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Abstract

Hybridisation and introgression are increasingly seen as important drivers of the evolu-
tion of organisms, particularly in Lepidoptera. One group that is gaining attention due to
recently published cases of interspecific gene flow is the genus Melitaea Fabricius
(Nymphalidae). In this study, we used genomics to investigate the role of hybridisation in
the evolution of the western Palearctic species of the Melitaea phoebe group M. ornata
Christoph, the recently described M. pseudornata Mufoz Sariot & Sanchez Mesa,
M. phoebe (Denis & Schiffermiller), M. punica Oberthur, and M. telona (Fruhstorfer). We
provide evidence of asymmetric gene flow from M. phoebe to both M. ornata and
M. pseudornata. Gene flow from M. phoebe to M. pseudornata was very high (25.0%-
31.9%), widespread throughout the distribution of the latter, and not equally distributed
along the genome. The Z chromosome showed patterns compatible with the large-Z
effect, which were mimicked by two autosomes. Melitaea pseudornata endured massive
introgression while remaining a separate entity from M. phoebe, although gene flow may
have altered its phenotype, including its voltinism and the morphology of the adults and
caterpillars. These findings suggest that hybridisation may be pervasive in this genus and
highlight its key role in the evolution of butterflies, emphasising the need for further

research on this topic.
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hybrid individuals, which had to be intermediate between the paren-

tal species; and even in these cases, doubts about a hybrid origin

The study of hybridisation (the production of viable offspring from
distinct species) and introgression (the transfer of genes between
species as a result of hybridisation and repeated backcrossing) in
Lepidoptera has attracted the interest of scientists since early times.
Initially, it was mostly restricted to experimental crosses in labora-
tory conditions and anecdotal observations in the wild, compiled by
Tutt (1899-1906) on his landmark series A natural history of the Brit-
ish Lepidoptera: a text-book for students and collectors. The detection

of hybrids in nature nonetheless depended on the phenotype of the

could persist. This changed drastically with the introduction of
molecular techniques, such as allozymes, single-marker sequencing
and, more recently, genomics. They allowed tracing and even quanti-
fying gene flow from wild specimens, thus greatly advancing the
understanding of hybridisation processes (Arnold, 1997; Goulet
et al,, 2017). Nevertheless, the incidence of reticulate evolution is
unknown for most of the lepidopteran groups, leading to an incom-
plete knowledge of hybridisation in these insects, including its recur-

rence and outcomes.
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The global frequency of hybridisation for lepidopterans is
unknown, but it can be estimated for specific geographic areas and
groups, such as the European butterflies. Descimon and Mallet (2009)
stated that interspecific mating occurs in roughly 16% of the species
and that at least 8% can produce fertile offspring (or hybridise under
the given definition). This proportion is similar to the average for ani-
mals, estimated to be about 10% (Mallet, 2005). However, hybridisa-
tion has not been thoroughly studied for many of the European
species, hence this percentage is expected to be a low estimate. To
complement these data, mitochondrial DNA (mtDNA) can be a valu-
able source of information because shared haplotypes may be the
result of hybridisation. The data provided by a recent high-resolution
DNA barcode library of the European butterflies revealed that 69 out
of 459 species share cytochrome ¢ oxidase subunit | (COI) haplotypes
(Dinca et al., 2021). This may suggest that about 15% of the species
have potentially hybridised in relatively recent times, but the precision
of this estimation is questioned by several shortcomings. For example,
sharing mtDNA haplotypes can be due to flawed taxonomy, lack of
independent lineage sorting of the current variation or, in very young
species, the apparent lack of variation in this marker—for example, in
the Erebia tyndarus group (Dinca et al., 2021; Litman et al., 2018). Fur-
thermore, given that Lepidoptera obey Haldane's rule (Haldane, 1922;
Presgraves, 2002), that is, the preferential sterility or inviability of the
heterogametic sex (here, females), mating resulting in infertile females
but fertile males are expected to be frequent. As a result, two species
could hybridise without exchanging mtDNA—likely examples are the
pairs Spialia orbifer Hibner—S. sertorius Hoffmannsegg (Hinojosa,
Dapporto, et al., 2022) and Papilio hospiton Gené—P. machaon
Linnaeus (Cianchi et al., 2003).

Considering that interspecific gene flow in butterflies seems to be
at least as frequent as the animal average, it might have played a sub-
stantial role in their evolution. Hybridisation acts not only as a mere
merging force, but also as a source of new diversity, as it can contrib-
ute to diversification by locally forming hybrid populations or by the
acquisition of novel phenotypes via introgression. These two pro-
cesses lead to divergence between populations and can ultimately
cause speciation (Abbott et al., 2013). Cases of hybrid populations or
even hybrid species have been regularly documented in lepidopterans
in recent vyears (Capblancqg et al, 2015; Hinojosa, Dapporto,
et al., 2022; Nice et al., 2013). On the other hand, phenotypic changes
driven by introgression have been poorly studied and only a few fea-
tures were proposed to have been transferred between species
through this mechanism, such as wing colouration and patterns
(Pardo-Diaz et al., 2012; The Heliconius Genome Consortium, 2012),
or insecticide-resistant genes (Valencia-Montoya et al., 2020).

