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Phylogenetics and population structure of the steppe
species Hycleus polymorphus (Coleoptera: Meloidae:
Mylabrini) reveal multiple refugia in Mediterranean
mountain ranges
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Many continental species distributed in the Eurasian steppe occur as relict populations in the mountains of Western
Europe. Their biogeographical responses to Quaternary climate changes have been poorly studied; however, they
could have responded as cold-adapted species. We investigated the biogeographic history of a steppe beetle, Hycleus
polymorphus, using mitochondrial and nuclear DNA sequences (COI, CAD, ITS2), and species distribution modelling
(SDM) under present and past bioclimatic envelopes. We first performed a phylogenetic assessment to define species
boundaries within the H. polymorphus species group. Specimens previously treated as Hycleus humerosus on
morphological grounds are assigned to H. polymorphus, and those identified as Hycleus zebraeus assigned to Hycleus
atratus. ITS2 data analyses revealed a strong phylogeographical structure of H. polymorphus populations, with
four haplogroups corresponding to the (i) Italian Alps, (ii) French Alps and Pyrenees, (iii) South Balkan and Pontic
mountains, and (iv) North Dinaric Alps. Based on these analyses and the SDM, we propose that during a glacial
period, following the spread of steppic habitat, H. polymorphus underwent a range expansion from Asia to South-
West Europe. Within the Mediterranean area, during the last interglacial the climatic suitability for the species was
limited to mountains that acted as refugia and prompted allopatric divergence into four main lineages.

ADDITIONAL KEYWORDS: CAD —COI - cold-adapted species — continental elements — fragmented distribution
— ITS2 — Mediterranean mountains — phylogeography — Pleistocene climate oscillations — Species Distribution
Models.

INTRODUCTION climate fluctuations (Hewitt, 1999; Schmitt, 2007,2017;
Stewart et al., 2010): a warm-adapted biota, where
species ranges underwent a contraction during cold
periods and an expansion during interglacial phases,
and a cold-adapted biota, which showed a reverse
pattern [but see Bisconti et al. (2011); Salvi et al. (2014)
and Senczuk et al. (2019) for notable exceptions].
Recently, phylogeographical studies also focused
on a third type of biota, the so-called “continental
elements”, currently distributed in steppes and steppe-
*Corresponding author. E-mail: alessandra.riccieri@uniromas3.it like environments in plains and mountain areas from

The current distribution of organisms and their
genetic diversity has been largely shaped by Pliocene
and Pleistocene climatic fluctuations, especially in the
northern hemisphere (Taberlet et al., 1998; Hewitt,
1999, 2000, 2004; Petit et al., 2003). In the Palaearctic
Region, two types of biota have been documented by
various authors based on response to Pleistocene
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Central Asia to Eastern-Central Europe (Schmitt,
2007, 2017; Stewart et al., 2010; Kajtoch et al., 2016).
Among these continental elements, some species also
occur as isolated populations in the mountain ranges
of South-Western Europe, which are considered relicts
of a continuous distribution that occurred during
periods of more favourable climate [e.g. Parnassius
apollo (Todisco et al., 2010); Vipera ursinii-renardi
complex (Ferchaud et al., 2012)]. Previous studies
suggested that continental species are likely to
expand their range along a longitudinal axis (instead
of latitudinal) from east to west during glacials and to
retreat eastward during interglacials following steppe
expansions and contractions (Schmitt, 2007, 2009,
2017; Stewart et al., 2010). Consequently, they should
display a longitudinal decrease of genetic diversity
from east to west (Schmitt, 2007; Stewart et al., 2010).
However, the review by Kajtoch et al. (2016) pointed
out that steppe species studied so far do not exhibit
a generalized east-west expansion and contraction
pattern, but rather show several separate interglacial
refugia across their range as do cold-adapted species.
The blister beetle H. polymorphus (Pallas, 1771),
is an example of a steppe species with a disjunct
Central Asiatic—Western European distribution and
represents an interesting opportunity to explore the
biogeographic processes underlying this distribution
pattern. H. polymorphus belongs to the largest genus
of Meloidae and is part of a group of 14 species mainly
centred in the steppes and grasslands of Western-
Central Asia (Bologna, 1991; Pan et al., 2017; Riccieri
et al., 2020). Based on the current distribution of this
species group, we can assume an ancestral Asiatic origin
for H. polymorphus. Within its group, H. polymorphus
is the only species with a disjunct pattern with western
populations isolated on Mediterranean mountain
ranges (Bologna, 1991; Bologna & Pinto, 2002).
Specifically, its current distribution is continuous from
the steppes of Central Asia to Eastern Europe, usually
at both middle- and high-altitudes, whereas in South-
Western Europe it occurs as isolated populations
associated with prairies and xeric pastures on the
Pyrenees, the Alps and mountain ranges of the Balkan
Peninsula [mostly between ~900 and ~2000 m a.s.l.
(Bologna, 1991, 1994)].

