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Abstract

Species complexes with allopatric populations scattered across a wide geographic area
represent some of the most challenging topics for taxonomy, as well as for the prioritisa-
tion of limited conservation resources. A prime example is represented by cold-adapted
butterflies of the Polyommatus eros species group, with a fragmented distribution across
Eurasia. In Europe, this group was often regarded as comprising two species (Polyomma-
tus eros (Ochsenheimer) and Polyommatus eroides (Frivaldszky)), although different taxo-
nomic views recognised from one to four species. Based on limited material and genetic
data, a single species (P. eros) was recognised by the most recent checklists of European
butterflies. Here, we use genome-wide data (double digest RAD sequencing) coupled
with information on wing spectral characteristics to investigate evolutionary relation-
ships among European butterflies of the P. eros species group. Taken together, results of
phylogenetic analyses, genetic structure, gene flow, species delimitation and wing reflec-
tance revealed a complex pattern likely shaped by the Pleistocene glaciations. While dif-
ferentiation between some populations is relatively low, two lineages (one detected in
mountains at the border between Albania and Montenegro, the other, assignable to
taxon menelaos, endemic to southern Greece) appear to be undergoing accelerated dif-
ferentiation. The endangered taxon menelaos is particularly differentiated in terms of
genetics and wing spectral properties, the latter suggesting reinforcement with respect

to Balkan eroides. Although assessed at a continental scale, a more complete
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understanding of the intricate patterns displayed by this species group will only be possi-

ble with the inclusion of extra-European populations.

admixture, allopatry, double digest RAD-sequencing, spectral properties, taxonomy, Wolbachia

20f 18 Systematic
Entomology
KEYWORDS
INTRODUCTION

As the fundamental unit of taxonomy, the species represents a key
element in most biological research fields, including conservation
(Sandall et al., 2023). However, classifying organisms into species
remains one of the most challenging and debated tasks for biologists
(Godfray, 2002). This is particularly true when dealing with taxa occur-
ring in allopatry, when the application of standardised criteria to
define species is extremely difficult, even when genomic data is avail-
able (Joshi et al., 2024; Lam et al., 2024). Species delimitation is fur-
ther complicated by the absence of a consensus over the species
concept to be applied, because different concepts do not yield the
same species boundaries. Therefore, increasing knowledge on taxa
with allopatric populations across the tree of life is critical for the
search of potentially emerging patterns that may lead to more
informed decisions of defining species under such circumstances. Ide-
ally, new knowledge should be generated incorporating large amounts
of genetic data, since such datasets provide valuable insights regard-
ing population genetic structure, evolutionary history and levels of
gene flow. Additionally, information regarding host-associated micro-
biota can provide valuable knowledge on potential additional barriers
to gene flow, as well as for the conservation and management of
threatened populations (Trevelline et al., 2019). In particular, the
maternally inherited bacteria Wolbachia (Rickettsiales), which are
found in numerous arthropods, have the potential to influence the
reproductive dynamics of their hosts. They may induce male killing,
parthenogenesis, the feminisation of genetic males or cytoplasmic
incompatibility (Cl) (Kaur et al., 2021; Werren et al., 2008). Some of
these phenomena (e.g., Cl) can also act as barriers to gene flow, thus
promoting speciation (Bruzzese et al., 2022; Elias-Costa et al., 2019).
Therefore, screening arthropod populations for the presence of Wol-
bachia may be regarded as good practice when addressing speciation
and/or conservation of various populations and taxa.

European butterflies include several examples of taxa with geo-
graphically isolated populations, many of which are still subject to tax-
onomic debate. Some of these isolated populations are also
threatened by a variety of factors and are protected at national or
international level. Hence, taxonomic uncertainties and the lack of a
good understanding of genetic structure can also negatively impact
conservation measures and the prioritisation of the limited resources
(Lam et al., 2024; Vila et al., 2010).

Among butterflies, one of the best examples is provided by sub-
tribe Polyommatina (Lycaenidae), a speciose group associated with
grasslands including numerous species with debated taxonomy
(e.g., Kandul et al., 2004; Lam et al., 2024; Lukhtanov et al., 2015; Vila
et al., 2011). Although the higher classification of this group has been

the subject of relatively recent revisions using molecular data
(Talavera et al., 2013, 2022), most of the Western Palearctic taxa
within this clade have never been assessed using large amounts of
genetic data. In Europe, one of the contentious cases involves taxa of
the Polyommatus eros species group, which include cold- and dry-
steppe adapted, allopatric populations occurring from mountains of
western and central Europe to steppes of Ukraine and southern
Russia, the Caucasus, Tirkiye, mountains of northern and central Asia,
and to the Far East (Bélint, 1995; Carbonell, 1993, 1994; Coutsis &
Tshikolovets, 2025; Tshikolovets, 2011; Tuzov, 2000). Until recently,
the European populations of this taxon have usually been regarded as
two species: Polyommatus eros (Ochsenheimer) occurring in the Pyre-
nees, Massif Central, Alps, Apennines and locally in the northern Bal-
kans, and Polyommatus eroides (Frivaldszky) distributed in the Balkan
region (e.g., Higgins, 1975; Higgins & Riley, 1970; Tolman &
Lewington, 2008). A third taxon, endemic to the Peloponnese
(Taygetos Mountains, southern Greece), has sometimes been
regarded as a species, namely Polyommatus menelaos Brown
(e.g., Coutsis & Tshikolovets, 2025; Lafranchis, 2003; Tolman &
Lewington, 2008). On the other hand, some authors (e.g., Haahtela
et al., 2011; Tshikolovets, 2011), regarded the entire distribution of
the P. eros species group as representing a single, almost transpalearc-
tic species (P. eros), with various subspecies. Additionally, a few other
subspecies have been mentioned from Europe by some authors (bois-
duvalii (Herrich-Schiffer) and italica (Oberthiir)) (e.g., Leraut, 2016;
Tshikolovets, 2011), boisduvalii also being occasionally listed as a spe-
cies (e.g., Akimova, 2009).

Taxonomic decisions for this species group have usually been
made based on subtle morphological differences, such as the blue col-
ouration of male wings. Indeed, this character, both in visible and
ultraviolet wavelengths, can play an important role as a prezygotic
barrier (e.g., Fordyce et al., 2002; lJiggins et al., 2001; Lukhtanov
et al., 2005). There is growing evidence that the structural colour of
the males plays an important biological role, as the male colours are
finely tuned among sympatric and synchronic taxa (Balint et al., 2012).
Additionally, the spectral characteristics can be remarkably well pre-
served across time and space (Kertész et al., 2019). Nevertheless, to
our knowledge, these differences have never been statistically
assessed for the P.eros species group at the continental scale
(cf. Balint et al., 2007).

Molecular data available for these taxa mostly consists of DNA
barcodes (Dapporto et al., 2022; Dinca et al., 2021), which showed
fairly low variation across Europe (1.3% maximum p-distance). Very
limited nuclear DNA data (a single marker, internal transcribed spacer
2, ITS2) has also been analysed, the results being in agreement with
those based on DNA barcodes (Vodolazhsky et al., 2009; Wiemers
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et al, 2010). Recent checklists of European butterflies (Dapporto
et al., 2022; Wiemers et al., 2018), recognise a single species in
Europe (P. eros), although this taxonomic arrangement has not yet
been corroborated with genomics. Moreover, south-eastern popula-
tions of P. eros are of high conservation concern in Europe, being
included in Annexes Il and IV of the Habitats Directive (92/43/EEC),
where they are listed as a distinct species (P. eroides).