In the last years, amid the expansion of genomic techniques, non-
model organisms have increasingly gained popularity. One of them is
the genus Melitaea Fabricius (Nymphalidae), a diverse butterfly genus
that comprises about a hundred species distributed in the Palearctic
(van Oorschot & Coutsis, 2014). Cases of high intraspecific diversity
(Dinca et al, 2019) and hybridisation (Pazhenkova &
Lukhtanov, 2021; Tahami et al., 2021) have highlighted them as valu-
able to study speciation and reticulate evolution. Additional examples
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of repeated hybridisation may involve one of the most widely
distributed groups of the genus, the Melitaea phoebe group. Five of its
species inhabit the western Palearctic region: M. phoebe (Denis and
Schiffermdiller), widely distributed across Europe, M. punica Oberthir,
a north-western African endemic, M. ornata Christoph, present from
Provence to Central Asia, M. telona Fruhstorfer, exclusive to the Mid-
dle East, and the recently described (Hinojosa, Téth, et al., 2022;
Mufoz Sairot & Sanchez Mesa, 2019a; Mufioz Sairot & Sanchez
Mesa, 2019b) M. pseudornata Mufioz Sariot and Sanchez Mesa, an
Iberian endemic. Shared COI barcode haplotypes have been documen-
ted between M. phoebe, M. ornata and M. pseudornata (Hinojosa, Téth,
et al., 2022; Téth et al., 2017); the mitogenome of M. pseudornata is
apparently fully replaced by that of M. phoebe while in M. ornata it
is only partially replaced. Additionally, the morphology of the caterpil-
lars (in northern populations) and adults of M. pseudornata is very sim-
ilar to M. phoebe. These clues hinted at the presence of interspecific
gene flow within the European species of the group, especially
between M. pseudornata and M. phoebe.

In this study, we hypothesised that the evolution of the
M. phoebe group in Europe could have been influenced by
hybridisation. To test this, we used genomic data obtained through
double-digest RADseq (ddRADseq) to (1) retrieve the evolutionary
relationships between the western Palearctic species of the M. phoebe
group, (2) examine their population genetic structure across their dis-
tribution ranges and (3) test for the existence of interspecific gene
flow. Since evidence of hybridisation was found, its weight on differ-
ent parts of the genome was assessed, and the possibility that pheno-

typic traits were transferred between species is discussed.

MATERIALS AND METHODS
Sampling

We analysed DNA data from 67 samples of the five species belonging
to the M. phoebe group from the western Palearctic, including
10 M. ornata, 32 M. phoebe, 18 M. pseudornata, 3 M. punica and
2 M. telona (Table S1). Butterfly bodies were stored in 99% ethanol at

—20°C and wings were kept separately as vouchers.

ddRADseq library preparation

Genomic DNA (gDNA) was extracted from half of the thorax using
the DNeasy Blood & Tissue Kit (Qiagen). The amount of gDNA per
sample was measured using the PicoGreen kit (Molecular Probes)
according to the manufacturer’s instructions. Using the REPLI-g Mini
Kit (Qiagen), a whole genome amplification step was performed to
increase gDNA quantity and quality and we estimated again the con-
centration of the amplified gDNA with the PicoGreen kit. For every
sample, 500 ng of DNA were digested in a reaction consisting of 1 uL
Pstl (20,000 units/mL, New England Biolabs), 2 uL Msel (10,000 units/
mL, New England Biolabs), 5 uL of CutSmart Buffer (New England

95UB01 7 SUOLULLIOD A0 3(cedl|dde 8Ly Aq peusenob a.1e sajofe YO 9sN Jo Sajn1 10} ARiq1T 8UlIUO A1 UO (SUONIPUOD-pUB-SWB)LI0O™AB | 1M ARe.q1|Bul UO//ScY) SUORIPUOD pue SIS | 8L 88S " [1202/90/G2] U0 Aiqi8uluO A8 |1 BWeisIS 9zusli 1 NS PAIIN AQ TE9ZT USAS/TTTT OT/I0p/W00 A3 (1M Ale1q1jpul JUO'S eUIN0 91//:5dny Wwouy pepeojumod ‘0 ‘€TTESIET



CAN SPECIES ENDURE MASSIVE INTROGRESSION?

