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1 | INTRODUCTION

Abstract

It is widely accepted that the relationship between phytophagous insects and their
host plants influences insect diversification. However, studies addressed at docu-
menting host-associated genetic differentiation (HAD) and the mechanisms that
drive reproductive isolation in host-associated lineages (or host races) are still scarce
relative to insect diversity. To uncover further evidence on the HAD processes in
Lepidoptera, we investigated the genetic structure of the geranium argus butterfly
(Eumedonia eumedon) and tested for isolation by ecology (IBE) vs. isolation by distance
(IBD). Genomic data revealed an array of host races (three of them in the same moun-
tain range, the Cantabrian Mountains, northern Iberia) at apparently distinct levels of
reproductive isolation. We found a pattern of IBE mediated by HAD at both local and
European scales, in which genetic differentiation between populations and individu-
als correlated significantly with the taxonomic relatedness of the host plants. IBD was
significant only when considered at the wider European scale. We hypothesize that,
locally, HAD between Geranium-feeding populations was caused (at least partially)
by allochrony, that is via adaptation of adult flight time to the flowering period of
each host plant species. Nevertheless, the potential reproductive isolation between
populations using Erodium and populations using Geranium cannot be explained by

allochrony or IBD, and other mechanisms are expected to be at play.
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(Nosil, 2012). In the case of phytophagous insects, divergent selec-

Ecological speciation occurs when reproductive isolation evolves
between populations as a result of ecologically based divergent
selection (Rundle & Nosil, 2005). The environmental elements that
cause divergent selection are diverse and comprise a wide range of

abiotic and biotic factors, including interactions with other species

tion can occur as a result of a specialization of the insect to its host
plant (Tilmon, 2008), which may lead to a variable degree of repro-
ductive isolation and the emergence of genetically distinct host-
associated lineages or host races (Drés & Mallet, 2002) in a process
commonly referred as host-associated genetic differentiation (HAD).

Considering that 66% of all described animal species are insects
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(Zhang, 2011) and that approximately half of them feed on plants
(Schoonhoven et al., 2005), the insect-plant interaction is potentially
one of the most common relationships among organisms on Earth
and, hence, HAD could have a major role in fuelling global diversity.

The influence that host plants exert over phytophagous in-
sects has been intriguing scientists for centuries (Brues, 1924,
Walsh, 1864) but, despite all the scientific efforts and the belief
that the presence of host races in insects would be probable (Dres &
Mallet, 2002), tested examples of HAD have remained rare relative
to insect diversity. To understand the role of HAD in diversification,
it is essential to retrieve sufficient genetic information that is vari-
able at the population scale and/or between closely related species,
which was methodologically difficult and expensive until recently.
This hampered not only the detection of HAD itself, but increased
the difficulty in distinguishing the impact of the ecology (i.e., isola-
tion by ecology, IBE) from geography (i.e., isolation by distance, IBD)
over the observed genetic structure. Nowadays, genomic techniques
allow larger amounts of genetic data to be obtained and hence offer
more detailed genetic information even at the intraspecific level.
In consequence, in recent years, research on HAD is transitioning
from a limited number of models—for example, apple maggot flies
(Rhagoletis pomonella) on apples and hawthorns (Bush, 1969; Feder
et al., 1993; McPheron et al., 1988), goldenrod gall fly (Eurosta sol-
idaginis) on goldenrod (Craig et al., 1993; Smith et al., 2002), pea
aphids (Acyrthosiphon pisum) on Fabaceae (Caillaud & Via, 2000;
Peccoud et al., 2009), and stick insects (Timema cristinae) on red-
heart and chamise (Nosil et al., 2002; Nosil & Sandoval, 2008)—to a
flourishing and more diversified research field.

Among insects, Lepidoptera are particularly suitable to the study
of HAD because of their diversity—they are considered the biggest
phytophagous order in the world (Schoonhoven et al., 2005; van
Nieukerken et al., 2011), although a minority of aphytophagous lin-
eages exist—and their ecology, characterized by larvae typically spe-
cialized on a restricted group of plant species (Forister et al., 2015;
Schoonhoven et al., 2005). This specialization can trigger adaptations
causing isolation between populations. For example, differences in
host plant phenologies can result in a barrier to gene flow by adult
flight time modification and allochrony (Austin et al., 2008; Bereczki
et al., 2020, 2022). Population differentiation can also be driven by
the distinct chemistry of the host plants. It has been hypothesized
that selection acts on the ability to identify suitable plants and on
digestive and physiological traits related to processing chemicals
(Matsubayashi et al., 2010; Tilmon, 2008), reducing the performance
of specimens that disperse to habitats where their original host plant
is absent. Moreover, since lepidopterans can sequester chemicals
from their host plants normally during the larval period, the differ-
ent chemical composition influences the range of available chemi-
cals. Most of the acquired chemicals are presumed to play important
roles as defensive agents (Nishida, 2002), but some are incorpo-
rated as cuticular hydrocarbons (Otte et al., 2018)—regarded as im-
portant for intraspecific semiochemical communication (Howard
& Blomquist, 2005)— others are precursors of hormones used for
courtship (Landolt & Phillips, 1997; Reddy & Guerrero, 2004) and

others can even alter wing colour (e.g., Burghardt et al., 2001). The
strength of reproductive isolation that different phytochemical pro-
files cause is currently poorly understood but, given the correlation
between plant taxonomy and phytochemicals (Defossez et al., 2021;
Sharma, 2013; Wink et al., 2010), isolating effects due to phyto-
chemicals may be inversely paired with the taxonomic relatedness
of the host plants.