In this study, we used double digest restriction site associated
DNA sequencing (ddRADseq) and male wing spectral properties to
(1) investigate evolutionary relationships, (2) assess levels of admix-
ture and (3) Wolbachia infection, as well as (4) species boundaries in

the European representatives of the P. eros species group.

METHODS
Specimens

We analysed 52 specimens originating from Europe representing the
Polyommatus eros species group, as well as two Polyommatus icarus
(Rottemburg) and one Polyommatus celina (Austaut) as outgroup
(Table S1). The sampling locations are representative for the European
distribution of the target taxa. All specimens have the bodies pre-
served in absolute ethanol at —20°C, while the wings are stored in
glassine envelopes as vouchers. The specimens originate from a public
research collection stored at the Institute of Evolutionary Biology
(CSIC-UPF), Barcelona, Spain.

DNA extraction and ddRAD library preparation

We extracted genomic DNA from approximately half of the thorax or
from legs (if the former was absent) with the Qiagen DNeasy Blood &
Tissue Kit (Qiagen, USA) following the manufacturer’s protocol. We
visually checked the extractions for quality and quantity using 2% aga-
rose gels before proceeding to library preparation. We used the Qia-
gen REPLI-G Kits (Qiagen, USA) to amplify the genomic DNA for
14 samples with low genomic DNA concentration (gDNA, Table S1).
Subsequently, we performed a purification step with AMPure XP
magnetic beads (Beckman Coulter Life Sciences, USA) according to
the manufacturer’s protocol. We prepared the ddRADseq library fol-
lowing the protocol described in Lee et al. (2018) and Ivanov et al.
(2024) (Figure S1a,b). We used the PicoGreen kit (Molecular Probes,
USA) to measure the amplified gDNA and digested 200 ng of gDNA
using the Pstl and Msel digestive enzymes. After digestion, we ligated
a pair of customised indexes to both ends of the DNA fragment. The
Pstl end contained both the lllumina primer sequence and our own
unique five base pairs individual indexes, while the Msel end only car-
ried the lllumina primer sequence. After ligation, we multiplexed up to
13 samples together and carried out size selection. We used the Blue-
Pippin (Sage Science, USA; 2% agarose cartridge), an automated size

selection machine, to select fragments with a mean size of 300 bp.
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The fragments of the right size underwent PCR enrichment. During
the PCR enrichment, we used a primer carrying the lllumina adapter
sequence and an additional library index sequence at the Msel end.
The DNA fragment of each sample was indexed with a unique index
combination at both of its ends (Table S1). Before sequencing, we
multiplexed all samples into a single library. The final library was puri-
fied and sequenced by Macrogen, Korea, with the HiSegX platform.

Bioinformatics and datasets

We demultiplexed raw lllumina paired-end reads in a two-step man-
ner according to the unique combination of library and individual
indexes (or tags), allowing zero mismatches: First, we demultiplexed
the library indexes with Demultiplex developed by Jeroen F.J. Laros
and published in GitHub (https://github.com/jfjlaros/demultiplex#
demultiplex-fastafastq-demultiplexer), then by the individual indexes
with Ipyrad v0.9.31 (Eaton & Overcast, 2020). Information regarding
indexes used is available in Table S1. Raw reads for each sample were
first filtered against the built-in potential contaminants reference data-
base of Kraken v2.0.8 (Wood et al., 2019) using default parameters, as
done by Lam et al. (2024). Clean reads (reads with no match) were sep-
arated from contaminated reads matching the Kraken database. The
clean reads were used as input for the Ipyrad pipeline.

To decide which assembly approach was more suitable for ana-
lyses, we explored both de novo and reference assemblies of the full
dataset (i.e., with outgroup included) using Ipyrad. The reference
assembly was mapped to the reference genome of Polyommatus icarus
(GCA_937595015.1, Lohse & Vila, 2023), the closest species to P. eros
in Europe. Furthermore, as previous works demonstrated the effects
of different levels of missing data on the results (reviewed in
Hemstrom et al., 2024; Shafer et al., 2017), we generated four data-
sets from each assembly approach by increasing the minimum number
of samples per locus (m value) from 15 to 45 with increments of
10 per dataset, and retained the other parameters as default
(Figure S1b, Table 1). The full dataset to be used for further analyses
was selected based on two criteria: (1) minimal missing data and
(2) enough phylogenetic signal indicated by the topology stability
and robustness of node supports in the maximum likelihood tree
(ML tree). Applying these criteria resulted in the selection of the
m = 35 reference assembly, named “full dataset” hereafter (assembly
ID 1in Table 1).

Since some downstream analyses cannot include outgroup taxa,
we branched two ingroup-only reference datasets (with m = 27 and
m = 42) from the full dataset using the “branch” function in Ipyrad.
Among these two, we picked the dataset with less missing data
(m =42, named “ingroup dataset” hereafter) (assembly ID 2 in
Table 1) for analyses which do not handle missing data very well
(Figure S1, Table S2). In summary, downstream analyses were based
on the full dataset, with the exception of analyses that require the
ingroup dataset because including outgroup taxa would violate

the assumption of the analyses (Figure S1, Table S2).
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TABLE 1 Overview of all the explored datasets and the basic statistics of each dataset. Datasets in bold were selected for downstream analyses.
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Different formats of Ipyrad output

Ipyrad can produce several file formats after variant calling and,
depending on analysis, we used several file formats, which are sum-
marised in Figure S1c. A metadata file containing sample ID, loci num-
ber, variant site coordinates and other metadata was written into a
hdf5 formatted file (.hdf5). All the aligned loci were called separately
in a PHYLIP file (loci). The single nucleotide polymorphisms (SNPs)
were written out into several formats: variant calling file (.vcf), SNPs
alignment PHYLIP file (.snp), diploid STRUCTURE file (.str). We used a
function in Ipyrad to sample one random SNP per locus to prevent
over-representation of SNPs, and the SNPs were assumed unlinked.
As a result, some outputs had a subsampled matrix with less SNPs and
these outputs were denoted with an “u” before the normal output
(e.g., an unlinked structure file is denoted as “.ustr’) (Eaton &
Overcast, 2020).

Phylogenetic inference

We built phylogenetic trees to explore evolutionary relationships
between our samples with P. icarus and P. celina as outgroup. We
used the SNPs alignment file (.snp) from the full dataset as input for
phylogenetic analyses and used IQ-TREE v2.2.2.7 to reconstruct ML
trees (Minh et al., 2020). The DNA substitution model applied for each
tree was selected by the IQ-TREE ModelFinderPlus (Kalyaanamoorthy
et al., 2017) according to the Bayesian information criterion (BIC). We
also enabled the -bnni option to correct ultrafast-bootstrap support in
case of severe substitution model violation (Hoang et al., 2018). Ultra-
fast bootstrap and the Shimodaira-Hasegawa approximate likelihood
ratio test (SH-aLRT) (5000 replicates in each case) were run for all
trees. A branch was considered well supported when there was more
than 95% support in ultrafast bootstrap and more than 80% support
in SH-aLRT as per the recommendation of the IQ-TREE manual.