Systematic
Entomology

Biolabs) and ultra-pure (HPLC quality) water up to 50 pL. Afterwards,
the samples were incubated for 2 h at 37°C, and enzymes were deac-
tivated by freezing. They were then purified with AMPure XP x1 mag-
netic beads (Agencourt) using a Biomek automated liquid handler
(Beckman Coulter), selecting a final elution in 40 pL. The DNA con-
centration was measured with PicoGreen; this value was used later
for the pooling step. The following buffers and enzymes were added
to every sample to enable ligation between the DNA and the
adapters: 5 uL T4 DNA Ligase Buffer (New England Biolabs), 1 uL T4
DNA Ligase (2,000,000 units/mL, New England Biolabs), 0.6 puL rATP
(100 mM, Promega), 5uL P1 adapter (50nM), 5uL P2 adapter
(50 nM) and 2.4 L water. As a result, each sample was tagged with
unique P1 adapters—which included a TGCA overhang on the top
strand to match the sticky end left by Pstl—that differed in a 5-nt bar-
code sequence. The P2 adapters contained 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 ampli-
fication of fragments with Msel cut sites at both ends. This ligation
step was performed for 1 h at 22°C, and enzymes were deactivated at
65°C for 20 min. Since the DNA concentration was measured previ-
ously, 200 ng from each individual were pooled independently in
three tubes with a final volume of ~450 pL each. The pools were puri-
fied with AMPure XP magnetic beads and eluted in 40 pL and were
size-selected at 300 bp with BluePippin (Sage Science) using the cas-
sette type ‘2% DF Marker V1’ and the ‘tight’ option. A final PCR
amplification step was introduced with primers RAD1.F (5'-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG-
3') and RAD2.R (5'-CAAGCAGAAGACGGCATACGAGATCGTGATGTG
ACTGGAGTTCAGACGTGTGC-3'). Each pool was amplified in 60 pL
volume reactions: 9 pL water, 30 pL Phusion High-Fidelity PCR Master
Mix (Finnzymes), 3 uL of each primer (10 mM) and 15 uL of DNA. Reac-
tion conditions comprised a first denature step at 98°C for 30 s, then
98°C for 10 s, 60°C for 30 s and 72°C for 40 s in 16 cycles with a final
extension step at 72°C for 5 min. PCR products were purified with
AMPure XP magnetic beads to remove the maximum of impurities prior
to sequencing and DNA concentration was checked with PicoGreen.
The size distribution and concentration of the three pools were mea-
sured with Bioanalyzer (Agilent Technologies). The three libraries were
finally pooled into a single tube in equimolar amounts and sequenced on
an lllumina HiSeq X by Macrogen Korea. The demultiplexed FASTQ files
were archived in the NCBI SRA: SRR28153373-SRR28153439.

ddRADseq data set processing

Initial filtering steps, single nucleotide polymorphism (SNP) calling and
alignment were carried out using the ipyrad v.0.6.15 (Eaton &
Overcast, 2016) pipeline. After testing distinct parameter combina-
tions, the following parameters were changed from the default set-
tings: assembly method was set to ‘reference’ (M. athalia
[Rottemburg] genome was used, submitted sequence: GenBank
GCA_905220545.2), datatype to ‘pairddradseq’, restriction overhang
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to ‘TGCAG, TAA’, minimum length to 70, minimum samples per locus
to 5, maximum SNP per locus to 0.1.

One SNP per locus was taken to create an unlinked data set.
From this data set, a low missing data set was obtained using
VCFtools v0.1.16 (Danecek et al., 2011), retaining only the SNPs pre-
sent in 90% of the individuals (—-max-missing 0.90). The mtDNA loci
were removed from all the data sets used for this study.

Phylogenetic analyses of the ddRADseq data

An alignment was built by concatenating all the ddRADseq loci. This
alignment was used to construct a phylogeny through maximum likeli-
hood inference using RAxML v8.2.4 (Stamatakis, 2014). The
GTRGAMMA model and 1000 bootstrap replicates were selected.
The resulting phylogeny was visualised and exported using FigTree
v.1.4.2 (Rambaut, 2015).

Genetic structuring

PCA and STRUCTURE analyses were applied to gather detailed infor-
mation on the genetic structure of the target species. The PCA was
performed using the R software package adegenet v1.4-1 (Jombart
et al., 2010). For STRUCTURE v2.3.4 (Pritchard et al., 2000), an admix-
ture model with correlated allele frequencies was chosen. The
selected burn-in was 75,000, followed by 250,000 MCMC replicates.
K (number of populations) values from 1 to 6 were tested, and 10 runs
were done for each K, which were afterwards plotted with CLUMPAK
(Kopelman et al., 2015). The best K according to the Evanno method
(Evanno et al., 2005) was estimated in CLUMPAK.

Genetic differentiation

The fixation index (Fst) was calculated with VCFtools using the
weighted Weir and Cockerham’s estimator. It was measured for win-
dows of 200,000 base pairs (bp) as well as for chromosomes and
between the species pairs M. ornata-M. phoebe, M. ornata-

M. pseudornata and M. phoebe-M. pseudornata.

Gene flow calculations

Gene flow events were explored using TreeMix v1.13 (Pickrell &
Pritchard, 2012). Based on covariance of allele frequencies and Gauss-
ian approximation to genetic drift, this software infers historical rela-
tionships between populations. Additionally, TreeMix applies a
methodology to approximate the fraction of admixture: it calculates
the weight of the migration events which is, considering a situation in
which admixture occurs in a single generation, the proportion of
alleles in the descendant population that originated from each paren-

tal population. We used the Python script vcf2treemix.py (available at
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https://github.com/CoBiG2/RAD_Tools/blob/master/vcf2treemix.py)
to generate the input file. We ran TreeMix using 1, 2, 3 and 4 migra-
tion edges (m) and 11 SNPs windows (k) per migration edge, from
10 to 20. The optimal number of migration edges was estimated with
the R package OptM (Fitak, 2021).