This study focuses on the Mediterranean populations
of H. polymorphus. We investigate the response of this
steppe species to Pleistocene climate changes and
the biogeographic processes underlying its current
pattern of fragmented distribution. We first assess
the H. polymorphus species group phylogenetically to
better define species boundaries, since some species
of the group are often confused morphologically [e.g.
H. zebraeus (Marseul, 1870) with H. polymorphus;
Hycleus chodschenticus (Ballion, 1878) with Hycleus
solonicus (Pallas, 1782) (Bologna, 1991, 1994; Pan et al.,

2017)]. We then investigate the genetic structure and
evolutionary history of H. polymorphus populations
based on mitochondrial and nuclear DNA sequence
data, together with species distribution modelling
under present and past bioclimatic conditions. Our
hypothesis is that the biogeographic history of
H. polymorphus in the Mediterranean area reflects
the cyclic expansion and contraction of steppe habitat
in this region during the Pleistocene. Thus, its current
fragmented distribution represents interglacial
isolation in mountain refugia.

MATERIAL AND METHODS

TAXON SAMPLING AND DATASET PREPARATION

Samples used for this study were collected from 1999 to
2018 and were all stored in ethanol 96% at 4 °C, except
one killed in ethyl-acetate and pinned. Specimen
identification was based on the dichotomous keys
published by Marseul (1870) and Sumakov (1915), and
a taxonomic study by Bologna (1994).

Two different datasets were used: the first
dataset, used for phylogenetic inference, included 53
morphologically identified specimens (Supporting
Information, Table S1) belonging to different
populations of the following taxa: H. atratus
(Pallas, 1773) (N = 5), Hycleus fuscus (A.G. Olivier,
1811) (N = 6), H. humerosus (Escherich, 1899) (N = 4),
H. polymorphus (N = 18), Hycleus scabiosae (A.G.
Olivier, 1811) (N =17), H. solonicus (N = 2), Hycleus
tekkensis (Heyden, 1883) (N = 1), H. zebraeus (N =17),
H. cfr. zebraeus (N = 2), and Mylabris sinuata Klug,
1845 (N = 1) as the outgroup. The second dataset, used
for phylogeographical analyses, included 90 specimens
of H. polymorphus from 22 localities from the
Mediterranean area (Fig. 1; Table 1 and Supporting
Information, Table S2), plus four specimens of
H. humerosus, which phylogenetic investigation
nested within the H. polymorphus clade (see Results).

DNA EXTRACTION, GENE AMPLIFICATION,
SEQUENCING AND ALIGNMENT

Following the salting out protocol (Sambrook et al.,
1989), total genomic DNA was extracted from one to
three legs of each specimen, eluted in 100 pL of pure
H,O and stored at -20 °C. DNA extraction from the
pinned sample utilized the procedure described by
Gilbert et al. (2007) as modified by Giordani (2019).
Three genetic markers were amplified by PCR:
the cytochrome oxidase subunit I (COI); the
carbamoylphosphate synthetase domain of the
rudimentary gene (CAD); and the internal transcribed
spacer (ITS2). PCR amplifications were carried out
in a total volume of 25 nL. with 3 pL of 10x reaction
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Figure 1. Geographical distribution of sampled localities of H. atratus, H. fuscus, H. humerosus, H. polymorphus,
H. scabiosae, H. solonicus, H. tekkensis, H. cfr. zebraeus and H. zebraeus.

buffer, 1/1.5/2 uL of MgCl, (50mM), 0.5/1 pL. ANTPs
(10 mM), 0.2 pLL of TagDNA polymerase (5 U/uL;
BIOTAQ Bioline), 0.5nL of each primer (25 mM) and
1 pL of DNA template. Primer pairs and thermal
cycles followed Salvi et al. (2019) and Riccieri et al.
(2017, 2020). Purification and sequencing of amplified
products was provided by Macrogen. In addition, 15
sequences for CAD and 12 for COI were downloaded
from GenBank (see Supporting Information, Tables
S1-S2). Sequences were deposited in GenBank with
the following accession numbers: CAD = MT263176 -
MT263281; COI = MT261069 - MT261109; ITS2
= MT259464 (for further details see Supporting
Information, Tables S1-S2).

