to the real tree decreases
with respect to the complete alignment (solid, red line)
in almost all divergences and alignment lengths tested,
and with the three tree reconstruction methods used:
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FIGURE 3. Average Robinson-Foulds distances to the real tree from the tree calculated with ClustalW complete alignments (solid, red line with
crossed symbols), the same alignments after treatment with Gblocks relaxed (dotted, blue line with diamonds) and stringent (dotted, green line
with squared symbols) conditions, and the complementary alignments of the Gblocks relaxed alignment (solid, orange line with triangles). The
asymmetric tree with three different divergence levels was used for the simulations with different alignment lengths. Trees were reconstructed
by ML, NJ, and parsimony.

ML, NJ, and parsimony. The improvement in topolog-
ical accuracy upon Gblocks treatment is more noticeable
for the highest divergences (×2). This is expected since
there are more problematic blocks in these alignments,
as shown by the lower percentage of positions selected
by Gblocks (Table 1). In addition, the improvement from
Gblocks treatment is particularly large for NJ and parsi-
mony. These two methods produce quite poor topologies
when using the complete alignments but, upon using
Gblocks, particularly with the most stringent conditions

(green line, squared symbols), there is a substantial gain
in topological accuracy. ML produces the overall best
trees (see also below) although, in the lowest divergence
(×0.5), there is almost no difference in topological qual-
ity between the Gblocks and the complete alignments.
In fact, for short genes (400 to 800 amino acids) the com-
plete alignment gives rise to better trees than the Gblocks
alignments, although there is no statistical difference be-
tween the complete alignment and the Gblocks align-
ment with relaxed parameters (Fig. 4).
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FIGURE 4. ClustalW alignment strategies that give rise to the statistically best topologies. When two or more strategies do not show statistical
differences in Robinson-Foulds distances, all equivalent strategies are represented. The complete alignment is represented by a black block, and
the relaxed and stringent Gblocks strategies by grey and white blocks, respectively.

It is thus shown from the example above that the re-
moval of divergent and problematic regions of an align-
ment is, in principle, beneficial for phylogenetic analyses
of relatively divergent sequences. In fact, it is true, as pre-
viously argued (Aagesen, 2004; Lee, 2001), that there is
some phylogenetic information in the blocks removed
by methods like Gblocks. This can be appreciated in Fig-
ure 3, which shows the topological distances to the real
trees from the trees obtained with the blocks excluded by
Gblocks (complementary alignment; solid, orange line).
These distances, although very large, become quite re-
duced for long alignments, indicating that trees obtained
from the complementary regions are not random; that is,
there is some phylogenetic information in the regions re-
jected by Gblocks. However, what seems to matter is not
the total phylogenetic signal but the signal-to-noise ratio.
Despite the relatively simple simulations performed, re-
gions excluded by Gblocks seem to add more noise than
signal, thus lowering the quality of the trees from the
complete alignments with respect to the Gblocks-cleaned
alignments.

Similar conclusions about the beneficial effect of
Gblocks can be drawn from Mafft alignments of the same
asymmetric trees (Figs. 5 and 6). In this case, Gblocks is
not an advantage over the complete alignment in the two
most conserved alignments (×0.5 and ×1) when using
the ML method although, again, Gblocks relaxed and
the complete alignments are not statistically different.
The picture for Probcons (Fig. 1 of the online Appendix,
available at http://systematicbiology.org) is similar to
that for Mafft. Figure 2 of the online Appendix shows
a comparison of the three alignment programs with de-
fault gap costs, using the trees produced after Gblocks
cleaning with relaxed conditions. Under the conditions
of these simulations, ClustalW is slightly worse, regard-
ing the trees produced, than the two other programs. The
performances of Mafft and Probcons are very similar, and
only for NJ and parsimony Probcons alignments work
slightly better. Probcons, however, is highly demand-
ing in computational time. Thus, for the rest of the tests
we only compared the performances of ClustalW and
Mafft.
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FIGURE 5. Average Robinson-Foulds distances to the real tree from the tree calculated with Mafft complete alignments (solid, red line with
crossed symbols), the same alignments after treatment with Gblocks relaxed (dotted, blue line with diamonds) and stringent (dotted, green line
with squared symbols) conditions, and the complementary alignments of the Gblocks relaxed alignment (solid, orange line with triangles). The
asymmetric tree with three different divergence levels was used for the simulations with different alignment lengths. Trees were reconstructed
by ML, NJ, and parsimony.

The results for the symmetric and intermediate trees of
both alignment algorithms are shown in the correspond-
ing columns of Figures 4 and 6 for the ClustalW and
Mafft methods, respectively (and in Figures 3 to 6 in the
online Appendix for all alignment lengths). Two results
are noteworthy from these analyses. First, differences
in phylogenetic performance between different align-
ments derived from symmetric trees are quantitatively
smaller, in agreement with a previous work (Ogden and

Rosenberg, 2006). See, for example, the similarity of the
three graphs of ML trees of ClustalW alignments (Fig. 3
in the online Appendix). Second, in these trees there are
two conditions where the Gblocks alignments produce
ML trees that are statistically worse than the complete
alignments: the symmetric and intermediate trees of di-
vergence ×1 with Mafft alignments of 800 amino acids
(Fig. 6). These are the only two conditions where we ob-
served this. However, we do not think that this justifies
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FIGURE 6. Mafft alignment strategies that give rise to the statistically best topologies. When two or more strategies do not show statistical
differences in Robinson-Foulds distances, all equivalent strategies are represented. The complete alignment is represented by a black block, and
the relaxed and stringent Gblocks strategies by grey and white blocks, respectively.

not using Gblocks in these types of trees, even if we
could know the shape of the tree in advance. In real
alignments, evolution must be much more complex than
what we simulated. For example, we did not simu-
late biased amino acid compositions (Castresana et al.,
1998a) or different models of evolution in different parts
of trees (Philippe and Laurent, 1998), all of which will
have stronger biasing effects in nonconserved blocks. Be-
cause the difference in topological accuracy between the
Gblocks and the complete alignments is very small in
these two conditions, it is very likely that the addition of
any of these effects in the simulations would have made
both the Gblocks relaxed and complete alignments of at
least equal performance.

All simulations shown so far were performed follow-
ing a pattern of rate variation of the NAD2 protein. To
test the influence of different rate patterns, we used in
the simulations profiles derived from two other proteins
(NAD4 and COG0285). From the Mafft alignments of
these simulations we calculated the corresponding ML
trees (Fig. 7 in the online Appendix). Different patterns
(and thus different percentages of block selection) gave

rise to different performances of the complete and the
Gblocks alignments, but the results were similar in rela-
tive terms. We also tested the performance of a different
gap model, in which gaps were introduced homoge-
neously along the alignment, instead of using two differ-
ent gap thresholds in different regions of the alignments
(see Materials and Methods). The results were again sim-
ilar with the simpler gap strategy, as shown for the ML
reconstruction of the asymmetric trees (Fig. 8 of the On-
line appendix).

Phylogenetic Methods Used

The data shown above indicate that ML is the phyloge-
netic method that best extracts reliable information from
problematic alignment regions, since trees derived from
complete alignments are relatively good. This contrasts
with the trees obtained by NJ and parsimony, which are
quite poor from the complete alignments, indicating that
they greatly benefited from the use of Gblocks. ML is also
the method that produces the overall best trees, in agree-
ment with previous simulation analysis (see references
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FIGURE 7. Average Robinson-Foulds distances to the real tree from the tree calculated with Mafft complete (solid line, solid symbols) and
ClustalW complete alignments (solid line, empty symbols). The tree distances obtained with the same alignments after treatment with Gblocks
with relaxed conditions (dotted lines) are also shown. Trees were reconstructed by ML (circles), NJ (squares), and parsimony (triangles). The
most divergent asymmetric tree was used for the simulations.

in Felsenstein, 2004). To show this, Figure 7 presents the
superimposed graphs for the most divergent asymmet-
ric tree as an example. The better performance of ML
in all alignment conditions is clearly appreciated in this
graph.

Short versus Long Alignments

Alignment length turned out to be a very important
factor to be taken into account when deciding the best
alignment cleaning strategy. Figures 3 and 5 show that,
in general, for shorter alignments the best Gblocks con-
dition is the relaxed one, whereas for longer alignments
the stringent condition tends to work better. This can also
be appreciated by comparing the slopes of the graphs
corresponding to the complete alignments, and those of
the Gblocks alignments with relaxed and stringent con-
ditions. The slope downwards (towards better trees) is
less pronounced for the complete alignments and more
pronounced for Gblocks with stringent conditions. This
means that for single genes (400 to 800 amino acids) the
gain in signal-to-noise ratio after elimination of prob-
lematic blocks may not compensate the total loss of in-
formation. However, for longer alignments, for example,
those used in phylogenomic studies where several genes
are concatenated (Delsuc et al., 2005; Jeffroy et al., 2006),
there is enough total information so that selecting the
best pieces with Gblocks using the stringent conditions
allows to get closer to the real tree. This basic tendency
is observed under all simulation conditions we tested.

Bootstrap Support in Trees Obtained
from Gblocks Alignments

Previous performance tests of Gblocks with real data
showed that Gblocks alignments obtained less support

in ML analysis, because the number of trees not sig-
nificantly different from the ML tree was smaller in
the complete alignment than in the Gblocks alignment
(Castresana, 2000). Later, in numerous studies in our
group and in other groups, the same effect was observed
using bootstrap values of NJ trees, which were lower
in the Gblocks alignments. Our simulations reproduced
the same behavior again. In NJ trees obtained from 100
bootstrap samples, the average bootstrap support of all
partitions was higher for the complete alignments, and
lower for Gblocks alignments (Fig. 8). However, the same
simulations (see topological distances of NJ trees in Fig-
ures 3 and 5) showed that the best trees were obtained
with Gblocks conditions and the worse topologies with
the complete alignments, thus following the opposite di-
rection, regarding quality, to the bootstrap values, at least
for the maximum divergence. A similar trend was found
for NJ trees of simulations with symmetric trees (Fig. 9
of the online Appendix) and for bootstrapped ML trees
(Fig. 10 of the online Appendix). One may think that the
bootstraps of Gblocks trees are lower due to the smaller
length of the Gblocks alignments, but it is still very para-
doxical that the best topology is associated to a lower
bootstrap.

The explanation for this contradictory behavior of
Gblocks may be that divergent and problematic align-
ment regions are biased towards an erroneous topology
(Lake, 1991). This could happen if the initial guide tree
used in the progressive alignment methods is conducting
very strongly the alignment in the divergent and most
gappy regions, where alignment programs may easily
create similarity at the expense of homology (Higgins
et al., 2005). In addition, when alignment software is
faced with an ambiguous alignment decision, the algo-
rithmic solution makes consistent but arbitrary decisions
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FIGURE 8. Average bootstrap values of NJ trees obtained from ClustalW (a) and Mafft (b) alignments simulated from the asymmetric tree
with three different divergence levels. Complete (solid, red line), Gblocks relaxed (dotted, blue line with diamonds), and Gblocks stringent
(dotted, green line with squared symbols) alignments are shown.

FIGURE 9. Average Robinson-Foulds distances from the ClustalW guide tree to the real tree (red line with crossed symbols), from the guide
tree to the NJ tree of the Gblocks alignment with relaxed conditions (green line with squared symbols), and from the guide tree to the NJ tree
of the complementary positions of the same Gblocks alignment (blue line with diamonds). The asymmetric tree with three different divergence
levels was used for the simulations.
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that bias the support indices. That is, this repeated align-
ment decisions will increase the bootstrap support, and
this bias will be stronger in the most divergent regions,
where there is more uncertainty. Three results are con-
sistent with this possibility. Firstly, we have observed
in our simulations that the initial guide dendrogram
used by ClustalW is indeed very different from the real
tree, as measured by the Robinson-Foulds distance of
both trees (Fig. 9). If all divergent regions tend to eas-
ily reproduce this initial dendrogram, we would expect
that the guide tree is more similar to the tree obtained
from the Gblocks excluded regions than to the Gblocks
alignment. Figure 9 shows that this is the case, partic-
ularly in the most divergent simulations. Secondly, we
see that the effect of increased bootstrap support in the
complete alignment with respect to the Gblocks align-
ments is higher in ClustalW, which highly depends on
the initial dendrogram, than in Mafft (Fig. 8). For exam-
ple, in simulations of 400 amino acids and at ×2 diver-
gence, there is an increase from 60% to 76% bootstrap
support in ClustalW when comparing the Gblocks strin-
gent and complete alignments, and only from 60% to
70% in Mafft. In the latter method, the successive it-
erations of the alignment algorithm may make the fi-
nal alignment more independent from the initial crude
dendrogram, thus explaining that trees generated from
these alignments are slightly less biased. And thirdly,
when we calculated separately bootstraps of right and
wrong partitions for each tree we observe, apart from
lower values for wrong partitions, a slightly higher bias
in them (Fig. 11 of the online Appendix). The bias is
also present in the right partitions, probably because
some of the recurrent software decisions in the diver-
gent regions are actually correct. Thus, the bias coming
from divergent regions seems to increase the bootstrap
of all partitions, although the effect is slightly larger in
the wrong ones. All this indicates that bootstrap sup-
port cannot be used as a measure of reliability of the
tree topology when divergent regions are present in the
alignment.

CONCLUSIONS

We have shown, under the conditions of these simu-
lations, that the information contained in divergent and
ambiguously aligned regions of multiple alignments is,
in general, not beneficial for phylogenetic reconstruction.
Thus, using Gblocks or a similar method for removing
problematic blocks seems to be justified for phylogenetic
analysis, particularly for divergent alignments. In this
work, we have used simulations of moderately diver-
gent and very heterogeneous proteins, which are typ-
ically used in deep phylogenies (i.e., bacterial groups,
eukaryotes lineages, metazoan phyla). However, we do
not know how removal of blocks would affect more con-
served and less heterogeneous alignments. We have also
not tested how a finer tuning of parameters of align-
ment programs and Gblocks may improve the phyloge-
nies. Although we have only used protein alignments,
the same conclusions are expected to apply to protein-

coding DNA alignments of similar divergence. On the
other hand, although we predict that the general con-
clusion that ambiguously aligned regions in any data set
are best excluded when they provide more noise than sig-
nal, rRNA alignments as well as alignments from non-
coding DNA have very different features from coding
alignments, and our simulations were not specifically
designed to explore the properties of these kinds of se-
quences. However, our purpose in this work is not giving
strict rules about the best alignment strategy and asso-
ciated parameters. Rather, our simulations are mainly
informative about general tendencies. Thus, in the fol-
lowing we summarize important tendencies observed in
our simulations and give some general rules regarding
the best alignment strategy that can be applied to real
situations of protein alignments.

NJ and parsimony seem to be unable to extract
useful phylogenetic information from the problematic
alignment regions, because the complete alignments are
always much worse than the Gblocks treated alignments,
so using Gblocks seems particularly advisable for these
methods. Most probably, these two methods are not able
to take into account the multiple substitutions that oc-
cur in these excessively saturated blocks. On the other
hand, ML, less affected by saturation, is able to extract
some information from these blocks, since in some condi-
tions the complete alignments are similar or even better
than the Gblocks alignments. However, the misidenti-
fied homology that may occur in these regions affects
all phylogenetic methods, which may explain why us-
ing Gblocks is more beneficial at high divergences for all
methods.

Regarding the use of stringent or relaxed conditions
for Gblocks, two important rules can be extracted from
our analysis. First, for ML trees relaxed conditions of
Gblocks seem to give rise to better trees, whereas for NJ
and parsimony stringent conditions are better. Second,
alignment length is a crucial parameter to be taken into
account. For short alignments, such as in studies of sin-
gle short genes, the removal of blocks by Gblocks may
leave too few positions, so in these cases it may be better
to use very relaxed conditions of Gblocks. In the short-
est alignments, which have very little information, use
of Gblocks may be even detrimental. At any rate, one
should be aware that with this type of short alignments
it is only possible to obtain a very approximate topology,
possibly quite distant from the real tree. For phyloge-
nomic studies, where there is enough information from
the concatenation of several genes (Jeffroy et al., 2006),
the use of Gblocks with stringent conditions tends to give
rise to the best phylogenetic trees.
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ABSTRACT

Summary: We introduce a new phylogenetic comparison method

that measures overall differences in the relative branch length and

topology of two phylogenetic trees. To do this, the algorithm first

scales one of the trees to have a global divergence as similar as

possible to the other tree. Then, the branch length distance, which

takes differences in topology and branch lengths into account, is

applied to the two trees. We thus obtain the minimum branch length

distance or K tree score. Two trees with very different relative branch

lengths get a high K score whereas two trees that follow a similar

among-lineage rate variation get a low score, regardless of the

overall rates in both trees. There are several applications of the

K tree score, two of which are explained here in more detail. First,

this score allows the evaluation of the performance of phylogenetic

algorithms, not only with respect to their topological accuracy, but

also with respect to the reproduction of a given branch length

variation. In a second example, we show how the K score allows the

selection of orthologous genes by choosing those that better follow

the overall shape of a given reference tree.