Additional interspecific gene flow events were investigated using
the Julia package PhyloNetworks v0.12.0 (Solis-Lemus et al., 2017).
To infer reticulations, this method uses a maximum pseudolikelihood
estimator applied to quartet concordance factors (CFs), that is, gene
tree frequencies, of 4-taxon trees under the coalescent model, incor-
porating incomplete lineage sorting and reticulation events (Solis-
Lemus et al., 2017). As TreeMix, Phylonetworks can also estimate the
fraction of the genome that has been potentially introgressed. Specifi-
cally, the observed CFs are used to retrieve the inheritance values (y),
the proportion of ancestral contribution to the hybrid lineage genome.
We then used RaxML v8.2.4 to estimate a tree per locus; we chose
the GTRGAMMA model and 100 bootstrap replicates per locus. Sub-
sequently, CFs were estimated in PhyloNetworks from all RaxML
gene-trees (13,419), with all individuals per clade mapped as alleles to
species. We used a tree built in ASTRAL v5.7.5 (Rabiee et al., 2019;
Zhang et al., 2018) as starting topology, obtained with the default
parameters and using the RaxML loci trees. We tested values for h
(number of gene flow events) from O to 4, assessing maximum support
using a slope heuristic for the increase in likelihood plotted against h
(Solis-Lemus & Ané, 2016). We performed 50 independent runs per
h-value to ensure convergence on a global optimum.

We used the ABBA-BABA analysis (Durand et al., 2011) to further
confirm the introgression event indicated by TreeMix and Phylonet-
works, that is, between M. phoebe and M. pseudornata. Since M. phoebe
and M. ornata also share mitochondrial haplotypes, the presence of
shared alleles was also tested between these two species. Additionally,
the same analysis was performed to assess if the northern or southern
populations of M. pseudornata could have experienced different levels
of gene flow. Melitaea aetherie Hiibner was used as outgroup in all the
analyses. Calculations were done in Dsuite v0.4 using program Dtrios
(Malinsky et al., 2020). Dtrios calculates Patterson’s D (Patterson
et al., 2012) and uses a block-jackknife procedure to assess if D signifi-
cantly differs from zero. The size of the selected blocks should be larger
than the extent of linkage disequilibrium (Durand et al., 2011). We used
block sizes of 100 SNPs, which, in the data set used for this analysis,
surpassed the average length of chromosomes.

Wolbachia infection

Wolbachia is a genus of endosymbiotic bacteria thoroughly studied
because of the wide range of effects they induce on their hosts, such
as feminisation of males, induced parthenogenesis, male killing and
cytoplasmic incompatibility, which may lead to selective sweeps
(Hurst & Jiggins, 2005; Jiggins, 2003; Werren et al., 2008). Since Wol-
bachia is maternally inherited, the transmission of a Wolbachia strain is
associated with a particular mitochondrial genome, hence selective

sweeps can be inferred by the expansion of specific COI haplotypes.
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In order to evaluate if the mtDNA pattern exposed in Hinojosa,
Téth, et al. (2022) was potentially caused by this microorganism, a
search for Wolbachia sequences was performed using Centrifuge
v1.0.4 on the ddRADseq loci obtained with the ipyrad ‘de novo’
method.

RESULTS
ddRADseq data sets

A total of 140,130,613 raw reads were assembled into 88,328 loci, of
which the ipyrad pipeline retained 13,427 loci (Table S2) containing
123,028 SNPs; this SNP data set was used for the Fst calculations,
while the loci were used to build the phylogeny and for PhyloNet-
works. The unlinked data set had 12,649 SNPs and was used for the
STRUCTURE and ABBA-BABA analyses. The unlinked data set with
low missing data had 239 SNPs and was used for the PCA and Tree-
Mix analyses since these analyses have been suggested to be sensitive
to missing data in population genetics studies (Pickrell &
Pritchard, 2012; Yi & Latch, 2022). All these data sets were deposited
on figshare (DOI: 10.6084/m?9.figshare.22574470).

Phylogenetic reconstruction

The ddRADseq phylogeny (Figure 1a, S1) retrieved all the species as
well-supported monophyletic groups (bootstrap = 100). Two main
clades were obtained: one including Melitaea pseudornata, M. ornata
and M. telona and another including M. punica and M. phoebe. Two
well-supported lineages were recovered in M. ornata, separating the
Italian individuals from the rest. In M. phoebe, the Iberian individuals
were differentiated from the other Eurasian samples. In
M. pseudornata, a main clade included samples from northern Iberia
and another clade comprised samples from central and southern Ibe-
ria. Melitaea pseudornata appeared as sister to a clade including
M. telona and M. ornata, a pattern that was shared by 16 chromo-
somes. However, using data from the chromosomes 3, 14 or Z
(Figure 1b, S2), M. pseudornata was sister to M. ornata (Figure 1c). The
rest of the chromosomes produced other topologies or polytomies,

that is, poorly supported nodes (bootstrap <60).