Sequences were edited with the program Staden
Package v.4.11.2 (Staden et al., 2000), and aligned with
MAFFT (Katoh et al., 2019). Due to numerous indels
in the ITS2 alignment including different species,
ambiguous and poorly aligned positions were removed
with the GBLOCKS server v.0.91b (Castresana, 2000).

PHYLOGENETIC ANALYSIS OF THE SPECIES GROUP

Phylogenetic analyses were performed on single genes
and multilocus datasets using the web portal CIPRES
(http://www.phylo.org). The best substitution model
for each gene partition was selected with JModeltest
v.2.1.6 (Posada, 2008) based on the Akaike Information
Criterion (AIC). Maximum Likelihood (ML) analysis
was carried out with RAXML-HPCv.8.2.10 (Stamatakis,
2006) with a partitioned GTRGAMMA model and
a rapid-bootstrap analysis with 1000 replicates.
Bayesian Inference (BI) utilized MrBayes v.3.2.6
(Ronquist et al., 2012) with the following settings:
two independent runs with four Markov chains each
were run for 10 million generations sampling trees

every 1000 generations with a 10% burn in. Tracer
v.1.6 (Rambaut et al., 2015) was used to confirm
run convergence, and FigTree v.1.3.1 (Rambaut &
Drummond, 2009) was used to visualize the tree.

PHYLOGEOGRAPHY OF H. POLYMORPHUS

Some COI chromatograms showed a few double
peaks, probably due to heteroplasmy. Therefore, we
avoided using COI sequences in the phylogeographical
analyses since the impact of these heterozygotic sites
in the estimation of intraspecific relationships can be
higher relative to interspecific comparisons.
Reconstruction of nuclear haplotypes utilized the
PHASE algorithm implemented in DNAsp v.6 (Rozas
et al., 2017). Relationships among haplotypes were
inferred using both the Median Joining algorithm
(Bandelt et al., 1999) implemented in NETWORK
v.4.6 (http://www.fluxus-engineering.com), and the
statistical parsimony network approach implemented
in the software TCS v.1.21 (Clement et al., 2000)
with gaps treated as 5th state characters. TesBU
(Santos et al., 2015) was used to draw the networks.
For downstream analyses, sequences were grouped
according to the ITS2 haplogroups. Specimens not
amplified for ITS2 were excluded from the CAD dataset.
Number of segregating sites (S) and haplotypes (H),
haplotype diversity (Hd) and nucleotide diversity (;r)
were computed with DNAsp v.6 (Rozas et al., 2017) for
the entire dataset and for each haplogroup (Table 1).
Arlequin v.3.5 (Excoffier & Lischer, 2010) was used
to estimate F values between haplogroups, based on
CAD, and to perform analysis of molecular variance
(AMOVA) (Excoffieret al.,1992) based on ITS2, in order
to assess genetic differentiation within populations,
among populations within groups and among groups.
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SPECIES DISTRIBUTION MODEL BUILDING AND
EVALUATION

To infer current and past climatic suitability for
the target species, nineteen bioclimatic variables
from Worldclim.org were downloaded at 2.5 arc-min
resolution (v.1.4) (Hijmans et al., 2005). For past
climatic scenarios, we used the Last Inter-Glacial
[LIG, about 120 000-140 000 years ago, from Otto-
Bliesner et al. (2006)] and Last Glacial Maximum
(LGM, about 22 000 years ago) variables. For the
LGM, to account for differences among Global Climate
Models [GCMs (Zhang et al., 2015; Ashraf et al.,
2017; Cerasoli et al., 2019)], we used all the three
available GCMs: the CCSM4 (Gent et al., 2011), the
MIROC-ESM (Watanabe et al., 2011) and the MPI-
ESM-P (Jungclaus et al., 2013). Multicollinearity
among predictors was assessed by calculating a
correlation matrix in ArcMap v.10.0 (ESRI, 2010).
We retained only variables that were not strongly
correlated with each other [Pearson’s correlation
coefficient, |r| > 0.80 (Dormann ef al., 2013)] and
that we deemed as more biologically significant for
H. polymorphus (Brandt et al., 2017; D’Alessandro
et al., 2018; Brunetti et al., 2019).