Availability: http://molevol.ibmb.csic.es/Ktreedist.html

Contact: jcvagr@ibmb.csic.es

1 INTRODUCTION

In phylogenetic reconstruction, the application of different
methods or the use of different genes may lead to the estimation

of different phylogenetic trees (Castresana, 2007; Hillis et al.,
2005; Huerta-Cepas et al., 2007). In order to analyze if the

resulting trees are congruent, it is fundamental to be able to

quantify differences between such trees. Normally, only
topology is taken into account for such task, for example, by

means of the symmetric difference (Robinson and Foulds,

1981). Few methods have been developed that also take branch
length information into account (Hall, 2005; Kuhner and

Felsenstein, 1994). These methods have been successfully

applied to quantify the performance of different phylogenetic
methods in simulated alignments, but they have the drawback

that they are not directly applicable to trees with different

evolutionary rates. Here, we introduce a new phylogenetic

comparison measure that takes branch length information into

account after scaling the trees so that they have comparable

global evolutionary rates.

2 METHOD

The basis of our method to compare two phylogenetic trees,

T and T 0, is the branch length distance (BLD) introduced by

Kuhner and Felsenstein (Felsenstein, 2004; Kuhner and

Felsenstein, 1994). This distance is sensitive to the similarity

in branch lengths of both trees. Consider the set of partitions

present in both trees, that is, the whole set of partitions present

in T plus the set of partitions present in T 0 but not in T.

Partitions for external branches are also included. For tree T,

we can define an array B of branch lengths associated to

each partition (b1, b2,. . ., bN). Branches that do not appear in

T (corresponding to partitions that are only present in T 0) are
assigned to 0 in such array. We can similarly define the array B0

associated to tree T 0. The BLD between trees T and T 0 is the
squared root of the sum of ðbi � b0iÞ2 for all partitions. However,

BLD depends on the absolute size of the trees being compared,

so that two trees with the same shape (topology and relative

branch length) but different global rates will give rise to a very

high BLD (Kuhner and Felsenstein, 1994), which may be

unwanted.
In our method, we introduce a factor, K, to scale tree T 0 so

that both trees, T and T 0, have a similar global divergence.

Thus, we are interested in calculating BLD after scaling T 0 with
a factor K:

BLDðKÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
i¼1

ðbi � Kb0iÞ2
vuut ð1Þ

To obtain the value of K that minimizes BLD we differentiate

Equation (1). It can be shown that the value of K that makes

this derivative zero is:

K ¼

XN
i¼1

bib
0
i

� �

XN
i¼1

b0i
2

ð2Þ
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We then substitute this value of K in Equation (1) and obtain
the minimum branch length distance or K tree score. It should

be taken into account that the K tree score is not symmetric,
that is, the result from T to T 0 may not be the same than from

T 0 to T, and, in consequence, the K score does not have the
mathematical properties of a distance. Thus, this score is
generally not useful to compare only two trees (although the K

factor of Equation (2) can be very valuable for scaling
purposes; see below). The K tree score is most useful when

there is a tree that serves as reference (T ) and several other trees
(T 0) that will be scaled and compared to T. In such cases, trees

T 0 that are similar in shape to T will receive a low K tree score
whereas those that are very different will get a relatively higher

K score, regardless of their overall rates.
The method that calculates the K tree score (as well as other

tree comparison measures) is implemented in a Perl program
called Ktreedist.

3 APPLICATIONS

There are several applications of the K tree score. First, it can
be used to evaluate the quality of phylogenetic reconstructions

in simulated alignments by comparing the true tree to the
trees obtained with different phylogenetic methods. For

example, the reference tree shown in Figure 1A was used to
simulate with SeqGen (Rambaut and Grassly, 1997) 100

alignments of 1000 positions with a GTR model and gamma
rate heterogeneity (�¼ 1.5). We then constructed maximum-

likelihood (ML) trees from such simulations using Phyml
(Guindon and Gascuel, 2003) with two different conditions:

without and with rate heterogeneity. To facilitate the compar-
ison between both phylogenetic methods we imposed the

topology of the reference tree during the ML reconstructions.

After averaging the branch lengths of the 100 reconstructed
trees, we obtained one tree for each phylogenetic method. Both

trees differed in their overall rates (with the nonrate hetero-

geneity tree not capturing all substitutions, leading to a K scale
factor� 1) but, importantly, they also differed in their shapes:

see, for example, the relative lengths of sp3, sp4 and sp5.

The differences in shape were reflected in the K scores: 0.197 for
the average tree without rate heterogeneity and 0.030 for the

average tree calculated with rate heterogeneity, indicating the

better performance of the latter method. (Differences also
appeared after averaging the K score from the 100 trees

obtained with each method although, in this case, the

magnitude of the difference was smaller.) Thus, the K tree
score can be used to quantify the different quality in

branch length reconstruction of different phylogenetic meth-

ods. The K score can also be used with trees that have different
topologies. In such cases, nonshared branches that are

relatively long will contribute to the K score much more

than small conflicting branches. This is different from the
symmetric difference (Robinson and Foulds, 1981), in which

all topological differences count the same.
In a second example, we show how the K tree score can be

used to make an accurate selection of orthologous genes.
Orthologs should reflect the same topology of the species tree

but they should also give rise, in principle, to a similar tree

shape. We extracted from the ENSEMBL database (Hubbard
et al., 2007) the tables of pairs of orthologous genes of seven

Fig. 1. (A) Reference tree used to simulate 100 alignments and the average reconstructions obtained by ML without and with rate heterogeneity.

(B) Trees obtained with 472 concatenated introns (reference tree) and with two individual introns (intron 1 of BXDC5 and intron 3 of EGLN2).
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mammalian species. By matching the pairwise orthology tables,
we constructed a set of one-to-one orthologs, and we down-
loaded the corresponding genes. We then extracted the introns
and, after applying several filters (elimination of very long

introns, those with problematic alignments, etc.), we obtained
a set of 472 putative orthologous introns. Some of these introns
produced ML phylogenetic trees that were of unusual shape,

which could be due to different rates of evolution in different
lineages (heterotachy) or could indicate that they do not come
from orthologous genes (hidden paralogy). We then con-

structed a reference tree (Fig. 1B) with the concatenated
alignment of the 472 introns using the RAxML program
(Stamatakis, 2006), which can handle very long alignments,

with a GTR model of evolution and four rate categories. This
tree should reflect the average divergence of the seven genomes
and, as expected, rodents showed a higher acceleration in their
branches. We then calculated the K score of the trees of all

individual introns with respect to the reference tree. We show in
Figure 1B the trees of two putative orthologous introns. Intron
1 of BXDC5, despite having a high global rate, produced a

phylogeny with the same topology and a very similar tree shape
to the reference tree. This was reflected in a low K score: 0.049,
smaller than the mean of the distribution of K scores of all

individual introns (0.104), which is indicative of a very likely
ortholog. (The K score would also be low in a similar tree but
with a topological conflict affecting a small branch, which
would not affect the high probability of orthology.) Intron 3 of

EGLN2 also reproduced the reference topology. However,
this tree showed a relatively long basal branch in primates as
well as a long branch connecting Euarchontoglires and

Laurasiatherians. In consequence, the K score for this tree
with respect to the reference is much higher: 0.270. In fact, this
value is a clear outlier in the distribution of K scores. Although

heterotachy cannot be discarded, the chances that the latter
gene contains hidden paralogs in some species are higher than
in the first gene. Thus, the K score can be used to establish

a certain threshold and make a more accurate selection of
orthologous genes.
If orthology is ensured for a set of genes, then a high K tree

score with respect to a given reference will be indicative of trees

with very fast-evolving species or with a significant amount of
other types of heterotachy. These trees are of more difficult
reconstruction, and thus the K tree score can be used to select

(in a similar way as above) a set of the most reliable genes for
estimating species phylogenies.

On a more practical side, the K scale factor [Equation (2)]

can be used in instances where it is necessary to scale trees to

have equivalent divergences. For example, the linearization of

trees by means of a method like nonparametric rate smoothing

produces trees with an arbitrary scale when no dates are known

for the tree nodes (Sanderson, 1997). In such cases, one can

make use of the K scale factor obtained from the comparison

between the linearized tree and the original (reference) tree:

the scaling of the linearized tree with this K factor will

re-establish a genetic distance scale equivalent to that of the

original tree.
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ABSTRACT

Aim To study the biogeographical factors responsible for the current disjunct

distributions of two closely related species of butterflies (Pyrgus cinarae and

Pyrgus sidae, Lepidoptera: Hesperioidea). Both species have small populations in

the Iberian Peninsula that are isolated by more than 1000 km from their nearest

conspecifics. Because these species possess similar ecological preferences and

geographical distributions, they are excellent candidates for congruent

biogeographical histories.

Location The Palaearctic region, with a special focus on the Mediterranean

peninsulas as glacial refugia.

Methods We integrated phylogeography and population genetic analyses with

ecological niche modelling. The mitochondrial gene cytochrome c oxidase

subunit 1 (COI) and the non-coding nuclear marker internal transcribed spacer 2

(ITS2) were analysed for 62 specimens of P. cinarae and for 80 of P. sidae to infer

phylogeography and to date the origin of disjunct distributions. Current and

ancestral [Last Glacial Maximum using MIROC (Model for Interdisciplinary

Research on Climate) and CCSM (Community Climate System Model)

circulation models] distribution models were calculated with Maxent. Using

present climatic conditions, we delimited the ecological space for each species.

Results The genetic structure and potential ancestral distribution of the two

species were markedly different. While the Iberian population of P. cinarae had an

old origin (c. 1 Ma), that of P. sidae was closely related to French and Italian

lineages (which jointly diverged from eastern populations c. 0.27 Ma). Ecological

niche modelling showed that minor differences in the ecological preferences of

the two species seem to account for their drastically different distributional

response to the last glacial to post-glacial environmental conditions. Although the

potential distribution of P. cinarae was largely unaffected by climate change,

suitable habitat for P. sidae strongly shifted in both elevation and latitude. This

result might explain the early origin of the disjunct distribution of P. cinarae, in

contrast to the more recent disjunction of P. sidae.

Main conclusions We show that convergent biogeographical patterns can be

analysed with a combination of genetic and ecological niche modelling data. The

results demonstrate that species with similar distributional patterns and ecology

may still have different biogeographical histories, highlighting the importance of

including the temporal dimension when studying biogeographical patterns.

Keywords

Biogeography, COI, disjunct distribution, ecology, ITS2, Lepidoptera, niche

modelling, Palaearctic region, palaeoclimate, phylogeography.
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INTRODUCTION

Disjunct distributions (i.e. populations separated by a wide

area where the species does not occur) represent extreme

biogeographical patterns characterized by unusual evolution-

ary histories (Schmitt & Hewitt, 2003; Schmitt et al., 2006;

Garcia Collevatti et al., 2009). Such distributions may reflect

range fragmentation of a formerly widely distributed species

due to changes in environmental conditions that affected

suitable habitat distribution (Cox & Moore, 2005), as in the

case of isolation of populations in refugia from glacial periods

(e.g. Stehlik et al., 2000). Alternatively, they can arise by

extraordinary long-distance dispersal events, which result in

the colonization of new suitable habitats (Davis & Shaw, 2001;

Cox & Moore, 2005; Garcia Collevatti et al., 2009). Determin-

ing how historical and present-day factors interact to initiate

and maintain disjunct distributions in different evolutionary

scenarios is a challenge for biogeographers and evolutionary

biologists.

The distribution of organisms in the Palaearctic region has

been strongly influenced by historical and current factors,

especially the cyclic glacial and interglacial periods during the

Pleistocene. These events affected large geographical areas and

produced cycles of demographic contraction and expansion in

species with low dispersal capacity, or recurrent shifts in the

distributions of species with good dispersal abilities (Hewitt,

2000, 2004; Schmitt, 2007). Present-day factors have an

important role in the maintenance of disjunct distributions

by reducing connectivity among isolated populations. As a

result, the current geographical distribution of genetic struc-

ture within species may reflect the impacts of Pleistocene

climatic oscillations on refugial location, the level of gene flow

between refugia during interglacial periods and varying

connectivity linked to dispersal capacity (Avise, 2000; Hewitt,

2004). As a consequence, it is anticipated that most current

disjunct distributions in the Palaearctic region arose from

populations isolated in glacial refugia where varied species

found suitable conditions for their survival during glacial

maxima and that there has been low or no gene flow among

these habitats.

In Europe, the main glacial refugia were located in the

Mediterranean area: the Iberian, Italian and Balkan peninsulas

(Hewitt, 1996). Phylogeographical studies based on species

variability have shown a different molecular biogeographical

pattern for this area compared with Continental and Arctic

European regions (Schmitt, 2007). This pattern is character-

ized by one or more genetic lineages that began to diverge in

Mediterranean refugia. In many species of animals and plants

(Taberlet et al., 1998; Hewitt, 1999, 2000) gene flow between

populations in these former refugia is at present absent or very

limited, and they apparently evolved independently (e.g.

Schmitt & Seitz, 2002; Schmitt & Krauss, 2004; Habel et al.,

2005). Studying gene flow during interglacial periods, which

depends on dispersal traits and habitat connectivity, is thus

critical for understanding the biogeographical history of

species and to reveal the origin of disjunct distributions.

Molecular genetic techniques are now used widely in

phylogeographical studies of both animals and plants (e.g.

Hewitt, 2004; Garcia Collevatti et al., 2009). Recently, new

methodologies based on environmental variables have been

developed to estimate the potential geographical distributions

of species (Guisan & Zimmerman, 2000; Elith et al., 2006;

Phillips et al., 2006). Among them, the program Maxent has

been shown to perform better than other methods [for

example GARP (Stockwell & Peters, 1999) and BIOCLIM

(Nix, 1986)] in predicting species distributions from presence-

only data (Phillips et al., 2004, 2006; Elith et al., 2006; Wisz

et al., 2008). Maxent is based on maximum entropy model-

ling of species geographical distributions, and computes a

probability distribution of habitat suitability over the geo-

graphical area of the units considered. The integration of

phylogeographical and distribution modelling seems to be a

promising way to unravel the biogeographical history behind

disjunct distributions (Weaver et al., 2006; Jakob et al., 2007;

Alsos et al., 2009).

In this study we trace the genesis of disjunct distributions in

two members of the genus Pyrgus (Lepidoptera: Hesperioidea:

Hesperiidae: Pyrginae). Pyrgus cinarae (Rambur, 1839) and

Pyrgus sidae (Esper, 1784) have very similar distributions: in

Europe they are limited to the north Mediterranean, extending

deeply into central Asia, and both display a disjunct distribu-

tion with small isolated populations in the Iberian Peninsula

(Kudrna, 2002; Garcı́a-Barros et al., 2004). The extremely

localized Iberian population is restricted to central Spain,

c. 1800 km (P. cinarae) and c. 1000 km (P. sidae) from the

nearest conspecific populations (see Fig. 1). Despite the

apparent presence of suitable habitats and host plants (Poten-

tilla recta and Potentilla hirta) between the Iberian and

non-Iberian populations, no studies have suggested their

connectivity. Pyrgus cinarae and P. sidae display similar

ecological preferences (they frequently co-occur in the same

habitats and share host plants), and both have low dispersal

ability (Hernández-Roldán et al., 2009; Wagner, 2009), espe-

cially across water surfaces (they are not present on islands or

in North Africa), a trait shared by all members of the genus

Pyrgus.

Species with similar current distributions and ecological

traits are good candidates for having congruent biogeograph-

ical histories, i.e. similar responses to the same environmental

changes or geographical events (Bocxlaer et al., 2006; Noonan

& Chippindale, 2006). Recent calls to integrate the temporal

and spatial dimensions in biogeographical studies, especially

when studying patterns across taxa, have been made (Hunn

& Upchurch, 2001; Donoghue & Moore, 2003). In this

regard, it is worth noting that two species could display

spatially congruent but temporally incongruent biogeograph-

ical histories (Loader et al., 2007). In this paper, by combin-

ing molecular data (both phylogeography and population

genetics) with ecological niche modelling, we study two

closely related species that are apparently equivalent in most

regards to test whether they share parallel evolutionary

histories.