Genetic structuring

The PCA successfully clustered all the species based on PC1 and PC2,
which accounted for 53.3% of the variability (Figure 2a). In PC1
(45.1%), two groups emerged: M. telona + M. ornata + M. pseudornata
and M. phoebe + M. punica. In PC2 (8.2%), the different species of
these two groups appeared disjunct. PC3 (5.1%) only separated
M. punica and M. telona from the rest.

The STRUCTURE analysis (Figures 2b, S3) displayed a cluster for
each species at K = 6, except for M. phoebe, in which a second one
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FIGURE 1 Maximum likelihood inference trees based on data from the (a) autosomes and (b) Z chromosome. (c) Relationships between
M. telona, M. ornata and M. pseudornata recovered from loci in different chromosomes; grey colour indicates chromosomes that produced trees
with poorly supported nodes (bootstrap <60).

appeared at K > 3. One of the M. phoebe clusters was present in the both clusters were found in the intermediate geographic regions. The
Iberian Peninsula (dark blue), while the other extended from the east- only remaining individual with notable cluster admixture was a
ern Alps to Asia (light blue); individuals displaying an admixture of M. ornata from the Caucasus, which showed admixture with the
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FIGURE 3 (a) Fs7 values estimated in windows of 200,000 bp and mean Fst per chromosome. (b) Boxplot of the Fst per chromosome and per

species pair. (c) Proportion of windows with low, intermediate and high Fst values for each species pair.

Middle Eastern species M. telona. Despite including six species, the
Evanno method chose K = 2 as the best K; this result may be attrib-
uted to the ‘K = 2 conundrum’ (Janes et al., 2017).

Genetic differentiation

The chromosome differentiation in the pair M. phoebe-M. pseudornata
was significantly lower than in the pairs M. ornata-M. phoebe and
M. ornata-M. pseudornata (Figure 3a,b). The Z chromosome was the
most differentiated for the pairs M. ornata-M. phoebe and M. phoebe-
M. pseudornata (in the latter, it was also an outlier in the boxplot) and
was the third most divergent for the comparison M. ornata-
M. pseudornata. The number of windows (Figure 3c) with low Fst
values (Fst <0.1) was significantly higher in the pair M. phoebe-
M. pseudornata compared to M. ornata-M. phoebe (x? =422,
p = < 0.01) and M. ornata-M. pseudornata (x2 = 13.8, p < 0.01); the
number of windows with high Fst values (Fst >0.9) was significantly
lower in M. phoebe-M. pseudornata with respect to M. ornata-
M. pseudornata (x? = 13.8, p = < 0.01), but not when compared to
M. ornata-M. phoebe (x> = 0.9, p = 0.35).

Gene flow analyses

OptM estimated that the optimal number of migration edges (the
highest Am) was one (Figure S4a). Although at m = 1, the threshold of
99.8% of explained variance was not reached, when allowing for addi-
tional migration edges, multiple alternative gene flow combinations
were obtained and no conclusion could be reached. For one migration
edge (Figure 4a), TreeMix suggested in 6 out of 11 runs the occur-
rence of an admixture event from M. phoebe to M. pseudornata (mean
weight = 0.319, mean p < 0.01); however, the other five runs indi-
cated admixture in the opposite direction (mean weight = 0.458,
mean p < 0.01).

PhyloNetworks analyses indicated that all models involving gene
flow (h > O) fit our data better than models considering strict bifurcat-
ing trees (h = O; Figure S4b). The best phylogenetic network inferred
by PhyloNetworks identified one introgression event (hmax =1,
loglik = 0.19) from M. phoebe to M. pseudornata (inheritance probabil-
ity (y) = 0.298; Figure 4b).

The ABBA-BABA tests (Figure 4c) showed an excess of shared
alleles between M. pseudornata and M. phoebe (Figure 4c: D = 0.57,
f4-ratio = 0.250, p-value <0.01; Figure S5a: D = 0.27, f4-ratio = 0.129,
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(b) PhyloNetworks
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FIGURE 4 (a) Taxa relationships and migration edges inferred by TreeMix with the optimal number of migration edges identified by OptM.
The colour indicates the weight of migration edges. The drift parameter is a relative temporal measure and the scale bar indicates 10 times the
average standard error of the relatedness among taxa based on the variance-covariance matrix of allele frequencies. (b) PhyloNetworks
phylogeny with the optimal reticulation. Branch lengths are expressed in coalescent units, and support values are expressed as local posterior
probabilities. (c) Tested ABBA-BABA scenarios and results using blocks of 100 SNPs.

p-value = 0.02), between M. ornata and M. phoebe (Figure 4c:
D = 0.66, f4-ratio = 0.221, p-value <0.01) and between the southern
individuals of M. pseudornata and M. phoebe (Figure S5b: D = 0.31,
f4-ratio = 0.087, p-value = 0.01).