Multivariate analyses (PCA, t-SNE and DAPC)

We ran principal component analysis (PCA) with Ipyrad v0.9.31 for
the ingroup and full datasets to understand global and local variance
within our data and to set a foundation for further analyses to investi-
gate biological causes for the patterns observed. The PCA (Patterson
et al., 2006) and t-distributed stochastic neighbour embedding (t-SNE)
(van der Maaten & Hinton, 2008) summarise variances observed
across the unlinked SNPs alignment into manageable planes for visual-
isation. The latter is capable of identifying non-linear patterns in
the data.

We used the metadata file ((hdf5) as input and followed the
Ipyrad manual to run the PCA. The assignment of individuals to taxa/
lineages (Table S1) did not affect the calculations but was necessary
for visualisation and data filtering. We only allowed 25% missing data
and performed 50 subsampling replications per run to remove the

potential linkage effect of our data. For the full dataset, we used its
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PCA matrix to perform t-SNE, following the Ipyrad manual. We
allowed subsampling, set the perplexity to 4.0 and performed 10,000
interactions.

In addition to PCA, which do not need predefined groups, we
used discriminant analyses of principal components (DAPC) to quan-
tify the distinctiveness of each predefined group (Jombart
et al., 2010). DAPC also facilitated the visualisation of inter-population
variance and the proportion of individual alleles contributing to popu-
lation structure. The DAPC analysis was done with a custom R script
(Data S1, and https://github.com/SamuelLNT/Peros_manuscript_
scripts) using the adegenet package (Jombart, 2008; Jombart &
Ahmed, 2011). We ran the analysis with the unlinked SNP alignment
from Ipyrad to reduce the effect of missing data. Each individual was
assigned to groups that were suggested by the find.clusters function
according to the lowest BIC. The DAPC results were visualised with
the ggplot2 package (Wickham, 2016).

Inbreeding and population differentiation (F;r and Fsy)

Using the ingroup dataset, we calculated the observed heterozygosity
(Ho) and the Fir coefficient of each individual, to obtain a rough esti-
mate of the level of inbreeding in the studied individuals against the
whole ingroup dataset (Weir & Cockerham, 1984; Wright, 1951). We
obtained the average Fr of each taxon group for an overview of the
inbreeding level of each taxon/lineage (as defined in Figure 1 and
Table S1). We also calculated Fst between taxa/lineages pairs (Weir &
Cockerham, 1984; Wright, 1951), using the full and ingroup datasets,
to measure the genetic differentiation of each taxon/lineage. All the
calculations were done using the corresponding vcf files with vcftools
0.1.17 (Danecek et al., 2011).

Admixture and gene flow

We used STRUCTURE v2.3.4 (Pritchard et al., 2000) to explore admix-
ture patterns in different predefined K-clusters. We used the unlinked
SNPs STRUCTURE file (.ustr) of the ingroup dataset as input. We used
StrAuto to automate (Chhatre & Emerson, 2017) and parallelise the
software and carried out 1,000,000 Markov Chain Monte Carlo inter-
actions, with 10% burn-in and 10 replicates in each run. To make sure
we did not underestimate potential genetic admixture sources, we set
the maximum number of K-clusters to eight (taking into account cur-
rent taxonomy and the topology of the ML tree). We used Structure-
Harvester to calculate the ad hoc statistic AK and the model with the
highest AK was inferred as preferred (Earl & vonHoldt, 2012; Evanno
et al., 2005). The results of alternative K-clusters were illustrated
using the CLUMPAK pipeline (Kopelman et al., 2015) and are pre-
sented in Figure S2.

We ran D-statistics (Malinsky et al., 2021) to detect the presence
of potential gene flow between triplets of tested taxa, which helps
outline the general evolutionary history of the P. eros species group.

This analysis inferred the deviation of incomplete lineage sorting
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against the triplet model as the result of gene flow. We ran the analy-
sis with the full dataset and used P. icarus as outgroup (Data S1). The
analysis was run assigning samples into groups as eros, AL/ME, eroides,
menelaos, boisduvalii and italica, as shown in Figure 1a. We did not
assume any tree topology for the test in order to explore all possible
triplet combinations.

We also ran D-statistics using P. celina as outgroup to test
whether taxon italica or the eastern Alps (Austrian) eros show notable
gene flow with P. icarus. For this purpose, we tested the following
triplets: (i) Pyrenean eros (11 samples), italica (3 samples), P. icarus
(2 samples); (ii) the same dataset as (i), but replacing italica with the
eastern Alps (Austrian) eros samples (2 specimens).

We estimated possible current or historical gene flow between
taxa using PhyloNetworks. 0.16.4 (Solis-Lemus et al., 2017). Unlike
D-statistics, PhyloNetworks infers gene flow by detecting the hybrid
edge through a network based on gene trees of all taxa in the dataset.
It can also accommodate models with multiple hybridisation events.
We tested two datasets: (a) P. icarus as outgroup; (b) only ingroup
taxa. The detailed pipeline is available in the Data S1, as well as in
GitHub  (https://github.com/SamuelLNT/Peros_manuscript_scripts).
Briefly, the loci alignment PHYLIP file (.loci) was split into separate
PHYLIP files for each locus using a slightly modified script written by
Bradley T. Martin (https://github.com/btmartin721/file_converters/
blob/master/loci2phylip.py). Then, ML trees were computed for each
PHYLIP file using RAXML v. 8.2.12 (Stamatakis, 2014) and the result-
ing best trees were used as input for computing consensus trees with
ASTRAL v. 5.7.8 (Mirarab & Warnow, 2015). The best ML trees and
the ASTRAL tree were used as input for PhyloNetworks. We tested
from zero to five hybrid edges for each dataset. The two networks
with the lowest loglikelihood were considered as the best and

second-best network reconstructed by PhyloNetworks.

Demographic inference

We estimated changes in effective population size (N.) for each
ingroup taxon/lineage with Stairway Plot 2 v2.1.3 (Liu & Fu, 2020).
We removed taxon boisduvalii from the analysis because only two
samples from the same locality were available and our attempts to run
analysis for this group showed a lack of signal for the estimation.
Invariant sites were necessary for easySFS (Coffman et al., 2016) to
calculate site frequency spectrum (SFS), but the vcf outputs from
Ipyrad did not contain any invariable sites. We thus used bcftools
1.21 (Danecek et al., 2021; Li, 2011; Li et al., 2009) to generate a new
vcf file (all-sites vcf file). We applied a filter only allowing 36% missing
data to maintain roughly the same level of missing data across data-
sets in other analyses (matching the m35 filtering in Ipyrad) and
retained only the invariant and biallelic sites (more information can be
found in the Data S1). As Stairway Plot assumed SNPs to be unlinked
(Liu & Fu, 2015) and our loci are 300 bp long on average, we sampled
one SNP from every 300 bp window (—-thin 300) using vcftools
0.1.17 to reduce the linkage of each SNP (Danecek et al., 2011). While
calculating SFS, sites with missing data will be dropped out by
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easySFS, therefore, by reducing the number of sample (downsam-
pling), we would utilise more data even with less samples be used to
infer SFS (Marth et al., 2004). We used the built-in function in
easySFS for downsampling while calculating folded SFS for each taxon
using the all-sites vcf file. We chose the number of samples during
downsampling based on the highest number of sites available for SFS
projection in easySFS and we calculated folded SFS, instead of
unfolded SFS, because we could not reliably infer the ancestral state
of the alleles. We removed the first SFS bin of the one-dimension SFS
from easySFS for Stairway Plot 2 input as instructed by the manual.
We assumed all taxa evolved at the same rate and used a mutation
rate of 2.9 x 10~7, which was estimated in Heliconius melpomene (L.)
(Keightley et al., 2015). Other parameters used in Stairway Plot 2 can
be found in the Data S1.

