Biological Journal of the Linnean Society, 2022, 137, 359-373. With 5 figures.

Phylogeography reveals the origin of the two
phenological forms of large blue, Phengaris arion
(Lepidoptera: Lycaenidae)
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Our main goal was to investigate the phylogeography of the butterfly Phengaris arion to reveal the evolutionary
origin of its ‘spring’ and ‘summer’ forms. Molecular analyses based on highly variable microsatellites, together with
Wolbachia screening, were carried out on 34 populations in Europe. We found three well-defined genetic lineages of
different origins: the Apennine, the central and the eastern. The highly distinct Apennine lineage is limited by the
Alps and evaluated as an Evolutionary Significant Unit (ESU). Therefore, the taxon name ligurica, described from the
Ligurian coast (Italy), should not be applied to denote the ‘summer form’ of the Pannonian region. The central lineage
is limited by the Carpathians and the most eastern ranges of the Alps, and lacks major range fluctuations related to
glaciations, although there is evidence for extra-Mediterranean refugia in the Carpathian Basin. The eastern clade
could have had refugia in central Asia. Our results exclude the potential allopatric origin of the ‘spring’ and ‘summer’
arion, and support the hypothesis that the existence of the two forms could be a result of local adaptation to the
distinctive phenology of host plant flowering which is manifested in the genetic differences between them. Wolbachia
infection has been ruled out as a driver of sympatric speciation in P. arion.

ADDITIONAL KEYWORDS: extra-Mediterranean refugia — genetic differentiation — microsatellites — ‘spring’
and ‘summer’ arion form — Wolbachia.

INTRODUCTION revolution emerged a highly influential discipline
known as phylogeography which concerns the
geographical distribution of genealogical lineages
(Avise, 1998). Knowledge on phylogeographical
patterns is essential to understand the evolutionary
history of species.

Geography is a widely recognized key factor in the
process of speciation. The primary classification of
speciation, into so-called geographic modes, is based
on the pattern of geographic ranges observed among
daughter species (Mayr, 1963; Bush, 1975; Templeton,
1981). Accordingly, there are two extremes, namely the
*Corresponding author. E-mail: bereczki.judit@gmail.com allopatric and sympatric speciation models.

The study of speciation is one of the most active
areas of evolutionary biology (Turelli et al., 2001).
In past decades, substantial progress has been
made in documenting and understanding species
formation which has been greatly facilitated by the
explosive development of molecular methods (Hewitt,
2001). Breakthroughs in DNA-based technology
revolutionized evolutionary biology, and out of this
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Traditionally, allopatric speciation is regarded
as a null model of speciation which only requires
geographical disjunction and a long enough time
of isolation (Futuyma & Mayer, 1980). Climatic
oscillations, which had severe impacts on the
distributions of many organisms, offered ample
opportunity for such allopatric species formation
(Avise, 2000; Hewitt, 2004; Stewart et al., 2010). In
temperate regions of Europe, species experienced
contractions of ranges in glacial periods and expanded
their distribution during inter- and postglacial
cycles (Hewitt, 1996). Consequently, they survived
the unfavourable phases in southern Mediterranean
regions. Their disjunct glacial distribution patterns
regularly resulted in the separation of different genetic
lineages in the three major Mediterranean peninsulas
(i.e. Iberian, Apennine and Balkan) combined with
different basic patterns of postglacial expansion
(Taberlet et al., 1998; Hewitt, 1999, 2000; Habel
et al., 2005). In addition, a postglacial colonization
route was postulated from Asia to Europe (Schmitt &
Varga, 2012). The significance of refugial isolation in
speciation is debatable and it also strongly depends on
the individualistic responses of the species influenced
by their life history traits and habitat preferences
(Bhagwat & Willis, 2008; Stewart et al., 2010). Based
on different studies it seems that refugial isolation
during one glacial cycle would often be insufficient for
speciation to take place (Johnson et al., 1996; Coope,
2004; Lister, 2004). However, as reviewed by Stewart
et al. (2010), cryptic refugia could occasionally lead
to rapid evolution, as populations fulfil several of the
requirements for allopatric speciation (Mayr, 1954;
Eldredge & Gould, 1972), particularly in the case of
‘ecological’ speciation under strong adaptive selection
(Hendry et al., 2007; Nosil et al., 2009).