The multiple butterfly traits with significance for reproduction
that can be modified by the use of alternative host plants (e.g., pher-
omones, colour, flight time, habitat choice) highlight the impact of
host plants on the diversification of Lepidoptera as one of great sig-
nificance, potentially at the level of factors such as adaptation to
climate (e.g., Pitteloud et al., 2017) or reproductive interference (e.g.,
Hinojosa et al., 2020). Thus, the periodic publication of evidence of
HAD in butterflies (Bereczki et al., 2020; Mikheyev et al., 2013; Nice
& Shapiro, 2001) and moths (Joyce et al., 2016; Malausa et al., 2007,
Silva-Brandao et al., 2018) is not surprising. However, the available
knowledge of HAD in Lepidoptera is still highly incomplete since it is
unknown how common this phenomenon is across the lepidopteran
tree of life, and cases are usually supported by weak genetic data,
based on just one or a small set of markers. Furthermore, the sources
of selection responsible for reproductive isolation linked to HAD are
rarely clarified.

The butterfly geranium argus, Eumedonia eumedon (Esper, 1780),
is a lycaenid native to the Eurosiberian region of the Palearctic, from
the Iberian Peninsula to the Pacific. Its larval host plants constitute
several species of the genus Geranium (Tolman & Lewington, 2008;
Tshikolovets, 2011) although, exceptionally, some populations have
been recorded on Erodium in specific areas of the southern edges of
its range (Eitschberger & Steiniger, 1975; Fuchs, 1989; Gil-T, 2004;
Kocak, 1979; Martinez Pérez et al., 2015; Schurian et al., 2014). This
plant genus, also a member of the family Geraniaceae and sister to
Geranium, is not known to be used among other Eumedonia species
(Tuzov et al., 2000; Zhdanko, 1997) despite being widely dispersed
and common. The relationship of Eu. eumedon with its larval host
plants is tight: it establishes well-defined populations only where
they are abundant, its flight time is synchronized with the blooming
of the host plants and even their inflorescences are the main source
of nectar for the adults (Erhardt, 1995). This extreme dependence on
a specific set of host plants and their habitats led us to hypothesize
that this species may be prone to experience HAD.

With the aim of improving our knowledge about how host plant
preferences contribute to the diversification of lepidopterans, we
conducted a genomic study using Eu. eumedon as a model to test
for HAD. Our prediction was that, if the larval host plant mediates
reproductive isolation to some extent, patterns of genetic differen-
tiation should significantly correlate with the host plant of the but-
terfly populations, taking into account geographical distances (IBD)
as a confounding factor. We employed the double digest RADseq
(ddRADseq) technique to obtain genomic data from various pop-
ulations from Europe and Asia that feed on different host plants,
including populations associated with Geranium and Erodium. We
first documented intraspecific variation and the relationships among
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populations. Since the pattern obtained was congruent with HAD,
we then assessed, at the local and European scale, the roles of IBE
mediated by HAD and of IBD in shaping the genetic structure of the
species.

2 | MATERIAL AND METHODS
21 | Sampling

A total of 48 specimens of the butterfly Eumedonia eumedon were
sequenced using the ddRADseq protocol detailed in the sec-
tion “ddRADseq library preparation.” For the same specimens, the
barcode region of the mitochondrial gene cytochrome ¢ oxidase |
(COI) was retrieved from the Barcode of Life Data System (BOLD).
Individuals collected from the field were dried as soon as possible,
then wings were kept separately as vouchers and bodies were stored
in 99% ethanol at -20°C. Information relative to the specimens used
for the genetic analyses is detailed in Table S1 and the sampling sites
are plotted in Figure 1.

To determine the host plant in each site, direct observations of
the presence of immatures on local host plants and the oviposition
habits of the females were carried out, except for the Swedish indi-
viduals, for which indirect evidence—using bibliographical evidence
(Eliasson et al., 2005; Henriksen & Kreutzer, 1982) and records of

the host plants present from GBIF—was employed. The locations of
the butterfly populations with known host plants are indicated in
Figure 1. We cannot assert the diet of the remaining populations,
but no other host plant than Geranium spp. has been recorded in the
ranges where the specimens were collected. Observations of adults
were gathered for the populations from the Cantabrian Mountains,
including both new and old records published in Martinez Pérez
et al. (2015), covering the period from 1999 to 2019 (Table S2).