Species delimitation

We used BFD* implemented in SNAPP, BEAST v2.7.1 for species
delimitation (Leaché et al., 2014). BFD* is a Bayesian multispecies coales-
cent species delimitation approach implemented in SNAPP (Bryant
et al., 2012; RoyChoudhury et al., 2008). This method recognises the
optimal species assignment by ranking multiple species delimitation
models according to their corresponding marginal likelihoods (Leaché
et al., 2014). In this study, we compared 13 different species assignment
models, grouping specimens into one to five species (see Table S3 for
assignments). We considered the current taxonomy as the null model,
recognising a single species in Europe (P. eros) according to the most
recent checklists of European butterflies (Dapporto et al., 2022; Wiemers
et al., 2018). The marginal likelihood estimation (MLE) of each tested
model was calculated using the path sampler option implemented in
SNAPP. The alternative models were then ranked against the null model
(current taxonomy) according to the Bayes factor (BF) scores following
the scale presented in Kass and Raftery (1995). Because better models
should return higher (more positive) BF scores, the model with the high-
est BF score was considered as the best one.

Using the full dataset failed to converge for any two species
model within reasonable computational time. Therefore, we ran
SNAPP using a subset of specimens. For all taxa except for eros, five
specimens (if available) were used, selecting the samples with the
highest number of loci in the ddRADseq dataset. For eros, we retained
six specimens, prioritising specimens with the highest number of loci,
but also their geographic origin (two representatives from the Pyre-
nees, Western Alps and Eastern Alps, respectively). Two specimens of
P. icarus were included as outgroup, resulting in a dataset of 28 speci-
mens (Table S1). We only retained SNPs present in all taxa and
removed non-biallelic sites with a customised R script (Data S1 and
https://github.com/SamuelLNT/Peros_manuscript_scripts) using the
packages bioseq v0.1.4 (Keck, 2020), ape v5.7.1 (Paradis et al., 2004)
and phrynomics v2.0 (Leaché et al., 2014). This step allows taxonomic
models to be compared with one another because they use the same

number of sites for the inference. We used a final alignment matrix
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with 2836 sites to prepare XML files with BEAUti, BEAST v2.7.1 for
all models with the corresponding species assignment. (Table S3).

The priors of the models were calculated based on the alignment
matrix, taking the average uncorrected distance of two different taxa
as the expected divergence (0), estimating the tree height (26) as the
speciation rate under Yule model (\), and its hyperprior set as approxi-
mately A/10. Therefore, all models were run with the following set-
tings: © = 21/250 (a/B, 0.084), A = 0.16 with hyperprior set as 2/200
(a/p, 0.01) sampled from the input data, mutation rate U=V = 1, coa-
lescent rate = 10, 24 path sampler steps, MCMC chain length
>200,000 until the Effective Sample Size (ESS) reaches at least
300 for each step and burn-in = 10%. The results were inspected with
Tracer 1.7.1 (Rambaut et al., 2018).

We also used CLADES (Pei et al., 2018) to explore potential spe-
cies boundaries among taxa. CLADES is an unsupervised machine
learning programme utilising the python package libsvm to classify
populations into species by summarising their private position (species
specific SNPs) characteristics. In contrast to SNAPP, the general
model in CLADES, which was trained by the developer, can handle
gene flow and migration between populations prior to speciation. We
first used the python script, loci2phylip.py, written by Bradley
T. Martin (https://github.com/btmartin721/file_converters/blob/master/
loci2phylip.py) to split each locus in the loci file into separate PHYLIP
files. Since CLADES is very sensitive to missing data and cannot han-
dle invariant loci, we used bcftools to obtain loci coordinates which
contained SNP(s) for at least 50 samples (out of a total of 55). Subse-
quently, we retained the PHYLIP files of the selected loci and
combined the loci into a single file. This file with all the selected loci
was used as the input for CLADES. Then we removed the outgroup
(P. icarus and P. celina) sequences from the alignments to reduce the
effect of taxon-based missing data. We assigned population tags to
each individual according to taxon/lineage (Table S1) and used the
general model (“all”’) provided by CLADES to check whether the popu-
lations could be considered as species. As an output, CLADES pro-
vides a probability (from zero to one) for each population pair to
determine if they are the same species, then it summarises the
probabilities and produces a taxonomic proposal. The protocol and
commands used to run CLADES are available in Github (https://

github.com/SamuelLNT/Peros_manuscript_scripts).

Wolbachia infection screening

The presence of the maternally inherited bacterium Wolbachia was
surveyed using specific primers for markers coxA and ftsZ (Table S4)
based on the same DNA extractions used for ddRADseq. These
markers, which are part of the multilocus sequence typing system
(MLST) for Wolbachia, are extensively used to detect infection in a
wide array of insects (Baldo et al., 2006). The presence of Wolbachia
was assessed on agarose gels for all specimens in the dataset and
amplicons were sequenced for a subset of 22 specimens representa-

tive of all the taxa in the ddRADseq dataset. The resulting amplicons
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were blasted against the PubMLST database (Jolley et al., 2018) to
infer the corresponding alleles.

As a second approach, the presence of Wolbachia was detected
using the summary report of the same Kraken run that was used pre-
viously to screen for contaminants in the ddRADseq dataset. By com-
paring this data with the results of the previous screening approach
(coxA and ftsZ), it was possible to determine the suitability of ddRAD-

seq to detect Wolbachia infection.

Analysis of wing spectral properties

Spectral measurements were performed on the dorsal side of the
wings for 45 male specimens with wing vouchers available (Table S1,
Figure S3). For the reflectance measurements, an Avantes (Avantes
BV, Apeldoorn, The Netherlands) modular spectrophotometer system
was used consisting of a UV-visible light source (Avalight-DH-S-
BAL), an integrating sphere for light collection (AvaSphere-30-REFL)
and a spectrophotometer (AvaSpec-HSC1024 x 58TEC-EVO) for
detection. The components were connected with UV-visible-NIR
optical fibres, and a PTFE tile (Avantes WS-2) was used as a reference
(Kertész et al., 2021).

RESULTS
Datasets

Out of 10 datasets explored, we selected for further analyses a full
(i.e., including outgroup taxa) reference dataset retaining loci shared by at
least 35 samples (m = 35). This dataset contained 82,275 SNPs and
28.63% missing data. Although it had slightly more missing data com-
pared to the de novo version (Table 1, Table S2), the reference dataset
we selected yielded almost double the number of SNPs compared to the
de novo version. The ingroup dataset had 30,274 SNPs and 18.82% miss-
ing data, and it was extracted from the full dataset by removing outgroup
taxa (Table 1). Information of each sample can be found in Table S1.