J. L. Hernández-Roldán et al.
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MATERIALS AND METHODS

Sampling and gathering of the molecular data set

Samples

Sixty-two specimens of P. cinarae and 80 specimens of P. sidae

were collected from 18 and 32 localities, respectively, covering

the known ranges of both species (Fig. 1). The 48 sampling

sites were partitioned into five populations for P. sidae

(Kyrgyzstan, south Urals, Caucasus–Black Sea–Balkans, France–

Italy, Iberian Peninsula) and into four populations for

P. cinarae (south Urals, Caucasus, Black Sea–Balkans, Iberian

Peninsula) that were separated by more than 1000 km without

any record for the species (Fig. 1). Samples were preserved in

100% ethanol for molecular analysis. Identification codes and

collection localities for the samples used are listed in Appen-

dix S1 in Supporting Information. Voucher specimens were

deposited in the collection of the Institut de Biologia Evolutiva

(CSIC-UPF), Barcelona, Spain.

Cytochrome c oxidase subunit I (COI) amplification

DNA was extracted using a glass fibre protocol (Ivanova et al.,

2006) from a single leg of each specimen. A 658-bp fragment of

the mitochondrial gene cytochrome c oxidase subunit I (COI)

was targeted for polymerase chain reaction (PCR) amplifica-

tion using the primers LepF (5¢-ATTCAACCAATCATAAAGA
TATTGG-3¢) and LepR (5¢-TAAACTTCTGGATGTCCAAAA
AATCA-3¢) (Hajibabaei et al., 2005; deWaard et al., 2008).

Figure 1 Maps showing localities of studied specimens, COI haplotype networks and phylogenetic trees for (a) Pyrgus sidae and (b)

P. cinarae. tcs v.121 with a 95% connection limit was used to reconstruct the haplotype networks. In the maps, the three main haplotype

clades for P. sidae and the two for P. cinarae are indicated by discontinuous lines. Colours indicate five populations for P. sidae

(magenta, Kyrgyzstan; yellow, south Urals; orange, Caucasus–Black Sea–Balkans; green, France–Italy; blue, Iberian Peninsula) and four

populations for P. cinarae (yellow, south Urals; red, Caucasus; orange, Black Sea–Balkans; blue, Iberian Peninsula). beast v.1.5.8 under

a coalescent model was used for Bayesian tree inference. Scale bars in the trees show divergence in substitutions/site and only posterior

probabilities > 0.9 are shown in the nodes. The divergence time of the oldest split within each species calculated by mdivmodels is indicated,

with the confidence interval in the form of 95% highest posterior densities in parentheses.

Origin of disjunct distributions in Pyrgus butterflies
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Samples that did not produce a PCR product with the primers

LepF and LepR were reamplified with the primers LepF and

Enh_LepR (5¢-CTCCWCCAGCAGGATCAAAA-3¢), which

amplify a 609-bp fragment of COI. All specimens were

successfully amplified for this marker. One specimen of Pyrgus

carthami (Hübner, 1813) was amplified and used as an

outgroup. One COI sequence of Pyrgus communis (Grote,

1872) obtained from GenBank (accession number AF170857)

was also added to the dataset as an outgroup. Sequences were

obtained with an ABI 3730 · 1 sequencer (Applied Biosystems,

Carlsbad, CA, USA) following the manufacturer’s recommen-

dations.

Internal transcribed spacer 2 (ITS2) amplification

A total of 23 P. sidae and 12 P. cinarae samples representing all

the COI haplotype clades, plus a specimen of Pyrgus armoric-

anus (Oberthür, 1910) used as an outgroup, were sequenced

for the non-coding nuclear marker internal transcribed spacer

2 (ITS2). Total genomic DNA was extracted using Chelex 100

resin, 100–200 mesh, sodium form (Bio-Rad, Richmond, CA,

USA), under the following protocol: one leg was removed and

introduced into a tube with 100 lL of Chelex 10% solution

and 5 lL of Proteinase K (20 mg mL)1). The samples were

incubated overnight at 55 �C and then incubated at 100 �C for

15 min. The samples were subsequently centrifuged for 10 s at

1500 g and the supernatant was used for PCR amplification. A

684-bp fragment at the 5¢-end of ITS2 was amplified using the

primers ITS3 (5¢-GCATCGATGAAGAACGCAGC-3¢) and

ITS4 (5¢-TCCTCCGCTTATTGATATGC-3¢) (White et al.,

1990). Double-stranded DNA was amplified in 25 lL volume

reactions: 16.7 lL ultra pure (high-performance liquid chro-

matography quality) water, 2.5 lL 10· buffer, 1 lL 100 mm

MgCl2, 0.25 L 100 mm dNTP, 1.2 lL of each primer (10 mm),

0.15 lL Taq DNA Polymerase (Bioron GmbH, Ludwigshafen,

Germany) and 2 lL of extracted DNA. The typical thermal

cycling profile was: 95 �C for 45 s, 47 �C for 60 s and 72 �C for

60 s, for 40 cycles. Finally, ITS2 PCR products were purified

and sequenced by Macrogen Inc. (Seoul, Korea).

Sequences, specimen photographs and associated data for

the COI sequences are available in the ‘Butterflies of Spain’

project Barcode of Life Data Systems (http://www.barcoding

life.org, downloaded 2 November 2010). COI and ITS2

sequences are also available in GenBank (see Appendix S1

for accession numbers).

Data analyses

Phylogenetic inference

COI and ITS2 sequences were edited and aligned using

Geneious Pro v.4.8.3 (Biomatters Ltd., 2009; http://www.gene-

ious.com/). These analyses resulted in four final alignments: (1)

654 bp and 80 specimens for P. sidae COI, (2) 654 bp and 62

specimens for P. cinarae COI, (3) 611 bp and 23 specimens for

P. sidae ITS2, and (4) 636 bp and 12 specimens for P. cinarae

ITS2. As we were not estimating population sizes, a selection of

unambiguous haplotypes using tcs v.1.21 (Clement et al.,

2000) was used for COI phylogenetic inference resulting in 15

haplotypes for P. sidae and 8 haplotypes for P. cinarae. Pyrgus

carthami and P. armoricanus were used as outgroups for COI

and ITS2, respectively. A coalescent approach was used to

reconstruct Bayesian trees for all the alignments using beast

v.1.5.3 (Drummond&Rambaut, 2007). For COI trees, HKY + I

and GTR + I models of nucleotide substitution were used for

P. sidae and P. cinarae, respectively, and HKY for both ITS2

alignments, according to jModelTest v.0.1 (Posada, 2008)

suggestions for the Akaike information criterion (AIC). Param-

eters were estimated using two independent runs of 10 million

generations each (with a pre-run burn-in of 100,000 genera-

tions) to ensure convergence.

Estimate of evolutionary entities

Genetic clusters representing evolutionary entities were estab-

lished using the generalized mixed Yule-coalescent (GMYC)

model (Pons et al., 2006; Fontaneto et al., 2007). This model

tests for a change in branching rates at the species boundary to

classify the observed intervals of genetic divergence to either

inter-specific (‘diversification’) or intra-specific (‘coalescent’)

processes to delimit ‘independently evolving’ mitochondrial

DNA (mtDNA) clusters. All individual haplotypes of COI

sequences for P. sidae and P. cinarae, as well as the outgroups

P. carthami and P. communis, were used to perform the GMYC

analysis to detect populations that are evolving independently

within the study species. A maximum likelihood phylogeny

was obtained with RAxML v.7.0.4 (Stamatakis, 2006) under a

GTR + c substitution model. The resulting topology was made

ultrametric using a penalized likelihood as implemented in r8s

v.1.7 (Sanderson, 2003). The GMYC analysis was conducted

using ‘Splits’ from the R package (http://www.r-project.org/)

with the ‘single threshold’ option.

Population genetics, demographic and genetic divergence

analyses

To describe genetic diversity for each species, we calculated

polymorphic sites and nucleotide diversity pT (i.e. the average

number of nucleotide differences per site between two

sequences) and its variance (Nei, 1987). To visualize relation-

ships among haplotypes, a statistical parsimony haplotype

network was constructed with a 95% connection limit using tcs

v.1.21 (Clement et al., 2000), and these haplotypes were

hierarchically nested in clades following Templeton’s rules

(Templeton & Sing, 1993). Closely related haplotypes were

generally distributed in geographical proximity, and the tcs

analysis resulted in three haplotype clades for P. sidae (West,

Central and East) and two haplotype clades for P. cinarae (West

and East) (Fig. 1, see Results). These haplotype clades included

more than one population (defined in the sampling design) and

both geographical levels (clades and populations) were used in

the following analyses of genetic structure (Fig. 1).
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To study genetic divergence and current gene flow among

populations, we calculated pairwise UST values (an analogue to

FST that incorporates genetic divergence between sequences)

between them and their genetic divergence Dxy (i.e. the average

number of nucleotide substitutions per site between popula-

tions; Nei, 1987). In order to assess the level of gene flow

among populations we used Snn statistics (nearest-neighbour

statistics; Hudson, 2000), excluding the Iberian population of

P. cinarae, where only one haplotype was observed. In

addition, to assess at which spatial scale the genetic variability

was structured, i.e. to detect if gene flow was more effective at

the level of populations or haplotype clades, we used analysis

of molecular variance (AMOVA) with hierarchical partitioning

(Excoffier et al., 2005). AMOVA was carried out by estimating

UST at three hierarchical levels using 10,000 random permu-

tations. Hierarchical level tests included the following: among

haplotype clades; among populations in each haplotype clades;

and within populations. A Mantel test was used to detect

associations between genetic (i.e. pairwise UST between

populations) and geographical distances, which were measured

as the shortest distance between the centroids of two popu-

lations. We used the software DnaSP v.4.10 (Rozas et al.,

2003) to calculate the genetic diversity parameters and Snn
statistics. All other analyses were carried out using Arlequin

v.3.1 (Excoffier et al., 2005).

In order to detect evidence of population expansion and

infer the demographic history of each species, we calculated the

statistics Tajima’s D, Fu’s FS, Fu and Li’s D and F (Ramos-

Onsins & Rozas, 2002) using DnaSP v.4.10 (Rozas et al.,

2003). Tajima’s D tested neutrality (i.e. populations evolved

under neutrality) against non-random processes (i.e. popula-

tion expansion or natural selection). To distinguish between

the non-random processes, we tested Fu and Li’s D and F and

Fu’s FS. The time of divergence between haplotype clades and

time to most recent common ancestor (TMRCA) were inferred

using the program mdiv (Nielsen & Wakeley, 2001) under the

finite sites model. We reported the mode and 95% highest

posterior densities (HPD) for each parameter (2,000,000

Markov chain interactions; burn-in = 500,000; M = 0;

Tmax = 5; h = auto-initialize). In the absence of a specific

mutation rate for Pyrgus, we assumed a generation time of

1 year based on the evidence that these species are univoltine

(Hernández-Roldán et al., 2009; Wagner, 2009), and a 1.5%

Myr)1 divergence rate for arthropod COI (Quek et al., 2004)

in all historical demographic analyses.

Current and ancestral distribution modelling

The latitude and longitude of the centroid of each 10 · 10 km

Universal Transverse Mercator (UTM) square, measured as x

and y coordinates in metres, were selected as spatial variables,

considering 50 different distribution points in P. cinarae and

154 in P. sidae based on the current known distribution of

both species in Europe (Abadjiev, 2001; Kudrna, 2002;

Garcı́a-Barros et al., 2004; J. G. Coutsis, Athens, Greece, pers.

comm.).

The 19 WorldClim variables (http://www.worldclim.org/,

described by Hijmans et al., 2005) were considered. As

WorldClim variables generally show a high collinearity that

can distort the results obtained, a subselection of variables was

employed. Taking into account the study area considered for

the distribution modelling analyses (Europe), 10,000 randomly

generated points were chosen to extract the values of the

WorldClim variables. Using these values, the level of correla-

tion between pairs of variables was analysed. When two

variables shared a Pearson correlation coefficient of 0.8 or

higher (Rissler & Apodaca, 2007), we selected the biologically

most meaningful variable according to the physiological

requirements of the Pyrgus species (usually that related to

the activity of the more sensitive adult stage) or the variable

that was easier to interpret (that encompassing a wider

temporal range). In this way, 8 out of 19 variables were

retained: Bio1 (annual mean temperature), Bio2 (mean diurnal

range), Bio7 (temperature annual range), Bio8 (mean temper-

ature of the wettest quarter), Bio12 (annual precipitation),

Bio13 (precipitation of the wettest period), Bio15 (precipita-

tion seasonality) and Bio18 (precipitation of the warmest

quarter).

To predict the potential distribution models we employed

Maxent v.3.3.2 (http://www.cs.princeton.edu/~schapire/max-

ent/), which uses a machine-learning algorithm to identify the

areas in which the environmental conditions are suitable for

the species considered in the model. For each species, starting

from a uniform distribution, the program performs a number

of iterations, each of which increases the probability of the

sample locations for the species. The probability is displayed in

terms of ‘gain’, and this gain increases iteration by iteration,

until the change from one iteration to the next falls below a

specified threshold, or a maximum number of iterations have

been performed (Phillips et al., 2006).

The default parameter settings were used (maximum

number of background points 10,000; regularization multiplier

1; auto features; maximum iterations 500; convergence

threshold 0.00001) as suggested by Phillips et al. (2006). Each

model was run with 100 replicates and cross-validation, using

25% of the presence data to test the model and 75% to train

the model (as suggested and used by other authors, e.g. Moffett

et al., 2007; Pawar et al., 2007; Alba-Sánchez et al., 2010). The

logistic output was selected due to the easier interpretation of

the results (interpreted as probability of presence of the

species) compared to raw and cumulative output formats, and

the results were presented on a linear scale (Phillips, 2008;

Phillips & Dudı́k, 2008). Values of 0.5 indicate typical presence

data points, and the most suitable sites are those whose logistic

values are close to 1. The 95% confidence output files were

chosen to represent the results, adjusting the threshold of

maximum probability of presence to the closest one repre-

senting the real known distribution of the species.

To test the accuracy of the models, the area under the

receiver operating characteristic curve (AUC) and the follow-

ing set of 11 binomial tests were performed (Phillips et al.,

2006; Moffett et al., 2007; Pawar et al., 2007): (1) fixed

Origin of disjunct distributions in Pyrgus butterflies
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cumulative value 1, (2) fixed cumulative value 5, (3) fixed

cumulative value 10, (4) minimum training presence, (5) tenth

percentile training presence, (6) equal training sensitivity and

specificity, (7) maximum training sensitivity plus specificity,

(8) equal test sensitivity and specificity, (9) maximum test

sensitivity plus specificity, (10) balance training omission,

predicted area and threshold value, and (11) equate entropy of

thresholded and original distributions. All 11 binomial tests

were required to be significant at P < 0.01. If the predictions

yielded by the model were not better than random, the AUC

value would be equal to 0.5. Values of AUC higher than 0.7

(Pearce & Ferrier, 2000; Elith, 2002; Newbold et al., 2009) or

0.85 (Newbold, 2009) are considered acceptable.

After calibrating the models for their current distributions in

relation to the present climate, we modelled the distribution

onto Last Glacial Maximum (LGM) WorldClim data, with two

general atmospheric circulation models: CCSM (Community

Climate System Model) and MIROC (Model for Interdisci-

plinary Research on Climate) models from the Paleoclimate

Modelling Intercomparison Project Phase II (PMIP2) through

WorldClim, using the same eight variables considered in the

present models. The original variables (2.5 arcmin) were

transformed according to the scale used with diva-gis

software v.7.1.7 (Hijmans et al., 2005). Only those areas that

were recovered as suitable according to both models were

considered.

A comparison between the predicted areas in present and

past times was made with statistica v.7 (StatSoft, Inc., 2004),

representing the elevation and latitude values for both species,

in order to test their relationships.

Measurement of the ecological niche

To estimate the ecological niche of each species, we performed

a principal components analysis (PCA) on the eight log-

transformed WorldClim selected variables (see above). We

plotted values on PCA axes 1 and 2 of 178 localities from

Europe for P. sidae, 51 localities from Europe (except the

Iberian Peninsula) for P. cinarae and 12 localities of P. cinarae

from the Iberian Peninsula and assumed these limits as

demarcating the ecological niches of each taxon. Additionally,

we calculated Pearson correlations between species scores on

PCA axes and the environmental data. We tested niche overlap

between species conducting a multivariate analysis of variance

(MANOVA) and post hoc Newman–Keuls tests using PCA

species scores as dependent variables, and species as factors.

Statistical analyses were computed using the ‘ade4’ of the R

package (http://www.r-project.org/) and statistica v. 7

software (StatSoft, Inc., 2004).

RESULTS

Phylogenetic analyses

The Bayesian phylogenetic tree for P. sidae COI haplotypes

displayed three main clades with differing geographical origins:

one clade included populations from the western part of the

distribution, another from the central area, while the third

included the eastern populations (Fig. 1a; see localities and

haplotypes in Appendix S1). However, only the clade from the

central region was statistically supported. For P. cinarae, the

COI tree showed two strongly supported clades, one including

the Iberian Peninsula populations and the other the rest

(Fig. 1b). Interestingly, the divergence between these two

clades (17 substitutions, 2.60%) was much deeper than those

between clades of P. sidae (1 substitution, 0.15%), suggesting a

much older origin for the disjunct distribution in P. cinarae.