The opposite extreme, sympatric speciation, is
divergence within a single geographical region such
that the range of one nascent species completely
overlaps with another (Fitzpatrick et al., 2008).
Sympatric speciation was once thought by many
to be improbable, many examples and models have
been published as several genetic analyses proposed
as retrospective tests of sympatric speciation (Via,
2001; Berlocher & Feder, 2002, Foote, 2018; Richards
et al., 2019; Inskeep et al., 2021). Reconstruction of
the phylogenetic history of divergent taxa can provide
an important line of empirical evidence for sympatric
speciation, but within-species phylogeography might
also be very useful. One key approach has been to
evaluate whether phenotypically or ecologically
divergent races found in sympatry are more closely
related to one another than phenotypically equivalent
races are in allopatry to each other.

Currently, substantial indications exist that
sympatric speciation may have a significant role in

the evolution of insects (Via, 2001). Host-associated
biotypes, including host races in plant-feeding insects,
have often been used as evidence of the initial stage
of sympatric speciation representing the incipient
stage of it (Bush, 1969; Tauber & Tauber, 1989; Feder,
1998; Filchak et al., 2000). At the same time, certain
intracellular bacteria may also act as speciation
agents in insects. For example, members of the
genus Wolbachia can generate reproductive isolation
even within a single population of their insect host
by cytoplasmic incompatibility between different
bacterial strains (Hoffmann & Turelli, 1997; Werren
et al., 2008). Thereafter, the individuals harbouring
a different type of Wolbachia infection potentially
diverge genetically and evolve into new species
(Breeuwer & Werren, 1993; Werren, 1997).

The existence of different host races, together
with the possibility of sympatric speciation, has also
emerged in the case of the obligatorily myrmecophilous
butterfly Phengaris arion (Linnaeus, 1758) which has
two phenological forms. The fast-flying, smaller-sized
and dark violet-blue form (referred to as the ‘spring
arion’ hereafter) usually flies from mid-May to mid-
June and is linked to the early flowering host plant
species of the genus Thymus. The slower, larger and
light silvery blue form (referred to as the ‘summer
arion’) is on the wing from the end of June to mid-
August, and oviposits among flower buds of late-
flowering Thymus species and/or Origanum vulgare.
In addition, Wolbachia infestation has been already
identified as a potential speciation trigger in P. arion
(Bereczki et al., 2011, 2014, 2015, 2020).

Although previous studies have found significant
morphological differences between the two arion
forms both in wing characteristics and genitalia, they
could not reveal any genetic isolation between them
based on either the investigated mitochondrial and
nuclear gene regions or allozyme loci (Bereczki et al.,
2011, 2014, 2015). However, these authors raised the
possibility that the markers analysed were not suitable
for the detection of the divergence between those forms
because of their low variability. Additionally, molecular
studies based on the mitochondrial barcoding gene and
the nuclear elongation factor 1la did not reveal any
sign of the existence of the two arion forms in other
European regions (Patricelli et al., 2013). At the same
time, significant differences were detected between the
‘spring’ and the ‘summer’ arion based on highly variable
microsatellites (Bereczki et al., 2020). Moreover, these
markers have been effectively used to explore the
population history of P. arion in Sweden, Denmark,
Poland, Italy and the UK (Ugelvig et al., 2011, 2012;
Sielezniew & Rutkowski, 2012; Andersen et al., 2014;
Sielezniew et al., 2015). Consequently, so far only
microsatellites proved to be suitable for reconstructing
the phylogeography of the target species and its forms.
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Microsatellite based studies (Bereczki et al., 2020)
have revealed that the two phenological forms may
meet all criteria of host plant races according to Dres
& Mallet (2002). Therefore, they are good candidates
as subjects of sympatric speciation. However, the
authors also emphasized that spatial replicability
should be tested on a larger geographical scale since
the evolutionary processes in P. arion cannot be fully
understood without more thorough knowledge on its
phylogeography.

Here we investigate the phylogeography of P. arion
based on highly variable microsatellites. Our main
goals are (i) to reveal the existence and the origin of
different genetic lineages, (ii) to explore whether the
two phenological forms originate from separate refugia,
that is whether they have an allopatric or sympatric
origin, (iii) to test the possible role of Wolbachia in
the evolution of P. arion forms on a large geographical
scale, i.e. whether we can detect different bacterial
strains in line with the genetic and/or phenotypic
differentiation.