Phylogeny

Phylogenetic relationships and supports for taxon nodes were congru-
ent in all reference datasets tested (Figure 1, Figure S4). Although not
used for further analyses, congruent results were also obtained using
the de novo datasets, with the sole exception of the m45 version
(unresolved position of the AL/ME clade) (Figure S4).

Four of the five taxa recognised in Europe at least by some
authors were recovered as distinct clades, with very good supports
(>99). The exception was the taxon italica, which was always recov-
ered as paraphyletic with respect to the clade formed by all other
taxa. Within the remaining taxa, menelaos was recovered as sister to
all other specimens. All eros specimens originating from the Pyrenees

and the Alps formed a well-supported clade. A second clade
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attributable to eros consisted of specimens from two neighbouring
mountains at the border between Albania and Montenegro (sampling
sites about 7 km apart, Table S1). This clade, to which we refer as
AL/ME, was sister to the clade formed by boisduvalii and eroides, thus

rendering eros paraphyletic.

Multivariate analyses

The first two components of the PCA analysis using the full dataset
recovered three main clusters: (1) outgroup, (2) menelaos and (3) the
remaining taxa (Figure 2a). The first and third components returned two
main groups: (1) outgroup and (2) all other taxa (Figure S5a). The second
and third components recovered two main clusters: (1) menelaos and
(2) all other taxa including the outgroup (Figure S5b).

Similarly, the first two components of the PCA analysis using the
ingroup dataset also recovered two main clusters: (1) menelaos and
(2) the remaining taxa (Figure 2b). In the latter cluster, taxon italica
appeared to be closer to eros than to eroides, while the AL/ME clade
and boisduvalii were placed between the eros and eroides clusters,
slightly closer to eroides. The first and third components in the ingroup
dataset identified three main groups: (1) menelaos, (2) AL/ME clade
and (3) all other taxa (Figure S5c). The second and third components
recovered two main clusters: (1) AL/ME clade and (2) all other taxa,
and the AL/ME cluster appeared to be relatively dispersed in other
PCA iterations along the second component (Figure S5d).

The t-SNE analysis recovered three main clusters: (1) menelaos,
(2) AL/ME clade and (3) the rest of the taxa. The third cluster with the
remaining taxa was close to the outgroup (Figure 2c).

The DAPC analysis identified five distinct groups representing
eroides + boisduvalii, the AL/ME clade, eros, menelaos and italica

(Figure 1a).

Inbreeding and population differentiation (F;r and Fst)

The averaged inbreeding coefficients (F1) in the AL/ME clade and in
taxon menelaos were notably higher (>0.5) than those in the other
taxa (ranging from 0.27 to 0.47, Table S5a) and their H,, values were
also the lowest among all the other taxa (AL/ME clade H, = 0.046,
menelaos H, = 0.03, H, of the rest ranged from 0.059 to 0.082,
Table S5a). The weighted Fst showed the most notable differences
(Fst >0.25) in comparisons involving menelaos or the AL/ME clade and
all the other ingroup taxa, regardless of dataset used (with or without
outgroup) (Table S5b,c). The rest of the pairs using the full dataset had
Fst ranging from 0.08 to 0.23 and those using the ingroup dataset
had Fst ranging from 0.07 to 0.22.

Genetic structure and gene flow

The STRUCTURE analyses recovered admixture from six ancestral lin-

eages (K = 6, AK = 317.3) (Figure 1a,b, Figure S2). Taxon menelaos
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FIGURE 1 Legend on next page.
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FIGURE 2 (a,b) PCA plots based on the full and ingroup datasets. The shades correspond to the results of different PCA iterations and
indicate alternative PCA results. (c) t-SNE plot based on the full dataset. Colours correspond to Figure 1.

showed virtually no admixture. The AL/ME specimens displayed no or
very limited admixture (in the latter case from eroides or from eros).
Taxa eroides and Pyrenean eros had low (to moderate in eroides) levels
of admixture from the same source (purple colour in Figure 1a,b). The

western and central Alps eros showed higher levels of admixture from

two main sources, one of them being eroides. The other source (purple
colour) was the same causing admixture in eroides and Pyrenean eros.
The eastern (Austrian) Alps eros exhibited high levels of admixture,
mainly from eroides and another source (light green). Taxon italica dis-

played an admixture pattern that was very similar to that of eros from

FIGURE 1 Phylogenetic relationships, species delimitation and genetic structure for taxa of the Polyommatus eros species group in Europe.
(@) Maximum likelihood tree based on the ddRADseq reference assembly (55 samples, m = 35). Values next to the recovered nodes represent SH-
aLRT (left, >70) and ultrafast bootstrap supports (right, >90). Taxa of the P. eros species group are indicated. Results of DAPC, STRUCTURE,
SNAPP and CLADES correspond to specimens in the ML tree. Images on the left side exemplify (from top to bottom) male, female and ventral
view of butterflies representing the P. eros species group. Photos: V. Dinca. (b) STRUCTURE results (pies, K = 6) mapped to sampling sites (black
dots). Approximate European ranges of the taxa are indicated based on mainstream literature, with colours corresponding to the upper left

legend. The colours of STRUCTURE pies correspond to those used in a).
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the eastern (Austrian) Alps. The taxon boisduvalii showed notable
levels of admixture from the same sources as italica and the eastern
Alps eros, but the eroides ancestry was clearly dominant.

D-statistics detected gene flow in eight triplet combinations.
Gene flow was detected between taxa eros and menelaos (D =
0.175/0.080, P1 = italica/eroides), eros and italica (D = 0.161/0.128,
P1 = eroides/boisduvalii) AL/ME and menelaos (D = 0.176/0.101, P1 =
italica/eroides), and AL/ME and italica (D = 0.125/0.110, P1 = eroides/
boisduvalii). We did not detect any significant gene flow between eroides
or boisduvalii and italica regardless of what was considered as P1
(Table Séa). Similarly, no gene flow was detected between boisduvalii
and eros or eroides. Other tested gene flow scenarios were not
supported (Z < 3).

D-statistics runs screening for hybridisation events between
italica and P. icarus or between the eastern Alps (Austrian) eros and
P. icarus did not detect any significant gene flow (Table Séb,c).

In the PhyloNetworks results using P. icarus as outgroup, the best
supported network (loglikelihood = 0.207) suggested that an
unsampled sister taxon of eroides contributed to the hybrid origin of
the common ancestor of menelaos and P. icarus (y = 0.2520). Since
the hybrid node was located before the divergence of menelaos and
P. icarus, this network cannot be rooted at P.icarus. Therefore,
according to the manual (Liu & Fu, 2020), we have investigated the
second-best supported network (loglikelihood = 0.366), which sug-
gested that an unsampled taxon (sister to all analysed taxa except for
menelaos) contributed to the hybrid origin of eroides (y = 0.3340)
(Figures S6 and S7).

The ingroup dataset displayed a different pattern, with two hybri-
disation events. In the best supported network, an unsampled sister
taxon to boisduvalii had a minor contribution to the hybrid origin of
the common ancestor of italica, menelaos and eros (y = 0.0106). The
gene flow from an unsampled sister taxon of eros (or its ancestor)
to italica (y = 0.3860) was the second suggested reticulation. This
event was also detected in the second-best supported network
(y = 0.3860). Additionally, this network also estimated gene flow from
an unsampled taxon sister to boisduvalii, eroides and AL/ME
(y = 0.490) (Figures S8 and S9).