The nuclear marker ITS2 resulted in a tree with low intra-

specific divergences for P. sidae that failed to recover its

eastern, central and western clades (Fig. 2a). However, it did

recover the same two clades revealed by COI for P. cinarae,

with monophyly of the western clade being statistically

Figure 2 Internal transcribed spacer 2 (ITS2) gene trees for (a) Pyrgus sidae and (b) P. cinarae. beast v.1.5.8 under a coalescent model was

used for Bayesian tree inference. Scale bars show divergence in substitutions per site. Only posterior probabilities > 0.9 are shown in

the nodes. Colours correspond to the main regions determined by cytochrome c oxidase subunit 1 (COI) haplotype clades, as shown on

the maps in Fig. 1.
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significant (Fig. 2b). GMYC analysis grouped haplotypes into

five evolutionarily independent entities (Appendix S2), namely

the external groups P. communis and P. carthami, as well as

P. sidae and two lineages of P. cinarae, one composed

exclusively of the specimens from the Iberian Peninsula and

the other of the remaining populations.

Population genetics and demographic analyses

From the COI alignments, 10 polymorphic sites (1.52%) with

four singleton variable sites and nucleotide diversity (p) of

0.00408 ± 0.00048 were detected for P. sidae, whereas

P. cinarae had 21 polymorphic sites (3.21%) with 15 singleton

variable sites and a nucleotide diversity (p) of 0.01032 ±

0.00444. The parsimony haplotype network showed no

haplotypes of any species present in all populations. On the

contrary, all haplotypes were restricted to single populations,

except haplotype 11 for P. sidae and haplotype 4 for P. cinarae,

which were shared by two populations and are possibly

ancestral haplotypes (Fig. 1, Table 1). Remarkably, tcs was

unable to link the single Iberian haplotype (haplotype 8) of

P. cinarae to the rest because of very high divergence (17

changes separate this haplotype from the closest). The ancestral

haplotypes suggested by tcs for both P. sidae and non-Iberian

P. cinarae were located in the Balkans–Caucasus and south

Urals. In the haplotype network, haplotypes were grouped into

clades strongly related to their geographical distribution.

Pyrgus sidae showed three haplotype clades – Eastern (Kyrgyz-

stan and Tajikistan), Central (south Urals, Caucasus, Black Sea

and Balkans) and Western (France–Italy and the Iberian

Peninsula) clades. Pyrgus cinarae showed similar genetic

groups, with two main independent haplotype clades – Iberia

and the rest (south Urals, Caucasus, Black Sea and the

Balkans), but this species is not present in Kyrgyzstan or

Tajikistan. For P. cinarae there was one missing haplotype

between the ancestral Balkans–Black Sea populations and

south Urals or Caucasus, suggesting reduced historical gene

flow among them despite the presence of the ancestral

haplotype 4 in the south Urals. This is not the case for

P. sidae because there were no missing haplotypes between

populations.

All pairwise UST comparisons among populations were

significant for both species, suggesting limited current gene

flow among populations (Table 2). Both Dxy and UST values

between populations were similar, with the notable exception

of the P. cinarae Iberian population, which was shown to be

genetically unique. Snn tests of genetic structure showed

differences among populations for P. sidae (Snn = 0.46250,

P = 0.0010), whereas P. cinarae (excluding the Iberian pop-

ulation) showed non-significant differences among popula-

tions (Snn = 0.625, P = 0.0620). The absence of genetic

structure for P. cinarae seems related to the low genetic

intra-populational diversity detected for this species. This is

most acute in the Iberian Peninsula where only one haplotype

was detected among 12 individuals. The AMOVA analyses

showed similar patterns for both species, with the highest

genetic structure among haplotype clades (50.34% of genetic

variation detected for P. sidae, 86.03% for P. cinarae)

(Table 3). In both cases, the genetic differentiation at this

spatial scale was non-significant (P > 0.05), probably due to

the lack of statistical power (low replication on statistical

inference based on permutations) because of the low number

Table 1 Cytochrome c oxidase subunit 1 (COI) haplotype composition of the sampled populations for Pyrgus sidae and P. cinarae:

populations, nucleotide diversity (p), sampled sites (see Appendix S1 for site description), haplotypes present (n = number of individuals)

and number of specimens sequenced (N). The ancestral haplotype for each species is highlighted.

Species Haplotype clades Populations p Sites COI haplotype (n) N

P. sidae East Kyrgyzstan 0.00306 Kyrgyzstan 2 (17), 3 (1) 18

Tajikistan 1 (2), 2

Central South Urals 0.00204 Russia 6 (4), 8 (1), 11 (3) 8

Caucasus–Black Sea–Balkans 0.00229 Azerbaijan 5 (2) 2

Armenia 11 (12) 12

Turkey 11 (2), 2

Bulgaria 5 (2) 2

Romania 5 (4), 7 (3) 7

Greece 5 (2), 10 (1) 3

West France–Italy 0.00153 Italy 15 (2) 2

France 4 (1), 15 (10) 11

Iberian Peninsula 0.00306 Spain 9 (1), 12 (2), 13 (2), 14 (6) 11

P. cinarae East South Urals 0.00306 Russia 1 (19), 2 (1), 4 (1) 21

Caucasus 0.00153 Armenia 6 (11), 7(2) 13

Black Sea–Balkans 0.00204 Ukraine 3 (1), 4 (2) 3

Turkey 4 (5) 5

Greece 4 (7), 5 (1) 8

West Iberian Peninsula 0 Spain 8 (12) 12

Origin of disjunct distributions in Pyrgus butterflies
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of populations per haplotype clade (Fitzpatrick, 2009). We

calculated that the minimum expected P-value for the

rejection of the null hypothesis for P. sidae (two groups of

two populations each and one group of one population) was

a = 0.066, whereas for P. cinarae (one group of three

populations and one group of one population) it was

a = 0.25. Thus, the genetic structure among haplotype clades

was significant for P. cinarae (P = 0.245) (Table 3), and close

to significant for P. sidae (P = 0.074). Genetic structure was

significant among populations within haplotype clades and

within populations for both species, especially for P. sidae

(Table 3). Non-significant relationships were found between

genetic and geographical distances in the Mantel test (P. sidae

r = 0.48, P = 0.06; P. cinarae r = 0.74, P = 0.25), which

discarded a pure isolation-by-distance model.

Non-random genetic divergence was detected for both

species by the negative values of Tajima’s D (D = )0.816 for

P. sidae and D = )0.869 for P. cinarae, P > 0.1). The results

obtained for Fu and Li’s D (D = )0.149 for P. sidae and

D = )0.988 for P. cinarae, P > 0.1) and Fu and Li’s F

(F = )0.380 for P. sidae and F = )1.068 for P. cinarae,

P > 0.1) indicated that the populations have expanded or are

under selection. Population expansion is confirmed by Fu’s FS
(FS = )17.433, P = 0.001 for P. sidae and FS = )3.088,
P = 0.044 for P. cinarae). Therefore, the demographic history

of both species suggests the existence of a historical bottleneck

and current population expansion. Times of divergence

between clades calculated by mdiv models were different for

the two species. For P. sidae the time of divergence between

west and central clades was 0.25 Ma (95% HPD = 0.18–

0.29 Ma), and between central and east clades was 0.27 Ma

(95% HPD = 0.19–0.39 Ma). For P. cinarae the time of

divergence between the Iberian clade and the rest was

1.07 Ma (95% HPD = 0.38–2.17 Ma). Estimates for the

TMRCA were also different for the two species: TMRCA for

P. sidae was 0.51 Ma (95% HPD = 0.37–0.72 Ma) for west and

Table 2 Average number of nucleotide substitutions per site (Dxy; Nei, 1987) between populations (above the diagonal), and values of UST

from pairwise population comparisons (below the diagonal) for cytochrome c oxidase subunit 1 (COI) haplotypes of Pyrgus sidae and

P. cinarae.

P. sidae Kyrgyzstan South Urals Balkans France Spain

Kyrgyzstan 0.005 0.005 0.003 0.006

South Urals 0.796* 0.002 0.002 0.004

Balkans 0.770* 0.311* 0.002 0.004

France 0.839* 0.742* 0.647* 0.002

Spain 0.790* 0.665* 0.671* 0.603*

P. cinarae South Urals Caucasus Balkans Spain

South Urals 0.005 0.003 0.0295

Caucasus 0.91* 0.004 0.0267

Balkans 0.869* 0.911* 0.029

Spain 0.99* 0.991* 0.992*

*P < 0.05.

Table 3 Analysis of molecular variance (AMOVA) among Pyrgus sidae and P. cinarae populations grouped by main cytochrome c oxidase

subunit 1 (COI) haplotype clades (see Fig. 1). Values for the variance components, the percentage of variation at each hierarchical level

(%), F-statistics and P-values are shown.

Variance

components

Percentage

of variation

Fixation

indices* P-value

P. sidae

Among haplotype clades 0.615 50.34 FCT = 0.503 0.074

Among populations within haplotype clades 0.293 23.99 FSC = 0.743 0

Within populations 0.313 25.68 FST = 0.743 0

P. cinarae

Among haplotype clades 8.086 86.03 FCT = 0.860 0.245

Among populations within haplotype clades 1.202 12.79 FSC = 0.916 0

Within populations 0.111 1.18 FST = 0.988 0

*Fixation indices for AMOVA measured the degree of genetic differentiation at different organizational levels: FCT, differentiation among haplotype

clades relative to total; FSC, differentiation among populations relative to haplotypes clades; FST, differentiation within populations relative to total

populations.
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central clades and 0.52 Ma (95% HPD = 0.31–0.71 Ma) for

east and central clades, while TMRCA for P. cinarae was

1.90 Ma (95% HPD = 1.33–2.48 Ma) for the two main clades.

Current and ancestral distribution modelling

The models obtained showed high mean AUC scores (averaged

across all 100 runs) in both species (P. cinarae 0.989, SD 0.006;

and P. sidae 0.956, SD 0.011) according to the evaluation test

provided by Maxent software. These high AUC values

demonstrated a good model performance. Besides, predictions

for P. sidae and P. cinarae were significantly different from

random because all 11 binomial omission test thresholds

proved significant (P-value < 0.01) across all 100 runs.

The predicted distribution for both species was quite similar

to the actual one, although there were some differences. In the

case of P. sidae (Fig. 3a) the areas with higher probability of

presence are located in different mountain chains, such as the

Iberian System and Pyrenees in the Iberian Peninsula, the

Italian Alps, and the Balkans. The Hungarian populations of

P. sidae seem to be located in a rather unfavourable area (i.e.

with lower probability of presence). On the other hand, areas

favourable for P. cinarae (Fig. 3b) were mainly in the Iberian

System and the Balkans. There is a favourable area in the

Iberian Peninsula from where P. cinarae has never been

recorded that deserves deeper inspection in future faunistic

surveys.

A heuristic estimate of relative contributions of the

environmental variables to the Maxent model is shown in

Appendix S3. Variables related to mean temperature and

precipitation in the summer (such as precipitation of the

warmest quarter, annual temperature range or mean diurnal

range) had a prominent role in the model estimated by

Maxent and thus seem to represent environmental factors

affecting the distribution of both Pyrgus species. However,

P. sidae was more influenced by the annual temperature, and

P. cinarae by the availability of water in summer dry periods.

Jackknife tests of variable importance indicated that annual

range of temperature in the case of P. sidae and precipitation in

the warmest quarter for P. cinarae had the highest gain when

Figure 3 Potential distributions of Pyrgus sidae and P. cinarae in Europe obtained with Maxent based on current climatic data (a, b), and

on the Last Glacial Maximum palaeoclimatic data (c, d). The most probable areas are shown in warm colours. The current known

distribution of both species is represented in black.
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used in isolation, suggesting that these variables contained the

most useful information, and also decreased the gain the most

when omitted, suggesting that they contained the most

information not present in the other variables.

A comparison of modern to LGM distributions (considering

only minimum areas under both the CCSM and MIROC

climatic models), revealed that climatically suitable areas have

increased for P. sidae since the LGM. Its distribution now

extends into the Balkan Peninsula (Fig. 3a,c), while suitable

areas were previously much smaller, restricted to low eleva-

tions and latitudes (Fig. 4a). By contrast, P. cinarae encoun-

tered similarly favourable areas in both periods (Fig. 3b,d).

Therefore, the distribution of P. sidae apparently increased in

the interglacial periods while P. cinarae has been generally

stable. Interestingly, connectivity between suitable areas

remained quite stable for both species, at least along the coast

in the case of P. sidae. In both cases there was no continuous

suitable habitat connecting present-day populations, although

connectivity was always much lower in P. cinarae. For both

species, the existence of suitable habitat in North African

mountains during the LGM was predicted, although these

areas are not suitable for the species at present (Fig. 4). Thus,

North Africa could have represented a glacial refugium for

both species, although it is unlikely that they colonized this

region because of their aversion to dispersal across water.

In the PCA, axes 1 and 2 explained 36.72% and 24.11%,

respectively, of the total ecological niche variation. Axis 1 was

correlated positively with annual temperature range and

negatively with precipitation of the wettest period and annual

precipitation (Appendix S4). Axis 2 was correlated with

average annual temperature (positive values) and with rain

in the warmest quarter (negative values). The two-dimensional

niche defined by the PCA axes was significantly different

among species (Wilks’ k = 0.932, d.f. = 474, P < 0.05). Pyrgus

sidae occupied the largest ecological space and P. cinarae’s

preferences were slightly more restricted, although the two

species broadly overlapped. The Iberian P. cinarae populations

displayed a rather small ecological space, clearly nested within

that of the rest of P. cinarae populations (Fig. 5). Newman–

Keuls post hoc tests only indicated niche differentiation for

PCA axis 1 for Iberian specimens of P. cinarae with P. sidae

(P = 0.03), but not between the remaining populations of

P. cinarae with P. sidae (P = 0.27) or between the two main

P. cinarae clades (P = 0.14). Any comparison showed non-

significant niche differentiation on PCA axis 2 (P > 0.05).

DISCUSSION

Molecular data, both COI and ITS2 sequences, point to an old

origin for the disjunct distribution of P. cinarae. This is

Figure 4 Elevation and latitude values of the predicted areas

obtained with Maxent at present (in blue) and during the Last

Glacial Maximum (in red) for (a) Pyrgus sidae and (b) P. cinarae.

Figure 5 Results of the principal components analysis on

environmental descriptors for Pyrgus sidae and the two main

clades of P. cinarae. Environmental descriptors with the highest

positive and negative correlations with species scores are indicated

on the axes (see details of correlations in Appendix S4).
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suggested by the topology of the phylogenetic trees and

haplotype networks (Fig. 1b), which recover the Iberian

population as sister to the rest, by the high divergences

separating these two main clades (17 substitutions, 2.6% in

COI; 2 substitutions, 0.03% in ITS2), and by the higher

pairwise Dxy and UST values for P. cinarae than for P. sidae

(Table 2). Age estimates based on mdiv analysis situate the

origin of this disjunct distribution at 1.1 Ma (0.4–2.2 Ma),

with a TMRCA of 1.9 Ma (1.3–2.5 Ma). Despite the potential

error involved in coalescent age estimates, we can safely state

that the disjunct distribution in P. cinarae is much older than

that of P. sidae, and that it dates back to the initial Pleistocene

glaciations. We can thus infer that during the latest several

glacial and interglacial periods there has been no gene flow

between the two disjunct groups of populations of P. cinarae,

or at least it has left no signal in current genetic structure.

Indeed, the GMYC analysis (Appendix S2) confirms that the

P. cinarae Iberian isolate is an independent evolutionary

lineage. This scenario is corroborated by distribution model-

ling results, which show that during the latest glacial to

interglacial period the distribution of P. cinarae in Europe has

been largely unaffected, without major elevational or latitudi-

nal shifts (Fig. 4b). Such a distributional stasis (no important

changes in distribution along time) at a general scale suggests

that P. cinarae, unlike P. sidae, does not have the capacity to

expand its distribution range to new habitats during intergla-

cial periods. Interestingly, the potential present-day distribu-

tion shows that no substantial suitable habitat exists along the

1800 km separating Iberian and Balkan populations (Fig. 3b).