MATERIAL AND METHODS
STUDY SPECIES

Phengaris arion has a very special socially parasitic
life cycle depending on the dual presence of specific
initial host plant and host ant species. Females lay
their eggs on flower buds of a specific initial host
plant. Young larvae feed on developing seeds, quickly
growing through three instars but gaining only a few
percent of their final weight. After 2—3 weeks, larvae
drop on the ground and wait for foraging Myrmica
ant workers which adopt them. In the ant nest, larvae
follow a ‘predatory’ strategy preying on an ant brood
for 10—-11 months, or continue development for an
additional year (Thomas et al., 1998; Schonrogge et al.,
2000). Relationships of P. arion with ants used to be
considered as highly specific (Thomas et al., 1989);
however, more recent studies suggest multiple host
ant use at least in some parts of the range (Tartally
et al., 2019). The average life span of the imagos is
only few days (Nowicki et al., 2005; Osvath-Ferencz
et al.,2017).

Phengaris arion has a Palaearctic distribution from
France and Spain to China; however, it faces a serious
conservation risk as in past decades its habitats have
suffered a severe decrease and fragmentation especially
in Europe. It became extinct in the Netherlands in
1964 (Tax, 1989), in the UK in 1979 (Thomas, 1995)
and in Belgium in 1996 (Goffart, 1997). However, the
species was successfully re-introduced into the UK
(Thomas et al., 2009) and it also recolonized Belgium
(Goffart, 1997). Otherwise, it shows a serious retreat
all over Europe, especially at the northern border of

its distribution (Wynhoff, 1998). Therefore, P. arion
is considered endangered on the European scale.
The species is included in Annex IV of the European
Habitats’ Directive, and is listed in the IUCN Red
List of Threatened Species as ‘near threatened’ and
considered as ‘endangered’ in the European Red List
of Butterflies (Munguira & Martin, 1997; Van Swaay
et al., 1998, 2010). Together with the other European
Phengaris species, they are among the few insects
for which specific conservation actions have been
undertaken, and are regarded as ‘flagship’ species by
many conservationists (Thomas, 1995).

SAMPLING

Altogether 313 specimens were analysed from 34
populations in seven European countries (Supporting
Information, Table S1) of which ten were ‘spring arion’,
20 were ‘summer arion’ and four were of uncertain
classification. The identification was carried out based
on the collection time—considering the altitude and
the latitude of the sample site—and the host plant.
Populations exploiting O. vulgare were referred as
‘summer arion’ in every case while those using Thymus
species could not be classified without knowledge on
the local population dynamics since certain Thymus
species flower at the same time as O. vulgare. Four
syntopic sample pairs of ‘spring arion’ and ‘summer
arion’ were available from north-eastern Hungary
(labelled as KORa-KORb, ZABa-ZABb, SUSa-SUSb)
and Russia (OSTa-OSTb, more details in Supporting
Information, Table S1). Imagos were caught with
a butterfly net and stored as dried material until
molecular analyses.

MICROSATELLITE STUDIES

DNA was extracted from different kind of
tissues (see Supporting Information, Table S1)
following the protocol in Bereczki et al. (2014).
Microsatellite polymorphism was studied at 12
loci, namely Macu8, Macull, Maculb, Macu44,
Macu45, Macari02, Macari05, Macari08, Macaril6,
Macaril9, Macari22 and Macari23 characterized
by Zeisset et al. (2005) and Ugelvig et al. (2011,
2012). During amplification we used fluorescent
dye-labelled primers described by the authors
mentioned above, and PCR reagents and conditions
described in Racz et al. (2015). After amplification,
microsatellite products were multiplexed in three
reactions (Multiplex 1 with the loci Macu8, 11, 45,
Macari02, 16, Multiplex 2 with Macu44, Macari05,
19, 23 and Multiplex 3 with Macul5, Macari08, 22)
and fragment analysis was carried out on an ABI
3130 Genetic Analyser in the Molecular Taxonomy
Laboratory of the Hungarian Natural History
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Museum (Budapest, Hungary). Allele sizes were
estimated using Peak Scanner software (Thermo
Fisher Scientific, Waltham, MA, USA). Micro-
Checker 2.2.3 (Van Oosterhout et al., 2004) was used
for calculating null allele frequency by Monte Carlo
simulation of expected homozygote frequencies and
heterozygote allele size differences.