Demographic inference

The results of Stairway Plot 2 suggested a gradual increase in N, for
all taxa. Since taxa had different sample sizes and used a different
number of SNPs (Table S1), the estimated N, cannot be directly com-
pared with each other, while the variation of N is still useful to infer
demographic histories. Both eros and eroides were represented by
28 haploid samples during SFS projection, and their changes in N,
were very similar to each other (Figure S10 and Data S1), showing a
fairly steep increase followed by relatively constant levels starting
from approximately 400 thousand years ago. The AL/ME clade
(10 haploid samples for SFS projections) showed a relatively steep
and constant increase in Ne. Taxon menelaos (10 haploid samples) dis-

played an increase in N, followed by overall constant levels for the
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last 200 thousand years. Taxon italica (six haploid samples for SFS
projections) had a sudden increase in N around 200 thousand years

ago, followed by a stable N, since then (Figure S10).

Species delimitation

All 13 models tested with SNAPP converged, and the best supported
model was the one species model (current taxonomy) grouping all taxa
as P. eros. All the other models had negative BFs when compared to
the current taxonomy (Table S3).

Overall, CLADES considered all taxa as a single species (like-
lihood = 0.000769). Each taxon combination was also regarded as the
same species, except for eros - boisduvalii where the probability that
they represent the same species (prob; = 0.494) was just below
that of them being different (proby = 0.506) (Table S7). CLADES per-
formed relatively well (probs = 0.65-0.78) in classifying taxa, espe-
cially in comparisons not involving eros or eroides. When it came to
combinations involving eros or eroides, the probs were always below
0.619 (Table S7).

Wolbachia infection

Wolbachia screening based on coxA and ftsZ markers detected infec-
tion in all 52 samples screened (Table S1). A single allele combination
was detected (coxA14 - ftsZ73) in 22 specimens, representative for
all taxa in the dataset, for which the PCR products have been
sequenced.

Using the Kraken database, we detected Wolbachia reads in the
same 52 samples mentioned above. Fifty-one of the samples had over
0.01% of Wolbachia sequences in the raw ddRADseq reads and 34 of
them had at least 0.10% (Table S1).

Spectral properties of dorsal wing surfaces

The reflectance spectrum was recorded for each wing of all available
male specimens (Table S1). After applying a 20-point fast Fourier
transformation smoothing, the peak wavelength values were calcu-
lated and presented in the form of a box plot (Figure 3a). Based on
the wing reflectance of each individual, averaged spectra were calcu-
lated for the taxa of the P. eros species group (Figure 3b). Using these
two techniques, the structural colour of butterflies with similar pho-
tonic nanostructures can be conveniently compared.

The most distinctive sample of the P. eros species group is repre-
sented by menelaos specimens. They displayed an averaged reflec-
tance peak at 470 nm, the highest wavelength among the examined
material. Moreover, the shape of their averaged spectra was remark-
ably asymmetrical showing the lowest reflectivity between 300-
400 nm and the highest reflectivity in the range of 600-700 nm, in
contrast to the other members of the P. eros species group that have

an averaged peak reflectance of 440-450 nm and coincident
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FIGURE 3 (a) Box plots and individual data points of the peak wavelength values of the measured reflectance maxima for taxa of the P. eros
species group. (b) Averaged reflectance spectra associated with taxa of the P. eros species group.

reflectance (higher than that of menelaos) in the range of 300-400 nm.
Another characteristic group was formed by eroides specimens, which,
in contrast to menelaos, displayed the lowest averaged peak wave-
length (slightly below 440 nm) and clearly the lowest reflectivity
beyond the peak towards higher wavelengths. The cluster of boisduva-
lii samples was situated close to eroides in terms of averaged peak
reflectance (slightly over 440 nm), but the shape of its reflectance
towards higher wavelengths was similar to that of eros, italica and the
AL/ME clade (i.e., notably higher than eroides, but lower than mene-
laos). On the basis of spectral maxima statistical analysis, the samples
of eros and italica clustered very close within a 5 nm range, and the
shape of their spectra was almost identical. The spectrum of the
AL/ME clade was similar to eros, showing congruent reflectance peaks

and with an averaged maximum of 450 nm.

DISCUSSION
Evolutionary history of the P. eros species group

Overall, populations belonging to the P. eros species group appear
closely related compared to the outgroup taxa and the patterns of iso-
lation and admixture suggest a complex evolutionary history in Europe
possibly shaped by recurrent population expansions and contractions
during the Quaternary glaciations. The interpretation of the data is
not straightforward due to a series of apparently contrasting results,
especially between phylogeny and clustering analyses, which we dis-
cuss below.

The monophyly and distinctiveness of the AL/ME clade and espe-
cially of menelaos are picked as the most striking variation in multivari-
ate analyses, and could be the result of small population sizes (genetic
drift) and/or selection processes resulting in accelerated differentia-
tion. This was also supported by F, which showed that these two
taxa had higher inbreeding indexes than the others. Furthermore, the

differentiation of these populations was supported by Fst when they

were compared to other taxa. Although the cause of the accelerated
differentiation among these taxa with restricted range remains
unclear, based on our Stairway Plot results, differentiation caused by
major demographic events such as bottlenecks or rapid expansions is
rather improbable. In the case of menelaos (endemic to Mt. Taygetos
in southern Greece), the hypothesis of accelerated differentiation is
also supported by the spectral characteristics of male wings. Males of
this taxon show the least UV reflectance (ca 300-400 nm) and the
highest reflectance in the orange-red spectrum (ca 600-650 nm)
among all examined taxa. Moreover, these differences are most pro-
nounced with respect to taxon eroides, which is currently present in
central and northern Greece (Pamperis, 2009). This taxon may have
had secondary contact with menelaos leading to low fitness hybrids
and resulting in reproductive character displacement by reinforce-
ment. Indeed, male wing colour plays an important role as a premating
signal in Lycaenidae (Bélint et al., 2012; Bernard & Remington, 1991;
Piszter et al., 2016). As such, interference in successful breeding due
to the presence of other closely related species can act as a strong
selective force capable of leading to reproductive character displace-
ment and, in certain cases, to reinforcement (Hinojosa et al., 2020;
Lukhtanov et al., 2005). Notably, as shown by the averaged reflec-
tance spectra, the differences between menelaos and the other taxa,
and in particular eroides, cannot be attributed simply to differences in
melanin content. A higher melanin content in menelaos (potentially
explaining the lower reflectance in the UV spectrum) would also gen-
erate a lower reflectance in the range of 700-800 nm, which is not
the case. This hints at differences in the photonic nanoarchitecture of
the wings, which is usually associated with different species or popu-
lations experiencing little or no gene flow (Balint et al., 2012; Kertész
etal, 2019).