2.2 | ddRADseq library preparation

For the ddRADseq library preparation, genomic DNA (gDNA) was
extracted from half thorax using the DNeasy Blood & Tissue Kit
(Qiagen). The amount of gDNA in the extracts was checked using
a PicoGreen kit (Molecular Probes) according to the kit instruc-
tions. To increase gDNA quantity and quality, whole genome
amplification was performed using a REPLI-g Mini Kit (Qiagen).
Concentration of the amplified gDNA was estimated with the
PicoGreen kit. For every sample, 500 ng of DNA was digested in
a reaction consisting of 1 pl Pstl (20,000 units ml™:, New England
Biolabs), 2 pl Msel (10,000 units ml™*, New England Biolabs), 5 pl of
CutSmart Buffer (New England Biolabs) and ultrapure (HPLC qual-
ity) water up to 50pl. It was then incubated for 2 h at 37°C and
enzymes were deactivated by freezing. A purification step with

Geranium
sylvaticum

Geranium
sanguineum

Geranium
subargenteum

Geranium
cinereum

Erodium
glandulosum

Larval host plant

Erodium
cheilanthifolium

FIGURE 1 Sampling sites of the specimens used for ddRADseq and approximate distribution of Eumedonia eumedon (shaded area). For
each site, the larval host plant is depicted if known. Butterfly drawing: Nadia Sentis

85U8017 SUOWIWOD SA[8ID 8 [deot[dde aup Ag peusenob a.e sjole YO ‘9SN Jo Sojni o} AkeuqiT8UIIUQ AB]I/ UO (SUONIPUOD-PUE-SWB Lo A 1M Aleiq Ul Juo//SANy) SUORIPUOD Pue SWS 1 81 88S *[£202/T0/0T] uo AkeidiTauljuo AW 'MuseH JO AIseAIUN Aq 8229T 98W/TTTT'OT/I0P/W0 A8 |1 Aleiq1ul|uo//Sdny Wwolj pepeojumod ‘T ‘€202 ‘XP62S9ET



HINOJOSA ET AL.

185
MOLECULAR ECOLOGY VA LEYJ—

AMPure XP x1 magnetic beads (Agencourt) was carried out in a
Biomek automated liquid handler (Beckman Coulter) with a final
elution in 40pl. The concentration of purified and digested DNA
was measured with PicoGreen; this value was used for the pooling
step, after ligation. The listed buffers and enzymes were added in
every sample for the ligation step: 5 ul T4 DNA Ligase Buffer (New
England Biolabs), 1 plT4 DNA Ligase (2000,000unitsml™%, New
England Biolabs), 0.6 ul rATP (100 mm, Promega), 5 pl P1 adapter
(50nm), 5 pl P2 adapter (50nm) and 2.4 ul water. Each sample was
tagged with unique P1 adapters that differed in a 5-nucleotide
barcode sequence; P1 adapters also included a TGCA overhang
on the top strand to match the sticky end left by Pstl. The P2
adapter included the lllumina sequencing primer sequences that
are compatible with paired-end runs, and AT overhangs on the top
strand to match the sticky end left by Msel. It also incorporated a
“divergent-Y" (Baird et al., 2008) to prevent amplification of frag-
ments with Msel cut sites on both ends. The ligation process was
performed for 1 h at 22°C and enzymes were deactivated at 65°C
for 20 min. Then, 200 ng from each individual was pooled in tubes,
making three pools in three different tubes with a final volume of
~450ul each. Every pool was purified with AMPure XP magnetic
beads and eluted in 40 pl. The pools were size-selected at 300 bp
with BluePippin (Sage Science) using the cassette type “2% DF
Marker V1" and the “tight” option. Finally, PCR (polymerase chain
reaction) amplification was performed with primers RAD1.F (5'-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA
CG-3') and RAD2.R (5-CAAGCAGAAGACGGCATACGAGATCGT
GATGTGACTGGAGTTCAGACGTGTGC-3'). The ligated DNA was
amplified in 60 ul volume reactions: 9 pl water, 30 ul Phusion High-
Fidelity PCR Master Mix (Finnzymes), 3 pl of each primer (10 mm)
and 15pl of DNA. Reaction conditions comprised a first denature
at 98°C for 30s, then 98°C for 10 s, 60°C for 30s and 72°C for 40s
in 16 cycles with the final extension step at 72°C for 5 min. PCR
products were purified with AMPure XP magnetic beads and DNA
concentration was measured with PicoGreen. The size distribution
and concentration of the pools were measured with a Bioanalyzer
(Agilent Technologies). Libraries were finally pooled into a single
tube in equimolar amounts and sequenced on an lllumina HiSeq
2500 PE 100 at the FIMM Technology Center (Helsinki, Finland).
The demultiplexed rasTq files were archived in the NCBI SRA:
SRX10512612-SRX10512659.

2.3 | ddRADseq data set processing

Initial filtering steps, single nucleotide polymorphism (SNP) calling
and alignment were carried out using the ipyrap version 0.6.15 (Eaton
& Overcast, 2020) pipeline. After testing distinct parameter com-
binations, the following parameters were changed from the default
settings: datatype was set to pairddradseq, restriction overhang to
TGCAG, TAA, maximum low-quality bases to 3, minimum depth (sta-
tistical) to 8, clustering threshold to 0.9, minimum trimmed length to
70, maximum Ns to 2, maximum heterozygous bases to 5, minimum

number of samples with a given locus to 6, maximum SNPs per locus
to 14 and maximum indels per locus to 5.