The origin of the P. cinarae disjunct distribution is probably

related to more general climatic trends that occurred during

the last several million years, and has been maintained by

distributional stasis during more recent glacial to interglacial

fluctuations. Nevertheless, at a local scale, glacial cycles

possibly had variable demographic and distributional effects

on populations of this species. This seems true at least for the

Iberian population, which is distributed in a very limited area

and displays an extremely low genetic variability (a single COI

haplotype and three haplotypes of ITS2 were detected). These

particularities, coupled with evidence for demographic expan-

sion in the species as a whole provided by the coalescence

analysis, suggest that a recent bottleneck occurred in the

Iberian Peninsula. Interestingly, the Iberian Peninsula is the

only region where a substantial mismatch between potential

and realized distribution is observed, suggesting that the

capacity of these populations to expand may be hindered by

current low genetic variability and population densities.

Genetic data indicate a much more recent origin for the

observed distributional pattern of P. sidae compared with that of

P. cinarae. All COI analyses recovered three main clades (west,

central and east) that have low divergences between them (they

only differ by single changes). The nuclear marker ITS2 was less

informative anddid not recover any clear pattern consistentwith

geographical distance for P. sidae, which could be interpreted as

a lack of resolution of this marker or as the existence of recent

gene flow between populations. The Iberian P. sidae population

is embedded within the western clade, which also includes south

France and central Italy. The mdiv age estimate for the

divergence between the western and central clades is

c. 0.27 Ma (0.18–0.29 Ma). Thus, we can safely assume that

the 1000 km disjunct Iberian population originated earlier than

this date, most probably during one of the latest glacial events.

Given the COI divergences between Iberian and non-Iberian

populations of P. sidae (one substitution, 0.15%) and of

P. cinarae (17 substitutions, 2.60%),webelieve that thedifference

in age estimates obtained by mdiv (less than 0.18–0.29 Ma and

between 0.38 and 2.17 Ma, respectively) are reasonable despite

uncertainty involved in coalescent age estimates.

Isolation since the LGM has been invoked as the cause for

many cases of disjunct distributions in Europe and elsewhere

(Avise, 2000; Hewitt, 2000). More generally, this has also been

suggested to be the cause for patterns of population genetic

structure, regardless of the existence of distributional disconti-

nuity at present (Schmitt & Seitz, 2001, 2002; Schmitt & Krauss,

2004; Schmitt et al., 2005; Schmitt, 2007). As the term ‘disjunct

distribution’ can be applied at very different spatial scales, it has

been used from rather local studies (Williams, 1980; Flinn et al.,

2010) to discontinuities of thousands of kilometres (Wahlberg &

Saccheri, 2007; Garcia Collevatti et al., 2009; Cagnon &

Turgeon, 2010; Peña et al., 2010). We could say that the case

of P. sidae fits the conventional model of a species that suffers a

marked distributional shift southwards and to lower elevations,

a demographic reduction, and retains viable populations only in

Mediterranean peninsulas that act as refugia during the glacial

periods. During the interglacial periods, this species would

expand to the European mainland, with the possibility of re-

establishing gene flow between isolates, given enough time. In

this case, the disjunct distribution is the product of the LGM

because gene flow was not re-established. However, our results

for P. cinarae show that the origin of long-distance disjunct

distributions might not always be a direct consequence of one of

the latest glacial periods, even in the case of a current

distribution in known glacial refugia such as the Mediterranean

peninsulas. This species, despite apparent similarity to P. sidae,

displays unique particularities. One of them is an apparent stasis

in the morphology and ecology after c. 1 million years of

isolation of the Iberian population. Pyrgus cinarae also displays a

surprising stasis in its potential distribution despite climatic

oscillations. Being restricted to habitats not strongly affected by

climatic oscillations could be the product of an unusually

limited dispersal capability, which would account for the

inability to have expanded during interglacial periods, produc-

ing a long-term disjunct distribution. If this hypothesis is

correct, the predicted dispersal capability of P. cinarae should be

substantially lower than that of P. sidae, which is difficult to

imagine because a capture–mark–recapture study on Iberian

P. sidae showed that this is already a typical sedentary species

with low dispersal capabilities (Hernández-Roldán et al., 2009).

In conclusion, we show that P. cinarae and P. sidae display

different population genetic structures and ancestral potential

distributions, which reveal that they have undergone different

biogeographical histories. Indeed, the effect on these two

Origin of disjunct distributions in Pyrgus butterflies
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species of the last glacial to post-glacial period was radically

different according to our results: while the distribution of

P. cinarae was not substantially affected in Europe, that of

P. sidae greatly changed in both latitude and elevation.

Remarkably, the two dissimilar biogeographical histories

resulted in very similar distributions across the Palaearctic at

present, including a disjunct distribution with isolated popu-

lations on the Iberian Peninsula. This could thus be considered

a case of convergence in biogeography, even more so when the

two species involved belong to the same genus, frequently

coexist in the same habitat, share host plants, are univoltine

and are usually synchronic. Why then have they not followed

parallel biogeographical histories? We demonstrate general

ecological similarities, because their ecological niche space

broadly overlaps in a PCA analysis. However, differences exist

that are not readily obvious without conducting an ecological

niche modelling exercise followed by PCA. We show that the

rather subtle particularities of each species in their niche

preferences result in a characteristic response to environmental

change that subsequently determines population genetic

structure. This case illustrates how minor ecological differences

may lead to very different biogeographical histories and

highlights the important role that ecology has played during

the evolutionary history of species. By combining molecular

data and ecological niche modelling it is possible to recon-

struct and understand the history of a species to a fine level.

Interpreting biogeographical patterns is nevertheless a complex

exercise and the existence of convergence in biogeography

should be a warning to avoid generalizations and not to

extrapolate results for a taxon to other species, even if they are

apparently equivalent from an ecological perspective. Finally,

our results highlight the importance of integrating the spatial

and temporal dimensions in biogeography.
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We thank Ángel Blázquez, Ernst Brockmann, Vlad Dinca,

Zdravko Kolev, Tristan Lafranchis, Vladimir Lukhtanov, Santi

Viader, Juan Carlos Vicente and Wolfgang Wagner for help

in collecting material. We are also grateful to John G. Coutsis

for providing distribution records for both species in Greece,

to Joan Garcı́a-Porta for his very insightful comments

regarding ecological niche modelling, and to Blanca Huertas

for access to the collection of Pyrgus in the Natural History

Museum, London. Support for this research was provided by

the Spanish Ministerio de Ciencia e Innovación (projects

CGL2007-60516/BOS and CGL2010-21226/BOS to J.L.H.-R.,

G.T. and R.V.; and fellowship BES-2008-002054 to G.T.) and

by Genome Canada through the Ontario Genomics Institute

to P.D.N.H.

REFERENCES

Abadjiev, S. (2001) An atlas of the distribution of the butterflies

in Bulgaria (Lepidoptera: Hesperioidea & Papilionoidea).

Pensoft Publishers, Sofia-Moscow.
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Schäffer 1845) – Larvalhabitat, Präimaginalstadien und
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Unprecedented within-species chromosome
number cline in the Wood White butterfly
Leptidea sinapis and its significance for
karyotype evolution and speciation
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Abstract

Background: Species generally have a fixed number of chromosomes in the cell nuclei while between-species
differences are common and often pronounced. These differences could have evolved through multiple speciation
events, each involving the fixation of a single chromosomal rearrangement. Alternatively, marked changes in the
karyotype may be the consequence of within-species accumulation of multiple chromosomal fissions/fusions,
resulting in highly polymorphic systems with the subsequent extinction of intermediate karyomorphs. Although
this mechanism of chromosome number evolution is possible in theory, it has not been well documented.

Results: We present the discovery of exceptional intraspecific variability in the karyotype of the widespread
Eurasian butterfly Leptidea sinapis. We show that within this species the diploid chromosome number gradually
decreases from 2n = 106 in Spain to 2n = 56 in eastern Kazakhstan, resulting in a 6000 km-wide cline that
originated recently (8,500 to 31,000 years ago). Remarkably, intrapopulational chromosome number polymorphism
exists, the chromosome number range overlaps between some populations separated by hundreds of kilometers,
and chromosomal heterozygotes are abundant. We demonstrate that this karyotypic variability is intraspecific
because in L. sinapis a broad geographical distribution is coupled with a homogenous morphological and genetic
structure.

Conclusions: The discovered system represents the first clearly documented case of explosive chromosome
number evolution through intraspecific and intrapopulation accumulation of multiple chromosomal changes.
Leptidea sinapis may be used as a model system for studying speciation by means of chromosomally-based
suppressed recombination mechanisms, as well as clinal speciation, a process that is theoretically possible but
difficult to document. The discovered cline seems to represent a narrow time-window of the very first steps of
species formation linked to multiple chromosomal changes that have occurred explosively. This case offers a rare
opportunity to study this process before drift, dispersal, selection, extinction and speciation erase the traces of
microevolutionary events and just leave the final picture of a pronounced interspecific chromosomal difference.
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Background
Despite the fundamental role of chromosomal change in
eukaryotic evolution, the mechanisms related to this
process are still poorly known. Main karyotypic features
of organisms, such as the number of chromosomes, are
usually stable within species [1,2]. This stability is in
good correspondence with the fact that new chromoso-
mal rearrangements usually originate as heterozygotes
and are often - although not always - associated with
heterozygote disadvantage (=negative heterosis; =under-
dominance). Therefore, their spread to fixation within a
large population has low probability [2]. At the same
time, differences in karyotype characters between spe-
cies, including diploid chromosome number (2n), are
extremely common. Numerous cases of extraordinary
differences in chromosome number, especially in plants,
are due to polyploidy [3]. Even when excluding poly-
ploidy, interspecific variation remains very frequent, and
many closely related species often have substantially dif-
ferent chromosome numbers. In metazoan animals, the
greatest range of within-genus karyotype variation not
related to polyploidy is found in Agrodiaetus blue but-
terflies, where diploid chromosome number ranges
between species from 2n = 20 to 2n = 268 in spite of
morphological similarity and very recent time of species
divergence [4]. Interestingly, Agrodiaetus also tends to
demonstrate the greatest karyotype difference between
very closely related species, e.g. sister species A. biruni
and A. posthumus have 2n = 20 and 2n = 180 respec-
tively with no intermediates between them.
In vertebrates, the range of chromosome number var-

iation between closely related species is smaller, yet still
impressive. For example, the analysis of 11 species of
the catfish genus Corydoras revealed that they have kar-
yotypes ranging from 2n = 44 to 2n = 102 [5]. The
tuco-tucos, South American rodents of the genus Cte-
nomys, show chromosomal variation with diploid num-
bers varying from 2n = 10 to 2n = 70 among the 60
species described [6]. The deer genus Muntiacus
includes species with different karyotypes, ranging from
2n = 6 to 2n = 46 [7]. In plants, the greatest range of
within-genus karyotype variation not related to poly-
ploidy is found in Carex, where diploid chromosome
number ranges from 2n = 12 to 2n = 132 [8].
The discrepancy between intra- and interspecific

variability in chromosome numbers poses a serious evo-
lutionary problem. How can numerous species with
extremely diverse karyotypes evolve in a relatively short
period of time, if major chromosomal rearrangements
changing the number of chromosomes are mostly
underdominant and, consequently, intraspecific varia-
tions are rare and their range is limited?
One possible explanation is that extremely different

chromosome numbers evolve gradually through multiple

speciation/raciation events, each involving the fixation
of a single (or few) chromosomal rearrangement(s), and
followed by the subsequent extinction of species or
races with intermediate karyotypes. This step-by-step
mechanism of karyotype evolution seems to be common
in nature, and its initial phase can be observed in some
chromosomally polymorphic organisms such as the
mouse Mus musculus domesticus and the shrew Sorex
araneus [9-13]. It has been recently demonstrated that
the reduction in fertility of hybrids between the house
mouse races separated by fixed monobrachial differences
is not so pronounced as previously supposed [14].
Nevertheless, this study generally supported the chro-
mosomally-based monobrachial speciation model as a
process that accelerates the acquisition of reproductive
isolation in the house mouse [14]. In the step-by-step
process, the transitional forms are expected to demon-
strate a chromosomal fusion/fission polymorphism and,
accordingly, numerous examples are known where sin-
gle or few chromosomal fusions exist in the poly-
morphic phase, e.g., Robertsonian fusions in Drosophila
americana [15], melanopline grasshoppers [16] and
rodents of the genus Ctenomys [6,17].
An alternative hypothesis is that dramatic changes in

chromosome number appear as a consequence of a
within-species accumulation of numerous chromosomal
rearrangements, resulting in highly polymorphic systems
with the subsequent extinction of intermediate karyo-
morphs. A necessary precondition for this mechanism is
that major chromosomal rearrangements changing the
number of chromosomes are not strongly underdomi-
nant. This seems to hold true for different groups such
as butterflies, flies, grasshoppers, spiders, fishes and
mammals [6,15-25].
While the within-species mechanism of explosive

chromosome number evolution is possible in theory, it
has been less well documented compared to the evolu-
tion through multiple speciation/raciation events. In
practice, it is difficult to record such an extensive
within-species accumulation for two reasons. First, the
transition from one chromosomal form to another may
be very fast compared to the species lifespan. The only
exception is the chromosomal evolution operated by
balancing selection. However, this mechanism seems to
be rare, except in the case of inversions [[26,27], but see
[28]]. Second, even if polymorphism for multiple chro-
mosomal rearrangements is found, it may be difficult to
distinguish between a polymorphic system primarily
evolved within a species and a polymorphism resulting
from hybridization between different, chromosomally
diverged species. For example, in the hybridization
zones between low and high chromosome number spe-
cies of the rodent genus Ellobius, there is a so-called
“chromosomal fan” including all chromosome numbers
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from 2n = 31 to 2n = 54 [29]. In fact, this case does not
represent evidence for within-species accumulation of
chromosomal changes, but simply represents the out-
come of secondary parapatry by previously isolated
chromosomal races.
Furthermore, the clinal geographical distribution of

chromosomal races observed in some organisms [1,2],
apparently compatible with gradual within-species accu-
mulation of chromosomal changes, may be better
explained by the multiple speciation mechanism. For
example, in butterflies of the Erebia tyndarus complex
there are several geographically isolate chromosomal
races (chromosome numbers ranging from 2n = 16 to
2n = 102) [30], and in fossorial mole rats of the Spalax
ehrenbergi complex four linearly distributed chromoso-
mal races exist (from 2n = 52 to 2n = 60) [31]. In these
cases, intrapopulation chromosomal polymorphism is
absent and differences between neighbouring chromoso-
mal races, although minor, are fixed. Detailed molecular
and morphological studies provide evidence for non-
conspecificity of the E. tyndarus and S. ehrenbergi
forms, and several distinct species were identified and
formally described [32,33].
In this study we describe a chromosomal cline in the

Wood White butterfly, Leptidea sinapis (Insecta, Lepi-
doptera, Pieridae) that provides strong evidence for
rapid and extensive within-species chromosome number
evolution through accumulation of multiple chromoso-
mal changes. This cline is exceptional in the geographic
area that it covers (6000 km) and in its range of within-
species chromosome number variation (2n = 56-106).
Excluding polyploidy, this is the widest known within-
species chromosome number range for any animal or
plant, and it is comparable with the highest known level
of within-genus karyotype variability.