It is however difficult to state with certainty where menelaos and
eroides started to diverge. One possibility is that differentiation was
triggered by the isolation of menelaos in the Peloponnese, as the latter
is a glacial refugium and a genetic endemicity hotspot for butterflies

(Dapporto et al., 2024). However, the hypothesis that menelaos had
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an Anatolian-Iranian connection should not be discarded. This is sug-
gested by the high similarity of taxa menelaos and molleti Nekrutenko,
the latter being an extra-European member of the P.eros species
group (Talavera et al., 2022). Other butterfly species or species com-
plexes display distributions that illustrate the connection between
southern Greece and Anatolia, such as Polyommatus iphigenia
(Herrich-Schéffer), Lycaena thetis Klug, Kretania eurypilus (Freyer) or
Turanana taygetica (Rebel) (Coutsis, 2005; Coutsis & De Prins, 2006;
Tshikolovets, 2011). In such a case, the PhyloNetworks result recover-
ing menelaos as sister to P. icarus could be sensible. In the absence of
any other representative from the Anatolian-Iranian region, menelaos
appeared to be an outgroup in phylogenetic networks, and this is also
corroborated by the PCA results. In addition to that, the gene flow
detected from an unsampled lineage sister to eroides to the common
ancestor of P. icarus + menelaos could have indeed taken place con-
sidering that eroides is regarded as present in Turkey and it could have
contributed to the ancestor of menelaos and related populations.
However, such a hypothesis must be treated with caution as Phylo-
Networks using the ingroup dataset and the analyses based on raw
data such as D-statistics and STRUCTURE did not detect any gene
flow between eroides and menelaos.

The reflectance spectrum of the AL/ME clade indicates similari-
ties with eros, although genetically it appears to be more related to
eroides (but note that the second-best STRUCTURE model, K =3,
groups AL/ME with eros, Figure S2), possibly reflecting its intermedi-
ate geographic position between the two taxa. The AL/ME clade is a
rather unexpected finding of this study and comprised specimens
sampled at over 2000 m a.s.l. across the border between Albania and
Montenegro. With a long basal branch and shallow terminals (similarly
to menelaos), this lineage may also undergo rapid differentiation. It
would also be interesting to determine whether these populations
have a contact zone with eroides, since their location falls close to the
western range of the latter, but testing this hypothesis will obviously
require additional sampling and analyses.

Another contrasting result between phylogeny and clustering is
represented by taxon italica which, although recovered as sister (but
paraphyletic) to all other taxa of the P. eros species group analysed,
was not highlighted as well-differentiated in the clustering analyses.
The phylogenetic position of italica could have been caused by gene
flow with closely related taxa, such as P. icarus. Indeed, hybridisation
among European butterflies appears to be relatively widespread, with
approximately 16% of species reported or hypothesised to hybridise
in the wild, including mentions involving the P. eros species group and
P. icarus (Descimon & Mallet, 2009). Nevertheless, our D-statistics
tests to detect a potentially notable gene flow with P. icarus did not
reveal such a phenomenon. Thus, the sister-group relationship of ita-
lica with respect to all other ingroup taxa is either correct and the
accelerated differentiation of menelaos and the AL/ME clade is truly
paraphyletic, or the tree topology is affected by gene flow. The latter
is also possible since gene flow analyses suggested complex interac-
tions. For example, D-statistics detected gene flow between menelaos
and both eros and the AL/ME clade, or between italica and the AL/ME
clade, none of which was captured by STRUCTURE. This discrepancy
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could have been caused by a combination of factors such as the long
branches (drift and/or selection) of the menelaos and AL/ME clades
and the possibly more complicated geneflow between tested triplets
causing noise in D-statistics (e.g., while there is gene flow between P2
and P3, gene flow also occurred between P1 and the outgroup, creat-
ing extra ABBA and returning false positive results, or gene flow
between P1 and P3 rendering more ABAB and diluting the signal of
ABBA, returning false negative results). Additionally, fairly complex
patterns of gene flow from extinct or unsampled taxa were also
revealed by PhyloNetworks, which could further interfere with the
phylogenetic inference.

The population structure of P. eros and P. eroides closely reflects
the biogeographic history of southern European mountain systems
and the effects of Quaternary climatic oscillations on cold-adapted
steppe butterflies. These taxa were likely much more widespread dur-
ing glacial periods, whereas relatively shorter interglacial warming pro-
gressively fragmented their distribution, leaving isolated mountain
populations within the southern European centres of endemism
(Menchetti et al., 2021). Similar scenarios have been proposed for sev-
eral cold-adapted butterfly species, where extensive population con-
nectivity during glacial periods was followed by relatively recent
isolation of mountain populations, resulting in limited genetic diver-
gence despite present-day geographic discontinuity (Hinojosa
et al.,, 2019; Mewis et al., 2025; Schmitt, 2009; Schmitt et al., 2006;
Schmitt & Hewitt, 2004). This scenario is well reflected in our data,
with the Pyrenean populations representing the genetically purest
eros, whereas populations from the western and central Alps show
increasing admixture with eroides. Likewise, the former lowland
steppe populations of Central Europe probably represented glacial rel-
icts that disappeared only recently.

The evolutionary history of the Apennine populations appears
considerably more complex. Besides showing strong admixture, speci-
mens assigned to italica occupy a basal position in the phylogenetic
tree while clustering between eros and eroides in PCA and sharing a
distinctive ancestry component with populations from the eastern
Alps in the STRUCTURE analysis. The Italian Peninsula is a
well-known centre of butterfly endemism harbouring numerous dif-
ferentiated lineages (Menchetti et al., 2021). At the same time, several
butterfly taxa display an amphi-adriatic distribution shared between
the Italian and Balkan peninsulas (Correggiari et al., 1996). During gla-
cial periods, lowered sea levels substantially reduced the Adriatic Sea,
creating broad land connections between the central Apennines and
the Dinaric region. Such geographic continuity may have facilitated
secondary contact between lineages related to eros, eroides, the
AL/ME lineage, and an unsampled Italian lineage, generating the com-
plex genomic signature observed today. Subsequent postglacial
expansion from the Italian Peninsula towards the eastern Alps, a
recurrent pattern documented in European butterflies (Dapporto
et al., 2024), could explain why the eastern Alpine populations share a
remarkably similar admixture profile with italica.

Under this scenario, the intermediate genomic composition of ita-
lica would naturally explain both its unstable phylogenetic position

and its central placement in multivariate analyses. More importantly, it
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suggests that eros and eroides were still exchanging genes during their
latest episodes of contact, providing additional support for the current
taxonomic treatment that considers all European populations as a sin-
gle species, Polyommatus eros.

The patterns of admixture between the eastern Alps and the
Apennines suggest a former connection between those populations,
possibly extending further east towards Poland and Ukraine. The lat-
ter is suggested (1) by the detection of gene flow between boisduvalii
and italica (see the D-statistics results, Table Sé), and (2) by the admix-
ture pattern of boisduvalii which, although having dominant eroides
ancestry, showed admixture from the same sources as italica and the
eastern Alps eros. This general out of Italy route extending towards
eastern Europe has been highlighted as one of the main routes of
postglacial recolonisation for European butterflies (Dapporto
et al., 2024). Furthermore, the differentiation of the eastern Alps falls
within a known general pattern in which the Alps relatively often dis-
play two main genetic lineages (western and central on one hand,
eastern on the other) (Schmitt, 2017). Spectrally, taxon italica is almost
identical to eros, reflecting the possible former connection between
the two, while boisduvalii and eroides display a deeper blue colour
(with a peak around 440 nm) compared to eros, in accordance with
their genetic similarities.