The software cenTrIFUGE version 1.0.4 (Kim et al., 2016) was used
to identify potential contaminant loci, those identified as noninsect.
This step was also useful to extract loci identified as Wolbachia, a
methodology that has been proven efficient to detect individuals
infected with this endosymbiont in studies using the same restric-
tion enzymes (Hinojosa et al., 2022). A contamination-free data set
was created by keeping only the insect and unidentified loci. Derived
from it, five more data sets were built: (i) a data set with a minor al-
lele frequency filtering step, in which alleles with a frequency lower
than 5% (--maf 0.05) were excluded with vcrrooLs version 0.1.13
(Danecek et al., 2011); (ii) a data set with unlinked SNPs obtained by
filtering the VCF file using the option --thin in vcrrooLs—this option
prevents having two variable sites within the specified distance from
one another and, given that the mean locus length was 178 bp, we
selected a value of 180; (iii) a data set with very low missing data, ob-
tained using vcrrooLs and by retaining only the SNPs present in the
95% of the individuals (--max-missing 0.95); (iv) a data set combining
unlinked SNPs + low missing data (--max-missing 0.50 in vcFTooLs);
and (v) a data set with unlinked SNPs and without missing data

(=-max-missing 1 in vcrFTOOLS).

2.4 | Phylogenetic reconstruction (COI and ddRAD
loci)

COI sequences were aligned in Geneious version 11.0.5 (Kearse
et al., 2012). The best fitting model, HKY + G, was found using smop-
ELTEST version 2.1.7 (Darriba et al., 2012) under the Bayesian informa-
tion criterion and the phylogeny was reconstructed in BEAsT version
2.5.0 (Bouckaert et al., 2014). Base frequencies were estimated, four
gamma rate categories were selected and a randomly generated ini-
tial tree was used. Estimates of node ages were obtained by applying
a strict clock and a normal prior distribution centred on the mean be-
tween two substitution rates for invertebrates: 1.5% and 2.3% un-
corrected pairwise distance per million years—Quek et al. (2004) and
Brower (1994), respectively. The standard deviation was tuned so
that the 95% confidence interval of the posterior density coincided
with the 1.5% and 2.3% rates. Albeit these substitution rates provide
very rough divergence estimates, better calibrations are, as far as
we know, unavailable for these taxa due to the absence of fossils or
other phylogenetically close calibration points. Parameters were es-
timated using two independent runs of 20 million generations each,
and convergence was checked using TrRACER version 1.7.1 (Rambaut
et al., 2018). A 10% burn-in was applied and the results from both
runs were merged. Genetic distances (dy,) between COI sequences
were calculated with pairwise deletion using Geneious.

An alignment was built by concatenating all the ddRAD loci
except those identified as potential contaminants (i.e., identi-
fied as noninsect) by cenTriFuGe. This alighment was used to con-
struct a phylogeny through maximume-likelihood inference using
RAXML version 8.2.4 (Stamatakis, 2014). The GTRGAMMA model
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and 1000 bootstrap replicates were selected. The resulting phy-
logeny was visualized and exported using FIGTREE version 1.4.2
(Rambaut, 2015).

2.5 | Genetic structuring and indicators of
genetic diversity

The genetic structure of the species was studied with sTrRucTURE
version 2.3.4 (Pritchard et al.,, 2000) using three SNP data sets:
the rare-allele filtered, which provided an improvement of the data
quality and helped to reduce the computation compared to the
contamination-free data set, the unlinked data set, and the unlinked
+ low missing data set. An admixture model with correlated allele
frequencies was chosen. The selected burn-in was 75,000, fol-
lowed by 250,000 MCMC (Markov chain Monte Carlo) replicates.
K (number of populations) values from 1 to 6 were tested, and 10
runs were done for each K, which were afterwards combined in one
per group with cLumpak version 1.1 (Kopelman et al., 2015). The best
K under the Evanno method (Evanno et al., 2005) was calculated
using cLumpak version 1.1. A plot was constructed with pistruct ver-
sion 1.1 (Rosenberg, 2004). A principal components analysis (PCA)
was performed using the R package adegenet version 1.4-1 (Jombart
et al., 2010); only data sets with low missing data were employed
since this analysis has been suggested to be sensitive to missing data
in population genetics studies (Yi & Latch, 2022).

In order to assess differentiation between groups defined by
larval host plant and geography, genetic distances (dy., d,) and the
fixation index (F¢;) were calculated. These indexes are affected
differently by missing data and sample size and are thus comple-
mentary. In particular, Fg; and d, are more informative because
they correct genetic distances by intrapopulation variability, but
are more affected by low data compared to the less informative
dyy. Genetic distances between groups were measured in GENEIOUS
using the contamination-free RAD loci alignment and plotted using
the R package complexheatmap version 1.10.2 (Gu et al., 2016). The
groups were built based on the lineages retrieved in the ddRAD phy-
logeny, which matched with geography, the sTrucTure clustering, the
PCA grouping and, in the Cantabrian Mountains, with larval host
plants. All samples were used except the one from central Iberia,
since it could not have been placed in any group. Fo; was estimated
in vcrrooLs version 0.1.15 using the weighted Weir and Cockerham's
estimator. As F.; can be biased by high percentages of missing data
we used only SNPs with low missingness, with thresholds of 0% for
the analyses focused on the Cantabrian Mountains and of 5% for

the rest.
2.6 | Multiple regression of dissimilarity
matrix analyses

The weight of IBE and IBD was assessed by multiple regression on
distance matrices (MRM) analyses implemented in the MRM function

of the ecodist version 2.0.7 R package (Goslee & Urban, 2007). To do
so, two approaches were used to estimate ecological distances: (i) as
a binary variable, namely sharing or not the same host plant genus,
and (ii) as pairwise genetic distances between larval host plants.
Given that distinct Geranium and Erodium species have chemical dif-
ferences related to taxonomy (Harborne & Williams, 2002; Munekata
et al., 2019), genetic distances between plants can be a good proxy
for ecological differences. We downloaded from GenBank all the
available sequences of the ribulose-1,5-bisphosphate carboxylase/
oxygenase large subunit (rbcL)—one of the most popular genes in
plant phylogenetics (Vijayan & Tsou, 2010)—of the studied host
plants (Table S3); rbcL sequences of all host plants were found ex-
cept for Er. cheilanthifolium. A consensus sequence was obtained
per plant species and their genetic distances (d,,) were calculated
using GeNelous. Geographical distances were obtained using the
function shortestPath of the R package gdistance version 1.3-6 (van
Etten, 2017).