To account for spatial correlation among the
localities of H. polymorphus, the initial dataset of 576
occurrences was rarefied through the ‘spThin’ package
(Aiello-Lammens et al., 2015), with a minimum
locality distance set to 5 km in R (R Core Team, 2016).
A Moran test was further performed in ArcMap v.10.0
(ESRI, 2010) to check correlation among records of the
rarefied dataset.

Species Distribution Models (SDMs) for the target
species utilized the ‘biomod2’ package (Thuiller et al.,
2016) in R (R Core Team, 2016). The algorithms
within this package allow the creation of the so-called
“Ensemble Models” (EMs), models resulting from
the proportional combination of responses from
single modelling techniques, taking advantage of
the pros and minimizing the cons of each (Aratdjo &
New, 2007; Thuiller et al., 2009; Thuiller et al., 2016).
The algorithms used to calibrate our models were
Generalized Linear Models (GLMs, type = ‘quadratic’,
interaction level = 3), Multiple Adaptive Regression
Splines (MARS, type = ‘quadratic’, interaction
level = 3) and Gradient Boosting Models (GBM,
sometimes known as BRTs; number of trees = 10 000,
interaction depth = 3 and 10-fold cross validation), in
order to encompass and merge different statistical
approaches. Ten sets of 1000 pseudo-absences each
were generated within an area corresponding to the
95t quantile of a linear model built over the presence
data (‘surface range envelope’ algorithm) (Chefaoui &
Lobo, 2008). The ‘BIOMOD_Modelling’ function was
used to calibrate models.

Of the starting dataset, 20% was used for model
testing and 80% for calibration. Five evaluation runs
were performed, obtaining a total of 150 single models,
whose performances were assessed through the Area
Under the Curve (AUC) of the Receiver Operator
Characteristics (ROC) (Phillipsetal.,2006) and the True
Skill Statistic (T'SS) (Allouche et al.,2006). Only models
having both AUC > 0.8 and TSS > 0.7 were selected
for the Ensemble Modelling process (see Iannella
et al., 2018). The ‘wmean’ algorithm (weighted mean
of probabilities) of the ‘BIOMOD_EnsembleModeling’
function was used to build the Ensemble Model. This
is a procedure which proportionally assigns a score
when building the ensemble based on each model
performance. The ‘BIOMOD_EnsembleForecasting’
function was used to project the calibrated model to
the past climatic scenarios.

Considering that multiple projections to novel
environments (i.e. different and very long time
frames) were performed and had to be combined (the
three different GCMs for the LGM scenario), possible
extrapolation was assessed and corrected through
the Multivariate Environmental Similarity Surface
[MESS (Elith et al., 2010)] and the Multivariate
Environmental Dissimilarity Index [MEDI (Iannella
et al., 2017)] algorithms, respectively. Extrapolation
may occur when dealing with projections in space
and time because of possible differences (in terms of
values) between the projected scenario’s variables
and the ones used for model calibration. To assess
these differences, the ‘mess’ function of the ‘dismo’ R
package (Hijmans & Elith, 2016) was applied to each
past projection, obtaining a map for each; these maps
were further processed in ArcMap v.10.0 (ESRI, 2010)
applying the MEDI algorithm, a procedure which
takes extrapolation into account and proportionally
down-weighs models when performing an average
model (Iannella et al., 2017).

RESULTS

PHYLOGENY OF THE H. POLYMORPHUS SPECIES GROUP

Our final dataset consisted of 1731 bp (CAD: 782 bp,
50 sequences; COI: 577 bp, 53 sequences; ITS2: 372 bp,
40 sequences).