The genetic structure of the populations was analysed
by two different methods

Firstly, the Geneland 4.9.2 package (Guillot et al.,
2005) was used to detect spatial discontinuities among
populations based on geo-referenced multilocus
genotypes. An uncorrelated allele frequency model
was used to estimate the most probable number of
clusters (K). Ten replicates were carried out to verify
the consistency of the most probable K value, which
was allowed to vary from 1 to 10. MCMC iterations
were set to 1 000 000 and a thinning of 1000. We
discarded the first 20% of iterations as ‘burn-in’.
The best analysis based on the ‘mean logarithm of
posterior probability’ was visualized using QGIS 3.1
(QGIS, 2022).

Secondly, Structure 2.3.4 using a Bayesian-
clustering algorithm (Pritchard et al., 2000) was run
to estimate the most probable number of genetically
differentiated groups (K) in our populations and
to assign the individuals to these groups without
geographic information. These analyses were
carried out with an initial burn-in of 100 000 and
a running length of 500 000. In the evaluation of
the results AK was computed which indicates the
change in log probability between successive K
values (Evanno et al., 2005). Structure Harvester
Web 0.6.93 (Earl & von Holdt, 2012) was used to
compute the AK values. The package ‘pophelper’
in R (Francis, 2017) was applied to average the
ten runs of the most probable K value given by
Structure and correct for label switching. Finally,
we constructed geo-referenced pie charts based
on the most probable assignments using QGIS 3.1
(QGIS, 2022).

Non-metric multidimensional scaling (nMDS) was
used to represent genetic relationships among P. arion
populations based on Cavalli-Sforza’s chord distance
(Cavalli-Sforza & Edwards, 1967) calculated from
allele frequency data using PAST 4.05 (Hammer et al.,
2001).

WOLBACHIA STUDIES

The same DNA extracts were used for Wolbachia
screening as were used in microsatellite studies. Each
specimen was screened by the amplification of the
highly conservative 16S ribosomal RNA gene with
the Wolbachia specific W-Spec primers of Werren &
Windsor (2000). The amplification procedure described

in Récz et al. (2015) was followed. We used positive
(confirmed infected samples) and negative controls
(master mix without any DNA sample) in each reaction.
The success of the PCRs, i.e. Wolbachia presence, was
checked by running 2 pL of product on 1% agarose gels
stained with GelRed Nucleic Acid Stain (Biotium Inc.,
Fremont, CA, USA).

Wolbachia strain identification was carried out
by the amplification of Wolbachia surface protein
(WSP) following the PCR protocol in Bereczki et al.
(2015). After sequencing, we defined the strains in
the Wolbachia Multilocus Sequence Typing (MLST)
database (http:/pubmlst.org/wolbachia/).

SPECIES DISTRIBUTION MODELLING

We used MaxEnt 3.4.4 (Phillips et al., 2006) to predict
the potential distribution of P. arion using BIOCLIM
(Busby, 1991) and ENVIREM (Title & Bemmels,
2018) variables. MaxEnt is a widely used method for
predicting species distributions using presence-only
data (Phillips et al., 2004; Warren & Seifert, 2011).
MaxEnt’s predictive performance is consistently
competitive with the highest performing methods
(Elith et al., 2011).

Presence data for P. arion were used from the authors’
own database, occurrence data from Filz & Schmitt
(2015) and GBIF. Data from GBIF were filtered based
on accuracy and only those with coordinate uncertainty
of less than 1 km were used. Since presence locations
were highly biased, we spatially thinned the data set
using the ‘spThin’ package (Aiello-Lammens et al.,
2015) in R. Spatial thinning helps to reduce the effect
of uneven, or biased, species occurrence collections
on spatial model outcomes. The MaxEnt runs were
performed with 100 presence points (Supporting
Information, Fig. S1).

The climate variables were downloaded from the
WorldClim (www.worldclim.com) and Environmental
Rasters for Ecological Modeling (envirem.github.
io) databases. The variables for the Present are the
average for the years 1970-2000 while those for the
Last Glacial Maximum (LGM) are ~21 000 years
before present. Although MaxEnt is more robust in
controlling for correlations between variables than
stepwise regression (Elith et al., 2011), strongly
correlated variables (r > 0.75) are recommended to
be excluded from the analysis (see Elith et al., 2010;
Stohlgren et al., 2010).

To identify the most important set of uncorrelated
variables and to fine-tune Maxent’s regularization
multiplier the ‘MaxentVariableSelection’ package
(Jueterbock et al., 2016) was used in R. A jack-knife
test was applied using MaxEnt and results of ‘with
only variable’ measurements were also considered
during variable selection.
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The discrimination ability of the model was
evaluated by the area under the curve (AUC) metric.
The value of AUC varies between 0.0 and 1.0, where
1.0 is considered a perfect prediction and 0.5 or less
is considered no better than random (Fielding & Bell,
1997; Franklin & Miller, 2009).