MRM analyses were conducted at two geographical scales: first
focusing on the Cantabrian Mountains and then using samples from
all of Europe. At the local scale (Cantabrian Mountains), we defined
one population per locality except for the localities associated with
Geranium subargenteum, which were merged in a single population
due to their proximity. F¢; among populations was calculated as ex-
plained in the section “Genetic structuring and indicators of genetic
diversity.” At the European scale, we included samples from all the
distribution in which host plants were known and sequenced—the
individual from central Iberia was excluded because its population
feeds indistinctly in two host plant species. In this case, only one
sample has been sequenced for some distant localities with tracked
host plant, and hence grouping was not possible and genetic dis-
tances (dxv) were calculated between individuals. Each MRM anal-
ysis was complemented with two linear regressions in which we
explored the linear relationship between butterfly genetic distances
and the ecological variable, and between butterfly genetic distances
and geographical distances.

3 | RESULTS
3.1 | Adult flight period and host plant records

The ecology of populations in the Cantabrian Mountains was stud-
ied in greater detail (Table S2). In this region, Eumedonia eumedon
used Erodium glandulosum in 16 sites, where adults were recorded
from May to August and observations peaked in June-July. In 21
sites they used only Geranium subargenteum as host plant and adults
were flying from June to August, with a peak in July. Three popula-
tions used only G. sanguineum and adults were present from May
to July and peaked in May-June. It has to be considered that the
methodology did not systematically take into account variation in
flight time through the years, but because most sites were visited si-
multaneously and during a number of years, differences among sites
seem to be meaningful.

85U8017 SUOWIWOD SA[8ID 8 [deot[dde aup Ag peusenob a.e sjole YO ‘9SN Jo Sojni o} AkeuqiT8UIIUQ AB]I/ UO (SUONIPUOD-PUE-SWB Lo A 1M Aleiq Ul Juo//SANy) SUORIPUOD Pue SWS 1 81 88S *[£202/T0/0T] uo AkeidiTauljuo AW 'MuseH JO AIseAIUN Aq 8229T 98W/TTTT'OT/I0P/W0 A8 |1 Aleiq1ul|uo//Sdny Wwolj pepeojumod ‘T ‘€202 ‘XP62S9ET



HINOJOSA ET AL.

187
MOLECULAR ECOLOGY VA LEYJ—

We observed that butterfly populations linked to distinct host
plants inhabit slightly different ecological niches in the Cantabrian
Mountains. Populations that use G. sanguineum occur in shadowy
meadows and torrents at relatively low altitude (950-1350m) and
with some humidity, located in the central and eastern part of the
mountain range; populations on G. subargenteum live in humid
high-altitude (1500-2000m) grasslands and are exclusive from the
western part; populations on Er. glandulosum are found in the cen-
tral part and prefer rocky sunny habitats at mid- and high altitude
(1150-2050m). Occasionally, potential host plants were found in
sympatry (Er. glandulosum with G. sylvaticum, Er. glandulosum with G.
subargenteum, or G. subargenteum with G. sylvaticum). In these sites,
even if the two host plants were equally abundant, only one plant
species was chosen for breeding. This behaviour has also been re-
ported by Lafranchis et al. (2015) for French populations, although
studies documenting its recurrence are lacking. By contrast, both
G. sanguineum and G. sylvaticum were found in sympatry and used
indistinctly in the studied locality of central Iberia.

3.2 | ddRADseq data sets

The 1pyrAD pipeline retrieved 21,202 loci and 127,764 SNPs. None of
these loci were identified as Wolbachia by cenTrIFUGE. After remov-
ing potential contaminants, we obtained a data set of 19,610 loci
with 106,561 SNPs, used for the maximum-likelihood phylogeny
and genetic distance (dy, and d,) calculations. From this data set,
five additional data sets were obtained and the number of SNPs re-
trieved were: (i) 59,807 SNPs from the data set obtained after the
minor allele frequency filtering step, which was used for the sTruc-
TUuRe analysis; (ii) 16,561 SNPs from the data set with only unlinked
SNPs, also used for sTrucTuReE; (iii) 2427 SNPs from the data set with
very low missing data, used for the PCA and F¢; calculations; (iv)
1898 SNPs from the data set combining unlinked SNPs + a filter-
ing by missing data, used for both structure and the PCA; and (v)
249 SNPs from the data set with unlinked SNPs and without missing
data, used for the F¢; (for analyses only including Cantabrian sam-
ples). All these data sets were deposited in figshare (DOI: 10.6084/
m9.figshare.14371571).