Wolbachia infection

Multiple Wolbachia sequences were detected in 12 individuals of
M. phoebe and 11 individuals of M. pseudornata, hence we consid-
ered these individuals as infected (Table S1). Melitaea ornata,
M. phoebe and M. pseudornata share two COI barcode haplogroups
(Hinojosa, Téth, et al., 2022): Haplogroup 1, endemic to the Iberian
Peninsula, and Haplogroup 2, with a Eurasian distribution and also

present in Iberia. All infections were associated with Haplogroup

2, although not all the individuals within this haplogroup were
infected (e.g., all the M. ornata specimens). The infected individuals
were found across all Europe, from the Iberian Peninsula to eastern
Europe.

DISCUSSION
Interspecific gene flow in the M. phoebe group

Our results revealed that hybridisation occurred between M. phoebe
and M. pseudornata, as detected by Treemix (Figure 4a) and PhyloNet-
works (Figure 4b). Additionally, these two species displayed an excess
of shared alleles (Figure 4c). The gene flow between M. phoebe and

M. pseudornata can be defined by three main characteristics, namely
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(1) its asymmetry, (2) its magnitude and (3) its uneven distribution

across the genome:

1. The transfer of genetic material is apparently asymmetric, from
M. phoebe to M. pseudornata. This was highlighted by PhyloNet-
works and TreeMix. Furthermore, the mtDNA was also apparently
transferred in this direction (Hinojosa, Téth, et al., 2022). The spe-
cific mechanisms causing asymmetric hybridisation in Lepidoptera
are thought to be diverse but remain poorly understood. Some
examples are reduced hybrid viability in backcrosses with one of
the parental species (Havill et al., 2017) or asymmetric mating pref-
erences (Deering & Scriber, 2002). In this case, the cause of the
asymmetry remains unknown.

2. A considerable proportion of the genome of M. pseudornata was
found to be introgressed (Figure 4). TreeMix indicated that the
introgressed fraction of the genome was 31.9%, PhyloNetworks
suggested a 29.8% and the F,-ratio a 25.0%. These percentages of
introgression are exceptional in animals (Ottenburghs, 2018;
Payseur & Rieseberg, 2016), and only a few cases have been
reported in insects. The hybrid butterfly species Coenonympha dar-
winiana Staudinger is considered a mixture between C. arcania Lin-
naeus (75% contribution) and C. gardetta Prunner (25%; Capblancq
et al., 2015); 20%-40% of the genome of the butterfly Heliconius
melpomene  (Linnaeus) showed admixture with H. cydno
(Doubleday) or H. timareta (Hewitson) in sympatry (Martin
et al., 2013). These high values are surprising considering that the
former pair are separated by ca. 3 million years
(Kodandaramaiah & Wahlberg, 2009; Wiemers et al., 2020) and
the latter species group by ca. 2 million years (Bull et al., 2006;
Salazar et al., 2008). But the divergence of the parental species is
even higher in our case, since M. phoebe and M. pseudornata split
ca. 6 million years ago (Téth et al., 2017). Hybridisation between
old species has already been documented in Melitaea. In the pair
M. athalia-M. celadussa Fruhstorfer, separated ca. 7 million years
ago (Leneveu et al., 2009), widespread hybridisation was found
across the contact zone (Tahami et al.,, 2021), and hybridisation
between M. acentria Lukhtanov and M. didyma (Esper) occurred
although they diverged ca. 5 million years ago (Pazhenkova &
Lukhtanov, 2021). However, the case of M. pseudornata differs
from all the above examples because the asymmetric introgression
would have completely affected one of the parental species—the
ancestral Iberian lineage from which the current M. pseudornata
originated—across its range. This can be inferred given that:
(1) M. pseudornata did not appear as an admixture of clusters in
STRUCTURE, which suggests that gene flow affected all the
individuals equally (Lawson et al., 2018); (2) no deeply diverged lin-
eages of M. pseudornata have been recovered, as it might be
expected if individuals with small admixture rates are present and
(3) the mtDNA of M. phoebe is present in all the M. pseudornata
individuals.

3. The transfer of genetic material from M. phoebe to M. pseudornata
is apparently not uniformly distributed across the genome. The Z

chromosome was highly differentiated compared to the autosomes
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(Figure 3b), which can be the result of the large Z-effect, that is,
the disproportionately large role of the Z chromosome in reducing
hybrid fitness (Coyne, 2018; Presgraves, 2018). As a result, high
levels of divergence relative to autosomes are paired with lower
levels of introgression due to the accumulation of incompatible
alleles, as it has been reported in other insects (Fontaine
et al,, 2015) and butterflies (Cong et al., 2019; Martin et al., 2013;
(Pazhenkova &
Lukhtanov, 2021). Additionally, M. pseudornata placed as sister to

Presgraves, 2018), including Melitaea
M. ornata in the phylogeny based on the Z chromosome loci
(Figure 1b,c), like in the trees obtained when gene flow is consid-
ered (Figure 4a,b), suggesting that introgression did not substan-
tially affect this chromosome. Interestingly, the same phylogenetic
relationships were inferred for two chromosomes, the 3rd and the
14th. This pattern may be caused by the presence of additional
incompatibility genes in these autosomes, although stochasticity

cannot be fully discarded.