Results and Discussion
We analyzed the karyotype, mitochondrial and nuclear
genetic markers, and the morphology of the Wood
White butterfly L. sinapis. This is a common species
widely distributed from Portugal and Spain in the west
to Siberia in the east [34]. From this territory different
chromosome numbers have been reported in literature
ranging from n = 28 to n = 41 [35]. However, these
results are impossible to interpret in practice because of
the discovery in 1993 of a cryptic sympatric species (L.
reali) in Europe and Asia [36]. As all karyotype data for
L. sinapis were published before this date, it is unclear
whether reported chromosome numbers reflect inter- or
intraspecific variability.
Our study covers populations from different parts of

the L. sinapis distribution (Figures 1, 2), as well as the
closely related species L. reali and L. morsei as compari-
son. We discovered that diploid chromosome number

ranges in L. sinapis from 2n = 106 in Spain to 2n = 56 in
eastern Kazakhstan in a longitudinal cline (Figure 1a; for
more details, see Additional file 1). These findings are
based on the examination of 209 male specimens, with
metaphase plates observed in 35 individuals, out of which
23 had unambiguous chromosome number counts (Spain
- 4, France - 2, Italy - 2, Romania - 8, Kazakhstan - 7).
We also found that chromosome numbers are not stable
within some populations from Italy, Romania and
Kazakhstan. Specimens with different chromosome num-
bers were found within each of these populations, and
the great majority of the individuals were chromosomal
heterozygotes displaying from one to six multivalents in
metaphase I of meiosis (Additional file 1, Figure S1). In
the heterozygotes, we observed no abnormalities in the
anaphase I stage of meiosis, and the first division of
meiosis resulted in normal haploid metaphase II cells
where, as expected, two types of metaphase plates with
different chromosome numbers were observed. Therefore
we conclude that chromosomal rearrangements are not
fixed in several of the populations studied, and there
seems to be no strong selection against chromosomal
heterozygotes. Interestingly, chromosome number range
overlaps between some studied populations separated by
hundreds of kilometers, e.g. in Kazakhstan between the
population from Landman (2n = 56-61) and the popula-
tion from Saur (2n = 56-64).
In certain species, variation in chromosome number

may be caused by the presence of so-called B-chromo-
somes (=additional chromosomes, =supernumerary chro-
mosomes) [37]. B-chromosomes consist mainly of
repetitive DNA and can be usually found in low numbers
(one to five) in a percentage of the individuals of a given
population. Although they are dispensable, they can
sometimes accumulate through processes of mitotic or
meiotic drive [38]. B-chromosomes can be distinguished
from normal A-chromosomes because they are usually
smaller and can be seen as additional chromosomes pre-
sent in only some of the individuals in a population. The
best diagnostic feature is their identity at meiosis, where
they may be found as univalents, or in various pairing
configurations (bivalents or multivalents), but never pair-
ing with A-chromosomes. Thus, meiotic analysis is criti-
cal to distinguish between B-chromosomes and normal
A-chromosomes [37,38]. Although we cannot totally
exclude that B-chromosomes can be found in L. sinapis,
especially taking into account that they are known in
other genera of the family Pieridae [39], there is good evi-
dence that B-chromosomes are not a valid explanation
for the chromosome number cline found in L. sinapis.
This is due to the fact that in the Spanish population,
where the number of chromosomes is maximal (and cor-
respondingly where the highest number of B-chromo-
somes would be expected), they seem to be completely
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Figure 1 Chromosomal cline in Leptidea sinapis across the Palaearctic region. a. Sampling sites and karyotype results. Metaphase plates
were observed in 35 individuals, out of which 23 had unambiguous chromosome number counts: Spain - 4, France - 2, Italy - 2, Romania - 8,
Kazakhstan - 7. Top row of microphotographs: examples of diploid chromosome number (2n) counted in metaphase I of meiosis (MI). Bottom
row of microphotographs: examples of haploid chromosome number (n) counted in metaphase II of meiosis (MII). Maximum likelihood trees for
b. CAD, c. ITS2 and d. COI. Bootstrap supports (>50%) are shown for each node. e. Most parsimonious COI haplotype network. Colours refer to
each studied region as indicated in the map. ES - Spain, FR - France, IT - Italy, RO - Romania, KZ - Kazakhstan.
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absent: the chromosome number is stable within as well
as between individuals, and no univalents have been
observed during meiosis. Moreover, no univalents have
been observed during meiosis in any of the other popula-
tions studied. Additionally, the following clear pattern
was observed: the higher the chromosome numbers in a
population, the smaller the size of chromosomes, and
vice versa (Figure 1; Additional file 1, Figure S1). This
regularity indicates that chromosomal fusions/fissions
(but not B-chromosomes) were the main mechanism of
karyotype evolution.
Leptidea sinapis can be distinguished from its closest

relative L. reali by the length of the phallus, saccus and
vinculum (in male genitalia) or of the ductus bursae (in
female genitalia) [36,40] as well as by molecular markers
[41,42]. Therefore, to exclude the possibility of cryptic spe-
cies involved in the formation of the extraordinarily high
chromosomal variability and to demonstrate the conspeci-
ficity of the populations studied, we performed morpholo-
gical and molecular analysis of each studied individual.
The measured variables of the male genitalia showed

no significant difference or apparent trend between
chromosomal races according to one-way ANOVA (Fig-
ure 2a, b) and to discriminant analysis (DA) (Figure 2c).
100% of the L. reali were correctly classified to species
with the DA, but within L. sinapis, between 0 (France
and Italy) and 62.5% (Kazakhstan) of specimens were
correctly assigned to region (Additional file 1, Table S1).

The mitochondrial Cytochrome Oxidase I (COI) and
nuclear carbamoyl-phosphate synthetase 2/aspartate
transcarbamylase/dihydroorotase (CAD) and internal
transcribed spacer 2 (ITS2) markers analyzed did not
reveal deep intraspecific levels of divergence (maximum
uncorrected p distance of 0.61% for COI, 0.7% for CAD
and 0.16% for ITS2) suggesting the absence of cryptic
species (Figures 1b-d and Figure 3). The COI haplotype
network (Figure 1e) shows that the maximum

Figure 2 Male genitalia morphology of Leptidea sinapis reveals no significant intraspecific differences. One-way ANOVA for a. phallus
length/vinculum width and b. saccus length/vinculum width. The sibling species L. reali is included as positive control. Only L. reali versus all L.
sinapis groups is significantly different (p < 0.0001 for both analyses). The bars represent two standard errors. c. Canonical discriminant analysis
based on phallus length, saccus length and vinculum width.

Figure 3 Maximum Likelihood tree of Leptidea sinapis based
on the combined analysis of mitochondrial COI and nuclear
CAD and ITS2 according to the HKY model (log likelihood score
= -3159.19036) and 100 bootstrap replicates. The scale bar
represents 0.003 substitutions/position.
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connection steps are only four, and that the most com-
mon haplotype is found in all the studied regions. The
observed genetic variability is rather low for an almost
pan-Palaearctic species (e.g. [42,43]), even more so since
L. sinapis is considered a non-migratory poor flyer. The
fact that the same low variability is shown by several
independent markers rejects a recent mitochondrial
genetic sweep and strongly suggests a very recent geo-
graphic expansion. Coalescence-based dating with each
marker and with all the markers combined estimates
that the time to the most recent common ancestor of all
the populations is only 8,500 to 31,000 years. Thus, we
conclude that there is no evidence for multiple species
involved in the formation of the discovered cline, and
that its origin is very recent.
It is known that in some systems, variation in chro-

mosome number may be a result of ongoing hybridiza-
tion between different, chromosomally diverged species
[29]. Therefore, the chromosome number variability dis-
covered may be a consequence of hybridization between
L. sinapis and its sibling species L. reali. This explana-
tion may seem possible given that the presence of puta-
tive F1 hybrids between L. sinapis and L. reali was
suggested [44]. However, these results [44] were based
on some apparent mismatches between DNA-based
identifications (which were congruent for RAPD mar-
kers and COI) and morphometry of the male genitalia.
The classification of the sequenced specimens based on
their genitalia was made by employing a bivariate plot,
which took into account only the lengths of the phallus
and saccus. A recent comprehensive morphometrical
study on L. sinapis and L. reali from Central Italy [40]
highlighted the limitation of the “phallus and saccus”
approach, which can lead to ambiguous classifications.
The same study showed that this limitation can be cor-
rected when using additional genitalic characters (espe-
cially the vinculum width) and performing multivariate
analyses. Therefore, the report of possible hybrids
between L. reali and L. sinapis requires confirmation
since it may actually represent an artifact caused by the
interpretation of insufficient morphological traits. More-
over, in case of interspecific hybridization we can expect
that some individuals would be heterozygous for spe-
cies-specific nuclear molecular markers and specimens
with intermediate morphology of genitalia should be
found. None of the specimens studied in our work has
shown these characteristics (see above). Due to genitalic
morphological constraints between the two species,
introgression is likely to be unidirectional with female L.
sinapis potentially inseminated by male L. reali [36,44].
Finally, several studies dealing with the mating beha-
viour of L. sinapis and L. reali reported that females of
both species exclusively mated with conspecific males,
suggesting the presence of strong precopulatory barriers

[36,45,46]. Therefore, we can conclude that interspecific
hybridization is an unlikely explanation for the origin of
the discovered chromosomal cline.
The clinal distribution of chromosome numbers in L.

sinapis is statistically significant (p < 0.0001) and it is
very unlikely to have arisen by chance (Figure 4). Inter-
estingly, the cline is longitudinally oriented (Figure 1a),
indicating either the direction of selective pressure
involved in its formation, or the direction of population
dispersal, or both of these processes. According to our
dating, the moment of this dispersal would correspond
to the upper Pleistocene and the Holocene, a period
characterized by a strong glaciation in northern Europe
and the Alps [47]. Thus, our estimates indicate that the
dispersal of L. sinapis could have occurred before or
after the last glacial maximum (24,000 to 17,000 years
ago).
Several other cases of broad intraspecific chromosomal

polymorphism have been described in animals
[6,18-21,23,24,48-56] and plants [8,57]. However, all
these cases differ from the cline found in L. sinapis by
the essentially smaller range of karyotype variability and
by the possible existence of two or more cryptic species
involved in the formation of the polymorphic chromoso-
mal system. In order to demonstrate the intraspecific
nature of karyotype variability, the following three cri-
teria should be met simultaneously: 1) segregating chro-
mosomal polymorphism within a population should be
demonstrated, 2) molecular markers should not suggest
the presence of potential cryptic species, and 3) species-

Figure 4 Variation of L. sinapis chromosome number across
geographical longitude. Chromosome number is inversely
correlated with longitude according to a linear function (r = 0.826;
p < 0.0001). Results based on 23 specimens with unambiguous
chromosome number counts (Spain - 4, France - 2, Italy - 2,
Romania - 8, Kazakhstan - 7).

Lukhtanov et al. BMC Evolutionary Biology 2011, 11:109
http://www.biomedcentral.com/1471-2148/11/109

Page 6 of 11



diagnostic morphological differences should be lacking.
To our knowledge, only studies on the common shrew
and the house mouse have met all these criteria, but
chromosomal races within these mammals have essen-
tially smaller differences in chromosome number and
apparently evolved through a step-by-step accumulation
of single chromosomal rearrangements [9-13] rather
than through wide intraspecific and intrapopulation
chromosome number polymorphism.

Conclusions
Given that (a) chromosomal races of L. sinapis belong to
the same species, (b) intrapopulation chromosome num-
ber polymorphism exists, (c) the chromosome number
range overlaps between some populations separated by
hundreds of kilometers, (d) the species has broad ecolo-
gical preferences and is widely distributed, (e) the spe-
cies has a rather homogenous genetic structure, and (f)
chromosomal heterozygotes are abundant, this repre-
sents a clearly documented case of rapid and massive
within-species accumulation of multiple chromosomal
rearrangements affecting the number of chromosomes.
The chromosomal rearrangements discovered in our

investigation display segregating polymorphism that
seems not to strongly affect reproductive fitness within
the populations studied. However, these rearrangements
are not necessarily irrelevant to the process of formation
of reproductive isolation (i.e. to speciation). It is well
known that Robertsonian rearrangements (i.e. nonreci-
procal translocations involving fission and fusion at or
near a centromere), have the potential to limit gene flow
and drive speciation [58,59]. The Wood White butterfly,
like other Lepidoptera and some other insects, has holo-
kinetic chromosomes in which the centromere is not
localized and centromeric activity is distributed along
the length of the chromosome [35,60-62]. It has been
recently demonstrated that fusions/fissions of holoki-
netic chromosomes restrict gene flow too, and that this
effect is cumulative (i.e. increases proportionally with
the level of chromosomal differences) [57]. In the case
of L. sinapis all evidence suggests that neighbour popu-
lations with relatively low differences in chromosome
number are reproductively compatible. We cannot
exclude that geographically distant and chromosomally
divergent populations would display reduced fertility if
crossed, although they are connected by a chain of com-
patible populations that should allow gene flow. There-
fore, the discovered system opens the possibility to
study clinal speciation, a process that is theoretically
possible but difficult to document [[63], pages 113-123].
Chromosomal rearrangements are known to limit

introgression in parapatry or sympatry with regard to
isolation genes, thus facilitating the maintenance of inci-
pient species boundaries [64,65], and serving as regions

where isolation genes can accumulate [15,27,66-68]. The
preservation and/or accumulation of isolation genes pro-
tected by chromosomal rearrangements could represent
a prerequisite for speciation by means of suppressed-
recombination mechanisms [15,27,64-68].
In conclusion, the L. sinapis chromosomal cline seems

to represent a narrow time-window of the very first
steps of species formation linked to multiple chromoso-
mal changes that have occurred explosively. This case
offers a rare opportunity to study this process before
drift, dispersal, selection, extinction and speciation erase
the traces of microevolutionary events and just leave the
final picture of a pronounced interspecific chromosomal
difference.

Methods
Note: During the publication process of this paper it has
been shown that the Romanian specimens of L. reali
used here as outgroup actually belong to a new cryptic
species named Leptidea juvernica [69].

Sample collecting
Fresh male Leptidea specimens (Additional file 1, Table
S2) were collected with the insect net and were kept
alive in glassine envelopes. In the laboratory, butterflies
were killed by pressing the thorax and testes were
removed from the abdomen and immediately placed
into a 0.5 ml vial with freshly prepared Carnoy fixative
(ethanol and glacial acetic acid, 3:1). Bodies were placed
into a 2 ml plastic vial with 100% ethanol for DNA ana-
lysis and wings were stored in glassine envelopes. Each
sample has been assigned a unique sample ID. All the
samples are stored in Roger Vila’s DNA and Tissues
Collection in Barcelona, Spain.

Genitalia preparation and morphometric analyses
Male genitalia were prepared according to the following
protocol: maceration for 15 minutes at 95°C in 10%
potassium hydroxide, dissection and cleaning under a
stereomicroscope and storage in tubes with glycerin.
Genitalia were photographed laterally (Figure 2c), with-
out being pressed, in a thin layer of distilled water
under a Carl Zeiss Stemi 2000-C stereomicroscope
equipped with a DeltaPix Invenio 3S digital camera.
Measurements were performed based on the digital
photographs by using AxioVision software. A total of 73
specimens of L. sinapis were included in the morphome-
trical analyses (Additional file 1, Table S3). These
included 35 of the karyotyped samples, and 38 indivi-
duals collected in the same locality and moment for
which the cytogenetic studies did not produce results.
In addition, five specimens of the sibling L. reali were
added as outgroup. Three elements of the male genitalia
were measured: phallus, saccus and vinculum width.
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These are the best diagnostic characters to separate L.
sinapis from L. reali [40]. The vinculum width was used
to normalize the size of the specimen.
StatView 5.0.1 (SAS Institute Inc., 1992-1998) was

used to perform one-way ANOVA in order to test for
differences in the length of the phallus and saccus, each
normalized by the width of the vinculum, between
regions for L. sinapis, and between L. sinapis and L.
reali. All variables were normally distributed (Kolmo-
gorov-Smirnov Test, p > 0.05). The software SPSS 14.0
was used to perform a discriminant analysis by employ-
ing the stepwise method. The Box’s M test was used to
evaluate the homogeneity of covariance assumption (p >
0.05). The variables were selected with the Wilks’
lambda statistic, which measures how each function
separates cases into groups. In order to test the obtained
classification a cross validation was carried out.

Karyotype analyses
Gonads were stored in Carnoy fixative (ethanol and gla-
cial acetic acid, 3:1) for 2-6 months at 4ï‚°C and then
stained with 2% acetic orcein for 30 days at 20ï‚°C as it
was previously described [70,71].
Chromosomes of butterflies (Lepidoptera) are small,

numerous and uniform in both shape and size [35].
They lack a distinct primary constriction (the centro-
mere) and are regarded as holokinetic with kinetochores
extended over a large portion of the chromosome sur-
face [60]. The uniformity of lepidopteran chromosomes,
the absence of morphological markers such as the cen-
tromeres and the lack of convenient differential banding
techniques [61] make difficult the identification of indi-
vidual chromosomes by standard cytogenetic methods.
Although new approaches to individual identification of
the Lepidoptera chromosomes based on the fluorescent
in situ hybridization (FISH) technique have been
recently elaborated [72-74], they are applicable only for
studying species bred in the laboratory. For this reason,
the chromosome number remains the most commonly
used karyotypic character in Lepidoptera cytogenetics
and karyosystematics. In our study we counted the
diploid chromosome numbers (2n) in mitotic spermato-
gonial cells and the haploid chromosome numbers (n)
in metaphase II of male meiosis. We also counted the
number of chromosomal elements (n) (bivalents + mul-
tivalents) in metaphase I of male meiosis. In the last
case, the number of chromosomal elements was equal
to the haploid number (n) if all the elements were
represented by bivalents, or less if some elements were
represented by multivalents. To distinguish between
bivalents and multivalents, we used a special method
[75]. Briefly, by varying the pressure on the coverslip,
we were able to manipulate chromosomes, e.g. change
their position and orientation in intact (not squashed)

spermatocyte cells, and consequently to analyze the
structure of the bivalents and multivalents.
In total, preparations from 209 males were analyzed. As

cell divisions are extremely rare in Leptidea during imago
stage [76], metaphase plates were observed in only 35
individuals (Additional file 1, Table S2). These individuals
were also used for morphological and molecular analysis.

Geographical longitude vs. chromosome number
Pearson correlation coefficients were used to assess the
degree of association between haploid karyotype and
geographical longitude. Longitude was measured in deci-
mal degrees and only 23 samples with unambiguous
chromosome number counts were included (see Addi-
tional file 1, Table S4). If the specimen showed different
chromosome numbers in different cells, the average
between the different chromosome numbers was used.