3.3 | Phylogenetic reconstruction

The Bayesian chronogram based on COI sequences (Figure S1) re-
covered a deeply diverged clade (posterior probability, PP = 1) that
appeared ~2.17 (1.32-3.13) million years ago (Ma) and was sister
to the rest of Eurasian samples of Eu. eumedon. This lineage corre-
sponded to the specimens of populations that feed exclusively on
Er. glandulosum. The minimum genetic distance of the group with
respect to the other individuals was 2.58%. The other Iberian indi-
viduals (except those from the Pyrenees) were included in another
clade (PP = 1), together with three Italian specimens. The remaining
specimens grouped in two more clades: one containing specimens

from easternmost Europe and Kazakhstan (PP = 0.77), and another
with the rest of the European specimens, including those from the
Pyrenees (PP = 0.97).

The maximume-likelihood phylogeny based on ddRADseq loci
(Figure 2) recovered two main lineages, one Eurasian and one
Iberian. The Eurasian lineage (bootstrap = 100) comprised individ-
uals from the Pyrenees in the west to Kazakhstan in the east. The
Iberian lineage (bootstrap = 100) was formed by individuals from
the Iberian Peninsula, excluding the Pyrenees. Within this group, we
recovered two well-defined clades (bootstrap = 100). One group
was formed by the populations from Iberia feeding exclusively on
Erodium. It included a subgroup with the populations feeding on
Er. glandulosum (bootstrap = 100) from the Cantabrian Mountains
(northwestern Iberia)—the same highly diverged in the COI phylog-
eny (Figure S1)—and another group with the two individuals from
the southern Iberia (bootstrap = 100), which breed on Er. cheilanthi-
folium. The second Iberian clade was formed by populations from the
Cantabrian Mountains and Central System (central Iberia), all using
Geranium. Samples from the Cantabrian Mountains were separated
into two additional lineages that perfectly correlated with their host
plants: either G. sanguineum (bootstrap = 95) or G. subargenteum
(bootstrap = 92).

3.4 | Genetic structuring and genetic distances

The Evanno method highlighted K = 2 as best K in the three sTruc-
TURE analyses; however, it has to be considered that this result is
can biased by the “K = 2 conundrum” (Janes et al., 2017). At this
K, the two clusters are represented by individuals from the Iberian
Peninsula (except the Pyrenees and southern Iberia) and by indi-
viduals from the rest of Europe and Asia (Figure 3; Figure S2). At
K = 3 a west European group and an east European + Asia group
were differentiated. At K = 4, the four clusters corresponded to: (i)
an eastern European group, with individuals from eastern Europe +
northern Europe + Asia; (ii) a western European group, with individ-
uals from western Europe, except Iberia but including the Pyrenees;
(iii) an Iberian group with individuals from this peninsula feeding
on Geranium (except the Pyrenees); and (iv) another Iberian group
with individuals from this peninsula feeding on Erodium. At K =5 a
southern Iberia group, which previously appeared as a mix of clus-
ters at lower K values, was differentiated. This cluster was also pre-
sent to some extent in the east European and Asian specimens. At
K = 6 a cluster present mostly in the Pyrenees and France appeared.
Contact zones with gene flow possibly occurred between groups,
since individuals with mixed clusters were visible when spatially
plotted. The results obtained with the data sets using only unlinked
SNPs (Figure S3) and unlinked SNPs + low missing data (Figure S4)
were similar, although the separation between the two main Iberian
groups appeared less frequently.

The PCA (Figure 4; Figure S5) displayed the Erodium-feeding pop-
ulations from southern Iberia as a very divergent group. In STRUCTURE,

these samples displayed as a mix of clusters at several runs, which
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FIGURE 2 Maximum-likelihood inference tree (based on 19,610 loci). Scale units are presented in substitutions per site. Larval host plants

are indicated. Butterfly drawing: Nadia Sentis

is probably explained by the problems of this software when deal-
ing with well-diverged and poorly sampled groups (e.g., Dupuis &
Sperling, 2020; Quattrini et al., 2019). The Geranium-feeding popu-
lations were divided, in PC1, into two groups corresponding to Iberia
and Eurasia. Minor differences in the specimens from the Cantabrian
Mountains that correlated with the Geranium species used as host
plant (either G. sanguineum or G. subargenteum) were displayed in
PC2 and PC3. The specimens from the Cantabrian Mountains with
Er. glandulosum as host plant formed a compact group, distant from
the rest of the samples.

Regarding the Cantabrian Mountains (Figure 5), differences be-
tween populations feeding on Er. glandulosum and populations using
Geranium, namely G. sanguineum (F¢; =0.21;d, =0.11%; dy., =0.29%)
and G. subargenteum (Fs; =0.16; d, =0.09%; dy, =0.26%), were

higher than those between the populations using G. sanguineum and
G. subargenteum (Fs; =0.09; d, =0.04%; dy, =0.21%). The highest
dyy, d, and Fg; values were obtained between the population of

southern Iberia (on Er. cheilanthifolium) and the rest (Figure S6).