Overall, ML and BI results were consistent among
multilocus (Fig. 2) and single-gene datasets (Supporting
Information, Fig. S1). In almost all resulting trees,
samples were grouped in well-supported clades;
however, deeper relationships received lower support.
In particular, seven clades were recovered in the
multilocus BI tree (Fig. 2A) corresponding to each
nominal species, with two exceptions: specimens of
H. zebraeus were included in the clade of H. atratus
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Figure 2. (A) BI and (B) ML multilocus (CAD, COI, ITS2) trees. Different colours are assigned to species clades. Supported
values of Bayesian Posterior Probability (PP > 0.9) and Bootstrap (BS > 70) are reported at nodes.

(clade F), and those of H. humerosus were nested
within the clade of H. polymorphus (clade A). In the
multilocus ML tree (Fig. 2B), as well as in the COI
ML tree (Supporting Information, Fig. S1), two of four
samples of H. humerosus formed a sister group of a
clade including all H. polymorphus and the remaining
H. humerosus. Only in the phylogenetic trees based
on the ITS2 were H. solonicus and H. polymorphus
intermixed in the same clade (Supporting Information,
Fig. S1).

PHYLOGEOGRAPHY OF H. POLYMORPHUS

The phylogeographical dataset of H. polymorphus
consisted of 154 (phased) sequences of ITS2 (376 bp)
and 178 (phased) sequences of CAD (748 bp).
Overall CAD resulted in considerable polymorphism
(165 haplotypes; Table 2) with 152 heterozygous
positions (20.3%), two-thirds of them (66%) in third
position, whereas ITS2 showed less polymorphism

(17 haplotypes; Table 2) and fewer heterozygous
positions (2.5%).

The median joining algorithm and the statistical
parsimony network approach gave identical results, so
we report only the haplotype networks obtained with
TCS v.1.21 (Clement et al., 2000). The ITS2 haplotype
network showed four main haplogroups (Fig. 4): (i)
haplogroup 1 (H1) includes haplotypes from Italian
Alpine populations; (ii) haplogroup 2 (H2) includes
two haplotypes shared among populations from the
Western Alps (France and one sample from South-West
Italian Alps) and the Pyrenees (Spain); (iii) haplogroup
3 (H3) includes haplotypes from the Southern Balkan
mountains (Greece and Albania) and the North-
Eastern Pontic mountains (Turkey); (iv) haplogroup
4 (H4) includes haplotypes from the Dinaric Alps
(Croatia). H1 represents the core of the network, i.e.
it is connected with all the other haplogroups that
have a terminal position and are separated from
H1 respectively by: H2 = 6 mutational steps; H3 =7
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Table 2. DNA polymorphism of CAD and ITS2. Sequences were grouped according to haplogroups observed in the ITS2

network
Haplogroups 2n S H Hd (%) 7t (%)

CAD (748 bp) Overall 178 159 165 99.9 2.3
H1 76 97 69 99.7 2.0
H2 28 56 26 99.5 1.8
H3 34 74 33 99.8 2.1
H4 14 58 14 1.0 2.4

ITS2 (376 bp) Overall 154 27 17 90.0 2.0
H1 76 4 7 771 0.4
H2 30 1 2 51.5 0.1
H3 34 3 5 48.0 0.2
H4 14 2 3 71.4 0.2

n = Number of alleles.

S = Number of segregating sites.
H = Number of haplotypes.

Hd = Haplotype diversity.

7 = Nucleotide diversity.

mutational steps; H4 = 9 mutational steps. Within the
ITS2 alignment some haplogroup-specific signature
sequences [i.e. indel shared among specific OTUs (see
Trizzino et al., 2009)] were detected (Fig. 3). AMOVA
results supported this strong subdivision with 89% of
genetic variance distributed among groups (P < 0.05).
The haplotype network of CAD did not show any
phylogeographical structure (i.e. no clear haplotype/
haplogroup segregation) although CAD F, values
scored between haplogroup pairs were all statistically
supported (P > 0.005) and ranged between 0.10-0.20,
with the highest value observed between H2 and H3.