TreeMix and PhyloNetworks suggested that M. pseudornata and
M. ornata first diverged and only later gene flow occurred. Thus,
M. pseudornata would not strictly be a hybrid species, but a differenti-
ated entity that was able to overcome massive introgression from
M. phoebe. Subsequently, the massive acquisition of genetic material
from M. phoebe may have affected the phenotype of M. pseudornata.
Gene flow could explain the morphological similarities between the
adults of M. pseudornata and M. phoebe, and also why the body cater-
pillars of both species are almost identical in northern Iberia (Hinojosa,
Téth, et al., 2022). Besides morphology, gene flow could have contrib-
uted to shape other characteristics such as voltinism: in contrast to
the exclusively univoltine M. ornata—second generations have been
obtained only in captivity (Russell et al., 2014; Russell &
Pateman, 2013)—at least some populations of M. pseudornata are
bivoltine (Hinojosa, Téth, et al., 2022) as is the case of M. phoebe in
Iberia. These hypotheses, however, cannot be properly addressed
with RADseq data and future studies using whole-genome sequencing
will be necessary.

Evidence of hybridisation between M. phoebe and M. ornata was
also obtained. There was an excess of shared alleles between these
species, but Treemix and PhyloNetworks failed to detect gene flow,
which may be the consequence of a lower proportion of the genome
affected by gene flow compared to the pair M. phoebe-
M. pseudornata. This is supported by the fact that there were more
shared alleles between M. phoebe and M. pseudornata than between
M. phoebe and M. ornata (Figure S5a), that the genetic differentiation
(Fst) of the chromosomes is significantly lower between
M. pseudornata and M. phoebe compared to other species pairs
(Figure 3b,c) and that the mtDNA is partially replaced in M. ornata, but
fully replaced in M. pseudornata (Hinojosa, Téth, et al., 2022). Never-
theless, the genetic exchange between M. phoebe and M. ornata still
shares some characteristics with that between M. phoebe and
M. pseudornata: the asymmetric transference of mtDNA, since some
M. ornata populations carry M. phoebe mitogenomes (Hinojosa, Téth,

et al, 2022), and the uneven distribution across the genome, since
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patterns compatible with the large-Z effect were also observed
(Figure 3b). Téth et al. (2017) stated that a single event of unidirec-
tional hybridisation from M. phoebe to M. ornata occurred long ago in
the ltalian Peninsula—where all the mtDNA of M. ornata is replaced—
but the high number of shared alleles between both species and the
confirmation of the large Z-effect suggests that hybridisation could
have been more widespread.

Patterns of intraspecific variation

The ddRADseq data revealed several phylogeographic patterns at the
intraspecific level, probably products of present and/or past geo-
graphic isolation. The phylogeny displayed two main lineages within
each species: M. ornata (Italy and Balkan Peninsula), M. pseudornata
(north and central-south Iberia) and M. phoebe (lberia and Eurasia). In
the case of M. pseudornata, the distinction between the lineages was
additionally influenced by differential gene flow with M. phoebe, since
a slight excess of shared alleles was estimated between M. phoebe and
the southern populations of M. pseudornata (Figure S5b).

Genetic differences between the lineages of M. phoebe appeared
in the STRUCTURE results (Figure 2b). The two lineages partially
match with the distribution of two mtDNA haplogroups (Hinojosa,
Téth, et al., 2022), although some Iberian individuals may have
acquired Eurasian mtDNA haplotypes. Some of these haplotypes carry
Wolbachia, hence their expansion could have been boosted by the
presence of this endosymbiont. The distribution of the Iberian lineage
matches with the subspecies M. p. occitanica Staudinger, currently
considered to be endemic to the Iberian Peninsula (Russell
et al.,, 2020; Tolman & Lewington, 2008), while the Eurasian lineage is
represented by an array of subspecies, including the nominal. Similar
phylogeographic patterns involving Iberia versus the rest of Europe
genetically differentiated lineages have been described in butterflies
and are a source of taxonomic debate. For example, this case presents
analogies with that of Euphydryas aurinia (Rottemburg)—E. beckeri
(Lederer) (Korb et al., 2016), treated as a single species in recent
checklists (Dapporto et al., 2022; Wiemers et al., 2018). Besides, sev-
eral individuals from intermediate geographic areas displayed an
admixture of STRUCTURE clusters from both lineages, which is
an expected output under a scenario of recent admixture (Lawson
et al., 2018). These specimens constituted a distinct clade within the
Eurasian lineage in the phylogeny, an effect that may be caused by
phylogenetic inference methods not being able to properly reflect
gene flow. The relatively low divergence and the abundance of
admixed individuals suggests that no strong reproductive barriers iso-
late the two lineages, and hence we consider that they represent

intraspecific variation.