3.5 | Multiple regression on distance
matrices analyses

The analyses in which host plant genetic distances were set as
ecological distances showed that the MRM explained most of
the variance when using only Cantabrian populations (R? =.821;
Figure 6a) and when including individuals from all of Europe
(R? =.825; Figure 6b). In the Cantabrian Mountains, the butterfly
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FIGURE 4 Principal component analysis (PCA) results (based on 2427 SNPs)

genetic distances were highly correlated with the host plant ge-
netic distances (regression coefficient = 7.664, p =.005) while they
did not correlate with geographical distances (regression coeffi-
cient = -0.001, p =.107). Instead, in the analysis including samples
from all of Europe (Figure 6b), both host plant genetic distances (re-
gression coefficient = 0.044, p =.001) and geographical distances
(regression coefficient = 4.59x 107>, p =.001) correlated signifi-
cantly with the butterfly genetic distances.

Regarding the analyses using a binary variable (sharing or not
host plant genus) as ecological variable, the MRM explained most of
the variance (R? =.769) at local scale (Figure S7a). The butterfly ge-
netic distances were again significantly correlated with the ecolog-
ical variable (regression coefficient = 0.148, p =.031), but not with
geographical distances (regression coefficient = -1 x 1074, p =.774).
When samples from all of Europe were included (Figure S7b), the
MRM also explained most of the variance (R2 =.792) and both shar-
ing host plant genus (regression coefficient = 7.12x 107, p =.001)
and geographical distances (regression coefficient = 4.96x 107,
p=.001) correlated significantly with the butterfly genetic distances.

4 | DISCUSSION
4.1 | The influence of geography and host plants
on genetic divergence

The overall genetic pattern retrieved by structure (Figure 3;
Figures S2-54) fits well with the theory of the three southern
European refugia (Habel et al., 2010; Hewitt, 1999). Based on the lo-
cation of the “pure” individuals, we suggest the current main lineages

originated by the action of glacial periods that isolated populations
in the Balkan Peninsula (forming the violet cluster at K = 4), Italian
Peninsula (blue) and the Iberian Peninsula (grey and red). After the
Last Glacial Maximum, Balkan populations seemingly expanded
northwards, reaching central Asia and northern Europe, and to cen-
tral Europe, where they admixed with populations apparently com-
ing from the Italian Peninsula. Italian populations probably dispersed
across Europe and colonized the Pyrenees, albeit their contribution
fades as we move away from their origin.

Despite the geographical influence pinpointed by sTRUCTURE, the
complexity of their genetic diversity south to the Pyrenees requires
further explanation. In the Iberian Peninsula, the presence of HAD
was suggested by additional clusters that separated according to
the genus of larval host plant. Further evidence of HAD is visible in
the PCA (Figure 4; Figure S5) and especially in the ddRADseq phy-
logeny (Figure 2), which displayed four lineages tightly linked to the
larval host plants, namely Erodium glandulosum, Er. cheilanthifolium,
Geranium sanguineum or G. subargenteum. Three of them were found
in a single mountain range, the Cantabrian Mountains, northwestern
Iberia. The effect of IBE was significant according to the MRM analy-
ses (Figure 6; Figure S7) and showed that genetic distances between
butterfly populations were significantly correlated with the ecolog-
ical distances. Butterfly genetic differentiation was explained solely
by IBE locally (in the Cantabrian Mountains) but, at European scale,
the influence of both ecological and geographical distances was
significant. Regarding the chosen ecological variables, the models
using host plant genetic distances displayed high R? and explained
more of the observed variation than models using the binary variable
(sharing or not sharing host plant genus). These results may reflect
a link between the taxonomy of the host plants and the genetics of
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the butterfly, in which a decrease in the taxonomic relatedness of
the host plants is paired with an increase in the genetic differences
between butterfly populations, and support the hypothesis stating
that a more distinct chemical profile among host plants could cause

stronger reproductive isolation.

4.2 | Drivers of genetic differentiation in the
Cantabrian populations

Once IBE is detected, it is equally important to identify the under-
lying mechanisms that generated it (Wang & Bradburd, 2014), in
this case to explore how the host plants could have influenced the
origin and/or maintenance of the pattern of HAD. In the Cantabrian
Mountains, the situation was paradigmatic, as we retrieved three lin-
eages associated with distinct larval host plants (Er. glandulosum, G.
sanguineum or G. subargenteum) and only IBE explained the observed
genetic differentiation. One of the processes that has been tradi-
tionally thought to be tied to speciation in phytophagous insects is
coevolution (Ehrlich & Raven, 1964; Page, 2003; Thompson, 1989)

with host plants. The coevolution hypothesis in terms of cospecia-
tion and cocladogenesis is not consistent with the divergence be-
tween the butterfly lineages associated with Geranium and Erodium
since both plant genera split 18-34 Ma (Fiz et al., 2008; Fiz-Palacios
etal., 2010), far earlier than any division within Eumedonia—estimated
to be 4.39 Ma at maximum (Figure S1). Cospeciation is also unlikely
to explain the origin of the lineages linked to distinct Geranium spe-
cies, as the groups in which G. sanguineum (subgenus Geranium)
and G. subargenteum (subgenus Erodioidea) are included split ~9 Ma
(Marcussen & Meseguer, 2017). Nevertheless, our results reinforce
the view that plants generally provide a framework onto which but-
terflies diversify (Hardy & Otto, 2014; Janz & Nylin, 2008) and, in
this sense, coevolution may take place through reciprocal selective
pressures.