Specimen sequencing
Total genomic DNA was extracted using Chelex 100
resin, 100-200 mesh, sodium form (Biorad), under the
following protocol: one leg was removed and introduced
into 100 μl of Chelex 10% and 5 μl of Proteinase K (20
mg/ml) were added. The samples were incubated over-
night at 55°C, afterwards were incubated at 100°C for 15
minutes and were subsequently centrifuged for 10 sec-
onds at 3000 rpm.
A 676 bp fragment at the 5’ end of the mitochondrial

gene cytochrome oxidase subunit I (COI) was amplified
by polymerase chain reaction using the primers LCO
1490 (5’-GGTCAACAAATCATAAAGATATTGG-3’)
[77] and Nancy (5’-CCCGGTAAAATTAAAATA-
TAAACTTC-3’) [78]. When these primers failed, we
used the primers LepF1 (5’-ATTCAACCAATCATAAA-
GATATTGG-3’) and LepR1 (5’-TAAACTTCTG-
GATGTCCAAAAAATCA-3’) [79], which amplified a
658 bp fragment of COI. Double-stranded DNA was
amplified in 25 μl volume reactions: 13.22 μl ultra pure
(HPLC quality) water, 2.5 μl 10× buffer, 4.5 μl 25 mM
MgCl2, 0.25 μl 100 mM dNTP, 1.2 μl of each primer
(10 mM), 0.13 μl Taq DNA Gold Polymerase (Qiagen)
and 2 μl of extracted DNA. The typical thermal cycling
profile was: 95°C for 60 seconds, 44°C for 60 seconds
and 72°C for 90 seconds, for 40 cycles. A total of 70 L.
sinapis samples were successfully sequenced for this
marker. These included 34 of the karyotyped samples,
and 36 individuals collected in the same locality as the
karyotyped samples. Five L. reali and two L. morsei spe-
cimens were also sequenced and used as outgroup.
A 571 bp fragment at the 5’ end of the nuclear gene

CAD was amplified by polymerase chain reaction using
the primers CADFa (5’-GDATGGTYGATGAAAATGT-
TAA-3’) and CADRa (5’- CTCATRTCGTAATCYG-
TRCT-3’) (designed by A. Kaliszewska). Double-stranded
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DNA was amplified in 25 μl volume reactions: 16.65 μl
ultra pure (HPLC quality) water, 2.5 μl 10× buffer, 1 μl
100 mM MgCl2, 0.25 μl 100 mM dNTP, 1.2 μl of each pri-
mer (10 mM), 0.2 μl Taq DNA Polymerase (Bioron,
GmbH) and 2 μl of extracted DNA. The typical thermal
cycling profile was: 95°C for 60 seconds, 48°C for 60 sec-
onds and 72°C for 90 seconds, for 40 cycles. A total of 14
samples (all karyotyped) were sequenced for this marker.
Three L. reali and two L. morsei specimens were also
sequenced and used as outgroup.
A 684 bp fragment at the 5’ end of the nuclear inter-

nal transcribed spacer 2 (ITS2) was amplified by poly-
merase chain reaction using the primers ITS3 (5’-
GCATCGATGAAGAACGCAGC-3’) and ITS4 (5’-
TCCTCCGCTTATTGATATGC-3’) [80]. Double-
stranded DNA was amplified in 25 μl volume reactions:
16.7 μl ultra pure (HPLC quality) water, 2.5 μl 10× buf-
fer, 1 μl 100 mM MgCl2, 0.25 μl 100 mM dNTP, 1.2 μl
of each primer (10 mM), 0.15 μl Taq DNA Polymerase
(Bioron, GmbH) and 2 μl of extracted DNA. The typical
thermal cycling profile was: 95°C for 45 seconds, 47°C
for 60 seconds and 72°C for 60 seconds, for 40 cycles. A
total of 14 samples (all karyotyped) were sequenced for
this marker. Three L. reali and two L. morsei specimens
were also sequenced and used as outgroup. PCR pro-
ducts were purified and sequenced by Macrogen Inc.
(Seoul, Korea). Sequences obtained specifically for this
study were deposited in GenBank (accession numbers
indicated in Additional file 1, Table S2).

Sequence alignment and phylogenetic inference
COI, ITS2 and CAD sequences were edited and aligned
using Geneious Pro 4.7.5 [81]. These resulted in three
final alignments of 658 bp and 77 specimens for COI,
571 bp and 19 specimens for CAD, and 684 bp and 19
specimens for ITS2. For COI, duplicate haplotypes were
removed using Collapse 1.2 [82]. Maximum Likelihood
(ML) phylogenetic trees were inferred for CAD, ITS2
and COI using Phyml 2.4.4 [83], with the nucleotide
substitution model HKY [84] for nuclear markers and
HKY+I for COI, as suggested by jModeltest 0.1 [85],
and 100 bootstrap replicates.

Haplotype network
In order to examine relationships among haplotypes, a
maximum parsimony haplotype network was con-
structed using TCS 1.21 [86]. The haplotype network
was built with a 99% parsimony connection limit. The
network presented one loop, which was broken accord-
ing to frequency and geographic criteria [87].

Estimation of TMRCA
Time to the most recent common ancestor (TMRCA) of
L. sinapis was inferred with BEAST v.1.5.3 [88]

independently for COI, ITS2 and CAD haplotypes under
a Coalescent model with constant population size. Dupli-
cate haplotypes were removed from the matrix using Col-
lapse 1.2 [82]. A lognormal distribution (Mean = 0.15,
Stdev = 0.798) was used assuming a maximum possible
limit of 405000 years as the 95% HPD of the distribution,
trying to let the maximum exploratory space to MCMC
runs. To estimate this prior, we used the maximum COI
intraspecific divergence for L. sinapis under a rather slow
invertebrate mitochondrial substitution rate: 1.5% uncor-
rected pairwise distance per million years [89]. Since sub-
stitution rates are known to overestimate ages for recent
lineages still under the coalescence process, we are cer-
tain that 405000 years is a good maximum estimate for
the TMRCA of this species. The dataset was analyzed
using the HKY model and applying a strict molecular
clock along the branches. Base frequencies were esti-
mated and a randomly generated initial tree was used.
Parameters were estimated using two independent runs
of 10 million generations each (with a pre-run burn-in of
100,000 generations) to ensure convergence, checked
with the program Tracer v1.4.
A multi-locus approach with *BEAST [90] was also

employed to check the results with a smaller set of 12
samples, including those with most divergent COI hap-
lotypes. In order to study the effect of the outgroup,
COI and multilocus analyses were conducted by both
including and excluding L. reali haplotypes (Additional
file 1, Table S5).

Additional material

Additional file 1: Additional Text, Figures and Tables. a) Additional
results of chromosomal analyses. b) Figure S1. Karyotypes of Leptidea
sinapis. c) Table S1. Discriminant analysis classification results for
chromosomal races of L. sinapis and L. reali. d) Table S2. List of
specimens included in this study. e) Table S3. Results of morphometric
analysis of the male genitalia. f) Table S4. List of the specimens included
in the analysis of geographical longitude vs. chromosome number. g)
Table S5. Estimation of TMRCA of L. sinapis under a coalescent model.
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Uncovering cryptic biodiversity is essential for understanding evolutionary processes and 

patterns of ecosystem functioning, as well as for nature conservation. As European butterflies are 

arguably the best-studied group of invertebrates in the world, the discovery of a cryptic species, 

twenty years ago, within the common wood white Leptidea sinapis was a significant event, and 

these butterflies have become a model to study speciation. Here we show that the so-called 

‘sibling’ Leptidea actually consist of three species. The new species can be discriminated on the 

basis of either DNA or karyological data. Such an unexpected discovery challenges our current 

knowledge on biodiversity, exemplifying how a widespread species can remain unnoticed even 

within an intensely studied natural model system for speciation. 
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Given the global biodiversity crisis1–3, cataloguing the earth’s 
species has become a race against time. Several studies have 
highlighted the presence and importance of cryptic biodi-

versity, which might represent a substantial proportion of Earth’s 
natural capital. An estimate of cryptic species diversity is important 
to better understand evolutionary processes and patterns of eco-
system functioning, while also having deep implications for nature 
conservation4,5. The recent increase in the number of reported 
cryptic species is, in large part, owing to an increasing amount of 
studies incorporating DNA-based techniques, including large-scale 
approaches such as DNA barcoding6, which often provide resolu-
tion beyond the boundaries of morphological information. How-
ever, documenting cryptic diversity based on DNA data alone is 
generally not sufficient, prompting calls for integrative morphologi-
cal, ecological and molecular approaches7,8. Recent estimates on the 
distribution of cryptic diversity are contradictory, and are based  
on a thin empirical foundation4,9. In any case, it is to be expected 
that the highest number of yet-to-be-discovered cryptic species 
is concentrated in the most biodiverse and least explored regions 
of our planet (that is, tropical areas). In temperate regions such as 
Europe, it is assumed that the level of unrecognized diversity is low, 
not only because of lower species richness, but also because taxo-
nomic research has been intense for many groups of organisms. 
Such a case is represented by butterflies, probably the best-studied 
group of invertebrates, which have become a flagship for insect  
conservation efforts in Europe10,11.

The discovery of a new European species of wood white (Leptidea 
sp.) at the end of the twentieth century was an important event in 
butterfly systematics. Leptidea sinapis (Linnaeus, 1758), a common 
butterfly with Palaearctic distribution was found to ‘hide’ a cryptic 
species, Leptidea reali (Reissinger, 1989)12,13. After the two species 
were shown to be separable based on their genitalia—but not on 
their wing morphology13—several studies revealed that L. reali is 
often sympatric with L. sinapis and that its distribution is almost 
as wide as that of L. sinapis14,15. Molecular data (allozyme markers 
and mitochondrial DNA) also supports the specific distinctness of  
L. reali16. Moreover, much attention has been paid to behavioural 
and ecological aspects of the species pair L. sinapis − L. reali, to the 
point that they have become a model for studying speciation in 
cryptic species. Such studies revealed that: a premating reproductive 
barrier exists (females only accept conspecific males)17,18; the two 
species display only limited ecological differentiation (larval food 
plant preference and performance)17,19; niche separation between 
the two species (forests or meadows) is not caused by fixed between-
species differences20; differences in phenology and voltinism are 
mostly the result of environmentally induced pleiotropic effects21; 
larval diapause is determined by information from the host plant22; 
and behavioural polyphenism has been documented in female  
propensity to mate23.

In this paper, we integrate molecular (mitochondrial and nuclear 
DNA markers), cytological (chromosome number) and morpho-
logical data (male genitalia morphometry) to study the species pair 
L. sinapis − L. reali. We found an unexpected pattern showing that  
L. reali actually comprises two synmorphic, yet genetically and 
karyotypically distinct, groups, with the new cryptic entity being 
sister to L. sinapis + L. reali, producing what may be called nested 
cryptic species. Therefore, the so-called ‘twin species’ L. sinapis −  
L. reali are actually a triplet of cryptic species, a result that asks for a 
reconsideration of previous knowledge and exemplifies the advan-
tages of an integrative approach when studying closely related taxa.

Results
Analysis of mitochondrial and nuclear DNA markers. The 
Bayesian and maximum likelihood gene genealogies estimated for 
each of the mitochondrial (cytochrome oxidase subunit I (COI), 
NADH dehydrogenase subunit 1 (ND1)) and nuclear loci (internal 

transcribed spacer 2 (ITS2), wingless (Wg), carbamoyl-phosphate 
synthetase 2/aspartate transcarbamylase/dihydroorotase (CAD)) 
gave largely congruent results for the species pair L. sinapis and 
L. reali. Depending on their degree of variability, the markers had 
different resolving power, but all suggested that specimens that are 
morphologically attributable to L. reali (based on their genitalia) are 
not monophyletic. Moreover, the more variable genes COI, ND1 and 
ITS2 showed that L. reali formed two clades and was paraphyletic 
with respect to L. sinapis (Supplementary Figs S1–S5).

The topology of the partitioned Bayesian, maximum likelihood 
and maximum parsimony multi-gene trees revealed three major 
well-resolved clades within the L. sinapis − L. reali group (Fig. 1). 
Whereas L. sinapis was recovered as monophyletic, specimens  
morphologically attributable to L. reali (based on their genitalia) 
formed two strongly supported clades and were paraphyletic with 
respect to L. sinapis. One of these clades was sister to L. sinapis and 
included all specimens from Spain and Italy, as well as several from 
southern France (Fig. 1). This clade is certainly attributable to gen-
uine L. reali, as the type locality of this species lies in the French 
Pyrenees12. The other clade of specimens with reali-like morphol-
ogy consisted of samples from several countries ranging from  
Ireland and France in the west, to eastern Kazakhstan in the east, 
and was recovered as sister to L. sinapis plus genuine L. reali with 
good support (Fig. 1). This pattern was recovered by the Bayesian 
coalescent-based species tree estimation as well, confirming the top-
ological relationships of the three lineages (Fig. 2). The species-tree 
approach is less prone to misleading results than combining data by 
partitions, because it incorporates uncertainty associated with gene 
trees (probability of unsorted ancestral polymorphism), nucleotide 
substitution model parameters, and the coalescent process. These 
results, together with the karyotypic data, strongly suggest that the 
non-Mediterranean clade of L. reali represents a different species. 
The oldest available name that we could assign to the new species is 
juvernica (Williams, 1946), described as a subspecies for Irish popu-
lations with reali-like morphology14. Therefore, in accordance with 
the International Code of Zoological Nomenclature, we hereafter 
refer to the new species as Leptidea juvernica stat. nov.

Our sampling revealed that L. reali and L. juvernica stat. nov. dis-
play non-overlapping geographical distributions, but some popula-
tions are parapatric —at least in southeastern France, where they are 
separated by only 87 kilometres (Fig. 3, Supplementary Table S1). It is 
worth noting that we did not find any case of introgression between 
these two species in the parapatry zone or elsewhere.

Karyotype analysis. Diploid chromosome numbers 2n = 52, 2n = 53 
and 2n = 54 were found in L. reali. The individuals with 2n = 52 and 
2n = 54 presented 26 and 27 bivalents during first meiotic division 
(MI), and 26 and 27 chromosomes during second meiotic division 
(MII), respectively. Individuals with 2n = 53 were heterozygous for 
one chromosomal fusion/fission and demonstrated 25 bivalents and 
one trivalent in MI (Supplementary Note 1). Thus, we established 
the chromosome number of L. reali is not fixed and ranges between 
2n = 52–54.

Leptidea juvernica stat. nov. displayed clearly higher chromo-
some numbers and, at the same time, a higher level of chromosome 
number variation than L. reali. We have found in mitotic cells, or 
have reconstructed based on meiotic cells, the following numbers: 
2n = 80, 2n = 82 and 2n = 84, 2n = ca. 81–84, 2n = ca. 83–85. Some of 
the individuals studied were chromosomal heterozygotes display-
ing up to six multivalents in metaphase I of meiosis (Supplementary 
Note 1). Given the karyotypes observed in MI and MII cells and tak-
ing into account all possible combinations of gametes, we concluded 
that chromosome numbers ranging from 2n = 76 to 2n = 88 are 
expected to be found in L. juvernica stat. nov. Our results show that  
L. reali and L. juvernica stat. nov. are differentiated by at least 11 
chromosomal fusions/fissions.
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Morphological analysis. The Shapiro-Wilk test supported normal dis-
tributions for the five measured variables (phallus length (PL), saccus 
length (SL), vinculum width (VW), genital capsule length and uncus 
length (UL)) (P > 0.05). For the discriminant analysis, the variables 
included in the prediction equation with the stepwise method and 
using Wilks’ Lambda were PL, VW and SL. The first two canonical  
discriminant functions explained 100% of the variance and were used 
in the analysis. The first function alone accounted for 99.4% of the  
variance displaying a strong canonical correlation of 0.951 and a highly  

significant Wilks’ Lambda (0.091, P < 0.001). The second function 
explained 0.6% of the variance, displayed a canonical correlation of 
0.227 and had a significant Wilks’ Lambda (0.949, P = 0.032). The struc-
ture matrix that was obtained (Supplementary Table S2) showed the 
canonical weight of each variable which is an indicator of its discrimi-
natory power.