CONCLUSIONS

We provided evidence of gene flow between M. phoebe and two
other species, M. pseudornata and M. ornata. Gene flow between
M. phoebe and M. pseudornata was characterised by (1) its asymmetry,
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with genetic transfer from M. phoebe to M. pseudornata being domi-
nant; (2) its magnitude, with up to 31.9% of the genome of
M. pseudornata potentially acquired from M. phoebe and (3) its uneven
distribution across the genome, with most of the Z chromosome and
two autosomes being less affected by introgression. Gene flow
between M. phoebe and M. ornata could also be asymmetric (from
M. phoebe to M. ornata) and patterns compatible with the large-Z
effect were observed, but the proportion of the genome affected by
hybridisation appears to be lower.

Melitaea pseudornata is unlikely to be a hybrid species. We argue
that it first diverged from M. ornata and then overcame massive intro-
gression from M. phoebe. Although M. pseudornata endured this pro-
cess and remained a separate entity from M. phoebe, gene flow may
explain the morphological similarities of their caterpillars (in northern
Iberia) and adults, as well as the voltinism of M. pseudornata.

The intraspecific variation patterns of these three species were
likely driven by present and/or past geographic isolation. Two
M. phoebe lineages split early in the STRUCTURE analyses, but a wide
area of admixed populations apparently exists, suggesting that no
strong reproductive barriers occur and that these lineages of moder-
ate divergence represent intraspecific variation. In the case of
M. pseudornata, the distinction between the lineage from central and
southern Iberia and the lineage from northern Iberia was also influ-
enced by differential gene flow with M. phoebe, which was slightly

higher in southern Iberia.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

Table S1. Samples used in this study.

Table S2. Number of raw reads obtained and loci retrieved after the
ipyrad pipeline.

Figure S1. Maximum likelihood inference tree of nuDNA loci. Scale
units are presented in substitutions per site.

Figure S2. Maximum likelihood inference tree of Z chromosome loci.
Scale units are presented in substitutions per site.

Figure S3. STRUCTURE results represented as bars (K = 2-6) and AK

values obtained after the Evanno method.
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Figure S4. (a) Selection of the most likely number of migration edges
by the OptM R package. Distribution of log likelihood and variance
explained of TreeMix models with 0-4 migration edges. Standard
deviation generated by repeating analyses by varying k (SNPs per win-
dow) from 10 to 20, with an increment of 1 per run. The optimal num-
ber of migration edges (m) correspond to the highest second-order
rate of change (Am), here 1. (b) Plot of pseudolikelihood score as a
function of the number of reticulation events to estimate network
complexity in PhyloNetworks. Here the slope heuristic suggests a sin-
gle hybrid node (hmax = 1) since it is the lowest value and the score
does not change beyond h = 1 node.

Figure S5. Tested ABBA-BABA scenarios and results using blocks of
100 SNPs.

How to cite this article: Hinojosa, J.C., Marques, V., Mesa, L.S.,
Dapporto, L., Dinca, V. & Vila, R. (2024) Can species endure
massive introgression? Genomic evidence of asymmetric gene
flow in Melitaea butterflies. Systematic Entomology, 1-13.
Available from: https://doi.org/10.1111/syen.12631

95UB01 7 SUOLULLIOD A0 3(cedl|dde 8Ly Aq peusenob a.1e sajofe YO 9sN Jo Sajn1 10} ARiq1T 8UlIUO A1 UO (SUONIPUOD-pUB-SWB)LI0O™AB | 1M ARe.q1|Bul UO//ScY) SUORIPUOD pue SIS | 8L 88S " [1202/90/G2] U0 Aiqi8uluO A8 |1 BWeisIS 9zusli 1 NS PAIIN AQ TE9ZT USAS/TTTT OT/I0p/W00 A3 (1M Ale1q1jpul JUO'S eUIN0 91//:5dny Wwouy pepeojumod ‘0 ‘€TTESIET


https://doi.org/10.1111/1755-0998.13498
https://doi.org/10.1111/syen.12631

	Can species endure massive introgression? Genomic evidence of asymmetric gene flow in Melitaea butterflies
	INTRODUCTION
	MATERIALS AND METHODS
	Sampling
	ddRADseq library preparation
	ddRADseq data set processing
	Phylogenetic analyses of the ddRADseq data
	Genetic structuring
	Genetic differentiation
	Gene flow calculations
	Wolbachia infection

	RESULTS
	ddRADseq data sets
	Phylogenetic reconstruction
	Genetic structuring
	Genetic differentiation
	Gene flow analyses
	Wolbachia infection

	DISCUSSION
	Interspecific gene flow in the M. phoebe group
	Patterns of intraspecific variation

	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