We observed that butterfly populations using distinct host plants
inhabited slightly different habitats in the Cantabrian Mountains, and
hence they are not strictly sympatric. On the other hand, it is also
important to consider the flowering periods of the host plants since
Eumedonia eumedon flight time is synchronized with them. This is be-
cause adults oviposit in the flowers and the small larva feeds on the
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fruit (Tolman & Lewington, 2008), a recurrent strategy in Lycaenidae— Genetic differentiation between populations linked to Geranium
for example, lolana debilitata (Rabasa et al., 2005), Euphilotes ancilla vs. Er. glandulosum is much higher compared to those feeding on
(Austin et al., 2008). In the Cantabrian Mountains, G. sanguineum distinct species of Geranium (Figure 5; Figure Sé), despite being
typically reaches its peak bloom earlier than G. subargenteum and geographically closer (the closest populations found are separated
indeed Eu. eumedon flies earlier in populations associated with the by ~3 km). Thus, they seem to have a stronger barrier to gene flow.
former (Figure 5). Similar to gall-forming wasps over distinct oak spe- Genomic differences are clear in F¢; calculations, in which individ-
cies (Zhang et al., 2019) and to the butterfly Phengaris arion (Bereczki uals using Er. glandulosum vs. individuals using Geranium exhibited
et al., 2020; Bereczki et al., 2022), differences in breeding time be- values (0.16-0.21) that can be considered high for butterflies, al-
tween conspecific individuals (also known as allochrony) could act as a though they are still compatible with intraspecific variation (e.g., Arif
reproductive barrier between the populations found on G. sanguineum et al., 2021; Halbritter et al., 2019). The putative reproductive isola-
and G. subargenteum. The habitat preferences of the host plants prob- tion is reflected in the low admixture between these clusters in the
ably strengthened isolation through habitat selection. The slight ge- STRUCTURE results and in the fact that all the specimens associated
netic differentiation between these two Geranium-feeding lineages with Er. glandulosum shared a highly diverged mitochondrial lineage
suggests a recent origin, and similar undetected processes of lineage (Figure S1), not present in any other sample. The minimum uncor-
sorting may be taking place locally in other places. rected genetic distance of this lineage with respect to the rest of the
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specimens analysed was 2.58% for the mitochondrial marker COI,
which is a high value for butterflies at the intraspecific level (Dinca
et al., 2015; Dinc3 et al., 2021; Huemer et al., 2014); the observed
mitochondrial lineage pattern could theoretically be an outcome of
Wolbachia infection—Wolbachia bacteria are maternally inherited
and may cause male-killing or cytoplasmic incompatibility (Werren
et al., 2008), which can lead to some degree of reproductive isola-
tion (Bordenstein et al., 2001; Shoemaker et al., 1999)—but here all
specimens analysed were apparently not infected. Considering that
populations found over Er. glandulosum and their counterparts that
use Geranium live nearby and both plants overlap in the blooming
period, it is likely that meetings between individuals of these pop-
ulations occur. In this case, unknown reproductive barriers seem to
operate, either preventing dispersal, interbreeding and/or through
a reduced fitness of hybrids. Wing patterns and coloration (Fordyce
etal., 2002; Knittel & Fiedler, 2001) and also chemicals (Hernandez-
Roldan et al., 2014; Orofio et al., 2013; Pinzari et al., 2018) are po-
tential targets for further study, as they are important characters for
mate choice that can be influenced by larval diet.

Importantly, it remains unclear whether the lineage sorting be-
tween populations feeding on Erodium and populations feeding on
Geranium occurred before or after (as a consequence of) the host
plant shift. Even if sorting was preshifting, host plant use could still
currently contribute to reproductive isolation, but other possibili-
ties cannot be discarded. To shed new light on this issue, it becomes
crucial to study more individuals of the populations feeding on Er.
cheilanthifolium and Er. valentinum from southern lIberia, as well as
from other populations that feed on Erodium species located in
Greece (Fuchs, 1989), Turkey (Kocak, 1979; Schurian et al., 2014) and
Lebanon (Eitschberger & Steiniger, 1975). Furthermore, determining
if they are related between them or if they have shifted to Erodium
independently would be also key to reconstructing the evolutionary

history of Eu. eumedon and reach taxonomic conclusions.

4.3 | Conclusions: Hypotheses over the speciation
continuum of Eu. umedon

The speciation continuum is defined as the continuous sequence
of variation that occurs as lineages diverge from one another on
the pathway to full reproductive isolation (Hendry, 2009; Hendry
et al., 2009). The Iberian Eu. eumedon represents an excellent ex-
ample of it, since we describe a series of genetically differentiated
populations (here also host races) apparently at distinct levels of
reproductive isolation. Furthermore, we show that the speciation
continuum of Eu. eumedon is conditioned by the larval host plants
as the genetic divergence between host races correlates with the
genetic distance between their host plants: the less related are the
host plants taxonomically, the more genetically differentiated are
the butterfly populations. As far as we know, this pattern has never
been described before. The exact mechanisms that generated this
pattern remain largely unknown, although allochrony seems to have
contributed to isolate the populations that feed on the most closely

related host plants (G. sanguineum and G. subargenteum). We hypoth-
esize that the more distantly related are the host plants, the adap-
tations committed to cope with host plant particularities (e.g., its
phytochemical profile) could be more divergent and have a greater
impact on reproductive isolation and genetic differentiation of the
butterfly.
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