The distribution model was projected back to the
LGM, that is ~21 000 years before present. For the
projections we used the predictions of two different
global circulation models (CCSM4 and MIROC-ESM).
The results were visualized on a binary presence
(1) absence (0) raster using the ten-percentile
training presence threshold rule. To evaluate the
area dynamics of the studied species, we used
these binary rasters for current climate and LGM
scenarios. The presence values for the LGM have
been changed from 1 to 2 followed by grid overlaying
which resulted in four possible values for each cell:
(1) where the species potentially occurred during
the LGM but currently does not; (2) areas where the
species does not occur: areas that are neither suitable
under current conditions nor under LGM conditions;
(3) areas where the species could potentially occur
in both Present and LGM climates; and (4) areas
where the species potentially occurs currently, but
which were not suitable during the LGM [for more
details on the methodology see Scheldeman & van
Zonneveld, (2010)].

RESULTS

MICROSATELLITE STUDIES

The Micro-Checker analysis did not detect systematic
evidence for null alleles at any of the studied
microsatellite loci, thus the whole data set was used
for the further analyses.

Geneland analysis identified three genetic
lineages (Fig. 1). The so-called Apennine clade
included populations from Italy and western
Slovenia, the central lineage comprised samples
from eastern Slovenia through the Carpathian
Basin to southern Poland and western Romania,
and the eastern group contained the majority of
Polish populations and the samples from eastern
Romania and Russia.

This tripartite division of the pattern was confirmed
by the Structure analysis (see K = 3 in Fig. 2). However,
as indicated by AK (Supporting Information, Fig. S2),
the genetic pattern is further subdivided (see K= 8 in
Fig. 2).

The isolation of the samples from Italy and western
Slovenia can be also clearly seen from the Structure
analysis. A separate analysis of this Apennine lineage
revealed that the population from Cuneo (CUN, Italy)

is highly distinct from the other Italian populations
together with the analysed western Slovenian sample
(see K =2 in Fig. 3). At the same time, Structure
analysis assigned the vast majority of the individuals
according to their geographic origin at K =5 which
denotes the genetic uniqueness of each studied
population within the Apennine clade (see K=5 in
Fig. 3).

Another very distinct genetic entity, the so-called
eastern clade, originated from Russia from where
westward gene flow took place toward Poland and
eastern Romania. The third (central) genetic group
involved the rest of the samples including specimens
mostly from Bulgaria, Slovenia, Hungary and
Romania (Fig. 1B). Interestingly, one of the south
Polish populations (SRO) clustered with these samples
as well. Populations from the Carpathian Basin and
the Balkans shared common clusters. It is notable
that the population from Kaszonyi Hill (Hungary)
greatly differed from all other samples forming a
separate genetic cluster (indicated in light blue in Fig.
2) from where some genetic material filtered into the
surrounding populations.

The genetic distinctness of ‘spring arion’ and
‘summer arion’ originating from the same locality in
Hungary was significant (SUSa-SUSb: F, = 0.021,
P =0.013; KORa-KORb: F, = 0.065, P = 0.0001; ZABa-
ZABb: F, = 0.042, P = 0.0001). However, syntopic
samples from Russia did not differ from each other
(OSTa-OSTh: F, = 0.069, P = 0.056). Although we
did not have the opportunity to compare syntopic
sample pairs in Poland, the two arion forms differed
remarkably here, more than would be justified by
geographical distance (Fig. 2).

Non-metric multidimensional scaling (nMDS) (Fig. 4)
also confirmed the distinctness of the Apennine clade
which was composed of Italian and western Slovenian
samples. At the same time, the central and eastern
groups were in close proximity to each other. Only the
populations from Russia displayed a higher level of
differentiation from the rest of the samples.

WOLBACHIA STUDIES

Altogether the prevalence of Wolbachia was 97.8%.
However, Wolbachia-free specimens occurred only in
samples from Russia (see Supporting Information,
Table S1) where the infection level was 53.3%. All
individuals on all the other sites were infested
irrespective of phenology, differential host plant usage
or the geographic origin.