All specimens attributed to L. sinapis in the molecular analy-
sis were correctly classified by the discriminant analysis, sup-
porting previous results indicating that male genitalia allow for 
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Figure 1 | Leptidea molecular phylogeny. Bayesian ultrametric tree based on the combined analysis of COI, ND1, ITS2, Wg and CAD. Leptidea juvernica stat. 
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the separation of L. sinapis and L. reali sensu lato. On the other 
hand, classification was much less accurate for L. reali and L. 
juvernica stat. nov. (61.5% for L. reali and 62.5% for L. juvernica 

with 53.8% and 58.3%, respectively, after cross validation) (Fig. 4, 
Supplementary Table S3), indicating that they cannot be reliably 
identified based on the parameters involved. To further test these 
results, another discriminant analysis was run including only L. 
reali and L. juvernica stat. nov. Two variables were introduced in 
the prediction equation: SL and genital capsule length (GL). The 
first function explained 100% of the variance and was used in the 
analysis. This function displayed a moderate canonical correla-
tion of 0.357 and a significant Wilks’ Lambda of 0.873 (P = 0.003). 
Classification results were similar to the previous analysis, with 
56.4% of L. reali and 64.6% of L. juvernica stat. nov. correctly iden-
tified (53.8% and 62.5%, respectively, after cross-validation). This  
confirmed that, although there seemed to be a slight tendency of 
larger genitalia for L. reali specimens (Fig. 4), identification was 
unreliable based on male genitalia.

Female genitalia of a few specimens corresponding to L. reali and 
L. juvernica stat. nov. were also examined. Although our sample was 
too small to permit statistical analyses, we did not notice any appar-
ent difference in the length of the ductus bursae, the most useful 
character to discriminate females of L. sinapis from L. reali13,24.

Discussion
This study presents strong evidence for the existence of a previously 
unnoticed, widespread species of Leptidea. This is clearly supported by 
our combined molecular phylogeny based on two mitochondrial and 
three nuclear markers, as well as by the coalescent-based species tree 
reconstruction, which showed that the new species L. juvernica stat. 
nov. is sister to the species pair L. sinapis and L. reali. No topological 
discordance in the relationships among the three species was detected 
in the single-gene trees (Fig. 2), except for CAD and Wg, which mixed 
specimens of L. sinapis and L. reali. The slower mutation rate and/or 
coalescent process of these two nuclear markers is most probably the 
cause, but it is worth noting that they recovered the new species as a dif-
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ferent entity. When combining the three nuclear loci, the monophyly 
of all species was strongly supported (Supplementary Fig. S6).

Our conclusions based on molecular data were also supported by 
karyotype analyses, which revealed different chromosome numbers 
between L. reali (2n = 52–54) and L. juvernica stat. nov. (2n = 80–
84). Although the chromosome number is not fixed in these species, 
intraspecific variation is limited and the interspecific gap is pro-
nounced (at least 11 chromosomal rearrangements). It is relevant 
that karyotype characteristics (chromosome numbers and level of 
chromosome number variability) are nearly identical in geographi-
cally distant populations within each species, whereas L. reali from 
Italy and L. juvernica stat. nov. from Slovenia are drastically differ-
ent, despite geographical proximity.

Mating between species with different karyotypes is known to 
produce hybrids that are heterozygous for chromosomal rearrange-
ments fixed between parental species. These hybrids typically have 
reduced fertility due to partial missegregation of homologous chro-
mosomes during the MI25. Although different kinds of chromosomal 
rearrangements have various effects on the fertility of heterozygous 
hybrids26, hybrid fertility is generally negatively correlated with 
the extent of karyotypic divergence between parental taxa27,28, and 
multiple chromosome fusion/fissions, such as those we detected in  
L. reali and L. juvernica stat. nov., can strongly contribute to postzygotic 
reproductive isolation. Although we have no direct data on the degree 
of postzygotic isolation, the chromosomal differentiation between  
L. reali and L. juvernica stat. nov. is high and can be considered as 
additional independent evidence that there are two distinct species.

Morphometry results showed that specimens of L. reali and  
L. juvernica cannot be reliably distinguished, whereas L. sinapis 
was clearly differentiated based on genitalic measurements. Wing 
and preimaginal stage morphology did not appear to be useful for 
identification either, as already shown by several studies comparing  
L. sinapis and L. reali sensu lato13. Therefore, L. reali and L. juver-
nica stat. nov. seem to represent the plesiomorphic state and to have 

remained in morphological stasis, wheras L. sinapis evolved genitalic 
differences. The fact that the new cryptic species reported here is appar-
ently fully synmorphic to L. reali explains why it remained unnoticed  
for such a long time despite intensive research. We propose the  
common name ‘cryptic wood white’ for L. juvernica stat. nov.

The relationships between the three studied species suggest  
that the common ancestor of the triplet of species (ancestor A)  
(Fig. 5a,b) probably originated in central or western Asia and sub-
sequently spread over western Europe. The hypothesis of an eastern 
origin is also supported by the exclusively eastern distribution of the 
closest relatives (L. amurensis, L. morsei and L. lactea) to the triplet 
of cryptic species (Fig. 1). About 270,000 years ago (Supplementary 
Table S4), probably in southwestern Europe, ancestor A speciated 
producing the common ancestor of L. sinapis and L. reali (ancestor 
B), and the L. juvernica stat. nov. lineage that established across tem-
perate Europe and Asia (Fig. 5c). About 120,000 years ago, ancestor 
B diverged into L. sinapis and L. reali (Fig. 5d). Later on (ca. 27,000 
years ago), L. sinapis expanded north and east into the territory of  
L. juvernica stat. nov. (Fig. 5e). On the basis of our sampling, L. reali 
and L. juvernica stat. nov. are most likely parapatric, with L. reali 
confined to southwestern Europe and L. juvernica stat. nov. spread 
across temperate Europe and Asia. This provides a totally new view 
on L. reali which is actually a west Mediterranean species and not a 
widely distributed taxon as concluded before. Our sampling suggests 
a potential contact zone in southeastern France, where populations 
of the two species are separated by less than 90 kilometres (Fig. 3).

To know the causes behind the apparent inability of L. reali and  
L. juvernica stat. nov. to coexist will require further studies. It has 
been shown that, besides differences in the genitalia, behavioural 
aspects related to mate choice maintain reproductive isolation 
between L. sinapis and L. reali sensu lato17,18. Previous data on the 
biology and ecology of L. reali sensu lato, as well as our view of the 
speciation processes undergone by Leptidea, need to be extensively 
revised in light of these results17–23,29. Our observations revealed that 
both L. reali and L. juvernica stat. nov. can use Lathyrus pratensis as 
a larval food plant (oviposition observed in Spain for L. reali and in 
Romania for L. juvernica stat. nov. and adults obtained from these 
eggs by rearing in the laboratory). It is thus to be expected that  
ecological differentiation between the two species is minimal.

In this study, we show that assessing cryptic diversity is a chal-
lenging task even in well-studied groups of organisms. What has 
been formerly called the cryptic species pair, L. sinapis − L. reali 
comprises a triplet of species, and new research is needed to clarify 
their distribution, ecology and conservation status. Our findings 
exemplify that cryptic biodiversity may consist of finely nested  
layers and highlight the importance of using an array of techniques 
when dealing with closely related species.

Methods
Specimen sequencing. The mitochondrial marker COI was sequenced in 166 
specimens, the mitochondrial ND1 in 85 specimens, the nuclear ITS2 in 91  
specimens, the nuclear wingless (Wg) in 67 specimens and the nuclear CAD in  
43 specimens.

Thirteen GenBank COI sequences of L. sinapis from Spain30, France31, Slov-
enia32, Greece21 and Kazakhstan33, seven sequences of L. juvernica stat. nov. from 
Slovenia32, three sequences of L. amurensis33 from Russia and two sequences of 
L. morsei33 from Kazakhstan were also added to the dataset. Additionally, one 
sequence of L. sinapis from Austria and three sequences of L. juvernica  
stat. nov. from Germany were included from the publicly available project ‘Fauna 
Bavarica—Lepidopera Rhopalocera’ included in the Barcode of Life Data System at 
http:\\www.barcodinglife.org. Four ND1 Leptidea GenBank sequences (two L. reali 
and two L. sinapis)16 were also added to the dataset. All novel sequences obtained 
in this study have been deposited to GenBank under accession codes JF512569 to 
JF513007 (for details see Supplementary Table S1).

Total genomic DNA was extracted using Chelex 100 resin, 100–200 mesh, 
sodium form (Bio-rad), under the following protocol: one leg was removed and 
introduced into 100 l of Chelex 10% and 5 l of Proteinase K (20 mg ml − 1) were 
added. The samples were incubated overnight at 55 °C and were subsequently incu-
bated at 100 °C for 15 min. Afterwards they were centrifuged for 10 s at 3,000 r.p.m.
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The primers used were: for COI (676 bp) LCO 1490 (5 -GGTCAACAAATCATAA 
AGATATTGG-3 )34 and Nancy (5 -CCCGGTAAAATTAAAATATAAACTTC-3 )35, or 
(658 bp) LepF1 (5 -ATTCAACCAATCATAAAGATATTGG-3) and LepR1  
(5 -TAAACTTCTGGATGTCCAAAAAATCA-3 )36; for ND1 (790–794 bp)  
5 - CTGTTCGATCATTAAAATCTTAC-3  (forward)37 and 5 -ATCAAAAG 
GAGCTCGATTAGTTTC-3  (reverse)38; for ITS2 (684 bp) ITS3 (5 -GCATCGAT 
GAAGAACGCAGC-3 ) and ITS4 (5 -TCCTCCGCTTATTGATATGC-3 )39; for Wg 
(403 bp) Wg1 (5 -GARTGYAARTGYCAYGGYATGTCTGG-3 ) and Wg2  
(5 -ACTICGCRCACCARTGGAATGTRCA-3 )40; for CAD (571 bp) CADFa  
(5 -GDATGGTYGATGAAAATGTTAA-3 ) and CADRa (5 -CTCATRTCGTAAT 
CYGTRCT-3 ).

Double-stranded DNA was amplified in 25 l volume reactions: 13.22 l ultra 
pure (HPLC quality) water, 2.5 l 10× buffer, 4.5 l 25 mM MgCl2, 0.25 l 100 mM 
dNTP, 1.2 l of each primer (10 mM), 0.13 l Taq DNA Gold Polymerase (Qiagen) 
and 2 l of extracted DNA. The typical thermal cycling profile for COI was 95 °C 
for 60 s, 44 °C for 60 s and 72 °C for 90 s, for 40 cycles. The annealing temperature 
varied according to marker: 48 for ND1, 47 for ITS2, 51 for Wg, and 48 for CAD.

PCR products were purified and sequenced by Macrogen Inc. All the samples 
are stored in the Institut de Biologia Evolutiva collection in Barcelona, Spain, and 
are available upon request.

Phylogenetic analyses and species tree estimation. COI, ND1, ITS2, Wg and 
CAD sequences were edited and aligned using Geneious Pro 4.7.541. These resulted 
in five alignments of 676 bp and 195 specimens for COI, 794 bp and 89 specimens 
for ND1, 715 bp and 91 specimens for ITS2, 403 bp and 67 specimens for Wg, 
and 571 bp and 43 specimens for CAD. For COI, duplicate haplotypes (excluding 
outgroups) were removed using TCS 1.2142.

Individual Bayesian and ML phylogenetic trees were inferred using COI, ND1, 
ITS2, Wg, and CAD with BEAST 1.6.043 and GARLI 1.044. Relationships based on 
the combined dataset were estimated using partitioned Bayesian and ML analyses 
using BEAST 1.6.0 and GARLI-PART v. 0.9744 with substitution models by mark-
ers according to the suggestions of jModeltest 0.145. The models employed for the 

partitioned ML analysis were TPMuf + I + G for COI, HKY + I for CAD and ND1, 
TVM for ITS2 and TPM2 for Wg. For the partitioned BI, GTR + I + G was used for 
COI, HKY + I for CAD and ND1, GTR for ITS2 and HKY for Wg.

Branch support was assessed by 100 bootstrap replicates for maximum 
likelihood, and Markov chain Monte Carlo convergence was checked after two 
independent runs of 10 million generations each (with a pre-run burn in of 100,000 
generations) for Bayesian inference. A multilocus coalescent-based Bayesian spe-
cies tree was estimated with *BEAST46. L. sinapis, L. reali and L. juvernica stat. nov. 
specimens were defined as three taxonomic units in accordance with clades previ-
ously inferred by single-gene and five-loci combined trees. A relaxed clock with 
uncorrelated lognormal distribution47 and a Yule speciation process as tree prior 
were used. The length of the Markov chain Monte Carlo chain was set at 50 million 
generations sampling every 1,000 runs with a burn-in set to the first 500,000 genera-
tions. A maximum parsimony tree based on the five markers combined was inferred 
with MEGA448 and branch supports were assessed by 100 bootstrap replicates.

Dating divergence events. Node ages were inferred with BEAST 1.6.043 using the 
COI haplotype dataset under a coalescent model with constant population size. We 
calibrated the phylogeny at two selected nodes: the L. sinapis common ancestor 
node as an example of a very recent clade supposedly under a coalescent process, 
and the root of the tree as a clearly coalesced node. For the age of the root node, we 
used a normally distributed prior ranging between 2.2 and 4 MYA based on slow 
and fast published invertebrate mitochondrial rates of 1.3 and 2.3% uncorrected 
pairwise distance per million years49,50. The prior range assumed for the common 
ancestor of L. sinapis was a normal distribution between 8,500–31,000 years, as 
previously inferred51. The dataset was analysed using the GTR + I + G model and 
applying an uncorrelated lognormal relaxed molecular clock47 along the branches. 
Base frequencies were estimated, six gamma rate categories were selected and 
a randomly generated initial tree was used. Parameters were estimated using 
two independent runs of 10 million generations each (with a pre-run burn in of 
100,000 generations) to ensure convergence, and were checked with the program 
Tracer v1.5.
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Figure 5 | Phylogenetic relationships and proposed speciation scenario. (a) L. juvernica stat. nov. is sister to L. sinapis + L. reali. Age estimations are 

indicated for each node. (b) The common ancestor of the whole group (ancestor A) probably originated in central or western Asia and subsequently 

colonized western Europe. (c) Ancestor A split into L. juvernica in temperate Europe and Asia and the common ancestor of L. sinapis and L. reali (ancestor 

B) in southwestern Europe (d) Ancestor B speciated into L. sinapis and L. reali. (e) Subsequently, L. sinapis rapidly spread north and east into the territory of 

L. juvernica.
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Karyotype analyses. Gonads were stored in Carnoy fixative (ethanol and glacial 
acetic acid, 3:1) for 2–6 months at 4 °C and then stained with 2% acetic orcein for 
30 days at 20 °C. Cytogenetic analysis was conducted using a two-phase method of 
chromosome analysis52.

In our study, we have counted the diploid chromosome numbers (2n) in 
mitotic spermatogonial cells and the haploid chromosome numbers (n) in met-
aphase II of male meiosis. We also counted the number of chromosomal elements 
(n) (bivalents + multivalents) in metaphase I of male meiosis. In the last case, the 
number of chromosomal elements was equal to the haploid number (n), if all the 
elements were represented by bivalents, or less if some elements were represented 
by multivalents. To distinguish between bivalents and multivalents, we used a 
special method53. Briefly, by varying the pressure on the coverslip, we were able to 
manipulate chromosomes, for example, change their position and orientation in 
intact (not squashed) spermatocyte cells, and consequently to analyse the structure 
of the bivalents and multivalents.

In total, preparations from 68 males were analysed. As cell divisions are 
extremely rare in Leptidea during imago stage54, metaphase plates were observed 
in only 14 individuals (Supplementary Table S1). These individuals have also been 
used for morphological and molecular analysis.

Genitalia preparation and morphometrics. Male genitalia were prepared  
according to the following protocol: maceration for 15 min at 95 °C in 10% potas-
sium hydroxide, dissection and cleaning under a stereomicroscope and storage in 
tubes with glycerine.

Genitalia were photographed in a thin layer of distilled water (without being 
pressed under a cover slip) under a Carl Zeiss Stemi 2000-C stereomicroscope 
equipped with a DeltaPix Invenio 3S digital camera. Measurements were per-
formed based on the digital photographs by using AxioVision software. A total 
of 39 specimens of L. reali, 48 of L. juvernica stat. nov. and 48 of L. sinapis were 
included in the morphometrical analyses (Supplementary Table S5). Five elements 
of the male genitalia were measured: PL, SL, VW, GL (measured from the ventral 
edge of the vinculum to the uncus apex) and UL. The first three elements combined 
were reported to be the best to discriminate between L. sinapis and L. reali13,16,24.

Statistical analyses were carried out using the software SPSS 14.0 for Windows. 
The first batch of analyses was run by including three groups: Leptidea reali,  
L. juvernica stat. nov. and L. sinapis. Subsequently the analyses were repeated 
including only L. reali and L. juvernica stat. nov. A Shapiro-Wilk normality test was 
employed. Subsequently, a discriminant analysis was performed by employing the 
stepwise method. In order to test the obtained classification, a cross validation was 
carried out (‘leave-one-out’ method). 
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