DISTRIBUTION MODELS

The bioclimatic predictors selected for the modelling
process were BIO2 (mean diurnal range), BIO6
(minimum temperature of the coldest month),
BIO7 (temperature annual range), BIO10 (mean
temperature of the warmest quarter), BIO11 (mean
temperature of the coldest quarter) and BIO18
(precipitation of the warmest quarter). After the
thinning process, 343 localities were chosen for
model building and calibration. These showed no
spatial correlation, with Moran’s I = -0.0008 (expected
value = -0.0004), z-score = -0.849 and P = 0.395.
The EMs obtained through the ‘wmean’ algorithm
reported high values of AUC (= 0.987) and TSS (=
0.887). BIO6, BIO10 and BIO11 were the three most
contributing variables, with 44.8%, 20.7% and 9.3%
of the total contribution, respectively. The suitability
maps obtained for the current scenario showed high
conformity between the predicted suitable areas and
the occurrence localities, with the Pyrenees, Alps and

HIMTTTTATTTTYAWATTAA--ATTWWWCWW
H2 ATTTTAYTATCAAA-TAA--TTATTTTAA
H3 ATTTTATTTKY - ———————— AWTATTCWW
HAA——————~ TTCAAATTAAAYATTWTACAA

Figure 3. Partial ITS2 alignment showing variable
positions and signature sequences (i.e. indels). On the left,
for each sequence is indicated the corresponding haplogroup
highlighted in the haplotype network.

part of the Balkan mountain areas having the highest
suitability values (Fig. 5C). For past projections, the
LGM scenario (Fig. 5B) showed a south-western shift,
with a general increase of areas with high and very
high climatic suitability. Climatic suitability during
the LIG was confined to mountain territories (Fig. 5A),
similar to the current asset.

DISCUSSION

Palaearctic steppes, among the largest continuous
biomes on earth, have existed as a wide belt
connecting Asia and Europe. This habitat underwent
expansions and contractions throughout the ice ages
(Kajtoch et al., 2016; Wesche et al., 2016, Bartonova
et al., 2018). Particularly during European interglacial
phases, steppe environments were likely confined
to eastern and south-eastern regions, repeatedly
spreading westward during colder and dryer glacial
phases (Kajtoch et al., 2016). Following this pattern,
steppe species underwent severe range shifts
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Figure 4. (A) map showing the geographic distribution of the main haplogroups. (B) haplotype parsimony network of
ITS2. Haplotypes are represented by circles with size proportional to their frequency. The geographic origin of the samples
included in each haplotype is indicated with the codes reported in Table 1. C, H. polymorphus.
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N
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Habitat suitability
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L

Figure 5. Habitat suitability (inferred from bioclimatic variables) obtained for H. polymorphus for (A) the last interglacial
stage, LIG (~120 000-140 000 years ago), (B) the last glacial maximum, LGM (~22 000 years ago) and (C) current climatic

conditions.

and fragmentations during Pleistocene climatic
fluctuations which affected the genetic structure of
their populations (Kajtoch et al., 2016).

The evolutionary and biogeographic history of the
steppe beetle H. polymorphus conforms to a pattern of
interglacial contraction and glacial expansion; however,
it also suggests a long-term persistence of populations
in its western range during interglacial phases.

Phylogeographical analyses revealed a strong
population structure of H. polymorphus in the
Mediterranean region with four main lineages
distributed in distinct mountain ranges: an Italian
lineage (H1), a Western lineage (H2), an Eastern
lineage (H3) and a Dinaric lineage (H4) (Fig. 4). This
genetic structure suggests a scenario of allopatric
divergence in distinct mountain refugia within the
Mediterranean area. Based on the distribution of
climatic suitability for this species during the last
glacial and interglacial phases as inferred from SDMs,
it is likely that these areas represented interglacial
refugia (Fig. 5). Indeed, while suitable bioclimatic
conditions were widespread across the Mediterranean
region during the LGM (Fig. 56B), during the LIG
highly suitable areas appeared to be more fragmented
and restricted to mountain ranges, including the
Pyrenees, French, Italian and Dinaric Alps, and
Southern Balkan mountains (Fig. 5A). In absence of
a molecular divergence rate for the markers used,
an estimate of divergence time between lineages is
not possible with our data. However, a recent (Late
Pleistocene) divergence underlying the population
structure observed in H. polymorphus might be
supported by the lack of lineage sorting observed at
the CAD locus. Indeed, this marker showed complete
lineage sorting for older (Pliocene) divergence events
as observed in the blister beetles Mylabris schreibersi
Reiche, 1866 and Cabalia segetum (Fabricius,
1792) (Riccieri et al., 2017).