WSP allele no. 685, which has been previously
described from P. arion, was first identified in the
Balkan Peninsula. Unfortunately, we could not obtain
any Wolbachia sequence from Russia.
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Figure 1. Geographical locations of P. arion populations sampled. Different colours indicate posterior probability of
belonging to subsamples 1-3 detected in the Geneland analysis (colours are arbitrary to differentiate between population
groupings). A, Apennine lineage is indicated by circles. B, central (Carpathian-Balkan) lineage is indicated by squares. C,
eastern lineage is indicated by triangles.
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Figure 2. Bayesian assignment of individuals based on 12 microsatellite loci. Pie charts for each site represent the
proportion of individuals assigned to each of the eight clusters. Areas of circles are proportional to the number of individuals
analysed. On bar plots ‘spring arion’ samples are indicated in bold, ‘summer arion’ are in italics and samples with uncertain
origin indicated are in normal letters. For full site names and other details, see Supporting Information, Table S1.
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Figure 3. Bayesian assignment of individuals in the subsample of the Appenine genetic lineage. ‘Summer arion’ samples
are in italics and samples with uncertain origin indicated with normal letters. For full site names and other details, see
Supporting Information, Table S1.
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SPECIES DISTRIBUTION MODELLING (SDM)

The MaxEnt models yielded a good fit for the known
distribution of P. arion (AUC = 0.895, SD = 0.023).
It is remarkable that all variables which proved
to be significant to predict the species distribution
are related to the humidity of the climate while
the temperature related parameters seem to be of
secondary importance.

According to SDM predictions, the distribution of
P. arion showed less fluctuation during the glaciation
than is known for other temperate species as large
areas suitable for the species were available during
the LGM in Europe (Fig. 5). Namely, P. arion may have
persisted in several extra-Mediterranean localities
including even southern England (Fig. 5) during the
LGM. It is also clear that P. arion could not survive

north of the Carpathians and eastern Alps under
continental climatic conditions (i.e. eastwards from
Germany). Furthermore, SDM predicted potential
refugial areas to the east in central Asia during
the LGM.

DISCUSSION

This study is the first attempt to interpret the
nature of the ‘spring’ and ‘summer’ form of P. arion
in a biogeographical context despite limited sampling
that does not cover the whole distribution of the
species. However, this study is still based on the most
complete geographical sampling of the target species
using microsatellites compared to previous studies
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Figure 5. Predicted area dynamic for P. arion considering two timescales (Present and the Last Glacial Maximum) using

two climate models (CCSM4 and MIROC-ESM).

(Ugelvig et al., 2011, 2012; Sielezniew & Rutkowski,
2012; Patricelli et al., 2013; Andersen et al., 2014;
Sielezniew et al., 2015; Bereczki et al., 2020).

Our results clearly indicate the presence of three
genetic lineages in the studied samples. The Appenine
clade includes Italian and western Slovenian samples.
The eastern clade comprises populations from Poland,
Russia and Romania. The third (central) genetic group
involves the rest of the samples.

A previous study on P. arion using microsatellites
(Sielezniew et al., 2015) already showed the pronounced
genetic structure of the non-Alpine Italian populations
which differ from Polish populations as well. The authors
hypothesized that the large genetic difference among
these Italian populations may be interlinked with the
history of the species during Plio-Pleistocene glaciations
as many species underwent climate-linked cycles of
fragmentation and allopatric divergence within the
Apennine refugium (a multiple-refugia scenario, e.g.
Canestrelli et al., 2008; Canestrelli & Nascetti, 2008).
However, they also emphasized that biogeographical
history is not the only factor shaping population
structure. It could also be more recently influenced by
the distinctive demographic features of populations.
Reduced connectivity of habitats resulting from, e.g. more
forest cover at high altitudes, may have led to a greater
genetic differentiation among populations in isolated
mountainous areas (Keyghobadi et al., 2005). According
to this hypothesis, Italian populations could be more
differentiated simply due to landscape heterogeneity.

Our study on a wider geographical scale clearly
confirms the results concerning the divergence of the
non-Alpine Italian populations and their pronounced
genetic structure, and supports the combination of the
explanations raised by the cited authors (Sielezniew
et al.,2015). Based on SDM, the Apennine Peninsula
is a potential refugial area for P. arion where the
long-term survival of the species has been assured
during the LGM. The populations with presumably
prolonged demographic stability occurring in these
areas may have evolved in allopatric conditions in
separate mountainous range and the pronounced
genetic structuring was maintained by the landscape
heterogeneity. It is also clear that the Alps could
have acted as a barrier to the possible expansion of
this Appenine genetic pool of the species towards
central and eastern Europe as is known for several
other species (Bilton et al., 1998; Hewitt, 1999;
Dapporto, 2010; Zinetti et al., 2013). Because of its
high genetic distinctness, we evaluate the Appenine
genetic lineage as an Evolutionary Significant Unit
(Casacci et al., 2014).