Although allopatry represents one of the most challenging scenar-
ios when making taxonomic decisions (Joshi et al., 2024; Mutanen
et al., 2012). The divergence of the menelaos and AL/ME clades,
coupled with signs of reinforcement shown by the spectral character-
istics of the former, suggests that such populations of the P. eros spe-
cies group are rapidly differentiating. However, the detected levels of
admixture, estimated gene flow and species delimitation results
(SNAPP, CLADES) suggest it is reasonable to regard all analysed popu-
lations of the P. eros species group as conspecific as proposed in the
most recent checklists (Dapporto et al., 2022; Wiemers et al., 2018).
Molecular data based on (limited resolution) Sanger sequencing also
seem to support the idea of a single species even when some Asian
populations are considered (Vodolazhsky et al., 2012). A better under-
standing of the group and possibly additional explanations for the
apparent discordance between some of the analyses done here could
be achieved by studying unsampled populations, since the range of
the P. eros species group extends to Asia, with several other isolated
populations (Tshikolovets, 2011). This is for example the case of Ana-
tolian (P. eroides, P. eroides vyildizae Kocak and P. molleti Carbonell),
Caucasian (P. eroides erotulus Nekrutenko, P. eros tshetverikovi Nekru-
tenko) and Altai-Siberian populations (P. erotides (Staudinger)) of the
group. It is known that these geographic regions have a direct connec-
tion and profound influence on the evolution of the Western Palearc-
tic (European) fauna (e.g., Varga, 2022), and genomic analysis of
samples from these regions may shed further light especially regarding
menelaos, italica and boisduvalii. The fact that the taxonomy of
the P.eros species group requires further research including
extra-European taxa is also reflected by the conclusions of a recent
synthesis work that, within the P.eros species group, recognises

P. eros as a superspecies with 13 semispecies distributed from the
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Pyrenees to Kamchatka, plus three species (P. eroides, P. menelaos and
Polyommatus amoratus (Alphéraky)) (Coutsis & Tshikolovets, 2025).
The lack of variation in Wolbachia infection among the analysed
taxa provides no additional evidence for reproductive isolation and is
consistent with the uncertain species boundaries inferred from the
genomic data. These maternally inherited bacteria are known for their
capacity to manipulate the reproductive system of the host through
Cl, male killing, parthenogenesis or the feminisation of genetic males
(Kaur et al., 2021; Werren et al., 2008). While the impact of this
apparently widespread infection on the populations of the P. eros spe-
cies group remains unclear, the presence of the same allele combina-
tion suggests that potential local reintroductions or population
reinforcement may not represent a problem when this type of infec-
tion is considered. Nevertheless, routine Wolbachia screening is bene-
ficial in such cases to mitigate potentially unwanted effects on
butterfly populations, such as introducing new Wolbachia strains into
a population when translocation actions are planned (e.g., Dinca
et al,, 2018; Lam et al., 2024). Our comparative screening approach
(using well-established markers of the MLST system and the ddRAD-
seq data itself), supports previous findings indicating that Wolbachia
detection using ddRADseq data is fairly reliable and can provide a
general overview of infection patterns, despite limitations related to

setting a clear infection threshold (Lam et al., 2024).

Conservation of taxa within the P. eros species group

Across their fragmented range, some populations belonging to the
P. eros species group are strongly declining or have already become
extinct. This is particularly the case for several populations from cen-
tral and eastern Europe: for example, the butterfly has become extinct
in the Czech Republic (Benes et al., 2002), is very little known (poten-
tially extinct) from Slovakia (Balint, 1996; Slamka, 2004), regarded as
endangered in Poland (Buszko & Mastowski, 2008; Klimczuk, 2005)
and as declining and listed in the Red Book of Ukraine
(Akimova, 2009; Nekrutenko & Tshikolovets, 2005). Most of these
populations occur(ed) in lowland areas, in sites exposed to several
century long anthropogenic pressure, such as forest clearings, extend-
ing pastures, intensive livestock grazing and breeding, followed more
recently by a marked change of land use generated by technical devel-
opment and innovation.

Taxon menelaos, initially described as a distinct species, is
endemic to subalpine and alpine areas of the Taygetos Mountains
(Peloponnese, southern Greece) and currently highly isolated from all
other populations of the P.eros species group (Pamperis, 2009;
Tshikolovets, 2011). This taxon is also regarded as endangered due to
habitat modifications and environmental change (Legakis &
Marangou, 2009), with declines over the past decade estimated to
25%-50% (Tzortzakaki et al., 2024).

Members of the P. eros species group, treated together under
P. eros, have recently been assessed as “least concern” (LC) in Europe

(van Swaay et al., 2025), a change from the previous status of “near
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threatened” (NT) (van Swaay et al., 2010). Taxon eroides is regarded as
of conservation concern in the European Union, being listed as a spe-
cies (P. eroides) in Annexes Il and IV of the Habitats Directive 92/43/
EEC. Overall, populations of the P. eros species group are probably
less threatened in the highest elevations compared to lowlands. In
alpine areas, the habitats of the butterfly are less accessible and tradi-
tional land use (e.g., extensive livestock breeding) is still maintained.
Nevertheless, alpine and subalpine populations may face additional
threats given current climatic changes, especially those occurring in
areas that, due to elevation limits, do not leave many opportunities
for altitudinal shifts (e.g., Apennines, Dinaric Alps, Taygetos etc.).
Cases of butterfly populations isolated on mountains and affected by
climate warming have already been documented in European butter-
flies (e.g., Bonifacino et al., 2022; Sistri et al., 2022) and further
research is needed to assess the situation of P. eros species group
populations. Previous modelling attempts suggested that climatic vari-
ables explain the distribution of these butterflies only to a limited
extent, placing them in the “potential climate change risk” category
(Settele et al., 2008). A particularly vulnerable taxon in face of climate
warming might be menelaos, which, as this study has shown, is geneti-
cally unique at least in Europe and highly isolated on Mount Taygetos
in southern Greece. This pattern is not unusual for cold-adapted but-
terfly populations that, as a consequence of climate warming during
interglacial periods, remain trapped and isolated in mountain
areas where they are often threatened by environmental change
(e.g., Hinojosa et al., 2019; Lam et al., 2024; Sistri et al., 2022).

CONCLUSIONS

Our ddRADseq data, complemented by analyses of wing spectral charac-
teristics, has provided the first genomic overview of structure and gene
flow in the taxonomically debated European taxa of the P. eros species
group. Across Europe, these butterflies display a complex pattern of
admixture likely shaped by the Quaternary glaciations. Two lineages of
the P. eros species group, menelaos and the AL/ME clade, seem to be
undergoing accelerated differentiation on the road to speciation. The
AL/ME clade is a rather unexpected discovery that had not been
assigned to a particular taxon and will require additional research. Taxon
menelaos is particularly differentiated from the rest both in terms of
genetics and of wing spectral properties, the latter hinting to the occur-
rence of reinforcement with respect to eroides. Populations of menelaos,
currently highly isolated on Mt. Taygetos (Peloponnese, southern
Greece) and regarded as endangered, are thus unique and represent a
high-priority conservation unit. Although based on analyses done at the
continental scale, the intricate patterns of differentiation and gene flow
highlighted by this study may be further explained by expanding research
to populations of the P. eros species group occurring outside Europe.
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