Whereas the Italian (H1) and Dinaric lineages (H4)
are continuously distributed, the Western (H2) and
Eastern lineages (H3) are disjunct (Fig. 4). The Western
lineage occurs in the Pyrenees and French Alps, where

it overlaps the Italian lineage (H1). This overlap
was possibly due to secondary contact between both
lineages established during a favourable glacial stage
(see Fig. 5B; Schmitt, 2009, 2017). Therefore, it appears
that the range of the Western lineage was continuous
during glacial periods and the current fragmented
distribution is relictual. The same hypothesis can
explain the disjunct distribution of the Eastern lineage
(H3) in the Southern Balkan and Pontic mountains.
In this regard we note that specimens from Turkey
(Fig. 4) morphologically assigned to H. humerosus
are treated as H. polymorphus in our phylogenetic
analyses (Fig. 2A-B). This suggested synonymy needs
to be considered once a larger sample is analysed [the
same applies to H. atratus and H. zebraeus (Fig. 2A-B)].

Populations from the Dinaric Alps (C1-3: lineage
H4; Fig. 4) belong to a lineage distinct from Southern
Balkan populations (A1, G1, G2; lineage H3; Fig. 4).
The clear distinction between North and South
Balkans lineages also observed in the steppe butterfly
Proterebia afra (Fabricius, 1787), was explained by
climatic differences in the two areas during the LGM
(Bartonova et al., 2018). Interestingly, no genetic
affinities were observed between populations from the
Dinaric Alps (C1-3, H4; Fig. 4) and a nearby population
from the Karst region (I110; Fig. 4). Instead, the latter
is closely related to all other Italian Alpine populations
(H1; Fig.4). This pattern is contrary to studies of many
other groups of animals and plants which show the
Karst having clearly greater biogeographic affinities
with Dinaric and Illyric areas than with the Alpine
zone [e.g. insects (Bologna, 1991); vertebrates (Bologna
& Balletto, 2007); plants (Poldini, 2009)].

In conclusion, the observed population structure
of H. polymorphus in the Mediterranean region
suggests that this species acted as a cold-adapted
species (Kajtochetal.,2016)inresponse to Pleistocene
climate oscillations. According to our hypothesis,
H. polymorphus expanded its range during glacial
phases from Central Asia to South—Western Europe,
following the spread of steppe environments,
whereas during interglacial phases, populations in
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the Mediterranean area were confined to higher
altitudes in various mountain ranges. A similar
scenario was hypothesized for the meadow viper
Vipera ursinii (Bonaparte, 1835), whose current
populations in mountain ranges are considered
‘relictual’ (Ferchaud et al., 2012). In fact, in this
species a significant decrease of habitat suitability
in Western European mountains during interglacial
periods was likely associated with the upward shift
of the tree line and consequent decrease of grassland
environments at lower altitudes (Ferchaud et al.,
2012). Despite the fact that the pattern observed
in H. polymorphus matches that recorded so far
for other steppe species confined to Mediterranean
mountains, additional phylogeographical studies on
“continental elements” are required before drawing
general conclusions on the effect of biogeographical
history on the peculiar distribution and population
structure of these faunal elements.
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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:

Figure S1. a, Bayesian tree based on COI sequences. Only supported values of Bayesian Posterior Probability are
reported at each node (PP > 0.9). b, Bayesian tree based on ITS2 sequences. Only supported values of Bayesian
Posterior Probability are reported at each node (PP > 0.9). ¢, Bayesian tree based on CAD sequences. Only
supported values of Bayesian Posterior Probability are reported at each node (PP > 0.9). d, ML tree based on COI
sequences. Only supported values of Bootstrap are reported at each node (BP > 70). e, ML tree based on I'TS2
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sequences. Only supported values of Bootstrap are reported at each node (BP > 70). f, ML tree based on CAD
sequences. Only supported values of Bootstrap are reported at each node (BP > 70).

Table S1. Specimens used for phylogenetic analyses, with relative code, sampling locality and Genbank accession
number for the three markers CAD, ITS2 and COI. Genbank accession numbers marked with * indicate sequences
derived from Salvi et al. (2019) and Riccieri et al. (2020).

Table S2. Specimens used for phylogeographical analyses, with relative code, sampling locality and Genbank
accession number for the two markers CAD and ITS2. Genbank accession numbers marked with * indicate
sequences derived from Salvi et al. (2019) and Riccieri et al. (2020).
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