Regarding the separateness of the eastern genetic
lineage, a different scenario is likely since it is mainly
distributed in areas unsuitable for the species during
the last glaciation, thus they had to be re-colonized.
Based on our findings, it is highly probable that the
source populations of this re-colonization originated
from central Asia where SDM predicted potential
refugial area. This colonization route is also supported
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by the P. arion study by Ugelvig (2010) using
mitochondrial sequences. Furthermore, the results in
Patricelli et al. (2013) using the barcode gene and the
nuclear elongation factor 1a also do not exclude such
a scenario.

Within the eastern genetic lineage, the higher level
of differentiation of the samples originating from
Russia shown in our study could simply be the result
of isolation by distance. In contrast, the high genetic
distinctness of the Polish ‘spring arion’ samples from
the geographically close ‘summer arion’ populations
can be explained more reasonably by a phenological
shift between the two arion forms which greatly
reduces the gene flow among populations flying in
different time periods.

The rest of the samples belonging to the central
genetic cluster originate from two geographic
regions, i.e. the Carpathian Basin and the Balkans.
Interestingly, one of the south Polish populations
(SRO) clustered with these samples as well, and
was therefore highly distinct from the other nearby
southern Polish samples, as was already detected by
Sielezniew et al. (2015). It is worth emphasizing that
this is the only sampled Polish population inhabiting
the southern slopes of the Carpathians. Therefore, the
observed pattern indicates that the expansion of the
central genetic group towards north and east was
limited by this mountain range. The populations from
the Carpathian Basin and the Balkans show genetic
similarity, which could mean that they have a common
evolutionary history.

Although Ugelvig (2010) suggested a refugium for
P.ariononthe Balkan Peninsulabased on mitochondrial
studies, SDM predicted extensive area suitable for the
species during the LGM in the Carpathian Basin and
elsewhere in central Europe, so it is very likely that
the distribution area did not fluctuate considerably
there. The revealed pattern at microsatellite loci also
supports this finding as it indicates that gene flow
appears to have been intense within this entire region.
At the same time, the high distinctness of the sample
from the Kaszonyi Hill (Hungary) within this genetic
cluster suggests that there may have been separate
extra-Mediterranean refugia (Schmitt & Varga, 2012)
in the Carpathian Basin. This distinctiveness was
already indicated by several private mutations even
in the mitochondrial sequences, which is much less
variable and largely homogeneous in the majority of
the distribution (Bereczki et al., 2014).

The results of our study exclude the potential
allopatric origin of the ‘spring arion’ and ‘summer
arion’ forms as they are both part of the central
(Carpathian-Balkan) and the eastern lineages.
The ‘spring arion’ and ‘summer arion’ sample pairs
originating from the same locality in the Carpathian
Basin exhibit significant genetic differentiation. This

is consistent with the findings of a previous study,
which investigated the differentiation of syntopic
sample pairs by a multilevel approach in a small
area, namely the Aggtelek Karst region of Hungary
(Bereczki et al., 2020). The authors concluded that
the two phenological forms of P. arion may represent
the incipient stage of sympatric speciation which is
facilitated by the adaptation to the distinct phenology
of flowering of the host plants. Negative selection
acts against the intermediate individuals, which are
on the wing in an inappropriate time frame for egg
laying. Thus, disruptive selection affects and produces
bimodal distributions of phenotypes. However, the
phenology of host plants flowering is not entirely
distinct and fluctuates from year to year. Therefore,
the two P. arion phenological forms can occasionally
exchange genes depending on the length of the overlap
of the flight periods. Such gene flow prevents the
completion of the speciation process.

This kind of adaptation to host plant phenology is
well exemplified also in the two forms of Phengaris
alcon ([Denis & Schiffermiiller], 1775) exploiting
different initial host plants (Gentiana cruciata L. vs.
Gentiana pneumonanthe L.) and host ant species
which usually results in differentiation of habitat
use and phenology. Generally, the two main host
plants of Phengaris alcon grow in different habitats,
however, they co-occur at a few sites usually with a
temporal separation of the flowering periods between
them. As in P. arion, the flowering varies from year
to year and overlapping phenology occasionally occurs.
In such cases, butterflies lay their eggs on both host
plants. This can lead directly to fluctuations in genetic
differentiation among forms as has been shown for
sympatric occurrence (Riscruci, Transylvania) with
F, values decreasing more than by a half from 2007
to 2011 (Bereczki et al., 2018). Such dynamics could
be the result of varying phenology driven by changes
in yearly weather conditions. A larger overlap in the
flight period of the two forms can result in a higher
level of gene flow between forms.

Thus, the lack of differentiation among P. arion
phenological forms during a single vegetation period
in Ostrogorka (OSTa and OSTb in Russia) could be
a result of such an extensive phenological overlap in
flowering of the host plants in some of the previous
years. Namely, it is important to emphasize that the
differentiation between the ‘spring’ and ‘summer’ type
of P. arion is a result of local adaptation that strongly
depends on the local phenological conditions. However,
it is important to note that the genetic difference
between the two forms only marginally failed to be
significant, thus it is also possible that adding more
samples would have produced different results.

It is also important to note that Wolbachia infection
has been rejected as a driver of sympatric speciation in
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P. arion on a larger geographical scale as only a single
strain was detected in all geographic regions (Patricelli
et al., 2013; Bereczki et al., 2015). More importantly,
the same strain was found in syntopic sample pairs
of ‘spring arion’ and ‘summer arion’ (Bereczki et al.,
2020) which suggests that Wolbachia does not have
any effect on the evolutionary processes in P. arion.

Our results also clarify a nomenclatural question:
namely, whether the name ligurica can be used to
specify the ‘summer form’ of P. arion in the Pannonian
region. This name was introduced by Fritz Wagner
originally as a varietas to characterize the form which
occurs at the Ligurian coast (in Italy and France) (see
Lycaena arion ligurica Wagner, 1904) and became
established in the Hungarian literature through the
work of Balint (1990, 1994, 1996) and Varga (Gyulai
et al., 2010). The ‘summer form’ has been identified as
ligurica based on external morphological characters of
wings. However, Balint (2015) has already rejected the
use of this name for the populations of the Carpathian
Basin based on the designation and morphological
examination of the neotype of Lycaena arion ligurica
from San Remo. Our genetic results also support that
the name ligurica has been misused to denote the
‘summer’ form of P. arion, given that the Italian and
Carpathian Basin populations belong to two separate
genetic lineages.

In summary, the results of the present study exclude
the potential allopatric origin of the ‘spring arion’
and ‘summer arion’, and support the hypothesis that
the existence of the two forms could be a result of
local adaptation to the distinctive phenology of host
plant flowering which is manifested in the genetic
differences between them. Our data indicate that
ecological specialization of P. arion is not associated
with lineage sorting and could be an example
of convergent evolution as it is hypothesized for
congeneric Phengaris alcon (Koubinova et al., 2017).
However, the differentiation between the ‘spring
arion’ and ‘summer arion’ depends highly on the local
phenological conditions (fluctuations). Wolbachia
infection has been ruled out as a driver of sympatric
speciation in P. arion on a larger geographical scale
as well.

The three well-defined genetic lineages in P. arion
recognized by our study seem to have different origin.
The highly distinct Apennine lineage is limited by
the Alps and may have survived long time under
allopatric conditions in the mountainous ranges of the
Apennines where the pronounced genetic structuring
is maintained by the orography. Although the
Apennine lineage could deserve a separate taxonomic
status because of high genetic distinctness, we prefer
to evaluate it only as an ESU for the conservation
purposes. It is also clear that the taxon name ligurica
should not be applied to denote the ‘summer form’.

The central lineage is limited in the North and East
by the Carpathians and lacks major range fluctuations
related to glaciations, although there is evidence for
extra-Mediterranean refugia in the Carpathian Basin.
The eastern clade could have originated from the
refugia in central Asia.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Information on all specimens sampled with individual microsatellite genotypes at all 12 loci and
the details of the sampled populations (location data, sampling time, phenology and food plant where they are
available as well as the source of DNA extraction and Wolbachia infection status).

Figure S1. Presence points used for species distribution modelling (SDM). The original data set (grey dots) has
been balanced using spatial thinning. The analyses were performed with 100 presence points (black dots).
Figure S2. AK obtained by Structure Harvester which indicates the change in log probability between successive
Kvalues.
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